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Abstract. In regions where rapid and extensive environmental changes have occurred, particularly in South America, 

reliable time markers are essential for dating sediment sequences and quantifying environmental degradation. In this 35 

respect, the use of 239Pu and 240Pu isotopes in South American sediments may help to identify distinct sources of fallout 

radionuclides, including radioactive fallout from French atmospheric nuclear weapons tests (NWTs) conducted 

between 1966 and 1974 at the Mururoa and Fangataufa atolls (French Polynesia). Here, we present post-1900 

continuous records of 240Pu/239Pu isotope ratios in sediments cores from sites located between 32° and 52°S latitude: 

Lakes Natri and Laja in Chile; Lakes La Barrancosa, Melincué, Ñe Luan, and Roca in Argentina; and the Rincón del 40 

Bonete Reservoir and La Estanzuela Pond in Uruguay. Depth profiles revealed two 240+239Pu activity peaks, from 

which the more recent is not concomitant to the 137Cs maximum activity peak dated back to 1964-1965. The low 
240Pu/239Pu atom ratio (< 0.08) associated with this more recent Pu peak confirms a contribution from French fallout, 

dated to the late 1960s to early 1970s. The investigated lakes exhibited similar patterns in Pu isotope ratios: (i) an 

initial phase dominated by the U.S. NWTs signature (240Pu/239Pu > 0.20, also often referred to pre-moratorium), 45 

followed by (ii) increasing Pu activities characterized by a Pu isotopic signature consistent with global fallout 

(240Pu/239Pu ~ 0.18) and, finally, (iii) a period of increased Pu activities from French NWTs fallout (0.03 <240Pu/239Pu 

< 0.08). The 239Pu and 240Pu isotopes revealed a consistent nuclear source pattern with a distinct French fallout 

contribution, confirming their suitability as an additional time marker for environmental reconstruction in South 

America. 50 
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1  Introduction 

Over the last century, South America has undergone rapid land-use changes and major environmental degradation, 

including soil erosion and contaminant releases into freshwater bodies (Zalles et al., 2021; Foucher et al., 2023; 

Bardelle et al., 2025). However, uncertainties in the dating of environmental archives often prevent the precise 55 

reconstruction of environmental changes during the Anthropocene. 

While 137Cs remains widely used to validate 210Pb chronologies, its application in the Southern Hemisphere (SH) has 

become increasingly difficult due to low fallout activities combined with its relatively short half-life (t1/2 = 30.02 a; 

Mougeot et al., 2025). As most nuclear tests were conducted in the Northern Hemisphere (NH) (UNSCEAR, 2000), 
137Cs activities in the environment often approach detection limits in the SH (Foucher et al., 2021; Guillevic et al., 60 

2026) and require the use of ultralow background facilities (Reyss et al., 1995) that are not widely available. Moreover, 

the broad shape of the 137Cs fallout peak typically observed in environmental records, such as in sediment cores (Barra 

et al., 2001; Hancock et al., 2011), often prevents a precise identification of the year of maximum radioactive fallout.  

Four decades ago, Koide et al. (1985) proposed the use of plutonium isotopes (239Pu, t1/2 = 24 110 a; Browne, 2003;  

240Pu, t1/2 = 6561 a, Browne and Tuli, 2006) as geochronological tools by showing that distinct 240Pu/239Pu atom ratios 65 
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are associated with different nuclear weapon sources and, consequently, with different deposition periods. Two main 

time periods were identified in Antarctica based on 240Pu/239Pu atom ratios in environmental archives (Buesseler, 1997; 

Koide et al., 1985). During the pre-moratorium period (1951-1958), the 240Pu/239Pu atom ratio was the highest (0.34-

0.28), reflecting the predominance of U.S NWTs from the Pacific Proving Grounds (Enewetak and Bikini, Fig.1). 

Elevated ratios are generally expected from high-yield tests, as higher neutron fluxes produce a greater proportion of 70 
240Pu through neutron capture, though this can vary depending on weapons design (Buesseler, 1997; Ketterer and 

Szechenyi, 2008). The 240Pu/239Pu atom ratio declined to 0.22 just before the moratorium period, as contribution from 

the Soviet NWTs increased. The moratorium on nuclear testing was an agreement between the U.S, the former Soviet 

Union, and the United Kingdom which temporarily halted NWTs between November 1958 and September 1961. 

Following the moratorium period, the post-moratorium period (1961-1963) is then characterized by the large 75 

contribution of high-yield Soviet tests, resulting in a global fallout signature of 0.18 ± 0.01 (Kelley et al., 1999; Krey 

et al., 1976). This period is associated with the largest deposition of fallout radionuclides, dated to 1964-1965 in the 

SH (Bruel and Sabatier, 2020; Foucher et al., 2021; Guevara et al., 2003). Additionally to the 240Pu/239Pu atom ratio, 

the 137Cs/239+240Pu activity ratio have been used to distinguish sources and thereby differentiate between the pre-

moratorium (137Cs/239+240Pu ~ 20, decay-corrected to 2025) to the post-moratorium period (137Cs/239+240Pu ~ 10) (Dicen 80 

et al., 2024; Hancock et al., 2011). 

A third period is associated with the French NWTs after the Partial Nuclear Test Ban Treaty was signed in 1963. 

During this period, only France and China continued to test atmospheric nuclear weapons, with the French tests being 

detected in the SH (e.g. Chile and Argentina, Kelley et al., 1999; French Polynesian atolls, Bouisset et al., 2018). 

French tests were conducted on two atolls in French Polynesia (Mururoa and Fangataufa) between 1966 and 1974 and 85 

produced a distinct low 240Pu/239Pu atom ratio of 0.035 ± 0.015 (Bouisset et al., 2021; Chiappini et al., 1996, 1999; 

Hrnecek et al., 2005). Although French high-yield tests (>1 Mt) would typically suggest a higher 240Pu/239Pu atom 

ratio, the observed ratio remains low. This is attributed to the nuclear device design, which limited neutron absorption 

and thus reduced 240Pu production and fission byproducts (Buesseler, 1997; Hancock et al., 2014). In South American 

soils, this additional input of Pu led to deviations from the global fallout signature, ranging from minor to major (Dicen 90 

et al., 2024; Kelley et al., 1999; Krey et al., 1976). Discrete sediment layers in South American lakes also showed a 

mix of Pu from global fallout (GF) and French fallout (FF) during the French NWTs period (Chaboche et al., 2022).  

While the contribution of FF in South America is partly known (Chaboche et al., 2022; Kelley et al., 1999; Krey et 

al., 1976), the chronology of its deposition remains less constrained. With an ascertained fallout chronology in lake 

sediments, the distinct low 240Pu/239Pu atom ratio of the FF could therefore provide additional time markers for 95 

historical reconstructions. Previous results (Chaboche et al., 2022; Dicen et al., 2024) indicate ratios that are lower 

than those of global fallout, especially in the 30-40°S latitudinal band, including Chile and Argentina, where the 

contribution of the FF to total fallout was potentially the highest. However, a study conducting such measurements 

along a continental transect is currently lacking to confirm these observations.  

Here, we investigated sediments collected from eight lakes located between 32 and 52°S latitudes (Lakes Natri and 100 

Laja in Chile; La Barrancosa, Melincué, Ñe Luan, and Roca in Argentina; and the Rincón del Bonete Reservoir and 
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La Estanzuela Pond in Uruguay). We used 210Pb and 137Cs short-lived radionuclides to establish sediment chronologies 

and 239Pu and 240Pu isotopic analyses to identify nuclear source fallout history. This work addresses three main 

questions: (1) can the history of nuclear bomb testing be reconstructed from sediment records in South America? (2) 

can the contribution of French nuclear tests be identified in lake sediments and used as a temporal marker? and (3) 105 

what are the relative proportions of the French nuclear tests compared to the overall fallout from Soviet and U.S. tests 

carried out in the Northern Hemisphere and transferred in the Southern Hemisphere? 

2  Material and Methods 

2.1 Study sites 

The South American continent is the mainland that is located the closest to the Mururoa and Fangataufa atolls (22°S, 110 

139°W, Fig. 1), in the direction of prevailing westerly winds (30°- 60°S). During the French NWTs period, tests were 

primarily conducted during austral winter (May-October) at these atolls, when the South Pacific Convergence Zone 

(SPCZ) shifts northward and envelops the atolls (Rougerie and Rancher, 1994; Ministère de la défense, 2006). Behind 

the SPCZ, air masses at low altitudes split into two branches: one flows westward in the direction of the southern flank 

of the Easter Island anticyclone, while the other circulates around the Kermadec anticyclone, gradually turning 115 

northwestward and converging with the easterly trade winds. At higher altitudes, strong westerly jet-streams winds 

predominate, directing toward South America. This seasonal change results in prevailing westerly winds at both 

surface and higher altitudes, which were intended to minimize the deposition of fallout over populated French 

Polynesian islands located to the northwest (Ministère de la défense, 2006).  

Eight lakes were selected along west-east and north-south transects across Chile, Argentina and Uruguay in the 30-120 

50°S latitudinal band (Fig. 1), where previous studies have provided evidence of a higher FF contribution in soil 

profiles at reference sites from these regions (Chaboche et al., 2022; Chamizo et al., 2011; Kelley et al., 1999; Salmani-

Ghabeshi et al., 2018): Lake Natri (NAT, 42°S, 73°W) and Lake Laja (LAJA, 37°S, 71°W) in Chile; Lake La 

Barrancosa (BAR, 37°S, 60°W), Lake Melincué (MEL, 33°S, 61°W), Lake Ñe Luan (NLU, 41°S, 68°W) and Lake 

Roca (ROCA, 51°S, 73°W) in Argentina; and the Rincón del Bonete Reservoir (RDB, 32°S, 56°W) and La Estanzuela 125 

Pond (EST, 34°S, 57°W) in Uruguay (Text S1). These sites cover a range of diverse climatic zones, bioregions 

(Fig S1), lake sizes, and watershed surface areas (Table S1).  
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Figure 1: A) Atmospheric nuclear weapon test sites in the Pacific and surrounding continental areas, with total 

yield per test (UNSCEAR, 2000); B) Map of the eight studied water bodies in southern South America: Rincón 130 

del Bonete Reservoir (RDB), La Estanzuela Pond (EST), Lake Melincué (MEL), Lake La Barrancosa (BAR), 

Lake Ñe Luan (NLU), Lake Roca (ROCA), Lake Laja (LAJA) and Lake Natri (NAT).  

 

2.2 Lake sampling and sediment dating  

All lakes were sampled over the past five years, except ROCA that was sampled in 2006, and LAJA in 2011 135 

(Table S1). A gravity corer was used to collect the sediments. This coring method ensures that the water-sediment 

interface remains mostly undisturbed and, above all, that no sediment is lost at this interface, thus ensuring the 

continuity of radionuclide measurements over the last century. 

Sediment cores were subsampled continuously at a resolution of 0.5 to 2 cm, adapted to facies boundaries, to achieve 

an optimal temporal resolution and sufficient sample mass (Table S1). The sediment samples were freeze-dried or 140 

dried between 40 and 60°C for ⁓48 h and gently crushed using an agate mortar. Dry bulk density (DBD) was 

determined by measuring the dry weight of the known sampling volume (e.g. small cylinder) of sediment to allow 
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239+240Pu and 137Cs surface activities (Bq·m-2) and Pu fluxes calculation (Bq·m-2.yr-1). After airtight tube conditioning 

for radionuclide measurements, a three-week delay before analysis was necessary to allow 222Rn and its progeny 

(including 214Bi and 214Pb) to reach radioactive equilibrium with 226Ra.  145 

The samples were analyzed for 210Pb,226Ra (via 214Bi and 214Pb),137Cs, and 241Am via their gamma emissions at the 

Modane Underground Laboratory (France) using EDYTEM/LSCE-operated low background SAGeTM well detectors 

(Small Anode Germanium Detector, Mirion) or ‘well’ type HPGe detector (Hyper Pure Germanium, Canberra/Ortec) 

which allow for very low background and high counting efficiency (Reyss et al., 1995). To achieve a statistical error 

of less than 10% for 210Pbex and 137Cs activities, an average counting time of 24 h was necessary. The excess 210Pb 150 

(210Pbex, unsupported) activities were calculated for each sample as the difference between the total 210Pb and 226Ra 

(assumed to be in secular equilibrium with supported 210Pb) activities (Bruel and Sabatier, 2020). Sediment cores from 

lakes Melincué and La Barrancosa had previously been analyzed in the Servicio Académico de Fechado, at 

Universidad Nacional Autónoma de México (Mexico) using a similar procedure. Dating results were published by 

Achaga et al. (2022) for Lake Melincué and Achaga et al. (2026, submitted, 1st revision) for Lake La Barrancosa. A 155 

few additional samples from Lake Melincué were measured at the Modane Underground Laboratory to detail the 

previously published 137Cs downcore profile. Samples from La Estanzuela Pond were measured at the Laboratorio de 

Radioquímica, Centro de Investigaciones Nucleares, Facultad de Ciencias, Universidad de la República (Uruguay) 

following the same protocol.  

Age-depth profiles were constructed using the R package serac (Bruel and Sabatier, 2020), providing an estimate of 160 

sediment deposition rate using either the Constant Flux - Constant Sedimentation rate (CFCS) or the Constant Rate of 

Supply (CRS) (Appleby and Oldfield, 1978) age-depth model in R software (R Core Team, 2022). To validate each 

model, the artificial radionuclides 137Cs and 241Am activity peaks were used as time-markers for the years of maximum 

fallout deposition, corresponding to 1964-1965 in the Southern Hemisphere (Bruel and Sabatier, 2020; Foucher et al., 

2021; Guevara et al., 2003) and confirmed by air filter measurements in Buenos Aires (Fig. S2, Tassano et al., 2025).  165 

2.3 Plutonium isotope analyses 

The sediment samples were ashed at 600 °C for 16 h to remove organic matter. Based on available material and 137Cs 

activity levels, acid leaching or fusion digestion was used to extract plutonium isotopes from the ashed sediments 

(Fig. S3). The acid leaching method was used at the University of Basel (Switzerland) when the sample weight was 

greater than 2 g. For sediment samples weighing around 2 g or less, total fusion digestion using lithium borate was 170 

undertaken at the Spiez Laboratory (Federal Office for Civil Protection, Switzerland, Table S2). In both methods, the 

ashed samples were spiked with a known amount of 242Pu solution (~10 pg, traceable to NIST 4334I) prior to Pu 

extraction, in order to determine the radiochemical yield.  

For the acid leaching method, the ashed sediments were mixed with concentrated nitric acid (HNO3 69%, ~10mL) at 

a solution:sample ratio varying between 5 and 10, and heated at 80 °C overnight. Once cooled, sample solutions were 175 

diluted with 15 mL of ultrapure deionized water, mixed and centrifuged to retain only the supernatant. To convert 

Pu(III) into Pu(IV), sodium nitrite solution (20% NaNO2) was added and heated at 70 °C for 2 h (Ketterer et al., 2004). 
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To separate Pu from other radionuclides that could interfere during measurement (e.g. U and Th), the sample solution 

(around 25 mL) was poured onto a pre-conditioned (2 M HNO3) TEVA column (Tetravalent Aliphatic Quaternary 

Amine, Triskem). The column was washed with 2 M HNO3 and 8 M HCl to remove U and Th, respectively. The 180 

plutonium isotopes were eluted from the TEVA columns using a diluted acid solution (0.5 M HCl). Reference soils 

and sediments, as well as blank samples were analyzed with each sequence of samples for quality assurance (QA) and 

quality control (QC). For the fusion digestion, lithium borate fusion and subsequent plutonium separation were 

performed according to a previously published method (Röllin et al., 2009; Sahli et al., 2017; Röllin et al., 2022). All 

Pu fractions were analyzed by SF-ICP-MS and MC-ICP-MS following previously published procedures (Röllin et al., 185 

2009; Sahli et al., 2017; Röllin et al., 2022). 

2.4 Plutonium-based calculation 

All Pu concentrations (fg.g-1) are expressed as 239+240Pu activity concentration (Bq·kg-1) or as 239+240Pu surface activity 

(Bq·m-2) to account for changes in dry bulk density (DBD, g.cm-3) along sediment cores using:  

𝑃𝑃𝑃𝑃239+240
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =   𝐴𝐴 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷 ∗ 𝐷𝐷                    (𝟏𝟏)                                  190 

where A (Bq·kg-1) is the 239+240Pu activity concentration of the sample and D (cm) is the thickness of layer. The same 

equation was used to calculate 137Cs surface activity replacing 239+240Pu activity concentration by 137Cs surface activity. 

To compare plutonium deposition among lakes over time, 239+240Pu flux was calculated for each sample using:  

𝑃𝑃𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  = 𝐴𝐴 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷 ∗ 𝑆𝑆𝑆𝑆                                  (𝟐𝟐) 

where Puflux is the flux of 239+240Pu (Bq·m-2·yr-1), A (Bq·kg-1) is the 239+240Pu activity concentration of the sample and 195 

SR (cm·yr-1) is the sedimentation rate, established from the 210Pbex chronology. Inventories were calculated to compare 

total Pu deposition among lakes as well as with atmospheric deposition, using: 

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  ∑ 𝐴𝐴𝑖𝑖 × 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 × 𝐷𝐷𝑖𝑖𝑛𝑛
𝑖𝑖=0                      (𝟑𝟑)  

where Itotal (Bq·m-2) is the total inventory, i is the sampling layer sequence, n is the sampling layer, Di (cm) is the 

thickness of layer i, and Ai (Bq·kg-1) is the Pu activity concentration for each layer. We defined Ipeak (Bq·m-2) as the 200 

partial inventory representing Pu deposition during the nuclear weapons testing period, restricted by the endpoint 

depths of the 239+240Pu and 137Cs peaks. DBD was measured for all samples, whereas Pu measurements were sometimes 

discontinuous and were linearly interpolated between samples using the na.approx function from the zoo R package 

(Zeileis and Grothendieck, 2005). These inventories were compared with latitudinal band reference inventories based 

on reference soil sites from the literature (Dicen et al., 2024), as well as with the soil reference inventory collected 205 

near La Estanzuela Pond (IEST = 22.5 ± 0.8 Bq·m-2), consistent with values reported for the 30-40° latitudinal band 

(Table 1).  

To quantify the relative contribution of FF and GF to Pu deposition in lake sediments, we applied a simple un-mixing 

model based on the distinct 240Pu/239Pu isotopic signature of each source. Atmospheric nuclear tests conducted during 
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the post-moratorium period produced fallout that peaked in the SH in the mid-1960s (1964-1965) and defined the GF 210 
240Pu/239Pu isotopic signature of 0.18 ± 0.01 (Kelley et al., 1999; Krey et al., 1976). 

In contrast, the FF signature is characterized by a low 240Pu/239Pu atom ratio of 0.035 ± 0.015 (Bouisset et al., 2021; 

Chaboche et al., 2022; Chiappini et al., 1996). However, this FF signature range may not fully represent all French 

NWTs, as these ratios are derived from material collected on the atolls and do not account for high-yield thermonuclear 

tests, whose fallout primarily released into the stratosphere remains unpublished.  215 

Pre-moratorium tests were not included in the FF fraction calculation, as their fallout were not concurrent with the 

French testing period, and their contribution to the total Pu inventory is considered minor relative to GF. This 

assumption is supported by the GF 240Pu/239Pu isotopic signature measured in stratospheric air samples from 1966 and 

1967 (Leifer and Chan, 1997). British tests conducted in Australia approximately ten years prior to the French tests 

were also excluded due to their low yield and predominantly regional fallout deposition (Child and Hotchkis, 2013; 220 

Dicen et al., 2024) likely not reaching South America. The fraction of Pu derived from the French tests (FFfraction) was 

calculated using:  

𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓   =  
 240𝑃𝑃𝑃𝑃 
239𝑃𝑃𝑃𝑃 𝐺𝐺𝐺𝐺

  −    240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝑖𝑖

240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃𝐺𝐺𝐺𝐺

−   240𝑃𝑃𝑃𝑃
 239𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹

                 (𝟒𝟒)  

where i is the sampling layer. The global fallout fraction (GFfraction) was then determined as: 

𝐺𝐺𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1 − 𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓           (𝟓𝟓)  225 

Uncertainties were propagated using the error R package. The uncertainty in the Puflux (u(Puflux)) was calculated for 

each layer as: 

𝑢𝑢�𝑃𝑃𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓� = 𝑃𝑃𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × ��
𝑢𝑢(𝐴𝐴)
𝐴𝐴

�
2

+ �
𝑢𝑢(𝐷𝐷𝐷𝐷𝐷𝐷)
𝐷𝐷𝐷𝐷𝐷𝐷

�
2

+ �
𝑢𝑢(𝑆𝑆𝑆𝑆)
𝑆𝑆𝑆𝑆

�
2

        (𝟔𝟔) 

The total uncertainty of Itotal (u(Itotal)) was calculated as:  

𝑢𝑢(𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) = ���𝑃𝑃𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑦𝑦𝑖𝑖 × ��
𝑢𝑢(𝐴𝐴𝑖𝑖)
𝐴𝐴𝑖𝑖

�
2

+ �
𝑢𝑢(𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖)
𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖

�
2

+ �
𝑢𝑢(𝐷𝐷)
𝐷𝐷

�
2

�

 2𝑛𝑛

𝑖𝑖=0

            (𝟕𝟕) 230 

 

where an error of 7% (u(DBDi)/DBDi=0.07) assigned for each density measurement. The uncertainty in the FFfraction 

was calculated as:  
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𝑢𝑢�𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �

=  𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  235 

×  ��
𝑢𝑢 �  240𝑃𝑃𝑃𝑃

239𝑃𝑃𝑃𝑃 𝑖𝑖
�

  240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝑖𝑖

−   240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝐺𝐺𝐺𝐺

�

2

+ �
𝑢𝑢 �  240𝑃𝑃𝑃𝑃

239𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹
�

  240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹

−   240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝐺𝐺𝐺𝐺

�

2

+ �
�240𝑃𝑃𝑃𝑃

239𝑃𝑃𝑃𝑃 𝑖𝑖
−   240𝑃𝑃𝑃𝑃

239𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹
� × 𝑢𝑢 �  240𝑃𝑃𝑃𝑃

239𝑃𝑃𝑃𝑃 𝐺𝐺𝐺𝐺
�

  �240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝑖𝑖

−   240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝐺𝐺𝐺𝐺

� × �  240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹

−   240𝑃𝑃𝑃𝑃
239𝑃𝑃𝑃𝑃 𝐺𝐺𝐺𝐺

�
�

2

  

 

3  Results and discussion 

3.1 240Pu/239Pu pattern and 239+240Pu activity peak from French fallout 

The profiles of the 137Cs and 239+240Pu activity concentrations broadly overlapped in all cores (Fig. 2). 137Cs activities 240 

typically showed a broad depth distribution (“broad peak” or “staircase-like” distribution), whereas the 239+240Pu 

activity profiles often showed one or two discrete peaks. In lakes BAR, LAJA and ROCA, the depths of maximum 
137Cs and 239+240Pu activities coincided (Table 1; BAR: Fig. S4). In NAT and RDB, the 239+240Pu maximum was 

slightly shifted by 0.5 and 2 cm above the 137Cs maximum but still fell within the broader 137Cs peak (NAT: Fig. S4). 

In contrast, the 239+240Pu maximum in EST, MEL and NLU occurred 8, 3 and 5 cm respectively, above the 137Cs peak, 245 

forming a distinct peak, while the secondary 239+240Pu did align with the 137Cs maximum (Table 1, MEL: Fig. S4). 

The number of discrete 239+240Pu peaks can be primarily explained by the sampling resolution relative to the 

sedimentation rate and sediment dynamics. Additionally, although 137Cs is known to be mobile, it is unlikely that the 

depth of its maximum activity concentration has shifted significantly. 

The 210Pbex-based chronology, verified by the 137Cs peak, allowed us to quantify the sedimentation rates across all 250 

lakes and estimate the age of sediment deposition using the CFCS model (Fig S6-S13). The CRS model was applied 

only to BAR (Fig. S9) and NLU (Fig. S10), where the latter showed very low 137Cs (~1 Bq·kg-1), preventing the 

precise identification of the 137Cs peak. The 239+240Pu data served only as an indicator to help decide between the two 

models for MEL (Fig. S8).  

The highest sedimentation rates were estimated for EST (1.15±0.07 cm.yr-1, R2=0.88) and RDB (0.61±0.03 cm.yr-1, 255 

R2=0.96). For MEL, BAR, NLU, ROCA, LAJA and NAT, sedimentation rates were equal to or less than 0.2 cm.yr- 1, 

though some cores showed increases above this value in the shallower, more recent sections. The previously published 

RDB 210Pbex based age-depth model was verified using 239+240Pu activity and the 240Pu/239Pu atom ratio (Bardelle et 

al., 2025). However, its specific 240Pu/239Pu atom ratio pattern was not discussed. Depending on the sampling 

resolution (Table S1), each sample represented approximately two to ten years of deposition, with the best temporal 260 

resolution being ~2 years per sample for EST and RDB. 

For the group of lakes BAR, LAJA and ROCA (where Cs and Pu peaks coincided), the Pu isotopic signature at the 

activity peaks fell within the global fallout (GF) range, with 240Pu/239Pu atom ratios between 0.165 (±0.026) and 0.193 

(±0.011) (Table 1). The 240Pu/239Pu atom ratio at the 137Cs peak for RDB and NAT was partly associated with GF, but 
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the maximum Pu peak showed lower 240Pu/239Pu atom ratio of 0.082 (±0.002) and 0.132 (±0.006) respectively, 265 

indicating a mix of GF and FF contributions. In BAR, LAJA, and RDB, a secondary and shallower 239+240Pu peak, 

observed at the extremities of the 137Cs peak, had significantly lower 240Pu/239Pu atom ratios (0.059–0.074) compared 

to their maximum Pu peak (Table 1, Fig. 2). This suggests a predominant FF contribution, with a minor contribution 

from GF associated with this secondary Pu peak. For RDB, the secondary shallower Pu peak was associated with 
240Pu/239Pu atom ratios of 0.075 (±0.003) and 0.069 (±0.003), consistent with previous findings by Chaboche et 270 

al. (2022). ROCA and NAT were specific in that their lowest 240Pu/239Pu atom ratio was not associated with a Pu peak 

but rather with declining Pu activity at the Pu peak. However, the higher 240Pu/239Pu atom ratios, observed at greater 

depth, might be linked to a secondary pre-Cs Pu peak (Fig. 2 and Table 1). 

For the group of lakes EST, MEL and NLU, the maximum Pu peak (which does not match the 137Cs peak) presented 

low 240Pu/239Pu atomic ratio (0.031-0.066), within the same range as the secondary Pu peak of the previous group 275 

(Table 1). In EST, this maximum Pu peak had an activity concentration, with a value four times higher than that of 

the secondary and deeper peak which coincides with the Cs peak. This maximum peak is associated with the lowest 
240Pu/239Pu atom ratio observed among all lakes (0.031±0.001 and 0.038±0.002), indicating a fallout source 

exclusively attributable to French NWTs (Chiappini et al., 1996, 1999; Hrnecek et al., 2005). In MEL and NLU, the 

maximum Pu peak had also a low 240Pu/239Pu atom ratio of 0.066 (±0.002) and 0.053 (±0.036), respectively. When the 280 

Pu content is low, as in the case of NLU, a small maximum Pu peak can be identified and used as an alternative time 

marker to the ¹³⁷Cs peak (Fig. S8) to indicate the French nuclear testing period (240Pu/239Pu=0.053±0.036).  

The differences between Pu and Cs activity concentration profiles reflect variations in fallout sources, as indicated by 

their associated 240Pu/239Pu atom ratios among cores, and are not solely attributable to sedimentation dynamics or post-

depositional processes. As previously used to decipher fallout sources and attribute deposition periods, the 285 
137Cs/239+240Pu activity ratio was tested against the 240Pu/239Pu atom ratio as an additional tool (Fig. S5), but it appears 

less reliable than the 240Pu/239Pu atom ratio. A lag between the source indicated by the 137Cs/239+240Pu activity peak and 

the 240Pu/239Pu ratio atom was observed. The 240Pu/239Pu atom ratio provides a more precise indication of the different 

source periods or transitions between them. 

The 240Pu/239Pu atom ratios measured in lake sediments of South America are consistent with the low 240Pu/239Pu ratio 290 

of 0.11 (±0.02, n=14) measured by the Health and Safety Laboratory (HASL) in 1969-1970 for atmospheric sampling 

at 40°S, 70°W (Leifer and Chan, 1997). This aligns well with 240Pu/239Pu atom ratios measured in Antarctic ice layers 

dating back to the French test period, which dropped to 0.09 during November1969-February 1971(Koide et al., 1985), 

following the French thermonuclear tests of 1968 and 1970 (≥1 Mt), indicating a mix between the GF and FF 

contributions. 295 
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Figure 2: Depth profiles of (left) 137Cs (blue) and 239+240Pu (black) activities concentrations (Bq·kg-1) and of (right) 239+240Pu 

surface activity (black, Bq·m-2) with uncertainty range (grey transparent ribbon) and the 240Pu/239Pu atom ratio (red) from 

the eight lakes in South America. Colored vertical ribbons indicate the main 240Pu/239Pu isotopic signatures with RGF (Global 

Fallout ratio, 0.18±0.01) and RFR (French Fallout ratio, 0.035±0.015). Grey horizontal bands mark instantaneous events, 300 
which do not represent continuous sedimentation. Note that the 240Pu/239Pu axis scale is consistent across all lake graphs.  
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3.2 Improving chronologies with 240Pu/239Pu isotope ratio and 239+240Pu activity peak 

Core dating by 210Pbex allowed us to verify the consistency between fallout sources indicated by the 240Pu/239Pu atom 

ratios and the deposition dates computed using the 210Pbex chronology. With the exception of EST and BAR, high 
240Pu/239Pu atom ratios (~ 0.25) were observed in the deepest sediments of NAT, LAJA, MEL, ROCA and RDB 310 

(Fig. 2). These high ratios corresponded to fallout sources deposited during the pre-moratorium period and dated to 

the early 1950s (Fig. 3). NAT and ROCA are the two lakes potentially showing a secondary deeper and smaller Pu 

peak preceding the 137Cs peak (pre-moratorium), linked to a high 240Pu/239Pu atom ratio between 0.247 (± 0.010) and 

0.274 (± 0.007) (Fig. 2, Table 1). In BAR, low Pu activities associated with high 240Pu/239Pu uncertainties prevented 

a clear identification of these high ratios, likely due to lower fallout deposition in this semi-arid area (Fig. S2). Since 315 

EST was only constructed during the pre-moratorium period, no fallout record is available for this period. 

With increasing 239+240Pu activity, the 240Pu/239Pu atom ratios of all lakes decreased toward values close to 0.18 during 

the post-moratorium period, corresponding to the 239+240Pu peak that coincides with the 137Cs peak. From the GF ratio 

of ~ 0.18, the 240Pu/239Pu atom ratio further decreased to values below 0.18, reaching ~ 0.14. This trend aligns with 
240Pu/239Pu atom ratios measured in Antarctic ice layers dating back to the French NWTs period, where ratios ranged 320 

from 0.14 to 0.15 for March 1966 - October1968 following the first French Polynesian tests in 1966 and 1967. 

The lowest 240Pu/239Pu atom ratios (<0.074), dated to the late 1960s and the early 1970s (Fig. 3), correspond to the 

period of French atmospheric tests, particularly the high-yield thermonuclear tests conducted in 1968 and 1970 

(UNSCEAR, 2000). The low Pu activity observed in between peaks of EST (62 cm) and RDB (29-31 cm) likely 

corresponds to periods without French atmospheric tests, such as the 20-month gap in NWTs between 1968 and 1970, 325 

or seasonal NWTs pauses during austral summer. Since each sample layer represents approximately two years of 

deposition in both cases, these testing gaps might be reflected in the low Pu activity concentrations.  

The main 137Cs peak is attributed to a combination of residual global fallout from high-altitude stratospheric tests and 

early French atmospheric tests in the mid-1960s. These tests were characterized by intermediate yields (28–125 kt) 

and detonation heights ranging from tens to hundreds of meters (up to 1200 m), which potentially favored the 330 

significant production and widespread transport of volatile fission products like 137Cs. This interpretation is supported 

by air fallout data from Buenos Aires (Fig. S2), which recorded prolonged peaks of short-lived radionuclides in 

September–October 1966, confirming the regional arrival of the French plume (Tassano et al., 2025). 

For Pu, the more recent peak, which represents either the maximum Pu peak or a secondary Pu peak during the late 

1960s and early 1970s, coincides with tests dominated by high-yield thermonuclear devices (e.g., Canopus, 2.6 Mt, 335 

1968; Dragon, 945 kt, 1970; and Rhea, 955 kt, 1971). These tests were conducted at variable altitudes (e.g., 220-

700 m) mainly using plane as drop mode and exhibited significantly higher yields compared to earlier fission-based 

tests (1966-1967). The thermonuclear tests may have produced fallout richer in particulate Pu and poorer in 137Cs, 

likely due to differences in device design, test yields, and radionuclide partitioning. This shift is well reflected in the 

sediment profiles, where Pu peaks are often decoupled from 137Cs maxima and exhibit lower 240Pu/239Pu ratios (0.031–340 

0.074), indicative of a dominant FF contribution. 
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Figure 3: Compilation of the 240Pu/239Pu atom ratio over time. Ages were independently determined from the 210Pbex 

chronology, validated by the location of the 137Cs peak. Colored lines indicate the main 240Pu/239Pu isotopic signatures: 

Global Fallout (RGF = 0.18, in yellow) and French Fallout (RFR = 0.035, in blue). 345 
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The more recent Pu peak, associated with declining 137Cs activity (Fig. 2), provided a second time marker 

approximately four to six years after the 137Cs activity peak (assigned to 1964-1965, depending on sampling 

resolution). These results support the chronological reconstruction of NWTs in the SH and validate the temporal 

patterns of 240Pu/239Pu ratios initially reported in Antarctica (Koide et al., 1985). The shallower Pu peak can therefore 

serve as an alternative time marker for the 1968-1971 period, coinciding with the French thermonuclear tests. Together 350 

with the 240Pu/239Pu atom ratio pattern, it provides control points for the entire period of nuclear weapon tests (1952–

1974). 

3.3  Spatial disparities of Pu deposition in the 32-52°S latitudinal band and French fallout contribution 

To compare 239+240Pu deposition across the 32-52°S latitudinal band, Pu fluxes were calculated for all lakes (Fig. 4). 

As shown in Fig. 3, most of the age-depth model calculated from the 210Pbex and verified with 137Cs activities (BAR, 355 

MEL, LAJA, NLU, NAT, ROCA; Fig S8-S13) provided relatively high age uncertainty of sediment deposition 

during the last century. In contrast, the 240Pu/239Pu atom ratio, associated with specific nuclear test sources or their 

mixing across different periods, proved to provide a more reliable time marker for sediment deposition. During the 

pre-moratorium period (with 240Pu/239Pu ratio >0.20), fluxes remained below 1 Bq·m-2.yr-1, except for RDB. In the 

post-moratorium period (240Pu/239Pu ratio ~ 0.18) fluxes differed between LAJA, EST and RDB (>1 Bq·m-2.yr-1) and 360 

MEL, NAT and BAR (<1 Bq·m-2.yr-1). For NLU, high uncertainties in the 240Pu/239Pu atom ratios prevented flux 

reconstruction (Fig. 2-3), except for its minor Pu peak (eq. 0.1 Bq·m-2.yr-1), which can be associated with the French 

nuclear tests (Fig. 4).  

Pu fluxes generally increased as 240Pu/239Pu atom ratio decreased (240Pu/239Pu<0.14), with EST and RDB fluxes 

showing a strong flux increase (>4 Bq·m-2.yr-1) associated with low isotopes ratios, thus indicating predominant FF 365 

contribution. In contrast, BAR and MEL were impacted by generally low fluxes (<1 Bq·m-2.yr-1, Fig. 4), despite being 

located at similar latitudes to EST and RDB within the humid Pampa biome. Very likely, this can be related to the 

lower precipitation rates at BAR and MEL, which received on average only half the annual precipitation compared 

to RDB and EST (Table S1). With an equivalent 240Pu/239Pu atom ratio, LAJA and NAT, located on the wetter 

western flank of the southern Andes in Chile (Fig. S1), showed higher Pu fluxes than BAR, MEL and NLU although 370 

lower fluxes than RDB and EST, likely due to their more southern position. Between LAJA and NAT, the more 

northerly LAJA showed the highest fluxes, further illustrating the N-S trend. NLU, located in the drier Patagonian 

steppe, showed the lowest precipitation regime among all studied sites (Fig. S1), which likely explained the very low 
137Cs and Pu deposition. Precipitation is likely the limiting factor controlling the lower Pu deposition in BAR, MEL 

and NLU, despite similar 240Pu/239Pu atom ratio patterns. This comparison indicates that our sites in Uruguay, due to 375 

their proximity to the latitude of injection of the French Polynesian test sites (Fig. 1) and its relatively high annual 

precipitation, has received quantitatively more FF within the 32-52ºS latitudinal band. 

ROCA showed an opposite pattern, with higher Pu flux associated with the pre-moratorium period (up to 

3.5 Bq·m- 2.yr-1) and lower fluxes (< 1 Bq·m-2.yr-1) during the French tests period (lowest 240Pu/239Pu). This pattern 

aligns well with the Antarctic ice core records (Koide et al., 1985), where pre-moratorium Pu deposition was more 380 
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pronounced at southern latitudes, reflecting greater influence from the Pacific Proving Ground tests (Fig.1) and a 

reduced FF contribution.  

 

Figure 4: 239+240Pu fluxes (Bq·m-2.yr-1) versus the 240Pu/239Pu atom ratio for sediment layers within the 239+240Pu activity 

peak of each lake. Point B (bottom) represents the deepest sediment of the Pu peak, point T (top) the shallowest, and the 385 
arrow indicates the direction of sedimentation. The lake color gradient ranges from dark red (highest flux) to light blue 

(lowest flux). 

 

The 239+240Pu peak lake inventories (Ipeak) were calculated and compared with total 239+240Pu inventories and reference 

inventories derived from nearby soils or soils collected at the same latitude (Fig. S1). Ipeak  ranged from 1.7 to 390 

74.0 Bq·m-2 (Table S2), which in most cases was higher than median latitudinal band inventories (Fig. 5). EST and 

RDB presented the highest Ipeak while NAT, NLU and BAR showed the lowest calculated inventories. The 

contribution of the FF, estimated from the 239+240Pu inventories of the layers deposited during the period of nuclear 

weapon testing, ranged from 13 (±7%) to 52% (±13%) and allows comparison of the relative magnitude of FF within 

lakes. ROCA and NAT showed the smallest contribution of FF (~15%). This minor fraction is consistent with the 395 
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absence of a measurable FF fraction in the Punta Arenas reference soil and a similar fraction in the Puerto Montt 

reference soil, located less than 200 km north of NAT (Fig. 5). The two southernmost lakes investigated agreed with 

the low FF deposition within the 40-50°S latitudinal band (Buesseler, 1997; Koide et al., 1985). The FF fraction for 

NLU could not be calculated due to high uncertainties in the 240Pu/239Pu atom ratio. EST, RDB, LAJA, MEL and 

BAR have the largest FF fraction calculated within Ipeak (≥30%), confirming the highest FF fraction within the 30-400 

40°S latitude band (Table 2). 

 

1median in South America, Dicen et al. 2025 2 Krey et al. 1976, Kelley et al. 1999: Punta Arenas 240Pu/239Pu = 0.2045 ± 0.005 Puerto Montt 
240Pu/239Pu = 0.153 ± 0.001 Santiago 240Pu/239Pu = 0.116 ± 0.002. 

Figure 5: Total Pu and Pu Peak Inventories (Bq.m-2) with French Fallout (FF) Fraction (%) and Soil Reference 405 
Inventories. 

The higher deposition of FF in Uruguay is also reflected in the low 240Pu/239Pu atom ratios measured in recently 

deposited sediments (post-tests period), where the average did not exceed 0.10 for EST and RDB, indicating a recent 

FF contribution between 30-50% (Fig. 3). This suggests that the total abundance of Pu fallout from French tests in 

Uruguayan soils was not only higher than in other regions but also results in a persistent FF signature in soil particles, 410 

which are eroded and transported to the lake basins. This interpretation is the most likely explanation for the continued 
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presence of mixed French and global fallout Pu signatures in sediments more than 50 years after the end of atmospheric 

nuclear weapons testing. 

Conclusions 
 415 

This study provided a revised interpretation of 137Cs and 239+240Pu fallout in the southern South America region, 

highlighting that artificial radionuclide deposition is not restricted to a single 1964-1965 peak. Instead, a more recent 

Pu peak, associated with declining 137Cs activity, can served as an additional time marker for 1968-1971, coinciding 

with French thermonuclear tests and occurring 4–6 years after the 137Cs maximum.  

Additionally, this work provided evidence for the revaluation of existing 137Cs conversion models (e.g., for soil erosion 420 

assessment), as radionuclide fallout may not be limited to the Global fallout fraction alone. The temporal 

reconstruction of 239+240Pu deposition explained the highest FF deposition within the 30-40°S latitudinal band, 

influenced by precipitation and the proximity to the latitude at which the French Polynesian tests were conducted 

(22°S). The 240Pu/239Pu atom ratio allowed the identification of specific fallout sources or their mixing, linking them 

to three distinct historical testing periods (pre-moratorium, post-moratorium and the French tests periods), and thereby 425 

contributes refining age-depth models for more accurate environmental reconstructions during the Anthropocene.  
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