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Abstract: Isotopes of meteoric 10Be, 137Cs, 239+240Pu have been proposed as a soil redistribution tracer
and applied worldwide as an alternative method to classical field-related techniques (e.g., sediment
traps). Meteoric 10Be provides information about long-term soil redistribution rates (millennia),
while 137Cs and 239+240Pu give medium-term rates (decades). A significant progress in developing
new models and approaches for the calculation of erosion rates has been made; thus, we provide a
global review (n = 59) of research articles to present these three isotopes (meteoric 10Be, 239+240Pu
and 137Cs) as soil erosion markers in different environments and under different land-use types. Un-
derstanding the dynamics and behaviours of isotopes in the soil environment is crucial to determine
their usefulness as soil erosion tracers; thus, we discuss the chemical–physical behaviour of meteoric
10Be, 137Cs and 239+240Pu in soils. The application of these isotopes sometimes has strong limitations,
and we give suggestions on how to overcome them or how to adapt them to a given situation. This
review also shows where these isotopic methods can potentially be applied in the future. A lack
in knowledge about soil redistribution rates exists particularly in loess-dominated areas where the
tillage system has changed or in areas with strong wind erosion.

Keywords: isotopes; 239+240Pu; 137Cs; meteoric 10Be; RUSLE; soil erosion

1. Introduction

The geochemical composition of soils reflects the chemical weathering of the parent
material, atmospheric deposition, dust input and biological processes [1,2]. As a result,
certain elements accumulate and are preserved over time in soils in stable landforms,
such as plains and low-inclination slopes [2]. However, on slopes that experience mass
wasting processes, including physical mixing, erosion and downslope sediment transport,
the primary distribution of elements in the soil profile is disrupted, potentially resulting in
selective elemental loss or accumulation over time [2,3].

Isotopes of beryllium (meteoric 10Be), plutonium (239+240Pu) and caesium (137Cs)
are widely used in Earth sciences to reconstruct, for example, Earth’s palaeomagnetic
field [4–6], snow palaeoaccumulation rates [7], seafloor sedimentation rates [8] and de-
nudation rates [9] and to determine the age of fluvial terraces [10–12], evaluate seawater
exchange cycles [13] and long-distance Asian dust transport [14], among several other
processes. More recently, these isotopic tools have been used to investigate soil erosion
processes in various environments, such as grasslands and forests of the European Alps
or the Rocky Mountains [15–21], in arable lands, forests and grasslands of tropical and
subtropical areas and the wet–dry tropics [22–26], in forested mountainous regions [21,27],
forests and arable lands under continental Mediterranean climates [28–31], in moraine
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landscapes used as farmlands and forests [2,32–35], in loess regions that are dominated by
agriculture [36–40] or in post-fire forests and deserts areas [41,42].

The isotopes 10Be, 239+240Pu and 137Cs allow the tracing of sediment transport and
erosion and deposition processes. Thus, they are essential for understanding the evolution
of hillslopes and landscapes [2,43–47]. However, although they have a wide range of appli-
cations in environmental research, a comprehensive overview of meteoric 10Be, 239+240Pu
and 137Cs, as soil erosion tracers, is lacking, which would facilitate identifying the most
appropriate tools to study soil processes. Thus, the main aims of this review were: (1) to
characterise 10Be, 239+240Pu and 137Cs as soil redistribution tracers and their chemical and
physical behaviours in the soil environment; (2) to compile published worldwide articles
from various environments with different types of land use where these isotopes were
applied; (3) to compare erosion rates determined with isotopes with values obtained from
the generally used RUSLE approach and (4) to show potential future applications.

2. Chemical Mechanisms and Behaviour Isotopes of 10Be, 239+240Pu and 137Cs

Understanding the dynamics and behaviours of isotopes in the soil environment is
crucial to determining their usefulness as soil erosion tracers [48,49]. Therefore, in this
section, we present the origin of meteoric 10Be, 137Cs and 239+240Pu and their chemistry and
distribution in soils.

2.1. Formation of Meteoric 10Be

Meteoric 10Be is a cosmogenic radionuclide, produced constantly in the upper atmo-
sphere and at the Earth’s surface as a result of the spallation of 14N and 16O by high-energy
cosmic rays to form 10BeO or 10Be(OH)2 [50–52] (Figure 1 and Table 1). 10Be formed in the
atmosphere is adsorbed onto aerosols and is primarily delivered to the Earth’s surface by
wet and dry deposition [48,52,53]. The fluxes of 10Be mainly depend on the precipitation
rates and/or latitude [54,55]. At high latitudes, the precipitation rates are very low, which
limit the meteoric 10Be flux, whereas, at mid-latitudes, the precipitation tends to be higher;
thus, 10Be deposition is also higher [53,54]. Dry deposition is less important, because it
represents <10% of the total 10Be flux, except in areas with very low precipitation rates,
such as deserts or the inner part of Antarctica [52–54,56].

Figure 1. Origin of meteoric 10Be, 137Cs and 239+240Pu in soils.
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Table 1. Comparison of 10Be, 137Cs and 239+240Pu characteristics.

Meteoric 10Be 239+240Pu 137Cs

Element category alkaline earth metal actinide metal alkali metal

Oxidation state II III, IV, V and VI I

Origin

cosmogenic radionuclide
that is constantly produced
by the spallation of oxygen
and nitrogen by cosmic rays

in the upper atmosphere
and at the Earth’s surface

distributed globally due to
nuclear weapon fabrication and

testing and nuclear power
plants accidents, as well as
nuclear fuel reprocessing

distributed globally due to
nuclear weapon fabrication
and testing, nuclear power
plants accidents, as well as
nuclear fuel reprocessing

Adsorption on clay and fine particles,
organic matter

associated with organic matter,
sesquioxides and clay particles

mostly bound to the fine
mineral (clay) fraction

Half-life 1.387 Myr 239Pu 24 110 y and 240Pu 6561 y 30.17 y

Time range in erosion studies long-term erosion rates
(millennia)

medium-term erosion rates
(50–60 years)

medium-term erosion rates
(50–60 years)

Measurement AMS ICP-MS and AMS
gamma-ray spectrometry

(counting the 662 keV gamma
line), ICP MS

Remarks

The depth distribution of
meteoric 10Be might be used
to assess the occurrence of

soil-mixing processes.

New tool which has been
applied since more than one

decade in a few countries.
Proposed as an alternative

to 137Cs.

Difficulties in application in
large part of Europe due to

heterogeneous fallout caused
by the Chernobyl accident.

Moreover, due to short
half-life over 70% of 137Cs

decayed.

The depth distribution might be
used to assess the occurrence of

soil-mixing processes.

The depth distribution might
be used to assess the

occurrence of soil-mixing
processes.

2.2. Meteoric 10Be in Soils

After deposition, meteoric 10Be is steadily adsorbed on clay and fine-particle surfaces
having a diameter 0–2 µm (Figures 2 and 3) [37,52,57,58]. The Spearman’s rank correlation
coefficient based on data from various environments (n = 59) also confirms the strong
correlation between 10Be and the clay fraction (Figure 3). The magnitude of the adsorbed
amount of beryllium is ultimately driven by the sorption capacity system [58]. The adsorp-
tion potential and, thus, the fixation of meteoric 10Be in soils depends on pH, soil texture,
organic matter, the oxyhydroxide content and its cation exchange capacity [2,48,59,60]. An
increase in pH caused a net increase in the negative surface charge and related enhanced
affinity for metal ions; thus, the cation exchange capacity also increased [61]. At a soil
pH over 4, and in the absence of organic acids, 10Be mostly occurs as hydrolysed species:
BeOH+, Be(OH)2 and Be(OH)3

− (Figure 4) that are reactive and, thus, are readily adsorbed
onto clay minerals.

Accumulation of meteoric 10Be begins in the upper part of soil (because it reaches
the surface with rainwater), from where it penetrates to greater depths until the whole
soil column is saturated [53]. Willenbring and von Blackenburg [52], however, stated that
concentrations of 9Be and 10Be in soils are too low to saturate the adsorption site; thus, a
rather partial release of 10Be occurs when pH < 4 and Be2+ competes with dissolved Al3+

for the exchange sites. In such acidic soils, 10Be may be translocated to a greater soil or
saprolite depth or lost through leaching [25]. Nevertheless, meteoric 10Be still can be used
for soil denudation research in acidic environments when its loss can be estimated [25,62].
Although some of the factors that influence the behaviour of meteoric 10Be are described
above, some of the mechanisms still need a better explanation.
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Figure 2. Meteoric 10Be concentrations and clay contents in soils of various environm-
ents [2,10–12,15,18,27,33,57,62,63].

Figure 3. Spearman’s rank correlation coefficients calculated using data from 27 publications
(Table S1) between soil properties of the bulk samples.
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Figure 4. Beryllium speciation in aqueous solutions (total concentration of dissolved 10Be is = 0.02 M)
from Takahashi et al. [64]. (A) In the absence of organic (“humic”) acid and (B) in the presence of
organic acid (30 mg L−1). Reprinted from Geochimica et Cosmochimica Acta, vol. 63, Y. Takahashi,
Y. Minai, S. Ambe, Y. Makide, F. Ambe, Comparison of adsorption behavior of multiple inorganic
ions on kaolinite and silica in the presence of humic acid using the multitracer technique, pp. 815–836,
1999, with permission from Elsevier.

2.3. Origin of Anthropogenic Radionuclides—137Cs and 239+240Pu

Fallout radionuclides (FRNs), such as 137Cs and 239+240Pu, are also called anthro-
pogenic radionuclides. They have been distributed across the globe by nuclear weapons fab-
rication and testing, nuclear power plant accidents and nuclear fuel reprocessing (Figure 1
and Table 1) [17]. The Southern Hemisphere is characterised by a lower total fallout of
radionuclides than the Northern Hemisphere, because more atmospheric nuclear testing
occurred in the latter one [65]. 137Cs is characterised by a short half-life of 30.17 y. About
70% of its global fallout has already disappeared through radioactive decay [66]. The
plutonium isotopes, however, have a much longer half-life, namely 24,110 y for 239Pu and
6561 y for 240Pu. Therefore, they are becoming more popular as a replacement for 137Cs [66].

2.4. Anthropogenic Nuclides in Soils

In soils, plutonium exists in four oxidation states: Pu(III), Pu(IV), Pu(V) and Pu(VI) [49,67].
239+240Pu sorption depends on pH and redox conditions. In strongly acidic or anoxic soil
conditions, organic compounds reduce Pu(VI) and Pu(V) to immobile Pu(III), which often
occurs as an organic complex [49,67–69]. Therefore, 239+240Pu has a high affinity towards
organic matter. Additionally, 239+240Pu is strongly bound to clay particles, which retain it
in the soil [49,70–72]. Our data compilation from 25 soil profiles (Figure 3 and Table S1)
showed a strongly positive correlation between 239+240Pu and organic carbon; however, a
strong association with clay was not obvious. 239+240Pu is a relatively “new” soil erosion
tracer. Thus, its sorption–desorption mechanisms in soil are not yet fully understood.

137Cs shows a strong affinity towards clay minerals, whereas its affinity towards or-
ganic matter is rather low [71,73–75]. Based on data from various environments
(n = 38 soil profiles), a significant positive correlation between the 137Cs activity and clay
content was found (Figure 3). Additionally, a positive correlation between the 137Cs activity
and organic carbon (n = 28) was calculated, but it might be caused by the relatively high
SOC content in the samples considered. In general, 137Cs components are readily solu-
ble in water, although strong adsorption by the clay fraction in soils is highly likely [76].
Thus, the sorption of 137Cs in the soil system mainly depends on the clay content but
also on the pH or the redox conditions. In acidic environments, Cs+ competes with H+

for selective sorption sites, and due to the stronger dissolution of clay minerals in such
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environments, the sorption of 137Cs is lower, whilst under redox conditions, Cs+ competes
with NH4

+ [74,77,78]. The binding of 137Cs increases with the increasing pH (Figure 5),
because under such conditions, a greater electrostatic attraction of the cation surface occurs;
thus, more Cs+ is sorbed onto the negatively charged clay minerals [74]. When the soil
organic content is higher than 5%, it starts to outmatch the fixation of Cs+ on clay minerals
and becomes available for plant uptake or leaching into deeper soil layers [79,80]. Thus, in
peaty or podzolic soils, 137Cs is considerably more mobile than in other soils [81,82].

Figure 5. Sorption coefficient (kd) of 137Cs in soils as a function of pH [74,83–85].

2.5. Profile Depth Distribution of Meteoric 10Be, 137Cs and 239+240Pu
10Be is a useful geochronometer and long-term erosion tracer due to its long half-life

(1.387 ± 0.012 Myr), worldwide occurrence and strong binding by fine soil particles [2,33,86].
Adsorbed meteoric 10Be can be moved along the soil profile because of fine particles translo-
cation via soil water and physical mixing and the percolation of water that may desorb
10Be and transporting it [2]. In general, the highest content of meteoric 10Be is measured
in horizons having the highest clay contents (Figure 2) [2,10,11,27,37,52,57]. Thus, the dis-
tribution of 10Be within a soil profile in nonacidic conditions as a declining, humped or
uniform trend reflects soil evolutionary processes, the degree of surface erosion and soil
mass movements [2,18,48,52]. Undisturbed soil profiles are characterised by a declining 10Be
content, with the highest value occurring in the topmost horizons (Figure 6(A1,B1)). Soils on
actively eroding hillslopes are also characterised by declining 10Be contents [48]. However,
their highest content is up to one order of magnitude lower compared to noneroded soils
(Figure 6(A3,B3)) [48,87]. The highest 10Be content in subsurface horizons (Figure 6(A2,B2)) is
typically found in soils where clay illuviation or intense podzolisation has occur-
red [11,15,37,57]. Soils that have undergone deep mixing by physical and paedogenic pro-
cesses or colluvial soils where eroded material from the upper parts of a slope has been
deposited (Figure 6 (A4,B4)) are, however, characterised by a uniform 10Be content [38,48,88].
In cases where the topsoil has a different origin (e.g., due to the addition of aeolian silt) to the
underlying horizons, significantly lower 10Be concentrations occur in the upper part of the
soil profile in contrast to the deeper horizons (Figure 6(A5,B5)) [27].
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Figure 6. Examples of different profile depth distributions of the studied isotopes in ploughed (A)
and unploughed (B) soils: (A1,B1)—typical distribution, (A2,B2)—distribution with clay illuviation,
(A3,B3)—distribution under erosion processes, (A4,B4)—distribution forced by deep mixing and
(A5,B5)—distribution in polygenetic soils.

Additionally, the FRNs from global fallout are strongly adsorbed onto the fine earth
fraction in the topsoil [65,89], and their distribution occurs as a result of soil particle
movements [65]. Consequently, the profile depth distributions of 137Cs and 239+240Pu
(Figure 6) are similar to meteoric 10Be and provide information about soil erosion and
accumulation, since they were introduced into the environment [49,90].

3. Calculation of Soil Erosion Rates Using Meteoric 10Be

Most erosion calculations are based on the approaches defined by Lal [91], Egli
et al. [15] and Zollinger et al. [19]. However, recently, a few advanced models were
proposed to study the distribution of meteoric 10Be. One of them is the soil–hillslope model
(Be2D) that simulates vertical and lateral redistribution of soil and 10Be along a hillslope
and enables insight into processes that influence its transport [92]. The Be2D model consid-
ers soil formation, clay translocation, bioturbation and the chemical mobility of 10Be [92].
Additionally, this model considers soil creep, tillage and water erosion reflecting lateral
transport and is fully described in Campforts et al. [92].

Another one is the relatively new LODO (Loss Only, Diffusion Only) model presented
by Jeliński et al. [32]. This model simulates 10Be concentration profiles in soils over time.
It considers vertical diffusion and the net soil flux. In the LODO model, the downward
migration of 10Be from the topsoil is modelled as a diffusive process with the depth
dependent on diffusivity. It considers that, prior to diffusion, all 10Be enter the surficial
depth increment equally [32].
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4. Reference Sites and Conversion Models for Anthropogenic Radionuclides
4.1. The Importance of Reference Sites

FRN techniques are used to calculate soil erosion or accumulation rates by comparing
the total radionuclide inventory per unit area of a reference site with the FRN activity of
a study site or by comparing the temporal evolution of the FRN stocks over time (i.e., by
revisiting the sites) [49,93]. When the inventory of the study site is lower than that of
reference site, this indicates erosion, whereas a higher stock indicates the deposition of
soil material [49]. Thus, the choice of reference site plays a crucial role, because inaccurate
values ascribed to the reference inventory will lead to underestimation or overestimation
of erosion rates [93]. The undisturbed reference site where soil denudation is absent or
negligible should be located, e.g., on a flat, well-vegetated, unploughed site [49]. According
to Sutherland [94], the isotope content at a reference site can be used to calculate soil erosion
if the variance coefficient is <30%. Recently, especially in the case of 239+240Pu, attention is
paid to measure from five up to ten replicate cores per study site or to take a large amount
of sample material (around 1–2 kg per sample) and homogenised them to overcome the
large sampling number and measurements.

4.2. Soil Redistribution Rates

One usually assumes that the source of isotopes is just one, and if not, the per-
centage deposition from each source has to be known to use the calculation models
properly [20,49,95]. This is especially the case with 137Cs (see Section 4.3). Therefore,
the separation of global and Chernobyl fallout may be done by estimating the initial inven-
tory of 137Cs related to atmospheric nuclear weapon tests. This estimation is based on the
approach of Sarmiento and Gwinn [96] and precipitation data [95].

For the estimation of soil erosion and/or deposition rates using 137Cs and 239+240Pu,
various models like the Proportional Model (PM), Mass Balance Model (MBM), Profile
Distribution Model (PDM) and Diffusion and Migration model (DDM) were widely ap-
plied [97–103]. Furthermore, a two-dimensional spatial integration of the MBM for 137Cs
was developed [104]. Van Oost et al. [104] described the crucial processes for 137Cs re-
distribution that may be independently simulated in this complex approach. Soil mixing
and tillage redistribution are modelled by the combination of the spatial distribution of
137Cs with a displacement distribution, and water erosion is simulated using topographic
equations [104]. Additionally, an approach exists that combines the MBM with models
estimating the spatial soil redistribution, like WATEM/SEDEM (Water and Tillage Erosion
Model/Sediment Delivery Model). Such a combination enables calibrating the parameters
of spatial models and a detailed determination of the soil redistribution [31].

In 2016, a new algorithm was proposed—modelling deposition and erosion rates
using radio nuclides (MODERN) [49,89]. MODERN is a new concept characterised by
several noticeable advantages; it more accurately describes the measured FRN inventory in
a soil profile. It does not make any distinct assumptions for the reference site and allows
the conversion of isotope inventories into soil gain/loss rates, independent of the type of
land use [49].

4.3. Radionuclide Ratios

The main assumption of using atmospheric isotopes is that their spatial distributions
should be homogeneous [20,95]. However, in Western and Central Europe, the deposition
of 137Cs was rather heterogeneous [49]. Most of the fallout 137Cs originates from the 1986
Chernobyl incident and not nuclear weapons tests. Additionally, on the East Coast of
Honshu Island (Japan), the spatial distribution of 137Cs fallout is heterogenous due to
the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident in 2011 [66]. Thus, the
proportion of 137Cs Chernobyl or FDNPP fallout at reference sites should be known [20].
239+240Pu is not present in the volatile fraction of fuel debris from nuclear reactor accidents.
Therefore, the Chernobyl 239+240Pu fallout is more limited to Russia, Ukraine, Belarus,
Poland and the Baltic countries [105,106], and the FDNPP 239+240Pu fallout is mainly centred
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around Fukushima Prefecture [107]. Other countries, however, have a homogeneous
deposition of 239+240Pu that originated mainly from the atmospheric nuclear weapons
tests conducted in the 1950s and 1960s [17,20]. Therefore, to determine the origin of
radionuclides, their ratios are used, because the values of the ratio vary significantly
depending on the source [66]. In the Northern Hemisphere, the ratio of 240Pu/239Pu
for global fallout ranges from 0.14 to 0.24, with an average of 0.18; for the Chernobyl
fallout, the ratios are between 0.37 and 0.41, and for FDNPP, the range is between 0.30 and
0.33 [66,108,109].

5. Application in Different Environments in Agricultural and Natural Landscapes

The use of isotopes for the study of soil erosion began in the late 1950s [110]. Since
then, 10Be, 137Cs and 239+240Pu isotopes have been used for the estimation of erosion rates
at the temporal and spatial scale. However, the rates can drastically differ as a response to
land-use changes and modifications in land management. Thus, in this section, we briefly
discuss the use of isotopes in different environments (Figures 7 and 8 and Table 2). Erosion
rates determined with isotopes are compared with values from RUSLE. Potential problems
in their application and how to avoid methodological problems are addressed (Table 3).
Additionally, Mabit et al. [111] pointed out that FRNs should be used for studying soil
redistribution within watersheds, the conversion models used should be improved and a
conjunctive use of isotopes that cover different timescales provide more information about
a study site. Below, we present whether these points are met in the current studies by
analysing 83 soils from alpine sites, 35 from loess deposits, 28 from moraine landscapes,
35 from coral reef terraces and Mediterranean areas and 17 soils from the tropics (Figure 7).

Figure 7. Worldwide isotopic studies (meteoric 10Be, 137Cs and 239+240Pu) dealing with the soil
redistribution rates [2,11,12,15,17–30,32–36,38–42,57,60,62,63,66,79,87,89,92,95,104,112–130].
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Figure 8. Compilation of published soil erosion rates determined with meteoric 10Be, 137Cs and
239+240Pu in different environments. Negative values = erosion and positive values = accumulation.

Table 2. Published soil erosion rates based on various isotopes and conversion models (only
publications considered where both were available: isotope content and calculation of the soil
redistribution rates).

No Author Location Soil
Texture

Number
of

Profiles
Land Use

Soil Erosion Rates (t ha−1 y1)

Meteoric
10Be

137Cs 239+240Pu (R)USLE ***

1 Maejima et al. [11]

Coral reef
terraces,

Southwest
Japan

C, SiC,
CL 9 Arable

land
−0.098 to
−0.31 a,* - - n.d. **

2 Tsai et al. [12]
Fluvial
terraces,
Taiwan

C, SiC,
CL 3 n.d. ** −0.125 to

−0.263 a - - n.d. **

3 Egli et al. [15] Swiss and
Italian Alps LS, SL 6

Mixed for-
est/alpine
grassland

−0.6 to
−2.50 a

−0.03 to
−0.6 b

- - −0.1 to
−0.5 [131]

4 Fifield et al. [127]

Fingerpost
Hill, Burra
Creek, NW

and SE
Australia

n.d. ** 13 Forest and
Pasture

−0.03 to
−0.19 a

−0.1 to
−5.0 [132]

5 Campforts et al. [92]

Susquehanna
Shale Hills

Observatory,
USA

n.d. n.d. ** Arable
land

−0.10 to
1.37 c n.d.

6 Zollinger et al. [19] Swiss Alps LS, SL 18 Alpine
grassland

−0.34 to
−1.29 a

−0.08 to
1.8 b

- - −1.0 to
−0.3 [131]
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Table 2. Cont.

No Author Location Soil
Texture

Number
of

Profiles
Land Use

Soil Erosion Rates (t ha−1 y1)

Meteoric
10Be

137Cs 239+240Pu (R)USLE ***

7 Schoonejans et al. [25]

Critical Zone
Observatory,

Southern
Brazil

n.d. ** 3 Subtropical
forest

−0.33 to
−0.42 d

−0.05 to
−0.06 e

- - n.d.

8 Waroszewski et al. [27]
Karkonosze
Mountains,

Poland
SL, SiL 5 Mountain

forest

−1.3 to
−6.4 f−0.8
to −2.0 g

- - −2.0 to
−5.0 [133]

9 Jelinski et al. [32]
West-Central
Minnesota,

USA
L 5 Arable

land
−0.06 to

4.13 h n.d. n.d.

10 Zhang et al. [39] Ansai, China SiL 9 Arable
land

−65.0 to
110.0 i - −50 to

−80 [134]

11 Van Oost et al. [104]
Huldenberg,

central
Belgium

SiL n.d. ** Arable
land

−10.3 to
9.0 j - −0.5 to

−1.0 [133]

12 Schuller et al. [115]

Coastal
Mountain

range of the
9th Region of

Chile

n.d. ** 6 Arable
land

−28.0 to
12.0 i - n.d.

13 Fang et al. [125] Jilin Province,
China CL 5 Arable

land

−26.43 to
27.28 k

−37.63 to
34.33 i

- −45.0 to
−4.0 [135]

14 Yang et al. [126]
Shaanxi

Province,
China

SiL 197 Forest and
arable land

−25.0 to
150.0 i,m - −23.1 [135]

15 Mabit et al. [28]
Boyer River
watershed,

Canada
SL, SCL 412 Arable

land - −9 to 6.4 i - −3.0 [28]

16 Mabit et al. [29] Montefrio,
Spain CL 8 Arable

land
−19.0 to

25.0 i - −10 to
−20 [133]

17 Benmansour
et al. [118]

Marchouch,
Morocco C 45 Arable

land
−4.0 to
−30.0 i - −4.0 to

−56.0 [118]

18 Murat Sac and
Ichedef [120]

Salihi Region,
Western
Turkey

n.d. ** 4 Arable
land -

−21.1 to
11.3 i−9.6
to 19.4 k

- n.d.

19 Poręba et al. [38] Świerklany,
South Poland

SiL 4 Arable
land - −26.7 to

85.1 i - −10.0 to
−20.0 [133]

20 Quijano et al. [117] Ebro Basin,
Spain n.d. 156 Arable

land
−19.8 to

7.4 i - −10.0 to
−20.0 [133]

21 Velasco et al. [24] Forêts des
Pins, Haiti C 12 Arable

land - −23 to 71 l - −20 to
−50 [136]

22 Tuo et al. [36] Chinese
Loess Plateau SL 7 Arable

land - −21.39 to
−37.31 i - −23.1 [137]

23 Poręba et al. [95] Biedrzykowice,
South Poland SiL 4 Arable

land - −4.9 to
39.9 i, k - −10.0 to

−20.0 [133]

24 Meliho et al. [30]

Ourika
Watershed,

High Atlas of
Morocco

SL, L 33
Arable

land and
forest

-

−32.23 to
−0.06 i

−11.42 to
2.27 m

- up to
−45.0 [138]

25 Gharibreza et al. [124]
Golestan
Province,

Iran
SiL, SiC 93

Arable
land and

forest
- −10 to

−35.9 i - up to
−70.0 [139]
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Table 2. Cont.

No Author Location Soil
Texture

Number
of

Profiles
Land Use

Soil Erosion Rates (t ha−1 y1)

Meteoric
10Be

137Cs 239+240Pu (R)USLE ***

26 Xu et al. [140]

Liaodong
Bay,

Northeast
China

n.d. 6

Arable
land and
unculti-

vated land
with low

vegetation
cover

- −14.0 to
−42.5 i

−20.3
to

−72.0 j
n.d.

27 Meusburger et al. [89]

headwater
catchment of
Lake Soyang,
South Korea

SL 25 Forest and
arable land - −23.8 to

2.9 m
−17.5
to 3.6 l

−30.6 to
−54.8 [141]

28 Meusburger et al. [20] Swiss Central
Alps LS, SL 14 Alpine

grassland - −5.2 to
−6.7 l

−3.3 to
−7.0 o

−2.0 to
−12.0 [142]

29 Lal et al. [22]

Daly river
basin,

Northern
Australia

n.d. 6 Arable
land - -

−7.5 to
−19.5 k

−8.5 to
−19.7 i

−10.0 to
−50.0 [132]

30 Alewell et al. [17] Swiss Central
Alps LS, SL 44 Alpine

grassland - -

−8.9 to
8.3 m

−1.9 to
7.0 k

−0.2 to
−16.4 n

−2.0 to
−12.0 [142]

31 Arata et al. [129] Swiss Central
Alps LS, SL 5 Mountain

grassland - - −8.4 to
9.8 o

−2.0 to
−12.0 [142]

32 Portes et al. [21]

Central
Rocky

Mountains,
USA

LS, SL 3 Alpine tun-
dra/forest - -

−2.60
to

−5.20 k,m
n.d.

33 Zhang et al. [121]
Gansu

Province,
China

SiL 6

Forest
(before
agricul-

ture)

- −9.4 to
7.2 i −23.1 [137]

34 Lal et al. [23]

The Daily
River

Catchment,
Northern
Australia

L 3

Pasture,
mahogany
and peanut
plantations

- - −8.4 to
7.2 i

−10 to −50
[132]

35 Loba et al. [40]

Trzebnica
Hills,

Southwest
Poland

SiL, L Arable
land

−1.17
to

10.93 o

−5.0 to
−10.0 [133]

36 Zollinger et al. [18] Eastern Swiss
Alps LS, SL 19

Alpine tun-
dra/natural

forest

−0.40 to
0.04 b

−1.35 to
1.41 m

−1.20
to

2.04 m

−1.0 to
−2.0 [131]

37 Calitri et al. [33]

Uckermark
Region,

Northeast
Germany

SL, L 3 Arable
land

−2.11 to
0.26 b -

−0.25
to

7.6 m

up to
−0.5 [133]

* Negative values mean erosion, positive deposition. ** No data. *** Authors are given in the brackets. Soil texture:
SL—sandy loam, LS—loamy sand, L—loam, SiL—silt loam, SCL—sandy clay loam, SiC—silty clay, CL—clay
loam and C—clay. Models: a Steady-state approach, b non-steady-state approach, c Be2D model, d not-corrected
values, e corrected values, f assuming that the uppermost horizon has the same origin as the underlying soil, g the
uppermost horizon is not considered due to its different origin, h integration of Be2D and LODO, i mass balance
model, j integration of mass balance and spatial models, k proportional model, l diffusion and migration model,
m profile distribution model, n inventory method and o MODERN.
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Table 3. Summary of some main potential problems in applying isotopes as a soil tracer and
possibilities for overcoming them.

Environment Land Use Difficulties Solutions

Alpine sites, Loess areas Grasslands, Forests,
Arable lands

Heterogenous fallout of 137Cs
(Nuclear weapons tests and

nuclear power plants fallout),
which affects the calculation

of soil erosion rates.

To overcome this limitation, both
sources of 137Cs have to be taken

into account in the calculation
model. The separation of global
fallout from e.g., the Chernobyl

fallout may be done by estimating
the initial inventory of 137Cs

(described in Poręba et al. [95]) or
by the determination of

239+240Pu/137Cs activity ratios at
reference sites (described in
Meusburger et al. [20,143]).

Coral reef and fluvial terraces,
Alpine sites

Grasslands, Forests,
Arable lands

When meteoric 10Be is used,
the erosion/deposition rates
obtained with the model of

Lal [91], sometimes may raise
doubts. Especially in soils

exhibiting clay illuviation or
podzolisation.

Application of different models,
e.g., proposed by Egli et al. [15],
Be2D model [92] and LODO [32]

Tropics Arable lands

When soil is cultivated with
traditional manual tillage

practices, features of
significant tillage mixing does

not occur. Thus, conversion
models for cultivated sites

cannot be used.

A conversion model developed
for undisturbed soils has to be

applied [24].

Alpine sites Forests

Cover beds or different
overlaying parent materials
for soil development exist.

The topsoil, for example, may
have aeolian silt admixture,

whereas this is not the case for
the subsoil. The interpretation
of long-term erosion rates may

be hampered.

Calculation of erosion rates with
and without considering the
topsoil may give indications

about the range of results [27].

Acidic soils Forests

In acidic soils, the considered
isotopes may in part be
solubilised and, thus,

be leached.

Determination of a potential loss
of meteoric 10Be from the parent

material, using chemical mass
losses of stable 9Be in a regolith
profile [25,62]. The concepts and
models for 137Cs and 239+240Pu

under acidic conditions still need
to be improved.

5.1. Alpine Sites

Although, there are certain limitations in the application of the discussed isotopes
at Alpine sites, they have been widely used to determine soil redistribution
rates [15–19,27,92,129,130,144,145]. For example, Alewell et al. [17] employed 239+240Pu
and 137Cs as tools in measuring soil erosion in mountainous grasslands in the Swiss Alps.
At such sites, the distribution of 137Cs was chiefly due to the fallout from the Chernobyl
accident. This incident occurred at a time when the mountains were still snow-covered.
Following snowmelt, the spatial distribution of 137Cs became very patchy, because part of
it was lost due to the overland surface flow, whereas, at sites that had been snow-free, the
137Cs remained and accumulated in the soil. The spatial distribution of 239+240Pu, however,
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was not affected by the nuclear accident. Therefore, the erosion rates were determined
using 239+240Pu (Table 2). The application of 137Cs at such Chernobyl-affected sites is,
however, still possible. To overcome this limitation, Meusburger et al. [20] determined
the 239+240Pu/137Cs activity ratios at the reference sites. The calculation of this ratio pro-
vided information about the relative influence of the global versus Chernobyl deposition
and allowed the consideration of two 137Cs sources by a using conversion model. The
values of the 239+240Pu/137Cs activity ratios increased with the soil depth, indicating the
predominant origin of the 137Cs in the topsoil being Chernobyl, while the deeper layers
were characterised by a higher proportion of the 137Cs from global fallout. Therefore, the
average Chernobyl contribution was estimated to be 75%, which was used to convert the
137Cs inventories (Table 2), and the obtained results were in the range of those determined
with RUSLE [131] (Table 2).

The soil erosion rates using 137Cs and 239+240Pu were also determined in the Lake
Soyang catchment, which has a total area of 65 km2 [89]. The rates agree well with data
from RUSLE [141]. The calculation model is crucial for the interpretation of long-term
erosion rates based on meteoric 10Be at Alpine sites. As discussed by Zollinger et al. [19]
and Egli et al. [15], an approach using steady-state conditions gives unreliable results and
does not detect deposition processes. In addition, the interpretation of meteoric 10Be data
becomes difficult in soils developed from heterogenous parent materials. This problem was
addressed by Waroszewski et al. [27], where a thin aeolian silt drape overlayed periglacial
mica schist deposits; thus, two calculations were used and compared to estimate the
erosion rates in mountainous forests. The first based on the assumption that the uppermost
horizon had the same origin as the underlying layers, and the second did not consider
the uppermost horizon due to its different origin. Version 1 overestimated the erosion
rates, while version 2 produced erosion values (Table 2) that seemed more plausible for
this mountainous region. The better suitability of the second version was also supported
by RUSLE data (Table 2).

Recently, using a combination of isotopes that cover different intervals of time
(e.g., 239+240Pu and 10Be) has been applied. This can help in deciphering processes over dif-
ferent timescales. It may shed light onto changes of soil redistribution caused by evolving
environmental settings or anthropogenic forcing and allow for the comparison of different
time ranges. For instance, Zollinger et al. [19] showed that the short- to mid-term soil
redistribution rates in the alpine tundra are dramatically higher than the long-term rates
(covering a period of ~15 kyr). This has been mainly caused by climate warming and
melting of the permafrost, which has distinctly increased soil redistribution over the last
few decades.

5.2. Loess Deposits

Loess deposits are very susceptible to erosion processes [124,139,146–149]. Thus,
isotopic techniques were widely applied in such landscapes [36,38,39,95,104,121,126,150].
Poręba et al. [38,95] applied 137Cs measurements to a loess colluvium to interpret soil
erosion in a Polish loess area under agriculture use (arable lands). In this case, about
45–90% of 137Cs derived from the Chernobyl accident. When taking this into account, the
erosion rates were in a typical range for loess environments, as shown by RUSLE (Table 2).
Other results showed, by using 239+240Pu, that the soil erosion rates of loess landscapes of
Southwestern Poland are often much higher than tolerable rates but still in the range of
values from RUSLE [40]. For the Chinese Loess Plateau, Zhang et al. [39] showed that soil
erosion determined using 137Cs is considerably lower than the modelled rates using the
RUSLE model or sediment yields. This issue was explained by the simulation errors and
the effect of the topography. Additionally, in arable areas of the Chinese Loess Plateau,
137Cs was involved to determine wind erosion by subtracting the water erosion from the
total erosion calculated using 137Cs [36,123,151]. However, such an approach can cause
some uncertainty. The RUSLE model, which is used to calculate water erosion, may under-
estimate or overestimate erosion rates [36,151]. Thus, the issue of determining wind erosion
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with isotopes definitely requires more research. In loess landscapes, the methodological
combination of soil redistribution rates based on 137Cs measurements with spatial soil
erosion models was applied in forests and arable lands [104,126]. Recently, 239+240Pu and
137Cs were used for the assessment of rehabilitation effectiveness at sites that were used in
the past for agriculture and now are afforested or are grasslands [121,124,127,134]. Examples
showing the effect of changes in a tillage system on erosion rates in loess landscapes are
still scarce.

5.3. Moraine Landscapes

In moraine landscapes, radioisotopes may help to decipher the evolution of soil
erosion rates with soil development. Portes et al. [21], by using 239+240Pu, showed that
soil erosion rates in forests and the tundra on moraine hillslopes have strongly decreased
over time. Both applied models—the profile distribution model [98,100] and the inventory
model [22]—detected the same trend. The application of 239+240Pu in forests of such
landscapes may provide information if the erosion in a studied area is recent or ancient, as
presented by Calitri et al. [34]. The combination of 239+240Pu (last few decades) and meteoric
10Be (integration over millennia) in arable lands often confirms that the intensification of
agriculture in recent decades has strongly influenced soil redistribution rates [33]. Moreover,
recent investigations of Jelinski et al. [32] exhibited that natural and anthropogenic soil
redistribution rates can be discerned when meteoric 10Be is combined with the LODO,
Be2D and WaTEM models.

Some investigations, however, did not focus on the calculation of soil erosion and
considered only isotope inventories [2,35]. Ouimet et al. [35] presented the spatial and
temporal variations of meteoric 10Be inventories in moraines and fluvial terraces, which
allowed to identify specific slope processes. Soil erosion seemed to have occurred even
at the older sites (>90 ka), whereas the younger sites (15–21 ka) exhibited higher 10Be
inventories, indicating the dynamic aspects of 10Be deposition, like snow drift that caused
spatial variations in measured inventories at individual sites.

5.4. Coastal and Coral Reef Terraces and Mediterranean Soils

Isotopes were also applied in soils on coral reef, coastal and fluvial terra-
ces [11,12,35,60,113,120] and Mediterranean landscapes [29–31,118]. Maejima et al. [11]
and Tsai et al. [12] applied (meteoric) 10Be to the soils of uplifted coral reef terraces in
Southwestern Japan and in fluvial terraces in Taiwan, respectively. These cases showed
the importance of the calculation model for the determination of soil erosion rates. In both
publications, the mathematical model of Lal [91] was used. Therefore, processes such as
eluviation/illuviation or vertical mixing were not considered in the model, which resulted
in an overestimation of the soil erosion rates.

Radioisotopes are suitable tracers of soil erosion rates in such environments [35,60].
For instance, Meliho et al. [30] applied 137Cs to determine the erosion on terraces with
different land uses (forestry and agriculture) in the High Atlas (Ourika watershed) of
Morocco, whereas Mabit et al. [29] and Quijano et al. [31] applied radioisotopes to study
soil erosion alone or in combination with spatial models in Mediterranean landscapes. The
obtained results were reliable, because they lie in the range of data provided by RUSLE
(Table 2; Panagos et al. [133,138]).

5.5. Tropics

Radioisotopes have been widely used in the tropics [22,23,79,127,128] and comparable
with results from USLE model [132,136]. Lal et al. [23] applied 239+240Pu to analyse soil
losses and gains in the wet–dry tropics of Northern Australia on three major land-use
types (grazing fields, mahogany and peanut plantation). Wilken et al. [26] demonstrated
that pristine forests show no indication of soil redistribution based on 239+240Pu along
topographical gradients. They, however, have measured tremendously high soil erosion
and sedimentation rates up 87 t ha−1 y−1 during the last 55 years. Hoo et al. [128] also
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used 239Pu to determine the recent soil erosion rates at the scale of a Canberra water supply
catchment of a few hundred km2 in a fire-ravaged area. Here, erosion and water quality
are tightly interconnected. Fifield et al. [127] combined meteoric 10Be and 137Cs to compare
the long- and medium-term soil erosion and production rates. The authors showed that
modern soil loss is considerably higher than soil production. 137Cs also traced erosion
processes on hillslopes in Haiti, where tillage is performed with traditional manual tools.
Thus, cultivated sites did not exhibit any evidence of significant tillage mixing, and it was
not possible to apply a standard conversion model for cultivated soils. Consequently, a
conversion model developed for undisturbed sites had to be used to calculate the soil
erosion rates, which seemingly provided reliable results [24].

5.6. Acidic Soils

Under acidic conditions, the discussed isotopes may occur in mobile forms, and they
may be transported to the saprolite and/or lost through leaching [52,59,62,74,152]. To
overcome this limitation for meteoric 10Be, Bacon et al. [62] proposed to use the stable
isotope 9Be that is mobilised from the parent material through weathering to determine
the potential loss of meteoric 10Be [25]. This approach is based on the chemical mass losses
of 9Be in a regolith profile being used to constrain the chemical depletion of 10Be. Adding
chemical losses of 9Be to the measured 9Be inventory and assuming that 9Be and meteoric
10Be behave similarly in the regolith, the reactive 9Be fractions are positively related to
the 10Be concentrations. Therefore, the ratio between the corrected and measured 9Be
concentrations enables a correction of the 10Be concentrations, so that erosion rates can be
calculated. Additionally, in acidic environments such as forests, the Be2D model, which
considers meteoric 10Be translocation within a soil profile, was applied, and the results
seemed reasonable [92].

6. Conclusions and Outlook

Meteoric 10Be, 137Cs and 239+240Pu are useful tracers of soil redistribution. They have
been applied in different environments, such as moraines, loess landscapes, alpine sites,
coastal and coral reef terraces, Mediterranean soils, tropics, acidic soils and forest soils and
used as forests, grasslands and arable lands. The results determined with isotopes were in a
good agreement with the values from RUSLE, which proves their usefulness as soil erosion
tracers. Meteoric 10Be allows the calculation of long-term redistribution rates (often since
the start of soil formation), while 137Cs and 239+240Pu give possibility to calculating the
medium-term (decades) rates. The application of 137Cs, however, has increasing limitations
caused by its short half-life and its heterogeneous distribution in European soils owing
to the Chernobyl nuclear accident. Thus, 239+240Pu has been suggested as a promising
alternative. Its high precision and increasing application have indicated its success.

When using these isotopes, a crucial issue is selecting the most suitable conversion
model for calculating the soil redistribution rates. For meteoric 10Be, the most popular
models are those proposed by Lal [91] and Egli et al. [15]; however, the latter appears to
work better, because it assumes that soils are an open system. New models such as LODO
with Be2D provide insights into the natural and anthropogenic soil redistribution rates. For
137Cs and 239+240Pu, the mass balance, diffusion and migration, profile distribution models
and inventory method are often used, whereas MODERN is a recently developed model
that stimulates the stock and the FRN profile distribution.

When using 239+240Pu and 137Cs, the choice of a reference profile is crucial, as the
results of sites exhibiting soil redistribution are referenced. Choosing an unrepresentative
(disturbed and eroded) reference profile will lead to under- or overestimation of these rates.

Many examples have proved the usefulness of these isotopes in estimating the soil re-
distribution rates. There are, however, also several limitations with these isotopic methods,
although solutions exist for some of them. For example, the distribution of 137Cs may not
be homogeneous. In such cases, 239+240Pu may be helpful in correcting any bias. Likewise,
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in deeply weathered and acidic soils, losses of the inventory of 10Be may be corrected by
using 9Be.

Moreover, the simultaneous application of 10Be and 137Cs and/or 239+240Pu enables
tracing back changes in the soil erosion rates over time. It has been shown that global
warming has accelerated the soil redistribution rates in Alpine regions and on agriculture
land. Using a combination of several isotopes at the same study sites enables cross-checking
whether the obtained results are comparable and, therefore, reliable. This kind of approach
was presented by Mabit et al. [111] as a challenge and necessity in the use of isotopes.

Isotopic tools are still underexplored in soils, but they could be increasingly applied
under different agroecological conditions, with soil redistribution rates being quantified
over decades to millennia. Still, several gaps in the knowledge about soil redistribution
exists, e.g., in loess areas under different tillage systems or applying isotopes in larger scales
like watersheds. The determination of wind erosion and the application of new calculation
models are additional challenges.
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149. Licznar, M.; Kowaliński, S.; Drozd, J. Changes of some physical properties of soils of the głubczyce plateau under the water
erosion effect. Rocz. Glebozn. 1981, XXXII, 45–52.
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