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Abstract. Past nuclear weapons testing (NWT) and nuclear power plant (NPP) accidents have resulted in the
ubiquitous deposition of radionuclides in the environment. These fallout radionuclides (FRNs) are considered
the privileged markers (“golden spikes”) of the Anthropocene stratigraphic layers. Their deposition in the 1950s
coincided with the “Great Acceleration”, which is characterized by large-scale shifts in the Earth’s systems,
including increased land-use change and soil degradation. Among the FRNs deposited globally, 137Cs has been
the most commonly used to assess soil erosion and/or the chronology of sediment deposition, while 239+240py
is an alternative soil erosion tracer and chronological marker that has been increasingly used due to a number of
advantages.

We compiled '37Cs and 23°*240Py data published from undisturbed (so-called “reference”) soils in the equa-
torial and Southern Hemisphere regions to build a database within the framework of the AVATAR (A reVised
dATing framework for quantifying geomorphological processes during the Anthropocene) project. Using this
database, named the AVATAR-Soils Database, we determined the distribution of 137Cs and 239+240Py invento-
ries in equatorial and Southern Hemisphere soils, along with the relative contributions of different fallout nuclear
weapon sources by analyzing their isotopic ratios. Additionally, we demonstrated how the database can be used
to identify the environmental factors that influence the distribution of 137Cs and 23°+240Py in reference soils by
applying a machine learning algorithm.

Our meta-analysis revealed that high '3’Cs and 23°+240Py inventories were recorded near the Equator and
within the 20-40°S latitudinal bands, which coincide with the location of multiple NWT locations. The
240py /239Py atomic ratios suggest that sources other than the global fallout (primarily from US and USSR
weapon testing with a 24OPu/23*Pu atomic ratio of ~ 0.18) contributed to the reference inventories in the South-
ern Hemisphere. These additional sources have been relatively neglected so far. Based on the 2*°Pu/?*°Pu atomic
ratios, we have estimated that the French fallout contributed ~ 20 % to the reference soil 239+240Py inventories in
South America and up to 70 % in French Polynesia. In contrast, the British fallout contributed ~ 27 % to the refer-
ence soil 29+240Py inventories in the rest of Oceania. Our machine learning algorithm identified the precipitation
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of the coldest quarter, longitude, and latitude as the strongest predictors of the '37Cs inventory. For the

G. Dicen et al.: Distribution and sources of fallout 137 Cs and 239+240py

239+240Pu

inventory, the mean diurnal temperature range, the annual temperature range, and the precipitation of the driest
quarter were the strongest predictors. Altogether, these findings demonstrate the potential of the AVATAR-Soils
Database as a resource for improving our understanding of the distribution and sources of '37Cs and 23*+240py
in equatorial and Southern Hemisphere soils and refining their application as tools in various Earth science re-
search. The AVATAR-Soils Database may be accessed at https://doi.org/10.5281/zenodo.14008221 (Dicen et al.,

2024).

1 Introduction

1.1 Background

Radionuclide deposition from nuclear weapons testing
(NWT) and nuclear power plant (NPP) accidents has become
a global concern. Exposure to radionuclides can potentially
lead to health problems and adverse ecological impacts be-
cause of the radiation hazards that they pose and the toxicity
of many of these radionuclides (Owens et al., 2019; Bouville,
2020). Radionuclides are, therefore, considered to be serious
environmental contaminants, especially those with long resi-
dence times. Despite the potential risks associated with them,
fallout radionuclides (FRNs) with long half-lives provide the
privileged markers (“golden spikes”) of the Anthropocene
stratigraphic layers (Certini and Scalenghe, 2021). The on-
set of their deposition in the 1950s coincided with the “Great
Acceleration”, which is characterized by large-scale shifts in
the biophysical and socioeconomic components of the Earth
system (Steffen et al., 2015), including an increase in soil
degradation, mainly triggered by land-use change (Ferraro et
al., 2018; Wang et al., 2022). The concentrations of FRNs
and their isotopic ratios have been shown to provide reliable
indicators of contamination sources (Alewell et al., 2014;
Meusburger et al., 2020; Evrard et al., 2023), environmental
impacts (Steinhauser et al., 2014; Foucher et al., 2023), sedi-
ment chronology (Bruel and Sabatier, 2020), sediment dating
(de Lima Ferreira et al., 2016), soil redistribution (Alewell et
al., 2017; Mabit et al., 2008), and particle transfers within
soil profiles (Jagercikova et al., 2015) and, therefore, rep-
resent a major interest in Earth science research. Com-
monly studied FRNs include **'Am (1 2 = 432.6 years),
1291 (112 =1.614 x 107 years), '*C (11 =5730 years),
SH (t1)2 = 12.32 years), '37Cs (112 =30.2 years), >**Pu
(t1/2 =24 110 years), and 240py (t1/2 = 6563 years). Among
these, 137Cs, 239Pu, and 2*OPu have become particularly valu-
able as tracers in soil erosion studies because of their strong
association with fine soil and sediment particles.

The '37Cs artificial radionuclide, a fission product of plu-
tonium and uranium, is one of the major byproducts of NWT
and nuclear fuel burn-up, with a yield of more than 6 %
(Kurihara et al., 2020). Owing to its relatively short half-life,
137Cs is highly radioactive and is a source of both S— and
y particles. The plutonium isotope 23°Pu is either part of the
fissile material in nuclear weapons and reprocessed nuclear
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fuels or is formed when 238U interacts with a neutron. The
heavier plutonium isotope 2*°Pu, considered an impurity in
the fissile material of nuclear weapons (Sahin, 1981), is sub-
sequently generated from 23°Pu through neutron capture as
well. Both isotopes decay by « emission and have tradition-
ally been measured by « spectrometry, which cannot effec-
tively discriminate between their energies. Hence, 23°Pu and
240py have been reported together as “>3°+240Py”, and this
nomenclature has likewise been applied throughout the pa-
per.

While radioactive debris from NPP accidents was spread
in the lower atmosphere, radioactive debris from NWT was
introduced into the atmosphere at various heights depend-
ing on the type of nuclear testing conducted (e.g., barge/-
ship, balloon, airdrop, or air burst); the explosive yield of
the bomb; and the weather conditions, including the amount
and distribution of rainfall during redeposition. As opposed
to NPP accidents, 137Cs and 239t240py from NWT are de-
posited more uniformly due to temperatures reaching far be-
yond the temperature of volatilization for Cs and Pu (Brode,
1964; Meusburger et al., 2020; Kirchner er al., 2011; Stein-
hauser et al., 2014) as well as the longer time frame in
which differences in rainfall patterns are equalized. Upon
explosion, radioactive substances rapidly attach to ambient
aerosols and disperse according to airflow patterns (Bennett,
2002; Corcho-Alvarado et al., 2014). Aerosols with larger
particle sizes (> 50 um) are deposited immediately within a
few hundred kilometers of the blast, referred to as “local fall-
out”, and are considered to have limited global implications
(Garcia Agudo, 1998; Bouisset et al., 2018). Debris injected
into the troposphere remains suspended for up to a few weeks
within the latitudinal band of injection, whereas debris in-
jected into the stratosphere remains in circulation for up to a
year (Bennett, 2002) or even longer for finer aerosol particles
(< 0.1 um) (Corcho Alvarado et al., 2014). These radioac-
tive particles find their way to the ground or surface water
through wet and dry fallout deposition.

Among the host of FRNs deposited globally, '*’Cs has
been the most commonly used tracer of soil erosion in the
past (Walling, 1998; Walling et al., 2007; Mabit et al., 2013,
2014). However, more than 60 years after the fallout from
NWT, which peaked in the 1960s, 137Cs has undergone two
half-lives and is now increasingly depleted and difficult to
detect in many areas with relatively lower amounts of de-
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position, such as the Southern Hemisphere. Its measurement
now also increasingly requires the use of low-background an-
alytical facilities. In addition, the heterogeneous inputs from
NPP accidents in the Northern Hemisphere, such as those of
Chernobyl, have resulted in highly variable '37Cs inventories
across Europe (Meusburger et al., 2020), especially across
the Alps (Alewell et al., 2014). The latter is partly caused
by the greater part of the Chernobyl deposition resulting
from a few temporally and spatially very heterogeneous rain-
fall events. The '37Cs deposition on the partly snow-covered
ground also resulted in heterogeneous and concentrated flow
patterns during snowmelt.

Owing to its longer half-life, 23°+240Py has been increas-
ingly recognized as an alternative tracer and chronologi-
cal marker to assess soil erosion and/or the chronology of
sediment deposition (Meusburger et al., 2023; Hancock et
al., 2014; Alewell et al., 2017; Romanenko and Lujaniené,
2023). Globally, the spread of 239+240Py is also less affected
by NPP accidents such as the Chernobyl and Fukushima in-
cidents, which deposited 23*+249Pu mainly in confined prox-
imal areas in Europe and up to ~ 200 km from the NPP site in
Japan, respectively (Alewell et al., 2017). Although traces of
239+240py (and other actinides) derived from Chernobyl were
found in areas as far as Scandinavia and in the Baltic Sea,
they remained minor compared with the contribution from
NWT (Lin et al., 2021; Salminen-Paatero et al., 2020). As
atmospheric NWT was also conducted throughout the year
over several decades, this means that 239+240py deposition
due to NWT was more or less continuous, reducing the het-
erogeneity caused by deposition on snow-covered ground or
the impact of a few heavy-rainfall events.

Upon deposition on land, evidence suggests that '37Cs,
similar to other monovalent ions, is rapidly and strongly ad-
sorbed in the cation exchange sites of clay minerals to bal-
ance the negative charge on the aluminosilicate structure
(Cornell, 1993; Mukai et al., 2016). The 23°t240py is (al-
most) irreversibly sorbed onto Fe/Mn oxides and/or forms
complexes with organic matter (Kersting, 2013; Lujaniené et
al., 2012), in addition to its adsorption onto clay particles.
However, the exact sorption mechanisms and differences be-
tween !37Cs and 2°+240Pu may be more complex and likely
overlap depending on the deposition environment.

While the occurrence of '37Cs and 23°+240Py in the envi-
ronment continues to be monitored globally, especially in ar-
eas with localized exposure to nuclear accidents, these FRNs
have gained interest as powerful tools for investigating crit-
ical Earth surface processes because of their close associa-
tion with the soil particles (Alewell et al., 2017; Mabit et
al., 2013). Their deposition coinciding with the onset of the
Great Acceleration also provides an opportunity to study the
widespread land degradation that has been occurring since.
However, our current scientific knowledge on the fallout
chronology is better constrained in the Northern Hemisphere,
whereas very little is known regarding the timing and the
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spatial distribution of their deposition in the Southern Hemi-
sphere (Foucher et al., 2021).

1.2 Objectives

The aim of this review and meta-analysis is to up-
date our current knowledge on the distribution of fall-
out 137Cs and 2**240Py in Southern Hemisphere soils as
part of the Franco-Swiss-funded AVATAR project (https:
/lavatar-project.net/, last access: 7 April 2025). The main ob-
jective of the AVATAR project is to better understand the
fallout chronology and distribution of '37Cs and 239+240py
in the Southern Hemisphere for various environmental ap-
plications. Here, we synthesized the history and origins of
137Cs and 239+240Py in the Southern Hemisphere and identi-
fied gaps in the reported data. We then compiled reference
soil 37Cs and #39+240py data from the literature to build
a database. Using data from the literature, we determined
the distribution of '37Cs and 23°*240Py and their possible
sources using their isotopic ratios. Finally, we demonstrated
in a case study how the database can be utilized to identify
which environmental factors, such as climate, topography,
and geographic location, affect the distribution of '3’Cs and
239+240py in reference soils.

2 Origins of fallout 137Cs and 239+240py jn Southern
Hemisphere soils

In contrast to the Northern Hemisphere, where the Cher-
nobyl or Fukushima NPP accidents influenced FRN deposi-
tion to a crucial extent in many regions, virtually all FRNs de-
posited in the Southern Hemisphere soils originate from the
past atmospheric NWT carried out by different nuclear states
(Fig. 1). The first NWT events occurred in 1945 with the
Trinity Test atomic bomb testing in New Mexico by the USA,
which yielded a total of 21kt of energy and resulted in an
11kt injection into the local/regional atmosphere and a 10kt
injection into the troposphere (UNSCEAR, 2000). As this
relatively low-yield test was carried out atop a 30 m tower
above 30°N, it can be assumed that none of the radioactive
debris reached the Southern Hemisphere soils via wet and/or
dry deposition. The 1945 bombings in Hiroshima and Na-
gasaki that followed after the Trinity Test, with yields of 21
and 15 kt, respectively, were detonated at a higher altitude
(at 500-600 m). However, the yields were relatively minimal,
causing the fallout to be more localized (Saito-Kokubu et al.,
2007), and could not have significantly affected the Southern
Hemisphere. Most NWT events that also occurred shortly af-
ter these were performed in the Northern Hemisphere until
1951 (Fig. 1).

Atomic and thermonuclear bombs differ fundamentally in
their design. Atomic bombs exclusively utilize energy from
the fission of fissile materials, which are primarily made up
of 23°Pu or 23°U. The more powerful thermonuclear weapons
obtain their yield from the fission of *°Pu or 23U in a
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Figure 1. Fission yields of atmospheric nuclear weapons testing in the Northern Hemisphere and Southern Hemisphere (UNSCEAR, 2000)
and 137Cs deposition in the Southern Hemisphere (broken lines), which peaked at 23 PBq in 1964. Due to discontinuous monitoring by the
United States Atomic Energy Commission’s Environmental Measurements Laboratory between 1954 and 1976, 40 %—50 % of the data are
missing (Evrard et al., 2020), casting a doubt on the fallout in the Southern Hemisphere. (Note that some very low-yield tests are not visible
in the graph, including the French tests conducted in Algeria. For a complete list; see Annex C in UNSCEAR (2000). Axes for fission yields

are also scaled differently for emphasis.)

primary stage, which then initiates fusion reactions of deu-
terium or tritium fuel in a secondary stage. Thermonuclear
weapons contributed over 90 % of the radioactive debris from
atmospheric NWT (UNSCEAR, 2000).

With the development of high-yield thermonuclear bombs
in the 1950s, the majority of the radioactive debris from
NWT was injected into the stratosphere and high equato-
rial atmosphere, equivalent to 139 and 6.36 Mt of fission en-
ergy, respectively (UNSCEAR, 2000). Upon settlement and
mixing in the lower equatorial stratosphere, eddy diffusion
allowed for the interhemispheric mixing of radioactive de-
bris before deposition. The yield injected into the strato-
sphere and high equatorial atmosphere is much higher than
the 15.6 Mt of equivalent fission energy injected into the tro-
posphere, the debris of which remained more confined within
a certain latitudinal band (UNSCEAR, 2000). The first high-
yield thermonuclear weapon test, code-named “Ivy Mike”,
was performed at Enewetak Atoll (11.55°N, 162.31°E) in
November 1952, with a yield of 10.4 Mt (UNSCEAR, 2000).
While this test was carried out in the Northern Hemisphere,
its proximity to the Equator and its high yield resulted in
FRN deposition in the Southern Hemisphere. Accordingly,
radioactive fallout in the Southern Hemisphere likely only
started after the Ivy Mike test in 1952, as was later observed
in Antarctic ice cores by Koide et al. (1985).

Earth Syst. Sci. Data, 17, 1529-1549, 2025

Fission reactions produce most of the FRNs as byprod-
ucts, including '37Cs. In addition, the yield from fission also
provides an estimate of how much fissile material (>*°Pu or
235U) was used in the testing. On the other hand, fusion re-
actions mainly produce 3H, 4C, 3*Mn, and Y Fe as FRNs
(UNSCEAR, 2000), in addition to 4He, neutrons, and large
amounts of energy. Between 1945 and 1980, an estimated
total of 502 atmospheric tests with a cumulative yield of
440 Mt were conducted globally, and more than 90 % of these
tests were based in the Northern Hemisphere (UNSCEAR,
2000). Of the 440 Mt yield released, 189 Mt originated from
fission (UNSCEAR, 2000), which is relevant for determin-
ing the amount of '37Cs and 239+240Py released after a test.
In the Northern Hemisphere, the majority of the fission yield
was generated by NWT conducted by the USA and USSR.
In contrast, those in the Southern Hemisphere, albeit much
lower in terms of yield, were dominated by France (Fig. 1).

Gaps in reported data

According to the global monitoring network operated by the
United States Atomic Energy Commission’s Environmental
Measurements Laboratory (EML), approximately 23.8 % of
the fallout from all past atmospheric NWT was deposited
in the Southern Hemisphere (UNSCEAR, 1982, 2000). This
proportion was estimated from °°Sr measurements in air fil-
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ters, which served as a proxy for other FRNs such as '37Cs
and 239+240py (see Annex C in UNSCEAR, 2000). However,
as opposed to 137Cs, the origin of fallout 239t240Py differs
from that of *°Sr. The *°Sr and '37Cs species are generated
only in a series of fission chains, whereas 239+240py ig al-
ready part of the fissile material in nuclear weapons. Thus,
using “OSr to estimate fallout 23°+>*°Pyu can be expected
to lead to inaccuracies in these calculations/reconstructions.
This is especially true for the Southern Hemisphere, where
fallout sources differ depending on location.

The deposition of FRNs in the Southern Hemisphere sup-
posedly peaked in 1964-1965, based on the EML data, as
reported by UNSCEAR (2000). However, 50 % of the data
from EML monitoring stations were missing for 1954—-1976
(Evrard et al., 2020), as most of the monitoring stations did
not have continuous records for this period (Chaboche et al.,
2021; Hardy, 1977). Thus, EML may not have accurately ac-
counted for the fallout from French NWT, the emissions of
which peaked in 1968. In addition, as most stations only be-
gan recording measurements between 1956 and 1958 (Hardy,
1977), the fallout from British NWT in Australia, which
started in 1952 and 1953, may not have been considered.
Therefore, the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) may have mises-
timated the fallout distribution in the Southern Hemisphere,
especially in areas affected by the French and British fall-
out. A significant fraction of the Southern Hemisphere is also
covered by oceans exposed to different precipitation regimes
than terrestrial environments, and the fallout in these regions
has not been monitored. These gaps in data for the Southern
Hemisphere highlight the need to review and reevaluate the
fallout in the Southern Hemisphere to refine the methods that
rely on FRN data, especially those of '37Cs and 23°+240py,

3 Literature survey and analytical approaches

3.1 AVATAR-Soils Database: a database of '3’Cs and
239+240py, in equatorial and Southern Hemisphere
reference soils

Using the Thomson Reuters Web of Science plat-
form, we conducted a literature survey until Oc-
tober 2024 to build the AVATAR-Soils Database
(https://doi.org/10.5281/zenodo.14008221, Dicen et al,
2024). The search keywords “soil”, “cesium”, «I37Cg” «“Cs
1377, “plutonium”, “?39+240py”_ “py 239, and “Pu 240”
were used in isolation and/or combination with the names
of the countries found in the Southern Hemisphere. All
countries in South America and sub-Saharan Africa were
included in the current literature survey to consider the NWT
conducted near the Equator, to prevent discontinuity in
continents whose areas cross the Equator, and to consider the
seasonal movement of the Intertropical Convergence Zone
(ITCZ) around the Equator. Publications in Portuguese and
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Spanish languages and PhD dissertations that reported on
soil 137Cs and 23°+2%0Py were also included in the selection.

For a soil profile to be included in the database, the follow-
ing two conditions had to be satisfied: (i) the collection was
from an undisturbed area, or the so-called “reference” site,
located in a flat landscape that has, based on the best possible
assessment, not been affected by soil redistribution processes
such as erosion and/or deposition in recent decades or since
the fallout period (Arata et al., 2017; Kirchner, 2013); (ii) the
sampling details and site characteristics were provided.

Reported reference soils were excluded from the
AVATAR-Soils Database if any of the following criteria were
met: (a) soils were flooded, (b) soils were drained, (c) data
were repeated from articles and/or applications already con-
sidered, (d) soils were located on a slope, (e) soils were lo-
cated on a farm where cultivation had been implemented,
and/or (f) the soil sampling locations were not provided or
could not be obtained.

3.2 Statistical and modeling approaches
3.2.1 Decay correction for 3’Cs

To compare '37Cs data spanning years or decades between
measurements, all 137Cs data were decay-corrected to 2024
using the following equation:

137 137 it
Cso024="""CsSliterature€” " » (D

where A is the decay constant of '37Cs (A =1n2/30.2 years)
and ¢ is the time in years since the sampling year. For '37Cs
data for which neither sampling dates nor decay correction
dates were provided, we assumed a 4-year delay between
the day of sampling and publication. This corresponds to the
mean time delay between sampling and publication in the
current literature survey and was calculated from articles in
which both dates were provided. The same approach was ap-
plied by Chaboche et al. (2021) and Jagercikova et al. (2015)
to decay-correct '37Cs data for which the associated dates of
sampling and decay correction were not available. To calcu-
late the mean time delay in this study, we excluded data from
aresampling study that spanned over decades (Loughran and
Balog, 2006) from the calculation.

3.2.2 Latitudinal distribution comparisons

To compare the latitudinal distributions of the '3Cs and
2394240py inventories, inventory data were bootstrapped in
R for 10000 iterations (R Core Team, 2024). Bootstrapping
is a resampling and replacement technique that allows in-
ference from sample data without making strong distribu-
tional assumptions (Haukoos and Lewis, 2005; Mooney et
al., 1993). It is, therefore, appropriate to compare datasets
with large variations, such as the '3’Cs and 23**240Py in-
ventories available from the AVATAR-Soils Database. The
bootstrapped means, reported with the 95 % confidence in-
terval, were compared with previously reported global data
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analyzed from air filters (137Cs derived from 2°Sr) and soil
samples (23°+2%0Pu) by the EML (UNSCEAR, 2000; Hardy
et al., 1973).

3.2.3 Two-source unmixing model

The isotopic ratios of FRN in the soil are affected by the
isotopic signatures of the fallout sources (see Sect. 5.2). To
unmix these sources, we used an unmixing model previously
used to evaluate the contribution of fallout from two sources,
where both global fallout and local/regional fallout have oc-
curred at a given site (Kelley et al., 1999; Bouisset et al.,
2021; Chaboche et al., 2021).

Isotopic ratios originating from low-yield tests, such as
French and British NWT, result in low 24OPu/239Pu atomic
ratios and 137Cs/ 239+240py activity ratios. As such, it is im-
possible to separate French fallout from British fallout based
on these isotopic ratios. An assignment to either British or
French NWT sources can be done depending on the loca-
tion of the fallout origin, as it is known that, in the South-
ern Hemisphere, the French tests were performed in French
Polynesia. In contrast, the British tests were conducted in
Australia and the Malden Islands. However, the British test-
ing in the Malden Islands was far enough from other equato-
rial and Southern Hemisphere land areas, with a wind direc-
tion towards the Equator (Chamizo et al., 2020), to not have
had a significant fallout contribution in this part of the world.

When French or British fallout is mixed with the global
fallout, the ratio Ry in the soil may, therefore, be expressed
by the following equation:

Ry = xg/Fr X Rp/rr + (1 — xB/FF) X RGF, )

where Rp/gr is the ratio of either the British or French fall-
out, Rgr is the ratio of the global fallout, xg FF is the relative
contribution of the British or French fallout, and (1 — xg/rF)
is the relative contribution of the global fallout. The relative
contribution of the British or French fallout may, therefore,
be calculated via the following equation:

Rs - RGF
Rp/Fr — RGF

3

XB/FF =

The standard uncertainty in the contribution u(xg/rr) was de-
termined by the combination of uncertainties associated with
each variable in Eq. (3) and is expressed as follows:

u(XB/FF) = XB/FF X
2 2 2
( u(Ry) ) +< u(Rp/FF) > . (Rs — Ru/¥r) X u(RGr) 4)
Ry — Rgr Ry — RGF (Rs — Rar) % (Re/re — Rar) )

3.2.4 Assessing inventory predictability in a case study
with random forest

As FRNs have increasingly become an indispensable tool
in many fields of scientific research, such as environmental

Earth Syst. Sci. Data, 17, 1529-1549, 2025

tracing and geomorphological studies, it is critical to obtain
data in areas lacking data. One of the important aims of the
AVATAR-Soils Database is the prediction of baseline '37Cs
and 23+240Py inventories in areas devoid of data. To achieve
this goal, the predictability of the inventories in the current
database has to be tested using possible explanatory variables
or covariates.

Accordingly, geospatial and climatic variables, including
rainfall, are considered the most important predictors of
137Cg and 239+240py deposition in the soil, as determined in
previous studies (i.e., Chappell et al., 2011; Meusburger et
al., 2020; Chaboche et al., 2021). We, therefore, used geospa-
tial and historical bioclimatic variables (Table S1) as poten-
tial covariates in this case study. The historical bioclimatic
data were extracted from WorldClim 2.1 climate data for
1970-2000 (Fick and Hijmans, 2017) at a 30 arcsec (~ 1 km)
spatial resolution. A total of 22 potential covariates were
used in this analysis, as detailed in Table S1. The correlations
among and between these covariates and the inventories were
tested via Spearman’s rank correlation (Fig. S1).

A random forest algorithm (Breiman, 2001) was run in R
(R Core Team, 2024) via the “ranger” package (Wright and
Ziegler, 2017) to determine the best covariates that explain
the variations in the '3’Cs and 23°+?%°Py inventories while
also showing the application of the AVATAR-Soils Database.
The selection of the random forest model is based on ex-
isting studies that consistently use it as their first choice
among various machine learning models (Hong et al., 2024;
Shuryak, 2022; Gupta et al., 2022). The optimal value for the
most sensitive hyperparameter, “mtry”, in the random forest
model was determined using five-fold cross-validation. De-
fault settings from the ranger package were used for the re-
maining hyperparameters, such as the number of trees, min-
imum node size, maximum tree depth, and splitting rule. In
the cross-validation process, the data were randomly divided
into five parts, each containing 20 % of the total data. The
random forest model was trained five times. Each time, one
of the parts was used as a validation set, while the others
were used for training. The validation results were then com-
bined and compared with the measured data to assess model
accuracy. Model accuracy was evaluated via the root-mean-
square error (RMSE), coefficient of determination (Rz), and
concordance correlation coefficient (CCC) (Lawrence and
Lin, 1989). This process was repeated for each mtry value
to find the optimal value, and the entire cross-validation pro-
cedure was repeated three times to ensure robustness. The
final correlation plot was created using the optimal mtry and
averaged predictions from the three cross-validation repeti-
tions. Additionally, the relative importance of each variable
was evaluated via the residual sum of squares (RSS) metric
(Gupta et al., 2021). A lower RSS indicates a more impor-
tant covariate, with the second-lowest RSS identifying the
second-most important covariate, and so on.
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4 AVATAR-Soils Database overview

4.1 Publication distribution, trends, and applications

From the 1526 publications screened, only a total of 135 pub-
lications reporting 1122 reference soil profiles with '37Cs
and 23°+240py data were included in the database. Among
these soil profiles, 999 (89.0 %) had '37Cs data, 123 (11.0 %)
had 23°+240py data, but only 29 (2.6 %) had both '37Cs and
239+240Pu data.

The earliest publication in the database on '37Cs in equa-
torial and Southern Hemisphere reference soils is that of
Loughran et al. (1988), who estimated soil erosion in a
drainage basin in the Hunter Valley, New South Wales, Aus-
tralia. Earlier publications on soil '3’Cs profiles, such as
those of Loughran et al. (1982) and Campbell et al. (1982),
were available, but the geographic locations of the investi-
gated profiles were difficult to determine. Accordingly, they
were excluded from the database. While publications on
137Cs continued to increase in the following decades, the
number of publications on 23°+240Py increased only after the
2010s (Fig. 2a). For 239+240py, the earliest publication in the
database was that conducted by Hardy et al. (1973), which
was founded on the report released on the global inventory
and the distribution of 23Pu from SNAP-9A based on EML
data (Hardy et al., 1972). While this was the first publication
that aimed to reconstruct a regional-scale baseline fallout in-
ventory of plutonium in the Southern Hemisphere, a subse-
quent study using the same set of samples was conducted by
Kelley et al. (1999).

Most reference soil profiles across the equatorial and
Southern Hemisphere land surfaces with '37Cs data were
located in South America (69.4 %). In comparison, Ocea-
nia (60.2 %) has the greatest number of 23°+240Py measure-
ments, mainly from Lal et al. (2020) and Hardy et al. (1973)
(Fig. 2b). Despite sub-Saharan Africa covering a large por-
tion of the equatorial and Southern Hemisphere land area,
measurements of '37Cs and 23°+240Py in the region represent
only 12.2 % and 17.1 % of all available data, respectively.

In terms of the applications for 137Cs and 23°+240Py mea-
surements in reference soils, articles related to soil erosion
assessment composed the majority of the publications, cov-
ering 68 % (n=84) of the total number; this was followed
by applications related to environmental radioactivity (35 %,
n =43) and applications for sediment tracing and finger-
printing (6 %, n = 7). For 137Cs publications, applications
for soil erosion continued to increase until 2019 (Fig. 3),
which implies the increased use of radionuclides for erosion
assessment. While applications for environmental radioactiv-
ity assessment remain important for 3’Cs measurements in
reference soils, they began to decrease after 2009. Environ-
mental radioactivity publications in equatorial and Southern
Hemisphere soils were driven primarily by the monitoring
conducted by LaBrecque and coworkers (e.g., LaBrecque
and Rosales, 1993, LaBrecque and Cordoves, 2007) of the

https://doi.org/10.5194/essd-17-1529-2025

1535

Venezuelan National Science and Technology Foundation
(CONICET) following the Chernobyl NPP accident, and by
Schuller et al. (1997a, b) across Chile after recording seem-
ingly higher '37Cs inventories than those previously esti-
mated from the global weapons fallout. Despite '3’Cs being
used by the sediment tracing and fingerprinting community
(Evrard et al., 2020), 137Cs measurements in reference soils
for this application are uncommon. The '37Cs data in source
soils that have been eroded are more commonly reported
alone, especially for large catchments where on-site erosion
rates do not necessarily translate to the percent contribution
of sediments in lakes, dams, and reservoirs because they can
be stored in channels (Wallbrink et al., 1998). For example,
only 10 % of the studies (n = 30) in equatorial and South-
ern Hemisphere countries reviewed by Evrard et al. (2020)
reported '37Cs measurements in reference soils.

For the 239+240py publications, studies in reference soils
prior to 2000 were only conducted for environmental ra-
dioactivity assessment (Fig. 3). Everett et al. (2008) were the
first to measure 23°T240Py in equatorial and Southern Hemi-
sphere reference soils for both soil erosion and sediment
tracing applications, comparing its concentration with that
of 137Cs in the Herbert River catchment in Australia and its
suitability as an alternative to '37Cs. The suitability of using
239+240py 45 a tracer for soils and sediments, as well as the
development and improvement of measurement techniques,
has driven the increase in the use of 23°+240Py as a tracer for
soil erosion (for an overview, see Alewell et al., 2017) and
sediment transport (Romanenko and Lujaniené, 2023).

4.2 The 137Cs and 239+240py data availability in the
literature

Among the 999 soil profiles analyzed for 137¢s, 429 (42.9 %)
had inventory data, 160 (16.0 %) had both inventory and ac-
tivity data, 269 (26.9 %) had inventory data only, and 570
(57.0 %) had activity data only. Among the soil profiles with
137Cs data, 297 (29.7 %) were decay-corrected to a particu-
lar date, 475 (47.5 %) had sampling dates provided, and 643
(64.3 %) had either the date of decay correction or the date of
sampling. However, for 356 (35.6 %) of the published '*’Cs
data, neither the date of decay correction nor the date of sam-
pling was recorded.

For the 123 soil profiles analyzed for 23°240Py, owing
to the differences in the analytical techniques used, with
techniques other than « spectrometry (i.e., inductively cou-
pled plasma mass spectrometry — ICP-MS; thermal ioniza-
tion mass spectrometry — TIMS; and accelerator mass spec-
trometry — AMS) being able to measure the two isotopes sep-
arately, some activity and inventory data had to be derived
from the reported individual isotopes. In total, 102 (82.6 %)
soil profiles had inventory data, 28 (22.8 %) had both inven-
tory and activity data, 73 (71.6 %) had inventory data only,
and 18 (14.6 %) had activity data only. The >*°Pu/?**Pu
atomic ratio was either reported or derived for 91 (74.0 %)
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soil profiles. The 137Cs/?39+240py activity ratios were pro-
vided or derived for 24 (19.5 %) reference soil profiles.

5 Distribution and sources of the fallout '3’Cs and
239+240py, jnventories

5.1 Distribution of the 37 Cs and 239+240py, inventories

The distributions of published '3’Cs and 23°+240Py invento-
ries in equatorial and Southern Hemisphere soils are located
mostly along the edges of continents (Fig. 4). In contrast, lit-
tle is known about inventories inside of continents, such as
in northwestern Brazil or Bolivia in South America; in the
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Democratic Republic of the Congo, Angola, Namibia, and
Botswana in sub-Saharan Africa; and in the arid regions of
central Australia.

As most of the NWT events occurred in the Northern
Hemisphere, high 137Cs inventories were recorded above the
Equator (Fig. 5a, Table S2), mostly in sub-Saharan Africa. In
the Southern Hemisphere latitudinal bands, relatively high
137Cs inventories were recorded in South America, while
lower '37Cs inventories were recorded in Asia and Oceania,
excluding Polynesia, which was at least partly directly and
significantly affected by local fallout from the French NWT
(Bouisset et al., 2021). For 239+240py inventories (Fig. 5b,
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Table S2), high values were also recorded in sub-Saharan
Africa closest to the Equator, within the 0—10° N latitudinal
band. For South America, high 239+240py inventories were
observed in the 30-40° S latitudinal band, and Polynesia had
the highest inventories recorded, most likely because of its
proximity to the French NWT grounds.

Based on the inventories compiled for the entire equa-
torial and Southern Hemisphere region in the AVATAR-
Soils Database, the 137Cs inventories were highest north of
the Equator. In the Southern Hemisphere, '37Cs inventories
started to increase from the 20-30°S latitudinal band and
peaked in the 40-60° S latitudinal bands (Fig. 6a). Further-
more, the 23°+240Py inventories were the highest within the
0-10° and 20-30° S latitudinal bands, but they were the low-
est above the Equator at 0-20° N (Fig. 6b). One of the rea-
sons for these differences in the latitudinal distributions be-
tween the 37Cs and 23°T240Py inventories may be related
to the differences in the locations of the sampled reference
soils. For instance, in South America, the reference soils
with 137Cs inventory data are mainly located on the eastern
side of the continent, while those with 239+240py inventory
data are mainly found more on the western side (Fig. 4).
In sub-Saharan Africa, reference soils with 37Cs invento-
ries are mainly located in the northern part, whereas those
with 239+240Py inventory data are mainly found more in the
southern part. However, part of these differences in the distri-
bution could also be a result of the different 137Cs/239+240py
activity ratios of the fallout sources (see Sect. 5.2).

5.1.1 Comparison with previous fallout reconstructions

Fallout reconstructions based on actual reference soils have
been conducted before to evaluate the global fallout distri-
bution of '37Cs inventories proposed by UNSCEAR (2000).
At a global scale, previous work to reconstruct the fallout
distribution from the literature was conducted by Aoyama et
al. (2006). Regional-scale reconstructions of 137Cs invento-
ries in the Southern Hemisphere have previously been con-
ducted by Chaboche et al. (2021) for South America and
Chappell et al. (2011) for Australia. For 23°T240py, Hardy et
al. (1973) reported global 239+240Py baseline data from sam-
ples collected from 65 sites around the world by the EML,
with 30 sites located in the Southern Hemisphere. Aliquots
from 54 samples from these sites and two additional ones
were reanalyzed by Kelley et al. (1999) to compare the base-
line data generated with those obtained via novel analytical
techniques.

The data compiled by Aoyama et al. (2006) suggest that,
at the global scale, UNSCEAR (2000) underestimated the to-
tal fallout in the entire Northern Hemisphere down to 15°S
but overestimated the total fallout within the 25-35° S latitu-
dinal band (Aoyama et al., 2006), with no data available for
further latitudinal bands. However, the dataset for the South-
ern Hemisphere in Aoyama et al. (2006) was based on only 7
publications and 66 soil profiles, which is extremely limited
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with respect to providing reliable estimates for the entire land
surface in this part of the world. Chaboche et al. (2021) also
reported discrepancies between the fallout distribution pro-
posed by UNSCEAR (2000) and the mean '37Cs inventories
in undisturbed soils in South America from the literature for
each 10° latitude band. On the basis of compiled data from
published research, 137Cs inventories between 30 and 50° S
were found to be higher than the proposed distribution by
UNSCEAR (2000), while the 137Cs inventories in soils were
found to be lower between the 0 and 10° S latitudinal bands
(Chaboche et al., 2021). Unlike Aoyama et al. (2006) and
Chaboche et al. (2021), Chappell et al. (2011) reported that
the latitudinal distribution proposed by UNSCEAR (2000)
was in good agreement with the 137Cs inventories measured
in reference soil samples across Australia.

A comparison of the means per latitudinal band be-
tween the '3’Cs inventories compiled in the AVATAR-
Soils Database and the distribution proposed by UNSCEAR
(2000) is shown in Fig. 6a. The 137Cs inventories generally
agree in the equatorial region (10°N-10°S) and within the
50-50°S latitudinal bands. However, the distribution pro-
posed by UNSCEAR (2000) is likely underestimated in the
10-20° N and 50-70° S latitudinal bands but overestimated
in the 10-40°S latitudinal bands. Incidentally, the overesti-
mated regions are also among the regions with the highest
number of measurements reported in the literature. This im-
plies that measurements done within these latitudinal bands
during the period of discontinuous monitoring may have fo-
cused on areas with relatively higher fallout. On the other
hand, the latitudinal bands with underestimated inventories
from UNSCEAR (2000) have the lowest number of refer-
ence soil inventories. This indicates that more measurements
may be needed to confirm whether the distribution proposed
by UNSCEAR (2000) in these latitudinal bands is indeed in-
accurate.

The means of the 23°+240Pu inventories compiled in the
AVATAR-Soils Database appear to be higher over most of
the Southern Hemisphere land surface (0—40° S; Fig. 6b) than
those of the earlier estimates provided by the EML (Hardy et
al., 1973). As these comparisons are based on a dataset that
remains limited, more measurements of 23°+240Py invento-
ries are likely needed to better understand the distribution of
fallout 239+240Py in equatorial and Southern Hemisphere ref-
erence soils.

5.2 Fallout sources

Although past atmospheric NWT events were mostly con-
ducted in the Northern Hemisphere, a considerable part of
their debris was also deposited in the Southern Hemisphere
because of their long residence time, long-range transport,
and atmospheric mixing. Thus, one of the primary sources of
fallout '37Cs and 23°+240Py in Southern Hemisphere soils in-
cludes the NWT dominated by the USA and USSR (referred
to as the “global fallout”; Table 1). This occurred in addi-
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tion to fallout derived from the generally low-yield NWT
conducted in the Southern Hemisphere, such as the French
NWT in French Polynesia (referred to as the “French fall-
out”) and NWT performed by the UK in Australia (referred
to as the “British fallout”). A distinct signature of the ear-
lier NWT dominated by the USA before the test moratorium
was signed in 1958 was also documented in dated ice cores
in the Southern Hemisphere (Koide et al., 1979, 1985) and is
referred to as the “pre-moratorium fallout”.

5.2.1 lIsotopic fingerprints of fallout sources

Weapons-grade plutonium generally contains more than
93 % of 23°Pu, which is equivalent to a 2**Pu/?*Pu atomic
ratio below 0.07 (Warneke et al., 2002; Ketterer and
Szechenyi, 2008; Jones, 2019). However, this atomic ratio
changes in the resulting fallout due to nuclear transforma-
tions upon fission and the capture of fast neutrons by 238U
in fusion devices (Hancock et al., 2014). Thus, due to the
different weapon types and designs used by the different nu-
clear weapon states, each fallout source has its own distinct
isotopic signature (Table 1). Low-yield detonations result in
fallout with low 2*°Pu/23°Pu atom ratios, whereas high-yield
detonations (characteristic of thermonuclear bombs) result in
high 24°Pu/?°Pu atomic ratios due to high neutron fluxes
(Corcho-Alavarado et al., 2022; Buesseler, 1997; Lachner et
al., 2010). Notably, these isotope fractionations do not differ
depending on whether the FRNs are injected into the tropo-
sphere or the stratosphere (Bouisset et al., 2021).

Global fallout has a **Pu/?*Pu atomic ratio of ~ 0.18, as
determined from soil samples collected from 1970 to 1971
from regions around the world that were not influenced by
plumes from low-yield NWT events, which is not character-
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istic of samples collected during this period (Kelley et al.,
1999). Other researchers have reported similar values else-
where in the Northern Hemisphere (Meusburger et al., 2016,
2018, 2020; Krey et al., 1976; McArthur and Miller, 1989;
Krey and Beck, 1981). As the global fallout 2*°Pu/>3°Pu sig-
nature was measured in soils collected from 1970 to 1971, it
can be assumed that these soils also contained the plutonium
from the pre-moratorium fallout. However, the 24OPu/239Pu
atom ratio of ~ (.18 is also in agreement with the measure-
ments conducted on air filters collected for the 1959-1970
period (HASL, 1973, as cited in Bertine et al., 1986; Koide
et al., 1985). These findings suggest that the pre-moratorium
fallout did not significantly contribute to soil 23°+>*OPy in-
ventories. Recent investigations of freshwater lakes in the
Southern Hemisphere also suggest that the pre-moratorium
fallout contribution is much lower than that of other fallout
sources (Guillevic et al., 2025).

The French fallout signature is characterized by a much
lower 24OPu/239Pu atomic ratio of ~ 0.035, based on differ-
ent measurements of samples collected from French Poly-
nesia (IAEA 1998; Hrnecek et al., 2005; Chiappini et al.,
1996). It is important to note, however, that this signature is
only representative of tests and safety trials, which resulted
in local fallout at the Mururoa and Fangataufa NWT sites
(Table S3). This signature is used as a reference because it
is the only one published to date, and no known signatures
are available for the 37 other balloon-based nuclear tests, in-
cluding the thermonuclear ones. For the British fallout, simi-
larly low 2*0Pu/23Pu atomic ratios of ~ 0.04 have also been
determined on samples collected near the Australian testing
sites (Child and Hotchkis, 2013; Johansen et al., 2014, 2019;
Tims et al., 2013b). These low 240Pu/239Pu atomic ratios are
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Table 1. Summary of 239Pu/240Pu atomic ratios and 137Cs/239"'240Pu activity ratios reported from the literature. A compilation of the
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values reported for each publication are presented in Table S3.

Fallout source Nuclear states Period of testing  Measurement 240/239py  References 1375 /239+240py References
responsible location atomic ratio activity ratio
Pre- USA (more 1945-1958 Arctic 0.24 +0.03 Koide et al. (1985) 11.88  Koide et al. (1982)
moratorium dominant) and
fallout USSR
Antarctic 0.294+0.05 Koide et al. (1985) 10.76 £1.08  Koide et al. (1979, 1982)
British fallout UK 1952-1958 Australia 0.04240.015  Child and Hotchkis (2013), 0.269£0.088  Tims et al. (2013b) and
Johansen et al. (2014, 2019), Johansen et al. (2019)
and Tims et al. (2013b)
Global fallout USSR (more 1958-1963 Northern 0.18£0.004 Kelley et al. (1999), 20.20+1.96  McArthur and Miller (1989);
dominant) and Hemisphere Meusburger et al. (2016, 2018, Meusburger et al. (2016); Krey
USA 2020), Krey et al. (1976), and Beck (1981); Hodge et
McArthur and Miller (1989), al. (1996); Hardy (1975); Kim
and Krey and Beck (1981) et al. (1998); de Bortoli et
al. (1968); HASL, 1973, as
cited in Bertine et al. (1986);
and Earkins et al., 1981, as
cited in Hodge et al. (1996)
Southern 0.18 £0.008  Kelley et al. (1999)
Hemisphere
French fallout France 1964-1974 French 0.035+£0.015  Hrnecek et al. (2005), 1.74+0.035 Bouisset et al. (2021)
Polynesia Chiappini et al. (1999),

Chiappini et al. (1996),
Chiappini et al. (1998), and
Bouisset et al. (2021)

indeed characteristic of the low-yield NWT events that oc-
curred 15 years apart. Importantly, among the fallout source
isotopic signatures, only the global fallout was supported by
measurements of air filter samples (Table S3). Therefore, the
ratios determined from the soil or sediment samples may
have received minor contributions from sources other than
the local source to which these ratios were attributed. Nev-
ertheless, these isotopic ratios still provide useful tools for
estimating the sources of fallout 23°*240Py in different envi-
ronmental compartments globally.

Another indicator of the origin of FRN fallout is the
137C5/239+240py activity ratio, assuming that '3’Cs and
239+240py are sorbed tightly to soil particles even after sev-
eral decades. Reference soils in Colorado, which were re-
ported to have mainly received radionuclides from the global
fallout (as opposed to other sources of contamination, such as
plutonium processing plant fallout), had a 137Cs/239+240py
activity ratio of ~ 20 (decay-corrected to 2024 for the cur-
rent study; Hodge et al., 1996; Price 1991). Similar ratios
have been reported elsewhere in the USA (McArthur and
Miller, 1989; Krey and Beck, 1981; Hodge et al., 1996;
Hardy 1975), in Italy (de Bortoli et al., 1968), in Scotland
(Earkins et al., 1981, as cited in Hodge et al., 1996), and
in South Korea (Kim et al., 1998). However, Meusburger
et al. (2016) reported a considerably higher variation in the
137Cs/239+240Pu activity ratio in the Haean catchment, ad-
jacent to the demilitarized zone in South Korea (Table S3).
This is due to the different adsorption behaviors of 239+240py
and '37Cs in the soil, with 23*+240Py migrating to deeper lay-
ers than 137Cs (Meusburger et al., 2016). For the French fall-
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out, only Bouisset et al. (2021) provided a 37Cs/?3°+240py
activity ratio of ~ 1.7, which was calculated in the same
way as their proposed 2*°Pu/>3°Pu atomic ratio. Similarly,
Tims et al. (2013b) and Johansen et al. (2019) also reported
low 137Cs/239+240py activity ratios of 0.17 and 0.32 near
the Australian testing sites in Maralinga and the Montebello
Islands, respectively. However, due to the limited measure-
ments of 137Cs/239+240Py activity ratios other than those
characterizing the global fallout, as well as the differences
in migration patterns between 23°t240Py and '37Cs in the
soil, these ratios must be used with caution. To determine the
1375 /239+240py activity ratios of the different sources more
accurately, we propose that more reliable matrices that pre-
serve the original ratio must be used, taking radioactive decay
into account. These matrices could include coral archives or
undisturbed rain gauge lake sediments where the percentage
of the global fallout is known.

Owing to the high uncertainty associated with the
1375 /239+240py activity ratios, only the 24°Pu/?3**Pu atomic
ratios were used to determine the fallout sources in
the AVATAR-Soils Database. In addition, data on the
1375 /239+240py activity ratios were only available for 14
reference soils, which were collected near the testing sites
in French Polynesia and in Maralinga. This approach is ex-
tremely insufficient for determining the sources of '37Cs and
239+240py in the large parts of the equatorial and Southern
Hemisphere regions.
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5.2.2 The 240Py/23°Py atom ratios of reference soils

As shown in Fig. 7, the 2*°Pu/?*Pu atomic ratios of the
French and British fallout overlap with each other. Although
it has been shown that the French fallout is responsible for
the shift in the >*°Pu/?°Pu atom ratios from the global
fallout in South America (Chaboche et al., 2021), it is not
known whether it significantly contributed to the shifts in
the the 2*0Pu/2*Pu atomic ratios in other regions. It was,
therefore, assumed that contributions from the French fall-
out caused deviations in the 2*°Pu/23*Pu atomic ratios from
the global fallout in South America and French Polynesia
(e.g., Chaboche et al., 2021; Bouisset et al., 2021), while the
British fallout caused similar deviations in the rest of Ocea-
nia (Froehlich et al., 2019; Tims et al., 2013a).

The 240Pu/23°Pu atomic ratios near the Equator and be-
low 45°S in the AVATAR-Soils Database (Fig. 7) are more
characteristic of the global fallout signature. However, along
the midlatitudes (20—45° S), a mixture can be observed, with
many of the points displaying shifts in the 2*°Pu/?3°Pu
atomic ratios towards either the French or British fallout.
Among the continents, only reference soils from sub-Saharan
Africa showed >*°Pu/?3Pu atomic ratios that were exclu-
sively attributable to the global fallout. The majority of those
collected from South America and Oceania deviated from
the global fallout signature, with an expected significant con-
tribution of low-yield NWT fallout in French Polynesia and
Australia.

The reference soil profiles with the lowest 2*°Pu/>3°Pu
atom ratios (0.0394 4 0.0062), characteristic of low-yield
fallout, were those collected from the Gambier archipelago
(23°S, 135°W), which is located 425 km from the French
testing sites of Moruroa (22.2°S, 138.7°W) and Fangata-
ufa (21.8°S, 138.9° W) in French Polynesia (Bouisset et al.,
2021). Interestingly, comparable 2*°Pu/?**Pu atomic ratios
were also reported in reference soils collected from west-
ern Chile and Australia. Chamizo et al. (2011) reported a
ratio of 0.041£0.003 at a high-altitude site in La Parva,
Chile (33°S, 70° W), whereas Lal et al. (2017) reported a
240py/239Py atomic ratio of 0.069 +0.005 in central Aus-
tralia (25.3°S, 132.0°E), which is close to the values mea-
sured in soils near the UK testing sites in the Montebello
Islands (0.045 £ 0.002) and Maralinga (0.04—0.05) (Tims et
al., 2013a, b). Therefore, all of these regions showed the
highest contribution from either French or British fallout. For
the rest of the equatorial and Southern Hemisphere region,
the global fallout was considered to be the main source of
239+240Pu (Flg 8).

5.2.3 Relative contributions of fallout sources to FRN
inventories

The relative contributions of the fallout sources calculated
from the 2*°Pu/2*°Pu atomic ratios in South America and
Oceania are shown in Fig. 8. Again, we assumed that only the
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contributions from the French NWT caused deviations in the
ratios from the global fallout in South America and French
Polynesia, whereas the British NWT caused deviations in the
rest of Oceania. The French fallout had a significant contri-
bution between 20 and 40° S in South America, which is ap-
proximately the same latitudinal band in which the French
NWT events were conducted in Polynesia. In Australia, a
significant contribution of the British fallout was observed in
the central and western parts of the country, in areas located
near and between the testing sites in Emu, Maralinga, and
the Montebello Islands at 15-35° S. On average, the French
fallout contributed ~ 20 % to the reference soil 237+240py
inventories in South America and ~ 68 % in French Poly-
nesia, whereas the British fallout contributed ~ 27 % to the
reference soil 23°+t240Pu inventories in the rest of Oceania.
The uncertainties associated with the relative contributions
in each soil profile, as well as the relative contributions in
areas not shown on the map, calculated using Eq. (4), can
be found in Table S4. These uncertainties were calculated
by propagating the uncertainties associated with the fallout
source 240Pu/23Pu atomic ratios and the ratios in the soil.
However, the nature of the distribution of 239t240py in the
Southern Hemisphere could provide another source of un-
certainty.

As opposed to the Northern Hemisphere, the influence of
the French and British fallout in the Southern Hemisphere
led to some heterogeneity in 2**Pu/?3?Pu atomic ratios in the
soil (Kelley et al., 1999; Chamizo et al., 2011; Chamizo et al.,
2020). This is due to the low fallout spread over multidecadal
weapon development and the significant tropospheric debris
content, which is less homogeneous than stratospheric fall-
out, integrated in the soil (Kelley et al., 1999). For exam-
ple, a wide variability in 2*°Pu/?3?Pu atomic ratios was ob-
served by Chamizo et al. (2011) in Chile within the 20-40° S
range, which encompasses the latitude of the French NWT
in French Polynesia. In Madagascar, a similar, although less
pronounced, variability was also observed in peat and marsh-
land cores (Chamizo et al., 2020). Interestingly, the cores
with the lowest 23°Pu inventories had 2*°Pu/2*°Pu atomic
ratios significantly lower than the global fallout signature.
However, as the studied sites are marshlands subjected to
flooding regimes (Chamizo et al., 2020), factors other than
atmospheric fallout likely affected the distribution of Pu in
the area. For the same reason, the 2!°Pb chronology could
not be established in the peat layers.

Upon comparing the 2*°Pu/?3*Pu atomic ratios analyzed
from 5 g aliquots of soils with thermal ionization mass spec-
trometry (TIMS), Kelley et al. (1999) also observed a 16 %
standard deviation from the ratios previously obtained from
1 kg aliquots of the same samples by Krey et al. (1976). This
is higher than the £6 % standard deviation observed in sam-
ples collected from the Northern Hemisphere (Kelley et al.,
1999). This indicates that sample heterogeneity could also af-
fect 240Pu/23°Pu atomic ratios and may not fully reflect the
actual contribution from different fallout sources.
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Figure 7. Latitudinal distribution of the 240py /239Pu atomic ratios in reference soils in comparison to the known fallout source ratios.
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The heterogeneity associated with the contribution from
different NWT sources for 23°+240Py inventories is certainly
less significant than the heterogeneity associated with NPP
accidents for 137Cs (Alewell et al., 2017). However, it is still
critical to address the uncertainties mentioned previously, es-
pecially in areas with a significant input of sources other
than the global fallout when employing 2°+240Pu invento-
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ries and isotopic ratios for a specific application. This has re-
cently been demonstrated by Dowell et al. (2024a, b), who
used 239+240Py inventories to assess soil erosion in west-
ern Kenya, wherein the low variability in the 23*+2*0Py in-
ventories and isotopic ratios were considered to be criteria
for the suitability of the assessment technique. As such, the
AVATAR-Soils Database provides a data compilation that

https://doi.org/10.5194/essd-17-1529-2025



G. Dicen et al.: Distribution and sources of fallout 137Cs and 239+240py

might be used to assess the heterogeneities of different re-
gions.

6 Predicting 137Cs and 239+240py jnventories in
equatorial and Southern Hemisphere reference
soils

The results of the random forest model for '3’Cs and
239+240py are presented in Fig. 9. For '37Cs, the most im-
portant covariate was precipitation during the coldest quar-
ter, followed by longitude, annual precipitation, elevation,
and latitude (Fig. 9b). In the case of 239+240py mean diurnal
temperature range emerged as the most important covariate,
followed by precipitation during the driest quarter, annual
temperature range, precipitation during the driest month, and
precipitation seasonality (Fig. 9d). Due to the differences in
the spatial coverage of 137Cs and 23°+240Py inventory data,
with 239+240py covering only sparse areas, different covari-
ates emerged with different levels of importance. However,
this does not imply that 137Cs and 23°+240Py are transported
differently. As the 137Cs/?3+240py activity ratios suggest
(Table 1), 137Cs and 23°T240Py appear to follow similar de-
position patterns for every fallout source.

In addition to precipitation, spatial variables like latitude
and longitude emerged as important covariates. Latitude gov-
erns the deposition of FRNs from the troposphere through
latitudinally constrained atmospheric circulation cells (UN-
SCEAR, 2000), while longitude is related to the location
of test sites in the Southern Hemisphere. Elevation and
temperature-related variables also emerged as important fac-
tors, as these govern the orographic processes that influence
the deposition of FRNs (Meusburger et al., 2020).

Generally, precipitation is reported to account for about
90 % of FRN deposition (Wright et al., 1999) through the
scavenging of particulates released from NWT (Mercer et al.,
1963; Machta, 1964). However, Earth’s atmospheric circula-
tion is not uniform, with wind patterns converging and di-
verging at different locations globally, leading to an uneven
distribution of FRNs in the atmosphere. As such, the rela-
tionship between precipitation and FRN inventories is only
consistent within climatologically uniform areas (Chappell
et al., 2011). This is apparent from the varying correlations
observed between precipitation and '37Cs inventories in dif-
ferent regions like the Arctic (Wright et al., 1999; Pélsson et
al., 2006), South America (Chaboche et al., 2021; Chamizo
et al., 2011), and Australia (Chappell et al., 2011). This also
implies that other variables influence the global variability in
137Cs and 239+240Py inventories.

The optimal mtry values were determined to be 8 for 137Cs
and 6 for 239240py. Cross-validation of the random forest
model yielded concordance correlation coefficients (CCC) of
0.74 for 137Cs and 0.78 for 239+240py_ with coefficients of
determination (R?) of 0.62 and 0.67, respectively. The root-
mean-square error (RMSE) values were 200.2 for 137Cs and
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13.08 for 239+240py (Fig. 9a and c). These findings demon-
strate the potential of these data for developing future base-
line maps of 137Cs and 23°+240py,

7 Data limitations, uncertainties, and
recommendations

Compiling the data for the AVATAR-Soils Database was con-
nected to inherent data limitations that could not be avoided
due to uncertainties and obscurities in the reviewed publica-
tions. The criteria used for reference soils are often not ex-
plicitly reported, which made it challenging to verify. Thus,
we report the criteria that we used to define a reference soil,
the vegetation at the time of sampling, and land-use history,
if available. As much as possible, the coordinates of the soil
profiles were taken as provided by the authors; however, the
accuracy varied across different publications. While more re-
cent publications provided highly accurate coordinates, the
coordinates provided in older publications might be con-
nected to lower accuracy due to limitations in technology.
For example, the coordinates provided in Hardy et al. (1972,
1973) were expressed only up to the 10th decimal place, re-
sulting in some points falling outside of land surface areas
when mapped in ArcGIS Pro. These points were, therefore,
not used in the random forest implementation. Some older
publications (e.g., Loughran et al., 1989, 1992, 1993) have
also only provided maps that lack longitudinal and latitudi-
nal axes. In these cases, the maps were overlaid in Google
Earth to extract the coordinates. A further limitation was that
some published data were only presented as figures. These
figures were, therefore, digitized via WebPlotDigitizer v4.5
(Rohatgi, 2020), which provides only an approximation of
the exact values used by the authors.

As 137Cs and 2%+240Py were measured in different labo-
ratories using different analytical techniques (for 23°+240py),
which are connected to different measurement uncertainties,
another source of uncertainty is introduced when comparing
the data compiled. In addition, the heterogeneity of samples
used for analysis, as pointed out by previous studies (Kel-
ley et al., 1999; Chamizo et al., 2020), may also affect the
representativeness of the values reported. Finally, '37Cs data
without the sampling date or date of decay correction were
decay-corrected using the average time delay between sam-
pling and publication. Users of the AVATAR-Soils Database
must, therefore, be aware of the abovementioned limitations.
We also recommend that all important information related to
137Cs and 23°*240Py be made available in future publications
to increase the accuracy of the data. This includes a sufficient
description of the sampling area, date of measurement or de-
cay correction (for 137Cs), analytical precision, uncertainties,
and detection limits.
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significant covariates (full names listed in Table S1) are displayed in the plot.

8 Data availability

The AVATAR-Soils Database may be accessed from the Zen-
odo repository: https://doi.org/10.5281/zenodo.14008221
(Dicen et al., 2024).

9 Code availability

Codes used for running the statistics and modeling were writ-
ten in R and are available upon request from the correspond-
ing author.

10 Conclusions and outlook

Current scientific knowledge on '37Cs and 23+240Py is bet-
ter constrained in the Northern Hemisphere, and there are
many uncertainties, especially regarding their distribution,
their sources, and the factors that govern their distribution,
in the Southern Hemisphere. The AVATAR-Soils Database
is — to the best of our knowledge — the first comprehensive
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compilation of 137Cs and 23°+240Py data in equatorial and
Southern Hemisphere reference soils from the literature.
The meta-analysis results revealed that high '3’Cs and
2394240py inventories were recorded near the Equator and
within the 20—40° S latitudinal bands, which coincide with
the latitudes at which many NWT events were conducted.
The 2*0Pu/?3°Pu atomic ratios suggest that sources other
than the global fallout (primarily from US and USSR
weapons testing with a 2**Pu/23Pu atomic ratio of ~0.18)
contributed to the reference inventories in the Southern
Hemisphere, especially in South America and Oceania. The
French fallout had a significant contribution between 20 and
40° S in South America, which is around the same latitude at
which the French NWT events were conducted in Polynesia.
In Australia, a significant contribution of the British fallout
can be observed in the central and western parts of the coun-
try, in zones near and between the testing sites in Emu, Mar-
alinga, and the Montebello Islands. However, lake sediment
data should be investigated to confirm whether or not the ar-
eas affected by the French and British fallout, which has sim-

https://doi.org/10.5194/essd-17-1529-2025


https://doi.org/10.5281/zenodo.14008221

G. Dicen et al.: Distribution and sources of fallout 13’Cs and

ilar 2*°Pu/23Pu atom ratios but different fallout chronolo-
gies, are indeed geographically well delineated.

Via a modeling approach, we identified the most important
set of climatic, topographic, and spatial variables that can
predict the '37Cs and 239+240Py inventories. The common
predictors for both 37Cs and 23*+2*0Pu were precipitation
during the driest quarter, longitude, mean diurnal range, and
other temperature-related variables. Despite the good pre-
dictability of inventories using these variables, actual inven-
tories must still be measured in areas that lack data to further
strengthen and improve the model. Through this, we will be
able to develop a more comprehensive understanding of the
distribution and sources of '37Cs and 23°+240Puy in equatorial
and Southern Hemisphere soils and improve their application
as tools in Earth science research.
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