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Sophia Dowell 

Utilising Plutonium Isotopes to Evaluate Soil Erosion in Tropical East 

African Agri-systems 

 

Abstract 
In the beautiful landscapes of Tropical East Africa, agriculture serves as the lifeblood of 

both people and ecosystems. The delicate balance between agriculture and soil 

preservation forms a complex web of factors that significantly impact soil and plant health 

in the region. The use of plutonium (Pu) isotopes is a potential strategy for unravelling 

the history of soil erosion in this ecologically varied and agriculturally crucial area. This 

thesis investigates a novel method using Pu isotopes to study small-scale soil 

redistribution patterns across various land use histories and management practices in the 

Rift Valley region of the Winam Gulf catchment of Lake Victoria in western Kenya.  

 

The study aims to develop a method for measuring Pu isotopes in African soils to provide 

measurements of soil redistribution patterns, to better understand the factors that drive 

erosion processes. Analysing tropical soils poses specific challenges, and so the first 

objective was the optimisation of analytical methodology to enhance sensitivity. The 

developed separation procedure used TEVA resin to effectively reduce UH+ interference 

while improving the selectivity of analysis for Pu. The application of O2 gas in ICP-

MS/MS mode for the analysis of samples facilitated the mass shifting of Pu isotopes away 

from interfering UHn
+ ions, resulting in a straightforward, robust, and cost-effective 

method suitable to detect ultra-trace fallout 239+240Pu in African soils with detection limits 

of 0.18 pg kg-1.  

 

The second objective was to understand the usability of 239+240Pu as a soil erosion tracer 

in western Kenya compared against conventional isotopes 210Pbex and 137Cs. The lowest 

coefficient of variation and greatest peak-to-detection limit ratio was found for 239+240Pu 

showing the greatest potential as a tropical soil erosion tracer. Additionally, 239+240Pu met 



IX 

 

the 'allowable error' criteria, establishing its applicability to large-scale studies in Western 

Kenya, where the selection of appropriate reference sites is a significant challenge. 

Consequently, 239+240Pu stands as a robust tracer for assessing soil erosion pattern 

estimates in western Kenya.  

 

Finally, soil erosion patterns were modelled using the MODERN model at sites with 

distinct land use and clearance scales to gain insights into small-scale erosion processes 

and the influence of differing management practices. This research highlights the 

importance of community-led participation in the effective management of land 

degradation processes and highlights the pivotal role that vegetation cover plays in 

limiting soil erosion. This innovative application of fallout Pu as a tracer can improve our 

understanding of how soil erosion processes respond to land management practices, 

thereby supporting the implementation of effective mitigation strategies. Additionally, Pu 

is presented as a robust soil erosion tracer applicable to large-scale studies in tropical 

Africa. Data derived from Pu activities will facilitate the validation of predictive models, 

paving the way for community-designed solutions to combat land degradation and inform 

future related policy.   
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 1 

Chapter 1 - Introduction  

Soil erosion is a critical environmental concern that affects agriculture, ecosystems, and 

water quality. The accurate measurement of soil erosion is essential for understanding its 

causes and effects and for developing effective mitigation strategies (Alewell et al., 2017; 

Batista et al., 2019; Labriére et al., 2015). Fertile soil is an essential resource; however, a 

large proportion of the world’s soils are degraded to some extent, with soil erosion 

presenting the greatest risk to land degradation worldwide (Lal, 2001; Lorenz et al., 2019; 

Pimentel, 2006; Whitlow, 1988b). Even in the most developed countries, the soil erosion 

rate has been reported to exceed that of soil formation (Alewell et al., 2015; Montgomery, 

2007; Pimentel & Burgess, 2013). This concern is notably greater within African 

countries and tropical environments which can experience extreme wet/dry weather 

patterns, driving rain and wind driven soil erosion (Farnsworth et al., 2011; Sultan & 

Gaetani, 2016). This represents a major problem concerning the sustainable 

intensification of agriculture; particularly in the developing world, where both land and 

water resources can be limited (Borrelli et al., 2017, 2020; Lal., 1983). Food production 

and quality can be compromised as a result of soil erosion, with soil nutrient shortages in 

tropical soils being of major concern for the future (Hossain et al., 2020). Food security, 

which can be defined as “improved health through food sufficiency, quality and safety”, 

is key to Kenya’s economic and social development; yet approximately 10 million people 

in Kenya currently suffer from some kind of food insecurity (Lokuruka., 2021; Mutie et 

al., 2020).  

 

As a regionally important source of food from both land and water, the Winam Gulf 

catchment of Lake Victoria in Kenya is an exemplar of these processes. This research is 

important owing to the rapid development and environmental pressures faced by the 

Winam Gulf of Lake Victoria (Fusilli et al., 2014; Marriott et al., 2023). This is 



 2 

compounded by poor coordination of environmental data (land-to-lake) to guide 

regulatory bodies (Kelly et al., 2020). Developing countries have experienced large 

expansions in agriculture since the colonial period, sometimes onto marginal land in 

response to rapid increases in population as well as the limited availability of land suitable 

for agriculture (Collier & Dercon, 2014; Laurance et al., 2014). This urbanisation and the 

rapid conversion of natural environments for agricultural use, within the Winam Gulf 

catchment of Lake Victoria, exacerbate the degradation caused by soil erosion and with 

limited water exchange in the Gulf, the aquaculture industry is threatened with 

diminishing water quality and sediment influx (Marriott et al., 2023; Nassali et al., 2020; 

Odada et al., 2003).  

 

Eroded sediment can act as a vector for the transportation of agrochemicals used on land, 

as well as naturally enriched elements into water bodies. This results in a loss of storage 

capacity due to siltation as well as eutrophication due to nutrient enrichment (Nassali et 

al., 2020; Njagi et al., 2022). Some of the main drivers of soil erosion include topography, 

land cover, soil texture, precipitation, and land-use management practices (Boardman, 

2006; Joint FAO/IAEA, 2014; Lal, 2001). Current rates of erosion are not sustainable and 

with changes in both precipitation and land cover on the rise, these rates could increase 

significantly (Montgomery, 2007; Pimentel, 2006).  As a result, soil nutrient shortages in 

tropical soils is a major concern for the future and effects both crop yields and protection 

of crops against disease, which could dramatically increase the likelihood of food 

shortages worldwide; impacting nutrition for both humans and farmed animals (Pimentel 

& Burgess, 2013). 

 

A large proportion of this degradation is a direct result of poor land management practices 

and vegetation clearance (Abdulkareem et al., 2019; Wynants et al., 2019). To plan 
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mitigation strategies for sustainable soil conservation measures, there is a need for 

reliable quantitative data detailing rates of soil erosion and sedimentation. This data can 

also aid in the validation of prediction models, that allow a better understanding of factors 

which can influence the processes involved (Joint FAO/IAEA, 2014).  

 

Traditional techniques such as sediment yield monitoring and erosion pins have been used 

for many years in Africa, however, these methods can lack representativeness at scale as 

well as spatial resolution (Elwell, 1978; Whitlow, 1988a) (Table 1). Furthermore, they 

involve expensive long-term monitoring and cannot be used to provide information on 

long term rates of soil erosion (Zapata, 2003). Other methods which are used to quantify 

soil redistribution processes include satellite imagery, GIS models, and sediment 

fingerprinting, however, these methods are beyond the scope of this research (Seutloali 

et al., 2018; Smith & Blake, 2014). 

 

Increasing soil erosion and deposition across many tropical soils within sub-Saharan 

Africa raises growing concerns regarding food security. Reliable empirical data on soil 

erosion rates is essential to inform the design of targeted erosion mitigation strategies in 

developing countries (Ruecker et al., 2008; Pimentel, 2006). Recent attention has focused 

on the use of fallout radionuclides (FRN) as tracing tools to quantify soil erosion and 

sedimentation rates within a landscape (Alewell et al., 2017; Loba et al., 2022; Mabit et 

al., 2014). The data produced from these methods, can be used to validate soil erosion 

prediction models and to provide a foundation on which to develop new land use policies 

for environmental protection (Walling et al., 2011; Gharbi et al., 2020; Hoo et al., 2011; 

Joint FAO/IAEA, 2014; Parwada et al., 2023). Therefore, the aim of this chapter is to 

compare, and contrast FRN methods utilised for the assessment of soil erosion and 

subsequent deposition in tropical soils.  
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Table 1 - Descriptions of the different methods of erosion measurement used. 

Methods of erosion 

measurement 

Description 

Sediment Yield 

Monitoring 

Involves the monitoring of sediment yield in rivers and water bodies 

downstream of erosion-prone areas. This method provides valuable 

data but lacks spatial resolution 

Erosion Pins and 

Flags 

Is used to measure soil surface loss directly. These simple, low-cost 

devices are valuable for small-scale studies but may not capture all 

erosion processes 

Aerial Photography 

and Satellite Imagery 

Using satellite imagery has become indispensable for large-scale soil 

erosion studies. They provide spatial and temporal information 

GIS-Based Erosion 

Models 

Allows the integration of various data sources to model and predict 

erosion rates across landscapes, providing valuable insights into 

erosion patterns 

Use of Radioactive 

Tracers 

Tracers such as 137Cs, 210Pbex and 239+240Pu have been employed to 

trace the movement of soil particles and estimate erosion rates 

Sediment Source 

Fingerprinting 

Involves analysing sediment samples for unique characteristics, such 

as grain size distribution or mineral composition, to identify their 

source areas and estimate erosion contributions from specific 

locations 

Rainfall Simulation 

Experiments 

Use’s controlled rainfall simulations to replicate erosive events to 

assess the effectiveness of various erosion control and mitigation 

measures 

Soil Erosion Models Numerical models, like the Universal Soil Loss Equation (USLE) 

and the Revised Universal Soil Loss Equation (RUSLE), are widely 

used to estimate soil loss potential based on factors such as rainfall, 

soil type, land cover, and slope 

Soil Erosion 

Monitoring Stations 

Monitoring stations are established to collect continuous data on soil 

erosion, rainfall, and other relevant variables. Long-term data from 

these stations are crucial for understanding erosion trends 
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Use of fallout radionuclides to evaluate soil redistribution patterns 

Fallout radionuclides (FRN) offer an alternative way to quantify soil erosion, without the 

need for expensive long-term monitoring techniques. The FRN method, in contrast to 

traditional methods, can be performed within a single sampling campaign and can assess 

for both erosion and deposition rates (Alewell et al., 2014; Joint FAO/IAEA, 2014; 

Parwada et al., 2023). Furthermore, by using the FRN method, the resultant erosional 

rates are representative of all processes which lead to redistribution of soil (Mabit et al., 

2014). Analysis of FRN deposited into the environment globally through precipitation 

has proven to be an effective tool for quantifying the redistribution of soil for the past 60 

years and these techniques have been utilised to increase knowledge on the resilience and 

status of agro-ecosystems around the world (Alewell et al., 2017; Mabit et al., 2012; 

Zapata, 2003). This success can be attributed to the adsorption of FRN onto the surface 

of soil and sediment particles both rapidly and irreversibly (Ashraf et al., 2014; Kersting, 

2013; Missana et al., 2004).  

 

The use of FRN for assessment of soil erosion began in the early 1960s with the initial 

use of 90Sr and 137Cs (Ritchie et al., 1974; Zapata, 2003). Since then > 4000 papers have 

detailed the use of similar methods for quantifying soil erosion (Ritchie & Ritchie, 2005). 

Some FRN such as 137Cs and 239+240Pu can be associated with negative connotations due 

to their anthropogenic origin, radiogenic threats, and high toxicity, but owing to their 

ability to bind strongly and irreversibly to soils they are ideal elements to be utilised as 

soil erosion tracers (Alewell et al., 2017; Zapata, 2003). In addition to 137Cs and 239+240Pu, 

some naturally occurring FRN such as 210Pb and 7Be which can be found in soils as a 

result of atmospheric processes can also be used owing to their global distribution in soils 

as a result of atmospheric processes (Kassab et al., 2021; Mabit et al., 2014). A short-

term tracer which has been used successfully around the world is 7Be, which due to its 
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short half-life of only 53 days can quantify erosion which has occurred within a particular 

erosional event (Mabit & Blake, 2019). As this chapter focuses on methods used for long 

term erosion processes 7Be as a tracer is beyond the scope of this research. 

 

General concept 

FRN methods are based on the comparison between the inventory (Bq per unit area) of a 

representative undisturbed reference site and the inventory at a given sampling site (Joint 

FAO/IAEA, 2014). By using the assumption that the loss of radionuclide at a particular 

reference site is only due to radioactive decay, soil erosion can be calculated from the loss 

of radionuclide at the site which is under investigation (Loba et al., 2022; Mabit et al., 

2014). Documenting the subsequent redistribution of the FRN in the soil, can then provide 

an effective way to trace rates and patterns of erosion within a landscape (Figure 2). 

Erosion is indicated by a lower FRN inventory, than the reference inventory, while 

deposition is indicated by higher FRN inventories (Joint FAO/IAEA, 2014). 

 

 

Fallout of 

FRN

FRN enter the 

atmosphere

137Cs

239+240Pu

222Rn

Soil erosion

210Pb

Deposition 

and transport

FRN soil redistribution

process

137Cs

239+240Pu

Figure 1 - Redistribution process of fallout radionuclides in the environment (Adapted from Walling et 

al., 2003) 

Binding to soil 
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For a FRN to be considered as a possible tracer for soil erosion, it is an important 

requirement that when it is deposited, it binds strongly and irreversibly to the soil, 

resulting in low mobility within the landscape. This allows for the assumption that any 

subsequent redistribution of the radionuclide in the soil is a direct result of soil 

redistribution processes only (Alewell et al., 2017). Another key requirement for using 

the FRN method is the assignment of a suitable reference site for the area of interest. A 

typical reference site will be a flat, well vegetated, and unploughed area, to limit any 

possible soil redistribution at that site. In addition, as the FRN inventory at the reference 

site is assumed to represent the baseline fallout, it is important that the fallout of that 

radionuclide has been spatially uniform across the study site (Joint FAO/IAEA, 2014). 

Sutherland, (1996) suggested that the number of samples representing the reference 

inventory should be increased until an allowable error is reached whereby if the 

coefficient of variation at a reference site exceeds 30% it can be deemed unsuitable and 

sample numbers should be increased accordingly. 

 

To calculate soil erosion and deposition rates from calculated changes in inventory, 

conversion models can be used. These conversion models mathematically define the 

relationship between an increase or decrease in the FRN inventory to return average soil 

redistribution rates in terms of tonnes per hectare per year (t ha-1 yr-1) (Walling et al., 

2011; Gharbi et al., 2020; He & Walling, 1997; Soto & Navas, 2008). These models differ 

in complexity with simple models such as the proportional model having only a few input 

parameters, while more complex models such as Mass Balance model consider many 

more (Walling et al., 2011; Gharbi et al., 2020; He and Walling, 1997; Soto and Navas, 

2008). The FRNs can be used to assess soil erosion rates over different time periods as 

dictated by its year of deposition, distribution globally and half-life (Table 2). 

 



 8 

Table 2 - Properties of radionuclides used in soil erosion/deposition rate studies. 

Radionuclide Origin 
Fallout 

occurrence 

Energy of 

emission 

Half life 

(Yr) 

Erosion 

time span 

137Cs 

Anthropogenic 

(nuclear weapon 

tests fallout and 

NPP accident 

release) 

Worldwide 

with higher 

deposit in 

northern 

hemisphere 

662.66a 30.17 50 years 

210Pb 
Natural (decay of 

226Ra) 
Worldwide 46.5a 22.26 100 years 

239+240Pu 

Anthropogenic 

(nuclear weapon 

tests fallout) 

Worldwide 

with higher 

deposit in 

northern 

hemisphere 

239 - 5.16b 

240 - 5.17b 

239 - 24110  

240 - 6561 
50 years 

a KeV 
b MeV 

 

A suitable reference site can be defined according to Joint FAO/IAEA, 2014: 

• having experienced neither soil loss nor deposition so that the inventory can be 

assumed to only reflect atmospheric inputs of the radionuclide and its decay 

through time; 

• having been under continuous vegetation cover for the period since deposition of 

began in the early 1950s; 

• located as close as possible to the disturbed sites that are to be sampled; 

• having an inventory which can be compared to any available national or global-

level radionuclide-deposition data. 

 

A typical reference site tends to be level and from an area which has not received any 

flow from upslope sites. The most common suitable reference sites tend to be parks and 

ceremonial areas as these are likely to have been under continuous vegetation cover for a 

long period of time, however, when sampling at these locations cultural sensitivity must 

be considered (Sutherland, 1996). In terms of land cover, areas with little cover such as 
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perennial grasses tend to be most suitable as reference sites due to the higher spatial 

variation of fallout radionuclides in forest areas. This spatial variation is a result of 

interception of fallout, soil-to-plant transfers, and bioturbation (Joint FAO/IAEA, 2014; 

Wilken et al., 2020). Multiple reference sites are required within each study area to 

determine the spatial variation of the inventory (Sutherland, 1996). 

 

137Caesium  

The most mature radionuclide technique commonly utilised in soil erosion studies is 

Caesium (Cs), with over 4000 research papers employing the radionuclide as a tracer of 

soil erosion (Ritchie & Ritchie, 2005). This is owing to its low solubility and capacity to 

adsorb rapidly onto the soil upon deposition. This rapid adsorption can be attributed to 

Cs binding strongly and irreversibly to the soil and is predominantly associated with fine 

clay minerals (Chibowski et al., 1999; Schimmack et al., 2001; Suchara et al., 2016). The 

element Cs is an alkali metal with the atomic number 55 which has many isotopes; of 

which only one is a stable isotope (133Cs). The isotope which is utilised as a tracer of soil 

erosion is 137 and this is a gamma emitter (662.66 KeV) with a half-life of 30.17 years 

(Russell et al., 2015). Upon deposition, 137Cs has been shown to adsorb to the cation 

exchange sites of clay and organic particles within the soil (Chibowski et al., 1999; 

Schimmack et al., 2001; Suchara et al., 2016). Any 137Cs which has been intercepted on 

fallout or taken up by plants can be considered negligible as it is released to the soil upon 

the vegetation dying and decaying (Alewell et al., 2017).  

 

In the environment 137Cs is not found naturally and is only present as a result of nuclear 

fission. As 137Cs is an anthropogenic radionuclide, its global presence in the environment 

is a direct result of nuclear weapons testing; with the main fallout period between 1953 
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and 1964 (Prăvălie, 2014). Global variation in the radionuclide’s distribution, is 

determined from both the test location of weapons and the patterns in annual precipitation 

(Pálsson et al., 2006; Thiessen et al., 1999). Due to this, fallout in the northern hemisphere 

has been significantly higher than in the southern hemisphere (Joint FAO/IAEA, 2014). 

This poses a challenge in regard to the use of 137Cs in tropical soils where often activity 

in the soil is below gamma spectroscopy detection limits (deGraffenried & Shepherd, 

2009; Hoo et al., 2011). Additionally, there are further inputs of 137Cs into soils due to 

nuclear power plant accidents such as Chernobyl, although more locally dispersed with a 

high spatial variability (Khodadadi et al., 2021.; Schimmack et al., 2001). There have 

been several research papers employing the 137Cs method in the tropical soils of sub-

Saharan Africa in countries including Kenya, Uganda, and Zambia (Collins et al., 2001; 

deGraffenried & Shepherd, 2009; Ruecker et al., 2008) (Table 3).  

 
Table 3 - Previous soil erosion studies utilising 137Cs within sub-Saharan Africa. 

 

 

The Erosional behaviour of 137Cs, allows for the assumption that it is only redistributed 

within the soil, because of physical processes and can therefore be used as a tracer (Joint 

FAO/IAEA, 2014). The depth profile of 137Cs at a reference site typically follows an 

exponential pattern, with sharp declines in activity as the depth increases (Ruecker, 2008; 

Sutherland, 1996). In most cases more than 75% of the total inventory for Cs is found 

Reference Study location 
137Cs reference inventory 

(Bq m-2) 

Average erosion rate 

(t ha-1 yr-1) 

(Rabesiranana et al., 2016) Madagascar 216 7.4 

(Junge et al., 2010) Nigeria 568 14.4 

(Ruecker et al., 2008) Uganda 416 12.8 

(Collins et al., 2001) Zambia 192 2.5 

(Pennock, 2000) Ghana 925 N/A 

(Chappell et al., 1998) Niger 3788 15.9 

(Quine et al., 1993) Zimbabwe 300 23 
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within the first 15cm of the depth profile. This evidence suggests that there is minimal 

vertical translocation of Cs in the soil (Walling & Quine, 1992; Poreba, 2006). However, 

the vertical distribution is dependent on a wide range of physical, chemical, and biological 

processes and so must be identified within each study area (Alewell et al., 2014; Arata, 

et al., 2016a; Joint FAO/IAEA, 2014). At sites which have been cultivated, it can be 

expected that 137Cs will be distributed uniformly within the plough layer due to the mixing 

which occurs. It is typical for total inventories to be lower on convex slopes which are 

eroded and higher in depressions where the soil may deposit (Poreba, 2006). 

 

The 137Cs method has some limitations in comparison to other FRN methods. First, 

because of its half-life being only 30.17 years, more than 70% of the originally deposited 

137Cs has now decayed (Evrard et al., 2020; Mabit et al., 2014). As a consequence of this, 

much of the remaining 137Cs will also disappear in the years to come, creating challenges 

in using it as a tracer of soil erosion; especially in the southern hemisphere where only 

one third of that in the northern hemisphere was originally deposited (Alewell et al., 2017; 

Hoo et al., 2011). As the activity diminishes, the accurate measurement of 137Cs in the 

soil becomes a challenge especially for the deep soil (> 15 cm), where the sensitivity for 

137Cs measurements may became too low to allow accurate measurements by gamma 

spectrometry (Walling & Quine, 1992; Zhang et al., 2019). Another potential limitation, 

in some parts of the world, is that activity of 137Cs in soils can be significantly influenced 

by Cs fallout from nuclear power plant accidents; which resulted in highly heterogeneous 

fallout (Parsons & Foster, 2011). In many European countries, this can lead to difficulties 

in calculating erosion accurately as 137Cs was deposited in considerable amounts by the 

Chernobyl fallout in 1986 (Schimmack et al., 2001; Zollinger et al., 2015). However, the 

effects of nuclear power plant accidents are localised and so do not affect tropical soils 

significantly (Gudiksen et al., 1989; Korsakissok et al., 2013). 
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The determination of 137Cs is typically measured via radiometric techniques; namely 

gamma spectroscopy due to its energy of emission being within the gamma range of the 

electromagnetic spectrum (662.66 KeV). The advantage of using gamma spectroscopy 

analysis is that the sample preparation for analysis is simple and non-destructive 

(Chappell et al., 1998; Poreba, 2006; Zhidkin et al., 2020).  

 

239+240Plutonium  

An alternative to using Cs is using Plutonium (Pu) isotopes. Similarly to 137Cs, 239+240Pu 

isotopes aren’t found in the environment naturally and were deposited globally during the 

1950s and 60s as a result of nuclear weapons testing. Although this was the dominant 

global contributor of environmental Pu, other Pu sources exist such as nuclear power 

plant accidents and marine discharges of reprocessing wastes. These releases had more 

localised effects in the environment compared to 137Cs (Kersting, 2013; Thakur et al., 

2017). This is as a result of 239+240Pu being contained within the non-volatile fraction of 

nuclear fuel debris, resulting in no significant long-range transport in the environment 

(Alewell et al., 2017; Ketterer & Szechenyi, 2008; Lal et al., 2013). The 239+240Pu method 

has been used infrequently in the past (Hakonson et al., 1981; Joshi & Shukla, 1991; 

Muller et al., 1978). However, in 2001 the use of 239+240Pu as an alternative to 137Cs was 

investigated at a study site in southern Germany (Schimmack et al., 2001). Subsequently, 

there has been a number of studies utilising 239+240Pu as a tracer for soil erosion (Alewell 

et al., 2014; Hoo et al., 2011; Lal et al., 2013; Meusburger et al., 2018; Portes et al., 2018; 

Raab et al., 2018; Schimmack et al., 2004; Xu et al., 2013, 2015; Zhang et al., 2019; 

Zollinger et al., 2015).  
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The element Pu belongs to the actinide series with the atomic number 94. In soil erosion 

studies the isotopes 239 and 240 are utilised with both being alpha emitters with the 

energies 5.16 MeV and 5.17 MeV respectively. Traditionally alpha spectrometry has been 

used to analyse Pu isotopes for use in soil erosion studies (Alewell et al., 2017). The 

chemistry of Pu in the environment is complicated as a result of its oxidation state being 

influenced by many geochemical factors (Geckeis et al., 2018; Kaplan et al., 2004).  

 

The erosional behaviour of 239+240Pu is like that of 137Cs, with the retention of Pu in 

sandy/clayey soils being of the same order of magnitude as Cs.  In addition, Pu has been 

observed to have an even greater retention in some organic soils (Hakonson et al., 1981; 

Muller et al., 1978). It has been reported that Pu is preferentially adsorbed to organic 

matter and oxides within the soil supporting greater retention and the use of 239+240Pu as 

a soil erosion tracer, owing to the assumption that Pu isotopes are only redistributed 

within soil as a result of physical processes (Alewell et al., 2014). Lal et al., (2013) and 

Meusburger et al., (2016) have shown that the depth profile of 239+240Pu is similar to 137Cs 

and follows an exponential depth function. However, it has also been suggested that it 

can follow a polynomial depth function, with the maximum peak lying between 3 and 6 

cm below the soil surface (Alewell et al., 2014; Xu et al., 2013). The lower concentrations 

of Pu in the very top-soil may be due to plant uptake after fallout deposition, however, 

some studies have suggested that this is a consequence of higher downward migration of 

Pu compared to Cs, as a result of Pu being influenced by geochemical factors such as pH, 

content of organic matter, and ion salinity (Alewell et al., 2017; Chawla et al., 2010).  

 

There has been very limited use of Pu in tropical sub-Saharan African soils with Wilken 

et al., (2020) successfully using 239+240Pu to estimate rates of soil erosion in DR Congo, 

Uganda, and Rwanda with rates between -51.4 and 20.2 Mg ha-1 yr-1 using the mass 
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balance model. This work highlights the potential for 239+240Pu to be used in the Southern 

Hemisphere as a replacement to 137Cs due to the advantages the method offers over 137Cs. 

Firstly, as a result of 239Pu and 240Pu’s much longer half-lives (24110 and 6561 years 

respectively), about 99% of original activity still remains in soils which ensures much 

longer term availability in the future compared to 137Cs which has a half-life of only 30 

years (Lal et al., 2013; Xu et al., 2015). In addition to this, with recent advances of 

analytical measurements by isotope counting methods such as ICP-MS, sensitivity of 

detection is increased. More than six times as many atoms of Pu were originally dispersed 

in comparison to Cs although their environmental activity was significantly lower 

(Everett et al., 2008). Until recently the measurement of Pu at the environmental level 

was restricted to few facilities world-wide with the use of alpha-particle spectrometry and 

accelerator mass spectrometry (AMS) (Hrnecek et al., 2005). Recent advances in mass 

spectrometry techniques such as ICP-MS allow for a higher availability for analysis 

world-wide making the application of Pu isotopes for tracing soil erosion more attractive 

(Moldovan et al., 2004; Muramatsu et al., 2001; Xu et al., 2022).  

 

The determination of Pu isotopes in samples can be achieved in two different ways either 

using decay counting (radiometric techniques) or atom counting methods (mass 

spectrometric techniques). For the determination of 239+240Pu isotopes the radiometric 

technique used is alpha spectrometry. When using alpha spectrometry to 

measure 239+240Pu isotopes a sum of activities is usually reported as the two isotopes 

cannot be resolved due to their similar alpha energy of emission (5.16 MeV for 239Pu and 

5.17 MeV for 240Pu) (Boulyga et al., 2001; Seferinoǧlu et al., 2014; Varga et al., 2007; 

Esaka et al., 2017; Hrnecek et al., 2005). For this reason, the sum of 239Pu and 240Pu has 

continued to be used in soil erosion studies. This method is attractive for the measurement 

of Pu isotopes in environmental samples as a result of low cost of instrumentation, high 
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selectivity for alpha particles and high sensitivity resulting from a low background signal 

(Mabit et al., 2008). 

 

The mass spectrometric technique traditionally used for 239+240Pu measurements in 

environmental samples is AMS. This method has high sensitivity with limits of detection 

as low as 0.001 mBq for 239Pu isotope due to the absence of interferences (Hrnecek et al., 

2005). The main limitation faced when using the AMS method to analyse Pu isotopes is 

the availability of specialist facilities where beam time must be applied for to access the 

facilities (Xu et al., 2013). More recently work has been focused around the use of ICP-

MS techniques which are more widely available in laboratories world-wide. Prior to 

analysis via ICP-MS samples require radiochemical separation which pre-concentrates 

the Pu isotopes as well as removes possible interferences such as 238U1H+ on the 239Pu 

isotope (Cao et al., 2016; Hou et al., 2019; Muramatsu et al., 2001; Xu et al., 2022; Liu 

et al., 2016; Metzger et al., 2019). When analysing soil and sediment samples for Pu 

isotopes the sample preparation involves spiking the sample with a Pu isotope not found 

in the sample, most commonly 242Pu (Alewell et al., 2014; Ketterer & Szechenyi, 2008). 

Following this the Pu is selectively separated from the matrix components using methods 

such as co-precipitation, ion extraction or through using chromatographic techniques 

(Ketterer et al., 2004).  

 

Alongside the AMS and ICP-MS methods, there are also some alternative mass 

spectrometric techniques such as thermal ionization mass spectrometry (TIMS) and 

resonance ionization mass spectrometry (RIMS) which are highly sensitive for the 

detection of Pu isotopes (Grüning et al., 2004; Lee et al., 2015; Wallenius & Mayer, 

2000). However, the use of these mass spectrometry techniques is limited by the low 

global availability and high cost of setting up an analytical facility (Alewell et al., 2017; 
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Ketterer & Szechenyi, 2008). The TIMS instrument has a higher sensitivity for 239Pu and 

240Pu than ICP-MS and interferences due to U present in the sample are less significant. 

However, TIMS requires time-consuming sample preparation to produce a thin filament 

source (Lee et al., 2015; Wallenius & Mayer, 2000). On the other hand, RIMS is an 

analytical technique which uses laser beams which are tuned for the selective excitation 

of Pu atoms making it highly sensitive for the measurement of 239Pu detecting 239Pu 

activities as low as 107 atoms per sample, which is in the range of 0.01 mBq. The RIMS 

instrumentation is available at only a few laboratories worldwide (Grüning et al., 2004). 

 

Unsupported 210Lead 

Another commonly used radionuclide technique is using Lead (Pb) which, in contrast to 

anthropogenic radionuclides such as 137Cs and 239+240Pu, is a natural radioisotope. It is a 

heavy metal with the atomic number 82 and in soil erosion studies the isotope utilised is 

210Pb which is a gamma emitter (46.5 KeV) with a Half-life of 22.26 years (Al-Tuweity 

et al., 2021; Moustakim et al., 2022). Similarly to 137Cs, 210Pb has proven to be an 

effective tracer of soil erosion worldwide (Mabit et al., 2014; Walling et al., 2003). 

Unsupported 210Pb has had applications in soil science for more than five decades, being 

widely used as a tool for dating sediments as well as to investigate sedimentation 

processes across the globe. However, it wasn’t until the 1990s that studies started to use 

the fallout 210Pbex as a tool for determining rates of soil redistribution processes within 

agricultural landscapes (Joint FAO/IAEA, 2014). It has a high affinity for soil particles 

and so is adsorbed onto soil both rapidly and irreversibly allowing for the assumption that 

any subsequent redistribution of 210Pb in the soil will be as a result of transport processes 

(Walling et al., 2003). In addition, 210Pb has been shown to behave in the environment in 

a similar way to 137Cs (He & Walling, 1997; Zapata, 2003).  
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210Pb exists in the environment because of the decay of 226Ra. In theory 210Pb in the soil 

should be in secular equilibrium with its parent isotope 226Ra, however, due to the 

diffusional behaviour the gaseous short-lived daughter, 222Rn, this is not the case (Joint 

FAO/IAEA, 2014; Meusburger et al., 2018). In natural materials, a small proportion of 

the 222Rn daughter diffuses out of the soil and enters the atmosphere where it rapidly 

decays to 210Pb and is deposited back into the soil through precipitation (Appleby & 

Oldfield, 1978). This 210Pb is considered unsupported or excess (210Pbex) as it is not in 

equilibrium with the parent 226Ra. The remaining 222Rn decays to form 210Pb within the 

soil, and this is considered supported 210Pb which exists in secular equilibrium with the 

parent 226Ra (Walling et al., 2011, 2003). The determination of unsupported 210Pb is 

possible by subtracting the supported 210Pb from the total which is determined using the 

ratio of either the parent radionuclide 226Ra or one of the daughters (214Pb / 214Bi) with 

210Pb. The daughters of 226Ra are often used due to the difficulty in distinguishing the 

226Ra peak at 186.21KeV with the intense peak of 235U at 185.72KeV (Appleby & 

Oldfield, 1978). As 226Ra is found in most rocks and soils, 210Pb as a tracer has global 

potential and fallout of 210Pbex is essentially constant through time (Meusburger et al., 

2018).   

 

The soil radionuclide inventories for unsupported 210Pb are typically greater than those 

found for other elements, due to its constant input into the environment (Walling et al., 

2011; Moustakim et al., 2022). This annual fallout can vary as a result of seasonal 

variations in atmospheric fallout, and it is reported that between 23 and 367 Bq m-2 year-

1 is deposited globally (Sedighi et al., 2020; Turekian et al., 1977). The depth profile of 

210Pb is similar to that found for 137Cs, however, the maximum activity peak is typically 
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found at the surface of soil rather than a small depth below, due to its continuous 

deposition onto the earth (Walling et al., 2003).  

 

The main advantage of using 210Pb as a tracer of soil erosion over 137Cs is its global 

applicability, resulting from the continuous fallout of 210Pb compared to the bomb derived 

fallout of 137Cs, which decreases consistently (Hoo et al., 2011; Meusburger et al., 2018). 

The biggest impact of this is seen in the southern hemisphere where deposition was up to 

3x lower than that in the northern hemisphere (Rabesiranana et al., 2016; Zhang et al., 

2019). The similar behaviour of fallout 210Pb to 137Cs makes it a good alternative 

radionuclide to investigate soil erosion rates, especially in areas where 137Cs 

measurements may be unsuitable. This includes areas where there has been significant 

137Cs input from nuclear power plant accidents or where the levels of bomb-derived 137Cs 

fallout are below detection limits (Khodadadi et al., 2021; Schimmack et al., 2001). The 

input of bomb-derived 137Cs fallout has ceased and 137Cs inventories are decreasing due 

to radioactive decay meaning less than 30% of the originally deposited 137Cs remains 

(Hoo et al., 2011). Soon, the use of 137Cs will no longer be possible, especially in southern 

hemisphere where fallout was much lower than in the northern hemisphere. Since the 

fallout of 210Pbex is effectively continuous, the use of this radionuclide does not face these 

problems (Joint FAO/IAEA, 2014). Within sub-Saharan Africa there has been previous 

studies employing the 210Pbex method (Table 4). 

 
Table 4 - Previous soil erosion studies utilising unsupported 210Pb within sub-Saharan Africa. 

 

 

Reference Study location 
210Pb reference inventory 

(Bq m-2) 

Average erosion rate 

(t ha-1 yr-1) 

(Rabesiranana et al., 2016) Madagascar 3078 -5.9 

(Walling et al., 2003) Zambia 2602 -4.5 
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The use of 210Pb as a soil erosion tracer does however have some disadvantages compared 

to the use of 137Cs. This includes challenges associated with the analysis of 210Pb. 

Radiometric analysis is typically used for the detection of 210Pb which has a gamma 

emission at 46.5 KeV (Appleby & Oldfield, 1978; Moustakim et al., 2022). Due to its 

low energy of emission, detection by gamma spectroscopy requires a N-type HPGe 

detector which has a low counting efficiency (Al-Tuweity et al., 2021). In addition, the 

gamma emission of 210Pb has a low absolute intensity (approximately 4%), resulting in 

greater uncertainty in the determination of 210Pbex (L’Annunziata, 2012). Although the 

sample preparation is non-destructive, it can be time consuming as samples are required 

to be sealed in airtight containers and stored for at least 20 days to ensure equilibrium 

between 226Ra and its daughter 222Rn (t1/2 3.8 days) allowing the determination of 

unsupported 210Pb (Appleby & Oldfield, 1978). It is worth noting that additional 

adjustments are needed to the resulting value of unsupported 210Pb if the analysed samples 

were collected many years previously to correct for radioactive decay of the 210Pb (Mabit 

et al., 2008).  

 

For the determination of unsupported 210Pb, the approach uses results which are obtained 

indirectly, requiring assumptions of secular equilibrium between 226Ra and supported 

210Pb which can compound potential errors associated with the measurement of 210Pbex 

(Appleby & Oldfield, 1978). This results in a low precision on the final determined value 

for 210Pbex and the uncertainty associated with estimates of 210Pbex can be as high as 30-

50%, particularly when concentrations of 210Pb are low (Alewell et al., 2017). Other 

methods which can be used for the determination of 210Pb in samples include alpha 

spectroscopy or beta/liquid scintillation counting and these methods, involve 

radiochemical separations. These alternative methods are more sensitive and can provide 

improved analytical precision, however the methods are not traditionally used for the 
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determination of 210Pb as the analysis is both laborious and expensive (Sánchez-Cabezudo 

et al., 2021; Šešlak et al., 2017). 

 

In conclusion, this chapter highlights the critical environmental problem of land 

degradation as a result of soil erosion, particularly in tropical areas such as the Winam 

Gulf watershed of Lake Victoria in Kenya. Agriculture, water quality, food security, and 

the sustainable management of land and water resources are all impacted by the effects 

of soil erosion. The chapter emphasises the requirement for accurate measurements of 

soil erosion rates for the development of efficient mitigation techniques. Traditional 

methodologies, although useful, have their limits, highlighting the need for reliable 

quantitative data to inform decision-making and support the use of predictive modelling. 

The use of FRN’s provides a cost-effective tool for measuring soil erosion with 239+240Pu 

showing good potential to replace 137Cs and 210Pb in tropical soils. Determination of soil 

erosion rates according to land management, clearance scale and land use can benefit our 

understanding of the factors which influence soil erosion and is the first step towards 

supporting the implementation of future mitigation solutions into policy.   
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Aim and objectives 
The aim of this research project is to determine small scale soil redistribution patterns 

under a range of land use histories and management practices to improve understanding 

of the driving factors for soil erosion across the rift valley region of the Winam Gulf 

catchment of Lake Victoria in western Kenya. To achieve this aim the following 

objectives need to be met:  

1  accurately determine fallout Pu activity concentrations in tropical soils for 

the subsequent determination of soil erosion rates with an improved 

separation and analysis method for ultra-trace Pu determination by; 

1 (a)  adapting and optimising a separation method using TEVA cartridges for 

the removal of matrix interferences with pre-concentration of ultra-trace 

Pu isotopes to reduce waste and increase throughput; 

 1 (b)  establishing a robust analytical method for the determination of ultra-trace 

level Pu isotopes with sufficient sensitivity for African soil samples using 

oxygen as a reaction gas for ICP-MS/MS; 

2 demonstrate the utility of 239+240Pu as a soil erosion tracer for the 

retrospective evaluation of soil redistribution that overcomes regional 

challenges in existing tracer-based approach using 137Cs by;  

2 (a) identification of a suitable area within the Winam Gulf of Lake Victoria 

on which to estimate soil redistribution occurring over differing timescales 

within the lake catchment; 

2 (b)  collection of soil samples to test the applicability of fallout radionuclide 

tracers, 137Cs, 210Pbex and 239+240Pu for the estimation of soil loss in 

Western Kenya;  

2 (c) identifying the robustness of each FRN and assessing the improved 

applicability of 239+240Pu compared to other FRNs; 
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3  evaluate erosion dynamins, according to different land uses and clearance 

scale within a typical small scale agricultural plot of the Winam Gulf 

catchment of Lake Victoria using 239+240Pu by;  

3 (a)  identifying the radionuclide inventory across plots with different land use 

and clearance scale; 

3 (b) modelling experimental outputs to relate sample site inventory with 

reference sites to calculate rates of erosion and deposition using the 

MODERN model;  

3 (c) comparison scale of erosion according to different land use and 

management practices.  

 

Thesis structure  
During the study, a portion of the conducted research was submitted for publication after 

being subjected to peer-review. Therefore, chapters 2, 3 and 4 have been published and 

chapter 5 is undergoing peer review. All chapters are provided in "paper format," with 

author contributions explicitly specified at the beginning of each chapter. These constitute 

the thesis' core chapters.  

 

The first chapter gave a general introduction to the thesis, including background 

information on the research question and an outline of the aim objectives of the research.  

 

The second chapter is a literature review assessing methods of measurement for Pu 

isotopes. This paper reviewed the common methods reported in the literature for the 

separation and subsequent detection of Pu isotopes are compared to recent advances in 

analysis using ICP-MS/MS technology to improve understanding of Pu analysis to 

support the determination of soil erosion rates. 
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In chapter 3 the utilisation of TEVA resins and ICP-MS/MS analysis as a means of 

detecting ultra-trace Pu isotopes in African soils was evaluated. In addition, the 

development of analytical separation methods and analysis, previously outlined in 

Chapter 2, is completed to comment on the detection of ultra-trace Pu down a tropical 

African soil profile.  

 

Chapter 4 evaluated the usefulness of Pu as a soil erosion tracer in comparison to the more 

regularly employed isotopes Cs and Pb, using the methods introduced in Chapter 3. An 

investigation into the variability of reference sites across the study area was conducted, 

to assess the improved applicability of 239+240Pu compared to other FRNs. 

 

Chapter 5 assessed soil erosion patterns within a representative study site within Western 

Kenya using Pu isotopes and the MODERN model. The understanding of these erosion 

processes presented within the literature is currently incomplete and in order to determine 

best practices for mitigation strategies, a much better understanding of soil erosion 

patterns and ultimate land degradation is essential. In addition, an evaluation of the 

modelled soil erosion patterns according to varying land use, clearance, and management 

approaches was conducted in consideration of future mitigation strategies. 

 

Chapter 6 concluded with a comprehensive discussion and evaluation of the use of Pu 

isotopes to investigate soil erosion trends in tropical Africa as well as considerations for 

future research. 
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Abstract 
The measurement of isotopic abundances and ratio variations of plutonium (Pu) can 

provide important information about the sources and behaviours of radiogenic isotopes 

in the environment. The detection of ultra-trace isotopes of Pu is increasing interest in the 

scientific literature for the determination of soil erosion rates due to their long retention 

times in the environment. The characteristics of Pu within the environment make it an 

ideal tracer for the determination of soil redistribution rates and its robustness presents 

the opportunity to replace more commonly used radioisotopes such as 137Cesium and 

210Lead. However, ultra-trace analysis of Pu (fg g-1) presents analytical challenges which 

must be overcome in a variety of soil types. Inductively Coupled Plasma Mass 

Spectrometry has proven valuable for detection of Pu in a range of environmental 

samples. However, severe polyatomic interferences from uranium isotopes significantly 

limits its application. Due to the improvements in detection sensitivity and reaction cell 

technology, inductively coupled plasma tandem mass spectrometry, which is also 

commonly referred to as triple quadrupole inductively coupled plasma tandem mass 

spectrometry (ICP-MS/MS), has emerged as an exceptional tool for ultra-trace elemental 

analysis of Pu isotopes in environmental samples overcoming the limitations of standard 

quadrupole ICP-MS such as limited sensitivity and cost of analysis. In this review, 

common methods reported in the literature for the separation and subsequent detection of 

Pu isotopes are compared to recent advances in analysis using ICP-MS/MS technology. 
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1.  Introduction 
Plutonium (Pu) is an anthropogenic element, ubiquitous in the environment as a result of 

fallout from nuclear weapons testing in the 1950s and 60s, nuclear power plant accidents 

and marine discharges of reprocessing waste [1], [2]. However, distribution of Pu from 

the latter is more localised, owing to 239+240Pu being contained within the non-volatile 

fraction of nuclear fuel debris [3], [4]. A total of 520 atmospheric nuclear weapons tests 

were conducted worldwide between 1945–1980 [5].  Due to their high radiotoxicity and 

long retention times, 239Pu and 240Pu  isotopes are considered important transuranic 

nuclides in the environment with half-lives of 24,110 years and 6,561 years, respectively 

[6], [7]. The geographical distribution of Pu in the environment largely varies due to the 

spatial distribution of weapons testing as well as post-test global weather patterns. The 

highest deposition is in the northern hemisphere temperate latitudes [8], as only 10% of 

the overall tests were conducted in the southern hemisphere [9].  This presents a challenge 

for the analysis of environmental samples in the tropics due to a much lower fallout 

compared to the mid-latitudes of the northern hemisphere. This can be seen when 

comparing Europe with Africa, with Europe’s minimum activity per unit area being two 

times larger than Africa’s maximum caused by the high volume of tests in the northern 

hemisphere in comparison to a much smaller number in the southern hemisphere (Table 

1). For the African continent, 14 nuclear weapons tests were conducted within the 

Tanezrouft region of Algeria, of which only four tests were atmospheric [10], [11].  

 
Table 1: Geographical distribution of 239+240Pu inventories [8] 

Continent 
239+240Pu range (MBq km-

2) 

Africa 3.33 – 19.2 

South 

America 
4.44 – 22.6 

Australia 6.66 – 24.8 

Asia 55.5 – 70.3 

Europe 40.7 – 115 

North 

America 
12.2 – 148 
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The analysis of long-lived Pu isotopes are applied as tracers in geochemistry, 

geochronology, nuclear forensics and as part of environmental monitoring to inform 

decontamination and remediation strategies [2]. The accurate determination of Pu 

isotopes could be useful for the identification of contamination sources. For example, 

global atmospheric fallout has a 240Pu/239Pu ratio of 0.18 while much lower ratios (0.02 - 

0.07) are observed via fallout from historical nuclear weapon testing and much higher 

ratios (0.30 - 0.41) are observed from releases originating from nuclear power plant 

accidents and incidents [12]–[15]. Commonly a sum of both the 239Pu and 240Pu isotopes 

is reported due to the historic use of alpha spectroscopy for their detection. Due to the 

isotopes similar energies of emission, alpha spectrometry cannot distinguish between the 

two isotopes [16].  

 

1.1. Environmental analysis  

Isotopes of Pu are considered hazardous pollutants in the environment due to their 

radiological toxicities and long radioactive half-lives, leading to millennial persistence in 

the environment [4], [5]. Attention has focused on the impact of these radionuclides on 

the environment and interest in the biogeochemical behaviour of Pu has been increasing, 

in particular as an environmental tracer to investigate the origin and delivery pathways 

[17]–[19]. The concentrations of Pu isotopes (239+240Pu) in environmental samples are 

normally very low, (0.04−400) × 10−16 g m-3 in the atmosphere, (10−9000) × 10−16 g g-1 

in soil and sediment, and (0.5−22) × 10−16 g L-1 in seawater samples [7]. Since the 

development of atomic energy from 1940’s, nuclear facilities have been established all 

over the world. With the lifetime of a typical nuclear power plant being between 40 and 

60 years, a major concern is the decommissioning of facilities to ensure environmental 

protection and safety [5]. In order to effectively decommission an area, baseline levels of 

radionuclides from atmospheric fallout must first be determined within the area close to 
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the site. The analysis of isotopes 238Pu, 239Pu and 240Pu in a variety of samples matrices is 

essential to plan decommissioning processes for matrices including concrete, graphite, 

metals, resin, and filters [19], [20]. Appropriate information for radiological and chemical 

characterisation is an important factor for legacy waste decommissioning [5]. 

 

1.2 Soil redistribution tracer 
Fallout radionuclides (FRN) provide an alternative approach to quantify soil erosion, 

compared to relatively expensive long-term monitoring techniques such as run-off plot 

testing. Methods using FRN, in contrast to traditional methods, can be performed within 

a single sampling campaign and can be applied to the calculation of both erosion and 

deposition rates. Previously FRN tracing has utilised 137Cs and 210Pb, however, Pu 

isotopes offers a new alternative method which can overcome some of the challenges 

faced when using both 137Cs and 210Pb [4], [21]. Recent advancements, in the 

quantification of soil redistribution rates, have employed Pu isotopes to determine rates 

of soil erosion using 239+240Pu inventory as a measure of soil redistribution [17], [22]. Due 

to 239Pu and 240Pu’s much longer half-lives, about 99% of original activity still remains 

in soils, providing stable and long term use for application compared to 137Cs which has 

a half-life of only 30 years [23], [24]. Approximately 75% of 137Cs has already decayed 

away since the peak of bomb testing and in the northern hemisphere the high spatial 

variability of fallout from nuclear power plant accidents, such as Chernobyl, make use of 

137Cs as redistribution tracer challenging. More than six times as many atoms of 239+240Pu 

were originally dispersed in comparison to 137Cs, but the specific activity of 137Cs exceeds 

that of the Pu isotopes; this makes the Pu isotope more amenable to detection by atom 

counting methods such as ICP-MS whereas for 137Cs decay counting by radiometric 

(gamma) spectrometry is more appropriate [3], [18], [25]–[28]. 
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The use of 239+240Pu to determine soil erosion has been reported infrequently in the past 

[29], [30]. However, in 2001 the use of 239+240Pu as an alternative to 137Cs was investigated 

at a study site in Scheyern farm, southern Germany [22]. Subsequently, there has been an 

increasing interest in utilising 239+240Pu as a tracer for soil erosion shown by the increasing 

number of publications using Pu isotopes for determining rates of soil erosion [24], [31], 

[32] (Table 2). Due to the increased environmental lifetime and low spatial variability of 

Pu isotopes compared to 137Cs, there is an increasing potential for Pu isotopes to replace 

137Cs in the tropics as a soil erosion tracer [4]. Therefore, this review aims to critically 

assess the current trends in analytical methodologies employed for the detection of Pu 

isotopes with the following objectives, (i) identification of common methods reported for 

the determination of Pu isotopes in environmental samples, and (ii) comparison of these 

methods to identify the usefulness in terms of the determination of soil redistribution 

rates.
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Table 2: Application of Pu analysis for the determination of soil redistribution rates 

Analysis method Reference Location Country 

Alpha spectrometry 
Schimmack et al., [22] Scheyern farm Germany 

Schimmack et al., [33] Scheyern farm Germany 

AMS 

Hoo et al., [31] Camberra Australia 

Lal et al., [24] Northern territory Australia 

Lal et al., [32] Daly River Australia 

ICP-MS with a high efficiency ultrasonic 

nebuliser 

Xu et al., [34] Liaodong Bay China 

Alewell et al., [17] The Urseren Valley Switzerland 

Xu et al., [23] Liaodong Bay China 

Zhang et al., [35] Liaodong Bay China 

Zollinger et al., [36] Upper Engadine Switzerland 

Meusburger et al., [37] Haean catchment South Korea 

Meusburger et al., [18] The Urseren Valley Switzerland 

Raab et al., [26] Sila Massif upland Italy 

Calitri et al., [27] Uckermark region Germany 

Musso et al., [38] Klausenpass Switzerland 

Wilken et al., [39] Various 
Uganda, Rwanda, DR 

Congo 

Wilken et al., [40] Weichselian glacial belt Germany 

Khodadadi et al., [3] Zarivar Lake Iran 

ICP-MS/MS Zhang et al., [28] Loess Plateau, Qingyang China 

ICP-MS/MS with a high efficiency 

ultrasonic nebuliser 

Portes et al., [25] Wyoming America 

Calitri et al., [41] Uckermark region Germany 
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2. Methods for plutonium determination 

2.1. Radiochemical separation of plutonium 
The accurate determination of trace Pu isotopes requires a high level of enrichment prior 

to analysis due to their low abundance in environmental samples, which is reliant on 

atmospheric fallout. Using specialised separation techniques, the Pu isotopes can be both 

removed from the matrix and interfering substances, and pre-concentrated to ensure 

maximum sensitivity is achieved [42]. For analysis by -spectrometry the samples 

require complete separation of Pu from the matrix to both avoid spectroscopic 

interferences (241Am on 238Pu) and obtain a thin alpha source for measurement which 

must not exceed a few micrometres. This is due to the short range of alpha radiation 

particles resulting in a degradation of the resolution of Pu peaks in the spectrum as 

distance increases. This review focuses on the separation techniques employed for mass 

spectrometry techniques and a more detailed explanation of separation for radiometric 

techniques can be found in Qiao et al. [16].  

 

The matrix elements (salt), peak tailing, and hydrides of 238U and other polyatomic ions 

are the major interferences in the measurement of Pu isotopes using ICP-MS [7]. The 

mass concentrations of Pu are normally very low in environmental samples, and so to 

maximise the number of atoms counted, large starting masses/volumes of sample are used 

to pre-concentrate the Pu in the final measured sample aliquot sample.  When analysing 

solid samples, Pu first needs to be released from the solid sample matrix into solution 

prior to chemical separation. The first preparation step for Pu separation is to remove the 

organic matter in the sample as otherwise the Pu may bind to these and disrupt the 

chromatography. Organic matter in the solid samples is commonly decomposed by dry 

ashing in muffle furnaces at 400–700 °C for 2–24 h [43], although it should be noted that 

many published studies do not give details of the ashing temperature. 
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Prior to extraction, samples are spiked with a low abundance isotope such as 242Pu which 

can be used as a tracer to calculate recovery following chemical separation and to validate 

the success of the separation by correction for Pu loss during the analytical process [19], 

[44], [35]. Concentrated nitric acid is often employed for the extraction of Pu from soil 

but methods using 8M nitric acid and aqua regia have also been used [23], [42], [46], 

[47]. An alternative commonly used, is a lithium metaborate fusion for samples 

containing refractory species of Pu, such as samples which have been collected from 

highly contaminated sites of nuclear weapons tests and nuclear accidents. These 

refractory species are not fully dissolved by acid leaching which could lead to 

underestimation of analytical results [48], [50]. However, despite fusion methods being 

most effective for the digestion of soil samples containing Pu, drawbacks of the method 

include that additional interfering elements and matrices can also be decomposed leading 

to unreliable recovery and practicality of fusing large volumes of sample [6]. 

 

Co-precipitation, solvent extraction, ion exchange chromatography, and extraction 

chromatography are often applied for separation and purification of Pu in environmental 

samples, especially for removal of U [7].  Among the methods in recent years, ion 

exchange and extraction chromatography are becoming the most popular technique. 

These methods are based on anionic complexes of Pu with NO3
− and Cl− bonding with 

the organic functional group within the chromatographic resin [7]. These methods are 

reliant on Pu existing in the correct oxidation state prior to separation. Since both ion 

exchange chromatography and extraction chromatography rely on Pu to be in the 

oxidation state Pu(IV), NaNO2 is frequently employed as a valence adjuster to convert 

Pu to the tetravalent state with the nitrite ion playing an important role in Pu aqueous 

processing. It is capable of oxidising Pu(III) to Pu(IV) and of reducing Pu(VI) to Pu(IV). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ion-exchange-chromatography
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ion-exchange-chromatography
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chromatography
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Often another reducing agent, such as ferrous ion is also added to increase the rate of the 

reaction because the Pu(VI) to Pu(IV) reduction by nitrite is slow [16]. An additional step 

widely reported to increase the rate of reaction, was the conversion of Pu species to Pu(III) 

using a reducing agent such as K2S2O5 prior to the addition of NaNO2 [51], [52]. Co-

precipitation with reagents such as Ca, Bi or Fe can be used to reduce the effects of matrix 

elements on Pu in the sample prior to chromatographic separation [48]. This is often 

useful for analysis of low mass samples (~1g) to preconcentrate Pu, but is not practical 

for larger mass soils (e.g., > 50g) owing to the use of additional chemicals and time-

consuming steps.  

 

Nygren et al. [49] investigated the separation of Pu from soil and sediment using different 

chromatographic methods and found that the TEVA resin (Eichrom Technologies) 

showed the highest yield of Pu. The potential of this method was further realised when 

incorporated into a full analytical protocol using ICP-MS by Ketterer et al. [53], [54]. 

With > 80 citations in google scholar, this paper has become pivotal in the literature, with 

TEVA resins widely adopted as the standard separation method for Pu isotope 

measurements for the majority of analytical techniques. This can be attributed to 

relatively low uranium content within the TEVA resin and relatively large differences in 

the nitric acid dependency factors of k’ (k’ = distribution coefficient between resin and 

solution) [55]. The TEVA-resin is based on an aliphatic (R = C8 and C10) quaternary 

ammonium salt as extractant [49]. To maximise decontamination factors of U isotopes 

multi-step separations can be used with a combination of resins. Examples of this include 

Varga et al. [56] where a UTEVA column was used in tandem with a TRU resin, Metzger 

et al. [57] used a TEVA column in tandem with UTEVA and Puzas et al. [58] using an 

AG1-x8 followed by a UTEVA column in tandem with TRU. Through the use of these 



 49 

separation techniques, decontamination factors of U isotopes with respect to Pu of up to 

107 have been achieved [7].  

 

2.2. Radiometric method for measurement of plutonium 

The determination of Pu isotopes in samples can be achieved in two fundamentally 

different ways either using: (i) decay counting (radiometric techniques) or (ii) atom 

counting methods (mass spectroscopy techniques). Alpha spectrometry is the most used 

radiometric technique for the determination of isotopes 238Pu, 239+240Pu, 242Pu and 244Pu. 

However, -spectrometry is unable to distinguish between isotopes with similar energy 

of emission due to the limited energy resolution of alpha detectors (Table 3) [16]. As a 

result 239+240Pu isotopes are reported as a sum of activities and the method is also unable 

to distinguish between 238Pu and interfering isotope 241Am [59].  In addition, α-

spectroscopy detection of long-lived 242Pu and 244Pu isotopes in environmental samples 

is challenging due to their ultra-trace level concentrations in the environment and their 

low specific activity [60]. 

 

A typical detection limit of -spectrometry is in the order 10-4 Bq (0.05pg) 239Pu [16], 

[48], [59], [61]. The low cost of instrumentation, high selectivity for alpha particles and 

high sensitivity resulting from a low background signal make this method attractive for 

the measurement of Pu isotopes in environmental samples [60]. Although -spectrometry 

has these advantages it is a detection technique which requires very long counting times 

(1-30 days) and due to the short range of alpha radiation particles and increased thickness 

may result in a degradation of the resolution of Pu peaks in the spectrum [61]. This means 

that -spectrometry detection is not a suitable method for emergency situations where 

results are required within a short timeframe or large-scale environmental surveys.  
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The 241Pu isotope has a principal decay mode via a beta emission meaning that 

traditionally it has been determined directly by liquid scintillation counting (LSC). It can 

also be measured indirectly by -spectrometry to determine the in-grown daughter 241Am 

activity [20]. Both methods require a pre-concentration and separation step to allow for 

analysis and long counting times are required to achieve sufficient counts for an 

acceptable precision. One of the main challenges of the LSC method is the accurate 

determination of the counting efficiency which can vary between 30 - 43%, depending 

on the spectral quench parameter of the external standard and accounting for these low 

efficiencies is a challenge [62]. Although initial fallout of 241Pu was high, this isotope is 

not applicable for use as a soil erosion tracer due to its short half-life and limited 

environmental lifetime [20].  

 
Table 3: Nuclear properties of Pu isotopes [16], [63]. Note all decays also produce gamma emission but 

their intensities are too low to be used analytically for environmental samples. 

Nuclide 
Half-life 

(yr) 

Decay 

mode 

Specific activity (Bq g-

1) 

Energy of emission 

(MeV) 
238Pu 87.7 α  6.34 x 1011 5.59 
239Pu 24100 α  2.30 x 109 5.16 
240Pu 6561 α  8.40 x 109 5.17 
241Pu 14.3 β  3.82 x 1012 20.8* (KeV) 
242Pu 3.73 x 105 α  1.46 x 108 4.85 
244Pu 8.08 x 107 α  6.71 x 105 4.59 

 

 

2.3. Mass spectrometry techniques 

2.3.1. Accelerator mass spectrometry 

The mass spectrometry technique traditionally used for 239+240Pu measurements in 

environmental samples is Accelerator Mass Spectrometry (AMS). The instrumental effort 

is much higher for AMS than for -spectrometry, but the much increased sensitivity and 

ability to distinguish between the isotopes 239Pu and 240Pu has in the past made AMS an 

attractive option for Pu analysis and may be viewed as the “gold standard” technique [59]. 

The main limitation when using the AMS method to analyse Pu isotopes is the poor 
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availability of specialist facilities where beam time must be applied for to access the 

facilities and the relatively high cost of using these facilities [34]. However, despite these 

limitations AMS can achieve very high levels of sensitivity and the method stands out 

with setting detection limits as low as 0.001mBq for 239Pu regardless of the matrix 

components of the sample, which is between 10-100 times better than detection limits 

achieved using alpha spectrometry [4], [59], [64]–[67]. This is possible due to the 

elimination of molecular isobars in the stripping process, which occurs in the terminal of 

an electrostatic tandem accelerator [66]. Another benefit of this stripping process is that 

the levels of U purification prior to analysis are lower than other MS techniques, allowing 

for the simplification of the radiochemical procedures prior to analysis [67].  

 

2.3.2. Thermal Ionisation Mass Spectrometry and Resonance Ionisation Mass 

Spectrometry 

In addition to AMS there are also some alternative mass spectroscopy techniques that are 

highly sensitive for the detection of Pu isotopes including Thermal Ionisation Mass 

Spectrometry (TIMS) and Resonance Ionisation Mass Spectrometry (RIMS). The TIMS 

method has a higher sensitivity for 239Pu and 240Pu than ICP-MS and interferences due to 

UH and UH2 are less significant. This means that TIMS has become the method of choice 

for measuring isotope ratios with precision as low as 0.002% [68]. However, TIMS is 

limited by the relatively high cost of analytical facilities and the extensive sample 

preparation prior to analysis to produce a thin filament source, taking days to weeks of 

dissolution and separation steps [54]. The method used in RIMS, employs tuned laser 

beams for the selective excitation of the Pu atoms. It is both highly sensitive and selective 

for the measurement of 239Pu with detection of 239Pu activities as low as 100 atoms per 
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sample, equivalent to of 0.1 nBq. This method however, is only available at specialist 

laboratories worldwide [4].  

 

2.3.3. Inductively Coupled Plasma Mass Spectrometry 

An alternative to mass spectrometry methods described above is Inductively Coupled 

Plasma Mass Spectrometry (ICP-MS). This method has grown in popularity over the past 

10 years which is shown by the increasing number of publications using the method and 

it has become a widely used technique for the detection of Pu isotopes due to its high 

sensitivity, short analytical times, and relatively simple operation. However, the method 

can be hindered by the formation of interferences due to polyatomic species, formed from 

matrix elements and plasma gases. These polyatomic interferences require removal as 

they have the same integer mass-to-charge ratios as the analyte of interest, leading to false 

detection or overestimation of results [14], [69]. For Pu isotopes, the major interfering 

ions are a consequence of the presence of 238U which is ubiquitous in the environment. 

Uranium hydrides 238UH+ and 238UH2
+ cannot be resolved from 239Pu+ and 240Pu+ making 

analysis of these isotopes a challenge [66]. With the concentration of 238U in 

environmental samples being up to 6-9 orders of magnitude higher than that of Pu, 

another issue for the analysis of 239Pu as a result, in quadrupole ICP-MS is the peak tailing 

from 238U [70]. Therefore, low-resolution ICP-MS cannot always reliably determine 

239Pu, relying heavily on the chemical purification steps prior to analysis, which are used 

to remove U isotopes from the matrix [71]. However, these procedures also bring 

additional U into the final sample solutions through atmospheric contamination of the 

glassware, and reagents [72]. There are also other minor polyatomic interferences which 

need to be taken into consideration such as plasma gas induced Hg and Pb interferences 

(Table 4).  
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Table 4: Polyatomic interferences for Pu isotopes using ICP-MS [6], [46], [73] 

 

2.3.4. Dynamic Reaction Cell / Collision Reaction Cell - Inductively Coupled 

Plasma Mass Spectrometry 

Some studies have focused on the use of dynamic reaction cell (DRC) or collision reaction 

cell (CRC) ICP-MS to eliminate the UH+ interference. The different reactivities of Pu and 

U with specific gases provide a promising way for the spectro-chemical resolution of 

238Pu+ from isobaric 238U+ and polyatomic interference i.e. UH+ in ICP-MS [70]. Through 

the introduction of He gas it was reported that the sensitivity of Pu isotopes could be 

enhanced by about three times, however, the signal of UH species is also enhanced, 

making it an unsuitable gas to use within the reaction cell [7]. Vais et al. [74] found that 

the 238UH+ signal interfering with 239Pu could be reduced by 10 orders of magnitude by 

using NH3 gas while the Pu signal was only reduced slightly [74]. Tanner et al. [75] and 

Gourgiotis et al. [76] investigated the use of CO2 gas for the reduction of interference, 

finding that the reaction efficiency of UH+ was significantly higher than that of Pu+; 

ultimately reducing the interference. The different reactivity observed for U and Pu 

towards CO2 gas is linked to the need to promote the ground-state ions to a reactive 

configuration with the Pu+ ion requiring a greater energy to promote the electron during 

reaction (1.08eV) compared to U+ (0.04eV) [75], [76].  

 

Isotope Polyatomic interference 
238Pu 198Pt40Ar+, 201Hg37Cl+, 198Hg40Ar+, 202Hg36Ar+, 205Tl16O2

1H+, 203Tl35Cl+,                     
208Pb14N16O+, 207Pb14N16O1H+, 206Pb16O2

+ 
239Pu 206Pb33S+, 207Pb16O2

+, 208Pb31P+, 205Tl34S+, 203Tl36Ar+, 202Hg37Cl+, 199Hg40Ar+, 
203Tl36Ar+,204Pb35Cl+,177Hf14N16O3

+, 176Hf14N16O3
1H+,191Ir16O3

+, 193Ir14N16O2
+, 

198Pt40Ar1H+, 208Pb14N16O1H+, 209Bi14N16O+ 
240Pu 204Pb36Ar+, 206Pb34S+, 207Pb33S+, 208Pb32S+, 205Tl35Cl+, 203Tl37Cl+, 205Hg35Cl+ 

200Hg40Ar+,208Pb16O2
+,178Hf14N16O3

+, 177Hf14N16O3
1H+, 191Ir16O3

1H+, 
193Ir14N16O2

1H+, 194Pt14N16O2
+, 207Pb16O2

1H+, 209Bi14N16O1H+ 
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2.3.5. Inductively Coupled Plasma Tandem Mass Spectrometry 

An emerging technique for the analysis of Pu isotopes is ICP-MS/MS which is also 

commonly referred to as triple quadrupole ICP-MS (ICP-QQQ-MS). The method has 

gained popularity over recent years due to the method’s achievable low detection limits 

and ability to remove interferences using collision cell technology (Table 5). This 

advancement in interference removal efficiency has led to more applications in nuclear 

materials analysis and other complementary radiometric techniques [70]. The additional 

quadrupole mass filter located in the front of the collision-reaction cell allows the pre-

selection of species, which prevents the formation of secondary polyatomic interference 

and improves the efficiency of the cell chemistry in the collision cell (Figure 1) [73], 

[77]. Using a second quadrupole peak tailing will be reduced which in turn has the 

advantage of improving the mass resolution reducing effects of peak tailing. Ammonia 

(NH3), carbon dioxide (CO2) and oxygen gas (O2) are among the different reaction gases 

proposed for the removal of UH+ and UH2
+ interferences by ICP-MS/MS [6], [7], [78], 

[79]. 

 

The reaction of U+ and UH+ interferences within the reaction cell of the ICP-MS/MS with 

NH3, work effectively to mass shift interferences away from the Pu isotopes. This is 

possible as a result of Pu isotopes not reacting with the gas and therefore remaining at the 

original m/z ratio while U+ and UH+ are shifted to a higher ratio [7]. 

𝑈+ + 𝑁𝐻3 → 𝑈(𝑁𝐻𝑚)𝑛
+

 

𝑈𝐻+ + 𝑁𝐻3 → 𝑈𝐻(𝑁𝐻𝑚)𝑛
+

 

(m/n = 1-2) 

Xu et al. [79] reported that both the U+ and UH+ interferences were effectively eliminated 

using 0.4 ml min-1 NH3 as a reaction gas and 6.4 ml min-1 He, reducing the overall 

interference to <2.4 x 10-7. In addition, Pu sensitivity was increased by the collisional 
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focusing effect of He gas to a sensitivity of 13,900 Mcps (mg L-1)-1. Despite the ability of 

NH3 to react with the U interference, the use of NH3 gas poses several safety concerns, 

including its potential corrosive nature, requiring mitigation for its use in a laboratory that 

could be prohibitively costly [80]. In addition, the ratio of UH+/U+, although significantly 

reduced, is not sufficient to meet the needs of measurement of ultra-low-level Pu in 

samples containing comparatively higher U concentrations [77].  

 

Another commonly used gas is CO2 which has been successfully used to eliminate UH+ 

interference by converting hydrides within the sample to oxides, while keeping the 

intensity of the Pu signal. Both the tailing effect of 238U on abundance sensitivity and the 

polyatomic interference UH+ are eliminated, reducing the overall interference of uranium 

to three orders of magnitude better than conventional ICP-MS [7].  

𝑈+ + 𝐶𝑂2 → 𝑈𝑂𝑛
+

 

𝑈𝐻+ + 𝐶𝑂2 → 𝑈𝑂𝑛
+

 

(n = 1-2) 

Hou et al. [7] reported that the optimal conditions to eliminate U interferences was 1.2 

ml min-1 CO2 and 8 ml min-1 He, which reduced overall interference on 239Pu to <1 x10-

8. However, it was reported that although this high flow rate is optimal for the removal of 

interfering ions, increasing flow rates above 1.2ml min-1 of CO2 results in declining 

intensity of PuO+ signal. This was attributed to the increased production of PuO2
+ within 

the collision cell [7]. Similar results were reported by Childs et al. [77] where significant 

U interferences were observed when comparing a U spiked Pu standard with an un-spiked 

standard; therefore it was deemed that Pu quantification was not possible using high flow 

rates of CO2 [77].  As the m/z ratio for PuO2
+ >271 is beyond the mass range for older 

ICP-MS/MS instruments, the loss of Pu signal measured at the Pu+ mass rather than 

shifted to an oxide form can have a negative impact on the measurement sensitivity. User 
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requirements, particularly the nuclear industry, for analysing heavy elements in mass shift 

modes has meant that new instruments such as the Agilent 8900 have an extended m/z 

detection range up to 275, allowing for the detection of the mass shifted Pu isotope [73]. 

This highlights a need for manufacturers to extend the m/z range in future instruments to 

improve reaction cell chemistry and therefore allow for greater research into elements 

with complex interferences, further reducing detection limits and increasing sensitivity.  

 

In addition to NH3 and CO2, O2 has also been used as a reaction gas with the Pu+ ion 

readily converted to both PuO+ and PuO2
+ [73]. Of these two ions the favoured one for 

analysis is PuO2
+ as it is subject to lesser interference than PuO+ which experiences 

dominant interference from uranium oxides, 238U16O+, 238U16O1H+ and 238U16O1H2
+ for 

the measurement of 239Pu16O+ and 240Pu16O+ ions, causing a less efficient elimination of 

the uranium interference [7]. 

𝑈+ + 𝑂2 → 𝑈𝑂𝑛
+

 

𝑈𝐻+ + 𝑂2 → 𝑈𝑂𝑛
+

 

(n = 1-2) 

 

Zhang et al. [28] found that both 238U+ and 238U1H+ preferably reacted with O2 to form 

238U16O2
+ and therefore the interference was significantly reduced. The optimal 

conditions in order to observe maximal sensitivity of 242Pu+ (880 Mcps (mg L-1)-1) at m/z 

274 (PuO2
+) was obtained using 0.09 ml min-1 O2 as a reaction gas and 12 ml min-1 He 

[73]. The Pu+ signal decreases exponentially by more than 600 times when using O2/He 

gas mode as opposed to He only mode and this can be attributed to the formation of PuO2
+ 

when subjected to relatively high O2 levels in the reaction cell. The use of this reaction 

gas is however limited to detectors with m/z reaching > 271. The reaction mechanism for 
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the removal of uranium interferences can be seen in Figure 1. It should be noted that there 

may still be some tailing of the 238U16O2
+ on to 239Pu16O2

+. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5 summarises the detection limits achieved for ICP-MS/MS analysis using reaction 

gasses. With older ICP-MS/MS instruments being limited to detect m/z ratios no greater 

than >271 one of the most commonly used reaction gases reported in ICP-MS/MS has 

been NH3. However, with the need for safe gas handling due to the corrosive nature of 

NH3 and the availability of quadrupole systems capable of >271 amu, alternative methods 

are beginning to be favoured. With recent advancements in ICP-MS/MS technology 

allowing for m/z ratios >271 to be detected, oxygen gas presents an exciting development 

in the detection of Pu isotopes in the presence of U in samples with detection limits 

exceeding that of NH3 and CO2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 3 9 P u + 2 3 8 U + 

2 3 8 U 1 H + 

R e a c t i o n   
g a s O 2 

2 3 9 P u 1 6 O 2 + 

2 3 8 U 1 6 O 2 + 

1 H 
Q 1 

m / z   =   2 3 9   
Q 2 

m / z   =   2 7 1   

Figure 1: Reaction mechanism of O2 gas using ICP-MS/MS and m/z of 239 and 271 
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Table 5: Method Detection limits of 239Pu and 240Pu reported in the literature using different gas modes 

with ICP-MS/MS. 

Reference 

Sample 

introduction 

system 

Instrument 
Gas 

mode 

Detection limit (fg g-1) 

239Pu 240Pu 

Xing et al. 

[42] 

None Agilent 

8800 
NH3 0.55  0.09  

Xing et al. 

[6] 

None Agilent 

8800 
NH3 0.55  0.09  

Bu et al. [47] 
APEX- Agilent 

8900 
NH3 0.30  0.20 

Xu et al. [79] 
APEX- Agilent 

8900 
NH3 0.16  0.05 

Hou et al. [7] 
None Agilent 

8800 
CO2 0.11  0.07  

Zhang et al. 

[73] 

None Agilent 

8900 
O2 0.06 0.06  

 

2.3.6. Sector field Inductively Coupled Plasma Mass Spectrometry 

Limitations in the mass resolution of quadrupole ICP-MS has led to the development of 

high-resolution mass spectrometers. Sector field ICP-MS (SF-ICP-MS) which is based 

on the magnetic field approach and uses double focusing, to improve the mass resolution 

of ion peaks [81], [82]. This is achieved using an electrostatic analyser (ESA) before or 

after the magnetic field before passing the sample through an exit slit to filter the isotopes. 

Consequently, compared to a quadrupole system either an improvement in selectivity in 

high resolution mode or an improvement in the sensitivity as well as a reduction of the 

noise level can be achieved in low resolution mode (similar to quadrupole); this results in 

low achievable detection limits in the pg kg-1 range [83]–[85]. Another advantage of SF-

ICP-MS over traditional ICP-MS is the ability to measure the signals on flat-topped peaks 

at lower resolutions. This offers an improvement in the measurement of isotope ratio 

precision over quadrupole based ICP-MS; however, it is important to note that precision 

is reduced with increasing resolution due to the deterioration of peak shape and is still 

poorer than that of MC-ICP-MS, where true simultaneous ratio measurements are made. 

Similarly to traditional quadrupole ICP-MS, SF-ICP-MS requires a high level of 

decontamination prior to analysis to remove interferences from UH+ as even high 
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resolution mode is insufficient to fully remove this interference [86], [87]. This alongside 

the relatively higher cost of instrumentation and subsequently less common availability, 

make SF-ICP-MS a less attractive method for the determination of Pu in soil erosion 

studies. However, SF-ICP-MS is an more appropriate option in cases where a higher 

degree of specificity is required (e.g. forensic identification of Pu source using isotope 

ratios) compared to the requirement for soil erosion studies [83], [88].  

 

2.3.7. Multi collector Inductively Coupled Plasma Mass Spectrometry 

Multi-collector ICP-MS (MC-ICP-MS) is based on the simultaneous detection of 

isotopes, eliminating classical sources of uncertainty from the sequential scanning used 

in ICP-MS [89]. Typically, MC-ICP-MS instruments will have up to nine faraday cages 

making up the detection assembly and newer instruments make use of ion counting 

systems to improve the abundance selectivity. Therefore, MC-ICP-MS can be used for 

measuring isotope compositions with both high precision and accuracy, and has the 

advantage of a high ionisation efficiency in comparison to the TIMS, allowing for a larger 

theoretical mass range of isotopes to be measured [81]. Similarly, to SF-ICP-MS, this 

analysis method has a requirement for the removal of UH+ via extensive separation prior 

to analysis and one of the challenges which must be overcome using MC-ICP-MS is the 

limited ‘practical’ mass range – needing repeat analyses to cover broad mass range, hence 

longer analysis time compared to ICP-MS/MS, limiting sample throughput. A 

consequence of this is the need to select an internal standard which falls into the mass 

range which is usually limited between 10 and 30% [90], [91].  Similarly to the SF-ICP-

MS instrumentation, MC-ICP-MS is relatively more expensive than ICP-MS/MS, 

therefore with less availability and slower sample throughput is not suitable to soil erosion 

studies which need quick analysis of large quantity of samples. 
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2.3.8. Time of flight Inductively Coupled Plasma Mass Spectrometry 

An alternative analysis method is time of flight ICP-MS (ICP-TOF-MS). This technique 

pushes a packet of sample ions from the ICP into a ion flight tube, accelerates them and 

then separates the ions of different mass to charge ratio by their drift time [92]. Counting 

of the ions proceeds in a temporal succession on a microsecond time scale and because 

the packet of ions was sampled at the same time from the ICP this method of detection is 

essentially simultaneous [93]. This gives it an advantage of requiring a low sample 

volume and quick analysis time. However, prior to analysis a high degree of separation 

is required, and selectivity is similar to that of traditional quadrupole ICP-MS. Although 

this method does not offer advantages over ICP-MS/MS in terms of analysis for the 

purpose of soil erosion measurement, it does have a high potential to be used alongside 

laser ablation for high resolution analysis of impurities in nuclear fuels, nanomaterials 

and biological matrices [94]–[97].  

 

3. Discussion 
This review summarised the advancements of Pu isotope analysis over the past 20 years, 

by identifying common methods reported for the determination of Pu isotopes in 

environmental samples and comparing these methods for their respective advantages for 

the measurement of soil redistribution rates. A future challenge which must be addressed 

is the need for ultra-trace analysis of Pu isotopes in soils, so that Pu can be used as an 

effective tool for the quantification of soil erosion in areas where global fallout is minimal 

(tropics). Wilken et al. [39] demonstrated the applicability of using 239+240Pu in tropical 

Africa for the determination of soil erosion for study sites along the East African Rift 

Valley system. Despite lower global fallout in the tropics, a relatively high 239+240Pu 

baseline inventory was found at the reference sites. Cultivated sites showed signs of 

substantial soil erosion and sedimentation that exceeded 40 cm over 55 years. However, 

half of the slope sites at the cropland site in DR Congo fell below the detection limit of 
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ICP-MS analysis, which makes the drawing of conclusions from data generated by 

traditional techniques very difficult if not impossible. This challenge could be addressed 

using ICP-MS/MS, through which the removal of UH+ interferences greater selectivity 

can be achieved (Table 4). The observation of extensive soil erosion, yet inability to 

determine measurable quantities of Pu emphasised the value of Pu isotopes measured by 

ICP-MS/MS to study the impact of erosion in tropical Africa where the baseline Pu signal 

is likely to relatively much lower than in other global regions. With the advancements of 

Pu analysis using reaction cell technology, analysis challenges such as limited sensitivity 

and cost of analysis associated with traditional methods of analysis can be overcome. The 

improved detection limits using ICP-MS/MS can be seen in Table 6 and the use of Pu 

isotopes to determine soil redistribution rates in challenging environments (low signal), 

increasing its viability for use in geochemical surveys associated with soil erosion studies. 

 

Both radiometric and mass spectrometry techniques require extensive and time-

consuming sample preparation steps prior to analysis which consist of the digestion of 

soil samples and radiochemical separation from the matrix elements. Radiometric 

measurements using both alpha-particle spectrometry and LSC are simple and cost-

effective techniques for the determination of 238Pu, 239 + 240Pu and 241Pu. However, these 

methods do not have the ability to detect isotopes 239Pu and 240Pu individually. In addition, 

they require relatively long counting times compared to mass spectrometry methods for 

accurate quantification of Pu at environmental levels summarised in Table 6. Not all of 

the papers in Table 6 provided sufficient details to provide an in-depth comparison 

between methods, with many papers missing crucial details about operating conditions. 

An ideal format for the comparison of methods and to guide future studies would follow 

the presentation of experimental details by Kazi et al. [98] and Wang et al. [99]. In 

contrast, mass spectroscopy techniques can provide shorter analysis times and are highly 
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sensitive with detection limits as low as 10-3 mBq g-1. Furthermore, these methods have 

the capability to provide individual isotopic concentrations of 239Pu and 240Pu. However, 

the availability and cost of some mass spectroscopy techniques is a limiting factor. In 

some cases depending on the intended purpose of the analysis a combination of both 

radiometric and mass spectroscopy techniques may be used [16]. Although AMS can be 

considered the gold standard for ICP-MS analysis, the cost of instrumentation set up 

(approximately $4 million for the set-up of each facility) and therefore availability of 

analytical facilities is a major limiting factor, making this method for the determination 

of Pu in environmental samples unattractive. Alternative mass spectrometric techniques 

such as SF-ICP-MS and MC-ICP-MS, have the advantage of increased resolution for the 

determination of isotopic ratios compared to traditional quadrupole ICP-MS, however, 

they require a comparable level of decontamination prior to analysis to remove 

interferences from UH+. This challenge can be overcome using reaction cell technology 

via developments in recent years of ICP-MS/MS to selectively mass shift interferences 

during analysis, taking advantage of the high throughput capabilities of this 

instrumentation over other instruments, enabling its broader application to survey scale 

studies on soil 
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Table 6: Comparison of analytical techniques for the determination of Pu activity concentrations 1 

Detection 

method 
Reference 

Sample 

introduction 

technique 

Instrument 
Detection 

limit (mBq) 

Detection 

limit (Bq kg-1) 

Mass of 

sample (g) 

Pu recovery 

(%) 

Analysis time 

(s) 

-

spectrometry 
[59]  Ortec 0.40  2.5 - 6  4.0 x 104 

 [98]  

Ortec 

Spectrum 

Master 920-8 

0.20  1 – 10 95.5 ± 4.6 
7.2 x 103 – 3.6 

x 105 

 [100]  Alpha Analyst  0.01 50 87.6  

 [101]  Canberra 2.95 x 103    3.65 x 103 

 [48]  Ortec 0.31  20 84 1.73 x 105 

LSC [102]  
Wallac 1220 

Quantulus 
 0.73 20 75 – 80 1.44 x 104 

 [103]  
Tri-Carb 

3180TR/SL 
 6 × 10-3 5 x 103 80 - 95 3600 

 [104]  

PERALS 

Model  

8100AB 

 6.5 x 103 2 84 ± 7.2 250 

AMS [65]  

Australian 

National 

University 

4.5 x 10-7     

 [105]  

Compact 

AMS system 

TANDY at 

ETH Zurich 

8.74 x 10-7    3600 

 [106]  

Centro 

Nacional de 

Aceleradores 

0.05   60 - 90 30 
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Detection 

method 
Reference 

Sample 

introduction 

technique 

Instrument 
Detection 

limit (mBq) 

Detection 

limit (Bq kg-1) 

Mass of 

sample (g) 

Pu recovery 

(%) 

Analysis time 

(s) 

AMS [98]  
Isotrace 

Laboratory 
0.11  1 – 10 95.5 ± 4.6  

 [66]  CNA  0.013  70 – 88  

TIMS [107]    5 x 10-4 1–20 75 - 90  

 [108]  

Triton, 

Thermo Fisher 

Scientific 

1.38 x 10-8  1 x 10-12   

ICP-MS [74]  
ELAN DRC II 

Perkin-Elmer 
 0.16    

 [75]  
ELAN DRC II 

Perkin-Elmer 
 1.38    

 [109] APEX- ELAN5000  9.2  70 – 100 660 

 [110] APEX- 
ELAN-DRCII, 

PerkinElmer 
 6.67 10 87–102  

 [52]  

X 

SeriesII Ther

mo Fisher 

Scientific 

 2.76 1–20 90  

ICP-MS/MS [48]  Agilent 8800 0.08  5   

 [42]  Agilent 8800  1.3 1 - 20 80 – 90  

 [5]  Agilent 8800  0.25  70 – 85 300 

 [6]  Agilent 8800  1.3 10   
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Detection 

method 
Reference 

Sample 

introduction 

technique 
Instrument 

Detection 

limit (mBq) 

Detection 

limit (Bq kg-1) 

Mass of 

sample (g) 

Pu recovery 

(%) 

Analysis time 

(s) 

ICP-MS/MS [70] APEX- Agilent 8900  0.69  80 120 

 [73]  Agilent 8900  0.14    

 [79] APEX- Agilent 8900  0.37 1 - 2   

SF-ICP-MS [61] Aridus ELEMENT  0.30    

 [111]  

Element 1 

Finnigan-

MAT 

 3.91    

 [84] APEX- 

Finnigan 

Element 2 

Bremen 

 0.32 0.03 – 0.5  150 

 [83]  
PlasmaTrace 2 

Micromass 
 0.018    

 [85] APEX- 
Axiom SC VG 

Elemental 
 0.23    

 [99] APEX- 

Element XR, 

Thermo 

Scientific 

 0.015 1 80 130 

MC-ICP-MS [91] 
MCN 6000 

CETAC 

IsoProbe 

Micromass 
 9.2    

 [90] APEX- 
NEPTUNE 

Thermo Fisher 
 0.046 2   

 [112] Aridus II 
NU 

Instruments 
 0.023    

2 



66 

 

 

redistribution rates. Although not reported in the literature at this point in time, exciting 

developments in the field of analytical chemistry using reaction cell technology paired 

with high resolution SF-ICP-MS and MC-ICP-MS show promise for the future detection 

of isotopic ratios. However, for the purpose of soil erosion studies the additional costs 

associated with the setup of these analysis methods and the surplus ability to determine 

accurate ratios to the requirement of soil erosion measurement, makes it unlikely these 

methods will be used for this purpose in the future.  

 

4. Conclusion 
The development of ICP-MS/MS has opened many novel fields of research involving the 

analysis of Pu isotopes in soils where ultra-trace detection is required, including as a soil 

erosion tracer. The developments of reaction cell technology clearly demonstrates that 

ICP-MS/MS can be a routine tool to support Pu analysis in areas of research such as 

nuclear decommissioning and soil erosion tracing. The advantages that ICP-MS/MS 

analysis can offer relative to other instrumentation is the increased rate of analysis and 

subsequent lower costs per sample, meaning that the method has better availability and 

can be deployed for survey scale research. However, to improve the detection limits of 

Pu isotopes, developments in mass spectroscopy measurements using oxygen as the 

reaction gas are necessary in order to detect high end m/z ratios (>271) to further enhance 

the selectivity for Pu through removal of polyatomic interferences. Additionally, there is 

a need to refine the separation process prior to analysis to allow for the effective pre-

concentration of ultra-trace Pu. This has the potential to increase Pu’s applicability to be 

used as a soil redistribution tracer in challenging environments, such as tropical Africa, 

where Pu concentrations will be present in soils at ultra-trace levels. This data has the 

potential to inform land management practices via the better understanding of the rate of 

soil losses in the tropics. 
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Graphical abstract 
The optimisation of a TEVA column 

separation provides a simple, robust, 

and cost-effective method with low 

achievable detection limits, applicable 

to the detection of ultra-trace fallout Pu 

in African soils. 

 

Abstract 

The analysis of plutonium (Pu) in soil samples can inform the understanding of soil 

erosion processes globally. However, there are specific challenges associated for analysis 

in tropical soils and so an optimal analytical methodology ensuring best sensitivity is 

critical. This method aimed to demonstrate the feasibility of sample preparation and 

analysis of Pu isotopes in African soils, considering the environmental and cost 

implications applicable to low-resource laboratories. The separation procedure builds 

upon previous work using TEVA columns, further demonstrating their usefulness for the 

reduction of uranium (U) interference in ICP-MS analysis with enhanced selectivity for 

Pu. Here several steps were optimised to enhance Pu recovery, reducing method blank 

concentration, and improving the separation efficiency through the determination of the 

elution profiles of U and Pu. The elimination of the complexing agent in the eluent, 
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increased the spike recovery by improving matrix tolerance of the plasma, and simplified 

the separation procedure, improving throughput by 20%. The subsequent method was 

validated through the analysis of Certified Reference Material IAEA-384, where high 

accuracy and improved precision of measurement were demonstrated (measured value 

114 ± 12 verses certified value 108  13 Bq kg-1). Optimisation of the column separation, 

along with the analysis of the samples using O2 gas in ICP-MS/MS mode to mass shift 

Pu isotopes away from interfering molecular U ions provided a simple, robust, and cost-

effective method with low achievable method detection limits of 0.18 pg kg-1 239+240Pu, 

applicable to the detection of ultra-trace fallout Pu in African soils. 

 

Keywords 
Plutonium, mass spectrometry, ICP-MS/MS, Tropics, separation chemistry, soil erosion 

 

1.  Introduction 

Plutonium (Pu) originates in the environment primarily as a consequence of nuclear 

weapons testing, 520 atmospheric tests were conducted worldwide between 1945 and 

1980 1,2. However, only 10% of these experiments were conducted in the southern 

hemisphere, resulting in significantly less fallout in the tropics than in the mid-latitudes 

of the northern hemisphere. This makes the analysis of ultra-trace Pu isotopes in tropical 

soils challenging 3,4. Due to their long retention time and minimal spatial variability, Pu 

isotopes have been recently utilised as an alternative fallout radionuclide tracer for 

determining soil erosion rates. Due to the much longer half-lives of 239Pu and 240Pu 

(24,110 and 6,561 years, respectively), approximately 99% of the original activity 

remains in soils, allowing for their stable and long-term use as a tracer compared to 137Cs, 

which has a half-life of only 30 years 5,6. In addition, more than six times as many atoms 

of 239+240Pu were initially dispersed compared to 137Cs, despite the latter's significantly 

higher activity in the environment. This combination of long half-life and higher atom 
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content makes mass spectrometry techniques better suited to Pu isotopes, whereas 

radiometric decay counting techniques are more appropriate for the higher specific 

activity 137Cs. Consequently, recent developments in mass spectrometry techniques have 

the potential to increase the sensitivity of quantification of Pu isotopes and subsequently 

the availability of analytical methods applicable to tropical soils 7,8. This raises the 

potential of using Pu as a soil erosion tracer in the tropics, where the risk of soil 

degradation is increasing due to extreme weather patterns 3.  

 

Radiometric and mass spectroscopy techniques, such as alpha spectrometry, accelerator 

mass spectrometry (AMS), and inductively coupled plasma mass spectrometry (ICP-MS), 

can be used to analyse Pu in a variety of samples 7-10. In recent years, ICP-MS has gained 

popularity due to its low detection limits, short analytical time, high sample throughput, 

relatively simple operation, and lower instrument cost 5,11-14. Despite the benefits of ICP-

MS, the technique is severely constrained by polyatomic interferences, most notably 

uranium hydrides (UH+). In addition, 238U tailing interferes with the detection of mass-

to-charge ratio (m/z) 239 due to its concentration being several orders of magnitude 

greater than that of 239Pu in soils 15. This has placed a requirement for a high level of 

enrichment and elemental separation prior to analysis for the accurate determination of 

trace Pu isotopes 7. The Pu isotopes can be separated from the interfering isotopes in the 

matrix and pre-concentrated to assure maximum sensitivity, using techniques such as 

coprecipitation, ion exchange chromatography, and extraction chromatography 16-19. 

Utilising the selective TEVA column resin (Eichrom Technologies) to effectively remove 

U and pre-concentrate Pu is common for determination by ICP-MS 16,20. Nygren et al. 

(2003) 19 reported that TEVA resin exhibited the maximum separation yield of Pu from 

soils and sediments compared to other methods. This finding is corroborated by the 

scientific literature and can be attributed to both the relatively low U content of the resin 
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and the large variation in acid dependency of k' which is greater than 3 orders of 

magnitude between U and Pu with nitric acid concentration between 2 and 4 M 21. 

Therefore, this paper concentrates on improving the analysis of ultra-trace Pu isotopes in 

east African soils by further optimising the chemistry of TEVA columns for the latest 

generations of mass spectrometric instrumentation, applicable to analysis of large-scale 

studies in tropical soils. 

 

As a result of recent developments in reaction cell technology, tandem ICP-MS (ICP-

MS/MS), also known as triple quadrupole ICP-MS (ICP-QQQ-MS), provides an 

alternative method of analysis to determine Pu. This method is increasingly utilised for 

the determination of Pu isotopes due to its enhanced abundance sensitivity, which 

effectively eliminates the interference of the 238U peak tailing on the measurement of 

239Pu and 240Pu 7,8,14,22. In addition, the main interference of 238UH+ on 239Pu can be 

eliminated by utilising different reaction gases in the collision-reaction cell 4,7,8,10,15,23. 

The quadrupole mass filter positioned in front of the collision-reaction cell permits the 

pre-selection of species, thereby enhancing the reaction efficiency of the collision cell 

and prohibiting the formation of secondary polyatomic interference. In addition, the use 

of a second quadrupole reduces peak tailing, resulting in enhanced mass resolution. 

Gases, including ammonia (NH3), carbon dioxide (CO2), and oxygen (O2), have been 

proposed for the elimination of UH+ interferences by ICP-MS/MS 4,7,15. The most 

frequently employed of these gases is NH3, which effectively mass shifts the 238U1H 

interference away from 239Pu via the preferential reaction of U with the NH3 gas. Using 

this method, detection limits of 0.16 fg g-1 for 239Pu have been achieved; however, despite 

the ability of NH3 to react with the U interference, the use of NH3 gas poses several safety 

concerns, making its use undesirable 8,24. Using O2, the lowest detection limits of 0.06 fg 

g-1 for 239Pu have been reported; this can be attributed to the formation of PuO2
+, which 
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effectively mass shifts the Pu isotopes to m/z 271 to avoid interference from 238UH+ at 

m/z 239 4.  The m/z ratio of PuO2
+ exceeds the mass range of many early ICP-MS/MS 

instruments; however, user demands for analysing heavy elements in mass shift modes 

has led instrument manufacturers developing instruments with an extended m/z range up 

to 275. 

 

The aim of this study was to accurately determine fallout Pu activity concentrations in 

tropical soils for the subsequent determination of soil erosion rates with an improved 

separation and analysis method for ultra-trace Pu determination. The two objectives to 

achieve this aim are: 1) adapting and optimising a separation method using TEVA 

cartridges for the removal of matrix interferences with pre-concentration of ultra-trace Pu 

isotopes to reduce waste and increase throughput; and 2) establishing a robust analytical 

method for the determination of ultra-trace level Pu isotopes with sufficient sensitivity 

for African soil samples using oxygen as a reaction gas for ICP-MS/MS.  

 

2. Materials and methods 

2.1. Reagents and materials 
All reagents used were of analytical grade. Water used throughout had a resistivity of 

18.2 M at 25C and was obtained from a Milli-Q gradient system (Millipore, MA, 

USA). Extra-pure nitric acid (70%) was obtained from Thermo Fisher Scientific. Ultra-

pure HCl was obtained from ROMIL. A solution of 242Pu (2.1 x 10-3 kBq / 14.2 ng) of 

unknown origin was created from a stock solution (0.21 kBq) using a 100-fold dilution 

with a solution of 5% HNO3 and 2.5% HCl in water. This 242Pu solution was then used to 

spike soil samples prior to digestion. Samples were filtered using 0.45 m hydrophilic 

PTFE syringe filters (Thermo Fisher Scientific, UK). Oxidation of Pu species was 

achieved using  97% purity NaNO2 (Sigma-Aldrich). The elution of Pu from the 
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columns used a solution of 0.05 M ammonium oxalate, which was created by dissolving 

di-ammonium oxalate monohydrate (Supelco, Sigma-Aldrich) in water. Quality control 

was achieved using certified reference material obtained from the International Atomic 

Energy Agency (IAEA). The certified reference material IAEA-384 (radionuclides in 

Fangataufa Lagoon sediment with a certified value of 108  13 Bq kg-1 239+240Pu) was 

selected, as this reference soil has been widely used within the literature for the 

determination of Pu isotopes and no suitable soil CRM was available. To account for 

differences in the sediment CRM and the analysed soils, an in-house reference material 

was created using soils collected in the UK. Column separations of Pu isotopes were 

performed using TEVA pre-packed columns (2ml, 100-150 m) from Eichrom 

Technologies. Elemental standard Ir (Spex CertiPrep) was used as an internal standard. 

Calibration of Pu concentrations via ICP-MS used a U elemental standard solution (Fisher 

chemical). Silicate sand, which was subjected to the same dissolution procedure as the 

CRM and samples, was used as the method blank.  

 

2.2 Sample collection 
As part of this study, two bulk reference soils were collected from farmland within the 

UK and Zambia. The UK soil was collected from a cattle farm (Hoveringham, 

Nottinghamshire, England) during August 2020. Soil was collected from 3 locations 

across the farm, down to a depth of 15 cm. The soil was then dried in an oven overnight, 

disaggregated, sieved to <2 mm and finally milled ≤53 μm using a planetary ball mill 

(Retsch GmbH, Germany), ready for dissolution. This UK reference soil was then 

homogenised and used throughout the method development as both a quality control 

sample and to optimise the separation method. The Zambian soil was created from the 

combination of agricultural soils collected from Kitwe, Zambia, by Hamilton et al. (2020) 

25. The analysed soils were prepared in the same way as the UK reference soil and were 
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used to verify the usefulness of the final method for use on African soils, where Pu levels 

are much lower than in the Northern Hemisphere.  

 

To validate the method for the determination of soil redistribution rates, a soil core was 

collected within the Oroba valley, Nandi County, Kenya (Figure 1). Within the valley, a 

site with no overall soil re-distribution, representative of a reference site, was collected. 

Here, a core was taken to a depth of 30 cm and broken down into 10 sections to determine 

the Pu inventory within the site. To collect the sample, a pit was dug, and a bulk density 

tin with a diameter of 5 cm and a height of 3 cm, was inserted into the pit wall. The sample 

was then taken from the tin and dried in an overnight oven, weighed, disaggregated, and 

then sieved to <2 mm. The resulting soil was then weighed again to determine the soil 

density, before finally being milled to ≤53 μm using a planetary ball mill before 

dissolution. This sample was then analysed to determine the Pu inventory at the site and 

to demonstrate the methods usability at depth where levels of Pu are significantly lower.  

  

2.3. Sample preparation 

 

 

Figure 1 - Sample location of soil core within the Oroba valley, Nandi County, Kenya, and sampling technique 
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2.3.1 Dissolution  

Prior to analysis, all samples are weighed into glass beakers and then ignited (ashed) at 

550°C for 12 hours to remove organic carbon. As Pu does not form volatile oxides it 

therefore would not be lost. The ashed sample was then weighed into a suitable PTFE 

beaker, and the volume of concentrated nitric acid required to leach Pu from soils was 

investigated, along with the optimum soil mass (soil/acid ratio) to ensure optimum 

sensitivity while limiting environmental impact by reducing waste. The first step of the 

optimisation was to determine the optimal mass of sample to use, determined using the 

UK reference soil (Newark, UK). Six masses ranging from 1 g to 50 g of soil were 

investigated (1, 5, 10, 20, 35, 50 g). To determine the optimal mass, the soils were 

digested in 2 ml HNO3 per 1 g soil which is the minimum volume of HNO3 suggested by 

Ketterer et al., (2004) 26. The variability in measurement of 239+240Pu by ICP-MS/MS was 

determined for three replicate samples at each mass over three separate analytical runs. 

Subsequently, the optimal volume of acid to digest the soil was investigated to ensure the 

minimum volume of acid was used to reduce waste and therefore the environmental 

impact, whilst ensuring the maximum extraction of 239+240Pu from the soils. Volumes 

between 0.5 ml and 3 ml per gram of sample were investigated using the UK reference 

soil. To the leach mixture, 50 pg (70 µl of 0.2 Bq ml-1) of the 242Pu spike was added, and 

then the solution was covered by a watch glass. The soil solution was heated on a hotplate 

at 70°C for 24 hours, cooled to room temperature, and then centrifuged at 3000 rev min-

1 for 15 minutes. The supernatant was then filtered through a 0.45 m hydrophilic PTFE 

filter and collected in a PTFE beaker. A volume of water was added to the pellet in the 

centrifuge tube. The pellet was redistributed into the water through vigorous shaking and 

was subsequently centrifuged again. The supernatant was then filtered and added to the 

PTFE beaker, adjusting the concentration of HNO3 to 8 M. For the Pu within the sample 

to be effectively separated using the TEVA column, it must first be in the IV oxidation 



89 

 

state. To do this, 0.02 g NaNO2 per 1 ml of solution was added, and the sample was placed 

back on the hotplate at 40°C overnight due to the slow nature of the oxidation reaction. 

The Pu in the solution was then separated using a TEVA column separation.  

 

2.3.2 Plutonium column separation  

The separation used was modified using the method described in Ketterer et al., (2004) 

26. Figure 2 shows the outline of steps within the column separation. The first step 

involved the pre-conditioning of the column with the first mobile phase to be used, and 

this ensured all air bubbles had been removed from the column bed and equilibrated the 

column chemistry for the sample solution matrix. Following this, the sample was loaded 

onto the column, and subsequently, the column was washed using 2 M HNO3 and 8 M 

HCl. These two steps remove both major and trace elements from the TEVA resin, 

reducing the formation of molecular interferences within the plasma, primarily UH+ but 

also interferences originating from Hf, Ir, Pt, Hg, Tl, Pb, Bi, Th, and Pb. Due to the acid 

dependency (k’) of tetravalent Pu on the TEVA resin being greatest in the region of 2 – 4 

M HNO3, it is well retained during the washing step with 2 M HNO3 while hexavalent U 

is eluted. Following the washing steps, the Pu was eluted from the column by using an 

appropriate complexing agent or a dilute acid concentration 21. The separation was 

optimised through a step-by-step process and is detailed in the results section. These steps 

include determining the volume of 2 M HNO3 needed to ensure maximum elution of U 

isotopes to limit UH+ interference on Pu measurements, the most suitable eluent for the 

elution of Pu isotopes (oxalate vs dilute HCl), and the volume of this eluent to ensure 

optimal elution of Pu isotopes. The steps were optimised to allow a cost-effective, robust 

method and to minimise laboratory waste disposal – applicable to laboratories with 

minimal resources for analysis and waste disposal. The column was then flushed and 



90 

 

stored with a 0.01 M HNO3 matrix to be stored until the quantitative recovery was 

determined.  

 

 

 
Figure 2 - Outline of column separation employed for the preparation of Pu isotopes in soil using a TEVA 

resin.  

 

2.4 Instrumentation and setup  
An ICP-MS/MS (Agilent 8900, Agilent Technologies, Japan) was used for the 

measurement of Pu isotopes in the soil samples. This instrument was equipped with a 

collision reaction cell (CRC) between two quadrupole mass filters. For the measurement 

of Pu isotopes, O2 was used in the CRC to mass shift both Pu and U to PuO2
+ and UO2

+ 

ions for measurement, as demonstrated in Zhang et al. (2021) 4. The operating gas modes 

and default internal standards for each isotope can be seen in Table 1. This mass shifting 

has the advantage of removing the major interference of UH+ on Pu isotope 

measurements. The ICP-MS/MS was equipped with an Agilent IaS micro-autosampler 

and a Cetac Aridus 2 desolvating nebuliser (Teledyne CETAC Technologies, Omaha, 

USA). This combination required only 1 ml to be used for analysis, ensuring the 

maximum sensitivity of Pu in the sample through large pre-concentration factors for a 

•Drain column and push down frit

•Pre-condition

•Load sample onto column

•Elute U by adding aliquots of 2 M HNO3 

and 8 M HCl

•Elute Pu 
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given sample size. The instrument was auto-tuned using the Agilent Masshunter software 

using a 1 g kg-1 tune solution (SPEX CertiPrep #CL-TUNE-1) for general performance. 

Agilent typically enables autotuning up to mass 260, and therefore, autotuning on U+ at 

mass 270 is not possible. The instrument was then manually tuned on 270U+ specifically 

for Pu and U in oxygen mode. The key tuning parameters were O2 flow rate, Q2 bias, 

energy discrimination, OctP bias, wait time offset, cell focus and axial acceleration. 

Optimised parameters used are shown in Supplementary Table 1. The instrument was 

calibrated for sensitivity using a 238U standard as no certified Pu standard was available. 

It was assumed that the sensitivity of 238U was the same as 239Pu allowing for isotopic 

abundance (Supplementary Table 2). 

 

 
 Table 1 - Operating gas modes and default internal standards for each isotope. 

 

2.5 Quality control  
A variety of laboratory control samples were used to track instrumental performance 

within and between instrument analyses. These included a certified reference soil 

obtained from the IAEA, specifically IAEA-384 (Radionuclides in Fangataufa Lagoon 

sediment), with a certified value of 108  13 Bq kg-1 239+240Pu, which was digested in 

duplicate within each dissolution batch and then analysed. Background signals were 

identified by analysis of laboratory control samples (water with 5% HNO3 and 2.5% HCl) 

and method blanks (20 g silicate sand, which was subjected to the same dissolution 

procedure as the CRM and samples). Detector performance was monitored using a 1 g 

kg-1 tune solution (SPEX CertiPrep #CL-TUNE-1). Internal standard (193Ir) was analysed 

to correct for instrumental drift and any matrix suppression effects. Soils were analysed 

Element Isotope Gas Mode Reaction Product Internal Standard 

U 238 → 270 O2 238UO2
+ 193Ir 

Pu 239 → 271 O2 239PuO2
+ 193Ir 

Pu 240 → 272 O2 240PuO2
+ 193Ir 

Pu 242 → 274 O2 242PuO2
+ 193Ir 
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in triplicate within each dissolution batch to verify intra-batch analytical measurements 

for precision. 

 

3. Results and discussion 
3.1 Soil dissolution 
Figure 3 shows the relative standard deviation (RSD) of 239+240Pu measurements 

according to different sample masses (g). To ensure the environmental impact (primarily 

the volume of acid required) of the method was accounted for, the minimum mass of 

sample with the lowest variability in measurement was selected, and the optimum mass 

for a UK sample was determined to be 20 g. The 239+240Pu concentration within the UK 

reference soil was found to be 38.86  1.93 pg kg-1. Due to the much lower fallout in the 

tropics compared to the mid-latitudes of the northern hemisphere, Pu activity in Europe 

is on average two-to-three times greater than that in Africa 2. As a result, when working 

with African soils, it was decided that 50 g would be the preferred mass whilst retaining 

optimum sensitivity of Pu measurement. Previous studies utilising ICP-MS for the 

determination of Pu in soils in the northern hemisphere have used masses between 1 and 

10 g 6,27-31, however, the results suggest that the error in measurements at these lower 

masses justifies the use of a greater mass for separation. The use of 50 g as the soil mass 

for dissolution is supported elsewhere in the literature, e.g. Wilken et al. (2021) 3 used 50 

g of soil for the determination of Pu in African soils.  
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Figure 4 shows the recovery of the 242Pu spike as a function of the volume of HNO3 per 

gram of soil. Each sample was digested in triplicate, with the error bars representing two 

times the standard deviation of the measurements. The spike recovery of 239+240Pu, 

representative of the whole separation procedure, peaked at 2 ml with the addition of more 

digest acid, resulting in no significant increase in Pu extraction as the graph plateaus. This 

is likely as a result of both the decrease in viscosity of the digest solution passing through 

the column and the increased efficiency of dissolution. The maximum spike recoveries 

exceed 100% as a result of the overall uncertainty. This compliments with the method 

suggested by Ketterer et al. (2004) 26, which was widely reported in the literature. The 

benefits of the complete extraction of Pu isotopes from the soil using 2 ml of acid 

outweigh the environmental and cost implications of using a larger volume. 

Figure 3 - Relative standard deviation (n = 3) in measurement of 239+240Pu isotope concentrations by ICP-MS/MS 

according to different sample mass of UK soil used for dissolution. 



94 

 

 

  

The final step of the dissolution was to centrifuge the mixture to separate the digest from 

the residual solid. In the initial tests, it was found that spike recoveries were low (30 - 

50%), and so the washing of the solid pellet after centrifugation was investigated. After 

the initial centrifugation step, the supernatant was transferred into a PTFE beaker, leaving 

behind a solid pellet. This was then re-distributed using an equivalent volume of DI water 

to the volume of acid used in the digestion. The centrifuge tube was then shaken 

vigorously until the solid pellet was fully redistributed into the water. The mixture was 

then centrifuged again at 3000 rpm min-1 for 15 minutes and the new supernatant was 

subsequently added to the PTFE beaker containing the digest to adjust the concentration 

of HNO3 to 8 M. The results showed that the spike recovery was increased by 30% with 

the addition of a washing step, suggesting that some of the Pu remained within residual 

acid retained between pores of the centrifugated soil. 

 

 

 

3.2 Optimisation of column separation 
The Pu in the samples was separated from the sample matrix using a TEVA column. The 

separation involved preconditioning of the column, loading of the sample, elution of 

Figure 4 - 242Pu spike recovery dependant on the volume of nitric acid used for the dissolution of soil samples. 
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matrix elements, including U isotopes, and finally the elution of Pu isotopes. As part of 

the method development, the elution of U isotopes and the elution of Pu isotopes were 

investigated. Due to the major interference caused by UH+ on Pu isotopes during ICP-

MS analysis, it was vital to elute and remove the greatest amount of the U isotopes present 

in the dissolution prior to analysis. The elution of U isotopes was achieved by loading the 

column with 2 M HNO3 and discarding the eluent. The tetravalent Pu provided maximum 

uptake in the region of 2 – 4 M HNO3, while the hexavalent U was eluted, Pu was retained 

on the resin during this step 32. After loading the sample onto the column, 2 M HNO3 was 

added to the column 5 ml at a time up to 80 ml. Each of the eluents for every addition of 

5 ml was collected and subsequently analysed by ICP-MS/MS for 238U to determine at 

what volume the maximum U had been eluted from the resin.  

 

Figure 5 shows the percentage U eluted between 0 and 80 ml 2 M HNO3. The greatest 

proportion of U was eluted within the first 10 ml of acid (98.5%); however, an additional 

1.0% was removed up to 60 ml of acid, thereafter minimal U was eluted. For this reason, 

a volume of 60 ml acid was used to elute the U from the column to optimise the analysis 

due to the reduction in UH+ formation in the plasma. Portes et al. (2018) 27 and Wilken 

et al. (2021) 3 used 5 ml per 30 mg of TEVA resin as the rinse volume of 2 M HNO3 

which would be equivalent to approximately 35 ml for the TEVA column used. Although 

99% of the U had been eluted when using a volume of 30 ml, the benefit of adding an 

additional 30 ml of rinse acid had the benefit of reducing the overall U in the final sample 

for analysis, which is particularly important when working with ultra-trace Pu isotopes in 

African soils.  
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The elution of Pu isotopes from the TEVA resin has commonly used 0.05 M ammonium 

oxalate in the literature, as described in Ketterer et al. (2004) 26. However, more recently, 

Metzger et al. (2019) 16 found that Pu can alternatively be removed from the TEVA resin 

using a low acid concentration. The Idaho National Engineering and Environmental 

Laboratory (INEEL) method uses 0.5 M HCl as the eluent of Pu, and so for this study, 

the use of both 0.05 M ammonium oxalate and 0.5 M HCl was investigated to optimise 

the elution of Pu from TEVA columns. The UK reference sample was prepared using the 

dissolution method detailed and loaded onto the column. After acid rinsing of the column, 

each sample was eluted using the different eluent matrices in triplicate. The oxalate 

samples were evaporated to dryness on a hot plate, followed by an addition of 

concentrated nitric acid and heating to decompose hydroxylamine in the samples, which 

would otherwise detriment the ICP-MS plasma efficiency. They were then reconstituted 

into 1 ml of the analysis matrix (5% HNO3 and 2.5% HCl) and subsequently diluted to x5 

with the addition of the internal standard for analysis. The HCl samples did not require 

removal of the matrix and were simply diluted using a solution of 5% HNO3 and the 

internal standard. The samples were then analysed by ICP-MS/MS to determine the 242Pu 

spike recovery. The spike recovery for the ammonium oxalate was 61  11%, compared 

to the HCl spike recovery of 87  17%. These findings agree with those of Metzger et al. 

Figure 5 - Elution profile of 238U isotope from TEVA resin using eluent 2 M nitric acid. 
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(2019) 16 and show that dilute HCl is a more suitable eluent for the determination of Pu 

than the commonly used ammonium oxalate. The presented method shows comparable 

spike recoveries with other methods utilising ICP-MS/MS analysis where reported values 

range between 70 – 90% 15,23,33. Using HCl not only improved spike recovery, but it also 

eliminated the need for extra steps in the process of removing oxalate from the sample. 

This increased throughput by 20% and reduced the environment burden through the 

removal of the complexing agent. 

 

The product sheet for TEVA resin indicated that the retention of U isotopes in dilute HCl 

is also very low and as a result any remaining U on the column after the rinsing steps is 

likely to elute alongside the Pu isotopes. In total 0.7 g kg-1 238U was eluted in the 

collection step, contributing to 0.5% of the total 238U in the sample. In comparison 0.2 g 

kg-1 238U was eluted when using ammonium oxalate as the eluent. With the capabilities 

of ICP-MS/MS to remove the 238UH+ interference through mass shifting of the Pu 

isotopes the increased throughput of the method when using dilute HCl outweighs the 

additional U isotopes being eluted into the sample.  

 

To ensure that the maximum Pu was eluted from the column within the smallest volume 

to avoid dilution, the volume of eluent acid was investigated. The dilute HCl was added 

stepwise in 0.5 ml increments to the column and collected to determine the elution profile 

(Figure 6). To avoid dilution of the Pu isotopes prior to analysis, the eluent was collected 

between 1 ml and 4 ml where the maximum Pu was eluted (99%).  
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3.3 Method performance 
Blank samples were prepared in conjunction with the analysed soil samples, these 

consisted of finely milled silicate sand and enabled the determination of U and Pu 

originating from the whole dissolution and separation processes. While Pu does not occur 

naturally in the environment, naturally occurring U can be found throughout the 

environment, including in labware as well as within reagents. The use of clean acid-

leached vials and ultra-pure reagents was employed to minimise the U background 

detected. In addition, analysis blanks containing the analysis matrix of 5% HNO3 and 

2.5% HCl were analysed as part of the analytical procedure. The amounts of U and Pu in 

the column blanks and ICP-MS measurement only blanks (analytical blanks) were 

estimated based on count rates and the sensitivity of the day. The analytical blanks yielded 

an average of 0.009 ± 0.014 g kg-1 238U and 0.108 ± 0.105 pg kg-1 239+240Pu (n = 32) with 

limits of detection of 0.021 g kg-1 and 0.15 pg kg-1 respectively. The method blanks 

yielded an average (± 2σ) concentration of 0.012 ± 0.008 g kg-1 238U and 0.066 ± 0.121 

pg kg-1 239+240Pu (n = 32) with limits of detection of 0.012 g kg-1 and 0.18 pg kg-1 

respectively. These detection limits were comparable with previous studies that used O2 

as the reaction gas, such as Zhang et al. (2021) 4 who reported detection limits of 0.06 pg 

kg-1. The detection limits using this method are improved compared to methods using 

NH3 as the reaction gas (0.16 – 0.55 pg kg-1) owing to the formation of PuO2
+ in the 

Figure 6 - Elution profile of 239+240Pu isotopes using eluent 0.5 M HCl. 
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reaction cell, effectively mass shifting the Pu isotopes to m/z 271 away from interfering 

238UH+ at m/z 239 8,10,23.  

 

Validation of the optimised separation method was conducted using the analysis of 

239+240Pu in CRM samples IAEA-384 over five separate analytical runs (n = 36). In 

addition, the UK reference soil was analysed as an indicator of precision within an 

analytical sequence as well as to monitor performance between different analytical 

batches. Table 2 reports the measured values for both the CRM sample and the UK 

reference site (± 2σ). The measured value for IAEA-384 indicates both good accuracy 

and similar precision to the certified value, which was determined by a combination of 

radiometric (alpha and gamma spectroscopy) and mass spectroscopy techniques. Using a 

similar method with detection by Thermo X Series II quadrupole ICP-MS (Bremen, 

Germany), Wilken et al. (2021) 3 measured the IAEA-384 reference value to be 102  20 

Bq kg-1 over 11 measurements. The method presented shows improved precision through 

the optimisation of column separation and the use of O2 in a collision cell ICP-MS/MS to 

reduce the error in measurements.  

  
Table 2 - Analytical performance of measured values of CRM IAEA-384 (n = 36) and UK reference soil (n 

= 27). 

 Certified Value (Bq 

kg-1) 

Measured value (Bq 

kg-1) 

IAEA 384 (Fangataufa Lagoon 

sediment) (n = 36) 
108  13 114 ± 12 

UK reference sample (n = 27) - 0.14  0.02 

 

 

Overall spike recoveries using the method in Table 3 ranged between 67 – 100% with an 

average of 86% (n = 32). This is comparable with other reported results of spike recovery 

using ICP-MS/MS in the literature, which range from 70 – 90% 15,23,33. This, along with 

the low detection limits, accuracy of measurement, and high precision supports the 
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application of this separation and analytical method for the detection of Pu isotopes in 

soils.  

 
Table 3 - Separation scheme outline for the optimized method with volumes and reagents for Pu separation 

using 2ml volume TEVA resin. 

Step Description 
Optimum 

volume (ml) 

Column 

volumes 
Reagent 

1 Precondition 4 2 2 M HNO3 

2 Load sample 200 100 - 

3 Wash TEVA 60 30 2 M HNO3 

4 Wash TEVA 20 10 8 M HCl 

5 
Load column with 

eluent 
1 0.5 0.5 M HCl 

6 Elute Pu isotopes 3 1.5 0.5 M HCl 

7 Wash TEVA 2 1 0.5 M HCl 

8 Wash TEVA 4 2 2 M HNO3 

9 Wash TEVA 4 2 0.01 M HNO3 

10 Store TEVA column 3 1.5 0.01 M HNO3 

 

 

3.4  Application for the determination of Pu isotopes in African soil samples 
The method reported in Table 3 was then tested on the African soil, which was collected 

in Zambia by Hamilton et al. (2020) 25. The overall 239+240Pu in the topsoil samples was 

determined to be 29.59  0.97 pg kg-1 (equivalent to 0.09 Bq kg-1) with an average spike 

recovery of 81% (n = 3). This value is approximately 1.5 x smaller than the 239+240Pu 

concentration found within the UK reference soil and supports the use of 50 g as the 

sample mass for African soils to achieve maximum sensitivity down the soil profile. The 

measurement of soil erosion rates using Pu has increases significantly in the literature, 

and with improvements in the separation and measurement of Pu in soils, the method has 

the potential to improve understanding of processes influencing erosion and inform 

mitigation strategies globally 5,14. Wilken et al. (2021) 3 demonstrated the usefulness of 

Pu as an alternative soil erosion tracer in East Africa, informing soil degradation patterns 

and highlighting the need for additional studies into erosion rates in tropical soils. This 

study reported measured mean values at sloped cropland sites in the DR Congo and 

Uganda of a similar magnitude, with reported values between 0.012 – 0.046 Bq kg-1. 
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Through the detection of ultra-trace Pu in African soils as a tracer of soil erosion, the data 

collected can be used to reinforce sustainable soil conservation measures and aid in the 

validation of prediction models, allowing for a better understanding of the factors 

influencing accelerated erosion. 

 

To validate the methods usability for studies into soil redistribution rates, Pu inventory 

was determined at a reference site in the Oroba valley, Nandi County, Kenya. The greatest 

concentration of 239+240Pu was found at the depth of 7.5 cm (32.30 pg kg-1 / 0.11 Bq kg-

1), whereafter concentrations exponentially decreased (Figure 7). The usability of the 

method for the detection of Pu isotopes in African soils is demonstrated by the ability to 

detect Pu at depths greater than 30 cm with concentrations being an order of magnitude 

greater than the methods detection limit.  The total inventory for the reference site 

between 0 – 30 cm was determined as 16.86 Bq m-2 and the depth profile was consistent 

with examples in the literature globally 5,26,30,34,35. The total inventory for the site is 

consistent with the estimated global fallout reported by Hardy et al. (1973) 2 and Kelley 

et al. (1999) 36 for Kenya of 19.2 Bq m-2 and the average latitudinal distribution (0 – 10 

S) of 11.1  7.4 Bq m-2. In addition, the value is in line with the inventories reported by 

Wilken et al. (2021) 3, where although the inventories in this study were lower, they agree 

with the differences in annual precipitation (960 and 1400 mm yr-1 for Kenya and the 

White Nile-Congo rift respectively) 37.   
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4. Conclusion 
A modified, robust analytical sequence for the pre-concentration and separation of ultra-

trace Pu isotopes in African soils provided increased sensitivity using ICP-MS/MS with 

O2 as a reaction gas to remove interferences. This improved the determination of fallout 

Pu activity concentrations in the southern hemisphere where Pu signals are relatively low 

compared to the northern hemisphere.  Accuracy was improved through the elimination 

of the ammonium oxalate matrix in the eluent, with recoveries improved from 61-87%. 

Removal of the oxalate-sample matrix resulted in more stable plasma conditions, an 

increase in column separation throughput by 20%, and reduction in reagent 

consumption/disposal. This method reduced the acid requirement for separations by 80% 

compared to consensus literature reports, whilst maintaining maximum sensitivity and 

spike recovery. Additionally, O2 use as a reaction gas provided low method blank 

measurements by ICP-MS/MS of 0.06 pg kg-1 239+240Pu. The CRM sediment, IAEA-384, 

evidenced accuracy, with improved precision of measurement of: (± 2σ) of 114 ± 12 Bq 

kg-1 239+240Pu. The total inventory (16.86 Bq m-2) and depth profile at a reference site in 
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Figure 7 - Depth profile of 239+240Pu inventory at reference site. 
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Kenya is in strong agreement with the literature which reinforces this methods usefulness 

in the determination of soil redistribution rates in tropical soils.  

 

This method presents a simple, cost-effective, robust sequence with reduced laboratory 

waste disposal, which is vital to ensure the separation method is applicable to low-

resource laboratories. Analysis via ICP-MS/MS with O2 as a reaction gas offers a robust 

technique with high throughput compared to traditional techniques such as gamma 

spectroscopy, and therefore lends itself well to field and survey-scale soil erosion 

assessment. This outcome, along with the low detection limits that are comparable to 

alternative mass spectrometric methods, makes the method applicable to the detection of 

ultra-trace fallout Pu in African soils. Due to increasing concern regarding accelerated 

soil erosion and its impact on sustainable intensification of agriculture in developing 

countries, this work provides advancements in the detection of 239+240Pu which has proven 

to be a robust tracer for soil erosion. Furthermore, the optimised analytical method is a 

powerful tool to drive mitigation strategies through the analysis of ultra-trace Pu in 

African soils, ultimately improving the determination of soil erosion rates in tropical soils 

to better inform mitigation strategies. 
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Highlights 
• Applicability to large scale studies where selecting reference sites is a challenge  

• Determination of Pu is possible to greater depth using ICP-MS/MS analysis 

• Improved coefficient of variation at reference sites for Pu compared to Pb and Cs 

• The allowable error criteria for reference sites was only met for Pu isotopes  

 

Abstract  

Land degradation resulting from soil erosion is a global concern, with the greatest risk in 

developing countries where food and land resources can be limited. The use of fallout 

radionuclides (FRNs) is a proven method for determining short and medium-term rates 

of soil erosion, to help improve our understanding of soil erosion processes. There has 

been limited use of these methods in tropical Africa due to the analytical challenges 

associated with 137Cs, where inventories are an order of magnitude lower than in the 

Europe. This research aimed to demonstrate the usability of 239+240Pu as a soil erosion 

tracer in western Kenya compared to conventional isotopes 210Pbex and 137Cs through the 

determination of FRN depth profiles at reference sites. Across six reference sites 239+240Pu 

showed the greatest potential, with the lowest coefficient of variation and the greatest 

peak-to-detection limit ratio of 640 compared to 5 and 1 for 210Pbex and 137Cs respectively. 

Additionally, 239+240Pu was the only radionuclide to meet the ‘allowable error’ threshold, 

demonstrating applicability to large scale studies in Western Kenya where the selection 

of suitable reference sites presents a significant challenge. The depth profile of 239+240Pu 
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followed a polynomial function, with the maximum areal activities found between depths 

3 and 12 cm, where thereafter areal activities decreased exponentially. As a result, 

239+240Pu is presented as a robust tracer to evaluate soil erosion patterns and amounts in 

western Kenya, providing a powerful tool to inform and validate mitigation strategies 

with improved understanding of land degradation. 

 

Keywords 
239+240Pu, 210Pbex, 

137Cs, Fallout radionuclides, Soil erosion, Kenya 

 

  



112 

 

1.  Introduction 

Accelerated soil erosion is a growing global concern, presenting the largest worldwide 

threat to land degradation and soil erosion may be intensified, particularly in developing 

countries resulting in a significant obstacle for the intensification of agriculture (Alewell 

et al., 2014; Deepak Lal, 2000; Lal, 2001; Lorenz et al., 2019; Pimentel, 2006). 

Inadequate land management techniques and vegetation clearance are major drivers of 

soil erosion, and with changes in precipitation as a result of climate change, soil erosion 

will be intensified to unsustainable levels (Borrelli et al., 2020; Negese, 2021). 

Quantitative data describing the amounts and patterns of soil erosion and sedimentation 

can be used to inform sustainable soil conservation practices. This data can also aid in the 

validation of predictive models for an improved understanding of factors influencing the 

acceleration of erosion processes (Boardman, 2006; Joint FAO/IAEA, 2014; Loba et al., 

2022). 

 

In Africa, traditional approaches such as erosion plots, surveying, and the use of aerial 

photography have been employed for decades to evaluate erosion process, however, they 

have several disadvantages, including poor representativeness and spatial resolution 

(Elwell, 1978; Whitlow, 1988). More recently, tracer methods using fallout radionuclides 

(FRNs) have been employed to determine long term rates of soil erosion over a period of 

>80 years. Without the need for costly long-term monitoring approaches, these strategies 

provide an alternative for quantifying soil erosion. In contrast to conventional methods, 

FRNs can quantify both erosion and deposition rates within a single sampling campaign, 

with the resulting erosional rates being representative of all redistribution processes 

(Alewell et al., 2017; Hou, 2019; Loba et al., 2022; Meusburger et al., 2018; Schimmack 

et al., 2004). 
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A critical requirement associated with the use of FRN to determine rates of soil erosion 

is the selection of suitable reference sites. A typical reference site will be a flat, well 

vegetated, and unploughed area, to limit any possible soil redistribution at that site. In 

addition, as the FRN inventory at the reference site is assumed to represent the baseline 

fallout, it is important that the fallout of the FRN was spatially uniform across the study 

site (Joint FAO/IAEA, 2014). The most frequently used FRNs for the assessment of long-

term erosion studies were unsupported lead-210 (210Pbex) and caesium-137 (137Cs). 

However, plutonium (239+240Pu) has gained recognition due to its long-term availability 

and advancements in detection using ICP-MS technology (Alewell et al., 2014; Dowell 

et al., 2023a; Gerd R. Ruecker et al., 2008; Meusburger et al., 2018).  

 

Within tropical Africa, the limited application of these methods is likely due to the 

analytical challenges associated with 137Cs analysis, as its inventories are an order of 

magnitude lower than in Europe. In Eastern Africa, studies utilising 137Cs as a tracer for 

soil erosion have been reported in Uganda, Kenya, and Ethiopia with values ranging 

between 200 - 2064 Bq m-2 at reference sites (deGraffenried and Shepherd, 2009; 

Denboba AM, 2005; Gerd R. Ruecker et al., 2008). In Kenya, deGraffenried and 

Shepherd, 2009, reported that 137Cs inventory was below the detection limit of 30 Bq m-

2, highlighting the challenges associated with the determination of 137Cs activity in the 

tropics. Wilken et al., 2020, reported the application of 239+240Pu as a soil erosion tracer 

with study sites in Democratic Republic of the Congo Uganda and Rwanda in three forest 

reference sites with mean 239+240Pu inventories between 33 and 48 Bq m-2. The aim of this 

paper was to demonstrate the utility of 239+240Pu as a soil erosion tracer in western Kenya 

compared to 210Pbex and 137Cs with the objectives of 1) determining depth profiles of 

FRNs at six reference sites, 2) identifying the robustness of each FRN by calculating the 
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coefficient of variations and 3) assessing the improved applicability of 239+240Pu to large 

scale studies compared to other FRNs. 

 

2. Materials and methods 

2.1 Study area and soil sampling design 

The study area was located within the Rift Valley, Nandi County, Kenya. The valley 

banks onto the Oroba river which drains into the Winam gulf of Lake Victoria. This valley 

was indicated to be at increased risk of erosion by Humphrey et al., 2022, with continuous 

land clearance over the past 80 years. According to the requirements of IAEA’s 2014 

guidelines, six suitable reference sites were identified (Figure 1) (Joint FAO/IAEA, 

2014).  

 

 

At each reference site a 30 cm core with a 5 cm diameter was excavated and split into 10 

sections to determine the inventories of 210Pbex, 
137Cs and 239+240Pu. The bulk density was 

determined following sample drying at 30C for 24 hours or until the soils were fully dry, 

and then the sample was sieved to <2 mm before reweighing to determine the soil density 

(U.S. EPA. 1996, FAO, 2020).The average soil density calculated was 1.32 and values 

Figure 1 - Sample location of reference soil cores within the Oroba river catchment, Nandi County, Kenya. Map 

created using the GADM database. 

Oroba Valley <
 

00° 00’ 09″ N, 34° 59’ 14” E 



115 

 

ranged from 0.82 to 1.66 g cm-3, with density increasing down the core. The depth profile 

data for 239+240Pu at site 3 was previously published by Dowell et al., 2023b. 

 

 

2.2 Sample preparation and analysis   

2.3.1 Gamma spectroscopy – 210Pbex and 137Cs 

Prior to analysis, the sieved soils (<2 mm) were placed into 147 mL polystyrene pots 

(base diameter 60 mm) with no headspace and sealed for 21 days to achieve equilibrium 

between 226Ra and 222Rn. After this time measurements of 137Cs, 210Pb and 226Ra (via 

analysis of 214Pb) activities were determined using a high resolution HPGe gamma 

detector at the British Geological Survey, Nottingham (Canberra Mirion, BE3825 with 

71 mm active diameter and a carbon epoxy composite end cap, operated at a bias of +4 

kV). Samples were counted between 24 and 48 hours (until the measured activity 

exceeded the Minimal Detectable Activity (MDA)). The measured spectrum was fitted 

using Genie 2000 software (Mirion technologies Inc, Atlanta, USA) and corrected for 

spectral background. Efficiency corrections were performed using LabSOCS calibration 

software (Mirion technologies Inc, Atlanta, USA) and spectral peaks were fitted against 

a library containing natural nuclide emission line energies from the 238U, 235U and 232Th 

series. The Currie equation was used to calculate MDAs. Instrument QA was performed 

by analysis of 241Am, 137Cs and 60Co spot sources. The unsupported 210Pb (
210Pbex) activity 

was then calculated by the subtraction of supported 210Pb (214Pb equivalent) activity from 

the total 210Pb activity in the sample.  
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2.3.2 ICP-MS/MS – 239+240Pu 

The full analytical procedure for ICP-MS/MS analysis is outlined in Dowell et al., 2023b. 

Prior to analysis the soil samples were milled, and 50 g was weighed into a glass beaker. 

This sample was then ashed overnight. The ashed samples were placed into a PTFE 

beaker with a 50 pg of a 242Pu spike to be leached using 100 ml concentrated HNO3.  The 

soil solution was then heated on a hotplate at 70°C for 24 hours, and then centrifuged. 

The supernatant was filtered through a 0.45 m hydrophilic PTFE filter and collected. To 

adjust the Pu oxidation state to IV for the separation, 0.02 g NaNO2 per 1 ml of solution 

was added. The Pu in the solution was then separated from interfering isotopes using a 

TEVA column separation. Within each dissolution process two silica sand column blanks 

(20 g) along with CRM sample IAEA 384 (0.5 g) were analysed to ensure validity of the 

analytical procedure and to determine the detection limits. The decontamination factor 

achieved for U isotopes after column separation was 200. 

 

An ICP-MS/MS (Agilent 8900, Agilent Technologies, Japan) was used for the 

measurement of Pu isotopes in the soil samples with O2 gas in the collision-reaction cell. 

The sample was introduced using an Agilent IaS micro-autosampler and a Cetac Aridus 

II desolvating nebuliser (Teledyne CETAC Technologies, Omaha, USA). The instrument 

was calibrated for sensitivity using a 238U standard as no certified Pu standard was 

available (Dowell et al., 2023b). Average 239+240Pu dioxide counts for the samples were 

604 counts per second with an average background of 3 counts per second. A 

concentration of 100 pg kg-1 is equivalent to 350 counts per second of 239+240Pu dioxide. 

The mean spike recoveries of the samples was 79%. The isotope ratio of 240Pu/239Pu was 

also measured alongside the 239+240Pu activities for each sample where all sampling sites 

had a ratio of 0.18 ± 0.02 which agrees with the stratospheric global fallout ratio of 0.18 
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± 0.014 (Kelley et al., 1999). Further details on the analytical methods performance have 

been published (open access) by Dowell et al., 2023b. 

 

3. Results and discussion 
The 210Pbex areal activities for the six reference sites decreased exponentially with depth 

following a polynomial distribution, where the maximum areal activity was found within 

the first 3 cm of the soil core (Figure 2). This agrees with similar findings in the literature 

and is due to continual deposition of 210Pbex into the soil as a result of rain-out 

(Meusburger et al., 2018). Although samples down to a depth of 30 cm were counted, it 

was not possible to detect 210Pbex above the MDA beneath a depth of 21 cm. The depth 

distribution of both 137Cs and 239+240Pu at the reference sites follow a polynomial function 

with the maximum areal activities found between depths of 3 - 12 cm, where thereafter 

areal activities decreased exponentially. This has been shown to be a common depth 

distribution pattern and can be explained by the downward migration of isotopes in the 

time since the major bomb fallout events (Alewell et al., 2017, 2014; Lal et al., 2013; 

Zhang et al., 2019). 

Only three of the reference sites had measurable 137Cs above the MDA and quantification 

was only possible to a maximum depth of 21 cm. The measurement of both 210Pbex and 

137Cs is severely limited by the achievable MDAs using gamma spectroscopy, which 

Figure 2 - Areal activity depth distribution patterns at the six reference sites for 210Pbex, 137Cs and 239+240Pu with 

detection limits (red dashed line). 
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although requiring a much simpler sample preparation procedure, has much lower 

throughput than the ICP-MS/MS methodology due to long counting times, limiting 

applicability of the method (Table 1). On the other hand, 239+240Pu which was determined 

using ICP-MS/MS with O2 reaction gas was quantified in all samples down to the total 

depth of 30 cm and with much greater peak to detection limit ratios. 

 

 Table 1 -  Limits of detection and depth distribution patterns for 210Pbex, 137Cs and 239+240Pu. 

a Gamma spectroscopy 
b ICP-MS/MS using O2 reaction gas 

 

Using the test proposed by Sutherland., 1996 the validity and accuracy of the reference 

values was verified by calculating the allowable error (AE) at the 90% confidence level 

where 𝑛′ is the number of samples and t is the student’s t-value for an  = 0.10 (90% 

confidence level (Equation 1). The coefficients of variation (CV) for 210Pbex, 
137Cs and 

239+240Pu were 31%, 21% and 11%, respectively (Table 2). Considering the number of 

samples, the AE was calculated as 25% for 210Pbex, 29% for 137Cs and 9% for 239+240Pu. 

Only Pu meets the requirement of having an AE 10% while the number of reference 

sites for 210Pb and 137Cs would need to be increased until the AE criteria was met (Mabit 

et al., 2012; Meusburger et al., 2018; Sutherland, 1996).  

 

𝒏′  =  [
𝒕(𝜶,𝒏−𝟏) 𝑪𝑽

𝑨𝑬
]

𝟐

  

Equation 1 – Equation for the calculation of allowable error (AE) (Sutherland, 1996). 

 

Isotope 
Detection Limit 

(Bq m-2) 

Max peak / 

Detection limit 

Areal activity in 

top 3 cm (%) 

Areal activity in 

top 12 cm (%) 

210Pbex 498 a 5 39 90 

137Cs 31 a 1 16 80 

239+240Pu 6 x 10-3 b 640 13 63 
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The mean activity concentrations for 137Cs was below previously reported vales for non-

eroded sites in Kenya reported by deGraffenried and Shepherd, 2009 of 4.15 Bq kg-1 

(Table S1). This is likely as a result of 137Cs’s short half-life and the 14 years between the 

studies. In Eastern Africa, studies utilising 137Cs as a tracer for soil erosion reported 

inventories between 200 - 2064 Bq m-2 at reference sites in have been reported in Uganda 

and Ethiopia (Denboba, 2005; Gerd R. Ruecker et al., 2008; deGraffenried and Shepherd, 

2009). The mean inventory of the six reference sites for 239+240Pu of 18 Bq m-2 is 

consistent with the regional fallout estimations by Hardy et al., 1973 and Kelley et al., 

1999 of 19.2 Bq m-2, further supporting the validity of the reference site measurements. 

The results presented support the hypothesis that 239+240Pu has the potential to be used as 

the preferred FRN tracer in western Kenya, with low achievable allowable error across 

the reference sites, allowing for greater applicability to study sites where the selection of 

appropriate reference sites is a challenge.  
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Table 2 - Total inventory of 210Pbex, 137Cs and 239+240Pu ( 2) and validity of reference site measurements 

to determine soil redistribution rates in the Oroba valley, Nandi County, Kenya.  

Site 

210Pbex 137Cs 239+240Pu 

Maximum 

depth 

(cm) 

inventory 

(Bq m-2) 

Maximum 

depth 

(cm) 

inventory 

(Bq m-2) 

Maximum 

depth 

(cm) 

inventory 

(Bq m-2) 

1 9 
2385  

1178 
- - 30 15  0.3 

2  12 
5721  

627 
12 119  8 30 17  0.4 

3  21 
4360  

884 
- - 30 20  0.5 

4  21 
5246  

817 
- - 30 16  0.3 

5  15 
6840  

737 
18 184  11 30 18  0.4 

6 15 
4681  

768 
21 159  10 30 20  0.8 

Mean 4872  2996 154  66 18  4.1 

CV 

(%) 
30.7 21.2 11.1 

AE 

(%) 
25.3 28.8 9.2 

 

 

4. Conclusion 
Here we assessed the suitability of 239+240Pu as a soil erosion tracer in western Kenya 

compared to traditionally used FRNs 210Pbex and 137Cs. Reference sites to evaluate the 

potential of FRN were selected according to the guidelines set out by IAEA 2014 (Joint 

FAO/IAEA, 2014). Depth profiles of 210Pbex, 
137Cs, and 239+240Pu were determined to 

establish the suitability of each radionuclide for the determination of soil erosion rates. 

Of the three elements, 239+240Pu was the only one that met the requirements to be used as 

a reference set out by Sutherland., 1996, with an ‘allowable error’ of 10% across the six 

reference sites. This is likely a result of the advancements in analysis using ICP-MS/MS, 

where a much greater peak-to-detection limit ratio was achievable for 239+240Pu compared 

to 210Pbex and 137Cs, allowing for greater precision and determination to greater depth. 

The low coefficient of variation and allowable error for 239+240Pu across the reference sites 

indicates the applicability of Pu as a robust tracer of soil erosion in western Kenya with 
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applicable to large scale studies compared to other FRN tracers. The need for fewer 

reference sites, as a result of the low allowable error, lends well to study sites where the 

selection of appropriate reference sites is a challenge. The use of 239+240Pu as a robust soil 

erosion tracer will play a vital role in the determination of soil degradation amounts and 

patterns, providing a powerful tool to improve our understanding of the effectiveness of 

mitigation strategies.  
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Chapter 5 – Plutonium isotopes can be used to model soil erosion in 
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Modelling of soil erosion and deposition patterns using the MODERN model to calculate the depth of soil loss/gain. 
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Abstract  

Climate change poses an immediate threat to tropical soils with changes in rainfall 

patterns resulting in accelerated land degradation processes. To ensure the future 

sustainability of arable land, it is essential to improve our understanding of the factors 

that influence soil erosion processes. This work aimed to evaluate patterns of soil erosion 

using the activity of plutonium isotopes (Pu) at sites with different land use and clearance 

scale in the Winam Gulf catchment of Lake Victoria in Kenya. Using previous work 

demonstrating the potential of 239+240Pu activity to trace soil erosion through the analysis 

of suitable reference sites, erosion rates were modelled at potential erosive sites using the 

MODERN model to understand small-scale erosion processes and the effect of different 

management practices. The lowest soil redistribution rates for arable land were 0.10 Mg 

ha-1 yr-1 showing overall deposition, resulting from community-led bottom-up mitigation 

practices. In contrast erosion rates of 8.93 Mg ha-1 yr-1 were found in areas where steep 

terraces have been formed; with the primary purpose of allowing farmers to use ox to 

plough fields resulting in an increase in soil redistribution rates. This demonstrates the 

significance of community-led participation in effectively managing land degradation 

processes. Another key factor identified in the acceleration of soil erosion rates was the 

clearance of land with an increased rate of erosion over three years reported (0.45 to 0.82 

Mg ha-1 yr-1) underlining the importance vegetation cover plays in limiting soil erosion 

processes. This novel application of fallout plutonium as a tracer, highlights the need to 

improve understanding of how soil erosion processes respond to land management, which 

will better support implementation of effective mitigation strategies. Data derived from 

plutonium activities in this way will aid the validation of predictive models to support 

future policies in translating community designed land degradation solutions. 

Keywords 
239+240Pu, Soil Erosion, Kenya, MODERN model, Land Use Change, Tropical soils  
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1. Introduction 

Accelerating soil erosion in tropical soils poses an immediate threat to land and water 

resources in developing nations. With the growing population in tropical Africa and with 

changes in weather patterns due to global warming, land degradation presents a 

significant obstacle to the sustainable development of agriculture (Borrelli et al., 2020; 

Kopittke et al., 2019). Therefore, increasing our knowledge of the processes and extent 

of soil erosion in tropical soils is crucial. Land cover changes and vegetation clearance 

are primary source of soil erosion, with a growing number of studies recognising soil 

erosion in tropical soils as a significant environmental concern (Flores et al., 2020; 

Labrière et al., 2015; Wilken et al., 2021). With the East African Rift valley's steep terrain, 

high rainfall erosivity, and often insufficient soil cover due to land management and 

increasingly changes in rainfall patterns, accelerating erosion rates are a major concern 

(Humphrey et al., 2022; Meshesha et al., 2012; Watene et al., 2021). As a consequence, 

nutrient deficiency as a result of land degradation in tropical soils poses a substantial 

hazard, reducing both crop yields, nutrients’ uptake, and crop protection against disease. 

This could dramatically increase the risk of global food shortages, negatively impacting 

both human and animal nutrition (Hickey et al., 2012; Kogo et al., 2021). There has been 

limited research into the rates of soil erosion in tropical soils and consequently, there is 

an increasing demand for quantitative data characterising erosion amounts to enhance our 

understanding of erosion processes so effective mitigation strategies can be implemented. 

This data can also be utilised to validate prediction models, allowing for a clearer 

understanding of the factors that can influence erosion processes, which can also support 

the translation of Local Environmental Knowledge (LEK) at the community scale into 

national policy action (Castro et al., 2020). 
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Fallout radionuclides (FRNs) such as 137Cs and 239+240Pu were deposited into the soil as a 

result of atmospheric nuclear weapons testing in the 1950’s and 60’s, provide an 

alternative to costly long-term monitoring approaches such as run off plots for soil erosion 

(Mabit et al., 2014; Parwada et al., 2023; Zapata, 2003). As a result of their capacity to 

bond strongly to soils, FRN are suited for use as soil erosion tracers and have been 

successfully utilised across the globe for over 20 years (Alewell et al., 2017; Schimmack 

et al., 2004, 2001). These techniques work by comparing the inventory (Bq per unit area) 

of a representative, undisturbed reference site to the inventory at a specific sampling site. 

By assuming that the loss of radionuclide at the reference site is only due to radioactive 

decay, soil erosion can be calculated from the loss of radionuclide within the sampling 

area (Joint FAO/IAEA, 2014). Detailing the subsequent redistribution of the FRN in the 

soil is a useful method for tracing erosion amounts and patterns within a landscape. 

Erosion is indicated by a lower FRN inventory than the reference inventory, whereas 

deposition is indicated by a larger FRN inventory than the reference inventory. In contrast 

to conventional methods, the FRN method can simultaneously analyse erosion and 

deposition rates during a single sampling campaign and can be used during a single 

sampling cycle (Alewell et al., 2017; Meusburger et al., 2018). Analysis of FRNs has 

proven to be an efficient and time saving way for calculating the redistribution of soil 

during the past 60 years, with due attention to sources of uncertainty (Parsons and Foster, 

2011). These techniques have been utilised to enhance understanding of the resilience and 

state of agroecosystems worldwide (Alewell et al., 2014; Khodadadi et al., 2021; Lal et 

al., 2020; Meusburger et al., 2018; Portes et al., 2018; Wilken et al., 2021; Xu et al., 

2015).  

 

The environmental cycling behaviour of 239+240Pu is comparable to that of 137Cs which 

has been more frequently utilised in the past, and given its advantages over 137Cs, this 
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technique has the potential to replace the use of 137Cs in tropical soils (Alewell et al., 

2017; Xu et al., 2015). Due to the substantially longer half-lives of 239Pu and 240Pu (24110 

and 6561 years, respectively), about 99% of the original activity is still present in soils, 

providing a significantly longer future availability than 137Cs, which has a half-life of only 

30 years (Muller et al., 1978; Schimmack et al., 2004). In addition, recent enhancements 

to analytical techniques for isotope atom counting, such as ICP-MS/MS, have boosted 

detection sensitivity (Dowell et al., 2023b; Zhang et al., 2021). Despite having 

significantly lower environmental activity, six times as many atoms of 239+240Pu were 

distributed from nuclear weapons testing compared to 137Cs. Using alpha-particle 

spectroscopy and accelerator mass spectrometry (AMS), the measurement of plutonium 

in the environment was limited to a small number of laboratories worldwide (Esaka et al., 

2017; Hrnecek et al., 2005; Varga et al., 2007). However, recent advancements in mass 

spectrometry techniques, such as ICP-MS, have increased the global availability of 

analysis, hence making the use of Pu isotopes for tracing soil erosion more appealing 

(Hou et al., 2019; Tiong and Tan, 2019; Xing et al., 2021; Yang et al., 2021; Dowell et 

al., 2023b).  

 

Radionuclide inventory can be converted into estimated soil redistribution amounts using 

conversion models. Models which have been frequently used in the past include the 

Proportional Model (PM), Mass Balance Model (MBM), Profile Distribution Model 

(PDM) and Diffusion and Migration model (DDM) (Walling et al., 2011; Gharbi et al., 

2020; He and Walling, 1997; Soto and Navas, 2008). Although these models are still 

frequently used the Modelling Deposition and Erosion rates with Radio-Nuclides 

(MODERN) approach proposed by Arata et al., (2016b) offers several advantages in the 

modelling of soil erosion by its ability to modify the depth profile of the reference location 

to simulate natural scenarios such as tillage, erosion, and deposition. This removes many 
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of the assumptions for the reference site to allow the conversion of isotope inventories 

into soil redistribution rates, independent of the type of land use (Arata et al., 2016a, 

2016b).  

 

Previous studies within tropical Africa have historically used 137Cs and unsupported 210Pb 

to determine soil erosion rates. In Uganda using 137Cs, high soil erosion and deposition 

rates were reported between -21 to 25 Mg ha-1 yr-1 from using the mass balance model 

(Ruecker et al., 2008). In Zambia both 137Cs and unsupported 210Pb were used with much 

lower rates of soil erosion reported between -5.4 and – 0.3 Mg ha-1 yr-1 also using the 

mass balance model (Collins et al., 2001; Walling et al., 2003). Furthermore, Wilken et 

al., (2021) published work using 239+240Pu to determine soil erosion in DR Congo, 

Uganda, and Rwanda with rates between -51.4 and 20.2 Mg ha-1 yr-1 using the mass 

balance model. In this study, we aimed to determine soil erosion rates at plots with 

different land use and clearance scale in the Winam Gulf catchment of Lake Victoria in 

Kenya, with the following objectives: (1); determine the inventory of 239+240Pu isotopes 

at study sites in Western Kenya, (2); relate sample site inventory with reference sites to 

calculate rates of erosion and deposition using the MODERN model and (3); compare 

erosion scale according to different land use and management practices.  

 

Accelerating soil erosion in tropical soils poses an immediate threat to land and water 

resources in developing nations. With the growing population in tropical Africa and with 

changes in weather patterns due to global warming, land degradation presents a 

significant obstacle to the sustainable development of agriculture (Borrelli et al., 2020; 

Kopittke et al., 2019). Therefore, increasing our knowledge of the processes and extent 

of soil erosion in tropical soils is crucial. Land cover changes and vegetation clearance 

are primary source of soil erosion, with a growing number of studies recognising soil 
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erosion in tropical soils as a significant environmental concern (Flores et al., 2020; 

Labrière et al., 2015; Wilken et al., 2021). With the East African Rift valley's steep terrain, 

high rainfall erosivity, and often insufficient soil cover due to land management and 

increasingly changes in rainfall patterns, accelerating erosion rates are a major concern 

(Humphrey et al., 2022; Meshesha et al., 2012; Watene et al., 2021). As a consequence, 

nutrient deficiency as a result of land degradation in tropical soils poses a substantial 

hazard, reducing both crop yields, nutrients’ uptake, and crop protection against disease. 

This could dramatically increase the risk of global food shortages, negatively impacting 

both human and animal nutrition (Hickey et al., 2012; Kogo et al., 2021). There has been 

limited research into the rates of soil erosion in tropical soils and consequently, there is 

an increasing demand for quantitative data characterising erosion amounts to enhance our 

understanding of erosion processes so effective mitigation strategies can be implemented. 

This data can also be utilised to validate prediction models, allowing for a clearer 

understanding of the factors that can influence erosion processes, which can also support 

the translation of Local Environmental Knowledge (LEK) at the community scale into 

national policy action (Castro et al., 2020). 

 

Fallout radionuclides (FRNs) such as 137Cs and 239+240Pu were deposited into the soil as a 

result of atmospheric nuclear weapons testing in the 1950’s and 60’s, provide an 

alternative to costly long-term monitoring approaches such as run off plots for soil erosion 

(Mabit et al., 2014; Parwada et al., 2023; Zapata, 2003). As a result of their capacity to 

bond strongly to soils, FRN are suited for use as soil erosion tracers and have been 

successfully utilised across the globe for over 20 years (Alewell et al., 2017; Schimmack 

et al., 2004, 2001). These techniques work by comparing the inventory (Bq per unit area) 

of a representative, undisturbed reference site to the inventory at a specific sampling site. 

By assuming that the loss of radionuclide at the reference site is only due to radioactive 
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decay, soil erosion can be calculated from the loss of radionuclide within the sampling 

area (Joint FAO/IAEA, 2014). Detailing the subsequent redistribution of the FRN in the 

soil is a useful method for tracing erosion amounts and patterns within a landscape. 

Erosion is indicated by a lower FRN inventory than the reference inventory, whereas 

deposition is indicated by a larger FRN inventory than the reference inventory. In contrast 

to conventional methods, the FRN method can simultaneously analyse erosion and 

deposition rates during a single sampling campaign and can be used during a single 

sampling cycle (Alewell et al., 2017; Meusburger et al., 2018). Analysis of FRNs has 

proven to be an efficient and time saving way for calculating the redistribution of soil 

during the past 60 years, with due attention to sources of uncertainty (Parsons and Foster, 

2011). These techniques have been utilised to enhance understanding of the resilience and 

state of agroecosystems worldwide (Alewell et al., 2014; Khodadadi et al., 2021; Lal et 

al., 2020; Meusburger et al., 2018; Portes et al., 2018; Wilken et al., 2021; Xu et al., 

2015).  

 

The environmental cycling behaviour of 239+240Pu is comparable to that of 137Cs which 

has been more frequently utilised in the past, and given its advantages over 137Cs, this 

technique has the potential to replace the use of 137Cs in tropical soils (Alewell et al., 

2017; Xu et al., 2015). Due to the substantially longer half-lives of 239Pu and 240Pu (24110 

and 6561 years, respectively), about 99% of the original activity is still present in soils, 

providing a significantly longer future availability than 137Cs, which has a half-life of only 

30 years (Muller et al., 1978; Schimmack et al., 2004). In addition, recent enhancements 

to analytical techniques for isotope atom counting, such as ICP-MS/MS, have boosted 

detection sensitivity (Dowell et al., 2023b; Zhang et al., 2021). Despite having 

significantly lower environmental activity, six times as many atoms of 239+240Pu were 

distributed from nuclear weapons testing compared to 137Cs. Using alpha-particle 
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spectroscopy and accelerator mass spectrometry (AMS), the measurement of Pu in the 

environment was limited to a small number of laboratories worldwide (Esaka et al., 2017; 

Hrnecek et al., 2005; Varga et al., 2007). However, recent advancements in mass 

spectrometry techniques, such as ICP-MS, have increased the global availability of 

analysis, hence making the use of Pu isotopes for tracing soil erosion more appealing 

(Hou et al., 2019; Tiong and Tan, 2019; Xing et al., 2021; Yang et al., 2021; Dowell et 

al., 2023b).  

 

Radionuclide inventory can be converted into estimated soil redistribution amounts using 

conversion models. Models which have been frequently used in the past include the 

Proportional Model (PM), Mass Balance Model (MBM), Profile Distribution Model 

(PDM) and Diffusion and Migration model (DDM) (Walling et al., 2011; Gharbi et al., 

2020; He and Walling, 1997; Soto and Navas, 2008). Although these models are still 

frequently used the Modelling Deposition and Erosion rates with Radio-Nuclides 

(MODERN) approach proposed by Arata et al., (2016b) offers several advantages in the 

modelling of soil erosion by its ability to modify the depth profile of the reference location 

to simulate natural scenarios such as tillage, erosion, and deposition. This removes many 

of the assumptions for the reference site to allow the conversion of isotope inventories 

into soil redistribution rates, independent of the type of land use (Arata et al., 2016a, 

2016b).  

 

Previous studies within tropical Africa have historically used 137Cs and unsupported 210Pb 

to determine soil erosion rates. In Uganda using 137Cs, high soil erosion and deposition 

rates were reported between -21 to 25 Mg ha-1 yr-1 from using the mass balance model 

(Ruecker et al., 2008). In Zambia both 137Cs and unsupported 210Pb were used with much 

lower rates of soil erosion reported between -5.4 and – 0.3 Mg ha-1 yr-1 also using the 
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mass balance model (Collins et al., 2001; Walling et al., 2003). Furthermore, Wilken et 

al., (2021) published work using 239+240Pu to determine soil erosion in DR Congo, 

Uganda, and Rwanda with rates between -51.4 and 20.2 Mg ha-1 yr-1 using the mass 

balance model. In this study, we aimed to determine soil erosion rates at plots with 

different land use and clearance scale in the Winam Gulf catchment of Lake Victoria in 

Kenya, with the following objectives: (1); determine the inventory of 239+240Pu isotopes 

at study sites in Western Kenya, (2); relate sample site inventory with reference sites to 

calculate rates of erosion and deposition using the MODERN model and (3); compare 

erosion scale according to different land use and management practices.  

 

2. Materials and methods 

2.1 Study area  
This study was carried out in the Oroba valley, located in the escarpment of the rift valley 

on the border of the Nandi and Kisumu Counties, Kenya (Figure 1). The valley banks 

onto the Oroba river which eventually drains into the Winam Gulf of Lake Victoria. The 

soils on the north westerly side of the valley are brown Acrisols which make up plots 1, 

3, 4 and 5. The soils within plot 2 are red brown Cambisols. This valley was indicated to 

be at increased risk of erosion by Humphrey et al., (2022) and it has experienced a range 

of different management practices alongside continuous land clearance over the past 80 

years so presented an ideal semi-natural laboratory to evaluate the Pu tracer in a tropical 

context. Along the valley, 6 suitable reference sites were selected according to the 

guidelines set out by Joint FAO/IAEA, (2014). The reference site data used in this study 

has been previously published by Dowell et al., 2024. Samples which had undetectable 

239+240Pu or had inventories which exceeded the MODERN confidence limits were 

excluded from the modelling process (Supplementary Table 1). 
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The Oroba valley has experienced land use change and significant clearance over the past 

100 years to create many smallholdings which support the people living in and around 

the valley. This valley is characteristic of agricultural soils in the Rift Valley escarpment 

and provides a representative view of erosion processes in the area. Many of the originally 

cleared plots have seen significant erosion events leading to further clearance of the valley 

to sustain the local people; a perpetual cycle often seen in the tropics. With the valley’s 

steep slopes, increasing rainfall, and changes in land cover, these sites are at high risk of 

erosion, posing a substantial challenge to the ‘sustainable intensification’ of agriculture 

in the area (Borrelli et al., 2020, 2017). For this reason, the valley was selected as an ideal 

study location to demonstrate the applicability of the plutonium erosion model with 

MODERN in tropical environments and to predict erosion extent according to different 

land use within the Winam Gulf catchment of Victoria. 

Figure 1 - Elevation map of sample location within the upper Oroba river catchment, Nandi County, Kenya. 

“Not modelled” samples either had undetectable 239+240Pu activity concentrations or inventories which 

exceeded the MODERN confidence limits (Supplementary Table 1). 
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Through evaluating erosion patterns and differences across land management practice 

within the valley, this cycle of clearance and subsequent degradation of the soils can be 

further understood and communicated to local stakeholders, to improve our 

understanding of the effectiveness of mitigation strategies and break the cycle. Within the 

valley, five study sites were selected according to differing land use, management, and 

clearance scale (Figure 2). 

 

 

The first four plots were sampled in October 2021 while plot 5 was sampled in January 

2023. The first of the four plots was cleared of natural vegetation over 80 years and during 

the past decades farmers have been continually adapting their mitigation strategies based 

on observational evidence and peer-to-paper Local Environmental Knowledge (LEK) 

exchange to avoid soil erosion. This includes the use of drainage ditches, cover and 

companion crops, and crop rotation. The land is hand ploughed using a hoe with a plough 

depth of approximately 6 cm. The average slope of the plot is 23 with the greatest slopes 

towards the top of the plot at 33 (Table 1 & Figure 3). The slope has a flat top with a 

sheer drop at the edge. The top of plot 1 is an example of a suitable reference location 

(Dowell et al., 2024).  

 

Plot 1 Plot 2 Plot 4 

Plot 3 

Plot 5 

Figure 8 - Images detailing the land use, slope, and condition of the five study plots.  



139 

 

Plot 2 which was cleared at the same time as plot 1, is utilising terraces that were 

fabricated primarily to allow farmers to use ox to plough the fields. This was done by 

creating strips through the movement of soil into dips in the landscape which were created 

using large boulders. The overall slope of the top half of plot two was very steep with 

slopes up to 38. While terracing as a practice implies erosion control, in this case the 

terraces remained relatively steep with slopes up to 33 and delineated using large rocks, 

noting the primary purpose was to create units that were amenable to plough by oxen 

rather than by hand in site 1. The site features areas of rocky outcrops where significant 

erosion events have occurred in the past. Towards the bottom of the slope the area is 

dominated by sugar cane crop (Saccharum officinarum) and slopes are a lot shallower 

with an average slope of 14.  

Table 2 - Descriptions of study plots selected to demonstrate soil erosion according to differing land use 

and clearance scale 

 

 Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 

Year of first cultivation 1940 1940 2019 N/A 2003 

Sampling year 2021 2021 2021 2021 2023 

Mitigation practices 

Community led 

adaptation of 

mitigation based 

on observational 

evidence 

including 

drainage ditches, 

cover/companion 

crops & crop 

rotation 

 

Terraces formed 

through the 

movement of 

soil into dips 

with large 

boulders for the 

purpose of 

creating a flat 

surface to be 

plough by oxen 

rather than by 

hand 

Since clearance 

there has been 

no mitigation 

measures 

implemented 

Remains 

uncleared for 

the most part 

Since clearance 

the land was not 

used for 

cultivation until 

2022 and there 

have been no 

mitigation 

measures 

implemented 

Plough technique 
Hand ploughed 

using a hoe 
Oxen plough 

Hand ploughed 

using a hoe 
N/A 

Hand ploughed 

using a hoe 

Section 1      

Slope 33.4 37.8 27.2 27.9 35.6 
Land use Grazing Terrace planting Maize/Beans crop Uncleared Maize/Beans crop 

Section 2         

Slope 28.1 32.2 20.9 26.2 33.4 
Land use Maize/Beans crop Terrace planting Maize/Beans crop Uncleared Maize/Beans crop 

Section 3          

Slope 25.6 20.5 17.6 20.2 28.1 
Land use Maize/Beans crop Leafy vegetables Maize/Beans crop Grazing Maize/Beans crop 

Section 4      

Slope 15.5 13.8 13.2 18.1 25.6 
Land use Grazing Grazing Maize/Beans crop Uncleared Maize/Beans crop 

Section 5      

Slope 14.0 9.8 9.8 10.6 15.5 
Land use Grazing Sugar cane Maize/Beans crop Uncleared Maize/Beans crop 
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Plots 3 and 4 are located on the opposite side of the valley and adjoin each other. Plot 3 

was cleared to be used for various crops, including maize (Zea mays) and beans 

(Phaseolus vulgaris L.) in 2019. Since this clearance there has been no mitigation 

measures implemented. Plot 3 was re-sampled in January 2023 to assess the temporal 

changes in soil erosion due to land clearance. On the other hand, plot 4 remains uncleared 

for the most part and is dominated by native shrubs and grass. The average slope of the 

two plots is 20.  

 

Plot 5 had similar topography to plot 1 and is farmed by the same family with the most 

major difference being the management practices in place. Plot 5 was cleared for 

cultivation in 2003, however, the land was then not farmed again until 2022 and during 

this time no land management practices were put in place. The steepest section of the plot 

was towards the top with slopes up to 36, whereafter the slope levels off to give slopes 

similar to plot 1 towards the bottom of 16.  

 

 

2.2  Soil sampling design 
At each reference site a 30 cm core with a 5 cm diameter was excavated using a bulk 

density tin by digging a pit and inserting the bulk density tin with a diameter of 5 cm and 

Plot 

Figure 3 - Slope gradients across the 5 study sites 
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a height of 3 cm into the pit wall. The reference core comprised of 10 individual stacked 

samples to determine the 239+240Pu depth profile at the reference site where the sampling 

depth exceeded the depth to which fallout Pu had reached (Dowell et al., 2024). To collect 

the soils at the sample sites, three cores were collected down to a depth of 60 cm (split 

into 20 cm increments) using a bucket auger where the depth ensured the entire inventory 

of Pu had been captured. At each site, the cores were combined and homogenised to create 

one composite sample representative of each depth increment at that site. The bulk density 

was determined following sample drying at 30C and then the sample was sieved to <2 

mm before reweighing to determine the soil density using the known volume of the bulk 

density tin. In addition, detailed depth profiles were determined at one erosion site and 

one deposition site within plot 1 using the same method as for the reference sites 

collected. 

 

2.3 Analysis of plutonium isotope activity in soil samples 
A detailed description of the analytical procedure used for ICP-MS/MS analysis is 

provided elsewhere (Dowell et al., 2023a). In brief, before analysis, the soils were milled 

to a fine powder with 50 g of each sample being weighed into a glass beaker and then 

ashed overnight in a furnace at 550°C. The ashed samples were then placed into a PTFE 

beaker and spiked with 50 pg of a 242Pu spike. To the soil mixture 100 ml of concentrated 

HNO3 was added to leach the Pu isotopes. The soil solution was then heated on a hotplate 

for 24 hours at 70°C. Subsequently the solution was centrifuged at 3000 rpm for 15 

minutes and the resultant supernatant was then collected and filtered through a 0.45 m 

hydrophilic PTFE filter. To the residual soil pellet in the centrifuge tube, 100 ml of water 

was added and then the pellet was redistributed into the water before being centrifuged 

again. The additional supernatant was then filtered and added to the sample, adjusting the 

concentration of HNO3 to 8 M. To convert the oxidation state of Pu to IV for separation, 



142 

 

4 g of NaNO2 was added to the leachate solution. The Pu isotopes were then separated 

from the matrix and interfering isotopes using a column containing TEVA resin. Within 

each analytical batch two silica sand column blanks (20 g) and CRM sample IAEA 384 

(0.5 g) were also prepared to determine detection limits for the method (0.108 ± 0.105 pg 

kg-1 239+240Pu; n = 32) and assess the accuracy and precision of the separation (114 ± 12 

Bq kg-1 measured; n=36 versus certified value of 108 ± 13 Bq kg-1).   

 

The 239+240Pu isotope concentrations in the soil were then analysed using ICP-MS/MS 

with O2 gas in the collision-reaction cell to mass shift Pu isotopes away from any 238U1H+ 

interferences (Agilent 8900, Agilent Technologies, Japan). The sample was introduced 

using an Agilent IaS micro-autosampler and a Cetac Aridus II desolvating nebuliser 

(Teledyne CETAC Technologies, Omaha, USA). The instrument was auto-tuned using 

the Agilent Masshunter software using a 1 g kg-1 tune solution (SPEX CertiPrep #CL-

TUNE-1) for general performance (Dowell et al., 2023a). For samples which had 239+240Pu 

below the detection limit the reported values were calculated according to the limit of 

detection divided by 2 (0.09 pg Kg-1). Concentrations of Pu (pg kg-1) were then converted 

to mass activity using the specific activity for each Pu isotope.  

 

2.4  Quantitative model for estimating soil erosion rates 
The mass activities (Bq kg-1) of the FRNs were first converted into areal activities (Bq m-

2) using the measured mass depth of the <2mm soil fraction (kg m-2). Total inventories at 

each of the sites were then calculated from the sum of total 239+240Pu areal activities down 

the depth profile. Total inventories determined at the sampling sites were then converted 

into estimated rates of erosion by using the Modelling Deposition and Erosion rates with 

Radio-Nuclides (MODERN) model (Arata et al., 2016a, 2016b). Soil erosion and 

deposition derived from the MODERN model are expressed as rates in terms of the 

thickness of the soil layer impacted by soil redistribution processes. This is achieved by 
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matching the complete inventory of the sample site with the depth profile of the reference 

site to calculate the depth of soil loss or gain. The point of intersection of the sample on 

the depth profile of the reference site indicates the model's solution which can then be 

converted to erosion or deposition. The MODERN model offers advantages over other 

modelling techniques as it allows for the simulation of different agricultural activities by 

modelling erosion, and deposition at the reference site, to ensure the reference and 

sampling sites are comparable to one another (Arata et al., 2016a, 2016b). 

 

In this study, two different adaptations were applied to the reference site depth profile of 

239+240Pu inventory to account for both erosion and deposition scenarios of the studied 

sites. For eroded sites 10 additional smoothed layers were added to the reference profile 

to where an exponential smoothing of FRN inventories is simulated to a new depth of 60 

cm. This allows the MODERN model to find a solution when the sample site has a FRN 

inventory less than the FRN inventory of the last layer of the reference profile (Arata et 

al., 2016b). The second adaptation simulates an additional six depositional layers added 

to the top of the depth profile to model deposition at the sites. These additional layers 

were created using of an average of the top two reference site layers, equivalent to the 

plough depth of 6 cm. Where the inventory of 239+240Pu exceeded the modelled reference 

inventory with additional layers, the sample was not modelled as the total inventory 

exceeded the MODERN confidence limits (Supplementary table 1). This technique is 

based on the following assumptions: (1) the plutonium isotopes in the research region 

originate from global nuclear weapon fallout; (2) the reference site has the same depth 

distribution of 239+240Pu; and (3) deposition at sample sites originates from the plough 

depth of the reference sites.  
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The MODERN model provides results in terms of cm of soil losses/gains (x’). These 

results can then be converted to soil erosion/deposition rates as Mg ha-1 yr-1 (Y) using the 

following equation: 

𝑌 =  10 ×  
𝑥′ ×  𝑥𝑚

𝑑(𝑡1 − 𝑡0)
 

 

Where xm is the mass depth of the soil at the sample site (kg m-2), d is the entire depth 

increment measured at the sampling site, t1 is the year of sampling (yr), and t0 (yr) is the 

year of the main radionuclide fallout; typically, 1963 for 239+240Pu (Arata et al., 2016a, 

2016b). 

 

3. Results and discussion 
3.1  Depth distribution of 239+240Pu in soils 
The coefficient of variation and allowable error (as proposed by Sutherland, (1996)), for 

the 239+240Pu reference sites was 11%, and 9%, respectively, meeting the requirement to 

be used as a suitable reference inventory for the site (Dowell et al., 2024). Figure 4 shows 

the average depth distribution of 239+240Pu at the reference sites as well as an example 

depth profile of an erosional and depositional site collected within plot 1. The reference 

sites follow a polynomial function with the maximum areal activities found between a 

depth of 6 - 9 cm. Thereafter the areal activities at the reference site decreased 

exponentially. This has been demonstrated previously as a common pattern of depth 

distribution, which can be explained by the downward migration of 239+240Pu isotopes in 

the soil subsequently to the main fallout from nuclear tests in the 1950/60s (Alewell et 

al., 2017, 2014; Lal et al., 2013; Zhang and Hou, 2019). The 239+240Pu areal activities in 

the reference sites’ surface soils (0 – 6 cm) of the reference sites range from 3.82 to 5.75 

Bq m-2 with total inventories ranging from 13.76 to 21.01 Bq m-2. The mean inventory of 

the six reference sites was 18 Bq m-2 which is consistent with the fallout estimations by 
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Hardy et al., (1973) and Kelley et al., (1999) for the study region of 19.2 Bq m-2, further 

supporting the validity of the reference site measurements.  

 

Depth profiles at the erosion and deposition sites within plot 1 showed similar patterns 

with maximum areal activities found between 3 – 6 cm. The top three layers of the depth 

profile show a similar areal activity relating to the plough depth of 6 cm which has 

resulted in mixing of the soil layers overtime. Thereafter the depth profiles of 239+240Pu at 

the sampling sites decreased exponentially. The increase in total inventory at the 

deposition site and the increased areal activity at 30 cm shows the addition of soil layers 

to the top of the profile. Similarly, this can also be seen for the erosional site where the 

areal activity at 30 cm suggests that soil layers have been lost towards the top of the 

profile. The total inventories for the erosion and deposition sites collected within plot 1 

were 11.98 Bq m-2 and 22.37 Bq m-2 respectively. The isotope ratio of 240Pu/239Pu was 

also measured alongside the 239+240Pu activities for each sample where all sampling sites 

Figure 4 - Depth profiles of eroded and deposited soil patterns compared to the depth profile of the reference 

sites within plot 1 
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had a ratio of 0.18 ± 0.02 which agrees with the stratospheric global fallout ratio of 0.18 

± 0.014 (Kelley et al., 1999). 

 

 

3.2 Inventory and distribution of plutonium in soils 
Within plot 1 the difference between inventory and reference site ranged from -33% to 

30% with three sites showing a negative change in inventory indicating erosion with total 

inventories of 11.98 - 15.13 Bq m-2 and two sites showing a positive change in inventory 

indicating deposition with total inventories of 21.58 – 23.49 Bq m-2 (Figure 5&6). Plot 2 

which was cleared at the same time as plot 1 but with engineering of terraces to create 

units for ox ploughing saw a much greater range of inventory difference to reference from 

-76% to 26%. Within the plot, a total of seven sites showed a negative change in inventory 

(4.23 – 17.89 Bq m-2) and two showed a positive change (21.28 – 24.46 Bq m-2). Most of 

the eroded sites (71%) were found within the terraces towards the top of the plot where 

the steepest topography is found with the depositional sites being found towards the 

bottom of the plot where sugar cane is grown, which was less steep.  

 

Within plot 5 the difference in inventory ranged from -63% to 5% with total inventories 

between 6.67 and 18.82 Bq m-2. The lowest inventories were found towards the top of the 

plot with a gradual increase towards the bottom of the plot.  

 

Figure 5 - Erosion sensitivity map of study sites within the Oroba Valley, Nandi County, Kenya. 

30 Bq Kg-1 

-20 Bq Kg-1 

0 Bq Kg-1 
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Plots 3 and 4, located adjacent to each other, showed similar soil redistribution patterns 

of soil redistribution but plot 3 had notably greater amounts compared to plot 4. Plot 3 

had inventory changes between -22% and 9% with five sites showing a negative change 

in inventory (14.01 – 17.14 Bq m-2) and two sites showing a positive change in inventory 

(18.63 – 19.55 Bq m-2). Plot 4 had a similar range of inventory changes from -22% to 

16% with two sites showing erosion (14.10 – 16.27), one with a similar inventory as the 

reference site (17.93 Bq m-2) and three sites showing deposition (18.40 – 20.81 Bq m-2). 

With these two sites being historically very similar, the main variation being that plot 3 

was cleared in 2019 while plot 4 remains uncleared, demonstrating the increase in erosion 

as a result of clearance and land use change.  

 

 

 
 

3.3 Comparison of soil erosion rate estimates  
The soil redistribution rates, determined using the MODERN model, for each plot are 

shown in Table 2. The highest soil erosion rate was found within the terraced area of plot 

2 where estimates of erosion were between 5.44 and 9.41 Mg ha-1 yr-1. This area had the 

Figure 6 - 239+240Pu mean inventory, where uncertainty is standard deviation, of sample sites compared to the 

reference site. 

Mean reference 

inventory 
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steepest hill slopes and towards the bottom of plot 2 where slopes were much more 

moderate redistribution rates were between -5.44 and 8.07 Mg ha-1 yr-1. In contrast plot 1 

which was cleared at the same time showed redistribution rates between -4.41 and 6.52 

Mg ha-1 yr-1. Within plot 5 soil redistribution rates were between -11.20 and 6.46 Mg ha-

1 yr-1.  

 

Plots 3 and 4 showed varying rates of soil erosion with plot 3 showing a greater overall 

extent of erosion compared to plot 4. Plot 3 saw redistribution rates between -2.12 to 2.76 

Mg ha-1 yr-1 while plot 4 had rates between -2.06 to 4.02 Mg ha-1 yr-1. This likely a result 

of deposition occurring within the dense native shrubs within the area due to higher 

infiltration capacity and reduced overland flow energy. The re-sampling of plot 3 shows 

the increasing rates of soil erosion as a result of land clearance. Erosion rates had 

increased up to 4.55 Mg ha-1 yr-1 in 2023 from 2.12 Mg ha-1 yr-1 in 2021 in some areas 

and towards the bottom of the plot deposition had increased to 5.47 Mg ha-1 yr-1 from 2.76 

Mg ha-1 yr-1. Overall, within the plot the rates of erosion were 0.37 Mg ha-1 yr-1 higher 

which is equivalent to an additional half a tonne of soil loss within the area of plot 3 every 

year.  

 

The rates of erosion determined within the valley are comparable with reported values 

using 137Cs and unsupported 210Pb in Zambia, with erosion rates between -5.4 and -0.3 

Mg ha-1 yr-1 (Collins et al., 2001; Walling et al., 2003). The only other study using 

239+240Pu in tropical African soils found rates found much greater values for both erosion 

and deposition with rates between -51.4 and 20.2 Mg ha-1 yr-1.  
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Table 2 - Net contribution of soil redistribution rates at sample sites within the Oroba valley, western Kenya 

( ) 

 Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 

Year of first cultivation 1940 1940 2019 N/A 2003 

Sampling year 2021 2021 2021 2021 2023 

Mitigation practices Community led Terraces None N/A None 

Number of sampling sites 7 9 7 6 8 

Soil redistribution depth (cm) 0.60  8.30 -2.89  11.31 -0.77  3.40 1.26  3.91 -4.29  7.06 

Soil redistribution rates (Mg ha-1 yr-1) 0.30  4.82 -1.66  6.50 -0.45  1.96 0.72  2.25 -3.58  5.89 

 

 

Rates of soil erosion within the Winam Gulf have previously been estimated using the 

RUSLE (Revised Universal Soil Loss Equation) model by Humphrey et al., (2022) with 

estimated erosion rates between 0 and 14.50 Mg ha−1 year−1 within the Oroba valley. The 

overall erosion rates determined using 239+240Pu and the MODERN model were 2 – 3 

times lower than the rates calculated using the RUSLE model. However, RUSLE does 

not take into consideration deposition within the site which skews the results in favour of 

erosion processes. Furthermore, the RUSLE prediction calculated by Humphrey et al., 

(2022) did not include the P factor (support practice layer), which could lead to the model 

overestimating the loss rates as seen. Figure 7 shows the relationship between rates 

predicted using the RUSLE model and the 239+240Pu with MODERN model. Additionally, 

the RUSLE model demonstrated the potential to be reliable to aid with the selection of 

appropriate reference sites. Overall, the predicted rates of erosion at the selected reference 

sites were 0.5 Mg ha-1 yr-1 with 4 out of the 6 reference sites having a predicted rate of 0 

Mg ha-1 yr-1.  
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Figure 7 - Comparison of predicted soil erosion rates calculated using the RUSLE and MODERN 

(239+240Pu) models within the Oroba valley. 

 

3.4 Land use and management effect on soil erosion rates 
Due to the relatively small sampling area (40 km2) the plots have experienced historically 

similar rainfall and weather patterns. Across the different plots, the greatest rates of 

erosion were observed within plot 2 in the areas where the land had been terraced to 

support ploughing of larger scale land parcels. These terraces are primarily formed by 

moving large boulders that demark the land parcels but still have slopes up to 33. Soil 

movement within these plots may be related to the movement of soil to create the terraces, 

however, while movement of soil could over time lead to formation of more level terrace 

surfaces in line with slow forming terrace principles, the net loss of trace inventory from 

these slopes implies material is still being transferred downslope. This has implications 

for soil health in the long term possibly resulting from the effects of tillage erosion 

(Kagabo et al., 2012; Kraemer et al., 2019). This is also demonstrated by the large areas 

of the land have been denuded and are no longer productive where there is a visible 

exposure of the bedrock.  
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In comparison, Plot 1 which was cleared around the same time with similar slopes of 33 

saw much lower rates of soil erosion. The main difference between the two plots is that 

in plot 1 the farmers have implemented mitigation strategies around their farming 

practices including the use of drainage ditches to channel run off water away from the 

crop beds and rotation of crops with mixed pastoral farming adding to soil resilience 

through addition of organic matter (Joshi et al., 2021; Kimaro et al., 2012). The farmers 

are very active in preserving the land which is reflected by the low rates of erosion, despite 

the severe weather conditions and steep slopes. Additionally, the relatively higher rates 

of soil erosion seen within plot 5 where no land management practices are in place 

reiterates the import role soil mitigation practices play in the limitation of land 

degradation. The effectiveness of community engagement within plot 1 shows the 

importance it has on implementing successful change. The low overall rates of erosion 

suggest that the area could be potentially sustainable for agriculture with the correct 

management of the land.  

 

Plots 3 and 4 show how land clearance affects the acceleration of soil erosion rates within 

the valley. With plot 3 being cleared in 2019 and plot 4 remaining uncleared the two plots 

model the change in soil redistribution as a result of erosion. The farmers managing plot 

3 are not using any mitigation practices and reported in 2023 that the soil is progressively 

becoming less productive. This observation is supported by the increased rates of erosion 

determined in 2023 of 0.82 Mg ha-1 yr-1, with rates in some areas reaching 5.47 Mg ha-1 

yr-1 (Table 3). Overall, the soil is more eroded than plot 4 which generally showed 

deposition processes dominated. This is likely from soil redistribution from runoff of both 

plot 3 and cleared land above the uncleared area, demonstrating the ability of intact 

vegetation cover in preventing the extent of redistribution processes. The data indicates 

the importance of strengthening the resilience of complex soil erosion challenges to 



152 

 

achieve change towards a more sustainable future for tropical soils which are at risk as a 

result of changing weather conditions and growing pressure on land resources. Empirical 

estimates of soil erosion rates, especially comparison of relative amounts between 

management practice, support evaluation of land degradation risk and agricultural 

sustainability. 

 

Table 3 - Changes in the rate of soil erosion within plot 3 between 2021 and 2023 

Sampling year 2021 2023 

Soil redistribution depth (cm) -0.77  3.40 -0.99  5.25 

Soil redistribution rates (Mg ha-1 yr-1) -0.45  1.96 -0.82  4.37 

 

 

4. Conclusion 
Using variation in 239+240Pu activities, this work provides the first insight into soil 

redistribution patterns in Kenya according to different land management and clearance 

scale. This work supports previous work modelling rates of soil erosion and provides a 

clearer image of small-scale erosion processes. The MODERN model returned rates of 

soil redistribution ranging from -8.93 to 7.14 Mg ha-1 yr-1 with the greatest rates of 

redistribution likely related to soil movement as a result of the formation of terracing and 

steep slopes of up to 38. The lowest overall rates of soil erosion for arable land resulted 

from small-scale bottom-up mitigation practices indicating the important role that 

community led engagement plays in the effective control of land degradation processes. 

The low net contribution of erosion within the sites suggest that the area could be 

potentially sustainable for agriculture with effective management of the land. The 

accelerated erosion rates presented relating to the recent clearance of vegetation for arable 

farming show the important role that intact vegetation cover plays in ensuring the future 

resilience of tropical soils. To ensure the future sustainability of arable land and 

aquaculture downstream, it is necessary to address the complex mix of issues that 

influence the degradation of tropical soils. This work benefits our understanding of the 
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factors which influence soil erosion and is the first step towards supporting the integration 

of locally designed solutions into policy.  
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Chapter 6 – General discussion and conclusions 

Supplementary data associated with this chapter can be found in appendices section A6. 

 

 

The aim of this work was to advance capability using the fallout plutonium (Pu) tracer 

methodology as a novel tool in tropical soils to determine small scale soil redistribution 

patterns under a range of land use histories and management practices. Research was 

conducted in Kenya where in addition to challenges with traditional fallout radionuclide 

approaches, e.g. low levels of fallout 137Cs, the sustainability of tropical agri-systems, 

depends on new data-led innovation for the sustainable use of one of the most important 

resources on Earth: soil. In recent years, it has become more crucial to understand and 

mitigate soil erosion in Sub-Saharan agri-systems, since it presents a risk to food security 

with effects on both land and in aquatic ecosystems. Established techniques for measuring 

soil erosion by conventional means often do not provide representativeness at scale due 

to work effort and consequently cost required to undertaken monitoring, hence the need 

to seek alternative methodologies to better understand the complex dynamics of soil 

erosion and deposition. One of these methodologies is the use of Fallout Radionuclides 

(FRN) to trace the redistribution of soil within an area. Conventional isotopes such as 

137Cs and 210Pbex have some major geographical limitations; and as a result, 239+240Pu is 

emerging as an excellent alternative tracer. For this reason, this thesis focusses on the 

optimisation of the 239+240Pu tracer method for the determination of soil erosion rates in 

tropical African soils to address implications of land use management on the extent of 

soil erosion.  
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The results of this work offer to improve our understanding of the driving factors for soil 

erosion at the escarpment of the Rift Valley region and Winam Gulf catchment of Lake 

Victoria in western Kenya. This can help facilitate further research into the effectiveness 

of mitigation strategies which can be translated into policy action. The aim of this thesis 

was achieved through a series of analytical experiments and method developments to 

compliment the application of Pu as a tracer to determine soil redistribution rates in 

tropical soils. The major results, in conjunction with their potential impact, 

recommendations for further work and conclusions, are summarised in this chapter. 

 

Optimisation of plutonium separations for applicability to studies in tropical 

soils 
The first objective of the study was to develop an analytical method to accurately 

determine low levels of fallout Pu activity concentration in tropical soils with improved 

separation and analysis of ultra-trace Pu isotopes. While pioneering work has suggested 

that global acceleration of soil erosion processes can be better understood using 239+240Pu 

as a soil redistribution tracer, there are specific challenges concerning the analysis of Pu 

in tropical soils which must first be addressed (Alewell et al., 2017). A limitation of using 

239+240Pu in tropical African soils is that only 10% of atmospheric nuclear weapons tests 

are carried out in the southern hemisphere, resulting in Pu isotope activity being two to 

three times lower than in European soils where the application of 239+240Pu is much greater 

(Wilken et al., 2021; Zhang et al., 2021). The developed method highlights the potential 

of using 239+240Pu as a soil erosion tracer in areas where fallout is low due to lower 

atmospheric nuclear weapons tests as highlighted in Figure 1. Furthermore, with the 

concentration of U in the soils being several orders of magnitude higher than that of 239Pu, 

polyatomic interferences, most notably uranium hydrides (UH+), can significantly affect 
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ICP-MS analysis of Pu in soils. For this reason, an analytical method that ensures 

maximum sensitivity is essential (Xing et al., 2018).  

 

Due to their low abundance in environmental samples, trace Pu isotopes must be 

accurately determined through a high level of enrichment before analysis. This study has 

shown that it is possible to optimise the extraction the Pu isotopes from the matrix and 

other interfering substances using specialised separation techniques. This allows for pre-

concentration, which ensures maximum sensitivity (Xing et al., 2018). TEVA was 

selected as the resin of choice for the analytical method development as it is reported to 

have the maximum separation efficiency of Pu isotopes from soils.  (Nygren et al., 2003; 

Horwitz et al., 1995). An alternative analysis method for determining Pu is ICP-MS/MS 

analysis using reaction cell technology, which ensures maximum sensitivity and 

minimises the impact of any residual U in the samples (Cao et al., 2016). By using 

different reaction gases in the collision-reaction cell, the major interference of 238UH+ on 

239Pu can be eliminated. In addition, the analysis method offers enhanced abundance 

sensitivity, which can effectively eliminate the interference caused by 238U peak tailing 

Figure 1 – Map showing the locations and number of atmospheric nuclear weapons tests and releases globally 

(Source - www.johnstonsarchive.net/nuclear/tests/)  
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on the measurement of 239Pu and 240Pu (Hou et al., 2019; Xu et al., 2022; Xing et al., 

2021; Bu et al., 2021).  

 

In order to ensure that the separation method is applicable to laboratories with limited 

resources, the research reported in Chapter 3 developed a method for the analysis of Pu 

isotopes using TEVA columns and ICP-MS/MS with O2 reaction gas presenting a simple, 

cost-effective, robust sequence with considerations for the reduction of laboratory waste 

disposal. The separation method expands on earlier research employing TEVA columns, 

demonstrating their value in reducing the effects of U interference. Here, several 

processes were optimised to improve Pu recovery, including lowering the method blank 

concentration, ensuring a low environmental impact, and optimising the separation 

procedure by determining the U and Pu elution profiles. Furthermore, the investigation 

of 239+240Pu down a depth profile in a tropical African soil showed that the developed 

method could be applied to detect Pu at depths of 30 cm, where activities are 

exponentially lower than those in the topsoil. This indicated the potential to apply 

239+240Pu as a soil erosion tracer in tropical African soils with the support of this improved 

analytical method.  

 

In comparison to conventional methods of analysis such as alpha spectroscopy and AMS, 

analysis by ICP-MS/MS using O2 as a reaction gas provides a reliable method with high 

throughput, which makes it suitable for field and survey-scale soil erosion assessment. 

This method proved useful for the detection of ultra-trace fallout Pu in African soils due 

to its low achievable detection limits of 0.18 pg kg-1 239+240Pu which are comparable to 

those of alternative but less abundant mass spectrometric methods (e.g. AMS). The 

optimised separation method using TEVA cartridges reduced waste and increased 

throughput whilst ensuring maximum sensitivity for Pu isotopes. The specialist analysis 
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of 239+240Pu isotopes presents a challenge, especially to low-income countries where 

access to specialised instrumentation is limited, however, the method was designed with 

the intention that the separations could be completed in the country of sampling and then 

samples could be transported to specialised laboratories for analysis. Alternative methods 

of analysis such as alpha spectroscopy require a longer and more challenging separation 

process prior to analysis and the availability of specialised laboratories is limited in a 

similar way to ICP-MS/MS. With the limitations of using alternative fallout radionuclides 

such as 137Cs and 210Pbex making the isotopes unviable to large scale erosion studies, the 

presented method demonstrates the potential to determine soil erosion across 

agriculturally critical regions. Chapter 3 demonstrated a robust analytical sequence for 

the determination of ultra-trace level Pu isotopes with sufficient sensitivity for tropical 

African soil samples, which could be utilised globally in areas where 239+240Pu fallout is 

lower. 

 

Suitability of 239+240Pu as a soil erosion tracer in western Kenya 
Lack of effective land management practices and vegetation clearance are two of the main 

drivers of soil erosion, which causes escalating to land degradation every year (Borrelli 

et al., 2020). These concerns are even greater in tropical soils, where soil erosion could 

reach unsustainable levels in the future due to poor land management practices and 

changes in precipitation patterns influenced by climate change (Lorenz et al., 2019; 

Negese, 2021). Climate projections by Borrelli et al., (2020) predict that water erosion 

could increase globally by 30 to 66% as a result of the changing hydrological cycle and 

the overall increase of soil erosion by water in tropical Africa is estimated to be 4.3 Pg 

yr−1, due to substantial clearance of land for agriculture (Borrelli et al., 2017). For many 

years, traditional methods have been used in Africa to assess erosion process, such as 

erosion plots, surveying, and aerial photography. However, these methods have several 

drawbacks, including poor representativeness and spatial resolution (Elwell, 1978; 
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Whitlow, 1988). In recent times, soil erosion rates that were indicative of all soil 

redistribution processes were measured using FRN tracer techniques (Alewell et al., 

2017; Loba et al., 2022; Meusburger et al., 2018). The limited application of these 

techniques in tropical Africa is likely a result of the analytical difficulties involved in the 

analysis of 137Cs (de Graffenried and Shepherd, 2009; Denboba, 2005; Ruecker et al., 

2008). More recently, 239+240Pu has become a popular alternative tracer due to 239Pu and 

240Pu’s much longer half-lives (24100 and 6562 years respectively vs 30 years for 137Cs) 

and improvements in ICP-MS detection of Pu in soils enabling the Pu method to be used 

as a tracer with applicability to tropical soils, however, until this study, this potential had 

yet to be fully tested and realised (Alewell et al., 2014; Schimmack et al., 2004; Wilken 

et al., 2021).  

 

The second objective of the thesis deployed the Pu method in chapter 3 to demonstrate 

the utility of 239+240Pu as a soil erosion tracer for the evaluation of soil redistribution 

patterns in Kenya; overcoming regional challenges in existing FRN tracer-based 

approaches such as the low environmental activity of 137Cs and the high spatial variability 

of 210Pbex. Through the determination of FRN depth profiles at reference sites, Chapter 4 

illustrated the benefits of using 239+240Pu as a soil erosion tracer in western Kenya in 

comparison to conventional isotopes 210Pbex and 137Cs. The improved applicability of 

239+240Pu compared to other FRNs could be demonstrated by identifying the robustness of 

each FRN. The analysis of 210Pbex and 137Cs in the samples was performed using gamma 

spectroscopy, and the analysis of 239+240Pu was performed using the ICP-MS/MS method 

described in Chapter 3. With the lowest coefficient of variation and the largest peak-to-

detection limit ratio of 640, 239+240Pu demonstrated the greatest potential as an effective 

FRN tracer among the six reference sites. The validity and accuracy of the reference 

values was verified by calculating the allowable error (AE) at the 90% confidence level 
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as proposed by Sutherland, (1996). The only isotope to meet the allowable error criteria 

was 239+240Pu indicating its applicability to large-scale studies such as Western Kenya, 

where finding appropriate reference sites is a major challenge due to environmental 

constraints and the extent of land clearance (Sutherland, 1996). This success in method 

development can be attributed, at least in part, to the developments in ICP-MS/MS 

analysis developed by this study, providing greater sensitivity to enable detection to 

greater depths and more accurate determinations of 239+240Pu activities than for 137Cs and 

210Pbex.  

 

The mean inventory of the six reference sites for 239+240Pu of 18 Bq m-2, is consistent with 

the regional fallout estimates of 19.2 Bq m-2 by Hardy et al., (1973) and Kelley et al., 

(1999) further confirming the accuracy of the reference site measurements. The depth 

profile of 239+240Pu followed a polynomial function with the maximum areal activities 

observed between 3 and 12 cm, after which there was an exponential decrease in areal 

activities. In comparison to other FRN tracers, the low coefficient of variation and 

allowable error across the reference sites present 239+240Pu as a reliable tracer of soil 

erosion in western Kenya that can be applied to large-scale studies. Using 239+240Pu lowers 

the requirement for the number of reference sites as a result of the low allowable error, 

which is advantageous for study sites where choosing relevant reference sites can be 

difficult.  

 

Compared to traditional methods such as sediment traps and erosion plots which do not 

require such specialised methods, the Pu method offers the advantage of being able to 

describe patterns of erosion, such as areas of deposition and erosion down a slope profile, 

but it also gives an insight into historical erosion rates which represent erosion which has 

occurred over the past 60 years. Additionally, the re-sampling of sites can facilitate the 
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assessment of how changes in land management and clearance effect the overall rates of 

erosion occurring over a shorter time frame. The fallout radionuclide methods ability to 

distinguish areas within a plot at increased risk of erosion can allow for the 

implementation of targeted mitigation which would not be possible using only the total 

overall erosion rate of the plot. With the need for a better understanding of land 

degradation rates and patterns, 239+240Pu has been shown to be a reliable tracer to assess 

soil erosion patterns and amounts in western Kenya. Thus, it can serve as a powerful tool 

to inform and validate the effectiveness of mitigation strategies by determining long term 

soil erosion patterns which can inform the extent of land degradation.  

 

Modelling of soil erosion patterns in Kenya using 239+240Pu 
The final objective to achieve the aim of the thesis was, to evaluate erosion dynamics, 

according to different land uses and recent land clearance within a typical small-scale 

agricultural plot of the Winam Gulf catchment of Lake Victoria using 239+240Pu. As a 

result of the steep terrain, high rainfall erosivity, and often insufficient soil cover, coupled 

with poor cultivation practices, accelerating erosion rates are becoming a major concern 

and implications for the long-term sustainability of soil in the East African Rift valley 

region of Western Kenya (Humphrey et al., 2022; Meshesha et al., 2012; Watene et al., 

2021; Borrelli et al., 2020). Chapter 5 assessed the patterns of soil erosion in the Winam 

Gulf catchment of Lake Victoria in Kenya, using the activity of Pu isotopes at sites with 

varying land use and clearance scale. Within the valley, five plots were chosen, each with 

specific management and clearance scales. These sites were challenging due to terrain, 

however, provide useful examples of land management practices within the area, owing 

to different clearing periods for cultivation of the land. Images depicting the study plots 

can be found in Supplementary Figure 1. 
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There has been limited research into the rates of soil erosion in tropical soils and as a 

result, there is a growing need for quantitative data characterising the amounts of erosion 

to improve our understanding of the processes involved to enable the implementation of 

effective mitigation strategies (Wilken et al., 2021). Utilising conversion models, 

radionuclide inventories found within a site can be translated into estimated rates of soil 

redistribution by comparing them to measurements made at reference sites. The 

MODERN approach, by Arata et al. (2016a), has the capacity to alter the reference 

location's depth profile to replicate events such as tillage, erosion, and deposition; thereby 

eliminating assumptions regarding the reference site and providing a number of benefits 

for soil erosion modelling (Arata et al., 2016a; 2016b). Prior to this research the 

MODERN model had yet to be tested in a Sub-Saharan African context. 

 

Across the five study sites, the MODERN model yielded rates of soil redistribution 

ranging from -8.93 to 7.14 Mg ha-1 yr-1. The highest rates of redistribution were likely 

caused by soil movement as a result of terracing formation which have steep slopes of up 

to 33. However, according to the net loss of trace inventory across the site, the movement 

of soil to create terraces is not completely responsible for the redistribution of soil and 

material is still moving downslope (-1.66 Mg ha-1 yr-1). Plot 1 which utilised community-

led bottom-up mitigation practices, such as the use of drainage ditches to channel runoff 

water away from the crop beds using weeds growth to stabilise the soil and the selective 

placement of stumps/boulders as well as crop rotation with mixed pastoral farming adding 

to soil resilience through the addition of organic matter (Supplementary Figure 1). 

Additionally, the farmers have been using minimal tillage since 2019. These measures 

resulted in the lowest rates of soil redistribution for arable land of 0.10 Mg ha-1 yr-1 

showing overall deposition and indicating the efficacy of such measures in soil 

conservation. This illustrates how important community-led involvement is to efficiently 
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manage soil resources. Effective land management has the potential to make the area 

sustainable for agriculture, as indicated by the relatively low net contribution of erosion 

within the sites with a worst-case scenario of erosion rates reported at 9.41 Mg ha-1 yr-1.  

 

Conversely, the accelerated erosion rates observed in plot 3 following shrub clearance 

underscore the importance of vegetation cover in erosion prevention. The increase in soil 

erosion within plot 3 is equivalent to an additional half a tonne of soil is lost annually due 

to increased soil erosion brought on by clearance of the native shrubs and a lack of land 

management practices. These findings suggest that community-led involvement and 

practices such as minimal tillage and organic matter addition play a significant role in soil 

resource management and erosion control. However, it is notable that these strategies may 

not necessarily align with those promoted by agricultural extension representatives, who 

might prioritise different approaches or lack awareness of the effectiveness of 

community-led initiatives. Further evaluation and collaboration between local 

communities and agricultural extension services are essential to align strategies with local 

needs and enhance overall soil conservation efforts.  

 

The rates of erosion across the sites were similar to other studies conducted using FRN 

in tropical Africa. Overall erosion rates estimated with the MODERN model and 239+240Pu 

were two to three times lower than those estimated by Humphrey et al. (2022) using the 

RUSLE model. RUSLE, however, ignores deposition within the site, which biases the 

findings in favour of erosion processes and operates at a much larger basin wide scale. 

The plots in this study are much more detailed as fine precision and accuracy can only be 

achieved at small scale. However, the RUSLE model can assess erosion patterns quickly 

and cheaply at large scale. Furthermore, the RUSLE model showed promise to be used 

as a reliable tool to help select relevant reference sites for potential study areas to 



171 

 

complement local knowledge and the geographical features of the area. Overall, the 

predicted rates of erosion at the selected reference sites were 0.5 Mg ha-1 yr-1 with 4 out 

of the 6 reference sites having a predicted rate of 0 Mg ha-1 yr-1. With the selection of 

reference sites being a significant challenge in the application of FRN tracer methods the 

RUSLE model has the potential to make the process of choosing reference sites easier in 

the future.  

 

This novel use of fallout Pu as a tracer has emphasised the need to better understand how 

land management affects soil erosion processes to support the development of successful 

mitigation strategies and targeting of limited resources. In this way, data from Pu 

activities can validate predictive models that will support future policies communicating 

the effectiveness of community-designed solutions to reduce land degradation for 

sustainable agriculture. This work demonstrates small-scale erosion patterns associated 

with different land management regimes and supports earlier work modelling soil erosion 

rates within Western Kenya. In order to guarantee the sustainability of arable land in the 

future, it is imperative to tackle the multifaceted problems that contribute to the 

deterioration of tropical soils. This work advances our knowledge of the variables 

influencing soil erosion and serves as a foundation for the incorporation of Local 

Environmental Knowledge (LEK) and solutions into national policy initiatives (Castro et 

al., 2020). Furthermore, this study demonstrates the novel application of 239+240Pu as a 

soil erosion tracer in tropical African soils, offering a comprehensive tool to enhance our 

understanding of soil erosion mechanisms and reinforce the successful execution of future 

mitigation approaches. 

 

Summary 
The multi-disciplinary outcomes of this thesis deepen our understanding of soil erosion 

dynamics in Tropical East African agri-systems, providing a useful tool to support 



172 

 

effective mitigation strategies aimed at preserving the fertile soils. Food security, which 

can be defined as “improved health through food sufficiency, quality and safety”, is key 

to Kenya’s economic and social development; yet approximately 10 million people in 

Kenya currently suffer from some kind of food insecurity (Mutie et al., 2020). Ultimately, 

this research stands as a vital step toward securing the sustainable future of this 

agriculturally crucial region and works towards addressing several of the United Nations 

Sustainable development goals, including: 1. no poverty; 14. life below water and 15. life 

on land.    

 

Whilst a significant amount of work is still required to demonstrate this method at a larger 

scale, this study has enabled some important conclusions to be drawn: 

- separations using TEVA cartridges reduced the environmental impact of Pu 

isotope analysis while increasing throughput, lowering cost, and ensuring 

maximum sensitivity of soils with low 239+240Pu atmospheric fallout; 

- analysis by ICP-MS/MS using O2 as a reaction gas provided a sensitive and 

reliable method with high throughput, suitable for field and survey-scale soil 

erosion assessment due to lower unit cost; 

- in tropical soils, 239+240Pu was presented as a reliable tracer of soil erosion that can 

be applied to large-scale studies, overcoming the challenges associated with 137Cs; 

- intact vegetation cover plays an important role in ensuring the future resilience of 

tropical soils and mitigating against soil erosion processes; 

- the importance of community-led involvement was demonstrated for the effective 

control of land degradation to protect the future sustainability of tropical agri-

systems; 
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- the benefits of the Pu method can assist our understanding of the factors which 

influence soil erosion through a method that can provide greater data collection 

over traditional methods and could therefore facilitate the integration of locally 

designed solutions into policy in the future.  

 

Future work  
The completion of additional investigation and experimentation is required to further 

develop our understanding of soil erosion processes and to effectively communicate the 

results presented in this thesis to develop future pathways to impact. Based on the results 

presented in this thesis there is a need to further understand the erosion dynamics within 

the Winam Gulf region through conducting further temporal studies to understand the 

acceleration of soil erosion as a result of clearance of land for agricultural use. This 

includes investigating the possible deceleration of soil erosion through the 

implementation of successful mitigation strategies to understand the impact they have on 

the sustainability of agri-systems in the area. This may include the re-sampling of the 

erosion plots presented within this thesis using the developed Pu method after the 

implementation of mitigation on recently cleared plots. This has the potential to 

demonstrate the real-time effectiveness of different strategies so that the results can be 

clearly communicated to implement change. The collaboration of social scientists and 

local stakeholders within the region is critical for the integration of local knowledge and 

solutions into policy.  

 

Additionally, the effect of land degradation due to soil erosion processes on the nutritional 

status of soil for agriculture is critical to better understand the ultimate impact on human 

and animal health in the region. Through understanding the loss of micronutrients as a 

result of soil erosion processes the correct management of the land through fertilisers can 

be better advised. Ultimately, the impact that soil erosion on land in the Winam Gulf is 
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having on the security of aquaculture further downstream in the Winam Gulf of Lake 

Victoria should be investigated to understand the relative contributions of sediment load 

from different land use and management practices within the catchment. Through linking 

the Pu method with other monitoring techniques such as source apportionment within the 

waterways and the RUSLE model on land, the Pu model has the potential to optimise 

future studies, targeting areas with the highest sediment input into the lake to implement 

successful change ensuring the sustainability of soils and lakes in the area. This will also 

help to define the most critical areas where mitigation strategies could be implemented, 

optimising the use of vital scarce resources.  

 

Beyond the Winam Gulf region, the Pu method has the potential to be used across a range 

of diverse settings, including the Lake Victoria basin, Africa and globally in other tropical 

soils where 239+240Pu fallout is low, using the analytical method developed in Chapter 

3. Within Western Kenya specifically its utility extends to comparing steep slopes, such 

as the Rift Valley region in this study, with environments with flat terrains such as the 

Kisumu basin to understand their relative contributions of sediment load and effects of 

land degradation in different landscapes such as grasslands and arid regions. By doing so, 

the method can become a versatile tool with global applications, aiding researchers and 

in assessing soil erosion processes across varied scenarios. 
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A3 - Chapter 3 
Supplementary table 1 – Typical operating condition of Agilent 8900 ICP-MS/MS for the analysis of Pu 

isotopes using O2 gas 

Parameter Typical operating conditions 

Forward power 1550 W 

Reflected power <20 W 

Plasma gas 15 l min-1 

Auxiliary gas flow 0.9 l min-1 

Nebuliser carrier gas flow 1.0 l min-1 

Nebuliser make up gas flow 0.25 l min-1 

Cooling water temperature 15-40 °C 

Cooling water minimum flow rate 5.0 l min-1 

Cooling water inlet pressure 230-400 kPa 

Exhaust duct extraction flow rate 4-6 m3 min-1 

O2 gas 0.3 ml min-1 (30%) 

Environment Temperature 15-30ºC <2ºC Change in 1 hr 

Acquisition time 149 s 

Integration time 0.05 secs for 193Ir (on mass), 209IrO+ 
(mass sift), 225IrO+ (mass sift) and 0.2 
secs for 270UO+, 271PuO+, 272PuO+, 
273PuO+ and 274PuO+ 

Nebuliser Glass Expansion concentric 

Spray chamber Double pass 

Spray chamber temperature 2°C 

Spray chamber drain pump tubing PharMed tubing yellow/blue 1.52 mm 

Mass range 6 – 275 amu 

Mode of acquisition Time Resolved Analysis 

Type of detector Simultaneous 

Detector mode Pulse counting 

Total acquisition time 149 s 

Sampling period 1.18 s 

Quaternary Pump stop time 120 s 

Quaternary Pump post time 120 s 
 

Supplementary table 2 - Sensitivity of measurement for isotopes 238U, 239Pu and 242Pu using ICP-MS/MS 

 

 

 

  

Isotope 238U 239Pu 242Pu 

Sensitivity (cps / pg 

kg-1) 

1089 974 1197 
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A4 – Chapter 4 
Table S1 - Activity concentration and Inventory calculations for reference site samples 

 

Depth 

(cm) 

210Pbex 137Cs 239+240Pu 

Activity 

concentration 

(Bq kg-1) 

Inventory 

(Bq m-2) 

Activity 

concentration 

(Bq kg-1) 

Inventory 

(Bq m-2) 

Activity 

concentration 

(Bq kg-1) 

Inventory 

(Bq m-2) 

REF 

1 
      

3 148.74 2613.31 - - 0.098 2.92 

6 120.56 1669.99 - - 0.101 3.70 

9 100.78 486.18 - - 0.109 4.01 

12 - - - - 0.074 2.79 

15 - - - - 0.040 1.56 

18 - - - - 0.021 0.93 

21 - - - - 0.012 0.44 

24 - - - - 0.006 0.25 

27 - - - - 0.004 0.15 

30 - - - - 0.003 0.12 

REF 

2 
      

3 153.28 5375.46 1.02 45.17 0.062 2.70 

6 100.07 3148.56 2.03 88.09 0.067 3.03 

9 66.57 1676.33 1.62 67.27 0.070 3.04 

12 54.69 1242.40 0.92 37.28 0.065 2.77 

15 - - - - 0.052 2.53 

18 - - - - 0.043 1.95 

21 - - - - 0.029 1.35 

24 - - - - 0.021 0.93 

27 - - - - 0.016 0.72 

30 - - - - 0.014 0.70 

REF 

3 
      

3 108.55 2470.04 - - 0.043 1.69 

6 84.67 1980.01 - - 0.046 2.34 

9 67.15 1322.61 - - 0.047 2.40 

12 50.15 920.38 - - 0.047 2.12 

15 47.62 714.91 - - 0.041 2.16 

18 42.30 655.09 - - 0.037 1.70 

21 47.55 657.66 - - 0.030 1.41 

24 - - - - 0.025 1.17 

27 - - - - 0.014 0.65 

30 - - - - 0.012 0.57 
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Depth 

(cm) 

210Pbex 137Cs 239+240Pu 

Activity 

concentration 

(Bq kg-1) 

Inventory 

(Bq m-2) 

Activity 

concentration 

(Bq kg-1) 

Inventory 

(Bq m-2) 

Activity 

concentration 

(Bq kg-1) 

Inventory 

(Bq m-2) 

REF 

4 
      

3 93.97 2967.73 - - 0.078 2.20 

6 77.63 2427.86 - - 0.079 2.83 

9 67.42 1717.79 - - 0.088 3.05 

12 53.18 977.62 - - 0.087 3.33 

15 48.12 1022.09 - - 0.059 2.30 

18 43.54 804.96 - - 0.036 1.42 

21 40.67 573.77 - - 0.026 1.02 

24 - - - - 0.020 0.68 

27 - - - - 0.015 0.37 

30 - - - - 0.011 0.32 

REF 

5 
      

3 168.99 5163.30 1.68 62.26 0.083 2.24 

6 110.27 4129.70 1.45 69.66 0.090 3.37 

9 67.92 2247.75 1.45 69.74 0.104 3.30 

12 56.67 1322.50 1.87 82.09 0.094 3.47 

15 40.61 816.89 0.97 48.54 0.083 2.49 

18 - - 0.76 34.82 0.059 2.00 

21 - - - - 0.045 1.41 

24 - - - - 0.029 0.94 

27 - - - - 0.018 0.56 

30 - - - - 0.016 0.45 

REF 

6 
      

3 179.42 3562.43 1.32 37.42 0.050 2.39 

6 130.36 2949.98 1.87 67.37 0.059 2.65 

9 82.42 1366.94 1.34 46.41 0.056 2.53 

12 72.99 784.34 1.26 48.20 0.052 2.20 

15 70.78 698.03 1.28 49.94 0.043 1.73 

18 - - 0.89 34.91 0.034 1.65 

21 - - 0.85 33.19 0.019 0.92 

24 - - - - 0.012 0.62 

27 - - - - 0.008 0.36 

30 - - - - 0.006 0.27 
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A5 – Chapter 5 
Supplementary Table 1 – Associated sample data (Sample locations, 239+240Pu activity and modelling 

decision) 

 

Sample 

ID 
Latitude Longitude 

Activity 

 (Bq kg-1) 

Inventory 

(Bq m-2) 
MODERN 

P1_S1_1 0.008706 34.988239 0.10 23.49 Modelled 

P1_S2_1 0.008209 34.987842 < LOD - Not Modelled 

P1_S2_2 0.007996 34.987582 < LOD - Not Modelled 

P1_S2_3 0.007829 34.987878 0.05 12.61 Modelled 

P1_S3_1 0.007727 34.987505 0.11 27.89 Not Modelled 

P1_S3_2 0.007614 34.987274 0.13 30.36 Not Modelled 

P1_S3_3 0.007330 34.987482 0.12 29.27 Not Modelled 

P1_S3_4 0.007610 34.987377 0.05 11.98 Modelled 

P1_S4_1 0.007408 34.987004 0.13 31.41 Not Modelled 

P1_S4_2 0.007062 34.987313 0.09 21.58 Modelled 

P1_S4_3 0.007200 34.986821 0.14 33.71 Not Modelled 

P1_S4_4 0.006974 34.986893 0.09 22.37 Modelled 

P1_S5_1 0.006885 34.986473 0.05 12.04 Modelled 

P1_S5_2 0.006710 34.986735 0.06 15.13 Modelled 

P1_S5_3 0.006839 34.986973 0.09 20.64 Not Modelled 

P2_S1_1 -0.004453 35.005352 < LOD - Not Modelled 

P2_S1_2 -0.003961 35.005022 < LOD - Not Modelled 

P2_S1_3 -0.005112 35.005496 0.02 5.77 Modelled 

P2_S2_1 -0.005222 35.004650 0.02 5.79 Modelled 

P2_S2_2 -0.004629 35.004773 0.03 7.17 Not Modelled 

P2_S2_3 -0.004291 35.004478 0.02 4.23 Modelled 

P2_S3_1 -0.004662 35.003826 0.12 29.73 Not Modelled 

P2_S3_2 -0.005220 35.003974 0.04 9.64 Not Modelled 

P2_S3_3 -0.005204 35.003343 0.10 24.46 Modelled 

P2_S4_1 -0.004805 35.003019 0.15 36.42 Not Modelled 

P2_S4_2 -0.005034 35.002102 0.09 21.28 Modelled 

P2_S4_3 -0.005615 35.002737 0.07 16.57 Modelled 

P2_S5_1 -0.005682 35.001862 0.07 17.89 Modelled 

P2_S5_2 -0.005886 35.000923 0.10 23.98 Not Modelled 

P2_S5_3 -0.006769 35.000908 0.09 22.73 Modelled 

P3_S1_1 -0.004365 34.989138 < LOD - Not Modelled 

P3_S1_2 -0.004066 34.989185 < LOD - Not Modelled 

P3_S1_3 -0.004338 34.989370 < LOD - Not Modelled 

P3_S2_1 -0.004309 34.989656 0.06 15.12 Modelled 

P3_S2_2 -0.003903 34.989493 0.11 26.68 Not Modelled 

P3_S2_3 -0.004110 34.989728 0.06 14.46 Modelled 

P3_S3_1 -0.003707 34.989684 0.08 18.63 Modelled 

P3_S3_2 -0.003834 34.990001 0.00 14.01 Modelled 

P3_S3_3 -0.003580 34.989864 0.07 17.14 Modelled 

P3_S4_1 -0.003476 34.990068 0.11 27.77 Not Modelled 

P3_S4_2 -0.003524 34.990219 0.08 19.55 Modelled 

P3_S4_3 -0.003328 34.990205 0.10 23.60 Not Modelled 

P3_S5_1 -0.003067 34.990372 0.07 17.12 Modelled 
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Sample 

ID 
Latitude Longitude 

Activity 

 (Bq kg-1) 

Inventory 

(Bq m-2) 
MODERN 

P3_S5_2 -0.003216 34.990455 0.10 24.05 Not Modelled 

P3_S5_3 -0.003065 34.990599 0.09 22.95 Not Modelled 

P4_S1_1 -0.003977 34.988360 < LOD - Not Modelled 

P4_S1_2 -0.003793 34.988582 0.09 21.60 Not Modelled 

P4_S1_3 -0.003376 34.988445 0.06 14.10 Modelled 

P4_S2_1 -0.003815 34.989057 0.14 33.95 Not Modelled 

P4_S2_2 -0.003264 34.988734 0.08 18.77 Modelled 

P4_S2_3 -0.003403 34.989000 0.10 24.40 Not Modelled 

P4_S3_1 -0.003274 34.989293 0.15 36.06 Not Modelled 

P4_S3_2 -0.003427 34.989537 0.09 20.81 Modelled 

P4_S3_3 -0.002884 34.989194 0.07 17.93 Modelled 

P4_S4_1 -0.002770 34.989448 0.17 40.77 Not Modelled 

P4_S4_2 -0.003070 34.989494 0.07 16.27 Modelled 

P4_S4_3 -0.003078 34.989774 0.09 21.43 Not Modelled 

P4_S5_1 -0.003090 34.990042 0.13 31.57 Not Modelled 

P4_S5_2 -0.002766 34.990035 0.19 45.22 Not Modelled 

P4_S5_3 -0.002550 34.989694 0.03 8.37 Not Modelled 

P4_S6_1 -0.002287 34.990062 0.12 28.97 Not Modelled 

P4_S6_2 -0.002488 34.990334 0.11 27.44 Not Modelled 

P4_S6_3 -0.002778 34.990297 0.08 18.40 Modelled 

P5_S1_1 0.008652 34.987511 0.03 6.67 Modelled 

P5_S1_2 0.008605 34.987566 0.05 11.57 Modelled 

P5_S1_3 0.008632 34.987468 0.05 12.02 Modelled 

P5_S2_1 0.008562 34.987472 0.06 13.55 Modelled 

P5_S2_2 0.008496 34.987412 0.04 10.81 Modelled 

P5_S2_3 0.008621 34.987356 0.07 16.80 Modelled 

P5_S3_1 0.008620 34.987242 < LOD - Not Modelled 

P5_S3_2 0.008574 34.987309 < LOD - Not Modelled 

P5_S3_3 0.008470 34.987271 0.08 18.82 Modelled 

P5_S4_1 0.008505 34.987170 < LOD - Not Modelled 

P5_S4_2 0.008327 34.987069 0.16 38.45 Not Modelled 

P5_S4_3 0.008580 34.986969 0.15 35.30 Not Modelled 

P5_S5_1 0.008394 34.986854 0.17 41.79 Not Modelled 

P5_S5_2 0.008165 34.986830 0.11 26.43 Not Modelled 

P5_S5_3 0.008492 34.986787 0.07 18.01 Modelled 

P5_S6_2 0.008489 34.986519 0.12 29.02 Not Modelled 

P5_S6_3 0.008160 34.986563 0.14 33.66 Not Modelled 
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A6 – Chapter 6 
Supplementary Figure 1 – Sample location images 

  

Plot 1 – Cultivated 1940 with Community led mitigation. Mixed pastoral farming and 

formation of drainage ditches using boulders moved within the landscape. 

Plot 2 – Cultivated 1940 with terracing mitigation. Steep terraces formed using the movement 

of soil into dips in the landscape which were created using large boulders with some rocky 

outcrops. 
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Plot 5 – Cultivated 2003 with no current mitigation and method of ploughing the land using hoes. 

 

Plot 3&4. Plot 3 - Cultivated 2019 with no current mitigation.  

Plot 4 – Uncultivated with prominent shrub growth since 1940. 

Plot 3 
Plot 4 

Plot 3 

Plot 4 
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