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Abstract we present a new record of eolian dust flux to the western Subarctic North Pacific (SNP)
covering the past 27,000 years based on a core from the Detroit Seamount. Comparing the SNP dust
record to the North Greenland Ice Core Project (NGRIP) ice core record shows significant differences in the
amplitude of dust changes to the two regions during the last deglaciation, while the timing of abrupt
changes is synchronous. If dust deposition in the SNP faithfully records its mobilization in East Asian source
regions, then the difference in the relative amplitude must reflect climate-related changes in atmospheric
dust transport to Greenland. Based on the synchronicity in the timing of dust changes in the SNP and
Greenland, we tie abrupt deglacial transitions in the 23°Th-normalized “He flux record to corresponding
transitions in the well-dated NGRIP dust flux record to provide a new chronostratigraphic technique for
marine sediments from the SNP. Results from this technique are complemented by radiocarbon dating,
which allows us to independently constrain radiocarbon paleoreservoir ages. We find paleoreservoir ages of
745 £ 140years at 11,653 year B.P., 680 + 228 years at 14,630 year B.P., and 790 + 498 years at 23,290 year B.P.
Our reconstructed paleoreservoir ages are consistent with modern surface water reservoir ages in the
western SNP. Good temporal synchronicity between eolian dust records from the Subantarctic Atlantic and
equatorial Pacific and the ice core record from Antarctica supports the reliability of the proposed dust tuning
method to be used more widely in other global ocean regions.

1. Introduction

Eolian dust is a major driver in the global climate system through its influence on scattering and adsorption of
solar radiation [Tegen and Fung, 1994; Harrison et al., 2001], cloud and precipitation properties [Levin et al.,
1996; Kaufman et al., 2002], and the oceanic biogeochemical cycles of carbon and nutrients as a result of
delivering micronutrients like iron [Martin, 1990; Jickells et al., 2005]. Paleorecords of eolian dust can be
used to reconstruct climatic conditions in the source regions and large-scale atmospheric transport
patterns [e.g., Fischer et al., 20071.

Dust storm activity in the extensive arid regions in China and Mongolia, the Taklimakan desert in northwest
China, and the deserts of Inner Mongolia (Tengger, Badain Jaran, and Mu Us), is highest in spring months as a
result of the interaction of strong temperature gradients and frequent cyclogenesis events producing cold air
surges emerging from Siberia [Sun et al., 2001; Roe, 2009]. The interplay of these surges with the orography of
the source regions produces strong wind gusts, resulting in enhanced dust storm activity [Sun et al., 2001;
Prospero et al, 2002; Roe, 2009] and uplift of large amounts of dust into the middle and upper
troposphere, the zone of the strong westerly wind jetstream [e.g., Sun et al., 2001]. Lithogenic sediment
provenance data [Pettke et al., 2000; Nagashima et al., 2011; Serno et al., 2014] and satellite observations
from the Subarctic North Pacific (SNP) [Husar et al., 2001; Uno et al., 2011] provide strong evidence that
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Table 1. List of Published Deglacial Surface Water Paleoreservoir Ages From the Western Subarctic North Pacific

Sediment Core Name Water Depth (m) Reference Paleoreservoir Age (year) Age Range (year B.P.) Reservoir Age Method
RAMA 44PC 2,980 Keigwin et al. [1992] 700 ~16,450-6,000 No information
GGC-37 3,300 Lam et al. [2013] 770+ 250 23,037-3,461 No information

CH 84-14 978 Duplessy et al. [1989] 960 ~18,000-10,000 No information
MDO01-2416 2,317 Sarnthein et al. [2013] 570+ 140 13,940-13,640 No information
MDO01-2416 2,317 Sarnthein et al. [2013] 720+ 285 14,920-14,050 T4c plateau tuning
MDO01-2416 2,317 Sarnthein et al. [2013] 430+ 250 16,050-15,250 4c plateau tuning
MD01-2416 2317 Sarnthein et al. [2013] 1,140 £195 16,400-16,050 14¢ plateau tuning
MD01-2416 2317 Sarnthein et al. [2013] 1,480 135 17,580-16,900 14¢ plateau tuning
MDO01-2416 2,317 Sarnthein et al. [2013] 1,710 £ 440 18,980-18,000 4c plateau tuning

these dust sources contribute the majority of eolian dust to the SNP sediments. Radiogenic isotope and
mineralogical studies of mineral dust deposited in Greenland during the Holocene and last glacial period
showed that the Greenland dust originates from the same East Asian dust sources that contribute the
majority of dust to the SNP [Biscaye et al., 1997; Svensson et al., 2000; Bory et al., 2002, 2003].

The geochemical evidence for a common dust source in the SNP and Greenland, combined with previous
findings of a close atmospheric coupling between the two regions during the last deglaciation [e.g., Ruth
et al., 2007; Max et al., 2012; Kuehn et al., 2014; Praetorius and Mix, 2014], the transition from the Last
Glacial Maximum (LGM; ~23,000-18,000 year B.P.; B.P.=before present=A.D. 1950) into the Holocene
(since 11,653 year B.P.), and the availability of a well-dated high-resolution dust record from the North
Greenland Ice Core Project (NGRIP) ice core in Greenland for the last ~100 kyr [Ruth et al., 2007],
provides the opportunity to study the dominant controlling factor for changes in dust deposition in
the two regions.

Precise age determination in marine sediment cores is essential for the interpretation of paleoceanographic
changes, especially during times of short-term climatic events with sharp transitions like the last deglaciation.
The common chronostratigraphic procedures for this time period, including planktic foraminiferal
radiocarbon dating and planktic foraminiferal oxygen isotope tuning, bear a number of shortcomings.
Potential shortcomings of the planktic foraminiferal radiocarbon dating technique include (1) the
possibility that in specific marine environments, not enough foraminifera are available to perform
radiocarbon analyses, (2) reworking of sediment material, and (3) uncertainties due to poorly constrained
changes in radiocarbon paleoreservoir ages.

All of these factors significantly affect age determination in marine sediment cores from the SNP [e.g.,
Sarnthein et al., 2004; Max et al., 2012], where bottom waters are corrosive to calcium carbonate [Haug
et al, 1995, 2005]. Although most deep SNP sediments lack significant amounts of calcium carbonate,
cores have been recovered from a number of rises and seamounts where sufficient calcium carbonate is
available for traditional radiocarbon dating. However, the deglacial history of radiocarbon paleoreservoir
age changes in the western SNP is still not well understood. On the one hand, paleoreservoir ages for the
time period since ~16,000year B.P. from the western North Pacific [Duplessy et al., 1989; Keigwin et al.,
1992; Lam et al., 2013; Sarnthein et al., 2013] (Table 1) and from the Bering Sea [Kuehn et al., 2014] are
generally consistent with observed modern surface water reservoir ages in the coastal region between
Kamchatka and northeast Honshu in the western SNP (418-967 years) [Yoneda et al., 2000, 2002, 2004,
2007; Kuzmin et al., 2001, 2007]. On the other hand, different methods indicate a variable paleoreservoir
age history during the early deglaciation prior to 16,000 year B.P., including the early Heinrich Stadial 1
(HS1; ~17,500-14,630year B.P.) and the LGM (Table 1). While older paleoreservoir ages in the range of
945-2150years, based on tuning planktic foraminiferal radiocarbon plateaus in marine sediment core
MDO01-2416 from the Detroit Seamount with corresponding plateaus in the terrestrial plant macrofossil
radiocarbon “reference” record from Lake Suigetsu, Japan [Ramsey et al., 2012], have been reconstructed
prior to 16,000 year B.P. [Sarnthein et al., 2013], other reconstructions indicate constant reservoir ages for
the last ~23,000 years in the western SNP [e.g., Duplessy et al., 1989; Keigwin et al., 1992; Lam et al., 2013]
(Table 1). Developing and testing new chronostratigraphic techniques is essential to reduce uncertainties
in existing methods and to independently constrain surface water paleoreservoir ages in the western SNP
and other regions of the global ocean.
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Figure 1. Global map of the modern eolian dust flux [Mahowald et al., 2005]. The location of sediment core S0202-7-6 in
the western Subarctic North Pacific (51.3°N, 167.7°E, 2345 m water depth) is indicated by a black star. Locations of other marine
sediment cores with dust records referenced in this study are indicated by black points (TN013-PC72 (0.1°N, 139.4°W [Winckler
et al., 2008]) and PS2498-1 (44.2°S, 14.5°W [Anderson et al., 2014])). Locations of the two ice cores referenced in this study,
NGRIP in Greenland (75.1°N, 42.3°W) and EPICA Dome C in Antarctica (75.1°S, 123.4°E), are indicated by black squares. The map
was created using Ocean Data View 4.6.3.1 [Schlitzer, 2014].

Here we present a new high-resolution dust flux record based on “He from sediment core $0202-7-6 from the
Detroit Seamount in the western SNP (51.3°N, 167.7°E, 2345 m water depth; Figure 1) covering the past
27,000 years. The dust flux records from the western SNP and the NGRIP ice core in Greenland [Ruth et al.,
2007] show synchronous changes at abrupt climatic transitions during the last deglaciation but substantial
differences in their relative amplitudes of deglacial changes, which we relate to climate-related changes in
the transport of dust from East Asian sources to Greenland. The synchronicity of the two high-resolution
dust records enables us to tie abrupt transitions in the *“He-based dust flux record from sediment core
S50202-7-6 to corresponding sharp transitions in the dust record from the NGRIP ice core. The dust tuning
is complemented by a high-resolution radiocarbon stratigraphy based on the planktic foraminifera
Neogloboquadrina pachyderma (sinistral), which allows us to constrain paleoreservoir ages at dust tie
points while generating a robust age model for the last 27,000 years.

2. Geochemical Background

2.1. “He as an Eolian Dust Proxy

Terrestrial *He (*Heqer) has been successfully used as an eolian dust proxy in marine sediments [Patterson
et al., 1999; Mukhopadhyay et al., 2001; Winckler et al., 2005, 2008; Marcantonio et al., 2009; Serno et al.,
2014], Antarctic ice [Winckler and Fischer, 2006], and corals [Mukhopadhyay and Kreycik, 2008; Bhattacharya,
2012]. “He in continental crust material is produced by a-decay of U/Th-series elements. In source rocks, U
and Th are concentrated in accessory mineral phases like zircon or uraninite, which have sufficient helium
retentivity to retain radiogenic “He during weathering [e.g., Mamyrin and Tolstikhin, 1984; Martel et al.,
1990]. When grains weather to typical grain sizes of long-range transported eolian dust (~2-5 um) [Tsoar
and Pye, 1987; Rea and Hovan, 1995; Serno et al., 2014], they do not accumulate more *He from o-decay
since the recoil length of o-particles is ~10-30 um [Farley, 1995; Ballentine and Burnard, 2002]. Volcanic
source rocks have “He concentrations around 2 to 3 orders of magnitude lower than concentrations of
typical continental crust material [Mamyrin and Tolstikhin, 1984; Patterson et al., 1999; Kurz et al., 2004;
McGee, 2009].

The contrast between relatively high “He concentrations in eolian dust material and negligible
concentrations in volcanic input makes “He a particularly useful proxy for eolian dust input in sediments
from the SNP because this region is characterized by large lithogenic input other than eolian dust,
including volcanic ash, hemipelagic material, riverine input, or ice-rafted debris (IRD) [e.g., Olivarez et al.,
1991; Bailey, 1993; Jones et al., 1994, 2000; McKelvey et al., 1995; Weber et al., 1996; Shigemitsu et al., 2007;
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Serno et al, 2014]. Because of the geological setting of the surrounding land in the SNP, noneolian
contributions to the SNP, like hemipelagic material, riverine input, or IRD, have a geochemical signature
similar to fine-grained volcanic ash [e.g., Jones et al., 1994; McKelvey et al., 1995; Shigemitsu et al., 2007] and
are virtually *He-free. Additional confirmation for this approach has been recently provided by a spatial
reconstruction of modern eolian dust input with independent geochemical fingerprinting based on rare
earth elements and 232Th [Serno et al., 2014]. Therefore, we conclude that *He provides an estimate of
eolian dust that is insensitive to volcanic contributions to the sediments.

Helium isotopes in marine sediments are a binary mixture of terrestrial material and extraterrestrial
interplanetary dust particles (IDPs) [e.g., Patterson et al., 1999; Winckler et al, 2005]. Helium is not
associated with biogenic or authigenic phases [e.g., Farley, 1995; Patterson et al., 1999]. The concentration
of sedimentary *Heerr can be calculated using a two-component mixing model and the measured “He
concentration (*Hemeas) and helium isotope ratio [CHe/*He)meas] in the sample [Patterson et al., 1999]:

4Hete” = 4He”‘ea5>< {|:(3He/4He>meas_ (3He/4He)IDP] / [(3He/4He)terr_ (3He/4He)IDP]} m

with (*He/*He);pp = helium isotope ratio of IDPs=2.4x10"* [Nier and Schlutter, 1990, 1992] and
(*He/*He)err = helium isotope ratio of terrestrial material =3x 108 [Mamyrin and Tolstikhin, 1984; Farley, 2001].

2.2. 23°Th Normalization

Excess 23°Th in the sediments (xs*>>°Thy) has been established as a constant-flux proxy [e.g., Bacon, 1984;
Henderson et al., 1999; Francois et al., 2004; Anderson et al., 2006]. Production of 23°Th occurs in the water
column by a-decay of 23*U. Due to the short residence time of 23°Th in the water column as a result of
efficient particle scavenging (<40years) [e.g., Bacon and Anderson, 1982; Anderson et al., 1983; Henderson
et al.,, 1999; Francois et al., 2004], its scavenged flux to the seafloor is approximately equal to its production
rate (By30=2.67x 10> dpm/cm>/kyr) in the overlying water column [Francois et al, 2004]. Mass
accumulation rates (MARs) estimated using this approach offer advantages over conventional stratigraphic
MARs in that the >*Th-normalized fluxes are insensitive to lateral sediment redistribution, are only slightly
sensitive to age model uncertainties, are determined for every sample, and do not rely on the
determination of dry bulk density [e.g., Henderson et al., 1999; Francois et al., 2004; Anderson et al., 2006].
The >*°Th-normalized MAR for a constituent i, MAR;, with a concentration ¢; in the sediment deposited at a
specific water depth z was calculated following the method described in Francois et al. [2004]:

MAR; = (i X By X 2) / xs***Thg )

xs23%Th (in dpm/g) is corrected for radioactive decay since its time of deposition, the fraction supported by
uranium within lithogenic material (mean detrital *8U/>3*Th =0.5 +0.1) [Taguchi and Narita, 1995] and the
fraction of the in situ 22°Th produced by decay of authigenic 23U [Francois et al., 2004; Anderson et al., 2006].

3. Material and Methods

Samples have been derived from box sediment core SO202-7-6 from the Detroit Seamount in the western
SNP (Figure 1), recovered during the SO202-INOPEX cruise in 2009 [Gersonde, 2012]. Sediment core SO202-
7-6 was sampled every 2 cm between 100.5 and 24.5 cm core depth, and every 4 cm between 24.5 and 4.5
and between 128.5 and 100.5 cm core depth, respectively, for helium and U/Th isotope analyses. All data
presented in this manuscript are reported in Table S1 in the supporting information.

3.1. Helium Isotopes

Between 70 and 230 mg of freeze-dried hand-crushed bulk sediment was wrapped in aluminum foil cups and
loaded into the vacuum furnace of the gas inlet system and analyzed for helium isotopes on a MAP 215-50
mass spectrometer at the Lamont-Doherty Earth Observatory (LDEO) following the procedure described in
Winckler et al. [2005]. Calibration was performed every 4-5 samples using a known volume of a standard
gas with a helium isotope ratio of 1645 Ra (with Ra=>He/*He in air=1.384x107°). Standard
reproducibility was ~0.5% (1) for “He and ~1.5% (1o) for *He/*He. Procedural blanks yielded ~0.1 ncc STP
of “He (ncc STP = nano cubic centimeter at standard temperature and pressure) with atmospheric isotopic
composition and represented blank corrections of <1% “He for the samples. For 21 samples, we analyzed
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2-4 replicates, with an average reproducibility of 8.7% (1o) for “He. The contribution of “He to total “He
is >98% for all samples.

3.2. U/Th Isotope Analyses

For U/Th isotopes, ~200 mg of freeze-dried and hand-crushed bulk sediment was weighed into 50 mL Teflon
beakers and spiked with 2*°Th and 23U prior to a complete acid digestion and anion exchange
chromatography following the method of Fleisher and Anderson [2003]. Samples were analyzed by isotope
dilution using a high-resolution Element XR ICP-MS at LDEO. 233U concentrations were derived using the
measured 23°U/%%U and a 2*8U/2°U ratio of 137.88 for the SRM129 standard [Steiger and Jiger, 1977],
measured with every batch of 21 samples and one procedural blank. Blank corrections were <1.5% and
average analytical reproducibility <2.2% (1c) for 22°Th, 232Th, and 238U. Long-term reproducibility, based
on multiple analyses of a surface sediment sample from the INOPEX cruise, is 2.2% (1c) for 239Th, 2.4% (10)
for 232Th, and 4.2% (10) for 2*8U. Reproducibility of 2-3 replicates from 15 of the 50202-7-6 samples is
2.5% (10) for *°Th, 2.6% (10) for **Th, and 2.9% (10) for >33U.

3.3. Planktic Foraminiferal Radiocarbon Analyses

The planktic foraminifera Neogloboquadrina pachyderma (sinistral), a subsurface-dwelling species living at
~50-200m water depth in the North Pacific [Kuroyanagi et al., 2002], was picked from the >150pum
fraction in 40 samples between midcore depths of 130.5 and 4.5 cm for accelerator mass spectrometry
(AMS) radiocarbon analyses. Each sample has a 1 cm core depth resolution. AMS radiocarbon analyses were
performed on ~5-10mg of planktic foraminifera at the National Ocean Science Accelerator Mass
Spectrometry (NOSAMS) facility at the Woods Hole Oceanographic Institution in Woods Hole, Massachusetts,
USA, and at the ETH accelerator facility in Zirich, Switzerland. Radiocarbon ages are reported according to
the convention outlined by Stuiver and Pollach [1977] and Stuiver [1980]. For two core depths (50.5 and
56.5 cm), duplicate measurements were performed, with radiocarbon ages of 11,850+ 50years and 12,286
+47 years for 50.5cm and 12,812+ 50years and 12,850 + 50 years for 56.5cm core depth. The reason for the
offset between the measured radiocarbon ages at 50.5cm is uncertain. For the following conversion of
radiocarbon to calendar ages, we used the average of the duplicate measurements, with the uncertainty
representing the deviation of the duplicates (12,068 +218years for 50.5cm and 12,831+ 19years for
56.5 cm). Conversion of radiocarbon to calendar ages was performed using the downloadable version of
Calib 7.0.4 (http://calib.qub.ac.uk/calib/calib.html) [Stuiver and Reimer, 1993] with the Marine13 calibration
curve [Reimer et al., 2013] and a laboratory error of 0. The Marine13 calibration incorporates a global ocean
reservoir correction of ~400 years. Using the Marine13 calibration curve in Calib 7.0.4, an estimate of AR, the
difference in reservoir age of the local region of interest and the model ocean [Reimer et al., 2013], has to be
provided. All reservoir ages reported here are total reservoir ages, including the global reservoir age
correction of 400 years and AR. We selected the reported 2 calibrated calendar age range of the probability
distribution [Telford et al, 2004]. To generate point estimates, we used the reported median of the
probability distribution, with the deviation of the upper and lower limits of the reported 2 range from the
median as an upper and lower error estimate. All calendar ages are reported in year B.P.

4, Results and Discussion

4.1. Terrestrial “He Concentrations and Fluxes

The *Heerr concentration record shows large changes over the sampled interval. Concentrations are ~700—
900 ncc STP g’1 from 1285 to 66.5cm, with a nearly monotonic decrease from bottom to top (Figure 2a).
Between 66.5 and 60.5 cm core depth, *“Hee,, concentrations drop rapidly to ~350ncc STPg™" and stay low
until 52.5cm core depth, when concentrations increase from ~450 to 700 ncc STPg™". “Heierr remains high
until 40.5 cm core depth and then drops to ~350 ncc STP g_1 within a narrow depth range of 6 cm, followed
by a slight decrease to constant values of ~200 ncc STPg~" between 26.5 cm and the core top.

The 2*°Th-normalized “Hee, flux record shows relatively constant fluxes of ~15,000 ncc STP/m?/yr between
1045 and 66.5cm core depth and elevated fluxes of ~17,000-22,000 ncc STP/m?/yr between 1285 and
104.5 cm, with a pronounced peak at 112.5 cm core depth and a sharp decrease between 112.5 and 104.5 cm
core depth (Figure 2b). Between 66.5 and 60.5cm, “Hererr fluxes decrease, but less pronounced than “Hererr
concentrations, and then constantly increase to ~18,000 ncc STP/m?/yr at 40.5cm core depth. *Heger fluxes
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Figure 2. (a) *Heerr concentrations, (b) *Heyerr fluxes, and (c) uncorrected  the thinning function for the NGRIP ice
planktic foraminiferal radiocarbon dates from marine sediment core core (after Johnsen et al. [2001]). The
50202-7-6 in the western SNP plotted over core depth. The error bars reconstructed NGRIP dust flux record
reprgs.ent.the total r.)ropagaiced uncertainty frqm al.l sources. Point-to-point shows a remarkable correspondence to
precision in evaluating relative changes over time is estimated to be much

better, as indicated by smooth transitions across many of the features in the proxy record of regional tempera-
the “Heyey records. ture based on oxygen isotopes, with

sudden transitions between short-term
deglacial climatic events occurring within a few years to decades (Figures 3a and 3b) [Ruth et al., 2007;
Steffensen et al., 2008]. Higher eolian dust flux during the cold stadials (LGM, HS1, and the Younger Dryas sta-
dial (YD) between 12,800 and 11,653 year B.P.) and lower eolian dust fluxes during the warm Belling/Allerad
(B/A; 14,630-12,800 year B.P.) and Holocene characterize the deglacial period in these records (Figures 3a and
3b). Dust supply is high during Heinrich Stadial 2 (HS2; 24,210-23,290 year B.P.).

The eolian dust supply to a deposition site far away from the source region is influenced by a variety of
factors, including the dust source strength, as a result of changes in the source area aridity, rock
weathering, soil surface conditions and vegetation cover, and the dust transport from source to deposition
site, which is influenced by changes in the dust transport path, wind intensity, and local precipitation.
Since both the SNP and Greenland share the same primary dust source in East Asia, comparison of the
dust deposition records from both regions should give valuable information about changes in the dust
transport or source strength.

For a direct comparison of the temporal variability in the 2%Th-normalized *Hereyy flux and “Herer
concentration records from S0202-7-6, as an indicator of eolian dust input to the western SNP, and the
NGRIP dust flux record, we first constructed a preliminary age model for SO202-7-6. This preliminary age
model is based on the planktic foraminiferal radiocarbon dates from S0202-7-6. We used a constant total paleor-
eservoir age of 700 years [Keigwin et al., 1992] to convert the radiocarbon to calendar ages in S0202-7-6. For time
periods of constant radiocarbon ages (Table 2 and Figure 2c), we did not estimate a calibrated calendar age
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Figure 3. Comparison of (a) the oxygen isotope record from the NGRIP ice
core in Greenland [Andersen et al., 2006; Rasmussen et al., 2006; Vinther
et al., 2006] and (b) the NGRIP dust flux record (dust concentration

data published in Ruth et al. [2007]), plotted on the GICCO5modelext time
scale, with (c) the 4Heterr flux and (d) 4Heterr concentration records
from SO202-7-6. The three grey bars indicate Heinrich Stadial 2 (HS2;
24,210-23,290 year B.P.), Heinrich Stadial 1 (HS1; 17,500-14,630 year B.P.),
and the Younger Dryas stadial (YD; 12,800-11,653 year B.P.). Time
periods in between the grey bars are the Last Glacial Maximum

(LGM; ~23,000-18,000 year B.P.) and the Bglling/Allergd (B/A; 14,630-
12,800 year B.P.). The data from SO202-7-6 are plotted on a preliminary
age model based on the planktic foraminiferal radiocarbon dates and a
constant total paleoreservoir age of 700 year [Keigwin et al., 1992]. See
section 4.2 for further information.

from the available radiocarbon samples.
Ages for these intervals have been
assigned through linear interpolation
between age tie points at the end and
beginning of these intervals. For all other
core depths in SO202-7-6, calendar ages
were assigned by assuming constant
sediment accumulation rates between
the nearest two radiocarbon samples.
Later, we further refine the age model
of S0202-7-6.

Comparing the S0202-7-6 dust deposi-
tion record on the preliminary age scale
with the NGRIP dust flux record indicates
that the dust flux changes observed in
Greenland during the last 27,000 years
are well defined in S0202-7-6 (Figure 3).
This is particularly true for the sudden
transition from high dust in HS1 into
the less dusty B/A, followed by the dus-
tier YD and a sudden transition into the
early Holocene with lower dust fluxes.
However, although the general patterns
in the eolian dust flux records from
Greenland and the western SNP show a
good temporal correspondence, we
observe significant differences in the
magnitude of dust flux changes between
the two regions (Figure 4). Dust fluxes to
Greenland are amplified by a factor of
~13-20 during the LGM and HS1 com-
pared to the Holocene, thereby indicat-
ing a much greater relative change in
eolian dust flux compared to the corre-
sponding relative dust flux change in
the western SNP with an amplification
by a factor of ~5. Furthermore, the dust
flux in Greenland nearly drops to
Holocene levels during the B/A, in con-
trast to the much smaller decrease in
the western SNP.

If the SO202-7-6 record faithfully tracks
nearby eolian dust sources in East Asia,
then the much larger amplitude of
dust flux variability in Greenland must
be attributed largely to changes in

atmospheric dust transport rather than changes in East Asian dust source strength. The atmospheric dust
transport efficiency can be influenced by the wind strength, by the atmospheric transport paths from East
Asia to Greenland, and by the rate of aerosol rainout during the transport from the source to deposition

site [e.g., Fischer et al., 2007].

During stadials, an increased meridional temperature gradient as a result of increased sea ice coverage, more
extensive ice sheets, and/or diminished overturning circulation in the North Atlantic is thought to result in a
more vigorous atmospheric circulation in the Northern Hemisphere, including stronger northern westerlies
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Table 2. Core Depth Intervals With Constant Radiocarbon Ages®

Age Control Point at the Age Control Point at the End of Radiocarbon Age Samples
Depth Interval (cm) Beginning of Interval (cm) Interval (cm) Within Interval® (cm)
12-4.5 125 4.5 5.5
36-30.5 36.5 30.5 325
48-45.5 48.5 455 46.5
60-52.5 60.5 525 53.5, 54.5, 56.5, 58.5
71-60.5° 71.5 60.5 62.5, 63.5, 64.5, 66.5, 67.5,

68.5, 70.5

82-76.5 82 76.5 785

@Ages within these intervals have been linearly interpolated between the age model tie points at the beginning and
end of the intervals.
Radiocarbon ages from these samples were not used for construction of final age chronology of SO202-7-6.
“Ages within this core interval linearly interpolated using the radiocarbon dates at 71.5 and 60.5 cm core depth and
the dust tie point at 63.5 cm core depth.
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Figure 4. Graphic illustration of the amplification factor for eolian dust fluxes recorded in the western SNP and Greenland
over the last deglaciation, in comparison to Holocene fluxes. The 4Heterr flux record from SO202-7-6 (blue line and squares)
(this study; plotted on preliminary age model based on the planktic foraminiferal radiocarbon dates and a constant total
reservoir age of 700 year) is compared to the NGRIP dust flux record (red line), with the NGRIP record plotted on the
GICCO5modelext time scale and smoothed by using weighted averages for 15 data points per window. The dashed horizontal
line indicates the reference level for the normalization. We normalized to the median of flux values from 9000 to 3000 year B.P.
for the 4Heterr flux record (constant Holocene fluxes) and to the median of fluxes from 11,000 to 10,000 year B.P. for the NGRIP
dust flux record, respectively. We normalize the NGRIP dust fluxes to the median from 11,000 to 10,000 year B.P. because the
NGRIP dust concentration record from Ruth et al. [2007] ends at ~10,000 year B.P. This is justified by the GISP2 Gt record, with
Ca?tin ice serving as an eolian dust indicator. The GISP2 Ca?" record shows little change in dust deposition in Greenland
during the past 11,000 years [Mayewski et al., 1997]. YD: Younger Dryas stadial, B/A: Balling/Allergd interstadial, HS1 and HS2:
Heinrich Stadials 1 and 2, LGM: Last Glacial Maximum.
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[e.g., Svensson et al, 2000; Tegen and Rind, 2000; Fischer et al, 2007; Ruth et al., 2007]. This vigorous
atmospheric circulation can explain the strong coupling between regional climate signals in Greenland
and East Asia on time scales of a few years to decades [e.g., Porter and An, 1995; Ruth et al., 2007; Yancheva
et al, 2007; Nagashima et al., 2011; Sun et al, 2012]. Besides stronger northern westerlies and higher
cyclonic activity, atmospheric and coupled atmosphere-ocean circulation models provide evidence for
modified atmospheric transport paths from East Asia to Greenland as a result of a more extensive
Laurentide Ice Sheet during stadials. The extensive Laurentide Ice Sheet represents a topographic barrier
to the westerly jet stream, resulting in a split of the jet into a northern branch (over Alaska and the
Canadian Arctic) and a southern branch south of the ice sheet (present central and southern United
States) [e.g., Kutzbach and Wright, 1985; Manabe and Broccoli, 1985; Bush and Philander, 1999; Bromwich
et al., 2004]. The northern branch of this split jet would represent a shortened transport pathway from East
Asian deserts to Greenland [e.g., Fischer et al., 2007; Ruth et al., 2003].

The importance of the variability of the Laurentide Ice Sheet for wind shifts has also been pointed out by
Wunsch [2006]. He suggested that Dansgaard/Oeschger events during the last glacial period were a conse-
quence of interactions of the wind field with the continental ice sheets, driving rapid changes in ocean circu-
lation, and pronounced temperature and precipitation changes. Further, a Northern Hemisphere-wide
decrease in precipitation has been reconstructed for stadials in modeling studies [e.g., Tegen and Rind,
2000], possibly resulting in decreased wet deposition of dust on its way from its East Asian source to the
deposition site in Greenland [Tegen and Rind, 2000; Fischer et al., 2007]. All these factors (more vigorous atmo-
spheric circulation, split of jet stream, and decreased precipitation) can play a role in explaining the higher
transport efficiency of eolian dust from East Asia to Greenland during stadials, leading to observed differ-
ences in relative dust flux changes between Greenland and the western SNP.

While relative dust flux changes between Greenland and the western SNP show differences, the apparent
synchronicity in the patterns of sudden transitions in the records suggests that the timing of abrupt dust
flux changes during the last deglaciation was synchronous in both regions. Support for this assumption
comes from geochemical evidence for a common dust source in the western SNP and Greenland [Biscaye
et al., 1997; Svensson et al., 2000; Bory et al., 2002, 2003] and previous findings of a close atmospheric
coupling between the two regions during the last deglaciation and Holocene [e.g., Ruth et al., 2007; Max
et al., 2012; Kuehn et al., 2014; Praetorius and Mix, 2014]. Further, different components of Earth’s climate
system are likely to change concurrently during periods of abrupt climate change [e.g., Alley et al., 2003], a
feature that has been extensively used in paleoceanographic studies to line up transitions in records of the
same parameter between different regions [e.g. Pisias et al., 1984; Martinson et al., 1987]. Therefore,
changes in the atmospheric transport patterns between the two regions, as we argue above, likely lead to
relative changes in the amplitude but not necessarily change the pattern of timing. The synchronicity in
the timing of sudden dust flux changes in Greenland and the SNP enables the tying of the sudden
transitions in the records from $S0202-7-6 to corresponding transitions in the well-dated dust flux record
from Greenland to reconstruct deglacial paleoreservoir ages in the western SNP and to further refine the
age model for SO202-7-6.

4.3. Dust Record Tuning Between Greenland and the Subarctic North Pacific

While transitions in the marine records are not as abrupt as in ice core records due to a lower sampling
resolution and bioturbation in marine sediments, we can identify three tie points in the coupled eolian
dust records: the midtransitions from the YD into the early Holocene interglacial and from HS1 into the B/A,
as well as the midtermination of HS2 (cf. Figures 5a and 5b). The midtransition from the YD into the early
Holocene interglacial at 11,653 £ 50 year B.P. at NGRIP [Rasmussen et al., 2006] can be tied to the sudden
transition from high to low “He e, fluxes and concentrations between 40.5 and 34.5 cm core depth, with the
midpoint of the transition at 37.5 cm as the tie point (Figure 5 and Table 3). The tailing off in the S0202-7-6
records following the sharp decrease characterizing the YD-early Holocene transition (Figures 5b and 5¢) is a
common, yet not fully understood, feature in other global paleoceanographic records at this time [e.g.,
Keigwin, 1998; McManus et al., 2004]. We therefore define the transition in SO202-7-6 as the sharp decrease
until the tailing off begins at 34.5cm core depth. The midtransition from the dusty HS1 into the B/A at
14,630 + 93 year B.P. [Andersen et al., 2006] can be tied to the midpoint of the sudden transition from high to
low “Hegerr fluxes and concentrations between 66.5 and 60.5cm core depth (63.5cm as the tie point;
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Figure 5. Comparison of (a) the NGRIP dust flux record, plotted on the GICCO5modelext time scale, with (b) the 4Heterr flux
and (c) 4Heterlr concentration records from S0202-7-6 plotted against core depth. The three grey bars in (a) indicate HS2,
HS1, and the YD. The dark grey lines show the match-up of the YD-early Holocene and HS1-B/A midtransitions between the
NGRIP dust flux (11,653 +£50 and 14,630 + 93 year B.P., respectively) and 4Heterlr flux and concentration records (37.5 and
63.5 cm core depth, respectively), as well as the match-up of the HS2 midtermination in the NGRIP dust flux record at
23,290 + 298 year B.P. with the midtransition from high to lower 4Heterr fluxes at 108.5 cm core depth in SO202-7-6.

Figure 5 and Table 3). The midtermination of HS2 at 23,290 + 298 year B.P. in the NGRIP climatic records
[Andersen et al., 2006] corresponds to the transition from high to low *Heier flux between 112.5 and
104.5 cm core depths in SO0202-7-6, with the tie point set at 108.5cm (Figure 5 and Table 3). Consequently,
we use each of the dust-derived age control points to refine the age model for SO202-7-6.

4.4, Deglacial Changes of Surface Water Paleoreservoir Ages in the Western Subarctic North Pacific

Incorporating the three dust tie points into the high-resolution planktic foraminiferal radiocarbon
stratigraphy allows us to determine radiocarbon paleoreservoir ages at the tie points. For the tie point at
63.5cm core depth, we used the measured planktic foraminiferal radiocarbon date at this core depth. For
the tie points at 37.5 and 108.5 cm core depth, for which we do not have a measured radiocarbon age, we
linearly interpolated between the two neighboring planktic foraminiferal radiocarbon dates (Table S1 in
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Table 3. List of the Three Dust Tie Points in Sediment Core SO202-7-6, With Core Depth, Radiocarbon Age With Uncertainty, Calendar Age, Paleoreservoir Ages for
the Midpoint, 33% of the Distance From the Midpoint to the Beginning and End of the Dust Transitions (See Section 4.4 for More Details), and Resulting Reported
Paleoreservoir Ages With Uncertainties

Paleoreservoir Age (year)

Reported Paleoreservoir

Radiocarbon Calendar Age With Uncertainty ~ Midpoint of Dust ~ 33% to Beginning of ~ 33% to End of Age With Uncertainty
Core Depth (cm) Age (year) (year B.P) Transition Transition® Transition® (year)
375 10,825 £ 40 11,653 + 50° 745 885 640 745+ 140
870 615
850 605
63.5 13,150 £ 45 14,630 + 93¢ 680 1,010 615 680 + 228
980 580
955 555
108.5 20,135+ 56 23,290 + 298¢ 790 1,290 780 790 £ 498
1,045 535
805 295

@We present three estimates of total paleoreservoir age for each dust tie point for the radiocarbon age at the depth 33% of the distance from the midpoint to
the beginning and end of the dust transitions. The first value is for a reported calendar age minus uncertainty (11,603 year B.P. for 37.5 cm, 14,537 year B.P. for
63.5 cm, and 22,992 year B.P. for 108.5 cm core depth), the second for the reported calendar age (11,653, 14,630 and 23,290 year B.P., respectively), and the third
for the reported calendar age plus uncertainty (11,703, 14,723, and 23,588 year B.P., respectively).

Calendar age for midtransition from Rasmussen et al. [2006].

“Calendar age for midtransition from Andersen et al. [2006].

the supporting information). The uncertainty of the interpolated radiocarbon ages reflects the propagated

error from the two neighboring radiocarbon dates.

The reported paleoreservoir age for each dust tie point is the reservoir age at which the median of the
probability distribution for the radiocarbon date in Calib 7.0.4 matches the reported calendar age of the
three tie points (11,653, 14,630 and 23,290 year B.P., respectively; Table 3), using the conversion approach
presented in section 3.3. We applied an empirical approach to estimate uncertainties for the
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Figure 6. Graphic illustration for the approach to calculate the paleoreser-
voir age uncertainty for the YD-early Holocene transition. Radiocarbon ages
for the core depths of 4Heterr flux measurements are linearly interpolated
from the dates of analyzed radiocarbon samples in SO202-7-6. The grey bar
marks the time period of the YD-early Holocene transition (40.5-34.5cm
core depth), and the solid vertical black line marks the midtransition with a
calendar age of 11,653 year B.P. (37.5 cm core depth). The radiocarbon age
of the midtransition provides our best estimate of the paleoreservoir age.
The two dashed vertical lines are at 33% of the distance from the midpoint
of the transition to the start and end of the transition (34.5 and 40.5 cm core
depth, respectively). We have performed the same approach for the other
two dust tie points, as explained in the text.

paleoreservoir ages. Starting at the
depth of the dust tie point, we selected
the depths corresponding to 33% of
the distance from the dust tie point to
the beginning and end of the dust
transition (38.5 and 36.5 cm for the YD-
early Holocene transition, 64.5 and
62.5 cm for the HS1-B/A transition, and
109.8 and 107.2cm for the HS2
termination; Figure 6). For those core
depths, we estimated the radiocarbon
age by linear interpolation between
the two neighboring foraminiferal radio-
carbon dates. For the two core depths at
33% of the distance from the dust tie
point, we reconstructed the paleoreser-
voir ages at which the median of the
probability distribution matches the
reported calendar age (11,653, 14,630
and 23,290year B.P. respectively), the
reported calendar age minus calendar
age uncertainty (11,603, 14,537 and
22,992 year B.P, respectively), and the
reported calendar age plus calendar
age uncertainty (11,703, 14,723 and
23,588 year B.P., respectively; Table 3).
The reported uncertainty for the
paleoreservoir age of the dust tie
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Figure 7. Calibrated calendar ages versus core depth for the dust tie points (red squares) and the planktic foraminiferal
radiocarbon samples (black squares) used to construct the final age model of SO202-7-6. LSR—Ilinear sedimentation
rates (cm/kyr).

points is estimated as the mean of the maximum deviations between the paleoreservoir age of the
midpoint and the three paleoreservoir ages for the core depths at 33% of the distance from the midpoint
to the beginning and end of the transition.

As a result of our reservoir age reconstruction, our paleoreservoir ages are 745 + 140 years for the YD-early
Holocene midtransition, 680 +228years for the HS1-B/A midtransition, and 790 +498 years for the HS2
midtermination (Table 3). The calculated reservoir ages for the intervals spanning the midtransition of HS2,
the transition from HS1 to B/A, and the YD-early Holocene transition fall in a relatively narrow range,
within the range of observed modern surface water reservoir ages in the western SNP (418-967 years)
[Yoneda et al., 2000, 2002, 2004, 2007; Kuzmin et al., 2001, 2007]. They are also in good correspondence
with reconstructed constant paleoreservoir ages since 16,000 year B.P. in the western SNP [Duplessy et al.,
1989; Keigwin et al., 1992; Lam et al., 2013; Sarnthein et al, 2013] (Table 1) and with studies assuming a
relatively constant paleoreservoir age in the range of modern reservoir ages throughout the entire last
deglaciation in the western SNP [e.g., Ahagon et al., 2003; lkehara et al., 2006; Max et al., 2012] and Bering Sea
[Kuehn et al., 2014].

Our results are in contrast to a study from nearby core MD01-2416, with older paleoreservoir ages of
945-2150years reconstructed before 16,000year B.P. early in the last deglaciation [Sarnthein et al., 2013]
(Table 1). We do not have a paleoreservoir age estimate between the midtermination of HS2 and the HS1-B/A
transition and cannot directly evaluate paleoreservoir ages during the LGM and HS1. However, considering
the relatively old paleoreservoir ages inferred by Sarnthein et al. [2013] for the time period between 18,980
and 16,050 year B.P.,, in comparison to our reconstructed paleoreservoir ages of 790 +498 years at the HS2
termination and 680 + 228 years at the HS1-B/A transition, one would have to conclude that either there were
two major reorganizations in the oceanic carbon system between the end of HS2 and HS1 in the western
SNP, leading first to a substantial increase in reservoir age and then to a return to the original value, or that
the radiocarbon plateau method overestimates paleoreservoir ages during the LGM and early deglaciation.
Future paleoceanographic studies should attempt to evaluate if there were two major reorganizations in the
water column stability of the western SNP during the LGM and HS1.

4.5, Construction of the Age Model of S0202-7-6

The dust tie points were combined with the planktic foraminiferal radiocarbon stratigraphy to refine the age
model of SO202-7-6 (Figure 7). Since the paleoreservoir ages from the three dust tie points overlap within
their estimated uncertainties, we used the mean of the three ages of 738 years and the uncertainty in the
average of 326 years to convert the planktic foraminiferal radiocarbon to calendar ages. For time periods
of constant radiocarbon ages (Table 2), we did not estimate a calibrated calendar age from the available
radiocarbon samples and ages for these intervals have been assigned through linear interpolation
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Figure 8. Examples illustrating the potential for global eolian dust records to be used as a chronostratigraphic tool for
marine sediment cores. Two marine sediment records of dust flux based on 232Th, one from the equatorial Pacific (red
line and diamond symbols; TNO13-PC72) [Winckler et al., 2008] and the other from the Subantarctic Atlantic (blue line and
square symbols; PS2498-1) [Anderson et al., 2014], showing good temporal synchronicity with the dust flux record from
EPICA Dome C in Antarctica (black line) [Lambert et al., 2012] over the last ~100 kyr. Note that the EPICA Dome C ice core
record is plotted with a logarithmic scaling.

between age tie points at the end and beginning of these intervals, similar to the approach for the
preliminary age model of SO202-7-6 presented in section 4.2. For all other core depths in S0202-7-6,
calendar ages were assigned by assuming constant sediment accumulation rates between the nearest two
age model tie points, either dust tie points or radiocarbon samples (Figure 7).

Linear sedimentation rates (LSRs), resulting from the linear interpolation between age model tie points, range
between 2 and 7 cm/kyr in the intervals of 130.5-72.5cm (27,359-15,197 year B.P.) and 30.5-4.5 cm core
depth (11,004-3894 year B.P.), and are slightly higher with ~7-20 cm/kyr between 72.5 and 30.5cm core
depth (15,197-11,004 year B.P.) (Figure 7). The time period with larger LSRs mainly covers the B/A, a warm
interstadial that is characterized by a significant increase in deposition of biogenic components (biogenic
opal, calcium carbonate, and organic carbon) compared to HS1 and the YD [e.g., Crusius et al, 2004;
Jaccard et al., 2009; Brunelle et al., 2010; Kohfeld and Chase, 2011; Lam et al., 2013]. As we observe only a
slight decrease in eolian dust supply during the B/A, we conclude that the higher LSR spanning the B/A is
a result of greater biogenic component deposition.

4.6. Global Potential of Eolian Dust Records as a Chronometer

The evidence provided above indicates that eolian dust records can be applied as a chronostratigraphic tool
for marine sediment cores from the western SNP, especially for time periods of sudden climatic transitions like
the last deglaciation. The application of this tool can be of high significance in other regions of the
global ocean.

A potentially important region for its application is the Southern Ocean. Anderson et al. [2014] and Lamy et al.
[2014] previously observed good temporal synchronicity between lithogenic sediment proxy records from
the Southern Atlantic and Pacific Oceans and the dust flux record from the European Project for Ice Coring
in Antarctica (EPICA) Dome C ice core in Antarctica [Lambert et al., 2012]. Both sediment studies used
the lithogenic sediment proxy data to modify initial age estimates by aligning features in the marine
dust records to features in the Dome C dust flux record for the last 800kyr, similar to an earlier
approach by Petit et al. [1990]. In Figure 8, we present the marine sediment lithogenic flux record,
based on 2*°Th-normalized 232Th fluxes, from a core in the Subantarctic Atlantic [Anderson et al., 2014]
that shows a good correspondence with the Dome C dust flux record in the general pattern of dust flux
changes during the last ~100 kyr.

A study from the equatorial Pacific showed that low-latitude dust fluxes, based on 2*°Th-normalized #2Th
fluxes, are also well correlated with records of global ice volume and of eolian dust supply to Antarctica over
multiple glacial cycles without any age model adjustment using the dust flux records [Winckler et al., 2008]
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(Figure 8). Since age control of marine sediments in the equatorial Pacific was determined independently and
since the equatorial Pacific and Antarctica are characterized by different dominant dust sources, the good
correlation of the two records provides evidence that dust generation in interhemispheric source regions
exhibits a coherent temporal response to climate change [Winckler et al., 2008; McGee et al., 2010], following
the principle that different components of Earth’s climate system are likely to change concurrently during
periods of climate change [e.g., Alley et al., 2003].

While several factors, including source strength, wind patterns, and washout, affect dust deposition, published
dust data from different regions of the global ocean show good temporal correspondence to climatic and dust
flux changes documented in ice cores over different time scales, indicating the potential of using eolian dust
records as a chronometer. If a correlation between dust flux and climate can be established for different
regions, after careful and rigorous testing, then eolian dust may be reliably employed as a
chronostratigraphic tool in regions without physical connection to a specific, or precisely known, dust source.

5. Summary and Conclusions

Comparing a record of *Heqe-based dust fluxes from sediment core S0202-7-6 with the high-resolution dust
flux record from the NGRIP ice core [Ruth et al., 2007] provides evidence that there is a good coherence in
temporal dust deposition changes in Greenland and the western SNP (Figure 3), two regions with the
same dominant dust source, while the amplitude of dust flux variability over the past 27,000 years is much
smaller in the western SNP near to the East Asian dust sources, compared to Greenland (Figure 4). The
much larger amplitude of variability in the Greenland dust flux record indicates that the efficiency of dust
transport to Greenland must have changed synchronously with dust supply, possibly due to climate-
related displacement of prevailing winds. This information is crucial for modeling approaches to study the
potential climatic impact of dust loading in the atmosphere in the past, present, and future, and it can be
used to make a step forward in better understanding the importance of changes in the wind fields versus
ocean circulation for climatic changes in glacial and interglacial periods [e.g., Schmittner, 2005; Wunsch,
2006]. Studies of additional sites will be needed to confirm our observation.

The synchronicity of temporal dust flux changes during the last deglaciation in Greenland and the western
SNP, especially at sudden transitions from high to low dust periods, enables the application of high-
resolution eolian dust records in marine sediment cores as a chronostratigraphic tool in the western SNP
(Figure 5). Synchronicity in abrupt dust deposition changes is further shown between the dust records
from Antarctica and marine sediment cores from the Southern Ocean and the equatorial Pacific over the
last ~100 kyr (Figure 8), illustrating that the dominant processes regulating dust generation experience a
coherent response to global climate change. This indicates that eolian dust records may serve as a
chronostratigraphic tool in different regions of the global ocean, and if future studies provide further
evidence of synchronous variability, a greater confidence will be gained in using dust records more
broadly for age control in paleoceanographic research. This is essential in regions where reliable age
determination with common dating techniques is complicated by confounding factors. These regions
include the SNP, but also the Southern Ocean characterized by sediments below the carbonate
compensation depth and therefore by a limited amount of foraminifera to date. For time periods of short-
term pronounced climatic events like the last deglaciation, this chronostratigraphic tool can significantly
improve age determination in marine sediments.

Combining three dust-based tie points with a high-resolution planktic foraminiferal radiocarbon stratigraphy,
surface water paleoreservoir ages during the last deglaciation can be reconstructed independently, and a
reliable age model for core S0202-7-6 could be constructed for the last 27,000 years. The reconstructed
paleoreservoir ages for the YD-early Holocene transition, as well as the HS1 and HS2 terminations, overlap
within their respective uncertainties (745 + 140, 680 + 228, and 790 + 498 years, respectively) and fall in the
range of modern surface water reservoir ages in the western SNP (418-967 years) [Yoneda et al., 2000,
2002, 2004, 2007; Kuzmin et al., 2001, 2007], thereby suggesting that reservoir ages remained relatively
constant during the last ~23,000 years. This is in contrast to older paleoreservoir ages during the early last
deglaciation reported for the western SNP (945-2150years) [Sarnthein et al., 2013]. Future studies should
examine in more detail the paleoceanographic and ventilation history during the early deglaciation in the
western SNP to verify the older paleoreservoir ages documented during this time period.
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