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Earth is constantly bombarded with extraterrestrial dust containing invaluable information about
extraterrestrial processes, such as structure formation by stellar explosions or nucleosynthesis, which could
be traced back by long-lived radionuclides. Here, we report the very first detection of a recent ®Fe influx
onto Earth by analyzing 500 kg of snow from Antarctica by accelerator mass spectrometry. By the
measurement of the cosmogenically produced radionuclide *Mn, an atomic ratio of ®*Fe/>*Mn = 0.017
was found, significantly above cosmogenic production. After elimination of possible terrestrial sources,
such as global fallout, the excess of ®Fe could only be attributed to interstellar ®°Fe which might originate

from the solar neighborhood.
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The solar environment is constantly traversed by inter-
planetary as well as interstellar dust. Interstellar dust has
been clearly identified in the Solar System at first by the
dust detector onboard the Ulysses spacecraft [1]. Extended
measurements have been performed by dust detectors
onboard the Galileo and Cassini spacecrafts [2,3] and
references therein. It is considered that the origin of the
dust is the Local Interstellar Medium (LISM), which
consists of several dust containing cloudlets [2]. The two
nearest cloudlets around the Solar System are the Local
Interstellar Cloud (LIC) and the G-Cloud (Fig. 1). The
Solar System is currently on the edge of the LIC, possibly
in an overlap region of the LIC and the G-Cloud and will
leave the LIC in the next few thousand years; see Refs. [4,5]
and references therein. The LISM is a volume with a higher
density than the enveloping Local Bubble (LB) [6-8].
The expansion of an adjacent, larger bubble, the Loop I
superbubble, could lead to the formation of smaller
cloudlets by the interaction with the LB [9]. The LIC might
have emerged from this constellation.

The long-lived radionuclide %Fe (T, = 2.6 Myr
[10,11]) was released by Supernovae (SNe) close to the
Solar System and has been found in geological reservoirs,
such as deep ocean ferromanganese crusts, nodules, and
sediments [12—15] or even in lunar regolith [16] with
signatures in the Myr range. The origin of the detected ®Fe
was discussed extensively in the past including SNe in the
Sco-Cen OB association or in the Tuc-Hor group, where
the exact injection or transport mechanisms are still under
debate [17-23]. The condensation of %°Fe bearing SN ejecta
into dust is in any case essential for the transport into the
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Solar System [24]. The detection of a recent %°Fe influx, as
predicted by some models [21] or expected by the above
outlined origin of the LIC, would help to constrain these
models or would establish a link between the source of
previously detected °“Fe and the current location of the
Solar System within the LISM.
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FIG. 1. An illustration of the solar neighborhood and nearby
clouds within a distance of about 10 pc. The Solar System is
located inside the Local Interstellar Cloud and near the G-Cloud,
which are embedded in the larger Local Bubble with a diameter of
about 100 pc. The relative motion of the clouds (blue) and the
general motion of the Solar System (yellow) are indicated. Figure
adapted from NASA/Goddard/Adler/U. Chicago/Wesleyan.
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In addition to interstellar dust, interplanetary dust is
constantly accreted by Earth. Interplanetary dust particles
(IDPs) are released by Solar System objects, like asteroids
from the Asteroid Belt or comets, which are considered to
contribute most to the interplanetary dust budget on Earth
[25]. Interplanetary dust, in contrast to interstellar dust, is
slowly moving towards the center of the Solar System by
Poynting-Robertson drag after release and is irradiated by
solar cosmic rays (SCR) over long timescales. Production
rates of radionuclides, such as >Mn (T'; , = 3.7 Myr [26])
or ®Fe, are therefore deducible and depend mostly on the
initial elemental composition of the dust particles and to a
smaller extent on the object’s size for small particles [27].
SCR dominate over galactic cosmic rays (GCR) for the
production of long-lived radionuclides in IDPs because of
the higher flux inside the Solar System and the particle
sizes which do not allow the formation of secondary
particle showers within the object [27].

For the search of recent interstellar ®Fe on Earth, an
environmental sample with distinct features was necessary
to detect smallest concentrations of 3Mn and ®°Fe. The
sample needs to possess an intrinsic purity concerning
the stable isotopes of Mn and Fe as well as the isobars of
the isotopes of interest, >3Cr and %'Ni, respectively. Sites
with low accumulation or growth rates, resulting in a
concentration of the incoming radionuclides, would min-
imize the initial sample mass. Antarctic surface snow from
the German Kohnen Station (75° 00 S, 0° 04> O at
2892 m a.s.l.) was chosen as a suitable material. The
Kohnen Station is at a distance of several hundred kilo-
meters from the coastline and on high altitude with an
annual accumulation of 80 mm w.e. for recent years [28].
Therefore, any terrestrial input of dust into the sample
material could be assumed to be very low. The large mass
of 500 kg of Antarctic snow, not older than twenty years,
was collected and transported in a frozen state to Munich,
Germany. Considering the mean accumulation rate of
80 mmw.e.yr~!, the sample material comprises an active
collection area of 6.25 m? for one year of precipitation.

The snow was melted and filtered afterwards by
cellulose filters with pore sizes of 12-15 um, followed
by cellulose filters with pore sizes of 2-3 ym. By filtra-
tion, larger, visible dust particles and micrometeorites
could be separated from the rest of the sample material.
The filters were incinerated at 650°C and the ash was
chemically treated for element separation at Helmholtz-
Zentrum Dresden-Rossendorf based on the prescription in
Ref. [29]. The water after filtration was evaporated in a
rotary evaporator and afterwards chemically treated at the
Atominstitut of TU Wien. Terrestrial stable Fe and Mn
were added to both samples as carriers because of the low
intrinsic stable Fe and Mn content. For the measurement,
the Fe fraction of both, filter and water, samples was
obtained, but for the Mn fraction only the filter sample
could be used, due to losses during chemistry.

Accelerator mass spectrometry (AMS) is the only meas-
urement technique available at this time to detect the smallest
concentrations of >*Mn or ®*Fe in the environment. Currently,
only two facilities in the world, the Maier-Leibnitz-
Laboratory (MLL) of Technical University of Munich and
Ludwig Maximilian University of Munich in Garching,
Germany and the Heavy Ion Accelerator Facility (HIAF) of
The Australian National University in Canberra, Australia
achieve sensitivities necessary for the measurement of both
isotopes in the ultralow concentration regime. The sensitivity
for these radionuclides at the MLL is >*Mn/>Mn < 10714
[30] and %°Fe/Fe < 10~'® [15]. For a recent review of the
AMS setup at the MLL, see Refs. [31,32].

The uncertainty in these measurements is dominated by
the counting statistics of a few events. In this case the lo
uncertainty intervals of Feldman and Cousins [33] were
used to determine the statistical uncertainty. Further
statistical uncertainties, which, e.g., include the number
of events obtained from the reference material
or averaging over measurement sequences, are consid-
erably smaller. The statistical uncertainties were added
in quadrature. The only systematic uncertainty in the
measurement comes from the uncertainty in concentration
of the reference materials, %°Fe/Fe =(1.340.3) x 1072,
which was produced from and cross-calibrated against
the reevaluated primary in-house standard [34,35], and
Mn/Mn = (2.840.1) x 10719 [30].

The measurement of the >*Mn content of the filter residue
yielded 12 events of *Mn. The measured concentration
of >*Mn/>Mn = 3.97]¢ x 10~'3 corresponds to 3.0 x 10°
atoms of >Mn with exact knowledge of the stable Mn
content after carrier addition for chemistry. The ®‘Fe
measurement of the filter sample was performed in
combination with the water sample. Five events of ®“Fe
were detected in the filter sample. The measured concen-
tration of ©Fe/Fe=5.5%37 x 107'® corresponds to
5.0 x 10* atoms of %Fe. Furthermore, in the water
sample 5 events that correspond to a concentration of
OFe/Fe = 9.173 x 1071 were  detected, yielding
2.3 x 10* atoms of ®/Fe in the water because of less carrier
addition. The detected concentrations are significantly
higher than their corresponding blank level, determined
by the measurement of commercial high-purity MnO, and
Fe,O5; powder, and processing blanks, where no back-
ground events were recorded in accordance with the
established sensitivity (Table I). Combining the results
of the water and the filter samples, the total %°Fe depo-
sition in our sample is 7.3 x 10* atoms which could be
expressed as an ®Fe influx of 1.2 atomscm™2 yr~!. In the
following, only results of the filter sample measurements
were used to determine the origin of the detected ®Fe
using the radionuclide ratio °°Fe/>3Mn.

To trace back the origin of the radionuclide concen-
trations, either interplanetary or interstellar, we compare
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TABLE L. Measured radionuclide ratios in the filter samples by
accelerator mass spectrometry. The blank level is given as an lo
upper limit for O counts [33]. Statistical uncertainties are
displayed as lo upper and lower limits that are dominated by
low counting statistics. All blanks used for the measurements are
free from the respective radionuclides and yielded no additional
background. The measured radionuclide ratios are converted to
number of atoms by the knowledge of the stable element content.

3Mn OFe
3Mn/>Mn  Fe/Fe atoms  atoms
Filter sample 3.9 x 1073 5.5x107'¢ 3.0 x 10° 5.0 x 10*
Upper limit 55 x 10713 8.8 x 10716 4.2 x 10° 7.9 x 10*
Lower limit 2.5 x 10713

29x 1071 1.9 x 10° 2.6 x 10*

Blank level <1.2x 10713 <2.5x%x107!¢

them with meteoritic concentrations as described in
Ref. [16], in the Supplemental Material to Ref. [16], and
references therein [12,36]. There, it was experimentally
recognized that for all meteorites the content of ®Fe relative
to the respective target element Ni was proportional to
the 3*Mn content normalized to its main target element Fe,
expressed in a ®Fe/Ni versus >*Mn/Fe plot. In the case of
meteorites, stable element abundances could be unambig-
uously identified as being of extraterrestrial origin. In
Antarctic snow, stable element abundances are dominantly
of terrestrial origin. A relation to target element abundances
accounting for the target-dependent production is therefore
not possible for our sample. We convert the meteoritic
activity ratios relative to their target elements back to the
originally measured atomic concentrations, which also
eliminates uncertainties from the half-lives of the radio-
nuclides and we evaluate the concentrations as a function
of target element abundances (Fig. 2). Abundances up to
Ni/Fe =1 are considered, where the Fe abundance is
assumed to dominate over the Ni abundance as is the case
for Solar System abundances [37]. The meteoritic data are
fitted by %°Fe/>*Mn = 0.0019(2) x Ni/Fe. The atomic
%Fe/>*Mn ratio in Antarctic snow is 0.017709!2, which
is more than 2 orders of magnitude higher in the case of
most common chondritic abundances of Ni/Fe = 0.055
[37] than the expectation for a cosmogenic source. It is
important to note here that production of °°Fe is enhanced
in larger meteorites because of a secondary neutron flux
through spallation in the thick target [12,35]. For cosmic
dust this is not the case which should reduce the expected
ratio further.

To judge whether our measured ratio in the snow is
significantly higher than the meteoritic ratios, we calculate
the expected number of events from our sample under
the assumption that the sample contains solely meteoritic
radionuclides. The ratio in the snow ®Fe/>*Mn = 0.017
corresponds to 5 observed %°Fe events. Considering the 3¢
upper limit of the meteoritic ratio at the highest Ni/Fe = 1
element ratio of (0.0019 + 3 x 0.0002) = 0.0025, this
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FIG. 2. Atomic ®“Fe/>>Mn ratios for different target element
abundances. The red line represents meteoritic ratios [16]. The
ratio in Antarctic snow (green) is significantly higher than
cosmogenic production for all relevant abundances. Note, the
displayed data point is valid for the chondritic abundance of
atomic Ni/Fe = 0.055 [37].

would correspond to an expected number of 0.74 events.
The probability that a Poisson distribution with a mean of
0.74 results in 5 or more events is only 1.0 x 1073,
Therefore, we conclude that there is a significant enhance-
ment of ®/Fe in the snow compared to interplanetary dust.

In previous studies, ®Fe was detected either in geologi-
cally old deep-sea archives or in extraterrestrial objects
such as meteorites or on the Moon. In this investigation, the
sample material is exposed to the recent environment
allowing a contribution of nuclear weapons test produced
%Fe through global fallout. Thus, for the first time, global
fallout %°Fe has to be considered as a potential ®“Fe signal in
environmental samples.

Nuclear reactions that could produce ®Fe in significant
quantities in nuclear bombs include successive (n, y),
(n,2n), (n,p), or (n,a) reactions for fast neutrons on
stable elements such as Co, Ni, or Cu, and certainly double
neutron capture of moderated neutrons on stable Fe. Since
the contribution of all reactions to the *Fe concentration
depends on the abundance and geometry of stable elements
in the vicinity of the bomb test, the flux and spectrum of the
neutrons which could be different for different bomb
configurations as well as on the distribution behavior after
the explosion, a direct calculation would be substantially
model-dependent and uncertain. For this case, short-lived
>Fe is used as a proxy for the ®*Fe production because of
the analogy in reaction, abundance, and distribution behav-
ior between the Fe isotopes.

The activation product >Fe, with a half-life of 2.7 yr [38]
and references therein, could not be determined directly
in Antarctic snow today after more than 20 half-lives. To
estimate the amount of >Fe in Antarctica today, assuming

072701-3



PHYSICAL REVIEW LETTERS 123, 072701 (2019)

TABLE IL

Summary of different ®Fe investigations in the past. Sample material and characteristics are displayed. The range of

possible %Fe fluxes into different geological and lunar reservoirs, corrected for radioactive decay and the updated half-lives, comprise
values roughly between 10~ and 10? atoms cm™2 yr~!. The combined value from the filter sample and the water sample for Antarctic

snow is similar to the deposition into other reservoirs.

Sample Origin Growth rate %0Fe flux [atoms cm™2 yr~']

Knie et al. [12] Ferromanganese crust South Pacific 1-2 mm/Myr 0.5-5

Knie et al. [13] Ferromanganese crust Equatorial Pacific 2-3 mm/Myr 1-5

Wallner et al. [14] Sediments Indian Ocean 3—4 mm/kyr 20-40
Ferromanganese crusts Equatorial Pacific 2-5 mm/Myr 1-3
Ferromanganese nodules South Atlantic 2-5 mm/Myr 0.2-0.5

Ludwig et al. [15] Sediments Equatorial Pacific 6-19 mm/kyr 04-1.2

Fimiani et al. [16] Lunar regolith Moon e 20-100

This work Surface snow Antarctica 80 mm/yr 1.210¢

>Fe is stable as, in principle, %Fe is over the considered
timescale, the spatial and temporal distribution of global
fallout have to be evaluated. The distribution of global
fallout over the northern and southern hemisphere was
deduced from the distribution of the fission product *°Sr.
The fractional deposition density of °°Sr between the
latitude band 70°-80° (the Kohnen Station is at 75°) is
4 x 1073 relative to global deposition [39]. The temporal
progression of global fallout could be monitored by long-
lived radionuclides such as °°Sr, 23U, or 2°Pu [39-41].
The fallout of radionuclides has decreased by 4 to 5 orders
of magnitude up to the mid 1980s, including fresh
radionuclide input from late bomb tests. We assume a
total reduction by 6 orders of magnitude until the begin-
ning of the new millennium as it is indicated by atmos-
pheric model calculations [39,40]. We estimate the current
global fallout level of 3Fe at the Kohnen Station by taking
the total »Fe production from nuclear weapons tests
of 1530 PBq over Earth’s surface [39] and include the
latitudinal global fallout distribution, obtained by the
distribution of *°Sr, and the temporal reduction of global
fallout. The total amount of nondecaying Fe in the
latitude band 70°-80° at the present time would be
8 x 10'7 atoms. This corresponds to 4 x 10° atoms of
>Fe in our sample after accounting for the total surface
area of this latitude band of 11.6 x 10'> m? [39] and our
sampled surface area of 6.25 m”>. Averaging over the
global scale and only taking into account the distributional
behavior of the fission product *°Sr, which is much less
localized than the activation product 3Fe and thus is
more global, will overestimate the abundance of 5Fe in
Antarctica. Furthermore, the accumulation rate at the
Kohnen Station is as low as 80 mmw.e.yr~' and it is
well known that the deposition rate of global fallout
nuclides is proportional to the overall natural precipitation
rate [42,43]. This estimation will be reduced much further
for the consideration of ®Fe by several additional factors.
The natural isotopic abundance ratio between ®Fe and

34Fe of 0.05 will reduce the actual input by a factor of 20
because of less target isotope abundance.

Most importantly, the production of neutron-rich *’Fe
requires a double neutron capture instead of the single
neutron capture for 3°Fe. Studies of heavy isotope abun-
dances after thermonuclear weapons tests show in an
exemplary way the rapid decrease in abundance of
isotopes for every subsequent neutron capture on 238U
[44]. In addition, neutron-deficient 3Fe is also produced
by (n, @) reactions of fission neutrons on stable ®Ni and
dominantly by (n,2n) reactions of fusion neutrons on
most abundant °Fe. The reaction °Fe(n,2n)>Fe is
estimated to produce up to 8 times more °Fe in nuclear
weapons tests than the reaction *Fe(n, y)>°Fe [45], which
results in less production of ®*Fe than estimated from >°Fe.
Summarizing, the production of °Fe in nuclear bomb tests
and the subsequent deposition in Antarctic snow at recent
times will be much lower than the measured 7.3 x 10*
atoms of %°Fe and negligible.

For completeness, other possible production sites for
®Fe on Earth are considered. In situ production is insig-
nificant in Antarctica because of the absence of sufficient
stable target elements and production through spallation on
gas molecules in the atmosphere only generates lighter
nuclei, since Ar is the heaviest nontrace element in the
atmosphere [12]. ®FFe is produced in nuclear reactors by
double neutron capture on stainless steel components and
dissolved Fe in the coolant, whereas superasymmetric
fission of 23°U is not able to produce significant quantities
of %%Fe because of the low fission yield < 1078% [46]. The
produced %Fe is confined within the reactor containment
and so far even major nuclear accidents, such as
Fukushima, do not expose measurable quantities of ®’Fe
to the environment [47]. Nuclear reprocessing facilities
discharge radionuclides, presumably including ®Fe, into
the oceans. Nevertheless, major reprocessing facilities like
La Hague or Sellafield are located in the Northern
Hemisphere, and discharges directly into the ocean should
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not influence the radionuclide inventory in Antarctica.
Lastly, all primordial ®Fe has already decayed since the
formation of Earth more than 4 Gyr ago.

By ruling out terrestrial and cosmogenic sources, we
conclude that we have found, for the first time, recent °°Fe
with interstellar origin in Antarctica. We note, the measured
recent influx into our sample is similar to the deposition
into previously investigated geologically old reservoirs
(Table II). The detected interstellar ®“Fe could originate
from the LIC, which the Solar System is presently
traversing. This would open a window for more detailed
studies with respect to the LIC origin by additional
investigation of radionuclides, mentioning only a few, like
92Nb(3.5 x 107), 9"Tc(4.2 x 10°), or %®Tc(4.2 x 10° yr),
all of them are shielded by stable isobars against fission
products from U on Earth. In addition, dated samples from
deeper layers or even ice cores could reveal the flux of
radionuclides from the LIC in the past. We would expect a
sharp increase in flux of ®Fe around the time when the
Solar System entered the LIC, assuming the LIC is the
origin of the detected °°Fe. Further on, if this signal is
global, as was the case for interstellar °Fe signals in the
past, it should be possible to find it also in other reservoirs
on Earth.
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