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Abstract

Reconstructions of the deposition rate of windblown mineral dust in ocean sediments offer an important means of tracking
past climate changes and of assessing the radiative and biogeochemical impacts of dust in past climates. Dust flux estimates in
ocean sediments have commonly been based on the operationally defined lithogenic fraction of sediment samples. More
recently, dust fluxes have been estimated from measurements of helium and thorium, as rare isotopes of these elements
(He-3 and Th-230) allow estimates of sediment flux, and the dominant isotopes (He-4 and Th-232) are uniquely associated
with the lithogenic fraction of marine sediments. In order to improve the fidelity of dust flux reconstructions based on He
and Th, we present a survey of He and Th concentrations in sediments from dust source areas in East Asia, Australia and
South America. Our data show systematic relationships between He and Th concentrations and grain size, with He concen-
trations decreasing and Th concentrations increasing with decreasing grain size. We find consistent He and Th concentrations
in the fine fraction (<5 pm) of samples from East Asia, Australia and Central South America (Puna-Central West Argentina),
with Th concentrations averaging 14 pg/g and He concentrations averaging 2 pcc STP/g. We recommend use of these values
for estimating dust fluxes in sediments where dust is dominantly fine-grained, and suggest that previous studies may have sys-
tematically overestimated Th-based dust fluxes by 30%. Source areas in Patagonia appear to have lower He and Th contents
than other regions, as fine fraction concentrations average 0.8 pcc STP/g and 9 pg/g for “He and 2*Th, respectively. The
impact of grain size on lithogenic He and Th concentrations should be taken into account in sediments proximal to dust
sources where dust grain size may vary considerably. Our data also have important implications for the hosts of He in
long-traveled dust and for the *He/*He ratio used for terrigenous He in studies of extraterrestrial He in sediments and ice.

We also investigate the use of He/Th ratios as a provenance tracer. Our results suggest differences in fine fraction He/Th
ratios between East Asia, Australia, central South America and Patagonia, with ratios showing a positive relationship with
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the geological age of source rocks. He/Th ratios may thus provide useful provenance information, for example allowing sep-
aration of Patagonian sources from Puna-Central West Argentina or Australian dust sources. He/Th ratios in open-ocean
marine sediments are similar to ratios in the fine fraction of upwind dust source areas. He/Th ratios in mid-latitude South
Atlantic sediments suggest that dust in this region primarily derives from the Puna-Central West Argentina region (23-32°
S) rather than Patagonia (>38°S). In the equatorial Pacific, He/Th ratios are much lower than in extratropical Pacific sedi-
ments or potential source areas measured as a part of this study (East Asia, South America, Australia) for reasons that
are at present unclear, complicating their use as provenance tracers in this region.

© 2015 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Records of eolian mineral dust flux and provenance pre-
served in ocean sediments, ice cores and terrestrial deposits
offer essential insights into past climates. Past dust fluxes
provide information about aridity (Rea, 1994; deMenocal
et al., 2000) and sediment supply (Sugden et al., 2009) in
dust source areas as well as about the strength of winds
responsible for dust entrainment and transport (McGee
et al., 2010a). Dust provides limiting micronutrients, espe-
cially iron, to the surface ocean and to nutrient-depleted
soils (Okin et al., 2004; Jickells et al., 2005); it also impacts
the Earth’s radiative balance, affecting both surface temper-
atures and precipitation (Miller et al., 2004). Accurate dust
flux reconstructions are required to estimate the importance
of these effects as drivers of past climate and biogeochemi-
cal changes (e.g., Claquin et al., 2003; Martinez-Garcia
et al., 2014).

Reconstructions from terrestrial settings such as loess
deposits (e.g., Kohfeld and Harrison, 2003; Sun and An,
2005; Bettis et al., 2003), peat bogs (e.g., Weiss et al.,
2002; Kylander et al., 2007; Ferrat et al., 2011; Sharifi
et al., 2015) and lakes (e.g., Yancheva et al., 2007; Neff
et al., 2008) provide important information about dust emis-
sions and transport close to the source, while dust flux
records from polar ice cores offer insights into long-range
transport (e.g., Biscaye et al., 1997; Fischer et al., 2007).
Records from marine sediments fill the middle ground
between these archives, offering broad spatial and temporal
coverage as well as direct insights into relationships between
dust deposition and marine biogeochemistry. Here we focus
on improving dust flux reconstructions from marine sedi-
ments, though the data presented have applications in ter-
restrial sedimentary and ice archives as well.

Dust flux reconstructions from marine sediments require
an accurate estimate of the concentration of windblown
dust in the sediment. In the past decade, several studies
have used the dominant isotopes of helium and thorium,
“He and **’Th, to infer dust concentrations in sediments
(e.g., Patterson et al., 1999; Marcantonio et al., 2001a,
2009; Anderson et al., 2006; McGee et al., 2007; Winckler
et al., 2008; Serno et al., 2014, 2015). Both isotopes are
highly enriched in lithogenic minerals relative to marine
biogenic sediments, and they are less susceptible to contam-
ination by volcanic inputs than other markers of lithogenic
inputs (e.g., Al, Ti). In sediments in which non-volcanic

lithogenic inputs are dominantly eolian, *He and ***Th
can thus provide estimates of eolian dust concentrations.
An additional reason for their use is convenience: “He
and >*?Th are measured as a part of routine analysis for
the minor isotopes *He and 2*°Th, respectively, both of
which are used for determining accumulation rates in mar-
ine sediments (Francois et al., 2004; McGee and
Mukhopadhyay, 2013).

In settings in which *He or 2*>Th are dominantly derived
from eolian dust, both dust concentration and bulk sedi-
ment flux can then be derived from a single analysis, allow-
ing calculation of the dust flux (Marcantonio et al., 2001a,
2009; Winckler et al., 2005, 2008; Anderson et al., 2006;
McGee et al., 2007; Serno et al., 2014) using the following
equation:

_ Xy -MAR
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dust
where F,,, 1s dust flux, M AR is the mass accumulation rate
(or flux) of the sediment (derived from *He or 230Th data),
[X]sew is the *He or 2**Th concentration measured in the sed-
iment and [X],, is the “He or 2*’Th concentration assumed
for eolian dust. Converting from “He and 2*>Th concentra-
tions to dust concentrations and fluxes thus requires an
accurate estimate of “He and ***Th concentrations in dust.
At present, we have a limited understanding of the mean
values and variability of these concentrations between
source areas or grain size fractions.

Constraints on dust provenance are essential to the
interpretation of dust flux records. Knowledge of dust
provenance links downwind fluxes to source area condi-
tions and atmospheric circulation patterns. Provenance
information also helps constrain dust’s past climate
impacts, as radiative properties and iron availability differ
significantly among dust source areas (Sokolik and Toon,
1999; Dubovik et al., 2002; Schroth et al., 2009). A wide
variety of dust provenance tracers exists, including mineral-
ogy (Blank et al., 1985), radiogenic isotopes (Grousset and
Biscaye, 2005), trace element ratios (Ferrat et al., 2011;
Pourmand et al., 2014), and electron spin resonance signal
intensity and crystallinity index of quartz (Sun et al., 2013).
Despite this large number of tools, dust provenance in dis-
tal regions such as the equatorial Pacific, high-latitude
oceans and polar ice sheets remains poorly constrained, in
part because of significant overlap in dust source area com-
positions in common provenance measurements. It has
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been suggested that *He/**>Th ratios may offer valuable
dust provenance information (Winckler et al., 2008;
Woodard et al., 2012; Serno et al., 2014), but little is known
about controls on *He/***Th ratios in dust.

Here we provide a suite of measurements of “He and
22Th concentrations and *He/***Th ratios in ocean sedi-
ments and samples from dust source areas in East Asia,
Australia, and South America. We examine variations in
these measures both between dust source areas and in dif-
ferent grain size fractions. These measurements provide
insights into the use of “He and ***Th as dust proxies and
the potential use of *He/*Th as a dust provenance
indicator.

1.1. *He as a dust proxy

“He has been used as a dust proxy in a variety of set-
tings. It was first used in marine sediments ranging in age
from the Quaternary (Patterson et al., 1999; Winckler
et al., 2005, 2008; Serno et al., 2014, 2015) to the early
Cenozoic (Marcantonio et al., 2009), and more recently it
has been employed as a dust tracer in Antarctic ice
(Winckler and Fischer, 2006) and corals (Mukhopadhyay
and Kreycik, 2008). Additionally, “He/Ca ratios have been
interpreted as a dust provenance tracer in Antarctic ice
(Winckler and Fischer, 2006). The minor isotope of He,
3He, is commonly measured to calculate the concentration
of extraterrestrial *He (3HeET) in sediments, from which
sediment accumulation rates can be estimated
(Marcantonio et al., 1995; McGee and Mukhopadhyay,
2013); *He and “He concentrations are obtained during
the same measurement.

“He in continental sediments such as dust dominantly
reflects alpha particles from U and Th decay (Rutherford,
1905; Patterson et al., 1999). Recent volcanics may contain
mantle-derived He, but typical concentrations are only
~1072 pce STP/g, roughly two to three orders of magnitude
lower than He concentrations in typical continental sedi-
ments (Mamyrin and Tolstikhin, 1984; Farley, 2001; Kurz
et al., 2004). Submarine volcanic glasses may contain He
concentrations of ~1 pcc STP/g (Graham et al., 1992), as
degassing is reduced by the pressure of overlying water,
but these glasses are not thought to disperse significant dis-
tances from mid-ocean ridges and ocean island volcanoes.
As an inert gas, He is not associated with biogenic or authi-
genic phases in marine sediments (Patterson et al., 1999;
Mukhopadhyay and Kreycik, 2008).

“He concentrations in dust potentially reflect a variety of
factors governing “He production and loss. “He production
is a function of the U and Th content and age of source
rocks, while “He loss reflects the He retentivity of minerals
in the dust source area, which may be determined both by
primary source rock mineralogy and subsequent weather-
ing. “He concentrations vary widely among different miner-
als as a result of differences in U and Th concentrations and
He retentivity. For example, zircon and uraninite
commonly have He concentrations on the order of
10* pee STP/g, while concentrations in coarse quartz and
feldspar grains are on the order of 1 pcc STP/g (Mamyrin
and Tolstikhin, 1984; Martel et al., 1990). Once grains have

been weathered to grain sizes typical of long-traveled dust
(<5 pm) (Tsoar and Pye, 1987; Rea and Hovan, 1995), they
do not accumulate further *He from U and Th decay, as the
recoil length of alpha particles is 10-30 um (Farley, 1995;
Ballentine and Burnard, 2002).

“He concentrations in global dust sources are poorly
known, as is the behavior of *He-rich grains during the
sorting that accompanies dust entrainment, transport and
deposition. “He flux records thus are interpreted as reflect-
ing relative changes in dust flux but are not typically used to
quantify dust deposition unless a local calibration is deter-
mined (e.g., Mukhopadhyay and Kreycik, 2008).

1.2. 22Th as a dust proxy

232Th has received increasing use as a dust proxy in mar-
ine sediments in recent years, including studies in the north-
ern tropical Atlantic (Adkins et al., 2006), equatorial
Atlantic (Bradtmiller et al.,, 2007), Arabian Sea
(Marcantonio et al., 2001a; Pourmand et al., 2004), equato-
rial Pacific (Anderson et al., 2006; McGee et al., 2007;
Winckler et al., 2008), North Pacific (Woodard et al.,
2012; Serno et al., 2014) and Southern Ocean (Martinez-
Garcia et al., 2009; Lamy et al., 2014). Conveniently, a
minor isotope of Th, *°Th, is commonly used to calculate
sediment fluxes (Francois et al., 2004), and 2**Th data are
collected as a part of routine analysis for excess >*°Th. Mea-
surements of 2*Th/?*°Th in seawater have also emerged as
a promising tracer of modern eolian dust deposition in the
ocean (Hsieh et al., 2011; Hayes et al., 2013).

A survey of published results from <63 pm sediments
found that >*’Th concentrations are relatively uniform in
global dust sources (McGee et al., 2007), with most values
falling within ~2 ppm of the upper continental crustal aver-
age of 10.7 ppm (Taylor and McLennan, 1985). ***Th con-
centrations are typically 1-2 orders of magnitude lower in
mafic volcanic rocks, the dominant lithology produced by
mid-ocean ridge and ocean island volcanism (Taylor and
McLennan, 1985; Olivarez et al., 1991); contamination of
marine 2**Th fluxes by mafic detritus is thus unlikely.
232Th concentrations in continental arcs and some island
arcs are similar to those in continental sediments, so silicic
ashes may contribute significantly to sedimentary >*°Th
inventories. As with He, hemipelagic material and ice-
rafted detritus are additional potential contaminants.
22Th is not associated with biogenic sediments (Woodard
et al., 2012).

Several studies have attempted to determine the fraction
of dust-derived Th that dissolves in the upper water col-
umn, with estimates ranging from 1% to 20% (Arraes-
Mescoff et al., 2001; Roy-Barman et al., 2002; Hsich
et al., 2011; Hayes et al., 2013). The most recent studies
favor the higher end of this range (Hayes et al., 2013). This
dissolved fraction has a short (decades) residence time in
the open ocean water column (Moore and Sackett, 1964;
Anderson et al., 1983), meaning that the potential for lat-
eral transport of dissolved Th is limited. Because Th solu-
bility and residence time are small but non-zero, total
(scavenged + particulate) >*>Th fluxes measured in the
sediment may reflect some degree of homogenization by
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advection and diffusion in the overlying water column and
thus represent a regionally averaged dust flux.

1.3. “He/***Th ratios as indicators of dust provenance

Winckler et al. (2008) found that *He/***Th ratios in 3
cores spanning the breadth of the equatorial Pacific were
approximately constant over the past several glacial-
interglacial cycles. This study found that *He/**>Th ratios
were not significantly different in cores from the western
and central equatorial Pacific (ODP806C, TT013-PC72;
see Table EA2 for locations), and that *He/***Th ratios
were lower in the core from the eastern equatorial Pacific
(ODP849). Winckler et al. (2008) interpreted these results
as reflecting differences in the age distribution of bedrock
in dust source areas, consistent with observational and
provenance data suggesting that the eastern equatorial
Pacific receives dust from young, presumably “He-poor
dust sources in North and South America (Stancin et al.,
2006; Xie and Marcantonio, 2012; Pichat et al., 2014), while
the central and western equatorial Pacific receives dust from
older Asian sources (Merrill et al., 1989; Stancin et al.,
2006). Woodard et al. (2012) found that “He/**?Th ratios
in Shatsky Rise sediments deposited in the equatorial Paci-
fic in the late Paleocene (58 Ma) were higher than the late
Pleistocene results of Winckler et al. (2008). These authors
also interpreted “He/***Th ratios in terms of the mean age
of source rocks, suggesting that dust transported to the
Paleocene equatorial Pacific may have derived from sources
with a greater mean age. Finally, Serno et al. (2014) found
that “He/>*?Th ratios of Holocene sediments in open ocean
sites in the North Pacific were similar to *“He/***Th ratios in
<8 um sediments from East Asian dust source areas, but
substantially higher than either the late Pleistocene or Pale-
ocene equatorial Pacific sediments. This study suggested
that there may be substantial changes in *He/>**Th ratios
with dust grain size.

Our ability to interpret “He/***Th ratios in these studies
is limited by lack of knowledge of “He/***Th ratios in dust
source areas and changes in “He/***Th ratios with grain
size. Though it is likely that *He/>**Th ratios will increase
with age in He-retentive source rocks, other potential con-
trols on *He/>*>Th ratios in source areas — especially weath-
ering intensity and lithology — may complicate a simple
relationship with the geological age of source rocks. Addi-
tionally, changes in “He and 2**Th concentrations between
dust sources and depositional sites are poorly constrained,
raising the question of whether *He/***Th ratios measured
in depositional sites reflect dust provenance or are instead
affected by size- and density-dependent fractionation during
entrainment, transport and deposition. Our study of *He
and #*2Th in dust sources and in downwind ocean sedi-
ments provides a starting point for addressing these open
questions.

2. STUDY SITES
Samples were collected from dust source areas in East

Asia (Sun et al., 2013), Australia (Revel-Rolland et al.,
2006; Fitzsimmons et al., 2007; Nanson et al., 2008;

Vallelonga et al., 2010) and South America (Bockheim
and Douglass, 2006; Gaiero et al., 2007). Samples in South
America are located on the eastern side of the Andean
divide and represent two regions that are treated separately
in this study: (1) Patagonia (south of 38°S) and (2) the Puna
(~23-27°S) and Central West Argentina (~28-32°S)
region, hereafter Puna-CWA.

Samples were taken from locations thought to best rep-
resent the composition of dust exported from each region,
typically sediments from dry lake beds, alluvial fan depos-
its, and loess deposits (Fig. 1; Table EA1). Most samples
have been used to represent source areas in previous studies
of dust provenance; references for each sample, where avail-
able, are listed in Table EA1. All samples were wet sieved to
isolate the <63 pum size fraction, as >63 um grains tend to
be transported by winds primarily by saltation rather than
in suspension and thus have minimal transport distances
(Tsoar and Pye, 1987). The <5 um fraction, taken to repre-
sent dust transported long (>1000 km) distances, was then
separated by settling at LDEO. 63 and 5 pym were chosen
to facilitate comparison with other datasets, as these size
separations are commonly used in investigations of dust
provenance (e.g., Gaiero et al., 2004; Revel-Rolland et al.,
2006). For most samples from East Asia, bulk samples were
separated into several size fractions by settling in ultrapure
water at the State Key Laboratory of Loess and Quaternary
Geology in Xi’an. For these samples, the finest grain size
fraction is <4 pm.

Samples from 15 ocean sediment cores in which litho-
genic fluxes are thought to dominantly derive from eolian
dust were analyzed for comparison with dust source area
data (Fig. 1; Table EA2). For most cores, three or more
samples were analyzed to test for reproducibility of
“He/*?Th ratios. We attempted to include only samples
from the Holocene and late Pleistocene. In regions in which
dated cores were not available, we chose piston cores with
Pleistocene basal ages and sampled within the top one
meter.

For East Asian dust, we chose one loess-paleosol
sequence at Zhaojiachuan (ZJC) and two cores
(ODP1208, VM32-126) from a region of the North Pacific
in which Asian dust has been identified as the dominant
source of lithogenic inputs (Nakai et al., 1993; Weber
et al., 1996; Jones et al., 2000). We also include results from
nine North Pacific coretops studied by Serno et al. (2014) in
which rare earth element patterns and grain size data sug-
gest that lithogenic material is >85% eolian dust.

For Australia, two Tasman Sea cores were chosen (RC9-
128, RC9-131). Australian dust is thought to be the domi-
nant source of lithogenic sediments in this region (Hesse,
1994; Kawahata, 2002), though hemipelagic material from
New Zealand is an additional potential contributor.

For transport of dust from South America within west-
erly winds, we chose three south Atlantic cores (VM22-108,
RC15-93, RC15-94) in a region where model results indi-
cate that South America is the primary source of dust (Li
et al., 2008). Kumar (1994) previously concluded that
non-eolian lithogenic inputs were negligible in these cores.
Two southeast Pacific cores (ODP1237, VM19-40) were
selected to represent South American dust carried by
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Fig. 1. Map of sample sites. Black numbers (terrestrial sites) refer to locations in Table EAl, and white numbers (marine sites) refer to
locations in Table EA2. White dots indicate sites where both He and Th data are available, and grey dots indicate sites where only He data is
available. Background map was produced using GeoMapApp (geomapapp.org).

easterly trade winds. These cores lie within a region of high
sedimentary quartz abundance tracing a plume of dust
reaching northwest from the Altiplano/Atacama region
toward the eastern equatorial Pacific (Molina-Cruz and
Price, 1977; Leinen et al., 1986). The grain size distributions
and clay mineralogy of surface sediments indicate that
eolian dust is the primary contributor of lithogenic sedi-
ments at ODP1237, but that sediments near VM19-40
may contain a substantial authigenic component in addi-
tion to eolian dust (Saukel et al., 2011).

We also selected cores in the tropical and equatorial
Pacific (ODP853, ODP848, VM21-39, RC10-114, VM24-
99) to test for changes in “He/>**Th during transport, and
we sampled one core in a region of the North Pacific where
lithogenic material may include ice-rafted detritus
(ODP882). Additionally, we compiled published Th and
He isotope data from studies in the Pacific and South
Atlantic (Kumar, 1994; Marcantonio et al., 1996, 2001b;
Anderson, 2003; Anderson et al., 2006; McGee et al.,
2007; Winckler et al., 2008; Serno et al., 2014).

3. METHODS
3.1. He isotope data

Samples containing high calcium carbonate contents
were leached in 0.5 N acetic acid to concentrate detrital
material, as carbonate contains negligible He. Dried,
homogenized 10-200 mg samples of all sediments were
wrapped in Al foil and degassed under vacuum in a Mo cru-
cible at 1200 °C for 15 min. Sample gasses were then puri-
fied using a liquid nitrogen-cooled charcoal trap and a Ti
getter and captured on a cold head at 14-16 K. He was

released into the MAP 215-50 noble gas mass spectrometer
at LDEO for analysis by heating the cold head to 45K
(Winckler et al., 2005).

“He abundances and *He/*He ratios were calibrated
using known aliquots of either air standards
(*He/*He = R,) or a *He-enriched gas standard (Murdering
Mudpot) with SHe/*He = 16.45 R,, where R, indicates the
SHe/*He ratio of the atmosphere (1.384 x 107%). Hot
blanks were measured for each crucible (i.e., each 3—4 sam-
ples) and were <10~ cc STP for “He and <10~'° cc for *He.
Blank corrections were <2% in most samples for both iso-
topes. *He blank corrections for two Australian samples
with *He/*He lower than 1072 were ~50%, and as a result
we report only upper limits for *He/*He ratios in these sam-
ples. “He blank corrections were as high as 8% in equatorial
Pacific samples. Uncertainty estimates reflect counting
statistics, standard variability and blank corrections, which
are assigned a 33% 1-sigma uncertainty.

Ten replicates were measured for dust source area sam-
ples, with a “He reproducibility of 11%, and nine replicates
were measured for sediment core samples, with an average
“He reproducibility of 21% reflecting their low *He concen-
trations. *He/*He reproducibility averaged 30% in the dust
source area samples and 24% in sediment core replicates.
Differences between replicates are thus substantial but are
still small relative to the differences between samples. Data
from all replicates are included in Tables EAl and EA2.

In ocean sediments, “He inventories are a combination
of terrestrial He and He contained in interplanetary dust
particles (IDPs).  Terrigenous “*He  concentrations
(4HeTERR) were determined using the formula

SHe/*Hegmp — *He/*Heipp )
3He/4HeTERR — 3He/4He1Dp

4 4
Hergrr = "Hegamp - <
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where 4HeSamp and 3He/4HeSamlD are the “He concentration
and *He/*He ratio measured in the sample, *He/*Hejpp is
the isotope ratio in IDPs (see below), and *He/*Hetgrr is
the isotope ratio of terrigenous material (2-4 x 107%)
(Mamyrin and Tolstikhin, 1984; Farley, 2001).

Following Patterson et al. (1999), we use 4.0 x 107* as
the *He/*He ratio in IDPs. This value is close to the
3He/*He ratio of solar wind (~4.5 x 10™% Benkert et al.,
1993; Wiens et al., 2004), the primary source of He in IDPs
(see review by McGee and Mukhopadhyay, 2013). Some
previous studies have used a lower value of 2.4 x 10~ for
*He/*Herpp (e.g., Marcantonio et al., 2009; McGee et al.,
2010b) based primarily on measurements of stratospheric
IDPs by Nier and Schlutter (1992) and supported by mea-
surements in marine sediments by Marcantonio et al.
(2009). In a recent compilation of data from IDPs collected
in the stratosphere and from Antarctic ice, most IDPs range
from 2 x 107 to 4 x 107* (McGee and Mukhopadhyay,
2013), suggesting that many IDPs preferentially lose *He
during atmospheric entry and that a value lower than
4x107* may be a better estimate of *He/*Hepp in sedi-
ments. Five sediment samples in this study have *He/*He
ratios greater than 2.4 x 107 (up to 3.0 x 10™%), support-
ing use of a higher value for *He/*Hepp, but we note that
the choice of the best *He/*Hepp in marine sediments is as
yet unresolved.

In order to demonstrate the sensitivity of our findings to
the choice of *He/*Herpp, we calculate *Herprr and
“He/*?Th ratios in marine sediments using values of
24 %107 and 4.0 x 10™* and report the results in
Table EA2. In extratropical sediment cores used in this
study, “He is >90% terrigenous in all samples but one
(VM22-108, 13 cm); in these samples, *Hergrr values are
insensitive to the chosen *He/*He values of the IDP and ter-
rigenous endmembers. In many samples from the tropical
cores, “Hergrr values are <20% of total “He and are sensi-
tive to *He/*Heypp. Using the lower *He/*He;pp ratio low-
ers average *Hergrr  concentrations (and  thus
*Hergrr/*’Th ratios) in these cores by 15-40% in most
tropical cores and by 70-90% in two extreme cases in the
tropical South Pacific (RC10-114 and RC11-230). The main
impact of this change to the findings of this study is to mag-
nify the reduction in *He/?**Th ratios from the extratropics
to the tropical Pacific (Section 5.3.3.)

3.2. Thorium data

22Th concentrations were measured by isotope dilution
at LDEO (Anderson and Fleer, 1982; Fleisher and
Anderson, 2003). Aliquots of 5-10 mg were taken from lar-
ger samples of dried, homogenized sediment were spiked
with a **Th-2°U solution. Small sample sizes for dust
source area samples were required due to limited sample
availability, particularly for the fine fraction. A combina-
tion of concentrated HCIO4, HF and HNO; were added
to dissolve the sample, and the solution was dried down
to a viscous bead on a hot plate. A fraction of the samples
(18 out of 108) were then taken up in 0.25 N HNO; + 0.02 -
N HF and analyzed after this step. For the majority of the
samples, U and Th were removed from solution by Fe

oxy-hydroxide co-precipitation. The samples were then cen-
trifuged and the supernatant decanted to remove other
solutes. For most samples, the precipitates were then re-
dissolved in 0.25 N HNO; + 0.02 N HF and analyzed. A
subset of samples was further purified by anion exchange
chromatography prior to being taken up in 0.25N
HNO; + 0.02 N HF. No systematic differences were found
between the three methods, and replicates processed using
the different methods showed similar reproducibility to
replicates processed using the same method.

Th isotope abundances were measured using an Axiom
single collector ICP-MS at LDEO. **’Th concentrations
were calculated by using measured *’Th counts after cor-
rections for gain, mass bias, blanks and, for 2?°Th, tailing
from 2*°Th and ***Th. The average reproducibility of seven
replicates was 7%, slightly higher than typical sediment
samples (e.g., McGee et al., 2013) likely due to the small ali-
quots analyzed. This variability between replicates is still
small relative to the differences between samples. Data from
all replicates are included in Tables EAl and EA2. The
mean of six analyses of the USGS Cody Shale standard
(SCo-1) was 8.94 4+ 0.5 ug/g (one standard error of the
mean), similar to the certified value of 9.7 4= 0.5 pg/g. Sepa-
rate aliquots of six samples included in this study were ana-
lyzed by Ferrat et al. (2011) using a different sample
dissolution procedure and analysis by standard-sample
bracketing on a quadrupole ICP-MS. The mean deviation
between Th concentrations measured in the two studies is
13%, with no systematic differences between the two
studies.

4. RESULTS

4.1. Helium concentrations and *He/*He in terrestrial and
marine samples

“He concentrations are relatively consistent in the
<63 um fraction of East Asian loess and desert samples,
ranging from 5.7 to 15.6 pucc STP/g (Fig. 2; Table EAl).
This value is in good agreement with previous measure-
ments by Farley (2001) and Marcantonio et al. (1998) aver-
aging 6.5 ucc STP/g. Concentrations are much higher in <
63 um  Australian samples, ranging from 46 to
316 pcc STP/g. In South America, “He concentrations in
<63 um samples displayed a similar mean to East Asian
samples but larger variability, with values ranging from
3.0 to 18 pec STP/g in Patagonia and 0.6-22 pcc STP/g in
Puna-CWA.

3He/*He ratios in dust source area samples generally
decrease with increasing “He concentrations (Figs. 2 and
3). *He/*He ratios in East Asian <63 pm samples range
from 2.5 to 5.8 x 1078, again showing good agreement with
the results of Farley (2001) and Marcantonio et al. (1998).
Australian <63 um samples are characterized by very low
3He/*He, with all samples but one having *He/*He ratios
<12 x 1078, and 2 samples with *He/*He <1 x 107°. In
these two samples our values only provide an upper bound
to *He/*He due to large (up to 50%) *He blank corrections.
South American <63 pm samples again showed high vari-
ability, ranging from 2.5 x 1078 to >1 x 1075,
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Fig. 2. Box-and-whisker diagrams of (A) “He concentrations and
(B) *He/*He ratios of 0-5 ym and 0-63 pm grain size fractions of
dust source area samples. Boxes show the two inner quartiles of the
data, and whiskers extend to extreme data points. Individual data
points are shown as small open circles. Some fine East Asian
samples are <4 pm rather than <5 um (see Table EA1).

Data from finer grain size fractions of source area
samples suggest a strong dependence of both “He
concentrations and *He/*He on grain size (Figs. 2 and 3).
In East Asian samples, “He concentrations fall by a factor
of ~4 with decreasing grain size, from 6.6 to 8.9 pcc
STP/g in the two 32-63 um size fraction samples to an
average of 1.8 +£0.2 (1 standard deviation of the mean)
picc STP/g in the fine (<4 or <5pum) samples. *He/*He
ratios are 3.7-6.0 x 107% in the 32-63 um fractions and
average 4.6 = 0.8 x 1077 in the fine fraction. *He concen-
trations in East Asian samples are roughly constant in grain
size fractions >8 um and then increase by approximately a
factor of 3 in the 4-8um and <4-5pum size fractions
(Fig. 4).

Fine (<5 um) samples from other source areas show
similar patterns to the East Asian samples. In Australia,
fine samples have an average “He concentration of 2.1
+0.3 pcc STP/g and an  average °He/*He of 4.5
+0.8 x 1077, In South American samples “He concentra-
tions are again substantially lower in <5 um fractions,

averaging 1.0 & 0.3 pcc STP/g after exclusion of the fine
fraction of sample SA3. The “He data from the fine fraction
also show geographic differences in South America, with
samples from Patagonia averaging 0.8 £ 0.3 pcc STP/g,
and the samples from Puna-CWA averaging 2.2
=+ 0.8 pee STP/g (again excluding SA3).

*He/*He ratios in South American samples range to
quite high values in both size fractions, up to 2.9 x 10°°
in the <63 pm fraction and 1.1 x 107 in the <5 pm frac-
tion. Average *He/*He ratios in the <63 pm and <5 pum
fractions are 7.4+34x 1077 and 1.35+0.45x 10°°,
respectively. These values are similar to *He/*He ratios
reported from Amazon fan sediments (Marcantonio et al.,
1998).

In the marine sediments analyzed for this study, “He
concentrations range from 0.004 to 1.7 pcc STP/g
(Table EA2). These values are lower than in terrestrial sed-
iments due to dilution by calcium carbonate and biogenic
opal. *He/*He ratios range from 2.7 x 1077 to 3.0 x 1074,
reflecting mixing between terrigenous He (*He/*He ratios
generally in the range of 107°-107°) and extraterrestrial
He with high *He/*He (2.4-4.0 x 107%) (McGee and
Mukhopadhyay, 2013).

4.2. Thorium concentrations in terrestrial and marine
sediments

232Th concentrations in the <63 um source area samples
from East Asia and Australia generally fall within 2 ppm of
the average for upper continental crust (10.7 pug/g; Taylor
and McLennan, 1985) and produce averages of 10.8 and
11.3 pg/g, respectively (Fig. 5; Table EA1). **?Th concen-
trations in <63 pm samples from Puna-CWA produce a
similar average (10.8 pg/g), while those from Patagonia
tend to be lower, averaging 8.8 ug/g. These findings are
quite similar to a previous estimate of *>Th concentrations
in dust sources based on published analyses of <63 pm sam-
ples (McGee et al., 2007).

22Th concentrations consistently rise with decreasing
grain size. Average >>Th concentrations in fine fraction
samples (<4 or <5 pum) are 13.6 & 2.8 ng/g (South Amer-
ica), 13.7 £ 0.8 ug/g (East Asia) and 16.8 & 2.8 ug/g (Aus-
tralia) (Fig. 5). Excluding a fine fraction sample with an
extremely high Th concentration (AUS) produces an aver-
age of 14.3 4 1.3 pg/g in Australia. As with *He, there
may be geographic differences in fine fraction 22Th
concentrations in South America, with lower 23’Th
concentrations in Patagonia (9.4 4 1.7 pg/g) and higher
concentrations in Puna-CWA (17.1 & 3.7 pg/g). Size frac-
tion samples from East Asia spanning the <63 um range
show the impact of grain size on **’Th concentrations
in more detail, as 23>Th concentrations rise by a factor
of 2-3 between the 32 and 63 pum and <4 pm size fractions
(Fig. 3).

232Th concentrations in marine sediments are lower than
in terrigenous sediments due to dilution by biogenic sedi-
ments, ranging from a minimum of 0.08 pg/g in the tropical
Pacific to a maximum of 12.3 ug/g in the North Pacific
(Table EA2).
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Fig. 3. Impact of grain size on (A) “He concentrations, (B) *Th concentrations, and (C) “He/?**Th ratios in samples from East Asian dust

source areas. Locations of samples are given in Table EAL.
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Fig. 4. Comparison of changes in *He and “He concentrations with
grain size in Chinese source area samples. “He concentrations drop
with decreasing grain size, as shown in Fig. 3. *He concentrations
stay roughly constant until grain sizes drop to ~8 pm, after which
3He concentrations increase.

5. DISCUSSION

5.1. Helium concentrations and isotopic composition in dust
source area samples

We observe a pronounced decrease in “*He concentra-
tions and increase in *He/*He ratios with decreasing grain
size in dust source area samples from East Asia, Australia,
and South America (Figs. 2 and 3). In the <63 pm fraction,
we observe substantial differences in He concentrations
and isotopic compositions between source areas. Australian
<63 um samples have “He concentrations that are

substantially higher, and *He/*He ratios that are substan-
tially lower, than samples from other source areas. In the
fine (<5 pm) fraction, however, “He concentrations are very
similar, with mean values from East Asia, Australia and
Puna-CWA all within uncertainty of 2 pcc STP/g, and
Patagonia lower at approximately 0.8 pcc STP/g. In the fol-
lowing sections we explore potential explanations for, and
implications of, these results.

5.1.1. Helium in coarse (<63 um) fractions of the sediment

“He in the upper continental crust is dominantly pro-
duced as alpha particles from U and Th decay. In granite
and other source rocks, U and Th are concentrated in
accessory mineral phases such as zircon, amphibole, urani-
nite and monazite (e.g., Martel et al., 1990), all of which
have sufficient He retentivity to have much higher *He con-
centrations than bulk rock (Mamyrin and Tolstikhin, 1984;
Lippolt and Weigel, 1988; Martel et al., 1990). In the
<63 um fractions, which are likely to have undergone min-
imal chemical alteration and to be composed of primary
rock-forming minerals (e.g., Jeong et al., 2008; Meyer
et al., 2013), it is thus likely that *He will be primarily
contained in these accessory mineral phases.

Dominant minerals such as quartz, feldspar and
mica often have *He concentrations on the order of
1-10 pcc STP/g  when measured as coarse-grained
(~1 mm) mineral separates from source rocks (Mamyrin
and Tolstikhin, 1984; Martel et al., 1990; Tolstikhin et al.,
1996). These concentrations are similar to those measured
in dust source samples in this study (excluding <63 pm sam-
ples from Australia), suggesting that He in some dust
source areas may be contained in dominant minerals rather
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Fig. 5. Th concentrations and He/Th ratios in samples from
different dust source areas. (A) Box-and-whisker diagram of Th
concentration data for two size fractions of terrestrial dust source
area samples from Patagonia, Puna-Central West Argentina, East
Asia and Australia. Data from <5 um fraction are shown in blue,
and data from the <63 pm fraction are shown in green. Boxes
indicate the middle two quartiles of the data distribution, and
whiskers extend to the extreme data points. Some East Asian fine
fraction data are from the <4 um fraction (see Table EA1). (B) He/
Th ratios in the fine fraction of sediments from the four dust source
areas. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

than accessory phases. This possibility is made less likely,
however, by the high measured diffusivities of quartz,
potassium feldspar (sanidine) and mica (muscovite), which
indicate that He is largely lost from silt- and clay-sized
grains of these minerals over geologic (10°-10°yr) time
scales (Table 1). Our calculations use the equation of
Mussett (1969) for calculating the fraction of initial He lost
(F)) from minerals:

6 —n?Dt
FI:I—Fexp( p ) (3)

where 7 is time, a is the grain radius, and D is the diffusivity
of the mineral phases at a given temperature. D is calcu-
lated using

D(T) = Dy exp (_E> (4)

RT

where D, is the diffusivity at infinite temperature, E, is the
activation energy, R is the universal gas constant and 7 is
temperature in Kelvin. Table 1 includes calculations of

the time required to lose 90% of initial He for 2 um and
30 um grains of various mineral phases at surface (20 °C)
and seafloor (2°C) temperatures. Loss times for 2 um
grains of zircon, amphibole (hornblende) and iron oxyhy-
droxides (goethite) are all >107 years, while those for
quartz, feldspar and mica are all <10° years. Raising the
temperature to 40 °C to reflect high daytime temperatures
in deserts results in a factor of ~10 decrease in loss times
(not shown); for zircon, amphibole and iron oxyhydroxides
even this >10° year timescale — which assumes constant 40 °
C heating — is long relative to the typical residence time of
grains at the Earth’s surface. Trace phases such as apatites,
titanite and rutile also have high He retentivity at surface
temperatures (Reiners and Farley, 1999; Farley, 2002;
Cherniak and Watson, 2011).

We now turn our attention to the substantial (factor of
~20) enrichment in “He in Australian <63 pm samples rel-
ative to samples from East Asia (Fig. 2). The preceding dis-
cussion would suggest that “He concentrations in <63 pm
source area samples should reflect the prevalence and age
of U and Th-rich accessory mineral phases such as zircon,
as suggested by Patterson et al. (1999). U-Pb dating of zir-
cons in sand dunes in 3 sites spread across south-central
Australia indicates that the largest concentration of dates
lies between 1.0 and 1.7 Ga (Pell et al., 1997), while zircons
in Chinese loess date to 200-500 Ma (Pullen et al., 2011).
This factor of ~2-8 difference in age could be an important
contributor to higher *He concentrations in Australian
<63 um source area sediments. Zr concentrations are
approximately equal in Chinese loess and in Australian sur-
face samples (~170 ppm; Jahn et al., 2001; Marx et al.,
2005a,b); assuming that Zr concentrations are a rough
proxy for zircon abundance, these data would suggest that
the abundance of zircons does not explain the difference in
“He concentrations between the two regions.

In addition to a potential age difference, differences in
“He concentrations between Australian and East Asian
<63 um samples may reflect differences in the prevalence
of other *He-retentive phases (e.g., amphiboles, iron oxides
and oxyhydroxides), in the grain size distribution within the
<63 um fraction, or in chemical weathering.

3He/*He ratios in <63 pum samples from East Asia range
from 2.5 to 5.8 x 1078, consistent with average production
ratios for the upper continental crust calculated based on
production of “He by U and Th decay and production of
3He primarily by the ®Li(n,o)*H reaction (after which *H
decays to 3He) (Morrison and Pine, 1955; Andrews,
1985). The equivalence of calculated and measured *He/*He
ratios in East Asian samples suggests that nucleogenic *He
and radiogenic *He have been retained approximately
equally in these grains.

In Australia, *He/*He ratios in 5 of 6 <63 um samples
are roughly an order of magnitude lower than in East Asia,
with the only exception being one high-*He/*He sample
from the Lake Eyre basin (AU1) (Fig. 2). It does not appear
likely that *He production rates are significantly lower in
the Australian samples than in the Chinese samples. *He
production depends to first order on the thermal neutron
flux, a function both of mineralogy and of U and Th con-
centrations, and on Li concentrations. Analyses of source
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Table 1

Calculations of the length of time before various minerals lose 90% of He, based on published diffusion coefficients and calculated using the
He retention equation for >85% loss of Crank (1957) as reported in Table 1 of Mussett (1969). 2 um grains of quartz, mica (muscovite) and
feldspar (sanidine) retain He for <1 Myr at temperatures typical of the bottom of the ocean, while goethite (iron oxyhydroxide) amphibole
(hornblende) and zircon retain He for geologically long periods. Note that the values for goethite do not vary with grain size because
experimental results suggest that diffusion domains are smaller than grain sizes; the present results assume domains of 0.5 pm. (Shuster et al.
(2005)). The diffusion coefficients used for quartz are 2-5 orders of magnitude lower than estimates in other studies (Brook and Kurz, 1993;
Shuster and Farley, 2005) and were chosen to provide an upper limit on the duration of He retention in quartz.

Time of 90% He loss (y)

Grain size Reference for diffusion coefficient
Mineral Temperature (°C) 30 pm 2 um
Zircon 20 3.8 x 10'° 1.7 x 10 Reiners et al. (2004)
2 3.6 x 10'® 1.6 x 10
Hornblende 20 2.6 x 10° 1.2 x 107 Lippolt and Weigel (1988)
2 6.6 x 10" 2.9 % 10°
Goethite 20 2.5 x 10" 2.5 % 10" Shuster et al. (2005)
2 2.0 x 10" 2.0 x 101
Sanidine 20 1.6 x 10° 7.3 x 10° Lippolt and Weigel (1988)
2 2.1 x 107 9.1 x 10*
Muscovite 20 3.7 x 10° 1.6 x 10° Lippolt and Weigel (1988)
2 3.8 x 10° 1.7 x 10*
Quartz 20 5.4 % 10* 2.4 % 10° Trull et al. (1991)
2 9.1 x 10° 5.8 x 10°

area sediments in both regions do not suggest significant
differences in U, Th or Li concentrations (Jahn et al.,
2001; Marx et al., 2005a,b), and the measured Th concen-
trations of these samples are not significantly different
(Fig. 5). It should be noted that *He production also
depends on the concentration of elements that efficiently
absorb neutrons — e.g., B, Cd, Gd — which may account
for some of the difference in *He/*He ratios. However, it
is also possible that a much higher proportion of radiogenic
“He is retained relative to nucleogenic *He in Australian
source rocks. A similar pattern has been observed in gran-
ites in England with whole rock *He/*He ratios of 1.5-
4.8 x 107°, similar to values in our Australian samples
and more than an order of magnitude lower than the pro-
duction rate calculated for these granites assuming homoge-
nous element distributions (5.4 x 1078, Hilton, 1986).
Martel et al. (1990) related these low whole-rock ratios to
the fact that the majority of the rock’s U and Th are in
He-retentive accessory minerals such as uraninite and mon-
azite, while the majority of Li (and thus *He production) is
in biotite, a mineral with low He retentivity. As a result,
nucleogenic *He is lost preferentially to radiogenic “He.
Differences in *He/*He ratios in source areas may thus
reflect differences in mineralogy and weathering, and not
simply geological age or *He/*He production rates.

The variable *He concentrations found in South
America likely reflect contrasts between late Cenozoic
volcanics in Patagonia that are likely to be *He-poor
(Gaiero et al., 2004) and “He-enriched rocks such as
Precambrian through Mesozoic igneous and metasedimen-
tary rocks in Puna-CWA or Jurassic rhyolites in parts of
Patagonia (Allmendinger et al., 1997; Gaiero et al., 2007).
This difference parallels the much more radiogenic Nd
isotopic composition of Patagonian surface deposits com-
pared to samples from Central Western Argentina and
the Puna-Altiplano Plateau (Gaiero, 2007), indicating that

the younger mean age of bedrock in Patagonia may explain
the lower “He concentrations there. *He/*He ratios in South
American <63 um samples are also variable and range up
to 107, far higher than likely rates of radiogenic and nucle-
ogenic He production in these grains. Marcantonio et al.
(1998) attributed high *He/*He ratios in Amazon fan sedi-
ments to mantle-derived He, which has been suggested as a
significant contributor to total He even in geologically old
samples (Mamyrin and Tolstikhin, 1984). Farley (2001)
argued, however, that mantle He should be lost during
physical weathering, and instead attributed the *He/*He
component to extraterrestrial He hosted by IDPs deposited
on the landscape and accumulated within detrital sedi-
ments. We cannot reject Farley’s hypothesis, but we note
that high (>10~%) *He/*He ratios are found even in glacio-
genic South American sediments with little opportunity for
IDP accumulation (e.g., SMD2, FG1, MK3; Table EA1).

Cosmogenic “He is an additional potential contributor
to high *He/*He ratios in South American sediments.
Farley (2001) suggested that cosmogenic *He is unlikely
to be important in terrestrial sediments, reasoning that oli-
vine and pyroxene, retentive phases that are the dominant
hosts of cosmogenic *He, are easily weathered and likely
to lose He after being separated from source rocks
(Farley, 2001). Phases such as amphiboles, iron oxides, iron
oxyhydroxides, apatites, and rutiles that are more resistant
to weathering may also accumulate cosmogenic *He, poten-
tially contributing to high *He/*He ratios in South Amer-
ica. It is not clear, however, why cosmogenic *He would
drive high *He/*He ratios in South American sediments
but not lead to high *He/*He ratios in Australian and East
Asian sediments.

5.1.2. Helium in fine (<5 um) fractions of the sediment
Here we address the questions of (1) why “He concentra-
tions drop and *He/*He ratios rise with decreasing grain
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size and (2) what phases are the dominant carriers of “He in
the fine fraction. Several possible mechanisms related to
physical and chemical weathering may contribute to the
substantial decrease in “*He concentrations with decreasing
grain size (Fig. 3). First, as grain sizes decrease during phys-
ical weathering, losses of “He increase due to a combination
of diffusion and recoil loss. Diffusive losses increase in pro-
portion to 1/a%, where a is the radius of the diffusion
domain, which in most cases is the mineral grain
(Mussett, 1969). Fractures sustained during physical weath-
ering further increase diffusive losses by effectively increas-
ing grain surface area (Ballentine and Burnard, 2002).
Recoil lengths for alpha particles range from 10 to 30 um,
depending on grain density and chemistry; all newly pro-
duced alpha particles are thus ejected from grains in fine
silt- and clay-sized grains. In these fine-grained sediments,
alpha particles are often implanted in neighboring grains,
but as this implanted *He is connected to pore spaces by
a damage track, its diffusivity is much higher than if it were
retained in the parent mineral (Ballentine and Burnard,
2002). Consequently, radiogenic “He produced in clay-
sized grains is quantitatively lost to surrounding porewaters
(Farley, 1995; Solomon et al., 1996; Tolstikhin et al., 1996).

In addition to increased diffusive and recoil losses in fine
grains, He concentrations may be reduced by mineral diage-
nesis associated with chemical weathering. As He behaves
incompatibly during mineral alteration, its loss during the
formation of secondary clay minerals is contingent only
on having a pathway to escape (Ballentine and Burnard,
2002). The prevalence of these low-*He secondary clay
minerals increases with decreasing grain size (e.g., Jeong
et al., 2008; Meyer et al., 2013), providing an additional
mechanism for reduced “He concentrations in fine-grained
material.

Though “He loss is likely a dominant driver of the
decline in *He concentrations with decreasing grain size,
variations in “He concentrations within the fine fraction
may still reflect differences in *He production related to
the composition and age of source rocks. Sr, Nd and Pb iso-
topic data are available for the <5 um fractions of a subset
of the Australian measured in this study (Revel-Rolland
et al., 2006; Vallelonga et al., 2010) (Table EA1). Sr and
Nd isotopic ratios in Australian samples show significant
correlations with *He (r = 0.66, p<0.05 for Sr; r=0.53,
p<0.1 for Nd) (Fig. 6), with higher *He concentrations
associated with higher ¥’Sr/%¢Sr and more negative eng val-
ues. This correlation may derive from the fact that samples
with more radiogenic Sr and more negative enq are likely to
be geologically older and/or from lithologies more enriched
in incompatible trace elements; both of these characteristics
would lead to higher “He concentrations. No significant
correlations were observed between radiogenic isotope data
and 3He/*He ratios, “He/**’Th ratios or >*>Th concentra-
tions in the fine fraction where data exist, nor was the cor-
relation between Pb isotope ratios and *He concentrations
significant.

As fine fraction *He is only a small portion of total
source rock “He, it is unclear what minerals are the domi-
nant host of *He in the fine fraction. Analysis of the
<2 um fractions of both aerosol and deep-sea sediment
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Fig. 6. Correlations between “He concentrations and Sr and Nd
isotopic data from the fine fractions of Australian source area
sediments. Sr (top) and Nd (bottom) data are from Revel-Rolland
et al. (2006). All radiogenic isotope data are included in Table EA1.
95% confidence intervals are shown for radiogenic isotope data.

samples from the North Pacific indicates that they are com-
prised almost entirely of minerals with low *He retentivity:
quartz, plagioclase, illite, kaolinite and chlorite (Blank
et al., 1985). It appears that “He in long-traveled dust is
contained in a highly retentive phase, as “He concentrations
in detrital material in a North Pacific core fall by only a fac-
tor of 2 over the Cenozoic (Farley, 1995). Patterson et al.
(1999) suggested that most *He in distal marine sediments
is contained in zircons, which are known to have extremely
high *He abundances and retentivity.

We argue, however, that phases with moderate He con-
tents and greater abundance in fine-grained sediments such
as iron oxides, iron oxyhydroxides and amphiboles are
more likely carriers for He in the fine fraction of terrestrial
sediments and dust. As shown in Table 1, these phases (rep-
resented by hornblende and goethite) have sufficiently high
He retentivity to be consistent with the observation that
“He is retained in marine sediments over tens of millions
of years (Farley, 1995).

A first piece of evidence against zircon as the primary
carrier of He in the fine fraction comes from leaching exper-
iments conducted on red clay sediments from the North
Pacific, which found that ~80% of terrestrial *He was lost
on leaching with 6 M HCI at room temperature
(Mukhopadhyay and Farley, 2006). Zircon is a highly resis-
tant mineral not prone to dissolution in HCI (Krogh, 1973),
while iron oxides and oxyhydroxides are readily dissolved
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by HCI (Schwertmann, 1991). Amphiboles also show mea-
sureable weathering by HCI (Frogner and Schweda, 1998).

Second, the substantial increase in >He/*He with
decreasing grain size also argues against zircon and other
U-rich trace phases as the primary carriers of He in the fine
fraction. These phases are exceptionally rich in radiogenic
“He and tend to have very low *He/*He ratios (typically
<<1 x 1078 for zircons) (e.g., Amidon and Farley, 2011).
Our results suggest that *He concentrations initially remain
roughly constant as “He concentrations decrease with
decreasing grain size, then rise in the finest fractions (4—
8 um and <4-5 pum) (Fig. 4). This observation, along with
the high *He/*He ratios measured in the fine fraction, sug-
gests that *He-rich minerals are concentrated in the fine
fraction. *He production tends to be concentrated in micas
in igneous and metamorphic rocks due to their high Li con-
centrations (Section 5.1.1), but micas tend to have low He
concentrations due to their high He diffusivities. As a result,
studies of mineral separates from intrusive igneous rocks
find that the majority of *He is in minerals with only mod-
erate Li concentrations but low He diffusivity, often amphi-
bole (Mamyrin and Tolstikhin, 1984). Amphiboles have
been observed to contain *He in excess of production and
3He/*He ratios of ~10~7 (Mamyrin and Tolstikhin, 1984)
and are thus a plausible source of high *He in the fine
fraction.

Literature data allow us to assess whether amphiboles
and iron oxides/oxyhydroxides can account for most or
all of the ~2 pcc STP/g *He concentrations we find in the
fine fractions of dust source area samples. Jeong et al.
(2008) found that amphiboles and iron oxides/oxyhydrox-
ides comprise approximately 2% and 1.5%, respectively,
of mineral grains in loess deposits at the western margin
of the Chinese loess plateau. Lippolt and Weigel (1988)
reported that hornblendes dated by K-Ar geochronology
to 240 Ma have “He concentrations of 30 pcc STP/g. If
these hornblende data are roughly representative of amphi-
boles in general, and if dust transported over long distances
contains ~2% amphiboles, then amphiboles with a mean
age of ~800 Ma would produce a “He concentration in
long-traveled bulk dust of ~2 pce STP/g, as observed in this
study for the fine fraction of dust from a variety of source
areas. Similarly, *He concentrations in 40 Ma goethites
studied by Shuster et al. (2005) are high enough
(>2 x 107* cc STP/g) that a 1% abundance of similar iron
oxyhydroxides in dust would result in a He concentration
of 2 pec STP/g. These calculations demonstrate that phases
such as amphiboles and iron oxides/oxyhydroxides, which
have percent-level abundances in dust deposits (e.g.,
Jeong et al., 2008), moderate He contents and high He
retentivity, may be the dominant carriers of He in fine dust
rather than extremely He-rich trace phases such as zircon.
Iron oxides/oxyhydroxides are likely to be a more impor-
tant carrier of helium in the fine fraction than amphiboles
due to their more rapid accumulation of radiogenic “He.

High *He/*He in the fine fraction could potentially come
from interplanetary dust particles (IDPs) containing
extraterrestrial He, as He-retentive IDPs in marine sedi-
ments and polar ice are dominantly fine-grained
(Mukhopadhyay and Farley, 2006; Brook et al., 2009;

McGee et al., 2010b). However, little is known about the
He retentivity of IDPs subjected to terrestrial weathering,
and as noted above (Section 5.1.1) even glaciogenic sedi-
ments with little opportunity for IDP accumulation show
high *He/*He ratios. Cosmogenic “He is also a potential
contributor to high 3He/*He in the fine fraction, as dis-
cussed for coarse sediments in Section 5.1.1. However, even
zircons with exposure ages of >10*yr have *He/*He
<1 x 10~% (Amidon and Farley, 2011).

Regardless of its cause, the simple observation that
>He/*He ratios are typically in the range of 107 to 107¢
in the fine fraction of dust source area sediments has impor-
tant implications for studies of extraterrestrial *He in mar-
ine sediments and ice cores, as these studies use an estimate
of the terrigenous *He/*He ratio to determine extraterres-
trial He concentrations. This point is explored in more
detail in the following section.

5.1.3. Implications for studies involving *He in dust and
extraterrestrial *He

Our measurements of “He concentrations and *He/*He
ratios in different size fractions and dust source areas have
implications both for He as a dust tracer and for studies
involving extraterrestrial *He. For dust reconstructions in
distal sites such as open-ocean sediments and ice cores
where dust is dominantly fine-grained, our results suggest
relatively homogenous “He concentrations in the <5 pum
fraction of dust from East Asia, Australia and Puna-
CWA, all of which average ~2 pcc STP/g. The exception
is Patagonia, where *He concentrations appear to be lower
(~0.8 pec STP/g) and more variable. The consistency of
these results suggests that dust fluxes may be estimated
from “He fluxes at sites where dust is dominantly fine-
grained. However, in sites with a range of dust grain sizes
(i.e., sites <~500 km from source areas; Tsoar and Pye,
1987), the strong dependence of *He concentrations on
grain size complicates the use of *He for quantitatively esti-
mating dust accumulation rates in sediments. Interpretation
of *He-based provenance tracers such as “He/Ca, *He/*He
and *He/***Th ratios will be similarly affected by the grain
size dependence of *He concentrations in source-proximal
deposits.

These data also have important implications for studies
involving extraterrestrial *He. In order to deconvolve
extraterrestrial from terrigenous He, studies must
assume a “He/*He ratio of terrigenous matter, typically
1-4 x 107® based in part on measurements of bulk Chinese
loess (Farley and Patterson, 1995; Marcantonio et al., 1998;
Farley, 2001). Our data suggest that in regions where
fine-grained dust forms a dominant source of terrigenous
sediments, the terrigenous *He/*He ratio may be an order
of magnitude higher, in the range of 4-5 x 1077 for East
Asian and Australian sources and 107° for South American
sources. It is recommended that studies estimating extrater-
restrial *He concentrations in sediments explore the sensi-
tivity of their results to higher terrigenous *He/*He ratios.
In cases where the results show substantial sensitivity,
efforts should be made to constrain the terrigenous *He/*He
ratio, either through physical (e.g., magnetic) concentration
of the terrestrial fraction or through measurement of
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samples that represent the grain size and provenance of the
terrigenous endmember. Further work should also explore
whether there are ways of constraining the *He/*He ratio
of the terrigenous endmember based on independent mea-
surements such as grain size and elemental composition
(e.g., U, Th, Li).

5.2. Thorium concentrations in dust sources and implications
for dust flux reconstructions

We find a consistent increase in 2*Th concentrations
with decreasing grain size, with mean concentrations of
14 £ 1 pg/g (error-weighted mean) in fine (<4 or <5 pm)
samples from East Asia, Australia and Puna-CWA (Figs. 3
and 4). This value is approximately 30% higher than the
mean concentration in the <63 um fractions of samples
from East Asia and Australia, and 60% higher than in
<63 um samples from South America. The fine fraction of
African dust appears to have a similar >**Th concentration,
as the average 2**Th concentration of the 0-2pm and
2-5 um fractions of African dust collected in Barbados is
13.6 ug/g (Mubhs et al., 2007). African dust also shows a
similar increase of 2*Th concentrations with decreasing
grain size; concentrations in Barbados dust were 30%
higher in the 0-2 pum fraction than in the 10-20 pm fraction
(Muhs et al., 2007). A similar pattern with grain size is seen
in dust source area samples from Africa (Castillo et al.,
2008).

Increased **Th concentrations in fine sediments may
result from a reduced proportion of low->*>Th phases such
as quartz and feldspar in fine sediments (e.g., Leinen et al.,
1994; Jeong et al., 2008; Meyer et al., 2013); as an example,
Jeong et al. (2008) found that bulk Chinese loess was
50-60% quartz and feldspar, while the <2 pm fraction
was ~80% illite and smectite. Additionally, during chemical
weathering the low solubility of Th may cause it to remain
adsorbed to clay minerals or Fe-Mn oxides as other ions
are leached from the sediments (Marchandise et al., 2014).

Given the similar >**Th concentrations in the fine frac-
tion of dust source area samples from East Asia, Australia,
South America (this study) and Africa (Mubhs et al., 2007),
we recommend that studies using >**Th fluxes to estimate
dust fluxes in distal sediments assume a 2>>Th concentration
of 14 + 1 pg/g in dust. Several previous studies have used
an estimate of the average >**Th concentration of the upper
continental crust (10.7 pg/g; Taylor and McLennan, 1985)
to calculate dust fluxes (e.g., Anderson et al., 2006;
McGee et al.,, 2007; Winckler et al., 2008; Martinez-
Garcia et al., 2009); these studies may systematically
overestimate dust fluxes by ~30% in regions where dust is
dominantly <5 um. In studies attempting to quantitatively
estimate detrital concentrations and fluxes using 2*2Th
concentrations, it is best to base these estimates on 23>Th
concentrations in the appropriate grain size and detrital
provenance rather than using the average concentration in
upper continental crust.

An exception to this recommendation should be made for
sites receiving exclusively fine Patagonian dust, which our
data suggest has a lower *>Th concentration (~9 pg/g),
in agreement with previous work (Gaiero et al., 2004,

2007). This lower Th concentration appears to result from
contributions of basaltic to basaltic-andesitic composition
volcanics from the Southern Volcanic Zone; a ~60-40 mix-
ture between these low-Th volcanics and high-Th Jurassic
rhyolites found in the region explains well the chemical and
isotopic signature of Patagonian sediment and dust
(Gaiero et al., 2007).

5.3. “He/**>Th ratios as a dust provenance tracer

5.3.1. Changes in *HelP*’Th with grain size and between
source areas

As a result of the relative constancy of *>Th concentra-
tions in terrestrial samples, variability in *He/>**Th ratios is
primarily driven by “He concentrations. We express
“He/?*’Th ratios in the unit of mcc STP/g, as this ratio is
a simple division of “He concentration data in common
units of ncc STP/g by >*’Th concentrations in units of
pg/g. This unit also has the advantage that most fine
fraction and marine sediment values fall in the range of
10-200, as opposed to 0.01 to 0.20 if the unit were cc STP/g.
“He/*2Th ratios can be converted to atomic ratios by
multiplying values in mec STP/g by 1.0352 x 1072,

In the <63 pm fraction, “He/>**Th ratios in Australian
samples are consistently higher than in samples from East
Asia and South America. Australian *He/>**Th ranges from
4320 to 25,800 mcc STP/g; Chinese *He/***Th in <63 ym
samples ranges from 457 to 1480 mcc STP/g; and South
America shows the greatest variability, with ratios ranging
from 53 to 2680 mcc STP/g (Table EAl). Fine fraction
*He/**?Th ratios, which are more likely to reflect values in
long-traveled dust, are significantly lower and less variable.
“He/**’Th ratios in the fine fraction average 209
+ 34 mcc STP/g in  Australian samples, 142 & 14 mcc
STP/g in East Asian samples, 132 4 30 mcc STP/g in
Puna-CWA  (after exclusion of SA3), and 44
=+ 10 mcc STP/g in Patagonia.

Consistent with the difference in *He/***Th between the
<5 and <63 um size fractions from each source area, the
two full sets of grain size fractions from East Asia demon-
strate a strong dependence of *He/**>Th on grain size.
Increasing >*?Th and decreasing *He concentrations leading
to 6- and 14-fold decreases in *He/**’Th from the 32 to
63 pm size fraction to the <4 pm size fraction (Fig. 3). Most
of this decrease occurs between the 32-63 and 16-32 um
fractions.

These grain size effects may be of secondary importance
in most distal ocean sediments, where dust is consistently
<20 um and usually ~5 pm (Tsoar and Pye, 1987; Rea
and Hovan, 1995), as there is only a slight decrease in
“He/**>Th ratios in grain size fractions <16 pm. In these set-
tings, “He/***Th ratios are likely to reflect detrital prove-
nance. Our results suggest that *He/*’Th in the fine
fraction may differ by a factor of at least two between
source areas and may thus be capable of fingerprinting sed-
iment source. We also note that lateral sediment redistribu-
tion (‘“sediment focusing”) is unlikely to impact
sedimentary *He/***Th ratios in settings where dust is
dominantly fine-grained, as grains <10 um tend to aggre-
gate in ocean water and are not separated during sediment
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resuspension, transport and deposition (McCave and Hall,
2006).

Variations in “He/**’Th in size fractions from 16 to
63 um complicates application of this ratio for estimating
dust provenance in proximal sites where dust grain size is
relatively coarse and more variable, as variations in
“He/**>Th between sites and downcore could plausibly rep-
resent changes in dust grain size rather than changes in
provenance.

5.3.2. Comparison of source area *Hel’*’ Th with downwind
ocean sediments

“He/**Th ratios in all marine samples are shown in
Fig. 7. Ratios are calculated using “Herggrr (Eq. (2)). Mar-
ine sediment samples from the Pacific Ocean and South
Atlantic analyzed or compiled in this study have *He/***Th
ratios ranging from ~10 to 250 mcc STP/g. Samples imme-
diately downwind of dust source areas have ratios that are
generally similar to ratios of fine-grained sediments in their
respective source areas (Fig. 7). Mean *He/**’Th ratios
range from ~90 to 180 mcc STP/g in the region of maxi-
mum East Asian dust deposition in the North Pacific, sim-
ilar to the mean “He/?**Th ratio of the fine fraction of East
Asian source area samples (142 + 14 mec STP/g). Values
are 187 & 68 and 202 + 59 mcc STP/g in Tasman Sea sedi-
ments under the Australian dust plume, similar to ratios in
Australian source area sediments (209 + 34 mcc STP/g). In
ODPI1237 in the southeastern tropical Pacific, which is
thought to receive dust from the Atacama and Altiplano
regions, *He/**’Th ratios average 128 4 42 mcc STP/g.
This value agrees with mean values for Puna-CWA samples
(132 4 30 mece STP/g), though it should be noted that all
Puna-CWA samples come from the eastern side of the
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Andes and thus may not be representative of dust reaching
ODP1237.

In three cores from the open-ocean South Atlantic (43—
46°S), a region thought to receive primarily South Ameri-
can dust (Li et al., 2008), *He/***Th ratios range from
190 to 250 mcc STP/g. These values are somewhat higher
than fine-grained Puna-CWA source area sediments (132
=+ 30 mcec STP/g) and much higher than samples from
Patagonia (44 4 10 mcc STP/g). There is no significant
difference in “He/**’Th ratios between glacial (215
4+ 16 mec STP/g, n=6) and Holocene (250 4= 52 mcc
STP/g, n = 3) samples in the South Atlantic cores, suggest-
ing consistent detrital provenance through glacial-
interglacial cycles. This indication that Patagonian sources
may not be significant contributors of dust to the
mid-latitude South Atlantic is somewhat surprising, as most
prior studies have emphasized Patagonia as the primary
source of windblown (Kumar et al., 1995; Martinez-
Garcia et al., 2009, 2014) or current-transported (Noble
et al., 2012) detrital material to this region and have pointed
to glacial outwash from the Patagonian ice sheet as a driver
of increases in detrital fluxes to the South Atlantic and
Southern Ocean during glacial periods (Sugden et al.,
2009; Noble et al., 2012). Though these preliminary results
require testing through additional analyses of South
American dust sources and South Atlantic sediments, at
present they suggest that the Puna-Central West Argentina
region of central South America is a more important source
of dust to the South Atlantic during both glacial and
interglacial periods (Gaiero, 2007).

“He/**>Th ratios appear to drop with distance from dust
sources, falling to a minimum near the equator in the
Pacific Ocean. In the central Pacific, “He/***Th drops from

120°W 100°W 80°W

Fig. 7. Map of *He/***Th ratios in samples from this study. All values are expressed in units of mcc STP *He/g 2*>Th. Average values (&1
standard error of the mean) are shown for fine fraction (<4 or <5 pm) dust source area samples from East Asia, Australia, Puna-Central West
Argentina and Patagonia. *He/**>Th ratios are shown for each ocean site; where more than one sample was analyzed, the standard error of the

mean is also reported.
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>120 mcc STP/g north of 20°N to 95 & 6 mcc STP/g at 18°
N to 47 + 10 mcc STP/g at 4°N to <20 mcc STP/g at sites
within 2° north and south of the equator (Figs. 5 and 6).
Similarly low ratios are observed in the Paleogene section
of ODP Site 1209 with an estimated paleolatitude of
10-15°N (36 + 2 mcc STP/g) (Marcantonio et al., 2009;
Woodard et al., 2012). The causes and implications of
low “He/**?Th in equatorial Pacific sediments will be
explored in the next section.

5.3.3. Significance of low *Hel”’Th in equatorial Pacific
sediments

“He/?*Th in sites in the equatorial Pacific appear to be a
factor of ~10 lower than in midlatitude North and South
Pacific sites, and approximately half of this change occurs
within 10° of the equator (Fig. 7). As eolian dust flux
records based on *He and ?*>Th have been constructed in
both Pleistocene and Paleogene low-latitude Pacific sedi-
ments (Patterson et al., 1999; Winckler et al., 2005, 2008;
Anderson et al., 2006; McGee et al., 2007; Marcantonio
et al., 2009; Woodard et al., 2012), it is important to under-
stand this apparent difference in the relationship of “He and
232Th between equatorial sediments and sites at higher lat-
itudes. We note that the magnitude of *He/>**Th ratios in
tropical Pacific sediments is sensitive to the choice of
3He/*He ratio assumed for extraterrestrial He (*He/*Hepp)
in the deconvolution of terrigenous and extraterrestrial “He
(Section 3.1) The estimates in this paper use a high value for
SHe/*Heipp and thus represent a maximum estimate for
tropical “He/>**Th ratios; use of a lower value would only
increase the magnitude of the drop in *He/***Th ratios from
the midlatitudes to the tropics.

A first explanation for the observed decrease in
“He/*2Th ratios near the equator is a reduction in dust
grain size with increasing transport. If dust deposited at
the equator were to be finer grained than in regions to the
north and south, “He/**?Th ratios may be substantially
lower at the equator. Grain size separates from East Asian
samples suggest a factor of 2-3 decrease in *He/***Th ratios
from the 4 to 8 um fraction to the 0—4 pum fraction, but
ratios in the 0-4um fractions of East Asian dust
(65220 mcc STP/g) are still substantially higher than
observed near the equator (<20 mcc STP/g). It may be that
preferential loss of trace phases likely to be enriched in “He
may also contributes to lower “He/**>Th ratios near the
equator, similar to inferences based on changing Hf isotope
compositions of African dust with increasing distance
across the Atlantic Ocean (Aarons et al., 2013; Pourmand
et al., 2014). However, the relatively high *He/*He ratios
found in the fine fractions of source area sediments suggest
that most He in the fine fraction is not contained in dense,
U-rich trace phases like zircon but may instead be in
moderate-density phases such as amphiboles and iron
oxides and oxyhydroxides (Section 5.1.2)

A second potential explanation for the pattern of falling
“He/***Th near the equator is a change in the provenance of
detrital material south of the ITCZ from high-*He/***Th
Asian and/or North American dust to low-*He/>**Th mate-
rial such as local ocean island volcanics or Central/South
American ash. Consistent with a change in provenance,

detrital Nd isotope compositions change significantly along
meridional profiles at 140°W and 110°W, going from less
radiogenic values similar to East Asian dust at ~5°N to
more radiogenic values typical of arc and volcanism south
of the equator (Nakai et al., 1993; Ziegler et al., 2008; Xie
and Marcantonio, 2012). Along 140°W this pattern, along
with concomitant changes in trace element ratios, has been
explained by mixing of northern-sourced dust (likely from
East Asia) with a combination of volcanic detritus from
the Marquesas islands at 10°S, South American ash south
of the equator and detrital inputs from the equatorial
undercurrent (EUC) immediately at the equator (Ziegler
et al., 2008).

To what extent could mixing between East Asian dust
and low-*He/**>Th volcanic or EUC sediments drive the
decrease in *He/***Th ratios near the equator? Assuming
mixing of Chinese dust with “He/***Th of 50100 near the
equator with a volcanic endmember with *He/***Th ~0,
22Th deposited at the equator (*He/>**Th ~10-20) would
be 60-90% from the volcanic endmember. However,
Ziegler et al. (2008) find that the andesitic ash and Marque-
sas volcanics endmembers generally account for <20% of
LGM and Holocene detrital sediments at 2°S, the southern-
most site at 140°W for which we have *“He/**’Th data.
Detrital sediments from the equatorial undercurrent
account for ~30% of detrital sediments within 2° of the
equator in their mixing model, but it is likely that this
source does not supply significant 2*>Th, as meridional pro-
files of >*?Th accumulation rates at 140°W and 110°W show
a smooth drop from 4-7°N to 2-3°S, with no indication of
an equatorial **Th source (Fig. 8) (Anderson et al., 2006;
McGee et al., 2007).

The mixing hypothesis is also difficult to reconcile with
the constancy of *He/>**Th ratios at equatorial sites across
glacial-interglacial cycles despite 2.5-fold changes in 2**Th
and *He fluxes (Anderson et al., 2006; McGee et al.,
2007; Winckler et al., 2008). Assuming that volcanic and
EUC inputs do not systematically increase during glacial
periods, elemental and isotopic ratios that reflect a combi-
nation of sources should shift toward the dust endmember
during glacial periods, when dust deposition increases.
Consistent with this expectation, Ti/Th ratios at site PC72
(0°, 140°W) decrease during glacials, likely due to increased
supply of Asian dust with low Ti/Th relative to inputs from
the Marquesas with high Ti/Th (Anderson et al., 2006). The
fact that high- and low-?**Th flux samples from equatorial
Pacific cores show no difference in *He/>**Th ratios (Fig. 9;
r=—0.2, p>0.3) suggests that *He and ***Th dominantly
reflect a single (presumably eolian) source rather than a
mixture of sources.

A third hypothesis for “He/***Th ratio changes near the
equator involves the ability of dissolved 2**Th to reach sed-
iments by adsorption on sinking particles. Dust deposition
is thought to be the primary source of dissolved **Th in the
open ocean (Andersson et al., 1995; Roy-Barman et al.,
1996), and so higher dust fluxes north of the ITCZ could
produce a meridional gradient in dissolved ***Th concen-
trations that is proportional to the gradient in dust deposi-
tion. Dissolved 2**Th transported down gradient could, in
theory, be scavenged at low-dust, high-particle flux sites
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Fig. 8. Comparison of He and Th in tropical Pacific sediments
from 110°W. (A) Plot of *Hergrr vs. 23°Th concentrations in all
samples from two cores along 110°W: ODP853 at 7.2°N, and
ODP849 at 0.2°N. The very different slopes of the two arrays make
clear the relative depletion of He with respect to Th in equatorial
sediments. (B) 2**Th-normalized “Hergrr and 2*2Th fluxes from
Holocene samples from a meridional transect of cores along 110°W
(ODP848-853; McGee et al., 2007; Winckler et al., 2008). Fluxes
are arbitrarily normalized such that the flux at ODP853 (7.2°N) is
given a value of 10. *>Th fluxes fall by a factor of ~3.5 from
ODP853 to ODP848 (3.0°S), while *Herprg fluxes fall by a factor
of 17.

near the equator, increasing >°Th fluxes there. Helium
behaves quite differently, as He lost during dust dissolution
is not susceptible to scavenging. Scavenged ***Th deposited
in sediments thus decreases sedimentary *He/?*>Th ratios.

This hypothesis proposes that the ratio of scavenged
22Th:total ***Th increases south of the ITCZ, rising to
>0.75 near the equator, based on the observed change in
“He/*?Th ratios. Though quantitative evaluation of this
hypothesis awaits higher-quality water column Th measure-
ments from the equatorial Pacific, JGOFS data do not
show any meridional gradient in water column Th concen-
trations (Anderson, 2002) inconsistent with this hypothesis.
Second, the magnitude of the lateral transport required —
enough to make up 75% of sedimentary >**Th in equatorial
cores — appears incompatible with the short residence time
of Th in the upper water column (3-6 years in the upper
500 m; Hayes et al., 2013). Finally, this hypothesis is incon-
sistent with near-constant Nd/Th ratios between 7°N and
2°S along the 110°W meridional transect (Xie and
Marcantonio, 2012); Nd/Th weight ratios average
2.0-3.0 x 10~ over the last 25 ka in the detrital fraction
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Fig. 9. Plot of *Hergrr/>*2Th ratios vs. 2*°Th-normalized >**Th
fluxes in samples from the equatorial site TTO13-PC72 at 140°W
(Winckler et al., 2008). There is no significant correlation between
the two variables (r = —0.20, p > 0.3). The lack of change in He/Th
ratios with changing Th flux makes it difficult to explain low
equatorial He/Th ratios as resulting from mixing, as constant
proportions of high-He/Th dust and low-He/Th volcanic material
would have to be maintained despite 2.5-fold changes in dust flux.

of all cores. As the residence time of Nd is a factor of
~10 greater than that of Th in the open ocean (Bacon
and Anderson, 1982; Tachikawa et al., 2003), lateral trans-
port and scavenging of dissolved Nd is not expected to scale
with that of dissolved Th. Near-constant ratios are most
easily explained by both elements dominantly being hosted
within detrital inputs.

We therefore conclude that lateral transport of dissolved
232Th from high-dust regions north of the equator followed
by scavenging and burial near the equator appears unlikely
to explain the data. Decreasing dust grain size south of the
ITCZ is perhaps the most likely explanation for a pro-
nounced minimum in *He/?*’Th ratios near the equator,
but it lacks observational evidence.

6. CONCLUSIONS

232Th concentrations are relatively constant in similar
grain size fractions from dust source areas in China, Aus-
tralia and central South America and rise substantially with
decreasing grain size. In fine fraction samples (<4 or <5 pum)
reflecting the approximate grain size of long-traveled eolian
dust, concentrations average 14 + 1 pg/g in all three source
areas. We therefore recommend use of this value in studies
using 2**Th fluxes to estimate dust fluxes in sediments where
dust inputs are likely to be fine-grained. This result suggests
that studies assuming a >*>Th concentration of 10-11 pg/g
in eolian dust may overestimate dust fluxes by 30-40% in
regions receiving primarily fine-grained dust. >**Th concen-
trations appear to be significantly lower in the fine fraction
of Patagonian dust (~9 pg/g) based on our data and previ-
ously published results (Gaiero et al., 2004, 2007), suggest-
ing that this lower value should be used in locations
receiving exclusively Patagonian dust.

“He concentrations and *He/*He ratios are variable in
the <63 um fraction of terrestrial sediments from different
source areas, likely due to differences in age, parent element
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(U, Th, Li) concentrations, mineralogy, retention of mantle
He and grain size. Data from grain size fractions indicate a
substantial decrease in “He concentrations and increase in
3He/*He with decreasing grain size. High *He/*He ratios
(>1077) in the fine fraction suggest that phases other than
zircon, such as iron oxides and oxyhydroxides and possibly
amphiboles, are the dominant hosts for He in long-traveled
dust. These high ratios also suggest that studies involving
*Hepr may need to consider higher *He/*He values for
the terrigenous He endmember.

Importantly, “He concentrations are quite consistent in
the fine fraction of dust source area samples from East
Asia, Australia and Puna-Central West Argentina, with
mean values in all three regions of ~2 pcc STP/g. Fine frac-
tion samples from Patagonia suggest a lower mean “He
concentration of ~0.8 pucc STP/g. The consistency of these
values suggests that “He fluxes in distal deposits such as
open-ocean sediments and ice cores may be used to offer
quantitative dust flux estimates.

Our preliminary survey of marine sediments suggests
that “He/**>Th ratios in the fine fraction of terrestrial sam-
ples are similar to ratios in downwind marine sediments.
“He/**>Th ratios may thus provide useful provenance infor-
mation in sites where dust grain size is constrained; one
possible application would be in distinguishing Patagonian
dust from Puna-Central West Argentina dust and Aus-
tralian dust in Southern Ocean sediments and Antarctic
ice given the much lower *He/?*2Th ratios in Patagonian
source area sediments. Grain size effects on both “He and
22Th lead to large decreases in *He/**>Th ratios with
decreasing grain size, complicating the use of this ratio
for provenance investigations in source-proximal sediments
with widely varying dust grain size. In the equatorial Paci-
fic, “He/***Th ratios fall by a factor of >4 from ~10°N to
the equator. Additional water column Th isotope measure-
ments, measurements of the grain size of lithogenic sedi-
ments, and *He/>’Th data from modern atmospheric
dust in the region may help in determining the reason for
this change.
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