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The solar system currently traverses the Local Interstellar Cloud (LIC), one of several warm cloudlets of
the Complex of Local Interstellar Clouds (CLIC) in the solar neighborhood. The origin of these cloudlets is
unknown and could be related to supernova shock wave dynamics. If supernovae are the source of these
cloudlets or influence their properties, the CLIC may act as a cosmic archive for the supernova-produced
radionuclide 60Fe. We detected minuscule traces of interstellar 60Fe in 295 kg of the European Project for
Ice Coring in Antarctica Dronning Maud Land ice core, covering the time period 40–81 kyr ago. We find an
60Fe=53Mn ratio of ð8� 5Þ × 10−4, slightly above the expected cosmogenic production, corresponding to
an interstellar deposition rate of (0.22þ0.14

−0.12 )
60Fe at=cm2=yr. This influx is significantly lower than that

observed in recent Antarctic snow and marine sediment records during the last 40 kyr. These results suggest
that the LIC is a cosmic archive for supernova-produced 60Fe. The imprinted 60Fe time profile is evidence
for a changing local interstellar environment over the last 80 kyr.
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The solar system crosses diverse regions of the dynamic
galactic interstellar medium (ISM). The local ISM within
15 pc of the solar system is a collection of 15 warm and
diffuse (T ¼ 5000–10 000 K, n ¼ 0.1–0.2 cm−3) cloudlets
[1–4], each distinguishable by their velocity vector [3,5]
and commonly referred to as the Complex or Cluster of
Local Interstellar Clouds (CLIC), see Ref. [6] for a recent
review of the very local ISM. These cloudlets are embedded
in the enveloping 100–200 pc wide, high temperature void
(T ¼ 104–106 K, n ¼ 0.005 cm−3) known as the Local
Bubble (LB) [7–11]. The formation of the LB itself was
likely triggered by supernova-driven outflows from 14–20
supernovae in the Scorpius Centaurus Association starting
around 10–15 Myr ago [12–16].
The cloudlets in the CLIC could have formed over the

last 1 Myr [4] with the Local Interstellar Cloud (LIC), the
cloudlet the solar system is currently traversing [17],
believed to have formed just 130 kyr ago [4]. The mass

of the LIC alone is roughly 0.3M⊙ [18]. Estimates based on
absorption line data and cloud density models constrain the
solar system’s entry into the LIC to roughly within the last
40 kyr, 64 kyr, or 124 kyr [6,17,19,20]. Depending on the
clumpiness of the CLIC, the solar system was traversing a
LB-like ISM before entering the LIC or an overlap region
of the Aur cloud and the LIC [20]. The solar system will
exit the almost perpendicularly moving LIC boundary
within the next 2000–6000 yr, possibly transitioning to
the adjacent G-cloud [6,19,20]. Recently, a mixing of the
LIC and the G-cloud at the current location of the solar
system was brought forward to better explain the velocity
of interstellar neutral helium [21].
The origin of the CLIC is unclear: an interaction zone

between the LB and the Loop I superbubble [22,23],
fragmentation of the Loop I superbubble leading to cloud
formation [24], supernova shocks interacting with existing
Strömgren sphere gas leading to compression [10], a
maverick magnetic flux-tube springing back from the LB
wall [25], as well as supernova shocks expanding into a
preevacuated cavity of the LB [4] are discussed as potential
origins. Any influence of supernovae on the formation or
the properties of the CLIC [4,26] could manifest itself as
correlated supernova-produced radionuclide depositions
over the last 100–200 kyr in Earth’s geological record.
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Two influx peaks, 2–3 Myr and 7 Myr ago, of the
long-lived supernova-produced radionuclide 60Fe (t1=2 ¼
2.6 Myr [27,28]) were discovered in hydrogenetic ferro-
manganese crusts [29–33] and deep-sea sediments
[30,34] on Earth as well as in lunar regolith [35], providing
evidence of near-Earth supernova activity within the last
10 Myr. Interstellar dust, formed through condensation
after the supernova and thereby trapping ejected 60Fe, was
brought forward as a carrier of 60Fe to Earth [36,37]. These
million year old supernova signals, however, were depos-
ited into geological archives before the suggested formation
of the CLIC [4]. Their long durations, and consequently the
distances the solar system was crossing, are significantly
larger than the spatial extension of the CLIC.
The discovery of a low present-day influx of (1.2þ0.6

−0.5 )
60Fe at=cm2=yr in recent (< 20 yr) Antarctic snow [38] was
the first evidence for the presence of 60Fe during the time
period the solar system is within the LIC. The subsequent
analysis of deep-sea sediments from the Indian Ocean [39]
confirmed a recent influx and extended the time period
from present to the last 33 kyr at a slightly higher
deposition rate of (3.5þ1.1−0.9) 60Fe at=cm2=yr. These findings
would be compatible with 60Fe being present in the LIC,
with the LIC acting as a cosmic archive for supernova-
produced radionuclides. Besides the LIC, a fade-out of the
supernova influx 2–3 Myr ago as well as a reflection of the
60Fe flux on an astrophysical boundary have been sug-
gested as reasons for a sustained influx of 60Fe at recent
times [39–41].
If the LIC is such a cosmic archive, the transition from a

low-density LB-like ISM, a different cloud or a cloud-cloud
interaction zone [21] into the LIC should have led to a
changing influx of interstellar 60Fe [40]. Depending on the
actual density of the CLIC, the individual clouds could be
separated in space or form a tightly packed region of the
local ISM within 4 pc [20], which might be identifiable as
characteristic 60Fe depositions. Observations show that at
larger distances space is only partially filled [20,42].
Furthermore, density variations within a cloud could also
lead to variable 60Fe depositions if the 60Fe abundance
scales with the ISM density. A highly time-resolved
geological archive is required to account for these poten-
tially short time periods of variations in 60Fe deposition.
Geological archives have, therefore, the potential to record
the structure of the CLIC as well as to deduce the origin of
the cloudlets in the local ISM.
In this work, we analyzed 295 kg of the EPICA

Dronning Maud Land (EDML) Antarctic ice core from
the European Project for Ice Coring in Antarctica (EPICA)
[43], representing the narrow time interval of 40–81 kyr
ago [44], for its interstellar 60Fe abundance. The time
interval was chosen to cover the potential time of entry of
the solar system into the LIC and to trace back the 60Fe
deposition beyond the already investigated time periods.

Both, the recent Antarctic snow [38] and the EDML ice
core of this work, were retrieved from the same location,
i.e., the German Kohnen Station (75° 00’ S, 0° 04’ E at
2892 m asl), which alleviates the influence of atmospheric
and geological processes that could lead to an inhomo-
geneous deposition of interstellar radionuclides [37,45].
The mass-weighted mean accumulation rate of the sample,
based on the AICC23 chronology and δ18O data [46,47], is
calculated as ð44.4� 0.7Þ mmw:e: yr−1, accounting for a
strong ice thinning with depth with a mean thinning factor
of 0.35. The EDML ice core was melted for continuous
flow analysis (CFA) and the meltwater originating from
the outer fraction of the ice core [48], which is not used
for CFA, was stored and refrozen in plastic containers at
the Alfred Wegener Institute for Polar Research in
Bremerhaven, Germany. For this study, this meltwater
represents a valuable sample as it is available in large
quantities of several hundred kilograms which are required
to detect traces of 60Fe. Interstellar radionuclides in the
meltwater should be largely preserved, as was shown for
cosmogenic radionuclides [49], which makes a repurposing
of this large sample possible. After remelting and acidifi-
cation to pH 2 with HNO3, the sample was homogenized,
evaporated, and chemically processed after a waiting time
of two months according to an established procedure for
large ice samples [50]. Stable elements were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) at
the Helmholtz-Zentrum Dresden-Rossendorf, in particular
to determine the stable Be, Al, Ca, Mn, and Fe content.
Radionuclide abundances were determined using the
single-atom counting technique of accelerator mass spec-
trometry (AMS) [51]. Uncertainties are displayed as 1-σ
intervals and were calculated based on the prescription of
Feldman and Cousins [52] in the case of low counting
statistics.
Cosmogenic radionuclides 10Be and 26Al were measured

at the DREsden AMS (DREAMS) facility [53,54], serving
as tracers for archive integrity considering that losses of
radionuclides during storage and melting of the sample
need to be excluded. Both radionuclides are produced by
cosmic-ray spallation in the upper atmosphere [55] and
should follow similar atmospheric transport pathways as
well as losses during storage and processing as interstellar
radionuclides. The resulting 26Al=10Be atomic ratio of
ð1.69� 0.13Þ × 10−3 (decay corrected to time of deposi-
tion: ð1.74� 0.13Þ × 10−3) is in perfect agreement with
values from native EDML firn ð1.70� 0.24Þ × 10−3 and
Antarctic air filters ð1.84� 0.05Þ × 10−3 [56]. The indi-
vidual 10Be and 26Al concentrations and deposition rates
[44] are also in agreement with previous investigations
[56,57] from different Antarctic sites, however, show a
higher concentration compared to other EDML measure-
ments [56,58]. This is indicative that the evaporation
method of this work, resulting in a concentrated nitric acid
leaching, is recovering more cosmogenic radionuclides than
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only using ion exchange columns as a concentration step.We
conclude that no major radionuclide losses occurred during
storage and processing and that CFA meltwater is a viable
repurposed geological archive for the search of cosmogenic
as well as interstellar radionuclides.
Cosmogenically produced 60Fe, potentially present

through the influx of interplanetary dust, micrometeorites,
or meteorite fragments [59,60], could superimpose over
any traces of interstellar 60Fe. Large cosmogenic inputs
through meteorite fragments were excluded in the Antarctic
ice core sample by the nonpresence of cosmogenic 41Ca
[44], determined using the DREAMS facility [61].
The dyadic radionuclide system 60Fe=53Mn is a sensitive

measure to distinguish between supernova-derived 60Fe
and cosmogenic 60Fe [29,62,63]. Both, 60Fe and 53Mn,
are produced in interplanetary dust and meteoroids by
cosmic ray interactions on stable target elements Ni and Fe,
respectively. A surplus of 60Fe over the cosmogenic
production ratio of 60Fe=53Mn ¼ ð1.77� 0.07Þ ×
10−3 × Ni=Fe, which scales with the stable target element
ratio Ni=Fe, indicates the presence of interstellar 60Fe.
Given typical solar system values of Ni=Fe ¼ 0.059
(wt%=wt%) for chondrites [64] and Ni=Fe ¼ 0.1 for iron
meteorites [59], the expected cosmogenic 60Fe=53Mn ratio
is on the order of 10−4.
Measurements of 53Mn and 60Fe were performed using

AMS at the Heavy Ion Accelerator Facility (HIAF) at the
Australian National University in Canberra, Australia [65].
The measured 60Fe=53Mn ratio of ð8� 5Þ × 10−4 is 1.4σ
above the chondritic ratio ð1.04� 0.04Þ × 10−4, see Fig. 1.
This indication for the presence of interstellar 60Fe, based
on seven detector events compared to none in the corre-
sponding background measurement, would vanish for
cosmic Ni=Fe ratios of 0.2, which are only common for
rare Ni-rich iron meteorites. The resulting interstellar 60Fe
deposition of ð0.22þ0.14

−0.12Þ at=cm2=yr is significantly lower
than into recent Antarctic snow [38] from the same
geological site or Indian Ocean deep-sea sediments [39].
The time profile of 60Fe deposition (Fig. 2 and Table I) is in
agreement with the expectation of the LIC being a cosmic
archive for supernova-produced 60Fe, and either intercloud
density variations if the solar system was within the LIC
over the last 80 kyr, or an entry into the LIC from the low
density LB-like ISM less than 80 kyr ago. Considering that
the LIC is part of the larger CLIC, other clouds of the CLIC
would also host supernova-produced 60Fe.
Other recently investigated sources for 60Fe on Earth,

such as anthropogenic 60Fe from nuclear activities [38] or
60Fe nuclei in the cosmic ray spectrum near Earth [45,66],
have been shown to be at most minor contributors to the
environmental 60Fe abundance. Such a contribution would
further reduce the evaluated dust-bound interstellar 60Fe
abundance in this work’s Antarctic ice core during the time
period 40–81 kyr ago.

Which astrophysical scenarios would be compatible with
a variable 60Fe deposition over the last 80 kyr? A con-
spicuous explanation would be a correlation to the 2–3 Myr
old 60Fe influx to Earth. The solar system traverses
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FIG. 1. Measured atomic 60Fe=53Mn ratios for Antarctic ice
(this work), Antarctic snow [38], and meteorites [59]. The
measured ratio of ð8� 5Þ × 10−4 of this work is significantly
lower than in Antarctic surface snow [38] and 1.4σ above the
cosmogenic expectation from meteorites and a nuclear cascade
model [59], assuming the most likely chondritic Ni=Fe ratio of
0.059 (wt%/wt%) [64]. The colored bands represent the measured
60Fe=53Mn ratios of geological samples over any typical cosmic
Ni=Fe ratio.

FIG. 2. Compilation of supernova-produced 60Fe depositions
into geological archives. Measurement uncertainties are given as
1-σ intervals and individual time resolutions are displayed as
horizontal lines. An interstellar 60Fe deposition rate of
ð0.22þ0.14

−0.12 Þ at=cm2=yr for Antarctic ice is lower than in Antarctic
surface snow [38] and deep-sea sediments [39]. The significant
variation of 60Fe deposition over the last 80 kyr is in agreement
with the LIC being a cosmic archive for supernova-produced 60Fe.
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distances within the LB on the order of one hundred parsecs
over several million years [39]. Considering a fading of the
2–3Myr 60Fe influx as the reason for a sustained 60Fe influx
over the last 80 kyr, the LB would need to be filled with
60Fe over the solar system’s trajectory and over most of its
volume with only about a one order of magnitude differ-
ence in 60Fe density (Fig. 2). Such a fading would then be
unrelated to the presence of the CLIC, because the velocity
vectors of the CLIC and the solar system are distinctly
different [6] and the density of the CLIC is significantly
larger than the ambient LB ISM. The interpretation of the
measured variable 60Fe profile over the last 80 kyr as a
consequence of just a fading of the 2–3 Myr influx [31,32]
in an 60Fe-filled LB would require a complex ISM structure
in the LB. An alternative interpretation of the 2–3 Myr
influx is that it was caused by a directly impinging
supernova blast wave. The predicted 60Fe influx duration
for such a scenario is on the order of a few hundred kyr
[37,41,67], hence in tension with the measured time
interval of the 2–3 Myr influx. A “pinball” behavior
[68] of interstellar dust inside a supernova remnant through
magnetic reflections could explain the width of the
recorded 60Fe peak 2–3 Myr ago. The model, however,
does not address the variations in 60Fe deposition over the
considerably shorter time period of the last 80 kyr.
Reflections of supernova-produced 60Fe on the LB outer

shell [14,69] would be viable candidates to induce a
reinstated influx at recent times after the termination of
the 2–3 Myr peak [15]. One could expect a chaotic 60Fe
influx profile over the last 10 Myr if reflections on the LB
shell are non-negligible, given the large number of super-
novae occurring within the last 10–15 Myr in the LB [69]
at distances of 100–300 pc to the solar system and from
the neighboring Loop I superbubble [14] at distances of
200–400 pc. Consequently, a multitude of 60Fe peaks were
predicted by reflections from the LB shell [15,69]. The
isolated single but broad peaks of 60Fe influxes 2–3 Myr
and 7 Myr ago without a significant 60Fe influx during the
time period 4–6 Myr ago [30–32] do not indicate such a
multitude of peaks. Deep-ocean sediments at higher time
resolution capable of resolving short but pronounced
individual supernova peaks similarly show an isolated
but broad peak 2–3 Myr ago [30].

The solar system’s trajectory through the CLIC would
naturally explain the experimentally obtained time profile
of recent 60Fe deposition. It was proposed that the CLIC
was formed through mass clumping at the surface of a
supernova remnant shell [4]. Since supernovae are well-
known to produce significant amounts of 60Fe [70], a
presence of 60Fe in the CLIC could be expected. Given that
the deposition rate of 60Fe on Earth during the traversal of
the LIC is about a factor of 10 lower than during the 2–
3 Myr influx, it would be astonishing if the CLIC were
essentially a pure fragment from a supernova within the last
1–2 Myr [4]. If the LIC is such a fragment, the 60Fe
abundance should align with the nucleosynthesis predic-
tions for 60Fe from core-collapse supernovae. A LIC dust
density of 2 × 10−24 kg=m3 [71] over ≈2 pc, a typical 60Fe
mass fraction relative to the total supernova ejecta of about
10−7–10−6 [70,72] fully condensed into dust [36,67], and a
relative dust yield of a supernova of 1% [73–75] yields a
predicted column density of 60Fe in the LIC on the order of
109–1010 at=cm2. The measured deposition rate of about
1 at=cm2/yr on Earth over the transit period of about
100 kyr leads to a measured column density of 60Fe in
the LIC on the order of 105 at=cm2 which needs to be
scaled by the solar system penetration efficiency of 60Fe-
bearing dust. A penetration efficiency of 10−5–10−4 is
required to align the measured deposition of 60Fe with the
assumption of the LIC being a pure supernova remnant
fragment. Dust models indicate that the fraction of 60Fe
from supernovae that reaches Earth as dust is on the order
of 10−2 [36,67] with complete condensation into dust and
full dust survival. A reduced influx of 60Fe by more than 2
orders of magnitude compared to the expectation, and
significantly lower than the influx peak 2–3 Myr ago, does
not favor the CLIC representing a pure supernova fragment.
A possible explanation is that a significant fraction of the
dust in the LIC did not form in a recent supernova but was
old interstellar dust swept up by the supernova ejecta
forming the CLIC. Another explanation would be that the
CLIC was already present and thereby consisting of old
ISM dust and was subsequently seeded by a recent super-
nova with freshly synthesized 60Fe. It is unclear whether
clouds with densities and sizes such as the LIC are capable

TABLE I. Summary of 60Fe influx to Earth over the last 80 kyr. Deep-sea sediments and Antarctic snow cover the
time period the solar system was inside the LIC, while the solar system was either partially outside the LIC or inside
a cloud-cloud overlap region for the Antarctic ice core data of this work. The variable 60Fe deposition profile over
the last 80 kyr is compatible with the LIC being a cosmic archive for supernova-produced radionuclides.

Sample Origin Acc. rate (mm=yr) Age (kyr) 60Fe flux (at=cm2=yr)

Koll et al. (2019) [38] Surface snow Antarctica 80 < 0.02 1.2þ0.6
−0.5

Wallner et al. (2020) [39] Sediments Indian Ocean 4 × 10−3 0–33 3.5þ1.1
−0.9

This work Ice core Antarctica 44.4 40–81 0.22þ0.14
−0.12
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of stopping and confining dust grains from supernovae
[41]. If it can be demonstrated that the LIC represents a
pure supernova remnant fragment, a different scenario with
a significantly higher 60Fe density in the ISM surrounding
the solar system or different ISM dynamics is required to
explain the influx of 60Fe 2–3 Myr ago. Importantly, the
data of this and previous studies [38,39] covering the last
80 kyr indicate that a deposition of 60Fe from the ISM is
possible without the need for a supernova blast wave
penetrating the solar system.
While the origin of the LIC is still not settled, our data

suggest that the LIC is a cosmic archive for supernova-
produced 60Fe and that the imprinted deposition pattern of
60Fe allows us to investigate the structure of the LIC. The
significantly lower influx of 60Fe deposited 40–81 kyr ago
compared to more recent times suggests that the solar
system was either mostly outside the LIC during that time
period, compatible with a CLIC density of 0.2 cm−3 and
individual clouds separated by a thin LB-like ISM [20], or
that the solar system was within clouds at all times over the
last 80 kyr, compatible with a CLIC density of 0.1 cm−3

[20], however with significant variations of 60Fe-bearing
dust densities within the LIC. If the clouds are well mixed,
then the density variations seen in 60Fe dust would translate
to cloud density variations. Future work on 60Fe deposition
profiles on Earth covering time periods beyond 100 kyr at
high time resolution might be able to track the solar
system’s journey through the entire CLIC as well as its
first entry into the CLIC. Highly time-resolved 60Fe data
from samples covering the last few millennia might be able
to time the potential occurrence of a transition from the LIC
to an interaction zone of the LIC and the G-cloud [21].
In contrast to 60Fe, other supernova-produced radio-

nuclides such as 26Al or 53Mn suffer from overwhelming
cosmogenic background on Earth and might not be
applicable to study the history of the solar system’s
traversal through the CLIC. However, variations in the
heliosphere through its interaction with the variable ISM
during the solar system’s traversal of the CLIC [6] could
lead to a changing galactic cosmic ray intensity near Earth.
Cosmogenic radionuclide abundances on Earth, such as
10Be or 14C, could reflect such changes. Known anomalies
such as Miyake events [76–78] induced by solar activity
variations [78,79] on the annual scale or the recently
discovered Late Miocene anomaly [80] provide insights
into geological and cosmic processes. Dedicated searches
for radionuclide anomalies over the timescale of the solar
system’s passage of the CLIC coupled with heliospheric
models accounting for ISM-induced modulations might
complement supernova-produced 60Fe records.
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