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Abstract

Abstract

Oxygen Minimum Zones (OMZs) in the ocean represent key regions for the interaction
between atmosphere and ocean waters and can be a sink or source for atmospheric CO,.
Hence, they play a major role with respect to anthropogenic induced global warming.
Biological productivity is very high in these areas and resulting degradation processes
consume substantial amounts of dissolved oxygen from the water column, leaving certain
water depths almost oxygen-free. One of the largest and most distinctive OMZs world-
wide stretches along the west coast of South America offshore Ecuador, Peru and Chile.
This OMZ is associated with intense coastal upwelling, which is most pronounced be-
tween ~5°S and ~25°S. The intensity of the upwelling varies seasonally, being propelled
mainly by external forcing mechanisms like the position of the Intertropical Convergence
Zone (ITCZ), the strength of trade winds and modulations of the El Nifio Southern Oscilla-
tion (ENSO).

This hydrographically complex ocean area affords different approaches to study its char-
acteristics. Sediment surface samples and corresponding seawater samples from the
Eastern Equatorial Pacific (EEP), ranging from a water depth of 60 to 2,000 m and cover-
ing a large latitudinal range from the equator to 17°S, were investigated. Apparent calcifi-
cation depths (ACDs) were calculated by combined analyses of stable oxygen isotopes
(8*%0) in planktonic foraminifers from these samples and from water samples (Chapter 4).
Investigations of ACDs for species G. ruber (white, morphotype sensu stricto) and N.
dutertrei (dextral) show clear differences between both species within the EEP. Surface
dweller G. ruber constantly inhabits the upper 16 meters of the water column; contrary N.
dutertrei favors different habitat depths in dependence on the surrounding water masses.
On average, the ACDs for N. dutertrei indicate a calcification depth of ~200m in the north-
ern part of the study area (the equator to 5°S) and ~70m in the southern region (7° to
13°S). The shallower habitat depth in the south is probably related to the more intense
upwelling, which results in the rise of cooler water masses and thus similar temperatures
(~15°C) are reached in shallower depths. Additionally, lower oxygen concentrations in the
southern part of the study area are likely to force N. dutertrei to shallower habitat depths.

The correct estimation of ACDs in the EEP provides a more detailed view on the vertical
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habitat of N. dutertrei, which is particularly important for the following paleo-
interpretations in Chapter 5.

Two piston cores from the Gulf of Guayaquil at 3.5°S in the EEP were studied, covering
time spans of ~13,000 years (core 056; temporal resolution ~60 years) and of ~18,000
years (core 059; temporal resolution ~80 years), respectively (Chapter 5). Surface and
subsurface temperatures were reconstructed for the past 18,000 years using alkenone-
thermometry as well as foraminiferal Mg/Ca-based approaches for surface (Globigeri-
noides ruber, white) and for subsurface depths (~200 m; Neogloboquadrina dutertrei).
Salinity approximations (8180ivf_sw) for surface and subsurface depths were generated to
corroborate the high-resolution temperature records. In the study area the deglaciation
was characterized by much warmer temperatures (~3°C) and higher salinities than nowa-
days, in surface as well as in subsurface depths. Surface dweller G. ruber and alkenone
records show almost identical temperatures prior to ~10 ka BP, indicating that both proxy
carriers recorded a similar habitat and seasonality during this time. After ~10 ka BP both
proxies divert markedly, which was possibly caused by a shift of alkenone-synthesizing
coccolithophores from annual mean temperatures during the deglaciation to austral
summer temperatures during the Holocene. The cooling in G. ruber records by ~2°C in
both cores during the Holocene implies a strengthened influence of cooler water masses.
The surface records lag the subsurface records of N. dutertrei by ~1-2 kyrs, implying that
different mechanisms control the surface and subsurface hydrography. The temperature
decrease and freshening trends during the Holocene coincide with an enhanced marine
productivity, indicating that cooler (EUC-sourced) water masses and strengthened upwell-
ing intensity transported more nutrients into the EEP.

A newly developed species-specific transfer function for benthic Mg/Ca ratios based on
Uvigerina peregrina data from the EEP is presented in Chapter 6 and completes the fo-
raminiferal investigations. The sediment surface data set of endobenthic species U. pere-
grina shows a clear correlation between water depth and 820 as well as Mg/Ca ratios,
thus supporting the use of this species as a reliable temperature proxy. The reconstruc-
tion of bottom water temperatures is important to understand the complex, local hydro-
graphy. The effect of bottom water A[CO5*] on Mg/Ca ratios in U. peregrina is apparently
small and does not influence the temperature signal. A compilation of data from the EEP

and literature data results in a transfer function covering a temperature range between 5
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and 20°C; the resulting function (R?= 0.77) estimates temperatures with a precision of
+1.6°C. This new transfer function provides a more precise estimation of Mg/Ca-derived

temperatures in the EEP for endobenthic species U. peregrina than previous approaches.
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Zusammenfassung

Sauerstoff-Minimum-Zonen (SMZ) im Ozean sind Schllssel-Regionen fiir die Interaktion
zwischen Atmosphare und Ozean und kdnnen ein Speicher oder eine Quelle flir atmo-
spharisches CO, sein, daher sind sie im Zusammenhang mit der anthropogen verursach-
ten globalen Erwarmung wichtig. Die biologische Produktivitat ist in diesen Regionen sehr
hoch und die daraus resultierenden Abbauprozesse verbrauchen grol3e Mengen von ge-
[6stem Sauerstoff aus der Wassersdule. Zusatzlich reduziert eine trage Zirkulation den
Sauerstoffgehalt weiter und sorgt in bestimmten Wassertiefen fiir beinahe sauerstofffreie
Zonen. Eine der weltweit grofRten und markantesten SMZ erstreckt sich entlang der
Westkliste von Siidamerika vor den Kisten von Ecuador, Peru und Chile. Diese SMZ ist
durch intensiven, kiistennahen Auftrieb gekennzeichnet, der zwischen ~5°S und ~25°S am
starksten ausgepragt ist. Die Intensitdt des Auftriebs variiert saisonal und wird vor allem
durch externe Faktoren wie die Position der Intertropischen Konvergenz Zone (ITCZ), die
Starke der Passatwinde sowie durch Veranderungen der El Nifio Southern Oscillation (EN-
SO) bestimmt.

Dieses hydrographisch komplexe Meeresgebiet erfordert verschiedene methodische An-
satze, um seine Charakteristiken zu verstehen. Sediment-Oberflachenproben und dazu-
gehorige Wasserproben aus dem Aquatorialen Ost-Pazifik (EEP) aus Wassertiefen zwi-
schen 60 und 2.000 m und Breitengraden vom Aquator bis 17°S wurden untersucht.
Durchschnittliche Kalzifizierungs-Tiefen (ACDs) wurden aus der kombinierten Analyse von
stabilen Sauerstoffisotopen (8*%0) in planktischen Foraminiferen aus Sediment-
Oberflachenproben und aus Wasserproben bestimmt (Kapitel 4). Berechnungen der ACDs
fir die Arten G. ruber (weiR, Morphotyp sensu stricto) und N. dutertrei (dextral) zeigen
deutliche Unterschiede zwischen beiden Arten im EEP. Wahrend die oberflachennahe Art
G. ruber die obersten 16 m der Wassersaule bewohnt, bevorzugt N. dutertrei, in Abhan-
gigkeit von den umgebenden Wassermassen, andere Tiefen. Die ACDs fir N. dutertrei
deuten auf eine Tiefe von ~200 m im nérdlichen Arbeitsgebiet hin (Aquator bis ~5°S). Im
Gegensatz dazu zeigen die Proben aus dem sidlichen Arbeitsgebiet (7° bis 13°S) flachere
ACDs von ~70 m. Das flachere Habitat im Stden steht wahrscheinlich in Zusammenhang
mit dem kiistennahen Auftrieb, welcher das Aufsteigen von kalten Wassermassen bedingt

und folglich werden dhnliche Temperaturen (~15°C) im Siden in geringeren Tiefen er-

v
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reicht als im Norden. Zusatzlich zwingen niedrigere Sauerstoff-Konzentrationen im stdli-
chen Arbeitsgebiet N. dutertrei wahrscheinlich in geringere Wassertiefen. Die prazise Ab-
schatzung von ACDs im EEP liefert einen detaillierteren Blick auf das vertikale Habitat von
N. dutertrei als bisher und erlaubt daher eine genauere Interpretation von Verdanderun-

gen der Wassertemperaturen und Salzgehalte in den Paldo-Rekonstruktionen in Kapitel 5.

AuBerdem wurden bei 3.5°S zwei Kolbenlot-Kerne aus dem Golf von Guayaquil entnom-
men (Kapitel 5); die untersuchten Kerne umfassen die letzten ~13.000 Jahre (Kern 056;
zeitliche Auflésung ~60 Jahre) beziehungsweise ~18.000 Jahre (Kern 059; zeitliche Auflo-
sung ~80 Jahre). Oberflachen- und Zwischenwasser-Temperaturen fiir die vergangenen
18.000 Jahre wurden mit Hilfe von Alkenonen sowie Mg/Ca-Verhaltnissen in Foraminife-
ren fiir Oberflachen-Tiefen (Globigerinoides ruber, weifl) und Zwischenwasser-Tiefen
(~200 m; Neogloboquadrina dutertrei) rekonstruiert. Zusatzlich wurden Abschatzungen
der Salinitat (81801Vf_5w) flir Oberflachen- und Zwischenwassertiefen gemacht um die
hochauflésenden Temperatur-Rekonstruktionen zu unterstiitzen. Die Deglaziation war im
oberflaichennahen und Zwischenwasser-Bereich durch deutlich warmere Temperaturen
(~3°C) und salzhaltigere Bedingungen gekennzeichnet als heutzutage. Die Oberflachen-Art
G. ruber und die Alkenone zeigen bis vor ~10.000 Jahren fast identische Temperaturen,
was andeutet dass beide Proxies wahrend dieser Zeit ein ahnliches Habitat und eine dhn-
liche Saison aufgezeichnet haben. Seit ~10.000 Jahren vor heute divergieren beide Proxies
deutlich, was moglicherweise durch eine Veranderung der durch Coccolithophoriden pro-
duzierten Alkenone von Jahresmitteltemperaturen wahrend der Deglaziation zu Stidhemi-
spharen-Sommertemperaturen wahrend des Holozans liegt. Die Abklhlung in den G. ru-
ber Datensdtzen beider Kernen von ~2°C wahrend des Holozdns deutet auf einen ver-
starkten Einfluss klhlerer Wassermassen hin. Die Verzégerung der Oberflachen-
Datensatze von etwa 1.000-2.000 Jahren im Vergleich zu den Zwischenwasser-
Datensatzen von N. dutertrei deutet darauf hin, dass unterschiedliche Mechanismen die
Oberflachenwasser und Zwischenwasser-Hydrographie kontrollieren. Die Abklhlungen
sowie die geringeren Salinitdten im Verlauf des Holozans fallen mit einer erhdhten mari-
nen Produktivitat zusammen was darauf hindeutet, dass kiithlere Wassermassen innerhalb
des Aquatorialen Unterstroms (EUC) verstirkt in den EEP transportiert wurden und mehr

Nahrstoffe verfligbar waren.
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Eine neu entwickelte Art-spezifische Transferfunktion fur benthische Mg/Ca Verhiltnisse
basierend auf Uvigerina peregrina Daten aus dem EEP wird in Kapitel 6 vorgestellt und
vervollstandigt die Untersuchungen an Foraminiferen. Der Datensatz aus Sediment-
Oberflachenproben der endobenthischen Art U. peregrina zeigt eine starke Korrelation
zwischen Wassertiefe und $'%0 sowie Mg/Ca Verhaltnissen und unterstitzt daher die Zu-
verlassigkeit dieser Art flir Temperatur-Rekonstruktionen. Die Rekonstruktion von Bo-
denwasser Temperaturen ist wichtig um die komplexe, lokale Hydrographie zu verstehen.
Die Auswirkungen von Bodenwasser A[CO;*] auf die Mg/Ca Verhéltnisse von U. peregrina
sind offensichtlich gering und beeinflussen das Temperatursignal nicht. Eine Zusammen-
stellung von Daten aus dem EEP und der entsprechenden Fachliteratur resultieren in ei-
ner Transferfunktion, die den Temperaturbereich zwischen 5 und 20°C abdeckt; die dar-
aus entwickelte Gleichung (R?=0,77) berechnet Temperaturen mit einer Genauigkeit von
+1.6°C. Diese neue Transferfunktion ermdglicht eine prazisere Abschatzung von Mg/Ca-
basierten Temperaturen fir die endobenthische Art U. peregrina im EEP als bisherige An-

satze.

\
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Motivation and Major Objectives of this Thesis

Chapter 1: Introduction

1.1: Motivation and Major Objectives of this Thesis

One of the largest and most distinctive Oxygen Minimum Zones (OMZs) worldwide
stretches in the Eastern Equatorial Pacific (EEP) along the west coast of South America
offshore Ecuador, Peru and Chile. This OMZ is well known for intense coastal upwelling,
which is most pronounced between ~5°S and ~25°S. The intensity of the upwelling varies
seasonally, being driven mainly by external forcing mechanisms like insolation intensity,
the position of the ITCZ and the strength of trade winds. Additionally, modulations of the
El Niflo Southern Oscillation (ENSO) interfere with the local hydrography on inter-annual
time scales.

This PhD thesis was incorporated into the DFG-funded Collaborative Research Centre
“Climate — Biogeochemistry Interactions in the Tropical Ocean” (SFB 754). The SFB 754
aims to investigate OMZs in the tropics, which are key regions regarding low oxygen con-
centrations in today’s climate. Circulation processes spread the effects of oxygen-
dependent nutrient cycles taking place within OMZs into the ocean. Consequently, OMZs
influence nutrient cycles, biological productivity and CO,-fixation of the ocean. Knowl-
edge of past oxygenation levels can help to understand how, for example, a rise in at-
mospheric CO, concentrations will influence the intensity and expansion of OMZs in the
future.

This PhD thesis aims to reconstruct changes in the upper-ocean stratification and circula-
tion in the area of the low-latitude OMZ offshore Ecuador and Peru for the Holocene and
the last Deglaciation. External control factors, which controlled and actively shaped the
local hydrography within the last ~18,000 years, are the focus of the investigations. Ben-
thic and especially planktonic foraminifers serve as a widely used tool in paleoceanogra-
phy to reconstruct past ocean conditions; hence, they are the most important proxy car-
riers within this PhD thesis. This PhD thesis aims to investigate past changes in the strati-
fication and circulation from surface to subsurface depths on centennial to millennial time
scales, and thus to contribute important information for the SFB 754 for an overall better

understanding of OMZs worldwide and in the EEP in particular.
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1.2: Structure of this PhD thesis

This thesis is divided into six chapters:

Chapter 1 provides the introduction and contains the motivation as well as major objec-
tives of this thesis. Furthermore, a summary of previously performed paleoceanographic
studies in the area is given.

Chapter 2 describes the local hydrography including the Oxygen Minimum Zone and the
El Nifio Southern Oscillation.

Chapter 3 gives an overview of the sedimentology in the study area and provides detailed
information about the selected piston cores as well as the analyzed sediment surface
samples. Furthermore, the geochemical proxies applied within this thesis (foraminiferal-
based and bulk sediment) are introduced. The stratigraphy for both cores, based on a
combination of AMS™C datings and stable oxygen isotopes, is also introduced in this
chapter.

Chapters 4 to 6 represent manuscripts, which the author of this thesis prepared as the
principal author. In Chapter 4, apparent calcification depths (ACDs) for planktonic species
Globigerinoides ruber (white) and Neogloboquadrina dutertrei (dextral) are investigated
based on 820 analyses. The results of Chapter 4 were the basis for the following chapter,
since it is crucial to know the habitat depth of planktonic foraminifers for the following
paleo-applications as precise as possible. Chapter 5 focuses on the evolution of tempera-
tures in surface and subsurface water depths based on ratios of magnesium to calcium
(Mg/Ca) of different foraminiferal species as well as alkenone analyses during deglacia-
tion and Holocene. It investigates changes in the local water mass structure and aims to
clarify which mechanisms might have caused the observed changes. Besides two plank-
tonic species, a benthic species was also investigated to track changes in the local bottom
water composition. Thus, in Chapter 6 a newly evolved calibration function is introduced
to calculate bottom water temperatures (BWTs) based on Mg/Ca ratios of U. peregrina
from the EEP.

Chapter 7 summarizes the main conclusions of this PhD thesis. Furthermore, an outlook
and perspectives for future research regarding the topic are presented. Additional infor-
mation on the studied sediment cores, particularly about nutrient cycles, can be obtained

from the PhD thesis of Mollier-Vogel [2012].
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The data set of this PhD thesis has been completed by accompanying PhD and Diploma
Theses. The §'20 analyses of water samples used in Chapter 4 were performed within the
frame work of a Diploma thesis by Klostermann [2011]. For Chapter 5 downcore Mg/Ca
and %0 records of G. ruber were included into the thesis presented here, which are
based on the work conducted within the frame work of a Diploma Thesis [Doering, 2012].
The accompanying PhD thesis by Mollier-Vogel [2012] contributed alkenone-based sea
surface temperatures for core M772-059-1, which are presented in Chapter 5 of this the-
sis. Furthermore, the TOC and TN analyses of core M772-056-5 (Chapter 5) were taken
from the PhD thesis of Mollier-Vogel [2012].

1.3: Background Information
1.3.1: Knowledge of Calcification Depths

For the correct interpretation of paleo-data it is crucial to know the calcification depth of
the analyzed foraminiferal species as exactly as possible. Planktonic foraminifers inhabit a
wide range of depths, from surface waters down to ~800 m [Hemleben et al., 1989]. The
intensity of upwelling in the EEP might drive the foraminifers to lesser or greater habitat
depths and might also be related to the presence or absence of certain foraminiferal spe-
cies. Additionally, ocean tunnels influence the local hydrography since they represent a
connection between subtropical waters and those water masses being upwelled off Peru
and Ecuador [Sun et al., 2004].

The habitat depth of planktonic species N. dutertrei is difficult to specify, as views on its
vertical occurrence in the water column deviate largely. However, many authors associate
its habitat with the thermocline or adjacent depths [Ravelo and Fairbanks, 1992]; the
habitat of N. dutertrei is associated with the deep chlorophyll maximum [Fairbanks and
Wiebe, 1980; Fairbanks et al., 1982; Bé et al., 1985]. The deep chlorophyll maximum is
found in roughly 50 m water depth; the chlorophyll concentration in this water depth is
~0.75 mg/m3 compared to ~3 mg/m?3 in surface waters [Pennington et al., 2006]. A core
top study from the EEP indicates a calcification depth for N. dutertrei of ~110 m [Faul et
al., 2000]. This is in agreement with Regenberg et al. [2009], who calculated calcification
depths for N. dutertrei based on §'®0 values to be ~80-190 m in the tropical Atlantic and

Caribbean. In the tropics, N. dutertrei favors no particular season [Tedesco and Thunell,

3
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2003], but Thunell et al. [1983] observed maximum abundance for N. dutertrei in the Pa-
nama Basin during the upwelling season (winter to spring). Based on the findings of Faul
et al. [2000], who studied habitat depths in vicinity of the sites studied within this thesis,
a preliminary habitat depth of ~110 for N. dutertrei is assumed.

Globigerinoides ruber is a surface dweller [Deuser et al., 1981; Bé et al., 1985; Dekens et
al., 2002], and hence serves as an archive to record seawater temperatures of the top ~30
m. These findings are consistent with the results of Faul et al. [2000], who report that G.
ruber as a photosynthesizing species is restricted to the upper water column, where light
levels but not necessary nutrients or chlorophyll levels are highest. Deuser et al. [1981]
indicate a year-round presence of G. ruber, thus making it a suitable archive for annual
SST. Investigation of surface Mg/Ca ratios in G. ruber are in best accordance with summer
temperatures of the WOA 2009 data set, hence leading to the conclusion that G. ruber
seems to be a reliable recorder of summer temperatures in the EEP. Species selection of
G. ruber was restricted to the morphotype sensu stricto (G. ruber s.s.), as Wang [2000],
Kuroyanagi and Kawahata [2004] and Steinke et al. [2005] revealed pronounced differ-
ences in the habitat among different morphotypes of G. ruber. According to the findings
by Wang [2000] morphotype sensu stricto (s.s.) calcifies in shallower water depths than
sensu lato (s.l.) and is restricted to the upper ~30 m of the water column (based on 5'%0
signatures of the species), it thus represents ocean surface conditions. Additional investi-
gations of Mg/Ca ratios in both morphotypes revealed similar results, with G. ruber s.s.
indicating warmer and thus shallower habitat depth [Steinke et al., 2005]. The correct
species selection for paleoceanographic investigations is of fundamental importance. Any
mixture between the two morphotypes would result in an underestimation of the recon-
structed temperatures as proportions of morphotype s.l. would indicate lower tempera-

tures due to its greater habitat depth [Steinke et al., 2005].

1.3.2: Hydrography in the EEP during Deglaciation and Holocene

A number of previous studies have used Mg/Ca and 80 ratios of planktonic foraminifers
or alkenone-based reconstructions to estimate the evolution of the SST in the EEP from
deglacial to Holocene times. The reasons for temperature changes remain partly unclear

and are debated controversially. Planktonic Mg/Ca records of G. ruber indicate that SSTs
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in the EEP experienced differences of up to 5°C during glacial/ interglacial periods, with
the Last Glacial Maximum (LGM) being ~3°C colder than present-day SSTs in the area [Lea
et al., 2000]. The concurrence between northern hemisphere cold spells and temperature
drops in the EEP (alkenone-based) has been linked to the oceans thermohaline circula-
tion, even though this connection might be amplified in the tropical ocean by ocean-
atmosphere interactions [Kienast et al., 2006]. Besides changes in temperatures in the
EEP, the ENSO also plays an important role for the local hydrography. A northward-
displaced ITCZ during the Middle Holocene and a related attenuation of the ENSO fre-
guency of up to 50% indicates a strong interaction between both features [Koutavas et
al., 2006]. Modulations in ENSO variability have also been linked to changes in the Earth
orbit, namely to modulations in precession and obliquity [Clement et al., 2000; Pena et
al., 2008a]. The onset of modern ENSO conditions in the EEP has been described to start
between ~7 and 5 ka BP [Loubere et al., 2003; Ehlert et al., 2013]; this is related to
changes in the thermocline structure and mixed layer depth in the area, implying that
especially the thermocline developments controls ENSO frequencies [Loubere et al.,
2003]. The same authors observed a thermocline cooling for the Late Holocene, accom-
panied by higher nutrient concentrations and a resulting increase of the biological pro-

ductivity.

1.3.3: Bottom Water Temperatures in the EEP

Physical properties like water temperatures are key mechanisms to evaluate changes in
ocean circulation and thus the extension of OMZs. The reconstruction of past bottom wa-
ter temperatures (BWT) is an essential and powerful tool to monitor intermediate to deep
water formation and circulation. The tight correlation between water temperatures and
Mg/Ca ratios in benthic foraminifers are a commonly applied approach to investigate this
issue. An important factor influencing the reconstructed BWT is the habitat of the benthic
species. Depending on the habitat depth (epifaunal to infaunal), the estimated tempera-
tures represent either bottom waters or pore water conditions. Most approaches focus
on epifaunal species like Cibicides wuellerstorfi, which is known to live either on the sedi-
ment or shallow infaunal in soft sediments [McCorkle et al., 1997; Jorissen, 1999]. A trans-

fer function evolved for samples from the EEP is based on C. wuellerstorfi and aims to
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reconstruct deep water formation [Martin et al., 2002]. Several approaches use the shal-
low infaunal species Uvigerina spp. from various regions worldwide [Elderfield et al.,
2006; Bryan and Marchitto, 2008; Yu and Elderfield, 2008; Elderfield et al., 2010], but for

the EEP no linear transfer function for this species is yet existing.
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Study Area: Eastern Equatorial Pacific

Chapter 2: Study Area: Eastern Equatorial Pacific

The hydrographic setting in the EEP (Figs. 2-1 and 2-2) is complex and has been described
in several publications [Fiedler and Talley, 2006; Kessler, 2006; Montes et al., 2010]. Per-
sistent southeast trade winds, which are parallel to the coast, result in an offshore trans-
port of surface waters [Ekman, 1905], which is balanced by equatorial upwelling [Kessler,
2006]. This allows colder, nutritious water masses from subsurface depths to stream into
the area. Wind and upwelling intensity vary in the course of the year due to changes of
the position of the Intertropical Convergence Zone (ITCZ); the upwelling seems to extend
far into the thermocline and below [Kessler, 2006]. The upwelling is strongest during aus-
tral winter (July to September) when the ITCZ moves from ~5°N to ~10°N [Karstensen and
Ulloa, 2008]. However, currents in the Eastern Tropical Pacific are in general not very
pronounced and thus short term alterations like wind events and eddies strongly influ-
ence the movement of water masses [Czeschel et al., 2011]. Figure 2-1 depicts the main

oceanographic currents and important water masses in the study area.

2.1: Local Water Mass Structure

Modern surface water masses in the EEP are [Wyrtki, 1966; Fiedler and Talley, 2006]:
Tropical Surface Water (TSW) located north of the equator, with temperatures exceeding
25°C and a salinity below 34 (practical salinity unit — psu); Equatorial Surface Water (ESW)
is dominant along the equator with temperatures below 25°C and a salinity exceeding 34.
Both water masses are separated by the Equatorial Front (EF), a sharp hydrographic bar-
rier in the study area. Subtropical Surface Water (STSW) is characterized by a salinity of
35 or above; it is most influential in the north and south Pacific central gyres, which are
located northwest and southwest of the Eastern Tropical Pacific [Fiedler and Talley,
2006]. Cold Coastal Water (CCW) dominates surface depths at ~12-15°S, with tempera-
tures between 14-18°C and a salinity of ~35 [Aydn et al., 2008]. This pronounced cool sur-
face water mass probably originates from a mixture of subantarctic water masses, being
transported northwards, and water being upwelled offshore Peru.

Important water masses in subsurface depths are: The Equatorial Undercurrent (EUC),

whose source waters originate in subantarctic regions of the south-western Pacific [Strub
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et al., 1998], and which flows in water depths of roughly 100 — 250 m eastwards along the
equator [Kessler, 2006]. The EUC picks up speed when travelling eastwards, while the
over-lying South Equatorial Current (SEC) slows down west of ~85°W. In the far East
Tropical Pacific the EUC as well as the thermocline rise much closer to the surface, result-
ing in the mixing of several water masses in a very thin layer of water. The eastern EUC
shoals when local easterly winds weaken during March and August. Characteristic of the
EUC are the high salinity and the highly oxygenated waters, which can be traced back to
the coasts of Ecuador and Peru [Toggweiler et al., 1991], thus implying that the deepest
layers of this stream travel this far into the east Pacific. The EUC is split by the Galapagos
Islands, which separate it into a weaker northern and a stronger southern branch [Lukas,
1986]. The southern branch of the EUC is feeding the Peru Chile Undercurrent (PCUC) and
consequently supports the upwelling offshore Peru [Brink et al., 1983], even though re-
cent studies [Montes et al., 2010] revealed that it still remains unclear to what extent the
EUC influences the upwelling. The northern branch of the EUC ultimately feeds the Equa-
torial Subsurface Water (ESSW), which is characterized by high nutrient contents but low
oxygen levels. It is transported pole wards, merging with the PCUC and consequently
forms the core of the OMZ [Hormazdbal et al., 2006]. The EUC and in particular the ESSW
are the main contributors in subsurface depths at the down core study sites in the Gulf of
Guayaquil (Chapter 5).

The EUC as well as the Southern Subsurface Counter Current (SSCC) originate in the cen-
tral Pacific [Toggweiler et al., 1991]; the source waters of the EUC even originate from
subantarctic regions in the South-Western Pacific. The SSCC flows westwards in subsur-
face depths and turns southwards when getting closer to the continental shelf. Roughly
75% of the water masses in the SSCC reach the Peruvian coast, feeding into the PCUC and
consequently support upwelling in the area [Montes et al., 2010]. In the northern part of
the OMZ, close to the continental slope, the PCUC reaches water depths of 150 to 200 m
[Czeschel et al., 2011]. Contrary, Karstensen and Ulloa [2008] found the PCUC to be in
water depths of 50 to 150 m. This water mass transports waters with relatively low oxy-
gen saturation originating from the EUC pole wards and deepens its extension when ex-
tending down to ~700 m further south [Czeschel et al., 2011]. Brink et al. [1983] found the
PCUC to be in shallower depths of 50-100 m with temperatures of 13-16°C.
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Figure 2-1: Maps of the study area and salinity cross-section along the American coast

A:

Red dots mark the positions of multi corer (MUC) surface samples (Table 1). Blue line is track P19C
from the World Ocean Circulation Experiment (WOCE; Fig. 2-2; [Rubin et al., 1998]). The blue star
indicates World Ocean Atlas Station #21835, which is referred to as reference site within this thesis.
Gray lines are 1,000 m depth contours, indicating the steepness of the continental slope.

Sediment core location (red star) offshore Ecuador. Inlet provides larger view of South America with
dashed lines indicating ITCZ position for January and July [van Breukelen et al., 2008]. Open block
arrows show main wind direction [Kessler, 2006]. Thin arrows indicate the main oceanographic cur-
rents offshore Ecuador and Peru after [Brink et al., 1983; Strub et al., 1998; Fiedler and Talley, 2006;
Kessler, 2006; Silva et al., 2009; Bostock et al., 2010]. Surface currents (solid lines): SEC (South Equa-
torial Current), PCC (Peru Chile Current); subsurface currents (dashed lines): EUC (Equatorial Under
Current), ESSW (Equatorial Subsurface Water), SSCC (Southern Subsurface Counter Current), PCUC
(Peru Chile Under Current) and PCCC (Peru Chile Counter Current); data source for both upper maps
is ESRI®.

Salinity section for September from 50°S to 50°N along the American coast [Antonov et al., 2010];
ODV was used to generate the plot [Schlitzer, 2010]; black bar across section indicates latitudinal
range from upper map. Water masses indicated are AAIW (Antarctic Intermediate Water), ESW
(Equatorial Surface Water), EqQPIW (Equatorial Pacific Intermediate Water) and NPIW (North Pacific
Intermediate Water).
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Another subsurface current, the Peru Chile Counter Current (PCCC), is located further
offshore than the PCUC. The PCCC is flowing roughly 100 to 300 km offshore Chile and
Peru; it originates at approximately 7°S and extends to 35-40°S [Strub et al., 1995]. In the
north a connection between the PCCC and the EUC is obvious, thus making the PCCC an
important water mass in the Eastern Pacific. The northward directed Peru Chile Current
(PCC; sometimes also referred to as Humboldt Current/ HC) merges with the PCUC at
~14°S.

The thermocline in the EEP is most pronounced between 5°S and 15°N; its density struc-
ture is caused by sharp gradients of temperature superimposed by a halocline [Fiedler
and Talley, 2006]. The distinctive thermocline is also a sharp nutricline; the relation be-
tween temperature and nutrients has been investigated globally [Kamykowski and
Zentara, 1986] and for the Eastern Tropical Pacific in particular [Chavez et al., 1996]. The
depth of the thermocline controls supply of macro nutrients (nitrate, phosphate) and thus
biological productivity in surface waters [Pennington et al., 2006]. Although at this low
latitude the sun is at its peak at the equator twice a year, only an annual cycle can be ob-
served in Sea Surface Temperatures (SST) which are coldest in September. The entire
thermocline rises roughly 20 m between June and September, thus bringing colder water
within reach of stronger winds, causing a mixing of water masses during this time of the
year [Kessler, 2006]. At the core locations offshore Peru the thermocline deepens to ~25
m during austral summer compared to austral winter.

According to Fiedler and Talley [2006] the Mixed Layer Depth (MLD) shows a similar pat-
tern regarding the spatial and seasonal structure as the thermocline. On average, the
MLD is located 10-20 m below the thermocline. In the upwelling region offshore Peru the
MLD is usually less than 20 m during summer and autumn, but it can descend to ~50 m

during El Nifio events [Brink et al., 1983].
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Figure 2-2:  Seasonal T/S profiles, A[CO;”] and habitat depths of proxy carriers

Seasonal profiles of salinity and temperature extracted from the WOA 2009, station 21835 at 3.5°S/ 81.5°W
[Antonov et al., 2010; Locarnini et al., 2010] and the A[CO5”] profile from line P19C (WOCE). Calcite dissolu-
tion is assumed to start below ~300 m. The WOA 2009 data indicates warmer and fresher conditions during
the summer (red line) and cooler and more saline conditions during the winter (blue line). The thermocline/
halocline is situated in approximately 50 m water depth. Alkenone producing coccolithophores inhabit the
upper ocean in ~0-10 m water depth (picture of Emiliania huxleyi; available at the Electronic Microfossil
Image Database System, http://www.emidas.org/). Slightly deeper in ~0-30 m water depths planktonic
foraminifer Globigerinoides ruber (white, morphotype senso stricto) is dwelling. Hydrographic changes in
subsurface depths are mirrored by planktonic foraminifer Neogloboquadrina dutertrei (dextral), which is
assumed to inhabit depths varying between ~70 and 200 m in the EEP (details on calcification depths in
Chapter 4).

Low salinity water between 500 and 1000 m can be either Antarctic Intermediate Water
(AAIW) or North Pacific Intermediate Water (NPIW; [Bostock et al., 2010]). The AAIW in
this region is subducted Antarctic Mode Water (AAMW); the AAMW has been formed
from the deep winter mixed layer north of the Subantarctic Front in the southeast Pacific
[Hanawa and Talley, 2001]. The AAIW bottom waters enter the Peru basin from the south
through the Chile basin; typically for these water masses are a salinity of ~34.5 and tem-

peratures ranging from 3.5 to 10°C [Tsuchiya and Talley, 1996]. The oxygen concentration
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is higher but nutrients are lower in these abyssal water masses compared to the overlying
deep waters; the composition of the AAIW changes from south to north, indicating an
aging of the bottom water masses [Fiedler and Talley, 2006]. The AAIW can be found in
water depths between 600 and 1300 m offshore Chile [Bostock et al., 2010]. The NPIW is
entering the area offshore Peru from the central North Pacific; north of the equator it can
be found in depths of 400 to 800 m. In this water mass the salinity is low (~34) as well as
the oxygen concentration. Both water masses, the AAIW as well as the NPIW, can not be
found undiluted in the study area because they mix and form another water mass, the
Equatorial Pacific Intermediate Waters (EqPIW; [Bostock et al., 2010]). This water mass is
characterized by relatively low salinity and oxygen concentrations as well as cool tem-

peratures; offshore Peru it is located in water depths of ~300-700 m.

2.2: Oxygen Minimum Zones

Regions with high levels of primary production and resulting decomposition processes
leave certain water depths lacking oxygen; these areas with extremely low oxygen con-
centrations are referred to as OMZs. These zones are sensitive to decadal as well as long-
term climate changes [Deutsch et al., 2011]. Recent studies have shown that the oxygen
content of the ocean is decreasing and OMZs are expanding [Stramma et al., 2010]; both
processes are probably influencing marine ecosystems [Keeling et al., 2010]. The currently
observed global warming is closely related to the expansion of the OMZs, because the
ability of the ocean to exchange gases with the atmosphere is closely connected to tem-
peratures [Broecker and Peng, 1974]. The studied OMZ in the Pacific offshore South-
America is currently a source of atmospheric CO, [Friederich et al., 2008]; its extension
would result in even greater CO, out-gassing on a local scale which could possibly also
influence the global climate. Anthropogenic warming and climate change will likely influ-
ence global circulation patterns and thus the spreading and extension of OMZs world-
wide; these are urgent reasons to improve our understanding of OMZ scenarios.

The worlds largest OMZ stretches the western coast of South America, with its center
being located between the equator and ~25°S in water depths ranging from ~50 to 700 m
(Fig. 2-3. In this case OMZ is defined as 0,<20 pmol kg™ [Fuenzalida et al., 2009]. The up-

per boundary of this OMZ may be as shallow as 50 m [Morales et al., 1999] and deepens
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to ~200 m during strong El Nifio events [Levin et al., 2002]. Coastal upwelling of cold and
nutritious water is the essential process for the formation of this OMZ. Resulting high
Primary Production (PP) leads to degradation processes, which leave certain water depths
almost oxygen free (0,<20 pmol kg™). The upwelling and overall shape and spreading of
the OMZ are controlled by changes in insolation intensity and thus shifts of the ITCZ posi-
tion. The ITCZ position furthermore provides control on the position of the Equatorial
Front (EF), a sharp hydrographic barrier in the EEP.

Oxygen [ml/l]
S i "

Ocean Data View

i
(=]

180°W 90°W 0° 90°E

Figure 2-3:  Oxygen saturation in 200 m water depth

Oxygen saturation (ml/l; annual mean) in 200 m water depth extracted from the WOA 2009 [Garcia et al.,
2010]. Most striking OMZs span the west coast of South America, offshore Namibia and in the Arabian Sea.
The rectangle marks the study area offshore Ecuador and Peru.

The Peruvian upwelling system is one of the most productive marine ecosystems world-
wide [Strub et al., 1998; Carr et al., 2002]. Even though the high PP rates in the EEP indi-
cate this area might be a net sink for carbon burial (CO,), the EEP is regarded as a source
for CO, and the amount of released CO, is directly linked to the upwelling intensity

[Friederich et al., 2008].

2.3: El Nifo Southern Oscillation

The oceanic structure in the EEP has varied in the past on seasonal, inter-annual and long-

term scales. During the early months of the year the waters off Ecuador and Peru usually
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experience a warming, which is related to the seasonal weakening of the trade winds as-
sociated with a southward displaced ITCZ [Philander, 1999]. On inter-annual time scales
of two to ten years [Philander, 1983], this warming is particularly intense and persistent,
resulting in an El Nifno event (Fig. 2-4). Even though this phenomenon is most strongly
evolved in the EEP it is more than a local, coastal event because all El Nifio events influ-
ence circulation in the entire tropical Pacific Ocean [Philander, 1999]. The Southern Oscil-
lation, consisting of warm El Nifio and cold La Nifia phases (Fig. 2-4), is often described as
a see-saw effect between the South-East-Pacific High Pressure Zone and the North Aus-
tralian-Indonesian Low Pressure Zone [Philander, 1983; McPhaden et al., 1998]. Conse-
quently, the Southern Oscillation has the potential to influence the global atmospheric
circulation, in particular exchange processes between the atmosphere and the ocean.

Within the EEP El Nifio events reduce the upwelling intensity, resulting in a temperature
anomaly that in turn causes warmer surface waters. Moreover, Westerlies flatten the
equatorial thermocline and at the same time weaken the SEC. During times of particularly
strong El Niflo events the influential Equatorial Under Current (EUC) might even disappear
temporarily [Philander, 1999]. The counter part of these events is La Nifia, which causes
very intense upwelling activity in the area and consequently unusually cold surface wa-
ters. The thermocline deepens down to ~150 m during warm El Nifio events and is much
shallower during cold La Nifia conditions. Additionally, La Nifia increases the nutrient sup-
ply in the EEP through stronger upwelling and hence intensifies marine primary produc-
tion. Both extremes, El Nifio as well as La Nifia, are an interplay of the heat-flux interac-
tion between atmosphere and ocean, occurring on time scales of two to ten years
[Philander, 1983]. The full range of El Nifio and La Nifia events is called El Nifio Southern
Oscillation (ENSO; [McPhaden et al., 1998]. El Nifio events seriously affect the regional
fishing industry because the unusual warm surface waters and the lower nutrient avail-
ability result in an increased mortality of commercial fish stocks [Barber and Chavez,
1983]; understanding the mechanisms creating this phenomenon are thus also of great

economic interest.
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Figure 2-4:  El Nifio and La Nifa conditions

Weaker trade winds result in a decreased upwelling intensity, which causes warmer surface waters to re-
main in the EEP during El Nifio events (upper panel). The water column is characterized by a nearly horizon-
tal thermocline during these events. On the contrary, La Nifia (lower panel) is caused by intensified trade
winds, which result in a particular strong upwelling. As a consequence, the thermocline is very steep and
surface temperatures in the EEP are particularly cool. Modified after Philander [1999].
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Chapter 3: Material and Methods

3.1: Sedimentology and Core Selection

Sediments offshore Ecuador and Peru are different from outside and inside the OMZ: The
cores recovered from outside the OMZ are dominated by varying amounts of dark olive to
gray clays and silts, containing different quantities of foraminifers and shell fragments.
Also they are partly bioturbated and sometimes sedimentation is disturbed by slumps. In
opposition to this, cores taken directly within the OMZ are characterized by fine lamina-
tions and higher amounts of diatoms, sometimes containing hardly any foraminifers. The
PP off Ecuador and Peru is dominated by diatoms; foraminifers contribute to a much
smaller extent to it. As planktonic foraminifers are extremely rare directly within the
OMZ, this thesis focuses on piston cores which were recovered at the northern rim of this
zone and contained enough foraminifers to perform Mg/Ca and 5'%0 analyses. Sediment
surface samples allowed the analysis of planktonic Mg/Ca and 8'20 within and outside the
OMZ; benthic foraminifer content was overall sufficient for analyses.

Selection of the core locations was accomplished by extensive bathymetric surveying and
sediment-echosounder profiling. The studied sediment cores are piston cores (PC); they
were retrieved during a cruise with RV Meteor (Leg 2; Nov-Dec 2008) in the Gulf of
Guayaquil (Fig. 2-1). Piston core M772-056-5 (03°44.99’ S; 81°07.48" W, recovery 10.58 m)
was retrieved from 355 m water depth. Approximately 16 nautical miles further offshore,
piston core M772-059-1 (03°57.01’ S; 81°19.23’ W, recovery 13.59 m) was retrieved from
997 m water depth. The MUC sediment surface samples were collected at 47 stations,
spanning a latitudinal transect from the Equator to 17°S and covering a wide depth range

from 60 down to 2,600 m (Table 1).

Table3-1:  Multi-corer sediment surface samples

Multi-corer sediment surface samples from the study area in the Eastern Equatorial Pacific. Samples listed
here have been used to generate the data for Chapters 4 and 5 (planktonic foraminifers) and Chapter 6
(benthic foraminifers), respectively.

Station number Latitude (°S) Longititude (W) Water Depth (m)
M771-398 -17.4675 -71.8740 496
M771-408 -17.5728 -71.9333 790
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Station number Latitude (°S) Longititude (°W) Water Depth (m)
M771-409 -17.6393 -71.9708 920
M771-411 -17.7450 -72.7450 2167
M771-420 -15.1892 -75.5813 516
M771-450 -11.0002 -78.1662 319
M771-457 -11.0000 -78.3205 467
M771-458 -11.0020 -78.4265 698
M771-462 -10.9998 -78.7450 2020
M771-469 -11.0010 -77.9433 145
M771-471 -11.0001 -78.1656 316.5
M771-482 -11.0003 -78.2362 375
M771-488 -11.0003 -78.3863 580
M771-519 -11.0002 -78.2715 410
M771-554 -10.4397 -78.9117 522
M771-581 -11.1870 -78.1353 352
M771-582 -11.1617 -78.0810 299
M771-583 -11.1143 -78.0518 247
M771-590 -11.2517 -78.2737 547
M771-602 -11.2672 -78.3063 618
M771-608 -12.5417 -77.5083 584
M771-611 -12.4912 -77.4660 417
M771-615 -12.4263 -77.4143 290
M771-623 -12.6333 -77.5932 1085

M772-005-5 -12.0943 -77.6783 214
M772-026-3 -10.7522 -78.4738 424
M772-028-1 -9.2948 -79.8977 1105
M772-029-5 -9.2950 -79.6185 437
M772-031-2 -9.0495 -79.2600 114
M772-045-3 -7.9998 -80.3418 359
M772-047-3 -7.8668 -80.5227 625
M772-050-1 -8.0173 -80.5022 1013
M772-052-3 -5.4835 -81.4502 1252
M772-053-1 -5.4823 -81.5672 2607
M772-056-1 -3.7503 -81.1210 350
M772-059-2 -3.9492 -81.3193 995
M772-060-1 -3.8515 -81.2582 701
M772-062-2 -2.5002 -81.2452 1678
M772-064-1 -1.8915 -81.1958 529
M772-065-2 -1.9502 -81.1205 206
M772-067-2 -1.7523 -82.6245 2075
M772-069-2 -3.2670 -80.9478 339
M772-070-2 -3.1167 -80.6473 59

M772-071-1 -2.8165 -80.8453 100
M772-072-2 -2.8167 -81.0088 425
M772-075-2 -0.2167 -80.6573 1314
M772-076-2 -0.0908 -80.5567 290
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3.2: Foraminifers as Temperature Proxy

The ratio of *%0 to *°0 in the shells of foraminifers can be used as a temperature proxy,
because thermodynamic fractionation occurs when oxygen is incorporated into the shells
[Urey, 1947; McCrea, 1950; Epstein et al., 1953; Craig and Gordon, 1965; O'Neil et al.,
1969; Shackleton, 1974; Kim and O'Neil, 1997]. Local 50 signatures in seawater are con-
trolled mainly by advection and mixing of water masses from different sources, addition-
ally influenced by local evaporation, precipitation and river input. Equilibrium fractiona-
tion processes between water and the different carbonate species depict an important
temperature influence on the 820 signature in foraminiferal calcite [Rohling and Cooke,
1999]. Biological fractionation processes (‘vital effects’) might occur in both, benthic
[Duplessy et al., 1970; Wefer and Berger, 1991] and planktonic foraminifers [Fairbanks
and Wiebe, 1980; Duplessy et al., 1981]. The reasons for disequilibrium between seawater
and carbonates are various; five main reasons have been identified [Rohling and Cooke,
1999]: the ontogenetic effect, the symbiont photosynthesis effect, the respiration effect,
the gametogenic effect, and the effect of changes in [CO5*]. The gametogenic effect in
planktonic foraminifers is connected with the vertical migration of the specimen during its
life cycle and thus a mixture of different 5'%0 signatures from shallower and deeper water
masses. The various disequilibrium effects can occur simultaneously and can also mask
each other. Some disequilibrium effects occur enhanced amongst planktonic species, but
benthic foraminifers might also be affected by them [Rohling and Cooke, 1999].

Past ocean temperatures can also be reconstructed via the ratios of magnesium to cal-
cium (Mg/Ca) in the tests of benthic and particularly planktonic foraminifers. These two
elements are incorporated into the shells in dependence on the surrounding water tem-
perature [Niirnberg et al., 1996; Elderfield and Ganssen, 2000; Dekens et al., 2002; Anand
et al., 2003; Regenberg et al., 2009]. The correlation between measured in-situ tempera-
tures and analyzed Mg/Ca ratios from sediment traps, plankton nets or sediment surface
samples allows calculating the relationship between both parameters. Some calibration
functions are also based on studies of laboratory-based cultures. These transfer functions
allow the reconstruction of paleo-temperatures with a precession of approximately £1°C

[e.g. Regenberg et al., 2009].
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There is a number of functions for species G. ruber and N. dutertrei to transfer measured

Mg/Ca ratios into temperatures. Table 3-1 gives a brief summary of commonly used

transfer functions.

Table 3-2:  Summary of different transfer functions for Mg/Ca-based temperature reconstructions

Cleaning methods refer to oxidative cleaning (O) or reductive and oxidative cleaning (R/O).
Species Location Sampling Mg/Ca = Cleaning Reference
G. ruber, white | Equatorial Core tops 0.3 * exp (0.089*T¢) R/O Lea et al., 2000
240-350 nm Pacific
G. ruber Multiple Core tops 0.38 * exp (0.09*T¢) R/O Dekens et al., 2002
G. ruber, white | Sargasso Sediment 0.34 * exp (0.102*T¢) | O Anand et al., 2003
250-350 nm Sea traps
G. ruber, white | Atlantic and | Core tops 0.4 * exp (0.094*T¢) 0] Regenberg et al., 2009
355-400 nm Caribbean
Warm multispe- | Atlantic and | Core tops 0.22 * exp (0.113*T) | O Regenberg et al., 2009
cies 355-400 nm | Caribbean
N. dutertrei 355- | Atlantic and | Core tops 0.65 * exp (0.065*T¢) | O Regenberg et al., 2009
400 nm Caribbean

One crucial issue when using planktonic foraminifers as a temperature archive is the cor-
rect assignment of their main habitat depth. Due to vertical migration in the water col-
umn the reconstructed temperatures always represent an averaged habitat depth. Inves-
tigated species within this thesis are surface dweller G. ruber and thermocline dweller N.
dutertrei. Estimated habitat depths and corresponding seasonal salinity and temperature
profiles from the WOA 2009 are displayed in Fig. 2-2. G. ruber is assumed to live in the
upper ~0-30 m of the water column, while N. dutertrei inhabits varying depths of ~70 to
~200 m in the EEP (detailed discussion in Chapter 4).

Under saturation of water masses with respect to calcite ion concentrations can bias the

initial Mg/Ca ratio in the foraminiferal tests. Several studies demonstrated a relationship
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between low calcite ion concentrations in the water column and changes in the fo-
raminifers test structure [Dekens et al., 2002; Regenberg et al., 2006]. Correction for this
dissolution effect, which results in the preferential removal of Mg ions out of the tests
and thus a lowering of the originally recorded temperatures, requires either a depth-
dependent correction or a correction based on the in-situ carbonate ion concentration.
None of the named mechanisms were applied to the data presented in this study. Even
though calcite dissolution indeed matters in the EEP today (Fig. 2-2) the equivalence be-
tween core top samples and WOA 2009 data set was so good that it can be assumed that

dissolution of Mg did not have a major influence on the analyzed samples.

3.3: Foraminiferal Based Analyses
3.3.1: Sample Preparation

Many foraminifers build their tests out of calcium carbonate (CaCOs), including the ben-
thic and planktonic species which were used for different analyses within this thesis.
These included radiocarbon datings, stable carbon isotopes (5*C) and stable oxygen iso-
topes (8'20) measurements as well as Mg/Ca based thermometry. The results of benthic
5'%0 analyses and radiocarbon datings were used to establish the age models (Chapter
3.5.). The results of planktonic 8'20 from sediment surface samples and analyses of the
same proxy in water samples were used to calculate apparent calcification depths for two
planktonic species (Chapter 4). The down core measurements of Mg/Ca ratios were com-
bined with alkenone-based thermometry and marine productivity proxies to investigate
changes in the local water masses from the deglaciation into the Holocene (Chapter 5).
The Mg/Ca ratios from multi corer (MUC) sediment surface samples were combined with
CTD-casted temperature profiles to develop a benthic transfer function for the EEP (Chap-
ter 6).

Piston core sub-samples were taken by syringes and contained roughly 10 cm? of sedi-
ment. Parallel series of samples were taken for foraminiferal-based and for bulk sediment
analyses. The volume of the syringe samples was noted as well as their wet weight. All
samples were freeze-dried and weighed afterwards to calculate the amount of pore wa-

ter, which evaporated during the drying procedure. The upper ~4m of both cores (056
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and 059) were additionally sampled with 1 cm thick slices; this was necessary since the
generally lower amount of foraminifers in these core sections demanded that a greater
amount of sediment material was needed. Subsequently, the sediment samples were
washed over a 63 pum wide sieve, transferred with de-ionized water and dried at ~50°C.
The remaining coarse or sand fraction was weighed to calculate the weight percent (on
average 1-3%). Dried samples were sieved into six different size categories (63-125 um,

125-250 um, 250-315 pum, 315-355 um, 355-400 um, >400 um). The surface samples are
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Figure 3-1:  Standardized scheme of sample processing for Mg/Ca, stable isotopes and bulk sediment

Standardized scheme of sample processing as performed for Mg/Ca, stable isotopes and bulk sediment
analyses. All three investigated foraminiferal species were treated as described in the above scheme with
respect to Mg/Ca and stable isotope analyses.
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derived from MUCs from legs 1 and 2 of the same Meteor cruise. MUC surface samples
consist of the uppermost ~0-1 cm of the sediment, only if the foraminifer content was
considered too low this range was widened to ~0-2 cm sediment depth. The MUC sam-
ples were prepared in the same way for foraminiferal analyses as the PCs, the only differ-

ence being that the MUC samples were washed wet and that freeze-drying was skipped.

3.3.2: AMS Radiocarbon Dating

Accelerator Mass Spectrometry (AMS) was used to provide absolute age control for the
studied sediment cores via radiocarbon (**C) dating. Mono-specific samples of subsurface
dweller Neogloboquadrina dutertrei (Fig. 3-2) were analyzed at the Leibniz-Laboratory for
Radiometric Dating and Isotope Research, University of Kiel. Approximately 300 calcite
tests from size fractions >250 um were selected to achieve sample weights of ~8-10 mg.
The CaCO; concentrations in the samples were varying between ~1 and ~8%. A detailed

discussion of the age models and the resulting stratigraphy is given in Chapter 3.5..

3.3.3: Stable Carbon and Oxygen Isotopes

Stable carbon (8*3C) and oxygen isotope ratios (8'20) were measured in calcite tests of
both, benthic and planktonic species. The ratios are given in the common 6-notation (0 =
(Rsample/ Rstandard - 1) X 1000, where R is the ratio between the heavy and the light isotope).
Benthic foraminifers can experience a size-related bias with respect to the stable isotope
signal [Lutze et al., 1979]. Hence, for stable isotope analyses two to three specimens of
the endobenthic species Uvigerina peregrina (Fig. 3-2) were selected from a narrow size
range (250-355 um) to avoid any size-related bias. A change in the stable isotope ratio of
foraminifers due to tests of differently sized individuals is also referred to as ‘ontogenetic
effect’. 820 ratios in sea water change due to the amount of globally fixed ice volume,
which removes °0 from the global oxygen budget [Rohling and Cooke, 1999]. Thus, 50
values do not only contain information about temperature changes, but can also be used
for stratigraphic purposes as they indicate changes between glacial and interglacial times

[Lisiecki and Raymo, 2005].
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For combined stable isotope and Mg/Ca analyses samples of ~25 clean specimen of dex-
tral coiling N. dutertrei and ~30 specimens of G. ruber (Fig. 3-2) were picked from size
fractions 250-355 um. The samples were picked from this narrow size range to avoid size-
related intraspecific elemental variations [Elderfield et al., 2002]. The planktonic fo-
raminifer content was lower in the upper 4 m of both cores than in the remaining parts;
the size range was expanded during picking if necessary to gain enough material for the
analyses. This was particularly the case for G. ruber, as its occurrence was strongly re-
duced in the top part of the cores. Consequently, G. ruber samples for the upper 4 m
were picked from the 125-400 um size fractions for both cores. All specimens were indi-
vidually picked and identified using the planktonic foraminifers species concepts by Ken-
nett and Srinivasan [1983] and Hemleben et al. [1989]. The selection of N. dutertrei was
limited to individuals, which had a tooth at their final chamber since this characteristic
enables a definite species classification. From those MUC surface samples, which were
analyzed for benthic stable isotopes and Mg/Ca, ~20 specimen of U. peregrina were se-
lected from the 250-355 um size fractions. The samples were gently crushed between two
glass plates to open the chambers for following cleaning procedures; the samples were
homogenized and split for stable isotope (~'/3) and Mg/Ca analyses (~%/; of total sample)
and transferred into acid-cleaned vials (Fig. 3-1). Subsamples for stable isotope analyses
were rinsed three times with ultrapure water (MilliQ 18.2 MQ), twice with ethanol and
sonicated in between each rinse to remove clay particles.

Measurements were conducted with a ThermoScientific MAT 253 mass spectrometer,
equipped with an automated CARBO Kiel IV carbonate preparation device (GEOMAR,
Kiel). The calcite was dissolved with phosphoric acid at 70°C, releasing CO, which was
subsequently analyzed. Manually detrended results were calibrated versus NBS19 (Na-
tional Bureau of Standard and reported in per mill relative to the Vienna Pee Dee Belem-
nite (%o VPDB). The in-house standard used was the “Standard Bremen” (Solnhofen lime-
stone), which indicates an analytical long-term precision (n > 1000) of +0.03%. for 8C

and +0.06%. for 8'20.
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3.3.4: Foraminiferal Mg/Ca Analyses

Samples for Mg/Ca measurements were cleaned following the protocol of Barker et al.
[2003], but adding a reductive step [Martin and Lea, 2002]. The initial cleaning for Mg/Ca
analyses followed the protocol for stable isotopes (Fig. 3-1). The last rinse with ethanol
was followed by two rinses with ultrapure water to remove any remaining ethanol. A re-
ductive step was performed to remove metal oxides from the shells. 375 ul of hydrazine
were mixed with 15 ml of ammonium citrate; 100 pl of this solution was added to each
sample. The samples were put into a 92°C hot water bath and carefully agitated every five
minutes to release any gaseous build-up. The samples were rinsed three times with ul-
trapure water, followed by an oxidation step. Here, 250 pl of an 80 ul H,0; to 15 ml so-
dium hydroxide mixture were added to each sample. Again a 10 minutes treatment in a
hot water bath was carried out, including agitation to prevent too much gaseous pres-
sure, followed by three rinsing cycles. Afterwards, samples were transferred into new
vials and a final leaching with 0.001 molar HNO3 was performed. The samples were dis-
solved in 2 ml of 0.075 molar HNOs (thermally distilled, “supra acid”) prior to measure-
ment. The samples of core M772-059-1 were dissolved in 0.075 molar HNOs and diluted
with 2.5 ml yttrium water (made by adding 1 ml dissolved yttrium to 1 | of 0.075 molar
suprapure HNOs, which equals a concentration of 1 ppm yttrium). The Yttrium was added
to detect a possible machine drift.

Mg/Ca analyses of core M772-056-5 (N. dutertrei) and MUC surface samples (N. dutertrei)
were carried out with a simultaneous, radial-viewing Inductively Coupled Plasma — Atomic
Emission Spectrometer (ICP-AES; SPECTRO Ciros“® SOP) at the University of Kiel. Spectral
lines used were 279.553 for Mg and 370.603 for Ca. All remaining samples were analyzed
with a simultaneous, axial-viewing Inductively Coupled Plasma — Optical Emission Spec-
trometer (ICP-OES; Varian 720) at GEOMAR. Spectral lines used were 279.553 for Mg and
370.602 for Ca. The measurements at both machines involved the analysis of standards
and blanks to assure analytical quality control. The data from the ICP-AES was manually
drift-corrected; a software automatically corrected samples from the ICP-OES for analyti-
cal drift (detrending). All results were manually normalized to the ECRM 752-1 standard
(Mg/Ca = 3.761 mmol mol™; [Greaves et al., 2008]), which was used as internal consis-

tency standard. The quality standard ECRM 752-1 was run on both machines to track pos-
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sible offsets between machines; average values for Mg/Ca were 3.86 +0.09 mmol mol™
(SPECTRO Ciros, Kiel University) and 3.80 +0.06 mmol mol™ (Varian, GEOMAR), respec-
tively. Analytical precision, with respect to the Mg/Ca ratio of the ECRM standard, was
~0.1 mmol mol™ (2 o). Replicate measurements of selected samples were performed for
eight samples on both machines (ICP-AES and ICP-OES). The correlation between both
data sets was high (R?=0.9), indicating a strong consistency in ICP analyses additionally to
the ECRM quality control.
To exclude clay contamination and post-depositional Mn-rich carbonate coatings, which
can have strong control on Mg/Ca ratios [Rosenthal et al., 2000], Fe/Ca, Al/Ca and Mn/Ca
ratios of the samples were analyzed. Al/Ca and Mn/Ca ratios were below the detection
limit of the ICP within the data sets. Previous studies have shown that Mn is already re-
duced in the water column offshore Peru and thus only minor amounts of particulate-
bound Mn are available at the bottom of the sea [Béning et al., 2004; Scholz et al., 2011;
Glock et al., 2012]. Fe/Ca ratios were on average 4.08 mmol mol™. A correlation between
high Fe/Ca ratios and outliers within the Mg/Ca data set was not observed, hence leading
to the conclusion that the measured high Fe/Ca ratios did not affect the Mg/Ca signal.
Mg/Ca-based subsurface sea temperatures (subSSTyg/ca) Were reconstructed by applying
the ‘warm water’ multispecies calibration of Regenberg et al. [2009]:

Mg/Ca=0.22 * exp (0.113 * T,) (1)
Mg/Ca ratios of planktonic G. ruber were converted into temperatures (SSTwg/ca) by using
the ‘species specific’ calibration for G. ruber of Regenberg et al. [2009]:

Mg/Ca = 0.4 * exp (0.094 * T,) (2)
Analytical precision for Mg/Ca translates into an uncertainty for the paleo-temperature
estimations of +1°C.
Paleo salinities were approximated from the ice-volume corrected 80 of seawater
(618Oivf_sw). The 80 signal in foraminiferal tests is a function of temperature and the iso-
topic composition of the surrounding seawater (5'®0sy, reported in %o Vienna Standard
Mean Ocean Water). The 80y, is influenced by regional variations in hydrology and by
global ice volume changes [Schmidt et al., 2004]. The 61801Vf_5w was calculated by using the
equation by Thunell et al. [1999]:

T=14.9 — 4.80 (8" 0caicite — 5 204w) (3)
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To generate the regional 8180ivf-sw, we accounted for changes in global 80, due to con-
tinental ice volume variability using the relative sea level curve of Waelbroeck et al.
[2002].

The foraminiferal Mg/Ca signal can be affected by several processes: Re-crystallization of
calcite crystals might distort the original information of the tests, thus resulting in a misin-
terpretation of Mg/Ca ratios. Diagenetic alteration might further influence the test struc-
ture; within the EEP this process is mainly occurring in the form of metal oxides, which
form under anoxic conditions inside the deposited foraminiferal tests. The most severe
problem when working with foraminifers is the potential dissolution of their tests. Disso-
lution primarily removes the Mg out of the tests, resulting in a lowering of the Mg/Ca
ratio; it is thus essential to evaluate in particular the influence of dissolution onto our
samples. A correction of the initially measured Mg/Ca ratios was not applied, even though
most samples were recovered from below the critical depth for selective Mg-removal
(~250 m; according to Regenberg et al., 2006) and also from below the Calcite Saturation
Horizon (CSH; ~300 m; Fig. 2-2). The reason for this was the good fit between initially
measured Mg/Ca ratios and the reconstructed temperatures and data from WOA 2009

([Locarnini et al., 2010]; see supplementary of Chapter 5 for more details).

3.3.5: Characteristics of Foraminifers
3.3.5.1: Benthic Species Uvigerina peregrina

The preferred habitat of U. peregrina (Fig. 3-2) are the uppermost centimeters of the
sediment, although it may migrate as deep as 10 cm into the sediment [McCorkle et al.,
1997]. The habitat depth changes under the influence of bottom water oxygen concentra-
tions and is shallower if oxygen concentrations are low and vice versa [Sen Gupta and
Machain-Castillo, 1993; Loubere et al., 1995]. U. peregrina is widely used for 8'%0 analy-
ses since Shackleton [1974] described the species to be a reliable recorder of the bottom
water 820 signature. Although the species lives infaunal, the Mg/Ca ratio reliably reflects
Bottom Water Temperatures (BWT,; [Elderfield et al., 2010]).

A recent study from the Peruvian OMZ [Mallon, 2011] indicates that the presence of U.
peregrina is restricted by bottom water oxygen concentrations. Between 10°S and 15°S,

where the OMZ is most intense, U. peregrina was not found in stations above 520 m. The
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species was partly present in the OMZ, but its main occurrence was below the OMZ,
where oxygen concentrations exceeded 4.8 umol kg-1. In areas in the EEP where U. pere-
grina was present, its habitat was located within the upper 0-2 cm of the sediment
[Mallon, 2011]. Consequently, U. peregrina is regarded as a reliable proxy to display

changes in bottom water conditions within the Peruvian OMZ.

3.3.5.2: Planktonic Species G. ruber and N. dutertrei

Planktonic foraminifers live worldwide in a great range of habitats, from surface waters
down to depths of up to 800 m [Hemleben et al., 1989]. Their good fossilization potential
and their broad occurrence make them a favorable proxy in paleoceanography to recon-
struct changes in ocean conditions. However, as planktonic foraminifers experience sig-
nificant vertical migration throughout their ontogenetic life cycle, information gained
from their tests will thus display a mixture of different depths. The cause for these differ-
ences might depend on temperature and salinity concentrations as well as differing nutri-
ent concentrations. Calcification depths derived from stable oxygen analyses (8'0) thus
represent an average depth, which the foraminifer inhabited during its life cycle. Geo-
chemical analyses for this thesis were performed on the surface dwelling species Globig-
erinoides ruber white; ~0-30 m WD (morpho type sensu stricto; [Wang, 2000; Steinke et
al., 2005]) and on the subsurface dwelling species Neogloboquadrina dutertrei (dextral

coiling; ~70-200 m WD), which are depicted in Figure 3-2.

Figure 3-2:  Scanning electron microscope images of all investigated foraminiferal species

From left to right pictures show planktonic species G. ruber white (morphotype sensu stricto), N. dutertrei
(dextral coiling) and benthic species U. peregrina. All specimens were selected from two piston cores in the
study area (M772-056-5 and -059-1, respectively). Scale bar is 100 um for all pictures; applied voltage was
15 kv.

30



Bulk Sediment Analyses

3.3.5.3: 5'3C in Foraminifers

8"C can widely be used as a proxy for multiple purposes, since it is influenced by a num-
ber of factors. Photosynthesis processes in the surface ocean preferably remove the
lighter *C from the ocean, leaving the upper layers enriched in **C which is incorporated
in the carbonates formed in these water depths. Re-mineralization processes in greater
depths release not only **C depleted CO,, but they also provide nutrients [Rohling and
Cooke, 1999]. Furthermore, lateral gradients in 8BCin deep water can be used to trace
the source of these water masses, sometimes also referred to as ‘aging’ of the water
masses. The 8'3C signature provides information on the time of exposure to organic mat-
ter decay and the amount of organic matter decayed within the deep water [Rohling and
Cooke, 1999]; it is an essential tool for the reconstruction of ocean circulation processes.
Additionally, the 8"3C in the ocean is also influenced by the interaction between atmos-
phere and the ocean, with the latter one representing a much larger reservoir than the
atmosphere.

Deviation from equilibrium values in the "°C ratios of benthic and planktonic foraminifers
might be caused by: (1) utilization of metabolic CO, during shell formation, (2) photosyn-
thesis activity of symbionts, (3) growth rate, and (4) variation in carbonate ion concentra-
tion in ambient waters [Rohling and Cooke, 1999]. In particular the uptake of respiratory
CO,, which is often referred to as ‘vital effect’, is difficult to evaluate. The ‘vital effect’
magnitude is proportional to the amount of metabolic CO, within the organism’s internal
CO, pool, which reflects the organism’s ability for gas exchange with ambient water
[Rohling and Cooke, 1999]. Organisms from OMZs worldwide show little influence of ‘vital
effects’, indicating that they are especially adapted to an efficient gas-exchange with the
ambient water [Leutenegger and Hansen, 1979; Grossman, 1984; 1987]. Recent studies
have also used 8"3C as a water mass tracer, to differentiate between water masses of

(sub) tropical and (sub) polar origin [Euler and Ninnemann, 2010]

3.4: Bulk Sediment Analyses

Bulk sediment samples were used to determine total organic carbon (TOC), total nitrogen,

biogenic opal and to perform quantitative XRF and U*'3; (alkenones) analyses. Cores 056
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and 059 were sampled as described in Chapter 3.2.1. The samples were freeze-dried,
ground and homogenized; the samples for the total organic carbon (TOC) and total nitro-
gen (TN) analyses were homogenized in a planetary mill to ensure an extremely regular
sample composition. The samples for biogenic opal analyses were homogenized manu-

ally, using an agate mortar to ensure a coarse-grained structure.

3.4.1: Alkenone Unsaturation Index (UK'37)

Besides foraminiferal analyses, SSTs were also derived from the alkenone unsaturation
index (UX3;). The alkenone analyses were carried out within the frame work of the com-
plementary PhD thesis by Mollier-Vogel [2012]. Alkenones are synthesized mainly by coc-
colithophorids (e.g. Emiliania huxleyi), which live in the uppermost ~10 m of the water
column within the photic zone (Fig. 2-2). The concentration of long-chain ketones varies
in the sedimentary record, depending on the water temperatures in which the cocco-
lithophorids lived. The analytical method for the U¥3, record of core 059 (Chapter 5) is

described in detail in the complementary PhD thesis of Mollier-Vogel [2012].

3.4.2: Total Organic Carbon and Total Nitrogen

The total organic carbon (TOC, wt %) and total nitrogen (TN, wt %) were measured in bulk
sediment to assess changes in paleo-productivity. The TOC content for core 056 was de-
termined by a LECO C-S analyser with a precision for repeated measurements of +0.5% (2
o; University of Bordeaux, France). The TN of the sediment samples from core 056 was
measured with a CARLO ERBA CN analyser 2500 at University of Bordeaux, France (preci-
sion +0.5%, 2 o values). The TOC, TN and total carbon (TC, wt %) for sediment samples of
core 059 were analyzed with CARLO ERBA Model NA 1500 Elemental Analyzer at GEO-
MAR, Kiel (Germany), where replicate analysis of an internal standard was 0.15% for TN
and TC, and 0.2% for TOC (2 o; n=10). The TC and TN were measured in bulk sediment
samples whereas the TOC was measured in decalcified samples (HCl, 0.25 M). The ratio of
atomic organic carbon to atomic nitrogen was calculated, which will be hereafter referred
to as C/N ratio. C/N ratios of bulk sediment are an indicator of the source of organic mat-

ter in the sediment. Typically, marine organic matter exhibits C/N ratios of 5-8 close to
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the Redfield ratio (C/N ~7) of marine phytoplankton [Redfield et al., 1963], while terres-

trial organic matter shows ratios between 20 and 200 [Hedges et al., 1986].

3.4.3: XRF Core Scanning

The split halves of both cores were analyzed in a non-destructive way with the Avaatech
XRF Core Scanner (University of Kiel). These analyses were carried out within the frame
work of the complementary PhD thesis by Mollier-Vogel [2012]. The cores were scanned
with a spatial resolution of 1 cm applying a basic voltage of 10 kV, which covers the ele-
ments aluminium (Al) to iron (Fe). Filters of 30 and 50 kV were used to reduce the back-
ground for certain elements. Prior to the analysis, the core halves were covered with SPEX
Ultralene” foil to prevent contamination of the instrument sensor and desiccation of the
core during the measurement. According to Tjallingii et al. [2007], the observed elements
remain relatively unaffected by changing physical properties, i.e. water content. Data
quality was ensured by monitoring the “dead time”, which was constantly below the criti-
cal value of 40% [Tjallingii, 2006]. The element intensities are given in counts per second
(cps) and are used to estimate elemental concentrations. However, log ratios for elemen-
tal ratios were partly calculated as these do surely exclude any matrix effects which might

have been caused by the scanning process [Tjallingii et al., 2010].

3.5: Age Models and Stratigraphy

The age models for both cores are primarily based on AMS™C datings of the planktonic
foraminifer N. dutertrei, supported by benthic 580 records. AMS-*C ages were con-
verted into 2 ¢ calendar ages using the CALIB 6.0 software [Reimer et al., 2009]. Calendar
ages are reported in BP (= before present, i.e. before 1950 AD). Ages are expressed in kilo
annum (ka) BP when referring to a point in time and in kilo years (kyrs) when referring to
a time span. A constant reservoir effect (AR) of 200 +£50 years was applied which is based
on values from the Marine Reservoir Correction Database
(http://calib.qub.ac.uk/marine/). The AR is based on a mean value from sites located
closest to the study sites. The selected regional AR is in agreement with a duplicate-

dating performed on a benthic and a planktonic foraminifer sample from a multi corer
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station (station M772-056-1; 03°45.01’ S, 81°07.29’ W, 350 m WD). The planktonic sam-
ple revealed an (uncorrected) age of recent origin, whereas the benthic sample was dated
at 660 * 30 years. Subtracting 400 years from the 660 years, which is the basic setting for
the worldwide reservoir correction in the CALIB program, a local reservoir effect of ~200
years is assumed. This value is in agreement with the AR from the Marine Reservoir Cor-
rection Database.

A recent publication [Ortlieb et al., 2011] suggests a varying reservoir effect during the
Holocene for the region in the Eastern Pacific spanning 14-24°S. This approach was tested
for the age models, but the resulting calendar ages were implausible for the shown data
records. The correlation between the benthic 520 records and a global stack record for
further stratigraphic control [Lisiecki and Raymo, 2005] were less conclusive when the
reservoir ages by Ortlieb et al. [2011] were applied. Consequently, the averaged reservoir
age calculated from samples out of the Marine Reservoir Correction Database seems to
be the more precise approach to convert **C ages into calendar ages. No tuning of our
records to other data sets was performed. Benthic %0 records were compared graphi-
cally with a globally stacked 520 record [Lisiecki and Raymo, 2005].

Linear sedimentation rates (LSR) were calculated between age control points as the thick-
ness of a sediment interval divided by the time interval of its deposition (Fig. 3-3). The LSR
for core 059 peak during the Bglling/Allergd (B/A; 14.7-12.9 ka BP; [Blockley et al., 2012])
with values of max. 150 cm kyr® and are much lower before and after this episode (LSR
~80-90 cm kyr™). Towards the Late Holocene LSR for core 059 are decreasing down to
values of ~50 cm kyr™. The LSR for the shallower core 056 are on average higher (~90-110

cm kyr?), and also decrease during Middle and Late Holocene towards ~60-80 cm kyr™.
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Figure 3-3:  Age-depth relation for cores 056 and 059; AR and LSR for cores 056 and 059

Left panel shows relationship between core depth and AMS'*C-dated age control points for cores 056 (blue)
and 059 (red).

Right panel shows linear sedimentation rates (LSR; solid lines) and bulk sediment accumulation rates (AR;
transparent lines), which are plotted on the same scale. LSR and AR peak during the B/A interval in core 059
and during the Middle Holocene in core 056. LSR values average to ~70-90 cm kyr " for core 059 and to ~80-
100 cm kyr'1 for the shallower core 056, respectively.

Core 056 has an average temporal resolution of ~60 years for the geochemical analyses
and up to 10 years for the XRF-scanned data. The temporal resolution of core 059 is
slightly lower, averaging ~80 years (geochemical analyses) and ~25 years (XRF-scanned
data), respectively. The paleo-flux of bulk sediment as well as sediment components is
expressed by accumulation rates (AR in g cm™ kyr™). AR were computed following the
approach of van Andel et al. [1975]: ARpuik = LSR * Dpy, Wwhere LSR is the linear sedimen-
tation rate (cm kyr) and Dpu is the dry bulk density (g cm™). In general, the shallower
core 056 has higher AR (85 to 60 g cm™ kyr!) than the deeper core 059 further offshore
(~50to <30 g cm’? kyr'’; Fig. 3-3). Both cores show relatively high AR, thus providing an

excellent temporal resolution.
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Abstract

Abstract

The reliable estimation of calcification depths for planktonic foraminiferal species remains
a challenge, mainly due to the fact that available information is sparse and regional as
well as seasonal differences occur. While Globigerinoides ruber is broadly accepted to
dwell at surface depths, the subsurface-dwelling species Neogloboquadrina dutertrei is
often associated with the thermocline. This depth assignment remains vague and not all
studies agree upon this view. In this study we present stable oxygen isotope data (8%0)
of N. dutertrei (dextral) and Globigerinoides ruber (white, sensu stricto), samples taken in
the Eastern Equatorial Pacific (EEP) along the Ecuadorian and Peruvian continental margin
from the equator to 11°S. Respective calcification depths for both species were calculated
by using 5'®0 measurements of water samples from the same ocean area. 5'%0 values of
N. dutertrei are in good agreement with 88 04eawater Values, while 8206 juper Shows
stronger isotopic fractionation towards lighter values. The calculated calcification depth
of G. ruber implies sea surface conditions as the predominant living depth, while N. duter-
trei appears to change calcification depth in relation to the oceanographic setting (varying
from 25 to 310 m). The calcification depth of N. dutertrei is on average ~200 m in the
northern part of our study area and shoals to ~70 m due to the influence of the upwelling
center off Peru; hence, changes in the apparent calcification depth of N. dutertrei seem to
be closely correlated with the local hydrography, in particular with the oxygen concentra-

tions in subsurface depths.
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4.1: Introduction

Defining the habitat depth of planktonic foraminifers remains a challenge since their habi-
tat changes throughout their life cycle [Hemleben et al., 1989]. For the correct interpreta-
tion of paleo-data it is crucial to know the calcification depth of the analyzed foraminiferal
species as exactly as possible. Planktonic foraminifers inhabit a wide range of depths,
from surface waters down to ~800 m [Hemleben et al., 1989]. Many species are known to
sink to greater water depths when they reach their gametogenic stadium. Consequently,
the reconstructed habitat depth of any planktonic foraminifer will always represent dif-
ferent water depths and thus should be referred to as apparent calcification depth (ACD).
This investigation focuses on the planktonic species G. ruber (white) and N. dutertrei. As a
photosynthesizing species G. ruber is a surface dweller [Deuser et al., 1981; Bé et al.,
1985; Dekens et al., 2002], being restricted to the top ~30 m of the water column where
its symbionts catch enough light. Deuser et al. [1981] indicate a year-round presence of G.
ruber, thus making it suitable for reconstructing annual sea surface temperature (SST). N.
dutertrei is often referred to as ‘thermocline dweller’, implying that the preferred habitat
of this species is the thermocline and adjacent areas (~50-150 m; [Fairbanks et al., 1982;
Hemleben et al., 1989; Loubere, 2001]). However, the depth of the thermocline varies
strongly between different ocean basins and might furthermore change in the course of a
year. A core top study from the EEP indicates a calcification depth for N. dutertrei of ~110
m [Faul et al., 2000]. The intensity of upwelling in the EEP is changing throughout the
year, thus providing an extremely variable environment for planktonic foraminifers. Up-
welling is strongest during austral winter (July to September), when the depth of the
thermocline shoals [Kessler, 2006].

In this study we present a combined set of sediment surface and water samples from the
EEP, covering a wide range of latitudes and water depths. We aim to improve already
existing calcification depth estimates for species G. ruber and N. dutertrei within and out-
side the upwelling system in the EEP. Combined analysis of calcite %0 values and 820 in
water samples taken during the same cruise allows to estimate ACDs within the upwelling
area off Ecuador and Peru. Additionally, 8"C and phosphate data from the water column
locate the active upwelling center south of ~5°S. The results confirm the previous knowl-

edge of G. ruber being restricted to the surface of the ocean. N. dutertrei calcifies in much
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greater water depth in the northern part of the study area (~200 m) than in the southern
part (~70 m). A possible cause for this is the expansion of cooler and oxygen-lacking water

masses towards the water surface due to enhanced upwelling in the southern area.

4.2: Hydrography

The complex hydrographic setting in the EEP (Fig. 4-1) has been described in several stud-
ies, e.g. Kessler [2006], Fiedler and Talley [2006], Montes et al. [2010]. Persistent easterly
trade winds result in an offshore Ekman transport of surface waters, which is balanced by
equatorial upwelling [Kessler, 2006], thus allowing colder, nutrient-rich water masses
from subsurface depths to enter the EEP. Lateral extension of the upwelling can be identi-
fied by different proxies measured in the water column, e.g. 8"*C, phosphate or dissolved
oxygen (Fig. 4-2). Wind and upwelling intensity vary throughout the year due to changes
of the position of the ITCZ; coastal upwelling is shallow offshore Ecuador and Peru, reach-
ing to a depth of ~75-100 m [Huyer, 1980; Huyer et al., 1987; Kessler, 2006]. The thermo-
cline is located in ~50-70 m water depth, being shallower south of ~5°S due to enhanced
upwelling [Locarnini et al., 2010]. Upwelling is strongest during austral winter (July to Sep-
tember), when the ITCZ moves from ~5°N to ~10°N [Karstensen and Ulloa, 2008].

Equatorial Subsurface Water (ESSW) forms the dominant water mass for the OMZ; char-
acteristic are its high nutrient contents but low oxygen concentrations. It flows south-
ward, merging with the Peru Chile Undercurrent (PCUC) around 5°S and consequently
constitutes the core of the OMZ [Hormazdbal et al., 2006]. In contrast, Tropical Surface
Water (TSW), located north of the ESSW, is warmer and less saline than the ESSW
(T>25°C, S<34 [Zuta and Guillén, 1970; Gutiérrez et al., 2005]). Subsurface depths are
dominated by the Equatorial Undercurrent (EUC), which flows eastwards, originating west
of the Galapagos Islands where it is situated in water depths of roughly 100-250 m
[Kessler, 2006]. The high salinity and the highly oxygenated waters [Toggweiler et al.,
1991] of the EUC can be traced all the way to the coasts of Ecuador and Peru, implying

that its deepest layers are being transported far into the east Pacific.

39



Apparent Calcification Depths of G. ruber and N. dutertrei

85°W 80° W 75° W 70° W
5°N :
------------------ JUIy
z - ...i..
s January
EUC ESSW
[ ol P S ovaa—eaner ..:.'_.,* ------- -()°
_f _____ = \ \ )
‘\Q\ . El Guayaquil
sscc l
_____ ~ ;
SEC A,
5°8 E e —— ‘\‘ \ 5°8
\
hRLE
10°S 10°S
D
e
15°S 15°S
0 200 400 600 800
- km
90° W 85°W 80° W 75° W 70° W

Figure 4-1: Sample locations, WOA 2009 profile line and oceanographic currents off Peru and Ecuador

Sample locations off Ecuador and Peru (surface sediments: red dots and water samples: black stars). Posi-
tions with multiple samples (11°S transect) are labelled with one symbol only. Dotted blue line is the WOA
2009 profile line shown in the following figures. Gray lines are 1,000 m bathymetric depth contours, indi-
cating the steepness of the continental slope. Reference sites are located between ~2°N-5°S/ 83°-103°W
[Faul et al., 2000] and ~7°N-13°S/ 76°-102°W [Rincdn-Martinez et al., 2011], respectively. Inlet provides
larger view of South America with red rectangle indicating study area and dotted lines indicating ITCZ posi-
tions for austral winter (July) and austral summer (January; [van Breukelen et al., 2008]). Open block ar-
rows show main wind direction [Kessler, 2006]. Thin arrows indicate the main oceanographic currents
offshore Ecuador and Peru after [Brink et al., 1983; Fiedler and Talley, 2006; Hormazdbal et al., 2006;
Kessler, 2006; Ayon et al., 2008; Bostock et al., 2010]. Surface currents (solid lines): SEC (South Equatorial
Current) and PCC (Peru Chile Current); subsurface currents (dashed lines): EUC (Equatorial Under Current),
ESSW (Equatorial Subsurface Water), SSCC (Southern Subsurface Counter Current), PCUC (Peru Chile Under
Current) and PCCC (Peru Chile Counter Current); data source for the map is ESRI®.
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Figure 4-2: Lateral extension of the upwelling center indicated by different proxies

Sections from 1°N to 13°S for the upper 500 m of the water column, showing different proxies indicating
the lateral extension of the upwelling center/ the OMZ: (A) phosphate [Kalvelage et al., 2013], (B) §"*C
[Klostermann, 2011], and (C) oxygen (annual mean; [Garcia et al., 2010]). Samples for water column analy-
sis were sampled during cruises M77-2 (8'2C; Nov-Dec 2008) and M77-3 and -4 (phosphate; Dec 2008-Feb
2009), respectively. Legends on the right depict scales for each proxy. Black ovals in upper right corner of
each panel indicate lateral extension of shallow coastal upwelling (until ~100 m depth), starting at ~5°S
and stretching southwards.
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The thermocline in the eastern tropical Pacific is most strongly developed between 5°S
and 15°N; its density structure is shaped by extremely sharp temperature gradients su-
perimposed by a halocline [Fiedler and Talley, 2006]. The strongly revealed thermocline is
also a sharp nutricline; the relationship between temperature and nutrients has been
demonstrated globally [Kamykowski and Zentara, 1986] and in particular for the Eastern
Tropical Pacific [Chavez et al., 1996]. Thermocline depth controls nutrient supply and thus
biological production in surface waters [Pennington et al., 2006]. The thermocline rises up
to ~20 m water depth between June and September, thus bringing colder water into the
range of stronger winds and thus enabling enhanced mixing during this time of the year

[Kessler, 2006].

4.3: Material & Methods
4.3.1: Sample Selection

This study is based on samples collected during Meteor cruise M77 (legs 1 and 2; Fig. 4-1).
We investigated 164 water samples derived from 15 stations for their 80 signature as
well as 32 multicorer surface samples, which provided the material for foraminiferal
analyses. To ensure that our sediment surface samples represent recently deposited
specimen, we performed an AMS-'*C dating on one sample from a MUC station at the
northern rim of the OMZ (M772-056-1; 3°45 S, 81°07 W; 350 m WD). This station is lo-
cated outside the active upwelling region and thus, in comparison, situated in a relatively
well oxygenated area. The dating was based on the analysis of ~300 specimens of species
N. dutertrei from size fractions >250 um (Table 4-1). The sample revealed an age >1954
A.D. indicating that it contained bomb shell **C, thus confirming the assumption that

sediment surfaces were recently deposited.

Table4-1: AMS™C-dated MUC surface sample of species N. dutertrei

Station number Core depth KIA number Radiocarbon age [1 o] Analyzed species

M772-056-1 0-2cm KIA 41847 > 1954 A.D. N. dutertrei
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4.3.2: Water Samples for Stable Isotope Analysis

At all multicorer stations additional CTD deployments were performed, which revealed
local temperature and oxygen saturation profiles. Furthermore, the CTD was equipped
with 10 | Niskin bottles, which were used to sample the water column in different depths.
On average, the uppermost 100 m were sampled with approximately 9 bottles and below
this depth the distance between samples was stepwise increased (Fig. 4-3A). Water sam-
ples were taken at 15 stations with a total of 164 samples covering a depth range from 60
m on the shelf down to 455 m. Water was sampled from the Niskin bottles with a tube
and filled into 115 ml glass bottles on board. 0.2 ml saturated mercury chloride (HgCl,)
were added to the samples to prevent further degradation or oxidation. The glass bottles
were closed with a rubber cap, crimped with an aluminium cap and subsequently stored
at~4°C.

All water samples were analyzed for ratios of stable oxygen (6*%0) and carbon isotopes
(8"3C) within the frame work of a Diploma thesis [Klostermann, 2011]. The samples were
measured using a Finnigan Delta E mass spectrometer with a dual inlet-equipment at the
Leibniz-Laboratory for Radiometric Dating and Isotope Research (Kiel University, Ger-
many). The mass spectrometer was connected with an equilibration bath (Equi) to meas-
ure the ratios of oxygen isotopes (**0/*°0). The results are reported in the common &-
notation in %o relative to a standard material (Vienna Standard Mean Ocean Water,
VSMOW). Duplicate measurements were performed to detect possible offsets; precision

for 8'%0 was <0.08%o (2 &) and for 8*°C <0.2% (2 o).

4.3.3: Analysis of Stable Isotopes in Foraminiferal Shells

For all multicorer stations the uppermost 0-1 cm were sampled; if foraminiferal content
was very low this fraction was enlarged to the uppermost 0-2 cm. Species G. ruber was
only sampled at 12 stations due to its limited occurrence within the study area. The
dominant species in all surface samples was N. dutertrei, which amounts to ~70% of the
total planktonic foraminifer assemblage in the study area. The wet sediment samples
were washed over a 63 um wide sieve. Afterwards, the samples were dried in an oven at

~50°C and sieved into six different size classes (63—125, 125-250, 250-315, 315-355, 355-
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400 and >400 um). Roughly 25 individuals of N. dutertrei (dextral coiling) and ~30 of G.
ruber (white, morphotype s.s.) were picked from size fractions 250-355 um. In case fo-
raminiferal content was too low in this fraction, the size range was widened to gain
enough material for the analysis (maximum to 125-400 pum). This was particularly the case
for G. ruber since its occurrence was in general lower within all samples than for species
N. dutertrei. The identification of both species followed the taxonomic concepts of Ken-
nett and Srinivasan [1983] and Hemleben et al. [1989].

All picked samples were carefully crushed between two glass plates and homogenized.
The samples were split afterwards and about /5 of the total sample was used for stable
oxygen and carbon isotope analysis. The remaining sample material was used for Mg/Ca
analysis (data not shown here). Prior to measurement all samples were rinsed three times
with ultrapure water with ultrasonic treatment between each rinse, followed by two
rinses with methanol. Stable oxygen and carbon isotope measurements were performed
with a ThermoScientific MAT 253 mass spectrometer equipped with an automated
CARBO Kiel IV carbonate preparation device (GEOMAR, Germany). The isotopic values
were calibrated versus NBS 19 (National Bureau of Standards); the internal reference
standard used was the “Standard Bremen” (Solnhofen limestone). The isotope values are
reported in %o relative to the VPDB (Vienna Pee Dee Belemnite) scale. Long term preci-
sion of the in-house standard is +0.09%o for 8'%0 (2 o) and +0.052%. for 8'°C (2 ©). The

880 ratio in foraminiferal shells will be referred to 6180ca|cite hereafter.

4.3.4: Calculation of 50 Values in Equilibrium

580 values, which are in equilibrium with the surrounding water (‘theoretical 8*20 val-
ues’), were calculated based on the analyzed 820 ratios of seawater. The values were
converted from VSMOW to VPDB standard by applying a factor of -0.27%. [Hut, 1987].
The equilibrium values were calculated with equation (1) by Kim and O’Neil [1997], re-
vised by Wilke et al. [2006]:

8'%0eq = 25.778 — 3.333 * (43.704 + T)°° + §"°0,, (1)
Foraminifers can show an isotopic offset between 820 values in equilibrium and the ac-
tually measured 530 of their tests, which is referred to as ‘vital effect’ [Erez and Honjo,

1981; Spero and Williams, 1989; Spero et al., 1991]. This ‘vital effect’ is caused by meta-
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bolic effects, which results in either enrichment or depletion of 820 within the fo-
raminifers tests. The observed §'%0 disequilibrium effect for G. ruber and N. dutertrei de-
viates largely from other studies, possibly depending on the presence of symbionts or on
the studied locations. There is no trend in G. ruber with respect to its ontogeny, indicating
that its habitat is in surface waters during its entire life cycle [Kroon and Darling, 1995].
Fractionation of the 8'%0 ratio is thus likely due to the symbionts, which might be respon-
sible for the offset between the tests and surrounding waters. The 'vital effect' for G. ru-
ber (white) varies between 0 and -1%o [Fairbanks et al., 1982; Deuser, 1987; Niebler et al.,
1999]; an average value of -0.5%o0 for G. ruber thus seems to be reliable, implying that the
5'%0 values of its shells will be lighter compared to the expected equilibrium value. We
have taken a value of -0.5%o into account when we calculated ACDs for species G. ruber,
consequently subtracting this value from the 820 calcite ratios.

N. dutertrei is known to fractionate the 5'°0 of seawater to a smaller amount than G. ru-
ber [Fairbanks et al., 1982]. The ‘vital effect’ for N. dutertrei ranges between 0 and -
0.53%o [Niebler et al., 1999] and 0%. [Kemle-von Miicke and Oberhdnsli, 1999]. Since the
reported ‘vital effect’ for N. dutertrei is rather small, we neglected correcting for this ef-
fect within our data set. The advantages and disadvantages of this decision will be dis-
cussed in more detail in Chapter 4.5.3.. To summarize, the symbiont-bearing species (G.
ruber) seems to be strongly influenced by ‘vital effects’; the partly symbiontic species N.
dutertrei seems to be less influenced by the isotopic disequilibrium effects.

Besides deviations from isotopic equilibrium due to the ‘vital effect’, ontogenetic effects
can also influence the 820 signal of the tests, depending on the size fraction which is
used for analysis. Proxy carrier N. dutertrei is known to calcify in shallower water depths
during its pre-gametogenic stage and thus has (during this life stage) 80 values similar
to those of surface-dweller G. ruber. During its life cycle, N. dutertrei sinks down to sub-
surface depths and consequently its 8'20 signature will become more positive. It is sus-
pected that N. dutertrei is pre-gametogenic in size classes <270 um [Kroon and Darling,
1995]. Consequently, our sampled range (250-315 um) should mainly represent subsur-
face conditions for N. dutertrei.

ACDs were calculated based on the 8'®0 values in equilibrium with the ambient seawater.

After subtracting the ‘vital effect’ from the 5'%0 shell values (performed only for G. ruber),
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we sorted them to the depth where they were according to their 8'0 equilibrium value.
We assigned the ACDs to each sample and plotted them according to the newly estab-
lished depth as overlay on the WOA 2009 temperature data set [Locarnini et al., 2010]
and oxygen concentration data set [Garcia et al., 2010], respectively. The oxygen concen-
trations were used as comparative data because the ACDs seem to arrange along oxygen
gradients rather than along temperature gradients (for details see discussion in Chapter

4.5.3. and Fig. 4-6).

4.3.5: Habitat Depths: An Overview

The depth that N. dutertrei inhabits is difficult to specify as views on its vertical occur-
rence in the water column deviate largely. The thermocline or adjacent depths have been
associated as its habitat [Ravelo and Fairbanks, 1992]. A habitat in depths of ~50 to 150 m
depth was initially suggested by Hemleben et al. [1989]; Loubere [2001], Dekens et al.
[2002] and Schmuker and Schiebel [2002] defined the habitat depth of N. dutertrei shal-
lower to ~50 m water depth for study sites in the EEP, multiple locations and the Carib-
bean, respectively. According to Fairbanks et al. [1982], N. dutertrei lives preferably
within the tropic to subtropic thermocline; its habitat is associated with the deep chloro-
phyll maximum [Fairbanks and Wiebe, 1980; Fairbanks et al., 1982; Bé et al., 1985]. Sev-
eral studies suggest that N. dutertrei occurs over a wide range of vertical temperature
gradients [Hilbrecht, 1997]. However, in upwelling zones its habitat can also shift from the
thermocline to surface waters in case of particularly strong upwelling [Hilbrecht, 1997,
Loubere, 2001]. A core top study from the EEP indicates a calcification depth for N. duter-
trei of ~110 m [Faul et al., 2000]. This is in agreement with Regenberg et al. [2009], who
calculated calcification depths for N. dutertrei based on 820 values of ~80-190 m in the
tropical Atlantic and Caribbean. In the tropics, N. dutertrei favors no particular season
[Tedesco and Thunell, 2003], but Thunell et al. [1983] observed the largest quantities of N.
dutertrei in the Panama Basin during the upwelling season (winter to spring). Based on
the findings of Faul et al. [2000], who studied habitat depths in the vicinity to our study
sites, a first order approximation of ~110 m habitat depth for N. dutertrei seems to be
reliable. As intra-annual variations of temperatures in this water depth are miniscule

(~1°C; (WOA 2009)) we disregarded seasonal effects on the 80 signature of N. dutertrei.
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Only samples from the northern study area, located close to the Gulf of Guayaquil, might
be influenced in their 80 signature by the discharge of the Guayas River. However, it
seems unlikely that the river influences subsurface depths since its discharge is rather
small (max. 1,400 m3/s; [Twilley et al., 2001]). Since there are no other rivers in Ecuador
and Peru close to our sample locations, the remaining samples are unlikely to have been
effected by riverine input.

G. ruber is a surface dweller [Deuser et al., 1981; Bé et al., 1985; Dekens et al., 2002], and
hence serves to reconstruct seawater temperatures of the top ~25 m. These findings are
consistent with the results of Faul et al. [2000], who report that G. ruber as a photosyn-
thesizing species is restricted to the upper water column, where light levels are highest
but levels of necessary nutrients or chlorophyll are not at their peak. Deuser et al. [1981]
indicate a year-round presence of G. ruber, thus reinforcing the argument of it being a
suitable archive for annual SSTs. Investigations of surface Mg/Ca ratios in G. ruber from
our data set showed best accordance with summer temperatures of the WOA 2009 data
set, hence leading to the conclusion that G. ruber seems to be a reliable recorder of
summer temperatures in the EEP (data not shown here).

Species selection of G. ruber was restricted to the morphotype sensu stricto (G. ruber
s.s.), as Wang [2000], Kuroyanagi and Kawahata [2004] and Steinke et al. [2005] revealed
pronounced differences in the habitat of different morphotypes of G. ruber. Morphotype
sensu stricto (s.s.) is restricted to the upper ~30 m of the water column [Wang, 2000],
thus representing ocean surface conditions. Kuroyanagi and Kawahata [2004] found G.
ruber s.s. predominately in surface waters, whereas morphotype sensu lato (s.l.) lives in
greater depths. The authors relate the dominant presence of morphotype s.s. in surface
waters to its greater dependence on symbionts and thus light. Additional investigations of
Mg/Ca ratios in both morphotypes revealed similar results, with G. ruber s.s. indicating
warmer and thus shallower habitat depth [Steinke et al., 2005]. This morphotype is char-
acterized by spherical chambers sitting symmetrically over previous structures and by a
wide-opened aperture over the suture [Wang, 2000]. Steinke et al. [2005] emphasize the
fundamental importance of the correct species selection for paleoceanographic investiga-
tions. Any mixture between the two morphotypes would result in an underestimation of
the reconstructed temperatures as proportions of morphotype s.l. would indicate lower

temperatures due to its deeper habitat.
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Figure 4-3:  Stable isotopes (8180) in the water column and resulting 8180equmbrium values

A: 61805eawate, values from Meteor cruise 77 (legs 1 and 2) along a section from 1°N to 13°S for the upper
1,000 m of the water column. Black dots indicate positions of water samples taken for 50 analyses
and simultaneously profiled CTD casts. Contour lines and numbers show measured 8" 0 eomater Values
(Klostermann, 2011); legend to the right depicts alsoseawater values in %o V-SMOW.

B: Calculated 8180equmbrium values according to equation (1) by Kim and O’Neil (1997) based on the
measured Eilgoseawater values depicted in Fig. 4-3A. Contour lines and numbers provide detailed in-
formation about the 61809qumbrium distribution. Legend to the right indicates 6180equmbrium values in %o
V-PDB across the latitudinal section from 1°N to 13°S. Water depth was restricted to 500 m as calcifi-
cation depths for both species do not exceed this range. Black ovals in upper right corner of each

panel indicate lateral extension of shallow coastal upwelling (until ~100 m depth), starting at ~5°S
and stretching southwards.
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4.4: Results
4.4.1: 5*0 Values of Seawater

Results of the analysis (81soseawater) are shown in Fig. 4-3A. Ocean Data View (ODV;
[Schlitzer, 2010]) was used to create the plot and the option “DIVA gridding” to create a
two-dimensional picture of the water column. The 88 0¢eawater Values vary from -0.25%o to
0.58%o, generally decreasing with rising water depth (average of all values is 0.33%o). Ex-
ceptions of this trend are the tropical water masses, in particular the TSW, which show
relatively light values of ~0.05%.. In surface to subsurface depths (~0-200 m WD) be-
tween 2° and 3°S as well as between 7° and 10°S distinct spots with heavier 8 80¢eawater
values of ~0.45%0 are apparent. In water depths greater than 600 m three areas with
lighter 88 04eawater Can be identified: At the equator, around 5°S and south of 11°S, where

8 0¢eawater vValues range from 0 to -0.5%eo.

4.4.2: Stable Isotopes in Planktonic Foraminifers

The 8"3C and 80 values of species G. ruber and N. dutertrei are plotted in Figs. 4-4 and 4-
5, with species N. dutertrei having been measured at all 32 stations and species G. ruber,
due to its lower presence, at only 12 stations. The 6180C3|cite varies between N. dutertrei
and G. ruber due to their different calcification depths. 8" 0caicite Values of G. ruber are
relatively light (-2.0%0 on average) with the whole data set ranging from -1.25 to -2.33%o.
The values for 8180C3|cite of N. dutertrei range from 0.22 to 1.69%o, with an overall average
of 0.57%o. Three samples within the N. dutertrei sample set seem to be outliers; they are
marked accordingly in the figures and were excluded from calculating the average. The
8'80carcite Values of both species remain relatively uniform along a latitudinal section from
the equator to 13°S (Fig. 4-5). Our data sets are compared with two reference data sets
from the EEP based on the same species (Fig. 4-5). The reference data sets are from areas
located to the north and north-west of our study area [Faul et al., 2000] and from ~7°N to
~13°S ([Rincon-Martinez et al., 2011]; Fig. 4-1), respectively. All data was plotted accord-
ing to their latitude, longitudinal differences between the study sites were neglected.
Data sets are located between 83°W and 103°W [Faul et al., 2000] and 76°W and 102°W

[Rincon-Martinez et al., 2011], respectively.
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Figure 4-4:  §"°C versus 5'°0 values for water samples and planktonic foraminifers

8C versus 8™0 values for water samples and planktonic foraminifers (G. ruber and N. dutertrei) for our

sample set from the EEP. Water samples were analyzed within the frame work of a Diploma thesis [Klos-

termann, 2011]. All black symbols indicate lateral positions of 5°S or further south, all red symbols indicate

samples from north of 5°S. Water samples (crosses), G. ruber samples (triangles) and N. dutertrei samples

(dots) differ markedly: All samples exhibit a rather large range in 8"°C, compared to a relatively small range

in 8'0. Water samples and N. dutertrei samples are similar in their 50 signature, but show large varia-
tions in their §°C signature. The G. ruber samples show a large offset in their 50 ratios compared to the

water samples, implying that strong fractionation took place when the 50 signal was recorded in their

tests. Circled data points are defined as outliers, which were excluded from average calculations for N.

dutertrei.

The 8"C ratios vary less strongly between both species than compared to the 820 ratios

(Fig. 4-4). The water samples show a great diversity of their 83C ratios in contrast to the

rather uniform 80 data set. The larger variety of the 8'3C ratios in water samples is
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partly mirrored in the foraminiferal data sets of G. ruber and N. dutertrei. Both species
show a range in 8"C of ~1%o (N. dutertrei) and ~1.5%o (G. ruber), which is slightly smaller

than the observed 8"3C range in the water samples (~2%o).

4.4.3: Equilibrium Values for Foraminiferal Calcite

Calculated 8'%0 equilibrium values (81808qui|ibrium) for our study area (Fig. 4-3B) reveal
slightly negative values in the tropical surface ocean: From 1°N until ~3°S, values range
from -0.5%o in the South to slightly below -2%o in the North. At surface depths south of
3°S the 81806qumb”um values are around 0%. with slightly more negative values at 10°S. At
subsurface depths between 100 and 300 m they vary between 1 and 0.5%.. Water depths
greater than 300 m are characterized by rather uniform values of approximately 1 to
1.75%o over the whole latitudinal transect.

ACDs for G. ruber (Fig. 4-6) show a great consistency over the whole transect, most of
them are located at the sea surface (0 m). Three values exceed this range slightly, being
located at 7 and 16 m, respectively. The results for the northern and southern part of our
study area are very similar. Corresponding surface temperatures for habitat depths of G.
ruber s.s. from the WOA 2009 data set indicate temperatures of ~21-22°C for the south-
ern and of ~22-24°C for the northern part of our study area.

Results for ACDs (Fig. 4-6) of subsurface dweller N. dutertrei vary from 10 to 310 m, being
on average 120 m. The values indicate strong differences between the northern and
southern part of our study area. Calcification depths in the north range from 45 to 310 m,
with an average value of 197 m. Contrary, the southern sample set varies between 10 and
170 m at the deepest station with values averaging 68 m. The offset between the north-

ern and southern area with respect to the average ACDs is ~130 m.

4.5: Discussion
4.5.1: 5*0 values of Seawater

The 5®0.eawater ratios within the tropical surface waters at the equator range from -0.25
to 0.25%o (Fig. 4-3A) and are in good agreement with values from the Panama Bight

[Benway and Mix, 2004]. This implies that tropical surface waters off Ecuador and Peru
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experience a strong control from the Panama Bight region. The 80 signature in surface
waters in the Panama Bight is a mixture between local precipitation sources and 3'%0-
depleted moisture sources from the Caribbean [Benway and Mix, 2004]. Local 5'%0 signa-
tures are strongly influenced on short time scales by evaporation and precipitation rates
as well as river runoffs. Thus we assume that the 8"®0ceawater Values in the northern part of
our study area are additionally influenced by the Guayas River. This river discharges into
the Gulf of Guayaquil, which is close to the sampling area. River runoffs can be strongly
depleted with respect to 80 [Craig and Gordon, 1965]; discharge of the Guayas River
might have an influence on the 5'%0 signature of near-surface waters off Ecuador and
Peru, further adding to the influence of surface waters from the Panama Bight. The influ-
ence of the inflow of 8'0-depleted and low saline waters from the Guayas River via the
Gulf of Guayaquil can however not be observed in our data set (Fig. 4-3A) nor in the CTD
data from the respective Meteor cruise [Pfannkuche et al., 2011].

Subsurface 8*0.cawater Values (Fig. 4-3A) show two distinct features at ~3°S and ~8°S with
values around 0.5%o, in accordance with the data analyzed by Benway and Mix [2004],
who report average values of 0.35%o. for the Panama Basin. Deeper water masses in our
study area show relatively consistent 88 0¢eawater Values between 0.05 and -0.05%o.. These
values can be attributed to Antarctic Intermediate Water (AAIW; [Benway and Mix,

2004]).

4.5.2: 50 in Planktonic Foraminifers

The 820 versus 8"3C plot (Fig. 4-4) clearly depicts a relatively large range of 8'%0 ratios for
both species. The ratios for G. ruber seem to be lighter in the northern study area,
whereas the results for N. dutertrei imply heavier ratios in the northern study area. Addi-
tionally to ‘vital effects’ and ontogenetic effects, the highly variable local water mass
structure (Chapter 2) might cause differing "0 and 8"3C signatures. A reference data set
from the EEP [Faul et al., 2000] agrees largely on the amplitude of 8'20 calcite values with
respect to species G. ruber from our data set, but compared to the reference data set our
data experiences a higher variance in absolute values (-1.25 to -2.33%o; Fig. 4-5). This
range of values matches those of another data set from the EEP, where G. ruber values

scatter between -0.7 and -3%o [Rincon-Martinez et al., 2011]. The larger variability within
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our G. ruber 80 data set probably results from the differences in surface water charac-
teristics between north of the equator and 13°S, which are more prominent than the dif-
ferences in subsurface depths. Surface depths are influenced by a number of factors, e.g.
precipitation, evaporation, riverine input and marine productivity; thus surface water
masses often show different characteristics on short spatial scales. The lighter 8'20 calcite
values of G. ruber compared to N. dutertrei are caused by the much shallower habitat
depth of surface dwelling G. ruber. The tendency towards slightly heavier 520 calcite in
the southern part of our study area might be related to stronger upwelling conditions and
consequently cooler water masses, which biased the foraminifers 820 values towards

heavier values.
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Figure 4-5: 818Oforam values of this study and reference data sets from the EEP

6180f0ram values from multicorer sediment surface samples in the EEP (this study) and reference data sets.
Green squares identify species N. dutertrei (this study), gray crosses are data from the same species from
reference sites [Faul et al., 2000; Rincon-Martinez et al., 2011]. Red dots indicate species G. ruber (this
study), gray triangles are G. ruber values from reference data sets [Faul et al., 2000; Rincon-Martinez et al.,
2011]. Circled squares are defined as outliers, which were excluded from the average 5180f0ram calculation
for N. dutertrei. Average 8180f0ram values for both species (own data set only) are indicated for the northern
and southern study area in green (N. dutertrei) and red (G. ruber), respectively. Average 8"°Ororam values for
entire own data set are -2.05 £0.35%o (G. ruber) and 0.57 £0.24%o. (N. dutertrei), respectively. The lateral
extension of the upwelling center, starting at ~5°S and stretching southwards, is indicated by the arrow.
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The 8%04cite Values from all N. dutertrei samples were on average 0.653%o; this is in good
agreement with the 81808qumb,ium for calcite (average 0.824%o.) and hence supporting the
notion of a negligible ‘vital effect’ for this species. The 5'80caicite Values of N. dutertrei are
in good accordance with the two reference data sets from the EEP (Fig. 4-5; [Faul et al.,
2000; Rincén-Martinez et al., 2011]). The 80 te Of N. dutertrei ranges from 0.22 to
1.69%o in our data set, thus being slightly heavier than the range between -0.38 and
1.59%0 suggested by Rincon-Martinez et al. (2011). Furthermore, Rincdn-Martinez et al.
report a statistically obvious N-S gradient with respect to 80 alcite signatures, which we
did not observe in our data set. Even though several authors proposed that N. dutertrei
inhabits thermocline and adjacent depths we did not find a correlation between 8" 0alcite
values and latitudinal trends. The thermocline is located in shallower water depths in the
southern part of the OMZ due to intensified upwelling, but this fact is not evident in our
foraminiferal 3'30 data set. We thus conclude that other factors than hydrographic fea-
tures might have influenced subsurface dweller N. dutertrei in our study area, possibly
oxygen concentrations or food/ nutrient availability.

Faul et al. [2000] conclude from their study, which divided the data set into three differ-
ent regional areas, that calcification depths and temperatures for each species are not
constant throughout the EEP. Both can change depending on vertical hydrographic fea-
tures as well as food/ nutrient availability. The 8"3C ratios, measured in water samples
and both foraminiferal species, show distinct differences throughout the data set (Fig. 4-
4). 8"3C ratios can depict nutrient availability [Rohling and Cooke, 1999], thus implying
that changes in the foraminifers habitat might be related to nutrient/ food availability.
Based on our 8*0.re data set from G. ruber we propose that hydrographic differences
in surface waters between the northern and southern part of our study area have caused
the trend towards heavier 0t Values in the southern region. South of ~5°S the hy-
drography is additionally influenced by the OMZ off Peru. Consequently, upwelling is
much stronger in this area compared to the tropical surface waters. No north-south gra-
dient is evident in our subsurface proxy carrier N. dutertrei; we suspect it to be relatively

unaffected by latitudinal changes in hydrography.
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4.5.3: 5*0cquilibrium and Assorted Calcification Depths

The average value for 8180equi|ibrium in surface waters in our study area is ~-0.44%o, the
mean of all surface samples of G. ruber results in a 8"®0caicite Value of -2%o. Consequently,
our results from the EEP indicate a ‘vital effect’ for G. ruber of ~-1.5%.; this would indicate
a stronger isotopic fractionation for G. ruber than the previously reported of 0 to -1.0%o
[Fairbanks et al., 1982; Niebler et al., 1999]. The comparison of ‘vital effects’ observed in
different studies also needs to take the ontogenetic effect into account; this effect refers
to test size- related changes in the foraminifers 8*20 signature during its life cycle [Elder-
field et al., 2002]. Our sampled size range for G. ruber (250-355 pm) is similar to the one
used by Niebler et al. ([1999]; 200-400 um), thus resulting ‘vital effects’ are comparable.
Another study reported that there is no trend in G. ruber 8'20 signal with respect to its
ontogeny, indicating that its habitat is consistently in surface waters during its entire life
cycle [Kroon and Darling, 1995].

The 80t values of G. ruber [Faul et al., 2000] indicate calcification in the surface
ocean or just above the thermocline. When taking a ‘vital effect’ of -0.5%. into account,
the resulting ACDs for G. ruber in the EEP based on our data set range from 0 to 16 m,
with most values being close to 0 m. These findings are similar to other studies highlight-
ing G. ruber as a surface dweller restricted to the uppermost ~30 m of the water column
[Deuser et al., 1981; Faul et al., 2000; Dekens et al., 2002; Anand et al., 2003]. The com-
parison of our G. ruber data set to the corresponding SISOequmbrium values indicates a more
pronounced ‘vital effect’ than the one described by Fairbanks et al. [1982] of ~-0.5%.. The
offset between the average value for 8% 0calcite in G. ruber (-2%o0) and the mean value for
8180equi|ibrium for the surface ocean in our study area (~-0.44%o) is ~1.5%0. We consider this
value to more accurately approximate the ‘vital effect’ in the EEP for species G. ruber than
the previously assumed value of ~-0.5%0. When applying this ‘vital effect’ of ~1.5%o to our
measured 8'®0 ratios the resulting estimates decrease strongly and consequently our
ACDs are located in greater water depths. Only the values from the northern part of our
study area (20- 30 m WD), still match previously reported habitat depths of G. ruber
[Deuser et al., 1981; Dekens et al., 2002]. However, our indicated ACDs for G. ruber in the
northern EEP are slightly deeper than the <20 m suggested by Faul et al. [2000]. Our val-

ues agree with the results of Schmuker and Schiebel [2002], who found an average habitat
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depth for G. ruber (white) in the Caribbean of 39 m. The assorted ACDs for G. ruber (Fig.
4-6) refer to an average ‘vital effect’ of ~-0.5%0 based on literature data [Niebler et al.,
1999]. Consequently, our observed ‘vital effect’ of ~-1.5%o is markedly larger; it thus af-
fords further validation, e.g. through a larger data set.

Our sampled size range for N. dutertrei (250-355 um) is smaller than the one used by Nie-
bler et al. ([1999]; >350um). N. dutertrei is known to calcify in shallower water depths
during its pre-gametogenic stage and sink down to subsurface depths during later life
stages. It is suspected that N. dutertrei is pre-gametogenic in size classes <270 um [Kroon
and Darling, 1995]. Consequently, our sampled range and the reference data set [Niebler
et al., 1999] should mainly represent subsurface conditions for N. dutertrei, since both
data sets include mainly pre-gametogenic individuals. The 8"®0caicite Values for subsurface
species N. dutertrei are in good accordance with the 81806qumbrium values, which are based
on the analysis of 8" 0¢eawater in the local water column (Fig. 4-4). Consequently, we did
not observe an isotopic fractionation effect or ‘vital effect’ with respect to species N.
dutertrei. Our findings agree with other studies, which report a negligible ‘vital effect’ for
N. dutertrei [Fairbanks, 1982; Niebler et al., 1999; Kemle-von Miicke and Oberhdnsli,
1999]. We thus refrain from using a ‘vital effect’ correction for N. dutertrei in the follow-
ing.

The resulting ACDs for N. dutertrei show a great range of depths, varying between 25 and
310 m (Fig. 4-6), indicating pronounced differences for the northern and southern part of
our study area. Overall, N. dutertrei calcifies in greater water depths in the northern part
of our study area (~200 m), which stretches from ~5°S northwards to the equator. Further
south the ACDs appear to be much shallower (~70 m). Particularly the northern region
values are in line with those values found within a core top study by Faul et al. [2000].
The authors investigated N. dutertrei in the EEP and concluded an average habitat depth
of 75-160 m for the area east to south-east of the Galapagos Islands. Faul et al. [2000]
partitioned their study area into three regional subareas, defined by the amount of or-
ganic carbon being buried in the sediment: 1) region with lowest organic carbon accumu-
lation, located furthest offshore; 2) region with medium accumulation; 3) region with
highest accumulation closest to the coast. The ACDs for region 2 (located slightly north of
the equator) is ~130 m. The values for region 3, which is located between 1 and 5°S, aver-

age at ~160 m and are consequently similar to our ACD of ~200 m for the northern part of
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our study area (equator to 5°S). A plankton net study from the Panama Basin indicates
growth of N. dutertrei in thermocline waters based on 5'%0 analysis of its tests [Fairbanks
et al., 1982]. Several authors indicated a presence and consequently a habitat depth of N.
dutertrei along the 15°C isotherm [Faul et al., 2000; Dekens et al., 2002]. Contrary obser-
vations were made by Schmuker and Schiebel [2002], who defined the average habitat
depth for N. dutertrei to be 39 m based on plankton tow studies in the Caribbean. Due to
apparent hydrographic discrepancies between the EEP and the Caribbean we neglected
the habitat depth estimation by Schmuker and Schiebel [2002] for comparison with our
ACDs.

Rincon-Martinez et al. [2011] concluded from their surface study in the EEP that habitat
depths for N. dutertrei do not change strongly throughout the study area. They observed
no latitudinal trends with respect to the 8*0.alcite ratios and thus suggest a uniform calci-
fication depth of ~50 to 250 m for N. dutertrei in the EEP. Our 80 alcite results also show
relatively uniform values for both species, G. ruber and N. dutertrei, along our N-S tran-
sect. However, when taking into account the 5180equmbrium values, which are based on the
analyses of local ESlSOseawater samples, we detect distinct trends within our data set. The
pronounced differences for ACDs of N. dutertrei in the northern (~200 m) compared to
the southern part of the study area (~70 m) indicate different settings at the northern rim
of the OMZ and within the present-day OMZ. We suspect the lack of latitudinal gradients
in the data set by Rincon-Martinez et al. [2011] to have been caused by a different and
less precise approach than the one we have performed. Approximation of 8'%0 ratios in
the water column via salinity data are likely to show less accuracy than 5'®0 values ana-
lyzed directly from water samples as we performed in our study. We thus strongly suggest
that our combined analysis of 8'20 in water samples and planktonic foraminifers from the

EEP represents a more precise approach to estimate ACDs for planktonic foraminifers.
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Figure 4-6:  ACDs for species G. ruber and N. dutertrei from 1°N to 13°S off Ecuador and Peru

The slgoequi.ib,ium values are based on 80 ratios of analyzed water samples [Klostermann, 2011] from the
study area. (A) calculated ACDs of G. ruber s.s. (black dots) in comparison to the WOA 2009 Jan-Mar tem-
peratures [Locarnini et al., 2010] for the upper 100 m of the water column, implying that G. ruber s.s. calci-
fies in the uppermost 16 m. (B) and (C) depict calculated ACDs for N. dutertrei plotted on top of WOA 2009
annual mean temperatures and annual mean oxygen concentrations [Garcia et al., 2010], respectively.
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Legends to the right indicate respective temperatures and oxygen concentrations; contour lines and num-
bers provide further details. ACDs reveal a much larger spreading with values ranging from greater water
depths north of 5°S (on average ~200 m) to shallower depths south of 5°S (on average ~70 m); averaged
ACDs are indicated by horizontal, dotted lines. Three 818053|cne values exceeded the observed ACDs, they
were excluded from average calculations. Two of them are marked by open circles in the plots; the third
value was located below 500 m water depth and is not depicted in the figure.

Our calculated shallower ACDs for N. dutertrei in the southern study area are probably
related to more intense upwelling in this region; this is closely connected with an en-
hanced marine productivity in the southern study area, resulting in the formation of the
strongly evolved OMZ. Consequently, the OMZ extends further to the water surface in the
south compared to the north and under-saturation with respect to oxygen starts in shal-
lower water depths in the south (Figs. 4-2C and 4-6C). This might provide an important
explanation for the shallower habitat of N. dutertrei in the south, since not only cooler
water masses but also lower oxygen conditions in the water might force this species
closer to the sea surface. The different ACDs in the northern and southern part of the
study area are in line with similar oxygen concentrations (~1-3 ml/l; [Garcia et al., 2010])
in the respective water depths. Oxygen concentrations [Garcia et al., 2010] are much
lower in ~200 m in the south of our study area compared to the northern part (Figs. 4-2C
and 4-6C). This limitation of oxygen probably pushes N. dutertrei to shallower depths,
because south of ~5°S concentrations in ~200 m might be too low for this species. The
oxygen tolerance of planktonic foraminifers has been investigated and species seem to
tolerate oxygen concentration >0.7 mg I [Kuroyanagi et al., 2013]. The oxygen concen-
trations in the core of the investigated OMZ in the EEP are <20 umol kg™ [Fuenzalida et
al., 2009], and thus markedly lower than the observed oxygen tolerance of planktonic
foraminifers. It seems thus likely that lower oxygen concentrations in the core of the OMZ
(=southern part of our study area) force N. dutertrei to inhabit shallower habitat depths.
The gradual shoaling of the ACDs for N. dutertrei from the equator southwards is a genu-
ine trend and implies a noticeable influence of the local hydrography on the species habi-
tat depth. To sum it up, the habitat depth of N. dutertrei is very likely controlled by the
oxygen concentration of the water column in close relation with the extension and

strength of the OMZ offshore Ecuador and Peru.
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4.6: Conclusions

Our surface data set of planktonic foraminifers G. ruber (white, sensu stricto) and N.
dutertrei (dextral) from the EEP reveals a close correlation between the 80 aicite Values
and the corresponding Slsoequilibrium values. The 8*0 analyses of water samples were the
basis for calculating the 50 values in equilibrium with the surrounding water masses.
The 8%0cite Values in species G. ruber show a larger ‘vital effect’ than reported previ-
ously for this species (~-0.5%o), being approximately -1.5%o with respect to 8'20 in the
EEP. Intense upwelling activity seems to exhibit strong control on the habitat depth of G.
ruber and is thus likely to play a major role in areas with sharp, vertical hydrographic gra-
dients like the EEP. The ACDs for G. ruber indicate a preferred habitat depth in the up-
permost surface ocean (referring to the uppermost 16 m of the water column) and are in
accordance with previous studies.

A ‘vital effect’ with respect to the subsurface dwelling species N. dutertrei was not ob-
served in our data set. The resulting ACDs show strong differences between the northern
and southern part of our study area. On average, N. dutertrei calcifies in markedly greater
water depths in the northern (~200 m) than in the southern area (~70 m); we relate this
to the occurrence of stronger upwelling in the southern part and a resulting shallower
thermocline. Species N. dutertrei seems to change its habitat depth depending on exter-
nal, hydrographic factors like the occurrence of pronounced upwelling. Additionally, the
generally lower oxygen concentrations in the water column in the southern study area
might provide a further explanation for the shallower habitat depth of N. dutertrei.
Depths of ~200 m in the southern study area are characterized by much lower oxygen
concentrations than comparable depths in the northern part, thus likely pushing N. duter-

trei to shallower depths in the south.
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Abstract

Abstract

We present high resolution paleotemperature records from two marine sediment cores in
the hydrographically complex Eastern Equatorial Pacific (EEP) off northern Peru. Tem-
perature reconstructions cover surface and subsurface depths using the alkenone unsatu-
ration index U*'3; and foraminiferal Mg/Ca of shallow-dwelling Globigerinoides ruber and
thermocline-dwelling Neogloboquadrina dutertrei, which mirror changes in upper ocean
stratification during the last 18,000 years. For all depths relatively warm temperatures are
recorded from the deglaciation into the Early Holocene, indicating a strong influence of
tropical water masses during this time period. From Early to Late Holocene, foraminiferal-
based sea surface temperatures (SSTmg/ca) and in particular subsurface temperatures
(subSSTwmg/ca) indicate cooling of the upper ocean; the magnitude of cooling is larger in
subsurface depths. The SSTyg/ca lags the subSSTyg/ca by ~1-2 kyrs, indicating that SST de-
velopment is considerably influenced by subSST evolution. These observations indicate
the invasion of cooler water masses in the EEP, probably the enhanced admixture of the
Equatorial Under Current (EUC), while tropical surface waters are pushed towards the
equator. Cooling trends are accompanied by freshening of surface and subsurface water
masses, indicated by decreasing 520 values of seawater. Freshening is accompanied by a
pronounced increase in the temperature gradient between surface (SSTyk37) and subsur-
face (subSSTwg/ca) waters from ~5°C during the deglaciation to ~8°C during the Late Holo-
cene, pointing to the shoaling of the thermocline. Cooling and freshening trends coincide
with the gradually and continuously increasing marine productivity during the Holocene,
indicating that the enhanced admixture of the nutrient-rich EUC fueled marine productiv-

ity from below.
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5.1: Introduction

The large, northward flowing Humboldt Current (HC) transports cold and nutrient rich
surface and subsurface water masses into the EEP, making this area to a key region for
circulation processes within the Pacific. The HC converges with warm and nutrient-
depleted equatorial surface waters in the North of the EEP. This tropical region is charac-
terized by permanent or seasonal upwelling along the coast of Peru [Kessler, 2006], which
transports cool subsurface waters with high nutrient contents to the ocean surface, re-
sulting in the highest primary production (PP) in the World (3.6 g C m2 d™* [Pennington et
al., 2006]). The combination of extremely high rates of PP and oxygen consumption
through organic matter remineralization creates one of the most pronounced oxygen
minimum zones (OMZs) worldwide [Karstensen and Ulloa, 2008; Fuenzalida et al., 2009].
Oxygen concentration is also controlled through oceanic currents, mainly through the
EUC, which supplies oxygen to the OMZ. Changes in the EUC contribution or the exten-
sion of the OMZ are fundamental for the PP and related degradation processes. On inter-
annual time scales, the El Nifio Southern Oscillation (ENSO) causes large variations in the
chemical, physical and biological conditions of this sensitive system [Philander, 1983;
McPhaden et al., 1998]. Furthermore, changes in the position of the Intertropical Conver-
gence Zone (ITCZ) result in a modification of hydrographic features like the Equatorial
Front (EF) and are thus important control factors for the local hydrography [Palacios,
2004; Fiedler and Talley, 2006].

A number of previous studies have used Mg/Ca and 820 ratios of planktonic foraminifers
or alkenone-based reconstructions to estimate the SST evolution in the area, modulation
in ENSO activity, warming since the Last Glacial Maximum, and past changes in the posi-
tion of ITCZ and EF [Lea et al., 2000; Loubere et al., 2003; Kienast et al., 2006; Koutavas et
al., 2006; Koutavas and Sachs, 2008; Pena et al., 2008a; Dubois et al., 2009; Leduc et al.,
2009]. Mg/Ca ratios of foraminiferal tests serve as a widely-used proxy in paleoceanogra-
phy to assess past ocean temperatures [Niirnberg et al., 1996; Niirnberg, 2000]. The
combined analysis of Mg/Ca and 8'®0 ensures the recording of the same seasonality
and/or habitat effects that may occur when proxy data from different faunal groups are

compared. Most advantageous, such approach allows to extract the §'20 record of past
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ocean water, and hence approximation of salinity variations [Nirnberg, 2000; Schmidt et
al., 2004; Pahnke and Zahn, 2005].

Main focus of this study is to reconstruct the external forcing mechanisms, which affected
the spatial and temporal extension of the local hydrography. Here, we present high reso-
lution time series of surface and subsurface temperatures covering the last ~18 kyrs from
cores M772-056-5 and 059-1 off the Peruvian margin. Surface temperatures are based on
the analyses of alkenones as well as Mg/Ca of shallow dwelling foraminifers; subsurface
temperature records are based on Mg/Ca of deeper-dwelling foraminifers. Our records
show the gradual shoaling of the thermocline during the Holocene, probably resulting

from an enhanced admixture of cooler EUC waters in subsurface depths.

5.2: Hydrography

The hydrographic setting of the EEP [Fiedler and Talley, 2006; Kessler, 2006; Montes et al.,
2010] is characterized by permanent or seasonal upwelling along the coasts of Chile and
Peru. Persistent south-easterly trade winds result in an Ekman transport of surface wa-
ters, which is balanced by coastal upwelling of cold, nutrient-rich water masses from sub-
surface depths [Kessler, 2006]. During austral winter (Jul-Sep), the more northern position
of the ITCZ causes an intensification of the southeast trades [Wyrtki and Meyers, 1976;
Strub et al., 1998], leading to stronger upwelling of the subsurface waters along the Peru-
vian margin [Karstensen and Ulloa, 2008]. In contrast to this, the austral summer (Jan-
Mar) is characterized through a warm and relatively stratified water column in the EEP.

Surface depths at ~12-15°S are characterized by a relatively cool water mass, which
shows temperatures of 14-18°C and a salinity of ~35 [Aydn et al., 2008]. This water mass
is Cold Coastal Water (CCW) and it can be clearly identified in surface temperature plots
(Fig. 5-1). It contains a mixture of northward travelling currents and waters upwelled
along the coasts of Chile and Peru. South of the equator, Equatorial Surface Water (ESW)
is characterized by moderate to warm temperatures ranging from 20 to 25°C and low
salinities between 33.8 and 34.8 (Fig. 5-1; [Wyrtki, 1966; Fiedler and Talley, 2006]). North
of the ESW, Tropical Surface Water (TSW) is warmer than ESW while showing a similar
salinity (T>25°C, S<34). TSW and ESW are separated by a steep thermal gradient, the EF
[Wyrtki, 1966; Palacios, 2004; Fiedler and Talley, 2006; Rincon-Martinez et al., 2010]; it is
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a clear surface feature, limited to the upper ~100 m of the water column [Pak and
Zanefeld, 1974]. The position of the EF is controlled by seasonal migrations of the ITCZ
and varies from an equatorial location during austral summer (Jan-Mar) to ~3°N during
austral winter (Jul-Sep; [Palacios, 2004]). The position of the EF is further influenced by
the El Nifilo Southern Oscillation (ENSO; [Kessler, 2006; Lea et al., 2006]), which effectively
shapes the local hydrography. In particular, El Nifio events cause a strong reduction in the
southeast trades, which provokes a southeastward displacement of the equatorial warm
water masses. It weakens the upwelling intensity and results in warm temperature
anomalies at the surface along the Peruvian margin. The cold counter phase, La Nifia, is
characterized by an intensification of the south-easterly trades parallel to the Peruvian
coast, enhancing upwelling intensity and decreasing SSTs in the EEP [Philander, 1983;
Cane, 2005].

Equatorial Subsurface Water (ESSW) is characterized by high nutrient and low oxygen
levels; it originates from the EUC and is transported polewards when approaching the
continental shelf. The ESSW is a temperate water mass with a relatively high salinity
(T=12.5°C, S=34.9; [Silva et al., 2009]). The EUC originates west of the Galdpagos Islands in
100-250 m water depth [Kessler, 2006]; highly saline and well oxygenated waters of this
water mass can be tracked all the way to the coasts of Ecuador and Peru (Fig. 5-1;
[Toggweiler et al., 1991]). The pronounced seasonal cycle of the EUC results in strongest
flows between Jan-June (austral summer and fall) and weakest flows between July-Nov
(austral winter and stronger upwelling season; [Lukas, 1986]). The EUC is split by the
Galapagos Islands; its northern branch ultimately feeds the ESSW. The southern branch of
the EUC hits the coastline at ~5°S, turning into the Peru Chile Undercurrent (PCUC). This
water mass transports low oxygen waters southwards and exposes temperatures of 13-
16°C [Brink et al., 1983]. The PCUC is the source water for the coastal upwelling and flows
southward along the shelf in depths of ~50-150 m [Penven et al., 2005; Karstensen and
Ulloa, 2008; Czeschel et al., 2011]; the PCUC deepens down to ~700 m when travelling
further south [Czeschel et al., 2011]. The Southern Equatorial Current (SEC) flows west-
wards close to the equator and is the counter current of the EUC [Wyrtki, 1966; Kessler,

2006].
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Figure 5-1: Hydrography of the study area and core sites/ reference sites

Left map in upper panel shows surface temperatures (annual mean; [Locarnini et al., 2010]) in study area
offshore Peru. Depicted are the EF and prominent surface water masses: Tropical Surface Water (TSW),
Equatorial Surface Water (ESW) and Cold Coastal Water (CCW). Right map shows the sediment core loca-
tion (red rectangular) offshore Ecuador. Red dots indicate MUC surface samples. Gray stars indicate refer-
ence sites ODP 1240 [Pena et al., 2008a] and V19-30 [Koutavas and Sachs, 2008]. Open block arrows show
main wind direction [Kessler, 2006]. Blue line is track P19C from WOCE (Fig. 5-2; [Rubin et al., 1998]). Ar-
rows indicate the main oceanographic currents offshore Ecuador and Peru according to [Wyrtki, 1967; Brink
et al., 1983; P. T. Strub et al., 1998; Fiedler and Talley, 2006; Kessler, 2006; Aydn et al., 2008; Silva et al.,
2009; Bostock et al., 2010]. Surface currents (solid lines): SEC (South Equatorial Current), PCC (Peru Chile
Current); subsurface currents (dashed lines): EUC (Equatorial Under Current), ESSW (Equatorial Subsurface
Water), SSCC (Southern Subsurface Counter Current), PCUC (Peru Chile Under Current), and PCCC (Peru
Chile Counter Current). Inlet provides detailed view of the two study sites, core 056-5 and 059-1; data
source for both upper maps is ESRI". Left lower panel shows salinity section from 40°S to 10°N along the
South American coast (annual mean; [Antonov et al., 2010]). Black bar across section indicates latitudinal
range from right map. Stars indicate core locations 056 and 059. Water masses indicated are Subantarctic
Water (SAAW), Subantarctic Mode Water (SAMW), EqIW (Equatorial Intermediate Water), ESSW and TSW.
Ocean Data View was used to generate the two left maps [Schlitzer, 2010].

The Southern Subsurface Counter Current (SSCC) flows eastwards at subsurface depths
and turns southward when approaching the continental shelf. Roughly 75% of the SSCC
reaches the Peruvian coast, feeds the PCUC and consequently supports the Peruvian up-
welling [Montes et al., 2010]. About 100 to 300 km offshore, the Peru Chile Counter Cur-
rent (PCCC) develops at ~7°S and flows southward as far as 35-40°S, as the southward
extension of the SSCC [Strub et al., 1995].
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Northward flowing currents like the Peru Chile Current (PCC), which can be found ~100-
300 km offshore, originate in subantarctic regions [Penven et al., 2005; Karstensen and
Ulloa, 2008]. This current belongs to the HC system, which maintains the high levels of PP
in the EEP. The subantarctic water (SAAW) is characterized by temperatures of 11.5°C and
a salinity of 33.8; it is transported from the south into the EEP, here it is subducted to-
wards the equator to a depth of ~100-200 m [Silva et al., 2009].

5.3: Material & Methods
5.3.1: Sediment Surface Samples

A core top study accomplished to validate our proxy signals was performed with samples
from 47 stations recovered by multicorer during RV Meteor cruises M77-1 and -2. Sam-
ples were analyzed for their foraminiferal contents with respect to two planktonic spe-
cies, Neogloboquadrina dutertrei and Globigerinoides ruber (white). The sediment surface
samples cover a wide depth range from 60 to 2,000 m and a latitudinal range from the
equator to 17°S. On average, the top 0-1 cm, or if foraminiferal content was very low, the
top 0-2 cm were sampled. N. dutertrei and G. ruber were analyzed for their 8'®0 and
Mg/Ca ratio at the same station if foraminiferal content was sufficient. Each multicorer
station was accompanied by a CTD cast, providing information about the vertical struc-

ture of the water column.

5.3.2: Sediment Cores

Our study focuses on two sediment cores retrieved offshore the border between Ecuador
and Peru during Meteor cruise M77, Leg 2 in December 2008 at the northern rim of to-
day’s OMZ [Pfannkuche et al., 2011]. Selection of the core locations was accomplished by
extensive bathymetric surveying and sediment-echosounder profiling. Piston core M772-
056-5 (03°44.99’ S; 81°07.48" W, recovery 10.58 m; referred to as 056 in the following)
was retrieved from 355 m water depth. Approximately 16 nautical miles further offshore,
piston core M772-059-1 (03°57.01’ S; 81°19.23’ W, recovery 13.59 m; referred to as 059

in the following) was retrieved from 997 m water depth. Sediments at both locations

68



Material & Methods

show a similar lithology: Dark olive to gray clays and silts dominate the sediment compo-

sition, containing varying amounts of foraminifers and shell fragments.

5.3.3: Stratigraphy

The stratigraphy of both cores is based on a combination of benthic stable oxygen isotope
records (8'%0) and accelerator mass spectrometry radiocarbon datings (AMS*C) of plank-
tonic foraminifers. The age models were constrained using 11 (056) and 10 (059) AMS*C
ages, respectively [Mollier-Vogel et al., 2013]. The 8'0 measurements were performed
on 2-3 specimens of the endobenthic species Uvigerina peregrina; individuals were se-
lected from the 250-355 um size fraction to minimize a size-related bias of the benthic
isotope signal [Lutze et al., 1979]. U. peregrina 8*30 values appear to be in equilibrium
with seawater 820 [Shackleton and Hall, 1984]. 50 measurements were performed at a
ThermoScientific MAT 253 mass spectrometer equipped with an automated CARBO Kiel
IV carbonate preparation device (GEOMAR, Germany). The isotope values are calibrated
versus NBS 19 (National Bureau of Standards) and the in-house standard used is the
“Standard Bremen” (Solnhofen limestone). Isotope values are reported in per mil (%o)
relative to the VPDB (Vienna Pee Dee Belemnite) scale. The long term precision of the in-
house standard is +0.09%. for 8'%0 (2 o).

From Early to Late Holocene, the benthic 820 values range from 2.8 to 1.8%o in core 056
and from 4.2 to 3%o in core 059 (Fig. 5-S1), and are in good agreement with the reference
stack NGRIP [NGRIP Members, 2004]. The 8'20 records of the planktonic species N. duter-
trei and G. ruber exhibit much lower values (Fig. 5-3a, b, d, e), caused by their shallower
habitat depth and thus warmer temperatures. Similar to the benthic records, the plank-
tonic 8'®0 data exhibit decreasing values throughout the Holocene, although being less

pronounced.

5.3.4: Approximation of Ocean Temperature and Salinity
5.3.4.1: Foraminiferal Mg/Ca

Sediment was sampled for planktonic foraminifers each 5 cm down core. Samples were

freeze-dried, subsequently washed over a 63 um mesh, and dried. On average, 25 uncon-
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taminated individuals of dextral coiling N. dutertrei were picked from the 250-355 um size
fraction. Size classes, which should be narrow in order to keep size-related intraspecific
elemental variations small [Elderfield et al., 2002], had to be widened for several samples
due to the low number of available specimens of foraminifers (maximum to 250-400 um).
All specimens were individually picked and identified using the planktonic foraminifers
species concepts by Kennett and Srinivasan [1983] and Hemleben et al. [1989].

The depth habitat of N. dutertrei is difficult to specify as views on its vertical occurrence
deviate largely. Initial assumptions by Hemleben et al. [1989], Loubere [2001], Dekens et
al. [2002] and Schmuker and Schiebel [2002] define the depth habitat to vary between
~50 and 150 m water. N. dutertrei lives preferably within the tropic to subtropic thermo-
cline [Fairbanks et al., 1982], and its habitat is associated with the deep chlorophyll
maximum [Fairbanks and Wiebe, 1980; Fairbanks et al., 1982]. Several studies suggest
that N. dutertrei occurs over a wide range of vertical temperature gradients [Hilbrecht,
1997]. In upwelling zones the habitat can shift with the thermocline to shallower waters
in case of strong upwelling [Hilbrecht, 1997; Loubere, 2001]. A core top study from the
EEP indicates a calcification depth for N. dutertrei of ~150 m [Faul et al., 2000]. Based on
a combination of foraminiferal 8'20 values and water samples analyzing the same pa-
rameter we estimated local calcification depths for the EEP [Bdschen et al., in prepara-
tion]. Based on the findings from our study we assume a depth habitat of ~200 m for N.
dutertrei at our core locations north of the Peruvian upwelling area. Today, this water
depth is influenced by the EUC and the ESSW, which have temperatures of ~12-14°C at
200 m water depth [Lukas, 1986; Silva et al., 2009].

The annual temperature range for N. dutertrei at 200 m water depth is 13.6-13.9°C (Sta-
tion 21835; WOA 2009 [Locarnini et al., 2010]). The core tops of multi corers located next
to our cores sites indicate temperatures of 15.9°C (056) and 17.1°C (059), respectively.
These results support the notion of Faul et al. [2000], who found the depth habitat of N.
dutertrei to be along the 15°C isotherm off Peru. The offset of ~1°C between the annual
temperature range at 200 m water depth and our core top samples is within the standard
error for Mg/Ca derived temperatures [Regenberg et al., 2009], consequently seasonal
effects on the Mg/Ca signal of N. dutertrei are considered negligible.

For Mg/Ca analysis of the planktonic foraminifer G. ruber (white) ~30 specimens were

selected from the 250-355 um size fraction. Due to low G. ruber abundances in some
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parts of the cores, the size fraction was widened (maximum to 125-400 um) to gain
enough material for the analyses. G. ruber is a surface dweller [Deuser et al., 1981;
Dekens et al., 2002], hence it is considered as an appropriate proxy to record the tem-
perature of the top ~30 m of the water column. These findings are consistent with the
results of Faul et al. [2000], who report G. ruber as an algae symbiont-bearing species
being restricted to the upper water column where light levels, and not necessarily nutri-
ents or chlorophyll levels, are highest. Species selection was restricted to the morphotype
sensu stricto (s.s.), as Wang [2000] and Steinke et al. [2005] revealed measurable differ-
ences in both, Mg/Ca and 50, among different morphotypes of G. ruber.

Mg/Ca data of G. ruber from four multicorer core top samples in the study area provide a
mean temperature estimate of 23.3°C, close to mean austral summer season value in the
modern setting (23.5°C; Jan-Mar) and noticeable warmer than the annual mean (21.3°C;
both from 0 m water depth; Station 21835, WOA 2009 [Locarnini et al., 2010]). Although
G. ruber is often regarded as a recorder of annual mean temperatures [Hemleben et al.,
1989; Lin et al., 1997; Lea et al., 2003], we assume that the Mg/Ca signal of G. ruber in our
multicorer surface samples reflects austral summer SSTs. The good accordance between
modern alkenone- and Mg/Ca-based surface temperature records indicates today a simi-
lar habitat and seasonality of both proxy carriers.

Picked foraminiferal samples were homogenized and split for stable isotope analyses
(~'/5) and for Mg/Ca analyses (~/3) and transferred into acid-cleaned vials. Samples for
stable carbon and oxygen analyses were rinsed three times with ultrapure water and
twice with ethanol including ultrasonic treatment in between. Samples for Mg/Ca meas-
urements were cleaned following the protocol of Barker et al. [2003], but adding the re-
ductive step with hydrazine. After cleaning, samples were transferred into new vials and a
final leaching with 0.001 molar HNO; followed. Samples were dissolved prior to meas-
urement in 0.075 molar HNOs (thermally distilled, “supra acid”). N. dutertrei samples of
core 059 and G. ruber samples of both cores were dissolved in 0.075 molar HNOs and di-
luted with 2.5 ml yttrium water (concentration 1 ppm). Adding yttrium was performed to
detect possible drifts of the ICP during the analyses.

Mg/Ca analyses of core 056 (N. dutertrei) and of surface samples (N. dutertrei) were car-
ried out with the SPECTRO Ciros“® SOP ICP-AES (provided with a radial plasma) at Kiel

University, Germany. All remaining samples were analyzed with an ICP-OES Varian 720,
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equipped with axial plasma, at GEOMAR. A quality standard (ECRM 752-1) was run on
both machines to track possible offsets; average values for Mg/Ca were 3.86 +0.09 mmol
mol™ (Kiel University) and 3.80 +0.06 mmol mol™ (GEOMAR), respectively. Relative stan-
dard deviation for the ECRM standard with respect to Mg/Ca was 0.1 mmol mol™ (2 o). All
analyzed samples were standardized with respect to the ECRM standard. To exclude clay
contamination and post-depositional Mn-rich carbonate coatings, which can have strong
control on Mg/Ca ratios [Rosenthal et al., 2000], we checked Fe/Ca, Al/Ca and Mn/Ca ra-
tios in our samples. Al/Ca and Mn/Ca ratios were below the detection limit within our
data set. Previous studies have shown that Mn is already reduced in the water column
offshore Peru and thus only minor amounts of particulate-bound Mn are available at the
seafloor [Béning et al., 2004; Scholz et al., 2011; Glock et al., 2012]. Fe/Ca ratios were on
average 4.08 mmol mol™. No correlation between high Fe/Ca ratios and outliers within
the Mg/Ca data set was present. We hence conclude that the measured high Fe/Ca ratios
did not affect the Mg/Ca signal.
Mg/Ca ratios of planktonic N. dutertrei were converted into temperatures by using the
‘warm water’ multispecies calibration (1) of Regenberg et al. [2009]:

Mg/Ca =0.22 * exp (0.113 * T,) (1)
Mg/Ca ratios of planktonic G. ruber were converted into temperatures by using the ‘spe-
cies specific’ calibration (2) for G. ruber of Regenberg et al. [2009]:

Mg/Ca =0.4 * exp (0.094 * T,) (2)
All Mg/Ca ratios (own data and reference data sets) were transferred into temperatures
using the equations described above. This was done to exclude differences between
transfer function. The application of the transfer functions by Regenberg et al. [2009]
resulted in the best fit between core top values from our data set and annual mean tem-
peratures [Locarnini et al., 2010], hence indicating that this transfer function provides the
most precise approach for Mg/Ca-based temperature reconstructions in the EEP. Dissolu-
tion of foraminiferal calcite, which might lower the analyzed Mg/Ca ratios, is discussed in
the supplementary. The term SSTyg/ca in the manuscript is always based on Mg/Ca ratios

of G. ruber, while subSSTyg/ca always refers to the Mg/Ca ratios of N. dutertrei.
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5.3.4.2: The Oxygen Isotope Signature of Seawater

Regional variations of salinity were approximated from the 8'°0 of seawater (5'%0sy)
[Niirnberg, 2000], which was calculated by combining the temperatures derived from
foraminiferal Mg/Ca (Fig. 5-3f-i) and the corresponding 5'®0 value of the same species
(Fig. 5-3a, b, d, e). As 80y comprises both, ice-volume-controlled changes and local
variation in 8*®04, due to regional hydrological changes, the temperature signature from
the initial 8"80¢ uber and 820w gutertrer records were removed by using the equation (3)
from Thunell et al. [1999]:

T =14.9 - 4.80 (8"*Ocaicite — 5'*Osw) (3)
To generate the regional ice volume free (8'%04) record (8"®0wssw), We accounted for
changes in global 8'%0, due to continental ice volume variability using the relative sea

level curve of Waelbroeck et al. [2002] (Fig. 5-3).

5.3.4.3: Alkenone Temperatures

Sea surface temperatures (SSTs) were also derived from the alkenone unsaturation index
(UK'37). Alkenones were extracted from 0.5 g freeze-dried and homogenized bulk sediment
samples using an accelerator solvent extraction method (Dionex ASE). Samples were
measured prior to C37 group analysis using a double column multidimensional gas chro-
matograph (Agilent 6890N) system [Blanz et al., 2005] at Kiel University. Temperatures
were calculated from the U¥3; index by applying the global core top equation of Miiller et
al. [1998]. SSTs based on UK'37 analyses will be referred to as SSTyk37 within the following.

Coccolithophorid production, and hence alkenone production, is most likely not taking
place during the upwelling season, but later during the austral summer. SSTyx37 seems to
be a faithful recorder of the top 10 m in the water column, since alkenone producing coc-
colithophorids as photosynthesizing organisms are restricted to high light levels with the
main habitat in this water depth [Miiller et al., 1998]. The SSTyk37 value of 22.9°C from
the MUC core top sample located nearby core 059 exceeds the modern mean annual SST
of 21.3°C (0 m water depth; Station 21835 at 81.5°W, 3.5°S; WOA, 2009 [Locarnini et al.,
2010]), but matches the modern austral summer (Jan-Mar) SST of 23.5.3°C at the same

WOA station; hence, indicating that in the area the SSTyw37 most likely records austral
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summer season. Such pattern was already recognized by Prahl et al. [2010] in the Peru-
vian upwelling between ~11°S and ~15°S, who postulated that at low latitudes the
SSTuyks7 signal is skewed seasonally towards the austral summer season, when surface
waters are warmest. During this season, the surface ocean is highly stratified, nutrients
are depleted, and coccolithophorids dominate over diatom production. Such notion is
supported by studies in the Gulf of California, showing that the coccolithophorid and thus
alkenone flux is not highest during winter times when upwelling is most intense and pri-
mary production is highest, but during summer times when the system is less productive

[Goidi et al., 2001].

5.3.5: Paleoproductivity Proxies

The total organic carbon and total nitrogen contents were measured in bulk sediment to
assess changes in paleoproductivity. The total organic carbon content (TOC, wt. %) for
core 056 was determined by a LECO C-S analyzer with a precision of +0.5% (2 &; Univer-
sity of Bordeaux, France). The total nitrogen (TN, wt %) of the sediment samples from
core 056 was measured with a CARLO ERBA CN analyzer 2500 at University of Bordeaux,
France (precision +0.5%, 2 ). The TOC, TN and total carbon (TC, wt %) for sediment sam-
ples of core 059 were analyzed by CARLO ERBA Model NA 1500 Elemental Analyzer at
GEOMAR, Kiel (Germany), where precision for an internal standard was 0.15% for TN and
TC, and 0.2% for TOC (2 o). The TC and TN were measured in bulk sediment samples,
whereas the TOC was measured in decalcified samples. To assess the sources for TOC and
furthermore to be able to distinguish between terrigenous and marine sources the ratio
atomic organic carbon versus atomic total nitrogen was calculated (C/N ratio).

C/N ratios of bulk sediment are an indicator of the source of organic matter in the sedi-
ment. A plot of TOC versus TN revealed a tight linear correlation between the two proxies
(R? = 0.94; data not shown), with the % TN intercept indicating a certain amount of the
total nitrogen to be of inorganic origin [Miiller, 1977]. To correct the effect of the inor-
ganic ammonium, the % TN intercept was subtracted from all % TN values [GoAi et al.,
1998]. C/N ratios increased slightly through this correction, an incorporation of inorganic
material can be excluded. Consequently, the ratio of atomic organic carbon to atomic

organic nitrogen was calculated, referred to as C/N ratio hereafter.
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Additionally, the split halves of both cores were analyzed in a non-destructive way with
the Avaatech XRF Core Scanner (University of Kiel). The cores were scanned with a spatial
resolution of 1 cm applying a basic voltage of 10 kV. Data quality was ensured by monitor-
ing the “dead time”, which was constantly below the critical value of 40% [Tjallingii,
2006]. The element intensities are given in counts per second (cps) and are used to esti-

mate elemental concentrations.

5.4: Results
5.4.1: Temperature Changes in Subsurface Waters

The subSSTg/ca Of core 059 scatters between 15 and 17°C during deglacial times and the
Early Holocene (Fig. 5-4i), markedly interrupted by drops during the cold periods of
Heinrich 1 (H1; 14.2-16.8 ka BP; [Bond et al., 1992; Bond et al., 1993; Hemming, 2004])
and the Younger Dryas (YD; 11.7-12.9 ka BP; [Blockley et al., 2012]) and a warming during
the Bglling/Allergd (B/A; 14.7-12.9 ka BP; [Blockley et al., 2012]). The subSSTwg/c, record
of core 056 shows warmer and relatively constant temperatures of ~18°C during the YD
and the Early Holocene (max. 19°C) and experiences a pronounced temperature drop of
~2°C at ~9.5 ka BP (Fig. 5-4h). During the Middle and Late Holocene, subSSTyg/ca in this
core continues to cool constantly and reaches temperatures of ~15°C in the youngest
sections. Temperatures in core 059 cool more gradually compared to core 056, starting at
~11 ka BP (Fig. 5-4i) and decrease markedly after 4.5 ka BP. In total, the entire Holocene
magnitude of subsurface cooling amounts to ~4°C and ~2°C in core 056 and 059, respec-
tively. Core 056, located closer to the coast, thus experiences a more pronounced decline
in subSSTwg/ca during the Holocene with the temperatures approaching those of the core

059 during the Late Holocene since ~2-3 ka BP (Fig. 5-4h and i).
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Figure 5-2: Mg/Ca and 50 of G. ruber and N. dutertrei for MUC surface samples

Left:

Right:

The

Mg/Ca of N. dutertrei (crosses) and G. ruber (dots) from sediment surface samples versus water
depth. Mg/Cay. gutertrei Values decrease with increasing water depth, while G. ruber values are more
positive and remain relatively constant. The black line represents the calcite saturation index A[CO32'
] versus water depth, calculated after Lewis and Wallace [1998] and Jansen et al. [2002] on the base
of WOCE line P19C, stations 359 and 361 [Rubin et al., 1998]. Gray bars indicate A[Coaz'] thresholds
of 18-26 pumol/kg critical for selective Mg-removal [Regenberg et al., 2006], which are reached in
~200 m water depth.

50 values of the same samples versus water depth. The 50 signals for both species remain more
or less constant over the wide range of water depths, with values of G. ruber being more negative
than those of N. dutertrei. The gray area marks the averaged range of CTD-derived temperatures ob-
served during M77-1 and M77-2 between the Equator and 17.5°S [Pfannkuche et al., 2011]. Circled
data points in both plots indicate outliers, which were excluded from further considerations.

cooling of the water column in subsurface depths is accompanied by freshening

trends. Subsurface 50, values in core 059 (Fig. 5-4m) scatter around ~1.3%. during

the deglaciation and shift to fresher values during the Middle and Late Holocene; maxi-

mum values are 0.5%o for the Late Holocene. The 880+, values in core 056 are stable

(~1.7%o; Fig. 5-4n) until ~9.5 ka BP; then a continuous freshening starts resulting in 820

sw Va

lues approaching those of core 059 for the Late Holocene.
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Figure 5-3: Down core Mg/Ca and 50 raw data for G. ruber and N. dutertrei

50 values of planktonic species G. ruber and N. dutertrei are depicted in the upper panel: (a) and (b) are
the 8'°0 records of G. ruber for cores 059 and 056, respectively. (c) is the RSL curve by Waelbroeck et al.
[2002], which was used to generate the regional ice volume free (61805W) record (8180ivf_sw; Fig. 5-4). (d) and
(e) are the 8'®0 records of N. dutertrei for cores 059 and 056, respectively. Lower panel shows Mg/Ca ratios
for both species: (f) and (g) are the Mg/Ca ratios for G. ruber for cores 056 and 059, respectively. (h) and (i)
are the Mg/Ca ratios for N. dutertrei for cores 056 and 059, respectively. Reductive cleaning was applied to
all samples. Triangles at the x-axis mark AMS**C datings for core 059 (red) and 056 (blue).

5.4.2: Temperature Changes in Surface Waters

The SSTyk37 record of core 059 varies between 19 and 21.5°C during the deglaciation and
experiences a pronounced and abrupt warming of ~2°C during the YD (Fig. 5-4e). The
SSTuks7 record remains relatively stable during the Holocene and rises to ~22.5°C in the

Late Holocene.
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Figure 5-4: Temperature and salinity reconstructions over the last ~18 kyrs
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Temperature and salinity reconstructions over the last ~18 kyrs for distinct water depth levels offshore Peru
at 3.5°S. Blue lines refer to core 056 (355 m water depth) and red lines to 059 (1,000 m water depth). (a)
and (b) are the AT records for cores 056 and 059, indicating the evolution of the thermocline; (c) is the ref-
erence record for SSTys7 from Site V19-30 to the west of our core location [Koutavas and Sachs, 2008], (d,
yellow curve) is the SSTyy3; record of core 059; (e) is the SSTyg/c, record of core 056, (f) is the reference
record for SSTyg/c. of ODP Site 1240 to the north of our core location ([Pena et al., 2008a]; Fig. 5-1), (g) is
the SSTyg/ca record of core and 059; running 5-point averages are included to smooth the records (thick
lines). Thermocline temperatures (subSSTyg/c.) are derived from N. dutertrei; running 10-point averages are
included to smooth the records (thick lines). (h) refers to subSSTyg/c, in core 056 and (i) to the same proxy
in core 059. (j) is the subSSTy,/c. record of ODP Site 1240 [Pena et al., 2008a]. Regional variations of salinity
were approximated from the ice-volume corrected 5'°0 of seawater (5"°Oyt.qu; lower panel). (k) and (1) are
the surface SISOM_SW records of cores 059 and 056, respectively. (m) and (n) are the subsurface SISOM_SW
records of cores 059 and 056, respectively; dashed lines represent running 5-point averages. Arrows on the
left of the graph indicate annual temperature range for SST’s and annual mean temperature for subSST
[Locarnini et al., 2010]. Triangles at the x-axis mark AMS™C datings for core 059 (red) and 056 (blue). All
depicted Mg/Ca ratios were transferred into temperatures using the ‘species specific’ equation for G. ruber
and the ‘warm water multispecies’ equation for N. dutertrei [Regenberg et al., 2009]. Reductive cleaning
was applied to all depicted Mg/Ca data sets.

The SSTwg/ca record of core 059 scatters around 21°C during the Deglaciation (Fig. 5-4g),
interrupted by a drop of ~1°C during the H1. During the Early Holocene at ~10 ka BP,
SSTwmg/ca in core 059 experiences a cooling by ~2°C. The SSTyvg/ca record of core 056 shows
relatively constant temperatures of ~22.5°C during the Early Holocene and scatters be-
tween ~21.5 and 22.5°C at the transition between Early and Middle Holocene (Fig. 5-4f).
At ~8.5 ka BP, SSTyg/ca Of core 056 drops to ~20.5°C and remains at this temperature
level. The SSTyig/ca records of both cores end at ~4 ka BP.

The Holocene cooling trends in SSTyg/ca are accompanied by the 8'0it.cw reconstructions
based on G. ruber (Fig. 5-4k and |). Prior to 11 ka BP, both cores show relatively uniform
5'®0ivtew values ranging from 0.5 to 0%o. The shift towards more negative values implying
freshening starts at ~11 ka BP in core 059, whose 8180ivf_sw values increase until 0.4%. for
the Late Holocene. Changes towards fresher conditions start delayed at ~8.5 ka BP at the

056 location and continue to rise up to 0%o for the Late Holocene.

5.4.3: Changes in Marine Productivity

C/N ratios of bulk sediment indicate the source of organic matter in the sediment. Typi-
cally, marine organic matter exhibits C/N ratios of 5-8 close to the Redfield ratio of marine

phytoplankton [Redfield et al., 1966], while terrestrial organic matter shows ratios be-
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tween 20 and 200 [Hedges et al., 1986]. The C/N ratios in the lower part of core 059 show
ratios of ~15-20 (Fig. 5-5b), indicating a mixture between marine and terrestrial organic
matter. The values converge with the C/N ratios of core 056 (Fig. 5-5a) and values of both
cores lower from ~15 at the onset of the Holocene to ~12 for the Late Holocene.
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Proxies indicating marine productivity and mixture between marine and terrigenous input

Figure 5-5:
Blue lines refer to core 056 (355 m water depth) and red lines to 059 (1,000 m water depth). Different prox-
ies are plotted to indicate local changes in marine productivity as well as the varying mixture between ma-
rine and terrigenous input. (a) and (b) are the C/N ratios of core 056 and 059, respectively; the % TN inter-
cept was subtracted from all % TN values to exclude an incorporation of inorganic material (ammonium).
The close correlation between total organic carbon in the bulk sediment and XRF-scanned bromine further
emphasizes an increase in marine productivity: (c) and (d) are the bromine and TOC records for core 056,
(e) and (f) are the same proxy records for core 059. Triangles at the x-axis mark AMS'“C datings for core 059

(red) and 056 (blue).

Paleoproductivity can be reconstructed from the comparison of XRF-scanned Bromine

(Br) values and TOC contents from bulk sediment (Fig. 5-5c-f). Br values increase from 20
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to 70 cps in the further offshore core 059 (Fig. 5-5e) and from 15 to 50 cps in the shal-
lower core 056 (Fig. 5-5c). Corresponding TOC values rise from 1.8 to 3.0% (core 059; Fig.
5-5f) and from 1.8 to 3.3% (core 056; Fig. 5-5d), respectively. Both cores support the tight
correlation between XRF-scanned Br values and TOC from bulk sediment, which has been

reported previously [Ziegler et al., 2008].

5.5: Discussion

5.5.1: Subsurface Variability of Temperature and Salinity

The subSSTwg/ca amplitude of ~4°C (Fig. 5-4h and i) observed in both cores mirrors hydro-
graphic changes at ~200 m depth and is accompanied by freshening trends at both core
locations (Fig. 5-41 and m). The distinctive temperature and salinity developments imply
changes in the local water masses at 3.5°S in the EEP. Prevailing water masses are nowa-
days the southward flowing EUC and ESSW, which have temperatures of ~12.5-14°C at
200 m water depth [Lukas, 1986; Silva et al., 2009]. The ESSW dominates the study area
in the modern setting, with temperatures being slightly cooler (12.5°C; [Silva et al., 2009])
than core top values at our study sites indicate (14.6-15.8°C). An increased influence of
ESSW during the Holocene might explain the observed temperature developments. An-
other mechanism might be provided by the EUC itself, which meets the South American
coastline between 2°N and 2°S at depths between 30 and 300 m [Lukas, 1986]. The tem-
peratures of the EUC (T= 13-14°C [Lukas, 1986]) match our core tops well (14.6-15.8°C),
hence enabling this water mass to influence our study sites noticeably. It seems likely that
a varying mixture between cooler subsurface (EUC/ ESSW) and warmer tropical water
masses (TSW) is present at our core locations: Higher proportions of tropical water
masses during the deglaciation and a continuously growing contribution of cooler EUC (-
sourced) waters during the Holocene.

The subsurface Mg/Ca record of the deep ODP Site 1240 (2,921 m; N. dutertrei; Figs. 5-1
and 5-4j; [Pena et al., 2005; Pena et al., 2008a]) shows slightly different trends than our
subSSTwg/ca records. The ODP record implies slightly cooler temperatures of ~13-14°C
during the deglaciation, while our record of core 059 scatters around ~16°C (Fig. 5-4j and
i). With the onset of the Holocene the ODP site experiences a slight warming while both

of our records cool markedly, approaching temperatures of the equatorial ODP Site 1240
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for the Middle Holocene. We propose that the records mirror changes in the admixture of
the EUC into the EEP: ODP Site 1240 was continuously influenced by the EUC, while our
cores indicate a shift from warmer (tropical) to cooler water masses (EUC). The conver-
gence of all three records during the Middle Holocene points towards similar water
masses at all three study sites nowadays.

Our hypothesis of an enhanced admixture of the EUC and a related cooling of the subsur-
face water masses in the EEP during the Holocene is not in agreement with recent inter-
pretations of a Nd isotope data set obtained at the equatorial ODP Site 1240 (Fig. 5-1) by
Pena et al. [2013]. These authors suggest a reduced Holocene contribution of Southern
Ocean Intermediate Waters (SOIW) at their study site deduced from eng signatures ex-
tracted from cleaned shells of N. dutertrei. Recently obtained water column data from
essentially the same location indicate, however, identical eng values for both intermediate
and bottom waters of -1.6 [Grasse et al., 2012]. It can thus not unambiguously be con-
cluded that the eng record of Pena et al. [2013] truly reflects varying SOIW contributions
into the EUC via ‘ocean tunneling’. Alternatively, the eyg recorded in the cleaned fo-
raminiferal shells may represent bottom water values as for example suggested by Rob-
erts et al. [2010].

An enhanced influence of the EUC seems the most likely mechanism to explain the ob-
served temperature developments. Thus, we rule out a direct influence of southern com-
ponent water masses supported by the following arguments: Our core locations close to
the Gulf of Guayaquil are relatively sheltered, caused by the headland south of the Gulf,
making it difficult for water masses from the South to penetrate the area. Consequently,
water masses from a southern source region are unlikely to have influenced our core sites
noticeably, since ADCP-profiles indicate that most subsurface currents in the study area
originate from a northern to western direction [Pfannkuche et al., 2011]. This points pri-
marily towards the EUC as the main source water for subsurface depths at our study sites
in the Gulf of Guayaquil. Additionally, southern water masses are either subducted fur-
ther south (Subantarctic Water, SAAW) and/ or they are located to deep to influence wa-
ter depths of 200 m noticeable (Subantarctic Mode Water, SAMW [Sloyan et al., 2010]
and Antarctic Intermediate Water, AAIW [Silva et al., 2009]). CCW is a cooler water mass
being located south of our core sites [Ayon et al., 2008], but it remains a surface feature

and is thus unlikely to have influenced our core sites noticeably.
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5.5.2: Surface Variability of Temperature and Salinity

The SSTyw37 pattern in core 059 is similar to the record of core V19-30 from further off-
shore ([Koutavas and Sachs, 2008]; Figs. 5-1 and 5-4d), indicating that surface waters at
both sites were exposed to similar water masses. The core 059 SSTyk37 and SSTyg/ca re-
cords are quasi identical in absolute temperature and amplitude until the onset of the
Holocene (Fig. 5-4e and g). Moreover, since ~11.5 ka BP, SSTyg/ca values are on average
lower than alkenone temperature estimates, superimposed by a pronounced cooling
trend of ~2°C in the G. ruber signal since ~11.5 ka BP. Delayed by ~3 kyrs, the SSTyg/ca
values in the near-shore core 056 also decline towards the late Holocene. The Holocene
cooling revealed in SSTvg/ca records of G. ruber contrasts the alkenone signal for Holocene
warming. The modern setting at 3.5°S in the EEP is characterized by almost identical SSTs
being recorded in alkenones and Mg/Ca of G. ruber (Chapter 5.3.4.1.), hence indicating
that both proxies inhabit similar seasons/ habitat depths nowadays. However, this rela-
tion likely has changed during the past 18 kyrs, which affords consideration.

To our notion, the absolute difference between SSTyk37 and SSTyg/ca during the Early and
Middle Holocene (AT of up to 2°C) might be explained by a different habitat depth of al-
kenone-producing coccolithophorids in the surface ocean (~0-10 m water depth) and
slightly deeper dwelling G. ruber s.s. (~10-30 m water depth). A strengthened seasonality
starting at the onset of the Holocene might be a further mechanism to account for the
offset between SSTyx37 and SSTwg/ca. The Early Holocene has been associated previously
with stronger ENSO conditions [Ehlert et al., 2013] and intensified coastal upwelling
[Vargas et al., 2006] in the EEP, which might strengthen the seasons. Additionally, and in
accordance with strengthened ENSO conditions, the clear offset between SSTyxs; and
SSTwmg/ca Strongly implies a seasonal bias between both proxies for the Early and Middle
Holocene. The close correlation between SSTyk3y and SSTwg/ca prior to 11.5 ka BP indi-
cates the recording of the same season, very likely annual mean temperatures. The
SSTyks7 might have shifted to austral summer conditions at ~11.5 ka BP, possibly caused
by intensified upwelling which prevents the formation of a stratified water column
needed by the coccolithophorids, while SSTyg/ca continues to represent annual mean

temperatures. The amount of G. ruber individuals found in both cores reduces continu-
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ously during the Holocene and the species almost disappears at ~4 ka BP, probably indi-
cating strengthened upwelling conditions.

The SSTwg/ca record of G. ruber at core location 056 implies generally higher tempera-
tures, on average by ~1°C, compared to the core 059 (Fig. 5-4f and g) for the entire period
covered until 4 ka BP. This offset might be due to the more sheltered location of core 056
in the Gulf of Guayaquil, which is e.g. less exposed to coastal upwelling processes. The
nearby EF is located nowadays on an annual mean clearly north of the core locations (Fig.
5-1; [Palacios, 2004]) and is thus unlikely to cause a temperature gradient between our
study sites. However, smaller frontal systems, which can develop on short spatial and
temporal scales, might have caused the temperature gradient between cores 056 and
059. The SST development in the G. ruber records of ODP Site 1240 (Fig. 5-4f; [Pena et al.,
2008a]) is similar to the development of our G. ruber records (Fig. 5-4e and g). While be-
ing ~1°C cooler than the SSTy/ca record of core 059 during the deglaciation, the ODP Site
1240 record shows temperatures ranging between our core sites from the Early Holo-
cene. The Holocene cooling trends observed in our SSTyg/c, records are also mirrored in
the record by Pena et al. [2008a], implying that surface water masses at the study sites
were similar.

Our SSTg/ca records end at ~4 ka BP, as numbers of G. ruber specimens in younger sec-
tions were sufficient only for the analyses of §'®0. The diminishing abundances of G. ru-
ber after ~4 ka BP probably suggest a considerable change towards unfavorable environ-
mental conditions for this species. Thiede [1975; 1983] and /baraki [1990] noted that G.
ruber is rarely found in upwelling areas. Even though our core locations are located north
of the main Peruvian upwelling center, we suspect that the expansion and strengthening
of winter upwelling might have influenced our nearby core locations since ~4 ka BP.
Coastal upwelling is relatively shallow in the area (max. 75-100 m deep; [Huyer, 1980;
Huyer et al., 1987]) and thus influencing the habitat of G. ruber.

The freshening trends in our cores, which are more pronounced in the G. ruber records,
indicate an increasing proportion of a water mass with a lower salinity. Shifts in the mean
ITCZ position and the associated rainfall belt are mirrored in varying discharges of the
Guayas River [Mollier-Vogel et al., 2013]. The variations in river discharge are not re-
flected in our marine productivity records (Fig. 5-5), but the varying rainfall intensity

might have influenced the salinity concentration in surface depths. It is thus speculated
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that the freshening trends in surface depths mirror dilution processes through varying
rainfall intensities and thus changes in the Guayas discharge. The offset between Guayas
discharge and marine productivity implies that the primary source for nutrients in the
area is apparently not the river, but most nutrients are transported into the area via the
EUC.

Evidence for enhanced SSTs along the coasts of northern Peru prior to the Holocene is
given by geoarcheological investigations, showing that temperatures were higher by ~3-
4°C compared to nowadays [Sandweiss et al., 1996; Andrus et al., 2002; Sandweiss, 2003].
Warm, tropical water masses penetrated the EEP as far as 10°S during the Early and Mid-
dle Holocene. Our findings from SSTwg/ca and subSSTyg/ca also indicate a warmer surface
ocean at 3.5°S prior to 10 ka BP, which cooled by ~2°C during the Holocene. The SSTwg/ca
records lag the cooling trends observed in the subSSTyg/ca records by ~2 kyrs (core 056)
and ~1 kyr (core 059), respectively; hence, pointing towards a remote control of the sub-

surface towards the surface ocean in the EEP.

5.5.3: Marine Productivity and ENSO Conditions

Our subsurface records indicate a pronounced cooling during the Holocene, concomitant
with a shoaling of the thermocline. Cooling of the mixed-layer and the thermocline during
the past 7 kyrs has been reported to control the development of ENSO [Loubere et al.,
2003]. ENSO seems to be sensitive to changes in the thermocline structure, since this
thermal gradient exhibits significant control on the interaction between ocean and at-
mosphere in the tropics. A warmer equatorial thermocline, as observed in our records
prior to ~10 ka BP, results in a deeper mixed-layer zone which reduces the amount of up-
welling [Liu et al., 2000]. This weakens the coupling between the tropical ocean and the
atmospheric heat exchange, consequently reducing the amplitude of ENSO.

Mechanisms, which ultimately control the thermocline dynamics in the EEP, are sourced
in the southern high latitudes, which act as a source for waters feeding the EUC. This
stream originates in the south-western subantarctic Pacific [Toggweiler et al., 1991] and
travels along the equator into the EEP. The formation ob Subantarctic Mode Water
(SAMW) offshore Chile [Sloyan et al., 2010] further contributes to the EUC, possibly trans-

ferred into the EEP via ‘ocean tunneling’ [Pena et al., 2008a]. The relatively high nutrient
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contents of the source water masses for the EUC ultimately controls the amount of bio-
logical productivity; this is mirrored in the modern setting by a very high marine produc-
tivity in the EEP as can be seen in our marine productivity records, which continuously
rise during the Holocene (Fig. 5-5). Other studies also show a TOC increase for the last
~20 kyrs, but TOC values for the Late Holocene differ between sites. They reach ~2.5% at
24°S [Mohtadi et al., 2004], ~1.5% at ~33°S [Hebbeln et al., 2002] and ~2.5% at ~40°S
[Robinson et al., 2007] and thus remain lower than Late Holocene TOC values for our
study sites of 3% (core 059) and 3.3% (core 056), respectively.

Southern hemisphere boreal winter warming during the Middle Holocene resulted in
warmer subsurface waters with relatively lower nutrient contents entering the EEP, di-
minishing biological productivity during this time [Liu et al., 2000; Andrus et al., 2002].
Our records of different proxies confirm these finding generally, but the shift towards
cooler subsurface and surface waters, also exhibiting control on the nutrient contents,
was timed differently. Pronounced cooling events in our subsurface records are apparent
during H1 and YD (core 059) and from ~10 ka BP onwards in both cores; surface records
of G. ruber follow these cooling impulses at ~10 ka BP (core 059) and ~8 ka BP (core 059).
Paleoproductivity proxies steadily increase in our cores (TOC and Br; Fig. 5-5c-f) or indi-
cate shifts towards more marine productivity (Fig. 5-5a and b); this indicates a gradual
shift towards cooler and higher nutrient water masses, probably originating in subantarc-
tic regions and being transported into the EEP via the EUC. It remains unclear if modula-
tions in the strength of the southeast trade winds along the coasts of Ecuador and Peru
additionally influence the system, besides a subantarctic-sourced cooling/ warming of the
subsurface in the EEP. The diminution of the southeast trades lags the development of
positive SST anomalies along the South-American coast [Rasmusson and Carpenter, 1982],
implying that SST development is shaping the intensity of the trade winds.

The onset of modern ENSO conditions has been reported previously for the coast of Peru,
starting between ~7 ka BP [Loubere et al., 2003] and ~5 ka BP [Rodbell et al., 1999; Vargas
et al., 2006; Ehlert et al., 2013]. The disappearance of G. ruber from ~4 ka BP onwards
points to an intensification of winter upwelling, thus probably also pointing towards en-
hanced ENSO conditions in the EEP during the Holocene. The gradient between surface
and subsurface Mg/Ca records further emphasizes the development of the thermocline

(Fig. 5-4a+b), in close correlation with strengthened upwelling activity. The abrupt in-
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crease in AT during the B/A in core 059 implies a severe cooling in the subsurface, while
the surface warmed slightly simultaneously. An abrupt increase in AT in core 056 can be
observed during the Early Holocene, implying that subsurface cooling and surface warm-
ing were delayed at the near-shore site. On average, both cores show trends from lower

towards higher AT and thus point towards a shoaling of the thermocline.

5.6: Conclusions

Our high resolution Mg/Ca records propose a gradual cooling in surface and subsurface
depths starting at ~10-11 ka BP; the surface cooling lags the subsurface temperatures by
~1-2 kyrs, implying that the subsurface is the key control for (surface) hydrography in the
EEP. The deglaciation was characterized through warmer temperatures than today and a
rather deep thermocline, these conditions changed drastically between ~10-11 ka BP. The
gradient between SSTyx37 and subSSTyvg/ca increased from ~5°C during the deglaciation to
~8°C during the Late Holocene, consequently showing the successive shoaling of the
thermocline in the EEP. The cooling trends are accompanied by freshening trends; to-
gether with the temperature decline they point towards an enhanced admixture of the
EUC and strengthened upwelling activity during the Holocene in the EEP. Marine produc-
tivity increased during the Holocene, probably related to the rising nutrient delivery of
EUC source waters from subantarctic regions fueling the PP. Thermocline temperatures in
the EEP are known to influence the exchange processes between atmosphere and ocean,
and thus actively shaping ENSO conditions. The onset of modern ENSO conditions seems
to start at the study location at ~10 ka BP. Whether the cooling of the thermocline caused
the onset of modern ENSO conditions or if strengthened trade winds fueled coastal up-
welling and consequently ENSO can not be answered satisfactorily with the records inves-

tigated within this study.
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Supplementary information
Stratigraphy and Sedimentation Rates

The age models for both cores are primarily based on AMS™C datings of the planktonic
foraminifer N. dutertrei [Mollier-Vogel et al., 2013], supported by benthic 8'°0 records.
Results of benthic 0 analyses show a similar course as the NGRIP 820 record (Fig. 5-S1;
[NGRIP Members, 2004]), supporting the reliability of our age models. Linear sedimenta-
tion rates and accumulation rates for bulk sediment are also depicted in the respective
figure. Linear sedimentation rates (LSR, cm kyr™) were calculated between age control
points as the thickness of a sediment interval divided by the time interval of its deposi-
tion. LSR for core 059 peak during the B/A (max. 150 cm kyr™) and are much lower before
and after this episode (LSR ~80-90 cm kyr'l). The LSR for the shallower core 056 are on
average higher (~90-110 cm kyr™), and decrease during Middle and Late Holocene to-
wards ~60-80 cm kyr'. Towards the Late Holocene LSR for core 059 also decrease down
to values of ~50 cm kyr™. Core 056 has an average temporal resolution of ~60 years for
the geochemical analyses and up to 10 years for the XRF-scanned data. The temporal
resolution of core 059 is slightly lower, averaging ~80 years (geochemical analyses) and
~25 years (XRF-scanned data), respectively.

The paleo-flux of bulk sediment as well as sediment components is expressed by accumu-
lation rates (AR, in g cm™ kyr™). ARs were computed following the approach of van Andel
et al. [1975]: ARpuik = LSR * Dy, Where LSR is the linear sedimentation rate (cm kyr'l) and
Dyuui is the dry bulk density (g cm™). In general, the shallower core 056 has higher AR (85
to 60 g cm™ kyr™) than the deeper core 059 further offshore (~50 to <30 g cm™ kyr'’; Fig.
5-S1). Both cores show relatively high ARs, thus providing an excellent temporal resolu-

tion.
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Figure 5-S1: Benthic 3?0, NGRIP and AR as well as LSR for cores 056 and 059

Blue lines refer to core 056 (355 m water depth) and red lines to 059 (1,000 m water depth). Stable oxygen
isotopes (8'°0) for cores 056 (a) and 059 (b) are compared with the NGRIP record (c; [NGRIP Members,
2004]). Colored triangles on top of the respective curves indicate depths, which were sampled for AMS"C
analyses. Lower panel depicts linear sedimentation rates (LSR; solid lines) and bulk sediment accumulation
rates (AR; transparent lines) for cores 056 (d and f) and 059 (e and g). LSR and AR peak during the B/A inter-
val in core 059, closely following the course of the NGRIP record. In core 056 LSR and AR are highest during
the Middle Holocene. LSR values average to ~70-90 cm kyr™ for core 059 and to ~80-100 cm kyr ™ for the
shallower core 056, respectively.
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Dissolution Effect on Planktonic Foraminiferal Mg/Ca

Secondary (diagenetic) effects such as the preferential removal of Mg?* during calcite dis-
solution [e.g. Regenberg et al., 2006 and references therein] may lower foraminiferal
Mg/Ca and reconstructed temperatures may appear too low. Several attempts have been
made to correct for Mg?* loss in different ocean basins, either correcting for water depth
[Dekens et al., 2002; Regenberg et al., 2006] or for the degree of under-saturation with
respect to calcite ion concentration [Regenberg et al., 2006]. Such approaches only ac-
count for modern dissolution processes, but do not consider changes of dissolution
through time, which is further complicating the use of such a correction function. How-
ever, the Pacific in general and the EEP in particular are known for their lack of calcite
preservation and thus this issue affords consideration.

We analyzed 880 and Mg/Ca ratios of N. dutertrei and G. ruber from core top samples
(Fig. 5-2). The Mg/Cap qutertrei ratios show a large scatter of ~1.8 mmol mol™ with a charac-
teristic decrease in Mg/Ca of ~0.8-1.0 mmol mol™ per kilometer water depth (Fig. 5-2).
Such change is similar to what Regenberg et al. [2006] deduced from their Caribbean core
top study (decrease of ~0.5-0.8 mmol mol™ per kilometer water depth). In G. ruber,
Mg/Ca ratios range from 3.4 to 3.8 mmol mol™ with the higher values reflecting the much
shallower and warmer habitat depth of this species compared to N. dutertrei. With re-
spect to calcite dissolution it has been shown that N. dutertrei is relatively stable, while G.
ruber is more prone to dissolution [Berger, 1970; Parker and Berger, 1971; Bé et al.,
1975].

Today, calcite dissolution indeed matters in the EEP. A difference between the in situ car-
bonate ion concentration [C032'] and [C032'] at saturation of about 18-26 umol kg'1 is con-
sidered to be critical for selective Mg-removal [Regenberg et al., 2006]. Such A[CO5%] val-
ues are already reached at ~250 m water depth off Peru (Fig. 5-2) based on data from
WOCE Line 19C (stations 359 and 361, located at 4°S/85°W and 3°S/85°W, respectively;
[Rubin et al., 1998], and calculated after Lewis and Wallace [1998] and Jansen et al.
[2002]). The slight increase of carbonate under saturation with depth (Fig. 5-2) does not
seem to affect the Mg/Ca ratios below the critical depth noticeably. Ratios scatter be-
tween 1 and 1.5 mmol mol™ and do not show any trend with increasing water depth. The

two multicorer core tops from stations 056 and 059 show Mg/Ca ratios of 1.32 and 1.52
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mmol mol™, respectively. The higher ratio from the deeper (1,000 m) station is a clear
indication against a severe dissolution problem.

To evaluate more precisely the dissolution effect on foraminiferal calcite, we compared
down core Mg/Ca ratios of N. dutertrei from core 056 with scanning electron microscope
(SEM) images of test cross-sections (Fig. 5-S2 A). SEM images provide visual information
about possible dissolution of foraminiferal calcite. Mg/Cap, dutertrei ratios of core 056 un-
dergo a strong decrease (~1.8 to 1.4 mmol mol™) from Early to Late Holocene. SEM im-
ages of N. dutertrei test cross-sections show a constant ratio between primary and sec-
ondary calcite throughout the core (Fig. 5-S2 A). The primary calcite, which contains
higher amounts of Mg, is more prone to dissolution than the more compact secondary
calcite [Eggins et al., 2003; Sadekov et al., 2005; Pena et al., 2008b; Jonkers et al., 2012].
Consequently, a constant ratio between primary and secondary calcite argues clearly
against a severe dissolution problem. Furthermore, SEM images of the test surfaces show
relatively sharp-edged calcite crystals, further supporting a neglecting dissolution prob-
lem at our study site since dissolution tends to smoothen the calcite crystals and the test
surfaces.

Species G. ruber was less frequently within our samples, possibly pointing towards a dis-
solution issue. Arguing against this is the presence of spines in G. ruber shells (Fig. 5-S2 B),
which could be found in several depths within both cores and in case of a dissolution
problem, would be dissolved preferably. The disappearance of G. ruber in both cores at
~4 ka BP was probably caused by enhanced upwelling intensity, resulting in environ-
mental conditions being too unfavorable for this species [Thiede, 1975; 1983; Ibaraki,
1990]. The shells of G. ruber are more prone to dissolution than those of species N. duter-
trei [Berger, 1970; Parker and Berger, 1971; Bé et al., 1975]. In the following we resign
from correcting the foraminiferal Mg/Ca ratios for potential dissolution effects since we
evaluate the dissolution issue based on our investigations to be negligible. Any correction
attempt lead to Mg/Ca-temperatures being clearly above the intra-annual range of mod-

ern WOA 2009 temperatures [Locarnini et al., 2010].
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Figure 5-S2: Mg/Ca ratios of N. dutertrei for core 056 in comparison to SEM images of foraminiferal test
walls; SEM images of G. ruber for cores 056 and 059

(A) Mg/Ca ratios of N. dutertrei for core 056 versus age in comparison to SEM imagery of foraminiferal
test walls. SEM images reveal the existence of primary and secondary calcite within the foram tests
throughout the core. In particular the primary calcite, which contains higher amounts of Mg and is
thus more prone to dissolution [Eggins et al., 2003; Sadekov et al., 2005; Jonkers et al., 2012], is well-
preserved. The calcite crystals in the test surfaces remain relatively sharp-edged in our core, sup-
porting our notion of a negligible influence on the calcite-dissolution onto our samples. Scale bars on
upper SEM images correspond to 10 um.

(B) SEM images of G. ruber for cores 056 and 059 from core depths as indicated on top of images. Spines
in tests of G. ruber are present in both cores, further supporting a negligible dissolution issue at our
core locations. Scale bars on lower SEM images correspond to 30 um.

93



BWTs derived from U. peregrina

Chapter 6:
A New Mg/Ca Temperature Calibration Based on the Endobenthic Species

Uvigerina peregrina from the Eastern Equatorial Pacific

Tebke Boschen®’, Dirk Nirnberg! and Kristin Doering2

! Helmholtz Centre for Ocean Research Kiel (GEOMAR)
Wischhofstrasse 1-3, 24148 Kiel, Germany

? Institute of Geosciences
University of Kiel

Ludewig-Meyn-Str. 10, 24118 Kiel, Germany

Keywords: Mg/Ca, Uvigerina peregrina, Eastern Equatorial Pacific, bottom water temperature

94



Abstract

Abstract

The ratio of magnesium to calcium (Mg/Ca) in the tests of benthic foraminifers is an es-
sential and powerful tool to reconstruct past bottom water temperatures (BWT). Mg/Ca
ratios represent an outstanding possibility to gain knowledge about past ocean tempera-
tures in great water depths. The habitat depth of benthic foraminiferal species can vary
from epifaunal to infaunal; corresponding BWTs are similar, but reconstructed tempera-
tures based on Mg/Ca transfer functions may deviate largely due to species-specific re-
cording of the Mg/Ca signal in the foraminifers tests. We present in this study a new
Mg/Ca transfer function for the endobenthic species Uvigerina peregrinea. This function
is a compilation of literature data and data from surface samples from the Eastern Equa-
torial Pacific (EEP). These samples cover a wide range of water depths from 114 down to
2,607 m and display measured temperatures varying between 2.2 and 13.4°C. A distinct
relation for species U. peregrina was observed in our data set between temperatures and
increasing water depth in both proxies, Mg/Ca and stable oxygen isotopes (820). Dissolu-
tion effects resulting in a lowering of our Mg/Ca ratios can be ruled out, since we did not
observe any fragmentation with regard to our benthic proxy carrier. Here, we present a
newly evolved linear transfer function for the endobenthic species U. peregrina, which
markedly improves down core reconstructions in the EEP. Our transfer function covers a
temperature range from 5 to 19.9°C and estimates Mg/Ca-based temperatures with a

precision of £1.6°C.
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6.1: Introduction
6.1.1: Background Information

Physical properties like water temperatures are key mechanisms to evaluate changes in
ocean circulation. The reconstruction of past BWTs is a prerequisite to monitor interme-
diate to deep water formation and circulation. The tight correlation between water tem-
peratures and Mg/Ca ratios in benthic foraminifers is a common approach to investigate
this issue [Rosenthal et al., 1997; Sosdian and Rosenthal, 2009; Elderfield et al., 2010].
Benthic foraminifers incorporate Mg into their tests depending on the surrounding water
temperature and thus can be used to reconstruct BWTs. Benthic Mg/Ca calibrations are
based on core top data and show sensitivities between 6 and 15% per °C [Elderfield et al.,
2006; Bryan and Marchitto, 2008]. Besides the temperature-dependent incorporation of
Mg ions into the foraminifers tests, other influences like the carbonate ion saturation
A[CO5%] of bottom waters need to be considered. It has been shown for other trace met-
als (Cd, Ba, Li, Zn, Sr, B) that the A[Cng'] can significantly influence the incorporation of
these metals into the tests [Rosenthal et al., 2006; Yu and Elderfield, 2007].

An important influence when reconstructing BWTs is the habitat of the benthic species.
The estimated temperatures represent either bottom water or pore water conditions,
depending on the habitat depth (epifaunal to infaunal). Most approaches focus on epi-
faunal species like Cibicides wuellerstorfi, which is known to live either on the sediment or
shallow infaunal in soft sediments [McCorkle et al., 1997; Jorissen, 1999]. A transfer func-
tion from the EEP is based on C. wuellerstorfi and aims to reconstruct deep water forma-
tion [Martin et al., 2002]. Several approaches use the endobenthic species Uvigerina spp.
from regions worldwide [Elderfield et al., 2006; Bryan and Marchitto, 2008; Yu and
Elderfield, 2008; Elderfield et al., 2010]. Besides benthic foraminifers, intermediate to
deep water temperatures might also be reconstructed by using stable strontium isotopes
in cold water corals [Riggeberg et al., 2008] or Mg/Li ratios in the same proxy carrier
[Raddatz et al., 2013].

There is still a comprehensive approach missing to transfer Mg/Ca ratios of U. peregrina
from intermediate to shallow water depths into BWTs in the tropic Pacific. Applying
commonly used transfer functions to a data set from the EEP [Doering, 2012] revealed

apparent offsets between core top BWTs and reference data sets. Hence, we present in
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this study a newly evolved transfer function to calculate Mg/Ca-based temperatures for
species U. peregrina. Base for this recently established transfer function are core top
samples from the EEP, which were analyzed for their Mg/Ca and their 80 ratio. The
samples from the EEP were taken offshore Peru and Ecuador between the equator and
17°S, covering a depth range of 60 to 2,600 meters. The combination of our data set with
literature data results in a new linear transfer function for benthic species U. peregrina,
which improves the estimation for Mg/Ca-based temperature reconstructions in the

study area noticeable.

6.1.2: Habitat of U. peregrina

The preferred habitat of U. peregrina are the uppermost centimeters of the sediment,
although the species may migrate up to 10 cm into the sediment [McCorkle et al., 1997].
The habitat depth changes in dependence of bottom water oxygen concentrations, con-
sequently it is shallower if oxygen concentrations are low and vice versa [Sen Gupta and
Machain-Castillo, 1993; Loubere et al., 1995]. U. peregrina is widely used for 8'20 analy-
ses since Shackleton [1974] described the species to be a reliable recorder of the bottom
water 8'%0 signature. Although the species lives infaunal, its Mg/Ca ratios reflect BWTs
reliably [Elderfield et al., 2010].

Within the sediment the habitat depth for U. peregrina varies between different loca-
tions, indicating that its habitat depth might be limited by the oxic-anoxic boundary of the
sediment. A recent study from the Peruvian OMZ [Mallon, 2011] indicates that the pres-
ence of U. peregrina is restricted by bottom water oxygen concentrations. Between 10°S
and 15°S, where the OMZ is most pronounced, U. peregrina was not found in stations
shallower than 520 m. The species was partly present in the OMZ but its main occurrence
was below the OMZ, where oxygen concentrations exceed 4.8 umol kg™*. Within the OMZ
in the EEP, up to 50 % of benthic foraminifers can be attributed to species U. peregrina

when oxygen concentrations of the bottom water exceed ~4.8 umol kg™ [Mallon, 2011].

6.1.3: Regional Setting

The EEP is a region known for its extremely steep continental slope and a corresponding

large temperature gradient down-slope. Furthermore, the area is characterized by up-
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welling of subsurface waters, varying on an annual scale [Kessler, 2006]. Benthic habitats
might be influenced by upwelling, when they are located in relatively shallow water
depths. The upwelling fuels primary production which, in combination with resulting deg-
radation processes, consumes great amounts of oxygen from the water column. These
processes result in the formation of the world’s largest Oxygen Minimum Zone (OMZ),
which stretches along the coasts of Ecuador, Peru and Chile [Karstensen and Ulloa, 2008;
Fuenzalida et al., 2009]. The expansion and intensity of this OMZ also influences the
spreading of benthic and planktonic foraminifers, whose numbers decline sharply if oxy-
gen concentrations are too low.

The hydrographic setting in the EEP (Fig. 6-1) is extremely complex and has been de-
scribed in several works, e.g. Kessler [2006], Fiedler and Talley [2006] and Montes et al.
[2010]. Persistent easterly trade winds result in an offshore Ekman [1905] transport of
surface waters, which is balanced by equatorial upwelling [Kessler, 2006], allowing colder,
nutritious water masses from subsurface depths to stream into the area. Currents in the
EEP are in general not very pronounced and thus short-term influences like wind events
and eddies substantially influence the movement of water masses [Czeschel et al., 2011].
The Equatorial Front (EF) is a sharp hydrographic barrier in the area, which separates
warm and saline surface waters from north of the equator and cooler, fresher water
masses south of the equator. The EF as well as the Intertropical Convergence Zone (ITCZ)
are insolation-driven and thus change their position on an annual course. Subsurface
depths are dominated by the Equatorial Under Current (EUC), which originates west of
the Galapagos Islands and transports highly oxygenated and saline waters [Toggweiler et
al., 1991] into the OMZ offshore Peru.

Source of low salinity water in 500 to 1000 m water depth in the study area can be either
Antarctic Intermediate Water (AAIW) or North Pacific Intermediate Water (NPIW;
[Bostock et al., 2010]). The AAIW in this region is subducted Antarctic Mode Water
(AAMW), which has been formed in the southeast Pacific from the deep winter mixed
layer north of the Subantarctic Front [Hanawa and Talley, 2001]. The AAIW bottom wa-
ters enter the Peru basin from the south through the Chile basin; they are characterized
through low salinities (~34.5 practical salinity units, psu) and temperatures of 3.5 to 10°C
[Tsuchiya and Talley, 1996]. Oxygen content is higher and nutrients are lower in these

abyssal water masses compared to the overlying deep waters; changes of these parame-
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ters from south to north indicate an aging of the bottom water masses [Fiedler and Talley,
2006]. The AAIW can be found in water depths of 600 to 1,300 m offshore Chile [Bostock
et al., 2010]. The NPIW is entering the area offshore Peru from the central North Pacific;
north of the equator it can be found in depths of 400 to 800 m. Salinity (~34) and oxygen
concentration are low in this water mass. Both water masses, AAIW as well as NPIW, can
not be found undiluted in the study area because they mix and form another water mass,
the Equatorial Pacific Intermediate Waters (EqPIW, Fig. 6-1; [Bostock et al., 2010]). This
water mass is characterized through relatively low salinity and oxygen concentrations as
well as cool temperatures; offshore Peru it is located in water depths of roughly 300-700

m.

Salinity

E
=
=
o
7]
p=
[
Q
i
2

5°5

Latitude Temperature [°C]

10°8

15°8

Water depth [m]

E' Ocean Dats

20°S 1500
90°wW 85°W

Latitude

Figure 6-1: Samples locations off Ecuador and Peru; WOA 2009 T- and S-plots

Left map indicates MUC surface sample locations offshore Peru and Ecuador; gray scale in the background
indicates the steepness of the continental slope. Green dots mark stations of analyzed benthic Mg/Ca ratios
and 5'0; orange dots indicate stations for which only §'°0 analyses were performed. Right map shows
salinity and temperature profiles ranging from 20°N to 50°S along the Central and South American coast-
line. Important water masses in the study area are indicated as following in the maps: Antarctic Intermedi-
ate Water (AAIW), North Pacific Intermediate Water (NPIW) and Equatorial Pacific Intermediate Waters
(EgqPIW). Salinity [Antonov et al., 2010] and temperature data [Locarnini et al., 2010] are annual mean val-
ues from WOA 2009.
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6.2: Material & Methods
6.2.1: Sample Selection

All analyzed samples were taken in the EEP offshore Peru and Ecuador during Meteor
cruise 77 (legs 1 and 2) from October to December 2008. Surface samples of the sediment
were taken with a multicorer (MUC); these samples cover a wide range of depths from
110 to 2,607 m and a latitudinal range from the equator to 17°S. For our approach we
analyzed the topmost 0-1 cm of the sediment, or if foraminifer content was too low this
range was widened to 0-2 cm. A map depicting all sample locations is given (Fig. 6-1).
Overall, we analyzed the benthic foraminifer U. peregrina’s Mg/Ca ratios at 34 stations
and 8'%0 at 42 stations. Mg/Ca analyses could not be performed for all stations, because
the foraminiferal content was not always sufficient. This was particularly the case directly

within the OMZ.

6.2.2: Analysis of Stable Oxygen Isotopes and Mg/Ca Ratios

MUC surface samples were washed over a 63 um wide sieve and subsequently dried at
~50°C. The samples were sieved into six different size classes (63—125, 125-250, 250-315,
315-355, 355-400 and >400 um). Approximately 20 well preserved and clean looking
specimens of U. peregrina were picked from the 250-355 um size fractions. The species
content was sparse in some samples, thus it was necessary to sample a larger size range
at these stations (maximum 125-400 um). Prior to cleaning, the foraminiferal samples
were carefully crushed between two glass plates in order to open all chambers. The sam-
ples were homogenized and split for 8*20 analyses (~'/5) and for Mg/Ca analyses (~*/ of
total sample) and transferred into acid-cleaned vials.

The samples for 5'%0 analyses were rinsed three times with ultrapure water and twice
with methanol and in between treated with ultrasound. The §'0 measurements were
performed at a ThermoScientific MAT 253 mass spectrometer equipped with an auto-
mated CARBO Kiel IV carbonate preparation device (GEOMAR, Germany). The isotope
values were calibrated versus NBS 19 (National Bureau of Standards) and the in-house

standard used was the “Standard Bremen” (Solnhofen limestone). Isotope values are re-
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ported in %o relative to the VPDB (Vienna Pee Dee Belemnite) scale. The long term preci-
sion of the in-house standard is £0.090 %o for 8'%0 (2 o value).

The samples for Mg/Ca measurements were cleaned following the protocol of Barker et
al. [2003], but adding the reductive step with hydrazine. After cleaning, all samples were
transferred into new vials and finally leached with 0.001 molar HNOs. Prior to measure-
ment the samples were dissolved in 0.075 molar HNOs (thermally distilled, “supra acid”).
Mg/Ca analyses were carried out with the SPECTRO Ciros““® SOP ICP-AES (provided with
an axial plasma) at Kiel University, Germany. Mg/Ca ratios are reported in mmol mol™.
Relative standard deviation for the calibration standard ECRM 752-1 with respect to
Mg/Ca ratios was 0.1 mmol mol™ (2 o). Fe/Ca, Al/Ca and Mn/Ca ratios were monitored
continuously to detect insufficient cleaning; ratios of Fe/Ca were on average 0.10 mmol
mol™ and 0.44 mmol mol™ at maximum. Al/Ca were on average 0.15 mmol mol™ and 0.67
mmol mol™* at maximum. Corresponding Mn/Ca ratios were 0.01 mmol mol™ on average
and 0.05 mmol mol™ at peak. We did not find a correlation between the increased Fe/Ca,
Al/Ca and Mn/Ca ratios and outliers within our Mg/Ca data set and thus concluded that
the trace metal concentrations within our data set did not noticeably affect our Mg/Ca

ratios.

6.2.3: Dissolution of Benthic Foraminifers

Calcite dissolution matters in the EEP today since the local waters are under saturated
with respect to carbonate ions. A difference between the in situ carbonate ion concentra-
tion [Cogz'] and [C032'] at a saturation of about 18-26 umol kg"1 is considered to be critical
for selective Mg-removal [Regenberg et al., 2006]. Such A[Cogz"] values are already
reached at ~250 m water depth off Peru (Fig. 6-2), based on data from WOCE Line 19C
(stations 359 and 361, located at 4°S/85°W and 3°S/85°W, respectively; [Rubin et al.,
1998]), and calculated after Lewis and Wallace [1998] and Jansen et al. [2002]. The slight
increase of carbonate under saturation with growing depth (Fig. 6-2) does not seem to
noticeably affect the Mg/Ca ratios of our samples below the critical depth. Mg/Ca ratios
are scattered between ~0.7 and ~2.2 mmol mol™. The decreasing Mg/Ca ratios in greater

water depths are likely caused by colder temperatures and not by dissolution processes,
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since U. peregrina is a species which is relatively resistant against dissolution through low

A[CO5”] values [Elderfield et al., 2010].

6.3: Results and Discussion
6.3.1: Dissolution Effects on Foraminiferal Calcite

Benthic Mg/Ca ratios are stable throughout our data set and remain unaffected by disso-
lution processes. The distribution of the data was very likely caused by the different water
depths and the corresponding habitats of the foraminifers (Fig. 6-2). This assumption is
supported by the 820 data set displayed in Figure 6-2, which also indicates a clear tem-
perature trend in the U. peregrina samples. We find no indication of a dissolution prob-
lem with respect to our benthic proxy carrier. It has been reported for other benthic spe-
cies, e.g. in species C. wuellerstorfi [Yu and Elderfield, 2008], that the effect of the A[COs>
] in bottom waters can distort the genuine Mg/Ca temperature effect. However, Sosdian
and Rosenthal [2010] found the Mg/Ca ratios of U. peregrina in the North Atlantic to be
barely influenced by changing [COs>] concentrations. They concluded an increased uncer-
tainty of BWT estimates based on U. peregrina Mg/Ca ratios in those cases where dissolu-
tion might be a problem. Still, they concluded that the general trend of the data should
be trustable. Elderfield et al. [2006] evaluated U. peregrina as a shallow infaunal species
to show only weak or absent sensitivity to carbonate ion concentrations. Other studies
[Elderfield et al., 2010] have shown that Uvigerina sp. seems to be a species which is al-
legedly free of [C032‘] dissolution effects. We calculated A[Cogz’] values and plotted them
versus Mg/Ca ratios (Fig. 6-3A). The comparison with the data set by Elderfield et al.
[2010] shows a range in Mg/Ca ratios comparable to our data set, although our samples
were exposed to more negative A[CO5>] values. The large range of our Mg/Ca ratios ex-
posed to similar A[CO5*] values in different water depths (Fig. 6-2) supports the assump-
tion of stable test ratios and weakens the possibility of dissolution effects. The Mg/Ca
ratios do not seem to be effected by the decrease of A[COs*] values with rising water
depth. Consequently, Mg/Ca ratios of U. peregrina seem to be a robust proxy to record

BWTs in the EEP.
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Figure 6-2: 5'%0 and Mg/Ca of U. peregrina versus temperature and A[CO57]

Left panel shows 80 values for species U. peregrina (black dots) from our data set from 42 surface stations
versus water depth. Values increase in accordance with water depth, thus indicating a correlation between
water temperatures and the 50 signature of benthic foraminifers. Gray area in the background is the
temperature record from the study area (compilation of all CTD casts from M77-1 and -2). Right panel
shows the Mg/Ca ratios measured at 34 surface stations in species U. peregrina (black dots). Mg/Ca ratios
decline with increasing water depth, indicating a temperature trend within the data set. The crosses repre-
sent the calcite saturation index A[Coaz'] versus water depth, calculated after Lewis and Wallace [1998] and
Jansen et al. [2002] on the base of WOCE line P19C, stations 359 and 361 [Rubin et al., 1998]. For each MUC
station the A[CO;,Z’] value from the respective depth was plotted. 2 ¢ standard deviations for 50 and
Mg/Ca are indicated in the prevailing plots.

6.3.2: Stable Oxygen Isotopes and Mg/Ca Ratios

The 80 and Mg/Ca ratios measured in U. peregrina are depicted in Figure 6-2. The 820
values increase in accordance with water depth, consequently indicating a tight correla-
tion between water temperature and the foraminifers 820 signature. The CTD tempera-
ture data set supports the theory of the close relation between 820 of U. peregrina and
BWTs. The 820 ratios of U. peregrina decrease exponentially with increasing water depth
(y = exp (0.989 * x) * 50.006; R? = 0.86); these results strongly suggest a tight relation be-
tween the §'®0 ratios and the temperatures. The 5'%0 values range from 0.901%o at the
shallowest station to 3.629%o. at the deepest station. CTD temperature compilation data

ranges from 2.3 to 24°C.
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Figure 6-3: Mg/Ca and CTD-derived BWTs versus A[Cogz'] in comparison to Elderfield et al. [2010]

Core top Mg/Ca and CTD-derived BWTs versus carbonate ion saturation (A[Cogz'] = [COf']measured - [CO32'
Jsaturation) iN comparison to the data compilation of Elderfield et al. [2010]. (A) shows benthic Mg/Ca ratios of
U. peregrina versus A[Cogz'] from this study and reference data set [Elderfield et al., 2010]. The range of
Mg/Cay peregrina ratios of this study corresponds to the Elderfield et al. [2010] data range, although being at
more negative A[CO_a,Z'] values. The effect of bottom water A[C032'] on Mg/Ca in U. peregrina is apparently
small. (B) depicts CTD-derived bottom water temperatures from M77-1 and -2 from this study versus
A[COQ,Z-], again in comparison with the data set by Elderfield et al. [2010]. The relation between both vari-
ables is apparently closer in our data set, revealed by the markedly larger R? (0.75), compared to the refer-
ence data set (0.57). Our own data set and the reference data set differ markedly, especially when com-
pared to the left plot (A). Fits for this study, for reference data set and for the compilation of both sets, are
indicated in the prevailing plots.

The benthic foraminiferal Mg/Ca ratios (Fig. 6-2) remain stable across the wide range of
water depths, with the variability of ~1 mmol mol™ being very likely caused by the differ-
ent temperatures of the foraminifers habitats. The ratios show a comparable trend of
520 values, thus also indicating a lowering of ratios with increasing water depth. Lower
Mg/Ca ratios are in general associated with cooler temperatures; thus the decreasing
values show a trend towards lower temperatures in greater water depths. Dissolution
processes need to be considered when using Mg/Ca ratios in foraminifers to calculate
temperatures; we evaluated this aspect (Chapter 3.1.). Besides Mg/Ca ratios of U. pere-
grina we also plotted A[CO5*] values (WOCE, line P19C, stations 359 and 361) from water
depths corresponding to the sample depth of the foraminiferal sample (Fig. 6-2). A[CO5*]

values decline with increasing water depth since under saturation with carbonate ions is
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dependent on the water depth; thus deeper and older water masses exhibit a more pro-

nounced under saturation. A[Cogz'] values as well as Mg/Ca ratios in our data set show

clear trends of having been caused by the different water depths from which we collected

the foraminiferal samples. We conclude from our plots (Fig. 6-2) and from previous works

[Elderfield et al., 2010; Sosdian and Rosenthal, 2010] that our samples were not affected

by dissolution processes or diagenetic alteration and thus are reliable proxy recorders to

reconstruct BWTs in the EEP.

6.3.3: BWT Transfer Functions: State of the Art

Since the first efforts of Shackleton [1974] to estimate seawater temperatures through

the 80 signature in the foraminifers tests, various attempts have been made to find

reliable methods to trace past ocean temperatures. Amongst others these include Mg/Ca

ratios of benthic foraminifers, which are a reliable and more accurate proxy to trace

changes in water temperatures than e.g. '20. Several prior studies described calibrations

for converting Mg/Ca ratios of benthic foraminifer tests into temperatures (Table 6-1;

[Elderfield et al., 2006; Bryan and Marchitto, 2008; Yu and Elderfield, 2008; Elderfield et

al., 2010]). However, a linear transfer function based on species U. peregrina for interme-

diate water depths in the Pacific, and in particular for the EEP, does still not exist. Apply-

ing existing transfer functions resulted in a mismatch between the results of our surface

data set from the EEP with modern BWTs.

Table 6-1:

Compilation of Mg/Ca transfer functions for benthic species U. peregrina

Abbreviations for cleaning methods refer to the following: O (oxidative cleaning, according to Barker et al.,

2003), R (reductive cleaning method, including oxidative and reductive step). Samples obtained only by

oxidative cleaning were adjusted by -0.2 mmol mol™ [Elderfield et al., 2006].

Species Location Mg/Ca = Temp. range (°C) Cleaning Reference

U. peregrina spp. Arabian Sea 0.075*T+0.87 1.7-20 (0] Elderfield et al. (2006)

U. peregrina off Somalia 0.065 *T+0.91 1.5-11.8 (0] Elderfield et al. (2006)

U. peregrina spp. Multiple areas 0.067 * T+ 1.09 1.06 — 19.56 O/R Yu& Elderfield (2008)

U. peregrina Florida Straits 0.079 *T+0.77 5.8-17.2 R Bryan& Marchitto (2008)

U. peregrina spp. Multiple areas 0.074*T+0.81 1.0-19.6 O/R Elderfield et al. (2010)

U. peregrina off Peru/ Ecuador | 0.056 * T+ 0.7 22-13.4 R This study/ CTD data

U. peregrina off Peru/ Ecuador | 0.054*T+0.71 | 2.0-14.4 R This study/ WOA data

U. peregrina spp. Multiple areas 0.097 * T+ 0.52 5.0-19.9 O/R This study/ data compilation
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An attempt to calculate bottom water temperatures for the Eastern Pacific was made by

Martin et al. [2002], who evolved an exponential equation (1).
Mg / Ca =1.22(% 0.08)x exp®109(0.007)<BWT "

Even though the transfer function by Martin et al. [2002] was evolved for application in
the EEP, we failed to create a match with modern BWTs when we applied the equation to
our down core data set. We suspect this offset to be caused by two different reasons:
First, the equation by Martin et al. [2002] is based on Mg/Ca ratios of a different species
(C. wuellerstorfi) than the species we analyzed. It has been previously reported that dif-
ferent foraminiferal species in the same water mass differ profoundly with respect to
their Mg/Ca ratios [Rosenthal et al., 1997; Lear et al., 2002]. Second, the Mg/Ca-based
temperature equation by Martin et al. [2002] was derived from samples exceeding a wa-
ter depth of 1,500 m with most of them originating from depths below 3,000 m. In these
abyssal depths strong temperature changes are unlikely, because these water masses are
rather uniform. Consequently, the transfer function by Martin et al. [2002] is based on
samples with a temperature range from 0.4 to 2.8°C. In contrast, our data set covers a
wider range of temperatures (2.0 to 14.4°C). Therefore, the relation between Mg/Ca ra-
tios and water temperatures of the foraminifers habitat was very likely different in our

data set compared to the settings used by Martin et al. [2002].

6.3.4: Developing the Transfer Function

A recent work [Doering, 2012] from our study area, based on a piston core being recov-
ered at the Peruvian margin from 997 m water depth (core M772-059-1), analyzed Mg/Ca
ratios of U. peregrina. The Late Holocene mean value (0-4 ka BP) of Mg/Ca ratios for this
core is 0.97 mmol mol™. When applying different transfer functions to the Mg/Ca ratios of
the Late Holocene [Bryan and Marchitto, 2008; Elderfield et al., 2010], the resulting tem-
peratures vary markedly from the modern values (Fig. 6-6). The transfer function by Elder-
field et al. [2010] results in too low temperatures for core 059 (~1.6°C), whereas modern
data sets suggest 4.7 £0.1°C (WOA 2009). The approach by Elderfield et al. [2010] does
not result in satisfactory temperature estimates for the study area and thus is not suitable
for down core application in the EEP. The transfer function by Bryan and Marchitto [2008]

results in slightly higher temperatures for the Late Holocene (3.3°C), which matches the
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modern data relatively well. However, this transfer function produces unrealistically large
BWT variations down core. The need to develop a new transfer function, which matches
modern values in the EEP more satisfactorily than existing approaches, is thus confirmed.

We present in this study an approach investigating Mg/Ca ratios of the benthic species U.
peregrina based on data from 34 sediment surface samples from the EEP. The data set
was matched with WOA 2009 data (annual mean; [Locarnini et al., 2010]) as well as with
CTD data measured at the same stations where the multi corers were sampled. The
shown WOA 2009 data is always from the station closest to our sampling site; the plotted
temperatures are those from matching water depth of the respective foraminiferal sam-
ple. Corresponding CTD values were measured during the same cruise where the sedi-
ment samples were taken; consequently the CTD temperatures represent (austral) spring
to early summer conditions. The direct comparison between CTD- and WOA-based tem-
peratures shows the close relation between both data sets (Fig. 6-4A). The plots Mg/Ca
versus CTD-derived and WOA-based temperatures (Fig. 6-4B) do not differ considerably,
implying that the lack of spatial coverage (WOA data) and the lack of seasonality (CTD
data) result in similar fits (Fig. 6-4B). In the following we preferably used the CTD-casted
temperature data for calculations since their greater proximity to the foraminiferal sta-

tions seemed desirable.

107



BWTs derived from U. peregrina

ﬂ 16 —
4 Y=1017"X-0.042
Average X = 7.674
o Average ¥ = 7.764
.12 -4 R?*=0.99 s
o
(=]
(]
o
8 N
=
E 8—
£
= 4
g
c 4 —
c
@
0 T l I T | I

0 4 12 16
seasonal BWT from CTD [*C]
2 — 2—

Mg."Ca =0.074"T+0.512 +* Mg/Ca =0.079 " T + 0.486 *

Re=063 R* = 0.61

Mgita = 00542130704 Mg/Ca = 0.056 * T + 0.7

R*=0.63

R*=0.61
=16 — T8
© ©
E E
© °
£ i E .
E E
o o
(&) o
- -
o on
=12— =12
0.8 0.8 T T T T T T |
0 0 4 8 12 16
Temperature [°C] Temperature [°C]

Figure 6-4: Compilation of temperatures from the study area and Mg/Ca ratios of species U. peregrina

(A)

(B)

Shows CTD-derived temperatures versus annual mean values from WOA 2009 data set, indicating
the tight correlation between both data sets.

Compilation of Mg/Ca ratios versus temperatures for species U. peregrina from the EEP. Black
crosses in both plots indicate the complete data set, whereas red stars indicate data points with
temperatures above 5°C. Left panel shows Mg/Ca ratios of U. peregrina from our data set offshore
Peru and Ecuador versus temperatures (annual mean) from WOA 2009 [Locarnini et al., 2010]. WOA
stations located closest to foraminiferal sampling stations and corresponding water depths were se-
lected. Right panel shows Mg/Ca ratios of U. peregrina from our data set offshore Peru and Ecuador
versus temperatures from CTD casts taken during the same cruise (Meteor 77-1 and 2; Oct-Dec
2008). All samples were obtained by reductive cleaning. Resulting transfer functions for both data
sets are remarkably similar, only differing slightly in the y-intercept and the coefficient of determina-
tion (R?).
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Our data set for U. peregrina from the EEP (Fig. 6-2) was plotted versus CTD-sampled tem-
perature data from the same cruise (M77-1 and -2; [Pfannkuche et al., 2011]) and versus
annual mean temperatures from the WOA 2009 data set [Locarnini et al., 2010]. The tight
correlation between CTD and WOA data set (Fig. 6-4A) indicates that they might both be
used to evolve a new benthic transfer function. The resulting fits are remarkably similar
(Fig. 6-4B), no matter if the Mg/Ca ratios of U. peregrina ratios were plotted versus WOA
2009 data or versus CTD data. The coefficient of determination is almost identical in both
plots (R? = 0.63 and 0.61, respectively). Both plots in Figure 6-4B show fits for the com-
plete data set as well as for BWT data exceeding 5°C. The data set with BWTs exceeding
5°C was used preferably since the greater temperature scatter above ~5°C is likely to be
super-imposed on the calibration curve by other factors than temperatures [Lear et al.,
2002]. The resulting transfer functions for BWTs above 5°C are (2) for the fit versus CTD-

based temperature data and (3) for the fit versus WOA 2009:

Mg/Ca = 0.056 * T + 0.7 (2)
Mg/Ca = 0.054 * T + 0.704 (3)

Apparently, the great physical proximity of our foraminiferal samples and CTD-sampled
temperature data counteracts the fact that this temperature data is highly seasonal. By
comparison, the lack of physical proximity between our foraminiferal and the WOA data
set seems to be balanced by the fact that this temperature record displays an annual
mean. Consequently, both data sets are applicable. The use of equations (2) and (3) for
the paleo-record from the EEP [Doering, 2012] results in a reliable match between Late
Holocene values (0-4 ka BP) and modern temperatures from the WOA 2009. Both transfer
functions indicate a temperature of 6.2°C for the Late Holocene (Fig. 6-4) and match the
modern temperature of 4.7 +0.1°C from the nearest WOA station fairly well (Fig. 6-6).
Application of both transfer functions to the data set [Doering, 2012] further supports
their extremely good utilization for samples from the EEP. The evolved transfer functions
(Fig. 6-4, Table 6-1) provide powerful tools to estimate BWTs, but they remain restricted
to the EEP and to the species U. peregrina. Due to this limitation there is a need to com-
bine this data set with others and develop a transfer function for a wider (global) ap-

proach.
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The temperature-sensitive slope (a) of our linear Mg/Ca versus temperature regressions
(a = 0.49-0.51; calibrated versus CTD and WOA data) is low compared to the Elderfield et
al. [2010] calibration (a = 0.81), and causes large BWT amplitude variations when applied
to the down core samples (Fig. 6-6). Thus, when the linear equation by Elderfield et al.
[2010] is applied for samples from the EEP the conversion of down-core Mg/Ca values
results in temperatures, which are too high for the time of their formation and conse-
qguently temperatures would be overestimated. We assume this apparent offset in the
temperature-slope to be caused at least partly by the different settings from which the
analyzed foraminifers were sampled. Since our study area in the EEP is characterized by
an extremely complex hydrography, we suspect an appropriate Mg/Ca transfer function
for this area will only work when it is based exclusively on foraminiferal samples from the
area. Any offset in the tight correlation between Mg/Ca ratios in the foraminiferal tests
and the in-situ temperatures (in which they grow) will consequently result in larger mis-
matches when these transfer functions are applied down core.
Relatively large down core variations are still problematic when equations (2) and (3) are
applied (Fig. 6-6). Depicted are the 5-point running averages for core M772-059-1; Mg/Ca
ratios were transferred into temperatures by using different transfer functions. The ap-
proach by Elderfield et al. [2010], as described previously, shows an unlikely high variabil-
ity down core. Our newly evolved equation (2) results in a reliable match between aver-
aged Late Holocene temperatures and modern data, but still shows a relatively large
temperature range down core. This implies that an approach combining our data set from
the EEP and existing reference data sets might be helpful to find a transfer function which
minimizes the effect of down core variations.
The compilation of our data from the EEP and existing data sets from various regions re-
sults in another linear transfer function (Fig. 6-5), which covers a temperature range of 5
to 19.9°C. The conversion of Mg/Ca ratios of the benthic foraminiferal species U. pere-
grina into BWTs is based on an algorithm (4) derived from the data of our core top study
in combination with several already existing data sets (Fig. 6-5):

T =(Mg/Ca—-0.524)/ 0.097 (4)
This algorithm (R? = 0.77) is based on the compilation of Mg/Ca ratios from 21 benthic
foraminiferal samples from species U. peregrina and literature data [Elderfield et al.,

2006; Bryan and Marchitto, 2008; Yu and Elderfield, 2008]. The Mg/Ca ratios from sam-
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pled stations located at temperatures below 5°C were excluded from the algorithm. Lear
et al. [2002] observed a great scatter in Mg/Ca ratios below temperatures of ~5°C, which
is likely to be super-imposed on the calibration curve by other factors than temperatures.
Samples obtained only by oxidative cleaning were adjusted by -0.2 mmol mol™ to account
for the lowering of Mg during the reductive cleaning step [Elderfield et al., 2006]. The
algorithm based on our surface data set and literature data (Fig. 6-5) displays a higher
temperature-sensitive slope (a) than the other transfer functions (0.097). At similar tem-
peratures, our core top U. peregrina data from the EEP exhibit significantly lower Mg/Ca
ratios than the remaining data compilation. Dissolution effects lowering Mg/Cay.peregrina
are not likely, as the overall range of our Mg/Cay.peregrina data is comparable to those of
the Elderfield et al. [2010] compilation although at much lower carbonate ion saturation

(A[COgZ']; see [Brown and Elderfield, 1996], Fig. 6-3, Chapter 6.3.1.).
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Figure 6-5: Data compilation of our Mg/Ca data set from the EEP and reference sites

Data compilation of our surface data set from the EEP (stars) plotted versus temperature data sampled
during the same cruise by CTD casts. Additionally, we added U. peregrina data from the Arabian Sea, Florida
Straits and multiple locations: Rectangles with crosses [Bryan and Marchitto, 2008], triangles [Yu and
Elderfield, 2008] and dots [Elderfield et al., 2006]. All samples only cleaned by oxidative cleaning (Elderfield
et al., 2006 and partly Yu& Elderfield, 2008) were adjusted by -0.2 mmol mol™ to account for lowering of Mg
during the reductive cleaning step. All samples recovered from temperature settings below 5°C were ex-
cluded from the algorithm, since the large scatter in BWT in this temperature range is likely to be super-
imposed on the calibration curve by other factors than temperatures [Lear et al., 2002].

Our newly evolved algorithm (4) creates a good match between Late Holocene and mod-
ern temperature conditions, which was not achieved with the Elderfield et al. [2010] cali-
bration (Fig. 6-6). Today, the annual mean temperature at 1,000 m water depth is 4.7

1+0.1°C [WOA 2009], which is comparable to the BWT estimate for the Late Holocene of
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~4.6°C (averaged for the last 4,000 years; [Doering, 2012]). Overall, we conclude from the
U. peregrina samples from the EEP that temperature trends in Mg/Ca ratios were faith-
fully recorded and preserved, but transferring these values into BWTs remains a chal-
lenge. Thus, our calibration based on a small data set of U. peregrina surface samples
from the EEP represents a first attempt to create an appropriate function to transfer ben-
thic Mg/Ca ratios into BWTs for this region. Further sampling in the area is required to
enlarge the data set and create a BWT transfer function, which is based on an appropriate
amount of foraminiferal samples from a number of depths and latitudinal ranges. How-
ever, the compilation of our data set and existing reference data sets so far seems to be a
more precise approach to reconstruct down core Mg/Ca-based temperatures for species
U. peregrina in the EEP than the equations based exclusively on samples from the study

area.
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Figure 6-6:  Application of different transfer functions to a down core record from the Peruvian margin

Application of three different transfer functions to a down core record from the Peruvian margin from 997
m water depth (M772-059-1; [Doering, 2012]). Values are 5-point running averages. The arrow on the left
axis indicates modern temperatures for 1,000 m water depth from WOA 2009 [Locarnini et al., 2010]. The
transfer function by Elderfield et al. [2010] does not match the modern temperature of ~4.7°C and shows
down core variability of temperatures which seems unreliable. The CTD-based calibration results in a good
match with modern temperatures, but again the down core variability of temperatures is likely to be too
high. The best approximation to estimate temperatures in the EEP based on Mg/Ca ratios of U. peregrina
seems to be the combination of our own data set and reference data sets (Fig. 6-5; Equation (4)). This algo-
rithm matches the modern temperature and shows a down core variability of ~4°C, which is markedly lower
than the other approaches depicted.
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6.4: Conclusions

Our Mg/Ca surface data set from the EEP, based on benthic species U. peregrina,
proposes a tight correlation between Mg/Ca ratios recorded in the foraminifers tests and
the water depths in which they lived. Further evidence for the close correlation of
decreasing Mg/Ca ratios with increasing water depth is given by the 5'®0 ratios, which
also suggest a high temperature-sensitivity of species U. peregrina. Mg/Ca ratios and
corresponding water temperatures allowed the construction of two similar algorithms,
which precisely estimate BWTs from the sedimentary record in the EEP. The two
functions (2) and (3) were developed solely with U. peregrina data from the EEP and
represent a first attempt to reconstruct BWTs in the area. One remaining problem is that
the resulting down core temperature variability is likely too high. Thus, we combined our
Mg/Ca data set from the EEP with additional data from literature, resulting in a new
transfer function (4). Our newly evolved temperature function (4) promises a higher
precision for our study area, when applied to down core Mg/Ca records compared to
previous approaches, and also shows less down core variability. Basis for this function is a
compilation of data from the EEP and literature data, but the data set is still relatively
small. There is a strong need to enlarge the benthic Mg/Ca data set for the EEP since the
complex hydrography and consequently different habitat conditions need to be

considered in an appropriate way.
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Chapter 7: CONCLUSIONS

7.1: General Conclusions

Being part of the SFB 754 (Climate — Biogeochemistry Interactions in the Tropical Ocean),
the main goal of this PhD thesis is to investigate changes in upper-ocean stratification and
circulation within the OMZ offshore Ecuador and Peru. Further important aspects were
the identification of past changes in hydrography and external control mechanisms ac-
tively shaping the Peruvian OMZ within the past 18,000 years. Benthic and especially
planktonic foraminifers serve as a widely used tool to reconstruct past ocean conditions,
hence, they were the most important proxy carriers within this thesis.

Knowledge of the exact habitat depth for planktonic species is of particular importance
for the correct interpretation of paleo-data. Accordance between 8180equi|ib”um values and
580 values measured in the foraminiferal tests was used to allocate calcification depths
for surface dwelling G. ruber and thermocline dwelling N. dutertrei. Resulting ACDs indi-
cate surface depths of 0-16 m for G. ruber. The results for N. dutertrei exhibit a pro-
nounced north-south gradient with the ACDs being in greater depth (~200 m) in the
northern than in the southern part (~70 m). These pronounced differences in habitat
depth are likely caused through more intense upwelling in the southern part of the study
area, resulting in steeper temperature gradients, lower oxygen concentrations and thus a
shallower habitat depth for N. dutertrei.

Down core results indicate severe changes during the last 18,000 years, in particular dur-
ing the last 10,000 years. The deglaciation in the EEP was characterized by markedly
warmer and more saline conditions compared to today, both in subsurface and surface
depths. With the beginning of the Holocene (~11 ka BP), a pronounced temperature drop
is revealed by the subsurface Mg/Ca records from both sampling sites. In surface depth
this temperature drop is less pronounced; cooling trends in both water depths are ac-
companied by fresher water masses, represented through 8'0yt.¢ values as an approxi-
mation for salinity. The SSTvg/ca trends lag the development in subsurface depths by ~1-2
kyrs. The alkenone-based SST record shows a slow but steady temperature rise, which is
in opposition to both foraminiferal Mg/Ca records. The growing offset between SST u“s,

and the Mg/Ca-based records is likely due to more pronounced seasonal differences:
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These pushed the alkenones into the summer season, while the foraminifers continued to
record annual mean temperatures. The contribution of the EUC, an important water mass
for the upwelling processes in the EEP, probably changed throughout the Holocene. The
observed cooling trends in subsurface and surface depths were likely caused by an en-
hanced admixture of EUC-sourced waters into the study area, replacing the more domi-
nant tropical waters from the deglaciation. This resulted in a greater influence of cooler
and fresher water masses in the EEP, which contained higher amounts of nutrients and
thus fueled the marine productivity in the area. Even though the core locations are close
together (16 nm distance) temperature effects can be observed staggered at both sides,
possibly due to smaller frontal systems between both sites.

Mg/Ca ratios were also investigated in the endobenthic species U. peregrina, which
represents a powerful tool to reconstruct BWTs. The close correlation between §*20 and
Mg/Ca in dependence of the water depth of the samples confirms the reliability of U.
peregrina as a suitable recorder of bottom water temperatures. A combination of the
Mg/Ca ratios and the CTD-based temperature data, supported by literature data, allowed
the development of a newly established bottom water temperature calibration. An
enlarged data set and particularly the greater data amount at the lower temperature
scale improve the preceding algorithms. The new transfer function provides a more pre-
cise estimation of Mg/Ca-derived temperatures in the EEP for species U. peregrina than
previous approaches. The application of this newly calibrated function for down core data
from the EEP results in a reliable match between late Holocene values from sediment

cores and modern temperature data from WOA 2009 data base.
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7.2: Outlook

The two studied piston cores allow the observation of environmental changes with an
extremely good temporal resolution (decadal to centennial). Since the two cores are lo-
cated very close together and clearly north of the present OMZ and the active upwelling
center, more cores from within the OMZ need to be studied to support the findings of this
thesis. The gradual southward extension of cooler and fresher water masses being trans-
ported with the EUC, which is mirrored in the Mg/Ca records of sites 056 and 059, de-
mands further investigation. More sediment cores from north of the two sites but in par-
ticular from further south of the region might help to trace the pathway of the EUC in
more detail than with the core material already investigated. As the preservation of
CaCOs is rather poor directly within the OMZ, foraminifera-based investigations remain a
challenge.

Additionally, it still remains unclear if subsurface depths in the northern EEP are venti-
lated exclusively through EUC-sourced water masses from the Central Pacific. Even
though recent ADCP-based observations clearly point towards the EUC being the domi-
nant water mass at ~3.5°S, this issue affords further consideration. A possible northward
extension of the CCW and related water masses originating within the vicinity of the Ant-
arctic, travelling northwards along the South-American coast, might be proven if the spa-
tial coverage of core material would be sufficient. Cores providing a continuous sedimen-
tary record from further south in the EEP might solve the question, how and to what ex-
tent cooler southern component water masses might have entered the area during the
past.

Additionally, the newly established transfer function to estimate benthic Mg/Ca-based
temperatures demands further verification. A larger set of samples from the EEP might
result in improved bottom water temperature estimations for the study area and possibly

contribute towards an algorithm for U. peregrina, which might be applied globally.
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Abstract

We present a high-resolution marine record of sediment input from the Guayas River,
Ecuador, that reflects changes in precipitation along western equatorial South America
during the last 18ka. We log (Ti/Ca) derived from X-ray Fluorescence (XRF) to document
terrigenous input from riverine runoff that integrates rainfall from the Guayas River
catchment. We find that rainfall-induced riverine runoff has increased during the Holo-
cene and decreased during the last deglaciation. Superimposed on those long-term
trends, we find that rainfall was probably slightly increased during the Younger Dryas,
while the Heinrich event 1 was marked by an extreme load of terrigenous input, probably
reflecting one of the wettest period over the time interval studied. When compared our
results to other Deglacial to Holocene rainfall records located across the tropical South
American continent, different modes of variability become apparent. The records of rain-
fall variability imply that changes in the hydrological cycle at orbital and sub-orbital time-
scales were different from western to eastern South America. Orbital forcing caused an
antiphase behavior in rainfall trends between eastern and western equatorial South
America. In contrast, millennial-scale rainfall changes, remotely connected to the North
Atlantic climate variability, led to homogenously wetter conditions over eastern and
western equatorial South America during North Atlantic cold spells. These results may
provide helpful diagnostics for testing the regional rainfall sensitivity in climate models

and help to refine rainfall projections in South America for the next century.
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A.2.1) Introduction

Seasonal and interannual rainfall variability in western equatorial South America is driven
by a multitude of climatic processes, with the complex regional patterns additionally
shaped by orography. On the Amazonian side of the equatorial Andes, high precipitation
rates are found throughout the year, with maxima occurring at the equinoxes (Garreaud
et al., 2009; Poveda et al., 2006; Figure A-2-1a). On the Pacific side, the orogenic barrier
of the Andes blocks moisture transport from the Atlantic Ocean, making the Ecuadorian
and Peruvian lowlands much drier than on the eastern side of the Andes. Still, there is a
well defined subdivision between coastal regions located north and south of the equator
which are affected by opposite seasonality in rainfall regimes (Garreaud et al., 2009; Pov-
eda et al., 2006; Figure A-2-1a). In addition, interannual rainfall variability associated with
the El Nifio-Southern Oscillation (ENSO) contributes to the rainfall pattern complexity
over South America (Dai and Wigley, 2000; Figure A-2-1b). Since the importance of these
factors for regional rainfall patterns is difficult to assess, it remains problematic to under-
stand the sensitivity of the hydrological cycle over South America to the climatic forcing at
different timescales.

Beyond historical rainfall records, valuable information can be gained from paleoclimatic
archives spanning time windows over which different forcings were at play. Past shifts in
rainfall over South America since the Last Glacial Maximum (LGM) are thought to depend
on, both, changes in orbital parameters and in the Atlantic Meridional Overturning Circu-
lation (AMOC) intensity (Cruz et al., 2005; Wang et al., 2007). Changes in summer rainfall
intensity are characterized by a latitudinal antiphase behaviour between northern and
southern tropics (Cruz et al., 2005; Haug et al., 2001; Wang et al., 2007). At the orbital
timescale, a maximum in boreal summer insolation during the early Holocene triggered
intense rainfall in northern South America, followed by a progressive aridification associ-
ated with the austral summer insolation increase during the mid- to late Holocene (Haug
et al., 2001). In contrast, the southern tropics experienced drier conditions during the
early to mid-Holocene, followed by wet conditions during the late Holocene as recorded
in speleothems from southern Brazil (Cruz et al., 2005; Wang et al., 2007) and Andean
lakes (Baker et al., 2001; Bird et al., 2011).
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Figure A-2-1: Seasonal precipitation for South America, for El Nifio and for Guayaquil

(a) Seasonal changes in mean precipitation over South America derived from the Tropical Rainfall Meas-
uring Mission (TRMM). Data extracted from the NASA/GSFC website available at
http://trmm.gsfc.nasa.gov/. Location of paleo-precipitation records displayed in Figure A-2-5 are
numbered as following: (1) Haug et al. (2001); (2) Cruz et al. (2009); (3) van Breukelen et al. (2008);
(4) This study; (5) Wang et al. (2007).

(b)  Annual precipitation anomalies over South America for typical El Nifio (modified from Dai and Wig-
ley, 2000).

(c) Mean monthly precipitation at Guayaquil, modified from Rincon-Martinez et al. (2010).
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Closer to the equator, where the sun passes twice at zenith each year, the regional pat-
tern of rainfall variability seems to be more complex than the simple antiphase behavior
observed north and south of the equator where dry and wet seasons are well defined.
Speleothem records collected close to the equator at the eastern and western edges of
the Amazonian Basin indicate that Holocene changes in insolation have triggered an East-
West antiphase in rainfall trends (Cruz et al., 2009). During the mid Holocene in particular,
Northeastern Brazil was associated with wetter conditions than nowadays South of the
equator (Cruz et al., 2009), while the western equatorial South America was marked by
drier conditions (van Breukelen et al., 2008).

At the millennial timescale, a slowdown in AMOC associated with North Atlantic cold
spells such as the Heinrich event 1 (H1) and the Younger Dryas (YD) induced a southward
shift in rainfall over northern South America (Haug et al., 2001; Leduc et al., 2007; Peter-
son et al., 2000). Similar to the case for orbital forcing, the southern tropical South Amer-
ica experienced an increase in rainfall opposite to the North. Clearly wetter conditions are
revealed in speleothems from southern Brazil during the H1 and the YD (Cruz et al., 2005).
The same pattern is observed for Brazilian rivers runoff situated closer to the equator in
marine records (Arz et al., 1998; Jaeschke et al., 2007; Jennerjahn et al., 2004). However,
no clear East-West antiphase in rainfall response to North Atlantic cold spells is apparent
in existing continental speleothems records located close to the equator (Cruz et al.,
2009; van Breukelen et al., 2008). The available records rather suggest a moderate in-
crease or no changes in equatorial rainfall at the east and west of the Amazonian Basin
during the H1 and the YD. Therefore climate changes at orbital and millennial timescales
tend to enhance or decrease rainfall amount over tropical South America in different
ways. Yet we are lacking continuous paleoprecipitation records covering the full Deglacial
and Holocene time periods for the eastern equatorial Pacific (EEP) and Peruvian coastal
plains to decipher whether or not the rainfall anomalies observed above the Amazonian
basin are mirrored on the Pacific side of the Andes.

Here we present two continuous Ti/Ca records close to the northern Peruvian coast,
south to the Gulf of Guayaquil in the EEP, covering the last 18 ka. The studied site, situ-
ated midway from the hyperhumid Colombian margin to the North and the hyperarid
Peruvian desert to the South, provides the opportunity to better understand how ocean-

atmosphere interactions are set up under different climatic boundary conditions and may
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modulate regional rainfall regimes from oceanic areas to mountain tops. The records pro-
vide information on past changes in sediment discharge induced by regional rainfall
changes with sub-centennial resolution. These Ti/Ca records compared with rainfall re-
cords from the other key regions of tropical South America (Figure A-2-1) allow an im-
proved assessment of regional rainfall response to orbital and millennial-scale climate

forcing.

A.2.2) Regional settings

At the seasonal timescale, rainfall patterns over the South American continent migrate
latitudinally following the annual cycle of insolation, but over the adjacent ocean the In-
tertropical Convergence Zone (ITCZ) remains near 5°N because of local air-sea interac-
tions (Figure A-2-1a). In addition, south of the equator, the Andes impede moisture trans-
port to the Pacific Ocean, leaving the Pacific coastal plains within a rain shadow (Figure A-
2-1a). Consequently, a sharp regional contrast exists between the Pacific side of the An-
dean Cordillera and the Amazonian Basin at the equator, the latter receiving most of its
rainfall from the Atlantic Ocean (Bookhagen and Strecker, 2008). The Guayas River
catchment is within a transitional region situated between the Columbian Margin to the
North - which receives its rainfall from the Pacific, and the Peruvian Margin where most
of the rainfall comes from moisture advected from the Atlantic and meandering through
the Andes (Bookhagen and Strecker, 2008).

Rainfall patterns over the South American continent closely follow the South American
Monsoon system. Rainfall maxima occur north of the equator during the boreal summer
and vice-versa during the austral summer (Figure A-2-1a-c). Along the equator, a broad
precipitation maximum occurs during austral summer (Figure A-2-1c). On the other hand,
October rainfall is reduced and tends to be confined above the western side of the Ama-
zonian Basin (Figure A-2-1a). These features result in a bimodal distribution of the annual
cycle of rainfall, with maxima occurring at equinoxes above the Amazonian Basin (Poveda
et al., 2006).

Along the Pacific coast, regional rainfall also varies from region to region because local
land-ocean-atmosphere interactions regulate precipitation distribution superimposed on

the dynamics of the ITCZ (Figure A-2-1a). North of the equator, the Pacific side of the Co-
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lumbian Margin receives high amounts of rainfall from the low-level westerly Choco Jet,
which transports moisture from the EEP to the western flank of the Andes during the bo-
real summer (Bookhagen and Strecker, 2008; Poveda and Mesa, 2000). South of the
equator, rainfall maxima occur during austral summer when the ITCZ prevails above the
eastern equatorial Pacific in the southern hemisphere (Liu and Xie, 2002; Figure A-2-1a).
South of 5°S, the hyperarid Peruvian desert extends along the Pacific coastline and is sus-
tained year-round by the cold Humboldt current and its associated upwelling system
(Garreaud et al., 2009; Figure A-2-1a).

At the interannual timescale, warm ENSO anomalies in the EEP are marked by drier condi-
tions in northern South America and along the equator above the Amazonian basin, while
conditions over southeastern South America and the EEP are comparatively wetter (Dai
and Wigley, 2000; Silvestri, 2004; Figure A-2-1b). Along northern Peru and Ecuadorian
coastlines, El Nifio events provoke important increases in precipitation as compared to
normal years (Dai and Wigley, 2000; Figure A-2-1b). Little further to the South, within the
northern Peruvian desert located between 5 and 10°S, significant rainfall exclusively oc-
curs during El Nifio events (Wells, 1990).

Rainfall patterns occurring within the river catchments of interest for our study area are,
unlike along the Amazonian flanks of the Andes, unimodal. A rainy season from January to
March occurs both in Guayaquil (1°S) and Piura (5°S), but the amount of precipitation
received in Guayaquil is about an order of magnitude larger than in Piura

(www.allmetsat.com).

A.2.3) Material and methods

Piston cores M772-059 (3°57.01’S, 81°19.23’W, 997 m water depth) and M772-056
(3°44.99’S, 81°07.25’'W, 350 m water depth) were collected south of the Gulf of Guayaquil
(Figure A-2-1). The Gulf of Guayaquil is composed of a sedimentary platform, with an
outer shelf break into the continental margin situated at a water depth of ~100 m (Figure
A-2-2; Witt and Bourgois, 2010). The sediments accumulating at the coring sites are domi-
nated by terrigenous particle discharge associated with riverine runoff controlled by re-
gional rainfall intensity, and contain as a secondary component marine biogenic carbon-

ates. Sedimentary discharge into the Gulf of Guayaquil is mainly linked to the Guayas
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River runoff, which integrates rainfall from a narrow catchment located North of
Guayaquil on the western flank of the Ecuadorian Andes (Twilley et al., 2001). The Guayas
River discharge closely tracks the integrated precipitation occurring on land within the
basin catchment without any time lag (Twilley et al., 2001). The northern Peruvian coast is
subdivided by a mosaic of small coastal river catchments, which are much more sensitive

to ENSO as compared to the Guayas River (Wells, 1990).

Figure A-2-2: Regional bathymetry (isobaths in meters) and sediment core locations

The Gulf of Guayaquil is typically marked by water depths shallower than 100 m. Assuming that regional
relative sea level rise followed the eustatic sea level evolution, the 100 m and 50 m isobaths provide quali-
tative indications on how the coastline may have evolved in response to eustatic sea level, with the 100 m
and 50 m isobaths representing coastlines at ~15 and 11 ka, respectively (Bard et al., 1996). The arrows
locate small rivers mouths that may occasionally represent a significant source of terrigenous material to
coring sites during El Nifio events (Wells, 1990).
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The age model of the combined full Deglacial to Late Holocene record is based on radio-
carbon measurements from 10 and 11 different depth levels for cores M772-059 and
M772-056, respectively (Table A-2-1; Figure A-2-3). Radiocarbon measurements were
performed on the planktonic foraminifera species Neogloboquadrina dutertrei at the
Leibniz Laboratory for Radiometric Dating and Stable Isotope Research, University of Kiel
(CAU). Radiocarbon ages were calibrated using MARINEO9 (Reimer et al., 2009), with a
constant AR of 200 +/- 50 years based on sites with known reservoir ages situated closest
marine  Reservoir  correction  database

to our core location in the

(http://calib.qub.ac.uk/marine/).

Table A-2-1: AMS™C data used for cores M772-059 and M772-056 age models

Conversion of radiocarbon ages to calendar ages was done using the program Calib 6.0. and the Marine09
calibration curve. A regional reservoir age offset of 200150 years was applied. Ages were linearly interpo-
lated between mean points of age ranges.

Age range, Cal. Age (yrs
Depth (cm) Radiocarbon age (yrs BP)  cal. yrs BP BP), mean
(20) value
M772-056
2 0 0 0
49 1085+ 25BP 416 - 616 516
138 2575+ 30 BP 1850 - 2153 2001
199 3255+25BP 2717 - 2965 2841
338 4960 = 30 BP 4850 - 5225 5037
399 5510+ 40 BP 5563 - 5853 5708
508 6620 = 35 BP 6735 - 7088 6911
599 7430 =35 BP 7574 - 7826 7700
693 8220+ 60 BP 8326 - 8678 8502
769 8960 = 45 BP 9271 - 9538 9404
893 10085 £ 45 BP 10596 - 11060 10828
999 11030 =50 BP 12052 - 12561 12306
M772-059
13 830+ 25BP 124 - 420 272
148 3490 =30 BP 2957 -3303 3130
204 4325+ 45BP 3985 - 4385 4185
303 5725+ 50/-45 BP 5732 - 6097 5914
404 7815+ 65 BP 7922 - 8273 8097
658 10470 = 50 BP 11128 - 11427 11277
803 11855 = 60 BP 12916 - 13309 13112
804 12060 = 130 BP 13081 - 13673 13377
1033 13140 £ 70 BP 14200 - 15119 14659
1344 15270 = 150 BP 17251 - 18121 17686
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For core M772-059, the resulting age model implies sedimentation rates varying between
~50 and 170 cm*kyr-1, providing a time resolution ranging from ~22 years*cm-1 during
the mid-Holocene down to ~6 years*cm-1 for the Heinrich 1 time interval. For core M772-
056, the resulting age model implies sedimentation rates varying between ~63 and 117
cm*kyr-1, providing a time resolution ranging from ~16 years *cm-1 during the mid-
Holocene down to ~8 years*cm-1 for the early Holocene time interval.

Contents of total carbon (TC) and organic carbon (Corg) were measured on core M772-
059 from bulk and decalcified sediment, respectively, using an elemental analyzer. The
carbonate content was then calculated using the equation %CaCO3 = (%TC - %Cqrg)*8.33.
The relative elemental composition of sediments was analysed using an Avaatech X-ray
fluorescence (XRF) Core Scanner at 1 cm distance following the procedure described in
(Tjallingii et al., 2010). We use the Ti element intensity (in counts per seconds) relative to
the Ca intensity to monitor past changes in terrigenous detrital content relative to that of
marine carbonates, and consider it as a proxy for riverine runoff as in previous studies
(Arz et al., 1998; Haug et al., 2001; Jaeschke et al., 2007). We also check the log (Si/Al) to
look for outstandingly high log (Si/Al) changes, which may indicate significant changes in

biogenic opal fluxes, most likely reflecting productivity of diatoms and radiolaria.

A.2.4) Results

A.2.4.1) XRF data

We use log-ratios of Ti/Ca (log Ti/Ca), which provide unbiased estimates for the relative
concentration of Ti over Ca with respect to sedimentary heterogeneities and nonlineari-
ties between the XRF intensity and its corresponding sedimentary concentration (Weltje
and Tjallingii, 2008). In marine sediments mainly composed of terrigenous material at
tropical latitudes, as at our core sites, the log (Ti/Ca) can be applied to reconstruct past
changes in continental detritus accumulation as a qualitative indicator for rainfall variabil-
ity occurring on the adjacent continent. Such assumption relates to the fact that Ti repre-
senting the dominating detrital fraction, once normalized to marine biogenic Ca, reflects
the variable input of terrigenous material at coring sites through the modulation of Ca
content associated with dilution of carbonates. Variations of elemental XRF intensity of Si,

Al, Ca and Fe are shown as a function of Ti intensity in Figure A-2-3. For clarity, we only
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consider the core M772-059 that covers the last 18 ka and for which carbonate content
data are available for validating the interpretation of XRF data. Ti is positively correlated
to Si, Al and Fe with near perfection (Figure A-2-3), and shows negative correlation to Ca
at a confidence level of 95% (r2=0.066, n=1327, Figure A-2-3). The positive correlation
between Ti and the other terrestrial elements is expected as those elements have the
same origin. The negative statistical correlation between Ti and Ca (Figure A-2-3) suggests
that the amount of Ca with respect to that of Ti was mainly affected by dilution with the
terrigenous phase, which is the basis of our interpretation of log (Ti/Ca). The significance
of the linear regression between Ti and other terrigenous elements is probably stronger
than that relying Ca and Ti. It suggests that processes other than dilution modulate the Ca
XRF intensity such as changes in carbonate rain rates, but that mechanism is clearly of

second-order.
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Figure A-2-3: XRF counts for Ca, Al, Si and Fe plotted as a function of Ti counts for core M772-059
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The calcium carbonate content in the sediment core is only a minor component that var-
ies between 2 and 8 % of dry bulk sediment (Figure A-2-4). Such low amount of carbonate
content cannot be considered as the diluting factor for the overall terrigenous fraction
indicated by changes in Ti, Al, Si and Fe. Furthermore, organic carbon content and bio-
genic opal content vary between 1.5% and 3% and between 0 and 4%, suggesting that the
terrigenous fraction might represents ~90% of the total sedimentary fraction in our cores.
The overwhelming terrigenous component, once other processes such as sedimentary
compaction are accounted for, makes it impossible commenting on temporal changes of
the sedimentary discharge while presenting the Ti content alone such as it has been done
elsewhere (Haug et al., 2001). Rather, it is likely that coeval changes in the accumulation
of the terrigenous fraction have been responsible for dilution of carbonates, but implies
that the log (Ti/Ca) is a true reflection of varying terrigenous input only if a constant mass
accumulation rate of carbonates and its sedimentary preservation remained constant.
Changes in marine production probably did not impact significantly the CaCO3 sedimen-
tary content for the following reasons. A low-resolution biogenic opal record measured
on core M772-056 varies between 0 and 4% of dry sediment without any distinguishable
features (data not shown). Such low amounts of biogenic opal are well below the analyti-
cal uncertainty associated with the opal measurement procedure (Miller and Schneider,
1993), and thus cannot be used as a reliable indicator for varying diatoms productivity.
We tentatively use the log (Si/Al) to track changes in biogenic Si that can reflect variations
in opal content linked to changes in productivity of diatoms and radiolaria. Downcore
changes in log (Si/Al) from both M772-059 and M772-056 (Figure A-2-4) suggest little if
any significant changes in biogenic Si contribution from diatoms, further corroborating
our assumption that primary productivity cannot explain the observed changes in the log
(Ti/Ca) at our coring sites.

Ideally, changes in lithogenic fluxes should be derived from calculation of accumulation
rates using sedimentation rates and dry bulk density values (Rincdn-Martinez et al., 2010;
Rdhlemann et al., 1999). Taken at face value, the information contained in the computa-
tion of such fluxes would however be highly dependent on the number of age tie points
(Rihlemann et al., 1999), which cannot be obtained at a resolution sufficient enough to
directly date both millennial and centennial scale changes as documented by the log

(Ti/Ca) records. Proxies for nutrient cycling embedded in nitrogen isotopic measurements
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(8"°N) performed on both cores provide additional information on primary productivity at
coring sites, independently of sedimentary processes. Downcore measurements of §"°N
indicate that core M772-056 has slightly heavier 3"°N signature, probably because its
proximity to the coastline induced higher primary productivity there (Mollier-Vogel et al.,
manuscript in prep). It is independently suggested by the fact that log (Ti/Ca) is found
lower for M772-056 compared to core M772-059 because more carbonate accumulates

closer to the coastline. However, only little - if any - changes in nutrient cycling without

152



Rainfall response to orbital and millennial forcing in northern Peru over the last 18 ka

(a) 03 71—

log (TiCa)
5

|
N

M772-059 17

iy

"Ih 'III(

-0.9

(b}  27s00 -

M772-056

22500

17500

12500

Ca (counts per second)

1
%]

T500

[

3

]

»®

P

]

E 3

H

HN

¥
BB
("puyBrl)

WBIaM "Weo)
PENETETE BT AT BN

L
[=]

(c)

log (Silal)

1400
1200

M772-056

1000 -E
800
600
400
200

(d)

(wo) 2100 U

1 1 u
3 10 15 20

. 0
Figure 4 Age (kyr BP)
Figure A-2-4: Log (Ti/Ca), CaCO; content, Ca intensity, log (Si/Al) and age/depth relation

(a) Log (Ti/Ca) for cores M772-059 and M772-056. (b) Carbonate content, Ca intensity in counts per second
in core M772-059 and weight per foraminifera: crosses and triangles for core M772-056 and M772-059,
respectively. (c) Log (Si/Al) for cores M772-059 and M772-056. (d) Age / Depth relationships for cores
M772-059 and M772-056, with age uncertainties (2 sigma) reported as error bar.
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any distinguishable correspondence with the CaCO; content occur (Mollier-Vogel et al.,
manuscript in preparation). Such result unambiguously indicates that changes in primary
productivity can be ruled out as a potential driver of changes in downcore carbonate con-
tent. Finally, scanning electron microscope pictures, foraminifera weights and foraminif-
era elemental analysis performed on N. dutertrei indicate any influence of carbonate dis-
solution of foraminifera tests (Boschen et al., manuscript in preparation), suggesting that
the CaCO;s; content which varies between 2 and 8% cannot be explained at first order by
any other process than dilution by the terrigenous fraction.

The advantage of XRF core scanning is to provide useful information on past changes in
the proportion of elements of continental versus marine origin at very high temporal
resolution. It has been successfully used to monitor rainfall variability from cores situated
in the vicinity of river mouths all along the tropics (see e.g. Adegbie et al., 2003; Arz et al.,
1998; Haug et al., 2001; Jaeschke et al., 2007; Jennerjahn et al., 2004; Tachikawa et al.,
2011). At this stage, it is worth mentioning that in the Cariaco Basin, the sedimentary
fractions of biogenic and terrigenous material are comparable and affected by equal rates
of changes in dilution by each other, allowing the use of the terrigenous fraction (%Ti)
only in that particular environment (Haug et al., 2001). As marine sediments at our coring
site are almost exclusively composed of terrigenous material, the use of log (Ti/Ca) is here

warranted.

A.2.4.2) Variations in terrigenous input

The log (Ti/Ca) record of M772-059 tracks changes in supply of terrigenous material at
our deeper coring site back to 18 ka, of which the likely main contributor is the Guayaquil
River runoff over Ecuadorian and northern Peruvian Andes, in association with regional
response of precipitation to long and short term climate changes (Figure A-2-4). The old-
est part of the core is marked by a rapid increase in log (Ti/Ca) between ~18 and 17 ka,
followed by a broad maximum of log (Ti/Ca) recorded between ~17 and 15 ka, corre-
sponding to the H1 cold event. A sharp decrease in log (Ti/Ca) which, according to our age
model, corresponds to the Boelling/Alleroed time period, indicates a rapid and substantial
decrease in terrigenous input immediately following the H1. At the onset of the Younger

Dryas chronozone, the log (Ti/Ca) is marked by a moderate increase, which reversed the
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deglacial decreasing trend in riverine runoff. The log (Ti/Ca) decreasing trend of the de-
glacial time interval resumes after the YD and reaches a minimum at ~8 ka BP. There is a
lag of the log (Ti/Ca) decreasewith respect to the YD chronozone in core M772-059,
probably due to age model uncertainties. We note that the end of the YD in core M772-
056 - which has one radiocarbon data point within the YD chronozone - is associated with
the same log (Ti/Ca) reversal but with a perfect phasing with the YD chronozone (Figure
A-2-4). The mid- to late Holocene part of the sequence is marked at first order by an in-
creasing trend in lithogenic fluxes over the last 8 ka, on which rapid multi-centennial scale
changes are superimposed.

We note that the mid- to late Holocene log (Ti/Ca) increase is not associated with an in-
crease in sedimentation rate. Given the data we have in hands, we cannot provide any
satisfactory information for such feature. Because of the matrix effect, probable is that
the Ca fluorescence is affected more than Ti within the upper part of the core. Where
chlorine (Cl) counts are increasing, such as in the sedimentary interval corresponding to
the mid- to late-Holocene, the water content is probably responsible for a matrix effect
which absorbs more the fluorescence of light elements, such as Al, than the heavier ones
such as Ti. For example, computing the log of two light elements such as log (Al/Ca), re-
duces the magnitude of the estimated changes in sediment delivery, indicating that
porewater content induces a matrix effect that may slightly overestimate the sedimentary
load of terrigenous material depicted in log (Ti/Ca). It however cannot modify the sign of
change observed in log (Ti/Ca) so that we are confident in the interpretation of the log
(Ti/Ca) trends we make for the Holocene period. Possible is that the age model is affected
by major shifts in radiocarbon reservoir ages occurring during the Holocene. Radiocarbon
reservoir ages from environments as dynamic as the southwestern American margin have
to be interpreted with caution. A major decrease in marine radiocarbon reservoir of sev-
eral centuries was detected between the early and the late Holocene (Ortlieb et al.,
2011), probably contributing to overestimate the calibrated radiocarbon age of the early
Holocene and/or underestimate the ones from the late Holocene. Whether that charac-
teristic had repercussions at our sites is undetermined and requires further investigations.
We however note that this artifact might obscure the computed sedimentation rates, in a

way that correcting our age models using trends in marine reservoir ages reconstructed
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from the Chilean margin (Ortlieb et al., 2011), will eventually contribute to detect an in-

crease in the sedimentation rate over the Holocene once this artifact is accounted for.

A.2.5) Discussion

A.2.5.1) Sedimentary patterns

Despite the relative proximity of cores M772-059 and M772-056 to the Guayas River es-
tuary, sediment delivery at the two core sites may have been affected also by oceanic
transport processes. Core M772-056 is situated closer to the edge of the shelf platform of
the Gulf of Guayaquil while core M772-059 was retrieved from the upper Peruvian slope
(Figure A-2-2). Any change in subsurface to intermediate water mass movements could
have modified the sedimentary pattern; however, these are not expected to alter the
sedimentary signals in a similar way at the respective water depths. Therefore, the obser-
vation that cores M772-059 and M772-056 share similar changes at the multi-centennial
and multi-millennial timescales suggests that mainly changes in regional rainfall and its
associated river runoff with terrigenous delivery control the log (Ti/Ca) variability at our
core sites.

The log (Ti/Ca) record of M772-056 covers the last 13 ka only, but the main patterns de-
scribed for core M772-059 remain valid (Figure A-2-4). Small contrasts in the timing of
submillennial-scale variations superimposed on the long-term trends in both cores indi-
cate that adjustments in the age model may be needed to improve the one-to-one cou-
pling of these events (Figure A-2-4).

For the earlier part of the deglaciation, which is only recorded in M772-059, we cannot
dismiss an impact of sea level rise on the log (Ti/Ca). However, the earliest sharp increase
in log (Ti/Ca) recorded between ~18 to 16.5 ka corresponding to the onset of the H1 cli-
matic chronozone occurred when the deglaciation and sea level rise already began (Bard
et al., 1996), moving depositional accommodation space shoreward. Therefore the high
sedimentary input at M772-059 site during the H1 was linked to a change in sediment
delivery caused by increased riverine runoff and associated regional rainfall. Similar rea-
soning can be applied to the YD chronozone, during which the slight but significant in-
crease in log (Ti/Ca) cannot be attributed to the retraction of the shoreline linked to sea

level rise. We thus assume that the H1 and, to a lesser extent the YD, were influenced by
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increased sedimentary delivery from the surrounding hinterland during wetter conditions
as compared to the time interval bracketing those events. On the other hand we cannot
rule out that sea level rise contributed to the overall magnitude of the decreases in log

(Ti/Ca), recorded between 14.5 and 13 ka as well as between 11 and 9 ka BP.

A.2.5.2) Review of precipitation changes around equatorial South America during

the last 18 ka

Overall, our record confirms the equatorial East-West antiphasing in precipitation trends
as previously found at the orbital timescale for the last 18 ka in speleothem records col-
lected in equatorial South America (Figure A-2-5). Modeling experiments successfully re-
produce the implied zonal antiphasing in precipitation trends recorded along the equator
during the Holocene when they are forced by changes in orbital parameters, e.g. Cruz et
al., (2009). This feature can be explained by an atmospheric response to latent heat re-
lease in the upper troposphere, which caused stronger subsidence over northeastern Bra-
zil to accommodate the enhanced convection and upward motion during times of en-
hanced austral summer insolation and its associated increase in austral summer monsoon
(Cruz et al., 2009).

The rainfall increase recorded at our studied site during H1 stands out as a prominent wet
phase and co-occurred with wet conditions on the eastern side of the Amazonian Basin
(Arz et al., 1998; Cruz et al., 2009; Jaeschke et al., 2007; Jennerjahn et al., 2004). This
strongly suggests in-phase rainfall anomalies at equatorial latitudes at millennial time-
scales (Figure A-2-5). Moreover, as indicated by the log (Ti/Ca) record, the H1 event was
probably experiencing large centennial scale variance in rainfall, highlighting the internal
complexity of this event (see also Alvarez-Solas et al., 2011). A recent lacustrine record in
the Lake Peten Itza provides evidence for such a multi-phased H1 climate anomaly
(Escobar et al., 2012). The authors assigned these centennial-scale shifts within the H1
chronozone to multiple iceberg discharges in the North Atlantic during H1 (Bard et al.,
2000). A recent speleothem record from the central Peruvian Andes recorded similar
high-frequency shifts in precipitation during Heinrich events 4 and 3 (Kanner et al., 2012),
which mimics sea surface temperature changes from the Bermuda Rise (Sachs and Leh-

man, 1999). All this evidence reinforces the idea that Heinrich stadials contain complex
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Figure A-2-5: Records for past changes in precipitation over South America

(1) Haug et al. (2001); (2) Cruz et al. (2009); (3) van Breukelen et al. (2008); (4) This study; (5) Wang et al.
(2007). The Younger Dryas (YD) and Bolling/Alleroed (BA) time intervals are reported at top of the panel
according to the GISP2 timescale (Grootes et al., 1993) while the timing of the Heinrich event 1 (H1)
chronozone was chosen after Bard et al. (2000). Orange triangles indicate radiocarbon ages used to com-
pute the M772-059 age model.
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internal climate variability, which needs to be further studied. An overall wet H1 can be at
least partly explained by a southward shift in the mean ITCZ latitudinal position over oce-
anic regions surrounding South America along with its associated monsoon variability
over the continent in analogy to increases in precipitation recorded in speleothems from
Southern Brazil (Figure A-2-5) (Cruz et al., 2005; Wang et al., 2004; Wang et al., 2007) and
in the Andean altiplano by ~20°S (Blard et al., 2009).

At our studied site, the 18 to 8 ka time interval is marked by a general decrease in sedi-
ment discharge from the Ecuadorian Andes (Figure A-2-5). This suggests a long-term aridi-
fication co-occurring with the deglaciation phase from the Last Glacial to the Early Holo-
cene, with potentially some superimposed sea level imprint (Figure A-2-5). Such a feature
is in contrast with sites located north of the equator where the last deglaciation is marked
by an overall increase in precipitation (Pahnke et al., 2007). Interestingly, a marine site
located at the equator close to the northern Ecuadorian margin was also marked by pro-
nounced increases in riverine runoff over the last five terminations (Rincén-Martinez et
al., 2010). However, the temporal resolution of these records is not resolving millennial
scale variations superimposed on the deglacial trend. Although our record is not covering
the full glacial period, from the oldest part of the record it is apparent that the start of H1
was associated with a strong increase in the log (Ti/Ca), which decreased back toward the
deglacial values observed before the H1. Overall, our riverine runoff record from northern
Peru suggests that rainfall changes occurring during the deglaciation and the H1 were of
opposite sign as compared to those recorded at marine and continental sites located in
the northern tropics (Leduc et al., 2007; Escobar et al., 2012).

The only moderate increase in precipitation along the equator during the YD compared to
the H1 probably reflects differences in the magnitude of these cold spells and/or in the
regional climate response to AMOC perturbation under glacial and interglacial boundary
conditions (Roche et al., 2011). A muted YD anomaly compared to that associated with H1
was also recorded in Lake Peten ltza (Escobar et al., 2012), suggesting that these two
events did not affect tropical rainfall with the same intensity.

For the mid- to late Holocene rapid rainfall fluctuations are detected, superimposed on
the first-order increasing trend in precipitation. Analogous fluctuations occurring at multi-
centennial times scales are analogous to other climatic features from sedimentary ar-

chives collected around Latin America that have connections with the ITCZ dynamics of
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ENSO. These records include precipitation changes in the southern tropics (Strikis et al.,
2011) and at the equator (Moy et al., 2002), as well as ENSO-induced changes in SST along
Baja California (Marchitto et al., 2010). The phasing of these changes however cannot be
satisfactorily resolved given the limitation in the existing age model of our sedimentary
sequence. Thus it remains speculative to associate these centennial changes in regional

rainfall to shorter Holocene fluctuations in AMOC (Bond et al., 2001).

A.2.5.3) Processes controlling equatorial rainfall variability at different timescales

The M772-059 log (Ti/Ca) record, while compared to the speleothem record from north-
eastern Brazil and Peru, suggests that East-West in-phase increases in precipitation may
have occurred along the equator during the H1 and the YD (Figure A-2-5). This observa-
tion was recently confirmed by newly obtained speleothem records from the western
Amazonian Basin (Cheng et al., 2013).

At orbital timescale, an anti-phase behavior is apparent in rainfall trends with the western
South Americas becoming dry in the Early Holocene as compared to the H1 and the Late
Holocene, and vice versa for the Northeastern Brazil (Figure A-2-5). Such trend is re-
corded virtually everywhere from 5°N to 17°S in all the precipitation records from the
western South America at sites situated close to the Andes (see Figure 8 in Bird et al.,
2011). Our new record compared to the Cariaco Basin supports the view of a North-South
antiphase at millennial and orbital timescales in response to a bi-polar precipitation see-
saw. Our log (Ti/Ca) record is also supported by the trends recorded in speleothems from
southern Brazil and from Northeast Peru (Figure A-2-5), even though the speleothem re-
cord suggests a late Holocene rainfall decrease, seen in the E180, which trends back to-
ward heavier values (Figure A-2-5). It is unclear whether such feature reveals different
rainfall trends for those two localities, or if isotopic values are an artifact associated with
large-scale atmospheric circulation as it has recently been identified into the northern
hemisphere (Leduc et al., 2013). This pattern corresponds to the assumption that at mil-
lennial and orbital timescales latitudinal shifts of the ITCZ across the equator control the
position of the rainfall belt. At the millennial timescale, the southward ITCZ movements
are probably triggered by the reduction of the AMOC that induces a low-latitude south-

ward shift in maximum SST. At the orbital timescale, modifications of seasonal insolation
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occurring during the wet season of both hemispheres induce a North-South antiphase in
the intensity of rainfall. This is apparent in our record by drier conditions in the Early to
mid Holocene compared to wet conditions in Cariaco Basin (Figure A-2-5). The speleo-
them from Northeastern Brazil however indicates an antiphase response of rainfall with
our record, even though both records are located at the same latitude (Figure A-2-5). This
result is robust because the same rainfall evolution is recorded on the eastern flank of the
Andes, a region under the influence of the South American monsoon (Figure A-2-5). Ac-
cording to Cruz et al. (2009), this feature can be due to convective heating over tropical
South America, and its and associated adjustments in large-scale atmospheric subsidence
over northeast Brazil (Cruz et al., 2009).

Our cores were collected in an area where precipitation occurs both during the austral
summer and during El Nifio events (Figure A-2-1). Therefore, the Mid to Late Holocene
long-term precipitation increase may be assigned partly to an increase in austral summer
insolation and its associated rainfall increase within the southern tropical band as a whole
(Braconnot et al., 2007) or, as a sizable amount of publications suggests, to an increase in
ENSO activity in the course of the Holocene (Koutavas et al., 2006; Moy et al., 2002). Simi-
lar reasoning could be applied to the H1 and YD time intervals, assigning rainfall increase
to a southward shift in the ITCZ (Leduc et al., 2009a; Leduc et al., 2009b) or to an increase
of an ENSO type-Walker circulation state (Stott et al., 2002). A more recent study from
the Cortes Sea also suggests that neither changes in the seasonal dynamics of the ITCZ
nor in the ENSO activity may be reliable analogues for describing the suite of climatic
events that marked the last deglaciation in the tropical East Pacific (McClymont et al.,
2012). To solve this controversy, a more detailed comparison of high resolution records
from regions sensitive to the modern ENSO phenomenon is needed. Such comparison
should be including areas where different regional precipitation sensitivity to ENSO and to
the seasonal cycle of the ITCZ is found in comparison with the EEP. Those conditions are
found in northeastern Australia and southeastern Africa, where austral winters are asso-
ciated with positive rainfall anomalies such as in Ecuador, but where El Nifio events are
associated with drier conditions than during normal years (Dai and Wigley, 2000). Consid-
ering the record by Schefuss et al., (2011) from Southeast Africa, showing the same first
order pattern as our XRF record, would argue against the ENSO being a primary driver of

precipitation changes over the last 18 ka BP.

161



APPENDIX

Increases in rainfall along the equator and in the southern tropics are successfully cap-
tured by climate models applying water hosing experiments to simulate Heinrich events
(Stouffer et al., 2006). In these model experiments, freshwater releases in the northern
North Atlantic induce sea surface warming south of the equator, and southward ITCZ mi-
gration because of deep atmospheric convection closely following the regions of maxi-
mum surface temperature (Stouffer et al., 2006). Similarly, precipitation changes orches-
trated by changes in orbital parameters likely responded with an asymmetric behavior
across the equator in the tropics (Braconnot et al., 2007; Tachikawa et al., 2011). None-
theless, considerable regional heterogeneity is observed between different models (Bra-
connot et al., 2007; Stouffer et al., 2006). It highlights the difficulty that models have to
capture regional scale atmospheric changes in areas where orography and local wind re-
gimes play a key role in shaping past rainfall changes around the Andes (Kim et al., 2008).
Here more rainfall proxy records like presented in this study may help to verify model

results at the regional scale.

A.2.6) Conclusions

We report a new, high-resolution record of riverine runoff covering the last 18 ka from
the northern Peruvian margin at 3.5°S. We detect periods of high runoff during the H1,
the YD and the late Holocene, while conditions of reduced runoff occurred during the
Early and mid Holocene. These changes in runoff are considered as the expression of rain-
fall variability during the wet season at the western flanks of the Andes. Our record mim-
ics rainfall variability reported from speleothem records of precipitation in southern Bra-
zil, suggesting that both the southern tropical America and the Pacific coast situated
much closer to the equator were affected in similar ways by orbital and millennial-scale
climate forcing. This however contrasts with another speleothem record located in north-
eastern Brazil very close to the equator, which shows wetter conditions during the early
Holocene and the H1.

The comparison of our record with other available high-resolution records from South
America implies that shifts in rainfall pattern above South America were influenced in
different ways by climate forcing at different timescale. The sediment cores as well as the

speleothems records show a North-South antiphase of the rainfall maxima occurring at
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both orbital and millennial timescales, likely triggered by changes in insolation and in
AMOC intensity, respectively. This antiphase is observed all around the South American
continent, except in a speleothem from northeastern Brazil which is located in the south-
ern hemisphere, but where the trend in rainfall changes at the orbital timescale is in
phase with the rainfall trends recorded in other archives from the northern hemisphere.
Such feature was explained so far by a remote forcing of the South American monsoon
triggered by changes in orbital parameters. Such mechanism is fully consistent with our
new XRF results that testify to an interhemispheric seesaw in monsoon-driven precipita-
tion changes above the South America continent at the orbital timescale.

Regardless whether changes in the annual cycle of rainfall and/or in the ENSO were also
at play in shaping those rainfall trends, our results may help to better understand how
regional rainfall may change over South America under anthropogenic climate forcing.
However, given the complexity of the tropical South America rainfall response to climate
changes that have occurred over the last 18 ka, further mapping efforts with high resolu-
tion time series are needed to draw a clearer picture of the spatial extent of regional rain-
fall shifts associated with ITCZ movements and monsoonal moist air transport onto the
South American continent. Reductions of model-proxy data mismatches at the regional
scale may be achieved when using modeling studies integrating a better spatial resolution
of the Andean topography. This may contribute also to reduce the regional uncertainties

on the future evolution of rainfall patterns associated with anthropogenic climate change.
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Supplementary figure: Down core CaCO; content with accompanying SEM images

Upper panel: Down core carbonate content of core M772-059, with A, B and C that locates horizons
where foraminifera were picked for images.

Lower panel: Scanning Electron Microscope images taken from G. ruber test at different depth horizons.
A), B) and C) correspond to intermediate (A), high (B) and low (C) carbonate content at 3 cm, 403 cm
and 1158 cm sediment depths, respectively. Preservation of pores architecture at all depths, as well
as observation of spines within the aperture observed at depth where lowest carbonate content was
measured, indicates that no dissolution took place at coring site.
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