
Earth and Planetary Science Letters 339-340 (2012) 151–163
Contents lists available at SciVerse ScienceDirect
Earth and Planetary Science Letters
0012-82

http://d

n Corr

E-m
journal homepage: www.elsevier.com/locate/epsl
Letters
Size fractionation, reproducibility and provenance of helium isotopes
in north-equatorial pacific pelagic clays
Adi Torfstein n

Lamont-Doherty Earth Observatory, Columbia University, 61 Rt. 9W, Palisades, NY 10964-1000, USA
a r t i c l e i n f o

Article history:

Received 13 December 2011

Received in revised form

22 May 2012

Accepted 24 May 2012
Editor: B. Marty
proxies in paleoceanographic studies.

3 3

Available online 13 July 2012

Keywords:

helium isotopes

interplanetary dust particles

pelagic clays

grain size distribution

constant flux proxy
1X/$ - see front matter & 2012 Elsevier B.V.

x.doi.org/10.1016/j.epsl.2012.05.030

esponding author. Tel.: þ1 845 365 8918; fax

ail address: adi.torf@ldeo.columbia.edu
a b s t r a c t

Helium isotope compositions were measured in late Quaternary pelagic clays from the North Equatorial

Pacific, where terrestrial and extra-terrestrial end member components are identified and quantified in

different grain size populations. The results provide important constraints on the nature of inter-

planetary dust particles (IDPs) in sedimentary environments and on their application as constant flux

Approximately 92–95% of the extra-terrestrial He ( HeET) is concentrated in particles smaller than

20 mm. Within this grain size group, �44% of 3HeET is concentrated in the 20-10 and 10-2 mm fractions,

while more than 50% of the total 3HeET is found in fine particles smaller than 2 mm. The peak

concentration of 3HeET in the very fine particle size population explains a consistently better

reproducibility of 3HeET in sediments compared to model predictions that is related to the relatively

homogenous distribution of clay-size particles in sediments compared to coarser particles, especially in

deep-sea sediments and ice cores. The 3He/4He ratios are highest in the coarser than 20 mm fractions,

peaking between 63 and 38 mm (1.7871.13�10�4), compared to the bulk and the o20 mm fractions

(3.2072.62�10�5 and 2.1170.88�10�5 respectively). The isotopic composition of helium in each of

the size fractions reflects a mixture between a pure extraterrestrial end member and a terrigenous

component, which is itself comprised of varying mixtures of volcanic material and eolian material

associated with the fine grain size fraction of loess deposits in South East Asia.

Poor 3HeET reproducibility observed here and elsewhere, inhibiting its application as a constant flux

proxy, stems from the presence of a small number of aliquots displaying significantly higher 3HeET

contents compared to the average of their reference group. These Helium Rich Particles (HRPs), are

probably characterized by a o20 mm diameter and carry significant amounts of extraterrestrial 3He

and 4He. Careful rejection of such aliquots improves the signal reproducibility by more than two fold.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Helium as a tracer of interplanetary dust particles (IDPs)

The helium isotopic composition (3He/4He) of interplanetary
dust particles (IDPs) differs from terrestrial material by about four
orders of magnitude, and can therefore be used as a sensitive
tracer for the presence of IDPs in sediments (Merrihue, 1964;
Ozima et al., 1984; Fukumoto et al., 1986; Takayanagi and Ozima,
1987; Matsuda et al., 1990; Nier et al., 1990). By using a binary
mixing scheme between terrigenous (Terr) and extraterrestrial
(ET) helium, the 3HeET concentration in sediments can be
quantified (Eq. (1)) and applied to describe the connection
between past flux rates of extraterrestrial 3He to the Earth’s
All rights reserved.

: þ1 845 365 8155.
surface (F3HeET
) and sediment bulk-mass accumulation rates

(bulk-MARs) (Eq. (2)).
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In cases where bulk-MARs are previously known, Eq. 2 yields
the value of F3HeET

. Alternatively, assuming F3HeET
is stable over a

given period of time, 3HeET can be used as a proxy for bulk-MARs
(‘constant flux proxy’), even in cases where no other constraints
are available (Farley and Patterson, 1995; Patterson and Farley,
1998; Marcantonio et al., 1996, 1999, 2001; Mukhopadhyay et al.,
2001; Farley, 1995, 2001; Farley and Eltgroth, 2003; Winckler
et al., 2004, 2005).



Fig. 1. Location map. Arrows mark direction of main wind systems.
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The use of 3HeET as a ‘constant flux proxy’ in geological
archives requires good knowledge of the composition of the
extraterrestrial end member and the identification of the main
carrier phases and their size distribution. Moreover, it is quite
possible that the characteristics of 3HeET change due to the effects
of entry to Earth’s atmosphere (e.g., particle fragmentation), and
that additional biological processes or disaggregation and degra-
dation on Earth’s surface or during sample preparation have an
effect of the observed 3HeET values.

The aim of this study is to characterize the helium content,
isotopic composition and reproducibility in grain size fractions of
late Quaternary pelagic clays from the north Equatorial Pacific
(91N, 1401W; Fig. 1). The low sedimentation rates and large
distance from potential sources of terrigenous input ensure a
high content of extraterrestrial helium at this site, and the young
deposition age limits possible diagenetic effects. The results are
used to define the composition of the extraterrestrial end member
and show the range of helium concentrations and the isotopic
composition of the terrestrial component. The helium isotopic
composition of grain size separates is used to define an empirical
reproducibility of 3HeET, which is consistently better than model
predictions. In addition, the large number of replicates allows the
first systematic identification and characterization of high- 3He
and 4He excursions, both of extraterrestrial origin. These findings
are discussed in the context of using 3HeET as a combined
provenance and flux proxy in surface sediments.

1.2. Helium grain size distribution in IDPs

The impact of atmospheric entry heating on IDPs was modeled
by Farley et al. (1997), who calculated the relative loss of helium
from accreting IDPs as a function of their diameter and predicted
the statistical variance of helium abundances in IDPs found on
Earth’s surface. Nevertheless, most replicate aliquots in sedimen-
tary environments display a far better reproducibility compared
to that predicted by the model, with only occasional 3He-rich
outlier aliquots that impose an overall poor reproducibility (e.g.,
Brook et al., 2000, 2009; Farley and Eltgroth, 2003; Winckler et al.,
2004). These outliers have previously been attributed to the
presence of large and hence rare IDPs that contribute significant
amounts of 3He to a sample (Farley et al., 1997; Brook et al., 2000;
Patterson and Farley, 1998; Marcantonio et al., 1999; Farley and
Eltgroth, 2003).

According to the model, 3HeET is predominantly delivered as a
surface-area-correlated component in particles up to several tens
of mm in diameter, with a peak between 10 and 5 mm (Farley
et al., 1997; Mukhopadhyay and Farley, 2006; Brook et al., 2009),
reflecting the surface ion implantation of 3HeET from solar wind
(Fukumoto et al., 1986; Amari and Ozima, 1988; Matsuda et al.,
1990; Nier and Schlutter, 1990).

While all IDPs have a given initial content of implanted 3HeET,
larger particles are heated to higher temperatures during atmospheric
entry and thus lose the implanted He before reaching Earth’s surface.
This explains why 3HeET is a tracer of the fine particle range of IDPs,
and thus is a good tracer of their rate of accretion, in contrast to other
common extraterrestrial indicators such as Ir and Os (e.g., Peucker-
Ehrenbrink, 1996), which trace the total extraterrestrial mass flux.

Although the grain size distribution of IDPs in sediments has a
strong control on the extraterrestrial helium content, only a limited
number of systematic measurements have been aimed at investi-
gating these grain size distribution patterns (Mukhopadhyay and
Farley, 2006; Brook et al., 2009; McGee et al., 2010).
2. Methods

2.1. Study site

The studied sediments are deep-sea pelagic clays collected
during the US Joint Global Ocean Flux Study (JGOFS) from site
147, north of the Equatorial Pacific (91N, 1401W, depth 4992 m).
Additional information is archived in the US.JGOFS database
(available at http://usjgofs.whoi.edu/jg/dir/jgofs/eqpac/tt013/).
The study site was chosen because it is located outside the belt
of high productivity and mass accumulation rates characterizing
the Equatorial Pacific (Murray and Leinen, 1993; Anderson et al.,
2008). The site is located �2000 km away from the nearest land
mass and over 10,000 km from South East Asia, a primary source
of eolian material. Thus, the terrestrial input and the resulting
‘dilution’ of the 3HeET signal are thought to be small at this site.

2.2. Mass accumulation rates

About 15 g of sediment were extracted between depths of
1 and 6 cm, corresponding to deposition ages in the range of
4–25 ka. These ages are based on the 230Thexcess method, where
the measured 230Th activity (163.05 dpm g�1) implies a sediment
MAR of �0.08 g cm�2 ka�1 (assuming a production rate of 230Th
from 234U in seawater of 2.63�10�5 dpm cm�3 ka�1 (Francois
and Bacon, 1994) and a dry bulk density of 0.337 g cm�3 (Murray
and Leinen, 1993)). This age range is consistent with comparable
sites (e.g., site 143, data available at the US.JGOFS database).

2.3. Sample preparation and grain size separation

The sample was homogenized by gentle manual grinding
with a mortar and pestle and then split into two aliquots: An
aliquot of 8.50 g (batch 1) was suspended in trace-metal grade
water and mixed with 0.5% hexametaphosphate solution at a 1:10
ratio (total concentration of 0.05%) to avoid particle flocculation.
The suspended material was transferred at room temperature
through 63, 38 and 20 mm sieves. Between each step of sieving the
sample was stirred and sonicated briefly (o1 min) in order to
disintegrate aggregates that might have formed during the process
(the effect of sonication is negligible and discussed in the next
section). The residue of each sieving step was transferred into a



Table 1
Data summary.

Type Aliquot name Aliquot wt. 4He 1s 3He 1s 3He/4He 1s
(mg) (ccSTP/g) (ccSTP/g)

Bulk (þ5 h ultrasonic) AT-81 13.5 9.61E�07 8.19E�09 2.46E�11 6.16E�13 2.56E�05 6.02E�07

Bulk (þ5 h ultrasonic) AT-82 15.1 9.25E�07 6.57E�09 2.01E�11 4.39E�13 2.18E�05 4.49E�07

Bulk (þ5 h ultrasonic) AT-79 25.2 9.02E�07 8.13E�09 1.98E�11 4.66E�13 2.19E�05 4.77E�07

Bulk (þ5 h ultrasonic) AT-80 * 24.4 1.05E�06 1.21E�08 7.60E�11 1.86E�12 7.20E�05 1.56E�06

Bulk AT-67 26.3 9.56E�07 1.02E�08 1.88E�11 5.24E�13 1.97E�05 5.06E�07

Bulk AT-72 17.1 9.53E�07 9.83E�09 1.86E�11 3.64E�13 1.95E�05 3.25E�07

Bulk AT-73 16.5 8.85E�07 9.53E�09 1.44E�11 3.67E�13 1.63E�05 3.75E�07

Bulk AT-74 * 24.7 1.47E�06 1.46E�08 1.39E�10 2.90E�12 9.44E�05 1.73E�06

Bulk AT-75 17.2 9.08E�07 9.52E�09 1.34E�11 2.95E�13 1.48E�05 2.86E�07

Bulk AT-95 42.1 9.50E�07 4.07E�09 1.58E�11 3.87E�13 1.66E�05 4.01E�07

Bulk AT-96 60.4 1.00E�06 4.77E�09 2.91E�11 7.12E�13 2.91E�05 6.99E�07

Average – – 9.97E–07 – 3.54E–11 – 3.20E–05 –

% Standard deviation – – 16.4 – 108.7 – 81.8 –

Batch 1, 463 mm AT-87 13.4 4.44E�07 5.20E�09 1.42E�11 3.85E�13 3.19E�05 7.83E�07

Batch 1, 463 mm AT-88 20.5 4.24E�07 5.05E�09 1.24E�11 4.55E�13 2.94E�05 1.02E�06

Batch 1, 463 mm AT-89 20.2 6.78E�07 6.20E�09 8.61E�11 1.96E�12 1.27E�04 2.65E�06

Batch 1, 463 mm AT-90 19 5.66E�07 5.88E�09 6.54E�11 1.63E�12 1.15E�04 2.61E�06

Batch 1, 463 mm AT-97 25.6 4.92E�07 6.78E�09 1.31E�11 4.45E�13 2.67E�05 8.26E�07

Batch 1, 463 mm AT-56 18.9 1.04E�07 1.72E�09 5.62E�12 2.46E�13 5.43E�05 2.20E�06

Batch 1, 463 mm AT-55 22.1 7.04E�07 7.70E�09 1.81E�10 3.87E�12 2.57E�04 4.72E�06

Average – – 4.87E–07 – 5.40E–11 – 9.17E–05 –

% Standard deviation – – 41.3 – 118.7 – 91.5 –

Batch 1, 63-38 mm AT-58 19.8 3.15E�07 3.84E�09 8.99E�11 2.12E�12 2.86E�04 5.75E�06

Batch 1, 63-38 mm AT-57 20.5 1.13E�07 1.66E�09 4.02E�11 1.16E�12 3.55E�04 8.81E�06

Batch 1, 63-38 mm AT-91 24.9 2.67E�07 2.91E�09 3.00E�11 7.91E�13 1.12E�04 2.69E�06

Batch 1, 63-38 mm AT-92 20.7 3.22E�07 3.50E�09 4.00E�11 1.03E�12 1.24E�04 2.90E�06

Batch 1, 63-38 mm AT-93 13.7 2.73E�07 2.77E�09 2.31E�11 7.10E�13 8.46E�05 2.46E�06

Batch 1, 63-38 mm AT-94 16.6 3.06E�07 2.67E�09 3.21E�11 6.96E�13 1.05E�04 2.08E�06

Average – – 2.66E–07 – 4.26E–11 – 1.78E–04 –

% Standard deviation – – 29.3 – 56.5 – 63.7 –

Batch 1, 38-20 mm AT-42 70.6 4.54E�07 3.90E�09 7.72E�11 1.56E�12 1.70E�04 3.11E�06

Batch 1, 38-20 mm AT-83 12.6 5.23E�07 6.20E�09 4.24E�11 1.00E�12 8.10E�05 1.66E�06

Batch 1, 38-20 mm AT-84 18.6 6.44E�07 6.96E�09 5.57E�11 1.26E�12 8.65E�05 1.73E�06

Batch 1, 38-20 mm AT-85 15.3 5.16E�07 5.61E�09 3.31E�11 7.92E�13 6.42E�05 1.37E�06

Batch 1, 38-20 mm AT-86 14.6 4.75E�07 5.48E�09 2.24E�11 6.34E�13 4.72E�05 1.22E�06

Batch 1, 38-20 mm AT-60 20 3.02E�07 3.75E�09 5.02E�11 1.28E�12 1.66E�04 3.71E�06

Batch 1, 38-20 mm AT-59 25 2.69E�07 3.16E�09 4.31E�11 1.31E�12 1.60E�04 4.47E�06

Average – – 4.55E–07 – 4.63E–11 – 1.11E–04 –

% standard Deviation – – 28.7 – 37.7 – 47.6 –

Batch 1, o20 mm AT-28 37.5 8.86E�07 8.39E�09 1.62E�11 4.18E�13 1.82E�05 4.39E�07

Batch 1, o20 mm AT-29 46.1 8.06E�07 1.09E�08 1.44E�11 4.45E�13 1.78E�05 4.97E�07

Batch 1, o20 mm AT-30 24.4 8.83E�07 9.96E�09 1.80E�11 5.06E�13 2.04E�05 5.24E�07

Batch 1, o20 mm AT-31 52.6 8.72E�07 9.29E�09 1.67E�11 5.06E�13 1.91E�05 5.43E�07

Batch 1, o20 mm AT-32 30.7 8.51E�07 7.38E�09 1.61E�11 3.84E�13 1.89E�05 4.20E�07

Batch 1, o20 mm AT-33 28.5 9.24E�07 6.20E�09 1.64E�11 3.00E�13 1.78E�05 3.02E�07

Batch 1, o20 mm AT-34 34.3 8.25E�07 1.04E�08 1.92E�11 4.94E�13 2.33E�05 5.23E�07

Batch 1, o20 mm AT-35 49.5 8.13E�07 1.07E�08 1.59E�11 4.51E�13 1.95E�05 4.93E�07

Batch 1, o20 mm AT-40 8.9 7.86E�07 1.00E�08 1.42E�11 4.32E�13 1.80E�05 5.00E�07

Batch 1, o20 mm AT-53 92.4 8.49E�07 1.19E�08 1.63E�11 4.94E�13 1.92E�05 5.15E�07

Batch 1, o20 mm AT-54 81.6 7.55E�07 1.53E�08 1.60E�11 6.00E�13 2.12E�05 6.68E�07

Batch 1, o20 mm AT-37 33.5 9.31E�07 9.18E�09 1.51E�11 2.98E�13 1.62E�05 2.78E�07

Batch 1, o20 mm AT-66 127.8 9.66E�07 9.07E�09 1.63E�11 2.83E�13 1.69E�05 2.47E�07

Batch 1, o20 mm AT-39 * 25.5 1.10E�06 1.12E�08 5.97E�11 1.13E�12 5.42E�05 8.63E�07

Batch 1, o20 mm AT-36 23.9 9.51E�07 9.79E�09 2.24E�11 5.60E�13 2.35E�05 5.37E�07

Batch 1, o20 mm AT-65 176.3 8.59E�07 8.94E�09 1.47E�11 3.26E�13 1.71E�05 3.35E�07

Batch 1, o20 mm AT-38 37.8 9.52E�07 7.85E�09 1.69E�11 4.41E�13 1.78E�05 4.39E�07

Average – – 8.83E–07 – 1.91E–11 – 2.11E–05 –

% Standard deviation – – 9.4 – 55.8 – 41.5 –

Batch 2, 463 mm AT-161 10.9 3.92E�08 2.64E�09 4.50E�12 4.66E�13 1.15E�04 9.03E�06

Batch 2, 63-38 mm AT-160 22.5 1.36E�07 3.95E�09 4.58E�11 2.42E�12 3.36E�04 1.49E�05

Batch 2, 38-20 mm AT-139 22.4 2.03E�06 2.07E�08 2.27E�11 6.35E�13 1.11E�05 2.91E�07

F1, 38-20 mm, after AcAc AT-140 25 3.64E�07 5.44E�09 5.33E�11 1.78E�12 1.46E�04 4.38E�06

Average – – 1.20E–06 – 3.80E–11 – 7.87E–05 –

% Standard deviation – – 98.5 – 57.0 – 121.4 –

Batch 2, 20-10 mm AT-143 60.4 6.59E�07 3.66E�09 2.35E�11 5.53E�13 3.57E�05 8.15E�07

Batch 2, 20-10 mm AT-144 40 6.49E�07 2.89E�09 1.86E�11 4.71E�13 2.87E�05 7.15E�07
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Table 1 (continued )

Type Aliquot name Aliquot wt. 4He 1s 3He 1s 3He/4He 1s
(mg) (ccSTP/g) (ccSTP/g)

Batch 2, 20-10 mm AT-145 45.2 6.39E�07 3.73E�09 1.70E�11 4.03E�13 2.65E�05 6.11E�07

Batch 2, 20-10 mm AT-146 47.1 6.39E�07 6.29E�09 1.65E�11 5.26E�13 2.58E�05 7.84E�07

Batch 2, 20-10 mm AT-142 32 6.18E�07 5.90E�09 1.50E�11 4.38E�13 2.42E�05 6.70E�07

Batch 2, 20-10 mm AT-141 33.4 6.40E�07 6.04E�09 2.20E�11 5.93E�13 3.44E�05 8.67E�07

Average – – 6.41E–07 – 1.88E–11 – 2.92E–05 –

% Standard deviation – – 2.1 – 17.9 – 16.3 –

Batch 2, 10-2 mm AT-151 81.1 1.03E�06 1.12E�08 1.06E�11 3.47E�13 1.03E�05 3.19E�07

Batch 2, 10-2 mm AT-150 81.6 6.85E�07 7.02E�09 6.36E�12 2.18E�13 9.28E�06 3.03E�07

Batch 2, 10-2 mm AT-149 82 6.98E�07 7.26E�09 1.02E�11 3.75E�13 1.46E�05 5.15E�07

Batch 2, 10-2 mm AT-148 87.9 6.88E�07 7.15E�09 8.27E�12 2.78E�13 1.20E�05 3.84E�07

Batch 2, 10-2 mm AT-147 93.1 8.91E�07 9.74E�09 1.12E�11 3.64E�13 1.26E�05 3.84E�07

Average – – 7.98E–07 – 9.32E–12 – 1.18E–05 –

% Standard deviation – – 19.4 – 21.3 – 17.6 –

Batch 2, o2 mm AT-153 55.8 6.71E�07 1.73E�08 1.31E�11 6.09E�13 1.95E�05 7.56E�07

Batch 2, o2 mm AT-154 48 7.11E�07 1.99E�08 1.39E�11 6.87E�13 1.96E�05 7.95E�07

Batch 2, o2 mm AT-155 72.9 7.15E�07 1.38E�08 1.32E�11 5.31E�13 1.84E�05 6.52E�07

Batch 2, o2 mm AT-156 67.6 8.86E�07 1.54E�08 1.52E�11 6.06E�13 1.72E�05 6.16E�E�07

Batch 2, o2 mm AT-157 78.1 6.87E�07 1.30E�08 1.17E�11 4.77E�13 1.70E�05 6.16E�07

Batch 2, o2 mm AT-158 70.7 7.02E�07 1.41E�08 1.36E�11 5.85E�13 1.94E�05 7.37E�07

Average – – 7.29E–07 – 1.34E–11 – 1.85E–05 –

% Standard deviation – – 10.8 – 8.7 – 6.5 –

*Samples referred to as Helium-Rich Particles (HRPs) in the text.
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separate beaker, and was then centrifuged to separate the solid
particles from the solution. Thereafter the samples were freeze-dried
and then dried in an oven for several hours at �65 1C.

A second aliquot (batch 2) of 2.95 g of bulk material was
leached with 0.5 N acetic acid at room temperature and was
thereafter separated into the same size fractions as batch 1. The
o20 mm fraction was further separated into 20-10 mm and
o10 mm size fractions by wet sieving. Further separation was
performed on the o10 mm size fraction by removing the fine
particles through standard stokes-settling procedures, resulting in
10-2 mm and o2 mm separates.

2.4. Helium isotope measurements

Helium isotopic analyses were performed on aliquots of the
different sediment separates, typically weighing 10–50 mg, with
several larger aliquots (Table 1) by noble gas mass spectrometry
(MAP 215-50) at the Lamont-Doherty Earth Observatory.
Gases were extracted from the sediment samples in a molybde-
num crucible under vacuum while heated to 1300 1C. Gas
purification was achieved using an activated charcoal trap held
at liquid N2 temperature and a SAES (ST-707) getter at room
temperature. The gas was subsequently collected on an activated
cryogenic at approximately 15 K. Helium was separated
from other noble gases by heating the trap to 45 K and transfer-
ring the released gas, helium, into the mass spectrometer
(Winckler et al., 2005).

3He/4He ratios and 4He concentrations were normalized to the
Murdering Mudpot (MM) secondary standard, which consists of
Yellowstone Park gas with a 3He/4He ratio of 2.27�10�5.

The total procedural 4He hot blank was typically 0.1–0.5%
relative to the samples, with few cases of blanks of up to 4% and
one case of a 12% blank relative to a small sample aliquot (AT-161).

The 3He blank was usually negligible with few cases of blanks
reaching up to 0.4% of the sample signal. The results reported in
Table 1 are all corrected for the corresponding blank values.

In order to assess the effect of ultrasonication on potential
helium release from the sediments aliquots of the bulk sediment
(n¼4) were suspended in MQ H2O and exposed for 5 h to ultra-
sonication with intermittent stops during which the samples
were remixed into suspension. These results were compared with
measurements of bulk untreated sediment (n¼7) and were found
to be indiscernible (Table 1).
3. Results

3.1. Grain size distribution

The weight distribution of the different grain size populations is
presented in Fig. 2. Both grain size separation experiments for
batches 1 and 2 indicate that most of the sample mass is comprised
of particles smaller than 20 mm (weight fractions of 92 and 95% for
batches 1 and 2, respectively). An additional 4.4%, 1.58% and 1.84%,
and 2.45%, 1.59% and 0.76% comprise the 38-20, 63-38 and 463 mm
size fractions of batches 1 and 2, respectively.

The yields for batches 1 and 2, calculated as the difference
between the initial bulk sample and the sum of the grain size
separates, are 83% and 68%, respectively. These values are com-
parable with previous leaching experiments of pelagic clays from
the North Equatorial Pacific and North Pacific that used 3M HCl,
6M HCl or 98% HNO3, resulting in sediment yields ranging
between 47% and 77% (Fukumoto et al., 1986; Matsuda et al.,
1990; Mukhopadhyay and Farley, 2006). The measured carbonate
content in two bulk and two o20 mm samples indicated a
negligible content of o0.15% (wt.), corresponding to previous
studies of comparable sites (e.g., Murray and Leinen, 1993).
A rough assessment of the chemical composition of the samples
is available by extrapolating measured data from nearby sites
(Murray and Leinen, 1993), indicating roughly �10% of Mn, Mg,
K and Na oxides, thought to be susceptible to dissolution by
water. An additional �20% of the sample is comprised of
biogenic silicate (opal). A priori, a yield of 83% for batch 1 is
reasonably explained by the dissolution of soluble salts and
fractions of other phases, and the use of acid during the
preparation of batch 2 is expected to result in a lower yield, as
indeed was observed.

It is also possible that a small fraction of the material was
lost during the repeated procedures of dissolution, suspension,
sieving, decantation and centrifuging. The fraction most likely
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to have been lost is fine clay, as also previously suggested by
Mukhopadhyay and Farley (2006). As will hereafter be discussed,
the possible loss of some of this fraction would have a conserva-
tive effect on the conclusions relating to the distribution of 3HeET

in the fine grain population.
3.2. Helium concentrations and isotopic ratios

3He and 4He concentrations, together with 3He/4He ratios in a
total of 69 aliquots analyzed are given in Table 1 and Fig. 3.
Most of these are replicates of the different grain size fractions.



Fig. 4. Comparison between grain size distribution of 3HeET and model predic-

tions. Model predictions are after Farley et al. (1997) and present two different

scenarios whereby a surface-area correlated 3HeET distribution (blue curve)

implies most of the 3HeET is carried in o20 mm particles, while a correlation to

the volume presents a more even distribution. The results of this study (black

curve—batch 1; gray curve—batch 2; both pertaining to the helium distribution in

the samples, left y-axis) show that more than 90% of the 3HeET resides in particles

smaller than 20 mm. However, contrary to a predicted peak in the 3HeET

abundances between 10 and 5 mm (blue curve), a high-resolution grain size

separation (batch 2) shows that the peak in 3HeET abundances is reached in

extremely fine particles smaller than 2 mm. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Concentrations are reported normalized to the initial dry weight
of samples.

The average bulk 3He/4He ratio in the bulk aliquots is
3.20�10�5, with a total measured range of 1.48–9.44�10�5

and measured 3He and 4He concentrations of 3.5473.58�10–11

and 9.9771.64�10�7 ccSTP g�1, respectively. The average 3He
and 4He concentrations calculated from the mass balance of the
analyses of batch 1 (that is, the combined, weight-proportional
concentrations from each grain size fraction) are 2.1371.21�10–11

and 8.4771.08�10�7 ccSTP g�1, respectively. Outliers were
identified using Chauvenet’s criterion (Long and Rippeteau,
1974), leading to the rejection of one aliquot in batch 1 (AT-39,
o20 mm), and two aliquots in the bulk fraction (AT-80, 74). The
resulting 3He and 4He concentrations of the measured and of the
mass balanced replicates are 1.9470.48�10–11 and 9.3870.36�
10�7 ccSTP g�1, and 1.9070.43�10–11 and 8.3470.95�
10�7 ccSTP g�1, respectively (Table 1). These values agree with
each other within 98% and 89%, respectively. For batch 2 the mass
balance of the different aliquots yields 3He and 4He concentrations
of 1.4770.25�10–11 and 7.2371.42�10�7 ccSTP g�1, respec-
tively. These values are within 76% and 77% of the filtered 3He
and 4He concentrations in the measured bulk aliquots. The relative
depletion in 3He and 4He in batch 2 compared to batch 1 and the
bulk fraction probably reflects the effect of the more aggressive acid
leaching of the sediment. This is somewhat surprising because
Patterson and Farley (1998) reported no significant effect on helium
concentrations in residue extracted from carbonate-rich samples
using of 10% acetic acid. On the other hand, the use of stronger acids
was shown to substantially remove helium from pelagic clays
(Mukhopadhyay and Farley, 2006).
4. Discussion

4.1. Grain size distribution of 3HeET

3He and 4He concentrations differ significantly between the
different size fractions (Fig. 3) and while these observations are
partially predicted by Farley et al.’s (1997) model, some impor-
tant differences exist.

In batch 1, �92% of the 3HeET is carried in particles smaller
than 20um, in good agreement with the model of helium
distribution that assumes correlation to the surface area of the
particles (Fig. 4). However, in batch 2, where a higher resolution
of grain size separation was performed, about 44% and 51% of the
3HeET is carried in particles with diameters of 20-2 mm and
o2 mm, respectively, totaling �95% of the 3HeET carried in
particles smaller than 20um. The observed peak of 3HeET abun-
dances in o2 mm particles contradicts model predictions of a
peak between 10 and 5 mm (Farley et al., 1997).

4.2. Reproducibility of 3HeET

4.2.1. Helium variability in different grain sizes

Most of the samples in both batches 1 and 2 display
3He concentrations and 3He/4He ratios ca. �3�10–11 ccSTP g�1

and �2–3�10�5, respectively (Fig. 3B,C, Table 1). These results
imply a similar characteristic composition for the bulk
and o20 mm fractions (which will hereafter be referred to as
the ‘‘baseline’’ composition), excluding a small number of positive
excursions, while the corresponding values for the 38-20,
63-38 and 463 mm fractions are generally elevated compared
to this baseline.

On the other hand, 4He concentrations reveal a generally
opposite, though less distinct picture. Most of the bulk and
o20 mm aliquots yield higher 4He concentrations relative to the
463, 63-38 and 38-20 mm aliquots. Two exceptions exist to this
observation. One is a 38-20 mm aliquot in batch 2 (sample
AT-111), where the 4He concentration is the highest measured
in the entire sample set (3.01�10�6 ccSTP g�1; Fig. 3D). A second
exception is observed in the distribution patterns of 4He in the
bulk and o20 mm fractions of batch 1 (Fig. 3A), where 4He in
aliquots that correspond to the abovementioned 3He ‘spikes’ are
positive relative to the general baseline.

These observations suggest that the samples can be divided into
three different end member groups according to their 3He/4He
distribution: The first, typically o20 mm, is characterized by
relatively low 3He/4He ratios with low variability; excluding sam-
ples AT-39, AT-74 and AT-80, the average 3He/4He ratios for the bulk
fraction (of which 92–95% of the particles are smaller than 20 mm;
Fig. 2) and the o20 mm fraction, is 1.9670.33�10�5. The corre-
sponding value for the o20 mm fraction alone displays even
smaller variation at 1.9170.21�10�5.

The second group, typically associated with coarser grain sizes,
displays higher and less reproducible 3He/4He ratios, which are
controlled by a 3He-enrichment and 4He-depletion relative to the
bulk baseline. These opposite trends of 3He and 4He relative to the
baseline could reflect changes in the extraterrestrial source of
the two populations, different terrestrial end members or pro-
cesses affecting the particles on Earth’s surface.

The third group comprises relatively rare particles, displaying
considerable 3He- and 4He-enrichment compared to baseline
values. These Helium Rich Particles (HRPs) are observed in
one aliquot of o20 mm particles (AT-39), and in two bulk
sediment aliquots (AT-74, AT-80). Previous references to com-
parable outliers assumed that they were associated with rare-
large particles (larger than several tens of mm) (Brook et al.,
2000; Patterson and Farley, 1998; Marcantonio et al., 1999;
Farley and Eltgroth, 2003) although the current results suggest
that such excursions are not limited solely to large particles, but
can also be found in the fine particle population (see discussion
in Section 4.3.1).
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4.2.2. Model versus observations

The results of Farley et al.’s (1997) model were reconstructed
by calculating the number and scatter of particles for a mass and
surface-area correlated helium flux, for a range of grain sizes at
different Area–Time Products (ATPs; the ATP is the ratio between
the sample mass to accumulation rate, which is proportional to
the number of IDPs delivered to a given area during a given time
period; the larger the ATP of a sample, the more IDPs are expected
to have been delivered to it, and the reproducibility of any given
data set is thus expected to be better). The calculations are based
on the grain size distribution observed during the Long Duration
Exposure Facility (LDEF) experiment (Love and Brownlee, 1993),
and an assumption of entry temperatures lower than the tem-
perature required for He release (600 1C) (see Farley et al., 1997
for details). Repeated simulations (n¼500) were performed for a
range of particle grain sizes and different ATPs. Each simulation
consists of 1000 random realizations of the total mass and
surface-area delivered to Earth annually. The compiled results
define the mean, median and standard deviation for the predicted
occurrence of IDPs on Earth’s surface, whereby the results relate
to the mass and surface-area of the particles (Table S1). In polar
ice cores for example, Brook et al. (2000) reported a standard
deviation of �54% and 36% for replicates of Holocene samples
from GISP2 and Vostok ice cores, with ATP values of 0.004 and
0.01 m2 a, respectively. These values correspond to the low range
of the model-based predicted statistical distribution for a surface-
area 3He-correlated population, while a mass–volume correlation
yields an order of magnitude higher variability (Fig. 5).

At site 147 the ATP for the bulk samples was calculated
assuming MAR¼0.08 g cm�2 ka�1 (see Section 2.1) and a sample
weight of 26 mg, which is the average for aliquots of the bulk
sediment that were analyzed (Table 1). The corresponding ATP is
approximately 0.03 m2 a. 3He concentrations in the bulk aliquots
vary within a range of 109% (1s, n¼11). Rejecting two 3He-rich
Fig. 5. 3He reproducibility in sediments vs. area–time product (ATP). In panels (A) and (

produced by model simulations corresponding to surface-area correlated (blue curves

curves represent the 1s range. Further plotted are standard deviations of observations

filtration of outliers according to Chauvenot’s criterion (see text for details). In this study

the reproducibility of the measurements in panel A generally corresponds to the mid

correlated population. A rejection of a small number of high-3He outliers results in a

predicted by the model. (For interpretation of the references to color in this figure leg
aliquots (AT-74, AT-80) according to Chauvenet’s criterion (Long
and Rippeteau, 1974) yields a new standard deviation of 26%. This
corresponds to a shift from the high to low range of model
prediction for a surface-area correlated population (Fig. 5).
A similar calculation for a larger set of replicates of o20 mm
aliquots (batch 1; ATP is normalized to relative weight fraction
and is 0.07 m2 a) yields a standard deviation of 56% (n¼17), or
12% (n¼16) when rejecting one outlier (AT-39).

Applying the above screening for previously published data
sets (Brook et al., 2000; Patterson and Farley, 1998) yields similar
results (Fig. 5), whereby the rejection of a small number of
3He-rich samples results in significant improvement of the
reproducibility compared to the full data sets. Moreover, the
improved reproducibility is distinctly better than model predic-
tions (Fig. 5B).

The discrepancy between model predictions and observations
could stem from the differences between the grain size distribu-
tions of 3HeET in the model compared to observations (Fig. 4).
The model established by Farley et al. (1997) predicted a peak in
3HeET abundances between 10 and 5 mm, compared to current
results indicating 3HeET peaks in the o2 mm size fraction. As
discussed earlier, it is possible that the acid leaching process
caused some loss of 3HeET, and while it might have caused some
bias in the observed grain size distribution of batch 2, it is not
significant enough to explain this apparent shift. Moreover, the
acid leaching would have a stronger impact on particles with a
larger surface area to volume ratio, i.e., clay size particles.
Hence, if any 3HeET was lost during sample preparation then the
true peak of 3HeET abundances is located in an even finer grain
size range.

The effect of a shift in the grain size distribution of 3HeET

towards finer sizes than assumed by the model would be to
improve the reproducibility of 3HeET in sediment samples because
as the abundance of 3HeET in fine particles increases, the chances
B) the thick full blue and black curves mark the median of the standard deviations

) and volume correlated (black curves) populations, respectively. The thin outer

in sediments. Panel A presents the measured data and panel B presents data after

these outlier aliquots are perceived to contain Helium-Rich Particles (HRPs). Note

to low range of the model-based statistical distribution for a surface-area 3He-

significantly improved reproducibility (panel B), to mostly better than the range

end, the reader is referred to the web version of this article.)
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of observing 3HeET originating in large, and hence more rare
particles, decrease, simply because such particles carry overall
less 3HeET. In addition, the distribution of clay size particles in the
geological record is significantly more homogenous compared to
coarse particles (e.g., sand size), further supporting an improved
reproducibility of 3HeET in sedimentary environments.

Although the data collected to date is scarce, particularly that
pertaining to rare occurrences of high-3HeET samples, the overall
variability of 3HeET was evaluated based on available data
compiled in Fig. 5. The result is presented in Fig. 6, where linear
regressions were calculated for the full replicate data sets (blue
curve, r2

¼0.034) and for the sets where outliers were rejected as
previously discussed (red curve, r2

¼0.271). The average residual
values (that is, the average vertical distance between the data
points and the regression curve) about the blue and red curves
are 769 and 731, respectively, showing that the rejection of
high-3HeET aliquots improves the reproducibility of 3HeET in
sediment samples by more than a factor of two (Fig. 5).

4.3. End members

The calculation of the 3HeET content using Eqs. (1) and (2) is
sensitive to the choice of end member compositions. Typical
values previously used for this purpose are 3He/4He¼2.4�10�4

for the extraterrestrial end member (Nier and Schlutter, 1990);
the terrestrial end member 3He/4He ratio is assumed to range
between 3�10�9 and 4�10�7 (Mamyrin and Tolstikhin, 1984).
In the following discussion we define and calculate the helium
isotopic composition of end members present in the late Qua-
ternary sediments from site 147 and use these findings to
estimate the relative fraction of extraterrestrial 3He.

4.3.1. The extraterrestrial end member

4.3.1.1. The extraterrestrial end member composition. The isotopic
composition of helium in the studied samples is well-differentiated
based on grain sizes and allows a calculation of the fraction of
Fig. 6. Quantitative comparison between the 3He reproducibility of measured and filter

replicate data sets (blue (r2
¼0.034) and red (r2

¼0.271) curves, respectively) indicate

number of outliers, whereby the average residual values about the blue and red curves a

in this figure legend, the reader is referred to the web version of this article.)
extraterrestrial (high-3He) end member for each of the grain size
populations. Error-weighed linear regressions were calculated for
the different fractions (Fig. 7), whereby the ordinate intercepts
represent the 4He/3He ratio of the extraterrestrial end member
and range between 3.49�104 (batch 2: o2 mm) and negative
values (batch 1: 38-20 mm) (uncertainties are generally
negligible relative to the full range of both slope and intercept
values for the different regression curves; see Fig. 7 captions).
Because of the potential loss of a small fraction of 3He from
batch 2 (see Section 3.2), and given an acceptable range for the
extraterrestrial 4He/3He end member ratio (�1–5�103;
corresponding to results from previous studies discussed
throughout this paper), only three of the regression curves are
considered robust: the bulk, 463 mm and o20 mm (both the
latter from batch 1) groups, averaging at 2.6271.44�103 (marked
by black star in Fig. 7B). This value corresponds, within error, to the
composition of solar wind (2.27�103) and stratospheric IDPs
(4.1770.52�103) (Nier and Schlutter, 1990, 1992).

These three groups are also those consisting of the most
replicates, further supporting their reliability. Omitting the
463 mm intercept value from the calculation, or considering all
the different fractions of batch 1 (except the 38-20 mm group
which displays a negative intercept), yields very similar results
(3.14�103 and 2.10�103, respectively), with negligible differ-
ences in the implied 3HeET flux.
4.3.1.2. Helium-Rich Particles (HRPs). The identification of a few
high-3He and -4He samples relative to the general baseline values
(Fig. 3) suggests the presence of significant extraterrestrial 4He
and provides the possibility to retrieve an independent estimate
of the end member composition responsible for these excursions.
For the purpose of the following discussion it is assumed that the
positive excursion measured in each of the aliquots AT-39

(o20 mm), AT-74 and AT-80 (bulk) (Fig. 3A, B), stems from the
presence of a single HRP of an unknown size. The excess 3He and
4He in each of these aliquots was calculated relative to the linear
regression between the total volume of helium measured for each
ed data sets vs. area–time product (ATP). Linear regressions for the full and filtered

the significantly improved reproducibility resulting from the rejection of a small

re 69711% and 3177%, respectively. (For interpretation of the references to color
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aliquot (cm3) and the weight of the latter (mg) (Fig. 8). The
resulting 3He/4He ratios for each of the three sets are 1.75�10–4,
2.27�10�4 and 5.12�10�4, respectively.

Since HRPs appear to be present only in the o20 mm fraction,
and in the bulk fraction (which is dominated by o20 mm particles),
but not in the coarser than 20 mm fractions, it is reasonable to
postulate that HRPs are likely characterized by a diameter smaller
than 20 mm, rather than tens or more microns, as previously
suggested.

Previous studies have attempted to deduce the relative con-
tributions of helium from solar wind, solar energetic particles and
galactic cosmic rays in sedimentary and stratospheric particles
(Stuart et al., 1999; Pepin et al., 2000, 2001; Lal and Jull, 2005).
These end member compositions largely overlap with those
estimated here for HRPs and IDPs, inhibiting a quantitative
estimate of these fractions in the currently discussed sediments.
The sporadic and rare appearance of HRPs in the sedimentary
record implies an irregular delivery rate, possibly associated with
the fragmentation of meteoric material. Meteors however, carry a
helium signal dominated by galactic cosmic rays with signifi-
cantly higher 3He/4He ratios (�0.1; Wieler, 2002; Eugster and
Michel, 1995) than those inferred here for HRPs, implying one of
two: either the current results do not reflect a pure HRP signal,
but rather, a mixture of two different high-3He/4He sources such
as solar wind and galactic cosmic rays, or the origin of extra-
terrestrial helium in HRPs is different. In both the cases, further
characterization and consideration are required. Finally, it is
noted that the HRPs composition corresponds to that of particles
collected from comet 81P/Wild 2, which were suggested to have
characteristics of constituents of the early solar nebula (Marty
et al., 2009).
4.3.2. The terrestrial end member

Estimates of the composition of the terrestrial end member are
based on theoretical considerations relating to several processes
including the a-decay of U and Th within the sediment particles,
which produces most of the measured 4He in terrestrial samples.
3He in terrigenous samples originates in nucleogenic production
within the crust which is dominated by thermal neutron capture by
6Li in the reaction 6Li(n,a)3H (b�)3He (Andrews, 1985).
Alternatively, loss of helium might occur through diffusive
and diagenetic processes, largely dependent on the particle miner-
alogy and diameter. The particularities of these processes are
discussed elsewhere (see Mussett, 1969; Farley, 2002; McDougall
and Harrison, 1988; Ballentine and Burnard, 2002; and others for a
detailed discussion). Suffice to state that the likelihood for diffusion
loss of helium is greater in smaller grains. The observations here and
in other studies (Mukhopadhyay and Farley, 2006; Brook et al.,
2009) show that in general, most of the 3He is concentrated in fine
particles, typically smaller than 20 mm, where helium loss might be
expected to be most significant. The results of this study also show
that the 4He is actually lowest in coarser grains (Fig. 3), which is
attributed to mixing with a relatively 4He-depleted terrestrial
component (see further discussion), while the o20 mm fraction
displays a relatively constant 3He concentration (except for one high
outlier). A potential loss of 3He would propagate increased ‘noise’
and result in a decrease in sample reproducibility, contrary to
observations. Finally, the consistency between previous studies that
calculated 3HeET fluxes in marine sediments and ice cores supports a
lack of significant 3HeET loss in these environments. Thus, it is
concluded that no significant loss of 3He and 4He occurred.

In Fig. 7A, the low 3He range indicates the presence of several
terrigenous end members. The bulk and o20 mm fractions are
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dominated by a high 4He/3He terrigenous component, while the
coarser samples are dominated by lower values. Interestingly, the
gradual decrease in the terrigenous 4He/3He end member ratios
does not correspond to an increase in grain size: the lowest end
member ratios are observed in the 63-38 mm fraction, while those
of the larger (463 mm) and smaller (38-20 mm) particles are
both higher and largely overlap with each other. The 10-2 mm
fraction displays the highest average 4He/3He measured ratios
and is relatively scattered, resulting in a strong offset in the
extrapolated extraterrestrial end member value. This group con-
tains one of only two samples falling above and to the left of the
bulk sediment mixing array (the other one is the 38-20 mm
fraction of batch 2; Fig. 7), with an additional sample from this
fraction falling very close to the bulk mixing curve. Neglecting
these two samples, the remaining 10-2 mm samples define a
linear regression curve corresponding to that of the o2 mm
fraction in batch 2.

Most of the aliquots in the 420 mm fractions (i.e., 463, 63-38
and 38-20 mm) form mixing arrays parallel to those of the
bulk and o20 mm fractions, but with generally higher 3He/4He
ratios and lower 3He concentrations (Fig. 9). The coarse particles
(420 mm) are further characterized by excursions toward higher
3He/4He ratios and lower 3He concentrations relative to the
baseline of these particles. These results correspond to the
composition of loess in South East Asia, which is assumed to be
the main source of airborne material delivered across the Pacific
Ocean, while the coarser helium-low particles correspond to
volcanic sources.

Only a few analyses of He isotopes have been performed on
South East Asia loess and dust particles, calling for a
comprehensive assessment of the composition of this important
end member. Nevertheless, the typical bulk composition of loess
displays values in the range of 3He¼1.67–3.92�10–13 ccSTP g�1

and 3He/4He¼2.24–5.99�10�8 (Marcantonio et al., 1998; Farley,
2001). A recent study of the o4 mm loess fraction displays similar
3He concentrations (�3.71�10–13 ccSTP g�1) but an order of
magnitude higher 3He/4He ratio (�2.90�10�7; McGee, 2010).

A second terrestrial end member component is likely to be
associated with volcanic material. The composition of this com-
ponent however is harder to constrain because the volcanic ash
that is delivered to the studied site is likely to be weathered and
ground down, and hence, probably lost a considerable fraction of
its helium content. For the purpose of the following discussion we
refer to values reported for Mauna Kea and Mauna Loa at Hawaii
(Kurz et al., 2004) (although additional sources of volcanic
material might also be considered (e.g., Papua New Guinea,
Andeans, and others; Ziegler et al., 2008), the typical helium
isotopic composition of volcanic material is well represented by
Hawaii samples; Graham, 2002). Accordingly, the helium concen-
trations in a volcanic end member at site 147 are likely to be
equivalent or lower than the lowest values measured in Hawaii.
Similarly, the 3He/4He ratios of the volcanic component at 147 are
equivalent or lower than typical Hawaii values (�1.0�10�5)
because any ingrowth would shift the 3He/4He ratios toward
a lower, radiogenic value. For the purpose of the following
discussion it is assumed that the composition of the volcanic
end member at site 147 corresponds to 3He/4He¼1.01�10�5 and
3He¼6.87�10–15 ccSTP g�1 (marked by dark-red star in Fig. 9).

If the terrigenous component were to represent a mixture
between the above mentioned bulk loess and volcanic



Fig. 9. 3He/4He vs. 3He mixing scheme. The gray mixing curves represent the mixing between the extraterrestrial end member (black star) and the different terrigenous

end members. The loess end member at site 147 reflects the assumed composition of dust delivered to the North Equatorial Pacific (marked by green star), represented by

o4 mm loess in South East Asia (black triangles; McGee, 2010). A second terrigenous end member of volcanic material from Hawaii (marked by red star, data points from

Kurz et al., 2004) constrains varying mixing ratios for different grain size populations (percent of volcanic material is marked left of the mixing curve). For example, the

terrigenous end member within the bulk sediment (thick black curve) comprises of 30% and 70% of volcanic and dust, respectively. For reference, the thin black curve

pertains to a low 3He volcanic end member and an assumed eolian end member that corresponds to the bulk composition of loess in South East Asia (Gray triangles;

Marcantonio et al., 1998; Farley, 2001). Note the different mixing ratios between both scenarios, emphasizing the sensitivity of calculations to the choice of end member

values. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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compositions, then the bulk sediment at site 147 is comprised of
90% and 10% of volcanic and dust end member components,
respectively (gray mixing curve in Fig. 9). This is an extremely
high volcanic fraction that is inconsistent with previous estimates
suggesting the dust fraction is �70% (Ziegler et al., 2008).
Alternatively, substituting the bulk loess composition with that
of the o4 mm loess grain size fraction, which is much more
likely to represent the airborne phase and is marked by green
star in Fig. 9, yields a volcanic: dust ratio of �30%: 70%, in
concert with previous findings. This suggests that the choice of
values for the volcanic end member at site 147 is relatively
robust. It is further concluded that the site specific dust end
member is best represented by the o4 mm loess fraction
measured in South East Asia. Accordingly, the mixed bulk
terrigenous end member at site 147 is characterized by
3He¼2.62�10–13 ccSTP g�1 and 3He/4He¼2.93�10�7.

4.4. 3HeET accretion rates

Estimating the 3HeET accretion rate to Earth requires calculat-
ing the abundance of 3HeET in a given sample based on Eq. (1),
knowledge of the end member compositions and knowledge of
the sedimentary mass accumulation rate.

For the purpose of calculating the average 3HeET fluxes at
site 147 we will adopt the above-mentioned bulk terrigenous end
member value (3He/4He¼2.93�10�7), extraterrestrial end mem-
ber value (3He/4He¼3.82�10�4) and MAR (0.08 g cm�2 ka�1),
and exclude two outliers (AT-74 and AT-80). The result is
an average 3HeET fraction of 98.6% and F3HeET

¼1.5570.67�10–12

ccSTP cm�2 ka�1. This result corresponds within error, with F3HeET

values reported in previous studies of Quaternary sediments aver-
aging at 8.2572.17�10–13 ccSTP cm�2 ka�1 (Marcantonio et al.,
1995, 1996; Farley and Eltgroth, 2003; Brook et al., 2000, 2009;
Higgins, 2001; Winckler and Fischer, 2006). When considering the
two outliers, a higher F3HeET

value is retrieved (2.847
4.27�10–12 ccSTP cm�2 ka�1), which is considerably offset com-
pared to previous findings. Because the presence of HRPs in
sedimentary environments appears to be irregular and rare, it is
possible that two F3HeET

values should be considered for each
environment; one, which considers all samples and represents the
total flux value, and a second, where outliers are rejected, and
represents the long term steady flux of 3HeET and can be compared
between different geological environments and used for the pur-
pose of reconstruction of past sediment mass accumulation rates.
5. Conclusions
1.
 The characteristics of helium isotopes in late Quaternary
pelagic clays from the North Equatorial Pacific (site 147 at
91N, 1401W, depth 4992 m) were studied. Aliquots extracted
from a homogenized sediment sample were separated accord-
ing to grain sizes, some of which were acid leached. Replicate
analyses of the different aliquots provide an estimate of the
reproducibility and distribution of extraterrestrial 3He (3HeET)
in the sediment.
2.
 3HeET is heterogeneously distributed between the different
grain size populations, whereby 92–95% is focused in particles
smaller than 20 mm. Within this size range, 3HeET abundances
peak in particles smaller than 2 mm (51%). Particles coarser
than 20 mm contain between �5% and 8% of the total 3HeET

with some �1–2% of the total 3HeET identified in particles
coarser than 63 mm.
3.
 In general, the 3HeET abundances are surface-area correlated,
reflecting the ion implantation from solar wind into the sur-
face of interplanetary dust particles (IDPs). The extraterrestrial
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3He/4He end member ratio is estimated to be 3.8272.1�
10�4. High 3He and 4He excursions were identified in a few
aliquots of bulk and o20 mm fractions. The excess helium
reflects the presence of Helium Rich Particles (HRPs) charac-
terized by 3He/4He ratios in the range of 1.75–5.12�10�4. The
nature of HRPs is not clear and requires further investigation.
4.
 The reproducibility of helium isotope abundances in IDPs
accreting to Earth’s surface has been evaluated and has been
shown to be better than model predictions. This discrepancy
can be explained by an offset of the grain size distribution of
3HeET in IDPs, whereby most of the 3HeET is concentrated in
finer particles (o2 mm) than assumed by the model (10-5 mm)
and would thus be more likely to be homogenously distributed
in the sediments. The replicate analyses reported here are
integrated with previous data sets and provide an estimate of
IDP reproducibility as a function of the area–time product in
sediments.
5.
 The dominant terrigenous end members at site 147 are dust
particles (�70%), corresponding to the composition of the fine
fraction (o4 mm) of loess deposits in South East Asia, and
volcanic material. The isotopic composition of the bulk terri-
genous end member at site 147 is approximately
3He¼2.62�10–13 ccSTP g�1 and 3He/4He¼2.93�10�7.
6.
 The 3HeET flux recorded in bulk late Quaternary sediments at site
147 in the North Equatorial Pacific, after rejection of HRPs from
the data set, is 1.5570.67�10–12 ccSTP cm�2 ka�1, correspond-
ing within error, with the flux recorded in previous studies of
Quaternary sediments of 8.2572.17�10–13 ccSTP cm�2 ka�1.
The decoupling of the different terrigenous and extraterrestrial
end members in pelagic clays at site 147, combined with the
evaluation of the statistical characteristics of replicate aliquots,
provide important constraints on the patterns of distribution of
3HeET on Earth’s surface and its application as a constant
flux proxy. Although it is possible that some aspects such as
the grain size distribution or replicate reproducibility might
differ between geological environments or time windows,
the results reported here provide a reference for future studies
of 3HeET.
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