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Abstract. A large variety of long-lived radionuclides are present in ferromanganese crusts and can be used for
the reconstruction of Earth’s climate or the discovery of astrophysical events in Earth’s past. Here, we present
a selection of long-lived radionuclides that can be measured in ferromanganese crusts by accelerator mass
spectrometry (AMS). The recent discoveries of cosmogenic as well as interstellar radionuclide anomalies within
the last 10 million years showcase the scientific value of these geological archives. Technological developments,
in particular in element separation chemistry to isolate radionuclides with e.g. a new rapid procedure for °Be
isolation as well as in measurement capabilities at the new Helmholtz Accelerator Mass Spectrometer Tracing
Environmental Radionuclides (HAMSTER) will facilitate future investigations of a wide range of long-lived

radionuclides.

1 Introduction

Ferromanganese crusts are slow-growing mineral deposits
that form on the surfaces of seamounts or ridges in the
world’s oceans [1], where they grow by precipitation of
iron and manganese oxides and hydroxides from seawa-
ter after colloid formation [2, 3]. Their exceptionally low
growth-rates on the order of only a few millimetres per
million years [4] make them unique long-term archives
of past oceanic and climatic conditions, preserving a geo-
chemical record of seawater composition and variations in
trace and rare-earth element supply within their layered
structures over several millions of years. A better un-
derstanding of their genesis as well as their location and
sample-intrinsic variations is crucial for reconstructing the
evolution of Earth’s climate and ocean geochemistry on
geological timescales. Beyond their scientific importance,
ferromanganese crusts have gained increasing attention in
recent years for their economic potential. They are en-
riched in critical metals such as cobalt, nickel, rare-earth
elements, and platinum-group metals, all of which are in
growing demand for new technologies and advanced in-
dustries [5]. Their slow growth, however, makes them
a non-renewable resource and their mining poses unpre-
dictable threats to the abyssal marine ecosystem. Recently,
dark oxygen production through seawater electrolysis at
the polymetallic surface of ferromanganese nodules was
reported [6], making them a key component for aerobic
abyssal organisms.

Radionuclides present in seawater are incorporated into
ferromanganese crusts. Considering a crust’s growth over
millions of years, the half-life of interesting radionu-
clides should exceed ~ 100kyr. Prominent exceptions
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are shorter-lived actinides such as 2**?*°Pu or
in their case produced in and ejected by nuclear weapons
testing and subsequently reaching Earth’s oceans as local
or global fallout. Abundances of these shorter-lived ra-
dionuclides in ferromanganese crusts serve as source iden-
tification through their isotopic ratios, while absolute con-
centrations are somewhat ambiguous due to the fact that
most fallout is still within the water column and has not
reached the seafloor yet [7]. Half-lives beyond 100 Myr
are too long for radioactive decay to contribute signifi-
cantly to changes in the radionuclide abundance over a
crust’s growth period. These radionuclides can be con-
sidered as quasi-stable isotopes for geochemical studies of
the marine environment. Radionuclides with intermedi-
ate half-lives (100 kyr <t;/, <100 Myr) are ideal for dat-
ing the crusts as well as environmental monitoring and
reconstruction of climatic as well as astrophysical events
or trends. Dating of ferromanganese crusts is commonly
achieved by isotopic systems [8], bio-stratigraphic [9] or
magneto-stratigraphic [10] dating, or the decay of radionu-
clides with intermediate half-lives.
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2 Radionuclides

In the following, a selection of different cosmogenic, in-
terstellar and anthropogenic radionuclides and their abun-
dances in ferromanganese crusts are discussed. The res-
idence times of the discussed radionuclides in the ocean,
which could lead to indistinct time profiles in ferroman-
ganese crusts, are typically orders of magnitude shorter
than their half-life and the timescale of a crust’s growth.
The measurement of these long-lived radionuclides is
achieved by accelerator mass spectrometry (AMS) [11],
an analytical single-atom counting technique with supe-
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Figure 1. The ferromanganese crust VA13/2-237KD from the
Central Pacific Ocean. This crust is arguably the best studied
ferromanganese crust sample in the world. Reprinted with per-
mission from Elsevier.

rior sensitivity due to the destruction of molecular interfer-
ences through the electron stripping process in the tandem
accelerator. Here, the well-studied ferromanganese crust
VA13/2-237KD (Figure 1) is taken as an example, repre-
senting a typical hydrogenetic ferromanganese crust from
the Central Pacific Ocean (09°N, 146°W).

2.1 Be

The cosmogenic radionuclide '°Be (), = 1.4 Myr
[13, 14]) is produced in the atmosphere by high-energy
spallation reactions of primary and secondary cosmic
rays on air molecules. Within 1-2yr, '°Be precipitates
out of the atmosphere [15, 16] and reaches the ocean.
After several hundred years [17, 18], beryllium reaches
the seafloor and gets incorporated into sediments and
ferromanganese encrustations.

The half-life of '"Be as well as its steady production
over long timescales and its reliable incorporation into
ferromanganese crusts makes it the prime candidate for
cosmogenic radionuclide dating over several million
years. Dating of ferromanganese crusts with 'Be was
shown [12, 19] to be possible with high accuracy e.g. at
the DREsden AMS (DREAMS) facility [20], see Figure
2 for two '°Be concentration profiles of VA13/2-237KD
over more than 10 half-lives of '°Be. The highly efficient
measurements as well as the high concentration of 1°Be in
ferromanganese crusts lead to typical measurement times
of about 30 minutes per sample. The time consuming
bottleneck of '"Be AMS is the chemical isolation of '°Be
which requires wet chemistry involving concentrated
mineral acids.

In order to reduce processing times, the established
chemical procedures for ferromanganese crusts [19, 21]
were significantly shortened to: dissolution of 20 mg
of pulverized crust in concentrated HCl with drops of
H,0, over 2h, 500ug °Be carrier addition followed by
hydroxide precipitation with ammonia and then drying
and calcining at 900°C. This short procedure reduces the
isobar '°B and abundant manganese during the hydroxide
precipitation, however, retains iron in the beryllium
fraction. Considering iron abundances of 10% —20%
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Figure 2. Two '"Be concentration depth profiles in VA13/2-
237KD. The '“Be concentrations decline smoothly with depth
and exhibit a '’Be anomaly [12] at different depth, however, at
the same time period. The crust was dated using these cosmo-
genic '°Be profiles to more than 15 Myr. Reprinted from Koll et
al. [12].
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Figure 3. The late Miocene '°Be anomaly [12]. The origin of the
anomaly peaking at 10.1 Myr is currently unknown with terres-
trial as well as astrophysical causes discussed. Reprinted from
Koll et al. [12].

in ferromanganese crusts, 20mg of crust powder yields
2 —4 mg of Fe which dilutes the Be fraction, however, still
yields sufficient beam intensity for AMS measurements.
Measurements of fully processed samples as well as
samples processed with this new short prescription agreed
within 1% in their concentration. This reduced procedure
requires less than 2 days in contrast to almost 2 weeks
for the full procedure at the cost that only '’Be can be
analysed. Nevertheless, this shortened procedure enables
a rapid scan of a large number of ferromanganese crust
samples for their '°Be concentration and therefore their
age. The sampling of ferromanganese crusts for '"Be
(or other radionuclide) analysis typically requires the
fixation of the crust in epoxy resin to establish a reference
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frame and to stabilize the crust. Manual scraping or
cutting is not recommended due to the irregular surface of
ferromanganese crusts and a required reproducible depth
resolution for accurate depth profiles. Sampling below
I mm thickness is also not recommended due to pore
water, diffusion and the granularity of the crust’s surface
that is usually covered by botryoids of larger dimensions.
Note, studies of 2*°Th (t; 2 = 75.4 kyr) in ferromanganese
crusts [22-24] regularly sample ferromanganese crusts at
the tens to hundreds of um scale where special attention to
such effects is necessary. Manually controlled or computer
controlled milling in fixed geometry perpendicular to the
crust’s surface and with electronic depth measurements
are recommended with a layer thickness of 1 -2 mm per
sample and a drill on the order of 10—20 mm in diameter
[19].

Accurate and reproducible 'Be measurements were
the key to identify a cosmogenic '“Be anomaly during
the late Miocene [12], see Figure 3. The origin of this
anomaly is unclear. A major ocean current reorganisation
[25] as a possible terrestrial cause as well as astrophysical
events such as supernovae [26] or the solar system’s
encounter with a cold cloud [27] were proposed as
possible triggers for a 'Be anomaly in ferromanganese
crusts. Future measurements of other crust samples
and deep-ocean sediments from various locations on
Earth might shed light on the origin of the discovered
anomaly. This '°Be anomaly can already be used as a new
independent time marker for the late Miocene in marine
archives.

2.2 Al

Cosmogenic 2°Al (t;,=0.7Myr [28]) is overall very
similar to '°Be. The low abundance of the target element
argon in the atmosphere and the larger difference in
nucleon number leads to a three orders of magnitude
reduced production of 2°Al compared to '°Be [29]. The
shorter half-life of °Al on the one hand limits the dating
of ferromanganese crusts to less than 10 Myr while on
the other hand it could lead to a higher time resolution.
In marine archives, a substantial in-situ component of
26Al can be expected due to the *Na(a,n)’°Al reaction
on sodium from seawater with a-particles from uranium
and thorium decay chains [30]. While attempts have been
made [31] to employ 2°Al for dating of ferromanganese
crusts, they are so far inconsistent with °Be dating,
mostly because the in-situ component was not adequately
considered. Future studies [32] could potentially establish
26 Al as a dating tool for ferromanganese crusts, however,
it is hardly imaginable that it would surpass '°Be dating.
In-situ production will certainly limit the dating to shorter
timescales (likely <5Myr) due to the increasing contri-
bution of in-situ 2°Al with depth compared to decaying
cosmogenic 20Al

Ferromanganese crusts would be promising archives
to record an interstellar 2°Al influx [33]. The decay of
galactic 2°Al with its characteristic y-rays is, together

with ®Fe, proof for ongoing nucleosynthesis in the
galaxy [34]. To detect a minuscule surplus of interstellar
26 Al over the cosmogenic and in-situ baseline, highly
accurate AMS measurements would be required with high
statistics. This could become achievable by using AIO~
as molecular species in the AMS measurement which is
one order of magnitude more intense than the regularly
used anion. The use of the oxide anion, however, leads to
isobaric interference from MgO~ which can be omitted
by newly developed ion-laser interaction in a radiofre-
quency quadrupole [35]. The recently installed Helmholtz
Accelerator Mass Spectrometer Tracing Environmental
Radionuclides (HAMSTER) facility incorporates such
a setup in the form of the Ion Linear Trap for Isobar
Suppression (ILTIS).

Furthermore, the cross-section for the 2’Na(a,n)*°Al
reaction [36] should be remeasured to reliably model the
in-situ production of 2°Al. An activation of sodium targets
by a 0—10MeV a-beam in combination with the offline
AMS measurement of 2°Al is foreseen.

2.3 3Mn

Radionuclide dating of ferromanganese crusts beyond
15 Myr becomes challenging due to the advanced decay of
19Be and 2°Al. The longer-lived cosmogenic radionuclide
53Mn (ti;2 =3.7Myr [37]) would be ideal to date ferro-
manganese crusts over their whole growth period. The
measurement of low levels of >*Mn is notoriously difficult
with neutron activation analysis to shorter-lived *Mn
regularly being used in the past. It was shown that AMS
at high terminal voltages and using a gas-filled magnet
system [38—40] is capable of measuring >*Mn at trace
levels by sufficiently suppressing the stable isobar >*Cr.
The dating with 3*Mn, however, was never systematically
established due to the lack of AMS facilities that meet the
requirements for >*Mn AMS.

Depth profiles of Mn/Mn ratios were reported in
four different ferromanganese crusts [40]. A piece of
the ferromanganese crust VA13/2-237KD was dated
by '"Be [41] and this dating was then applied to an
independently taken depth profile for 3*Mn analysis. Both
age models obtained from >*Mn and '"Be were found
to be in agreement considering the larger uncertainties
from **Mn compared to precise '’Be. The three other
ferromanganese crusts were then dated with >*Mn only.
While no clear enhancement of >*Mn above the predicted
decay curve can be found in any time interval for the
individual crusts, a statistical analysis of all four crusts
found an enhancement around 2.6 Myr ago, the time
period of previously reported interstellar ®“Fe deposition
on Earth (see below). The statistical analysis used infor-
mation from the *°Fe profile in the crust VA13/2-237KD,
i.e. the time period of the %°Fe influx or the width of
the peak. Considering the dating of the samples was
based on the highly fluctuating >*Mn data, possible
temporal changes of the stable manganese abundance
in the ocean and deep-ocean chemistry over millions of
years leading to a varying >*Mn/Mn base-level and that a
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second *Mn influx related to the second ®°Fe influx (see
below) was not found, an independent investigation of the
claim of a discovered supernova-produced >*Mn influx is
urgently required. Higher sensitivity as well as precision
might be achievable in the future using facilities such as
HAMSTER with ILTIS to suppress the isobar >*Cr.

2.4 OFe

The supernova-produced interstellar radionuclide %°Fe
(ti/2 =2.6 Myr [42, 43]) was several times successfully de-
tected in ferromanganese crusts from the Pacific [44—47]
as well as in deep-ocean sediments [45, 48], Antarctic
snow [49] and lunar regolith [50]. Similar to >>Mn, *“°Fe
AMS still requires large accelerator facilities such as the
recently decommissioned Munich accelerator lab [51] or
the operational Heavy Ion Accelerator Facility (HIAF) at
ANU, Australia [38]. The sensitivity, however, is several
orders of magnitude higher due to the fact that the stable
isobar %°Ni can be effectively suppressed during chemistry
and the favourable AZ =2 difference in proton number of
the two isobars. Recent reviews cover the scientific merit
of the detection of live interstellar radionuclides on Earth
[11,52].

The ferromanganese crust VA13/2-237KD was re-
measured for ®“Fe covering more than 10 Myr of Earth’s
past [47]. Two distinct influx periods were discovered, in
accordance with previous studies. The timings of both in-
flux peaks, however, could be constrained to 2.4 Myr and
7.2 Myr due to the advanced sample characterization and
10Be dating established in this project [19, 47].

25 12

Studies of '?°T (t;,, =16.1 Myr [53]) in ferromanganese
crusts are rare. While astrophysical models suggest that
measurements of '*°T in ferromanganese crusts could
strongly constrain heavy element nucleosynthesis in the
universe [54], the terrestrial background as well as the in-
tricate chemical behaviour of iodine in the ocean make it a
challenging isotope to be analysed in deep-ocean archives.
The release of '*’I by nuclear reprocessing plants domi-
nates environmental levels and due to the porous structure
of crusts, it could be transported into deeper layers over-
shadowing minuscule extraterrestrial amounts. Data in the
literature [55, 56] suggests that not only '*°I poses chal-
lenges, but also stable iodine is highly variable from crust
to crust but also within a depth profile of the same crust. It
is likely that '?°I measurements in ferromanganese crusts
are only meaningful for a carefully selected and character-
ized subset of samples.

2.6 '82Hf

Another astrophysically interesting radionuclide is '8?Hf
(t12=8.9Myr [57]). In contrast to the other mentioned
radionuclides, '82Hf has an s-process as well as an r-
process component making it a universal tracer for heavy
element nucleosynthesis in the universe [58]. The mea-
surement of interstellar '2Hf with AMS is challenging

due to its abundant stable isobar '¥*W and trace amounts
of '82Hf. The chemical extraction and isolation of hafnium
from ferromanganese crusts is similarly challenging due to
hafnium’s chemical properties being a high-field-strength
metal. Developments in chemical procedures [59] as well
as in AMS measurements with ion-laser interaction [60]
are ongoing to make a first measurement of interstellar
182Hf possible.

2.7 Actinides

Natural as well as anthropogenic actinides are present in
ferromanganese crusts. Plutonium isotopes were partic-
ularly studied for fallout isotopic ratios and recently for
an interstellar >**Pu signature [46, 47, 61]. The detec-
tion of anthropogenic as well as astrophysical plutonium
by AMS is possible due to significant advancements in
sample preparation, ion source as well as accelerator per-
formance [19, 62] leading to detection efficiencies beyond
1:100 atoms. The defined time of release of plutonium to
the terrestrial environment and the distribution of fallout
plutonium in ferromanganese crusts can be used to inves-
tigate their porosity and the effect of pore water to radionu-
clide distributions within the crust. In VA13/2-237KD,
the plutonium fallout signal extends down to about 10 mm
depth, however, at greater depths than 3 mm the amount of
plutonium is only at the percent level of the total inventory
[47]. The search for a surplus in >**Pu from astrophysical
sources therefore requires the partitioning of the crust into
a fallout layer and subsequent low level layers.

Other exemplary actinides measured in ferromanganese
crusts are 220Th, 2'Pa or 242381 [22-24, 63, 64]. In future
studies, heavier actinides such as americium and curium
will be analysed in ferromanganese crusts to complement
the fallout inventory obtained from plutonium measure-
ments.

3 Conclusion

Ferromanganese crusts are one of the most versatile envi-
ronmental archives for radionuclides. Their growth over
millions of years and their incorporation of virtually any
radionuclide present in the environment makes them in-
valuable for scientific research. Accelerator mass spec-
trometry is an ideal approach to analyse ferromanganese
crusts for several long-lived radionuclides.
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