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Abstract

Large parts of Central and Eastern Europe are covered by extremely biodiverse forest-steppe
landscapes. For many of these sites, there is a presumption that they have existed for very
long periods of time, despite a climatic suitability for forest vegetation. The forest-grasslands
around the city of Cluj-Napoca in Transylvania, Romania, were studied to find evidence of such
a Holocene continuity of grasslands with open patches of forest. Three sites currently covered
with grass vegetation show evidence of soil polygenesis. Chemical soil properties as well as the
presence of thick root channels are indications of former forest cover. This may be an indication

of the change in ground-covering vegetation that has taken place in the course of soil formation.

A minimum soil age was calculated for the four sites investigated. The investigated soils show
relatively high ages between 20 ka to about 125 ka, indicating an onset of soil genesis before

the onset of the Holocene.

In addition, erosion rates were calculated on different time scales. The calculated long-term
erosion rates for the entire period since the onset of soil formation of the present-day soils
range between 0.18 tha! a and 0.78 t ha'! a™!. The short-term erosion rates of the last 60 years
or so are many times higher and in some cases ten times higher between 1.35 t ha! a! and 5.4
tha' al. These large differences are an indication of the large, mainly anthropogenic, threats

posed by soil erosion to these ecosystems.
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1 Introduction

1.1 General Introduction

Large parts of Eastern Europe are covered with very biodiversity rich European forest-steppe
ecosystems. With growing evidence, these forest-steppes appear to exist on a millennium scale,
despite strong influences by human activities over very long periods of time (Feurdean et al.,
2018; Magyari et al., 2010). In addition to this, despite a climatic suitability for closed forest in
many of these regions a Holocene continuity of forest-steppe vegetation has been assumed in
recent studies, with disturbances as driver for this continuity (Feurdean et al., 2015, 2018). This
Holocene continuity would have effects on different aspects of modern biodiversity discussions
such as the impact of human behaviour on ecosystems. Furthermore, this would influence
different theories in global change biology (Pecl et al., 2017) and modern strategies of nature
conservation with the aim of preserving the current biodiversity of an ecosystem (Dawson
etal., 2011).

The area around the city of Cluj-Napoca in Romanian Transylvania is one of the areas where
the high biodiversity of species in grassland ecosystems would argue for a covering of the area
with a forest-steppe landscape over longer periods during soil genesis (Hajek et al., 2020).

Soil erosion as a source of disturbances is a driving force in shaping entire ecosystems (Ionita
etal., 2007). Reciprocally, different vegetation covers influence the amplitude of erosion (IAEA,
2014). Differences in erosion rates over different time periods can therefore be an indication of
changes in individual ecosystems, the climate to which the area is subject, and human activity

and influence.

1.2 Holocene Continuity of Forest-steppe Ecosystems

The European Forest Steppe lies between two ecosystem types, and it is characterised by a tran-
sition of one ecosystem into the other. As a transition between temperate forests and temperate
grasslands, this ecosystem is characterised by a different composition between alternating for-
est and grasslands (Feurdean et al., 2015). The current climatic conditions in these regions
would actually support the formation of closed forests, because unlike in a steppe landscape,
there is no summer drought as it is typical of these steppe ecosystems (Magyari et al., 2010).
One opinion that is held is that this open canopy forest-steppe zone is purely a product of hu-
man deforestation activities and thus only a secondary habitat (Feurdean et al., 2018). Pollen
analyses indicate a high proportion of grassland plants for large parts of the entire Holocene,

with varying proportions of total vegetation in each case (Feurdean et al., 2015, 2018; Magyari



et al.,, 2010). A maximum expansion of grass vegetation was found at the beginning of the
Holocene, with an increase in forest cover between 9000 cal a BP and 4500 cal a BP. Specifically,
an existence of grasslands prior to the Neolithic and therefore prior to human influence was
also detected (Feurdean et al., 2018). In addition, a phylogeographic analysis of grasslands in-
dicates a continuous existence of grass vegetation, with very little genetic difference between
populations over a geographically large space (Feurdean et al., 2018), as well as an extremely
large biodiversity of grass vegetation plants that can only evolve over a long period of time
and in a continuous ecosystem (Dengler et al., 2012; Willner et al., 2019; Héjek et al., 2020).
From a pedological point of view, the distribution of very old strongly developed Chernozem
soils, e.g. in Transylvania (Pendea et al., 2009), speaks for the continuity of open forest-steppe
ecosystems (Feurdean et al., 2018).

The conditions that enabled this continuity of open forest-grasslands were, among others, cli-
matic conditions, especially drier conditions with hot summers at the beginning of the Holocene
favoured the formation of grasslands over closed forest vegetation (Feurdean et al., 2018). In
addition, there is evidence of frequent fires, from which grass vegetation can recover many
times faster than tree vegetation, leading to a site advantage in the longer term (Magyari et al.,
2010; Feurdean et al., 2015). The appearance of the first humans in these areas may have had an
influence on the increased forestation that took place at the same time. By colonising the still
open areas, the first Neolithic humans stopped a further spread of the forests into the remain-
ing open areas (Feurdean et al., 2018).

Feurdean et al. (2018) identified three different types of grasslands that make up the open grass-
lands in forest-steppe ecosystems in eastern Europe in different proportions. The first type
(primary grasslands I) are primary grasslands on poorly developed soils, such as skeletal soils.
The second type (primary grasslands II) are very old grasslands on potentially wooded areas
that have been kept open by disturbances such as fire, erosion or grazing by large herbivo-
rous mammals. The third type (semi-natural grasslands) are those converted from forest to
grassland by early (mainly Neolithic) anthropogenic influence. The first two types are natural

grasslands that show a Holocene continuity and are not only stable due to human influence.

1.3 Objectives and Hypotheses

This thesis is embedded in a project of the Czech Academy of Sciences and the scientific in-
stitution VUKOZ in Brno, Czech Republic. The main objective of the project is to reconstruct
the Holocene environmental history of very species-rich forest-steppe ecosystems in the Czech

Republic, Ukraine and Romania. The focus is based on the continuity of this vegetation type,



which hypothetically existed during the Holocene despite the suitability of the environment for
closed forest vegetation and the strong human impact over several millennia. The issue of con-
tinuity will be addressed in an interdisciplinary approach. A palaeoecological team will study
charcoal from forest fire remains and phytoliths from different soil horizons to reconstruct the
vegetation of the past. A second part of the work will focus on the existing vegetation today
within the studied grasslands and interpret these results in a broader biogeographical context.
A third team will focus on soil formation and soil memory. The aim here is to reconstruct the
different processes during soil genesis in order to get an impression of earlier environmental
conditions. This thesis is part of the sub-project soil memory, which aims to test the continu-
ity of vegetation based on soil properties and characteristics. For this purpose, the age of the
individual soils will be determined using a meteoric °Be analysis, which may help to draw
conclusions about the timing of different processes of soil formation. As disturbances could
be a possible reason for a Holocene continuity of the forest-steppe ecosystem, a long-term soil
erosion rate could help to indicate these disturbances. For this, the meteoric °Be will be used
to calculate a long-term soil erosion rate over the time of soil formation. Another method to
determine the long-term soil erosion rate is the in-situ !°Be exposure dating on different heights
of an outcrop (Raab et al., 2018). Furthermore, soil erosion rates will be assessed using a perco-
lation theory approach based on soil formation by Egli et al. (2018). In addition, the maximum
potential age of the soils will be calculated using the in-situ 1’Be method (Egli et al., 2010; Raab
et al., 2018). Continuity of the same vegetation type would mean that the erosion rate would
remain relatively constant under assumed constant environmental conditions. With the meth-
ods using !°Be already mentioned, a combination with analysis of the rather short-lived fallout
isotopes 2*Pu and ?*°Pu in the soil can result in information about the age of the different soil
sites as well as soil transport (erosion and accumulation) and — to a certain degree — soil distur-
bances (Samonil et al., 2013).

The main aim of the project, of which this thesis is part of, is testing the idea of Holocene con-
tinuity of forest-steppe ecosystems of Central Europe under different influences of changing
human land-use intensity and changes in local climate. The aim of this thesis is to test these
hypotheses in terms of soil erosion rates and the age of the soils, which may provide informa-
tion on the timing of different processes of soil formation.

Based on previous evidence the main hypotheses are the following:



1. The forest-steppe grasslands in Romanian Transylvania occur with Holocene continuity despite

suitability of the current climate for closed forest growth (main project hypothesis).

2. The estimated age of the soils is quite high, as the region has not been glaciated during the last

glacial maximum.

3. The short-term erosion rates of the different sites are larger than their long-term erosion rates,

indicating that man-made disturbances as seen today are not visible over a longer period.
Based on this aim, the following research questions can be formulated:
1. How old are the sampled soils around the city of Cluj-Napoca in Romanian Transylvania?
2. Can differences in erosion rates on different time scales be detected?

3. Can these differences contradict the hypothesis of Holocene continuity of forest-steppe vegetation,

and if so, what might have caused these differences?

In addition, a possible Holocene continuity is also being investigated by other factors, which
should help to provide a better overall picture of findings in favour of a Holocene continuity

and others which would contradict such a continuity.

1.4 Study Area

This study has been conducted around the area of Cluj-Napoca, Cluj County in Romania (see
map in Figure 2). This region is part of the Transylvanian Plain in North-Central Romania. The
region is bordered by the Carpathian Mountains to the east, the Tarnavei Tableland to the south
and the Apuseni Mountains to the west (Weindorf et al., 2009), a location that affects the climate
of the region (Tahas et al., 2011). Generally, the climate can be described as continental, char-
acterised by warm summers and mostly cold winters. However, during autumn and winter,
West-Atlantic influences are also present to a smaller degree (Tahas et al., 2011). The average
annual precipitation for the meteorological station Cluj-Napoca (46°47" N/23°34'E, 414 m a.s.1.)
is 583.4 £ 125.9 mm (Tahas et al., 2011) with a mean annual temperature of 9.0 °C (Iurian et al.,
2012). Despite the name, the Transylvanian Plain is mainly characterised by chains of rolling
hills with altitudes between 300 - 600 m a.s.l. with higher altitudes in the North. The soils of
the region are mainly classified as Luvisols, Chernozems and Phaeozems (Weindorf et al., 2009)
with different underlying Eocene and Oligocene bedrocks types such as clays, marls, sand and

sandstone (Dengler et al., 2012). The landscape is characterised by a mix of land cover: fields



used for agriculture, many of these abandoned; dry, steppe-like grasslands with a likely very
old age; secondary grasslands, some of these can be several hundreds of years old; and patches
of mainly deciduous forest scattered over the landscape (Dengler et al., 2012). The main tree
species are different oak species (Quercus robur, Quercus petrae), maple (Acer tataricum), beech
(Fagus sylvatica) and hornbeam (Carpinus betulus), which occur in different proportions (Den-
gler et al., 2012). The grassland shows an incredibly large diversity of different plant species
(Héjek et al., 2020), on a scale of 0.1 m? and 10 m? even the world’s highest density of different
plant species was discovered at a site North of the city of Cluj-Napoca (Wilson et al., 2012), a

diversity that even surpasses that of a tropical rainforest (see Figures 1a and 1b).

(a) (b)

Figure 1: Dry Grasslands North of the city of Cluj-Napoca with a very high plant diversity, with the

highest known number of individual species on a scale of 0.1 m? and 10m?.

1.4.1 Sampling Sites

The sampling sites were all located around the city of Cluj-Napoca. All sites were selected
on the basis of their vegetation cover and initially sampled with a core sampler to obtain a
relatively uniform picture of the soil types with uniform parent material. The sample sites
were all located on different slopes dominated by erosion processes. The reference site was
located on a flat area without visible erosion. The outcrops were selected based on the granitic
bedrock needed for the in-situ 1°Be analysis, as this analysis needs a sufficient amount of quartz
which is mainly found in granitic rock. The individual locations are visible in Table 1 and on

the map in Figure 2.



Table 1: Location and use of the sample and reference sites around Cluj-Napoca

Site Use

Latitude Longitude

CJ-Bel Outcrop in-situ °Be

CJ-Be2 Outcrop in-situ °Be

CJ-1 Soil profile 1; meteoric '°Be

CJ-2 Soil profile 2; meteoric 10Bg;

239+4240py 46°507 22.56" N 23°39’ 22.68" E
239+240py  46°497 33.89" N 23°39’ 37.06" E
CJ-3  Soil profile 3; meteoric 19Be;??*240Pu  46°39"38.70" N 23°50” 28.10" E
CJ-4  Soil profile 4; meteoric 1°Be;??*24'Pu  46°38’ 51.00" N 23°27’ 47.09" E

CJ-C 239+240py Reference Site

46°33’ 52.81" N  23°32" 50.89" E
46°31’ 59.48" N 23°34’ 27.01"E
46°32" 0.10"N  23°34’ 26.40" E

Outcrop

. Clui-Napoda

i @ PuControl Site :

0 200 400km

@ Soil Profiles

Outcrops
[ p

Figure 2: Location of the four soil profiles 1 - 4, the outcrop sites and the control/reference site around

the city of Cluj-Napoca, Romania. The inset-map shows the location of Cluj County within Romania.

2 Methods

2.1 Terrestrial Cosmogenic Nuclides

Earth is constantly bombarded by a flux of cosmic rays, which are charged particles with high

energy content, mostly atomic nuclei, but also electrons, positrons and other particles (Dunai,



2010; Dunai and Lifton, 2014). These cosmic particles sourcing from outside the solar system
are mostly created by supernova explosions. These so-called primary cosmic rays interact with
the atoms in the air (mainly nitrogen, oxygen and others) when they collide with the Earth’s at-
mosphere. These collisions produce cascades of secondary particles, mostly neutrons and to a
smaller degree muons, positrons, pions and electrons, which hit the Earth’s surface with a high
energy density. These high-energy particles can collide with atomic nuclei and thus induce
spallation reactions, in which parts of the neutrons and protons of the nucleus are knocked off,
resulting in lighter residual nuclei (Gosse and Phillips, 2001). This nuclide production within
the atmospheric gases results in so called "atmospheric" nuclides. Additionally to this, cosmo-
genic particles reaching the Earth’s surface can also induce the production of nuclides ("in-situ")
within the lithosphere (Dunai and Lifton, 2014). The rate of in-situ production is generally
lower than the meteoric production rate, as the different interactions within the atmosphere
lead to an attenuation of the intensity with increasing atmospheric depth (Dunai, 2010). Fur-
thermore, the charged particles are influenced by Earth’s magnetic field. The intensity of this
effect varies with latitude. At low latitudes, the parallel to the surface lying electromagnetic
field lines repel a larger amount of the incoming cosmic rays, whereas at higher latitudes, more
of these particles can reach the surface aligning with field lines perpendicular to the surface
(i.e. in polar regions) (Dunai, 2010). The flux of the cosmic rays reaching the Earth’s atmo-
sphere are considered to be constant over the last 10 Ma (Dunai, 2010). However, the intensity
of solar activity and also the strength of Earth’s magnetic field vary, which leads to potential
influences on the production rate of the cosmogenic nuclides. Especially at lower latitudes
this effect has to be taken into consideration when calculating past nuclide production (Dunai
and Lifton, 2014). Atmospheric pressure and composition did also change over this time-span,

additionally influencing the production rate of the nuclides.

2.2 Surface Exposure Dating

Cosmogenic nuclides produced in-situ can accumulate over the time of being exposed to cos-
mic rays within the exposed surface rocks. (Dunai, 2010). A timing of land-forming processes
is thus possible measuring the amount of cosmogenic nuclides in rocks and in comparison with
an estimated production rate over time for the individual cosmogenic nuclide. The cosmogenic
nuclides most widely used are 3He, 19Be, C, 2INe, 2°Al and %°Cl (Gosse and Phillips, 2001).
The different half-times of the individual nuclides enables dating on different time-spans and
in almost all lithologies. As all these nuclides are produced in quartz, a mineral which is highly

weathering resistant and occurs in strong abundance, it accumulates over time. The measure-



ment of the concentration enables a direct dating of rock surfaces (Ivy-Ochs and Kober, 2008).
Of the before mentioned, beryllium is mainly used for surface exposure dating due to its long
half-life of 1.387 Ma (Chmeleff et al., 2010) which allows a dating range of 4 — 5 Ma of exposition
under ideal conditions (Raab, 2019).

2.3 Exposure Dating and Long-time erosion rate: Tor exhumation process and in-

situ 1°Be

Tors are described as residual rocks that are still rooted in the bedrock (Raab et al., 2019). Often
these granitic rock formations are less susceptible to erosion processes than the surrounding
soil or saprolite material. If the surrounding material is eroded, larger and larger parts of this
formation have direct contact with the atmosphere, which starts an accumulation of cosmo-
genic in-situ nuclides. The uppermost parts of a formation are in principle the oldest, and thus
have the highest content of nuclides. By measuring the content of e.g. 1°Be at different heights
of the tors, a rate of soil erosion since the beginning of the exposure of the tors can thus be cal-
culated (Raab, 2019). This approach works not only for tors, but also for boulders and scarps,

which are gradually exposed by the same processes (Raab et al., 2018).

2.3.1 Sample Preparation for in-situ 1°Be Analysis

With two sites and three samples each, a total of six samples were prepared for analysis and in-
situ 1°Be measurement. In addition, the same preparation steps were carried out with a blank
sample as a control. The chemical quartz isolation was conducted using the method by Kohl
and Nishiizumi (1992). After initial air-drying, the samples were further dried in an oven at
70°C for 72 hours. The rock sample material was crushed and sieved to a target fraction 0.25
— 0.6 mm. The material was leached overnight with aqua regia (65% HNOj3: 32%HCI = 1:3,
p-a.) to remove organic material and possible carbonates. After washing the leached samples,
it was dried again in a drying oven. Each sample was slightly leached with 0.4% HF for 1 hour
and feldspar was removed by flotation with dodecylamin. To obtain pure quartz, the samples
were leached with a 4% HF solution for 1 week. This leaching was repeated 2-3 times to ob-
tain pure quartz. To the dried leached samples, 0.35ml of a ?Be carrier (Be(NOs),) was added,
followed by leaching with 40% HF at 100°C until the samples were completely dry to decom-
pose the quartz. After addition of H,O and a gentle heating of 1 hour to 80°C, the aliquot was
centrifuged and the supernate was mixed with 32% HCl and homogenized for 1 hour. Fe was
removed with an anion exchange column (with Biorad 1-X8 100-200 mesh) using 6 M HCl. To

then separate Al and Be within the supernatant of the previous step, cation exchange columns



(with Biorad AG50W-X8 200-400 mesh) were used. The samples in the columns were firstly
treated with 0.4 M oxalic acid to remove Al, Be was then eluted using 1 M HNO3. Be(OH), was
precipitated with supra pure NH4OH, the centrifuged precipitate placed in quartz crucibles
and dried at 70°C over night. The crucibles were then heated for 4 - 5 hours at 120°C and then
calcinated at 850°C for 2 hours. The BeO was mixed with Nb and pressed into an AMS sample
holder for measurement.

The samples were measured at the ETH Zurich Laboratory of Ion Beam Physics AMS facil-
ity using the in-house '°Be standard S2007N with 1°Be/ “Be = 28.1 x 1072 as a nominal value
(Christl et al., 2013). The measured ratios of 1’Be/?Be have been corrected for °Be by using the

added Be carrier in the blank sample.

2.3.2 Age modelling using exposure in-situ 1°Be

In order to calculate the exposure age of the sampled sites, the cosmogenic nuclide online cal-
culator v3.0, the newest version of the calculator described in Balco et al. (2008), was used. In
the program, a 1°Be half-life of 1.387 + 0.0012 Ma (Chmeleff et al., 2010) is used in combination
with a 19Be production rate of 4.01 [19Be-atoms g Si0, 1 al (Borchers et al., 2016; Raab et al.,
2021). Furthermore, correction factors for latitude and altitude are applied and the result is cor-
rected for sample thickness using an effective radiation attenuation length of 160 g cm (Gosse
and Phillips, 2001). Two different rock surface erosion rates were applied, assuming no erosion
(0 mm ka') or a small erosion (1 mm ka!). The actual exposure is corrected using the exposi-
tion and a shielding factor which is influenced by the surrounding topography of the sample

site.

2.4 Meteoric °Be

19Be is not only produced directly in-situ by cosmic rays, but can also be produced by nuclear
interactions in the atmosphere (Lal, 2001). These nuclides are washed out of the atmosphere
and fall on the Earth’s surface in precipitation. Together with the water, they infiltrate into the
soil, where they are enriched over time or displaced within the soil by different displacement
processes (Lal, 2001). Beryllium is a particle active element, which means it gets absorbed on
the surfaces and binds to soil particles (Lal, 2001; Willenbring and von Blanckenburg, 2009),
especially to clay particles, the adhesion is particularly strong (Gu et al., 1997). Older soils
that have been influenced by precipitation for a longer time therefore tend to have higher °Be
values. Typically, high values can be measured in the uppermost soil layers with decreasing

concentration at increasing depth. A concentration maximum of '°Be can often also be found



in deeper layers, mostly in deeper clay accumulation horizons where eluviated (1°Be rich) clay
particles are deposited (Lal, 2001). In addition, old soils generally have a higher concentration
of 19Be in deeper soil layers compared to younger soils because infiltration has occurred over a
longer period of time (Lal, 2001). Based on these properties, an approximate age of soils can be
calculated (Lal, 2001; Maejima et al., 2005).

Comparing the measured total amount of 1°Be in a soil with the expected amount of deposited
19Be, mean erosion values over a long period of time can be calculated from the difference (Lal,

2001; Zollinger et al., 2017).

2.4.1 Sample Preparation for meteoric °Be Analysis

The sample preparation for the meteoric °Be analysis was conducted using the separation
scheme by von Blanckenburg et al. (1996) as described in von Blanckenburg (2004). The sam-
ple preparation took place in the Geochronology Lab at Department of Geography, University
of Zurich. 26 samples were analysed in two batches with two additional standard samples
(FLUKA 41856) for control. After air-drying, the samples were further dried for 72 hours at
70°C in a drying oven. The material was milled <2mm and milled and homogenized for 5 min
using a horizontal mixer mill (Retsch MM400, Germany). Around 2 g of the sample material
was dry-ashed in a muffle oven at 550°C for 3 hours. The amount of loss on ignition was mea-
sured. After addition of 1.0 ml of “Be(NO3), standard solution (carrier), beryllium and other
metals were extracted from the samples by two times overnight leaching with 16% HCI. The
aliquot was adjusted to pH = 2 by adding 16% NaOH solution. EDTA solution was added
to create metal complexes for a selective removal of the target metals. After centrifugation,
the hydroxide gel was washed with NaOH to re-dissolve the metal hydroxides. The process
was repeated to further remove all metals besides Be and Al and these metal were precipi-
tated using 15% NH4OH. After dissolving the gel in 0.4 M oxalic acid, the solution was filtered
through columns with AG50-X8 200-400 mesh, and Be and Al and other metals were separated
with different elution processes. For this, the column was rinsed with HNO3 with increasing
molarities (0.5M, 1 M, 1.2 M). The solution was precipitated by adjusting pH t.5-8.7 by adding
25% NH4OH. The samples were put into quartz crucibles then dried at 120°C. In a last step, the
Be(OH); was calcinated at 200°C for 2 hours and subsequently at 850°C for 1 hour, resulting in
pure BeO, which was mixed with Nb powder and transferred to targets for measurement.

The samples were measured at the ETH Zurich Laboratory of Ion Beam Physics AMS facil-
ity using the in-house 1°Be standard 52007N with 1°Be/ *Be = 28.1 x 10712 as a nominal value

(Christl et al., 2013).
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2.4.2 Soil Age Modelling using Meteoric °Be

Since the total inventory of °Be in a soil increases with age, a minimum age can be calculated
with a known annual deposition rate of '"Be. Maejima et al. (2005) calculate the age using the

following equation:
t = —iln(l — )\N> (1)

with t = age, A = decay constant of 10Be which is 4.62 x 107 year‘l, N = measured total 19Be
(atoms cm™?) and ¢ = average annual deposition rate of ’Be (atoms cm year!). The inventory

of 19Be IV was calculated using the following equation by Egli et al. (2010):

N = Z(zwprwfw) (2)
a=1

where z,, is the thickness of an individual soil horizon, p,, is the bulk density of the correspond-
ing horizon, C,, is the concentration (fine earth) in the soil horizon and f,, the relative fraction
of the fine earth (in %) by weight (Egli et al., 2010).

This age calculation only results in a minimum age, as a proportion of the °Be has been re-
moved by erosion. This leads to an underestimation of the soil age.

To determine the age of the soils, the annual average deposition rate ¢ must be determined. For
large parts, the deposition rate of 10Be is not known (Egli et al., 2010), therefore an estimation
has to be made to calculate soil ages. There are different approaches for this estimation. Mae-
jima et al. (2005) use precipitation as a main proxy for 1°Be deposition. Willenbring and von
Blanckenburg (2009) show a dependence of the distribution of °Be with the geometry of the
Earth’s magnetic field, which allows a determination of the latitudinal variation. The flux of
19Be increases towards the poles, which in combination with the increasing thickness of the at-
mosphere at low latitudes and low pressures at the poles results in a maximum at mid-latitudes
(Willenbring and von Blanckenburg, 2009; Egli et al., 2010).

Graly et al. (2011) have an approach that combines both methods to some extent. For low and
middle latitude they have developed a formula that includes the amount of precipitation, the
geographical position (latitude) and a correction for different solar activity. In addition, so-
called recycled '°Be, which mainly comes to the surface as dust, is included here. The resulting

formula is the following (Graly et al., 2011):

YBe e = P x (1.44/(1 + EXP((30.7 — L)/4.36)) + 0.63) (3)
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with P = precipitation and L = latitude of the area of interest. This formula was also used
in this study to calculate minimum ages of the soils. Additionally, the ages were also calcu-
lated using a value for g of 1 x 10° according to Willenbring and von Blanckenburg (2009) for

comparison.

2.4.3 Long- and Mid-term Soil Erosion Rates using Meteoric 1°Be

Meteoric 1°Be can also be used to estimate long-term soil erosion rates. To be able to make a
quantification of the soil erosion rates, Lal (2001) has developed a two-layer model. This model
considers the distribution of 1°Be in different soil depths by comparing topsoil (O, A and E
horizons) 1“Be content with subsoil (B and C horizons) '°Be content. From this model, it is
possible to conduct soil erosion rate calculations using the following equation:

— ND

Kn=_2
b= |

q+qq
Np

—4—A (4)

where Np is the °Be inventory in the D layer, Ng the 1°Be inventory in the S layer, ¢ the °Be
flux from the atmosphere, ¢, the flux of aeolian '°Be (in this case ~ 0) and A the decay constant
of 19Be (Lal, 2001). The second model for calculating erosion rates is that of Zollinger et al.
(2017) The method calculates the erosion rate by comparing the expected amount of °Be of
a soil with a known surface age with the actual measured amount of 1°Be within the profile.
The difference is then considered as erosion. The soil erosion E,,; is calculated based on the

following formula:

1 AN
Esoit = 5
' pfCuoe <€)‘t " q) ©)

with Ciope as the average content of 10Be atoms in the top eroding soil horizon, f as the fine
earth fraction of the soil and p as the soil bulk density. The flux of aeolian 1°Be is also considered

~ 0 and is thus not incorporated in the formula.

2.5 Fallout Radionuclides

Large numbers of thermonuclear weapon tests in the 1950s and 1960s, accidents in nuclear
power plants (e.g. Chernobyl, Fukushima) and other releases of radioactive material in the
environment resulted in the distribution of anthropogenic fallout radionuclides (i.e. 2**?40Pu

and '¥Cs) on a global scale (Alewell et al., 2014, 2017). Due to diffusion of this material through
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the atmosphere and the deposition on the surface, these fallout radionuclides (FRN) can be
found anywhere. This ubiquity of distribution facilitates the use of FRN as a tracer in a large
number of environmental studies of different kinds (Alewell et al., 2017). After deposition on
the ground, the FRN bind strongly to the soil particles of surface soil and are thus transported
through the landscape by soil redistribution processes. Thus, these FRN are an effective tracer

for different soil redistribution processes (Arata et al., 2016b)

2.5.1 Sample Preparation for 2°+?4Pyu Analysis

The sample preparation for the 2°*2%0Pu measurements were conducted in the Geochronology
Lab at Department of Geography, University of Zurich using an adapted laboratory protocol by
Ketterer (2015). 93 different samples were analysed in three batches. In addition, the analysis
was equally conducted for 12 duplicates, eight standard samples (IAEA-447), eight negative
controls (rock material, NIST) and eight blank samples. The samples were initially air-dried
and then further dried for 72 hours at 70°C in a drying oven. Sample material was sieved <2mm
and then milled and homogenized for 5 min using a horizontal mixer mill (Retsch MM400,
Germany). The samples were dry-ashed in a muffle oven for 6 hours at 450°C to remove organic
matter. The aliquot was leached with 65% HNO; and a spike of 30pg (ca. 0.0044 Bq) of *2Pu
tracer solution (NIST 4334) was added. After heating the aliquot for 16 hours at 80 °C, the Pu
was adjusted to a Pu** oxidation state by firstly using an acidified FeSO, -7H,O and afterwards
an aqueous solution of sodium nitrite (NaNO?). The aliquot was heated again to a temperature
of 75°C and after cooling down, 50 mg of TEVA resin was added to the solution. The resin was
rinsed using HCI (to remove thorium) and HNOj; (to remove unretained matrix elements, e.g.
uranium) and the Pu was then eluted using 0.05 M aqueous ammonium oxalate ((NHy4)2CyO4).
The Pu isotope measurement was conducted using a Triple QQQ-ICP-MS at the Chemistry

Department at University of Zurich.

2.5.2 Models for 222*240Py Inventories and Soil Redistribution Rate Calculations

The measured 23°+?40Py activities (Pu act, Bq kg!) were firstly converted into inventories (Inv,

Bq m2) using the following equation (after Arata et al. (2016a)):
Inv = Pug X BD x d (6)

where Pu,. is the measured activity of 2*20Pu (Bq kg!), BD the bulk density of the soil
fine fraction <2mm and d the depth of the individual soil samples. To determine whether

the different sample sites were affected by erosion or accumulation processes, the inventory
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differences were calculated with:

I— 1.y

Al =
Iref

x 100 (7)

where AT is the inventory difference, I the average total inventory (Bq m?) of the sample site
and I,.; the average total inventory (Bq m™) of the reference site (Meusburger et al., 2016).
Negative values indicate a decrease of activity and thus an erosion process, whereas positive
values indicate accumulation processes.

To calculate soil distribution and soil erosion rates, different modelling approaches have been
used. These models compare FRN inventories from a sample site that has been influenced
by erosion or accumulation processes with the inventories of a reference site, that has been
stable during the time period of interest. The first method used in this thesis was the Profile

Distribution Model (PDM) by Walling and Quine (1990) and Zhang et al. (1990):
A/(I') = Aref(1 - eix/ho) 8)

where z represents the depth from the soil surface as mass between the surface and the depth
(kg m?), A'(z) the amount of 2**%Pu/cumulative inventory above depth = (Bq m?) and 4,.¢
the total inventory at the reference site. hg is a coefficient describing the shape of the profile.
The greater hg, the deeper the FRNs are able to penetrate into the soil (Walling and He, 1999).
The resulting expression describing the soil erosion rate Y (t ha! a!) for an eroding point with
an inventory of 2*240Pu smaller than the reference inventory A, is the following (Walling
and Quine, 1990; Zhang et al., 1990):

Y = tiotoln<1 - 13(0)) ho )
where t represents the sampling year, ¢y the year when the FRNs were deposited (in this thesis

1963, the peak of thermonuclear weapon testing (Walling and He, 1999)) and X the percentage

Iref—z)

reduction of the total ****’Pu inventory (calculated as =7

The second model that was used to analyse soil erosion rates is the Inventory Method (IM)
as specifically proposed for the use of fallout 2°*?%Pu by Lal et al. (2013). The inventory of

fallout Pu isotopes I in a soil column is the following:

I:AMMN@MZ (10)

with 24 = depth from the surface to the bottom of the soil column and N(z) (mBq cm?) =

concentration of fallout Pu at depth z (cm). The loss of plutonium at the sample site, 1145
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(Bqm™), is the calculated average difference of Pu inventory between the reference site and the

inventory at the sample site, or expressed as following;:
Invloss = Invref - Invsample (11)

The model by Lal et al. (2013) assumes an exponential function expressing the shape of the Pu
depth function, described by an exponent a. According to this, soil loss can be calculated by
solving the following equation:

L
Invpes = / N(z)dz = /LN(O)e_O‘Z dz (12)
0 0

Which, with Inv,.; = N(0)/c, results in:

p=-in(1-7) (13
a Lyey

The fitting of « in this study was conducted as described in Alewell et al. (2014) using a least

squares exponential fit of the profile depth to activity. To cope with the fact, that erosion tends

to preferably remove finer-grained material, which due to its higher surface to volume ratio

tends to have a higher Pu concentration than the total, a particle size correction factor P, where

P > 1, is implemented in the equation (Lal et al., 2013).

1 Iloss
L=——1|1- 14
OzP( Iref ( )

Here, the P factors used were 1, 1.2 (Walling and He, 1999) and 1.5 (Lal et al., 2013).

A third method that was used in this study is Modelling Deposition and Erosion rates with
RadioNuclides (MODERN) by Arata et al. (2016b). One of the main advantages of this model
is the ability to accurately describe the depth distribution of FRN in the soil, independent of
the soils” shape function. Furthermore, the model can be applied under different land-use
conditions, e.g. for ploughed and unploughed soils. The model compares the depth profile of a
reference site with the total FRN inventory of the study site. The model results in a thickness of
soil loss/gain by aligning the total inventory of the study site to the depth profile of a reference
site with an assumed similar evolution of the depth distribution of FRN. The FRN depth profile
of the reference site is modelled as step function g(z), returning the value Inv(inc) (Bq m) for
each increment of the soil. The total inventory of Pu, Inv, is measured for the whole depth d
(cm). The model targets soil level * (cm) from z* to * + d (cm), with Inv = cumulated value
of the Pu inventory at the reference site (Arata et al., 2016a). 2* is therefore described by (Arata

etal., 2016a):
x*+d
/ g(z)dr = Inv (15)
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Additionally, layers can be added by MODERN above and below the measured layers in order
to estimate erosion and deposition. The newly modelled depth profile can be described by the

following equation (Arata et al., 2016b):

x+d
S(z) = / o(a) de’ (16)

MODERN solves the function S by applying the primitive function G of the distribution g(z)
in the following way (Arata et al., 2016b):

S(r) =G(zr+d) — G(x) (17)

The resulting modelled soil losses or gains are returned in cm by MODERN. For reasons of
comparison, they are conversed in yearly soil losses or gains Y (t ha! a') by (Arata et al.,

2016b):

T* - axm
Y =1 - - 18
Ox<d'(t1—t0) (19

with 2m being the mass depth (kg m?, d the total depth increment of the sample site, ¢; the
sampling year (a), in this study 2020, t, the reference time, in this study 1963.

2.6 Long-term Soil Erosion Determination using Soil Formation Modelling

The rate of soil formation is very often limited by chemical weathering, a factor which is mainly
limited by advective solute transport (Egli et al., 2018). The soil formation can therefore be
seen as strongly influenced by water fluxes in the soil, an understanding deriving from the so-
called percolation theory (Egli et al., 2018; 2021). The soil depth is the result of soil production,
which generally increases the soil depth, and denudation (consisting of erosion and chemical
leaching), which results in a decrease of soil depth (Egli and Mirabella, 2021). The water flow in
the soil is mainly based on the size of pores, the pore volume and the connectivity of the flow
paths, a mass fractional dimensionality which equals 1.87 under most conditions (Egli et al.,
2018). The pore size is best described using the median particle size dsy of the soil. Over time,
the soil depth z can be described using the following formula (Egli et al., 2018):

dr 1 I (e ~0.87
i=roro= g () R "

with % being the net infiltration rate over time, ¢ the pore volume, E(¢) the erosion rate over
time and x( the median particle size ds.

If all factors are identified and only soil erosion is unknown, the theoretical soil depth modelled
using the input values can be compared with the actually measured soil depth. The correspond-

ing difference can then be used as an approximation of the eroded soil over the period of soil
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formation. By approximating the erosion rate and comparing the modelled rate with the actual

measured rate, an erosion rate can be evaluated.

2.6.1 Determination of Grain Size Distribution

In order to calculate the long-time erosion, the median particle size dsy had to be determined.
The dry samples (fine material <2mm) were first sieved to a size < 32 pm. This fraction was
then further analysed using a sedigraph (SediGraph III Plus V1.02, Micromeritics, USA). The
finest material that was distinguishable had a size < 0.009 pm. The sedigraph measures the
particle size distribution using the sedimentation method by directly measuring particle mass

with X-ray absorption.

2.7 Elemental Composition

To measure the content of several elements in the soil, two different methods were applied.
The samples were treated with NHy-oxalate ((NH4),C204) to determine the content of non-
crystalline and weakly crystalline forms of aluminium, iron, silicon and manganese (McKeague
et al., 1971). To determine the amount of and crystalline forms of iron and aluminium, an ex-
traction with dithionite ([S;04]%) was carried out additionally (Borggaard, 1988). Using atomic
absorption spectroscopy, the content of the individual elements was determined.

For each sample, two duplicates were extracted and measured according to their elemental
composition. The average of the two values was used to show a depth distribution of the
individual element. The amount of crystalline Al and Fe oxyhydroxides was determined by
subtracting the amount of non-crystalline forms of each element (oxalate extraction) from the
total amount of crystalline and non-crystalline forms (dithionite extraction). This calculation
was conducted for each duplicate. A negative value indicates the absence of crystalline forms,
in this case, the amount was set to 0. If only one duplicate had a negative value, the average

was built with the measured positive value divided by 2.
2.8 Field Sampling Strategies

2.8.1 In-situ 1°Be

At two outcrops, granitic material was sampled to measure cosmogenic in-situ '°Be. The boul-
der/outcrop should have been stable during the entire exposition time. Strike and dip of each
surface was measured and the shielding of all directions was measured using a Suunto Tan-
dem clinometer. Each rock outcrop was cleaned from moss and lichen before the sampling. To

calculate a denudation process from the surface, three different heights were sampled for each
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outcrop (see Figure 3a). A chessboard pattern was cut into the center of the rock surface with
an diamond angle grinder (see Figure 3b). The individual stone fragments were then cut out

with hammer and chisel and collected. For each sample, around 1 — 2 kg of rock material was

collected for analysis.

(a) Sampling of rock material at three (b) Chessboard pattern on a rock surface cut with an
different heights to calculate a soil angle grinder before sampling

denudation rate

Figure 3: Rock sampling strategy for in situ '°Be analysis

2.8.2 Meteoric 1°Be

At all four sampling sites, soil material was sampled at each individually distinguishable soil
horizon within the profile. To minimize random errors, material was sampled from the entire
range of the profile, which allows the calculation of an average value of the individual soil

horizon.

2.8.3 239+240Pu

The soil material for the 2?*?4Pu Analysis was sampled at all four profile sites, where erosion
processes where visible, and at a control site on a flat surface without any visible soil transport
processes visible. At each erosion/accumulation site, four to five replicate samplings were
taken, and five replicates at the reference site. With a soil core sampler with a volume of 100

cm3

, samples were taken at 5 cm depth increments from 0-5 cm, 5-10 cm, 10-15 cm and 15-20
cm. For each first replicate, an additional sample was taken at a depth of 40 cm to determine
eventual soil disturbances (e.g. bioturbation) that would influence the results of the calcula-
tions. The different replicates where distributed around each soil pit to cope with small scale

variabilities. In total, 93 samples have been extracted for the analysis.
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3 Results

3.1 Soil Profiles

Figure 4: Soil Profile 1 CJ-1

Profile CJ-1 was located North of the City of Cluj-Napoca
in an agricultural area. The altitude was 550 m a.s.l,, in the
midslope of a hill chain. The profile was on a North fac-
ing slope (aspect: 5 °; slope: 4°), covered with grassland.
The area around the profile showed signs of erosion due to
heavy livestock grassing. In addition to this, organic ma-
terial was distributed into deeper depth, which also con-
tributes to the signs of a strong soil movement. The distin-
guishable horizons (see Figure 4) were Al (0 — 48 cm), A2
(48 — 80 cm), AC (80 — 98 cm) and C (98 — 140 cm). In the
first 80 cm, no reaction with HCl was detectable, which is a
sign for decalcification. In soil horizon AC, small fragments
of secondary carbonates carbonates were found, which are

very likely a precipitate of the solute carbonate material in

the upper soil (Zech et al., 2014). The A horizons are mollic horizons with a rather high base sat-

uration and a high organic content, visible by the dark colour. The dark A2 horizon showed a

small amount of coatings of the organic material, which is a clear sign of clay transport within

the soil. The soil was described as a Chernic Luvic Phaeozem, according to the WRB (FAO,

2014).

Figure 5: Soil Profile 2 CJ-2

The profile CJ-2 was also located North of Cluj-Napoca,
on the opposite of the hill chain where profile 1 can also be
found. The soil pit was installed on a flatter part of a South
facing slope (aspect: 295°; slope: 5°) with freshly cut grass-
land as surface cover. The altitude of the profile was 430 m
a.s.l., a bit lower than the site of profile 1. The discernible
soil horizons were the following (see Figure 5): Al (0 — 30
cm), A2 (30 —53 cm), A3 (53 — 89 cm), A4 (89 — 114 cm), AC
(114 — 140 cm) and C (140 — 150 cm). Al showed clear signs
of ploughing. A2 had a higher density compared to Al, it
showed a few redox processes (coating) and few small rock

particles were found within the horizon, likely from collu-
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vial processes. Horizon A3 had the highest density of the

A horizons. An accumulation of clay and organic matter
was visible in this horizon, the structure was strongly prismatic, with no detectable carbon-
ates. The soil horizon A4 also showed a clay accumulation and additionally some secondary
carbonates in pores and channels, a first reaction with HCl was visible at a depth of 112 cm
below surface. The particles in AC had no organic matter coating, however the horizon was
very rich in secondary carbonates. Due to all these factors, the soil was described as a Chernic
Luvic Phaeozem according to the WRB (FAO, 2014). The parent material of the soil was likely

a Neogen sediment.

Profile site CJ-3 was located South of Cluj-Napoca near
to the village of Valea-Florilor. The site was at an altitude of
449 m a.s.l. on the flatter part of a North-East facing slope
(aspect: 27°; slope: 7°). The area was covered with grass-
land and showed signs of very slow soil movement. The
soil profile was very deep with a very deeply pronounced
organic horizon, the deepest of all three Phaeozem-type soil
profiles that were examined. The distinguishable soil hori-
zons were the following (see Figure 6): Al (0 — 39 cm), A2
(39 -84 cm), A3 (84 -120 cm), A(C) (120 — 145 cm), AC (145
— 184 cm) and C (184 — 195 cm). No carbonates were found

for the entire depth of the soil profile of almost 2 m (no re-

action with HCI), only at a depth of 222 cm, a first reaction

Figure 6: Soil Profile 3 CJ-3

of HCL was detectable. Some larger rock and gravel frag-
ments in deeper soil layers are signs of colluvial processes at the site. In horizon AC, signs of
large root channels were visible. The soil is a Chernic Luvic Phaeozem according to the WRB

(FAO, 2014).
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The profile CJ-4 was located to the South-West of Cluj-
Napoca near the village of Lita. The site was located at an
altitude of 604 m a.s.l. just outside a small deciduous forest
(mainly consisting of Fagus sylvatica and Quercus robur). The
profile lied on a West facing slope (aspect: 265°; slope: 13°)
on a flatter part after a rather steep slope uphill. The profile
was very different in comparison to the three others, it was
specified as a Stagnic Luvisol according to the WRB (FAO,
2014). The different distinguishable soil horizons were the
following: Am (0 —10 cm); AeB (10 — 23 cm) with a cylindri-

cal structure and visible loss of clay; Bth (23 — 43 cm) with

Figure 7: Soil Profile 4 CJ-4 visible evidence of redox processes and an illuvial accumu-
lation of clay and accumulation of some organic matter; Btg

(43 — 71 cm) with an increased visibility of evidence of redox processes and a stronger illuvial
accumulation of clay, and visible stagnic conditions; Bmt (71 — 99 cm) with a strong cementa-
tion through the clay particles, a so called marble structure with reddish sections within peds
and greyish sections along cracks and soil peds; BC (99 — 127 cm) with an increasingly grey

colour; and C (127 — 147 cm) with a grey colour.

3.2 Bulk Density

For all sampled soil horizons, the dry bulk density was determined. The individual depth
distributions can be found in Figure 8. In general, a trend of increasing bulk density with
increasing depth is visible.

At site CJ-1, the bulk density of 1.2 g cm™ decreases slightly at the surface and then increases
with depth. The C horizon has the highest density of the profile with a value of slightly over
1.5 g cm?.

With 0.9 g cm™ the bulk density of the horizon A1 of site CJ-2 is the lowest of all measured
samples. The density also increases here with increasing depth, for both horizons A2 and A3
it is practically identical. The A4 horizon, however, has a higher density than the previous A
horizons with 1.4 g cm™. The highest value is found in the AC horizon, but this is only very
slightly larger than that measured in the C horizon (1.52 g cm® - 1.45 g cm™).

At site CJ-3, bulk density increases from slightly less than 1 g cm™ in horizon Al to 1.6 g cm™ in
the A(C) and AC horizons. The density of the C horizon is again slightly lower at 1.53 g cm?,

21



as already observed at site CJ-2.

Site CJ-4 has the highest density of the surface samples at 1.2 g cm?, slightly higher than that of
CJ-1. The density increases to a depth of about 80 cm, in the Bmt horizon the highest density
of all samples investigated was measured at 1.69 g cm®. The density of the BC horizon is
somewhat lower with only 1.32 g cm®. The density in the C horizon increases again to 1.54
g cm®. This site differs most from the other three by a large decrease in density at depth (BC

horizon), which was not observed at the other three sites.
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Figure 8: Bulk density of the different soil profiles with increasing depth

3.3 Elemental Composition

The distribution of the different elements can be seen in Figure 9 for the dithionite and oxalate
extraction results. A depth distribution for the individual crystalline forms of Al and Fe can be
found in Figure 10. The complete list of measured values can be found in the appendix in Table

12.
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The total amount of Fe was larger for all samples compared to the amount of Al. For most sites,
a decrease of the elemental content is visible with depth with a few exceptions.

CJ-1: At this site, the total concentration of Al decreases after horizon A2, the amount is almost
identical in the uppermost horizons. With slightly more than 2.4 g kg'l, the aluminium content
in the uppermost layers is rather high compared to the other sites. In horizon A3 the amount
decreases only slightly, only in horizon AC a decrease of almost 30% is visible compared to
the horizon above. The content in the C horizon is still just over 1 g Al kg™. The situation is
somewhat different for iron. Here the amount increases from initially about 15 g kg™ to 21.9
g kgl in the AC horizon, which corresponds to the highest measured total content of iron in
all samples investigated. The non-crystalline and weakly crystalline forms from the oxalate
extractions show a slightly different distribution. The aluminium content is smaller than that
from the dithionite extractions for all measurements. Only the C horizon has a slightly higher
aluminium content, which means that crystalline Al oxyhydroxides are probably not present
here. The aluminium content in horizon A2 is the highest measured value from the oxalate
extractions with 2436 mg kg™!. After an increase from the uppermost Al horizon to the A2
horizon, the content decreases again with depth, in the C horizon it is only about half as large
as in the lowest A horizon (A3). The content of amorphous Fe increases in the A horizons with
increasing depth, and then abruptly amounts to barely 35% of the content in the AC and C
horizons compared to horizon A3. The same pattern can be seen for manganese, the content
increases within the A horizons to almost 1 g kg (A3 horizon, highest measured manganese
content), in the AC horizon the content is then only 330 mg kg™'. The same applies to silicon, the
amounts here are somewhat lower than for manganese. The content of crystalline aluminium
oxyhydroxides decreases in the A horizons from the highest measured value of 629 mg kg™ in
Al to only a good 50 mg kg in the A3 horizon. In the AC horizon, the value rises sharply
again to over 400 mg kg, and in the C horizon almost no Al content can be measured. The
content of crystalline iron oxyhydroxides increases with depth and reaches the maximum in
the AC horizon, with 21.2 g kg™! the highest measured value. In the C horizon the content de-
creases to 13.6 g kg™, the lowest value in this soil profile.

CJ-2: The total aluminium content at this site is much lower in the A horizons than at site CJ-1.
From a content of just under 1 g kg! in A1, the content increases uniformly with depth to 1.4
g kg'! in horizon A4. The underlying horizons AC and C show somewhat lower values of 1.2
g kg'l. The total iron content is about the same in the uppermost two A horizons with slightly
less than 10 g kg'!, then increases with depth to almost 16 g kg™ in the C horizon. The con-

tent of non-crystalline and weakly crystalline Al forms, after a small increase in the A2 horizon
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compared to the Al horizon, decreases further with depth, in the C horizon the content is only
694 mg kg'l, the lowest measured content of all samples. The content of amorphous iron forms
is with 5 g kg™ in the uppermost Al horizon the highest measured of all samples. With in-
creasing depth the content decreases and with 1.2 g kg™ in the C horizon it is only a quarter of
the amount at the surface. The manganese content is slightly lower than at site CJ-1, increasing
from just over 440 mg kg™! in the uppermost two horizons to 700 mg kg™!. The silicon content
increases to 790 mg kg up to horizon A3, the highest measured content, and then decreases
by more than half up to the C horizon. Horizons A1 — A4 show no measurable content of crys-
talline Al oxyhydroxides, only at a depth of about 120 cm a relatively high content is visible,
rising to the highest measured value of 513 mg kg™ in the C horizon. The crystalline Fe oxy-
hydroxides increase from a low value of about 7.2 g kg™! compared to site CJ-1 with increasing
depth to 15.4 g kg™, the highest value of one of the measured C horizons.

CJ-3: Site CJ-3 has the most uniform depth distribution of the measured elements. The total
aluminium content in the uppermost two horizons is comparatively low at 1.2 - 1.3 g kg™ and
decreases with increasing depth to the lowest measured value of 363.4 mg kg™! in the C hori-
zon. The iron content increases from a rather deep 7.9 g kg! in the A1 horizon to 9.5 g kg™! in
the A2 horizon and then remains between 8 — 9 g kg! in the underlying horizons. The content
of non-crystalline and weakly crystalline Al forms from the oxalate extraction decreases with
depth from a content of 1.8 g kg™ in the uppermost horizon to a value of 735 mg kg™! in the
C horizon. The iron content from the oxalate extraction decreases from Al to A2, the value in
horizon A3 is then with 2.1 g kg! again at the same level as the uppermost horizon. In the
horizons below, the content continues to decrease. The manganese content remains at approxi-
mately the same level with depth, the silicon content continues to increase with depth from 336
mg kg in the Al horizon to 453 mg kg! in the C horizon. No crystalline Al oxyhydroxides
could be measured for the entire depth of the soil profile. The crystalline Fe oxyhydroxides are
on average the deepest measured with relatively small variations within the soil profile com-
pared to the other profiles. The contents range from 6.8 g kg™! to 8.6 g kg™

CJ-4: The total aluminium content increases from 1.7 g kg™! in the two A horizons to 2.7 g kg™
in the Btls horizon, which corresponds to the highest measured value. The underlying hori-
zons have lower values of aluminium with increasing depth. The total iron contents increase
from about 10 g kg™! in the Am and AeB horizons to 13.3 g kg! in the Bt1s horizon. The two
underlying B horizons show somewhat lower values around 12.5 g kg'l, in the underlying BC
horizon the content is only 5 g kg™, in the C horizon the lowest content was measured with 2

g kg'l. The same depth profile is also visible for the amorphous iron forms, with a value of 411
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mg kg! in the C horizon, which corresponds to the lowest measured content. The amorphous
aluminium content increases from 1.7 g kg! in the A horizons to 2.3 g kg™ in the Bt1s horizon,
followed by a decrease to 1.6 g kg! in the Btzg horizon. The manganese content drops sharply
from about 480 mg kg™! in the uppermost two horizons to the lowest measured values. In the
Btzg horizon only 1 mg kg™! was measured, in the deeper layers the content increases again.
The silicon content increases with depth, from the lowest measured value of 204 mg kg! in
the uppermost horizons to 461 mg kg™! in the C horizon. The content of crystalline aluminium
oxyhydroxides increases strongly in the B horizons compared to the A horizons to 418 mg
kg'l. From the Bmt horizon onwards, as well as in the horizons below, no more content can be
measured. The distribution of crystalline iron oxyhydroxides is very similar, with an increase

within the B horizons and low values in the underlying horizons.
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Figure 9: Elemental composition of the individual sites with depth.
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3.4 29+290py Activities

The measured 2***240Py activities ranged from the detection limit up to 0.614 Bq kg!. The av-
erage over all sites was 0.240 £0.129 Bq kg! (SD). The three measurements below the detection
limit were all part of the control samples at a depth of 40 cm, and are therefore a good sign of
no input of FRN into deeper soil horizons. For calculations, these values were not needed and
thus not used. There is a decreasing trend of 2**24°Pu activity for all sample sites, only in site 4,
there is a slight increasing in depths of 5 — 15 cm compared to the uppermost sample, however
this lies still within the standard deviation of the individual samples. Nevertheless, this result
might be due to mixing by ploughing, as the soil profile showed clear signs of ploughing in the
uppermost soil horizons.

All the values of the sample sites showed lower 24Py activities in the upper two layers in
comparison with the control layer of the corresponding depth at the control site. In layers 3
and 4, the sample layers all showed higher activities compared to the reference site, but with a
higher degree of uncertainty (higher standard deviation).

The range of ?4°Pu/?*Pu ratios can be used to analyse the source of the radioactive material
(natural vs. FRN) (Kelley et al., 1999). The measured range of 240py; /239Pu ratios reaches from
0.137 to 0.236, the average lies at 0.196 + 0.016 (SD). These values are comparable to the ratios
measured in FRN by Kelley et al. (1999) with an average ratio of 0.180 + 0.014 and are thus very

likely also sourced from nuclear weapon tests and other non-natural sources of radionuclides.

3.5 239+240py Inventories

The measured 2***240Py inventories of all samples vary between 0.634 Bq m™ and 36.26 Bq
m2. The highest values were found at the reference site CJ-C (see Table 2 and Figure 11) in
the uppermost layer with an average of 24.151 Bq m™ =+ 7.14 (SD). The reference site CJ-C and
sample sites CJ-3 and CJ-4 show a trend of lower layer inventories with increasing depth (see
11). This is not visible for sites CJ-1 and CJ-2, where the distribution is more or less equal
throughout the entire depth of 20 cm.
For each site, the average cumulative inventory was calculated over the entire depth (see 2).
The highest cumulative inventory was found at the reference site CJ-C with 61.29 Bqm™ + 4.23
(SD). The sample sites all showed lower inventory values with the lowest for sample sites CJ-1
(41.83 Bq m? 4 3.31 (SD)) and CJ-2 39.90 Bq m? =+ 5.05 (SD)). The highest value of a sample
site was found at site CJ-4 with a total inventory of 55.93 Bq m? 4 3.15 (SD).

The measured inventory samples were almost all normally distributed (Shapiro-Wilk-Test,

confidence level 95%), only the measurements at depth interval 10 — 15 cm at site CJ-2 and at

28



Table 2: Measured and averaged >39+240 Py inventories of the control site and the sample sites, including

standard deviations. The average cumulative inventory shows the sum of all average values of each soil

profile.

Sampling Site Sample Inventory 2+240Pu [Bqm™?] Standard Deviation [Bq m?] Average Cumulative 2**24'Py Inventory [Bq m?]
C-1(0-5cm) 24.151 7.14 61.29 +4.23
C2(5-10cm)  21.087 3.78

cJ-C C-3(10-15cm) 10.190 1.81
C-4(15-20cm) 5.864 1.69
C-5 (40 cm) 0
1-1(0-5cm) 10.353 1.93 41.83 £3.31
1-2(5-10cm)  10.725 2.69

CJ-1 1-3(10-15cm) 10.105 3.19
1-4(15-20cm)  10.643 4.77
1-5 (40 cm) 0
2-1(0-5cm) 10.184 3.62 39.90 +£5.05
2-2(5-10cm)  10.599 451

dJ-2 2-3(10-15cm) 10.491 5.02
2-4(15-20cm) 8.627 6.57
2-5 (40 cm) 0.63 0.52
3-1(0-5cm) 15.757 2.54 47.66 +£1.48
3-2(5-10cm)  14.200 5.80

cJ-3 3-3(10-15cm) 11.123 7.01
3-4(15-20cm) 6.585 5.12
3-5 (40 cm) 0.75 0.51
4-1(0-5cm) 20.169 5.97 5593 +£3.15
42(5-10cm) 15916 2.20

CJ-4 4-3(10-15cm) 13.623 2.71
4-4(15-20cm)  6.225 2.96
4-5 (40 cm) 0

depth increment 0 — 5 cm at site CJ-4 could not be confirmed as being normally distributed. To
test the significance of differences between the different groups and depths, an unpaired t-test
was used for the normally distributed samples, in the two cases of not normally distributed
data, a Mann-Whitney-U-test was used. The results of the comparison of sample sites and ref-
erence site can be found in Table 3 and graphically as boxplots in Figure 12.

In the uppermost depth increment (0 — 5 cm), the 2?*?%'Pu inventory was significantly smaller
at sites CJ-1 (p = 0.0102) and CJ-2 (p = 0.0085). At sites CJ-3 and CJ-4, the difference (smaller
values at sample sites) was also visible, but with a lower significance (CJ-3: p = 0.057 and CJ-4:
p =0.151).

At the second uppermost layer (5 — 10 cm), a significantly lower 2**24°Pu inventory was mea-
sured for all sample sites compared to the reference site.

In the two deepest layers (10 — 15 cm, 15 — 20 cm), there was often no strong difference of

239+240Py inventory visible between the reference site and the sample sites. Additionally, the
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Figure 11: 239*240Py, inventories [Bq m %] with depth [cm] for the control site (a) and all four sample
sites (b, c, d, e). The value of each depth increment is the average of all individual samples of the same

depth, with variation shown by the whiskers.

variability within each sample site was comparably large. As a result of this, all the differences
found were not statistically significant (for individual results of each sample site - reference site
comparison, see 3).

Additionally, each sub-sample of the individual sample sites and the reference site resulted
in a total cumulative 2**?%°Pu inventory. The different cumulative inventories of the sample

sites were also compared with these from the reference site to gain an overview over the differ-
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Table 3: Results of the statistical comparison of 3*?%0Py inventories at the sample sites with the in-
ventories at the reference site on different depth increments. Data pairs with a statistically significant

difference (p < 0.05) are marked with an asterisk (*).

CJ-1 CJ-2 CJ-3 CJ-4
0-5cm
CJ-C p=0.0102* | p=0.00854* | p=0.0569 | p=0.151
5-10cm
CJ-C p=0.00951* | p=0.0101* | p=0.0117* | p=0.0434 *
10-15cm
CJ-C p =0.964 p =0.286 p=0.351 p =0.106
15-20 cm
CJ-C p =0.137 p =0.467 p =0.533 p=0.733

ences. The average of all cumulative inventories was smaller for all sample sites in comparison
with the reference site. However, these differences were only statistically significant (p < 0.05)
for sites CJ-1 (p = 0.043) and CJ-2 (p = 0.498). For site CJ-3, the significance was slightly less
strong (p = 0.054), but it is very likely that the smaller cumulative inventory is not entirely
random. The lower cumulative 2**?4°Pu inventory at site CJ-4 is statistically insignificant (p =

0.32).

3.6 Short-term Erosion Rates using *****'Pu

Short-term erosion rates were calculated from the measured 2**240Pu inventories at the differ-
ent sites in comparison with the 22+?4°Pu inventory of the reference site. The three different
methods used to assess soil erosion (IM by Lal et al. (2013), PDM by Walling and He (1999)
and MODERN by Arata et al. (2016b)) resulted in different rates over the last six decades. A
summary of the resulting erosion rates can be found in Table 4 and graphically in Figure 13.
All the modelled soil erosion rates are normally distributed (Shapiro-Wilk-Test, confidence
level 95 %). As all sample sites had lower 239+4240py inventories when compared to the inven-
tory of the reference site, soil erosion can be assumed for all sites. This is especially important
when using the MODERN model, as the application of the model varies between erosion and
accumulation processes, whereas the other models use the same calculation for all soil redistri-
bution processes.

Generally seen, the sample sites showed high erosion rates, especially sites CJ-1 and CJ-2. The

highest values for erosion rates were generally calculated using the MODERN approach, only
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Figure 12: Boxplot of 239*2#0Py, inventories of the individual sampling sites CJ-1, CJ-2, CJ-3, C]-4 and
the reference site CJ-C at four different depth increments a) 0 —5 cm, b) 5—10 cm, ¢) 10—-15cm, d) 15
— 20 cm. The bold line indicates the median, the whiskers/error bars indicate the standard deviation. The

dots represent outlier measurements.

at CJ-2, the PDM method resulted in a higher value. The lowest values were reached when
using IM with P = 1.5 for all samples.

CJ-1: At site CJ-1, the average erosion rate of all modelling approaches lies at 4.4 t ha a’..
The lowest value was calculated with IM (P=1.5) as 2.34 +2.02 t hala’!, the highest value of
7.2 tha! a! was derived from MODERN. The very high average results of CJ-1 were strongly
influenced by replicate 1D, with erosion rates three to almost four times higher than the other
three replicates. If the average erosion rates were calculated without this replicate, the average
rate would only be around 2.7 t ha! a!, with a maximum of 4.97 t ha a™ for the MODERN
approach.

CJ-2: The average erosion rate at site CJ-2 is even higher than at site CJ-2 with almost 5.4 t ha!
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1 1

a’l as an average of all models. The highest modelled erosion rate is as high as 7.89 t ha™ a’l,
however with a very high variance of +9.27 t ha' a! (SD). The lowest value, calculated using
IM with P= 1.5 was 3.03 t ha a +3.74 (SD). The very high variability is again as in CJ-1 the
result of one replicate, which is very different to the the other ones. Here again, it is replicate 2D
with erosion rate values more than five times higher than in the other replicates. If the average
erosion rates are calculated without this replicate, the resulting average lies at only 2.4 t ha!
a’l, less than half than with replicate 2D.

CJ-3: The third sampling site has lower calculated erosion rates compared to the previous two.
The average of all methods lies at 2.8 t ha! a!, with the highest value of 5.19 t ha'! a! using
MODERN and the lowest rate of 1.42 £0.33 t ha! a! using the PM approach with P=1.5 as a
factor. The variability at this site was the smallest of all the sites studied.

CJ-4: At this sampling site, the lowest calculated erosion rates have been observed. An aver-
1

age erosion rate of 1.35 t ha! a

MODERN modelling resulted in the highest rates with 2.78 t ha! a™, whereas the IM method

is only a fraction of what was calculated in the other sites.

with P=1.5 calculated an erosion rate of 0.70 £0.55 t ha a. The lowest erosion rates at this
site were found in the two replicates located in the forest (4C, 4D), they were lower compared
to the replicates that were located outside the forest on the grass of the cut area.

To compare the different modelling approaches, the different results of each sample were tested
using a pairwise-t-test. For CJ-1, a significant difference between the modelled values were
only found when comparing the IM with P = 1.2 and P = 1.5 to the results from MODERN (p
= 0.0426; p = 0.0170). For CJ-2, the differences were not statistically significant, mainly due to
the fact that the variance of the individual 2****'Py inventories was very high. In the results
of CJ-3, every comparing of result showed significant differences. At this site, the variance
was the smallest compared to the other sample sites. CJ-4 showed significant differences when
comparing IM (P = 1; 1.2; 1.5) with MODERN (p = 0.00917; 0.00337; 0.00105) and PDM with
MODERN (p = 0.0415).
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Table 4: Overview of the calculated erosion rates and their standard deviation from different modelling
approaches using fallout 239+240Py. IM = Inventory Model (Lal et al., 2013); PDM = Profile Distribution
Model (Walling and Quine, 1990; Zhang et al., 1990), MODERN = Modelling Deposition and Erosion
rates with RadioNuclides (Arata et al., 2016D).

M M M
PDM MODERN
(Lal et al., 2013) SD (Lal et al., 2013) SD (Lal et al., 2013) SD SD
(Walling and He, 1999) (Arata et al., 2016b)
P=1 P=1.2 P=1.5
Site | thala® tha'al tha'al tha'al tha'al
CJ-1 |35 +3.02 | 2.92 +2.52 | 2.34 +2.02 | 6.02 +5 7.2
CJ-2 | 4.55 +5.62 | 3.79 +4.68 | 3.03 +3.74 | 7.89 +9.27 | 7.53
CJ-3 | 213 +0.49 | 1.77 +0.41 | 0.42 +0.33 | 3.59 +0.74 | 5.19
CJ-4 | 1.05 +0.82 | 0.88 +0.68 | 0.70 +0.55 | 0.34 +1.09 | 2.78
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Figure 13: Boxplot of all measured erosion rates calculated with different models (IM (P=1, 1.2, 1.5),
PDM, MODERN) for each sample site. The horizontal line in the box is the median, the x in the box is

the mean of the measurements. For Site CJ-2, one outlier with a value of 21.8 t ha™! a’! is not depicted.
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Figure 14: Reference Depth Profiles and Plotted Integral Function with solution of each sample site
depicted as a vertical red line, a) CJ-1, b) CJ-2, c) CJ-3, d) C]-4.
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3.7 In-Situ '’Be Inventory

Of the six rock samples tested at sites CJ-Bel and CJ-Be2, only samples CJ-Bell, CJ-Bel2 and
CJ-Bel3 at site CJ-Bel yielded sufficient pure quartz from the extraction process for analysis of
the amount of 1°Be. For the other samples, the amount of quartz was not large enough for a
measurement of in-situ ’Be. The amounts of °Be measured in the AMS were corrected with
a long-term sample preparation blank. CJ-Bel1l has the lowest amount of 1°Be per gram with
3.11 x 10* atoms g!. The other two samples CJ-Be12 and CJ-Bel3 have very similar values of
417 x 10* atoms g and 4.22 x 10* atoms g™ (see Table 5. The difference between the three

samples, however, is statistically not significant (ANOVA, confidence level 95%).

Table 5: Measured in-situ 1°Be content of the three samples of sample site CJ-Bel. The error includes the

AMS standard error.

Amount of 1°Be Absolute Error 1°Be | Error 1°Be
Sample

(x10%) [atoms g] | (x10%) [atoms g!] [%]
CJ-Bell | 3.11 0.18 0.06
CJ-Bel2 | 4.17 0.31 0.07
CJ-Bel3 | 4.22 0.27 0.06

3.8 Surface Exposure Age using In-Situ °Be

The difference between the scenario with no erosion and the one with an erosion of 1 mm ka™!
is not very large (see Table 6).

CJ-11, the lowermost sample at a height of 15 cm above surface has the youngest age calculated
age with around 6500 years of exposure. The middle sample CJ-12 is the oldest of the samples
with an age of about 7800 years. The uppermost sample CJ-13 is younger again, with an expo-
sure time of approximately 6800 years. There is no age trend visible at this site, the differences

between the ages are not statistically significant (ANOVA, confidence level 95%).
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Table 6: Exposure ages of the three sample sites calculated using the cosmogenic nuclide online calculator
v3.0 (see Balco et al., 2008 for v. 1.0). First results show exposure age without erosion, second results
with an erosion rate of Tmm ka™'. The internal error contains the measurements uncertainties of the

nuclide concentration, the external error contains measurement uncertainties and nuclide production

rate uncertainties.

Erosion rate = 0 mm ka™
Age | Internal Error | External Error
Sample
[al | [a] [a]
CJ-11 6529 | 386 624
CJ-12 7772 | 583 825
CJ-13 6809 | 439 674
Erosion rate = 1 mm ka™
Age | Internal Error | External Error
Sample
[a] | [a] [a]
CJ-11 6564 | 391 631
CJ-12 7821 | 590 836
CJ-13 6850 | 445 682

3.9 Long-term Erosion Rate using In-Situ ’Be

Although no real age trend could be identified for the three samples, a simple approach was
used to estimate the long-term erosion rate. Since the maximum calculated exposure age is 7.8
ka, this age was used with the assumption that this age is approximately suitable for all three
points. Based on this assumption, the 15 cm height of the lowest point would correspond to the
height of the eroded soil material. A long-term erosion rate estimated with these two values is
19.2 mm ka'l. With the average bulk density of the uppermost horizons of the four soil profiles
of 1.06 g cm3, this gives an approximate erosion rate of 0.20 t ha a’l. If the calculated age of

the lowest sample of 6.5 ka is used, the erosion rate is slightly higher with 0.24 t ha! a’.

3.10 Meteoric °Be Inventory

All four soil pits show a very distinguished depth pattern concerning their meteoric ’Be con-
tent.
CJ-1 (Figure 15a): The content of 10Be decreases from around 2.78 x 10 atoms g‘l in the top

layer steadily to a content of 0.14 x 10® atoms g™ in the AC layer at a depth of 80-98 cm. In the
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C horizon below (98-140 cm), the '“Be content increases again a little to 0.26 x 10° atoms g™
CJ-2 (Figure 15b): The content of °Be in the uppermost two soil horizons (Al: 0-30 cm; A2:
30-53 cm) is equal at about 2.4 x 10% atoms g and then decreases relatively evenly with in-
creasing depth. In the C horizon (140-150 cm), the '°Be content is almost non-existent with 0.03
x 10® atoms g1

CJ-3 (Figure 15¢): The °Be content of site CJ-3 decreases only very slightly in the uppermost
soil horizons A1 (0-39 cm), A2 (39-84 cm) and A3 (84-120 cm) (from 2.95 x 108 atoms g™! to 2.83
x 10% atoms g!). In the deeper horizons the content decreases slightly, but only moderately, so
that even in the C horizon (184-195 cm) the '°Be content is still 0.81 x 10% atoms g!.

CJ-4 (Figure 15d): Site CJ-4 has slightly different characteristics than the other three sites stud-
ied. The °Be content is much higher here. The content at the surface (Am horizon 0-10 cm) is
5.05 x 108 atoms g™! and remains relatively constant over the two next lower horizons (AeB 10-
23 cm; Btls 2343 cm). In the horizon below, Btzg (43-71 cm), the content drops slightly, then
rises one horizon below (Bmt 71-99 cm) above the content of the surface. In the underlying BC
horizon (99-127 cm), the highest measured °Be content of the entire profile is found with 7.15
x 108 atoms g!. In the C horizon, the content drops slightly, but remains at a high 6.49 x 10%

atoms g'l.

3.11 Soil Age Estimation using Meteoric "Be

The soil age estimation of the four soil profiles has been made using the formula by Maejima
et al. (2005). As the results are strongly influenced by the value of the average annual pre-
cipitation rate of 0Be, two different methods were used, leading to two different minimum
age estimations. Willenbring and von Blanckenburg (2009) use 1 x 10° as input value for 4.
Graly et al. (2011) use a formula to calculate the average annual precipitation rate of °Be, the
resulting value for the area of interest in this study is 1"219’040, which was used to calculate
the minimum age of the soils.

The different amounts of annually precipitated “Be lead to two different soil age estimations,
an overview can be seen in Table 8. The higher input rate of 1°Be using Graly et al. (2011) leads
to generally lower minimum ages of the soils studied. The soils at sites CJ-1 and CJ-2 were
the youngest with ages around 20 - 25 ka. The soil at site CJ-3 has a calculated minimum age
of around 53 - 65 ka, which is the oldest of the three Phaeozem soils studied. The oldest soils
studied were found at site CJ-4 with ages over 100 ka, with an estimation of over 125 ka using

the '9Be precipitation rate by Willenbring and von Blanckenburg (2009).
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Figure 15: Concentrations of meteoric 1°Be as a function of depth below surface. The vertical error bars
indicate the individual depth increment, the horizontal error bars the standard deviation of the content

of 1Be in the corresponding depth increment.

39



Table 7: Meteoric 1°Be concentrations of the individual soil horizons of each sampling site.

Site | Soil Horizon | Depth [cm] [10]13; atoms x10° error [%] | Absolute error x10% [g™]
g
Al 0-22 2.78 29 0.08
A2 22-48 2.49 292 0.07
CJ-1| A3 48-80 1.90 2.92 0.06
AC 80-98 0.14 424 0.01
C 98-140 0.26 3.6 0.01
Al 0-30 2.40 292 0.07
A2 30-53 2.42 3.33 0.08
A3 53-89 1.92 3.06 0.06
CJ-2
A4 89-114 1.43 298 0.04
AC 114-140 0.51 3.73 0.02
C 140-150 0.03 5.78 0.002
Al 0-39 2.95 2.93 0.09
A2 39-84 2.92 297 0.09
A3 84-120 2.83 2.92 0.08
CJ-3
A(C) 120-145 2.54 292 0.07
AC 145-184 1.68 3.03 0.05
C 184-195 0.81 3.24 0.03
Am 0-10 5.05 2.92 0.15
AeB 10-23 4.90 2.92 0.14
Btls 23-43 5.07 292 0.15
CJ-4 | Btzg 43-71 4.34 2.92 0.13
Bmt 71-99 5.65 2.92 0.16
BC 99-127 7.15 292 0.21
C 127-147 6.49 2.92 0.19

3.12 Long-term Soil Erosion Rates using Meteoric ’Be

The meteoric 1°Be inventories were also used to calculate a mid- and long-term soil erosion rate.

Two different models were used, a first as described by Lal (2001), the other one an approach

by Zollinger et al. (2017). Both approaches use the average annual '°Be precipitation rate g, and

therefore the two values for g as described in the section concerning soil age estimation using

meteoric 19Be were used, resulting in a total of four possible erosion rates per soil site (see Table
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Table 8: Estimated soil ages in ka calculated using formula 1 by Maejima et al. (2005) with two different

values for the average annual precipitation rate of 1Be (g).

Estimated Soil Age [ka] | Estimated Soil Age [ka]
Site | usingq using g

by Graly et al. (2011) by Willenbring and von Blanckenburg (2009)

CJ-1 | 20.40 24.90
CJ-2 | 22.74 27.76
CJ-3 | 53.08 64.89
CJ-4 | 102.22 125.33

9).

Erosion rates calculated using g by Willenbring and von Blanckenburg (2009) were smaller for
both approaches. For sites CJ-1, CJ-2 and CJ-3, the approach by Lal (2001) resulted in smaller
erosion rates compared to those by Zollinger et al. (2017), in CJ-4, the rates by Zollinger et al.
(2017) were slightly smaller than the ones by Lal (2001). The rates at the first three sites calcu-
lated using the method by Zollinger et al. (2017) are approximately two to three times higher
than the corresponding rate calculated with the approach by Lal (2001). At site CJ-4, the differ-
ence is a lot smaller between the two methods.

The method by Zollinger et al. (2017) fetched rather high soil erosion rates over a long period

of time.
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Table 9: Mid- and long-term soil erosion rates calculated with two different modelling approaches. For
each approach, two different values for the average annual '°Be precipitation rate q were used to calculate

soil erosion.

Zollinger et al. (2017) using g by
Lal (2001) using g by Zollinger et al. (2017) using g by
. Lal (2001) using g by Willenbring and
Site Willenbring and Graly et al. (2011);
Graly et al. (2011) von Blanckenburg (2009);
von Blanckenburg (2009) | Estimated Age 130 ka
Estimated Age 130 ka

Erosion rate [t hal a™] | Erosion rate [t ha™ a] Erosion rate [t hal a™!] Erosion rate [t hal a™!]
CJ-1 | 0.29 0.24 0.79 0.62
CJ-2 | 047 0.38 1.28 1.00
CJ-3 | 0.17 0.14 0.74 0.53
CJ-4 | 0.31 0.25 0.13 0.04

3.13 Grain Size Distribution

In total, the particle size distribution of 12 samples was measured. The exact distribution can
be found in Table 17 in the Appendix. The subdivision into the three subclasses sand, silt and
clay was carried out according to the size classification by FAO (2014): Clay < 0.002 mm, Silt
0.002 - 0.063 mm, Sand > 0.063 mm. A list of the percentage components of the individual
samples examined can be found in Figure 16 and for the individual sites as a function of depth

in Figure 17.

0
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Figure 16: Soil grain size distribution of the examined samples as percentage of the total soil weight. The
individual soil profile number and the corresponding soil horizons are given in brackets after the sample

name.



CJ-1: The A horizons have the same proportion of sand (28 %), Al has a lower proportion of silt
compared to A2 (34.4 %/50.3 % and correspondingly a higher proportion of clay (37.6 %/21.5
%). The C horizon is approximately two-thirds silt and slightly more clay than sand.

CJ-2: The two measured A horizons of this soil profile show a similar proportion distribu-
tion, the sand proportion in Al is slightly larger than in A2 (27.8 %/22.9 %). The silt and
clay fractions are similar, but slightly higher in A3. The C horizon has a completely different
composition with almost no sand (only 3.5 %). The proportion of silt is 48.5 %, that of clay 48 %.
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Figure 17: Proportions of the different grain size distribution with depth for the profiles a) CJ-1 (A1, A2,
C),b) CJ-2 (A1, A3,C), c) CJ-3 (A1, A3, C),d) C]-4 (Am, Btg, C)
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CJ-3: The sample from horizon Al of profile CJ-3 has the highest proportion of sand of all
samples (51.8 %) and the lowest clay content of all samples (19.9 %). The sample from horizon
A3 has a relatively balanced distribution with 34 % sand, 34.5 % silt and 31.5 % of clay. In
horizon C, the proportion of sand is lowest at 28.3 %, and the proportion of silt is slightly
higher than that of clay (36.7 %/ 34.8 %).

CJ-4: The increase in clay content with increasing depth is striking. This increases from 28.6 %
in horizon Am to 40.7 in horizon Btg to 46.5 % in horizon C. In the C horizon, the proportion
of sand is lowest at 21.3 %, the remaining third is silt. The proportion of sand in the uppermost
horizon Am is somewhat lower than in the lower horizon Btg (34 %/ 36.5 %), but the proportion
of silt is much higher (37.4) than in the Btg horizon, which has the lowest proportion of silt of
all samples at 22.8 %.

3.14 Long-term Soil Erosion Determination using Soil Formation Modelling

The potential soil depth was modelled using the formula by Egli et al. (2018) and then com-
pared with the actual measured soil depth in the field. A initial soil age of 100000 years was
assumed with an infiltration rate into the soil of 200 mm a. The resulting soil erosion rates
can be found in Table 10. The largest calculated erosion rate was found for site CJ-1 with a rate
of 0.30 t ha! a™l. For sites CJ-3 and CJ-4, the erosion rate is only about half the rate of CJ-1 with
0.16 ha'! a! and 0.13 ha' a’l. The modelled soil depth for CJ-2 was smaller than the actual

measured soil depth, therefore the erosion rate could not be calculated.

Table 10: input variables and the soil erosion rate calculated from the modelled theoretical soil depth. d50

is the median soil particle size calculated from the measurements of the respective soil profile.

Site d50 | Assumed Soil Age | Precipitation | Evapotranspiration | Infiltration Rate | Porosity | Erosion
[am] | [a] [mm a™] [mm a™] [mm a™] [-1 [thala™]

CJ-1 | 32.26 | 100000 600 400 200 0.5 0.30

CJ-2 | 7.09 | 100000 600 400 200 0.5 -

CJ-3 | 40.76 | 100000 600 400 200 0.5 0.16

CJ-4 | 24.95 | 100000 600 400 200 0.5 0.13
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4 Discussion

4.1 Soil Profiles

The investigated soil types correspond well to the vegetation cover of the individual sites. The
first three sites CJ-1, CJ-2 and CJ-3 have Chernic Luvic Phaeozemes, which are mainly found in
transitional areas between wooded, wetter area and semi-arid long grass steppes (Zech et al.,
2014). They occur mainly under grass vegetation with occasional sparse forest patches on loess
or loess-like substrates or other fine unconsolidated sediments (Zech et al., 2014). Similar soils
were also found by Paltineanu et al. (2020) for areas south of the study area. Gabor et al. (2010),
Pendea et al. (2002) and Weindorf et al. (2009) examined soils distributed over the whole Tran-
sylvanian Plain, and Iurian et al. (2012) found similar soils in the Cluj-Napoca area. The deep
Chernic A horizons of sites CJ-1, CJ-2 and CJ-3 are indicative of relatively stable environmental
conditions over long periods of time combined with high biomass production by forest steppe,
as well as high humus accumulation by burrowing soil animals (bioturbation) (Zech et al.,
2014).

All three sites were identified as Luvic Phaeozems, meaning they all have an increase in clay
content in deeper layers compared to the uppermost soil horizons (Zech et al., 2014). This en-
richment is also visible in the enrichment of iron in the deeper A horizons, especially at sites
CJ-1 and CJ-2. In addition, prismatic structures were found in the mollic horizons, which are
more typically found in B horizons and not in A horizons (FAO, 2014). These findings may
be evidence of soil polygenesis. The argic properties of the soils indicate an initial pedogen-
esis towards Luvisols, which tend to develop more under forest cover (Rusakov et al., 2019).
Through subsequent cover with grass vegetation, the soil then developed into the present soil
type, towards Phaeozem/Chernozem. The fact that no real B horizons were recognisable is
possibly due to overprinting by deepening of the A horizon beyond the B horizon, for example
by bioturbation, penetration fo deep soil by grass roots and their subsequent decomposition
(Kels et al., 2014). At site CJ-3, large root channels with diameters of 5 — 10 cm were found in
the soil profile at relatively large depths (A(C) and AC horizon; 160 — 225 cm) that were too
large to be from grass vegetation. This is another sign that a vegetation change has taken place
in the course of the soil genesis.

The distribution of oxyhydroxides in soils under grassland is also interesting. The amount of
crystalline oxyhydroxides of iron has a maximum in the lower horizons at all three sites, which
can also be explained by relocation processes that occur together with clay relocation (Graly

et al., 2010; Wyshnytzky et al., 2015). While at site CJ-4 the highest content is found in the Bt
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horizons, in the other soils the maximum is found in the transition horizons between A and C
horizons, i.e. where a B horizon would be found in a Luvisol.

The soil at site CJ-4 was identified as Stagnic Luvisol. This soil type is very common in the
Transylvanian Basin, as shown by Gabor et al. (2010), Jakab (2007) and Pendea et al. (2002),
among others. Luvisols are typically formed under forest, especially deciduous forest, and are
characterised by clay displacement processes, with a argic horizon as a diagnostic feature (Zech
et al., 2014). Horizon Bmt shows the typical features of a stagnic horizon, which suggests a
possible transition to Stagnosols. The Am horizon already shows a somewhat increased ac-
cumulation of organic material, which can be attributed to the vegetation change from forest
to grassland. This process is described by Pendea et al. (2002) for other soils, especially for
present-day grass soils that have evolved from Luvisols through the formation of a mollic top-
soil. The soil at this site probably shows the condition of the other three soil profiles shortly
after a possible vegetation change to grassland and could develop into a similar soil over a long

period of time.

4.2 Fallout Nuclides
4.2.1 29+290py Inventory

The 2°*240Py inventory at the reference side was 61 Bq m2, which lies in the expected range
of 50 — 100 Bq m™ for the Northern hemisphere (Masarik, 2009). The typical distribution of
fallout 2**24%Py is a maximum within the uppermost centimetres of the soil surface with an
exponential decrease with depth, usually not deeper than 20 — 30 cm in an undisturbed soil
(Meusburger et al., 2016). This typical distribution can be seen in the reference site and in sites
CJ-3 and CJ-4. The highest inventories of 2**?0Pu are found within the top 5 cm, followed by
a decrease with depth, and no measurable content of 2**240Py at a depth of 40 cm, as described
by several other studies using 2**240Pu (e.g. Lal et al. (2013); Alewell et al. (2014); Zollinger
et al. (2015); Meusburger et al. (2016); Raab (2019)).

Sites CJ-1 and CJ-2 did not show the typical depth distribution. For CJ-1, almost no difference
is visible for the inventories of the uppermost 20 cm. Site CJ-2 also shows an almost uniform
239+240Py inventory for the uppermost 15 cm, only at a depth of 15 — 20 cm the amount of
239+240py decreases somewhat. This uniform distribution is most likely due to ploughing (Cal-
itri et al., 2019). Ploughing mixes the 2*°*240Py in the soil evenly, which disturbs the natural
depth trend. This fact complicates the calculation of erosion rates, as these are largely cal-
culated by the different depth distributions. The erosion rates calculated with PDM and IM

should therefore be taken with caution for the two sites CJ-1 and CJ-2, as these are less suitable
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for ploughed sites. MODERN, on the other hand, is suitable for sites that have been ploughed.
Ploughing as a cause is the logical conclusion especially for site CJ-2, as clear signs of plough-
ing were found in the soil profile in horizon Al.

Another possibility that could explain the mixing is strong downward movement of the soil.
This possibility is especially true for site CJ-1, where large amounts of organic material have
been found in deeper layers, as well as the geomorphological shapes in the field, which suggest
a movement of the whole soil. In addition, bioturbation by soil-dwelling micro- and macro-
organisms may also be mixing the topsoil and homogenising the distribution of 2**240Pu (Alewell
etal., 2017).

For site CJ-2, a small amount of 2°*240Pu was still measured at a depth of 40 cm. This can
also be caused by bioturbation, especially considering the high mixing at this site. In addition,
239+240Py can be displaced to greater depths by transport of organic material to which the plu-
tonium is attached (Meusburger et al., 2016).

The relatively high 2%*2%0Pu inventory values at site CJ-4 are very likely due to the differ-
ent vegetation cover compared to the other sites. The measured samples were collected in a
meadow outside a forest as well as at the forest edge and in the forest. The meadow still showed
characteristics of a forest site, which suggests that this piece of land has not been cleared for
too a long time. Forest soils tend to have higher levels of fallout 2**?49Py, because at these sites
the trees have a filtering effect on aerosols and therefore capture larger parts of the airborne
239+240py (Eikenberg et al., 2001; Alewell et al., 2017). By interception, the trapped parts are

washed out or brought into the soil by leaf fall.

4.2.2 Erosion Rate

The erosion rate for the period from 1963 until today was assessed using fallout 23*+240Py.
The different modelling approaches calculated different erosion rates for the individual sam-
ple sites. The calculated erosion rates range from 0.70 t ha a up to 7.89 t ha! al. The
Romanian Research Institute for Soil Science and Agrochemistry classification classifies these
values as low erosion processes (Darja et al., 2002). The values are comparable to the erosion
rates recorded by Iurian et al. (2012) for a plot only 8 km from sample site CJ-1. The erosion
rates were calculated with the PDM method using fallout '¥Cs. The average erosion rate in
eroding areas of 9.5 t ha! a from Iurian et al. (2012) is slightly higher than the 6.02 t ha' al
(CJ-1) or 7.89 t ha! a! (CJ-2). This higher value can be explained, among other things, by the
fact that Iurian et al. (2012) measured erosion rates on steeper slopes than is the case for CJ-1

and CJ-2. This is also supported by the higher maximum erosion rates of up to 18 t ha™ a! of
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[urian et al. (2012).

In a plot close to this one, Iurian et al. (2014) calculated gross erosion rates of 12.2 t halal.

In a plot around 20 km East of site CJ-3, [urian et al. (2013) also calculated erosion rates using
fallout 137Cs, but modelling the erosion rate using another model (MBM2 by Zapata (2002)).
For eroding sites, the calculated erosion rates ranged from 0.1 t halalona very flat surface
(3°)upto7.2tha' al and 8.2t ha'! a! on steeper surfaces (9.2°, 11.1°).

In a GIS based modelling approach, Patriche (2019) calculates an average soil erosion rate for
agricultural lands and slopes > 5°within the entire Transylvanian Depression of 10.83 +11.79 t
hal al, and a rate of 6.36 +10.23 t ha'! a! averaged over all types of terrains.

Ionita et al. (2007)

For a grassland site in North-Eastern Serbia close to the Romanian border, Kalkan et al. (2020)
also calculated soil erosion rates using the PDM method. The vegetation cover is similar to the
sites in this study and can therefore be compared to a certain degree. Over a slope, Kalkan et al.
(2020) measured sole erosion rates from 1.58 t ha! a! to 10.60 t ha™! a!, which is similar to the
range found in this study.

The slope is often a determining factor of the severity of erosion (Samonil et al., 2020). For the
sites here, this trend of higher erosion rates on steeper slopes was not found. It is possible that
the slope differences were not pronounced enough at the first three sites, which would be most
comparable, and at site CJ-4 the other formative factors were stronger and reduced the effect of
the steeper slope.

Additionally, the position on the slope of the different samples were different, with CJ-1 close
to the summit of the hillslope on the one side and CJ-3 in a rather colluvial part of the slope.
This can ha a possible influence on the erosion rate, the colluvial influence could partly explain
the rather low erosion rates at site CJ-3.

At sites CJ-1 and CJ-2, there was one duplicate set each that showed greatly increased erosion
values. This can be seen well in Figure 13 by the outliers. The duplicates were both located
in the steepest area around the soil profile, which could to some extent explain the increased
values. However, the average value of the two duplicates is many times higher and cannot be
explained only by the minimal differences in topography. At site CJ-1, traces of grazing and
of movements of heavy vehicles were visible, which could have had an influence on the dif-
ferences in erosion rates. At site CJ-2, traces of agricultural cultivation were visible due to a
plough horizon. Ploughing can account for large differences at a very local level. The distribu-
tion of erosion rates of the other duplicates was much more comparable, the average erosion

rates of 2.7 t ha! a™! for CJ-1and 2.4 t ha'! a! for CJ-2 calculated only with these replicates are
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much closer to the erosion rate of 2.8 t ha a! at site CJ-3. A higher number of replicate sets
would show whether these high erosion rates were outliers or multiple, because since each of
these duplicates accounted for a quarter of the average, the influence of a single one was very
high.

The soil profile of site CJ-4 was outside a forest in a meadow that was probably also forested
a few decades to centuries ago. In order to determine a possible difference in erosion rates
between forest and meadow, the different replicates were divided: two replicates in the open
tield, two replicates at the edge of the forest and one replicate in the forest. The lowest average
erosion rate was found for the replicate in the forest with a rate of only 0.11 t ha™ a!, followed
by the sample standing under a large oak at the forest edge with 0.28 t ha a™. The values for
the replicates in the open field were higher than for the forest replicates, with 1.53 tha! a”l and
1.94 t ha! al, and more similar to those of the other meadow sites. This finding is consistent
with the low erosion rates for forest sites, as cited for example by Meusburger and Alewell
(2014).

A comparison of the individual methods shows that there is a correlation with a high coef-
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Figure 18: Correlation of the different erosion rates calculated using three different modelling approaches:

PDM (Walling and He, 1999), IM (Lal et al., 2013) and MODERN (Arata et al., 2016b)

ficient of determination between all methods (see Figure 18; even though the regression with
only four related data pairs tends to have a high coefficient of determination by itself). Meus-
burger et al. (2016) compared soil erosion rates calculated with MODERN with those calculated
with IM. The comparison there was just as significant as here, and the ratio was also approx-
imately the same. The erosion rates calculated using MODERN by Meusburger et al. (2016)
were twice as high than those calculated using IM, an observation that is exactly opposite to
those made here. At the sites studied here, the erosion rate calculated with MODERN was
twice as high than that calculated with IM (P=1). This is probably due to the fact that a small

inventory change in the uppermost layers in MODERN leads to stronger erosion rates than in
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IM (Arata et al., 2016a). MODERN also has the potential to overestimate erosion rates because
the model does not include time-dependent migration of FRN in the soil (Arata et al., 2016a).
The comparison of PDM and IM (P = 1) shows a surprisingly constant ratio for the first three
grass sites (CJ-1, CJ-2 and CJ-3). The erosion rates calculated with PDM are 1.7 times higher
than those calculated with IM. For the site influenced by the forest, the ratio is somewhat lower
with a factor of 1.3.

The tendency of higher erosion rates calculated with PDM is due to the higher reactivity of the
model. Smaller inventory changes lead to larger changes in the calculated erosion rates in this

model compared to other models (Calitri et al., 2019).

4.3 Meteoric °Be

4.3.1 Meteoric 1°Be Inventory

The measured inventories of meteoric 1°Be range from 0.03 x 10% atoms g™ to 7.15 x 10® atoms
g!, which lies in the broad range as described by Graly et al. (2010). The depth distribution of
the '°Be content of sites CJ-2 and CJ-3 shows the typical characteristics of a decline type as de-
scribed by Graly et al. (2010). This type has the highest °Be content in the uppermost horizon
at the surface, followed by progressively decreasing content with increasing depth, the lowest
content being found in the C horizon. CJ-2 has a slightly higher °Be content in the second up-
permost horizon, which Graly et al. (2010) calls bulge. This slightly higher content may be due
to mixing of the uppermost parts of the soil (e.g. by ploughing, which may very well serve as
an explanation for this site), as well as translocation by bioturbation or by washing of material
from the surface into deeper layers. In addition, the lower content of °Be may be caused by
greater erosion on the surface (Graly et al., 2010).

Site CJ-1 also has the typical characteristics of a decline type in the uppermost horizons, but de-
viates from this type in the AC and C horizons. The content of 1°Be is lower in the AC horizon
than in the underlying C horizon. A possible explanation for this is a pre-exposure or inheri-
tance of the parent material, i.e. an accumulation of 1°Be before the initiation of soil formation
(Egli et al., 2010).

Site CJ-4 once again shows very different characteristics compared to the other three sites. First
of all, the amount of 19Be in the individual horizons is more than twice as high, with the high-
est measured value of 7.15 x 10® atoms g!. Moreover, this peak is not found in the uppermost
horizons at the surface as at the other sites, but in the B horizon at a depth of more than one
metre. The higher total amounts of °Be are an indication of a higher age of the investigated

soil compared to the others, as the accumulation of 1°Be could happen over a longer period of
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time (Graly et al., 2010). The shape of the depth distribution shows the typical characteristics
of a bulge type as described by Graly et al. (2010). This type shows the highest °Be contents in
the B horizon, followed by a decrease in the underlying horizons. This observation also sup-
ports the assumption of a high age, since only with increasing age and a progressive formation
of clay and oxyhydroxides through erosion and illuviation processes a transport of 1°Be into
deeper soil layers occurs. An accumulation of clay in the B horizon can therefore lead to an
increase in 1°Be content (Graly et al., 2010).

The rather small decrease in the amount of °Be in the A horizons of site CJ-3 as well as the
smooth decrease are a sign of rather high age as well as undisturbed state of the site (Graly
etal., 2010). The relatively high accumulation of 1°Be in deeper layers can only have developed
over a long period of time.

The meteoric °Be shows a weak correlation (R*= 0.35, p < 0.05) to the dithionite-extractable
Fe (amorphous and crystalline forms), a trend which has also been observed by Wyshnytzky
et al. (2015). Other studies found correlations for meteoric 1°Be with the oxalate-extractable
Fe (Egli et al., 2010; Calitri et al., 2019). However, the data here did not show this correla-
tion, despite a visually observed similar depth trend for the both factors. A high affinity of
10Be for organic ligands was observed, leading to increased formation of metallo-organic com-
plexes. Since these are mainly negatively charged, they bind preferentially to the positively
charged Fe-oxyhydroxides and Al-oxyhydroxides (Willenbring and von Blanckenburg, 2009;
Calitri et al., 2019). A somewhat weaker correlation was found for meteoric '°Be and oxalate-
extractable Al (R? = 0.21, p < 0.05), which could be explained by the previous remark. Another
weak correlation was found for manganese (R? = 0.30, p < 0.05). Manganese also accumulates
strongly in ligand complexes, which could explain the correlation with beryllium.

A correlation between 1°Be content and clay content was found by Maejima et al. (2005). Simi-
lar to Egli et al. (2010), this correlation could not be found here. However, a negative correlation
was found for the silt content in the samples (R?=0.41, p < 0.05), the lower the silt content, the

higher the '“Be content.

4.3.2 Soil Age Determination with Meteoric °Be

The calculated soil ages of the individual soils range from slightly over 20 ka to an age of over
125 ka for the oldest soil. The ages calculated with the slightly higher 1°Be deposition rate of
Graly et al. (2011) are all lower than those using a deposition rate of 10° (Willenbring and von
Blanckenburg, 2009). The high ages are possible because the area was not glaciated during the

last ice age, the Carpathian glaciers did not reach this area (Popescu et al., 2017). Therefore, the

51



soils had a relatively long period in which they could develop and were not destroyed by the
glaciers.

The calculated ages of the two sites CJ-1 and CJ-2 are relatively similar. This makes sense be-
cause they are on the same hill range, simply on the other side. The fact that soil formation
starts relatively simultaneously can be explained by the almost identical environmental condi-
tions.

With the highest soil age at site CJ-4 of up to 120 ka, the beginning of the soil formation would
coincide with the end of the penultimate ice age (Riss/Saale glaciation) about 120,000 years
ago, the Eemian interglacial. The large amounts of Loess material exposed by the retreating
glaciers were transported from the Alpine region as well as from the northern Carpathians into
the region of the Carpathian Basin as well as into the Transylvanian Basin (Novothny et al,,
2011). This material then served as the basis for soil formation. Jakab (2007) has also found
such deposits for terraces in the northern Transylvanian Basin, which would correspond in
age to that determined here. Corcea et al. (2013) determined the age of sediments near Cluj-
Napoca to be the same age period of about 125 ka. The onset of warming led to a melting of
ice in the nearby Apuseni Mountains, which allowed an additional flushing of large amounts
of sediment into the lower areas, this in a rather short period of time. These two depositional
processes, on the one hand the loess deposits from the glacial area of the Alps, on the other
hand the deposits from the nearby Apuseni Mountains, are presumably the parent material of
the soil formation, which leads to a maximum age of the soils of the region of about 125 — 130
ka.

The calculated age of about 20 ka at sites CJ-1 and CJ-2 coincide with the onset of climate warm-
ing towards the end of the last glacial (Wiirm/Weichsel glaciation) about 19°000 years ago af-
ter the Last Glacial Maximum (Persoiu, 2017). A thawing of the permafrost, which possibly
occurred locally in this region (Persoiu, 2017) allowed an incipient reinforced soil formation.
Increasing warming in the later millennia allowed soil growth and some permanence.

With a calculated age between 53 and 65 ka, the onset of soil formation at site CJ-3 would fall in
a period when climate (especially temperature) was relatively stable (Staubwasser et al., 2018),
which would allow initial formation of the soils.

All these ages are minimum ages, possible erosion is not included in these calculations, which
leads to an underestimation of the actual ages (Egli et al., 2010). Additionally, °Be in the soil
can interact with acidic solutions percolating the soil and the absorbed '°Be can get washed out,
leading to a further age underestimation (Egli et al., 2010). In turn, soil material can be brought

in, which can lead to an external supply of °Be. Similarly, pre-exposure of the parent material
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can increase the amount of 1°Be, which can lead to an increased estimated age (Egli et al., 2010).
This may be the case for the parent material of the profiles described here, especially for site
CJ-4. Moore et al. (2021) have shown that deciduous trees have the potential to take up mete-
oric 1°Be from the soil through the roots. This is accumulated in the leaves and distributed on
the soil surface with leaf shedding, which can lead to a mixing of the 1°Be content. If 1°Be from
pre-exposed material reaches the surface the calculated soil age is likely overestimated.

The soil ages calculated with g from Graly et al. (2011) depend on the assumed annual rainfall.

For the calculation, a value of 600 mm a’!

was assumed, which corresponds approximately to
today’s precipitation amount. Over the long period considered here, this value is not constant
but varies considerably, especially between glacial stadials and interstadials, which influence
the amount of precipitation (Persoiu, 2017). However, the average amount over the last millen-
nia seems to be a relatively good mean of 600 mm (Persoiu, 2017), which is why this approxi-

mation is sufficient for a rough calculation of soil ages.

4.3.3 Long-term Soil Erosion Rate with Meteoric 1°Be

The long-term erosion rate based on the meteoric ’Be content was calculated in two different
ways. The first as described by Lal (2001), the second method the one according to Zollinger
et al. (2017). Both methods use the average annual '“Be deposition rate g as input value. As
already described in the part on age determination with meteoric °Be, the two different values
for g from Willenbring and von Blanckenburg (2009) and Graly et al. (2011) were also used. Us-
ing two different methods with two different 10Be deposition rates each, four different erosion
rates were thus calculated for each site (see Table 9).

The average long-term erosion rate for all calculation methods across all 4 sites is 0.5 t ha™! a™.
This is within the range found by other studies in comparable landscape systems. Loba et al.
(2021) calculated a long-term erosion rate for agriculturally used loess soils between 0.44 — 0.85
thal al. For likewise comparable loess soils in south-western Poland, Kotodyniska-Gawrysiak
et al. (2018) found a long-term erosion rate of 0.24 - 0.74 t ha al. Only the relatively high ero-
sion rates of CJ-2 of 1.28 t ha a™! and 1.00 t ha'! a! are slightly above these ranges. However,
this is not unique, for example Raab et al. (2018) measured erosion rates of up to 3t ha™ a’!, as
well as Calitri et al. (2021) for sites in Northern Germany.

The method of Lal (2001) calculates the deeper erosion rates for the grass sites CJ-1, CJ-2 and
CJ-3 than the method of Zollinger et al. (2017). The values are two and a half to seven times
greater. For the fourth site CJ-4, the method according to Lal (2001) produces higher values.

For the first three sites, a correlation (R? <0.9) is visible for all combinations, but not when site
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CJ-4 is also considered. This is probably due to the differences between the grass sites and site
CJ-4. The deep A horizons of CJ-1 — 3 are used for the Lal (2001) method compared to the C
horizon, and without B horizon. The amount of inventory decline compared to the C horizon
is lower here. The comparatively thin A horizon at site CJ-4 accounts for a larger proportion in
comparison, so erosion here has a greater effect in Lal (2001).

The erosion rate calculation according to Zollinger et al. (2017) requires a maximum age of the
investigated soils. As discussed in the last part, the assumed maximum age is about 125 ka
(Corcea et al., 2013). To include a possible initiation phase of soil formation, a maximum age
of 130 ka was used for the calculation. However, the influence of the maximum age factor is
rather small, even a difference of several tens of thousands of years only changes the erosion

rate by a few tens of kg ha! a’l.

4.4 In-situ ’Be
4.4.1 In-situ 1°Be Age Determination

The calculated ages of the one outcrop show no real age trend. The maximum age of about 7.8
ka was measured at mid-height, the higher, theoretically oldest measuring point was younger.
A possible age trend can only be determined for the lower two measuring points CJ-11 and
CJ-12, but this one single age difference is not sufficient to calculate a possible erosion rate. The
uppermost measuring point CJ-13 was either exposed later or, more likely, a piece broke off and
the collected material was therefore exposed later. If the second site had given enough quartz,
a more accurate determination might have been possible.

The sample points may also have all been exposed at the same time, for example by a single
erosion event (landslide, heavy rainfall event, etc.).

With a maximum age of about 7.8 ka, the outcrop was exposed at a time when soil formation
in this area had already been going on for millennia (Corcea et al., 2013; Jakab, 2007). The site
is located in the relatively narrow river valley of the lara River. It is therefore possible that the

outcrop was exposed in a relatively short period of time due to deepening of the riverbed.

4.4.2 In-situ 1°Be Erosion Rate Determination

The estimated soil erosion rate of 0.20 t ha! a is in similar ranges as the values calculated
with other methods. However, this value is only calculated very inaccurately, because only the
maximum age was calculated to calculate the lowest value. If the lower age of the lowest point

CJ-Bell were used, the erosion rate would be slightly higher.
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4.5 Erosion Rate from Soil Formation Modelling

The calculated erosion rates are in a similar range as the long-term erosion rates calculated
with other methods. For site CJ-2, no erosion rate could be calculated because the calculated
soil depth was smaller than the actually measured one. This is due to the very low particle size
dsp of only 7.09 pm. The calculated soil depth is thus estimated to be rather too deep, since
smaller particles lead to larger surfaces, which influence percolation. The value for d5, of site
CJ-2 is also the only one that deviates excessively from the average values calculated by Egli
et al. (2018).

The method is based on a large number of estimated factors. As in other methods for calculat-
ing long-term erosion rates, the amount of precipitation has a major influence on the results. In
addition, there are other factors that need to be estimated. The infiltration rate of precipitation
into the soil as well as evapotranspiration can vary greatly over the entire study period. In
addition, dsp was only calculated from three soil samples per site, a calculation with all dis-
cernible soil horizons would probably have yielded more accurate results, including a result

for site CJ-2.

4.6 Comparison of Different Soil Erosion Rates
4.6.1 Comparison of the Long-term Erosion Rates

The long-term erosion rates of the different sites were determined in two different ways. The
first is the determination with meteoric °Be from the different soil horizons, the second is an
approach that calculates the soil depth using a percolation model, which can then be used to
calculate a soil erosion rate. A third method to calculate long-term erosion, the in-situ °Be
method could only be used to calculate a rough approximation of the erosion rate, as there was
no distinct age trend between the different samples. A compilation of all calculated long-term
erosion rates can be found in Table ??. The different erosion rates calculated using the meteoric
10Be method have already been discussed in that related part. The erosion rates calculated with
the method of Egli et al. (2018) correspond very well to the values for the first three grassland
profiles calculated with the method of Lal (2001) with a g of Graly et al. (2011). For sites CJ-1
and CJ-3 the erosion rates are almost identical. For site CJ-4, a practically identical erosion rate
was calculated for the method according to Egli et al. (2018) and Zollinger et al. (2017) with g of
Willenbring and von Blanckenburg (2009). The approximation arrived at using the in-situ '°Be
method at a rate of 0.20, or 0.24 t ha'! a! tends to be in the lower range of calculated erosion

rates, but reflects the approximate range of the other methods.
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The average long-term erosion rates range from 0.17 t ha' a! and 0.78 t ha! a’!, the average
rate across all sites is 0.44 t ha'! al, a rather low value in a range also found by others, for ex-
ample Kotodyniska-Gawrysiak et al. (2018) or Loba et al. (2021). The relatively good agreement
between the erosion rates calculated with different methods is an indication of the quality of
the calculations. Since similar results were obtained with two independent methods, the range

of soil erosion rates seems to be correct.

Table 11: Summary of all long-term erosion rates for the four soil sites calculated using different ap-

proaches, and the average long-term soil erosion rate of all methods.

Lal (2001) Zollinger et al.
Lal (2001)
using g by Zollinger et al. (2017) using g by
using g by Egli et al. | Average of
Willenbring and (2017) using g by | Willenbring and
Graly et al. (2018) all Methods
( ) von Blanckenburg | Graly et al. (2011) | von Blanckenburg
2011
(2009) (2009)
Site | thalal thalal thalal thalal thalal |thalal
CJ-1|0.29 0.24 0.79 0.62 0.3 0.45
CJ-2 | 047 0.38 1.28 1 - 0.78
CJ-3 | 0.17 0.14 0.74 0.53 0.16 0.35
CJ-4 | 0.31 0.25 0.13 0.04 0.13 0.17

4.6.2 Comparison Long-term Erosion Rates — Short-term Erosion Rates

The erosion rates for the different sites were determined over two different time periods. The
first period covers the entire span since the onset of soil genesis of the soils considered here,
i.e. a long-term erosion rate. These values were calculated using two different methods, the
first using the distribution of meteoric 1°Be in the soil, the second using an approach that cal-
culates a theoretical soil depth based on a percolation theory. The second period covers the
period since the nuclear bomb peak in 1963, i.e. a period of about 60 years, referred to here as
the short-term erosion rate. Values for short-term erosion rates were calculated based on the
content and distribution of fallout 23°*24Py in the studied sites compared to a reference site.

The erosion rates are very different for the two periods. The short-term erosion rates over the
last 60 years are larger than the corresponding long-term erosion rates by a factor of 7 to almost
10. This finding is consistent with that of Kotodyriska-Gawrysiak et al. (2018) and Loba et al.
(2021), who found similar relationships between short-term and long-term erosion rates. These
large differences can have different causes, on the one hand natural fluctuations, mainly due to

climate changes, which lead to an increase in erosion (Smithson et al., 2008) and on the other
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hand anthropogenic causes. The extreme increase in short-term erosion rate compared to long-
term erosion rate can only be attributed to natural processes to a limited extent. The human
factor has a strong influence on the high erosion rates found here. Large areas of Romanian
farmland are affected by severe soil erosion (Ionita et al., 2007; Mircea et al., 2010). The reasons
for this are mainly poor farming techniques, which first led to soil degradation under com-
munist leadership increasingly since the sixties, but even more so since soil erosion controls
were not really enforced after the fall of the communist regime (Mircea et al., 2010). A major
contributor to soil erosion is uphill and downhill ploughing, which has been increasingly used
again since the 1990s instead of contour ploughing. In addition, increased fallowing, as well as
non-compliance with alternate field cultivation are reasons for increased erosion values Ionita
and Margineanu (2000); Mircea et al. (2010).

The long-term erosion rate is most comparable to the erosion rates of the samples in the forest
at site CJ-4 in the short term. Forests lead to lower erosion rates because the canopy reduces
the energy of precipitation through interception, and in addition the many roots of the trees
stabilise the soil (IAEA, 2014). Deforestation and conversion to grassland or crop land can, in
turn, lead to an increase in soil erosion. This change has taken place in many areas in Romania,
which may contribute to the high erosion rates (Mircea et al., 2010). The similarity between the
long-term erosion rate and the erosion rate in the forest could possibly be an indication that
the areas were forested over some period of time and therefore have the same erosion rates as
those found in the forest. This would speak for a vegetation change rather than a Holocene
continuity of the grassland at the sites studied here.

According to Alewell et al. (2015), a tolerable soil erosion rate must not be greater than the
rate of soil production, because this would lead to soil degradation. Young soils tend to have
the highest production rates, with increasing age this decreases progressively. Since the soils
studied here are all of a high age, it can be assumed that the production rate is rather low.
Accordingly, the erosion rate must not be very high in order to prevent soil degradation. The
average long-term erosion rates of the individual sites are near the tolerable soil erosion rates
of 0.5to 1 tha! a! mentioned by Alewell et al. (2015). However, the short-term erosion rates
of the last almost 60 years are strongly above this, which leads to a strong degradation of the

soils over longer periods of time.

4.7 Holocene Continuity

The strongly developed soils at the grassland sites CJ-1, CJ-2 and CJ-3 indicate that the present

vegetation condition tends to persist for a long time. Above all, the decarbonatisation at great
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depth, especially at site CJ-3, speak for a relatively high age of the soils found here. This is also
supported by the relatively high ages of the soils investigated here. However, the ages do not
exclude a change in vegetation and associated changes in the soils.

The soils at sites CJ-1, CJ-2 and CJ-3 show evidence of polygenesis. This might be due to
a change in vegetation from forest to grassland, which would argue against a continuity of
grassland throughout the Holocene at these sites. Characteristics such as clay displacement
as well as remains of large root channels at great depths speak rather for a forestation of the
investigated sites. However, a vegetation change probably took place relatively long ago due
to the strongly pronounced organic horizons. However, the profiles studied here are only point
measurements, which need not be representative of the entire environment. The presence of
features indicative of forest could also come only from individual trees that stood here at some
time in the past, and which did not necessarily result in a closed forest cover.

The different erosion rates vary considerably. The high recent erosion rates are probably largely
due to the strong anthropogenic influence of the last 60 years. The long-term erosion rates of
all sites are most similar to those under forest cover at site CJ-4, possibly indicating such a

vegetation type for a large part of the time periods studied.

5 Conclusions, Outlook and Perspectives

This Master’s thesis investigated different soils in a forest-steppe landscape in the area around
the city of Cluj-Napoca, Transylvania, Romania. With growing evidence, grasslands with
patches of open forest in these ecosystems exist continuously through the Holocene despite
climatic suitability for closed forest cover.

Four soil profiles were studied, their soil taxonomical units were determined and the con-
tent of different elements was investigated to determine possible factors influencing soil gen-
esis. Three of the studied soils (CJ-1, CJ-2 and CJ-3) were determined to be Chernic Luvic
Phaeozems. The displacement of clay as well as iron and other elements, the existence of large
root channels at great depths and the presence of prismatic soil structures are indications of a
possible polygenesis of the soils. The fourth soil at site CJ-4 was classified as Stagnic Luvisol,
indicating a relatively recent clearing of forest at this site or a transition from forest vegetation
to grassland vegetation. Many of the characteristics of this soil unit are visible, albeit over-

printed, at the other sites, suggesting possible past land cover at these sites.

Using different methods, soil erosion rates were determined over different periods of time.

Long-term rates over the period since the beginning of the formation of the investigated soils
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were calculated using meteoric 1°Be content in the individual soil horizons. A second method
of calculating long-term erosion rates was an approach that created a theoretical soil depth
based on infiltration of precipitation into the soil as well as grain size composition. Short-
term erosion rates for the last 60 years or so were calculated using the distribution of fallout
239+240p,,

As hypothesised, the short-term erosion rates are several times higher than the erosion rates
over the entire soil formation with average erosion rates ranging from 1.35 t ha' al to 5. 4 t
ha! a! over the last almost 60 years and long-term erosion rates between 0.18 t ha™! a! and
0.78 t ha! a’l. The large differences are mainly due to human causes, largely incorrect agricul-
tural management and conversion of forest areas into grasslands. To a lesser extent, however,
changes in land cover can also explain the differences, because the short-term erosion rates of
samples taken in the forest correspond fairly well to the long-term erosion rates. This suggests

that some of the areas studied were previously forested.

The total content of meteoric 1°Be was used to determine the minimum age of the soils. As
predicted, the ages are very high, with values between 20 ka and 125 ka, the times of onset
of soil formation are before the Holocene in the Pleistocene. An age determination of the soils
using an approach with in-situ '°Be yielded only limited useful results. Accordingly, these data
could only be used to determine a roughly approximated soil denudation rate. A second set
of data in a first leaching run did not yield enough material for an analysis, a reprocessing of
these data could possibly give a more accurate picture of the age distribution as well as the

long-term erosion.

An age determination of the strongly pronounced A horizons at sites CJ-1, CJ-2 and CJ-3 (for
example by using the *C method) could narrow down the time period at which a possible
vegetation change took place. The project in which this work is embedded is also investigating
other features of the same sites. These results in combination with those of this work will help
to draw a more accurate picture of the situation during the Holocene. Thus, micro- and macro-
traces of plants can provide further evidence of vegetation change and thus support the results

found here.
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A Appendix

Table 12: Average elemental composition from dithionite and oxalate extraction method of the individual

sample sites and for all soil horizons.

Site | Soil Horizon | Depth Dithionite Extraction Oxalate Extraction
[em] Al [mg kg-1] | Fe [mg kg-1] | Al [mg kg'l] Fe [mg kg'l] Mn [mg kg'1] Si [mg kg'l]
Al 10-22 2408.5 15360 1779.5 2810 678.9 295.5
A2 22-48 2437.25 16115 2436 32385 586.6 367.95
CJ-1| A3 48 - 80 2123 17185 2099 3614.5 971.25 605.95
AC 80-98 1547 21875 1139.95 1266 328.8 561.8
C 98-140 1033.5 14215 1047.9 1207.5 347.85 372.25
Al 0-30 976.1 9725.5 1872 5006 443.6 678.95
A2 30-53 1164 9603 1915.5 3902 446.8 730.55
A3 53 -89 1273.5 11905 1822 3375 616 788.4
2 A4 89-114 14175 14925 1667 2883 700.8 654.05
AC 114-140 1273 14905 896.55 1513.5 483.05 384.25
C 140-150 1209 15985 693.65 1210.5 650.85 317.85
Al 0-39 1195.5 7867 1814 2099 502.4 336.4
A2 39-84 1285.5 9541.5 1702.5 1735 465.65 346.05
A3 84-120  1059.5 8910.5 1403 2080 442.2 410.35
s AC) 120-145 789.2 9054 1119 1771 401.6 517.1
AC 145-184 569.8 8150.5 921.85 1339 441.3 390.55
C 184-195 3634 8288 734.8 1534 354.5 452.8
Am 0-10 1713 9360.5 1714 3355.5 472.75 204.5
AeB 10-23 1771 10006 1717 3117 488.4 204.45
Btls 23-43 2681.5 13315 2263.5 1664.5 72.425 285.6
CJ-4 | Btzg 43-71 1953 12365 1695.5 807.5 1.0447 297.3
Bmt 71-99 1419 12650 2025.5 891.55 98.145 363.5
BC 99-127 61335 4960.5 1384.5 490.3 198.45 415.95
Cg 127 -147 519.15 2036.5 1459.5 411.3 35.795 461.3
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Table 13: Elemental composition from dithionite and oxalate extraction method of the individual sample

sites and for all soil horizons, with two duplicates for each sample.

Sample-Nr. Sample | Site | Horizon | Depth Dithionite Al | Dithionite Fe | Oxalate Al | Oxalate Fe | Oxalate Mn | Oxalate Si
[em] [mg kg [mg kg] [mgkg!] | [mgkg!] | [mgkg'] [mg kg-1]

242C20DP-94-1 | CJ1-Bel CJ1 Al 10-22 2486 15320 1497 2960 685.7 304.2
242C20DP-94-2 2331 15400 2062 2660 672.1 286.8
242C20DP-95-1 | CJ1-Be2 CJ1 A2 22-48 2518 15820 2197 3237 620.7 368.7
242C20DP-95-2 2356.5 16410 2675 3240 552.5 367.2
242C20DP-96-1 | CJ1-Be3 CJ1 A3 48 -80 2020 17520 2079 3531 907.5 575.5
242C20DP-96-2 2226 16850 2119 3698 1035 636.4
242C20DP-97-1 | CJ1-Be4 CJ1 AC 80-98 1566.5 21670 856.9 1267 341.9 416.1
242C20DP-97-2 1527.5 22080 1423 1265 315.7 707.5
242C20DP-98-1 | CJ1-Be5 CJ1 C 98-140 968 14050 997.8 1220 328.6 371.8
242C20DP-98-2 1099 14380 1098 1195 367.1 372.7
242C20DP-99-1 | CJ2-Bel CJ2 Al 0-30 972.8 9641 1837 5041 427.4 682.6
242C20DP-99-2 979.4 9810 1907 4971 459.8 675.3
242C20DP-100-1 | CJ2-Be2 CJ2 A2 30-53 1171 9632 1977 4009 4422 712.7
242C20DP-100-2 1157 9574 1854 3795 451.4 748.4
242C20DP-101-1 | CJ2-Be3 CJ2 A3 53-89 1395 12000 1785 3508 622.7 7733
242C20DP-101-2 1152 11810 1859 3242 609.3 803.5
242C20DP-102-1 | CJ2-Be4 CJ2 A4 89-114 1430 14960 1629 2604 677.8 670
242C20DP-102-2 1405 14890 1705 3162 723.8 638.1
242C20DP-103-1 | CJ2-Be5 CJ2 AC 114-140 1289 14930 902.3 1543 498.1 367.8
242C20DP-103-2 1257 14880 890.8 1484 468 400.7
242C20DP-104-1 | CJ2-Be6 CJ2 C 140-150 1257 17130 686.9 1164 640 315.5
242C20DP-104-2 1161 14840 700.4 1257 661.7 320.2
242C20DP-105-1 | CJ3-Bel CJ3 Al 0-39 1182 8078 1854 2186 517.9 342.5
242C20DP-105-2 1209 7656 1774 2012 486.9 330.3
242C20DP-106-1 | CJ3-Be2 CJ3 A2 39 -84 1276 10300 1806 1805 460 344.2
242C20DP-106-2 1295 8783 1599 1665 471.3 347.9
242C20DP-107-1 | CJ3-Be3 CJ3 A3 84-120 1014 8726 1378 2151 440.6 413.7
242C20DP-107-2 1105 9095 1428 2009 443.8 407
242C20DP-108-1 | CJ3-Be4 CJ3 A(C) 120-145 847.3 9085 1077 1653 355.6 510.6
242C20DP-108-2 731.1 9023 1161 1889 447.6 523.6
242C20DP-109-1 | CJ3-Be5 CJ3 AC 145-184 593.7 8126 901.4 1320 460.4 391.2
242C20DP-109-2 545.9 8175 942.3 1358 4222 389.9
242C20DP-110-1 | CJ3-Be6 CJ3 C 184-195 363.9 8305 814.2 1520 384.6 429.6
242C20DP-110-2 362.9 8271 655.4 1548 324.4 476
242C20DP-111-1 | CJ4-Bel CJ4 A 0-10 1645 9361 1622 3511 456.2 2115
242C20DP-111-2 1781 9360 1806 3200 489.3 197.5
242C20DP-112-1 | CJ4-Be2 CJ4 AeB 10-23 1823 10230 1598 2965 493.2 210.4
242C20DP-112-2 1719 9782 1836 3269 483.6 198.5
242C20DP-113-1 | CJ4-Be3 CJ4 Bth 23-43 2608 12790 2208 1680 88.79 301.3
242C20DP-113-2 2755 13840 2319 1649 56.06 269.9
242C20DP-114-1 | CJ4-Be4 CJ4 Btg 43-71 1945 12340 1641 821.6 0.7124 280.1
242C20DP-114-2 1961 12390 1750 793.4 1.377 3145
242C20DP-115-1 | CJ4-Be5 CJ4 Bmt 71-99 1381 12730 1968 907 114.6 354.3
242C20DP-115-2 1457 12570 2083 876.1 81.69 372.7
242C20DP-116-1 | CJ4-Be6 CJ4 BC 99-127  695.4 5226 1419 451.9 140.3 415.8
242C20DP-116-2 531.3 4695 1350 528.7 256.6 416.1
242C20DP-117-1 | CJ4-Be7 CJ4 Cg 127-147 600.7 2127 1494 362.8 35.35 437.1
242C20DP-117-2 437.6 1946 1425 459.8 36.24 485.5
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Table 14: Measured meteoric 1°Be Inventory and inventory corrected to sample preparation blank.

Measured Corrected to sample preparation blank, Error includes AMS standard error
Sample | °Be counts | *Be (LE) | °Be/°Be | error | Abs. error | °Be err abs. 10Be Err 'Be Err 'Be
%1012 [%] | x1012 %108 [at g1 | x10° [at g™] | x10* [atoms g™'] | x10* [atoms g™'] | [%]
CJ1-Bel | 8539 3896 7.985 15 0.120 279 4 27832 813 29
CJ1-Be2 | 7789 4133 7.217 1.5 0.108 249 4 24854 726 29
CJ1-Be3 | 6024 4224 5.438 1.5 0.082 190 3 18950 554 2.9
CJ1-Be4 | 1383 5430 0.428 3.3 0.014 15 0 1447 61 42
CJ1-Be5 | 1754 4694 0.751 25 0.019 26 1 2567 92 3.6
CJ2-Bel | 8379 4581 7.077 15 0.106 241 4 24013 701 29
CJ2-Be2 | 7784 4493 6.918 2.2 0.152 242 5 24195 807 33
CJ2-Be3 | 3912 2987 5.551 1.8 0.097 193 3 19207 588 3.1
CJ2-Be4 | 4853 4426 4.314 1.6 0.069 144 2 14329 427 3.0
CJ2-Be5 | 1487 3318 1.131 2.7 0.031 52 1 5121 191 3.7
CJ2-Be6 | 539 6410 0.107 4.4 0.005 4 0 332 19 5.8
CJ3-Bel | 5473 2701 8.570 15 0.131 296 5 29513 866 29
CJ3-Be2 | 6238 3124 8.316 1.6 0.133 292 5 29184 867 3.0
CJ3-Be3 | 6626 3030 8.339 1.5 0.125 284 4 28321 827 29
CJ3-Be4 | 7958 4223 7.329 15 0.110 254 4 25389 742 29
CJ3-Be5 | 4198 3686 4.755 1.7 0.081 168 3 16787 509 3.0
CJ3-Be6 | 2736 4602 2.349 2.0 0.048 81 2 8078 262 32
CJ4-Bel | 10231 2867 14.621 1.5 0.219 506 8 50540 1475 29
CJ4-Be2 | 10966 2989 15.440 1.5 0.232 490 7 48987 1430 29
CJ4-Be3 | 10106 2973 14.412 15 0.216 507 8 50658 1478 29
CJ4-Be4 | 8882 3074 12.184 1.5 0.183 435 7 43424 1267 29
CJ4-Be5 | 9508 2542 16.370 15 0.246 565 8 56457 1647 29
CJ4-Be6 | 14840 3107 19.782 1.5 0.297 716 11 71530 2087 29
CJ4-Be7 | 10663 2417 19.043 15 0.286 650 10 64925 1894 29
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Table 15: Measured in-situ 1°Be values and corrected to blank preparation sample.

Measured Values Corrected to sample preparation blank, Error includes AMS standard error
Sample 10Be Be 10Be/’Be final | error | 'Be Absolute error | 1°Be/’Be corr Lab blk | Absolute error | 1°Be Err 1°Be Error °Be

counts | counts | x107? [%] | x10* [atoms g] | x10* [atoms g!] | x10712 x1071? x10*[atoms g™] | x10* [atoms g™] | [%]
CJ-Bell 665 7965 0.056 0.039 3.87 0.152 0.045 0.003 3.11 0.18 591
CJ-Bel2 683 6319 0.072 0.058 4.92 0.284 0.061 0.005 4.17 0.31 7.48
CJ-Bel3 755 7052 0.073 0.048 4.97 0.239 0.062 0.004 4.22 0.27 6.44
Preparation blank | 179 10314  0.011 0.086 0 0 0 0 0 0 0

Table 16: Input data for the in-situ '°Be exposure age calculation
Sample | Latitude | Longitude | Altitude | Height above surface | Inclination | Average sample thickness | Topographic Shielding Factor | °Be conc. | 1°Be conc. Error | Sample density
[’ [°] [m a.s.1.] | [cm] [°] [em] [-] [atoms g] | [atoms 8] [g cm™]

CJ-Bell | 46.531333 23.574167 430 15 70 1.3 0.724 31141 1840 2.7
CJ-Bel2 | 46.531333 23.574167 430 70 60 1.6 0.818 41700 3121 27
CJ-Bel3 | 46.531333 23.574167 430 105 40 14 0.945 42184 2717 2.7
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Table 17: Grain size distribution of a subset of soil samples.

Sample | Site | Horizon | Depth [cm] <2000 pm | <1000 pm | <500 pm | <250 pm | <125 pm <63 pm <45 pm <32 pm <28.5 pm <25 pm <20 pm <15 pm
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
DPu4 | CJ1| A 10-22 100 99.6 99.3 95.5 89.6 72 63.1 56.4 56.5 56.5 5.6 54
DP% | CJ1 | A2 48-80 100 100 100 98.9 90.9 718 65.6 31.9 318 317 313 30.4
DP9S | CJ1 | C 98-140 100 100 100 99.8 96.9 84.5 414 357 35.7 35.5 352 34.1
DP9 | CJ2 | Al 0-30 100 99.5 99.1 9.6 91.6 722 60.5 529 52.9 528 52 502
DP101 | CJ2 | A3 53-89 100 99.8 99.8 99.5 93.3 77.1 70 622 622 62 60.6 57.9
DP104 | CJ2 | C 140-150 | 100 100 100 98.8 99.1 96.5 925 87.1 86.8 86.6 85.5 82.9
DP105 | CJ3 | Al 0-39 100 99.6 98.7 95.3 70.7 482 39.3 3 321 31.9 305 286
DP107 | CJ3 | A3 84-120 | 100 99.8 99.1 9.7 85.8 66 54.7 471 471 471 463 446
DP110 | CJ3 | C 184-195 | 100 99.6 98.9 96.2 88.7 715 62.9 525 522 51.9 51 491
DP111 | CJ4 | A 0-10 100 99.5 98.7 9.2 87.6 66 5.1 48 478 472 457 31
DP114 | CJ4 | Btg $B-71 100 99.6 98.4 93.1 83.5 63.5 56.2 487 486 492 50.3 49
DP117 | CJ4 | C 127-147 | 100 100 100 98.4 922 787 67.8 60.7 60.7 60.4 59.4 57.4
Sample | Site | Horizon | Depth [cm] :j(]) Hm :f ]"m [</7]"m [<f ]"m <5um [%] | <4pm [%] | <3 pm [%] | <2 pm [%] | <1.5um [%] | <1 pm [%] | <0.5 pm [%] | <0.009 pm [%]
DPu | CJ1 | A 10-22 50.6 49.1 48 467 451 432 409 37.6 35.5 323 323 323
DP% | CJ1 | A2 48-80 287 27.9 274 26.7 25.9 248 235 215 202 185 185 185
DP9S | CJ1 | C 98-140 3 30.6 296 285 271 253 23 19.9 18 16 16 16
DP9 | CJ2 | Al 0-30 471 456 446 435 202 406 3838 36 34.1 31.8 318 31.8
DP101 | CJ2 | A3 53-89 53.9 51.5 50.1 487 472 452 09 39.8 376 34.6 346 34.6
DP104 | CJ2 | C 140-150 | 783 75.1 72.9 702 67.1 62.9 56.9 48 06 37.3 37.3 37.3
DP105 | CJ3 | Al 0-39 265 25.1 245 238 23 21 212 19.9 189 16.8 16.8 16.8
DP107 | CJ3 | A3 84-120 | 418 403 39.4 385 37.3 35.9 342 315 295 273 273 273
DP110 | CJ3 | C 184-195 | 46 444 434 03 411 39.6 37.8 348 3.7 299 29.9 299
DPI11 | CJ4 | A 0-10 39.4 376 36.5 354 34.1 26 309 286 271 249 24.9 249
DP114 | CJ4 | Btg 5B-71 469 459 454 449 42 433 44 407 39.6 385 385 385
DP117 | CJ4 | C 127-147 | 54 526 51.9 50.8 50 49.1 481 465 453 32 32 32




Table 18: Measured and corrected plutonium contents and activities, batch 1.

Activity corrected to average preparation blank

Batch 1 Measured activities and isotopic ratios
and to standard IAEA-447

Sample Lab Name | 2#2Pu 239Pu activity 240Py activity B9pu+240Py activity | 20Pu/ P°Pu 29pu+240Py activity | 20Pu/ P°Pu

CPS RSD, % | Bqkg' | RSD, % | Bqkg?! | RSD,% | Bqkg™ | RSD, % | massratio | RSD, % | Bqkg™ | RSD, % | mass ratio | RSD, %
C-A1 DP1 171535 3.5 0.3128 9.2 0.2281 94 0.5409 127 0.1969 12.2 0.6135  13.2 0.1970 122
C-A2 DP2 30115.1 1.6 0.2568 5.5 0.1795 9.6 04363 110 0.1887 10.9 04949  11.6 0.1887 10.9
Blank sample BLK1 30709.6 6.4 0 0 0 0 0 0 0 0 0 0 0 0
C-A3 DP3 461140 15 0.0991 74 0.0699  21.2 0.1690  22.3 0.1906 223 0.1915  22.7 0.1908 224
C-A4 Dr4 415805 3.1 0.0462 119 0.0351  17.1 0.0814 206 0.2054 204 0.0920  21.0 0.2059 204
C-A5 DP5 17219.7 19 0.0106  19.2 0 0 0.0106  19.1 0 0 0.0118 0 0 0
C-B1 DP6 16046.0 1.9 02249 72 0.1702  10.7 03952 127 0.2043 12.6 04482 132 0.2045 12.6
Standard IAEA-447 STD1 112409 2.0 2.8047 32 19551 7.2 4.7598 7.6 0.1882 7.3 54017 84 0.1882 7.4
C-B2 DP7 29063.8 2.6 0.2380 6.4 0.1780  19.5 0.4160  20.3 0.2019 20.2 04718  20.6 0.2020 20.2
C-B3 DP8 34163.8 2.7 0.1234 83 0.1009  15.7 02243 176 0.2206 174 02543  18.0 0.2209 17.5
C-B4 DP9 30180.7 2.2 0.0742 9.9 0.0615 7.6 0.1356  12.3 0.2238 12.1 0.1536 129 0.2242 122
C-C1 DP10 262426 15 0.1795 85 0.1260  15.5 03055 17.6 0.1895 17.5 0.3464  18.0 0.1897 17.6
Rock powder NC1 261904 12.7 0.0311 214 0.0238  24.6 0.0549  30.0 0.2067 272 0.0619 304 0.2075 272
c-C2 DP11 259103 3.0 0.1418 58 0.1158  12.9 02575  13.8 0.2204 135 0.2920 143 0.2207 135
C-C3 DP12 284058 2.9 0.0717 10.9 0.0522 25.5 0.1238 27.5 0.1966 274 0.1402 27.8 0.1969 27.5
C-C4 DP13 287654 2.4 0.0306  17.4 0.0226  27.8 0.0532 327 0.1994 326 0.0601  33.0 0.2002 326
C-D1 DP14 29047.0 25 0.2881 6.9 02372 8.1 05253  10.3 0.2223 10.0 0.5959  10.9 0.2224 10.0
C-D2 DP15 36729.6 2.1 0.1995 75 0.1519 104 03513 127 0.2055 12,5 0.3984 132 0.2057 12,5
Blank sample BLK2 523332 9.5 0 0 0 0 0 0 0 0 0 0 0 0
C-D3 DP16 35672.0 2.6 0.0804 6.4 0.0682  15.8 0.1486  16.8 0.2289 16.6 0.1684 17.2 0.2293 16.7
C-D4 DP17 34367.3 2.6 0.0487 9.2 0.0317 204 0.0804 222 0.1755 220 0.0909 225 0.1759 221
C-E1 DP18 302853 3.1 02442 6.7 0.1824 125 0.4266  13.8 0.2017 135 04839 143 0.2018 135
C-E2 DP19 214472 1.7 02025 6.6 0.1483  19.5 0.3508  20.5 0.1977 204 0.3979 208 0.1978 20.5
Standard IAEA-447 STD2 44246 42 2.8398 6.8 1.9541 10.5 4.7939 117 0.1858 11.0 54404 123 0.1858 11.0
C-E3 DP20 27006.6 2.7 0.0956  11.7 0.0676  18.3 0.1631  21.6 0.1909 214 0.1848 219 0.1911 215
C-E4 DP21 28663.4 2.3 0.0509 88 0.0352  26.2 0.0861  27.5 0.1870 274 0.0974  27.8 0.1874 275
1-A1 DP22 117147 3.1 0.1393 8.0 0.0917  23.0 02310  24.2 0.1776 24.0 02619 245 0.1778 24.1
1-A2 DP23 241739 22 0.1436 5.0 0.0936  17.7 02372 183 0.1759 18.2 0.2689 187 0.1760 18.2
Rock powder NC2 303104 24 0.0354  12.2 0.0214 428 0.0568  44.4 0.1632 444 0.0642 447 0.1637 444
1-A3 DP24 333135 3.1 0.1255 8.3 0.0912 155 02167 17.3 0.1962 17.0 0.2457 177 0.1964 17.1
1-A4 DP25 26814.2 1.0 0.1305 8.9 0.0912 19.8 02217 21.7 0.1887 21.7 0.2513 22.0 0.1889 21.7
1-A5 DP26 14874.8 2.1 0.0060 8.6 0.0021 1405 0.0081  140.8 0.0951 140.7 0.0089 1453 0.0957 140.5
1-B1 DP27 23881.6 1.6 0.1372 89 0.0976  10.8 0.2347 139 0.1921 13.9 02661  14.4 0.1922 13.9
Blank sample BLK3 253122 1.7 0 0 0 0 0 0 0 0 0 0 0 0
1-B2 DP28 144213 14 0.1406  10.5 0.1059 189 0.2465 215 0.2033 215 02794  21.8 0.2034 216
1-B3 DP29 363337 1.4 0.1500 6.9 0.1151  15.0 0.2651  16.4 0.2072 16.4 0.3005  16.8 0.2074 16.4
1-B4 DP30 32898.2 1.2 0.1415 6.2 0.1002  14.6 0.2417 159 0.1912 15.8 02740 163 0.1914 15.9
1-C1 DP31 30955.6 2.2 01329 76 0.0998 7.6 02327 10.6 0.2028 10.3 0.2638 112 0.2030 10.4
Standard IAEA-447 STD3 3001.3 3.0 27986 74 1.8742 108 4.6729  12.8 0.1808 124 53030 133 0.1808 125
1-C2 DP32 115.0 144 0.0824 1010 0.1379 2255 0.2203  246.6 0.4522 246.2 0.2497 2469 0.4532 246.7
1-C3 DP33 31202.0 35 0.1521 13.4 0.1012  13.7 02533  18.8 0.1797 18.5 02872 19.1 0.1798 18.5
1-C4 DP34 179948 2.2 0.1539 6.9 0.1151  13.6 0.2690  15.1 0.2020 14.9 0.3050 155 0.2022 14.9
1-D1 DP35 198122 17.0 0.0883  22.0 0.0619  25.1 0.1502  28.7 0.1895 23.1 0.1702  29.0 0.1898 232
Rock powder NC3 25196.0 2.5 0.0432 121 0.0244  36.8 0.0676  38.6 0.1522 38.6 0.0764  38.9 0.1525 38.6
Duplicate of C-A1/DP1  DUP1 227910 3.5 03193 75 02445  11.2 0.5638  13.0 0.2068 12,5 0.6396 135 0.2069 12,5
Duplicate of C-B2/DP7  DUP2 210979 2.5 0.2424 83 0.1994 121 04418 144 0.2220 14.2 0.5011 149 0.2221 14.3
Duplicate of 1-A3/DP24 DUP3 215104 2.6 01329 88 0.0990 249 02320 263 0.2011 26.2 0.2630  26.6 0.2013 26.3
Duplicate of 1-C4/DP34 DUP4 166344 2.4 0.1680  12.7 0.1030  15.0 02710  19.5 0.1656 19.4 0.3072  19.9 0.1657 19.4
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Table 19: Measured and corrected plutonium contents and activities, batch 2.

Activity corrected to average preparation blank

Batch 2 Measured activities and isotopic ratios
and to standard IAEA-447

Sample Lab Name | 2#2Pu 239Pu activity 240Py activity B9pu+240Py activity | 20Pu/ P°Pu 29pu+240Py activity | 20Pu/ P°Pu

CPS RSD, % | Bqkg' | RSD, % | Bqkg?! | RSD,% | Bqkg™ | RSD, % | massratio | RSD, % | Bqkg™ | RSD, % | mass ratio | RSD, %
1-D2 DP36 211441 17 0.0947 9.1 0.0696  15.5 0.1642 179 0.1984 17.8 0.1861  18.2 0.1986 17.8
1-D3 DP37 223729 17 0.0669  12.6 0.0462  44.6 0.1131 463 0.1865 46.3 0.1280  46.6 0.1869 46.4
Blank sample BLK4 35141.1 102 0 0 0 0 0 0 0 0 0 0 0 0
1-D4 DP38 245714 43 0.0503  17.6 0.0255  49.1 0.0758  52.0 0.1369 518 0.0857  52.2 0.1372 519
2-A1 DP39 211944 26 0.1856 5.5 0.1243 155 03099  16.3 0.1808 16.1 03515  16.7 0.1809 16.1
2-A2 DP40 21219.1 29 01897 7.1 0.1430  13.9 03327 153 0.2035 15.1 0.3773 158 0.2036 15.1
2-A3 DP41 245234 1.3 0.1834 73 0.1281 16.8 03115 182 0.1886 18.2 0.3532  18.6 0.1887 18.3
Standard IAEA-447 STD4 10243.0 2.8 2.6940 49 1.8207 82 45147 9.1 0.1825 8.7 51235 9.8 0.1825 8.7
2-Ad DP42 331029 43 0.0624  11.3 0.0498 289 01122 30.8 0.2154 30.5 01271 31.0 0.2158 30.5
2-A5 DP43 344445 15 0.0066  22.0 0.0047  77.7 0.0113  80.7 0.1937 80.7 0.0126  82.2 0.1973 79.6
2-B1 DP44 28890.2 2.7 0.1433 6.8 0.1037  14.2 0.2470 155 0.1953 15.2 0.2800 159 0.1955 15.3
2-B2 DP45 29555.0 2.2 0.1637 9.5 0.1105 159 02742 183 0.1823 18.2 03109 187 0.1824 18.3
Rock powder NC4 177532 17.0 0.0320 229 0.0191  49.0 0.0511 514 0.1614 485 0.0577  51.8 0.1619 48.6
2-B3 DP46 221269 1.5 01922 6.8 01325  11.2 03247 13.0 0.1861 129 0.3682  13.5 0.1863 13.0
2-B4 DP47 28701.2 3.6 0.2076 8.0 0.1465 9.3 0.3541 11.7 0.1906 1.2 0.4015 123 0.1907 11.2
2-C1 DP48 179475 2.4 0.1816 8.2 0.1300  21.0 03116 224 0.1933 223 0.3533  22.7 0.1934 224
2-C2 DP49 178903 3.7 0.2066 8.2 0.1365  16.0 03431 176 0.1783 17.2 0.3891  18.0 0.1784 17.3
2-C3 DP50 19656.4 3.2 0.2246 8.1 0.1482 151 03728 169 0.1782 16.5 04228 172 0.1783 16.6
Blank sample BLK5 38689.4 11.2 0 0 0 0 0 0 0 0 0 0 0 0
2-C4 DP51 221325 33 0.1864 7.2 0.1268 104 03132 122 0.1837 11.8 0.3551  12.8 0.1838 11.8
2-D1 DP52 142504 3.1 0.0664  19.3 0.0483  32.6 0.1147 378 0.1965 37.6 0.1299  38.0 0.1969 377
2-D2 DP53 11922.0 1.8 0.0576  18.6 0.0401 379 0.0977  42.2 0.1879 42.2 0.1106 425 0.1883 42.3
2-D3 DP54 130552 1.6 0.0353  18.8 0.0308  26.9 0.0661 32.8 0.2350 32.8 0.0747  33.1 0.2359 32.8
Standard IAEA-447 STD5 71619 2.0 27673 32 19525 84 47198 88 0.1905 8.6 53563 9.5 0.1905 8.6
2-D4 DP55 17956.0 14.1 0.0105  25.5 0.0070  87.2 0.0174  89.8 0.1795 88.7 0.0195  90.9 0.1815 88.1
3-A1 DP56 94931 29 0.2097  11.2 0.1338  18.7 03435 21.6 0.1723 214 0.3895  21.9 0.1724 215
3-A2 DP57 170283 2.5 0.2008 7.3 0.1422  20.6 03430 217 0.1912 215 0.3890  22.0 0.1913 216
3-A3 DP58 18730.8 4.5 0.1392  10.2 0.0999 141 02391 169 0.1939 16.3 02711 173 0.1941 16.3
Rock powder NC5 22280.7 2.0 0.0348  12.3 0.0198  38.6 0.0546 404 0.1539 404 0.0617  40.7 0.1543 404
3-A4 DP59 26379.2 2.1 0.0927  10.2 0.0624 189 0.1551 214 0.1817 21.3 0.1757 217 0.1820 214
3-A5 DP60 28568.6 1.5 0.0070  19.5 0.0066  63.8 0.0136  66.7 0.2550 66.7 0.0151 67.8 0.2603 65.6
3-B1 DP61 26591.0 45 0.1482 93 0.1110 123 02592 147 0.2022 14.0 02939  15.1 0.2023 14.0
3-B2 DP62 25664.2 2.5 0.1606 7.9 0.1141 19.9 02748 212 0.1918 211 03116 215 0.1920 212
Blank sample BLK6 36629.8 2.5 0 0 0 0 0 0 0 0 0 0 0 0
3-B3 DP63 27736.1 25 0.1429 9.2 0.1051  14.1 02481  16.7 0.1985 16.5 02812 17.1 0.1987 16.6
3-B4 DP64 292234 24 0.0863  11.3 0.0600  17.9 0.1463  21.0 0.1877 208 0.1657  21.3 0.1880 209
3-C1 DP65 175147 1.9 0.2169 6.2 0.1725 155 03894  16.6 0.2148 16.5 04417 17.0 0.2149 16.6
3-C2 DP66 279013 3.9 0.1999 49 0.1366  12.7 03366  13.0 0.1845 124 0.3817 135 0.1846 125
Standard IAEA-447 STD6 43515 3.8 2.6830 5.8 2.0645 11.0 4.7475 11.8 0.2078 112 5.3877 124 0.2078 11.2
3-C3 DP67 363409 22 0.1230 9.3 0.0902  15.7 02132 181 0.1980 17.9 0.2416 184 0.1982 18.0
3-C4 DP68 291148 2.0 0.0599 129 0.0411 281 0.1010  30.8 0.1855 30.7 0.1144  31.1 0.1859 30.8
3-D1 DP69 16865.7 3.4 02139 82 0.1455 188 0.3594  20.2 0.1837 20.0 04076  20.6 0.1838 20.0
3-D2 DP70 187882 2.1 01791 75 0.1190  18.0 02981 194 0.1794 19.3 0.3380 19.7 0.1795 194
Rock powder NCé 137784 3.5 0.0315 184 0.0136  81.0 0.0451  83.0 0.1169 829 0.0509  83.4 0.1171 83.1
Duplicate of 2-A5/DP43 DUP5 176975 3.1 0.0041 629 0.0029 944 0.0071 1133 0.1916 1133 0.0077 1174 0.1975 1104
Duplicate of 3-A1/DP56 DUP6 112752 22 0.2261 7.6 0.1579  18.0 03839  19.5 0.1886 19.3 04354 19.8 0.1887 194
Duplicate of 3-B2/DP62 DUP7 210252 3.5 0.1756 7.8 0.1120 17.1 0.2876 184 0.1722 18.1 0.3261 18.8 0.1724 18.2
Duplicate of 3-C3/DP67 DUPS8 196205 3.4 0.1176 9.6 0.0847 254 02024 270 0.1944 268 0.2294 272 0.1946 268
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Table 20: Measured and corrected plutonium contents and activities, batch 3

Batch 3 Measured activities and isotopic ratios Activity corrected to average preparation blank
and to standard IAEA-447

Field sample name Lab sample name | 22Pu 29Py activity 240Py activity 29Pu+290Py activity | 2°Pu/ 2Pu 29Pu+20Py activity | 2°Pu/ 2Pu

CPS RSD, % | Bqkg™ | RSD, % | Bq kg™ | RSD, % | Bqkg' | RSD,% | mass ratio | RSD, % | Bqkg” | RSD,% | mass ratio | RSD, %
3-D3 DP71 292210 4.0 0.1318 7.0 0.0982 16.7 0.2300 17.6 0.2013 172 0.2607 18.0 0.2015 172
3-D4 DP72 25385.0 1.8 0.0948  10.9 0.0620  34.4 0.1568  36.1 0.1767 36.0 0.1777  36.3 0.1769 36.1
Blank sample BLK7 30110.0 0.9 0 0 0 0 0 0 0 0 0 0 0 0
4-A1 DP73 337394 22 0.1320 8.0 0.0958 153 0.2278 171 0.1959 16.9 0.2582 17.5 0.1961 17.0
4-A2 DP74 268771 16 01323 51 0.0935 155 0.2257  16.2 0.1909 16.1 0.2559  16.6 0.1911 16.2
4-A3 DP75 30109.7 3.2 0.1224 6.8 0.0847 174 0.2070 184 0.1868 18.1 0.2347 18.8 0.1870 182
4-Ad DP76 305183 6.5 0.0555  13.6 0.0403  17.7 0.0958  21.4 0.1959 204 0.1085  21.8 0.1963 204
Standard IAEA-447 STD7 64151 23 2.6120 6.2 1.8866 78 4.4986 9.8 0.1950 9.5 5.1052 104 0.1950 9.5
4-A5 DP77 195152 1.5 0.0022  21.6 0.0003  316.2 0.0025 3169 0.0315 316.9 0.0025  417.0 0.0267 375.9
4-B1 DP78 317802 1.4 0.1388 6.9 0.0980 20.6 0.2368 21.7 0.1905 21.7 0.2684 22.0 0.1907 21.8
4-B2 DP79 25264.1 2.2 0.1304 73 0.1018 16.9 0.2322 183 0.2108 18.2 0.2633 18.7 0.2110 183
4-B3 DP80 247527 15 0.1044 104 0.0822  20.4 0.1865  22.8 0.2125 228 02114 231 0.2128 228
Rock powder NC7 18856.1 3.6 0.0433 204 0.0318 36.7 0.0751 41.8 0.1983 41.7 0.0850 42.1 0.1988 417
4-B4 DP81 283794 1.3 0.0425 17.1 0.0355  23.8 0.0779  29.3 0.2256 293 0.0882  29.7 0.2263 29.3
4-C1 DP82 284148 2.0 0.1363 9.3 0.1089 219 0.2452 23.7 0.2157 23.6 0.2780 24.0 0.2159 23.7
4-C2 DP83 30390.7 1.9 0.1440 6.8 0.1125 154 0.2565 16.7 0.2109 16.6 0.2908 171 0.2111 16.7
4-C3 DP84 27163.8 5.1 01324 93 01091 151 0.2415  17.0 0.2225 16.2 02738 174 0.2228 16.3
4-C4 DP85 213456 22 0.0711 113 0.0476 28.6 0.1187  30.7 0.1810 30.6 0.1344 30.9 0.1813 30.7
Blank sample BLK8 31008.6 0.7 0 0 0 0 0 0 0 0 0 0 0 0
4-D1 DP86 248864 1.1 0.2508 59 0.1907 13.0 0.4416 14.3 0.2053 14.2 0.5008 14.7 0.2054 14.3
4-D2 DP87 234329 22 0.1097  10.0 0.0769  29.0 0.1866  30.6 0.1891 30.5 02115  30.8 0.1893 30.6
4-D3 DP88 259525 1.7 0.0557 8.0 0.0435 37.8 0.0991  38.6 0.2107 38.6 01122 389 0.2112 387
4-D4 DP89 23688.0 2.4 0.0322 22.6 0.0255 35.8 0.0577 423 0.2135 422 0.0652 42.6 0.2143 422
Standard IAEA-447 STD8 51670 15 27220 46 19515 13.0 4.6735  13.7 0.1936 13.6 53037 142 0.1936 13.7
4-E1 DP90 24585.7 0.8 0.1451 51 0.1111 195 0.2562 20.1 0.2067 20.1 0.2905 20.5 0.2069 20.2
4-E2 DP91 20136.6 1.9 0.1338 11.6 0.0965  21.9 0.2303  24.7 0.1948 24.6 0.2610  25.0 0.1950 247
4-E3 DP92 257019 1.6 01127 73 0.0902 18.8 0.2029 20.1 0.2162 20.0 0.2300 204 0.2164 20.1
4-E4 DP93 220064 1.2 0.0558  17.1 0.0398  30.9 0.0956  35.3 0.1924 353 0.1082  35.6 0.1928 354
Rock powder NC8 224386 1.8 00431 141 0.0305  37.0 0.0736  39.6 0.1907 39.6 0.0832  39.9 0.1913 39.6
Duplicate of 3-D4/DP72  DUP9 270212 19 0.0867 8.1 0.0661 16.7 0.1528 185 0.2060 184 0.1731 189 0.2063 184
Duplicate of 4-A1/DP73 DUP10 247370 2.2 0.1348 6.6 0.1033  22.8 0.2381  23.6 0.2068 235 0.2699 239 0.2070 23.6
Duplicate of 4-D3/DP88 DUP11 225415 21 0.0559 120 0.0396 20.1 0.0955 233 0.1915 232 0.1081 23.6 0.1919 233
Duplicate of 4-E4/DP93  DUP12 232907 1.7 0.0624 8.2 0.0434 324 0.1058  33.4 0.1880 334 0.1198  33.7 0.1884 334
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Table 21: Short-term soil erosion rate calculated with fallou

t 239+240Pu

M, M, M,
M, PDM, MODERN,
Lal et al. (2013) Laletal G013 Laletal. Q013) - Lal etal. G013) Walling and He (1999) | Arata et al. (2016b)
P=1 P=1.2 P=15
Site Replicates | L=soil loss [cm] tha™ yr? thal yr?! tt hal yr! thalyr?! thal yr?!
gl 1 1.42 2.35 1.96 1.57 4.11 7.20
2 1.23 1.94 1.62 1.29 3.55
3 1.02 1.70 1.42 1.13 2.95
4 4.66 8.02 6.69 5.35 13.48
Average 2.08 3.50 2.92 2.34 6.02
SD 1.73 3.02 2.52 2.02 5.00
SE 1.96 2.59 2.36 211 3.33
C-2 1 1.46 2.39 1.99 1.59 4.21 7.53
2 0.99 1.52 1.27 1.02 2.86
3 0.95 1.33 1.11 0.89 273
4 7.53 12.94 10.78 8.63 21.76
Average 2.73 4.55 3.79 3.03 7.89
SD 3.21 5.62 4.68 3.74 9.27
SE 2.67 3.53 3.22 2.88 4.53
CJ-3 1 1.04 1.79 1.49 1.20 3.02 5.19
2 1.60 2.82 2.35 1.88 4.62
3 1.26 212 1.76 1.41 3.64
4 1.07 1.78 1.48 1.19 3.09
Average 1.24 2.13 1.77 1.42 3.59
SD 0.26 0.49 0.41 0.33 0.74
SE 0.75 1.04 0.95 0.85 1.28
CJ4 1 0.70 1.60 1.33 1.07 2.03 2.78
2 0.48 1.21 1.00 0.80 1.38
3 0.14 0.31 0.25 0.20 0.39
4 0.05 0.12 0.10 0.08 0.14
5 0.95 2.02 1.68 1.35 2.74
Average 0.46 1.05 0.88 0.70 1.34
SD 0.38 0.82 0.68 0.55 1.09
SE 0.92 1.35 1.23 1.10 1.56
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R Code MODERN by Arata et al. (2016b), modified for this thesis

install.packages("modeRn", repos = NULL, type="source")
# load the library
library("modeRn")

#creates a reference profile composed of 4 layers of thickness 5 cm

RDP = createReferenceProfile(FRNinv = ¢(24.15, 21.09, 10.19, 5.86), thickness =

5, name = 'Reference site’, falloutTime = 1963, refTime = "2020-10-01", massDepth = 217.29)
plot(RDP)

print(RDP)

#creates sampling layers of thickness 20 cm

CJ1 = createSamplingProfile(FRNinv = 41.83, thickness = 20, name = "Site 1,
falloutTime = 1963, refTime = "2020-10-1", massDepth = 178.76)

CJ2 = createSamplingProfile(FRNinv = 39.90, thickness = 20, name = "Site 2’
, falloutTime = 1963, refTime = "'2020-10-1")

CJ3 = createSamplingProfile(FRNinv = 47.66, thickness = 20, name = "Site 3/,
falloutTime = 1963, refTime = "2020-10-1")

CJ4 = createSamplingProfile(FRNinv = 55.93, thickness = 20, name = "Site 4/,
falloutTime = 1963, refTime = "2020-10-1")

print(CJ1)

# creates smoothed layers below the reference profile
RDPsmoothl = addSmoothedLayers(RDP, CJ1)

plot(RDPsmooth1, main = ‘Simulated depth profile’)

RDPsmooth2 = addSmoothedLayers(RDP, CJ2)
plot(RDPsmooth2, main = ‘Simulated depth profile’)

RDPsmooth3 = addSmoothedLayers(RDP, CJ3)
plot(RDPsmooth3, main = ‘Simulated depth profile”)

RDPsmooth4 = addSmoothedLayers(RDP, CJ4)
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plot(RDPsmooth4, main = ‘Simulated depth profile’)

# sampling profiles with eroded layers

MODERNC]1 = MODERN(RDPsmooth1, CJ1)

png("moderncjl.png", pointsize = 10, width = 2000, height = 960, res = 350)

plot(RDPsmooth1, main = ‘Simulated depth profile”)

plot(MODERNC]J1)

dev.off()

printf(MODERNC]1)

ER1 <-yearlyEDRates(MODERNC]J1, samplingTime = "2020", falloutTime = "1963’, massDepth

178.76, sampleDepth = 20)

show(ER1)

MODERNC]J2 = MODERN(RDPsmooth2, CJ2)
png("moderngj2.png", pointsize = 10, width = 2000, height = 960, res = 350)
plot(RDPsmooth2, main = ‘Simulated depth profile’)
plot(MODERNC]2)
dev.off()
print(tMODERNC]J2)
ER2 <-yearlyEDRatestMODERNC]2, samplingTime = 2020, falloutTime = 1963, massDepth =
170.09, sampleDepth = 20)
show(ER2)

MODERNC]3 = MODERN(RDPsmooth3, CJ3)

png("moderncj3.png", pointsize = 10, width = 2000, height = 960, res = 350)

plot(RDPsmooth3, main = ‘Simulated depth profile’)

plot(MODERNC]3)

dev.off()

printf(MODERNC]3)

ER3 <- yearlyEDRates(MODERNC]3, samplingTime = 2020, falloutTime = "1963’, massDepth
= 184.18, sampleDepth = 20)

show(ER3)
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MODERNCJ4 = MODERN(RDPsmooth4, CJ4)

png("moderncj4.png", pointsize = 10, width = 2000, height = 960, res = 350)
plot(RDPsmooth4, main = ‘Simulated depth profile’)

plot(MODERNC]J4)

dev.off()

print(MODERNC]J4)

ER4 <- yearlyEDRates(MODERNCJ4, samplingTime = 2020, falloutTime = 1963, massDepth =
250.88, sampleDepth = 20)

show(ER4)

R Code Soil Depth Computation by Egli et al. (2018), modified for this
thesis

#clean environment

rm(list=Is())

#loading input file

#contains all the input parameters for modelling soil depth
input<-read.csv(" /Documents/UZH /Master Thesis/soilDepth/

master/input/inputRomania.csv", sep=";", header = TRUE)

#for performance reasons only selecting ten random parameter settings

input.s<-input[sample(1:nrow(input),size = 4,replace = F),]
#function to compute soil depth

soilDepthComp<-function(part,l,erosion,yearMax)

#compute
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year<-1l:yearMax

soilDepth<-numeric()
soilProd<-numeric()

soilDepthEr<-numeric()

soilDepth[1]<-part+(year[1]/(part/I))" 0.53
soilDepth[2]<-part+(year[2]/(part/I))" 0.53

soilProd[1]<-NA
soilProd[2]<-1x(1/1.87)+(part/soilDepth[2])" .87

soilDepthEr[1]<-NA
soilDepthEr[2]<-soilDepth[1]

for(i in 3:max(year))

soilDepth[i]<-part(year[i] / (part/I))" 0.53
soilProd[i]<-Ix(1/1.87)+(part/soilDepthEr[(i-1)])" 0.87
soilDepthEr[i]<-soilDepthEr|[(i-1)]+(soilProd[i])-(erosion)

results<-data.frame(year=year,sP=soilProd,sDE=soilDepthEr)

return(results)

#empty data.frame with all required information
all<-data.frame(Site=NA,
ProfileName=NA,

part=NA,

I=NA,

erosion=NA,

yearMax=NA,

year=NA,

sP=NA,
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sDE=NA)

#computing soil depth

#executing soildepth-function for the small dataset

for(i in I:nrow(input.s))

print(i)

results<-soilDepthComp(input$ part[i],input$ I[i] input$ erosion][i],input$ yearMax([i])
resl<-results[results$ year==input$ yearMax[i],]

all<-rbind(all,cbind(input[i,] resl))

all<-all[-1,]
all.df<-all

#writing results to csv

write.csv(all.df, " /Documents/UZH /Master Thesis/soilDepth-master /output/soilDepth.txt")
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