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Eolian dust is a significant source of iron and other nutrients that are essential for the health of marine
ecosystems and potentially a controlling factor of the high nutrient-low chlorophyll status of the Subarctic
North Pacific. We map the spatial distribution of dust input using three different geochemical tracers of
eolian dust, “He, 232Th and rare earth elements, in combination with grain size distribution data, from a
set of core-top sediments covering the entire Subarctic North Pacific. Using the suite of geochemical
proxies to fingerprint different lithogenic components, we deconvolve eolian dust input from other

fgﬁ‘;vﬁrgigt lithogenic inputs such as volcanic ash, ice-rafted debris, riverine and hemipelagic input. While the open
Subarctic North Pacific ocean sites far away from the volcanic arcs are dominantly composed of pure eolian dust, lithogenic
INOPEX components other than eolian dust play a more crucial role along the arcs. In sites dominated by dust,
helium-4 eolian dust input appears to be characterized by a nearly uniform grain size mode at ~4 pum.

;;232 Applying the 230Th-normalization technique, our proxies yield a consistent pattern of uniform dust fluxes

of 1-2 g/m? /yr across the Subarctic North Pacific. Elevated eolian dust fluxes of 2-4 g/m? /yr characterize
the westernmost region off Japan and the southern Kurile Islands south of 45° N and west of 165° E
along the main pathway of the westerly winds. The core-top based dust flux reconstruction is consistent
with recent estimates based on dissolved thorium isotope concentrations in seawater from the Subarctic
North Pacific. The dust flux pattern compares well with state-of-the-art dust model predictions in the
western and central Subarctic North Pacific, but we find that dust fluxes are higher than modeled fluxes
by 0.5-1 g/m?/yr in the northwest, northeast and eastern Subarctic North Pacific. Our results provide
an important benchmark for biogeochemical models and a robust approach for downcore studies testing
dust-induced iron fertilization of past changes in biological productivity in the Subarctic North Pacific.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Eolian dust is a major driver in the global climate system
through its influence on light scattering and absorption (Harrison
et al.,, 2001; Tegen and Fung, 1994), cloud and precipitation prop-
erties (Kaufman et al.,, 2002; Levin et al., 1996), and the oceanic
biogeochemical cycles of carbon and nutrients as a result of deliv-
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ering micronutrients like iron (Duce and Tindale, 1991; Jickells et
al., 2005; Martin, 1990).

The Subarctic North Pacific (SNP) is one of the three princi-
pal High Nutrient-Low Chlorophyll (HNLC) regions of the world
ocean, together with the equatorial Pacific and Southern Ocean.
These regions are characterized by an excess pool of macronutri-
ents delivered to the euphotic zone by mixing that is incompletely
consumed during the annual biogeochemical cycle (Falkowski et
al., 1998). The incomplete consumption has been explained by a
lack of dissolved iron for which eolian dust is suggested to be the
primary source in the SNP (e.g., Bishop et al, 2002; Duce and
Tindale, 1991; Martin and Fitzwater, 1988; Martin et al., 1989;
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Fig. 1. Location map of the 37 multicorer core-top sediment stations of the SO202-INOPEX cruise (yellow circles). The regions marked by black densely dotted lines indicate
the Kamchatka Transect in the northwest SNP (stations 1-9), the Alaska Transect in the northeast SNP (stations 23-31) and the Southern Transect (stations 32-45). The
regions marked by grey dotted lines indicate the volcanic regions 1-3 for the REE approach, as defined in Section 3.2.2. Black labels in italics indicate topographic locations
in the Subarctic North Pacific region. Red stars mark the locations of sediment cores referenced in the text: ODP sites 810C (Natland, 1993) and 881-882 (Cao et al., 1995a).
ODP site 887 (Cao et al., 1995b) and MD02-2489 (Gebhardt et al., 2008) are located near stations 26-28, RAMA 44PC (Keigwin et al., 1992) is located near station 5 and the
site of core RC10-196 (Kohfeld and Chase, 2011) is located near station 13. The map was created using Ocean Data View 4.3.10 (Schlitzer, 2011). KamSt - Kamchatka Strait.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Rea, 1994). To test this hypothesis under modern conditions and
in the past, we need reliable high-resolution dust records that are
presently not available. The recent DIRTMAP3 compilation (Maher
and Kohfeld, 2009, and references therein) with the addition of
data based on surface water concentrations of dissolved aluminum
(Measures et al., 2005) and 239Th-normalized 232Th fluxes (Kohfeld
and Chase, 2011) show considerable variability in the Holocene
spatial pattern of dust input to the SNP, varying between 0.1 and
21.4 g/m?/yr without a clear geographical pattern. Therefore, most
studies rely on dust model predictions. Model reconstructions are
challenged by the complexity of the topography and local cli-
matic settings of the East Asian dust source regions which can
result in over- or under-representations of important sources like
the Taklimakan desert (Luo et al., 2003; Tanaka and Chiba, 2006;
Yumimoto et al., 2009). Since arid regions in East Asia are proposed
to be the dominant dust sources to the SNP (e.g., Duce et al., 1980;
Husar et al., 2001; Sun et al, 2001; Tanaka and Chiba, 2006;
Uno et al., 2011), with potential minor contributions from North
Africa, Middle East and Central Asia (Creamean et al., 2013; Hsu et
al.,, 2012; Tanaka and Chiba, 2006), their complexity can result in
uncertainties of model predictions for the SNP.

In this study, we present results from an extensive set of multi-
corer core-top sediments covering the SNP. In combination with
biogenic component and grain size distribution data as well as
230Th-normalized mass accumulation rates (MARs), we reconstruct
spatial dust flux patterns from three unique and independent
geochemical tracers of dust: “He, 232Th and rare earth elements
(REEs). We use geochemical data from dominant East Asian dust
sources for long-range atmospheric transport (Ferrat et al., 2011;
McGee, 2009) and from volcanic ash layers from ODP sites in the
SNP (Cao et al., 1995a, 1995b) as lithogenic endmembers to de-
termine the sedimentary dust component. We compare the proxy

results with each other to verify their potential as dust flux proxies
and compare our results to model estimates and published obser-
vational data.

2. Study area, material and methods
2.1. Study area and material

Samples from the top one c¢cm were used from 37 multi-
corer sediment cores recovered during the SO202-INOPEX cruise
in 2009 (Fig. 1; Table 1; Gersonde, 2012). The Kamchatka Tran-
sect in the northwest SNP consists of stations 1-9, the Alaska
Transect in the northeast SNP of stations 23-31 and the South-
ern Transect of stations 32-45 (Fig. 1). Sediment lithology varies
over the cruise track from clay-bearing diatomaceous muds at sta-
tions 10-12 in the southern Bering Sea to foraminiferal sands at
shallower stations like station 26 on the Patton Seamounts in the
northeast SNP. We have not determined dust fractions and fluxes
from Bering Sea stations 10-22 because it is not possible to quan-
titatively deconvolve riverine input in the Bering Sea from East
Asian dust, as described in the Supplementary Information, Sec-
tion 1.

Linear sedimentation rates (LSRs) along the cruise track are
highly variable (Table 1). They can be as low as 0.5 cm/kyr or
lower for the deeper stations along the Southern Transect (stations
32, 33, 34, 36, 38, 39, 41, 42, 45), based on paleomagnetic obser-
vations (Opdyke and Foster, 1970; Lucia Korff, University of Bre-
men, personal communication). Along the Kamchatka and Alaska
Transects, LSRs are found to be >4 cm/kyr based on paleomag-
netic data (Opdyke and Foster, 1970). This is supported by results
from sediment core RAMA 44PC, located on the Meiji Seamount
in the northwest SNP nearby station 5 (Fig. 1), indicating LSRs
between 7 and 29 cm/kyr (Keigwin et al, 1992). Gebhardt et al.
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Table 1

Multicore name, station/sample ID, location information, and water depth of the 37 INOPEX multicorer core-top sediment stations. The 26 stations considered for the dust
fraction and flux estimations are indicated in bold. LSRs are assumed based on either paleomagnetic data (Opdyke and Foster, 1970; Lucia Korff, University of Bremen,
personal communication) or estimates from downcore studies in the northwest (Keigwin et al., 1992) and northeast SNP (Gebhardt et al., 2008), as described in Section 2.1.

No LSR information is available for stations 37 and 40.

Multicore name Station/sample Latitude Longitude Location Water depth LSR
ID (°N) (°E) (m) (cm/kyr)
S0202-1-3 1 44.0259 152.9199 Off Kurile Islands 5282 6
S0202-2-4 2 46.9689 156.9821 Off Kurile Islands 4822 6
$S0202-3-4 3 49.6141 160.3790 Off Kurile Islands 5429 6
S0202-4-3 4 51.8633 163.1604 Off Kamchatka 5273 6
$0202-5-3 5 52.6961 164.9193 Northwestern Meiji Drift 3362 6
$0202-6-2 6 51.9020 166.4902 Northwestern Meiji Drift 3422 5
$0202-8-1 8 50.5422 170.8213 Detroit Seamount 3630 5
$0202-9-2 9 49.6635 175.1615 Northeastern Meiji Drift 5028 4
S0202-10-2 10 52.7427 179.8478 South of central Aleutian Trench 1488
S0202-11-1 11 531113 178.8999 Southern Bowers Ridge 2704
S0202-12-2 12 54.0507 179.0877 Southern Bowers Ridge 2108
S0202-13-4 13 54,9788 177.9572 Central Bowers Ridge 1383
S0202-14-5 14 56.7863 178.8238 Central Aleutian Basin 3822
S0202-15-4 15 59.5124 180.1508 Northern Bering Slope 3137
S0202-18-1 18 60.1263 180.5567 Northern Bering Slope 1108
S0202-19-5 19 57.6512 184.3217 Bering Slope 1751
S0202-21-2 21 54.7888 189.6722 Unimak Plateau 1911
S0202-22-1 22 54.5737 1911877 Unimak Plateau 1478
S0202-23-4 23 521727 199.4957 South of eastern Aleutian Trench 4613 4
S0202-24-2 24 53.0025 203.1930 South of eastern Aleutian Trench 4565 4
$0202-25-1 25 54.0985 208.6857 South of eastern Aleutian Trench 4588 6
50202-26-1 26 54.6378 210.3835 Patton Seamounts 742 10
$0202-27-1 27 54.2962 210.4028 Patton Seamounts 2916 10
$S0202-28-1 28 54.4018 2111157 Patton Seamounts 3710 10
$0202-29-5 29 52.0280 211.1053 Gibson Seamount 3984 4
$0202-31-5 31 49.6775 208.5475 Seamount in eastern SNP 3744 4
$0202-32-5 32 45.5003 202.4998 Abyssal Plain in eastern SNP 5302 1
$0202-33-5 33 45.0838 186.1407 North of Chinook Trough 6159 1
$0202-34-4 34 40.8875 183.6760 East of south Emperor Trough 5713 0.5
$0202-36-6 36 38.1898 176.6966 Northeastern Hess Rise 4522 05
$0202-37-1 37 37.7675 176.2683 Northern Hess Rise 3573 N/A
$0202-38-1 38 38.0435 169.2812 West of Ojin Seamount 5503 1
$0202-39-2 39 38.0115 164.4467 East of northern Shatsky Rise 5096 1.66
$0202-40-2 40 38.0013 162.6848 Northern Shatsky Rise 3462 N/A
$0202-41-3 41 38.4132 160.3342 West of northern Shatsky Rise 5408 2
$0202-42-3 42 38.8917 157.6282 Abyssal Plain in western SNP 5535 1.74
S0202-45-2 45 40.2917 149.4850 Abyssal Plain in western SNP 5476 5

(2008) find Holocene LSRs of ~10 cm/kyr nearby stations 26-28
in core MD02-2489 from the Patton Seamounts. Because of these
relatively high LSRs and since the sediment-water interface was
successfully collected in the multicorer tubes during the INOPEX
cruise (Gersonde, 2012), we assume modern age for the core-top
sediment samples at all but the deep Southern Transect stations.
Independent age constraints for the surface samples are not avail-
able.

2.2. Methods

For all INOPEX core-top samples, we analyzed helium isotopes,
U/Th isotopes, REE, calcium carbonate and biogenic opal concen-
trations at Lamont-Doherty Earth Observatory (LDEO) following
published procedures. All concentration data were corrected for
the contribution of salt to the dry sample weight. For 23 of the
37 samples, grain size analyses were performed at the Bentley
University Particle Size Laboratory following the method described
in Machalett et al. (2008). We further determined three endmem-
ber Weibull functions (EM1-EM3) that best described the observed
size distributions and estimated the relative abundance of each
endmember in each sample using the iterative least-square method
described in McGee et al. (2013). For five East Asian dust source
samples, we analyzed REE concentrations in the bulk, 0-4 and
4-8 um size fractions. Detailed information about the analytical

methods as well as uncertainties of the analyses are provided in
the Supplementary Information, Section 2.

3. Results

All INOPEX core-top data and dust source data are avail-
able in Supplementary Datasets 1 and 2 and through PANGAEA
(doi.pangaea.de/10.1594/PANGAEA.823124).

3.1. Grain size distribution

For the 23 analyzed samples, we can observe three dominant
lithogenic endmembers (Fig. 2). The fine endmember with a mode
at ~4 pm is the dominant endmember for all stations of the
Southern Transect, and is also present along the other transects.
Some samples of the Kamchatka and Alaska Transects show a
slightly coarser mode for this endmember at ~4.5-5 pm. The other
two endmembers with coarser modes at ~20 and 45 pum, respec-
tively, are observed in the size distributions of all samples, but only
become significant for the stations of the Kamchatka and Alaska
Transects along the volcanic arcs (Fig. 2).

Using the method of McGee et al. (2013), we determined three
endmember Weibull functions EM1-EM3 with mode values of 4,
25, and 44 nm, respectively (Supplementary Fig. S1), that best de-
scribed the observed size distributions, and estimated the relative
abundance of each endmember in each sample.
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Fig. 2. Grain size distribution data for 23 INOPEX multicorer core-top sediment sam-
ples. Station samples 2-9 from the Kamchatka Transect (top), samples 23-25 and
27-31 from the Alaska Transect (middle) and samples 32-36, 38, 39 and 41-45
from the Southern Transect (bottom) are presented. From the 92 reported bins, only
the differential volume data from the bins ranging from 0.38 to 300 pm are shown
since contributions from particle size classes >300 pm are negligible. The grey bars
indicate the three grain size endmembers at ~4, 20 and 45 pm.

3.2. Dust fractions

We used different geochemical proxies, “He, 232Th and REE,
measured in the INOPEX core-top samples, in combination with
information about dust and volcanic endmembers, to determine
the dust fraction of each sample, defined as the dust contribution
to the lithogenic (or non-biogenic) fraction of the marine sedi-
ments.

For quantitative comparisons of the marine sediment results
with source area data, we normalize the proxy concentration mea-
sured in the bulk sediment, [X]puk, to the lithogenic fraction:

‘He_  (ncc STPg")

terr.lith

Fig. 3. Cross plot of salt-corrected 232Thy, and “Heerrjich concentrations in the
selected INOPEX core-top sediment samples. The INOPEX samples from the Kam-
chatka, Alaska and Southern Transects are shown as black circles (station sample 26
shown as an open circle). The regression line of the 26 selected samples is shown as
a dashed line with the linear regression and coefficient of determination. Data from
the 0-4 and 4-8 pm size fractions of Taklimakan desert samples TK-074, TK-083
and TK-103, Badain Jaran desert sample BJ-024 and Tengger desert sample TG-018
are shown as open ruby colored triangles (McGee, 2009). The mean of all these size
fraction samples is shown as a ruby colored quad. Data from the 0-4 and 4-8 pm
size fractions from Mongolian Gobi desert samples MG-17 and MG-23 are presented
with open turquois triangles (McGee, 2009).

XIbun
[Xliith = S S (1)
(100 — %CaCO3 — %opal)/100

where [X]jitn is the proxy concentration in the lithogenic fraction.

Total organic carbon in the INOPEX sediments is typically <1%
(Méheust et al., 2013) and therefore negligible for calculating the
lithogenic fraction.

3.2.1. *Heyerr and 232Th approaches

Concentrations of 232Thyy, and *Hererjirh, the terrigenous “He
concentration (Supplementary Information, Section 2.3) in the
lithogenic fraction, in our core-top samples are compared to dust
source area samples (McGee, 2009; sample locations in Supple-
mentary Fig. S2).

Concentrations of “Hegerrjin and 2*2Thy, show a wide range,
with #Hererjien varying between 235-2757 ncc STP g~! (ncc STP
g~! = nano cubic centimeter per gram at standard temperature
and pressure) and 232Thyj;, between ~2-17 ppm. All samples (ex-
cept station 26 from the Alaska Transect) plot along a well-defined
regression line (r? = 0.93, n = 26; Fig. 3), indicating that the
lithogenic fraction of these 26 selected INOPEX samples can be ex-
plained by binary mixing.

Source samples from the Taklimakan, Badain Jaran and Teng-
ger deserts, representing the dominant East Asian dust sources for
long-range transport (Supplementary Information, Section 3), scat-
ter perpendicular to the regression line at the high *Heter;/%32Th
end of the INOPEX samples. Though studies of East Asian dust in
Japan Sea sediments have attempted to distinguish between Tak-
limakan and Inner Mongolian dust sources (e.g., Nagashima et al.,
2007, 2011), we are unable to determine the relative importance
of these sources in the SNP sediments included in this study. We
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therefore determined the weighted mean eolian dust endmember
concentrations from the 0-4 and 4-8 pm size fractions of samples
from these sources, with all size fractions equally contributing to
the mean value (*Hegusgm and 232Thgys v, Tespectively; Supple-
mentary Information, Section 4.1). This weighted mean falls nearly
on the mixing line defined by the selected INOPEX samples (Fig. 3).
The good match between the mean of the source and the surface
sediment samples enables us to use the dust source mean as the
lithogenic endmember on the higher end of the regression line,
with *Hegystpm and 232Thguspm concentrations of 2155 + 21 ncc
STP g~! and 14.6 £ 0.2 ppm, respectively.

The other dominant lithogenic component in this region is in-
terpreted to represent volcanic input (e.g., Bailey, 1993; Maeda
et al., 2007; Nakai et al.,, 1993; Olivarez et al., 1991; Otosaka et
al., 2004; Shigemitsu et al., 2007; Weber et al., 1996). Volcanic
ashes from subduction-related volcanic arcs are known to be ef-
fectively helium-free in comparison to continental dust (Patterson
et al., 1999; Supplementary Information, Section 2.3). We therefore
determined the 232Th concentration in the volcanic endmember
(32Thyglcanicem) to be 2.3 ppm based on the y-intercept of the
regression line of the INOPEX samples (Fig. 3).

Since East Asian dust is the only source of “He to the marine
sediments (Patterson et al., 1999; Winckler et al., 2005, 2008), we
calculated the dust fraction for each sample i as:

4 .
Heterr,lith(’)

Dust fractionpe (i) = i
€dust EM

(2)

We calculated 232Th-based dust fractions with a simple two-
endmember mixing model for each sample i as:

(232Thlith(i) - 2'?)Z'I‘l'lvolcanic EM)

Dust fractionyy, (i) =
(232Thdust EM — 232Thvolcanic EM)

(3)

3.2.2. REE approach

For the REE approach, we used the ratios of the sum of the
heavy REEs (HREE; Ho, Er, Tm, Yb, Lu) normalized by upper con-
tinental crust (UCC) values after Taylor and McLennan (1985) to
the sum of all UCC-normalized REE values (XHREE/XREE) as well
as the ratio of the sum of UCC-normalized light REEs (LREE; La,
Ce, Pr, Nd) to the sum of all UCC-normalized REEs (X LREE/XREE).
The YHREE/XREE and XLREE/XREE ratios of the 26 selected
INOPEX samples vary between 0.34-0.46 and 0.14-0.31, respec-
tively (Fig. 4). The REE data present a similar picture to the *Heger
and 232Th data, with the INOPEX samples falling on well-defined
regression lines. Therefore, we can deconvolve the lithogenic com-
ponents in the sediments using a binary mixing model with East
Asian dust and volcanic endmembers (Fig. 4). The East Asian dust
endmember is derived from the mean of the same source ma-
terial and size fractions as used for the *Heter; and 232Th ap-
proaches (Ferrat et al., 2011; this study), with XHREE/XREEqyst gm
and X LREE/XREEgyst pm ratios of 0.35+0.02 (10) and 0.26 4+ 0.01
(10), respectively. The REE characteristics of the selected INOPEX
samples in comparison with the possible volcanic input (Supple-
mentary Fig. S3) indicate that there may be three different vol-
canic endmembers with slightly different REE signatures, due to
disparate volcanic inputs along the cruise track. Therefore, the
samples were divided into three groups, with volcanic region 1
made up of stations 1-3 and 31-45, volcanic region 2 of sta-
tions 4-9, and region 3 of stations 23-25 and 27-29 (Fig. 1).
Volcanic ash layers are the best representatives of the volcanic in-
put to marine sediments presently available for the SNP because
transport-related compositional changes can occur and change the
geochemical signature between the source and deposition site.
Therefore, the volcanic endmembers have been derived from vol-
canic ash layer compilations (Cao et al., 1995a, 1995b) from ODP

INOPEX - Region 1 (Sts. 1-3, 31-45) |
INOPEX - Region 2 (Stations 4-9)
INOPEX - Region 3 (Stations 23-29)
INOPEX - Station 26 (excluded)

0.30 4
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@®VA Oeeoe

East Asian dust sources (0-4 um) e
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Fig. 4. YHREE/XREE and Y LREE/XREE ratio data from the 27 INOPEX multicorer
core-top sediment samples shown in Fig. 3. The samples from stations 1-3 and
31-45 (black circles) correspond to volcanic region 1 with the volcanic endmember
shown as a black triangle. Samples from stations 4-9 (red circles) belong to volcanic
region 2 characterized by the volcanic endmember presented with a red triangle.
The station samples 23-25 and 27-29 (blue circles) from the northeast SNP or vol-
canic region 3 indicate volcanic contributions from the endmember shown as a blue
hexagon. Station 26, excluded from the *Heterr and 232Th approaches, is shown as
an open blue circle. No dust fraction estimates have been derived from this station.
Data from the 0-4 pm and 4-16 pm size fractions of East Asian dust source sam-
ples TK-074, TK-103, BJ-024, and TG-018 (Ferrat et al., 2011) and 0-4 and 4-8 pm
size fractions of TK-083 (this study) are shown as open ruby colored triangles. The
mean of all these size fraction samples is presented with a ruby colored quad. Grain
size fraction data from 0-4 and 4-8 pm size fractions of samples MG-17 and MG-23
(this study) are indicated as open turquois triangles.

site 881 for volcanic region 1, ODP site 882 for volcanic re-
gion 2, and ODP site 887 for volcanic region 3 (Fig. 1; see Sup-
plementary Information, Section 4.2, for more details). Resulting
Y HREE/ X REEygicanicem and XLREE/ZREEygicanicem ratios, with 1o
uncertainties, are 0.48 +0.03 and 0.11£0.01 for volcanic region 1,
0.44 + 0.02 and 0.14 + 0.02 for region 2, and 0.43 £+ 0.01 and
0.14 +0.01 for region 3.

REE-based dust fractions have been determined by assuming
a linear two-endmember mixing model with orthogonal projec-
tions of the INOPEX sediments onto the mixing line between the
mean East Asian dust and representative volcanic endmembers.
The dust fraction from this projected point with XHREE/XREEp;
and XLREE/XREE,; for each sample i is:

Dust fractionggg (i)

ZLREE i ZLREE ZHREE : ZHREE
\/[(( Sree Jproj () — (5REE Ivolcanic )% + (( SRee )proj () — (55Reg” Ivolcanic em)?]

(4)

- SLREE SLREE SHREE SHREE
\/[((m)aus( EM — (35Rpe Dvolcanic EM)? + ((Z5REe )dust EM — (S5Ree Jvolcanic EM)?]

Uncertainties in the REE-based dust fractions were calculated
using the maximum deviation of the dust fraction results from the
mean endmembers of all point combinations from the error ellip-
soids of the two endmembers.

For samples with calculated dust fractions >100%, we assumed
that East Asian dust comprises 100% of the lithogenic input, with
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Fig. 5. Dust contributions to the lithogenic fraction for the 26 selected INOPEX
multicorer core-top sediment samples shown in Figs. 3 and 4 from the three geo-
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method) with X and Y scale-lengths of 40 and 36%o, respectively, using Ocean Data
View 4.3.10 (Schlitzer, 2011).

determined uncertainty, for all three geochemical approaches for
the subsequent calculation of dust fluxes.

3.2.3. Dust contributions to the lithogenic fraction

All three geochemical proxies show consistent results for the
dust fractions in the SNP (Fig. 5). Eolian dust comprises 80-100%
of the lithogenic input to the open ocean stations 32-38 of the
Southern Transect (Fig. 5). This is consistent with previous stud-
ies suggesting a dominance of East Asian dust input in this region
(Jones et al., 1994, 2000; Nakai et al., 1993; Olivarez et al., 1991;
Weber et al., 1996). The dust component in the lithogenic frac-
tion is diluted by terrigenous input with volcanic signatures closer
to the volcanic arcs; stations 39-45 show dust contributions of
~40-80%. Terrigenous input with volcanic signatures dominates
the lithogenic fraction in the samples from the Kamchatka and
Alaska Transects while the dust fraction is typically smaller than
50%. The REE approach shows slightly higher dust fractions along
the Kamchatka Transect and higher variability in the fraction es-
timates along the Alaska Transect, compared to the *Hete;; and
232Th approaches (Fig. 5).

The estimated fractions of the fine grain size endmember (EM1;
mode ~4 pm) from the Weibull modeling show good correlations
with the dust fractions estimated from the three geochemical trac-
ers for the open ocean stations 32-39 from the Southern Transect
and stations 29 and 31 from the Alaska Transect (Fig. 6). Stations
from the Kamchatka and Alaska Transects along the volcanic arcs
indicate fine endmember fractions higher than dust fractions by a
factor of 2-6. The westernmost stations 41-45 from the Southern
Transect show smaller differences (factor of <2) between the grain
size modeling and geochemical proxy approaches.

3.3. Dust fluxes

Dust fluxes are calculated by multiplying the dust fractions by
the 239Th-normalized MAR (calculated using Eq. (S2) in the Sup-
plementary Information, Section 2.4):

Dust flux = [Dust fraction x (100 — %CaCO3 — %opal)/100]
x MAR (5)

As mentioned in Section 2.1, LSRs can be as low as 0.5 cm/kyr
or even lower for the stations along the Southern Transect deeper
than 4500 m (stations 32, 33, 34, 36, 38, 39, 41, 42, 45; Opdyke
and Foster, 1970; Lucia Korff, University of Bremen, personal com-
munication). Bioturbation within the sediment column at these
stations can result in mixing of glacial sediments into the surface
sediments.

The INOPEX cruise track allows us to test for potential bio-
turbation effects by comparing nearby stations 36 and 37 on the
northern Hess Rise and stations 39 and 40 on the northern Shatsky
Rise, respectively. For both paired stations, the shallow stations (37
and 40) are characterized by much greater LSRs than the deeper
ones due to greater CaCO3 preservation.

The stations deeper than 4500 m along the Southern Transect
show similar dust fluxes for the three geochemical approaches,
varying between 1.75-2.65 g/m? /yr for *Heer, 2.06-3.05 g/m? /yr
for 232Th, and 2.25-3.37 g/m?/yr for REE. Grain size modeling-
derived dust flux estimates show a similar range for the stations
32-39 (Supplementary Table S1). The deeper stations show dust
fluxes ~100-130% and ~17-25% higher than the fluxes from the
neighboring shallower ones for the pairs of stations 36/37 and
39/40, respectively (Fig. 7; Supplementary Table S1). Because these
stations are in close proximity (Fig. 1), they are expected to have
similar dust fluxes, but differ probably due to admixture of high-
dust glacial sediments into the surface sediments at the deeper
stations.

Therefore, we conducted a bioturbation correction for all sta-
tions located deeper than 4500 m along the Southern Transect
using a simple model with the assumption of a well mixed layer
of 5 cm (e.g., Ruddiman and Glover, 1972). The model was run
over the time period from 20-0 kyr BP with a constant LSR and
time steps of 20 years. A simple two-step function with fluxes
of 1 g/m?/yr for the time since 11.64 kyr BP and 4 g/m?/yr
before 11.64 kyr BP was used as the input signal (see Supple-
mentary Information, Section 5, for MATLAB code). This assump-
tion is based on results from a sediment core in the Southern
Bering Sea (RC10-196; Kohfeld and Chase, 2011; Fig. 1), show-
ing elevated dust fluxes through the Last Glacial Maximum until
the end of the Younger Dryas stadial at 11.64 kyr BP and a sud-
den drop by about a factor of 4 to lower dust fluxes during the
present Holocene interglacial. We used the deviation of the mod-
eled from the measured sediment dust flux value to determine the
bioturbation-corrected dust fluxes and assumed an uncertainty of
30% for the final dust flux results due to uncertainties in the choice
of the model parameters.
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Bioturbation-corrected dust fluxes from the deep stations vary
between 122-237 g/m?/yr for the “Hew, approach, 1.19-
3.05 g/m?/yr using 232Th, and 1.28-3.36 g/m?/yr using REEs
(Supplementary Table S1). A valuable test for the validity of our
bioturbation correction is the comparison of uncorrected and cor-
rected dust fluxes from stations 36/37 and 39/40. Corrected dust
fluxes for the deeper station 36 correlate very well with the un-
corrected fluxes from the shallower station 37 (Fig. 7), deviating
by a maximum of 30% for the different approaches and therefore
correlate well within their uncertainty. Similarly, the maximum

deviation between the corrected fluxes from deep station 39 and
uncorrected dust fluxes from the higher-LSR station 40 is ~5% for
the three geochemical approaches. Assuming that each of these
pairs of stations should have similar dust fluxes due to their prox-
imity to each other, these findings indicate that our bioturbation
corrections are both valid and necessary.

At INOPEX stations with sedimentation rates >4 cm/kyr, a bio-
turbation correction is not required. For example, the bioturbation
correction at station 45, with an approximate LSR of 5 cm/kyr,
results in deviations of <0.1% of the bioturbation-corrected dust
fluxes from the input signal of 1 g/m?/yr for the top one cm for
all three geochemical tracers. Consequently, bioturbation-corrected
dust fluxes deviate from the measured dust flux values by <0.1%
at this station (Supplementary Table S1).

The resulting maps of dust flux patterns across the Subarctic
North Pacific are discussed in Section 4.3.

4. Discussion

Determining the eolian dust component in near-land regions
of the SNP is a geochemical challenge because a significant frac-
tion of the lithogenic input may originate from other sources.
A major source is volcanic ash from the surrounding Kurile, Aleu-
tian, Kamchatka, Alaska and Japan volcanic arcs (Bailey, 1993;
Jones et al., 1994, 2000; Maeda et al., 2007; Nakai et al., 1993;
Olivarez et al., 1991; Otosaka et al., 2004; Shigemitsu et al., 2007;
Weber et al., 1996). Also contributing to the lithogenic fraction are
hemipelagic material (Jones et al., 1994, 2000), ice-rafted debris
(IRD; McKelvey et al., 1995; St. John and Krissek, 1999) and fine
riverine material transported by ocean currents (van de Flierdt et
al,, 2003; VanLaningham et al., 2009). Turbidites are unlikely to
influence the INOPEX stations since they are separated from the
margins by deep trenches.

4.1. Grain size distributions in Subarctic North Pacific sediments

The grain size distribution data indicate that different com-
ponents contribute to the sedimentary lithogenic fraction. Most
of the samples show a clear and constant grain size mode at
~4 pm. This component represents the dominant endmember
along the Southern Transect (Fig. 2). Previous grain size studies
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from the North Pacific (Rea and Hovan, 1995; Rea and Leinen,
1988), western North America (Zdanowicz et al., 2006) and Green-
land (Biscaye et al., 1997; Svensson et al., 2000) suggest a dom-
inant East Asian dust grain size mode at ~3-4 pm. The good
correlation of the estimated fractions of the fine grain size end-
member EM1 at ~4 pm from the Weibull endmember modeling
and the dust fractions from the geochemical approaches along
the Southern Transect (Fig. 6) suggests that the fine grain size
endmember EM1 represents East Asian eolian dust. The remark-
able uniformity of the dust mode over the entire SNP supports
previous studies indicating little change in the eolian dust size
distribution beyond 1000-2000 km from the source (Rea, 1994;
Rea and Hovan, 1995).

Comparison of grain size and geochemical endmember abun-
dances indicates that the abundance of the fine grain size end-
member exceeds the geochemically-derived dust contribution by
a factor of 2-6 along the volcanic arcs at stations 2-9 from the
Kamchatka Transect and 23-28 from the Alaska Transect (Fig. 6).
Some stations along the Kamchatka and Alaska Transects close to
the volcanic arcs further show a slightly coarser mode for the
fine grain size endmember at ~4.5-5 pm (Fig. 2). These findings
indicate a pronounced contribution of lithogenic material other
than dust to this endmember. Possible components are fine eolian
volcanic input, fluvial input or fine-grained material from resus-
pended shelf sediments (Rea and Hovan, 1995). The two coarser
endmembers with modes at ~20 and 45 pm, which dominate
in most of the marginal stations (Fig. 2), cannot be explained by
eolian input as these modes are too coarse to be explained by
long-range atmospheric transport (Rea and Hovan, 1995; Tsoar and
Pye, 1987). The grain size endmember with a mode at ~45 pm is
likely to be IRD. The other endmember with a mode at 20 pm
could be hemipelagic or riverine material transported to marginal
stations (Rea and Hovan, 1995); airborne input from proximal vol-
canic provinces could also contribute to this endmember.

4.2. Contribution of eolian dust to the marine sediments

4.2.1. Deconvolution of lithogenic components

Most of the pioneering dust studies of the last ~30 years from
the North Pacific have been based on a chemical leaching proce-
dure that extracts the non-authigenic, inorganic, crystalline compo-
nent and weighs the residue (Rea and Janecek, 1981). This method
has been questioned because it causes compositional changes in
the finer size fraction (Weber et al., 1998), and because it cannot
chemically separate eolian dust from other lithogenic components,
especially volcanic ash, potentially biasing estimates in a complex
region like the SNP.

The grain size distribution data show that different components
contribute to the lithogenic fraction of the sediments. The geo-
chemical tracers “Heterr, 232Th and REE indicate that the eolian
dust input can be geochemically deconvolved using a binary mix-
ing model with a fine-grained East Asian dust endmember and
variable volcanic endmembers along the arcs (Figs. 3, 4). As the
surrounding land is of volcanic origin, the hemipelagic and riverine
input as well as IRD have a geochemical signature similar to the
fine-grained volcanic ash (Jones et al., 1994; McKelvey et al., 1995;
Otosaka et al., 2004; Shigemitsu et al., 2007) and are therefore ac-
counted for by the volcanic endmembers.

All three geochemical approaches indicate a dominance of eo-
lian dust input in the open ocean far away from the arcs (Fig. 5).
Along the Kamchatka and Alaska Transects, terrigenous input other
than dust dominates. The dust fraction results along the Alaska
Transect are consistent with the results along the Kamchatka and
Southern Transects and do not require pronounced input of eolian
dust, glacial outwash or riverine material from Alaska (Boyd et al.,
1998; Crusius et al., 2011). Since we presently have no reliable in-

formation about continental material compositions and grain size
distributions from this region, a local eolian or riverine contribu-
tion to the Alaska Transect cannot be conclusively excluded.

4.2.2. Local uncertainties in the lithogenic component deconvolution

Despite the good consistency among the three geochemical
tracers in the lithogenic component deconvolution, local uncertain-
ties remain for single stations.

At stations 8 and 9 in the easternmost part of the Kam-
chatka Transect, the eolian dust contribution appears higher than
in the more western stations 4-6 (Fig. 5). Stations 8 and 9 are
located on the Meiji drift, a sediment tongue consisting of clay-
sized fluvial-derived debris from the Bering Sea originating from
continental material in Alaska and Siberia (Scholl et al., 1977;
van de Flierdt et al., 2003; VanLaningham et al., 2009). This con-
tinental material probably has a similar geochemical signature to
eolian dust and could therefore lead to the overestimation of the
dust component. However, the fine-grained continental material
transported by the East Kamchatka Current from the Bering Sea
into the northwest SNP through the Kamchatka Strait (Fig. 1)
does not appear to contribute to the lithogenic fraction at sta-
tions 4-6 just south of the strait as this would be indicated by
higher-than-expected dust contributions compared to neighboring
stations (Fig. 5).

The REE approach indicates more variable dust fraction results
along the Alaska Transect and higher dust contributions for the
Southern Transect stations 39-45 and the Kamchatka Transect sta-
tions compared to the other geochemical approaches (Fig. 5). For
the westernmost part of the Southern Transect, contribution of vol-
canic ash from Japan having *Heerr and 232Th signatures similar to,
and a REE signature different from, the volcanic material from the
Kurile and Kamchatka arcs could explain the difference. A study of
volcanic ash layers from ODP site 810C on the Shatsky Rise just
south of station 40 (Fig. 1) indicates contributions from the Kurile
Islands, Kamchatka and Hokkaido (Natland, 1993). Volcanic mate-
rial from Hokkaido probably does not contribute to ODP site 881
off the Kurile Islands (Fig. 1), which is the volcanic endmember
used for the Southern Transect. The higher dust fractions along the
western part of the Southern Transect could alternatively be the
result of lower HREE concentrations in eolian dust at the deposi-
tion site compared to the source. Since important REE host min-
erals like zircon are relatively LREE depleted (Gromet et al., 1984;
Moreno et al., 2006; Taylor and McLennan, 1985), this could ar-
gue for a compositional change during transport from the source
to the depositional site. On the other hand, we would expect simi-
lar changes for “He and 232Th. The reason for the higher variability
in the dust fraction results along the Alaska Transect is unknown,
but could be the result of local volcanic provinces contributing
to individual stations. The higher dust fraction estimates along
the Kamchatka Transect from the REE approach could be the re-
sult of an uncertainty in the volcanic endmember selection. For
most of the stations, the dust fraction estimates correlate with the
results of the other two geochemical approaches within their un-
certainties, but only because the REE-based dust fraction results
have large errors as a result of highly variable LREE/XREE ra-
tios of the volcanic ash layers comprising the endmember mean
from volcanic region 2 (Cao et al,, 1995a). Future research to bet-
ter define the REE concentrations of the volcanic provinces sur-
rounding the SNP and contributing to the marine sediments ap-
pears to be of high significance because the provinces apparently
show more variable REE concentrations than *Hewr and 232Th
(Figs. 3, 4).
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Fig. 8. Dust flux data for the 26 selected INOPEX core-top sediments presented in Figs. 3-5 for the three dust proxies *Hece; (upper left), 232Th (upper right), and REE (middle
left). Flux data derived from the fine grain size endmember fractions of the Weibull grain size endmember modeling (middle right) were estimated by multiplying the fraction
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X and Y scale-lengths of 40 and 36%o, respectively, using Ocean Data View 4.3.10 (Schlitzer, 2011).

4.3. Spatial dust flux pattern in the Subarctic North Pacific

The three geochemical proxy approaches show good consis-
tency in their dust flux results (Fig. 8). The highest dust fluxes of
~2-4 g/m? /yr are observed west of ~165° E and south of ~45° N
in the southwestern part of the INOPEX cruise track, along the
middle of the main pathway of the westerly jet transporting dust
over the North Pacific (Husar et al., 2001; Uematsu et al., 2003;
Weber et al., 1996; Yumimoto et al., 2009; Zhao et al., 2006). To
the north and east of this region, dust fluxes gradually decrease to
~1-2 g/m?/yr over the remainder of the SNP. Fluxes derived from
the fine grain size endmember fraction (see Sections 3.2.3 and 4.1;
Fig. 6) show consistent results with the geochemically-derived dust
fluxes for the Southern Transect, but overestimate the dust input
along the arcs as a result of additional lithogenic contributions
from fine eolian volcanic input and resuspended shelf sediments
to this grain size mode (Fig. 8). Due to the overestimation of flux
estimates derived from grain size endmember modeling and the
discussed uncertainties for the REE approach at specific INOPEX
stations (Section 4.2.2), our best estimate for dust fluxes in the
SNP is derived from averaging the results from the *He; and
232Th approaches, with an assigned uncertainty equal to the ab-
solute deviation between the results of the two approaches from
their mean for each sample (Figs. 8, 9).

At station 4 just south of the Kamchatka Strait and stations 23
and 24 of the Alaska Transect, the dust fluxes are a factor of 1.5-2

higher than at neighboring stations, suggesting an overestimation
of the East Asian dust input (Fig. 8). The implied overestimation
of the 23°Th-normalized MARs at these stations could be the re-
sult of loss of the surface sediments due to erosion or slumping.
This would lead to an exposure of old sediments resulting in an
overestimation of the calculated 23°Th-normalized MARs due to
the failure to correct for radioactive decay of excess 239Th. Dust
fluxes at stations 8 and 9 appear to be overestimated as a result of
overestimated dust fractions (Section 4.2.2).

The sediment-based dust fluxes show uncertainties <30% for
all except 6 stations (Fig. 9). Only samples from stations 4-6 show
uncertainties >50%, and the uncertainties are this large only when
using the REE approach. Uncertainties in the lithogenic endmem-
bers contributing to the SNP dominate the overall uncertainty of
the derived dust fluxes.

Results from state-of-the-art dust models, for example from
a composite of three studies (Ginoux et al, 2001; Mahowald
and Luo, 2003; Tegen et al, 2004) published in Mahowald et al.
(2005), correlate well with the sedimentary dust fluxes in the
western and central part of the Southern Transect (Figs. 8, 9).
In the northwest, northeast and eastern SNP, our dust fluxes are
higher than the model results by ~0.5-1 g/m?/yr or a factor of
20-80% (Figs. 8, 9). A possible cause for this discrepancy could
lie in difficulties faced by models in capturing the complex to-
pography and fine-scale dust generation processes in East Asian
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dust source regions (Luo et al., 2003; Tanaka and Chiba, 2006;
Yumimoto et al., 2009).

Dust fluxes reconstructed from dissolved thorium isotope con-
centrations in seawater from a number of INOPEX stations (Hayes
et al., 2013) also correlate well with the sedimentary dust fluxes
along the Southern and Kamchatka Transects (Fig. 9).

The good agreement between the core-top based reconstruc-
tion, the model simulation and the seawater-based reconstruction
is a promising finding since the three techniques integrate over
very different timescales, with the seawater approach integrating
over 3-5 years versus centennial to millennial timescales covered
by surface sediments, and because 232Th solubility carried by dust
is not well constrained.

Previously published Holocene dust flux data from the SNP
show a large range of 0.1-21.4 g/m?/yr with no consistent geo-
graphical pattern. In contrast to the observations from the INOPEX
samples, most direct aerosol collection station and sediment trap
data compiled in DIRTMAP3 (Maher and Kohfeld, 2009, and ref-
erences therein) fall either in the range of 0-1 or >3 g/m?/yr
and therefore are either lower or higher than our reconstructed
fluxes. A potential reason for the discrepancy could be the rela-
tively short time period covered by collection station and sediment
trap studies (orders of months to years). Surface sediments inte-
grate fluxes over centennial to millennial timescales and therefore
integrate rare large dust events into average fluxes that are not
captured by these studies. Sedimentary dust flux data compiled in
DIRTMAP3 are generally higher than our reconstructions, possibly
as a result of the inability to geochemically remove volcanic ma-
terial. Dust fluxes based on dissolved aluminum concentrations in
seawater in the North Pacific (Measures et al., 2005), with a lim-
ited spatial overlap with the INOPEX cruise track, appear to yield
dust fluxes that are lower by about an order of magnitude than re-
sults presented here. The discrepancy may indicate uncertainties in
the estimate of the Al residence time in this region (Hayes et al.,
2013). Dust input estimates based on accumulation rates of quartz
(Catubig et al., 1998; Kawahata et al., 2000) and 232Th (Kohfeld and
Chase, 2011) tend to fall in the range of the INOPEX dust fluxes of
~1-3 g/m?/yr.

5. Summary and conclusions

This study presents a core-top spatial survey of lithogenic in-
put to the Subarctic North Pacific. We find contributions of eolian
dust, IRD, volcanic ash, hemipelagic and riverine material to the
lithogenic fraction of the sediments, requiring deconvolution of the
different contributions to estimate the eolian dust flux. Grain size
distributions and grain size data modeling indicate the presence of
a component with an uniform fine grain size mode at ~4 pm over
the entire SNP; however, grain size modeling alone does not allow
us to deconvolve eolian dust from other fine lithogenic compo-
nents, such as resuspended shelf sediments or volcanic ash (Fig. 6).
This separation can be achieved by using the three independent
geochemical proxies *Hegerr, 232Th and REE (Figs. 3, 4). Our results
indicate that eolian dust constitutes 80-100% of the lithogenic frac-
tion in the sediments from the open ocean far away from volcanic
arcs, and constitutes less than 50%, with increased dilution of eo-
lian dust by terrigenous input with volcanic signatures, along the
margins (Fig. 5). Resulting dust fluxes show a highly consistent
pattern among the three geochemical proxy approaches with high-
est input in the western SNP and constant fluxes of 1-2 g/m?/yr
over the remaining SNP (Fig. 8).

The consistency of the three independent geochemical tracers
with each other, with previous dust flux data from the SNP based
on sediment accumulation rates of quartz (Catubig et al., 1998;
Kawahata et al, 2000) and 232Th (Kohfeld and Chase, 2011), as
well as independent estimates from dissolved thorium isotope con-
centrations in seawater (Hayes et al., 2013) and modeling studies
(Mahowald et al., 2005), indicates that all three are valuable prox-
ies to reconstruct dust input in complex settings with multiple
lithogenic components contributing to marine sediments. The com-
bination of the geochemical proxies and grain size distributions
from the same sediment samples shows that information on the
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size-fractionation of source material and the application of size-
specific source data are crucial for quantitative reconstructions of
eolian dust input in marine sediments. Grain size distribution data
alone can be misleading in the reconstruction of eolian dust in-
put in near-coastal regions characterized by abundant fine-grained
lithogenic contributions other than dust. Our approach provides an
effective toolkit for dust flux studies in this HNLC region as well as
other oceanic regions seeking to test the impact of dust on regional
ecosystems and biogeochemical cycles (Duce and Tindale, 1991;
Jickells et al., 2005; Martin, 1990). Our dust flux data will be
helpful in the application of biogeochemical models to reconstruct
nutrient cycling in the SNP in the present and past.
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