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Zusammenfassung

Das Atomverhaltnis der stabilen Stickstoffisotope RN, ausgedriickt alg™N) in festen
und gel6sten Stickstoffverbindungen wird oft genutzt, um N-Quellen und -Umsatzprozesse in
aguatischen Systemen zu verfolgen. In dieser Arbeit verwende ich isotopische Methoden mit dem
Schwerpunkt au8*N, um einzelne Bereiche des rezenten N-Kreislaufs im 6stlichen Mittelmeer
genauer zu untersuchen (Kapitel 3). Des Weiteren {iberpriife ich anhand von kombifisiten
Daten und der Aminosédurezusammensetzung (ein Indikator fir den Abbaugrad des organischen
Materials) aus Sinkstoffen, Oberflachensedimenten und Sedimentkernen die Anwendbarkeit des
3N als paléaozeanografisches Werkzeug im 6stlichen Mittelmeer und im Arabischen Meer
(Kapitel 4 und 5).

Das A&uBerst nahrstoffarme 0&stliche Mittelmeer weist in fast allen reaktiven
Stickstoffkompartimenten (also allen anorganischen und organischen Formen von N guf3er N
ungewohnlich niedriged™N Werte auf. Als Grund dafiir wurde diazotrophe N-Fixierung
vermutet, die bisher allerdings kaum beobachtet wurde und die zudem wegen des
Nitratiiberschusses im Tiefen- und Zwischenwasser (Nitrat zu Phosphat- Verhéaltnisse bis zu 28)
biogeochemisch wenig sinnvoll erscheint. Um diese Umstande weiter zu klaren, wurden
isotopische Daten der wichtigsten reaktiven N-Spezies s(N@eloster reduzierter N,
suspendierter partikularer N und sinkender partikularer N) wahrend einer Probenahmekampagne
im Winter/beginnenden Frihjahr 2007 im 6Ostlichen Mittelmeer bestimmt und nun in Kapitel 3
diskutiert und modelliert. Dabei zeigen die Mess- und Modellergebnisse, dass die wichtigste
NOs-Quelle fur den Nitratpool wahrend der Probenahme hoéchstwahrscheinlich remineralisiertes
NO; ist, welches durch die Nitrifizierung von absinkendem, im durchmischten
Oberflachenwasser produzierten partikularem N entstanden ist. Auerdem wird ein signifikanter
Beitrag von atmosphéarisch eingetragenen, industriell in Europa emittierten Stickoxiden auf das
3'°N-Signal im Oberflachenwasser deutlich.

Die paldozeanografische Anwendung WAN als Proxy wird generell dadurch erschwert,
dass das urspriingliche Signal aus den biologisch produktiven oberen Wasserschichten wahrend
des Absinkens der Partikel und nach der Sedimentation eine frihdiagenetische Uberpragung
erfahrt. Diesen frihdiagenetischen Effekt versuche ich in den Kapiteln 4 und 5 zu erfassen, um
das urspriungliche isotopische Signal des in der euphotischen Zone assimilierten reaktiven N im
dstlichen Mittelmeer (Kapitel 4) und im Arabischen Meer (Kapitel 5) wahrend des Holoz&ns und
des spaten Pleistozéns anhand von Sedimentkernen zu rekonstruieren. Dies ist durch eine
Kombination vond®N-Werten mit der Aminosaurenzusammensetzung méglich, wobei letztere

genutzt wird, um den Abbaugrad des organischen Materials zu bestimmen. Die derart



normalisierten Sedimentkerndaten aus dem o6stlichen Mittelmeer zeigen, dass die grof3skaligen
(Jahrzehntausende umfassende) Veranderung@éNrSignal und die horizontalen Gradienten

im &N von Sapropelen (isochrone, organisch-reiche Lagen) im wesentlichen durch
unterschiedliche Erhaltung aufgrund wechselnder Sauerstoffsattigung im Tiefen- bzw.
Bodenwasser bestimmt sind. Die erh6hten Akkumulationsraten von organischem Kohlenstoff, die
zur Bildung des jlingsten Sapropels (S1) fuhrten, sind moglicherweise ebenfalls grof3tenteils auf
verhinderten Abbau unter sauerstoffdefizitiren Bedingungen an der Sedimentoberflache
zurtckzufuihren und damit weniger ein Ausdruck von erhdhter Primarproduktion.

Die groRskaligen Schwankungen i6¥°N-Signal der Kerne aus dem Arabischen Meer
(Kapitel 5) werden primar von Veranderungend™N des assimilierten Nitrats hervorgerufen.

Hier wird die Variabilitit hauptsachlich von externen klimatischen Veranderungen in der
Monsunstarke und damit einhergehenden unterschiedlichen Zirkulationsmustern im
Zwischenwasser gesteuert; diese bestimmen wiederum die Sauerstoffgehalte des
Zwischenwassers im Arabischen Meer und damit letztendlich die Isotopie des Nitrats. Die
Verteilungsmuster vors™N in Oberflaichensedimenten und in isochronen Zeitscheiben aus
Sedimentkernen sind hingegen als unterschiedliche Erhaltung des originalen Signals aus der
Primarproduktion und Nitratassimilation zu deuten.

Die Evaluierung von zwei Abbauindizes auf Aminoséaurebasis (Reactivity Index, RI und
Degradation Index, DI) in rezenten Sedimenten und Sedimentkernen aus dem Arabischen Meer
legt nahe, dass der RI eher geeignet ist, den Erhaltungsgrad von organischem Material in
Sedimentkernen anzuzeigen als der DI. Durch die eindeutige Beziehung zwiSthend dem

Rl ist eine Rekonstruktion des originalefiNs vor der diagenetischen Uberpragung méglich.



Abstract

The ™N/*N isotope ratio§*°N) of particulate and dissolved N-species is widely used to trace
N sources and turnover processes in aquatic environments. In this thesis, | apply isotopic methods
with a focus on™™N/*N ratios to elucidate the recent N-cycle in the Eastern Mediterranean Sea
(EMS) (Chapter 3). | further use data on the isotopic composition of N in conjunction with amino
acid composition (reflecting the state of degradation of organic matter) of sinking particulate
nitrogen (sediment traps), surface sediments and sediment cores to gauge thé'Ida®fa
paleoceanographic tool in recent sediments and sediment cores of the EMS and the Arabian Sea
(Chapters 4 and 5).

Unusually low &°N values in many compartments of reactive N in the extremely nutrient poor
EMS have been attributed to diazotrophicfiXation - although observational evidence is scarce
and the surplus of nitrate over phosphate (N to P ratios up to 28) in deep and intermediate waters
argue against the biogeochemical need gffikhtion. Isotope data raised on major N species
involved in the cycling of reactive N (NQ total dissolved reduced N, suspended particulate N
and sinking particulate N) in the EMS during winter/early spring of 2007 are discussed and
modeled in Chapter 3. Analytical and model results suggest that recycled& nitrification
of sinking particulate N produced in the surface mixed layer is the most likely sourcesof NO
during the winter sampling. Additionally, a strong imprint of atmospherically deposited nitrous
oxides of industrial origin in Europe on thE€N of the mixed layer N@is indicated.

The paleoceanographic application 3fN as a proxy is generally hampered by an early
diagenetic overprint of the signal formed in the ocean surface mixed layer that occurs during
particle sinking and after sedimentation. In Chapter 4 and 5, | quantify the effect of early
diagenetic alterations on sedimentary N-isotope composition in order to reconstruct the pristine
signal of N assimilated in the euphotic zone of the EMS (Chapter 4) and the Arabian Sea (Chapter
5) during the Holocene and late Pleistocene. This is possible by using paired &3 afd
amino acid composition, which can be applied to estimate the degree of organic matter
degradation. The normalized records for the EMS reveal that millennial scale oscillaBois in
and its spatial gradients in organic rich layers (sapropels) are driven mainly by differences in
preservation under oxygen-poor and oxygen-replete bottom water conditions. The EMS study
gives further evidence that enhanced organic carbon accumulation in the youngest sapropel S1
may be due to better preservation under suboxic to anoxic conditions at the sediment-water
interface, and to a lesser extent to elevated productivity.

In the Arabian Se&™N records, millennial scale oscillations are mainly controlled by

changes of thé™N of assimilated source nitrate; these changes are to a large extent caused by



external climatic variability in the monsoon dynamics and associated circulation of the
intermediate water masses in the Arabian Sea, which in turn determine oxygen levels in mid-
water and nitrate isotopic composition. Most of ## amplitude in spatial patterns of surface
sediments and isochronous time slices in sediment cores can be attributed to differences in
preservation of the origina™N signal exported from the sea surface. An evaluation of two
preservation indexes based on amino acid composition (Reactivity Index, RI, and Degradation
Index, DI) in both recent sediments and core samples from the Arabian Sea suggest that the Rl is
more suitable than the DI in estimating the state of organic matter degradation in core sediments
that have undergone progressive degradation. The relationship bétié¢amd the RI allowed a

reconstruction of the originaldN prior to diagenetic overprinting.



Contents:

Zusammenfassung [
Abstract iii
Contents v
1. Introduction 1
2. Working areas, projects and thesis outline 7

3. N-isotoperatios of nitrate, dissolved organic nitrogen and particulate nitrogen
in the Eastern Mediterranean Sea 11

4. Diagenetic control of nitrogen isotoperatiosin Holocene sapropels and recent
sediments from the Eastern Mediterranean Sea 39

5. Influence of diagenesis on sedimentary N in the Arabian Sea over

thelast 130 kyr 59
6. Conclusionsand outlook 83
Acknowledgements 86
Figure captions 87
Table captions 91
List of abbreviations 93
References 94
Curriculum Vitae 110







1. Introduction

1.1. The marine nitrogen cycle

Reactive inorganic nitrogen, together with carbar ghosphorus, is the most important
nutrient for plant growth. In marine phytoplanktand in seawater these nutrients occur in the so
called Redfield-Ratio of 106 C : 16 N : 1 P, implgian equilibrium and that nutrient availability
in this proportion promotes optimal growth (Redfie1934). Whereas carbon is assimilated from
the abundant atmospheric pool and from,@3solved in seawater, atmospheric dinitroges) (N
is bioavailable only for specialized prokaryotesitaining the enzyme nitrogenase (diazotrophic
N, fixation; e.g., Sprent and Sprent, 1990); for othemary producers it has to be present as
nitrate (NQ), nitrite (NGy), ammonium (NH'), or dissolved organic nitrogen (DON) to be
assimilated. Hence, either phosphate or reactivienil primary production in large parts of the
ocean (e.g., Tyrell, 1999), and only in specifieas production is limited by micronutrients such
as iron (e.g., Martin et al., 1990).

Whereas supply of phosphate to the ocean is godebyeexternal inputs and internal
recycling (Benitez-Nelson, 2000), nitrate supply darnover in the ocean is considerably more
complex. A schematic overview of the marine N-cyslgiven in Figure 1.1 and briefly explained

in the following paragraph.

The major source of reactive N in marine systenarisospheric Nthat is fixed as Ni and
further assimilated to organic N. Detrital orgahNiavill either (i) settle through the water column
to the sediment, be buried and taken out of thénmaaX cycle, or (ii) be remineralized to NH
(ammonification) during organic matter breakdowrihie water column or in the sediment. NH
is either oxidized (by nitrification) in severaltémmediate steps to NO(which is the most
important bioavailable N species and the largestinic pool of reactive N), or assimilated and
again transformed to organic N. ResidualsN@mains in the oxic water column/sediment, or is
reduced to N@(denitrification) under oxygen-deficient conditiomsthe water column or in the
sediment. N@ is either (i) assimilated to organic N, or (iiy@actant of the anammox reaction
and is transformed to JANor (iii) is reduced to Pvia NO and MO (denitrification). Gaseous
species such as,®® and N will be either fixed and assimilated, or releagethe atmosphere and
leave the marine N-pool. Note that all transformradi in the marine N-cycle are biologically
mediated processes. For an in-depth descriptidimeoitricacies of the natural N cycle, the reader
is referred to Canfield et al. (2005).
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Figure 1.1 The marine nitrogen cycle

On a global scale and over time scales of centwoietecades, natural sources and sinks of
marine bioavailable N species should be in equilibr(e.g., Codispoti et al., 2001). Diazotrophic
N, fixation and terrestrial/riverine inputs (the nragources) are balanced with N-loss during
denitrification and nitrification, and burial of geulate N in the sediment (e.g., Brandes and
Devol, 2002), although this balance has recentignbguestioned (e.g., Codispoti et al., 2001;
Codispoti, 2007). Over the last decades, anthragogenput of fertilizers via rivers and
atmospheric total nitrogen inputs (NCbecame important contributors (Galloway et al02
Duce et al., 2008); they derive from industrialation of atmospheric Nin the Haber-Bosch
process and fossil fuel burning that annually idtree 125*16 Tg of reactive N in addition to
natural sources (Gruber and Galloway, 2008).

Because the marine N-cycle determines the magnitfidee organic carbon pump in the
ocean, it is an important variable in validatingddsudgeting global variations of atmospheric
CO;, concentrations (Gruber and Galloway, 2008). Anotimr to global climate is given by the
powerful greenhouse gas properties gdNe.g., Badr and Probert, 1993).
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1.2. Stable N-isotopesst°N) - use as a proxy

The two stable isotopes of nitrogeiN and *®N occur in natural abundances of 99.6337
atomic% N and 0.3663 atomic%°N in atmospheric N The ratio (R) of both isotopes is
expressed in relation to a standar@‘as:

R.me— R 15
615N (%0) = ( sample standard)* 1000 R — 14N

standard

(1.2)
The standard is atmospherig, Mefined a$*°N = 0 %o (Mariotti et al., 1981).

As the™N atom is heavier than théN atom and its vibrational frequencies are lowts, i
molecular bonds are stronger and molecules contifiN are usually less reactive than those
containing **N. This leads to a slight discrimination agaid3\, in every non-equilibrium
transformation in the N-cycle @Nixation, NH;"/NO,/NOgassimilation, ammonification,
nitrification, denitrification, anammox). An excém of the N preference is an inverse
fractionation occurring during the nitrite oxidatistep (NQ@ to NGj) of nitrification (Casciotti,
2009). According to the “normaf*N preference, residual substrate of any reactian,(8lQ;
that is not assimilated) becomes enrichet’ whereas the product (assimilated N) is depleted
in N compared to the substrate. In a closed systeradbemulated product and substrate will
have the same isotopic composition after completmotwer. This “Rayleigh’-type called
fractionation process is schematically illustrated Figure 1.2, using the example of MO

assimilation in a closed system.

20

— jnstantaneously produced organic N
—— eSidual NO’

accumulated product (organic N)
_—=— initial 5"°N of the substrate (4.8%0)

15 4
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Figure 1.2: Rayleigh
fractionation  during
NO; assimilation in a
closed system
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The degree of fractionation is process-specific faactionation factors for several processes
in the N-cycle are listed in Table 1.t.is defined as RproducfRsubstrate — 1)*1000 and is
approximated by the difference #1°N between the substrate and the initial instantameo
product. The preference fotN or °N is expressed by negative values, if the lightetdpe is
preferred. Variability ire is driven by physical parameters such as diffigiand exchange rates
of pore waters, availability of the substrate, amalogical factors related to enzymatic and “vital”

effects of organisms and assemblages of microcsgeninvolved.

Table 1.1: Fractionation factors for major transformation processes in the marireyble. **N preference is
expressed by negative valuesvalues for the anammox process have not beerspebl yet; the publishedof
0%o for ammonification (Kendall, 1998) appears ufistia considering this study.

Process Reaction Fractionation Reference

factorg (%o)

N, fixation N, > NH," 0to-3.6 Carpenter et al., 1997
Brandes and Devol 2002
Ammonification Nrg > NH,* 0 Kendall, 1998
NO; assimilation NG@ = Nog -6 to -20 Granger et al., 2004
NH," assimilation NH" 2> Noyg -11 to -14 Hoch et al., 1992
Voss et al., 1997
Nitrification NH,* > NO; 14t0-38  Casciotti et al., 2003

(Ammonium oxidation)

Nitrification NO; > NOy +12.8 Casciotti, 2009
(Nitrite oxidation)

Denitrification NG > N, -22 to -30 Brandes et al., 1998
Anammox NO, + NH," 2> N, ?

As a consequence, each N-pool has a specific isotignature (Table 1.2.) resulting from

the balance of source and sink terms and thempsofractionation.



Introduction

Table 1.2:Isotopic signatures of selected N-pools

Source 3N (%0) Reference

Atmospheric N -

fixed N 0 Mariotti et al., 1981
Atmospheric NQ -15t0 15 Kendall et al., 2007
Globaloceandeep 54,05  sigman et al., 2000
water NQ

Mayer et al., 2002
Pristine rivers N@ -0.1to5 y

Voss et al., 2006

Mayer et al., 2002
Polluted rivers N@ 5t022  \/oss et al., 2006

Johannsen et al., 2008

Fractionation during N transformation processegrofinodifies original source values. If
known, thed'®N values can be used as a proxy to trace N soarmés$urnover processes in core
records archiving past geological conditions, or hadget recent N-cycles. Systematic
relationships to other proxies can help to evalwatd quantify the impact of transformation
processes odr-N.

Degradation of organic matter (OM) is a pathwagmmimonification in a broader sense that is
usually accompanied by an enrichmeniiiN resulting from preferential loss 6IN depleted
compounds (Altabet, 1996; Freudenthal et al., 2@Baye-Haake et al., 2005) during protein
hydrolysis (Bada et al., 1989; Silfer et al., 1982 deamination (Macko and Estep, 1984). In
this study | investigate and define the relatiopdiétween OM degradation atll enrichment in
particulate N using paired data&@PN and different indexes based on the amino acidoosition

of the samples that are sensitive for OM degradatio
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1.3. The use of amino acid composition as a proxyorf organic matter

preservation

Amino acids (AAs) are the building blocks of proteiand are ubiquitous in the OM
preserved in marine sediments. As they are diftayndegraded during OM decay, changes in
the concentration of individual AAs and changeshe overall AA composition can be used as
indicators for the degree of OM degradation in ygemsediments (Cowie and Hedges, 1992;
Dauwe and Middelburg, 1998). To gauge the OM demjtad status from AA, molar
contributions of individual AA to total AA are exgssed by two indexes that have been
established over the last ten years: (i) the Ragctindex (RI; Jennerjahn and Ittekkot, 1997),
which is calculated as the ratio of aromatic to-pooteinogenic AAs (the latter do not exist in
living organic tissue but enrich during OM decasnd (ii) the Degradation Index (DI; Dauwe et
al., 1999) derived from a statistical treatmening@pal component analysis) of data sets of 14
individual AAs. The DI will be introduced in Chapté and both indexes will be introduced and
discussed in detail in Chapter 5.

As shown by the linear relationship between tha®d3™N in surface sediments and sinking
particles from the Arabian Sea and from the Soutm& Sea (Gaye-Haake et al., 2005; Gaye et
al., 2009), decomposition of AA goes in concerttman enrichment o3*°N in the residual OM
fraction. This systematic relationship will be usadhe following to correct thé*°N record of

sediment cores for early diagenetic enrichment.



2. Working Areas, Projects and Thesis Outline

2.1. The Mediterranean Sea — a natural laboratory

The Mediterranean Sea is the smallest ocean -eobitjgest enclosed marine basin in the
world. Relatively low exchange rates with the AtlarOcean, low concentration levels of nitrate
and phosphate, and the relatively fast turn ovegsraf limiting nutrients (as characteristic for
oligotrophic environments) make it an ideal plagestudy the impact of man-made and natural
environmental changes on external and internalogein cycling on short time scales.
Atmospheric deposition of anthropogenic Niicreased by factor five to six since the 1920s
(Preunkert et al., 2003) and presently is consatléwebe the largest individual source of reactive
N that has changed the N inventory and N cyclinghef Eastern Mediterranean Sea (EMS)
dramatically (Mara et al., 2009). The relative ciimition of this new source to the reactive nitrate
pool in the mixed layer and the recycling ratefxadd N are calculated in Chapter 3 by budgeting
the 3*°N of major involved N species.

For the past, repetitive deposition of organic ediment layers (sapropels) gives evidence
of dramatic changes in circulation patterns andient cycling of the EMS (e.g., Emeis and
Weissert, 2009). It is widely accepted that Med#rean sapropel formation is a result of water
column stratification and anoxic deep water coodsi that developed as a consequence of
enormous fresh water inputs (e.g., Kullenberg, 195 et al., 1977). In most cases, these were
caused by northward shifts of the African monsoait [finto the catchment area of the
Mediterranean Sea) that are driven by variationsolar radiation in the 23 kyr precession mode
of the Milankovitch cycles (Rossignol-Strick et,dl982; 1983; Rossignol-Strick, 1985). To what
proportion enhanced productivity (as a consequeh@nhanced nutrient supply; e.g., Calvert et
al., 1992) or preservation (due to the absencexgfen in deep water; e.g., Cheddadi and
Rossignol-Strick, 1995) were responsible for OMusalation is unclear. In the framework of
the European Science Foundation (ESF) project MERRrine Ecosystem Response to
Fertilization), my project attempted to develop aadibrate3*°N as a proxy for nitrogen cycling
and nitrate utilization in order to trace the impa€ recent anthropogenic fertilization and to
explore temporal and spatial gradients in the pbssiatural fertilized S1 sapropel (the most

recent) time slice (Chapter 4).



Chapter 2

2.2. The Arabian Sea — a key area of the global Nxdle

In contrast to the EMS, the Arabian Sea is onehef most productive areas in the world
ocean. Monsoon induced upwelling of nutrient-rictermediate water to the euphotic zone
seasonally arises primary productivity up to mdvant1.5 g C*rif*d* (Barber et al., 2001). Due
to the remineralization of high export productiduxfin mid-water and oceanographic processes,
oxygen levels in subsurface waters and intermedigtirs almost drop to zero resulting in a
permanent oxygen minimum zone (OMZ) roughly betw2@d m and 1200 m water depth in the
central Arabian Sea (Wyrtki, 1971). As a conseqaelarge amounts of NOare reduced to D
and N by denitrifying and anammox bacteria and are mméo bioavailable in the marine N-
cycle (Naqvi, 1994; Jaeschke et al., 2007). Acewli the Arabian Sea is both an important
source of the greenhouse gagONand an important sink of fixed marine N. Orbitadkriven and
millennial-scale oscillations in monsoon intensiyer the OMZ in extent and intensity; this is
reflected for instance in sedimentary TOC a@htN records (Altabet et al., 1995; Schulz et al.,
1998). My investigation aimed to appraise the diggie and environmental influences &N in
basin-wide surface sediments and in core recordseofast 130 kyr from various locations in the
Arabian Sea (Chapter 5).

The following individual chapters of this thesisnstitute the basis of 3 articles that are undeierev

in, orsubmitted to peer-reviewed scientific journals:

Chapter 3

Emeis, K.-C., Mara, P., Schlarbaum, T., M6biuspPahnke, K., Struck, U., Mihalopoulos, N. and
Krom, M.,: N-isotope ratios of nitrate, dissolved organic nitogen and particulate nitrogen in
the Eastern Mediterranean Sea.Under review inJournal of Geophysical Research —

Biogeochemistry

My contribution to Chapter 3 (Emeis et al., under eview):
- recovery, analysis and interpretation of suspenchadter samples and sediment trap
samples (MID 03)
- determination of stable isotope pdit/**N and*®0/*°0 in NO; (part of the data set).

- Co-work in discussion and manuscript preparation



Working areas, projects and thesis outline

Chapter 4

Mobius, J., Lahajnar, N. and Emeis, K.-C., 20Dfagenetic control of nitrogen isotope ratios
in Holocene sapropels and recent sediments from the Eastern Mediterranean Sea.
Biogeosciences Discussions 7, 1131-1165.

Chapter 5
Mobius, J., Gaye, B., Lahajnar, N., Bahlmann, El Bmeis, K.-C.,influence of diagenesis on
sedimentary 8N in the Arabian Sea over thelast 130 kyr. Submitted tdViarine Geology
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3. Isotope Ratios of Nitrate, Dissolved Reduced and Particulate Nitrogen in
the Eastern Mediterranean Sea Trace External N-inputs and Internal N-

cycling

Abstract

The eastern Mediterranean Sea (EMS) is an unusnathjent-poor ocean basin where the
15N/MN isotope ratios in many compartments of reactivar&llower than in comparable oceanic
settings. To elucidate possible reasons, we deatedrstable isotope ratios in nitrate, suspended
particulate, total dissolved reduced nitrogen, aimking particulate N for stations across the
Eastern Mediterranean Sea (EMS) occupied in JararayFebruary 2007. The absolute level of
&N integrated over all reactive N compartments imensof the EMS is very low (grand average
2.6%0) compared to other oceanic environments. & of deep-water nitrate was lower than
nitrate generally found in the global ocean, wheréize 8*°N of particulate N and reduced
dissolved N was significantly higher than that @fate and particulate N intercepted in sediment
traps. We infer that extensive mineralisation is tlnmediate cause of the isotopic makeup of
reactive N in deep water. Partial nitrate assinafatin the mixed layer had reduced
concentrations and rais&’N and5'0 in nitrate, but an additional external sourceitfte with
a low &N, probably anthropogenic NQ@ather than fixed nitrogen, was required to déscthe
isotope distribution adequately. To explain theesbed nitrate isotope anomalyf15,18) in the
mixed layer, either the ammonium formed by OM boEain must be predominantly nitrified, or

atmospheric NQwith characteristically high*?0O was present.
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Chapter 3

3.1. Introduction

The modern Eastern Mediterranean Sea (EMS) is ldyhaigotrophic oceanic environment
(Béthoux, 1989; Antoine et al., 1995) where primpargduction is approximately half the values
observed in the mid-ocean gyres such as the Sar&ess or the Northeast Pacific (Krom et al.,
2003). This low productivity is caused by the aggtuarine circulation in the EMS: Modified
Atlantic Water (MAW) flows in through the Strait &ficily at the surface, sinks in the eastern part
of the EMS and feeds the Levantine IntermediateeWW@ilW), a high temperature, high salinity
water mass at depths between 200 and 500 m thegsléhe EMS as a westward current through
the Strait of Sicily. This intermediate water masdlects and exports the bulk of mineralisation
products sinking out of the mixed layer. Below (85M) this surface circulation cell is the
Eastern Mediterranean Deep Water (EMDW) (Wust, 196dlanotte-Rizzolli and Bergamasco,
1989) which forms when LIW entrained into surfacatevs of the two northern sub-basins

(Aegean or Adriatic Seas) gains sufficient denaftgr winter cooling (Lascaratos et al., 1999).

The export of nutrients with LIW causes the deepersaof the EMS to be nutrient depleted
relative to the deep water in all other parts efglobal ocean: Nitrate concentrations in EMDW4are
6 UM compared to &M in deep water of the adjacent Western Mediteaan®ea, and 2AM at
similar depths in the Atlantic Ocean. The EMS salnusual in that it has a high nitrate:phosphate
ratio (28:1) in the deep water (Krom et al., 19849 is phosphate-starved (Krom et al., 2005a). As a
result, primary production during the winter phy&gkton bloom is limited by phosphate rather than
by nitrate (Krom et al., 1991). In winter, the pploate in the surface water is entirely depletedewhi
excess nitrate remains (Kress and Herut, 2001). edexy soon after the seasonal thermocline
develops in spring, both nitrate and phosphaterbeatepleted in the photic zone (Kress and Herut,
2001; Krom et al., 2005b) and phytoplankton proditgtbecomes N- and P- co-limited (Thingstad et
al., 2005; Zohary et al., 2005).

Another unusual feature of the EMS is the IBWN levels of deep-water nitrate, suspended
matter, and surface sediments in the EMS (Struelt. e2001; Pantoja et al., 2002; Coban-Yildiz
et al., 2006) relative to values in other open-nceavironmentsd™N expresses the ratio in the
abundance oPN and™N in relation to that ratio (R) in a standa®d®Nsampie= (RsampléRstandara
1)*1000 in %o; the international standard beBigN air N, = 0%.. The low levels o8N in the
EMS are unusual, and three possible reasons hareduggested. The first is incomplete nitrate
utilisation (Altabet and Francois, 1994; Struckaét 2001): Because most biological processes
discriminate against®N, incomplete nitrate uptake during phosphate-Bahitassimilation by

phytoplankton would result in products (such adipalate nitrogen, PN, or dissolved organic
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nitrogen, DON) depleted itPN, while unprocessed residual nitrate would bectved in'°N over
the original nitrate. Together, residue and prosiutave the original nitrate signature, and
establishing isotope fingerprints of all comparttseis a tool to quantify individual processes in
the N-cycle (Altabet, 1988). Establishing the tielaships between mixed layer nitrate levels and
its "°NO5 helps to decide if supply by deep winter mixingd asubsequent nitrate utilisation
governs isotopic compositions entirely, or alteivedy to identify situations where other sources
besides thermocline nitrate contribute to nitratéhe mixed layer.

One of the possible external sources that has ibgeked to explain lows™N levels (and high
N:P ratios) in the EMS is significant levels of zbi&rophic N fixation (Sachs and Repeta, 1999;
Pantoja et al., 2002), because newly fixed nitrogeisotopically depleteddt™N = -2 to 0%o)
(Minagawa and Wada, 1986; Montoya et al., 2002js iriterpretation is in line with other authors’
inference from N:P ratios that;Nixation is the most important source of new egn to the EMS
(Béthoux and Copin-Montegut, 1986; Gruber and Samtaj 1997; Mahaffey et al., 2005). At present,
however, observational evidence forfixation in the EMS is ambiguous (Rees et al., @@erman-
Frank et al., 2007; Ibello et al., in press), andual input estimates range from nil (Krom et2004)
to 120*10 mol/a (Béthoux and Copin-Montegut, 1986), theetatistimate being%- of the total
nitrate exported through the Straits of Sicily.

A third possible reason for 108°N levels is significant atmospheric N@put to the EMS that is
bordered by heavily industrialised regions to th@th and is a busy shipping route. This basin is
distinct from other oligotrophic settings of the ndoocean (Duce et al., 2008) in that atmospheric
deposition of NQ@ presently dominates the external nitrogen inpiiter( et al., 2004; Mara et al.,
2009). Furthermore, regional atmospheric loads haseeased dramatically over the last decades
(Kouvarakis et al., 2001; Preunkert et al., 20GR)€Fli et al., 2007), and the input of new nitfaden
the atmosphere to the surface water mass of the fiE®%&ntly accounts for almost 60% of reactive N
inputs (Krom et al., 2004; Mara et al., 2009). @hmospheric source (NOn dry and wet deposition)
in the EMS has a low annually averaged (flux-wegh8NOs™ of -3.1%. (Mara et al., 2009) and
thus is a strong candidate for depressing &BOs levels in the EMS. Both Nfixation and
atmospheric inputs have similarly 103N signatures and cannot be separated baséd™dnBut
whereas fixed N has to be oxidised to nitrate énrttixed layer, atmospheric N@ a preformed input
of nitrate, and is known to have a higN*®0; (Kendall, 1998; Sigman et al., 2009; Wankel et al.
2009).
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The denitrifier method (Sigman et al., 2001; Gatticet al., 2002) to simultaneously determine the
ON*®0; andd™NOs, has provided the analytical tool to investiggitsbal (Sigman et al., 2009) and
regional (Lehmann et al., 2005; Sigman et al., 208&nkel et al., 2006; Casciotti et al., 2008; Kmap
et al., 2008) N-cycles that involve internal oceasources and sinks. The largest source of nitivate
the oceanic mixed layer is thermocline nitrate. iBudligotrophic oceanic settings, nitrate regetesta
from particulate nitrogen (PN) and possibly frorasdilved organic nitrogen (DON) via ammonia and
nitrite oxidation contributes significantly to prary production (Yool et al., 2007) and is thoughbé
particularly important in the oligotrophic Meditanrean Sea (Diaz and Raimbault, 2000). Nitrification
imparts a characteristic isotopic signature ond¥0; andd™NOs™ of regenerated nitrate (Casciotti
et al., 2003; Wankel et al., 2006) that can be wsegliantify the contribution of regenerated nérat
(Sigman et al., 2009). Regenerated nitrate cagraikerive from PN or DON (Bronk, 2002; Knapp et
al., 2008). Should dissolved total reduced nitroERN, dissolved organic nitrogen and ammonia)
indeed be a key component in the recycling of readtl in the EMS (Thingstad et al., 2005), its
isotopic composition must reflect active participatin the N-cycle (Knapp et al., 2005).

In this study, we determined the stable isotogiesan nitrate §™NO5, 3N*®05), in dissolved
total reduced nitrogendTTRN, composed of DON+Nf) and in particulate N&°PN) of both
suspended particles obtained from filtration fréva mixed-layer and deep-water pools for a set of 17
stations occupied in the EMS in 2007 (Figure Flythermore, mass flux afid®N data of sinking
particles intercepted by sediment trap mooringseiveral periods from 1999 to 2007 at one of the
stations in the lerapetra Gyre south of Crete gperted and discussed. Aims of this study are 1) to
provide a comprehensive data seBBN in several relevant N-pools of the water colugmyering
pelagic and more nearshore provinces of the EMSd#fetent water masses; 2) to explain the
processes which cause the unusual isotopic ratibeideep water, and 3) to test if the unusuaiy |
levels of6™N are a consequence of incomplete nitrate utitigati the euphotic zone of the EMS due
to P-limited phytoplankton blooms, or if internatrdcycling or external inputs gNixation or NG

inputs) are a significant source of mixed-layeraté.
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3.2. Materials and methods

Samples were obtained during an expedition witthBTEOR in 2007, which visited 17 stations
in the EMS in January/February 2007 (Figure 3.1).

Eastern Mediterranean Sea

40°N -

36N : = .
° | iy

- <"\Y’ AN
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7 >
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15°E

Figure 3.1: Map of stations occupied in the Eastern Mediteman8ea during r/v Meteor cruise 71-3 (January-
February, 2007). NIS stations referred to in the #&ee stations HO7 to H12. The black square SErefe (water
columns sampling station lerl) marks the locatibthe sediment trap deployment station (MID).

Water samples were taken with a rosette sampl@omepiwith a Seabird 911 CTD; an aliquot of
the bottom water at the sediment-water interface also taken from multicorer deployments. Water
samples were immediately filtered through pre-costemlj rinsed GF/C filters and transferred into PE
bottles for shore based analyses of nutrient caratemms, total dissolved nitrogen (TDN) contend an
N-isotopic signatured>TDN), and3"N/5*%0 of nitrate §**NO;” and dN*®03). Samples for nitrate
isotope analysis were frozen on board ship fohé&ranalysis onshore, samples for TDN analysis
were oxidised immediately after filtration on thepswith persulfate and then stored frozen in brown
glass bottles until further analysis in the shaiedd laboratory (Schlarbaum et al., in revision).
Samples for nutrient analyses were poisoned witb3nercury chloride solution and stored at room
temperature. Nutrient and TDN concentrations wastyaed immediately after the expedition using a
Bran+Luebbe Autoanalyzer 2 in the home laboratady standard colorimetric techniques (Grasshoff
etal., 1999).
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Large water samples (10-50 L) were filtered thropgitcombusted and tared GF/F filters for
analyses of total nitrogen concentrations in sudpersolids (particulate nitrogen, PN), as wellas f
&N of PN @"PN). Filters were frozen on board, lyophilised lie home laboratory and weighed
before further analysis.

On January 292007, a mooring system MID-03 (Mediterranean letapddeep) was
deployed in the lerapetra Deep off Crete (34°261%3026°11.58"' E, bottom depth 3620 m)
(Figure 3.1). The system consisted of one sedirtrapt McLane PARFLUX MARK 7G-21 at
1508 m water depth (MID-03 Shallow) and one Kietli§eent Trap K/MT 234 at 2689 m water
depth (MID-03 Deep). The cups were filled withdiled (GF/F, combusted) sea water from the
respective depths. In addition, 35 MNaCl and 3.3 g1 HgCL were added in order to avoid
diffusion and bacterial decomposition during thepldgment. Sampling period started on 30
January 2007 and ended on September 03, 2007.artiele flux was sampled at intervals of 12
days and the mooring was recovered in Septembef. Z20bsequent to trap recovery, trapped
materials were sieved into >1 and <1 mm fracti¢ims wet sample material was filtered onto pre-
weighed nucleopore filters and dried at 40°C. Thewkights of the <1 mm fraction are used for
calculating the total fluxes, and the filter cakasnhomogenised with an agate mortar prior to
analysis. The same site has seen intermittent saditrap deployments at 2700 m water depth in
1999 (30 January to 13 April, 1999) and in 20012@ November 2001 to 1 April, 2002)
(Warnken, 2003), and we use data from these ealiployments to complement data obtained

from the last trapping period.

The samples for determinations &3PNO; anddN*®0;” and5*°TDN were thawed in the shore-
based laboratory, and nitrate isotopic compositias determined with the denitrifier method (Sigman
et al., 2001; Casciotti et al., 2002; Dahnke et 2008). The untreated filtered water samples or
persulfate-digested TDN samples were injected ansuspension dPseudomonas aureofaciens for
combined analysis &N andd'0, or Ps. chlororaphis for 3N analysis of TDN only. The resulting
N.O gas was flushed by purging the sample vials Wwehum, concentrated and purified on a
GasBench Il (ThermoFinnigan), and analyzed on ataDdPlus XP mass spectrometer
(ThermoFinnigan). To avoid concentration-dependeationation effects, sample size in deep and
thermocline water samples was adjusted to achiéwalegas amount of 10 nmol. Many mixed-layer
samples, where nitrate concentrations were lowgdadiesmaller MO amounts. For each sample,
replicate measurements were performed, and amatie@nal standard (IAEA-N3) was measured with
each batch of samples; we used'd value of 4.7%. and &0 value of 25.6%. for IAEA-N3
referenced to Standard Mean Ocean W&EO(SMOW=0%o) (Bohlke et al., 2003; Lehmann et al.,

2003; Sigman et al., 2005). The contribution ofiteitwas always below one per cent and will
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therefore not be considered further in our calinat because the effect 81O values is negligible
(Casciotti andMcllvin, 2007). The standard deviation for IAEA-N3 wagdyethan 0.2%or{ = 5) for
5°NO; and better than 0.4%. f@N'®0s. For further quality assurance of the results,used an
internal potassium nitrate standard that was medswith each batch of samples. The standard
deviation for the internal standard was within $aene specification for bofi°N andd'®0 as IAEA-

N3. The duplicate analyses suggest an overall geesmndard deviation f&°NO; of 0.2%. and for
SN'®0; of 0.3%.. The standard deviations of duplicate yses 0fdN'®0; increased to of 0.5%o in
samples with low nitrate concentrations in the mhibe/er and upper thermocline. The majority of 85

samples analysed from the mixed layer gave unaatdepitandard deviations and are not reported.

For calculations of th&™N of total reduced nitrogen (TRN, the sum of DONI ammonia)
mass balance calculations were made using the meghsancentrationsc) of nitrate and TRN,
andd™TDN values of the oxidised sample, the reagentkotard thed°NO;™ of the original (not
oxidised) sample (Knapp et al., 2005):

STRN =8TDN * ¢(TDN)/c(TRN) — B®NOs™ * ¢(NO3) + 8" *Ngjank * c(Blank)]/c(TRN)
Because of low concentrations and error propagatiencalculated standard deviationr>6TTRN
analyses ranged from 0.2 to 2.0%. with a mean vafu®9%., and the calculated mean standard
deviation for TRN concentration was 1.7 pM. Notatth>TRN was not corrected for any
contribution by ammonium. However, the only pubdd data on ammonium from the EMS
found values in the range of 40-80 nM with no majend with depth (Krom et al., 2005a). In the
same profiles the DON concentration was ~RM in deeper water, similar to the values

measured in this study. It is thus likely that maisthe isotopic signal is due to DON.

Total particulate nitrogen concentrations (PN) usgended solids and in sinking material
captured by the sediment trap (SPN) were analyfied lagh-temperature flash combustion in a
Carlo Erba NA-2500 elemental analyzer at 1100°CxéRiet al., 2000)5°N values were
determined using a Finnigan MAT 252 gas isotopesnsgectrometer coupled to an elemental
analyzer. Pure tank JN\calibrated against the reference standards Irttena Atomic Energy
Agency (IAEA)-N-1 and IAEA-N-2 was used as a wokkistandard. The within-lab standard-
deviation was found to be <0.2%. based on a se¢glicate measurements of 6 sediment samples
(Bahimann et al., 2009).
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3.3. Reaults

3.3.1. Concentrations of N-bearing compounds

The study took place in winter when the water goliat most stations was well mixed with a
thermocline situated at depths of around 100mi¢statH07 to H12 in the northern lonian Basin,
in the following abbreviated NIS, maximum water tep688 m, and station Sk01 in the northern
Aegean Sea; see Figure 3.1) to 250 m (stationseiméep lonian Basin, lerapetra and Herodotus

Basin, termed pelagic stations in the following)evalepth.

Fluorescence profiles (Figure 3.2a) show elevatadréscence (uncalibrated chlorophyll
concentrations) in the surface mixed layer typafahe winter phytoplankton bloom observed in
the EMS (Kromet al., 2003); these mixed layers were <100 meénNIS station set and at station
Sk01, and >200 m deep in pelagic stations (FiguP®)3 Concentration versus depth plots of
nitrate, phosphate, TRN and PN for all stationswshin Figure 3.3 in each of the individual
station profiles showed that the thermocline (coiest with the base of the fluorescence
increase) in all cases coincided with the nitracliBased on the criterion of nitrate concentrations
we distinguished samples above the nitraclinehémitracline, and deep-water samples below the

nitracline for each station set (Table 3.1).

Nitrate concentrations were low but measurablenenrhixed layers of both the NIS and the
pelagic stations, while phosphate concentratiomgu(Es 3.3a,b and Table 3.1) were below the
effective detection limit of the nutrient procedsiteeing used (estimated to 0j@Hol*L™) (Li et
al., 2008) TRN concentrations varied around averages ofiin6l*L* in the mixed layer of NIS
and pelagic stations, and 3Bol*L™ in the northern Aegean (Figure 3.3c and Table. PN
concentrations in the mixed layer of the NIS wemeagerage 0.5mol N*L™ (0.4 mol N*L™ in
the mixed layer of the pelagic stations, andi0rBol N*L™ in the northern Aegean) (Figure 3.3d,
Table 3.1).
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Table 3.1: Comparison of averages in water above, in and bébewnitracline for samples taken in stations of
the Northern lonian Sea (6 stations, Table 3.1g)ekgic stations (10 stations, Table 3.1b) anshatstation in
the northern Aegean Sea (Table 3.1c) in the EMBimuary/February 2007 during Meteor expedition 71-3

Table 3.1a: Average concentrations and isotopic composition/northern lonian Sea stations

Nitrate | Phosphate TRN PN &'°N nitrate | 8"0 nitrate |  8'°TRN 5PN
{pmol L™ {umol L™ {pmol LY {umol L™ (%) (%oe) (%) (%e)
mixed layer above nitracline
average 0.48 0.02 1.6 0.5 5.6 10.7 -0.2 22
sd 0.32 0.01 0.8 0.1 2.7 7.1 1.8 1.1
n 24 24 24 3 11 7 2 3
range| 0.06-0.97 | 0.01-0.04 0.6-35 0.4-06 1.0-99 3.1-21.5 -1.1-1.5 1.0-3.1
in nitraciine
average 3.65 0.1 15 n.d. 2.1 5.1 2.9 n.d.
sd 0.95 0.04 0.7 08 25 3.3
n 14 14 14 13 10 7
range| 1.75-4.45 | 0.03-0.14 0.6-3.2 1.3-3.8 2.8-9.5 -2.4-6.6
below nitrachne to fotal depth
average 4.49 0.16 1.4 0.2 20 3.2 2.4 79
sd 0.47 0.02 0.7 0.0 0.3 0.7 3.5 06
n 25 25 25 3 24 11 8 3
range| 3.53-5.09 | 0.11-0.19 0.6-3.2 0.1-0.2 1.1-2.5 2.3-44 -1.4-7.7 7.3-84
Table 3.1b: Average concentrations and isotopic composition/pelagic stations
mixed layer above nifracline
average 0.24 0.02 1.6 0.4 2.3 5.2 1.1 1.1
sd 0.26 0.01 1.1 0.1 34 0.0 1.1 05
n 57 57 56 24 3 2 2 23
range| 0.03-0.93 | 0.01-0.04 0.8-54 0.2-05 0.1-6.3 52 0.8-24 0.1-2.4
in nitraciine
average 345 0.12 1.6 0.2 1.6 5.0 3.4 7
sd 1.44 0.06 1.6 0.1 05 1.4 3.5 0.7
n 21 20 20 10 20 13 9 10
range| 0.93-5.53 | 0.02-0.21 0.6-7.0 0.1-0.3 0.6-3.3 2.8-7.2 0.6-12.2 6.0-8.1
below nitracline to fotal depth
average 477 0.18 1.3 0.1 22 38 6.7 72
sd 045 0.02 07 0.1 03 08 35 08
n 52 52 52 21 47 14 33 20
range|] 3.76-598 | 0.13-022 0.5-36 0.0-04 1.3-29 24-55 1.1-14.4 5285

Table 3.1c: Average concentrations and isotopic composition/North Aegean station

mixed layer above nitracline

average 0.33 0.02 3.3 0.5 4.1 n.d. -0.6 1.9
sd 0.31 0.01 0.3 0.0 2.6 n.d. 0.3
n 4 4 4 2 2 1 2
range| 0.07-0.67 | 0.02-0.03 3.1-36 0.5-0.6 2.2-59 1.7-2.1
in nitracline
average 227 0.1 3.6 0.2 2.0 4.4 2.8 7.7
sd 0.9 0.05 1.8 n.d. 04 2.3 0.8 n.d.
n 5 5 5 1 5 4 5 1
range| 1.28-3.53 | 0.05-0.17 2.2-66 n.d. 1.6-2.5 2.7-7.7 2.2-4.0 n.d.
below nitracline to fotal depth
average 4.7 0.23 3.6 0.1 2.3 n.d. 3.6 8.1
sd 0.11 0.01 0.8 0.0 0.1 1.3 0.3
n 3 3 3 2 3 3 2
range| 4.61-482 | 0.22-0.24 2742 0.1 2.2-24 2.1-45 7.8-83




Chapter 3

100 - 100 |

p} ~ —
E g E
s 200 £ 200 s 200
= Q - Q
[
a Q ) a
300 300 300 |
L] M71-3: HOT E é E
©  M71-3: Her03 g i :
400 S ° 400 *————————t— 400 ‘'rmermme———t"
0.2 04 06 0.8 1 2 3 4 5 0.05 0.1 0.15 0.2
Fluorescence nitrate [mmol/m3] phosphate [mmol/m3]

Figure 3.2: Profiles of fluorescence (a; arbitrary units), &igr (b) and phosphate (c) concentrations in theupp
400 m at 2 stations representative of NIS (HO7) peldgic stations (Her03) show stratification betw@&0 and
230 m water depth and indicate the biologicallyivecimixed layer. An ongoing phytoplankton bloomtire
northern lonian Sea (at station HO7) is sustaingchitrate and phosphate provided from ongoing negjio
thermocline deepening, whereas station Her03 ilits$ the mature and thick mixed layer with vesy futrient
concentrations at pelagic sites.

The intermediate water mass had average nitrateeoctmrations around 3.fmol*L™ and
average phosphate concentrations between 0.10 dfp@nol*L™; the mean N:P in the
intermediate water was around 30. TRN concentratisrere around 1.5umol N*L™ in
intermediate waters at NIS and pelagic stationd,3a6pumol N*L™ in Aegean station. The TRN
concentrations in the intermediate water mass depéinval scatter widely due to measurement
uncertainties at the low concentration levels messuPN (not determined in the intermediate
water mass of NIS stations) averaged ol N*L™ at both pelagic stations and the single

northern Aegean station.
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Concentrations of most dissolved and particulatestituents in samples below the nitracline
to total depth were more uniform than in the biataly active surface (Figure 3.3; Table 3.1):
Average nitrate (4.5 to 48mol*L™) and phosphate (0.16 to 0.@Bol*L™) concentrations over
all station sets resulted in an average N:P rdt®2@, similar to previous measurements across
the EMS (Kress and Herut, 2001). Average TRN cotraéians varied around 1@mol N*L ™ in
deep water at NIS and pelagic stations, but weesaged (average 3.mol N*L™) in the
northern Aegean. Average PN concentration was bél@umol N*L™ in all waters below the

nitracline to total depth.

The two sediment traps deployed over 216 days frebruary to September 2007 at station
lerapetra (SE of Crete, Fig. 1) monitored a tofaNSlux in the shallow trap (at 1500 m) of 5.7
mmol N m? (or 26.3 pmol N*nif*d ™) over that period, while the deep trap (at 270Ccoilected
1.4 mmol N nf (6.5 umol N*m**d™) of SPN over the samgeriod. Earlier sediment trap
deployments at the MID location (Warnken, 2003)orggd similar N fluxes in the deep traps
(MID-01, February to April 1999, 4.5 umol N*fd™; and MID-02, November 2001 to March
2002, 6.0 pmol N*n*d™); unfortunately, sampling in the shallower trajiefd during those
deployments.

3.3.2. Isotopic composition of N-bearing compounds

At all stations, the isotopic composition of N-biag species differed not only between the
mixed layer and the intermediate and deep wates@sa@-igure 3.4, Table 3.1), but also among
station sets. Mixed-layer nitrate had averd®lOs of 5.6%o, 2.3%0, and 4.1%. at NIS, pelagic,
and northern Aegean stations, respectivél*20;" was 10.7%. at NIS stations, and 5.2%. at
pelagic stations; no sample yielded a reliable evain the northern Aegean (Table 3.1).
Particulate N in the mixed layer was lo8¥PN average of all stations = 1.3+0.7%o), and TRN in
the surface layer (average TRN of all stations = 0.0+1.1%.) wasughly similar to PN in

isotopic composition.
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The average isotopic composition of nitrate in seamfrom the nitracline was similar in all
station sets:3"°NOs™ averaged 1.6 and 2.1%o in samples below the mixgers$ of the pelagic and
NIS stations, respectively, and 2.0%o in the thiikacline in the northern AegeadN'®0; of
samples from the nitracline had averages of 5.1%& (dtations), 5.0%. (pelagic stations), and
4.4%0 in the northern Aegean nitracline. Values 3TTRN and 8°PN were higher in the

thermocline samples than in the mixed layer (T&hl8.

In deep watersd'®NO; averaged between 2.0%0 and 2.3%o in the three statets, and
3N'0; was on average between 3.2%. (NIS stations) arfido 3@ pelagic sites, respectively,
and these deep water values were not statistiddfrent. Suspended matter in deep waters at all
sites had higl®*°PN averages of 7.2%o to 8.1%., wh#&TRN measurements averaged between
2.4%0 and 6.7%o over all sites. We attribute parhef high variability to measurement artefacts at
the low concentrations encountered. Samples of dedgrs below the nitracline at pelagic sites,
where a relatively large sample pool was measurad,an averag& TRN of 6.7+3.5%. (Table
3.1).

Thed"SPN of material captured by the two sediment tynsng the deployment in 2007
(MID-03) differed significantly fromd™PN of suspended matter collected by filtration @epl
water, and was essentially the same as PN fourldeirmixed layer during the expedition: The
upper trap had an averad€SPN of 0.9+0.8%o within the 216 days sampling pelib®%o flux
weighted), whereas the lower trap averag&PN was 0.8+1.0%.. This is somewhat lower than
5°SPN for the 1999 deployment (MID-0&"SPN =2.2+0.4%0), but is in agreement with data
from trap MID-02 (deployment 2001/2002) that coléetsinking particles with a me&vSPN of
1.2+0.6%0 (Warnken, 2003). Together the three dephayts cover a period from November to
October, and thus the biologically active seasanwhich we can expect the bulk of particle
transport out of the mixed layer to occur. In a posite annual cycle constructed from all three
deployments at 2700 m water depth (Figure 3.5, 8®), SPN- flux peaks in March, whereas
highest3"SPN (1.8%.) are indicated for the months of Novemded December. In general,
seasonality ird*>SPN is subdued and varies around an annual avefaj@%. with low values
from April to May (0.3-0.5%0) and higher values (#128%o) later in the year from June to

December.
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Figure 3.5: Composite seasonal diagram of SPN fluxes (squanes)s>SPN (circles) and their standard
deviations at 2600 m water depth at station lerap@4°26'N, 26°11°E, water depth 3750 m). Flusepiares,
black line and s.d. in in red) asd®SPN (circles, grey line, s.d. in blue) for thregldgment periods (MID-1:
01/30/1999 to 04/13/1999), MID-2: 11/05/2001 to@42002 and MID-3: 01/30/2007 to 09/05/2007) at@d
water depth have been assembled in a surrogatalazyule.

Table 3.2 Composite seasonal course of N-flux addN of sinking particulate matter at station MID
(lerapetra), water depth 2700 m. Data are frometlseparate and discontinuous deployment periodingtan
1999 and ending in 2007, as explained in the text.

Month Flux t1s n s%spN | £1s| n
(umol N m=2d™) (%o)

January 2.25 1.30 2 0.82 003| 2

February 3.97 2.78 6 1.26 080 7

March 4.58 2.86 6 1.17 087| 6

April 4.24 3.25 4 0.46 089| 4

May 0.71 1 0.35 045| 2

June 3.49 3.03 2 1.33 021] 3

July 0.74 0.14 2 1.19 044 | 3

August 2.25 1.30 2 1.27 034] 3
September n.d.
October n.d.

November 1.80 1 1.68 1

December 1.23 1 1.78 1
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3.4. Discussion

Table 3.3 is a compilation of inventories a3teN of different water masses in the EMS and in
different compartments of reactive N based on @iadaccording to which the mass-weighted
and depth-integrated!®N of the EMS is 2.8%.. Judging from that value, imeentory of reactive
N in the EMS is fundamentally different from thevémtories of other oceans or regional marine
systems studied so far, because the overall |6v8t> is clearly lower than elsewhere. In the
following, we will first compare our new measurertenn the individual compartments of N in
the EMS with previous data and those of other amiasuss possible reasons for the unuShal

depletion, and finally test these possible reasgasnst the isotopic evidence.

Table 3.3: Estimate of reactive N-inventories of the EMS iffetient depth intervals and mass-weighs&tN of

the different components (nitrate, particulate agén PN, and total reduced nitrogen, TRN). We daled
inventories (given in gigamol N) based on intemwvaker volumes for the EMS without Adriatic and Aagesub-
basins (R. Grimm, pers. comm., 2009) and weiffil values by average concentrations found during our
cruise. The last column is the integrated and masghted3™N over all components of reactive N for each
interval, the last line are the integrated inveie®and™N of the entire water column.

Interval volume mass interval [mass PN| interval mass interval mass weighted
(m) (km”) nitrate | weighted | (Gmol) |weighted| TRN | weighted |reactive N 5'°N all
(Gmol) | 5N (%o) 3"N (%0) | (Gmol) [ §"°N (%) | (Gmol) (%)
0-200 306200] 357 2.4 112 1.6 876 1.1 1345 1.5
200-500 365300] 1411 1.8 59 6.4 700 6.2 2171 3.3
>500] 1719000 7949 2.2 249 7.2 3510 5.2 11709 3.2
alll 23905001 9717 2.1 421 56 5086 4.6 15224 3.0

3.4.1. I sotopic composition of reactive nitrogen in sub-nitracline and deep water masses

The starting point for our discussion is the isatamposition of the large reactive nitrogen
in the deep-water pool and the depth interval betlogv nitracline and in the deep-water pool,
which integrates the isotopic signal over all intldrand external nitrate sources over the deep-
water residence time of 50-80 years (Roether et1806). Differing from the pool in surface
waters (see below), this deep nitrate pool is @otly homogeneous in the EMS. There are three
previous data sets of widely differid°NOs in deep and intermediate water masses: One group
(Sachs and Repeta, 1999) determideNO; to -0.7+0.1%. in two samples of deep water (depths
not given) from the EMS, analysed by the ammonféusion method (Sigman et al., 1997).

Another group (Struck et al., 2001), also by themamia diffusion method, gave a mean of
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7.3£2.8%0 in 6 samples of waters from between 20@na 400 m water depth. A third group
(Pantoja et al., 2002), who used the denitrifiethod, show 6 data points below 500 m in the
EMS but give a"°NO5 of 2.5+0.1%o of only 4 samples (in the text of tpablication, the mean

is given as 2.4%o).

Our data confirm thad®NOs™ of nitrate in the deep water of the EMS (averafjsamples
below 500 m) is indeed lower (2.2+0.3%o0; n=68) comepao the narrow range of 4.7 to 5.4%o for
global ocean deep-water nitrate (Sigman et al.92@hd our data set further shows that nitrate in
the LIW water mass from the base of nitraclin&® m is even mor&N-depleted (1.8+0.4%o;
n=29) (Table 3.3). Deep water nitrate in the westdlediterranean Sea hasd&NO; of 3.0
10.1%0 below 1500 m water depth (Pantoja et al.,220@hile in the adjacent NE subtropical
Atlantic Oceand™NOjs is around 5% in waters >800 m depth (Bourbonnaial.e 2009). The
residence time of deep-water nitrate in the EMSH®&en estimated to be 125 years (Mara et al.,
2009). The pool is not directly linked to deep wsateutside the EMS. It is fed mainly by
mineralisation/nitrification of particles sinkingoim the mixed layer and by preformed nitrate
downwelled during deep-water formation without sdrgent modification by denitrification. The
main nitrate sink is the LIW water mass that expaitrate to the western Mediterranean Sea at
depths between 150 and 500m. Plausible externaca®uare PHixation, atmospheric NO

deposition, and river runoff.

The comparatively small size of the deep-waterattipool in the EMS (5-fmol L™), its
relatively short residence time compared to thabtber oceans, and the I&&%°N of external
nitrate sources (runoff and atmospheric depositigimout N, fixation have an annual load-
weightedd™NO; estimated at 0.5 to 1.5%o) (Mara et al., 2009) nteahover one residence time
(~125 yrs) the deep-watst°NOs should be depressed to approachdAiO; of inputs (Mara et
al., 2009). The only data &°NO; available (also determined by the denitrifier metlamd with
the same internal standard deviation of the methmdjpuge possible systematic time-dependent
changes are those for 4 samples taken in 199%iEMS (Pantoja et al., 2002). These data had
an average of 2.5+0.1%0 below 500 m depth. Ave@gdO; in our samples taken from below
500 m water depth 8 years later is 2.2+0.3%&6@). While the difference in isotopic ratio is in
the predicted direction, the magnitude of the cleasgiot large enough to confirm the hypothesis.
We point out, however, that the interval-integrasen mass-weighted°N of reactive N in the
EMS (Table 3.3) has a gradient from lighter to heavalues with depth, and that the surface
layer, which has a much lower residence time thegpdvater (on the order of years), is within



Chapter 3

the 3"°N range of estimated external N inputs. Furtherntibecintermediate water which is being

exported from the EMS has a value (1.84£0.4%0) ctoghe external supply.

The EMS deep-water (>500 m) nitrate pool is furtheusual in that is has high8N**03
(3.7£0.9%0, N=25) than other deep-water pools invtbedd ocean (Sigman et al., 2009). In table 2
of that publication, available data for tBd'®0; of deep nitrate from a variety of other deep
oceanic environments are reported, and all arerldvé to 2.8%., except in the water depth
interval from 300 to 1500 m eastern tropical Paaifith adN*®0; of 7.0%0) than the EMS deep
nitrate pool. One previous reported value for 8%0; of deep water in the westernmost
Mediterranean Sea (Sigman et al., 2009) was 2.6%h&depth range of 1500 m to the seafloor,

and 3.1+0.1%o for a composite value of in parallelasurements of 4 samples in deep water.

A probable reason for high&N®05 in EMS deep water than in other deep ocean poais m
be that the EMS is a concentration basin wherearadipn exceeds precipitation and river runoff
(E/P+R ratio of 1.2 in winter and 1.83 in summéBp{ et al., 1996). The averad€O in water
samples deeper than 500 m is 1.43+0.18%. and 1.28%0.in the 0-500 m depth range (Pierre,
1999), and thus is around 1.4%. heavier than inrathean basins (LeGrande and Schmidt, 2006).
Based on experiments (Granger et al., 2004), itheesh suggested that nitrification does not
involve dissolved @for the required electron transfer to oxidise ;N NO, and subsequently
to NO;~ (Sigman et al., 2009).These authors argue that it is very likely tha 805 is
inherited from thed'®0 of ambient water with a positive offset of approately 2%., and the

higherdN*®05" in the EMS is in agreement with that concept.

Concentrations of TRN (predominantly DON) in EMSedeand sub-nitracline intermediate
waters are also very low compared with other emvirents (Berman and Bronk, 2003) and match
low PN concentrations (Table 1). To our knowledyedata exist o™ TRN from deep waters of
the global ocean, b@TRN in the deep (>500m) EMS is clearly higher (&%o, n=39) than
in EMS surface waters. It is also higher than i@ sabtropical (3.9+0.4%0) and equatorial NW
Atlantic (4.1+0.6%0), and the subtropical NE Atlani{2.6+£0.4%0), but in the range of values
reported from shallower depths of the subtropicaith Pacific (5.4+0.8%0) (Knapp et al., 2005;
Meador et al., 2007; Bourbonnais et al., 2009).

This*N-enriched TRN in EMS deep water coexists with mmcentrations of even motN
enriched suspended PN, whereas our sediment ttagsdggest that th&°N of material sinking

rapidly from the mixed layer is low over the entyrear and — differing from other observations
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(Altabet, 1988; Gaye-Haake et al., 2005) — is agmtdy not enriched if°N during its passage
through the water column. There was a significaarease in the flux measured at different water
depths, with the flux of particulate sinking N imet upper sediment trap being 5.7 mmol N m
over the period of 216 days, decreasing to 1.4 nnoi?at 2700 m water depth (second trap), or
to roughly 25%. This implies a loss 75% of part@atal N flux to disintegration and
remineralisation over a 1100 m water column. Beedgth the concentrations of PN and TRN in
ambient water are low, and also decrease with d@ptlare at best invariant), most of the loss
must be to ammonification and rapid nitrificatianrtitrate. In consequence, both TRN and PN in
deep water are very likely enriched residues ofemahsation, from which some lighter product
originated. Because at the same time all meso-ao&fin size classes in EMS deep waters
(Koppelmannet al, 2009) and surface sediments (Strwtkal., 2001) are also enriched, the
product with lowd™N is likely to be nitrate. The data illustrate ticient cycling of labile PN

in this ultra-oligotrophic system resulting in detgld nitrate and enriched TRN and suspended
PN.

3.4.2. Nitratein the surfacelayer: Testing the model of incomplete nitrate utilisation

The intermediate water nitrate pool provides thi lodi nitrate available for assimilation in
the euphotic zone of the EMS. The EMS is unusuahat the phytoplankton bloom takes place
over the winter period (October-March), as indidaite 2006/2007 by Chl-a concentrations from
satellites (http://reason.gsfc.nasa.gov/ OPS/Ginvacean.aqua.shtml). Soon after the seasonal
thermocline breaks down in autumn (October), notseare mixed into the surface layer. Since
the winter period in the Mediterranean typicallynsists of short periods (few days) of cold and
often wet weather interspersed with several daysvafm sunny weather, this results in an
immediate growth of phytoplankton which can be obsé by remote sensing imagery and by
fluorescence and nitrate profiles of NIS statioese(mplified in Figure 3.2). After each mixing
event, nutrients are removed from the mixed layatil all of the phosphate has been taken up
and excess nitrate remains, together with biomadsT&®N produced; sinking particles exit the
mixed layer across the pycnocline. This incomphketsimilation of nitrate has been previously
seen as a mechanism to explain BN values in sediments and suspended matter of M@ E
(Struck et al., 2001).

At all stations sampled during M71-3, there wasesgtitrate remaining in the surface mixed
layer. The average nitrate remaining in the euplmine was between 0.24 and 048, and the
actual amount of residual nitrate varied with lomatand stage of thermocline evolution. These

concentrations are similar to those found previpist the average winter residual nitrate across
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the Southern Levantine basin (0.6x@u8) (Kress and Herut, 2001). In contrast, phosphes
entirely depleted in most surface water sampleih, all values being below the detection limit for
dissolved phosphate in samples from the EMS thae Heeen preserved by freezing prior to
analysis (<20 nM) (Krom et al., 2005a). This depletof phosphate in the surface mixed layer -
while excess nitrate remained - during the winteytpplankton bloom has been used as direct
evidence that the waters of the EMS are P limikgdif et al., 1991).

If the concept of incomplete nitrate utilisatiandorrect, it requires that residual nitrate and
products of assimilation together have the origisalopic mixture of nitrate provided by mixing
(Mariotti et al., 1981). Products of assimilationthe mixed layer are those parts of PN and TRN
that are present in excess of their concentratimisw the thermocline (which were mixed up
during homogenisation), and SPN exported by sinkiadicles. If an initial mixed-layer nitrate
pool in a closed system is progressively assimilaitewill be enriched in°N (and®0) in the
course of assimilation, in analogy to the Rayledistillation process. The enrichment can be
approximated by (Mariotet al., 1981):

615NO3_residuaI: 815N03_initial+ 1%¢ X|n(f )

with f = [NOs] esiaud[NOsTiniiai, @nd % expressing the fractionation factor (in %.) between
product and substrate. Similarly, the isotopic cosifpon of instantaneous and accumulated
products at any fraction of substrate remainingh® course of assimilation can be calculated
(Mariotti et al., 1981).

1% reported in the literature is large and differs fdifferent primary

The range o
producersA recent compilation(York et al., 2007) reportSs from -16 to 6%. (negative values
meaning that'N is prefentially assimilated), but is commonlyas®d to be -5%.. Available field
and experimental data suggest equal separatiomr$éat® and % for nitrate assimilation

(Casciotti et al., 2002; Granget al., 2004; Lehmanet al., 2005).

Simplifying the EMS mixed layer to closed systenmsl aising the Rayleigh closed-system
approach, we can test if progressive assimilatichermocline nitrate matches observed isotopic
enrichment in residual nitrate and &eN of instantaneous and accumulated products (Gl
according to Mariotti et al., 1981) for pelagic axtE stations (Figure 3.6 and Table 3.4a, b). We
assume an initial nitrate concentration in the miXayer of half the concentration below the
thermocline due to mixing of essentially nitratedrsurface waters with sub-thermocline waters,
and at the nitrate isotope signature of water belevthermocline (Table 3.1) before the onset of
phytoplankton assimilation. This assumed starttogks of nitrate is similar in value to previous

estimates for the amount of nitrate mixed into acefwaters in the EMS (Kroet al., 2003).
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Figure 3.6: Plots of log-normal nitrate concentrations (X-axi@rsusd'°NO; (a) anddN'®0; (b) found in
samples in and above the nitraclines for individstation. The solid regression line in Figure $&or samples
in the northern lonian Sea (NIS) where nitrateeiplenished from thermocline deepening=(x89). In these
samples™N in nitrate is enriched in the course of ongoiiitgate assimilation with an apparent separatiomofac
1% close to -3%.. In samples from the open lonian &&hHerodotus Basin (pelagic stations), where thean
layer was thick and nitrate poor at the time of gmg, In(nitrate) and*>NO;” are uncorrelated. In Figure 6b,
the correlation between In(nitrate) aridN'®05 for NIS samples is also significanf£0.78), with an apparent

separation factof close to -5%.. There is no significant correlatinrsamples from pelagic stations and from
the northern Aegean station.
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Table 3.4: Calculation of the isotopic composition of residumtrate §'°N and '°0) and instantaneous and
accumulated products of nitrate assimilation exgetdtom Rayleigh-fractionation in closed systems=(AIS
and b = pelagic mixed layers) with starting concaitins and isotopic compositions corresponding to
thermocline nitrate from Table 1. Note that thenpiéfractionation factors®s and*® have been set to -5%o.

Results of measurements are also shown.

a)

Northern lonian Sea stations (5'°NOs;,itix=2.1%0; SN"O03initia=5.1%o)

Initial NO; | remaining [ fraction expected | expected 5'°N 5'°N
(umol L) NO; remaining 5"°NO; 8N'°0; | instanta- |accumulat
(umol L) residual | residual neous ed prod.
nitrate (%o)[nitrate (%o)|Product (%o)| expected
(%0)
1.8 0.48 0.27 8.6 11.6 3.6 -0.3
3'°NO, |found 3N'%0, | estimated | &"°TRN |[8'"°PN found| &'"°SPN
found residual | 5'°N PN+ |found (%o) (%o)  |found (%),
(%o) nitrate (%c) |DON+SPN assumed to
f d (0/ ) the same as in
oun 00/ pelagic trap
mass-
weighted*
5.6 10.7 0.7 -0.2 2.2 0.9 ()
* calculated with 4 mmol N in 4 months [Boldrin et al. , 2002]
b)
Pelagic stations (5'°NOj;itia=1.6%o; SN'®O4nitia=5.0%a)
Initial ¢ | remaining|  fraction expected | expected 3'°N 3"N
NO; (uM) |¢ NO; (uM)  remaining 5'"°NO, SN'*0, instanta- | accumulat
residual residual neous ed prod.
nitrate (%o)|nitrate (%o)[Product (%o)| expected
(%oo)
1.7 0.24 0.14 11.5 14.9 6.5 0.0
5'°NO; |found 6N'®0,| mass- 5""TRN [5"°PN found| &"°SPN
found residual | Weighted | found (%) (%)  |found (%o),
(%o) nitrate (%) | 8' N PN+ flux
DON+SPN weighted
found (%o)
2.3 5.2 1.0 1.1 1.1 0.9

Isotopic composition of substrate and products I& $ations, where the thermocline was as
yet thin (<100 m) and deepening, was roughly badnwith respect to th&®N of nitrate
supplied by thermocline mixing and products of mdsition found. However, the apparent
separation factor®s suggested by the relationship between the nafogarithm of nitrate
concentration and"°NOs is only -3%. (Figure 3.6a), whereas the appaténis close to -5%o.

The Rayleigh model predicts that by the time tI8267f the initial nitrate in the NIS mixed layer
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is assimilated into PN, SPN and TRN (such as iscdse in the average profile over all stations
there), the residual nitrate should hav&#O; of 8.6%0, which is higher than the 5.6%o found
(Table 3.4a), and &N'®0; of 11.6%o (found 10.7%o) The theoretical accumulapedducts of
nitrate assimilation (PN, TRN, SPN) should havé'3 of -0.3%.. The mass-weighted°N
found in all products (including an estimate of #maount and*°N of SPN exported from the
mixed layer based on the sediment trap data) wamdr0.7%.. The found values are similar to
those predicted by a closed system approach foNtBestations, although (as will be shown
below), the different values for the apparent safpams factors™ e and % suggest that nitrate

isotopic composition can be better described by mlsluding externally supplied N.

By contrast, the isotopic compositions in the piglagations that had a mature thermocline
and a thick nitrate-depleted mixed layer deviagmisicantly from a simple closed system: Only
14% of the initially mixed nitrate remained (TaBldb) and should have®NO; of 11.5%o, and
SN'B0O; of 14.9%0, whereas we found 2.3%o, and 5.2%., respelgt Expected accumulated and
instantaneous products should havé'aN of 0.0%. and 6.5%., respectively. While the value
found for the mass-weighted°N of products (PN, TON, SPN: 1.0%0) could be a migtof
accumulated and instantaneous products, the dewgain 3°NOs of the nitrate-poor pelagic

mixed layer clearly require an additional sourceitrfate with a lowd">NOs'.

3.4.3. Congtraintsfrom differencesin 8°NO3 and $'®NO;5’

At all stations (NIS and pelagic), a second andteel indicator for a deviation from simple
enrichment due to assimilation of thermocline néris the differential behaviour 8t°NO; and
3N*05 of residual nitrate in the mixed layer. This cobklan effect of unequal separation factors
suggested by data for NIS stations (see Figure Biff) this assumption would run counter to
available evidence (Casciotti et al., 2002; Grangeml., 2004; Lehmann et al., 2005). The
deviation from the expected 1:1 enrichment lingjiogating from the composition of nitrate at the
base of the thermocline in samples from the mixggis may expressed as a nitrate isotope

deviationA(15,18) (Sigman et al., 2005) from the dual isotopeposition of the nitrate source:

A(15,18) = 615Nmeasure0615Nsourca ‘515/ 518 x (5180measuredélsosourca

Figure 3.7 is a depth plot &f{15,18) for different station sets in the EMS otlex top 500 m
and is calculated by using the averdy®O; anddN*0; of EMS deep water a¥ Nsouceand

5"0s0urce respectively. Our data points are scarce in itrate-depleted mixed layers, but suggest
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an averagé\(15,18) of EMS mixed layer nitrate of around -3%adéboth station sets suggest a
decrease towards the sea surface. The negativesvahply an additional source with lower
&"NOj; than the residual thermocline nitrate, and sugeiéisér nitrate generation via nitrification

while nitrate in the mixed layer is being assimatitor external input of nitrate with a different

isotopic makeup than the nitrate being assimilé&gman et al.2005).
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Figure 3.7: Depth plot ofA(15,18) of nitrate for different station sets i tippper 500 m of the water column.

3.4.4. Nitrification of fixed N or recycled N

Nitrification in the presence of nitrate assimat via ammonification of particulate N and/or
DON, is the standard mechanism to cause a neg#i(i®,18). In the few oligotrophic
environments studied so far, observed negakiidb,18) have been attributed to nitrification of
comparatively light PN produced from fixation analspibly DON (Casciotti et al., 2008; Knapp
et al., 2008; Bourbonnais et al., 2009). In thesses, the isotopic composition of (in this case

“new”) nitrate is set by th&"N of fixed N (~-1%o) on the one hand, and by 880 of ambient
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seawater with a positive offset of 2%, so thatatérderiving from M fixation is added to the
mixed-layer nitrate pool with &°NOs™ of ~-1%0 anddN*?05 of ~ 2%. (Bourbonnais et al., 2009).
In the EMS with its higheb™0 of seawater, we would expect the recycled nitratddve a
5°NOj; equivalent ta&*SPN and &N*¥05;" of ~ 3.4%o.

Partitioning of ammonium released from PN to eithirification or ammonium uptake has
also been shown to cause a rangA(d5,18), because both processes have différeriSigman
et al., 2005; Wankel et al., 2006). Negat\(@5,18) in residual nitrate may ensue, becausataitr
returned from PN mineralisation via ammonium oxiolats relatively more depleted AN than
the residual nitrate pool, whereasdt80 is pegged to ambient water. Because on the btredt
ammonium uptake has a lower preference ftN than nitrification, significant ratios of
ammonium assimilation versus nitrification will c@ibiomass and thus PN to be relatively
enriched over the recycled nitrate. Because we rimdndication for enriched SPN or PN in the
mixed layers, and the sediment trap data sugge$t3RN is on annual average even more
depleted in°N than thermocline nitrate in the EMS, we beliehattassimilation of mineralised
ammonium is unlikely to play a major role as a su#te for phytoplankton growth in the EMS

mixed layer, and as a cause for negafi{5,18).

3.4.5. Input of NOx

Aside from an internal source of nitrate, there nfogsa second source that potentially causes
negativeA(15,18) in the mixed layer of the EMS, namely atptwsic inputs of NQ Two
previous studies (Knapp et al., 2008; Bourbonngial.e 2009) acknowledge (but dismiss) the
possibility that the negativ#(15,18) observed in mixed layer nitrate of thgalrophic Sargasso
Sea and subtropical NE Atlantic Ocean indicate apheric NQ inputs, which have very high
3N'0; at lowd™NO;s (Kendall, 1998). Such an input, if it is not imdietely assimilated due to
phosphate limitation, would introduce nitrate withv 3°NO;” and highd"NOs into the surface
mixed layer of the EMS. We have evidence which sgtgythat NQ inputs play a relatively
larger role in the EMS than elsewhere: Modelledrage annual total NOnputs in wet and dry
deposition to the EMS surface range between 200480dng N*n*a™ with a pronounced N-S
gradient (http://www.emep.int). An estimated 14f@8hol N*m?a™ of industrial origin are thus
supplied annually to the EMS.

The atmospheric deposition on the island of Cret@inter months of 2006/2007 had a mean
5°NO; of -2.0% (Mara et al., 2009), and likely had a HigN'®0s: 13 samples of dry
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atmospheric deposition (no rain events recordetigated on the Island of Crete during June-
September 2007 had an aver@jE®0; of 67.5+4.2%. (Mara, unpubl. data). Although thatad
set does not cover the time of predominantly weiodéion in winter, the values are within in the
range reported from other environments (Kendal98)%nd from the nearby northern Red Sea
(Wankel et al., 2009). Ther&'N values of water-soluble nitrate in aerosol sasipéaged from
—6.9%o to +1.9%0 and*°0 was found to range from 65.1%o to 84.9%o with hifl®°0 values in
the winter. The source of that nitrate were air seasderiving from the Mediterranean Sea and
western EuropéWankel et al., 2009). Thus, although only <10%itfate in the mixed layer of
the EMS may have originated from the atmosphencc®over 4 months, the effect on average
ON*0; andA(15,18) is largely due to the small amount of mitrim the mixed layer of the EMS
and the higfdN*0; of atmospheric inputs.

We used the isotopic signatures of internal (reoggland external (Nfixation and NQ)
inputs together with an estimate of N export flaxai conceptual steady-state mass and isotope
balance model to explore the effects of externaltg internally supplied N oA(15,18). The
model is the same as that used in the subtroplEat&ntic (Bourbonnais et al., 2009), and we
refer to that publication for details. We adaptee model to conditions in the EMS by choosing
appropriate boundary conditions for the thermocihieate isotopic composition (from Table 3.1)
and the N-export production in the EMS. We caladatypothetical\(15,18) for a range of input
conditions from 0-40 mmol N from Nfixation and 0-40 mmol N of recycled nitrate, taif
which acquire theidN'®0s from nitrification and thus have &N'®0; of 3.4%.. Nitrate input
from Ny-fixation needs to be 40 mmol*fa™ (>70% of the 56 mmol*ri*a™ PN export flux) to
create a\(15,18) of around —2%o; input of 40 mmol’ma’ of recycled nitrate yielded A(15,18)
of —3.6%o, which is close to the 3%. observed. Fomasumed NQinput of only 5 mmol*n¥,

which is well within the known atmospheric N@ux, the model calculates/§15,18) of —5.8%o.

A number of possible combinations of these exteamal internal sources can theoretically
result in the nitrate isotope anomaly observedha EMS mixed layer. However, our preferred
interpretation of the data is that they represemidure of regenerated nitrate and Ni@put,
because both are known to be inputs to the mixgst ia the necessary fluxes and isotopic ranges
to fully describe the changes observed. We consideificant input from N fixation unlikely for
the time of our expedition, both because we samalednter situation, and because fikation
measurements across the region sampled here waréowewhen sampled in June 2007 (lbello
et al., in press). There is ample evidence thahgmy production in the EMS is supported by
regenerated nutrients that are entrained into @oimil loop operating in surface waters (Zohary
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and Robarts, 1998; Thingstad et al., 2005). Nutrirrdgets (Ribera d"Alcala et al., 2003) and
experimental work (Thingstad and Rassoulzadega®9;1bhingstad et al., 2005) both imply that
surface productivity is to a significant extent gaged by regenerated nitrate. In addition, recent
genetic investigations suggest that ammonia-oxidiZrchaea in mesopelagic waters of the
Eastern EMS may have a central role in nitrificatad ammonium liberated from particulate N
(De Corte et al., 2009). Our data are in agreemthtthe important role of recycled nitrate, but
we again stress that atmospheric,Niputs to the EMS must be taken into account issyizased
(Krom et al., 2004) and isotope-based (Mara e2@D9) budgets of the N-cycle in the EMS.

3.4.6. IsTRN involved in N-cycling?

TRN is the largest pool or reactive N in the mixaygker and after nitrate the second largest in
the entire water column of the EMS (Table 3.3)c&ese ammonia levels are low in the EMS, the
major constituent of TRN in our samples is likedylte dissolved organic nitrogen, which is a by-
product of N-fixation or of heterotrophy in the mixed layer (Ben and Bronk, 2003). It has
been discussed as a possible substrate for phgtdpta assimilation or ammonification and
nitrification processes (Bronk et al., 2007), atsl isotopic composition should reflect TRN
cycling (Knapp et al., 2005). In a previous studyni the Sargasso Sea, the small concentration
and&DON differences between the surface and subsurfaters suggested that DON there is
recalcitrant and the data indicated only limited ND@rnover in that area (Knapp et al., 2005).
Although our data is somewhat limited, we see adref decreasing concentrations and
increasingd°TRN between surface and deep-water samples thdy iagtive participation of
TRN in reactive N turnover. Our interpretation bétsimilar trends i®™N composition of PN
and TRN (except in the intermediate water massyevber data are scarce; Tables 3.1 and 3.3)
suggest they are closely coupled, and that botteatef°N enrichment in the course of
mineralisation to producEN depleted nitrate in the deep water mass, and likesf even more
intensely in the intermediate water mass. Theseporting direct evidence of nitrification at the

nutricline based on observed nitrite peaks (Kromal €2005a).

The similarity of6*°PN andd'*TRN in the mixed layer is likely to reflect hetenaphy, where
DON is a by-product of PN recycling. The I@&’TRN found in the surface layer of the EMS is
in accord with rapid grazing and recycling of neitris during the winter bloom. At pelagic sites,
the stable seasonal thermocline had developed toriour expedition, and had caused the winter
phytoplankton bloom to cease, a condition typica#égched at NIS sites in March/April. As a
result, phytoplankton in the surface layers of BMS is N- and P-co-limited by May (Zohary et

al., 2005). According to current understandingivactirazing of small phytoplankton populations
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persisting on recycled nitrate continues in theadilayer (Krom et al., 2005a; Thingstad et al.,
2005), with the result that over time the residu#date is converted into DON. This DON may
not directly be bioavailable to the phytoplanktdnt is consumed largely by heterotrophic
bacteria (Bronk, 2002; Thingstad et al., 2005). idopic measurements have been made of PN
and DON in summer in the EMS, but we would prediet the PN and DON should be
isotopically enriched compared to values obtaimeithis study of a winter situation.

3.5. Conclusions

The total pool of reactive nitrogen (nitrate, dised total reduced nitrogen, and particulate
nitrogen) of the eastern Mediterranean Sea is wilysdepleted in°N compared to the global
ocean. This must to a large extent be due to thatisn and anti-estuarine circulation of the EMS
that prevents communication with the global deepewaitrate pool that is very homogeneous at
5°NO5 ~ 5%0/ N8035 ~2%o (Sigman et al., 2009). The low level®N of the EMS reflects the
dominance of an isotopically depleted N-sourceahee processes that enricN in nitrate of
other oceans (such as mid-water denitricationyateacting in the EMS. The lo#*°NOjs in the
deep water contrasts with hi@™N in TRN (mainly DON) and suspended PN. It is inéer that
this is due to extensive and efficient mineralmatof the rapidly sinking fresh PN (sampled in
sediment traps) in the ultra-oligotrophic systeme Wypothesize that th&°NOs in the deep
water may be decreasing with time in response eodépleted (mainly anthropogenic) external
supply of NQ, although the data set is too sparse as yet ttobelusive. The data in this study
were collected in the winter of 2006/2007, whichncaded with a typical winter bloom at the
stations in the northern lonian basin and with anugually early) mature thermocline at
maximum depth in the remaining pelagic stationantys Rayleigh-closed system approach, it
was concluded that it was not possible to expla@isotopic distribution of Ng TRN and PN
only by partial N uptake caused by the extant Rtdich phytoplankton bloom. It requires in
addition a source of isotopically distinct nitratghich may be internal (recycled nitrate) or
external (N fixation or NQ input). Possible ranges for the nitrate isotopenaaly A(15,18) in
the mixed layer calculated by a simple model ptomtards nitrification and/or a relatively small
(and realistic) contribution of atmospheric nitratgh characteristically lows™N and highd'®0
as the most likely sources of additional nitrateislknown that the EMS receives a significant
supply of anthropogenic NO which together with known recycling processes qadéely
describes the isotope distribution. These patteausd also be caused by extensivgfiXation,
but that would require high rates of diazotrophywimter, when there are insignificantly low
levels measured in the region even in summer, anddabe in conflict with our knowledge on

the amount and isotopic composition of anthropog®i@, input to the EMS.
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4. Diagenetic Control of Nitrogen I sotope Ratios in Holocene Sapropels and
Recent Sedimentsfrom the Eastern Mediterranean Sea

Abstract

The enhanced accumulation of organic matter indgas¥lediterranean sapropels and their
unusually depleted®N values have been attributed to either enhanctikntiavailability which
led to elevated primary production and carbon ssmagon or to enhanced organic matter
preservation under anoxic conditions. In order t@leate these two hypothesis we have
determined Ba/Al ratios, amino acid compositionah organic C concentrations asidN on
sinking patrticles, surface sediments, eight spwatidistributed core records of the youngest
sapropel S1 (10-6 kyr) and older sapropels (S5fr86) two locations. These data suggest that (i)
temporal and spatial variations &°N of sedimentary N are driven by different degreés
diagenesis at different sites rather than by chamgéN-sources or primary productivity and (ii)
that present day TOC export production would saffio create a sapropel like S1 under
conditions of deep-water anoxia. This implies thath enhanced TOC accumulation a¥fetN
depletion in sapropels were due to the absenceygfem in deep waters. Thus preservation plays
a major role for the accumulation of organic-rigdisnents enhanced primary production is not

needed for sapropel formation in the Mediterranean.
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4.1. Introduction

In the Eastern Mediterranean Sea (EMS) paleoceapbgr record, the ratio of stable N
isotopes®N/*N (3"°N) of organic-rich sediment layers (sapropels) béen been used to
understand mechanisms and environmental conditeading to past black shale formation in a
region which is at present an extreme nutrient tiebea commonly accepted model, recurrent
Mediterranean sapropel formation is attributed stratified water column and anoxic deep water
conditions that developed as a consequence of eatidresh water inputs (Ryan, 1972; Cita et
al., 1977; Rossignol-Strick et al., 1982; Rohlit§94; Emeis et al., 2000). The youngest sapropel
—termed S1 — formed between 9,800 and 5,700 yemrgde Lange et al., 2008) at water depths
below 400 m (Anastasakis and Stanley, 1986) witkriad deep-water anoxia everywhere below
1800 m water depth (de Lange et al., 2008). Tharsadary total organic carbon concentration
(%TOC) reaches more than 30% in some Pliocene pealsrdEmeis et al.,, 1996\nd is
approximately 2% in S1 (Murat and Got, 2000). Pneskay pelagic surface sediments have a
range of %TOC from 0.2- 0.6% only (see beloW)e higher TOC content (which is associated
with faunal, floral, and geochemical changes) girspels has been attributed to either greatly
enhanced surface productivity, which would suggedtifferent nutrient regime compared to
recent conditions (Calvert et al., 1992; Kemp et B999; Mercone et al., 2001), or to a better
preservation of organic matter under oxygen-daficleottom-water conditions at approximately
equal productivity rates (Cheddadi and Rossignotigt1995; Sachs and Repeta, 1999; Moodley
et al., 2005) or some combination of both. Basedtoichiometric calculations several authors
recently proposed that there is a causal link betwenoxia and enhanced productivity via the
enhanced recycling of phosphate from sedimentsanrkihg particles in the water column under
anoxic conditions increasing ;Nfixation (Tyrrell, 1999; Wallmann, 2003). This u&l combines
increased productivity during S1 deposition withthanced preservation (Struck et al., 2001;
Slomp et al., 2002; Arnaboldi and Meyers, 2006; Smad Weissert, 2009).

A key argument for this hypothesis are the uncharistically low values o®™N in all
sapropels, ranging from -5.1%o to 2%, whereas sudg hemipelagic sediments that are poor
in organic carbon always had&N >4%. (Milder and Montoya, 1999; Struck et al., 20Meyers
and Bernasconi, 2005; Arnaboldi and Meyers, 200685"°N in non-sapropel sediments thus are
similar to pelagic sediments world wide that rafrgen 5 to 15%. (Holmes et al., 1996; Holmes et
al., 1997; Gaye-Haake et al., 2005). Th&'SH of sediments integrate the isotopic compositibn o
the assimilated nitrate source, biological fraciton, foodweb dynamics, and isotope
fractionation during sediment diagenesis (McClallaand Valiela, 1998; Voss et al., 2005;
Altabet, 2007; Fry, 2007; Dahnke et al., 2008).aAsaleoceanographic tod:>N is widely used
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to reconstruct the reactive nitrogen regime of dlseans over geological time scales (Altabet,
2007; Farrell et al., 1995; Ganeshram et al., 2@&vin et al., 2009; Jenkyns et al., 2001;
Kuypers et al., 2004).

The fact that™N in sapropels is lower than in the hemipelagidoaates has originally been
attributed to incomplete assimilation of excessatdt from enhanced reactive N supply to the
euphotic zone by either river discharge or upwgllin(Calvert et al., 1992). Other authors
attributed massive addition of fixed nitrogen teemse P-recycling from anoxic sediments (Struck
et al., 2001), or to a compensation for nitrate llog denitrification at suboxic interfaces between
surface and deep waters (Arnaboldi and Meyers, R0DGerestingly, present-day surface
sediments, suspended matter, sinking particlesdaeg-water nitrate in the EMS all have light
&N that are similar to thé"N of sapropel S1. Assuming that this indicates ifiant N-
fixation in the modern EMS, (Sachs and Repeta, 1p8§osed that the S1-situation was similar
to the present-day situation, and that the §8W in S1 is due to the preservation of the original
3N signature of sedimenting newly fixed N. Presdoraimay play an important role because
sedimentary 8N is known to become enriched during OM degradatiesulting from
preferential loss of°’N depleted compounds (Altabet, 1996; Freudenthal. e2001; Gaye-Haake
et al., 2005). Although exact mechanisms remaimank, kinetic isotope fractionation during
protein hydrolysis (Bada et al., 1989; Silfer et 4992) and deamination (Macko and Estep,

1984) very likely cause this enrichment.

The recent EMS nutrient and productivity regime egrg to be an improbable setting for
black shale (aka sapropel) deposition, even ifgregion of OM was enhanced by anoxia. The
EMS presently has a highly oligotrophic nutriengiree where the carbon export flux (6-12 g
C*my! Bethoux, 1989) is half of that of the Sargassa. $towever, both modes of the EMS
(the modern nutrient desert and the sapropel mbdeg the strikingly lows™N values in
common: As shown in Figure 4.1, surface sedimemtthé EMS presently hav@ N-values
between 5%, and 3.5%. with an eastward decreasindiegra This is explained by either
preferential assimilation of'NO; (Struck et al., 2001) caused by an excess of teitoaer
phosphate in surface waters of the EMS (Krom e8l05), or by an eastward increasing supply
of fixed N (Pantoja et al., 2002). Although ungicently fixed Nwas the strongest candidate to
explain the low moderd™N levels, the observational evidence for significdiazotrophic N
fixation is scarce and ambiguous (Mara et al., 2088w data on th&"N of NO, input from the
atmosphere suggest that the present-day N-cyclehef EMS may recently have been
anthropogenically change@'N in nitrate in both dry and wet atmospheric defosi have

consistently negativé’>N compared to air j implying a strongly*°N-depleted atmospheric
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source that contributes >50% of external nitrafguia with a weighted annu&t®N of -3.1%o
(Mara et al., 2009). These authors propose tham#ason of the °N-depleted atmospheric
nitrate in the surface mixed layer and subsequaricte flux and mineralisation in the deep
water over the last 40-50 years accounts for thesually low§™N ratios found in deep-water
NO; without the need of any significant; Nixation. The nitrogen cycle in the EMS of today,
thus, is not likely to be in a natural state, amelgimilarity of modern and S°N values is due to
the fact that the dominant anthropogenic sourcayd@°N = -3.1%o) and the postulated,N
fixation source during S1 (-2 to 1%.; Minagawa andd&, 1986) produce similaitN depleted

sedimentarg'N values.

But what could explain the [0*°N values in S1 sediments with regard to input ardimy
of reactive N during sapropel deposition? It iseesisl that the signal encoded dfPN is not
affected by post-depositional alterations, or tegt diagenetic influence is known and can be
corrected for. Determinations of pristiB€N, not affected by early diagenetic enrichment,ehav
been achieved by analyzid{N in diatom frustules (Sigman et al., 1999), foraifieir shells (Ren
et al., 2009) and biomarkers (Sachs and Repet&)190the case of the EMS and S1, data shown
in Moodley et al. (2005) already suggested a stiwwgj-depositional enrichment &°N (by 4-
5%o) associated with continued and progressive gg@mation of the uppermost section of the S1
sapropel (“burndown”). This appears to be a peweaiature in oxic water columns (Saino and
Hattori, 1980; Altabet, 1988; Sachs and Repeta9)l9plying that diagenesis under conditions
of variable bottom-water oxygenation would mosi@esly compromise the reliability &N as
a proxy in environments with low sedimentation satech as the Mediterranean Sea (Jung et al.,
1997).

The aim of this study is to quantify the mechanisnfiiencing 8N during S1 sapropel
deposition and to identify post-depositional alera This is possible by using paired data of
3'°N, biological productivity (Ba/Al-ratios) (Dymondteal., 1992; Francois et al., 1995),
concentrations of bulk organic carbon and totalogign, as well as an index of organic matter
preservation based on amino acid composition. Todddf the isotopic signature is more related
to diagenesis/preservation or indeed reflects tiieiemt regime at the sea surface (including
sources, availability and utilization of nitrateye examined the S1 sapropel time slice at six
locations in different basins and at different watepths of the EMS. Data from sinking material
intercepted by sediment traps and surface sedinoétite EMS are also examined for the impact
of early diagenetic alterations 6PN during particle sinking and at the sediment sigfalhese
data and additional data from the Pleistocene 3b % sapropels enable us to distinguish

between time slice specific and general tendenciedie behavior o6'°N. Specifically, they
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permit us to answer the following questions8i3\ in sapropels closely linked to preservation?
Were there spatial gradientsdN during S1 sapropel times, and were these gralibetsame

as today?

4.2. Methods

Sinking particulate nitrogen (SPN) has been cadlécat the MID-stationM editerranean
lerapetraDeep) by sediment traps during three periods cogédhree to seven months from early
1999 to summer 2007. The traps used in this stughg Wic Lane Mark VII and Kiel K/IMT 234
type with a collection area of 0.5 m2. Samplingmals varied between 3.5 and 14 days, and the
traps were deployed in water depths between 1588d2720 m. Detailed information about trap

position, depth and sampling intervals is giveiaile 4.1.
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Figure 4.1: Sampling sites in the Eastern Mediterranean Seaeldots: Sediment cores; Triangle: lerapetra
Deep sediment traps and multicores; small dotfasersediment samples. The color shading'il (%o) in
surface sediments based on this study and Strugk €001). The map is produced by using Oceaa Naw
(Schlitzer, 2009).

Sediment samples were taken during Meteor cruiseM, M 44/4, M 51/3 as well as RV
Minerva AD91 cruise (Giunta et al., 2003) and RVgAe cruise (Triantaphyllou et al., 2009) as
multicores and gravity cores. ODP 971C is an Od&alfing Program core recovered during Leg
160. Further details are given in Table 4.2. Gocations and the sediment trap deployments are

shown in Figure 4.1, superimposed are contoursesfgnt-day surface sedim@ntN in %o.
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Table 4.1: Sediment trap moorings in the lerapetra Deep: Bositvater depth, sampling depth, deployment
period and trap type.

Mooring Longitude Latitude Water depthSampling depth Deployment period Trap type

(°E) (°N) (m) (m) dd.mm.yy
MID 01 26.1792  34.4317 3750 2720 30.01.99 - 1394.Mark VII
MID 02 26.1900 34.4417 3600 2560 05.11.01 - 01D4.0Mark VII
MID 03 SH 26.1930 34.4438 3620 1508 30.01.07 - 22.08.07  Nd#rk
MID 03 DP 26.1930  34.4438 3620 2689 30.01.07 - 22.08.07 KiEIT 234

Table 4.2: Sediment sampling locations and sample types: Mutticore, GC = Gravity Core, ODP = Ocean
Drilling Program Core.

Cruise Core Core type Long. (°E) Lat. (°N) Watentthe(m)
M 51/3 # 562 MC 19.191 32.774 1390
M 51/3 # 563 MC 23.499 33.718 1881
M 51/3 # 569 MC 32.576 33.452 1294
M 51/3 SL 152 GC 24.611 40.087 978
M 40/4 SL 67 GC 27.296 34.814 2158
M 40/4 SL71 GC 23.194 34.811 2788
M 44/4 MC 284 MC 26.097 34.415 4263
M 44/4 MC 285 MC 26.179 34.432 3702
RV Ageo NS 14 GC 27.047 36.725 505
RV Minerva AD 91-17 GC 18.586 40.870 844
ODP 160 ODP 971C ODP 24.683 33.717 2141

4.2.1. Analytical methods: organic carbon and nitrogen

Total carbon, organic carbon and total nitrogenenmeasured in duplicate by a Carlo Erba
1500 CNS Analyser (Milan, Italy). The precisiontbfs method is 0.01% for total carbon and
0.002% for nitrogen. Organic carbon was analyséer a&émoval of CaC®by 1N hydrochloric
acid (three times) with a precision of 0.02%.

4.2.2. Stable nitrogen isotopic ratio (6*°N)

The ratio of the two stable isotopes of nitrogeN(N) is expressed as'°N after
determining the abundance of the two isotopesnmpézs (after combustion and reduction of NO
to Np) by mass spectrometry:

R~ R 15
615N (%0) — ( sample standard) * 1000 R — - N
N

standard

4.1)
The standard is atmospherig, Mefined a$*>N = 0%o.
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3'°N values were determined using a Finnigan MAT 258 igotope mass spectrometer after
high-temperature flash combustion in a Carlo Er#a2800 elemental analyzer at 1100°C. Pure
tank N, calibrated against the reference standards IAERA-&id IAEA-N-2 of the International
Atomic Energy Agency and a sediment standard wed as a working standa®t™N is given as
the per mil deviation from the N-isotope compositad atmospheric N Analytical precision was
better than 0.1%. based on replicate measurementsa akference standard. Duplicate
measurements of samples resulted in a mean stadeetion of 0.19%o..

4.2.3. Amino acids

Total hydrolysable amino acids were analysed witBiachrom 30 Amino Acid Analyser
after hydrolysis of 3-40 mg of sediments with 6 ICIHor 22 hours at 110°C. After separation
with a cation exchange resin, the individual monmmveere detected fluorometrically. Duplicate
analysis according to this method results in atikegaerror of 4% for total amino acids. Further
analytical details are given elsewhere (Jennergatthittekkot, 1999; Lahajnar et al., 2007) .

Ratios and indices derived from the monomeric ihigtion of amino acid are used to estimate
the state of organic matter decomposition. Theatiggion index DI statistically evaluates relative
abundances of the 14 most common proteinogenicaagids (Dauwe et al., 1999). The data
matrix used for a principal component analysis Wesamino acid composition of 28 samples,
representing a wide range of environmental set@mgsdegradation states from living plankton to
Pleistocene sediments. First axis factor scorewatefrom this analysis were taken as the DI
(Dauwe et al., 1999). To apply this index to outadats, the molar percentages of individual

amino acids were inserted as;vato the following formula:

vari — AVG vari
STDvar

o3|

}* faccoef
4.2)
where the deviation of the molar percentage of @acimo acid from an average value (AVG) is
multiplied by an individual coefficient (fac.coe®\VG, fac.coef and STD (standard deviation) are
those given in the original publication (Dauwe ket 8999). The sum of all operations yields the
DI of a given sample. Typical DI values range fr@nm well preserved samples (e.g. fresh OM

and sapropels) to -1.5 in highly degraded sediments
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4.2.4. X-ray fluorescence

Concentrations of aluminum and barium were analyzedused (600 mg of sample diluted
with 3600 mg of lithium tetraborate) discs in antcmoated x-ray fluorescence spectrometer
MagixPRO (Panalytical) that is equipped with a Rio@de. Loss on ignition was determined at
110°C and at 1000°C. Concentrations of major aadetrelements were calculated based on a
calibration against international standards. RatioBa/Al were calculated as weight ratios of the
elements barium and aluminum in the samples.

4.3. Results
4.3.1. Sediment traps

Mean fluxes of TOC and TN in the sediment trapkeedpetra mooring MID varied between
0.57 and 0.81 mg*iftd® TOC (0.06 to 0.08 mg*iftd™> TN) in the deep traps and 3.57
mg*m?d™ TOC in the shallow trap (0.37 mg*ftd™ TN) and followed the decrease of total flux
(Table 4.3) during particle sinking in the watefuron. On the other hand®N, TOC% and DI
show no depth dependenddean values 08N in SPN are between 0.76 and 2.17%. (Table 4.3)
whereas TOC contents and DI range from 2.50 ta%2.@6d from -0.21 to 0.32, respectively.

Table 4.3: Sediment trap moorings in the lerapetra Deep: Medues of5™°N, DI, TOC and total flux.

Mooring 3N DI TOC Total flux
(%0) (%) (mg*ni**d™)
MID 01 2.17 -0.21 2.67 24.64
MID 02 1.19 -0.01 2.76 44.38
MID 03 SH 0.90 0.32 2.50 178.54
MID 03 DP 0.76 0.21 2.52 44.27

4.3.2. Surface sediments

The 8N values of surface sediments are between 3.5 @%b FFigure 4.1, Table 4.4) and
thus are significantly enriched over the sinkingtenal intercepted by the sediment traps.
However, the general level éf°N is low in comparison to values reported for otBarface
sediments overlain by oxygenated deep waters (Hokheal., 1996; Holmes et al., 1997; Gaye-
Haake et al., 2005). Low TOC contents (0.26 to @&yand poor preservation reflected by DI
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values that range from -0.99 to 0.47 are charatieffior the hemipelagic, well oxygenated open

marine sediments of the EMS.

Table4.4: §"°N, DI and TOC values of recent surface sedimentsedisas from S1, S5 and S6 sapropel interval
(Y = estimated valued;= mean values of entire sapropel).

Time
Core equivalent 3N (%o) DI TOC (%)
# 562 5.00 -0.47 0.26
# 563 4,50 -0.71 0.40
# 569 3.50 -0.48 0.36
SL 152 recent surface 4.30 -0.99 0.75
SL 67 sediments 4.40 -0.79 0.44
SL71 5.00 -0.64 0.45
NS 14 3.99 n.a. n.a.
AD 91-17 4.3 n.a. n.a.
# 562 1.74 0.62 1.74
# 563 0.52 n.a. 1.94
# 569 1.34 0.70 1.64
SL 152 S1 saprop@l 2.81 0.24 1.37
SL 67 1.25 n.a. n.a.
SL71 1.57 0.96 2.29
NS 14 2.3 0.46 0.86
AD 91-17 3.56 n.a. n.a.
SL71 S5 saprop@l -1.01 2.33 7.11
ODP 971C -0.69 2.43 4.47
SL71 S6 saprop@l 0.17 2.00 2.8

4.3.3. Downcore variations

The insert in Figure 4.2 displays DI asdN in the upper 10 cm of two multicores retrieved
from the lerapetra Deep close to the trap locati&wth cores show a downward enrichment in
3'°N, which is most pronounced in the uppermost 1.5(kI@ 284 from 2.3 to 4.8%0; MC 285
from 3.5 to 4.6%0) and which goes in concert with iaorease in amino acid degradation.
Downcore plots of analytical results for multico#®69 from Eratosthenes Seamount in the
eastern Levantine Basin that includes the S1 avenrshin Figure 4.3a. The %TOC ranges from
1.2 to 2.0% between 22 and 30 cm core depth ancaites the extant sapropel S1 (dark shaded).
Above S1, %TOC ranges from 0.18 to 0.37%, belownw®&Imeasured 0.58 to 0.76% in the so-
called protosapropel (McCoy, 1974; Anastasakis Siaghley, 1984). A high Ba/Al ratio (seen as
the strongest argument for elevated productivityirduS1 formation) (Thomson et al., 1999),
outlines the original extent of the sapropel inefl-bhaped maximum centered at 22 cm. In the
interval from 13 - 22 cm core depth, divergencéafAl and TOC curves marks the burndown

zone above the visible S1 (light shaded), wheremdeavd progression of oxygen eradicated the
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high TOC concentrations, but did not affect Ba/Ah¢mson et al., 1995). The DI curve follows
that of TOC contents and displays a well presersagropel (DI = 0.4 to 0.9); OM is highly
degraded above the sapropel and especially soenbtiindown zone (-1.7 to -0.5). In the
protosapropel, organic matter is less preserved ithdahe sapropel directly above (DI = -0.2 to
-0.1). Thed™N pattern is a mirror image of %TOC and DI curvathwalues between 4 and 5%o
above the sapropel (an exception is the low vafug %%o. of surface sediment), relatively light
3'°N (0.6 to 2%o) in the sapropel, and intermediateueal (2.6 to 3.3%o) in the proto-sapropel.
Cores #562 and #563 (Figure 3.3b and 3.3c) shove moless the same patterns in %TGEN
and Ba/Al as core #569 and confirm it as typicarapgles of sapropel S1.
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2 3 4 5 6 2 3 4 5 6
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Figure4.2: 5'°N vs. degradation index (DI) in cores MC 284/28%nirlerapetra Deep and mean values from
MID sediment traps. Insert: High resolution recooéi8'N and DI of multicores MC 284 and MC 285.

Mean values 08™°N, DI, TOC for the S1 sapropel at the eight loaagiexamined and for the
recent surface sediments at these sites are irsteable 4.4 (see Table 4.2 for locations and water
depths). Averagé™N in the S1 range from 0.52%. in core #563 to 3.56%ore AD 91-17. The
DI indicates best preservation of amino acids ireceL 71 south of Crete (DI 0.96) and poorest

preservation in SL 152 in the northern Aegean 3&a0(24). %TOC in S1 ranges from an
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average of 0.96% in NS 14 (Aegean Sea) to 2.29%4.iii1. Unfortunately, DI and TOC data are
not available for S1 in core SL 67, and DI datalaoking for cores AD91-17 and #563. The S5
(deposited after 127 kyr) and S6 sapropels (degmbsifter 176 kyr) from cores SL 71 and ODP
971 C (Table 4.4) have highest organic carbon aaratons (2.8 to 7.1%) and best amino acid
preservation, where@$®N is most depleted in these two older sapro@i(= 0.17 to -1.01%o).

4.4. Discussion

Although the modern N-cycle of the EMS may not ba inatural state due to anthropogenic
inputs of atmospheric nitrate that currently dortesaexternal N-inputs (Mara et al., 2009), this
reactive N has &N of approximately -3%. (Mara et al., 2009) and tigisery similar to fixed N
(-2 to 1%0; Minagawa and Wada, 1986) that most yikeds been the prevailing N source to the
EMS in pre-industrial times (Sachs and Repeta, 19%Bis coincidence in thé"N of the
dominant N source is fortuitous, but it permitstaisrack the effects of diagenesis from the water

column to the sediment record.
4.4.1. Alteration of amino acids and &°N in the water column and in surface sediments

Enrichment o8N during sinking of particles through an oxygenateates with increasing
water depth and at oxygenated sea floors is weallMinfrom other studies. Surface sediments
commonly show an enrichment of 3- 4%. over matdnahe oceanic mixed layer and sinking
particles (Altabet, 1996; Gaye-Haake et al., 2008}reasingd'°N together with progressive
amino acid degradation in the two multicores froemapetra Deep (Figure 4.2) illustrate an
enrichment of sedimentary*°N during early diagenesis in the uppermost cm (Whg still
affected by sea water) as observed in the Eastdamt& (Freudenthal et al., 2001). A plot of
3N vs. DI (Figure 4.2) highlights the close relaship betwee®™N and degradation state for
sinking material (mean values and ranges from krafDeep sediment trap long term moorings
MID 01 — 03) and sediments. The linear regressidrr (0.85) for the entire data set is highly
significant and indicates an enrichment of 3 to #%8"°N during OM decomposition from the
water column to the sediment in the modern EMSn&uaced differences in preservation and
relative OM content are not evident between shallow deep traps, contrasting with differences
between traps and surface sediments. This imgiesdegradation during particle sinking in the
water column (few days or weeks) has a much smafifect than degradation at the oxic seafloor,
where organic matter is exposed for decades andrees due to low sedimentation and sealing

rates. The observed decrease in total flux (the teg captured only one quarter of the shallow
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trap) thus reflects disaggregation and disintegnatf sinking material without compound-

specific fractionation.

4.4.2. Therecord of S1

The systematic variations in OM preservation @tN in the modern EMS help us to
interpret the3™N record of core #569 (Figure 4.3a). A plot of Rrsuss™N for samples from
this core (Figure 4.4) again indicates a highlyedin relationship between tté°N and OM
preservation. The well preserved and isotopicatlpleted sapropel S1 (core interval from 22 to
31 cm) defines one end of a slope at good presenvatate and low*N that ends with strongly
degraded and®N enriched (burndown and post sapropel) sedimehtieoupper core section.
Recent surface sedimerf@- 1 cm) and the protosapropel are moderately epved and
moderately enriched i8°N. In this plot, average values from sediment tragierial plot close to
protosapropel and sapropel samples. This implias tie '°N of primary produced organic
matter probably was similar during sapropel depwsias today because data from sediment traps
show that relatively fresh OM sinking through thater column today has an isotopic signature
similar to that of sapropels. This has already beestulated by (Sachs and Repeta, 1999), but
possibly for the wrong reason: TI°N today is determined by atmospheric nitrate inputs

whereas the S1 inputs must have begfixation.

What is most important is the fact that major temapfluctuations in the core record appear
to be largely controlled by OM preservation (asi¢ated by the DI) and not by reactive N
sources:™>N enrichment in sedimentary N unambiguously ocassan enrichment dfN in
residual OM during progressive mineralization (amification) in the sediment as shown by the
insert in Figure 4.4. This matches experimentatiente of changes N in algal material
exposed to oxic degradation (Lehmann et al., 2008 sapropel deposited during anoxic
conditions at the seafloor or in the water colunefoty 1800 m water depth (de Lange et al.,
2008), when decay was inhibited, retaineddl of primary production. The protosapropel that
developed under suboxic conditions is slightly delgd and slightly enriched B1°N over the
sapropel base level. TIéN of the burn-down zone above the visible saprapiginally must
have been equally low as in the visible sapropebleaame enriched during re-oxygenation of the
sediment. Interestingly, recent sinking materiahirsediment traps is somewhat more degraded
and enriched in°N in comparison to the material in the S1 saprofiemay not reflect the
original 3*°N of primary produced OM because the traps samglingepths of 1508 to 2720 m

intercept material that has already been slightlyrdded and thus isotopically enriched.
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Figure4.4: "N vs. DI in core #569 and mean values from MID swit traps. Inser&™N vs. N (%) in core
#569. Residual N becomes isotopically enrichedmgdurémineralization. Surface sediments and protogeg
are marked in both plots.

Can the data help to reconstruct 8@ of primary produced OM in pre-industrial times,. i
between the S1 sapropel and the recent sedimdatsiuhat may be contaminated with 0On
core #569, the pre-industrial interval (from 1 t® dm) has3®N values between 4 and 5%o.
According to the slope @&"°N versus DI (Figure 4.4) and extrapolating to wekserved OM (DI
between 0.5 and 1.0), we reconstruct an origifM of 0 to 2% in fresh OM produced at that
time, even though the modern atmospheric sourcenstiyet in operation. This requires that
either (1) nitrogen fixation was significant in thee-industrial EMS or that (2) other isotopically
sources with lowd™N, such as terrestrial/riverine N, were the majguits. We speculate that the
EMS has been N-limited since millennia, and N-fi@atoccurred regardless of sapropel stages or
“normal” stages until the J0century. During the last decades, atmospherictinpfiindustrial
NOy replaced N-fixation as an N-source in a smoothsiteon — and the EMS became P-limited
due to excess external N loads. Because N-fixaimhNQ both result ir5*>N depleted OM, the
transition is not visible in the core record. Omaild argue that downcore enrichment'iN in
several EMS core tops (MC 284, MC 285, #562, #5683 #569)reflects the transition to the
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more depleted source of reactive N. However, thaukaneous increase of amino acid

degradation strongly suggests that the enrichmest bre due to diagenesis.

4.4.3. Spatial gradientsduring the S1 sapropel time dice

Comparing the mean values&fN in S1 sapropels at eight locations in the EMSaghthat
3'°N is not spatially homogeneous during the S1 sagrimeslice; this is in contrast with records
for S5 (Struck et al., 2001) that all originatednfr deep basins. Five cores from the Levantine
Basin and the lonian Sea (M40-4 67, M40-4 71 and18%62, 563 and 569) are relatively more
depleted if°N compared to nearshore locations in the Adriatit ia the Aegean Sea (AD 91-17,
NS 14 and SL 152). In line with the hypotheses idated above, we also attribute this gradient
to preservational effects: The northern Meditereansub-basins have been suboxic, but not
anoxic, during S1 deposition, as is indicated bynthie foraminiferal assemblages and
abundances (Kuhnt et al., 2008; Kuhnt et al., 2088mewhat highed™N, less well preserved
amino acids, and lower %TOC than in S1 from thepdeasins probably result from stronger
degradation during particle settling through thibcstc water column and at the suboxic seafloor.
Averaged™N and DI values of samples from the S1 time slioseft Figure 4.5) follow the same
linear relationship between OM preservation ancbgén isotope composition as was found for
recent samples from lerapetra Deep (MC 284, MC 285, 01 — 03) and the paleo record from
Eratosthenes Seamount (M51-3 #569). But even itrdred is highly linear, some influence of
different nitrate sources/utilization may be preés@&xtremely™N depleted OM in cores from the
deep basins may have been contributed mainly byg@h fixing cyanobacteria, whereas
locations closer to land may have been more infladrby terrestrial/riverine OM inputs that are
somewhat less depleted’iN (0 to 5%., Mayer et al., 2002; Voss et al., 2008)ssibly due to the
dominant atmospheric source today, recent Eastexditbtranean surface sediments display a
more or less homogeneous patterr5i™N without pronounced gradients from open marine to

nearshore environments or from north to south Fsgere 4.1).
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Figure4.5: 5N vs. DI for S1, S5 and S6 sapropels, core #56%érEastern Mediterranean surface samples.
Mean values.

4.4.4. The S5 and S6 sapropel

The older sapropels S6 and in particular the S% leaen higher organic carbon contents,
better preservation of amino acids, low&N values, and greater thickness than the S1 saprope
and 8N and DI for these layers in cores ODP 971C and7S$lextend the linear relationship
between preservation adN (Figure 4.5). This implies a similar isotopic ségure of primary
produced PN for all sapropels, and also suggesis tfre PN produced during S5 was
uncharacteristically depleted (< -1%o). As in sugfaediments and S1, the differences between
the sapropels must be due to differences in orgaaiter preservation that may have been caused
by variable degrees of anoxia during depositiore @apth of the oxycline and hence the oxygen
exposure time of the sinking material has beerabéifor each sapropel interval as indicated by
biomarker records. For the S5 sapropel (which less$ preservation and lowesfN), molecular
fossils of anaerobic, photolithotrophic green sulptbacteria Chlorobiacieae) evidence a
relatively shallow oxic/anoxic interface at 150 300 m water depth (Rohling et al., 2006),
whereas during S1 sapropel deposition the intetiasébeen at ~1800 m (de Lange et al., 2008).
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4.4.5. Alternative explanations for *°N depletion in sapropels

The negative3™N in S5 is unusual even if Mixation and/or incomplete nitrate utilization
occurred, and we speculate that another sours®tafpically light nitrogen may have contributed
to sedimentary N: Recent studies in the Black &&&h is permanently anoxic at depth and thus
may be a suitable analogue for the S5 situatiadhenEMS, revealed that appreciable amounts of
depleted particulate N must be produced by chemtaphic bacteria at the transition from
suboxic to anoxic waters (Fry et al., 1991; Cobaldix et al., 2006). This production is sustained
by either assimilation of ammonia (Fry et al., 198@ban-Yildiz et al., 2006) or may derive from
chemoautotrophic fixation of N(McCarthy et al.,, 2007; Fuchsman et al., 2008) &h@
(Westley et al.,, 2006) that has been released lbytrifieation or anammox. Water column
profiles of suspended orgarét&N (SPON) (Coban-Yildiz et al., 2006) show a slightrichment
from ca. 4%o in the upper mixed layer to up to 8%that oxycline, as expected during early stages
of OM decomposition in an oxygenated water coluBalow the oxycline in the Black Sea,
however,3"°N values shift dramatically to extremely depletelues (-8%.) at the top of the
anoxic water body. A simultaneous increase in tlhssrof total SPON implies thN-depleted
OM must be newly produced. This was attributed ¢avly produced OM by the biomass of
chemoautotrophic bacteria utilizing IyHas their dominant N source (Coban-Yildiz et abQ&).
Estimated fractionation factors for bacterial amraoassimilation are between 11 and 14%o
(Hoch et al., 1992; Voss et al., 1997), explainthg extremely lows*N values of bacterial
biomass.

A second mechanism leading to negatd/&N in S5 may have been the fixation GN
depleted M and NO that was released by dentrification and anamrmaxunusual isotopomeric
composition of MO in the suboxic zone of the Black Sea suggested ttmere has been
consumption and hence assimilation of depleted Hstigy et al., 2006), and,Mxation has been
observed in samples from the suboxic water layenduncubation experiments (McCarthy et al.,
2007).

Considering the recent Black Sea as an analogeoEMS in its sapropel mode (i.e. anoxic
deepwater, stratification, reduced surface watkniga low N values, TOC-rich sediments), it
appears plausible that similar processes also mwatat the redox boundary in mid-water during
sapropel S5 formation. The extremely I6W values in the S5 sapropel and as low as -5%o in
older Pliocene sapropels (Arnaboldi and Meyers,620fre difficult to explain by either N
fixation from cyanobacteria or by the preferentiptake of*“N-NO;s as a result of N® excess
alone, but instead suggest a highly fractionatingalthway such as chemoautotrophic JNH

assimilation.
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Interestingly,5°N values of recent deep Black Sea sediments (2R&srhke, 1999) are in the
high range of Mediterranean sapropels (-5 to 3%bkle Teason may lie in the fact that main
sources of bioavailable N in the Black Sea areegtrial and riverine inputs (McCarthy et al.,
2007), whereas fixation of atmospheri¢ probably was the main N-source during times of

sapropel formation in the Mediterranean Sea.

4.4.6. Higher than modern productivity during S1 deposition?

There is a long-standing debate on whether TOClemént in Mediterranean sapropels may
be solely due to better preservation under anogEpdater conditions, or whether it requires
enhanced primary production (Howell and Thunel@2;9Cheddadi and Rossignol-Strick, 1995).
When comparing reconstructed TOC accumulation rateke S1 sapropel with TOC fluxes in
the sediment traps, we found that the modern flabes would indeed suffice to produce a
sapropel under appropriate preservation conditiSegiment traps recorded a TOC-flux of 207 to
294 mg*m*y™ in the deeper traps, and 1300 m¢*y*in the shallow trap. On the other hand,
the TOC accumulation rate for the S1 sapropel oé &569 is roughly 450 mg*fty*, which
agrees with accumulation rates calculated forgelaset of S1 by de Lange et al. (2008). Not only
is the accumulation rate similar, but also %TOGiaking material is in the range known from
the S1 sapropel (see Table 4.3 and Table 4.4)EMt® was suboxic in waters deeper than 400 m
(Anastasakis and Stanley, 1986) and anoxic beld@® b8 during S1 time (de Lange et al., 2008).
Assuming a distinctly reduced or even inhibited ajeof OM under anoxic conditions, and
considering that OM in the traps has been alreayratled during passage of the oxic water
column, present-day export production in the EMSiMuffice to create an S1 sapropel of the

correctd™N.

Enhanced primary productivity during S1 has mabégn inferred from elevated Ba/Al ratios
(Thomson et al., 1999; de Lange et al., 2008), ahethe formation and enrichment of barite
crystals occurs in predominantly siliceous detrithging particle sinking through the water
column (Bishop, 1988; Dymond et al., 1992; Franastisal., 1995), and newly formed barite
crystals are imbedded in a matrix of organic phasicin line with our findings 08N and TOC
we consider it possible that the accumulation afgbhnic barium in sapropels may also be
controlled by OM preservation. During particle djgeegation, intense OM remineralization and
cell lysis during particle sinking in the water eoin under normal oligotrophic conditions, barite
crystals become exposed to and dissolve in sea {@ébairs et al., 1980; Dehairs et al., 1990).
This affects more than 70 % of the particulate B& fn the recent Southern Atlantic Ocean
(Dehairs et al., 1980). On the other hand, if ONeégs degraded and remineralized during passage
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through a suboxic or anoxic water column where Gdday is inhibited, barite is shielded in more
or less intact detritus and accumulates in higaktive amounts in the sediments. This may have
been the case during Mediterranean sapropel foomand may explain the high Ba contents
without the need of enhanced organic carbon fltesta

In the oxidized upper part of S1, however, Ba cotre¢ions are decoupled from organic
carbon. Whereas OM is respired to £@nd NH" during diagenesis, elevated barium
concentrations remain as a relatively inert tralconer OM rich layers (Thomson et al., 1995)

that outline the original extent of sapropels.

4.5. Conclusions

We have shown that variations&PN in Eastern Mediterranean sediment records aselylo
tied to OM preservation and do not reflect theapat composition of the reactive nitrogen source
or nitrate utilisation. Diazotrophic nitrogen fixan very likely has been the dominant N source at
least during the Holocene and probably since theis@lcene — regardless of whether the
Mediterranean Sea was in sapropel or non-sapropeénspatial patterns 51°N of S1 can also
be attributed to variable degrees of OM presematilme to differences in water column
oxygenation at different sites. TOC accumulatiadesan long-term sediment trap moorings from
the EMS are the same as those calculated for salp®dp so that present day primary production
levels would be sufficient to create a S1 analodeurconditions of deep water anoxia. The
strongest argument for elevated organic carbon rexjoxes from the ocean surface during
sapropel times are elevated Ba/Al records, whicdp ahay be affected by water column

oxygenation.
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5. Influence of Diagenesis on Sedimentary 8™°N in the Arabian Sea Over the
Last 130 kyr

Abstract

We determined the ratio of stable nitrogen isotopes N/**N (5°N) and amino acid
composition in coeva sediments from Ocean Drilling Program (ODP) Hole 722 B in the
central Arabian Sea and from Hole 724 C situated on the Oman Margin in the western
Arabian Sea coastal upwelling area. The records span the last 130 kyr and include two glacial-
interglacial cycles. These new data are used in conjunction with data available for surface
sediments and other cores from the northern and eastern Arabian Sea to explore spatial
variations in the isotopic signal and to evaluate effects of water depth, sedimentation rates and
oxygen content at the sea floor on the isotopic signal. All core records have similar patterns
through time, but different average values for 5'°N at each core location. All records show a
positive correlation of §*°N and with an amino-acid derived Reactivity Index (RI; Jennerjahn
and Ittekkot, 1997) that indicates the relative degradation state of organic matter. The data
confirm that changes in the isotopic source signal of nitrate, commonly attributed to variations
in the intensity of denitrification in the regional mid-water oxygen minimum zone (OM2),
covary with enhanced productivity, but also with enhanced organic matter preservation.
Different accumulation rates of the cores apparently have minor effect on amino acid
reactivity and 8"°N. Hence, parallel but offset trends in "N and the RI at the different core
locations through time are interpreted to reflect the isotopic signature of source nitrate; these
original 8*°N are altered during early diagenetic degradation of N-bearing organic matter and
can be normalized by using the RI. An evaluation of two preservation indexes based on amino
acid composition (RI and the Degradation Index, DI; Dauwe et al., 1999) in both recent
sediments and core samples suggests that the RI is more suitable than the DI in estimating the
state of organic matter degradation in older sediments.
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5.1. Introduction

The isotope ratid®N/**N in sediment records, expressed&hl, is a commonly used proxy to
reconstruct changes in the oceanic nitrogen cyuwleta evaluate past ocean productivity (Farrell
et al., 1995; Ganeshram et al., 2002; Altabet, R0URe 3'°N of sediments reflects nitrogen
sources (dissolved inorganic nitrogen, DIN) (Swegersnd Kaplan, 1980), as well as
transformation processes in the ocean that caosepis fractionation during cycling of nitrogen
(Altabet, 2006). Nitrate - the major DIN speciebas an averag&N value of about 5.0+0.5%o
in deep waters of the modern global ocean (Sigmah,e2000), which may have been different
in the geological past in response to differentre@wand sink terms (Brandes and Devol, 2002;
Deutsch et al., 2004). Nitrate in modern intermedliaater masses has more variable isotopic
signatures than the deep reservoir which can be tdudenitrification in oxygen-depleted
subsurface waters that enriches the residual aitrat®N up to above 15%. (e.g., Naqvi et al.,
1998; Voss et al., 2001; Thunell et al., 2004)oothe more recently discovered anammox process
that probably also enriches residi@O; (Ward et al., 2009). Assimilation of such an eneid
source entering the euphotic zone lead¥ i values of particulate organic matter and sedisment
far above 5%0 (Naqvi et al., 1998; Altabet et aB99a; Voss et al., 2001). Isotopically depleted
3N values, on the other hand, often occur in sedisevith a strong imprint of relatively
pristine terrestrial nitrogen supply (Gaye-Haakalet2005; Voss et al., 2005) or in areas gf N
fixation, which regionally or seasonally introduakepleteds™N that has the isotopic signal of air
(~0%o; Mariotti, 1984; Karl et al., 2002).

Isotopic fractionation during biological DIN uptalaso has an effect G3t°N of sediments.
Lateral gradients 08™°N in particulate N assimilated from an isotopicatigmogeneous DIN
source are caused by “Rayleigh’-type fractionatidaring progressive DIN uptake by
phytoplankton. The initial products are isotopigalepleted over the nitrate pool, whereas later
products are enriched over the original substratalfet and Francois, 1994). This process can
explain increases @N in sediments with increasing distance from nitrsburces such as river
mouths and upwelling areas (Holmes et al., 199¢hd®iin et al., 2005). Incomplete nitrate
utilization has been invoked to explain varydigN in sedimentary archives (Calvert et al., 1992;
Farrell et al., 1995).

Due to the short residence time of nitrogen in dlcean, the nitrogen cycle responds to
perturbations on very short time-scales (Tyrrefi9d, Deutsch et al., 2004). VariationsdtN
values in late Quaternary sediment records of ttebi&dn Sea have been interpreted as signals of

a response of the nitrogen cycle to climatic ostdhs. Climatic changes led to changes in ocean
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circulation and induce changes in denitrificatiates, assimilation rates, nutrient limitations, or
nitrogen fixation (Suthhof et al., 2001; Altabeta¢t 2002; Ganeshram et al., 2002).

However, quantitative reconstructions of the globalregional N-cycles from geological
records are generally hampered by early diagematicprinting of the originat>N/**N ratio.
Offsets ind"°N by 3-5%. between particles in the water column smdace sediments have been
observed in open ocean sediments (Francois €i982; Francois et al., 1997; Gaye-Haake et al.,
2005) and have been related to the intensity ofattgion as reflected in the reactivity of amino
acid (AA) mixtures in sediments (Gaye-Haake et2005). Although exact mechanisms remain
unknown, kinetic isotope fractionation during piotéydrolysis (Bada et al., 1989; Silfer et al.,
1992) and deamination (Macko and Estep, 1984)]tieguin the preferential loss dfN depleted

compounds during organic matter (OM) degradatieny \ikely causes this enrichment.

Decomposition of particulate OM in aquatic enviramts follows different pathways and
occurs in various steps. The main controlling fesctare water column oxygenation, duration of
particle sinking as a consequence of water depdiparticle size as well as the sealing efficiency
driven by sedimentation rates (e.g., Miller and sSud979; Libes, 1992) that influence the
residence time of OM at the sediment water intexfac contrast, sedimentary degradation after
burial in the sediment is mediated by other miabbssemblages/communities than in the water
column and, depending on the depth of burial ampiestration time, by kinetic/thermal decay
ending in catagenesis (e.g., Tissot and Welte, 19@flexes of organic matter quality derived
from AA composition, such as the Reactivity Indek(Rennerjahn and Ittekkot, 1997) and the
Degradation Index DI (Dauwe et al., 1999), are wepesto degradation of OM in the water
column and at the sediment water interface and b&ea been used to estimate organic matter
quality (e.g., Unger et al., 2005; Kaiser and Benr909); the extent to which they are
overprinted by late-stage diagenesis upon buriahdwseveral thousand years after sedimentation

has not been studied.

Our aim is to quantify diagenetic influences oniseuhtary 5*°N. We investigate surface
sediments that were deposited in a wide range eémdepths and oxygen contents in bottom
waters, and sediment cores with variable sedimentattes over the last 130 kyr from the
Arabian Sea. The main goal of our study is to g@apbtential influences on sedimentaii’N
other than source nitra8®N composition to permit an unbiased reconstruatibnitrate isotopic
composition in this key area of the global N-cy(Mdtabet et al., 2002). For this we produced
paired data 08™°N and of indices of organic matter degradation daseAA composition (Cowie
and Hedges, 1992; Jennerjahn and Ittekkot, 199uwBaand Middelburg, 1998; Dauwe et al.,
1999). To test the two indexes RI and DI for suiigbin studies of OM degradation over
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geological periods we use statistical methods da daamino acid composition in samples from
ODP cores 722 B and 724 C and derive an indexctijatures OM degradation in sediment cores

better than previously used indexes.
5.2. Study Sites

The data set of 46 surface sediments from the AraBea north of 15° N and deeper than 250
m water depth published by Gaye-Haake et al. (2e®0%ur basis for estimating the effects of
water depth and bottom-water oxygen contents oh thet degradation of amino acids &ifeN.
Oxygen contents in deep waters were interpolatedh® sampling sites from the climatology of
Gouretski and Koltermann (2004).

20°N

15°N

Ocean Data View

55°E 60°E 65°E 70°E 75°E

Figure5.1: Oxygen concentrations (ml/l) in bottom water of fkrabian Sea (Gouretsky and Koltermann, 2004)
and locations of sites referred to in the textsThiap is produced by using Ocean Data View (Sehn|i2009).
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New data were raised from 2 Ocean Drilling Prog{@DP) Sites (722 B and 724 C) in the
western Arabian Sea; additional core data are foomes 111 KL, NAST and EAST in the
northern and central Arabian Sea (Suthhof et @D12lvanova et al., 2003) (Figure 5.1 and Table
5.1). Site 722 is located on the Owen Ridge at @ma@epth of 2028 m (16°37’N; 059°48'E), i.e.
below the oxygen minimum zone of the Arabian Seae B low detrital and biogenic particle
fluxes in this offshore setting, the bulk sedimaotumulation rates (BAR) calculated from linear
sedimentation rates (based on the age model addterminations of dry-bulk densities given in
Prell et al. (1989)) on the Owen Ridge are lowantlat the Oman margin Site 724. Site 724 is
located on the upper slope of the Oman margin atater depth of about 600 m (18°17'N;
057°28’E), i.e. within the oxygen minimum layer.dB®aents at Site 724 have higher organic
carbon contents as well as higher accumulatiors redenpared to those at Site 722. Age models
for Holes 722 B and 724 C are based on oxygen psosiratigraphies of Clemens and Prell
(1991) and Zahn and Pedersen (1991) and have logestesd to visually fit the high-resolution
&"N record in core NAST.

Core NAST was taken in the northern central Aral8ea at 19°59.9'N and 065°41.0’'E from
a water depth of 3170 m; core EAST was raised 283.5’'N and 068°34.9’'E at 3820 m water
depth. Further details on these two cores are giv&uthhof et al. (2001), Ivanova et al. (2003)
and Guptha et al. (2005)*N of the NAST core older than 60 ky and the erfifeST core are
published here for the first time. The Pakistangmacore 111 KL was retrieved from 23°05.8'N
and 066°29.0’E at a water depth of 775 m and wasrded in Suthhof et al. (2001).

Table5.1: Geographical position, water depth, and bottom matggenation (BWO) as well as examined depth
interval (downcore from seafloor in m) and time igglent (kyr) of examined cores.

Core Latitude Longitude  Bottom depth Core length  m@&iinterval BWO
CN) CE) (m) (m) (kyr) (mifl)
ODP 722 B 16°37 059°48' 2028 5.23 7.1-130.1 2.78
ODP 724 C 18°17 057°28' 603 12.26 5.6- 143.9 0.18
111KL 23°06' 066°29' 775 14.00 5.3-60.8 0.09
EAST 15°36' 068°35' 3820 5.00 0.2-132.9 3.39
NAST 20°00' 065°41 3170 5.60 0.1-132.8 2.89
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5.3. Methods

5.3.1. Organic carbon and nitrogen

Total carbon and nitrogen were measured by a (Gatba elemental analyser 1500 (Milan,
Italy). The precision of this method is 0.2% forrlman and 0.02% for nitrogen. Carbonate
percentages were determined by a Wosthoff Carmpbgéa(Bochum, Germany). The relative
error of carbonate analyses is 1%. Total organibara (TOC) was calculated as the difference

between total and carbonate carbon.
5.3.2. Stable nitrogen isotopic ratio (6*°N)

The ratio of the two stable isotopes of nitrogeN(N) is expressed as8™N after
determining the abundance of the two isotopesrmpsas (after combustion and reduction of NO
to N,) by mass spectrometry:

5" *Nsampie(%o0) = (ReampiéRstandaral)¥1000  REN/YN
(5.1)

The standard is atmospherig (§°N = 0%o).
3'°N values were determined using a Finnigan MAT 258 ggotope mass spectrometer after
high-temperature flash combustion in a Carlo Er#a2800 elemental analyzer at 1100°C. Pure
tank N, calibrated against the reference standards IAERA-&hd IAEA-N-2 of the International
Atomic Energy Agency as well as a sediment standlaatl was used as a working standard.
Analytical precision was better than 0.1%. basedreplicate measurements of a reference
standard. Duplicate measurements of samples rdsulta mean standard deviation of 0.19%o
(Bahlmann et al., 2009).

5.3.3. Amino acids

Total hydrolysable AA were analysed with a Biochr@d@ Amino Acid Analyser after
hydrolysis of 30-40 mg of sediments with 6 N HGl 82 hours at 110°C. After separation with a
cation exchange resin, the individual monomers wee¢ected fluorometrically. Duplicate
analysis according to this method results in atikeaerror of 4% for total AA. A list of AAs
analyzed and the abbreviations used is given ineTal2. Further analytical details are given by
Jennerjahn and Ittekkot (1999).
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Table 5.2: Amino acids analyzed in this study, their abbreeiz and occurrence in indexes. DI = Degradation
Index; Rl = Reactivity Index; PCA = Principal Compmt Analysis.

Protein amino acids Abbrev.DI RI PCA
cysteic acid Cya X
taurine Tau X
aspartic acid Asp X X
threonine Thr X X
serine Ser X X
glutamic acid Glu X X
glycine Gly X X
alanine Ala X X
valine Val X X
methionine Met X X
iso-leucine lle X X
leucine Leu X X
tyrosine Tyr X X X
phenylalanine Phe X X X
histidine His X X
tryptophane Trp X
lysine Lys X
arginine Arg X X

Non-protein amino acids

ornithine Orn X
B-alanine B-Ala X X
y-aminobutyric acid y-Aba X X

Ratios and indices derived from the monomeric ihstion of AA are used to estimate the state

of AA degradation:

Reactivity Index (RI)

The aromatic AAs tyrosine (Tyr) and phenylalaniRé€) are concentrated in cell plasma and
are therefore most labile during cell lysis andayeprocesses (Hecky et al., 1973). Non-protein
B-alanine p-Ala) andy-aminobutyric acidy-Aba) occur only in trace amounts in living tisdue
become enriched as metabolic end-members duringpbiat decay (Cowie and Hedges, 1992).
Hence, the ratio of aromatic to non-protein AA%(RI) reflects the relative degradation state of

OM (Jennerjahn and Ittekkot, 1997):

Tyr + Phe

RI =
B-Ala+y-Aba

(5.2)
Poorest OM preservation is indicated by valuesectos0; living marine plankton ranges between
4 and 6 (Jennerjahn and Ittekkot, 1997).
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Degradation Index (DI)

The DI (Dauwe et al.,, 1999) statistically evaluatetative abundances of the 14 most
common protein AAs (see Table 5.2). Dauwe et &899} used the AA composition of 28
samples, representing a wide range of environmesetitihgs and degradation state from living
plankton to Pleistocene sediments, as the dataxatra principal component analysis (PCA).
The first PC factor scores derived from the analysere considered to be the DI. To apply this
index to other datasets, the molar percentagesdofidual AAs have to be inserted as;vato

the following formula:

DI= )

vari — AVG var,
STDvari

}*faccoef

(5.3)
where the deviation of the molar percentage of ed8hfrom an average value (AVG) is
multiplied by an individual coefficient (fac.coeA\VG, fac.coef and STD (standard deviation) are
given by Dauwe et al. (1999). The sum of all operat yields the DI of a given sample; higher
values indicate better preservation than lowere&lT his approach has been successfully applied
to determine different stages of early OM decontpmsiin aquatic environments (e.g. Ingalls et
al., 2003; Gaye-Haake et al., 2005).

5.4. Results

5.4.1. Surface sediments

RI and DI show the same patterns in surface sedsrmri the DI was used for the same data
set by Gaye-Haake et al. (2005) to study the mraltiip between organic matter preservation and
the 5°N. Here we use the RI as it is more applicablectoes studies (see below) and correlate it
with 8N, water depths, and oxygen in deep waters foisétef 46 surface sediments from the
earlier study of Gaye-Haake et al. (2005). The Rkignificantly negatively correlated at the
99.9% significance level with both water depth<r0.82) (Figure 5.2a) and oxygen in bottom
waters (f = 0.61) (Figure 5.2c). Also, the correlation &N with both water depth (r 2 =0.67)
(Figure 5.2b) and oxygen (r? = 0.65) (Figure 5.2 statistically significant at the 99.9% level.

Similar correlations can be obtained by using the D
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Figure 5.2: Amino acid Reactivity Index (RI) and"N (%o) vs. water depth and bottom water oxygenation
(ml/l) in a set of 46 surface sediments. RI/ watepth (a) 3*°N/ water depth (b), RI/ bottom water oxygenation
(c), "N/ bottom water oxygenation (d)*°N/ RI (e), water depth/ bottom water oxygenation (f
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5.4.2. Coredata

The TOC contents at ODP Site 722 are between On3ftei older core section and 1.3% for
the youngest samples of an age of about 7 kyr.l Tattangen ranges between 0.03 and 0.14%.
The accumulation rate at this site varied betwebrafd 13.5 g*cri*kyr * over the last 130 kyr,
and the entire sequence analyzed has been depaositked oxygenated bottom water. The RI
ranges between 0.6 and 2.0 (Figure 5.3) and ireficabor to moderate preservation of amino
acids. Thes™N values are between 5.5 and 9.0%o (Figure 5.3)danaot vary systematically with
either sediment accumulation rates or isotopic estagundaries. Organic carbon contents in
sediments of Site 724 are between 0.1% and 2.7%haisdare higher than at Site 722 in the core
section younger than about 50 kyr and similar tte Si22 in the older core sections. TN
concentrations are between 0.03 and 0.3% &N values between 3.8 and 8.0%.. Amino acid
concentrations are between 0.2 and 5.6 thgrgl track variations in TOC concentrations. The RI
varies between 1.3 and 3.6 (Figure 5.3), indicathaglerate to good preservation. Two values in
RI are considered to be outliers (1.29 in Mariredpe Stage (MIS) 1 and 3.34 in MIS 3) and are
excluded in later correlations. As in samples dé Si22, there is no systematic relationship of
3N with either sediment accumulation rates or isistepage boundaries. The averagN over
the last 130 kyr is 5.5%0 compared to 7.2%. at SRE.7This offset of 1.7%. is more or less
uniform through time between the two locations,hwéixceptional phases in the Holocene and
during MIS 3 whers™N at Site 724 varies with large amplitude and & levels at the two

sites converge.

Variations ind*N through time in NAST, EAST and 111 KL are verygar to those of ODP
722 B and 724 C series (Figure 5.&)N ranges from 5.4%0 (NAST) and 5.7%o (EAST) up to
10.6%0 and 10.2%o, respectively, so that the ampdisudf change are similar to that of 724 C, but
at a higher level of enrichment1fN. Core 111 KL (Suthhof et al., 2001) only covere tast 60
kyr; here, at the Pakistan continental margti\ varies between 4.2 and 9.8%.
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Influences on sedimentady®N in the Arabian Sea

5.4.3. Comparison of amino acid indexesin the core studies

DI and RI diverge in samples from ODP 722 B (naivgh) and 724 C from the Oman Margin
(Figure 5.5). While the RI traces tB&N record, the relationship betwedtN and the DI is
ambiguous: The DI indicates the poorest presemvatiothe youngest samples, followed by a
continuous downcore increase towards a supposedligripreservation in the oldest samples. To
obtain independent biogeochemical indicators toddia set created here, we carried out a PCA
on amino acid data of core 722 B and 724 C usiegntble-% values of all 21 individual AAs
analyzed (Table 5.2). The PCA yielded two factofgl@ning about 55% of the total variance.
The scores of the first factor plotted versus degtbw an exponential downcore increase,
whereas the scores of the second factor oscillatericert with thé*N record (Figure 5.6). This
parallel trend ind™°N and the second factor score of AA data is evidertioth data sets, but
whereas the correlation is highly significant (e ©9% level) for samples from 724 C, it is not in
722 B.

DI
-0.5 0.0 0.5 1.0 1.5
O I 1 | | 0
. s,
20 A F 20
40 A r 40
60 - 60
5 B
> <
2 go 80 &
< <
100 A F 100
120 A r 120
140 A r 140
T T T T T

T
10 15 20 25 30 35 40
RI

Figure5.5: AA derived Degradation Index (DI) and Reactivitylex (RI) in ODP core 724 C show little
congruence in indication. For both indices highedues indicate better preservation than lower v&alue
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Figure 5.6: Variations in second PC factor scores (left plot)A® PCA are similar to millennial scale
oscillations ind**N (mid plot) and Ba/Al (data from Leuschner ancb8io, 2003; right plot).

5.5. Discussion

5.5.1. Applicability of amino acid indexesin sediment cores

The fact that the RI and DI are comparable in s@rfsediments but diverge in core profiles
suggests that degradation processes differ depgnolin sediment age. Whereas microbial
degradation processes and subsequent physicaba@igredominate in the water column and at
the sediment water interface, long-term abioticpsses (related to temperature, equilibrium- and
kinetic processes) in sediment cores alter the Amposition in a different way. Glycine (Gly)
and Threonine (Thr) are enriched during water coluegradation as a result of their initially
high concentration in cell walls, preferentiallycamulating in a more resistant OM fraction (Lee
and Cronin, 1984). For this reason, their enrichmsnan indicator of OM degradation as
expressed in the DI. During degradation in the reedt column, when proteins are further
degraded and monomers are incorporated into gemgody these two AAs are depleted relative
to bulk AA content (Figure 5.7, Thr not shown). @e other hand, Phe and Glutamic acid (Glu)

(concentrated in cell plasma; Hecky et al., 19&8)dtto be depleted during degradation in the
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water column and in surface sediments as a consequs cell break-down (Lee and Cronin,
1984), but are relatively enriched downcore (Figuig Glu not shown).

Gly (mole %)

Figure 5.7: Molar percentages of protein AA
glycine (Gly) and phenylalanine (Phe) in ODP
core 724 C. Relative abundance of both amino
acids due to depth and time is opposite as
expected from water column decay processes.

20 A

40 -

100 H

120

140 -

25 3.0 35 4.0 45 5.0 5.5
Phe (mole %)

The relative abundance of Gly is schematically showFigure 5.8: after initial enrichment in
the water column, its relative contribution to tofeA rapidly decreases in the sediments. This
may reflect preferential degradation by microbebzirig AAs of low molecular weight, so that
larger AAs (such as Phe) may be relatively enrictreer Gly in the course of degradation. The
later stage diagenetic effects are not capturettidypl. The index was derived from a broad suite
of surface sediments of different sedimentation pratuctivity regimes, but only few older
sediments from cores, mostly sapropels and tudsdibauwe et al., 1999) that possibly do not
represent undisturbed and continuous sedimentagyadation. This explains why the state of
degradation in sediments that have undergone daowrdiagenesis may be not well reflected in
the DI; in our assessment, the DI is less apple#abicharacterize the state of degradation in the

sediment sequence from Hole 724 C.
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Glycine

relative total
mole % mg/g sediment

microbial decay
and physical segregation

water column

(Hecky et al., 1973;
Lee and Cronin, 1984,
Dauwe and Middelburg, 1998)

sea floor - ‘
sedimentary,
fast microbial / decay

(This study)
sediment

sedimentary
slow microbial decay
and katagenesis

Figure 5.8: Schematic of Gly decay from the water column todkeper sediment. In the water column and at
the sediment-water interface, Gly (as a cell wahstituent) becomes relatively enriched in a meoabls OM
fraction. In the sediment Gly is rapidly consumegdblenthic microorganisms due to its easy metabidizaand
high availability. Further decay in the deeper swtit is achieved by slow microbial uptake and kategis.

Advanced degradation also affects the AAs usedh®RI equation. In the water column the
non-protein AAsB-Ala andy-Aba are relatively enriched over the aromatic Atsch has been
explained by the fact that non-protein AAs are eaitimot utilizable for metabolism or are
decarboxylation products of aspartic acid and @&spectively, and are therefore accumulating
during diagenesis (Lee and Cronin, 1982). Non-jmoAé\s are thus enriched over the most labile
aromatic AAs Tyr and Phe (Jennerjahn and Ittekk687). In our cores, both non-protein and
total aromatic AAs show significant downcore ennant relative to the other AAs. Tyr and Phe,

however, behave very differently. Whereas Phe ydte as much enriched #sAla andy-Aba,
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Tyr gets depleted close to the detection limit. Shprocesses evidently lead to a conservation of
the RI originally achieved after degradation in thater column and at the sediment water
interface. As the RI of both ODP cores is correlatéth thed™N record (see Section 5.5.4.) and
with the Ba/Al record (as a proxy for paleoprodutyi or preservation) from core KL 70
(Leuschner and Sirocko, 2003) located close toG2Rigure 5.6) we consider this indicator to be
more suitable for organic matter preservation @ water column and in surface sediments than
the DI, which appears to be overprinted by latgestdM degradation in sediment cores. In other
core studies, however, the DI appears to be rofilisapter 4) highlighting the significance of

environment specific conditions on decay processes.

5.5.2. The relationship between organic matter preservation and 8*°N: Influence of water

depth, bottom water oxygen concentrations and sediment accumulation rates

The paired data on AA preservation (RI) aitN of 46 surface sediments (Figures 5.2 a-f)
suggest a significant influence of water depth axyben concentrations on the degradation state
of organic matter and the N-isotope composition sefliments. This may reflect protein
degradation during passage of fresh organic mtitteugh the water column and at the sediment
water interface where the degradation rates are (fgnjo et al., 1982; Cole et al., 1987). Recent
deep-sea sediments deposited in an oxic environraeeal the largestN increase over sinking
particles (3-4%o; Francois et al., 1992; Francoialgt1997; Altabet et al., 1999a), wheré&\
in sediments from suboxic continental margins oimgrease by <1%. (Holmes et al., 2002;
Thunell et al., 2004; Gaye-Haake et al., 2005).

The change in organic matter composition with iasheg water depth may reflect an
interplay of processes that are related to thenltst to the coast. Near coastal environments are
characterized by higher productivity, shorter foduains and higher export production than
pelagic environments (Eppley and Peterson, 1978 dllochthonous supply of detritus from
land further enhances sedimentation and mass adatiomurates and thus promotes a relatively
fast sealing of organic matter in the sediment tedtices the period of intensive degradation at
the sediment-water boundary. Higher sinking speiedisiced by higher total fluxes and mineral
ballast, also reduce the time for degradation & water column (Sirocko and Ittekkot, 1992).
More distal environments in contrast have lowemgay production and bulk sedimentation rates
that are usually located in areas with a deepeem@tlumn. The decreasing productivity and
increasing degradation contribute to a gradiendrgmnic matter flux away from land and with
increasing water depth (for a detailed discussiwluding parts of this dataset see Suthhof et al.
(2000)). This general tendency is strengthened hey dpecific situation in the Arabian Sea.

Bottom water oxygen concentrations are lowest whieeeOMZ impinges on the shelf and slope.
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This additional effect of low oxygen levels furthenhances organic matter preservation at
relatively shallow water depths and amplifies tifeecences in composition between shallow and
deep stations.

A comparison of averag&N for the last 60 kyr between cores 722 B, 72411, KL, NAST
and EAST implies a slight increase with water degthverging to &N value of about 8%o
below 3000 m depth (Figure 5.9).

12
a Qgo M B
=]
101 T Qo 0 " (] g
a o _ o o
) aF a
F 5] Bgtfo ‘ﬂa oo ° . *
= NAST EAST
Z (n I m] ® 722B
w ® 111 KL
61 724C
® 1 1
.l I
T T T T
0 1000 2000 3000 4000

Water depth (m)

Figure 5.9: Averages'®N (%o) of the study sites over the last 60 kyr verawater depth. Squares: recent surface
sediments. Both datasets shbiN enrichment due to increasing water depth.

In agreement with our findings on surface sedimemésinterpret the increase in averageN
of cores with water depth as a result of (i) inseghbottom water oxygenation from the slope to
the deep sea; (ii) effects related to the distdrara land such as gradients in sedimentation rates
and primary production; and (iii) early diagenediterations related to the duration of particle
passage through the oxic water column. In contcaBichevin et al. (2007) our data do not reveal
a negative correlation of average sedimentatiogsrand the arithmetic mean&PN which may
be due to the much smaller range of sedimentatitgsrin our data set. Similarly, we do not find
a very significant relationship between sedimen@il and RI with bulk accumulation rates
(BAR) over core records at ODP sites 722 B and C3#igure 5.3). This may also be due to a
small range of BAR so that sealing effects on oigaratter preservation may be masked by other

processes having a much stronger imprintStiN. Oxygen concentrations may probably have
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been more important for organic matter preservatiorthe sediment record, similar to the

findings in surface sediments (see above).
5.5.3. Other reasonsfor different 8°N values among the cores

A comparison of thé"N record of 724 C with the deep-sea cores NASTEAST shows a
constant offset of 2.4%. iB*°N (as seen in surface sediments) over much of teddne and late
Pleistocene record (Figures 5.3 and 5.4). ¥fid values analyzed in core 722 B also correspond
very well to those at stations NAST and EAST, véthnilar values a6™N minima and slightly
lower (1.5 to 2.5%0) for the maxima at these sitatile offsets between the deep-sea cores may
result from different intensities in early diageisess discussed above. Generally, values of 722 B
are intermediate between the slope (111 KL, 724@&) deep-sea cores (EAST, NAST). The
smaller amplitude i'°N can be attributed to sedimentary winnowing effetiat discriminate
smaller grain sizes (that usually are rich in OMg do its elevated position on the Owen Ridge.

Recent studies indicate that t8&NO; of subsurface nitrate of the Arabian Sea is ~%.5
(Altabet et al., 1999b; Nagel et al., in prep.) andyenerally homogenous in the entire basin.
While cores 722 B, EAST and NAST have significdnttuations in5™N in sediments older than
80 kyr and track the insolation record and mill@hscale climatic fluctuations, the Oman Margin
record of Site 724 C displays uniformly low valudhe generally loweB™N in core 724 C
compared to present-day nitrate and the other carewvell as the uniformly depleted values in
the lower part of core 724 C (Figure 5.4), can Rplaned by isotopic fractionation due to
incomplete nitrate assimilation since the locai®situated in the Oman coastal upwelling zone

where nitrate is seldom exhausted.
5.5.4. Variations of denitrification and organic matter preservation over thelast 130 kyr

Millenial scale oscillations 03*°N in the core records (Figures 5.3 and 5.4) confisults of
earlier investigations on the same cores (Altabel.e1999b; Higginson and Altabet, 2004), and
are similar to other records from the region (Adthlkt al., 1995; 2002; Suthhof et al., 2001).
Because of insufficient temporal resolution ouradset aliases high-frequency variability seen in
other records - but clearly elevaté’N characterize interglacial periods, whereas BWN
prevails during glacial periods and shorter coolpeyiods such as the Younger Dryas and
Heinrich events. This general pattern has beeibatttd to changes in denitrification intensity
which affects the isotopic composition of sourceate (Altabet et al., 1995Higher productivity
during enhanced monsoon-driven upwelling in conjionc with reduced ventilation of the

intermediate water masses is thought to have iffiithghe oxygen minimum zone, expanding
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the area and amount of denitrification, and thisimg thes'°N of sub-euphotic zone nitrate due
to a more intense denitrification (Altabet et 4995). Assimilation of this enriched nitrate pool
upon upwelling or after convection resulted in gaiig higher 5'°N values of sediments

deposited during warm climatic stages. Temporaktian in 5°N in sediment cores thus mainly

reflects changes in the Arabian Sea nitrogen irorgr{Altabet et al., 1995).
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Figure 5.10: 8"°N (%) in comparison with amino acid reactivity (Rf) samples of Holes 722 B (n=51), Hole
724 C (n=58), 111 KL (n=52) (Suthhof et al., 200d)rface sediments (n=46) and sediment traps (me&n
values). The shaded rectangle indicates the rexdrsturfaces™NO; of 7 to 7.5%.. Note that Rl anél®N are
positively correlated in core records but negativerrelated in surface sediments.

Exactly the same temporal patterns are eviderttarsecond factor score of amino acid PCA
and in the RI of core 724 C as well as in the Bag&lord of core 74 KL (Figure 5.6). Together,
the data imply that denitrification intensity (adN of nitrate at the base of the mixed layer) is
closely coupled to higher primary production (prbrg substrate organic matter) and/or organic
matter preservation. In consequence, the relatipnsh3™N and the RI in core samples is
opposite to the trend in surface samples - betegegpvation of organic matter is accompanied by
enricheds™N (Figure 5.10). The same positive relationship'iN and Rl also characterizes core
111 KL from the oxygen-deficient Pakistan margirviemnment (Suthhof et al., 2001) (Figure
5.10). Because the RI in surface sediments incseasth decreasing bottom water oxygen

concentrations, the positive correlation betw&EN and RI found for each individual core seems
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to reflect changes in source nitrate compositicthenrathan in degradation. We interpret the
positive correlation of Rl and™N as a result of residual nitrate enrichment™ due to the
intensity of denitrification. At the same time peestion becomes enhanced as a consequence of
contemporaneous oxygen limitation and higher pynpaoduction. Although the individual data
sets show some scatter, the regression lines ah&3'°N for the three cores (Figure 5.10) have
approximately the same slopes determined by sauticge isotopic composition, which in turn is
determined by denitrification intensity. The offsdietween the three regression lines may be
caused by either differences in preservation athexdegree of nutrient utilization at the three
locations (see above). Highés$tN and RI of the core records are in the range bfesaof recent
surface sediments and represent phases of intengefitation.

The values for Rl and*N in material from sediment traps (Figure 5.10)eext the trend of
surface sediments to fresh OM and are in the sangeras the intersection of the slope of recent

PN (surface sediments and traps) withdh#l of subsurface N
5.5.5. Estimating sour ce nitrate isotopic composition

According to our considerations about processesmiwalulate spatial and temporal patterns
in the3'N and RI of sediments in the Arabian Sea we sugbestollowing schematic summary
(Figure 5.11): (1) Thé™N of source nitrate is determined by the inteneftylenitrification and
nutrient utilization in the euphotic zone, as vaalby external inputs. This N is transferred into
the particulate organic matter pool by assimilatiBpatial differences in particulate and settling
organic matte6™N within the basin are produced when nutrientsiacempletely utilized. (2)
There is a systematic relationship between thengiy of water column denitrification that
determines thé™N of source nitrate and the preservation of orgamatter in the core record of
the recent geological history. This is reflectecty typically positive correlation éf°N and the
AA-derived biogeochemical indicator RI. (3) Diagéneenrichment of the origina™N of the
assimilated nitrate increases with water depthtobotwater oxygenation and other basin effects,

as indicated by a negative correlation of the RI&AN in surface sediments.
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Figure 5.11: Schematic interpretation of the relationship betgesedimentar*>N and RI in the Arabian Sea
as shown in figure 10: External sources, the irtgrsf denitrification and the degree of NQassimilation
determine the general setting &°N (1). Water column denitrification leads to anienment in*°N and
contemporaneous better preservation (2). Duringessive OM decay (expressed by decrease in5RY
becomes enriched (3). The offset between the daatredv “water column denitrification (2)” and thelisl
“sediment record” represents the early diageneticckment of the examined sediment cores.

In earlier studies the proportion of diageneticigmment on sedimentar§*>N has been
quantified by analyzing th&"N preserved in diatom frustules (Sigman et al.,9)9fbraminifer
shells (Ren et al., 2009) and biomarkers resistadiagenesis (Sachs and Repeta, 1999). Here we
suggest a reconstruction of the pristine diagealiyinion alterecs'*N under the assumption of a
linear relationship betweerN enrichment and OM degradation as reflected inodMposition.
The diagenetic increase (labelled 3 in Figure 5depicts the relative trends caused by different
processes that affedt°N and RI as seen in surface sediments. This disigeoiéset should be
applicable to any other time slice in core recdrds the Arabian Sea. Assuming that the slope
of the regression has not changed significantlynvey use théN-RI correlation obtained for
surface sediments (Figure 5.10) to reconstructié of primary produced OM: Eadi®N value
(6"Nsampid is corrected by the slope 6f°N vs. RI in surface sediment8"{N= -0.67 RI =
Msurtsed. Figure 5.10) to an assumed RI value before dietieenrichment 08'°N (Rlorigina) by

the equation:

8:le\loriginal = 815Nsamp|e+ (rnsurf.sed*ARIoriginal-samplé
(5.4)
According to the intersection of surface sedimeanis sediment traps slope with %éN of 7

to 7.5%0 in recent subsurface B@e assign the RI of newly produced, isotopicalby raltered
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OM to ~ 5 (Figure 5.10, arrow). This value is inogoagreement with data for living marine
plankton from Jennerjahn and Ittekkot (1997).

The main uncertainty of this reconstruction is #ssumption that the slope of the &N
regression has been stable over the geologicariisf study carried out on recent sediments
from the South China Sea suggests that the sldpssssteep under more oligotrophic conditions
(Gaye et al., 2009).

Age (kyr)

Figure 5.12: Reconstructed™N record for
primary produced OM in cores 722 B (gray
dashed) and 724 C (black). Compare to
Figure 3, right plot. The reconstructed
records show significant lower values and
records converge by 0.5%. on average.

8"°N (%o)

Despite these uncertainties we reconstructed #supred pre-diagene¢™N of cores 724 C
and 722 B that generally have loweTN values, but larger amplitudes than the uncortktitee
series (Figure 5.12). The means of reconstrugtéd-records converge by 0.5%. and values are
almost the same during phases of intense denitific. The calculated'N for isotopically
enriched interstadial sediments remain in a smaitder of magnitude as recent N@maximum
6.9%o in both cores). However, for sediments depdsituring glacial stages and Younger Dryas/

Heinrich events, reconstructétPN values show a significant offset between botresdminima
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in 8*°N= 1.3%o for 724 C and 2.7%. for 722 B). Generallyege very low values suggest intense
N, fixation by cyanobacteria. This is feasible asasded inputs from Tibet supplied Fe/Mo (Karl
et al., 2002) as a consequence of a strengtheneddtiSoon during glacial stages (Tamburini et
al., 2003).

5.6. Conclusions

The fluctuations i3*°N in the sediment cores investigated in this stady not primarily
driven by diagenesis but by differencesstiN of the assimilated nitrogen. The intensified OMZ
during the warm phases such as the Holocene aedstadials is reflected by enrichétPN
values, and this organic matter is less degradad the material deposited during the colder
stadials, especially during the Younger Dryas aerthkch events. Near shore cores (724 C, 111
KL) show similar pattern as deep Arabian Sea c@i@? B, NAST, EAST). However, the
absoluted™®N records are enriched by about 0.6-3.0%0 durindp lbold and warm stages in deep
sea cores compared to shallow cores. This offsefaised by (i) basin effects as there are
gradients in sedimentation rate, primary productivater depth and bottom water oxygenation
that lead to gradients in early diagenetic alteratiin3*°N and (ii) higher fractionation during
NOj uptake in the upwelling environment of core 724 C.

Established AA indices Rl and DI diverge and areammparable in the examined cores. We
suspect that the reason for this discrepancy lresdifferent pathways or rates of AA
decomposition in older sediments compared to daetdiie water column and at the sediment
water interface; this difference is inherent in daculation of AA quality by the RI, but is not
captured in the DI. A normalization 6f°N in core records to diagenetic non altered vahfes
primary produced OM by using the Rl seems possibtevague. This reconstruction suggests that
the interstadial conditions were comparable toréoent late Holocene whereas cold stages were
characterized by significant nitrogen fixation sfiated by enhanced dust supply from the

Tibetian Plateau.
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6. Conclusions and Outlook

6.1. Conclusions

This thesis successfully usé$°N as a tracer of reactive N sources in the predent-
Mediterranean Sea and investigates factors detangnihes™N of particulate OM as well as the
applicability of 3*°N as a proxy for N sources in sediment cores froenMediterranean Sea and
the Arabian Sea.

Unusually deplete’N values in all compartments of reactive N in théFare indicative for
the isolation of the basin from the global oceahe Tow level of6*°N reflects the dominance of
isotopically depleted N sources and the lack ofcesses that enrich nitrate 1N. Isotopic
enrichment of TRN and suspended PN over;NDd model data as well as the nitrate isotope
anomalyA(15,18) suggest that N-remineralisation and atmespldeposited NQare important
contributors of 1°N depleted reactive N to the mixed layer. Atmosjthénput (mainly
anthropogenic) of°N depleted NQ possibly decreases th&NOs in deepwater during the last
decades.

Large scale variations in sedimentafyN-records of the Eastern Mediterranean during the
Holocene (including sapropel S1) are mainly driv®npreservation, and not by the isotopic
composition of the reactive N source, or the degoéenitrate utilization. The enhanced
accumulation of OM in sapropel S1 can be explaimgtbetter preservation as a consequence of
deep water anoxia, without the need of elevatadamy production.

Both studies will be important contributions to flbeg standing debates about the origin of
Mediterranean sapropels as well as the applicalufis'>N as a proxy, and in the evaluation of

current anthropogenic impacts on marine ecosystems.

Results of the Arabian Sea study, however, aredesslusive. Although my data confirm a
strong early diagenetic imprint ait®N, and imply that the RI can be used to reconsttiet
primary produced™N, conclusions about the N inventory and utilizatauring the investigated
period are less clear. Opposed to the MediterraSeanstudy, variations 81°N in the sediment
records from the Arabian Sea appear to be primatilyen by differences 5N of the
assimilated nitrate. Warm phases, such as the Eioéoand Interstadials, are reflected by enriched
3'°N values and well preserved OM as a consequenaa oftensified oxygen minimum zone in
intermediate water masses. Core records show sibalsin-wide millennial-scale oscillations in
3'°N with an offset from one location to the next thaittribute to different degrees of early

diagenetic enrichment i51°N and differences in NQavailability at each core location.
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EMS and Arabian Sea cores are both archives of Pdestocene to Holocene climate
variability in the monsoon system. They both shoullemnial-scale oscillations in TOC
accumulation and™*N that are driven by monsoon intensity and followakovitch cycles. The
signal ind™N and its relationship to OM preservation, howewas an opposite sign in these two
settings, because better OM preservation goesrinecbwith deplete@'®N values in the EMS,
but with enriched™N in the Arabian Sea. This is because differenirenmental settings force
different processes that in the end determine ¢erds. This opposite behavior illustrates that
single data 06'°N can be easily misinterpreted — but in conjunctidti other proxiess™™N is a

highly potent proxy.

6.2. Outlook

While studies performed towards this Ph.D.-thesigegmany fascinating results and some
answers, they also pose new questions and suggtstifresearch and different approaches:

The monitoring of deep water NQsotopic composition in the Mediterranean Sea khba
continued to further investigate the current trefid°N depletion. Based on a broader data set
local models of Northern lonian Sea stations arldgie stations could be extended to a regional
Eastern Mediterranean isotope budget. An improvéméranalytical techniques to determine
isotopic composition of small amounts of nitrateyrallow to investigate the NOstarved surface
layer in more detail, thus closing the gap betwasmospheric deposition and the deep-water
nitrate pool to better trace nitrification in theitnent-starved surface layer and the input of
anthropogenic reactive N. In my opinion, the EM&umsocean basin (albeit a small one) where
(an as yet undefined) natural N-cycle is curreribing flooded by anthropogenic reactive
nitrogen. But to fully understand only the preséay N-cycle in the EMS, we need additional
insights from inter-annual time-series of N-expibuk, which currently are discontinuous, and
preferably from depths immediately below the thechme at several stations. | also speculate that
TRN, which was®N depleted in our samples, should have a distieetsenal cycle with
characteristic enrichment in summer months. Thgeltrissue to date is the presence or absence
of significant N fixation, whether near the surface or in the ergom deep chlorophyll
maximum, and its true magnitude. And a nagging tipes remains: If atmospheric inputs are
indeed large and have been delivering excess aitnathe last decades, and if these inputs have
high (~50) N:P ratios as suggested by measureme&hishave N:P ratios in deep water not been

rising?
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Further investigations on OM decomposition and N-isotope fractionation will be conclusive in
order to substantiate the findings of Chapter 4. Planktonic foraminifer shells in Eastern
Mediterranean sediments probably retain the original, primary produced 8'°N signal in their
proteinaceous linings (Ren et al., 2009) and may (or may not) verify the DI-normalized values
presented in this study. An undisturbed sediment core from a permanently anoxic brine basin of
the EMS should reflect relative changes in the 8*°N of primary produced OM that are not
overprinted by the diagenetic enrichment occurring today at the sediment-water-interface (e.g.
core #569); if there were changes in sedimentary 5'°N deposited during the last decades it should
be due to anthropogenic perturbations but not to a diagenetic overprint. Studies on sinking
material and sediment cores from the Black Sea (as an analogue to Mediterranean sapropel
conditions) can in addition clarify the relationship of OM accumulation, N-isotope distribution
and Ba/Al ratios to preservation.

The evident linear to logarithmic relationship of >N and N (%) in core #569 and other
Mediterranean cores suggests an isotopic enrichment of the residua fraction during N-removal in
the sediments following a Rayleigh type fractionation. Assuming that variations of N in
Mediterranean sediments of the Holocene were solely driven by differences in degradation from
the same amount of N with a similar §*N by ammonification, it should be possible to calculate
the fractionation factor °¢ of ammonification in sediments. Results from coupled analyses of §*°N
in pore water ammonium and nitrate as well as organic N can be used to verify results of such

caculations.

The Arabian Sea study revealed that knowledge about amino acid decay under differing
environmental conditions and during progressive diagenesis is scarce and needs further research.
If the approach of correcting sedimentary §°N for diagenetic increase by using amino acid spectra
to determine preservation is validated by other studies from areas with variable OMZs, modelled
estimates for the extent of water column denitrification and hence the rates for removal of reactive
N from the global ocean and emissions of N,O can be improved for older geological time. Again,
a comparison to 3°N records from planktonic foraminifer shells from sampling locations in
different water depths would be conclusive. Another interesting question arises from the current
debate whether denitrification or anammox is the main actor of N removal in the Arabian Sea
(Ward et ., 2009): |Is the systematic relationship between OM preservation and N enrichment
the same for both, denitrification and anammox? And if it is not, can we distinguish the
proportion of both in core records via different slopes in the relationships between 5N and

amino acid preservation indexes?
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Figure Captions

Figure 1.1: The marine nitrogen cycle

Figure 1.2: Rayleigh fractionation during B@ssimilation in a closed system

Figure 3.1: Map of stations occupied in the Eastern Mediterranean Sea during r/v Meteor cruise
71-3 (January-February, 2007). NIS stations referred to in the text are stations HO7 to
H12. The black square SE of Crete (water columns sampling station lerl) marks the

location of the sediment trap deployment station (MID).

Figure 3.2: Profiles of fluorescence (a; arbitrary units), nitrate (b) and phosphate (c)
concentrations in the upper 400 m at 2 stations representative of NIS (HO7) and
pelagic stations (Her03) show stratification between 80 and 230 m water depth and
indicate the biologically active mixed layer. An ongoing phytoplankton bloom in the
northern lonian Sea (at station HO7) is sustained by nitrate and phosphate provided
from ongoing regional thermocline deepening, whereas station Her03 illustrates the

mature and thick mixed layer with very low nutrient concentrations at pelagic sites.

Figure 3.3: Concentrations of nitrate (a), phosphate (b), TRN (c) and particulate N in total

suspended solids (d) plotted against water depth for all stations.

Figure 3.4: Isotopic compositiod™NO; (a), SN*®05™ (b), 8°TRN (c), andd™ PN (d) plotted

against water depth for all stations.

Figure 3.5: Composite seasonal diagram of SPN fluxes (square&y°8/iN (circles) and their
standard deviations at 2600 m water depth at station lerapetra (34°26°N, 26°11'E,
water depth 3750 m). Fluxes (squares, black line and s.d. in in red 8RN
(circles, grey line, s.d. in blue) for three deployment periods (MID-1: 01/30/1999 to
04/13/1999), MID-2: 11/05/2001 to 04/01/2002 and MID-3: 01/30/2007 to
09/05/2007) at 2700 m water depth have been assembled in a surrogate annual cycle.

Figure 3.6: Plots of log-normal nitrate concentrations (X-axis) vé¥ShO; (a) anddN'®0s5™ (b)
found in samples in and above the nitraclines for individual station. The solid

regression line in Figure 6a is for samples in the northern lonian Sea (NIS) where
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nitrate is replenished from thermocline deepenifg((89). In these sampleSN in

nitrate is enriched in the course of ongoing nitrate assimilation with an apparent
separation factore close to -3%o. In samples from the open lonian Sea and Herodotus
Basin (pelagic stations), where the mixed layer was thick and nitrate poor at the time
of sampling, In(nitrate) and™°NO; are uncorrelated. In Figure 3.6b, the correlation
between In(nitrate) andN*20; for NIS samples is also significant£0.78), with an
apparent separation factdie close to -5%.. There is no significant correlation in

samples from pelagic stations and from the northern Aegean station.

Figure 3.7: Depth plot oA(15,18) of nitrate for different station sets in the upper 500 m of the

water column.

Figure 4.1: Sampling sites in the Eastern Mediterranean Sea. Large dots: Sediment cores;
Triangle: lerapetra Deep sediment traps and multicores; small dots: surface sediment
samples. The color shadingd&N (%) in surface sediments based on this study and
Struck et al.(2001). The map is produced by using Ocean Data View (Schlitzer,
2009).

Figure 4.2:3"°N vs. degradation index (DI) in cores MC 284/285 from lerapetra Deep and mean
values from MID sediment traps. Insert: High resolution records™df and DI of
multicores MC 284 and MC 285.

Figure 4.3: Downcore plots of total organic carbon (%TOC), barium to aluminum ratios,
degradation index (DI) and™N in multicores #569 (a), #562 (b) and #563 (c). S1
sapropel intervals and the burn-down zone above S1 are marked.

Figure 4.4:3"N vs. DI in core #569 and mean values from MID sediment traps. InS&tvs. N
(%) in core #569. Residual N becomes isotopically enriched during remineralization.

Surface sediments and protosapropel are marked in both plots.

Figure 4.5:3"°N vs. DI for S1, S5 and S6 sapropels, core #569 and all Eastern Mediterranean

surface samples. Mean values.

Figure 5.1: Oxygen concentrations (ml/l) in bottom water of the Arabian Sea (Gouretsky and
Koltermann, 2004) and locations of sites referred to in the text. This map is produced
by using Ocean Data View (Schlitzer, 2009).
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Figure 5.2: Amino acid Reactivity Index (RI) adtPN (%o) vs. water depth and bottom water
oxygenation (ml/l) in a set of 46 surface sediments. RI/ water dept (s, water
depth (b), RI/ bottom water oxygenation (8f°N/ bottom water oxygenation (d),
3N/ RI (e), water depth/ bottom water oxygenation (f).

Figure 5.3: Bulk sediment accumulation rates (BAR), RI, & (%.) of samples from site 722
B (solid) and 724 C (dashed). MIS= Marine Isotope Stage; shaded are glacials.

Figure 5.4:3'N (%o) of samples from Hole 724 C (dashed) and core EAST (solid) and Hole 722
B (dashed) and core NAST (solid) plus 111 KL (Suthhof et al., 2001).

Figure 5.5: AA derived Degradation Index (DI) and Reactivity Index (RI) in ODP core 724 C
show little congruence in indication. For both indices higher values indicate better

preservation than lower values.

Figure 5.6: Variations in second PC factor scores (left plot) of AA PCA are similar to millennial
scale oscillations i™N (mid plot) and Ba/Al (data from Leuschner and Sirocko,
2003; right plot).

Figure 5.7: Molar percentages of protein AA glycine (Gly) and phenylalanine (Phe) in ODP core
724 C. Relative abundance of both amino acids due to depth and time is opposite as

expected from water column decay processes.

Figure 5.8: Schematic of Gly decay from the water column to the deeper sediment. In the water
column and at the sediment-water interface, Gly (as a cell wall constituent) becomes
relatively enriched in a more stable OM fraction. In the sediment Gly is rapidly
consumed by benthic microorganisms due to its easy metabolization and high
availability. Further decay in the deeper sediment is achieved by slow microbial
uptake and katagenesis.

Figure 5.9: Averagé™N (%o) of the study sites over the last 60 kyr versus water depth. Squares:

recent surface sediments. Both datasets sfisvenrichment due to increasing water
depth.
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Figure 5.105"°N (%) in comparison with amino acid reactivity (RI) in samples of Holes 722 B

(n=51), Hole 724 C (n=58), 111 KL (n=52) (Suthhof et al., 2001), surface sediments
(n=46) and sediment traps (n=6; mean values). The shaded rectangle indicates the
recent subsurfacé®NO; of 7 to 7.5%.. Note that Rl and™N are positively

correlated in core records but negatively correlated in surface sediments.

Figure 5.11:Schematic interpretation of the relationship betweens sedin&saand Rl in the

Arabian Sea as shown in figure 10: External sources, the intensity of denitrification
and the degree of NOassimilation determine the general setting’aN (1). Water
column denitrification leads to an enrichmentfh and contemporaneous better
preservation (2). During progressive OM decay (expressed by decreasesiiNRI)
becomes enriched (3). The offset between the dashed arrow “water column
denitrification (2)” and the solid “sediment record” represents the early diagenetic

enrichment of the examined sediment cores.

Figure 5.12:Reconstructédd®N record for primary produced OM in cores 722 B (gray dashed)

90

and 724 C (black). Compare to Figure 3, right plot. The reconstructed records show

significant lower values and records converge by 0.5%. on average.



Table Captions

Table 1.1:

Table 1.2:

Table 3.1:

Table 3.2:

Table 3.3:

Table 3.4:

Table 4.1:

Fractionation factoesfor major transformation processes in the marireyble. **N
preference is expressed by negative values.

Isotopic signatures of selected N-pools

Comparison of averages in water abiovand below the nitracline for samples taken
in stations of the Northern lonian Sea (6 statidradle 3.1a), at pelagic stations (10
stations, Table 3.1b) and at one station in théheon Aegean Sea (Table 3.1c) in the
EMS in January/February 2007 during Meteor expedifil-3.

Composite seasonal course of N-flux&md of sinking particulate matter at station
MID (lerapetra), water depth 2700 m. Data are ftbnee separate and discontinuous

deployment periods starting in 1999 and endingd@72 as explained in the text.

Estimate of reactive N-inventorieslad EMS in different depth intervals and mass-
weightedd™N of the different components (nitrate, particulatitogen PN, and total
reduced nitrogen, TRN). We calculated inventorigisgn in gigamol N) based on
interval water volumes for the EMS without Adriattmd Aegean sub-basins (R.
Grimm, pers. comm., 2009) and weightN values by average concentrations found
during our cruise. The last column is the integtaad mass-weighted®N over all
components of reactive N for each interval, the lias are the integrated inventories

andd™N of the entire water column.

Calculation of the isotopic compositioh residual nitrate &N and '%0) and

instantaneous and accumulated products of nitragmdation expected from
Rayleigh-fractionation in closed systems (NIS arthgic mixed layers) with starting
concentrations and isotopic compositions corresjpgntb thermocline nitrate from
Table 3.1. Note that the permil fractionation fastSe and*® have been set to -5%o.

Results of measurements are also shown.

Sediment trap moorings in the lerapBeap: Position, water depth, sampling depth,

deployment period and trap type.
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Table 4.2: Sediment sampling locations and sanyplest MC = Multicore, GC = Gravity Core,
ODP = Ocean Dirilling Program Core.

Table 4.3: Sediment trap moorings in the lerapBeap: Mean values d@™N, DI, TOC and

total flux.

Table 4.4: 3*°N, DI and TOC values of recent surface sedimentselsas from S1, S5 and S6

sapropel interval"=estimated value$=mean values of entire sapropel).

Table 5.1: Geographical position, water depth, laoitom water oxygenation (BWO) as well as
examined depth interval (downcore from seafloanjrand time equivalent (kyr) of

examined cores.
Table 5.2: Amino acids analyzed in this study, tlabbreviations and occurrence in indexes.

DI = Degradation Index; Rl = Reactivity Index; PGAPrincipal Component

Analysis.
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List of abbreviations

AA = Amino Acid
DI = Degradation Index
DON = Dissolved Organic Nitrogen

€ = isotope fractionation factor

EMDW = Eastern Mediterranean Deep Water

EMS = Eastern Mediterranean Sea
GC = Gravity Core

LIW = Levantine Intermediate Water
MAW = Modified Atlantic Water

MC = MultiCore

MID = Mediterranean lerapetra Deep
NIS = Northern lonian Sea

OM = Organic Matter

OMZ = Oxygen Minimum Zone

PN = Particulate Nitrogen

R = isotope Ratio

RI = Reactivity Index

SL = gravity core

SPN = Sinking Particulate Nitrogen
SPON = Suspended Organic Nitrogen
TDN = Total Dissolved Nitrogen

TN = Total Nitrogen

TRN = Total dissolved Reduced Nitrogen
TOC = Total Organic Carbon
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