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Abstract

244py has recently been discovered in deep-sea deposits spanning the past 10 Myr, a period that includes two *°Fe

244
pulses from nearby supernovae.

Pu is among the heaviest r-process products, and we consider whether it was

created in supernovae, which is disfavored by nucleosynthesis simulations, or in an earlier kilonova event that
seeded the nearby interstellar medium with ***Pu that was subsequently swept up by the supernova debris. We

discuss how these possibilities can be probed by measuring 244py and other r- process radioisotopes such as

1 291

and '®Hf, both in lunar regolith samples returned to Earth by missions such as Chang’e and Artemis, and in deep-

sea deposits.

Unified Astronomy Thesaurus concepts: R-process (1324); Supernovae (1668); Lunar regolith (2315); Compact

binary stars (283); Mass spectrometry (2094)

1. Introduction

Measurements of live radioactive isotopes can provide
insights into recent astrophysical explosions such as core-
collapse supernovae (SNe) within O(100) pc of Earth (Ellis et al.
1996) that are expected to occur every few million years,
clarifying the possibility of rarer events within O(10) pc that
might have caused mass extinctions in the past (Ruderman 1974;
Ellis & Schramm 1995). Many experiments over the past two
decades have detected pulses of live °®Fe in deep-sea
deposits (Knie et al. 1999, 2004; Fitoussi et al. 2008; Ludwig
et al. 2016; Wallner et al. 2016, 2020) from between 2 and
3 Myr ago (Mya), very likely due to a nearby core-collapse SN.
There have also been measurements of °°Fe in the lunar
regolith (Fimiani et al. 2016), in cosmic rays (Binns et al. 2016),
and in Antarctic snow (Koll et al. 2019).

These measurements were accompanied by some tantalizing
hints of deep-sea 244py (Paul et al. 2001; Wallner et al. 2004,
Raisbeck et al. 2007; Wallner et al. 2015). These are interesting
because the ***Pu is produced exclusively by the astrophysical
rapid neutron-capture process (r-process), which is one of the
dominant avenues to synthesize elements heavier than iron in
the universe (Burbidge et al. 1957). The nature of the r-process
lies at the heart of multimessenger astronomy, with connections
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to gravitational-wave observations and gamma-ray bursts
(Abbott et al. 2017a; Cowperthwaite et al. 2017; Abbott
et al. 2017b; Kasen et al. 2017), as well as observations of the
most ancient stars (Roederer & Lawler 2012; Holmbeck et al.
2018; Placco et al. 2020). The nuclear physics of the r-process
demands that an intense neutron flux act over a short timescale
~1 s; this points to explosive conditions (Burbidge et al. 1957).
The astrophysical sites that most plausibly host such conditions
are core-collapse SNe and neutron-star mergers (kilonovae
(KNe)); see the reviews by Cowan et al. (1991), Arnould et al.
(2007), Cowan et al. (2021), Kajino et al. (2019), and
references therein. Which of these dominated production in
the early Galaxy, and which dominates today, remains
frustratingly difficult to identify unambiguously, in part
because r-process observables such as abundance patterns
potentially sum contributions from multiple events.

Deep-sea samples open a new window into the r-process and
are particularly exciting because they give information on
specific isotopes (not elemental sums), and they sample ejecta
from specific events (Wang et al. 2021). Comparing the early
solar system abundance of ***Pu with the deep-sea sediments
from Wallner et al. (2015), Hotokezaka et al. (2015) inferred
that the measured ***Pu came from rare r-process events.
Motivated by these hints, in an earlier paper we studied
possible signatures of rare SN and KN r-process events,
analyzing the potential implications of 2**Pu detection,
estimating the strengths of other r-process radioisotope
signatures, and discussing how they could help distinguish
between potential sites (Wang et al. 2021).
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Figure 1. The 6OFe/ 244py abundance ratios calculated (Wang et al. 2021) in
forced v wind and MHD SN models (SA and SB) and in KN models (KA and
KB). We present results for each model both without and including an
additional non-r-process SN source of ®°Fe at 100 pc; calculations are for
events 3 Mya but with a 10 Mya kilonova in the two—steg KA/B+SNnonr
models. The yellow band indicates the observed *°Fe/***Pu ratio (Wallner
et al. 2021) for 3 Mya (SN Plio). The error bars indicating the impact r-process
nuclear uncertainties discussed in Appendix A: Filled symbols are the baseline
FRDM+QRPA nuclear model, while the left (right) half-filled symbols are the
HFB (MKT) models.

e ®

A major advance in studies of live astrophysical radioisotopes
has recently been made by Wallner et al. (2021) with the discovery
2Py in deep-sea ferromanganese (Fe-Mn) crusts from periods that
include both this and the ~3 Mya “’Fe pulse. Whereas earlier hints
had reported single ***Pu atoms, Wallner et al. (2021) reported
181 £ 19 atoms above background, indicating a firm detection.
This same study also found an earlier “°Fe pulse ~7 Mya. These
results add new dimensions to our picture of recent near-Earth
explosions and widen the scope of their implications. Broadly, the
detection of ***Pu is not only the second firmly detected
radioisotope in this epoch but it also demands an r-process source
and so probes the astrophysical site of the r-process. Further, the
second ®Fe pulse shows that there were multiple explosions, as
one would expect from massive stars that are highly clustered
(Zinnecker & Yorke 2007). We thus follow Ertel et al. (2023) in
referring to the event around 3 Mya as the Pliocene event (SN Plio)
and the event around 7 Mya as the Miocene event (SN Mio). In
this paper, we study the interpretation and potential implications of
these new experimental results, focusing on the information to be
gained from lunar measurements of r-process radioisotopes.

As has been shown in Fry et al. (2015), ordinary (non-r-
process) nucleosynthesis in core-collapse SNe provides the
only plausible source of °°Fe observed in the two pulses.
Wallner et al. (2021) concur, making this a starting point for
their analysis. The question then becomes: Could either or both
of these SNe also have produced the ***Pu or is a separate
event required, presumably a KN?

The two ®°Fe pulses require at least two distinct SNe. The
244py data were not sampled as finely in time as the *°Fe data
but in three broad time windows including a surface layer that
includes anthropogenic contamination. The two deeper layers
each overlap with a ®Fe pulse, with similar “°Fe / 244py ratios,
represented by the yellow band in Figure 1. The data show *°Fe
to be much more abundant than ***Pu in both pulses.

Wang et al.

Motivated by these data, Wang et al. (2021) proposed two
scenarios for ***Pu deposition on Earth bg recent nearby
events: (1) one step, i.e., the deposition of 4Py is a direct
consequence of the propagation of the ejecta from the nearby
explosion event; and (2) two-step process, in which an earlier
KN ejecta propagates to and mixes into the proto—Local
Bubble, followed by the relative motion of Earth and r-process-
enriched dust, leading to the subsequent bombardment of 2**Pu
onto Earth. We will adopt and compare these scenarios below
and also comment on the possibility of multiple KN explosions
in the two-step process.

In this paper we confront the “°Fe and ***Pu data with the
SN and neutron-star merger nucleosynthesis models developed
in Wang et al. (2021) and explore the prospects of fresh
measurements that might discriminate between possible
scenarios, emphasizing the value of analyzing lunar regolith
samples returned to Earth by missions such as Chang’e and
Artemis.

2. Supernova and Kilonova Models of *’Fe and ***Pu

The astrophysical origins of r-process elements including the
actinides have been the subject of considerable debate (Cowan
et al. 2021). SNe may produce the r-process either via a
neutrino-driven wind or in magnetohydrodynamic (MHD) jets,
but both mechanisms struggle to make actinides; see Wang
et al. (2021) and references therein. If SNe are confirmed as
robust sources of actinides such as 244Pu, the available models
must have major omissions. Neutron-star mergers that lead to
KN explosions, on the other hand, have been observed to
produce r-process species such as lanthanides (Abbott et al.
2017a) and are expected to produce actinides (Cowan et al.
2021), though the latter has yet to be confirmed
observationally (Zhu et al. 2018).

In Wang et al. (2021), we constructed four SN and KN models
to examine r-process radioisotope production. Our two models
featured a modified neutrino-driven wind (Arcones & Janka 2011)
scenario forced to produce actinides, denoted by v* (SA), and a
high magnetic field MHD SN model (Mosta et al. 2018), denoted
by SB, both with r-process nucleosynthesis constrained using data
on the metal-poor star HD 160617 (Roederer & Lawler 2012). For
neutron-star mergers, we explored two combinations of calcula-
tions of neutron-star merger dynamical ejecta (Bovard et al. 2017)
and a disk v-driven wind (Just et al. 2015), constrained to fit data
on either HD 160617 (KA) or the actinide-boost star J0954-+5246
(Holmbeck et al. 2018; KB). Details of these models are found in
Wang et al. (2021).

The ®Fe/**Pu ratios for the four models of r-process
production are compared to the data from Wallner et al. (2021) in
Figure 1. In the SA and SB models, the “°Fe production is
underestimated, as SNe produce ®Fe during hydrostatic burning
phases and during the explosion (Limongi & Chieffi 2006;
Sukhbold et al. 2016; Limongi & Chieffi 2018; Curtis et al. 2019),
apart from any potential 7-process contribution. Hence, in order to
compare our models to the new data from Wallner et al. (2021), we
need to consider sources of “Fe within the SN event in addition to
the r-process yields from Wang et al. (2021). Our procedure to do
this appears in Appendix A.

We see that either of the SN models SA or SB could
accommodate the (similar) 60Fe/ 244py ratios reported by
Wallner et al. (2021) in periods around 3 and 7 Mya. On the
other hand, both the KN models KA and KB predict much
smaller 60Fe/ 244py ratios, even when the uncertainties are
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taken into account. We therefore conclude that the ®°Fe pulses
and ***Pu detection cannot be due to KN explosions alone, at
least as described by the models considered here.

We consider now the data of Wallner et al. (2021) on the *°Fe
pulse from ~3 Mya. The timing of this signal is consistent with
that measured previously in ®°Fe deposits in deep-sea
sediments and crusts (Knie et al. 1999, 2004; Fitoussi et al.
2008; Ludwig et al. 2016; Wallner et al. 2016, 2020), though
this peak is somewhat broader. The observed amplitude of the
pulse and its duration of =1 Myr are consistent with a model in
which ®Fe from an SN 100 pc away is transported to Earth in
dust grains via “pinball” trajectories that are deflected and
trapped by a magnetic field within the SN remnant (Fry et al.
2020; Ertel et al. 2023). The pulse width indicated by the
Wallner et al. (2021) measurements could also reflect smearing
in the crust they study. Accordingly, we assume that this pulse
was produced by a single SN.

In our SN models, we also make the economical assumption
that the ***Pu from <4.57 Mya measured by Wallner et al.
(2021) is also associated with SN Plio 3 Myr ago. We
emphasize that observations with finer timing resolution would
be needed to confirm this association, but note that many of our
comments below would apply also if it were due to two or more
SNe. As discussed above, the additional OFe peak discovered
by Wallner et al. (2021)—see also Figure 1 of Fitoussi et al.
(2008)—is likely due to another SN that occurred ~7 Mya (SN
Mio), also some ~100 pc away. We assume that all the ***Pu
from 4.57 to 9 Mya measured by Wallner et al. (2021) are
associated with this SN explosion while emphasizing that
observations with finer timing resolution would also be needed
to confirm this association. Under this assumption, the
24pyu/®Fe ratios in the ejecta of the two SNe ~3 and
~7Mya are comparable within a factor of ~2 and indis-
tinguishable in Figure 1.

This is intriguing since simulations indicate that only very
specific types of SN can make much 2**Pu (Wang et al. 2021),
in which case seeing two of them looks like a remarkable
coincidence. If such an interpretation were correct, it would
suggest not only that many or most SNe are r-process sites, but
also that their production extends all the way to the actinides. If
this could be established, standard r-driven wind and MHD
models must have major omissions. That said, actinide
production is possible in the forced neutrino wind and MHD
models v* (SA) and SB discussed in Wang et al. (2021).

Nevertheless, there are serious potential issues for scenarios
with actinide production in many or most SNe provided by
measurements of the r-process abundances in metal-poor stars.
(a) It is known that r-process/Fe ratios (estimated using Eu/Fe
as a proxy) vary wildly, with most stars showing low values
and only a minority showing high values (Holmbeck et al.
2020). The obvious interpretation is that Fe and r-process
production are decoupled. If SNe do indeed make the r-
process, one possibility would be that (core-collapse) SN Fe
production is highly variable. However, there are observational
constraints on this from observations of SN light curves
powered by *°Ni decay, so it seems more likely that the
variations in r-process/Fe ratios are due to variations in r-
process production. Another issue is that (b) searches for r-
process species in metal-poor dwarf galaxies found them only
in ~10% (Ji et al. 2016). This strongly suggests that r-process
events are much rarer than SNe. An alternative hypothesis is
that the r-process material is ejected preferentially from the
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dwarf galaxies, e.g., in jets, but in this case, jets would have to
be features of most SNe, which is not supported by
observations.

Motivated 2?/ these considerations, we proposed in Wang et al.
(2021) that ***Pu signals could arise via a two-step process in
which material deposited previously in the interstellar medium
(ISM) by an earlier KN was then swept up by subsequent SN
explosions.”® Estimates of the KN rate in the Galaxy are
compatible with a KN explosion O(300) pc away that occurred
O(10) Mya. Accordingly, we also show in Figure 1 results
from models in which the debris from a KN explosion 10 Mya
is mixed with the ®°Fe of SN Plio 3 Mya. This two-step model
discussed in Wang et al. (2021) is consistent with the data
shown in Fi%ure 1 and could explain naturally the similarity
between the “**Pu / ®OFe ratios in the periods covering the two
Ope pulses found by Wallner et al. (2021).

We calculate abundances in the two-step models via scaling
with the >**Pu observations. We adopt the observed interstellar
24py flux $y44 =980 atoms cm 2 Myrf1 as reported in Wall-
ner et al. (2021). We then infer the other r-process fluxes using
their production ratio to ***Pu and assuming the dust
incorporation and survival fractions are the same as those for
plutonium. Finally, to compute fluence we assume that the flux
results from stirring by SNe in the Local Bubble, which has
continued since the KN explosion. For the explosion times, we
adopt 10, 20, and 50 Myr ago.

The two-step model in Wang et al. (2021) assumes a single
KN explosion produces the ***Pu seen in the deep-sea deposits.
It is however possible that multiple such events could
contribute to the signal since the abundance deposition is
driven by the stochastic nature of KN explosions (Hotokezaka
et al. 2015; Coté et al. 2021). Models for r-process enrichment
show large fluctuations on timescales below the recurrence
time for a given location, which is estimated to be
~100-200Myr for turbulent diffusive mixing (Hotokezaka
et al. 2015; Beniamini & Hotokezaka 2020). This timescale
makes multiple events unlikely in the ~20 Myr window
available to Fe-Mn crusts, but not impossible.

We consider the case of multiple KNe in Appendix B. There
we show that the signal from several events is a weighted
average of signals from the individual events. Below we
present KN model results for different explosion times
spanning the plausible range, so multiple events in this window
would appear as signals bracketed by the cases we show.

3. Deep-sea Measurements

Figure 1 suggests that the current “°Fe and ***Pu data on
their own are insufficient to discriminate between the SN-only
estimates and the two-step KN/SN scenario, so we consider
also the possibility of observing additional SN pulses in deep-
sea deposits from >7 Mya. A model of the Local Bubble and
®Fe transport proposed in Breitschwerdt et al. (2016) and
Schulreich et al. (2017) postulates 14—20 SNe in the Scorpius-
Centaurus (Sco-Cen) stellar association within 300 pc over the
past 13 My, among which might be progenitors for the two
observed ®Fe pulses. Wallner et al. (2021) reported the results
of ®Fe searches extending over the past 10 Myr, finding that

13 First estimates of the possible amounts of swept-up *°Fe and ***Pu were
given in Ellis et al. (1996). We note that the transport of material from a KN
can be complex. For example, Amend et al. (2022) point out that if a KN
explodes a few kiloparsec above the Galactic plane, the debris can take 1-10
Myr to fall on the disk.
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Table 1
r-process Isotope Ratios in Forced SN Models for Explosions 3/7 Mya, Corresponding to the Known %OFe Pulses, and in KN Models for Explosions 10/20 Mya,
Bracketing the Formation of the Local Bubble

Supernova Models

Kilonova Models

Radioi SA SB KA KB

adioisotope

Ratio 3 Mya 7 Mya 3 Mya 7 Mya 10 Mya 20 Mya 10 Mya 20 Mya
OFe /2*Pu 9.2 x 1072 32 %1072 53 x 10° 1.8 x 10° 37 x107* 3.0x107° 1.7 x10°° 14 x 1077
9371 /***Pu 52 0.93 8.2 x 10* 1.5 x 10* 0.24 3.6 x 1072 7.7 x 1073 12 x107*
107pq /24py 52 35 1.3 x 10° 8.6 x 10* 3.7 1.4 0.34 0.13
1291 /244py 3.2 x 107 2.8 x 107 1.7 x 10° 1.5 x 10° 69 49 14 10
135Cs /244Pu 5.4 0.68 12 x 10° 1.5 x 10* 8.7 x 1073 55%107° 3.7 %1072 24 %107
1824f/24py 3.1 2.3 44 % 10° 33 x 10° 0.43 0.22 6.9 x 1072 35 %1072
236y /244pu 1.8 1.7 9.5 8.7 1.8 L5 1.0 0.92
Np/***Pu 0.66 0.18 1.6 0.43 8.2 x 1072 37 %1072 5.6 %1072 25% 1073
247Cm/**pu 0.50 0.43 0.45 0.39 0.38 0.27 0.35 0.25

the signal-to-background ratio for ®°Fe falls to around unity for
deposits from between 7 and 10 Mya. The relatively short “°Fe
half-life of 2.6 My would make searches for earlier ®’Fe pulses
even more challenging. On the other hand, indirect evidence
for earlier SNe could come from pulses of swept-up ***Pu in
earlier deep-sea deposits, in view of its much longer half-life
~80 My. Wallner et al. (2015) reported the results of a search
for ***Pu extending over the past 25 Myr, finding one event
from >12 Mya. This event might just be background, but if
not, it would correspond to a rate of deposition similar to that
between 5 and 12Mya. The more sensitive ***Pu results of
Wallner et al. (2021) extend back to 9 Mya, and it would
clearly be interesting to extend the search for an earlier >**Pu
signal and any possible time structure.

4. Additional Radioisotopes of Interest

Another, potentially more powerful, way to distinguish
between the possible production scenarios is to look for other
radioisotopes present alongside the °°Fe and ***Pu. Any r-
process mechanism that produces ***Pu also produces many
other radioisotopes, not only other actinides such as 236U,
2'Np, and **’Cm, but also many other radioisotopes with
masses intermediate between >**Pu and ®“Fe. Hence, their
abundances would in general exhibit pulses coincident with the
two SN °°Fe pulses, whether the r-process location is a recent,
nearby SN or an earlier, more distant KN. However, the
relative abundances of the peaks of different r-process isotopes
would be affected by their lifetimes, which would help
distinguish scenarios in which the r-process occurred at
different times in the past.

We have calculated the relative abundances of live r-process
radioisotopes produced by the forced v-wind (SA) and MHD
(SB) models for SN Plio and Mio that occurred 3 Mya and
7 Mya discussed above, as well as two scenarios with a KN
explosion 10 or 20 Mya. If the ***Pu measured in Wallner et al.
(2021) was produced by such an SN, one could hope to see
accompanying signals of r-process production of the radio-
isotopes 93Zr, 107pg, 1291, 35Cs, 18 Hf, 23’6U, and possibly
237Np and 247Cm, as listed in Table 1. The first four columns of
Table 1 compare the yields of live r-process radioisotopes
predicted by SN models SA and SB for SNe that exploded 3
and 7 Mya. We emphasize that the 60Fe/ 244py ratios given in
this table are only for ®Fe produced via the r-process and that
we would expect these SNe to produce much more *°Fe via the
standard neutron-capture mechanism. The last four columns in

Table 1 show results from calculations of r-process isotope
production in KN models KA and KB, assuming an event 10 or
20 Mya, bracketing the formation of the Local Bubble. In this
case, many of the shorter-lived radioisotopes that could have
been detectable in the SN scenario would have decayed away,
and we find that if the measured ***Pu was produced by a KN
10 or 20 Mya, the best prospect for detection (with the biggest
radioisotope ratio to ***Pu) is for '*°I.

Figure 2 compares the total yields of selected live r-process
radioisotopes predicted by our SN and KN models with direct
deposition (one-step) as well as the two-step scenario (a 10 Mya
KN plus a 3 Mya non-r-process SN), with similar calculations as
in Figure 1. We highlight in Figure 2 representative isotopes in
each of the three regions of the r-process abundance pattern,
namely B7r, 121, and '82Hf, which we now discuss in turn. *>Zr
can be produced in an alpha-rich freezeout of mildly neutron-rich
SN ejecta without an accompanying main r-process, SO its
detection could be a probe of this additional nucleosynthetic
source. Here we take the non-r-process SN **Zr yields to be
M o3~ 10772 M, (see Appendix A). As for 1291, our predictions
show that it should be detectable alongside ***Pu in any scenario,
with measurement of the ratio offering possibly the strongest
discrimination between scenarios. Finally, we anticipate that '**Hf
could be a clear marker of prompt SN production, as it is present
in potentially detectable levels for the SA and SB models, but not
in the two-step KN scenarios.

It is a common feature of all the SN and KN models studied
above that the best prospects for discovering a second live r-

rocess radioisotope (in addition to ***Pu) may be offered by
1'% The '*1/***Pu ratio calculated in the models we have
studied ranges from O(10) in the KN models through O(100) in
SN model SA to O(10°) in SN model SB, thereby offering the
possibility of distinguishing between scenarios. An 129I/ “pu
ratio exceeding 10° that is coincident with either of the
observed SN Bulses would favor SN model SB, which would
also yredict "2Hf/>**Pu ratios >10°. On the other hand, a
1291 /***Pu ratio between 10° and 10 could be accommodated
by any of the models SA, KA, and KB. In this case, model SA
suggests that '**Hf might be present at levels similar to ***Pu,

!4 Note that iodine is volatile, and thus forms dust less readily than refractory
elements, which include most other r-process radioisotopes of interest. (We
thank Toni Wallner for pointing this out.) While the cosmic dust properties of
iodine are not well known (Lodders & Fegley 2023) and merit further study, it
is possible that the surviving Z:iust fraction of '?°I will be lower than other r-

process elements including “**Pu.
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Figure 2. Ratios to 244py of the selected live r-process radioisotopes 93Zr, 1291,

and '"S?Hf, calculated in a similar way to Figure 1. The vertical error bars
indicate the impact of r-process nuclear uncertainties due to variations in
masses and beta-decay rates as well as the fission yields, as discussed in
Appendix A.

whereas the KN models predict smaller ratios for '*Hf relative
to 244Pu, which are less likely to be detectable. Hence, the
detection of 'SHf at a level similar to ***Pu would point
strongly toward an SN r-process origin. Additional%?/, detection
of any of the other r-process radioisotopes 93Zr, ! pd, 135Cs,
'"2Hf, and **’Np would favor an SN origin for the ***Pu. A
3% signal is possible in both the SN and KN scenarios but
may suffer from anthropogenic or natural backgrounds in
which #*>U can capture a neutron. While **’Cm has no natural
background, the **’Cm/***Pu ratio is similar for SN and KN
models and thus does not offer discriminating power. However,
this ratio is sensitive to the unknown nuclear physics in the
neutron-rich actinide region (Holmbeck et al. 2019; Lund et al.
2023), thus future 247Cm measurements can be used to test
nuclear physics inputs, such as nuclear masses, half-lives, and
fission properties.

5. Lunar Regolith Searches

Lunar regolith (soil) serves as a natural archive for material
from nearby explosions that is complementary to terrestrial
samples. Advantages of lunar archives include the geological
inactivity of the Moon, the lack of an atmosphere or oceans that
can redistribute material, and the lack of anthropogenic
disturbances or contamination. On the other hand, the lunar
surface is slowly reworked by meteoritic “gardening” (Gault
et al. 1974; Costello et al. 2018), so signals from multiple
events will be mixed. Moreover, the lunar surface is unshielded
from cosmic rays, which create a background of radioisotopes
in the regolith (Reedy & Arnold 1972; Vogt et al. 1990; Leya
et al. 2001, 2021). Any SN or KN signal must stand out from
this background in order to be detectable. Here we focus on the
detectability of live r-process radioisotopes on the Moon.

Lunar regolith samples come at a great cost, but our
inventory will soon increase dramatically beyond the Apollo
and Luna samples that date back to the 1960s and 1970s. The
robotic Chang’e-5 mission (Qian et al. 2021) has recently
delivered a ~1.7kg sample from a location farther north than
any prior landings, the Chang’e-6 mission will land in the
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South Pole region of the Moon in 2024, and the upcoming
crewed Artemis mission (Smith et al. 2020) will bring back
~100 kg of samples in the initial landing near the South Pole,
with more planned thereafter.

We recall that the discovery of ®Fe in several Apollo
samples was reported in Fimiani et al. (2016). The data of
Wallner et al. (2021) suggest that this “°Fe is likely to have
originated from a combination of the °Fe pulses from 3 and
7 Mya, mainly the more recent pulse in view of its greater
fluence and younger age. Confirmation of this ®°Fe signal, e.g.,
in the sample returned recently by the Chang’e-5 mission (Qian
et al. 2021) or that from a future Artemis lunar landing
mission (Smith et al. 2020) would require analyzing a modest
sample of <100 mg of lunar material."”

The detection of ***Pu in the deep sea implies that a
corresponding lunar signal must exist as well. Any cosmic-ray
background for 2**Pu must arise from the available ***U and
238U targets. These require multiple p and n captures, and even
then the ~5 hr half-life of ***Pu effectively diverts any
cosmogenic flow away from ***Pu. Cosmic rays can also
destroy ***Pu by neutron capture, but this effect is negligible
compared to decay: In Appendix C.3, we estimate ['r44,
Toga ~4 X 1078 < 1. We therefore conclude that cosmic-ray
processes do not build up any appreciable ***Pu background in
the regolith nor do they destroy it. ***Pu should thus be a
particularly clean lunar target, as long as return samples are
protected from terrestrial contamination.

In the deep-sea Fe-Mn crust, the relative abundance of 244py
reported by Wallner et al. (2021) is ***Pu/*°Fe ~5 x 10
Since it is expected that uptake on the lunar surface is as
efficient as in the deep-sea case, if not more, we anticipate
sample sizes of similar mass (~10g) would be needed to
discover a ***Pu signal.

For other, lighter r-process radioisotopes, the lunar regolith
will contain a cosmogenic background that we must under-
stand. Here we recommend the strategy that has successfully
identified SN ®°Fe in lunar regolith in the presence of a cosmic-
ray background (Fimiani et al. 2016), as discussed in
Appendix C.2. A radioisotope i with a potential astrophysical
signal will also have a cosmogenic component, so regolith
abundances will sum the two, so we write the number per unit
mass as yi"bs = " + . The cosmogenic background in each
part of the sample will depend on the cosmic-ray flux ¢ and the
local target abundance: y o< @y .e;» Where cosmic rays
produce our species via CR + target — i. The target abundance
is directly observable in the return sample, but cosmic-ray flux
is not. To infer the local cosmic-ray exposure reliably requires
the measurement of a radioisotope species j that is dominated
by cosmic-ray production. This approach was used to measure
SN-produced ®’Fe in the lunar regolith by also measuring >*Mn
(Fimiani et al. 2016). Such a two-radioisotope “dyadic”
approach (Koll et al. 2022) is elaborated in Appendix C.2,
which shows that a plot of the ratio yi"bS / y;’bs as a function of
the ratio of cosmic-ray targets Yiarer|i/Viarger; falls on a line if
species i is cosmogenic only, while excursions above this line
would indicate the presence of an additional extrasolar
component.

15 Employing the regolith gardening model of Costello et al. (2018, 2020), it
is estimated in Qian et al. (2021) that the depth A at which the probability of at
least one overturn is 99% is 3.45 x 1073 tyor.47 m, where t, is the reworking
time in yr. This leads to A = 3.8 (5.7) cm for material deposited 3 (7) Mya.
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Table 2
Lunar Regolith r-Process Radioisotopes from Near-Earth Explosions

Sample Mass (g)

Cosmic-Ray AMS Sensitivity

Isotope Targets (atoms) Background (atoms g~ ') SN KN
1291 Te, Ba, La 10° 107 10~'-10° 1-10
182t 1By, Sy, 180w 10’ 3x10° 2-5x10° 3 x 10°-10°
24py 10 10

While the r-process actinide radioisotopes 2**Pu and **’Cm 10°
will not have an appreciable cosmic-ray background, a
substantial background will exist for **°U and *’Np, which o
can be created from lunar ***U. Cosmogenic production will S
also be an issue for all of the lighter species we consider. Of the 3?'

o~

lighter species, 93Zr, 107Pd, and '*°Cs have abundant
cosmogenic target nuclei in the regolith, which leads to
prohibitively large backgrounds. We therefore focus on '*°I
and '8Hf where the background is smaller.

Table 2 and Figure 3 summarize the prosigects for lunar
detection of ***Pu, as well as for '*’I and "Hf including
cosmogenic  backgrounds estimated as described in
Appendix C.1. We also estimate the minimum number N i,
of atoms of each species needed for a confident accelerator
mass spectrometry (AMS) measurement, based on present
sensitivity levels and extraction efficiency. From the needed
number of atoms and the predicted number y; = n;/p of signal
atoms per gram, we estimate the sample mass 7; min = N min /yl-
needed; for the SN case, this spans a large range, reflecting the
large uncertainties in the predictions.

The AMS sensitivity for '*°I together with large '*°I/***Pu
predicted ratios suggests that '*°I detection is already within the
grasp of present techniques (if care is taken to avoid
contamination from anthropo%enic sources); indeed, intriguing
measurements already exist. '“°I has already been detected in a
Fe-Mn crust (Ji et al. 2015a), showing a dropoff with depth
consistent with a background source such as natural uranium
fission. The Fe-Mn crust was not independently dated, but the
abundance levels appear inconsistent with the SB model while
allowing room for some SA models and the KA and KB
models. We note that Nishiizumi et al. (1989) used AMS to
measure %I in the lunar regolith, and Nishiizumi et al. (1983)
measured it in lunar rock, finding very similar abundances.
Lunar rocks should not contain an SN or KN component so, at
face value, these data seem to place an upper limit
n(lzgl)/pg 3% 107 atomsg ' on any extrasolar signal. This
result is consistent with the indications from '*I data in a Fe-
Mn crust (Ji et al. 2015b) discussed in Wang et al. (2021).
These measurements were not made with our research program
in mind, but still, the apparent nondetection of '*’I puts
pressure on the SN models, as seen in Figure 3: It would rule
out the HFB nuclear model for the forced neutrino wind case,
as well as the baseline and HFB nuclear models for the MHD
SN. Future dedicated '*°I searches in the deep ocean and on the
Moon would be of great interest.

Compared to '*’I, current AMS capabilities offer less
promise for detecting '®*Hf. As estimated in Table 2, several
kilograms of material may be required to detect a signal due to
the limitations on AMS sensitivities caused by the interference
from A =182 isobars. Due to the scarcity of available lunar
material, higher sensitivity would be desirable to reduce the
quantity that must be processed. Figure 3 motivates this effort,
as the cosmic-ray production of '8Hf is predicted to be closer

q — regolith
10° 3 —— lunar rock
® lunar cosmic rays

R AT

107 L lunar cosmic rays

regolith abundance [atoms/g]
129|

182 Hf

102 @® baseline +
© HFB
10t ® MKT
SA: Viorceq Wind SB: MHD KA KB

Figure 3. Expected abundances of select r-process radionuclides in lunar
regolith, based on 2**Pu deep-ocean measurements. Points show predictions for
SN and KN models, with error bars indicating the impact r-process nuclear
uncertainties discussed in Appendix A: Filled symbols are the baseline FRDM
+QRPA nuclear model, while the left (right) half-filled symbols are the HFB
(MKT) models. For %I, the horizontal blue and red lines show the levels
measured in Apollo samples of lunar regolith (Nishiizumi et al. 1989) and rock
(Nishiizumi et al. 1983), and the yellow line shows the calculated cosmic-ray
background (for details of the cosmic-ray background estimations, see
Appendix C.1). SN models are for an explosion 3 Myr ago; KN models show
results for explosions 10, 20, and 50 Myr ago.

to the KN predictions than that of '*°I. These data foreshadow
the power of new radioisotope measurements on both terrestrial
and lunar samples, particularly '*°I and '®*Hf, which can probe
the nature of the recent explosions and of the r-process
generally.

Finally, we note that the spatial distribution of ®’Fe and other
radioisotopes on the Moon carries information about the SN
direction and dust propagation (Fry et al. 2016). Over the long
timescale of dust deposition, lunar rotation will average the
deposition over longitude, but not latitude. Consequently, the
latitude distribution of radioisotopes probes the distribution of
dust arrival directions. If the dust arrives in a plane wave, there
will be pronounced gradients that should be detectable, but the
extant Apollo ®Fe data are too uncertain to test for such a
gradient (Fry et al. 2016). Future measurements of Artemis and
Chang’e samples, particularly from landings near the lunar
poles, could reveal the latitude distribution and thus give
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unique insight into dust propagation. The results we show in
Figure 3 and Table 2 are for the latitude where a plane-wave
flux arrives vertically; this will be modulated by the arrival
direction distribution.

6. Cosmic-Ray Measurements

There are also possible signatures of nearby explosions in
cosmic rays, including anomalies in positron and antiproton
fluxes (Kachelrief et al. 2018), and also in the ion composition.
In particular, %Fe is seen in cosmic rays (Binns et al. 2016),
and anomalies in elemental iron fluxes at low energies also
suggest a perturbation due to a recent event (Boschini et al.
2021).

A nearby r-process event would mainly produce stable
isotopes, which would be difficult to identify in deposits on
Earth or Moon, but might be detectable among the cosmic rays.
Searches for heavy elements in cosmic rays have led to several
intriguing new results. The Cosmic Ray Isotope Spectrometer
(CRIS) recently reported data on elements with atomic number
29 £ Z < 38 and found lower abundances of r-process species
than would be expected if SNe were their source (Binns et al.
2022). SuperTIGER has recently reported cosmic-ray abun-
dances for heavier species as well (Walsh 2020; Walsh et al.
2022). The 42<Z<54 data from SuperTIGER show
anomalously high abundances, i.e., exceeding the levels of a
mix of 80% solar-system-like material with a 20% admixture of
SN winds and ejecta that fit lower-mass cosmic-ray species.
Some of these anomalous elements are produced mainly by the
r-process, though with admixtures of s-process production.
Intriguingly, the dominantly s-process species barium is not as
enhanced as the other high-Z elements, which may be
circumstantial support for the hypothesis of a nearby r-process
site (Walsh 2020).

Cosmic-ray measurements of other r-process species such as
actinides could shed light on the nucleosynthesis pattern and
thus the r-process source. If isotopic measurement were
Possible in future cosmic-ray experiments, the observation of
82Hf would be particularly interesting, since it should not have
significant contamination from spallation of neighboring
nuclides. '*°I and '**Cs would also be of interest, though
contamination from the spallation of Te, Xe, and Ba may be an
issue.

There is compelling evidence that SN remnants give rise to
the bulk of Galactic cosmic rays, via diffusive shock
acceleration (Ackermann et al. 2013). But this same process
should act in the relativistic blast waves generated in the
gamma-ray bursts and KNe following neutron-star mergers,
which therefore should also accelerate cosmic rays
(Waxman 1995). Thus, in both the KN and SN scenarios, we
expect cosmic rays to include freshly synthesized r-process
material. The elemental ratios for each scenario are shaped by
the prompt production as well as the spallation effects that
occur as the material is ejected from the SN/KN and
propagates through the ISM (Wang et al. 2020a). Whether
such ratios can offer an opportunity to discriminate among
scenarios requires further study.

7. A Strategy to Determine the Origin of Near-Earth **Pu

By combining terrestrial and lunar measurements, we can
hope to have information at least on the broad time history and
overall fluence of ®®Fe as produced in multiple SNe and
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separately the time history and fluence of >**Pu, probably
and possibly '®2Hf. This will give insight into the origin of the
r-process signal in radioisotopes and thus open a new window
into the astrophysics site of the r-process. We distinguish three
possible cases.

1. No pulse coincidence: If ***Pu has a time history distinct
from the ®°Fe pulses, this would point to a different
origin, likely a KN that seeded the Local Bubble. Here
the transport to Earth would not be coincident with the
SN blasts and imply that the r-process-bearing dust
moves independently in the bubble interior (as in our
simple version of the two-step model). The radioisotope
ratios r/***Pu should follow the KN predictions, and we
expect signals of ***Pu and longer-lived r-process
radioisotopes going back to earlier times, tracing a
prolonged flux back to the ori§in of the Local Bubble.

2. One pulse coincidence: If **Pu and other r-process
radioisotopes trace one (and only one) of the ®°Fe pulses,
this points to an SN origin of the r-process, and indeed an
SN origin of r-process actinides. This would have major
implications for SN physics and for Galactic chemical
evolution. In this case, the 244py / %OFe ratio would probe
SN actinide production.

3. Two pulse coincidences: If ***Pu traces both “°Fe pulses,
this would either (a) require that both SNe produced r-
process actinides, which would challenge the prevailing
SN nucleosynthesis models, or that (b) the Local Bubble
was seeded with recent r-process events whose radio-
isotopes were later delivered by the SN blasts. This would
point to a KN origin for r-process actinides. As we have
shown, radioisotope ratios, r/ 244Pu, can distinguish these
cases.

High measured r/***Pu ratios would indicate SN
origins as in (a). This would be quite unexpected, as it
would require that the Local Bubble harbored at least two
r-process SNe, and these were among the nearest events,
suggesting that SNe produce the r-process much more
commonly than has been thought. The 6()Fe/ 244py and
1291 182£:244py ratios would probe the uniformity of the
r-process synthesis in these two explosions.

Lower r/>**Pu ratios would point to a KN scenario
as in (b). The two SNe could have different *°Fe yields,
so the two r/°°Fe ratios could vary (although Wallner
et al. 2021 find that °Fe/***Pu is consistent with a
constant ratio). But the common origin of the r-process
species means that the ratios among the r-process species
should be the same (within errors) for the two pulses.
Thus, consistency of the '*’I:'®2Hf:***Pu ratios would
provide a check on this scenario. Note also that these
ratios should be similar in the no-pulse scenario above,
and here too we predict signals of ***Pu at earlier times
prior to SN Mio 7 Myr ago; both of these are hallmarks of
the KN origin. Thus, the difference in the r-process
deposition history between the zero and two-pulse
pictures would serve as a probe of transport of KN
debris within the Local Bubble.

In all cases, the r/ 244py ratios probe in detail the nucleosynth-
esis and dust formation of these species. If the dust formation
properties are similar, then these species probe the r-process
pattern in the source identified by the time history results. In
particular, '*°T probes the production of the second r-process
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peak, while 'SHf probes the base of the third peak.
Observational data linking the second and third r-process
peaks from the same source are limited, in large part because
second-peak elements such as Te can only be spectroscopically
identified in the UV. There are hints in these data that Te
production may be more strongly correlated with the first r-
process peak than the third (Roederer et al. 2022). A coincident
detection of '*°T and 182Hf, therefore, would add to this limited
body of data and offer an independent test of this intriguing
suggestion.'®

It is worth noting that, as we have seen, the one reported
measurement of '>°I in lunar regolith (Nishiizumi et al. 1989)
apparently rules out much of the SN parameter space. This is
also apparently the case for the one reported '*°T measurement
in deep-ocean Fe-Mn crusts (Ji et al. 2015b; Wang et al. 2021),
though the crust has not been independently dated. These
tantalizing past results were not made with our research
program in mind, and follow-up measurements are in order to
confirm these hints and to better illuminate cosmogenic
backgrounds. But the results in hand show that the exper-
imental sensitivity to '*’I already within reach can enable
dedicated measurements to shed new light on the r-process.

8. Discussion: Connection with Early Solar System
Radioactivities

There is a close parallel between the study of live radio-
isotopes from recent nearby explosions and the study of extinct
early solar system (ESS) radioactivities found in meteorites
(see, e.g., Huss et al. 2009; Dauphas & Chaussidon 2011;
Lugaro et al. 2018; Davis 2022). Many of the central issues are
identical. In both cases, a nearby explosion leaves a signature in
the form of a small isotope anomaly that is detectable with the
aid of sophisticated laboratory techniques. Interpreting the
detections requires a model for radioisotope nucleosynthesis,
transport, and sequestration in the final sample, and the
implications are broad, including probes of nucleosynthesis
and SN interactions with their environment.

Of course, the two situations also have important differences,
which tend to make their strengths and weaknesses comple-
mentary. In the case of recent nearby explosions, the signals are
resolved in time, so that multiple events can be distinguished.
Also, the solar system remains in the environment that hosted
the explosions, so that local astronomical observations probe its
properties. Moreover, the conditions of the solar system at the
time of radioisotope injection are surely similar to today and
thus fairly well understood. However, the recent signals in
geological samples are smaller than ESS anomalies, requiring
AMS, and thus only accessible in a small number of
laboratories. In the case of ESS radioisotopes, the relatively
larger isotope ratios allow for more measurements and thus a
wide array of species can be searched for and found, bringing
to bear the power of multiple isotope ratios. On the other hand,
the nature of the pre-solar nebula, and its larger environment,
are not directly observable and thus are more uncertain.

ESS studies have found evidence for r-process species
including not only '*°I and **’Cm but also ***Pu (found via its

16 - - ..

Future searches for radioactive decay lines from r-process radioisotopes
by next-generation MeV gamma-ray observatories such as COSI (https://
cosi.ssl.berkeley.edu), AMEGO (https://asd.gsfc.nasa.gov/amego/), and
MeVGRO (https://indico.icranet.org/event/1/contributions/777/) may
also provide information on near-Earth nucleosynthesis events (e.g., Wang
et al. 2020b).
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spontaneous fission products in the form of xenon isotope
anomalies in Turner et al. 2007). The ESS radioisotope
inventory thus includes both ®°Fe and ***Pu, in close parallel
to the deep-sea results. Because of these similarities, progress
in studies of recent and ESS nearby events can and should be
linked. Indeed, as we have seen, the detection of 244py in both
cases places important and complementary constraints on the r-
process. And both studies have a close interplay with models
for radioisotope production and mixing on local and Galactic
scales (e.g., Hotokezaka et al. 2015; Fujimoto et al. 2018;
Lugaro et al. 2018; Coté et al. 2019, 2021; Fujimoto &
Nagakura 2021). We urge that these connections be explored
more deeply in the future.

9. Conclusion: Unearthing the Origin of r-Process
Radioisotopes

The combination of lunar and deep-sea probes of radio-
isotopes are complementary and may reveal their origin.

1. Deep-sea crusts characterize the broad time history, e.g.,
the number of ®°Fe pulses. Future ***Pu measurements
with better time resolution can test the coincidence with
OFe and probe for events >8 Myr ago. Searches for other
r-process species test the SN and KN models, and the '*°I
radioisotope has already been found in one crust.

2. Deep-sea sediments give high-resolution time history,
determining the timescales and, with improved sensitiv-
ity, the time profiles of the pulses.

3. Lunar measurements avoid anthropogenic contamination,
and so would offer important confirmation of the 2**Pu
detections, and are complementary to deep-sea crusts as
sites for other r-process species that can discriminate
between the SN and KN scenarios. But regolith
abundances require careful accounting for cosmic-ray
production via measurements of target abundances and
accompanying cosmogenic-dominated radioisotopes that
encode exposure doses.

4. Lunar surface density measurements give the total fluence
at Earth, summing over all events and avoiding
uncertainties associated with terrestrial uptake factors.

5. The lunar depth profile combined with a gardening model
can give timing information or, vice versa, its combina-
tion with sediment data would give a new constraint on
gardening. It is possible that the depth profile might give
indications of multiple events, but local stochastic
variations might make this difficult.

6. Comparing the ®°Fe/***Pu and r/***Pu in deep-sea crusts
and sediments probes uptake and helps determine the
fluence independently of the lunar measurements.

7. Comparing the lunar ®®Fe/***Pu and r/***Pu with those
in crusts probes uptake, and comparison with sediment
data probes nonuniformity of terrestrial deposition and
possibly lunar impact losses and thus impactor velocity.

The models that indicate >10 SNe formed the Local
Bubble (Breitschwerdt et al. 2016; Schulreich et al. 2017)
suggest that there may be pulses of radioisotopes still earlier
than SN Mio at 7 Myr ago. This regime is probably beyond the
reach of ®°Fe due to decay, but fortunately, all of 1291, ]82Hf,
and ***Pu can probe to 10 Myr ago and earlier, so any early r-
process signal would remain. To search for a correlation with
SNe would require a long-lived radioisotope likely made in
core collapse; 146Sm could be a candidate. The implications of
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such events are broad, with consequences for the heliosphere
(Fields et al. 2008; Miller & Fields 2022; Miller et al. 2022)
and possibly for the biosphere (Ruderman 1974; Hartmann
et al. 2002; Melott et al. 2004, 2019). Other astrophysical
observables include searches for nearby neutron stars whose
location and kinematics point to a Local Bubble origin (Tetzlaff
et al. 2010; Neuhiuser et al. 2020; Lin et al. 2023; Zheng et al.
2022).

The studies recommended in this work capitalize on recent
technical advances, including expanded capabilities at AMS
facilities to perform high-resolution measurements and the
promise of next-generation radioactive beam facilities to reduce
the considerable nuclear physics uncertainties of nucleosyn-
thetic yield estimates (Mumpower et al. 2016; Horowitz et al.
2019; Schatz et al. 2022). We look forward to future studies of
the deep-ocean crust—including more data on the 7 Mya SN
Mio and earlier samples—as well as further data from
sediments and the Antarctic snow. As we have argued here,
lunar samples offer a unique complement to terrestrial sources
and hold the promise to distinguish among r-process produc-
tion scenarios, for which we anticipate results from the sample
return missions of Chang’e and Artemis.
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Appendix A
Nucleosynthetic Yield Estimates and Predicted Ratios of
Radioisotopes

The measured ratios of ®Fe/?**Pu and other radioisotopes
reflect the interstellar fluence ratios for these species. For
species of SN origin such as ®’Fe, we use the usual expression
(Ellis et al. 1996; Fry et al. 2015) for fluence (i.e., the time-
integrated flux), Fep = fFeMejﬁ()e_t/ 760/(47TA60mur52N), in the
case of ®®Fe and similarly for other species. Here the dust
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fraction measures the portion of the ®Fe ejecta arriving in
grains. For the fluence of an individual species, one must
specify the dust fraction as well as the distance, but ratios of SN
species are independent of distance; they depend only on the
dust fractions and yields as well as basic nuclear properties:

My

= exp[—(r;' — 77h] (AD)
Fi Aif;Me, !

Throughout we take f;/ fi=1, i.e., we assume the same dust
incorporation efficiency for all species of interest. Thus, for the
SN (one-step) case, the ratios depend only on the yields. For
the KN case, we use the two-step model from Wang et al.
(2021), with a KN distance of 1000 pc.

Our r-process nucleosynthesis calculations are made using
the nuclear reaction network code Portable Routines for
Integrated nucleoSynthesis Modeling (PRISM) (Mumpower
et al. 2018; Sprouse et al. 2021), as implemented in Wang
et al. (2021), with baseline nuclear data from Modller et al.
(2016, 2019; FRDM+QRPA), and variations in the
masses (Goriely et al. 2009; HFB), [-decay rates (Marketin
et al. 2016; MKT), and fission yields(Kodama &
Takahashi 1975).

To combine the r-process ®Fe with the ordinary SN
production requires that we specify the °°Fe mass yields for
both ordinary and r-process synthesis. Turning first to SN yields,
gamma-ray line observations provide an observational indication
of the mean ®’Fe yield. Given a Galactic steady-state “’Fe mass
Meoss =2.85 M, (Diehl et al. 2021) and a core-collapse SN rate
Rsn = 1.7 events/century (Rozwadowska et al. 2021), the
mean 6OFC yleld is Mej’ﬁo = M6O,SS/T60RSN =45 x 107 M,
where 7 is the ®°Fe lifetime; the uncertainty in this mean yield
is at least a factor of 2. However, nucleosynthesis calculations
suggest that °°Fe yields from individual SNe span a wide range,
varying sensitively and nonmonotonically with progenitor mass.
Yields in Sukhbold et al. (2016) span (4 x 107°, 3 x 10~%) M.,
a range that includes the results from calculations of Limongi &
Chieffi (2018) and model w of Curtis et al. (2019). We thus
adopt an “ordinary” *Fe yield of M. =10"*"*" M. The
models labeled “SA+SNnonr” and “SB+SNnonr” in Figure 1
include this ®°Fe yield. Similarly, the yields of **Zr from
ordinary (non-r-process) SN explosions are in the range
(14 x107°, 24 x 107 ")M,, (Limongi & Chieffi 2018; Curtis
et al. 2019), thus an “ordinary” **Zr yield of Mj93 = 10 "7*!
M, is included in the models labeled “SA-+SNnonr” and “SB
+SNnonr” in Figure 2.

For the r-process mass yields, we adopt Wang et al.’s (2021)
estimate for both the SN and KN models: M.; ,(SA, SB, KA,
KB)=(1.37 x 107>,3.0 x 1072, 1.76 x 1072, 7.00 x 10" )M,
The ?**Pu and *°Fe r-process mass yields are then M 44 = Asay
Y244 Mej,r’ Mej,GO :AGO YGO Mej,r~ We add the two 60Fe ylelds for
the SN models.

For 2**Pu, we use the observed interstellar ***Pu flux (Wallner
et al. 2021) to determine the fluence Fayy = ®IESer Az where
At is the time span of the measurement interval. The r-process
contribution to ®°Fe then follows as Fo, = fre/fou (“°Fe/***Pu),
F>44, where (60Fe/244Pu), is the model abundance ratio by
number calculated above. The other r-process species have
fluence ratios just given by their production number ratios, again
assuming dust fractions f;/fp, = 1.
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Appendix B
Radioisotope Signals for Multiple Kilonovae

In the KN scenario, we have considered the case of a single KN
explosion that enriches the proto—Local Bubble with r-process
radioisotopes. Here we consider the possibility of multiple nearby
KNe contributing the observed signal. For simplicity—and based
on expectations from KN rates—we will consider the case of two
KNe, but it will be clear how the result generalizes.

The predicted radioisotope signatures are all linked to the
observed 2**Pu flux, and the predictions for other isotopes can
be expressed via their ratios to 244py, Thus, we consider a
radioisotope species A; in the case of two KNe. We would
measure the ratio given by the combined depositions (fluences)
from the two events:

( Ai ) _ @[’leftl/ﬂ'A[l + ¢i,26712/ﬂAt2 (Bl)
249Pu Jops  Poagre VHAR + Dosgre” M AD

— A A;

- Wl( 244py, )1 + WZ( 244py, )2' (B2)

We see that the observed ratio is a weighted sum of the ratio
(A;/**Pu), = (&;/Po44); for KN 1 alone and the corresp-
onding ratio for the second event. The weightings depend on
the 2**Pu fluxes, durations, and times of the two events—that is,
the weightings are the decayed plutonium fluences. Namely,
we have

w (Praa 1/ Praan) (An/ Aty) e~ =2/ T2aa
=

— B3
1 + (Poaa1/Praan) (An/Aty) e =0/ 2 ®9

(B4)

wy=1—wy,

where the second equation simply shows that the weightings
are true fractions summing to unity.

We see from Equations (B2) and (B4) that the observed two-
KN signature will always lie between the results of the
individual events, as one might expect. Thus, if there are two
KNe at different times, say 10 and 20 Mya, then the result
would interpolate between the first two points seen in the KN
panels of Figure 3. We expect that our results span the likely
range of possibilities, so realistic multiple-KN cases will lie
between the lowest and highest points. This is also the case
when there are more than two KNe.

Appendix C
The Cosmic-Ray Background of Radioisotopes in Lunar
Regolith

Cosmic rays with MeV energies and above undergo
reactions in the lunar regolith and produce radioisotopes. This
cosmogenic component creates an irreducible background for
radioisotopes produces in astrophysical explosions. Here we
determine the level of this background and outline a strategy to
use regolith measurements to disentangle the cosmogenic
background from the SN or KN signal we seek. We also
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estimate the level of destruction of SN and KN radioisotopes
by cosmic-ray interactions.

C.1. Cosmic-Ray Production of Radioisotopes in Lunar
Regolith

Cosmic rays incident on the lunar regolith create showers of
secondary protons and neutrons. These cascades are the most
intense at depths around ~(10, 30) cm below the surface for
protons and neutrons respectively and are attenuated below
(Reedy & Arnold 1972; Michel et al. 1991; Leya et al. 2001).
For the 10-100 MeV energies most important for our purposes,
the neutron fluxes are larger by more than an order of
magnitude because neutrons do not suffer the Coulomb losses
that stop the protons. These secondary particles react with
regolith material to produce radioisotopes, whose abundance is
a background that competes with our SN or KN signal.

For radioisotope i produced by cosmic-ray interactions of
target nucleus j, the production rate per unit volume is

g = (@p0pi + Do)y = Ty = TR, —Lx;. (1)
Ajmu

This is the product of the target number density n; and the
cosmic-ray interaction rate per target (®o), with ® the cosmic-
ray flux and o the cross section for producing species i,
summed over cosmic-ray protons and neutrons and averaged
over the cosmic-ray spectrum in situ. We see that the cosmic-
ray production is proportional to the target abundance, i.e., the
mass fraction: g; o< n; < p; o< X;.

The production competes with the radioactive decay at a rate
per volume, or activity a; =n;/7;. The production and decay
rates are driven to an equilibrium where ¢! = ¢,. This state is
reached over a timescale of order 7;, i.e., within a few Myr in
our case, and so should be a good approximation for our
purposes. Thus we expect the cosmogenic species to have
equilibrium abundances given by 19 = ¢ 7.

Because cosmic-ray production is proportional to the target
abundance, cosmogenic radioisotope measurements are often
reported as a decay rate per target mass, i.e., the specific
activity

A= o P
Pj 7—1)(] P Aj my

9 20 (C2)

where 7; is the mean life of i, and X; = p;/p is the mass fraction
of the target. This ratio depends only on the cosmic-ray flux in
the regolith (intensity and spectrum) and the cross sections for
radioisotope production. We can thus find the number of
cosmogenic radioisotope atoms per unit mass as

nCR

—— = Ay X
p

X )
= 5.3 x 10%toms/g ! i
100 ppm J\ 10 Myr

" Ailj
1 dpm/kgj

(C3)
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where dpm/kgj = decay min~! (kg j)~!. Note that a mass
fraction of 1 ppm corresponds to X(I1 ppm)=10"°, so our
fiducial value in Equation (C3) is for X(100 ppm) = 107%

We can use Equation (C3) to infer the cosmic-ray back-
grounds for our radioisotopes of interest and compare them with
the levels we predict for the signals from nearby explosions. For
example, the cosmic-ray background for '*°I is mainly from
cosmic-ray interactions with barium and tellurium isotopes. The
tellurium abundance is generally small (X, < 1076) in the lunar
regolith, while the barium abundances in the lunar soil span
Xpa ~42-850 ppm.'” Adopting Ajpors, = 1.5 dpm/kg Ba
(Schnabel et al. 2004), we estimate the cosmogenic 2T atoms
per unit mass to be ~2.4 x 10" atoms/g, shown as the 1291
back%round in Figure 3, along with values from measurements
of "I in a lunar rock (Nishiizumi et al. 1983) and regolith
(Nishiizumi et al. 1989); for these, we use a barium mass
fraction Xg, =389 ppm (Schnetzler & Philpotts 1971). The
background is proportional to the barium abundance and thus
samples with smaller Xg, would be ideal.

The main target isotope for the cosmogenic production of
'82Hf is the tungsten isotope '**W. The TALYS (Koning et al.
2019)"® theoretical cross-section values for cosmic rays inter-
acting with this isotope are o(p+'**W)=~0.9mb, and
U(n+186W) ~ 2mb. We combine these with a tungsten
regolith mass fraction of Xy = 10~° (Kruijer & Kleine 2017),
isotope fraction '**W /W =0.28, and a cosmic-ray flux in the
regolith of ®y =4 cm 2s™'. This gives the '**Hf background
shown as the horizontal line in Figure 3.

In general, the lunar soil will contain both an astrophysical
signal from a nearby explosion (SN or KN) and a cosmogenic
background. For radioisotope 7, the number density in a sample
n™ = n* 4+ n R sums the two components, and so we have

. * CR
ORCHE -
P Jobs P p
* I
T P (C5)
phmix Ajmu
:( it )+A,»|,-nxj, (C6)
phmix

where the last equation assumes that the fluence F; of the
isotope from a nearby explosion is mixed over a depth /x.

C.2. Strategy to Distinguish the Astrophysical Signal from
Background in Lunar Regolith Sample

Equation (C4) shows that a potential signal from an
astrophysical explosion will be mixed with a cosmogenic
background, and we thus require a means of separating these
components. The available samples of lunar regolith and lunar
soil show variations in elemental abundances. This suggests a
simple strategy: Search for species i of interest in samples with

17 https://www.lpi.usra.edu/lunar/samples/
18 https://tendl.web.psi.ch/tendl_2021 /talys.html
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low target abundances X;, and then plot n;/p versus X;. One can
then find both the slope and intercept, which encode the
cosmic-ray and astrophysical components, respectively. This
simple approach faces the problem that regolith samples at
different depths experience different mixing (Costello et al.
2018) and different cosmic-ray exposure (Reedy &
Arnold 1972; Michel et al. 1991; Leya et al. 2001). This can
introduce large spreads in both the slope and intercept of our
linear trend of n;/p versus X;. We have verified with lunar and
meteoritic data that the n(GOFe) /p versus the target Xy;
abundance that the observed trend is too noisy for robust
inference of the astrophysical component. The uncertainties in
the linear slope are large and consistent with zero.

To overcome the problem of different cosmic-ray exposures
for different samples, one can measure another radioisotope in
the same samples—a species that is only of cosmogenic origin.
Fimiani et al. (2016) successfully adopted this approach,
measuring not only ®°Fe in lunar regolith, but also >*Mn, which
has a high cosmogenic abundance due to the large abundance of
its target nuclei such as >°Fe. Here we use their lunar and
meteoritic data to illustrate this procedure. Our analysis
elaborates the procedure discussed recently in Koll et al. (2022).

We consider two radioisotopes: one denoted by i that has or
may have an SN component, e.g., 6OFe, 244Pu, 1291, etc. The
other is dominated by cosmic-ray production; we denote this by
k and have in mind >*Mn. Thus, both species obey
Equation (C4), but one has no discernible astrophysical
component: We use this cosmogenic species k as the tracer.
We write the number of radioisotope atoms per sample mass as
yi=mn;/p, so that y = y® +y*, while y, = yX. For the
cosmic-ray components inR = Qioj_y, 7 = T A jXé- /Ajmu,
with a similar expression for species k. Using the °°Fe and
>*Mn system as an example, we have

GOFe _ y,_ﬁ

= Z_ Cc7
»Mn Ve oo Mk ©n
Oj—iTi Y >
= —— + ’CR (C8)
Or—kTj Yy Vi
- Ni 1 601:: *
_ Oni 60760(_1) + c (C9)
Ore—53753 \ Fe ®op._.53753 Fe

We see that a plot of “®Fe/>*Mn versus Ni/Fe should be linear
with zero intercept if there is no SN component, with a slope
that only depends on the ratio of the o 7 values for the two
species, not the cosmic-rag flux.

Figure 4 plots ®Fe/>*Mn versus Ni/Fe for both lunar
regolith samples that should contain SN °Fe, and for
meteorites that should not (Fimiani et al. 2016; Koll et al.
2022). We see that the meteoritic data falls on a line with a
nonzero slope, indicating the presence of correlated cosmo-
genic production of both ®°Fe and >*Mn. The presence of a
positive intercept points to an SN component, at a level that
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Figure 4. Ratio of °°Fe/53Mn for meteorites and lunar regolith. Panel (a): ratio
of “®Fe/>*Mn vs. Ni/Fe. The linear trend for cosmic-ray production shown as a
line, and the excess in regolith indicates another source. Panel (b): ratio of
(®°Fe/>*Mn)/(Ni/Fe) vs. Ni/Fe. The cosmic-ray trend is horizontal, and the
excess above it indicates the importance of an additional source.

depends on the 60Fe*/Fe,eg0]ith mixing of SN material in the
regolith, as well as the cosmic-ray exposure ¢ os;3 Ts3.

We can adapt this strategy to analyze the r-process
radioisotopes with future lunar measurements. Along with
these species of interest, it is important to measure at least one
cosmogenic-dominated radioisotope such as >*Mn, but it would
be of interest to measure others as well such as 2°Al, which is
abundantly produced from the spallation of silicon isotopes
such as 2*Si, as well as other examples, particularly those with
lifetimes comparable to the species of interest.

Note that we have assumed that the cosmic-ray tracer
species, >*Mn in our example, does not have an appreciable SN
contribution in the regolith. In fact, SN production of **Mn
should occur, and Korschinek et al. (2020) report evidence for
it in a Fe-Mn crust. But in this crust, > 3Mn is still dominated by
the cosmogenic component, which comes from interplanetary
dust infall on Earth. We find that in a lunar sample the
cosmogenic *Mn signal should dominate even more because
the >*Mn production in the regolith column will far exceed the
accreted dust fluence (Love & Brownlee 1993). Thus, >*Mn
can effectively be treated as purely of cosmic-ray origin.

C.3. Cosmic-Ray Destruction of Radioisotopes in Lunar
Regolith

Cosmic rays will also interact with the radioisotopes
deposited by nearby explosions, converting them to other
nuclides. This process reduces the signal we seek and so is
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important to estimate. Cosmic-ray destruction of radioisotopes
occurs mainly through spallation reactions.

‘We have examined destruction rates of (’OFe, 1291, and **Pu by
cosmic-ray proton and neutron spallation on the lunar regolith. In
general, the spallation (or inelastic) cross-section values for these
isotopes from TALYS (Koning et al. 2019; see footnote 17) are
Ogpall S 0(104) mb at maximum, and in the regolith the cosmic-ray
proton flux from 10 to 100 MeV is ®, <O(10")em s~ while
the neutron flux at the same energies is @, < 0(10% cm 257!
(Michel et al. 1991). The destruction rate is therefore at most about
Cinet = (@, + ®,)010a S O(1072%)s™". This is far less than the
radioactive decay rate of these isotopes 1/7;> 107057 (take
24py for example, I'x4q1 ), Togq ~ 4 X 108« 1). Thus, radioactive
decay overwhelmingly dominates the losses of these species, as we
have assumed throughout. Consequently, the cosmic-ray destruc-
tion rates can be ignored for the lunar measurements of these
isotopes.
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