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Abstract. We used piston cores recovered in the westernl Introduction
Bering Sea to reconstruct millennial-scale changes in ma-
rine productivity and terrigenous matter supply over the past

~ 180 kyr. Based on a geochemical multi-proxy approach The subarctic North Pacific (N Pacific) is a high-nitrate,

our results indicate closely interacting processes controllind?W'Chlor()phy" (HNLC) region (e.g. Kienast et al., 2004;

marine productivity and terrigenous matter supply compa- yrrell et al., 2005), characterized by salinity driven stratifi-

rable to the situation in the Okhotsk Sea. Overall, terrige-catlon (permanent halocline), which is suggested to control

nous inputs were high, whereas export production was lowdlacialiinterglacial variations in atmospheric carbon diox-

Minor increases in marine productivity occurred during in- '9€ (CQ») concentrations (Haug et al., 1999, 2005; Sigman

tervals of Marine Isotope Stage 5 and interstadials, but pro—and Boyle, 2000; Sigman et al., 2004, 2010; Jaccard et al,

nounced maxima were recorded during interglacials and Ter-2005)‘ The halocline prevents the formation of deep water

mination |. The terrigenous material is suggested to be degWarren, 1983.; Em|.Ie—Geay etal, 2.003) and modu_lates the
rived from continental sources on the eastern Bering Se upply of nutrient-rich deep water into the euphotic zone,

shelf and to be subsequently transported via sea ice, whic ereby .inflgencin'g the extent of'marine productivity aqd ni-
is likely to drive changes in surface productivity, terrigenoustrate utilization. Since the halocline also acts as a barrier for

inputs, and upper-ocean stratification. From our results Weat_?;]o_?prr]]gnr(]:-ocebanlc gas tex;:f_hz_ange, tlze n;ode;rnl Nzgggﬂc,
propose glacial, deglacial, and interglacial scenarios for enVIth 1S Nigh carbon expart efliciency (. onda €t al., ):
considered a net sink of atmospheric £L@akahashi et

vironmental change in the Bering Sea. These changes see
g g d al., 2002a).

to be primarily controlled by insolation and sea-level forc- S Istudies h ted | t roduction in th
ing which affect the strength of atmospheric pressure sys- everal studies have reported low export proguction in the

tems and sea-ice growth. The opening history of the BeringN Pacific during glacial times (Narita et al., 2002; Kienast

Strait is considered to have had an additional impact. High-et al., 2004; Jaccard et al., 2005, 2009, 2010; Brunelle et al.,

; ; 2007; Shigemitsu et al., 2007; Galbraith et al., 2008; Geb-
resolution core logging data (color b XRF scans) strongly hardt et aIg 2008). However, it remains unclear whether this

correspond to the Dansgaard—-Oeschger climate variabilit)é/ 4 by st tratificati b h d
registered in the NGRIP ice core and support an atmospheri as caused by stronger stratification or by enhanced sea-
ice cover. Both processes would result in a less efficient

coupling mechanism of Northern Hemisphere climates. . )
export of organic carbon to the deep ocean and its subse-
quent degradation to CG(“biological pump”), and hamper
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1346 J.-R. Riethdorf et al.: Western Bering Sea climate since 180 ka BP

the release of deep-sequestered @Qhe atmosphere. Inter-  rine productivity are connected with interstadials recorded in
glacial maxima in export production at ODP Site 882 were Greenland ice cores. However, the existing reconstructions
related to reduced stratification rather than to sea-ice influwithin the N Pacific realm are constrained by the shallow
ence (Jaccard et al., 2005). Since the modern Bering Selysocline, which limits the use of carbonate-based proxies
is marked by high marine productivity and seasonal sea-and causes stratigraphic uncertainties. In the Bering Sea ac-
ice formation (e.g. Springer et al., 1996; Niebauer et al.,cording reconstructions are thus restricted to shallow shelf
1999), it might have had a different influence on past ocean-areas or topographic highs. Here, we present millennial-scale
atmosphere C®exchange. Paleoceanographic reconstrucreconstructions of export production and terrigenous matter
tions in the Bering Sea also revealed reduced export prosupply for the hitherto only poorly studied western Bering
duction during the last glacial period, which increased dur-Sea. Results were derived from a suite of geochemical prox-
ing Termination | and remained high in the Holocene (Gor-ies and high-resolution core logging data covering the last
barenko, 1996; Cook et al., 2005; Gorbarenko et al., 2005;~ 180 kyr.
Okada et al., 2005; Okazaki et al., 2005; Brunelle et al.,
2007, 2010; Itaki et al., 2009; Khim et al., 2010; Kim et al.,
2011). This variability was explained by a complex interplay 2 Regional setting
of changes in sea surface temperatures (SST), sea-ice cover-
age, inflow of Pacific surface waters, and upper-ocean stratfhe Bering Sea links the Pacific Ocean with the Arctic Ocean
ification (e.g. Katsuki and Takahashi, 2005; Brunelle et al.,via the only shallow{ 50 m) Bering Strait. In its eastern and
2007, 2010; Kim et al., 2011). northern part it is characterized by a wide and shallow (0—
Knowledge of past sea-ice variability in the Bering Sea 200 m) continental shelf area. Pacific surface waters, trans-
comes from diatom and radiolarian assemblages, apgl IP ported by the westward-flowing Alaskan Stream, enter the
biomarker studies (Cook et al., 2005; Katsuki and TakahashiBering Sea through several passes within the Aleutian Island
2005; Tanaka and Takahashi, 2005; Max et al., 2012). Al-Arc (e.g. Takahashi, 2005). Inside the Bering Sea, a large-
though sea ice is considered an important transport agergcale cyclonic surface circulation pattern develops with the
for terrigenous material, geochemical or sedimentologicalBering Slope Current (BSC) and the East Kamchatka Current
studies assessing past terrigenous matter supply in the Mcting as eastern and western boundary currents, respectively
Pacific are rare. Existing studies focused on the OkhotskFig. 1). Outflow occurs through the Bering Strait into the
Sea (Sato et al., 2002; ifhberg and Tiedemann, 2004; Arctic Ocean and through the Aleutian passes, mainly Kam-
NUrnberg et al., 2011), the NW Pacific (Shigemitsu et chatka Strait, into the N Pacific (Stabeno et al., 1999). Deep
al., 2007; VanLaningham et al., 2009), and the Southernwaters flow northward and eastward from Kamchatka Strait
Ocean (Latimer and Filippelli, 2001). For the Okhotsk Sea,with return outflow above 3000 m water depth (Reed et al.,
Nurnberg and Tiedemann (2004) suggested that nearly synt993; Stabeno et al., 1999). The oceanographic and climatic
chronous glacial/interglacial changes in biological and ter-conditions are characterized by a strong seasonal variability
rigenous fluxes were modulated by sea-ice processes driveof SST and sea-ice coverage that result from the interaction
by variations in the strength of the Siberian High. For the of the Siberian High and the Aleutian Low. The Arctic Os-
Bering Sea some provenance studies involving sedimentoeillation, Pacific Decadal Oscillation, and the Pacific—North
logical and geochemical characteristics of surface sedimentdmerican pattern are reported to be related with decadal vari-
are available, but were mainly conducted on the eastermtions of both atmospheric pressure cells (Niebauer, 1988,
Bering Sea shelf (Gardner et al., 1980; Lisitzin, 2002; Asa-1998; Mantua et al., 1997; Overland et al., 1999, 2002). Dur-
hara et al., 2012; Nagashima et al., 2012). These studies aridg winter, a strong Siberian High results in advection of
results from the Meiji Drift in the NW Pacific indicate that cold Arctic air masses and mainly northerly wind directions
a large fraction of the supplied terrigenous material was de{Stabeno et al., 1999). This causes a significant cooling of
livered from Yukon—Bering Sea sources (VanLaningham etthe sea surface, sea-ice formation, as well as enhanced ver-
al., 2009). However, downcore records reflecting the compodical mixing in the mixed layer, thereby returning nutrients
sitional variability of terrigenous matter in the Bering Sea arefrom the subsurface. In contrast, during summer, the reduced
missing. strength of the Aleutian Low and enhanced insolation result
Recent progress has been made in detecting millennialin a stratified mixed layer and increased marine productivity.
scale climate variability in Bering Sea sediments (Cook etal., Primary productivity is dominated by diatoms mainly
2005; Gorbarenko et al., 2005, 2010; Okazaki et al., 2005pblooming during spring, whereas increased biological
Brunelle et al., 2010; Khim et al., 2010; Kim et al., 2011; CaCQ fluxes (coccolithophores, planktonic foraminifera)
Max et al., 2012; Rella et al., 2012). Most of these studies areoccur during spring and late summer/early fall (e.g. Taka-
restricted to the last- 70 kyr or focus on deglacial changes hashi et al., 2002b). Highest annual production rates are as-
in the northern, southern, and southeastern Bering Sea. Tsociated with shelf areas and vary regionally betwe&90
gether with studies from the NE Pacific (e.g. Hendy and Ken-and > 800 gC nT? (Arzhanova et al., 1995; Springer et al.,
nett, 2000) they imply that short episodes of increased ma1996; Stabeno et al., 1999). Available nutrients are reported
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Fig. 1. Bathymetric map of the study area with 250 m isobathe. Locations of sediment cores SO201-2-77KL, -85KL, and -101KL are marked
by red dots. White dots indicate reference records referred to in this study. 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, 2010), KH99-3-BOW-8A, -9A, and -12A (Katsuki and Takahashi, 2005; Okada et al., 2005; Okazaki et al., 2005; 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.,
2005; Tanaka and Takahashi, 2005), RC14-121 (Cook et al., 2005). Northern slope: MR06-04-PC23A and -PC24A (ltaki et al., 2009; Khim
et al., 2010; Kim et al., 2011; Rella et al., 2012). Dashed black line indicates average maximum sea-ice extent (after Niebauer et al., 1999;
Zhang et al., 2010). Dotted yellow line shows mineralogical provinces of coarse silts (after Lisitzin, 2002). The surface and deep circulation
patterns (after Stabeno et al., 1999) are indicated by red and blue arrows, respectively. Mineralogical provinces: NK is Northern Kamchatka,
OB is Olyutorskii Bay, KC is Koryak Coast, AB is Anadyr Bay. Surface currents: ANSC is Aleutian North Slope Current, BSC is Bering
Slope Current, EKC is East Kamchatka Current. Straits: ks is Kamchatka Strait, ns is Near Strait, bp is Buldir Pass, as is Amchitka Strait, ap
is Amukta Pass, up is Unimak Pass, bs is Bering Strait. This map was generated with “Ocean Data View” (Schlitzer, 2011).

to be often fully consumed during seasonal blooms (NiebaueStabeno et al., 1999). Processes entraining sediment into
etal., 1995). newly formed ice involve tidal sea-level oscillations, wind

Sea ice begins to form during October/November on themixing, resuspension of sediments from the seafloor (sus-
northern Bering Sea continental shelf (Anadyr Bay, Beringpension freezing), beach-ice formation, nearshore anchor ice
Strait), reaches its maximum distribution in March/April, formation, and seabed freezing (e.girNberg et al., 1994,
and subsequently declines until July (Tomczak and Godfrey2011, and references therein; Stein, 2008, and references
1994; Niebauer et al., 1999; Lisitzin, 2002). Sea-ice forma-therein). Especially during fall and winter, storms affect re-
tion takes place in shallow shelf areas, bays, and coastal aworking and resuspension processes by sea-ice crushing,
eas. As in the Arctic, coastal polynyas play an importantmixing of the water column, and detachment of the sediment-
role for the build-up of sea ice, and consequently for waterladen ice from the coast. The sediment freight is released by
mass ventilation due to brine rejection (Niebauer et al., 1999;
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sea-ice melting, especially during spring/summer, and therScientific, Germany) coupled with a Kiel IV Carbonate de-

contributes to (hemi-) pelagic sedimentation. vice (Thermo Scientific, Germany). Results were referenced
to the NBS19 standard and calibrated to the VPDB scale.
Long-term precisior( > 1000 samples) faf'80 of the used

3 Material and methods carbonate standard (Solnhofen limestone) #8s06 %o. In

) ] ) core 77KL benthic foraminifera were only preserved until
This study is based on piston cores SO201-2-77KL, -gg5cm core depth.

85KL, and -101KL from Shirshov Ridge, western Bering
Sea (Fig. 1, Table 1). The cores were recovered along & 1 3 Paleomagnetics
~280km-long north—south transect from intermediate to

deep water levels (630-2135m) during RBONNe cruise  gegimentary natural remanent magnetization (NRM) was de-
SO201-KALMAR Leg 2 in 2009 (Dullo et al., 2009). The  termined in core 85KL based on saturation magnetization in
sedimentary succession is characterized by monotonous Sg;agnetic-hysteresis parameters, and by differential thermo-
quences of mainly clay- and silt-sized siliciclastic mate- magnetic analyses using a Faraday magnetic balance and a
rial, which are repeatedly interrupted by layers of diatoma-;qecive spectrometer (Burov et al., 1986; Yasonov et al.,
ceous ooze. Except for the younger part of the Holoceneqggg) The NRM module and direction were measured with
which mainly consists of diatom-rich sediment, oursedimenta AGICO JR-5A spinner magnetometer after the stepwise
cores contained low but sufficient concentrations of CaCO demagnetization of a reference sample. Magnetic cleaning

to als_o allow for high-resolution foraminifera-based recon-as performed using an alternating magnetic field with an
structions. However, for cores 85KL and 101KL Sed'mentsamplitude of 10mT to recognize the characteristic compo-
younger than 7.5 and 12.5kaBP, respectively, were not repant of NRM (ChRM). Anhysteretic remanent magnetiza-
covered. tion (ARM) was generated in the preliminarily demagnetized
samples using a AGICO AMU-1A anhysteretic magnetizer
under a constant field of 0.05mT and a maximum alternat-
ing field of 100 mT. Relative paleointensity of the magnetic
field (RPI) was then calculated by normalization of ChRM to

Color reflectance measurements were carried out using a MifRM. Scalar petromagnetic properties (SPP) were addition-
nolta CM 508d hand-held spectrophotometer at 1 cm-spaceé"y determined (Enkin et al., 2007; Malakhov et al., 2009).
intervals (Dullo et al., 2009). Reflectance data were automat/\ll measurements were conducted at NEISRI, Magadan.
ically converted by Spectramagic software into CIE L*, a* Takahash| gt aI.' (2011).reported on the .tran.sformgtlon of
and b* color space (CIELAB). The Avaatech X-ray fluores- 0xide magnetic minerals into paramagnetic -é5Bering
cence (XRF) core scanner at Alfred Wegener Institute forS€2 sediments. They associated the formation of ket

Polar and Marine Research, Bremerhaven, was used to dsulfate reduction processes under anaerobic methane oxida-
termine relative changes in the sedimentary elemental comtion. We performed quality control of the magnetic hystere-
position. Core scanning was performed on the split core surSiS parameters (Day-plot, orthogonal projections of AF de-
face covered with SPEX CertiPrep 3525 Ultralene foil (4 um Mmagnetization of NRM, et al.) and the thermomagnetic anal-
thick). Each core segment was triple-scanned for analysis oySes Of the magnetic fraction, which also indicate an in-
elements Al through to Ba at 1 mA, but at different tube volt- fluence by sediment diagenesis in core 85KL. Specifically,
ages and count times (10kV, 10s; 30kV, 155s; 50kV, 30 S),the thermomagnetlc anallyses syggest the occurrence of para-
using a sampling resolution of 1 cm. Results are consideredt@gnetic Fegin the major ferrimagnetic phase from 880
semiquantitative (Richter et al., 2006; Tjallingii et al., 2007) t0 1760cm core depth. We assume that the dissolution of
and are given as count rates (in cps) or as log-ratios (naturaf€"y finely dispersed, almost single-domain magnetic par-

3.1 Stratigraphic approach

3.1.1 Core logging

logarithm) of element count rates. ticles and the preservation of coarse pseudo-single-domain
and multi-domain particles just led to decreasing RPI values
3.1.2 Stable oxygen isotopes within that depth interval. However, this most probably had

no effect on the relative variability of the reconstructed geo-
For stable oxygen isotopes’0) stratigraphy we used magnetic field.
endobenthic foraminifer speciddvigerina peregrinaand
Uvigerina auberiana since Uvigerina §80 values are re- 3.1.4 Age models
ported to be in equilibrium with seawater (Shackleton and
Hall, 1984).5180 was measured every 5cm on 2-3testdof The chronostratigraphic approach included high-resolution
peregrinacollected from the 315-355 um size fraction. For core logging data (color b*, XRF scanning), benthic
core 77KL we used tests &f. auberianawhenU. peregrina 5180 stratigraphy, magnetostratigraphy, and accelerator
was not present. The measurements were performed at GEnass spectrometry (AMS) radiocarbon dating of planktonic
OMAR, Kiel, using a MAT253 mass spectrometer (Thermo foraminifera for absolute age control. A detailed presentation

Clim. Past, 9, 13454373 2013 www.clim-past.net/9/1345/2013/
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Table 1. Site information.

Core Latitude Longitude Depth (m b.s.l.)  Recovery (m)

S0201-2-77KL 5619.83 N 17(°41.98 E 2135 11.78

S0201-2-85KL  5730.30N  170°24.77E 968 18.13

S0201-2-101KL 585252 N 17(°P4145E 630 18.32
of the stratigraphic framework for the last 20kyr, in- Deptn (cm)

X A k K A 0 300 600 900 1200 1500 1800
cluding the AMS!*C dating results, is provided in Max T R | ! !
et al. (2012). The pre-deglacial- @20 ka BP) stratigraphic

framework of our cores is primarily based on the graphic

| L L L L L L L L
PISO-1500
L N
l | LS
— 1.0
correlation between color b* recorded in core 85KL and I

85KL [ %
the Dansgaard—Oeschger (D-O; e.g. Dansgaard et al., 1993 W/\,M [ oo

climate variability registered in the NGRIB'®O record

)

PISO-1500
VADM (102 Am?)
o S o]

.12 L 00
= Q. - ulu e ﬁb{ sB11
(NGRIP members, 2004; GICCO5 timescale, Rasmussen eZ< ") 1/ V~ o i J\WW{’\M/ q\»\\/\\t MMWM .
al., 2006) (Fig. 2a). For ages 122 ka BP and for identifica- ~ £o 4 =o' VIl sanbao ) o
tion of the Marine Isotope Stage (MIS) 5.5 climate optimum ~~ 4 f [ ° ;

[
N
|

(~125kaBP) color b* and XRF Ca/Ti log-ratios were cor-
related to the Sanbao stalagmdtO record (Wang et al.,
2008). The Laschamp~(42 kaBP), Norwegian—Greenland
Sea (~65kaBP), and Blake~ 117 ka BP) paleomagnetic

excursions were identified in the RPI record and corre- 000 Retann MO

lated with the PISO-1500 geomagnetic paleointensity stack r12
(Channell et al., 2009). Further ages were derived from com-
parison of benthi80 values and SPP (not shown) with
the global reference stack LR04 (Lisiecki and Raymo, 2005),
which was also used to identify boundaries of MIS 1 to
6. The stratigraphy of core 85KL was transferred via inter-
core correlations (color b*, XRF Ca/Ti log-ratios) to cores
77KL and 101KL (Fig. 2b), for which similar stratigraphic
approaches were carried out. All age-depth points are pro-
vided in Appendix A.

Figure 3 shows the age models for our cores by direct com-
parison with the used reference records and a respective aggy. 2. (A) Correlation of sediment core S0201-2-85KL with the
versus depth diagram. Age models were tested via spectraSO-1500 (thick grey line) paleomagnetic reference record (Chan-
analysis of the color b* and benthi¢®0 records in the time  nell et al., 2009) based on relative palecintensity (RPI, smoothed
domain to detect orbital frequencies. Spectral analysis wa®y a 5-point-running average), as well as with the Sanbao (grey
performed using the AnalySeries 2.0 software (Paillard et al.ines) and Hulu (orange lines) stalagmit€O records (Wang et al.,
1996). Despite the shortness of our records with respect tg001 2008) and the NGRIFO record (NGRIP members, 2004;
orbital-scale changes, we found dominant cyclicities &3 GICCO.S timescale, Rasmus;en et al., 2006) based on colqr b*.
and ~ 39 kyr, which within appropriate bandwidths match Black lines mark correlation lines. The Laschamp (L), Norwegian-

. . ) Greenland Sea (N), and Blake (B) paleomagnetic events are indi-
1
freque_nmes of orbital precession (?'QH_D'OOS kyr*) and cated. Bottom numbers mark D-O ever(B) Intercore correlation
obliquity cycles (0.025 0.0015 kyr ) (Fig. 3).

of sediment cores S0O201-2-77KL (green) and -101KL (blue) with
core -85KL (red) is based on color b* and XRF Ca/Ti log-ratio
records.
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3.2 Sedimentation and accumulation rates

Linear sedimentation rates (LSR, in cmKkyy were calcu-

lated between age control points. Bulk accumulation rates

(ARBuik, in gcnm 2 kyr—1) were calculated as the product of and average values of LSR and AR increase toward the
LSR and the dry bulk density (DBD, in g cr, determined  northernmost site. In general, LSR and &R are higher
each 5cm). Records of LSR and Al are shown in Fig. 4. during cold intervals (MIS 6, 5.4, 5.2, and 4) than during
Cores from Shirshov Ridge have average LSR AR of warm intervals (MIS 5.5, 5.3, 5.1, 3, and 1), but highest
11-16 cmkyr! (7-15gcm?kyr—1), and hence allow for during Termination | (20—10 ka BP) (Fig. 4). Holocene sed-
centennial- to millennial-scale reconstructions. Variability iments are either not fully recovered or subject to low LSR

www.clim-past.net/9/1345/2013/ Clim. Past, 9, 1345373 2013
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Fig. 3. Left: comparison of proxy records from sediment cores SO201-2-77KL (green lines), -85KL (red lines), and -101KL (blue lines)
with published reference records (grey lines). Age models are primarily based on the graphic correlation between color b* records and the
NGRIP §180 record (NGRIP members, 2004; GICCO5 timescale, Rasmussen et al., 2006). B&fhicalues fromU. peregrina(plus

symbols) andJ. auberiana(open triangles) are in agreement with the global reference stack LR04 (Lisiecki and Raymo, 2005). Relative
paleointensity (RPI, smoothed by a 5-point-running average) recorded in core 85KL compares with the paleomagnetic reference record PISO-
1500 (Channell et al., 2009). L, N, and B mark the Laschamp, Norwegian—Greenland Sea, and Blake paleomagnetic events. Absolute age
control is provided by AMSHC-dating (coloured triangles; see Max et al., 2012). Top numbers indicate Marine Isotope Stages (boundaries
after Lisiecki and Raymo, 2005) and D-O events. Upper right: age versus depth diagram showing the age-depth points and their underlying
stratigraphic approach (see also Appendix A). Lower right: spectral analysis of béticand color b* records performed in the time

domain revealed dominant cyclicities that lie within the frequency bands of Earth’s obliquity and precession cycles.

(ARpyik)- The piston should have prevented sediment loss3.3 Assessment of marine productivity

during coring and at least giant piston cores are reported

to rather cause oversampling (stretching) of the sedimentgast changes in marine productivity (paleo-export produc-
(Szreneta et al., 2004). We therefore consider the partly ion) were approximated from total organic carbon (TOC),
.mlssmngolocer?e sections to _b_e the re_sult ofachangeln Se(baCQ, biogenic opal, biogenic barium (Bg), and XRF
imentation favormg the deposition of hlghly porous diatoma- logging data. This multi-proxy approach was necessary due
ceous ooze and its subsequent erosion. If proxy concentray, gpecific restrictions of the respective proxies. TOC preser-

tions in marine sediment cores are low or vary only little, \at0n in sediments is highly debated (e.g. Hartnett et al.,
the variability of accumulation rates mainly reflects the LSR 1998- Ganeshram et al.. 1999 Thunell et al.. 2000 Hedges

variability (Middelburg et al., 1997). This situation applied ot al., 2001) as it is, e.g. influenced by oxidation processes
to our sediment cores. Accordingly, we mainly report proxy snd pottom water ventilation (De La Rocha, 2007). Also,
concentrations rather than quantified flux rates and treat th§s source can be of marine and terrestrial origin. In the N
respective records as qualitative. Pacific the preservation of CaG@ limited by the shallow
lysocline. Accordingly, CaC®concentrations rather reflect
changes in the bottom water calcite saturation state (e.g. Jac-
card et al., 2005; Gebhardt et al., 2008), although changes in
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6 ] The molar ratio of TOC to TN, corrected for inorganic ni-
trogen compounds (referred to as [C/N]a hereafter), was used
to distinguish between marine and terrestrial sources of TOC.
The Redfield ratio (Redfield et al., 1963) translates the C/N
ratio of marine organic matter to 7. Typical terrigenous val-
ues lie between 20-200 (Hedges et al., 1986). We applied a
correction for total inorganic nitrogen (TIN), usually clay-
bound inorganic ammonium (Mler, 1977), based on a linear

30 - 30 relationship between TOC and TN (after @t al., 1998).
20 MM o 2° Results showed TIN concentrations of 0.01-0.02 wt % that
- 97 U= F 1o were assumed constant downcore.
o
Py

Biogenic opal was measured followingiier and Schnei-

£%] et | 02 der (1993) using molybdate-blue spectrophotometry. Silica
217 5102 was extracted from 20 mg of freeze-dried bulk sediment

o 0" -0 2 samples. Results were evaluated applying the procedure of
< %07 30 DeMaster (1981). Replicate measurements showed a repro-
2 2 ducibility of 1-2 wt %
o ] . o ucibility o wt %.
[ o e e e e s LA A e s s s e s s s B e e e e [ 0 . . .
0 3‘0 6‘0 9‘0 12‘0 1;0 180 3.3.2 Biogenic barium (Bajo)

Age (ka BP)
Concentrations of major (Al, Ti, Fe, K) and trace (Ba) el-
Fig. 4. 'Accumulation rates of biogenic components (SUm ements were determined on discrete samples of 0.6g of
of CaCQy, TOC, and opal; ABiogenid and siliciclastics  goe76 gried bulk sediment using a Philips PW1480 XRF
(ARsilciclastics, as well as bulk accumulation rates (Aff; trans- spectrometer without determination of loss on ignition fol-
parent lines) and linear sedimentation rates (LSR) of sediment CoreFowing standard procedures. Analytical precision, deter-
S0201-2-77KL (green), -85KL (red), and -101KL (blue). LSR and "~ ) T
ARgy« are plotted on the same scale per core. mined for the BHVO standard, was2 % RSD for the major
elements and- 30 ppm for Ba (N=15). Results for barium
(Baotar) are the sum of biogenic (Bm) and nonbiogenic Ba-
biological CaCQ production can not be fully excluded to ex- portions. Baj, was therefore calculated via concentrations of
plain changes in CaC$Opal dissolves during settling to the Al by estimating the aluminosilicate contribution of Ba con-
seafloor, but its preservation is independent from bottom wasidering the global average Ba/Al ratio for pelitic rocks of
ter oxygenation. Since opal-rich sediments are linked to bio-6.5mgg* (Wedepohl, 1971):
genic silica production (e.g. Honjo, 1990; Nelson et al., 1995;
Ragueneau et al., 2000; Pondaven et al., 2000) biogenic opgabio = Baotal — Al % 0.0065 1)
is most often used in N Pacific reconstructions of marine
productivity. Barium, present as sedimentary barite is use
in several studies to reconstruct paleoproductivity (e.g. Dy-
mond et al., 1992; Francois et al., 1995; Dymond and Collier,
1996; Gingele et al., 1999). Barite particles occur in areas of!
high new production (Dehairs et al., 1991) and laboratoryz 5 3 yRE logging data (Br, Ca/Ti, Si/Al)
experiments showed that the decay of phytoplankton in un-
dersaturated seawater results in barite formation (Ganeshra®everal logging data and bulk geochemical analyses

etal., 2003). showed a similar temporal evolution. In this respect, XRF
count rates of Br correlated with TOC concentrations
(0.35< R2 < 0.74), which supports a relationship between

: _TOC and biophilic halogen bromine (Ziegler et al., 2008).
Total carbon (TC), TOC, and total nitrogen (TN) were deter XRF Ca/Ti log-ratios correlated with CaG@oncentrations

mined on freeze-dried bulk sediment samples of 20 mg us;, L . :
ing a Carlo Erba NA-1500 CNS analyzerpTOC was moa, (0-07< R? <0.65), which is explained by assuming a de-
sured on previously decalcified samples aﬁd CaGthcen- trital origin of Ti. Normalization of XRF-derived Ca to Ti
trations were calculated by multiplication of the difference a:’ldlzo(r)o,gl abnudn?argﬁes T]atlst bere;; a{)%li'ed ?\?foée (Jacncard et
between TC and TOC with a factor of 8.333. Reproducibil-a" ) and is thought to reflect biogenic CaCen-

ity of the TOC and TN measurements wa8.03 wt% and tents within th.e sediment. The XRF signals for Al were b'et—
: ter than for Ti and were subsequently used for normaliza-
4 0.01 wt %, respectively.

tion. However, we favored Ca/Ti over Ca/Al log-ratios due
to better correlation to CaCGOAIlthough opal concentrations

apio Was subsequently used to assess new production

Pnew) by applying the relationship of lNnberg (1995) (see
also Fig. 7). Annual primary production (PP) was calculated
fter Eppley and Peterson (1979) using thew estimates.

3.3.1 CN-analyses and biogenic opal
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were close to reproducibility for most samples, they cor-3.4.2 Lithogenous elements

related with color b* (0.26< R2 <0.60) and XRF Si/Al

log-ratios (0.04 R2 <0.73). This is in accordance with The geochemistry of lithogenous elements can be used
other studies considering a connection between Si/Al rai0 approximate continental input (e.g. Duce and Tindale,
tios and biogenic opal (McDonald et al., 1999) and be-1991; Bareille et al., 1994), dust supply (e.g. Boyle, 1983;
tween color b* and organic matter/opal (Debret et al., 2006).Calvert and Fortugne, 2001), terrestrial runoff (e.g. Schmitz,
All linear relationships found are strong for cores 77KL 1987; Jansen et al., 1998), and mineralogical variations
and 85KL (0.57< R2 <0.74), but weak for core 101KL (€.9. Schneider et al., 1997; Yarincik et al., 2000). As de-
(0.04< R? < 0.35). Since the linear correlation coefficients scribed above, concentrations of Al, Ti, Fe, and K were de-
strongly varied between both, the respective sites and the rdermined via discrete XRF bulk analyses. The elements and
spective proxiesi the |ogg|ng data were not used to app|y Ca|their respective ratios were used to identify sources of ter-
ibration functions, but are shown together with the quantita-figenous matter and to reconstruct variations in terrigenous

tive results. fluxes. In cores 85KL and 101KL XRF logging data of K/Ti
log-ratios correlated well with molar K/Ti ratioR¢ > 0.64)
3.4 Assessment of terrigenous matter supply and are shown for comparison.

3.4.1 Coarse material, siliciclastics, and terrigenous

matter 4 Results and discussion

Changes in terrigenous fluxes were approximated from a4'1 Marine productivity

set of sedimentological and geochemical proxies togethep ; ¢ Proxy data
with XRF logging data. The proportions of coarse§3 pum)
and fine & 63 um) material (in wt %) were determined ev- Qur records for export production show a similar temporal
ery 5¢cm by weighing of the dried sediment before and af-eyolution in all cores. Proxy concentrations increase toward
ter wet-sieving through a 63 um mesh. Magnetic susceptibilthe southernmost site, whereas the ranges ofidyBhic are
ity (not shown) was logged using a GEOTEK Multi-Sensor comparable and low for all sites<(3 g cnm 2 kyr—1; Fig. 4).
Core Logger in combination with a Bartington MS2C sensor Results for TOC, opal, CaGfDas well as their approximat-
loop each 1cm on the unopened core segments directly afing logging data are shown in Fig. 5. In general, concentra-
ter recovery (Dullo et al., 2009). Records:63 um showed  tions and their approximating XRF data remained low dur-
only weak relationships with magnetic susceptibility recordsing cold intervals (MIS 6, 5.4, 5.2, 4 to 2), but high dur-
(R? <0.13), which were characterized by low valuesis  ing warm intervals (MIS 5.5, 5.3, 5.1, and 1), with max-
Sl units). Hence, magnetizable minerals are most probablymum values recorded during interglacials in core 77KL.
mainly bound to the fine fractions. Core 101KL exhibits lowest proxy concentrations and ampli-
Relative amounts of siliciclastics (%Siliciclastics) were tude variations (Table 2). Overall concentrations hardly ex-
calculated by considering the bulk sediment to be compose@deed~ 1 wt % for TOC,~ 3wt % for opal, and~ 2 wt % for
of siliciclastics, CaC@, TOC, and biogenic opal. TN con- CaCQ. MIS 5.3 and 5.1, as well as interstadials are char-
centrations were generally0.3wt % and notincluded inthe  acterized by~ 1 to 3-times higher values at most. Notably,
calculation: cores 85KL and 101KL recorded interstadial-like events dur-
ing MIS 6 (at~ 173, 164, 148, 137, and 133 kaBP), char-
%Siliciclastics= 100%-—(CaCQ%+TOC%+O0pal%y. (2)  acterized by increased proxy concentrations or their ap-
proximating XRF data. Deglacial and interglacial maxima
Respective accumulation rates (&Riclastic9 Were calcu-  in TOC, opal, and CaC@®reach values of-2, ~ 50, and
lated by dividing %Siliciclastic by 100 and subsequent mul- ~ 30 wt %, respectively. Maxima recorded during Termina-
tiplication with ARgyk. The accumulation rate of the bio- tion I reflect the warm phases of the Bglling—Allerad (B/A;
genic components (Akogenio) Was calculated by subtracting 14.7-12.9 ka BP, Blockley et al., 2012) and Preboreal (PB;
ARsiliciclastics from ARgyik. ~11.7-11.0kaBP), whereas deglacial minima are consid-
In a second approach, relative amounts of terrigenousered to correspond to the Heinrich Stadial 1 (HS1; 18.0—
matter (%Terrigen) were calculated by normalizing bulk 14.7 ka BP, Sarnthein et al., 2001) and Younger Dryas cold
sedimentary Al and Ti concentrations to their concen-phases (YD; 12.9-11.7 ka BP, Blockley et al., 2012).
tration in average continental crust (Al3117 umol g1, During Termination |, TOC appears to lead the deglacial
Ti=112.8pumolg!; Taylor and McLennan, 1995). Both increase of the other productivity proxies by2 kyr at our
normalizations resulted in a similar temporal evolution of the sites, which is in agreement with previous results from the
records, but Al-normalized results, which were on average 4-whole Bering Sea realm (Gorbarenko, 1996; Okazaki et al.,
6 % higher than Ti-normalized results, better compared to the2005; Kim et al., 2011). Although records of TOC and XRF
records of %Siliciclastics. count rates of Br correspond well in our cores (Fig. 5), Br
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Fig. 5. Proxy records from cores SO201-2-77KL (green lines), -85KL (red lines), and -101KL (blue lines) approximating changes in marine
productivity over the last 180 kyr. Concentrations of TOC, biogenic opal, and gg€floured lines), are shown in comparison to XRF
records of Br (in cps), as well as XRF Si/Al and Ca/Ti log-ratios (underlying grey lines), respectively.

does not follow this deglacial TOC increase, suggesting a2002a, b; Narita et al., 2002; Brunelle et al., 2010) have 1.5
changing source of TOC. In contrastto TOC and CaG&  to 3-times higher values.

observed only minor increases in opal during the B/A, buta CaCGQ concentrations at our sites are generally low and
subsequent gradual increase into the Holocene. These resultslated to the abundance of foraminifera and nannoplank-
from the western Bering Sea are comparable to opal recordsnic remains (coccoliths). High XRF Ca/Ti log-ratios dur-
from the northern slope (ltaki et al., 2009; Khim et al., 2010; ing MIS 5.5 are the result of decreased XRF counts of Ti
Kim et al., 2011). Despite showing a similar temporal evo- and not of increased Ca counts. Short-lived increases of up
lution, opal records from Bowers Ridge (Okada et al., 2005;to ~ 3wt % were recorded during MIS 6, interstadials, and
Okazaki et al., 2005; Brunelle et al., 2007, 2010), Umnak Termination | (Fig. 5). Similar observations, especially for
Plateau (Okada et al., 2005; Okazaki et al., 2005), and th@ermination I, were also reported for cores from the northern
southern Okhotsk Sea (Gorbarenko, 1996; Gorbarenko et alslope, Bowers Ridge, and Umnak Plateau (Cook et al., 2005;
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Table 2. Statistics of parameters approximating marine productivity.

Parameter S0201-2-77KL  SO201-2-85KL  S0201-2-101KL
Avg. StDev. Avg. StDev. Avg. StDev.
TOC (Wt %) 085 030 096 036 0.88 0.16
[C/N]a 13.0 29 119 1.6 124 1.6
Opal (Wt %) 9.5 9.7 33 32 29 1.3
CaCQ; (wt %) 1.9 32 19 22 12 0.7
Bal) (ppm) 733 330 436 141 260 85
P& @Cm2yr-ly 506 475 349 215 299 21.1

PR (@Cm2yr1) 1319 542 1131 348 1029 37.6

(@ via Al using the global average Ba/Al of pelitic rocks of 6.5 mglg(Wedepohl, 1971)2 After
Nirnberg (1995)<.3) After Eppley and Peterson (1979).

Okazaki et al., 2005; Brunelle et al., 2007, 2010; Itaki et al., during the YD, and a subsequent decrease into the Holocene.
2009; Khim et al., 2010; Kim et al., 2011). At ODP Site 882 The same deglacial evolution was observed at the northern
in the N Pacific interglacial maxima in Ca@@re accom-  slope (Khim et al., 2010) and in the southern Okhotsk Sea
panied by maxima in Ba, (Jaccard et al., 2005). Since en- (Ternois et al., 2001; Seki et al., 2003). It was related to the
hanced preservation of CaG@® explained by a release of discharge of terrestrial material from the flooded shelf due to
deep-sequestered G&om the deep-ocean basin (Broecker sea-level rise. In contrast, cores from the eastern and south-
and Peng, 1987; Marchitto et al., 2005), these Ca@@x-  ern Bering Sea show a gradual decrease of C/N ratios since
ima were suggested to be the result of a higher bottom watethe last glacial maximum (LGM) (Nakatsuka et al., 1995).
calcite saturation state in response to the weakening of the N

Pacific halocline (Jaccard et al., 2005). Deglacial maxima 0f4.1.3 Bayj, and export production

CaCQ in Bering Sea sediments were also explained by den-

itrification on continental shelves, which might have resultedOur records of Bgo are shown in Fig. 7 and overall match

in an increase in alkalinity and, thus, in enhanced carbonthe TOC and opal records, which argues against a preser-
ate preservation (Chen, 2002; Okazaki et al., 2005). Todayvation effect due to sulfate reduction and associated barite
the calcite saturation horizon in the Bering Sea is reported tajissolution. Accordingly, we consider changes ir,Baon-

lie above 500 m water depth (Feely et al., 2002) and at oukentrations to mainly reflect variations in faaccumula-
sites lies above 200 m water depth (Riethdorf et al., 2013)tjon. A potential source of error in the calculation ofgga
Accordingly, we consider CaGOmaxima in our cores to  comes from estimating the aluminosilicate contribution of Ba
mainly reflect a higher bottom water calcite saturation stateyia Al. Ba/Al ratios range between 5-10 mgigin crustal

but enhanced biological CaG@roduction can not be ruled rocks (Taylor, 1964; Bsler and Lange, 1972) with a crustal

out. average of 7.5mgg (Dymond et al., 1992). We estimated
the regional detrital Ba/Al ratio from surface sediment sam-
4.1.2 Organic carbon source ples following Klump et al. (2000), which resulted in a

value of 7mgg?! (unpublished data). This value is close
Average concentrations of bulk sedimentary TN varied atto the global average of pelitic rocks of 6.5 nglg(Wede-
~0.1wt%. Hence, sediments from Shirshov Ridge containpohl, 1971), which was used for reconstructingpBan
a considerable amount of TIN, which results in [C/N]a ratios the central Okhotsk Sea {Ifhberg and Tiedemann, 2004).
that are by up to 4 units higher than (uncorrected) C/N ratiosBayjo variability is low during most of the time covered by
(Fig. 6a). [C/N]a ratios in our cores mainly vary between 10 the cores, with average concentrations increasing from Site
and 15 (Fig. 6a, Table 2), indicating that TOC input contains101KL (~ 300 ppm), via Site 85KL 400 ppm), to Site
considerable amounts of terrestrial organic material. Thes@7KL (~ 500 ppm) (Fig. 7, Table 2). Significant increases
values compare to those found at the northern slope (Khinonly occurred at Site 77KL during MIS 5.5 and the Holocene
et al., 2010) and in the central Okhotsk Sediberg and  with concentrations of 1000 ppm and- 1700 ppm, respec-
Tiedemann, 2004). For the eastern and southern part of thvely. Also at Site 77KL, XRF Ba/Al log-ratios covary with
Aleutian Basin (Nakatsuka et al., 1995) and for the southerrBayjo concentrations (not showik? = 0.74), thereby reveal-
Okhotsk Sea (Ternois et al., 2001) lower C/N ratios of 6—9ing minor increases during MIS 5.3, 5.1, and short-lived
were reported. All our records show a rise in [C/N]a ratios maxima during interstadials. A similar range and variabil-
during Termination I. At Site 77KL, the deglacial increase ity as found for core 77KL was observed at Bowers Ridge
in [C/N]a ratios starts at- 17 ka BP, with maximum values (Brunelle et al., 2007), ODP Site 882 (Jaccard et al., 2005),
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Fig. 6. (A) [C/N]a ratios (colored lines, smoothed by a 5-point-running average), corrected for inorganic nitrogen compounds, and uncor-
rected molar C/N ratios (underlying grey lines) for cores SO201-2-77KL (green line), -85KL (red line), and -101KL (blue line) over the
past 150 kyr. Dashed horizontal lines mark a C/N ratio of 7. Lower values represent typically marine-derived organi¢Bhafitesar
regressions between TOC and TN conducted for each core result in intercept-values that reflect the amount of inorganic nitrogen (TIN). TN
contents corrected for TIN were subsequently used to calculate [C/N]a ratios.

as well as in the sea-ice-free Antarctic Zone of the South-is characterized by two maxima 150 gC mr2 yr—* during
ern Ocean (Nrnberg et al., 1997). Cores from the south- Termination I. Although these maxima correspond to higher
ern (Brunelle et al., 2010) and central Okhotsk Sea (Sataoncentrations of B, they are likely overestimated due to
et al.,, 2002; Nirnberg and Tiedemann, 2004), as well asthe use of ARy in the calculation ofPyew. Nevertheless,
from the sea-ice-influenced Antarctic Zone of the Southernour downcore results are comparable to those reported for
Ocean (Nirnberg et al., 1997) exhibit generally lower glacial the central Okhotsk Sea {hberg and Tiedemann, 2004)
(~200-400 ppm) and peak interglacial 800-1000 ppm) and the Antarctic continental margin (Gingele et al., 1999),
contents of Bgo, being more comparable to sites 85KL and albeit these show lower glacial values-efl0 gC nt2 yr—1,
101KL. Notably, Sato et al. (2002) and Brunelle et al. (2010) PP mainly remained below 150gCtyr—1 at our sites
for the Okhtosk Sea report a deglacial lead in the rise gfBa (not shown). Only the deglacidiyey maxima in core 77KL
prior to that observed for opal contents, which we can notwould translate into significantly higher PP values-a?50—
verify from our records. 300gC m2 yr~1 (Table 2). Consequently, PP most probably
We calculatedPnew, i.€. primary production that results remained permanently low at our sites and never reached val-
from allochthonous nutrient inputs to the euphotic zone, fromues as observed today on the eastern Bering Sea shelf.
Bapjo following Nirnberg (1995) rather than from TOC,
which at our sites is affected by terrestrial carbon (Fig. 7).4.2 Terrigenous matter supply
This approach was also followed bylMberg and Tiede-
mann (2004) for a respective reconstruction in the Okhotsk4.2.1  Proxy data
Sea. Surface sediment samples from Shirshov Ridge re-
veal a north-south gradient in modePRew values within - Sediments from Shirshov Ridge contain on averags %
~3-54gCnr? yr-1, translating into PP values of 35—  siliciclastics and only<10% coarse material (Table 3),
145gCnr2 yr—! (estimated fromPnew, See Appendix B).  thereby tying terrigenous matter mainly to the fine fractions.
Considering the uncertainties for AR« and Bajo, this re-  Light microscope observations reveal silt to fine sand-sized,
sult is in agreement with Springer et al. (1996), who re- angular-shaped quartz grains as major components, supple-
ported a modern PP range of 50-100gCnyr~1 (aver-  mented by minor portions of feldspar and mica. Dropstones
age of 61gCm? yr-1) for the “oceanic domain” of the (1-2cm in diameter) appear as well-rounded pebbles, but
Bering Sea, in which our sites are located. On the eastertthey are commonly rare although occurring over the entire
Bering Sea shelf edge, modern PP is reported to lie betweelength of the cores. The records approximating terrigenous
175-275gCm? yr~1 (Springer et al., 1996). Stabeno et matter supply exhibit a similar temporal evolution at our
al. (1999) reported modern PP values-0200 gC nt2 yr—1 sites (Fig. 8), but in contrast to the productivity proxies de-
over the southeastern shelf and800gC nT2 yr=1 north of  creasing concentrations toward the southernmost site are ob-
St. Lawrence Island, whereas Arzhanova et al. (1995) founderved. This and the observation that proxy records reflecting
> 4009C 2 yr—1 over the western shelf. export production and terrigenous matter supply are nega-
Our downcore results faPneyw show that primary produc-  tively correlated is mainly attributed to sedimentary dilution
tion was commonly low4 50 gC nT2 yr—1) at our sites dur- by the biogenic components. However, changes irsAR
ing most of the last 180 kyr (Fig. 7, Table 2). Only core 77KL (and LSR) are obviously largely determined by changes in
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Fig. 7. Left: concentrations of lithogenous elements Ti, Fe, and Al (angular brackets), as well as of biogenic bagigha(®bnew produc-

tion (Pnew) for the last 150 kyrPyew was calculated from By, using the equation of Binberg (1995)Pnew = 3.56*F Bak20%z ~0.0937
where F Bgjo = AR Bayjg / [0.209*10g; o(ARB1k*1000)-0.213] (Dymond et al., 1992), and= water depth (in m). F Bgy is the flux of
biogenic Ba to the seafloor (in pg criyr—1), AR Bayj, is the accumulation rate of biogenic Ba (in mgchkyr—1). Note that for records

of [Ti], [Fe], and [Al] y-axes are inverted. Right: correlation between lithogenous elements and respective linear correlation coeﬂﬁﬁtients (
indicate a shared terrigenous source of these elements.

Table 3. Statistics of parameters approximating terrigenous matter supply.

Parameter S0201-2-77KL  SO201-2-85KL  S0201-2-101KL

Avg. StDev. Avg. StDev. Avg. StDev.

> 63 um (Wt %) 5.6 31 75 54 7.9 7.4
%Siliciclastics 88.9 8.8 941 4.4 949 15
%Terrigen (Al-norm§b  82.7 102 882 7.3 893 5.9
%Terrigen (Ti-norm®  76.6 9.6 844 84 838 6.2

[Ti] (umol g=1) 86.4 109 95.2 95 945 7.0
[Fe] (umol g~1) 762 112 792 96 740 90

[Al] (umol g—1) 2578 316 2751 227 2783 185

@ Using [Al] = 3117 umol g of average continental crust (Taylor and McLennan, 1985)Jsing [Ti] =
112.8 pmol g1 of average continental crust (Taylor and McLennan, 1995).
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Fig. 8. Records approximating changes in terrigenous matter supply over the past 180 kyr. Relative contents of coarse-néatarig), (
terrigenous matter (normalized to Al concentrations of continental crust; Taylor and McLennan, 1995), and molar K/Ti ratios (colored lines),
in comparison to relative amounts of siliciclastics, and XRF K/Ti log-ratios (underlying grey lines) for cores SO201-2-77KL (green lines),
-85KL (red lines), and -101KL (blue lines). Note that all y-axes are inverted, except68mm.

the accumulation of siliciclastic material (AfRciclastic9, and of CaCQ; concentrations (XRF Ca/Ti log-ratios) occur syn-
therefore by changes in terrigenous matter supply (Fig. 4)chronously, indicating that changes in Cagf@sult from
Accordingly, cold intervals (MIS 6, 5.4, 5.2, 4 to 2) are char- higher foraminiferal abundances. Although independently
acterized by high terrigenous matter supply, whereas warnderived, covariation is also found between %Terrigen and
intervals (MIS 5.5, 5.3, 5.1, and 1) show reduced proxy %Siliciclastics, which are characterized by almost identical
concentrations or ratios. Notably, a meridional gradient inranges (Fig. 8, Table 3).

ARsilciclastics IS Observed along the core transect with lower  K/Ti ratios show a range of 5-7 molmdl in all cores
values and therefore potentially decreasing terrigenous matdig. 8, Table 3). We consider this ratio to be indicative
ter supply toward the southernmost site (Fig. 4). The mostof changes in the geochemical composition of the terrige-
pronounced minima in the proxy records are found duringnous matter itself. During MIS 5.5 and the Holocene, %Sili-
interglacials. In core 77KL higher amounts 8f63 um and  ciclastics are reduced te 50% at Site 77KL,~60% at
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Fig. 9. Records of XRF Si/Al log-ratios reflecting changes in biogenic opal concentrations (marine productivity), XRF records of Fe (in cps)
reflecting relative changes in terrigenous matter supply, and linear sedimentation rates (LSR) 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 Waelbroeck et al. (2002). The dashed horizontal line indicates the sill depth of the Bering~S@&in}. Summer insolation at

65° N (July—August) was calculated after Laskar et al. (2004). Records of diatom-bound nitrogen isotopéjt%ﬁl@@(assumed to reflect

changes in nitrate utilization, are shown for Bowers Ridge core 17JPC (Brunelle et al., 2007). Comparison of these records suggests that
marine productivity and terrigenous matter supply are subject to external forcing by summer insolation and sea-level changes.

Site 85KL, and~ 70 % at Site 101KL. At the same time, taneously with minima in %Siliciclastics but with maxima
K/Ti ratios decrease to-5mol moll. Minor drops were in CaCQ and TOC. Notably, highest amounts 563 um
recorded during MIS 5.3 and 5.2-(15 % in siliciclastics;  were recorded at sites 85KL and 101KL at the end of Ter-
~0.5mol mott in K/Ti), whereas K/Ti ratios increased by mination Il (~ 127-125ka BP) with maxima of 30 % and
~1mol mof?! during MIS 4 and subsequently decreased ~ 60 %, respectively. These maxima are concurrent with high
during MIS 3. In core 85KL MIS 6 is characterized by [C/N]a ratios and lead maxima in TOC and opal concentra-
short-lived maxima in XRF K/Ti log-ratios at173 and tions by~ 3kyr. During Termination I, the B/A is charac-
~ 163 ka BP. This core and core 101KL also reveal a minorterized by reductions in %Siliciclastics and %Terrigen of up
peak in> 63 um found at- 133 ka BP, which occurs simul- to ~25% and of up to~0.5mol mof ! in K/Ti. Maxima
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in > 63 um were recorded during both, the B/A and the PB.Table 4. Ranges, averages and variability of molar elemental ratios
During HS1 maxima in K/Ti are observed, and during the in cores SO201-2-77KL, -85KL, and -101KL.

YD all proxies briefly return to glacial values, followed by

a gradual decrease into the Holocene. The described proxy

S0201-2-77KL  S0O201-2-85KL  S0O201-2-101KL

ranges and their temporal variability almost compare to those ATi  FelAl  AlTi  FelAl Al Fe/Al
reported for the central Okhotsk SeailfiNberg and Tiede- Average 29.9 030 290 029 295 0.26
mann, 2004), which showed lower interglacial minima in StDev. 15 003 15 002 12 0.02
%Siliciclastics of~ 35 %. Maximum 341 034 323 036 324 0.30
Minimum 249 017 221 023 278 0.21

In all cores from Shirshov Ridge linear relationships be-
tween concentrations of lithogenous elements Al, Fe, and
Ti were found (Fig. 7). This indicates that these elements

originate from the same geochemical source and/or share tHgy€asest 3) at the end of MIS 4, and during Te.rminations '
same transport mechanism. [Al] correlated with %Siliciclas- 2nd Il Average downcore Al/Ti values-29.5+ 3; Table 4),
tics in cores 77KL R2 = 0.42) and 85KL R2 = 0.74), but S well as surface sediment values from Shirshov Ridge

not in core 101KL R2 = 0.08). We consider an influence (29.44 4) and from the eastern Kamchatka continental mar-

of scavenging by organic material and/or bottom sedimen@in (32.1+3) (unpublished data) compare well, which in-

resuspension on [Al] (Orians and Bruland, 1986: Nameroffdicates that past and modern sources of terrigenous matter
et al., 2004) insignificant, which is supported by low in- &€ identical. These values are close to Al/Ti ratios reported

terglacial concentrations and Al/Ti ratios that are close tofo" Paleozoic {29) and Mesozoic/Cenozoic shales §2)
crustal values. Records for [Al], [Fe], and [Ti] follow the from the Russian Platform (Ronov and Migdisov, 1971), but
same temporal evolution described for the terrigenous prox@ISC compare with average values for sediment and conti-
ies with general high values during most of the last 180 kyr"€ntal crust{-28; McLennan, 1995; Taylor and McLennan,
(~ 2600—2800 pmol g* for [Al], ~ 700-900 umol g* for 1995), river particulate and mud-@30; McLennan, 1995),
[Fe], ~90-100 umol g? for [Ti]) (Table 3). During MIS pelagic clay ¢ 32; McLennan, 1995), as well as the range re-

5.5 and the Holocene [Al], [Fe], and [Ti] decreased by up ported for loess deposits-(26—31; Taylor et al., 1983; Pye,
to ~ 800 umol g%, ~ 300 umol g, and~ 30 umol g4, re- 1987; McLennan, 1995). Values are clearly lower than that
spectively. Notably, from MIS 3 to 1 [Fe] became slightly °f the North American shale composite 88; Gromet et
higher in core 77KL than in the other cores (Fig. 7). The de-al., 1984), but higher than Al/Ti ratios of oceanic tholeiitic

scribed temporal evolution overall compares to that recorded@salt - 17; Engel etal., 1965) and surface samples from St.

in sediment cores from the central Okhotsk Sea (Sato et al $€0rge Basin, SE Bering Sea p4; Gardner et al., 1980).

2002) and the Antarctic Zone of the Southern Ocean (La-NUrnberg and Tiedemann (2004) reported a different range

timer and Filippelli, 2001), except that the respective studied©r Sediments from the central Okhotsk Sea4-45).
reported on glacial [Al] and [Ti] that were by 30 % lower The downcore Fe/Al ratios varied between 0.17-0.36 (mol

1 i : . )
than those recorded at Shirhov Ridge. Moreover, these studl"©” ) (Table 4). This range is also found in surface sedi-

ies described very low interglacial values 100 umol g’ ment samples from Shirshov Ridge (0.22—0.39; unpublished
for [Al], ~100umol g for [Fe], ~10-20 umol g for data), and it is in agreement with downcore results from the

[Ti]) not found at our sites. This argues that the interglacial ¢&ntral Okhotsk Sea (0.280.03; Niurnberg and Tiedemann,

reduction in terrigenous fluxes at Shirshov Ridge was on the?004). Our Fe/Al ratios compare to those reported for the
order of~ 30-40%. North American shale composite and average mu@.¢4;

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 par-
ticulate ¢~ 0.25) and sediment{0.27) (McLennan, 1995).

4.2.2 Geochemical signature

Molar Al/Ti and Fe/Al ratios were used to characterize

the geochemical signature of the sediments from Shirshog2ceanic tholeiitic basalt{0.28; Engel et a!., 1965) and sur-
Ridge. In general, Al/Ti and Fe/Al ratios remained fairly fac€ Samples from St. George Basin@.28; Gardner et al.,

constant during the last 180 kyr with similar ranges at all 1980) @lso apply to the overall range. The value for bulk
sites. Only at the end of both glacial terminations minor in- continental crust is higher{(0.41; Taylor and McLennan,
creases in Al/Ti and minor decreases in Fe/Al are found.1995), while loess deposits show a lower range between

Distinct glacial-interglacial differences are not observed, in-~~ 0-17-0.25 (Taylor et al., 1983; Pye, 1987; McLennan,

dicating that the source of the terrigenous matter or its un-1995). From these results we conclude that sediments from

derlying transport mechanism did not change. This is an in-Shirshov Ridge represent a mixture of geochemical signa-

teresting result, since records of %Siliciclastics, %Terrigen,{Ures from aeolian sediments (loess) and continental sources
and lithogenous element concentrations are characterized gfat are supposedly notinfluenced by North American shales.
strong variations on the glacial-interglacial level. Al/Ti ra-

tios varied between 22—34 (mol md}), with short-lived in-
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4.2.3 Transport mechanism and source area at ~40kaBP (Bigg et al., 2008), therefore not supporting
their suggested iceberg migration paths. For the LGM, the
Possible mechanisms of terrigenous matter transport enconpresence of the Beringian Ice Sheet (e.g. Grosswald and
pass aeolian and fluvial supply, as well as sea-ice raftingHughes, 2002) has been disproved (e.g. Brigham-Grette et
Wind transported aerosols present in N Pacific sedimentsl., 2001, 2003; Karhu et al., 2001), and Kamchatkan climate
are restricted to the vicinity of their respective source areaseems to have been too arid for the development of large con-
which in our case are most likely situated in NE Siberia. tinental ice sheets during that time (Barr and Clark, 2011).
Model results of global desert dust deposition show fluxesWe therefore favor sea ice over iceberg transport.
of 0.5-1.0gn? yr~1 for the Bering Sea (Mahowald et al., Lisitzin (2002) identified mineralogical provinces for
2005), which implies that today aeolian input is negligible. western Bering Sea surface sediments together with their
This seems to have been different during past cold intervalpossible migration paths and proposed that coarse silts and
as indicated by our higher lithogenous element concentrathe larger grain size fractions (pebbles, gravel, boulder) are
tions and generally enhanced glacial dust fluxes (e.g. Ruth etontrolled by sea ice, sharing the same provinces and trans-
al., 2003). Major rivers entering the Bering Sea are the Yukonport pathways. Accordingly, the Koryak Coast, Olyutorskii
and Anadyr rivers, which are situated at rather long distance®ay, and northern Kamchatka provinces (cf. Fig. 1) are po-
from Shirshov Ridge (cf. Fig. 1). Today the Yukon River pro- tential source areas for the ice-rafted material. Anadyr Bay,
vides ~ 63 % of the total sediment load to the Bering Sea where modern seasonal sea-ice formation begins during fall,
and it is suggested that glacial sediments from the Meijiis as well taken into consideration. The K/Ti ratio is assumed
Drift, NW Pacific, contain a larger fraction of terrigenous to reflect temporal changes in sediment sources weathered
material delivered from Yukon—-Bering Sea sources (Van-from acidic (more K) and basaltic (more Ti) source rocks
Laningham et al., 2009). Surface sediments from the east(Richter et al., 2006). Relatively increased K/Ti ratios are
ern Bering Sea shelf consist of Yukon River-derived detri- observed at times of enhanced terrigenous matter supply.
tal material (Asahara et al., 2012; Nagashima et al., 2012)If sea-ice rafting is the main driver of these changes, the
Yet it remains unclear how the terrigenous material is trans-geochemical source of the terrigenous matter (and conse-
ported from the eastern Bering Sea shelf to the Meiji Drift quently the ice-rafted material) would be characterized as
in the NW Pacific. We suggest that sea ice plays a considerbeing relatively increased in K. Of the considered provinces
able role in transporting terrigenous matter toward Shirshownly Anadyr Bay is reported to contain acidic index rocks
Ridge, although we can not exclude a significant contribu-(Lisitzin, 2002), although geochemical data to clearly iden-
tion from suspension load carried by the BSC. For the Arc-tify it as the proposed source area of Shirshov Ridge sedi-
tic, Nurnberg et al. (1994) reported on sediments entrained ilments do not exist. That the source area supposedly lies in
sea ice to be generally fine grained (clayey silts, silty clays)the vicinity of Anadyr Bay is supported by the finding that
and mainly composed of quartz, clay minerals and diatominterannual variability in Bering Sea ice cover is controlled
flora. Sediments from the central Okhotsk Sea, which areby wind-driven ice mass advection, which is clearly south-
also assumed to originate from sea-ice rafting are describedestward from there (Zhang et al., 2010). However, although
as mainly clay and silt-sized siliciclastics 65 % siliciclas-  stronger ocean/bottom currents can not be excluded as poten-
tics) featuring dropstones (3-5cm), and various lithogenictial transport mechanism for the detrital fractions, the avail-
components (mainly quartz, rock fragments, mica, and darkable data seem to congruently argue for a source area that
minerals), with regionally different ice-rafted debris (IRD) is located on the eastern Bering Sea shelf (VanLaningham et
composition (Nirnberg and Tiedemann, 2004{itberg et  al., 2009; Asahara et al., 2012; Nagashima et al., 2012).
al., 2011). This sedimentary composition is similar to that
found in sediments recovered from Shirshov Ridge, although4.3 Environmental changes during the last 180 kyr
IRD records are needed for verification. Since dropstones are
rather uncommon in our cores, which, if present, appear a€.3.1 Glacial situation
well-rounded pebbles, and due to the dominance of silt- and
clay-sized terrigenous material we suggest a beach depostold intervals of the last 180 kyr seem to have been subject
origin and tidal pumping, suspension freezing and beach-iceéo strongly reduced, but maintained export production at our
formation to be responsible for the entrainment of terrige-sites. At the same time, our records indicate high input of
nous matter into newly formed sea ice. terrigenous matter, which is in agreement with records from
The influence of ice in the Bering Sea realm during the Okhotsk Sea (iWnberg and Tiedemann, 2004{Iixberg
glacials, either in the form of icebergs or sea ice is still de-et al., 2011). Although regionally different, low glacial ex-
bated. Kaufman et al. (1996) suggested that the most report production characterized the whole N Pacific during
cent major ice advance in SW Alaska occurred betweerthe last 800kyr (for a review see Kienast et al., 2004).
~90-75ka BP. For MIS 3 Bigg et al. (2008) proposed a Nirnberg et al. (2011) argued for extreme glacial ice con-
Kamchatka—Koryak Ice Sheet with marine-terminating ice ditions in the Okhotsk Sea during late MIS 6 with a poten-
margins. Our cores lack clear evidence for iceberg dischargéally perennial ice coverage. From our results, we can not
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unambiguously argue for similar conditions during late MIS low-salinity surface layer that reinforced vertical stratifica-
6, although the coarse fraction maxima found during Termi-tion in the Bering Sea (Sancetta, 1983).
nation Il might indicate the sudden melt of an expanded sea- The low glacial CaC@ concentrations and abundances
ice cover that was perennial during the final phase of MISof oxic benthic foraminifera species point toward the pres-
6. Glacial conditions in the Okhotsk Sea are supposed to bence of corrosive bottom waters as a result of organic mat-
similar to the modern winter situation of a strong Siberianter degradation under oxic bottom water conditions (Kim
High and a weak Aleutian Low, thereby resulting in strong et al., 2011). This implies that either,@ich intermediate
offshore, northerly winds (Mrnberg and Tiedemann, 2004; water masses were formed in the Bering Sea, or flew in
Nurnberg et al., 2011). This situation might as well apply from the Pacific side. Sea-ice formation in the Bering Sea
to the Bering Sea and would have resulted in enhanced sealue to brine rejection results in densep-h surface wa-
ice formation during a generally colder climate, thereby ex-ters (e.g. Niebauer et al., 1999), and thus might have main-
plaining the higher LSR and terrigenous inputs. At Bow- tained the production and ventilation of intermediate water.
ers Ridge, at least for MIS 3 and 2, colder subsurface temRella et al. (2012) reported on bentHit2O excursions in
peratures are supported by low total numbers of planktonicsediments from the northern slope, which implies that the
foraminifera, dominated by polar specieogloboquadrina  Bering Sea was a source of intermediate water during past
pachyderma(sin.) and reduced/absent numbers of subpo-stadial episodes, which is supported by microfossil assem-
lar specieszlobigerina bulloidegGorbarenko et al., 2005). blages (Ohkushi et al., 2003). However, as the modern origin
A spatially extended sea-ice coverage fostered by a shortef NPIW lies in the Okhotsk Sea (Yasuda, 1997) and during
ened summer season might have resulted in enhanced uppetacial stages a closed Bering Strait prevented inflow of sur-
ocean stratification and reduced nutrient supply to the euface waters from the Arctic Ocean (Takahashi, 1998, 1999),
photic zone. Since primary productivity is limited by tem- inflow from the N Pacific can not be ruled out.
perature and nutrient availability, the prolonged sea-ice sea-
son during colder intervals in hand with stronger stratifica-4.3.2 Deglacial situation
tion would have consequently led to the reduction in export
production observed at our sites. This should be reflected bypuring Termination | high export production but low ter-
more efficient nitrate utilization, and indeed, bulk sedimentrigenous input is observed during the B/A and PB warm
and diatom-bound nitrogen isotope ratids®\N) recorded  phases, whereas the opposite situation occurred during the
at Bowers Ridge (Brunelle et al., 2007) show higher glacialHS1 and YD cold phases. Remarkably, SST records from
than interglacial values (Fig. 9), thereby confirming earlier our sites mirror the deglacial SST evolution recorded in
assumptions of enhanced stratification in the glacial Beringthe N Atlantic, supporting quasi-synchronicity of Northern
Sea (Nakatsuka et al., 1995; Brunelle et al., 2007; Kim et al. Hemisphere climate changes (Max et al., 2012). Our records
2011). suggest that the early deglacial phase was characterized
It has been speculated that the net inflow of Alaskanby higher input of terrestrial-derived organic matter from
Stream waters into the Bering Sea was reduced at times wheftooded shelf areas as previously suggested for the Okhotsk
the Bering Strait and/or other Aleutian passes, like Unimakand Bering seas (Ternois et al., 2001; Seki et al., 2003;
Pass, were closed due to lower glacial sea level, thereby alKhim et al., 2010). Alternatively, organic matter preserva-
fecting Beringian climate (Pushkar et al., 1999; Tanaka andion became better due to poorly oxygenated conditions at
Takahashi, 2005). During MIS 2, a strengthened Subarctidhe sediment—water interface. Notably, at the northern slope
Front could have additionally led to a reduced inflow of similar changes were reported to have occurretlkyr ear-
warmer and nutrient-enriched Pacific surface waters (Gordier (Khim et al., 2010). This time lag for increased terrestrial
barenko et al., 2005). In consequence, nutrient supply to therganic carbon input might indicate that the northern slope
Bering Sea should have been further reduced and have rexnd Shirshov Ridge were supplied from different sources or
sulted in stronger nitrate utilization. The relative sea levelby different mechanisms.
(RSL) reconstruction of Waelbroeck et al. (2002) impliesthat Our records indicate enhanced sea-ice influence during
the Bering Strait was closed during MIS 6, as well as in be-HS1 and the YD, which for our sites is supported by qual-
tween MIS 4 and 2 (Fig. 9), while its last major re-opening itative reconstructions of the sea-ice-relategs|Biomarker
occurred at 12-11 ka BP (Keigwin et al., 2006). RSL changeqMax et al., 2012) and by increasing abundances of the sea-
in the Bering Strait are predominantly controlled by eustaticice-related diatom genuditzschiaat Umnak Plateau (Cook
changes and suggested to considerably influence deep coet al., 2005). Like during previous cold intervals, marine
vection in the N Atlantic (Hu et al., 2010). At Bowers Ridge productivity was restricted by lowered temperature. A sud-
815N values are highest during MIS 3 and 2 (Fig. 9), support-den decrease in bulk sedimentary and diatom-baifitl
ing an influence of RSL on upper-ocean stratification and,(Fig. 9) point to decreased nitrate utilization (Brunelle et
hence, nitrate utilization in the Bering Sea. A closed Beringal., 2007, 2010). However, this drop #°N is not fully
Strait has previously been suggested to have resulted in anderstood since higher nutrient supply due to stronger
vertical mixing should have resulted in enhanced export
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production, which is not observed. Deglacial changes in venfrom the deep basin, which resulted in enhanced carbonate
tilation/overturning in the N Pacific realm have been inferred preservation due to a deepened lysocline, and to an increase
from ventilation ages (Adkins and Boyle, 1997; Ahagon et in atmospheric C@(e.g. Galbraith et al., 2007).
al., 2003; Ohkushi et al., 2004; Galbraith et al., 2007; Sarn- Our records show that at sites 85KL and 101KL the
thein et al., 2007; Sagawa and Ikehara, 2008; Okazaki etleglacial development during Termination |l does not re-
al., 2010; Lund et al., 2011; Jaccard and Galbraith, 2013)semble that of Termination I. Most notably, extremely high
foraminiferal isotope data (e.g. Matsumoto et al., 2002; Rellaamounts of coarse material are found at the end of Termi-
etal., 2012), as well as modeling studies (e.g. Okazaki et al.nation 1l showing values that are not reached previously or
2010; Chikamoto et al., 2012; Menviel et al., 2012). Notably, later at any site. At the same time minor excursions toward
enhanced ventilation in the N Pacific during HS1 seems tdower Fe/Al but higher Al/Ti ratios were recorded, indicat-
have been restricted to 1400—2400 m depth (Jaccard and ing a slightly different geochemical composition of the sed-
Galbraith, 2013), whereas the deep abyssal Pacific was bettéments. We attribute these results to the sudden release of
ventilated during the subsequent B/A (Galbraith et al., 2007).IRD in response to strong melting of a potentially peren-
Hence, it was suggested that NPIW formation was more ennial ice coverage present during the final phase of MIS 6
hanced, that it reached deeper, and that its source might hawa agreement with conditions proposed for the Okhotsk Sea
shifted to the Bering Sea during HS1 and during other cold(Niirnberg et al., 2011). Also, records of bentst&O do not
periods (e.g. Matsumoto et al., 2002; Ohkushi et al., 2003follow the LR04 stack, which is indicative of a strong re-
Rella et al., 2012; Jaccard and Galbraith, 2013). gional effect on theét180 signal, for example by melting of
For the onset of the B/A, and to a lesser degree also theontinental ice sheets in the Bering Sea realm. This might,
PB phase, our records imply enhanced marine productivityof course, also be the result of constraints in our age models
and the sudden release of IRD from melting sea ice. Similaduring that time frame.
observations regarding changes in marine productivity have
previously been reported for the whole Bering Sea realm4.3.3 Interglacial situation
(Gorbarenko, 1996; Cook et al., 2005; Gorbarenko et al.,
2005; Okazaki et al., 2005; Khim et al., 2010) and otherIn contrast to the situation during cold intervals, interglacials,
parts of the N Pacific (Keigwin and Jones, 1990; Keigwin et as well as warm MIS 5.3 and 5.1 were characterized by in-
al., 1992; Gorbarenko, 1996; Keigwin, 1998; Crusius et al.,creased marine productivity and decreased terrigenous mat-
2004; McKay et al., 2004; Okazaki et al., 2005; Gebhardtter supply. Our records for Site 77KL better compare to those
et al., 2008). Increasing insolation should have amplified thereported for Bowers Ridge, whereas records from sites 85KL
surface ocean warming and led to more dynamic ice condiand 101KL resemble those from the northern slope and the
tions, northward propagating ice margins, and a prolongectentral Okhotsk Sea. Marine productivity as reflected by opal
sea-ice-free summer season. Indeed, recent alkenone- amdncentrations seems to have been higher during MIS 5.5
Mg/Ca-based studies indicate rising SST, strengthened thethan during the Holocene. Interglacial Cag€&dncentrations
mal mixed layer stratification (stronger seasonal contrasts)iemained at or close to glacial values, implying a similar
and the onset of coccolithophorid production during the B/A bottom water calcite saturation state with limited carbonate
(Caissie etal., 2010; Max et al., 2012; Riethdorf et al., 2013).preservation. The interglacial increase in marine productiv-
Enhanced surface freshening due to melting sea ice is supty most probably resulted from warmer temperatures and re-
ported by higher abundances of radiolarian speBilezo-  duced sea-ice formation during a prolonged summer season
plegma borealéKim et al., 2011), as well as brackish diatom (stronger seasonal contrasts). However, our records imply a
speciesParalia sulcata(Gorbarenko et al., 2005). A maxi- reduction of only~ 30-40% in terrigenous matter supply.
mum in §1°N values (Fig. 9) implies increased nitrate uti- Overall, records of XRF Si/Al log-ratios are in phase with
lization or even denitrification (Brunelle et al., 2007, 2010; mean summer insolation at 68 (July—September; calcu-
Khim et al., 2010). It might further be speculated, that the lated after Laskar et al., 2004; Fig. 9), showing maxima dur-
increase in marine productivity associated with reduced seaing the warm intervals (MIS 5.5, 5.3, 5.1, and 1). This implies
ice formation resulted in organic matter supply exceedinga dominant insolation forcing for environmental changes in
its degradation at the seafloor (Kim et al., 2011). In consethe Bering Sea. At Bowers Ridgé°N values are lowest
guence, bottom water conditions might have become dysoxicluring interglacials (Brunelle et al., 2007, 2010) and they
or anoxic, impeding benthonic life and favoring laminae for- also remain low during most of MIS 5 (Fig. 9). This in-
mation. This notion would be in agreement with the forma- dicates reduced nitrate utilization as a consequence of en-
tion of dysoxic or laminated sediments observed at oxygerhanced vertical mixing, which supplies sufficient amounts
minimum zone (OMZ) depths in the N Pacific and Bering of nitrate from the subsurface nitrate pool into the euphotic
Sea during the B/A and PB (van Geen et al., 2003; Cook,zone. This situation might have been additionally influenced
2006, and references therein) and most probably was relatelly an open Bering Strait and Unimak Pass, allowing for
to an intensification of the OMZ (Zheng et al., 2000). At the enhanced inflow of water masses from the Alaskan Stream
same time the respired carbon pool was obviously removednd enhanced outflow of relatively fresh surface waters into
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the Arctic. Reduced sea-ice formation, but enhanced nutriens Summary and conclusions

supply by stronger vertical mixing as a result of a strength-

ened Alaskan Stream and BSC during higher sea level haErom our results we propose scenarios for environmental
been proposed before (Gorbarenko et al., 2005; Okazaki eghange in the Bering Sea during glacial, deglacial, and inter-
al., 2005; Kim et al., 2011). Accordingly, sea-level changesdlacial times which compare to those previously suggested
must be considered as additional forcing mechanism to exfor the Okhotsk Sea. During the last 180kyr, the Bering

plain the recorded environmental changes. Sea paleoenvironment was characterized by closely inter-
acting processes controlling marine productivity and terrige-
4.3.4 Interstadial situation nous matter supply. External forcing is attributed to Northern

Hemisphere summer insolation and sea-level changes con-
High-resolution core logging resulted in the detection of trolling atmospheric circulation patterns, sea-ice dynamics
short-lived maxima in our color b* and XRF Ca/Ti log-ratio and upper-ocean stratification. Marine productivity, domi-
records during MIS 6 to 3. Notably, these maxima and max-nated by diatoms, remained low during cold intervals (MIS 6,
ima in > 63 um occur simultaneously. Most peaks were de-5 4, 5.2, 4 to 2) when the Bering Strait was closed and sum-
tected in cores 85KL and 101KL within which they are char- mer insolation was weak. Increases occurred during warm
acterized by only 1-3 cm sediment thickness correspondingntervals (MIS 5.5, 5.3, 5.1, and 1), when insolation was
to a duration of~100-300yr. These changes in sediment high and the Bering Strait was open. Sediments from Shir-
composition seem to be related to D-O events (interstadialsyhov Ridge are dominated by terrigenous, siliciclastic mate-
registered in the NGRIP ice core. The most prominent peaksial mainly bound to the fine fractions. Terrigenous matter
correspond to D-O events 7, 8, 12, 17-21, and 24 (Fig. 5)supply was generally high, with reductions of up~®B0—
but events off the NGRIP record are found. We consider40 % during interglacials. Changes in terrigenous matter sup-
them as brief intervals of enhanced marine productivity, sudply and marine productivity occurred synchronously with
den sea-ice melt associated with the subsequent release gégatively correlated proxy behavior due to the sedimentary
IRD,and a hlgher bottom water calcite saturation state. Howilution by the biogenic components. Terrigenous input was
ever, due to our stratigraphic approach, which relies on thesupposedly stronger toward the northernmost site, and sea
NGRIP record, we can neither argue for nor against an ince is considered as the transport agent for terrigenous mat-
phase evolution between abrupt climate changes recorded igr, limiting marine productivity during cold intervals. Sed-
Greenland ice and western Bering Sea sediments. Sedimefhentary geochemical signatures are a mixture of aeolian
records from Bowers Ridge (Gorbarenko et al., 2005, 2010)and continental sources, indicating that Shirshov Ridge sed-
the northern slope (Kim et al., 2011; Rella et al., 2012), asiments most likely originate from material entrained on the
well as the NE Pacific (Behl and Kennett, 1996; Hendy andeastern Bering Sea shelf. Especially for the last glacial ter-
Kennett, 2000; Ortiz et al., 2004) also implied millennial- mination our records support the notion of an atmospheric,
scale climate changes connected to N Atlantic D-O eventsNorthern Hemisphere-wide acting climate coupling. The sit-
especially during MIS 3. Similar features were detected inyation during the HS1 and YD cold phases compared to
stalagmites from China (Wang et al., 2001, 2008), whichthat of cold intervals with enhanced sea-ice rafting limit-
indicates a Northern Hemisphere-wide acting atmospheriGng marine productivity during a shortened summer season
coupling that is related to the intensity of the East Asian (weak seasonal contrasts). In contrast, the B/A and PB warm
monsoon. Kennett and Ingram (1995) proposed that such aphases were characterized by enhanced marine productivity
atmospheric coupling mechanism directly affected the venti-as a result of a prolonged summer season and reduced sea-
lation of NPIW. Accordingly, interstadials seem to have beenijce influence (strong seasonal contrasts). At the same time,
characterized by weak ventilation of NPIW in combination reduced ventilation of intermediate waters is in accordance
with increased marine productivity (Behl and Kennett, 1996; with stronger nitrate utilization and better Cag@reserva-
Hendy and Kennett, 2000; Kim et al., 2011) and warmertjon indicative of a release of deep-sequestered @Cthe
SSTs (Gorbarenko et al., 2005). Recently, Kim et al. (2011)atmosphere. Moreover, we found supporting evidence for the
reported on D-O event-related brief episodes of high bulkoccurrence of abrupt environmental changes that are related

81°N values at the northern slope, implying increased nitrateyo interstadials recorded in the NGRIP ice core.
utilization/denitrification. These results to a lesser degree re-

flect conditions inferred for the B/A warm phase and thus
might point to the release of deep-sequestered G@ing
interstadials.
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Table Al. Age-depth points for core SO201-2-77KL. Age0 ka BP and AMSHC ages have been derived from Max et al. (2012) and
calendar ages are given with ¥anges (in ka BP).

Core Depth (cm) Cal. Age (kaBP) Approach

S0201-2-77KL 6 2.8 color b* vs. color b* (SO201-2-12KL)
S0201-2-77KL 49 78 color b* vs. color b* (S0201-2-12KL)
S0201-2-77KL 103 10.3 Carbonate Spike 1
S0201-2-77KL 105.5 -  AMS4C dating (10.05-10.1%)
S0201-2-77KL 115.5 -  AMS4C dating (11.17-11.289
S0201-2-77KL 116 11.2 Carbonate Spike 2
S0201-2-77KL 126 11.6 color b* vs. NGRIP
S0201-2-77KL 155.5 12.62 AMS?C dating (12.61-12.73)
S0201-2-77KL 168.5 13.83 AMS?C dating (13.82-13.97)
S0201-2-77KL 180.5 14.75 AMSIC dating (14.50-14.95)
S0201-2-77KL 187 15.1  color b* vs. color b* (85KL)
S0201-2-77KL 221 17.0 color b* vs. color b* (85KL)
S0201-2-77KL 258 21.5 Ca/Tivs. Ca/Ti (85KL)
S0201-2-77KL 381 35.5 color b* vs. color b* (85KL)
S0201-2-77KL 393 37.2  color b* vs. color b* (85KL)
S0201-2-77KL 443 42.0 color b* vs. color b* (85KL)
S0201-2-77KL 478 46.9 color b* vs. color b* (85KL)
S0201-2-77KL 596 59.5 color b* vs. color b* (85KL)
S0201-2-77KL 656 64.7 CalTivs. Cal/Ti (85KL)
S0201-2-77KL 722 70.8 color b* vs. color b* (85KL)
S0201-2-77KL 736 72.3  color b* vs. color b* (85KL)
S0201-2-77KL 777 76.4  color b* vs. color b* (85KL)
S0201-2-77KL 796 77.7  color b* vs. color b* (85KL)
S0201-2-77KL 849 84.7 color b* vs. color b* (85KL)
S0201-2-77KL 898 89.1 Ca/Tivs. Ca/Ti (85KL)
S0201-2-77KL 986 101.5 Ca/Tivs. Ca/Ti (85KL)
S0201-2-77KL 1043 108.0 color b* vs. color b* (85KL)
S0201-2-77KL 1100 116.9 color b* vs. color b* (85KL)
S0201-2-77KL 1120 120.2  color b* vs. color b* (85KL)
S0201-2-77KL 1166 124.2  color b* vs. color b* (85KL)

@ Uncertain age{? Used to define carbonate spike 1 (see Max et al., 2032)sed to define carbonate spike 2 (see Max et al., 2012).

Appendix A Appendix B

Age models Surface sediment samples

Age-depth points for cores SO201-2-77KL, -85KL, and Calculated results of Bg, Pnew, and PP from discrete XRF
-101KL are given in Tables A1, A2, and A3, respectively.  measurements conducted on surface sediment samples re-
covered in direct vicinity of the studied sediment cores using
a MultiCorer (MUC) are given in Table B1.
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Table A2. Age-depth points for core SO201-2-85KL. Age®0 ka BP and AMSHC ages have been derived from Max et al. (2012) and
calendar ages are given with ¥anges (in ka BP).

Core Depth (cm) Cal. Age (kaBP) Approach

S0201-2-85KL 1 7.68Y  color b* vs. color b* (S0201-2-12KL)
S0201-2-85KL 26.5 —  AMS4C dating (10.38-10.51%
S0201-2-85KL 28 10.3 Carbonate Spike 1
S0201-2-85KL 44 11.2 Carbonate Spike 2
S0201-2-85KL 455 - AMS4C dating (10.79-10.98
S0201-2-85KL 52 11.6 color b*vs. NGRIP
S0201-2-85KL 60.5 13.10 AMS$4C dating (13.10-13.22)
S0201-2-85KL 70.5 13.87 AMS$AC dating (13.67-13.89)
S0201-2-85KL 77 14.6 color b* vs. NGRIP
S0201-2-85KL 82 14.9 color b* vs. NGRIP
S0201-2-85KL 95.5 15.84 AMS$4C dating (15.80-15.82)
S0201-2-85KL 135.5 19.90 AM$iC dating (19.58-19.90)
S0201-2-85KL 155.5 23.78 AM$C dating (23.71-24.19)
S0201-2-85KL 209 26.2 Transfer of AMB'C age from core 101KL, but not well constrained
S0201-2-85KL 266 35.5 color b*vs. NGRIP
S0201-2-85KL 292 36.6 color b* vs. NGRIP
S0201-2-85KL 305 38.2 color b* vs. NGRIP
S0201-2-85KL 350 41.9 RPIlvs. PISO-1500 (Laschamp)
S0201-2-85KL 363 43.4  color b*vs. NGRIP
S0201-2-85KL 398 46.9 color b* vs. NGRIP
S0201-2-85KL 433 48.4  color b* vs. NGRIP
S0201-2-85KL 463 51.7 color b* vs. NGRIP
S0201-2-85KL 490 54.2  color b* vs. NGRIP
S0201-2-85KL 567 59.5 color b*vs. NGRIP
S0201-2-85KL 657 64.0 color b* vs. NGRIP
S0201-2-85KL 675 65.0 RPIvs. PISO-1500 (Norwegian—Greenland Sea)
S0201-2-85KL 796 72.3 color b* vs. NGRIP
S0201-2-85KL 853 76.4  color b* vs. NGRIP
S0201-2-85KL 876 77.8 color b* vs. NGRIP
S0201-2-85KL 937 84.7 color b* vs. NGRIP
S0201-2-85KL 976 87.7 color b* vs. NGRIP
S0201-2-85KL 1006 91.7 color b* vs. NGRIP
S0201-2-85KL 1100 104.1  color b* vs. NGRIP
S0201-2-85KL 1149 108.0 color b* vs. NGRIP
S0201-2-85KL 1180 110.2  color b* vs. NGRIP
S0201-2-85KL 1210 113.3 color b*vs. NGRIP
S0201-2-85KL 1224 114.8 color b* vs. NGRIP
S0201-2-85KL 1240 117.0 RPIlyvs. PISO-1500 (Blake)
S0201-2-85KL 1280 125.0  color b* vs. Sanh#E0 (MIS 5.5 climate optimum)
S0201-2-85KL 1300 130/ SMP vs. LR0O4 (MIS 5/6 Boundary)
S0201-2-85KL 1320 132.0 color b* vs. Sanh#&0 (HE11)
S0201-2-85KL 1365 135.0  color b*, Ca/Tivs. Sans&80
S0201-2-85KL 1530 151.0  color b*, Ca/Tivs. Sansa80
S0201-2-85KL 1600 159.0 RPIvs. PISO-1500
S0201-2-85KL 1735 174®  SMP vs. LR04 (MIS 6 Minimum)
S0201-2-85KL 1813 181®  Extrapolation

@ Uncertain aget?) Used to define carbonate spike 1 (see Max et al., 2632)Jsed to define carbonate spike 2 (see Max et al., 20425 calar magnetic
properties (SMP) correlated with MIS boundaries of LR®4;By extrapolation using linear sedimentation rate (LSR).
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Table A3. Age-depth points for core SO201-2-101KL. Age20 ka BP and AMSHC ages have been derived from Max et al. (2012) and

calendar ages are given with ¥anges (in ka BP).

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

S0201-2-101KL 4 12.9 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 10.5 1356 AMS?C dating (13.69-13.84)
S0201-2-101KL 41 14.6  color b* vs. NGRIP
S0201-2-101KL 67 15.4  color b* vs. NGRIP
S0201-2-101KL 90.5 17.25 AMSAC dating (17.17-17.51)
S0201-2-101KL 110.5 18.95 AMSIC dating (19.54-19.92)
S0201-2-101KL 140 23.78 Transfer of AMSC Age from Core 85KL
S0201-2-101KL 190.5 25.74 AMSIC dating (25.88-26.35)
S0201-2-101KL 234 28.6  color b* vs. NGRIP
S0201-2-101KL 249 30.3 color b* vs. NGRIP
S0201-2-101KL 260.5 32.0 AMSC dating (32.12-33.54)
S0201-2-101KL 274 33.5 CalTivs. Ca/Ti (85KL)
S0O201-2-101KL 280 35.1 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 284 35.7 CalTivs. Cal/Ti (85KL)
S0201-2-101KL 302 36.9 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 349 39.7 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 387 43.1 CalTivs. Cal/Ti (85KL)
S0201-2-101KL 454 46.9 Ca/Tivs. Ca/Ti (85KL)
S0201-2-101KL 514 51.6 Ca/Tivs. Ca/Ti (85KL)
S0201-2-101KL 650 56.6 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 685 57.8 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 723 59.7 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 799 64.1 CalTivs. Ca/Ti (85KL)
S0O201-2-101KL 923 71.7 CalTivs. Ca/Ti (85KL)
S0O201-2-101KL 1005 76.4  color b* vs. color b* (85KL)
S0201-2-101KL 1023 77.8 color b* vs. color b* (85KL)
S0201-2-101KL 1092 84.4 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 1142 89.1 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 1236 94.5 color b* vs. color b* (85KL)
S0201-2-101KL 1301 103.5 color b* vs. color b* (85KL)
S0201-2-101KL 1526 116.0 Benthi¢80 vs. LRO4
S0201-2-101KL 1585 125.0 color b* vs. Sand80 (MIS 5.5 climate optimum)
S0O201-2-101KL 1625 130.0 CalTivs. Ca/Ti (85KL)
S0O201-2-101KL 1635 132.0 color b* vs. San#d80 (HE11)
S0201-2-101KL 1657 133.1 Ca/Tivs. Ca/Ti (85KL)
S0201-2-101KL 1684 134.6 color b* vs. color b* (85KL)
S0201-2-101KL 1738 141.8 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 1765 145.1  color b* vs. color b* (85KL)
S0201-2-101KL 1804 147.8 CalTivs. Ca/Ti (85KL)
S0201-2-101KL 1832 149%  Extrapolation

(D By extrapolation using linear sedimentation rate (LSR).

Table B1. Site information, concentrations of Fig, and calculated values fdiew and PP in surface sediment samples.

Depth Tube B&é P,E@W PE3)
Station Latitude Longitude (mbsl) Depth(cm) (ppm) (gC?‘ryr—l) (oC m2 yr 1
S0201-2-76MUC 561980 N 170°41.96' E 2137 1-2 932 31.8 113
S0201-2-76MUC 561980 N 170°41.96' E 2137 2-3 1327 54.0 147
S0201-2-76MUC  5619.80N 17C°4196 E 2137 3-4 1319 53.5 146
S0201-2-83MUC 573028 N 170°24.82 E 970 0-1 636 19.2 88
S0201-2-83MUC 573028 N 170°24.82 E 970 1-2 681 21.3 92
S0201-2-99MUC 58253 N 17C°4148 E 643 2-3 177 2.9 34

@) via Al using the global average Ba/Al of pelitic rocks of 6.5 miglg(Wedepohl, 1971)2 After Niirnberg (1995) using an average g of

4gcnr2kyr—1. 3 After Eppley and Peterson (1979).

Clim. Past, 9, 13454373 2013
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