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ABSTRACT

We report >He and “He concentrations in 57 sediment samples from the southeast Indian Ocean where
5%Fe excesses were previously identified in a subset of the same samples (Wallner et al., 2016). The cou-
pled 5°Fe-3He data allow further evaluation of two competing hypotheses: (1) a nearby supernova (SN)
showered Earth with exotic radionuclides such as ®°Fe during the last 3 million years, or (2) °Fe in ter-
restrial archives was generated by reactions of galactic cosmic rays (GCRs) on micrometeorite grains that
were irradiated for hundreds of millions of years in the interstellar medium, where *He production by
GCRs is larger than the solar wind 3He flux.

Piston core ELT49-53 sediments show no correlation between >He and ®°Fe, and sedimentary >He
appears to be dominated by the presence of interplanetary dust particles (IDPs). Because *He is not sup-
plied in significant amounts by SN ejecta, the absence of a *He-°Fe correlation provides additional,
although circumstantial evidence for the supernova hypothesis. Large uncertainties in the relatively small
number of sediment ®°Fe measurements currently limit a firmer conclusion.

The extraterrestrial *He accumulation rate in ELT49-53 from 3.2 to 1.7 Ma was 0.88 + 0.26 x 107'2 cm?
STP/g/kyr, similar to IDP 3He flux estimates from previous sedimentary and ice core records that span
both shorter and longer time scales. “He and ®°Fe accumulation rates during this time interval were
0.11 £ 0.04 x 10°® cm® STP/cm?/kyr and 1.9 + 0.5 x 10* atoms/cm?/kyr. Bulk sediment [*He] is strongly
anti-correlated with sediment CaCOs content, evidence for modulation of the terrigenous and cosmic
sedimentary fractions primarily by changes in biogenic carbonate deposition. Although the dominant
terrigenous source has not been uniquely identified at the Indian Ocean deposition site, it resembles
eolian material from the continental interior of Australia, and shows a narrow range of *He/*He (from
2to 4 x 1078, 0.015-0.030 R,) over the last ~3 Myrs.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

hypothesis was carried out using >He measurements in the same
ferromanganese crust studied for ®°Fe, Basu et al. (2007) and

The discovery of live 5°Fe in terrestrial samples led to the idea
that a nearby supernova (SN) showered the Earth with exotic
nuclides in the last few million years (Ellis et al., 1996; Fields
and Ellis, 1999; Fields et al., 2005; Knie et al., 1999, 2004; Fields
et al., 2019). The timing of the most recent SN event is proposed
to be between 1.7 and 3.2 Ma, leading to the notion that it could
have been responsible for the transition from Pliocene to Pleis-
tocene climatic conditions on Earth (Ludwig et al., 2016; Thomas
et al., 2016). However, in the one case where a further test of this
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Stuart and Lee (2012) argued strongly against the supernova
hypothesis (see Section 2). Their alternative hypothesis is that
the ®°Fe-excess was derived from galactic cosmic ray (GCR) pro-
duction in micrometeorites during an extended passage of hun-
dreds of millions to billions of years through the interstellar
medium. More recent studies of ®°Fe, in marine sediments that
offer a far better temporal resolution than ferromanganese crusts,
clearly show a strong peak in %°Fe between 3.2 and 1.7 Ma (Ludwig
et al., 2016; Wallner et al., 2016). Wallner et al. (2016) claim that
this signal resulted from a nearby supernova, and that the results
exclude the possibility of a micrometeorite source of ®°Fe because
the cosmic dust flux is 400 times less than required from the new
sediment data. The objective of the present study is to further eval-
uate the ®°Fe record in marine sediments of this age by analyzing
the same samples for >He.
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2. Background
2.1. %%Fe and the Supernova Hypothesis

The early search for terrestrial archives of SN ejecta stemmed
from both astrophysical observations and theoretical calculations.
Observations had been made of a young nearby SN remnant. The-
oretical estimates also showed that a SN explosive event occurs
within ~100 pc of the solar system every few million years (1 par-
sec = 1 parallax second and corresponds to the distance at which 1
astronomical unit - the mean radius of Earth’s orbit around the sun
- or AU, subtends an angle of 1 s of arc. One pc is equivalent to 3.26
light years or 3.09 x 10! km, and is a typical spacing of neighbor-
ing stars in our galaxy, which has a size of ~10 pc). Thus the pre-
diction was made that geochemical anomalies associated with the
SN events might be found on Earth (e.g., Ellis et al., 1996; Fields
and Ellis, 1999). °Fe was the most promising isotope for the ter-
restrial search because it is produced in significant amounts by
supernovae. It also has a sufficiently long half-life to survive the
transport to Earth, modeled to be ~100-400 kyr for a SN event
at 100 pc (Fry et al., 2015). This °Fe was assumed to be derived
from SN events within the so-called Local Bubble. This is a diffuse
region of hot X-ray emitting plasma surrounded by a shell of cold
gas and dust, and has a radius of ~200 pc. The solar system entered
the Local Bubble ~5 million years ago and is now embedded within
it. The Local Bubble is thought to originate from ~20 SN explosions
that occurred during the last 14 Myrs, within a moving group of
stars whose remnants are now found mostly lying on the Local
Bubble surface (Benitez et al., 2002; Zucker et al., 2020).

For stellar masses between 8 and 25 times that of the sun (Mg),
SN events eject about 0.5-14 x 107> Mg of ®°Fe, depending on the
progenitor mass (Woosley and Weaver, 1995; Rauscher et al.,
2002; Limongi and Chieffi, 2006). Wallner et al. (2016) deduced
that the terrestrial observations imply a total mass of %°Fe in the
interstellar medium dust of 5-11 x 10~ Mg, which is between
10 and 1000 times more than the %°Fe produced in (super)-
asymptotic giant branch stars. Based on astrophysical calculations,
the abundance of ®°Fe measured in terrestrial samples implies a
distance of ~10-100 pc for the SN event (Fields et al., 2005). A sub-
sequent study of various possible influences on the path of inter-
stellar dust carrying the ®°Fe provided an improved estimate of
the distance as 46 + 8 pc (Fry et al., 2015). A different calculation
based on probable trajectories of °°Fe and masses of the SN progen-
itors suggested a value of 90 pc (Breitschwerdt et al., 2016).

In contrast to ®°Fe, SN explosions are not a significant source of
3He to Earth. Given that the mass of SN ejecta is about 10~ Mg of
3He (about 4 x 10°! atoms of 3He), the surface density of *He
spread over a sphere of 40 pc radius is ~2 x 10'° atoms/cm?.
Assuming this spreading happens over ~1000-year timescales,
the flux will be ~2 x 107 atoms/cm?/yr; realistic distances and
timescales are likely longer (Fry et al., 2015), leading to a smaller
flux. The SN 3He will be in the gas phase, while some, if not most,
of the %°Fe will go into the dust. Only the dust phase penetrates the
heliosphere all the way to Earth, which strongly enhances terres-
trial deposition of supernova °Fe relative to any supernova >He.
By comparison, solar wind-implanted >He in IDPs appears to dom-
inate the He flux to Earth. The predicted SN 3He/*He ratio is ~75
Ra (Limongi and Chieffi, 2003), significantly lower than extreme
values (up to 4400 R,) measured in ferromanganese crusts (Basu
et al., 2006, 2007). There are many other details that are poorly
understood, including the extent to which any 3He may be
implanted into dust of the SN remnant, and the extent to which
cosmic rays from the SN itself, such as high-energy “He atoms, col-
lide with the dust grains and produce fragments of >He. These lat-
ter two effects are thought to be insignificant.
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The effects of a nearby SN explosion on Earth’s surface and biota
are topics of great interest (Benitez et al., 2002; Beech, 2011;
Svensmark, 2012; Thomas et al, 2016; Melott et al, 2017;
Thomas, 2018). Thomas et al. (2016) suggested that an event at
~50 pc would have only a small effect on organisms from the vis-
ible light changes, and that chemical changes such as ozone deple-
tion would be relatively weak. However, high-energy cosmic ray
penetration would dramatically increase and may cause tropo-
spheric ionization and lightning that extends all the way to the
ground surface for timescales of 1-10 kyr (Thomas et al., 2016;
Melott et al., 2017). Cosmic ray muon irradiation is also estimated
to increase by a factor of ~150, which would increase the radiation
load on terrestrial organisms by about a factor of 10, and might
lead to increases in plant damage, cancer, and DNA mutation rates.
Thomas (2018) suggested the SN event(s) between 3 and 1.5 Ma
could be linked to changes in species turnover near the Pliocene-
Pleistocene boundary.

2.2. %%Fe in Terrestrial Samples

Live %°Fe, having a half-life = 2.6 Myr (Rugel et al., 2009;
Wallner et al., 2015) was first reported in a terrestrial sample by
Knie et al. (1999). Live %°Fe has since been measured in samples
of ferromanganese crusts (Knie et al. 1999, 2004), marine sedi-
ments (Fitoussi et al., 2008; Wallner et al., 2016; Wallner et al.,
2020), lunar surface materials (Fimiani et al., 2016), Antarctic snow
(Koll et al., 2019), and even fossilized chains of nanocrystals pro-
duced by magnetotactic bacteria in a Pacific sediment (Ludwig
et al, 2016). The expected intensity of the °Fe signal in cores
ELT49-53 (4310 m water depth) and ELT45-21 (4305 m water
depth) from the southeast Indian Ocean off Australia (USNS Eltanin
Sediment Descripions 1973, cruises 4-54; USNS Eltanin core
Descriptions 1971, cores 32-45), based on the occurrence of a
nearby SN event, was originally estimated by Feige et al. (2012)
using the earlier analyses of ferromanganese crusts. The predic-
tions agreed well with the eventual analyses of sediments in the
1.7-3.2 Ma interval that were carried out by Wallner et al.
(2016). Sedimentation rates in the cores are low at 2-3 mm kyr™!
based on magnetostratigraphy and 26Al and '°Be (Allison and
Ledbetter, 1982; Wallner et al., 2016). Based on the %°Fe record
in marine sediments and ferromanganese crusts from different
ocean basins, the %°Fe deposition peak appears to be global, it is
extended in time, and it may have originated from multiple astro-
physical events (Wallner et al., 2016).

The °Fe peak that began near 3.2 Ma is close to the time that
Earth’s temperature began to decrease during the Pliocene-
Pleistocene transition. Furthermore, the age duration of ~1.5 Myr
between 3.2 and 1.7 Ma is much longer than the transport time
(mean value ~200 kyr) expected for ejecta from a Local Bubble
SN explosion. Thus, the duration recorded in sediments appears
inconsistent with a single SN event. The duration may be consis-
tent with movement across the solar system of SN ejecta in a series
of fronts formed in short succession (Wallner et al., 2016). This
would require a frequency of about two SN explosions per million
years.

2.3. 3He and °°Fe: The Galactic Cosmic Ray Hypothesis

Studies by Basu et al. (2006, 2007) and Stuart and Lee (2012) on
3He in ferromanganese crusts suggested that there may be signifi-
cant complications with a supernova source for the terrestrial ®°Fe
excesses. In their analysis of the same crust that was analyzed for
5%Fe by Knie et al. (1999, 2004), Basu et al. (2007) showed that sev-
eral of the <4 Myr old layers contained extraterrestrial helium hav-
ing He/*He ratios much higher than the solar wind value (>290
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Ra), in one case reaching as high as 4400 Rx. They interpreted these
extreme compositions to result from incorporation of micromete-
orite grains that were irradiated for hundreds of millions of years
by GCRs in the interstellar medium, outside of the solar system
where the flux is thought to be larger than the solar wind 3He flux.
They further suggested that the ®Fe excesses were generated by
reactions of GCRs on nickel-bearing minerals in iron meteorites.
The 3He/*He variations in the ferromanganese crust are controlled
primarily by the concentrations of >He. Furthermore, there appears
to have been a significant change in the 3He record at ~4 Ma.
Before that time the 3He concentration varied by about a factor
of 10 and there were no >He/*He ratios higher than the solar wind
value. After 4 Ma the 3He concentration varied by >100 and the
average >He/*He ratio was higher (after 4 Ma compared to 54 Rp
before 4 Ma). Most notably, six sample layers had 3He/*He in
excess of the solar wind value, ranging up to .

Basu et al. (2007) argued that such high *He/*He ratios can only
indicate the presence of particles carrying GCR-produced >He.
However, the highest 3He/*He ratios measured in stratospheric
dust grains (“cluster IDPs”) range to >40x the solar wind value,
or ~11600 R4 (Nier and Schlutter, 1993; Pepin et al. 2000, 2001).
Such high values do remain difficult to explain by spallation pro-
duction of 3He, during the typical exposure times of particles in
interplanetary space that are computed from dynamical models
of particle drag. Prolonged irradiation of the particles during burial
in a parent body regolith prior to their ejection as IDPs also appears
unreasonable, unless the parent bodies reside in the Kuiper Belt
and the dust particles are transported to the inner solar system
by comets (Pepin et al. 2001). Because such a high *He/*He signal
has not been observed in any marine sediment to date, Basu
et al. (2007) argued that the increase in the ferromanganese crust
3He after 4 Ma does not result from an increase in the intensity of
the cosmic dust flux to Earth, but rather to an increase in trapping
efficency within the ferromanganese crust, of dense micromete-
orite particles after settling through the ocean, perhaps in response
to changing oceanographic conditions in the region. The Basu et al.
(2007) results indicate that more work is warranted on marine
sediments and crusts to evaluate how 3He variations may shed
light on the origin and time scale of 5°Fe variations.

2.4. Interplanetary Dust and He in Marine Sediments

Cosmic dust comprises an important marine sedimentary com-
ponent for some elements and isotopes, most notably Ir, Os and
3He. The accretion rate of cosmic dust is 40 x 10° kg yr~! based
on measurements of hypervelocity impact craters on the Long
Duration Exposure Facility satellite (Love and Brownlee 1993). This
value is similar to estimates of 50-56 x 10° kg yr~! (Esser and
Turekian 1988) and 30 + 15 x 10° kg yr~! (Peucker-Ehrenbrink
and Ravizza 2000) based on Os isotopes of deep sea sediments
and ferromanganese deposits.

Helium in marine sediments is generally accepted to be a binary
mixture of two dominant sources - extraterrestrial dust and ter-
rigenous dust. From step heating, leaching, size fractionation mag-
netic separation experiments, and microscopic investigation, He
in the extraterrestrial component is dominantly located in silicates,
Fe-Ni sulfides, magnetite and/or Fe-Ti oxides (Mukhopadhyay and
Farley, 2006; Darrah and Poreda, 2012). This 3He is preferentially
concentrated in finer grained material: <20% occurs in grain sizes
>50 wm (Mukhopadhyay and Farley, 2006). Deep sea sediments
have some of the highest *He/*He ratios on Earth, up to about
150 Ra, Where R, is the atmospheric ratio of 1.39 x 107 (see
Farley, 2001; McGee and Mukhopadhyay, 2013 for detailed
reviews). The extraterrestrial component of >He in such mixtures
is defined as.
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[3He]ET = [3He}M{(]-RTERR/Rm)/(l-RTERR/RET)}Where R is the
3He/*He ratio, and M, TERR and ET are the measured, terrigenous
and extraterrestrial values, respectively. In most open-ocean
locations, [*He]gr will be >90% of the measured [He], because
the extraterrestrial >He/*He ratio is about 10* times larger than
the *He/*He ratio in crustal rocks.

The 3Hegr record is well preserved in marine sediments on time
scales of 107-108 years, and perhaps longer given evidence for its
preservation in 480 Myr old limestone (Patterson et al., 1998).
Changes in IDP flux associated with both asteroid breakup events
in the Miocene and comet showers in the Eocene have been postu-
lated (Farley et al., 1998, 2006; Farley, 2009), but it appears that in
general the 3Hegr accumulation rate in marine sediments has been
roughly constant on million year time scales during most of the
Cenozoic, leading to the concept of using 3Hegr as a constant flux
proxy.

To test for periodic variations in IDP flux, Marcantonio et al.
(1995, 1996, 1999, 2001) normalized their *He data for young mar-
ine sediments to 23°Theycess (a Tadioactive tracer of particle accu-
mulation rate, having a 75 kyr half-life). When the He data were
normalized in this way, most of the variations in *He accumulation
rate were removed, and the supply rate of >He appeared to be con-
stant to within 30% (at ~0.8 x 1072 cm® STP cm 2 kyr~!). This flux
estimate overlaps values of 0.6-1.2 x 107'2 cm® STP cm 2 kyr™!
determined for polar ice cores (Brook et al., 2000, 2009; Winckler
and Fischer, 2006). Assuming that cosmic dust has [*He] = 2 x 10
~> cm3 STP g, similar to values measured in stratospheric parti-
cles (Nier and Schlutter, 1990), a cosmic dust flux of ~260 tons
yr~! will support the observed 3Hegr. This flux estimate is ~0.5-
1% of the dust flux estimated from Os isotopes (5.0-5.6 x 10* tons
yr~! by Esser and Turekian, 1988; 3.0 = 1.5 x 10* tons yr~! by
Peucker-Ehrenbrink and Ravizza, 2000), with the difference attrib-
uted to differences in the size range of particles carrying the Os and
3He inventories. This size dependence results from the fact that
IDPs that are much larger than about 20 pm generally do not retain
their noble gases during atmospheric entry heating and ablation
(Trull, 1994; Farley et al., 1997), so most of the extraterrestrial
noble gases in deep-sea sediments should be carried by particles
smaller than this size.

The reproducibility of sediment measurements is generally con-
sistent with the Farley et al. (1997) model that assumes 3He in IDPs
is a surface correlated component (McGee and Mukhopadhyay,
2013). This has been taken to mean that the *Hegr component is
mostly located within some number of fine grains rather than in
a comparatively smaller number of large grains. When attempting
to accurately quantify the influence of particle variability-one
needs to sample a large enough population of particles by taking
a large enough sample. This leads to the concept of the Area-
Time (AeT) product (Farley et al., 1997; Peucker-Ehrenbrink and
Ravizza, 2000; Farley, 2001). AeT = x/MAR, where x is sample size
(g) and MAR is mass accumulation rate (g-m~2-yr—'). The probabil-
ity of missing rare, intermediate size but potentially important par-
ticles, and thereby the likelihood of underestimating the *Hegr flux,
increases with decreasing AeT (i.e., with decreases in sample size
and increases in accumulation rate). Accurately quantifying the
random nature of the ET mass flux to Earth requires AeT on the
order of 2.5 m? yr (Farley et al., 1997). In the case of the present
study, a 0.2 g sediment sample from a core having a mass accumu-
lation rate of 2 g-m 2-yr! (i.e., sediment dry bulk density = 0.7 g
cm 3, sedimentation rate = 2.5 mm kyr~!, similar to ELT49-53 in
this study) will have AeT = 0.1 m? yr. Consequently, replicate anal-
yses are important to accurately characterize the 3Hegr level, as
well as the need to treat outlier data with caution (Farley et al.,
1997; Torfstein, 2012). Although there is commonly a problem of
undersampling for the total IDP mass at values of AeT = 0.10 m?
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yr, the sampling for surface correlated IDP 3He is not as biased
(Peucker-Ehrenbrink et al., 2016). In a study of sediments near
the Juan de Fuca Ridge, Middleton et al. (2020) found a 1-sigma
3Hegr uncertainty of ~39% for 164 replicate sample pairs where
the AeT product was ~0.10 m? yr. In a study of surface pelagic clays
from the northern equatorial Pacific, Torfstein (2012) showed that
3Hegr reproducibility was better than model predictions. He sug-
gested that, in fact, most of the *Hegr is concentrated in finer par-
ticles (<2 pm), leading to a more homogeneous >Hegr distribution
in the sediments than predicted by the surface correlated model in
which most 3Hegr is assumed to be concentrated in 5-10 pm IDP
grains. In contrast, for western N Atlantic sediments McGee et al.
(2010) found that >90% of the *Hegr was in < 20 um grains, with
roughly equal inventories in <4 pm and 4-20 pm grain sizes. With
respect to the present study, AeT varies from 0.05 to 0.12 cm? yr.
This can lead to relatively large sigma values for 3Hegr (~60%,
see Section 4.2 Results).

2.5. The Eltanin Cores

In this project we leverage the extensive ®°Fe analytical work by
accelerator mass specrometry already carried out on the Eltanin
cores. Our analytical work concentrated on ELT49-53 (located at
37.86°S, 100.03°E, water depth = 4310 m). The ELT49-53 age model
is based on the 26Al and '°Be results of Wallner et al. (2016). The
core sections investigated here (100 to 600 cm depth) are domi-
nantly comprised of slowly accumulating foraminiferal ooze.
Wallner et al. (2016) leached authigenic Fe from ~3 g of sediment
taken over ~1 cm depth intervals (representing a depositional time
period of ~3 kyr given the sedimentation rate of ~3 mm kyr™!),
following extraction methods outlined by Feige et al. (2013). Each
sample contained between a few 10® and 10° atoms of 5°Fe; %°Fe/Fe
ratios are order of 10~ ' in the core intervals showing °°Fe excess.
In the time period between 1.7 and 3.2 Ma, 288 counts of ®°Fe were
detected (the sum total for 45 individual sediment samples taken
from four different cores). Of the 7 additional samples taken from
<0.2 Ma or >4 Ma, no %°Fe was detected above the extremely low
background levels (e.g., compared to the 99 “blank samples” of
commercial Fe analyzed during the study that registered a total
of 7 counts of °Fe).

3. Methods
3.1. Helium Isotope Measurements

Samples of 1-cm® size were extracted from the sediment cores
using a subcore syringe Fifty-three samples were analyzed from
ELT49-53 (ten in duplicate and one in triplicate), plus two samples
each from ELT45-21 and ELT50-02. All sediment samples were
freeze dried, and in most cases twice. Bulk sediment weighing
approximately 100-250 mg was wrapped in a tin foil package
and loaded into a stainless steel carousel that allowed samples to
be sequentially dropped into a high temperature resistively heated
vacuum furnace. Sediment was melted at >1400 °C. The gas
released during heating was exposed to a stainless steel U-trap
held at 77 K using liquid N,. Water vapor and other condensed
phases in this trap were pumped between sample runs through a
separate conduit, which helped to maintain low background pres-
sure in the vacuum line and not limit the sample processing time.
When sample heating was completed, the gas not trapped at 77 K
was processed through a series of SAES getters to remove reactive
species, and the noble gases were then cryo-sorbed onto activated
charcoal at 10 K. Helium was selectively released from the cryo-
genic trap at 45 K and admitted to the mass spectrometer. Analyses
were carried out as described previously in Graham et al. (2014).
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Sample He/*He ratios and He concentrations were computed by
comparison to the lab running standard HES]J (the Helium Standard
of Japan, having *He/*He = 20.4 R,). Furnace hot blanks were rou-
tinely analyzed before and after each sample, and blank corrections
were applied to the measured results. Routine blanks for *He and
“He were well below 1% of the amount of helium analyzed in
nearly all cases. Analytical reproducibility of *He and “He in the
size range of samples was better than 1% based on replicate anal-
yses of HES] aliquots. Replicate analyses of samples show much
larger variability, likely due to heterogeneous distribution of rare
helium-rich IDPs that are not always representatively sampled
(see Section 4.2).

3.2. CaCO3 Content Analyses

Aliquots of dry bulk sediment from ELT49-53 were analyzed for
% CaCOs3 with a UIC, Inc. model 5014 CO, coulometer coupled to an
AutoMate sample preparation device controlled by LabView soft-
ware. Analytical sessions allowed up to 45 analyses of samples,
standards and blanks via a 45-position carousel. Method details
are outlined in Morth and Backman (2011). Approximately 10-
15 mg of sediment was weighed and quantitatively transferred
into a 12-ml glass vial that was then tightly closed with a septum
seal. Samples were acidified with 4 ml of 10% HsPO4 and the
evolved CO, gas was stripped and transferred to the coulometer
using ultrapure N, carrier gas. Analyses typically required 6-
8 min to achieve a 0.15% measurement difference between succes-
sive minutes during the titration. In the latter part of the analyses,
the delivery Teflon tubing and sample vial were flushed with an
additional 4 ml of deionized water. The evolved CO, was titrated
electrochemically in a glass cell comprised of a Pt cathode and
Ag anode, containing a saturated KI solution and proprietary car-
bon indicator solution.

4. Results
4.1. Variation in CaCO3 Content

The CaCOs content in ELT49-53 varies from 37.8 to 88.7%
(Supplementary Data Table 1). Ten samples were analyzed in
duplicate. The standard deviation of these replicate analyses was
0.76%, which is small compared to the CaCO3 content variation of
nearly 50%. Some of the variability in sample reproducibility may
represent sample heterogeneity, but most of it is related to uncer-
tainties in sample weighing; e.g., a standard deviation of 0.76% for
our 10 replicates translates to an error of only 0.08 mg for 10 mg
aliquots of sediment.

4.2. *He and “He Concentrations

Helium concentration results for 69 sample analyses are pre-
sented in Supplementary Data Table 1. The bulk sediment *He con-
centration varies by a factor of 86, from 1.4 x 1072 t0 1.2 x 107 1°
cm?® STP/g. The distribution of [*He] is highly skewed; excluding
the four highest outliers reduces the variation to a factor of 11
(maximum [*He] = 1.6 x 10~'! cm? STP/g). Bulk “He concentrations
vary by a factor of 10, from 1.2 x 10~ to 1.4 x 10~¢ cm® STP/g.
Uncertainties in *He and “He for samples are larger than the ana-
lytical uncertainty associated with standard gas analyses (<1%)
due to heterogeneity in the distribution of carrier phases such as
IDPs and lithogenic material. Reproducibility for 11 samples (ten
duplicates and one triplicate) was +17.7% (1-standard deviation)
for bulk sediment [*He], and +59.8% for bulk [*He]. This variability
for 3He is somewhat larger than what would be expected for a sur-
face correlated tracer of IDPs (Farley et al., 1997; Patterson and
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Farley, 1998) given the range of 0.05-0.12 m? yr for the Area*Time
product in the present study. This higher variability is probably
related to the small number of replicate analyses in our study.

There is an anti-correlation between “He and %CaCO; (Fig. 1),
having a correlation coefficient r = —0.95, and intercept (at 0% car-
bonate) b = 2.3 x 10~% cm?® STP/g. This strong anti-correlation rep-
resents a classic binary mixing/carbonate dilution trend in which
the non-carbonate fraction effectively carries all of the sedimen-
tary helium. The co-variation between He and %CaCOs is not as
strong as for “He. However, excluding 6 samples that have [>He]
above 1.25 x 10~'" ¢m® STP/g gives an overall correlation of
r=—0.78, a clear indication for a significant dilution of the He sig-
nal by CaCOs.

The helium concentration in the non-carbonate sediment frac-
tion is given by

[He]nc = [He}bulk/(‘l - %CaC03/100)

The [*He],. varies by a factor of 88, from 5 x 107!2 to
4.4 x 107'° cm?® STP/g. Excluding the four highest outliers reduces
the variation to a factor of 7 (maximum [*He],. = 3.5 x 10~ cm?®
STP/g). “He concentrations in the non-carbonate fraction vary by a
factor of 3.7, from 9.2 x 107 to 3.4 x 10°% cm?® STP/g.

5. Discussion

The effective absence of *He in the carbonate fraction of marine
sediments (Fig. 1) has been recognized before, and attributed to
efficient ejection of in situ generated alpha-particles from the rela-
tively fine-grained CaCOs, as well as to diffusive loss (Patterson and
Farley, 1998). The terrestrial helium component in marine sedi-
ments is therefore dominated by the terrigenous fraction.

Downcore variations in ELT49-53 are shown in Fig. 2. The
strong anti-correlation between CaCOs; content and bulk [*He]
described in Fig. 1 is apparent. Variations in non-carbonate [*He]
and [“He], while significant at factors of 7 (excluding the four high-
est 3He outliers) and 3.7, respectively, are low compared to the
bulk sediment concentrations (factors of 11 and 10, respectively)
due to the ~50% variation in CaCO3 content. The ELT49-53 sedi-
ments contain a minor, but non-quantified opal component. Rare
diatoms were present during inspection of some sample residues
remaining from the carbonate analyses, but they appear to be a
minor component of the non-carbonate fraction. In this study,
we consider the non-carbonate helium concentration to be equiv-
alent to the helium concentration in the terrigenous fraction of
each sample.

In all cases, the [>He]gr for ELT49-53 samples represents >99% of
the measured [*He] (assuming Rrgrr =4 x 1078 and Rgr=2.8 x 1074,
see further discussion of the chosen end-member values in Sec-
tion 5.3). There are some “spikes” in the *Hegr record (Fig. 2). These
could indicate the presence of a condensed stratigraphic horizon
caused by intervals of “non-deposition”, but they cannot be due to
the presence of a hiatus because this process would remove the
3He-enriched IDPs along with other sedimentary components.
These anomalous “spikes” might also respresent the rare presence
of 3He-rich micrometorites or cluster IDPs. The most extreme sam-
ple in the piston core record (ELT49-53, 465-466a) has >He/*He = 94
Ra and the highest 3He concentration (by an order of magnitude;
1.2 x 1071° cm?® STP/g). It occurs at 465 cm depth (age of 2.99 Ma,
close to the initial increase of %°Fe). We were not able to replicate
this *He/*He result through additional analysis of this sample, sug-
gesting that the anomalous composition may result from the so
called “nugget” effect. Poor reproducibility of a small number of
sediment core samples has been observed in some earlier studies.
Torfstein (2012) showed that in the northern equatorial Pacific,
>90% of the extraterrestrial *He was concentrated in particles below
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Fig. 1. Dry bulk sediment “He (cm® STP/g) vs % CaCOs for ELT49-53. Uncertainties
shown for “He are + 20%, consistent with the reproducibility of replicate samples in
this study. Analytical uncertainties in “He associated with instrumental analysis are
<1%. The linear correlation is described by y = —2.45 x 107%x + 2.28 x 10°5;
r = —0.945. The dashed line shows 95% confidence limits on the regression.

20 um in diameter. He further suggested that a small number of his
anomalously high 3He samples were due to the presence of a few
very helium-rich particles below 20 pm in size. The size of the
3He anomaly in ELT49-53 sample 465-466a is 1.4 x 10~'" cm?
STP (i.e., 1.2 x 1071° cm?® STP/g He in 120 mg; Supplementary Data
Table 1). If all the measured *He was from a single IDP particle that
was 20 um diameter (having density = 2 g/cm?), it would corre-
spond to [*He] = 1.7 x 10~ cm® STP/g in the IDP. This is a factor
of 335 higher than the median value (5 x 10~¢ cm® STP/g) measured
in stratospheric particles by Nier and Schlutter (1990), and a factor
29 higher than the highest value they measured (5.8 x 107> cm?
STP/g). The 465-466a sample also has the highest “He in our data
set, further standing out because it lies well above the [“He]-
CaCOs; anti-correlation seen in Fig. 1. These observations support
the argument of Torfstein (2012) that helium-rich particles having
elevated levels of both *He and “He are present in some IDP samples.

5.1. Absence of >He - °Fe Co-variation: Circumstantial Evidence for
the Supernova Hypothesis

The SN hypothesis states that terrestrial ®°Fe is derived from
supernova input. Following this hypothesis, we would expect to
see no covariation in the measured levels of terrestrial *Hegr and
60Fe if 3Hegr is derived from IDPs. (A covariation might also be
absent if there were different host phases for >He and ®°Fe, or dif-
ferent amounts of post-depositional loss). The GCR hypothesis
states that terrestrial ®°Fe is derived from micrometeorites through
reactions of GCRs on grains that were irradiated for hundreds of
millions of years in the interstellar medium. The GCR 3He produc-
tion rate in interstellar space is expected to be at least four times
larger than 3He produced by the solar wind (Reedy, 1987), so one
might expect to see a positive correlation in the measured levels
of terrestrial 3Hegr and ®°Fe if they are derived from GCR-
irradiated micrometeorites. However, the absence of such a corre-
lation does not allow a firm rejection of the GCR hypothesis, and
should be viewed as circumstantial evidence supporting the SN
hypothesis.

Fig. 3 shows the ®°Fe/Fe ratio vs the concentrations of *He and
4He in the non-carbonate fraction of ELT49-53 sediment. The data
for 30 samples are plotted in each case (Fig. 3a, b), and one sample
(246-247 cm depth) has been excluded due to its very large error
in the %°Fe/Fe ratio. There is no trend of ®°Fe/Fe with >He when all
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Fig. 2. Downcore variations in (A) % CaCOs, (B) decay-corrected 5°Fe/Fe (10~'° at/at), from Wallner et al. (2016), (C) bulk [*He] (cm> STP/g), (D) non-carbonate [*He] (cm> STP/
), E) non-carbonate [*He] (cm? STP/g). Uncertainties in *He and “He are + 60% and + 20%, respectively, consistent with the reproducibility of replicate samples in this study.

30 sample pairs are included (correlation coefficient R = —0.24),
nor when the highest four He data points are excluded
(R = —0.28). There does seem to be a negative trend of ®°Fe/Fe with
“He (linear regression R = —0.54). The analytical errors on ®°Fe are
large and so the question arises as to the likelihood that we could
miss a true correlation in this data set. To further evaluate that pos-
sibility we performed several Monte Carlo simulations.

In the simulations, [*He]xc, [*He]ne, and °°Fe/Fe were varied ran-
domly within specified limits. In the case of ®°Fe/Fe, the selected
limit was the 1-sigma uncertainty in the ratio (Supplementary
Data Table 1). For the cases of >He and “He, the concentrations
were assigned uncertainties of +60% and +20%, respectively, consis-
tent with reproducibility for the sample analyses (Section 4.2). Ten
thousand iterations using a Monte Carlo approach showed that
1.4% and 27.5% of the He and “He trials, respectively, fall above
the absolute value of the critical correlation coefficent for 95% con-
fidence (|Reyit|, which equals 0.361 when n = 30; Fig. 3¢, d). A choice
of a smaller uncertainty for the He concentrations (e.g., 30% and
10% for 3He and “He, respectively) leads to a larger percentage of
cases greater than |Re;| for “He (48.6%) but no significant change
for >He (1.1%). A choice of a larger uncertainty for >He and “He con-
centration has the opposite effect for “He but no effect for >He; for
example, a 30% uncertainty in “He and 75% uncertainty in >He pro-
duces 18.8% greater than |Rcrit| for “He but only 1.3% for He.

The absence of a positive co-variation between the measured [>-
He]nc and decay-corrected ®°Fe/Fe (Fig. 3a, c) is circumstantial sup-
port for the SN hypothesis. It is circumstantial because the extent
to which the GCR flux will produce correlated 3He and °Fe levels
in micrometeorite grains is not well known. One might expect that
the amount of GCR radiation required to produce measurable 5°Fe
throughout the core interval would generate a measurably higher
amount of 3He throughout the same interval, but this is not estab-
lished. It also is not known whether a substantial amount of the
total He in the sediments would be associated with ®°Fe-rich
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particles compared to the background IDPs that are present. This
means that an enhanced flux of ®°Fe- and metal-rich micromete-
orites might occur without a significant increase in overall cosmic
dust flux, possibly leading to no 3He-%Fe covariation. These sce-
narios need better evaluation in the future.

Although our >He-%Fe results may provide only circumstantial
evidence in favor of the SN hypothesis, several other observations
are relevant in the debate. First, Wallner et al. (2016) showed that
the observed influx of ®°Fe is ~400x higher than expected from a
constant influx of IDPs where ®CFe is formed by nuclear reactions.
Second, the 3He levels in the ferromanganese crust studied by
Basu etal.(2007) are not simply coupled to its ®°Fe-rich layers. Third,
Fimiani et al. (2016) showed that ®°Fe in lunar soils appears to have a
supernova origin because its ®°Fe/>>Mn activity ratio is much higher
than the ratio in meteorites, where both nuclides are of cosmogenic
origin.

We speculate that the tendency for a negative covariation
between [*He], and ®°Fe/Fe (Fig. 3b, d) may arise from complexi-
ties in the marine geochemical cycling of Fe. “He is a proxy for
lithogenic input to marine sediments (Patterson et al., 1999;
Serno et al., 2014; Middleton et al., 2018) while the main sources
of Fe include rivers, atmospheric dust, hydrothermal vents, and
the resuspension of shelf and deep sea sediments (Bergquist,
2004; Raiswell and Canfield, 2012; Conway and John, 2014). Fe is
also highly reactive and it has a low solubility in seawater, leading
to a short residence time and a rapidly decreasing concentration
away from its source areas. High sedimentary “He flux therefore
suggests higher dust flux, which brings more total Fe to the surface
ocean and drives more total Fe dissolved in the water column,
leading to overall lower ®°Fe/Fe ratios. It is thought that the main
sources of dissolved Fe to the Indian Oceean are atmospheric dust
and rivers, plus resuspension of material from the continental
shelves (Chinni et al., 2019). The primary removal mechanism of
Fe is through burial of sinking biological material plus Fe
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Fig. 3. (A) Non-carbonate [*He] (cm? STP/g) and (B) non-carbonate [*He] (cm® STP/g) vs decay-corrected ®°Fe/Fe (10~'° at/at). The 5°Fe data are from Wallner et al. (2016). The
simple linear regression shown in panel B has a correlation coefficient R = —0.537, and the 95% confidence limit on the fit is shown by the dashed envelope. Relative
histograms for Monte Carlo simulations of the He-°Fe covariations are shown in panel C (*He) and panel D (“He). The simulations were carried out for 10,000 trials of paired
He - °Fe/Fe data points (n = 30) chosen randomly by having the uncertainties shown for ®°Fe/Fe (see Supplementary Data Table 1), and assuming 60% and 20% uncertainties
in the concentrations of *He and “He respectively, consistent with the reproducibility of replicate samples in this study. The 95% confidence level is given by |Rei¢| > 0.361
when the number of samples n = 30. The blue curves show the cumulative probability in each case varying from 0 to 100%. Based on these Monte Carlo results, the probability
of any correlation between >He and °Fe/Fe appears to be <2%. In contrast, there is a tendency for ~28% of the trials for “He and °Fe/Fe to show a significant negative

correlation for the case shown here. See the text for further discussion.

scavenged onto sinking particles. If the supply flux of Fe varies
through time in relation to climatic conditions (e.g., Winckler
et al., 2008; Thole et al., 2019) due to changes in continental arid-
ity, wind direction or intensity, it is plausible that the supply of ter-
rigenous “He and total Fe would co-vary.

5.2. >He Accumulation Rate and IDP Flux

Mass accumulation rates may be estimated from the new >He
analyses in the ®°Fe-rich age interval assuming a known >Hegr flux.
Alternatively, the >He accumulation rate may be estimated from
the measured [>He] and the sediment deposition age based on
the downcore 2°Al and '°Be records of Wallner et al. (2016). The
accumulation rate of 3He in ELT49-53 sediments is effectively
equivalent to the IDP 3He flux (Fpp). Following the approach of
Winckler et al. (2004) this flux (Fpp) is computed as

Fipp = [3He] (MAR)

where [>He|] = measured >He concentration in dry bulk sediment
(cm® STP/g), and MAR = mass accumulation rate (g/cm?/ky). The
MAR is given by

MAR (g/cm?/ky) = (DBD)(LSR)
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where LSR = linear sedimentation rate (cm/ky) and DBD = dry bulk
density (g/cm?). LSR is computed for each sample from the relation

LSRi = (zis1 — zi1)/(tiy1 — ti1)

where i represents the depth of interest, z is depth in the core (cm)
and t is its 1°Be or 2°Al age (kyr). Dry bulk densities for Eltanin sed-
iments from the SE Indian Ocean follow the empirical relationship
(Clemens et al., 1987)

DBD = 3.104 x 10 *(% CaC03)* + 2.176 x 10 >(% CaCOs)
+0.430

There are a total of 54 individual determinations of the 3He
accumulation rate between 3.2 and 1.7 Ma in core ELT49-53,
including replicate analyses (Supplementary Data Table 1). The
central tendency of the data is better estimated from the median
than the arithmetic mean when there is a large variance in the data
set, because the median de-emphasizes the rare and anomalously
high He concentrations. The median 3He concentration for bulk
sediments throughout core ELT49-53 (n = 65) is 4.67 x 10712
cm® STP/g. The median 3He flux (n = 54) is 0.88 + 0.26 x 10~ '?
cm?® STP/cm?/kyr. The uncertainty in this flux estimate was com-
puted from the median of the absolute deviations of the individual
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flux estimates from the median flux value (Winckler et al., 2004).
Similarly, the median “He accumulation rate is 0.108 + 0.036 x 10~°
cm’® STP/cm?/kyr. The *He/*He accumulation ratio throughout the
core (n =65)is 7.87 £ 1.56 x 107%(5.7 = 1.1 R,). Temporal changes
in CaCOs, and in the accumulation rates of “He, >He, and °Fe rate
are shown in Fig. 4.

3Hegr fluxes have previously been estimated from ice cores
to be ~0.8 x 107'2 cm® STP 3He/cm?/kyr (Brook et al. 2000,
2009; Winckler and Fischer, 2006). Estimates from sediment
cores throughout the ocean basins are similar to this value
(Farley, 1995; Marcantonio et al. 1995, 1996, 1998, 1999,
2001; Patterson and Farley, 1998; Higgins et al., 2002;
Winckler et al., 2004: Torfstein, 2012). The flux appears to be
relatively uniform (£50%) at ~1 x 107'2 cm® STP 3He/cm?/kyr
over a large range of timescales, from years to millions of years
(Farley et al., 2021). Significantly, the new record of similar 3-
Hegr flux from ELT 49-53 spans the time range from ~3.2-
1.5 Ma, during the climatic transition from Pliocene to
Pleistocene.

The similarity of the estimated *He flux between 1.7 and
3.2 Ma in ELT49-53 with the 23°Th-normalized 3He flux in late
Pleistocene cores (e.g., Marcantonio et al., 1995, 1996; Higgins
et al,, 2002; Winckler et al. 2004) is an interesting result, and
perhaps a bit surprising given the evidence for lateral sediment
focusing in the ELT49-53 area. This might be related to aggrega-
tion of fine grains, leading to less fractionation of 10-20 um par-
ticles relative to smaller grains during sediment advection
(McGee et al.,, 2010). In detail, the ELT49-53 3Hegr flux record
shows one time period spanning ~70 kyr, from ~2.18 to
~2.25 Ma, when the 3Hegr flux may have been notably elevated.
This is seen in Fig. 4A as a local maximum comprised of three
different samples. The highest value in this time period is
2.8 x 1072 cm® STP/cm?/ky, three times the median estimate
for the rest of the core.

The median %°Fe accumulation rate is 1.85 + 0.5 x 10% at/cm?|
kyr. Some excursions to higher values appear near 2.7 and
2.95 Ma and 2.1-1.8 Ma. There are very large uncertainties how-
ever, and the excursions only occur in isolated samples. In addi-
tion, the sampling of the %°Fe record is still very sparse (e.g.,
there is only one sample analyzed between 2.65 and 2.15 Ma).
Additional and more precise (larger sample?) %°Fe analyses are
needed to test whether more than a single SN event is present
in the record.

5.3. Provenance of Terrigenous Material in the SE Indian Ocean

The sources of terrigenous dust to the ELT49-53 deposition site
in the eastern Indian Ocean are not well characterized. Abundance
contours for quartz grains in surface sediments to the south and
west of the Australian continental margin (see Kolla and Biscaye,
1977) suggest that Australia may be a predominant source of ter-
rigenous material. Piketh et al. (2000) showed that eolian transport
of fine dust can also occur over long distance from southern Africa
to the central southern Indian Ocean, along a pathway that trends
towards Australia and New Zealand. Marcantonio et al. (1999) used
He, Th and Os isotopes in an equatorial Indian Ocean core (at 6°S
and 89°E, which is considerably northwest of our study area) to
investigate variability over the last 200 kyr. After a correction for
the amount of extraterrestrial component using >He, the Os iso-
topes appear to fingerprint Himalayan crustal and Indonesian
ultramafic rocks as primary dust sources in that region. These stud-
ies are not located in our region of study and they differ in their
time ranges, but they do seem to indicate that different sources
of terrigenous material may have impacted the eastern Indian
Ocean since 3.2 Ma. An added complication for the EL 49-53 site
is that the abyssal plain in this region can receive terrigenous
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material scoured by bottom currents adjacent to the Australian
continental margin (Allison and Ledbetter, 1982).

The binary mixing diagram between IDPs and terrestrial mate-
rial (Fig. 5) developed by Marcantonio et al. (1998) utilizes the
measured >He/*He ratio vs measured [*He]. The IDP end-
member can be constrained by measurements of stratospheric
particles (Nier and Schlutter 1990, 1993). A good choice is
3He/*He = 2.8 x 10 (200 Ra) and [*He] = 2 x 107> ccSTP/g.
The dispersion in the ELT49-53 sediment data on this diagram
can be explained as lying between two mixing curves having a
narrow range of terrestrial He/*He = 2 x 1078 to 4 x 1078
(and having [3He] = 107'* and 10~'® cm® STP/g, respectively).
The higher value for [*He] is similar to the value expected from
the carbonate dilution diagram (Fig. 1). That is, if [*He],. = 2.3
x 1075 cm® STP/g (constrained from Fig. 1) then [3He],. = 9.2 x
10~'* cm® STP/g, similar to the terrigenous end-member concen-
tration of 1 x 107!* cm? STP/g for the >He/*He = 4 x 10~ model
curve (Fig. 5). For the 3He/*He = 2 x 10°% model curve, the
requisite [*He],. = 4.6 x 107" cm® STP/g when [*He],. = 2.3 x
10 cm® STP/g. The difference from the model curve
end-member [3He] in this case may indicate some heterogeneity
in the terrigenous end-member (see below).

Although [*He], for the terrigenous end-member appears to
be reasonably well-defined, its value of 2.3 x 10~% cm® STP/g
should probably be viewed as an effective value and not one that
represents an inherent source characteristic. For a typical
[U] 0.9 ppm in average upper continental crust and Th/
U = 3.5 (Hofmann, 1988), this amount of “He implies an “age”
of only 12 Ma. This is much younger than potential terrigenous
sources to the southeastern Indian Ocean, probably because large
amounts of He were lost from such fine-grained material prior to
its deposition. The terrigenous material at the ELT49-53 site
could also be a mixture of two (or more) sources. In this case,
the range for the terrigenous *He/*He of 2-4 x 10~% may indicate
that the lithological constitution of the mixture varied, but only
slightly. This situation was described by Torfstein (2012) for
North Pacific surface sediments, in which the mixture there con-
sists of ~70% loess from the Asian continent and ~30% of “low
[3He]” volcanic material, perhaps related to weathering of basalt
terrains.

Fig. 5 shows two possible mixing curves that pass through
the requisite terrestrial end-members (shown by stars). The
curves were constructed for mixing between a hypothetical vol-
canic source having mantle 3He/*He (107°), and two different
detrital sources, one being a “very low *He/*He” and the other
being an “low 3He/*He” material. For these hypothetical exam-
ples, the volcanic lithology would comprise 60% and >90%,
respectively, of the terrestrial composite found in ELT49-53 sed-
iments. The choices for volcanic [*He] in this model may be
overestimates, because they correspond to He concentrations
that are commonly observed trapped in melt inclusions within
igneous minerals such as olivine and pyroxene. This trapped
helium should be extensively lost during chemical and physical
weathering, as the initially mm-size mineral grains are reduced
to the size of detrital grains. Somewhat surprisingly though,
some continental materials (e.g., from Patagonia) seem to have
such high [3He] values (McGee et al., 2016). Although there is
some uncertainty in characterizing the lithologic makeup of the
terrigenous end-member in the ELT49-53 region, the most nota-
ble observation is that fine grained (<5 pm) material from Aus-
tralia and China (McGee et al., 2016) form a near continuum
with the ELT49-53 sediments on Fig. 5. This suggests that the
terrigenous component in this region of the southeastern Indian
Ocean may be comprised largely of detrital material from the
interior of Australia, but more work is needed to establish such
a connection.
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6. Conclusions

There is no evidence for a correlation between 3He and
50Fe in sediments from piston core ELT49-53 in the southeast-
ern Indian Ocean. The absence of a correlation provides cir-
cumstantial evidence for the supernova hypothesis. Additional
and more precise %°Fe analyses are needed to firmly exclude
the possibility of a *He-*Fe covariation. The current 3He sam-
pling interval of ~35 kyr and such additional °Fe analyses
might help discern if multiple SN or GCR events are present
in the study record.

3He in the sediments appears to be dominated by the pres-
ence of interplanetary dust particles (IDPs). The 3Hegr flux
between 3.2 and 1.7 Ma was ~0.88 * 0.26 x 1072 cm® STP/
cm?/kyr, similar to estimates from other marine sedimentary sec-
tions and ice cores that span both shorter and longer durations.
Although the terrigenous component has not been uniquely iden-
tified at the core deposition site, its helium isotope characteris-
tics resemble fine-grained (<5 pm) detrital material from the
interior of Australia.
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