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Abstract 

The Eastern Tropical South Pacific (ETSP) subsurface waters are affected by one of the 

strongest and shallowest oxygen minimum zone (OMZ) in the World Ocean, which results 

from the interplay of high regional primary production (PP) and sluggish subsurface 

ventilation. The recent expansion of the tropical OMZs suggests that these zones are very 

vulnerable to anthropogenic climate change, but their sensitivity to changes in PP and in 

nutrient cycling still remains poorly understood and under debate. We present a core-top 

compilation of nitrogen isotopes (! 15N ) measured on a collection of surface sediment retrieved 

along the Ecuadorian and Peruvian coasts and compare it to the upper 200 m of water 

column samples to identify which processes may ultimately influence downcore (i.e past) 

changes in the isotopic signature of bulk nitrogen. We overall find that in O2Ðdepleted 

subsurface waters, microbial-mediated NO3
--loss to N2 leaves a 15N -enriched signal in 

underlying sediments characteristic of water masses affected by denitrification and/or 

anammox, so called nitrogen-loss (N-loss) processes. We find that phytoplankton nitrate 

(NO 3
-) uptake in surface waters contributes significantly to the sedimentary signal within the 

high nutrient, low chlorophyll (HNLC) areas of the studied region. We also detect regional 

differences in the water column and sedimentary signatures of nitrogen isotopes with respect 

to contrasting oxygenation and PP status. In the North, between 1¡N-10¡S, subsurface O2 

concentrations are too high to allow N-loss processes to take place and account for nitrogen 

isotopic changes, keeping ! 15N NO3- values relatively low in the subsurface waters. In contrast, 

! 15N NO3- values increase toward the surface due to partial nitrate utilization in the photic zone. 

However, an incomplete utilization of NO 3
- probably triggers ! 15N sed values being consistently 

lower than the ! 15N  of the upwelled NO3
-. Further south, between 10 - 15¡S within the 

perennial upwelling region, HNLC conditions are relaxed, resulting in more intense 

biological production and its associated phytoplankton uptake of surface NO3
-. In addition, 

subsurface O2 concentration decreases to levels sufficient for N-loss by denitrification and/or 

anammox to take place, resulting in elevated subsurface ! 15N NO3- values in waters feeding the 

coastal upwelling. Various sedimentary proxies for productivity reflect increasingly higher PP 

southward, and echoe a parallel north-south ! 15N sed gradient reflecting an increasing 

subsurface N-loss southwards. In addition, the ! 15N  values measured on core-top sediments 

and on water column samples increase cross-shelf toward the coast, and highlight an 
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intensification of coastal upwelling along the shoreline bringing the oxycline and nitracline 

closer to the surface. Overall, our mapping effort suggests that the degree of N-loss 

influencing subsurface ! 15N NO3- values, the degree of upper ocean stratification, and the degree 

of near-surface nitrate utilization should all be considered for the interpretation of downcore 

! 15N sed records in an attempt of reconstructing the spatio-temporal variability of the Peruvian 

OMZ .  

Following on this, past changes in the extent of the OMZ were reconstructed on the 

basis of 4 piston cores selected from regions located outside, at the rim and within the core of 

the modern OMZ along a latitudinal transect (from 3.5 to 15¡S). The ! 15N  values measured on 

each core cover the entire Holocene and the last deglaciation period. In the northern part 

along the Ecuadorian margin, the ! 15N  values are low, ranging from 4 to 6ä, with an 

amplitude of ~1ä during the Holocene and the last deglaciation period. This is likely due to 

the absence of OMZ conditions within this area. In contrast, the southern cores show values 

similar to modern core-tops data and a large amplitude (~4ä) over the past, that we interpret 

as resulting from variable N-loss processes taking place in the core of the OMZ, from modern 

time up to the beginning of the last deglaciation. In all the studied cores, we generally observe 

a strong increase first and then a decreasing trend in the ! 15N  values a along the time period of 

the deglaciation, followed by relatively stable ! 15N  signatures during the mid-Holocene. 

Interestingly, low ! 15N values (~5.5ä) consistently characterize all the studied cores for the 

mid-Holocene time interval, indicating an overall absence of heavy nitrate in the surface being 

subsequently uptaken by phytoplankton. As the proxies for export production suggest that 

there is no straightforward correlation with ! 15N  values during the mid-Holocene, the 

changes in ! 15N  values are more likely resulting from modifications of subsurface ventilation 

rather than of nutrient utilization. An increase in upwelling intensity during the mid-Holocene 

may have allowed for a more efficient ventilation of the upper part of the water column, 

preventing any N-loss processes to take place, along with injection of NO 3
- with low ! 15N 

within the euphotic zone.  

A mid-Holocene increase in upwelling intensity, analogously to modern conditions 

prevailing during austral winters and La Ni–a events, should also be mirrored in sedimentary 

records sensitive to regional shifts in the atmospheric circulation such as latitudinal shifts in 

the Intertropical Convergence Zone (ITCZ). We further investigated how past changes in 

precipitation along the Ecuadorian margin has evolved over the last 18 000 years. We used 
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two high-resolution XRF records to track downcore changes in the Guayas River runoff. The 

titanium over calcium ratio is supposed to reveal information on paleo-precipitation shifts 

along the western flanks of the equatorial Andes. When compared to other deglacial to 

Holocene rainfall records located across the tropical South American continent, different 

modes of variability become apparent. The records of rainfall variability imply that changes in 

the hydrological cycle at orbital and sub-orbital timescales 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, and corroborate the mid-Holocene increase in upwelling activity which was 

likely responsible for pushing the ITCZ north of the Ecuadorian margin at this time. 
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Zusammenfassung 

Die unteren OberflŠchenwassermassen im šstlichen tropischen SŸdpazific (Eastern 

Tropical South Pacifics, ETSP) sind durch eine der weltweit ausgeprŠgtesten und direkt 

unterhalb der MeeresoberflŠche befindlichen Sauerstoff-Minimum-Zone (OMZ) 

charakterisiert. Diese OMZ resultiert aus dem Zusammenspiel einer regional hohen 

PrimŠrproduktion (PP) und einer schwachen Ventilation der oberflŠchennahen 

Wassermassen. Die Ausdehnung der tropischen OMZ wŠhrend der letzten Jahrzehnte weist 

darauf hin, dass diese Zonen sehr sensitiv auf den anthropogenen Klimawandel reagieren 

kšnnen, allerdings sind die grundlegenden Prozesse bezŸglich des Einflusses von 

€nderungen der PP und dem NŠhrstoffkreislauf noch nicht richtig verstanden. Die 

vorliegende Arbeit ist eine Vergleichsstudie von Stickstoffisotopen-Daten, gemessen an 

OberflŠchensedimenten aus einer Multicorer Beprobung entlang der ecuadorianischen und 

peruanischen KŸste sowie von Nitrat Proben gemessen in der oberen 200m der WassersŠule, 

um zu verstehen welche Prozesse letztlich die €nderungen der Isotopensignatur in Sediment 

beeinflussen. Insgesamt wurde festgestellt, dass im O2-armen unteren OberflŠchenwasser die 

mikrobielle Umwandlung von NO3
- zu N2 ein 15N -angereichertes Signal im darunterliegenden 

Sediment hinterlŠsst, welches fŸr Denitrifikation und/oder von Anammox beeinflusste 

Wassermassen charakteristisch ist. Des Weiteren wurde herausgefunden, dass das Ausma§ 

der partiellen NO 3
--Aufnahme durch das Phytoplankton im OberflŠchenwasser signifikant 

zum Sediment-Signal in den nŠhrstoffreichen und chlorophyllarmen (HNLC) Teilen des 

Untersuchungsgebiets beitrŠgt. Zudem konnte nachgewiesen werden, dass regionale 

Unterschiede bezŸglich des Sauerstoffgehalts und der PP in WassersŠule und Sediment zu 

einer unterschiedlichen Stickstoff Isotopen-Signatur (! 15N ) fŸhren. Im Norden, zwischen 

1¡NÐ10¡S, sind die oberflŠchennahen O2-Konzentrationen zu hoch um Prozesse, die zu N-

Verlusten fŸhren, zuzulassen. Dies hŠlt die ! 15N NO3
--Werte auf einem relativ niedrigen Niveau 

in den unteren OberflŠchenwassern. Im Gegensatz dazu steigen die ! 15N NO3
--Werte mit 

abnehmender Wassertiefe durch die stŠrkere partielle NO3
--N utzung in der photischen Zone 

an. Dennoch fŸhrt eine nur teilweise Nutzung des NO3
- mšglicherweise zu konstant 

niedrigeren ! 15N sed-Werten im Vergleich zu den ! 15N -Werten des aufsteigenden NO3
-. Weiter 

sŸdlich, zwischen 10 Ð 15¡S, innerhalb der Region des permanenten Auftriebs, sind die 

HNLC Bedingungen schwŠcher ausgeprŠgt, was zu einer intensiveren biologischen 



 - 16 - 

Produktion und damit verbundenen NO3
--Aufnahme durch Phytoplankton im 

OberflŠchenwasser fŸhrt. ZusŠtzlich verringert sich die oberflŠchennahe O2-Konzentration 

auf ein Niveau, welches ausreicht um N-Verlust durch Denitrifikation und/oder Anammox zu 

ermšglichen. Dies fŸhrt zu erhšhten oberflŠchennahen ! 15N NO3
--Werten in den 

Wassermassen, die den kŸstennahen Auftrieb speisen. Verschiedene Sediment-Proxies der 

ProduktivitŠt deuten auf eine nach SŸden zunehmende PP hin, was sich durch eine Nord-

SŸd Zunahme im ! 15N sed-Signal zeigt, welche einen nach SŸden zunehmenden 

oberflŠchennahen N-Verlust wiederspiegelt. ZusŠtzlich nehmen die ! 15N -Werte, die in den 

core-top Sedimenten und in den WassersŠulenproben gemessen wurden, senkrecht zur KŸste 

hin zu und zeigen damit eine Intensivierung des kŸstennahen Auftriebs entlang der 

KŸstenlinie an, wobei die Oxykline und Nitrakline nŠher an die OberflŠche wandern. Die 

Kartierung zeigt, dass sowohl der Grad des N-Verlustes, welcher die unter-oberflŠchennahen 

! 15N NO3
--Werte beeinflusst, als auch die Stratifizierung der OzeanoberflŠche und der Grad der 

oberflŠchennahen Nitrat-Nutzung bei der Interpretation von ! 15N sed-Daten aus 

Sedimentkernen zur Rekonstruktion der  raum-zeitlichen VariabilitŠt der peruanischen OMZ 

herangezogen werden sollten.  

Demzufolge wurden zurŸckliegende VerŠnderungen der Ausdehnung der OMZ auf der 

Basis von vier Kolbenlot-Sedimentkernen, die au§erhalb, an der Grenze und innerhalb der 

heutigen OMZ entlang eines meridionalen Transektes (von 3.5 bis 15¡S) ausgewŠhlt wurden, 

rekonstruiert. In allen Sedimentkernen decken die gemessenen ! 15N -Werte das gesamte 

HolozŠn und das letzte Deglazial ab. Im nšrdlichen Teil entlang des nšrdlichen Teil des 

peruanische Kontinentalrands sind die Werte niedrig, von 4 bis 6ä, mit einer beobachteten 

Amplitude von ~1ä wŠhrend des HolozŠns und des Deglazials. Dies ist wahrscheinlich 

dadurch begrŸndet, dass es in dieser Region keine OMZ Bedingungen gab. Im Gegensatz 

dazu weisen die im SŸden erhaltenen Sedimentkerne mit bis zu ~10ä und einer Amplitude 

von ~4ä hšhere Werte fŸr den Zeitraum des Deglazials bis heute auf. ZurŸckzufŸhren ist 

dies wahrscheinlich auf die N-Abbauprozesse in der WassersŠule an den positionnen des 

Sedimentkerne, die innerhalb der OMZ liegen. An allen untersuchten Sedimentkernen wurde 

ein abnehmender Trend der ! 15N -Werte wŠhrend des Deglazials festgestellt, gefolgt von 

relativ stabilen ! 15N -Signaturen wŠhrend des mittleren HolozŠns. Interessant ist, dass alle 

untersuchten Sedimentkerne wŠhrend des mittleren HolozŠns durch geringe ! 15N -Werte 

(~5.5ä) gekennzeichnet sind, was zeigt, dass im OberflŠchenwasser kein schweres Nitrat 
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vorhanden war, welches durch Phytoplankton hŠtte aufgenommen werden kšnnen. Da 

Proxies fŸr die Export-Produktion keine direkte Korrelation mit den ! 15N -Werte wŠhrend des 

mittleren HolozŠns anzeigen, ist eher anzunehmen, dass die VerŠnderungen der ! 15N -Werte 

aus ZirkulationsŠnderungen der unteren OberflŠchenwasser resultieren. Ein Anstieg der 

AuftriebsintensitŠt wŠhrend des mittleren HolozŠns hat mšglicherweise eine effizientere 

Ventilation der oberen WassersŠule ermšglicht und somit N-Verlust-Prozesse verhindert und 

gleichzeitig fŸr einen hšheren Eintrag von Nitrat mit niedriger ! 15N Signatur in die photische 

Zone gesorgt.  

Analog zu der heute durch SŸdhemisphŠren-Winter und La Ni–a Ereignisse 

hervorgerufene erhšhte AuftriebssintensitŠt sollten deshalb in den HolozŠnen Sedimenten ins 

die fŸr diese Klima-zustŠnde typischen regionalen Verschiebungen der atmosphŠrischen 

Zirkulation, wie beispielsweise die Ÿber dem nordwestlichen SŸdamerika stattfinden den 

Verschiebungen der ITCZ, reflektiert werden. Deshalb wurde untersucht, wie sich die 

NiederschlŠge in den letzten 18 ka entwickelt haben. Um die VerŠnderungen des Guayas-

River Abflusses untersuchen zu kšnnen, wurden hochaufgelšste XRF-Aufnahmen zur 

Elementverteilung in zwei Sedimentkernen untersucht. Hierbei sollte aus den Schwankungen 

des Ti-gehaltes Informationen Ÿber eine Verschiebung der Palšo-NiederschlŠge entlang der 

westlichen Flanke der Šquatorialen Anden rekonstruiert werden. Im Vergleich zu anderen 

Niederschlagsuntersuchungen entlang des tropischen sŸdamerikanischen Kontinents im 

Zeitraum der letzten Enteisungsperiode bis zum HolozŠn wurden unterschiedliche 

AusprŠgungen von VariabilitŠt ersichtlich. Die Aufzeichnungen der NiederschlagsvariabilitŠt 

implizieren, dass sich VerŠnderungen im hydrologischen Kreislauf auf orbitalen und sub-

orbitalen Zeitskalen von West- nach Ost-SŸdamerika unterscheiden. Orbitale EinflŸsse 

verursachten ein gegenlŠufiges Verhalten der Niederschlagstrends zwischen Ost- und 

WestŠquatorial SŸdamerika. Im Gegensatz dazu sind die 1000-jŠhrigen VerŠnderungen der 

NiederschlŠge stark mit den nordatlantischen KlimavariabilitŠten korreliert, was zu 

gleichmŠ§ig feuchteren Bedingungen Ÿber Ost- und WestŠquatorial SŸdamerika wŠhrend 

der nordatlantischen KŠlteperioden fŸhrte. Diese Ergebnisse kšnnen hilfreiche Daten zum 

Test der SensitivitŠt von Klimamodellen bezŸglich regionaler NiederschlŠge liefern und 

helfen Niederschlagssimulationen in SŸdamerika fŸr das nŠchste Jahrhundert zu verbessern. 

Auch kšnnen diese Daten sowie die Zunahme der AuftriebsaktivitŠt im mittleren HolozŠn 

bestŠtigen, da die sŸdšstlichen Passatwinde wahrscheinlich fŸr die Verschiebung der ITCZ 

nšrdlich des peruanischen Kontinentalrandes verantwortlich sind.  
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Chapter  I . In t roduct ion  

 

I -1. Motivation for this study 

During the 21st century, the interest and awareness for climate change becomes a major 

concern, mainly because of the observation of an increase in global temperature due to an 

increase in the atmospheric concentration of greenhouse gases (e.g. CO2, CH 4 and water 

vapor) [Revelle, 1957; Intergovernmental Panel on Climate Change IPCC , 2007]. Direct 

consequences are observed on various compartments of the Earth system (melting of the ice 

sheets, increased occurrence of the warm phase (El Ni–o) of El Ni–o Southern Oscillation 

(ENSO), and increased frequency of natural disasters such as hurricanes, tornadoes, floods 

and droughts [IPCC , 2007]. Climate change is also reported to have a large impact on the 

ocean thermohaline circulation (THC) [Bond et al., 1997; McManus et al., 2004; Jouzel et al., 

2007], which plays an important role in main biogeochemical cycles (e.g. storage of CO2 in the 

deep ocean, nutrient supply to the organisms, oxygen distribution) and in heat redistribution 

(Figure I .1; [Broecker, 1987; Rahmstorf, 2006; Kuhlbrodt et al., 2007]).  

This work is part of the interdisciplinary project: Collaborative Research Centre (SFB) 

754 ÒClimate! Biogeochemistry Interactions in the Tropical OceanÒ. As a concern about 

climate change, the SFB 754 aims to investigate changes in supply of oxygen to the tropical 

oxygen-depleted oceanic areas during past, present and future climates. Oxygen distribution 

in the global ocean is controlled by a close interplay of climate dynamics (e.g. atmospheric 

exchanges, oceanic ventilation) and oceanic biochemistry (e.g. PP and organic matter 

degradation due to bacterial activity). Along the Peruvian margin, changes in the surface 

hydrology originate from either local wind-driven upwelling or from the Pacific basin-scale 

circulation changes. The PP at the sea surface is directly linked to the upwelling-driven 

nutrient input. Off Peru, PP is one of the largest in the global ocean leading to a large amount 

of sinking particles through the water column to the sediment. Remineralisation (grazing and 

bacterial degradation), which occurs during the sinking of particles consumes large amounts 

of oxygen in subsurface. The combination of the large remineralisation of PP and slight 

ventilation in the subsurface drives the system to extremely oxygen-depleted conditions.  



Chapter I. Introduction 

 - 30 - 

Under such low oxygen conditions, the importance of anaerobic microbial processes on 

organic matter (OM) leads to consumption of nitrate in the subsurface and thus a net loss of 

available nitrate from the global ocean, the so called N -loss processes [Codispoti and 

Christensen, 1985]. Ultimately, the N-loss processes produce nitrous oxide (N2O) gas [further 

described in Chapter II -4], which is a strong greenhouse gas. OMZs therefore play a crucial 

role for the changes in nutrient cycles in the global ocean.  

In addition, OMZs vary in response to climate fluctuations on different timescales, from 

seasonal, subdecadal (such as ENSO), decadal to millennial and orbital. As part of the 

SFB754 subproject A6, this study aims at reconstructing the spatial and temporal variability 

of the Peruvian OMZ, being the largest in the World, in response to changes in export PP 

and stratification-circulation of the upper-ocean, at centennial to millennial timescales during 

the last 18 ka BP. 

Whereas it has been recently demonstrated that OMZs have been expanding during the 

last 50 years and that the oxygen distribution in the present-day ocean seems to be tightly 

linked to the actual climate change [Stramma et al., 2008], this overview of the long-term 

variability of the OMZ may enable to disentangle the human impact on global-change from 

the natural variability of the OMZ.  

It may also help to better constrain the occurrence of widespread anoxic events that were 

associated with warmer climate and higher atmospheric CO2 level like during the Mesozo•c, 

especially during the Jurassic and Cretaceaous periods with the occurrence of the so-called 

Oceanic Anoxic Events or OAEs [Schlanger and Jenkyns, 1976; Takashima et al., 2006]. 

Modeling studies also suggested an increase in surface temperature and CO2 atmospheric 

concentration resulting from anthropogenic influences [IPCC , 2007]. It is therefore necessary 

to better understand OMZs sensitivity to climate change to assess their feedbacks on the 

future ocean.  

 

The SFB 754 project addresses the following questions:  

- How does subsurface dissolved oxygen in the tropical ocean respond to changes in 

ocean circulation and ventilation? 

- What are the sensitivities and feedbacks linking low oxygen levels and key nutrient 

source and sink mechanisms? 

- What are the magnitudes, timescales and controlling factors of past, present and likely 

future variations in oceanic oxygen and nutrient levels? 
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The present study focuses on: 

- Improving our knowledge of the nitrogen isotope signal from the water column to the 

sediment under the influence of OMZ conditions. 

- Understanding past changes of ETSP ocean dynamics, as well as its corresponding 

regional climate. 

- Reconstructing the variability in the extent of the OMZ during the last 18 ka using 

nitrogen isotopes and paleo proxies for surface circulation and export production. 

 

I -2. Outl ine 

In addition to introduce this work and its main motivations, Chapter I gives a description 

of the modern hydrology and regional climate of the Eastern South Pacific (ESP). 

A description of the proxies used in this study is presented in Chapter II.  

The sample locations, methods, and age models used for the surface sediment samples 

and the 4 studied piston cores are given in Chapter III. 

The following Chapters are the core of the thesis. Chapters IV, V, VI, VII, VIII  report 

the five most significant outcomes of the analyses performed during this work. Chapters V, 

VII, VIII  are presented in the shape of an article. Chapter IV presents a mapping effort of the 

sea surface temperature (SST) reconstruction, using alkenones unsaturation measurements 

(UKÕ
37) on surface sediment samples. A regional calibration between reconstructed SST using 

U KÕ
37 and measured SST will be presented as a manuscript in preparation. Then we present a 

mapping of stable nitrogen isotopic measurements (14N/ 15N ratio, ! 15N) performed on bulk 

sediment along the Peruvian and Ecuadorian margins in the Chapter V. It allows describing 

and commenting on the processes controlling the spatial regional ! 15N gradients recorded in 

this area, in particular the role of nutrient availability and N-loss processes and finally gives 

paths for reflection and interpretation of ! 15N from marine sediment in paleo-records. The 

main outcome of this study is the observation of a latitudinal increase in surface sediment ! 15N , 

in line with the ! 15N increase measured in the water column along the Ecuadorian-Peruvian 

coast. This is interpreted as a reflection of increase in the upwelling intensity and PP, which 

consequently influence 1) the extent of the underlying OMZ and 2) the availability of 

isotopically heavy nitrate to the surface. These results are presented as a manuscript published 

in Deep-Sea Research [Mollier-Vogel et al., 2012]. The Chapter VI is the extension of this 
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work to the entire South American margin, comparing our ! 15N results with those obtained 

earlier off Chile [Hebbeln et al., 2000; De Pol-Holz et al., 2009]. 

Chapter VII  is the direct application of the results presented in Chapter V to down-core 

! 15N measurements. We reconstructed the variability of biogeochemical cycling during the last 

18 ka BP from a latitudinal transect constituted of 4 cores along the Peruvian and Ecuadorian 

margins. As for the surface sediment, the southern cores show higher ! 15N values reflecting 

the record of the OMZ signal within the sediment. The most outstanding issue of this study is 

the collapse of the Peruvian OMZ in the upper 200 m of the water column, during the middle 

Holocene (8-5 ka BP) certainly in phase with a prolonged period of La Ni–a-like conditions.  

In an attempt to put the OMZ variability into a broader climatic context, Chapter VII I 

presents comparison of a record of past changes in the dynamics of the ITCZ over the 

Eastern Equatorial Pacific (EEP) and its corresponding monsoon activity over South 

America with previous studies. This has been done by using a record of riverine runoff from a 

core collected in front of the Gulf of Guayaquil (Ecuador). At orbital timescales, the timing of 

rainfall maxima is characterized by an East-West antiphase along the equator, which is not 

obvious during the abrupt cold events of the deglaciation, when rainfall increases are recorded 

simultaneously east and west of equatorial South America. 

The last Chapter IX presents the main conclusions of this study, and draws broader 

perspectives on the climate effects on the OMZ and nutrient cycle variability over the past and 

the present-day Peruvian upwelling system, which may help identifying how the Peruvian 

ecosystem will likely evolve under anthropogenic climate change. 

 

I -3. Study Area 

 The Peruvian upwelling system variability and regional rainfall is closely related to 

regional atmospheric circulation, which results from the interplay between the ITCZ and the 

Walker circulation. Changes in the atmospheric circulation are mainly driven by seasonality 

and interannual variability associated with the ENSO . As the regional settings will be 

described in more detail in the following chapters, I  will mainly focus here on presenting an 

overview on the atmospheric and oceanic circulation of the ETSP and on nutrient cycling 

within the Peruvian OMZ system. 
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I -3.1. Atmospheric circulation and variabil i ty of the system  

I -1.3.1. The ITCZ  

 The low-level equatorward branches of the Hadley cell - the southeast and northeast 

trade winds (Figure I .1) - compose maximum convergence of the winds near the equator, 

defining the so-called Intertropical Convergence Zone (ITCZ) (Figure I .2). The convergence 

of warm air masses dominates the tropical troposphere and is associated with an intense 

rainfall belt following the ITCZ [Lutgens and Tarbuck, 2001]. Over the ocean, where thermal 

inertia is high, the ITCZ remains near 5¡N year-round because of local air-sea interactions 

(Figure I .2). The seasonality of the ITCZ dynamics strongly influences the intensity of 

upwelling and determines the dry-wet cyclicity on land. However, at the seasonal timescale, 

rainfall patterns migrate latitudinally following the annual cycle of insolation over the adjacent 

South American continent. Furthermore due to the smaller thermal inertia of continents as 

compared to oceans, the South American monsoon bears rainfall latitudinal shifts by up to 

20¡S (Figure I .2).  

The Peruvian desert located along the coast is subject to very low amount of rainfall 

during the austral summer (Dec-Jan-Feb). At the same time the eastern part of the Andes 

receives moisture from the Atlantic during austral summer associated with the southern 

displacement of the South American monsoon. The northern position of the ITCZ during 

austral winter (Jul-Aug-Sep) leads to periods without any significant precipitation on the 

Peruvian lowlands, resulting in a very intense aridity over this coastal region (Developed in 

Chap. VI ). Over the South Pacific, the Westerlies are deflected by the Andes orographic 

barrier and deviates the atmospheric flow northward, feeding the tradewinds.  The latter 

oscillate seasonally and interannually in synchrony with the ITCZ via the Hadley circulation. 

The presence of the Andes along the Western side of the South American continent prevents 

most of the atmospheric exchanges between the Atlantic and the Pacific basins [Bookhagen 

and Strecker, 2008]. 
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Figure I .1. Atmosperic cel ls 

Idealized, atmospheric cell convection in a rotating Earth. The deflection of the winds within each cell 
is caused by the Coriolis force. [Figure 7.5 in The Atmosphere, 8th edition, Lutgens and Tarbuck, 
2001]. 

 

ITCZ ITCZ
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Figure I .2. Seasonal variat ion in the ITCZ posit ion 

The isobars show atmospheric pressure. a) Southern shift of ITCZ in January.  b) Northern shift of 
ITCZ in July. (Figure 7.9 in The Atmosphere, 8th edition, Lutgens and Tarbuck, 2001). 

 

I -2.3.1. The Walker circulation 

 The Walker circulation results from ocean-atmosphere interactions creating an East-

West atmospheric zonal cell of which the lower limb is defined by the trade winds [Walker, 

1923; 1924]. This cell creates a zonal SST gradient with cold temperatures in the East, 

defining the so-called Eastern Pacific Cold Tongue, and an accumulation of heat in the 

Western Pacific Warm Pool (WPWP), sustained by a zonal tilt of the equatorial Pacific 

thermocline. As a consequence of this East-West temperature gradient, the warm air is rising 

above the WPWP, diverging in every direction at the top of the troposphere for later 

converging and subsiding over the Cold Tongue. This East-West interplay of air convection 

and subsidence creates the Walker cell above the equatorial Pacific (Figure I .3, middle). 

This atmospheric circulation is also strongly affected by ENSO [Cane, 2005]. During the 

warm phase of ENSO (El Ni–o), the weakening of the trade winds leads to a displacement of 

the warm air and surface water masses from the WPWP to the central Pacific and during 

strong events, the air masses even reach the ETSP coast. This warm phase of the oscillation 

provokes intense precipitation on land leading to coastal flooding. During the cold phase (La 

Ni–a) the trade winds strengthen, leading to an increase in the temperature and moisture at 

the WPWP, and to an expansion of the Cold Tongue to the central Pacific, coupled with even 

more arid conditions along the Peruvian coast. 

ITCZ

ITCZ
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Figure I .3. ENSO and Walker circulat ion  

Schematic illustration of the Walker circulation above the EEP, under normal condition (middle), for 
la Ni–a years (left) and for El Ni–o years (right), [Cane, 2005]. 

 

I -3.2. Regional oceanic circulation 

At a global scale, the oceanic circulation is regulated by the Thermo-Haline Circulation 

(THC), which transports heat from the low to the higher latitudes by surface currents (Figure 

I .4; [Broecker, 1987; Rahmstorf, 2006]). The surface flow itself is balanced by deep-ocean 

currents, mainly driven by large-scale density fields defined by water mass temperature and 

salinity.  

 

Figure I .4. Global thermohaline circulat ion 
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Highly simplified representation of the global thermohaline circulation. Surface currents are shown in 
red, deep waters in light blue and bottom waters in dark blue. The main deep-water formation sites 
are shown in orange. Green and blue shading show high, >36ä and low, <34ä, salinity respectively, 
[Kuhlbrodt et al., 2007]. 

The oceanography of the tropical Eastern Pacific depends on the THC for intermediate 

to deep water circulation and is affected by the Hadley and the Walker circulations. The 

Antarctic Circumpolar Current (ACC) in line with the South Equatorial Current (SEC) 

interacts strongly with the South Pacific gyre (Figure I .5). At the eastern flank of the gyre the 

surface current, the so-called Humboldt Current (HC), flows equatorward along the South 

American margin. This cold and nutrient depleted current turns offshore off the Peruvian 

margin and gets influenced by the western Southern Subsurface Counter Current (SSCC; 

Figure I .5 & Chapter V, Figure V.1). 

The Walker circulation stacks warm water in the WPWP, largely driven by the influence 

of the South Equatorial Current (SEC) (Figure I .5; [Walker, 1923; 1924]). In contrast, the 

divergence of the southeast and northeast trade winds along the equator provokes a poleward 

Ekman transport of the surface water mass locally, and is compensated by the subsurface 

Equatorial UnderCurrent (EUC) flowing eastward (Figure I .5). The upper waters of the 

EUC reach the surface near the Galapagos Island, while the deeper part of the EUC flows 

along the Peruvian coast, where it is upwelled ([Wyrtki, 1981; Kessler, 2006]; Figure I .5). This 

water transport leads to a progressive shoaling of the thermocline from the WPWP to the 

EEP (Figure I .3). 

The subsurface currents of the ETSP are subdivided in two main regions: 1. The 

Northern ETSP, where the EUC and SSCC feed the Peru Chile Under Current (PCUC) 

flowing southward and 2. The Southern part, where the South Antarctic Mode Water 

(SAMW) originating from the ACC, reaches the southern Peruvian margin at ~23¡S (Figure 

I .5 & 6; [Fiedler and Talley, 2006; Kessler, 2006; Czeschel et al., 2011]). From ~23¡S on, the 

SAMW feeds the HC, which is going more offshore (details in the following Chapter V, 

Figure V.1). 

The westerly surface water mass transport by the SEC and the North Equatorial 

Current (NEC) results in a thermocline tilt, which oscillates with the ENSO. During the 

normal and La Ni–a conditions, the thermocline is as deep as 150 m in the WPWP, while it 

nearly reaches the surface in the ETSP (Figure I .3). However, during El Ni–o events, the 

easterly displacement of the water masses deepens the thermocline in the ETSP (Figure I .3). 
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This strong oscillation also leads to intense upwelling along the Peruvian coast during La 

Ni–a conditions (More details are given in the following paragraph, Chapter 1.2.3). 

 

Figure I .5. Oceanography of the Pacif ic basin 

Oceanography of the Pacific basin, composed by the main surface currents (solid lines): South 
Equatorial Current SEC, Antarctic Circumpolar Current ACC, Humboldt Current HC, North 
Equatorial Current NEC, North Equatorial Counter Current NECC , and subsurface currents 
(dashed lines): Equatorial Under Current EUC, Southern Subsurface Counter Current SSCC, Peru 
Chile Undercurrent PCUC [Fiedler and Talley, 2006; Kessler, 2006; Czeschel et al., 2011]. The 
background shading shows the SST dataset extracted from World Ocean Atlas 2009, WOA09.  

 

Figure I .6. North -South coastal sect ion of water masses along South America 
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Hydrology along the South American margin, presented as a North-South section from the equator to 
50¡S with a width of ~100 km from the coast. The colour shading represents the salinity and the white 
isoline the oxygen concentrations from 1 to 6 ml L-1. The abbreviations show the main current of the 
East Pacific: Peru-Chile Coastal Current PCCoastalC, Peru-Chile Counter Current PCCC, Sub 
Antarctic Mode Water SAMW and Antarctic Intermediate Water AAIW, [Fiedler and Talley, 2006]. 

 

I -3.3. Upwell ing and productivity 

 Near shore (between 25 and 150 km away from the coastline) the interaction between 

the wind and the presence of the continental shelf produces seaward surface flow due to 

Ekman transport [Ekman, 1905; Price et al., 1987], which in turn brings cool and nutrient-rich 

subsurface waters to the surface. Such coastal upwelling mixes and shallows the thermocline, 

which decreases local SST and enhances PP through nutrient supply to the euphotic zone 

[Pennington et al., 2006]. During the austral winter, the northern position of the ITCZ leads 

to intense upwelling along the Peruvian coast, while a decrease in trade wind weakens the 

upwelling during the austral summer [Pennington et al., 2006]. During the seasonal cycle, the 

peak of chlorophyll a occurs a few months after the maxima of upwelling intensity, i.e. during 

the summer and fall [Echevin et al., 2008; Chavez and MessiŽ, 2009]. According to 

Pennington et al., [2006], this seasonal time lag may result from a deeper surface mixed layer 

restricting light availability or strong turbulent mixing of surface waters hindering 

phytoplankton growth. In the Peruvian Coastal Upwelling (PCU), the dominant primary 

producers are diatoms, of which the distribution may be related to prevailing climatic and 

oceanographic features [Abrantes et al., 2007]. 

During La Ni–a, trade winds enhance upwelling, and the opposite occurs during El 

Ni–o. During El Ni–o events, physico-chemical processes as well as biogeochemical ones are 

strongly modified and a collapse of the upwelling leads to a dramatic decrease in PP, a strong 

increase in regional rainfall, and a reduction of the OMZ extent via a deepening of the 

thermocline and oxycline [Huyer et al., 1987; Barber et al., 1996]. At the same time, fisheries 

are largely reduced by the shutdown of the nutrient input from the upwelling [Philander, 1983; 

McPhaden et al., 1998].  

 

I -3.4. Nutrient cycles and OMZ 

The PCU system is characterized by large exchanges of heat and CO2 between the ocean 

and the atmosphere, due to the upwelling of cold, nutrient rich and CO2 saturated subsurface 
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waters [Friederich et al., 2008]. Due to the nutrient rich waters transported to the surface, 

which strongly increases biological PP, this area is one of the most productive ecosystems in 

the world ocean [Pennington et al., 2006; Chavez et al., 2008]. Additionally, the upwelled 

water releases large amounts of CO2 in the atmosphere, due to a decrease of its solubility 

during their warming toward the surface [Friederich et al., 2008]. However, the large surface 

PP consumes carbon for OM production, thus the balance between the CO2 consumption by 

the biota and the release by the upwelling is difficult to disentangle [Wanninkhof and Mc 

Gillies, 1999; Takahashi et al., 2002]. The impact of the upwelling on the total carbon cycle is 

still under debate [Keeling et al., 1996]. The seasonal time lag between the most intense 

upwelling and the PP maximum may lead to HNLC conditions, such as the one observed in 

the EEP [Cullen et al., 1992], which has been proposed to be led by either grazing, iron or 

silicate limitation [Martin et al., 1989; Fiedler et al., 1991; Hutchins et al., 2002; Bruland et al., 

2005].  

Associated with the PCU, an intense OMZ underlays the current system and extends far 

offshore (Figure I .7), as a result of the interplay between the sinking of surface-derived high 

PP, leading to strong oxygen consumption due to OM remineralisation, and a weak 

ventilation by subsurface circulation [Fiedler and Talley, 2006]. Among the three OMZs in 

the World Ocean (Eastern South Pacific ESP, Eastern North Pacific ENP, and Arabian Sea 

AS), the Peruvian OMZ remains the shallowest and largest in regard of the volume (Figure 

I .7; [Kessler, 2006]). Off southern Peru where the OMZ is most intense and shallowest, the 

oxygen content ranges from saturated values at the surface to values <10 ml L -1 at very shallow 

water depths (<50 m), while values <1 ml L -1 are reached within the core of the OMZ (Figure 

I .6; [Karstensen et al., 2008; Paulmier and Ruiz-Pino, 2009]). On average, the Peruvian OMZ 

ranges between 30-70 m and 300-500 m water depth. The OMZ spatial extent varies in 

function of the PP and the subsurface ventilation according, which makes it very sensitive to 

climate variability.  
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Figure I .7. Oxygen concentrat ion in the world ocean 

Oceanic dissolved oxygen concentrations distribution, in ml L-1, at 250 m water depth. Dataset 
extracted from WOA09. 

  

I -3.5. Past variabil i ty of the ETSP 

Numerous evidence from paleoclimatic archives indicates that the ITCZ dynamics were 

affected on a longer term by global climate changes such as during the last deglaciation, which 

was globally characterized by a northward shift in the ITCZ position during this period, from 

~19 ka BP to the early Holocene [Wang et al., 2004; Gasse et al., 2008]. During the abrupt 

climatic events which punctuated the last deglaciation such as the Heinrich 1 (H1, 19-17 ka 

BP) or the Younger Dryas (YD, 12.5-11.5 ka BP) cold events [McManus et al., 2004; 

Rahmstorf, 2006] a southward shift in maximum rainfall was also recorded over northern 

South America [Peterson et al., 2000; Haug et al., 2001; Cruz et al., 2009]. During the middle 

Holocene, an increase in interannual climate variability was attributed to the onset of ENSO 

at ~5 ka BP [Moy et al., 2002].  

The intensity of the Peruvian upwelling is known to strongly vary on annual and 

interannual timescales, but is also supposed to have been sensitive to climate changes on 

millennial to orbital timescale variations [Chazen et al., 2009]. However the distinction 

between variability in ENSO and seasonality remains difficult to disentangle in the sediment, 

as well as the timing of its initial onset [Martin et al., 1993; Rodbell et al., 1999; Clement et al., 

2000; Rein et al., 2005; Marchitto et al., 2010].  
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It is also well known that the OMZÕs extension has varied over the past [Altabet et al., 

1995; Ganeshram et al., 1995; Martinez et al., 2006; Pichevin et al., 2007; Robinson et al., 

2007; GuitiŽrrez et al., 2009], parallel with changes in subsurface ventilation, surface ocean 

circulation and regional PP. Studies have been conducted in OMZ areas with different 

approaches to quantify oxygen content in the water column. Benthic foraminifera 

assemblages have been used to reconstruct past changes in oxygen content in the ETNP and 

ETSP [Cannariato and Kennett, 1999; Mallon, Thesis, 2011], as well as redox-sensitive trace 

metals in the sediment underlying the Peruvian OMZ (e.g. U, Mo, Cd, Re), which respond in 

specific manner to short-term oxygen fluctuations in the water column [Scholz et al., 2011]. 

However, the quantitative reconstruction of past O2 concentration in the oceanic water 

column still remains a challenge in paleoceanography. 

Even though OMZÕs are usually considered as dead zones, microbial processes taking 

place within the core of the OMZ, -i.e. where O2 concentrations are below 2-10 µmol L-1- allow 

tracing of N-loss by anaerobic bacteria through measurements of nitrogen isotopes. 

Specialized microbes use nitrate as an oxidant during the degradation of the OM and reduce 

nitrate into nitrous oxide (N2O), and later on into nitrogen gas (N2) [Codispoti, 2007; Lam et 

al., 2009]. These so called N -loss processes, denitrification and/or anammox (developed in the 

following Chapter 11.4), represent a loss of bio-available nitrogen from the global ocean and 

produce N2O gas, which is a strong greenhouse gas [Nevison et al., 1995]. 

During these reduction steps, organisms preferentially use 14N instead of 15N, which 

makes the remaining nitrate pool enriched in 15N. Via upwelling, high 15N nitrate is then 

brought to the surface and assimilated by the biota, which may be ultimately recorded in the 

sediment after sinking of the OM  [Cline and Kaplan, 1975; Brandes et al., 2007; Granger et 

al., 2008; Sigman et al., 2009]. Following on these findings, a number of studies have used 

bulk sediment ! 15N to reconstruct past changes in water column N-loss. They evidenced large 

changes in tropical OMZÕs in response to climate fluctuations on orbital and millennial time-

scales [e.g., Ganeshram et al., 2000; Liu et al., 2005; Pichevin et al., 2007; Martinez and 

Robinson, 2010].  Some of these studies reported that cold climatic intervals were in general 

characterized by OMZÕs contraction, while warm climatic intervals experienced expansion 

with corresponding changes in the oceanÕs nitrogen budget. Several mechanisms have been 

proposed as candidates for explaining the inferred variability, such as local PP variations 

which may trigger changes in local oxygen demand [Altabet et al., 2002], or remote forcing of 

O2 supply from intermediate water mass sources [Galbraith et al., 2004; Meissner et al., 2005; 
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Hendy and Pedersen, 2006]. Along the Peruvian margin, several studies have focused on the 

Holocene [Agnihotri et al., 2006; Chazen et al., 2009] and on the last few centuries [GutiŽrrez 

et al., 2009]. Few modeling studies have been generated to better understand the factors 

influencing the OMZ extent and the subsequent implications for ! 15N measured in the water 

column and in the sediment [Somes et al., 2010a; Somes et al., 2010b].  

Studies of the Peruvian OMZ during the Holocene time period mainly focused on the 

perennial upwelling location (~12¡S) [see e.g. Higginson et al., 2004; Agnihotri et al., 2006; 

Chazen et al., 2009; GuitiŽrrez et al., 2009] and only few cover the last deglaciation [Rein et 

al., 2005; Altabet et al., 2005] (See following Chapter 11.5). The present study completes the 

previous studies by mapping both biogeochemical and hydrological indicators along the 

entire Peruvian margin and comparing different cores located all along the Peruvian margin, 

within and outside the core of the OMZ. 
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Chapter  I I . Paleoproxies 

 

The main goal of this study is to reconstruct past changes in the OMZ extent during the 

last 18 ka BP. Within the SFB 754 framework, inter-laboratory collaborations permitted a 

regional calibration of paleoproxies based on proxy measurements performed on the water 

column and on core tops, in an attempt to better understand the significance of paleoproxy 

measurements performed downcore on marine sediment cores. This calibration gave 

confidence in our interpretation of subsequent paleoproxy measurements performed in an 

attempt to reconstruct changes in surface and subsurface circulation regimes; this including 

variations in oxygen content and nutrient cycling, as well as changes in local upwelling 

intensity and PP. 

Exported primary productivity, the first-order factor responsible for oxygen consumption 

through degradation of OM within the sinking particles, was reconstructed using 

measurements performed on dry bulk sediments such as the organic carbon content (Corg) as 

well as total nitrogen (mostly organic nitrogen, TN) and its isotopic signature (! 15N) . In 

addition, the sedimentary content of biogenic opal (SiO2) was also used to reconstruct the PP 

of diatoms and radiolaria, the former being often the most abundant primary producers 

thriving in nutrient-rich areas. 

In upwelling regions, the supply of nutrients into the surface ocean is the main factor 

influencing the PP, and hence indirectly the OMZ extent. At the same time, the cold 

subsurface waters being upwelled act to reduce SST prior the PP peaks, so that past ocean 

SST reconstructions can provide valuable information on the status of past upwelling activity. 

Along the Peruvian margin, marine sediments contain relatively few planktonic foraminifera. 

Therefore, biologically-mediated calcium carbonate dissolution makes it difficult to accurately 

reconstruct paleotemperatures by measuring planktonic foraminifera Mg/Ca.  We hence used 

alkenone-derived paleothermometry in order to estimate past changes in SST. Since 

alkenones are synthesized by certain species of coccolithophorids, which are primary 

producers, the high level of PP found in the Peruvian upwelling ecosystem ensures alkenone 

abundances high enough to estimate SST all along the studied cores.  

! 15N measurements are used to estimate regional nutrient cycling in association with the 

OMZ  extent. However, the largely complex nitrogen cycle within such a dynamical oceanic 

region makes it difficult to utilize it as a straightforward proxy for nitrate utilization and/or N -
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loss processes. For this reason, a multi-proxy approach was used to characterize which water 

column processes can be traced with ! 15N  measurements performed on marine bulk sediments 

in relation with past climatic and oceanic changes. 

 

II -1. Paleoproductivity 

Several proxies were used to reconstruct past changes in export PP, such as sedimentary 

content of biogenic opal (SiO2), organic carbon (Corg), total nitrogen (TN) and alkenone 

concentration [see review by Henderson, 2002]. 

D iatoms are unicellular siliceous phytoplanktonic organisms, and widely spread over the 

world ocean with particularly high abundances above coastal upwelling regions due to the 

affinity of diatoms to silica and N, P rich environment [Abrantes et al., 2007]. Along the 

Peruvian margin, diatoms are the primary source of biogenic SiO2 recorded in the sediment, 

with radiolarians and sponges not being a significant fraction of biogenic opal at our studied 

sites [De Vries and Schrader, 1981]. Along the PCU, several species of Chaetoceros comprise 

the most abundant diatom genus, and are especially abundant during austral spring when 

upwelling is still strong but waters are relatively clear to allow photosynthesis [Strub et al., 

1998]. The biogenic SiO2 recorded in the sediment is also dependent on the availability of 

dissolved silica in the surface waters, as well as the silicic acid saturation within the subsurface 

water, which affects the preservation of SiO2 [Ragueneau et al., 2000]. It has also been 

observed that the thickness of diatom tests and consequently the SiO2 preservation can be 

altered by iron availability [Hutchins et al., 2002]. 

Downcore variability of sedimentary content of organic carbon (Corg), total nitrogen 

(TN) as well as alkenone concentration is also considered to reflect past changes in the overall 

biological production. In many highly productive regions, Corg is closely associated with 

annual SiO2 production [Pennington et al., 2006]. As for other coastal upwelling systems 

[MŸller, 1977], it is reasonable to assume that the contribution of inorganic nitrogen, clay-

bound or otherwise, is negligible as compared to organic nitrogen in the OM-rich sediments 

characterizing the sediments underneath the Peruvian upwelling system [MŸller, 1977; 

Martinez et al., 2006]. Therefore, TN is considered here as being almost entirely related to 

nitrogen originating from organic tissues reaching the seafloor ultimately derived from 

planktonic organisms. The alkenone concentration is an indicator of past changes in 

coccolithophorid productivity, which is one of the main calcium carbonate producers in the 
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open ocean. Even if it has been shown that within the oxygenated water, only ~1% of the 

phytoplankton production is buried in the sediment, the alkenones are well preserved in the 

sediment and provide some estimation for past changes in surface PP imputable to some 

species of coccolithophorids [Prahl et al., 1989]. 

Paleoproductivity estimations from these above-mentioned sedimentary proxies are also 

affected by a complex set of oceanic processes unrelated to PP [Ragueneau et al., 2000], such 

as dissolution, transport by current, diagenesis, etc. However, even if each proxy bears its own 

strengths and weaknesses, and in particular in regard of the difficulty to distinguish between 

preservation and productivity signals, a multi-proxy approach might allow to differentiate 

between proxy-dependent effects and changes in PP. 

C/N ratio and ! 13C measurements performed on the Corg are often used to disentangle the 

terrestrial origin of OM from the marine one. Terrestrial OM is characterized by relatively 

low ! 13Corg values of -27 to -33ä, and high C/N ratios >20. In contrast, marine OM has typical 

! 13Corg signatures varying between -19 and -22ä and C/N ratios close to the Redfield ratio of 6 

to 7 [Emerson and Hedges, 1988; Jasper and Gagosian, 1989; Hebbeln, 1992].  

 

II -2. Terrigenous input 

XRF scanner measurements allow the reconstruction of the elemental composition of the 

sediments. 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 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]. On the Peruvian margin, where the rainfall depends on the 

seasonal position of the ITCZ and on the ENSO variability, an estimation of the riverine 

runoff variability allows the reconstruction of regional rainfall changes over time which can be 

used to reconstruct past changes in the ITCZ dynamics and/or in the ENSO variability. As 

the ITCZ dynamics are closely related to the upwelling intensity along the Peruvian coast, it 

can be used as an indirect indicator of coastal Peruvian upwelling. We also used Bromine (Br) 

counts as well as Br/Ti to infer past changes in export production of OM [Ziegler et al., 

2008]. Downcore XRF scanner profiles may therefore be useful to disentangle the complexity 

of the multi-proxy reconstruction of the upwelling variability. 
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II -3. Alkenone/SST 

SST has been estimated by using the alkenone unsaturation index (UKÕ
37) measured on 

the multicores and piston cores. In the modern ocean, C37 alkenones, long-chain unsaturated 

ketones (C37:2 and C37:3) are synthesized mainly by some species of coccolithophorids, (mainly 

Emiliania huxleyi and Gephyrocapsa oceanica), which live in the uppermost meters of the 

euphotic zone [Marlowe et al., 1990; Conte et al., 1992; Conte and Eglinton, 1993]. Alkenones 

are widely used to reconstruct SST, as the relative concentration of C37:2 and C37:3 varies in 

response to SST where the organism grew [Brassell et al., 1986; Ternois et al., 1997;  MŸller 

et al., 1998; Prahl et al., 2000; Conte et al., 2006]. The UKÕ
37 index is calculated as follows 

(Equation 1): 

U KÕ
37 = (C37:2)/(C37:2+C 37:3) (1) 

Several calibrations exist to estimate SST; most of them are based on the following type 

of the equation (2): 

SST = (UK'
37 - a) / b  (2) 

Calibrations based on surface sediments throughout the world ocean indicate that the 

alkenone-derived paleothermometry reflects mean-annual SST [Sonzogni et al., 1997; MŸller 

et al., 1998]. However, recent studies point out a decoupling of the alkenone-based SST 

estimation and the mean-annual SST for coastal upwelling systems, suggesting that other 

processes may bias the SST estimation in the Peruvian upwelling area [Prahl et al., 2010; 

Kienast et al., 2012]. Additionally, a comparison between SST from alkenones and 

Magnesium/calcium (Mg/Ca) on foraminifera shows a diverging trend during the Holocene 

in this area. Alkenones show an increase in SST; while SST derived from planktonic 

foraminifera Mg/Ca rather suggests that SST have decreased slightly over the Holocene 

[Leduc et al., 2010]. A seasonal effect has been proposed to explain the difference in the paleo-

SST signal of different organisms. However, the real origin of this divergence is not well 

understood yet, and complex interplay between coccolithophorids and diatoms [Schneider et 

al., 2010] and/or a problem in the calibration of the proxies cannot be excluded. Mg/Ca ratios 

of planktonic and benthic foraminifera have been measured in the northern part of the 

Peruvian margin and will be published elsewhere within the framework of the SFB754, 

subproject A6 [Bšschen in prep]. 

Within this study, a comparison of the SST measured in the surface sediment and a map 

of satellite SST suggest that alkenone-based SST may be skewed toward the warm season or 

that the satellite data are not representing the cooling over the last 100 years. 
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II -4. Nitrogen isotopes 

Paleo-changes of the OMZ extent may have strongly influenced the regional nitrogen 

cycle, either by changes in the relative nitrate utilization by the phytoplankton in surface 

waters, or by nitrate consumption within the OMZ core by N-loss processes. For these 

reasons, several studies have been using ! 15N in sediments to track changes in the subsurface 

O2 concentrations across the past [Altabet et al., 1995; Ganeshram et al., 1995; Ganeshram et 

al., 2000; Galbraith et al., 2004; Altabet, 2006; Pichevin et al., 2007; Martinez and Robinson, 

2010; Sigman et al., 2009]. Under suboxic conditions [O2 < 0.5 mg L-1], heterotrophic bacteria 

reduce NO3
- to N2 through the so-called N-loss processes [Codispoti, 2007]. During these 

processes, light nitrate (14N NO3-) is preferentially removed from the water, leaving the 

remaining nitrate pool enriched in heavy nitrate (15N NO3-). Dissimilatory NO3
- reduction, the 

first step in N-loss, causes pronounced isotopic fractionation (fractionation factor of ~30ä), 

producing isotopically light products (N2 and N2O), and isotopically heavier residual nitrate [ 

Cline and Kaplan, 1975; Granger et al., 2008]. The supply of nitrate to surface waters by 

upwelling and its utilization by plankton results in particulates OM isotopically enriched in 
15N that is ultimately buried in the sediments [Ganeshram et al., 1995; Altabet et al., 1999; 

Altabet, 2006]. The relative importance of denitrification, the stepwise reduction process 

involving a number of intermediates (NO3
-!  NO 2

-!  NO!  N2O!  N2), compared to 

anammox (a more direct process, NO2
- + NH 4

+!  N2) is strongly debated for the Peruvian 

OMZ and upwelling system [Lam et al., 2009]. However, the dissimilatory reduction of 

nitrate to nitrite is the first step required for both processes. It follows that the isotopic 

fractionation during nitrate reduction is independent of which process ultimately leads to N2 

production and reflects net NO3
- removal from the system. This isotopically high nitrate 

remaining within the OMZ core is then upwelled to the surface where it is used by the biota 

and might be finally buried in the underlying sediment. 

Even if ! 15N is often used as an indicator of changes in subsurface O2 concentrations in 

highly productive environments [Ganeshram et al., 2000; Agnihotri et al., 2006; ], many other 

factors can generate nitrogen isotopic fluctuations such as relative nitrate utilization and the 

initial isotopic signature of the water mass [Mariotti et al., 1981; Altabet and Francois, 1994; 

Martinez et al., 2000]. Although the observed fractionation factor for this process (5 to 10ä) is 

significantly lower than during N-loss processes (20-30ä), it still can produce significant 
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isotopic enrichment of the remaining pool [Holmes et al., 1998; Waser et al., 1998; Granger et 

al., 2004; Horn et al., 2011]. Indeed, phytoplankton preferentially takes up NO3
- containing the 

lighter nitrogen isotope (14N) during photosynthesis and thus becomes depleted in 15N with 

respect to the isotopic composition of the initial NO3
- substrate [Wada and Hattori, 1978; 

Waser et al., 1998; Granger et al., 2004]. Thus, a low relative utilization of NO3
- will tend to 

drive the ! 15N signal in particulate OM lower than the upwelled ! 15N NO3- values. The corollary 

is that a complete NO3
- utilization would result in a sedimentary ! 15N very close to the initial 

! 15N NO3- [Altabet and Francois, 1994, 2001; Freudenthal et al., 2001]. 

A ! 15N signal of partial NO3
- utilization in the sediment [Francois et al., 1992; Farrell et 

al., 1995; Sigman et al., 1999] is typically observed in HNLC regions such as the Southern 

Ocean or the EEP [Cullen et al., 1992], where persistent Fe limitation [Martin et al., 1989] 

allows only partial NO3
- utilization in surface waters even on a seasonal basis. Previous OMZ 

paleo-studies have been done only for areas not being considered as HNLC regions (Arabian 

Sea and ETNP OMZÕs).  In the Peruvian OMZ, the intense perennial upwelling and 

moderate Fe limitation [Bruland et al., 2005] on portions of the margin may produce a local 

HNLC -like effect. Hence ! 15N sed in this region may reflect both water-column N-loss affecting 

the ! 15N of upwelled NO3
- as well as its subsequent partial utilization in surface waters 

affecting the ! 15N of OM. Hence, both contributors to ! 15N sed in the studied region are also 

expected to vary spatially with a) surface gradients in the relative nitrate utilization (which 

may also have a seasonal component) and b) subsurface OMZ intensity, respectively. 

For nitrate utilization as well as N-loss processes, the initial isotopic signature of the 

water mass is important to take into account, as it sets up the isotopic values of the nitrogen 

substrate original values, so that an already isotopically heavy water mass will become even 

heavier. Even though the Peruvian margin hosts the biggest and shallowest OMZ in the 

World, the ! 15N recorded in the sediment are still very low as compared to what would 

intuitively be expected from such a high fertile environment. Indeed, south of the Peruvian 

OMZ the ! 15N values from the Chilean margin are much higher than the Peruvian ones, 

although the OMZ already disappears [De Pol-Holz et al., 2009]. 

 

II -5. Paleo-studies of the region 

It has been shown that OMZ in equatorial waters expand over the last century [Stramma 

et al., 2010], thus we assume that in addition to be sensitive to seasonality and ENSO events, 
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OMZs extent was also influenced by longer-term climate variability. However past variations 

in OMZs are difficult to assess because paleoceanographic proxies do not directly relate to 

oxygen concentrations. Therefore surface and subsurface circulation related to climate 

changes, influencing variation in oxygen and nitrate available in the system, as well as changes 

in local upwelling intensity and export PP have been studied to estimate past fluctuation of 

OMZ conditions. 

Along the Peruvian margin, core-top and piston core samples have been studied by Wolf 

[Thesis, 2002] and show an increase of export PP flux within the zone of the perennial 

upwelling, which is consistent with the modern data [http://oceancolor.gsfc.nasa.gov/cgi/l3]. 

However, paleo-reconstructions are more difficult to assign straightforward to the amount of 

export production as the terrigenous input play a major role in the dilution of the previously 

mentioned fraction. 

Intense upwelling occurring in the southern part of the Peruvian margin generates a large 

sedimentation rate above the continental shelf, which had also varied over time [Skilbeck and 

Fink, 2006]. However, the active continental margin off Peru and Ecuador strongly disturbs 

the sedimentation of this area and makes it difficult to retrieve long and continuous records 

with high resolution on this shelf. Additionally, the northern part of the continental shelf 

remains shallow far offshore (up to ~100 km from the coast) but becomes narrow in the South 

with strong subsurface currents along the shelf break, reducing the sedimentation rate at this 

location. The shallow shelf makes the sampling of long term paleo-records harder in this area, 

due to a large impact of the sea-level transgression onto the shelf during the deglaciation 

[Wolf, 2002]. 

Therefore, many studies have been focused on the EEP, along the Pacific Cold Tongue, 

e.g., the Galapagos area and the Nazca Ridge [Feldberg and Mix, 2003; Kienast et al., 2007; 

Koutavas and Sachs, 2008; Pichevin et al., 2009; Dubois et al., 2011], which play a big role on 

the Peruvian hydrology or are influenced by the Peruvian upwelling system and associated 

processes [Fiedler and Talley, 2006; Kessler, 2006]. 

At the most southern limb of the Hadley cell, changes in the Westerlies position and 

intensity have been investigated along the Chilean margin as link to the ITCZ movements 

[Kim et al., 2002; Kaiser et al., 2008; Lamy et al., 2010]. These studies reconstructed paleo-

SST addressing changes in circulation of the southern Peru-Chile Current system and 

possible impacts of the melting of the Patagonian ice sheets and southern ocean climate 

change. 
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Paleo-SST reconstructions for changes in ocean circulation and upwelling intensity 

cannot be addressed by foraminiferal oxygen isotope records and/or Mg/Ca ratios, as 

planktonic foraminifera are rare along the Peruvian margin, restricting as well carbon-14 (14C) 

dating based on planktonic foraminifera. However, benthic foraminifera have been used to 

reconstruct nitrate concentrations [Glock et al., 2011] and species assemblages for oxygen 

concentration [Mallon, 2011] along the Peruvian margin. 

As a matter of fact, paleo-SST reconstructions were based on alkenones measurements 

(SSTalk) to better estimate changes in upwelling intensity along the Peruvian margin. Most of 

the studies are located at the perennial upwelling zone (~12¡S) and mainly concentrate on last 

few centuries [Sifeddine et al., 2008; GutiŽrrez et al., 2011], on the Holocene time period 

[Chazen et al., 2009] and only one is covering the last deglaciation [Rein et al., 2005]. 

Calibration of alkenone unsaturation ratios in the sediment with local and seasonal SST have 

not been done along the Peruvian margin but at the global scale, however showing some 

problems at this specific area, as discussed in Chapter IV1. [Prahl et al., 2010; Kienast et al., 

2012].  

During the mid-Holocene, Rein et al., [2005] interpreted a decrease of sedimentation rate 

contemporary to a SSTalk decrease as a weakening of El Ni–o events. Several studies have also 

been done on sedimentological characteristics forced by the regional currentology [Wells, 

1990; Skilbeck and Fink, 2006; GutiŽrrez et al., 2009]. 

As cited before, interannual ENSO related climate variability plays a large role in the 

hydrographic dynamics of the tropical Pacific [Cane, 2005]. Past changes of such events have 

been for long time studied on land using different methods at several sites, such as laminated 

sediments from Andean lake in Ecuador [Rodbell et al., 1999; Moy et al., 2002], Andean 

glaciers  [Thompson et al., 1998; Jomelli et al., 2011] as well as archeological excavations along 

the Peruvian coast [Sandweiss et al., 2009 and references therein]. 

! 15N  measurements in the sediment allow an estimation of the OMZ extent via an 

estimation of the N-loss processes taking place in the water column and being recorded in the 

sediment, as presented in the previous chapter [Chapter II -4]. Several studies have been done 

off the Chilean margin [De Pol-Holz et al., 2006; Martinez et al., 2006; Robinson et al., 2007] 

and few off Peru located at the perennial upwelling area at a low resolution [Ganeshram et al., 

2000] or focused on the Holocene time period [Agnihotri et al., 2006; Chazen et al., 2009] and 

covering the last deglaciation [Higginson et al., 2004]. However, calibration between the 
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modern data ! 15N  within the water column and in the surface sediment has been only done 

along the Chilean margin [De Pol-Holz et al., 2009].  

The high resolution sedimentary records in this present study are the first covering the 

Holocene and the deglaciation along a North-South transect off the Peruvian margin. 
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Chapter  I I I .  Methodology 

 

III -1. Sampling area 

Surface sediments were collected during two cruises on board the German research 

vessel Meteor (cruises M77-1 and -2, 2008, [Pfannkuche et al., 2008; Schneider et al., 2008]). 

The sampling area extends from 1¡N to 17¡S and covers the Ecuadorian and Peruvian 

margins by 81 stations between 60 m and 2080 m depth along the coast (Figure III .1). This 

sampling covers the northern part and the core of the Peruvian OMZ from North to South 

and some cross-shelf transects at several latitudes (Chapter V; Figure V.1 and Figure V.2). 

The large distribution of the sampling allows a good reconstruction of how the processes link 

to the OMZ system later recorded in the sediment. At each of these stations, 6 multicorer 

tubes (30-60 cm each) were retrieved. An additional set of 13 samples from IMARPE 

(Instituto Del Mar del Perœ, Lima), located between 5¡S and 14¡S, was also analyzed and 

included into this study.  
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Figure I I I .1. Sample locations 

Sample locations: white circles represent the surface sediment and the red crosses the piston core. The 
blue shading represents the marine topography (GEBCO One Minute Grid, version 2.0, 
http://www.gebco.net, courtesy from B. WilliŽ). 

The four long piston-cores (10 to 15 m) studied here were collected from three key 

locations along the Peruvian margin (Figure III .1). The two northern cores, M772-056 and -
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059 are located at the same latitude, 3.5¡S, at the northern edge of the OMZ but at two 

different distances from the coast and different water depths (355 m and 997 m), respectively. 

Here sediments consist of fine homogenous green mud, and the high oxygen concentrations 

prevent the formation of laminations. The core descriptions of each core are reported in the 

cruise report from the cruise M772 on the following website: http://www.dfg-

ozean.de/de/berichte/fs_meteor]. The two southern cores M772-029 and -003 are located at 

shallow depths, at the rim and within the core of the modern OMZ (433 m, 9¡S and 271 m, 

15¡S, respectively). At these depths and latitudes, the combination of high biological export 

production and large oxygen deficiency result in high sedimentation rates, the absence of 

bioturbation and thus in the formation of millimeter scale green to yellow laminations that 

dominate the whole sedimentary sequences [http://www.dfg-

ozean.de/de/berichte/fs_meteor]. Most of the cores are composed by sediment deposits from 

the last Deglaciation and the Holocene, which allowed biogeochemical reconstructions 

outside, at the edge and within the core of the OMZ during the last 18 ka BP. 

 

III -2. Methods 

For all the sediment samples, the two first centimeters of the multicores and each 5 cm 

from the piston cores, were freeze-dried, ground and homogenized using an agate mortar 

prior to all chemical analyses. 

 

III -2.1. Analysis of export production-related proxies  

The biogenic opal (SiO2) measurements done at GEOMAR (Kiel, Germany) were 

carried out on 20 mg of freeze-dried and homogenized bulk sediment by using an automated 

extraction method and wet chemical leaching as described in MŸller and Schneider [1993]. 

Standard deviation based on repeated measurements is ± 0.5%.  

Organic carbon (Corg, wt %) was measured at the University of Bordeaux 1 (France), on 

the same samples used for SiO2 measurements. A LECO C-S 125 analyzer was used after 

treatment of ~80-100 mg of sediment with hydrochloric acid (1N) to remove calcium 

carbonate. The precision on repeated measurements was better than ± 0.5%.  

Total nitrogen was measured at the University of Bordeaux 1 with a Carlo-Erba CN 

elemental analyzer 2500 at the same time as the ! 15N measurements (see Chapter, III -2.4). 



Chapter III . Methodology 

 - 58 - 

When analyzing UKÕ
37, it is also possible to determine the alkenone concentrations (the 

sum of C37:2 and C37:3 concentrations) which can be roughly used as a proxy for coccolith 

paleoproduction. The concentration of these long-chain ketones is determined according to 

the equation below (3): 

(C37) = (Area C37) * [C36] * (Dilution)/ ((Injected vol) / (Area C36 * Sample weight))    (3) 

(C37): respective concentration for either (C37 :2) or (C37 :3) in ng g-1; [C36]: concentration of 

standard (ng g) ; the dilution (Dilution) and volume (Injected volume) of the sample used for 

the GC measurement, both expressed in µl; the Sample weight is expressed in g. 

 

III -2.2. XRF measurements 

The X-ray fluorescence (XRF) core scanning instrument of Avaatech provides non-

destructive bulk-sediment chemistry data measured on the surface of a split sediment core. 

The chemical composition is given as element intensities in counts per second (cps). For this 

work, the three northern cores M772-059 and -056 were measured with a 1 cm resolution using 

the XRF core scanner, at Kiel University. The split core halfs were covered with a 4 µm thick 

ultralene film to avoid contamination of the XRF measurement unit and desiccation of the 

sediment. Geochemical data was obtained at two different tube voltages, 10kV for Al, Si, S, 

Cl, K, Ti, Mn, Fe and 30kV for Zn, Br, Sr, Rb, and Zr [see Richter et al., 2006]. 

 

III -2.3. Alkenone analyses 

Alkenones have been measured at the Institute of Geocsiences at the CAU (Christian 

Albrecht University of Kiel). All samples were extracted by Accelerator Solvent Extraction 

(Dionex ASE200) from 0.5 g to 1 g freeze-dried and homogenized sediment samples. The 

surface sediment samples and the core M772-056 were measured using a solution of 

dichloromethane (100%) as a solvent at a pressure of 80 mbar and a temperature of 75¡C. 

However after improvement of the extracting method, alkenones of cores M772-029, -003 and 

-059 were extracted using a mixture of dichloromethane and methanol (9:1) as solvents at a 

pressure of 100 mbar and a temperature of 100¡C. This new method allows a better extraction 

of the alkenones, which is observed by an increase of the variability. This new method has 

been tested on one of the cores located at the same latitude (M772-059), and it shows very 

different SST variability to M772-056, which was measured with the old setup. Different 
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genus of alkenone concentrations may induce this difference in the SST datasets, however it is 

unlikely regarding the others proxies showing very similar trends in both cores. 

For the extraction of the alkenones, 1 cm layer of silica gel and modified diatomaceous 

(Isolute HM-N, extraction grade) was poured at the bottom of the extraction cell, then 0.5 to 

1 g of sediment was added and the rest of the upper part of the cell was filled by diatomaceous 

again. The extracts were purified later and analyzed by a double column multidimensional gas 

chromatograph (Agilent 6890N) system with two flame ionization detectors using hydrogen 

as a carrier gas (Figure III .2). Alkenone concentrations (C37 di- and triunsaturated ketone 

mass/grams of dry sediment) were calculated by normalizing to two internal standards 

(Skagerrak and Standard C27C36: composed of 10 µg L-1 of C27 and C36 10 µg L-1), adding C37:2 

and C37:3 in ng g-1 (see [Blanz et al., 2005], for a complete description of the method). 

The UKÕ
37 used to estimate the SST was calculated with the following equations (4):  

U KÕ
37 = (C37:2)/(C37:3 + C37:2)    (4) 

As the calibration of MŸller et al. [1998] is the largest study over the world and thus the 

more robust, it is the one that has been used for this study (5): 

SST = (UK'
37 - 0.044) / 0.033   (5) 

Analytical precision, calculated on replicate analyses and repeated extractions of internal 

standard, is ± 0.05 UK'
37 units or ± 1.5 ¡C. 
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Figure I I I .2. Schematic representat ion of the gas chromatograph system 

Schematic representation of the gas chromatograph system, using the second column for a better 
measurement precision of the peaks corresponding to the alkenone concentrations, TL: Transfer Line. 
Courtesy of T. Blanz. 

 

III -2.4. Nitrogen isotope analyses 

Nitrogen isotope ratios (! 15N sed) and total nitrogen contents (TN) were measured at the 

University of Bordeaux 1 (EPOC, UMR CNRS 5805, France), on 5 to 60 mg of 

homogenized and freeze-dried bulk sediment. Samples were encapsulated in tin cups and then 

injected into a Carlo-Erba CN analyser 2500 coupled directly to a Micromass-Isoprime mass 

spectrometer, using He as the carrier gas (Figure III .3). The isotopic ratio is expressed in the 

delta notation (6): 

! 15N  = [[15N/ 14N sample - (
15N/ 14N) standard] / (

15N/ 14N) standard]* 1000  (6) 

with air N2 as standard. 

The precision of the isotopic analyses and nitrogen concentration were based on repeated 

measurements of selected sediment samples, in addition with routine international standards, 

such as Acetanilide for nitrogen concentration, Caseine, Glycine and in-house standards 

(Bassin) for isotopic measurements. The precision of the analyses based on standards and 
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samples replicates is ~0.23 ä and ~0.2ä  for nitrogen content and nitrogen isotopes 

respectively.  

 

 

Figure I I I .3. Schematic representat ion of the Elemental Analyser and Mass 

Spectrometer 

Schematic representation of the Elemental Analyser (Carlo ERba NC 2500) coupled to a Mass 
Spectrometer (GV). Reference Gas (CO2, He, N2). Courtesy of Karine Charlier, University of 
Bordeaux I. 

 

I II -2.5. Radiocarbon and core chronology 

The age models for the four piston cores are based on 61 radiocarbon measurements (Table 3) 

performed on the planktonic foraminifer species Neogloboquadrina dutertrei for the northern 

cores and on the humic fraction of OM in the sediments from the southern cores, where 

planktonic foraminifera were absent or rare. To verify the robustness of the datings on the 

humic fraction, we applied the two methods on the same samples on the northern core M772-

056 (Table 3). For the humic fraction measurements, the sediment was checked under the 

microscope and an appropriate amount of organic material was selected for dating. The 

selected material was then extracted with 1 % HCl, 1 % NaOH, each at 60¡C, and again with 

1 % HCl (alkali residue). The combustion to CO2 of all fractions was performed in a closed 

quartz tube together with copper oxide (CuO) and silver wool at 900¡C. Subsequently, each 
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sample gas was sealed again into a quartz tube together with CuO and silver wool and 

combusted a second time at 900¡C in order to remove any contamination inhibiting the 

reduction of the sample CO2 to graphite (e.g. sulphur). The sample CO2 was reduced with H2 

over about 2 mg of Fe powder as catalyst, and the resulting carbon/iron mixture was pressed 

into a pellet in the target holder. For quality assurance, two portions of the humic acid 

fraction were sealed, combusted and reduced. 

The organic fraction ages (soluble humic fraction) are on average ~800 years older than 

the calcite ages for the same depth horizon (Table 3). The age difference between the calcite 

and humic fractions is yet not completely understood, as it was found off Chile, that 

radiocarbon ages of alkenones also tend to be significantly older than those of foraminifera in 

coastal upwelling areas [Mollenhauer et al., 2005]. For the time being, we assume that the 

humic fraction provides radiocarbon dates of mainly marine OM, as shown by C/N ratio and 

! 13C measured on OM, which is closest to that of marine calcite in the same setting. 

Accordingly, we use the humic fraction dates in the southern cores for chronological control. 

The MARINE09 calibration curve [Reimer et al., 2009] has been used for all the age 

calibrations with a " R varying between 200 ± 50 years for the northern cores (M772-056 and -

059) and up to 511 ± 278 years for the southern cores (M772-029 and -003) because of the 

intense upwelling taking place in this area [Ortlieb et al., 2011]. The resulting age models 

imply sedimentation rates varying between ~30 in core -056 and 390 cm per ka in core -029 

depending on the more or less coastal location of the core. The higher sampling resolution 

used for the XRF measurement (each cm), provides a time resolution ranging from ~167 years 

per cm during the mid-Holocene down to ~13 year per cm for the Heinrich 1 time interval. The 

two northern cores cover the Holocene (M772-056 and -059), however only the core -059 goes 

back to the deglaciation. Previous studies have shown that the sedimentation along the 

Peruvian margin suffers from major gaps [see Reinhardt et al., 2002]. It seems to be 

particularly the case for the middle part of the Peruvian shelf, around 10-12¡S, where many 

records present especially incomplete Holocene sedimentation [Higginson et al., 2004; 

Chazen et al., 2009]. In addition, unfortunately, the first 4000 years are also missing at site 

M772-029. Both of the southern cores (M772-029 and -003) cover the deglaciation and only 

the M772-003 covers the entire Holocene time period (Table 3). 

The results and discussion are presented in the following chapters in the form of articles. 

Nevertheless, the unpublished data concerning the alkenones measurements on the surface 

sediment is presented at first, as a small subchapter. 
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Chapter  IV. Alkenones in surface sediments 

 

 

In organic rich sediments, the alkenone index UKÕ
37 is commonly used to reconstruct the 

mean annual SST, as the Prymnesiophytes synthesize alkenones in relation to the temperature 

of the water where they grow (more detail in Chapter II -3). However, few recent studies show 

that it seems to be regionally more complicated than thought before, and a direct relation 

between UKÕ
37 and the mean annual SST may be not totally straightforward [Prahl et al., 2010; 

Kienast et al., 2012]. Indeed, seasonality leads to changes in SST, regional upwelling intensity 

and regional hydrology, which may affect either the timing when the coccolithophores bloom 

or biogeographical processes over the time. We present here new results of alkenone 

measurements on core-top samples retrieved during the Meteor cruise (December 2008) 

along the Ecuadorian-Peruvian margin between 0.5¡N and 17¡S (Figure IV .1). As described 

in Chapter 11, the robust calibration derived from a world dataset, from MŸller et al., [1998] 

has been used to calculate the Paleo-SST derived from alkenone unsaturation ratios (SSTalk).  
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Figure IV .1. SSTalk along the Peruvian margin 

SST derived from alkenone unsaturation ratios along the Peruvian margin. The gray shading shows 
the bathymetry of the area. 

The Peruvian coast undergoes three different systems from North to South. The 

seasonality and PP increase southward at the same time that SST decreases due to upwelling: 

1. North of 5¡S, the Peruvian-Ecuadorian margin is located outside the perennial upwelling 

area, thus SST are consistently warm. 2. From 5¡S to 10¡s, the area is influenced by strong 

seasonality leading to a northward advection of colder surface waters from the more southern 

perennial upwelling but only during the austral winter (Jul-Aug-Sep). 3. Off central and 

southern Peru, 10¡S to -15¡S, the perennial upwelling cells occur during the entire year and 
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with a stronger intensity during the austral winter (Figure IV .2).

 

Figure IV .2. Oceanographic pattern of the Peruvian margin 
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This figure shows the oceanographic pattern of the Peruvian margin. The left and right panels 
represent the austral winter (Jul-Aug-Sep) and the summer (Dec-Jan-Feb), respectively. a) SST, b) 
Chlorophyll a concentration c) Particulate inorganic carbon. a) was extracted from the WOA09, b) 
and c) from SeaWiFS dataset (http://oceancolor.gsfc.nasa.gov/cgi/l3).  

The warmest SSTalk prevail off Southern Ecuador-Northern Peru (Figure IV .1) and 

represent the typical stable and warm SST of the equatorial region (Figure IV .2.a). Further 

south, SSTalk values progressively decrease due to their locations getting closer to the 

perennial Peruvian coastal upwelling. In addition, some contrasting colder values are located 

close to the coast at the perennial upwelling zone (11-12¡S), leading to an increase of the SSTalk 

seaward, which the opposite trend is observed in the northern part of the Peruvian-

Ecuadorian margin (Figure IV .1). 

The intensity of the upwelling strongly oscillates with the seasonality of the system. 

Indeed, the peak of chlorophyll a occurs few months after the most intense upwelling [Chavez 

and MessiŽ, 2009], due to the strong turbulence of the surface waters. The peak of Particulate 

Inorganic Carbon (PIC), which is directly linked to the production of calcareous organisms at 

the sea-surface, occurs at the same time of the chlorophyll a maximum, i.e. during the austral 

summer (Figure IV .2a-c). The maximum abundance of diatoms, which represent the major 

phytoplankton group in the Peruvian upwelling, also occurs at the same period of the year 

[Abrantes et al., 2007]. Thus, the great seasonality of the Peruvian upwelling may lead to a 

main occurrence of the coccolithophorid, being calcareous organisms, only during the austral 

summer and consequently not allow recording mean annual SST off Peru. 

We first made a comparison between the SST alk and the annual mean and seasonal 

(austral summer and winter) SST from WOA09 (SSTWOA09) data set (Figure IV .3). The 

SSTalk of this study have been averaged for each degree latitude, allowing a better correlation 

with the SSTWOA09 along the Peruvian margin (Figure IV .3). At first glance, the SSTalk values 

are better correlated with the austral summer in the northern part of the margin. However, 

south of 5¡S, the location of samples are closer to the perennial upwelling and the SSTalk seem 

to be better correlated to the mean annual SSTWOA09 (Figure IV .3).  
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Figure IV .3. SSTalk and SSTWOA09 comparison 

The SSTalk of this study using MŸller et al., [1998] calibration (purple cross) and SSTWOA09 from mean 
annual SST (green triangle), austral summer (red square) and austral winter (blue diamond) are 
plotted against latitude. 

In order to estimate whether the annual mean SST can be reconstructed using alkenone 

unsaturated ratios, we made a regional comparison between the UKÕ
37 values of this study and 

the SST extracted from the WOA09 dataset. Another picture emerges from the comparison 

between the UKÕ
37 values plotted against the SST of the two seasons identified (Figure IV .4). 

Surprisingly, the SSTalk obtained with the calibration from MŸller et al., [1998] show a 

regression curve nearly parallel to the regression curve resulting from the calibration of UKÕ
37 

values versus austral winter. The shift between the two curves is ~3¡C, but the gradient of the 

regression curve are quite similar (~0.03). For the austral summer and mean annual SSTWOA09, 

the gradient of the regression is much higher than the gradient from the calibration from 

MŸller et al., [1998] (Figure IV .4), indicating that the organisms may synthesize alkenones in a 

different manner in function of their habitat. Thus, the MŸller calibration may overestimate 

the SST derived from alkenones in the northern part of the Peruvian margin (Figure IV .3). 

These results are still surprising considering the increase of surface PP during the austral 

summer compared to the small PP and PIC during the winter (Figure IV .2). Thus it would 

be expected that the SSTalk would better correlated to the summer SST. However, the very 

low coastal resolution of the WOA09 may potentially involve some mismatch when 

calculating the calibration between UKÕ
37 and the corresponding SSTWOA09. In addition, the 
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U KÕ
37 values have been averaged to fit to the SSTWOA09, and then important information 

originally contained in the UKÕ
37 values may be lost.  

Until now, the calibration from MŸller et al., [1998] seems to be the best calibration to be 

used for past-SST reconstructions derived from alkenone concentrations, as it takes into 

account UKÕ
37 values and the SST on a global scale. 

 

Figure IV .4. UK Õ
37 against SSTalk and SST WOA09 

U KÕ
37 values averaged by each degree latitude plotted against SSTalk dataset from this study and 

SSTWOA09 for annual mean and for each seasons. The legend is the same as the previous figure. 
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Chapter  V. Ni t rogen isotope gradients of f  Peru and 

Ecuador re lated to upwel l ing,  product iv i ty ,  nutr ient  

uptake and oxygen def ic iency 
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V-1. Abstract 

We present new nitrogen isotope data from the water column and surface sediments for 

paleo-proxy validation collected along the Peruvian and Ecuadorian margins between 1¡N 

and 18¡S. Productivity proxies in the bulk sediment (organic carbon, total nitrogen, biogenic 

opal, C37 alkenone concentrations) and 15N/ 14N ratios were measured at more than 80 

locations within and outside the present-day Peruvian oxygen minimum zone (OMZ). 

Microbial N-loss to N2 in subsurface waters under O2 deficient conditions leaves a 

characteristic 15N -enriched signal in underlying sediments. We find that phytoplankton 

nutrient uptake in surface waters within the high nutrient, low chlorophyll (HNLC) regions 

of the Peruvian upwelling system influences the sedimentary signal as well. How the ! 15N sed 

signal is linked to these processes is studied by comparing core-top values to the 15N/ 14N of 

nitrate and nitrite (! 15N NO x) in the upper 200 m of the water column. Between 1¡N-10¡S, 

subsurface O2 is still high enough to suppress N-loss keeping ! 15N NO x values relatively low in 

the subsurface waters. However ! 15N NO x values increase toward the surface due to partial 

nitrate utilization in the photic zone in this HNLC portion of the system. ! 15N sed is 

consistently lower than the isotopic signature of upwelled NO3
-, likely due to the 

corresponding production of 15N depleted organic matter. Between 10¡S and 15¡S, the current 

position of perennial upwelling cells, HNLC conditions are relaxed and biological 

production and near-surface phytoplankton uptake of upwelled NO3
- are most intense. In 

addition, subsurface O2 concentration decreases to levels sufficient for N-loss by 



Chapter V. Nitrogen isotope in surface sediments 

 - 70 - 

denitrification and/or anammox, resulting in elevated subsurface ! 15N NO x values in the source 

waters for coastal upwelling. Increasingly higher production southward is reflected by various 

productivity proxies in the sediments, while the north-south gradient towards stronger surface 

NO 3
- utilization and subsurface N-loss is reflected in the surface sediment 15N/ 14N ratios. 

South of 10¡S, ! 15N sed is lower than maximum water column ! 15N NO x values most likely because 

only a portion of the upwelled water originates from the depths where highest ! 15N NO x values 

prevail. Though the enrichment of ! 15N NO x in the subsurface waters is unambiguously reflected 

in ! 15N sed values, the magnitude of ! 15N sed enrichment depends on both the depth of upwelled 

waters and high subsurface ! 15N NO x values produce by N-loss. Overall, the degree of N -loss 

influencing subsurface ! 15N NO x values, the depth origin of upwelled waters, and the degree of 

near-surface nitrate utilization under HNLC conditions should be considered for the 

interpretation of paleo ! 15N sed records from the Peruvian oxygen minimum zone.  

 

Keywords: water column, surface sediments, nitrogen isotopes, denitrification, OMZ, 

South America, Eastern Tropical Pacific 

 

V-2. Introduction 

The Humboldt Current System in the Eastern South Pacific is one of the most 

productive ecosystems in the world ocean, with permanent or seasonal upwelling cells along 

the coasts of Peru and Chile [Pennington et al., 2006]. It is also very sensitive to El Ni–o 

Southern Oscillation (ENSO) events, which cause significant changes in the physical, 

chemical and biogeochemical conditions on interannual timescales [Huyer et al., 1987; Barber 

et al., 1996]. Large exchanges of heat and CO2 between the ocean and the atmosphere result 

from the upwelling of cold, nutrient rich and CO2 saturated subsurface waters and thus 

influences global biogeochemical cycles of carbon and coupled elements such as nitrogen. 

Associated with this current system, an intense oxygen minimum zone (OMZ) extends far 

offshore that results from the interplay between high export production, strong oxygen 

consumption due to organic matter (OM) remineralization, and weak ventilation by 

subsurface circulation. Off southern Peru where the OMZ is most intense and shallowest, the 

oxygen concentration ranges from saturated values at the surface to values <10 µmol L-1 at 

very shallow water depths (<50 m), while <1 µmol L-1 are reached within its core [Karstensen 
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et al., 2008; Paulmier and Ruiz-Pino, 2009]. On average, the Peruvian OMZ ranges between 

30-70 m and 300-500 m water depth. 

Water column O2 concentrations below 2-10 µmol L-1 in the water column are associated 

with N -loss processes, e.g. denitrification and anammox [Codispoti, 2007; Lam et al., 2009]. 

Under such conditions, nitrate is used as an oxidant during the degradation of the OM and its 

conversion to N2 gas represents a loss of bio-available nitrogen from the global ocean. 

Dissimilatory NO3
- reduction, the first step in N-loss, causes pronounced isotopic 

fractionation, producing isotopically light products (N 2 and N2O), and isotopically heavier 

residual nitrate [Cline and Kaplan, 1975; Liu and I. R. Kaplan, 1989; Brandes et al., 2007; 

Granger et al., 2008; Sigman et al., 2009]. Supply of this nitrate to surface waters by 

upwelling and its utilization by plankton isotopically enriches the particulate OM in 15N that is 

ultimately buried in the sediments [Altabet et al., 1995; Ganeshram et al., 1995; Altabet, 2006]. 

In these systems, good preservation of sediment OM leaves the isotopic signal in OM 

unaltered. 

Following these findings, a number of studies have used bulk sediment ! 15N  (! 15N sed) to 

reconstruct past changes in water-column N-loss. They have shown large variations for 

tropical OMZÕs in response to climate fluctuations on millennial to million year time-scales 

[Altabet et al., 1995; Ganeshram et al., 2000; Altabet et al., 2002; Liu et al., 2005; Agnihotri et 

al., 2006; De Pol-Holz et al., 2007; Pichevin et al., 2007; Martinez and Robinson, 2010].  All 

these studies report that cold climatic intervals were generally characterized by contraction of 

the OMZÕs, while warm climatic intervals experienced expansion with corresponding changes 

in the oceanÕs nitrogen budget. Several mechanisms have been proposed as candidates for 

explaining the inferred variability, such as local productivity variations changing local oxygen 

demand [Altabet et al., 2002] or remote forcing of the O2 supply in intermediate source waters 

[Galbraith et al., 2004; Meissner et al., 2005; Hendy and Pedersen, 2006].  

In addition to N-loss processes driven by intense OMZ conditions, other factors may 

influence the ! 15N  of OM reaching the sediments, the most notable of which is partial surface 

nitrate utilization by phytoplankton. Phytoplankton preferentially takes up NO3
- containing 

the lighter nitrogen isotope (14N) during photosynthesis and thus OM is depleted in 15N 

relative to the NO3
- substrate [Wada and Hattori, 1978; Waser et al., 1998; Granger et al., 

2004]. Thus, a low relative utilization of NO3
- will tend to drive the ! 15N signal in particulate 

OM lower than for upwelled ! 15N NO3- values, whereas complete NO3
- utilization would result 

in an equivalence between the two [Altabet and Francois, 1994; Altabet 2001; Freudenthal et 
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al., 2001]. A sedimentary ! 15N  signal typical for partial NO3
- utilization [Francois et al., 1992; 

Farrell et al., 1995; Sigman et al., 1999] is typically observed in high nutrient low chlorophyll 

(HNLC) regions such as the Southern Ocean and eastern Equatorial Pacific, where 

persistent Fe limitation [Martin  et al., 1989] allows for only partial NO3
- utilization in surface 

waters even on a seasonal basis while previous OMZ paleo-studies were for areas far removed 

from HNLC regions (Arabian Sea and Mexican OMZÕs). However, the Peru OMZ is 

adjacent to and perhaps overlapping with the eastern Equatorial Pacific HNLC region. 

Moreover, intense perennial upwelling and moderate Fe limitation [Bruland et al., 2005] 

along parts of the margin may produce a local HNLC-like effect. Hence ! 15N sed in this region 

may reflect both, water-column N-loss increasing the ! 15N  of upwelled NO3
- as well as its 

subsequent partial utilization in surface waters causing ! 15N  in OM to be lower than upwelled 

! 15N NO3- values. In the Peru region, both contributors to ! 15N sed are also expected to vary 

spatially and temporally with a) subsurface OMZ intensity and b) surface gradients in the 

relative nitrate utilization, respectively. 

To further understand the contributions of subsurface N -loss and relative nutrient 

utilization to the Peruvian margin ! 15N sed signal, this study investigates spatial changes in 

! 15N sed in core-top sediments with respect to the modern OMZ and surface distributions of 

NO 3
- utilization, associated with primary productivity. We present ! 15N data for both NO3

- 

from the upper 200 m of the water column and bulk surface sediment, along with several other 

proxies related to export production (Corg, TN, Opal and alkenone concentrations), along the 

Peruvian margin. 

 

V-3. Regional sett ing 

Water masses and currents in the study area (1¡N to 18¡S, along the Ecuadorian-Peruvian 

margin) are well described [Fiedler and Talley, 2006]. Strong equatorial winds drag surface 

waters from the south along shore as part of the Peru-Chile Current (PCC) and Peru-Chile 

Coastal Current (PCCoastalC). Subsurface and offshore flow is in the opposite direction 

with the Equatorial Under Current (EUC) and Southern Subsurface Countercurrent 

(SSCC) forming the Peru-Chile Undercurrent (PCUC) and Peru-Chile Countercurrent 

(PCCC). These two currents are the main sources of the coastal upwelling cells [Wyrtki, 1981; 

Silva et al., 2009; Czeschel et al., 2011]. The intermediate water source for the Peru OMZ is 

delivered by these currents from equatorial Ô13¡ waterÕ characterized by high salinity, low O2, 






























































































































































































































