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Abstract

The Eastern Tropical South Pacific (IX'T'SP) 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 (§°N) 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 O,-depleted
subsurface waters, microbial-mediated NO,-loss to N, leaves a “N-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,) 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 O,
concentrations are too high to allow N-loss processes to take place and account for nitrogen
isotopic changes, keeping 8°N o, values relatively low in the subsurface waters. In contrast,
8®Nyo,. values increase toward the surface due to partial nitrate utilization in the photic zone.
However, an incomplete utilization of NO, probably triggers 6°N, values being consistently
lower than the §°N 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 NO,. In addition,
subsurface O, concentration decreases to levels sufficient for N-loss by denitrification and/or
anammox to take place, resulting in clevated subsurface §°Ny(, values in waters feeding the
coastal upwelling. Various sedimentary proxies for productivity reflect increasingly higher PP
southward, and echoe a parallel north-south 8°N,, gradient reflecting an increasing
subsurface N-loss southwards. In addition, the 6°N 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 cffort suggests that the degree of N-loss
influencing subsurface §°Ny, values, the degree of upper ocean stratification, and the degree
of near-surface nitrate utilization should all be considered for the interpretation of downcore
8N, 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 8N values measured on
cach core cover the entire Holocene and the last deglaciation period. In the northern part
along the Ecuadorian margin, the 8°N values are low, ranging from 4 to 6%., with an
amplitude of "1%. during the Holocene and the last deglaciation period. This is likely due to
the absence of OMYZ. conditions within this area. In contrast, the southern cores show values
similar to modern core-tops data and a large amplitude ("4%o) 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 8N values a along the time period of
the deglaciation, followed by relatively stable 8°N signatures during the mid-Holocene.
Interestingly, low 8°N values (75.5%.) 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 8°N values during the mid-Holocene, the
changes in 8°N 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; with low 8°N
within the euphotic zone.

A mid-Holocene increase in upwelling intensity, analogously to modern conditions
prevailing during austral winters and ILa Nifna 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 (I'TCZ). We further investigated how past changes in

precipitation along the Ecuadorian margin has evolved over the last 18 ooo years. We used

_12_



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 I'TCZ north of the Ecuadorian margin at this time.






Zusammenfassung

Die unteren Oberflichenwassermassen im 6stlichen tropischen Sidpazific (Kastern
Tropical South Pacifics, ET'SP) sind durch eine der weltweit ausgeprigtesten und direkt
unterhalb  der Meeresoberfliche Dbefindlichen  Sauerstofft-Minimum-Zone (OMZ)
charakterisiert. Diese OMZ resultiert aus dem Zusammenspiel ciner regional hohen
Primirproduktion (PP) wund eciner schwachen Ventilation der oberflichennahen
Wassermassen. Die Ausdehnung der tropischen OMZ wihrend der letzten Jahrzehnte weist
darauf hin, dass diese Zonen schr sensitiv auf den anthropogenen Klimawandel reagieren
konnen, allerdings sind die grundlegenden Prozesse beziiglich des Einflusses von
Anderungen der PP und dem Nihrstoffkreislauf noch nicht richtig verstanden. Die
vorliegende Arbeit ist ecine Vergleichsstudie von Stickstoffisotopen-Daten, gemessen an
Oberflichensedimenten aus ciner Multicorer Beprobung entlang der ecuadorianischen und
peruanischen Kiiste sowie von Nitrat Proben gemessen in der oberen 20om der Wassersiule,
um zu verstehen welche Prozesse letztlich die Anderungen der Isotopensignatur in Sediment
beeinflussen. Insgesamt wurde festgestellt, dass im O,-armen unteren Oberflichenwasser die
mikrobielle Umwandlung von NO; zu N, ein *N-angereichertes Signal im darunterliegenden
Sediment hinterlisst, welches fiir Denitrifikation und/oder von Anammox beeinflusste
Wassermassen charakteristisch ist. Des Weiteren wurde herausgefunden, dass das Ausmafd
der particllen NO,-Aufnahme durch das Phytoplankton im Oberflichenwasser signifikant
zum Sediment-Signal in den nihrstoffreichen und chlorophyllarmen (HNLC) Teilen des
Untersuchungsgebiets beitrigt. Zudem konnte nachgewiesen werden, dass regionale
Unterschiede beziiglich des Sauerstoffgehalts und der PP in Wassersiule und Sediment zu
einer unterschiedlichen Stickstoft Isotopen-Signatur (8°N) fiihren. Im Norden, zwischen
1°N-10°S, sind die oberflichennahen O,-Konzentrationen zu hoch um Prozesse, die zu N-
Verlusten fithren, zuzulassen. Dies hiilt die 8°Ny,-Werte auf einem relativ niedrigen Niveau
in den unteren Oberflichenwassern. Im Gegensatz dazu steigen die §°Nyo,-Werte mit
abnehmender Wassertiefe durch die stirkere particlle NO,-Nutzung in der photischen Zone
an. Dennoch fiihrt eine nur teilweise Nutzung des NO, moglicherweise zu konstant
niedrigeren 8°N, -Werten im Vergleich zu den §°N-Werten des aufsteigenden NO;. Weiter
stidlich, zwischen 10 - 15°S, innerhalb der Region des permanenten Auftriebs, sind die

HNLC Bedingungen schwicher ausgeprigt, was zu einer intensiveren biologischen



Produktion und damit verbundenen NO,-Aufnahme  durch  Phytoplankton im
Oberflichenwasser fiihrt. Zusitzlich verringert sich die oberflichennahe O,-Konzentration
auf ein Niveau, welches ausreicht um N-Verlust durch Denitrifikation und/oder Anammox zu
ermoglichen.  Dies  fithrt  zu  erhohten  oberflichennahen  §®Nyo,-Werten in - den
Wassermassen, die den kiistennahen Auftrieb speisen. Verschiedene Sediment-Proxies der
Produktivitit deuten auf eine nach Stiden zunechmende PP hin, was sich durch eine Nord-
Stiid Zunahme im 8°N,-Signal zeigt, welche ecinen nach Siidden zunchmenden
oberflichennahen N-Verlust wiederspiegelt. Zusitzlich nechmen die 8°N-Werte, die in den
core-top Sedimenten und in den Wassersdulenproben gemessen wurden, senkrecht zur Kiiste
hin zu und zeigen damit cine Intensivierung des kiistennahen Auftricbs entlang der
Kiistenlinie an, wobei die Oxykline und Nitrakline nidher an die Oberfliche wandern. Die
Kartierung zeigt, dass sowohl der Grad des N-Verlustes, welcher die unter-oberflichennahen
8" Nyo,-Werte beeinflusst, als auch die Stratifizierung der Ozeanoberfliche und der Grad der
oberflichennahen Nitrat-Nutzung bei der Interpretation von §°N,-Daten aus
Sedimentkernen zur Rekonstruktion der raum-zeitlichen Variabilitit der peruanischen OMZ,
herangezogen werden sollten.

Demzufolge wurden zuriickliegende Verdnderungen der Ausdehnung der OMZ auf der
Basis von vier Kolbenlot-Sedimentkernen, die aufderhalb, an der Grenze und innerhalb der
heutigen OMZ entlang eines meridionalen Transektes (von 3.5 bis 15°S) ausgewihlt wurden,
rekonstruiert. In allen Sedimentkernen decken die gemessenen §°N-Werte das gesamte
Holozin und das letzte Deglazial ab. Im nordlichen Teil entlang des nordlichen Teil des
peruanische Kontinentalrands sind die Werte niedrig, von 4 bis 6%., mit einer beobachteten
Amplitude von "1%. wihrend des Holozins und des Deglazials. Dies ist wahrscheinlich
dadurch begriindet, dass es in dieser Region keine OMZ, Bedingungen gab. Im Gegensatz
dazu weisen die im Stiden erhaltenen Sedimentkerne mit bis zu “10%. und einer Amplitude
von ~4%. hohere Werte fiir den Zeitraum des Deglazials bis heute auf. Zuriickzufiihren ist
dies wahrscheinlich auf die N-Abbauprozesse in der Wassersdule an den positionnen des
Sedimentkerne, die innerhalb der OMZ liegen. An allen untersuchten Sedimentkernen wurde
ein abnehmender Trend der 8°N-Werte wihrend des Deglazials festgestellt, gefolgt von
relativ stabilen §"N-Signaturen wihrend des mittleren Holozins. Interessant ist, dass alle
untersuchten Sedimentkerne wihrend des mittleren Holozins durch geringe 8°N-Werte

(75.5%0) gekennzeichnet sind, was zeigt, dass im Oberflichenwasser kein schweres Nitrat
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vorhanden war, welches durch Phytoplankton hitte aufgenommen werden konnen. Da
Proxies fiir die Export-Produktion keine direkte Korrelation mit den 8°N-Werte wihrend des
mittleren Holozins anzeigen, ist eher anzunehmen, dass die Verdnderungen der 6°N-Werte
aus Zirkulationsinderungen der unteren Oberflichenwasser resulticren. Ein Anstieg der
Auftriebsintensitit wihrend des mittleren Holozidns hat moglicherweise cine effizientere
Ventilation der oberen Wassersiule ermoglicht und somit N-Verlust-Prozesse verhindert und
gleichzeitig fiir einen hoheren Eintrag von Nitrat mit niedriger 8N Signatur in die photische
Zone gesorgt.

Analog 7zu der heute durch Siidhemisphiaren-Winter und La Nifa Ereignisse
hervorgerufene erhohte Auftriebssintensitit sollten deshalb in den Holozidnen Sedimenten ins
die fiir diese Klima-zustinde typischen regionalen Verschiecbungen der atmosphirischen
Zirkulation, wie beispielsweise die tiber dem nordwestlichen Siidamerika stattfinden den
Verschiebungen der I'TCZ, reflektiert werden. Deshalb wurde untersucht, wie sich die
Niederschlige in den letzten 18 ka entwickelt haben. Um die Verdnderungen des Guayas-
River Abflusses untersuchen zu kénnen, wurden hochaufgeloste XRE-Aufnahmen zur
Elementverteilung in zwei Sedimentkernen untersucht. Hierbei sollte aus den Schwankungen
des Ti-gehaltes Informationen iiber eine Verschiebung der Paléo-Niederschlige entlang der
westlichen Flanke der dquatorialen Anden rekonstruiert werden. Im Vergleich zu anderen
Niederschlagsuntersuchungen entlang des tropischen stidamerikanischen Kontinents im
Zeitraum der letzten Enteisungsperiode bis zum Holozin wurden unterschiedliche
Ausprigungen von Variabilitit ersichtlich. Die Aufzeichnungen der Niederschlagsvariabilitit
implizieren, dass sich Verdnderungen im hydrologischen Kreislauf auf orbitalen und sub-
orbitalen Zeitskalen von West- nach Ost-Stidamerika unterscheiden. Orbitale Einfliisse
verursachten cin gegenldufiges Verhalten der Niederschlagstrends zwischen Ost- und
Westiquatorial Siidamerika. Im Gegensatz dazu sind die 10oo-jdhrigen Veranderungen der
Niederschlige stark mit den nordatlantischen Klimavariabilititen korreliert, was zu
gleichmiflig feuchteren Bedingungen iiber Ost- und Westiquatorial Stidamerika wihrend
der nordatlantischen Kilteperioden fiihrte. Diese Ergebnisse konnen hilfreiche Daten zum
Test der Sensitivitit von Klimamodellen beziiglich regionaler Niederschlige liefern und
helfen Niederschlagssimulationen in Stidamerika fiir das nidchste Jahrhundert zu verbessern.
Auch konnen diese Daten sowie die Zunahme der Auftriebsaktivitit im mittleren Holozin
bestitigen, da die stidostlichen Passatwinde wahrscheinlich fiir die Verschiebung der I'TCZ

nordlich des peruanischen Kontinentalrandes verantwortlich sind.
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Chapter I. Introduction

I-1. Motivation for this study

During the 21 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. CO,, CH, 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 Nino) of El Nifio 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 CO, in the
deep ocean, nutrient supply to the organisms, oxygen distribution) and in heat redistribution
(Figure L.1; [ Broecker, 1987; Rahmstort, 2006; Kuhlbrodt ct al., 2007]).

"This work is part of the interdisciplinary project: Collaborative Research Centre (SFB)
754 “Climate-Biogeochemistry Interactions in the Tropical Ocean®. 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 cither 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.
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Under such low oxygen conditions, the importance of anacrobic 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 (N,O) gas [further
described in Chapter 11-4], 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
SEFB754 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 CO, level like during the Mesozoic,
especially during the Jurassic and Cretaceaous periods with the occurrence of the so-called
Oceanic Anoxic Events or OAEs [Schianger and Jenkyns, 1976; Takashima et al., 20006].
Modeling studies also suggested an increase in surface temperature and CO, atmospheric
concentration resulting from anthropogenic influences [/PCC, 2007]. It is therefore necessary
to better understand OMZs sensitivity to climate change to assess their feedbacks on the

future ocean.

The SEB 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 E'T'SP 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. Outline

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 11.

The sample locations, methods, and age models used for the surface sediment samples
and the 4 studied piston cores are given in Chapter I11.

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 (SS'T) reconstruction, using alkenones unsaturation measurements
(UX,) on surface sediment samples. A regional calibration between reconstructed SST using
U®, and measured SST will be presented as a manuscript in preparation. Then we present a
mapping of stable nitrogen isotopic measurements (“N/°N ratio, 3°N) 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 §°N 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 6°N from marine sediment in paleo-records. The
main outcome of this study is the observation of a latitudinal increase in surface sediment §°IN,
in line with the §°N 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 §°N results with those obtained
carlier 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
0°N 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 §°N 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 ILa Nina-like conditions.

In an attempt to put the OMZ variability into a broader climatic context, Chapter VIII
presents comparison of a record of past changes in the dynamics of the I'TCZ over the
Fastern 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

ccosystem 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 I'TCZ 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 variability 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 (I'TCZ) (Figure 1.2). The convergence
of warm air masses dominates the tropical troposphere and is associated with an intense
rainfall belt following the I'T'CZ [ Lutgens and T 'arbuck, 2001]. Over the ocean, where thermal
inertia is high, the I'TCZ remains near 5°N year-round because of local air-sea interactions
(Figure I1.2). The seasonality of the I'TCZ dynamics strongly influences the intensity of
upwelling and determines the dry-wet cyclicity on land. However, at the scasonal 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 1.2).

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 I'TCZ 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 I'I'CZ 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 cells

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].
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Figure I.2. Seasonal variation in the I'T'CZ position

"The isobars show atmospheric pressure. a) Southern shift of I'TCZ in January. b) Northern shift of
I'TCZ 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 1.3, middle).

This atmospheric circulation is also strongly affected by ENSO [Cane, 2005]. During the
warm phase of ENSO (EI Nino), 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 (ILa
Nifia) 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.
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La Nina Conditions

Convective
Circulation

Figure I.3. ENSO and Walker circulation

Schematic illustration of the Walker circulation above the EEP, under normal condition (middle), for
la Nina years (left) and for El Nino 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; Rahmstort, 2006)). 'The surface flow itself is balanced by deep-ocean
currents, mainly driven by large-scale density ficlds defined by water mass temperature and

salinity.

Figure I.4. Global thermohaline circulation
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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, >36%. and low, <34%., 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 L.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 1.55 [ 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 1.5). 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 1.5). This
water transport leads to a progressive shoaling of the thermocline from the WPWP to the
EEP (Figure 1.3).

The subsurface currents of the TSP 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
.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 L.a Nina conditions, the thermocline is as deep as 150 m in the WPWP, while it
nearly reaches the surface in the ETSP (Figure 1.3). However, during El Nifio events, the

casterly displacement of the water masses deepens the thermocline in the ETSP (Figure 1.3).
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"This strong oscillation also leads to intense upwelling along the Peruvian coast during La

Nina conditions (More details are given in the following paragraph, Chapter 1.2.3).
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Figure I.5. Oceanography of the Pacific 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 ‘I alley, 20065 Kessler, 2006; Czeschel et al., 2011]. The
background shading shows the SST dataset extracted from World Ocean Atlas 2009, WOAog.
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Figure 1.6. North-South coastal section 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. 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].

1-3.3. Upwelling 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 [ zkman, 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 ct al., 2006]. During the austral winter, the northern position of the I'TCZ leads
to intense upwelling along the Peruvian coast, while a decrease in trade wind weakens the
upwelling during the austral summer [ Pennington ct al., 2006 ]. During the seasonal cycle, the
peak of chlorophyll a occurs a few months after the maxima of upwelling intensity, i.c. during
the summer and fall [Echevin et al., 2008; Chavez and Messi¢, 2009]. According to
Pennington et al., [2006], this secasonal 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 ILa Nina, trade winds enhance upwelling, and the opposite occurs during El
Nifo. During El Nifio 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 ct al., 1996]. At the same time, fisheries
are largely reduced by the shutdown of the nutrient input from the upwelling [ Philander, 1983;

McPhaden ct al., 1998].

1-3.4. Nutrient cycles and OMZ
The PCU system is characterized by large exchanges of heat and CO, between the ocean

and the atmosphere, due to the upwelling of cold, nutrient rich and CO, 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 CO, 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 CO, 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 ct 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 1.7), 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 '1alley, 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." at very shallow
water depths (<50 m), while values <1 ml L are reached within the core of the OMZ (Figure
1.6; [ Karstensen ct al., 2008; Paulmicr 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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90°E 180°W 90°wW 0°

Figure I.7. Oxygen concentration in the world ocean

Oceanic dissolved oxygen concentrations distribution, in ml L, at 250 m water depth. Dataset
extracted from WOAo9.

I-3.5. Past variability of the ETSP

Numerous evidence from paleoclimatic archives indicates that the I'T'CZ 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 I'T'CZ position during this period, from
“19 ka BP to the carly Holocene [ Wang et al., 2004; Gasse ct 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, 12.511.5 ka BP) cold events [McManus ct 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 “5ka 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.,

20005 Rein et al., 2005; Marchitto et al., 2010].
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It is also well known that the OMZ’s 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; Guitiérrez 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 O, concentration in the oceanic water
column still remains a challenge in paleoceanography.

Even though OMZ’s are usually considered as dead zones, microbial processes taking
place within the core of the OMZ, -i.e. where O, concentrations are below 2-10 umol L- allow
tracing of N-loss by anacrobic 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 (IN,0), and later on into nitrogen gas (N,) [ 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 N,O gas, which is a strong greenhouse gas [ Nevison et al., 1995].

During these reduction steps, organisms preferentially use “N instead of *N, which
makes the remaining nitrate pool enriched in ®N. Via upwelling, high "N 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 ct al., 2007; Granger et
al., 2008; Sigman et al., 2009]. Following on these findings, a number of studies have used
bulk sediment §°N to reconstruct past changes in water column N-loss. They evidenced large
changes in tropical OMZs 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 OMZ’s contraction, while warm climatic intervals experienced expansion
with corresponding changes in the ocean’s 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

O, 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 [ Gutiérrez
et al., 2009]. Few modeling studies have been generated to better understand the factors
influencing the OMZ extent and the subsequent implications for 6°N 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., 2000;
Chazen et al., 2009; Guitiérrez 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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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 (C,,,) as
well as total nitrogen (mostly organic nitrogen, TIN) and its isotopic signature (6°N). In
addition, the sedimentary content of biogenic opal (SiO,) 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.

0°N 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 §°N 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 (Si0O,), organic carbon (CO,.g), total nitrogen (I'N) and alkenone
concentration [see review by Henderson, 2002].

Diatoms 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 SiO, 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 Chactoceros 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 SiO, 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 SiO, [ Raguencau et al., 2000]. It has also been
observed that the thickness of diatom tests and consequently the SiO, preservation can be
altered by iron availability [ Hutchins et al., 2002].

Downcore variability of sedimentary content of organic carbon (CO,.g), 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, C,, is closely associated with
annual SiO, production [ Pennington et al., 2006]. As for other coastal upwelling systems
[ Miiller, 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 undernecath the Peruvian upwelling system [Miiller, 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 [ Raguencau 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 §°C measurements performed on the C,, are often used to disentangle the
terrestrial origin of OM from the marine one. Terrestrial OM is characterized by relatively
low 8°C,,, values of -27 to -33%., and high C/N ratios >20. In contrast, marine OM has typical
3"C,,4 signatures varying between -19 and -22%. and C/N ratios close to the Redfield ratio of 6

to 7 [ Emerson and Hedges, 1988; Jasper and Gagosian, 1989; Hebbceln, 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 I'TCZ 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 I'TCZ dynamics and/or in the ENSO variability. As
the I'TCZ 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 XRIF 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 (UK’37) measured on
the multicores and piston cores. In the modern ocean, C37 alkenones, long-chain unsaturated
ketones (C,, and C,)) 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 C_, and C__, varies in

37:2
response to SST where the organism grew [ Brassell et al., 1986; Ternois et al., 1997; Miiller
et al., 1998; Prahl et al., 2000; Conte ct al., 2006]. The UK'37 index is calculated as follows
(Equation 1):

UK.37 = (Csm)/ <C37:2+C37:3> e

Several calibrations exist to estimate SST; most of them are based on the following type
of the equation (2):

SST = (UX_-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; Miiller
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 SS'T; 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 [ Boschenin prep.

Within this study, a comparison of the SS'T" measured in the surface sediment and a map
of satellite SS'T" suggest that alkenone-based SS'T" 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, cither 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 6N in sediments to track changes in the subsurface
O, concentrations across the past [Altabet ct al., 1995; Ganeshram et al., 1995; Ganeshram ct
al., 2000; Galbraith et al., 2004; Altabet, 2006; Pichevin et al., 2007; Martinez and Robinson,
20105 Sigman et al., 2009]. Under suboxic conditions [O, < o.5 mg L], heterotrophic bacteria
reduce NO; to N, through the so-called N-loss processes [ Codispoti, 2007]. During these
processes, light nitrate (*Nyo,) is preferentially removed from the water, leaving the
remaining nitrate pool enriched in heavy nitrate (*Nyo,). Dissimilatory NO; reduction, the
first step in N-loss, causes pronounced isotopic fractionation (fractionation factor of “30%o),
producing isotopically light products (N, and N,O), 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
5N 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 (NO,— NO,— NO—- N,O— N,), compared to
anammox (a more direct process, NO, + NH," = N,) 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 N,
production and reflects net NO; 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 6°N is often used as an indicator of changes in subsurface O, concentrations in
highly productive environments [ Ganeshram et al., 2000; Agnihotri et al., 2006; 1, many other
factors can generate nitrogen isotopic fluctuations such as relative nitrate utilization and the
initial isotopic signature of the water mass [ Mariotti ct al., 1981; Altabet and Francois, 1994;
Martinez et al., 2000]. Although the observed fractionation factor for this process (5 to 10%o) is

significantly lower than during N-loss processes (20-30%o), it still can produce significant
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isotopic enrichment of the remaining pool [ Holmes et al., 1998; Waser et al., 1998; Granger ct
al., 2004; Horn ct al., 2o11]. Indeed, phytoplankton preferentially takes up NO, containing the
lighter nitrogen isotope (“*IN) during photosynthesis and thus becomes depleted in "N with
respect to the isotopic composition of the initial NO,™ substrate [ Wada and Hattori, 1978;
Waser et al., 1998; Granger et al., 2004]. Thus, a low relative utilization of NO, will tend to
drive the 8°N signal in particulate OM lower than the upwelled 6Ny, values. The corollary
is that a complete NO, utilization would result in a sedimentary §°N very close to the initial
0" Nyo;. LAltabet and Francois, 1994, 2001; Freudenthal et al., 2001,

A 65N signal of partial NO; 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 NO, utilization in surfacc 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 OMZ5s). 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 6N, in this region may reflect both water-column N-loss affecting
the 8N of upwelled NO, as well as its subsequent partial utilization in surface waters
affecting the 6°N of OM. Hence, both contributors to §°N, 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 6°N 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 6°N 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:/ocecancolor.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 ‘1 alley, 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 I'TCZ movements
[Kim et al., 2002; Kaiscr ct 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-SS'T" 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 (*C)
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-SS'I" reconstructions were based on alkenones measurements
(SST 0 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; Gutiérrez 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 V1. [ 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 SS'T,, decrease as a weakening of El Nifio events. Several studies have also
been done on sedimentological characteristics forced by the regional currentology [ Wells,
1990; Skilbeck and Fink, 2006; Gutiérrez 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 .

0°N 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 [1-4]. Several studies have been done
off the Chilean margin [ De Pol-Holz et al., 2006; Martinez et al., 2006; Robinson ct 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 [HHigginson ct al., 2004]. However, calibration between the
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modern data §°N 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.






Chapter III. 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 I11.1). 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 Peru, Lima), located between 5°S and 14°S, was also analyzed and

included into this study.
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Figure III.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. Willié).

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

locations along the Peruvian margin (Figure IIL.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: hetp:/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 Lhttp./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.

I1I-2.1. Analysis of export production-related proxies

The biogenic opal (SiO,) 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 Miiller and Schneider [1993].
Standard deviation based on repeated measurements is + 0.5%.

Organic carbon (Cmg, wt %) was measured at the University of Bordeaux 1 (France), on
the same samples used for SiO, measurements. A LECO C-S 125 analyzer was used after
treatment of “8o-100 mg of sediment with hydrochloric acid (1IN) to remove calcium
carbonate. The precision on repeated measurements was better than £ o0.5%.

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

elemental analyzer 2500 at the same time as the §°N measurements (see Chapter, [11-2.4).
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When analyzing UX_, it is also possible to determine the alkenone concentrations (the

pon
sum of C_, and C_,, 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):
(C,) = (Area C,) * [C 4] * (Dilution)/ (Injected vol) / (Area C.s * Sample weight))  (3)
(C,): respective concentration for either (C, ., or (C, ) in ng g"; [Cl: concentration of

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

the GC measurement, both expressed in ul; 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 um thick
ultralene film to avoid contamination of the XRE 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].

111-2.3. 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 o.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 8o 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 ecm 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 689oNN) system with two flame ionization detectors using hydrogen
as a carrier gas (Figure I11.2). Alkenone concentrations (C37 di- and triunsaturated ketone
mass/grams of dry sediment) were calculated by normalizing to two internal standards
(Skagerrak and Standard C, C.s: composed of 10 ug L of C,_ and C4 10 ug L"), adding C,,
and C_, in ng g" (see [ Blanz et al., 2005, for a complete description of the method).

The UK’37 used to estimate the SS'T was calculated with the following equations (4.):

UK.37 = <C37:2)/ <Cs7:3 + C37:2> (4)

As the calibration of Miiller 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 = (UX_-0.044)/0.033 5

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

standard, is + 0.05 U" _ units or £ 1.5 °C.

IS4
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Figure II1.2. Schematic representation 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, T'L: Transfer Line.
Courtesy of T. Blanz.

I11-2.4. Nitrogen isotope analyses

Nitrogen isotope ratios (8°N,.y) and total nitrogen contents (I'N) 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 I11.3). The isotopic ratio is expressed in the
delta notation (6):

"N = [[*N/*Nampie = N/M*NDandara) / N/*Naparal* 1000 (6)

with air N, 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 % and "0.2%. for nitrogen content and nitrogen isotopes

respectively.
Sample ELEMENTAL ANALYSER -
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Elemental Analyser (Carlo Erba NC2500) Mass Spectrometer (GV Instruments Isoprime)

Figure II1.3. Schematic representation 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 (CO,, He, N,). Courtesy of Karine Charlier, University of
Bordeaux I.

I1I-2.5. Radiocarbon and core chronology
The age models for the four piston cores are based on 61 radiocarbon measurements ('T'able 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. T'o 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% HCI, 1% NaOH, each at 60°C, and again with
1% HCI (alkali residue). The combustion to CO, of all fractions was performed in a closed

quartz tube together with copper oxide (CuO) and silver wool at goo°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 9oo°C in order to remove any contamination inhibiting the
reduction of the sample CO, to graphite (e.g. sulphur). The sample CO, was reduced with H,
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 ~8oo 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]. FFor the time being, we assume that the
humic fraction provides radiocarbon dates of mainly marine OM, as shown by C/N ratio and
0"C 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 MARINEog calibration curve [Reimer et al., 2009] has been used for all the age
calibrations with a AR 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 ct al., 2o11]. 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 XRE measurement (each cm), provides a time resolution ranging from 167 years
per em during the mid-Holocene down to “13 year per em 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 ct 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 [[igginson 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 (T'able 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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In organic rich sediments, the alkenone index U*,_ 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 11-3). However, few recent studies show
that it seems to be regionally more complicated than thought before, and a direct relation
between U™, and the mean annual SST may be not totally straightforward [ Prahl et al., 20105
Kienast et al., 2012]. Indeed, seasonality Ieads 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 Miiller et al., [1998]

has been used to calculate the Paleo-SST derived from alkenone unsaturation ratios (SST,,).

-63-



Chapter 1V. Alkenones in surface sediments

EQ

58

10S

158

§ Ocean Data View

85 W 80 W 75 W 70

Figure IV.1. SST, 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 SS'T decreases due to upwelling:
1. North of 5°S, the Peruvian-Ecuadorian margin is located outside the perennial upwelling
arca, thus SST are consistently warm. 2. From 5°S to 10°s, the area is influenced by strong
scasonality 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).
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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 ¢) Particulate inorganic carbon. a) was extracted from the WOAog, b)
and ¢) from SeaWiKF'S dataset (http://oceancolor.gsfe.nasa.cov/cai/l3).

The warmest SST,, 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, SST,, 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 SST
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 Messi¢, 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 2 maximum, i.c. during the austral
summer (Figure IV.2a-¢). 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 ct 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,, and the annual mean and seasonal
(austral summer and winter) SST from WOAog (SSTyy,,,) data set (Figure 1V.3). The
SST, of this study have been averaged for each degree latitude, allowing a better correlation
with the SSTy,,, along the Peruvian margin (Figure IV.3). At first glance, the SST,;, 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 SS'T,, seem

to be better correlated to the mean annual SST o, (Figure IV.3).
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Figure IV.3. SST . and SSTywoa., comparison

The SST, of this study using Miiller et al., [1998] calibration (purple cross) and SS'Tyyo., from mean
annual SS'T" (green triangle), austral summer (red square) and austral winter (blue diamond) are
plotted against latitude.

In order to estimate whether the annual mean SS'T" can be reconstructed using alkenone
unsaturated ratios, we made a regional comparison between the U*, values of this study and
the SS'T" extracted from the WOAog dataset. Another picture emerges from the comparison
between the UX, values plotted against the SST of the two scasons identified (Figure IV.4).
Surprisingly, the SST,, obtained with the calibration from Miiller et al., [1998] show a
regression curve nearly parallel to the regression curve resulting from the calibration of U*,
values versus austral winter. The shift between the two curves is “3°C, but the gradient of the
regression curve are quite similar (70.03). For the austral summer and mean annual SS'Tyy4
the gradient of the regression is much higher than the gradient from the calibration from
Miiller et al., [1998] (Figure IV.4), indicating that the organisms may synthesize alkenones in a
different manner in function of their habitat. Thus, the Miiller calibration may overestimate
the SST derived from alkenones in the northern part of the Peruvian margin (Figure 1V.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 SS'T,, would better correlated to the summer SST. However, the very
low coastal resolution of the WOAog may potentially involve some mismatch when

calculating the calibration between UK’37 and the corresponding SSTyy,,- In addition, the
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UK’37 values have been averaged to fit to the SSTyyo,,. and then important information
originally contained in the U*,_ values may be lost.

Until now, the calibration from Miiller 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 UX_ values and the SST on a global scale.
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Figure IV.4. U, against SST,; and SSTwoso,
U™, values averaged by each degree latitude plotted against SST,, dataset from this study and

SSTwoae, for annual mean and for each seasons. The legend is the same as the previous figure.
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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 “N/“N ratios were measured at more than 8o
locations within and outside the present-day Peruvian oxygen minimum zone (OMZ).
Microbial N-loss to N, in subsurface waters under O, deficient conditions leaves a
characteristic *N-enriched signal in underlying sediments. We find that phytoplankton
nutrient uptake in surface waters within the high nutrient, low chlorophyll (HNL.C) regions
of the Peruvian upwelling system influences the sedimentary signal as well. How the 6°N,
signal is linked to these processes is studied by comparing core-top values to the "N/“N of
nitrate and nitrite (8°Ny,) in the upper 200 m of the water column. Between 1°N-10°S,
subsurface O, is still high enough to suppress N-loss keeping 8Ny, values relatively low in
the subsurface waters. However "N, values increase toward the surface due to partial
nitrate utilization in the photic zone in this HNLC portion of the system. 8°N,, is
consistently lower than the isotopic signature of upwelled NO,, likely duc to the
corresponding production of "N 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 NO, are most intense. In

addition, subsurface O, concentration decreases to levels sufficient for N-loss by
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denitrification and/or anammox, resulting in elevated subsurface 3Ny, 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, utilization and subsurface N-loss is reflected in the surface sediment N /“N ratios.
South of 10°S, §"N 4 is lower than maximum water column "IN, values most likely because
only a portion of the upwelled water originates from the depths where highest 8Ny, values
prevail. Though the enrichment of 3Ny, in the subsurface waters is unambiguously reflected
in "N, values, the magnitude of §°N 4 enrichment depends on both the depth of upwelled
waters and high subsurface 6°Ny, values produce by N-loss. Overall, the degree of N-loss
influencing subsurface 8Ny, values, the depth origin of upwelled waters, and the degree of
near-surface nitrate utilization under HNILC conditions should be considered for the

interpretation of paleo 6°N,, records from the Peruvian oxygen minimum zone.

Keywords: water column, surface sediments, nitrogen isotopes, denitrification, OMZ,

South America, Eastern "T'ropical 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 scasonal upwelling cells along
the coasts of Peru and Chile [ Pennington et al., 2006]. It is also very sensitive to El Nino
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 CO, between the ocean and the atmosphere result
from the upwelling of cold, nutrient rich and CO, 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 umol L* at

very shallow water depths (<50 m), while <1 wmol 1" are reached within its core [ Karstensen
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et al., 2008; Paulmicr and Ruiz-Pino, 2009]. On average, the Peruvian OMZ. ranges between
30-70 m and 300-500 m water depth.

Water column O, concentrations below 2-10 umol L 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 N, gas represents a loss of bio-available nitrogen from the global ocean.
Dissimilatory NO, reduction, the first step in N-loss, causes pronounced isotopic
fractionation, producing isotopically light products (N, and N,O), 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 ®N 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 6°N (§°N,.y) to
reconstruct past changes in water-column N-loss. They have shown large variations for
tropical OMZ’s 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 ct al., 2007; Pichevin ct al., 2007; Martinez and Robinson, 2010]. All
these studies report that cold climatic intervals were generally characterized by contraction of
the OMZ’s, while warm climatic intervals experienced expansion with corresponding changes
in the ocean’s 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 O, supply in intermediate source waters
[ Galbraith et al., 2004; Meissner et al., 2005; Hendy and Pedersen, 20006].

In addition to N-loss processes driven by intense OMZ. conditions, other factors may
influence the 8°N of OM reaching the sediments, the most notable of which is partial surface
nitrate utilization by phytoplankton. Phytoplankton preferentially takes up NO, containing
the lighter nitrogen isotope (“N) during photosynthesis and thus OM is depleted in N
relative to the NO, substrate [ Wada and Hattori, 1978; Waser et al., 1998; Granger et al.,
2004J. Thus, a low relative utilization of NO3' will tend to drive the 8N signal in particulate
OM lower than for upwelled 6Ny, values, whereas complete NO, 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 8°N signal typical for partial NO," utilization [ Francois ct 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 ct al., 1989] allows for only partial NO, 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 OMZ’s). 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 6N, in this region
may reflect both, water-column N-loss increasing the §°N of upwelled NO; as well as its
subsequent partial utilization in surface waters causing 6°N in OM to be lower than upwelled
0"Nyo; Vvalues. In the Peru region, both contributors to 6°N, 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 6N, signal, this study investigates spatial changes in
0N, in core-top sediments with respect to the modern OMZ, and surface distributions of
NO,; utilization, associated with primary productivity. We present 6°N data for both NO;
from the upper 200 m of the water column and bulk surface sediment, along with several other
proxies related to export production (C,,, TN, Opal and alkenone concentrations), along the

Peruvian margin.

V-3. Regional setting

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 ‘13° water’ characterized by high salinity, low O,,
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and high nutrients. Between o°S and 10°S and down to 500 m depth, further O, depletion in

this southward flow drives the system nearly anoxic south of 10°S (Figure V.1).
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Figure V.1. Maps of oceanographic parameters of the Peru-Ecuador margin

Maps of oceanographic parameters used for comparison with proxy data from the Peru-Ecuador
margin. a) Sea Surface Temperature (SST),b) Chlorophyll a concentrations from SeaWiFS
averaged for boreal winters from 1997 until 2010 (http;//oceancolor.gsfc.nasa.govy/cgi/l3, scasonal
climatology). Surface currents are marked by solid lines: Peru Chile Current PCC, Peru Chile Coastal
Current PCCoastalC, South Equatorial Current SEC, and subsurface currents by dash lines:
Equatorial Undercurrent EUC, Southern Subsurface Counter Current SSCC, Peru Chile Counter
Current PCCC, Peru Chile Undercurrent PCUC (adapted from [ Penven et al, 2005; Kessler, 2000
Czeschel et al., 2011]). ¢) Oxygen concentrations along the o = 26.3 contour. d) Nitrate
concentrations at the surface. All water column data stem from C'T'D casts of the METEOR-2008
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cruises gridded with the ocean data view software (Schlitzer, R., Ocean Data View,
http;//odv.awi.de, zor1). The white dots show the locations of the surface sediment samples used for
this study.

The PCU is most intense between 5°S and 15°S and reaches as far as 100 km offshore.
This coastal upwelling system is by far the richest in the world in terms of chlorophyll a
concentration and biomass [Chavez and Barber 1987; Chavez and Messié 2009]. Upwelled
waters are derived from about 50 m and 200 m water depth respectively during periods of
moderate and strong upwelling [ Strub et al., 1998]. Between 10°S and 15°S, where the shelf
becomes narrow, the strongest upwelling occurs in individual active cells that spread near
shore along the margin (Figure V.1) [Strub et al., 1998; Echevin et al., 2004]. Some of the
upwelling cells are perennial and are located around 11°-12°S and 14°-16°S [Suess et al., 1987;
Strub ct al., 1998]. Most of the PCU is strongly seasonal and reaches its maximum intensity
during austral winter (Jun-Jul-Aug) [ Pennington et al., 2006; Messi¢ ct al., 2009]. However,
highest levels of chlorophyll a occur in austral summer, in antiphase to the upwelling season
[Chavez et al., 1996; Pennington et al., 2006; Echevin et al., 2008]. According to Pennington
et al. [2006], this seasonal time lag between the maximum in biological production and
upwelling might result from a deeper surface mixed layer restricting light availability and
phytoplankton growth during austral winter. HNLC conditions in which Fe limitation
prevents complete NO, depletion at the surface are well known in the Eastern Eq. Pacific and
along portions of the Peru Margin [ Fiedler et al., 1992; Hutchins ct al., 2002; Bruland ct al.,
2005]. However, where upwelled waters have been in contact with sediments, Ie limitation is
relieved [Bruland et al., 2005] and sharp biogeochemical boundaries can occur between

productive coastal waters and offshore HNL.C waters.

V-4. Sampling and analytical methods

The physical, chemical, and biological dynamics in the water column as well as sediment
and pore water geochemistry associated with the Peru OMZ were studied in a series of
cruises carried out as part of the German collaborative research program Climate -

Biogeochemistry Interactions in the Tropical Ocean (www.stb7s4.de). Surface sediments were

collected during cruises aboard 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 6o m and

2080 m depth along the coast (IFFigure V.2).
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Figure V.2. Samples locations along the Peru-Ecuador margin

Map of the Peru-Ecuador margin showing surface sediment samples (small black crosses), rosette
water sample stations (red crosses) and the C'T'D casts (red dots) used for this study. Surface sediment
N data from the literature [ Farrell et al., 1995; Wolf, 2002; Niggemann, 2005] is indicated by black
triangles. The blue shading represents the marine topography (GEBCO One Minute Grid, version
2.0, http:/www.gebco.net). The cross section shows positions of surface sediment (yellow dots) and
water samples (black dots) with respect to the extension of the Peruvian OMZ, as measured with the
CTD casts collected during METEOR-2008 cruises (M77).

At each of these stations, 6 multicorer tubes (1m each) were retrieved. An additional set of
13 samples from IMARPE (Instituto Del Mar del Peru, Lima), located between 5°S and
14°S, were also analyzed and included into this study. Locations and data of all sampling sites

are compiled in the PANGAEA database (http,/www.pangaca.de). Water samples were

collected on 77 stations during the 3 and 4™ Leg of M77 cruise onboard the R/V Meteor
(Figure V.2, [ Franck et al., 2009; Stramma ct al., 2009]), using 12 L. Niskin bottles on a CTD
rosette system equipped with oxygen sensors. Nutrients and oxygen concentrations were
determined according to the method of Grasshoff et al., [1983]. Samples for the measurement
of °N of nitrate (N OS') and nitrite (NO,) (8%Nyo,) were collected in 120 ml plastic bottles.
Samples containing nitrite concentration below o.1 umol L were acidified with o.5 ml of 25%

HC, otherwise samples were kept frozen until analysis. For these samples, pre-existing NO,
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was removed in the laboratory by addition of sulfanilic acid. The isotopic composition of
dissolved nitrate (8°Nyp,) was measured using the Cd-reduction method [Mecllvin and
Altabet, 2005] with NaCl addition as described by [ Ryabenko et al, 2009]. In this method,
NO; is reduced to NO, using Cd powder after addition of 5 M NaCl, and NO, is reduced to
N,O using acid. The samples were analyzed in Germany (IFM-GEOMAR) and in USA
(SMAST), with a detection limit of 0.2 umol L." for the nitrate and nitrite with the precision
of the §°N measurements being £ 0.2%..

Surface sediment nitrogen isotope ratios (8"N,) and total nitrogen contents (T'N) were
measured on ~5 to 6o mg of homogenized and freeze-dried bulk sediment, using a Carlo-Erba
CN analyser 2500 interfaced directly to a Micromass-Isoprime mass spectrometer at
Bordeaux University. The precision of the isotopic analyses was based on repeated
measurements of selected surface sediment samples as well as routine international and in-
house standards measurements is + 0.2%. [ Martinez and Robinson, 2010]. Organic carbon
(Cmg, wt %) measurements were carried out using a LECO C-S 125 analyzer after treatment of
“8o-100 mg of sediment with hydrochloric acid to remove calcium carbonate, where precision
on repeated measurements was better than * o.5%. Alkenone content was determined by
accelerator solvent extraction (Dionex ASE) from o.5 g freeze-dried and homogenized
sediment samples, prior to C, group analysis using a double column multidimensional gas
chromatograph (Agilent 689oN) system [ Blanz et al., 2005]. Biogenic opal was measured on
20 mg of freeze-dried and homogenized bulk sediment by using an automated extraction
method and wet chemical leaching as described in Miiller and Schneider, [1993]. Standard

deviation based on repeated measurements is £ 0.5%.

V-5. Results

V-5.1. Surface sediments: §°N,4 and export production proxies
The surface sediment §°N,4 data along the margin can be separated into a northern (1°N

to 8°S) and southern (8°S to 18°S) group (Figure V.3).
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Figure V.3. §®N,4 and water column measurements

a) 0" N,q values in surface sediments (colored dots) and positions of water sample stations (red crosses)
sampled during METEOR cruise (2008) along the Ecuador-Peru Margin. Gray shading delineates
the bathymetric contours. Zoom in highlights occurrence of highest 8°N, 4 values close to the coast. b)
o to 200 m water sample profiles for oxygen concentration, NO,, N-deficit (or N*) and 8°Ny, at

selected stations at 3.5°S (green curves), 10°S close to the coast (light blue curves) and on the
continental slope (dark blue curves) as well as 17°S (red curves).

In the north, §°N,, values are relatively low and uniform, ranging only between 4 to 5%o.
In the southern part, values generally increase southward but reveal a larger range between
4.5 and 13%.. "This north-south gradient is not a simple monotonic function of latitude since

highest values are also located shoreward decreasing offshore by several %. within 100 km
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distance of the perennial upwelling centers (Figure V.3). Only far offshore (>100 km from the
coast) along the Nazca Rise do §°N_4 values increase again to higher values (see discussion).
Proxy data related to export production and composition of OM show the same

latitudinal and cross-shelf trends as §° N, (Figure V.4).
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Figure V.4. Sedimentary results

a) 8°Nyq values (%) b) Total nitrogen (I'N) and organic carbon C,,, contents in (%), ¢) biogenic
SiO, (%) and alkenone (mg.g-1) contents versus latitude off Peru and Ecuador, d) C/N ratios versus
d5C values (%) of organic matter in surface sediments.

Organic carbon (C,,,) values vary between 0.3% and 3% in the northern and between 2%
and 16% in the southern part. Other productivity proxies reveal a very similar pattern with
highest contents between 10 and 15°S. Total nitrogen content (TIN) varies between 0.2% to
2%, biogenic opal (SiO,) between 1% to 21%, and alkenone content (alk) between 1 ng to 50 ng
per gram bulk sediment. Organic matter §°C and C/N ratio overall vary little between -20%o

and -23%. and between 6 and 11, respectively (Figure V.4.).
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V-5.2. Water column oxygen, nitrate, and §°N distribution

The water column was sampled during the austral summer, the season of weak upwelling
intensity but highest primary production, conditions that should be most representative of the
sedimentary signal. O, concentrations show a transition from a relatively weak OMZ in the
Equatorial region ((O,] >20 umol L") to an intense and broad OMZ, south of 8°S ((O,] <5
wmol L Figure V.1 & Figure V.2). North of 8°S, subsurface 8°N o, is about 6%. and close to
the oceanic average, consistent with a lack of N-loss in the northern portion of the study
region (Figure V.3b). South of 8°S, decreasing oxygen concentrations trigger N-loss
processes, which are reflected in decreasing dissolved NO;, a more negative N deficit (N =
[NO,]T + [NO,]-16 x [PO 1) and increasing 8Ny, values between 6 to 20%. (Figure V.3b).

A comparison of all sediment 8N, sampled on the continental shelf and upper slope

with overlying 6Ny, values in the upper 200 m of water column is presented in Figure V..
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Figure V.5. 8®N in the water column and surface sediment
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Latitudinal distribution of §°N (red dots) in surface sediments on the continental shelf and slope
plotted against 8Ny, (blue dots) in the upper 200 m water depth. The weighted mean values are
marked by black crosses for the upper 200 m of the water column and black stars for the sediment. The
equations used for the calculation of both weighted mean values are shown in the text. The red dashed
line and the blue solid line represent linear regressions for the sediment and the water column mean
values, respectively.

The distribution plots showing also weighted mean values for 8°N,; and the 6Ny, in
the upper 200 m calculated using the two following equations:

(TIN*85N i+ TN, *85 Ny + - TN 85N o) / (TN, + TN, +... TN,) )

(INO, T8N0y + - 7 INO, | pom 8" Nyogaoom) / (NO; 1 +...+[NO, ) 8)

highlight the general trends in variability as well as the degree of similarity between water
and sediment values.

North of 8°S, the 6N, data have both a low mean value and low variance with respect
to the weighted mean. Subsurface 3°Ny, data also have low scatter and are fairly constant
with latitude due to the absence of depleted oxygen conditions (Figure V.3b). At the surface,
8" Nyoy increases according to the magnitude of partial nitrate/nitrite utilization causing a
larger variance in local values at a given latitude (Figure V.3b & Figure V.5). In general,
weighted mean 6°Ny, values are 1 to 2%. higher than sediment values. This offset can be
explained by the partial nutrient utilization in surface waters, leading to higher 6Ny, values
and lower 6°N in the OM produced. Our obscrvations show clevated surface NO;
concentrations extending well offshore of the upwelling centers indicative of HNLC
conditions (Figure V.1d).

South of “8°S, the sedimentary and water column &“N values, as well as the latitudinal
variability increase southward (Figure V.5). N-loss processes cause the increase of 6Ny,
values within the OMZ, the likely cause also for the increase in 8N4 values. However, the

influence of other processes on 8°N_4 needs to be considered as discussed below.

V-6. Discussion

V-6.1. Possible sedimentary influences on %N, 4
In order to explain the North to South gradient of 6N values observed along the
Peruvian margin; we assume that 8N, principally reflects the isotopic composition of
marine organic matter (OM) excluding inorganic nitrogen, such as ammonium, or terrestrially

derived nitrogen as an important component of the sediments studied. As for other coastal

-80-



Chapter V. Nitrogen isotope in surface sediments

upwelling systems [ Miiller, 1977], it is reasonable to assume that the contribution of inorganic
nitrogen, clay-bound or otherwise, is negligible compared to organic nitrogen in the OM rich
sediments characteristic for the Peruvian upwelling system (Figure V.4b). On the other hand,
fluvial sediment transport, particularly by the Guayas River at the northern Peruvian and
Ecuadorian margin, may contribute a significant amount of terrestrial OM that could
influence the §°N, values. To the south, the coastal region is hyper-arid with minimal input
from rivers draining the western slopes of the Andes. In general, terrestrial OM is
characterized by low §“N values of the order 2 to 3%, low §°C,, values of -27 to -33%.
particularly in the tropical rainforest catchments relevant here, and high C/N ratios >20. In
contrast, marine OM has typical §°C,, values between -19 and -22%. and C/N ratios close to
the Redfield ratio of 6 to 7 [ Emerson and Hedges, 1988; Jasper and Gagosian, 1989; Hebbeln,
1992]. Along the Peruvian and Ecuadorian margins, C/N ratios range between 6 and 11 and
6°C,,, values between -20 and -23%. with no correlation between them, indicating that
sediment OM is predominantly of marine origin (Figure V.4d). Therefore any influence by
terrestrial input on the 6°N, signal can be neglected and the observed north to south
gradient in §°N interpreted as reflecting purely marine processes.

Another consideration is whether remineralization of OM during its settling in the water
column and subsequent burial within the sediment may affect the preserved §°N, signal.
First, we rule out any post-burial diagenetic effects. They have only been found to be
significant when the OM is poorly preserved in the sediments leading to an increase in 8°N by
several %o [Altabet, 1988; Altabet, 2001]. This is clearly not an issue for the high OM
sediments of the Peru margin (Figure V.4). Moreover, the environmental setting in the
Peruvian upwelling is very similar to the ones off North-West Africa and Mexico, where no
change in downcore 3°N in the first 10 cm of sediment was observed [ Ganeshram ct al., 1995;
Martinez et al., 2000].

Regarding remineralization in the water column, small particles have been found to
increase in 6°N with depth below the euphotic zone but large fast sinking particles generally
not [ Holmes ct al, 1998; Altabet et al, 1999]. As a result, particles with longer settling times
could be prone to greater remineralization leading to elevated §°N value. Such would be the
case with increasing bottom depth, as it is observed for the sites on the Nazca Rise (Figure
V.32). On the shelf, however, we observed the opposite trend: 6°N,, values decrease from the
coast to the outer shelf (Figure V.3a and Figure V.7b). Decreasing values with increasing

depth on the shelf are difficult to explain by OM degradation, particularly in an environment

-81-



. . Nitrogen it in surface sedi 5
Chapter V. Nitrogen isotope in surface sediment:

with very high productivity and fluxes into the organic-rich sediments off Peru. Therefore this

trend on the shelf requires an alternative explanation as discussed below.

V-6.2. Influence of N-loss processes and nutrient uptake in the water
column on 8N, gradients

The relative importance of denitrification, the stepwise reduction process involving a
number of intermediates (NO; = NO, = NO— N,O— N,), compared to anammox (NO, +
NH, = N,) is strongly debated for the Peruvian OMZ. This makes it difficult also to assign
variations in the nitrogen isotope signal in the water column and sediments off Peru to one of
these processes only. However, the dissimilatory reduction of nitrate to nitrite is a first
required step for both processes [ Lam ct al., 2009]. It follows that the isotopic fractionation
during nitrate reduction is independent of which process ultimately leads to N, production
and reflects net NO, removal from the system. Within the OMZ south of 8°S, the latitudinal
increase of "Ny, in water depths below 50 m is thus well correlated with the onset of near
anoxic conditions and development of the N-deficit (N') (Figure V.3b) due to intensification of
N-loss processes. When upwelled, the NO;, will carry an enriched "N signal into surface
waters that, if nitrate is completely utilized on relevant time/space scales, will be reflected in
OM produced in the euphotic zone and finally recorded in the sediments.

For comparison with sedimentary 6N, values, we first consider weighted mean 8Ny,
values measured in the upper 200 m with weighted mean values representing all surface
sediment sites along the different cross shelf transects (Figure V.5). Weighted mean 6Ny,
values shift from ~6.8%o at 3.5° S to “17.5%0 at 17°S. Complete water column profiles for the
entire 200 m water depth (Figure V.3b) suggest that the southward increase in 6Ny, values
above the nitracline between 8° and 17°S (Table 1 and Figure V.5) derives from the upwelling

of subsurface nitrate enriched in "IN by N-loss processes.
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Initial 8" Ny, | 8 Niq at the
Latitude value at the corresponding Difference
nitracline location
3.6 5.7 43 1.4
8 4.7 4.2 0.5
10 6 6 0.02
12 6.2 6.2 0.04
13.7 8.9 8.6 0.3
17 14.5 8.9 5.6

T'able 1. Difference between initial 8*N of the upwelled nitrate and sedimentary 6N

Calculated difference between the initial "Ny, at the nitracline and %N, values for the
corresponding location.

Nonetheless, "N, values are consistently lower than weighted mean §°Ny, values
above the nitracline. Therefore alteration of isotopic composition during downward transport
of OM and subsequent burial into shelf sediments seems not to be the case, as
remineralization and diagenesis tend to increase the §°N values of OM. Moreover, the
latitudinal 8"N,, increase is only about half of that measured in the water column, with
weighted mean 8°N, values of ~4.5%. from 3.5° to 8°S shifting to "9%. at 17°S (Figure V.5).
Accordingly, the difference between weighted mean 8°Nyo, and 6°N,,, values increases
progressively from less than 1.0 %o at 10°S and reach “9%. at 17°S (Figure V.5). Between 10°
and 12°S the difference between weighted mean 6°Ny, and 6°N, g e 1S close to o (Figure
V.5), indicating that the sedimentary signal is likely to record complete nutrient utilization
over the year. The larger difference between weighted mean 6°Ny, and 8°N, values may
imply that the sedimentary signal in the southernmost region is not fully recording the
increase of "N enrichment due to N-loss processes in the water column within the OMZ.

Enhanced 6°Ny, values in surface waters shallower than 30 m (Figure V.3b) not
reflected in the sedimentary signal, can partly be the result of incomplete phytoplankton
nutrient utilization and fractionation during nitrate assimilation [Altabet, 2001; Granger et al.,
2004J. Although the observed fractionation factor for this process (5-10%o) is significantly less
than that for denitrification (20-30%.), it can produce significant isotopic enrichment of the
remaining nitrogen pool in surface waters due to Rayleigh fractionation [Altabet and

Francois, 1994; Holmes ct al., 1998; Waser et al, 1998; Horn et al., 2o11]. Consequently the
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vertical gradient of nutrient utilization toward the photic zone causes an increase in the near-
surface 8Ny, (Figure V.3b) and a corresponding decrease in the 8N of the OM produced
in the photic zone and subsequently buried in the sediment. Thus, the combination of the
isotopic effects associated with subsurface N-loss and surface partial nutrient utilization can
be preserved in the §°N,, signal along the Peru margin. To better estimate the impact of
nutrient utilization on the latitudinal 6°N,, gradient along the Peruvian margin, we
correlated 6°Nyq,. values between the surface and the nitracline, defined as the depth of
highest nitrate concentration close to the photic zone, to the corresponding relative utilization

(remaining fraction: equation 8) for three different areas at 3-8°S, 10°S, and 17°S (Figure V.6).

20
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Figure V.6. Relative nitrate utilization as a function of latitude

Correlations between %Ny, and the remaining fraction of nitrate in surface waters, calculated as the
ratio of nitrate concentrations between surface and nitracline depths: with blue diamonds for 3° to 8°S,
red triangles at 10°S and green circles at 17°S. The lines show respective logarithmic regression curves
for each area. Equations show the southward change in fractionation factor (e,) and in the resulting
initial 8*N ., for details see the text.

It was shown in culture studies that nitrate reductase comprises the major fractionating
step in nitrate assimilation via reduction to nitrite [ Granger et al, 2004 ]. Isotope fractionation
by nitrite reductase is rather different than that of nitrate and is either small or even not
expressed because transport across the membrane is rate limiting [ Waser et al, 1998]. Thus,
we considered only §°Ny, values for calculation of an apparent fractionation factor of nitrate
utilization in the euphotic zone using equation (9) [Altabet and Francois, 1994 ]:

£ = INO, e/ [NO Ty ©)
6"N NO3 T 6°N NOz-initial ~ &u % In (), (10)
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where §°Nyoy jnim and 8°Nyo,. represent the initial isotopic signature of nitrate supplied
to the surface and the isotopic signature of the nitrate after utilization, respectively; g, is the
apparent fractionation factor of nitrate uptake. [NO, ;. is the nitrate concentration of newly
upwelled water estimated from the nitracline, corresponding to the highest [NO,] near or
within the photic zone. g, can be directly estimated from the logarithmic regression of the
Rayleigh plot of 8°Ny,. versus f (remaining fraction).

Values of the fractionation factor of apparent utilization along a vertical gradient, through
the upper water column for each station, range from 3.7%. in the northern stations to 5.7%o at
17°S (Figure V.6). This modest range in g,, as well as its average over the Peruvian margin
(4.7%0) is well within the range of prior field observations [ Holmes ct al., 1998; Waser et al.,
1998; Altabet, 2001; Altabet and Francois, 2001; Horn et al., 2011]. The slight increase in the
observed fractionation factor from 3-8°S to 17°S could be associated with more favorable
conditions for phytoplankton growth in the southern region, which corresponds very well
with observed modern chlorophyll a concentrations perhaps due to relaxation of HNLC
conditions (Figure V.ib). Indeed, between 12°S and 15°S, the strong perennial upwelling
brings iron to the surface all along the year, increasing primary production and thus relative
nitrate utilization [ Bruland et al., 2005].

The apparent fractionation factor g, may also vary due to changes in the diversity of
nitrogen utilizing organisms [ Waser et al., 1998 . It was previously shown that, due to specific
conditions like upwelling intensity, different specific diatom assemblages are found along the
Peruvian margin [Abrantes et al., 2007]. These changes in the population may influence the
fractionation factor as cach species might fractionate at different rates. However, it remains
uncertain what the magnitude of such an effect on the small latitudinal difference in g, could
be and we do not consider it further.

Furthermore, horizontal mixing may skew the calculation of the vertical fractionation
factor above the nitracline, bringing an isotopically enriched signal into the system. However,
this is unlikely as the main surface to subsurface current feeding the coastal upwelling, the
PCCoastalC is equatorward (Figure V.1b). Therefore any horizontal mixing would increase
the "Ny, values to the North, which is in contradiction to the observations.

For the northern region the initial 8Ny, values between 3.5°S and 10°S obtained for the
water column station at a given latitude are close to the §°N,, values (Table 1). This is also

true for the y-intercepts of the logarithmic regressions representing an average for the initial
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6" Nyo; in each region (f=1: no utilization, Figure V.6). T'his implies little net effect of surface
partial nitrate utilization on the 8°N,.4in the northern region.

At 17°S nitrate concentration was close to o at shallowest water depths during the
sampling (Figure V.3b), implying complete nitrate utilization at that time. Due to the lack of
nitrate it was not possible to measure water column §°N, restricting the correlation between
of 3*Nyo, and fat 17°S (Figure V.6) to f values of about o.5. Theoretically, complete nitrate
utilization should lead to 6°N values more similar to the initial 8°Nyo, as it is observed in
the northern stations (Iigure V.6, Table 1). Therefore other reasons must be considered to
explain the large difference between the 6N and initial §°Nyo, (Figure V.6, Table 1) or
weighted §° Ny values (Figure V.5).

The explanation could be that the initial §°Ny, measured may only represent an
scasonally very high value for the nitracline, but would be much lower than the measured one
in the water column at 17°S (Figure V.3b). Since we have only water column measurements
available for one day during the season of less intense upwelling but highest productivity
(December to January; [ Pennington et al., 2006]), our water column data is probably not
representative of the full spread of seasonal variations in nitrate and its isotopic properties, in
contrast to the northern regions where cither perennial (12-15°S) or weaker and less permanent
upwelling (3-8°S) conditions prevail. For the moment we assume that the 6N, value of ~ 9%
at 17°S is the multi-annual integration of the intra- and interannual variability of the isotopic
signature of upwelled nitrate. More water column measurements will be needed to confirm
this assumption since the sedimentary signal is integrating the signal of particulate OM
produced throughout the euphotic zone as well as across seasonal timescale and spatial scales
associate with the width of the shelf/upper slope.

As a feasibility test, we calculated the theoretical §°N of the particles produced above the
nitracline (accumulated product: 8°Npy), observed at each station ignoring temporal or
spatial effects. As in previous work for the Equatorial Pacific [Altabet and Francois, 1994,
0°Nypy can be estimated using the Rayleigh equation for the accumulated product (11), using
the Ny o;inia N Figure V.6 and "Table 1 [ Mariotti et al., 1981:

8"Npy = 8°NNoginiar + f/(1-f) xg, xIn(f) (1n)

From the equation (11), we found that "N,y values increase from 3.7%. at 3.5°S to 14.2%o
at 17°S, which is broadly in agreement with the southward increase of measured 8°N,
(Figure V.5). These calculated values underestimate 8Ny, by “1%. in the North, but

overestimates the sedimentary by “5%. in the South, as is reflected in the comparison between
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0" N,eq and 8Ny, (Figure V.5), as well as in the difference between the 6 Nyo,ipia and the
0°Nq values (Figure V.6). Although the few water column data available in this area do not
allow us to explain this discrepancy properly it is difficult to assume that during the
unsampled season initial §°Ny, Will become as low as the §°N_ values at 17°S are indicating.
This would be only possible if subsurface currents above the OMZ. transport nitrate depleted
in "N at least scasonally into the southern Peruvian upwelling region. To verify this
assumption will need more water column measurements for the full annual cycle.

Alternatively, although we are confident that all our core-top values are from the latest
Holocene, we cannot completely rule out small differences in surface age of few hundreds of
years. From palaco-studies it is known that centennial variations in the 8°N,, can have a
magnitude of several %o in this region [Agnihotri et al., 2006; Chazen et al., 2009]. Then slight
variations in core-top age at a given site could account for some deviation between 8N, and
modern §°Ny o, inia Values. However, all core top values on the shelf at about 17°S scatter
between 8 and 11%. and do not reach water values within the nitracline, which makes this
explanation for the larger difference between the sediment and water values unlikely.

Another noteworthy finding of this study are increasing 8°N,, values towards the coast
along cross shelf transects. Under progressive NO, utilization with increasing distance from
shore, "N, values should increase correspondingly [Holmes et al., 1998; Hebbeln ct al,
2000; Pichevin et al., 2005] opposite to what is observed in most of our surface sediment 6°N
data on the shelf. The only increasing trend with increasing distance from the coast is observed
for the deeper sites on the Nazca Rise, where we cannot exclude a 6N, increase as a result of
diagenetic *N enrichment. In shallow waters between 11°S and 15°S instead, we observe a
cross-shelf §°N,4 gradient decreasing seaward, particularly at the perennial upwelling centers
[Suess et al., 1987; Strub ct al., 1998; Echevin et al., 2008]. The 8N, and 6Ny, values reach
their minima at about 100 km from the coast at shelf break and increase again with increasing

distance offshore (Figure V.7).
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Figure V.7. Hypothetical scheme of the Peruvian upwelling system

a) Hypothetical scheme of nitrate utilization and N-loss processes taking into account 8°N values of
nitrate in the water column and later recorded in sediment organic matter. b) Plots showing 6° N,
and 8°Ny, values as a function of the distance from the coast, in the perennial upwelling areas. Note
the increase of values toward the coast within the 100 km distance, reflecting upwelling of high §°N
nitrate inshore, either due to shoaling of the OMZ on the shelf or deeper reaching upwelling.

A likely explanation for decreasing trends in the sedimentary signal and thus in initial
8" Nyo, values with distance from the coast is that intense perennial upwelling inshore brings
the oxycline as well as heavy 8°Ny, values to much shallower water depth of 30 to 50 meters
(Figure V.3b and Figure V.7). In addition, the deepening of the oxycline seaward leads to

lower "Ny, in the subsurface between 50 and 120 m (Figure V.3b: profile 10°S). Better
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ventilation and low 6N, observed further offshore, probably result from the PCCoastalC,
preventing high 6Ny, from the core of the OMZ to reach the photic zone. Unfortunately,
no data on nutrient and oxygen conditions are available from the regional oceanography
presented by CZzeschel et al., [2011] and thus this hypothesis needs further verification. In sum,
heavy "Ny, resulting from N-loss processes does not penetrate the euphotic zone and
cannot be taken up by primary producers. Consequently, the cross-shelf trend of lower
sediment 8°N offshore is only observed in the OMZ south of 8°S (Figure V.7).

Alternatively, the decrease of 8Ny, and 8°N, values from the coast towards the shelf
break may be explained by nitrogen fixation [Dalsgaard ct al., 2003; Kuypers et al., 2005;
Lehmann et al., 2007; Gruber and Galloway, 2008; Galan et al., 2009; Fernandez et al., 2011;
Sohm et al., 2011]. However this is unlikely considering the large nitrate pool in the upwelling
area and low fixation rates (23.8 umol N m*d"; [Sohm et al., 2011]) as compared to 35 times
higher N-loss rates (679 umol N m™d"; [Lam et al., 2009]). Thus this will not significantly
change the system from an isotopic perspective.

Finally, it should be highlighted that §°Ny, values measured only during one single
scason is compared to the sedimentary 6N, which integrates few dozens years. Thus, this
comparison can only be taken as an approximation of the latitudinal and cross-shelf gradients
that already fit very well in general but need further improvement by enhancing the spatial and
temporal resolution. Particularly, it may be very helpful to further investigate the impact of
scasonality on biogeochemical dynamics and coastal ecosystem response. Particular emphasis
should be given to the nitrogen isotope signature of particulate matter as a function of water
depth, which may allow disentangling the fractionation processes taking place above, within
and below the OMZ. Studies on the interface between sediments and bottom water may
unravel the complex issue of coastal nutrient limitation, particularly the role of iron release to
the water column [ Scholz et al., 2011].

Overall, our new data provides strong evidence that the large scale gradients in 6N
along the Peruvian margin are dominated by N-loss processes within the OMZ with a modest
overprint from partial NO," utilization in surface waters particularly north of 8°S. Due to
strong upwelling, 8°Nyo,inina €nriched in *N by N-loss processes in subsurface waters is
incorporated into OM and ultimately preserved in the underlying 6°N,. This is reflected in
both, zonal and latitudinal 8N, pattern. For the Peruvian margin any interpretation of
0°N,.q records should thus primarily consider N-loss processes in subsurface waters when

strongly enriched 8N, values are found.

-89 -



. . Nitrogen it in surface sedi 5
Chapter V. Nitrogen isotope in surface sediment:

V-6.3. Comparison to N. Chile

Comparable studies have been performed along the Chilean margin [ De Pol-Holz et al.,
2009, which reveal significant differences between both regions. Along the Peruvian margin,
average 6°N , values increase southward from 4%. (5°S) to 10%. (18°S) while along the
Chilean margin 8°N,, values are generally higher and increase northward from 9%. (45°S) to
15%0 (23°S). Highest §°N,, values are not located within the core of the OMZ along the
Peruvian margin (8-20°S), but off Chile between 23°S and 27°S. This is found even though
oxygen minimum conditions in this region are limited to a narrow poleward coastal current. A
likely scenario could be that the southward flowing PCUC, with an initial isotopic signature
of 4-5%. becomes both progressively enriched in ®*Ny, and shoals to the surface. Thus, south
of the Peruvian OMZ, the narrow subsurface current carrying high 8°Ny,. signal poleward
along the margin may be the source of upwelled waters off northern Chile. Together with
local subsurface N-loss processes and coastal upwelling, the current transport results in very
high initial 6°Ny(, values near the surface off northern Chile leading to very high 6°N,
values (>14%o) in the underlying sediments. However, this hypothesis for the moment does
not consider northward transport mechanisms and supply of preformed nutrients with a
southern 6*N o, signature. This will require further investigations of all data available for the

South America margin.

V-7. Conclusions

A strong similarity between §°Nyo, and 8°Ng, gradients along the Peruvian margin
indicates that the sedimentary signal reflects well latitudinal and cross-shelf changes in the
isotopic composition of nitrate in Peruvian waters due to nitrogen cycling processes governed
by oxygen minimum conditions and upwelling intensity. 8N, values show a strong increase
towards the South with progressively higher 6N values in the water column. Enrichment in
“N is associated with N-loss processes taking place within the OMZ, particularly south of
8°S. The N-loss signal is recorded in the sediment when heavy 6Ny, is brought to the
surface by upwelling and consumed completely by phytoplankton. Thus the §°N, values
observed are sensitive to depth origin of upwelled water, which is not necessarily at the
nitracline, where NO, concentrations are the highest. Sediment §°N values are by “1.5%o
lower than upwelled 6°Ny, due to partial NO," utilization in surface waters all along the

Peruvian margin, except for the perennial upwelling region where the difference between the
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sedimentary signal and enhanced 8°N, values is close to zero. In this region it also appears
that nitrate enriched in ®N is particularly upwelled on the inner shelf close to coast. This
would explain the observed decrease in sedimentary 8°N from the coast to the outer shelf
because at the outer rim of upwelling centers, less intense upwelling is bringing up water from
shallower depths above the core of the OMZ and why we observe a cross-shelf gradient with a
seaward decrease of the 6°IN values within the water column and in the sediment. In contrast,
much higher 8°N sediment values are found oft N. Chile likely due to shoaling of the
subsurface layer with very 6°Nyq,. in the narrow poleward undercurrent originating from the

Peru OMZ.
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Chapter VI. Nitrogen isotope evolution through water
mass transport along the Eastern South American

margin

VI-1. Introduction

Following the previous chapter, and in order to apply the calibration performed along the
Peruvian margin, we present here a compilation of 8°N measurement on surface sediments
along the western margin of South America. From 0.5°N to 45°S, the coastal sample
collection covers the surface area underlying the modern OMZ. In the world ocean, 6°N
values are known to vary consistently with several processes, such as the N-loss processes and
relative nitrate utilization [Chapter V]. Previous studies of the three OMZs (North Pacific,
South Pacific, and Arabian Sea) have assumed that the variability of the §°N values within the
OMZ is driven primarily by the N-loss process [ Pride ct al., 1999; Agnihotri et al., 2000;
Pichevin et al., 2007; Galbraith et al., 2008]. Some studies have also demonstrated that §°N
values may vary due to changes in the relative utilization of the nitrates, cither by changes in
the PP or in the nitrate availability [ Francois et al., 1992; Voss et al., 1996; Holmes et al., 1998;
Hebbelin ct al., 2000; Pichevin et al., 2005]. In addition to the multiple processes fractionating
the nitrate signal, upwelling enables the transfer of isotopically heavy nitrate from the
subsurface to the surface. The high isotopic signal from the core of the OMZ is thus
assimilated by the biota via nitrate uptake and, further more, integrated in the sinking
particulate matter [Alrabet et al., 1999]. High 8°N values originating from either the N-loss
process or relative nitrate utilization increases the general isotopic signature of a water mass.
This implies that a water mass with an initially heavy isotopic signature may result in high
8"N values recorded in the sediment, even in absence of the N-loss process within the upper
water column. Indeed, the origin of the nitrate available at the surface for organisms may be
considered as one of the most important factors influencing the variability of the 8N values

recorded in the underlying sediment.

VI-2. Oceanography along the western South American coast

The western margin of South America is composed of two main systems: 1. To the South,

the Peru-Chile Undercurrent (PCUC) and the Peru-Chile Countercurrent (PCCC), which
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are the main sources of the upwelling cells ([ Wyrtki, 1981; Silva et al., 2009; Czeschel et al.,

2o1] Figure VI.L.a).
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Figure VI.1. Salinity distribution and nitrate utilization along the western margin of
South America

a) Salinity distribution as a function of depth and latitude from ~“100 km along the coast, extracted
from WOAo9; b) Latitudinal distribution of nitrate utilization calculated with the equation (14) out of
WOAog data set (red curve with crosses) and difference between 6°N,.q and §°N calculated from
water mass mixing (blue curve with open circles).
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Figure VI.2. Oxygen distribution, nitrogen isotopes and nitrate utilization along the
western margin of South America

a) Coastal distribution of annual mean oxygen concentration as a function of depth and latitude,
extracted from WOAo9; b) Plot showing §°N, values (blue curve), oxygen concentration at 250 m
water depth (green curve) and nitrate utilization (red curve) between 5°S and 45°S, both extracted
from WOAo9.

The intermediate water source for the Peru OMZ is characterized by high salinity, low
O,, and high nutrients. Between o°S and 10°S and down to 500 m depth, further O, depletion
in this southward flow results in near anoxia south of 10°S (Figure IV.2.a). The eastern South
Pacific OMZ develops from 5°S to 30°S, with maximum expansion of the OMZ core (< 0.5
ml L") between 8°S and 20°S and reaching up to 30 m below the surface off Peru. The PCU
is found between 5°S and 15°S; the strongest upwelling occurs in individual active cells, with
some perennial cells located around 11-12°S and 14-16°S [Suess ct al., 1987; Strub ct al., 1998 .
2. To the North, the flow is driven by SubAntarctic Mode water (SAMW) from the surface
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down to 250 m, coming from the Antarctic Circumpolar Current (ACC) and reaching 25°S
(Figure VIL.1.a). Underlying SAMW, Antarctic Intermediate Water (AAIW) extends from 250
m to below 1000 m and reaches to the equatorial area. These two currents are characterized
by low salinity, high O, content, but are relatively nutrient deficient [ De Pol-Holz et al., 2009)].
Thus the OMZ is ventilated from below by AAIW and at the surface by SAMW, reaching
very low oxygen concentrations between 10°S and 23°S, from the surface down to “450 m
(Figure VI.2.a). Consequently, in between the AAIW and the SAMW, a thin water tongue
remains oxygen depleted (Gunther Undercurrent, GU, 200-300 m water depth), and the core
of the OMZ possessing the lowest O, concentrations becomes absent. Most of the upwelling
along the Chilean coast is located around 35-38°S, however surface waters only contain GU
derived components during times of strong upwelling [ Strub ct al., 1998].

Additionally, the western South American margin is well known to possess high PP,
however differently distributed along the coast. Highest levels of chlorophyll a, associated
with PP, are located along the Peruvian margin and occur in austral summer, in antiphase
with the strongest upwelling season [Chavez et al., 1996; Echevin et al., 2008]. The large
amount of nitrate occurring during the austral winter leads to seasonal HNLC conditions
[ Pennington et al., 2006]. In contrast, the northern and central Chilean margin is
characterized by much lower nitrate concentration and a quasi-total consumption of the

nitrate is observed in the surface water (Figure VI.3).
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Figure VI.3. Compilation of 6°N sediment mapped on the calculated nitrate

utilization

Compilation of 8N sediment from this study and from the literature [Farrell et al., 1995; Hebbeln et
al., 2000; De Pol-Holz et al., 2009 ].

VI-3. Results and discussion

A compilation of data from the present study and previous literature from the Chilean
margin allowed an assessment of the processes influencing the §°N signal for the entire
western South American margin.

Along the Peruvian margin 6N, average values increase from 4%o (5°S) to 10%. (18°S),

which is in agreement with the PCUC flowing southward along the coast (Figure VI1.3).
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Along the Chilean margin 3°N, values are generally higher and increase northward from %o
(45°S) to 15%0 (23°S). Surprisingly, higher 6N, values are not located within the core of the
OMZ along the Peruvian margin (10-20°S), but oftf Chile between 23°S and 27°S (Figure
VI.2.b), even though they are located in well-oxygenated surface and subsurface waters (O, ] >
o.5 ml L."). This observation questions previous paleoceanographic reconstructions that have
explained highest 8°N,, values by strongest denitrification during Glacial/Interglacial cycles
[ Pride et al., 1999; Agnihotri et al., 20065 Pichevin et al., 2007; Galbraith et al., 2008].

The two water masses that compose the coastal oceanography along South America, the
PCUC flowing southward and the SAMW flowing northward, meet at “25°S. The SAMW
is better oxygenated than the PCUC, therefore strong N-loss processes are not observed
within the water sample stations south of 21°S [Hebbeln et al., 2000; De Pol-Holz et al.,
2009]. These two water masses flow in opposite directions, which causes chemical and
physical mixing around ~25°S (Figure VI.1.a); this may explain the 6°N variability along the
South American coast. To test this hypothesis we considered the two water masses as 2 end-
members in regard to their salinity and temperature characteristics, and calculated a
theoretical mixing of the water masses. From the WOAog [ Garcia et al., 2010], we extracted
salinity and temperature at the average depth of the two water masses (500 m), with a
resolution of 1° latitude and 1° longitude from the coast. T'o calculate the percentage for each
water mass contribution for a specific latitude, we used equation (13) and (14) derived from
equation (12) (see below). The calculation has been performed for each degree of latitude and

independently for the salinity and the temperature.

Sal = X, Sps + X, S 005 @2)
X, = (5-8,5)/ (505-5,05) 13
N (14)

In these equations, x, and x, represent the percentages of mixing respectively for the
PCUC and the SAMW, and t the salinity at each degree latitude for the two parameters. s
and s .qarc considered the two end-members.

To test the robustness of this approach, we calculated the theoretical temperature
variability due to mixing, based on the salinity equation, and vice versa. The comparison of the
theoretical temperature and the temperature from WOAog at 500 m water depth shows a
significant correlation, with r* = 0.97. Additionally, the temperature-based equation was
applied to calculate the theoretical salinity, and a significant correlation was obtained. The

last step was to apply this mixing equation to the 6°N,, values.
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After using the process described above, we obtained the theoretical §°N variability due
to the mixing of the two water masses, considering the two §°N,, end members of 4%. at 5°S
and 9%. at 45°S. This theoretical §°N was subtracted from the 6°N,, measured, which gives
us the §“N,, change due to nitrate utilization and/or the N-loss process, excluding the mixing
of the different water mass §°N signatures.

The 6°N, corrected for mixing (6°Neqeq) Still follows the general trend of nitrate
utilization (Figure VI.1), with a higher correlation between 8°N,,..eq @and nitrate utilization
for the SAMW than for the PCUC, showing the influence of N-loss process along the

Peruvian margin (r* = o.7and r* = 0.4 respectively; Figure VI.4).
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Figure VI.4. Correlation between nitrogen isotopes corrected from mixing and

nitrate utilization

"T'his plot shows the correlation between the %N eeeq aNd the used fraction calculated from the
WOAO09. The blue diamonds correspond to the Peru-Chile Under Current (PCUC) from 5°S to
24.5°S, and the red squares to the South Antarctic Mode Water (SAMW) from 24.5°S to 45°S.

In addition, the OMZ core stopped at “23°S and O, concentration values increased to the
South due to well-oxygenating SAMW off Chile. As is observed along the Peruvian margin,
N-loss processes do not take place in the photic zone once the oxycline ((O,] < o.5 ml L") is
deeper than “100 m water depth (Figure VI.2.a). [De Pol-Holz et al., 2009] also show the
absence of N-loss processes evidence in the water column south of 21°S. Consequently, the N-

loss process does not explain the 6°N,, variability along the Chilean margin.
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Although the sampling resolution of the §° Ny, values over the upper surface water (200
m) off the Chilean margin is lower than from the Peruvian margin, we are still able to
distinguish generally higher §°Ny, values (11%. to 18%o) [Fig. 5d in De Pol-Holz ct al., 2009
than the ones shown off Peru (5%. to 17%.) (Chapter V, Figure V.5). Consequently the initial
isotopic signature of the SAMW is already higher than that of the PCUC. The confluence of
the two water masses, located at “25°S, is consistent with the highest §°IN values observed in
the water column as well as in the sediment. Around 27°S, SAMW sinks below the PCUC
down to 500 m water depth. As SAMW waters are no longer upwelled to the surface, the
high 8°N o, signature is not assimilated by the phytoplankton and thus is not recorded in the
sediment.

To better interpret the impact of nitrate utilization on 6°N, values, we calculated an
estimation of nitrate utilization based on annual nitrate concentrations from WOAog dataset
along the entire South American margin (5°S to 45°S, Figure VI.1.b) from equation (15):

INO, Jysee/INOT (15)

Highest nitrate utilization is concomitant to highest §°N,., values between 23°S and
25°S, and the statistical correlation between 8°N,, and nitrate utilization along the entire
South American margin is significant with an r* = o.7. Thus, we can conclude that the
SAMW possesses a higher initial §°N signature of “14%. in the water column and ~9%. in the
sediment at 45°S, and becomes impoverished in *NO,” due to nitrate utilization from the
phytoplankton on its way to the North. As far as can be observed within our dataset, 8N
from the Peruvian margin and from the Chilean margin increases respectively towards the
South and the North until the confluence of the two water masses at ~25°S.

In conclusion, PCUC with an initial isotopic signature of 4-5%. flows southward
becomes enriched in ®N, and the §°N, increases up to 10%.. The SAMW possesses a higher
initial 8°N,4 signature of 9%, increasing towards the North to 15%., which may result from
the accumulation of isotopically heavy nitrate in the water mass. Paleocecanographic
reconstructions should take into account the initial signature of the water mass before making
further interpretations. Furthermore, our study shows that both nitrate utilization and the N-

loss process affects the 3°N recorded in the sediment along the South American margin.
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VII-1. Abstract

This study presents new high resolution §°N records from piston cores collected within
and outside the present-day OMZ along a latitudinal transect from 3.5°S to 15°S. Under
suboxic to anoxic conditions in the subsurface waters, microbial N-loss to N,, e.g.
denitrification and/or anammox, leaves a characteristic *N-enriched signal in underlying
sediments. Thus, we interpret 6°N values as mostly representative to changes in N-loss
processes, although HNLC conditions prevail in the region of the study area and may shift a
little the 8°N values. Radiocarbon dating of foraminifera and organic matter reveals that the
cores cover the Holocene and the last deglaciation with high sedimentation rate allowing
interpretations at millennial to centennial timescale. High 8°N values, reaching 10%. and large
amplitude changes, with a magnitude of ~4%. are observed in the southern part of the studied
arca during the last 18 ka BP. In contrast the northern cores, off Peru, show low 6°N values
varying from 4 to 6%. with amplitude of only 1%., during the same time period. Interestingly,
the 6°IN decreases in all the studied cores from the last deglaciation to the early Holocene (17
to 8.5 ka BP) and reaches minimum value during the mid-Holocene. Surprisingly, §°N values
from cores located within the OMZ show similar values as the more northern cores located
outside the OMZ. This minimum is not related to local changes in sedimentary proxics
related to export production, such as organic carbon, total nitrogen or bromine, considered as
an indirect proxy for primary productivity and appears to be controlled by changes in the
ventilation of the area. The low §°N values recorded between 8.5 to 5 ka BP are well
correlated with more arid conditions developed along the Peruvian margin and an increase of
the sea surface temperature gradient between the West and East Pacific along the equator,

implying a climate similar to more ILa Nina-like conditions.
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Consequently, an strong intensification of the upwelling during the mid-Holocene may
have led to greater ventilation of the surface and subsurface waters, deepening the oxycline

and revealing similar conditions that observed today in the northern part of the study area.

VII-2. Introduction

The E'TSP is one of the most productive areas in the world ocean due to permanent or
scasonal upwelling cells along the coasts. This area also hosts the most intense and shallowest
OMZ in the open ocean. Off Peru, the dissolved oxygen content ranges from saturated values
at the surface to values lower than o.25 ml L.* within the euphotic zone (20 to 50 m), and
reaches values of less than 0.02 ml L." at greater depths of 100 to 450 m within the core of the
OMZ [ Thamdrup ct al., 2012]. Strong oxygen minimum conditions results from the interplay
of a weak advection of oxygen by the subsurface circulation of poleward undercurrents and a
high oxygen demand related to the remineralization of large amounts of sinking organic
matter (OM) at sub-surface depths. The OMZ. is also characterized by N-loss processes, i.c.
the bacterial reduction of nitrate (e.g., denitrification and/or anammox) under suboxic to
anoxic conditions ((O,] < o.5 ml L%y [Codispoti and Christensen, 1985]). The relative
importance of denitrification (NO;—= NO,—~ NO— N,O— N,), compared to anammox
(NO, + NH, "= N,) is strongly debated for the Peruvian OMZ [Lam ct al., 2009] but both
processes can be considered as the main sink of oceanic N and thus as one major
biogeochemical process that controls the inventory of nitrate in the global ocean, the oceanic
biological production and CO, fluxes between the ocean and the atmosphere. Along with
ongoing global warming, OMZs seem to intensify and also expand spatially [ Stramma et al.,
2008; Stramma et al., 2010], incurring drastic changes from the combined impact of both
rapidly declining O, concentrations and increasing CO, levels due to reduced solubility of
both gases. In the core of OMZ, N-loss processes occurring during the degradation of OM
possess a large isotopic fractionation and lead to the accumulation of *N-enriched nitrate in
the remaining pool [ Wada and Hattori, 1978; Altabet and Francois, 1994]. Supply of these
heavy nitrates to the surface waters by upwelling and its utilization by plankton will then
enrich the particulate OM in the heavy isotope [Altabet ct al., 1999; Mollier-Vogel et al., 2012].
A good preservation of the isotopic signals generated in the water column, as is observed in
arcas characterized by high fluxes and accumulation rates of OM, enables the use of

sedimentary 8°N records to reconstruct changes in the extent of intermediate-water suboxia
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and related N-loss processes that varied significantly with climate on orbital, millennial and
decadal time-scales [Altabet et al., 1995; Ganeshram et al., 1995; Agnihotri et al., 2000;
Martinez et al., 2006; Pichevin et al., 2007; Robinson et al., 2009; Guti¢rrez et al., 2009)].
Sedimentary nitrogen isotope records from the E'T'SP margins oftf Chile and Peru indicate
that the extent of N-loss in the water column was lower during the last glacial period than
during modern times, then ventilation strongly decreased at the beginning of the deglaciation
and slowly recovered again into the early Holocene [ Higginson et al., 2004; De Pol-Holz et
al., 2006; Robinson ct al., 2007]. Increased ventilation of intermediate waters during glacial
intervals has been attributed to both enhanced oxygen supply by subsurface water masses and
decreased oxygen demand in the subsurface due to lower export production.

In addition to glacial-interglacial variations, more recent studies have demonstrated that
the extent of the Peruvian OMZ may also change abruptly at very short time-scales, i.c.,
decadal over the last few hundred years [ Gutierrez et al., 2006; Sifeddine et al., 2008] to
centennial over the last 10 ka BP [Agnihotri et al., 2008; Chazen et al., 2009]. Several forcing
mechanisms play an important role in the dynamic of these large OMZs, which can vary with
the time-scale considered. Based on sedimentary records located in the centre of the modern
Peruvian upwelling area and the OMZ between 12 and 14°S, Gutierrez et al. [2009] showed
that conditions characteristic for the modern system with low surface productivity and higher
sub-surface oxygenation develop in phase with the end of the Little Iece Age. This
development was driven by a change in the local atmospheric circulation associated to a
weakening in Walker circulation strength and a more southern position of the I'TCZ, which is
in opposition to the modern conditions. On the other hand, for instance, Chazen et al. [2009]
proposed that surface productivity and sub-surface ventilation off Peru were remotely driven
through processes originating from outside the southeastern Pacific, such as changes in the
global nutrient cycle. Thus, that may explain the lack of a positive relationship between local
indicators of higher export production and the expected high 8°N in sediments, especially
over the late Holocene. This brief examination of the literature suggest that there is no
consensus on the mechanisms, atmospheric and/or oceanic, behind the export production and
OMZ fluctuations recorded on the Peruvian margin, and that major processes affecting the
system during recent multidecadal variations may be different from centennial- to millenial-
scale changes.

T’he most recent studies dedicated to the dynamics of the Peruvian OMZ. over the last 20

ka BP [Higginson et al., 2004; Agnihotri et al., 20006, 2008; Chazen et al., 2009; Guticrrez et
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al., 2009; Sifeddine et al., 2008] all focused on the central part of the margin between ~10 and
“15°S where the sediments over the platform intersect the OMZ and constitute a well-
preserved depositional center of laminated organic-carbon-rich mud facies [ Reinhardt et al.,
2002}, where the geochemical and climatic signals are particularly well preserved. Although
the OMZ and the productive area are most intense in the central part of the Peruvian margin
between 10 and 15°S, their influence on coastal and offshore surface waters over the shelf and
upper margin extends far beyond these limits [ Pennington ct al., 2006; De Pol-Holz et al.,
2007]. Therefore the aim of this study is to reconstruct changes in surface water biological
productivity and export fluxes and compare these with the variability of oxygen deficiency in
subsurface waters, using a set of four shallow sediment cores recovered along a latitudinal
transect between 3° and 14° S. These 4 cores cover the northern rim of the OMZ off Ecuador
as well as its centre part off central and southern Peru, enabling a mesoscale spatial view on

the climatic and paleoceanographic fluctuations within the coastal upwelling and OMZ in the

ETSP.

VII-3. Material and methods

VII-3.1. Core locations

We present new data obtained from four long piston-cores (10 to 15 m) collected at three
locations along the Peruvian and Ecuadorian margins (Figure VII.1). The two southern cores
M772-003 and -029 are located at shallow depths in the centre and the northern extension of
the modern OMZ, at 15°S in water depth of 271 m and at 9°S in 433 m, respectively. At these
depths and latitudes, the combination of high biological export production and large oxygen
deficiency results in high sedimentation rates of biogenic OM and opal, the absence of
bioturbation and thus in the formation of millimeter scale green to yellow laminations that
dominate the whole sedimentary sequences. The two northern cores, M772-056 and -059 are
located at the northern edge of the OMZ. at 3.5°S but at two different water depths, 355 m and
997 m, respectively. Here sediments consist of fine homogenous green, hemipelagic mud, and
high oxygen concentration, allowing substantial benthic population at the sea floor, prevent
the preservation of laminations even for the shallow site which is still located at the northern

rim of the OMZ (Figure VIL.1).
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Figure VII.1. Map of oxygen concentration off Peru and core location

Map of the Peru-Ecuador margin showing oxygen concentrations at 200 m water depth, from C'T'D
casts of the METEOR-2008 cruises gridded with the ocean data view software [ Schlitzer, R., Ocean
Data View, http://odv.awi.de, 2011]. White and black crosses show the locations of the studied cores.
Surface currents are marked by solid lines: PCC - Peru Chile Current, PCCoastalC - Peru Chile
Coastal Current, SEC - South Equatorial Current, and subsurface currents by dash lines: EUC -
Equatorial Undercurrent, SSCC - Southern Subsurface Counter Current, PCCC - Peru Chile
Counter Current, PCUC - Peru Chile Undercurrent [adapted from Penven et al., 2005; Kessler, 2000;
Czeschel et al., 2011]. As for the map, the cross section shows the extent of the Peruvian OMZ as
measured with the CTD casts.

Previous studies have shown that Holocene paleoclimatic records along the Peruvian
margin can suffer from large gaps in sedimentation [see Reinhardt et al., 2002]. This seems to
be particularly the case for the middle part of the Peruvian shelf, around 10-12°S, where many
records reveal incomplete Holocene sections [ Higginson et al., 2004; Rein et al., 2005;
Chazen et al., 2009]. Accordingly, at site M772-029, due to a very low sedimentation rate or a
major hiatus, the last 6000 years are covered by the uppermost 50 cm of sediment only (Table
3; Figure VIL.3). For the other sites complete deglaciation to latest Holocene sediment

sequences could be recovered.

VII-3.2. Geochemical analyses
Sedimentary §°N and total nitrogen contents (I'N, wt %) were measured on 5 to 60 mg
of homogenized and freeze-dried bulk sediment, using a Carlo-Erba CN analyser 2500

interfaced directly to a Micromass-Isoprime mass spectrometer at Bordeaux University,
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France. The precision of the isotopic analyses, based on repeated measurements of selected
surface sediment samples as well as routine international and in house standards
measurements is £ 0.23%. [Martincz and Robinson, 2010]. Nitrogen isotope values are
reported in delta (8) notation where: 8°N=(("N/*N_ ./ N/*N,pqua)1)/1000, and the
standard is atmospheric N.,.

Organic carbon contents (Corg, wt %) were measured with a LECO C-S 125 analyzer after
treatment of ~8o-100 mg of sediment with hydrochloric acid to remove calcium carbonate.
The precision of repeated measurements was better than + 0.5 wt %.

Alkenone content was determined at Kiel University, Germany, by accelerator solvent
extraction (Dionex ASE) from o.5 g freeze-dried and homogenized sediment samples, in
combination with the (C37 ketone unsaturation index analysis using a double column
multidimensional gas chromatograph (Agilent 689oN) system [ Blanz et al., 2005]. Values are
reported as the sum of total C37 ketones per dry weight total sediment (ng/g).

Elemental composition of sediments was analyzed using an Avaatech X-ray fluorescence
(XRF) Core Scanner at 1 em distance following the procedure described in Tjallingii et al.,
[2010] XRF scanner measurements provide a semi-quantitative estimate for changes in the
relative proportions of major and minor elements, indicative of variations for terrigenous or
marine particles, e.g. T, Fe, Al, or Ca, Br, respectively. In addition, fluctuations in Br mimic
well changes in productivity-related components such as C,,, TN [Ziegler et al., 2008;
Cartapanis et al., 2o11; Figure VII.2]. Consequently, we normalized the Br element intensity
(in counts per seconds) to the 'Ti intensity (Br/Ti) to monitor past changes in PP relative to
that of terrigeneous detrital supply, and consider it as a indirect approximation (proxy) for

export productivity as in previous studies [ Cartapanis et al., 2011].
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Figure VII.2. Sedimentary results of the studied cores

Sedimentary results: organic carbon (C,,,; black curve), nitrogen content (T'N; grey curve), Bromine
XRF measurements (Br; orange curve), Br/Ti ratio (Br/Ti; blue curve) and nitrogen isotopes (8°N;
green curve) shown for each studied core: a) M772-056, b) M772-059, ¢) M772-029 and d) M772-003.
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VII-3.3. Age Model

For this study, the age model was based on 56 radiocarbon measurements ('T'able 3)
performed on the planktonic foraminifer species Neogloboquadrina dutertrei for the northern
cores and on the humic fractions of organic matter in the sediment for the southern cores,
where amounts of planktonic foraminifera in 2 ecm thick core sections were not high enough
for radiocarbon measurements with the conventional AMS system operated at the [eibniz
Laboratory at Kiel University. To test to which degree “C-ages of foraminifer calcite differ
from those obtained from OM, we applied the two methods of dating on foraminifera and on

OM from selected samples of the northern core M772-056 (Table 3; Figure VII.3).
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Figure VII.3. Age model applied to the studied cores

Radiocarbon dates (*C-AMS) plotted against depth for each studied core. The right panel shows the
difference between *C-AMS measured on the humic acid fraction of the OM and “C-AMS measured
on planktonic foraminifera (V. dutertrei), from the core M772-056. The left panel shows the *C-AMS
measured on the humic acid fraction vs depth for core M772-029 and -003. The “C-AMS dates of core
M772-059 have been measured on planktonic foraminifera (N. dutertrei). However, in order to better
correlate the studied cores to each other we estimated the age based on humic acid fraction for the
core M772-059, by adding 8oo years, corresponding to the average difference between the two “C-
AMS dates of core M772-056.
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After conversion into calendar years, the ages of the soluble humic fraction are
systematically “8oo years older than those from calcite ages for the same depth horizons
(Table 3; Figure VII.3). We assume that the soluble humic fraction extracted from total OM
primarily represents the more recently (freshly) produced marine OM instead of old refractory
organic carbon that may bias the dating towards much older values than observed between
the calcite and the soluble humic fraction. The age difference between the calcite and humic
fraction, although not yet completely understood, is coherent with previous results from the
Namibian and Chilean upwelling systems [ Mollenhauer et al., 2004] where differences
between 500 and 2000 years were found to exist between foraminiferal calcite and alkenones.
We thus assume that the soluble humic fraction provides radiocarbon dates of mainly marine
OM, which is closest to that of marine calcite in the Peruvian setting with very high marine
OM production, export and deposition rates. Accordingly, we use absolute dates of the
soluble humic fraction in the southern cores for age control. For all radiocarbon dates the
MARINEog calibration curve [Reimer et al., 2009] has been used for conversion into
calendar ages, with a AR varying between 200 * 50 years for the northern cores (M772-056
and -o59) and up to 511 + 278 years for the southern cores (M772-029 and -003). The large
range of local reservoir age and standard error result from the changes in the upwelling
intensity taking place in this area, estimated by comparison between 14C-ages measured on
marine and continental shelves [ Ortlieb et al., 2011].

The resulting age models imply sedimentation rates varying between ~30 and 390 cm ka
depending on the position of the core site more or less distal from coastal upwelling centers or
from fluvial sediment supply. Each studied core being sampled every 5 cm, the temporal
resolution of the results ranges between a minimum of "167 years during the mid-Holocene
(site M772-059) and a maximum of "13 years for the Heinrich 1 time interval (site M772-029).
One of the northern cores only covers the Holocene (M772-056), while all the other ones
(M772-059, -029 and -003, Figure VII.3) go back in time until the deglaciation. However, at
the rim of the modern OMZ the upper part of the core M772-029 is marked by discontinuities,
which do not allow a sufficient record of the last 8 ka BP and only the M772-003 covers the

entire Holocene time period (Figure VIL.3).
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VII-4. Results and discussion

We report new high resolution records of 8N, total nitrogen (I'N), organic carbon (Cm.g)
and XRF measurements measured on four sediment cores from the Peruvian margin. The
two southern cores M772-029 and -003 are located underneath the northern extension and
within the core of the modern OMZ, respectively. The two cores in the North, M772-056 and
-059, are located at the northernmost edge of the OMZ and were retrieved along the same
latitude but at different water depths (Figure VIL.1). Focusing on the last 18 ka BP, the new
0N records are compared with previously published records from the same area in order to
establish a more comprehensive spatial and temporal picture of centennial and millennial scale
variations and regional differences in the §°N signal off Peru. This should allow to better
assess how the supply of nutrients and associated productivity as well as the extent of the
OMZ within the Peruvian upwelling system have varied during the Deglaciation period and
the Holocene.

The two northern cores reveal continuously low bulk sediment §°N values during the
last 18 ka BP, varying between 4 and 6%., which is in the range of the typical mean value of
dissolved nitrate in the ocean (Figure VII.2a,b). Despite the small range of variations, the 8N
record at site M772-059 reveals a slight increase from 18 ka BP to a maximum centered at
about 14 ka BP. Afterwards a long-term decrease toward the Present is expressed in both
cores from northernmost part of the Peruvian upwelling area. In contrast, the 6°N records
from the Peruvian upwelling center, which corresponds also to the core of the OMZ, are
characterized by much larger variations of about 4 to 5% in magnitude during the
Deglaciation to the mid-Holocene (17 to 8.5 ka BP) and during the last 6 ka BP (Figure
VIl.2c,d). Here lowest values of 4 to 6%, similar to those in the northern cores are apparent
only for the Mid- to Late Holocene, while deglaciation to Early Holocene values range
between 6 and 10.5%0, much higher than observed in the North for this period. The most
striking feature in all four §°N records along this transect is the similarity and low variance at
very low values of “4.5%. that is reached during the mid-Holocene from 75.5 to 7.5 ka BP,
following a general decrease in 8°N values along the Peruvian margin since 14 ka BP (Figure
VII.2).

First, the observed 8°N fluctuations could result from local changes in nutrient
(nitrate) demand due to varying primary productivity. Field studies have shown that
preferential uptake of “N by plankton occurs during photosynthesis, resulting in OM that is

enriched in the light isotope and a residual dissolved nitrate pool that is correspondingly
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enriched in the heavy isotope *N [Wada and Hattori, 1976; Altabet and Frangois, 1994 ).
Thus, an increase in the relative nitrate utilization, cither due to more biological export
production for the same amount of nitrate or less nitrate available for the same biological
export production must result in an increase in 3 N.

A suite of organic proxies (C,,, TN and Br counts) related to export production was
measured at each site. At the two northern sites, TN, C,,, and Br follow the same pattern
with a continuous rise from the last Deglaciation period toward the Late Holocene (Figure
VII.2) implying a general increase in productivity over this period. However, these trends may
reflect dilution by silicioclastic material, which represents the major fraction of the bulk
sediment close to the Gulf of Guayaquil. Normalization of Br counts over T counts, which is
a silicioclastic component, may correct for the dilution effect. As is shown by the Br/Ti
records (Figure VII.2.a-d) the two northern sites probably experienced a gradual increase in
export production at sites M772-056 and -o59 over the last 18 ka. This increase must certainly
result from an increase in upwelling-driven delivery of nutrients to the surface toward the late
Holocene because the gradual decrease in 6°N apparent in both records over the last 14 ka
BP implies a relaxation in nutrient utilization with a nutrient supply exceeding the biological
demand (Figure VII.2.a,b). Although 6N values remained quite low over the last 18 ka BP,
and much lower than those observed at the southern sites where N-loss processes are known
to occur [ Pride et al., 1999, we cannot exclude an impact of water column denitrification as an
explanation for the slight deglacial increase in sedimentary 6°N in the North. Nowadays
subsurface oxygen concentrations are too high to promote water column N-loss processes at
position of the northern cores, and recent measurements of the isotopic composition of nitrate
within the water column rules out any impact of N-loss processes on the nitrate isotopic signal
in subsurface waters [ Mollicr-Vogel et al., 2012]. However, deglacial to Holocene changes in
the isotopic signature of nitrate delivered from the centre of the OMZ or a periodic extension
of the OMZ may have influenced also the northern Peruvian sedimentary 3°N records,
particularly during the deglaciation, thus explaining the slight §°N increase between 18 and 14
ka at sites M772-056 and -o59. During the deglaciation at “14-15 ka BP, an increase in
sedimentary 8°N off northern Peru is consistent with an intensification of inventory-altering
fractionation, like water-column N-loss processes within low-latitude eastern boundary
currents [Jaccard and Galbraith, 2012]. Accordingly, we propose that the expansion of the
castern tropical south Pacific OMZ at the time of the deglaciation contributed to the small

deglacial 6°N increase observed at the two northern sites.
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A different picture emerges from the results obtained on the two southern sites, at present
located in the heart of the oxygen minimum depth, with oxygen concentrations being close to
zero at the water depth of the core sites [ Thamdrup et al., 2012]. 'This region coincides also
with the highest biological production (http;/oceancolor.gstc.nasa.gov/cgi/lz). Not
surprisingly, 8°N values are heavier, and export production indicators (TN, C,, and log
(Br/T1)) show also much higher values than for the northern cores (Figure VII.2a-d). Located
at the rim of the OMZ core, §°N values from the core M772-029 increase from 6 to 10%. at the
beginning of the deglaciation (18-16 ka BP) directly followed by a decrease until 14 ka BP,
back to the values observed prior to the deglaciation (Figure VII.2.c). During the beginning
of the deglaciation, this large oscillation is also marked by a strong variability, of “2%. (Figure
VIl.2.c). Before the slow decrease of 8°N values until the mid-Holocene (8 ka BP), a
significant peak occurred between 14 and 13 ka BP, with a magnitude of "3%.. F'rom 8§ ka BP
to the present, core M772-029 (9°S) was interrupted by large hiatus (Figure VII.2.c), thus the
full variability of the mid to Late Holocene is missing at this location, while the most southern
core M772-003 (at 15°S) provides an uninterrupted archive of the OMZ, since the last glacial
period (Figure VII.2d). The highest §°N values are found during the oldest interval “14-18 ka
BP at the two core sites. At site M772-003, this maximum is followed by a short interval, from
14 to 13 ka BP, characterized by a slight decrease of 1 to 1.5%., which may correspond to the
Antarctic Cold Reversal/Boelling/Alleroed, as previously shown oft southern Chile
[McManus et al., 2004; De Pol-Holz et al., 2006; Martinez et al., 2006]. Then, the decrease of
0°N values occurred earlier ("12 ka BP) and more abruptly at site M772-029 than at site -003.
Nitrogen isotopic values of core M772-003 then reach their lowest values, being similar to
those found at the northern cores, and ranging between 5 and 5.5%o, from ~8 ka BP until 5 ka
BP (Figure VII.4). Finally, at 15°S, 8“N values increase abruptly with large amplitude
variations during the last 5 ka BP. Since a similar pattern was observed by Higginson and
Altabet[2004] for the last 5 kyr of the Holocene on three cores recovered between 11 and 13°S,
we assume that this is a general characteristic of the southern part of the Peruvian margin and

an indication of large centennial-scale oscillations of the OMZ [ Chazen et al., 2009].
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Figure VII.4. MAR and sedimentation rate for the studied cores

This figure shows the sedimentation rate (pink curve) and the Mass Accumulation Rate (MAR) for
C,, content (details in the text; blue curve) of cores a) M772-056 and -059, b) -029 and ¢) -003.
Unfortunately, the dry bulk density was not available for the core M772-029, located off central Peru.

Not surprisingly, our export production and §°N records at sites M772-003 and -029
share lots of similarities with those published by Chazen et al. [2009] and Higginson and
Altabet [2004] on nearby cores, and all these observations converge necessarily to the same
interpretation. "The higher 8N values found in the southern part of the Peruvian upwelling,
as well as the variations of about 4 to 5%. in magnitude during the deglaciation, the carly
Holocene until 8 ka BP and even larger during the last 5-6 kyr have been interpreted as the
result of variations in the extent of the OMZ causing periods of strong N-loss processes,

driving the nitrogen isotopic values toward "N enriched values [see also Higginson ct
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Altabet, 2004; Agnihotri et al., 2006; Chazen et al., 2009]. These variations appear in great
contrast with those observed for the northern cores where only slightly variable nutrient
conditions are found as indicated by §°N values close to the average value of dissolved nitrate
in the ocean.

Nevertheless, only for the mid-Holocene between 8 and 5 ka BP, all $°N records from the
upwelling center show a pronounced trend towards low values identical to those typical for
the northern part of the Peruvian margin. This feature implies a profound regime shift in the
central Peruvian upwelling system during the global mid-Holocene climate optimum. This
shift toward low 8°N values within and outside the modern Peruvian OMZ could be induced
by the increased influence of oxygen and nutrient-rich EUC subsurface waters that ventilate
the Peruvian margin and would decrease the effects of strong nutrient utilization and N-loss
processes on 8N at that time. Indeed, as previously demonstrated by Chazen et al. [2009],
the apparent lack of any co-variations in SST reconstruction, export production related
indicators, and nitrogen isotopic variations is a clear indication that local changes in upwelling
and associated biological production do not greatly impact the OMZ variability. Rather, a
remote forcing like ventilation, through the circulation of subsurface water masses, exerted
the most important influence on the oxygen deficiency. Determination of SS'T" by alkenones
concentrations is still under debate along the Peruvian margin [ Prahl et al., 2010; Kicnast et
al., 2012] and regional calibration has not been done yet. However, SST-alk from core M772-
003, representative either of the summer season or annual mean, shows constantly low values
during the mid-Holocene (Figure VIL5). As for nowadays, if we consider that
coccolithophores also bloomed during the austral summer at this time period, this may be

interpreted as upwelling occurring during the entire year.
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Figure VII.5. 8N values off Peru and northern Chile

Plot of the 8N values for the core GeoB 7139-2 (dark pink curve; [ De Pol-Holz et al., 2007]) and the
core PC-2 (light pink; [ Chazen et al., 2009]) as well as each core of this study: M772-056 (light blue
curve), M772-059 (dark blue curve), M772-029 (purple curve), M772-003 (red curve). The curve at the
bottom of the graph (yellow curve) represents sedimentary *'Pa/3“Th from GGCs, associated with the
AMOC circulation intensity [ McManus et al., 2004 ].

A series of other climatic archives support the hypothesis of a large shift in the climatic
and oceanographic state of the Peruvian upwelling system and the associated OMZ. during
the mid-Holocene. Terrestrial records have indicated that the Peruvian hinterland
experienced large periods of droughts during the mid-Holocene period [ Villagrdn and Varela,
1990; Sandweiss ct al., 1996; Cross ct al., 2000; Moy et al., 2002]. Nowadays, less
precipitations on land is concomitant with a decrease in SST due to a large increase in
upwelling intensity induced by stronger trade winds, which lead to a local increase in surface

PP and a mixing of the surface waters as during I.a Nina like conditions. Besides, a study of
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the silicioclastic sedimentation on cores from the Peruvian shelf [ Rein et al., 205] as well as
Peruvian hinterland floods records [ Kecfer et al., 2003, lead to a very similar conclusion that
fewer floods, associated with El Nifo events, governed the sedimentation during the mid-
Holocene time interval (5-8 ka BP). A general decrease of the sedimentation on the southern
Peruvian margin [Rein et al., 2005; Skilbeck and Fink, 2006], was interpreted as erosion due
to an enhancement of the PCUC going southward (Figure VIL1). And vet, sedimentary
archives from the centre of the Peruvian upwelling and OMZ do not show any evidence for an
increase in export production, due to increase in local nitrate input, correlated with the
decrease of 6°N values during that period. This supports the interpretation that the OMZ is
remotely controlled [ Chazen et al., 2009], or that local oxygen demand through the export of
particulate OM is largely dominated by ventilation processes, associated with seasonality
and/or ENSO variability observed in Ocean-Atmosphere model results for the tropical Pacific
area during the mid-Holocene [ Clement et al., 2000].

LLooking in a broader view, the mid-Holocene is also marked by an enhancement of the
East-West gradient of equatorial SST [ Koutavas et al., 2006] and a northward displacement
of the Westerlies [ Lamy et al., 2001; Kaiser et al., 2008, which is in a good agreement with a
assumption of more La Nina-like conditions at this time period.

FFor a better understanding of the spatial changes in the extent of the OMZ, we compared
our study to a more southern sedimentary record located off northern Chile [ De Pol-Holz et
al., 2006; Figure VIL1]. The variability of the °N values of core M772-003 (15°S) and core
GeoB 7139-2 [De Pol-Holz et al., 2006], located at 30°S, show strong similarities during the
last deglaciation and the Holocene (Figure VIL.5). Surprisingly, increases in Atlantic
Meridional Overturning Circulation (AMOC) described by Mc Manus et al., [2004], are well
correlated with decreases in §°N values along the South American margin (Figure VII.5),
probably due to better ventilation of the surface waters. However, between 15-12.5 ka BP, a
latitudinal decoupling is observed between an increase of the §°N values in the northern cores
(M772-059/-029) compared to a decrease in the more Southern ones, M772-003 and GeoB
7139-2. Indeed, the more northern position of the I'TCZ during the Bolling Allerod (BA)
[ Haug et al., 2001; Wang et al., 2007; Mollier-Vogel under review in QSR], leads to a shift of
the OMZ northward. At the northern part of the Peruvian margin, where the core of the
OMZ is very deep and the subsurface waters are well-ventilated, §°N values slightly increase
by “1%.. However, at the rim of the core of the OMZ, core M772-029 recorded a strong

increase of the §°N values, ~3%., during the BA. In the middle of the OMZ core, changes are
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not so significant and at the core location M772-003, §°N values remain stable, at ~7.5%.,
within their course to lower values through the deglaciation and then until the mid-Holocene.
Last, core GeoB 7139-2 off northern Chile even recorded a small decrease of one per mil
(Figure VIL.5)

However, contemporary to the long term decrease of the AMOC intensity from 11.5 to 8
ka BP, a global decrease of 6°N values is observed all along the South American margin
(Figure VIlL.5). This may reflect better ventilation of the surface and subsurface waters
following the same process previously observed across the Peruvian shelf [ Mollier-Vogel et al.,
2012]. Additionally, during the mid-Holocene period, SST,,, measured on sediment cores
show low values, 20.5°C on average, for the core M772-003 and higher SST,,, 22°C, for the
northern core M772-059 (Figure VII.6). This observation may be associated to intense

upwelling taking place in the upwelling centre at the southern Peruvian margin.
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Figure VII.6. SST,;, from the studied cores

SST derived from alkenone unsaturated ratios for core M772-059 (orange curve), M772-029 (blue
curve) and M772-003 (green curve).

"T'he calculation of the difference between the SST,, of the northern and southern cores

shows the highest and longest lasting difference during this time period (Figure VII.7).
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Indeed, strong upwelling occurring during the mid-Holocene may lead to enhance ventilation
of the subsurface waters, leading to a deepening of the oxycline as well as the N-loss processes
taking place within the core of the OMZ. Thus heavy nitrate resulting from these N-loss
processes are no longer upwelled and consumed by biological productivity. Therefore, only

light nitrate is used by the biota and recorded in the sediment [ Mollier-Vogel et al., 2012].
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Figure VII.7. SST, and 8“N values differences between the two cores M772-059 and
-003

Calculation of the difference between the two cores M772-059 and -0o3, for SST derived from
alkenone unsaturated ratios (blue diamonds) and §"N values every 500 years (red squares).

From the beginning of the deglaciation, we observe a general shrinkage of the ETSP
OMZ from the North, as the Peruvian waters get ventilated before those at the northern
Chilean margin (Figure VIL.8). This shrinkage seems to have been intense enough to provoke
a collapse of the OMZ conditions within the upper waters all along the South American
margin, leading to records of only low §®°N values within the sediment (Figure VII.5). These
general La Nina-like conditions led to a global shift of the entire Hadley cell, the I'TCZ
[ Haug et al., 2001; Mollier-Vogel et al., submitted to QSR ] and Westerlies [ Lamy et al., 2001;
Kaiser et al., 2008], and probably an enhancement of the circulation intensity/velocity. These
conditions reached a sort of stable state during the entire mid-Holocene, ventilating the
surface and subsurface waters, via the PCUC, southward until northern Chile [ De Pol-Holz

et al., 2006]. Indeed, during the mid-Holocene, the low §°N values observed by De Pol-Holz
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et al., [2007] (Figure VIIL.5) are comparable to §°N values of the core-tops observed at the

southern rim of the OMZ, at ~45°S [ Hebbeln et al., 2000; De Pol-Holz et al., 2009].
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Figure VII.8. Schematic estimation of the Peruvian OMZ extent at different time

intervals

Schematic representation of an estimation of the Peruvian OMZ extent within in the upper waters at
characteristic time periods.

All together, the mid-Holocene was marked by several events such as an abrupt sea level
rise before this time interval [ Keefer et al., 2003], a low marine sedimentation due to low
riverine runoff, on the northern Peruvian margin, as well as IL.a Nina like conditions prevailing
between 8.5 and 5 ka BP, as suggested by Andean lakes studies and Peruvian geo-
archeological evidence [Sandweiss et al., 1999; Cross et al., 2000; Ekdahl et al., 2008].
Consequently this intense and constant upwelling occurring during the mid-Holocene might

involve a large ventilation of the upper part of the water column and avoid the extension of

-120 -



Chapter VII. Mid-Holocene collapse of the Peruvian oxygen minimum zone

OMZ in shallow subsurface, avoiding any heavy nitrate to reach the surface waters and being
uptaken by the biota, leading to low §°N values recorded in the sediment all along the South

American margin.

VII-5. Conclusions

"This first continuous record covering the Holocene and the last Deglaciation reports on
the displacement of the upwelling cell toward the shelf with the rise of the sea level shown by a
large decrease in the §°N values between 17 to 8.5 ka BP. In this region, the stable climate of
the mid-Holocene is marked by constant [L.a Nina-like conditions, which intensively ventilate
the subsurface waters. The vertical structure of the thermocline was different at that time and
the core of the OMZ was deeper during the collapse period, thus preventing nitrate enriched
in "N to be upwelled and assimilated by phytoplankton at the surface. This is quite similar to
what we observe in the northern part of the modern Peruvian/Ecuadorian upwelling system
[ Mollier-Vogel et al., 2012]. North of 10°S, the OMZ. is still active and only slightly less intense
than in the southern part of the system but much deeper (section Fig. 1) and sedimentary 8N
values are low compared to the modern conditions and dominated by nutrient utilization
processes rather than N-loss processes. As it is well mentioned in several studies based on
diverse proxies over the Pacific basin, the late Holocene reveal a period of intense variable

seasonality, which might also be associated with an enhance in the ENSO frequency.
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VIII-1. Abstract

We present a high-resolution marine record of sediment input from the Guayas River,
Ecuador, that reflects changes in precipitation along western equatorial South America
during the last 18 ka. 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.

VIII-2. Introduction

Seasonal and interannual rainfall variability in western equatorial South America is driven
by a multitude of climatic processes, with the complex regional patterns additionally shaped
by orography. On the Amazonian side of the equatorial Andes, high precipitation rates are
found throughout the year, with maxima occurring at the equinoxes (Figure VIII.1.a; [ Poveda

et al., 2006; Garreaud et al., 2009]).
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Figure VIII.1. Seasonal changes in mean precipitation over South America

(a) Seasonal changes in mean precipitation over South America derived from the Tropical Rainfall
Measuring Mission (TRMM). Data extracted from the NASA/GSFC website available at
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http://trmm.gsfc.nasa.govy/. Location of paleo-precipitation records displayed in Figure VIII.5 are
numbered as following: (1) Haug et al.[2001]; (2) Cruz et al. [2009]; (3) van Breukelen et al. [2008]; (4)
This study; (5) Wang et al. [2007]. (b) Annual precipitation anomalies over South America for typical
El Nino (modified from Dai and Wigley, [2000]).

On the Pacific side, the orogenic barrier of the Andes blocks moisture transport from the
Atlantic Ocean, making the Ecuadorian and Peruvian lowlands much drier than on the
castern side of the Andes. Still, there is a well defined subdivision between coastal regions
located north and south of the equator which are affected by opposite seasonality in rainfall
regimes (Figure VIIL.ia; [Poveda et al, 2006; Garreaud et al., 2009]). In addition,
interannual rainfall variability associated with the El Nino-Southern Oscillation (ENSO)
contributes to the rainfall pattern complexity over South America (Figure VIIIL.1.b; [ Dai and
Wigley, 2000]). Since the importance of these factors for regional rainfall patterns is difficult
to assess, it remains problematic to understand the sensitivity of the hydrological cycle over
South America to the climatic forcing at different timescales.

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

Closer to the equator, where the sun passes twice at zenith each year, the regional pattern
of rainfall variability seems to be more complex than the simple antiphase behavior observed
north and south of the equator where dry and wet seasons are well defined. Speleothem
records collected close to the equator at the eastern and western edges of the Amazonian
Basin indicate that Holocene changes in insolation have triggered an East-West antiphase in

rainfall trends [ Cruz et al., 2009 ]. During the mid Holocene in particular, Northeastern Brazil
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was associated with wetter conditions than nowadays South of the equator [ Cruz et al., 2009,
while the western equatorial South America was marked by drier conditions [van Breukelen
ctal., 2008].

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

Here we present two continuous Ti/Ca records close to the northern Peruvian coast,
south to the Gulf of Guayaquil in the EEP, covering the last 18 ka. The studied site, situated
midway from the hyperhumid Colombian margin to the North and the hyperarid Peruvian
desert to the South, provides the opportunity to better understand how ocean-atmosphere
interactions are set up under different climatic boundary conditions and may modulate
regional rainfall regimes from oceanic areas to mountain tops. The records provide
information on past changes in sediment discharge induced by regional rainfall changes with
sub-centennial resolution. These Ti/Ca records compared with rainfall records from the other
key regions of tropical South America (Figure VIIL1.) allow an improved assessment of

regional rainfall response to orbital and millennial-scale climate forcing.

-126 -



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

VIII-3. Regional settings

At the seasonal timescale, rainfall patterns over the South American continent migrate
latitudinally following the annual cycle of insolation, but over the adjacent ocean the
Intertropical Convergence Zone (I'TCZ) remains near 5°N because of local air-sea
interactions (Figure VIII.1.a). In addition, south of the equator, the Andes impede moisture
transport to the Pacific Ocean, leaving the Pacific coastal plains within a rain shadow (Figure
VIIIL.1.a). Consequently, a sharp regional contrast exists between the Pacific side of the
Andean Cordillera and the Amazonian Basin at the equator, the latter receiving most of its
rainfall from the Atlantic Ocean [ Bookhagen and Strecker, 2008].

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

Along the Pacific coast, regional rainfall also varies from region to region because local
land-ocean-atmosphere interactions regulate precipitation distribution superimposed on the
dynamics of the I'TCZ (Figure VIIL.r.a). North of the equator, the Pacific side of the
Columbian Margin receives high amounts of rainfall from the low-level westerly Choco Jet,
which transports moisture from the EEP to the western flank of the Andes during the boreal
summer [ Poveda and Mesa, 2000; Bookhagen and Strecker, 2008]. South of the equator,
rainfall maxima occur during austral summer when the I'T'CZ prevails above the eastern
equatorial Pacific in the southern hemisphere (Figure VII1.1.a; [ Liu and Xie, 2002]). South of
5°S, the hyperarid Peruvian desert extends along the Pacific coastline and is sustained year-
round by the cold Humboldt current and its associated upwelling system (Iigure VIII.1.a;
[ Garreaud et al., 2009)).

At the interannual timescale, warm ENSO anomalies in the EEP are marked by drier
conditions in northern South America and along the equator above the Amazonian basin,
while conditions over southeastern South America and the EEP are comparatively wetter
(Figure VIIL.ib; [Dai and Wigley, 2000; Silvestri, 2004]). Along northern Peru and
Ecuadorian coastlines, EI Nino events provoke important increases in precipitation as

compared to normal years (Figure VIIL.1.b; [Dai and Wigley, 2000)). Little further to the
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South, within the northern Peruvian desert located between 5 and 10°S, significant rainfall
exclusively occurs during El Nino events [ Wells, 1990].

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

(http;/www.allmetsat.com).

VIII-4. Material and methods

Piston cores M772-059 (3°57.01S, 81°19.23W, 997 m water depth) and M772-056
(3°44-99'S, 81°07.25W, 350 m water depth) were collected south of the Gulf of Guayaquil
(Figure VIIL.1.). The Gulf of Guayaquil is composed of a sedimentary platform, with an outer
shelf break into the continental margin situated at a water depth of “100 m (Figure VIII.2;

[ Witt and Bourgois, 2010)).
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Figure VIII.2. Regional bathymetry and sediment core locations

Regional bathymetry (isobaths in meters) and sediment core locations. The Gulf of Guayaquil is
typically marked by water depths shallower than 100 m. Assuming that regional relative sea level rise
followed the eustatic sea level evolution, the 100 m and 50 m isobaths provide qualitative indications
on how the coastline may have evolved in response to eustatic sea level, with the 100 m and 50 m
isobaths representing coastlines at “15and 11 ka, respectively [ Bard et al., 1996]. The arrows locate
small rivers mouths that may occasionally represent a significant source of terrigenous material to
coring sites during El Nino events [ Wells, 1990 .

The sediments accumulating at the coring sites are dominated by terrigenous particle
discharge associated with riverine runoff controlled by regional rainfall intensity, and contain
as a secondary component marine biogenic carbonates. Sedimentary discharge into the Gulf
of Guayaquil is mainly linked to the Guayas River runoff, which integrates rainfall from a
narrow catchment located North of Guayaquil on the western flank of the Ecuadorian Andes
["Twilley, 2001]. The Guayas River discharge closely tracks the integrated precipitation
occurring on land within the basin catchment without any time lag [ Twilley, 2001]. The
northern Peruvian coast is subdivided by a mosaic of small coastal river catchments, which are
much more sensitive to ENSO as compared to the Guayas River [ Wells, 1990].

The age model of the combined full Deglacial to Late Holocene record is based on
radiocarbon measurements from 10 and 11 different depth levels for cores M772-059 and M772-

056, respectively (Table 3; Figure VIII.3).
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Figure VIII.3. XRF counts for core M772-059

XRF counts for Ca, Al, Si and Fe plotted as a function of Ti counts for core M772-059.

Radiocarbon measurements were performed on the planktonic foraminifera species
Neogloboquadrina dutertrei at the Leibniz Laboratory for Radiometric Dating and Stable
Isotope Research, University of Kiel (CAU). Radiocarbon ages were calibrated using
MARINEog [ Reimer et al., 2009, with a constant AR of 200 +/- 50 years based on sites with
known reservoir ages situated closest to our core location in the marine Reservoir correction

database (http;/calib.qub.ac.uk/marine/). For core M772-059, the resulting age model implies

sedimentation rates varying between ~50 and 170 em*kyr”, providing a time resolution ranging
from ~22 years*em™ during the mid-Holocene down to ~6 years*em™ for the Heinrich 1 time
interval. For core M772-056, the resulting age model implies sedimentation rates varying
between ~63 and 117 em*kyr”, providing a time resolution ranging from “16 years *cm® during
the mid-Holocene down to ~8 years*em™ for the early Holocene time interval.

Contents of total carbon (T'C) and organic carbon (Corg) were measured on core M772-
o59 from bulk and decalcified sediment, respectively, using an elemental analyzer. The

carbonate content was then calculated using the equation %CaCO, = (% 1C - %C,,,)*8.33.
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The relative elemental composition of sediments was analysed using an Avaatech X-ray
fluorescence (XRF) Core Scanner at 1 em distance following the procedure described in
[1jallingii et al., 2010]. We use the T element intensity (in counts per seconds) relative to the
Ca intensity to monitor past changes in terrigenous detrital content relative to that of marine
carbonates, and consider it as a proxy for riverine runoft as in previous studies [ Arz et al., 1998;
Haug et al., 2001; Jaeschke et al., 2007]. We also check the log (Si/Al) to look for
outstandingly high log (Si/Al) changes, which may indicate significant changes in biogenic

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

VIII-5. Results

VIII-5.1. XRF data

We use log-ratios of Ti/Ca (log Ti/Ca), which provide unbiased estimates for the relative
concentration of Ti over Ca with respect to sedimentary heterogeneities and nonlinearities
between the XRIE intensity and its corresponding sedimentary concentration [ Weltje and
1jallingii, 2008]. In marine sediments mainly composed of terrigenous material at tropical
latitudes, as at our core sites, the log (Ti/Ca) has been widely applied to reconstruct past
changes in continental detritus accumulation as a qualitative indicator for rainfall variability
occurring on the adjacent continent. Such assumption relates to the fact that ‘T representing
the dominating detrital fraction, once normalized to marine biogenic Ca, reflects the variable
input of terrigenous material at coring sites. Variations of elemental XRF intensity of Si, Al,
Ca and Fe are shown as a function of Ti intensity in Figure VIIL.3. For clarity, we only
consider the core M772-059 that covers the last 18 ka and for which carbonate content data are
available for validating the interpretation of XRE data. Ti is positively correlated to Si, Al and
Fe with near perfection (Figure VIII.3), and shows negative correlation to Ca at a confidence
level of 95% (1r*=0.066, n=1327, Figure VIII.3). The positive correlation between Ti and the
other terrestrial elements is expected as those elements have the same origin. The negative
statistical correlation between T and Ca (Figure VIII.3) suggests that the amount of Ca with
respect to that of '1'i was mainly affected by dilution with the terrigenous phase. The calcium
carbonate content in the sediment core is only a minor component that varies between 2 and 8

% of dry bulk sediment (Figure VIII.4).
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Figure VIII.4. Sedimentary records and age model for the studied cores

(a) Log (Ti/Ca) for cores M772-059 and M772-056. (b) Carbonate content in core M772-059. (¢) Log
(Si/Al) for cores M772-059 and M772-056. (d) Age / Depth relationships for cores M772-059 and
M772-056.

Such low amount of carbonate content cannot be considered as the diluting factor for the
overall terrigenous fraction indicated by changes in T, Al, Si and Fe. Rather, it is likely that
coeval changes in the accumulation of the terrigenous fraction have been responsible for
dilution of carbonates, which implies that the log (Ti/Ca) is a true reflection of varying
terrigenous input.

Changes in carbonate supply to the seafloor due to the varying marine production
probably did not occur. This is corroborated by a low-resolution biogenic opal record
measured on core M772-056 varying between o and 4% of dry sediment without any

distinguishable features (data not shown). Such low amounts of biogenic opal are well below
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the analytical uncertainty associated with the opal measurement procedure [ Wells, 1990], and
thus cannot be used as a reliable indicator for varying diatoms productivity. We use the log
(Si/Al) to track changes in biogenic Si that can reflect variations in opal content linked to
changes in productivity of diatoms and radiolaria. Downcore changes in log (Si/Al) from both
M772-059 and M772-056 (Figure VIII.4) suggest little if any significant changes in biogenic Si
contribution from diatoms, further corroborating our assumption that primary productivity
cannot explain the observed changes in the log ('Ti/Ca) at our coring sites.

Ideally, changes in lithogenic fluxes should be derived from calculation of accumulation
rates using sedimentation rates and dry bulk density values . The information contained in the
computation of such fluxes would however be highly dependent on the number of age tie
points [ Riihlemann ct al., 1999], which cannot be obtained at a resolution sufficient enough to
directly date both millennial and centennial scale changes as documented by the log (Ti/Ca)
records. The advantage of XRI* core scanning is to provide useful information on past
changes in the proportion of elements of continental versus marine origin at very high
temporal resolution. It has been successfully used to monitor rainfall variability from cores
situated in the vicinity of river mouths all along the tropics [see e.g. Arz et al., 1998; Haug ct
al., 2001; Adegbice et al., 2003; Jennerjahn et al., 2004; Jaeschke et al., 2007; I'achikawa ct al.,

2011 ]

VIII-5.2. Variations in terrigenous input

The log (Ti/Ca) record of M772-059 tracks changes in supply of terrigenous material at
our deeper coring site back to 18 ka, of which the likely main contributor is the Guayaquil
River runoff over Ecuadorian and northern Peruvian Andes, in association with regional
response of precipitation to long and short term climate changes (Figure VIII.4). The oldest
part of the core is marked by a rapid increase in log ('1Ti/Ca) between ~18 and 17 ka, followed
by a broad maximum of log ('T'i/Ca) recorded between ~17 and 15 ka, corresponding to the Hi
cold event. A sharp decrease in log ('Ti/Ca) which, according to our age model, corresponds
to the Boelling/Alleroed time period, indicates a rapid and substantial decrease in terrigenous
input immediately following the Hi. At the onset of the Younger Dryas chronozone, the log
(Ti/Ca) is marked by a moderate increase, which reversed the deglacial decreasing trend in
riverine runoff. The log (Ti/Ca) decreasing trend of the deglacial time interval resumes after

the YD and reaches a minimum at ~8 ka BP. The mid- to late Holocene part of the sequence
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is marked at first order by an increasing trend in lithogenic fluxes over the last 8 ka, on which

rapid multi-centennial scale changes are superimposed.

VIII-6. Discussion

VIII-6.1. Sedimentary patterns

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

The log (Ti/Ca) record of M772-056 covers the last 13 ka only, but the main patterns
described for core M772-059 remain valid (Figure VIII.4). Small contrasts in the timing of
submillennial-scale variations superimposed on the long-term trends in both cores indicate
that adjustments in the age model may be needed to improve the one-to-one coupling of these
events (Figure VIII.4). Changes in eustatic sea level cannot explain similar trends in the
sedimentological composition of both cores. The differences in distance to the coast and in
water depth between M772-059 and M772-056 would promote different time transgressive
shifts in sediment accumulation rates and composition at both sites.

For the carlier part of the deglaciation, which is only recorded in M772-059, we cannot
dismiss an impact of sea level rise on the log (Ti/Ca). However, the earliest sharp increase in
log ('Ti/Ca) recorded between “18 to 16.5 ka corresponding to the onset of the Hr climatic
chronozone occurred when the deglaciation and sea level rise already began [Arz et al., 1998,
moving depositional accommodation space shoreward. Therefore, the high sedimentary input
at M772-059 site during the Hi was linked to a change in sediment delivery caused by
increased riverine runoff and associated regional rainfall. Similar reasoning can be applied to
the YD chronozone, during which the slight but significant increase in log ('Ti/Ca) cannot be

attributed to the retraction of the shoreline linked to sea level rise. We thus assume that the
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Hi and, to a lesser extent the YD, were influenced by increased sedimentary delivery from the
surrounding hinterland during wetter conditions as compared to the time interval bracketing
those events. On the other hand we cannot rule out that sea level rise contributed to the
overall magnitude of the decreases in log (Ti/Ca), recorded between 14.5 and 13 ka as well as

between 11 and 9 ka BP.

VIII-6.2. Review of precipitation changes around equatorial South
America during the last 18 ka
Overall, our record confirms the equatorial East-West antiphasing in precipitation trends
as previously found at the orbital timescale for the last 18 ka in speleothem records collected in

equatorial South America (Figure VIII.5).

_135_



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

Age (kyr BP)

0 5 10 15 20
045 ———F——7T 7T T 7 T

YD H1 Wet

A
4dd 'SA Og,Q

'\‘w“w\m\f\ﬂ -2
@ é 7 N\N *
g Ty |
6 '(WW *\%w{t\)& --04

o
(2]
(ed/11) 6o

S«

@
3
T

N
[6)]
T

5'80 vs. PDB
w

'
N
T

Qb e e ey
0 5 10 15 20

Age (kyr BP)

Figure VIII.5. Records for past changes in precipitation over South America

Records for past changes in precipitation over South America. (1) Haug et al. [2001]; (2) Cruz et al.
[2009]; (3) van Breukelen et al. [2008]; (4) This study; (5) Wang et al. [2007]. The Younger Dryas (YD)
and Bolling/Alleroed (BA) time intervals are reported at top of the panel according to the GISP2
timescale [ Grootes et al., 1993] while the timing of the Heinrich event 1 (H1) chronozone was chosen
after Bard et al. [2000]. Orange triangles indicate radiocarbon ages used to compute the M772-059 age
model.

Modeling experiments successfully reproduce the implied zonal antiphasing in
precipitation trends recorded along the equator during the Holocene when they are forced by
changes in orbital parameters, e.g. [Cruz et al., 2009]. This feature can be explained by an
atmospheric response to latent heat release in the upper troposphere, which caused stronger

subsidence over northeastern Brazil to accommodate the enhanced convection and upward
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motion during times of enhanced austral summer insolation and its associated increase in
austral summer monsoon [ Cruz et al., 2009].

The rainfall increase recorded at our studied site during Hi stands out as a prominent
wet phase and co-occurred with wet conditions on the eastern side of the Amazonian Basin
[Arz et al., 1998; Jennerjahn ct al., 2004; Jacschke et al., 2007; Cruz et al., 2009]. 'This strongly
suggests in-phase rainfall anomalies at equatorial latitudes at millennial timescales (Figure
VIII.5). Moreover, as indicated by the log (Ti/Ca) record, the Hr event was probably
experiencing large centennial scale variance in rainfall, highlighting the internal complexity of
this event (see also; [Alvarez-Solas et al., 2011]). A recent lacustrine record in the Lake Peten
Itza provides evidence for such a multi-phased Hi climate anomaly Escobar ct al., 2012]. 'The
authors assigned these centennial-scale shifts within the Hi chronozone to multiple iceberg
discharges in the North Atlantic during Hi [Bard ct al., 2000]. A recent speleothem record
from the central Peruvian Andes recorded similar high-frequency shifts in precipitation during
Heinrich events 4 and 3 [ Kanner et al., 2012], which mimics sea surface temperature changes
from the Bermuda Rise [ Sachs and L.ehman, 1999]. All this evidence reinforees the idea that
Heinrich stadials contain complex internal climate variability, which needs to be further
studied. An overall wet Hi can be at least partly explained by a southward shift in the mean
I'TCZ latitudinal position over oceanic regions surrounding South America along with its
associated monsoon variability over the continent in analogy to increases in precipitation
recorded in speleothems from Southern Brazil (Figure VII1.5) [ Wang et al., 2004; Cruz et al.,
2005; Wang et al., 2007] and in the Andean altiplano by ~20°S [ Blard et al., 2009].

At our studied site, the 18 to 8 ka time interval is marked by a general decrease in
sediment discharge from the Ecuadorian Andes (Figure VIIL5. This suggests a long-term
aridification co-occurring with the deglaciation phase from the Last Glacial to the Early
Holocene, with potentially some superimposed sea level imprint (Figure VIIL.5). Such a
feature is in contrast with sites located north of the equator where the last deglaciation is
marked by an overall increase in precipitation [ Pahnke et al., 2007]. Interestingly, a marine site
located at the equator close to the northern Ecuadorian margin was also marked by
pronounced increases in riverine runoff over the last five terminations [ Rincon-Martinez et al.,
2010]. However, the temporal resolution of these records is not resolving millennial scale
variations superimposed on the deglacial trend. Although our record is not covering the full
glacial period, from the oldest part of the record it is apparent that the start of Hri was

associated with a strong increase in the log (1i/Ca), which decreased back toward the
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deglacial values observed before the Hi. Overall, our riverine runoff record from northern
Peru suggests that rainfall changes occurring during the deglaciation and the Hr were of
opposite sign as compared to those recorded at marine sites located in northern Ecuador and
along the Colombian margin [ IXscobar et al., 2012].

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

FFor the mid- to late Holocene rapid rainfall fluctuations are detected, superimposed on
the first-order increasing trend in precipitation. 'These are probably connected to analogous
variations recorded in the southern tropics [ Strikis et al., 2011], close to the equator [ Moy et
al., 2002] as well as in the northern tropics [ Marchitto et al., 2010]. "The phasing of these
changes however cannot be satisfactorily resolved given the limitation in the existing age
model of our sedimentary sequence. Thus it remains speculative to associate these centennial

changes in regional rainfall to shorter Holocene fluctuations in AMOC [ Bond et al., 2001].

VIII-7. Conclusions

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

The comparison of our record with other available high-resolution records from South
America implies that shifts in rainfall pattern above South America were influenced in

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

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

associated with anthropogenic climate change.
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IX-1. Conclusions

As part of the subproject A6 in the SFB754 project, the initial aim of this work was to
reconstruct spatio-temporal changes in the OMZ extent over the last 18 ka. We have used a
suite of sedimentary proxies such as organic carbon, opal and nitrogen content to estimate
past variations in export production, which ultimately consumes oxygen during the
degradation of the OM. In parallel, alkenone paleothermometry was applied downcore to
estimate regional SST' variability that potentially contains additional information on
upwelling intensity.

A first synthesis of core-top analysis was conducted to assess how modern hydrological
and geochemical characteristics affect the spatial distribution of the sedimentary signal in the
studied area [Chapter V: Mollier-Vogel et al., 2012]. It has been observed that, within the
OMZ, N-loss processes taking place within the water column led the remaining nitrate pool
of the water column to become strongly enriched in "IN. Such process is reflected in surface
sediments from which nitrogen isotope measurements can be used to reconstruct N-loss
processes occurring in subsurface waters. An additional factor associated with nitrate
utilization in surface waters was also identified in our compilation that deviates the nitrogen
isotopic signatures towards lower isotopic values. Other external factors controlling the
ventilation of subsurface waters however must be accounted for to estimate changes in OMZ
extent.

We have investigated the relative impact of these processes in a suite of core-top
sediments collected along the Peruvian and Ecuadorian margins. A comparison of
sedimentary "N, with 6°Ny, in the water column shows strong similaritics along the
Peruvian margin transect, indicating that changes in isotopic composition of the nitrate in
Peruvian waters are reflected in the sedimentary record [Chapter V: Mollier-Vogel et al.,
2012]. However, the §°N,, remains, in most cases, lower than the 8Ny, values measured in
the water column. This may be explained by incomplete utilization of nitrate probably
resulting from iron and/or silicic acid limitation associated with HNL.C conditions prevailing
in the studied region. The present-day northernmost extent of the OMZ core within the
upper waters reaches 8°S, and is concomitant with a regional shift in PP, as reflected by an

increase in organic carbon, opal and nitrogen sedimentary content. Within the OMZ, the
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nitrate is enriched in *N, a feature primarily mediated by N-loss processes taking place in
subsurface waters that ultimately feed the surface waters through upwelling. Additionally, the
incomplete nitrate utilization by phytoplankton triggers the overall increase of §°N,, values
toward the South and from the inner shelf to the coast, where the most intense upwelling
takes place, to slightly lower values than the ones observed in the water column.

Interestingly, higher "N, values are found off Northern Chile, where anoxic and/or
suboxic waters do not prevail. This oceanic region is influenced by ventilation from the
SAMW which is an old, nutrient-depleted water mass. Along its northern path, the SAMW,
which transports isotopically heavy nitrate, gets gradually enriched in ®N due to cumulative
nitrate consumption along its path. That may explain the high 6°N values observed at ~21°S
in the sediment and water column (Chapter VI). Consequently, a multitude of processes such
as N-loss processes, relative nitrate utilization, and regional oceanography have to be
considered while attempting to interpret sedimentary 8°N values.

4 pistons cores have been retrieved along a North-South transect along the Peruvian
margin and cover the last 18 ka BP [Chapter VII: Mollier-Vogel et al., in prepl. The
deglaciation is marked by a decrease of 8°N values, of 1% for the northern cores and ~5%. for
the most southern core location, reaching a minimum during the mid-Holocene. Such a 8N
minimum is consistently recorded in all the sedimentary records studied. 'The §°N minimum
is recorded during the period when the E'TSP was marked by an increase in the SS'T" gradient
between the West and East Pacific along the equator, by strong droughts recorded along the
Peruvian hinterland, and by periods characterized by an overall northern shift of the
Westerlies. All of these features are typical of LLa-Nifia-like conditions - i.c. of a period during
which ENSO activity was reduced. Alkenones indicate that relatively cold SST prevailed in
the southernmost core during the mid-Holocene (8-5 ka), suggesting an intensification of
upwelling activity during this period, likely additionally influencing the sedimentary 8N
values through subsurface ventilation of the OMZ. Intensification of upwelling during the
mid-Holocene may have strongly ventilated the upper meters of the water column and
prevented N-loss processes to take place close to the surface. This may have lead to only light
nitrate available in the surface for the organisms and explain the low 8°N values recorded in
the sediment.

Additional evidence for past evolution of the Peruvian upwelling and its associated

atmospheric variability was obtained by studying the interactions between the I'TCZ
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latitudinal movements and the subsequent regional precipitation. We studied two cores
collected offshore of the Guayas River mouth [Chapter VIII: Mollier-Vogel et al., submitted
to QSR]. We measured relative abundance of major and minor elements downcore using
XRF to reconstruct past changes in riverine runoff, and interpreted it as being the expression
of rainfall variability integrated over the Guayas River catchment, which is situated along the
western flank of the Andes, during the wet secason. The comparison of our record with other
available high-resolution records of precipitation from South America, comprising
speleothems as well as marine sediment cores, show a North-South antiphase of the rainfall
maxima occurring at both orbital and millennial timescales, likely triggered by changes in
insolation and in AMOC intensity, respectively. This antiphase is observed all around the
South American continent, except in a speleothem from northeastern Brazil which is located
in the southern hemisphere, but where the trend in rainfall changes at the orbital timescale is
in phase with the rainfall trends recorded in other archives from the northern hemisphere. At
our core site, we detect periods of high runoff during the Hi, the YD and the late Holocene,
while conditions of reduced runoff occurred during the Early and mid Holocene.

"This reduction in riverine runoff, associated with a more northerly position of the ' TCZ
and South American monsoon, is in full agreement with the strong increase in upwelling
intensity assumed to occur during the entire mid-Holocene. Indeed the strong correlation
between the northern position of the I'TCZ and the intensification of the upwelling may have
resulted from a more northern position and a strengthening of the Hadley cell. This leads to
greater ventilation of the surface water driving a deepening of the oxycline, which may prevent
N-loss processes to take place in the upper hundred meters of the water column, as observed

in the 8®° N values during this time period.

IX-2. Outlook

The exchange of knowledge and the common work with other subprojects made being
part of the SFB754 advantageous. Providing the first proxy calibration for the entire Peruvian
margin, this study rose questions for the interpretation of the proxies themselves; as we have
demonstrated for the sedimentary 8°N, which records the signal of several processes taking
place within the water column. A comparison of the 8°N with the work done on larger scale
with benthic foraminifera: either using species assemblages to assess oxygen concentrations at

a very high resolution [Mallon, 2011], or the measurements of pore density on benthic
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foraminifera test, allowing estimation of nitrate concentration in the water [ Glock, 2011], may
help to disentangle the fractionation of sedimentary 8°N directly induced by oxygen
concentrations via N-loss processes. Supplementary work comparing SST,,. and SST from
Mg/Ca ratio would permit better understanding the potential seasonal effects on SST
derived from the alkenone unsaturation index.

The 8N calibration between water column and surface sediments demonstrates that the
diversity of processes influencing the 8N within the OMZ, makes it difficult to disentangle
them when they are integrated within the 8N signal of the bulk sediment. During the second
phase of the SFB754 project, research will be focused on diatom records of nitrogen isotopes
associated with silicon isotopes. The latter, driven by silicic acid utilization, will allow
separation of the nitrogen fractionation from utilization by diatoms, which is the main primary
producer of the area, to better constrain the initial signature of the nitrate.

A crucial issue in this study was the strong scasonality of the hydrological features
occurring within the Peruvian upwelling system, which appears to be very sensitive to
variations in the mean climatic background. A better understanding of the processes
responsible for antiphase in the annual cycle of PP and nitrate supply to the surface, the latter
being associated with changes in upwelling intensity, may be overcome via sediment traps
deployed at different depths and recording changes in export productivity with a sub-annual
time resolution. Additionally, a better knowledge of the coastal current systems would help to
better identify the origin of the upwelled nitrate. Better temporal and spatial resolution would
largely improve the knowledge of the Peruvian system, especially with better gridding at
720°S where the two water masses merge.

In a broader context, these results may be integrated in modeling studies, such as the
model from the subproject Br in project SFB754 (C. Somes), which integrates oceanic
biogeochemistry and isotopic signatures within a coupled ocean-atmosphere-biogeochemical
model. The development of such fully interactive systems still poses a challenge, as complex
physical and biogeochemical processes that often operate on small time and space scales need
to be parameterized. Reductions of model-proxy data mismatches at the regional scale may be
achieved when using modeling studies integrating a better spatial resolution of the Andean
topography, in particular by using nested models that better resolve ocean circulation along
continental margins. This may also reduce the regional uncertainties on the future evolution of

the Peruvian OMZ as well as rainfall patterns associated with anthropogenic climate change.
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Tables

Table 3. Radiocarbon dates (**C-AMS) used for the studied cores

Depth Radiocarbon Age range, Cal. Age Methods
(cm) age cal. yrs BP (yrs BP)
(yrsBP) (20) mean
M772-056
2 0 0 0 N. Dutertrei
48 1085 + 25 BP 416 - 616 516 N. Dutertrei
138 2575+ 30 BP 1850 - 2153 2001 N. Dutertrei
138 5265+ 30 BP 5298 - 5559 5428 Non Soluble fraction
138 3245+ 25 BP 2712 - 2953 2832 Humic acid
198 3255+ 25BP 2717 - 2965 2841 N. Dutertrei
338 4960 + 30 BP 4850 - 5225 5037 N. Dutertrei
338 7190 = 35 BP 7386 - 7596 7491 Non Soluble fraction
338 5660 + 30 BP 5688 - 5970 5829 Humic acid
398 5510 =40 BP 5563 - 5853 5708 N. Dutertrei
508 6620 + 35 BP 6735 - 7088 6911 N. Dutertrei
508 9730 + 40 BP 10233 - 10522 10377 Non Soluble fraction
508 9040 + 40 BP 9385 - 9663 9524 Humic acid
598 7430 + 35 BP 7574 - 7826 7700 N. Dutertrei
693 8220 + 60 BP 8326 - 8678 8502 N. Dutertrei
693 10215 + 35 BP 10754 - 11158 10956 Non Soluble fraction
693 9045 + 40 BP 9390 - 9668 9529 Humic acid
768 8960 + 45 BP 9271 - 9538 9404 N. Dutertrei
893 10085 =45 BP 10596 - 11060 10828 N. Dutertrei
893 12710 £ 50 BP 13783 - 14144 13963 Non Soluble fraction
893 10780 = 70 BP 11369 - 12115 11742 Humic acid
998 11030 + 50 BP 12052 - 12561 12306 N. Dutertrei
M772-059
13 830+ 25 BP 124 - 420 272 N. Dutertrei
148 3490 + 30 BP 2957 - 3303 3130 N. Dutertrei
203 4325+ 45 BP 3985 - 4385 4185 N. Dutertrei
303 5725 +50/-45 BP 5732 - 6097 5914 N. Dutertrei
403 7815 + 65 BP 7922 - 8273 8097 N. Dutertrei
658 10470 + 50 BP 11128 - 11427 11277 N. Dutertrei
803 11855 + 60 BP 12916 - 13309 13112 N. Dutertrei
803 12060 £ 130 BP 13081 - 13673 13377 N. Dutertrei
1033 13140 £ 70 BP 14200 - 15119 14659 N. Dutertrei
1343 15270 + 150 BP 17251 - 18121 17686 N. Dutertrei
M772-029
3 1185 = 30 BP 971 - 1396 1183 Non Soluble fraction
3 1260 + 25 BP 418 -757 623 Humic acid
38 4480 + 35 BP 4072 - 4685 4378 Non Soluble fraction
38 4250 + 35 BP 3766 - 4358 4062 Humic acid
48 6500 + 40 BP 6170 - 7046 6608 N. Dutertrei
48 7895 £ 40 BP 7329 - 8402 7865 Non Soluble fraction
48 7605 = 30 BP 7016 - 8146 7581 Humic acid
113 10520 + 40/-35 BP 10268 - 11862 11065 Non Soluble fraction
113 10325 + 40 BP 10003 - 11419 10711 Humic acid
203 11785 £45 BP 12014 - 13329 12671 Non Soluble fraction
203 11715 £45 BP 11904 - 13295 12599 Humic acid
333 13090 £ 45 BP 13457 - 15098 14277 Non Soluble fraction
333 12775 £ 50 BP 13127 - 14626 13876 Humic acid
423 13640 + 50 BP 14054 - 16409 15231 Non Soluble fraction
423 13095 +£ 55 BP 13457 - 15105 14281 Humic acid
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Depth Radiocarbon Age range, Cal. Age Methods
(cm) age cal. yrs BP (yrs BP)
(yrsBP) (20) mean
583 14340+ 60/-55 BP 15197 - 16988 16092 Non Soluble fraction
583 13805 £ 60 14428 - 16604 15516 Humic acid
743 15520 £ 80 17078 - 18365 17722 Non Soluble fraction
743 14092 + 60 14975 - 16862 15918 Humic acid
823 15925 + 60 BP 17558 - 18787 18172 Non Soluble fraction
823 14245 £ 50 BP 15157 - 16907 16032 Humic acid
938 16040 £ 60 BP 17669 - 18854 18261 Non Soluble fraction
938 14515 =55 BP 15257 - 17230 16243 Humic acid
948 15780 =70 BP 17382 - 18653 18017 Non Soluble fraction
948 14770 + 70 BP 16027 - 17770 16898 Humic acid
1103 17465 = 60 BP 19227 - 20342 19784 Non Soluble fraction
1103 14750 = 50 BP 15920- 17713 16816 Humic acid
1113 19680 + 100 BP 21558 - 23048 22303 Non Soluble fraction
1113 14990 = 80 BP 16654 - 17923 17288 Humic acid
1263 20110 + 90 BP 22252 - 23658 22955 Non Soluble fraction
1263 15335+ 55 BP 16887 - 18089 17488 Humic acid
M772-003
8 1240 =25 BP 445-772 608 Non Soluble fraction
8 1100 £ 25 BP 302 -642 472 Humic acid
48 2465 £ 20 BP 1596 - 2097 1846 Non Soluble fraction
48 2135+ 20 BP 1269 - 1692 1480 Humic acid
208 4015+ 25 BP 3456 - 3992 3724 Non Soluble fraction
208 3945+ 25 BP 3390 - 3896 3643 Humic acid
348 5085 +25 BP 4872 - 5419 5145 Non Soluble fraction
348 5100+ 25 BP 4885 - 5435 5160 Humic acid
453 6260 + 25 BP 5561-6783 6172 Non Soluble fraction
453 6155 + 30 BP 5439 - 6663 6051 Humic acid
598 8620 + 30 BP 8014 -9313 8663 Non Soluble fraction
598 8465 + 30 BP 7848 - 9142 8495 Humic acid
703 9570 + 35 BP 9138 - 10485 9811 Non Soluble fraction
703 9505 £ 35 BP 9035 - 10405 9720 Humic acid
853 12120 £ 55 BP 12575 - 13666 13120 Non Soluble fraction
853 11590 + 50 BP 11632 - 13186 12409 Humic acid
1008 15625 + 60 BP 17183 - 18559 17871 Non Soluble fraction
1008 14965 = 60 BP 16635 - 17903 17269 Humic acid
1018 15590 + 70 BP 17155 - 18550 17852 Non Soluble fraction
1018 14650 £ 70 BP 15608 - 17572 16590 Humic acid
1028 16460 = 90 BP 18442 - 19406 18924 Non Soluble fraction
1028 15070 = 60 BP 16753 - 17947 17350 Humic acid
1038 38670 +470/-440 BP 41612 - 43134 42373 Non Soluble fraction
1038 34150 +410/-390 BP 36702 - 38933 37817 Humic acid
1063 41570 + 570/-530 BP 43404 - 45401 44402 Non Soluble fraction
1063 38490 + 780 /-710 BP 41075 - 43421 42248 Humic acid
1103 43010 +470/-440 BP 44613 - 46241 45427 Non Soluble fraction
1103 39940 + 730/-670 BP 42180 - 44415 43297 Humic acid
1303 46000 + 640 /-600 BP 46638 - 49886 48262 Non Soluble fraction
1303 41620 +90/-810 BP 43075 - 45736 44405 Humic acid
1453 46800 + 670/-620 BP 47334 - 50000 48667 Non Soluble fraction
1453 39370 + 660/-610 BP 41884 - 44009 42946 Humic acid
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T'able 4. Data of core M772-056-5

M772-056-5
Alkenone
Depth Age N TN SST  concentration Corg Si02
(cm) (yrs) (%o) (%) (°0) (ng/g) (%) C/N (Wt%)
3 131.6 4.66 0.345 24.61 282491 3.210 9.32 2.10
8 174.3 427 0.350 24.58 3703.26 1.32
13 217.0 4.33 0.338 24.58 3663.23 3.220 9.51 3.00
18 259.7 4.46 0.338 2461 3502.29 1.01
23 3024 4.26 0.334 24.64 3095.71 3.150 9.44 1.45
28 345.2 447 0.332 24.70 3526.66 1.24
33 387.9 4.67 0.334 24.70 3208.48 3.060 9.16 1.25
38 430.6 4.25 0.318 24.58 3093.05 1.23
43 473.3 447 0.321 24.70 3288.67 3.000 9.35 3.22
48 516.0 4.44 0.311 24.76 2466.15
53 598.5 4.61 0.309 24.64 3079.07 2.950 9.56 2.58
58 681.1 4.58 0.304 24.67 2913.15
63 763.6 448 0.292 2445 2901.21 2.810 9.62 1.98
68 846.1 459 0.301 24.42 2920.10
73 928.6 4.45 0.302 24.39 3440.69 2.990 9.90 2.31
78 1011.2 4.63 0.315 2448 2974.84
83 1093.7 4.65 0.312 24.36 3184.75 3.060 9.80 2.00
88 1176.2 448 0.308 2442 2789.72
93 1258.8 458 0.304 24.76 2487.85 2.990 9.82 0.26
98 13413 477 0.317 2445 2605.20
103 1423.8 4.44 0.314 24.27 2964.50 3.010 9.59 0.76
108 1506.3 4.40 0.310 24.64 2353.59
113 1588.9 452 0.312 24.42 2795.90 2.960 9.49 1.32
118 1671.4 4.56 0.296 24.52 2652.53
123 1753.9 4.36 0.307 24.39 2899.87 2.970 9.68 2.39
128 1836.4 4.45 0.303 24.58 2475.52
133 1919.0 441 0.308 24.33 2984.80 3.020 9.82 0.51
138 2001.5 4.30 0.310 24.06 3144.74
143 2071.5 4.62 0.314 24.36 2796.73 2.930 9.33 244
148 21414 4.50 0.301 24.15 2698.79
153 22114 4.83 0.300 24.12 2706.27 2.820 9.39 1.81
158 2281.3 412 0.291 24.15 2571.10
163 2351.3 4.52 0.298 24.03 2581.15 2.970 9.97 1.75
168 2421.3 4.59 0.296 23.82 2657.76
173 2491.2 4.20 0.282 23.76 2380.97 2.710 9.60 0.00
178 2561.2 434 0.281 23.88 2278.59
183 2631.1 4.48 0.285 23.94 2259.71 2.740 9.63 4.39
188 27011 4.56 0.290 24.06 2105.26
193 2771.0 4.21 0.279 24.12 2313.76 2.800 10.05 2.83
198 2841.0 4.52 0.296 24.18 1905.43
203 2919.5 473 0.296 24.36 2084.30 2.800 9.45 3.64
208 2997.9 473 0.285 24.21 2059.45
213 3076.3 438 0.278 24.18 2234.81 2.730 9.80 1.83
218 3154.8 441 0.285 24.24 2092.59
223 3233.2 442 0.278 24.24 2049.15 2.710 9.76 3.48
228 3311.7 451 0.280 24.12 2107.57
233 3390.1 4.77 0.278 24.30 1907.28 2.720 9.79 1.1
238 3468.6 4.88 0.293 24.24 2194.47
243 3547.0 4.74 0.276 24.30 2154.80 2.660 9.63 240
248 36255 4.67 0.265 24.18 2019.01
253 3703.9 443 0.272 23.79 2236.36 2.720 9.99 2.51
258 37824 4.66 0.273 2391 2143.90
263 3860.8 4.26 0.265 24.33 2003.43 2.620 9.89 2.57
268 39393 4.66 0.268 24.94 1763.95
273 4017.7 493 0.275 24.73 2050.44 2.600 9.44 2.12
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M772-056-5
Alkenone
Depth Age 8°N TN SST concentration Corg SiO2
(cm) (yrs) (%0) (%) (°C) (ng/g) (%) C/N (Wt%)

278 4096.1 4.87 0.272 2461 2337.68
283 4174.6 4.51 0.270 24.64 2093.84 2.660 9.87 0.30
288 4253.0 4.96 0.282 24.45 2400.77
293 4331.5 4.73 0.277 24.27 2625.16 2.740 9.91 1.41
298 4409.9 4.88 0.271 24.45 244483
303 4488.4 4.75 0.255 24.55 2289.00 2.640 10.35 0.83
308 4566.8 4.66 0.262 24.45 2376.03
313 4645.3 4.65 0.269 24.36 2713.28 2.770 10.30 0.00
318 4723.7 4.68 0.262 24.03 2770.00
323 4802.2 4.74 0.273 24.03 3037.83 2.760 10.11 2.71
328 4880.6 4.79 0.271 24.06 2924.66
333 4959.1 5.27 0.293 24.00 2598.39 2.840 9.70 252
338 5037.5 5.03 0.286 2415 3090.88
343 5093.4 4.90 0.280 24.30 2907.25 2.700 9.63 2.26
348 51493 5.02 0.269 24.30 275544
353 5205.1 5.18 0.274 24.30 2896.58 2.700 9.86 2.31
358 5261.0 5.12 0.276 24.27 3204.95
363 5316.9 4.78 0.268 24.45 2914.62 2.720 10.14 2.56
368 5372.8 4.82 0.271 2445 3037.06
373 5428.6 4.80 0.266 24.48 3001.09 2.680 10.08 2.60
378 5484.5 4.69 0.266 24.55 2844.96
383 5540.4 4.80 0.265 24.52 2653.92 2.630 9.93 1.37
388 5596.3 537 0.268 24.55 2585.97
393 5652.1 497 0.267 24.58 2794.01 2.670 10.01 2.68
398 5708.0 4.96 0.261 24.48 2889.25
403 5762.7 4.97 0.264 2445 2835.56 2.640 9.99 2.73
408 5817.4 4.74 0.256 2445 2729.51
413 5872.1 4.82 0.258 2448 259549 2.630 10.21 1.36
418 5926.8 4.91 0.254 24.52 2866.21
423 5981.5 4.94 0.257 24.52 2745.28 2.650 10.30 4.10
428 6036.2 4.83 0.252 24.55 2625.55
433 6090.9 5.03 0.254 24.55 2623.43 2.580 10.16 2.81
438 6145.6 4.72 0.258 24.52 2095.86
443 6200.3 4.95 0.267 24.55 2467.38 2.570 9.64 2.03
448 6255.1 5.18 0.266 2461 2653.76
453 6309.8 4.61 0.252 24.64 2637.62 2.630 10.42 2.75
458 6364.5 5.28 0.262 24.64 2872.56
463 6419.2 4.77 0.251 24.52 3063.72 2.580 10.27 1.63
468 6473.9 492 0.257 24.64 2565.15
473 6528.6 498 0.247 24.52 2812.41 2.590 10.50 2.10
478 6583.3 4.96 0.240 24.36 2202.91
483 6638.0 4.96 0.249 24.55 2418.70 2.590 10.39 2.68
488 6692.7 5.05 0.254 24.42 2610.65
493 6747.4 5.18 0.254 2442 2637.91 2.570 10.11 1.81
498 6802.1 493 0.258 24.45 2528.41
503 6856.8 5.1 0.261 24.52 2594.37 2.610 10.01 0.00
508 6911.5 4.72 0.255 24.42 2968.15
513 6955.3 5.01 0.262 2445 2705.75 2.690 10.27 2.39
518 6999.1 4.96 0.266 2442 2896.62
523 7042.9 4.55 0.254 24.30 2713.29 2.670 10.50 240
528 7086.7 5.05 0.267 24.30 2747.58
533 7130.5 4.65 0.247 24.33 2620.13 2.620 10.61 2.07
538 71743 4.80 0.249 2433 2597.39
543 7218.1 4.96 0.244 24.24 2007.50 2.540 10.42 297
548 7261.9 5.1 0.236 24.30 2467.53
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M772-056-5
Alkenone
Depth Age 8°N TN SST concentration Corg SiO2
(cm) (yrs) (%0) (%) (°C) (ng/g) (%) C/N (Wt%)

553 7305.8 5.27 0.243 24.27 2237.14 2.550 10.49 2.04
558 7349.6 4.77 0.242 24.30 2145.53
563 73934 5.20 0.250 24.27 2412.82 2.600 10.39 2.75
568 7437.2 4.99 0.253 24.36 2350.56
573 7481.0 5.09 0.251 24.30 2054.59 2610 10.42 233
578 7524.8 4.84 0.239 24.24 2297.74
583 7568.6 5.11 0.246 24.85 1771.87 2610 10.62 2.10
588 76124 4.68 0.243 24.18 2687.73
593 7656.2 5.04 0.245 24.03 2578.16 2.560 10.45 2.67
598 7700 5.13 0.242 23.88 2735.65
603 7747.0 5.21 0.254 23.91 2862.14 2.590 10.21 1.96
608 77941 5.23 0.258 24.00 2803.73
613 7841.1 4.74 0.250 24.12 2549.22 2.630 10.51 0.91
618 7888.1 4.97 0.249 2412 2291.64
623 7935.1 4.92 0.235 24.00 2310.54 2.500 10.65 2.25
628 7982.2 5.14 0.240 23.85 2458.78
633 8029.2 4.99 0.234 23.97 2255.16 2.420 10.33 1.87
638 8076.2 5.01 0.235 23.85 2339.33
643 8123.2 4.81 0.228 23.88 2333.37 2.360 10.36 1.67
648 8170.3 4.84 0.236 23.76 2410.95
653 8217.3 5.20 0.234 23.79 2153.24 2.400 10.28 217
658 8264.3 5.25 0.235 23.76 2129.72
663 83113 4.66 0.230 23.76 2091.31 2.370 10.30 2.19
668 83584 4.60 0.221 23.64 2030.30
673 8405.4 4.88 0.228 23.61 2077.49 2.390 10.46 217
678 8452.4 4.93 0.228 23.67 1848.29
683 8499.5 5.10 0.237 23.55 2180.43 2410 10.17 1.33
688 8546.5 4.81 0.234 23.55 2072.13
693 8593.5 5.31 0.230 23.70 1913.67 2.390 10.39 2.52
698 8647.6 5.30 0.225 23.88 1853.18
703 8701.6 5.53 0.230 23.88 1939.99 2.390 10.40 1.85
708 8755.7 5.25 0.226 23.82 1799.00
713 8809.8 5.71 0.246 23.94 1764.27 2.400 9.77 3.23
718 8863.8 535 0.222 23.70 1788.82
723 8917.9 5.65 0.228 23.55 2003.74 2410 10.57 1.70
728 8972.0 5.59 0.228 23.64 1553.47
733 9026.0 5.70 0.221 2361 1604.74 2.380 10.77 1.40
738 9080.1 5.59 0.221 23.45 1640.74
743 9134.2 5.76 0.222 23.36 1628.44 2.400 10.83 0.96
748 9188.2 5.60 0.220 23.27 1698.27
753 9242.3 5.51 0.218 23.64 1396.94 2410 11.05 1.43
758 9296.4 5.73 0.224 2345 1576.09
763 9350.4 5.72 0.218 23.42 1425.17 2.370 10.90 0.72
768 9404.5 5.71 0.226 23.30 1515.43
773 9461.4 5.74 0.225 23.33 1555.75 2.390 10.64 2.73
778 9518.4 5.59 0.219 23.39 1492.99
783 9575.3 5.93 0.226 23.45 1412.51 2.440 10.80 2.72
788 9632.2 5.59 0.216 23.45 1516.32
793 9689.2 5.82 0.219 23.52 1478.81 2.460 11.22 244
798 9746.1 5.75 0.232 23.42 1581.10
803 9803.1 5.93 0.229 2342 1675.51 2.420 10.57 1.67
808 9860.0 5.26 0.211 23.39 1544.36
813 9917.0 5.64 0.219 2348 1549.03 2.330 10.63 0.32
818 9973.9 5.84 0.225 23.30 1329.85
823 10030.8 5.34 0.207 23.21 1378.39 2.230 10.76 293
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M772-056-5
Alkenone
Depth Age N TN SST concentration Corg SiO2
(cm) (yrs) (%o) (%) O (ng/g) (%) C/IN (wt%)
828 10087.8 5.04 0.203 23.30 1419.71
833 10144.7 5.48 0.208 23.09 1335.50 2.260 10.88 0.83
838 10201.7 5.86 0.209 23.18 1076.08
843 10258.6 573 0.207 23.36 869.46 2.130 10.27 2.00
848 10315.5 5.76 0.206 2342 851.43
853 10372.5 547 0.197 23.33 865.51 2.140 10.86 0.49
858 10429.4 5.48 0.199 2345 976.76
863 10486.4 5.66 0.205 23.58 882.37 2.190 10.70 2.55
868 10543.3 5.75 0.206 2345 964.68
873 10600.2 5.81 0.206 23.58 989.03 2.170 10.51 1.19
878 10657.2 5.79 0.208 23.73 885.12
883 10714.1 5.90 0.205 23.61 1026.47 2.060 10.06 3.55
888 107711 539 0.190 23.67 897.85
893 10828.0 5.98 0.202 23.79 839.21 2.030 10.03 2.19
898 10898.4 5.73 0.197 23.64 822.78
903 10968.8 558 0.194 23.64 796.54 2.040 10.49 0.35
908 11039.2 5.52 0.196 23.52 844.50
913 11109.6 559 0.192 2342 864.96 2.040 10.60 0.82
918 11180.0 5.32 0.193 23.61 859.71
923 11250.4 5.14 0.189 2348 894.67 2.010 10.62 1.40
928 11320.8 5.50 0.190 23.39 709.22
933 11391.2 5.51 0.185 23.24 890.96 1.940 10.47 0.55
938 11461.6 5.44 0.184 23.21 721.26
943 115321 5.53 0.187 22.97 961.95 1.940 10.40 2.75
948 11602.5 537 0.179 22,97 937.61
953 11672.9 5.61 0.186 22.85 952.88 1.940 10.42 0.15
958 11743.3 5.67 0.189 22.88 895.91
963 11813.7 5.75 0.192 22.94 959.18 1.890 9.84 1.68
968 11884.1 5.42 0.181 22.76 1051.80
973 11954.5 5.87 0.191 22.82 1066.45 1.880 9.84 0.84
978 12024.9 5.63 0.190 22.76 1019.54
983 12095.3 537 0.180 22.76 1063.74 1.820 10.08 3.49
988 12165.7 5.52 0.177 22.73 996.03
993 12236.1 5.66 0.189 22.76 1092.13 1.790 9.48 1.68
998 12306.5 5.69 0.191 22.61 1042.32
1003 12368.2 5.88 0.196 2261 1089.18 1.810 9.26 3.02
1008 12429.8 5.40 0.182 22.94 1225.12
1013 12491.5 591 0.186 2261 1138.79 1.820 9.79 1.52
1018 12553.1 5.83 0.181 22.55 1012.10
1023 12614.8 591 0.187 22.45 1156.17 1.770 945 0.97
1028 12676.4 5.68 0.182 22.55 1053.07
1033 12738.1 542 0.182 22.61 1077.51 1.820 10.03 1.73
1038 12799.8 5.75 0.185 22.55 993.77
1043 12861.4 5.35 0.178 22.82 1175.44 1.790 10.08 232
1048 129231 5.51 0.179 22.82 1075.14
1053 12984.7 5.59 0.175 22.64 996.89 1.810 10.36 1.94
1058 13046.4 5.66 0.180 22.73 923.27
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T'able 5. Data of core M772-059-1

M772-059-1
Alkenone
Depth Age 8N TN SST concentration  Corg
(cm) (yrs) (%o) (%) (°C) (ng/g) (%) C/N
3 62.77 3.65 0.367 23.06 3287.12 3.193 8.70
8 167.38 3.55 0.358 22.06 2411.50
13 272.00 3.74 0.357 21.94 2009.02 3.083 8.65
18 377.85 4.21 0.359 22.39 1847.80
23 483.70 3.98 0.348 22.03 1728.20
28 589.56 412 0.347 21.94 1680.51 2.932 8.45
33 695.41 411 0.329 21.97 1587.48
38 801.26 4.00 0.342 21.45 1407.32
43 907.11 3.68 0.341 21.91 1506.67 2.906 8.53
48 1012.96 3.98 0.349 21.85 1457.67
53 1118.81 4.21 0.384 22.00 2043.91
58 1224.67 433 0.368 21.27 1541.39 3.250 8.82
63 1330.52 4.35 0.370 21.70 1831.01
68 1436.37 443 0.380 21.55 1702.71
73 1542.22 4.19 0.353 21.85 1622.52 3.118 8.83
78 1648.07 4.22 0.358 21.91 1737.52
83 1753.93 4.21 0.356 22.09 1718.81
88 1859.78 435 0.356 22.52 1570.29 3.121 8.78
93 1965.63 413 0.350 21.48 1535.94
98 2071.48 4.26 0.359 21.58 1647.38
103 2177.33 3.96 0.343 21.88 1672.83 2.995 8.72
108 2283.19 4,01 0.336 22.24 1697.39
113 2389.04 4.09 0.346 2248 1758.32
118 2494.89 3.98 0.356 22.21 1818.55 2.995 8.42
123 2600.74 3.99 0.349 21.91 1869.97
128 2706.59 3.69 0.341 21.73 1594.02
133 2812.44 3.82 0.332 21.94 1587.46 2.793 8.41
138 2918.30 4.25 0.341 21.91 1708.68
143 3024.15 3.88 0.354 21.91 1753.62
148 3130.00 4.38 0.361 22.24 1829.58 3.170 8.78
153 3225.91 4.21 0.365 21.82 1983.89
158 3321.82 4.24 0.367 21.97 1950.34
163 3417.73 4,08 0.364 22.27 2057.44 3.125 8.58
168 3513.64 4.37 0.357 22.73 2001.97
173 3609.55 415 0.362 22.64 1830.89
178 3705.45 443 0.358 22.61 1591.76 2.924 8.16
183 3801.36 4.05 0.344 22.58 1570.55
188 3897.27 417 0.356 2248 1824.85
193 3993.18 4.19 0.364 2248 1765.63 3.069 843
198 4089.09 4.19 0.357 22.06 1586.42
203 4185.00 447 0.350 22.21 1807.94
208 4271.48 454 0.348 22.67 1735.18 2.978 8.56
213 4357.95 434 0.340 22.30 1600.26
218 4444 .43 417 0.341 22.30 1628.11
223 4530.90 4.03 0.339 21.55 1607.32 2.895 8.54
228 4617.38 3.92 0.338 22.09 1832.14
233 4703.85 416 0.341 21.61 1414.94
238 4790.33 4.10 0.343 22.00 1372.65 2.971 8.66
243 4876.80 3.86 0.351 21.79 1528.24
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M772-059-1
Alkenone
Depth Age &°N TN SST concentration  Corg

(cm) (yrs) (%o) (%) °0) (ng/g) (%) C/N
248 4963.28 3.87 0.362 22.03 1587.91
253 5049.75 3.85 0.338 21.94 1598.88 2.976 8.80
258 5136.23 4.16 0.336 22.18 1776.73
263 5222.70 4.62 0.340 22.58 1671.50
268 5309.18 4.37 0.332 22.21 1734.81 2.957 8.90
273 5395.65 4.24 0.333 22.48 1494.40
278 5482.13 434 0.338 22.27 1755.31
283 5568.60 437 0.338 22.24 1089.43 2.962 8.77
288 5655.08 4,57 0.338 2248 1201.47
293 5741.55 4,55 0.325 22.73 1530.45
298 5828.03 444 0.325 22.73 1523.61 2.849 8.78
303 5914.50 4.22 0.318 22.61 1358.35
308 6023.65 4.66 0.334 22.82 1566.10
313 6132.80 433 0.334 22.88 1222.93 2.907 8.70
318 6241.95 4,08 0.329 22.79 1804.74
323 6351.10 4,53 0.336 22.58 1688.09
328 6460.25 4.66 0.333 22.88 2287.55 2.842 8.53
333 6569.40 4.36 0.333 21.82 1552.57
338 6678.55 4.79 0.346 21.70 1605.47
343 6787.70 434 0.342 22.09 1857.88 2.860 8.37
348 6896.85 451 0.346 21.97 1850.91
353 7006.00 4.59 0.338 21.61 1603.23
358 7115.15 4.80 0.341 22.33 1812.04 2.769 8.11
363 7224.30 4.69 0.330 22.85 1712.58
368 733345 4.64 0.330 22.39 225485
373 7442.60 5.07 0.333 22.06 194418 2.831 8.51
378 7551.75 5.09 0.347 21.58 1880.14
383 7660.90 4.60 0.349 21.73 2185.42
388 7770.05 451 0.339 21.58 2098.33 2.921 8.61
393 7879.20 4.32 0.330 21.30 1986.42
398 7988.35 4.64 0.328 21.33 2026.98
403 8097.50 4.70 0.330 21.48 1957.31 2.735 8.28
408 8159.85 431 0.317 20.97 1766.04
413 8222.21 4,98 0.315 21.55 1793.60
418 8284.56 4.66 0.316 21.82 1697.22 2.735 8.66
423 8346.91 4.75 0.321 21.91 2029.77
428 8409.26 4,64 0.312 21.24 1465.25
433 8471.62 4,94 0.328 21.94 1830.50 2.775 8.46
438 8533.97 5.26 0.328 21.94 1675.79
443 8596.32 4.85 0.307 21.91 1512.38
448 8658.68 4.80 0.308 21.82 1412.60 2.800 9.08
453 8721.03 5.30 0.319 21.73 1400.80
458 8783.38 481 0.308 21.88 1616.86
463 8845.74 5.26 0.312 21.79 1402.26 2.728 8.75
468 8908.09 5.59 0.322 21.61 1632.33
473 8970.44 5.33 0.312 21.91 1241.13
478 9032.79 5.03 0.296 22.24 1276.60 2.745 9.27
483 9095.15 5.45 0.311 22.06 1447.76
488 9157.50 4.63 0.286 21.91 1255.32
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M772-059-1
Alkenone
Depth Age &°N TN SST concentration  Corg

(cm) (yrs) (%o) (%) °0) (ng/g) (%) C/N
493 9219.85 5.38 0.300 22.12 1232.59 2.592 8.63
498 9282.21 498 0.285 22.00 1120.05
503 9344.56 5.44 0.308 21.67 1362.97
508 9406.91 5.39 0.297 21.97 1378.02 2.579 8.68
513 9469.26 5.15 0.286 21.91 819.29
518 9531.62 5.12 0.286 22.27 976.92
523 9593.97 5.47 0.307 22.33 843.90 2.640 8.61
528 9656.32 5.01 0.280 22.33 985.60
533 9718.68 5.24 0.285 22.39 554.04
538 9781.03 5.02 0.292 22.67 953.11 2.552 8.73
543 9843.38 4,97 0.277 22.70 744,98
548 9905.74 5.50 0.298 22.79 790.90
553 9968.09 5.37 0.284 22.82 742.81 2.361 8.32
558 10030.44 4,96 0.286 22.70 1054.28
563 10092.79 542 0.281 22.58 1064.90
568 10155.15 5.30 0.283 22.58 985.97 2.390 8.45
573 10217.50 5.33 0.280 22.70 828.37
578 10279.85 5.39 0.284 22.55 915.95
583 10342.21 5.39 0.284 22.39 983.24 2.324 8.17
588 10404.56 522 0.267 22.52 799.20
593 10466.91 5.44 0.279 22.55 1005.16
598 10529.26 5.10 0.285 22.18 1132.01 2.341 8.21
603 10591.62 5.08 0.297 22.33 1327.21
608 10653.97 5.37 0.277 2245 950.48
613 10716.32 5.16 0.263 22.58 1027.38 2.273 8.64
618 10778.68 5.09 0.268 22.58 1050.76
623 10841.03 5.13 0.269 22.30 1002.98
628 10903.38 5.19 0.256 21.97 940.26 2.198 8.58
633 10965.74 5.57 0.262 22.30 743.29
638 11028.09 5.25 0.253 22.15 1009.36
643 11090.44 5.48 0.260 22.00 869.11 2.195 8.45
648 11152.79 4,99 0.247 22.18 978.77
653 11215.15 5.16 0.258 21.79 1160.49
658 11277.50 5.23 0.252 22.06 1048.69 2.199 8.71
663 11345.34 5.71 0.267 21.73 961.51
668 11413.17 5.19 0.255 21.61 987.52
673 11481.01 532 0.263 21.70 1056.95 2.169 8.25
678 11548.84 5.03 0.248 22.00 1251.51
683 11616.68 541 0.249 21.76 1256.97
688 11684.52 4,72 0.244 21.85 1275.90 2.149 8.81
693 11752.35 5.21 0.251 21.42 1110.91
698 11820.19 543 0.255 21.61 1090.56
703 11888.03 545 0.261 21.61 1153.25 2.132 8.18
708 11955.86 5.20 0.254 21.45 1021.59
713 12023.70 5.31 0.266 21.52 780.74
718 12091.53 4.74 0.243 21.39 1272.65 2.083 8.56
723 12159.37 5.30 0.260 21.82 1488.92
728 12227.21 4.86 0.248 21.42 1250.72
733 12295.04 5.16 0.257 21.67 1328.45 2.073 8.07
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M772-059-1
Alkenone
Depth Age &°N TN SST concentration  Corg

(cm) (yrs) (%o) (%) °0) (ng/g) (%) C/N
738 12362.88 5.31 0.260 21.58 1334.85
743 12430.72 492 0.227 21.27 1184.84
748 12498.55 5.36 0.243 21.58 1409.59 2.018 8.29
753 12566.39 5.39 0.226 20.85 1321.18
758 12634.22 5.20 0.225 19.73 1313.22
763 12702.06 5.30 0.231 19.67 1169.64 1.931 8.38
768 12769.90 5.27 0.225 19.70 1061.48
773 12837.73 5.55 0.223 20.21 995.71
778 12905.57 5.49 0.225 20.27 1030.12 1.893 8.40
783 12973.41 5.65 0.226 20.52 1053.05
788 13041.24 5.29 0.221 20.00 1008.50
793 13109.08 5.69 0.227 19.79 981.16 1.820 8.02
798 13176.91 5.26 0.216 20.33 986.65
803 13244.75 5.50 0.214 20.42 880.22
808 13275.51 5.88 0.224 20.94 972.61 1.737 7.76
813 13306.26 5.76 0.217 21.09 697.34
818 13337.02 5.39 0.213 20.39 756.02
823 13367.77 5.75 0.223 20.27 688.39 1.761 7.91
828 13398.53 5.83 0.225 21.73 668.64
833 13429.28 5.89 0.223 21.12 699.70
838 13460.04 5.56 0.212 20.67 762.81 1.748 8.24
843 13490.79 5.71 0.213 20.45 691.14
848 13521.55 5.61 0.223 20.85 748.11
853 13552.30 5.69 0.216 20.85 768.62 1.769 8.18
858 13583.06 5.81 0.221 20.70 770.74
863 13613.82 5.27 0.209 20.45 740.55
868 13644.57 543 0.211 20.79 679.92 1.716 8.14
873 13675.33 6.22 0.221 21.58 721.96
878 13706.08 5.84 0.218 21.55 887.39
883 13736.84 5.87 0.218 21.76 759.83 1.712 7.86
888 13767.59 5.71 0.208 21.64 789.24
893 13798.35 5.53 0.205 21.12 807.95
898 13829.10 6.10 0.218 21.52 738.03 1.723 7.91
903 13859.86 6.36 0.199 21.64 828.21
908 13890.61 543 0.188 21.42 932.56
913 13921.37 6.03 0.202 21.48 959.39 1.752 8.68
918 13952.13 5.98 0.202 21.48 801.99
923 13982.88 6.16 0.203 20.82 1021.48
928 14013.64 5.69 0.189 21.09 816.51 1.705 9.04
933 14044.39 5.46 0.185 21.03 861.45
938 14075.15 5.66 0.182 21.33 912.66
943 14105.90 5.80 0.187 21.48 1116.58 1.660 8.85
948 14136.66 5.89 0.191 21.33 1003.08
953 14167.41 5.51 0.185 21.21 777.01
958 14198.17 6.06 0.197 20.79 906.07 1.722 8.74
963 14228.92 5.54 0.186 21.64 910.87
968 14259.68 5.97 0.195 21.85 920.44
973 14290.43 5.40 0.186 21.88 1022.45 1.675 9.00
978 14321.19 5.61 0.186 21.82 990.69
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M772-059-1
Alkenone
Depth Age O°N TN SST concentration Corg
(cm) (yrs) (%0) (%) (§(®) (ng/g) (%) C/N
983 14351.95 5.55 0.187 20.82 1051.36
988 14382.70 5.38 0.183 21.52 1028.74 1.679 9.16
993 14413.46 5.74 0.194 21.64 1028.54
998 1444421 5.45 0.189 21.73 1076.59
1003 14474.97 5.69 0.195 19.79 812.52 1.745 8.95
1008 14505.72 5.56 0.193 20.24 840.92
1013 14536.48 5.17 0.177 20.03 829.47
1018 14567.23 5.62 0.189 20.18 805.26 1.676 8.87
1023 14597.99 5.49 0.195 20.18 841.69
1028 14628.74 5.18 0.190 20.33 794.18
1033 14659.50 5.04 0.186 19.82 811.05 1.599 8.59
1038 14708.31 4.99 0.184 20.85 945.86
1043 14757.13 5.59 0.203 19.39 901.57
1048 14805.94 5.11 0.194 19.36 929.76 1.686 8.70
1053 14854.76 5.04 0.191 20.94 1069.18
1058 14903.57 5.28 0.200 21.48 911.86
1063 14952.39 4.90 0.193 19.21 1023.94 1.914 9.94
1068 15001.20 5.03 0.187 19.36 914.58
1073 15050.02 5.10 0.188 19.33 992.38
1078 15098.83 5.02 0.186 20.61 1396.74 1.664 8.93
1083 15147.65 5.15 0.193 20.24 1114.56
1088 15196.46 5.11 0.189 20.76 1251.36
1093 15245.27 493 0.182 20.52 1374.91 1.874 10.28
1098 15294.09 5.00 0.191 20.73 1088.20
1103 15342.90 5.21 0.194 20.73 1396.33
1108 15391.72 5.09 0.197 20.58 1371.21 1.948 9.88
1113 15440.53 4.90 0.193 20.52 1524.15
1118 15489.35 4.99 0.195 20.21 1413.05
1123 15538.16 4.97 0.193 20.97 1575.52 1.921 9.95
1128 15586.98 5.16 0.198 21.06 1294.39
1133 15635.79 4.94 0.201 21.21 1222.70
1138 15684.60 5.39 0.207 20.67 1462.42 1.905 9.21
1143 1573342 4.85 0.191 21.15 1154.51
1148 15782.23 491 0.203 21.30 1239.28
1153 15831.05 5.32 0.221 21.00 1388.09 1.765 7.99
1158 15879.86 5.56 0.223 20.61 1504.84
1163 15928.68 5.57 0.204 20.82 1424.23
1168 15977.49 5.46 0.206 20.67 1416.29 1.911 9.29
1173 16026.31 5.14 0.196 20.73 1507.91
1178 16075.12 4.94 0.191 21.00 1347.10
1183 16123.94 537 0.196 21.33 1163.93 1.713 8.76
1188 16172.75 4.97 0.189 21.33 1413.63
1193 16221.56 534 0.193 20.67 1478.20
1198 16270.38 4.99 0.193 21.48 1418.30 1.707 8.82
1203 16319.19 5.12 0.194 21.15 1465.02
1208 16368.01 5.05 0.191 20.85 1450.81
1213 16416.82 4.62 0.185 20.70 1281.79 1.876 10.16
1218 16465.64 5.23 0.187 21.12 1193.55
1223 16514.45 4.67 0.174 20.82 1093.11

'I70'



Tables

M772-059-1
Alkenone

Depth Age &°N TN SST concentration  Corg

(cm) (yrs) (%o) (%) °0) (ng/g) (%) C/N
1228 16563.27 4,94 0.184 20.82 1274.08 1.574 8.54
1233 16612.08 4,94 0.187 20.48 833.11

1238 16660.90 4.81 0.188 20.91 137212

1243 16709.71 4,62 0.181 20.91 1292.53 1.743 9.65
1248 16758.52 4.99 0.193 20.82 1467.21

1253 16807.34 481 0.185 20.82 1298.11

1258 16856.15 4.52 0.180 20.67 1375.68 1.571 8.71
1263 16904.97 4.49 0.189 20.70 1457.55

1268 16953.78 4.35 0.180 21.12 1332.98

1273 17002.60 4.71 0.179 21.21 1215.51 1.778 9.92
1278 17051.41 442 0.178 20.76 1346.30

1283 17100.23 441 0.175 21.30 1203.56

1288 17149.04 4.65 0.162 20.79 980.10 1.676 10.32
1293 17197.85 4.53 0.178 21.06 1275.37

1298 17246.67 4.32 0.173 20.70 1310.88

1303 17295.48 4.34 0.175 20.94 1386.51 1.508 8.63
1308 17344.30 4.57 0.182 21.15 1323.49

1313 17393.11 4.78 0.180 21.21 925.99

1318 17441.93 4.36 0.179 21.58 1501.70 1.670 9.34
1323 17490.74 4.52 0.186 21.15 1561.87

1328 17539.56 446 0.188 20.97 1461.51 1.648 8.78
1333 17588.37 443 0.185 21.06 1767.01 1.672 9.04
1338 17637.19 440 0.182 21.06 1981.19

1343 17686.00 4.58 0.190 20.88 1713.56

1348 17751.85 440 0.195 21.48 1453.70 2.071 10.65
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Tables

T'able 6. Data of core M772-029-3

M772-029-3
Alkenone
Depth Age §°N TN SST  concentration Corg SiO2
(cm) (yrs) (%) (%) CO  (nglp) (%) CN  (wt%)
3 623.50 4.47 0.930 21.85 19329.27 8.600 9.22 3.23
8 1114.71 412 0.910 21.88 17804.11
13 1605.93 4.11 0.800 21.85 17007.49 7.390 9.22
18 2097.14 4.38 0.950 22.03 2121413
23 2588.36 4.09 0.860 22.18 19274.25 7.960 9.21 5.92
28 3079.57 4.03 0.830 2261 14319.75
33 3570.79 3.88 0.740 22.18 17440.57 7.140 9.68
38 4062.00 4.39 0.210 21.97 2515.80
43 5821.50 4.59 0.200 22.15 2941.46 2.010 10.02 1.96
48 7581.00 4.55 0.250 22.45 2892.61
53 7821.77 491 0.370 22.33 5272.23 3.910 10.59
58 8062.54 4.84 0.560 23.00 9780.76
63 8303.31 4.70 0.370 2297 6392.26 4.010 10.87 4.61
68 8544.08 4.80 0.440 22.70 6911.85
73 8784.85 4.65 0.480 22.39 7082.85 5.220 10.76
78 9025.62 4.72 0.500 22.70 6189.53
83 9266.38 4.99 0.510 22.88 7050.00 5.350 10.54 4.30
88 9507.15 4.90 0.510 23.06 6087.86
93 9747.92 5.11 0.680 23.06 6992.50 7.230 10.62
98 9988.69 535 0.550 22.39 5495.97
103 10229.46 5.25 0.620 22.52 6857.49 6.480 10.51 6.43
108 10470.23 6.24 0.580 22.03 7650.67
113 10711.00 5.29 0.680 22.30 10083.52 7.690 11.27
118 10815.92 5.09 0.620 21.45 8686.06
123 10920.83 5.36 0.630 22.58 6144.57 7.010 11.11 8.28
128 11025.75 4.84 0.570 22.79 8411.10
133 11130.67 545 0.490 21.94 8696.79 5.290 10.86
138 11235.58 6.17 0.680 22.30 12142.20
143 11340.50 5.98 0.700 22.03 11653.90 7.150 10.23 15.36
148 11445.42 5.48 0.670 21.85 12202.89
153 11550.33 5.96 0.590 21.06 14764.91 6.180 10.39
158 11655.25 6.11 0.680 21.33 11647.41
163 11760.17 5.87 0.490 21.09 6693.27 5.120 10.44 12.74
168 11865.08 5.44 0.520 21.03 10579.46
173 11970.00 573 0.520 21.06 9958.70 5.280 10.07
178 12074.92 5.83 0.530 19.82 8877.31
183 12179.83 5.51 0.360 19.85 6439.53 3.780 10.47 17.84
188 12284.75 5.98 0.440 20.15 7689.30
193 12389.67 6.42 0.480 20.88 9741.34 4.900 10.29
198 12494.58 6.45 0.550 21.12 9268.32
203 12599.50 6.27 0.510 20.94 10418.32 5.270 10.28 26.32
208 12648.62 5.80 0.480 21.15 5480.48
213 12697.73 5.71 0.390 20.52 6600.23 3.800 9.86
218 12746.85 5.92 0.480 21.18 4628.73
223 12795.96 6.71 0.400 20.70 7250.20 3.910 9.66 11.11
228 12845.08 6.41 0.410 20.85 7665.05
233 12894.19 5.99 0.460 21.67 6760.58 4.770 10.42
238 12943.31 6.04 0.550 21.52 10270.39
243 12992.42 6.03 0.460 21.39 8021.85 4.760 10.27 16.93
248 13041.54 5.73 0.420 22.03 9932.96
253 13090.65 6.27 0.530 21.58 10408.87 5.530 10.46
258 13139.77 5.88 0.540 21.58 11510.13
263 13188.88 7.16 0.400 21.88 8030.20 3.970 9.84 13.13
268 13238.00 6.58 0.470 21.97 11240.58
273 13287.12 7.06 0.420 21.58 8706.17 4.240 10.13
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Tables

M772-029-3
Alkenone
Depth Age §°N TN SST  concentration Corg SiO2
(cm) (yrs) (%o0) (%) O (ng/g) (%) C/N (Wt%)
278 13336.23 7.45 0.460 21.79 6265.18
283 13385.35 7.53 0.430 22.09 7703.73 4.420 10.40 17.94
288 13434.46 6.51 0.510 22.30 8174.00
293 13483.58 6.77 0.510 21.45 7202.80 5.140 10.18
298 13532.69 6.35 0.430 21.58 10215.70
303 13581.81 6.05 0.440 21.82 9263.21 4.220 9.63 15.43
308 13630.92 6.16 0.470 22.00 7318.09
313 13680.04 6.41 0.450 22.00 11075.29 4.680 10.29
318 13729.15 6.32 0.470 22.30 9386.52
323 13778.27 7.65 0.520 21.97 12834.76 5.180 10.05 22.83
328 13827.38 6.95 0.430 2248 11062.95
333 13876.50 6.88 0.600 22.24 9525.09 6.130 10.25
338 13898.97 7.63 0.560 21.79 10610.85
343 13921.44 7.84 0.560 21.97 9377.61 5.400 9.70 19.99
348 13943.92 8.11 0.590 21.39 11688.31
353 13966.39 7.10 0.440 21.76 6762.71 4.090 9.26
358 13988.86 8.36 0.600 22.15 11121.67
363 14011.33 8.55 0.490 22.06 8490.16 4.590 9.40 28.59
368 14033.81 8.90 0.500 22.21 8683.98
373 14056.28 8.30 0.540 22.12 11760.08 5.120 9.57
378 14078.75 7.77 0.550 2248 6769.57
383 14101.22 9.37 0.420 21.94 7285.04 4.000 9.55 30.36
388 14123.69 8.79 0.460 22.70 6716.42
393 14146.17 8.17 0.520 22.24 6509.30 5.040 9.71
398 14168.64 7.66 0.550 22.88 5081.65 15.92
403 14191.11 8.69 0.470 21.88 8293.98 4.460 9.48
408 14213.58 9.20 0.400 22.06 4616.23
413 14236.06 6.91 0.440 22.45 4370.56
418 14258.53 8.10 0.520 2242 5653.94 19.04
423 14281.00 8.34 0.350 21.97 5144.60 3.220 9.33
428 14319.61 8.16 0.420 22.00 5628.40
433 14358.22 6.62 0.430 2261 5316.20
438 14396.83 8.60 0.320 22.06 2808.45 32.12
443 14435.44 7.82 0.410 22.45 5190.37 3.690 8.90
448 14474.05 5.97 0.360 21.00 3969.32
453 14512.66 7.36 0.390 2191 5693.52
458 14551.27 5.95 0.360 20.76 5342.30
463 14589.88 7.01 0.370 20.24 4296.58 3.410 9.13 26.59
468 14628.48 7.26 0.350 20.03 5150.81
473 14667.09 6.71 0.350 21.33 5801.29
478 14705.70 6.90 0.330 20.82 5774.29
483 14744.31 7.07 0.350 20.48 6520.05 3.100 8.78 21.23
488 14782.92 7.65 0.290 20.18 4087.71
493 14821.53 7.36 0.390 21.15 7726.91
498 14860.14 6.48 0.320 20.39 7822.87
503 14898.75 6.90 0.350 19.85 9111.36 3.150 8.97 20.44
508 14937.36 6.96 0.340 20.97 5684.21
513 14975.97 8.27 0.350 20.79 2876.56
518 15014.58 8.02 0.320 20.67 3294.08
523 15053.19 7.61 0.340 20.55 5680.65 22.69
528 15091.80 8.65 0.350 20.39 3386.08
533 15130.41 8.50 0.370 2148 6971.60
538 15169.02 6.48 0.340 19.76 5015.63
543 15207.63 6.30 0.300 20.64 3807.63 2.610 8.68 23.79
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M772-029-3
Alkenone
Depth Age §°N TN SST  concentration Corg Si02

(cm) (yrs) (%) (%) CC)  (nglg) (%) CN  (Wt%)
548 15246.23 7.28 0.280 2091 4290.27

553 15284.84 6.78 0310 21.33 3667.90

558 15323.45 6.98 0.400 20.42 4659.92

563 15362.06 7.31 0.400 20.73 4754.80 28.51
568 15400.67 8.48 0.350 21.12 3833.61

573 15439.28 7.19 0.360 21.33 3825.87

578 15477.89 6.64 0.350 19.30 4398.49

583 15516.50 8.39 0.390 21.12 6675.72 2930 7.42 4630
588 15529.06 7.14 0.340 20.61 9456.35

593 15541.63 7.33 0.380 20.18 7285.19

598 15554.19 7.28 0.360 20.48 6835.19

603 15566.75 7.21 0.350 2033 6337.12 39.05
608 15579.31 7.46 0370 19.88 8257.13

613 15591.88 7.53 0370 20.76 8695.00

618 15604.44 8.32 0.350 21.24 8237.66

623 15617.00 6.86 0.360 20.76 7196.48 3.010 8.36 27.03
628 15629.56 8.07 0.390 2073 7446.18

633 15642.13 7.47 0.340 19.94 3937.94

638 15654.69 6.74 0.380 19.06 12447.04

643 15667.25 6.56 0.390 20.06 6708.99 36.24
648 15679.81 7.34 0.390 20.24 8394.05

653 15692.38 8.48 0.360 2045 5869.57

658 15704.94 7.24 0.390 20.30 7553.13

663 15717.50 6.91 0.360 18.64 6610.91 2.980 8.24 32.37
668 15730.06 7.53 0.380 19.61 6428.69

673 15742.63 6.54 0410 20.18 7252.74

678 15755.19 7.96 0.390 19.42 6467.44

683 15767.75 7.21 0.350 19.61 5451.82 33.14
688 15780.31 7.68 0.340 18.97 481827

693 15792.88 7.13 0.340 2091 4726.64

698 15805.44 7.64 0.340 19.15 5798.17

703 15818.00 7.44 0.360 19.39 4108.21 2.890 8.10 27.35
708 15830.56 7.42 0.360 21.27 2500.76

713 15843.13 6.88 0.340 20.52 4317.85

718 15855.69 7.90 0.350 20.88 4325.46

723 15868.25 7.74 0.360 20.61 4831.12 37.09
728 15880.81 7.32 0.360 20.30 2944.63

733 15893.38 8.46 0330 20.79 5577.54

738 15905.94 7.87 0310 2045 5486.70

743 15918.50 7.35 0330 20.36 4848.13 2.850 8.57 2061
748 15925.59 8.21 0.350 19.94 6148.23

753 15932.69 7.53 0330 20.36 3176.18

758 15939.78 7.52 0.340 2073 3285.69

763 15946.88 7.48 0320 20.15 2962.40 27.29
768 15953.97 8.48 0.300 20.21 2587.14

773 15961.06 8.23 0320 21.15 5470.45

778 15968.16 8.41 0310 21.79 1946.44

783 15975.25 8.80 0310 2097 1736.40 2470 7.97 39.29
788 15982.34 7.38 0330 22.03 3216.01

793 15989.44 8.08 0310 20.64 2709.57

798 15996.53 7.83 0310 21.67 3038.05

803 16003.63 7.64 0.290 20.09 1733.00 27.25
808 16010.72 7.49 0.300 21.09 1218.80

813 16017.81 9.16 0310 20.52 1224.43

818 16024.91 8.76 0.340 20.15 3635.29
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Tables

M772-029-3
Alkenone
Depth Age §°N TN SST  concentration Corg SiO2
(cm) (yrs) (%o0) (%) O (ng/g) (%) C/N (Wt%)
823 16032.00 7.73 0.310 20.45 3500.59 2.730 8.74 29.74
828 16054.46 7.11 0.300 19.82 4009.10
833 16076.92 7.46 0.300 21.00 4701.99
838 16099.38 7.83 0.350 22.24 3399.17
843 16121.83 7.76 0.320 19.94 5798.74 31.38
848 16144.29 8.11 0.310 19.21 5065.60
853 16166.75 7.71 0.300 18.91 3914.78
858 16189.21 741 0.290 20.42 3868.47
863 16211.67 7.23 0.280 20.76 2169.89 2.230 8.09 14.51
868 16234.13 7.34 0.330 20.45 2970.93
873 16256.58 7.28 0.330
878 16279.04 9.93 0.340 20.61 3418.13
883 16301.50 8.63 0.350 20.94 3044.16 2145
888 16323.96 8.71 0.350 20.33 2215.20
893 16346.42 8.32 0.350 20.06 1707.38
898 16368.88 6.96 0.330 19.58 2137.94
903 16391.33 6.92 0.300 19.67 2609.15 2.290 7.53 26.73
908 16413.79 7.54 0.340 20.45 2634.28
913 16436.25 7.12 0.310 20.52 3325.10
918 16458.71 6.39 0.290 18.97 1739.39
923 16481.17 8.09 0.320 19.30 4105.08 28.03
928 16503.63 8.69 0.330 19.67 3079.78
933 16526.08 8.07 0.300 19.76 3446.25
938 16548.54 8.10 0.330 19.82 3373.12
943 16571.00 10.39 0.270 19.30 1503.73 1.940 7.32 42.55
948 16585.59 7.60 0.330 19.79 2283.07
953 16600.18 8.23 0.340 19.52 1965.17
958 16614.77 7.69 0.280 18.91 1695.31
963 16629.36 6.59 0.290 19.33 1712.90 21.23
968 16643.95 7.33 0.350 19.73 1878.24
973 16658.55 7.77 0.340 19.36 2489.07
978 16673.14 7.31 0.290 18.61 1809.42
983 16687.73 7.36 0.310 19.73 1973.42 2.300 7.50 21.81
988 16702.32 6.37 0.250 20.30 1347.75
993 16716.91 6.32 0.230 20.27 1554.40
998 16731.50 6.67 0.250 18.48 919.93
1003 16746.09 6.98 0.240 19.79 1227.27 15.15
1008 16760.68 7.23 0.280 18.76 1905.81
1013 16775.27 8.06 0.290 19.18 1555.56
1018 16789.86 7.33 0.290 20.21 2296.33
1023 16804.45 8.25 0.310 19.79 1950.90 2.400 7.71 34.20
1028 16819.05 7.39 0.280 19.12 1180.16
1033 16833.64 7.47 0.280 20.06 1681.62
1038 16848.23 6.80 0.280 20.39 1625.90
1043 16862.82 6.44 0.250 19.64 1034.41 24.05
1048 16877.41 6.68 0.250 20.27 1653.96
1053 16892.00 6.50 0.280 20.42 1713.45
1058 16906.59 6.47 0.240 19.33 1551.99
1063 16921.18 7.66 0.380 19.88 2689.80 2.150 5.66 17.68
1068 16935.77 6.76 0.240 18.18 1871.90
1073 16950.36 6.68 0.240 18.82 1647.63
1078 16964.95 6.27 0.260 19.52 1870.75
1083 16979.55 6.51 0.260 19.24 2616.13 15.61
1088 16994.14 7.25 0.260 18.39 2002.72
1093 17008.73 6.95 0.260 17.27 1275.52
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M772-029-3
Alkenone
Depth Age §°N TN SST  concentration Corg SiO2

(cm) (yrs) (%o0) (%) O (ng/g) (%) C/N (Wt%)
1098 17023.32 8.38 0.280 18.45 2751.83

1103 17037.91 7.11 0.330 19.39 2825.38 2.570 7.88 22.51
1108 17052.50 6.71 0.280 19.52 2087.96

1113 17066.55 6.52 0.280 18.70 1006.76

1118 17080.60 6.44 0.250 16.18 871.50

1123 17094.65 5.87 0.250 18.06 1008.34 16.66
1128 17108.69 5.98 0.230 19.52 1378.18

1133 17122.74 7.23 0.250 18.91 1206.35

1138 17136.79 6.78 0.230 18.73 1421.03

1143 17150.84 6.31 0.230 18.85 1330.93 1.880 8.08 14.94
1148 17164.89 6.61 0.230 17.33 1410.44

1153 17178.94 6.80 0.250 18.09 2080.43

1158 17192.98 8.00 0.270 18.91 2290.21

1163 17207.03 7.36 0.270 18.70 2526.89 27.31
1168 17221.08 6.97 0.270 19.82 1606.43

1173 17235.13 6.69 0.260 19.88 1390.54

1178 17249.18 6.61 0.260 18.85 1793.29

1183 17263.23 7.20 0.260 18.52 2092.80 1.990 7.70 24.96
1188 17277.27 6.77 0.260 18.91 2424.80

1193 17291.32 6.88 0.280 19.61 1713.08

1198 17305.37 6.23 0.270 19.94 2014.14

1203 17319.42 6.18 0.250 19.58 858.50 16.95
1208 17333.47 6.21 0.220 19.85 881.07

1213 17347.52 5.73 0.220 18.15 774.38

1218 17361.56 5.99 0.220 17.36 653.15

1223 17375.61 7.39 0.250 17.36 1100.33 1.770 6.96 21.86
1228 17389.66 5.92 0.270 16.03 795.37

1233 17403.71 6.82 0.260 19.45 1353.87

1238 17417.76 5.82 0.240 17.97 968.50

1243 17431.81 6.00 0.220 17.39 982.52 15.70
1248 17445.85 6.28 0.250 18.27 1524.75

1253 17459.90 6.37 0.250 19.67 1461.03

1258 17473.95 6.00 0.250 18.12 2286.78

1263 17488.00 6.57 0.270 17.70 1146.25 1.950 7.29 21.55
1268 17557.23 6.28 0.260 17.36 620.53

1273 17626.46 6.16 0.260 17.45 724.83

1278 17695.70 5.84 0.230 17.12 552.76

1283 17764.93 6.36 0.220 16.48 400.93 18.14
1288 17834.16 7.40 0.194 18.85 641.90

1293 17903.39 6.78 0.197 17.58 717.78

1298 17972.62 6.59 0.213 17.97 666.83

1303 18041.86 7.41 0.240 18.21 1412.61 25.30
1308 18111.09 7.33 0.263 15.58 515.83

1313 18180.32 6.85 0.219 19.82 2071.97

1318 18249.55 7.36 0.249 18.48 2573.91

1323 18318.78 8.73 0.206 17.58 584.98 20.76
1328 18388.02 6.87 0.232 17.94 441.78

1333 18457.25 8.24 0.232 18.48 1464.43

1338 18526.48 8.75 0.238 19.24 1192.09

1343 18595.71 8.26 0.246 18.70 1136.02 25.82
1348 18664.94 12.32 0.210 18.61 1525.32

1353 18734.18 7.89 0.258 18.67 1568.56
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T'able 7. Data of core M772-003-2

M772-003-2
Alkenone
Depth Age &°N TN SST concentration Corg SiO2
(cm) (yrs) (%0) (%) (§(®) (ng/g) (%) C/N (Wt%)
3 177.00 5.46 0.601 20.27 10091.70 5.555 0.27 26.11
8 472.00 5.92 0.740 20.97 10504.21
13 598.06 6.58 0.463 20.15 7476.84 4.110 0.20
18 72413 6.51 0.476 21.36 5214.27
23 850.19 5.89 0.590 21.06 11920.44 5.510 0.26 27.05
28 976.25 5.98 0.548 21.82 9807.37
33 1102.31 7.23 0.477 21.27 6345.56 4410 0.21
38 1228.38 6.93 0.568 22.15 8302.53
43 1354.44 6.14 0.605 21.97 8462.04 5.430 0.25 24.07
48 1480.50 5.92 0.567 21.94 6786.19
53 1548.08 7.28 0.573 21.48 5864.65 5.330 0.25
58 1615.66 7.20 0.387 21.73 2367.76
63 1683.23 6.09 0.728 22.06 8042.29 6.640 0.30 30.87
68 1750.81 6.23 0.602 21.52 9499.05
73 1818.39 6.37 0.720 2191 9857.60 6.700 0.31
78 1885.97 7.23 0.614 21.94 9931.91
88 2021.13 4.89 0.652 20.00 3979.56 21.03
93 2088.70 5.02 0.587 20.58 7991.87 5.650 0.27
98 2156.28 5.55 0.692 21.09 8167.54 6.580 0.31
103 2223.86 5.14 0.670 20.48 11008.02 6.360 0.31
108 2291.44 6.65 0.567 2091 6290.01 45.66
113 2359.02 4.68 0.526 21.03 7570.51 4.850 0.23
118 2426.59 4.51 0.563 20.76 813343
123 2494.17 5.33 0.736 21.52 9312.80 6.750 0.31
128 2561.75 4.70 0.620 2191 9651.30 18.62
133 2629.33 491 0.632 21.82 10380.92 5.870 0.27
138 2696.91 4.66 0.649 22.09 10815.32 6.560 0.30
143 2764.48 5.75 0.696 22.06 11890.90 6.150 0.28
148 2832.06 5.89 0.628 22.06 11082.50 3343
168 3102.38 5.10 0.684 22.18 10710.50 6.300 0.28
173 3169.95 7.23 0.574 22.21 6926.33 5.300 0.24
178 3237.53 6.55 0.548 2245 10436.48
183 3305.11 5.00 0.670 21.36 9102.26 6.350 0.30 24.52
188 3372.69 6.30 0.546 21.42 7419.94
193 3440.27 5.67 0.686 21.64 8790.56 6.510 0.30
198 3507.84 4.96 0.669 21.67 9372.24
203 3575.42 6.14 0.670 21.36 9703.93 6.575 0.31 39.31
208 3643.00 6.62 0.606 21.15 9630.88
213 3697.18 6.95 0.655 20.88 9239.70 6.510 0.31
218 3751.36 5.26 0.589 21.06 8847.08
223 3805.54 5.67 0.657 21.06 11453.80 6.230 0.30 21.69
228 3859.71 4.88 0.582 21.09 6920.24
233 3913.89 4.82 0.614 21.03 6759.85 6.000 0.29
238 3968.07 5.53 0.602 20.79 8757.56
243 4022.25 5.63 0.602 19.76 724421 5.980 0.30 30.87
248 4076.43 6.04 0.580 19.82 6122.37
253 4130.61 6.19 0.600 20.70 6766.87 6.110 0.30
258 4184.79 5.16 0.675 20.03 7727.52
263 4238.96 5.83 0.543 20.09 6212.09 5.020 0.25 31.80
268 4293.14 8.51 0.407 19.21 2764.48
273 4347.32 6.20 0.591 20.39 7205.73 5.820 0.29
278 4401.50 5.02 0.627 19.76 5076.54
283 4455.68 6.27 0.585 19.97 6071.03 5.700 0.29 43.02
288 4509.86 5.27 0.782 20.15 9411.48
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Depth Age §°N TN SST  concentration Corg Si02
(cm) (yrs) (%o0) (%) (°C) (ng/g) (%) C/N (Wt%)
293 4564.04 561 0514 19.52 4509.66
298 4618.21 7.13 0.388 19.61 244216 5.050 0.26
303 4672.39 481 0.536 19.45 4401.34
308 4726.57 7.42 0.340 18.97 1917.22 5.300 0.27 33.95
313 4780.75 6.43 0.349 19.88 2499.74
318 4834.93 551 0.689 19.03 8786.78 3.180 0.16
323 4889.11 6.13 0.596 19.91 8712.48
328 494329 551 0.763 21.15 9483.41 5.800 0.29 33.54
333 4997.46 5.49 0.657 20.48 8316.79
338 5051.64 5.96 0.670 20.94 8156.17 6.520 032
343 5105.82 5.95 0.705 20.70 9181.53
348 5160.00 6.43 0464 2061 3626.34 6.910 033 30.38
353 5202.43 8.35 0.306 19.85 1322.23
358 5244.86 5.50 0.541 20.55 5409.56 2.900 0.15
363 5287.29 3.68 0.547 20.76 5217.04
368 5329.71 3.89 0.468 19.85 6053.71 5.340 0.26 17.72
373 5372.14 4.87 0.662 20.82 9360.23
378 541457 4.59 0.580 20.18 6627.38 6.460 031
383 5457.00 3.97 0.527 19.79 6185.17
388 5499.43 4.82 0.663 2033 9364.53 5.180 0.26 25.09
393 5541.86 4.55 0.588 20.15 7140.50
398 5584.29 5.23 0.439 20.70 4187.72 5.780 0.29
403 5626.71 411 0.571 18.85 7758.74
408 5669.14 5.02 0.566 20.03 7217.94 5.675 0.30 18.89
413 5711.57 5.21 0.594 20.03 6893.99
418 5754.00 5.04 0.555 20.15 6784.76 6.020 0.30
423 5796.43 5.19 0.592 2061 7979.44
428 5838.86 5.42 0.589 2091 454498 6.060 0.29 29.72
433 5881.29 4.82 0.534 20.21 5416.12
438 5923.71 4.88 0.628 20.97 6110.20 5.470 0.27
443 5966.14 5.06 0.607 20.09 572492
448 6008.57 5.36 0.627 20.48 6836.50 6.330 032 26.87
453 6051.00 4.55 0.583 20.79 6476.03
458 6135.28 4.84 0.537 20.55 4161.31 6.025 0.29
463 6219.55 453 0.563 2091 6718.73
468 6303.83 5.24 0.580 20.85 7924.53 5.780 0.28 28.23
473 6388.10 5.06 0.571 20.18 8897.38
478 6472.38 6.20 0.490 2033 4493.12 5.650 0.28
483 6556.66 462 0.532 20.67 5607.59
493 6725.21 4.05 0.513 20.52 7441.63 5.340 0.26 30.32
498 6809.48 4.59 0.499 20.88 6304.42 5.120 0.25
503 6893.76 5.24 0478 20.24 6370.10
508 6978.03 5.15 0484 18.61 4879.14 4.905 0.24 28.66
513 7062.31 5.16 0.443 19.55 5206.48
518 7146.59 455 0.496 2061 5014.07 4.260 0.22
523 7230.86 4.40 0.448 20.15 4866.47
528 7315.14 5.45 0.587 20.70 6692.80 4.430 0.22 20.68
533 7399.41 4.55 0.544 20.67 6050.51
538 7483.69 5.96 0.589 2133 5052.39 5.480 0.27
543 7567.97 5.18 0478 19.76 6229.96
548 7652.24 6.06 0414 19.82 5763.63 4.690 0.24 31.45
553 7736.52 7.1 0.325 19.18 2128.19
558 7820.79 6.55 0.572 19.55 3795.52 3.095 0.16
563 7905.07 6.52 0429 19.88 3416.31
568 7989.34 430 0.426 20.21 2833.92 4.290 0.22 36.68
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Depth Age 8°N TN SST  concentration Corg Si02
(cm) (yrs) (%o0) (%) °C) (ng/g) (%) C/N (Wt%)
573 8073.62 4.88 0.419 20.82 4694.26
578 8157.90 5.08 0.462 20.39 4812.75 4.070 0.20
583 8242.17 5.04 0.478 20.27 3548.82 24.39
588 8326.45 5.06 0.470 21.18 5868.12 4.820 0.24
593 8410.72 491 0.378 21.18 4979.75
598 8495.00 5.86 0.503 21.55 387253 3.640 0.17
603 8553.33 5.79 0.439 21.15 5923.02 29.18
608 8611.67 5.65 0.496 21.21 7509.51 4.355 0.21
613 8670.00 6.03 0.514 21.00 6884.10
618 8728.33 6.07 0.453 21.39 5502.17 5.160 0.25
623 8786.67 6.49 0.506 21.33 6505.55 24.52
628 8845.00 5.81 0.455 22.00 6568.12 5.040 0.24
633 8903.33 5.93 0.517 22.39 6638.02
638 8961.67 6.02 0.519 22.30 592481 5.070 0.23
643 9020.00 6.78 0.495 22.30 5413.94 27.76
648 9078.33 6.30 0.505 22.15 6442.15 4,770 0.21
653 9136.67 6.91 0.413 22.06 5858.40
658 9195.00 7.75 0.364 22.39 4189.51 4.150 0.19
663 9253.33 6.16 0.405 22.06 4903.15 22.29
668 9311.67 6.49 0.534 22.27 5940.03 3.950 0.18
673 9370.00 6.90 0.410 22.36 5235.58
678 9428.33 6.75 0.450 21.94 6280.89 3.990 0.18
683 9486.67 7.14 0.418 22.24 4409.95 34.76
688 9545.00 5.87 0.427 22.09 5349.66 3.960 0.18
693 9603.33 7.90 0.373 22.18 2551.59
698 9661.67 6.46 0.480 22.39 4492.23 3.570 0.16
703 9720.00 6.66 0.520 21.82 6702.76 19.91
708 9809.63 6.53 0.460 2242 4655.36 5.185 0.24
713 9899.27 8.73 0.417 22.18 4116.18
718 9988.90 7.01 0.540 22.55 4800.08 3.990 0.18
723 10078.53 7.02 0.500 22.18 5149.09 17.39
728 10168.17 6.65 0.520 22.09 5467.44 4.800 0.22
733 10257.80 6.97 0.436 22.09 4970.38
738 10347.43 6.72 0.490 22.21 5629.16 4.330 0.20
743 10437.07 7.95 0.572 21.55 5815.95 20.85
748 10526.70 8.33 0.465 22.58 5538.15 3.890 0.18
753 10616.33 7.26 0.469 22.24 6401.59
758 10705.97 6.55 0.333 22.09 5451.53 4875 0.22
763 10795.60 7.36 0.401 21.61 4623.23 13.52
768 10885.23 6.66 0.334 21.76 4720.88 4.080 0.19
773 10974.87 6.35 0.313 21.76 3899.92
778 11064.50 6.74 0.345 21.64 5082.17 3.180 0.15
783 11154.13 6.52 0.322 21.58 4532.60 9.55
788 11243.77 7.78 0.375 21.82 6393.50 3.110 0.14
793 11333.40 7.24 0.380 20.76 5824.14
798 11423.03 7.7 0.400 20.79 4105.73 3.790 0.18
803 11512.67 7.86 0.488 20.88 6600.94 15.89
808 11602.30 7.55 0.420 19.70 6345.70 5.105 0.24
813 11691.93 8.26 0.453 19.64 7236.17
818 11781.57 7.82 0.480 18.73 5917.10 4.440 0.23
823 11871.20 7.82 0.549 20.18 8397.74 23.58
828 11960.83 7.87 0.400 20.09 8389.42 5.570 0.28
833 12050.47 7.81 0.344 18.27 6078.85
838 12140.10 7.72 0.370 19.70 5117.78 3.550 0.19
843 12229.73 8.05 0.350 20.12 4313.67 21.44
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(cm) (yrs) (%0) (%) (°C) (ng/g) (%) C/N (Wt%)
848 12319.37 8.40 0.380 20.70 6080.20 3.410 0.17
853 12409.00 8.51 0.350 19.91 5729.20
858 12550.27 8.01 0.433 21.45 5986.45 3.460 0.17
863 12691.53 7.46 0.437 20.76 4957.94 24.29
868 12832.80 8.06 0.370 19.91 4219.28 4.360 0.21
873 12974.06 7.93 0.350 19.61 3529.52
878 13115.33 7.79 0.375 19.97 4279.77 3.410 0.17
883 13256.59 7.39 0.325 18.85 4801.81 18.03
888 13397.86 7.51 0.315 19.82 4541.99 3.240 0.17
893 13539.13 8.10 0.397 20.97 6274.18
898 13680.39 7.73 0.353 20.97 5317.17 3.930 0.19
903 13821.66 7.12 0.311 20.88 5503.13 18.58
908 13962.92 8.24 0.370 21.48 6028.72 3.130 0.15
913 14104.19 8.14 0.360 21.30 5394.74
918 1424545 7.88 0.334 21.64 5049.31 3.510 0.16
923 14386.72 9.25 0.359 22.09 7308.33 16.34
928 14527.98 8.86 0.421 22.24 5570.49 3.610 0.16
933 14669.25 9.41 0.353 22.21 5925.27
938 14810.52 9.18 0.420 22.33 6058.91 3.470 0.16
943 14951.78 9.26 0.440 22.21 7118.88 12.02
948 15093.05 8.63 0.350 22.15 5654.20 4.370 0.20
953 15234.31 22.06 6374.83
958 15375.58 8.98 0.320 21.85 5696.92 3.295
963 15516.84 8.98 0.330 22.06 5901.53 22.05
968 15658.11 9.26 0.290 21.85 5651.34 3.160 0.14
973 15799.38 8.78 0.300 21.94 6815.59
978 15940.64 8.73 0.300 20.94 6554.95 2.900 0.13
983 16081.91 8.40 0.265 20.55 7140.67 19.96
988 16223.17 9.35 0.245 21.55 4970.30 2.640 0.13
998 16505.70 9.23 0.264 21.88 4214.27
1003 16646.97 9.94 0.262 21.76 3756.96 2.410 0.11 26.28
1008 16788.23 10.38 0.273 21.52 4666.67 2.525 0.12
1013 16929.50 9.60 0.286 21.09 4801.38
1018 17069.67 8.59 0.360 21.00 5161.88 2.820 0.13
1023 17209.83 8.82 0.330 20.88 5360.13 19.85
1028 17350.00 7.58 0.350 21.03 4725.85 3.150 0.15
1033 7.25 0.324 20.61 4007.77
1038 37817.50 5.33 0.310 21.18 3219.63 3.200 0.16
1043 38703.60 5.94 0.309 20.36 8516.90 40.28
1048 39589.70 5.65 0.273 20.36 5478.48 3.360 0.17
1053 40475.80 6.29 0.310 19.12 9556.62
1058 41361.90 5.80 0.360 20.48 9176.33 3.480 0.18
1063 42248.00 4.42 0.263 20.42 5499.53 26.96
1068 42379.19 4,98 0.320 19.58 5956.91 2.970 0.15
1073 42510.38 5.24 0.330 20.18 6652.35
1078 42641.56 5.20 0.330 20.21 6962.88 3.650 0.18
1083 42772.75 5.53 0.300 20.06 5185.54 37.33
1088 42903.94 6.63 0.431 21.15 11125.50 3.180 0.16
1093 43035.13 6.34 0.400 21.00 13884.93
1098 43166.31 6.28 0.380 21.09 8510.95 4.460 0.21
1103 43297.50 5.43 0.330 20.70 6369.57 31.49
1108 43325.20 5.75 0.380 20.88 10481.71 3.565 0.17
1113 43352.90 5.70 0.340 20.73 6506.59
1118 43380.60 5.36 0.340 20.64 6587.99 3.620 0.17
1123 43408.30 5.48 0.320 21.27 6133.48 28.68
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Depth Age 3°N TN SST  concentration Corg SiO2
(em)  (rs) (%) (%) O gy (%) CIN__ (wt%)
1128 43436.00 6.15 0.290 20.85 6512.07 3.330 0.16
1133 43463.70 7.69 0.233 20.15 4448.14
1138 43491.40 6.14 0.290 19.91 5281.86 2.300 0.1
1143 43519.10 6.43 0.310 19.88 5358.84 35.37
1148 43546.80 5.28 0.228 20.45 4244.79 3.210 0.16
1153 43574.50 5.65 0.280 20.73 5395.63
1158 43602.20 5.90 0.250 21.36 6051.70 2.960 0.14
1163 43629.90 5.92 0.300 21.24 6970.39 3412
1168 43657.60 5.27 0.380 21.39 10259.90 3.400 0.16
1173 43685.30 5.67 0.251 2215 8442.13
1178 43713.00 6.09 0.300 21.61 7888.42 2.860 0.13
1183 43740.70 6.15 0.320 2191 9021.56 34.77
1188 43768.40 6.43 0.290 21.21 5927.03 3.580 0.16
1193 43796.10 6.61 0.330 21.33 8242.04
1198 43823.80 6.93 0.370 21.88 11699.67 3.710 0.17
1203 43851.50 5.89 0.290 21.06 6899.47 42.48
1208 43879.20 6.23 0.320 21.09 7220.28 3.155 0.15
1213 43906.90 5.95 0.400 22.03 9113.52
1218 43934.60 6.26 0.370 21.48 8421.45 4.470 0.20
1223 43962.30 6.49 0.300 21.03 7138.78 31.00
1228 43990.00 6.40 0.350 21.12 9784.34 3.310 0.16
1233 44017.70 7.02 0.345 22.00 8270.75
1238 44045.40 6.86 0.400 22.15 12264.25 3.950 0.18
1243 44073.10 6.92 0.320 21.12 6994.56 42.05
1248 44100.80 7.85 0.267 22.36 8272.09 3.540 0.17
1253 44128.50 7.02 0.350 22.06 10643.55
1258 44156.20 7.60 0.280 21.55 5934.45 3.825 0.17
1263 44183.90 7.04 0.290 21.00 4286.51 38.71
1268 44211.60 6.23 0.310 21.00 4622.60 3.020 0.14
1273 44239.30 6.22 0.300 21.00 4476.37
1278 44267.00 5.75 0.280 21.06 5998.06 3.310 0.16
1283 44294.70 6.38 0.310 20.36 6487.02 36.92
1288 44322.40 6.01 0.390 20.67 8736.72 3.320 0.16
1293 44350.10 6.11 0.360 21.61 8042.63
1298 44377.80 7.04 0.480 2215 10751.76 4.030 0.19
1303 44405.50 6.12 0.410 22.00 6602.77 34.44
1308 44433.20 6.23 0.330 21.67 7985.19 4.505 0.20
1313 44460.90 7.47 0.251 21.00 2108.41
1318 44488.60 6.41 0.270 20.24 3164.31 2.730 0.13
1323 44516.30 6.35 0.310 19.21 5004.29 26.62
1328 44544.00 6.51 0.403 21.70 8525.69 3.390 0.18
1333 44571.70 5.78 0.312 2212 6241.30
1338 44599.40 5.53 0.448 22.36 8540.92 3.400 0.15
1343 44627.10 6.96 0.360 21.33 6569.32 40.88
1348 44654.80 6.73 0.350 21.09 7577.19 4.050 0.19
1353 44682.50 7.86 0.290 21.45 7865.55
1358 44710.20 5.74 0.280 20.73 7570.30 3.230 0.15
1363 44737.90 5.99 0.270 19.42 7918.11 2842
1368 44765.60 5.93 0.270 18.79 8978.73 3.040 0.16
1373 44793.30 6.31 0.290 20.03 6557.49
1378 44821.00 6.20 0.280 19.03 11069.00 3.200 0.16
1383 44848.70 6.03 0.290 19.21 10854.45 31.76
1388 44876.40 7.67 0.310 21.09 6690.65 3.360 0.17
1393 44904.10 7.76 0.330 20.94 7554.10
1398 44931.80 8.90 0.340 21.45 6977.61 3.550 0.17
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Depth Age 8°N TN SST  concentration Corg Si02
(cm) (yrs) (%o) (%) (°C) (ng/g) (%) C/N (Wt%)
1403 44959.50 5.82 0.330 21.06 8763.33 33.05
1408 44987.20 5.97 0.400 18.91 11543.20 3.600 0.17
1413 45014.90 5.83 0.450 21.24 8744.23
1418 45042.60 5.92 0.330 21.79 7371.83 4.750 0.22
1423 45070.30 5.37 0.310 22.00 5778.58 30.01
1428 45098.00 6.26 0.330 21.82 6084.46 3.220 0.15
1433 45125.70 5.94 0.272 19.03 4404.92
1438 45153.40 8.32 0.320 20.00 6675.26 3.080 0.16
1443 45181.10 5.80 0.310 20.73 8386.74 36.29
1448 45208.80 5.51 0.320 20.70 7036.05 3.490 0.17
1453 45236.50 5.32 0.417 21.36 11687.12
1458 45264.20 6.09 0.370 19.36 6145.89 4.800 0.22
1463 45291.90 6.70 0.360 21.36 9529.40 31.85
1468 45319.60 5.83 0.350 20.70 7358.90 3.950 0.18
1473 45347.30 7.30 0.291 20.36 6508.97
1478 45375.00 5.44 0.349 20.33 7627.68
1483 45402.70 4.72 0.323 21.18 8177.80 33.27
1488 45430.40 4.72 0.383 20.85 8857.86
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