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When supported by a reliable geochronology, lake sediments provide important archives for environmental and
climatic changes. Artificial radionuclides in general, and cesium-137 (*¥’Cs) in particular, are frequently used to
validate sediment chronologies over the past century. This review and meta-analysis assessed the spatial dis-
tribution and variability of '%’Cs in lake records from the Southern Hemisphere, while also identifying
geographical data gaps. The '*’Cs profile shapes and inventories were compared and categorized, and their
relationships with environmental variables were tested. The spatial distribution of available data reveals an
imbalance in studies available across the Southern Hemisphere, with South America showing the greatest
research coverage. While the sedimentation rate was identified as a key factor of *’Cs variability, two groups
identified from the database presented high peak activities regardless of sedimentation rate, particularly in lakes
located between 40°S and 50°S in Chile and Argentina. Lake geographic location (and their distance from nuclear
test sites) appears to be the most influential factor explaining disparities in 3’Cs deposition. Surprisingly, neither

precipitation nor lake elevation showed a significant correlation with *¥Cs peak activity.

1. Introduction

Reliable time markers are essential for reconstructing environmental
changes over the past century, as these shifts have negatively impacted
soils, surrounding waters, and ecosystems, particularly in the Southern
Hemisphere (Hancock et al., 2011; Zalles et al., 2021). For nearly five
decades, artificial radionuclides have been extensively used as effective
time markers/geochronometers to document a variety of environmental
changes (Appleby, 2001; Pennington et al., 1973; Ritchie et al., 1973;
Ritchie and McHenry, 1990).

The artificial radionuclide cesium-137 (**7Cs, t ,2 = 30.2 years) is
commonly used to independently validate sediment chronologies in
lakes based on the naturally-occurring radionuclide lead-210 (21°Pb, t;,
o = 22.2 years) and its atmospherically supplied (excess 2'°Pb) fraction
(Bruel and Sabatier, 2020). More recently, the use of the isotopes 240py
and 2*°Pu has increased to refine sediment chronologies and offer an
additional tool to complement 37Cs (Ketterer et al., 2004; McCarthy
et al.,, 2023; Rollin et al., 2022; Zhao et al., 2025). However, the
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application of 2*°Pu and 2*°Pu isotopes in lake sediments remains
limited in the Southern Hemisphere (SH) with very few studies so far
(Chaboche et al., 2022; Hancock et al., 2011; Sanders et al., 2017).
Therefore, '3’Cs continues to be the primary artificial radionuclide for
validating lake sediment records globally.

In the Northern Hemisphere (NH), particularly in Europe, the dis-
tribution of '3’Cs is relatively well-documented. Sediment cores
commonly show one or two distinct peaks in '*’Cs activity. The first
peak in '¥7Cs activity corresponds to the year of maximum fallout in the
Northern Hemisphere in 1963 CE, which marked the end of nuclear
bomb tests by the former Soviet Union and the USA. The second peak of
137Cs activity is associated with the Chernobyl nuclear power plant ac-
cident, which occurred in 1986 CE (Foucher et al., 2021), and which
generated fallout across wide regions in Europe (Meusburger et al.,
2020). In the Southern Hemisphere (SH), global fallout was also widely
distributed after 1963. Notably, France continued atmospheric ther-
monuclear bomb testing at Mururoa and Fangataufa atolls in French
Polynesia (22° S) between 1966 and 1974, contributing to additional
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Fig. 1. Scheme of the different publication extractions from the literature re-
view with n = total number of publication (all SH countries included).

fallout deposition in South America (Arnaud et al., 2006; Chaboche
et al., 2022).

The distribution patterns of radionuclides are influenced by multiple
factors, including the nature of the injection process (e.g., explosive
yield, injection altitude, and latitude) and the atmospheric circulation at
local, regional, and global scales (Bennett, 2002; UNSCEAR, 2000). The
distribution of 'Cs, which is primarily deposited through wet deposi-
tion, is significantly influenced by precipitation patterns and rates
(Aoyama et al., 2006; He and Walling, 1997; Ritchie and McHenry,
1990). Moreover, the atmospheric dispersion and deposition of fallout
radionuclides (FRNs) vary with proximity to nuclear test sites. Once
deposited on terrestrial surfaces, the redistribution of 137¢s within lake
drainage areas can be influenced by factors such as vegetation and land
use, lake elevation, watershed area, lake surface area, surrounding
slope, and sedimentation rate, all of which affect the remobilization and
deposition of FRNs in lake sediments (Appleby et al., 2019; He et al.,
1996; Pulley et al., 2018; Ritchie and McHenry, 1990; Walling and
Qingping, 1992).

Our knowledge of the baseline activity of 1¥”Cs in the SH is limited in
comparison to that in the NH because of the limited radionuclide mea-
surement data available in the SH (Evrard et al., 2020; Foucher et al.,
2021). During the nuclear weapons testing period, the United States
operated 115 monitoring stations in the NH but only 50 in the SH
(Health and Safety Laboratory, 1977). While this distribution reflects
the global landmass proportions (32 % in the SH vs. 68 % in the NH), the
signing of the Test Ban Treaty in 1963 led to the cessation of monitoring
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Table 1
Description of the metadata in the ARLASH database extracted from the
compiled literature.

Data Variables

General Reservoir name, Core name, Continent, Country, Latitude,
Longitude, Exact coordinates (Yes/No), Coring date, Core
length, Corer type, Corer brand, Core diameter and sample

depth increments

information

Lake information Lake type, year of dam construction (if it is a dam lake), Lake

elevation, Surface area, Maximum depth, Trophic state,

Salinity
Catchment Surface area, Vegetation, Land use, Precipitation, Climate,
information Mean annual temperature
137Cs data Analysis year, Analysis technique, Activity reported (Yes/No
data/DL/Reference point),'’Cs-based sedimentation rate,
the!®”Cs profile metrics (see paragraph 2.2) and'*’Cs
inventory
210pp data Analysis technique, Activity reported (Yes/No data),?!°Pb
activity,?1°Pb-based sedimentation rate, Age Model, Mass
accumulation rate and*'°Pb inventory
Sediment Dry bulk density, Mass depth or Cumulative dry mass
information
Publication Authors, DOI, Journal name and Publication year
information

at multiple stations around the world. This corresponds to a lack of ca.
50 % of data for the post-1963 period compared to the pre-moratorium
period, with a more pronounced lack of data for the SH (Evrard et al.,
2020).

In this context, a meta-analysis of lake sediment records available
from the literature was conducted to identify the key factors influencing
the '¥7Cs distribution across the Southern Hemisphere. The main ob-
jectives of this study are: (i) to provide an overview of ¥’Cs activity
levels in lake sediments across continents in the SH including South
America, Africa and Oceania, (ii) to compare total 137¢s inventories
among different lakes and (iii) to identify environmental parameters
associated with spatial disparities in '¥Cs activity and deposition
patterns.

2. Method
2.1. Data collection and ARLASH database

The literature review included all South American countries due to
their proximity to Pacific nuclear weapons testing sites and the seasonal
northward shift of the Intertropical Convergence Zone (ITCZ), which can
extend above the Equator during the austral winter. In contrast, for
Africa and Oceania, we limited our selection to countries located south
of or near the equator (£1° latitude), excluding regions further north
that lie predominantly within the NH.

Since !%7Cs is often used routinely as a time-marker radionuclide,
many studies do not explicitly mention it in their titles or abstracts,
which impedes the identification of these studies through standard
keyword searches in literature engines. To address this, we conducted an
extensive literature review covering the period from 1980 to 2024. We
first used the Web of Science database to search for publications using
the keywords “lake sediment” and the name of each country across the
SH. In a second step, we refined the search by performing an automated
keyword scan (137Cs” and “core™) within the full texts of the down-
loaded PDFs using Adobe Reader's advanced search function (Fig. 1).
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Fig. 2. Spatial distribution of lake sediment cores using '*’Cs activity as a time-marker in the Southern Hemisphere. Only islands with '3’Cs core data are labeled.

These subsearches aimed to exclude irrelevant articles, such as those
that: (i) focused on suspended or surface lake sediments, (ii) lacked
dating results or relied exclusively on radiocarbon (}*C) or optically
stimulated luminescence (OSL) dating, and (iii) were unrelated to the
country of interest. Peat core studies were also excluded from this re-
view because of the higher mobility of both natural and artificial ra-
dionuclides in peat material (MacKenzie et al., 1997; Thomson et al.,
2002). Accordingly, only studies assessing lakes, dams or lagoons were
included.

Artificial reservoirs constructed well after the main period of fallout
deposition period, or sediment cores that did not cover the pre-1960
period, were also excluded as they do not provide complete sedimen-
tary records. Additionally, ephemeral reservoirs were excluded because
of their transient hydrological nature, which likely does not lead to
preserved and continuous sediment chronologies.

A careful assessment of the articles identified with the term 1*7Cs’
was conducted to retain only those with original *Cs data for the
ARLASH database (Artificial Radionuclides in LAke sediments of the
Southern Hemisphere). Each database entry corresponds to a sediment
core in which '%’Cs measurements were reported. The ARLASH database
is composed of sections, including general information, lake informa-
tion, catchment information, '3’Cs data, 2!°Pb data, sedimentation in-
formation and publication information. (Table 1). All 137 values were
decay-corrected from the year of measurement to 2025 for the meta-
analysis. A more detailed description of the 55 variables extracted
from the publications is available online in the metadata sheet of the
ARLASH database (https://doi.org/10.5281/zenodo.15921856).

Some publications were excluded from the 137Cs profile data analysis
(but retained in the ARLASH database) because of certain limitations.
For 33 lakes (20 % of the database), 1375 was mentioned in the methods
section, but no actual data was presented in the text nor in the supple-
mentary materials (Fig. 2, gray dots). For example, 13’Cs data was not
provided for Laguna Blanca (Garcia-Rodriguez et al., 2002) because of
the absence of a clear peak corresponding to the maximum fallout year,
and for Laguna Banos (Michelutti et al., 2016) where the high organic
content of the material deposited may have affected 1%7Cs fixation and

increased its mobility. For 13 lakes (8 %), only the sediment depth
corresponding to the maximum fallout year (1964/1965) was refer-
enced as a time marker, without any 1%’ Cs activity value being reported
(Fig. 2, gray dots). One notable case is Lake Sibinacocha, which was
included despite its chronology being based on an archaeological pot
filled with sediment from the lake bottom (Michelutti et al., 2019).

Out of the 161 lakes and reservoirs from the ARLASH database, only
99 lakes (61 %) contained '*’Cs data presented in tables or graphs,
making them suitable for further data analysis.

2.2. The '¥7Cs total inventory

The total 37Cs inventory quantifies the cumulative amount of '3’Cs
per surface area unit, allowing comparisons across lakes irrespective of
sediment density, water content or sedimentation rate. This value rep-
resents the total amount of 13’Cs accumulated since its first detection on
global scale in 1954 CE.

Because 1%Cs inventories are rarely reported directly in the publi-
cations, they were calculated by interpolating the 137Cs activities along
the sediment core until background activity levels were reached when
137Cs measurement was not continuous. The total '3’Cs inventory is
therefore defined as the sum of the '*’Cs activities multiplied by the
mass depth, measured continuously with a given depth interval (sam-
pling increment):

n
Inve, = ('¥"Cs activity x DBD x x)

i=1

Equation (1)

where Invg; is in Bq.m’z, the 1%7Cs activity in Bq.kg’l, the dry bulk
density (DBD) in g.cm ™3, and x is the sampling increment thickness in
cm. If available, the mass depth (g.cm~2) was used directly instead of
DBD multiplied by x.

When %Cs activity was not measured continuously, the data was
interpolated and integrated using the serac R package (Bruel and
Sabatier, 2020). Separate files were prepared for each lake sediment
core, including DBD, '¥’Cs activity and the top and bottom depths of
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Table 2
Key metrics characterizing!®’Cs activity levels and their depths in sediment
profiles.

Metrics name Description of the metric

1 Cs_Peak64/
65_Activity

The maximum activity found in the fallout peak
centred upon 1964,/1965 in the SH, to capture the
magnitude of the'*’Cs fallout from nuclear test
during that specific period (in Bq.kg™).

The highest activity level detected in the sediment
core, which may differ from the'®’Cs peak associated
with 1964/1965 maximum fallout and is often
measured in the uppermost sediment layers of the
core.

The average'®”Cs activity of the entire core since the
first detection of fallout, to summarize the overall
magnitude of'*’Cs inputs from both fallout and
catchment-derived sources (in Bq.kg™!).

The median'*"Cs activity of the entire core since the

2 Cs_MaxActivity

3 Cs_AvgActivity

4 Cs_MedActivity
first detection of fallout, to summarize the overall
magnitude of'*’Cs inputs from both fallout and
catchment-derived sources (in Bq.kg™!).

The activity of the uppermost sediment layer (0-2
cm) expressed as a percentage of the maximum
activity measured in the core, to analyse recent
inputs of'*’Cs in comparison with those from the
peak fallout period (in Bq.kg™1).

Depth of the beginning of the 1964,/1965 peak (in
cm).

5 Cs_UpperActivity

6 Cs_IncreaseDepth

7 Cs_DecreaseDepth
8 Cs_AboveDL _Depth

Depth of the end of the peak (in cm).

Depth of the 1st occurrence of'*’Cs activity above
detection limit which represents the deepest
sediment layer where!3”Cs is measurable or reported
(in cm).

Depth of the maximum activity found in the fallout
peak (in cm).

Depth of the maximum'®”Cs value if different than
Cs_Peak64/65Depth (in cm).

9 Cs_Peak64/
65_Depth
10  Cs_MaxDepth

each sample to compute the %’Cs total inventory. To enable compari-
sons across lakes, all '%’Cs activities and inventories were
decay-corrected to the year 2025 using the following equation:

In2,

InVes o005 = Inves*e 7172 ‘ Equation (2)
Where t = 2025-Year of measurement and 1, /» is the half-life of 137¢g
(30.2 years).

We assume that '*’Cs measurements were conducted one year after
core collection unless otherwise specified. When not specified, the core
collection year was estimated based on an average five-year gap
observed between collection and publication dates in the database. A
similar time lag has also been reported for '3Cs inventories from
reference soil profiles studies (Dicen et al., 2025; Jagercikova et al.,
2015).

2.3. The '¥7Cs profile metrics

A comparison of the '3”Cs profile was conducted using data extracted
from tables and graphs in publications included in the ARLASH data-
base. For each core, ten descriptive metrics were compiled to charac-
terize the magnitude and depth distribution of *’Cs in sediment cores,
including different activity levels at key period depth markers (Table 2).

When numerical data tables were unavailable, depth and activity
values were digitized from '*’Cs profile plots using WebPlotDigitizer
(Rohatgi, 2015).0f the 134 records (from 99 lakes), only 15 % provided
data in table format and were directly useable, while the remaining 85 %
were digitized from figures.

To identify patterns and classify profiles following their shape, a
principal component analysis (PCA) followed by hierarchical clustering
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Precipitation_ WorldClim

NEAR_dist MR

FALSE _dist MR

LAT_DEC

Lake_elev

Lake_depth

to lake surface area
Long-term mean annual
precipitation
(1950-2000, in mm)
Euclidean distance from
Mururoa from each lake
to the Mururoa test site
(in km)

Westward component of
distance to Mururoa, to
reflect prevailing wind
direction Westward
distance from Mururoa
(in km)

Latitude used as a proxy
for distance from the
equator and, by
extension, from the
Northern Hemisphere,
where most nuclear tests
occurred (in decimal
degree)

Elevation of the lake (in
m)

Maximum lake depth (in
m)

Table 3
Description of the environmental variables extracted for each lake.
Variable name Description of the Source/Method
variable
Lake_Area Surface area of the lake HydroLAKES
(in km?) database” (Messager
et al., 2016)
Catch_Area Area of the lake's HydroLAKES
contributing catchment database” (Messager
(in km?) et al., 2016)
Ratio_CL Ratio of catchment area

Worldclim v1.4
database (Hijmans
et al., 2005)
Calculated using
ArcGIS

Calculated using
ArcGIS

Reported by the
authors or determined
from maps and
satellite images

Reported by the
authors
Reported by the
authors

2 for lakes larger than 0.1 km?

was conducted using the FactoMineR package in R (Le et al., 2008; R
Core Team, 2024).This multivariate approach aims to reduce the num-
ber of variables and identify groupings among profiles based on the
variations in '%’Cs metrics. Missing values were imputed using the mean
of each variable using the imputePCA function from the missMDA
package (Josse and Husson, 2016).

2.4. Relationships between environmental parameters and '3’ Cs activity

To evaluate the influence of the environmental settings on the dis-
tribution of '¥’Cs in lake sediments across the SH, we tested the re-
lationships between a set of eight climatic and geographic variables and
137¢s activity metrics.

When environmental data was not reported by the authors, we
extracted the lake surface area and catchment size from the Hydro-
LAKES database (Messager et al., 2016) and the mean annual precipi-
tation from the WorldClim v1.4 database (Hijmans et al., 2005) using
ArcGIS Pro 3.0.3 (Table 3). In addition, we calculated the Euclidean
distance and the westward distance to the Mururoa and Fangataufa
nuclear test sites, to account for both geographic proximity and pre-
vailing wind patterns that may have influenced the fallout distribution.

The environmental parameters were first compared with the '3/Cs
peak activity alone, and then with the ratio of the 13”Cs peak activity to
the sedimentation rate (i.e., the peak activity normalized by the sedi-
mentation rate). This ratio was introduced to account for potential
sediment dilution effects and to improve comparability between lakes
with different sediment accumulation dynamics.

We applied a range of statistical techniques using R v.4.3.3 (R Core
Team, 2024), including Spearman's rank correlation to assess relation-
ships between individual variables, multiple linear regression to eval-
uate the combined influence of potential predictors, and random forest
analysis to identify the most influential variables. Differences in the
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environmental parameters across the 137Cs profile groups (as defined by
PCA-based clustering) were assessed using the Kruskal-Wallis test. This
suite of methods allowed us to explore both continuous trends and
group-level contrasts in the environmental drivers of *¥Cs deposition in
lake sediments.

3. Results and discussion
3.1. Lake distribution of the ARLASH database

3.1.1. Data spatial distribution

Using the search term "lake sediment" combined with the name of
each country, we extracted over 8000 research publications published
from 1980 to 2024 from the Web of Science (Clarivate Analytics)
database. A detailed review was conducted on all publications that
included '%7Cs data (2 % of the initial search). After excluding citation-
based papers and retaining only original published data, 119 publica-
tions in which '%Cs was measured were included in the ARLASH
database (Fig. 1). Notably, 95 % of these publications (n = 114, where n
refers to the number of publications) also reported 210pp, data.

This two-step literature review allowed us to study multiple publi-
cations dealing with lake sediment dating using '3”Cs as the only recent
time marker or used in combination with excess 2!°Pb. A previous
literature review conducted by Foucher et al. (2021), which used the
search terms “'%Cs” and “sediment core”, identified 27 lakes in the SH
(including lagoons and dam reservoirs) from 19 publications out of a
total of 1300 sediment records globally, mainly originating from marine
coastal and estuarine environments. Our approach yielded five times
more studies, substantially improving the spatial coverage of
137Cs-based lake sediment chronologies in the SH.

However, the number of lakes with 3’Cs data in the SH corresponds
to less than half the number reported for the Northern Hemisphere
(Foucher et al., 2021).This gap would likely increase if the two-step
literature review was applied to the Northern Hemisphere, where
glacial and periglacial processes contribute to a greater number of lakes.

Each record in the ARLASH database corresponds to a sediment core
with reported 137Cs measurements (202 cores). Typically, one core per
lake was analysed, although in 15 % of the cases, multiple cores were
obtained from the same lake. In total, 161 lakes from the Southern
Hemisphere were included: 94 lakes from South America, 35 lakes from
Africa, 29 lakes from Oceania (including Melanesia and Micronesia) and
3 lakes from Southeast Asia. The geographical distribution of studies is
heterogeneous, with South America accounting for the largest propor-
tion (58 %), followed by Africa (22 %) and Oceania (18 %). The majority
of studies were conducted in Chile and Argentina, followed by Australia
and Uganda (Fig. 2).

The spatial distribution of study sites using '*’Cs as an independent
time marker to date lake sediment cores mirrors the distribution of
permanent freshwater lakes in the SH. Africa shows particularly an
uneven distribution, with most 13”Cs-based studies concentrated in the
African Great Lakes region and the Rwenzori Mountains (0-10°S). This
pattern reflects the concentration of large tropical open freshwater lakes
in the western branch of the East African Rift, which are less sensitive to
hydroclimatic changes (Branchu et al., 2010), as well as the limited
number of permanent freshwater lakes in southern Africa (below 17°S
latitude) suitable for preserving continuous sediment records (Rose
et al., 2021). However, Rose et al. (2021) identified several lakes in
Mozambique that are promising for reconstructing recent anthropogenic
impacts, although no 13”Cs study has been conducted in this region so far
(Fig. 2).

In South America, most studies are restricted to the Andes Mountains
or their foothills (Fig. 2), particularly in the lake district and its myriad
of glacial lakes that extend across Chile and Argentina (38-43°S) where
glacial lakes offer favorable settings for preserving sediment sequences.
In contrast, no '*’Cs-based published data has been found in countries
such as Paraguay, Suriname and Guyana, or the overseas department of
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French Guiana. In addition, lowland agricultural regions such as the
Pampa of Argentina, Uruguay and Southern Brazil are underrepresented
in '37Cs studies. These areas have undergone massive land use changes
over recent decades, which have increased erosion and subsequently
increased sediment input as well as contaminants transfers such as
pesticides to lacustrine systems (Foucher et al., 2023). More studies
could likely use '*’Cs to reconstruct recent environmental changes in
these areas.

In Oceania, most of the publications are concentrated along Aus-
tralia's eastern coast (Fig. 2). Generally, there is a notable scarcity of
137Cs data across much of the 20-30°S latitudinal band in the SH.

3.1.2. Factors limiting the detection of 1>’Cs activity peak

The detection of the '37Cs activity peak in the Southern Hemisphere
is known to be limited by the low artificial fallout deposition, which is
approximately three times lower than in the Northern Hemisphere, as
most nuclear weapons tests were conducted there (UNSEAR 1982). This
section reports on the main challenges encountered when measuring
137Cs activity.

The 1%7Cs activity was reported to be below the detection limits in 16
lakes (10 % of records, Fig. 2). The only reported detection limit for
these publications is the one given by Godoy et al. (2002) equal to 3 Bq.
kg~ !. The reported detection limits in the other cases typically range
from 1 to 2 Bq.kg ! (Arnaud et al. 2016: 2 Bq.kg~!; Daga et al., 2008: 1
Bq.kg™!; Guilizzoni et al., 2009: 1 Bq.kg™}; Ribeiro Guevarra and Arri-
bere, 2002: 1 Bq.kg™! and Wils et al., 2021: 1 Bq.kg™1). Although these
detection limits are not particularly high, elevated detection limits (>1
Bq.kg™!) may in some cases mask the occurrence of low although sig-
nificant 1%”Cs activity, particularly in the SH.

Low '¥7Cs activities associated with high uncertainties were reported
for Laguna Fondacocha and Llaviucu (Ecuador) with values of 5.6 + 3.0
Bg.kg ! and 2.5 + 1.1 Bq.kg™! respectively, (Bandowe et al., 2018),
complicating the identification of the 1*’Cs peak. In the future, this issue
may be addressed using ultra-low background '3’Cs measurement fa-
cilities, such as those available in underground laboratories (Reyss et al.,
1995).

Low annual rainfall at the lake location is another cited factor
associated with low or the absence of detection of 13’Cs, as observed in
arid to semi-arid regions such as Lago Vichuquén in Central Chile
(Frugone-Alvarez et al., 2017) or the Acarai-Mirim and Araras dams in
northeast semi-arid part of Brazil (Ledru et al., 2020).

Sediment mixing can result from the input of material derived from
erosion processes, turbidite deposition, flooding events, or bioturbation.
These processes can redistribute 13’Cs within the sediment core, thereby
causing lower activity levels that may obscure the '*’Cs activity peak.
For instance, the Acarad-Mirim and Araras reservoirs (Brazil) showed no
detectable 1¥7Cs, likely because of high sediment inputs following their
recent construction years (1961 and 1958 respectively, Ledru et al.,
2020). Shallow coastal freshwater lakes such as the Mangueira and
Mirim lagoons and Lake Nicola (Brazil) also showed no 137Cs, likely
because of sediment resuspension in shallow basins (<5m, Bueno et al.,
2021). Conversely, in Lake Titicaca (Peru/Bolivia), a very low sedi-
mentation rate combined with a too thick sampling resolution likely
resulted in temporal averaging of 3’Cs concentrations, smoothing out
the 1%7Cs activity peak and complicating its detection (Guédron et al.,
2021). A similar challenge was reported for Lake Nahuel Huapi, where
low sedimentation rate combined with 2 cm sub-sampling resolution
prevented the distinction of '3’Cs fallout peaks in the activity profiles
(Ribeiro Guevara and Arribére, 2002). A discontinuous sampling strat-
egy can likewise lead to miss the 137¢g peak (e.g., Lake Rotorua, New
Zealand, Weisbrod et al., 2020).

Non-ideal coring locations may also result in undetectable '3/Cs
peaks. In Lake Kivu (Rwanda), coring was conducted along the lake
shore to avoid high gas concentrations found below 200 m in depth,
potentially leading to the loss of surface sediment (Pasche et al., 2010).
In contrast, in Lakes Singkarak and Maninjau (Indonesia), the absence of
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137Cs may be attributed to high sedimentation rates at deep coring sites,
potentially enhanced by sediment focusing, which dilutes the 1*’Cs ac-
tivity (Wils et al., 2021). Sediment focusing refers to the lateral redis-
tribution of sediments within a lake basin which leads to enhanced
accumulation in deeper areas compared to shallower zones (Corcoran
et al., 2018; Edgington and Robbins, 1990). In some cases, no specific
explanation was provided for such an absence of detection: Laguna de
Ubaque (Colombia, Bird et al., 2018), Lake Fan (South Georgia, Strother
et al., 2015) or Rebecca Lagoon (Tasmania, Saunders et al., 2012).

The publications included in the database did not directly address
the influence of organic matter content and particle size distribution on
the detection and distribution of 1*”Cs in lake sediments. However, these
factors are known to affect these processes. Typically, 1*”Cs activities are
higher in fine-grained sediments and show a strong affinity for organic
matter (Pulley et al., 2018).

Overall, the detection of 1*’Cs activity in the Southern Hemisphere is
limited by low fallout deposition and spatial variability in precipitation,
with additional limitations arising from variable sedimentation dy-
namics (e.g., high versus low sedimentation rate) and sampling strate-
gies (e.g., sampling resolution, coring site).

Another key factor that can limit the use of 13’Cs to validate recent
chronologies is the lack of access to measurement infrastructures. There
is no record of any African laboratory measuring natural or artificial
radionuclides in the ARLASH database. In South America, only a few
laboratories are mentioned, one in Argentina and another in Chile. Many
researchers send samples to the NH (e.g., to labs in the U.S., Canada,

France, or the UK) where low-background Germanium detectors are
generally used for radionuclide measurements, which limit regional
capacities in obtaining recent sediment chronology and the develop-
ment of studies focused on recent environmental changes that require
sediment dating as a prerequisite.

3.2. Total '¥Cs inventories

Dry bulk density or cumulative mass depth data were provided for
only 23 % of the sediment cores, allowing the calculation of '*’Cs in-
ventories for 45 cores collected in 29 lakes across the SH. The median
137¢s inventory across these sites is 239 Bq.m_2 (IQR: 129-365 Bq.m_z;
Min-Max: 27-1488 Bq.m 2). On average, the lake sediment '*’Cs in-
ventories are consistent with the reference fallout values reported by
UNSCEAR (2000), which range from 200 Bq.m ™2 near the equator to
400 Bq.nf2 between 40° and 50°S latitude (Fig. 3). Continental median
inventories were calculated as follows: 142 Bq.m ™2 for South America
(22 cores; IQR: 86-232 Bq.m’z), 361 Bq.m’2 for Africa (16 cores; IQR:
134-547 Bq.m’z) and 365 Bq.m’2 for Oceania (7 cores; IQR: 324-680
Bq.m™2). Only a small number of lakes in the ARLASH database show
137Cs inventories exceeding 400 Bq.m’zz

- Lac de la Poule (Kerguelen Islands, 1488 Bq.m’z),
Lake Victoria (Uganda, 1309 and 1138 Bq.m_z),

- Lake Zeekoevlei (South Africa, 936 Bq.m’z),

Lake Victoria (Australia, 905 Bq.m’z),
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- Lake Naivasha (Kenya, 633 and 518 Bq.m’z),

- Lake Kibengo (Uganda, 474 Bq.m_z),

- Blue Lake (Australia, 455 Bq.m’z)

- Lake Manyara (Tanzania, 403 and 399 Bq.m’z).

Large lakes such as Lake Victoria and Lake Naivasha in the Rift
Valley (Africa) have extensive surface areas and drain large basins,
which promote significant sediment remobilization across the catch-
ment. This process can lead to sediment focusing from shallow to deeper
areas, resulting in elevated '*’Cs inventories, and could explain why a
third sediment core from Lake Victoria (core NG1) shows a much lower
137¢g inventory of 255 Bq-m’2 (Stager et al., 2009). In Africa, most lake
sediment inventories are available for equatorial regions, where '*’Cs
fallout has been reported to be higher compared to other parts of the SH
(UNSCEAR, 2000).

Lake Victoria in Australia, one of the country's largest freshwater
lakes, also exhibits high *3’Cs accumulation, which is likely driven by
watershed-derived inputs and sediment focusing. Similarly, the Lake de
la Poule in the Kerguelen Islands stands out with a high inventory,
possibly reflecting unique regional deposition patterns and sediment
dynamics, with very recent erosion from the catchment (Ficetola et al.,
2018). Overall, lakes with larger catchments and more dynamic

sediment processes tend to accumulate more '¥’Cs-labeled material
from the watershed.

In South America, most lakes with reported '3’Cs inventories are
located between 35° and 45°S latitude. These sites generally show in-
ventories consistent with, or slightly below, UNSCEAR reference values
and are typically small, high-altitude lakes with limited catchment
areas.

Due to the limited number of publications providing dry bulk density
(DBD) or cumulative mass depth data, it remains challenging to compare
137¢s deposition quantitatively across the SH using lake inventories. In
contrast, 137Cs metrics such as activity levels and depth profiles are more
consistently available and are often more suitable for inter-lake
comparisons.

SH lake inventories are roughly an order of magnitude lower than
those found in the Northern Hemisphere, where the median !*’Cs in-
ventory for lacustrine environments is 1316 Bq.m 2 (n = 216, Foucher
et al.,, 2021). In South America, computed inventories are primarily
concentrated between 35 and 45°S latitude, aligning with the expected
latitudinal range of '*’Cs deposition (Fig. 3). However, potential inter-
continental differences are not accounted in the UNSCEAR reference
inventory estimates (UNSCEAR, 2000). The total 137Cs inventories
across the SH are variable, with higher values in equatorial Africa and
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Table 4
Basic statistics per lake group defined by hierarchical clustering.
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137Cs maximum activity peak (Bq.kg™?)  '3”Cs median activity (Ba.kg™!)  Depth of'*”Cs activity peak (cm)  '3’Cs sedimentation rate (cm.yr ')

Min Max Median Min Max  Median Min Max  Median Min Max  Median
Groupl (maxn=7) 40.5 1181 55.3 27.2 71.7 333 1.0 21.0 4.5 0.05 053 0.11
Group 2 (maxn=23) 141 355 234 9.2 260 14.0 0.8 21.0 6.25 0.01 058 0.17
Group 3  (max n = 66) 0.9 19.8 6.2 0.3 108 3.4 0.5 17.0 6.75 0.01 047 0.16
Group 4 (max n = 29) 2.1 26.3 7.8 0.4 12.7 4.0 18.0 52.0 27.5 0.39 1.07 0.65
Group5 (maxn=9) 2.8 12.5 7.4 0.4 6.8 2.5 46.0 97.0 72 094 293 1.66

lower values in South America and Oceania. These patterns are likely
influenced by the combination of fallout distribution, catchment char-
acteristics, and sedimentation dynamics. The overall lower inventories
in the SH relative to those of the Northern Hemisphere are consistent
with established global fallout patterns (UNSCEAR, 2000; Foucher et al.,
2021). Although the limited number of computed inventories in the
ARLASH database prevents robust latitudinal comparisons, some equa-
torial African lakes show high '3”Cs inventories. This pattern aligns with
reference soil inventories compiled by Dicen et al. (2025), which report
the highest values between 0 and 10° latitude in Africa, reflecting the

influence of NH fallout.

3.3. A comparative analysis of 13”Cs sediment profiles

The maximum '¥Cs activity in each sediment core is generally
interpreted by the authors in the SH as corresponding to the global
fallout peak in 1964/1965 and can be representative of the magnitude of
137Cs deposition at each site. Across 99 lakes, the median '*’Cs peak
activity is 7.3 Bq-kg™! (decay-corrected to 2025, IQR: 3.4-14.2 Bq.
kg™ 1), with values ranging from 0.27 to a maximum of 118 Bqkg™!
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Fig. 5. Profiles of the five groups identified during clustering: Group 1 (high '3’Cs - low sedimentation rate), Group 2 (intermediate 3’Cs — low sedimentation rate),
Group 3 (low 137¢Cs _ low sedimentation rate), Group 4 (low 187¢s - high sedimentation rate) and Group 5 (low 187¢s - high sedimentation. The vertical and
horizontal gray dotted lines represent the average depth and activity of the '*’Cs activity peak. All references to this figure are listed in the ARLASH database.
Different Transparent colors for a graph indicate cores from the same lake but in different groups. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 5. (continued).

recorded in Lake Mahoma (Uganda; Mackay et al., 2021). Median peak
activities by continent vary as follows: 9.1 Bq-kg™! in South America
(IQR:4.1-18.1 Bq.kg™ 1), 8.6 Bq-kg ™! in Africa (IQR:5.0-13.0 Bq.kg™ 1),
4.8 Bg-kg ™! in Oceania (IQR: 2.8-9.3 Bq.kg™ 1), and 2.8 Bg-kg ™! in Asia
(IQR: 0.4-2.8 Bq.kg™ 1.

These peaks are seven to fourteen times in average lower than those
reported by Foucher et al. (2021) in NH lakes (69.8 + 91 Bq.kg’l). This
discrepancy is attributed primarily to the greater distance of the SH from
the main nuclear weapons testing sites, most of which were located in
the Northern Hemisphere. As noted by UNSCEAR (2000), only about 30
% of global artificial radionuclide fallout occurred in the SH, resulting in
lower initial deposition levels of 1%7Cs.

The low '%Cs activity in SH lake sediments reinforces concerns
about the future detectability and use of this artificial radionuclide for
dating archives. Continuous radioactive decay will further reduce **’Cs
activities, and within a few decades, many profiles may fall below
analytical detection. Based on decay projections, after two half-lives of
137Cs (~60 years), approximately 64 % of the lake records in the
ARLASH database would have peak activities below 3 Bq-kg™! which
poses significant challenges for their use as reliable chronological
markers. To better understand the variability of the 137Cs profiles, we
applied clustering methods to group lakes with similar *3”Cs profiles and
metrics, which most likely are linked to differences in sedimentation
dynamics.

Clustering analysis of 1%”Cs profiles

Hierarchical Clustering on Principal Components (HCPC) was used
to classify '3Cs sediment profiles, based on the %’Cs activities and
depth metrics (Table 2). The first principal dimension (dim 1 = 57.5 %)
captures most of the total variance in the database and corresponds to
positive loading variation in depth-related metrics, including the depth
of the 1%7Cs peak, maximum depth, and depth range over the 137¢s ac-
tivity peak (Fig. 4A). Positive loading on this axis captures variability in
the sediment accumulation. Negative loading on dim 1 is more strongly
associated with '*7Cs activity metrics such as peak, average, and
maximum activity. This negative loading on dim 1 reflects the magni-
tude of '¥”Cs deposition across profiles. The second principal dimension
(dim 2 = 37.9 %) allows only to separate the Group 3 lakes to the rest of
the groups with a positive loading on dim 2. The third principal
dimension only accounts for less than 3 % of the variance in the dataset
(Fig. S1).

The first dimension highlights a gradient from profiles with low ac-
tivity and deep '*’Cs activity peaks (positive loading of Dim 1) to those
with high activity peaks near the sediment surface (negative loading of
Dim 1) illustrating the influence of the sedimentation rate on the
magnitude of 1%7Cs activity. Based on cluster inertia gain lower than 1,
five distinct groups were defined (Fig. S2, Fig. 4A). Each group repre-
sents different '3”Cs activity profiles varying in 1>’Cs activity levels, and
depth characteristics (Table 4).

To simplify group interpretation, we summarized '*’Cs profile
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metrics variability with the 137Cs activity peak, and the sedimentation
rate was estimated by dividing the depth of the '*’Cs activity peak
(assumed to correspond to the 1964/1965 fallout maximum) by the time
since coring (Fig. 4B). The sedimentation rates were estimated based on
137Cs because 2'%Pbey-derived rates were sometimes unavailable or re-
ported only as ranges throughout the core. This calculated sedimenta-
tion rate provides a straightforward metric to describe sediment
accumulation dynamics across lakes. The different lake groups were
plotted on a map (Fig. S3) to better visualize their spatial distributions
and to identify potential hotspots of '3’Cs deposition.

Group 1 — Very high '*7Cs activity peak with low sedimentation rates

Lakes in Group 1 (n = 7) are characterized by a high median '%’Cs
activity peak of 55.4 Bq.kg-! (IQR:47.3-71.1 Bq.kg 1) associated with a
shallow peak depth, which represents a low median sedimentation rate
of 0.11 em.yr ! (IQR:0.08-0.18, Table 4). This group is very distinctive
from the other four groups with a'¥’Cs maximum activity peak five
times higher than the median maximum '%’Cs activity peak (Fig. 4B).
This group includes only seven lakes: Lago del Desierto, Laguna Gemelas
Este and Laguna Verde (Argentina), Laguna Negra (Chile), Lake Zee-
koevlei (South Africa), and Lake Mahoma (Uganda). Lake Zeekoevlei is
the only lake from group 1 that shows a mixed '’Cs profile without a
clear ¥7Cs peak (Fig. 5). Most of these lakes are located between 30 and
50° S latitude, except for Lake Mahoma, which is located at the equator
(Fig. S3).

Group 2- Intermediate '¥Cs activity peak group with low

10

sedimentation rates

Lakes in Group 2 (n = 23) present low sedimentation rates (median:
0.17 cm.yr~%; IQR:0.10-0.25 cm.yr 1), comparable to those in Group 1,
but with the *’Cs peak activity being approximately half as high (me-
dian: 23.5 Bq.kg™!; IQR: 18.8-31.9 Bq.kg™}, Table 4). These lakes are
located primarily between 30 and 50° S latitude in South America and in
the Rwenzori Mountains at the equator in Africa (Fig. S3). The relatively
high !37Cs levels observed in some equatorial lakes may be attributed to
additional fallout from the Northern Hemisphere.

Group 3 — Low 1%’Cs activity peak with low sedimentation rates

Lakes in Group 3 (n = 66) represent the largest cluster in the dataset
and are characterized also by low sedimentation rates (0.16 cm yr %;
0.09-0.26 cm.yr’l), similar to those of Groups 1 and 2. However, the
137Cs activity peak in these lakes was relatively low (6.2 Bq-kg™%;
3.9-10.1 Bq.kg™!, Table 4), falling below the overall median value.
These lakes are distributed mainly between 25° and 50°S in South
America, with six additional lakes located near the equator in Africa
(Fig. S3). While Groups 1 and 2 include only a few lakes in Africa and
Oceania, Group 3 is the most representative in these two regions.
Compared with the clear 3’Cs peaks observed in Groups 1 and 2, the
peak in Group 3 lakes is often less distinct or even absent (Fig. 5).

Group 4- Low '*7Cs peak activity with high sedimentation rates

Lakes in Group 4 (n = 29) present a low 137¢s activity peak (7.9 Bq.
kg™Y; 4.4-11.9 Bq.kg™1), similar to those in Group 3, but were charac-
terized by a relatively high sedimentation rate (0.65 cm.yr~!; 0.47-0.88
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cm-yr~ !, Table 4). This suggests that increased sediment accumulation
may have diluted the 3Cs signal within the sediment profile, making
the fallout peak less pronounced. The Group 4 lakes are located pri-
marily between 20° and 30°S latitude, along the eastern coasts of
Australia, Brazil and Argentina. Several additional Group 4 lakes are
also found at lower elevations near the base of the Rwenzori Mountains
in equatorial Africa (Fig. S3), indicating a broader geographic spread
across the SH which might possible indicate regionally high sedimen-
tation rates due to unsustainable land use.

Group 5 - Low '¥Cs peak activity with very high sedimentation rates

Lakes in Group 5 present a'%Cs maximum activity peak (7.4 Bq.
kg™!; 6.4-8.9 Bq.kg™ 1) similar to those in Group 3 and 4, but are char-
acterized by a 2.5 times higher sedimentation rate than Group 4 (1.66
em.yr~Y; 1.33-2.49 cm.yr~!, Table 4), which is the highest among the
five groups and 15 times higher than that of Group 1. These high sedi-
mentation rates can explain in part lower ¥’Cs activity peaks due to
dilution by increasing sediment inputs. (Fig. S3).

The spatial distribution of the different 13”Cs profile groups suggests
a geographic pattern. Lakes classified as Group 1 and Group 2 are pre-
dominantly located between 40°S and 50°S in South America, particu-
larly concentrated in southern Chile and Argentina. This hotspot is
especially evident when examining the ratio of the 1%7Cs activity peak to
sedimentation rate (Fig. S4), where values above 113 are characteristic
of this region. These lakes typically exhibit low sedimentation rates,
meaning that a 1 cm sampling resolution may integrate several years to
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even a decade of sediment accumulation. Despite this, they show
elevated 1%7Cs peak activities, suggesting additional fallout input. In
contrast, Group 3 lakes, which share similar sedimentation rates but are
located further north in Chile and Argentina, display lower peak activ-
ities. Although sedimentation rates and '*”Cs activity peaks are high in
both Group 4 and Group 5, these groups are statistically distinct, indi-
cating different sedimentation dynamics (Fig. S2). To further explore
environmental factors potentially explaining this hotspot, we assessed
the influence of climatic and geographic variables on '3’ Cs peak activity,
the 1%7Cs activity peak to sedimentation rate ratio, and the lake group-
ings derived from HCPC analysis.

3.4. Relationships to environmental parameters

The variability in 13”Cs peak activity across lake sediment profiles is
partly explained by the sedimentation rate, where lakes with high
sedimentation rates (>0.30 cm yr~1) consistently show low 37Cs peak
activity, whereas lakes with lower sedimentation rates exhibit a much
broader range of 137Cs peak activities across the SH. To investigate the
potential environmental controls on this variability, we applied a range
of statistical approaches. First, a Spearman correlation matrix was used
to identify potential relationships between *’Cs metrics and environ-
mental variables (Fig. S4). To reduce the influence of sediment accu-
mulation, we computed the ratio of the *’Cs peak activity to the
sedimentation rate (based on the depth of the 1964/65 peak) as an
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Fig. 6. Boxplots of the different environmental variables across 1*’Cs profile groups (based on HCPC clustering). Please note that watershed and lake surfaces and

catchment to lake ratio areas are expressed in log scale values.

alternative metric (Fig. S5). This ratio helped in normalizing **’Cs ac-
tivity by the amount of sediment deposited since peak fallout.

No strong direct correlation was found between the '3’Cs peak ac-
tivity or the !%7Cs activity sedimentation rate ratio and most of the
environmental variables (Fig. S4). The strongest observed correlation
was that between latitude and the '¥7Cs activity peak: sedimentation
rate ratio (R = —0.48, p < 0.05), suggesting that higher ratios (i.e.,
higher !%7Cs peak activity relative to sedimentation rate) are associated
with more southern locations (negative latitude).

We also applied multiple linear regression models to identify envi-
ronmental parameter predictors of 1*’Cs peak activity and the ratio.
These models explained only a small portion of the variance (R? < 0.20),
with geographic variables such as latitude and Euclidean distance from
Mururoa emerging as the most significant predictors (Fig. S5). However,
the low R? value indicates that environmental variables alone are
insufficient to fully explain the 3’Cs metrics variability.

Similarly, a random forest model was applied to the dataset, but it
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explained less than 10 % of the variance (R2 < 0.1), indicating a low
explanatory power. However, latitude was again identified as one of the
most important variables explaining variability in the 137Cs activity peak
to sedimentation rate ratio (Fig. S6). Attempts made to restrict the
analysis to lakes from South America did not improve model
performance.

Given these limitations, we adopted a group comparison approach,
in which HCPC-derived profile groups were used to assess whether
environmental factors could help to explain differences in **’Cs depo-
sition patterns. Group comparisons revealed significant differences in
several environmental parameters (Kruskal-Wallis test) such as the lake
surface area (p = 0.001), the catchment area (p = 0.006), latitude (p =
0.003), the Euclidean distance from Mururoa (p = 0.007) and the
westward distance from Mururoa (p = 0.04). Groups 1 and 2 included
lakes with the smallest average surface areas and catchment areas,
whereas Groups 3, 4, and 5 comprised lakes with larger surface and
catchment areas. Lakes with a high catchment-to-lake area ratio are
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likely to receive higher sediment input per unit lake area, where '*’Cs
can be diluted or partially lost, reflecting lower sediment trap efficiency
(Pulley et al., 2018; Appleby, 2008). However, the catchment-to-lake
area ratio does not clearly distinguish these groups, which might
otherwise have explained the differences in sedimentation rate among
137¢s profiles groups (Fig. 6).

Surprisingly, precipitation and elevation did not come out as
important predictors of '*’Cs peak activity or the '’Cs activity to
sedimentation rate ratio. These findings suggest that geographic loca-
tion, and particularly the distance from the nuclear test sites in French
Polynesia, could play a more significant role in the '*’Cs deposition
patterns. This can be explained by the dominant westerly wind patterns
observed between 30° and 50°S that transport fallout across the SH
(Chaboche et al., 2022). Evidently, lakes located at latitudes ranging
from 40° to 50°S presented the highest 37Cs peak activity.

The variability among profile groups appears to be driven by a
combination of geographic factors (especially latitude and distance from
Mururoa) and local lake characteristics (notably catchment and lake
size). These findings demonstrate the importance of considering both
fallout deposition patterns and the catchment settings when interpreting
137¢s profiles.

4. Conclusions and outlook

Despite relatively low '*”Cs peak activities in SH lakes compared to
the NH, their variability provides valuable insight into hemispheric
fallout deposition. On average, '¥’Cs activity peaks are about seven
times lower than those recorded in NH lakes. In some SH regions, '*’Cs
is below detection limits, but it remains widely measurable and is suc-
cessfully used to identify the 1964/1965 fallout peak.

To better assess spatial disparities in 3’Cs deposition, we examined
peak activity normalized by sedimentation rate and used cluster analysis
to distinguish lake '37Cs profiles. Five groups emerged, forming a con-
tinuum from low peak activity with high sedimentation rates to high
peaks with low sedimentation rates. Lakes with the highest *Cs activity
peaks are concentrated between 40°S and 50°S in South America.
Neither multiple linear regression nor random forest models showed
strong predictive power for environmental drivers of '3”Cs peak activity
or the 1%7Cs activity peak to sedimentation rate ratio. However, latitude
and distance to nuclear weapon test sites were the most relevant
explanatory variables. Compared to lakes with similar sedimentation
rates further north, these lakes show higher fallout peak, likely due to
their closer proximity to nuclear weapons test sites in the Pacific and
exposure to prevailing wind patterns.

Accurate detection of '3”Cs peaks requires high resolution sampling
and ultra-low background gamma spectrometry, especially in the SH. To
enhance inter-lake comparisons and improve understanding of fallout
patterns, consistent reporting of dry bulk density is recommended to
enable inventory calculations. In South America, a substantial number
of '¥7Cs inventories have been calculated between 35°S and 45°S,
showing values in line with expected atmospheric deposition.

As part of the AVATAR project, we initiated a participatory network
to study artificial radionuclides (137Cs, 239py and 240Pu) in SH lake
sediments. We encourage the paleolimnology and environmental sci-
ence communities to contribute additional or unpublished lake '*’Cs
data to the ARLASH database (https://doi.org/10.5281/zenodo.15
921856). Such initiative will advance global efforts to understand arti-
ficial radionuclides deposition in freshwater systems and support more
robust sediment dating in the Southern Hemisphere.
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