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Abstract
Purpose Global warming is expected to change the thermal
and hydrological soil regime in permafrost ecosystems which
might impact soil erosion processes. Erosion assessment using
radionuclides can provide information on past and ongoing,
i.e. time-split, processes. The focus of this work was to find
out if permafrost soils in the Swiss Alps differ in their
medium- and long-term erosion rates from non-permafrost
soils and if rates have accelerated during the last few decades.
Materials and methods Using cosmogenic (meteoric 10Be)
and anthropogenic radionuclides (137Cs, 239+240Pu), a time-split
approach was achieved by determining erosion activities on the

long (millennia; 10Be) and medium term (decades; 137Cs, 239+
240Pu). Additionally, the stable isotope δ13C signature in soil
organic matter was used as a qualitative indicator for soil distur-
bance patterns. We compared soil erosion processes in perma-
frost soils and nearby unfrozen soils in the alpine (sites at
2,700 m asl, alpine tundra) and the subalpine (sites 1,800 m
asl, natural forest) range of the Swiss Alps (Upper Engadine).
137Cs, 239+240Pu and δ13C measurements were performed at the
alpine sites only.
Results and discussion Depending on the calculation procedure
(profile distribution model or inventory method), the 137Cs mea-
surements revealed soil accumulation rates of 1–3 t/km2/year in
permafrost soils and 34–52 t/km2/year in non-permafrost soils.
However, due to snow cover and subsequent melt-water runoff
during 137Cs deposition after the Chernobyl accident, caesium
does not seem to be an appropriate soil erosion tracer on the
investigated alpine sites. With 239+240Pu, more reliable results
were achieved. 239+240Pu measurements provided erosion rates
of 31–186 t/km2/year in permafrost soils and accumulation rates
of 87–218 t/km2/year in non-permafrost soils. Erosion and accu-
mulation were relatively low and related to the vegetation com-
munity. The long-term (10Be) soil redistribution rates (erosion
rates up to 49 t/km2/year and accumulation rates up to 4 t/km2/
year) were low with no significant differences between perma-
frost and non-permafrost sites. The δ13C signature indicated soil
disturbances in permafrost and non-permafrost soils compared to
the reference site.
Conclusions Our results highlight that soil redistribution rates
have increased during the last few decades. However, whether
the higher medium-term erosion rates obtained for the last
decades are the result of the ongoing climate warming and
related accelerated soil erosion or if other factors (e.g. mea-
surement uncertainties) have been responsible for such an
increase could not fully be clarified.
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1 Introduction

Alpine landscapes and their features such as glaciers, perma-
frost and cold soils are climate sensitive and are expected to
experience considerable changes in the future. Statistical rela-
tions and energy balance considerations indicate that one third
to one half of the current mountain glacier mass could disap-
pear over the next 100 years with a warming of 4 °C
(according to IPCC scenarios; Jóhannesson et al. 1989;
Hoelzle et al. 2003; Haeberli et al. 2004). With an upward
shift of the equilibrium line by some 200 to 300 m, yearly
thickness losses of 1 to 2 m are expected from temperate
glaciers, and many low-latitude mountain chains such as the
European Alps would lose major parts of their glacier cover
within decades. As a further consequence, permafrost thawing
might affect the potential starting zones of natural hazards
(rockfall, mudflows) and the dynamics of processes (soil,
vegetation; Haeberli et al. 2007). Consequently, a decline in
permafrost due to climate warming might have crucial conse-
quences on slope stability and soil erosion processes in Alpine
areas (Kääb et al. 2007; Scheurer et al. 2009). However,
empirical measurements (in soils) are either missing or are
controversially discussed. Tape et al. (2011), for example,
observed a decline of erosion in the Alaskan Arctic since
1980.

Permafrost is a common phenomenon in cold alpine envi-
ronments that are characterised by a rugged topography and
extreme climatic conditions (Haeberli et al. 2010). Discontin-
uous permafrost distribution in the Alps can be assumed to
potentially occur at north-facing sites above an altitude of
2,400 m asl and on south-facing sites above 3,000 m asl,
respectively (Nötzli and Gruber 2005). Below the timberline,
at very shaded sites, sporadic permafrost can additionally exist
(Kneisel et al. 2000).

Topography, vegetation cover, soil texture, land-use man-
agement and rainfall patterns are the main drivers for soil
erosion (Wischmeier and Smith 1978). Furthermore, snow
processes (e.g. avalanches, snow gliding) and melt-water run-
off processes are important erosive agents in mountain envi-
ronments (Konz et al. 2010; Freppaz et al. 2010; Lana-Renault
et al. 2011; Ceaglio et al. 2012). Few studies exist on soil
erosion measurement and quantification under different land-
use management at different mountain ranges (Alewell et al.
2008; Konz et al. 2010). Soil erosion studies in uncultivated
alpine (permafrost) environments are scarce due to the diffi-
cult accessibility, high small-scale heterogeneity and com-
plexity of processes. Furthermore, time-split approaches that
differentiate between long-term (millennia) and medium-term
(decades) processes are missing.

Fallout radionuclides (e.g. 137Cs, 7Be, 210Pbex) have been
successfully used worldwide for soil redistribution measure-
ments since the 1970s (Zapata 2002; Ritchie and Ritchie
2007; Mabit et al. 2013). Konz et al. (2009) first tested the
usability of the artificial radionuclide 137Cs for estimating
medium-term soil erosion on Swiss alpine grassland soils.

137Cs was released during nuclear weapon testing from the
1950s to the 1960s and more regionally after the Chernobyl
nuclear accident in 1986. Since 137Cs (137Cs t1/2=30.2 years)
was heterogeneously deposited over a relatively short time
period after the Chernobyl accident (Alewell et al. 2013), the
application of the more homogenously distributed 239+240Pu
(239Pu t1/2=24,110 years;

240Pu t1/2=6,563 years) also attracts
attention. 239+240Pu was globally dispersed during thermonu-
clear weapon testing mainly between 1952 and 1964 (Ketterer
and Szechenyi 2008). The artificial radionuclides 137Cs and
239+240Pu are deposited with rainfall and are strongly
adsorbed on the soil surface. Depending on the timing of the
main fallout, 137Cs and 239+240Pu have the potential to esti-
mate medium-term (25–60 years) soil redistribution. The
method is based on estimations of net soil erosion/deposition
rates from the differences of 137Cs and 239+240Pu inventories
measured at a study site to those established at an adjacent
reference site, which is not affected by soil redistribution
processes. In recent years, only few studies have investigated
the potential of 239+240Pu as soil erosion tracer (Schimmack
et al. 2001; Everett et al. 2008; Ketterer and Szechenyi 2008;
Tims et al. 2010; Hoo et al. 2011; Alewell et al. 2013).

Long-term soil erosion rates (over millennia) can be
assessed, among other methods, by using meteoric 10Be
(10Be t1/2=1.36 Myears). Meteoric 10Be is produced in the
atmosphere by cosmogenic ray spallation of nitrogen and
oxygen and scavenged out of the atmosphere by precipitation.
For more than 20 years, meteoric 10Be is used to trace and
quantify processes such as soil production and erosion rates
(e.g. McKean et al. 1993) or to estimate soil residence times
(Pavich et al. 1986). Soil erosion can be estimated by com-
paring the effective inventory of meteoric 10Be measured in
the soil with the theoretically calculated abundance for the
expected age (Maejima et al. 2005; Tsai et al. 2008; Egli et al.
2010). Alpine soils have been developed over the last
20 kyears and are still not in a steady-state condition. Hence,
Egli et al. (2010) could show that the application of a non-
steady-state approach to estimate soil erosion rates achieves
more reliable results than calculation procedures based on
steady-state assumptions (e.g. Lal 2001). The determination
of long-term soil erosion rates using meteoric 10Be in alpine
landscapes together with a non-steady-state approach has
been, until now, very rarely been done.

An additional fast and cost-effective method to qualitative-
ly assess soil disturbances on alpine soils is based on the δ13C
signature along soil profiles that enables to qualitatively de-
scribe soil disturbances more on a medium- to long-term time
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scale (Schaub and Alewell 2009; Alewell et al. 2011;
Meusburger et al. 2013). For undisturbed oxic soils, the δ13C
signature tends to become less negative (relative increase in
the heavier 13C) with soil depth (Alewell et al. 2011). We
expect that the enrichment of δ13C with soil depth, due to
fractionation during decomposition, goes in parallel with a
decrease in carbon content. Soil erosion processes have been
shown to weaken this correlation (Schaub and Alewell 2009;
Meusburger et al. 2013).

The aim of this investigation was to study medium- and
long-term soil erosion on alpine soils and to derive time-split
rates. By comparing permafrost soils with nearby non-
permafrost soils at the alpine and subalpine range in the
south-eastern Swiss Alps, the following questions have been
addressed:

1. Do permafrost soils in the Alps differ in their medium-
and long-term erosion rates from non-permafrost soils?

2. Are the estimated soil erosion rates based on the anthro-
pogenic radionuclides 137Cs and 239+240Pu comparable?

3. Can the soil redistribution patterns also be qualitatively
determined using the isotope δ13C signature in soil
profiles?

2 Materials and methods

2.1 Study area

The three study sites Val Bever (46° 32′ 34″ N, 9° 48′ 1″ E),
Spinas (46° 33′ 18″ N, 9° 51′ 28″ E) and Albula (46° 34′ 35″
N, 9° 53′ 16″ E) are located in the Upper Engadine
(Switzerland) (Fig. 1). The Lateglacial and Holocene history
of the Upper Engadine area is well documented (e.g. Suter
1981; Böhlert et al. 2011). The soils are classified as skeleton-
rich Cambisols, Cryosols or Podzols (Table 1; IUSS Working
Group WRB 2007). The glacial till deposited in these areas
consists of granite/gneiss (Julier Granite). According to soil
taxonomy (Soil Survey Staff 2010), the soil moisture regime
is udic (humid conditions, <90 days per year having a dry soil)
at all sites and the soil temperature regime is cryic (mean
annual temperature <8 °C). Maximum precipitation occurs
during the summer and autumn months. Two alpine and one
subalpine site were selected (Fig. 1, Table 1).

1. Alpine areas (Val Bever and Albula):

These sites are situated at approximately 2,700 m asl. For
both alpine sites, a permafrost distribution map was available
(Böckli et al. 2012). Furthermore, the occurrence of perma-
frost was inferred using two-dimensional geoelectrical sound-
ings and near surface temperature measurements (iButton®

DS1922L) at the Val Bever sites (Table 2). Geoelectrical
measurements indicated the occurrence of an ice-poor perma-
frost in the bedrock. The depth of the permafrost table and
thickness of the active layer could not in each case be derived
from these measurements. In general, permafrost was at <2 m
depth at the Bever site. Permafrost soils are favoured at north-
facing slopes, whereas non-permafrost sites are found at
south-facing sites. Cryoturbation features, which are common
in permafrost soils, could be found at the Val Bever permafrost
sites (Fig. 1, Table 1). At the Val Bever sites, the permafrost
soils showed a scarce vegetation cover dominated by the
vegetation community Caricetum curvulae (with the excep-
tion of one non-permafrost site where the C. curvulae com-
munity was also found). The vegetation community Geo
Montani-Nardetum dominated the non-permafrost sites and
developed a relatively dense vegetation cover. At the Albula
site, the vegetation community C. curvulae dominated the
permafrost sites, but developed a relatively dense vegetation
cover as compared to the Val Bever site. At the non-
permafrost soils, the vegetation consisted in the vegetation
communities C. curvulae and Empetro-vaccinetum
(Ericaceaeous dwarf shrubs).

2. Subalpine area (Spinas):

This site is located below the timberline at 1,800 m asl (at
present, the timberline is between 2,200 and 2,300 m asl) and
represents one of the special places where isolated permafrost
lenses could be confirmed by several geophysical techniques
and borehole drilling also at lower altitudes (Kneisel et al.
2000; Kneisel 2010). The active layer thickness usually
ranged from 2 to 3 m. It is the only site situated in a forest.
Mean annual air temperature is 1 °C and the mean annual
precipitation is 1,050 mm (Schwarb et al. 2000). Permafrost
lenses and nearby sites without permafrost could both be
found at north-facing scree slopes due to differences in the
microrelief and therefore site-specific climatology. There was
no difference in the vegetation cover between the permafrost
and non-permafrost soils, except the dense moss cover at
some of the permafrost sites. The forest community is a
Larici-Pinetum cembrae, with blueberry (Vaccinium myrtillus)
and cranberry (Vaccinium vitis-idaea) in the under storey.

2.2 Experimental setup and soil sampling

In September 2011, at each site (i.e. Val Bever, Spinas,
Albula), six soil profiles (half of them having permafrost and
half of them without permafrost) were dug down to the C or
BC horizon. The profiles were chosen in the middle of the
slope, with the exception of two profiles: at the Albula site,
one non-permafrost profile was situated in the upper part of
the slope (‘A1o’; Table 1); at the Val Bever site, one perma-
frost profile was situated on a flat position (‘B1m’; Table 1).
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Approximately 2 to 4 kg of soil (cf. Hitz et al. 2002) was
collected per horizon. Soil bulk density was determined using
a soil core sampler (Eijkelkamp, volume 100.14 cm3).

The profile samples were used for further meteoric 10Be
analysis. The 10Be concentration was measured in the fine
earth of each soil horizon (composite samples of three profiles
for each situation: permafrost and non-permafrost soils).

For the assessment of soil erosion and soil disturbance
using 137Cs, 239+240Pu and δ13C, an additional profile (termed
reference profile) was sampled where erosion and accumula-
tion processes can be neglected due to its flat topography. Soil
samples for 137Cs and 239+240Pu analysis were collected using
an 8-cm diameter soil core sampler. Soil cores were taken
from 0 to 15 cm soil depth at each site around each profile
(reference site (n=6), permafrost site (n=8) and non-
permafrost site (n=8)). The soil cores were also used to
determine the soil bulk densities. To establish the δ13C depth
profiles, samples were taken in 5 cm intervals from 0 to 50 cm
soil depth in each soil profile (same profiles as for the 10Be
analysis).

The long-term erosion rate 10Be measurements were per-
formed for all three sites (the alpine and subalpine range ‘Val
Bever’, ‘Albula’, ‘Spinas’). 137Cs and 239+240Pu measure-
ments were performed for the alpine sites ‘Val Bever’ only,
while stable isotope (δ13C) measurements were performed for
the alpine range ‘Val Bever’ and ‘Albula’.

2.3 Soil chemistry and physics

Total C and N contents of the soil were measured with a C/H/
N analyser (Elementar Vario EL). Soil pH (in 0.01 M CaCl2)
was determined on air-dried fine earth samples using a
soil/solution ratio of 1:2.5. As the soils did not contain inor-
ganic carbon (parent material: Julier granite), the total C
contents equal the organic carbon content.

After a pre-treatment of the samples with H2O2 (3%), particle
size distribution of the soils was measured using a combined
method consisting of wet-sieving the coarser particles (2,000–
32 μm) and the measurement of the finer particles (<32 μm) by
means of an X-ray sedimentometer (SediGraph 5100).

2.4 Analysis of 137Cs activities

The activities of 137Cs in the soil samples were determined by
gamma spectrometry using a Li-drifted Germanium detector

(20 % relative efficiency) at the Department for Physics
and Astronomy, University of Basel. The counting time
for each sample reached 28,800 to 43,200 s to obtain an
acceptable level of measurement error. Calibration of
equipment, analysis and quality control of the measure-
ments were performed following IAEA standard proce-
dure (Shakhashiro and Mabit 2009).

2.5 Analysis of 239+240Pu activities

The measurement of Plutonium isotopes (239+240Pu) was per-
formed using a Thermo X Series II quadrupole ICP-MS
instrument located at the Northern Arizona University. The
ICP-MS instrument was equipped with a high-efficiency
desolvating sample introduction system (APEX HF, ESI Sci-
entific, Omaha, NE, USA). A detection limit of 0.1 Bq/kg 239+

240Pu was obtained for the samples of nominal 1 g of dry-
ashed material; for 239+240Pu activities >1 Bq/kg, the mea-
surement error was 1 to 3 %. Prior to mass spectrom-
etry analysis, the samples were dry-ashed and spiked
with ∼0.005 Bq of a 242Pu yield tracer (obtained as a
licensed solution from NIST). Pu was leached with
16 mol/l nitric acid overnight at 80 °C and was subse-
quently separated from the leach solution using a Pu-
selective TEVA resin (Ketterer et al. 2011). The masses
of 239Pu and 240Pu present in the sample, determined by
isotope dilution calculations, were converted into the
summed activity 239+240Pu as has long been used in
alpha spectrometric determinations of Pu activity. The
240Pu/239Pu atom ratios were determined in the same
analytical run. Data quality was evaluated through the
analysis of preparation blanks (soils or rocks devoid of
Pu), duplicates and control samples having known 239+

240Pu activities.

2.6 Analysis of meteoric 10Be activities

10Be was extracted from the soil samples using a modified
method from Horiuchi et al. (1999) (see Egli et al. 2010). The
10Be/9Be ratios were measured at the ETH Zurich Tandem
Accelerator Mass Spectrometry (AMS) facility (Kubik and
Christl 2009) using ETH AMS standards S2007N (10Be/Be=
28.1×10−12 nominal) and ICN 01-5-1 (10Be/9Be=2.709×
10−11 nominal) (Nishiizumi et al. 2007) both associated with
a 10Be half-life of 1.387±0.012 Myears.

2.7 Analysis of δ13C signature

Samples were dried in the oven at 40 °C and sieved
(<2 mm) prior to analysis. Stable carbon isotope and
total carbon analyses were accomplished using a contin-
uous flow isotope ratio mass spectrometer (DELTAplus
XP, Thermo Finnigan, Bremen, Germany) coupled with

�Fig. 1 Locations of the sampling sites in the Upper Engadine, close to
the village Bever (46° 33′ 8″ N, 9° 53′ 20″ E), Switzerland. 1 ‘Val Bever’
(alpine sites with and without permafrost, vegetation: alpine tundra), 2
‘Albula’ (alpine sites with and without permafrost, vegetation: alpine
tundra), 3 ‘Spinas’ (subalpine sites with and without permafrost,
vegetation: natural forest). The spatial permafrost model is run with a
high-resolution (<1 km) global elevation data and air temperatures based
on the NCAR-NCEP reanalysis and CRU TS 2.0 (Gruber 2012)
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a FLASH Elemental Analyzer 1112 (Thermo Finnigan,
Milan, Italy) combined with a CONFLO III Interface
(Thermo Finnigan, Bremen, Germany) following

standard processing techniques. The stable isotope ratios
are reported as δ13C values [‰] relative to V-PDB
defined in terms of NBS 19=1.95‰. The accuracy of

Table 1 Characteristics of the study sites

Site Coordinatesa

(N/E)
Elevation
(m asl)

Aspect
(°N)

Slope
(%)

Parent material Vegetation Soil orders (WRBb)

Non-permafrost sites: alpine

Val Bever

B1o 46° 32′ 27″/9° 47′ 52″ 2,695 120 70 Granite/gneiss
(Julier Granite)

Alpine tundra (Geo Montani-
Nardetum)

Entic Podzol

B2o 46° 32′ 32″/9° 47′ 53″ 2,680 120 78 Granite/gneiss
(Julier Granite)

Alpine tundra (Geo Montani-
Nardetum)

Haplic Regosol
(humic)

B3o 46° 32′ 30″/9° 47′ 54″ 2,677 120 36 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Entic Podzol

Albula

A1o 46° 34′ 33″/9° 53′ 14″ 2,615 150 70 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Entic Podzol

A2o 46° 34′ 35″/9° 53′ 17″ 2,577 160 40 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Entic Podzol

A3o 46° 34′ 34″/9° 53′ 17″ 2,569 160 42 Granite/gneiss
(Julier Granite)

Alpine tundra (Empeto-
vaccinetum)

Entic Podzol

Non-permafrost sites: subalpine

Spinas

S1o 46° 33′ 18″/9° 51′ 29″ 1,820 26 57 Granite-rich slope
deposits

Natural forest (Larici-Pinetum
cembrae)

Albic Podzol

S2o 46° 33′ 18″/9° 51′ 29″ 1,820 26 57 Granite-rich slope
deposits

Natural forest (Larici-Pinetum
cembrae)

Albic Podzol

S3o 46° 33′ 18″/9° 51′ 34″ 1,796 40 46 Granite-rich slope
deposits

Natural forest (Larici-Pinetum
cembrae)

Haplic Podzol

Permafrost sites: alpine

Val Bever

B1m 46° 32′ 36″/9° 47′ 57″ 2,674 30 0 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Cambic Cryosol

B2m 46° 32′ 40″/9° 48′ 1″ 2,648 30 36 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Cambic Cryosol

B3m 46° 32′ 39″/9° 48′ 2″ 2,663 30 30 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Cambic Cryosol

Albula

A1m 46° 34′ 32″/9° 53′ 14″ 2,620 70 62 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Cambic Cryosol

A2m 46° 34′ 31″/9° 53′ 16″ 2,620 55 62 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Cambic Cryosol

A3m 46° 34′ 30″/9° 53′ 16″ 2,616 50 70 Granite/gneiss
(Julier Granite)

Alpine tundra (Caricetum
curvulae)

Cambic Cryosol

Permafrost sites: subalpine

Spinas

S1m 46° 33′ 19″/9° 51′ 29″ 1,820 20 57 Granite-rich slope
deposits

Natural forest (Larici-Pinetum
cembrae)

Haplic Cambisol
(Dystric)

S2m 46° 33′ 19″/9° 51′ 29″ 1,820 20 57 Granite-rich slope
deposits

Natural forest (Larici-Pinetum
cembrae)

Haplic Cambisol
(Dystric)

S3m 46° 33′ 18″/9° 51′ 33″ 1,808 40 46 Granite-rich slope
deposits

Natural forest (Larici-Pinetum
cembrae)

Haplic Cambisol
(Dystric)

S4m 46° 33′ 17″/9° 51′ 33″ 1,809 40 53 Granite-rich slope
deposits

Natural forest (Larici-Pinetum
cembrae)

Haplic Podzol

aWorld Geodetic System (WGS84)
b IUSS Working Group WRB (2007)
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the 13C/12C ratio was monitored by analyses of the
international standard NBS 22 and an in-house standard
INTC, which yielded values of −29.73±0.06‰ (1 stan-
dard deviation (SD), n=62) and −35.27±0.05‰ (1 SD,
n=62), respectively, during the course of this study. The
long-term reproducibility for all standards is better than
0.1‰.

2.8 Conversion of 137Cs and 239+240Pu activities into soil
redistribution rates

137Cs and 239+240Pu inventories (Bq/m2) were calculated
based on the following equation:

As ¼ 1

S

X

i

MTiCi ð1Þ

Where Ci = activity of the ith sub-sample depth increment
(Bq/kg), MTi = total mass of the ith sample depth increment
(kg) and S = area of the horizontal core cross (m2). Soil
redistribution rates were calculated by comparing the isotope
inventory for an eroding point with a local reference inventory
where neither erosion nor soil accumulation is expected. Two
different models were used to convert 137Cs and 239+240Pu
inventories into soil redistribution rates:

1. The profile distribution model (PDM) published by
Walling and Quine (1990) and Zhang et al. (1990):

A0 xð Þ ¼ Aref 1−ex=h0
� �

ð2Þ

where A′(x) = amount of isotope inventory above depth x (Bq/
m2), x = depth from soil surface expressed asmass between top
and actual depth (kg/m2), Aref = reference inventory as mean of
all reference sites (Bq/m2) and h0 = profile shape factor (kg/m2)
that is a coefficient describing the rate of exponential decrease in
inventory with depth, for soil profiles in uncultivated sites.

The erosion rate Y for a point of interest can be calculated
according to equation:

Y ¼ 10

t−t0
� ln 1−

X

100

� �
� h0 ð3Þ

Y = erosion rate (t/ha/year), t = year of sampling, t0 = ‘1986’
(year of the Chernobyl nuclear power plant accident; for

calculations using 137Cs) or ‘1963’ (thermonuclear weapon
testing; for calculations using 239+240Pu), X = % reduction of
total inventory (Au [Bq/m

2]) in regard to the local reference
value (Aref−Au)/Aref×100).

2. The inventory method (IM) according to Lal et al. (2013):

L ¼ −
1

αP
ln 1−

I loss
IRef

� �
ð4Þ

with L = loss of soil, Iloss = Iref−I, Iref=the local reference
inventory as mean of all reference sites (Bq/m2), I = measured
total inventory at the sampling point (Bq/m2) and P = particle
size correction factor, where P>1. Calculations were done
using a P factor of 1, 1.2 (according to Walling and He
1999) and 1.5 (according to Lal et al. 2013). Following the
approach of Alewell et al. (2013), the coefficient α was
obtained from a least squared exponential fit of the isotopes
(137Cs and 239+240Pu) depth profile.

2.9 Conversion of meteoric 10Be in soil redistribution rates

Knowing the age of landform from independent dating (Suter
1981; Böhlert et al. 2011) derived from soils, soil erosion can
be estimated by comparing the effective abundance of 10Be
measured in the soil with the theoretically necessary abun-
dance for the expected age. The theoretical abundance of 10Be
was calculated for an expected soil age of 11 kyears for the
alpine Val Bever sites, 8 kyears for the alpine Albula sites and
16 kyears for the subalpine Spinas sites, respectively (Suter
1981; Böhlert et al. 2011). To evaluate a possible erosion of
the soils, we assume that the material is eroded from the
surface at a constant rate E (Maejima et al. 2005) according
to Eq. 5:

tcorr ¼ −
1

λ
ln 1−λ

N

q−ρEm

� �
ð5Þ

where m = measured concentration of 10Be in the top eroding
horizons (atoms/g),E = erosion rate, ρ = the bulk density (g/cm3)
of the top horizons (mean values), N = 10Be inventory of the
profile, q = annual deposition rate (calculated according to
Monaghan et al. 1985/1986; Brown et al. 1989; Maejima et al.
2005), λ = decay constant of 10Be (4.997×10−7/year) and tcorr =
correct (expected) age. The apparent age t is given by

Table 2 Mean ground surface temperature (°C) in the active layer at the Val Bever sites, January–December 2012

January February March April May June July August September October November December Year

Non-permafrost −0.5 −1.4 −0.6 0.0 0.2 5.5 10.7 12.0 7.3 3.6 0.6 0.4 3.1

Permafrost −4.4 −6.3 −4.2 −2.5 0.0 5.7 10.1 10.8 5.5 1.6 0.2 −0.1 1.4
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t ¼ −
1

λ
ln 1−λ

N

q

� �
ð6Þ

Erosion or accumulation rates are obtained from the differ-
ence Δt=tcorr−t.

3 Results

3.1 General soil properties

All soils were acidic and the pH ranged from about 3.8 in the
topsoil up to 4.6 in the deeper soil horizons (Table 3). The
lower horizons and parent material consisted of loamy sand to
sandy loam, whereas in the topsoil a higher silt and clay
content could be measured. Rather well-developed soil pro-
files, even at very high altitudes (around 2,700 m asl) were
found with a relatively high content of soil organic matter at
both types of sites (permafrost/non-permafrost; Table 3). Av-
erage bulk densities and skeleton contents for the Val Bever
sites are given in Table 4, with permafrost soils showing
higher bulk densities and skeleton contents than the non-
permafrost soils.

3.2 Comparison of 137Cs and 239+240Pu inventories

At the reference site, 137Cs inventories ranged from 2,243 to
4,075 Bq/m2 (data not shown) with an average value of
3,139 Bq/m2 (coefficient of variation CV=21.7 %) (Table 5).
The permafrost sites showed 137Cs values from 1,112 to
9,259 Bq/m2 with a mean of 3,852 Bq/m2 (CV=69.1 %).
The 137Cs inventory of the non-permafrost sites varied be-
tween 2,324 and 5,473 Bq/m2, showing an average of
4,374 Bq/m2 (CV=22.5).

The 239+240Pu inventories at the reference site varied be-
tween 78 and 104 Bq/m2 (data not shown), with a mean value
of 92 Bq/m2 (CV=11) (Table 5). The permafrost sites
achieved a 239+240Pu inventory of 32 to 173 239+240Pu, with
a mean of 80 Bq/m2 (CV=58). The non-permafrost soils had a
239+240Pu inventory of 98 to 551 Bq/m2, with an average of
246 Bq/m2 (CV=75).

The vertical distribution of 137Cs and 239+240Pu in the
undisturbed reference sites and the adjacent permafrost and
non-permafrost sites was similar (Fig. 2). Most of the 137Cs
and 239+240Pu was accumulated in the upper depth intervals
and exponentially decreased with increasing soil depth. The
variability was the highest in the topsoil increments. At the
reference site, the highest amount of radionuclideswas present
in the upper 3 cm (137Cs 94 %; 239+240Pu 82 %) (Table 6). In
the first 6 cm, the permafrost sites contained 95 % (137Cs) and
88 % (239+240Pu) and the non-permafrost sites 92 % (137Cs)
and 91 % (239+240Pu), respectively. Below 9 cm, no more
137Cs was detected with the exception of the permafrost sites.

In contrast, 239+240Pu was found to a greater soil depth (0–
15 cm) at all sites.

3.3 Medium-term soil erosion rates (137Cs and 239+240Pu)

By applying the PDM (Table 5) to the 137Cs data, most of the
permafrost soil cores indicated soil erosion with rates ranging
from 15 to 135 t/km2/year. However, three permafrost soil
cores accumulated soil material with 68, 70 and 141 t/km2/
year. For non-permafrost soils, accumulation rates of 34–72 t/
km2/year were achieved. One single non-permafrost soil core
showed a soil erosion rate of 39 t/km2/year. Calculations using
the IM (Table 5) showed for permafrost soil cores soil erosion
rates of 47–326 t/km2/year (P=1), 39–271 t/km2/year (P=1.2)
and 31–217 t/km2/year (P=1.5), respectively. Again, three
permafrost soil cores accumulated soil within a range of
156–346 t/km2/year (P=1), 130–288 t/km2/year (P=1.2) and
104–231 t/km2/year (P=1.5), respectively. Non-permafrost
sites accumulated soil with 44–88 t/km2/year (P=1), 37–
73 t/km2/year (P=1.2) and 29–59 t/km2/year (P=1.5). One
single soil core showed erosion rates of 53 t/km2/year (P=1),
44 t/km2/year (P=1.2) and 35 t/km2/year (P=1.5), respective-
ly. Applying the PDM (Table 5) to the 239+240Pu data, most of
the permafrost soils showed erosion rates of 14–120 t/km2/
year. Three permafrost soil cores accumulated soil material
with a rate of 2, 23 and 72 t/km2/year, respectively. Non-
permafrost soils showed accumulation rates of 7–204 t/km2/
year. When choosing the IM, soil erosion rates in permafrost
soils ranged from 93 to 769 t/km2/year (P=1), 77 to 641 t/
km2/year (P=1.2) and 62 to 512 t/km2/year (P=1.5), respec-
tively. Three permafrost soil cores showed accumulation in-
stead of erosion; accumulation rates were ranging from 0 to
322 t/km2/year (P=1), 10 to 269 t/km2/year (P=1.2) and 8 to
215 t/km2/year (P=1.5), respectively. In non-permafrost soils
accumulation rates of 20–486 t/km2/year (P=1), 16–405 t/
km2/year (P=1.2) and 13–324 t/km2/year (P=1.5) were ob-
tained. Permafrost sites were situated at lower slopes and had a
different vegetation cover compared to the non-permafrost
sites (Figs. 3 and 4).

3.4 Long-term soil erosion rates (meteoric 10Be)

10Be concentrations within the profiles for permafrost and
non-permafrost soils at the alpine and subalpine sites are given
in Fig. 5. The 10Be concentrations ranged from 1 to 8 atoms/
g×E+8. Non-permafrost soils showed higher 10Be concentra-
tions than permafrost soils; only at the alpine Albula site, the
concentrations were moderately comparable in both profile
types (permafrost and non-permafrost). The highest 10Be con-
centrations were found in the topsoil layers and steadily de-
creased with increasing soil depth.

According to the 10Be method, no clear discernible patterns
of the long-term soil erosion rates between permafrost and
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Table 3 Physical and chemical characteristics of the fine earth (<2 mm)

Site Horizon Depth (cm) Sand (g/kg) Silt (g/kg) Clay (g/kg) pH (CaCl2) Corg (g/kg) N (g/kg) C/N

Non-permafrost sites: alpine

Val Bever

B1o O 0–10 122 577 301 4.0 197 15 13

OE 10–30 565 197 238 4.0 85.4 7.4 12

Bs 30–50 760 214 26 4.3 25.9 3.4 8

C 50–75 875 111 14 4.4 18.2 2.4 8

B2o A 0–10 – – – 4.1 99.3 7.7 13

AC 10–30 – – – 4.1 63.5 6.2 10

bA 30–50 – – – 4.3 47.8 5.0 10

R >50 – – – – – – –

B3o O 0–10 – – – 3.9 110.0 7.8 14

AE 10–30 – – – 4.1 107.0 7.1 15

Bhs 30–50 – – – 4.3 42.2 3.6 12

Bs 50–60 – – – 4.5 13.7 2.3 6

C 60–70 – – – 4.6 6.1 1.4 4

Albula

A1o AE 0–10 483 341 176 3.8 33.0 3.0 11

BA 10–20 448 371 180 4.1 15.9 2.3 7

Bhs1 20–40 485 345 170 4.1 15.0 2.1 7

Bhs2 40–60 723 224 52 4.4 27.9 1.9 15

C 60–70 653 305 42 4.5 10.9 0.2 50

A2o AE 0–10 – – – 3.8 73.9 5.5 13

Bhs1 10–20 – – – 4.4 39.8 4.1 10

Bhs2 20–35 – – – 4.2 14.8 2.8 5

C 35–45 – – – 4.5 8.7 1.6 5

A3o A 0–10 – – – 3.5 79.6 7.4 11

AE 10–20 – – – 3.8 43.6 5.1 9

Bh1 20–40 – – – 4.2 32.3 3.6 9

Bh2 40–60 – – – 4.3 29.2 3.1 9

C 60–75 – – – 4.5 13.5 2.5 5

Non-permafrost sites: subalpine

Spinas

S1o E 0–10 728 205 67 4.0 58.4 3.2 18

Bs1 10–20 750 214 36 3.4 49.9 3.8 13

Bs2 20–30 749 220 31 4.3 37.7 2.2 18

Bs3 30–40 778 184 38 4.4 35.1 2.7 13

B 50–60 649 233 118 4.4 31.9 2.7 12

R >60 – – – – – – –

S2o E 0–10 – – – 3.8 63.5 5.8 11

Bs1 10–20 – – – 4.2 31.0 3.4 9

Bs2 40–50 – – – 4.5 19.8 2.3 9

B 70–80 – – – 4.4 15.8 2.4 7

R >80 – – – – – – –

S3o A 0–10 – – – 3.8 65.7 3.2 21

E 10–20 – – – 3.8 91.5 3.7 25

Bh1 20–30 – – – 3.7 151.5 4.5 34

Bh2 30–40 – – – 3.7 130.0 4.1 32

IIE 40–50 – – – 3.7 25.3 1.2 21

Bs 60–100 – – – 4.6 29.2 0.7 42

R >100 – – – – – – –
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Table 3 (continued)

Site Horizon Depth (cm) Sand (g/kg) Silt (g/kg) Clay (g/kg) pH (CaCl2) Corg (g/kg) N (g/kg) C/N

Permafrost sites: alpine

Val Bever

B1m A 0–10 793 130 77 4.5 15.8 3.1 5

Bw1 10–30 848 89 63 4.5 12.8 2.2 6

Bw2 30–50 786 133 81 4.5 20.1 2.6 8

BC 50–60 814 103 83 4.6 11.6 2.1 6

R >60 – – – – – – –

B2m Ah 0–10 589 295 117 4.6 19.6 3.1 6

Bw1 10–30 688 224 88 4.6 12.1 2.6 5

Bw2 30–35 – – – 4.6 12.6 1.9 7

Bw3 35–50 656 262 82 4.6 14.9 2.5 6

C 50–80 587 301 113 4.6 12.7 2.3 5

B3m Ah 0–10 – – – 4.4 29.6 3.8 8

Bw 10–30 – – – 4.6 11.5 2.7 4

BC1 30–50 – – – 4.7 7.2 1.7 4

BC2 50–60 – – – 4.7 6.1 2.0 3

R >60 – – – – – – –

Albula

A1m A1 0–10 543 293 164 3.9 27.4 2.3 12

A2 10–20 512 332 156 4.0 20.8 1.8 12

AE 20–40 524 313 163 4.1 21.4 1.3 16

Bs 40–80 619 272 109 4.6 22.1 1.2 18

BC 80–100 674 277 49 4.3 6.6 0.3 26

R >100 – – – – – – –

A2m AE1 0–10 – – – 3.6 71.2 4.1 18

AE2 10–20 – – – 3.9 42.2 3.8 11

Bhs 20–45 – – – 4.3 20.4 1.7 12

B 45–80 – – – 4.5 10.3 2.4 4

C 80–100 – – – 4.6 3.6 0.2 17

A3m A 0–10 – – – 3.8 96.4 5.6 17

AE1 10–20 – – – 3.9 63.6 3.8 17

AE2 20–35 – – – 4.1 55.6 2.7 21

Bhs 35–60 – – – 4.5 32.3 1.4 23

C 60–70 – – – 4.6 9.8 0.2 42

Permafrost sites: subalpine

Spinas

S1m A 0–10 633 218 149 3.8 40.0 4.3 9

Bw 25–35 611 239 150 4.4 21.3 2.5 9

BC 50–60 622 234 144 4.5 21.3 2.4 9

R >60 – – – – – – –

S2m A 0–10 – – – 3.9 64.4 3.5 18

Bw 25–35 – – – 4.1 45.2 2.2 21

BC 50–60 – – – 4.1 49.0 2.4 20

R >60 – – – – – – –

S3m Ah 0–10 – – – 3.5 93.2 5.5 17

Bw1 10–20 – – – 4.0 36.6 3.0 12

Bw2 20–30 – – – 4.1 32.6 3.0 11

BC1 30–40 – – – 4.2 33.2 2.8 12

BC2 40–50 – – – 4.3 29.3 2.1 14

C 50–60 – – – 4.3 33.1 3 11
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non-permafrost soils could be measured (Table 7). In general,
the soil redistribution rates were low (erosion rates up to 49 t/
km2/year or 41 mm/kyear and accumulation rates up to 4 t/
km2/year or 4 mm/kyear).

3.5 δ13C as indicator for disturbance processes

The values of the reference site increased with depth from −25
to −23‰ at the Val Bever reference site and from −25 to −24
‰ at the Albula reference site (data not shown). A positive
correlation between the total carbon content and δ13C value
was obtained for the undisturbed reference soil at the Val

Bever (R2=0.63) and the Albula reference site (R2=0.65)
(Fig. 6). In contrast, the non-permafrost soils and the perma-
frost soils at the Val Bever site showed very low correlations
between organic carbon and δ13C values (R2=0.17 and
R2=0.04, respectively). Comparable low correlations were
found at the Albula site (non-permafrost: R2=0.20; perma-
frost: R2=0.15).

4 Discussion

4.1 Medium-term soil erosion rates (137Cs and 239+240Pu)

The choice of an adequate calculation procedure is essential
for the quantification of soil erosion rates. The profile distri-
bution model (PDM) resulted in lower soil redistribution rates
compared to the inventory method (IM). Compared to other
fallout radionuclide (FRN)-based soil erosion rates in moun-
tain environments, the erosion rates measured in this study
were considerably lower. For example, Konz et al. (2009,
2010) and Ceaglio et al. (2012) determined with the 137Cs
method yearly soil redistribution rates from 500 to >3,000 t/
km2 for Swiss and Italian alpine soils, respectively. Alewell
et al. (2013) evaluated soil redistribution rates of 2,000 t/km2/
year erosion to 2,500 t/km2/year of deposition for two alpine
valleys. Avalanches, snow gliding and other winter-related
processes combined with more or less intensive land use
(grazing and mowing) were responsible for such high rates
(Konz et al. 2009; Ceaglio et al. 2012). Our sites, however,
were not located within typical avalanche paths and not used
for pasture, whichmight explain the much lower erosion rates.
Differences in vegetation cover at permafrost and non-
permafrost sites influenced soil redistribution independently
from the slope. Vegetation can act as a physical barrier by
influencing the particle flow at the surface. They can further
protect soil by increasing the infiltration rate (Ziegler and
Giambelluca 1998), stabilising the soil with their roots

Table 3 (continued)

Site Horizon Depth (cm) Sand (g/kg) Silt (g/kg) Clay (g/kg) pH (CaCl2) Corg (g/kg) N (g/kg) C/N

S4m AE 0–10 – – – 3.9 57.4 2.1 27

Bh 10–20 – – – 3.9 35.8 0.8 45

Bhs1 20–30 – – – 4.2 34.3 1.1 31

Bhs2 30–40 – – – 4.3 39.9 0.7 57

Bhs3 40–50 – – – 4.3 33.0 0.2 165

Bhs4 50–60 – – – 4.3 40.5 0.8 51

Bs1 60–70 – – – 4.3 36.8 0.8 46

Bs2 70–90 – – – 4.3 20.9 0.6 35

R >90 – – – – – – –

Table 4 Physical characteristics of the investigated soils in 0–15 cm soil
depth at the Val Bever sites (for the analysis of short-term erosion rates
using 137Cs and 239+240Pu)

Site Soil depth
(cm)

Skeletona

>2 mm (wt%)
Bulk densitya

(g/cm3)

Reference 0–3 19±13 0.40±0.2

3–6 43±17 0.91±0.2

6–9 35±8 1.00±0.2

9–12 36±24 1.24±0.2

12–15 35±17 1.16±0.1

Non-permafrost 0–3 10±17 0.22±0.1

3–6 16±20 0.42±0.1

6–9 21±23 0.45±0.1

9–12 18±34 0.44±0.1

12–15 16±36 0.48±0.2

Permafrost 0–3 35±21 0.52±0.2

3–6 34±25 0.84±0.3

6–9 31±17 0.84±0.2

9–12 43±19 0.96±0.3

12–15 44±20 0.88±0.3

a Shown are average values for reference, non-permafrost and permafrost
soils at the Val Bever sites
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(Gyssels et al. 2005) and reducing the raindrop energy with
their canopy (Bochet et al. 1998).

4.2 Distribution and origin of 137Cs and 239+240Pu

After deposition on the soil surface, the radioisotopes of
interest are rapidly adsorbed to soil particles. Nakanishi et al.
(2014) observed that the major part of 137Cs in the litter layer
moved into the mineral soil within 1 year after the accident of
Fukushima. The topsoil prevented migration of 137Cs, and
only 2 % of 137Cs in the leachate from litter and humus layer
penetrated below a 10-cm depth. The mobility of these iso-
topes within the soil profile is, however, rather complex and
depends on several factors such as the chemistry of the iso-
topes, organic carbon content, clay mineralogy, cation ex-
change capacity (CEC) and pH (e.g. Gal et al. 2007; Zhiyanski
et al. 2008). Whereas 239+240Pu is preferentially attached to

soil organic matter and sesquioxides (Bunzl et al. 1995), 137Cs
is mainly adsorbed by the mineral fraction (especially illitic
minerals; Bradbury and Baeyens 2000). It has been demon-
strated that 137Cs mobility can be enhanced in organic-rich
soils (Staunton et al. 2002), but as shown elsewhere, even
organic upland soils contained enough illitic material to im-
mobilize 137Cs (Dumat et al. 1997). A low migration rate of
137Cs and 239+240Pu is, however, indicated in our investigation
by their accumulation within the upper 10 cm, which is typical
for undisturbed soils (Kirchner et al. 2009). The greater down-
ward migration (0–15 cm soil depth) of 239+240Pu has also
been reported elsewhere (e.g. Lal et al. 2013) and is due to the
timing of the fallout deposits (239+240Pu bomb fallout in the
1952 and 1964 compared to the main 137Cs fallout of Cher-
nobyl in 1986).

The fallout radionuclide (FRN) inventories at the reference
site varied considerably even on a relatively small scale. For

Table 5 Erosion rates quantified by the 137Cs and 239+240Pu inventory
for the alpine (Val Bever) permafrost and non-permafrost soils. Calcula-
tions were done according to the profile distribution model (Walling and
Quine 1990; Zhang et al. 1990) and the inventory model (Lal et al. 2013).

A particle size correction factor (P) of 1.2 (according to Walling and He
1999) and 1.5 (according to Lal et al. 2013) was included for the
inventory method

Site Inventory
(Bq/m2)

Soil redistribution
ratea (t/km2/year)

Soil redistribution rateb

(t/km2/year) P=1
Soil redistribution
rateb (t/km2/year)
P=1.2

Soil redistribution
rateb (t/km2/year)
P=1.5

137Cs 239+240Pu 137Cs 239+240Pu 137Cs 239+240Pu 137Cs 239+240Pu 137Cs 239+240Pu

Non-permafrost

B1o1 4,417 257 44 117 54 285 45 238 36 190

B102 5,473 520 72 197 88 486 73 405 59 324

B1o3 5,424 551 71 204 83 480 69 400 55 320

B2o1 4,090 159 34 62 59 176 49 147 39 118

B2o2 4,749 136 54 44 88 145 73 121 58 97

B2o3 4,387 144 43 51 50 118 42 98 33 79

B2o4 4,128 104 36 14 44 36 37 30 29 24

B3o1 2,324 98 −39 7 −53 20 −44 16 −35 13

Permafrost

B1m1 2,046 32 −56 −120 −176 −769 −147 −641 −118 −512
B1m2 9,259 94 141 2 346 0 288 10 231 8

B2m1 5,303 113 68 23 213 145 177 121 142 97

B2m2 1,112 43 −135 −86 −326 −421 −271 −351 −217 −281
B2m3 2,802 81 −15 −14 −47 −93 −39 −77 −31 −62
B3m1 2,582 43 −25 −86 −79 −544 −66 −454 −53 −363
B3m3 5,394 173 70 72 156 322 130 269 104 215

B3m4 2,319 64 −39 −41 −66 −137 −55 −114 −44 −91
Reference SD 3,139.4±682.2 92.0±10.3

Non-permafrost SD 4,374.1±985.3 246.0±185.3 39±35 87±78 52±46 218±183 43±38 182±153 34±31 146±122

Permafrost SD 3,852.0±2,660.6 80.4±46.6 1±87 −31±64 3±220 −186±367 2±184 −155±306 2±147 −124±244

Negative values = erosion; positive values = accumulation
aWalling and Quine (1990); Zhang et al. (1990)
b Lal et al. (2013)
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alpine regions in Austria, Lettner et al. (2000) estimated that
the intrinsic spatial variability of the fallout accounted for
17.7 % of the observed variability. Differences in soil surface
characteristics such as a high skeleton content and vegetation
cover might additionally have hindered the isotope deposition

on the soil surface. Furthermore, processes such as litter fall,
uptake by roots or the loss via subsurface flow can alter the
amount of anthropogenic radioisotopes (e.g. 137Cs and 239+

240Pu) that enter the soil system (Voigt and Fesenko 2009).
The uptake of radionuclides (e.g. 137Cs, 239+240Pu) by plants

Fig. 2 Activity depth profiles with depth increments at the alpine site ‘Val Bever’ for 137Cs (left) and 239+240Pu (right) together with the corresponding
inventory. Error bars show the standard deviation
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depends on several factors such as the availability of compet-
ing cations or plant species (Gastberger et al. 2000; Yoshihara
et al. 2013). A biological uptake of e.g. 137Cs can be consid-
ered relatively low (Rogowski and Tamura 1970) compared to
the total amount, although estimates of mass calculations are
very rare. Radionuclides adsorbed to plant surfaces or taken
up by roots will be washed off or released to soils when the
plants die and decompose (Rogowski and Tamura 1970;
Dahlman et al. 1975). Ould-Dada (2002) demonstrated that
radionuclide releases from nuclear installations showed a
complex pattern of deposition within the canopy. A consider-
able part is already filtered out in the upper part of the canopy

layer. However, this should have no effect on the estimate of
erosion rates because 137Cs and 239+240Pu isotope concentra-
tions in the soils are usually related to undisturbed sites having
similar environmental conditions. To avoid potential compli-
cations, we did not investigate 137Cs and 239+240Pu isotopes at
the subalpine, forested sites.

The greater heterogeneity of the 137Cs inventories at the
alpine site Bever might be related to the snow cover, which
was still present in April/May during the distribution and
deposition of the Chernobyl 137Cs. The snow cover most
likely hindered partially the direct adsorption of 137Cs to the
soil particles and the 137Cs were then redistributed heteroge-
neously during snowmelt. An inhomogeneous distribution of
137Cs is furthermore supported by the fact that a 137Cs inven-
tory found in the investigated soils was relatively low
(3,139 Bq/m2, year 2011) compared to an expected inventory
ranging between 4,072 and 7,406 Bq/m2 in the year 2011. The
expected inventory of 4,072–7,406 Bq/m2 is composed of the
decay-corrected Chernobyl inventory of 2,252–75,631 Bq/m2

in the year 2011 (initial inventory in the year 1986, 4,000–
10,000 Bq/m2; De Cort et al. 1998) and the decay-corrected
fallout of 1,775 Bq/m2, which is in the year 2011 still present
from nuclear weapon testing (Walling and He 2000). Conse-
quently, only 44 % of the 137Cs were related to the Chernobyl
accident, whereas the bomb fallout accounts for 56 % of the
inventory. Another indicator of FRN origin is the 137Cs/239+
240Pu ratio, which shows an average of 43.5 for the upper 3 cm
in the investigated soils. Such a value is relatively close to the
137Cs/239+240Pu ratio of 36±4 that is characteristic for atomic
weapon testing fallout (Turner et al. 2003). Hence, consider-
ing the relatively low amount of Chernobyl 137Cs found at the
investigated sites, the 137Cs measurements do not explicitly
display soil erosion that has occurred after 1986.

In contrast, 239+240Pu is deposited all year round, which
means that 50 % of the 239+240Pu has the same heterogeneity

Table 6 Fractions of 239+240Pu and 137Cs inventories (Val Bever sites)

Site Soil depth (cm) Fraction of total inventory (%)

137Cs 239+240Pu

Reference 0–3 94 82

3–6 6 9

6–9 0 3

9–12 0 3

12–15 0 3

Non-permafrost 0–3 50 46

3–6 42 45

6–9 8 6

9–12 0 3

12–15 0 1

Permafrost 0–3 74 65

3–6 21 23

6–9 4 6

9–12 1 3

12–15 0 2

Fig. 3 Comparison of soil redistribution rates (t/km2/year) with slope for
permafrost and non-permafrost soils at the alpine site ‘Val Bever’. Soil
redistribution rates are based on 239+240Pu inventories using the inventory
method (Lal et al. 2013). Negative values indicate soil erosion

Fig. 4 Soil redistribution rates (t/km2/year) and vegetation community
for permafrost and non-permafrost soils at the alpine site ‘Val Bever’. Soil
redistribution rates are based on 239+240Pu inventories using the inventory
method (Lal et al. 2013). Negative values indicate soil erosion
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(winter snow cover), but the rest might be distributed more
heterogeneously as rain input. The 239+240Pu inventory at the
reference site was within the range of 50 to 100 Bq/m2, which
is the expected inventory for the northern hemisphere. Addi-
tionally, the 239+240Pu reference inventory corresponds well to
the one found in two other alpine valleys (83 and 77 Bq/m2 for
the Ursern Valley and the Val Piora, respectively; Alewell
et al. 2013). With a 239Pu/240Pu atom ratio of 0.180±0.014,
the 239+240Pu fallout could further be identified as ‘bomb-
derived’ fallout (Kelley et al. 1999). Thus, the lower spatial
variability of 239+240Pu supports the hypothesis that the Cher-
nobyl 137Cs was not homogeneously distributed over the

investigated area. Therefore, soil erosion rates based on
137Cs are less reliable than the one obtained by the 239+240Pu
technique.

4.3 Meteoric 10Be in the soil profiles

10Be concentrations in the profiles for permafrost and non-
permafrost soils at the alpine and subalpine sites are consistent
with already published data for alpine soils (Egli et al. 2010).
Such a ‘decline type’ of 10Be concentration in the soil profile
where most of the meteoric 10Be is concentrated in the upper-
most 20 cm is typical for young or rapidly eroding soils with
insufficient time for downward transportation (Graly et al.
2010). Retention and depletion of 10Be within the soil profile
is driven by transport and translocation mechanisms. It is
assumed that soil properties such as soil pH, the occurrence
of clay minerals, weakly crystalline oxides, hydroxides and
organic matter control these processes to a certain extent
(Maejima et al. 2005; Egli et al. 2010). The acidic soil
conditions made a downward translocation of clay par-
ticles containing adsorbed 10Be rather unlikely, due to a
higher solubility of Al3+ that has a flocculating effect.
Additionally, as the 10Be concentration in our investi-
gated soils follows a ‘decline’ shape, we have to assume
that a substantial loss of 10Be in the upper layers and
subsequent allocation into the deeper layers can be
neglected.

4.4 Long-term soil erosion rates (meteoric 10Be)

In general, the calculated long-term erosion rates were in the
range of already reported values using in situ 10Be. Granger
et al. (2001) calculated catchment erosion rates at Adams Peak

Fig. 5 Depth profiles showing the accumulated meteoric 10Be in the
permafrost and non-permafrost soils at the alpine (Val Bever and
Albula—a, b) and subalpine sites (Spinas—c). The vertical bars indicate
the horizon depth range and horizontal error bars the standard deviation
of the measured values

Table 7 Long-term soil erosion rates using meteoric 10Be for the alpine
(Val Bever and Albula sites) and subalpine (Spinas sites) permafrost and
non-permafrost soils. The erosion rates were calculated for an expected
soil age of 11 kyears for the alpine ‘Val Bever’ sites, 8 kyears for the
alpine ‘Albula’ sites and 16 kyears for the subalpine ‘Spinas’ sites,
respectively (Suter 1981)

Site Long-term soil erosion rates (t/km2/year)
meteoric 10Bea

Alpine Bever

Non-permafrost 3

Permafrost −44
Alpine Albula

Non-permafrost −17
Permafrost 4

Subalpine

Non-permafrost −49
Permafrost −45

Negative values = erosion; positive values = accumulation
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and Antelope Lake (north-eastern Sierra Nevada, CA, USA)
of 15–60 mm/kyear. Schaller et al. (2001) showed erosion
rates of 20–100 mm/kyear for middle European river
catchments.

However, the results for the permafrost and non-permafrost
soils were inconsistent between the different sites. Whereas
permafrost soils experienced soil loss at the alpine ‘Val Bever’
site, such soil accumulated material at the alpine ‘Albula’ site

Fig. 6 Correlation between organic carbon content and δ13C-values (as an indicator of potential soil disturbance patterns) for the reference (a), non-
permafrost (b) and permafrost (c) soils at the alpine sites ‘Val Bever’ and ‘Albula’
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on very low rates. At the subalpine range, both soils (perma-
frost and non-permafrost) showed relatively similar erosion
rates. These findings can be related to comparable site factors
at the subalpine sites such as slope, vegetation or aspect,
whereas sites at the alpine level differ in those parameters.
Another explanation for the inconsistent results, especially at
the alpine sites, might be attributed to the soil formation and
landscape evolution in alpine environments, which was not
always straightforward. Since the onset of the Holocene
(11,000 years BP), warmer and cooler periods influenced soil
processes (Haas et al. 1998; Maisch 2001; Davis et al. 2003;
Böhlert et al. 2011). A thermal maximum was reached during
the Holocene thermal optimum (8–5 kyears BP) when sum-
mer temperatures were about 1.5 to 3 °C higher compared to
the present-day situation (Davis et al. 2003). The opposite
extreme was recorded for the Little Ice Age (AD 1850) when
temperatures decreased about 1.5 °C to present values (Filippi
et al. 1999). It is therefore highly possible that nowadays
permafrost and non-permafrost soils have already been sub-
ject to different freeze-thaw processes in the past. An incon-
sistent permafrost distribution during the last millennia might
have been the cause for the differences in long-term redistri-
bution rates on permafrost and non-permafrost at the alpine
Val Bever and Albula sites.

By comparing medium- (cf. Section 3.3) and long-term soil
erosion rates, it seems that the medium-term soil redistribution
rates are in general higher and in part even distinctly higher
than the long-term rates. At the Val Bever site, both erosion
and accumulation rates seemed to have increased during the
last few decades. This statement is still slightly speculative,
because the question whether these changes are now really
due to a recent increase of the process rates or maybe due to
methodological inherences cannot be fully answered. We
nonetheless hypothesise that soil redistribution rates in such
high-alpine areas have started to increase.

Consequently, the effects of climate warming on subsur-
face soil conditions (permafrost melting) might be one out of
several explanatory factors for the observed increase in
medium-term soil redistribution rates (indicated by the 239+

240Pu method). Additional processes (and related changes)
exist that may have played a significant role in soil removal
such as wind erosion and surface runoff after snowmelt and
heavy rainfall events within the last decades. With climate
warming, these processes might probably even more change
in intensity and frequency with major consequences on soil
erosion magnitude.

4.5 δ13C as indicator of disturbance processes

The δ13C signature in topsoil layers showed values within the
typical range of C3 plants (−20 to −30‰) (Kohn 2010). For
undisturbed oxic soils, a correlation between the decreasing
soil organic carbon (SOC) content and an increasing δ13Cwith

soil depth is expected (Schaub and Alewell 2009). A slightly
increasing δ13C value with soil depth was recorded for the
reference sites. This relatively low enrichment of 1 to 2‰ in
the carbon isotopic signature is typical for either young soils
with little time for soil formation or soils with reduced de-
composition and thus limited fractionation (Schaub and
Alewell 2009; Alewell et al. 2011). The carbon content and
δ13C signature in the Val Bever and Albula reference soil were
positively correlated, indicating an undisturbed soil develop-
ment. At the Val Bever site, it seems that the non-permafrost
soils were less disturbed (R2=0.17) than the adjacent perma-
frost soils (R2=0.04). The scarcer vegetation in the topsoil
makes the permafrost soils probably more prone to erosion.
Cryoturbation may also contribute to a rather disturbed δ13C.
Cryogenesis is often the controlling factor in patterned ground
formation resulting in cryoturbated soil profiles,
cryostructures and carbon sequestration (Ping et al. 2008).
At the Albula site, however, both soil types (non-permafrost
and permafrost) showed a similar SOC and δ13C pattern. Most
interestingly, even though net soil redistribution rates indicat-
ed by the various methods are rather low, with the δ13C
technique, sites affected by soil redistribution and undisturbed
reference sites could clearly be separated. Thus, the correla-
tion between δ13C signature and carbon content of a soil
profile seems to be a sensitive, qualitative indicator for soil
disturbances.

5 Conclusions

Soils with and without permafrost conditions at subalpine and
alpine levels with respect to their erosion behaviour using
different isotope techniques have been compared. We obtain-
ed the following main findings:

Medium-term soil erosion (137Cs and 239+240Pu):

– Methodological problems were encountered when using
137Cs as erosion tracer: a significant part of the deposited
137Cs that was derived from the Chernobyl accident
seemed to be washed out directly after deposition during
the snowmelt period (without being incorporated into the
soils). Consequently, this method does not seem to be
appropriate in high-alpine regions that were snow-
covered during the Chernobyl fallout. Only about 44 %
of the detected 137Cs could be attributed to the Chernobyl
accident.

– 239+240Pu showed a more homogenous distribution when
compared to 137Cs. Consequently, 239+240Pu is more suit-
able as a soil erosion tracer (in Chernobyl 137Cs-affected
areas).

– 239+240Pu measurements indicated that permafrost soils
rather exhibited erosion, whereas non-permafrost soils
accumulated material on the medium term. Although

1416 J Soils Sediments (2015) 15:1400–1419



some sites had relatively steep slopes, a dense vegetation
cover led to an accumulation of soil by better stabilising
the soil.

Soil disturbance indicator δ13C:

– The δ13C signature is a valuable tool for indicating dis-
turbance patterns even in high-alpine soils. However, no
quantification of erosion is possible.

Long-term soil erosion using meteoric 10Be:

– Relatively low redistribution rates were obtained over the
whole soil formation period, with no clear discernible
patterns between permafrost and non-permafrost soils.
Alternating warmer and cooler periods during the Holo-
cene seemed to influence soil evolution and partially
over-shadowed the effect of permafrost on soil
characteristics.

According to our findings, soil redistribution rates have
increased during the last few decades. The question whether
this is now due to climate change and related accelerated
geomorphodynamic processes in high-alpine environments
or rather due to methodological inaccuracies cannot be fully
answered. Furthermore, the findings were not always equivo-
cal and demonstrate that alpine soils have had a complex
genesis. Soil formation and also permafrost distribution were
not continuous or progressive as they were affected by alter-
nating warmer and cooler conditions since the beginning of
the Holocene. A time-split approach using natural and anthro-
pogenic radionuclides as well as stable isotopic signature of
δ13 C seems to be promising to decipher accelerated soil
erosion caused by climate change.
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