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Abstract. Under modern conditions only North Pacific Inter-
mediate Water is formed in the northwest Pacific Ocean. This
situation might have changed in the past. Recent studies with
general circulation models indicate a switch to deep-water
formation in the northwest Pacific during Heinrich Stadial
1 (17.5–15.0 ka) of the last glacial termination. Reconstruc-
tions of past ventilation changes based on paleoceanographic
proxy records are still insufficient to test whether a deglacial
mode of deep-water formation in the North Pacific Ocean
existed. Here we present deglacial ventilation records based
on radiocarbon-derived ventilation ages in combination with
epibenthic stable carbon isotopes from the northwest Pacific
including the Okhotsk Sea and Bering Sea, the two poten-
tial source regions for past North Pacific ventilation changes.
Evidence for most rigorous ventilation of the intermediate-
depth North Pacific occurred during Heinrich Stadial 1 and
the Younger Dryas, simultaneous to significant reductions
in Atlantic Meridional Overturning Circulation. Concurrent
changes inδ13C and ventilation ages point to the Okhotsk
Sea as driver of millennial-scale changes in North Pacific
Intermediate Water ventilation during the last deglaciation.
Our records additionally indicate that changes in theδ13C
intermediate-water (700–1750 m water depth) signature and
radiocarbon-derived ventilation ages are in antiphase to those
of the deep North Pacific Ocean (> 2100 m water depth) dur-
ing the last glacial termination. Thus, intermediate- and deep-
water masses of the northwest Pacific have a differing venti-
lation history during the last deglaciation.

1 Introduction

Today, the renewal of North Pacific Intermediate Water
(NPIW) is mainly coupled to physical processes in the
Okhotsk Sea (Talley and Roemmich, 1991; Talley, 1993),
where Dense Shelf Water is produced in coastal polynyas
by brine rejection during wintertime sea-ice production
(Shcherbina et al., 2003). These water masses leave the
Okhotsk Sea as Okhotsk Sea Intermediate Water (OSIW),
mix with water masses in the northwest Pacific at interme-
diate depths and form NPIW (Yasuda, 1997). The NPIW
spreads eastward through the North Pacific Ocean between
∼ 20–40◦ N. Its easternmost extension is located in the vicin-
ity of the California Current region, where it can still be
recognized as a well-defined water mass of higher oxygen
concentrations between∼ 300–800 m water depths (Talley,
1993). No deep water is formed in the modern subarctic Pa-
cific, as surface waters are isolated from the highly nutrient-
rich waters below by a steep salinity gradient (permanent
halocline), which leads to a robust stratification of the surface
ocean in this region. The deep North Pacific is only slowly
replenished by Southern Ocean water masses due to the ab-
sence of deep-water formation in the North Pacific Ocean
today (Warren, 1983; Emile-Geay et al., 2003).

Several studies with general circulation models (GCMs)
point to fundamental changes in deep Pacific hydrography
and circulation during the last deglaciation (Mikolajewicz
et al., 1997; Schmittner et al., 2007; Okumura et al., 2009;
Okazaki et al., 2010; Chikamoto et al., 2012; Menviel et al.,
2012). A few model simulations show an onset of deep-water
formation to a depth of∼ 2500–3000 m in the northwest

Published by Copernicus Publications on behalf of the European Geosciences Union.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by OceanRep

https://core.ac.uk/display/18319717?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


592 L. Max et al.: Pulses of enhanced North Pacific Intermediate Water ventilation

Pacific during deglacial cold events Heinrich Stadial 1 (HS-
1) and the Younger Dryas (YD) due to a breakdown of the
density-driven stratification (Okazaki et al., 2010; Menviel
et al., 2012). In these scenarios, a weakening of the Atlantic
Meridional Overturning Circulation (AMOC) and associated
North Atlantic cooling leads to a reduced Atlantic–Pacific
moisture transport by shifting the Pacific Intertropical Con-
vergence Zone further south. This facilitates a reduction of
precipitation and hence an overall increase of surface salinity
in the North Pacific. Once the Pacific meridional overturning
cell (PMOC) spins up, a more rigorous poleward transport
of surface currents carries warm and saline subtropical wa-
ters further north providing a positive salinity feedback. The
PMOC is proposed to play an important role in buffering the
decrease in the poleward global oceanic heat transport by a
larger northward advection of subtropical waters into the sub-
arctic Pacific (Okazaki et al., 2010). The physical mechanism
behind this effect is the positive feedback between salinity
anomalies and ocean circulation known as Stommel feed-
back (Saenko et al., 2004). In contrast, sea surface temper-
ature (SST) records from the northwest Pacific suggest no
shift in poleward oceanic heat transport during these inter-
vals (Harada et al., 2012; Max et al., 2012). Hence, the role
of the PMOC in destabilizing the density-driven stratifica-
tion by buffering the decrease in poleward global oceanic
heat transport and associated larger northward advection of
saline subtropical waters into the subarctic Pacific during
HS-1 and the YD seems to have been overestimated by model
simulations. This would be consistent with proxy data from
the deep North Pacific, which indicate no direct deep-water
ventilation during the last deglaciation (Lund et al., 2011;
Jaccard and Galbraith, 2013; Lund, 2013). However, anoma-
lously young water masses have been recently reported from
a deep-sea core in the Gulf of Alaska during HS-1 and point
to at least some regional changes of deep circulation in the
northeast Pacific Ocean (Sarnthein et al., 2013).

Information on deglacial changes in northwest Pacific
intermediate-water ventilation is available from a few sedi-
ment records (1000–1300 m water depth) located at the east-
ern coast of Japan based on ventilation ages. Radiocarbon
ages between coeval planktic and benthic foraminifers (de-
fined as ventilation ages) were used to measure the differ-
ence in the14C to C ratio in the dissolved inorganic carbon
between surface water and deep water to provide ventila-
tion age changes of the deep water (Broecker et al., 2004).
It has been shown that ventilation ages are reduced during
HS-1 and the YD and point to a better ventilation of NPIW
(Duplessy et al., 1989; Ahagon et al., 2003; Sagawa and Ike-
hara, 2008). However, necessary information on ventilation
changes from shallower sites in the northwest Pacific are not
available and important aspects about the mode of forma-
tion of deglacial NPIW as well as the respective roles of the
Bering Sea or the Okhotsk Sea as possible source regions
of NPIW are not well known. Available studies on circula-
tion changes from these key regions alternatively point to

the Bering Sea (Horikawa et al., 2010; Rella et al., 2012)
or the Okhotsk Sea (Tanaka and Takahashi, 2005; Okazaki
et al., 2014) as major contributor of enhanced NPIW for-
mation in the past. Another crucial aspect is the timing of
deglacial circulation changes in the northwest Pacific. Based
on model simulations with GCMs a rapid switch and a see-
saw pattern between changes in Pacific and Atlantic over-
turning circulation cells prevailed during the last deglacia-
tion (Okazaki et al., 2010). However, high-resolution proxy
records of millennial-scale ventilation changes in the north-
west Pacific that include the high-latitude marginal seas are
still missing and impede the understanding of potential rela-
tionships and interactions between Pacific and Atlantic cir-
culation changes during the last deglaciation.

Here we present a detailed view on deglacial northwest
Pacific circulation changes by providing new proxy data de-
rived from epibenthicδ13C measurements indicative of dif-
ferences in past seawater nutrient and oxygen level in com-
bination with a suite of new ventilation ages from sediment
cores collected in the northwest Pacific and its marginal seas
(Biebow et al., 2002; Dullo et al., 2004; Dullo et al., 2009;
Gersonde, 2012) (Fig. 1). From this we constrain: (1) the link
between ventilation changes in the open northwest Pacific
and its marginal seas; (2) the temporal relationship of ventila-
tion changes to variations in AMOC; (3) whether ventilation
changes in the Okhotsk Sea, Bering Sea or both represent the
major source of enhanced NPIW during the last deglaciation.
In this paper we follow the terminology of Talley et al. (2003)
and refer to the intermediate-depth layer of the North Pacific
covering the depth range of> 500–2000 m water depth and
the deep North Pacific covering water depths> 2000 m.

2 Material and methods

2.1 Measurements ofδ13CDIC of seawater

Modern vertical distribution ofδ13CDIC throughout the water
column was derived from two hydrocast stations proximal to
the Bering Sea core SO201-2-85KL (SO201-2-67; 56◦04′ N,
169◦14′ E) and Okhotsk Sea core SO178-13-6 (LV29-84-
3; 52◦42′ N, 144◦13′ E) (Fig. 1). Samples were collected
during the joint German–Russian expeditions LV29 of R/V
Akademik M. A. Lavrentyevin 2002 to the Okhotsk Sea
(Biebow et al., 2002) and SO201-2 of R/VSonnein 2009
to the Bering Sea (Dullo et al., 2009) via a rosette water
sampling system. Water samples were poisoned with a satu-
rated solution of HgCl2 to stop biological activity, sealed air-
tight, and stored at 4◦C temperature until further treatment.
Bering Sea samples were measured with a Finnigan Gas
Bench II coupled to a Finnigan MAT 252 mass spectrometer
for determination of stable carbon isotope ratio at the Alfred
Wegener Institute in Bremerhaven (AWI). Measurements of
the δ13CDIC from Okhotsk Sea samples were carried out in
the Leibniz Laboratory for Radiometric Dating and Isotope
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Fig. 1. Overview of the subarctic northwest Pacific and its marginal seas (Okhotsk Sea and Bering Sea). Red spots indicate core locations
and red squares mark hydrocast stations obtained in this study. White spots show published sediment cores from the northwest Pacific realm
considered in this study (please see Tables 2 and 3 as well as references therein).

Research in Kiel, using an automated Kiel DICI-II device
for CO2 extraction and a Finnigan MAT Delta E mass spec-
trometer according to established procedures (Erlenkeuser et
al., 1995; Erlenkeuser et al., 1999). Results are given inδ-
notation versus VPDB. The precision ofδ13CDIC measure-
ments based on internal laboratory standards has been re-
ported to be better than±0.1 ‰ at both laboratories.

2.2 Benthic stable carbon isotope records (δ13C)

Stable carbon isotope records (δ13C) derived from tests of
epibenthic foraminifera have been long documented as ro-
bust proxy to trace past variations in deep-water circula-
tion since it is closely linked to ambient seawaterδ13CDIC
nutrient- and oxygen levels (Belanger et al., 1981; Duplessy
et al., 1984; Curry et al., 1988; Curry and Oppo, 2005). In
general, high(low)δ13CDIC values are indicative of low(high)
nutrient concentrations and associated changes in ocean cir-
culation (Kroopnick, 1985). For stable isotope analysis, we
only used specimens of the epibenthic speciesCibicides lo-
batulus(C. lobatulus) from the 250–500 µm fraction. Some
studies have observed a positive offset in theδ13C of this
species with regard to ambient bottom water forδ13C at
the time of sampling in other high-latitude settings. How-
ever, this effect was shown to be likely caused by high sea-
sonal variability of the ambient waterδ13C-signal as indi-
cated by time-series measurements of water columnδ13C and

according calcification ofC. lobatulusduring time intervals
of maximum ventilation (Mackensen et al., 2000).

Prior to stable isotope determination, sediment samples
from cores SO178-13-6 (Okhotsk Sea) and SO201-2-85KL
(western Bering Sea) (Fig. 1) were freeze-dried, wet sieved
at 63 µm, dried and separated in several sub-fractions (63–
150, 150–250, 250–500,> 500 µm). If possible, we picked
three to five specimens per sample and restricted our se-
lection to well-preserved specimen with visible pores, clear
sutures and unfilled chambers. During some intervals with
low benthic foraminiferal abundance, single specimens were
used for analysis.

Samples from core SO178-13-6 were measured with a
Thermo Finnigan MAT 252 isotope ratio mass spectrome-
ter coupled to an automated KIEL II CARBO preparation
device at the GEOMAR – Helmholtz Centre for Ocean Re-
search in Kiel. Samples from core SO201-2-85KL were mea-
sured with a Thermo Finnigan MAT 253 isotope ratio mass
spectrometer coupled to an automated KIEL IV CARBO
preparation device at the Stable Isotope Laboratory at the
AWI. Overall analytical reproducibility of laboratory stan-
dards (Solnhofen limestone) measured together with samples
over one year forδ13C is better than±0.06 ‰ at both labora-
tories. Calibration was achieved via National Bureau of Stan-
dards NBS19 international standard versus VPDB (Table 1).
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Table 1.Stable isotope measurement results (δ18O; δ13C) derived from epibenthic foraminiferaCibicides lobatulus.

Core Core Age δ18O δ13C
depth (ka BP) (‰ PDB) (‰ PDB)
(cm)

SO201-2-85KL (western Bering Sea) 43 11.12 3.440 −0.500
45 11.23 3.288 −0.350
50 11.50 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 15.13 3.481 −0.185
95 15.96 3.988 −0.125
100 16.45 4.536 −0.034
103 16.75 3.640 −0.210
105 16.94 4.231 −0.035
110 17.44 3.256 −0.441
113 17.73 3.960 −0.260
115 17.93 3.817 −0.401
120 18.42 4.121 −0.335
123 18.72 3.930 −0.450
125 18.91 3.965 −0.425
130 19.41 3.839 −0.232
131 19.51 3.864 −0.227
133 19.70 3.900 −0.210

SO178-13-6 (Okhotsk Sea) 1767.5 11.55 3.74 −0.33
1772.5 11.58 3.45 −0.27
1822.5 11.92 3.59 0.12
1842.5 12.05 3.48 0.27
1857.5 12.15 3.59 0.48
1870.5 12.33 3.66 0.15
1885.5 12.54 3.38 0.64
1912.5 12.92 3.43 0.48
1917.5 12.98 3.22 0.16
1922.5 13.05 3.39 0.04
1937.5 13.26 3.26 −0.67
1972.5 14.51 4.07 −0.44
2087.5 14.95 3.1 0.81
2092.5 15.06 3.05 0.28
2157.5 15.43 3.81 0.29
2162.5 15.50 4.04 0.04
2177.5 15.68 4.05 0.42
2187.5 15.81 3.82 0.21
2202.5 16.00 3.88 0.12
2242.5 16.25 3.9 0.46
2247.5 16.28 3.81 0.08
2252.5 16.38 3.86 0.11
2272.5 16.47 3.78 0.21
2277.5 16.57 3.88 0.31
2292.5 16.66 3.64 0.48
2297.5 16.76 4.12 0.48
2307.5 16.85 3.75 0.66
2317.5 16.95 3.11 −0.19
2327.5 17.11 3.94 0.21
2342.5 17.20 3.99 0.27
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2.3 X-ray fluorescence (XRF) measurements

XRF measurements were conducted on core SO178-13-6 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.

2.4 Radiocarbon dating (AMS14C)

For radiocarbon dating a sufficient amount of planktic
foraminifera (G. bulloidesand/orNeogloboquadrina pachy-
dermasinistral) was picked from the 150–250 µm size frac-
tion. Radiocarbon dating (AMS14C) was done by BETA
Analytics London, the National Ocean Science Accelera-
tor Mass Spectrometry Facility (NOSAMS) at Woods Hole
Oceanographic Institute (WHOI) as well as the Leibniz-
Laboratory for Radiometric Dating and Isotope Research at
Kiel University. Radiocarbon ages are given according to
the convention outlined by Stuiver and Polach (1977) and
Stuiver (1980) and summarized in Table 2. We applied reser-
voir age correction of+900 yr (Max et al., 2012) for core
SO178-13-6, which is determined by a marine global av-
erage reservoir age correction of+400 yr (Reimer et al.,
2013) and a local planktic reservoir age correction (1R) of
+500 yr reported for the Okhotsk Sea environment (Kuzmin
et al., 2001, 2007). There is increasing evidence that surface
reservoir ages could have varied over the course of the last
20 kyr, due to global thermohaline reorganizations as well
as changes in upper-ocean stratification. In the northeast Pa-
cific, surface ocean reservoir ages have been reported to be
close to 730± 200 yr and varied by less than 200 yr during
the last deglaciation (Lund et al., 2011). A recent study based
on plateau tuning shows that northwest Pacific reservoir ages
varied by a few hundred years during the last glacial termi-
nation (Sarnthein et al., 2013). Since available14C datings
are by far not dense enough to identify the age-calibrated
14C-plateaus in sediment cores presented here, we were not
able to assess the variability of paleo-reservoir ages. How-
ever, the reservoir age corrections used in this study are well
within the range of calculated reservoir age changes reported
from plateau tuning during the last deglaciation but the use
of constant reservoir ages inevitably leads to an uncertainty
of a few hundred years in the calculated age models and
intermediate- to deep-water ventilation ages. All planktic ra-
diocarbon ages were converted into calibrated 1-sigma cal-
endar age ranges using the calibration tool Calib 7.0 (Stuiver
and Reimer, 1993) with the Intcal13 atmospheric calibra-
tion curve (Reimer et al., 2013). In addition to planktic14C
measurements radiocarbon dating was performed on mono-
specific samples of the benthic foraminiferaUvigerina pere-
grina or, in some intervals with low abundance, mixed ben-
thics to assess past changes in ventilation ages. Ventilation
ages were calculated from raw14C age differences between

coeval planktic and benthic foraminifers (Broecker et al.,
2004). In total, 26 ventilation ages were derived from a set
of seven sediment cores covering a depth range of∼ 600–
2100 m water depth in the northwest Pacific region (Fig. 1
and Table 2). These data, together with published ventila-
tion ages from the deep northwest Pacific (> 2100 m water
depth), are summarized in Table 3.

3 Chronology

The stratigraphy of the sediment records from the Bering
Sea (SO201-2-77KL; SO201-1-85KL; SO201-2-101KL),
Okhotsk Sea (LV29-114-3) and the northwest Pacific
(SO201-2-12KL) (Fig. 1) is presented in detail in Max et
al. (2012). These records are part of a stratigraphic frame-
work for the subarctic northwest Pacific and its marginal
seas (Riethdorf et al., 2013). In general, it is based on de-
tailed core-to-core correlations using high-resolution XRF
measurements and core-logger data, further constrained by
40 planktic foraminiferal AMS14C datings spanning the
time interval of the last deglaciation. For this study, core
SO178-13-6 from the Okhotsk Sea (52◦43′ N, 144◦42′ E;
713 m water depth) was integrated via correlation of Ca-
intensity records (based on XRF-scanning) and AMS14C
datings to the established stratigraphic framework for the
subarctic northwest Pacific and its marginal seas as shown
in Fig. 2 (Max et al., 2012).

4 Results and discussion

4.1 Modern properties of Okhotsk Sea and Bering Sea
δ13CDIC

The modern distribution ofδ13CDIC in the water column indi-
cates large differences between the Okhotsk Sea and Bering
Sea as shown in Fig. 3. As expected, theδ13CDIC profile from
the Okhotsk Sea shows a smooth decline ofδ13CDIC values
within the water column between 200–800 m water depth
(Fig. 3). This marks the presence of fresh, newly formed
Okhotsk Sea Intermediate Water (OSIW), which spreads
across the Okhotsk Sea, subsequently exported through the
Kurile Straits into the northwest Pacific. Today, the Okhotsk
Sea core site SO178-13-6 is bathed in OSIW withδ13CDIC
values around−0.3 ‰.

In the western Bering Sea, a large gradient inδ13CDIC
exists around 150 m water depth, which marks the maxi-
mum in mixed layer depth of surface water mixing with
underlying water masses during winter (Fig. 3). Beyond
this depth, theδ13CDIC values rapidly decline to−0.6 to
−0.7 ‰ and indicate nutrient-rich, poorly ventilated water
masses in the western Bering Sea today. Lowδ13CDIC val-
ues of∼ −0.6 ‰ mark the depth interval of sediment core
SO201-2-85KL and are related to the intrusion of old and
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nutrient-rich Pacific deep water at this site (Luchin et al.,
1999).

4.2 Characteristics of deglacial NPIW variations and
their potential source regions

We use the down-core variations inδ13C and ventilation
ages to assess the timing and magnitude of paleo-circulation
changes in the subarctic northwest Pacific and its marginal
seas. To infer the relative timing of circulation changes in the
western Bering Sea we compare the intermediate-depth ben-
thic δ13C record to published231Pa/230Th data (proposed to
reflect the strength of the AMOC) from the North Atlantic
(McManus et al., 2004) and millennial-scale climate oscilla-
tions of Greenland (Rasmussen et al., 2006) during the last
deglaciation (Fig. 4). In general, the western Bering Seaδ13C
proxy data reveals millennial-scale, rapid oscillations inδ13C
that indicate repeated intermediate-depth changes in nutri-
ent and oxygen level and associated changes in circulation.
These prominent, short-term excursions inδ13C are strictly
opposite in sign (ventilation seesaw) compared to the North
Atlantic deep circulation history of the last 20 kyr as indi-
cated by231Pa/230Th data (Fig. 4).

Specifically, the western Bering Seaδ13C proxy data
point to times of nutrient-depleted and well-ventilated in-
termediate water during HS-1 (17.5–15 ka BP) and the YD
(12.8–11.8 ka BP) as indicated by relatively highδ13C val-
ues (−0.1 to −0.2 ‰) during times when North Atlantic
Deep Water (NADW) formation in the North Atlantic was
significantly reduced (McManus et al., 2004). Compared to
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Table 2. AMS 14C ages of the sediment records with calibrated calendar ages±1σ (yr) and applied reservoir age correction used in this
study.

Laboratory Sediment core Core Species Conventional Calendar age Reservoir
number depth radiocarbon ±1σ (yr) age

(cm) age (yr) (yr)

OS-85655∗ SO201-2-12KL 210–211 N. pachyderma sin. 9390± 40 9484–9527 900
KIA44680∗ (53◦59′ N, 162◦22′ E) 295–296 N. pachyderma sin. 10 570± 50 11 080–11 191 900
OS-87895∗ 340–341 N. pachyderma sin. 10 800± 65 11 231–11 368 900
OS-88040 340–341 Uvigerina peregrina 11 750± 50 – –
OS-92047∗ 508–509 N. pachyderma sin. 12 500± 50 13 371–13 480 900
OS-92050 508–509 Uvigerina peregrina 13 500± 55 – –
OS-87891∗ 550–551 N. pachyderma sin. 12 900± 50 13 764–13 927 900
OS-87880 550–551 Uvigerina peregrina 13 850± 50 – –
OS-87902∗ 610–611 N. pachyderma sin. 13 350± 65 14 328–14 776 900
OS-92150∗ 695–696 N. pachyderma sin. 13 900± 55 15 422–15 685 900
OS-104953 695–696 Uvigerina peregrina 15 300± 95 – –
KIA44682∗ 820–821 N. pachyderma sin. 16 160± 80 18 431–18 631 900
KIA44683∗ 875–876 N. pachyderma sin. 17 090± 90 19 406–19 672 900
OS-104797 LV29-114-3 7–8 N. pachyderma sin. 1730± 35 697–764 900
OS-104961 (49◦22′ N, 152◦53′ E) 102–103 N. pachyderma sin. 5740± 50 5483–5642 900
transferred age∗ 108–109 N. pachyderma sin. 5850± 60 5608–5729 900
OS-88042∗ 162–163 N. pachyderma sin. 8320± 40 8236–8309 900
KIA30864∗ 197–198 N. pachyderma sin. 9630± 50 9563–9768 900
OS-104963 197–198 Uvigerina peregrina 10 450± 70 – –
KIA30863∗ 232–233 N. pachyderma sin. 10 465± 50 10 763–11 074 900
OS-104964 232–233 Uvigerina peregrina 11 200± 75 – –
KIA30867∗ 272–273 N. pachyderma sin. 12 290± 55 13 165–13 285 900
OS-104796 272–273 Uvigerina peregrina 12 900± 85 – –
KIA30865∗ 292–293 N. pachyderma sin. 13 180± 60 14 072–14 315 900
OS-104965 292–293 Uvigerina peregrina 14 000± 95 – –
KIA30868∗ 317–318 N. pachyderma sin. 14 400± 80 16 113–16 373 900
OS-105415 317–318 Uvigerina peregrina 14 750± 130 – –
KIA30866∗ 352–353 N. pachyderma sin. 15 130± 80 17 198–17 460 900
OS-104966 352–353 Uvigerina peregrina 16 600± 120 – –
KIA30872 SO178-13-6 1682–1683 N. pachyderma sin. 10 560± 50 10 874–11 183 900
KIA30869 (52◦43′ N, 144◦42′ E) 2072–2073 N. pachyderma sin. 13 390± 100 14 422–14 975 900
Beta-324995 2072–2073 mixed benthos 13 760± 60 – –
UCIAMS109675 2250–2251 N. pachyderma sin. 14 420± 45 16 176–16 361 900
Beta-324996 2250–2251 mixed benthos 14 580± 60 – –
UCIAMS109674 2342–2343 N. pachyderma sin. 15 090± 60 17 166–17 396 900
Beta-324997 2342–2343 mixed benthos 15 470± 60 – –
OS-85658∗ SO201-2-77KL 115–116 N. pachyderma sin. 10 450± 40 11 174–11 222 700
OS-85660 (56◦19′ N, 170◦41′ E) 115–116 Uvigerina peregrina 11 650± 45 – –
OS-90700∗ 155–156 N. pachyderma sin. 11 500± 50 12 688–12 734 700
OS-104954 155–156 Uvigerina peregrina 13 000± 70 – –
OS-85664∗ 180–181 N. pachyderma sin. 13 200± 45 14 569–14 958 700
OS-85670 180–181 Uvigerina peregrina 14 450± 85 – –
OS-85665∗ SO201-2-85KL 26–27 N. pachyderma sin. 9950± 40 10 300–10 507 700
OS-104759 (57◦30′ N, 170◦24′ E) 43–44 N. pachyderma sin. 10 450± 55 11 152–11 234 700
OS-105429 43–44 Uvigerina peregrina 11 250± 110 – –
OS-85669∗ 60–61 N. pachyderma sin. 11 950± 45 13 069–13 141 700
KIA42232∗ 70–71 N. pachyderma sin. 12 620± 90 13 583–13 834 700
OS-104959 93–94 N. pachyderma sin. 13 850± 80 15 661–15 939 700
OS-104757 93–94 Uvigerina peregrina 14 050± 80 – –
OS-87890∗ 135–136 N. pachyderma sin. 17 350± 65 19 983–20 193 700
Beta-325004 135–136 mixed benthos 19 210± 90 – –
KIA42233∗ 155–156 N. pachyderma sin. 20 720± 160 23 892–24 281 700
OS-87887∗ SO201-2-101KL 10–11 N. pachyderma sin. 12 600± 55 13 609–13 774 700

(58◦52′ N, 170◦41′ E)
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Table 2.Continued.

Laboratory Sediment core Core Species Conventional Calendar age Reservoir
number depth radiocarbon ±1σ (yr) age

(cm) age (yr) (yr)

OS-104795 10–11 Uvigerina peregrina 12 850± 95 – –
OS-88041∗ 90–91 N. pachyderma sin. 14 950± 60 17 243–17 470 700
OS-104960 90–91 Uvigerina peregrina 16 800± 130 – –
KIA42229 110–111 N. pachyderma sin. 17 310± 120 19 875–20 211 700
KIA43068∗ 110–111 Uvigerina peregrina 18 630± 200 – –
OS-85756 SO202-18-6 415–417.5N. pachyderma sin. 10 850± 25 11 754–11 835 700
OS-90698 (60◦07′ N, 179◦26′ W) 415–417.5 mixed benthos 11 300± 50 – –
OS-96111 432–434.5 N. pachyderma sin. 10 950± 55 11 829–12 100 700
OS-96112 432–434.5 mixed benthos 11 550± 60 – –
OS-94120 512–514.5 N. pachyderma sin. 11 150± 65 12 235–12 528 700
OS-96034 512–514.5 mixed benthos 11 800± 60 – –
OS-96095 592–594.5 N. pachyderma sin. 11 850± 60 12 963–13 094 700
OS-96035 592–594.5 mixed benthos 12 300± 80 – –

∗ AMS 14C ages derived from Max et al. (2012).

modern conditions (see also Sect. 4.1)δ13C values increase
by ∼ 0.4–0.5 ‰ during HS-1 and YD, respectively. How-
ever, as soon as the North Atlantic deep overturning cell was
re-established during the Bølling/Allerød (14.7–12.8 ka BP)
and the onset of the Holocene, nutrient-rich, poorly ven-
tilated western Bering Sea intermediate water approached
modern values of∼ −0.4 to −0.7 ‰ and point to rapid
changes in ocean circulation (Fig. 4).

The deglacial pattern of Okhotsk Sea changes in inter-
mediate water resembles the intermediate-depth circulation
history of the Bering Sea (Fig. 5). Although the timing of
changes is similar, the amplitude of changes is significantly
higher in the Okhotsk Sea (up to 1.4 ‰). Lowestδ13C values
(−0.3 to −0.7 ‰) are recorded during the Bølling/Allerød
interstadial (14.7–12.8 ka BP) and the earliest Holocene, sim-
ilar to the western Bering Sea. However, theδ13C maxima
with values of up+0.7 ‰ during HS-1 (17.5–15 ka BP) and
of up to+0.6 ‰ during the YD (11.8–12.8 ka BP) are signif-
icantly higher in the Okhotsk Sea than in the Bering Sea.
These values suggest a strong intermediate-depth convec-
tion cell proximal to the Okhotsk Sea during deglacial cold
stages, in particular during HS-1. These nutrient-depleted
and well-ventilated water masses, indicated byδ13C max-
ima, were subsequently exported into the northwest Pacific
and were the likely source of enhanced deglacial NPIW
(Duplessy et al., 1989; Adkins and Boyle, 1997; Ahagon et
al., 2003; Sagawa and Ikehara, 2008), which probably also
ventilated the Bering Sea (Rella et al., 2012). In this con-
text, it is important to note that the vertical expansion of
these water masses did not reach the deep-water level in the
northwest Pacific. This is clearly indicated by the comparison
with the δ13C deep-water record of GGC-37 from 3300 m
water depth (Keigwin, 1998). The deep-waterδ13C record
impressively shows a temporal variability that is opposite
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Fig. 4. Detailed comparison of deglacial circulation changes in the
North Atlantic and western Bering Sea during the past 20 kyr. Given
are the Pa/Th ratio as proxy for the AMOC strength in the North
Atlantic (in green) (McManus et al., 2004) compared to the western
Bering Sea intermediate-depthδ13C record (in purple) as proxy for
circulation changes in the North Pacific. Blue shaded areas mark
stadial HS-1 and the YD. For comparison, the NGRIP ice core
record (in black) is given on top (Rasmussen et al., 2006).

to the intermediate-water level with minima during HS-1
(−0.6 ‰) and the YD (−0.3 ‰) and thus characterizes an-
other water mass (Fig. 5). Furthermore, the deep-waterδ13C-
signal reach maxima during the Bølling/Allerød (−0.1 ‰)
and early Holocene (+0.1 ‰) and its characteristics are dif-
ferent from those of intermediate-water depths derived from
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Table 3.Radiocarbon measurements on coeval benthic/planktic foraminiferas (ventilation ages) from NW-Pacific sediment cores. Ventilation
ages are given in years and era is indicated by LGM, HS-1, YD, B/A and Holocene.

Core Water Core Planktic Benthic Calendar Ventilation Error Era Reference
depth depth 14C-age (yr) 14C-age (yr) age age ±1-Sigma
(m) (cm) (ka BP)∗ (yr) (yr)

Bering Sea (intermediate)

SO201-2-101KL 630 10 12 600± 55 12 850± 95 13.60 250 150 B/A this study
SO201-2-101KL 630 90 14 950± 60 16 800± 130 17.25 1850 190 HS-1
SO201-2-101KL 630 110 17 310± 120 18 630± 200 19.90 1320 320 LGM

SO201-2-85KL 968 43 10 450± 55 11 250± 110 11.20 800 165 Holocene this study
SO201-2-85KL 968 93 13 850± 80 14 050± 80 15.80 200 160 HS-1
SO201-2-85KL 968 135 17 350± 65 19 210± 90 19.90 1860 155 LGM

SO202-18-6 1100 415–417.5 10 850± 25 11 300± 50 11.80 450 75 YD this study
SO202-18-6 1100 432–434.5 10 950± 55 11 550± 60 12.05 600 115 YD
SO202-18-6 1100 512–514.5 11 150± 65 11 800± 60 12.35 650 115 YD
SO202-18-6 1100 592–594.5 11 850± 60 12 300± 80 12.98 450 140 YD

Okhotsk Sea (intermediate)

SO178-13-6 713 2072.5 13 390± 100 13 760± 60 14.70 370 160 B/A this study
SO178-13-6 713 2250.5 14 420± 45 14 580± 60 16.30 160 160 HS-1
SO178-13-6 713 2342.5 15 090± 60 15 470± 60 17.20 380 160 HS-1

LV29-114-3 1765 197 9630± 50 10 450± 70 9.60 820 120 Holocene this study
LV29-114-3 1765 232 10 465± 50 11 200± 75 10.90 735 125 Holocene
LV29-114-3 1765 272 12 290± 55 12 900± 85 13.25 610 145 B/A
LV29-114-3 1765 292 13 180± 60 14 000± 95 14.30 820 155 B/A
LV29-114-3 1765 317 14 400± 80 14 750± 130 16.30 350 210 HS-1
LV29-114-3 1765 352 15 130± 80 16 600± 120 17.20 1470 200 HS-1

North Pacific (deep)

SO201-2-12KL 2145 340 10 800± 65 11 750± 50 11.31 950 115 Holocene this study
SO201-2-12KL 2145 508 12 500± 50 13 500± 55 13.38 1000 105 B/A
SO201-2-12KL 2145 550 12 900± 50 13 850± 50 13.79 950 100 B/A
SO201-2-12KL 2145 695 13 900± 55 15 300± 95 15.60 1400 150 HS-1

KR02-15 PC6 2215 539.2 10 610± 90 11 840± 60 10.91 1230 150 Holocene Minoshima et al. (2007)
KR02-15 PC6 2215 555.1 10 860± 70 12 490± 110 11.46 1630 180 Holocene
KR02-15 PC6 2215 575.6 13 470± 70 14 500± 120 14.80 1030 190 B/A

KT89-18-P4 2700 185–190 9800± 133 11 140± 159 10.00 1340 292 Holocene Murayama et al. (1992)
KT89-18-P4 2700 200–204 10 692± 108 12 034± 94 11.20 1342 202 Holocene
KT89-18-P4 2700 236–240 11 622± 101 13 350± 238 12.60 1728 339 YD
KT89-18-P4 2700 268–272 12 450± 91 14 423± 237 13.30 1973 328 B/A
KT89-18-P4 2700 338–342 13 447± 113 14 681± 103 14.60 1234 216 B/A
KT89-18-P4 2700 449–453 17 275± 478 19 267± 557 19.50 1992 1035 LGM
KT89-18-P4 2700 534–538 19 655± 303 21 344± 205 22.50 1689 508 LGM

MD01-2416 2317 88 12 690± 50 13 655± 55 13.66 965 105 B/A Sarnthein et al. (2006)
MD01-2416 2317 96 12 555± 60 14 030± 70 13.50 1475 130 B/A
MD01-2416 2317 115 13 205± 55 14 920± 70 14.27 1715 125 B/A
MD01-2416 2317 136 13 090± 60 15 460± 80 14.04 2370 140 B/A
MD01-2416 2317 140.5 13 795± 60 15 960± 100 15.50 2165 215 HS-1
MD01-2416 2317 177 15 380± 70 17 860± 100 17.50 2480 170 HS-1

ODP883 2385 51 12 715± 50 13 420± 90 13.68 705 140 B/A

MD01-2420 2101 339.2–344.1 10 700± 55 12 100± 50 11.20 1400 105 Holocene Okazaki et al. (2012)
MD01-2420 2101 353.8–358.6 11 150± 55 12 400± 65 12.00 1250 120 YD
MD01-2420 2101 370.7–375.6 11 717± 88 13 050± 60 12.70 1333 148 YD
MD01-2420 2101 382.9–385.3 12 150± 50 13 450± 65 13.00 1300 115 B/A
MD01-2420 2101 390.1–392.6 12 400± 45 13 750± 55 13.30 1350 100 B/A
MD01-2420 2101 404.7–407.1 13 258± 141 14 600± 60 14.60 1342 201 B/A
MD01-2420 2101 419.2–421.6 13 510± 113 14 750± 55 15.00 1240 168 HS-1
MD01-2420 2101 431.3–433.7 13 900± 50 15 250± 60 15.50 1350 110 HS-1
MD01-2420 2101 451.6–454.1 14 696± 70 15 850± 65 16.80 1154 135 HS-1
MD01-2420 2101 489.2–494.2 16 457± 141 18 000± 75 18.75 1543 216
MD01-2420 2101 504.1–506.6 17 020± 50 18 350± 70 19.45 1330 120 LGM

Bering Sea (deep)

SO201-2-77KL 2135 115 10 450± 40 11 650± 45 11.20 1200 85 Holocene this study
SO201-2-77KL 2135 155 11 500± 50 13 000± 70 12.62 1500 85 YD
SO201-2-77KL 2135 180 13 200± 45 14 450± 85 14.75 1250 130 B/A

∗ Radiocarbon ages of planktic foraminifera were recalculated with a constant reservoir age correction of 700 yr for the Bering Sea and 900 yr for the NW-Pacific and Okhotsk Sea.
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the Okhotsk and Bering Sea (−0.4 to −0.7 ‰). In gen-
eral, these results argue for significant differences in origin
between intermediate- and deep-water masses in the north-
west Pacific, where the intermediate-water signal seems to
be strictly coupled to the absence or presence of dense-water
formation processes in the Okhotsk Sea. This is also in line
with recent results derived from a sediment core in the deeper
northwest Pacific, which show no sign of improved venti-
lation during the early deglaciation (Jaccard and Galbraith,
2013).

The deglacial variability in δ13C, the timing of
intermediate-depth circulation changes as well as the oppos-
ing pattern between intermediate and deep water is in har-
mony with changes in ventilation ages from the North Pacific
and its marginal seas (Fig. 5). At the intermediate-water layer
(700–1750 m water depth), Okhotsk Sea and Bering Sea ven-
tilation ages are low during HS-1 and YD, thus pointing to
the presence of well-ventilated water masses (Fig. 5). In gen-
eral, this pattern is consistent with ventilation ages from the
intermediate-depth northwest Pacific during HS-1 and YD
and, like the results fromδ13C, suggests a close relationship
to NPIW (Duplessy et al., 1989; Adkins and Boyle, 1997;
Ahagon et al., 2003; Sagawa and Ikehara, 2008). However,
a more complex picture evolves during the Bølling/Allerød.
On the one hand, higher ventilation ages from Okhotsk Sea
core LV29-114-3 (∼ 1750 m water depth) point to a reduced
vertical expansion of freshly formed intermediate water dur-
ing this time. On the other hand, there is no significant
change in ventilation seen from the shallowest records in the
Bering Sea (SO201-2-101; 600 m water depth) or Okhotsk
Sea (SO178-13-6; 713 m water depth) during the onset of the
Bølling/Allerød. In contrast to the intermediate-water layer,
deep-water ventilation ages are generally high (Murayama et
al., 1992; Keigwin, 2002; Sarnthein et al., 2006; Minoshima
et al., 2007; Okazaki et al., 2012) and indicate persistent,
old water masses in the deep relative to the intermediate wa-
ter during the last deglaciation. The largest ventilation age
difference between the intermediate- and deep-water masses
occurs during HS-1 and matches the results fromδ13C mea-
surements, which also indicate the largest vertical gradient in
δ13C between the intermediate- and deep-water masses of the
northwest Pacific during HS-1 (Fig. 5). Differences between
the intermediate- and deep-water mass signatures are also
visible during YD, but are less pronounced. The opposite is
the case from∼ 20–19 ka BP and during the Bølling/Allerød
as ventilation ages from the intermediate- and deep-water
masses slightly converge, indicated by increasing ventilation
ages at the intermediate-water layer and decreasing deep-
water ventilation ages (Fig. 5).

In summary, during times of HS-1 and the YD the combi-
nation of benthicδ13C and ventilation ages suggests: (1) an
enhanced NPIW formation and better ventilation down to at
least 1750 m water depth (but shallower than 2100 m wa-
ter depth), (2) a deglacial source of intermediate-water for-
mation within or close to the Okhotsk Sea as key region

for millennial-scale NPIW changes (3) a more isolated deep
water that has been located deeper episodically during the
last glacial termination, overlain by younger, relatively fresh
intermediate-water masses. This circulation is characterized
by strongest vertical gradients in benthicδ13C and ventila-
tion ages in the water column, thus indicating significant dif-
ferences in water mass characteristics between intermediate-
and deep water during HS-1 and YD (Fig. 5). It is also con-
sistent with studies indicating that the deep North Pacific was
more isolated from the atmosphere during HS-1 (Lund et al.,
2011; Jaccard and Galbraith, 2013; Lund, 2013) and thus did
not contribute to the rise in atmospheric CO2 during this in-
terval (Galbraith et al., 2007). However, these results contra-
dict the model-derived hypothesis of a switch to deep-water
formation in the northwest Pacific during HS-1 (Okazaki et
al., 2010).

4.3 Implications for formation processes of expanded
NPIW during HS-1

The large change in OSIWδ13C values with amplitudes of
1.5 ‰ between HS-1 and the Bølling/Allerød provide useful
information about the boundary conditions of intermediate-
water formation in the northwest Pacific and points to the
Okhotsk Sea as primary source for millennial-scale ven-
tilation changes. However, it is also clear that conditions
must have been substantially different from those of modern
OSIW formation. Under present conditions, intermediate-
water masses are a blend of surface water and old Pacific
deep water, which enters the Okhotsk Sea basin through the
deepest sills of the Kurile Islands (mainly through Kruzen-
shtern Strait,∼ 1760 m water depth) (Talley and Roemmich,
1991). Due to the intrusion of old and nutrient-enriched
Pacific deep water, modern OSIW is marked by relatively
high nutrient concentrations and lowδ13C values of 0 to
−0.3 ‰ (see also Fig. 3). Changes in SST (thermodynamic
effects) and/or reduced biological productivity cannot solely
explain the extremely highδ13C values during HS-1. Thus,
we speculate that the main source of enhanced OSIW during
HS-1 and the YD was shifted from old Pacific deep water to
relatively young and nutrient-depleted surface water masses,
which flowed from the North Pacific into the Okhotsk Sea.
This is in line with the presence of young water masses down
to about 1750 m water depth (i.e., Okhotsk Sea core LV29-
114-3) during HS-1. Once the intensified OSIW formation
flushed the Okhotsk Sea up to the deepest sills, the inflow
of old andδ13C-depleted deep-water masses from the deep
North Pacific into the Okhotsk Sea basin must have been sig-
nificantly hampered or even blocked during HS-1 or the YD.
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4.4 Relation of deglacial NPIW patterns to changes
in Meridional Overturning Circulation and
atmospheric pressure regimes

The implication of a strengthened intermediate-depth merid-
ional overturning in the North Pacific in response to AMOC
reductions during HS-1 and YD is in agreement with re-
sults from GCM simulations and proxy data, which sug-
gest enhanced ventilation of NPIW down to∼ 2000 m water
depth during these intervals (Chikamoto et al., 2012) while
the deep ocean below remained poorly ventilated (Jaccard
and Galbraith, 2012). However, our results do not corrob-
orate model simulations that argue for a more fundamental
switch to Pacific deep-water formation down to∼ 3000 m
water depth (Okazaki et al., 2010). In the first case, the largest
cooling trend appears during HS-1 in the GCM simulations
in the western North Pacific in association with severe cool-
ing of the overlying atmosphere in the Northern Hemisphere
and intensification of the Aleutian Low, thus promoting sea-
ice expansion and enhanced intermediate-depth circulation.
In the latter case, the establishment of a deep PMOC is phys-
ically coupled to a strengthened northeastward upper-ocean
transport of saline subtropical water masses via the North Pa-
cific Current, thereby warming the northwest Pacific during
HS-1 and YD (Saenko et al., 2004; Krebs and Timmermann,
2007; Okazaki et al., 2010). However, the establishment of
PMOC to buffer the decrease in poleward global oceanic heat
transport (Okazaki et al., 2010) is not seen in proxy-based
SST reconstructions (Harada et al., 2012; Max et al., 2012).
SST records in combination with sea-ice reconstructions pro-
vide evidence of surface cooling during HS-1 and YD in the
northwest Pacific (Fig. 5) and questions the results of the
LOVECLIM model simulation (Max et al., 2012). We thus
assume that millennial-scale enhancements in NPIW forma-
tion during the last deglaciation can be explained by mech-
anisms that involve intensified processes of dense-water for-
mation in the Okhotsk Sea, which are in turn coupled to more
intense OSIW formation under colder conditions during HS-
1 and YD.

In addition, our results provide clues for future changes in
marine biogeochemistry. Past changes in intermediate-depth
oxygen concentrations in the northwest Pacific are often re-
lated to a substantial weakening of NPIW and its conse-
quences in favoring the expansion of the oxygen minimum
zone at the intermediate-water level (Schmittner et al., 2007;
Cartapanis et al., 2011). During the Bølling/Allerød and early
Holocene, hypoxic conditions marked the oceanic continen-
tal margins in the North Pacific, as well as in the Bering
Sea and culminated in the formation of laminated sediments
in some of those regions (Behl and Kennett, 1996; Cook et
al., 2005; Kim et al., 2011). Under modern conditions, the
Okhotsk Sea plays a central role as major contributor of fresh
intermediate-water masses in the subarctic Pacific, physi-
cally coupled to sea-ice formation (Talley and Roemmich,
1991; Warner et al., 1996; Yasuda, 1997). Environmental

changes in the Okhotsk Sea due to a rise in the average tem-
perature of Earth’s atmosphere in future may tip the scale for
strong OSIW reductions and thus could promote the expan-
sion of hypoxic conditions in the North Pacific. This becomes
more evident as the Okhotsk Sea modern seasonal sea-ice
cover extends as far as 43◦ N and marks a delicate bound-
ary as the southernmost extension of sea-ice in the Northern
Hemisphere.

5 Conclusions

In this study we have combined new results from stable iso-
tope records and ventilation ages from the northwest Pacific
including the Bering Sea and Okhotsk Sea. From this we
were able to trace changes in northwest Pacific intermediate-
water ventilation on millennial timescales and constrain its
source areas during the last deglaciation:

1. The combination of benthicδ13C-records and ven-
tilation ages from the subarctic northwest Pacific
consistently argues for millennial-scale switches in
intermediate-water formation during the last deglacia-
tion. Changes in northwest Pacific intermediate water
are simultaneous to variations in Atlantic Meridional
Overturning Circulation and suggest a deglacial see-
saw between strengthened (weakened) intermediate-
depth overturning of the subarctic Pacific and weak-
ened (strengthened) meridional overturning of the
North Atlantic. The comparison between intermediate-
and deep-water records provides no evidence for a
switch to deep-water formation in the northwest Pa-
cific during HS-1 and YD.

2. The deglacial source of enhanced North Pacific Inter-
mediate Water formation during cold events of HS-1
and YD was most likely within the Okhotsk Sea and
coupled to processes of improved OSIW formation,
which acted as pacemaker for NPIW changes. It seems
also likely that times of enhanced ventilation of the
Bering Sea are coupled to more rigorous formation of
NPIW.

3. The strengthening of NPIW and intermediate-depth
overturning during HS-1 and YD would argue for a
deepening of the nutricline within the northwest Pa-
cific. A mode of intensified intermediate-depth over-
turning through enhanced NPIW ventilation in the
North Pacific might have reduced the upwelling of old,
nutrient and CO2-enriched Pacific deep-water masses
and subsequent exchange with the atmosphere, in par-
ticular during HS-1.
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