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ARTICLE INFO ABSTRACT
Keywords: The activity concentration of U-238, Ra-226, Pb-214, Bi-214, and Pb-210 was measured in samples of poly-
Polymetallic nodules metallic nodules stored in the repository of the Interoceanmetal Joint Organization (IOM) based in Szczecin,

Clarion-Clipperton Zone
Pacific Ocean
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Radiological protection

Poland. The nodule samples were collected from the seabed of the Pacific Ocean, within the Clarion-Clipperton
Zone, approximately 2000 kilometres west of Mexico. The activity concentration of U-238 in the studied samples
ranged from 9 to 51 Bq/kg. The mean activity concentration of the other radionuclides, Ra-226, Pb-214, Bi-214,
and Pb-210, was found to be at comparable levels at 350, 321, 323, and 287 Bq/kg, respectively. Also investi-
gated was the potential radiological hazard to individuals involved in the storing and processing of the nodules,
resulting from the radioactive decay of Ra-226 contained in the nodules. It was concluded that the effective dose
limit (20 mSv) for individuals occupationally exposed to radioactive material can be exceeded in the case of
prolonged and close contact with large quantities of nodules. Effective protective measures against the detected
radiation include: observing the exposure time, ensuring safe distance from the source of radiation, and selecting
suitable shielding where feasible within the operational constraints of the nodule transport or storage system.
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1. Introduction

In recent decades, interest in the extraction of nodules from the
ocean floor, also known as polymetallic, ferromanganese, or manganese
nodules, has gained global significance. This growing interest results
from the relatively high content of economically valuable metals in their
structure, including manganese, nickel, copper, cobalt, lithium, mo-
lybdenum, zirconium, and small quantities of rare earth elements [1].
Scientific research in the Area is governed by the legal framework
established by the UN Convention on the Law of the Sea (UNCLOS). Part
of this research focuses on developing extraction strategies for these ores
and is conducted under contracts with the International Seabed Au-
thority (ISA) — a UN body that has exclusive rights to grant exploration
licences in the Area. Extensive research is being conducted, including
studies on various technologies for nodule exploration [2] and extrac-
tion [3], as well as taxonomic and ecological research of species
inhabiting the Area [4-7] and the impact of mining on deep-sea eco-
systems (e.g. [8,9]). The impacts of deep-sea mining are being assessed
through the implementation of numerous research projects, such as JPI
Oceans Mining Impact (https://miningimpact.geomar.de/),
Deep-Ocean Mining Environmental Studies and the joint US-Russian
project called Benthic Impact Experiment [1]. Recently, a new topic
has attracted a lot of attention, namely, serious concerns regarding po-
tential threats to people working with nodules due to ionizing radiation
resulting from the decay of radioactive isotopes accumulated in nodules
[10].

Nodules were first extracted from the seafloor in 1873 during a sci-
entific expedition on the British ship Challenger [11]. Twenty-five years
later, in 1898, Maria Sktodowska-Curie and Piotr Curie announced the
discovery of radioactive radium.

The radium isotope Ra-226 occupies the sixth position in the
uranium-radium series initiated by uranium-238 (U-238 — Th-234 —
Pa-234 — U-234 — Th-230 — Ra-226), with a half-life of 4.51 x 10°
years (half-lives Ty, are based on [12]). The currently known radium
isotopes, especially Ra-226 (T1,2 =1600 years), together with their
decay products are classified as some of the most dangerous Naturally
Occurring Radioactive Materials (NORM) for the human body. Among
the 30 known radium isotopes, only 4 (the most abundant being Ra-226)
occur in nature [13]. The product of Ra-226 decay, which results in the
release of alpha particles and gamma radiation, is the gaseous isotope
radon-222 (Rn-222) with a half-life of 3.8 days. Subsequent decays of
Rn-222 produce Po-218 (T1/2 = 3.11 min), Pb-214 (T2 = 26.9 min),
Bi-214 (T2 = 19.9 min), and Po-214 (T2 =1,64-10" seconds), T1-210
(T1/2 = 1.32 min), Pb-210 (T2 = 22.3 years), Bi-210 (Ty,2 = 5 days),
Po-210 (Ty/2 = 138 days), and the stable Pb-206. Under adverse con-
ditions, these isotopes can accumulate in the human body following
Rn-222 inhalation, potentially leading to cancerous changes [14].
Depending on the matrix with which it is associated, the isotope Ra-226
can be absorbed into the body through the digestive tract, by inhalation,
or through the skin. Under normal environmental conditions, the pri-
mary route of radon absorption into the body is via the digestive tract
[15,16]. It is estimated that approximately 20 % of the ingested radon
initially enters soft tissues [17], eventually becoming deposited in the
skeletal system. Radon in the body chemically competes with calcium
[18]. It is easily incorporated into mammalian bones owing to its
chemical and biological similarity to other alkaline earth metals (Ca, Sr,
and Ba). In bones, the cells most exposed to and sensitive to radiation
from Ra-226 and its decay products are the marrow cells, osteoblasts,
and the epithelial cells on the bone surface [18,19]. It has also been
noted that in extreme situations, with continuous inhalation of Ra-226, a
significant amount of this element may be deposited in the respiratory
system, while its concentration in other organs remains relatively low
[20].

As has already been mentioned, radon isotopes naturally occur in
both soil and water, with Ra-226 being the predominant isotope in the
oceans compared with other radon isotopes [21]. Several studies have
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focused on the baseline concentrations of natural radionuclides in
coastal and marine sediments. Their results indicated that while natural
radionuclide concentrations were present, they were within the global
average limits. This study provides crucial baseline data for monitoring
radionuclide levels in marine ecosystems [22]. In addition to studying
radionuclides, Abbasi and Mirekhtiary [23] investigated the concen-
tration of heavy metals and natural radioactivity in sediments from the
Mediterranean Sea coast. The study found that although radionuclide
levels were within safe limits, heavy metal contamination was a
concern, suggesting anthropogenic pollution. This combined chemical
and radiological risk requires integrated management strategies to
safeguard marine environments. In a study, Zakaly et al. [24] evaluated
naturally occurring radioactive materials (NORM) in aerosols dust. The
findings highlighted the health risks associated with inhaling radioac-
tive dust, particularly in areas with high NORM concentrations. This
study is critical for regions where industrial activities or natural pro-
cesses release significant amounts of radionuclides into the air.

In nodules collected from various locations on the ocean floor, more
than 70 elements have been identified [1], including radioactive iso-
topes such as U-238, Th-230, Ra-226, Rn-222, Pa-231, Th-232 [10],
Ra-226 and Pb-210 [25]. Therefore, it remains to be verified whether
there are potential health risks associated with the handling of nodules
due to ionising radiation caused by the presence of highly radiotoxic
Ra-226. Along with its decay products, Ra-226 can significantly
contribute to the effective dose from naturally occurring radioactive
isotopes [26].

The goal of the present research was to assess the activity concen-
tration of radioactive isotopes U-238, Ra-226, Pb-214, Bi-214, and Pb-
210, which are present in the uranium-radium series and can be quali-
tatively and quantitatively detected in nodules using a gamma spec-
trometer. In this work, the material containing radioactive isotopes was
treated as a volume/mass source (simplified as a point source) rather
than as a source of NORM radiation concentrations in the surrounding
environment, such as soil or sediments. Additionally, the study aimed to
evaluate the potential radiological hazards associated with Ra-226
during technological processes, particularly those related to the trans-
portation and storage of nodules, as indicated by the effective dose that a
human might receive under specific conditions. Given the fact that
nodule transportation and storage systems are still in the development
phase, it was assumed that the technologies being developed effectively
prevent dust generation, which is associated with additional human
exposure. It was hypothesised that prolonged exposure to large quan-
tities of polymetallic nodules during their transportation and storage
poses a risk to human health.

2. Materials and methods

The research was conducted using polymetallic nodules stored in the
IOM samples repository. The nodules were collected from the IOM
exploration area located in the Clarion-Clipperton Fracture Zone (CCFZ)
in the Eastern Pacific, approximately 2000 kilometers west of Mexico,
where IOM has the exclusive rights for exploration licensed under the
legal framework of the UNCLOS and administered by ISA.

Sixteen nodules with spherical or discoidal shapes and maximum
diameters ranging from approximately 5 to 8 cm were examined. Pol-
ymetallic nodules from the CCFZ are composed of irregular layers of ore
minerals (primarily Fe and Mn oxides and hydroxides) precipitated on
nuclei formed from fragments of earlier-generation nodules, rock debris,
or biogenic remnants (e.g. shark teeth). Metals of particular industrial
value found in CCFZ nodules include Mn, Cu, Ni, Co, and Zn [27,28].

Nodules are heterogeneous in their structure. Particular laminae can
form through direct precipitation either from seawater (hydrothermal
type) or from pore waters following burial in sediments (diagenetic
type) [29]. Hydrothermal laminae are characterised by high density,
Mn/Fe ratio of less than 3, Cu+Ni content below 1.5 wt%, and Co
content around 0.4 wt%. [30,31]. The significant porosity and active
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surface of hydrothermal laminae contribute to their enrichment with
trace metals (e.g. Co) due to effective sorption processes (e.g. [32,33]).

Diagenetic laminae, composed of dendritic growth structures, are
characterized by Mn/Fe ratio greater than 10, with Cu+Ni and Co
content of approximately 3.9 wt% and 0.08 wt%, respectively [27].
Koztowska and Mikulski (2019) differentiate between light and dark
laminae in CCFZ nodules, which vary in metal content. Light laminae
contain higher concentrations of Mn, Cu, and Ni oxides compared with
dark laminae. According to Skowronek et al. [34], the internal structure
of CCFZ polymetallic nodules includes not only metal-rich ore laminae
(colloforms) but also areas of secondary infilling between them. These
regions, known as intranoduliths, contain lithified and cemented trap-
ped detrital material and have significantly lower metal concentrations
[34].

2.1. Measurements of gamma activity concentration of radioactive
isotopes in the uranium-radium series

The activity concentration of natural radioactive isotopes of the
uranium-radium series, i.e. U-238, Ra-226, Pb-214, Bi-214, and Pb-210,
was measured using a semiconductor gamma spectrometer manufac-
tured by Canberra, equipped with a coaxial germanium detector of high
resolution. The resolution (FWHM) for the 1.33 MeV line is 1.80 keV,
and the relative efficiency is 40 % at 1.33 MeV. The spectrometer uses an
HPGe detector containing germanium of very high purity. The detector
was housed within a low-background lead shield to minimise gamma
radiation background. The samples did not require chemical pre-
treatment prior to gamma spectrometric measurement, but they were
stored in a measurement container for four weeks to achieve radioactive
equilibrium. The standardised (homogenised, dried, etc.) samples were
positioned in a specified geometric arrangement relative to the detector
and analysed over a 72-hour regime.

Natural radioactivity was measured by using energy regions repre-
senting U-238, Ra-226, Pb-214, Bi-214 and Pb-210 at 92,60 keV, 186.21
keV, 351.9 keV, 609.3 keV and 46.56 keV, respectively.

Accuracy of the analytical method was evaluated by determining the
Minimum Detection Activity (MDA), which represents the minimum
radioactivity value of a radioactive isotope that can be detected by
gamma spectroscopy. Many factors affect MDA for the nuclide of: de-
tector efficiency, energy resolution (FWHM), peak background and
measurement time. The Minimum Detectable Activity (MDA) for the
radionuclides U-238, Ra-226, Pb-214, Bi-214, Pb-210 is 21.4 Bq/kg,
4.65 Bq/kg, 4.35 Bq/kg, 4.74 Bq/kg and 108 Bq/kg, respectively.

The accuracy of the analytical procedure was controlled by analysing
the reference material IAEA 465 and IAEA 412 with certified values of
natural radioactive isotope activity concentrations. The natural isotope
activity concentration values obtained for both materials fall within one
standard deviation of the certified limits.

Spectral analysis was conducted using Genie-2000 software (Gamma
Analysis Option, model S501C). The results were expressed in bec-
querels calculated for a sample of 1 kg mass. The software also computed
Type B measurement uncertainty.

The relative uncertainty was calculated as the square root of the sum
of the independent relative variances of various components, including
[35]:

uncertainty in calculating the area under the signal peak recorded by
the detector;

uncertainty in determining the sample quantity;

value of random uncertainty specified by the user;

uncertainty of the effective efficiency of y photon detection with a
specified Energy;

uncertainty related to the absorption of radiation by the material;
uncertainty of the total correction factor, including: corrections
related to, among others, measurement duration and time between
taking the sample and starting the measurement.
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The uncertainty value given in the table is expressed in Bq/kg and
represents the expanded uncertainty (k = 2).

2.2. Estimation of maximum annual doses from Ra-226

The effective dose (Eg;) from the Ra-226 source was calculated using
the following formula [36]:

By =l )
where: Eg; — effective dose (mSv); I's — constant characteristic of a given
radioactive isotope, known as a unit power of the effective dose (mSv h!
GBq'1 rnz); A — source activity (GBq); t — exposure time (h); k — attenu-
ation factor; [ — distance from the source (m).

The value of the unit power of the effective dose I's for Ra-226 is
0.246 mSv h'! GBq! m?

3. Results and discussion

Table 1 presents the results of measurements of the activity con-
centration of U-238, Ra-226, Pb-214, Bi-214 and Pb-210 in the studied
polymetallic nodules. Also given is the measurement uncertainty (u) for
each result.

The distribution of the results contained in Table 1 is presented in a
graph form in Fig. 1.

Table 2 presents calculated mean and standard deviation (SD) values
for the ratio of activity concentration of the measured radionuclides.
Outlier measurement results were excluded from the calculations
(sample nos.: 13, 14, 15).

The results presented in Fig. 1 and Table 2 indicate radioactive
equilibrium between Ra-226, Pb-214, Bi-214, and Pb-210, as well as an
increased activity concentration of these radionuclides relative to U-
238.

Table 3 compares our research findings with those of other authors
who investigated radionuclide activity concentration in polymetallic
nodules collected from various locations on the Pacific seafloor. For
example, the activity concentration of radionuclides measured by Moore
[37] in particular layers of individual nodules revealed a
non-homogeneous distribution of radionuclides within the nodule body.
Table 3 presents the mean values for all the measurement results re-
ported by various authors.

The results of our study, presented in Table 3, indicate significantly
lower average activity concentration of Ra-226 in the samples compared
to the average Ra-226 activity concentration reported by other authors.
The considerable differences in average Ra-226 activity concentration
may result from the location where the polymetallic nodule samples
were collected. The data interpretation method might have an impact, as
well. It is unclear whether the values reported by others (see Table 3)
represent mean values calculated from multiple measurements within a
nodule or are single point measurements. Therefore, the reported ac-
tivity concentration measurements may not reflect accurately the actual
Ra-226 activity concentration for whole nodules, as is the case in our
study. No other articles have been found up to date that present Ra-226
activity concentration results for whole nodules.

Comparison of the results presented in Table 3 also reveals signifi-
cant differences in the activity concentration of U-238 and Ra-226 in
nodules collected from different locations on the Pacific seafloor. The U-
238/Ra-226 ratios range from 0.05 to 0.60, compared with the U-238/
Ra-226 activity concentration ratio close to or greater than one in coal
and oil shale samples from various regions worldwide [42]. It can be
inferred that in nodules, the radioactive decay equilibrium between
U-238 and Ra-226 may be disturbed by multiple factors, one of them
being the concurrent precipitation of U-238 and Ra-226 into the nodule
from the surrounding water. It might therefore be that radon activity
concentration is the sum of U-238 decay and the amount of precipitated
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Table 1
Results of measurements of the activity concentration of the tested radionuclides in polymetallic nodules (Bq kg ™).
Sample no. U-238 u Ra-226 u Pb-214 u Bi-214 u Pb-210 u
1 51 18 241 169 231 19 217 13 252 154
2 9 11 412 26 369 16 393 16 269 133
3 40 13 314 20 310 24 289 13 258 128
4 20 13 394 20 375 28 368 12 315 126
5 21.2 9.5 48.5 4.3 47 5 42 5 80 80
6 36 14 371 24 347 27 324 15 399 158
7 23 14 367 24 330 27 322 16 327 156
8 19 12 329 17 288 22 308 10 219 83
9 38 13 385 20 346 26 361 13 193 127
10 42 16 658 34 607 45 617 20 497 198
11 18 11 337 17 294 23 317 11 312 22
12 34 12 313 20 284 24 296 12 383 132
13 202 64 2935 49 5053 75 2595 36 1884 50
14 165 51 3103 49 5298 74 2766 32 2015 202
15 37 13 1315 64 1216 80 1198 32 1235 393
16 17 12 375 19 349 26 350 12 222 111
Ra-226. This is supported by a study of U-238 and Ra-226 activity
§ | 8 concentration in different layers of nodules carried out by Moore et al.
© [39]. The study results show that in the outer layer up to a depth of
o ® 8 0.4 mm, the mean U-238/Ra-226 ratio is 0.33, whereas in the 2.2 to
(=2 8 . . . .
= 4.0 mm layer, the mean ratio is 3.0. Considering the fact that both the
3 © o o ) formation of nodules and the half-life of U-238 last millions of years,
2 whereas the half-life of Ra-226 is counted in thousands of years, it can be
o . T — assumed that the activity concentration of these isotopes in the outer
3 — . . . . .
— ‘:l layers of nodules is relative to the concentrations of these isotopes in the
—'5‘» : : — surrounding waters, while equilibrium between these radionuclides is
8 & 2 : : : : established in the deeper layers of nodules, which are isolated from sea
® o ; : : : water. Another factor influencing the U-238 and Ra-226 concentrations
2 5 : : : in water could be the varying solubility of the chemical compounds
° : : 5 containing these radionuclides. Research by other authors indicates
© : — different ratios of these radionuclides depending on the type of water.
For example, in thermal waters, U-238 activity concentration ranges
from < 0.5 to 8.95 mBq dm™3, and Ra-226 activity concentration ranges
from <5 to 29.2 mBq dm™ [43]. In groundwater, U-238 activity con-
e —_ centration values range from < 1.0 x 10™t0 8.0 x 10> mBq dm™, and

T T T T T
U-238 Ra-226 Bi-214 Pb-214 Pb-210

Fig. 1. Statistical distribution of activity concentration (a) of radioactive iso-
topes measured in polymetallic nodules.

Table 2
Mean and SD values for the ratio of radionuclide activity concentrations in the
examined nodules, excluding outliers (samples nos.: 13, 14, 15).

Ratio U-238/Ra-226 Ra-226/Pb-214 Pb-214/Bi-214 Bi-214/Pb-210
Mean 0.11 1.085 1.005 1.14
SD 0.11 0.042 0.062 0.37

Table 3

Comparison of mean activity concentration values for U-238, Ra-226, Pb-214,
Bi-214 and Pb-210 in polymetallic nodules collected from various areas of the
Pacific seabed (Bg kg™).

U-238 Ra-226 Pb-214 Bi-214 Pb-210 Data source
48 744 984 673 554 this research
- 4026 - 3367 [38]

786 1302 - - - [39]

- 8933 - - - [371]

73 3652 - - - [40]

48 - - - [41]

- 214 - 1074 [25]

196 3696 - - [10]

Ra-226  activity concentration ranges from < 0.002 to
0.492 Bq dm=3 [44], whereas in uranium mine waters, the mean
U-238/Ra-226 ratio is 0.29 [45]. For some types of water, inverse ratios
of these radionuclides have been observed [46].

It is assumed that marine sediments are enriched in Ra-226 and U-
238 with depth due to the decreasing quantities of carbonates contain-
ing Ra-226 and U-238, followed by the sorption of Ra-226 from sea
water and the sedimentation of hydrolysed U-238 to the ocean floor
[47]. The same enrichment mechanism may also take place in the case of
nodules. In this case, the authors indicate two possible sorption mech-
anisms: chemical/ion exchange adsorption of Ra-226 and physical
adsorption of U-238.

Among the isotopes of the uranium-radium series, Ra-226 is the most
critical one from a radiological protection perspective, as it belongs to
the group of radionuclides with the highest radiotoxicity (Recommen-
dations, 2007). The results of the present study indicate that in the
analysed samples, Ra-226 remains in radioactive equilibrium with Pb-
214, Bi-214, and Pb-210 (Fig. 1, Table 2). Although U-238 is the
parent isotope, its activity concentration is considerably lower
compared with Ra-226 and its decay products. Therefore, when evalu-
ating the effective dose, we focused on assessing the hazards posed by
Ra-226.

4. Assessment of the effective dose from Ra-226
Council Directive, 2013 [48] lays down basic safety standards for

protection against the dangers arising from exposure to ionising radia-
tion, which establish the values of activity concentration and total
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activity concentration below which the handling of radioactive mate-
rials is exempt from notification or authorisation. For Ra-226, these
values are set at 10 Bq g™ and 1.0 x 10* Bq, respectively. In the case of
the first value, all the examined samples are eligible for exemption
(Table 1). Similarly, the mean Ra-226 activity concentration values
measured by other authors do not exceed the 10 Bq g™ exemption
threshold (Table 3). The second value can be applied to the total
quantity of nodules stored at a single location. In this case, the total
activity concentration of as little as several tens of kilograms of nodules
exceeds the exemption value. The Directive stipulates that if any of the
two exemption values is not exceeded, no notification or authorisation is
required for the handling of radioactive materials.

To assess the potential hazard to workers, effective dose values were
determined for three parameters: the quantity of nodules, their radio-
activity, and the distance between the worker and the source of radia-
tion. Mean and maximum Ra-226 activity concentration values from our
own research, as well as the highest values reported by other authors
(Table 3) were used in the assessment. The annual effective dose E was
calculated for 1, 2, 5 and 10 tonnes of nodules stored in a room, the
distance from the radiation source being 0.5, 1, 5, 10 and 20 m for each
the quantities. It was assumed that the annual working time of the
person exposed to radiation was 2000 h (40 h per week in accordance
with the provisions of the Polish Labour Law (Dziennik Ustaw [Journal
of Laws] of 2023, item 1465, Chapter VI). The effective dose E calculated
for the above assumptions is presented in Table 4.

The Council Directive 96/29/EURATOM of 13 May 1996 [49] laying
down basic safety standards for the protection of the health of workers
and the general public against the dangers arising from ionizing radia-
tion [49] introduces two categories of exposed workers, A and B, based
on the received annual effective dose. Category A includes workers who
are liable to receive an effective dose greater than 6 mSv per year or an
equivalent dose greater than 3/10 of the dose limits for the lens of the
eye, skin and extremities laid down in Article 9 (2) of the Directive.
Category B includes those exposed workers who are not classified as
exposed category A workers. The annual effective dose limit is 20 mSv.
Additionally, the Directive lays down that category A workers must be
subject to systematic individual dose monitoring, while the exposure
assessment for category B workers is based on measurements in the
working environment.

The results presented in Table 4 indicate that the annual effective
dose limit of 20 mSv for all worker categories is only exceeded when the
distance from the source of radiation is < 1 m (bold-typed values). In
such cases, to protect exposed workers from exceeding the dose limit,
simple preventive measures can be implemented: reducing the exposure
time, ensuring that safe distance from the radiation source is main-
tained, wearing protective clothing, and installing protective shields and
screens. Under extreme conditions assumed in this study, it is sufficient

Table 4
Annual effective dose E (mSv year'l) from Ra-226 in polymetallic nodules.

Quantity (t) Distance from the radiation source (m)

0.5 1 5 10 20
Aga_226 = 744 Bq/kg
1 2.9 0.37 0.015 0.004 9.2.107*
2 5.9 0.73 0.029 0.007 1.8.1073
5 15 1.8 0.073 0.018 461073
10 29 3.7 0.146 0.037 9.2.1073
Apa_226 = 3103 Bq/kg
1 12 1.5 0.061 0.015 3.82.1073
2 24 3.1 0.12 0.031 763103
5 61 7.6 0.31 0.076 1.91-102
10 122 15 0.61 0.153 3.82.1072
ARa_226 = 8933 Bq/kg[37]
1 18 4.4 0.18 0.044 1.10-102
2 35 8.8 0.35 0.088 2.20-1072
5 88 22 0.88 0.22 5.49-1072
10 176 44 1.8 0.44 1.10-107*

Journal of Hazardous Materials 480 (2024) 136494

to ensure that workers maintain a minimum distance of at least 5 m from
a 10-tonne mass of nodule.

Another category of workers named is this research category C in-
cludes individuals not directly exposed to radiation from nodules. In this
case, particular attention must be paid to the design of the work place
(including, but not limited to, external walls and ceilings) so as to pre-
vent the worker from receiving an annual effective dose of 0.3 mSv. The
above guidelines, based on the recommendations of the International
Commission on Radiological Protection (ICRP) [50], and the Interna-
tional Commission on Radiological Units and Measurements (ICRU),
constitute a radiation protection system used in Europe and worldwide.

The results compiled in Table 4 indicate that the safe distance for
each of the quantities of nodules is approximately 5 m. If the distance
between the exposed worker and nodules is less than 5 m, proper
shielding is required. The most cost-effective and efficient shield that
can reduce the received dose is a layer of concrete with a density of
2.3 g ecm™ . For example, a 10 cm layer provides a twofold attenuation
of radiation, while a 25 cm layer provides a tenfold attenuation [51].
Fig. 2 illustrates the effectiveness of concrete barriers in protecting
category A, B and C workers. The graph was plotted using the highest
Ra-226 activity concentration value from Table 3, which is
8933 Bq kg™, and the annual effective dose E calculated for 10 tonnes
of nodules. The graph shows that a 10 cm concrete barrier reduces
effectively the required safe distance for all categories of workers.

5. Conclusions and future research

Polymetallic nodules are increasingly recognised as a potential
future source of critical metals for the global economy. Extensive
research into the development of nodules extraction and processing
technologies has been underway for decades. Concurrently, studies are
being conducted on the environmental impacts and health risks associ-
ated with exploitation of nodules. As nodules contain radioactive iso-
topes from the uranium-radium series, including the highly radiotoxic
Ra-226, it is feared that exposure to them during extraction and pro-
cessing is potentially harmful to human health. Therefore, research on
the radiological hazard posed by Ra-226 seems to be of great relevance
to future exploitation projects.

The results of our study demonstrate that workers exposed to nodules
are only liable to exceed the annual effective dose of 20 mSv in the case
of prolonged and close contact with large quantities of nodules. How-
ever, the analysis of ionising radiation hazards based on Ra-226 activity
concentration measurements shows that effective protection for workers
in various exposure categories can be easily achieved through proper
management of exposure time, maintaining safe distance from the ra-
diation source, and using proper shielding.
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Fig. 2. Effectiveness of concrete walls in protecting category A, B and C
workers from a radiation source (10 tonnes of polymetallic nodules having an
activity concentration of 8933 Bq/ kg). E — annual effective dose; I — distance
from the source of radiation; 1 — without shielding, 2 — 10 cm thick concrete
barrier; 3 — 25 cm thick concrete barrier; A, B, C — categories of workers.
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To ensure radiological safety of workers handling polymetallic
nodules, our future research will include, among other topics, an
assessment of the level of risk connected to high-energy alpha particle
emitters. Alpha emitters are considered highly harmful, particularly
when they enter the body, for example through inhalation. We consider
this topic to be of high relevance to future exploitation projects, and
therefore alpha emitters will be the focus of the follow-up to this study.
At a later stage, we would like to broaden the scope of research by
including actual technical designs of extraction, storage, transport and
processing systems (i.e. case studies). If needed, a comprehensive
approach to the handling of polymetallic nodules in exploitation pro-
jects will be developed and implemented, taking into account possible
radiological hazards. Considering the type and level of radiation emitted
from nodules, it can be expected that the costs of implementing such
approach will not increase significantly the overall costs of nodules
exploitation projects. Boundary technical conditions for exploitation
technologies will depend on regulations regarding health risks arising
from the radionuclides present in polymetallic nodules issued by ISA and
other maritime regulators, e.g. classification societies.

Considering the growing significance of marine minerals mining and
the planned pilot-scale nodules extraction projects, it is essential to
intensify scientific research on technologies that would minimize the
impact of exploitation on environment. It is also crucial to conduct in-
depth studies assessing the associated risks, including radiological haz-
ards, arising from the extraction and processing of these resources.

Environmental implication

Since nodules contain radioactive isotopes from the uranium-radium
series, including the highly radiotoxic Ra-226, there are concerns that
exposure during extraction and processing could be harmful to human
health. Therefore, research on the radiological hazards posed by Ra-226
is highly relevant to future exploitation projects. Our study aimed to
estimate the threat posed by the radioactivity of the nodules to human
health and the environment surrounding processing facilities. Our data
allow for the estimation of the radiation dose received by individuals
working in nodule excavation, storage, and reprocessing plants.
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