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Abstract

The modern subarctic North Pacific realm is characterized by a steep vertical gradient
in salinity, the permanent halocline. The halocline not only hampers the exchange
of gas and heat between the deep ocean and the atmosphere, it also restricts the
supply of nutrients from the subsurface into the photic zone, thereby limiting marine
productivity. However, for the subarctic North Pacific and its marginal seas it remains
unclear whether low glacial productivity was controlled by upper-ocean stratification
or by sea-ice dynamics. Recent proxy and modelling studies indicate that the halocline
weakened during the last glacial termination.

This thesis is based on piston cores recovered from intermediate water levels in the
hitherto only poorly studied western Bering Sea, the continental slope off eastern
Kamchatka, and the southern Okhotsk Sea. Age models rely on a combination of
benthic oxygen isotope stratigraphy, magnetostratigraphy, radiocarbon dating, and
intercore correlations via high-resolution core logging data. Millennial-scale changes
in marine productivity and terrigenous matter supply were reconstructed over the
past 180 kyr applying a geochemical multi-proxy approach in combination with XRF
logging data. Special emphasis is given to the last glacial termination, for which
high-resolution sea surface temperature (SST), as well as subsurface temperature and
salinity-approximating records were produced. These records stem from alkenone-
thermometry, and from the combined measurement of stable oxygen isotope and Mg/Ca
ratios of the planktonic foraminifera Neogloboquadrina pachyderma (sin.). Direct com-
parison between both temperature reconstructions allowed to infer oceanographic changes
in the mixed layer. Deglacial changes in the ventilation of intermediate and deep waters
are inferred from marine radiocarbon ages and stable carbon isotope records.

Results point towards low marine productivity but high terrigenous inputs during most
of the last glacial-interglacial cycle and Marine Isotope Stage (MIS) 6. Increases in
marine productivity occurred during warm stages of MIS5, interglacials, and the last
glacial termination. These changes are supposedly controlled by insolation and sea-level
changes, thereby influencing the strength of atmospheric pressure systems, seasonal
contrasts, and sea-ice rafting. Sea-ice dynamics are thought to drive changes in surface
productivity, terrigenous inputs, and upper-ocean stratification. Abrupt environmental
changes recorded during the last 180 kyr apply to the deglacial situation and are
potentially related to North Atlantic Dansgaard-Oeschger events.

During the last glacial termination SST records matched the variability in sea-ice ex-
tent, thereby resembling climate oscillations registered in Greenland ice cores. This
variability is explained by perturbations of the Atlantic Meridional Overturning Circu-
lation and suggests a quasi-synchronous atmospheric coupling between the North Pa-
cific and the North Atlantic. Subsurface conditions differed on a regional scale, thereby
reflecting different sea-ice influence. Deglacial thermocline changes are proposed with
reduced thermal stratification of the upper water column during the Heinrich Stadial 1
(H1) and the Younger Dryas cold phases, but strengthened thermal stratification during
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the Bølling-Allerød warm phase. Moreover, enhanced intermediate water formation in
the Bering and Okhotsk seas and according shallow overturning in the subarctic north-
west Pacific occurred during H1, supporting the notion of fast atmospheric interactions
between the North Pacific and the North Atlantic which are held responsible for this
situation. Results for the Holocene surface and subsurface development do not sup-
port the hypothesis of the Atlantic–Pacific Seesaw, but imply that modern upper-ocean
conditions were established in the early Holocene.
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Zusammenfassung

Der heutige subarktische Nordpazifik ist durch eine permanente salzgehalts-gesteuerte
Stratifizierung der oberenWassersäule gekennzeichnet (Halokline). Die Halokline fungiert
als eine Art Barriere für den Gas- und Wärmeaustausch zwischen dem tiefen Ozean
und der Atmosphäre. Gleichzeitig beeinträchtigt sie die Zufuhr von Nährstoffen in die
photische Zone und damit die Primärproduktivität. Dennoch ist unklar, ob die im sub-
arktischen Nordpazifik und seiner Randmeere während vergangener Glaziale registrierte
geringe Produktivität durch den Einfluss der Stratifizierung oder durch Meereisprozesse
gesteuert wurde. Neueste paläozeanographische Daten und Modellierungsergebnisse
legen nahe, dass die Halokline zumindest während der letzten Deglaziation Verän-
derungen unterworfen war.

Diese Arbeit basiert auf Sedimentkernen, die aus intermediären Wassertiefen der bisher
kaum untersuchten westlichen Beringsee, des östlichen Kontinentalhanges von Kam-
chatka und dem südlichen Ochotskischen Meer geborgen wurden. Entsprechende Al-
tersmodelle wurden durch die Anwendung von benthischer Sauerstoffisotopenstratigra-
phie, Magnetostratigraphie, Radiokohlenstoffdatierungen, sowie mittels hochauflösender
Kern-zu-Kern-Korrelationen erstellt. Mit einer zeitlichen Auflösung von Jahrhun-
derten bis Jahrtausenden konnten Veränderungen in der Primärproduktion und im
Terrigenfluss während der letzten 180.000 Jahre rekonstruiert werden. Dazu wurde
ein geochemischer Multi-Proxy-Ansatz in Kombination mit XRF-basierten Logging-
daten angewandt. Der Schwerpunkt dieser Arbeit liegt auf der Rekonstruktion von
Umweltveränderungen während der letzten Deglaziation, wofür Meerestemperaturen
der Oberfläche (SST), sowie der Temperaturen und (indirekt) Salzgehaltsänderun-
gen der darunter liegenden Wassersäule rekonstruiert wurden. Diese Rekonstruktio-
nen basieren auf der Messung von Alkenonen, sowie auf der kombinierten Messung
von stabilen Sauerstoffisotopen- und Mg/Ca-Verhältnissen an Schalen der planktischen
Foraminiferenart Neogloboquadrina pachyderma (sin.). Der direkte Vergleich zwischen
Alkenon- und Mg/Ca-Ansatz erlaubte den Rückschluss auf ozeanographische Verän-
derungen in der oberen, durchmischten Wassersäule. Weiterhin wurden deglaziale
Veränderungen in der Bildung bzw. Durchlüftung intermediärer Wassermassen anhand
der Bestimmung von marinen Radiokohlenstoffaltern und stabilen Kohlenstoffisotopen-
verhältnissen abgeleitet.

Die Ergebnisse zeigen, dass während des letzten Glazial-Interglazial Zyklus und während
des Marinen Isotopen Stadiums (MIS) 6 in den untersuchten Gebieten eine stark ver-
ringerte Primärproduktivität, dafür aber erhöhter Terrigenfluss vorherrschte. Erhöhte
Produktivität hat während warmer Stufen des MIS5, der Interglaziale, und im Zuge
der letzten Deglaziation stattgefunden. Diese Veränderungen werden vermutlich haupt-
sächlich durch Insolationsänderungen und Meeresspiegelschwankungen verursacht, die
wiederum die Stärke der vorherrschenden Luftdrucksysteme, der Saisonalität und der
Meereisbildung beeinflussen. Die Dynamik von Meereisprozessen steuert seinerseits
Veränderungen in der Primärproduktivität, des terrigenen Eintrags und der Stati-
fizierung der oberen Wassersäule. Abrupte Umweltveränderungen, die während der let-
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zten 180.000 Jahre aufgezeichnet worden sind, scheinen denen der Deglaziation ähnlich
zu sein und stehen potentiell in Zusammenhang mit den Dansgaard-Oeschger Ereignis-
sen im Nordatlantik.

Während der letzten Deglaziation stimmt die zeitliche Variabilität der Meeresober-
flächentemperaturen mit jener der Meereisverbreitung überein, wobei sie gleichzeitig
der Klimaentwicklung ähnelt, die in grönländischen Eiskernen registriert worden ist.
Diese Variabilität wird durch Störungen in der Atlantischen Umwälzzirkulation erk-
lärt und weist gleichzeitig auf eine quasi-synchrone, atmosphärische Klimakopplung
zwischen dem Nordpazifik und dem Nordatlantik hin. Die ozeanographischen Bedin-
gungen in der oberen Wassersäule unterscheiden sich in den jeweiligen Untersuchungs-
gebieten, was auf einen regional unterschiedlichen Meereiseinfluss zurückgeführt wird.
Entsprechend werden Szenarien für Thermoklinenveränderungen während der Deglazi-
ation vorgeschlagen. So war die thermische Stratifizierung der oberen Wassersäule
während der Kaltzeiten des Heinrich Stadials 1 (H1) und der Jüngeren Dryas generell
reduziert, aber verstärkt während der Warmzeit des Bølling-Allerød. Weiterhin finden
sich Hinweise darauf, dass während H1 eine verstärkte Bildung von Zwischenwasser-
massen in der Beringsee und im Ochotskischen Meer stattgefunden hat. Dadurch
erfolgte eine stärkere Umwälzung von intermediären Wassermassen im subarktischen
Nordwest-Pazifik, was die Schlussfolgerung bekräftigt, dass relativ schnell ablaufende,
atmosphärische Fernwirkungen zwischen dem Nordpazifik und dem Nordatlantik der
kausale Ursprung dieser Beobachtungen sind. Die Rekonstruktion der ozeanographis-
chen Entwicklung der oberen Wassersäule während des Holozäns zeigt keine Hin-
weise auf die Existenz der in der Literatur beschriebenen Atlantik–Pazifik Temper-
aturschaukel, aber die Ergebnisse lassen vermuten, dass sich die heutige ozeanographis-
che Situation erst im frühen Holozän eingestellt hat.
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1. Introduction 1

1. Introduction

1.1. Motivation and major objectives of this thesis

Earth’s climate evolution during the Quaternary is characterized by the quasi-regular
occurrence of glacial-interglacial cycles, i.e. the alternating pattern of ice ages and
intercalated warm intervals. At least since the last 800,000 years changes in global
climate and atmospheric CO2 concentrations are correlated, as recorded in ice cores
from Antarctica (e.g. Jouzel et al., 2007; Sigman et al., 2010;). The modern subarctic
North Pacific (N Pacific) and its marginal seas are marked by high biological produc-
tivity and salinity-driven upper-ocean stratification (permanent halocline). Since the
halocline directly influences the extent of marine productivity and atmospheric-oceanic
gas exchange, the subarctic N Pacific may hold an important key for the understanding
of the observed variations. Accordingly, it was speculated that the halocline weakened
during the last deglaciation (e.g. Okazaki et al., 2010; Menviel et al., 2012), thereby
contributing to the deglacial rise in atmospheric CO2. However, paleoceanographic
records allowing for decadal to millennial-scale reconstructions in the subarctic N Pa-
cific are rare. Especially for the last glacial-interglacial cycle and deglaciation, when the
North Atlantic (N Atlantic) was subject to strong oceanographic changes, according
highly resolved reconstructions are missing.

Paleoceanographic studies in the subarctic N Pacific allowing for glacial-interglacial
climate reconstructions rely on marine sediment cores. Only few high-quality records
exist from the open N Pacific (e.g. Sarnthein et al., 2004; Jaccard et al., 2005; Gebhardt
et al., 2008), the Okhotsk Sea (e.g. Nürnberg and Tiedemann, 2004), and the northern
(e.g. Kim et al., 2011) and southern Bering Sea (e.g. Brunelle et al., 2007). In summer
and fall 2009, three marine expeditions set sail to decipher the paleoceanography of the
subarctic N Pacific and its marginal seas on different timescales: The Integrated Ocean
Drilling Program (IODP) Expedition 323 performed deep drilling in the southern and
eastern parts of the Bering Sea, while SO202-INOPEX also focused on these areas and
the adjacent N Pacific.

This thesis was generated within the framework of the joint German-Russian research
project "KALMAR–Kurile-Kamchatka and Aleutean Marginal Sea-Island Arc Systems:
Geodynamic and Climate Interaction in Space and Time", and is based on sample ma-
terial recovered during R/V Sonne expedition SO201-KALMAR Leg 2 (Dullo et al.,
2009). In contrast to the beforementioned expeditions, the paleoceanographic goal of
SO201-2 was to discover and retrieve high-resolution sediment cores from the conti-
nental slope off eastern Kamchatka (NW Pacific), and from the hitherto only poorly
studied western Bering Sea. These cores provide unique climate archives to study
the dynamics of the subarctic N Pacific climate system in response to external forc-
ing mechanisms (insolation, sea-level changes), as well as its interacting components
(sea-ice, upper-ocean stratification) on centennial to orbital timescales during the last
∼180,000 years.
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The major objectives of this thesis are:

• to establish high-resolution core stratigraphies for cores recovered during SO201-2
for the last glacial-interglacial cycle and Marine Isotope Stage (MIS) 6,

• to reconstruct the processes that control ocean-atmosphere interactions and feed-
backs (sea-ice, upper-ocean stratification), ocean circulation, and marine produc-
tivity (nutrient cycles) in the subarctic NW Pacific and its marginal seas during
the late Pleistocene to Holocene in centennial to millennial-scale time-resolution,
and

• to find out whether upper-ocean stratification persisted or changed during the
last glacial termination, since a stratified upper water column might significantly
influence marine productivity and the oceanic release of CO2 to the atmosphere.

1.2. Strategy and structure of this thesis

1.2.1. Structure of this thesis

This thesis is divided into seven chapters. Chapter 1 provides the introduction to
the thesis with the underlying motivation and major objectives, as well as background
information on the hydrographic situation, and an overview on previous paleoceano-
graphic studies conducted in the study area. Detailed additional information on the
applied methodologies, as well as the setup of the age models for the last 180 kyr is
given in chapter 2.

Chapters 3 to 6 are in the form of manuscripts which are either submitted to or are in
preparation for submission to internationally peer-reviewed journals. Since a consistent
stratigraphic framework is essential for paleoceanographic studies to compare different
proxy records from different sites, chapters 3 and 4 focus on the establishment of age
models for the studied sediment records. The age models were generated by applying
a combination of oxygen isotope stratigraphy, magnetostratigraphy, and radiocarbon
(14C) dating. Respective proxy records were compared with globally valid reference
stacks, tested by spectral analysis, and age model consistency was ensured by intercore
correlations.

Chapters 3 and 5 represent the manuscripts that the author of this thesis prepared
for submission as a first author. Focus of chapter 3 is the variability of marine
productivity and terrigenous matter supply during the last glacial-interglacial cycle.
Therefore, a suite of different geochemical proxies was applied and results were com-
pared with high-resolution core logging data to assess millennial-scale changes. In
chapter 4 sea surface temperatures and past changes in the sea-ice distribution are
reconstructed for the last glacial termination based on alkenone paleothermometry and
the sea-ice related occurrence of specific diatoms and the IP25 biomarker. Chapter 5
deals with the reconstruction of changes in subsurface temperature and salinity during
the last glacial termination, which was achieved by performing combined measurements
of Mg/Ca and stable oxygen isotope ratios (δ18O) on tests of planktonic foraminifera.
Deglacial changes in the thermal structure of the upper water column were assessed
by comparing these records with the alkenone-based sea surface temperature estimates
presented in chapter 4. Whether the formation of intermediate and deep water masses
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in the subarctic N Pacific during the last glacial termination occurred in the Bering
and Okhotsk seas is assessed in chapter 6 via marine radiocarbon ages and stable
isotope ventilation records.

Finally, chapter 7 gives a summary of the main conclusions of this thesis, and suggests
perspectives for future work. Additional information on the studied sediment records
as well as on the contents of chapters 4 and 6 is presented in the Ph.D thesis of Lars
Max (2012).

1.2.2. Site selection

Four sediment cores recovered during SO201-2 (SO201-2-12KL, -77KL, 85KL, -101KL)
and one additional sediment core retrieved during cruise LV29-KOMEX Leg 2 with RV
Akademik Lavrentyev in summer 2002 (LV29-114-3) were chosen for this thesis (Fig.
1.1). Detailled information about coring procedures is given in the respective cruise
reports of SO201-2 (Dullo et al., 2009) and LV29-2 (Biebow et al., 2003). SO201-2 cores
77KL, 85KL, and 101KL were recovered from Shirshov Ridge in the western Bering Sea
and lie on a north-south transect covering shallow to deep intermediate water levels
(630–2135 m). Site 12KL (2145 m w.d.) is located on the continental slope off eastern
Kamchatka (NW Pacific), and core LV29-114-3 (1765 m w.d.) was retrieved from the
Kurile Basin in the southern Okhotsk Sea.

Figure 1.1.: Position of sediment cores recovered during SO201-KALMAR Leg 2 in the
subarctic NW Pacific. Site locations chosen for this thesis are indicated by red dots.
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1.3. Modern hydrographic situation

Figure 1.2.: Regional setting of the subarctic NW Pacific, the Okhotsk and Bering
seas, and the NE Pacific (inlet). The surface circulation pattern (after Tomczak and
Godfrey, 1994, Stabeno et al., 1999) is indicated by red arrows showing the major currents.
The dotted black line represents the mean winter sea-ice extent (after Niebauer et al.,
1999). Black dots mark sites related to this thesis. The white square represents World
Ocean Atlas (WOA) station 34548 (Locarnini et al., 2010), and the position of World
Ocean Circulation Experiment (WOCE) Line P14N (stations 1-15) is shown as well. AC
= Alaskan Current, ANSC = Aleutian North Slope Current, EKC = East Kamchatka
Current.

Fig. 1.2 shows the surface circulation pattern in the subarctic N Pacific, the Okhotsk
Sea and the Bering Sea, which is characterized by a large-scale cyclonic (counterclock-
wise) pattern. Major currents fostering this pattern are the North Pacific Current
(the Kuroshio Extension), the Alaskan Current, the Alaskan Stream, the East Kam-
chatka Current (EKC) and the Oyashio. While the North Pacific Current transports
relatively warm and saline waters into the Alaskan gyre (NE Pacific), the westward
flowing Alaskan Stream receives fresher waters from the Alaskan Current, which is
fed by discharge from North America (Kowalik et al., 1994; Weingartner et al., 2005).
Several passes in the Aleutian Island Arc allow waters from the Alaskan Stream to
enter the Bering Sea, where the general surface circulation is also cyclonic. Here, the
Bering Slope Current (BSC) and the EKC act as boundary currents. Outflow of Bering
Sea waters mainly occurs through the shallow (∼50 m) Bering Strait into the Arctic
Ocean, and through Kamchatka Strait into the NW Pacific. The EKC subsequently
flows along eastern Kamchatka, transporting the cold and nutrient-rich waters to the
south. South of the Kamchatkan peninsula, the EKC enters the Okhotsk Sea, while
the Oyashio flows southwards along the Kurile Islands (for more detailed information
see Tomczak and Godfrey, 1994, and Stabeno et al., 1999).
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Figure 1.3.: Seasonal profiles of salinity, potential density, and temperature for WOA
station 34548 (Locarnini et al., 2010), and the seawater calcite saturation state (∆[CO2−

3 ])
along WOCE Line P14N (stations 1-15, available at http://cchdo.ucsd.edu/; see also Fig.
1.2). The summer (July–September, red lines) and winter situations (January–March,
blue lines) reflect a strong seasonality of upper-ocean properties, leading to the forma-
tion of a summer thermo- and pycnocline (dashed red line), as well as the dichothermal
layer. Winter mixing affects water depths down to ∼150 m, where a permanent halocline
characterizes the whole subarctic N Pacific realm (dashed grey line). The halocline ham-
pers atmospheric-oceanic gas exchange, which results in corrosive bottom waters and a
shallow-lying calcite saturation horizon (CSH; dotted black line), below which the ocean is
undersaturated with respect to calcite. Plankton organisms like coccolithophores occupy
the surface layer (SEM-imagery of a coccosphere of Emiliania huxleyi, available at the
Electronic Microfossil Image DAtabase System, http://www.emidas.org/), while plank-
tonic foraminifer species Neogloboquadrina pachyderma (sin.) in this thesis is assumed to
live at 50-100 m water depth (grey horizontal bar).

The modern subarctic NW Pacific realm is subject to a strong seasonality of sea sur-
face temperature (SST) and salinity, resulting from the interplay of the atmospheric
pressure cells of the Siberian High and the Aleutian Low. In consequence, intense
winter mixing and sea-ice formation occur during winter (e.g. Niebauer et al., 1999),
while during summer the stratification of the upper water column is the result of in-
creased insolation and subsequent sea-ice melting. At the study sites of this thesis, the
summer thermo- and pycnoclines lie within 30–70 m of the water column (Fig. 1.3).
A steep vertical gradient in salinity between ∼100–200 m represents the permanent
halocline (e.g. Haug et al., 1999) (Fig. 1.3), which is not affected by vertical mixing
and consequently hampers atmospheric-oceanic gas exchange as well as the supply of
nutrients from the subsurface. Nutrients, however, are resupplied to the surface layer
by winter mixing and then used by phytoplankton during the following sea-ice-free
seasons. Today, siliceous plankton organisms (diatoms) blooming during spring domi-
nate marine productivity, but a second productivity maximum with enhanced CaCO3

fluxes (coccolithophores and planktonic foraminifera) occurs during late summer/early
fall (e.g. Takahashi et al., 2002a). The modern subarctic N Pacific shows a very high
carbon export efficiency (Honda et al., 2002), and in the Bering Sea very high annual

http://cchdo.ucsd.edu/
http://www.emidas.org/
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production rates are associated with the eastern Bering Sea shelf areas (e.g. Arzhanova
et al., 1995; Springer et al., 1996; Stabeno et al., 1999). Winter mixing also leads to
the formation of the dichothermal layer, a temperature minimum layer at ∼100 m wa-
ter depth that persists during summer (Ohtani et al., 1972; Miura et al., 2002) (Fig.
1.3).

Sea-ice formation during winter results from the advection of cold Arctic air masses
and mainly northerly wind directions due to a strong Siberian High (Stabeno et al.,
1999). In the Bering Sea, sea-ice formation starts in the northern shelf areas during
October/November and sea-ice reaches its maximum distribution in March/April (e.g.
Niebauer et al., 1999). In the Okhotsk Sea, sea-ice formation leads to the production
of Okhotsk Sea Intermediate Water (e.g. Yasuda, 1997), a major component of North
Pacific Intermediate Water (NPIW), due to brine rejection. Accordingly, sea-ice for-
mation is influencing water mass ventilation in the subarctic N Pacific (e.g. Niebauer
et al., 1999; Stabeno et al., 1999).

Carbonate preservation in the subarctic N Pacific realm is limited due to the shallow
lysocline, thereby restricting most carbonate-bearing records to shallow shelf areas
and morphological highs. Calculations based on data obtained from the World Ocean
Circulation Experiment (WOCE) (see chapter 5) reveals that at the study sites of this
thesis the calcite saturation horizon (CSH, i.e. the approximate top of the lysocline)
already lies between 150-300 m w.d. (Fig. 1.3). Calcite dissolution starting below the
CSH affects the preservation of calcitic foraminiferal tests, thereby limiting the use of
carbonate-based paleoceanographic proxies.

1.4. Background information

1.4.1. Polar stratification and low glacial marine productivity

Since about 2.7 million years, the subarctic Pacific is characterized by salinity-driven
stratification (e.g. Haug et al., 1999), which today is maintained by several processes
including the restriction of meridional water mass exchange and atmospheric moisture
fluxes (Warren, 1983; Emile-Geay et al., 2003; Kiefer, 2010). In contrast, the modern
Southern Ocean is a source of atmospheric CO2, which is stored in deep waters. This
observation led to the hypothesis that polar stratification drives glacial-interglacial
changes in atmospheric CO2 concentrations (Haug et al., 1999; Sigman and Boyle,
2000; Sigman et al., 2004; Jaccard et al., 2005; Sigman et al., 2010). Haug et al. (1999)
from concurrent changes in magnetic susceptibility, biogenic opal, and nitrogen isotope
ratios (δ15N) at Ocean Drilling Program (ODP) Site 882 speculated about different
stratification states during preglacial (i.e. before 2.7 Ma), interglacial, and glacial
periods (Fig. 1.4). They suggested that enhanced polar stratification during glacial
periods kept CO2 in the ocean interior, and that it was subsequently released to the
atmosphere during interglacials when stratification weakened.

Marine productivity in the subarctic N Pacific was low during glacial times, but it
remains unclear whether this was the result of increased polar stratification or enhanced
sea-ice cover, since both processes can influence the efficiency of the "biological pump"
(e.g. Narita et al., 2002; Kienast et al., 2004; Jaccard et al., 2005; Brunelle et al., 2010).
For ODP Site 882, Jaccard et al. (2005) ruled out sea-ice influence and related
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Figure 1.4.: Left hand: Records of magnetic susceptibility, biogenic opal, and nitro-
gen isotopes (δ15N) for ODP Site 882 covering the last 6 Ma (from Haug et al., 1999).
Right hand: Paleoceanographic models, reflecting the influence of changes in deep water
exposure and nutrient utilization on atmospheric concentrations of CO2 along a section
through the Pacific Ocean during preglacial (a), interglacial (b), and glacial (c) periods
(from Haug et al., 1999).

interglacial maxima in export productivity to reduced stratification. This mechanism
must not necessarily apply to the Bering Sea, which today is characterized by high
marine productivity, or to other sea-ice influenced regions. Previous studies conducted
in the Bering Sea confirmed low glacial and high interglacial productivity with strong
changes occurring during the last glacial termination (Cook et al., 2005; Gorbarenko
et al., 2005; Okazaki et al., 2005a; Brunelle et al., 2007; Kim et al., 2011). They were
attributed to the interplay of changes in insolation, sea-ice dynamics, oceanography,
and stratification (e.g. Katsuki and Takahashi, 2005). These studies, however, at most
cover the last ∼120 kyr and/or provide insufficient temporal resolution for centennial
to millennial-scale reconstructions.

Only recently, evidence for abrupt climate changes during the last glaciation was found
in sediments from the Bering Sea (Cook et al., 2005; Gorbarenko et al., 2005; Okazaki
et al., 2005a; Brunelle et al., 2010; Gorbarenko et al., 2010; Khim et al., 2010; Kim
et al., 2011). Although being restricted to the last 70 kyr, these studies not only
indicate pronounced millennial-scale climate variability during the last glaciation, but
also conditions similar to those recorded during the last glacial termination. Moreover,
and along with results from the NE Pacific (e.g. Hendy and Kennett, 2000) this could
imply a connection to interstadials registered in ice cores from Greenland. However,
a direct comparison between marine sediment and ice core records covering the full
last glacial-interglacial cycle is needed to test this hypothesis, which, if correct, would
argue for fast-acting teleconnections between the climates of the N Pacific and the N
Atlantic.
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1.4.2. Sea-ice and its impact on intermediate water formation

The reconstruction of sea-ice dynamics is necessary to understand changes in upper-
ocean stratification and intermediate water mass formation in the subarctic NW Pacific
and its marginal seas. Sea-ice rafting acts as an important transport agent for the
supply of terrigenous matter to the sea-floor, as deduced from studies conducted in the
Okhotsk Sea (Nürnberg and Tiedemann, 2004; Nürnberg et al., 2011), which might
also be valid for the Bering Sea. Most studies focusing on sea-ice dynamics in the
Bering Sea reconstructed past sea-ice extent and variability by means of diatom and
radiolarian assemblages (e.g. Cook et al., 2005; Katsuki and Takahashi, 2005; Tanaka
and Takahashi, 2005). The existing studies from the adjacent Okhotsk Sea indicate
strong relationships to changes in marine productivity. However, only few provenance
studies are available for the Bering Sea (Gardner et al., 1980; Lisitzin, 2002), and
investigations assessing past changes in terrigenous matter composition and supply are
clearly missing. Hence, it remains unknown how sources and transport mechanisms of
terrigenous matter in the Bering Sea compare to those suggested for the Okhtosk Sea
and to what extent terrigenous matter supply varied during the last glacial-interglacial
cycle.

Another important aspect regarding sea-ice processes involves the formation of North
Pacific Intermediate Water (NPIW). Today, important components of NPIW are formed
in the Okhtosk Sea due to sea-ice formation (e.g. Yasuda, 1997). Since the modern
Bering Sea is also characterized by seasonal sea-ice formation, speculation on better
ventilated intermediate waters during glacials arose (e.g. Gorbarenko, 1996; Keigwin,
1998), leading to the assumption that their source region shifted to the Okhotsk Sea
only since the Last Glacial Maximum (LGM) (Ohkushi et al., 2003; Tanaka and Taka-
hashi, 2005). Recent studies support the view that at least during the last glacial
termination strong oceanographic changes occurred in the subarctic N Pacific eventu-
ally leading to the formation of deep water and to a weakening of the halocline (Okazaki
et al., 2010; Chikamoto et al., 2012; Menviel et al., 2012).

1.4.3. Deglacial climate variability and the re-opening of the
Bering Strait

Reconstructions of SST, subsurface temperatures, and salinity are indicative of strong
oceanographic changes in the subarctic N Pacific during the last glacial termination
and the early Holocene (e.g. Sarnthein et al., 2004; Seki et al., 2004a; Sarnthein et al.,
2006; Sagawa and Ikehara, 2008; Caissie et al., 2010). SST records show a temporal
evolution resembling that recorded in Greenland ice with four distinct phases: the Hein-
rich Stadial 1 (H1) and Younger Dryas (YD) cold phases, which are intercalated and
followed, respectively, by the Bølling-Allerød (B/A) and Preboreal (PB) warm phases.
However, modeling studies controversially argue either for an atmosphere-controlled
in-phase relationship (Mikolajewicz et al., 1997; Krebs and Timmermann, 2007; Oku-
mura et al., 2009) or for an ocean-controlled anti-phase relationship (Schmittner et al.,
2003; Saenko et al., 2004; Schmittner et al., 2007) between the N Pacific and the N
Atlantic climates.
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Figure 1.5.: Bathymetric map of the Bering Sea showing the influence of sea-level
changes on the drowning/exposure of shallow shelf areas, as well as on the opening/closure
of the Bering Strait. Today, most of the Bering Shelf lies below sea-level and the open
Bering Strait allows net outflow of relatively fresh surface waters into the Arctic Ocean.
The opening of the Bering Strait, which has an approximate sill depth of ∼50 m, is as-
sumed to have (last) occurred between 12–11 ka BP (Keigwin et al., 2006). During the
Last Glacial Maximum (LGM) and other glacial stages, sea-level was significantly lower
and resulted in exposure of Bering Shelf areas and a closed Bering Strait. Accordingly,
there was no connection to the Arctic and inflow of Pacific water masses into the Bering
Sea might have been reduced as well. Notably, this land bridge was the prerequisite for
paleoindian immigration from northeastern Asia to America (see also Sarnthein et al.,
2006, and references therein). Imagery was reproduced from the GEBCO_08 Grid (30
arc-seconds resolution, version 20100927, http://www.gebco.net/), which is maintained
and distributed by the British Oceanographic Data Centre, Natural Environmental Re-
search Council, and was processed with the Fledermaus software (Version 7).

.

http://www.gebco.net/
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Lowered ventilation ages indicate enhanced deep ventilation or overturning during H1
and the YD in the N Pacific, while stronger stratification seems to have prevailed during
the B/A (Ahagon et al., 2003; Ohkushi et al., 2004; Sagawa and Ikehara, 2008; Okazaki
et al., 2010), at times when overturning in the Atlantic showed opposite behaviour
(McManus et al., 2004). Modeling studies are in agreement with these observations and
attribute the enhanced (reduced) Pacific Meridional Overturning Circulation (PMOC)
to the weakened (strengthened) Atlantic Meridional Overturning Circulation (AMOC),
and predict the potential weakening or disappearance of the halocline during H1 (e.g.
Menviel et al., 2012).

Support for increased upper-ocean salinity in the subarctic NW Pacific during H1 comes
from the few available Mg/Ca-based reconstructions (Sarnthein et al., 2006; Gebhardt
et al., 2008; Sagawa and Ikehara, 2008). Results from Detroit Seamount (Sarnthein
et al., 2006; Gebhardt et al., 2008), however, also show maxima in SST during that
time, which is contradictory to alkenone-based reconstructions indicating restricted
marine productivity and a later deglacial SST rise during the subsequent B/A. Finally,
the salinity reconstruction of Sarnthein et al. (2004) might imply that the modern
salinity-driven stratification was established in the early Holocene. This might also be
connected to the re-opening of the Bering Strait, which occurred between 12–11 ka BP
(Keigwin et al., 2006) (Fig. 1.5). Sea-level changes in the Bering Sea and the according
opening/closure of the Bering Strait are suggested to have a considerable influence on
deep convection in the N Atlantic due to the transport of relatively fresh surface waters
to the Arctic Ocean at times when the Bering Strait was open (Hu et al., 2010).

1.4.4. Research questions

With respect to the indicated gaps regarding the paleoceanographic development of the
subarctic NW Pacific and its marginal seas during the late Pleistocene to Holocene,
the consecutive chapters of this thesis adress the following questions:

Chapter 3 (to be submitted to Paleoceanography)

• How are glacial-interglacial changes in marine productivity and terrigenous mat-
ter supply in the Bering Sea characterized? Do they compare with those observed
in the Okhotsk Sea and are they related to the opening/closure of the Bering
Strait?

• Is enhanced interglacial marine productivity in the Bering Sea controlled by sea-
ice formation or by changes in upper-ocean stratification? On the other hand,
what are sources and transport mechanisms related with enhanced terrigenous
input during glacials?

• Can rapid climate oscillations, alike those recorded in Greenland ice cores be
identified and, if so, how are they characterized and how can their occurrence be
explained?
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Chapter 4 (submitted to Paleoceanography)

• How is the deglacial SST development in the subarctic NW Pacific coupled to
short-term climate oscillations of the N Atlantic?

• Is the long-term SST development of the NW Pacific and N Atlantic marked by
opposing SST trends (temperature seesaw) during the past 7,000 years?

• Is there any change in sea-ice extent during millennial-scale fluctuations of the
past 15 kyr?

Chapter 5 (to be submitted to Paleoceanography)

• How do deglacial records of Mg/Ca-derived subsurface temperatures compare
with alkenone-derived SST records in the subarctic NW Pacific? In this context,
how can potential differences between the temperature signals be explained?

• Was upper-ocean stratification in the subarctic NW Pacific subject to change
during the last deglaciation and during the Holocene and, if so, what were the
driving forces?

• When has the modern salinity-driven stratification (halocline) been established?

Chapter 6 (to be submitted to Nature Geoscience)

• Where was/were the source region(s) of better-ventilated intermediate water
masses in the subarctic N Pacific during the last deglaciation?

• What happened to the intermediate to deep water ventilation in the N Pacific
when the meridional overturning circulation in the N Atlantic ceased?

• Was deep water formed in the subarctic NW Pacific during rapid climate oscil-
lations of the last glacial termination?
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2. Material and methods

Figure 2.1.: Sequence of sample processing performed in the framework of this thesis. In
principle, after splitting of core segments, archive halves were subject to documentation
and core logging, whereas sediment samples were taken from the work halves.

Sediment cores recovered during SO201-2 used in this thesis were subject to a certain
sequence of sample processing (Fig. 2.1). Core segments were split into archive and
work halves after magnetic susceptibility was measured. Documentation, i.e. visual
description and photography, as well as non-destructive core logging procedures, in-
cluding color (e.g. color b*) and X-ray fluorescence (XRF) scanning, were performed
on the archive halves. Sediment samples were obtained from the work halves following
a specific sampling scheme (see Fig. 2.2 on page 15).

2.1. Core logging

In this thesis, high-resolution core logging data are used to establish age models
(chapters 3 and 4), and to assess changes in marine productivity and terrigenous
matter supply (chapter 3).
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2.1.1. Magnetic susceptibility

After core recovery, records of magnetic susceptibility were produced aboard R/V
Sonne for each unopened core segment. A GEOTEK Multi-Sensor Core Logger in
combination with a Bartington MS2C sensor loop was used to perform measurements
at a sampling interval of 1 cm. An oscillator circuit within the sensor loop gener-
ated a low intensity, non-saturating, alternating magnetic field (H=80 A m−1, f=0.565
kHz). Magnetizable material present within the sediments in response to this ap-
plied field cause a change in the oscillator frequency, which is detected and converted
into magnetic susceptibility values. Terrigenous, siliciclastic sediments usually contain
magnetizable minerals. Consequently, magnetic susceptibility was used to approximate
changes in the amount of terrigenous material within the sediments. Post-processing
of the data included exclusion of outlying data due to core section breaks (Dullo et al.,
2009).

2.1.2. Color scanning

Color reflectance was determined on the opened archive halves. Sediment surfaces were
scrape-cleaned, flattened, and covered with clear plastic film before the measurements.
A Minolta CM 508d hand-held spectrophotometer was used each 1 cm to illuminate a
pulsed light flash (xenon arc lamp) and to subsequently detect the spectrum of the light
reflected from the sediment surface (20 nm increments, λ = 400–700 nm). Reflectance
data were converted by the Spectramagic software into the CIE (L*, a*, b*) system
(CIELAB). The color b*, i.e. the yellow-blue chromaticity (from +60 = yellow to -60 =
blue), records provide a pattern of variability that corresponds to contents of biogenic
opal. Calibration for white color reflectance and "zero calibration" were carried out
prior to measurement of each core segment (Dullo et al., 2009), whereas core breaks
and outlying data were eliminated during post-processing.

2.1.3. XRF scanning and data processing

Relative downcore changes in the chemical composition of the sediment cores were de-
termined using the Avaatech XRF core scanner at Alfred Wegener Institute for Polar
and Marine Research, Bremerhaven (AWI-Bremerhaven). Acquisition of XRF logging
data was an integral part of this thesis and the complementary Ph.D thesis of Lars
Max (2012) and resulted from extensive collaboration between the KALMAR Subpro-
ject 4 Ph.D-students. The scanner was equipped with an Oxford 100 W X-ray source
(rhodium anode) and a thermoelectrically cooled two stage Peltier detector with a
beryllium window (12 µm thick). To avoid both, contamination and desiccation, the
sediment surfaces of the archive halves were scrape-cleaned, smoothed, and covered
with ultrathin film (SPEX CertiPrep 3525 Ultralene foil, 4 µm thick) before the mea-
surement. Each core segment was scanned three times at constant electric current (1
mA) but at different tube voltages and count times (10 kV, 10 s; 30 kV, 15 s; 50 kV, 30
s) at a sampling resolution of 1 cm. The emitted fluorescence energies of the irradiated
sediment surface, which are proportional to element concentrations, are detected and
converted into element intensities (counts). This allowed to produce element intensity
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records of elements aluminium to barium. However, in general, XRF results are con-
sidered semiquantitative due to inhomogeneities within both, the sediment (lithology,
physical properties), and the experimental set-up (e.g. uneven sediment surface, air
bubbles between sediment and film) (e.g. Richter et al., 2006; Tjallingii et al., 2007).

Post-processing included data quality control, exclusion of recorded core breaks and
outlying data, as well as calculation of element count rates and their respective log-
ratios. Data quality was controlled by monitoring the "deadtime" and the χ2 value
(cf. Tjallingii, 2006). The "deadtime" is related to the recovering time of the detector
crystal, which, at high element intensities, can result in a non-linear input-to-output
signal-relationship. It is calculated as the relative fraction between preset (livetime)
and actual (realtime) count time and in the scanned sediment cores were lower than
the critical value of 40%:

deadtime(%) = 100 − 100 × livetime

realtime
(2.1)

The χ2 value represents the "goodness-of-fit" between the analyzed XRF spectrum
and a processing model which converts the XRF spectra into element intensities. XRF
results of this study show χ2 values that lie well below the threshold of 3 given by
Tjallingii (2006). Outlying data were identified by comparing records of element in-
tensities of a single element (Ii) with normalized records of the same element (Ii,norm),
which were calculated by normalizing the element intensity of one element i to the sum
of element intensities recorded for all i = 1..n elements:

Ii,norm =
Ii∑n
i=1 Ii

(2.2)

Element count rates (reported in counts per second, cps) were calculated by normalizing
element intensities to the livetime. XRF results in this thesis are presented as element
count rates or as log-ratios (natural logarithm) of element count rates of two elements
A and B:

(A/B) log − ratio = ln
(
A

B

)
(2.3)

2.2. Sampling and sample preparation

Work halves were completely sampled according to a specific sampling scheme (Fig.
2.2). This sampling scheme, which repeated every 10 cm, allowed to provide various
working groups with sample material and to perform different analyses. Samples used
in this study (Ti/Nü) were taken as 1 cm-thick slices for foraminifer-based (F) and
multi-proxy bulk sediment analyses (M). In addition, plastic syringes (S) with a defined
volume of 10 ml were used to determine the dry bulk density (DBD) every 5 cm. Backup
samples (B) were eventually used to increase sampling resolution. Okhotsk Sea core
LV29-114-3 was re-sampled in 2010. All samples were freeze-dried after sampling prior
to subsequent analyses.
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Figure 2.2.: Sampling scheme for SO201-2 sediment cores (after Dullo et al., 2009).

2.3. Foraminifer-based analyses

Foraminifer-based analyses included radiocarbon dating, stable carbon (δ13C) and oxy-
gen (δ18O) isotope measurements, and Mg/Ca-thermometry. While benthic δ18O and
dating results were used to establish the age models (chapters 3 and 4), planktonic
δ18O and Mg/Ca analyses were used to reconstruct deglacial changes in subsurface tem-
perature and salinity (chapter 5). Freeze-dried samples for foraminifer-based analyses
also served for alkenone measurements (Uk′

37). Accordingly, subsamples of 5–10 g bulk
sediment were taken prior to subsequent preparation steps. The remaining sample
material was washed through a 63-µm mesh to remove clay- and silt-sized material,
and then oven-dried at 50◦C. Before and after washing the samples were weighed to
determine the proportions of coarse (>63 µm) and fine (<63 µm) material (in wt.% dry
weight). Respective records of coarse material were compared to records of magnetic
susceptibility and used to infer changes in terrigenous matter supply (chapter 3). Af-
ter washing, samples were dry-sieved (i.e., fractionated) by hand into six different size
fractions: 63–125 µm, 125–250 µm, 250–315 µm, 315–355 µm, 355–400 µm, and >400
µm.

2.3.1. AMS radiocarbon dating

Accelerator mass spectrometry (AMS) was used to provide absolute age control for
the studied sediment cores via radiocarbon (14C) dating. Therefore, monospecific sam-
ples of subpolar to polar planktonic foraminifera species Neogloboquadrina pachyderma
(sin.) (now referred to as Nps) were dated at the Leibniz-Laboratory for Radiometric
Dating and Isotope Research, Kiel, and at the National Ocean Science Accelerator Mass
Spectrometry Facility (NOSAMS) at Woods Hole Oceanographic Institution (WHOI),
Woods Hole, MA, USA. Between 1500–2000 (900–1200) calcitic tests were selected
from the 125–250 µm size fraction to account for the required minimum amount of 8
mg CaCO3 (WHOI = 5 mg CaCO3). For one sample (SO201-2-101KL, 445–446 cm)
additional planktonic foraminifera species including Globigerina bulloides were selected
from the same size fraction to compensate for insufficient amounts of Nps.

AMS-14C ages were converted into 1σ calendar age ranges (reported in BP = before
present, i.e. before AD 1950) using the Calib Rev 6.1.0 software (Stuiver and Reimer,
1993) and the IntCal09 atmospheric calibration (Reimer et al., 2009). Reservoir ages
are assumed to be constant over time but to be different on a regional scale. Hence, for
the Okhotsk Sea and NW Pacific (cores LV29-114-3 and SO201-2-12KL) a reservoir age
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of 900 years is considered, whereas for the western Bering Sea (cores SO201-2-77KL,
-85KL, and -101KL) a lower value of 700 years is assumed. A detailled discussion about
these considerations is given in chapter 4.

2.3.2. Stable carbon and oxygen isotopes

Stable carbon (δ13C) and oxygen (δ18O) isotope ratios, which are given in the common
δ-notation (δ = (RSample/RStandard−1)×1000, where R is the ratio of the heavy to light
isotope) were measured on calcitic tests of both, benthic and planktonic foraminifera.
Therefore, 2–3 specimens of endobenthic species U. peregrina or U. auberiana were
selected from the 315–355 µm size fraction. In case of low abundances, size fractions
250–315 µm and 355–400 µm were eventually included for selection.

For combined stable isotope and Mg/Ca analyses of planktonic foraminifera ∼100–
150 specimens of Nps were selected from the 125-250 µm size fraction to provide a
sample amount of ∼500 µg. To avoid shell size-dependent effects (Elderfield et al.,
2002) and potential bias due to different morphotypes (Healy-Williams, 1992) the most
abundant, "square-shaped" specimen of Nps with four chambers was selected from a
single size fraction. Subsequently, planktonic foraminiferal tests were gently crushed,
homogenized, divided into two subsamples, and put into acid-leached vials (Eydam
safe-lock tubes, RA5615030). Two thirds of total amount were used for Mg/Ca and
one third was used for stable isotope analysis. Subsamples for stable isotope analysis
were rinsed with ultrapure water and with ethanol, and ultrasonically cleaned in 20 s
intervals before the measurements in order to remove clays.

Measurements were conducted at GEOMAR, Kiel, using a Thermo Finnigan MAT 253
mass spectrometer coupled with a Thermo Scientific Kiel IV Carbonate device. The
foraminiferal calcite was dissolved at a temperature of 70◦C using orthophosphoric
acid (H3PO4) thereby producing CO2 gas which is subsequently analyzed. Manually
detrended results are calibrated against the NBS19 standard, and reported relative to
the Pee Dee Belemnite scale (PDB). The used internal "Bremen Standard" (Solnhofen
limestone) indicates an analytical long-term precision (N >1000 samples) of ±0.03%�
PDB for δ13C and of ±0.06%� PDB for δ18O. Additional measurements were performed
at AWI-Bremerhaven using a Finnigan MAT 251 mass spectrometer coupled with a
Kiel II carbonate preparation device. External reproducibility of theses measurements
was ±0.04%� for δ13C and ±0.06%� for δ18O.

2.3.3. Foraminiferal Mg/Ca analysis

Samples were cleaned for Mg/Ca analysis according to the protocol of Barker et al.
(2003), including a reductive cleaning step. To initially remove clay particles, samples
were rinsed with ultrapure water (3x), ethanol (2x), and ultrapure water (2x), including
ultrasonic treatment steps of 20 s. Hydrazine (N2H4) was used as reducing agent to
remove metal oxides. Therefore, 100 µl of a solution made of 750 µl hydrazine, 15
ml ammonium hydroxide (NH4OH), and 15 ml ammonium citrate1 were added to
each vial and put in a hot water bath for 30 min. The reaction was accelerated by

1 Ammonium citrate was made from 12.5 g citric acid (C6H8O7) and 500 ml of ammonium hydroxide.
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two short (10 s) ultrasonic treatment steps. After rinsing with ultrapure water (3x),
samples were transferred into new acid-leached vials. Oxidative cleaning in order to
remove remaining organic matter followed. It was performed by adding 250 µl of a
solution made from 100 µl hydrogen peroxide (H2O2, suprapure) and 30 ml NaOH.
Samples were put in a hot water bath for 10 min and briefly (2x 10 s) ultrasonically
treated. Gaseous build-up was released several times. After rinsing with ultrapure
water (3x), 250 µl of nitric acid (HNO3, 0.001 M) were added in the final leaching
step and samples were subsequently stored until analysis. Immediately before analysis,
samples were dissolved using ultrapure HNO3 (0.075 M), including ultrasonic treatment
for 25 min. and centrifugation. About 500 µl of the supernatant were transferred into
polypropylene tubes (Eydam, 9400782) and diluted with 1.8 ml HNO3 (0.075 M), which
contained 10 ppm of yttrium as internal standard.

Measurements were performed on a simultaneous, axial-viewing Inductively Coupled
Plasma–Optical Emission Spectrometer (ICP-OES; VARIAN 720-ES) coupled with a
SPS3 sample preparation system at GEOMAR, Kiel. Spectral lines used were 279.553
nm for Mg and 370.602 nm for Ca. Measurement strategy involved analyses of stan-
dards and blanks to assure analytical quality control. Software automatically corrected
for analytical drift (detrending). Results were manually normalized to the ECRM 752-1
standard (Mg/Ca = 3.761 mmol mol−1; Greaves et al., 2008), which was used as in-
ternal consistency standard. Analytical precision, determined on behalf of the ECRM
752-1 standard, was 0.1 mmol mol−1 (2σ). Replicate analyses, repeating complete
treatment including re-selection of foraminiferal tests, were performed for 11 samples
that were considered as outlying data. Results showed discrepancies ranging between
0.1–0.7 mmol mol−1. Ratios Mn/Ca, Fe/Ca, and Al/Ca were monitored to detect
potential contamination of the samples by detrital material and secondary diagenetic
coatings.

Sampling resolution was improved for core LV29-114-3 by including former Mg/Ca
measurements which were conducted by Lester Lembke-Jene in 2005 at the University
of Kiel. Results are based on 30 specimens of Nps for stable isotopes and 50 specimens
for Mg/Ca, which were selected from the 150–250 µm size fraction. Samples were also
cleaned according to the protocol of Barker et al. (2003) applying non-reductive clean-
ing. Analyses were performed on a simultaneous, radially-viewing ICP-OES (Spectro
A.I. Ciros CCD SOP) on spectral lines 183 nm for Ca and 270 nm for Mg, respectively.
Results from both, reductive and non-reductive measurements, are considered as con-
sistent, since systematical differences were not observed and lie within the error range
of the method.

Mg/Ca-based sub sea surface temperatures (subSSTMg/Ca) were reconstructed by ap-
plying the relationship of Kozdon et al. (2009) for Nps :

Mg/Ca (mmol mol−1) = 0.13 × T (◦C) + 0.35 (2.4)

With respect to the slope in Eq. 2.4, analytical precision for Mg/Ca translates into an
uncertainty of ±0.8◦C for the paleotemperature estimates.

Subsurface salinities (subSSS) were approximated from the calculation of ice-volume
corrected seawater δ18O estimates (δ18Oivc−sw). The δ18O-signal of foraminiferal calcite
(δ18OCc) is a function of temperature and of the isotopic composition of seawater
(δ18Osw, reported in %� SMOW). The latter is influenced by regional variations in
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salinity and by global ice-volume (e.g. Schmidt et al., 2004). δ18Osw was calculated
by applying the combined foraminiferal δ18O- and Mg/Ca-results to the relationship
of Shackleton (1974):

δ18Osw = δ18OCc + 0.27 −
4.38 −

√
4.382 − 4 × 0.1 × (16.9 − T )

2 × 0.1
(2.5)

δ18Oivc−sw was then calculated by correcting δ18Osw-values for the global ice-volume
signal following Waelbroek et al. (2002). This approach cumulates into an uncertainty
of about ±0.3%� SMOW.

Foraminiferal Mg/Ca records are potentially affected by contamination, carbonate dis-
solution, and diagenetic processes. Hence, it is critical to assess the impact of these
processes on the Mg/Ca signal. In this study, a correction of the initial Mg/Ca results
was not applied, although all sediment cores were recovered below the modern CSH.
The reasons for this as well as the origin of the temperature signal recorded by Nps are
discussed in chapter 5. Notably, samples were identified that have eventually been
altered by contamination or by early diagenetic processes, and a respcetive discussion
is provided at the end of chapter 5. However, only samples from the pre-deglacial
phase are affected by these processes.

2.4. Bulk sediment analyses

Bulk sediment samples were used to perform CN-analytics (CaCO3, total organic car-
bon, total nitrogen), opal measurements, quantitative XRF analyses, and to determine
radiogenic isotope compositions (143Nd/144Nd, 87Sr/86Sr). Bulk sediment analyses al-
lowed to reconstruct changes in marine productivity and terrigenous matter supply
(chapter 3). Due to specific restrictions of the respective geochemical proxies, they
are used in a multi-proxy approach and shown together with the logging data, which
are characterized by similar temporal trends.

2.4.1. CN-Analytics and [C/N]a ratios

CN-Analytics included determination of total carbon (TC), total organic carbon (TOC),
and total nitrogen (TN) contents. Therefore, 3-4 g of freeze-dried bulk sediment were
ground and homogenized for 10 min using a planetary mill. Measurements were per-
formed at GEOMAR, Kiel, using a Carlo Erba CNS Analyzer (model NA-1500). Sub-
samples of 20 mg were encapsulated into aluminum cups and oxidized at 1050◦C based
upon "flash combustion". TOC was measured on samples that were previously decalci-
fied using hydrochloric acid (HCl; 0.25 M). The combustion products (CO2, NOx, and
H2O) are swept into a reduction reactor (metallic copper) using helium as carrier gas,
where they are reduced, subsequently filtered, and gas-chromatographically separated
before detection via thermal conductivity. A discription of this procedure can be found
in Verardo et al. (1990). Precision (2σ) was determined on behalf of an internal stan-
dard and resulted in a relative standard deviation (RSD) <3% for TC, TOC, and TN.
Replicate measurements showed a reproducibility of ±0.03 wt.% for TOC (N = 10)
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and of ±0.01 wt.% for TN (N = 19). Contents of calcium carbonate were calculated
as:

CaCO3 = 8.333 × (TC − TOC) (2.6)

Additional measurements of TC and TOC were conducted at AWI-Bremerhaven using
a LECO CS-125 carbon-sulphur analyzer.

The atomic ratio of organic carbon to organic nitrogen, corrected for inorganic ni-
trogen ([C/N]a), was used to distinguish between marine and terrigenous sources of
TOC. Since TN contents are influenced by an unknown portion of inorganic nitro-
gen components, usually clay-bound inorganic ammonium (Müller, 1977), a correction
was applied to calculate the amount of total organic nitrogen (TON). This correction,
which was applied to each core individually, is based on a linear regression between
TOC and TN values and produces an intercept-value reflecting the constant amount of
inorganic nitrogen (TIN). TON was therefore calculated after the following equation:
TON = TN − TIN .

2.4.2. Opal

Contents of biogenic silica (opal) were measured applying the automated leaching
method of Müller and Schneider (1993), which is based on molybdate-blue spectropho-
tometry. Initially, 3–4 g of freeze-dried bulk sediment were hand-ground using an achat
mortar. Silica was extracted from subsamples of 20 mg mixed with 100 ml sodium hy-
droxide (NaOH; 1 M) in a hot water bath at 85◦C for ∼45 min. Five calibration
standards were made from silicon tetrachloride (SiCl4) in a NaOH matrix and mea-
sured before and after a batch of samples. Results were evaluated after DeMaster
(1981). 2–3 replicate measurements were conducted for 75 samples and resulted in an
average reproducibility of 1–2 wt.%. For core SO201-2-77KL, additional measurements
were conducted at AWI-Bremerhaven following the same approach.

2.4.3. Quantitative XRF analysis and Baexcess

Concentrations of major (e.g. Al, Ti, Fe, K) and trace elements (e.g. Ba) were de-
termined at the Institute of Geosciences, University of Kiel, using a Philips PW1480
sequential X-ray spectrometer. For preparation, freeze-dried sediment samples (3–4 g)
were ground and homogenized using a planetary mill. Measurements were performed
on fused glass discs containing a mixture of 0.6 g of sediment and 3.6 g of Li2B4O7

("Spectroflux 100"). Loss on ignition (LOI) was not determined. Weight percentages
of major elements were calculated from weight percentages of their respective oxides,
whereas trace element concentrations are reported in parts per million (ppm). The
BHVO standard showed an analytical precision of <2% RSD (2σ, N = 15) for the
major elements and of ±30 ppm for barium.

Results for Barium (Batotal) are the sum of biogenic (Baexcess) and nonbiogenic Ba
portions. In this study, Baexcess was at first calculated by estimating the aluminosilicate



20 2.4. Bulk sediment analyses

(i.e. the nonbiogenic) contribution of Ba, and then used to assess new production2

(PNew) and annual primary production (PP). The aluminosilicate contribution of Ba
was estimated via concentrations of Al (in wt.%) by considering the global average
aluminosilicate Ba/Al ratio for pelitic rocks of 6.5 mg g−1 (Wedepohl, 1971), which
was then used to calculate Baexcess (in ppm):

Baexcess = Batotal − Al × 104 × 0.0065 (2.7)

PNew (reported in gC m−2 yr−1) was calculated from Baexcess using the equation of
Nürnberg (1995a) considering the flux of biogenic Ba to the sea-floor (F Baexcess) and
water depth (z, in m):

PNew = 3.56 × F Ba1.504
excess × z−0.0937 (2.8)

with

F Baexcess = AR Baexcess ×
1

0.209 × log10(ARbulk × 1000) − 0.213
(2.9)

F Baexcess (in µg cm−2 yr−1) was calculated after Dymond et al. (1992). The mass
accumulation rate (ARBulk) is the product of DBD (in g cm−3) and linear sedimentation
rate (LSR, in cm kyr−1; van Andel et al., 1975), which for the calculation of biogenic
Ba accumulation rates (AR Baexcess, in mg cm−2 kyr−1) is multiplied with Baexcess:

AR Baexcess = (Baexcess/1000) × ARBulk (2.10)

Finally, PP (in gC m−2 yr−1) was calculated from PNew according to Eppley and
Peterson (1979):

PP = 20 ×
√
PNew (2.11)

2.4.4. Contents of siliciclastics and terrigenous matter

In this study, bulk sediment is considered to be composed of CaCO3, TOC, TN, opal,
and an unknown portion of siliciclastics. Since contents of TN were generally <0.3
wt.%, the relative amount of siliclastics (in wt.%) of a single sample was calculated
after the following equation: %siliciclastics = 100% − (CaCO3 + TOC + Opal). In
a second approach, relative contents of terrigenous matter were calculated by normal-
izing quantitative XRF-based results of Al and Ti concentrations (see section 2.4.3)
to the average Al and Ti concentration of continental crust ([Al] = 3117 µmol g−1,
[Ti] = 112.8 µmol g−1; Taylor and McLennan, 1995). Al-normalized results were on
average 4–6% higher than Ti-normalized results and better compared to the records of
%siliciclastics.

2 New production refers to marine primary production that results from allochthonous nutrient
inputs to the euphotic zone (Eppley and Peterson, 1979).
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2.5. Radiogenic isotopes

The radiogenic isotope composition for neodymium (Nd), strontium (Sr), and lead (Pb)
was extracted from early diagenetic ferromanganese (Fe-Mn) oxyhydroxide coatings for
twelve bulk sediment samples from core SO201-2-85KL. The extraction, separation, and
purification of Nd, Sr, and Pb, as well as the isotope measurements, were carried out
following the methodology described in Gutjahr et al. (2007) in the (clean laboratory)
facilities at GEOMAR, Kiel. First, freeze-dried samples of ∼2 g were hand-ground and
transferred into acid-cleaned polypropylene tubes. Then, after rinsing with ultrapure
water (Milli-Q system) and centrifugation, carbonate was removed using an acetic acid
/ sodium acetate buffer. The supernatant was removed by centrifugation, decanting,
and rinsing with ultrapure water. Subsequently, Fe-Mn oxyhydroxide coatings were
dissolved using 15 ml of ultrapure water and 5 ml of a buffered hydroxylamine hy-
drochloride (0.05 M) / acetic acid (15% suprapure) leaching solution (pH 4). After 60
minutes at room temperature, the supernatant (∼20 ml) was centrifuged and trans-
ferred into pre-cleaned teflon vials.

Separation and purification of Nd, Sr, and Pb were performed following standard pro-
cedures (as described in Cohen et al., 1988; Galer and O’Nions, 1989; Horwitz et al.,
1992). Anion exchange columns were used for purification of Pb (AG1-X8 resin), while
cation exchange columns (AG50W-X12 resin) served for separation of alkaline elements.
Nd and Sr were purified using Ln Spec resin and Sr Spec resin, respectively. Measure-
ments were conducted on a Nu Plasma MultiCollector-Inductively Coupled Plasma
Mass Spectrometer at GEOMAR. Results for Pb are not assessed in the context of
this study. Isotope results were normalized to the accepted values of the JNdi-1 stan-
dard for Nd (143Nd/144Nd=0.512115, Tanaka et al., 2000) and of the NIST SRM987
standard for Sr (87Sr/86Sr=0.710245) to compensate for analytical drift. The Nd iso-
tope ratios are reported in the epsilon notation (Eq. 2.12), which is the corrected
143Nd/144Nd ratio normalized to the Chondrite Uniform Reservoir (CHUR) standard
(143Nd/144Nd=0.512638, Jacobsen and Wasserburg, 1980). External reproducibility
was estimated by repeated measurements of an in-house SPEX standard for Nd and
the AA standard for Sr, and were ±0.21 for εNd and ±0.00003 for Sr (2σ). Preliminary
results are shown in the perspectives part of this thesis (section 7.4 on page 150).

εNd =

[
143Nd/144Ndsample

143Nd/144NdCHUR

− 1

]
× 104 (2.12)
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2.6. Age models

The stratigraphic framework of this thesis is based on several tools including benthic
oxygen isotope stratigraphy, magnetostratigraphy, intercore correlations, and absolute
age control via AMS-14C dating. The establishment of the age models, which is an inte-
gral part of this thesis and the complementary Ph.D thesis of Lars Max (2012), resulted
from extensive collaboration between the KALMAR Subproject 4 Ph.D-students and
members Prof. Dr. Ralf Tiedemann, Prof. Dr. Dirk Nürnberg, Dr. S. Gorbarenko,
and Dr. M. Malakhov.

The color b* variability recorded in cores from Shirshov Ridge (SO201-2-77KL, -85KL,
and -101KL) strongly corresponds to the Dansgaard-Oeschger climate variability regis-
tered in the NGRIP ice core (NGRIP members, 2004). Hence, the chronostratigraphy
is primarily based on a graphic correlation between color b* measured in core SO201-2-
85KL and the NGRIP δ18O record (GICC05 timescale; Rasmussen et al., 2006), which
was verified by AMS-14C dating. Further support came from comparison of the pro-
duced benthic δ18O records with the widely accepted global benthic reference stack
LR04 (Lisiecki and Raymo, 2005), and from paleomagnetic data of core SO201-2-85KL
which were compared with the PISO-1500 geomagnetic paleointensity stack (Channell
et al., 2009). This approach is illustrated in Fig. 2.3. Paleomagnetic records shown in
this study were provided by Dr. Sergey Gorbarenko (Pacific Oceanological Institute,
FEB-RAS3, Vladivostok, Russia) and Dr. Mikhail Malakhov (North Eastern Inter-
disciplinary Science Research Institute, FEB-RAS, Magadan, Russia) (see chapter
3).

Sediment cores from Shirshov Ridge recorded the last glacial-interglacial cycle. Re-
spective age models for the time interval >20 ka BP primarily rely on the stratigraphy
of core SO201-2-85KL transferred to cores 77KL and 101KL via intercore correlations
using records of color b* and XRF Ca/Ti log-ratios (Fig. 2.4). Additional age control
points for core SO201-2-101KL were derived from benthic δ18O results compared with
the LR04 stack. Age models for the last glacial-interglacial cycle recorded in Shirhov
Ridge cores are discussed in chapter 3.

Intercore correlations using color b* and XRF logging data also allowed to transfer
AMS-14C dates between the sediment records. Dating was mainly performed within
the younger parts of the cores (<20 ka BP) on samples showing maxima in CaCO3

content. Two of these maxima (carbonate spikes 1 and 2) correspond to prominent
carbonate maxima found in the NW Pacific and indicate consistency with age models
from other studies. The age model for the last 20 ka BP is explained in detail in
chapter 4.

3 Far Eastern Branch, Russian Academy of Sciences
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Figure 2.3.: The stratigraphy of core SO201-2-85KL is mainly based on graphic corre-
lation between color b* and the NGRIP δ18O record (NGRIP members, 2004; GICC05
timescale, Rasmussen et al., 2006), which is verified by AMS-14C age control. Additional
age control points were derived from comparison of benthic δ18O with the LR04 reference
stack (Lisiecki and Raymo, 2005), and of relative paleointensity (RPI) with the PISO-1500
paleointensity stack (Channell et al., 2009). Red lines indicate age-depth tie lines.
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Figure 2.4.: Logging data were used for intercore correlations, thereby transferring the
stratigraphy of core SO201-2-85KL to the other cores. Shown here are records of color
b* (upper hand) and XRF Ca/Ti log-ratios (lower hand) for Shirshov Ridge cores versus
core depth. Intercore depth-to-depth correlations are indicated by red lines.
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2.6.1. Time series analysis

Figure 2.5.: Spectral analysis was performed on records of color b* and benthic δ18O for
Shirshov Ridge cores. Left-hand figures show the frequency spectra in the time-domain
of the respective cores, whereas right-hand figures show a comparison between the 21-kyr
filter output and the solution of Laskar et al. (2004) for orbital precession. Cyclicities
close to orbital precession (21 kyr) and obliquity (41 kyr) cycles were detected. 21-
kyr filter outputs of benthic δ18O for cores 85KL and 101KL agree with the published
orbital solution within phase-shifts of +2 to +4 kyr. In core 77KL benthic foraminifera
were rather absent below 865 cm core depth (>86 ka BP). Hence, the 21-kyr filter was
applied to the color b* record and after applying a phase-shift of -7 kyr also showed good
agreement with the published orbital solution.

Age models were tested via spectral analysis in order to detect periodicities within
the sediment records that are related to Earth’s orbital cycles. Spectral analysis was
performed in the time domain of the color b* and benthic δ18O records of cores SO201-
2-77KL, -85KL, and -101KL using the AnalySeries software (Version 2.0.4.2; Paillard
et al., 1996). Time series were evenly resampled by linear interpolation choosing a
sampling step (∆t) that corresponded to the sampling interval (∆z) and average sed-
imentation rate of the respective cores : ∆t = ∆z/LSR. Accordingly, values for ∆t
varied between 0.1–0.5 kyr. The Blackman-Tukey method (Blackman and Tukey, 1958)
was then applied using linear trend removement and Welch windowing (Welch, 1967)
with a confidence level of 90%. The frequency scale of the output data was resampled
from 5×10−3 to 2×10−1 kyr−1 in steps of 10−4 kyr−1. Orbital precession was filtered out
using a Gaussian filter (f = 0.047 kyr−1, bandwidth = 0.01 kyr−1). Spectral analysis
resulted in the detection of dominant cyclicities close to orbital precession (21 kyr) and
obliquity (41 kyr). 21-kyr filter outputs were in good agreement with the numerical
solution of Laskar et al. (2004) for orbital precession (Fig. 2.5).
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2.6.2. Sedimentation rates and temporal resolution

Figure 2.6.: Linear sedimentation rates (LSR) for sediment cores LV29-114-3 and SO201-
2-12KL during the last 20,000 years (A), and for the last 180,000 years for Shirshov Ridge
cores (B), are shown together with the cores’ respective depth-age relationships (C). LSR
on average vary between 10–15 cm kyr−1 on Shirshov Ridge, whereas highest LSR are
recorded in core SO201-2-12KL. Sediment records shown in this study therefore allow
for paleoceanographic reconstructions in centennial to millennial time-resolution. Black
numbers in B indicate Marine Isotope Stages (MIS) 1-6 (boundaries after Lisiecki and
Raymo, 2005). Very high LSR in core SO201-2-12KL at ∼11.3–11.1 ka BP are the result
of two successive AMS-14C ages.

Linear sedimentation rates (LSR) were calculated between age control points as the
thickness of a sediment interval devided by the time interval of its deposition. In
Shirshov Ridge cores average LSR were 10–15 cm kyr−1, whereas cores LV29-114-3 and
SO201-2-12KL during the last 20,000 years had average LSR values of 25 cm kyr−1

and 65 cm kyr−1, respectively (Fig. 2.6). Highest values are reached in core SO201-2-
12KL. Hence, Shirshov Ridge cores have a potential average time-resolution of 70–100
years with respect to the logging data and of 400–500 years regarding the foraminifer-
based and bulk sediment analyses. Core SO201-2-12KL has best average resolution of
∼20 years for the logging data and of ∼80 years for the geochemical analyses. Cores
presented in this study therefore allow to reconstruct environmental changes during
the last ca. 180,000 years in centennial to millennial time-resolution.
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2.6.3. Termination II

Figure 2.7.: This figure shows core photographs of sediment cores 85KL and 101KL, to-
gether with relative amounts of coarse material (>63 µm), and the stratigraphic approach
for Termination II. Bioturbation (Bt) and dropstones are indicated in the photographs.
Sand layers (SL) at the end of Termination II reflect a change in sedimentary composi-
tion. Red boxes denote the position of the benthic δ18O records shown to the right, which
are used for comparison with the LR04 stack. Respective age-depth tie lines (red) are
indicated. The stratigraphic approach results in reduced LSR during Termination II and
indicates a potential hiatus in core 85KL.

Sediment cores SO201-2-85KL and -101KL are subject to bioturbation within core
intervals 1288–1300 cm (85KL) and 1590-1632 cm (101KL) thereby showing strong
variations in benthic δ18O (Fig. 2.7). These intervals represent Termination II (135–
125 ka BP). For core SO201-2-85KL these observations together with a relatively sharp
change in sediment composition indicate an erosional contact at ∼1290 cm and hence
a potential hiatus. The stratigraphy of cores SO201-2-85KL and -101KL during Ter-
mination II relies on comparison of benthic δ18O with the LR04 stack. Within the
interval of 1280–1301 cm core depth (Termination II), benthic δ18O was determined on
U. peregrina every 1 cm. Two samples (1290-1291 cm, 1291-1292 cm) were excluded
from the stratigraphic approach. Both cores show extremely reduced LSR of <4 cm
kyr−1 during Termination II, thereby indicating a significant change in sedimentation
and/or potential erosion of sediments.



28 3. Millennial-scale variability of marine productivity and terrigenous ...

3. Millennial-scale variability of marine
productivity and terrigenous matter
supply in the western Bering Sea during
the last glacial-interglacial cycle

Based on: "Millennial-scale variability of marine productivity and terrigenous matter
supply in the western Bering Sea during the last glacial-interglacial cycle" by Jan-
Rainer Riethdorf, Dirk Nürnberg, Lars Max, Ralf Tiedemann, Sergey Gorbarenko, and
Mikhail Malakhov (to be submitted to Paleoceanography).

Abstract

Piston cores, recovered from intermediate water levels in the western Bering Sea, were
used to reconstruct millennial-scale changes in marine productivity and terrigenous
matter supply over the past ∼180,000 years. Age models rely on a combination of
benthic oxygen isotope stratigraphy, magnetostratigraphy, radiocarbon dating, and in-
tercore correlations via high-resolution core logging data (color b*, XRF scans), which
provide a pattern of variability that strongly corresponds to Dansgaard-Oeschger cli-
mate variability registered in the NGRIP ice core record. Reconstructions are based on
a geochemical multi-proxy approach indicating closely interacting processes that con-
trol biological productivity and terrigenous matter supply comparable to the situation
in the Okhotsk Sea. During the last glaciation our results point towards higher terrige-
nous inputs while primary production was low. Minor increases in marine productivity
occur during warm stages of MIS5, while maxima are observed during interglacials and
the last glacial termination. Anticorrelated records of marine productivity and terrige-
nous matter supply, fairly constant Al/Ti and Fe/Al ratios, and high [C/N]a ratios
suggest that seasonal sea-ice formation is the dominant transport agent for terrige-
nous material. From our results we propose scenarios for environmental change in the
Bering Sea during the last glacial-interglacial cycle. These changes seem to be primar-
ily controlled by insolation and sea-level changes, thereby influencing the strength of
atmospheric pressure systems, seasonal contrasts, and sea-ice rafting. Sea-ice dynamics
are thought to drive changes in surface productivity, terrigenous inputs, and upper-
ocean stratification. We found indications that the opening and closure history of the
Bering Strait might have had an additional impact on the observed changes. Abrupt
environmental changes recorded during the last glacial period supposedly apply to the
deglacial situation and are potentially related to North Atlantic Dansgaard-Oeschger
events, supporting an atmospheric coupling mechanism of Northern Hemisphere cli-
mates.
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3.1. Introduction

Late Quaternary glacial-interglacial cycles are characterized by correlated changes in
global climate and atmospheric concentrations of carbon dioxide (e.g. Sigman et al.,
2010). Although the specific cause of these variations is still not fully understood, the
subarctic N Pacific and its marginal seas may hold an important key for its understand-
ing due to the presence of high marine productivity and polar stratification. However,
especially for the last glacial period and deglaciation, when strong reorganizations in
meridional overturning circulation occurred in the N Atlantic, marine records from the
subarctic N Pacific allowing for decadal to millennial-scale paleoceanographic recon-
structions are sparse. Existing reconstructions are further constrained by the shallow
carbonate lysocline within the N Pacific realm limiting the use of carbonate-based
proxies and causing stratigraphic uncertainties.

The subarctic N Pacific is a high-nitrate, low-chlorophyll (HNLC) region (e.g., Kienast
et al., 2004; Tyrrell et al., 2005), characterized by salinity-driven stratification (perma-
nent halocline) of the upper water column, which is suggested as a potential control
mechanism of glacial-interglacial variations in atmospheric CO2 (Haug et al., 1999;
Sigman and Boyle, 2000; Sigman et al., 2004; Haug et al., 2005; Jaccard et al., 2005;
Sigman et al., 2010). The halocline prevents the formation of deep water (Warren,
1983; Emile-Geay et al., 2003) and modulates the supply of nutrient-rich deep water
into the euphotic zone, thereby influencing the extent of marine productivity and nu-
trient utilization. Although the halocline also acts as a barrier for atmospheric-oceanic
gas exchange, the modern subarctic Pacific is considered a net source of atmospheric
CO2 (Takahashi et al., 2002b) despite a very high carbon export efficiency (Honda
et al., 2002).

Several studies have reported low marine productivity during glacial times in the sub-
arctic N Pacific (Narita et al., 2002; Kienast et al., 2004; Jaccard et al., 2005; Brunelle
et al., 2007; Shigemitsu et al., 2007; Galbraith et al., 2008; Gebhardt et al., 2008;
Jaccard et al., 2009, 2010). However, it remains unclear, whether reduced marine pro-
ductivity and low atmospheric CO2 concentrations during glacial times were caused by
increased polar ocean stratification or enhanced sea-ice cover. Both processes would
result in a less efficient "biological pump", i.e. the biologically-driven drawdown of or-
ganic matter to the deep ocean and its subsequent degradation to CO2 at the sea-floor,
and hamper the release of deep-sequestered CO2 to the atmosphere. E.g., Jaccard et al.
(2005) for Ocean Drilling Program (ODP) Site 882 argued that maxima in export pro-
ductivity during interglacials were the result of reduced stratification ruling out sea-ice
influence for this site.

In contrast, the influence on past ocean-atmosphere CO2 exchange via the "biological
pump" might have been different for the Bering Sea, which today is marked by high
marine productivity (e.g. Springer et al., 1996) and seasonal sea-ice formation (e.g.
Niebauer et al., 1999). Paleoceanographic reconstructions in the Bering Sea show that
surface water productivity was also reduced during the last glacial period, that it in-
creased during the last deglaciation and remained high in the Holocene (Gorbarenko,
1996; Cook et al., 2005; Gorbarenko et al., 2005; Okada et al., 2005; Okazaki et al.,
2005a; Brunelle et al., 2007; Itaki et al., 2009; Brunelle et al., 2010; Khim et al.,
2010; Kim et al., 2011). This variability has been explained by a complex interplay
of changes in sea surface temperatures (SST), sea-ice extent, inflow of Pacific surface
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waters, and upper-ocean stratification (e.g. Katsuki and Takahashi, 2005; Brunelle
et al., 2007, 2010; Kim et al., 2011). Knowledge of the extent and variability of sea-ice
in the Bering Sea mainly comes from diatom and radiolarian assemblages (Cook et al.,
2005; Katsuki and Takahashi, 2005; Tanaka and Takahashi, 2005). Although sea-ice
formation is considered a key parameter for understanding stratification and water
mass formation, and despite supposedly being an important transport mechanism for
terrigenous material, geochemical or sedimentological studies assessing past terrige-
nous matter supply are rather absent for the Bering Sea. Only few studies regarding
terrigenous fluxes in sea-ice influenced regions of the Pacific Ocean exist and so far
have focused on the Okhotsk Sea (Sato et al., 2002; Nürnberg and Tiedemann, 2004;
Nürnberg et al., 2011) and the Southern Ocean (Latimer and Filippelli, 2001). For
the Okhotsk Sea Nürnberg and Tiedemann (2004) report nearly synchronous glacial-
interglacial changes in biological and terrigenous fluxes arguing for a modulation by
sea-ice processes related to changes in the Siberian atmospheric high-pressure cell.
Some provenance studies involving sedimentological and geochemical characteristics of
surface sediments are available for the northern and western (Lisitzin, 2002), as well
as the southern Bering Sea (Gardner et al., 1980). However, downcore records on the
compositional variability of terrigenous matter are missing.

Sea-ice formation in the Okhotsk Sea is related to the formation of N Pacific intermedi-
ate water masses, which today originate in the Okhotsk Sea (e.g. Yasuda, 1997). Here,
sea-ice forms near the northwestern shelf region resulting in an increase in surface water
density due to brine formation. It has been speculated that during glacials these water
masses were better ventilated and/or subject to intensified formation (e.g. Keigwin and
Jones, 1990; Gorbarenko, 1996; Keigwin, 1998). This led to the assumption that the
Bering Sea had a stronger impact on glacial intermediate water mass formation, and
that its source region shifted to the Okhotsk Sea only after the Last Glacial Maximum
(Ohkushi et al., 2003; Tanaka and Takahashi, 2005).

Recent progress has been made in detecting millennial-scale climate variability in
Bering Sea sediments (Cook et al., 2005; Gorbarenko et al., 2005; Okazaki et al.,
2005a; Brunelle et al., 2010; Khim et al., 2010; Kim et al., 2011). Most of these stud-
ies are restricted to the last ∼70 kyr and focus on deglacial changes in the northern,
southern, and southeastern Bering Sea. Together with studies from the NE Pacific
(e.g. Hendy and Kennett, 2000) they imply that short episodes of increased marine
productivity are connected with interstadials recorded in Greenland ice cores.

However, since the Bering Sea is characterized by a shallow-lying calcite saturation
horizon (<500 m; Feely et al., 2002), most of the beforementioned studies making
use of carbonate-based proxies are restricted to shallow shelf areas or morphological
highs located in the northern, southern, and southeastern Bering Sea. Here, we present
millennial-scale reconstructions of marine productivity and terrigenous matter supply
for three sediment records recovered from Shirshov Ridge in the hitherto only poorly
studied western Bering Sea. Results were derived from a suite of geochemical proxies
and high-resolution core logging data covering the last ∼180,000 years, thereby extend-
ing existing records into Marine Isotope Stage (MIS) 6. From our results we propose
scenarios for environmental changes during the last glacial-interglacial cycle.
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3.2. Regional setting

The Bering Sea links the Pacific Ocean with the Arctic Ocean via the only shallow
(∼50 m) Bering Strait. Morphologically, it is devided into the Aleutian Basin, and
into a wide and shallow (0–200 m) continental shelf area in the northern and eastern
part. The Aleutian Basin is a large and deep (>3500 m) abyssal plain containing
two morphological highs, which provide better CaCO3 preservation: the north-south
striking Shirshov Ridge in the west, and Bowers Ridge in the south (Fig. 3.1).

Pacific surface waters, transported by the westward flowing Alaskan Stream, enter the
Bering Sea through several passes within the Aleutian Island Arc (e.g. Takahashi,
2005). Inside the Bering Sea, a large-scale cyclonic surface circulation pattern develops
with the Bering Slope Current (BSC) and the East Kamchatka Current (EKC) acting
as eastern and western boundary currents, respectively (Fig. 3.1). Outflow occurs
through the Bering Strait into the Arctic Ocean and through the Aleutian passes,
mainly Kamchatka Strait, into the N Pacific (Stabeno et al., 1999). Only little is
known about deep circulation in the Bering Sea. As it allows for deep water exchange,
Stabeno et al. (1999) argue from oceanographic data of Reed et al. (1993) that deep
water must flow northward and eastward from Kamchatka Strait with return outflow
above 3,000 m water depth.

Oceanographic and climatic conditions in the Bering Sea are characterized by a strong
seasonal variability of SST and sea-ice coverage that result from the interaction of
the Siberian High and Aleutian Low pressure cells. The Arctic Oscillation (AO),
Pacific Decadal Oscillation (PDO), and the Pacific–North American pattern (PNA)
are reported to be related with decadal variations of both atmospheric pressure cells
(Niebauer, 1988; Mantua et al., 1997; Niebauer, 1998; Overland et al., 1999, 2002).
During winter, a strong Siberian High leads to advection of cold Arctic air masses
and mainly northerly wind directions (Stabeno et al., 1999). This causes a significant
cooling of the sea surface, sea-ice formation, as well as enhanced vertical mixing of
the upper water column, thereby returning nutrients from the subsurface. In contrast,
during summer, the reduced strength of both atmospheric pressure cells and enhanced
insolation lead to a sea surface warming and melting of sea-ice, which results in a
stratified mixed layer and an increase in marine productivity. As revealed by sedi-
ment trap studies, primary productivity is dominated by siliceous plankton organisms
(mainly diatoms) during spring, whereas biological CaCO3 fluxes (coccolithophores,
planktonic foraminifera) occur during spring and late summer/early fall (e.g. Taka-
hashi et al., 2002a). Highest annual production rates are associated with shelf areas
and vary regionally between >200 and >800 gC m−2 (Arzhanova et al., 1995; Springer
et al., 1996; Stabeno et al., 1999). Available nutrients are reported to be often fully
consumed during seasonal blooms (Niebauer et al., 1995).
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Figure 3.1.: Bathymetric map of the study area. Locations of sediment cores SO201-
2-77KL, -85KL, and -101KL presented in this study are marked by red dots. Other
reference records from the Bering Sea and subarctic NW Pacific referred to in this study
are indicated by white dots. Meiji Seamount: RAMA44PC (Keigwin et al., 1992). Detroit
Seamount: ODP Site 882 (Jaccard et al., 2005), KH99-3 Sta. ES (Narita et al., 2002).
Bowers Ridge: GC-11 (Gorbarenko, 1996; Gorbarenko et al., 2005; Gorbarenko et al.,
2010), KH99-3-BOW-8A and -BOW-12A (Katsuki and Takahashi, 2005; Okada et al.,
2005; Tanaka and Takahashi, 2005), KH99-3-BOW-9A (Okada et al., 2005; Okazaki et al.,
2005a; Tanaka and Takahashi, 2005), HLY02-02-17JPC (Brunelle et al., 2007, 2010).
Umnak Plateau: KH99-3-UMK-3A (Okada et al., 2005; Okazaki et al., 2005a; Tanaka
and Takahashi, 2005), RC14-121 (Cook et al., 2005). Northern slope: MR06-04-PC23A
(Itaki et al., 2009; Khim et al., 2010; Kim et al., 2011), MR06-04-PC24A (Kim et al.,
2011). Dashed black line indicates mean extent of sea-ice edge (March 15; 1973-1986; after
Niebauer et al., 1999). Dotted greenish line shows mineralogical provinces of coarse silts
(after Lisitzin, 2002), while surface and deep circulation patterns (after Stabeno et al.,
1999) are indicated by red and dark blue arrows, respectively. Mineralogial provinces:
NK = Northern Kamchatka, OB = Olyutorskii Bay, KC = Koryak Coast, AB = Anadyr
Bay; Surface currents: ANSC = Aleutian North Slope Current, EKC = East Kamchatka
Current; Straits: ks = Kamchatka Strait, ns = Near Strait, bp = Buldir Pass, as =
Amchitka Strait, ap = Amukta Pass, up = Unimak Pass, bs = Bering Strait. This map
was generated with "Online Map Creation" (https://sfb574.ifm-geomar.de/gmt-maps/)
and "Ocean Data View" (Schlitzer, 2011).

https://sfb574.ifm-geomar.de/gmt-maps/
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Sea-ice formation begins during October/November on the northern Bering Sea conti-
nental shelf (Anadyr Bay, Bering Strait), reaching maximum distribution in March/April,
subsequently disintegrating until July (Tomczak and Godfrey, 1994; Niebauer et al.,
1999; Lisitzin, 2002). It takes place in shallow shelf areas, bays, and coastal areas. As
in the Arctic, coastal polynyas play an important role for the build-up of sea-ice, and
consequently for water mass ventilation due to brine rejection (Niebauer et al., 1999;
Stabeno et al., 1999), which was proven by the presence of anthropogenic chlorofluoro-
carbons in bottom waters of the Aleutian Basin (Warner and Roden, 1995). Northerly
winds blow sea-ice southwards where it melts in warmer waters.

3.3. Material and methods

3.3.1. Sediment cores

This study focuses on piston cores SO201-2-77KL, -85KL, and -101KL from Shirshov
Ridge, western Bering Sea (Fig. 3.1; Tab. 3.1). Cores were recovered along a ∼280 km-
long north-south transect from shallow to deep intermediate water levels during R/V
Sonne cruise SO201-KALMAR Leg 2 in 2009 after extensive hydroacoustic sea-floor
mapping (Dullo et al., 2009). Sediments are characterized as monotonous sequences
of mainly clay- and silt-sized siliciclastic material, which are repeatedly interrupted by
phases of diatomaceous ooze deposition.

Table 3.1.: Site information.
Core Latitude Longitude Depth Recovery

(mbsl) (m)
SO201-2-77KL 56◦19.83’N 170◦41.98’E 2135 11.78
SO201-2-85KL 57◦30.30’N 170◦24.77’E 968 18.13
SO201-2-101KL 58◦52.52’N 170◦41.45’E 630 18.32

3.3.2. Age models

Age models of all three cores are based on a combination of different tools including
high-resolution (non-destructive) core logging procedures (color b*, XRF scanning),
benthic oxygen isotope stratigraphy, and magnetostratigraphy. Absolute age control is
provided by accelerator mass spectrometry radiocarbon dating (AMS-14C) (Fig. 3.2).

Core logging

Color reflectance measurements were carried out immediately after opening of the
cores on the damp split core surface of the archive halves covered by clear plastic
film. Therefore, a Minolta CM 508d hand-held spectrophotometer was used at 1 cm-
spaced intervals (Dullo et al., 2009). Reflectance data was automatically converted by
Spectramagic software into CIE L*, a* and b* color space (CIELAB).

The Avaatech X-ray fluorescence (XRF) core scanner at Alfred Wegener Institute for
Polar and Marine Research, Bremerhaven, was used to record downcore changes in
the elemental composition of the sediments. The principle of XRF is discussed in
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Jenkins and De Vries (1970), while a technical description of the applied XRF logging
system is given in Richter et al. (2006). Core scanning was performed on the scrape-
cleaned, flattened split core surface covered with SPEX CertiPrep 3525 Ultralene foil
(4 µm thick) to avoid desiccation and contamination. Each core segment was triple-
scanned for analysis of elements aluminium (Al) through barium (Ba) at constant
electric current (1 mA), but at different tube voltages and count times (10 kV, 10 s;
30 kV, 15 s; 50 kV, 30 s), using a sampling resolution of 1 cm. Results are considered
semiquantitative and to reflect relative downcore variability in elemental composition
only (Richter et al., 2006; Tjallingii et al., 2007) and are either given as count rates in
counts per second (cps) or as log-ratios (natural logarithm) of element count rates of
two different elements.

Stable oxygen isotopes

For oxygen isotope stratigraphy we used endobenthic foraminifer species Uvigerina
peregrina and Uvigerina auberiana, since Uvigerina δ18O values are reported to be
in equilibrium with seawater (Shackleton and Hall, 1984). Stable oxygen isotopes
were measured every 5 cm on 2–3 specimens of U. peregrina, or, if not present, of U.
auberiana, collected from the 315–355 µm size fraction of the washed sample. In case
of low foraminiferal abundances, this range was extended to 250–400 µm. Size-effects
and inter-species offsets in δ18O were not observed. Measurements were performed at
GEOMAR, Kiel, using a Thermo Finnigan MAT253 mass spectrometer coupled with
a Thermo Scientific Kiel IV Carbonate device. Results were referenced to the NBS19
standard and calibrated to the VPDB scale. Long-term precision (N >1000 samples)
for δ18O of the used internal "Bremen standard" (Solnhofen limestone) was ±0.06%�
PDB. Unfortunately, in core 77KL benthic foraminifera were only preserved until 865
cm core depth.

Paleomagnetics

For core 85KL, the magnetic minerals responsible for the natural remanent magnetiza-
tion of sediments (NRM) were determined based on remanent saturation magnetization,
the saturation magnetization in magnetic-hysteresis parameters, and differential ther-
momagnetic analyses using a Faraday magnetic balance and a coercive spectrometer
at Kazan University, Russia (Burov and Yasonov, 1979; Yasonov et al., 1998). The
natural remanent magnetization module (NRM) and direction were measured with a
AGICO JR-5A spinner magnetometer after the stepwise demagnetization of a refer-
ence sample. Magnetic cleaning by an alternating magnetic field using an amplitude of
10 mT proved optimal for recognizing the characteristic component of magnetization
(ChRM). Anhysteretic remanent magnetization (ARM) was generated in the prelimi-
narily demagnetized samples using a AGICO AMU-1A anhysteretic magnetizer under
a constant field of 0.05 mT and a maximum alternating field of 100 mT. Relative pale-
ointensity of the magnetic field (RPI) was then calculated by normalization of ChRM to
ARM. In addition, we determined scalar petromagnetic properties (SPP; Enkin et al.,
2007; Malakhov et al., 2009).
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AMS radiocarbon dating

Absolute age control was provided by AMS-14C dating of planktonic foraminifera in the
uppermost core sections. We used monospecific samples of subpolar to polar species
Neogloboquadrina pachyderma (sin.) collected from the 125–250 µm size fraction. For
one sample, insufficient abundances of this species were compensated by selection of ad-
ditional tests from planktonic species Globigerina bulloides from the same size fraction.
Samples were dated at the Leibniz-Laboratory for Radiometric Dating and Isotope Re-
search, Kiel, and at the National Ocean Science Accelerator Mass Spectrometry Facility
(NOSAMS) at Woods Hole Oceanographic Institution (WHOI), U.S.A. The Calib Rev
6.1.0 software (Stuiver and Reimer, 1993) was used to convert radiocarbon to calendar
ages, applying the IntCal09 calibration (Reimer et al., 2009) and a reservoir correction
of 700 years. AMS-14C dating results are presented in Max et al. (in review).

Chronostratigraphic approach

Due to the remarkable correspondence, the chronostratigraphy of core 85KL is primar-
ily based on the graphic correlation between the color b* record and the Dansgaard-
Oeschger climate variability registered in the NGRIP δ18O ice core record (NGRIP
members, 2004; GICC05 timescale, Rasmussen et al., 2006) (Fig. 3.2). The stratigra-
phy of core 85KL is then transferred via intercore correlations (color b*, XRF Ca/Ti
log-ratios) to cores 77KL and 101KL showing a similar variability and correspondence
to the NGRIP record. This approach is verified by AMS-14C dating results from all
cores. Several studies report two prominent carbonate maxima in records from the NW
Pacific (Keigwin et al., 1992; Keigwin, 1998; Gorbarenko et al., 2002a; Gorbarenko
et al., 2005; Caissie et al., 2010), corresponding to the Bølling-Allerød warm phase
(B/A) and the early Holocene. Our dating results, which were obtained from samples
showing maxima in foraminiferal abundance and CaCO3 content, are consistent with
age models from these studies. A detailled discussion on the stratigraphic framework
of all cores for the last 20 kyr is presented elsewhere (Max et al., in review).

For the time interval >20 ka BP, our chronostratigraphic approach is supported and
extended by correlating our benthic δ18O records to the global reference stack LR04
(Lisiecki and Raymo, 2005), which is also used to identify Marine Isotope Stages (MIS)
1–6. Further support comes from paleomagnetic measurements in core 85KL, specif-
ically from comparison of RPI with the PISO-1500 geomagnetic paleointensity stack
(Channell et al., 2009) and of SPP (not shown) with MIS-boundaries of the LR04
stack. Core logging data (color b*, XRF Ca/Ti log-ratios) further served for intercore
correlations.

Age models of all cores covering the last ∼180 kyr are shown in Fig. 3.2 and age-depth
points for cores 77KL, 85KL, and 101KL are given in the supplementary information.
For cores 85KL and 101KL, stratigraphic interpretation of benthic δ18O values was
difficult during Termination II (135–125 ka BP). Both cores are bioturbated within core
intervals 1288–1300 cm (85KL) and 1590–1632 cm (101KL), respectively. In core 85KL,
bioturbation occurs together with a relatively sharp change in sediment composition
indicating an erosional contact and potential hiatus at ∼1290 cm core depth.
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Figure 3.2.: Stratigraphy of cores SO201-2-77KL (green lines), -85-KL (red lines), and
-101-KL (blue lines). Age models are primarily based on the graphic correlation between
records of color b* (coloured lines) and oxygen isotopes from the NGRIP ice core (un-
derlying grey lines; NGRIP members, 2004; GICC05 timescale, Rasmussen et al., 2006).
Further age control comes from benthic oxygen isotope stratigraphy (δ18O) of U. pereg-
rina and U. auberiana (coloured lines) related to the global benthic reference stack LR04
(underlying thick grey lines; Lisiecki and Raymo, 2005). In addition, for core 85KL,
a record of relative paleointensity (RPI; red line; a 5-point running average is shown
as thick red line to smooth the record) was compared to the paleomagnetic reference
record PISO-1500 (underlying thick grey line; Channell et al., 2009). The Laschamp
(L), Norwegian-Greenland Sea (N), and Blake (B) paleomagnetic events are indicated.
Absolute age control is provided by AMS-14C dating (coloured triangles). Intercore corre-
lations were conducted using color b* records and XRF-based records of Ca/Ti log-ratios
(not shown). Spectral analysis of benthic δ18O and color b* records (right hand inlets)
performed in the time domain, reveal dominant cyclicities at 39 kyr and 23 kyr, close to
Earth’s orbital cycles of obliquity and precession, respectively.
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Since orbital tuning to Earth’s orbital parameters turned out inapplicable on the gen-
erated timescales, we tested our age models via spectral analysis in the time domain of
the color b* and benthic δ18O records to detect orbital frequencies (Fig. 3.2). Spectral
analysis was performed using the AnalySeries 2.0 software (Paillard et al., 1996). De-
spite the shortness of the time span covered by our cores with respect to orbital-scale
changes, we found dominant cyclicities of ∼23 and ∼39 kyr, which are close to orbital
precession (21 kyr) and obliquity cycles (41 kyr), suggesting that our age models are
correct.

3.3.3. Sedimentation and accumulation rates

A reliable chronostratigraphy is the basis for accurate calculations of linear sedimenta-
tion rates (LSR, in cm kyr−1) and bulk accumulation rates (ARBulk, in g cm−2 kyr−1).
LSR were calculated between age control points as the thickness of a sediment interval
devided by the time interval of its deposition, while ARBulk were calculated as the
product of LSR and the dry bulk density (DBD, in g cm−3) (van Andel et al., 1975),
which was determined each 5 cm in all cores:

ARBulk = DBD × LSR (3.1)

Records of LSR and ARBulk for all cores are shown in Fig. 3.3. All three cores from
Shirshov Ridge are characterized by LSR (ARBulk) ranging between ∼1 and 33 cm
kyr−1 (∼1–30 g cm−2 kyr−1), with average values of 10–15 cm kyr−1 (7–15 g cm−2

kyr−1) (Tab. 3.2). These values allow a centennial to millennial time-resolution for
our reconstructions. Absolute values of LSR (ARBulk) as well as their variability in-
crease from core 77KL in the south towards core 101KL in the north. In general, LSR
(ARBulk) are higher during cold stages (MIS4, MIS5b/d, MIS6) than during warm
stages (MIS1, MIS3, MIS5a/c/e), but highest during Termination I (20–10 ka BP). In
contrast, Termination II, which is only preserved in cores 85KL and 101KL, is charac-
terized by low LSR of <4 cm kyr−1. Core 85KL also shows short-lived maxima during
MIS2 and MIS3.

Table 3.2.: Ranges and variability of linear sedimentation rates (LSR, in cm kyr−1) and
bulk accumulation rates (ARBulk, in g cm−2 kyr−1) at the site locations.

SO201-2-77KL SO201-2-85KL SO201-2-101KL
LSR ARBulk LSR ARBulk LSR ARBulk

Average 10.7 7.2 12.8 11.4 15.4 14.8
Standard deviation 4.6 3.0 4.5 4.3 6.2 5.4
Maximum 28.5 29.1 23.4 21.0 32.6 29.8
Minimum 6.0 2.8 0.6 0.6 3.0 3.5
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Figure 3.3.: (a) Linear sedimentation rates (LSR; coloured lines) and bulk accumula-
tion rates (ARBulk; transparent coloured lines), as well as age-depth-relationships (b) of
sediment cores SO201-2-77KL (green), -85KL (red), and -101KL (blue) from Shirshov
Ridge. LSR and ARBulk are plotted on the same scale. Top numbers indicate Marine
Isotope Stages (MIS). LSR and ARBulk increase towards northern core locations and
reveal maxima during MIS4, MIS6, as well as during Termination I. Core 85KL also re-
veals short-termed maxima during MIS3. Average LSR and ARBulk lie between 10–15
cm kyr−1 and 7–15 g cm−2 kyr−1, respectively, with strongest variability being recorded
in core 101KL. Note extremely reduced values during Termination II in cores 85KL and
101KL, potentially indicative of a hiatus in core 85KL.

Top ages of the sediment cores were not validated by absolute age control due to in-
sufficient datable material. Consequently, Holocene sediments are either subject to
low LSR (77KL) or missing (85KL, 101KL). We do not consider this to be an artifact
of the applied piston coring technique, since piston cores are rather subject to over-
sampling (stretching) of the sediments (Szeremeta et al., 2004). Moreover, potential
sediment loss during coring should have been prevented by the piston. Although, we
can not exclude sediment loss during core handling on deck, we favorize the view that
the low Holocene LSR are the result of a general change in sedimentation favoring the
deposition of highly porous diatomaceous ooze, which is more easily eroded by bottom
currents.

3.3.4. Assessment of changes in marine productivity

Past changes in marine productivity are approximated from applying a suite of different
proxies: total organic carbon (TOC), CaCO3, biogenic opal, biogenic barium (Baexcess),
and evaluation of various XRF logging data. This multi-proxy approach was necessary
due to specific restrictions of the respective proxies. TOC preservation in sediments
is highly debated (e.g. Hartnett et al., 1998; Ganeshram et al., 1999; Thunell et al.,
2000; Hedges et al., 2001) as it is, amongst others, influenced by oxidation processes
in combination with the bottom water ventilation state (De La Rocha, 2007). More-
over, its source can be of marine and terrigenous origin. The preservation of CaCO3

in the subarctic N Pacific is limited by the shallow lysocline. Accordingly, contents of
CaCO3 rather reflect changes in the bottom water calcite saturation state than bio-
logical CaCO3 fluxes (e.g. Jaccard et al., 2005; Gebhardt et al., 2008). Opal dissolves
during settling to the sea-floor due to the ocean’s undersaturation with respect to sili-
cic acid, but its preservation is independent from bottom water oxygenation. Biogenic
opal is most often used in reconstructions of marine productivity in the N Pacific due
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to the observation that opal-rich sediments are linked to biogenic silica production (e.g.
Nelson et al., 1995; Ragueneau et al., 2000; Pondaven et al., 2000). Barium, which
is present within the sediments as barite (BaSO4) is used in several studies to recon-
struct paleoproductivity (e.g. Dymond et al., 1992; Francois et al., 1995; Dymond and
Collier, 1996; Gingele et al., 1999), although evidence for direct biogenic barite forma-
tion does not exist. Barite particles occur in areas of high new production (Dehairs
et al., 1991) and in surface waters are associated with siliceous debris (Bishop, 1988),
while in deeper waters they occur as free particles (Dehairs et al., 1990). Moreover,
barite precipitation requires microenvironments like decaying organic matter (Chow
and Goldberg, 1960) and seems to be coupled to the marine silica cycle.

Accumulation rates (AR) in contrast to proxy concentrations are unaffected by depo-
sitional dilution or enrichment. However, if proxy concentrations in marine sediment
cores are low or vary only little, AR variability is reported to mainly reflect LSR (Mid-
delburg et al., 1997). This situation applied to our sediment cores. Accordingly, in this
study we report proxy concentrations rather than quantified flux rates and treat the
respective records as qualitative.

TOC and CaCO3

Measurement of total carbon (TC), TOC, and total nitrogen (TN) were performed
using the Carlo Erba CNS analyzer model NA1500 at GEOMAR, Kiel. Freeze-dried,
ground and homogenized bulk sediment samples of 20 mg were used to measure TC
and TN, while TOC was measured on previously decalcified samples using 0.25 M
hydrochloric acid following procedures described in Verardo et al. (1990). Precision,
determined for an internal standard, was <3% relative standard deviation (RSD, 2σ)
for TC, TOC and TN, while reproducibility of the TOC- and TN measurements were
±0.03 wt.% and ±0.01 wt.%, respectively. CaCO3 contents were calculated as:

CaCO3 = 8.333 × (TC − TOC) (3.2)

The atomic ratio of TOC to TN, corrected for inorganic nitrogen compounds ([C/N]a),
provides a geochemical tool to distinguish between marine and terrigenous sources of
TOC. The Redfield ratio (Redfield et al., 1963) translates the [C/N]a ratio of marine
organic matter to a value between 6 and 7. Typical terrigenous values lie between
20–200 (Hedges et al., 1986). We applied a correction for inorganic nitrogen, usually
clay-bound inorganic ammonium (Müller, 1977), based on a linear relationship between
TOC and TN (after Goñi et al., 1998).

Biogenic opal

Measurements of biogenic opal followed the approach of Müller and Schneider (1993),
who established an automated leaching method making use of molybdate-blue spec-
trophotometry. Silica was extracted from 20 mg of freeze-dried, hand-ground and
homogenized bulk sediment samples using 100 ml NaOH (1 M) at 85◦C for ∼45 min.
Working solutions made up of silicon tetrachloride served as calibration standards.
Results are evaluated applying the procedure of DeMaster (1981). Replicate measure-
ments showed a reproducibility of 1–2 wt.%.
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Biogenic barium (Baexcess)

Concentrations of major (Al, Ti, Fe, K) and trace elements (Ba) were quantitatively
measured at the Institute of Geosciences, Kiel University, using a Philips PW1480
XRF spectrometer. Samples were chosen from selected depths based on evaluation
of the qualitative XRF logging data. Analyses were performed using 0.6 g of freeze-
dried, ground bulk sediment without determination of LOI (loss on ignition) following
standard procedures. Analytical precision (2σ, N = 15) was determined for the BHVO
standard, which was <2% RSD for the major elements and ±30 ppm for Ba.

Results for barium (Batotal) are the sum of biogenic (Baexcess) and nonbiogenic portions
of Ba. Baexcess was therefore calculated via concentrations of Al by estimating the
aluminosilicate contribution of Ba considering the global average Ba/Al ratio for pelitic
rocks (Ba/Alaluminosilicate) of 0.0065 g g−1 (Wedepohl, 1971):

Baexcess = Batotal − Al ×Ba/Alaluminosilicate (3.3)

Baexcess was subsequently used to assess new production (PNew) by applying the re-
lationship of Nürnberg (1995a), as well as annual primary production (PP) using the
equation of Eppley and Peterson (1979):

PP = 20 ×
√
PNew (3.4)

XRF logging data (Br, Ca/Ti, Si/Al, Ba/Al)

Temporal variability of several logging data were in good qualitative agreement with
the bulk geochemical analyses (Tab. 3.3). Count rates of Br compare with contents
of TOC. This supports the assumption of Ziegler et al. (2008), who suggested a linear
relationship between biophilic halogen bromine in case TOC input is dominated by
marine organic matter. Records of XRF Ca/Ti log-ratios show a temporal evolution
similar to the CaCO3 records. This is explained by assuming a detrital origin of Ti and
Al. Normalization of XRF-derived Ca to Ti and/or Al abundances has been applied
before (Jaccard et al., 2005) and is thought to reflect biogenic CaCO3 contents within
the sediment. The XRF signals for Al were better than for Ti and were subsequently
used for normalization. However, we favored Ca/Ti over Ca/Al log-ratios due to better
correlation to CaCO3. Although opal contents were close to analytical precision for
most samples from the last glaciation, good correlations to records of XRF Si/Al log-
ratios were observed. We found similar relationships between opal and color b* records,
but with smaller linear correlation coefficients (R2). These results are in accordance
with other observations considering a connection between Si/Al ratios and biogenic
opal contents (McDonald et al., 1999). Finally, we found a significant relationship
between Baexcess and XRF Ba/Al ratios in core 77KL, consistent with the finding of
Jaccard et al. (2005).
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Table 3.3.: Correlations between geochemical bulk analyses and XRF logging data.
SO201-2-77KL SO201-2-85KL SO201-2-101KL
N R2 N R2 N R2

TOC (wt.%) vs. Br (cps) 222 0.57 267 0.74 254 0.35
CaCO3 (wt.%) vs. Ca/Ti log-ratio 211 0.63 251 0.65 254 0.07
Opal (wt.%) vs. Si/Al log-ratio 172 0.73 132 0.63 135 0.04
Baexcess (ppm) vs. Ba/Al log-ratio 35 0.74 36 0.28 35 0.09
[Al] (µmol g−1) vs. Al (cps) 35 0.50 36 0.22 35 0.19
[Fe] (µmol g−1) vs. Fe (cps) 35 0.49 36 0.56 35 0.52
[Ti] (µmol g−1) vs. Ti (cps) 35 0.59 36 0.40 35 0.51

Correlations are considered significant for cores 77KL and 85KL, whereas R2 values
calculated for core 101KL were <0.35, indicating absent relationships between the
logging data and the quantitative analyses for this core. Since correlations significantly
vary between both, the respective sites and the respective proxies, logging data were not
used to apply calibration functions in order to enable absolute cm-scale reconstructions,
but are shown together with the quantitative analyses.

3.3.5. Assessment of changes in terrigenous matter supply

Changes in the supply of terrigenous matter were approximated from a set of sedi-
mentological and geochemical proxies together with XRF and magnetic susceptibility
logging data. The report of proxy concentrations instead of flux rates is favored ac-
cording to the arguments stated earlier.

Coarse material, magnetic susceptibility, and amount of siliciclastics

The proportions of coarse (>63 µm) and fine (<63 µm) material (in wt.% dry weight)
were determined every 5 cm by weighing freeze-dried samples before and after wet-
sieving through a 63 µmmesh. Magnetic susceptibility was determined using a GEOTEK
Multi-Sensor Core Logger in combination with a Bartington MS2C sensor loop each
1 cm on the unopened core segments directly after recovery (Dullo et al., 2009). In
general, sediments from Shirshov Ridge exhibit very low (<15 SI units) magnetic sus-
ceptibility values, rather typical for oceanic pelagic environments. Accordingly, we
did not find significant linear correlations between magnetic susceptibility data and
amounts of coarse material (R2 <0.13), which indicates that magnetizable minerals in
sediment cores from Shirshov Ridge are rare and are mainly bound to the fine frac-
tions.

Relative amounts of siliciclastics provide a more accurate way to assess changes in
terrigenous matter supply. We calculated percentages of siliciclastic material by con-
sidering the bulk sediment to be composed of siliciclastics, CaCO3, TOC, and biogenic
opal, and thus by subtracting their relative amounts from a total of 100 wt.%. As
contents of TN were generally <0.3 wt.%, TN is not considered in the calculation:

%siliciclastics = 100% − (CaCO3 + TOC +Opal) (3.5)
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In a second approach, relative contents of terrigenous matter were calculated by nor-
malizing bulk sedimentary Al and Ti concentrations to the concentration of these ele-
ments in average continental crust ([Al]=3117 µmol g−1, [Ti]=112.8 µmol g−1; Taylor
and McLennan, 1995). Both normalizations resulted in similar temporal trends, but
Al-normalized results, which were on average 4-6% higher than Ti-normalized results,
better compared to the records of %siliciclastics.

Lithogenous elements

Metal geochemistry of lithogenous elements serve as proxies for continental input (e.g.
Duce and Tindale, 1991; Bareille et al., 1994), dust-supply via grain-size (e.g. Boyle,
1983a; Calvert and Fontugne, 2001), terrestrial runoff (e.g. Schmitz, 1987; Jansen
et al., 1998), or mineralogical variations (e.g. Schneider et al., 1997; Yarincik et al.,
2000). Accordingly, we used our XRF bulk analyses of elements Al, Ti, Fe, and K
and their respective ratios to reconstruct temporal changes in their supply and to
identify sources of terrigenous matter. Linear relationships between bulk analyses of
lithogenous elements and respective XRF logging data were found (Tab. 3.3). Although
being considered insignificant, similar temporal trends clearly exist. Hence, we did not
establish calibration functions, but show the XRF logging data for comparison.

3.4. Results and discussion

3.4.1. Changes in marine productivity

All Shirshov Ridge cores are characterized by a similar variability of the parameters
reflecting paleoproductivity, but along the core transect show trends of increasing con-
centrations towards the southernmost site (77KL). Results for TOC, opal, CaCO3, as
well as their approximating logging data are shown in Fig. 3.4. In general, proxy con-
centrations and their variability remain low during the last glacial period and during
MIS6, while increases are recorded during interglacials (MIS1, MIS5e), stages MIS5a
and MIS5c, and during Termination I, with maximum amplitudes in core 77KL. Core
101KL exhibits overall lowest proxy concentrations and amplitude variations (Tab.
3.4). At all sites glacial concentrations hardly exceed ∼1 wt.% for TOC, ∼3 wt.% for
opal, and ∼2 wt.% for CaCO3. Stages MIS5a and MIS5c, as well as abruptly occurring
events recorded during MIS3–6, are characterized by ∼1 to 3-times higher concentra-
tions at most. Changes during MIS5e, Termination I and the Holocene (since 11.7
ka BP) are more pronounced with TOC, opal, and CaCO3 varying up to ∼2 wt.%,
∼50 wt.%, and ∼30 wt.%, respectively. Notably, strongest maxima in opal contents
are recorded during MIS5e and the Holocene at Site 77KL, while strongest CaCO3

maxima are reached during the Bølling-Allerød (B/A; 14.7–12.9 ka BP, Blockley et al.,
2012) and Preboreal (PB; ∼11.7–11.0 ka BP) phases.
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Figure 3.4.: Concentrations of TOC, opal, and CaCO3 (coloured lines), in comparison to
their XRF-based Br-intensity (in cps), and Si/Al and Ca/Ti log-ratio records (underlying
grey lines) for cores SO201-2-77KL (green lines), -85KL (red lines), and -101KL (blue
lines) from Shirshov Ridge. Shaded horizontal bars mark Marine Isotope Stages (MIS) 2,
4, and 6. Black numbers on top indicate MIS1-6 (after Lisiecki and Raymo, 2005).
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Table 3.4.: Statistics of parameters approximating marine productivity.
SO201-2-77KL SO201-2-85KL SO201-2-101KL
Avg. StDev. Avg. StDev. Avg. StDev.

TOC (wt.%) 0.85 0.30 0.96 0.36 0.88 0.16
[C/N]a 13.0 2.9 11.9 1.6 12.4 1.6
Opal (wt.%) 9.5 9.7 3.3 3.2 2.9 1.3
CaCO3 (wt.%) 1.9 3.2 1.9 2.2 1.2 0.7
Baexcess(1) (ppm) 733 330 436 141 260 85
PNew

(2) (gC m−2 yr−1) 50.6 47.5 35.5 21.4 29.3 21.4
PP(3) (gC m−2 yr−1) 131.9 54.2 114.1 34.9 101.3 39.0
(1)via Al using Ba/Alaluminosilicate = 0.0065 g g−1 (Wedepohl, 1971)
(2)after Nürnberg (1995a)
(3)after Eppley and Peterson (1979)

The evolution of productivity changes during Termination I is characterized by syn-
chronous increases in all proxies during the B/A starting at ∼14.7 ka BP, which are
preceded by early deglacial minima between ∼18–15 ka BP. This interval is considered
to correspond to the Heinrich Stadial 1 (H1) recorded in the N Atlantic (18.0–14.7 ka
BP, Sarnthein et al., 2001). During the interval of 12.9–11.7 ka BP, representing the N
Atlantic analog of the Younger Dryas cold phase (YD; N Atlantic timing after Blockley
et al., 2012), all proxies almost decrease to glacial values. Subsequent to the YD, the
PB interval is characterized by synchronous increases in all cores and all proxies, their
extent being comparable to those recorded during the B/A. Concentrations of all prox-
ies (except CaCO3) during the following Holocene are higher than during the glacial
period. The described deglacial evolution, as well as the range of proxy concentrations
during the last glacial-interglacial cycle, resemble that described for the Bering Sea
(Gorbarenko, 1996; Cook et al., 2005; Gorbarenko et al., 2005; Okazaki et al., 2005a;
Brunelle et al., 2007; Itaki et al., 2009; Brunelle et al., 2010; Caissie et al., 2010; Gor-
barenko et al., 2010; Khim et al., 2010; Kim et al., 2011), the Okhotsk Sea (Ternois
et al., 2001; Gorbarenko et al., 2002b; Narita et al., 2002; Nürnberg and Tiedemann,
2004), as well as the NW Pacific (Keigwin et al., 1992; Narita et al., 2002) and NE
Pacific (McDonald et al., 1999).

TOC contents commonly lie <1 wt.% (Tab. 3.4) and are highest during the B/A and
PB where they reach maximum values of ∼2.0 wt.% in core 85KL (Fig. 3.4). Stages
MIS5a, MIS5c, and MIS5e are characterized by up to 0.5 wt.% higher-than-glacial
values. TOC appears to lead the deglacial increase of the other productivity proxies
by ∼2,000 years, starting at ∼17.3 ka BP at Site 101KL and at ∼16.5 ka BP at sites
77KL and 85KL. Similar reports of a deglacial rise in TOC considerably leading that
of CaCO3 come from Bowers Ridge core GC-11 (Gorbarenko, 1996) starting at ∼17.5
ka BP, core UMK-3A from Umnak Plateau (Okazaki et al., 2005a) starting ∼16.7 ka
BP, and core PC23A from the northern slope of the Aleutian Basin (Kim et al., 2011)
starting at ∼18.4 ka BP (core locations are indicated in Fig. 3.1). Although records
of TOC and XRF-derived records of Br correspond well in our cores (Fig. 3.3; Tab.
3.3), Br does not follow this deglacial TOC increase, suggesting a changing source of
TOC. Corrected atomic [C/N]a ratios in our cores mainly vary between 10 and 15 (Fig.
3.5a), indicating that TOC input contains mainly marine, but considerable amounts of
terrestrial matter. Strongest [C/N]a variability is observed at Site 77KL, while indeed
all sites record a rise of [C/N]a ratios during the last deglaciation, indicating enhanced
supply of terrestrial matter during that time. Lowest [C/N]a variability is recorded in
cores 85KL and 101KL during most of the last glacial-interglacial cycle
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Figure 3.5.: (a) Atomic [C/N]a ratios corrected for inorganic nitrogen compounds
(coloured lines) as well as uncorrected [C/N]a ratios (underlying grey lines) for cores
SO201-2-77KL (green line), -85KL (red line), and -101KL (blue line). Corrected [C/N]a
ratios are smoothed by a 5-point-running average. Dashed horizontal lines mark a [C/N]a
ratio of 7. Higher values indicate a stronger contribution of terrestrial-derived organic
matter. Note occurrence of pronounced minima during MIS3, possibly reflecting D/O-
events 7 and 12 (arrows). (b) A linear regression between TOC and TN values was con-
ducted for each core and produced an intercept-value reflecting the (assumed constant)
amount of inorganic nitrogen. Subtracting this value from the TN contents resulted in
organic nitrogen portions which were then used to calculate [C/N]a ratios. Respective
linear correlation equations are summarized in Tab. 3.5.

and MIS6 around a value of ∼12. TN concentrations were corrected for contents of
inorganic nitrogen clearly showing linear relationships between TOC and TN (Fig.
3.5b; Tab. 3.5). Values for inorganic nitrogen ranged between 0.013 and 0.018 wt.%.
Since average concentrations of TN varied at ∼0.10±0.03 wt.% (1σ), sediments from
Shirshov Ridge contain a considerable amount of inorganic nitrogen compounds. Con-
sequently, corrected [C/N]a ratios are by up to 4 units higher than uncorrected ratios
(Fig. 3.5a).

For the eastern and southern part of the Aleutian Basin, Nakatsuka et al. (1995) report
lower [C/N] ratios varying between 6 and 9 during the last 40 kyr. Similar values
were observed in the southern Okhotsk Sea during the last 30 kyr (Ternois et al.,
2001). Our ratios are closer to those reported for cores PC23A from the northern slope
of the Aleutian Basin (Khim et al., 2010) and LV28-42-4 from the central Okhotsk
Sea (Nürnberg and Tiedemann, 2004). The authors suggested that the sediments are
contaminated by terrestrial organic material, which would also apply to Shirshov Ridge
sediments. Core 77KL shows high [C/N]a ratios (∼16) during MIS4, not observed at
the more northerly sites (Fig. 3.5a). Increased variability and high values (∼16)
characterize sites 77KL and 85KL during MIS3. Both cores during MIS3 record two
rapid decreases of [C/N]a possibly reflecting Dansgaard-Oeschger interstadial events 7
and 12 (D/O-events; e.g. Schulz, 2002). At the same time XRF logging data for Br,
as well as Si/Al and Ca/Ti log-ratios increase in all cores (Fig. 3.4). At Site 77KL,
Termination I is characterized by an increase in [C/N]a ratios beginning at ∼17 ka BP,
reaching its maximum of ∼15 within the YD. A subsequent decrease into the Holocene
is recorded. The same deglacial evolution is observed at the northern slope of the
Aleutian Basin (Khim et al., 2010) and in the southern Okhotsk Sea (Ternois et al.,
2001; Seki et al., 2003) and was related to the discharge of terrestrial material from
the flooded shelf due to sea-level rise. In contrast, cores from the eastern and southern
Bering Sea show a gradual decrease of [C/N] ratios since the Last
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Table 3.5.: Linear correlation equations for calculation of corrected [C/N]a ratios.
Core N (1)Slope (a) (1)Intercept (b) R2

SO201-2-77KL 126 0.094 0.016 0.64
SO201-2-85KL 155 0.099 0.013 0.89
SO201-2-101KL 254 0.096 0.018 0.73
(1)for the following equation: TN = b+ a× TOC

Glacial Maximum (LGM) (Nakatsuka et al., 1995).

Biogenic opal contents in Bering Sea sediments are reported to be high and to be
related to the abundance of siliceous plankton organisms (diatoms, radiolorians; e.g.
Matul et al., 2002), who today play a major role for biological production as revealed by
sediment trap studies (Takahashi et al., 2002a). Takahashi et al. (2002a) showed that
in the southern Aleutian Basin two annual periods of biological particle fluxes occurred
during spring/summer (siliceous plankton) and fall (calcareous plankton; foraminifera).
Furthermore, they found strong correlations between fluxes of opal and diatoms and
the dominance of the pennate diatom species Neodenticula seminae. In our cores
opal matches the TOC records and is characterized by increasing concentrations and
variability towards the southern core locations (Fig. 3.4). In contrast to TOC and
CaCO3, we observe only minor deglacial increases of opal (up to 8 wt.%) during the
B/A and a subsequent gradual increase into the Holocene. These results are comparable
to opal records from the northern Aleutian Basin (Itaki et al., 2009; Khim et al.,
2010; Kim et al., 2011), whereas other studies from Bowers Ridge (Okada et al., 2005;
Okazaki et al., 2005a; Brunelle et al., 2007, 2010), Umnak Plateau (Okada et al., 2005;
Okazaki et al., 2005a), and the southern Okhotsk Sea (Gorbarenko, 1996; Gorbarenko
et al., 2002a, 2002b; Narita et al., 2002; Brunelle et al., 2010) show a similar temporal
evolution during the last glacial-interglacial cycle and last glacial termination, but
1.5 to 3-times higher values. This emphasizes the dominance of diatoms as the main
primary producers during warm stages and their increasing abundance towards the
south.

CaCO3 contents within our sediments are related to the abundance of planktonic and
benthic foraminifera, as well as nannoplanktonic remains (coccoliths). XRF Ca/Ti
log-ratios in cores 77KL and 85KL correlate with CaCO3 contents (Tab. 3.3) and are
thought to reflect relative changes of biogenic calcareous vs. terrigenous components
in the sediment. During most of the last glacial-interglacial cycle, MIS6, and also
during MIS5e, CaCO3 contents were low (<3 wt.%) showing almost no variability
(Fig. 3.4). High Ca/Ti log-ratios during MIS5e in cores 85KL and 101KL originate
from low XRF counts of Ti and not from increased Ca counts. In all cores significant
increases in CaCO3 content only occur during Termination I, specifically during the
B/A and PB, with concentrations of up to ∼30 wt.% at Site 77KL. The more northerly
sites 85KL and 101KL during this time are characterized by lower CaCO3 contents
of ∼10 wt.% and ∼5 wt.%, respectively. Minor, short-lived increases of up to ∼3
wt.% are recorded during MIS3–6. Low CaCO3 contents in Bering Sea sediments and
likewise deglacial changes were reported previously (Cook et al., 2005; Okazaki et al.,
2005a; Brunelle et al., 2007; Itaki et al., 2009; Brunelle et al., 2010; Khim et al., 2010;
Kim et al., 2011). At ODP Site 882 Jaccard et al. (2005) for the last 450 kyr found
interglacial maxima in CaCO3 that are accompanied by maxima in biogenic barium.
Since enhanced preservation of CaCO3 in the subarctic N Pacific is explained by a
release of deep sequestered CO2 from the deep ocean basin (Broecker and Peng, 1987;
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Marchitto et al., 2005), Jaccard et al. (2005) suggested that these CaCO3 maxima are
the result of a higher bottom water calcite saturation state due to the weakening of the
subarctic N Pacific halocline favoring the release of CO2 to the atmosphere. Deglacial
maxima of carbonate contents in Bering Sea sediment cores were also explained by
denitrification on continental shelves (Okazaki et al., 2005a), which might have resulted
in an increase in alkalinity and, thus, in enhanced carbonate preservation (Chen, 2002).
Today, the calcite saturation horizon (CSH; i.e. the approximate top of the lysocline)
in the Bering Sea is reported to lie above 500 m water depth (Feely et al., 2002) and in
particular at our sites lies <200 m w.d. (Riethdorf et al., in prep.), which is shallower
than the coring locations. Accordingly, we consider maxima in CaCO3 contents in
our cores to rather reflect a higher bottom water calcite saturation state than higher
paleoproductivity.

In this respect it is noteworthy that high-resolution core logging resulted in the de-
tection of short-lived excursions in our color b* and Ca/Ti log-ratio records during
MIS3–6. Maxima in color b* and Ca/Ti log-ratios appear synchronous with minima
in lithogenous element intensities (Al, Ti, Fe), while the color b* records show a re-
markable similarity when compared to the NGRIP δ18O record (Fig. 3.2). Most Ca/Ti
log-ratio peaks are detected at intermediate water sites 85KL and 101KL within which
they are characterized by only 1–3 cm sediment thickness corresponding to a duration
of ∼100–300 years (Fig. 3.4). The most prominent events that are recorded at all sites
correspond to D/O-events 7, 12, 18, and 19. Northernmost cores 85KL and 101KL
additionally share the occurrence of D/O-events 14 and 20. Moreover, they recorded
eight more events off the Greenland record, occuring at approximately 141, 143, 145,
150, 155, 158, 166, and 171 ka BP. However, due to our stratigraphic approach, which
relies on the NGRIP record, and unless further age control is provided, we can neither
argue for nor against an in-phase evolution between abrupt climate changes recorded
in Greenland ice and western Bering Sea sediment composition during MIS3–6.

3.4.2. Estimation of export production via Baexcess

Records of biogenic barium (Baexcess) are shown in Fig. 3.6 together with XRF Ba/Al
log-ratios. Although our Baexcess records are characterized by low temporal resolution,
they generally match the TOC and opal records. Variability is strongly reduced during
most of the last glacial-interglacial cycle and MIS6, with average concentrations be-
coming higher from Site 101KL (∼300 ppm), via Site 85KL (∼400 ppm), to Site 77KL
(∼500 ppm). Significant increases only occur at Site 77KL during the Holocene and
during MIS5e with concentrations of ∼1700 ppm and ∼1000 ppm, respectively. Ranges
of Baexcess are considerably lower at sites 85KL (∼300–800 ppm) and 101KL (∼100–
500 ppm) (Tab. 3.4). Ba/Al log-ratios covary with Si/Al log-ratios and Br records,
thereby also showing minor increases during MIS3, MIS5a, and MIS5c, which are (due
to temporal resolution) not reflected in Baexcess. At sites 85KL and 101KL Ba/Al log-
ratios show higher values during MIS5e, which result from decreased portions of Al. A
similar range and variability as found for core 77KL is reported for core 17JPC from
Bowers Ridge (Brunelle et al., 2007), as well as cores PS2082-1 and PS1768-8 from the
Subantarctic and Antarctic zones of the Southern Ocean, respectively (Nürnberg et al.,
1997).
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Figure 3.6.: Concentrations of biogenic barium (Baexcess; coloured lines) and approx-
imating XRF Ba/Al log-ratios (underlying grey lines) for cores SO201-2-77KL (green
lines), -85KL (red lines), and -101KL (blue lines), as well as our reconstructions of new
production (PNew), i.e. primary production that results from allochthonous nutrient in-
puts to the euphotic zone. PNew was calculated from Baexcess using the equation of
Nürnberg (1995a): PNew = 3.56×F Ba1.504

excess×z−0.0937, where F Baexcess = AR Baexcess /
[0.209×log10(ARBulk×1000)-0.213] (Dymond et al., 1992), and z = water depth (in m).
F Baexcess is the flux of biogenic Ba to the sea-floor (in µg cm−2 yr−1), AR Baexcess is the
accumulation rate of biogenic Ba (in mg cm−2 kyr−1). MIS 2, 4, and 6 are highlighted
by shaded horizontal bars and top numbers indicate MIS1–6 (after Lisiecki and Raymo,
2005).

Cores from the southern (core GGC27, Brunelle et al., 2010) and central Okhotsk
Sea (core PC1, Sato et al., 2002; core LV28-42-4, Nürnberg and Tiedemann, 2004),
as well as from the sea-ice influenced Antarctic Zone of the Southern Ocean (core
PS1772-8, Nürnberg et al., 1997) exhibit generally lower glacial (∼200–400 ppm) and
peak interglacial (∼800–1000 ppm) contents of Baexcess, being more comparable to
sites 85KL and 101KL. Notably, Sato et al. (2002) and Brunelle et al. (2010) for the
Okhtosk Sea report a deglacial lead in the rise of Baexcess prior to that observed for
opal contents. From our records of Baexcess and Ba/Al log-ratios we can not verify this
lead at our Bering Sea sites.

A potential source of error in the calculation of Baexcess comes from estimating the alu-
minosilicate contribution of Ba via Al. Ba/Alaluminosilicate ranges between 0.005–0.010
g g−1 in crustal rocks (Taylor, 1964; Rösler and Lange, 1972) with a crustal average
of 0.0075 g g−1 (Dymond et al., 1992). Klump et al. (2000) established a method to
estimate regional Ba/Alaluminosilicate values by applying a depth-dependent exponential
regression on Ba/Al ratios measured in surface sediments from continental slope tran-
sects. Although a different setting, we applied this method to our surface sediment
samples from Shirshov Ridge (Riethdorf, unpublished data, 2011) which resulted in
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a Ba/Alaluminosilicate value of 0.007 g g−1. This value is close to the global average of
pelitic rocks of 0.0065 g g−1 (Wedepohl, 1971), which was used for the reconstruction of
Baexcess in the central Okhotsk Sea (Nürnberg and Tiedemann, 2004). Consequently,
we also applied the value of Wedepohl (1971).

Export production (PNew) was calculated from Baexcess using the approach of Nürnberg
(1995a) rather than being assessed from TOC, which at our sites is influenced by
terrestrial carbon. Results show that export production during most of the last glacial-
interglacial cycle was commonly low (<50 gC m−2 yr−1) (Fig. 3.6, Tab. 3.4). Only
core 77KL is characterized by two significant increases to >150 gC m−2 yr−1 at ∼12.7–
12.5 ka BP (YD) and ∼9.5-8.5 ka BP. Although both maxima correspond to higher
concentrations of Baexcess, they might be overestimated due to the use of ARBulk in the
calculations, which might as well explain the strong variability of PNew observed during
MIS2–5. However, the range of our results is comparable to those reported for the
central Okhotsk Sea (Nürnberg and Tiedemann, 2004) and the Antarctic continental
margin (Gingele et al., 1999), albeit these studies show lower glacial values of <10 gC
m−2 yr−1. Annual primary production (PP) was estimated from PNew after Eppley
and Peterson (1979) and therefore shows identical temporal changes. Accordingly, PP
mainly remains <150 gC m−2 yr−1 during the last glacial-interglacial cycle and MIS6,
whereas the deglacial maxima in core 77KL translate into PP-maxima of ∼250–300 gC
m−2 yr−1 (Tab. 3.4). Modern PP on the eastern Bering Sea shelf edge (the "Green
Belt") is reported to lie between 175–275 gC m−2 yr−1 (Springer et al., 1996). Values
of >200 gC m−2 yr−1 are reached over the southeastern shelf and >800 gC m−2 yr−1

are reached north of St. Lawrence Island (Stabeno et al., 1999), whereas Arzhanova
et al. (1995) found >400 gC m−2 yr−1 over the western shelf. Consequently, modern
PP values might only have been reached at our Site 77KL since the last deglaciation.

3.4.3. Changes in terrigenous matter supply

Sediments from Shirshov Ridge are characterized by the dominance of siliciclastic ma-
terial (sandy/silty clay) over most of the time span covered by the cores, which only
declines during phases of diatomaceous ooze deposition. Light microscope observa-
tions reveal silt to fine sand-sized angular-shaped quartz grains as major components,
supplemented by minor portions of feldspar and mica. Coarse ice-rafted debris (IRD)
and dropstones (1–2 cm in diameter) are commonly rare although occurring over the
entire length of the cores. Proxy data reflecting changes in terrigenous matter supply
at all sites show similar ranges and temporal variations (Fig. 3.7). Along the core
transect we observe trends of increasing variability towards the southernmost site and,
unlike the productivity proxies, decreasing concentrations. In general, proxy records of
marine productivity and terrigenous matter supply are anticorrelated, which becomes
most evident when comparing the last glacial termination. As noted earlier, records of
magnetic susceptibility and >63 µm are not correlated in any core. Nevertheless, in
core 77KL higher amounts of >63 µm are reflected by higher contents of CaCO3 (and
Ca/Ti log-ratios), indicating that in this core changes in CaCO3 result from higher
foraminiferal abundance in the coarse fraction. Covariation definitely exists between
Al-normalized records of %terrigenous matter and %siliciclastics, thereby showing al-
most identical ranges (Fig. 3.7). This might be an important observation since both
records were derived independently.
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Figure 3.7.: Relative contents of coarse material (<63 µm), terrigenous matter (nor-
malized to Al concentrations of continental crust; Taylor and McLennan, 1995), and the
atomic ratio of potassium (K) to titanium (Ti) (coloured lines), in comparison to records
of magnetic susceptibility, relative amounts of siliciclastics, and XRF K/Ti log-ratios (un-
derlying grey lines) for cores SO201-2-77KL (green lines), -85KL (red lines), and -101KL
(blue lines). MIS were identified using the LR04 stack (Lisiecki and Raymo, 2005) and
are marked by black numbers on top. MIS2, 4, and 6 are highlighted by shaded horizontal
bars.
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Table 3.6.: Statistics of parameters approximating terrigenous matter supply.
SO201-2-77KL SO201-2-85KL SO201-2-101KL
Avg. StDev. Avg. StDev. Avg. StDev.

>63 µm (wt.%) 5.6 3.1 7.5 5.4 7.9 7.4
Magn. Susc. (SI) 6.6 3.3 6.8 5.0 4.5 2.6
%Siliciclastics 88.9 8.8 94.1 4.4 94.9 1.5
%Terrigen (Al-norm.)(1) 82.7 10.2 88.2 7.3 89.3 5.9
%Terrigen (Ti-norm.)(2) 76.6 9.6 84.4 8.4 83.8 6.2
[Ti] (µmol g−1) 86.4 10.9 95.2 9.5 94.5 7.0
[Fe] (µmol g−1) 762 112 792 96 740 90
[Al] (µmol g−1) 2578 316 2751 227 2783 185
(1)using [Al] = 3117 µmol g−1 of continental crust (Taylor and McLennan, 1995)
(2)using [Ti] = 112.8 µmol g−1 of continental crust (Taylor and McLennan, 1995)

The last glacial-interglacial cycle and MIS6 are represented by sediments containing
on average >85% siliciclastics and only <10% coarse material (>63 µm), indeed ty-
ing the terrigenous matter mainly to the fine fractions (Tab. 3.6). Atomic ratios of
potassium (K) to titanium (Ti) show a similar range of 5–7 mol mol−1 in all cores and
correspond to XRF K/Ti log-ratios. We consider changes in this ratio to be indica-
tive of geochemical changes of the terrigenous matter itself. During most of the last
glaciation average values of K/Ti lie between ∼5.5 and 6.0 mol mol−1. Most significant
decreases in %terrigenous matter and %siliclastics are observed during MIS5e and the
Holocene with minima of ∼50% siliciclastics at Site 77KL. At sites 85KL and 101KL
these minima are at ∼60% and ∼70 respectively. Here, atomic K/Ti ratios decrease to
minima of ∼5 mol mol−1. During the B/A, %siliciclastics show less pronounced drops
by up to ∼25% at Site 77KL, whereas this core shows drops by up to ∼15% during
MIS5a and MIS5c. K/Ti records also show reductions by ∼0.5 mol mol−1 in all cores
during these times, while increases of ∼0.5 mol mol−1 are observed at the terminations
of MIS4 (∼62–57 ka BP) and during H1. Subsequent to the B/A, during the YD,
%terrigenous matter and %siliciclastics return to glacial values, which is followed by a
gradual decrease into the Holocene. Records of K/Ti also at first return to glacial val-
ues but then continue to decline during the Holocene. Changes in terrigenous matter
supply during the PB, as recorded for TOC and CaCO3, are not observed. Notably,
the >63 µm records show strongest variability at Site 101KL, and both northerly sites
are characterized by highest amounts of coarse material during Termination II (∼30%
at Site 85KL and ∼60% at Site 101KL). During Termination II records of >63 µm
parallel Ca/Ti log-ratio records in both cores, although contents of CaCO3 remain low.
At ∼124 ka BP >63 µm starts to decline, which is reflected by a synchronous increase
of TOC and opal contents, which not long after start to decline as well (at ∼122 ka
BP). The described proxy ranges and their temporal variability almost compare to
those reported for the central Okhotsk Sea (Nürnberg and Tiedemann, 2004), except
that respective sediment records showed more pronounced peak interglacial minima in
%siliciclastics (∼35%).

3.4.4. Sources of terrigenous matter

In all cores we found significant linear correlations between lithogenous elements Al,
Fe, and Ti (Tab. 3.7), as well as temporal changes that resemble each other for both,
the quantitative XRFBulk analyses and the semiquantitative XRF intensity records
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(Fig. 3.8). This might indicate that these elements originate from the same geochem-
ical source and/or share the same transport mechanism of terrigenous matter. Al
concentrations (concentrations are given in angular brackets hereafter) correlate with
%siliciclastics in cores 77KL (R2 = 0.42) and 85KL (R2 = 0.74), but not in core 101KL
(R2 = 0.08), which might be attributed to the extremely reduced variability of %silici-
clastics recorded in that core. Correlation between [Al] and Al intensities is lower than
between [Ti] and Ti intensities (Tab. 3.3). Hence, Al in our cores might have been
subject to scavenging by organic material and bottom sediment resuspension (Orians
and Bruland, 1986; Nameroff et al., 2004). However, especially during interglacials,
which in our cores are characterized by high contents of TOC and opal, these pro-
cesses should have resulted in an increased accumulation of Al in the sediment, which
is not the case as reflected by decreased [Al]. Accordingly, we consider an influence
of particulate scavenging or biosedimentation variations on [Al] insignificant, which is
supported by Al/Ti ratios that are close to crustal values. Records for [Al], [Fe], and
[Ti] follow the same temporal evolution described earlier for %siliciclastics and K/Ti
with general high values during most of the last glacial-interglacial cycle and MIS6
(∼2600–2800 µmol g−1 for [Al], ∼700–900 µmol g−1 for [Fe], ∼90–100 µmol g−1 for
[Ti]) (Tab. 3.6). During MIS5e and the Holocene in all cores [Al], [Fe], and [Ti] de-
crease by ∼800 µmol g−1, ∼300 µmol g−1, and ∼30 µmol g−1, respectively, while minor
decreases are recorded during MIS5c, MIS5a, and the B/A. From MIS3 to MIS1, [Fe]
is slightly higher in core 77KL than in the other cores. The YD is characterized by a
return of proxy concentrations to glacial values. A gradient regarding concentrations of
the other lithogenous elements along the core transect is not observed. Notably, XRF
intensity records for Fe and Ti show a temporal evolution that seems to be anticorre-
lated to XRF log-ratios of Si/Al and Ba/Al. These results at most compare to those
of cores PC1 in the central Okhotsk Sea (Sato et al., 2002) and RC13-259 south of the
Antarctic Polar Front in the Southern Ocean (Latimer and Filippelli, 2001). However,
these cores show glacial [Al] and [Ti] that are by ∼30% lower than those recorded at
Shirhov Ridge, while glacial [Fe] are almost the same at Site RC12-259. Moreover,
these studies congruently describe interglacial minima (∼100 µmol g−1 for [Al], ∼100
µmol g−1 for [Fe], ∼10–20 µmol g−1 for [Ti]) clearly not found at our sites. This argues
for interglacial inputs of terrigenous matter at Shirshov Ridge that have decreased by
only 30–40% when compared to the last glaciation and MIS6.

Atomic element ratios of Al/Ti and Fe/Al further helped us to characterize the geo-
chemical signature of the terrigenous matter in our sediments. In general, Al/Ti and
Fe/Al ratios remain fairly constant during the last 180 kyr and show similar ranges at
all sites (Fig. 3.9). Distinct glacial-interglacial differences in either ratio are not ob-
served, indicating that the source of the terrigenous matter or its underlying transport
mechanism did not change. This is an interesting result, since records of %siliciclastics,
%terrigenous matter, and lithogenous element concentrations indeed are characterized
by significant variations on the glacial-interglacial level. An exception is Termination
II, which at all sites is characterized by reduced Fe/Al ratios. Al/Ti ratios, however,
do not reflect this pattern.
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Figure 3.8.: Concentrations of lithogenous elements titanium (Ti), iron (Fe), and alu-
minium (Al) (coloured lines), as well as their respective approximating XRF-based inten-
sity records (in cps; underlying grey lines) for Shirshov Ridge cores SO201-2-77KL (green
lines), -85KL (red lines), and -101KL (blue lines). Shaded horizontal bars indicate MIS 2,
4, and 6, whereas black numbers on top mark MIS1-6 (after Lisiecki and Raymo, 2005).
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Table 3.7.: Linear correlation coefficients (R2) between concentrations of lithogenous
elements Al, Fe, and Ti, derived from the same samples.

Core N Ti vs. Al Ti vs. Fe Fe vs. Al
SO201-2-77KL 35 0.85 0.67 0.54
SO201-2-85KL 36 0.59 0.85 0.72
SO201-2-101KL 35 0.70 0.78 0.74

Al/Ti ratios vary between 24–33 (mol mol−1), with minor increases (∼3) during Ter-
minations I and II and at the end of MIS4. The maximum during Termination I is
followed by a successive return to glacial values during the Holocene. Average Al/Ti
values of ∼29.5±3 (2σ; Tab. 3.8) are almost identical with surface sediment values
from Shirshov Ridge (29.4±4, 2σ) and from the eastern Kamchatka continental mar-
gin (32.1±3, 2σ) (Riethdorf, unpublished data, 2011), indicating that past and modern
sources of terrigenous matter are identical. These values compare with Al/Ti ratios
reported for Paleozoic (∼29) and Mesozoic/Cenozoic shales (∼32) from the Russian
Platform (Ronov and Migdisov, 1971), but also with average values for sediment and
continental crust (∼28; McLennan, 1995; Taylor and McLennan, 1995), river particu-
late and mud (∼30; McLennan, 1995), pelagic clay (∼32; McLennan, 1995), as well as
the range reported for loess deposits (∼26–31; Taylor et al., 1983; Pye, 1987; McLen-
nan, 1995). Values are clearly lower than that of the North American shale composite
(∼38; Gromet et al., 1984), but higher than Al/Ti ratios of oceanic tholeiitic basalt
(∼17; Engel et al., 1965) and surface samples from St. George Basin, SE Bering Sea
(∼24; Gardner et al., 1980). Nürnberg and Tiedemann (2004) for sediments from the
central Okhotsk Sea report a different range that is extended to higher values (∼24–
45).

The overall variability of Fe/Al ratios lies between 0.20–0.34 (mol mol−1) (Fig. 3.9).
The observed range for Fe/Al is in agreement with results from the central Okhotsk
Sea (Nürnberg and Tiedemann, 2004). In contrast to Al/Ti, Fe/Al ratios on our core
transect are slightly higher at the southernmost site. Especially during MIS1–3, and
MIS5 differences of up to ∼0.06 occur. During Termination I all cores record a decrease
of ∼0.04 and a subsequent return to glacial values in the Holocene. A similar range
for Fe/Al (0.22–0.39), as well as a latitudinal trend towards higher values in the south
is observed in surface sediment samples from Shirshov Ridge (Riethdorf, unpublished
data, 2011). Our Fe/Al ratios compare with those reported for the North American
shale composite and average mud (∼0.24; Gromet et al., 1984; McLennan, 1995),
Mesozoic/Cenozoic (∼0.26) and Paleozoic (∼0.28) Russian Platform shales (Ronov
and Migdisov, 1971), average values for river particulate (∼0.25) and sediment (∼0.27;
McLennan, 1995). Oceanic tholeiitic basalt (∼0.28; Engel et al., 1965) and surface
samples from St. George Basin (∼0.28; Gardner et al., 1980) also apply to the overall
range. The value for bulk continental crust is higher (∼0.41; Taylor and McLennan,
1995), while loess deposits show a lower range between ∼0.17–0.25 (Taylor et al., 1983;
Pye, 1987; McLennan, 1995). From these results we conclude that sediments from
Shirshov Ridge represent a mixture of geochemical signatures from aeolian sediments
(loess) and continental sources that are supposedly not influenced by North American
shales. Along our core transect, continental and aeolian influences might successively
decrease with increasing distance from the coast.
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Figure 3.9.: Temporal variations of atomic Al/Ti and Fe/Al ratios in cores SO201-2-
77KL (green lines), -85KL (red lines), and -101KL (blue lines). Note scale of Fe/Al is
inversely plotted. All sites are characterized by overall low variability and similar temporal
trends. While Al/Ti ratios are characterized by similar ranges in all cores, Fe/Al ratios
become successively higher towards the southernmost site (77KL), especially during MIS2
and MIS3. Note reduced Fe/Al ratios during Termination II. The minimum (maximum)
in Al/Ti (Fe/Al) at Site 85KL during MIS4 (∼64 ka BP) corresponds to the respective
maximum in the concentration of Ti (Fe) (Fig. 3.8), as well as maxima in coarse material
and magnetic susceptibility (Fig. 3.7), and XRF logging data of Ca intensities and Ca/Ti
log ratios in that core (Fig. 3.4). MIS are given by black numbers on top (after Lisiecki
and Raymo, 2005), and MIS2, 3, and 6 are indicated by shaded horizontal bars.

3.4.5. Transport mechanism and source area

Possible mechanisms for the transport of terrigenous matter to Shirshov Ridge encom-
pass fluvial and aeolian supply as well as sea-ice rafting. Major rivers entering the
Bering Sea are the Yukon (NW Alaska) and Anadyr (NE Siberia) rivers (Fig. 3.1).
As both rivers are situated at rather long distances from Shirshov Ridge, ca. 1300 km
in case of Yukon, and given that further minor river systems in the surrounding of
the Bering Sea (like Apuka river) are rare, we consider particulate material transport
by rivers as insignificant for Shirshov Ridge sedimentation. Wind transported aerosols
present in N Pacific sediments are restricted to the source areas of the transported
material. Sources of wind-transported material in the vicinity of our study area are
most likely situated in NE Siberia. Model results of global desert dust deposition com-
pared with sediment trap data show fluxes of 500–1000 mg m−2 yr−1 for the Bering
Sea (Mahowald et al., 2005), indicating that today aeolian input is negligible. This,
however, might have been different during MIS2–3 as indicated by the higher Fe/Al
ratios in core 77KL. The higher Fe/Al ratios towards southern Shirshov Ridge sites
might as well be the result of dust deposits relatively enriched in Fe.
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Table 3.8.: Range, average and variability of atomic elemental ratios in cores -77-KL,
-85KL, and -101KL.

SO201-2-77KL SO201-2-85KL SO201-2-101KL
Al/Ti Fe/Al Al/Ti Fe/Al Al/Ti Fe/Al

Average 29.9 0.30 29.0 0.29 29.5 0.26
Standard deviation 1.5 0.03 1.5 0.02 1.2 0.02
Maximum 34.1 0.34 32.3 0.36 32.4 0.30
Minimum 24.9 0.17 22.1 0.23 27.8 0.21

Accordingly, we suggest that sea-ice rafting is and has been the prevailing transport
agent of terrigenous matter at our sites, which lie in the glacial drift ice area that
was suggested by Katsuki and Takahashi (2005). Processes entraining sediment into
newly formed ice involve tidal sea-level oscillations, wind mixing, resuspension of sed-
iments from the sea-floor (suspension freezing), beach-ice formation, nearshore anchor
ice formation, seabed freezing, as well as aeolian deposition on top of the ice (e.g.
Nürnberg et al., 1994; Stein, 2008, and references therein; Nürnberg et al., 2011, and
references therein). Especially during fall and winter, storms affect reworking and re-
suspension processes by sea-ice crushing, mixing of the water column, and detachment
of the sediment-laden ice from the coast. The sediment freight is released by sea-ice
melting, especially during spring/summer, and then contributes to (hemi-) pelagic sed-
imentation. For the Arctic, Nürnberg et al. (1994) reported on sediments entrained
in sea-ice to be generally fine grained (clayey silts, silty clays) and mainly composed
of quartz, clay minerals and diatom flora. Sediments from the central Okhotsk Sea,
which are also assumed to originate from sea-ice rafting are described as mainly clay
and silt-sized siliciclastics (>65% siliciclastics) featuring dropstones (3–5 cm), and var-
ious lithogenic components (mainly quartz, rock fragments, mica, and dark minerals),
with regionally different IRD composition (Nürnberg and Tiedemann, 2004; Nürnberg
et al., 2011). The described overall composition is comparable to that of our sediment
cores, although validation via IRD component analysis should be a future task.

We favor sea-ice over iceberg transport due to the dominance of silt- and clay-sized
terrigenous material in our cores, the absence of large dropstones, and the fact, that
today no marine-terminating glaciers exist around the Bering Sea realm. Moreover,
the presence of the Beringian Ice Sheet during the LGM (e.g. Grosswald and Hughes,
2002) seems to be disproved (e.g. Brigham-Grette et al., 2001; Karhu et al., 2001;
Brigham-Grette et al., 2003). From geochronological investigations, Kaufman et al.
(1996) suggested that in Bristol Bay, southwestern Alaska, the most recent major ice
advance occurred between ∼75–90 ka BP. For MIS3, Bigg et al. (2008) proposed the
existence of a large Kamchatka-Koryak Ice Sheet with marine-terminating ice margins
and iceberg discharge at ∼40 ka BP, which was disproved by Nürnberg et al. (2011).
Our cores are lacking evidence for such an event not supporting the iceberg migration
paths suggested by Bigg et al. (2008), although icebergs calved from marine-terminating
glaciers might have reached Bowers Ridge. Furthermore, a recent study by Barr and
Clark (2011) indicates that at least during the LGM Kamchatkan climate was too arid
for the development of large continental ice sheets. As our records of coarse material
show a similar variability during most of the last glacial-interglacial cycle (including
the LGM), we do not affirm the influence of iceberg-related IRD from Kamchatkan
marine-terminating glaciers at our sites. The variability seen in amounts of coarse
material is rather caused by temporal changes in the intensity of sea-ice rafting. Since
dropstones are a rather uncommon feature in our cores, which, if present, appear as
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well rounded pebbles, we favor a beach deposit origin and tidal pumping, suspension
freezing and beach-ice formation to be responsible for the entrainment of terrigenous
matter into newly formed sea-ice.

Only shallow shelf areas provide favorable conditions for sea-ice formation. A large
continental shelf characterizes the eastern Bering Sea, while relatively small shelf areas
exist in its northern and northeastern parts. From mineralogical and petrographical
studies, Lisitzin (2002) identified seven mineralogical provinces for western Bering Sea
surface sediments together with their possible migration paths. He found that both,
coarse silt material and the larger grain-size fractions (pebbles, gravel, boulder) are
controlled by sea-ice and share the same provinces and transport pathways. Regarding
these results the Koryak Coast, Olyutorskii Bay, and northern Kamchatka provinces
can be considered as source areas for the ice-rafted material in Shirshov Ridge sedi-
ments (Fig. 3.1). Modern seasonal sea-ice formation begins during October/November
in Anadyr Bay, which might as well be taken into consideration as potential source
area. In this respect, the K/Ti ratio might be helpful, since it is linked to acidic (more
K) and basaltic (more Ti) source rocks (Richter et al., 2006), and thus can be used to
track temporal changes in sediment sources weathered from these rocks. We observed
relatively increased K/Ti ratios at times when terrigenous matter supply is thought to
be enhanced and marine productivity is supposedly reduced. Considering sea-ice raft-
ing to mainly drive the observed changes marine productivity and terrigenous matter
supply, hence would characterize the geochemical source of terrigenous matter (and
consequently the ice-rafted material) as being relatively increased in K. Both, Koryak
Coast and Olyutorskii Bay are characterized by basaltic index rocks (Lisitzin, 2002).
Unfortunately, geochemical data do not exist to clearly exclude these areas as poten-
tial source areas. The northern Kamchatka province instead is described as a mixed
terrigenous-volcanogenic sediment source (Lisitzin, 2002). Shirshov Ridge cores feature
marker tephra layers of which most have a homogeneous rhyolitic (acidic) composition
and most probably originate from Kamchatkan volcanoes (Derkachev et al., 2011).
Furthermore, surface sediment samples from northern Kamchatka and Shirshov Ridge
show K/Ti ratios similar to our sediment records (5.27±1.04, 2σ, Riethdorf, unpub-
lished data, 2011), which at first glance would imply that sediments from these areas
share the same geochemical source. However, predominantly northwesterly wind direc-
tions or southeastward flowing surface currents would be required to transport newly
formed sea-ice from northern Kamchatka to Shirshov Ridge where it can release the
entrained sediment.

In a modelling study, Zhang et al. (2010) quantified the sea-ice response to changes in
atmospheric and oceanic forcing in the modern Bering Sea and found that interannual
variability in Bering Sea ice cover is controlled by wind-driven ice mass advection. How-
ever, mean ice mass advection in this model clearly is southeastward leaving Anadyr
Bay as the remaining potential source area. Indeed, bottom sediment provinces of
Anadyr Bay contain acidic index rocks (granite, quartz porphyry, granophyre; Lisitzin,
2002), which might provide the ice-rafted material. Nevertheless, further geochemical
investigations are definitely needed to verify this assumption.



58 3.4. Results and discussion

3.4.6. Environmental changes in the Bering Sea during the last
180 kyr

Glacial situation

Most of the last glacial-interglacial cycle, specifically MIS2–4, MIS5b/d, and MIS6,
are characterized by extremely low contents of TOC, opal, CaCO3, Baexcess and their
approximating XRF logging data, indicating strongly reduced, but maintained, primary
productivity. Although regionally different, low glacial export production characterizes
the whole subarctic N Pacific during the last 800 kyr (for a review see Kienast et al.,
2004). In contrast, amounts of coarse material and siliciclastics, contents of lithogenous
elements, as well as LSR show high values during these stages, indicating high input of
terrigenous matter at our sites. This is in agreement with proposed glacial situations
for the Okhotsk Sea (Nürnberg and Tiedemann, 2004; Nürnberg et al., 2011).

From an increase in IRD accumulation rates and a change in IRD composition, Nürn-
berg et al. (2011) argued for extreme glacial ice conditions in the Okhotsk Sea during
MIS6 with a potentially perennial ice coverage. From our results, we can not infer
that at Shirshov Ridge conditions during MIS6 were significantly different from those
during later glacial stages. Glacial conditions in the Okhotsk Sea are supposed to be
similar to the modern winter situation of a strong Siberian High and a weak Aleutian
Low, thereby resulting in strong offshore, northerly winds (Nürnberg and Tiedemann,
2004; Nürnberg et al., 2011). This situation might as well apply to the adjacent Bering
Sea and might have resulted in enhanced sea-ice formation under a generally colder
climate, thereby explaining the higher LSR and terrigenous inputs. Lowered subsur-
face temperatures at least during MIS2 and MIS3 are supported by low numbers of
planktonic foraminifera (dominated by polar species N. pachyderma (sin.) and re-
duced/absent numbers of Globigerina bulloides) at Bowers Ridge (Gorbarenko et al.,
2005). The notion of a spatially extended sea-ice coverage fostered by a shortened sum-
mer season as a result of lower insolation, can hamper light and nutrient availability in
the surface ocean. Since primary production is limited by the availability of light and
nutrients, which are transported to the euphotic zone by upwelling or vertical winter
mixing, a prolonged sea-ice season would consequently lead to the reduction in marine
productivity observed at our sites. An extended sea-ice coverage might also have re-
sulted in less wind-induced winter mixing by directly decoupling the wind from the sea
surface, which should be reflected by stronger nutrient utilization. Indeed, bulk sedi-
ment and diatom-bound nitrogen isotope ratios (δ15N) measured in core 17JPC from
Bowers Ridge (Brunelle et al., 2007) show higher glacial than interglacial values (Fig.
3.10), thereby supporting enhanced glacial nitrate utilization and confirming earlier
assumptions of suppressed vertical mixing in the glacial Bering Sea (Nakatsuka et al.,
1995).

It has been speculated, that the net-inflow of Alaskan Stream waters (Fig. 3.1) into the
Bering Sea was reduced at times when the Bering Strait and/or other Aleutian passes,
like Unimak Pass (70 m deep), were closed due to lower glacial sea-level, thereby
affecting Beringian climate (Pushkar et al., 1999; Tanaka and Takahashi, 2005). In
consequence, nutrient supply to the Bering Sea should have been further limited and
nitrate utilization should have been even more amplified at times of reduced inflow of
Pacific waters. Considering an approximate sill depth of 50 m for the Bering Strait, the
global relative sea-level (RSL) reconstruction of Waelbroek et al. (2002), based on
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Figure 3.10.: Records of linear sedimentation rates (LSR), XRF-based Si/Al log-ratios
reflecting changes in marine productivity, as well as K/Ti log-ratios and Fe intensities
reflecting changes in terrigenous matter supply at sites SO201-2-77KL (green lines), -
85KL (red lines), and -101KL (blue lines) for the last 180 kyr. Logging data are smoothed
by 5-point running averages. Relative sea-level (RSL) is after Waelbroek et al. (2002).
The dashed horizontal line indicates RSL of -50 m, reflecting the approximate sill depth
of the Bering Strait. |∆RSL| reflects the absolute difference between the RSL record and
the Bering Strait sill depth. Summer insolation at 65◦N (July–August) was calculated
after Laskar et al. (2004). For comparison, records of diatom-bound and bulk nitrogen
isotope ratios (δ15N) for core HLY02-02-17JPC from Bowers Ridge are shown indicating
changes in nitrate utilization (data from Brunelle et al., 2007). MIS were identified using
the LR04 stack (Lisiecki and Raymo, 2005) and are marked by black numbers on top.
MIS2, 4, and 6 are highlighted by shaded horizontal bars.
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cores from the N Atlantic and the equatorial Pacific, implies sea-level lowstand and a
closed Bering Strait during MIS6, as well as in between MIS2 and MIS4 until the PB
(Fig. 3.10). Keigwin et al. (2006) suggested the last major opening of Bering Strait
between 12–11 ka BP. RSL changes in the Bering Strait are reported to be predomi-
nantly controlled by eustatic changes and to considerably influence deep convection in
the N Atlantic (Hu et al., 2010). δ15N values in Bowers Ridge core 17JPC are highest
during MIS2 and MIS3 (Fig. 3.10), supporting the influence of RSL on stratification
and, hence, nitrate utilization in the Bering Sea. Moreover, we observe increasing LSR
at times when RSL approaches the approximate sill depth of the Bering Strait. At the
same time maxima in the K/Ti ratio are recorded (Fig. 3.10). Accordingly, from our
interpretation of K/Ti ratios we suggest that the intensity of sea-ice rafting is most en-
hanced at times when sea level changes cause the opening/closure of the Bering Strait,
thereby resulting in stronger erosional processes on the flooded/exposed shelf areas.

Today, primary production in HNLC regions is limited by the availability of Fe (Fe-
fertilization). During glacials increasing primary production was observed in the HNLC
region of the equatorial Pacific, implying a link to Fe delivery (Murray et al., 2012).
Notably, although the western deep basin of the Bering Sea is considered as HNLC
(Tyrrell et al., 2005), we found high glacial concentrations of Fe despite low marine
productivity. Accordingly, we favor sea-ice influence over Fe-fertilization as the limiting
factor of primary production on glacial-interglacial timescales in the western Bering
Sea. Evidence for seasonal sea-ice formation in the Bering Sea during glacial periods
comes from diatom and radiolarian assemblages (Katsuki and Takahashi, 2005; Tanaka
and Takahashi, 2005) and is supported by our study. Gorbarenko et al. (2005) argued
that during MIS2 a strengthened Subarctic Front led to a reduced flow of (warmer)
surface waters from the Pacific to the Bering Sea via the Aleutian passes, which is
supported by results from Katsuki and Takahashi (2005) and which, although driven
by another mechanism also supports our assumptions.

Finally, the overall low CaCO3 concentrations point towards the presence of corrosive
bottom waters as a consequence of organic matter degradation under oxic bottom
water conditions rather than the complete absence of calcifiying plankton organisms,
a mechanism only recently suggested for the Bering Sea by Kim et al. (2011). If
correct, this implies, that either dissolved oxygen is transported to the sea-floor by the
formation of intermediate water within the Bering Sea itself, or due to an inflow of
O2-rich water masses from the Pacific side. Sea-ice formation in the Bering Sea due
to brine rejection results in denser, O2-rich surface waters (e.g. Niebauer et al., 1999),
and thus might have maintained the production and ventilation of intermediate water.
However, as the modern origin of North Pacific Intermediate Water (NPIW) lies in
the Okhotsk Sea (Yasuda, 1997; Cook et al., 2005) and during glacial stages a closed
Bering Strait prevented inflow of surface waters from the Arctic Ocean into the Bering
Sea (Takahashi, 1998, 1999), inflow of water masses from the N Pacific can not be ruled
out.

Interglacial situation

Compared to the glacial situation, interglacials, as well as MIS5a and MIS5c, show
increased marine productivity and decreased terrigenous matter supply, which is op-
posite to the glacial situation. Strongest variability is recorded at Site 77KL, implying
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slight meridional differences along the core transect. Especially during MIS5e and the
Holocene, variability and concentration ranges of marine productivity proxies at Site
77KL better compare to those reported for Bowers Ridge, whereas sites 85KL and
101KL resemble records from the northern slope of the Aleutian Basin and the central
Okhotsk Sea. CaCO3 contents remain at or close to glacial values implying a similar
bottom water calcite saturation state. Increased marine productivity most probably
resulted from reduced sea-ice formation during an insolation-induced prolonged sum-
mer season. The reduced strength of the atmospheric pressure systems might have
further contributed to less intense sea-ice formation. Decreased K/Ti ratios and LSR
are congruent with this interpretation. However, the observed concentrations of Al,
Fe, and Ti, only imply a reduction of ∼30–40% in terrigenous matter supply. Changes
in XRF-based Si/Al log-ratios are in good agreement with mean insolation calculated
after Laskar et al. (2004) for boreal summer (July–September) at 65◦N (Fig. 3.10),
and alkenone-derived SST-records for our sites verify higher values for the Holocene
(Max et al., in review). High Si/Al log-ratios (and opal contents) are also reached
during MIS5a and MIS5c when summer insolation is high as well. The less extended
sea-ice coverage or its later build-up allows for sufficient light availability during the
productive seasons and for more intense winter mixing, thereby returning nutrients to
the surface layer. The enhanced melting of sea-ice during spring/summer would further
have strengthened the halocline. At Bowers Ridge Site 17JPC, δ15N values are lowest
during interglacials (Brunelle et al., 2007, 2010) and they remain also low during most
of MIS5 (Fig. 3.10), implying reduced nitrate utilization as a consequence of enhanced
vertical mixing. Better availability of nutrients and a reduced sea-ice coverage might
have been fostered by an open Bering Strait and Unimak Pass, allowing for enhanced
inflow of water masses from the Alaskan Stream. Other studies consider a strengthen-
ing of the Alaskan Stream and consequently the BSC in turn reducing sea-ice formation
and enhancing nutrient supply and vertical mixing (Gorbarenko et al., 2005; Okazaki
et al., 2005a; Kim et al., 2011). This situation might also be responsible for the ob-
served gradient along our core transect with considerably more sea-ice influence and
hence higher terrigenous input towards Site 101KL and conditions becoming more fa-
vorable for marine productivity towards Site 77KL. At this site the opal concentrations
are highest and can be explained as open-water spring blooms (Niebauer et al., 1995)
at times of ice-free conditions and enhanced seasonal stratification. Since opal concen-
trations were higher during MIS5e than during the Holocene, this situation might have
been amplified during the last interglacial by more reduced sea-ice influence.

Deglacial situation

At sites 85KL and 101KL, the situation during Termination II does not resemble that
of Termination I. Remarkably, our proxy records resemble the deglacial evolution in
the N Atlantic, supporting quasi-synchronity with the deglacial climate evolution in
the N Atlantic (Max et al., in review). The most notable feature of Termination II
is the extremely high amount of coarse material, not observed previously or later at
any site (Fig. 3.7). It is accompanied by minima in all productivity proxies, minima
in concentrations of [Al], [Fe], and [Ti], but %siliciclastics that remain on the glacial
level. Only Site 101KL is subject to a minor decrease in Al-normalized amounts of
terrigenous matter. However, cores 85KL and 101KL show a decrease in Fe/Al ra-
tios during that time, which might indicate a different source. When compared to
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the RSL record (Waelbroek et al., 2002), specifically, its absolute difference to the
approximate sill depth of Bering Strait (|∆RSL|=|RSL+50 m|), LSR records show al-
most synchronous extrema during the last 180 kyr (Fig. 3.10). The most pronounced
maxima in >63 µm during both terminations mirror the respective minima in |∆RSL|,
which reflect the times of most pronounced sea-level rise, when most of the Bering Shelf
was overflown/drained. Accordingly, we consider sediments covering Termination II at
sites 85KL and 101KL to be affected by erosional processes as a consequence of strong
deglacial sea-level rise.

During Termination I high marine productivity but low terrigenous input is observed
during the B/A and PB warm phases, which are preceded by the H1 and YD cold
phases, respectively. In contrast, H1 and the YD are characterized by reduced ma-
rine productivity and enhanced terrigenous matter supply. The early deglacial phase
starts with continuously rising [C/N]a ratios just after the LGM at ∼17 ka BP. At
the same time LSR and TOC show increasing values, while XRF count rates of Br re-
main constant. This is explained by higher input of terrestrial organic matter derived
from flooded shelf areas in the course of sea-level rise and was previously suggested
for the Okhotsk Sea (Ternois et al., 2001; Seki et al., 2003) and the Bering Sea (Khim
et al., 2010). Notably, Khim et al. (2010) for the northern slope of the Aleutian Basin
report increasing C/N ratios, TOC and Al contents already at ∼19 ka BP, which is
∼2,000 years earlier than at our sites. This timelag for increased terrigenous carbon
input suggests that both locations are supplied from different sources. Accordingly, ter-
restrial runoff from Yukon River denitrifying the eastern Bering Sea continental shelf
might have had a stronger influence on the northern slope area. As, e.g., the north-
ern Kamchatka continental shelf was considerably less extended and shallower, shelf
denitrification due to sea-level rise in this region might indeed have started later.

Due to increasing LSR and K/Ti ratios at our sites, as well as high %siliciclastics,
we propose enhanced sea-ice rafting during H1, thereby also explaining low contents
of opal and Baexcess. Evidence for stronger sea-ice rafting comes from the significant
increase in the abundance of sea-ice-related diatom genus Nitzschia at Umnak Plateau
(Cook et al., 2005). Like during glacial stages, primary production might have been
restricted by reduced availability of light and nutrients and a shortened summer sea-
son. However, Bering Sea cores are marked by a sudden decrease of bulk sedimentary
and diatom-bound δ15N (Fig. 3.10), pointing to decreased nitrate utilization due to
increased nutrient supply by enhanced vertical mixing (Brunelle et al., 2007, 2010; Kim
et al., 2011). Support for intensified mixing and/or overturning during H1 comes from
reduced ventilation ages in the subarctic N Pacific realm (Ohkushi et al., 2004; Sarn-
thein et al., 2007; Sagawa and Ikehara, 2008; Okazaki et al., 2010) as well as modeling
studies (e.g. Okazaki et al., 2010; Chikamoto et al., 2012; Menviel et al., 2012), and
was related to the disappearance of the halocline (Menviel et al., 2012). The low δ15N
values then might be explained by restricted marine productivity during a still short-
ened but successively extending summer season, despite sufficient nutrient availability
caused by enhanced winter mixing. Enhanced winter mixing, however, requires a less
extended sea-ice coverage or its later build-up, thereby implying that rising tempera-
tures might have led to more dynamic ice conditions and northward propagating ice
margins. Indeed, rising SST and beginning coccolithophorid production are inferred
from first detectable concentrations of alkenones during H1 (Caissie et al., 2010; Max
et al., in review). Increasing insolation and sea level rise might have further amplified
the surface ocean warming via inflow of Pacific waters. During the YD cold phase, our
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records also indicate reduced marine productivity and enhanced terrigenous matter
supply with proxy values that almost compare to those recorded during H1 and other
cold stages of the last glacial-interglacial cycle. This is confirmed by other studies from
the Bering Sea (Cook et al., 2005; Gorbarenko et al., 2005; Brunelle et al., 2010) and
indicates similar environmental conditions.

The onset of the B/A, and to a lesser degree also the PB phase, is characterized
by a sharp increase or at least higher-than-glacial values of all productivity proxies,
while LSR, as well as amounts of coarse material, %siliciclastics, and concentrations
of lithogenous elements significantly decline. Similar observations regarding changes
in marine productivity have previously been reported for the Bering Sea (Gorbarenko,
1996; Cook et al., 2005; Gorbarenko et al., 2005; Okazaki et al., 2005a; Khim et al.,
2010) and other parts of the subarctic N Pacific (Keigwin and Jones, 1990; Keigwin
et al., 1992; Gorbarenko, 1996; Keigwin, 1998; Crusius et al., 2004; McKay et al., 2004;
Gebhardt et al., 2008). In contrast to CaCO3, contents of opal, suggested to originate
from spring blooms of siliceous plankton, remain low. Accordingly, we suggest further
reduced sea-ice rafting and coverage, now developing into a more dynamic transport
agent for terrigenous matter, which is supported by lowered K/Ti ratios. In conse-
quence, a prolonged sea-ice free summer season was established favouring calcareous
plankton blooms. Decreasing contents of CaCO3 (and opal) along the core transect
towards Site 101KL might indicate stronger sea-ice influence there. The suggested
summer situation relies on increased SST, which for our and other Bering Sea sites
is confirmed by alkenone-based reconstructions (Caissie et al., 2010; Max et al., in
review) and according concurrent changes in foraminiferal assemblages (Gorbarenko
et al., 2005). Since increased SST during summer would amplify sea-ice melting, we
would expect the establishment or strengthening of a seasonal halocline, thereby re-
sulting in enhanced upper-ocean stratification. The according surface water freshening
is supported by higher abundances of radiolarian species Rhizoplegma boreale (Kim
et al., 2011), as well as brackish diatom species Paralia sulcata (Gorbarenko et al.,
2005). Further evidence for enhanced stratification during the B/A comes from higher
subarctic N Pacific ventilation ages (Adkins and Boyle, 1997; Ahagon et al., 2003;
Ohkushi et al., 2004; Sagawa and Ikehara, 2008; Okazaki et al., 2010) and from an
increase in δ15N values (bulk and diatom-bound; Fig. 3.10) implying increased nitrate
utilization or even denitrification of seawater nitrate (Brunelle et al., 2007, 2010; Khim
et al., 2010). Obviously, winter mixing was insufficient to compensate this high nitrate
utilization or was reduced as well.

It might further be speculated, that high marine productivity associated with reduced
sea-ice formation might have resulted in organic matter supply exceeding its degra-
dation by available concentrations of dissolved O2. As a consequence, bottom water
conditions might have become dysoxic or anoxic, impeding benthonic life and favouring
laminae formation. Indeed, formation of dysoxic or laminated sediment formation is
observed at oxygen minimum zone (OMZ) depths in the entire N Pacific and Bering
Sea (van Geen et al., 2003; Cook, 2006, and references therein) and most probably was
related to an intensification of the OMZ (Zheng et al., 2000). Accordingly, a subse-
quent rise in alkalinity and a deepening of the CCD might have been responsible for
the observed enhanced carbonate preservation at our and other Bering Sea sites during
the B/A and PB.
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Millennial-scale changes (interstadial situation)

Our cores from Shirshov Ridge recorded changes in sediment composition that might
be related to D/O-events (interstadials) registered in the NGRIP ice core during the
last 123 kyr. These compositional changes, which are also recorded during MIS6,
are characterized by short-lived maxima in color b* and Ca/Ti log-ratios appearing
synchronous with minima in XRF intensities of Al, Fe, and Ti. We consider these short-
lived events as brief intervals of enhanced marine productivity, decreased terrigenous
matter supply, and a higher bottom water calcite saturation state. Intermittently
recorded minima in [C/N]a reflect higher portions of marine-derived organic carbon.

Millennial-scale climate changes, connected to N Atlantic D/O-events, are reported to
have occurred during the last 70 kyr, especially during MIS3, at Bowers Ridge (Gor-
barenko et al., 2005), the northern slope of the Aleutian Basin (Kim et al., 2011), as
well as in the Santa Barbara Basin, NE Pacific (Behl and Kennett, 1996; Hendy and
Kennett, 2000; Ortiz et al., 2004). They were also detected in stalagmites from China
(Wang et al., 2001) which implies a Northern Hemisphere-wide, fast-acting teleconnec-
tion. Kennett and Ingram (1995) proposed a tight atmospheric coupling mechanism
operating between the N Atlantic and N Pacific directly affecting the ventilation of
NPIW. This explanation has also been applied to interstadial conditions of the last
glacial period pointing towards weak ventilation of NPIW during interstadials com-
bined with increased biological productivity (Behl and Kennett, 1996; Hendy and
Kennett, 2000; Kim et al., 2011). Atmospheric rather than oceanic teleconnections
are consistent with the observed δ18O variability in the Chinese stalagmite records.
Accordingly, temperature changes in Greenland were related to the intensity of the
East Asian Monsoon (Wang et al., 2001). Results from Gorbarenko et al. (2005) also
suggest warmer interstadial SSTs from high abundances of thermophilic diatom and
planktonic foraminiferal species. Recently, Kim et al. (2011) found brief episodes of
high bulk δ15N values at the northern Bering Sea slope that were related to D/O-events,
which would indicate increased nitrate utilization and/or denitrification. At our sites,
interstadial maxima in Ca/Ti log-ratios imply enhanced carbonate preservation, a re-
sult verified by other studies (Gorbarenko et al., 2005; Kim et al., 2011). Hence, we
speculate that short-lived changes in sediment composition recorded at our sites might
be related to D/O-events and reflect conditions similar to those recorded during the
B/A. We can, however, neither argue for nor against an in-phase evolution between
interstadials recorded in the N Pacific and in the N Atlantic.
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3.5. Summary and conclusions

During the last 180 kyr, the Bering Sea paleoenvironment was characterized by the
close coupling of insolation and sea-level changes controlling atmospheric circulation
patterns, sea-ice dynamics and upper-ocean stratification. These processes, in turn,
are responsible for the recorded variability in marine productivity and terrigenous
matter supply. We used sediment cores from Shirshov Ridge, western Bering Sea, re-
covered along a north-south transect from intermediate water depths, to reconstruct
these changes by means of geochemical and sedimentological analyses, as well as high-
resolution core logging procedures, conducted in a multi-proxy approach. The un-
derlying stratigraphy was generated by a combined approach using core logging data,
oxygen isotope stratigraphy, magnetostratigraphy, and AMS-14C dating.

Our sediment records allow for centennial to millennial-scale reconstructions. Marine
productivity, dominated by siliceous plankton, remained low during most of the last
glacial-interglacial cycle and MIS6, when the Bering Strait was closed and summer
insolation was weak. Significant increases occured during interglacials, as well as dur-
ing MIS5a and MIS5c, at times when insolation was high and the Bering Strait was
open. Sediment composition is dominated by terrigenous, siliciclastic material mainly
bound to the silt and clay-size fraction. Terrigenous matter supply is generally high
during the last 180 kyr and reductions of ∼30–40% mainly occur during interglacials,
but also during MIS5a and MIS5c. Changes in terrigenous matter supply and marine
productivity occur synchronously and show anticorrelated proxy behaviour. Differ-
ences are found along our core transect, suggesting stronger sea-ice influence towards
the northern Shirshov Ridge sites, and, hence, higher marine productivity towards the
southernmost site. Sea-ice rafting is considered as the predominant transport agent for
terrigenous material and to limit marine productivity during cold stages. Geochemi-
cal signatures of surface and core sediments are a mixture of aeolian and continental
sources, indicating that Shirshov Ridge sediments most likely originate from Anadyr
Bay which were widely distributed after having formed in coastal areas.

From our results we propose scenarios for environmental change in the Bering Sea dur-
ing glacial, interglacial, and deglacial times. During the last glacial termination, our
sites were subject to distinct environmental changes resembling the deglacial evolution
in the N Atlantic, which supports the idea of Northern Hemisphere-wide acting atmo-
spheric teleconnections. The situation during the H1 and YD cold phases compared to
that of glacial times with enhanced sea-ice rafting limiting marine productivity during
a shortened summer season. Vertical mixing, however, seems to have been stronger. In
contrast, the B/A and PB warm phases were characterized by enhanced marine produc-
tivity as a result of a prolonged summer season and reduced sea-ice rafting. Along with
enhanced upper-ocean stratification these observations are in accordance with higher
nitrate utilization or denitrification of seawater nitrate and better CaCO3 preservation.
Moreover, we found evidence for abrupt environmental changes that might be related
to interstadials recorded in the N Atlantic, thereby reflecting the situation proposed
for the B/A.
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3.6. Supplementary information

3.6.1. Age models

Age models for cores SO201-2-77KL, -85KL, and -101KL are given in Tables 3.9, 3.10,
and 3.11, respectively.

Table 3.9.: Age-depth points for core SO201-2-77KL. AMS-14C ages have been derived
from Max et al. (in review) and are given with 1σ-ranges (in cal. ka BP).

Core Depth Cal. Age Approach
(cm) (ka BP)

SO201-2-77KL 6 2.0(1) color b* vs. color b* (SO201-2-12KL)
SO201-2-77KL 49 7.6(1) color b* vs. color b* (SO201-2-12KL)
SO201-2-77KL 103 10.3 Carbonate spike 1
SO201-2-77KL 105.5 / AMS-14C dating (10.05-10.15)(2)

SO201-2-77KL 115.5 / AMS-14C dating (11.17-11.22)(3)
SO201-2-77KL 116 11.2 Carbonate spike 2
SO201-2-77KL 126 11.6 color b* vs. NGRIP
SO201-2-77KL 155.5 12.62 AMS-14C dating (12.61-12.73)
SO201-2-77KL 168.5 13.83 AMS-14C dating (13.82-13.97)
SO201-2-77KL 180.5 14.75 AMS-14C dating (14.50-14.95)
SO201-2-77KL 187 15.1 color b* vs. color b* (85KL)
SO201-2-77KL 221 17.0 color b* vs. color b* (85KL)
SO201-2-77KL 258 21.5 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-77KL 381 35.5 color b* vs. color b* (85KL)
SO201-2-77KL 393 37.2 color b* vs. color b* (85KL)
SO201-2-77KL 443 42.0 color b* vs. color b* (85KL)
SO201-2-77KL 478 46.9 color b* vs. color b* (85KL)
SO201-2-77KL 596 59.5 color b* vs. color b* (85KL)
SO201-2-77KL 656 64.7 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-77KL 722 70.8 color b* vs. color b* (85KL)
SO201-2-77KL 736 72.3 color b* vs. color b* (85KL)
SO201-2-77KL 777 76.4 color b* vs. color b* (85KL)
SO201-2-77KL 796 77.7 color b* vs. color b* (85KL)
SO201-2-77KL 849 84.7 color b* vs. color b* (85KL)
SO201-2-77KL 898 89.1 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-77KL 986 101.5 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-77KL 1043 108.0 color b* vs. color b* (85KL)
SO201-2-77KL 1100 116.9 color b* vs. color b* (85KL)
SO201-2-77KL 1120 120.2 color b* vs. color b* (85KL)
SO201-2-77KL 1166 124.2 color b* vs. color b* (85KL)
(1)uncertain age; (2)used to define carbonate spike 1; (3)used to define carbonate spike 2
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Table 3.10.: Age-depth points for core SO201-2-85KL. AMS-14C ages have been derived
from Max et al. (in review) and are given with 1σ-ranges (in cal. ka BP).

Core Depth Cal. Age Approach
(cm) (ka BP)

SO201-2-85KL 1 7.6(1) color b* vs. color b* (SO201-2-12KL)
SO201-2-85KL 26.5 / AMS-14C dating (10.38-10.51)(2)
SO201-2-85KL 28 10.3 Carbonate spike 1
SO201-2-85KL 44 11.2 Carbonate spike 2
SO201-2-85KL 45.5 / AMS-14C dating (10.79-10.97)(3)
SO201-2-85KL 52 11.6 color b* vs. NGRIP
SO201-2-85KL 60.5 13.10 AMS-14C dating (13.10-13.22)
SO201-2-85KL 70.5 13.87 AMS-14C dating (13.67-13.89)
SO201-2-85KL 77 14.6 color b* vs. NGRIP
SO201-2-85KL 82 14.9 color b* vs. NGRIP
SO201-2-85KL 95.5 15.84 AMS-14C dating (15.80-15.82)
SO201-2-85KL 135.5 19.90 AMS-14C dating (19.58-19.90)
SO201-2-85KL 155.5 23.78 AMS-14C dating (23.71-24.19)
SO201-2-85KL 209 26.2 transfer of AMS-14C age from core (101KL)
SO201-2-85KL 266 35.5 color b* vs. NGRIP
SO201-2-85KL 292 36.6 color b* vs. NGRIP
SO201-2-85KL 305 38.2 color b* vs. NGRIP
SO201-2-85KL 350 41.9 RPI vs. PISO-1500 (Laschamp)
SO201-2-85KL 363 43.4 color b* vs. NGRIP
SO201-2-85KL 398 46.9 color b* vs. NGRIP
SO201-2-85KL 433 48.4 color b* vs. NGRIP
SO201-2-85KL 463 51.7 color b* vs. NGRIP
SO201-2-85KL 490 54.2 color b* vs. NGRIP
SO201-2-85KL 567 59.5 color b* vs. NGRIP
SO201-2-85KL 657 64.0 color b* vs. NGRIP
SO201-2-85KL 675 65.0 RPI vs. PISO-1500 (Norwegian-Greenland Sea)
SO201-2-85KL 796 72.3 color b* vs. NGRIP
SO201-2-85KL 853 76.4 color b* vs. NGRIP
SO201-2-85KL 876 77.8 color b* vs. NGRIP
SO201-2-85KL 937 84.7 color b* vs. NGRIP
SO201-2-85KL 976 87.7 color b* vs. NGRIP
SO201-2-85KL 1006 91.7 color b* vs. NGRIP
SO201-2-85KL 1100 104.1 color b* vs. NGRIP
SO201-2-85KL 1149 108.0 color b* vs. NGRIP
SO201-2-85KL 1180 110.2 color b* vs. NGRIP
SO201-2-85KL 1210 113.3 color b* vs. NGRIP
SO201-2-85KL 1224 114.8 color b* vs. NGRIP
SO201-2-85KL 1287 125.0 δ18O vs. LR04
SO201-2-85KL 1289 129.0 δ18O vs. LR04
SO201-2-85KL 1293 131.0 δ18O vs. LR04
SO201-2-85KL 1295 135.0 δ18O vs. LR04
SO201-2-85KL 1334 140.6 δ18O vs. LR04
SO201-2-85KL 1439 150.0 color b* vs. color b* (101KL)
SO201-2-85KL 1498 156.0 color b* vs. color b* (101KL)
SO201-2-85KL 1740 172.5(4) SMP vs. LR04 (min MIS6)
SO201-2-85KL 1813 177.5(5) Extrapolation
(1)uncertain age; (2)used to define carbonate spike 1; (3)used to define carbonate spike 2;
(4)scalar magnetic properties (SMP) correlated with MIS boundaries of LR04;
(5)by extrapolation using linear sedimentation rate (LSR)
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Table 3.11.: Age-depth points for core SO201-2-101KL. AMS-14C ages have been derived
from Max et al. (in review) and are given with 1σ-ranges (in cal. ka BP).

Core Depth Cal. Age Approach
(cm) (ka BP)

SO201-2-101KL 4 12.9 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 10.5 13.56 AMS-14C dating (13.69-13.84)
SO201-2-101KL 41 14.6 color b* vs. NGRIP
SO201-2-101KL 67 15.4 color b* vs. NGRIP
SO201-2-101KL 90.5 17.25 AMS-14C dating (17.17-17.51)
SO201-2-101KL 110.5 / AMS-14C dating (19.54-19.92)(1)
SO201-2-101KL 190.5 25.74 AMS-14C dating (25.88-26.35)
SO201-2-101KL 234 28.6 color b* vs. NGRIP
SO201-2-101KL 249 30.3 color b* vs. NGRIP
SO201-2-101KL 260.5 32.0 AMS-14C dating (32.12-33.54)
SO201-2-101KL 274 33.5 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 280 35.1 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 284 35.7 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 302 36.9 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 349 39.7 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 387 43.1 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 454 46.9 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 514 51.6 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 650 56.6 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 685 57.8 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 723 59.7 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 799 64.1 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 923 71.7 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 1004 76.4 color b* vs. color b* (85KL)
SO201-2-101KL 1023 77.8 color b* vs. color b* (85KL)
SO201-2-101KL 1092 84.4 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 1142 89.1 Ca/Ti vs. Ca/Ti (85KL)
SO201-2-101KL 1236 94.5 color b* vs. color b* (85KL)
SO201-2-101KL 1301 103.5 color b* vs. color b* (85KL)
SO201-2-101KL 1526 116.0 δ18O vs. LR04
SO201-2-101KL 1591 126.0 δ18O vs. LR04
SO201-2-101KL 1611 129.0 δ18O vs. LR04
SO201-2-101KL 1631 135.0 δ18O vs. LR04
SO201-2-101KL 1646 140.0 δ18O vs. LR04
SO201-2-101KL 1762 150.0 δ18O vs. LR04
SO201-2-101KL 1816 156.0 δ18O vs. LR04
(1)not used
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4. Sea surface temperature variability and
sea-ice extent in the subarctic northwest
Pacific during the past 15,000 years

Based on: "Sea surface temperature variability and sea-ice extent in the subarctic
northwest Pacific during the past 15,000 years" by Lars Max, Jan-Rainer Riethdorf,
Ralf Tiedemann, Maria Smirnova, Lester Lembke-Jene, Kirsten Fahl, Dirk Nürnberg,
Alexander Matul, and Gesine Mollenhauer (submitted to Paleoceanography).

Abstract

Past changes in North Pacific sea surface temperatures and sea-ice conditions are pro-
posed to play a crucial role in deglacial climate development and ocean circulation
but are less well known than from the North Atlantic. Here we present new alkenone-
based sea surface temperature records from the subarctic northwest Pacific and its
marginal seas (Bering Sea and Sea of Okhotsk) for the time interval of the last 15 kyr,
indicating millennial-scale sea surface temperature fluctuations similar to short-term
deglacial climate oscillations known from Greenland ice-core records. Past changes in
sea-ice distribution are derived from relative percentage of specific diatom groups and
qualitative assessment of the IP25 biomarker related to sea-ice diatoms. The deglacial
variability in sea-ice extent matches the sea surface temperature fluctuations. These
fluctuations suggest a linkage to deglacial variations in Atlantic meridional overturn-
ing circulation and a close atmospheric coupling between the North Pacific and North
Atlantic. During the Holocene the subarctic North Pacific is marked by a complex
sea surface temperature pattern, which does not support the hypothesis of a Holocene
seesaw trend in temperature development between the North Atlantic and the North
Pacific.

4.1. Introduction

Knowledge of the deglacial SST development and variability in sea-ice extent in the
subarctic Pacific provide important climate boundary conditions to understand oceanic
/ atmospheric teleconnections between the Atlantic and the Pacific and evaluating most
recent hypotheses related to deepwater formation in the North Pacific (N-Pacific). The
pattern of sea surface temperature (SST) variability in the subarctic N-Pacific realm as
well as the timing of SST changes during the last glacial termination and the Holocene
have remained elusive. In general, the spatial and temporal development of SSTs in the
N-Pacific on centennial-millennial timescales is not well conceived for several reasons:
(1) SST reconstructions from the N-Pacific are sparse (Figure 4.1);



4.1. Introduction 71

Figure 4.1.: (upper hand): Core sites in the subarctic Pacific from this study (in red),
together with published sediment records (in blue) in the Sea of Okhotsk (PC-2 and PC-
4, Seki et al., 2004a; GGC-15, Ternois et al., 2000; MD01-2412, Harada et al., 2006b)
the Bering Sea (51JPC, Caissie et al., 2010) and the N-Pacific (PC6, Minoshima et al.,
2007a; ODP Site 883, Kiefer et al., 2001; MD01-2416, Sarnthein et al., 2004; PAR87A-10,
Pisias et al., 2001; MD02-2489, Gebhardt et al., 2008; JT96-09, Kienast and McKay,
2001; W8709A-8TC, Pisias et al., 2001; ODP Site 1019, Barron et al., 2003). (lower
hand): Bathymetric chart of the subarctic N-Pacific with the general surface circulation
pattern indicated by orange arrows (modified after Stabeno et al., 1999). OC = Oyashio
Current; EKC = East Kamchatka Current; ANSC = Aleutian North Slope Current; BSC
= Bering Slope Current.

(2) The available SST reconstructions are based on a variety of different temperature
proxies, which may lead to inconsistent temperature signals as the recording of each
proxy can be afflicted with a seasonal bias and/or is related to a different water depth;
(3) The availability of carbonate-bearing sediment records with high sedimentation
rates is restricted to shallow water depths due to the shallow position of the calcite
compensation depth in the N-Pacific (<3000 m); (4) The absence of carbonate for major
parts in N-Pacific sediments excludes the application of carbonate-based proxies and
14C-datings on planktonic foraminifers, thus limiting detailed climate reconstructions;
(5) Changes in paleo-14C reservoir ages are not well defined and may lead to imprecise
age models in the N-Pacific (Sarnthein et al., 2004).

As a consequence, model simulations and proxy-based interpretations led to partly
contradictory results concerning the deglacial and Holocene SST variability in the N-
Pacific and its underlying mechanisms during the past 15 kyr. Studies with general
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circulation models (GCMs) suggest both, an in-phase behavior of deglacial SST pattern
(∼15–10 ka BP) between the North Atlantic (N-Atlantic), and the N-Pacific (Mikola-
jewicz et al., 1997; Vellinga and Wood, 2002; Okumura et al., 2009; Chikamoto et al.,
2012) as well as an out-of-phase response (Saenko et al., 2004; Schmittner et al., 2007;
Okazaki et al., 2010). The in-phase behavior has been related to rapid atmospheric
teleconnections, acting on years to decades. The out-of-phase response has been at-
tributed to oceanic readjustments of the Atlantic Meridional Overturning Circulation
(AMOC). More specifically, the simulated reduction of the AMOC as a consequence
of enhanced sea surface freshening in the N-Atlantic (like during Heinrich 1 and the
Younger Dryas) resulted in a strengthening of the Pacific meridional overturning cir-
culation (PMOC) and an associated warming in the N-Pacific. The warming resulted
from an enhanced poleward heat transport from the subtropics to the N-Pacific. Ac-
cordingly, the proposed seesaw between AMOC reduction and PMOC intensification
suggests a N-Pacific warming during Heinrich 1 (H1) and the Younger Dryas (YD).
In turn, the reestablishment of the AMOC (shutdown of PMOC) leads to a surface
cooling in the N-Pacific during the Bølling/Allerød (B/A) and the early Holocene.
Consequently, the interplay between the two meridional overturning cells is expected
to provide millennial-scale out-of-phase fluctuations in SST between the N-Atlantic
and the N-Pacific (Saenko et al., 2004).

The few available deglacial SST proxy records from the N-Pacific and its adjacent
seas also provide a quite inconsistent picture. They support both an in-phase and
out-of-phase relationship with regard to the N-Atlantic SST development or show a
pattern of continuously cold SSTs from the last glacial to the onset of the Holocene
(no warming event during the B/A). For example, a remarkable similarity between the
Greenland/N-Atlantic temperature pattern and changes in subarctic N-Pacific SST,
based on alkenone paleothermometry, radiolarian assemblages and dinocyst studies,
was found in sediment records from the subarctic northeast Pacific (NE-Pacific) (Kien-
ast and McKay, 2001; Pisias et al., 2001; Seki et al., 2002; Barron et al., 2003), the
Bering Sea (Caissie et al., 2010) and the Sea of Okhotsk (Ternois et al., 2000). These
records rather argue for an in-phase relationship of temperature fluctuations between
the N-Pacific and N-Atlantic. On the other hand N-Pacific SST records from pelagic
core MD01-2416 and MD02-2489, derived from planktonic Mg/Ca ratios and from cen-
sus counts of planktonic foraminifera using the SIMMAX transfer function, indicate
a different SST development. These records suggest temperature maxima during H1
and the YD and thus millennial-scale fluctuations out-of-phase with the Greenland/N-
Atlantic temperature pattern (Sarnthein et al., 2004; Kiefer and Kienast, 2005; Sarn-
thein et al., 2006; Gebhardt et al., 2008). The timing of temperature changes is possibly
best constrained in sediment record MD01-2416 from the pelagic NW-Pacific. Unfortu-
nately, this record allowed no direct comparison between Mg/Ca- and alkenone-derived
SSTs. Other records provide inconsistent pattern of deglacial SST variability. For ex-
ample, records from the Sea of Okhotsk and the Pacific continental margin of Japan
show no SST maximum during the B/A and the deglacial temperature rise does not
appear before the end of the YD (Seki et al., 2004a; Minoshima et al., 2007a).

For the Holocene, Kim et al. (2004) summarized alkenone-based SST reconstructions
from the N-Pacific and the N-Atlantic and used a coupled atmosphere-ocean general
circulation model to assess the inter-oceanic teleconnected climate variability. Their
investigations led to the hypothesis of a long-term temperature seesaw between the
N-Atlantic and the N-Pacific. Their model-supported proxy-interpretation suggests a
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warming trend in the N-Pacific and a cooling trend in the N-Atlantic for the time
period of the last 7 kyr. The inverse SST trends between the N-Atlantic and the N-
Pacific have been attributed to an atmospheric interaction of the positive Pacific North
American (PNA) and the negative North Atlantic Oscillation (NAO) phase. However,
the derived warming trend in the N-Pacific relies on one proxy record from the NW-
Pacific only (Ternois et al., 2000), which is marked by low alkenone concentrations
(close to the detection limit) within the time interval spanning the last 8 kyr BP.

Apart from the differences in Holocene and deglacial Pacific SST pattern, an ex-
act chronostratigraphic correlation between Greenland ice-core records and 14C-dated
deglacial marine climate records is limited to assumptions about the 14C reservoir age
of the surface water, the habitat in which planktonic foraminifera incorporate the 14C
signal into their carbonate shells. Knowledge of the 14C reservoir age is a necessary
precondition for converting radiocarbon ages into calendar years in order to balance
for the 14C disequilibrium between the upper ocean and the atmosphere. Since the
variability of past reservoir ages is largely unknown, most studies assume a constant
reservoir effect over time, thereby taking an uncertainty of several hundred years into
account. Such uncertainties may increase to more than thousand years within time
intervals associated with prominent atmospheric 14C-plateaus (i.e. intervals of very
low 14C change with calendar age). Such plateaus especially mark the period of the
last deglaciation. Accordingly, the lead and lag of different proxies indicative of rapid
climate change in the subarctic Pacific are difficult to constrain in comparison to the
Greenland climate signal.

Here we present the first alkenone-derived high-resolution SST estimates from the sub-
arctic NW-Pacific continental margin and the western Bering Sea as well as a new
record from the southeastern Sea of Okhotsk. Our study provides a stratigraphic
framework for the NW-Pacific realm, which is based on detailed core-to-core corre-
lations and 37 AMS-14C datings. This framework is best developed between 20 to
∼6 ka BP and can be used via X-ray Fluorescence (XRF) core scanner data (e.g.
Ca intensities) to transfer ages to other available and future sediment records. The
relatively high sedimentation rates enable us to investigate past SST changes on multi-
centennial to millennial timescales in comparison to rapid climate oscillations known
from other parts of the N-Pacific and the N-Atlantic for the last 15 kyr. Additionally,
relative percentages of specific diatom groups in combination with qualitative measure-
ments of the C25 monounsaturated hydrocarbon (IP25) are used to assess past changes
in the sea-ice extent (Belt et al., 2007; Müller et al., 2009) with regard to short-term
warm/cold fluctuations. Our data suggest that the subarctic NW-Pacific region is char-
acterized by a deglacial pattern of SST fluctuations, which shows a strong similarity
to the Greenland/N-Atlantic SST pattern. The sea-ice distribution is closely coupled
to the pattern of SST development. The SST records from the NW-Pacific realm
presented here close a spatial gap in the N-Pacific and provide new insights into the
spatio-temporal pattern of millennial-scale SST variability during the deglacial period
from ∼15–10 ka BP and the Holocene. Our results shed new light onto the discus-
sion of whether the deglacial temperature development in the NW-Pacific supports an
in-phase or an out-of-phase behavior with respect to the N-Atlantic SST development
and the related seesaw between AMOC and PMOC. With respect to the Holocene the
SST reconstructions are also used to reconsider the hypothesis of a seesaw mechanism
that led to a contrasting long-term temperature trend between the N-Atlantic and the
N-Pacific (temperature seesaw) during the past 7 kyr.
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4.2. Regional setting

The subarctic Pacific regions are characterized by a large, seasonal variability in SST
and sea-ice distribution, tightly coupled to atmospheric pressure cells, which in turn
are influenced by large-scale interannual-decadal variability associated with the Pacific–
North American Oscillation (PNA) and the Pacific Decadal Oscillation (PDO) (Niebauer,
1988; Mantua et al., 1997; Niebauer, 1998; Overland et al., 2002). During winter, the
contrast between the Siberian High and Aleutian Low-Pressure System (ALPS) brings
cold air masses from the Arctic to the subarctic Pacific, which results in strong sea
surface cooling and mixing of nutrient-rich subsurface waters and favors the expansion
of sea-ice in the Bering Sea and Sea of Okhotsk. During summer, both increased inso-
lation and weakening of the ALPS lead to warm SSTs, ice-free conditions and strong
upper ocean stratification (Ohtani et al., 1972). This leads to strong, seasonal temper-
ature differences between winter (0–2◦C) and summer (8–10◦C) SSTs in the subarctic
NW-Pacific and its marginal seas. Maxima in biogenic productivity occur during spring
(dominated by diatoms) and late summer (dominated by coccolithophorids).

The structure of the upper water column is characterized by the presence of a strong
halocline, which is a permanent feature of the subarctic Pacific. It forms a barrier for
the heat and gas exchange between the deep ocean and the atmosphere as well as for
the supply of nutrients into the photic zone. This leads to the highest carbon export
efficiency in the world oceans and a net sink of atmospheric CO2 today (Honda et al.,
2002).

The surface circulation of the subarctic NW-Pacific follows a large-scale cyclonic pat-
tern of surface currents, which regulate the exchange of heat and nutrients between
different ocean regions. The superior large-scale circulation pattern in the subpolar
N–Pacific consists of the Kuroshio–North Pacific Current system in the south and two
counterclockwise circulating systems: the Alaskan gyre in the east and the western
North Pacific subpolar gyre (Fig. 4.1). The North Pacific Current (the Kuroshio ex-
tension) transports relatively warm water masses eastward into the Alaskan gyre. The
Alaskan Stream forms the northern boundary current and transports water masses from
the Alaskan gyre along the Aleutian Islands into the western subpolar gyre, thereby
entering the Bering Sea through several passages between the Aleutian Islands. This
inflow drives a large-scale counterclockwise surface circulation in the Bering Sea. The
surface waters leave the Bering Sea via the Bering Strait into the Arctic Ocean but
mainly through the Kamchatka Strait back into the N-Pacific via the East Kamchatka
Current (EKC). The EKC delivers nutrient-rich waters from the Bering Sea into the
NW-Pacific (Stabeno et al., 1999) and represents the western branch of the North Pa-
cific subpolar gyre. On its path to the south, a part of the EKC enters the Sea of
Okhotsk through the Kurile Island Arc, thereby influencing the water mass signature
of the Okhotsk gyre. During winter, the intrusion of the relatively warm EKC pro-
motes ice-free conditions around the southern tip of Kamchatka (Seki et al., 2004b)
(Fig. 4.1).
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4.3. Material and methods

We investigated six piston cores from the western Bering Sea, the continental slope of
east Kamchatka and the southeastern Sea of Okhotsk (Fig. 4.1). Sediment records
were obtained during cruises LV29 KOMEX Leg 2 with RV Akademik Lavrentyev in
2002 and RV Sonne during SO201 KALMAR Leg 2 in 2009. Core site selection was
done by intensive sediment echo-sounding studies onboard to detect high-resolution
sediment deposits, which are located well above the shallow calcite compensation depth
(CCD). Our sediment records provide sufficient amounts of carbonate-bearing material
for detailed paleoceanographic reconstructions (Tab. 4.1) except the younger part of
the Holocene. During the last 6 kyr, when the productivity of calcareous plankton
was generally low in the NW-Pacific, the productivity of diatoms was high. The high
amounts of silicious diatom tests further diluted the quantity of planktonic carbonate
shells within the sediments (Gorbarenko et al., 2002a).

Table 4.1.: Core locations in the subarctic NW-Pacific, Sea of Okhotsk and western
Bering Sea as well as the performed proxy studies.
Sediment core Latitude Longitude Depth Study Area Performed proxy* studies

(◦N) (◦E) (mbsl)
LV29-114-3 49◦22.54’ 152◦53.23’ 1765 Sea of Okhotsk Uk′

37, IP25, CaCO3, CL, 14C
SO201-2-12KL 53◦59.47’ 162◦22.51’ 2170 NW-Pacific Uk′

37, IP25, Opal, DS, CL, 14C
SO201-2-77KL 56◦19.83’ 170◦41.98’ 2163 w. Bering Sea Uk′

37, IP25, CL, 14C
SO201-2-85KL 57◦30.30’ 170◦24.77’ 967 w. Bering Sea Uk′

37, IP25, CL, 14C
SO201-2-101KL 58◦52.52’ 170◦41.45’ 630 w. Bering Sea Uk′

37, IP25, CL, 14C
SO201-2-114KL 59◦13.87’ 166◦59.32’ 1394 w. Bering Sea Uk′

37, IP25, CL, 14C
*Uk′

37 - alkenone paleothermometry; IP25 - sea-ice diatoms biomarker; Opal - wt.% biogenic opal;
CaCO3 - wt.% CaCO3; CL - Core logging; 14C - AMS-14C datings; DS - Diatom studies

4.3.1. Stratigraphic approach

AMS-14C-dating

AMS-14C ages were measured on monospecific samples of the planktonic foraminifera
Neogloboquadrina pachyderma sinistral (N. pachyderma sin.) from 125–250 µm frac-
tion. The radiocarbon dating has been performed by the National Ocean Science
Accelerator Mass Spectrometry Facility (NOSAMS) at Woods Hole Oceanographic In-
stitute (WHOI) and Leibniz-Laboratory for Radiometric Dating and Isotope Research
at Kiel University. Radiocarbon ages have been reported according to the convention
outlined by Stuiver and Polach (1977) and Stuiver (1980). All radiocarbon ages were
converted into calibrated 1-sigma calendar age ranges using the calibration tool Calib
Rev 6.0 (Stuiver and Reimer, 1993) with the IntCal09 atmospheric calibration curve
(Reimer et al., 2009) and considering a constant reservoir age throughout the time
period covered by the sediment records (see Tab. 4.2 on page 95).

Biogenic opal and CaCO3

Biogenic opal and CaCO3 were measured at GEOMAR, Kiel. Biogenic opal concen-
trations were determined from bulk sediment, using the automated leaching method
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according to Müller and Schneider (1993) by molybdate-blue spectrophotometry. Re-
sults are given with respect to the mineral correction of DeMaster (1981).

Total carbon contents (TC) were determined with a CARLO ERBA Model NA 1500
CNS analyzer. TC was measured on bulk sediments, total organic carbon was derived
from decalcified samples. The inorganic carbon (CaCO3) content was calculated as the
difference between TC and TOC as follows:

CaCO3 = (TC − TOC) × 8.333 (4.1)

Core logging data

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, Bremerhaven. 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), 30 kV (Cu, Zn, Br, Rb, Zr,
Sr, Mo) and 50 kV (Ag, Cd, Sn, Te, Ba), using a sampling resolution of 1 cm and 30 s
count time.

Color and light reflectance properties of the sediment cores have been measured with
a Minolta CM 508d hand-held spectrophotometer directly after core splitting onboard
(Dullo et al., 2009). Measurements were conducted at 1 cm interval. Reflectance data
was converted into L*, a* and b* color space with the software Spectramagic.

4.3.2. Alkenone analysis and sea surface temperatures (Uk′
37)

Discrete samples (5–10 g) were taken from bulk sediment, freeze-dried and stored frozen
until further analysis. Samples were extracted with an accelerated solvent extractor
(ASE-200, Dionex) at 100◦C and 1000 psi for 15 minutes by using dichlormethane
(DCM) as a solvent. Remaining extracts were separated by silica gel column chro-
matography into three sub-fractions with the following mixture of solvents: fraction 1,
5 ml Hexane; fraction 2, a mixture of 5 ml DCM/Hexane (1:1); fraction 3, 5 ml DCM.
Alkenones were eluted in the third fraction and prepared in 100 µl Hexane. The third
fraction was measured at the Alfred Wegener Institute for Polar and Marine Research
(AWI), Bremerhaven, using a HP 6890 gas chromatograph, equipped with a cold in-
jection system, a DB-1MS fused silica capillary column (60 × 0.32 mm inner diameter,
film thickness of 0.25 µm) and a flame ionization detector. Individual alkenone (C37:3,
C37:2) identification was based on the retention time and the comparison with an ex-
ternal standard, which were also used for controlling the instrument stability. The
alkenone unsaturation index (Uk′

37) as proxy for SST (Brassell et al., 1986; Prahl and
Wakeham, 1987) was calculated following the relationship between Uk′

37 and tempera-
ture as proposed by Müller et al. (1998), which is based on a global core-top calibration
(60◦N–60◦S):

Uk′

37 = 0.033 × T (◦C) + 0.044 (4.2)

The standard error of this calibration is reported as ±0.050 Uk′
37-units or ±1.5◦C. How-

ever, it has to be mentioned that for the lower end of the used temperature calibration
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a larger error is reported, but still keeps its significance in conjunction to other results
from this study. It is also known that in the subpolar N-Pacific, alkenone producers
are limited to specific seasons and represent more likely the late summer/early fall
SST (Harada et al., 2003; Harada et al., 2006a; Seki et al., 2007). Nevertheless, for a
direct comparison to other studies, we decided to use the calibration after Müller et al.
(1998) mentioned above, which is widely used in the N-Pacific and other regions rather
than the polar temperature function of the Southern Ocean as proposed by Sikes et al.
(1997).

4.3.3. Qualitative assessment of sea-ice distribution (IP25) and
microfossil studies (diatoms)

Recently, it has been recognized that when detected in marine sediments, the C25

isoprenoid lipid (IP25) biosynthesized by Arctic sea-ice diatoms acts as a proxy for pre-
vious spring sea-ice occurrence and subsequent melt (Belt et al., 2007). We performed
qualitative IP25 analysis on selected samples, based on significant changes in our proxy
records and reflecting different climate intervals according to our age model. For this
purpose the polar fraction (fraction 1, see above) of selected samples were measured
with an Agilent 6850 GC (30 m HP-5MS column, 0.25 mm i.d., 0.25 µm film thickness)
coupled to an Agilent 5975 C VL mass selective detector. The GC oven was heated
from 60◦C to 150◦C at 15◦C min−1, and then at 10◦C min−1 to 320◦C (held 15 min.).
Operating conditions for the mass spectrometer were 70 eV and 230◦C (ion source).
Helium was used as carrier gas. Identification of IP25 is based on comparison of its
retention time and mass spectra with published data (Belt et al., 2007). The measure-
ments were carried out using SIM (selected ion monitoring) mode (for further details
see Müller et al., 2011; Fahl and Stein, in review), the Kovats index is 2085.

Diatom analysis was carried out on discrete samples (approximately every 10 cm) for
NW-Pacific core SO201-2-12KL. Observations using a compound light-microscope were
made at 1000× magnification; at least 300–500 valves were counted per sample. The
number of diatom valves per gram of sediments was estimated. Results are given as
relative percentage of diatom species Fragilariopsis oceanica (Cleve) Hasle (F. ocean-
ica) as sea-ice indicator, and Neodenticula seminae (Simonsen & Kanaya) Akiba &
Yanagisawa (N. seminae) related to open-water conditions.

4.4. Results

4.4.1. Age model

The color and XRF records have been used to correlate prominent and similar struc-
tures between sediment records. This approach also enabled a transfer of conventional
14C ages from one core to another (Fig. 4.2; Tab. 4.2 on page 95). We preferentially
dated carbonate maxima (maxima in planktonic foraminifer abundance), which are in-
dicated by maxima in Ca intensities (XRF), to avoid age artifacts due to bioturbation
effects. Fig. 4.2 shows the Ca intensity records and a detailed core-to-core correla-
tion of our studied core sites. The pattern is marked by two intervals with high Ca
intensities.
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Figure 4.2.: (left panel): Stratigraphic framework of sediment records from the western
Bering Sea and correlation with high-resolution record SO201-2-12KL record (blue curve)
from the subarctic NW-Pacific. The stratigraphy is based on Ca intensity studies, derived
from core logging data (XRF), together with raw AMS-14C datings (red spots with vertical
numbers). Grey shaded areas mark prominent carbonate maxima. Defined carbonate
spikes (spike 1 = 9,760 14C years; spike 2 = 10,383 14C years) are numbered and red lines
indicate correlation points between the sediment records. (right panel): Comparison of Ca
intensity data from high-resolution record SO201-2-12KL from the NW-Pacific (in blue)
and LV29-114-3 from the Sea of Okhotsk to already published records from the open NW-
Pacific (RAMA 44, Keigwin, 1998, and MD01-2416, Gebhardt et al., 2008) Ca intensity
and CaCO3 (%) data. Red spots (vertical numbers) mark raw AMS-14C datings and grey
shaded areas indicate carbonate maxima in the sediment records. Sediment record MD01-
2416 provides best age control based on 14C-plateau tuning. However, no correlation was
done to the records of this study due to discrepancies between the carbonate records of
MD01-2416 and our sediment records.
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Figure 4.3.: Correlation of sediment record LV29-114-3 with core V34-98 (Gorbarenko
et al., 2002a) based on CaCO3 (%) data. Numbers with red spots indicate raw 14C ages
and red lines give correlation points. However, only the raw 14C age of 5,850 years was
transferred to sediment record LV29-114-3 to improve stratigraphic control in the upper
part of this sediment core.

These pronounced carbonate maxima are well known in the NW-Pacific realm and
mark the B/A and the interval of the early Holocene (Keigwin et al., 1992; Keigwin,
1998; Gorbarenko et al., 2002a; Gorbarenko et al., 2005; Caissie et al., 2010). The
prominent carbonate maxima range from ca. 13,410 (SO201-2-114KL) to 11,950 14C
years (SO201-2-85KL) and from ca. 10,800 (SO201-2-12KL) to 9,570 14C years (SO201-
2-77KL). The structure of these carbonate maxima is best resolved in NW-Pacific
sediment record SO201-2-12KL, which provides sedimentation rates of up to 80 cm
kyr−1 for these intervals. However, this record suggests that the maxima consist of
a sequence of carbonate spikes, which are not fully resolved in the other cores. At
Shirshov Ridge, the interplay of lower sedimentation rates and bioturbation effects
may have led to stratigraphic uncertainties in the early Holocene. In Shirshov cores
SO201-2-77KL and SO201-2-85KL, the match between carbonate spikes 1 and 2 (Fig.
4.2) and their corresponding 14C ages provide an uncertainty of up to a few hundred
years. In this case, we calculated and used an average 14C age for each carbonate
spike (spike 1 = 9,760 14C years; spike 2 = 10,383 14C years). At high-resolution core
SO201-2-114KL from the northwestern continental margin of the Bering Sea, laminated
sediment deposits characterize the intervals of both carbonate maxima (Fig. 4.2).

The mid to late Holocene time interval is marked by low carbonate contents in the
NW-Pacific realm. Accordingly, the low abundance or complete absence of foraminifers
prevented planktonic 14C-dating of our records. However, for core LV29-114-3 from the
Sea of Okhotsk, we improved the age control via correlation to the well-dated neighbor
core V34-98 (Gorbarenko et al., 2002a) and assigned one additional 14C age to core
LV29-114-3 (5,850 years) as given in Fig. 4.3.
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In addition, we also correlated the Ca intensity pattern of NW-Pacific core SO201-2-
12KL and Sea of Okhotsk core LV29-114-3 to the pattern of NW-Pacific cores RAMA
44PC (Keigwin et al., 1992) and MD01-2416 (Sarnthein et al., 2004; Gebhardt et al.,
2008). This correlation provides a good match with the RAMA 44PC carbonate record.
Sediment record MD01-2416 has an excellent age model, including 15 planktonic 14C-
datings, which covers the interval of the first pronounced carbonate maximum between
H1 and the B/A. However, the carbonate maximum is less clearly developed in compar-
ison to all other records presented here (Fig. 4.2). A clear correlation is only possible
by considering the 14C ages. Furthermore, the Ca and CaCO3 structure at 9,985 14C
years in core MD01-2416, which possibly marks the first Ca-spike of the second carbon-
ate maximum in the early Holocene, appears to be several hundred years too young in
comparison to the age assignments of our Ca-records from the NW-Pacific, the Bering
Sea and the Sea of Okhotsk (Fig. 4.2). Hence, we transferred no 14C ages from core
MD01-2416 to our records.

In general, the sequence of 14C data and their assignment to prominent carbonate
structures is consistent between cores (within a range of a few hundred years) and can
be traced from the Bering Sea to the NW-Pacific (except for core MD01-2416) and
even into the Sea of Okhotsk. Hence, the registered temporal pattern of the carbonate
maxima seems not to be significantly biased by water depth-dependent differences in
carbonate dissolution at our investigated records, which range from 630 to 2200 m
water depth. However, the 14C ages of the carbonate maxima at our sediment records
from the western Bering Sea (630 to 2200 m water depth) are about 200 years younger
than in the NW-Pacific (2170 m water depth) and the Sea of Okhotsk (1765 m water
depth). Since the Shirshov Ridge records cover the full range of water depth (630
to 2200 m), we ascribe the temporal offset to regionally different 14C surface ocean
reservoir effects rather than to changes in carbonate dissolution.

The conversion of radiocarbon ages in calendar years requires a correction for the
surface ocean reservoir age to balance for the 14C effect of disequilibrium between the
atmosphere and the upper ocean and the input of deep waters into the mixed layer.
In the N-Pacific, the surface ocean reservoir age has been reported to range from
600 to 1,000 years (Southon et al., 1990; Kuzmin et al., 2001; McNeely et al., 2006;
Yoneda et al., 2007). There is increasing evidence that the reservoir age also varied
over the course of the last 20 kyr, which has been attributed to global thermohaline
reorganizations as well as to changes in the upper ocean stratification. For the N-
Pacific, Sarnthein et al. (2006) and Gebhardt et al. (2008) suggest variable 14C reservoir
ages for the last 20 kyr, which have been derived by 14C-plateau tuning. For the 14C-
plateaus at 12.3 kyr, 12.8–13.4 kyr and 14.9–15.3 kyr (raw 14C ages), reservoir ages of
450, 300 and 1350 years have been suggested (Sarnthein et al., 2007), respectively. In
contrast, a more recent study claims that the surface ocean reservoir age was close to
730 years and varied by less than ±200 years during the last deglaciation in the NE-
Pacific (Lund et al., 2011). Since our 14C datings are not dense enough to identify the
age-calibrated 14C-plateaus, we were not able to assess the variability of paleo-reservoir
ages. Instead, we used constant reservoir ages over time with 700 years for the western
Bering Sea cores and 900 years for the NW-Pacific and the Sea of Okhotsk records,
which are within the range of NW-Pacific modern surface ocean reservoir ages. After
converting the 14C ages into calendar years, the difference in regional reservoir ages
provides the best chronostratigraphic match between our high-resolution core-logging
records (color b* and XRF Ca/Ti ratios). This assumes that the pattern of XRF
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Ca/Ti ratios and color b* occurred synchronously in the NW-Pacific realm. Trends
in the color b* generally correlate with those of biogenic opal (Fig. 4.4). Color b*
is reported to provide a good proxy for variations in biogenic opal and total organic
matter content of anoxic sediments (Debret et al., 2006). The Sea of Okhotsk is marked
by an increase in CaCO3 content rather than an increase of diatom production during
the deglaciation (Seki et al., 2009). Thus, we used the pattern of Ca/Ti ratios in the
Sea of Okhotsk record, which reflects changes in carbonate contents versus terrigenous
siliciclastic input. Our age-depth control points within each record have been moved
within the 1-sigma calendar age ranges to improve the fit between records. This also
results in a good correlation to the Greenland temperature record (NGRIP) (Rasmussen
et al., 2006) shown in Fig. 4.4.

4.4.2. SST reconstructions

Calculated alkenone SSTs spanning the time period of the last 15 kyr BP are given
in Fig. 4.5. As expected, the SST records reflect successively increasing temperatures
from north to south. At the southernmost site (core LV29-114-3), the SSTs are about
3◦C warmer than at the northernmost site (core SO201-2-114KL). A general feature of
all records is the consistent pattern of temperature variability during the last glacial
termination from 15 ka BP to 10 ka BP. This temperature pattern is very similar to that
reconstructed from Greenland ice-core records, which mark the temperature rise from
H1 into the B/A, the subsequent cold spell of the YD and the following warming into
the early Holocene (Fig. 4.5). The early warming step into the B/A does not capture
the full amplitude of the SST increase, since all of our records are characterized by
alkenone contents below the detection limit prior to 15 ka BP. Hence, the amplitudes
of the early temperature increase represent minimum ranges between 3 and 5◦C at
our studied sites, with lowest SSTs of 2–5.5◦C at 15 ka BP and highest values ranging
between 6 and 8◦C during the B/A. The following temperature decrease into the YD
is marked by amplitudes of 1.5–5◦C with lowest amplitudes in Sea of Okhotsk core
LV29-114-3. At each site, the following temperature increase of up to 5◦C consistently
culminates in an early Holocene SST maximum between 11 and 9 ka. All records
display a maximum with SSTs of 9–10◦C except for the northernmost core SO201-2-
114KL from the Bering Sea, where the SST maximum remains approx. 3◦C cooler.
The temperature development during the Holocene is only preserved in Bering Sea core
SO201-2-77KL, northwest Pacific core SO201-2-12KL and Sea of Okhotsk core LV29-
114-3. These records point to a smooth and gradual SST decrease over the past 9 kyr.
However, in Sea of Okhotsk core LV29-114-3, this temperature trend is interrupted by
a cold spell between 9–7 ka BP. This pronounced SST minimum displays temperatures
as cold as those found during the YD. Nevertheless, the SST trend in this record also
suggests a gradual cooling in SST (2◦C), which is best developed since 6 ka BP. Another
subtle difference is observed for the time interval of the last 3.5 kyr. While the Bering
Sea record suggests a slight warming, the records from the NW Pacific and the Sea of
Okhotsk indicate a further decline in SST.
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Figure 4.4.: Spectrophotometric measurements (color b*, green curves) from sediment
records of the western Bering Sea, together with SO201-2-12KL from the NW-Pacific and
Ca/Ti log-ratio (XRF element intensities) of LV29-114-3 from the Sea of Okhotsk (in
gray) against the NGRIP isotope record (in black) for the last 20 kyr BP. Additionally,
biogenic opal (%) (thin black line) is given for SO201-2-12KL. Red triangles at the bottom
mark 14C age control points used in this study. Note the excellent correlation of all
studied sediment records with the Greenland isotope record during the last 15 kyr BP.
Prominent climate stages as the B/A (shaded in red), the YD (shaded in blue) as well as
the onset of the early Holocene are mimicked in the color b* proxy records. Red diamonds
on top (representative of all sediment records) mark time slices used for the qualitative
assessment of the IP25 sea-ice proxy. IP25 measurements were conducted on individual
sediment records from samples according to the selected time slice.
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Figure 4.5.: Results of the SST reconstructions from the western Bering Sea (in purple),
the NW-Pacific (in red) and Sea of Okhotsk (blue curve) compared with the Greenland
ice-core record for the last 15 kyr BP. Red shaded area marks the B/A and blue shaded bar
indicate the YD cold spell in the records. Diamonds on top mark time slices used for the
qualitative assessment of the IP25 sea-ice proxy (representative of all sediment records).
Black diamonds on top mark time slices (H1 and YD), where the IP25 biomarker was
found at all core sites and thus the presence of sea-ice inferred. In turn, white diamonds
indicate time slices (B/A and early Holocene) where IP25 biomarker was absent at all
core sites and no sea-ice cover inferred.
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4.4.3. Sea-ice distribution

Figure 4.6.: Results of the SST reconstructions from sediment record SO201-2-12KL
(NW-Pacific) in red together with relative percentage of diatom Fragilariopsis oceanica
(in blue) and Neodenticula seminae (in green). Red shaded area marks the B/A and blue
shaded bar indicate the YD cold spell in the sediment records. Diamonds on top mark
time slices used for the qualitative assessment of the IP25 sea-ice proxy (representative of
all sediment records). Black diamonds on top mark time slices (H1 and YD), where the
IP25 biomarker was found at all core sites and therefore the presence of sea-ice inferred.
In turn, white diamonds indicate time slices (B/A and early Holocene) where no IP25

biomarker was found at all core sites and thus no sea-ice cover inferred.

To assess past variations in sea-ice extent, we compared relative percentages of diatom
species F. oceanica (indicative of sea-ice presence) and N. seminae (indicative of open
water conditions) from sediment record SO201-2-12KL with qualitative measurements
of the IP25 proxy (indicative of sea-ice presence), derived from specific time slices in all
sediment records. The percentages of the diatom species (F. oceanica and N. seminae)
provide a temporal pattern of millennial-scale variability in sea-ice presence, which is
consistent with the SST development during the last 15 kyr (Fig. 4.6). Moderate
amounts of F. oceanica mark the last glacial. Extremely low contents are typical for
the B/A. Highest percentages characterize the YD and the subsequent warming phase
at the end of Termination I. The SST maximum between approx. 10.5–9.0 ka BP is
marked by the absence of F. oceanica. The last 9 kyr are marked by a slight increase in
F. oceanica. N. seminae provides an opposite pattern, which is best developed between
15.0–10.5 ka BP, suggesting open water conditions with reduced sea-ice presence during
the B/A and the Holocene SST maximum between 10.5–9.0 ka BP. Moderate contents
of both F. oceanica and N. seminae are observed during the past 9 kyr and may indicate
temporal variations in sea-ice cover, allowing for both open water conditions as well as
sea-ice presence.

As mentioned above, we further applied the IP25 proxy indicative of past variations
in sea-ice extent. In all records (LV29-114-3, SO201-2-12KL, SO201-2-77KL, SO201-2-
85KL, SO201-2-101KL, SO201-2-114KL) we measured IP25 at selected time slices (15.1
ka BP, 14.3 ka BP, 12.2 ka BP and 10.5 ka BP), which are representative for distinct
climate extremes (H1, B/A, YD, early Holocene SST maximum) recognized in our SST
records (Fig. 4.5). As shown for NW-Pacific core SO201-2-12KL, by direct comparison
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between F. oceanica content and the occurrence of the IP25 biomarker, a consistent
pattern of sea-ice variability is documented and supports the applicability of the IP25

biomarker as sea-ice proxy in the subarctic NW-Pacific (Fig. 4.6). The IP25 time slice
reconstructions suggest that sea-ice was present during phases of H1 and the YD at
each core location in the study area. Conversely, no IP25 was found in all sediment
samples from the B/A and the early Holocene SST maximum. Accordingly, ice-free
conditions mark the positions of all cores during these intervals.

4.5. Discussion

4.5.1. Deglacial SST development in the subarctic
NW-Pacific

The deglacial SST development in the subarctic NW-Pacific realm is reminiscent of
the temporal pattern associated with millennial-scale climate variations as revealed
by temperature records from Greenland and the N-Atlantic (e.g. Bard et al., 2000).
The alkenone temperature records obtained from the subarctic NW-Pacific, the Sea
of Okhotsk and the Bering Sea suggest a two-step type of deglacial warming, with a
first warming at the onset of the B/A (14.7–12.9 ka BP), subsequently interrupted
by a cooling associated with the YD cold phase (12.8–11.8 ka BP) and continued by
a second and more pronounced warming step into the early Holocene. Hence, this
SST development matches the millennial-scale temperature fluctuations recognized in
Greenland ice-core records and N-Atlantic SST records. It has also been reported in
previous studies, which established alkenone-derived SST records from other parts of
the N-Pacific realm as the NE-Pacific (Kienast and McKay, 2001; Barron et al., 2003),
the eastern Bering Sea (Caissie et al., 2010), the Sea of Okhotsk (Ternois et al., 2000;
Harada et al., 2006b; Seki et al., 2009; Harada et al., 2012) and off Japan (Harada et al.,
2012). These records show remarkable similarities to both the temporal structure and
timing of SST changes presented here (Fig. 4.7). On the basis of our age models, the
deglacial pattern of SST variability in the NW-Pacific realm seems to be rather in-phase
than out-of-phase with the temperature changes in the N-Atlantic. This would suggest
a quasi-synchronicity between the N-Atlantic and N-Pacific SST development during
the last glacial termination and argues for a strong atmospheric coupling between the
N-Pacific and the N-Atlantic.

The majority of model results also favors this interpretation and provides insights
into the mechanisms linking the development of SST between the N-Atlantic and the
N-Pacific. Numerous studies with coupled General Circulation Models (GCMs) exam-
ined whether and how the millennial-scale climate oscillations in the N-Atlantic would
impact the N-Pacific SST development via atmospheric and oceanic teleconnections
during the last glacial termination. All models propose a close linkage to deglacial
variations in AMOC. The temperature changes in the N-Atlantic region are closely
coupled to a change in the strength of the AMOC, which is strongly modulated by
freshwater forcing due to the instability of the northern hemisphere ice-sheets and
melting icebergs (Rahmstorf, 1995; McManus et al., 2004; Yin and Stouffer, 2007).



86 4.5. Discussion

Figure 4.7.: Alkenone-based SST reconstructions for the subarctic N-Pacific, including
detailed comparison of (a) western Bering Sea (b) eastern Bering Sea (c) Sea of Okhotsk
(d) NW-Pacific (e) NE-Pacific compared with (f) NGRIP isotope record for the past 15
kyr. Red shaded area marks the B/A and blue shaded bar indicate the YD cold spell in
the records.

The freshwater input into the N-Atlantic led to a reduced thermohaline overturning,
which also resulted in a reduced northward advection of saline and warm subtropical
surface waters into the N-Atlantic (Manabe and Stouffer, 1988). Manabe and Stouffer
(1988) was among the first who demonstrated that the climatic impact of an AMOC
shutdown is of global significance. Subsequent freshwater perturbation experiments
also suggest, beyond the Atlantic basin, a robust response over the N-Pacific (e.g.,
Mikolajewicz et al., 1997; Vellinga and Wood, 2002; Okumura et al., 2009; Timmer-
mann et al., 2010). When the AMOC is substantially weakened (e.g. during H1 and the
YD), N-Pacific summer and winter SSTs are suggested to have cooled by up to 3–6◦C.
Most studies attribute the cooling to enhanced thermal advection of cold air masses



4.5. Discussion 87

from the N-Atlantic via westerly winds (Manabe and Stouffer, 1988). As a result, the
deepening of the Aleutian low, the intensification in ocean-to-atmosphere heat flux and
southward Ekman transport in combination with the southward shift of the oceanic
frontal system would further cool the N-Pacific. More recently, model experiments also
provide hints for another atmospheric bridge between the N-Pacific and the subtropical
Pacific/Atlantic that may have the potential to influence the strength of the Aleutian
low. Tropical SST anomalies in both the Atlantic and Pacific are found to be important
for the barotropic response of the Aleutian low (Okumura et al., 2009). These mech-
anisms represent AMOC-induced fast-acting atmospheric teleconnections on decadal
timescales and suggest a similar temperature development between the N-Atlantic and
the N-Pacific.

In contrast, Kiefer and Kienast (2005) and Gebhardt et al. (2008) found an inversed
millennial-scale pattern of SST oscillations with SST maxima at H1 and the YD in the
NW-Pacific (core MD01-2416 and ODP883) as indicated by Mg/Ca-derived and plank-
tonic foraminiferal SIMMAX-based SSTs. This temporal pattern of NW-Pacific SST
development is in harmony with model results from Huang et al. (2000) and Okazaki
et al. (2010). According to Huang et al. (2000), a slowdown of the Meridional Over-
turning Circulation in the N-Atlantic (like during H1 and YD) may result in N-Pacific
warming due to a reduction of upwelling of cold and nutrient-rich Pacific Deep Wa-
ter in the N-Pacific subpolar gyre. However, the model experiments of Huang et al.
(2000) do not consider the environmental background conditions associated with ex-
panded northern hemisphere ice-sheets during H1 and YD. The study of Okazaki et al.
(2010) also suggests a warming in the N-Pacific during times of AMOC slowdown but
due to the establishment of the PMOC. Enhanced meridional overturning would re-
sult in strengthened northeastward upper-ocean heat transport via the North Pacific
Current, thereby warming the N-Pacific, in particular in the Pacific Northeast. Re-
cently, Chikamoto et al. (2012) simulated an AMOC shutdown using glacial boundary
conditions (also considering a closed Bering) and examined the impact on N-Pacific
climate history by using two different models. Their results indicate that the spatial
temperature pattern in the N-Pacific is strongly coupled to the strength of the PMOC.
This model experiments suggest cooler SSTs in the NW-Pacific for both cases, a strong
and a weak PMOC. However, in case of a strong PMOC the NE-Pacific experienced
surface warming due to an enhanced poleward transport of heat and salt from the sub-
tropics to the extratropics via the Kuroshio–North Pacific Current system. Hence, the
PMOC associated impact on SSTs seems to be too weak to compensate for the SST
cooling in the NW-Pacific during times of expanded northern hemisphere ice-sheets.
These results favor AMOC-induced atmospheric teleconnections as the main driver for
the SST development in the subarctic N-Pacific and are in accordance with our SST
reconstructions from the NW-Pacific.

However, the inconsistent deglacial pattern in the subarctic N-Pacific between alkenone-
derived SSTs (this study) and Mg/Ca-derived and planktonic foraminiferal SIMMAX-
based SSTs (Kiefer and Kienast, 2005; Gebhardt et al., 2008) raise the question of
whether the differences can be explained by stratigraphic uncertainties, by the use
of different SST proxies and/or regional oceanographic deviations. The stratigraphic
differences are mainly based on the application of different paleo-reservoir 14C ages
(section 4.4). Compared to our age model, their radiocarbon-based age constraints
rely on variable reservoir ages (Sarnthein et al., 2006, 2007). If we apply this variable
reservoir correction to our age model (not shown), it would slightly and comparably
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affect the stratigraphic position of the B/A temperature maximum in all our records.
The temperature increase at the transition from the glacial into the B/A would lag,
relative to our age model, by 100–200 years. The end of this temperature maximum
would lead that of our age model by up to 350 years. As a result, the temperature
maximum remains within the interval of the B/A and will not result in an anti-phased
SST pattern between the N-Pacific and the N-Atlantic in our records. The different
appearance of the temperature maxima between our and other records (core MD01-
2416, ODP-Site 883) cannot easily be ascribed to age model discrepancies. Assuming
that the original planktonic 14C ages (uncorrected) within the NW-Pacific region are
marked by similar reservoir ages over time, the SST maxima and minima would occur
at different time intervals anyway. For example, the most pronounced temperature
maximum at core MD01-2416 occurs between 14,430–13,820 14C years (original) and
has been assigned to the beginning of a 14C-plateau that ranges between 16,700–15,300
calendar years BP. The most pronounced temperature maximum in our SST records
occurs between 13,350–12,500 14C years (original). These ages would correspond to
another 14C-plateau, which marks the beginning of the B/A from 14,900–14,200 cal-
endar years BP (Gebhardt et al., 2008). However, core MD01-2416 provides no SST
maximum at this stratigraphic position.

Hence, we speculate that the different SST proxies are afflicted with diverse tempera-
ture signals due to seasonal bias and formation of the proxy signal at different water
depths. The modern alkenone signal has been shown to reflect the late summer/autumn
SST (0–30 m) in the NW-Pacific (Harada et al., 2003; Harada et al., 2006a; Seki et al.,
2007). The Mg/Ca-based temperatures are derived from the planktonic foraminifer
N. pachyderma sin., which is believed to calcify within the upper 200 m of the water
column close to the thermocline (Bauch et al., 2002). From this it seems reasonable
to assume that the proxy-related differences in the temperature signals rather reflect
variations in upper ocean stratification than local differences in oceanography.

4.5.2. Holocene SST pattern of the N-Pacific and its marginal
seas

Alkenone-derived SST reconstructions from the NW-Pacific region are characterized
by a pronounced temperature maximum during the early Holocene between 11 and
9 ka BP (Figs. 4.5 and 4.8). This temperature maximum coincides with the maxi-
mum in northern hemisphere summer insolation (June–August) (Laskar et al., 2004).
In addition, recent model experiments suggest the reopening of the Bering Strait as
another forcing mechanism that has the potential to influence the SST development
in the Bering Sea and the NW-Pacific (Hu et al., 2010; Okumura et al., 2009). The
reopening of the Bering Strait due to deglacial sea-level rise has been dated to ca.
11 ka BP (Elias et al., 1996; Elias et al., 1997). According to the model results, a
reopening of the Bering Strait would increase the freshwater flux from the N-Pacific to
the N-Atlantic. This would result in a weakening of the AMOC and a cooling in the
N-Atlantic. The N-Pacific would become slightly warmer due to an increased merid-
ional heat transport from the tropics to the extratropics. In addition to the insolation
forcing, the gateway-related oceanic forcing may have contributed to extra warming in
the NW-Pacific region during the early Holocene. The gateway-induced forcing may
have been active for a restricted time interval, which may represent the phase of pro-
gressive marine inundation of the Bering Strait during rapid early Holocene sea level
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rise (11–8 ka BP) (Fleming et al., 1998). Whether the SST maximum in the Bering
Sea (11–9 ka BP) is related to the opening of the Bering Strait gateway remains elusive
since the maximum also coincides with the maximum in northern hemisphere summer
insolation.

Our SST records in combination with existing SST records from the N-Pacific are fur-
ther used to reassess the hypothesis of the long-term inverse temperature development
between the N-Atlantic and N-Pacific from the middle to late Holocene (Kim et al.,
2004). According to Kim et al. (2004), SST trends resemble a basin-scale, long-term N-
Pacific warming while the N-Atlantic cools (IOW225514 and IOW225517, Emeis and
Dawson, 2003; MD952015 and MD952011, Calvo et al., 2002, Marchal et al., 2002)
during the last 7 kyr. However, the interpretation of Kim et al. (2004) is based solely
on one record from the subarctic NW-Pacific (GGC-15, Ternois et al., 2000), located
in the Sea of Okhotsk. Our more comprehensive compilation of alkenone-based SST
records from the N-Pacific and its marginal seas reveal no basin-scale, long-term warm-
ing trend over the past 7 kyr in the N-Pacific. The compilation of SST records from
the N-Pacific realm hints to complex regional differences in temperature development
during the middle to late Holocene (Fig. 4.8).

In the Sea of Okhotsk, the middle to late Holocene SST development is characterized
by different trends with relatively large temperature fluctuations (Fig. 4.8). Core
LV29-114-3 from the southeastern Sea of Okhotsk shows a clear cooling trend (-2.5◦C)
during the last 7 kyr. In contrast, at neighbor core GGC-15, which was the only NW-
Pacific record included in the study of Kim et al. (2004), shows increased temperatures
during this interval (Ternois et al., 2000). However, this SST record is possibly biased
by low alkenone contents in the middle to late Holocene interval (Ternois et al., 2000).
Three SST records from the central Sea of Okhotsk (XP98-PC 2 and -PC4, Seki et al.,
2004a) and the southwestern Sea of Okhotsk (MD01-2412, Harada et al., 2006b) are
marked by a pronounced temperature minimum between 6–3 ka BP. Only core MD01-
2412 shows a clear SST trend, which points to a warming during the late Holocene
(Fig. 4.8). Altogether, we partly ascribe the differences in SST development to a
variable inflow of surface water masses from the N-Pacific and the Japan Sea. Core
LV29-114-3 is located at the main entrance of Pacific water masses delivered by the
EKC (via Krusenstern Strait), which transports relatively cold water-masses to the Sea
of Okhotsk. The Holocene cooling trend at core LV29-114-3 thus might be related to
temperature changes in the source region of the EKC. On the other hand core MD01-
2412 is influenced by the inflow of warm water masses from the Japan Sea via the Soya
Strait. The warming trend may indicate a strengthened influence of the Japan Sea.

In the Bering Sea, the middle to late Holocene SST development is derived from two
sediment records only, one from the eastern (HLY0202-51JPC, Caissie et al., 2010)
and one from the western part (SO201-2-77KL, this study). Both temperature records
reveal a consistent pattern of SST development with a net warming indicated by the
linear regression trend (Fig. 4.8). This trend seems to be related to a SST rise around
the mid- to late Holocene transition (ca. 3.5 ka BP).
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Figure 4.8.: Holocene compilation of alkenone-based SST reconstructions for the Sea of
Okhotsk (1-4) Bering Sea (5-6) subarctic NW-Pacific (7-8), subarctic NE-Pacific (9-10)
compared with subarctic N-Atlantic alkenone-derived SSTs (11-12, Emeis and Dawson,
2003; 13-14, Marchal et al., 2002; 14, Calvo et al., 2002) from the middle to late Holocene.
The stippled vertical lines indicate the middle to late Holocene boundary in every record.
Linear regression trends are given for all records (blue, red and gray thick lines) for the
last 7 kyr BP. Correlation coefficients r2 are shown in the lower right corners, respectively.

The subarctic NW-Pacific SST records reveal a cooling trend from the middle to late
Holocene (PC6, Minoshima et al., 2007a; SO201-2-12KL, this study; Fig. 4.8). Avail-
able temperature records from the subarctic NE-Pacific margin show no consistent pic-
ture of SST development during the last 7 kyr BP (JT96-09PC, Kienast and McKay,
2001; ODP 1019C, Barron et al., 2003; Fig. 4.8). As the SST record from core JT96-
09PC indicates weak cooling over the last 7 kyr, SSTs at ODP site 1019 are marked
by a clear warming trend.
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In summary, the compilation of alkenone-derived SST records from the N-Pacific and
its marginal seas show no consistent SST trends and thus do not corroborate the
basin-scale, long-term warming from the middle to late Holocene in the N-Pacific (Kim
et al., 2004). Regionally consistent pattern in SST development are distinguished for
the Bering Sea and the subarctic NW-Pacific, however with opposing trends during the
last 7 kyr. The Bering Sea is marked by a warming trend and the subarctic NW-Pacific
is characterized by a cooling trend from the middle to late Holocene. The SST devel-
opment within the Sea of Okhotsk is rather diverse. If the Holocene SST development
in the NW-Pacific has been directly affected by variations in local insolation (external
forcing), one would expect a consistent response. A direct response to the long-term
weakening in northern hemisphere summer insolation (June–July) would call for a de-
crease in SSTs from the middle to late Holocene. Accordingly, the cooling trend in the
NW-Pacific could be partly attributed to the decrease in summer insolation. On the
other hand the opposing SST development in the Bering Sea as well as the diverse SST
pattern in the Sea of Okhotsk also call for a strong imprint of other processes (inter-
nal forcing), involving atmosphere–ocean interactions. AMOC-induced changes, which
apparently played a key role for the SST development in the NW-Pacific during the
last deglacial period, seems to be of minor importance since the thermohaline circula-
tion has been reported to be relatively stable during the middle to late Holocene (e.g.
McManus et al., 2004). Regardless of the underlying forcing mechanism, changes in
upper-ocean circulation have to be considered for understanding the complex Holocene
SST variability in the NW-Pacific.

4.5.3. Changes in sea-ice extent during short climate
oscillations of the last glacial termination

The variability in sea-ice distribution during the last glacial termination is closely
coupled to the general SST development in the subarctic Pacific realm, although the
alkenone-derived SSTs most likely reflect summer-autumn temperature variations and
are not associated with the seasonal maximum in sea-ice extent. The qualitative as-
sessment of sea-ice extent (IP25) in the subarctic NW-Pacific suggests a highly dynamic
sea-ice cover (Fig. 4.9), which at least oscillated over several hundred miles during the
last deglaciation. The advancement of sea-ice reached all core sites in the study area
during phases of H1 and the YD cold stages and is accompanied by coldest tempera-
tures, derived from our SST records in the NW-Pacific (Fig. 4.5). Due to the limited
spatial coverage of sediment cores, the maximum expansion in seasonal sea-ice cover
may have been much larger during these intervals. Conversely, the absence of the IP25

suggests ice-free conditions at all our core locations during phases of the B/A and the
early Holocene warm intervals, which is also in accordance with warmest intervals,
derived from our SST records (Fig. 4.5). During the early Holocene the maximum
in sea-ice extent was even more limited compared to today (Zhang et al., 2010) (Fig.
4.9). This is suggested by the absence of IP25 at the northernmost core site SO201-
2-114KL, which today is influenced by sea-ice advances during winter. These findings
are underpinned by pronounced millennial-scale shifts in diatom assemblages at core
SO201-2-12KL, indicative for changes in seasonal sea-ice cover during the past 15 kyr
(Fig. 4.6). High percentages of F. oceanica are indicative of the presence of sea-ice
during the YD. High percentages of N. seminae reflect open water conditions during
the B/A and the early Holocene.
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Figure 4.9.: Sea-ice extent (dashed lines) derived from occurrence/absence of IP25 sea-
ice diatoms biomarker measured on a set of six sediment records during time slices of the
Bølling/Allerød and Early Holocene (lower left panel), the Younger Dryas and Heinrich
Event 1 (lower right panel) compared with the modern sea-ice distribution (redrawn after
Zhang et al., 2010) in the subarctic NW-Pacific today (upper panel). Question marks
indicate regions where no information of the past sea-ice coverage is available. White
circles indicate no IP25 was found and black circles mark samples where IP25 was detected
in the sediment records according to the time slice. Note the strong expansion of sea-ice in
the subarctic NW-Pacific during times of H1 and YD, where IP25 was detected in every
sediment record and thus the maximum sea-ice boundary was shifted several hundred
miles to the South (especially in the western Bering Sea) compared to today. During
phases of the B/A and early Holocene IP25 was absent in all sediment records and thus
no sea-ice presence inferred at the core sites.

Combining the information of both proxies (IP25 and diatom assemblages) also enables
to identify different stages of sea-ice conditions, e.g. permanent sea-ice coverage versus
seasonal or no sea-ice presence. With respect to the position of core SO201-2-12KL
high amounts of F. oceanica during the YD and relatively low amounts during the last
glacial provide not necessarily a discrepancy. Since N. seminae is marked by extremely
low values during both intervals, we infer that the glacial position of the sea-ice margin
was in comparison to the YD further offshore of core SO201-2-12KL. At the core site,
perennial sea ice cover prevailed during the glacial and the retreat of the summer sea-ice
boundary may have reached the core location only occasionally. This interpretation is
also supported by low total diatom abundance during the last glacial, as resulted from
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enhanced sea ice coverage, which further limits phytoplankton growth. After ∼15 ka
BP (beginning of the B/A) total diatom abundance is by an order of magnitude higher
(not shown). Our results are also in harmony with previous sea-ice reconstructions
based on diatom assemblages and paleo-productivity studies (Sancetta, 1983; Sancetta
and Robinson, 1983; Sancetta, 1992; Cook et al., 2005; Katsuki and Takahashi, 2005;
Okazaki et al., 2005b; Sakamoto et al., 2006; Katsuki et al., 2009; Caissie et al., 2010).
The conclusive variability between SST and the IP25-proxy highlights the potential of
this relative new sea-ice proxy for more detailed spatial time slice reconstructions in
the N-Pacific realm to assess the climate dynamics and feedback mechanisms during
millennial-scale climate fluctuations of the last deglaciation.

4.6. Conclusions

1. Alkenone-temperatures derived from high-resolution sediment records in the sub-
arctic NW-Pacific, the Sea of Okhotsk and the western Bering Sea show a deglacial
temperature pattern similar to the NE-Pacific and even to the N-Atlantic and
Greenland temperature variability. From this we suggest a close linkage to
deglacial variations in AMOC associated with rapid atmospheric teleconnections,
which resulted in a quasi-synchronous SST development between the N-Atlantic
and the N-Pacific during the last glacial termination. Although the SST pat-
tern between the N-Atlantic and N-Pacific show striking temporal similarities,
uncertainties in age control related to a lack of knowledge in 14C reservoir ages
of N-Pacific surface waters may bias the timing of SST changes by up to several
hundred years.

2. During the middle to late Holocene, the subarctic N-Pacific reveals a complex
SST pattern, suggesting strong regional overprints. The compilation of alkenone-
derived SST records from the NW-Pacific, the Bering Sea and the Sea of Okhotsk
does not support the hypothesis of a long-term Holocene temperature seesaw
between the N-Atlantic and N-Pacific associated with a basin-scale warming trend
in the N-Pacific during the last 7 kyr. Only the Bering Sea records reveal a
tendency towards warmer temperatures compared to a slight cooling in the NW-
Pacific. The records from the Sea of Okhotsk exhibit both cooling and warming
trends as well as large fluctuations during the middle to late Holocene.

3. Past sea-ice expansion were reconstructed from a set of six sediment records by
qualitative assessment of the IP25 biomarker for cold (H1 and YD) and warm
(B/A and early Holocene) stages and compared to diatom studies during the last
glacial termination in the NW-Pacific. Our results suggest a strong variability
of sea-ice extent and a close coupling to SST fluctuations in the N-Pacific. The
sea-ice advanced at least by several hundred miles during phases of H1 and YD.
During the phases of B/A and the early Holocene the maximum in sea-ice cover
seems to have been even more reduced compared to today.
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Table 4.2.: AMS-14C ages of the sediment records with calibrated calendar age ±1σ
(years) and applied reservoir age correction used in this study.
Lab. No. Sediment core Core depth Radiocarbon age Calendar age Reservoir age

(cm) (years) ±1σ (years) (years)
transferred age LV29-114-3 108 5850±601 5607-5730 900

OS-88042 162 8320±40 8236-8310 900
KIA30864 197 9630±50 9764-10067 900
KIA30863 232 10465±50 10808-11080 900
KIA30867 272 12290±55 13164-13308 900
KIA30865 292 13180±60 13960-14457 900
KIA30868 317 14400±80 16538-16827 900
KIA30866 352 15130±80 17117-17497 900
OS-85655 SO201-2-12KL 210 9390±40 9484-9527 900
KIA44680 295 10570±50 11080-11191 900
OS-87895 340 10800±65 11231-11368 900
OS-92047 508 12500±50 13340-13498 900
OS-87891 550 12900±50 13782-13918 900
OS-87902 610 13350±65 14219-14752 900
OS-92150 695 13900±55 15227-15872 900
KIA44682 820 16160±80 18491-18666 900
KIA44683 875 17090±90 19254-19457 900
OS-85671 SO201-2-77KL 105 9570±452 10051-10152 700
OS-85658 115 10450±403 11174-11222 700
OS-90700 155 11500±50 12608-12727 700
OS-85657 167-170 12750±50 13823-13967 700
OS-85664 180 13200±45 14501-14945 700
OS-85665 SO201-2-85KL 26 9950±402 10378-10507 700
KIA42231 45 10315±653 10791-10966 700
OS-85669 60 11950±45 13104-13217 700
KIA42232 70 12620±90 13665-13887 700
OS-87896 95 13850±55 15822-15803 700
OS-87890 135 17350±65 19575-19895 700
KIA42233 155 20720±160 23706-24194 700
OS-87887 SO201-2-101KL 10 12600±55 13686-13838 700
OS-88041 90 14950±60 17165-17506 700
KIA42229 110 17310±120 19541-19919 700

transferred age 140 20720±1604 23706-24194 700
KIA42230 190 22510±190 25876-26351 700
KIA42506 260 29270±440 32121-33539 700
KIA42235 SO201-2-114KL 39 10200±70 10660-10805 700
KIA42236 76-78 10645±50 11249-11404 700
KIA42237 114 12160±80 13249-13403 700
KIA42238 153 13410±100 14727-15237 700

1 - 14C age transferred from sediment core V34-98 (Gorbarenko et al., 2002a)
2 - 14C ages used to define the carbonate spike 1
3 - 14C ages used to define the carbonate spike 2
4 - 14C age transferred from sediment core SO201-2-85KL



96 5. Deglacial history of (sub) sea surface temperatures and salinity in the ...

5. Deglacial history of (sub) sea surface
temperatures and salinity in the
subarctic NW Pacific: Implications for
upper-ocean stratification

Based on: "Deglacial history of (sub) sea surface temperatures and salinity in the
subarctic NW Pacific: Implications for upper-ocean stratification" by Jan-Rainer Ri-
ethdorf, Lars Max, Dirk Nürnberg, Lester Lembke-Jene, and Ralf Tiedemann (to be
submitted to Paleoceanography).

Abstract

Based on models and proxy data it has been proposed that in the subarctic North Pa-
cific salinity-driven stratification weakened during the last deglaciation, which might
have contributed to the deglacial rise in CO2. Here, we present high-resolution sub
sea surface temperature (subSSTMg/Ca) and sub sea surface salinity-approximating
(δ18Oivc−sw) records across the last 20,000 years from the subarctic North Pacific and
its marginal seas, derived from combined stable oxygen isotopes and Mg/Ca ratios
of the planktonic foraminiferal species Neogloboquadrina pachyderma (sin.). Our re-
sults indicate regionally differing changes of subsurface conditions. In general, dur-
ing the Heinrich Stadial 1 and the Younger Dryas cold phases our sites were subject
to reduced thermal stratification and increased advection of low-salinity water from
the Alaskan Stream and East Kamchatka Current (EKC). The warm phase of the
Bølling-Allerød instead, was characterized by strengthened thermal stratification and
high-salinity surface water due to less dilution from the Alaskan Stream and EKC.
From direct comparison with alkenone-based SSTUk′37 estimates, we suggest that the
deglacial thermocline changes were closely related to changes in seasonality and upper-
ocean stratification. The modern upper-ocean conditions seem to have developed only
since the early Holocene.

5.1. Introduction

5.1.1. State of knowledge

No deep water is formed in the modern subarctic N Pacific. Here, a relatively steep
salinity-gradient (halocline) prevents surface water from becoming dense enough to
sink, thereby isolating it from the underlying nutrient-rich deep water (Haug et al.,
1999). Upper-ocean stratification most likely developed around 2.7 million years ago
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(Haug et al., 1999; Sigman et al., 2004) and is maintained by several processes (War-
ren, 1983; Emile-Geay et al., 2003; Kiefer, 2010): (i) a restricted meridional exchange
between subpolar and subtropical waters, (ii) atmospheric low-latitude moisture trans-
port from the Atlantic to the Pacific, and (iii) northward moisture flux by the Asian
monsoon. As a consequence of salinity-driven stratification, the exchange of gas, heat,
and nutrients between deep and surface water is limited in the N Pacific. In contrast,
the modern Southern Ocean releases carbon dioxide to the atmosphere, which is stored
in deep waters. This led to the assumption that high-latitude ocean stratification drives
changes in atmospheric CO2-concentrations during recent glacial cycles (Haug et al.,
1999; Sigman and Boyle, 2000; Sigman and Haug, 2003; Sigman et al., 2004; Jaccard
et al., 2005; Sigman et al., 2010). However, growing paleoceanographic evidence (e.g.
Okazaki et al., 2010) suggests that during the last deglaciation deep water was formed
in the N Pacific and that the halocline had not been a permanent feature. Hence, the
N Pacific might have played a more active role in the deglacial rise of atmospheric CO2

than previously thought.

High-resolution records depicting the deglacial paleoceanographic evolution in the sub-
arctic N Pacific are sparse due to a shallow lysocline and corrosive bottom waters
limiting CaCO3 preservation. This restricts most carbonate-bearing records to shal-
low depths, and for cores from intermediate and deep levels results in stratigraphic
uncertainties and limited applicability of carbonate-based proxies. Moreover, regional
reservoir ages of surface waters are only little known and potentially subject to strong
variation (e.g. Sarnthein et al., 2007).

Nevertheless, available reconstructions of sea surface temperature (SST) and salinity
(SSS) indicate strong oceanographic changes and climate oscillations in the subarctic N
Pacific during the last deglaciation (20–10 ka BP) similar to those recorded in Green-
land ice (Grootes et al., 1993; NGRIP members, 2004), namely the cold periods of the
Heinrich Stadial 1 (referred to as H1 in this study) and the Younger Dryas (YD), and
the warm phases of the Bølling-Allerød (B/A) and the Preboreal (PB). Recent studies
found evidence for enhanced deep water ventilation in the NW Pacific during H1 and
the YD (Ahagon et al., 2003; Ohkushi et al., 2004; Sagawa and Ikehara, 2008; Okazaki
et al., 2010), while at the same time the Atlantic Meridional Overturning Circulation
(AMOC) collapsed or declined (McManus et al., 2004). In contrast, higher ventilation
ages were found in the western N Pacific during the B/A, which might indicate reduced
ventilation of intermediate waters (Okazaki et al., 2010).

In agreement with this observation, General Circulation Models (GCM) predict a
strengthening of the Pacific Meridional Overturning Circulation (PMOC) results from
a rise in SSS in the N Pacific due to a weakened AMOC (e.g. Menviel et al., 2012).
These studies controversially argue either for an atmosphere-controlled in-phase (Miko-
lajewicz et al., 1997; Krebs and Timmermann, 2007; Okumura et al., 2009), or for an
ocean-controlled anti-phase (Schmittner et al., 2003, 2007; Saenko et al., 2004) rela-
tionship between the thermal evolution of the N Atlantic and the N Pacific.

Support for increased SSS during H1 and thus, for a potential disappearance of the
halocline comes from Mg/Ca- and δ18O-based reconstructions derived from planktonic
foraminifera in NW Pacific sediment cores MD01-2416 (Sarnthein et al., 2006; Gebhardt
et al., 2008), and GH02-1030 (Sagawa and Ikehara, 2008). Results from core MD01-
2416 suggest that during H1 maxima in SSS were accompanied by maxima in SST,
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hence supporting an anti-phase relationship with the N Atlantic (Sarnthein et al.,
2006; Gebhardt et al., 2008).

This, however, is in conflict with alkenone-based SST reconstructions, which indicate
restricted marine productivity during H1 and a maximum in SST during the B/A
in the NE Pacific (Kienast and McKay, 2001; Barron et al., 2003), the Bering Sea
(Caissie et al., 2010; Max et al., in review), and the Okhotsk Sea (Ternois et al., 2000;
Harada et al., 2006b; Seki et al., 2009). Mg/Ca-based results from core GH02-1030 also
show a rise in SST during the B/A (Sagawa and Ikehara, 2008), which may point to a
regionally differing development of the thermocline. Nevertheless, core MD01-2416 was
recovered from Detroit Seamount and core GH02-1030 is affected by warm and salty
Kuroshio waters. Both sites might provide quite different settings when compared to
the N Pacific marginal seas.

Consequently, additional reconstructions of SST and SSS, which allow for a direct
comparison between alkenone- and Mg/Ca-based results, are essential to elucidate
changes in upper-ocean stratification and SST development in the subarctic N Pacific.
Especially for the Okhotsk and Bering seas, which are key areas for the formation of
North Pacific Intermediate Water (NPIW), salinity reconstructions are rare.

Here, we report combined stable oxygen isotope and Mg/Ca-based reconstructions of
sub sea surface temperatures (subSSTMg/Ca) and δ18Oivc−sw (approximating sub sea
surface salinity, subSSS) for the last 20 ka BP from sediment cores recovered in the
southern Okhotsk Sea, the NW Pacific off Kamchatka, and the western Bering Sea.
Our results, which are compared to alkenone-based SST estimates (SSTUk′37) derived
from the same samples (Max et al., in review), show strong deglacial variations in
the thermal structure of the upper water column. Moreover, we present supporting
evidence that salinity-driven stratification in the N Pacific was subject to deglacial
changes and that the modern halocline is a relatively recent feature as suggested by
Sarnthein et al. (2004).

5.1.2. Regional setting

The subarctic N Pacific is characterized by a large-scale cyclonic surface circulation
pattern (Fig. 5.1). At ∼40◦N the North Pacific Current, an extension of the subtropical
Kuroshio Current, flows eastward and brings relatively warm water (∼10◦C) into the
Alaskan gyre in the NE Pacific. From here the Alaskan Current, fed by freshwater
discharge from the North American continent (Kowalik et al., 1994; Weingartner et al.,
2005), transports surface water to the north. Subsequently, the Alaskan Stream flows
westward along the Aleutian Island Arc, thereby causing surface water to flow into
the Bering Sea through several passes. Within the Bering Sea, a cyclonic surface
circulation develops with the East Kamchatka Current (EKC) and the Bering Slope
Current (BSC) acting as western and eastern boundary currents, respectively. Cold
and nutrient-rich surface waters leave the Bering Sea through the Bering Strait into the
Arctic Ocean, but main outflow occurs back into the NW Pacific via Kamchatka Strait
(e.g. Stabeno et al., 1999). The northern straits of the Kurile Islands provide inflow of
Pacific water from the EKC into the Okhotsk Sea (e.g. Katsumata and Yasuda, 2010).
In the Okhotsk Sea, brine rejection due to sea-ice formation leads to the production of
Okhotsk Sea Intermediate Water (OSIW), a major component of NPIW. OSMW flows
out through the Kurile Straits thereby mixing with Pacific water and forming
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Figure 5.1.: Bathymetric map of the subarctic NW Pacific, Okhotsk Sea, Bering Sea,
and NE Pacific (inlet). Red dots indicate sediment cores studied here, blue dots denote
published reference records: MD01-2416 and ODP Site 883 (Sarnthein et al., 2004, 2006;
Gebhardt et al., 2008), and PC13 (Brunelle et al., 2010) from the NW Pacific, MD02-2489
from the NE Pacific (Gebhardt et al., 2008), GH02-1030 off Japan (Sagawa and Ikehara,
2008), GGC27 from the Okhotsk Sea (Brunelle et al., 2010), and HLY-02-02-17JPC from
Bowers Ridge (Brunelle et al., 2007, 2010). CTD stations from R/V Sonne expedition
SO201-2 (white triangles; Dullo et al., 2009), stations from the World Ocean Atlas 2009
(white squares; Locarnini et al., 2010), and stations from the World Ocean Circulation
Experiment (WOCE; black dots) referred to in the text are included. The general surface
circulation pattern (after Tomczak and Godfrey, 1994; Stabeno et al., 1999) is indicated by
red arrows. AC = Alaskan Current, EKC = East Kamchatka Current, ANSC = Aleutian
North Slope Current. This map was generated with "Ocean Data View" (Schlitzer, 2011).

Oyashio Current water (Yasuda, 1997; You, 2003). The Oyashio Current transports
this relatively cold (∼4◦C), low-salinity (∼33 psu) water along the Kurile Islands to
the east of Japan, where it meets with warmer and saltier water (∼34–35 psu) from
the Kuroshio. Both, the EKC and the Oyashio, are western boundary currents of the
N Pacific subpolar gyre.

5.1.3. Modern hydrography and carbonate dissolution

Characteristic oceanographic features of the subarctic NW Pacific are a strong seasonal
variability of SST and SSS (Fig. 5.2), as well as a marked upper-ocean stratification.
Both are linked to the seasonal interplay between the atmospheric pressure systems
of the Siberian High and the Aleutian Low, which in the Okhotsk and the Bering
seas leads to intense winter mixing and sea-ice formation (e.g. Niebauer et al., 1999).
Stratification during summer arises from increased insolation and melting sea-ice, while
a temperature minimum layer (dichothermal layer) remains at ∼100 m water depth.
Waters from this layer are supposed to be formed during winter mixing in the Bering
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Figure 5.2.: Modern seasonal profiles of in situ temperature (A), salinity (B), and po-
tential density (σ0; C) for the southern Okhotsk Sea, the subarctic NW Pacific, and
the western Bering Sea. Stations lying in the vicinity of our core locations were chosen
from the World Ocean Atlas 2009 (WOA; stations 33545, 34115, 34548; Locarnini et al.,
2010) and are shown together with CTD-measurements conducted during R/V Sonne
expedition SO201-2 in September 2009 (stations SO201-2-2CTD, -67CTD; Dullo et al.,
2009) (Fig. 5.1). The habitat of the planktonic foraminifer N. pachyderma (sin.) is as-
sumed to lie in 50–100 m water depth (light grey-shaded bars) and to be associated with
an isopycnal layer of ∼26.4–26.6 kg m−3 (blue-shaded bars in C). Depths of the maxi-
mum mixed layer (dashed line) are inferred from Miura et al. (2002) and fit WOA- and
CTD-data. Note that the Mg/Ca-based average Holocene temperatures of 3–4◦C (dark
grey-shaded bars) only correspond to water temperatures recorded during modern sum-
mer (July–September; red line) and fall (October–December; grey line) in the assumed
habitat.
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Figure 5.3.: Profiles of ∆[CO2−
3 ], defined as the difference between the in situ carbon-

ate ion concentration ([CO2−
3 ]insitu) (calculated using the CO2SYS macro for MS Excel;

Pierrot et al., 2006) and [CO2−
3 ] at saturation (calculated after Jansen et al., 2002) for the

Okhotsk Sea, subarctic NW Pacific, and Bering Sea. Total alkalinity and total CO2 data
were obtained from WOCE lines P01W (stations 7-17), P13 (stations 6-15), and P14N
(stations 1-15) (available at http://cchdo.ucsd.edu/) (Fig. 5.1). Dashed horizontal lines
mark the depth of the calcite saturation horizon (CSH), which represents the approximate
top of the lysocline. Grey bars mark the critical ∆[CO2−

3 ] threshold of ∼18–26 µmol kg−1,
at which Mg2+ removal from foraminiferal tests is assumed to start (Regenberg et al.,
2006). Black dots mark water depths of core locations, lying clearly below the critical
∆[CO2−

3 ] threshold.

and Okhotsk seas and to be subsequently exported to the NW Pacific (Ohtani et al.,
1972; Miura et al., 2002). As a consequence of this variability, the modern seasonal
thermo- and pycnoclines mainly lie within the upper ∼30–70 m water depth at our
study sites.

The subarctic N Pacific is characterized by a shallow-lying lysocline. Data obtained
from the World Ocean Circulation Experiment (WOCE), used to estimate the calcite
saturation state for seawater (∆[CO2−

3 ]), reveal that the calcite saturation horizon
(CSH) in the subarctic NW Pacific is between 150–300 m water depth (Fig. 5.3).
Critical values of ∼18–26 µmol kg−1 for ∆[CO2−

3 ], below which selective removal of
Mg2+ ions from calcitic foraminiferal tests during calcite dissolution is assumed to
start (Regenberg et al., 2006), are already reached at shallower depths (∼120–200 m).
As all sediment cores investigated in this study were recovered below the modern CSH
(Fig. 5.3), foraminiferal tests must have been affected by calcite dissolution.

http://cchdo.ucsd.edu/
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5.2. Material and methods

5.2.1. Sedimentology

Table 5.1.: Site information.
Core Latitude Longitude Depth Recovery

(mbsl) (m)
LV29-114-3 49◦22.54’N 152◦53.23’E 1765 9.64
SO201-2-12KL 53◦59.47’N 162◦22.52’E 2145 9.05
SO201-2-77KL 56◦19.83’N 170◦41.98’E 2135 11.78
SO201-2-85KL 57◦30.30’N 170◦24.77’E 968 18.13
SO201-2-101KL 58◦52.52’N 170◦41.45’E 630 18.32

This study is based on piston cores SO201-2-12KL, -77KL, -85KL, and -101KL recov-
ered in 2009 during R/V Sonne cruise SO201-KALMAR Leg 2 in the subarctic NW
Pacific and western Bering Sea (Dullo et al., 2009). Cores 77KL, 85KL, and 101KL lie
on a 280 km-long north-south transect on Shirshov Ridge in the western Bering Sea in
shallow to deep intermediate water levels (630–2135 m; Tab. 5.1). Core 12KL was re-
covered from the continental slope off eastern Kamchatka close to Kronotsky Peninsula
(2145 m) and is lying in the path of the EKC. The sedimentology of cores 77KL, 85KL,
and 101KL is characterized by monotonous sequences of siliciclastic material of mainly
clay and silt size. Relatively thin layers of diatomaceous ooze/silt are intercalated.
Sediments of core 12KL are characterized by monotonous siliciclastic sandy/clayey silt
series that are overlain by a diatomaceous sequence.

Additional samples were obtained from core LV29-114-3 (Tab. 5.1) retrieved from the
southern Okhotsk Sea in 2002 during LV29-KOMEX Leg 2 cruise with R/V Akademik
Lavrentyev (Biebow et al., 2003). Core 114-3 in the eastern Kurile Basin is influenced
by the EKC entering the Okhotsk Sea. The sedimentary succession shows a 175 cm
thick layer of diatomaceous sediment that is followed by terrigenous sediments with
high magnetic susceptibility values. All cores contain only low contents of CaCO3 (<5
wt.%). However, all cores show increased contents during the B/A, reaching maximum
values of up to 30 wt.% in cores 12KL and 77KL.

5.2.2. Age model

The stratigraphic framework of all cores is in detail presented in Max et al. (in review).
For the last 20,000 years, the age models are based on a combined chronostratigraphic
approach including color and X-ray fluorescence (XRF) core logging data for inter-
core correlations, as well as AMS-14C dating of the planktonic foraminiferal species
Neogloboquadrina pachyderma (sin.) (Fig. 5.4). Planktonic AMS-14C-ages were con-
verted to calendar ages using the IntCal09 calibration (Reimer et al., 2009) assuming
spatially different reservoir age corrections for the Bering and Okhotsk seas. For the
last deglaciation the investigated sediment records provide sedimentation rates between
5 and 30 cm kyr−1, for core 12KL even up to 125 cm kyr−1, hence allowing for a cen-
tennial to millennial-scale time resolution in our reconstructions.
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Figure 5.4.: Stratigraphy for cores used in this study. Left hand: XRF Ca/Ti log-ratios
(shown vs. depth) are used for intercore correlations. Red dots mark AMS-14C datings
(vertical numbers indicate calendar ages). Right hand: Records of color b* and XRF
Ca/Ti log-ratios (shown vs. time) provide a pattern of variability similar to that regis-
tered in the NGRIP ice core from Greenland (NGRIP members, 2004; GICC05 timescale,
Rasmussen et al., 2006). Red triangels indicate age control points.

5.2.3. Stable isotopes and Mg/Ca analyses

Combined stable isotope and Mg/Ca analyses were performed on ∼100–150 specimens
(∼500 µg) of the polar to subpolar shallow-dwelling planktonic foraminifer Neoglobo-
quadrina pachyderma (sin.) (referred to as Nps hereafter), which were selected from
the 125–250 µm size fraction. We focused on the most abundant four-chambered spec-
imen of Nps from a relatively narrow size fraction to avoid potential bias due to shell
size (Elderfield et al., 2002) or different morphotypes (Healy-Williams, 1992). Abun-
dance of foraminifera was sufficient in all investigated sediment cores, except for core
12KL, which did not contain enough foraminiferal tests from 0 to 125 cm core depth
(<1 wt.% CaCO3).

Foraminiferal tests were gently crushed between two glass plates to open chambers and
mixed with a brush for homogenization. Material was divided into two subsamples with
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two thirds used for Mg/Ca and one third for stable isotope analyses, and then trans-
ferred into acid-cleaned vials. Prior to stable isotope measurements, subsamples were
rinsed three times with ultrapure water and twice with ethanol including ultrasonic
treatment steps of 20 seconds in order to remove clays. Dried samples were measured
on a Thermo Finnigan MAT253 mass spectrometer coupled with a Thermo Scientific
Kiel IV Carbonate device at GEOMAR, Kiel. Results were calibrated to the VPDB
scale and referenced to the NBS19 standard. Analytical long-term precision (N > 1000
samples) of the used in-house Bremen carbonate standard (Solnhofen limestone) was
±0.03%� for δ13C and ±0.06%� for δ18O.

Cleaning of planktonic foraminifera for Mg/Ca analyses followed the protocol of Barker
et al. (2003) and included a reductive cleaning step using hydrazine (N2H4) as reducing
agent to remove metal oxides. The oxidation step using hydrogen peroxide (H2O2)
to remove the remaining organic matter was applied after a sample transfer to new
acid-leached vials. Final leaching was performed using 0.001 M nitric acid (HNO3).
Samples were dissolved immediately before analysis with ultra-pure 0.075 M HNO3

including 25 min of ultrasonic treatment and subsequent centrifugation. About 500 µl
of supernatant was then transferred into polypropylene tubes and diluted with 1.8 ml
of 0.075 M HNO3 containing 10 ppm of yttrium as an internal standard.

Samples were measured on an axial viewing ICP-OES (VARIAN 720-ES coupled with
SPS3 Sample Preparation System). We used spectral lines 279.553 nm for Mg and
370.602 nm for Ca. Post-processing included automatic correction for analytical drift
and normalization to the ECRM 752-1 standard, which is used as internal consistency
standard applying a reported Mg/Ca ratio of 3.761 mmol mol−1 (Greaves et al., 2008).
For Mg/Ca measurement the analytical long-term precision of the ECRM752-1 stan-
dard, which was measured after each batch of 10 samples including 1 blank, was 0.1
mmol mol−1 (2σ). Due to very low carbonate contents of the sediments and hence,
general low abundance of foraminifera, full sample treatment was only repeated for 11
samples that were considered as outliers. These replicate analyses provided discrepan-
cies between 0.1–0.7 mmol mol−1 for Mg/Ca that may indicate a contamination of the
samples. Benthic and planktonic δ18O, as well as foraminiferal element ratios (Mg/Ca,
Mn/Ca, Fe/Ca, Al/Ca) are shown in the supplementary information.

To detect possible contamination by detrital material and secondary diagenetic coat-
ings, which might affect foraminiferal Mg/Ca ratios (e.g. Boyle, 1983b; Barker et al.,
2003; Rosenthal et al., 2000), ratios of foraminiferal Mn/Ca, Fe/Ca, and Al/Ca were
monitored simultaneously with Mg/Ca. Our cores featured relatively high average
Fe/Ca, Mn/Ca, and Al/Ca ratios ranging between 0.21–1.84 mmol mol−1, 0.02–0.06
mmol mol−1, and 0.08–0.20 mmol mol−1, respectively. In particular Fe/Ca ratios were
higher than the 0.1 mmol mol−1 suggested by Barker et al. (2003) for uncontaminated
foraminiferal tests. Each core was individually tested for linear relationships between
Mg/Ca and the other ratios, which is explained in the supplementary information. In
case of linear correlation coefficients (R2) higher than 0.6, we considered our Mg/Ca
analyses possibly affected by contamination and defined core-specific thresholds for
Fe/Ca, Mn/Ca, and Al/Ca. No samples from the last 20 ka BP were excluded accord-
ing to this approach and hence are supposedly not contaminated. Two samples were
rejected due to very high Mg/Ca ratios (2.2 and 2.4 mmol mol−1) as indicated in the
supplementary information.

To improve sampling resolution for core 114-3, Mg/Ca-results based on former mea-
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surements of 30 specimens for stable isotopes and 50 specimens for Mg/Ca selected
from the 150–250 µm size fraction were included in our dataset. These samples were
also cleaned according to the protocol of Barker et al. (2003) but without a reductive
cleaning step and analyzed using a radially viewing ICP-OES (Ciros CCD SOP, Spec-
tro A.I.) at the Institute of Geosciences, University of Kiel, on spectral lines 183 nm for
Ca and 270 nm for Mg. Samples cleaned with the reductive step show either similar
or relatively increased Mg/Ca ratios, albeit without any systematical differences with
respect to non-reductively cleaned samples. We consider the results of both datasets
as consistent as the mean offset between both datasets is not constant and lies within
the error range of the measurements (∼0.1 mmol mol−1), in agreement with stud-
ies comparing both cleaning methods (e.g. Rosenthal et al., 2004; Groeneveld et al.,
2008).

5.2.4. Mg/Ca temperature signal

As there is no locally established Mg/Ca-temperature calibration for Nps in the sub-
arctic N Pacific, we used the linear equation of Kozdon et al. (2009) to calculate sub
sea surface temperatures from Mg/Ca ratios of Nps (subSSTMg/Ca):

Mg/Ca (mmol mol−1) = 0.13 × T (◦C) + 0.35 (5.1)

Considering the slope in Eq. 5.1, the long-term analytical precision of our Mg/Ca mea-
surements translates into an error of ±0.8◦C. This temperature calibration is based on
Holocene core-top samples from high-latitude Nordic Seas used in a cross-calibration
approach between Mg/Ca and independent δ44/40Ca measurements. In contrast, most
other temperature calibrations for Nps are of exponential character and assume con-
stant calcification depths.

We used this specific relationship because we consider the depth habitat of Nps most
likely to be related to the seasonal thermo- and pycnocline, similar to the Nordic Seas
and the Arctic Ocean. Studies conducted in these areas show that shell calcification
of Nps mostly occurs at or close to the depth of the main thermocline between 50
and 200 m (Kohfeld et al., 1996; Bauch et al., 1997; Simstich et al., 2003). Based
on these studies Sarnthein et al. (2004, 2006) assume a depth range of 30–100 m
in the NW Pacific. Bauch et al. (2002) for the Okhotsk Sea calculated δ18O-based
average calcification depths lying within the upper 50–200 m, which was in accord with
maximum abundances of Nps. From their results, Bauch et al. (2002) concluded that
Nps lives at the bottom of the thermocline. Comparison with temperatures inferred
from δ18O and hydrographic data indicate variable calcification depths of Nps that are
associated with an isopycnal layer (Kozdon et al., 2009). Kuroyanagi and Kawahata
(2004) from tow samples from the western N Pacific and Japan Sea report a depth
habitat of Nps lying below the pycnocline (>20 m w.d.) supporting this indication.

WOA data show that at our study sites during boreal summer (July–September) the
average depth of the pycnocline lies at ∼30 m w.d., and that the thermocline extends
to ∼70 m with a temperature minimum of 1–2◦C in ∼100 m (Fig. 5.2). At all sites
an isopycnal layer with a potential density (σ0) of 26.4–26.6 kg m−3 is present within
almost the same depth interval (50–100 m). If Nps occupies a habitat that lies below the
pycnocline and is related to an isopycnal layer covering depths down to the bottom of
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the thermocline, then the depth habitat of Nps must lie between 50–100 m at our sites.
The assumption that Nps records a summer signal is supported by our reconstructed
average Holocene (<8 ka BP) subSSTMg/Ca-estimates, which range between 3–4◦C
and therefore only correspond to summer and fall (October–December) temperatures
in the suggested depth habitat. In contrast modern boreal winter (January–March)
and spring (April–June) temperatures lie below 3◦C (Fig. 5.2), which also lie below
our reconstructed temperatures. Accordingly, we assume Nps Mg/Ca data to reflect
temperatures recorded during late summer and early fall in 50–100 m water depth.

Sarnthein et al. (2006) and Gebhardt et al. (2008) assumed that the temperature
signal recorded by Nps at Site MD01-2416 is characteristic for late spring and late
summer/early fall. Indeed, in the southern Aleutian Basin, Takahashi et al. (2002a)
observed two maxima of biological CaCO3 fluxes during spring/summer and fall that
are caused by enhanced foraminiferal abundances. However, in contrast to our core
locations, their sediment trap study sites as well as Site MD01-2416 are located in
regions not dominantly influenced by seasonal sea-ice inhibiting marine productivity
during spring. Furthermore, the southern Bering Sea primary CaCO3 maximum oc-
curred during October to November (Takahashi et al., 2002a), which was also observed
along the Subarctic Front in the NW Pacific (Mohiuddin et al., 2005). These obser-
vations indicate that at our more northerly located study sites the main temperature
signal of Nps might indeed rather represent late summer/early fall.

Application of the multispecies calibration of Elderfield and Ganssen (2000) and the
relationship of Nürnberg et al. (1996) (specific for G. sacculifer and Nps) to our Mg/Ca
data would produce a larger temperature variability and would result in subSSTMg/Ca

that were on average warmer by about +1◦C and +3◦C, respectively. Consequently,
mean Holocene temperature estimates would not fit modern instrumental data within
the assumed habitat of Nps when using the equation of Nürnberg et al. (1996), whereas
the difference to the calibration of Elderfield and Ganssen (2000) lies within the error
range of our method. We thereby consider our subSSTMg/Ca results as reliable and the
choice of the temperature calibration as justified.

Mg/Ca-based paleotemperature estimations are constrained by the influence of calcite
dissolution of the foraminiferal tests in conjunction with selective removal of Mg2+ ions
(e.g. Regenberg et al., 2006, and references therein). Since all sediment cores inves-
tigated in this study were recovered below the modern CSH (Fig. 5.3), foraminiferal
tests might have been affected by dissolution. Accordingly, we employed strict quality
control and assessed the applicability of correction efforts. Although we admit, that our
Mg/Ca ratios are to an unknown degree influenced by dissolution effects, we are confi-
dent in our results and refrained from correcting the initial Mg/Ca values. A detailed
discussion on the impact of applying procedures to correct planktonic foraminiferal
Mg/Ca for dissolution effects is provided in the supplementary information.

5.2.5. Alkenone temperature signal

We compared our subSSTMg/Ca records with the alkenone-based sea surface temper-
ature (SSTUk′37) records of Max et al. (in review), which were derived from the same
samples. SSTUk′37 estimates are calculated according to the global (60◦N-60◦S) core-
top calibration of Müller et al. (1998), which is widely used in N Pacific temperature
reconstructions:
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Uk′

37 = 0.033 × T (◦C) + 0.044 (5.2)

The standard error of this calibration is given as ±1.5◦C (Müller et al., 1998). A
core-top calibration in the eastern Bering Sea suggests that most alkenones are syn-
thesized during September (Harada et al., 2003). Harada et al. (2006a) showed that
Emiliania huxleyi is the most abundant alkenone producer in the NW Pacific, which is
present within the upper 50 m w.d. and shows maximum export fluxes between July
and November. For the western Okhotsk Sea, definitely influenced by seasonal sea-ice,
maximum alkenone export fluxes were reported during September and October (Seki
et al., 2007). Mean insolation calculated after Laskar et al. (2004) for July–September
at 65◦N is in good agreement with the SSTUk′37 records (Fig. 5.5) supporting a re-
striction to late summer/early fall. Other calibrations, e.g. that of Prahl et al. (1988)
and Sikes et al. (1997), in our cores produce temperatures that are higher by up to
0.1◦C and 3◦C, respectively. However, our reconstructed mean Holocene alkenone- and
Mg/Ca-based temperature estimates almost compare with the modern instrumental
range.

Differences between alkenone- and Mg/Ca-paleotemperatures can be the result of sea-
sonal bias (e.g. Leduc et al., 2010). Due to the influence of seasonal sea-ice formation
at our sites, we consider a restriction of both, alkenone producers and planktonic
foraminifera, to the sea-ice-free late summer/early fall season to be more likely. Nev-
ertheless, we consider seasonal bias possible in case of a disappearing sea-ice influence.
Regarding depth habitats, in this study the alkenone signal is thought to represent
temperatures from the photic zone (0–30 m w.d.), while Mg/Ca results represent tem-
peratures from the colder subsurface (50–100 m w.d.).

5.2.6. Salinity estimation

Past changes in subSSS are approximated from seawater δ18O estimates. The oxygen
isotope signal recorded in foraminiferal calcite (δ18OCc) is a combination of the local
seawater isotopic composition (δ18Osw; reported in %� vs. SMOW) and temperature.
Local δ18Osw is influenced by changes in global ice-volume and regional variations of
salinity that are mainly controlled by local changes of the evaporation–precipitation
budget (e.g. Schmidt et al., 2004). In this study, δ18Osw is calculated by applying
the relationship of Shackleton (1974) that includes our foraminiferal values (δ18OCc) in
combination with the corresponding Mg/Ca-based paleotemperature estimates:

δ18Osw = δ18OCc + 0.27 −
4.38 −

√
4.382 − 4 × 0.1 × (16.9 − T )

2 × 0.1
(5.3)

This equation extends the results of an inorganic precipitation study (O’Neil et al.,
1969) to the endobenthic foraminifera Uvigerina peregrina, assumed to calcify in iso-
topic equilibrium with seawater. Mulitza et al. (2003) found that the T–δ18O-relationships
of N. pachyderma and epibenthic foraminifera species Cibicides are nearly identical and
that N. pachyderma shows a mean sensitivity of 0.28%� per ◦C, which is in agreement
with that of U. peregrina within -2◦ to +13◦C. We therefore decided to use the equation
of Shackleton (1974) based on U. peregrina. The factor of 0.27%� in Eq. 5.3 is due to
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the conversion of δ18Osw from the PDB to the SMOW scale (Hut, 1987). Finally, we
corrected for the global ice-volume signal following Waelbroek et al. (2002) based on a
δ18Osw change of 1.1%� per 130 m relative sea-level change (Yokoyama et al., 2000) to
produce ice-volume corrected seawater estimates (δ18Oivc−sw).

The absolute estimation of salinity from δ18Osw relies on regional calibrations and hence
from actual measurements of water samples, as variations in the ratio of evaporation
to precipitation can cause different δ18Osw–salinity relationships. Such calibrations
exist for the Okhotsk Sea and western subarctic Pacific (Yamamoto et al., 2001, 2002).
However, the uncertainty of the δ18Osw-approach already cumulates to ∼0.3%� which
would translate into a salinity error of about ±0.8 psu applying the calibration of
Yamamoto et al. (2001). Since our study sites are characterized by a modern seasonal
salinity range of ∼32.4–33.6 psu within the upper 150 m (Fig. 5.2), we consider this
error as too large and did not apply a conversion into absolute salinity estimates. We
rather interprete regional hydrological changes from relative changes of our δ18Oivc−sw

results in such that heavier (more positive) δ18Oivc−sw values are equivalent to a rise in
local subSSS, while a drop in subSSS is indicated by lighter (more negative) δ18Oivc−sw

values.

5.2.7. Biogenic opal

Biogenic opal was measured via molybdate-blue spectrophotometry applying the auto-
mated leaching method of Müller and Schneider (1993). We used 20 mg of freeze-dried
bulk sediment samples mixed with 100 ml of sodium hydroxide (1 M) in a water bath
at 85◦C for 45 min. The procedure of DeMaster (1981) was used to calculate weight
percentages of biogenic opal. Reproducibility of the measurements was 1–2 weight.%.

5.3. Results

5.3.1. Temperature reconstructions

Fig. 5.5 shows our temperature reconstructions for the last 20 kyr together with
the alkenone-based SSTUk′37 records from Max et al. (in review). Reconstructed
subSSTMg/Ca show a similar range in all cores of about 2◦ to 6◦C, except for core
12KL, which extends this range to a maximum of ∼9◦C. Also, this core records the
most pronounced amplitude variations, whereas the temperature variability of the cores
from both Pacific marginal seas is low. We found similar subSSTMg/Ca in the Bering
and Okhotsk seas during the last deglaciation as reflected by reconstructions from the
northernmost site (101KL) and the southernmost site (114-3).

In contrast, alkenones, which prior to 15 ka BP are characterized by concentrations
below detection limit, point to increasing SSTUk′37 of ∼3◦C from the north to the south
(Max et al., in review). Relative temperature changes of both proxy records (Fig. 5.5)
are consistent amongst each other in all records during the last glacial termination and
their overall evolution almost parallels the thermal evolution registered in the NGRIP
ice core from Greenland until the onset of the early Holocene. However, in part,
subSSTMg/Ca and SSTUk′37 records show different trends which result in temperature
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Figure 5.5.: Temperature reconstructions over the last 20 kyrs from the Bering Sea
(SO201-2-101KL, -85KL, -77KL), the subarctic NW-Pacific off Kamchatka (SO201-2-
12KL), and the southern Okhotsk Sea (LV29-114-3). The NGRIP ice core oxygen isotope
record (NGRIP members, 2004; GICC05 timescale, Rasmussen et al., 2006) is for refer-
ence. Our subSSTMg/Ca records (light grey lines) are shown together with alkenone-based
SSTUk′37 records (thin red lines) from Max et al. (in review) on the same scale. Running
5-point-averages of subSSTMg/Ca (thick black lines) are given to smooth the records. The
calculated error of our temperature estimates is given. Average middle to late Holocene
(<8 ka BP) temperature estimates of 3-4◦C are highlighted (grey vertical bars). Relative
sea-level (RSL, green line) is from (Waelbroek et al., 2002), and a green vertical bar marks
the interval when RSL reached the approximate sill depth of the Bering Strait (∼50 m).
Mean insolation calculated for boreal summer (July–September) at 65◦N (grey line) was
calculated after Laskar et al. (2004). Pale orange and pale blue shadings represent the
B/A and PB, and H1 and YD, respectively.
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differences between the surface and subsurface (∆T). All cores show low subSSTMg/Ca

between 18–16 ka BP and values of ca. ∼3-4◦C, supposedly reflecting the H1 stadial
in the N Atlantic (18.0–14.7 ka BP, Sarnthein et al., 2001). This mimimum is most
pronounced in NW Pacific core 12KL and only short-lived in core 114-3 from the
Okhotsk Sea. Due to the lower temporal resolution it is not well resolved in Bering Sea
cores 77KL and 85KL. Moreover, in core 85KL the Mg/Ca variability during 20–17 ka
BP is very large.

At the end of H1 a warming is recorded at the transition into the following B/A. Within
a period of 1,000 to 2,000 years subSSTMg/Ca increase by 2–4◦C to maxima of ∼5–6◦C
at sites 114-3, 77KL, 85KL, and 101KL, and to ∼9◦C at Site 12KL. SSTUk′37 show
increases from 2–6◦C at 15 ka BP to 6–8◦C during the B/A (Max et al., in review).
While Bering Sea cores 85KL and 101KL record almost similar subSSTMg/Ca and
SSTUk′37 until the PB, cores 114-3 and 77KL show ∆T of ∼2–3◦C during the B/A. In
contrast to the other records, core 12KL shows a two-step subSSTMg/Ca cooling during
the B/A and, most notably, negative ∆T values of up to -6◦C. ∆T is minimal at the
onset of the B/A and subsequently increasing, until temperatures from both proxies
converge at the end of the B/A at a value of ∼4◦C.

Cores 114-3, 12KL and 77KL record a cooling of subSSTMg/Ca following the early B/A
maximum. Subsequently, subSSTMg/Ca minima of 3–4◦C are recorded at either the end
of the B/A (114-3) or at the beginning of the YD (12KL, 77KL). In contrast, core 85KL
shows the temperature maximum at the end of the B/A and decreasing values since.
During the YD cores 114-3 and 77KL record almost stable subSSTMg/Ca (∼4◦C), while
core 12KL is characterized by a slight warming. SSTUk′37 show a decrease of 2–5◦C
into the YD (Max et al., in review). ∆T is reduced to about +2◦C at sites 114-3 and
77KL, to 0◦C at Site 85KL, and again becomes negative (-2◦C) at Site 12KL.

Core 12KL records a pronounced and short-lived subSSTMg/Ca maximum of ∼6◦C
during the PB (∼11.5 ka BP), whereas Okhotsk Sea core 114-3 is characterized by a
stronger variability between 4◦ and 5◦C during ∼11.5–10.0 ka BP. Bering Sea cores
77KL and 85KL show decreasing and minimum subSSTMg/Ca of ∼3◦C, respectively,
during the PB. At all sites the PB is either subject to a cooling to subSSTMg/Ca of
∼3–4◦C or followed by a respective cooling during the early Holocene. The timing for
this is different at the respective sites. At Site 77KL it starts at the onset of the PB,
while sites 12KL and 114-3 experience a later cooling at ∼11 ka BP and ∼10 ka BP,
respectively. SSTUk′37 increase by up to 5◦C subsequent to the YD and culminate in
maximum values of 9–10◦C between 11–9 ka BP (Max et al., in review). Consequently,
in all cores both proxies start to significantly diverge in the PB until ∼10 ka BP, with
∆T-maxima of up to 6◦C. The Holocene SSTUk′37 maximum occurs simultaneous with
the insolation maximum calculated after (Laskar et al., 2004) for boreal summer (July–
September) at 65◦N (Fig. 5.5). Notably, SSTUk′37 estimates from core 12KL became
higher than subSSTMg/Ca only since the PB.

The later Holocene subSSTMg/Ca development is characterized by almost constant
values that are ∼1◦C warmer in cores 114-3 and 12KL than in Bering Sea core 77KL. In
core 85KL, for which sediments are not preserved after 9 ka BP, subSSTMg/Ca remain
at ∼3◦C. Holocene subSSTMg/Ca estimates are lower than those of the B/A and YD
but compare with those recorded during H1. For the last 9 kyr, SSTUk′37 records from
cores 114-3, 12KL, and 77KL point to a gradual ∼2◦C decrease in SSTUk′37, which in
core 114-3 is interrupted between 9–7 ka BP by a cooling to YD levels (Max et al.,
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in review). Hence, the temporal evolution of ∆T during the middle to late Holocene
follows the SSTUk′37 signal and records a ∆T-minimum between 9–7 ka BP in core
114-3.

5.3.2. Reconstruction of δ18Oivc−sw

Reconstructed δ18Oivc−sw values approximating subSSS on average range between -1%�
vs. SMOW (fresher) to +1%� vs. SMOW (more saline) during the last 20,000 years and
are shown in Fig. 5.6. The most prominent variability is recorded in NW Pacific core
12KL, while our northernmost Bering Sea cores 85KL and 101KL show less amplitude
variations in a narrower range of about -0.3 to +0.3%�. Notably, core 85KL shows
a distinct variability around a value of 0%�. Okhotsk Sea core 114-3 records almost
only negative values between -0.4%� and 0%�, showing a variability not significantly
higher than the error estimate for δ18Oivc−sw. In general, relative changes of δ18Oivc−sw

are regionally different, but at each site a general covariation between δ18Oivc−sw and
subSSTMg/Ca is observed.

During 20–18 ka BP cores 12KL, 77KL, and 85KL show positive average values (0
to 0.4%�), whereas δ18Oivc−sw is negative at sites 114-3 and 101KL (-0.3%� to 0%�).
The interval 18–16 ka BP in core 12KL is marked by a δ18Oivc−sw decrease of about
-0.6%� until ∼17 ka BP. Bering Sea cores are characterized by low temporal resolution
in combination with high variability of δ18Oivc−sw results during 20–16 ka BP, and,
hence, do not show consistent and significant changes within that interval. Core 77KL
at the end of H1 features positive values of about +0.3%�. Although in Okhotsk Sea
core 114-3 a restricted negative H1-excursion of about -0.2%� occurs at ∼16.8 ka BP,
δ18Oivc−sw variability during H1 is very low.

At the end of H1, data from cores 114-3 and 77KL show decreasing δ18Oivc−sw. In
contrast, δ18Oivc−sw recorded in cores 12KL and 101KL is increasing during that time.
Results from core 85KL still vary around an almost constant level, with slightly higher
δ18Oivc−sw during the B/A. During the B/A cores 114-3 and 77KL show generally
lower values than during H1 of about -0.2%�, whereas the other cores have positive
values, which are maximal in core 12KL with δ18Oivc−sw of up to +1%�. This core is
characterized by a 2-step decrease in δ18Oivc−sw until a minimum of -0.2%� is reached
at the end of the B/A. Here, a minimum is also recorded in core 114-3. Core 77KL
shows decreasing δ18Oivc−sw already after ∼16 ka BP until the onset of the YD.

The YD is characterized by rising δ18Oivc−sw in core 12KL to +0.3%� at 12.0 ka BP,
whereas cores 114-3, 77KL, and 85KL only show insignificant changes around -0.2%�.
Further, core 12KL shows a short-lived drop to ∼0%� during the YD–PB transition
∼11.7 ka BP, before a second pronounced maximum (ca. +0.5%�) is reached in the
PB near ∼11.5 ka BP. This PB maximum is only found in core 12KL, where it is
followed by a sharp subsequent decrease until 10 ka BP. In core 114-3 the δ18Oivc−sw

record, like the subSSTMg/Ca record, is characterized by a stronger variability around
ca. -0.1%� between 11.5 and 10.0 ka BP. Only Bering Sea core 77KL shows decreasing
δ18Oivc−sw values since the PB until a minimum of -0.7%� between 9 and 10 ka BP,
whereas δ18Oivc−sw in core 85KL continues to vary around ∼0%�.
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Figure 5.6.: Ice-volume corrected δ18O-estimates of seawater (δ18Oivc−sw) from the
Bering Sea (SO201-2-101KL, -85KL, -77KL), the subarctic NW Pacific off Kamchatka
(SO201-2-12KL), and the southern Okhotsk Sea (LV29-114-3) during the last 20 kyrs,
together with the NGRIP δ18O record (NGRIP members, 2004; GICC05 timescale, Ras-
mussen et al., 2006). Records are smoothed by running 5-point averages (thick black
lines). Trends towards heavier (lighter) δ18Oivc−sw-signatures are equivalent to increasing
(decreasing) local subsurface salinity. Dashed lines indicate δ18Oivc−sw = 0%� SMOW.
Pale orange and pale blue shadings represent the B/A and PB, and the H1 and YD,
respectively. During the Holocene, after relative sea-level (RSL; green line, after Wael-
broek et al., 2002) has risen above the sill depth of Bering Strait (-50 m), all cores are
characterized by negative average δ18Oivc−sw values.
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During the Holocene δ18Oivc−sw values are negative at all sites. At Site 12KL these
vary between -0.1%� and -0.5%� with a local minimum at ∼8 ka BP. Core 114-3 shows
small variations between -0.1%� and -0.4%� and gradually fresher values until the late
Holocene. Bering Sea core 77KL from 9 ka BP until ∼6 ka BP shows increasing
δ18Oivc−sw to about -0.1%� and is characterized by a strong variability. Fresher condi-
tions are subsequently preserved until ∼4 ka BP.

5.4. Discussion

5.4.1. Deglacial variability of temperature and salinity

Our Mg/Ca-based reconstructions from the southern Okhotsk Sea, the NW Pacific off
Kamchatka, and the western Bering Sea indicate synchronous changes in subSSTMg/Ca

and δ18Oivc−sw during the last glacial termination with most pronounced amplitude
variations recorded at Site 12KL. These changes reflect variations between warm/more
saline and cold/fresher subsurface waters. Regional differences are found regarding the
deglacial subSSS development, with more saline subsurface conditions during the B/A
and PB in the NW Pacific (Site 12KL), while the Bering Sea cores are characterized
by opposing trends during the B/A. At the same time, sites 114-3 and 77KL in the
southern Okhotsk and Bering seas, respectively, show fresher subSSS. However, all
cores indicate fresher subsurface waters during H1, and since the early Holocene. The
deglacial SSTUk′37 evolution is different from subSSTMg/Ca and characterized by two
warmings that occured during the B/A (∼14.7–12.9 ka BP, Blockley et al., 2012) and
the PB (∼11.7–11.0 ka BP), respectively. They are preceded and interrupted by two
cold phases associated with H1 and the YD (∼12.9–11.7 ka BP, Blockley et al., 2012),
and followed by a cooling step during the early Holocene and stable temperatures since.
The temporal variations of SSTUk′37, hence, are quasi-synchronous with the deglacial
N Atlantic climate evolution (Max et al., in review).

Heinrich Stadial 1

Our cores show a decrease in subSSTMg/Ca while δ18Oivc−sw indicates fresh subsurface
conditions between 18–16 ka BP (Figs. 5.5 and 5.6). This is most evident for Site 12KL.
We consider this to be caused by increased advection of cold, low-salinity waters from
the Alaskan Current via the Alaskan Stream at times when the Bering Strait was closed.
Today, the Alaskan Stream as a continuation of the Alaskan Current provides relatively
fresh surface waters (Stabeno et al., 1999). Given that land masses surrounding the
subarctic NW Pacific do not contribute to major fluvial runoff and that there was
supposedly no Beringian Ice Sheet during the LGM (e.g. Brigham-Grette et al., 2001;
Karhu et al., 2001; Brigham-Grette et al., 2003) is in agreement with Gebhardt et al.
(2008) who related drops in salinity during H1 to North American river and meltwater
discharge and their subsequent transport via the Alaskan Current and Alaskan Stream
to the NW Pacific.

South of the Aleutian Island Arc, at ODP Site 883D and core MD01-2416 from Detroit
Seamount (Sarnthein et al., 2006; Gebhardt et al., 2008; Fig. 5.1), SSTs during H1
were clearly higher and characterized by three sharp increases of ∼4–6◦C, most likely
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excluding sea-ice formation. As these SST-pulses are accompanied by locally increased
salinity, they were explained by either short-term incursions of warm and salty Kuroshio
waters (Sarnthein et al., 2006) or by northward expansions of the N Pacific gyre filled
with Kuroshio waters (Gebhardt et al., 2008). Alkenone-based reconstructions off
central Japan showed that SSTs of Kuroshio waters ranged between 20–24◦C during
the last deglaciation (Sawada and Handa, 1998) and, hence, were considerably warmer
than in the far NW Pacific (Fig. 5.5). NE Pacific core MD02-2489 does not show
significantly enhanced SSTs during H1 (Gebhardt et al., 2008). Also, Sagawa and
Ikehara (2008) reported only a minor increase in subSSTMg/Ca,G.bulloides of ∼1◦C at
∼15.5 ka BP off Hokkaido (GH02-1030; Fig. 5.1), followed by a sharp 2◦C drop. Their
salinity reconstruction implied that relatively saline conditions prevailed at least since
the LGM, with a maximum at 15.5 ka BP and a subsequent decrease.

Gebhardt et al. (2008) argued for short phases of pronounced seasonal sea-ice forma-
tion in the subpolar N Pacific that induced vertical mixing during H1. Evidence for
increased vertical mixing and/or intensified overturning during H1 and the YD comes
from reduced reservoir ages of surface waters (Gebhardt et al., 2008), and reduced ven-
tilation ages (Ohkushi et al., 2004; Sarnthein et al., 2007; Sagawa and Ikehara, 2008;
Okazaki et al., 2010), and is supported by climate modeling studies (e.g. Okazaki
et al., 2010; Chikamoto et al., 2012; Menviel et al., 2012). Increased ventilation and
the potential disappearance of the halocline (Menviel et al., 2012) in the N Pacific
during H1 and the YD would require an increased salinity, which is consistent with
the reconstructions of Sarnthein et al. (2006) and Sagawa and Ikehara (2008), but not
supported by our study.

SSTUk′37 is of no help in this respect. Indeed, prior to ∼15 ka BP alkenone concentra-
tions were non-determinable in our sediments or insufficient for any reliable paleotem-
perature calculation. This indicates either limited alkenone-preservation or restricted
alkenone-production by coccolithophorids. The restriction in alkenone-production, in
particular during H1, is most likely attributed to insufficient availability of light and
nutrients, which at our sites might have been caused by enhanced sea-ice coverage
during a prolonged winter season.

Bølling-Allerød

Our subSSTMg/Ca results indicate a maximum at the onset (∼14.7 ka BP) or during
the B/A and a subsequent cooling until the YD, most prominent at Site 12KL, and
less pronounced at sites 85KL and 101KL (Fig. 5.5). More positive δ18Oivc−sw values
until ∼14.0 ka BP and the subsequent decrease imply more saline conditions at sites
12KL, 85KL, and 101KL (Fig. 5.6). This subSST pattern is congruent with Mg/Ca-
based results from NE Pacific core MD02-2489 (Gebhardt et al., 2008) and NW Pacific
core GH02-1030 (Sagawa and Ikehara, 2008), and supported by alkenone-based SST
reconstructions from the NE Pacific (Kienast and McKay, 2001; Barron et al., 2003),
the Bering Sea (Caissie et al., 2010; Max et al., in review), and the Okhotsk Sea
(Ternois et al., 2000; Harada et al., 2006b; Seki et al., 2009). The presence of warmer
and more saline subsurface waters at most of our core locations during the B/A is
best explained by the reduced contribution of cold and fresh Alaskan Stream and EKC
waters in combination with less vertical mixing and hence, stronger stratification of
the upper water column. Enhanced stratification during the B/A is supported by
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increased ventilation ages found in the N Pacific (Adkins and Boyle, 1997; Ahagon
et al., 2003; Ohkushi et al., 2004; Sagawa and Ikehara, 2008; Okazaki et al., 2010).
Thermal stratification at the northernmost Shirshov Ridge cores 85KL and 101KL
might have been less developed than at the other sites by the still extended sea-ice
season and the low seasonal constrast at these locations as indicated by ∆T-values
of 0–1◦C. It might further be speculated that at times when the Bering Strait was
still closed, the net-inflow of Alaskan Stream waters into the Bering Sea was reduced.
Hence, the Alaskan Stream might still have influenced Site 77KL but not necessarily
have reached sites 85KL and 101KL further to the north.

At the southernmost Shirshov Ridge core location (77KL) and in the southern Okhotsk
Sea (114-3), fresher subsurface conditions characterize the B/A (Fig. 5.6), with sur-
face freshening off Japan from 14.6 ka BP to 13.6 ka BP (Sagawa and Ikehara, 2008).
Freshening during the B/A has previously been suggested for the southern Okhotsk
Sea (Gorbarenko et al., 2004; Seki et al., 2004b), and for Bowers Ridge in the south-
ern Bering Sea (Gorbarenko et al., 2005) from the observation of negative shifts in
planktonic δ18O and increasing abundances of the diatom species Paralia sulcata. The
freshening at these sites may be attributed to invigorated melting of sea-ice close to
the ice margin during the warm season, accelerated by the presence of the EKC and
hence, potentially favoring a seasonal halocline. In both cores, the B/A subSSTMg/Ca

are similar to those of the northernmost sites 85KL and 101 KL, whereas SSTUk′37

estimates are higher by 2–3◦C (Fig. 5). Consequently, at sites 114-3 and 77KL an
enhanced seasonal contrast with respect to H1 might have resulted in stronger thermal
stratification during summer.

A possible explanation for warmer subSSTMg/Ca than SSTUk′37 in core 12KL during the
B/A involves the formation of a strongly developed thermocline and warm SSTUk′37

that reduce the sea-ice season. In that case seasonal bias of proxy signal formation
arises and the colder SSTUk′37 most likely represent early spring conditions, while the
subSSTMg/Ca signal still formed during late summer/early fall. If this notion is cor-
rect, the seasonal bias was limited to the subarctic NW Pacific (Site 12KL) and did not
occur in the marginal seas’ sites. Unfortunately, alkenone-based temperature recon-
structions are not available for core MD01-2416 from Detroit Seamount to verify this
assumption, and the cause of the high subSSTMg/Ca amplitude at Site 12KL remains
elusive. Evidence for a modern subarctic N Pacific coccolithophorid bloom occurring
in spring comes from the sediment trap study of Takahashi et al. (2002a). Seki et al.
(2004a) for the Okhotsk Sea already suggested a seasonal bias to explain alkenone-based
temperatures that during the LGM were as high as during the Holocene.

The Younger Dryas to Preboreal transition

During the YD our records show minima in subSSTMg/Ca, SSTUk′37, and δ18Oivc−sw

with conditions that were comparable to those of H1. The YD is followed by an abrupt
surface warming in the PB as indicated by SSTUk′37, while the subsurface temperatures
gradually decline (Fig. 5.5). Only core 12KL exhibits a short excursion towards higher
subsurface temperatures during the PB, accompanied by a δ18Oivc−sw maximum (Fig.
5.6). The subSSTMg/Ca and δ18Oivc−sw evolution observed at sites 114-3, 12KL, and
77KL broadly matches that from further to the south in the NW Pacific (Sarnthein
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et al., 2004, 2006; Gebhardt et al., 2008; Sagawa and Ikehara, 2008) which just have
higher δ18Oivc−sw values.

SSTUk′37 indicate also low surface temperatures during the YD (Fig. 5.5). Kienast
and McKay (2001) from a core off Vancouver Island suggest that low SSTUk′37 during
the YD were caused by the southeastward expansion of the W Pacific Subarctic Gyre
and the Bering Sea Gyre. The modeling study of Mikolajewicz et al. (1997) predicted
that the Aleutian Low was stronger and expanded eastwards during the YD, which
initiated better ventilation of thermocline waters. The well-mixed upper-ocean during
the YD is supported by resembling subSSTMg/Ca and SSTUk′37 and is in agreement
with reduced ventilation ages in the N Pacific. Our proxy records, however, suggest
regionally different developments with weak thermal stratification at sites 12KL, 77KL,
and 114-3 due to reduced ∆T values (∼2◦C), and a more homogenized upper water
column at Site 85KL (∆T = 0◦C) similar to conditions valid for H1. Subsequently
during the PB, subSSTMg/Ca and related δ18Oivc−sw values imply subsurface cooling
and freshening (77KL, 85KL) and/or conditions comparable to the YD (114-3). Pos-
sible explanations for this observation include reduced thermal stratification and/or
enhanced advection of Arctic surface waters in the course of the major opening of the
Bering Strait between 12–11 ka BP (Keigwin et al., 2006). Core 12KL is an exception
in this respect. The distinct and short-term subsurface warming with the onset of the
PB (Fig. 5.5) is most probably due to the invigorated stratification of the upper water
column alike during the B/A.

Holocene

Most notably for all our cores are the differently developing subSSTMg/Ca and SSTUk′37

since the YD (Fig. 5.5), best explained by insolation changes affecting the surface
ocean, increasing seasonal contrasts, and oceanographic changes at the subsurface level
that control the shape and position of the thermocline. Holocene subSSTMg/Ca remain
either equal or stay lower than those recorded during H1 (Fig. 5.5). Our subSSTMg/Ca

well reflect modern conditions, which is consistent with other studies (Sarnthein et al.,
2004, 2006; Gebhardt et al., 2008; Sagawa and Ikehara, 2008). With respect to our
salinity reconstruction, the Holocene δ18Oivc−sw values are generally negative indicating
relatively fresh conditions at all sites similar to conditions during H1, arguing for a
deglacial evolution of the halocline. Sarnthein et al. (2004) reported on the long-term
decrease in subsurface salinity at Detroit Seamount, characterized by three steps of
distinct salinity decline during the early to middle Holocene. From the magnitude of
change, which is comparable to our results, they speculated that the modern salinity-
driven stratification developed only since the Holocene. However, due to the low time-
resolution of our proxy records we can not confirm the stepwise nature of the subSSS
decline.

The low Holocene subSSTMg/Ca at our study sites being considerably cooler than the
SSTUk′37 in line with relatively fresh subsurface conditions indicates a strengthened
temperature contrast between the surface and subsurface during summer. Dominant
control of the subarctic NW Pacific SSTUk′37 evolution during the Holocene is at-
tributed to Northern Hemisphere summer insolation (Okumura et al., 2009; Hu et al.,
2010; Max et al., in review), being additionally influenced by the opening of the Bering
Strait. In consequence, stronger seasonal contrasts might have developed in the early
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Holocene as the result of a prolonged summer season, enhanced sea-ice melting during
summer, and stronger winter mixing, thereby leading to the formation of the dichother-
mal layer. Our high ∆T values of ∼5–6◦C are then explained by higher SSTUk′37 with
respect to the deglacial situation, and by Nps recording gradually cooler subsurface
temperatures due to the presence of the dichothermal layer. Accordingly, thermal strat-
ification during summer was consolidated and fresher subsurface conditions were the
result of a stronger summer halocline. The largest difference between subSSTMg/Ca and
SSTUk′37 at ∼10 ka BP coincides with the early Holocene thermal maximum recorded
in the western Arctic, which in Alaska and northwest Canada occurred between 11–9
ka BP (Kaufman et al., 2004), supporting this interpretation. Additionally, enhanced
precipitation driven by the Westerlies, and strengthened advection of cold/fresh wa-
ters from the Alaskan Stream might have contributed to the N Pacific cooling and
freshening (Sarnthein et al., 2004).

5.4.2. Scenarios for deglacial water mass changes

Our reconstructions of subSSTMg/Ca and δ18Oivc−sw depend on the calcification depth of
Nps. Following Kozdon et al. (2009) we assume that today Nps occupies a habitat that
is bound to the isopycnal layer (σ0 of ∼26.4–26.6 kg m−3) at the bottom of the summer
thermocline in 50–100 m water depth. Accordingly, if the thermocline and hence the
pycnocline deepens (shoals), the habitat depth of Nps will expand to deeper (shallower)
depths as well, thereby eventually counterbalancing absolute temperature variations
(Kozdon et al., 2009). Since there is no way to assess the extent of past habitat changes,
we assume that the maximum habitat depth of Nps is at the base of the pycnocline,
which today at our study sites is located at a maximum water depth of ∼150 m (Fig.
5.2). Based on this assumption, we use TS-diagrams to illustrate deglacial changes in
water mass characteristics in the subarctic NW Pacific (Fig. 5.7). Due to both the
error in the δ18Osw-reconstruction and the lack of according salinity calibrations for
the Bering Sea, we refrained from converting δ18Osw into salinity. Instead, salinity was
estimated by projecting the average subSSTMg/Ca estimates onto the isopycnal layer
of ∼26.4–26.6 kg m−3 (Fig. 5.7).

Today, the difference in temperature, salinity, and potential density in the southern
Bering Sea (WOA station 34548) is depicted in Fig. 5.7a and is the expression of the
strong seasonality within the upper water column. For the H1 stadial we assume TS-
conditions relatively similar to the modern winter situation with homogenous T, S, and
σ0 conditions down to ∼150 m and the absence of the dichothermal layer (Fig. 5.7b).
As the reconstructed subSSTMg/Ca lies between 3◦C and 4◦C at all sites implying that
subsurface waters were slightly warmer and saltier than the modern winter conditions
we argue that the thermal stratification was strongly reduced. The homogenization of
the upper water column must have been even more pronounced and deeper than during
the modern winter situation. The most likely cause for the less stratified water column
might have been the intensified and expanded sea-ice formation during winter and the
shortened summer season. The invigorated sea-ice formation might have enhanced
salinity in comparison to today due to brine-rejection and, by light limitation, might
have restricted primary productivity. Indeed, during H1 alkenones were absent or
below detection limit. The expanded sea-ice coverage during the extended winter
season might have also reduced winter mixing, thereby preventing the formation of the
dichothermal layer as a seasonal feature, which would explain the slightly
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Figure 5.7.: TS-diagrams showing temperature, salinity, and potential density of modern
and past water masses in the subarctic NW Pacific realm (based on WOA data; Locarnini
et al., 2010). a) Water masses during modern summer (red line) and winter (blue line) in
the southern Bering Sea (WOA station 34548). The blue ellipse denotes temperature and
salinity conditions within the depth habitat of N. pachyderma (sin.), which is assumed to
lie in an isopycnal layer of ∼26.4–26.6 kg m−3 in 50–100 m water depth. b) Scenario for
H1. The reconstructed average subSSTMg/Ca of 3-4◦C (grey bar) at all sites is projected
onto the isopycnal layer of ∼26.4–26.6 kg m−3 and indicates subsurface conditions that
were saltier than today. c) Scenario for the B/A at Bering Sea sites SO201-2-85KL and
-101KL (A), Bering Sea Site SO201-2-77KL and Okhotsk Sea Site LV29-114-3 (B), and
NW Pacific Site SO201-2-12KL (12KL), in comparison with the modern TS-conditions
in the Kuroshio Extension area (orange line; WOA station 32070: 40◦30’N, 152◦30’E).
Red dots mark average SSTUk′37 temperatures and grey bars mark average subSSTMg/Ca

temperatures at the respective sites.

higher (1–2◦C) subSSTMg/Ca during H1 when compared to today. The reduced ther-
mal stratification, in consequence, could have resulted in the shallowing of the habitat
of Nps. This notion is supported by low biogenic opal and light diatom-bound nitro-
gen isotope ratios (δ15Ndb) in the Okhotsk Sea, Bering Sea, and the subarctic Pacific
during H1 (Brunelle et al., 2007, 2010) (Fig. 5.8), indicative of the decrease in nitrate
utilization in response to both the less-established stratification and the light-limited
phytoplankton growth.

During the B/A warm phase, the oceanographic setting became different at the respec-
tive sites (Fig. 5.7c). At Bering Sea sites 85KL and 101KL, similar mean SSTUk′37 and
subSSTMg/Ca of 5–6◦C point to a weak thermal stratification with higher subsurface
temperature and salinity compared to today and to H1 (Fig. 5.7c, A). The low gradi-
ent between SSTUk′37 and subSSTMg/Ca implies that seasonal changes in thermocline
depth remained small, probably a little more pronounced than during H1 as preserved
alkenones suggest phytoplankton growth during the ice-free season. Nevertheless, ma-
rine productivity remained low (biogenic opal <5 wt.%), most likely caused by a still
expanded sea-ice season. The heavy δ15Ndb from nearby Bowers Ridge (Brunelle et al.,
2010) at a first glance implies enhanced nitrate utilization, but the data set rather
reflects conditions not quite comparable to the northern part of Shirshov Ridge.

NW Pacific Site 12KL shows much higher subSSTMg/Ca of ∼9◦C and a further increase
in subsurface salinity during the B/A (Fig. 5.7c, 12KL) compared to the northern
Shirshov Ridge sites 85KL and 101KL. Further, the subSSTMg/Ca are consistently
higher than the SSTUk′37, suggesting that seasonal differences were pronounced at Site
12KL. The prominent seasonality in signal formation implies both an extended
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Figure 5.8.: Temperature gradients (∆T) between SSTUk′37 and subSSTMg/Ca, and
concentrations of biogenic opal for cores from the Bering Sea (SO201-2-77KL, -85KL,
-101KL), the NW Pacific off Kamchatka (SO201-2-12KL), and the southern Okhotsk Sea
(LV29-114-3). Data are smoothed by running 5-point-averages (black lines). Dashed lines
indicate ∆T = 0◦C. For comparison, records of δ15Ndb from southern Okhotsk Sea core
GGC27 (49◦36.07’N, 150◦10.78’E, 995 m), southern Bering Sea core HLY02-02-17JPC
(53◦55.98’N, 178◦41.93’E, 2209 m), and open subarctic Pacific core PC13 (49◦43.09’N,
168◦18.11’E, 2393 m) are shown (data from Brunelle et al., 2007, 2010). Pale orange and
pale blue shadings represent the B/A and PB, and the H1 and YD, respectively.

ice-free summer season and a strong thermal stratification. Biogenic opal concen-
trations of up to ∼12% comparable to the Holocene values suggest enhanced marine
productivity during the prolonged summer season (Fig. 5.8), fostered by a better ni-
trate utilization or denitrification leading to heavy δ15Ndb values. The B/A subsurface
temperature and salinity conditions at Site 12KL were close to conditions, which to-
day prevail in the Kuroshio Extension area (40◦30’N, 152◦30’E, WOA station 32070;
Locarnini et al., 2010) much further to the south of the core location (Fig. 5.7c). The
higher subsurface salinities reconstructed for the B/A might be caused by a northward
expansion of the N Pacific gyre filled with Kuroshio waters as suggested by Gebhardt
et al. (2008).

Site 114-3 in the southern Okhotsk Sea and Site 77KL from the southernmost part of
Shirshov Ridge record conditions in between these extremes (Fig. 5.7c, B). We specu-
late that both temperature signals were generated at the same season, since contents
of biogenic opal remain low (<10 wt.%, Fig. 5.8), suggesting a still shortened ice-free
summer season. In consequence, thermal stratification at these sites and hence, sea-
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sonality, must have been stronger than during H1 and more pronounced than at sites
85KL and 101KL.

According to the gradual increase in subSSTMg/Ca and subSSS during the B/A, we
would expect stronger seasonal contrast as well as enhanced thermal stratification of
the upper water columns from sites 85KL and 101KL, via sites 114-3 and 77KL, towards
site 12KL. Moreover, we suggest that during the B/A increased thermal stratification
at Site 12KL was accompanied by higher subSSS, thereby resulting in a weakened (or
shallowed) halocline. The cause of this increase in subSSS remains elusive, but due to
the recorded (warm) temperatures we can exclude upwelling of cold/saline subsurface
waters. This, together with the observed subSSS reduction during the Holocene, em-
phasizes that the halocline as a main oceanographic feature of the subarctic N Pacific
was subject to deglacial changes and that modern conditions could be the result of
only recent environmental change as suggested by Sarnthein et al. (2004).

5.4.3. What caused deglacial changes in stratification and
ventilation?

The deglacial to early Holocene subsurface and surface temperature and salinity evo-
lution in the subarctic NW Pacific appears to be related to, and in-phase with, the
thermal evolution that is recorded in Greenland ice and in N Atlantic sediments, sug-
gesting atmospheric and/or oceanic coupling between the N Atlantic and the N Pacific
during the last deglaciation (e.g. Max et al., in review). Several modelling studies
investigated the sensitivity of the PMOC in response to perturbations of the AMOC
on millennial timescales during the last deglaciation. All models predicted an enhanced
PMOC at times of a weakened AMOC, whose strength during the last deglaciation was
modulated by freshwater input into the Atlantic or by freshwater extraction from the
Pacific.

According to model conceptions, the weakened AMOC during H1 and the YD (e.g.
McManus et al., 2004) which is assumed to have resulted from freshwater input into
the Atlantic, leads to the southward shift of the Intertropical Convergence Zone (ITCZ)
and weakened Indian and Asian summer monsoons (Zhang and Delworth, 2005). To-
day, the salinity gradient between the Atlantic and Pacific is maintained by atmospheric
moisture transport across Central America and the east Asian monsoon (Emile-Geay
et al., 2003), which are modulated by changes in AMOC (Okazaki et al., 2010). Con-
sequently, a weakening of the AMOC results in a warming and salinity-increase in the
N Pacific and thus to the establishment of a PMOC (Haug et al., 2005; Chikamoto
et al., 2012; Menviel et al., 2012). In contrast, the in-phase models (e.g. Mikolajewicz
et al., 1997) suggest an atmospheric forcing, which causes better ventilation of ther-
mocline waters by atmospheric cooling. The cooling is attributed to the strengthened
Aleutian Low, which increases surface heat loss and southward Ekman transport, but
atmospheric bridges between the tropical N Atlantic, eastern tropical Pacific, and N
Pacific are considered to play an important role as well (Okumura et al., 2009). Ven-
tilation is supposed to be amplified by the oceanic propagation of AMOC weakening
(Mikolajewicz et al., 1997). Both, in-phase and anti-phase hypotheses, are supported
by low ventilation ages in the N Pacific during H1 and the YD.

The study of Menviel et al. (2012) predicts that the PMOC was established during H1
together with the removal of the subarctic N Pacific halocline. This notion is supported
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by the high δ18Oivc−sw values recorded in NW Pacific cores MD01-2416 (Sarnthein et al.,
2006; Gebhardt et al., 2008) and GH02-1030 (Sagawa and Ikehara, 2008). In contrast,
our results for core 12KL as well as alkenone-based SST reconstructions form the sub-
arctic N Pacific show a significant drop in subSSTMg/Ca and SSTUk′37, while δ18Oivc−sw

values indicate fresh subsurface conditions during H1. Although we admit, that the
records of Site 12KL might not be representative, this pattern is rather indicative of an
atmospheric-controlled in-phase evolution of the N Atlantic and the subarctic N Pacific.
High subSSTMg/Ca and low δ18Oivc−sw in the Okhotsk and Bering seas during the B/A
and PB are then explained by stronger stratification of the subarctic N Pacific due to
the reduced PMOC in response to the AMOC intensification. Subsequent to the PB,
the subarctic NW Pacific is subject to enhanced thermal summer stratification, which
for the Bering Sea sites is possibly related to the opening of Bering Strait resulting in
stronger inflow of N Pacific surface waters into the Bering Sea. Moreover, increased
surface freshening during the Holocene results from sea-ice melting during summer,
enhanced precipitation from the Westerlies and/or increased advection of cold-fresh
waters from the Alaskan Stream.

5.5. Conclusions

1. Our results point to synchronous changes in subSSTMg/Ca and subSSS in the
subarctic NW Pacific, which are different on a regional scale. During H1 and the
YD our sites are characterized by the presence of cold subsurface waters, which is
related to reduced upper-ocean stratification due to enhanced sea-ice formation
and a shortened summer season, and increased advection of waters from the
Alaskan Stream and EKC. In contrast, warm subsurface waters prevail during the
B/A with increased subsurface salinity in the NW Pacific (Site 12KL) and Bering
Sea (sites 85KL and 101KL), but fresher conditions in the southern Okhotsk and
Bering seas (sites 114-3 and 77KL). This is explained by enhanced stratification
of the upper water column, reduced dilution from the Alaskan Stream and EKC,
and regionally different sea-ice influence. A long-term decrease in subSSTMg/Ca

and subSSS during the early Holocene argues for oceanographic changes at the
subsurface level related to the opening of the Bering Strait and for an only recent
establishment of modern, salinity-driven stratification since the early Holocene.

2. Differences in alkenone- and Mg/Ca-based SST-reconstructions indicate deglacial
oceanographic changes in the mixed layer, which are most likely related to changes
in Northern Hemisphere summer insolation and atmospheric pressure systems,
thereby driving changes in seasonality, sea-ice formation, and upper-ocean strati-
fication. From our results we propose scenarios for deglacial water mass changes,
which suggest that seasonality and hence thermal summer stratification, although
being regionally different, was reduced during H1 and the YD, but strong during
the B/A.
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5.6. Supplementary information

5.6.1. Assessment of potential contamination of foraminiferal
tests

Our records of foraminiferal element ratios (Mg/Ca, Mn/Ca, Fe/Ca, Al/Ca) are shown
in Fig. 5.9 together with results for benthic and planktonic δ18O. Significant linear
relationships (0.62 < R2 < 0.85) were found for cores 77KL, 85KL, and 101KL between
foraminiferal Mn/Ca and Mg/Ca ratios indicating general covariation (Fig. 5.10).
Core-specific thresholds reflecting potentially contaminated samples were defined as
ratios that were more than 2σ higher than the average of all samples measured in the
respective core. For Mn/Ca, thresholds ranged between 0.08–0.17 mmol mol−1. Linear
correlation coefficients between Fe/Ca and Mg/Ca ratios were R2 ≤ 0.26, except for
core 77KL (R2 = 0.61), which is in accord with a strong correlation between Mn/Ca
and Mg/Ca (R2 = 0.66) in that core. Here, a Fe/Ca threshold of 0.85 mmol mol−1

was applied. Correlations between Al/Ca and Mg/Ca are insignificant (R2 ≤ 0.18). In
general this approach shows that (i) neither Fe/Ca nor Al/Ca ratios have a significant
influence on the Mg/Ca signal and that main contamination should come from Mn-
bearing minerals and coatings, and (ii) that only samples from core sections older than
20 ka BP are subject to contamination. Respective samples are not relevant for our
paleoceanographic discussion, which focuses on the last 20 ka BP.

In case of diagenetic overprinting by Mn-bearing minerals and coatings, the recon-
structed subSSTMg/Ca could be too warm due to the diagenetically-induced addition
of Mg. Average Mn/Ca ranged between 0.02–0.06 mmol mol−1, while core-specific
thresholds for Mn/Ca all were <0.2 mmol mol−1. Mn-Mg carbonates have Mg/Mn ra-
tios of ∼0.1 mol mol−1 (Barker et al., 2003). Thus, a maximum increase in Mn/Ca of
0.2 mmol mol−1 would lead to a Mg/Ca increase of only 0.02 mmol mol−1, translating
into a subSSTMg/Ca-increase of +0.15◦C. Considering an unrealistic Mg/Mn ratio of
1 mol mol−1, a correction for Mn/Ca generates therefore results that per core are on
average by 0.02–0.06 mmol mol−1 lower in Mg/Ca (-0.2 to -0.5◦C), ultimately showing
the same temporal trends. Accordingly, we refrained from correcting for Mn/Ca.

5.6.2. Evaluation of correction for carbonate dissolution

Procedures to correct planktonic foraminiferal Mg/Ca for dissolution effects primar-
ily focus on water depth-dependency (Lea et al., 2000; Dekens et al., 2002) and the
influence of the seawater carbonate ion concentration ([CO2−

3 ]) with respect to calcite
saturation (Regenberg et al., 2006). To estimate the dissolution effect on Mg/Ca we
followed the approach of Regenberg et al. (2006) who proposed species-specific satura-
tion correction routines for seven planktonic species. Therefore, for our calculations,
we adopted a critical calcite saturation state for seawater (∆[CO2−

3 ]critical) of 20 µmol
kg−1 lying within the range of 18–26 µmol kg−1 suggested by Regenberg et al. (2006).
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Figure 5.9.: Raw data of benthic and planktonic δ18O in comparison with planktonic
foraminiferal ratios of Mg/Ca, Mn/Ca, Fe/Ca, and Al/Ca. The NGRIP record (NGRIP
members, 2004; GICC05 timescale, Rasmussen et al., 2006) is shown for comparison.
Two samples were excluded due to very high Mg/Ca values and are indicated by red dots.
Thick grey line marks the relative sea level record of Waelbroek et al. (2002) which is
used for ice-volume correction of planktonic δ18O. The B/A and PB are indicated by pale
orange shadings, whereas pale blue shadings represent H1 and the YD.

∆[CO2−
3 ]critical is defined as the difference between the in situ carbonate ion concentra-

tion ([CO2−
3 ]insitu) and the carbonate ion concentration at calcite saturation ([CO2−

3 ]sat),
below which Mg2+ removal due to dissolution is assumed to start. [CO2−

3 ]sat was cal-
culated after Jansen et al. (2002), while [CO2−

3 ]insitu was calculated using the CO2SYS
Macro for MS Excel (Pierrot et al., 2006) applying dissociation and equilibrium con-
stants from Dickson (1990) and Roy et al. (1993). Necessary input data were obtained
from theWorld Ocean Circulation Experiment (WOCE) available at the CCHDO | CLI-
VAR & Carbon Hydrographic Data Office (http://cchdo.ucsd.edu/). For the southern
Okhotsk Sea we used WOCE line P01W (stations 7–17), while lines P13 (stations 6–15)
and P14N (stations 1–15) were used for the NW Pacific and the Bering Sea, respec-
tively. This allowed for the calculation ∆[CO2−

3 ] and to determine critical water depths
for the respective regions, where ∆[CO2−

3 ] equals 20 µmol kg−1. Critical water depths
ranged between 120 and 200 m.

http://cchdo.ucsd.edu/
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Figure 5.10.: Comparison of foraminiferal Mg/Ca with foraminiferal Mn/Ca, Fe/Ca,
and Al/Ca. Significant linear correlations (R2 > 0.6) are found between element ratios
Mg/Ca and Mn/Ca for cores 77KL, 85KL, and 101KL. Core 77KL also shows a correla-
tion between Mg/Ca and Fe/Ca. In general, linear correlation coefficients (R2) between
Mg/Ca and Fe/Ca (Al/Ca) are low and indicate that main contamination and influence
on Mg/Ca comes from Mn-bearing minerals and coatings. However, only samples older
than 20 ka BP, which are not used for interpretation, seem affected by contamination.

Regenberg et al. (2006) introduced species-specific linear correction equations for criti-
cal water depth correction (referred to as d-correction hereafter) and for critical calcite
saturation state correction (referred to as ∆-correction hereafter). To calculate Mg/Ca
correction factors (∆Mg/Ca) we applied sensitivities for the respective corrections that
were derived from the averages of the slopes of regression lines from all species-specific
correction relationships presented in Regenberg et al. (2006). For d-correction we used
an average sensitivity of 1600 m per mmol mol−1 Mg/Ca, and for ∆-correction we used
an average sensitivity of 16 µmol kg−1 per mmol mol−1 Mg/Ca.

Depending on the core location, d-correction resulted in a Mg/Ca gain between +0.3
and +1.3 mmol mol−1 (+2◦C to +10◦C applying the sensitivity given in the equation of
Kozdon et al., 2009), similar to the approach of Lea et al. (2000). This result is intrigu-
ing as all cores show a similar Holocene (<8 ka BP) subSSTMg/Ca range of 3–4◦C which
is only little higher (1–2◦C) than the modern instrumental record at 50–100 m w.d..
We rather attribute this small difference to the potentially less developed dichothermal
layer with respect to modern conditions. In contrast, the depth-corrections that were
established for planktonic warm-water species Globigerinoides ruber and Globigeri-
noides sacculifer (Dekens et al., 2002) result in constantly warmer subSSTMg/Ca of 2 to
3◦C. However, Dekens et al. (2002) modified existing Mg/Ca-T-relationships for these
two species by introducing depth-dependent correction factors into the exponential
part of the equations, which produces an artificial phase-shift to higher temperatures.
These equations do not compare with those that are associated with Nps (Nürnberg,
1995b; Nürnberg et al., 1996; Elderfield and Ganssen, 2000) or other cold-water species
like Globigerina bulloides (e.g. Mashiotta et al., 1999).

∆-correction produced even higher values compensating for an unlikely loss of Mg/Ca
between -1.6 and -2.1 mmol mol−1. Consequently, subSSTMg/Ca estimates would be
higher by +13◦C to +16◦C applying the temperature sensitivity given by Kozdon et al.
(2009), which is far off the modern annual temperature range of the subarctic NW Pa-
cific. On the other hand applying a correction considering a sensitivity of about 0.009
mmol mol−1 Mg/Ca per µmol kg−1 ∆[CO2−

3 ], as found for epibenthic foraminifera Cibi-
cidoides wuellerstorfi (Elderfield et al., 2006; Yu and Elderfield, 2008), would result in
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ca. 0.23–0.31 mmol mol−1 higher Mg/Ca (+2◦C) for all cores. Although this correction
produces reasonable results off the combined error range of the measurement uncer-
tainty and the applied paleotemperature relationship, it is not verified for planktonic
species and applying it would not have any influence on temporal trends.

It needs to be mentioned, also, that established dissolution corrections only account
for modern dissolution effects and do not consider possible temporal changes in cal-
cite preservation and their influence on Mg/Ca (e.g. Farrell and Prell, 1989; Le and
Shackleton, 1992). Our cores feature deglacial maxima of carbonate contents indicat-
ing better CaCO3 preservation during the Bølling-Allerød (B/A) and Preboreal (PB).
Hence, increased Mg/Ca during the B/A and PB might be related to increased car-
bonate preservation.

Based on all considerations discussed above, we refrained from correcting the initial
Mg/Ca values for potential dissolution effects although we admit that the Mg/Ca ra-
tios are to an unknown degree affected by dissolution. Any correction would lead to
increased subSSTMg/Ca that are either significantly different for all studied subarctic
Pacific regions, or off the modern annual instrumental record, or, despite being rea-
sonable, based on procedures previously not applied to Nps. Moreover, applying any
correction would not alter temporal trends in our records. Additional validation of
our Mg/Ca-based paleotemperature reconstructions comes from a general covariation
between subSSTMg/Ca and ice-volume corrected oxygen isotope values determined on
the same biotic carrier. Furthermore, the range of our subSSTMg/Ca reconstructions is
almost consistent with other deglacial Mg/Ca-derived records from the subarctic NW
Pacific using Nps (Sarnthein et al., 2004, 2006; Gebhardt et al., 2008). However, due to
the application of the temperature calibration of Elderfield and Ganssen (2000), these
studies show a slightly higher temperature range by 1–2◦C.

The following subsection will not be part of the submitted manuscript.
It presents results derived from samples not used in the context of the
deglacial temperature and salinity reconstructions. These results are

shown to emphasize the need for future work.

5.6.3. Potential diagenetic effects

In SO201-2 cores 12KL, 77KL, and 85KL, we found linear relationships between paired
measurements of δ13C and Mg/Ca on Nps (0.34 < R2 < 0.41). Bering Sea cores
are characterized by short intervals during 37–23 ka BP with planktonic δ13C values
that decrease to -1.2%� PDB and that appear together with both, elevated Mg/Ca
ratios, and increased Mn/Ca ratios (Fig. 5.11). Mg/Ca is as high as 5.7 mmol mol−1

which would translate into unrealistic subSSTMg/Ca estimates of up to 41◦C. Scanning
electron microscope (SEM) analyses (CamScan Serie 2 CS 44EDX, Univ. Kiel) on
uncleaned tests of Nps with unusually high Mg/Ca (>2 mmol mol−1) from that interval
show that outer and inner surfaces are covered with crystalline overgrowths of single
tetrahedra-shaped crystals with a maximum size of 2–3 µm (Fig. 5.12). This might
indicate a potential diagenetic overprint on sediments from Shirshov Ridge older than
23 ka BP.
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Figure 5.11.: Stable carbon (δ13C) isotopes, stable oxygen (δ18O) isotopes, as well as
Mg/Ca and Mn/Ca ratios of the planktonic foraminiferal species N. pachyderma (sin.)
and of the endobenthic foraminifer U. peregrina for Bering Sea cores SO201-2-77KL (green
lines), -85KL (red lines), and -101KL (blue lines) for the last 40 kyrs. Short intervals
with relatively high (>2 mmol mol−1) planktonic Mg/Ca ratios are accompanied by high
Mn/Ca ratios in the time interval 37-23 ka BP (grey-shaded area). Note that, except for
the excursion around 36 ka BP in core 85KL, benthic and planktonic records do not show
similar oscillations in δ13C and δ18O. Black arrows labeled A-E mark positions of SEM
images shown in Fig. 5.12.

Negative δ13C values related to diagenetic overgrowths of authigenic carbonate were
found in Umnak Plateau sediments (southern Bering Sea), but are reported to have ex-
treme benthic (-6.8%�) and planktonic (-13%�) amplitudes (Cook, 2006). Cook (2006)
speculated that due to mobilization of methane in line with the anaerobic methane
oxidation, and its subsequent transport to the sediment-water interface, authigenic
carbonate minerals may form due to supersaturation of pore waters with respect to car-
bonate. Although a different setting, similar coherencies are reported from Greenland
Sea sediments low in CaCO3, which contain benthic and planktonic foraminifera with
also extremely negative δ13C values (up to -6%�) during MIS3 and authigenic calcite
overgrowths (Millo et al., 2005a, 2005b). The authors suggested that post-depositional
clathrate instability led to the supersaturation of 13C-depleted bicarbonate in pore wa-
ters from which authigenic calcite precipitated as crystalline overgrowths. Coincident
large negative benthic (-5%�) and planktonic (-3%�) excursions of δ13C were also ob-
served in MIS3 in sediments from Santa Barbara Basin (E Pacific), which were related
to methane release in accord with temperature changes (Kennett et al., 2000).
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Figure 5.12.: Scanning electron microscope images (SEM) (CamScan Serie 2 CS
44/EDX, Univ. Kiel, Germany) of uncleaned tests of N. pachyderma (sin.) from Bering
Sea sites. Pairs of images show an overview of opened/unopened tests and the according
enlargements of the outer/inner test surfaces. The site scale is about the same for all im-
ages. Tests shown in A and B look unaltered, whereas tests in C-E show an overgrowth of
tetrahedra-shaped crystals. A: SO201-2-85KL (25–26 cm, 10.0 ka BP), B: SO201-2-85KL
(70–71 cm, 13.9 ka BP), C: SO201-2-85KL (245–246 cm, 32.2 ka BP), D: SO201-2-77KL
(290–291 cm, 25.2 ka BP), E: SO201-2-101KL (255–256 cm, 31.3 ka BP).

If our foraminiferal tests actually were subject to methane-induced diagenetic over-
growth of authigenic carbonates precipitated from pore waters, tests of benthic foraminifera
should be similarly affected. We therefore performed additional measurements of stable
carbon and oxygen isotopes on endobenthic foraminifera U. peregrina (2–3 specimens,
315–355 µm size fraction). Neither Nps nor U. peregrina featured δ13C variations of the
magnitude described by the beforementioned studies (Fig. 5.11). Both species also did
not show a covariation of δ13C-oscillations, which argues against a methane-induced
early diagenetic overprint by pore waters. We therefore consider a diagenetic influence
on samples from 37–23 ka BP through calcite recrystallization possible to explain the
occurrence of the tetrahedra-shaped crystals, but rather relate high Mg/Ca ratios in
Nps to contamination by Mn-bearing minerals or coatings. Nevertheless, the cause of
these overgrowths should be further investigated.
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6. Rapid changes in North Pacific
Intermediate Water formation during
the last glacial termination

Based on: "Rapid changes in North Pacific Intermediate Water formation during the
last glacial termination" by Lars Max, Lester Lembke-Jene, Jan-Rainer Riethdorf, Ralf
Tiedemann, and Dirk Nürnberg (to be submitted to Nature Geoscience).

Abstract

Today the formation of North Atlantic Deep Water (NADW) leads to deep convection
in the North Atlantic and no deep convection occurs in the North Pacific, where only
intermediate water masses are formed in the Okhotsk Sea that ventilate the North
Pacific. Recent studies suggest a switch to deep water formation in the subarctic North
Pacific during the last glacial termination in response to a shutdown or weakening of
the Atlantic Meridional Overturning Circulation (AMOC) (Okazaki et al., 2010). Here
we show detailed records of past ventilation changes from the Okhotsk Sea and Bering
Sea spanning the last glacial termination. Compelling evidence for intermediate water
formation in these two marginal seas is given by combining marine radiocarbon ages
and stable isotope ventilation records, which suggest that only the upper North Pacific
(∼1350 m) was better ventilated, whereas data from the deeper portion of the North
Pacific (>2130 m) show no evidence for deep water formation during phases of AMOC
reductions.

6.1. Introduction

A prime mechanism to explain the rise in atmospheric CO2 concentrations during the
last deglaciation is the removal of old and deep sequestered carbon from the North
Pacific Ocean (Marchitto et al., 2007; Galbraith et al., 2007; Jaccard et al., 2009;
Stott et al., 2009). Given that the abyssal North Pacific Ocean today 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-
rich waters by a steep, year-round salinity gradient (halocline). This halocline forms a
barrier for heat and gas exchange between the atmosphere and the deep ocean, as well
as for the supply of nutrients into the photic zone. As the excessive evasion of nutrients
into the photic zone is hampered by the halocline, the subarctic North Pacific is marked
by one of the highest modern carbon export efficiencies known in the world oceans and
is a net sink of atmospheric CO2 (Honda et al., 2002; Sarmiento et al., 2004). Today,
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formation of new water masses in the North Pacific is restricted to the Okhotsk Sea in
the northwest Pacific (NW-Pacific), where waters are produced in coastal polynyas by
brine rejection during wintertime sea-ice production (Talley, 1993; Shcherbina et al.,
2003). These new water masses leave the Okhotsk Sea as Okhotsk Sea Intermediate
Water (OSIW) (see supplementary information), 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.

It has been proposed that a better ventilated Glacial North Pacific Intermediate Water
(GNPIW) formed during the Last Glacial Maximum, leading to deeper convection of
the subarctic North Pacific in the upper 2000 m (Boyle and Keigwin, 1985; Keigwin,
1998; Matsumoto et al., 2002). Studies on deep-sea records (deeper than 2000 m)
based on benthic carbon isotopes (δ13C) and paired benthic/planktic foraminifera 14C
measurements (BF-PF ages) show only minor changes in deep convection (Keigwin,
1987; Lund et al., 2011) in the North Pacific or no ventilation changes at all in the
deep Pacific Ocean (Broecker et al., 2004; Broecker et al., 2008). However, studies
with General Circulation Models (GCMs) point to a more rigorous ventilation of the
deglacial North Pacific in response to a shutdown of the AMOC during the Heinrich 1
cold event. Accordingly, this would lead to an onset of a Pacific Meridional Overturning
Circulation (PMOC), which transports heat and salt poleward and warms the subpolar
North Pacific, while the North Atlantic cools (temperature seesaw) (Bard et al., 2000).
An enhanced poleward transport of warm and saline waters by the PMOC would also
lead to an onset of deep overturning in the subarctic North Pacific (Okazaki et al.,
2010), whereas a sluggish AMOC persisted during Heinrich 1 in the North Atlantic
(ventilation seesaw) (Saenko et al., 2004). Strong evidence for mid-depth ventilation
changes from BF-PF ages in the western subarctic North Pacific indicate significant
changes in intermediate water formation during the last glacial termination (Duplessy
et al., 1989; Ahagon et al., 2003; Sagawa and Ikehara, 2008). However, if enhanced
ventilation of water masses in the subarctic North Pacific was related to GNPIW,
potential source regions are the Okhotsk Sea, the Bering Sea or both. Some evidence
for deglacial changes in the ventilation history of these marginal seas stems from studies
on microfossil assemblages (Tanaka and Takahashi, 2005) and trace-metals (Horikawa
et al., 2010), which point out that the Bering Sea in particular played a more active role
in ventilating the North Pacific. Whether an amplified convection from the marginal
seas led to changes in the ventilation of the North Pacific when the AMOC was collapsed
has remained elusive in the context to understand the role of North Pacific Ocean
ventilation changes during rapid climate changes.

6.2. Material and methods

We present new results from carbon isotope records in combination with BF-PF ages
to give a first comprehensive view on past ventilation changes in the North Pacific
to: (1) infer the timing and extent of intermediate or deep water formation in the
potential source regions and to: (2) assess the impact of a North Atlantic–North Pacific
meridional overturning asymmetry on ventilation changes in the North Pacific during
the last glacial termination. Sediment records from the Okhotsk Sea (SO178-13-6;
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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 to provide new insights into the
mid-depth ventilation history of the study area (Fig. 6.1a). The stratigraphy is well
constrained by multiple AMS-14C datings (AMS-14C ages, see supplementary Table 6.1
on page 142, and Fig. 6.4 on page 138, and Fig. 6.5 on page 139) and detailed inter-core
correlation via high-resolution X-ray fluorescence (XRF) core scanner data (Max et al.,
in review) (see supplementary methods on page 137). δ13C was measured on epibenthic
foraminifera Cibicidoides lobatulus (see supplementary Table 6.3 on page 146), proven
to be a robust proxy to study changes in past ocean circulation (Curry et al., 1988;
Curry and Oppo, 2005). These data are supplemented by a set of six BF-PF ages
derived from sediment records of the NW Pacific (see supplementary Table 6.2 on page
143). In addition, we used recently published high-resolution sea surface temperature
(SST) data based on alkenone paleothermometry (Uk′

37) from the subarctic NW-Pacific
(Max et al., in review) together with previously published northeast Pacific (Barron
et al., 2003) and North Atlantic (Bard et al., 2000) SST data to study circulation
changes and the AMOC/PMOC relationship to deglacial climate changes (Okazaki
et al., 2010).

6.3. Results and discussion

In order to assess the timing and nature of ventilation changes in the subarctic North
Pacific and its relationship to major reorganizations in the AMOC we compared our
western Bering Sea intermediate-depth δ13C record with published 231Pa/230Th data
(proposed to reflect the strength of the AMOC) from the North Atlantic (McManus
et al., 2004) during the last deglaciation (Fig. 6.1b). The most striking feature is
that the western Bering Sea record reveals millennial-scale 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. 6.1b). In more detail, the western Bering Sea δ13C record
shows several pronounced reversals between δ13C minima at 19–17.5 ka BP, 14.8–12.8
ka BP and 11.7–11 ka BP, and alternating maxima in the δ13C at 17–14.9 ka BP and
12.2–11.7 ka BP. The North Atlantic 231Pa/230Th record suggests that the AMOC
nearly ceased and North Atlantic Deep Water (NADW) formation became sluggish
during Heinrich 1 (17.5–15 ka BP) and the Younger Dryas (12.8–11.8 ka BP) cold
phases. In contrast, the western Bering Sea δ13C data show more rigorous ventilation
of intermediate waters during the cold phases and times of reduced deep convection in
the North Atlantic. Furthermore, when the North Atlantic deep overturning cell was
re-established during the Bølling/Allerød (14.7–12.8 ka BP) and at the onset of the
Holocene, active ventilation of western Bering Sea intermediate water ceased. From
this we infer that the western Bering Sea was better ventilated episodically during
phases of AMOC slowdown, forming a ventilation seesaw between the North Pacific
and North Atlantic.

Enhanced formation of intermediate water masses in the subarctic North Pacific be-
comes more apparent from the Okhotsk Sea δ13C record (Fig. 6.2a). Higher δ13C values
are associated with Heinrich 1 in the Okhotsk Sea and similar in timing to the western
Bering Sea, but reveal much higher amplitudes of up to +1.0%�. This clearly indicates
the enhanced formation of fresh, newly formed water masses in the Okhotsk
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Figure 6.1.: (a) Overview map of the subarctic NW Pacific and its marginal seas
with sediment core locations for SO201-2-85KL in the western Bering Sea (orange spot),
SO178-13-6 in the Okhotsk Sea (purple spot), SO201-2-12KL (red spot) and GGC-3711
(yellow spot) from the NW Pacific as well as location of water profiles of δ13CDIC (see
supplementary Fig. 6.6 on page 141), indicated as white boxes. (b) NGRIP ice core record
and Pa/Th ratio (in green; McManus et al., 2004) as a proxy for the AMOC strength in
the North Atlantic and δ13C-record (in orange) of the western Bering Sea as proxy for
intermediate water ventilation for the last 20 kyr.
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Figure 6.2.: Sediment proxy records of past ventilation changes of intermediate (<1366
m) and deep water (>2130 m) in the NW Pacific from 20–10 ka BP with (a) benthic
foraminiferal δ13C-records (C. lobatulus) from the Okhotsk Sea (red curve) and Bering
Sea (orange curve) together with spline-interpolated δ13C-record from the Bering Sea
(thick black line) and in (b) δ13C-record from sediment record GGC-37 (in blue) from the
deep NW Pacific and spline interpolation (thick stippled line) together with (c) published
intermediate (open boxes) and deep water (filled brown circles) BF-PF ages (Duplessy
et al., 1989; Ahagon et al., 2003; Sagawa and Ikehara, 2008; Ikehara et al., 2006; Hoshiba
et al., 2006; Keigwin, 2002; Minoshima et al., 2007b; Murayama et al., 1992; Sarnthein
et al., 2006) and intermediate (filled green boxes) and deep water (filled green circles)
BF-PF ages from this study. Calculated splines are derived from whole set of BF-PF
ages and given for intermediate (thick black line) and deep water (thick stippled line),
respectively.

Sea during Heinrich 1 (17–15 ka BP), the Allerød (13.2–13.5 ka BP) and Younger Dryas
(11.8–12.2 ka BP). In particular, during Heinrich 1 the OSIW is characterized by values
of up to +1.0%�, which are similar to modern NADW δ13C signatures (+1-1.2%�) in
the subarctic North Atlantic (Curry and Oppo, 2005). In turn, most depleted δ13C
values (-0.5 to -0.8%�) are recorded during the early Bølling (14.7–14.0 ka BP) and the
early Holocene, similar to the western Bering Sea. From this we infer a strengthened
formation of NPIW in the subarctic North Pacific during phases of AMOC reductions
and vice versa. Both the high magnitude of δ13C values recorded in the Okhotsk Sea
(-0.8–1.0%�) and the less pronounced western Bering Sea δ13C values (-0.5–0%�) point
to concurrent, rapid changes in ventilation of intermediate water masses in the two
marginal seas during the last 20 kyr. Given the difference in δ13C gradients between
the two basins we conclude that the Okhotsk Sea was the major source region for young,
well-ventilated intermediate water masses (NPIW) in the subarctic North Pacific during
the last deglaciation.
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We combined available BF-PF ages (see supplementary Table 6.2 on page 143) and
δ13C records from the intermediate and deep NW Pacific to assess the extent of venti-
lation changes during the last glacial termination (Fig. 6.2, a-c). By direct comparison
between intermediate and deep ventilation records (δ13C signal and BF-PF ages), it
becomes apparent that during Heinrich 1 the intermediate and deep water ventilation
changes were opposite in sign and indicate most intensified intermediate water ventila-
tion compared to most decreased ventilation of the deep NW Pacific. Highest gradients
in δ13C and ventilation ages between intermediate and deep water during Heinrich 1
suggest the development of a shallow overturning (shallow PMOC) that leaves the
North Pacific Deep Water unaffected. The ventilation asymmetry between intermedi-
ate and deep water contradicts the onset of deep water formation in the North Pacific
(Okazaki et al., 2010), but are in harmony with the evidence for a bathyal front at
about 2000 m reported for the glacial North Pacific (Keigwin, 1998; Matsumoto et al.,
2002; Duplessy et al., 1988; Herguera et al., 1992) and probably also established during
Heinrich 1 of the last deglacial period. The better ventilated volumes and ages in the
upper ocean during glacial conditions (<2000 m) were related to the wind stress curl
and surface buoyancy fluxes at mid- to high latitudes in the North Pacific, probably
driven by enhanced meridional and zonal pressure and temperature gradients. In turn,
the deeper portion of the North Pacific (>2000 m) has been proposed to be affected by
water masses formed in the Southern Ocean (Herguera et al., 2010). Similar processes
could also feature the establishment of the observed ventilation asymmetry between in-
termediate and deep water during Heinrich 1 in the NW Pacific but are not understood
so far.

The strengthening of NPIW formation in response to AMOC reductions (ventilation
seesaw) is in harmony with results of several modelling studies (GCMs), which simulate
enhanced meridional overturning in the North Pacific during the last glacial termina-
tion. However, most studies suggest an establishment of a PMOC and active convection
of heat and salt in the subpolar regions of the North Pacific to promote deep overturn-
ing (Saenko et al., 2004; Schmittner et al., 2007; Krebs and Timmermann, 2007). This
scenario would lead to a more rigorous ventilation of the subarctic North Pacific ac-
companied with a rise in SST by up to 1.8◦C (Okazaki et al., 2010) as response to a
weakening of the AMOC (e.g. during Heinrich 1 or the Younger Dryas) and cooling
in the North Atlantic (temperature seesaw). On the other hand, some model results
proposed a cooling in the subarctic North Pacific due to a shutdown of AMOC (Miko-
lajewicz et al., 1997; Okumura et al., 2009). There, the simulated shutdown of the
Meridional Overturning Circulation in the North Atlantic triggers rapid atmospheric
reorganizations in the subarctic North Pacific via an atmospheric bridge and leads to an
intensification of low pressure systems (Aleutian Low), which amplifies a cooling in the
subarctic North Pacific. Conversely, this mechanism would lead to a similar SST de-
velopment between the North Atlantic and the North Pacific (no temperature seesaw)
and also question the mechanism of PMOC-related warming and deep overturning in
the subarctic North Pacific. We used high-resolution SST data from the North Pacific
(Max et al., in review; Barron et al., 2003) and the North Atlantic (Bard et al., 2000),
together with the North Greenland ice-core record (NGRIP; Rasmussen et al., 2006)
to assess the proposed mechanistic links between the shutdown of the AMOC (cooling
of the North Atlantic) and an onset of a PMOC (warming of the North Pacific). The
comparison of SST data between the North Pacific and the North Atlantic temperature
record (Fig. 6.3) exhibits a similar SST development (no temperature seesaw) during
the last glacial termination (Max et al., in review). The similar SST development
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Figure 6.3.: Northern Hemisphere climate fluctuations of the past 20 kyr given by
(a) NGRIP ice core oxygen isotope record together with (b) alkenone-based sea surface
temperature record SU81-18 from the North Atlantic (in green; Bard et al., 2000) and
(c) alkenone-based sea surface temperature records from the NE Pacific (in blue; Barron
et al., 2003) and NW Pacific (in red; Max et al., in review) for the last 15 kyr.

between the North Atlantic and the North Pacific clearly shows that changes in the
PMOC only have a minor influence on the NW Pacific SST development. This calls
for other mechanisms to explain enhanced intermediate or deep water formation in the
North Pacific during the last glacial termination.

More recently, a study addressed the issue of variability in North Pacific intermediate
and deep water ventilation during Heinrich events by using two coupled climate mod-
els (MIROC and LOVECLIM) with LGM background conditions (Chikamoto et al.,
2012). Both model runs simulated a differing strengths of the PMOC, which resulted
in a cooling of the western North Pacific (no temperature seesaw) by 2.2 and 2.6◦C,
respectively. The largest cooling trend appears in the western North Pacific in associ-
ation with severe cooling of the overlying atmosphere in the Northern Hemisphere and
intensification of the Aleutian Low (Okumura et al., 2009). Interestingly, the model-
run with a weak PMOC (MIROC) results in a more pronounced cooling of the western
North Pacific and also indicates a cooling in the eastern North Pacific. As a result,
the mixed layer deepens near the Kamchatka region and in the western boundary cur-
rents, corresponding to strong mixing of surface and subsurface waters and shallow
overturning (extending to 2000 m water depth) of the North Pacific in line with our
results. On the other hand, an enhanced PMOC (LOVECLIM) would result in deeper
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overturning (greater than 3000 m water depth) due to a greater transport of warm and
saline equatorial waters to the North Pacific (temperature seesaw) in contrast to our
results.

6.4. Conclusions

The match between the simulated SST and ventilation changes (MIROC) and our
results make a compelling case for the existence of intermediate water formation during
H1 and associated onset of shallow overturning in the North Pacific. In turn, no
deep water formation occurred in the subarctic North Pacific during Heinrich 1 as
given by the largest intermediate to deep water BF-PF age and δ13C gradients, in
contrast to the simulated intensification of a PMOC and related deep overturning
(LOVECLIM; Okazaki et al., 2010). Several model studies emphasize the importance
of changes in overlying atmospheric pressure regimes in the northern hemisphere during
AMOC reductions. Accordingly, the simulated shutdown of the Meridional Overturning
Circulation in the North Atlantic triggers rapid atmospheric reorganizations in the
subarctic North Pacific via an atmospheric bridge and leads to an intensification of the
Aleutian Low and a cooling in the North Pacific. Some studies suggest that in response
to a substantial AMOC-weakening tropical Atlantic cooling induces anomalous high
pressure that extends to the eastern tropical Pacific, thereby intensifying northeasterly
trade winds across the central isthmus of America (Wu et al., 2008). The advection of
cold and dry air from the Atlantic to the Pacific would lead to tropical precipitation
anomalies in the eastern tropical North Pacific and triggers the propagation of Rossby
waves, which influences the strength of the Aleutian Low (Okumura et al., 2009). Other
studies emphasize the role of intensified westerly winds due to an AMOC-shutdown.
This would lead to enhanced thermal advection of cold air masses to the North Pacific
by prevailing westerly winds, which induce a southward shift of the oceanic frontal
zones and a deepening of the wintertime Aleutian Low (Manabe and Stouffer, 1988;
Mikolajewicz et al., 1997; Vellinga and Wood, 2002). A recent study also claims
the sensitivity of the East Asian winter monsoon to AMOC variations by enhanced
westerly winds, which are supposed to lead to an overall reduction of humidity and
colder temperatures in the Northern Hemisphere (Sun et al., 2012). Altogether, our
results confirm the proposed impact of rapid atmospheric teleconnections between the
North Atlantic and North Pacific, which led to a cooling and shallow overturning in
the western North Pacific during AMOC reductions. We conclude that intermediate
water formation in the subarctic North Pacific can be explained by fast atmospheric
interactions between the North Atlantic and North Pacific, which led to rapid dynamics
in oceanography and circulation during the last glacial termination.
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6.5.1. Age model (AMS-14C dating and X-ray fluorescence
measurements)

AMS-14C ages were measured on samples of monospecific planktic foraminiferaNeoglobo-
quadrina pachyderma (sin.) from the 125–250 µm size fraction in core SO201-2-85KL.
AMS-14C ages in core SO178-13-6 were measured on a mix of planktonic foraminifera
(G. bulloides and Neogloboquadrina pachyderma sin.) picked from 150–250 µm size frac-
tion. The radiocarbon dating (AMS-14C) has been performed by the National Ocean
Science Accelerator Mass Spectrometry Facility (NOSAMS) at Woods Hole Oceano-
graphic Institute (WHOI) and Leibniz-Laboratory for Radiometric Dating and Isotope
Research at Kiel University. Radiocarbon ages have been reported according to the
convention outlined by Stuiver and Polach (1977) 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, 1993) with the Intcal09 atmospheric
calibration curve (Reimer et al., 2009) and are given in Table 6.1. 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 values for the Bering and Okhotsk Sea
(Kuzmin et al., 2001; Kuzmin et al., 2007).

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 cores LV29-114-3 and SO178-13-6, where XRF measure-
ments were conducted at the Center for Marine Environmental Science (MARUM),
Bremen. Each core segment was double-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 radiocarbon measurements (Table
6.1) (AMS-14C ages) and constrained with the X-ray Fluorescence (XRF) core scanner
data for inter-core correlation (Fig. 6.4 and 6.5), described in detail by Max et al.
(in review). In general, the Ca intensity records (XRF) have been used to correlate
prominent similar structures between sediment records. We preferentially dated car-
bonate maxima (maxima in planktic foraminifera abundance), which are indicated by
maxima in Ca intensities (XRF), to avoid age artefacts due to bioturbation effects.
Figure 6.4 shows 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 (car-
bonate maxima) between 13.390–11.950 14C years and 10.800–9.570 14C years. These
pronounced carbonate maxima are well dated in the NW Pacific realm and mark the
B/A and the interval of the early Holocene (Keigwin et al., 1992; Keigwin, 1998; Gor-
barenko et al., 2002a; Seki et al., 2004b; Gorbarenko et al., 2005; Cook et al., 2005; Seki
et al., 2009). Hence, core SO178-13-6 was correlated to the established stratigraphy
of Okhotsk Sea core LV129-114-3 (Max et al., in review) via the Ca intensity record
(XRF) and available AMS-14C dates (Table 6.1 and Fig. 6.5).
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Figure 6.4.: Stratigraphic framework of sediment records from the western Bering Sea
(SO201-2-85KL) and Okhotsk Sea (LV29-114-3 and SO178-13-6) correlated with high-
resolution record SO201-2-12KL record (blue curve) from the subarctic NW-Pacific. The
stratigraphy is based on Ca intensities, derived from core logging data (XRF), together
with raw AMS-14C datings (red spots with vertical numbers). Grey shaded areas mark
prominent carbonate maxima, red lines indicate correlation points between the sediment
records.
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6.5.2. Paired benthic/planktic radiocarbon measurements
(BF-PF ages)

Figure 6.5.: Detailed core-to-core correlation for SO178-13-6 to the established age model
of LV29-114-3 via AMS-14C datings and Ca intensity records (in blue), see also Max et al.
(in review) together with NGRIP isotope record in upper panel (in black). For this study,
core SO178-13-6 was correlated via Ca intensity studies (XRF) and AMS-14C datings to
LV29-114-3. Black arrows with vertical numbers indicate calibrated 14C ages of LV29-114-
3, red arrows with vertical numbers indicate calibrated 14C ages derived from SO178-13-6.

To infer paleo-ventilation ages in the subarctic Pacific we measured mono-specific sam-
ples of benthic foraminifera Uvigerina peregrina and planktic foraminifera Neoglobo-
quadrina pachyderma (sin.) to assess BF-PF age differences on six samples (Table
6.2). Benthic/planktic radiocarbon measurements from this study were compiled to-
gether with already published BF-PF ages and used to infer ventilation changes in
intermediate- and deep-water of the NW Pacific. Ventilation ages (BF-PF ages) were
calculated by the difference of raw 14C ages between benthic and planktic foraminifera
(Table 6.2).

6.5.3. Stable isotope measurements

Sediment samples from core SO178-13-6 and SO201-2-85KL were freeze-dried, washed
over a 63 µm screen, dried and separated in sub-fractions (63–150, 150–250, 250–500,
>500 µm). For stable isotope analysis, we picked the species Cibicidoides lobatulus
(C. lobatulus). This species has been observed to preferentially live attached to hard



140 6.5. Supplementary information

substrate on or slightly above the sediment surface (Lutze and Thiel, 1989; Schweizer
et al., 2009) and studies on live specimen indicated that the species faithfully records
the δ13CΣCO2 of overlying bottom waters. Some studies have observed a positive offset
in the δ13C of this species with regard to ambient bottom water for δ13CDIC 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 original water δ13CDIC signal as indicated by
time-series measurements of water column δ13CDIC 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 water mass δ13C 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 analyzed single specimen with sufficient size and
preservation. Samples 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.
Samples of core SO178-13-6 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, Kiel.
Overall analytical reproducibility is ±0.04%� for δ13C and ±0.06%� for δ18O. Sample
measurements of core SO201-2-85KL were 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 δ13C
and ±0.08%� for δ18O. Calibration was achieved via National Bureau of Standards
NBS19 and NBS20 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 given in Table 6.3.

6.5.4. Modern hydrography

Two stations proximal to the core sites SO201-2-85KL (for western Bering Sea 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 study the modern distribution of δ13CDIC (Fig. 6.6).

For the Bering Sea samples, the water column was sampled during the expedition
S0201-2 of R/V Sonne in 2009 (Dullo et al., 2009) in eight depth intervals via a water
sampling rosette device. Immediately after sub-sampling of Niskin bottles, water sam-
ples 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 δ13C 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., 2003). Samples for carbon
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Figure 6.6.: Water profiles of δ13CDIC for the Bering Sea (station SO201-2-67) and
Okhotsk Sea (station LV29-84-3) marginal Seas given as (a) δ13CDIC profile of the Bering
Sea together with the depth-interval of SO201-2-85KL (red spot) and (b) δ13CDIC profile
for the Okhotsk Sea together with the depth-interval of SO178-13-6 (red spot). Blue
shaded area marks the mixing depth of fresh water masses in the Bering Sea (mixed layer
depth = MLD) and Okhotsk Sea (OSIW), respectively.

isotope analysis of dissolved inorganic carbon (DIC) 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 biolog-
ical 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 and the TRANSDRIFT II
Shipboard Scientific Party, 1995; Erlenkeuser et al., 1999). Isotope results are given in
the δ-notation and calibration is based on the NBS20 carbonate isotope standard, the
measurement precision of the δ13CDIC is ±0.04%�.

The modern distribution of δ13CDIC show large differences between the Okhotsk Sea
and Bering Sea marginal seas as indicated in Fig. 6.6. In the Bering Sea, a large
gradient in δ13CDIC is located around 100 m depth, which marks today the mixed
layer depth (MLD) by mixing of surface water with underlying water masses in winter
(Fig. 6.6a). 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 interval of core
SO201-2-85KL.

The δ13CDIC profile from the Okhotsk Sea show the presence of enriched δ13CDIC

values within the water column between 200–800 m (Fig. 6.6b). Today, newly formed
Okhotsk Sea Intermediate Water (OSIW) spreads across the Okhotsk Sea, expressed
as positive δ13CDIC anomaly in the water profile. The modern value of Okhotsk Sea
record SO178-13-6 lies at the lower boundary of OSIW with δ13CDIC values around
-0.2%�.
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Table 6.1.: AMS-14C ages of the sediment records with calibrated age ±1σ (years) and
applied reservoir correction used in this study. AMS-14C ages in italics have been derived
from Max et al. (in review).

Lab. No. Core Core depth 14C age Cal. age Res. age
(cm) (years) ±1σ (years) (years)

OS-85655 SO201-2-12KL 210 9390±40 9484-9527 900
KIA44680 295 10570±50 11080-11191 900
OS-87895 340 10800±65 11231-11368 900
OS-92047 508 12500±50 13340-13498 900
OS-87891 550 12900±50 13782-13918 900
OS-87902 610 13350±65 14219-14752 900
OS-92150 695 13900±55 15227-15872 900
KIA44682 820 16160±80 18491-18666 900
KIA44683 875 17090±90 19254-19457 900

transferred age LV29-114-3 108 5850±60 5607-5730 900
OS-88042 162 8320±40 8236-8310 900
KIA30864 197 9630±50 9764-10067 900
KIA30863 232 10465±50 10808-11080 900
KIA30867 272 12290±55 13164-13308 900
KIA30865 292 13180±60 13960-14457 900
KIA30868 317 14400±80 16538-16827 900
KIA30866 352 15130±80 17117-17497 900
KIA30872* SO178-13-6 1682.5 10560±50 10874-11183 900
KIA30869* 2072.5 13390±100 14467-14917 900
OS-85665 SO201-2-85KL 26 9950±40 10378-10507 700
KIA42231 45 10315±65 10791-10966 700
OS-85669 60 11950±45 13104-13217 700
KIA42232 70 12620±90 13665-13887 700
OS-87896 95 13850±55 15822-15803 700
OS-87890 135 17350±65 19575-19895 700
KIA42233 155 20720±160 23706-24194 700
*this study
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Table 6.2.: Radiocarbon measurements on paired benthic/planktic foraminiferas in the NW Pacific. BF-PF ages are given in years and periods
are indicated by LGM, H1, B/A, and Holocene, respectively.
Core Wt. depth Cal. age Core depth Planktic 14C ±1σ Benthic 14C ±1σ BF-PF Period Reference

(m) (ka BP) (cm) age (kyr) (years) age (kyr) (years) (years)
North Pacific (intermediate water)
CH84-14 978 10.34 230 10000 140 10850 140 850 Holocene Duplessy et al. (1989)
CH84-14 978 10.64 280 10230 140 11060 150 830 Holocene
CH84-14 978 11.19 310 10640 150 11370 130 730 Holocene
CH84-14 978 11.55 340 10870 150 11630 180 760 Holocene
CH84-14 978 13.14 400 12180 160 13200 150 1020 B/A
CH84-14 978 13.76 480 12750 150 13930 220 1180 B/A
CH84-14 978 14.21 510 13060 140 13500 200 440 B/A
CH84-14 978 15.55 550 13830 150 14140 200 310 H1
CH84-14 978 17.84 690 15570 210 15940 190 370

GH02-1030 1212 10.13 210 9840 40 10700 70 860 Holocene Ikehara et al. (2006),
GH02-1030 1212 10.66 220 10240 60 10800 70 560 Holocene Sagawa and Ikehara (2008)
GH02-1030 1212 10.99 235 10510 60 11190 60 680 Holocene
GH02-1030 1212 11.26 244 10690 60 11370 60 680 Holocene
GH02-1030 1212 11.65 261 10950 60 11610 70 660 Holocene
GH02-1030 1212 13.94 290 12900 70 13510 80 610 B/A
GH02-1030 1212 14.19 323.5 13060 70 14500 50 1440 B/A
GH02-1030 1212 14.78 345.5 13470 40 14160 40 690 H1
GH02-1030 1212 17.25 435.5 15010 80 16010 90 1000 H1
GH02-1030 1212 17.37 465.5 15140 60 16140 80 1000 H1
GH02-1030 1212 18.69 523 16380 60 17230 100 850
GH02-1030 1212 20.05 558 17780 70 18730 120 950 LGM
GH02-1030 1212 21.77 630 19130 180 20590 180 1460 LGM

MR01K03-PC4/5 1366 11.12 231-232 10600 50 11370 50 770 Holocene Ahagon et al. (2003),
MR01K03-PC4/5 1366 11.59 262-264 10900 55 11930 60 1030 Holocene Hoshiba et al. (2006)
MR01K03-PC4/5 1366 12.26 291-293 11420 60 12600 50 1180 YD
MR01K03-PC4/5 1366 13.19 311-313 12230 50 13650 100 1420 B/A
MR01K03-PC4/5 1366 14.76 363-365 13450 85 14250 120 800 H1
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Table 6.2. (continued).
Core Wt. depth Cal. age Core depth Planktic 14C ±1σ Benthic 14C ±1σ BF-PF Period Reference

(m) (ka BP) (cm) age (kyr) (years) age (kyr) (years) (years)
MR01K03-PC4/5 1366 16.03 405-407 14150 55 14830 60 680 H1
MR01K03-PC4/5 1366 18.76 540-542 16450 110 17650 100 1200
MR01K03-PC4/5 1366 20.64 642-644 18200 65 19650 110 1450 LGM

Bering Sea
SO201-2-101KL 630 18.99 110 17310 120 18630 200 1350 LGM this study

Okhotsk Sea
GGC-27 995 18.75 70 16750 200 18200 95 1450 Keigwin (2002)
B34-91 1227 19.26 225 17200 80 18650 110 1450 LGM Keigwin (2002)

North Pacific (deep water)
SO201-2-12KL 2170 11.30 340 10800 65 11750 50 950 Holocene this study
SO201-2-12KL 2170 13.36 508 12500 50 13500 55 1000 B/A
SO201-2-12KL 2170 13.78 550 12900 50 13850 50 950 B/A

KR02-15 PC6 2215 11.13 539.2 10610 90 11840 60 1230 Holocene Minoshima et al. (2007b)
KR02-15 PC6 2215 11.54 555.1 10860 70 12490 110 1630 Holocene
KR02-15 PC6 2215 14.79 575.6 13470 70 14500 120 1030 H1

KT89-18-P4 2700 10.60 185-190 9800 133 11140 207 1340 Holocene Murayama et al. (1992)
KT89-18-P4 2700 11.84 200-204 10692 108 12034 143 1342 YD
KT89-18-P4 2700 12.99 236-240 11622 101 13350 259 1728 YD
KT89-18-P4 2700 13.82 268-272 12450 91 14423 254 1973 B/A
KT89-18-P4 2700 15.62 338-342 13447 113 14681 153 1234 H1
KT89-18-P4 2700 20.00 449-453 17275 478 19267 734 1992 LGM
KT89-18-P4 2700 22.87 534-538 19665 303 21344 366 1689 LGM

MD01-2416 2317 13.67 88 12690 55 13655 55 965 B/A Sarnthein et al. (2006)
MD01-2416 2317 13.53 96 12555 60 14030 70 1475 B/A
MD01-2416 2317 14.41 115 13205 55 14920 70 1715 B/A
MD01-2416 2317 14.24 136 13090 60 15460 80 2370 B/A
MD01-2416 2317 15.50 163 13795 60 15960 100 2165 H1
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Table 6.2. (continued).
Core Wt. depth Cal. age Core depth Planktic 14C ±1σ Benthic 14C ±1σ BF-PF Period Reference

(m) (ka BP) (cm) age (kyr) (years) age (kyr) (years) (years)
MD01-2416 2317 17.62 177 15380 70 17860 100 2480

ODP883 2385 13.70 51 12715 50 13420 90 705 B/A Sarnthein et al. (2006)

Bering Sea
SO201-2-77KL 2163 11.16 115 10450 40 11650 45 1250 Holocene this study
SO201-2-77KL 2163 14.47 180 13200 45 14450 85 1250 B/A

Okhotsk Sea
GGC-20 1510 19.44 230 17350 100 18700 140 1350 LGM Keigwin (2002)
GGC-18 1700 18.17 214-216 16250 120 17800 140 1550 Keigwin (2002)
GGC-15 1980 19.78 170 17650 80 19200 110 1550 LGM Keigwin (2002)
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Table 6.3.: Stable isotope measurements on epibenthic foraminifera Cibicidoides lobat-
ulus.

Core Depth (cm) Age (ka BP) δ18O (%�PDB) δ13C (%�PDB)
SO201-2-85KL 30 10.41 3.209 -0.307
(western Bering Sea) 33 10.58 3.350 -0.240

35 10.69 3.249 -0.273
40 10.98 3.266 -0.245
43 11.15 3.440 -0.500
45 11.26 3.228 -0.350
50 11.51 3.117 -0.424
53 11.79 3.360 -0.230
55 12.14 3.387 -0.200
60 13.01 3.461 -0.349
63 13.29 3.323 -0.388
80 14.76 3.307 -0.428
81 14.83 3.670 -0.056
85 15.10 3.481 -0.185
95 15.80 3.988 -0.125
100 16.30 4.536 -0.034
103 16.61 3.640 -0.210
105 16.81 4.231 -0.035
110 17.33 3.256 -0.441
113 17.64 3.960 -0.260
115 17.84 3.817 -0.401
120 18.36 4.121 -0.335
123 18.67 3.930 -0.450
125 18.87 3.965 -0.425
130 19.39 3.839 -0.232
131 19.49 3.864 -0.227
133 19.69 3.900 -0.210
135 19.90 3.852 -0.518
140 20.85 3.848 -0.570

SO178-13-6 1632.5 10.041 3.03 -0.54
(Okhotsk Sea) 1642.5 10.137 3.06 -0.36

1682.5 10.896 3.54 0.15
1687.5 10.937 2.96 -0.44
1687.5 10.937 3.34 0.27
1722.5 11.226 3.55 -0.10
1767.5 11.722 3.74 -0.33
1772.5 11.753 3.45 -0.27
1822.5 11.984 3.59 0.12
1842.5 12.076 3.48 0.27
1857.5 12.203 3.59 0.48
1870.5 13.011 3.66 0.15
1885.5 13.304 3.38 0.64
1912.5 13.636 3.43 0.48
1917.5 13.698 3.22 0.16
1922.5 13.759 3.39 0.04
1937.5 13.944 3.26 -0.67
1972.5 14.507 4.07 -0.44
2087.5 14.866 3.10 0.81
2092.5 14.884 3.05 0.28
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Table 6.3. (continued).
Core Depth (cm) Age (ka BP) δ18O (%�PDB) δ13C (%�PDB)
SO178-13-6 2157.5 15.237 3.81 0.29
(Okhotsk Sea) 2162.5 15.272 4.04 0.04

2177.5 15.377 4.05 0.42
2187.5 15.447 3.82 0.21
2202.5 15.552 3.88 0.12
2242.5 15.833 3.90 0.46
2247.5 15.868 3.81 0.08
2252.5 15.903 3.86 0.11
2272.5 16.043 3.78 0.21
2277.5 16.078 3.88 0.31
2292.5 16.183 3.64 0.48
2297.5 16.218 4.12 0.48
2307.5 16.288 3.75 0.66
2317.5 16.583 3.11 -0.19
2327.5 16.648 3.94 0.21
2342.5 16.715 3.99 0.27
2347.5 16.737 4.31 0.28
2367.5 16.826 3.67 0.88
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7. Synthesis and perspectives

Within the framework of this thesis proxy records for sediment cores from the western
Bering Sea (SO201-2-77KL, -85KL, -101KL), the subarctic NW Pacific off Kamchatka
(SO201-2-12KL), and the southern Okhotsk Sea (LV29-114-3) covering the last ∼180
kyr were established and examined. These sediment cores for the first time allowed to
reconstruct environmental changes in the western Bering Sea at high temporal resolu-
tion, thereby significantly extending previous Bering Sea records into MIS6. Moreover,
they provided sufficient CaCO3 contents to perform Mg/Ca-based subsurface temper-
ature and salinity-approximating reconstructions during the last glacial termination
and to directly compare these results with alkenone-based SST estimates. According
reconstructions have previously not been available for the continental slope off eastern
Kamchatka or the western Bering and southern Okhotsk seas. The major conclusions
of this thesis as well as perspectives for future work resulting from it are summarized
in the following paragraphs.

7.1. Stratigraphy

This thesis contributed to the establishment of the age models for the beforemen-
tioned sediment cores from the NW Pacific, and the Bering and Okhotsk seas. Age
models were tested via spectral analysis and are consistent with the global benthic
reference stack LR04 (Lisiecki and Raymo, 2005), the paleomagnetic PISO-1500 refer-
ence stack (Channell et al., 2009), and for the last glacial termination are verified by
AMS-14C dating. High sedimentation rates of these cores allow for paleoceanographic
reconstructions at high temporal resolution (from decades to millennia) for the last
glacial-interglacial cycle and MIS6. However, changes in sedimention and variability of
benthic δ18O values indicate potential erosion at Site 85KL during Termination II.

7.2. Late Pleistocene to Holocene changes in marine
productivity and terrigenous matter supply

In agreement with previous studies it could be shown that marine productivity re-
mained low in the western Bering Sea, but was maintained during most of the last
glacial-interglacial cycle and MIS6. At the same time, the supply of terrigenous mat-
ter, which is dominated by silt and clay-sized siliciclastics, was high at the study
sites. Only during interglacials, and to a lower extent during MIS5a and MIS5c, ma-
rine productivity increased, while lithogenous element concentrations were reduced by
∼30–40%. This anticorrelated behaviour is similar to that observed in the Okhotsk Sea
and is attributed to a close coupling of insolation and sea-level changes, which, in turn,
influence the strength of atmospheric pressure cells, sea-ice dynamics, and upper-ocean
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stratification. In the context of sea-level changes, the opening history of the Bering
Strait is considered to play an important role for changes in upper-ocean stratifica-
tion as well. Moreover, regional differences were found along the Shirshov Ridge core
transect, which most probably is the result of changes in the extent of sea-ice rafting
and coverage. Sea-ice supposedly not only acts as the primary transport agent for
terrigenous matter from mixed geochemical sources, but also as a critical factor for
stratification/ventilation and productivity changes. A distinct pattern of environmen-
tal changes was found during the last glacial termination, remarkably resembling the
deglacial temperature evolution recorded in Greenland ice cores. The Bølling-Allerød
warm phase (B/A) was characterized by a higher bottom water calcite saturation state,
enhanced marine productivity, strengthened upper-ocean stratification, and higher ni-
trate utilization. This situation potentially applies to abrupt changes in sediment
composition found during MIS3–6 that might be related to N Atlantic D/O-events.

7.3. Temperature, salinity, and stratification during
the last deglaciation

Deglacial records of subsurface temperature (subSSTMg/Ca) and δ18Oivc−sw were gener-
ated by combined δ18O andMg/Ca-analyses on calcitic tests of the planktonic foraminifera
Neogloboquadrina pachyderma (sin.). Results show subsurface conditions in the west-
ern Bering Sea, the subarctic NW Pacific off Kamchatka, and the southern Okhotsk
Sea, that are different on a regional scale, especially regarding changes in subsurface
salinity. In general, changes in subSSTMg/Ca and δ18Oivc−sw occur synchronously, and
cold subSSTMg/Ca characterize the Heinrich Stadial 1 (H1) and the Younger Dryas
(YD) cold phase. In contrast, temperature gradients between the surface and subsur-
face during the warmer B/A indicate changes in upper-ocean (thermal) stratification
during the last glacial termination. Sea-ice influence and seasonal contrasts are con-
sidered to explain the regionally different development with more enhanced impact by
sea-ice on the northern sites restricting the establishment of seasonal thermoclines. It is
suggested, that during H1 and the YD advection of low-salinity water from the Alaskan
Stream and East Kamchatka Current as well as sea-ice formation were stronger, while
reduced dilution by these currents, less sea-ice formation, and enhanced upper-ocean
stratification characterized the B/A. Direct comparison with alkenone-derived temper-
ature reconstructions were used to infer deglacial thermocline changes in the mixed
layer and to propose scenarios for water mass changes. The deglacial evolution is
most likely related to changes in Northern Hemisphere summer insolation which influ-
ences the strength of the atmospheric pressure systems, and, thus, seasonal contrasts,
sea-ice formation, and upper-ocean stratification. Finally, supporting evidence for a
long-term decrease in subsurface temperature and salinity during the early Holocene is
presented, implying that the halocline was subject to deglacial changes and that mod-
ern conditions in the subarctic N Pacific are a relatively recent feature as suggested by
Sarnthein et al. (2004). This notion might indicate that the subarctic NW Pacific and
its marginal seas contributed to the deglacial rise in atmospheric CO2 by a weakened
halocline during H1 and the YD.
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Was intermediate water formed during past glacial stages?

Figure 7.1.: This figure shows the radiogenic isotope signatures for neodyme and stron-
tium from early diagenetic ferromanganese (Fe-Mn) oxyhydroxide coatings for Shirshov
Ridge core SO201-2-85KL (in red; this study) and Bowers Ridge core BOW-8A (in blue;
Horikawa et al., 2010) (for site locations see Fig. 3.1 on page 32). Benthic δ18O from
core SO201-2-85KL are shown in comparison with the LR04 reference stack (Lisiecki
and Raymo, 2005). Dashed lines indicate εNd = 0 and the Quaternary seawater value
(87Sr/86Sr = 0.7092; Henderson et al., 1994), respectively. Black numbers mark MIS1-6
(after Lisiecki and Raymo, 2005).

In order to reconstruct intermediate water mass formation in the subarctic N Pacific
during glacial periods, Horikawa et al. (2010) investigated core KH99-3-BOW-8A (884
m) from Bowers Ridge. They determined radiogenic isotope signatures in Fe-Mn oxy-
hydroxides and found a systematic variation between more radiogenic values during
cold periods and less radiogenic values during warm periods. Their interpretation of
this variability was that during glacial periods surface waters were subducted to inter-
mediate depths due to brine rejection. Further they proposed the northwestern Bering
Sea off northeastern Kamchatka to be the possible source region of glacial intermediate
water masses. However, εNd signatures from the suggested source area were missing so
far. The idea to test the hypothesis of Horikawa et al. (2010) based on measurements
in Shirshov Ridge core 85KL led to collaboration with Prof. Dr. M. Frank and Dr. C.
Blanchet (both at GEOMAR).

The preliminary results of this investigation are shown in Fig. 7.1 and reveal a general
pattern following that of Horikawa et al. (2010). However, more radiogenic values are
registered during the Holocene and MIS5e, i.e. warm periods with supposedly no inter-
mediate water mass formation in the Bering Sea. Thus, from our preliminary results,
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we can not verify the initial interpretation of enhanced intermediate water formation
during glacial stages in the suggested source area. Moreover, extreme unradiogenic
values, which compare to Nd isotope signatures from the Yukon River mouth (Van-
Laningham et al., 2009), are recorded during the B/A and thus could be indicative of
a strong deglacial meltwater pulse. Since the εNd signatures indicate the presence of
a fundamentally different water mass at Site 85KL during that time this work should
clearly be extended. A further goal of future marine expeditions to the Bering Sea
should be the determination of water mass signatures via εNd.

How was upper-ocean stratification characterized during MIS6?

The Shirshov Ridge sites provide the possibility for high-resolution proxy studies as-
sessing millennial-scale changes in upper-ocean stratification, thereby allowing to sig-
nificantly extend existing Bering Sea studies into MIS6.

Where is sea-ice actually formed?

Although indications exist that Anadyr Bay is the sought-after source area of terrige-
nous matter in Shirshov Ridge sediments, geochemical provenance and/or IRD compo-
nent analyses are needed to verify this assumption. In this respect, the B.Sc thesis of
Miriam Ibenthal (CAU Kiel) investigated surface sediment samples recovered during
SO201-2 and produced according surface distribution maps for lithogenous elements
and productivity proxies. This work should be extended to samples from other sites.

Is there a single source for terrigenous matter?

In Shirshov Ridge cores, Al/Ti and Fe/Al ratios remained fairly constant during the
last 180 kyr, neither showing clear glacial-interglacial changes nor differences between
sites. Accordingly, comparison with geochemical signatures from other Bering Sea sites
is needed to find out whether they are influenced by different sources and/or transport
mechanisms.

Can abrupt environmental changes recorded by XRF core logging be
validated?

Sediment records from Shirshov Ridge showed abrupt changes in sediment composition
as determined by high-resolution core logging (color b*, XRF). Since these changes
might be related to D/O-events, they should be validated by quantitative geochemical
analyses (CN-Analytics, XRFBulk), and, if possible, dated via AMS-14C dating.
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Where and when does the temperature signal in Nps form?

In this thesis it is assumed that in the subarctic NW Pacific and its marginal seas the
planktonic foraminifer Neogloboquadrina pachyderma (sin.) calcifies in an isopycnal
layer in 50–100 m water depth during boreal summer, at the same time the alkenone
temperature signal is formed. This should be verified by future expeditions and Mg/Ca-
T calibrations should be established for the N Pacific for this species.

Were SST, subSST, and salinity different during the last interglacial?

Increased marine productivity during MIS5a/c/e indicates the possibility of temper-
ature reconstructions, that would allow for a comparison with deglacial and modern
conditions.

How saline was the Bering Sea during the LGM?

Modern δ18Osw-S relationships should be established for the Bering Sea. Subsequent
salinity reconstructions should focus on the LGM to verifiy if the Bering Sea was a
glacial source of intermediate water mass formation.
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