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Kurzfassung 

Der heutige Nordpazifik spielt eine herausragende Rolle in marin-biogeochemischen Kreisläufen. Er 

beherbergt viele der biologisch produktivsten Meeresregionen auf dem Planeten und stellt hierdurch 

die größte natürliche Senke für atmosphärisches CO2 im globalen Ozean dar. Die Remineralisation 

von Nährstoffen in intermediären Wassertiefen andererseits beeinflusst den Sauerstoffhaushalt des 

Zwischenwasserstockwerks und begünstigt damit die Entstehung von Sauerstoffminimum-Zonen 

entlang weiter Teile des pazifischen Kontinentalhangs in mittleren und niederen Breiten. 

Sauerstoffminimum-Zonen stellen heute eine der größten natürlichen Quellen für CO2 in die 

Atmosphäre dar. Diese werden zwar überwiegend durch lokale Prozesse gesteuert, allerdings stellt 

eine wichtige Modulierungsfunktion zur Erhaltung hinreichender O2-Konzentrationen innerhalb der 

Wassersäule die Ventilation durch Bildung neuer Wassermassen in hohen Breiten und deren 

Belüftung durch Kontakt mit der Atmosphäre dar. Im gesamten Pazifik ist die Bildung neuer 

Wassermassen eng begrenzt auf zwei Schlüsselregionen: den chilenischen Kontinentalhang (Bildung 

von Antarktischem Zwischenwasser) und im Nordpazifik das Ochotskische Meer als Bildungsort für 

Ochotskisches Zwischenwasser, welches durch Vermischungsprozesse das nordpazifische 

Zwischenwasserstockwerk zwischen ca. 50-20°N mit Sauerstoff, aber auch mit Mikro-Nährstoffen 

wie Eisen versorgt und so eine entscheidende Rolle in Wassermassen-Austauschprozessen und 

Stoffkreisläufen einnimmt. Neuere instrumentelle Datensätze legen die Vermutung nahe, dass die 

Ventilation von Ochotskischem Zwischenwasser nicht nur auf glazialen-interglazialen Zeitskalen 

schwankt, sondern auch auf kurzen interdekadischen bis Jahrtausender-Zeitskalen hochvariabel ist. 

Jedoch sind natürliche Hintergrundschwankungen in Sauerstoffgehalten und Primärproduktion sehr 

ausgeprägt und erschweren die Abgrenzung des natürlichen Signals von möglichen anthropogenen 

Änderungen.  

In dieser Arbeit wird eine Reihe hochauflösender AMS 14C-altersdatierter Sedimentkerne direkt aus 

der Bildungsregion von Ochotskischem Zwischenwasser zur paläozeanographischen Rekonstruktion 

der Ventilationsgeschichte benutzt. Der bearbeitete Zeitraum überdeckt den letzten glazial-interglazial 

Übergangs sowie die gegenwärtige holozäne Warmzeit. Anhand stabiler Kohlenstoff-Isotopen an 

epibenthischen Foraminiferen und einer Multi-Proxy-Rekonstruktion der Primarproduktion und des 

terrigenen Sedimenteintrags konnte nachgewiesen werden, dass die letzte Eiszeit-Termination durch 

rasche und gravierende Schwankungen im Sauerstoff- und Nährstoffgehalt des Zwischenwassers 

gekennzeichnet ist. Korrelationen zu Referenz-Archiven für den asiatischen Sommer-Monsun legen 

eine enge Kopplung an ein Progradieren der maximalen Niederschlagszonen im Einzugsgebiet des 

Amur-Flusses nahe, welches vermutlich verbunden ist mit dem Abschmelzen der Hinterland-
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Permafrostboden im Präboreal. Die enge zeitliche Übereinstimmung mit weiteren Proxy-Zeitserien 

aus dem subarktischen Nordpazifik und der Beringsee während der interstadialen Wärme-Phasen 

zwischen 18,000-8,000 Jahren impliziert, dass diese deglazialen Perioden schwacher Ventilation und 

erhöhter Remineralisation großräumig gesteuert werden und gekoppelt sind an Wechsel in der 

oberflächenahen Stratifizierung der Wassersäule. Ventilationsminima innerhalb der nordpazifischen 

Zwischenwasser treten zeitgleich mit dem kurzfristigen Expansionen weiträumiger zirkumpazifischer 

Sauerstoff-Minimum Zonen auf, so dass von einer verstärkenden oder regional gar steuernden 

Regelung dieser durch Zwischenwassermassen ausgegangen werden kann. Hingegen korrelieren 

Maxima in der Zwischenwasserventilation während der deglazialen Kälteperioden (Heinrich Stadial 1 

und Jüngere Dryas) mit Zusammenbrüchen der nordatlantischen Tiefenwasserzirkulation. Der 

Gradient zwischen Ochotskischem und Beringsee-Zwischenwasser legt hierbei den Schluss nahe, dass 

eine hemisphärische Telekonnektion, vermutlich durch Kopplung atmosphärischer Zirkulationsmuster 

mit Expansionen des Polar Vorte. oder die Intensität der sibirischen Aktionszentren (Aleuten-Tief vs. 

SibirienßHoch) eine massgebliche Rolle gespielt hat. 

Für die jüngste geologische Vergangenheit der letzten 10,000 Jahre kann in dieser Arbeit erstmal 

nachgewiesen werden, dass drastische Veränderungen im Sauerstoffniveau des Ochotskischen 

Zwischenwassers keinesfalls auf große Klima-Umschwünge beschränkt waren. Vielmehr ist das frühe 

bis mittlere Holozän, mit global wie regional ca. 1-2°C höheren Meeresoberflächentemperaturen als 

heute gekennzeichnet durch eine ca. 50%ige Abnahme in Sauerstoffkonzentrationen. Diese Annahmen 

basieren auf Abschätzungen durch lokale δ13C – O2 Regressionen. Vielmehr bestand die heutige 

Situation mit Ochotskischem Zwischenwasser als Sauerstoff-„Exporteur“ in den Nordpazifik 

vermutlich nur die vergangenen ca. 2.000 Jahre, während zuvor das Ochotskische Meer überwiegend 

eine O2-Senke statt eine Quelle für intermediäre Wassertiefen darstellte. Diesen grundlegenden 

Schwankungen überlagert sind erstmals nachgewiesene zyklische Schwankungen in der 

Zwischenwasserventilation auf charakteristischen 1.500 und 2.600 Jahres-Zyklen. Es kann anhand der 

erarbeiteten Benthos-Kohlenstoff-Isotopenkurven gezeigt werden, dass sich ein dominanter Zyklus 

von 1.500 Jahren im frühen, ventilationsarmen Holozän verschiebt zu besser ventilierten, von 2.600 

Jahr-Zyklen im späten Holozän. 

Insgesamt sollen die erbrachten Ergebnisse helfen, das Zusammenwirken von regionalen 

Klimaschwankungen, wechselnder Flussfracht, biogener Primärproduktivität und 

Zwischenwasserventilation, sowie deren Kopplung an Stratifizierung und großräumige 

Klimaschwankungen besser zu verstehen auf Jahrtausender- und kürzeren Zeitskalen. Die mit dieser 

Arbeit erbrachten Ergebnisse sollen zu einem besseren Grundlagenverständnis der marin-
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biogeochemischen Kreisläufe im Bereich des Subarktischen Nordpazifik und seiner Randmeere 

beitragen.  

Abstract 

The modern North Pacific plays a critical role in marine biogeochemical cycles, as it is today the 

largest natural oceanic sink of CO2 and harbors some of the most biologically productive and least 

oxygenated regions of the World Ocean. This capacity to sequester CO2 is limited by variations in the 

region’s biological productivity, and the efficient utilization of preformed nutrients supplied to the 

upper mixed layer, particularly in the Pacific’s subarctic latitudes and marginal seas. Changes in the 

oxygenation of deeper water masses, on the other hand, are influenced by the remineralization of the 

settling organic matter through the water column. Today, the entire North Pacific is only weakly 

ventilated by North Pacific Intermediate Water (NPIW), which receives its relatively higher oxygen 

concentrations largely from a precursor, the Okhotsk Sea Intermediate Water (OSIW). Past ventilation 

patterns of OSIW likely have changed profoundly on millennial timescales, making this water mass a 

prime candidate for shaping variations in deglacial circum-Pacific Oxygen Minimum Zones and 

reported peaks in biogenic productivity, but their paleoceanographic history over the last glacial 

termination is not well understood. 

In this thesis I present a comprehensive multi-proxy-based reconstruction of Okhotsk Sea Intermediate 

Water ventilation and productivity variations over the last glacial termination and the Holocene. The 

results are based on a set of high-resolution AMS 14C-dated sediment cores that were retrieved directly 

from the source region of modern OSIW formation. Benthic-planktic 14C ages and epibenthic stable 

carbon isotopes show decreases in OSIW oxygenation during deglacial warm phases from c. 14.7 to 

13 ka (Bølling-Allerød) and c. 11.4 to 9 ka (Preboreal), but no concomitant decreases in ventilation 

ages. I hypothesize that these transient oxygenation decreases are mainly tied to rapid, significantly 

enhanced organic matter remineralization within OSIW, in line with multi-proxy evidence for maxima 

in primary productivity and increased supply of organic matter to the mid-depth water column.. 

Palynological and sedimentological evidence suggests that millennial-scale maxima in fluvial 

freshwater runoff from the Amur were a primary driver of these significant changes in OSIW oxygen 

and nutrient concentrations, with runoff changes most likely linked to changes in the East Asian 

Monsoon and the postglacial melting of permafrost soils in the Siberian hinterland. Correlation of 

ventilation minima with maxima in nutrient utilization in the open North Pacific implies increased 

OSIW-sourced mid-depth lateral supply of micronutrients, silicate and organic matter into distant 

oceanic regions, analog to modern ocean conditions. By invoking such export from marginal seas, the 

upper ocean open North Pacific was possibly partially relieved from Fe-limiting conditions by 



	   xi 

upwelling the mid-depth nutrient-enriched OSIW during wintertime mixing. Such a mechanism would 

have made the subarctic North Pacific a transient, more efficient CO2 sink during the B/A and PB and 

contributed to temporary slowing of the deglacial CO2 rise. Reconstructed minima in mid-depth 

oxygen content, on the other hand, provide a reinforcing mechanism for the intermediate-depth 

circum-Pacific intensification of Oxygen Minimum Zones during the last glacial termination. 

Analysis of a suite of Holocene cores provides evidence that such rapid and fundamental changes in 

mid-depth ocean ventilation and nutrient supply are not limited to deglacial or stadial-interstadial 

changes. Ventilation reconstructions for the Holocene based on the δ13C of epibenthic foraminifera 

prove the modern pattern of Okhotsk Sea Intermediate Water ventilation in the Okhotsk Sea is a 

relatively recent and non-stable feature that only persisted for the last c. 2,000 years. During the 

warmer than present early-mid-Holocene, active ventilation was significantly decreased. Estimated 

dissolved oxygen concentrations of Okhotsk Sea Intermediate Water reached only 50-60 % of modern 

values, and comparison between in- and outflow sites at the Kamchatka and Sakhalin continental 

margins suggest that the Okhotsk Sea turned from an early Holocene O2-sink into the modern O2-

source around 6,000 years ago. Beyond the observed mid-Holocene ventilation shift, millennial-scale 

cyclic variations were found in the stacked δ13C ventilation record. Both 1,500 yr and 2,6000 yr cyclic 

changes in Okhotsk Sea ventilation are evident, with a mid-Holocene shift in dominance from the 

former to the latter, implying a switch in the dominant forcing between the early and the late 

Holocene. On a regional scale, the reconstructed interstadial minima correlate with changes in Bering 

Sea mid-depth ventilation patterns and are in anti-phase to collapses and resumptions of the Atlantic 

Meridional Overturning Circulation during the Heinrich 1 and Younger Dryas stadial phases. 

Associated investigations of upper ocean stratification, mixed layer and sea surface temperatures 

revealed a close interaction and coupling between stratification maxima and ventilation minima during 

interstadial deglacial phases, whereas stadials were characterized by decreases in sea surface – mixed 

layer gradients and seasonal contrasts in large swaths of the Northwest Pacific.  

Taken together, the results reported here help to further our understanding of complex surface to mid-

depth ocean interactions and reorganisations during the last 18,000 years. Initial steps taken towards 

quantification of the observed changes together with the large regional scope of the investigation will 

hopefully help to better understand complex biogeochemical cycles in the North Pacific and provide 

baseline scenarios against which climate model runs can be tested in the future.  
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1. Introduction 

1.1. Motivation and Aims of the Thesis 

The hypothesis that past millennial-scale variations in the oceanic Meridional Overturning Circulation 

or “Great Ocean Conveyor” cause rapid climate change is in essence less than twenty-five years old 

(Broecker, 1991). Yet, over these years it has stimulated innumerable paleoceanographic studies on 

the interaction between the oceans, the atmosphere and such climate shifts. Research was initiated 

largely in the Atlantic Ocean as the “starting point” of the global Meridional Overturning Circulation 

(Fig. 1.1, cf. Bond et al., 1997; Duplessy et al., 1988; Sarnthein et al., 2000; Sarnthein et al., 1994). 

With Greenland and Antarctic ice core records providing both a master chronology and reference 

climatic time series for temperatures and greenhouse gases (Blunier and Brook, 2001; Dansgaard et 

al., 1993; Grootes et al., 1993; Kroopnick, 1985a; Petit et al., 1999), oceanic millennial-scale climatic 

changes could be successfully tied to global climate, and to variations in the global carbon cycle and 

atmospheric CO2 concentrations (Sigman and Boyle, 2000; Sigman et al., 2010).  

 

Fig.1.1: The thermohaline circulation or “Great Ocean Conveyor Belt” in simplified illustration. Used 

conceptually by W. Broecker to propose how rapid paleoceanographic changes were associated with the 

Younger Dryas climate cold reversal during the last glacial termination (Illustration by John Le Monnier, Natural 

History Magazine). 
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Compared to these regions much less is known about the paleoceanographic history of the endpoint of 

the global Meridional Overturning Circulation in the North Pacific. This lack is especially striking, 

because the modern North Pacific is thought to play a critical role in the global carbon cycle and 

ocean-atmosphere CO2 exchange through changes in its hydrography, biological productivity and use 

of nutrients both on long glacial-interglacial (Haug et al., 2005; Haug et al., 1999; Jaccard et al., 2005) 

and short millennial timescales (Galbraith et al., 2007; Lund et al., 2011; Mix et al., 1999).  

 

Fig 1.2: Three-dimensional circulation within Atlantic, Indian, and Pacific oceans showing vertical recirculation 

within and between ocean basins, interchange between oceans via the Antarctic Circumpolar Current and adding 

cross-basin exchanges via the Indonesian Throughflow and Bering Strait. In this modified version of the original 

schematic, NPIW and Bering Strait flow are explicitly incorporated for the first time. Observe that NPIW 

interaction with the Indian Ocean by AAIW/NPIW mixing zones (cf. Zenk et al., 2005) or deeper Pacific water 

is not shown due to persisting uncertainties of NPIW dynamics, heat and transport capacity. From Talley (2013), 

modified after (Schmitz, 1996).  
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In addition, North Pacific mid-depth water masses play a critical role in the ocean nutrient budgets. 

While their volume contribution to the thermohaline component of the global ocean circulation is only 

moderate (Lumpkin and Speer, 2007; Talley, 2013), they act as important transport media for nutrients 

and oxygen to lower latitude regions both on modern (Dugdale et al., 1995; Sarmiento et al., 2004) 

and longer timescales (Brzezinski, 2002; Galbraith et al., 2004; Matsumoto et al., 2002b). Formation 

of intermediate waters is focused within only two narrowly defined regions: AAIW is formed in the 

Southeast Pacific off the Chilean coast (Hartin et al., 2011; Sloyan et al., 2010), The second most 

important water mass is North Pacific Water (NPIW). It spreads as a salinity minimum between 45°N 

and 10°N across the subtropical Pacific Ocean, finally feeding into the NEC and contributing to the 

mid-depth water mixture along the American continental margins (Talley, 1985, 1993). Despite its 

importance for understanding biogeochemical cycles and the mid-depth Meridional Overturning 

Circulation, NPIW remains not well understood, both in its formation characteristics, temporal and 

spatial variations, and sensitivity to changing environmental conditions. However, instrumental 

datasets that cover the last about five decades show strong evidence for the mid-depth Pacific ocean 

being a system in transition towards lower oxygen concentrations, warmer temperatures and stronger 

stratification, with potentially profound consequences for oceanic livestock, primary productivity and 

repercussions for the global carbon cycle on timescales discernible for humankind. However, within 

the limited range of instrumental and remote sensing datasets, natural long-term variations are large 

and may mask true background change.  

In this regard, the lack of well-dated paleoceanographic proxy records from the Northwest Pacific 

leaves our understanding fragmented on how these key regions functioned naturally in the past, and 

what their contribution to ocean ventilation, biogeochemical budgets or greenhouse gas emissions has 

been. Underlying processes of atmosphere-ocean-sea ice interactions and continent-ocean coupling 

mechanisms for climate variability remain largely enigmatic. This holds true for most timescales and 

temporal resolutions, but especially for rapid and millennial- to centennial-scale changes over the last 

glacial-interglacial transition and the current Holocene warm period 

In the subarctic North Pacific and its marginal seas, a multitude of different atmospheric and oceanic 

processes exists, which are not well understood, even for the most recent past that is covered, though 

sparsely, by instrumental datasets and historical records. It is yet not fully known to which extent 

regional, large-scale, extra-tropical atmospheric patterns such as the East Asian Summer Monsoon 

(EASM), the Siberian High and Aleutian Low atmospheric action centers patterns influence and 

condition changes in Okhotsk Sea surface and intermediate water masses.  
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1.2. Objectives and Structure of the Thesis  

The paleo-chemical oceanography, especially the ventilation and productivity characteristics of the 

upper and intermediate water masses in the Okhotsk Sea are of principal importance for a conceptual 

understanding of the oceanographic history of the extremely large Pacific region and for constraining 

the extent of continent-ocean-atmosphere interactions between high and low latitudes. Deciphering the 

extent, sensitivity and timing of rapid oceanographic variations in key areas like formation regions of 

new water masses fundamentally helps in establishing knowledge of rapid and profound changes in 

the global ocean. These data are critically needed by the science community as natural baseline against 

which to evaluate present and future change in mid-depth oceanic biogeochemistry that are potentially 

attributable to anthropogenic climate change.  

Thus, I aim to reconstruct the paleoceanographic history of Okhotsk Sea and North Pacific 

intermediate water masses. I will focus on changes in ventilation characteristics and nutrient patterns 

over the last glacial to interglacial transition and during the Holocene warm period. The implications 

of changes in these Okhotsk Sea intermediate and surface water characteristics for the extra-tropical 

North Pacific realm shall be analyzed. Potential forcing factors shall be examined and the potential of 

Okhotsk Sea water mass variations and changes shall be evaluated with respect to their significance 

for large-scale regional and global oceanic reorganizations during the studied time intervals. 

This thesis is structured into ten chapters: 

Chapter 1 gives a short introduction to the rationale for this study and introduces the scientific 

questions that are covered within the thesis. 

In Chapter 2 a brief introductory overview is given to the regional setting, the modern oceanography 

and principal climatic forcing mechanisms in the Okhotsk Sea, and neighboring regions. This chapter 

is restricted to information that is not discussed in the following chapters in detail, but helpful to 

understand the context of regional settings. 

Chapter 3 describes materials and methods that were used for this thesis, and includes a short 

explanation of the workflow The provided analytical information supplements and references the 

subsequent use of methods explained within the manuscript sections. 

Chapter 4 explains additional aspects and considerations of the age model development of the age 

models that are used for the high-resolution studies presented in the following manuscripts, in 

particular with respect to chapters 5 and 6.  
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Chapter 5–9 present the results of this thesis and are grouped in the form of individual manuscripts 

that are finalized for submission to international peer-reviewed journals (Chapter 5–7) or have been 

published (chapter 8–9).  

Chapter 5 provides the first detailed study on the OSIW ventilation history during the deglaciation 

into the early Holocene, covering the time interval from 8,000 to 18,000 years before present. Stable 

isotope data (δ13C) of epibenthic foraminifera from the OSIW source region are combined with a 

multi-proxy approach for primary productivity, fluvial freshwater and sediment supply to address the 

following questions: 

• How did the ventilation of Okhotsk Sea Intermediate Water change directly in the source 

region during the millennial-scale warm and cold phases of last glacial termination?  

• How was the OSIW biogeochemical signature influenced by short-term primary productivity 

peaks during the deglacial Bølling-Allerød and Preboreal warm phases? 

• Which potential causes and forcing factors can be identified for deglacial changes in OSIW 

characteristics? 

• How do changes in OSIW biogeochemistry affect mid-depth ventilation, nutrient budgets and 

their utilisation in the open subarctic North Pacific? 

Chapter 6 focuses on the reconstruction of Okhotsk Sea Intermediate Water ventilation during the 

present Holocene warm period.  

• Did Okhotsk Sea Intermediate Water ventilation vary within the relatively, stable current 

“warmhouse” Holocene?  

• How sensitive was the present ventilation process by brine rejection in seasonal sea ice to past 

higher-than-present surface temperatures and freshwater fluxes? 

• What are the influences of ventilation changes in OSIW on oxygen supply to the mid-depth 

North Pacific? 

• What are the potential forcing mechanisms for Holocene variability in OSIW ventilation and 

circulation? Do we observe cyclic changes analog to North Atlantic records? 

Chapter 7 widens the perspective from the Okhotsk Sea into a basin-scale comparative assessment of 

ventilation changes in the precursor water masses of NPIW, based on analyses of sediment cores form 

Okhotsk and Bering Sea as the two potential source regions for NPIW ventilation during the last 

glacial termination. A focus is put on the deglacial cold Heinrich Stadial 1 and Younger Dryas phases, 

when the collapse of Atlantic Meridional Overturning Circulation (McManus et al., 2004a) and 

initiation of deep overturning in the subarctic North Pacific were postulated by earlier works (Okazaki 
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et al., 2010a). This hypothesis is tested by using benthic foraminiferal stable carbon isotopes, 

radiocarbon-derived paleo-ventilation ages and a basin-wide compilation of radiocarbon ventilation 

ages are used to address the following questions: 

• How important was the contribution of Okhotsk Sea Intermediate Water to deglacial North 

Pacific ventilation changes in relation to other potential source regions like the Bering Sea? 

• Were collapses of the Atlantic Meridional Overturning Circulation during the last deglaciation 

coupled to enhanced formation and ventilation of the mid-depth and the deep North Pacific?  

• Can regional reconstructions of NPIW ventilation in conjunction with information about upper 

ocean temperature and stratification help to evaluate and constrain existing hypotheses about 

climate teleconnections and forcings between the North Atlantic and Pacific? 

Chapter 8 provides information about deglacial changes in upper ocean temperatures and salinity that 

were reconstructed based on Mg/Ca and δ18O measurement of planktic foraminifera, combined with 

alkenone-derived SST reconstructions. The reported changes in mid-depth ventilation and 

biogeochemistry of chapter 5–7 are here put into the context of surface and mixed layer stratification 

variations in the Bering and Okhotsk Sea, thereby addressing the following aspects: 

• How do temperature and salinity of the upper mixed layer change in the subarctic North 

Pacific over the last glacial termination? Do different proxies record the same or different 

ocean temperature signals? 

• Are there regional variations in these upper mixed layer temperature and salinity 

characteristics between the open subarctic North Pacific and the neighboring marginal seas? 

• How does the upper ocean stratification change, based on the combination of SST and 

(sub)SST reconstruction and what are potential implications for primary productivity changes? 

Chapter 9 supplements the results reported in the earlier chapters by addressing the development of 

sea surface temperature and sea ice characteristics over the deglacial and early Holocene on a basin-

wide scale and adds a comparison to previously published records. The findings are integral to 

understand the role that sea surface temperatures and sea-ice changes exert on ventilation and 

circulation of deeper water masses and how surface temperature changes are coupled to concurrent 

changes in the North Atlantic. This chapter addresses the following questions: 

• How are millennial-scale changes in Okhotsk Sea Intermediate Water ventilation and primary 

productivity connected to regional and hemispheric changes in sea surface temperatures? 

• Are deglacial changes in sea surface temperatures and mid-depth ventilation characterized by 

concomitant changes in sea ice distributions? 
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Chapter 10 presents a brief synthesis of the achieved results. It summarizes the reported findings and 

highlights the progress achieved in comparison to the previous state of knowledge. The chapter closes 

out the thesis with an example for future studies. 

The appendix references selected earlier publications with abstracts for information that were 

generated within the framework of the KOMEX and KALMAR joint research programs and in 

collaborations with Russian colleagues, but form no inherent part of the thesis’ results.  

References of Chapters 5 to 9 are given at the respective end of the chapters. References for the 

introductory (Chapter 1-4) and closing sections (Chapter 10) are given at the end of the thesis. 
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2. The Study Area 

2.1. Regional Setting and Circulation Patterns 

The Okhotsk Sea is the second largest marginal sea of the North Pacific. It is bordered by East Siberia 

and Sakhalin Island to the west, Northeast Siberia (Magadan Oblast) to the North, the Kamchatka 

peninsula to the east, the Kuril Island Chain and Hokkaido to the south and southeast. It is covering an 

approximate area of 1,580,000 km (Tomczak and Godfrey, 2003). Circulation inside the Okhotsk Sea 

is dominated by the broad Okhotsk Gyre (see fig. 2.1), according to drifter studies (Ohshima et al., 

2004; Ohshima et al., 2002). The southward-flowing branch of the Okhotsk Gyre is formed by the 

East Sakhalin Current, which transports surface and deeper water form the northern shelves into the 

Kuril Basin. 

 

Figure 2.1: Map of study area with major circulation features. EKC = East Kamchatka Current; AS = Alaskan 

Stream; WSAG = Western Subarctic Gyre; NPC = North Pacific Current; OY = Oyashio; OG = Okhotsk Gyre 

Current; ESC = East Sakhalin Current; SC = Soya Current; Blue ellipses show average locations of major 

recurring winter polynias: NSP = Northern Shelf Polynia, SP = Sakhalin and Kashevarov Bank Polynia; TP = 

Terpeniya Bay Polynia. Red arrow symbolizes freswater influx via the Amur river. 
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Surface and deeper waters are exchanged between the Okhotsk Sea and the open North Pacific 

through a series of straits and passages in the Kurile Island with the two most important ones being 

Busso’l and Kruzensthern Strait (Katsumata et al., 2004; Ohshima et al., 2010). Flow through these 

straits is highly complex and not well understood, but exhibits a pronounced seasonality (Ohshima et 

al., 2010) and dependence on tidal forces (Nakamura and Awaji, 2004; Ohshima et al., 2002), leading 

to strong currents with vertical and horizontal flow reversals on time scales of hours to years, and 

intense deep, often diapycnal mixing (Katsumata et al., 2004; Nakamura and Awaji, 2004; Rogachev, 

2000; Rogachev et al., 2001; Yagi and Yasuda, 2012). Waters mostly enters the Okhotsk Sea from the 

East Kamchatka Current (EKC, Fig. 2.1), a southward flowing Western Boundary Current that 

transports Western Subarctic Gyre Water and, to a lesser extent upper Pacific Deep Water to the Kuril 

Islands. Inside the Okhotsk Sea it enters the gyre and is transported to the northern shelf area, where 

substantial modification processes occur due to high freshwater flux during spring and autumn, and 

through the formation of new water masses on the shallow shelf area during winter (Ohshima et al., 

2010; Yasuda, 1997; Yasuda et al., 2001). 

2.2. Ocean-Atmosphere Forcing on Fluvial Freshwater Flux and Sea Ice 

Freshwater flux to the Okhotsk Sea is mainly delivered by precipitation and latent moisture flux to the 

Amur river drainage basin. The Amur is one of the ten largest rivers worldwide by catchment area and 

discharges about 333 km2 freshwater per year (Ogi et al., 2001). As a characteristic feature, the annual 

runoff is strongly centered in two peak periods, one in early spring and the second in late summer, 

which are each determined by two different processes (Tachibana et al., 2008). The freshwater in the 

first peak mainly stems from melting snow and ice in the hinterland and its transport downstream into 

the Okhotsk Sea. The strength and location of the Siberian High pressure cell over mainland Siberia in 

wintertime is the dominant factor for the amount of snow cover and the strength of the winter, 

including the timing of ice breakup and (Honda et al., 1996). A second and much larger peak during 

September reflects the preceding East Asian Summer Monsoon maximum (July, August) that delivers 

precipitation to the Amur catchment area (Tachibana et al., 2008). The main discharge of the Amur 

spreads from the estuary around Cape Elizabeth on northern Sakhalin southward along the continental 

margin with the East Sakhalin Current (Fig. 2.1 and 2.2). This high supply of freshwater mixed 

nutrients and terrigenous suspension load contributes to strong stratification of the shallow upper 

surface waters and causes maxima in productivity on the northeastern Sakhalin margin (Nakatsuka et 

al., 2004a; Nakatsuka et al., 2004b; Seki et al., 2006). Fluctuations in Amur freshwater discharge play 

an active role in controlling sea ice formation. Ogi et al. (2001) found evidence for a negative 

feedback on decadal scales. They suggested that the inflow of warm Amur water tends to increase sea 
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surface temperatures in the freshwater-influenced part of the Okhotsk Sea, thereby suppressing sea ice 

formation in winter. This anti-correlation pattern is in turn influenced by the strength and expression 

of the Arctic Oscillation on instrumental timescales, thus providing a teleconnection pattern between 

the high Northern latitudes in the North Atlantic and North Pacific realm (Ogi and Tachibana, 2006; 

Ogi et al., 2004a). It further implies that the hydrological summer cycle of the hinterland, which is 

largely determined by the strength and northward propagation of the East Asian Summer Monsoon 

system, is an active player in controlling sea ice. Summer-induced changes in sea ice cover may in 

turn exert a significant influence on the atmosphere, because the presence of sea ice significantly 

reduces heat and moisture fluxes from the sea surface and consequently acts to cool the atmosphere 

above the ice (Honda et al., 1996; Ogi et al., 2004b; Tachibana et al., 2004; Tachibana et al., 2008). 

 

Figure 2.2: Summer Amur river outflow with clearly visible suspension load that is delivered into Okhotsk Sea. 

Phytoplankton blooms that benefit from delivery of nutrients with river suspension and turbulent mixing on 

shallow shelf are visible to the mid right of the picture. (Credit: Provided by the SeaWiFS Project, 

NASA/Goddard Space Flight Center, and ORBIMAGE). 

The Okhotsk Sea is covered by sea ice between 6 and 9 months on average per year. It is the 

southernmost location for such pervasive sea ice formation on the Northern Hemisphere. Formation 
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processes mainly occur north of Sakhalin Island and along the northern shelf areas (Kimura and 

Wakatsuchi, 1999; Martin et al., 1998).  

 

Fig. 2.3: Winter sea ice cover in Okhotsk Sea in true-color Aqua MODIS image from January 26, 2003. Note the 

accumulation maximum in the northwestern shelf areas (Credit: J. Descloitres, MODIS Rapid Response Team). 

While earlier works thought that the large freshwater runoff by the Amur river would foster sea ice 

formation due to the delivery of low-salinity water before freeze-up starts in autumn, recent studies 

point to a negative feedback coupling between fluvial runoff and sea-ice concentration on inter-annual 

and longer timescales due to the amount of latent heat transport into the NE shelf area of the Okhotsk 

Sea (Ogi et al., 2001; Tachibana et al., 2008). The large amount of latent heat from warmer continental 

regions under the influence of the South East Asian Summer Monsoon that is transported with the 

freshwater to the northern shelf suppresses the formation of new ice (Ogi and Tachibana, 2006; 

Ohshima et al., 2001). Sea ice formation is highly dynamic and variable on inter-annual and longer 

timescales. It is affecting and in some cases driving force for distinct surface, mixed layer and deeper 

water characteristics in the Okhotsk Sea (Ohshima et al., 2001; Yamamoto et al., 2002), e.g. by the 

formation of temperature inversions (the subsurface dichothermal layer) e.g. (Mizuta et al., 2004) and 

polynias (Fukamachi et al., 2004; Fukamachi et al., 2009). Due to the influence of the relatively warm 

(compared to the Okhotsk Sea) surface water from the East Kamchatka Current and the distal location 
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to prevailing cold westerly winds, the western coast of Kamchatka remains mostly ice-free during the 

entire year. Maximum average concentrations only reach between 0-20% sea ice (Kimura and 

Wakatsuchi, 1999; Kimura and Wakatsuchi, 2004; Shirasawa et al., 2005), leading to a pronounced 

difference in vertical water structure between the western and eastern part of the basin.  

 

Figure 2.4: Schematic overview of action centers and forcing factors in the study area that influence the 

formation and ventilation of Okhotsk Sea Intermediate Water and determine sea surface temperatures and 

salinity (Figure courtesy by R. Tiedemann). 

Apart from the connection to the hinterland EASM monsoon system via heat and moisture flux, the 

study region has been shown to be linked via atmospheric teleconnections to high latitude forcing, 

usually expressed as changes in the expression of the Arctic Oscillation, or the strength of the Siberian 

High – Aleutian Low pressure systems (Overland et al., 1999; Pickart et al., 2009; Rodionov et al., 

2007). These wintertime patterns exert influence through their modulation of northeasterly winds on 

the length of the snow season on the duration of sea ice formation, which in turn determine the 

intensity of polynia formation on the northern shelf areas (Shcherbina et al., 2004a). As a result, the 

Okhotsk Sea is uniquely located at a junction between strong wintertime high-latitude forcing, and 

low-latitude monsoon-influenced summertime climate patterns. It features one of the most pronounced 

interannual and seasonal changes in temperature and precipitation worldwide. 
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2.3. North Pacific and Okhotsk Sea Intermediate Water 

Today, the North Pacific is the endpoint of the global Meridional Overturning Circulation. No new 

deep water masses are formed (Emile-Geay et al., 2003; Warren, 1983), and the deep North Pacific 

harbors the oldest and most CO2-enriched water masses modern in the world ocean (Broecker and 

Clark, 2010; Broecker et al., 2004). However, the intermediate water layer in the North Pacific is 

ventilated by newly formed North Pacific Intermediate Water (NPIW), which develops it 

characteristics in the so-called Mixed Water Region (MWR) between the Kuroshio Extension and the 

Oyashio Current fronts where waters from subtropical, subpolar and marginal seas origin mix (Talley 

et al., 1995; Talley, 1985, 1993). NPIW is characterized by a salinity minimum and oxygen maximum 

along the density surfaces of σθ 26.6 to 27.2 (Fig. 2.2., Reid, 1965; Talley, 1993; Van Scoy et al., 

1991) and spreads southward into subtropical regions as well as eastward across the North Pacific. It 

was observed early that these density surfaces do not outcrop on the surface in the modern open North 

Pacific (Reid, 1965), leading to the hypothesis that the NPIW is mainly ventilated from the Okhotsk 

Sea and to a lesser extent the Alaskan Gyre (Kitani, 1973) (Talley, 1993; Van Scoy et al., 1991).  

While earlier works assumed NPIW formation models of isopycnal mixing-based renewal processes 

(Reid, 1965; Watanabe and Wakatsuchi, 1998), more recent works have indicated that a substantial 

amount of ventilation and formation of NPIW precursors occurs by diapycnal mixing induced by tidal 

variations mainly within the mixed water region off the Kurile Islands and in Bussol' Strait, but also in 

the Kuril Basin, where DSW and SWW mix into the final OSIW (Nakamura and Awaji, 2004; 

Nakamura et al., 2004; Ueno and Yasuda, 2003; Yamamoto et al., 2002).  

The main water mass responsible for determining the chemical and physical characteristics of NPIW 

is the Okhotsk Sea Intermediate Water (OSIW), a water mass that is formed by a mixture of: 

(1) Western Subarctic Pacific Water (WSAP) that as one principal precursor water mass is transported 

to the Okhotsk Sea from the North along Kamchatka with the East Kamchatka Current and enters the 

Okhotsk Sea through the main deep passages, Kruzensthern and Bussol’ Strait. It is relatively warmer 

and more saline than newly formed Okhotsk Sea (Yamamoto et al., 2001; Yamamoto et al., 2002).  

(2) Soya Warm Water (SWW), a warm and saline water mass that is transported through the shallow 

Soya Strait into the southern Okhotsk Sea and mixes with newly formed DSW water in the Kuril 

Basin before the resulting final OSIW leaves the Okhotsk Sea mainly through to enter the Oyashio.	  

Based	   calculation	   using	   cross-‐sections	   and	   current	   speed	   SWW	   has	   an	   	   annual	  mean	   volume	  

transport	   of	   about	   0.08	   Sv	   (Itoh	   et	   al.,	   2003).	   The role of SWW in paleoceanographic 
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reconstructions is not well defined due to the shallow sill depth of Soya Strait (ca. 60 m), which 

prohibits it entering the Okhotsk Sea during glacial sea-level lowstands. 

 

 

Fig. 2.5: Characteristics of North Pacific mid-depth water masses. Upper panel: Oxygen concentrations in ml/l 

on density surface σθ = 26.8 kg/m3; middle panel: Silicate concentrations (µmol/l) on density surface σθ = 26.8 

kg/m3. Lover panel: Nitrate concentrations (µmol/l) on density surface σθ = 26.8 kg/m3 

 (3) Dense Shelf Water (DSW) is a newly formed, well ventilated, cold and low salinity water mass . 

Of these three water masses, DSW commands particular interest as it constitutes the main water mass 

that imprints a distinct dissolved oxygen and nutrient signature onto the resulting final OSIW. The 

amount of newly formed DSW varies considerably according to different methodologies and times 

when studies were carried. Most estimates range between 0.2 and 1 Sv, with early CFC-based 

calculations gave c. 0.6 Sv (Wong et al., 1998), while hydrographic bottle and CTD data estimations 

range from 0.2 over 0.6 (Gladyshev et al., 2003) to 0.75 Sv based on mooring and water properties 
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data (Shcherbina et al., 2004b). Current-based transport calculations reach only the lower end of this 

range with 0.21 Sv (Fukamachi et al., 2004).  

Assuming only isopycnal mixing results in published mixing ratios of 1:1:0.1 among DSW, WSAW, 

and SWW in order to form OSIW, with formation rate of about 1.4 Sv per year (Itoh et al., 2003). 

Residence time of finally mixed OSIW in the southern Okhotsk Sea is typically short, based on 

gridded back-tracking of float trajectories (500-750 m water depth), recent estimates range between 

mostly 100-400 days before OSIW is exported into the North Pacific (Ohshima et al., 2010). This 

indicates the potential for a rapid transfer of OSIW-based hydrographic and chemical changes into the 

open ocean, and was corroborated by recent studies that postulate changes in North Pacific mid-depth 

water characteristics based on instrumental datasets and were attributed to decreases in the ventilation 

and formation of Okhotsk Sea Intermediate Water, thereby leading to warming as well as salinity and 

ventilation decreases in the mid-depth North Pacific (Deutsch et al., 2011; Deutsch et al., 2005; Feely 

et al., 2004; Nakanowatari et al., 2007). 

 

  

Figure 2.6: Schematic mass balance for Particulate (POC) and Dissolved Organic Carbon (DOC) input to the 

OSIW along the Sakhalin margin. Calcualtions are based on long-term mooring/sediment trap results(Nakatsuka 

et al., 2004b). Lithogenic and biogenic fluxes (Fe, detrital terrigenous sedients) co-vary for DSW/OSIW with 

these transport mechanisms (cf. \(Nakatsuka et al., 2004a; Nishioka et al., 2007). Original figure from 

(Nakatsuka et al., 2004b).  
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Today, DSW/OISW is a water mass with a higher O2 concentration than surrounding water masses 

along comparable density surfaces (Pacific Deep water and “old” NPIW, Reid, 1965; Talley et al., 

1995; Talley, 1985). At the same time, however, it is characterized by a local maximum in nutrients, 

in particular DOM and POM and also particulate and dissolved iron (Fe). This suspension load is 

transported with OSIW along the Sakhalin margin and exported to a large extent into the open North 

Pacific, where it can support high remineralization rates and biological activity in OSIW.(Nakatsuka et 

al., 1997; Nakatsuka et al., 2004b; Seki et al., 2006). The amounts of POM in the mesopelagic water 

column, acquired through bottom entrainment on shallow shelves and lateral transport are today 

slightly higher than the amounts of POM received through vertical settling of particles (the classic 

“biological pump”), despite the extraordinary high primary productivity in the Okhotsk Sea(Sorokin 

and Sorokin, 1999). The amount of DOM entrained into OSIW from bottom interaction and fluvial 

detrital material even surpasses the amount of vertically aquired DOM by an order of magnitude (Fig. 

2.6, Nakatsuka et al., 2004b; Nakatsuka et al., 2002). 

2.4. Previous Works 

Paleoceanographic works in the Okhotsk Sea have intensified over the past decade and increasingly 

moved to studies both on longer timescales and higher temporal resolution. Most studies focus on the 

interaction between sea ice, productivity and upper ocean stratification (Gorbarenko et al., 2010b; 

Harada et al., 2006; Nürnberg et al., 2011; Nürnberg and Tiedemann, 2004; Sakamoto et al., 2006). 

These works also established understanding of the dominant large-scale oceanic and atmospheric 

controls on changing parameters in the Okhotsk Sea. For the last million years, Nürnberg and 

Tiedemann (2004) reconstructed primary productivity, sea ice, sedimentation dynamics coupled to a 

robust stratigraphic framework and linked changes in terrigenous sediment supply to large orbital-

scale climatic changes in the SE Asian hinterland and the East Asian Monsoon system (Nürnberg and 

Tiedemann, 2004). Other works followed with establishing biostratigraphic control (Matul et al., 

2009) and studying changes in productivity patterns as well as organic and lithogenic particle transport 

on glacial-interglacial timescales (Gorbarenko et al., 2007a; Gorbarenko et al., 2008; Gorbarenko et 

al., 2010a; Seki, 2005; Seki et al., 2004; Seki et al., 2003; Seki et al., 2009b). These and other works 

established stratification changes induced by sea ice variations and freshwater transport in 

combination with glacial-interglacial sea level changes as control mechanisms for primary 

productivity changes, peaking during glacial terminations. Recent works moved towards the detection 

and analysis of millennial-scale variations in sea-ice action and productivity, primarily during glacial 

periods (Sakamoto et al., 2006) (Gorbarenko et al., 2010a; Gorbarenko et al., 2010b; Khim and 

Sakamoto, 2012; Nürnberg et al., 2011). These studies identified the occurrence of 
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“Dansgaard/Oeschger”-like millennial variations in the Okhotsk Sea, though sometimes with 

considerable uncertainties in the used age models. Most works, however, claim an in-phase 

relationship between North Atlantic and North Pacific warm and cold phases, and postulate that 

atmospheric teleconnection patterns via Eurasia and/or the Arctic are driving forces for transferring 

climate oscillations between ocean basins with little time lag as expressed in modern Arctic 

Oscillation or polar vortex variations (Gorbarenko et al., 2005b; Gorbarenko et al., 2007a; Gorbarenko 

et al., 2010a; Harada et al., 2006). These teleconnections in turn influence the strength and position of 

the Aleutian Low – Siberian High pressure system, thus influencing the strength of the East Asian 

Winter (and to some lesser extent) Summer Monsoon (Gong and Ho, 2002; Overland et al., 1999; Wu 

and Wang, 2002). 

However, most of these studies have been focused on proxy reconstructions that are indicative of 

upper water mass changes or bear witness to variations in sedimentological parameters, with only 

indirect relationship to the characteristics of deeper water masses. To date, little to no reliable high-

resolution paleoceanographic reconstruction of North Pacific Intermediate Water ventilation changes 

exist from the Okhotsk Sea as modern source region. This lack of knowledge is even more pressing as 

a relatively high number of studies in other parts of the North Pacific make inferences about either 

changing or static NPIW characteristics without having explicit knowledge about the NPIW at its 

origin (cf. e.g. Cartapanis et al., 2012; Hendy, 2010; Hendy and Kennett, 2003; Zheng et al., 2000). 

No studies based on epibenthic δ13C reconstructions are available for the Okhotsk Sea, with the 

exception of low-resolution glacial-interglacial time slice reconstructions (Keigwin, 1998a, 2002a). 

Previous works are mostly based on indirect proxies such as the association of deep-dwelling 

microfossil assemblages with specific water masses in analogy to modern conditions (Itaki and 

Ikehara, 2004; Itaki et al., 2008; Katsuki et al., 2010; Okazaki et al., 2004), which remain to be tested 

over time; or the use of endobenthic foraminiferal isotopes (Gorbarenko et al., 2008; Gorbarenko et 

al., 2010a) and species assemblages (Bubenshchikova et al., 2010). As a result, knowledge about the 

role of NPIW and OSIW biogeochemical changes in the larger North Pacific basin over the last 20,000 

or so years remain largely enigmatic to date. This thesis thus aims at starting to fill this particular gap 

in our current understanding of North Pacific and Okhotsk Sea intermediate water mass ventilation 

patterns, their connection to primary productivity, nutrient utilization dynamics, and relation with 

near- and far-field forcing factors. Other relevant existing hypotheses and studies will be discussed in 

more detail in the results chapters 5 to 9. 
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3. Material and Methods  

3.1. Core and Sampling Strategy and Sample Processing 

The sample material and the analytical works were embedded in the framework of joint German—

Russian collaborative projects „Kurile-Okhotsk Sea Marine Experiment” (KOMEX) I and II and 

“KOMEX – SONNE SO178”. Parts of the results in this work are based on material that originated 

from the first phase of the KOMEX project and the recently finished joint German—Russian project 

“KALMAR” to put achieved results into the larger regional context of the subarctic North Pacific. 

3.1.1. Site and Sample Selection 

Sediment samples from the Okhotsk Sea were selected from gravity and piston cores retrieved during 

derived from the cruises LV28, LV29 and SO179 to the Okhotsk Sea between 1998 and 2004 in the 

framework of the joint German—Russian bilateral research projects KOMEX (1998-2001), KOMEX 

II (2001-2004), KOMEX-SONNE (2004-2006). The used cores were described in the respective cruise 

reports, which also give an overview about the individual water column and sedimentary regimes at 

the core locations, and detail the shipboard initial logging, scanning, and sampling procedures for 

expeditions LV28 (Biebow and Hütten, 1999), LV29 (Biebow et al., 2002b), and SO178 (Dullo and 

Biebow, 2004). Cores were logged, color-scanned, and sampled jointly by the Shipboard Science 

Party. Core description and analysis of initial logging and scanning data for the German gravity cores 

on LV29/2 was carried out by myself, lithostratigraphic inter-core correlations between Russian and 

German sites and different site locations, as well as selection of cores for further analyses were jointly 

done by S.A. Gorbarenko, N. Biebow, A. Derkaechev and myself. During SO178 core description, 

logging and color-scanning was jointly carried out by the Shipboard Paleoceanography Group 

(Alexander Derkachev, Lester Lembke-Jene, Natalja Nikolaeva), including the lithostratigraphic core-

to-core correlation and selection of cores for further paleoceanographic analysis work. A complete 

overview list with the cores studied in this thesis is given below in Table 3.1 and in Figure 3.1. 

Cores LV28-78-3 and LV29-79-3 were chosen for further analysis in order to establish a depth 

transect of high-resolution Holocene sediment records proximal to the Amur fluvial discharge and the 

presumed formation site of Okhotsk Sea Intermediate Water (the exact formation process and location 

of OSIW were hypothesized, but not proven at that time, cf. Shcherbina et al., 2003a). The two sites 

(LV29-78-3, LV29-79-3) were later amended by core SO178-13-6, as the former cores did not 

penetrate the last glacial-interglacial transition with sufficiently high temporal resolution or at all. 
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Table 3.1: Locations and characteristics of all gravity and piston cores used in this thesis 

 

These northerly cores are part of a North-South transect along the Sakhalin margin, complementing 

earlier, more southerly located site LV28-4-4, and a further, southern location off Terpeniya Bay, 

which comprises a depth transect between 1200 and 2000 m water depth (LV28-2-3, LV29-72-4, 

LV29-70-3 Biebow et al., 2002b). Unfortunately, on this latter position we unsuccessfully tried to find 

shallower core sites, i.e. within the 600-1000 m core layer of OSIW. Thus, results from these latter 

cores are not included in this thesis, but subject to future work. Core LV29-114-3, on the other hand, 

was chosen as ideal site distal to the immediate influence of fluvial discharge patterns for a more 

representative reconstruction of regional upper ocean hydrography patterns (cf. chapter 8 and 9). The 

core was not used in studies of OSIW changes due to its greater water depth, outside the core layer of 

mid-depth ventilation.  

Stat. Nr. Latitude N Longitude E water depth 
(m)

Recovery        
(cm) Location Remarks

Gravity and Piston Cores Okhotsk Sea (KOMEX, KOMEX II, KOMEX-SONNE)

LV28-4-4 51°08.475 145°18.582 674 930 E' Sakhalin 
margin

re-sampled legacy gravity core, KOMEX I, 
Chapter 5 and 6

LV28-44-3 52°02.514 153°05.949 684 1116 W' Kamchatka 
margin

re-sampled legacy gravity core, KOMEX I, 
Chapter 6

LV29-78-3 52°40.388 144°42.203 673 850 NE' Sakhalin 
margin

KOMEX II gravity core,  slightly 
overpenetrated(20 cm), Chapter 6

LV29-79-3 52°47.272 144°57.318 1082 1072 NE' Sakhalin 
margin

KOMEX II gravity core, slightly overpenetrated 
(20 cm), Chapter 5 and 6

LV29-114-3 49°22.540 152°52.676 1762 950 E' slope Kuril 
Basin KOMEX II gravity core, Chapter 8 and 9

SO178-13-6 52°43.881 144°42.647 713 (672) 2368 NE' Sakhalin 
margin KOMEX-SONNE piston core, Chapter 5 and 7

Piston Cores Bering Sea (KALMAR, investigators: L. Max and J.-R. Riethdorf)

SO201-2-85KL 57°30.30 170°24.77 967 1813 Shirshov Ridge, 
W' Bering Sea

Chapter 7, 8 and 9, core sampled and analysed 
by L. Max and J. Riethdorf 

SO201-2-12KL 53°59.47 162°22.51 2170
W' Kamchatka 

margin,             
N Pacific

Chapter 8 and 9, core sampled and analysed by 
L. Max and J. Riethdorf 

SO201-2-77KL 56°19.83 170°41.98 2163 Shirshov Ridge, 
W' Bering Sea

Chapter 8 and 9, core sampled and analysed by 
L. Max and J. Riethdorf

SO201-2-101KL 58°52.52 170°41.45 630 Shirshov Ridge, 
W' Bering Sea

Chapter 8 and 9, core sampled and analysed by 
L. Max and J. Riethdorf

SO201-2-114KL 59°13.87 166°59.32 1394 Shirshov Ridge, 
W' Bering Sea

Chapter 9, core sampled and analysed by L. 
Max and J. Riethdorf
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Figure 3.1: map of Study area with core locations. For readability core names are abbreviated to station numbers, 

with cruise prefix and station suffixes omitted. Red dots mark the primary cores studied in this thesis from the 

Okhotsk Sea. Yellow dots are core sites that were retrieved during the KALMAR project, primarily analyzed 

within complementary theses (Max, 2012; Riethdorf, 2012), and used in chapters 7-9 for comparisons between 

the Okhotsk and Bering Sea. GMT was used for plotting the map. 

In addition, in chapters seven, eight and nine, results from Okhotsk Sea cores are compared to data 

derived from sediment cores of the Bering Sea. Those were retrieved during cruise SO201 with R/V 

Sonne in the framework of the Russian-German project KALMAR. Details for the sampling and 

coring routines during cruise SO201 are given in the expedition report (Dullo et al., 2009a) and the 

respective dissertation theses of L. Max and J.-R. Riethdorf, who carried out the sampling and 

analyses of the Bering Sea cores (Max, 2012; Riethdorf, 2012). 
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3.1.2. Sample Processing for LV29 and SO178 Cores 

Shipboard sampling procedures for all cores have been described in the respective cruise reports 

(Biebow and Hütten, 1999; Biebow et al., 2002b; Biebow et al., 2000; Dullo and Biebow, 2004). Later 

onshore sampling of all cores followed for consistency these standard operating procedures. The 

sampling scheme for older, pre-processed samples from LV28 used to select benthic foraminifera for 

isotope analyses and radiocarbon dating was described in an earlier thesis (Kaiser, 2001). Core LV28-

4-4 (archive) half cores were re-sampled onshore to increase temporal resolution.  

The gravity and piston core sampling scheme during the later KOMEX II/KOMEX-SONNE 

expeditions followed procedures established earlier (Kaiser, 2001) in that the cores were cut into 1 m 

segments, analyzed for magnetic susceptibility immediately on board and thereafter sliced horizontally 

into two halves. While the archive half was used for core description and color scanning, the working 

half was first sampled in 5 or 10 cm intervals for determination of physical properties with syringes. 

The remaining sediment was thereafter cut into 1 cm-thick slices (outer part of each slice removed to 

avoid contamination) for subsequent shore-based analyses. LV29-78-3, LV29-79-3, and SO178-13-6 

were initially sampled offshore for distribution to the science party, followed by onshore re-sampling 

in the GEOMAR core laboratory. LV29-114-3 was completely sampled onshore. 

All samples taken from sediment cores were placed in polyethylene bags (Whirl-Pak®) or polystyrene 

hard-shell containers with polyethylene snap lids (Thermo Scientific NUNC®). All samples were 

stored refrigerated (at temperatures between 2° and 7° C) onboard and in the GEOMAR Lithothek 

Core Repository thereafter until being further processed or archived. All samples used for subsequent 

analyses that required dried sediment were freeze-dried, as this method minimizes potential bias and 

problems during subsequent analyses (e.g. McClymont et al., 2007; Schubert, 2005). Figure 3.1 

provides a schematic overview of the sample processing and analysis workflow. 

For the retrieval of foraminifera from sediment, slice samples were weighed and washed over a 63µm 

sieve with tap water, followed by final rinsing with de-ionised water. Samples were dried at 60° C and 

sieved thereafter into size fractions of 63-150µm, 150-250µm, 250-500 µm, 500-1000 µm and >1000 

µm. Subsequent weighed was carried out to calculate coarse fraction content. These samples were 

used for further studies on foraminifera, including the selection of specimen for isotope analyses and 

radiocarbon dating. 
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Figure 3.2: Schematic workflow of Okhotsk Sea sample processing and analyses used in this thesis. Blocks with 

thickened frames indicate processes with final data output mainly used for interpretation. 

Samples for analysis of Dry Bulk Density (DBD) were taken directly on board after core opening on 

cruises LV29 and SO178 in 5 cm intervals, in some cases in 10 cm intervals. These Physical Properties 
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Samples were taken in commercially available, medical plastic syringes in volumetric sizes of five or 

ten cubic centimeters, with previously cut off heads. Sample syringes were closed with tight-sitting 

plastic caps, sealed by water- and airtight electrical duct tape and placed in plastic bags that were 

sealed until processing in shore-based laboratory at IFM-GEOMAR, Kiel. Determination of dry bulk 

densities (DBD hereafter) followed established protocols (cf. Dadey et al., 1992). All samples were 

weighed immediately after arrival in the shore-based laboratory, subsequently freeze-dried and again 

weighed in dry state. After finished DBD determinations and quality control, these samples were used 

for further anorganic chemistry analysis (viz. opal, TCN, chlorin analyses, see methods description 

below).  

3.2. Radiometric Dating — AMS 14C Measurements  

Age control was primarily achieved through radiocarbon dating of planktic foraminifera and, in some 

cases, benthic fauna if the available samples did not yield enough planktic foraminifera. For 

radiocarbon analysis I picked all N. pachyderma (s) and G. bulloides of a selected sample from the 

size fraction 150-250 µm. Specimen with visible overgrowth of diagenetic crystals, with signs of post-

depositional alteration, or recrystallisations (e.g. yellowish colour) (Pena, 2005; Pena et al., 2008) 

were excluded from further use (radiocarbon, stable isotope, elemental analyses). All radiometric 

dating was carried out in the Leibniz Laboratory for Radiometric Dating and Isotope Research, Kiel. 

(Grootes et al., 2004; Nadeau et al., 1998; Nadeau et al., 1997) 

In the laboratory, samples were routinely cleaned with 15 % H2O2 in an ultrasonic bath to remove 

adhering dust, detrital carbonate and organic surface coatings. The CO2 was liberated from each 

sample with 100 % phosphoric acid at 90 °C. This CO2 was reduced with H2 over about 2 mg of Fe 

powder as catalyst, and the resulting carbon/iron mixture was pressed into a pellet in the target holder 

(P.M. Grootes, pers. communication). 

In the Leibniz Laboratory, the 14C concentrations of the samples were measured by comparing the 

simultaneously collected 14C, 13C, and 12C beams of each sample with those of Oxalic Acid standard 

CO2 and pre-Eemian foraminifera as background. Conventional 14C ages were calculated according to 

Stuiver and Polach (1977a) with a δ13C correction for isotopic fractionation based on the 13C/12C ratio 

measured by the AMS-system simultaneously with the 14C/12C ratio. For the determination of the 

laboratory’s measuring uncertainty (standard deviation σ ) both the counting statistics of the 14C 

measurement and the variability of the interval results that, together, make up one measurement were 

measured. The larger of the two was adopted as measuring uncertainty. To this the laboratory adds the 

uncertainty connected with the subtraction of the “blank”. The quoted 1σ uncertainty thus constitutes 
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the best estimate for the full measurement and is not just based on counting statistics (pers. 

communication P.M. Grootes and cf. Grootes et al., 2004; Nadeau et al., 1998; Nadeau et al., 1997). 

While a minimum of about 1,000 specimen is regarded as optimal to deliver enough carbon for dating 

after sample pre-processing, some samples did not yield sufficient carbonate weight. In these cases 

sample pre-treatment was modified in the Leibniz Laboratory in order to maintain enough carbon for 

reliable dating by substituting the H2O2 in the cleaning step by repeated rinses with H2Odem.  

Dating of two samples carried out at a later stage in addition to the initial set to further constrain the 

age models was done by the W. M. Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory at 

University of California, Irvine. Details about the methodology of these age determinations are 

provided in the online documentation of the facility, including the laboratory’s written protocols as 

Internal Technical Reports in pdf-format  (http://www.ess.uci.edu/ams/, last accessed on 01 May 

2013).  

Radiocarbon data of water samples were courtesy provided by Ralf Tiedemann, samples were 

measured in the Leibniz laboratory, Kiel as well, methods followed established protocols (cf. 

http://www.uni-kiel.de/leibniz/ for analytical processes not described in aforementioned references). 

The AMS 14C measurements were used for establishing core stratigraphy (chapter 5, 6, 7, 8 and 9) as 

well as for analysis of paleo-ventilation patterns during the last glacial termination (chapter 5 and 7). 

3.3. Stable Isotope Measurements 

For each measurement of stable carbon (δ13C) and oxygen (δ18O) isotopes I picked foraminifera from 

the previously processed coarse fraction samples as follows: 

For planktic foraminifera, I selected between 20 and 30 specimen of the non-spinose, non-symbiont-

bearing left-coiling variety of N. pachyderma (Ehrenberg) 1861 from the 150-250 µm size fraction. I 

only used clean tests without visible alterations, secondary overgrowths, or discolorations (into 

yellowish colour) for analysis. Each planktic foraminifera was also checked for contamination by post-

depositional sediment fillings and excluded or cleaned before analysis. 

For benthic isotope records, I usually analyzed between one and five tests that I chose from the 250-

500 µm size fraction. For the identification and selection of all benthic foraminifera data reported in 

this study, I followed the taxonomic revision and notes of Holbourn and Henderson (2002), with 

comparisons to Scott et al. (2000b) and van Morkhoven et al. (1986). The used taxonomic assignments 

were in addition discussed and cross-checked with my Russian collaborator N. Bubenshchikova (cf. \ 
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(Bubenchshikova and Lembke-Jene, 2002; Bubenshchikova et al., 2008). Between three to five tests 

of the shallow endobenthic foraminifiera Uvigerina peregrina were used for analyses. However, I note 

that in this thesis I use the commonly used designation U. peregrina, though N. B. and I largely agree 

that the taxonomically correcter assignment for the Okhotsk Sea fauna is likely Uvigerina akitaensis 

(in line with reasoning of Scott et al., 2000a).  

I use Cibicides lobatulus (Walter and Jacob) 1798 (cf. images of specimen in collections of the 

Natural History Museum, London in Holbourn and Henderson, 2002), which is known to live in an 

often elevated epibenthic habitat attached to hard substrate or even live macrobenthos (Moore, 1985; 

Svavarsson and Davidsdottir, 1995). This species is clearly identifiable in the sediment samples of the 

Okhotsk Sea cores. The second, more abundant cibicid species that is used in this thesis is designated 

as C. mundulus (Brady, Parker, and Jones) 1888, following the arguments of van Morkhoven et al., 

and, with the often-used name Cibicides kullenbergi (Parker) being considered a junior synonym. 

Holbourn and Henderson (2002) state that C. mundulus can be distinguished from Cibicidoides 

pachyderma (Rzehak) 1886 “by looking at the peripheral view: Cibicidoides pachyderma has an 

asymmetrical appearance, reminiscent of the central saucer of the Starship Enterprise, whereas C. 

mundulus exhibits a more symmetrical character reminiscent of a flying saucer from a 1950s sci-fi 

film (Katz, personal commun., 1998)”. While this identification holds true for specimen in the 

Okhotsk Sea sediment samples, some studied specimen seemingly show intergrading forms between 

C. pachyderma (or respectively C. pseudoungerianus, but cf. discussion in van Morkhoven et al. 1986) 

and C. mundulus, leading to the impression that some, especially C. mundulus might be 

morphologically more closely related to C. pachyderma than to “typical” C. kullenbergi as known 

from other regions (Caribbean, Atlantic). Further taxonomic studies might be necessary in the 

subarctic North Pacific, as the species are widely used for paleoceanographic reconstruction, but are at 

present such efforts are hampered by the generally low abundance of cibicid species in Okhotsk Sea 

sediments and sparse coverage of the area with live-sampled fauna.  

During picking for isotope analyses, I checked every specimen for preservation state and, if 

necessary, cleaned the samples. Cleaning was done following established protocols by cracking the 

foraminiferal tests open, soaking the fragments in ethanol p.a. in an ultrasonic bath, siphoning the 

supernatant off and drying the samples in a clean oven without ventilation at 50°C over night. This 

procedure has been shown to not alter the original isotopic composition of the foraminiferal tests 

before analysis (Ganssen, 1981; Löwemark et al., 2005). 

I carried out all analyses of oxygen and carbon isotopes on foraminifera and other carbonate 

material for this thesis in the Paleoceanography Department’s ISOLAB Stable Isotope Laboratory at 

the IFM-GEOMAR in Kiel, using either a Finnigan Delta-Plus-Advantage Isotope Ratio Mass 
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Spectrometer (IRMS) coupled to a Finnigan Gas Bench II (with long-term analytical precision better 

than ± 0.07 ‰ for δ18O and better than ± 0.05 ‰ for δ13C), or a Finnigan MAT 252 IRMS connected 

online to an automated Kiel II AUTO CARBO carbonate preparation device (with a long-time 

reported analytical precision better than ± 0.07 ‰ for δ18O and ± 0.04 ‰ for δ13C). Both machines are 

inter-calibrated by using the in-house ST BREMEN (δ13C = –2.93 ‰, δ18O = 4.28 ‰) standard that is 

prepared from Solnhofen Limestone. The ratios of 18O/16O and 13C/12C are reported as relative 

deviations (δ-notation) from a laboratory standard, here with reference to the Vienna - Pee Dee 

Belemnite (V-PDB) notation derived as follows for oxygen isotopes (McKinney et al., 1950): 

(3.1) 

   
 

 

and accordingly for stable carbon isotopes (Craig, 1957):

  (3.2)    

 

The calibration to the V-PDB standard was obtained the National Bureau of Standards NBS-18 and 

19 and the aforementioned internal laboratory standard. 

The Thermo Finnigan MAT 252 IRMS was better suited to measure smaller amounts of CO2 due to 

the technical layout of the IRMS at the time of measurements and was thus preferentially used for the 

analyses in this thesis. In the course of the foraminiferal analyses, a high number of single specimen or 

small carbonate mass measurements were performed due to low abundance of foraminifera in some 

samples (e.g. chapter 7 and 8). The MAT 252 was accordingly adjusted to small gas volumes by L. 

Haxhiaj (ISOLAB technician) and myself. These modifications were checked through running 

repeated in-house standard samples, in addition to regular in-house standard runs. After analysis, I 

checked each sample measurement result for sample gas volumes, sufficient currents on the IRMS 

faraday cups, and according maximum standard deviation. Each sample run was validated and 

corrected by the above-mentioned co-measured in-house standards (of approximately similar sample 

mass in sample runs). 

Results from stable isotope analysis of planktic and benthic foraminifera were used in all reported 

results (chapters 5-9). Data from cores SO178-13-6, LV28-4-4 and LV29-79-3 were used for the 

interpretation of paleo-ventilation patterns, changes in hydrography and intermediate water formation 
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during the last glacial termination (chapter 5, 6 and 7). Stable isotope results from core LV29-114-3 

were used for stratigraphy and calculation of δ18O-based salinity approximations (chapter 8). They 

were also used in additional works about deglacial surface and mixed layer stratification and SST 

development (see appendix). 

3.4. XRF scanning 

For major and minor element content analysis of sediment cores I used X-ray fluorescence scanning 

(Jansen et al., 1998; Richter et al., 2006; Rothwell et al., 2006). I scanned the cores reported in this 

thesis with one of the two XRF-core scanners available in the IODP Bremen Core Repository (BCR) 

at the MARUM, University of Bremen during two scanning time slots. I used the newer AVAATECH 

core scanner model for cores LV29-114-3 and SO178-13-6, while Cores LV29-79-3 and LV28-4-4 

were measured on the older CORTEX scanner. The CORTEX Core Scanner is able to measure limited 

set of elements from potassium (K) through strontium (Sr). The central sensor unit consists of a 

molybdenum X-ray source (3-50 kV) and a Peltier-cooled PSI detector (KEVEX™) with a 125 µm 

beryllium window, a multichannel analyzer with a 20 eV spectral resolution and 15 s count time with 

X-ray current of 0.15 mA (see Röhl and Abrams, 2000). All measurements were performed at 1 cm 

intervals with 10 kV, except core LV29-79-3, which was measured at 0.5 cm intervals. Gravity core 

LV28-4-4 was scanned earlier on the same CORTEX scanner by Reinhard Kozdon as part of his 

Master thesis (Kozdon, 2002), and the data and subsequent processing were taken from that thesis. 

The AVAATECH XRF scanner can analyze more elements, from Aluminum (Al) through to Uranium 

(U, atomic number 92) (Richter et al., 2006; Tjallingii, 2006). The AVAATECH scanner had a sensor 

unit with an Oxford Rhodium (Rh) X-ray source, an Amptek 2-stage Peltier-cooled detector with 

25 µm Beryllium window, and multi-channel analyzer with a spectral resolution of 20 eV (Tjallingii, 

2006; Weltje and Tjallingii, 2008). The analysis area is Helium-flushed between prism and detector 

and within the prism to minimize scatter of radiation on both systems.. Prior to XRF-scanning, half 

cores were covered with Mylar foil for the CORTEX XRF scanner, whereas on the AVAATECH 

scanner, a 4 µm SPEXCerti Prep Ultralene® foil was applied before scanning in order to achieve a 

higher transmission of weak fluorescence signals from light elements like Al, Si (compare Tjallingii, 

2006; Tjallingii et al., 2007). I took care to bring sediment half core surfaces to room temperature to 

avoid condensation of water on foils, and to avoid wrinkles and air bubbles along the scanning track. 

The inter-comparison of samples measured with both scanners as well as the set-up optimization has 

been tested and verified by BCR personnel. A number of detailed studies about the two scanners has 

been published on performance, technical setup and best operating procedures (Croudace et al., 2006; 
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Richter et al., 2006; Röhl and Abrams, 2000; Tjallingii, 2006; Tjallingii et al., 2007; Weltje and 

Tjallingii, 2008). These published recommendations were observed for the scanning and analysis 

works related to this thesis. Values with χ values of more than three on AVAATECH scan runs 

(Croudace et al., 2006) were discarded from reports. As it has been shown that water content in the 

sample can affect the accuracy of some lighter elements like SI and Al (Tjallingii et al., 2007), while 

heavier elements like Ca, Fe, Ti, K remain unaffected. As a result, in this thesis I preferentially use 

elements proven to be relatively unaffected by the core water content, though no apparent offsets 

between those and lighter elements e.g. like Al in conjunction with the water content of the cores were 

observed. 

Reported results from XRF scanning in this thesis are largely based on counts or count ratios. 

However, calibration work was undertaken to (1) ensure that the scanned core results were analyzed 

with an adequate peak identification and integration quantification model, (2) allow for later 

quantification of XRF counts into elemental concentrations and (3) assess whether discrete XRF 

analyses can be used independent of the respective cores they were made on, i.e. whether potential 

exists for a basin-wide XRF calibration for XRF-scanned cores. Two runs were carried out with 37 

and 26 discrete samples that were measured on sequential wavelength dispersive Phillipps PW1400 

and X’Unique (RH-tube) X-ray fluorescence spectrometer at the GEOMAR on two different cores 

(LV28-4-4 and LV29-108-5). Discrete samples were chosen in line with published recommendations 

(Weltje and Tjallingii, 2008) and show excellent agreement both between XRF scans and discrete 

samples and between the two different sample datasets from the two cores (Table 3.2), allowing for 

the use of a combined calibration dataset if needed (cf. Fig. 3.3). Individual plots and regressions of 

elemental scan counts vs. discrete concentrations are stored in the PANGAEA database. 

I ran one gravity core (LV29-108-5) on both scanners with identical set-up for comparison. Core 

LV29-108-5 is located at c. he same location as LV28-44-3 that is used in this thesis. The environment 

there is slightly different from the cores off the Sakhalin margin. The former are heavily influenced by 

fluvial detrital suspension and regularly occurring seasonal sea ice that both deliver high amounts of 

terrigenous material to the core sites. LV29-108-5, on the other hand is only moderately influenced by 

terrigenous sediment delivery through rivers, as no river systems comparable to the massive Amur 

discharge occur on the western Kamchatka margin. In addition, sea ice during the Holocene only 

intermittently covered the core site, as it lies beneath the inflowing, relatively warm East Kamchatka 

Current and far from the modern “sea ice formation centers on the shallow northeastern Okhotsk Sea 

shelf areas. As these two scanning runs were done in 2003 and 2006, well offset from each other, the 

rationale was to determine whether: (1) The principal elemental concentrations were reproducible on 
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the two different systems and (2) significant changes in the sediment composition happened due to 

long-time storage that might have affected the accuracy of the previous scanning results.  

Table 3.2: Comparison of linear regressions and correlation coefficients for between discrete and scanned XRF-

derived elemental concentrations in two cores from the Okhotsk Sea. “Combined” indicates regressions based on 

merging datasets of the two different cores to increase the number of data. Bold data indicate elements that were 

used in thesis (chapters 5, 7, 9). 

 

CORTEX

composite const. m a R2 Ref. core
Ti 1272 14.806 0.94562 combined
Fe 9232.7 5.2733 0.92886 combined
Mn 103.46 3.5037 0.73438 combined
Ca 2645.7 47.686 0.70219 combined
K 6126.9 56.175 0.91024 combined
Sr 103.45 3.3843 0.36235 combined

Core-specific const. m a R2 Ref. core
Ti 1085.4 16.112 0.96083 LV29-108-5

1480.8 13.309 0.94759 LV28-4-4
Fe 8634 5.8259 0.95962 LV29-108-5

10708 4.662 0.96282 LV28-4-4
Mn 177.44 3.1997 0.80695 LV29-108-5

67.023 3.5703 0.8065 LV28-4-4
Ca 17903 12.235 0.14959 LV29-108-5

6959.1 12.399 0.29309 LV28-4-4
K 4496.4 57.403 0.95613 LV29-108-5

7783.8 51.77 0.96598 LV28-4-4
Sr 148.5 2.6456 0.35999 LV29-108-5

105.65 2.6761 0.44462 LV28-4-4

AVAATECH

core-specific const. m a R2
Ti 213.11 1.3657 0.97555 LV29-108-5
Fe 2377.3 1.3572 0.97441 LV29-108-5
Mn -64.994 1.1427 0.68354 LV29-108-5
Mn 3smooth -118.59 0.45404 0.84691 LV29-108-5
Ca 11431 1.562 0.60858 LV29-108-5
K 3905.3 3.3172 0.98729 LV29-108-5
Sr 100.67 0.62235 0.60382 LV29-108-5
Si 382140 -16.328 0.42815 LV29-108-5
Al -29053 99.054 0.87619 LV29-108-5
Al 3 smooth -33183 104.63 0.91368 LV29-108-5
Rb 6.77323 0.80368 0.45863 LV29-108-5
Rb 3smooth -4.5358 1.112 0.76204 LV29-108-5
Ba 121.32 0.46506 0.63092 LV29-108-5
Ba 3smooth 109.32 0.48855 0.76593 LV29-108-5
Zr 33.054 0.53274 0.71254 LV29-108-5
Zr 3smooth 20.648 0.68702 0.899 LV29-108-5

x = XRF scanning counts; f(x)= XRF sequential discrete XRF

Linear Regression: f(x)= m+a*x

Linear Regression: f(x)= m+a*x
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Results from the two repeat scanning runs, however, show that the results stay in remarkable 

similarity. In fact, the counts on all elements that could be analyzed on both scanners showed excellent 

reproducibility for the elements Fe, K, Ti, Ca. No major offsets due to alteration or other storage-

induced artefacts were recognizable in core LV29-108-5 (Fig. 3.3). Interoperability of core scanners 

and cores as well as core storage induced changes in elemental compositions will be part of a 

forthcoming intercomparison study that also includes the AWI Bremerhaven XRF-scanner.  

 

Figure 3.3: Exemplary comparison of different XRF-scanner runs and discrete XRF – based calibrations for 

potassium (K) on an Okhotsk Sea sediment core (LV29-108-5). Scan runs were carried out in 2003 (CORTEX) 

and 2006 (AAVATECH). Notice that the overall correspondence between the AAVATECH and CORTEX scan 

run is small (black and blue lines) when core-specific XRF calibration through discrete is used. Comparison 

between calibration with core-specific (blue) samples and samples from a core with a different sedimentological 

setting (fluvial runoff, higher sea ice input) off Sakhalin (LV28-4-4) still results in an overall good match if 

concentrations are above 1.2-1.5 %. Only for low values below 1.4 % the calibrated concentrations start to 

diverge significantly. Given that this calibration sensitivity exercise is (1) based on a very limited number of 

discrete samples (n=25 for LV29-108-5, n=38 for LV28-4-4) and (2) several years passed between both the 

scanning (>3 yr) and discrete analyses (>5 yr), one can argue that under normal circumstances a basin-wide 

calibration dataset for all cores can be obtained and that storage, analytical precision and instrument drift play 

only a negligible role in the XRF-based proxy records presented. 
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Results from XRF canning were used in the setup of an unified stratigraphic framework between the 

Bering and Okhotsk Sea (chapter 7) and used to assess the composition of the lithogenic sediment 

fraction during the last glacial termination (chapter 5) in particular with regard to the iron content. ). 

They were also used in additional works about deglacial surface and mixed layer stratification and 

SST development (see appendix). 

3.5. Chlorin Concentrations 

Chlorins are degraded products of phytoplankton that are found in deep-sea sediments and have been 

shown to represent a good proxy indicator of past primary productivity in a wide range of different 

oceanographic settings (Harris et al., 1996). They have been used successfully as an indicator of 

primary productivity within previous multi-proxy studies in the subarctic North pacific and the 

Okhotsk Sea (e.g. Gebhardt et al., 2008; Gorbarenko et al., 2007a; Nürnberg and Tiedemann, 2004)). 

For this thesis, the analysis of chlorin concentrations followed standard procedures established in the 

Geochemistry Laboratory at GEOMAR. Acetone was used to free pigments from previously freeze-

dried and homogenized sediment by repeated sonication and centrifugation. Pigments were acidified 

with Hydrochloric Acid (HCl) to transform chlorophyll-a into phaeopigments. Chlorin concentrations 

were measured with a Turner Fluorometer (type TD-700) immediately after extraction. The analysis of 

chlorin concentrations was carried out on about 0.6 g of previously homogenized sediment sample 

material in duplicate measurements. Prior to analysis, chlorins were extracted with acetone under 

sonication and subsequent centrifugation in three consecutive steps. The samples were ice-cooled after 

each extraction. The sediment extracts were thereafter measured with a TD-700 Fluorometer (GAT) 

immediately after the third extraction, always under low light conditions to hinder decomposition. 

Chlorophyll-a (sigma), acidified with 2 ml HCl is used as standard. To check extractions and 

instrument drift an internal standard sample was measured after each dozen measurements. Unless 

otherwise noted, all chlorin concentrations are reported in ng/g. 

Chlorin measurements were used in this thesis to carry out inter-core correlations (chapter 4, 5, 6) 

and to assess changes in bulk primary productivity during the last glacial termination on the Sakhalin 

margin (chapter 5). 

3.6. TOC, CaCO3, [C/N]atomic ratios  

A CARLO ERBA CNS analyzer (Model NA-1500) was used for measuring the carbon and nitrogen 

content of sediment core samples (Verardo et al., 1990). In most cases, the processed, freeze-dried 
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sediment samples previously used to determine physical properties were taken for analysis. The total 

carbon (TC) content was measured from bulk sediment previously homogenised by milling, the Total 

Organic Carbon (TOC) content was measured on bulk sediment samples previously decalcified with 

0.25 M HCl. The CaCO3 content was calculated by subtracting the TOC from the TC value using the 

formula: CaCO3 = 8.333⋅(TC−TOC). Long-term analytical precision is around 2%. All samples were 

measured two times and an average value was calculated from these two measurements. In cases of 

significantly different results, the sample was re-run.  

CaCO3 and TOC measurements were used in this thesis to correlate cores and assess changes in 

primary production and terrigenous matter supply during the last glacial termination (chapter 5). 

They were also used in the additional works about deglacial surface and mixed layer stratification and 

SST development (chapter 8 and 9). 

3.7. Opal 

The measurements of biogenic opal concentrations as well followed well-established procedures in the 

Sedimentology/Anorganic Geochemistry Laboratory at GEOMAR. The method as been used before 

on sediments from the Okhotsk Sea and was not modified for this thesis (Nürnberg and Tiedemann, 

2004). The methodology follows the automated leaching method (Müller and Schneider, 1993), in 

which opal is extracted from the previously freeze-dried and homogenized bulk sediment with NaOH 

at about 85°C over ca. 45 min. time. The leaching solution is continuously analyzed for dissolved 

silicon by molybdate-blue spectrophotometry (mineral correction applied following DeMaster, 1981; 

Nürnberg and Tiedemann, 2004). The reported long-term accuracy of the method is ±0.5 weight %, 

deduced from replicate and standard measurements. 

Measurements of biogenic opal were mainly used in this thesis to assess biosiliceous productivity 

changes during the last glacial termination (chapter 5). 

3.8. Archiving and Data Repository 

All samples that were used for thesis are permanently stored either in the GEOMAR Lithothek Core 

and Sample Archive in Kiel or at the AWI Sample Repository in Bremerhaven. All data used and 

reported in this thesis are permanently stored in the "World Data Center for Marine Environmental 

Sciences (WDC-MARE) and accessible through the PANGAEA archive and publication system via 

the online portal (http://www.pangaea.de/).  
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4. Stratigraphic and Age Model Approach 

4.1. Previous Works and Strategies 

Establishing a coherent stratigraphic framework for all sediment cores is a mandatory prerequisite for 

the research targets of this thesis. Early works largely relied on low-resolution bio- and oxygen isotope 

stratigraphy (Hays and Morley, 2003, 2004; Morley et al., 1991), supplemented by only few 

radiometric age control points (Keigwin, 1998a, 2002a). A chronostratigraphic approach on a basin 

scale for the Okhotsk Sea was established by a number of studies in the framework of the first 

KOMEX phase for longer, orbital timescales (Gorbarenko et al., 2002b; Nürnberg et al., 2011; 

Nürnberg and Tiedemann, 2004), supplemented by works of other large-scale programs (Sakamoto et 

al., 2005; Sakamoto et al., 2006; Seki et al., 2004) or works focusing on particular cores (Barash et al., 

2008; Bubenshchikova et al., 2010). However, especially for the last glacial termination and the 

Holocene a comprehensive stratigraphic framework based on independent AMS 14C dating was 

missing until recently. Progress for the last glacial termination and earliest Holocene that uses an inter-

basin correlation approach for the Northwest Pacific led by L. Max is presented in detail in Chapter 9 

of this thesis (also: Max et al., 2012a), and thus not repeated here. In that study, core LV29-114-3 

from the Kuril Basin is matched to previously published records (Keigwin, 1998a) and cores from the 

Bering Sea (Dullo et al., 2009a) into one common chronostratigraphy for the region, based on 

correlation of well-established, AMS 14C-dated CaCO3 peaks (Max, 2012). 

This approach works well during the deglaciation, but meets challenges in the cores on the Sakhalin 

continental margin within the Holocene, the foci of Chapter 5 and 6. Firstly, some of the cores that are 

used in Chapters 5 and 6 do not completely extend beyond the Holocene into the glacial or the glacial 

termination, making them less suitable for unambiguously identifying correlating CaCO3 peak patterns 

during that period. Secondly, these peaks offer little fine structure after the respective the two 

prominent maxima centered on the Bølling Allerød and early Preboreal interval. This is especially 

apparent in the cores from the northeastern Sakhalin margin, where due to dilution effects with 

terrigenous material and high sedimentation rates CaCO3 contents are extremely low and approach 

zero in some parts (cf. Chapter 5). Thirdly, beyond the prominent peaks during the termination the 

relatively low CaCO3 content varies locally in different regions of the Okhotsk Sea within the 

Holocene due to changes in sea ice cover and carbonate vs. siliceous primary producers. As a 

consequence, I opted to use the chlorin content for inter-core correlations instead. Chlorins are 

established as a reliable and sensitive proxy for primary production (Harris et al., 1996), have been 

successfully used as proxies in the Okhotsk Sea before (Gorbarenko et al., 2012; Nürnberg and 
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Tiedemann, 2004) and display distinct surface productivity patterns within the Holocene. I here 

assume that neighboring cores on the Sakhalin margin in principle record the same primary 

productivity patterns and thus can be correlated by matching the chlorin content variations between 

cores, in analogy to the approach used before by us for deglacial CaCO3 peaks (Max et al., 2012a). 

4.2. 14C Age Calibration and Reservoir Age Determinations 

Age models for the cores used in this thesis were developed following differing strategies according to 

the specific nature and needs for temporal resolution and available 14C-dated material. While details 

about the construction of the age-depth relationships itself are also given in the respective chapters, I 

here add background information related to the methodological approach for a better understanding of 

the results reported in Chapters 5, 6 and 7. 

Throughout this thesis, unless otherwise noted, I follow the stratigraphic framework and conventions 

developed by the INTIMATE working group in its most recent version (Blockley et al., 2012; 

Blockley et al., 2011). All ages, unless specifically given otherwise, are expressed in calibrated 

calendar years before present according to (Stuiver and Polach, 1977a), the abbreviations “cal. yr BP” 

or “ka” are used, As these calibrated ages are referenced to A.D. 1950, I applied appropriate 

corrections to reference curves based on other timescales, e.g. in the case of NGRIP ice core data 

reported on the GICC05 timescale referenced to yr b2K (A.D. 2000) of –50 yr to adjust all records to 

one common timescale (Rasmussen et al., 2006a; Svensson et al., 2008).  

For all initial age calibrations the software “Calib 6.0” (Stuiver and Reimer, 1993a) was used with the 

calibration curves MARINE04 and MARINE09 (Hughen et al., 2004; Reimer et al., 2009a). While 

radiocarbon data once calibrated within the smaller than 12 kyr range remained on the MARINE04 

results as the two curves are identical in this time interval, for older dates the MARINE09 curve was 

used. As part of the age model routine, I cross-checked calibrated ages with MARINE04 because of 

ongoing discussions in the community whether in fact INTCAL/MARINE04 might be better suited for 

marine samples than MARINE09 during some deglacial intervals (cf. supplement in: Lund et al., 

2011) based on indications in earlier works (Beck et al., 2001; Marchitto et al., 2007a).  

Raw radiocarbon 14C ages from marine samples are not in equilibrium with atmospheric 14C, but offset 

due to adjustment processes at the ocean-atmosphere interface, water mass aging, circulation and 

mixing, etc. (e.g. Hughen et al., 2006; Reimer et al., 2009a; Shackleton et al., 2004; Skinner, 2008). 

They thus need to be corrected for either the “total reservoir age” R when calibrated with the terrestrial 

calibration curve INTCAL09, or for the “local reservoir age” ΔR when the marine calibration curve 
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MARINE09 is used, which already uses a modeled global marine offset (Hughen et al., 2004; Reimer 

et al., 2009a).  

 

Figure 4.1: Water DIC AMS 14C measurements from legacy samples taken during KOMEX phase I and 

provided by R. Tiedemann (see table 4.1). Values in raw 14C years were used to constrain ventilation age offsets 

for benthic 14C measurements that were not used for ventilation age (or b-P age) calculations. However, note that 

present water DIC measurements can not be transferred directly deduce to reservoir/ventilation ages, due to 

influence of anthropogenic (“bomb-derived”) carbon injected into the atmosphere through nuclear testing in the 

1950s (Reimer et al., 2009a). 

We used a regional reservoir age correction (ΔR) value of 500 yr ± 50 yr, in line with published 

correction values for the modern Okhotsk Sea (Kuzmin et al., 2007a). The ΔR values used here 

potentially changed over the time interval studied (Gebhardt et al., 2008; Sarnthein et al., 2007). 

However, we are at present unable to constrain such changes for the Okhotsk Sea. The low amount of 

foraminifera in our samples does, unfortunately, not allow to follow the approach of tuning our 

sedimentary records to major radiocarbon plateaus as used by other studies (Sarnthein et al., 2007; 

Sarnthein et al., 2006a). In addition, the application of this technique (and thus also the application of 

variable reservoir ages derived from its use) meets its own specific set of challenges and limitations 

that are currently under intense debate (cf. supplementary online discussions in Sarnthein et al., 2013; 

Skinner, 2008). We thus kept the ΔR values constant over the entire age range used in this thesis. This 

is in line with reasoning by the original authors of the plateau-tuning technique in that the local 

reservoir ages in the North Pacific marginal seas have not necessarily been similar to the values in the 
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open North Pacific (M. Sarnthein, pers. communication and Sarnthein et al., 2007). We set an 

additional offset for the ventilation age (when we had to use benthic values) of 360 14C years, based on 

our own measured benthic-planktic age differences from the same depth interval in shallower cores 

LV28-4-4 and SO178-13-6 and supported by measurements of 14C of Dissolved Inorganic Carbon 

(DIC) on water samples from the Sakhalin margin (Fig. 4.1). In deeper core LV29-79-3 the ventilation 

age value was corrected by an additional 500 14C years based on published values for the same time 

interval from corresponding water depths (Gorbarenko et al., 2007a; Gorbarenko et al., 2010b). All 

AMS 14C dating results that are reported in the results’ chapters of this thesis are summarised in table 

4.1 at the end of this chapter. 

4.3. Age – Depth Model Approach  

For developing age–depth relationships between the AMS 14C age control points one can use simple 

linear interpolation. While this technique robustly avoids artefacts in curve-fitting, the depth-age 

relationship is in most cases inferior in error regression to higher–order fitting techniques, and results 

in abrupt sedimentation rates changes at the age control points that are an unlikely, artificial rendering 

of the actual sedimentation regime (Blaauw, 2012; Blockley et al., 2007; Telford et al., 2004). In 

addition, a decision has to be made by the researcher through which exact age of the calibrated age 

distribution this age-depth relationship shall be fit. This decision is often based on arbitrary 

assumptions, like simply choosing the mean or median value of the 1 sigma error range of the 

calibrated age distribution for every used age(Blaauw, 2012; Telford et al., 2004). In reality this leads 

to a statistically (and real) “false” or “too good” precision in constructed age models, which by these 

methods a priori discard up to one third of the possible curve fitting points fro a given age 

determination. 

To overcome this problem, I used the “CLAMS” routine specifically conceived and programmed for 

developing age models with a high degree of statistical confidence and highly adaptable various 

interpolation and smoothing modes (Blaauw, 2010), with linear interpolation being one of them as 

basic feature for checking the plausibility of derived more complex curve fits. CLAMS is a script run 

in the “R” language environment that provides standard open source software, and is especially suited 

for statistical and graphic analyses (available from: http://www.r-project-org, last accessed 25 

February 2013). Briefly, CLAMS runs (based on a number of user-defined boundary conditions) a 

high number of different age models in an iterative mode (Monte Carlo Simulation) with all age 

datings (AMS 14C, but others can be included, like e.g. tephra layers). The software routine calibrates 

pre-defined 14C ages of a core with highly flexible user-defined boundary conditions (errors in depth 
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and time, calibration curve, reservoir ages, hiatuses, etc). Based on these calibrations, it runs a pre-

defined number of statistically possible solutions to fitting a regression line through all potential ages, 

within the respective chosen 1 or 2 σ (68 or 95% confidence intervals) of all AMS 14C ages for a given 

core. The most plausible age-depth model based on a regression analysis and error minimization is 

finally provided as result, yielding discrete “best” ages for each cm-sample of a core, together with the 

95% confidence interval for each age-depth point and sedimentation rate. The combined output for 

statistical and quality control data help the user to try out, and decide on final age-depth fits.  

While this routine does not reach the sophistication of more precise full bayesian or wiggle-matching 

analyses, mainly due to lacking a sufficient number of dated samples (Blaauw, 2010; Blaauw and 

Andres Christen, 2011), I regard it as a good compromise between constraints on analytical efforts 

(maximum possible number of AMS 14C samples) and a relatively high level of confidence in the 

resulting age-depth model. As an advantage it provides the user with a number of different fitting 

algorithms (see. Fig. 4.2 for a comparison of different curve fits on a part of core LV29-79-3) 

In the case of primarily 14C-dated cores LV28-4-4, LV29-79-3 and SO178-13-6, a series of test runs 

was carried out for each core with 1,000 iterations. Each core was initially fit with linear interpolation 

as baseline against which to perform higher order curve fitting procedures. Linear interpolation is 

widely used and was also applied to the models presented in Chapter 9. In difference to those age 

models I also preferred to use 2 σ confidence intervals to better cover (95 %) of statistically plausible 

age distributions and used the marine calibration curve. The aforementioned use of  ΔR = 500±50 yr 

with MARINE09 in this thesis and Chapters 5 and 6 does not differ significantly from the R = 900 yr 

with INTCAL09 approach as used in Chapter 9 (Max et al., 2012a), thus ensuring compatibility 

between the two approaches. To each core the following regression fits were applied after the linear 

fits: a set of (1) higher polynomial fits, (2) locally weighted spline, and (2) smooth spline functions, 

each with various smoothing factors (Blaauw, 2010). Comparisons between results and the resulting 

confidence intervals led to my decision to use smooth spline functions with a 0.3 smoothing factor for 

all three cores for consistency, though the manual splicing of higher order polynomial fits in the case 

of core LV29-79-3 would lead to equally plausible age–depth relationships between control points 

(not shown here). All cores were then subjected to 10,000x iteration runs to derive final age-depth 

models with age calculation in 1 cm increments. 
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Figure 4.2: Age model examples for core LV29-79-3, graphic output of different age-depth fits through the 2 σ 

age ranges with different curve fits. Grey areas show the 95 % confidence intervals for each 1 cm-step along the 

age-depth relationship. a) lower core part (500-1000cm) with linear interpolation. b) same depth interval with 

5th order polynomial fit through 2 σ ranges. c) entire core with smooth spline fit, while fit in upper part is 

sufficient, lower part is better matched by fit shown in b). 
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These initial, independent age models were then subjected to plausibility tests by inter-core 

correlations based on measured chlorin concentrations (see following chapter). Correlation patterns 

were then used to transfer AMS 14C ages from core LV29-79-3 to core SO178-13-6 in the Holocene 

interval, while for the deglacial part no further dates were added. The resulting compilation of 14C ages 

for core SO178-13-6 was then subjected to a final series of CLAMS runs, and the final age model 

based on 10,000 iterations and a smooth spine fit (0.3 smoothing factor) is used for the core (see Fig. 

4.4). In the case of LV28-4-4, no transfer of ages and was deemed necessary. 

The final age models for the three cores LV28-4-4, LV29-79-3 and SO178-13-6 are shown in the 

subsequent chapter 5 of this thesis (see Fig. 5.3) and are thus not repeated here. 

4.4. Inter-Core Correlation Approach 

The AMS 14C dates derived from planktic foraminifera constitute the primary age control points in the 

age models presented in this thesis. In addition to these AMS 14C dates, I used lithostratigraphic tie 

points (Biebow et al., 2000; Botsul et al., 2002; Dullo et al., 2004) and cross-correlation of selected 

proxy records for inter-core correlations between the cores LV29-79-3, LV29-78-3, LV28-4-4 and 

SO178-13-6. I developed the common stratigraphic framework for the deglaciation and Holocene part 

of the cores with the following steps involved: After initial calibration of all planktic and benthic AMS 
14C ages based on reported reservoir ages and the MARINE09 calibration curve, I used chlorin 

concentrations to correlate distinct patterns between cores SO178-13-6, LV29-79-3, LV29-78-3 and 

LV28-4-4 (Fig. 4.3). As a first order approximation, significant changes in surface/export production 

over time should be recorded in proximal cores with potentially different amplitude but at the same 

time interval, within the accuracy of the age model. Rather than correlating the cores against each 

other into a composite age/depth scale, I preferred to identify structural characteristics in the curves 

and used those to transfer 14C age control points to the respective other cores to consolidate individual 

cores with additional age control points. Cores LV29-79 and LV28-4-4 had a sufficient numbers of 

original age control points and thus no ages were transferred to these cores. 

In the case of LV28-78-3, which has no independent 14C dates on its own, I correlated the core to 

LV29-79-3, based on the chlorin content and directly transferred the latter’s age scale received from 

the CLAMS routine to LV29-78-3, resulting in a 14C-based age model for LV29-78-3. As a starting 

point to this correlation between LV29-78-3 and LV29-79-3, the initial lithostratigraphy derived from 

shipboard measurements of color scans and changes in lithology and sediment composition was used 

(Botsul et al., 2002). Thereafter, core LV29-78-3 on the age scale of LV29-79-3 was cross-correlated 

to southerly core LV28-4-4 with an independent age scale.  
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Figure 4.3: Inter-core correlation via chlorin contents between (from top to bottom): SO178-13-6 (blue), 

LV2979-3 (red), LV28-4-4 (green), and LV29-78-3 (pink) plotted against core depts. Stippled lines indicate 

correlations between chlorin series and arrows in the core colors the AMS 14C age control points for each core.  
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Figure 4.4: Illustration of work steps in age-depth model development for gravity core LV28-78-3 based on 

chlorin concentrations. Upper panel shows correlation between LV28-78-3 core depth and AMS 14C age scale of 

core LV29-79-3. Lower graph shows the initial fitting of LV28-78-3 core depth to AMS 14C age scale of core 

LV28-4-4. Steps were repeated with derived age scales for LV28-78-3 until minimal offsets were achieved 

between using both reference cores’ age scales. Final tie points and correlation maps for LV29-78-3 are 

available in the online data collection stored in the PANGAEA database. 
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Figure 4.5: Age-depth model development for piston core SO178-13-6. Upper panel shows the linear fit through 

the age control points based on CLAMS run with AMS 14C ages of SO178-13-6 only. Note that in the upper 

panel a mollusk-based age at 371 cm is included that was later discarded. Lower graph shows the combined age 

control points fro SO178-13-6, based on transfer of 14C dates from LV29-79-3 to SO178-13-6 with a smooth 

spline fit. Black lines denote the “best fit”, grey areas are the 95 % confidence intervals, blue probability 

distributions are the individual age control points with their calibration-based distribution likeliness with 95 % 

confidence intervals. Tie points and correlation maps for SO178-13-6 are available in the online data collection 

stored in the PANGAEA database (cf. chapter 3). 
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This was done especially for the upper part of the core, as LV28-4-4 has a better temporal resolution 

in the late Holocene and features a modern sediment surface, whereas the upper c. 800 years in core 

LV29-79-3 are missing (cf. Fig. 4.3). Another aim was to achieve a consistent age framework for all 

three cores within their respective error envelopes of individual age models’ uncertainties. The 

resulting modified combined “28-4/79-3” age scale was finally cross-checked again with LV29-79-3 

as closest neighboring reference core and used as age-depth model for LV29-78-3 (see Fig. 4.4). 

Piston core SO178-13-6 was correlated to closely nearby core LV29-79-3 on their respective depth 

scales (Fig. 4.3). Individual chlorin peak patterns were matched and checked for plausibility with both 

cores 14C ages in these sections. As a result, eight 14C ages were transferred from LV29-79-3 to the 

depth scale of SO178-13-6 and incorporated into the age control point set, on which CLAMS was run 

(Fig. 4.4) 
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Table 4.1: AMS 14C samples used in this study in Chapters 5 and 6. Additional AMS 14C samples used in Bering 

Sea stratigraphies are reported in Chapter 8 and 9. 

 

sample ID depth1 
(cm)

species weight 
C (mg)

PMC2 
(corr.)

PMC ±
14C age   
(14C yr)

dev.
+/- δ13C (‰)

δ13C    
st. d.  
(‰)

ΔR          
(14C yr)3

Age 1σ range    
(cal. yr BP)

Age 2σ range    
(cal. yr BP)

LV29-79-3
KIA 21954 57.5 N. p. (s) 0.5 73.87 0.29 2435 30 500 1400-1550 1340-1630
KIA 20964 82.5 N. p. (s) 0.4 72.62 0.31 2570 35 -8.65 0.12 500 1560-1710 1500-1810
KIA 22449 152.5 Mollusk 1.3 55.03 0.25 4800 35 -4.86 0.13 1000 (500) 3600-3880 3470-4030
KIA 21955 282.5 N. p. (s) 0.3 50.25 0.26 5530 40 -4.14 0.33 500 5310-5450 5260-5550
KIA 21956 372.5 N. p. (s) 0.4 43.61 0.28 6665 50 -4.36 0.21 500 6510-6680 6430-6770
KIA 22450 507.5 N. p. (s) 0.3 32.93 0.23 8925 55 -5.05 0.07 500 8940-9150 8790-9260
KIA 21957 581.5 N. p. (s) 0.4 31.02 0.30 9400 80 -5.46 0.15 500 9460-9680 9390-9870
KIA 20965 606.5 N. p. (s) 0.7 29.02 0.20 9940 55 -1.83 0.14 500 10210-10380 10160-10480
KIA 21958 656.5 N. p. (s) 1.1 27.73 0.18 10305 50 -0.20 0.07 500 10560-10770 10520-11000
KIA 21959 701.5 N. p. (s) 1.1 26.74 0.16 10595 50 -0.06 0.09 500 11040-11200 10810-11230
KIA 20966 772.5 N. p. (s) 0.7 26.14 0.21 10780 60 -1.53 0.31 500 11180-11360 11140-11630
KIA 21960 992.5 Mollusk 0.2 19.02 0.21 13330 90 -8.90 0.42 1000 (500) 13470-13970 13270-14520
KIA 22448 48.5 Mollusk 0.9 22.80 0.19 11880 70 -0.59 0.08 not used

SO178-13-6
KIA27536 149 Mollusk 1.6 69.15 0.27 2965 30 -5.57 0.38 1000 (500) 1390-1640 1300-1770
KIA27537 371 Mollusk 1.3 50.30 0.22 5520 35 -5.93 0.12 1000 (500) 4570-4830 4420-4970
KIA30870 1542.5 Wood 0.9 30.84 0.24 9450 60 -27.72 0.31 0 10580-10750 10520-11070
KIA30872 1682.5 N. p. & G. bul. 0.4 26.86 0.17 10560 50 -2.67 0.19 500 10940-11170 10780-11200
BETA (LM) 1682.5 benthic foram. 10830
KIA27538 1973 Mollusk Fragm. 1.5 19.23 0.16 13240 70 1.40 0.12 1000 (500) 13420-13850 13220-14130
KIA30869 2072.5 mix planktics 0.4 18.88 0.24 13390 100 0.89 0.30 500 14230-14900 14090-15090
BETA (LM) 2072.5 benthic foram. 13760

UCIAMS1096752250.5 N. p. & G. bul. 17.03 0.00 14220 45 500 16160-16690 15610-16810
BETA (LM) 2250.5 benthic foram. 14580

UCIAMS1096742342.5 N. p. & G. bul. 15.29 0.00 15090 60 500 17080-17450 16940-17590
BETA (LM) 2342.5 benthic foram. 15470

LV29-114-3
UCIA 197.5 N. p. (s) 1.6 30.15 0.19 9630 50 0.12 0.18 500 10330-10500 10240-10540

KIA30863 232.5 N. p. (s) 0.9 27.18 0.17 10465 50 -0.72 0.13 500 10810-11080 10680-11130
KIA30867 272.5 N. p. (s) 1.0 21.66 0.15 12290 55 -0.47 0.16 500 13160-13310 13110-13380
KIA30865 292.5 N. p. (s) 1.3 19.39 0.15 13180 60 -0.35 0.16 500 13960-14460 13880-14880
KIA30868 317.5 N. p. (s) 0.7 16.66 0.16 14400 80 0.02 1.42 500 16660-16880 16470-16970
KIA30866 352.5 N. p. (s) 0.7 15.20 0.14 15130 80 -3.87 0.17 500 17120-17500 16970-17660

LV28-4-4
KIA13839 5.5 N. p. & G. bul. 0.3 87.56 0.35 1065 30 -4.16 0.05 130-270 0-300
KIA13840 15.5 Mollusk 1.0 78.20 0.29 1975 30 -4.62 0.05 1300 (800) 180-460 0-520
KIA13841 45.5 Mollusk 1.1 74.22 0.26 2395 30 4.52 0.12 1300 (800) 520-790 420-960
KIA14648 62.5 N. p. & G. bul. 0.3 80.60 0.30 1730 30 -4.03 0.13 500 700-840 670-900
KIA16838 95.5 Wood 1.0 76.83 0.30 2120 30 -30.07 0.09
KIA14654 165.5 N. p. & G. bul. 0.5 71.87 0.28 2655 30 -0.43 0.07 500 1680-1830 1590-1890
KIA13844 285.5 N. p. & G. bul. 0.1 68.14 0.42 3080 50 -5.83 0.21 500
KIA13845 465.5 N. p. & G. bul. 0.3 56.40 0.27 4600 40 -5.21 0.04 500 4050-4260 3960-4360

NN4 500.5 N. p. & G. bul. 0.3 N/A N/A 4790 70 500 4280-4520 4150-4670
NN4 505.5 N. p. & G. bul. 0.1 N/A N/A 4930 120 500 4450-4780 4230-4910
NN4 595.5 N. p. & G. bul. 0.5 N/A N/A 6010 55 500 5790-5980 5710-6100

KIA14653 595.5 Mollusk 0.1 44.31 0.35 6540 60 -6.48 0.10 1000 (500) 5740-6120 5590-6270
KIA16837 610.5 Wood 0.5 49.77 0.40 5605 65 -30.29 0.07 terrestrial 7357-7470 7300-7530
KIA16839 610.5 N. p. & G. bul. 0.4 45.20 0.24 6380 40 -6.31 0.50 500 6220-6380 6120-6480

NN4 700.5 N. p. & G. bul. 0.5 N/A N/A 7640 70 500 7530-7690 7450-7790
KIA14346 715.5 Mollusk 0.1 35.02 0.42 8430 100 -0.96 0.23 1000 (500) 7700-8050 7570-8260
KIA13846 800.5 N. p. & G. bul. 0.6 32.00 0.21 9155 55 -3.76 0.11 500 9250-9430 9120-9480
KIA13842 850.5 Mollusk 1.4 25.33 0.18 11030 55 -2.77 0.06 1000 (500) 10670-11200 10490-11640
KIA14347 885.5 Mollusk 0.2 20.11 0.21 12890 80 0.33 0.22 1000 (500) 13120-13590 12890-13780

NN4 900.5 Mollusk 0.6 18.45 0.18 13580 80 -3.98 0.26 1000 (500) 13750-14500 13500-15030
KIA20305 910.5 N. p. & G. bul. 0.2 17.85 0.20 13840 90 -14.41 0.52 500 15140-15870 15040-16320
KIA14348 925.5 Gastropod 0.2 16.85 0.29 14310 140 -0.94 0.08 1000 (500) 15030-16200 14270-16640

Water Samples (depth is water depth in m)
KIA10312 297 water DIC 1.3 95.92 0.31 335 25 0.85 0.04 GE99-16-1
KIA10313 685 water DIC 0.5 89.18 0.64 920 55 -43.17 0.25 GE99-24-1
KIA10314 1544 water DIC 1.4 79.41 0.28 1850 30 GE99-31-1
KIA10315 495 water DIC 1.4 92.61 0.28 615 25 -0.01 0.06 GE99-31-1
KIA10316 11 water DIC 1.2 97.96 0.28 165 25 3.44 0.07 CTD41-1

Samples in italics were provided by Ralf Tiedemann and measured during KOMEX Phase I, cf. Kaiser (2002)
1 core or sample depth in sediment
2 PMC is percent modern carbon according to conventions of Stuiver and Polach (1977)
3 Local reservoir ages were used in calibration with assigned errors of ±50 14C yr for planktic and ±100/±200 for benthic organisms, respectively.
4 Samples provided by R. Tiedemann, KIA numbers for these samples in GEOMAR archive
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5.1. Abstract  

The modern North Pacific plays a critical role in marine biogeochemical cycles, as it is today the 

largest natural oceanic sink of CO2 and harbors some of the most biologically productive and least 

oxygenated regions of the World Ocean. This capacity to sequester CO2 is limited by variations in the 

region’s biological productivity, and the efficient utilization of preformed nutrients supplied to the 

upper mixed layer, particularly in the Pacific’s subarctic latitudes and marginal seas. Changes in the 

oxygenation of deeper water masses, on the other hand, are influenced by the remineralization of the 

settling organic matter through the water column. Today, the entire North Pacific is only weakly 

ventilated by North Pacific Intermediate Water (NPIW), which receives its relatively higher oxygen 

concentrations largely from a precursor, the Okhotsk Sea Intermediate Water (OSIW). Past ventilation 

patterns of OSIW likely have changed profoundly on millennial timescales, making this water mass a 

prime candidate for shaping variations in deglacial circum-Pacific Oxygen Minimum Zones and 

reported peaks in biogenic productivity, but their paleoceanographic history over the last glacial 

termination is not well understood. 

We here present a comprehensive multi-proxy-based reconstruction of Okhotsk Sea Intermediate 

Water ventilation and productivity variations over the last glacial termination. Our results are based on 

a set of high-resolution AMS 14C-dated sediment cores that were retrieved directly from the source 

region of modern OSIW formation. Benthic-planktic 14C ages and epibenthic stable carbon isotopes 

show decreases in OSIW oxygenation during deglacial warm phases from c. 14.7 to 13 ka (Bølling-

Allerød) and c. 11.4 to 9 ka (Preboreal), but no concomitant decreases in ventilation ages. We thus 

attribute these oxygenation decreases mainly to rapid, significantly enhanced organic matter 

remineralization within OSIW, in line with multi-proxy evidence for maxima in primary productivity 

and increased supply of organic matter to the mid-depth water column. Sedimentary C/N ratios and 

elemental analyses indicate that lateral entrainment of nutrients into OSIW was also higher during 

these periods and thus increased the overall nutrient load of the OSIW. 

Correlation of palynological and sedimentological evidence from our sites with hinterland reference 

records suggests that millennial-scale changes in fluvial freshwater runoff from the Amur were a 

primary driver of these significant changes in OSIW oxygen and nutrient concentrations. These runoff 

changes were most likely linked to a northward propagation of the East Asian Summer Monsoon 

System that increased precipitation and the postglacial melting of permafrost soils in the Siberian 

hinterland. During the early, Pre-Bølling deglacial phase provision and entrainment of nutrients into 
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OSIW was limited, potentially due to the flooding of still frozen permafrost on continental shelves by 

deglacial sea-level rise. 

We hypothesize that correlation of the observed ventilation minima with maxima in nutrient utilization 

in the open North Pacific implies an increased OSIW-sourced mid-depth lateral supply of 

micronutrients, silicate and organic matter into distant oceanic regions, analog to modern ocean 

conditions. By invoking such export from marginal seas, the upper ocean open North Pacific was 

partially relieved from Fe-limiting conditions by upwelling the mid-depth nutrient-enriched OSIW 

during wintertime mixing. Such a mechanism would have made the subarctic North Pacific a transient, 

more efficient CO2 sink during the B/A and PB and contributed to temporary slowing of the deglacial 

CO2 rise. Reconstructed minima in mid-depth oxygen content, on the other hand, provide a reinforcing 

mechanism for the intermediate-depth circum-Pacific intensification of Oxygen Minimum Zones 

during the last glacial termination. 

5.2. Introduction 

Today, the subarctic North Pacific represents the endpoint of the global Meridional Overturning 

Circulation. No new deepwater is formed there, because the surface water masses are not dense 

enough to sink to significant water depths and initiate convection due to the presence of low surface 

salinities and the development of a strong halocline (Emile-Geay et al., 2003; Warren, 1983). 

Accordingly, the deep North Pacific is weakly ventilated and carries high concentrations of 

macronutrients, in particular nitrate and phosphate. In contrast, the intermediate-depth level is 

characterized by a relatively fresh and oxygen-enriched layer of North Pacific Intermediate Water 

(NPIW, Kitani, 1973; Reid, 1965; Talley, 1993). NPIW is today largely supplied with O2 through a 

ventilated precursor water mass, the Okhotsk Sea Intermediate Water (OSIW, Watanabe and 

Wakatsuchi, 1998). Modern NPIW and OSIW are highly variable in their biogeochemical 

characteristics even on relatively short instrumental timescales (Emerson et al., 2004; Tadokoro et al., 

2009), and keep mid-depth waters in the North Pacific moderately oxygenated. 

While the North Pacific is overall the largest modern oceanic regional sink for atmospheric CO2 

(Takahashi et al., 2009), in the Western Subarctic North Pacific (WSNP) the surface utilization of 

nutrients by primary producers and thus export production of carbon (the “biological pump”) remains 

incomplete, mainly due to the rapid seasonal depletion of iron (Fe) as micronutrient, (see review by 

Takeda, 2011) and silicate (Si(OH)4 Harrison et al., 2004). On glacial-interglacial timescales export 

production and the degree of surface nutrient utilization (as evidenced by studies of δ15N) are anti-

correlated, implying more effective use of available nutrients during glacial periods (e.g. Galbraith et 
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al., 2008; Jaccard et al., 2005). This more effective utilization allowed a lower primary production to 

export carbon form the surface into the deep ocean more efficiently. Thus, indicators for export 

production varied in phase with atmospheric CO2 concentrations for at least the last 800 ka (Jaccard et 

al., 2010). 

However, on shorter, millennial timescales this relatively straightforward relationship does not hold. 

During the last glacial termination the relationship between surface nutrient utilization and export 

production becomes decoupled in the WSNP (Brunelle et al., 2010b; Kohfeld and Chase, 2011). In the 

early deglacial phase, or cold Heinrich Stadial 1 (HS-1 hereafter, c. 17.5-15 ka), nutrient utilization 

decreased without concomitant increases in export production, followed by widespread, extraordinary 

productivity peaks during the warm Bølling-Allerød interstadial that are characterized by more 

effective nutrient utilization, contrary to glacial-interglacial patterns (Kohfeld and Chase, 2011). Such 

millennial-scale patterns call for additional mechanisms that determine the nutrient provision to the 

upper mixed layer and their biological utilization. Likely candidates are changes in the supply ratio of 

nitrogen (N, macronutrients) relative to bio-available iron (Fe, micronutrients) to the upper mixed 

layer (Brunelle et al., 2010b; Kienast et al., 2004; Kohfeld and Chase, 2011). However, the underlying 

causes and processes for such variations remain unexplained. 

In line with these deglacial changes in nutrient supply and utilization, the North Pacific at that time 

underwent drastic and rapid changes in circulation and ventilation (Ahagon et al., 2003b; Duplessy et 

al., 1989a; Okazaki et al., 2010a). These variations are closely linked to fundamental and rapid 

changes in the utilization of nutrients (e.g. Brunelle et al., 2010b; Kienast et al., 2004) and, more 

generally, in surface and deep biogeochemistry (Crusius et al., 2004; Galbraith et al., 2007; Gebhardt 

et al., 2008). For cold HS-1, widespread convection and the increased formation of new intermediate–

deep water masses (down to 2800 m water depth) has been proposed for the North Pacific (Okazaki et 

al., 2010a), although newer evidence based both on model results (Chikamoto et al., 2011) and data 

directly from deepwater sites (Jaccard and Galbraith, 2013) alternatively suggest that a potential 

Pacific overturning cell did not extend beyond about 1300-1400 m water depth. 

This early deglacial episode of better ventilation is sharply contrasted by a subsequent oxygen 

decreases in intermediate water depths and the deposition of laminated sediments along wide swaths 

of the open North American Pacific coast (Dean et al., 2006; Van Geen et al., 2003; Zheng et al., 

2000), in the Bering Sea (Cook et al., 2005a; Itaki et al., 2012), and on the western Pacific margin off 

Japan (Ikehara et al., 2006; Sagawa and Ikehara, 2008a) during the Bølling-Allerød (B/A hereafter, 

14.7-12.9 kyr BP) and during the earliest Holocene (for recent global summary see Jaccard and 

Galbraith 2011). In the pelagic abyssal North Pacific, no OMZs develop during this time (Jaccard and 
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Galbraith, 2011; Jaccard et al., 2009) and no mid-depth open ocean sites to gain knowledge exist, 

unfortunately, but massive primary productivity peaks do occur during the B/A and early Holocene 

(Crusius et al., 2004; Galbraith et al., 2007; Gebhardt et al., 2008; Keigwin et al., 1992a). To explain 

the unusually severe and widespread O2-depletion of intermediate waters during the Bølling-Allerød 

and Preboreal increases in export production have been invoked (Davies et al., 2011; McKay et al., 

2004; Mix et al., 1999). Alternatively, reduced or ceased ventilation of North Pacific Intermediate 

Water (NPIW) can constitute another mechanism for decreased O2 concentrations across the North 

Pacific. (e.g. Duplessy et al., 1989a; Keigwin et al., 1992a; Zheng et al., 2000). Crusius et al. (2004) 

proposed that increases in biological productivity in the northwestern Pacific cause a decrease in mid-

depth O2 concentrations of initially well-ventilated NPIW along its pathway across the Pacific before 

it reaches North American margins by increased respiration of organic matter (OM).  

Previous works from the Okhotsk Sea have shown that mixed layer stratification, sea ice action and 

export production varied on millennial timescales during the deglaciation. This implies that variations 

were caused by changes in a number of factors, such as surface salinity through freshwater runoff, 

increases in nutrient supply through flooding of continental shelf areas and river discharge and 

changes in seasonal availability of light (Gorbarenko et al., 2007a; Gorbarenko et al., 2008; 

Gorbarenko et al., 2012; Harada et al., 2008; Harada et al., 2012; Riethdorf et al., 2013). However, 

almost all information used to infer changes in NPIW ventilation stems from locations that are distant 

to the source regions of modern NPIW formation or are based on indirect, qualitative evidence. Thus, 

high-resolution records directly from the ventilation source regions of NPIW are needed to discern 

between principal processes responsible for the widespread occurrence of anoxia along North Pacific 

continental margins during the deglaciation (Hendy and Kennett, 2003; Jaccard and Galbraith, 2011).  

To address this issue, we analyzed a suite of high-resolution sediment cores directly from the main 

ventilation region of modern OSIW on the continental margin of Sakhalin island in the Okhotsk Sea. 

We assess changes of ventilation and export production within this most important modern NPIW 

ventilation source region and compare results with earlier data that showed millennial-scale variations 

in ventilation and nutrient utilization during the last glacial termination (18,000 to 8,000 cal. yr BP). 

We constrain likely causes for the observed rapid changes in OSIW/NPIW ventilation and 

productivity patterns and assess their potential consequences for open-ocean WSNP nutrient supply 

and biogeochemistry. 
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5.3. Setting and Modern Hydrography 

North Pacific Intermediate Water (NPIW) is defined as a salinity and potential vorticity minimum and 

spreads between the density lines of c. σΘ 26.6 – 27.2 (corresponding to c. 600-800 m water depth) 

east- and southward across the north Pacific down to a latitude of about 20° N (Fig 2, Talley, 1993; 

Yasuda et al., 1996). Because water masses with these densities are at present not outcropping on the 

surface in the open North Pacific, NPIW is thought to be ventilated by one of its main precursor water 

mass, the Okhotsk Sea Intermediate Water (OSIW) through largely diapycnal mixing processes 

(Kitani, 1973; Shimizu et al., 2004). 

 

Figure 5.1: Map of the NW Pacific study area. Core locations of this study marked as blue circles see table X for 

details), core locations of other studies used here as red filled circles. Major regional currents are outlined as 

arrows (yellow = relatively warmer, light blue = relatively colder) and abbreviated: Alaskan Stream (AS), East 

Kamchatka Current (EKC), Okhotsk Gyre (OG), Soya Warm Current (SC); East Sakhalin Current (ESC), 

Oyashio (Oy), Western Subarctic Gyre (WSAG) North Pacific Current (NPC). Red arrow indicates freshwater 

outflow by Amur into the NE Okhotsk Sea. The blue bold ellipse shows the major modern, recurring Northern 

Shelf Polynia (NSP) system; the smaller ellipses denote secondary systems: Sakhalin Polynia (SP), Terpeniya 

Bay Polynia (TBP). 
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While OSIW itself is a mixture of water masses and formed in the southern part of the Okhotsk Sea, 

the principal origin for its high O2 and particle content is Dense Shelf Water (DSW). At present, 

relatively warm Western Subarctic Pacific Water is transported in the East Kamchatka Current 

southward as part of the larger Western Subarctic Pacific Gyre and enters the Okhotsk Sea mainly via 

Kruzensthern Strait and Bussol’ Strait. WSAP then flows within the main cyclonic Okhotsk Gyre to 

the shallow northeastern shelf areas. There, DSW is formed mainly during the sea ice season in 

autumn and wintertime north of Sakhalin by brine rejection in large persistently recurring polynias 

(Fukamachi et al., 2009; Shcherbina et al., 2004a) and is characterized by relatively low salinity, very 

low temperatures and high O2 content. The newly formed DSW is subsequently entrained into deeper 

water layers in the highly dynamic region along the N’ Sakhalin margin by vertical tidal and diapycnal 

mixing and transported by the East Sakhalin Current (ESC) (Shcherbina et al., 2004a). It finally enters 

as OSIW the open North Pacific through deep passages (mainly Bussol’ Strait) between the Kuril 

Islands and is transported with the Oyashio Western Boundary Current into the Mixed Water Region 

and the Western Pacific Subarctic Gyre circulation (Fig. 1). This well ventilated, cold, low salinity 

OSIW (relative to NPIW) and the subsequent export of this water mass into the open North pacific is 

critical for maintaining sufficiently high O2 levels in the intermediate water layer of the extra-tropical 

North Pacific. Below the layer of OSIW, the Okhotsk Sea has a weakly developed Oxygen Minimum 

Zone today along the Sakhalin margin between ca. 1,000 and 1,400 m (Bubenshchikova et al., 2010; 

Nakatsuka et al., 2004a).  

Not only does OSIW ventilate the intermediate-depth North Pacific, it also transports high amounts of 

both dissolved and particulate terrigenous matter along the Sakhalin margin into the open North 

Pacific within a turbid layer that has extremely high concentrations of organic carbon, lithogenic 

particles and suspended material (Hansell, 2002; Nakatsuka et al., 2004b). This material is entrained 

by vigorous tidal mixing on the northeastern shallow continental shelf into the turbid water layer and 

transported along the Sakhalin margin along the density surface of OSIW (Nakatsuka et al., 2004b) for 

long distances. The remnants of this entrainment are visible in the pelagic subarctic North Pacific as 

intermediate maxima in Dissolved Organic Carbon (DOC) and particulate organic carbon (POC, Goes 

et al., 2004; Hansell, 2002). In addition, a subsurface to intermediate-depth concentration maximum 

has been identified in both dissolved and particulate iron in the North Pacific (Nishioka et al., 2007; 

Nishioka et al., 2003). Its origin was tracked to the Okhotsk Sea, where Fe is entrained both from 

surface sediments by tidal currents and surface river runoff during intense mixing processes on the 

shallow northern shelf areas into DSW/OSIW and is transported with OSIW into the open North 

Pacific (Nishioka et al., 2007; Takeda, 2011).  
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Figure 5.2: Modern lateral distribution of (a) Oxygen in µmol/l and (b) Silicate in µmol/kg according to World 

Ocean Atlas 2009 data (Garcia et al., 2010a, b) along the main density surface of OSIW and NPIW at 

σΘ = 26.8 kg/m3. The software ODV (vers. 4.5.1) was used for visualization (Schlitzer, 2002). 

The amount of Fe flux to the North Pacific surface water by OSIW and NPIW today is substantial. 

Results from time-series and modeling studies suggest that it is comparable to the modern Fe flux 

derived from long-range atmospheric dust transport (Nishioka et al., 2011), which has been 

conventionally regarded as the major delivery mechanism of Fe to the surface North Pacific to relieve 

micronutrient limitation (Duce and Tindale, 1991; Mahowald et al., 2005). Thus, the Okhotsk Sea also 

acts as a modern main source region for both micronutrients, organic matter and macronutrients to 

distal pelagic regions in the western North Pacific (Misumi et al., 2011; Nishioka et al., 2011; 

Yamashita et al., 2010). During wintertime wind-induced deep mixing both soluble and particulate Fe 

are transported into the subsurface and surface water layer, where they become bio-available and 

induce additional wintertime extensive phytoplankton blooms in this Fe-micronutrient-limited HNLC 
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region, effectively replenishing depleted stocks of atmospherically-derived Fe (Lam and Bishop, 2008; 

Misumi et al., 2011; Nishioka et al., 2011). 

5.4. Materials and Methods  

5.4.1. Core Locations, Sediment Properties 

We use three sediment cores in this study: Gravity core LV29-79-3 (core 79 hereafter, 1082 m water 

depth), gravity core LV28-4-4 (core 4 hereafter, 674 m water depth and piston core SO178-13-6 (core 

13 hereafter, 673 m water depth) were recovered from the northeast Sakhalin continental margin from 

undisturbed, continuous hemipelagic sediment sequences (Biebow and Hütten, 1999; Biebow et al., 

2002b). All cores feature similar lithofacies, consisting mainly of silty clays with sand and occasional 

larger dropstones derived from sea ice-transported terrigenous matter. Sediment content is mostly of 

terrigenous origin, delivered mainly by two transport mechanisms: (1) river suspension supply via the 

discharge of the Amur into the NE part of the Okhotsk Sea and (2) transport by sea ice to the core 

locations. The ice-transported material itself is incorporated into the ice by coastal ad-freezing 

processes on the large shelf areas in the northern part of the Okhotsk Seas, and by wind-blown aeolian 

input to the ice surface (Gorbarenko et al., 2002a; Nürnberg et al., 2011; Nürnberg and Tiedemann, 

2004). Details of all core locations are given in Table 1. Cores were sampled with varying resolution 

between 2 and 20 cm, depending on the respective sample protocols for each expedition (cf. Biebow 

and Hütten, 1999; Biebow et al., 2002b; Dullo and Biebow, 2004). Sediment samples were weighed, 

freeze-dried and subsequently washed over a 63 µm screen. Dried samples sieved into 63–150, 150-

250, 500-1000, and >1000 µm fractions and weighed. 

Table 5.1: Sediment cores used in this study 
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5.4.2. AMS 14C Measurements 

Age control was primarily achieved through radiocarbon dating of planktic foraminifera and, in few 

cases, benthic fauna if the available samples did not yield enough froaminifera. For radiocarbon 

analyses all N. pachyderma (s) and G. bulloides were picked from the size fraction 150-250 µm. 

Sample size ranged between 1200 and 340 specimen. Foraminifera with diagenetic crystal 

overgrowth, recrystallisations or other signs of post-depositional alteration (e.g. yellowish colour) 

were excluded. Most radiometric dating was carried out in the Leibniz Laboratory for Radiometric 

Dating and Isotope Research, Kiel according to established standard workflow protocols. (Nadeau et 

al., 1998; Nadeau et al., 1997). Dating of two samples at a later stage was carried out by the W. M. 

Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory at University of California, Irvine. 

Details about the methodology of these age determinations are provided in the online documentation 

of the facility, including the laboratory’s written protocols as Internal Technical Reports in pdf format 

(http://www.ess.uci.edu/ams/, last accessed on 10 May 2013). Conventional 14C ages were calculated 

and are reported according to Stuiver and Polach (1977a). 

To better assess changes in the ventilation of intermediate water masses we supplement our stable 

carbon isotope results with a set of deepwater ventilation ages derived from published data and 

measuring planktic foraminifera and benthic organisms from the same core depths. We use raw 

Benthic-Planktic (or B-P) ages, expressed in 14C years. This technique, while not without errors e.g. 

due to changing surface reservoir age changes has nonetheless been used in a number of studies in this 

region before successfully (e.g. Ahagon et al., 2003b; Okazaki et al., 2010a). We do not use the 

alternative projection age method, because one of the underlying assumptions of this method, the 

single-source origin of the originating water mass is violated in a region of active water formation 

such as in this study. The used data and their respective sources are listed in supplementary Tables S1 

and S2.  

5.4.3. Stable Isotope Measurements 

To deduce changes in the ventilation of OSIW we use stable isotopes of benthic foraminifera and 

paleo-ventilation ages inferred from benthic 14C age determinations. The δ13C of various epibenthic 

Cibicides species is widely used as reliable and well understood proxy for the δ13C ∑CO2 and thus 

ventilation properties of bottom waters (McCorkle et al., 1997). These species have an epibenthic to 

slightly elevated epibenthic lifestyle. In addition, this species has relatively low tolerances against 

longer hypoxic periods in their environment and often are absent in Oxygen Minimum Zones in the 

Okhotsk Sea (Bubenshchikova et al., 2008). In the Okhotsk Sea, mainly two cibicid species that are 
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suitable for stable isotope reconstructions have been found, C. mundulus and C. lobatulus. In this 

paper, we only use the former due to its more regular abundance in the samples from all three cores 

and to obtain species-specific timeseries. This species has been shown to reliably record ambient 

average bottom water δ13C of the dissolved inorganic carbon (DIC) globally and in the region 

(McCorkle and Keigwin, 1994), even under high organic matter flux and deposition of phytodetritus 

layers on the sediment surface (L Lembke-Jene et al., manuscript submitted to Deep-Sea Research I). 

In the Okhotsk Sea, subsurface and deeper water mass δ13CDIC is roughly linearly correlated with 

water column PO4 (Bauch et al., 2002) and O2 content (Erlenkeuser, pers. communication), and thus 

allows using δ13CCib as proxy for ventilation of OSIW. In addition, we measured the species Uvigerina 

peregrina as qualitative indicator for sediment oxygenation and changes in pore water O2 

concentrations as a function of organic carbon rain. Specimen for isotope analyses were picked from 

the 250-500 µm fraction, between one and five specimen were used for each depth interval. All 

specimens were inspected for preservation; only well-preserved tests with translucent and non-

corroded walls were used. All tests were in addition checked for contamination by particles and debris 

inside the test and cleaned if needed by cracking open the tests and rinsing fragments with de-ionized 

water in an ultrasonic bath. All stable isotope analyses were carried out in the Paleoceanography 

Stable Isotope Laboratory at GEOMAR, Kiel with a Thermo Finnigan MAT 252 mass spectrometer, 

coupled online to an automated Kiel II AUTO CARBO carbonate preparation device. Long-time 

analytical precision is better than ± 0.07 ‰ for δ18O and ± 0.04 ‰ for δ13C. Calibration was achieved 

via an in-house Solnhofen limestone standard and National Institute of Standards (NIST) NBS-19. 

Results are reported in the δ notation as per mille with reference to Vienna - Pee Dee Belemnite (‰ 

V-PDB Craig, 1957). 

5.4.4. Productivity Proxy Records – Chlorin, TOC, CaCO3, Opal 

Productivity proxy analyses followed established procedures in the Sedimentology/Anorganic 

Geochemistry Laboratory at GEOMAR. All methods have been used before successfully on sediments 

from the Okhotsk Sea (cf. Nürnberg et al., 2011; Nürnberg and Tiedemann, 2004). 

Chlorins were extracted with acetone under sonication and subsequent centrifugation in three 

consecutive steps; samples were ice-cooled after each extraction. Pigments were acidified with HCl to 

transform chlorophyll-a into phaeopigments. The sediment extracts were thereafter measured with a 

Turner TD-700 fluorometer (GAT) immediately after the third extraction, always under low light 

conditions to hinder decomposition. Chlorophyll-a (sigma), acidified with 2 ml HCl is used as 

standard. To check extractions and instrument drift an internal standard sample was measured after a 
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dozen measurements. Precision of the method is about ±2 % and all chlorin concentrations are 

reported in ng/g. 

Measurements of biogenic opal concentrations followed the automated leaching method (Müller and 

Schneider, 1993), in which opal is extracted from the previously freeze-dried, homogenised bulk 

sediment with NaOH at about 85°C over c. 45 min. time. The leaching solution is continuously 

analyzed for dissolved silicon by molybdate-blue spectrophotometry and a mineral correction was 

applied (DeMaster, 1981; Nürnberg and Tiedemann, 2004). The reported long-term accuracy of the 

method is ±0.5 weight %, deduced from replicate and standard measurements. 

A CARLO ERBA CNS analyzer (Model NA-1500) was used for measuring the carbon and nitrogen 

content of sediment core samples (Verardo et al., 1990). The total carbon (TC) content was measured 

from bulk sediment previously homogenised by milling, the Total Organic Carbon (TOC) content was 

measured on bulk sediment samples previously decalcified with 0.25 M HCl. The CaCO3 content was 

calculated by subtracting the TOC from the TC value and using the formula: CaCO3 = 

8.333⋅(TC−TOC). Long-term analytical precision is around 2%.  

5.4.5. Chlorophycean Freshwater Algae 

For chlorophycean freshwater algae counts, 32 samples were analysed for Pediastrum spp. and 

Botryococcus cf. braunii. One to 1.5 g bulk sediment samples were taken in 5-20 cm intervals in core 

LV28-4-4 (Kokfelt, 2003). Preparation included (1) 10% HCl treatment to dissolve carbonates, sieving 

with deisonised water through 6µm mesh, (2) 40% cold Hydrofluoric Acid and H2O washing, (3) hot 

10% KOH treatment to remove humic acids, (4) acetolysis treatment with acetic acid - anhydride mix 

and concentrated sulphuric acid (9:1) to remove cellulosic matter. Sediment was washed in glacial 

acetic acid and subsequently rinsed with H2O. Samples were counted under a Zeiss Axiophot light 

microscope with phase contrast properties under 400x magnification. Total slides were counted to 

prevent effects of fractionated grain distribution in the slide, and between 229 and 529 (avg. 437) 

pollen grains were counted in each sample. For algae concentrations the freeze-dried sediments were 

spiked with Lycopodium clavatum tablets and calculation followed:  

C = (X(spike) / X(sample) * k) / m, 

where X(spike) was the number of Lycopodium clavatum spores added to sediment, X(sample) the 

number of added Lycopodium clavatum spores counted, k is the number of the counted palynomorphs 

in the sample, and m the weight of freeze-dried sediment in gram. 
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5.4.6.  Bulk Elemental XRF Scanning 

We used XRF scanning to determine bulk sedimentary geochemistry with high resolution. Cores were 

measured on the CORTEX and AVAATECH XRF scanners of the IODP Bremen Core Repository 

(Jansen et al., 1998; Röhl and Abrams, 2000; Weltje and Tjallingii, 2008) at 1 cm scanning steps. All 

details of both scanner setups as used during our measurements have been described previously 

(Richter et al., 2006; Röhl and Abrams, 2000; Tjallingii, 2006; Weltje and Tjallingii, 2008). On the 

CORTEX system a single run with 10 KV was used for cores LV28-4-4 and LV29-79-3, the 

AVAATECH scanner was used on core SO178-13-6 with dual runs on 10 KV and 50KV. Here, we 

use data from XRF-scans as qualitative indicators or relative concentrations in the form of count 

ratios. However, quantification and inter-calibration of XRF relative scanning intensities was obtained 

by measuring a set of representative discrete sediment core samples taken at count minima and 

maxima (cf. Weltje and Tjallingii, 2008) from core LV28-4-4 and LV28-108-5 (Biebow et al., 2002b) 

on an X’Unique XRF spectrometer with Rh tube housed at GEOMAR (D. Rau, per. communication). 

All reported elements were inspected if they followed a linear regression between discretely sampled 

and XRF-scanned samples, all showed excellent correlation with R2 values between 0.97 and 0.91 (see 

suppl. for Fe and K regressions).  

5.5. Results 

5.5.1. Age Models 

In this study, we use the term Preboreal (PB) as the period between the start of the Holocene at around 

11.6 and 10.1 ka BP, when the NGRIP d18O time series shows an increase into full Holocene 

conditions. The terms Younger Dryas (YD), Bølling-Allerød (B/A) are used for describing the stadial 

and interstadial phases during the last glacial termination (19-10 ka), elsewhere identified as GIS-1 

and GS-0 (Blockley et al., 2011; Svensson et al., 2008). We use the term Heinrich Stadial 1 (HS-1) to 

describe entire cold phase encompassing the shorter North Atlantic Heinrich ice-rafting Event 1 itself 

(cf. Sarnthein et al., 2007). All ages, unless noted otherwise, are given in calibrated years before 

present with reference to AD 1950 as “cal. yr BP” or “ka”. Ice core record timescales referenced to 

AD 2000 were corrected accordingly. 
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Figure 5.3: Age models for the cores used in this study. Age-depth relationships derived for the individual cores 

from CLAMS runs. Blue markers show calibrated AMS 14C ages (in cal. yr BP) against core depths (in cm) with 

respective 2σ error range distributions, Black line represents ideal least squares error fit, grey shaded areas show 

respective calculated 2σ uncertainty ranges of the smooth spline fit models. 
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Age models for the three cores are based on AMS 14C dates on planktic foraminifera and in two cases, 

where abundance of planktic foraminifera was too low to permit dating, on benthic mollusk shells. We 

used a regional reservoir age correction (ΔR) value of 500 yr ± 50 yr, in line with published correction 

values for the Okhotsk Sea (Kuzmin et al., 2007a) and earlier works (Max et al., 2012a; Riethdorf et 

al., 2013). The ΔR values used here potentially changed over the last 18 kyr (Gebhardt et al., 2008; 

Sarnthein et al., 2007), but as we are at present unable to further constrain such potential changes for 

the Okhotsk Sea, we kept the values constant over the entire age scale reported here. In the lower part 

of core 28-4 we used two benthic ages from mollusks. The benthic 14C age value in the lowermost part 

of the core used to supplement the benthic-planktic ventilation age differences (Fig. 5b) was not used 

in the construction of the age model. We set an additional offset for the ventilation age correction for 

benthic values of 360 14C years, based on our own measured benthic-planktic age differences from the 

same depth interval in nearby core 13 (Table S2). In the case of core 79 we had to use one additional 

benthic age control point, this value was corrected by an additional 500 14C years based on published 

values for the same time interval from corresponding water depths and nearby cores (Gorbarenko et 

al., 2007a; Gorbarenko et al., 2010b).  

We constrained potential age-depth relationships by comparing the chlorin records on their respective 

independent age scales against each other (Fig. 3). We assume that major changes in surface 

productivity patterns at almost identical locations should be broadly similar in timing to each other 

within the overall error of the individual age models. In the case of core 13, we were thus able to 

transfer a set of 14C ages measured in core 79 to core 13 (cf. suppl. Table), in a mode similar to earlier 

stratigraphic correlations from this region (Galbraith et al., 2007; Max et al., submitted; Max et al., 

2012a). For core 28-4 no correction of the initial independent age model was deemed necessary. We 

used the program CALIB 6.1.1 and the MARINE09 calibration curve (Reimer et al., 2009a; Stuiver 

and Reimer, 1993a) for initial age determinations. All AMS 14C ages, their identification data and 

calibrated age ranges are given in Table S1.  

To establish final age-depth relationships between our age control points we used the routine CLAMS 

written for the software package R (Blaauw, 2010) as a compromise between manually fitting 

regressions between age control points and more sophisticated, statistically superior age-depth 

modeling routines (Blaauw and Andres Christen, 2011; Blaauw et al., 2010; Blockley et al., 2007). 

The final best-fit runs were performed in CLAMS with 10,000 iterations using a smooth spline 

function for matching all age control points in their respective 2 σ calibrated age distribution ranges 

(Fig. 3). Alternative control runs in CLAMS with linear interpolations and higher order polynomial 

fits displayed only minor offsets within the principal error of the age control points, but the latter 

yielded higher regression residuals and were thus discarded. Due to the integrative nature of CLAMS 



Chapter 5 

62 

and the chosen fitting procedure, the age-depth relationship is based on the entire core section and thus 

reported here; however, in this study we investigate only the deglacial and early Holocene time 

interval between eight and 18 ka. According to the derived age models, average sedimentation rates in 

the studied time interval (8–18 ka) vary from 15 to 75 cm/ka (southernmost core 28), from 58 to 250 

cm/ka (northern deep core 79), and from 88 to 300 cm/ka (northern shallow core 13), thus yielding 

high, centennial to inter-decadal resolution for most proxy series over the deglacial interval.  

5.5.2 Intermediate Water Ventilation Records 

All three cores show similar, millennial-scale variations in their epibenthic δ13CCib signatures (see Fig. 

4b). In the studied time interval of 8 to 18 ka, maxima δ13CCib values are reached in core 13 during the 

early HS-1 with values of up to +0.2 ‰, with other maxima of ca. –0.2 to –0.4‰ during the YD and 

after the PB. Minima are reached during the warm B/A and PB phases with –0.8 to –1.0‰. Our 

southernmost core 4 records the lowermost excursions of just –1.5 and –1.2 ‰, respectively (Fig. 4b) 

during the onsets of the B-A and PB warm phases, whereas its other data fall nearly in line with the 

records of the northerly cores 13 and 79. The average amplitude of stadial-interstadial δ13CCib 

variations is higher than 0.5 ‰ for both transitions, significantly exceeding the global glacial-

interglacial carbon isotope shift of about 0.3 ‰. As modern values for δ13CDIC in the OS commonly 

range between –0.3 and –0.5 ‰ (Bauch et al., 2002; Itou et al., 2003), we note that deglacial δ13CCib 

values exceed modern data only during HS-1 and did not recover again during the remainder of the 

glacial termination. Taken at face value, this indicates that the deglacial OSIW was on average less 

ventilated. i. e. poorer in O2 content than today.  

The OSIW ventilation (B-P) ages (Fig. 5), though slightly limited in their temporal resolution, help to 

establish connections between OSIW formation and concurrent deglacial southerly NPIW dynamics as 

evidenced in sites from the NE Japanese margin. Both the upper and lower OSIW B-P ages show 

remarkably little variation of less than 200-300 yr over the deglaciation into the Holocene. Absolute 

B-P ages are comparable to or even slightly lower than modern values in the North Pacific (Broecker, 

1991). In fact, if error values are included, the OSIW B-P ages remain nearly unchanged between the 

cold HS-1, warm B-A and the Holocene. This is contrasted by NE Japan margin B-P ages that show 

clear variations in B-P ages in the upper NPIW (Fig. 5a). Values similar to the upper OSIW (about 

300-500 yr) during the cold HS-1 are followed by drastic and rapid drops to much lower values of 

1200-1400 yr during the B/A and a recovery to better ventilated NPIW waters in the subsequent YD 

and PB. During both he B/A and the PB the B-P ages on the NE Japan margin appear older than in the 

Okhotsk Sea at comparable water depths (Fig. 5). 
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Figure 5.4: Comparison of proxy time series for bottom water ventilation, together with Northern hemispheric 

reference records from high (Greenland) and low (China) latitudes. (a) Greenland NGRIP δ18O on the timescale 

of Rasmussen et al. (2008); (b) stable carbon isotope records of this study’s C. mundulus (δ13Ccib) from northern 

shallow core 13 (red), (c) northern deep core 79 (green), and (d) southern shallow core 4 (black); (e) δ18O 

timeseries of Hulu Cave speleothem record (Wang et al., 2008) on the timescale of Southon et al. (2012). Yellow 

shadings denote warm interstadial phases B/A and PB, blue shading cold stadial YD phase. Arrows on bottom 

show AMS 14C dates used of construct age models, colors indicate core 13 (black), core 79 (green) and core 4 

(brown). 
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Figure 5.5: Compilation of Benthic – Planktic ventilation ages based on published and this study. (a) Data from 

the NE Japan Margin off Shimokita. Three cores from intermediate (CH84, black, Duplessy et al., 1989a) , 

intermediate-deep (Ahagon et al., 2003b; Ahagon and Uchida, 2004; Ohkushi, 2004), and deeper water masses 

(green, Okazaki et al., 2012). 

5.5.3 Productivity Variations 

The endobenthic δ13CUvi curves of both northerly cores 13 and 79 resemble the epibenthic values in 

their patterns, though amplitude variations are more pronounced between interstadial low δ13CUvi and 

high δ13CUvi stadial data, with average differences of 0.7 ‰ and more (Fig. 6). Absolute minima are 

reached during the PB and middle to late Allerød, though this assessment might be biased due to the 

absence of Uvigerina spp. in the peak Bølling interval, indicating potentially even lower O2 pore water 

concentrations (Bubenshchikova et al., 2008). In line with δ13CUvi, both TOC and chlorin content 

follow a similar pattern, evident in all cores with maxima during the mid-late Allerød and peak values 

during the PB, especially in the more northerly cores 13 and 79 (Fig. 6). Deep Core 79 records 

maximal chlorin values during the PB and the highest amplitude variations. Notably, southern core 4 

does not record a distinct productivity peak in chlorin during the B-A, in contrast to northern cores and 

other sites further downstream. CaCO3 concentrations in cores 4 and 79 (no data are available for core 

13) follow the pattern recorded in the bulk productivity proxies (Fig. 6), while biogenic opal 

concentrations show a late increase from uniformly low values of about 5 % to steadily increasing 

early Holocene maxima of about 25 % (Fig. 7). Notably, opal concentrations do not share the rapid 

millennial-scale variations expressed in all other biological productivity proxies. 
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Figure 5.6: Bulk export productivity proxies. (a) Greenland NGRIP δ18O on the timescale of Rasmussen et al. 

(2008); chlorin concentration from this study’s cores all in (ng/g) from: (b) northern shallow core 13 (dark green, 

empty circles); (c) northern deep core 79 (dark red, filled circles); and (d) southern shallow core 4 (blue, filled 

diamonds). Concentrations of total organic carbon (TOC) of this study’s cores from (e) northern deep core 79 

(dark red as in {c}, but empty squares); (f) southern shallow core 4 (dark blue, empty diamonds). Stable carbon 

isotope records of this study’s U. peregrina (δ13CUvi) from (g) northern deep core 79 (blue) and (h) northern 

shallow core 13 (violet); Remainder as in figure 4. 
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Figure 5.7: Carbonate and siliceous export productivity and terrigenous proxy time series. (a) Greenland NGRIP 

δ18O on the timescale of Rasmussen et al. (2008). CaCO3 concentrations from this study’s cores (all in weight 

%) from: (b) northern deep core 79 (light blue, empty circles) and southern shallow core 4 (brown, filled 

triangles); (c) biogenic opal of northern deep core 79 (blue, filled squares), together with closely matching XRF-

derived Si/K ratios as proxy for opal concentrations of nearby shallow northern core 13 (black line). (e) 

Concentrations of biogenic opal (weight %) of southern shallow core 4.  

5.5.4 Lateral Transport and Terrigenous Matter Supply 

The studied interval is characterized by large and rapid changes in C/N ratios in cores 4 and 79. High 

C/N ratios are recorded in both cores during the warm interstadial B/A and PB periods of the 

termination, with a maximum during the PB phase and early Holocene (Fig. 8). Northern core 79 

shows maximum values of 11-14 in the late PB and a second small peak of about 11 in the late 
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Allerød, indicating a major influence of lateral transport of terrigenous particulate organic carbon 

(POC) to the core site. Southern core 4 follows the general pattern, however, the overall amplitude of 

the signal appears more muted with values reaching maxima of only 9-9.5, significantly lower than in 

core 79 and in line with a more distal location to the northern source areas for terrigenous POC 

(Fig. 7f).  

 

Figure 5.8: Comparison of proxy time-series indicative of terrigenous sediment transport. (a) Greenland NGRIP 

δ18O on the timescale of Rasmussen et al. (2008). (b) [C/N]atomic ratios of southern shallow core 4 (dark red, 

empty circles) and (c) northern deep core 79 (dark blue, filled diamonds). (d-f) XRF-scanning-derived Fe/K 

ratios for all cores in this study. (d) Fe/K ratio of northern shallow core 13 (violet line 5 point running average, 

violet crosses individual values). (e) Fe/K ratio of northern deep core 79 (blue line 5 point running average, blue 

crosses individual values). (f) Fe/K ratio of southern core 4 (red line). 
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However, we note that the TOC concentration and C/N ratios are not linearly correlated in either of 

the two cores. This indicates that the TOC peaks primarily reflect biogenic productivity maxima rather 

than only lateral continental supply of terrigenous carbon. XRF-derived Fe/K ratios, as well as count 

intensities of Fe indicate an increase in Fe delivery to the core sites during interstadial phases, with an 

overall increasing trend towards the Holocene (Fig. 8 and 10f). This increase is interrupted by minimal 

values during the cold HS-1 and YD stadials, whereas local maxima occur during the Allerød and the 

late PB around 10.2 ka.  

5.6. Discussion 

5.6.1. Development of OSIW: Collapsed Formation or Decreased Ventilation during 

Deglacial Warm Phases?  

Two principal mechanisms could account for the observed interstadial (B-A and PB, Fig. 4b) 

ventilation minima of the OSIW layer. Either formation of DSW and thus well-ventilated OSIW 

ceased due to physical forcing and circulation pattern different from today, leading to no export of 

OSIW from the Okhotsk Sea into the open North Pacific. Such a collapse of OSIW production would 

be caused by an absence of seasonal sea ice and thus polynia-induced brine rejection leading to DSW 

formation. Alternatively, OSIW was still produced, but with less vigorous entrainment of O2 and 

exported out of the Okhotsk Sea similarly to modern conditions, but its oxygen content was lower due 

to shortened atmosphere-ocean exchange and more intense organic matter remineralization after 

formation because of higher nutrient loads. In the latter case, it must have faced increased POC and 

DOC respiration already on the Sakhalin margin soon after formation, rapidly decreasing the already 

lower-oxygenated OSIW even further. 

We favor the second explanation for the following reasons: Previous works have shown, based on IRD 

provenance and abundance studies, that sea ice was present during all phases of the deglaciation in the 

northeastern part of the Okhotsk Sea and on the Sakhalin margin, even if overall abundances increased 

and decreased with cold and warm phases (Gorbarenko et al., 2004; Gorbarenko et al., 2010b; 

Nürnberg et al., 2011; Sakamoto et al., 2005). We thus presume that necessary physical preconditions 

for sustained formation of DSW masses were fulfilled, i.e. opening of polynias and formation of brine 

injections during cooling in winter. The maximum duration of the sea-ice season and thus the intensity 

of atmosphere-ocean exchange and DSW ventilation in winter polynias were likely shortened due to 

the stronger seasonality and stronger deglacial freshwater flux into the Okhotsk Sea via the Amur. The 

latter inhibits sea ice growth in winter seasons due to the high amounts of latent heat it carries in its 
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late summer discharge peaks from lower latitude monsoon-influenced regions (Ogi et al., 2001; 

Tachibana et al., 2008). Still, some ventilation and O2 entrainment into OSIW likely persisted even in 

warm deglacial phases, supported by the notion that despite high productivity the occurrence of 

prominent laminated intervals in the mid-depth Okhotsk Sea is not observed in the cores 13 or 4, like 

on most other mid-depth North Pacific indicating transient anoxia during the B/A and PB warm 

interstadials margins (Jaccard and Galbraith, 2011).  

In addition, δ13CCib. shows that the vertical extension of OSIW between our shallower and the deeper 

remained surprisingly homogenous over stadial-interstadial transitions. We speculate that if a 

substantial weakening of OSIW formation rate or flow volume during warm interstadial phases had 

happened, an increasing δ13CCib.gradient between deeper core 79 (1002 m) and shallower core 13 

(673 m) should be apparent, becasue core 79 is at the deepest potential extension of intermediate depth 

water and sensitive to switches between better ventilated OSIW and deeper, oxygen-poorer PDW. 

However, no such dynamic change can be observed. The observed co-variations of epifaunal δ13CCib. 

and shallow infaunal δ13CCib. data (Fig. 4 and 6) in addition indicate that the δ13CDIC and thus O2 content 

of OSIW was to a significant extent determined by mesopelagic respiration processes. Analog to 

modern observations, a minimum of about 30 % of the mesopelagic waters’ initial O2 concentration 

was likely consumed by organic matter respiration (del Giorgio and Duarte, 2002; Herguera et al., 

2009). 

The Benthic–Planktic (B-P) ventilation ages derived from our and other cores (Gorbarenko et al., 

2008; Gorbarenko et al., 2007b) in the Okhotsk Sea from water depths of 675 m (OSIW core layer) 

and 1300 m (lower OSIW) support this hypothesis, because they show no major coherent changes 

towards higher B-P ages during the B/A and PB. We observe that while increases in NPIW ventilation 

and formation did occur during the cold stadial phases (HS-1 and YD) in the North Pacific (Okazaki et 

al., 2010a), the warm interstadial phases in contrast did not result in persistent older water masses 

compared to the modern situation in the OSIW source region, implying a mode similar in strength and 

volume to modern circulation patterns or even stronger. This reasoning is in line with the notion that 

the global Meridional Overturning Circulation as one forcing for variations in North Pacific 

circulation was comparable to modern conditions (McManus et al., 2004a) or stronger as evidenced in 

records from the Atlantic region during the B/A (Barker et al., 2010). 

However, a collapse of NPIW ventilation off Japan between 900-1400 m is indicated by the drop of B-

P ages to much older values characteristic of deeper PDW values around 2100 m water depth (Fig. 

5a). This pattern implies that either upwelling of old, deeper water masses occurred at the Japan 

margin into intermediate depths, or that circulation patterns in the intermediate water layer off Japan 
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significantly changed during the B/A, while leaving deeper PDW around 2000 m relatively unaffected 

at the same time (Okazaki et al., 2012). Some works indicate that the boundary between Kuroshio and 

Oyashio currents shifted by several degrees in concert with stadial and interstadial variations during 

the last glacial and the last termination (Inagaki et al., 2009; Yamamoto et al., 2005), probably 

affecting the mid-depth waters at the northern Japan margin sites, switching them between a more 

northern and southern-derived source. As paleo-ventilation ages in the Okhotsk Sea (WSAG). i.e. 

northward of the Kuroshio-Oyashio extension are unaffected by these changes and show only minor 

variations over the glacial termination, we presume that during transient warm interstadial phases 

southern, subtropically influenced intermediate water became more isolated from the northern OSIW-

influenced WSAG than today. This would result in the increased injection of more (interstadial low-

O2) OSIW into the northerly subarctic WSAG circulation and effectively decouple subarctic and 

subtropical-dominated mid-depth water masses in the mid-latitude North Pacific. In contrast, during 

the remainder of the deglaciation, similar B-P ages on the Okhotsk and Japanese continental margins 

argue for a southward propagation of OSIW-influenced (stadial high-O2) intermediate waters into 

lower latitudes analog to modern conditions. 

5.6.2. Timing and Causes for Productivity and OSIW Ventilation Changes During the 

Deglaciation: Hinterland Environmental Changes and Forcing 

The deglacial O2 decline during the warm B/A indicated in our δ13Ccib data is accompanied by 

pronounced maxima in surface ocean productivity (Fig 6, 7, 9). However, in contrast to neighboring 

regions and more southern lower-resolution sites our results place the maxima in primary productivity 

to the PB (11.6-9 ka) and the Allerød (13.8-13.0 ka), rather than the Bølling or entire B/A phases 

(Crusius et al., 2004; Gorbarenko et al., 2002a; Khim and Sakamoto, 2012). This timing is not strictly 

correlated to the rapid warming and MOC changes known from Atlantic (McManus et al., 2004a; 

Piotrowski et al., 2004). Instead, a first small productivity peak occurs slightly earlier around ca. 15 

ka, followed by a second stronger peak centered towards the late Bølling to early Allerød (11.6-11.2 

ka, Fig. 6, 7, 9). However, this timing is corroborated by multi-proxy and benthic species assemblage 

observations from nearby sites (Bubenshchikova et al., 2010; Gorbarenko et al., 2007a; Gorbarenko et 

al., 2010b; Seki et al., 2004). There, relatively late increases in mainly carbonate-bearing primary 

producers, occurring only after the Bølling around 13.6-13.1 ka, were tentatively ascribed to a 

potential lagged transfer of climatic forcing from the North Atlantic region and changes in the AMOC 

to the North Pacific, but the timing and causation could not be further verified due to potential age 

model uncertainties in the investigated core (Gorbarenko et al., 2010b). Our new, high-resolution set 

of cores confirms this particular delayed occurrence (Fig. 6c-f, 9c) in the Okhotsk Sea. 
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Figure 5.9: Proxy time series related to Sakhalin margin productivity and OSIW changes in comparison to Asian 

hinterland records to deduce potential causes and forcing mechanisms. (a) eustatic sea level curve (Rohling et 

al., 2009); (b) this study’s OSIW ventilation record based on C. mundulus (δ13Ccib) from northern shallow core 

13 inverted for better comparison (red); (c) chlorin concentration (ng/g) from core 13 (dark green, empty 

circles). (d) Concentrations of terrestrial plant wax biomarkers C25-C35 n-alkanes (µg/g) in nearby core C9 

indicating shelf submergence and freshwater runoff (Seki et al., 2012). (e) Proxy record for EASM strength and 

temperature/precipitation changes: Dongge Cave seleothem δ18O (in ‰ vs. V-PDB, Dykoski et al., 2005). (f) 

and (g) Proxy records for precipitation in the SE Asian low latitudes as expressed in Mangshan Loess Plateau 

sequence MS2008E (Peterse et al., 2011); (f) MS2008E grain size distribution as fraction < 8 µm (in vol. %) and 

(g) organic matter (OM) content (weight %). Remainder as in figure 4. 
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In other circum-Pacific regions, sudden deglacial spikes in productivity have been ascribed to various 

causes, like eustatic sea level rise, mixed layer stratification, lateral material transport or circulation 

changes (e.g. Addison et al., 2012; Caissie et al., 2010; Cook et al., 2005a; Davies et al., 2011). With 

regard to effect of these potential causes in the Okhotsk Sea, we assume that flooding of the extensive 

northern shallow shelf areas during the early deglaciation (18-15 ka) and the pronounced MWP Ia 

likely caused southward transport of some lithogenic terrestrial material with the East Sakhalin 

Current. It has been shown that such shelf-derived supply of additional refractory nutrients enhanced 

primary production further offshore (Davies et al., 2011; Klinkhammer et al., 2009). In the Okhotsk 

Sea, the first pre-Bølling (15 ka, Fig. 6b and 9b, c-d) and Allerød (13.4-13.0 k) productivity peaks 

were likely supported by such a mechanism. However, fertilization of marine productivity by se-level 

alone rise was likely not the main cause for productivity peaks in the Okhotsk Sea due to the following 

considerations: Absolute deglacial productivity maxima peak later than maximum sea level changes at 

all sites, namely during the PB with initial spikes around 11.6 to 11.2 ka (Fig. 6b-h, 9). Thus, reported 

productivity maxima would be offset in timing and lag the sea-level rise maxima by several thousand 

years. In addition, hypothetically mobilized terrigenous organic matter was highly refractory and, at 

least during the early phase of the deglaciation, inundated shelf areas were presumably still frozen and 

thus relatively inert to sediment mobilization, due to their location within the glacial permafrost region 

(Chlachula, 2003; Vaks et al., 2013). 

For an explanation of these discrepancies, we consulted speleothem and loess records from the low-

latitude hinterland region, which are indicators for the East Asian Summer Monsoon (EASM) 

temperature (Fig 9e, Dykoski et al., 2005; Wang et al., 2005) and precipitation history (Fig 9f-g, 

Peterse et al., 2011). The Donge Cave speleothem record correlates well in overall shape and pattern 

with our proxy reconstructions of OSIW ventilation and export production (Fig. 9b-c and e), but 

diverges in the fine structure. Remarkably, the loess-derived precipitation reconstruction shows that 

the deglacial EASM increases in precipitation were more gradual than the speleothem δ18O series 

suggests (Fig. 9e-g) and thus started later than the initial rapid onset of the EASM temperature 

increases (Peterse et al., 2011). To establish a link between these hinterland reference records 

indicative of hinterland climatology and the Okhotsk Sea freshwater influx we turned to freshwater 

algae counts (Fig. 10) from our southernmost core location (core 4). Results show that the first, 

smaller discharge peak occurred during the B/A, followed by a massive freshwater discharge event 

between 11.6 and 9 ka. Freshwater algae concentrations during these two peak periods are one to two 

orders of magnitude higher than Holocene and modern values. Today, neither Pediastrum nor 

Botryococcus taxa occur in substantial numbers at site 4 (Fig. 10b), though freshwater flux to the 

Okhotsk Sea is quite substantial. We thus infer that precipitation increases during the B/A and PB 

warm phases caused drastic sustained fluvial discharge peaks into the Okhotsk Sea via the Amur. 
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Land-based records from NE-China peat bogs support this scenario, indicating maxima in effective 

precipitation in the Amur catchment area (Bazarova et al., 2008; Seki et al., 2009a).  

 

Figure 5.10: Concentrations (in numbers/g sediment) of freshwater-restricted chlorophycean algae Pediastrum 

spp. (light green, open circles) and freshwater-brackish-restricted Botryococcus spp. (dark green, filled squares) 

used as proxies for fluvial freshwater supply to southern site 4 (this study). Note logarithmic scale for 

concentrations. (a) Interval studied form 8 to 18 ka. (b) entire core section on scale 0 to 18 ka. Note that no 

freshwater algae are found at this location under modern (still large) fluvial discharge conditions from Amur, 

implying substantially larger discharge during the deglacial interval. 

Concurrent maxima in terrigenous nutrient and detrital iron load derived from the Amur started in the 

deglacial between 14-12 ka and peaked during the PB as evidenced by maxima in Fe/K ratios (Fig. 8) 

and matching peaks of terrestrial biomarkers in nearby marine cores (Fig 9d) (Seki et al., 2012; Seki et 

al., 2003). These higher-than-modern peaks in terrigenous sediment load were in all probability 

buttressed by the widespread melting of permafrost soils in the Amur hinterland during the late 

deglaciation. Though temporally poorly constrained, the melting was dated in terrestrial records to the 

Preboreal (Bazarova et al., 2008; Sakaguchi, 1992). Hinterland records, nearby organic terrestrial 

biomarker data (Seki et al., 2012), combine with our sedimentological and freshwater algae data (Fig. 

9 and 10a) to provide proof that high amounts of fresh organic matter, nutrients and sediment 

suspension were supplied to the upper water column of the NW Okhotsk Sea during the warm B/A 

and PB phases (Fig. 9). These elevated nutrient together with indications for maxima in mixed layer 
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stratification (Riethdorf et al., 2013) and longer sea ice-free summer seasons during the deglacial 

warm B-A and PB (Gorbarenko et al., 2007a; Gorbarenko et al., 2012) supported primary production 

increases. This conditioning of the upper mixed layer is also assumed to providing carbonate 

producers (coccolithophore) with a competitive advantage over diatoms over the deglaciation, thus 

explaining the lack of an early deglacial biosiliceous productivity peak (Harada et al., 2008; Khim and 

Sakamoto, 2012; Seki et al., 2009b).  

Together, our data (Fig. 9 and 10) indicate that freshwater supply by the Amur was the more important 

factor in rapidly (i.e. within 10-100s of years) supplying relatively fresh terrigenous matter and 

nutrients for maximum primary production to the Okhotsk Sea continental margin during the B/A and 

PB warm phases, while sea level rise was likely a second important contributor of elevated terrigenous 

refractory organic matter content during the early pre-Bølling and Bølling-Allerød warm phases and 

productivity peaks. Our results also support a scenario with forcing that is regionalized and differing 

between particular NW-Pacific areas, being less strictly correlated simply to North Atlantic millennial-

scale climatic variability as shown in Greenland ice core records and AMOC changes (Gorbarenko et 

al., 2008; Harada et al., 2008; Ohkushi et al., 2003). In the Okhotsk Sea, low-latitude forcing by 

hinterland changes through the migration of the East Asian Summer Monsoon front and deglacial 

changes in the terrestrial cryosphere played an additional critical role in shaping the deglacial 

hydrography and biogeochemistry. 

5.6.3. Consequences of Variations in OSIW Biogeochemical Signatures for Deglacial 

North Pacific productivity pulses and OMZ development 

Our results provide evidence for significantly higher organic matter and nutrient loads within OSIW 

during the warm interstadial phases of the last glacial termination (Fig. 8, 9, 11c-d). Based on a 

number of modern sediment trap and time series results, locations on the Sakhalin margin reliably 

record the amount of terrigenous and biogenic material entrained in the DSW formation region, which 

is then transported within a highly turbid water layer southward into the North Pacific (Hansell, 2002; 

Nakatsuka et al., 2004a; Nakatsuka et al., 2004b; Nakatsuka et al., 2002; Nishioka et al., 2007). 

Today, the amount of laterally transported POC (0.9 Tg C/yr) and DOC (13.6 Tg C/yr) entrained 

within DSW is considerably larger than the amount of POC that settles through the water column from 

surface biogenic productivity (0.2-0.5 Tg C/yr). Thus, lateral entrainment and subsequent transport of 

suspended material rather than vertical settling of nutrients preconditions the biogeochemistry of 

OSIW. Our multi-proxy data imply that the flux of the entrained POC and DOC and terrigenous 

lithogenic material was even higher than today during the B/A and PB warm phases.  
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Figure 5.11: Comparison of selected Okhotsk Sea records with subarctic North Pacific (core PC1, Brunelle et al., 

2010b) changes in productivity and nutrient utilization to assess consequences of OSIW variability . (a) as in 

figure 4. (b) nutrient utilization based on δ15N records for Okhotsk Sea (core GGC27, grey with squares Brunelle 

et al., 2010b) and the subarctic NW Pacific (core PC13, black with triangles). (c) this study’s OSIW ventilation 

record (δ13Ccib) from N’ shallow core 13, inverted (red). (d) Fe concentration within the terrigenous fraction 

based on XRF Fe/K ratio of S’ Okhotsk Sea core 4 (red line without markers, cf. Suppl. Fig S2 for Fe/K ratios of 

N’ cores 79 and 13). (e) Biogenic opal concentrations of Okhotsk Sea core 4 (this study, brown, open circles) 

and Subarctic North Pacific core PC13 (light green line with filled diamonds, Brunelle et al., 2010b). (f) 
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atmospheric CO2 concentrations from EPICA Dome C Antarctic ice core (Monnin et al., 2004) on EDC3 

timescale. 

We thus hypothesize that significant amounts of dissolved and particulate terrigenous carbon, nitrogen 

and Si(OH)4, were laterally transported within the OSIW during the B/A and PB and exported from 

the Okhotsk Sea to the open subarctic North Pacific (Fig. 1, 11). Concurrent Fe maxima consistently 

observed in all sediment records along the pathway of the southward-flowing ESC imply that in 

addition the amount of lithogenic material increased within the turbid DSW, thus creating a “perfect 

nutrient mix”. The higher (than modern) concentrations of suspended macronutrients together with the 

essentially needed Fe were likely even reinforced through the observed low primary production of 

biogenic silica within the Okhotsk Sea, especially during the B-A (Fig. 11e). In combination with 

maximum fluvial supply such biogenic underutilization probably further conserved Si(OH)4 and bio-

available Fe concentrations in the mid-depth highly turbid, weakly ventilated water column. 

Independent support for our hypothesis is provided by data from a core located in the southern 

Okhotsk Sea, far away from the immediate influence of local fluvial transport. There, maxima in 

terrigenous detrital OM accumulation supply were observed during the deglaciation (Ternois et al., 

2001). At that time the authors could not decisively allocate the source mechanism for the material, 

but concluded that sea ice transport, fluvial supply by the Amur and continental debris from rising sea 

levels and inundated shallow shelf areas would all be natural candidates. Combined with evidence 

from our productivity and OSIW ventilation data and the established modern oceanic transport 

mechanisms of suspended material in the turbid OSIW layer (Hansell, 2002; Nakatsuka et al., 2004a; 

Nakatsuka et al., 2004b), we suggest that the OSIW acts as an efficient, lateral transport mechanism 

for nutrient export over wide distances into the open mid-depth North Pacific ocean. There, the low-

O2, and nutrient/Fe-enriched OSIW was upwelled into the upper mixed layer during wintertime 

turbulent mixing, in analogy to modern conditions (Nakatsuka et al., 2009; Nishioka et al., 2011) and 

facilitated the transient repletion of nutrients, including Fe, during the B/A and PB . Our hypothesis 

helps to explain the rather enigmatic pattern of higher than modern nutrient utilization during the 

deglacial productivity peaks throughout the subarctic NW-Pacific and its marginal seas based on 

nitrogen isotopes (Fig 11b, Brunelle et al., 2007; Brunelle et al., 2010b; Kohfeld and Chase, 2011). In 

addition, we suspect that due to the observed ventilation minima in OSIW during the B/A and PB (Fig. 

4 and 11c), denitrification was perhaps enhanced, supporting a slightly elevated d15N OSIW signature 

(Fig. 11b, Yoshikawa et al., 2006). At the same time, the decreased O2 content of OSIW and the 

northward-displaced circulation potentially fostered the establishment of oxygen minimum zones in 

the North Pacific Ocean, including northward regions like the Bering Sea.  
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Lastly, the open subarctic North Pacific, though being a sink for atmospheric CO2 today, constitutes 

one of the three main modern High Nutrient/Low Chlorophyll regions globally, where Fe-depletion 

limits the efficiency of the “biological pump” to more effectively sequester atmospheric CO2 into the 

deep ocean by better nutrient utilization and higher primary production. The last glacial termination’s 

productivity spikes in the North Pacific (Crusius et al., 2004; Galbraith et al., 2007; Keigwin et al., 

1992a) likely contributed to shaping deglacial atmospheric CO2 changes by an interplay between 

release of old CO2-rich deep water masses into the atmosphere and the sequestration of CO2 into the 

deep ocean through primary production and changes in the efficiency of carbon export from the upper 

ocean to the abyss (Galbraith et al., 2007). Notably, our timing of changes in OSIW biogeochemical 

and ventilation characteristics correlate both with the North Pacific maximum in nutrient 

utilization/export production, and with transient slowdowns in the deglacial atmospheric CO2 rise (Fig. 

11f, Monnin et al., 2001). Thus, intermediate water masses likely occupy an important role as 

facilitator for larger regional-scale changes in ocean biogeochemistry and the global carbon cycle, 

warranting a more detailed understanding on both glacial-interglacial and shorter timescales. 

5.7. Conclusions 

We carried out a comprehensive multi-proxy-based reconstruction of Okhotsk Sea Intermediate Water 

ventilation and biogeochemical characteristics over the last glacial termination based on a set of high-

resolution AMS 14C-dated sediment cores. 

Based on ventilation ages and epibenthic stable carbon isotopes we provided evidence that decreases 

in OSIW ventilation were largely driven by increases organic matter content and remineralization rates 

rather than changes in formation rates of Dense Shelf and mid-depth waters in the Okhotsk Sea. From 

differences in ventilation ages between the northerly Okhotsk Sea and the southerly open Japan 

margin we deduce that OSIW influence on lower latitude subtropical mid-depth North Pacific waters 

waned during the during the warm Bølling-Allerød and Preboreal phases. These regional differences 

might explain large scatter in earlier data compilations (Okazaki et al., 2010a) and indicate more 

complex intermediate water circulation patterns than previously assumed, in analogy to recently 

observed regionally differing surface and mixed layer hydrography during the last glacial termination 

(Max et al., 2012a; Riethdorf et al., 2013). At the same time, OSIW was no source of oxygen for 

NPIW during the Bølling-Allerød, thus providing a positive feedback for basin-wide intensification of 

Oxygen Minimum Zones during the last glacial termination, in line with hypotheses that called for 

elevated respiration rates in the open North Pacific to decrease the O2 content of NPIW (Crusius et al., 

2004). 
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We observed millennial-scale OSIW ventilation decreases during deglacial warm periods to be in 

phase with increases in terrigenous suspension load and deposition in the Okhotsk Sea. To a lesser 

extent terrigenous sediment was supplied by continental shelf flooding through eustatic sea-level rise, 

mainly during the early-mid deglacial (17-14 ka). However, during Allerød and Preboreal marine 

productivity maxima on the Sakhalin margin, iron- and nutrient-rich terrestrial material was mainly 

sourced from the Siberian hinterland and delivered via Amur freshwater discharge peaks. These 

maxima in river runoff correlate with deglacial increases in precipitation linked to the northward 

propagation of the East Asian Summer. This closely coupled continent-ocean system provides an 

example of low-latitude East Asian monsoon forcing exerting direct influence on mid-latitude and 

subarctic North Pacific oceanography and marine biogeochemistry. 

We hypothesize that correlation of the observed ventilation minima with maxima in primary 

productivity and nutrient utilization in the open North Pacific implies an increase of OSIW-sourced 

lateral transport of macronutrients and iron into the subarctic North Pacific during the Bølling-Allerød 

and Preboreal. Variations in this export mechanism could have contributed to pelagic deglacial 

productivity peaks and simultaneously lead to a higher utilization of nutrients than observed today 

during deglacial warm phases. In the subarctic North Pacific region, this scenario would have 

temporarily relieved the upper ocean from micro-nutrient limiting conditions by upwelling the mid-

depth nutrient-enriched OSIW during wintertime mixing and switch the region to a transient, more 

efficient CO2 sink status during the B/A and PB, two intervals that are marked by a slowdown in 

atmospheric CO2 rise.  
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Supplementary Material: 

Table S1: AMS 14C data of cores used in this study 
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Table S2: Compilation of 14C ages from other studies used for Paleoventilation (B-P age) calculations. 
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Figure S1: Downcore records of chlorin contents against respective core depths (in cm b. sf.) used for 

inter-core correlation. From top to bottom: SO178-13-6 (upper depth scale), LV29-79-3 and LV28-4-4 

(lower depth scales). Arrows in the cores’ colors denote the AMS 14C measurements for each core (see 

Table S1 and S2 for details). Correlation lines for transfers of ages to core SO178-13-6 are shown as 

dashed lines. 

This figure is shown in this thesis already in Chapter 4 and thus not repeated here. 

 

Fig. S2: Comparison of TOC accumulation rates (g*m-2*yr-1) for cores 4 and 79. 

 

 



Chapter 6: Holocene Mesopelagic North Pacific Ventilation 

91 

6. A Mid-Holocene Shift and Millennial-Scale Variations in 

Mesopelagic North Pacific Ventilation 
 

Lester Lembke-Jene, Ralf Tiedemann, Dirk Nürnberg 

 

(1)  Alfred Wegener Institut Helmholtz-Zentrum für Polar- und Meeresforschung, Bremerhaven, 

Germany 

(2)  GEOMAR Helmholtz Zentrum für Ozeanforschung, Kiel, Germany 

Manuscript for submission to Nature Geoscience (Letter) 

 

The modern North Pacific hosts the largest Oxygen Minimum Zone (OMZ) in the World 

Ocean(Karstensen et al., 2008). Under future warming, such OMZs are projected to intensify, 

with severe consequences for ecosystems, marine biogeochemical cycles, and commercial 

fisheries(Keeling et al., 2010). At present, ventilation of subarctic North Pacific mid-depth water 

helps to prevent more pronounced OMZ development, but instrumental datasets show 

decreasing dissolved oxygen concentrations linked to increasing temperatures on decadal 

timescales(Emerson et al., 2004; Nakanowatari et al., 2007). However, long-term natural 

variations in O2 supply to mesopelagic waters are large and prevent precise assessments of 

ventilation changes by anthropogenic influence against millennial-scale natural background 

shifts. Here we show that during the Holocene, modern levels of mid-depth North Pacific 

ventilation are a relatively recent feature of only the last 2,000 years. During the warmer than 

present early-mid Holocene periods, average O2 supply was strongly reduced by an estimated 

30-50% and featured millennial-scale variations attributed to solar forcing. Our proxy evidence 

from the Okhotsk Sea, the foremost modern North Pacific ventilation region, implies a close 

long-term coupling between ventilation and sea surface temperatures, extending this 

relationship beyond short instrumental timescales. Under past warmer than present conditions, 

the Okhotsk Sea switched its role from an “O2 source” to an “O2 sink” through increased 

remineralization of organic matter and inhibited ventilation processes with likely consequences 

for biogeochemical cycles. Our results provide guidance how mesopelagic North Pacific long-

term O2 concentrations might transform under future warming scenarios. 



Chapter 6 

92 

Intermediate waters in the subarctic North Pacific marginal seas play a critical role in supplying 

oxygen to the North Pacific Oxygen Minimum Zone(Emerson et al., 2004). Recent studies point to 

decreasing O2 and increasing temperatures of the mesopelagic North Pacific over the past 

decades(Nakanowatari et al., 2007). The cause of these changes, however, is hard to unambiguously 

attribute to either anthropogenic influences or alternatively long-term natural variability, as the latter 

occur on timescales beyond the reach of instrumental datasets. One decisive factor that today prevents 

the development of more widespread oxygen limitation is the supply of dissolved oxygen to the 

mesopelagic water layer via ventilation of subarctic waters. In the North Pacific this ventilation is 

restricted to marginal seas, where density layers of intermediate waters outcrop in the surface 

ocean(Reid, 1965)(Fig. 1a, suppl. fig. S1). Today, the Okhotsk Sea constitutes the most important 

region with active ventilation during the wintertime sea ice season, when polynias open up on the 

Northeastern shelf areas and dense, O2-enriched water masses form through brine rejection(Shcherbina 

et al., 2003b) that are subsequently exported to the open North Pacific as Okhotsk Sea Intermediate 

Water (OSIW) and ventilate the mid-depth North Pacific(Talley, 1993). This provision of oxygen by 

OSIW counteracts the occurrence of more widespread hypoxia over vast stretches of the mid-depth 

North Pacific and is expressed in higher δ13CDIC values of OSIW compared to precursor Western 

Subarctic Pacific Gyre Water (Fig 1, Suppl. fig. S1). As the Okhotsk Sea represents a global anomaly 

in being the world ocean’s lowermost latitude where seasonal sea ice occurs, it responds with high 

sensitivity to changes in climate forcing in short response times(Hill et al., 2003). Previous works are 

mostly limited to OSIW and connected North Pacific changes during recent glacial 

periods(Gorbarenko et al., 2012; Keigwin, 1998a). Few studies have addressed paleo-environmental 

changes in the Okhotsk Sea over warm episodes like the current Holocene(Gorbarenko et al., 2010b; 

Itaki and Ikehara, 2004). 

We here present the first high-resolution proxy records for Holocene changes in OSIW ventilation, 

using stable carbon isotope ratios of the epibenthic foraminifer C. mundulus, which is known to 

reliably record the δ13C of ∑CO2 in the bottom water mass it lives in(McCorkle and Keigwin, 1994). 

Changes in δ13C of this dissolved inorganic carbon in turn are linearly correlated to water nutrient and 

oxygen concentrations in the Okhotsk Sea (Bauch et al., 2002) (supplementary text and Fig. S3). We 

use a suite of four AMS 14C-dated sediment cores to reconstruct OSIW ventilation (supplement, table 

S1, fig. S1-S2 for age models). Site 44 was retrieved from the Kamchatka continental margin 

(52°02.514’ N, 153°05.959’ E, 684 m water depth) along the pathway of inflowing North Pacific 

water to the formation region of OSIW on the NE continental shelf. This core thus records the 

precursor water, mainly Western Subarctic Pacific Water (WSAPW), delivered via the East 

Kamchatka Current to the Okhotsk Sea (Fig. 1). Three sites are used to reconstruct changes in newly 
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formed OSIW on the eastern Sakhalin continental margin along the export pathway into the North 

Pacific. Sites 78 (52°40.388’ N, 144°42.203’ E, 673 m water depth) and 4 (51°08.475’ N, 

145°18.582’ N, 674 m) are within the core layer of OSIW (Biebow and Hütten, 1999; Biebow et al., 

2002b). Site 79 (52°47.272’ N, 144°57.318’ E, 1082 m) complements the records with a deeper 

location at the lower boundary of OSIW to Pacific Deep Water. 

 

 

Figure 6.1: Study area, modern circulation patterns and oceanographic characteristics of the study region. a) 

Bathymetric map with major currents, core locations. Cores are marked in abbreviated number form, for full 

station information please see text. Abbreviations as follows: NS – Northern Shelf Polynia, SP – Sakhalin 

Polynia, ESC – East Sakhalin Current, EKC – East Kamchatka Current, WSAPW – Western Subarctic Pacific 

Gyre Water, Oy – Oyashio. b) Vertical profiles of modern water δ13CDIC characteristics for the Okhotsk Sea and 

North Pacific. Station HS29 (black, open circles) records WSAPW before it enters the Okhotsk Sea(Keigwin, 

1998a), Station 112 represents Okhotsk Sea Intermediate Water before it is transported to the ventilation areas 

on the Northern Shelf (red, filled circles, this study), Station 72 monitors the OSIW path “downstream” of the 

ventilation area before export into the North Pacific (blue, filled squares, this study). Station 40N(Itou et al., 

2003) represents final water mix in a southerly position near Kuroshio-Oyashio Extension Region (green, open 

squares), where new NPIW is formed(Talley, 1993). Note gradient between WSAPW, OSIW before and after 

ventilation, and resulting change in NPIW (intermediate water core layer: light blue shaded area). 

The Sakhalin margin cores that monitor OSIW are characterized by relatively high-amplitude 

variations on millennial timescales that exceed common glacial-interglacial changes in Pacific 

deepwater ventilation(Keigwin, 1998a), with values between -0.8‰ and -0.1 ‰ and a close 



Chapter 6 

94 

resemblance between single cores. Sample resolution in deeper core 79 is worse than in shallower 

cores, but the δ13C signal matches the former, except for an interval between 3-3.5 ka, probably due to 

a shoaling of the OSIW and ventilation not extending down to 1000 m. In contrast, the Kamchatka 

margin core 44, representing WSAPW inflow, shows δ13C values ranging mostly only between -0.2 

and -0,4 ‰, rather similar to modern values (Bauch et al., 2002), with no discernible long-term trend 

over the Holocene (Fig 2b). Hereafter, we discuss principal characteristics of OSIW based on a 

stacked record of the two shallow sites 4 and 78 representing the core OSIW layer (Fig. 4a, Fig. S4). 

In addition, linear correlation in the Okhotsk Sea between dissolved water column O2 and δ13CDIC 

allows us to approximate ranges of past O2 levels for the major ventilation intervals outlined below 

(Fig. 3, supplementary information). 

Our δ13C records imply a subdivision of the Holocene into four major periods with differing 

ventilation patterns, and a principal mid-Holocene baseline shift in average ventilation around 6 ka 

(Fig. 2c-e, Fig. 4a). The earliest Preboreal (11-8.5 ka) and the subsequent Early Holocene (8.5-6 ka) 

phases both exhibit significantly lower δ13C than modern values (Fig. 2). Corresponding O2 estimates 

for these two intervals show that during the Preboreal O2 concentrations barely ever (i.e. in less than 

25% of the data) reached the even lower range of modern O2 concentrations (Fig. 3). During the early 

Holocene (8.5-6 ka) δ13C values of all cores suggest abundant ventilation minima in OSIW, 

comparable to modern regions of old, low-O2 waters in the open North Pacific (Keigwin, 1998a). 

Average O2 estimates for this time interval reach only 90-100 µ mol/l and imply a nearly 50% 

reduction in mid-depth oxygen This persistent low-O2 situation is contrasted by increased Middle and 

Late Holocene ventilation after a sudden shift around 6 ka (Fig. 2c, d and Fig. 3a) towards conditions 

more akin to modern settings. This later period is separated around 2 ka into a late Holocene (0-2 ka, 

Fig. 2) and a mid Holocene Phase (6-2 ka), which differ from each other by about 0.2 ‰ in their 

respective δ13C ranges. Resulting average O2 concentrations likewise indicate a ca. 20-30 µmol/l or 

15-20% decrease for the mid Holocene 4-6 ka period compared to modern averages values. A critical 

result of this δ13C-based ventilation reconstruction is the observation that present-day OSIW and 

connected mesopelagic North Pacific ventilation has essentially only been prevalent for the last ca. 2 

ka.  

Superimposed on the long-term step-wise background changes, we detect distinct millennial-scale 

variations in OSIW ventilation, visible directly in the δ13C time series and in low-pass filter outputs 

from the OSIW stacked ventilation record (Fig. 4a). OSIW variations show recurring ca. 2,500 yr 

cycles over the Holocene, commonly attributed to solar forcing(Debret et al., 2009), and probably 

connected to 2,500-2,750 yr periodicities assigned to variations in high-latitude polar vortex expansion 

and wintertime wind circulation(O' Brien et al., 1995).  
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Figure 6.2: Stable isotope records of studied cores indicating changes in OSIW ventilation in relation to global 

reference records. a) NGRIP ice core δ18O time series(Blockley et al., 2011). b) Kamchatka margin core 44, 

indicating WSAP water inflow; c–e) Sakhalin margin cores indicating changes in OSIW ventilation as labeled in 

figure; f) Dongge Cave speleothem d18O time series, representing changes in South East Asian Summer 

Monsoon and links to North Atlantic climate(Dykoski et al., 2005). Colored background highlights the four 

different main ventilation phases from 0-2 ka (late Holocene), 2-6 ka (mid-Holocene), 6-8.5 ka (early-mid 

Holocene) and 8.5-11 ka (Preboreal). 
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Figure 6.3: Approximation of past levels in dissolved O2 in OSIW (see supplement S1 and text for calculations) 

based on δ13COSIW stacked record (Fig 4a, blue and grey lines). Box and Whisker plots for four ventilation 

intervals as described in text and Fig. 2. Boxes represent the inner upper and lower quartiles with median value, 

whiskers the respective outer quartiles of respective time intervals. Blue background color indicates present O2 

range of OSIW. 

These variations support the assumption that OSIW ventilation is partly modulated on millennial 

timescales by variations in solar activity, probably either through a particular sensitivity of sea ice or 

wintertime atmospheric patterns to a (yet unspecified) transfer mechanism. Before the 6 ka shift, an 

additional 1,500 yr periodicity is recognizable (Fig 4b), which has been first reported form North 

Atlantic drift ice patterns(Bond et al., 1997) and recently re-interpreted as being of internal oceanic 

origin(Debret et al., 2009).  

In the Pacific, evidence for millennial-scale cycles in marine sequences is scarce, however a southerly 

located Japan margin SST record also shows persistent 1,500 year cycles in SST anomalies(Isono et 

al., 2009) (i. e. in detrended record, original data in Fig. 4). As such 1,500 yr variations are confined to 

the early-mid Holocene in our records, we speculate that during periods of overall suppressed OSIW 

ventilation, the modulation via oceanic internal forcing gains importance. This Early Holocene 

increased prevalence of 1,500 yr cycles is contrary to North Atlantic time series, where these cycles 

gain strength after the mid-Holocene 6 ka shift towards a stabilization of the Atlantic MOC into its 

modern mode; though to date a coherent explanation for their origin and expression remain 

elusive(Debret et al., 2009). 
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Figure 6.4: Generalized OSIW ventilation dynamics and gradients compared to long-term changes in regional 

and global climate records. a) δ13COSIW stacked record of sites 78 and 4 indicating OSIW ventilation dynamics. 

Grey line: original data, blue thick line: re-sampled 25-moving average. Red background filling is the 9-moving 

average of core 44 indicating amount of OSIW ventilation deficiency relative to inflowing WSAP source water. 

b) Output of δ13COSIW ventilation stack, evenly re-sampled in time domain to 100 yr intervals and subjected to 

1,500 yr (internal stochastic/oceanic, red curve) and 2,600 yr (high-latitude and solar, blue curve) loss-pass 

filters. c) composite alkenone-based high-resolution SST record from Japan margin (red curve and diamonds`, 



Chapter 6 

98 

cores MD01-2421`, KR02-06 MC and GC)(Isono et al., 2009). d) Standard5x5 SST mean global temperature 

stack (grey line)(Marcott et al., 2013). e) as in Fig. 2. 

The observed variations and in particular the mid-Holocene climatic shift in OSIW ventilation is 

reflected in records globally(Debret et al., 2009) and in regions influenced by the East Asian Summer 

Monsoon system (EASM, Fig. 4e). Before 6 ka, a stronger EASM(Dykoski et al., 2005) penetrated 

further northward than at present, yielding higher precipitation and temperatures in the Okhotsk Sea 

hinterland, thereby increasing runoff from the Amur river catchment into the Okhotsk Sea(Tachibana 

et al., 2008). Higher Amur freshwater discharge transports latent heat to the Okhotsk Sea(Ogi et al., 

2001; Tachibana et al., 2008), which suppresses sea ice formation and, in concert with stronger 

thermal stratification of the upper mixed layer(Riethdorf et al., 2013), decreases OSIW ventilation. 

After 6 ka, a strengthening and expansion of the winter Siberian High atmospheric action center in 

concert with a southward retreating EASM front is likely responsible for strengthening cold 

northeasterly winds over the continental shelf region. We infer that this leads to longer sea ice cover, 

more active polynias and more vigorous mixing of the Upper Mixed Layer, which in concert support 

formation of new OSIW after 6 ka. In addition, on instrumental timescales the maximum sea ice 

extent in the Okhotsk Sea is dependent on mean SST conditions in late summer(Nakanowatari et al., 

2010). Alkenone-derived SSTs for the Okhotsk Sea and the Japan continental margin (Fig. 3) 

consistently show maxima in Holocene SSTs between ca. 8 and 6 ka, decreasing SSTs between 4-6 ka 

and a last shift toward persistent colder SSTs around 2 ka(Isono et al., 2009; Max et al., 2012a). Our 

decrease in OSIW ventilation during the Early to Middle Holocene is thus in close agreement with 

increased SSTs (Fig. 4) derived from regional and global reconstructions(Marcott et al., 2013).  

Comparison of the WSAPW Kamchatka and the OSIW Sakhalin stacked δ13C data (Fig. 4a) reveals 

that OSIW ventilation decreases below values of its precursor WASP water mass before the 6 ka shift. 

This negative OSIW-WSAPW gradient implies that OSIW export into the North Pacific was either not 

actively ventilated in the Okhotsk Sea before 6 ka, or that increased remineralization of organic matter 

through respiration within OSIW relative to today decreased the O2 content of OSIW below values of 

WSAPW entering the Okhotsk Sea. Earlier qualitative multi-proxy works on nearby sites in the 

Okhotsk Sea(Gorbarenko et al., 2010b) also show oceanographic reorganizations at 6 ka. Those 

studies based on microfossil assemblages suggested higher mesopelagic productivity with increased 

microbial biomass and higher OM respiration in OSIW before 6 ka together with a reduction in 

ventilation, while less support for a collapse formation of OSIW was found(Gorbarenko et al., 2010b) 

(see supplementary information). Either way, ventilation and oxygen supply would have been reduced 

significantly, turning the Okhotsk Sea from a modern O2 source into an O2 sink before 6 ka. 
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Our study highlights the nonlinear behavior of North Pacific mesopelagic waters on millennial 

timescales under warmer than present climate. Given the significant importance of mid-depth waters 

in the global ocean volume and their observed short, almost instant response time within years and 

decades to changing environmental forcing(Nakanowatari et al., 2007), future studies should aim to 

elucidate their role for global element cycles that at present remain inadequately understood. As future 

global SSTs are thought to resemble or surpass early Holocene SST values in the future(Marcott et al., 

2013), significant changes to lower oxygen supply from subarctic latitudes coupled with changed 

ventilation feedback can be expected for the mid-depth Pacific Ocean, a mechanisms that will likely 

affect oxygen-dependant biogeochemical cycles. 
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Material and Methods 

To reconstruct changes in mid-depth ventilation patterns of mid-depth water masses, we use the stable 

carbon isotopic composition (δ13C), of benthic foraminiferal Cibicides mundulus tests. This epibenthic 

species reliably reflects the δ13C of the ∑CO2 of bottom water masses (see also appendix II for details 

in this thesis)(Bauch et al., 2002). In the Okhotsk Sea, the δ13C signature of water Dissolved Inorganic 

Carbon (DIC) in a first order approximation is linearly correlated to the nutrient and oxygen content of 

water masses (Fig. S2)(Bauch et al., 2002) and can thus be used to assess changes in past ocean O2 

content (referred simplified to as “ventilation”). Between one and five specimen of C. mundulus were 

picked from the 250-500 µm fraction, cleaned with distilled water from potential dirt, dried at 50°C 

and measured in the GEOMAR Stable Isotope Laboratory on a Thermo Finnigan MAT252 coupled 

online to a Kiel CARBO II unit. Calibration was achieved through an in-house carbonate standard 

(Solnhofen Limestone) and NIST NBS-19, all values are reported in the δ notation with reference to 

Vienna – Pee Dee Belemnite (‰ V-PDB).  
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Water samples for isotope analyses were taken during cruise LV29 of R/V Akademik Lavrentiev to 

the Okhotsk Sea. Directly after retrieval of a CTD water rosette sampler equipped with 12 Niskin 

bottles, 100ml seawater were filled from Niskin bottles into glass bottles (pre-flushed with ambient 

seawater). 0.2 ml HgCl2 were immediately added to each sample to stop biological activity. Bottles 

were closed by airtight crimp seals and stored under refrigerated, dark conditions until further 

treatment. Measurements of the δ13CDIC were carried out in the Leibniz Laboratory for Radiometric 

Dating and Isotope Research, Kiel using an automated Kiel DICI-II device for CO2 extraction and a 

Finnigan MAT Delta E mass spectrometer for measurements(Erlenkeuser and Party, 1995; 

Erlenkeuser et al., 1999). Isotope results are given in the δ -notation and calibration is based on the 

NBS 20 carbonate isotope standard, the measurement precision of the δ13CDIC is ± 0.04 ‰. 

Two stations in the Okhotsk Sea were used for stable isotope analyses of Dissolved Inorganic Carbon 

(DIC): LV29-112 at 56° 04’ N, 169° 14’ E represents the inflow region to the Okhotsk Sea form the 

North Pacific Western Subarctic Gyre, and LV29-72-4 (52° 42’ N, 144° 13’ E) is located in the 

pathway of newly formed OSIW that is exported with the East Sakhalin Current into the North Pacific 

and enters the Oyashio thereafter. These sites were selected to investigate the modern properties of 

δ13CDIC of seawater in the study area (Fig. 1). water samples were collected during the expedition 

LV29 of R/V Akademik M.A. Lavrentyev in 2002(Biebow et al., 2002b).  

Age control for cores LV28-4-4 and LV29-79 in the investigated upper sections relies on ten and 

twelve, respectively, AMS 14C dates from the planktic foraminiferal species N. pachyderma (s) and G. 

bulloides. All AMS 14C measurements were carried out at the Leibniz Laboratory for Radiometric 

Dating and Isotope Research, Kiel according to established procedures and protocols (see 

supplementary information). For calibration we used a regional reservoir age correction of ΔR = 500 
14C years with MARINE09(Reimer et al., 2009a). Results, references to methods and the construction 

of age-depth relationships between age control points are described in detail in the supplementary text 

and tables. 

Supplementary Information: 

Site Selection and Age Models: 

We use a collection of four sediment cores to track Holocene changes in NPIW/OSIW ventilation. 

Gravity core LV28-44-3 was retrieved from the western Kamchatka continental margin (“core 44”, 

52°02.514’ N, 153°05.959’ E, 684 m water depth) and is located along the pathway of inflowing 

North Pacific water to the formation region of DSW and OSIW on the northeastern continental shelf 
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(Biebow and Hütten, 1999). This core thus records the OSIW precursor waters, mainly Western 

Subarctic Pacific Water (WSAPW hereafter) delivered via the East Kamchatka Current to the Okhotsk 

Sea. Three gravity cores are used to monitor changes in newly formed DSW/OSIW (simply termed 

OSIW hereafter) located on the eastern Sakhalin continental margin along the export pathway of 

newly formed and ventilated OSIW. Northerly cores LV29-78-3 (“core 78”, 52°40.388’ N, 

144°42.203’ E, 673 m water depth) and LV29-79-3 (“core 79”, 52°47.272’ N, 144°57.318’ E, 1082 m) 

are from the core layer of OSIW and it’s lower boundary to deeper Pacific Deep Water (PDW), 

respectively (Biebow et al., 2002b). Core LV28-4-4 (“core 4”, 51°08.475’ N, 145°18.582’ N, 674 m) 

complements the records with a more southerly location but same intermediate water depth as cores 78 

and 44 (Biebow and Hütten, 1999). We are thus confident that observed patterns are not simply caused 

by highly localized mixing processes, but significant in extent beyond their respective locations.  

 

Figure 6.S1: Oceanographic characteristics of the study region. (a) Dissolved O2 concentrations in the North 

Pacific (ml/l) on the Okhotsk Sea and North Pacific Intermediate Water density level (σΘ=28.8). (b) Cross 

section through Okhotsk Sea and North Pacific along 150°E. Color shading indicates salinity in practical salinity 

units and shows salinity minimum between 600 and 1000 m water depth used to define North Pacific 

Intermediate Water(Talley, 1993). Line contours display O2 (ml/l) values in 0.5 ml increments. Salinity, density 

and O2 data from World Ocean Atlas 2009(Garcia et al., 2010a). ODV and GMT were used for plotting the 

maps. 
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We identified representative core sites for OSIW and NPIW according to O2 maxima and salinity 

minima along the characteristic density anomalies (Gladyshev et al., 2003; Talley et al., 1995; Talley, 

1993). NPIW today spreads across the North Pacific along the Kuroshio-Oyashio Extension and 

diverges into a smaller northern branch that ultimately enters the Alaskan Gyre and a southern more 

prominent flow that distributes into the subtropical mid-depth North Pacific (Masujima and Yasuda, 

2009; Saito et al., 2011; Shcherbina et al., 2009; Toyama and Suga, 2010). Within the northern, 

subarctic gyre NPIW looses its defining low-salinity signature due to fresher overlying water masses. 

In the subtropical circulation arm, NPIW can be detected as local salinity minimum down to c. 20°N 

(cf. Fig S1). 

The derived radiocarbon ages were put into a chronostratigraphic context with published cores and 

frameworks (Lembke-Jene et al., in this thesis cf. Chapter 4 and 5, Max et al., 2012a; Riethdorf et al., 

2013). We calibrated the raw AMS 14C dates with a regional reservoir age correction of ΔR = 500 14C 

years (Kuzmin et al., 2007a) and MARINE09 (Reimer et al., 2009a). We used the software Calib 6.01 

(Stuiver and Reimer, 1993a) and the program CLAMS written for the software package “R” (Blaauw, 

2010) in order to establish an age-depth relationship in cores 4 and 79.  

The age model for core 44 is based on a comprehensive, lithostratigraphic and tephrochronological, 

AMS 14C-supported framework (Derkachev et al., 2012; Gorbarenko et al., 2002b; Nürnberg and 

Tiedemann, 2004) and has been published previously (Nürnberg et al., 2011). It was used unaltered 

here. For core 78, age control was achieved by correlating a surface productivity proxy, the sediment 

chlorin content, to nearby core 79. This strategy of using productivity variations to correlate nearby 

cores has been successfully employed before on glacial-interglacial and shorter, millennial timescales 

in the region (Max et al., 2012a; Nürnberg and Tiedemann, 2004). In this way, we were able to 

transfer chronostratigraphic tie-points to core 78 and establish an age model. While this process might 

not allow for high-resolution studies with shorter centennial-interdecadal accuracy, it yields sufficient 

age control in the framework of this study. Tiepoints were supported by lithostratigraphic core 

correlation based on ship-board core logging and scanning. The program Analyseries 2.0.4 was used 

for inter-core correlation (Paillard et al., 1996). Within the framework of this thesis the age model for 

core 78 is explained in more detail in Chapter 4 together with the conceptional approach to age models 

and core-to-core correlation, it is thus not repeated here. 
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Use of stable carbon isotopes for assessing OSIW/NPIW ventilation 

We use δ13C of epibenthic foraminifera to address changes in intermediate water ventilation. δ13CDIC is 

influenced by more parameters than the nutrient content of the water column (Broecker and Maier-

Reimer, 1992; Lynch-Stieglitz and Fairbanks, 1994; Lynch-Stieglitz et al., 1995). Changes in the air-

sea exchange by turbulent mixing of the upper mixed layer, the δ13C of source water masses, and 

kinetic isotope fractionation all influence the isotope signal and have been addressed in numerous 

paleoceanographic studies before (Hofmann et al., 1999; Kroopnick, 1985a; Lynch-Stieglitz et al., 

1995; McCorkle and Keigwin, 1994). In our case, apart from the apparently significant correlation that 

is observed in modern water samples between δ13CDIC, O2 and nutrient content (not shown)(Bauch et 

al., 2002; Biebow et al., 2011; Pavlova et al., 2008), we feel justified in our approach by the following 

considerations: The source water masses from which OSIW is formed by brine rejection and 

subsequent mixing processes in the northern Okhotsk Sea have potentially changed on G-IG 

timescales. However, during the Holocene, we see no evidence that there was significant variability, 

supported by the small amplitude variation and unaltered baseline in core 44 (main article, Fig. 2), 

which should record such source variations. Changes in the air-sea exchange cannot (and are not) 

excluded in our reasoning. In fact, the late Holocene climatic cooling period after 4-6 ka might have 

supported stormier winter seasons and an increased entrainment in wintertime and/or more polynias 

opening, leading to both higher δ13C and O2. We cannot quantitatively assess the respective influences 

of this OSIW “preconditioning” (i.e. O2 imprint or “ventilation” upon formation) from subsequent 

drawdown of that preformed δ13C (and hence O2) by organic matter degradation and respiration in the 

mesopelagic water column. Nonetheless, these processes would have changed δ13C, but also O2, in the 

same manner and led to export of more or less well ventilated OSIW from the Okhotsk Sea into the 

North Pacific, under the assumption that the North Pacific Holocene MOC remained comparable in 

transport rates and volume and water mass exchange to the modern situation. A better understanding 

of the basin’s Holocene physical paleoceanography would be desirable to constrain our assumptions, 

but adequate quantitative studies are in their infancy. 

Correlation between δ13CDIC and dissolved O2 

For calculating O2 values from the δ13CCib we used published and publicly available data that directly 

stem from the core locations or nearby sites and were sampled during the same cruises (Bauch et al., 

2002; Biebow and Hütten, 1999; Biebow et al., 2011; Biebow et al., 2002a). We excluded the 

uppermost 50 m of water samples as these are likely directly influenced by ocean-atmosphere 

exchange processes, thus might be biased by short-term variations in their O2 and δ13CDIC signatures. 

However, adding these few samples to the dataset only slightly modify the overall regression and 
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relative changes in O2 concentrations as shown in Fig. 4 still remain. The fact that calculated O2 values 

for the 0-2 ka interval as well as for single samples close to the core tops match actual O2 values 

measured in these water depths both by CTD sensors and with Winckler titration gives us confidence 

in providing a reasonable approximation of past O2 concentrations, which nonetheless should be 

viewed with an error akin to the featured box plots of perhaps ±30 µmol/l. Compared to modern 

values for O2 concentrations in the larger region our regression seems to slightly underestimate O2 by 

ca. 20-30 µmol/l, which might be due to large inter-decadal and inter-annual changes in dissolved O2 

concentrations(Emerson et al., 2004; Feely et al., 2004).  

 

Figure 6.S2: δ13CDIC vs. O2 regression based on water (bottle) data from the Okhotsk Sea. Both datasets were 

taken from Bauch et el. (2002)(2002). Samples influenced by surface exchange processes (i.e. the upper 50 m) 

were excluded from regression, but would not fundamentally alter the correlation. 

We regard our calculated O2 as a conservative estimate with regard to the lower values reported in the 

early-mid Holocene interval, because in the Okhotsk Sea below δ13CDIC values of –0.7 ‰ regression 

data becomes scarce, but indicates a decoupling of O2 from the linear relationship to δ13CDIC whereby 

lower O2 concentrations ca. <50 µmol/kg are not accompanied by respective further decreases in DIC 

and δ13C(Biebow et al., 2002b; Dullo et al., 2005). In any case, the C. mundulus species used here is 

known to become rare from foraminiferal assemblages in the Okhotsk Sea below values of about 65-

50 µmol/l and is usually an indicator for well to moderately ventilated water masses (Bubenshchikova 

et al., 2008). Thus, our calculated O2 concentrations may well be an underestimation of actual paleo-
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O2 changes. Transient periods during the early-mid Holocene, where C. mundulus is absent from the 

samples, especially in the lower core 79, point to such potential underestimation and factually even 

lower DO concentrations around 50 µmol/l, but such assumptions cannot be rectified without further 

evidence.  

Comparison to Previous Studies indicating Okhotsk Sea Ventilation Changes 

Our results stand in some contrast to previous studies based on the abundance patterns of the 

radiolarian species Cycladophora davisiana in cores form the Okhotsk Sea (Itaki and Ikehara, 2004). 

This species was used in a number of earlier studies as indicator for the presence of OSIW based on 

modern abundance patterns (Abelmann and Nimmergut, 2005; Takahashi, 1998) and the indirect 

inference that such water masses would be well ventilated in analogy to the modern situation(Okazaki 

et al., 2006; Takahashi, 1998). However, studies that have used the abundance of deep-dwelling 

radiolarian species C. davisiana, which is a good indicator of high amounts of organic detritus in the 

mesopelagic, show that during times in the early Holocene, when we observe minima in ventilation, 

maxima in C. davisiana are reported (Itaki and Ikehara, 2004). We reconcile these results with our 

observations by invoking a number of studies both from sediment as well as from water sampling that 

C. davisiana abundance is primarily linked to the provision of bacterial and detrital food in its 

mesopelagic habitat (Abelmann and Nimmergut, 2005; Nimmergut and Abelmann, 2002; Okazaki et 

al., 2003). This food source in turn is today delivered via a turbid layer connected to OSIW formation 

(Nakatsuka et al., 2004b; Nakatsuka et al., 2002). However, our data show that such water mass does 

not necessarily need to be ventilated. To the contrary, a higher amount of detrital organic material in 

the mesopelagic water layer would both increase C. davisiana abundance and the remineralisation of 

organic matter, thereby decreasing the O2 concentrations. In this interpretation, OSIW would bear 

higher concentrations of nutrients and lower DO in the turbid water layer when C. davisiana 

abundance is high, supported by earlier independent multi-proxy evidence from nearby 

sites(Gorbarenko et al., 2010b; Gorbarenko et al., 2007b). However, we do not challenge the 

assumption that the export of mesopelagic waters from the Okhotsk Sea might have been even higher 

during the early-mid Holocene than today as concluded in some of these works(Itaki and Ikehara, 

2004; Itaki et al., 2008). From our stable isotope data alone we do deduce changes in paleo-transport 

volumes or flow strength of OSIW. Additional studies employing complementary proxies for 

“paleophysical oceanography” like trace metal or radiogenic isotope studies are needed to separate 

transport and ventilation signals(cf. Huybers and Wunsch, 2010).  
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Step detection and software used 

The detection of step-like features in the stacked δ13C series was firstly based on visual inspection of 

both the stacked time series and the individual records. To corroborate the partitioning into the four 

reported intervals 0-2, 2-6, 6-8.5 and 8.5-11 ka, we divided the entire time series into single 1,000 yr 

and 2,000 yr moving windows in 500 yr steps and carried out Wilcoxon-Mann-Whitney tests on the 

respective series to determine the location of the step changes. For the step intervals selected here, the 

null hypotheses that the intervals were statistically similar, were rejected with P=<0.001 in normal 

approximation. Results for the calculated means are given in table S1. Software packages 

Kaleidagraph, ProFit and R were used to calculate changes and carry out statistical tests. Smoothing, 

inter-core correlation, and re-sampling of records were done with the software Analyseries 2.0.4 

(Paillard et al., 1996). The software Ocean Data View (ODV) was used for visualization of WOA09 

data in Fig. 6.S1 (Schlitzer, 2002). 

Supplementary table S1: Statistical averages for time intervals in OSIW stacked ventilation record. 
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7.1. Abstract  

Under modern conditions only the upper portion of the North Pacific Ocean is ventilated by North 

Pacific Intermediate Water and, in contrast to its Northern Hemisphere counterpart the North Atlantic, 

lacks any deep water formation. However, some recent studies with General Circulation Models 

(GCMs) point to a reversed situation and a switch to deep water formation in the subarctic Pacific 

during the last glacial termination as response to a shutdown or weakening of the Atlantic Meridional 

Overturning Circulation (AMOC). Here we show first deglacial ventilation proxy records derived 

from stable carbon isotopes in conjunction with ventilation ages of the Okhotsk Sea and Bering Sea, 

the potential source regions of past North Pacific ventilation changes. The combination of ventilation 

proxy data presented here clearly suggest no deep water formation in the North Pacific during the last 

deglaciation but a strengthened North Pacific intermediate water formation and enhanced shallow 

overturning during Heinrich 1 and the Younger Dryas. The deglacial source region of strengthened 

intermediate water ventilation is proposed to be the Okhotsk Sea, where rapid intensifications of 

intermediate water formation have been observed during times of AMOC reductions. From this, we 

further infer that the deglacial exchange of nutrient and CO2-enriched Pacific Deep Water with the 

atmosphere was probably hampered during times of expanded intermediate water ventilation and 

strengthened shallow overturning of the subarctic Pacific.  

7.2. Introduction 

The release of old and deep sequestered carbon from the North Pacific Ocean is widely discussed as 

mechanism that may have contributed to the rise in atmospheric CO2 concentrations during the last 

deglaciation (Boyle, 1988a; Galbraith et al., 2007; Jaccard et al., 2009; Marchitto et al., 2007b; 

Marchitto et al., 2005). Given that the modern abyssal North Pacific holds the largest quantity of 

dissolved inorganic carbon, it is of paramount importance to understand its exchange with the 

atmosphere through changes in ventilation rates in the past. At present, the subarctic North Pacific 

surface waters are isolated from deeper, nutrient-and CO2-rich waters by a steep, year-round salinity 

gradient known as halocline (Haug et al., 1999). The halocline forms a barrier for the heat and gas 

exchange between the atmosphere and the deep ocean and damps the supply of nutrients into the 

photic zone. Consequently, the nutrient utilization is nearly complete in the subarctic Pacific 

(Sarmiento et al., 2004) and lead to one of the highest modern carbon export efficiencies in the world 

oceans, thus acts as a net sink of atmospheric CO2 (Honda et al., 2002). Under modern conditions, the 

formation of new water masses in the North Pacific is restricted to the Okhotsk Sea (Talley, 1993), 
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where denser waters are produced in coastal polynyas by brine rejection during wintertime sea-ice 

production (Shcherbina et al., 2003b). These water masses leave the Okhotsk Sea as Okhotsk Sea 

Intermediate Water, mix with water in the NW-Pacific at intermediate depths and form North Pacific 

Intermediate Water (NPIW). The NPIW spreads eastward through the North Pacific Ocean between 

ca. 20° N – 40° N to the proximity of the California Current region, where it can still be recognized as 

positive oxygen anomaly between 300 – 800 m water depth.  

Former reconstructions of changes in deep Pacific hydrography and circulation have been focused 

mainly on the Last Glacial Maximum (LGM). Available Pacific nutrient proxy records point to an 

enhancement and deepening of North Pacific ventilation of intermediate water down to 2000 m water 

depth during the LGM (Keigwin, 1998b; Matsumoto et al., 2002a). Less information exists about 

millennial-scale deglacial variations in intermediate to deep water circulation due to the limited 

availability of high-resolution sediment records. However, recent studies with General Circulation 

Models (GCMs) suggest an onset of deep water formation in the North Pacific during the deglacial 

cold events Heinrich 1 (H1) and Younger Dryas (YD), which has been linked to strong reductions in 

AMOC (Okazaki et al., 2010b). Freshwater perturbations in the North Atlantic and associated oceanic-

atmospheric interactions have been proposed as a potential mechanism, which induced a redistribution 

in upper-ocean salinity known as Stommel feedback (Saenko et al., 2004; Stommel, 1961; 

Timmermann et al., 2005), thereby favoured the establishment of a Pacific Meridional Overturning 

Circulation (PMOC) and deep water formation to occur in the North Pacific. Main evidence for at 

least changes in mid-depth ventilation is provided by proxy data, which has been derived from 

sediment records located east off Japan. In these cores, the difference in radiocarbon ages between 

planktonic and benthic foraminifers (defined as ventilation age) are reduced during H1 and the YD 

(Ahagon et al., 2003a; Duplessy et al., 1989b; Sagawa and Ikehara, 2008b) and enhanced NPIW 

ventilation during these intervals inferred. However, whether the North Pacific itself, the Bering Sea 

or the Okhotsk Sea formed the source region for “expanded deglacial NPIW” (Jaccard and Galbraith, 

2013) is still ambiguous. Available proxy data indicative for changes in intermediate water 

circulation/ventilation from this key regions are still equivocal, and both the Bering Sea (Rella et al., 

2012) (Schlung et al., 2013) as well as the Okhotsk Sea (Tanaka and Takahashi, 2005) are proposed as 

major contributors of enhanced deglacial NPIW. Another focal point is the timing and rapidity of 

changes in PMOC. Model simulations propose a rapid switch and a deglacial seesaw mechanism 

between PMOC and AMOC intensifications, which can not be constrained by available proxy data.  

Here, we present new results from stable carbon isotope records in combination with ventilation ages 

to provide a first comprehensive view on deglacial North Pacific ventilation changes in order to: (1.) 

infer the timing and extent of intermediate/deep water formation in potential source regions and (2.) 
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assess its temporal relationship to changes in AMOC, which were associated with large-scale 

reorganizations in PMOC and upper-ocean heat transport. 

 
Figure 7.1: Overview of the subarctic northwest Pacific and its marginal seas (Okhotsk Sea and Bering Sea). Red 

spots give core locations and red boxes mark hydrographic stations obtained in this study. White spots indicate 

published sediment cores from the northwest Pacific realm considered in this study (please see Table 3 and 

references therein).  

7.3.  Chronology 

Two sediment cores from intermediate-depth, located in the Okhotsk Sea (SO178-13-6; 52° 43’ N, 

144° 42’ E, 713 m water depth) and the western Bering Sea (SO201-2-85KL; 57° 30’ N, 170° 24’ E, 

968 m water depth), were selected (Fig.1). For radiocarbon measurements mono-specific samples of 

planktic foraminifera Neogloboquadrina pachyderma sinistral from the 125 – 250 µm size fraction 

were picked in core SO201-2-85KL, in core SO178-13-6 a mix of planktonic foraminifera species (G. 

bulloides and Neogloboquadrina pachyderma sinistral) were picked from 150 – 250 µm size fraction.  



Rapid Deglacial North Pacific Intermediate Water Changes 

115 

 



Chapter 7 

116 

Figure 7.2: Stratigraphic framework of sediment records from the western Bering Sea (SO201-2-85KL) and 

Okhotsk Sea (SO178-13-6) considered in this study and correlation to the established stratigraphy of Okhotsk 

Sea record LV29-114-3 and high-resolution sediment core SO201-2-12KL (blue curve) from the subarctic NW-

Pacific (Max et al., 2012b). Given are the Ca intensities records achieved from core logging (XRF) together with 

raw AMS 14C datings (red spots with vertical numbers). Grey shaded areas mark prominent carbonate maxima in 

the sediment records, red lines indicate correlation points between the sediment cores. 

In total sixteen AMS 14C-ages based on planktic foraminifers were determined by BETA Analytics 

London, the National Ocean Science Accelerator Mass Spectrometry Facility (NOSAMS) at Woods 

Hole Oceanographic Institute (WHOI) as well as the Leibniz-Laboratory for Radiometric Dating and 

Isotope Research at Kiel University. Radiocarbon ages are given according to the convention outlined 

by (Stuiver and Polach, 1977b) and (Stuiver, 1980).  

All planktic radiocarbon ages were converted into calibrated 1-sigma calendar age ranges using the 

calibration tool Calib Rev 6.0 (Stuiver and Reimer, 1993b) with the Intcal09 atmospheric calibration 

curve (Reimer et al., 2009b) and are summarized in Supplementary Table 1 (see end of article). For 

reservoir age correction, reservoir ages of 900 years were applied for core SO178-13-6 and 700 years 

for core SO201-2-85KL, in line with reported correction values for the Bering and Okhotsk Sea, 

respectively (Kuzmin et al., 2007b; Kuzmin et al., 2001) 

Relative sedimentary elemental composition was measured using the Avaatech X-ray Fluorescence 

(XRF) core scanner at the Alfred Wegener Institute for Polar and Marine Research except Okhotsk 

Sea core SO178-13-6, where XRF measurements were conducted at the Center for Marine 

Environmental Science (MARUM), Bremen. Each core segment was triple-scanned for element 

analysis at 1 mA and tube voltages of 10 kV (Al, Si, S, K, Ca, Ti, Fe) and 50 kV (Ag, Cd, Sn, Te, Ba), 

using a sampling resolution of 1 cm and 30 s count time.  

The deglacial stratigraphy is based on the set of new and already published planktic radiocarbon 

measurements (AMS 14C ages) and further constrained with X-ray Fluorescence (XRF) core scanner 

data for inter-core correlation, described in detail by (Max et al., 2012b). In general, the Ca intensity 

records (XRF) have been used to correlate prominent and similar structures between sediment records 

from various regions of the subarctic Pacific and its marginal seas. We dated carbonate maxima 

(maxima in planktic foraminifera abundance), which share common maxima in Ca intensities (XRF) 

and to avoid age artefacts due to bioturbation effects. Figure 2 gives the Ca intensity records and a 

detailed core-to-core correlation of the core sites. The Ca intensity pattern shows two intervals with 

high Ca intensities (carbonate maxima) between 13.390 - 11.950 14C years and 10.800 – 9.570 14C 

years. These pronounced carbonate maxima are well known in the NW-Pacific realm and mark the 
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B/A and the interval of the early Holocene (Cook et al., 2005b; Gorbarenko et al., 2005a; Gorbarenko 

et al., 2002c; Keigwin, 1998b; Keigwin et al., 1992b; Seki et al., 2004; Seki et al., 2009c). Hence, core 

SO178-13-6 was correlated to the established stratigraphy of Okhotsk Sea core LV129-114-3 (Max et 

al., 2012b) via the Ca intensity records (XRF) and available AMS 14C datings (Fig. 3).  

 

Figure 7.3: Correlation of sediment core SO178-13-6 to the established age model of LV29-114-3 via AMS 14C 

datings and Ca intensity records (in blue) compared to the NGRIP isotope record (in black) in given above 

(Rasmussen et al., 2006b).  Core SO178-13-6 was correlated to the established stratigraphy of LV29-114-3 (Max 

et al., 2012b) via Ca intensity studies (XRF) and AMS 14C datings. Red spots with numbers indicate calibrated 
14C ages of LV29-114-3 and SO178-13-6, respectively. 
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7.4. Analytical Methods 

7.4.1 Hydrographic measurements of  δ13CDIC of seawater 

Two stations proximal to the used core sites SO201-2-85KL (for western Bering Sea station SO201-2-

67; 56° 04’ N, 169° 14’ E) and SO178-13-6 (for Okhotsk Sea station LV29-84-3, 52° 42’ N, 144° 13’ 

E) were selected to investigate the modern properties of δ13CDIC of seawater in the study area (Fig. 1).  

For the Bering Sea samples, the water column was sampled during the expedition SO201-2 of R/V 

Sonne in 2009  in eight depth intervals via a water sampling rosette device (Dullo et al., 2009b). 

Immediately after sub-sampling of Niskin bottles, water samples were poisoned with a saturated 

solution of mercury, sealed with wax and stored at 4°C temperature until further treatment. On shore, 

1 ml of water was injected through a septum into a vial with ca. 3 ml concentrated phosphoric acid 

flushed with pure Helium. After storage at room temperature for complete reaction the resultant CO2 

was transferred via a Finnigan Gas Bench II to a Finnigan MAT 252 gas mass spectrometer for 

determination of stable carbon isotope ratio at the Alfred Wegener Institute for Polar and Marine 

Research, Bremerhaven. Results are given in δ -notation versus V-PDB. The precision of δ 13CDIC 

measurements based on an internal laboratory standard has been reported to be better than ±0.1 ‰. 

For the Okhotsk Sea, water samples were collected during the expedition LV29 of R/V Akademik 

M.A. Lavrentyev in 2002 (Biebow et al., 2002). Water samples were slowly filled into 100-ml glass 

bottles directly after retrieval of a combined CTD water rosette sampler equipped with 12 Niskin 

bottles. 0.2 ml HgCl2 was immediately added to each sample to stop biological activity. Bottles were 

closed by airtight crimp seals and stored under refrigerated, dark conditions until further treatment. 

Measurements of the δ13CDIC were carried out in the Leibniz Laboratory for Radiometric Dating and 

Isotope Research, Kiel using an automated Kiel DICI-II device for CO2 extraction and a Finnigan 

MAT Delta E mass spectrometer for measurements (see also Erlenkeuser et al., 1995, Erlenkeuser et 

al., 1999). Isotope results are given in the δ-notation and calibration is based on the NBS 20 carbonate 

isotope standard, the measurement precision of the δ13CDIC is ± 0.04 ‰. 

7.4.2 Benthic Stable Carbon Isotope Records (δ13C) 

Stable carbon isotope records (δ13C) derived from benthic foraminifer tests are believed to be a robust 

proxy to study past variations in deep water circulation as the δ 13C of dissolved inorganic carbon is 

closely linked to past ambient seawater nutrient- and oxygen levels (Curry et al., 1988; Curry and 

Oppo, 2005) whereas high δ13C values are indicative for lower nutrient concentrations and better 
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ventilation (Kroopnick, 1985b). In this study, δ 13C measurements were established from sediment 

samples of core SO178-13-6 (Okhotsk Sea) and SO201-2-85KL (Bering Sea). Discrete sediment 

samples were taken, freeze-dried, washed over a 63 µm screen, dried and separated in several sub-

fractions (63 - 150, 150 - 250, 250 - 500, > 500 µm). For stable isotope analysis, only epibenthic 

species Cibicidoides lobatulus (C. lobatulus) were considered and picked from 250 – 500 µm sub-

fraction. This species has been observed to preferentially live attached to hard substrate on or slightly 

above the sediment surface (Lutze and Thiel, 1989; Schweizer et al., 2009) and studies on live 

specimen indicates that the species faithfully records the δ13C∑CO2 of overlying bottom waters. Some 

studies have observed a positive offset in the δ13C of this species with regard to ambient bottom water 

for δ13C at the time of sampling in other high latitude settings. However, this effect was shown to be 

likely caused by high seasonal variability of the ambient water δ13C signal as indicated by time-series 

measurements of water column δ13C and according calcification of C. lobatulus during time intervals 

of maximum ventilation (Mackensen et al., 2000).  We thus regard C. lobatulus to reliably reflect the 

ambient water mass δ13C∑CO2 signal.  

We mostly picked between two and five specimen per sample and restricted our selection to well-

preserved specimen with visible pores, clear sutures and unfilled chambers. During some intervals 

with low foraminifera abundance, we analysed single specimen with sufficient size and preservation. 

Samples of core SO178-13-6 were cracked open to remove dirt particles from the inside, if necessary 

cleaned ultrasonically in ethanol p.a. and roasted at 200 °C for 24 h. These samples were measured 

with a Thermo Finnigan MAT 252 isotope ratio mass spectrometer coupled to an automated KIEL II 

CARBO preparation device at the Paleoceanography Unit’s Stable Isotope Laboratory of the 

GEOMAR – Helmholtz Centre for Ocean Research, Kiel. Overall analytical reproducibility is ±0.04 

‰ for δ13C and ±0.06 ‰ for δ18O. Sample measurements of core SO201-2-85KL were done on single 

specimen due to very low abundance and measured with a Thermo Finnigan MAT 253 isotope ratio 

mass spectrometer coupled to an automated KIEL CARBO preparation device at the Stable Isotope 

Laboratory of the Alfred Wegener Institute for Polar and Marine Research, Bremerhaven. Overall 

analytical reproducibility is ±0.06 ‰ for δ 13C and ±0.08 ‰ for δ 18O. Calibration was achieved via 

National Bureau of Standards NBS19 and NBS 20 material as well as through an internal laboratory 

standard of Solnhofen limestone. All values are reported as against the Vienna Pee Dee Belemnite 

Standard (expressed as ‰ vs. V-PDB) and are given in Table 2 (at end of article, supplemenentary 

information).  
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7.4.3. Paired Benthic-Planktic Radiocarbon Measurements (Ventilation Ages) 

To infer past ventilation ages additional radiocarbon measurements on mono-specific samples of 

benthic foraminifera Uvigerina peregrina or mixed benthos were established. Ventilation ages were 

calculated from 14C age difference between available planktonic and benthic foraminifers. In total 15 

ventilation ages were derived from a set of six sediment cores located in the northwest Pacific realm 

(Figure 1). Ventilation ages from this study were compiled with published ventilation ages and used to 

infer ventilation changes in NW-Pacific intermediate and deep water (Figure 1, Table 3).  

7.5. Results and Discussion 

7.5.1.  Modern Properties of Bering Sea and Okhotsk Sea δ13CDIC  

The modern distribution of δ13CDIC show large differences between the Okhotsk Sea and Bering Sea 

marginal seas as indicated in Figure 4. In the Bering Sea, a large gradient in δ13CDIC is located around 

100 m water depth, which marks today the maximum in mixed layer depth (MLD) of surface water 

mixing with underlying water masses in winter (Fig. 4a). Beyond the MLD δ13CDIC values rapidly 

decline to -0.6 to -0.7 ‰ and indicate the absence of fresh intermediate-water masses in the western 

Bering Sea today. Modern values of δ13CDIC are around -0.6 ‰ at the depth of core SO201-2-85KL.  

 

Figure 7.4: Water column profiles of δ13CDIC in the Bering Sea (station SO201-2-67) and Okhotsk Sea (station 

LV29-84-3) given as (a) δ13CDIC profile of the Bering Sea together with the respective depth-interval of SO201-

2-85KL (red spot) and (b) δ13CDIC profile for the Okhotsk Sea together with the corresponding depth-interval of 

SO178-13-6 (red spot). Blue shaded areas mark the maximum mixed layer depth (MLD) of fresh surface water 

masses with sub-surface water masses in winter. 
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The δ 13CDIC profile from the Okhotsk Sea show the presence of enriched δ13CDIC values within the 

water column between 200 – 800 m (Fig. 4b). Today, newly formed Okhotsk Sea Intermediate Water 

(OSIW) spreads across the Okhotsk Sea, expressed as positive δ13CDIC anomaly in the water column. 

The modern value of Okhotsk Sea record SO178-13-6 lies at the lower boundary of OSIW with 

δ13CDIC values around -0.3 ‰.  

7.5.2. Timing and potential source regions for deglacial NPIW changes 

In order to assess the timing and nature of past ventilation changes in the subarctic North Pacific and 

its relationship to major reorganizations in the AMOC we compared our western Bering Sea 

intermediate-depth benthic δ 13C record with published 231Pa/230Th data (proposed to reflect the 

strength of the AMOC) from the North Atlantic (McManus et al., 2004b) and Greenland ice core 

record (Rasmussen et al., 2006b) during the last deglaciation (Fig. 5).  

The most striking feature is that the western Bering Sea record reveals millennial-scale, rapid 

oscillations in δ13C that indicate repeated intermediate water ventilation changes, which are strictly 

opposite in sign (ventilation seesaw) compared to the North Atlantic deep circulation history of the 

last 20 kyr (Fig. 5). The western Bering Sea δ13C data point to intensified ventilation of intermediate 

waters during Heinrich 1 (17.5 – 15 ka BP) and the Younger Dryas (12.8 – 11.8 ka BP) as indicated by 

high δ13C values during times when deep convection in the North Atlantic was strongly reduced. As 

soon as the North Atlantic deep overturning cell was re-established during the Bølling/Allerød (14.7 – 

12.8 ka BP) and the onset of the Holocene, ventilation of western Bering Sea intermediate water 

rapidly ceased as inferred from low δ13C values.  

The deglacial pattern of Okhotsk Sea intermediate water ventilation resembles the mid-depth 

ventilation history of the Bering Sea (Fig. 6). Although, the timing of changes is similar, the amplitude 

of changes is much more pronounced in the Okhotsk Sea (differences of up to 1.5 ‰). Lowest δ13C 

values (-0.4 to -0.7 ‰) are recorded during the Bølling/Allerød interstadial (14.6 – 13.2 ka BP) and 

the earliest Holocene, similar to the western Bering Sea. However, the δ13C maxima with values of up 

+0.8 ‰ during H1 (17.5 – 15 ka BP) and of up to +0.7 ‰ during the YD (11.8 – 12.2 ka BP) are 

significantly higher in the Okhotsk Sea. During H1, Okhotsk Sea Intermediate Water (OSIW) even 

approached modern NADW δ13C signatures (1 - 1.5 ‰) of the subarctic North Atlantic (Curry and 

Oppo, 2005). This suggests the presence of well-ventilated, nutrient-depleted and newly formed 

intermediate water masses in the Okhotsk Sea during deglacial cold stages, which spreads into the 

NW-Pacific and the Bering Sea. The vertical expansion of this water mass did not reach the deep 

water level in the NW-Pacific as indicated by a δ 13C record recovered from 3300 m water depth 
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(Keigwin, 1998b). Interestingly the deep water δ13C record shows a temporal variability that is 

opposite to the intermediate water level with minima during H1 (-0.6 ‰) and the YD (-0.3 to -0.1‰) 

and thus clearly characterizes a different water mass, which most likely originated from the Southern 

Ocean (Lund et al., 2011). On the other hand, the deep water δ13C maxima during B/A (-0.1 ‰) and 

the early Holocene (+0.1 ‰) are significantly higher than at intermediate water depths (-0.4 to -0.7 

‰). This indicates the absence of nutrient-depleted and well-ventilated intermediate water below 700 

m water depth most likely in response to reduced intermediate water formation.  

 

Figure 7.5: Comparison of deglacial circulation changes in the North Atlantic and western Bering Sea during the 

past 20 kyr. Pa/Th ratio (at the bottom) as proxy for the AMOC strength in the North Atlantic (in green) 

(McManus et al., 2004b) together with the intermediate-depth δ 13C as proxy for circulation changes in the 

western Bering Sea (in orange). Blue shaded areas mark stadial Heinrich 1 and the Younger Dryas, respectively. 

For comparison, the NGRIP ice core record (in black) is given on top (Rasmussen et al., 2006b). 

The deglacial variability in δ13C, the timing of ventilation changes as well as the opposing pattern 

between intermediate- and deep water is also in harmony with changes in ventilation ages, from the 
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North Pacific and its marginal seas (Fig. 6). At the intermediate water level (980 - 1370 m water 

depth), northwest Pacific ventilation ages are significantly lower during H1 and the YD than during 

the B/A (Adkins and Boyle, 1997; Ahagon et al., 2003a; Duplessy et al., 1989b; Sagawa and Ikehara, 

2008b). Even younger intermediate water masses (ca. 700 - 980 m water depth) characterize the 

Bering Sea and the Okhotsk Sea during H1 and YD (Fig. 6). However, our shallow records provide no 

information about ventilation changes during B/A from the marginal seas. In contrast to the 

intermediate water level, deep water ventilation ages (Keigwin, 2002b; Minoshima et al., 2007; 

Murayama et al., 1992; Sarnthein et al., 2006b) deeper than 2170 m water depth interval are highest 

during H1 and provide the largest age difference between the intermediate and deep water masses 

within the last deglaciation (Fig. 6). This difference is less pronounced during the YD. The exact 

opposite is the case during the B/A and the glacial period from ca. 20-19 ka BP as ventilation ages 

from the intermediate and deep water level are rather similar, indicated by increasing ventilation ages 

at the intermediate water level and decreasing deep water ages (Fig. 6). 

For the periods of H1 and YD, the combination of benthic δ13C and ventilation ages consistently 

argues for (1.) enhanced NPIW formation/ventilation down to at least 1370 m water depth (but 

shallower than 2170 m), (2.) a deglacial source of intermediate water formation within or close to the 

Okhotsk Sea as key region for NPIW changes (3.) a nutrient-rich deep water pool that has been 

located much deeper, episodically, and thus more isolated from the atmosphere than today. This is 

consistent with other studies indicating that the abyssal N-Pacific was more isolated and did not 

contribute to the atmospheric CO2 rise during H1 (Galbraith et al., 2007) but contradicts the model-

derived hypothesis of deep water formation in the North Pacific during H1 and the YD (Okazaki et al., 

2010b)  

7.5.3 What are causes and consequences of rapid switches in North Pacific 

Intermediate Water ventilation? 

During B/A, our results suggest that the formation of intermediate water was significantly weakened 

or even turned off in the North Pacific while allowing for upward diffusion of nutrient-rich and less-

ventilated Pacific Deep Water. This finding is in agreement with the widespread occurrence of 

laminated sequences at intermediate water depths in the North Pacific realm (Behl and Kennett, 1996; 

Cook et al., 2005b; Kim et al., 2011) between ca. 600 – 2000 m water depth during B/A and the early 

Holocene since the formation of laminae has been linked to dysoxic conditions and enhanced 

biological productivity during this periods. Accordingly, the significantly lower δ 13C values at 

intermediate water depths can be explained by enhanced re-mineralization of organic matter in 

response to amplified productivity and carbon export along the continental margins.  
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Figure 7.6: Proxy records of surface, intermediate and deep water in NW-Pacific. Blue and yellow shaded bars 

mark Heinrich-1, Younger Dryas, Bølling/Allerød phases. (a) alkenone-based SST record of SO201-2-12KL (in 

green) from NW-Pacific (Max et al., 2012b), NGRIP oxygen isotope record in black (Rasmussen et al., 2006b). 

(b) benthic δ13C-records (C. lobatulus) from Okhotsk (red) and Bering Sea (orange) with smoothed spline (thick 

black line) (c) deep NW-Pacific benthic δ13C-record from core GGC-37 (in blue) from (ca. 3300 m depth, blue 

curve) and smoothed spline (thick stippled line) (d) published NW-Pacific intermediate (< 1370 m depth; open 

boxes) and deep water (> 2170 m depth; filled brown circles) B-P ages (Adkins and Boyle, 1997; Ahagon et al., 

2003a; Duplessy et al., 1989b; Keigwin, 2002b; Minoshima et al., 2007; Murayama et al., 1992; Sagawa and 

Ikehara, 2008b; Sarnthein et al., 2006b) and B-P ages from marginal seas (700 – 1000 m depth; filled green 

boxes) and error bars for each B-P age. Thick black line is smoothed spline interpolation for intermediate and 

deep water ventilation ages (stippled line), (e) atmospheric CO2 concentrations from EPICA Dome C ice core 

(Lourantou et al., 2010). Red spots mark deglacial ~15 ppmv CO2 rise between ca. 15 – 14.5 ka BP. 
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Hence, the oceanic conditions during the B/A and the early Holocene may have favoured the 

opportunity of CO2 release from the North Pacific into the atmosphere as long as upper-ocean 

stratification and biological nutrient utilization was weak (Sarnthein et al., 2004). If at all, the North 

Pacific may have contributed to the small-scale (15 ppmv) but rapid atmospheric CO2 rise at ca.14.6 

ka BP (Fig. 6), which has been inferred from the EPICA Dome C ice-core record (Lourantou et al., 

2010).  

The large change in OSIW δ13C values with an amplitude of 1.5 ‰ between H1 and the B/A bears 

additional information about the boundary conditions of intermediate water formation. The large 

amplitude requires conditions substantially different from the modern OSIW formation. Under present 

conditions, intermediate water masses are a blend of surface water and old Pacific Deep Water, which 

enters the Okhotsk Sea basin through the deepest sills of the Kurile Islands (mainly through 

Kruzenshtern Strait, ca. 1760 m water depth) (Talley and Roemmich, 1991). Due to the intrusion of 

old and nutrient-enriched Pacific Deep Water, modern OSIW is marked by relatively high nutrient 

concentrations and low δ13C values of ca. 0 to -0.3 ‰ (see also Fig.4). Thermodynamic effects due to 

reduced sea surface temperatures and/or reduced biological productivity cannot solely explain the 

extremely high δ13C values during H1.  

Thus, we speculate that the main source of enhanced OSIW during H1 and the YD was shifted from 

old Pacific deep water to relatively young and nutrient-depleted surface water masses, which flowed 

from the North Pacific into the Okhotsk Sea. Once the intensified OSIW formation flushed the deep 

Okhotsk Sea up to the deep sills, the inflow of old and δ13C-depleted deep-water masses from the 

North Pacific into the Okhotsk Sea basin was significantly hampered or even blocked during H1 or the 

YD. The associated deepening of the nutricline within the northwest Pacific region also helps to 

explain paleo-productivity records that point to reduced biological productivity due to lowered 

subsurface nutrient supply during H1 and YD (Brunelle et al., 2010a). 

7.5.4. Further implications 

In general, the finding of a strengthening in meridional overturning in the North Pacific in response to 

AMOC reductions during H1 and YD is in harmony with results from modelling studies, which 

simulate enhanced ventilation of NPIW during these intervals (Chikamoto et al., 2012).  However, our 

results do not corroborate model simulations that even argue for a switch to Pacific deep-water 

formation. The establishment of a deep PMOC is expected to be accompanied by a strengthened 

northeastward upper-ocean heat transport via the North Pacific Current, thereby warming the N-

Pacific during H1 and YD (Krebs and Timmermann, 2007; Okazaki et al., 2010b; Saenko et al., 2004). 
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SST records in combination with sea-ice reconstructions provide no evidence of surface warming 

during the H1 and YD in the NW-Pacific (Fig. 6 ) leaving this scenario unlikely (Max et al., 2012b). 

From this we infer that the enhancement in NPIW formation was apparently too weak to account for a 

strengthened poleward heat transport that had the potential of warming the subarctic N-Pacific and 

promote deep overturning.  

On the other hand our results may provide important clues for future changes in marine 

biogeochemistry that are related to a substantial weakening of Pacific intermediate water formation 

and its consequences in favouring the expansion of the oxygen minimum zone at the intermediate 

water level (Jaccard and Galbraith, 2012; Schmittner et al., 2007). During the B/A and early Holocene, 

hypoxic conditions marked the oceanic continental margins in the NW-Pacific as well as the Bering 

Sea and culminated in the formation of laminated sediments. Since the intermediate water formation in 

the Okhotsk Sea is the most important subduction zone of fresh water masses in the subarctic Pacific 

today, which in turn is closely coupled to sea-ice formation, any significant reduction in sea-ice 

formation may lead to a rapid switchback to such conditions. This becomes more evident as in the 

Okhotsk Sea modern seasonal sea ice cover extends south as far as 43°N and marks the southernmost 

occurrence of sea-ice in the Northern Hemisphere. Environmental changes in the Okhotsk Sea due to a 

rise in the average temperature of Earth's atmosphere in future may tip the scale for OSIW shutdown 

and thus could promote the expansion of hypoxic conditions in the N-Pacific as learned from the past.  

7.6. Conclusions 

The combination of benthic δ13C-records and ventilation ages from the subarctic Pacific consistently 

argues for rapid switches in intermediate water formation/ventilation during the last deglaciation, 

ultimately linked to expanded NPIW during times when the Atlantic Meridional Overturning 

Circulation was substantially weakened. From this we suggest a deglacial seesaw between 

strengthened (lowered) shallow overtuning of the subarctic Pacific and lowered (strengthened) 

meridional overturning of the North Atlantic.  

The deglacial source of expanded North Pacific Intermediate Water formation was located within the 

Okhotsk Sea as pacemaker for NPIW changes. To explain the positive excursion δ13C in the Okhotsk 

Sea we further speculate that the main source of enhanced OSIW during H1 and the YD was shifted 

from old Pacific deep water to relatively young and nutrient-depleted surface water masses. The 

expanded OSIW flushed the deep Okhotsk Sea up to the deep sills, thus probably hampered the inflow 

of old and δ13C-depleted deep-water masses from the North Pacific into the Okhotsk Sea.  
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The strengthening of NPIW and shallow overturning during H1 and YD would argue for a deepening 

of the nutricline within the northwest Pacific. This would also have tremendous consequences for the 

deep Pacific carbon reservoir as the expanded deglacial NPIW hampered the upward diffusion of 

nutrient- and CO2-rich Pacific Deep Water and its exchange through surface water masses to the 

atmosphere.  
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10. Summary and Outlook 

10.1.  Summary 

In this thesis I used stable isotope analyses, AMS 14C analyses, a multi-proxy approach for biogenic 

productivity and terrigenous material transport, as well as sea surface and upper mixed layer 

temperature reconstructions to advance the understanding of North Pacific mid-depth water masses, in 

particular their ventilation and biogeochemical characteristics during the last glacial termination and 

the Holocene.  

One focus was put on the reconstruction of past variations in Okhotsk Sea Intermediate Water (OSIW) 

ventilation and its influence on large-scale regional nutrient supply and biogeochemical cycles. I 

provided evidence for rapid and fundamental centennial- to millennial-scale changes in deglacial and 

Holocene ventilation. The achieved results help to establish a comprehensive picture of intermediate 

water in the North Pacific’s marginal seas over the last 18,000 years before present. Integration of 

results from proxies for primary production, ventilation and terrigenous matter transport link changes 

in freshwater and detrital material supply from the hinterland to regional changes in intermediate water 

ventilation and export production. These changes and their biogeochemical imprint in turn 

precondition the nutrient characteristics of the water mass that is exported to the North Pacific. By 

analyzing records from the Okhotsk Sea and reference records from the open subarctic North Pacific, I 

hypothesized that the flow of intermediate water to the North Pacific did not collapse during the 

deglacial interstadial Bølling-Allerød and Preboreal phases. Instead, additional macro- (silicate) and 

micronutrients (iron) were entrained into Okhotsk Sea Intermediate Water and exported to the mid-

depth North Pacific. This critically needed supply and supposed wintertime entrainment of usually 

limiting nutrients into the upper mixed layer supported a transient increase in both productivity and 

nutrient utilization in the North Pacific, analog to modern mechanisms. Characteristic ubiquitous 

deglacial productivity peaks had remained insufficiently explained previously and are thought to be 

connected with temporary modulations in the deglacial rise of CO2 atmospheric concentrations. 

Comparison between ventilation records from the Okhotsk and Bering Sea enabled the first synoptic 

reconstruction of deglacial intermediate water ventilation changes. These results show that existing 

hypotheses postulating a deepwater formation in the North Pacific during cold Heinrich Stadial 1 are 

unsubstantiated and cannot be reconciled with evidence from new deep records and intermediate water 

ventilation records. In addition, it could be shown that millennial-scale phases of increased (decreased) 

North Pacific Intermediate Water ventilation correspond to collapses (resumptions) of the Atlantic 
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Meridional Overturning Cell during Heinrich Stadial 1 (the Bølling-Allerød). This observation 

coupled with an in-phase development of alkenone-based sea surface temperature records between the 

North Atlantic and North Pacific calls for an atmospheric teleconnection pattern, likely transmitted via 

atmospheric modulations of the East Asian Monsoon systems. These largely determine in their winter 

expression strength and location of the Aleutian Low – Siberian High atmospheric action centers 

which in turn determine the prevalent temperature and sea ice patterns in the Bering and Okhotsk Sea. 

The observation that the deglacial Okhotsk Sea undergoes larger changes than the Bering Sea in 

intermediate water ventilation implies that forcing by the East Asian Summer Monsoon exerts 

additional low-latitude control on Okhotsk Sea mid-depth water formation via transfer of freshwater 

and latent heat to the northern shelf areas, where new Okhotsk Sea Intermediate Water is ventilated. 

Complementary reconstructions of sea surface and upper mixed layer temperatures revealed a complex 

oceanographic development of the subarctic North Pacific over the last glacial termination and early 

Holocene. Comparison of mixed layer stratification, temperature and sea ice changes between the 

Bering Sea, Okhotsk Sea and subarctic Northwest Pacific regions allowed for the first time to track 

spatially and temporally differing signals and assign minima in thermal stratification and seasonal 

contrasts with deglacial cold stadial phases. 

Analyses of a suite of high-resolution sediment cores that cover the entire Holocene revealed that 

rapid millennial-scale changes in mid-depth ventilation are not solely restricted to glacial-interglacial 

transitions or glacial stages. I presented the first complete Holocene Okhotsk Sea Intermediate Water 

(OSIW) ventilation record based on epibenthic δ13C time. This stacked record can be used to estimate 

past O2 concentrations of OSIW. Results showed that the modern pattern of mid-depth North Pacific 

ventilation from the Okhotsk Sea has only been active since the middle Holocene around 6,000 years 

before present, and comparable levels of oxygenation were only reached during the last c. 2,000 years. 

Under naturally warmer-than-present early Holocene conditions, the Okhotsk Sea switched its role 

from a ventilation to an oxygen-consuming region, thereby enhancing mid-depth oxygen depletion in 

the North Pacific, with presumed repercussions for the utilization and provision of nutrients and 

impacts on regional biogeochemical cycles in the lower latitudes. The results also support the 

hypothesis that under future global warming scenarios, expansion of mid-depth lower latitude oxygen 

minimum zones and loss of high-latitude oxygenated waters in the North Pacific is likely to be 

supported by changes in the Okhotsk Sea, with consequences for marine ecosystems, natural CO2 

balances and commercial exploitation of living resources. 

The evidence presented in this thesis suggests that mid-depth ventilation in high latitudes like the 

Okhotsk Sea and Bering Sea is coupled with a high sensitivity to the regional (and ultimately global) 

development of sea surface temperatures and stratification. By comparing the modern mid-latitude 
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source region of intermediate water (Okhotsk Sea) with a potential additional source of well-ventilated 

intermediate water during the last glacial termination (Bering Sea), differences in the temporal 

development of the respective upper and deeper waters and their relations to major atmospheric and 

oceanic forcing factors could be identified. Further works, in particular combined model-data studies 

are needed to better track changes in the North Pacific surface and deep ocean and understand the 

underlying large-scale continent-ocean-atmosphere-sea ice interactions. To this extent, the differences 

between the data generated in this and complementary theses (Max, 2012; Riethdorf, 2012) and earlier 

modeling studies (Menviel et al., 2011; Okazaki et al., 2010a) underlines the necessity to further 

evolve both the spatial and temporal data coverage, as well as to increase the complexity of the used 

climate models. 

The investigated regions, as areas of new water mass formation, represent particularly reactive and 

vulnerable components of the North Pacific’s biogeochemical cycle. Changes in this biogeochemistry, 

together with the observed variations in nutrient delivery, stratification and oxygen supply in turn 

largely determine the efficiency of the high-latitude “biological pump” (CO2 sink), as well as the 

nutrient provision to distal low-latitude regions of the Pacific that today are CO2 sources to the 

atmosphere. Together, the components of this cycle studied here exert a significant control on the 

Pacific’s role in the global oceanic carbon cycle.  

10.2. Outlook: Hydrography and Ventilation of the Glacial North Pacific – 

A review and synopsis of German-Russian Studies in the Okhotsk Sea 

The modern subarctic North Pacific is characterized in large by a permanent strong density 

stratification with a halocline, which also prevents the formation of new deepwater masses in today. 

Only mid-depth waters are ventilated by North Pacific Intermediate Water (NPIW) from water formed 

in the Okhotsk Sea. During the last glacial, the stratification and isolation of the deep North Pacific is 

thought to have been more pronounced, and a prominent hydrographic boundary at 2000 m water 

depth has been postulated based on stable carbon isotope results from depth transects in the subarctic 

Northwest Pacific (Keigwin, 1998a) and the Ontong Java Plateau (Herguera et al., 1992). The 

reconstructions postulated that NPIW was better ventilated than today between isolated abyssal and 

highly stratified surface North Pacific water masses. In contrast Cd/Ca-based evidence from off Japan 

does not show the development of the 2,000 m bathyal front in ventilation (Boyle, 1992; Ohkouchi et 

al., 1994).  
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Glacial deep to intermediate ventilation boundaries and carbon exchange in the Pacific have 

fundamental implications for the glacial global carbon budget and the storage of abyssal carbon in the 

deep ocean (Boyle, 1988b; Broecker, 1982; Broecker and Clark, 2010; Broecker et al., 2004). 

However, evidence from the North Pacific about past variations in glacial NPIW characteristics is 

sparse and has not much improved more than a decade after early seminal studies by Mix et al. (1991), 

Zahn et al. (1991) Keigwin (1998a) and Matsumoto et al. (2002a). Subsequent efforts have largely 

focused on single sites or the deglacial transition (Galbraith et al., 2007; Lund et al., 2011; Okazaki et 

al., 2012; Okazaki et al., 2010a). While these works showed dramatic short-term changes during the 

last deglaciation with transient phases of deep or intermediate water formation during the cold 

Heinrich-1 stadial, the glacial baseline from which these hypothesized deglacial transitions started 

remains as poorly understood as it was nearly a decade ago. 

In this ongoing effort, I use the substantial collection of sediment cores obtained over the roughly ten 

years of German-Russian joint research efforts and re-sampled and -investigated those legacy cores as 

well as obtaining new stable isotope data from ten cores collected during the final phase of KOMEX 

and KOMEX-SONNE that fill major gaps in depth transects within the Okhotsk Sea. I carry out stable 

isotope analyses on diverse epibenthic Cibicides species from both the Holocene and Last Glacial 

maximum intervals and the deglacial transition. A first result of this work is an updated LGM time 

slice of North Pacific ventilation based on epibenthic δ13C that can be integrated into earlier works 

(Herguera et al., 2010; Keigwin, 1998a; Matsumoto et al., 2002a) and provide a substantially updated 

comprehensive reconstruction of last glacial Pacific circulation and ventilation (Fig. 9-1). 

Based on this collection of cores from intermediate (600-2200 m) water depths in the Okhotsk Sea, the 

hypothesis of an intermediate to deep hydrographic boundary during the last glacial in the northwest 

subarctic Pacific is reviewed. Evidence for a much weaker separation between intermediate and deep 

water than previously thought is found. Patterns more similar to the modern situation prevail in line 

with Cd/Ca-based early reconstructions. However, compared to modern profiles, the deep-

intermediate Pacific between 600-2000 m is strikingly similar in ventilation characteristics to the 

deeper bathyal sites below 2000 m. Ongoing work on this dataset will complement this first analysis 

and add evidence for physical stratification based on oxygen the isotope datasets. Selected AMS 14C 

paired planktic-benthic data shall complement the δ13C-based evidence and help better constrain water 

mass ages in the glacial North Pacific. 
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Figure 9.1: New Last Glacial Maximum δ13C-based North Pacific depth transect, based on measurements from 

KOMEX, KOMEX II and KOMEX-SONNE cores in comparison to existing data from the Okhotsk Sea and 

Northwest Pacific (Keigwin, 1998a).  
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Appendix: Additional Publications Related to this Thesis 
Additional co-authored publications in international peer-reviewed journals are listed here, which 

contain some of my data, analytical and interpretational work carried out within the framework of this 

thesis. These articles, however, are not listed as part of the results chapters due to my lesser 

involvement in the publications. Only bibliographical reference and the abstracts are thus here given 

for information; the reader is kindly referred to the original publications for further reading.  

1.  Living benthic foraminifera of the Okhotsk Sea: Faunal composition, 

standing stocks and microhabitats 

Natalia Bubenshchikova a,⁎, Dirk Nürnbergb, Lester Lembke-Jenec, Galina Pavlovad 

a P.P.Shirshov Institute of Oceanology, Nakhimovski pr. 36, Moscow 117997, Russia 

b Leibniz Institute for Marine Sciences, Wischhofstr. 1-3, Kiel 24148, Germany 

c Alfred Wegener Institute for Polar and Marine Research, Am Alten Hafen 26, D-27568, 

Bremerhaven, Germany 

d V.I.Il'ichev Pacific Oceanological Institute, 43 Baltiyskaya St., Vladivostok 690041, Russia  

Published in: Marine Micropaleontology (2008) vol. 69, pp. 314-333. 

Abstract  

Live (Rose Bengal stained) benthic foraminifera were investigated in surface sediment samples from 

the Okhotsk Sea to reveal the relationship between faunal characteristics and environmental 

parameters. Live benthic foraminifera were quantified in the size fraction >125 µm in the upper 8 cm 

of replicate sediment cores, recovered with a multicorer at five stations along the Sakhalin margin, and 

at three stations on the southwestern Kamchatka slope. The stations are from water depths between 

625 to 1752 m, located close or within the present Okhotsk Sea oxygen minimum zone, with oxygen 

levels between 0.3 and 1.5 ml l-1. At the high-productivity and ice-free Kamchatka stations, live 

benthic foraminifera are characterized by maximal standing stocks (about 1700-3700 individuals per 

50 cm2), strong dominance of calcareous species (up to 87-91% of total live faunas), and maximal 

habitat depths (down to 5.2-6.7 cm depth). Vertical distributions of total faunal abundances exhibit a 

clear subsurface maximum in sediments. At the Sakhalin stations, which are seasonally ice-covered 
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and less productive, live benthic foraminifera show lower standing stocks (about 200-1100 individuals 

per 50 cm2), lower abundance of calcareous species (10-64% of total live faunas), and shallower 

habitat depths (down to 2.5-5.4 cm depth). Faunal vertical distributions are characterized by maximum 

in the uppermost surface sediments. It is suggested that 1) lower and strongly seasonal organic matter 

flux, caused by the seasonal sea ice cover and seasonal upwelling, 2) lower bottom water oxygenation 

(0.3-1.1 ml l-1), and 3) more pronounced influence of carbonate-undersaturated bottom water along the 

Sakhalin margin are the main factors responsible for the observed faunal differences. According to 

species downcore distributions and average living depths, common calcareous species were identified 

as preferentially shallow, intermediate and deep infaunal. Foraminiferal microhabitat occupation 

correlates with the organic matter flux and the depth of the oxygenated layer in sediments.  

2. Variations of the Oxygen Minimum Zone of the Okhotsk Sea during 

the Last 50 ka as Indicated by Benthic Foraminiferal and Biogeochemical 

Data 

N. V. Bubenshchikovaa, D. Nürnbergb, S. A. Gorbarenkoc, and L. Lembke-Jened  

a P.P. Shirshov Institute of Oceanology, Nakhimovski pr. 36, Moscow, 117997 Russia 

b Leibniz Institute for Marine Sciences, Wischhofstr. 1ჼ�3, Kiel 24148, Germany 

c V.I. Ilichev Pacific Oceanological Institute, RAS, 43 Baltiyskaya St., Vladivostok, 690041 

Russia 

d  Alfred Wegener Institute for Polar and Marine Research, Columbusstrasse Dჼ�27568, 

Bremerhaven, Germany  

Published in: Oceanology (2010) Vol. 50, No. 1, pp. 93–106. 

Abstract 

Benthic	   foraminiferal	   and	   sediment	   biogeochemical	   data	   (total	   organic	   carbon,	   calcium	  

carbonate	  and	  biogenic	  opal	  contents)	  in	  two	  cores	  (1265	  and	  1312	  m	  water	  depths)	  from	  the	  

southeastern	   Sakhalin	   slope	   and	   one	   core	   (839	   m	   water	   depth)	   from	   the	   southwestern	  

Kamchatka	   slope	   were	   investigated	   to	   reconstruct	   variations	   of	   the	   oxygen	   minimum	   zone	  

during	  the	  last	  50	  ka	  in	  the	  Okhotsk	  Sea.	  The	  oxygen	  minimum	  zone	  was	  less	  pronounced	  during	  

the	  maximal	  cooling	  in	  the	  MIS	  2	  that	  is	  suggested	  to	  be	  caused	  by	  a	  maximal	  expansion	  of	  sea	  
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ice	  cover,	  decrease	  of	  marine	  productivity	  and	  increase	  of	  production	  of	  the	  oxygenated	  Okhotsk	  

Sea	  Intermediate	  Water	  (OSIW).	  A	  two-step-like	  strengthening	  of	  oxygen	  minimum	  zone	  during	  

the	  warming	  in	  the	  Termination	  Ia	  and	  Ib	  was	  linked	  to	  (1)	  enhanced	  oxygen	  consumption	  due	  

to	  degradation	  of	   large	  amount	  of	  organic	  matter	   in	   the	  water	   column	  and	  bottom	  sediments,	  

originated	   from	   increased	   marine	   productivity	   and	   supply	   of	   terrigenous	   material	   from	   the	  

submerged	  northern	   shelves;	   (2)	   sea	   ice	   cover	   retreat	   and	   reduction	  of	  OSIW	  production;	   (3)	  

freely	  inflow	  of	  the	  oxygen-depleted	  deep	  intermediate	  water	  mass	  from	  the	  North	  Pacific.	  	  

3.  Modern distribution of dinocysts from the North Pacific Ocean (37–

64°N, 144°E–148°W) in relation to hydrographic conditions, sea-ice and 

productivity  

Sophie Bonnet a,⁎, Anne de Vernal a, Rainer Gersonde b, Lester Lembke-Jene b  

a Centre de Recherche en Géochimie Isotopique et en Géochronologie (GEOTOP), Université 

du Québec à Montréal, Case postale 8888, Succursale Centre-Ville, Montréal, Québec, 

Canada H3C 3P8 

b Alfred Wegener Institute for Polar and Marine Research (AWI), Am Alten Hafen 26, 

Bremerhaven, Germany  

Published in: Marine Micropaleontology (2012) vol. 84-85, 87–113 

Abstract  

Palynological analyses were performed on 53 surface sediment samples from the North Pacific Ocean, 

including the Bering and Okhotsk Seas (37–64°N, 144°E–148°W), in order to document the 

relationships between the dino- cyst distribution and sea-surface conditions (temperatures, salinities, 

primary productivity and sea-ice cover). Samples are characterized by concentrations ranging from 18 

to 143816 cysts/cm3 and the occurrence of 32 spe- cies. A canonical correspondence analysis (CCA) 

was carried out to determine the relationship between environ- mental variables and the distribution of 

dinocyst taxa. The first and second axes represent, respectively, 47% and 17.8% of the canonical 

variance. Axis 1 is positively correlated with all parameters except to the sea-ice and pri- mary 

productivity in August, which are on the negative side. Results indicate that the composition of 

dinocyst assemblages is mostly controlled by temperature and that all environmental variables are 
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correlated together. The CCA distinguishes 3 groups of dinocysts: the heterotrophic taxa, the genera 

Impagidinium and Spiniferites as well as the cyst of Pentapharsodinium dalei and Operculodinium 

centrocarpum. Five assemblage zones can be distinguished: 1) the Okhotsk Sea zone, which is 

associated to temperate and eutrophic conditions, seasonal up- wellings and Amur River discharges. It 

is characterized by the dominance of O. centrocarpum, Brigantedinium spp. and Islandinium minutum; 

2) the Western Subarctic Gyre zone with subpolar and mesotrophic conditions due to the Kamchatka 

Current and Alaska Stream inflows. Assemblages are dominated by Nematosphaeropsis labyr- inthus, 

Pyxidinopsis reticulata and Brigantedinium spp.; 3) the Bering Sea zone, depicting a subpolar 

environment, influenced by seasonal upwellings and inputs from the Anadyr and Yukon Rivers. It is 

characterized by the dom- inance of I. minutum and Brigantedinium spp.; 4) the Alaska Gyre zone 

with temperate conditions and nutrient- enriched surface waters, which is dominated by N. labyrinthus 

and Brigantedinium spp. and 5) the Kuroshio Extension-North Pacific-Subarctic Current zone 

characterized by a subtropical and oligotrophic environment, which is dominated by O. centrocarpum, 

N. labyrinthus and warm taxa of the genus Impagidinium.  

Transfer functions were tested using the modern analog technique (MAT) on the North Pacific Ocean 

(=359 sites) and the entire Northern Hemisphere databases (=1419 sites). Results confirm that the 

updated Northern Hemisphere database is suitable for further paleoenvironmental reconstructions, and 

the best results are obtained for temperatures with an accuracy of ±1.7 °C.  
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Appendix: Abbreviations used in the thesis 
AAIW – Antarctic Intermediate Water 

AMOC – Atlantic Meridional Overturning Circulation 

B/A – Bølling-Allerød 

cal. yr BP – calibrated years before present (BP = by convention AD1950) 

cm b. sf. – centimeter below surface/seafloor 

DOC – Dissolved Organic carbon 

DOM – Dissolved organic matter 

EDC – EPICA Dome Concordia 

EKC – East Kamchatka Current 

ENSO – El Niño – Southern Oscillation 

EPICA – European Project for Ice Coring in Antarctica 

ESC – East Sakhalin Current 

Ka – „kilo-annum“, here equivalent to: calibrated yr before present x 1,000-1 

MOC – Meridional Overturning Circulation 

NGRIP – North Greenland Ice Core Project 

NPIW – North Pacific Intermediate Water 

OSIW – Okhotsk Sea Intermediate Water 

PB – Preboreal 

PDW – Pacific Deep Water 

POC – Particulate Organic Carbon 

POM – Particulate Organic Matter 

SST – Sea Surface Temperature 

V-PDB – Vienna – Pee Dee Belemnite  

WSAG – Western Subarctic Gyre 

WSAP – Western Subarctic Pacific 

YD – Younger Dryas 
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