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Abstract 
The erosion risk in the Mediterranean climate is considered high, especially on slope sites. Soil 

erosion is caused by intense precipitation in the autumn and winter months because the parched 

soils are unstable at the end of the hot summertime. The examined area is in the UNESCO 

Geopark Estrela in East Central Portugal, which reaches altitudes of almost 2000 m a.s.l. Some 

parts of the plateau were glaciated during the last ice age. This work aims to compare a formerly 

glaciated area with a non-glaciated place. For this purpose, physical and chemical soil 

characteristics are determined. The last ~60 years' erosion rates are estimated with 239+240Pu, 

which is done for the first time in this area. The soil aggregates in the formerly glaciated area 

are expected to be less developed because of the younger soil age. Therefore, higher soil erosion 

rates and more soil disturbances are expected compared to the non-glaciated area. Three sites 

are chosen at both locations; a reference site and two slope sites each, whereas most of the pits 

reach a depth of 25 cm. One pit at the formerly glaciated area has been dated with 10Be.  

Contrary to the hypothesis, the estimated erosion rates are higher at the non-glaciated site 

(1000-2000 tkm-2yr-2) than at the former glaciated site (around 0 tkm-2yr-2). Erosion rates 

depend not only on the glacier history but also on slope angles, vegetation, and soil production 

rates. We found a strong correlation between the erosion rates and the slope angle and 

vegetation density. Besides, the soil production rates are higher at younger soils than at more 

developed soils. In the formerly glaciated area, the long and mid-term soil disturbances were 

higher than the short-term soil disturbances. Maybe, the soil experienced more vertically 

mixing through cryoturbation in the past than nowadays. Global warming leads to fewer frost 

events, which could explain these changes. A further soil disturbance are forest fires, which 

increase the carbon content in the soil. It must be expected that forest fires and extreme rainfall 

events increase in the future, which in turn causes higher erosion rates.  
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1 Introduction 

1.1 Objectivities 

This study investigates soil characteristics and disturbances at two locations in the Estrela 

Aspiring Geopark (EAG) in Portugal, which reaches elevations up to almost 2000 m a.s.l. 

Although the EAG is in a Mediterranean climate, some parts were glaciated during the Last 

Glacial Maximum (LGM). Signs of glaciation appear in the terrain, and the moraines allow the 

estimation of the maximum glaciation. One of the two locations is within the formerly glaciated 

area; the other location is beyond the maximum glaciation during the LGM (earlier glaciations 

are not excluded per se). We selected three sites in each location, one on flat ground as a 

reference site and two on a sloping site, to assess the slope angle's influence. Erosion rates are 

estimated using fallout radionuclides, more specifically, plutonium isotopes. It is possible to 

estimate the erosion rates over the last ~60 a with this application. So far, practically no data 

exists on soil erosion in this area, and it is the first time that 239+240Pu analysis is applied there. 

Also, some general soil properties are examined to see if the two sites are comparable. The 

determining erosion rates are compared with the erosion rates of the last millennia in the 

overarching project. As a result, changes in erosion rates can be identified. This knowledge 

forms the basis for the debate on humans' influence on soil erosion in this region. Soil erosion 

rates in the Geopark have not been described in detail so far, which is why this project can 

bridge these blanks.  

 

1.2 Background 

This master thesis contributes to a comparative study by Gerald Raab on previously glaciated 

and non-glaciated tors in the EAG. Tors are boulders, which are still connected to the bedrock. 

The tors exhumation approach (TEA) allows a detailed reconstruction of the soil erosion 

variations of the last 100'000 to 160'000 a. Current erosion rates are then compared with these 

values, allowing the detection of possible erosion changes. Two types of sampling are taking 

place in Portugal; on the one hand, in situ cosmogenic radionuclide measurements (10-

beryllium-isotope, 10Be) are performed vertically at the tors. On the other hand, soil samples 

for the later fallout radionuclide (Plutonium isotopes, 239+240Pu) are taken to model soil 

degradation rates of the last 56 a (Raab, et al., 2018). This thesis is about soil analysis, with a 

focus on soil erosion rate estimations.  
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In the Mediterranean area, erosion due to precipitation is high; after the hot summer months, 

the soil has dried out, making the soil unstable and susceptible to damage (Imeson, 1990). Also, 

the European Environment Agency (2009) classifies most parts of Portugal as a vulnerable area 

(see Figure 1). In the higher regions of the EAG, rainfall is intense, so that the investigation 

area is hypersensitive to this type of erosion (Vieira, et al., 2017). Various studies (including 

Nunes, et al., 2010 or Bochet, et al., 1998) indicate that flora reduces erosion. The vegetation 

covers the soil, while the roots make the soil material more stable. Soil formation- and erosion 

rates are not constant over time. Abrupt natural events or human impacts can change these rates 

in a short time. On the one hand, anthropogenic influences, such as intensive agriculture or 

deforestation, leads to higher erosion rates (Egli & Poulenard, 2016). On the other hand, 

environmental disasters as forest fires destroy the ecosystem, resulting in increased erosion 

rates. As Nunes et al. (2010) describe in their paper, with the disappearance of plants, the soil 

becomes less stable, making the soil even more vulnerable to erosion. Because of the high risk 

of wildfires and soil loss through agriculture, Portugal is classified as a particularly vulnerable 

land to desertification (Nunes, et al., 2010).   

 

 
Figure 1; Actual soil erosion risk in Southern Europe (EEA, 2009.) 

 

1.3 Soil formation and weathering  

Soils are complex structures and develop through biological, climatic, geological, and 

topographical influences. The evolution of soils is called soil formation or pedogenesis (Stahr, 

et al., 2016). Depending on the environmental conditions, soil formation is progressive or 
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regressive. In progressive soil formation, the soil depth increases. Parent rock in the bottom 

transforms into primary minerals through chemical weathering. This process is accelerated by 

reducing the grain size through physical weathering. In addition, microorganisms help 

decompose organic matter (humification) in the upper soil layers (Graham, et al., 2010). In 

regressive soil formation, the soil profile loses thickness because it is moved away, so-called 

erosion. Soil erosion is essentially caused by rainwater run-off or by wind, i.e., by climatic 

conditions (Dixon & von Blanckenburg, 2012). 

In contrast to physical weathering, which leads to a particle size reduction, chemical weathering 

changes the elemental composition. The most significant influence is exerted by the addition of 

water and carbon dioxide (CO2), which can wash out (leach) elements out of the soil (Stahr, et 

al., 2016). Not all elements are equally affected by the leaching; there is a classification between 

mobile and immobile elements. Mobile elements have a low field strength due to their sizeable 

atomic radius and so dissolve more quickly. Otherwise, immobile elements have a smaller 

radius and a high field strength, which is why they are not readily leached (Kabata-Pendias, 

2011). Weathering indexes determine the ratio between the immobile and mobile elements, 

which allows the estimation of different degrees of weathering in the soils (Price & Velbel, 

2003). 

 

1.4 Fallout radionuclides to estimate the erosion rates 

The fallout radionuclides analysis aims to determine recent years' erosion rate (Mabit, et al., 

2013). In the literature are calculations described for 137-cesium isotope (137Cs), 239 or 240-

plutonium isotope (Xu, et al., 2015; Alewell, et al., 2014; Ketterer, et al., 2004). Nuclear 

weapon tests and power plant accidents such as Chernobyl have massively increased the 

concentration of fallout radionuclides in the atmosphere during the 1950s and 1960s (Alewell, 

et al., 2014). The atmospheric fallout radionuclide concentration is worldwide fairly uniformly 

(especially in the northern hemisphere) distributed. Therefore, the soil particles absorbed 

approximately the same amount of the fallout radionuclides (Xu, et al., 2015). In undisturbed 

soils, the highest concentration is within the upper soil layers and decreases in depth. Soil 

erosion removes the upper soil layers, whereby the concentration of fallout radionuclides is 

lower than at soils, which are not (or less) affected by soil erosion. The comparison of the fallout 

concentration between flat sites and slope sites allows a soil erosion estimation. In this thesis, 

the erosion estimation is conducted with 239+240Pu. 137Cs is used less and less, among other 

reasons, because of the decreasing concentration in the soil due to the shorter half-life time 

compared to 239+240Pu (Ketterer, et al., 2004; Xu, et al., 2015).  
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1.5 Research Questions and Hypothesis 

This work aims to determine erosion values in formerly glaciated and non-glaciated areas in 

the Geopark Estrela. By using 239+240Pu analysis, a soil erosion estimation of the last ~60 a is 

possible. Therefore, the rates at the two locations can be compared. In addition, the analysis of 

some general soil properties allows conclusions on soil disturbances like forest fires or 

cryoturbation, which will be discussed in this work.  

 

Research Questions 

(1) How do short-term soil erosion rates differ in a formerly glaciated area compared to 

non-glaciated sites over the last ~60 years? 

(2) To what extent are the investigated soils affected by long-, mid-, and short-term soil 

disturbances, and how do the soil disturbances differ between the two sites? 

 

Hypothesis 

(1) Many factors influence soil erosion, e.g., the precipitation, the slope angle, or the 

vegetation. Therefore, it is challenging to determine if changing erosion rates are caused 

by glacial history. Overall, higher soil erosion rates are expected in the formerly 

glaciated areas compared to the non-glaciated area. The soil structures are less 

developed in the formerly glaciated area because of the younger soil age. As a result, 

the soil is more susceptible to erosion.  

(2) The long-term soil disturbances are only available for the formerly glaciated area and 

are expected to be high because of cryoturbation. The mid-term soil disturbances are 

expected to be higher because of anthropogenetic influences, especially in the non-

glaciated area, which is easier to reach for humans. The short-term soil disturbances are 

expected to be lower because of the higher protection of the Geopark. Nevertheless, the 

number of forest fires increases, which could cause more soil disturbances.   
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2 Investigation area 
The research site is in north-central Portugal, in the Estrela Aspiring Geopark (EAG). The EAG 

extends over 2000 km2, whose center is the plateau with the Torre mountain (1993 m a.s.l.), 

which is the highest elevation on the Portuguese mainland (Vieira, et al., 2017). The nature park 

is a popular tourist area for cycling, hiking, and climbing. In the winter months, there is even 

enough snow to ski. Agriculturally, the area is mainly used for grazing. There are several 

reservoirs within the park, and three rivers flow out of the rainy region. There are few roads 

through the park, but it is possible to reach the highest point, the Torre, by car. The closest of 

our sites is Manteigas, a small town with just under 3500 inhabitants. On the southern edge of 

the nature park is the town of Covilhã, with 50’000 inhabitants, and it even has a university.  

Dr. Gerald Raab selected this location for several reasons. Firstly there are easy-to-sample tors 

in formerly glaciated and non-glaciated areas close together. Furthermore, the area is 

comparable to the previous research site in Italy (Sila) because both regions have a similar 

Mediterranean climate and are located at a similar altitude (Raab, et al., 2018). In the following 

sections, typical parameters of the area are described in more detail. 

 

 
Figure 2; Location of the Geopark Serra de Estrela (Vieira, et al., 2017, p. 3)  
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2.1 Climate 

The climatic conditions in the investigated area can be described the best with the 

Mediterranean climate regime with some influence of the temperate climate zone. Arid 

summers are followed by wet and colder winter months. The temperature, as well as the 

precipitation, varies widely according to altitude. The average annual temperature is 9.2°C at 

lower altitudes (AEMet & IM, 2011) and decreases to 3-4°C at the plateau’s top (Mora, et al., 

2001). During the summer, the temperature reaches values around 20°C (in Penhas Douradas, 

compare Figure 3), resulting in a high risk of wildfires (Vieira, et al., 2017). There is more 

rainfall from October to May, which can fall as snowfall in the higher regions. It even has ski 

lifts, which attract tourists during the winter season. At lower altitudes, the snow rarely stays 

on the ground for long, but on the plateaus, the snow cover can remain for up to 90 days  (ICNB, 

2007). The winds usually blow from western or north-western directions (Vieira, et al., 2017).  

 

Penhas Douradas, Manteigas (1380 m a.s.l) 

1982-2010         9.7°C   1,510 mm  

 
Figure 3; Mean monthly temperature and precipitation in Penhas Douradas (1380 m a. s. l) according to IPMA (2021) 

2.2 Vegetation 

Natural conditions such as altitude, exposure, or water availability influence the vegetation. The 

lower areas (up to a height of 900 m a.s.l.) are naturally covered by permanent green deciduous 

woods, dominated by holm oak (Quercus robur) (Connor, et al., 2012). At the intermediate 

altitudes, the Pyrenean oak dominates, and in the higher areas, there are pine forests or 

shrublands. Only frost-resistant grasses survive in the highest regions (Vieira, et al., 2017). The 
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vegetation has been changed by anthropogenic use. Up to an altitude of 900 m a.s.l., many 

cultivated plants such as olive trees, fruit trees, vegetables, or vines are common. Pine forests 

(Pinus pinaster) are also cultivated for forestry (Connor, et al., 2012). Besides the anthropogenic 

influences, wildfires influence the vegetation. Large areas of forest regularly fall victim to fire. 

Forest fires are not a new issue in this region because some soil layers contain macroscopic 

charcoal from the Holocene (Braun-Blanquet, et al., 1952). Overall, the soil is highly vulnerable 

to erosion due to the low vegetation density. 

 

2.3 The last glacial maximum 

There were four great ice ages in the Quaternary, the last one begun approximately 120 ka B.P., 

and temperatures began to rise again about 11.7 ka B.P. The glacier maximum was reached by 

all glaciers in the northern hemisphere fairly synchronously, nearly 19 to 23 ka B.P. This cold 

period is known as the Würm glaciation in the Alpine region (Grotzinger & Jordan, 2016). 

Gonçalo Vieira et al. (2017) describe the morphological structure in the EAG and conclude that 

a glacial overlap occurred. Thus, an ice field covered the plateau during this time, which is 

unusual at these latitudes. It can be assumed that the ice field responded very strongly to 

temperature differences, causing the glaciers to change rapidly. Figure 4 shows the glacier 

overlap during the Last Maximum. The largest glacier was likely located in the Zêzere Valley, 

where the city of Manteigas is located today (Vieira, et al., 2017) 

 

Figure 4; Modelled glacier surface of the Estrela plateau ice-field during the Last Maximum of the Glaciation of the Serra da 

Estrela. View from the south (Vieira, et al., 2017) 
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2.4 Geology and morphological shape 

The Serra da Estrela is geologically dominated by an approximately 300 million-year-old 

Hesperian granite (Ribeiro, et al., 1979). The plateau’s formation has its origin in the Hercynian 

orogeny during the Neoproterozoic (Díez Balda, et al., 1990). The granite intruded through the 

surrounding Precambrian-Cambrian schist/greywacke sedimentary complex (Connor, et al., 

2012). The tectonic movements deformed the metasediments, accompanied by granitic 

batholith intrusion in the late orogenic stages (Migoń & Vieira, 2014).  

In a long period during the Mesozoic and Cenozoic, the Variscan rocks eroded and leveled the 

range into a plain (Vieira, et al., 2017). In the Miocene, the Variscan faults reactivated, leading 

to the Alpine uplift, which led to the Serra da Estrela's uplift up to some 1,500 m and formed a 

plateau mountain. This process changed the fold axes' orientation in SSW-NNE, SW-NE, and 

NW-SE direction (Ribeiro, et al., 1990). 

Gonçalo Vieira et al. (2017) describe the morphological structure with all the signs of glacial 

overlapping. An icefield covered the plateau during the Pleistocene, which is unusual in this 

latitude. Due to this geographical position and the altitude, the ice field reacted very strongly to 

temperature differences, which caused the glaciers to change rapidly. Based on moraines and 

other landscape forms, Vieira, et al. (2017) managed to model the glacier overlay during the 

Last Maximum (see Figure 4). Probably the largest glacier was in the Zêzere valley, where 

today the city of Manteigas is located. 

Today, various granite forms are in this area; coarse-grained porphyric biotite-muscovite 

granite predominates within the batholith. In the central part of the massif, medium to fine-

grained muscovite granite occurs (Sant’Ovaia, et al., 2010). The soil types are not described in 

detail but often are lithosols on the granitic plateaus, and at lower altitudes, more developed 

cambisols can be detected above the schist bedrock (Connor, et al., 2012).  

 

2.5 Location of the research sites 

The non-glaciated area (area was not glaciated during the LGM) is defined as Location 1, and 

there are two pits each at a reference site (Reference 1) and on two slopes (Slope 1 and Slope 

3). The site is located at an altitude of almost 1500m.a.s.l. Location 2 is 150m higher, at 

approximately 1650m.a.s.l. and is located in a formerly glaciated area. There is where the sites 

Reference 2, Slope 3, and Slope 4 are located.  
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Figure 5; Location of the non-glaciated (Location 1) and former glaciated (Location 2) sites (Map was designed with ArcGis) 

Table 1 summarize the exact information about the sites, whereby the land use and the 

geological substrate is at all sites the same. The sites are located in a national park, and the only 

land use is grazing by sheep, goats, and cows. The milk products are used to make cheese, 

which is a trademark of the region.  

 
Table 1; General characteristics of the study sites in the Geopark Estrela (Portugal)  

Site Coordinates  
WGS 84 (N/W) 

Elevation  
m a.s.l. 

Geologic substrates along 
the profile 

Vegetation Slope Exposure 
°N 

Soil type 
WRB 

Land use 

 
Location 1 (non-glaciated) 

      

R1 40°23'51.0" / 
7°33'60.0" 

1495 Seia Granite (Granites and 
porphyritic granodiorites) 
  

Shrubs, 
grass 

2° - Cambisol  national park 
(pasture) 

S1 40°23'51.1" / 
7°34'00.1" 

1492 Seia Granite (Granites and 
porphyritic granodiorites) 
  

Grass  10° 300 Cambisol national park 
(pasture) 

S2 40°23'51.8" / 
7°33'59.5" 

1494 Seia Granite (Granites and 
porphyritic granodiorites) 
  

No 
vegetation 

20° 325 Cambisol national park 
(pasture) 

Location 2 (glaciated)         
R2 40°22'53.6" / 

7°35'33.4" 
1651 Seia Granite (Granites and 

porphyritic granodiorites) 
  

frost-
resistant 
Grass 

0° - Cambisol national park 
(pasture) 

S3 40°22'53.1" / 
7°35'32.3" 

1655 Seia Granite (Granites and 
porphyritic granodiorites) 
  

frost-
resistant 
Grass 

5° 90 Cambisol national park 
(pasture) 

S4 40°22'52.6" / 
7°35'31.9" 

1645 Seia Granite (Granites and 
porphyritic granodiorites) 
  

frost-
resistant 
Grass 

5° 90  Cambisol national park 
(pasture) 

 

• Location 1 

• Location 2 

 

Geopark Serra de 
Estrela 
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2.5.1 Non-glaciated area 

The sampled area is generally flat. Only occasionally, 

tors emerge from the ground. The uncultivated site 

has shrub-like vegetation. The soil belongs to the 

class of brown earth (Cambisol). The reference pits 

were drilled on a flat location with a slope of 2°, and 

some shrubs cover the ground. The danger of erosion 

is lower at this location due to the vegetation. Slope 1 

is covered by light grass vegetation, whereas Slope 2 

has almost no vegetation. The sampling was on 25. 

July 2020, a hot summer day, according to which the 

soil was parched. 

  

 
Figure 6; Slope 2, Pit 2 

2.5.2 Formerly glaciated area 
 

The sampling in the formerly glaciated area is on a 

plateau at approximately 1650 m.a.s.l. At this altitude, 

the soil freezes in winter, which causes a mixing of 

the upper soil layers (about 10cm). This process is 

visible through the gravel on the surface (see Figure 

7). The pits at this site are deeper to be able to 

investigate properties in the depth profile. Only frost-

resistant vegetation can grow. Therefore, the location 

is covered with grass-like plants. The pits of the 

reference sites are in a shallow area. The slope's 

incline in this area is low. The sampling was on July 

26, 2020, also a hot summer day. 
 

Figure 7; Gravel on the surface, near to 

Reference 2 
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3 Materials and methods 

3.1 Sampling strategy and preparation 

Both selected locations in the formerly glaciated and the non-glaciated area are examined with 

six pits each. Two pits are placed at a flat reference site, and four pits are located at two slightly 

sloping sites. Most pits reach a depth of 25 cm, except R2-P1 and S4-P1 reach 35 cm. In each 

pit, two profiles were taken, resulting in 12 profiles per site. One sample is collected every five 

centimeters, which gives five or six samples per profile. That makes a total of 123 samples 

within 24 profiles, plus two soil samples for 14C analysis. These 14C samples are not described 

further in this thesis. The pits were dug manually with shovels, pickles, and spades so that the 

cylinders could be used to take the soil samples at the desired depths. In order to maintain an 

overview, all pits were recorded photographically (compare Figure 8). 

 
Figure 8; Pit 1 at Slope 2 with tools to dig the pit 

In the laboratory at the University of Zurich, all samples were dried in the oven at 70° C for 36 

hours (samples were already dry, therefore, not for 48 hours). After, the samples were sieved 

to < 2 mm (fine earth) and then homogenized. The bulk density (proportion of soil skeleton and 

fine earth) of the soil could be calculated using the samples' known volume. Approximately 15 

g of the fine earth was milled to < 63 µm with the carbide mill (Retsch® MM400, Germany). 

The milled samples were used for further investigations.  
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3.2 Physical and chemical analyses 

3.2.1 Grain Size  

The grain size analyzer determines the amount of clay, silt, and sand. In the first step, the 

organic matter is removed from the fine soil by H2O2. Subsequently, the determination of grain 

size up to 32 μm was done by wet sieving. Smaller particles are measured with a SediGraph 

5100, which can analyze the particle size in a liquid. According to Stokes' law, spheres' 

frictional force differs according to the radius in a liquid (Flottweg, 2020). According to this 

law, the particles are deposited selectively, allowing the grain size to be measured by X-ray 

(Wartel, et al., 1995). Esmaeil Taghizadeh (Lab technician, UZH) carried out the particle size 

analysis from the two reference sites. Several samples had an insufficient amount of material, 

so the grain size analysis could not be performed on all samples. Through the grain size 

composition of the investigated soils, it is possible to describe the soil type in more detail, and 

the different sites can be compared. Besides, an estimation of the aggregate stability is possible, 

which allows conclusions on the weatherability.  

3.2.2 Loss on ignition (LOI) 

The organic fraction of soil was determined by burning the soil sample. A high temperature 

(550° C) and oxygen destroyed the soil's organic fraction. 2 g of fine earth was weighted into a 

crucible and then heated in an oven for six hours until the organic fraction was burned. After 

the burning, the crucibles were reweighted to calculate the weight loss. The used fine earth 

samples must be thoroughly dried before burning because otherwise, the results would be 

falsified through the water content  (Pansu & Gautheyron, 2006).  

Previous experience of LOI measurements indicated that very carbon-rich samples tended to 

burn heavily. Therefore, too much combustion took place. A slower, gradual temperature ramp 

was used, allowing combustion to proceed in a more regulated way. The burned soil samples 

were used for the plutonium extraction. Therefore the LOI was measured as part of the 

plutonium analysis. Additionally, the LOI serves to describe the observed soil better. A high 

LOI value indicates a large amount of organic material in the sample.  
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3.2.3 pH-measurements 

The hydrogen ion concentration in short pH describes the acidity of the soil solution. The acid 

content depends on the H+ and OH- activity, whereas in most cases, only the H+ activity is 

measured. The measurement can be performed in an electrolytic solution (CaCl2) or an aqueous 

solution. The saline solution's determination is more precise, with lower values (0.3-0.8) than 

in the aqueous solution. In this study, the measurement was done with fine-earth samples 

(unmilled) using 0.01Mol CaCl2 solution with a standard soil to solution ratio of 1: 2.5. For 

most samples, 10 g soil and 25 ml solution was used, except for one sample (SdE 31 from Slope 

1) that contained an insufficient amount of soil, and for this reason, 5 g soil and 12.5 ml solution 

has been used. After stirring the solution regularly for one hour, the pH was detected with a 

combined glass electrode (Pansu & Gautheyron, 2006). The calibration was performed 

according to the standard (Egli, et al., 2020). All samples were measured twice. The pH-values 

can be used to describe the soil type in more detail, and the different sites can be compared.  

3.2.4 X-Ray Fluorescence (XRF) 

The purpose of the XRF method is to determine the total elemental content of solids or liquids. 

The analysis is performed by the stimulation of single atoms by X-rays, whereby electrons are 

pushed from inner to outer orbits. The inner orbits are replaced by electrons of higher energy 

levels, which releases fluorescent radiation. Since all elements have different nuclear charges, 

there is almost no overlap between the individual elements’ fluorescence X-rays. Accordingly, 

the radiation detector can measure the fluorescence radiation and provide information about the 

contained elements and their frequency (Alfeld, et al., 2016). Atoms with a too-small mass are 

not measurable, so elements smaller than potassium cannot be determined by XRF (Beckhoff, 

et al., 2006). 

For the measurement, 5 g milled soil was weighted into sample cups and analyzed with an 

energy dispersive X-ray fluorescence spectrometer (SPECTRO X-LAB 2000, SPECTRO 

Analytical Instruments, Germany). A calibration with MCA was performed regularly to 

guarantee the accuracy of the measurements. Additionally, the standard (NCS DC 73326) was 

routinely included in the analysis, whereas the values were always within the valid range. The 

total elementary composition is used for the calculation of weathering indexes.   
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3.2.4.1 Calculation of weathering indexes 

Depending on the varying radii and the resulting different field strength of the individual 

elements, they have induvial residence times in the soil. Typically, elements with higher radii 

– as Na, Mg, K – are mobile because of their lower field strength. In contrast, smaller elements 

– as Ti, Zr -  remains longer in the soil. They are called immobile elements. The elementary 

composition evolves, which allows the calculation of chemical weathering indexes (CWIs) 

(Kabata-Pendias, 2011). Undisturbed soils are more weathered in the upper soil layers than in 

the lower layers (Stahr, et al., 2016). By comparing the different weathering indexes, relative 

age estimation is possible. Many authors have described mobile to immobile elements’ ratio, 

and there are different formulas to calculate weathering indexes. In this work, the formulas 

listed in Table 2 were applied. If the ratio is calculated by mobile to immobile elements, lower 

indexes mean more advanced weathering and vice versa.  

 
Table 2; Applied weathering indexes 

Index name Author Meaning 
 

Formula  

(Ca + K) / Ti Harrington & 
Whitney, 1987 

W ↑ 
I ↓ 
 

𝐶𝑎 + 𝐾
𝑇𝑖  Eq 1 

WIP 
(Weathering index of Parker) 

Parker, 1970 W ↑ 
I ↓ 
 

100 ∗ [
2 𝑁𝑎2𝑂

0.35 +  
𝑀𝑔𝑂
0.9 + 

2 𝐾2𝑂
0.25 +  

𝐶𝑎𝑂
0.7 ] Eq 2 

B-Index Kronberg & 
Nesbitt, 1981 

W ↑ 
I ↓ 
 

𝐶𝑎𝑂 +  𝐾2𝑂 +  𝑁𝑎2𝑂
𝐴𝑙2𝑂3 + 𝐶𝑎𝑂 + 𝐾2𝑂 + 𝑁𝑎2𝑂 Eq 3 

CIA  
(Chemical index of alteration) 

Nesbitt & 
Young, 1982 

W ↑ 
I ↑ 
 

100 ∗ [
𝐴𝑙2𝑂3

𝐴𝑙2𝑂3  + 𝐶𝑎𝑂 + 𝐾2𝑂 + 𝑁𝑎2𝑂] Eq 4 

SA  
(Silico -aluminum ratio) 

Ruxton, 1968 W ↑ 
I ↓ 
 

𝑆𝑖𝑂2

𝐴𝑙2𝑂3
 Eq 5 

VR  
(Vogt ratio) 

Vogt, 1927 W ↑ 
I ↑ 
 

𝐴𝑙2𝑂3 + 𝐾2𝑂
𝑀𝑔𝑂 +  𝐶𝑎𝑂 +   𝑁𝑎2𝑂 Eq 6 

PIA  
(Plagioclase index of alteration) 

Fedo et al. 
(1995) 

W ↑ 
I ↑ 
 

100 ∗ [
𝐴𝑙2𝑂3 − 𝐾2𝑂

𝐴𝑙2𝑂3  + 𝐶𝑎𝑂 + 𝐾2𝑂 +  𝑁𝑎2𝑂] Eq 7 

CPA  
(Chemical proxy of alteration) 

Buggle et al. 
(2011) 

W ↑ 
I ↑ 
 

100 ∗ [
𝐴𝑙2𝑂3

𝐴𝑙2𝑂3  +  𝑁𝑎2𝑂] Eq 8 

CIW 
(Chemical index of weathering) 

Harnois (1988) W ↑ 
I ↑ 100 ∗ [

𝐴𝑙2𝑂3

𝐴𝑙2𝑂3  + 𝐶𝑎𝑂 + 𝑁𝑎2𝑂] Eq 9 

 

3.2.5 Picarro-measurements 

The Picarro analyzer is used to determine the total carbon content and δ13C values. For this 

purpose, around 12 mg milled soil is weighed into tin-capsules (Ser. No. tin cups: 7929). In the 

incinerator is a flame, which burns the samples. The analyzer is only able to measure the CO2 

if no other elements are in the steam. Therefore, other elements must be filtered out. After, a 

Cavity Ring-Down Spectroscopy analyzer (G2131-i) measures the CO2 concentration. The 
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laser wavelength changes when the sample is present, which allows us to terminate C-isotopes’ 

content. So, laser’s wavelength and the wavelength of the 13C and 12C isotopes must be known. 

The laser measures continuously (approx. 1 x per second), resulting in a concentration curve 

over time. The area under the curve contains the total amount of carbon in the sample, which 

can be determined by the surface integral. The ratio of 13C and 12C isotopes is constant during 

one measurement. This ratio allows the calculation of the δ13C value, which is the ratio between 

the 12C and 13C. An advantage of measuring with a laser is the possibility to register a high 

carbon concentration, whereas, with a C/N-analyzer, the upper limit of the measurable range is 

reached faster (more details in chapter 3.2.6). A chernozem standard is also measured to achieve 

accurate results and to correct the potential drift. In the laboratory at UZH, this standard is 

measured before and after six samples. The procedure was carried out in collaboration with 

Marcus Schiedung (PhD student, UZH) and Severin-Luca Bellè (PhD student, UZH). The 

relationship between the δ13C values and the total amount of carbon indicates the soil 

disturbances and the aggregate stability.  

3.2.6 C/N-measurements 

Similar to the Picarro analyzer, the C/N analyzer is used to investigate the carbon content. 

Besides, the C/N analyzer measures the nitrogen content, allowing the calculation of the C/N 

ratio. In contrast to the Picarro analyzer, the measurement is not performed with a laser but with 

a thermal conductivity detector (TCD). The measurable range of this detector is less wide than 

that of the Picarro analyzer. Hence it is important not to weigh too much amount of soil. 

Depending on the sample’s carbon content, which is known from the Picarro analyzer, the 

weighed amount varies. The necessary amount of milled soil samples were weighed into tin 

capsules (Ser. No. tin cups: 7929 and 7184). For the measurement, the carbon compounds must 

be oxidized to CO2, and nitrogen compounds have to be separated. Therefore, the samples were 

combusted at about 1000° C in a column filled with tungsten and copper. The measurement 

was performed with a Thermo Fisher Scientific Flash HT Plus elemental analyzer with 

SmartEA option, equipped with a thermal conductivity detector, and coupled to a ConFlo lV to 

Delta V Plus isotope ratio mass spectrometer. For accuracy, all samples had been analyzed 

twice, and additionally, chernozem standards were measured (Giani, et al., 2015). The 

measurements were performed by Aline Hobi (Lab technician, UZH). The C/N ratio was used 

to describe the soil characteristics.  
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3.2.7 Atomic Absorption Spectrometry (AAS)  

Atomic absorption spectrometry (AAS) is a method to determine the concentration of selected 

atoms. This work aims to determine the concentration of iron, magnesium, and aluminum. The 

AAS technique works only if the samples are in the gas phase, so the samples are burned in a 

flame. Afterward, the concentration of the individual elements can be determined by a light 

beam. Every element has different absorption properties, so the wavelength of the emitted light 

beam changes depending on the contained elements. The detector measures the wavelength of 

the light beam after atoms have absorbed specific radiation. The resulting concentrations are 

then calibrated with standards (Bashour & Sayegh, 2007). The results can be used to 

characterize the soil and determine the soil type. The oxalate and dithionite extraction was made 

only for the reference sites and was performed by Esmaeil Taghizadeh (Lab technician, UZH). 

 

3.2.7.1 Oxalate extraction 

The samples are treated with an oxalate extract, which dissolves amorphous and poorly 

crystallized Fe, Mn, and Al phases. The reaction during the extraction is light sensitive, so the 

samples are protected from light irradiation with an aluminum foil. The samples are shaken for 

two hours until the pH value is around three and then filtered. The measurement of the Fe, Mn, 

and Al concentrations is performed with the AAS (Egli, et al., 2020). 

 

3.2.7.2 Dithionite extraction 
Dithionite extraction dissolves organically bonded Fe, Mn, and Al as well as crystallized oxides 

and hydroxides. For this purpose, the sample is heated in a dithionite citrate bicarbonate 

buffered solution followed by adding sodium dithionite (strong reducing agent). Subsequently, 

the extract’s elements can be measured with the AAS (Egli, et al., 2020).  
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3.3 Fallout radionuclides 

3.3.1 239+240Plutonium extraction and measurements 

The extraction and the measurements from the Plutonium were done according to Ketterer et 

al. (2004). In the laboratory of Zurich, only the preparation was done; the milled samples were 

weighed (5 g) in 40 mL Pyrex “VOA” bottles, burned, and before sending, the vials were well 

packed. Additional to the samples, duplicates, rock powder (as negative standards), standards 

(IAEA-447), and blank samples were prepared. The samples were sent to Dr. Michael Ketterer 

(northern Arizona university, USA).  In a first step, the samples were leached by adding a Pu-

242 spike solution and HNO3 and placed in a 75° C oven for 18 hours with occasional shaking. 

After additional leaching with water addition, the Pu is contained in the solution and ready for 

filtration. Afterward, 0.10 g of FeSO4* 7 H2O and 0.4 g of NaNO2 were added, and the solution 

was heated, whereby the Pu convert to the Pu (IV) oxidation state. In the next step, the matrix 

elements U and Th are removed. This is done by adding TEVA resin and a complex application 

of columns. In the end, the eluted Pu was collected. The Pu-activity was measured with the 

Thermo X2 quadrupole ICPMS system located at Northern Arizona University. The soil erosion 

rates were estimated by comparing the  239+240Pu activity from the reference and the slope sites. 

3.3.2 Erosion estimation by using the inventory method (IM) 

With the 239+240Pu activity, it is possible to calculate the erosion rate. Lal et al. (2013) have 

developed the inventory method (IM), which is done by the following formula:  

 

 𝐿 =  
1

𝛼𝑃
× ln (1 −

𝑙𝑟𝑒𝑓 −  𝑙𝑖𝑛𝑣

𝑙𝑟𝑒𝑓
) Eq 10 

 

Where L = loss of soil (cm), α =  a coefficient of the least-squares exponential fit of the profile 

depth to activity after Alewell et al. (2014), P = particle size correction factor, Iref = reference 

inventory as mean of all reference sites [Bqm-2], Iinv = measured total inventory at the sampling 

point [Bqm-2] (Lal, et al., 2013). The particle size correction should be done because small 

particles are removed faster due to erosion, whereby the grain size distribution is disturbed. 

Depending on the source, a correction of 1.0 to 1.2 (Walling & He, 1999) or 1.5 (Lal et al., 

2013) is proposed.  
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3.3.3 Erosion estimation by using the profile distribution model (PDM) 

Walling and He (1999) and Zhang, Higgitt, and Walling (1990) have developed the profile 

distribution model (PDM). The amount of the isotope inventory above the depth is calculated 

with the following formula:  

 

 
𝐴′(𝑥) = 𝐴𝑟𝑒𝑓 (1 − 𝑒

𝑀𝑥
ℎ0 ) Eq 11 

 

Where A’(x) = the amount of the isotope inventory above the depth [Bqm-2], Aref = the reference 

inventory as mean of all reference sites [Bqm-2], Mx = the mass [kg-2] between the top and 

actual depth (x) and h0 = the profile shape factor [kgm-2], which describes the rate of exponential 

decrease in inventory with depth. This factor could be determined with the solver function in 

excel, which factor is used to estimate the erosion rate per year: 

 

 
𝐸𝑠𝑜𝑖𝑙 =

10
𝑡 − 𝑡0

× ln (1 −
𝑙𝑟𝑒𝑓 −  𝑙𝑖𝑛𝑣

𝑙𝑟𝑒𝑓
) × ℎ0 × 100 Eq 12 

 

Where Esoil = Erosion rate [tha-1yr-1], t = sampling year, t0 = 1963 (maximum level of the testing 

of thermonuclear weapons), Iref = the reference inventory as mean of all reference sites [Bqm-

2], Iinv = measured total inventory at the sampling point [Bqm-2], h0 = the profile shape factor 

[kgm-2] and the multiplication with 100 is to change the unit from [kgm-2] to [tha-1]. 

 

3.4 Beryllium analysis 

The beryllium-10 isotope belongs to the cosmogenic nuclides, which originates in situ, which 

means on the surface (Chmeleff, et al., 2010) or meteorically, in the atmosphere (Graly, et al., 

2010). The meteoric 10Be reacts already in the atmosphere and falls to the surface with the 

precipitation (McHargue & Damon, 1991). Thus, the 10Be concentration is higher in the upper 

soil layers, but due to wash-out, the 10Be can accumulates in deeper soil layers (Graly, et al., 

2010). The half-life of 10Be is 1.39 x 106 y (Korschinek, et al., 2010), allowing age dating. 

Assuming that the cosmogenic radiation is constant (Wagner, 1998) and with the half-life time, 

the erosion rate can be calculated.  
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3.4.1 Beryllium Extraction and measurement 

The meteoric 10Be is only present in tiny amounts in the soil. Therefore, a careful extraction is 

necessary. The extraction steps were performed according to the standard scheme of von 

Blanckenburg, et al. (1996), simplified to von Blanckenburg, et al. (2004). This analysis was 

only done for the first pit from Reference 2. Because the 10Be concentration changes in the 

depth profile, this analysis must be performed on a sample that reaches a certain depth, and the 

selected pit is more in-depth than most others.  

First, 2 g fine earth was heated for three hours at 550°C to remove organic matter. The samples 

were leached two times overnight by adding HCl and continuous shaking. In this solution are 

contained Be, Al, Fe, Mn, Ca, and other metals. The complex metals are removed by adding 

EDTA, by bringing the pH to a value around 8.6, whereby the complex metals are dissolved in 

the solution in contrast to beryllium, which can be separated by using the centrifuge. NaOH is 

added to the gel to allow Be(OH)2 and Al(OH)2 to redissolve at a pH of 14. Some foreign metals 

are still in the solution, which can be removed by adding HCl until the pH is around 2 and 

EDTA. Then, the pH is modified to 8 by using NH4OH, and the separation can be done by using 

the centrifuge again. The gel is dissolved with 0.4 M Oxalic acid to separate the Al(OH)2 from 

the Be(OH)2, whereby the samples are ready for the cation exchange columns. The collected 

solution was heated to 80°C to reduce the amount of liquid, followed by adding NH4OH to 

precipitate the Be(OH)2. The Gel is dried overnight at 70°C afterward heated to 190°C for 4-5 

hours. The gel is calcined in the oven at 850°C for two hours to obtain BeO. The extracted 

beryllium was measured at the ETH Zurich with Accelerator mass spectrometry (AMS) 

(Christl, et al., 2013). 

3.4.2 Beryllium calculation 

Maejima, et al. (2004) defined a formula to estimate the soil age, by using the 10Be 

concentration in the soil:  

 

 𝑡 =  −
1
𝜆

ln (1 −  𝜆 
𝑁
𝑞

) Eq 13 

 

Where t = the soil age, 𝜆 = decay constant of 10Be (4.997 * 10-7 yr-1), N = inventory of 10Be in 

time t, q = annual deposition rate of 10Be. The inventory of 10Be can be calculated by using the 

amount of 10Be atoms per g, the soil density and the percentage of rock fragments in the 

observed depth.  
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The annual deposition rate (q) of 10Be for the past thousands of years is mostly unknown. 

Various methods for estimating soil erosion rates can be found in the literature. In this work, 

the following methods are used: 

 

1. Annual deposition rate (q) according to Monaghan et al. (1986):  

The assumption is that every millimeter of rain contains 1-1.5 x 104 atoms cm-3 10Be, 

resulting in q = precipitation * 1210 [atoms cm-2 yr-1] 

 

2. Annual deposition rate (q) according to Willenbring & von Blanckenburg (2010):  

For this estimation, the long-term solar modulation factor and long-term geomagnetic 

field are used and recalculated for each latitude. This results in a world map with the 

individual deposition rate. For Portugal is the annual deposition rate around 1’400’000 

[atoms cm-2 yr-1]. 

 

3. Annual deposition rate (q) according to Graly, et al., 2011: 

Based on the measured 10Be concentration from different locations, a formula for low 

and mid-latitudes was defined:  

 𝑞 = 𝑃 ∗
1.44

1 + 𝐸𝑥𝑝 30.7 − 𝐿
4.33

+ 0.63 Eq 14 

Where P = precipitation and L = latitude 

 

For the mentioned calculations, the current precipitation values cannot be used. It has to be 

calculated with the average precipitation since the beginning of the soil formation. Because of 

the missing data, this average can only be roughly estimated. There is a climate station (Penhas 

Douradas in Manteigas at 1380 m.a.s.l.) near the sample sites, where the actual precipitation 

rates are recorded since 1982. But because of the higher altitude of the site, the real values could 

be higher. The estimated precipitation of today is around 1800 mm yr-1 (Vieira, et al., 2017). In 

the last 20 ka, the precipitation was most certainly lower than nowadays, so the average 

precipitation is most likely between 1400 and 1800mm yr-1.  
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4 Results 

4.1 Soil Profile 

The main focus of this master thesis is the plutonium analysis. 239+240Pu activity concentration 

decreases in the depth profile, which is why the pits were mainly dug to a depth of 25 cm. In 

the non-glaciated and the formerly glaciated area, six pits each were made. The soils were dry 

during the fieldwork, which made digging lightly. The horizon sequence of all observed soil 

profiles is similar and consists of an Ah, Bv, and a C horizon (was not always reached). The 

boundary between the Ah horizon and the Bv is approximately between 10 and 15 cm. The soil 

type can be classified as a Cambisol (according to WRB), which is a relatively young developed 

soil. The Munsell color is described as brown-soil (10 YR). Up to the vegetation density, the 

rooting differs. The densest vegetation is at Reference 1, resulting in many roots (compare 

Figure 9). In contrast, the vegetation at Reference 2 is less dense, which leads to fewer roots in 

the soil profile (see Figure 10). At Location 2 are signs of frost events, which could cause 

mixing of the soil. Therefore, one pit at the reference site and one pit on a sloping site were dug 

deeper (up to 35 cm) at Location 2.  

 

 
Figure 9; Soil profile at Location 1 (Reference 1, Pit 2) 

 

 
Figure 10; Soil profile at Location 2 (Reference 2, Pit 1) 
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4.2 Physical characteristics 

The investigated physical soil characteristics are summarized in Table 3 for the two references 

site. The data of all observed sites are listed in the appendix (Table 12 and Table 13). The 

percentage of soil skeleton is in general higher at Location 1 with varying values around 50%. 

The soil skeleton range at Location 2 is more extended than at Location 1; in the upper soil, 

depths are the lowest values nearby 20% and rise to 70% with increasing depth. The variation 

in the Munsell color is low. The Hue of the analyzed soil samples is described as brown-soil 

(10 YR). The values are 3 or 4, and the chroma values are all described with the number 2. 
 

Table 3;Physical characteristics of the observed references sites 

Sample Depth Soil skeleton 
(> 2 mm) 

Sand Silt Clay Bulk 
density 

Munsell 
color 

  [cm] [wt%] [%] [%] [%] [g/cm3] [dry] 
 
Location 1 (non-glaciated) 

      

R1-P1-P1 
       

SdE-1 0–5 56.64% 
   

0.58 10YR 3/2 
SdE-2 5–10 75.55% 

   
0.73 10YR 4/2 

SdE-3 10–15 51.21% 40.8 28.8 29.2 0.71 10YR 4/2 
SdE-4 15–20 53.90% 

   
0.65 10YR 4/2 

SdE-5 20–25 57.49% 
   

0.60 10YR 4/2 
R1-P1-P2 

       

SdE-6 0–5 43.05% 
   

0.59 10YR 4/2 
SdE-7 5–10 60.76% 

   
0.75 10YR 4/2 

SdE-8 10–15 53.62% 29.2 36.4 33.2 0.79 10YR 3/2 
SdE-9 15–20 57.32% 

   
0.80 10YR 4/2 

SdE-10 20–25 54.50% 
   

0.90 10YR 4/2 
R1-P2-P1 

       

SdE-11 0–5 56.98% 
   

0.59 10YR 4/2 
SdE-12 5–10 32.01% 32 31.2 36.8 0.59 10YR 3/2 
SdE-13 10–15 47.61% 29.2 32.8 36.4 0.68 10YR 3/2 
SdE-14 15–20 49.15% 

   
0.66 10YR 3/2 

SdE-15 20–25 37.87% 33.2 27.6 39.2 0.60 10YR 3/2 
R1-P2-P2 

       

SdE-16 0–5 47.25% 
   

0.56 10YR 4/2 
SdE-17 5–10 52.03% 

   
0.74 10YR 3/2 

SdE-18 10–15 48.95% 24.8 36 39.2 0.85 10YR 3/2 
SdE-19 15–20 50.18% 38.8 26 35.2 0.74 10YR 3/2 
SdE-20 20–25 51.30% 38.4 34.8 25.6 0.82 10YR 3/2 
 
Location 2 (glaciated) 

      

R2-P1-P1 
       

SdE-61 0–5 17.27% 42 22.8 34.8 0.53 10YR 3/2 
SdE-62 5–10 29.58% 19.2 39.6 40.8 0.64 10YR 3/2 
SdE-63 10–15 23.15% 28.4 27.6 44 0.70 10YR 3/2 
SdE-64 15–20 31.24% 22 37.2 40.4 0.74 10YR 3/2 
SdE-65 20–25 32.70% 36 19.2 44.8 0.77 10YR 3/2 
SdE-66 30-35 69.07% 

   
0.97 10YR 4/2 

R2-P1-P2 
       

SdE-67 0–5 20.16% 32.4 30 37.6 0.68 10YR 3/2 
SdE-68 5–10 25.67% 18 36.4 44.4 0.62 10YR 3/2 
SdE-69 10–15 28.34% 32 22 46 0.67 10YR 3/2 
SdE-70 15–20 44.91% 24 34.4 41.2 0.81 10YR 3/2 
SdE-71 20–25 46.32% 19.6 30.4 47.2 0.75 10YR 3/2 
SdE-72 30-35 68.93% 

   
1.07 10YR 3/2 

R2-P2-P1 
       

SdE-73 0–5 26.63% 33.6 20.8 45.6 0.69 10YR 4/2 
SdE-74 5–10 35.51% 30 30.8 38.4 0.77 10YR 4/2 
SdE-75 10–15 28.76% 18 42.8 37.2 0.65 10YR 3/2 
SdE-76 15–20 34.86% 29.2 25.2 45.6 0.71 10YR 3/2 
SdE-77 20–25 63.37% 26 34 38 1.01 10YR 3/2 
R2-P2-P2        
SdE-78 0–5 31.91% 20 29.2 49.6 0.60 10YR 4/2 
SdE-79 5–10 34.83% 34.4 33.6 31.6 0.71 10YR 3/2 
SdE-80 10–15 31.09% 13.2 46.8 37.2 0.72 10YR 3/2 
SdE-81 15–20 26.29% 34 31.6 33.2 0.67 10YR 3/2 
SdE-82 20–25 34.14% 20.4 43.5 35.2 0.71 10YR 3/2 
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4.2.1 Bulk density 

The bulk density at Location 1 (compare Figure 11) shows that the pattern from Reference 1 

and Slope 1 is quite similar; the lowest bulk density is in the upper soil layer between 0.4 and 

0.6 gcm-3 and increases with depth to values around 0.75 gcm-3. In contrast, the bulk density at 

Slope 2 differs. There is no clear depth trend visible, and the values are higher in a range 

between 0.8 and 1.0 gcm-3. The three observed sites at Location 2 have an almost identical 

pattern. The bulk density in a depth of 0-5 cm is nearby 0.65 gcm-3. In the depth of 20-25 cm, 

the values are higher, around 0.75 gcm-3. Just in a depth of 30-35 cm, the bulk density differs; 

while the values at Reference 2 reach values around 1.0 gcm-3, the bulk density remains at Slope 

4, with values around 0.75 gcm-3. The displayed bulk density is the mean value of the four 

observed profiles from each site, and in the figure are the standard errors included. The highest 

standard error is at Slope 2 in the depth range from 0-5 cm. The exact values and the standard 

deviation are summarized in Table 27.  

 

Location 1 Location 2 

  
Figure 11; Bulk density of the observed soils at the two locations with standard errors, whereby n = 4 
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4.2.2 Grain size 

The grain size distribution is shown in Figure 

12. The results of the sedigraphs are classified 

in 7 scales, which were then assigned to a 

specific type of grain. The largest grain size 

has sand, followed by silt, and the smallest is 

that of clay (detailed classification in Table 4). 

 Table 4;Grain size results and classification 

Grain size 
[µm] 

Grain size-type 

1000-2000 sand 
500-1000 sand 
250-500 silt 
125-250 silt 
63-125 clay 
45-63 clay 
32-45 clay 

 

The determination of the grain size is time-consuming and was only done for the two 

reference sites. The graphic shows mostly the mean values of the four profiles. However, the 

measurement was only made for the samples with enough soil material. As a result, the mean 

value of some depth ranges was calculated with fewer samples. The depth range of 0-5 cm at 

Reference 1 or the depth range of 30-35 cm at Reference 2 could not be investigated at all. 

The details are shown in Table 43. The standard errors are mostly between 2 and 6 %.  

Reference 1 has a similar proportion of all grain size-types; one-third is sand, one-third silt, 

and one-third clay. Except in the depth range of 15 - 20 cm, there is more sand and clay, but 

the silt amounts are only about a quarter. In Reference 2, smaller grain sizes were measured. 

The percentage of clay is about 40% in each depth range, whereby the lowest sand 

percentages are found in a depth range of 10 to 15 cm. Both investigated soils show no clear 

depth trend. 

 

Reference 1 Reference 2 

  
Figure 12; Grain size distribution at the two references sites, summed up to 100%  
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4.3 Chemical 

The investigated chemical soil characteristics are summarized in Table 5 for the two references 

site. The data of all observed soils are in the appendix (Table 14 and Table 15). The pH- and 

the C/N measurements were performed twice, so the numbers listed in the table are the mean 

value of the two measurements. The Picarro measurement was done once to investigate the 

carbon amount and the δ13C values. Oxalate and Dithionite measurements are elaborately and, 

therefore, only done for the reference sites, whereas the number per sample differs (details in 

Table 14 and Table 15). The results are discussed in the following chapter in more detail. 

 
Table 5; Chemical characteristics at the two references sites (the error margin of the red numbers in brackets are too high) 

   Picarro CHN Oxalate Dithionite 
Site Depth pH C δ13C C N C/N Alo Feo Mno Sio Ald Fed Sid  

[cm] [CaCl2] [%] [ - ] [gkg-1] [gkg-1] [ - ] [gkg-1] [gkg-1] [mgkg-1] [mgkg-1] [gkg-1] [gkg-1] [gkg-1] 
 
Location 1 (non-glaciated) 

 
 

           

R1-P1-P1 
             

SdE-1 0–5 3.37 11.0 -28.4 108 7.8 13.8 1.54 3.24 27.5 109 2.90 3.91 937 
SdE-2 5–10 3.40 11.5 -28.5 111 7.7 14.4 1.78 4.93 36.4 87 3.60 3.98 821 
SdE-3 10–15 3.55 8.9 -28.0 96 7.2 13.3 2.50 5.12 15.0 167 4.50 4.07 1059 
SdE-4 15–20 3.62 6.7 -28.3 61 4.3 14.3 1.72 5.52 7.9 105 3.39 4.62 602 
SdE-5 20–25 3.66 5.5 -27.6 69 5.0 14.0 2.18 4.66 10.2 141 4.45 4.74 509 
R1-P1-P2 

             

SdE-6 0–5 3.37 9.1 -28.0 117 8.4 14.0 1.56 5.06 15.7 89 3.43 3.95 943 
SdE-7 5–10 3.39 12.3 -28.0 115 8.7 13.3 1.96 6.18 16.8 84 3.64 4.14 1047 
SdE-8 10–15 3.44 9.5 -27.9 89 6.7 13.2 1.78 7.10 16.3 90 3.43 3.08 830 
SdE-9 15–20 3.53 8.1 -27.7 (80) 6.1 13.2 1.71 6.66 12.5 121 4.44 4.55 785 
SdE-10 20–25 3.61 6.2 -27.5 67 4.6 14.5 1.70 7.21 4.1 115 4.24 4.80 454 
R1-P2-P1 

             

SdE-11 0–5 3.34 14.0 -28.2 134 (8.9) 15.0 1.55 3.57 10.8 49 2.39 3.98 795 
SdE-12 5–10 3.47 7.6 -27.4 102 7.6 13.3 2.31 5.19 9.8 90 3.47 4.60 695 
SdE-13 10–15 3.54 9.7 -27.8 77 5.8 13.3 2.17 4.09 4.6 79 2.88 4.63 347 
SdE-14 15–20 3.63 7.7 -27.3 85 6.2 13.6 2.39 5.62 8.5 150 4.82 4.92 251 
SdE-15 20–25 3.82 7.6 -27.1 94 6.2 15.3 4.16 8.16 8.3 110 8.89 8.33 435 
R1-P2-P2 

             

SdE-16 0–5 3.33 10.0 -28.3 119 8.1 14.6 1.69 10.00 5.5 75 2.56 4.63 1019 
SdE-17 5–10 3.51 8.8 -27.7 85 6.4 13.3 1.88 10.29 4.8 50 3.11 4.62 727 
SdE-18 10–15 3.61 7.8 -27.4 (73) 5.5 13.3 2.31 12.09 5.6 104 3.62 5.04 608 
SdE-19 15–20 3.74 7.7 -27.2 73 5.0 14.6 2.60 11.70 9.7 82 4.64 5.35 480 
SdE-20 20–25 3.79 7.6 -27.1 69 4.8 14.4 1.89 8.17 6.8 71 5.68 6.29 361 
 
Location 2 (glaciated) 

 
 

           

R2-P1-P1 
             

SdE-61 0–5 3.97 5.1 -28.8 69 4.9 14.1 0.95 3.27 18.5 15 1.54 4.46 584 
SdE-62 5–10 3.82 5.4 -28.1 68 5.2 13.1 1.06 5.30 3.4 45 2.51 5.81 447 
SdE-63 10–15 3.83 6.1 -27.6 (68) (5.3) 12.9 1.45 4.69 4.0 123 3.09 7.00 331 
SdE-64 15–20 3.91 6.2 -27.5 73 5.8 12.6 1.80 5.47 5.2 108 3.44 6.29 309 
SdE-65 20–25 3.94 5.9 -27.4 62 (4.8) 12.8 2.20 2.58 5.0 101 3.79 6.97 226 
SdE-66 30-35 4.13 5.6 -27.3 70 5.7 12.4 3.33 3.62 12.9 358 5.38 5.58 402 
R2-P1-P2 

       
  

  
  

SdE-67 0–5 3.83 4.8 -28.1 62 4.8 13.0 1.29 4.34 4.1 65 2.38 4.52 476 
SdE-68 5–10 3.88 5.2 -28.3 (63) (4.7) 13.3 1.25 4.11 4.5 55 2.21 5.66 543 
SdE-69 10–15 3.91 7.1 -27.8 70 5.3 13.3 1.75 5.90 2.6 58 3.61 6.34 392 
SdE-70 15–20 3.95 8.0 -27.5 71 5.3 13.5 1.96 4.85 3.4 87 4.51 7.16 311 
SdE-71 20–25 3.98 7.1 -27.4 65 4.9 13.2 2.34 4.40 5.3 62 5.12 7.45 318 
SdE-72 30-35 4.12 6.1 -27.3 64 5.0 12.8 3.10 4.98 13.5 197 6.02 7.10 284 
R2-P2-P1 

       
  

  
  

SdE-73 0–5 3.79 6.1 -28.6 61 4.7 12.9 1.05 4.10 5.7 26 2.41 6.55 467 
SdE-74 5–10 3.81 6.8 -28.3 64 5.0 12.9 1.25 4.05 5.9 40 2.87 6.37 317 
SdE-75 10–15 3.85 7.2 -28.1 72 5.6 12.8 1.65 4.18 6.0 49 3.74 7.58 429 
SdE-76 15–20 3.89 5.6 -27.8 (68) (5.4) 12.6 1.72 12.35 3.5 38 4.39 9.11 259 
SdE-77 20–25 3.94 5.3 -27.7 (64) (5.1) 12.6 2.04 5.60 3.2 50 4.52 7.74 263 
R2-P2-P2 

       
  

  
  

SdE-78 0–5 3.87 6.1 -28.6 69 5.4 12.8 1.10 3.74 4.7 85 2.95 7.60 442 
SdE-79 5–10 3.89 5.4 -28.2 71 5.6 12.7 1.21 5.30 3.7 86 3.46 8.17 278 
SdE-80 10–15 3.86 5.4 -28.2 65 5.2 12.6 0.98 5.26 4.9 96 3.45 6.87 449 
SdE-81 15–20 3.91 4.4 -27.7 69 5.4 12.7 1.30 4.88 2.6 64 5.21 7.34 257 
SdE-82 20–25 3.93 5.3 -27.8 61 4.9 12.6 

  
0.1 57 4.01 6.55 195 



Results 

 26 

4.3.1 pH 

The pH-values were measured twice. Consequently, the average values were determined. 

Figure 13 shows the average values of these two measurements from each site’s four profiles 

(resulting mainly in n=8). The exact standard deviation and standard errors are summarized in 

Table 28. The standard errors are mostly low (≤ 0.05).  

The pH values at the observed sites raise with increasing depth. The pH-values are in a range 

of 3.3 to 4.3, which can be described as acidic. While the pattern of the three sites at Location 

2 shows similar properties in the depth profile, the pH at Location 1 varying more. In the 

formerly glaciated area, the upper soil layers’ pH values are nearby 3.8 and rise to 4.1 in the 

deeper soil layers. The pH values at Reference 1 and Slope 1 are more acids than at the other 

sites. The pH is between 3.3 (at Reference 1) and 3.5 (at Slope 1) in the upper soil depths. In 

the lower soil depths, the values are approximately 0.4 higher. In contrast, the pH-values at 

Slope 2 are around 4.2 and relatively constant in the depth-profile. 

 

Location 1 Location 2 

  
Figure 13; Plotted pH value at the observed sites with standard error, whereby n = 8 

4.3.2 LOI 

Figure 14 shows the average LOI-results (mainly is n = 4). The highest LOI-values (> 30%) are 

observed at Slope 1 in the upper soil layers and decreases to values under 15% at 7.5 cm. depth. 

The standard error is high at a depth of 2.5 cm (exact standard deviation and errors are 

summarized in Table 29). The LOI-values at Reference 1 are relatively high either, and they 

decrease in the depth profile. A contrasting pattern shows Slope 2; the values are smaller, 
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around 10%, and do not show a clear depth trend. The LOI values at Location 2 do not show a 

clear depth trend and are in a range between 10-16%.   

 

Location 1 Location 2 

  
Figure 14; Loss on ignition (soil samples burned at a temperature of 550°C) for the observed sites with standard error, whereby 

n = 4 

4.3.3 Carbon and Nitrogen 

Each sample was measured twice, and the values in Figure 15 are the average of these two 

measurements from each site’s four profiles (resulting mainly in n = 8). The exact standard 

deviation and standard errors are summarized in Table 30 to Table 32. An especially high 

standard error is visible at Slope 1 in a depth of 2.5 cm.  

The highest amount of carbon values are in the upper soil layers at Slope 1, with an average 

value of almost 16%, and decreases in-depth to around 5%. The largest shift is between 2.5 and 

7.5 cm, although the values do not change much further below. A quite similar pattern is 

recognizable at Reference 1, the highest values are nearby 12% in the upper soil layers, and the 

lowest values are in a depth of 20-25 cm. The amount of carbon is lower at Slope 2, with values 

between 2 and 4%. The graphics of the amount of nitrogen show similar patterns and are 

between 0.1 and 0.8%. The C/N-graphs do not show a depth trend and are in a range of 13 to 

18. At Location 2 is no clear depth-trend visible for the total carbon and nitrogen. So is the 

amount of carbon of all sites between 5 and 7%. The amount of nitrogen is in a range between 

0.4 and 0.6%. These values lead to a C/N ratio of approximately 13 and decrease smoothly in 

depth.  
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Location 1 Location 2 

  

  

  
Figure 15; Amount of Carbon and Nitrogen [%] and the C/N ration with standard error, whereby n = 8 
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4.3.4 Picaro 

Figure 17 shows the δ13C values and the amount of carbon. The data originates from the picaro 

analyses. The trend line is added to compare the different sites better. The δ13C values are in a 

range between - 29 and - 26.5 ‰. At Location 2 are the highest values at the reference sites. At 

Location 1 are the most negative values at Slope 1, whereby Reference 1 and Slope 2 have 

similar δ13C values (see Figure 16). The standard errors are the highest at Slope 1 and 2. The 

exact standard errors and deviations are in Table 33. 

Figure 17 shows the correlation between the C content and the δ13C values. The amount of 

carbon shows a clear depth trend at Reference 1 and Slope 1. Besides, the δ13C values become 

more negative by increasing depth. As a result, the trend line is slightly negative. The R2 value 

for Reference 1 is almost 0.4 and therefore higher than at Slope 1 (R2 = 0.14). Compared with 

Reference 1 and Slope 1, the depth-trend of the amount of carbon at Slope 2 is less extreme, 

and the δ13C values do not show a clear pattern either. In total, the trend line is positive, with 

an R2 value of approximately 3.3. The correlation between the amount of carbon and the δ13C 

values at Location 2 are lower than at Location 1. The R2 values are at all sites lower than 0.1. 

Neither the amount of carbon nor the δ13C values show a clear depth-trend. Consequently, the 

data points resemble a random distribution. 

 
Location 1 Location 2 

  
Figure 16; δ13C values at the observed sites with standard error, whereby n = 4 
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Location 1 

 

Location 2 

 

  

  
Figure 17: Correlation between Corg (amount of organic carbon) and δ13C values as indicator of soil disturbance/stability. 

Below a concentration of 0.5% of Corg, δ13C could not be measured accurately enough; these values were not considered for 

the correlation 
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4.3.5 Oxalate and dithionite extractable contents 

Figure 18 shows the AAS-results. This method is elaborately and was done for the two reference 

sites. The oxalate extraction dissolves aluminum, iron, silicon, and manganese from the 

amorphous material, whereby the dithionite extraction dissolves aluminum, iron, and silicon 

from the amorphous and crystalline material. Therefore, the dithionite results should be higher 

than the oxalate extraction (McKeague & Day, 1966). The Alo values increases in the depth 

profile, whereby the values at Reference 1 are higher than at Reference 2. In the upper soil 

layers, there are contained 1.1 (Reference 2) and 1.6 [gkg-1] (Reference 1) Alo. In a depth of 

22.5 cm, the amount increases to 2.2 (Reference 2) and 2.5 [gkg-1] (Reference 1). At Reference 

2, the amount increases to 3.25 [gkg-1] in a depth of 32.5 cm. The amount of Ald is higher than 

the Ald; in the upper soil layer, the concentration is ±2.3 [gkg-1], and in the bottom, it is 6.3 

[gkg-1]. The values at the two sites are near to each other. In general, the standard errors and 

standard deviations are within the accepted range, but the highest can be detected at the 

Reference 1 site in a depth of 22.5 cm (Alo and Ald). The standard errors and standard deviation 

are summarized in Table 44. In the observed soils is the amount of iron higher than the amount 

of aluminum. The oxalate’s observed range is 4-8 [gkg-1], and the values at Reference 1 are 

higher than at Reference 2. The concentration increases slightly until 12.5 cm at Reference 1, 

respectively 17.5 cm at Reference 2, and decreases afterward. The pattern of the Fed is similar 

to the Feo, and the values are approximately 1 [gkg-1] higher. At Reference 1, the results are 

curious; the Fed values are lower than the Feo values. The Sio do not show a clear depth trend 

and range from 75 to 115 [mgkg-1] (Reference 1) and 45 to 80 [mgkg-1] (Reference 2). The Sid 

values are significantly higher; at Reference 1, the upper soil layer’s concentration is around 

900 [mgkg-1] and decreases to ±400 [mgkg-1] in the bottom.  At Reference 2, the upper soil 

layer concentration is around 500 [mgkg-1] and decreases to ±250 [mgkg-1] in  22.5 cm depth. 

In a 32.5 cm depth, the amount increases slightly to ±350 [mgkg-1]. The manganese 

concentrations were only measured with the oxalate extraction and are in range of  3 to 15 

[mgkg-1], whereby the concentrations at Reference 1 are higher than at Reference 2. The 

crystalline Fe is calculated by the subtraction of Feo from Fed. The results at Reference 2 are 

around 2 [gkg-1] and at Reference 1 in between – 4 and 0 [gkg-1].  
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(a) Oxalate 

 
(b) Dithionite 

 

(c) Crystalline 

 
Figure 18; AAS results for the two references sites; (a) oxalate, (b) dithionite, (c) crystalline (dithionite - oxalate), with standard 

error, standard deviations and n are in Table 44 and Table 45 

  

0

5

10

15

20

25

30

35

0 1 2 3

D
ep

th
 [c

m
]

Alo [gkg-1]

0

5

10

15

20

25

30

35

3 6 9

Feo [gkg-1 ]

0

5

10

15

20

25

30

35

0 150 300

Sio [mgkg-1]

0

5

10

15

20

25

30

35

0 10 20

Mno [mgkg-1]

Reference 1
Reference 2

0

5

10

15

20

25

30

35

0 2 4 6 8

D
ep

th
 [c

m
]

Ald [gkg-1 ]

0

5

10

15

20

25

30

35

3 5 7 9
Fed [gkg-1 ]

0

5

10

15

20

25

30

35

0 500 1000
Sid [mgkg-1 ]

Reference 1
Reference 2

0

5

10

15

20

25

30

35

-6 -4 -2 0 2

Fecry [gkg-1]

Reference 1
Reference 2



Results 

 33 

4.3.6 Elemental composition 

The investigated elementary composition for the two references site is summarized in Table 1. 

The elemental composition of all observed sites is in the appendix (Table 21 and Table 22). 

The measurement was performed with XRF. The measured elements were converted to oxides, 

and the sum of major oxides was normalized to 100 % for easier comparison. The most common 

elements are SiO2 and Al2O3, which are discussed in more detail, as well as TiO2 and K2O, 

which have a major impact on the used weathering indexes. 

 
Table 6; Elementary composition of the two refernces sites 

Sample Soil Depth Na2O MgO AL2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI 
Original 
Organic 
Matter 

IVC 

  [cm] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
 

Location 1 (non-glaciated)            
R1-P1-P1               
SdE-1 0–5 4.23 0.84 22.20 40.36 1.11 5.19 0.69 0.41 0.02 4.67 20.30 18.99 4.22 
SdE-2 5–10 4.01 0.82 22.14 40.73 1.09 5.33 0.69 0.41 0.02 4.52 20.24 19.72 3.98 
SdE-3 10–15 4.14 0.91 25.05 40.25 1.63 5.38 0.70 0.44 0.02 5.05 16.44 15.35 3.49 
SdE-4 15–20 4.32 0.98 27.53 42.41 1.81 5.66 0.77 0.51 0.02 5.28 10.73 11.57 1.03 
SdE-5 20–25 3.90 0.92 26.68 40.80 2.01 6.01 0.78 0.58 0.02 5.62 12.68 9.41 4.31 
R1-P1-P2               
SdE-6 0–5 3.83 0.85 21.83 36.72 1.22 4.75 0.65 0.48 0.02 5.75 23.90 15.70 8.09 
SdE-7 5–10 3.99 0.86 21.77 37.62 1.39 5.03 0.72 0.47 0.02 5.33 22.81 21.09 2.30 
SdE-8 10–15 4.15 0.92 24.47 40.40 1.55 5.09 0.67 0.49 0.02 5.33 16.93 16.31 2.96 
SdE-9 15–20 4.43 0.96 25.99 40.05 1.85 5.45 0.69 0.50 0.02 5.56 14.50 13.94 2.59 
SdE-10 20–25 4.54 1.01 27.43 42.02 1.88 5.90 0.73 0.53 0.02 5.38 10.57 10.61 1.64 
R1-P2-P1               
SdE-11 0–5 4.35 0.83 20.47 38.49 0.93 4.81 0.69 0.40 0.02 4.36 24.67 24.12 3.83 
SdE-12 5–10 4.47 0.94 24.05 38.49 1.41 5.08 0.65 0.47 0.02 5.26 19.17 13.05 8.59 
SdE-13 10–15 4.41 0.93 25.70 41.13 1.59 5.36 0.67 0.52 0.02 5.20 14.47 16.72 -0.22 
SdE-14 15–20 4.13 0.92 25.68 39.64 1.84 5.32 0.64 0.53 0.02 5.81 15.48 13.19 4.61 
SdE-15 20–25 4.05 0.92 27.21 36.92 2.39 5.04 0.59 0.55 0.02 5.95 16.38 13.15 5.92 
R1-P2-P2               
SdE-16 0–5 4.24 0.89 22.26 40.06 1.02 5.33 0.64 0.45 0.02 4.80 20.30 17.22 5.62 
SdE-17 5–10 4.30 0.93 25.28 41.40 1.49 5.60 0.66 0.51 0.02 5.29 14.52 15.22 1.05 
SdE-18 10–15 4.41 0.94 26.74 41.70 1.65 5.73 0.70 0.53 0.02 5.31 12.27 13.35 0.68 
SdE-19 15–20 4.24 0.96 26.64 40.94 1.92 5.70 0.66 0.54 0.02 5.34 13.05 13.20 1.77 
SdE-20 20–25 4.13 0.94 27.10 40.62 2.05 5.30 0.65 0.57 0.02 5.78 12.84 13.00 1.83 

 

Location 2 (glaciated)           
R2-P1-P1               
SdE-61 0–5 3.73 0.78 21.75 48.86 0.62 7.45 0.33 0.40 0.02 3.73 12.33 8.84 4.96 
SdE-62 5–10 3.54 0.75 22.55 47.69 0.67 7.36 0.22 0.44 0.02 4.54 12.22 9.30 4.65 
SdE-63 10–15 3.55 0.74 23.15 47.05 0.66 7.45 0.21 0.46 0.01 4.58 12.14 10.56 3.22 
SdE-64 15–20 3.44 0.76 23.78 45.19 0.69 7.05 0.21 0.45 0.01 5.01 13.40 10.65 4.55 
SdE-65 20–25 3.75 0.74 23.87 45.96 0.65 7.43 0.19 0.44 0.01 4.92 12.05 10.13 3.24 
SdE-66 30-35 3.88 0.81 26.44 42.13 0.86 6.92 0.19 0.43 0.02 4.97 13.35 9.58 5.56 
R2-P1-P2               
SdE-67 0–5 3.41 0.77 23.00 48.89 0.65 7.52 0.20 0.45 0.01 4.31 10.78 8.24 4.01 
SdE-68 5–10 3.55 0.78 23.24 47.07 0.68 7.51 0.22 0.45 0.02 4.59 11.90 8.90 4.30 
SdE-69 10–15 3.55 0.73 23.04 47.03 0.66 7.54 0.21 0.43 0.01 4.54 12.26 12.24 1.53 
SdE-70 15–20 3.66 0.75 23.86 45.65 0.68 7.41 0.21 0.45 0.01 4.84 12.49 13.69 0.23 
SdE-71 20–25 3.62 0.79 24.39 45.07 0.68 7.08 0.18 0.44 0.01 4.77 12.98 12.15 2.74 
SdE-72 30-35 3.63 0.83 26.11 42.95 0.79 6.95 0.20 0.44 0.02 5.26 12.83 10.42 4.27 
R2-P2-P1               
SdE-73 0–5 3.65 0.79 22.91 48.44 0.56 7.47 0.19 0.46 0.02 4.47 11.05 10.55 2.28 
SdE-74 5–10 3.38 0.72 22.54 47.95 0.57 7.33 0.17 0.43 0.01 4.63 12.29 11.62 2.66 
SdE-75 10–15 3.76 0.76 22.95 46.00 0.63 6.99 0.17 0.46 0.02 4.98 13.28 12.35 2.85 
SdE-76 15–20 3.63 0.79 23.68 45.76 0.63 7.14 0.17 0.46 0.01 5.13 12.60 9.65 4.75 
SdE-77 20–25 3.65 0.77 24.52 45.25 0.65 7.21 0.16 0.49 0.01 5.14 12.15 9.11 4.66 
R2-P2-P2               
SdE-78 0–5 3.26 0.84 23.16 46.98 0.60 7.31 0.19 0.47 0.02 5.04 12.14 10.52 3.74 
SdE-79 5–10 3.45 0.75 22.86 46.34 0.61 7.17 0.17 0.46 0.02 4.97 13.21 9.37 6.03 
SdE-80 10–15 3.47 0.77 22.86 46.58 0.60 7.29 0.17 0.43 0.01 4.72 13.09 9.24 6.13 
SdE-81 15–20 3.44 0.75 23.08 45.98 0.60 6.94 0.16 0.44 0.01 5.06 13.54 7.59 8.18 
SdE-82 20–25 3.42 0.78 23.99 46.38 0.66 7.19 0.16 0.45 0.02 5.13 11.81 9.08 4.37 
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SiO2 

The distribution of the elements shown in Figure 19 influences the weathering indexes, so they 

are described in more detail. SiO2 is the most common oxide in all observed soils. The 

concentrations at all sites at Location 2 decrease mostly within the depth profile and are 

generally higher than at Location 1. The values are around 48% (Reference 2 and Slope 3) 

respectively ± 53% (Slope 4) in the upper soil-layers and approximately 45% in the bottom. On 

the other hand, the depth trend in Slope 1 is reverse. The concentration increases from 2.5 to 

7.5 cm by almost 10%. However, the standard error at 2.5 cm depth is very high, so this jump 

could also be a measurement error. Table 33 shows the exact standard error and standard 

deviation. Reference 1 and Slope 2 do not show a clear depth-trend.  

 

Al3O2 

The second-highest concentrations are observed with Al3O2 oxide. Generally, the values 

increase in the depth profile, and they are mostly between 20 and 30%. Slope 2 can be described 

as an outliner; in the upper soil-layers, the values are around 32% and increases until 12.5 cm 

to values around 38%. Further down, the concentration remains at this level.  

 

K2O 

The percentage frequency of K2O is constant or slightly decreasing in the depth profile sites 

from Location 2. A decreasing pattern is also observed at Slope 2 until a depth of 17.5cm. But 

at Reference 1 and Slope 1, the K2O concentration increases in depth. The depth range 0-5cm 

to 5-10 cm at Slope 1 from 5.1 to 6.4%. Similar to SiO2, the standard error at Slope 1 at 2.5 cm 

depth is particularly high. The values at Location 1 are between 5 and 7% and therefore lower 

than at Location 2 with values between 7 and 8%.  

 

TiO2 

The distribution of titanium oxide is comparable for almost all sites; the values are around 0.4% 

and are constant or slightly increasing in depth. But not for Slope 2; there is a sharp drop in the 

concentration from 2.5 to 12.5 cm and remains lower (± 0.27%). 
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Location 1 Location 2 

  

  

  

  
Figure 19; Sio2, Al2O3, K2O and TiO2 (mass–%) of the observed sites with standard error, whereby n = 4 
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4.3.7 Weathering indexes 

Table 7 shows the weathering indexes for the two references site. The calculated weathering 

indexes of all sites are in the appendix (Table 23 and Table 24). Depending on the used index, 

the weathering degree differs. The most similar weathering indexes are PIA, CPA, CIW, and 

CIA because the formulas use similar elements.  

 
Table 7; Chemical weathering indexes from Reference 1 and 2: WIP = weathering index of Parker (Parker, 1970); (K + Ca)/Ti 

ratio (Harrington & Whitney, 1987); Index B (Kronberg and Nesbitt, 1982); CIA = chemical index of alteration (Nesbitt and 

Young, 1982); CIW = chemical index of weathering (Harnois, 1988); VR = Vogt ratio (Vogt, 1927); SA = Silico -aluminum 

ratio (Ruxton, 1968); PIA = plagioclase index of alteration (Fedo, et al., 1995); CPA = - chemical proxy of alteration (Buggle, 

et al., 2011). 

Sample Soil Depth WIP (Ca+K)/Ti B-Index CIA CIW VR SA PIA CPA 
  [cm] 

         

Location 1 (non-glaciated) 
       

R1-P1-P1 
          

SdE-1 0–5 87.12 13.08 0.38 61.62 73.01 2.70 3.09 66.89 76.13 
SdE-2 5–10 86.29 13.42 0.38 61.91 73.82 2.81 3.12 67.59 77.04 
SdE-3 10–15 88.12 12.52 0.36 64.30 75.59 2.97 2.73 70.39 78.62 
SdE-4 15–20 92.58 11.66 0.35 65.29 76.40 3.07 2.61 71.56 79.49 
SdE-5 20–25 91.50 10.62 0.35 65.05 77.30 3.27 2.60 72.04 80.59 
R1-P1-P2 

          

SdE-6 0–5 79.67 10.38 0.37 63.36 74.48 2.80 2.85 69.05 77.59 
SdE-7 5–10 83.72 11.23 0.38 62.05 73.44 2.71 2.93 67.47 76.82 
SdE-8 10–15 85.71 10.87 0.36 64.35 75.27 2.89 2.80 70.22 78.20 
SdE-9 15–20 91.58 11.17 0.36 64.26 75.23 2.90 2.62 70.13 78.08 
SdE-10 20–25 96.56 11.36 0.36 64.37 75.71 2.98 2.60 70.52 78.60 
R1-P2-P1 

          

SdE-11 0–5 84.94 12.58 0.40 60.07 70.91 2.45 3.19 64.51 74.12 
SdE-12 5–10 88.62 11.14 0.37 63.15 73.81 2.71 2.72 68.49 76.58 
SdE-13 10–15 90.42 10.51 0.36 64.32 75.25 2.91 2.72 70.18 78.01 
SdE-14 15–20 87.41 10.16 0.35 65.18 76.33 3.06 2.62 71.45 79.07 
SdE-15 20–25 84.17 9.38 0.33 67.36 77.89 3.25 2.30 73.79 80.34 
R1-P2-P2 

          

SdE-16 0–5 88.44 12.17 0.38 61.55 73.23 2.69 3.05 66.96 76.13 
SdE-17 5–10 91.47 11.11 0.36 63.81 75.33 2.95 2.78 69.90 78.12 
SdE-18 10–15 93.68 10.95 0.36 64.49 75.83 3.02 2.65 70.67 78.65 
SdE-19 15–20 91.82 10.77 0.35 65.01 76.54 3.10 2.61 71.48 79.26 
SdE-20 20–25 87.39 9.48 0.34 66.38 77.24 3.17 2.54 72.79 79.95 
Location 2 (glaciated)          
R2-P1-P1           
SdE-61 0–5 100.66 16.90 0.41 59.50 76.35 3.42 3.81 67.00 78.00 
SdE-62 5–10 97.79 14.82 0.39 61.38 78.37 3.76 3.59 70.09 79.46 
SdE-63 10–15 98.57 14.48 0.38 61.84 78.83 3.86 3.45 70.82 79.87 
SdE-64 15–20 94.23 13.92 0.36 63.50 79.76 3.95 3.22 72.80 80.78 
SdE-65 20–25 100.14 14.83 0.38 62.13 78.56 3.81 3.27 70.85 79.47 
SdE-66 30-35 97.28 14.16 0.35 65.01 79.69 3.87 2.70 73.76 80.54 
R2-P1-P2 

 
 

        

SdE-67 0–5 97.92 14.81 0.38 61.97 79.38 3.94 3.61 71.32 80.40 
SdE-68 5–10 99.19 14.75 0.38 61.79 78.82 3.81 3.44 70.76 79.92 
SdE-69 10–15 99.32 15.53 0.38 61.56 78.73 3.87 3.46 70.50 79.77 
SdE-70 15–20 99.29 14.77 0.38 62.33 78.85 3.84 3.25 71.22 79.83 
SdE-71 20–25 96.15 14.30 0.36 63.62 79.52 3.87 3.14 72.69 80.38 
SdE-72 30-35 95.25 13.99 0.35 65.33 80.48 3.99 2.79 74.58 81.40 
R2-P2-P1 

 
 

        

SdE-73 0–5 99.80 14.51 0.39 61.34 78.30 3.71 3.59 70.01 79.22 
SdE-74 5–10 95.79 15.08 0.38 62.03 79.35 3.97 3.61 71.35 80.22 
SdE-75 10–15 96.63 13.39 0.38 62.00 77.93 3.62 3.40 70.30 78.75 
SdE-76 15–20 96.73 13.64 0.37 62.83 79.04 3.80 3.28 71.75 79.86 
SdE-77 20–25 97.36 13.08 0.36 63.50 79.57 3.92 3.13 72.65 80.34 
R2-P2-P2 

 
 

        

SdE-78 0–5 94.91 13.68 0.37 62.97 80.23 3.97 3.44 72.76 81.20 
SdE-79 5–10 95.20 13.89 0.38 62.45 79.25 3.88 3.44 71.62 80.11 
SdE-80 10–15 96.44 14.93 0.38 62.19 79.20 3.86 3.46 71.37 80.03 
SdE-81 15–20 93.08 13.96 0.37 63.16 79.50 3.90 3.38 72.35 80.32 
SdE-82 20–25 95.19 14.04 0.36 63.63 80.19 4.03 3.28 73.22 81.00 
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Figure 20 shows the results of the different used formulas’ weathering indexes as an average of 

the four profiles per site. The standard deviation and the exact standard errors are shown in 

Table 38 to Table 42. The arrows above the graphs describe the indexes’ meaning: When the 

arrow points to the left, the weathering is more advanced lower values, and vice versa. The 

most weathering indexes indicate that the weathering is more advanced in the bottom than in 

the upper soil layers and the sites at Location 1 seem to be more weathered than the sites at 

Location 2. Let’s have a closer look at the individual indexes. 

 

(Ca + K) / Ti  

The values of Reference 1, Slope 1, and Reference 2 are in a range of 10-15, and they decrease 

in the depth profile, which means that the weathering in the bottom is more advanced - 

according to this weathering index. Although the values are near each other, the weathering 

indexes from Reference 1 are lower than that of Slope 1, and the highest results are at Reference 

2, so this site seems to be less weathered than the other two. Contrary to this, the weathering 

index at Slope 2 increases in the depth profile, especially from 7.5 to 12.5 cm is a leap. 

Therefore, the weathering degree in the bottom of Slope 2 seems to be much lower than at the 

other sites. However, the standard errors at Slope 2 are also higher than the others. The 

weathering indexes at Slope 3 and 4 are higher than at Reference 2, and the values decrease 

overall in the depth profile, although the trend is less clear than at Reference 2. In summary, 

the weathering degree, according to (Ca + K) / Ti, behaves as follows: The highest weathering 

degree is at Reference 1, followed by Slope 1, Slope 2 (0 – 10 cm), Reference 2, Slope 3, Slope 

4 and the less weathering degree is at Slope 2 (10-25 cm). 

 

WIP 

Overall, the weathering indexes are higher at the sites from Location 2 than at Location 1; they 

are between 95 and 105, whereby the values at Slope 4 are the highest. None of the sites at 

Location 2 have a clear depth trend. The three sites at Location 1 shows differ pattern. The 

weathering index at Slope 2 drops massively from 7.5 to 12.5 cm, and the found values in the 

bottom are the lowest of all observed sites. However, the values at Slope 1 increase significantly 

from 2.5 to 7.5 cm. But the standard error at 2.5 cm is high. The indexes at Reference 1 increase 

smoothly in the depth profile, and the values are between Slope 1 and Slope 2. In summary, the 

weathering degree, according to the WIP index, behaves as follows: The highest weathering 

degree is at Slope 2, followed by Reference 1, Slope 1, Reference 2, and Slope 3, and the less 

weathering degree is at Slope 4.  
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B-Index 

The values at all sites decrease in the depth profile. The lowest values are at Slope 2 with 0.3 

in the upper layers, and they drop sharply within the first 15 cm to values around 0.24. The 

weathering indexes at the other five sites are near each other in a range of 0.33 to 0.42. Whereby 

the highest values are at Location 2. The standard errors are, compared to the WIP-Index, small. 

In summary, the weathering degree, according to the B-index, behaves as follows: The highest 

weathering degree is at Slope 2, followed by Slope 1, Reference 1, Reference 2, Slope 3, and 

the less weathering degree is at Slope 4. 

 

CIA 

The results of the CIA are almost the same as when using the PIA, CPA, or CIW indexes. In 

contrast to the other displayed weathering indexes, higher values indicate more advanced 

weathering. The values increase in the depth profile of all observed sites. All sites, except Slope 

2, are between 57 and 67, whereby the lowest indexes are at Slope 4. The values at Slope 2 are 

significantly higher and increases within the first 15 cm to values around 75. If all graphs were 

flipped, the pattern would be almost the same as that of the B-Index. 

Therefore, the sites’ weathering degree shows the same order as with the B-Index: The highest 

weathering degree is at Slope 2, followed by Slope 1, Reference 1, Reference 2, Slope 3, and 

the less weathering degree is at Slope 4. 

 

SA 

The patterns resulting from the SA are similar to that one of the B-Index, although the values 

are higher. The highest weathering degree is at Slope 2, followed by Slope 1, Reference 1, 

Reference 2, Slope 3, and the less weathering degree is at Slope 4. This is the same order as 

already by the B-Index and the CIA. The most striking difference is that the values between the 

two sites are further apart, so according to this weathering index, the sites at Location 1 are also 

more weathered than at Location 2. 
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Location 1 Location 2 

  

  

  

  

  
Figure 20; Weathering indexes with standard error, whereby n = 4. The arrow show in which side  the weathering increases 
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4.4 Cosmogenic nuclides 

The 10Be concentration extraction was 

done for the two profiles in Pit 1 at the 

Reference 2 site. The concentration does 

not show a clear depth trend. The highest 

concentration within Profile 1 was 

measured at a depth range of 15 - 20 cm 

and reaches values about 42 x [108 atoms 

g-1]. However, the maximal values at 

Profile 2 are in the same depth range. But 

the variations within Profile 2 are lower; 

the concentrations are between 31 and 36 

x [108 atoms g-1]. The total amount of 

Beryllium atoms is higher at Profile 1 than 

within Profile 2. 

 
Figure 21; 10Be concentration in the depth profile from profile 1 

and profile 2 (Reference 2 site 2, pit 1) with standard error, 

whereby n = 4 

 

 

4.4.1 Age estimation 

The age estimation is done by the application of three different methods. The results are in  

Table 8. All applied formulas use the total 10Be atoms per profile (details in Table 17). In the 

formulas by Monaghan et al. (1986) and Graley et al. (2011), the precipitation is included, 

resulting in different ages, up to the assumed precipitation. Increasing precipitation leads to 

higher deposition rates, which in turn leads to younger soil ages. According to the formula of 

Willenbring & von Blanckenburg (2010), the soil age is over 30 ka. Contrary, the soil age is 

around 15 ka by using the formula of Graley et al. (2011). By Monaghan et al. (1986), the age 

is about 25 ka. In general, the soil age at Profile 1 is higher than at Profile 2.  
 
Table 8; Soil age calculations for Reference 2 by using different deposition rates (Monaghan, et al., 1986; Willenbring & von 

Blanckenburg, 2010; Graly, et al., 2011) 

 Monaghan et al. (1986) Graley et al. (2011) Willenbring & von 
Blanckenburg (2010) 

 Precipitation [mma-1] Precipitation [mma-1]  
 1400 1600 1700 1800 1400 1600 1800 

 

Calculated deposition rates  
[atoms cm-2 a-1]  

1’694’000 1’936’000 2'057’000 2’178’000 2’684’449 3’087’249 3’451’435 1’400’000 

Calculated soil age for 
profile 1 [ka] 

28.4 24.9 23.40 22.1 17.9 15.6 13.9 34.5 

Calculated soil age for 
profile 2 [ka] 

26.2 22.9 21.56 20.4 16.5 14.3 12.8 31.8 
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4.4.2 Soil age estimation for Reference 1 by using the correlation between 10Be and Feo 

The soil age estimation by using the 10Be is only possible for Reference 2 because we did not 

measure the 10Be concentration for other sites (because of the high costs). Nevertheless, it is 

possible to estimate the 10Be concentration roughly. Several authors (e.g. Willenbring & von 

Blanckenburg, 2010; Egli, et al., 2010; Calitri, et al., 2019) observed the correlation between 
10Be and organic ligands or Metallo-organic complexes.  

By plotting the Feo and the 10Be, three outliners can be seen (compare Figure 22). The linear 

regression was done without these three data points, resulting in a strong correlation (R2 = 0.93). 

The functional equation allows the calculation of the 10Be concentration for Reference 1. The 

standard errors are high (details are in Table 46). Therefore, the resulting age estimations are 

not very accurate. Nevertheless, it allows the determination of certain trends. 

 

 

 
Figure 22; Correlation between meteoric 10Be and Feo at Reference 2 

 

The 10Be concentration was calculated with the functional equation (y = 6.1222x + 6.6542). 

The results are shown in Figure 23, and the detailed standard deviations are summarized in 

Table 47. At Reference 1, the Feo concentrations are higher than at Reference 2, resulting in 

higher 10Be concentrations at Reference 1 than at Reference 2. The 10Be concentrations at 

Reference are in a range between 35 and 60 [atoms g-1 x 108].  
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Figure 23; Correlation between meteoric 10Be and Feo at Reference 1 

 

The obtained 10Be values were used to estimate the soil age for Reference 1. The estimation 

was done with the same methods as for Reference 2 (details in chapter 3.4.2). Compared to 

Reference 2, the estimated soil age at Reference 1 is higher depending on the used method 

between 2.5 and 5 years older. All applied formulas use the total 10Be atoms per profile (details 

in Table 18). 

 
Table 9; Soil age estimations for Reference 1 by using different deposition rates (Monaghan, et al., 1986; Willenbring & von 

Blanckenburg, 2010; Graly, et al., 2011) 

 Monaghan et al. (1986) Graley et al. (2011) Willenbring & von 
Blanckenburg (2010) 

 Precipitation [mma-1] Precipitation [mma-1]  
 1400 1600 1700 1800 1400 1600 1800 

 

Calculated deposition rates  
[atoms cm-2 a-1]  

1’694’000 1’936’000 2'057’000 2’178’000 2’684’449 3’087’249 3’451’435 1’400’000 

Calculated soil age for 
profile 1 [ka] 

31.36 27.42 25.79 24.35 19.73 17.26 15.33 38.01 

 

4.5 Fallout Radionuclides 

The 239+240Pu measurement was done for all samples, except for one sample (SdE-72), due to 

laboratory errors. The 240Pu / 239Pu ratios of most of the samples are between 0.165 and 0.200 

(compare Figure 24a) and, therefore, within the global fallout range (0.180 ± 0.014).  

The erosion estimates were made on the one hand with the inventory method (IM) and on the 

other hand with the profile distribution model (PDM). The Pu inventories of non-erosive sites 

(in our case, the reference sites) are compared with erosive sites (in our case, Slope 2-4). Thus, 

erosion rates of the last ~60 a from the slope sites can be estimated. These results are shown in 

Table 10. The higher (less negative) the mass redistributions, the lower are the estimated 

erosion rates (according to this method). The erosion rates at Location 1 are higher than at 
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Location 2, whereby the lowest mass redistribution are at Slope 2 with values lower than - 2000 

[tkm-2a-1] (inventory method, P = 1.0). The calculated results at Slope 1 are around - 1000 [tkm-

2a-1]. In contrast, the erosion rates at Location 2 are lower. The mass redistribution at Slope 4 

is around + 300 [tkm-2a-1] and at Slope 3 a little higher than 0. Up to the applied method, the 

results differ slightly. The lowest erosion rates are estimated by using the PDM. Higher erosion 

rates are estimated by using the IM, whereas the highest rates erosion rates are calculated with 

a Particle-size correction factor of 1.0. 

 
Table 10: Calculated soil erosion rates of 239+240Pu at Slope 1 and Slope 2 (non-glaciated) and at Slope 3 and Slope 4 (Former 

glaciated). Inventory method after Lal et al. (2013) applying diverse particle size correction factors (PM), Profile Distribution 

Method after Walling and He (1999), and Zhang et al. (1990)  

  
Inventory Method (IM)  Profile Distribution Method    
 P=1   P=1.2   P=1.5   P=1    
 [tkm2yr-1]   [tkm2yr-1]  [tkm2yr-1] [tkm2yr-1] 

 
Location 1 (non-glaciated) 

    

S1 Average -1’395  -1’162  -930  -891  
Std. error 39.2  38.5  34.4  34.2  

S2 Average -2’066  -1’722  -1’378  -908  
 Std. error  49.6  45.3  40.5  32.5  

 
Location 2 (glaciated) 

    

S3  Average  55  46  37  63  
 Std. error 23.9  21.9  19.5  25.4  

S4  Average  336  280  224  398  
 Std. error  16.7  15.3  13.7  17.1  

 

Because of the observed pits' varying slope angle, the mass redistribution can be plotted 

together with the slope angle. In Figure 24c is a strong correlation visible; the steeper the slope, 

the more negative are the mass losses at the observed soil. By a slope angle of 5° (Slope 3 and 

4) is the mass redistribution between -100 and +400 [tkm-2a-1], whereby the mass redistribution 

reaches the lowest values at a slope angle of 20 ° (Slope 2). 

In Figure 24d, the Pu activity depending on the depth profile, is displayed. The activity 

decreases in the depth profile, whereby the values in the upper soil layers are around 3 [Bqkg-

1] and decrease to values between 0.03 and 1 [Bqkg-1] in the bottom. Pu activities below 0.3 are 

not detectable with this measurement method. The highest Pu-activities are observed at 

Location 1. The pattern from Reference 2, Slope 3, and Slope 4 are quite analogous. The total 

inventory at Reference 1 is around 245 [Bqm-2], while the amount at Slope 1 and Slope 2 is 

around 70 [Bqm-2], respectively nearby 90 [Bqm-2]. The examined sites at the previously 

glaciated area do not show a clear pattern; the reference sites have the lowest total inventory (± 

90 Bqm-2), followed by the Slope 3 (± 130 Bqm-2), and the highest amount is at Slope 4 (± 160 

Bqm-2).   
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Figure 24; (a) 240Pu / 239Pu ratio of the soil samples as a function of the depth including average for each depth in red. The 

grey area indicates the global fallout range (0.180 ± 0.014) of the northern hemisphere (Kelly, Bond, & Beasley, 1999). (b) 

Annual soil erosion with different particle size correction factors (p = 1.0, 1.2, and 1.5) for the inventory method (IM; R Lal et 

al., 2013) and the profile distribution model (PDM; Walling & He, 1999; Zhang et al., 1990). (c) Calculated soil erosion 

ranges in relation to the slope angle (d) Depth activity profiles (±standard error) of the investigated sites.  
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5 Discussion 

5.1 Soil properties and comparability of the sites 

This master thesis aims to compare the erosion rate from a formerly glaciated and a non-

glaciated area in the EAG. The comparison is only meaningful when the different sites have 

similar soil characteristics. Otherwise, possible differences could be caused by different soil 

properties. At both locations, the Munsell colors are within the brown soil range and are almost 

identical. The pH values from all sites are low and can be described as acidic. At Location 1, 

the value differs more between the sites than at Location 2, but they are still comparable. The 

carbon and nitrogen, as well as the elementary composition, are very similar. By regarding the 

AAS results, the two locations behave similarly. Although all investigated sites' chemical and 

physical properties are in a similar range, there are varying patterns in the depth profile: The 

soil profiles at Location 1 show mostly the excepted depth trend. Contrary, some soil properties 

within the depth profiles at Location 2 do not have the excepted depth trend. The soil seems to 

be mixed regularly, which could be caused by more intense cryoturbation, which occurs by 

frost events and changing temperature. The temperature at location 2 is lower because of the 

higher altitude, leading to more frost events. The different soil characteristics, including the 

possible explanations, are discussed in the following chapters. 

In general, the observed soil sites are cambisols. Cambisols are younger soils with weak to 

moderate weathering. The pH is expected in a deeper range and usually increases in the depth 

profile. Cambisols experience plugging but no further chemical modification. Usually, 

cambisols do not have washed-in Al and Fe compounds (IUSS Working Group WRB, 2015). 

But the investigated soils show an opposite pattern; the concentration increases slightly within 

the depth profiles.  This behavior will be discussed in more detail in chapter 5.1.2. 

5.1.1 Grain size  

Usually, the grain size increases in the depth profile because the weathering is more advanced 

in the upper soil layers, which reduces the grain size. This trend is slightly visible at Reference 

1 but not at Reference 2, where the grain size distribution does not show a depth trend. The 

grain size distribution indicates the soil aggregates stability. Soils with a higher silt amount 

could be more vulnerable to erosion. In contrast, sand particles are heavy and more stable, and 

clay increases the soil stability because of the binding and cementing effect of clay (Morgan, 

1999; Lado, et al., 2004). The silt amount at Reference 2 is higher than at Reference 1, which 

could increase erosion risk (Morgan, 1999). But the higher clay amount at Reference 2 increases 
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the aggregate stability (Lado, et al., 2004). However, the grain size composition is at both 

locations similar to each other, whereas conclusions on the soil aggregate stability are not clear. 

5.1.2 Oxalate and dithionite extractable contents 

The amorphous amount of aluminum, iron, and silicon do show a similar depth trend at both 

locations, whereby the values at Reference 1 are higher by a factor of 1.1 to 1.7  compared to 

Reference 2. According to (Stahr, et al., 2016), the Feo values are within the typical range for 

cambisols (between 4 and 8 gkg-1). However, the Feo concentrations are expected to decrease 

within the depth profile (IUSS Working Group WRB, 2015; Stahr, et al., 2016). However, the 

observed concentrations increase slightly within the upper 15-20 cm, especially at Reference 1. 

The Alo concentration also increases slightly. Such depth trends within the upper soil layers are 

typical for podzols. But because of the low development of the soils, advanced podzolization 

is unlikely. This behavior was caused more likely by cryoturbation, which mixes the soil 

vertically (further discussed in chapter 5.5.1). Fed‘s depth trend shows the expected pattern for 

cambisols (Stahr, et al., 2016). 

The crystalline amount was calculated by the subtraction of the oxalate results from the 

dithionite results. The Alcry values are in a similar range as the Alo. The Sicry amount is by a 

factor of 2 to 10 higher than the Sio, whereas the Sicry amount is especially high in the upper 

soil depths (factor 10). In contrast, the Fecry behaves strangely; the values at Reference 1 are 

negative. It seems like an error in the measurement. A repeat of the measurements would give 

certainty, but the measurement was not repeated because of limited time resources and space in 

the laboratory. 

5.1.3 Soil disturbance and erosion according to C amount  

The amount of carbon at the observed sites is higher than excepted. Apparently, there were 

large C inputs in the development of the soil. C accumulation is typically caused by litter input 

and therefore depending on plant productivity (Stahr, et al., 2016). At Location 1 is an 

unmistakable depth trend visible; the highest values are in the upper soil layers, whereby the 

concentrations decrease within the depth profile. This is an excepted pattern caused by litter 

inputs in the upper soil layers. The highest C amounts are at Reference 1 and Slope 1; at these 

sites is the vegetation denser than at the other sites, which amplified the higher C amounts in 

the upper soil layers. But the soil productivity in the Mediterranean climate is usually not as 

high, as it can explain so high C-amounts. An additional accumulation of carbon could have 

taken place by wildfires. The wildfire forms a layer of ash on the soil, in which very high C 
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contents are present. Consequently, the C content in the soil increases as a result of such fires 

(Bird et al., 2000).  

The amount of soil organic carbon is directly influenced by erosion because the SOC is stored 

as small particles, which are susceptible to leaching (Meusburger, et al., 2013). Therefore, a 

comparison of the carbon content of the sites tells us something about erosion. Within Location 

1, the reference sites have the highest amount of carbon, followed by Slope 1 and the lowest 

amounts are at Slope 2. This means that the two slope sites experience more erosion than the 

reference site without slope. At Location 2, the highest values are observed on the reference 

sites as well. Although the differences between the sites are lower than at Location 1: At 

Location 1, the values differ by 2-7 % (except for Slope 1 in the upper 5 cm), and at Location 

2, only about 1 %. According to the C amounts, the highest erosions rates are at Slope 2, 

followed by Slope 1, then at Slope 4, and almost no erosion at Slope 3. 

5.1.4 Soil disturbance and erosion according to δ13C values 

The δ13C signatures in the upper soil layers are around - 28 ‰ and, therefore, within the typical 

range of C3 plants (Kohn, 2010). According to Meusburger et al. (2013), the δ13C values 

increase with depth if the soil is well-drained and oxic. Less negative values mean that there 

are more 13C isotopes than 12C isotopes in the soil, which is caused by aerobic decomposition. 

Under aerobic conditions, the micro soil organisms prefer the lighter 12C isotopes, resulting in 

a relative accumulation of 13C isotopes in the soil. The δ13C values increase within the depth 

profiles in the observed sites as excepted. Further, Meusburger et al. (2013) write that erosive 

sites have more negative values than flat sites. Therefore, Slopes 3 and 4 can be characterized 

as erosive sites because the δ13C values at the reference sites are less negative than at the slope 

sites. For Location 1, only Slope 1 can be described as an erosive site because Slope 2 has 

comparable δ13C values as Reference 1. 

5.1.5 Correlation between δ13C values and the amount of Carbon 

Various authors (e.g. Schaub & Alewell, 2009; Zollinger, et al., 2015; Meusburger, et al., 2013) 

examined the correlation between C content and δ13C. It allows the investigation of the 

aggregate stability and mid-term soil disturbances. However, these disturbances do not 

necessarily mean erosion because erosion alone does not change the correlation. Soil 

disturbances, like vertically mixing or accumulation, change the correlation change (Raab, et 

al., 2018). Zollinger et al. (2015) describe in their work that permafrost soils with a smaller R2 

value experienced more disturbances than non-permafrost soils with a higher R2 value. 
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Depending on the study area, the threshold of the R2 values differ when an observed soil can 

be described as erosion- or non-erosion-affected nevertheless, the lower the negative 

correlation, the more disturbance is expected. Among the investigated soils of the EAG, all 

observed correlations are only weak, whereby the strongest negative correlation is found at 

Reference 1. 

Accordingly, this site should be the least affected by soil disturbances. The negative correlation 

at Slope 1 is less pronounced, which is an indication of more soil disturbances. Slope 2 has a 

positive correlation. A positive correlation has not been observed by the authors mentioned, so 

an explanation is not trivial. The most likely interpretation of this positive correlation is that 

Slope 2 experienced much disturbance. Other soil characteristics (for example, elemental 

composition) also indicate elevated disturbance at Slope 2. Location 2 has weakly positive and 

negative correlations. Accordingly, all sites at Site 2 could have had elevated soil disturbance. 

It is difficult to say if the most considerable part of soil disturbances is caused by erosion. 

 

5.2 Chemical weathering and leaching  

5.2.1 Weathering degree in the depth profile 

Undisturbed soils are expected to be more weathered in the upper soil layers than in the lower 

layers (Stahr, et al., 2016). Contrary, the investigated soils behave the opposite. The lowest 

weathering degrees are found in the upper soil layers, although the depth trend is not always 

decisive. The WIP and the (Ca + K) / Ti index sometimes show different results. The reason 

for the ‘revers’ weathering degree in the depth profile could have various causes. Some 

elements do not always behave typically; for example, titanium can be a mobile element under 

tropical conditions (Cornu, et al., 1999). But these conditions do not exist in the EAG. Another 

possibility would be that less weathering soil overwhelmed the investigated soil, but this is 

unlikely at the observed sites because of the relatively flat topography. Due to the soil’s 

rejuvenation at the surface by litter input, a deeper weathering degree in the uppermost 

centimeters can be explained (Vitousek, et al., 2003). Still, it is not an explanation that the 

highest weathering degrees are in the deepest depth ranges. 

Another way to understand the cause of the ‘reverse’ weathering is the grain size distribution. 

Chemical weathering occurs faster on smaller particles than with larger particles because of the 

higher attack’s surface. But the smaller particles are less stable in the soil and are more 

susceptible to erosion. However, the smallest particle sizes are usually found in the upper soil 

layers, and the particle size increases within the depth profile (Scheffer & Schachtschabel, 
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2010). But the particle size at the observed sites is relatively homogenous. Therefore, it could 

be that the more weathered particles are just removed from the subsoil, which leads to the lower 

weathering degree in the upper soil layers. Even if this explanation may be correct, it cannot 

fully explain the reverse weathering. The most likely explanation, in my opinion, is that the soil 

pores are open due to the dry and hot summers, and the precipitation soaks directly down into 

the bottom. Thus, the water flows downslope in the deeper soil layers, causing more leaching 

in the lower soil layers than in the upper ones. In summary, the best explanation for the ‘reverse’ 

pattern seems to be two processes. Firstly, the topsoil’s rejuvenation by fresh organic material 

and, secondly, the leaching in the subsoil through the water. 

5.2.2 Striking patterns in the different weathering indexes 

Generally, it is not possible to nominate the best weathering index of all times. Because it 

depends on the observed soils. By applying several indexes, it can be seen which one fits best 

for the investigated soil, or at least which one does not fit at all. Most of the indexes give a 

similar pattern for the examined soils, except for the WIP and the (CA+K) / Ti. Therefore, the 

B-Index, the CIA, and SA seem to fit the best. 

The WIP show different pattern at Slope 1 and Reference 1; the highest weathering degree is 

in the upper soil layers and degreases within the depth. The K2O concentration influences the 

WIP the most, and the trend of K2O has the same conspicuousness; especially at Slope 1, there 

is a sharp increase in the K2O concentration within the uppers 10 cm. The weathering degree 

of Slope 2 behaves, especially by using the (Ca + K)/ Ti; the weathering degree increases 

massively within the first 15 cm. The titanium concentration can explain this pattern within 

Slope 2; In contrast to the other sites, the titanium concentration decreases sharply within the 

upper 15 cm.  
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5.3 Soil erosion estimated by Plutonium 

Comparing the 239+240Pu inventories between the reference sites and the slopes sites allows a 

conclusion on the erosion rates within the last ~60 a. The 239+240Pu inventories at the observed 

sites are between 60 to 180 [Bqm-2]. Compared to examinations of Alewell et al. (2014), 

Zollinger et al. (2015), and Xu et al. (2015) are these values relatively high but still within the 

expected range for the northern hemisphere. The estimation of the erosion rates is based on the 

assumption that soil erosion reduces the 239+240Pu inventories. Therefore, it is expected that the 

observed reference sites at the flat ground have the highest 239+240Pu inventories. In fact, the 

highest total inventories are measured at the reference site at Location 1, and the inventories at 

the two slope sites are much smaller. Because of these differences, the mass redistributions at 

Slope 1 and 2 are negative. In contrast, the highest inventory at Location 2 is measured at Slope 

4, and all slope sites have a higher inventory than the reference sites, resulting in a positive 

mass redistribution. So the estimated soil erosion rates are higher at Location 1 than at Location 

2. These results require an explanation because the hypothesis was the opposite: We expected 

higher soil erosion rates at the formerly glaciated area. The soils at the previously glaciated area 

are younger than at the non-glaciated area and, therefore, we expected less stable soil aggregates 

resulting in higher soil erosion rates. Maybe, this assumption was false, and the mass 

redistribution rates are less negative at younger soils because of increased soil formation 

processes.  

Among others, Alewell et al. (2015) and Larsen et al. (2014) described the highest soil 

production rates at young soils. Enhanced soil production rates could therefore be able to 

neutralize higher erosion rates. Also, the mass redistribution is not only depending on the 

glacier history. There are a lot of other factors, such as vegetation cover, slope angle, or 

precipitation. The precipitation is similar at both locations, so it is not probable that the 

precipitation causes these differences. However, the vegetation and the slope angles differ at 

the observed sites (see Table 11). The densest vegetation is at Reference 1; besides grass, 

smaller bushes also grow there, which can stabilize the soil. Already the correlation between C 

amount and δ13C resulted in the highest aggregate stability for Reference 1. In fact, at Reference 

1 are the highest total inventory observed. At Slope 1, 3, 4, and Reference 2, there is just 

growing grass. At Slope 2, there is no vegetation at all, and the 239+240Pu inventory is the lowest 

at this site, resulting in the highest soil erosion rates. Several other studies (e.g. Mohammad, 

Adam, 2010; Nunes, et al., 2011) concluded that a more dense vegetation cover reduces soil 

erosion. 
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Besides the vegetation, the slope angle influences soil erosion. There is a strong correlation 

between slope angle and mass redistribution. The highest soil erosion is estimated for Slope 2 

with a slope angle of 20°, followed by Slope 1 with a slope angle of 10°, and positive mass 

redistributions are observed at Slope 3 and 4, which have the lowest slope angle with 5°. the 

flat angle at Location 2 can also explain why the slope sites have a lot of inventory compared 

to the slope sites at Location 1. In summary, the estimated soil erosion rates seem to be related 

to the vegetation and the slope angle and not only on the glacial history.  

 
Table 11; Vegetation types, slope angle, 239+240Pu inventory, mass redistribution according to Lal et al. (2013) with different 

Particle corrector, and according to Walling and He (1999) for the observed sites 

Site Vegetation Slope Total inventory IM PDM 
  P=1.0 P=1.2 P=1.5 P=1.0 
[°] [Bq m-2] [tkm2yr-1] [tkm2yr-1] [tkm2yr-1] [tkm2yr-1] 

 
Location 1 (non-glaciated) 

 
 

     

R1 Shrubs, grass 2 172.2     
S1 Grass  10 64.1 -1’395  -1’162 -930  -891  
S2 No vegetation 20 60.9 -2’066  -1’722  -1’378  -908   
 
Location 2 (glaciated)  

      

R2 frost-resistant Grass 0 101.2     
S3 frost-resistant Grass 5 119.1 55  46  37  63  
S4 frost-resistant Grass 5 179.3 336  280  224  398  

 

5.3.1 Comparison of erosion rates with other studies 

Alewell et al. (2014) estimated the erosion rates between 450 and 830 [tkm-2yr-1] in their swiss 

alps study. The calculated rates in my thesis are much higher at the non-glaciated site. But 

compared to the calculated erosion rates in the Sila Massif upland (Italy) by Raab et al. (2018), 

they are similar. The Sila Massif climate is the Mediterranean as in the Geopark Estrela, 

whereby similar rates were expected. At some sites in the Sila Massif upland are the erosion 

rates significantly higher than in the EAG. The more intense land use, before the Sila Massif 

became a national park, could cause these higher values. The European Soil Data Centre 

estimated the soil loss rates for most parts of Europe (Eurosat, 2015).  

Figure 25 shows the Iberian peninsula’s erosion rates, and the region of the EAG is classified 

in the second-highest class, in which the erosion rates are between 10 and 20 [tha-1yr-1] (=1000 

– 2000 tkm-2yr-1). Thus, the calculated erosion rates of Location 1 are within the expected range.  

In contrast, the estimated erosion rates for Location 2 are positive. Positive erosion rates are not 

found in the study by Alewell et al. (2014), nor by Xu et al. (2015) in northeast China, and also 

not by Raab et al. (2018) in the Sila Massif upland (Italy). I can imagine that the erosion values 

obtained from Location 2 are not meaningful because the slope angle at Slope 3 and 4 are not 

steep enough to experience significantly more erosion than the reference site. 
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Figure 25; Soil loss rates on the Iberian peninsula (Eurosat, 2015) 

5.3.2 Development of mass redistribution over time 

Comparing the actual erosion rates at Location 1 with older erosion rates is not yet possible 

because the overarching project is still in progress. However, erosion rates at Location 1 are 

most likely higher than in the past. Other studies (Raab, et al., 2018; Scarciglia, 2015) calculated 

long-term erosion rates in the Sila upland (Italy). The erosion rates are in a range of 8 to 250 

[tkm-2yr-1] and, therefore, significantly lower than current soil erosion rates. The highest erosion 

rates are observed at the transition from the Pleistocene to the Holocene. The Sila upland’s 

climatic conditions are similar to the climatic conditions in the EAG with an average 

temperature of 9–12 °C and annual precipitation of 1000–1800 mm (Le Pera and Sorriso-Valvo, 

2000). Thus, the expected erosion rates in the EAG are in a similar range as that of the Sila 

upland. The current higher erosion rates could result from climate warming because the soils 

are drying out more in the summer months, and the rain intensity is increasing in the winter 

months. Also, Nearing et al. (2004) observed increased erosion rates under warming conditions. 

Besides, the soil production rates influence mass redistribution. Alewell et al. (2015), Larsen et 

al. (2015), and Dixon and von Blanckenburg (2012) observed the highest soil production rates 

at young soils (>1–10 ka). With long-term soil erosion rates, it would be possible to estimate 

the soil production rates in the EAG. If we assume erosion rates of about 200 [tkm-2yr-1], soil 

production rates should be slightly higher (estimated between 210 and 220 [tkm-2yr-1]). These 

rates are consistent with the values in the papers mentioned above. 
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5.4 Estimated soil age 

The total inventory of Beryllium was used to estimate the absolute soil age at one pit of 

Reference 2. Up to the used formula, the soil age varying between 13 and 35 ka. The most 

significant uncertainty in the formula from Maejima, et al. (2004) is the annual deposition rate 

of 10Be. Depending on the estimation of this deposition, the results differ. The highest ages 

were calculated by the deposition rate, according to  Willenbring & von Blanckenburg (2010). 

They created a world map with individuals deposition rates, but the resolution is not high. The 

observed location’s deposition rate is higher than displayed on the map because the 

precipitation is over the average in this climate because of the altitude (Vieira, et al., 2017). If 

the assumed deposition rates are too low, the resulting age is too high. The soil age is much 

lower by using the deposition determination by Graley et al. (2011). In this formula, the 

precipitation is included, resulting in different results, up to the assumed precipitation. The 

higher the assumed precipitation, the higher the deposition rates, and the younger the calculated 

age. The most likely precipitation is around 1600 mma-1, which leads to an age of 14.3 a. This 

result is more immature than expected. The formula by Monaghan et al. (1986) calculates the 

deposition rates with a constant beryllium concentration in the rain, multiplicated by the 

precipitation at the observed site. The result with 1600 mma-1 precipitation led to a soil age of  

22.5 ka. This soil age was expected because the soil formation at Location 2 began most 

probably after the LGM. The measured soil age by using the TEA is in the same range of a 

nearby moraine boulder with 22.5 ka would support this age range. Accordingly, the deposition 

rate by using the formula by Monaghan et al. (1986) with precipitation of 1700 mma-1 seems to 

fit the best.  

The correlation between 10Be and Feo allowed the roughly estimation of the 10Be concentration 

for Reference 1. Accordingly, the soil age was roughly estimated. The soil age at Reference 1 

is 25.8 ka by using the formula by Monaghan et al. (1986) with precipitation of 1700 mma-1. 

This soil age must be considered with caution because there are many uncertainties in the 

estimation. Nevertheless, it is likely that this age is approximately correct. The TEA determined 

ages of ~20 ka at the subsurface and 29 ka in the bottom from Tor 1, which is next to Reference 

1. Therefore, a soil age of ~26 ka is consistent with these results. Besides, the weathering degree 

at Reference 1 is higher than at Reference 2. Usually, the weathering degree increases with time 

(Stahr, et al., 2016). Accordingly, the soil age at Reference 1 seems to be higher than at 

Reference 2. Also, the general soil development is more advanced at Reference 1 than at 

Reference 2. The differences between the soil development at the two locations are low, 

whereby a much higher soil age at Location 1 is not likely.  
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5.5 Soil disturbance 

Undisturbed soil has continuous growth; in the upper soil layers is humification, and in the 

bottom, the bedrock gets slightly weathered. These soil formations lead to a typical depth trend 

of the different soil characteristics (Graham, et al., 2010). But if the soil is disturbed, the depth 

trends of the individual soil properties are changing. Therefore, the soil disturbances can be 

estimated by using the depth profile’s characteristics at each site. Typically soil disturbances in 

the EAG are wildfires, which cause the high C-amount in the observed soils (Nunes, et al., 

2010). Another soil disturbance is cryoturbation, whereby the soil layers are mixed. Besides, 

anthropogenic influences can lead to soil disturbances. Deforestation or grazing changes the 

vegetation covers, which influences soil erosion (Egli & Poulenard, 2016; Nunes et al., 2010). 

Soil disturbances can change over time due to changes in climatic conditions or through 

anthropogenic influences. The analysis of the beryllium concentration in the soil tells us 

something about the long-term soil disturbances. In contrast, the plutonium analysis indicates 

soil disturbances of the last ~60 a. These changes in soil disturbance over time are discussed in 

the next chapters and are summarized in Figure 26. 

 

 
Figure 26; Summary of the factors affecting the two studied locations 
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5.5.1 Long- and mid-term soil disturbances 

At Reference 2, the meteoric 10Be was measured, and the observed age of the pit is estimated 

at 22.5 ka. Therefore, any irregularities in the soil profile mean soil disturbances within the last 

22.5 ka (long-term soil disturbances). Undisturbed cambisols have the highest 10Be 

concentration in the upper soil layers, decreasing within the depth (Graly, et al., 2010). The 

studied pit does not show a clear depth trend; the highest concentration is in a depth range of 

10-15 cm. Several authors (e.g. Willenbring & von Blanckenburg, 2010; Egli, et al., 2010; 

Calitri, et al., 2019) observed the correlation between 10Be and organic ligands or Metallo-

organic complexes. By regarding this correlation, initial translocations could explain the 

unexpected depth trend within the upper soil depth of Feo and 10Be. But because of the young 

age of the soil (22.5 ka), translocation is not likely. Accordingly, it is more likely that the site 

experienced other disturbances, most probably cryoturbation. During the winter month, the 

temperature sinks below 0°C, why frost is not uncommon. The aggregate stability estimates 

mid-term soil disturbances. These results are available for all sites and illustrate more soil 

disturbances at Location 2 than at Location 1. The disturbances are probably caused by 

cryoturbation because there is no clear depth trend of carbon at the observed sites. But also at 

Location 1 are some mid-term soil disturbances (even if less than at Location 2). In contrast to 

Location 2, the carbon amount at Location 1 does show a clear depth trend. Therefore, soil 

disturbances caused by cryoturbation are not likely. Location 1 is at a lower altitude than 

Location 2, so these results are not surprising. Instead of disturbances by cryoturbation, the sites 

could be more affected by wild-fires. The higher carbon amount at Location 1 compared to 

Location 2 could be caused by such fires. 

5.5.2 Recent soil disturbance 

The 239+240Pu was released during the nuclear weapon tests in the atmosphere and accumulated 

in the upper soil layers since 1963. Undisturbed soils have the highest 239+240Pu concentration 

in the upper soil layers, and the amount decreases within the depth profile. Susceptible 

irregularities in the depth profile indicate disturbances, which occurred during the last ~60 a. 

The 239+240Pu measurements were done for all sites. The expected depth trends are visible in 

every observed pit; the highest 239+240Pu concentrations are in the upper soil layers, and the 

concentration decreases strongly. Therefore, the estimated area was not affected by more 

considerable soil disturbance in the last ~60 a. More considerable disturbances are processes, 

which mix the soil layers vertically, such as cryoturbation.  
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Besides, there is an increase in forest fires in Portugal in the last decades (Nunes, et al., 2010; 

Nunes, 2012; Vieira, et al., 2017). The anthropogenic influence on nature decreases in the 

previous century because of environmental protection, and many people are moving into the 

cities. Therefore, certain areas become overgrown, making them more susceptible to fire 

(Nunes, 2012). Andreu et al. (2001) observed forest fires’ influence on soil aggregate stability 

in Spain. During the summer months, the fire events destroy the soil aggregate in the upper soil 

layers, making the soil more vulnerable to erosion during the autumn and winter month. 

Estimating the frequency of fire events with the methods used in this work is not entirely 

possible. According to Bird et al. (2000), the amount of carbon in the fine soil increases due to 

wildfires. Especially Reference 1 and Site 1 have high carbon amounts in the upper soil layers. 

Maybe there was a forest fire within the last few years at Location 1. Further research would 

provide more clarity in the frequencies of forest fires — for example, the measurement of 

pyrogenic carbon or dendrochronological studies.  

Compared to the earlier soil disturbances (discussed in chapter 5.5.1), fewer cryoturbation-

events occurred at Location 2. Hence, the 10Be concentrations do not show a clear depth trend 

caused by soil disturbances; there is an unmistakable depth trend in the 239+240Pu results. This 

change can be explained by climatic warming; the temperature increases during the last 

millennia, which reduces the frequency of frost events.   
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6 Conclusions 
This work aimed to compare the soil erosion rates of the last ~60 years and the long-, mid, and 

short-term soil disturbances in a formerly glaciated and non-glaciated area in the Geopark 

Estrela. The soil development and the weathering degrees in the non-glaciated area are higher 

than at the formerly glaciated sites. The soil age at Reference 2 (formerly glaciated area) is 

about 22.5 ka. At Reference 1 ( non-glaciated area), the soil age is roughly estimated at 26 ka, 

which confirms the higher soil age and more advanced soil development at Location 1. 

 

The Plutonium analyses allow identifying short-term soil disturbances and the estimation of 

erosion rates within the last ~60 years. Higher erosion rates were hypothesized for the formerly 

glaciated area, but the results are reversed; the highest erosion rates are at Location 1. The 

results are around 1100 [tkm-2yr-1] at Slope 1 and 1700 [tkm2yr-1] at Slope 2. At Location 2, the 

mass redistributions are positive; accordingly, the soil deposition seem to be higher than the 

erosion rates. But to what extent the glacial history influenced these calculated erosion rates is 

questionable. More likely are explanations by other factors such as vegetation density or 

varying slope angle. The slope angles at the slope sites at Location 2 are significantly lower 

(5°) than at Location 1 (10-20°). Slope 2, with the highest erosion rates, is also the site with no 

vegetation, which makes the soil particularly vulnerable to erosion. Besides, the soil production 

rates are higher at younger soils than at more developed soils. Overall, the 239+240Pu method is 

well suited to determine soil erosion rates. But for a meaningful comparison, is the choice of 

similar sites important.  

 

By comparing the long-, mid-, and short-term soil disturbances, some changes were identified. 

The long-term soil disturbances were detected with 10Be and were done for Reference 2. The 

results confirm the hypothesis of high soil disturbances. The 10Be concentration within the 

depth profiles does not show the typical pattern. Probably, the soils at this location underwent 

vertical mixing caused by cryoturbation. The mid-term soil disturbances were analyzed with 

the correlation between the carbon amount and the δ13C. These results also indicate increased 

soil disturbance. Especially the slope sites seem to be affected by soil disturbances. In this 

period, the soil disturbances at Location 2 could be caused by cryoturbation. At Location 1, 

human impacts such as deforestation or pasture could be the causes of the disturbances.  

In contrast, the 239+240Pu concentrations do show a clear depth trend at both locations. Therefore, 

the short-term soil disturbances seems to be lower than in the past. Global climatic warming 

leads to fewer frost events, which reduces the soil disturbances by cryoturbation. Besides, the 
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anthropogenetic influences decrease through increased protections of the Geopark. 

Nevertheless, the number of forest fires increases, which in turn makes the soil more vulnerable 

to erosion. The erosion rates at the non-glaciated sites are much higher than in the past. Wildfire 

events and global warming could cause these high rates. 

 

To better determine the influence of cryoturbation and wildfire on the soil, some further studies 

could be done. Studies with climatic reconstructions would identify the frequency of frost 

events in the past. Besides, the 10Be could be measured at more locations to estimate the long-

term soil disturbances. The influence of forest fires on the soil aggregate stability could be 

determined with long-term studies, whereas the soil properties would be described before and 

after a fire event. With dendrochronological methods, previous fire events could be identified.  

The risk of erosion in the Geopark is high because of the climatic and topographical conditions 

and will probably increase in the future. Therefore, I recommend maintaining the vegetation to 

reduce the risk of forest fires and better protect the soil from erosion.  
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Appendix 
Table 12; Physical characteristics of the investigated sites at Location 1 

Sample Depth Soil skeleton 
(> 2 mm) Sand Silt Clay Bulk density Munsell colour 

  [cm] [wt%] [%] [%] [%] [g/cm3] [dry] 
 
Location 1 (non-glaciated)   

R1-P1-P1        
SdE-1 0–5 0.57    0.58 10YR 3/2 
SdE-2 5–10 0.76    0.73 10YR 4/2 
SdE-3 10–15 0.51 40.80 28.80 29.20 0.71 10YR 4/2 
SdE-4 15–20 0.54    0.65 10YR 4/2 
SdE-5 20–25 0.57    0.60 10YR 4/2 
R1-P1-P2        
SdE-6 0–5 0.43    0.59 10YR 4/2 
SdE-7 5–10 0.61    0.75 10YR 4/2 
SdE-8 10–15 0.54 29.20 36.40 33.20 0.79 10YR 3/2 
SdE-9 15–20 0.57    0.80 10YR 4/2 
SdE-10 20–25 0.54    0.90 10YR 4/2 
R1-P2-P1        
SdE-11 0–5 0.57    0.59 10YR 4/2 
SdE-12 5–10 0.32 32.00 31.20 36.80 0.59 10YR 3/2 
SdE-13 10–15 0.48 29.20 32.80 36.40 0.68 10YR 3/2 
SdE-14 15–20 0.49    0.66 10YR 3/2 
SdE-15 20–25 0.38 33.20 27.60 39.20 0.60 10YR 3/2 
R1-P2-P2        
SdE-16 0–5 0.47    0.56 10YR 4/2 
SdE-17 5–10 0.52    0.74 10YR 3/2 
SdE-18 10–15 0.49 24.80 36.00 39.20 0.85 10YR 3/2 
SdE-19 15–20 0.50 38.80 26.00 35.20 0.74 10YR 3/2 
SdE-20 20–25 0.51 38.40 34.80 25.60 0.82 10YR 3/2 
S1-P1-P1        
SdE-21 0–5 0.47    0.59  
SdE-22 5–10 0.37    0.67  
SdE-23 10–15 0.40    0.65  
SdE-24 15–20 0.38    0.64  
SdE-25 20–25 0.39    0.63  
S1-P1-P2        
SdE-26 0–5 0.32    0.73  
SdE-27 5–10 0.40    0.63  
SdE-28 10–15 0.36    0.60  
SdE-29 15–20 0.36    0.67  
SdE-30 20–25 0.39    0.79  
S1-P2-P1        
SdE-31 0–5 0.50    0.18  
SdE-32 5–10 0.52    0.60  
SdE-33 10–15 0.61    0.76  
SdE-34 15–20 0.49    0.75  
SdE-35 20–25 0.46    0.85  
S1-P2-P2        
SdE-36 0–5 0.27    0.25  
SdE-37 5–10 0.45    0.71  
SdE-38 10–15 0.49    0.73  
SdE-39 15–20 0.36    0.79  
SdE-40 20–25 0.56    0.65  
S2-P1-P1        
SdE-41 0–5 0.44    0.96  
SdE-42 5–10 0.59    0.99  
SdE-43 10–15 0.49    0.84  
SdE-44 15–20 0.42    0.90  
SdE-45 20–25 0.42    0.86  
S2-P1-P2        
SdE-46 0–5 0.46    0.90  
SdE-47 5–10 0.55    1.02  
SdE-48 10–15 0.63    0.89  
SdE-49 15–20 0.47    0.80  
SdE-50 20–25 0.57    1.02  
S2-P2-P1        
SdE-51 0–5 0.59    0.83  
SdE-52 5–10 0.79    0.96  
SdE-53 10–15 0.70    0.85  
SdE-54 15–20 0.67    1.02  
SdE-55 20–25 0.73    0.88  
S2-P2-P2        
SdE-56 0–5 0.71    0.91  
SdE-57 5–10 0.76    0.97  
SdE-58 10–15 0.67    0.91  
SdE-59 15–20 0.72    0.97  
SdE-60 20–25 0.69    0.97  
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Table 13; Physical characteristics of the investigated sites at Location 2 

Sample Depth Soil skeleton 
(> 2 mm) Sand Silt Clay Bulk density Munsell colour 

  [cm] [wt%] [%] [%] [%] [g/cm3] [dry] 
 
Location 2 (glaciated) 

    

R2-P1-P1        
SdE-61 0–5 0.17 42.00 22.80 34.80 0.53 10YR 3/2 
SdE-62 5–10 0.30 19.20 39.60 40.80 0.64 10YR 3/2 
SdE-63 10–15 0.23 28.40 27.60 44.00 0.70 10YR 3/2 
SdE-64 15–20 0.31 22.00 37.20 40.40 0.74 10YR 3/2 
SdE-65 20–25 0.33 36.00 19.20 44.80 0.77 10YR 3/2 
SdE-66 30-35 0.69    0.97 10YR 4/2 
R2-P1-P2        
SdE-67 0–5 0.20 32.40 30.00 37.60 0.68 10YR 3/2 
SdE-68 5–10 0.26 18.00 36.40 44.40 0.62 10YR 3/2 
SdE-69 10–15 0.28 32.00 22.00 46.00 0.67 10YR 3/2 
SdE-70 15–20 0.45 24.00 34.40 41.20 0.81 10YR 3/2 
SdE-71 20–25 0.46 19.60 30.40 47.20 0.75 10YR 3/2 
SdE-72 30-35 0.69    1.07 10YR 3/2 
R2-P2-P1        
SdE-73 0–5 0.27 33.60 20.80 45.60 0.69 10YR 4/2 
SdE-74 5–10 0.36 30.00 30.80 38.40 0.77 10YR 4/2 
SdE-75 10–15 0.29 18.00 42.80 37.20 0.65 10YR 3/2 
SdE-76 15–20 0.35 29.20 25.20 45.60 0.71 10YR 3/2 
SdE-77 20–25 0.63 26.00 34.00 38.00 1.01 10YR 3/2 
R2-P2-P2        
SdE-78 0–5 0.32 20.00 29.20 49.60 0.60 10YR 4/2 
SdE-79 5–10 0.35 34.40 33.60 31.60 0.71 10YR 3/2 
SdE-80 10–15 0.31 13.20 46.80 37.20 0.72 10YR 3/2 
SdE-81 15–20 0.26 34.00 31.60 33.20 0.67 10YR 3/2 
SdE-82 20–25 0.34 20.40 43.50 35.20 0.71 10YR 3/2 
S3-P1-P1        
SdE-83 0–5 0.45    0.69  
SdE-84 5–10 0.51    0.80  
SdE-85 10–15 0.40    0.80  
SdE-86 15–20 0.39    0.78  
SdE-87 20–25 0.42    0.69  
S3-P1-P2        
SdE-88 0–5 0.27    0.63  
SdE-89 5–10 0.36    0.68  
SdE-90 10–15 0.36    0.78  
SdE-91 15–20 0.41    0.84  
SdE-92 20–25 0.46    0.72  
S3-P2-P1        
SdE-93 0–5 0.30    0.62  
SdE-94 5–10 0.61    0.76  
SdE-95 10–15 0.56    0.69  
SdE-96 15–20 0.63    0.77  
SdE-97 20–25 0.67    0.82  
S3-P2-P2        
SdE-98 0–5 0.29    0.60  
SdE-99 5–10 0.49    0.79  
SdE-100 10–15 0.46    0.72  
SdE-101 15–20 0.70    0.84  
SdE-102 20–25 0.69    0.85  
S4-P1-P1        
SdE-103 0–5 0.22    0.58  
SdE-104 5–10 0.31    0.71  
SdE-105 10–15 0.46    0.76  
SdE-106 15–20 0.51    0.81  
SdE-107 20–25 0.33    0.65  
SdE-108 30-35 0.51    0.76  
S4-P1-P2        
SdE-109 0–5 0.24    0.70  
SdE-110 5–10 0.36    0.77  
SdE-111 10–15 0.38    0.83  
SdE-112 15–20 0.39    0.75  
SdE-113 20–25 0.37    0.79  
S4-P2-P1        
SdE-114 0–5 0.20    0.57  
SdE-115 5–10 0.24    0.65  
SdE-116 10–15 0.26    0.58  
SdE-117 15–20 0.36    0.73  
SdE-118 20–25 0.36    0.76  
S4-P2-P2        
SdE-119 0–5 0.20    0.49  
SdE-120 5–10 0.30    0.63  
SdE-121 10–15 0.37    0.68  
SdE-122 15–20 0.32    0.71  
SdE-123 20–25 0.44    0.76  
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Table 14; Chemical characteristics of the investigated sites at Location 1 (numbers in red and brackets are out of the accepted range) 
   

Picarro CHN Oxalate Dithionite Crystaline 
Site Depth pH C δ13C C N C/N Alo n Feo n Mno n Sio n Alo +1/2Feo Ald n Fed n Sid n Fecry Feo/Fed 

  [cm] [CaCl2] [%] [ - ] [gkg-1] [gkg-1] [ - ] [gkg-1] [gkg-1] [mgkg-1] [mgkg-1] [gkg-1] [gkg-1] [gkg-1] [mgkg-1] [gkg-1] [ - ] 
 
Location 1 (non-glaciated) 

 
 

             

R1-P1-P1 n=2 n=1 n=1 n=2 n=2 
                  

SdE-1 0–5 3.37 11.04 -28.37 107.6 7.78 13.82 1.54 1 3.24 3 27.5 1 108.7 1 3.16 2.90 1 3.91 1 937 1 0.67 0.83 
SdE-2 5–10 3.40 11.46 -28.47 111.0 7.71 14.39 1.78 2 4.93 1 36.4 1 87.1 1 4.24 3.60 2 3.98 1 821 1 -0.96 1.24 
SdE-3 10–15 3.55 8.93 -28.05 95.7 7.22 13.25 2.50 2 5.12 1 15.0 1 166.6 1 5.06 4.50 2 4.07 1 1059 1 -1.05 1.26 
SdE-4 15–20 3.62 6.73 -28.28 60.9 4.25 14.32 1.72 1 5.52 1 7.9 1 104.9 1 4.48 3.39 1 4.62 1 602 1 -0.90 1.19 
SdE-5 20–25 3.66 5.47 -27.60 69.3 4.96 13.97 2.18 1 4.66 2 10.2 1 140.6 1 4.51 4.45 1 4.74 1 509 1 0.08 0.98 
R1-P1-P2 

      
0.00 

 
0.00 

      
0.00 

 
0.00 

     

SdE-6 0–5 3.37 9.13 -28.02 117.3 8.36 14.03 1.56 1 5.06 2 15.7 2 88.9 1 4.09 3.43 1 3.95 1 943 1 -1.11 1.28 
SdE-7 5–10 3.39 12.26 -27.95 115.5 8.69 13.29 1.96 1 6.18 2 16.8 1 83.6 1 5.04 3.64 1 4.14 1 1047 1 -2.04 1.49 
SdE-8 10–15 3.44 9.48 -27.89 88.9 6.74 13.18 1.78 2 7.10 1 16.3 1 90.1 1 5.33 3.43 1 3.08 1 830 1 -4.02 2.30 
SdE-9 15–20 3.53 8.11 -27.70 (80.2) 6.06 13.24 1.71 2 6.66 1 12.5 1 120.7 1 5.04 4.44 1 4.55 2 785 1 -2.11 1.46 
SdE-10 20–25 3.61 6.17 -27.47 66.8 4.60 14.52 1.70 3 7.21 1 4.1 1 115.1 1 5.30 4.24 1 4.80 1 454 2 -2.41 1.50 
R1-P2-P1 

      
0.00 

 
0.00 

      
0.00 

 
0.00 

     

SdE-11 0–5 3.34 14.02 -28.23 133.7 (8.93) 14.96 1.55 1 3.57 1 10.8 1 48.8 1 3.34 2.39 1 3.98 1 795 1 0.42 0.90 
SdE-12 5–10 3.47 7.59 -27.44 101.7 7.65 13.30 2.31 1 5.19 1 9.8 1 89.9 1 4.91 3.47 1 4.60 1 695 1 -0.59 1.13 
SdE-13 10–15 3.54 9.72 -27.77 76.9 5.77 13.34 2.17 1 4.09 1 4.6 1 78.5 1 4.22 2.88 1 4.63 1 347 1 0.54 0.88 
SdE-14 15–20 3.63 7.67 -27.30 85.2 6.25 13.64 2.39 1 5.62 1 8.5 1 150.3 1 5.20 4.82 1 4.92 1 251 1 -0.70 1.14 
SdE-15 20–25 3.82 7.65 -27.06 94.4 6.18 15.27 4.16 2 8.16 1 8.3 1 110.2 1 8.24 8.89 2 8.33 1 435 2 0.17 0.98 
R1-P2-P2 

      
0.00 

 
0.00 

      
0.00 

 
0.00 

     

SdE-16 0–5 3.33 10.01 -28.35 118.7 8.11 14.65 1.69 1 10.00 1 5.5 1 75.1 1 6.69 2.56 1 4.63 1 1019 1 -5.37 2.16 
SdE-17 5–10 3.51 8.85 -27.69 84.7 6.37 13.30 1.88 1 10.29 1 4.8 2 50.0 1 7.02 3.11 1 4.62 1 727 1 -5.68 2.23 
SdE-18 10–15 3.61 7.76 -27.36 (72.8) 5.46 13.34 2.31 1 12.09 2 5.6 2 104.2 1 8.35 3.62 1 5.04 1 608 1 -7.06 2.40 
SdE-19 15–20 3.74 7.67 -27.17 72.7 4.99 14.56 2.60 1 11.70 1 9.7 1 81.8 1 8.45 4.64 1 5.35 1 480 1 -6.35 2.19 
SdE-20 20–25 3.79 7.56 -27.13 68.8 4.77 14.43 1.89 1 8.17 2 6.8 1 70.8 1 5.97 5.68 2 6.29 1 361 2 -1.88 1.30 
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Table 15; Chemical characteristics of the investigated sites at Location 2 (numbers in red and brackets are out of the accepted range)  
   

Picarro CHN Oxalate Dithionite Crystaline 
Site Depth pH C  δ13C C N C/N Alo n Feo n Mno n Sio n Alo +1/2Feo Ald n Fed n Sid n Fecry Feo/Fed 
  [cm] [CaCl2] [%] [ - ] [gkg-1] [gkg-1] [ - ] [gkg-1] [gkg-1] [mgkg-1] [mgkg-1] [gkg-1] [gkg-1] [gkg-1] [mgkg-1] [gkg-1] [ - ] 
 
Location 2 (glaciated)  

 

                    

R2-P1-P1 
                       

SdE-61 0–5 3.97 5.14 -28.81 69.0 4.91 14.07 0.95 1 3.27 1 18.5 1 15.2 1 2.58 1.54 1 4.46 1 584 1 1.20 0.73 
SdE-62 5–10 3.82 5.41 -28.12 68.4 5.22 13.11 1.06 1 5.30 2 3.4 1 44.9 1 3.71 2.51 1 5.81 1 447 1 0.51 0.91 
SdE-63 10–15 3.83 6.14 -27.64 (68.3) (5.31) 12.87 1.45 1 4.69 1 4.0 1 123.0 1 3.80 3.09 1 7.00 1 331 1 2.30 0.67 
SdE-64 15–20 3.91 6.19 -27.46 73.2 5.80 12.61 1.80 1 5.47 1 5.2 1 108.3 1 4.54 3.44 1 6.29 1 309 2 0.82 0.87 
SdE-65 20–25 3.94 5.89 -27.42 61.5 (4.82) 12.76 2.20 1 2.58 1 5.0 1 100.9 1 3.49 3.79 1 6.97 1 226 1 4.38 0.37 
SdE-66 30-35 4.13 5.57 -27.30 70.3 5.69 12.36 3.33 2 3.62 1 12.9 1 358.0 1 5.14 5.38 1 5.58 1 402 1 1.96 0.65 
R2-P1-P2 

                       
SdE-67 0–5 3.83 4.79 -28.15 62.3 4.81 12.96 1.29 1 4.34 2 4.1 2 65.3 1 3.46 2.38 1 4.52 1 476 1 0.17 0.96 
SdE-68 5–10 3.88 5.17 -28.26 (62.8) (4.73) 13.29 1.25 1 4.11 2 4.5 1 55.5 1 3.31 2.21 1 5.66 2 543 1 1.54 0.73 
SdE-69 10–15 3.91 7.12 -27.76 70.3 5.27 13.34 1.75 1 5.90 2 2.6 1 58.4 1 4.70 3.61 2 6.34 1 392 1 0.44 0.93 
SdE-70 15–20 3.95 7.96 -27.52 71.4 5.28 13.52 1.96 2 4.85 2 3.4 2 86.5 1 4.39 4.51 2 7.16 1 311 2 2.30 0.68 
SdE-71 20–25 3.98 7.06 -27.44 65.5 4.95 13.24 2.34 1 4.40 2 5.3 1 62.0 1 4.54 5.12 1 7.45 1 318 1 3.04 0.59 
SdE-72 30-35 4.12 6.06 -27.34 64.4 5.04 12.77 3.10 1 4.98 1 13.5 1 196.9 1 5.59 6.02 1 7.10 1 284 1 2.12 0.70 
R2-P2-P1 

                       
SdE-73 0–5 3.79 6.13 -28.63 60.6 4.68 12.93 1.05 1 4.10 1 5.7 1 26.5 1 3.10 2.41 1 6.55 1 467 1 2.45 0.63 
SdE-74 5–10 3.81 6.76 -28.33 64.2 4.96 12.94 1.25 1 4.05 1 5.9 1 39.6 1 3.27 2.87 1 6.37 1 317 1 2.32 0.64 
SdE-75 10–15 3.85 7.18 -28.06 71.9 5.63 12.78 1.65 1 4.18 2 6.0 1 48.5 1 3.74 3.74 1 7.58 1 429 1 3.40 0.55 
SdE-76 15–20 3.89 5.61 -27.83 (68.1) (5.40) 12.60 1.72 1 12.35 1 3.5 2 37.9 1 7.90 4.39 1 9.11 2 259 1 -3.24 1.36 
SdE-77 20–25 3.94 5.30 -27.74 (63.9) (5.07) 12.61 2.04 1 5.60 3 3.2 2 50.2 1 4.84 4.52 1 7.74 1 263 1 2.14 0.72 
R2-P2-P2 

                       
SdE-78 0–5 3.87 6.12 -28.60 69.0 5.37 12.83 1.10 1 3.74 3 4.7 2 84.8 1 2.97 2.95 1 7.60 1 442 1 3.86 0.49 
SdE-79 5–10 3.89 5.45 -28.19 71.2 5.59 12.73 1.21 2 5.30 2 3.7 1 86.3 1 3.85 3.46 1 8.17 1 278 1 2.87 0.65 
SdE-80 10–15 3.86 5.37 -28.21 65.3 5.16 12.64 0.98 1 5.26 2 4.9 1 96.3 1 3.61 3.45 1 6.87 2 449 2 1.61 0.77 
SdE-81 15–20 3.91 4.41 -27.75 68.5 5.40 12.70 1.30 1 4.88 2 2.6 1 63.7 1 3.74 5.21 1 7.34 1 257 2 2.47 0.66 
SdE-82 20–25 3.93 5.28 -27.78 61.2 4.88 12.56 0.00 

 
0.00 

 
0.1 1 57.3 1 0.00 4.01 1 6.55 1 195 2 6.55 0.00 
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Table 16; Beryllium results in more detail of the Reference 2 site 

           
Corrected to sample preparation blank, Error includes AMS standard error 
  

Sample Soil Depth 10Be  
counts 

9Be (LE) Trans. 10Be/9Be final  error  Abs. error  10Be 10Be err 
abs. 

10Be/9Be corr 
Lab blk  

Abs error      10Be Err 10Be  Err 10Be 

   
[cm] 

   
 [n atoms] 

 
 [%] 

 
 [10-12] 

  
[%] 

   
[10-12] 

  
[cps] 

  
[atoms g-1 x 104] 

      
[10-12] 

    
[10-12] 

   
[atoms g-1 x 104] 

  
[atoms g-1 x 104] 

  
[%] 

 
Location 2 (glaciated) 

              

R2-P1-P1                
SdE-61 0–5 5’088 1935 37.0 8.335 1.5% 0.125 434 27918 428 8.322 0.243 27873.34 813.93 2.9% 
SdE-62 5–10 4’236 1337 33.0 10.622 1.7% 0.181 297 35454 606 10.609 0.321 35408.81 1071.82 3.0% 
SdE-63 10–15 9’328 3236 34.8 10.913 1.5% 0.164 377 36627 549 10.900 0.318 36583.34 1067.87 2.9% 
SdE-64 15–20 5’444 1410 33.6 12.419 1.8% 0.224 253 41639 768 12.406 0.383 41594.57 1282.72 3.1% 
SdE-65 20–25 9’881 3123 36.4 10.228 1.7% 0.174 522 34514 576 10.215 0.309 34470.52 1043.47 3.0% 
SdE-66 30-35 7’051 1677 33.4 8.737 2.2% 0.192 424 29411 660 8.724 0.291 29366.65 979.43 3.3% 
R2-P1-P2                
SdE-67 0–5 11’272 4053 36.5 9.479 1.5% 0.142 625 31918 479 9.466 0.276 31874.27 930.58 2.9% 
SdE-68 5–10 8’182 2714 35.7 9.342 1.5% 0.140 430 31260 469 9.329 0.272 31214.86 911.35 2.9% 
SdE-69 10–15 8’408 2406 35.5 10.829 1.5% 0.162 421 36367 546 10.816 0.316 36322.51 1060.26 2.9% 
SdE-70 15–20 7’201 2277 35.0 10.563 1.5% 0.158 428 35664 535 10.550 0.308 35620.37 1039.80 2.9% 
SdE-71 20–25 5’867 1838 35.4 9.492 1.5% 0.142 324 32029 480 9.479 0.277 31985.97 933.84 2.9% 
SdE-72 30-35 6’944 2332 37.8 9.240 1.5% 0.139 512 31124 467 9.227 0.269 31080.11 907.43 2.9% 

 
Table 17; Calculation of total 10Be per horizon for Reference 2 

Sample Depth range  
[cm] 

Thickness 
[cm] 

density 
[g cm-3] 

Weight 
[g cm-2] 

10Be  
[atoms g-1 x 108] 

Skeleton 
[%] 

10Be  
[atoms g-1 cm-2 x 108] 

 
R2-P1-P1 

       

SdE61 0–5 5                        0.53    2.6500 28 17 61.1 
SdE62 5–10 5                        0.64    3.2000 35 30 79.8 
SdE63 10–15 5                        0.70    3.5000 37 23 98.4 
SdE64 15–20 5                        0.74    3.7000 42 31 105.8 
SdE65 20–25 5                        0.77    3.8500 34 33 89.3 
SdE66 30-35 5                        0.97    4.8500 29 69 44.1 
      Total 10Be [atoms g-1 cm-2 x 108] 478.5 
R2-P1-P2        
SdE67 0–5 5                        0.68    3.4000 32 20 86.5 
SdE68 5–10 5                        0.62    3.1000 31 26 71.9 
SdE69 10–15 5                        0.67    3.3500 36 28 87.2 
SdE70 15–20 5                        0.81    4.0500 36 45 79.5 
SdE71 20–25 5                        0.75    3.7500 32 46 64.4 
SdE72 30-35 5                        1.07    5.3500 31 69 51.7       

Total 10Be [atoms g-1 cm-2 x 108] 441.2 
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Table 18; Calculation of total 10Be per horizon for Reference 1 

Sample Depth range  
[cm] 

Thickness 
[cm] 

density 
[g cm-3] 

Weight 
[g cm-2] 

10Be  
[atoms g-1 x 108] 

Skeleton 
[%] 

10Be  
[atoms g-1 cm-2 x 108] 

 
Reference 1 (average from all profiles) 

     
 

0–5 5                        0.58    2.9025 36 51 51.0  
5–10 5                        0.70    3.5200 47 55 73.9  
10–15 5                        0.76    3.8067 56 50 106.3  
15–20 5                        0.71    3.5675 52 53 87.5  
20–25 5                        0.73    3.6508 53 50 97.0 

estimation 25-30 5                        1.00    5.0000 50 55 111.4 
      Total 10Be [atoms g-1 cm-2 x 108] 527.2 
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Table 19; Picarro and C/N results of the investigated sites at Location 1 (numbers in red and brackets are outside the 
acceptable ranges of errors) 

   Picarro CHN 
Site Depth pH C δ13C C N C/N 
  [cm] [CaCl2] [%] [ - ] [gkg-1] [gkg-1] [ - ] 
Location 1 (non-glaciated) 

   

R1-P1-P1 n=2 n=1 n=1 n=2 n=2 
 

SdE-1 0–5 3.37 11.04 -28.37 107.6 7.78 13.82 
SdE-2 5–10 3.40 11.46 -28.47 111.0 7.71 14.39 
SdE-3 10–15 3.55 8.93 -28.05 95.7 7.22 13.25 
SdE-4 15–20 3.62 6.73 -28.28 60.9 4.25 14.32 
SdE-5 20–25 3.66 5.47 -27.60 69.3 4.96 13.97 
R1-P1-P2 

      

SdE-6 0–5 3.37 9.13 -28.02 117.3 8.36 14.03 
SdE-7 5–10 3.39 12.26 -27.95 115.5 8.69 13.29 
SdE-8 10–15 3.44 9.48 -27.89 88.9 6.74 13.18 
SdE-9 15–20 3.53 8.11 -27.70 (80.2) 6.06 13.24 
SdE-10 20–25 3.61 6.17 -27.47 66.8 4.60 14.52 
R1-P2-P1 

      

SdE-11 0–5 3.34 14.02 -28.23 133.7 (8.93) 14.96 
SdE-12 5–10 3.47 7.59 -27.44 101.7 7.65 13.30 
SdE-13 10–15 3.54 9.72 -27.77 76.9 5.77 13.34 
SdE-14 15–20 3.63 7.67 -27.30 85.2 6.25 13.64 
SdE-15 20–25 3.82 7.65 -27.06 94.4 6.18 15.27 
R1-P2-P2 

      

SdE-16 0–5 3.33 10.01 -28.35 118.7 8.11 14.65 
SdE-17 5–10 3.51 8.85 -27.69 84.7 6.37 13.30 
SdE-18 10–15 3.61 7.76 -27.36 (72.8) 5.46 13.34 
SdE-19 15–20 3.74 7.67 -27.17 72.7 4.99 14.56 
SdE-20 20–25 3.79 7.56 -27.13 68.8 4.77 14.43 
S1-P1-P1 

      

SdE-21 0–5 3.57 8.78 -28.85 86.4 5.99 14.42 
SdE-22 5–10 3.72 6.18 -28.04 48.3 3.43 14.09 
SdE-23 10–15 3.76 5.94 -27.91 54.4 3.88 14.03 
SdE-24 15–20 3.78 6.67 -27.54 53.7 3.73 14.39 
SdE-25 20–25 3.84 6.46 -27.51 (52.4) (3.69) 14.19 
S1-P1-P2 

      

SdE-26 0–5 3.68 6.04 -28.20 (57.4) (4.11) 13.99 
SdE-27 5–10 3.75 5.91 -28.25 50.1 3.53 14.17 
SdE-28 10–15 3.80 5.78 -27.77 55.1 3.80 14.49 
SdE-29 15–20 3.85 4.96 -27.72 51.2 3.45 14.83 
SdE-30 20–25 3.94 4.36 -27.88 46.0 3.36 13.69 
S1-P2-P1 

      

SdE-31 0–5 3.51 24.89 -28.24 275.9 11.35 24.32 
SdE-32 5–10 3.81 7.94 -28.72 64.1 4.44 14.42 
SdE-33 10–15 3.91 7.28 -27.94 58.2 3.65 15.94 
SdE-34 15–20 3.94 5.22 -27.77 (50.6) (3.09) 16.41 
SdE-35 20–25 3.95 4.61 -27.76 (48.6) (2.81) 17.27 
S1-P2-P2 

      

SdE-36 0–5 3.60 15.45 -28.32 198.1 11.69 16.95 
SdE-37 5–10 3.79 5.11 -28.41 63.0 4.61 13.65 
SdE-38 10–15 3.94 3.45 -27.79 (45.1) (3.05) 14.78 
SdE-39 15–20 3.93 5.26 -27.46 52.4 3.53 14.87 
SdE-40 20–25 3.87 4.98 -27.37 69.1 3.89 17.78 
S2-P1-P1 

      

SdE-41 0–5 4.17 4.03 -27.95 (42.0) (2.75) 15.24 
SdE-42 5–10 4.20 4.57 -27.38 40.3 2.67 15.09 
SdE-43 10–15 4.13 5.55 -26.75 62.0 4.03 15.38 
SdE-44 15–20 4.17 3.81 -27.09 37.3 2.52 14.81 
SdE-45 20–25 4.14 3.55 -27.10 37.6 2.57 14.62 
S2-P1-P2 

      

SdE-46 0–5 4.26 4.92 -28.24 41.6 2.76 15.08 
SdE-47 5–10 4.20 4.67 -27.47 45.7 3.10 14.75 
SdE-48 10–15 4.24 3.20 -27.58 24.6 1.67 14.73 
SdE-49 15–20 4.21 5.55 -27.10 45.3 2.71 16.73 
SdE-50 20–25 4.26 2.45 -27.22 15.6 0.96 16.30 
S2-P2-P1 

      

SdE-51 0–5 4.22 4.65 -28.43 38.8 2.69 14.38 
SdE-52 5–10 4.27 3.49 -27.85 (33.0) (2.24) 14.73 
SdE-53 10–15 4.33 1.45 -28.12 12.1 0.85 14.25 
SdE-54 15–20 4.36 0.77 -28.87 7.8 0.52 15.09 
SdE-55 20–25 4.38 1.36 -28.06 14.4 0.85 16.92 
S2-P2-P2 

      

SdE-56 0–5 4.22 3.77 -28.13 40.6 (2.81) 14.43 
SdE-57 5–10 4.33 1.32 -28.53 (12.3) 0.86 14.34 
SdE-58 10–15 4.30 4.87 -27.12 55.9 3.08 18.16 
SdE-59 15–20 4.38 1.64 -28.08 12.4 0.78 16.03 
SdE-60 20–25 4.35 1.43 -27.78 12.8 0.83 15.38 
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Table 20; Picarro and C/N results of the investigated sites at Location 2 (numbers in red and brackets are outside the 
acceptable ranges of errors) 

   Picarro CHN 
Site Depth pH C  δ13C C N C/N 
  [cm] [CaCl2] [%] [ - ] [gkg-1] [gkg-1] [ - ] 
Location 2 (glaciated) 

     

R2-P1-P1 
      

SdE-61 0–5 3.97 5.14 -28.81 69.0 4.91 14.07 
SdE-62 5–10 3.82 5.41 -28.12 68.4 5.22 13.11 
SdE-63 10–15 3.83 6.14 -27.64 (68.3) (5.31) 12.87 
SdE-64 15–20 3.91 6.19 -27.46 73.2 5.80 12.61 
SdE-65 20–25 3.94 5.89 -27.42 61.5 (4.82) 12.76 
SdE-66 30-35 4.13 5.57 -27.30 70.3 5.69 12.36 
R2-P1-P2 

      

SdE-67 0–5 3.83 4.79 -28.15 62.3 4.81 12.96 
SdE-68 5–10 3.88 5.17 -28.26 (62.8) (4.73) 13.29 
SdE-69 10–15 3.91 7.12 -27.76 70.3 5.27 13.34 
SdE-70 15–20 3.95 7.96 -27.52 71.4 5.28 13.52 
SdE-71 20–25 3.98 7.06 -27.44 65.5 4.95 13.24 
SdE-72 30-35 4.12 6.06 -27.34 64.4 5.04 12.77 
R2-P2-P1 

      

SdE-73 0–5 3.79 6.13 -28.63 60.6 4.68 12.93 
SdE-74 5–10 3.81 6.76 -28.33 64.2 4.96 12.94 
SdE-75 10–15 3.85 7.18 -28.06 71.9 5.63 12.78 
SdE-76 15–20 3.89 5.61 -27.83 (68.1) (5.40) 12.60 
SdE-77 20–25 3.94 5.30 -27.74 (63.9) (5.07) 12.61 
R2-P2-P2 

      

SdE-78 0–5 3.87 6.12 -28.60 69.0 5.37 12.83 
SdE-79 5–10 3.89 5.45 -28.19 71.2 5.59 12.73 
SdE-80 10–15 3.86 5.37 -28.21 65.3 5.16 12.64 
SdE-81 15–20 3.91 4.41 -27.75 68.5 5.40 12.70 
SdE-82 20–25 3.93 5.28 -27.78 61.2 4.88 12.56 
S3-P1-P1 

      

SdE-83 0–5 3.85 5.30 -28.69 64.7 5.20 12.45 
SdE-84 5–10 3.87 5.56 -28.30 (62.4) (5.08) 12.28 
SdE-85 10–15 3.86 4.65 -28.41 61.3 4.91 12.48 
SdE-86 15–20 3.92 4.40 -28.21 60.9 4.86 12.52 
SdE-87 20–25 3.96 4.33 -28.03 (62.3) 4.88 12.75 
S3-P1-P2 

      

SdE-88 0–5 3.75 6.28 -28.86 66.9 5.16 12.98 
SdE-89 5–10 3.76 5.03 -28.67 55.7 4.31 12.91 
SdE-90 10–15 3.81 6.28 -28.30 62.5 4.99 12.53 
SdE-91 15–20 3.86 6.62 -28.29 62.1 4.90 12.67 
SdE-92 20–25 3.92 5.75 -27.92 61.6 4.93 12.49 
S3-P2-P1 

      

SdE-93 0–5 3.71 7.41 -28.79 74.9 6.13 12.22 
SdE-94 5–10 3.80 7.18 -28.13 (66.8) (5.47) 12.22 
SdE-95 10–15 3.82 8.20 -27.77 71.2 5.75 12.38 
SdE-96 15–20 3.92 6.93 -27.75 (66.5) (5.31) 12.52 
SdE-97 20–25 3.96 7.58 -27.69 74.9 6.02 12.43 
S3-P2-P2 

      

SdE-98 0–5 3.74 4.48 -29.02 59.0 4.78 12.35 
SdE-99 5–10 3.71 4.73 -28.16 70.9 5.85 12.12 
SdE-100 10–15 3.77 4.16 -27.85 66.4 5.52 12.03 
SdE-101 15–20 3.93 7.05 -27.97 66.1 5.43 12.18 
SdE-102 20–25 4.01 6.59 -28.01 (60.3) (4.94) 12.19 
S4-P1-P1 

      

SdE-103 0–5 3.74 6.49 -29.30 60.4 4.45 13.58 
SdE-104 5–10 3.79 5.46 -28.94 49.2 3.79 13.00 
SdE-105 10–15 3.80 5.87 -28.41 53.4 4.21 12.67 
SdE-106 15–20 3.88 5.52 -28.16 53.6 4.18 12.84 
SdE-107 20–25 3.91 5.53 -28.05 52.3 4.02 13.00 
SdE-108 30-35 4.05 4.55 -27.71 46.4 3.74 12.40 
S4-P1-P2 

      

SdE-109 0–5 3.82 5.64 -29.38 50.7 3.78 13.41 
SdE-110 5–10 3.79 5.03 -28.81 54.1 4.09 13.21 
SdE-111 10–15 3.78 6.22 -28.21 58.7 4.56 12.89 
SdE-112 15–20 3.82 6.14 -28.15 58.4 4.52 12.92 
SdE-113 20–25 3.90 4.90 -28.00 50.1 3.92 12.78 
S4-P2-P1 

      

SdE-114 0–5 3.70 6.90 -28.80 67.2 5.19 12.94 
SdE-115 5–10 3.65 6.07 -28.37 60.2 4.71 12.77 
SdE-116 10–15 3.69 6.05 -28.18 56.6 4.39 12.88 
SdE-117 15–20 3.74 6.14 -27.99 68.7 5.31 12.94 
SdE-118 20–25 3.81 6.37 -27.75 62.6 4.83 12.96 
S4-P2-P2 

      

SdE-119 0–5 3.73 6.22 -28.66 60.9 4.69 12.98 
SdE-120 5–10 3.73 5.47 -28.17 66.5 5.20 12.79 
SdE-121 10–15 3.74 5.60 -27.91 60.1 4.68 12.84 
SdE-122 15–20 3.79 6.66 -27.47 67.2 5.19 12.94 
SdE-123 20–25 3.84 4.89 -27.42 64.4 4.97 12.97 
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Table 21; Total elemental content (given as oxides) of the investigated sites at Location 1.  LOI = loss on ignition. 

Sample Soil Depth Na2O MgO AL2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI Organic 
Matter IVC 

  [cm] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
 
Location 1 (non-glaciated) 

           

R1-P1-P1               
SdE-1 0–5 4.23 0.84 22.20 40.36 1.11 5.19 0.69 0.41 0.02 4.67 20.30 18.99 4.22 
SdE-2 5–10 4.01 0.82 22.14 40.73 1.09 5.33 0.69 0.41 0.02 4.52 20.24 19.72 3.98 
SdE-3 10–15 4.14 0.91 25.05 40.25 1.63 5.38 0.70 0.44 0.02 5.05 16.44 15.35 3.49 
SdE-4 15–20 4.32 0.98 27.53 42.41 1.81 5.66 0.77 0.51 0.02 5.28 10.73 11.57 1.03 
SdE-5 20–25 3.90 0.92 26.68 40.80 2.01 6.01 0.78 0.58 0.02 5.62 12.68 9.41 4.31 
R1-P1-P2               
SdE-6 0–5 3.83 0.85 21.83 36.72 1.22 4.75 0.65 0.48 0.02 5.75 23.90 15.70 8.09 
SdE-7 5–10 3.99 0.86 21.77 37.62 1.39 5.03 0.72 0.47 0.02 5.33 22.81 21.09 2.30 
SdE-8 10–15 4.15 0.92 24.47 40.40 1.55 5.09 0.67 0.49 0.02 5.33 16.93 16.31 2.96 
SdE-9 15–20 4.43 0.96 25.99 40.05 1.85 5.45 0.69 0.50 0.02 5.56 14.50 13.94 2.59 
SdE-10 20–25 4.54 1.01 27.43 42.02 1.88 5.90 0.73 0.53 0.02 5.38 10.57 10.61 1.64 
R1-P2-P1               
SdE-11 0–5 4.35 0.83 20.47 38.49 0.93 4.81 0.69 0.40 0.02 4.36 24.67 24.12 3.83 
SdE-12 5–10 4.47 0.94 24.05 38.49 1.41 5.08 0.65 0.47 0.02 5.26 19.17 13.05 8.59 
SdE-13 10–15 4.41 0.93 25.70 41.13 1.59 5.36 0.67 0.52 0.02 5.20 14.47 16.72 -0.22 
SdE-14 15–20 4.13 0.92 25.68 39.64 1.84 5.32 0.64 0.53 0.02 5.81 15.48 13.19 4.61 
SdE-15 20–25 4.05 0.92 27.21 36.92 2.39 5.04 0.59 0.55 0.02 5.95 16.38 13.15 5.92 
R1-P2-P2               
SdE-16 0–5 4.24 0.89 22.26 40.06 1.02 5.33 0.64 0.45 0.02 4.80 20.30 17.22 5.62 
SdE-17 5–10 4.30 0.93 25.28 41.40 1.49 5.60 0.66 0.51 0.02 5.29 14.52 15.22 1.05 
SdE-18 10–15 4.41 0.94 26.74 41.70 1.65 5.73 0.70 0.53 0.02 5.31 12.27 13.35 0.68 
SdE-19 15–20 4.24 0.96 26.64 40.94 1.92 5.70 0.66 0.54 0.02 5.34 13.05 13.20 1.77 
SdE-20 20–25 4.13 0.94 27.10 40.62 2.05 5.30 0.65 0.57 0.02 5.78 12.84 13.00 1.83 
S1-P1-P1               
SdE-21 0–5 4.08 0.87 24.67 42.49 1.04 6.31 0.65 0.50 0.02 4.54 14.83 15.11 2.16 
SdE-22 5–10 3.79 0.97 28.05 43.20 1.51 6.29 0.65 0.53 0.02 5.00 10.00 10.62 1.18 
SdE-23 10–15 3.89 1.00 28.27 42.08 1.67 6.27 0.65 0.53 0.02 5.34 10.27 10.21 1.84 
SdE-24 15–20 1.29 0.64 28.98 44.14 1.56 6.45 0.66 0.53 0.02 5.20 10.53 11.47 0.56 
SdE-25 20–25 3.96 0.97 28.29 43.38 1.34 6.56 0.65 0.50 0.02 4.97 9.39 11.10 0.00 
S1-P1-P2               
SdE-26 0–5 4.22 0.91 26.86 43.76 1.30 6.67 0.67 0.47 0.02 4.61 10.50 10.39 2.04 
SdE-27 5–10 4.04 0.94 28.46 42.63 1.51 6.48 0.67 0.45 0.02 4.83 9.98 10.16 1.64 
SdE-28 10–15 3.95 0.87 27.31 43.19 1.26 6.44 0.69 0.50 0.02 5.10 10.68 9.94 2.89 
SdE-29 15–20 3.97 0.97 29.17 42.85 1.22 6.49 0.64 0.48 0.02 4.94 9.25 8.53 2.47 
SdE-30 20–25 3.55 1.00 32.61 40.51 1.07 6.33 0.58 0.47 0.02 5.05 8.83 7.50 3.12 
S1-P2-P1               
SdE-31 0–5 3.50 0.83 12.38 23.62 0.56 3.23 1.02 0.27 0.03 2.79 51.77 42.82 15.62 
SdE-32 5–10 4.25 0.91 26.78 42.94 1.19 6.34 0.70 0.48 0.02 4.69 11.71 13.66 0.00 
SdE-33 10–15 4.24 0.94 27.80 42.43 1.12 6.23 0.73 0.48 0.02 4.79 11.23 12.53 0.59 
SdE-34 15–20 4.29 0.95 27.82 45.00 0.88 6.97 0.76 0.52 0.02 4.52 8.28 8.97 0.67 
SdE-35 20–25 4.09 0.93 28.57 44.98 0.90 6.96 0.79 0.54 0.02 4.81 7.42 7.93 0.71 
S1-P2-P2               
SdE-36 0–5 3.84 0.74 18.45 31.25 0.87 4.25 0.60 0.34 0.02 3.77 35.86 26.57 15.31 
SdE-37 5–10 4.29 0.88 26.36 43.62 1.27 6.47 0.71 0.45 0.02 4.40 11.55 8.79 4.49 
SdE-38 10–15 4.17 1.02 29.63 44.22 1.07 6.20 0.71 0.51 0.02 4.82 7.64 5.94 3.72 
SdE-39 15–20 4.01 0.93 28.53 43.36 1.05 6.18 0.72 0.54 0.02 4.97 9.71 9.05 2.35 
SdE-40 20–25 4.11 0.93 27.13 42.71 1.07 6.31 0.69 0.50 0.02 4.61 11.94 8.57 5.26 
S2-P1-P1               
SdE-41 0–5 3.69 1.10 31.43 41.70 0.88 6.38 0.63 0.54 0.03 5.73 7.89 6.93 2.47 
SdE-42 5–10 3.40 0.97 33.05 41.09 0.89 6.01 0.54 0.46 0.02 4.81 8.76 7.86 2.74 
SdE-43 10–15 2.28 0.91 35.53 37.54 0.98 5.71 0.25 0.36 0.01 4.45 11.99 9.55 5.05 
SdE-44 15–20 2.07 0.87 36.96 38.35 0.92 5.91 0.16 0.30 0.01 4.26 10.20 6.56 6.07 
SdE-45 20–25 2.05 0.85 36.91 39.42 0.83 6.21 0.14 0.29 0.01 4.05 9.25 6.11 5.49 
S2-P1-P2               
SdE-46 0–5 3.33 1.00 30.22 42.89 0.87 6.29 0.67 0.54 0.02 5.13 9.07 8.46 2.36 
SdE-47 5–10 2.96 0.91 36.39 37.62 1.00 5.54 0.49 0.42 0.02 4.85 9.81 8.03 4.00 
SdE-48 10–15 2.95 0.81 38.29 39.93 0.77 5.85 0.47 0.30 0.01 4.28 6.35 5.50 2.51 
SdE-49 15–20 2.44 0.72 40.07 35.91 0.72 4.24 0.43 0.27 0.01 3.69 11.52 9.54 5.09 
SdE-50 20–25 2.88 0.74 37.44 42.39 0.61 5.21 0.66 0.32 0.01 4.03 5.73 4.22 3.18 
S2-P2-P1               
SdE-51 0–5 4.07 1.01 31.74 42.05 0.88 6.24 0.73 0.43 0.02 4.71 8.12 8.00 1.84 
SdE-52 5–10 3.69 1.00 35.33 40.86 0.96 5.47 0.88 0.39 0.02 4.36 7.03 6.00 2.60 
SdE-53 10–15 3.66 0.69 36.61 44.12 0.67 5.73 0.87 0.24 0.01 3.20 4.21 2.49 2.93 
SdE-54 15–20 3.61 0.68 38.54 43.47 0.69 5.19 1.08 0.21 0.01 3.06 3.44 1.32 3.08 
SdE-55 20–25 3.78 0.63 37.31 44.20 0.75 5.41 1.03 0.20 0.01 2.46 4.23 2.34 3.06 
S2-P2-P2               
SdE-56 0–5 3.98 1.00 34.40 40.54 0.86 5.63 0.81 0.41 0.02 4.60 7.75 6.49 3.09 
SdE-57 5–10 4.07 0.81 34.07 45.94 0.71 5.45 0.99 0.32 0.02 3.98 3.65 2.27 2.33 
SdE-58 10–15 2.80 0.77 39.78 35.92 0.84 4.29 0.36 0.17 0.01 2.53 12.52 8.37 8.03 
SdE-59 15–20 4.04 0.71 35.71 44.86 0.66 5.28 1.20 0.30 0.02 3.41 3.82 2.82 1.98 
SdE-60 20–25 3.24 0.71 37.80 43.71 0.61 5.24 0.68 0.22 0.02 2.88 4.90 2.46 3.94 

 
  



Appendix 

 77 

Table 22; Total elemental content (given as oxides) of the investigated sites at Location 2.  LOI = loss on ignition 

Sample Soil Depth Na2O MgO AL2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI Organic 
Matter IVC 

  [cm] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
 
Location 2 (glaciated) 

 
 

         

R2-P1-P1               
SdE-61 0–5 3.73 0.78 21.75 48.86 0.62 7.45 0.33 0.40 0.02 3.73 12.33 8.84 4.96 
SdE-62 5–10 3.54 0.75 22.55 47.69 0.67 7.36 0.22 0.44 0.02 4.54 12.22 9.30 4.65 
SdE-63 10–15 3.55 0.74 23.15 47.05 0.66 7.45 0.21 0.46 0.01 4.58 12.14 10.56 3.22 
SdE-64 15–20 3.44 0.76 23.78 45.19 0.69 7.05 0.21 0.45 0.01 5.01 13.40 10.65 4.55 
SdE-65 20–25 3.75 0.74 23.87 45.96 0.65 7.43 0.19 0.44 0.01 4.92 12.05 10.13 3.24 
SdE-66 30-35 3.88 0.81 26.44 42.13 0.86 6.92 0.19 0.43 0.02 4.97 13.35 9.58 5.56 
R2-P1-P2               
SdE-67 0–5 3.41 0.77 23.00 48.89 0.65 7.52 0.20 0.45 0.01 4.31 10.78 8.24 4.01 
SdE-68 5–10 3.55 0.78 23.24 47.07 0.68 7.51 0.22 0.45 0.02 4.59 11.90 8.90 4.30 
SdE-69 10–15 3.55 0.73 23.04 47.03 0.66 7.54 0.21 0.43 0.01 4.54 12.26 12.24 1.53 
SdE-70 15–20 3.66 0.75 23.86 45.65 0.68 7.41 0.21 0.45 0.01 4.84 12.49 13.69 0.23 
SdE-71 20–25 3.62 0.79 24.39 45.07 0.68 7.08 0.18 0.44 0.01 4.77 12.98 12.15 2.74 
SdE-72 30-35 3.63 0.83 26.11 42.95 0.79 6.95 0.20 0.44 0.02 5.26 12.83 10.42 4.27 
R2-P2-P1               
SdE-73 0–5 3.65 0.79 22.91 48.44 0.56 7.47 0.19 0.46 0.02 4.47 11.05 10.55 2.28 
SdE-74 5–10 3.38 0.72 22.54 47.95 0.57 7.33 0.17 0.43 0.01 4.63 12.29 11.62 2.66 
SdE-75 10–15 3.76 0.76 22.95 46.00 0.63 6.99 0.17 0.46 0.02 4.98 13.28 12.35 2.85 
SdE-76 15–20 3.63 0.79 23.68 45.76 0.63 7.14 0.17 0.46 0.01 5.13 12.60 9.65 4.75 
SdE-77 20–25 3.65 0.77 24.52 45.25 0.65 7.21 0.16 0.49 0.01 5.14 12.15 9.11 4.66 
R2-P2-P2               
SdE-78 0–5 3.26 0.84 23.16 46.98 0.60 7.31 0.19 0.47 0.02 5.04 12.14 10.52 3.74 
SdE-79 5–10 3.45 0.75 22.86 46.34 0.61 7.17 0.17 0.46 0.02 4.97 13.21 9.37 6.03 
SdE-80 10–15 3.47 0.77 22.86 46.58 0.60 7.29 0.17 0.43 0.01 4.72 13.09 9.24 6.13 
SdE-81 15–20 3.44 0.75 23.08 45.98 0.60 6.94 0.16 0.44 0.01 5.06 13.54 7.59 8.18 
SdE-82 20–25 3.42 0.78 23.99 46.38 0.66 7.19 0.16 0.45 0.02 5.13 11.81 9.08 4.37 
S3-P1-P1               
SdE-83 0–5 3.29 0.75 22.82 47.88 0.87 7.52 0.21 0.39 0.02 4.04 12.22 9.12 4.77 
SdE-84 5–10 2.97 0.71 24.06 49.00 0.82 6.99 0.16 0.38 0.01 3.88 11.02 9.56 4.10 
SdE-85 10–15 3.70 0.79 23.75 46.82 0.81 7.37 0.19 0.41 0.02 4.40 11.75 8.00 5.65 
SdE-86 15–20 3.35 0.78 24.51 46.26 0.79 7.36 0.18 0.42 0.02 4.60 11.74 7.58 6.00 
SdE-87 20–25 3.46 0.77 24.30 45.73 0.75 7.30 0.18 0.40 0.02 4.46 12.64 7.45 7.12 
S3-P1-P2               
SdE-88 0–5 3.57 0.67 20.56 50.75 0.71 7.57 0.20 0.33 0.01 3.46 12.17 10.80 3.14 
SdE-89 5–10 3.70 0.62 20.70 51.79 0.63 7.75 0.18 0.34 0.01 3.46 10.83 8.65 4.03 
SdE-90 10–15 3.39 0.73 22.92 48.28 0.81 7.44 0.18 0.40 0.02 4.17 11.66 10.80 2.88 
SdE-91 15–20 3.41 0.73 23.10 48.29 0.77 7.54 0.19 0.38 0.02 4.12 11.46 11.39 1.63 
SdE-92 20–25 3.48 0.77 24.21 47.07 0.75 7.53 0.18 0.40 0.02 4.29 11.32 9.89 3.13 
S3-P2-P1               
SdE-93 0–5 3.64 0.72 21.36 48.21 0.82 7.33 0.20 0.37 0.01 3.89 13.46 12.75 2.68 
SdE-94 5–10 3.79 0.73 21.74 47.93 0.97 7.25 0.21 0.39 0.02 4.18 12.80 12.36 2.13 
SdE-95 10–15 3.73 0.74 22.22 46.33 0.97 7.24 0.18 0.41 0.02 4.53 13.63 14.11 1.06 
SdE-96 15–20 3.95 0.73 23.16 45.51 0.88 7.13 0.20 0.40 0.01 4.64 13.41 11.93 3.02 
SdE-97 20–25 3.75 0.78 24.64 41.94 0.95 6.84 0.19 0.45 0.02 5.64 14.82 13.03 3.30 
S3-P2-P2               
SdE-98 0–5 3.22 0.71 21.31 49.99 0.85 7.49 0.20 0.37 0.02 3.64 12.22 7.71 6.12 
SdE-99 5–10 3.53 0.73 21.76 47.89 1.05 7.34 0.19 0.40 0.02 4.27 12.82 8.14 6.32 
SdE-100 10–15 3.33 0.69 21.26 48.66 0.99 7.37 0.18 0.36 0.01 4.17 12.97 7.15 7.68 
SdE-101 15–20 3.53 0.66 21.42 48.35 0.87 7.18 0.17 0.34 0.01 4.42 13.05 12.13 3.10 
SdE-102 20–25 3.57 0.69 23.32 45.81 1.02 6.89 0.18 0.35 0.01 4.53 13.61 11.34 4.32 
S4-P1-P1               
SdE-103 0–5 3.37 0.49 18.06 55.41 0.38 7.85 0.19 0.31 0.01 3.08 10.85 11.17 1.43 
SdE-104 5–10 3.42 0.66 20.83 52.81 0.53 8.19 0.20 0.38 0.01 3.59 9.39 9.39 1.37 
SdE-105 10–15 3.45 0.63 20.48 52.72 0.49 7.85 0.17 0.34 0.01 3.71 10.16 10.09 1.76 
SdE-106 15–20 3.62 0.59 20.34 52.72 0.44 7.87 0.16 0.33 0.01 3.78 10.15 9.50 2.37 
SdE-107 20–25 3.27 0.57 20.54 53.25 0.42 7.84 0.15 0.32 0.01 3.68 9.95 9.51 2.26 
SdE-108 30-35 3.79 0.81 26.40 45.27 0.75 7.72 0.18 0.44 0.02 4.86 9.77 7.83 3.20 
S4-P1-P2               
SdE-109 0–5 3.62 0.66 20.27 53.43 0.53 8.24 0.21 0.32 0.01 3.09 9.62 9.70 1.23 
SdE-110 5–10 3.49 0.66 21.00 52.55 0.54 8.01 0.19 0.36 0.01 3.45 9.74 8.65 2.66 
SdE-111 10–15 3.46 0.77 23.03 48.71 0.63 7.94 0.20 0.43 0.01 4.42 10.40 10.70 1.05 
SdE-112 15–20 3.64 0.78 23.56 48.22 0.65 7.75 0.19 0.41 0.01 4.36 10.44 10.56 1.36 
SdE-113 20–25 3.45 0.68 23.06 50.10 0.57 7.84 0.17 0.38 0.01 4.06 9.69 8.43 2.73 
S4-P2-P1               
SdE-114 0–5 3.50 0.76 20.98 50.16 0.65 7.42 0.20 0.41 0.01 3.75 12.17 11.87 2.02 
SdE-115 5–10 3.38 0.62 19.58 52.79 0.61 7.76 0.18 0.35 0.01 3.46 11.26 10.44 2.38 
SdE-116 10–15 3.60 0.67 21.59 50.44 0.66 7.90 0.18 0.40 0.01 3.81 10.74 10.41 1.77 
SdE-117 15–20 3.46 0.72 22.64 48.10 0.69 7.66 0.17 0.41 0.01 4.30 11.85 10.56 2.86 
SdE-118 20–25 3.50 0.76 23.25 47.19 0.68 7.60 0.17 0.43 0.01 4.52 11.90 10.96 2.42 
S4-P2-P2               
SdE-119 0–5 3.15 0.66 20.13 52.27 0.67 7.67 0.21 0.36 0.01 3.46 11.42 10.69 2.34 
SdE-120 5–10 3.57 0.74 22.57 47.99 0.84 7.43 0.19 0.44 0.01 4.40 11.82 9.42 3.99 
SdE-121 10–15 3.38 0.67 21.59 50.23 0.70 7.70 0.17 0.40 0.01 3.93 11.22 9.64 3.24 
SdE-122 15–20 3.57 0.73 22.52 47.40 0.67 7.50 0.17 0.43 0.01 4.49 12.52 11.45 2.81 
SdE-123 20–25 3.46 0.74 24.19 47.42 0.74 7.89 0.16 0.44 0.01 4.69 10.26 8.40 2.91 
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Table 23; Chemical weathering indexes along the investigated soil profiles at Location 1: WIP = weathering index of Parker 
(Parker, 1970); (K + Ca)/Ti ratio (Harrington & Whitney, 1987); Index B (Kronberg and Nesbitt, 1982); CIA = chemical 
index of alteration (Nesbitt and Young, 1982); CIW = chemical index of weathering (Harnois, 1988); VR = Vogt ratio (Vogt, 
1927); SA = Silico -aluminum ratio (Ruxton, 1968); PIA = plagioclase index of alteration (Fedo, et al., 1995); CPA = - 
chemical proxy of alteration (Buggle, et al., 2011). 

Sample Soil Depth WIP (Ca+K)/Ti B-Index CIA CIW VR SA PIA CPA 
  [cm] 

         

 
Location 1 (non-glaciated) 

       

R1-P1-P1 
          

SdE-1 0–5 87.12 13.08 0.38 61.62 73.01 2.70 3.09 66.89 76.13 
SdE-2 5–10 86.29 13.42 0.38 61.91 73.82 2.81 3.12 67.59 77.04 
SdE-3 10–15 88.12 12.52 0.36 64.30 75.59 2.97 2.73 70.39 78.62 
SdE-4 15–20 92.58 11.66 0.35 65.29 76.40 3.07 2.61 71.56 79.49 
SdE-5 20–25 91.50 10.62 0.35 65.05 77.30 3.27 2.60 72.04 80.59 
R1-P1-P2 

          

SdE-6 0–5 79.67 10.38 0.37 63.36 74.48 2.80 2.85 69.05 77.59 
SdE-7 5–10 83.72 11.23 0.38 62.05 73.44 2.71 2.93 67.47 76.82 
SdE-8 10–15 85.71 10.87 0.36 64.35 75.27 2.89 2.80 70.22 78.20 
SdE-9 15–20 91.58 11.17 0.36 64.26 75.23 2.90 2.62 70.13 78.08 
SdE-10 20–25 96.56 11.36 0.36 64.37 75.71 2.98 2.60 70.52 78.60 
R1-P2-P1 

          

SdE-11 0–5 84.94 12.58 0.40 60.07 70.91 2.45 3.19 64.51 74.12 
SdE-12 5–10 88.62 11.14 0.37 63.15 73.81 2.71 2.72 68.49 76.58 
SdE-13 10–15 90.42 10.51 0.36 64.32 75.25 2.91 2.72 70.18 78.01 
SdE-14 15–20 87.41 10.16 0.35 65.18 76.33 3.06 2.62 71.45 79.07 
SdE-15 20–25 84.17 9.38 0.33 67.36 77.89 3.25 2.30 73.79 80.34 
R1-P2-P2 

          

SdE-16 0–5 88.44 12.17 0.38 61.55 73.23 2.69 3.05 66.96 76.13 
SdE-17 5–10 91.47 11.11 0.36 63.81 75.33 2.95 2.78 69.90 78.12 
SdE-18 10–15 93.68 10.95 0.36 64.49 75.83 3.02 2.65 70.67 78.65 
SdE-19 15–20 91.82 10.77 0.35 65.01 76.54 3.10 2.61 71.48 79.26 
SdE-20 20–25 87.39 9.48 0.34 66.38 77.24 3.17 2.54 72.79 79.95 
S1-P1-P1 

          

SdE-21 0–5 95.28 12.62 0.37 62.61 75.75 3.12 2.92 69.31 78.62 
SdE-22 5–10 92.69 11.93 0.34 66.35 79.10 3.54 2.61 74.13 81.83 
SdE-23 10–15 93.50 11.74 0.34 66.31 78.86 3.47 2.53 73.92 81.55 
SdE-24 15–20 70.06 12.00 0.26 73.78 89.72 7.30 2.58 86.89 93.19 
SdE-25 20–25 96.45 13.03 0.34 65.69 78.65 3.49 2.60 73.40 81.30 
S1-P1-P2 

          

SdE-26 0–5 99.80 13.95 0.36 63.58 76.69 3.25 2.76 70.63 79.46 
SdE-27 5–10 96.55 14.22 0.34 65.67 78.35 3.46 2.54 73.16 81.08 
SdE-28 10–15 95.26 12.84 0.35 64.98 77.89 3.44 2.68 72.41 80.76 
SdE-29 15–20 96.03 13.32 0.34 66.45 79.11 3.57 2.49 74.20 81.71 
SdE-30 20–25 90.74 13.23 0.30 70.35 82.55 4.19 2.11 78.89 84.80 
S1-P2-P1 

          

SdE-31 0–5 64.61 15.71 0.47 52.69 61.89 1.64 3.24 53.83 68.24 
SdE-32 5–10 97.30 13.41 0.36 63.91 76.43 3.19 2.72 70.68 79.30 
SdE-33 10–15 96.42 13.31 0.35 64.90 77.02 3.23 2.59 71.75 79.96 
SdE-34 15–20 103.27 13.36 0.36 63.52 76.74 3.26 2.75 70.63 79.77 
SdE-35 20–25 101.44 13.02 0.35 64.52 77.75 3.43 2.67 72.01 80.92 
S1-P2-P2 

          

SdE-36 0–5 75.06 12.94 0.39 60.59 71.37 2.48 2.87 65.17 74.49 
SdE-37 5–10 98.71 14.61 0.37 63.19 75.93 3.15 2.81 69.85 78.88 
SdE-38 10–15 95.69 12.29 0.33 66.60 78.42 3.39 2.53 73.77 81.20 
SdE-39 15–20 93.85 11.63 0.34 66.15 78.29 3.44 2.58 73.41 81.22 
SdE-40 20–25 95.75 12.75 0.35 64.65 77.21 3.28 2.67 71.72 80.06 
S2-P1-P1 

          

SdE-41 0–5 92.83 11.60 0.31 69.00 81.33 3.83 2.25 77.27 83.83 
SdE-42 5–10 86.35 12.70 0.28 71.66 83.41 4.38 2.11 80.16 85.55 
SdE-43 10–15 72.65 14.58 0.23 77.39 89.43 6.43 1.79 87.48 90.44 
SdE-44 15–20 72.06 17.58 0.21 78.55 90.91 7.36 1.76 89.21 91.56 
SdE-45 20–25 74.33 18.85 0.22 78.11 91.06 7.54 1.81 89.28 91.64 
S2-P1-P2 

          

SdE-46 0–5 88.48 11.67 0.31 69.15 81.90 4.02 2.41 77.81 84.67 
SdE-47 5–10 78.01 12.82 0.24 75.61 86.37 5.27 1.75 84.11 88.22 
SdE-48 10–15 80.27 18.83 0.24 76.09 87.03 5.75 1.77 84.85 88.76 
SdE-49 15–20 61.57 15.80 0.19 81.03 89.31 6.76 1.52 88.09 90.88 
SdE-50 20–25 74.45 16.87 0.24 76.41 86.33 5.53 1.92 84.29 88.78 
S2-P2-P1 

          

SdE-51 0–5 95.16 14.56 0.32 68.25 79.83 3.64 2.25 75.71 82.57 
SdE-52 5–10 85.54 15.24 0.28 72.20 82.15 4.04 1.96 79.29 85.32 
SdE-53 10–15 86.47 25.60 0.27 72.64 82.82 4.58 2.05 80.02 85.89 
SdE-54 15–20 82.03 28.18 0.26 74.01 82.96 4.59 1.91 80.62 86.64 
SdE-55 20–25 85.10 30.57 0.27 72.80 82.18 4.46 2.01 79.54 85.72 
S2-P2-P2 

          

SdE-56 0–5 89.32 14.52 0.29 70.91 81.09 3.84 2.00 77.92 84.01 
SdE-57 5–10 88.52 18.84 0.30 70.30 80.03 3.79 2.29 76.82 83.57 
SdE-58 10–15 65.33 24.05 0.20 80.04 88.30 6.16 1.53 86.95 89.62 
SdE-59 15–20 87.11 20.97 0.29 71.06 80.19 3.90 2.13 77.27 84.31 
SdE-60 20–25 78.07 25.06 0.24 75.55 85.21 5.20 1.96 83.04 87.65 
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Table 24; Chemical weathering indexes along the investigated soil profiles at Location 2: WIP = weathering index of Parker 
(Parker, 1970); (K + Ca)/Ti ratio (Harrington & Whitney, 1987); Index B (Kronberg and Nesbitt, 1982); CIA = chemical 
index of alteration (Nesbitt and Young, 1982); CIW = chemical index of weathering (Harnois, 1988); VR = Vogt ratio (Vogt, 
1927); SA = Silico -aluminum ratio (Ruxton, 1968); PIA = plagioclase index of alteration (Fedo, et al., 1995); CPA = - 
chemical proxy of alteration (Buggle, et al., 2011). 

Sample Soil Depth  WIP (Ca+K)/Ti B-Index CIA CIW VR SA PIA CPA 
  [cm]          
 
Location 2 (glaciated) 

        

R2-P1-P1           
SdE-61 0–5 100.66 16.90 0.41 59.50 76.35 3.42 3.81 67.00 78.00 
SdE-62 5–10 97.79 14.82 0.39 61.38 78.37 3.76 3.59 70.09 79.46 
SdE-63 10–15 98.57 14.48 0.38 61.84 78.83 3.86 3.45 70.82 79.87 
SdE-64 15–20 94.23 13.92 0.36 63.50 79.76 3.95 3.22 72.80 80.78 
SdE-65 20–25 100.14 14.83 0.38 62.13 78.56 3.81 3.27 70.85 79.47 
SdE-66 30-35 97.28 14.16 0.35 65.01 79.69 3.87 2.70 73.76 80.54 
R2-P1-P2           
SdE-67 0–5 97.92 14.81 0.38 61.97 79.38 3.94 3.61 71.32 80.40 
SdE-68 5–10 99.19 14.75 0.38 61.79 78.82 3.81 3.44 70.76 79.92 
SdE-69 10–15 99.32 15.53 0.38 61.56 78.73 3.87 3.46 70.50 79.77 
SdE-70 15–20 99.29 14.77 0.38 62.33 78.85 3.84 3.25 71.22 79.83 
SdE-71 20–25 96.15 14.30 0.36 63.62 79.52 3.87 3.14 72.69 80.38 
SdE-72 30-35 95.25 13.99 0.35 65.33 80.48 3.99 2.79 74.58 81.40 
R2-P2-P1           
SdE-73 0–5 99.80 14.51 0.39 61.34 78.30 3.71 3.59 70.01 79.22 
SdE-74 5–10 95.79 15.08 0.38 62.03 79.35 3.97 3.61 71.35 80.22 
SdE-75 10–15 96.63 13.39 0.38 62.00 77.93 3.62 3.40 70.30 78.75 
SdE-76 15–20 96.73 13.64 0.37 62.83 79.04 3.80 3.28 71.75 79.86 
SdE-77 20–25 97.36 13.08 0.36 63.50 79.57 3.92 3.13 72.65 80.34 
R2-P2-P2           
SdE-78 0–5 94.91 13.68 0.37 62.97 80.23 3.97 3.44 72.76 81.20 
SdE-79 5–10 95.20 13.89 0.38 62.45 79.25 3.88 3.44 71.62 80.11 
SdE-80 10–15 96.44 14.93 0.38 62.19 79.20 3.86 3.46 71.37 80.03 
SdE-81 15–20 93.08 13.96 0.37 63.16 79.50 3.90 3.38 72.35 80.32 
SdE-82 20–25 95.19 14.04 0.36 63.63 80.19 4.03 3.28 73.22 81.00 
S3-P1-P1           
SdE-83 0–5 96.74 17.03 0.38 62.10 79.78 4.03 3.56 71.73 80.85 
SdE-84 5–10 89.11 16.38 0.35 65.38 82.30 4.53 3.46 76.12 83.13 
SdE-85 10–15 99.35 15.73 0.38 62.25 78.69 3.76 3.34 71.04 79.59 
SdE-86 15–20 95.98 15.47 0.36 63.98 80.79 4.17 3.20 73.95 81.66 
SdE-87 20–25 96.47 16.27 0.36 63.59 80.18 4.05 3.19 73.19 81.03 
S3-P1-P2           
SdE-88 0–5 99.59 20.12 0.41 58.75 76.72 3.63 4.19 66.46 77.76 
SdE-89 5–10 102.08 20.19 0.42 58.30 76.33 3.64 4.25 65.73 77.26 
SdE-90 10–15 96.97 16.51 0.38 62.14 79.51 4.00 3.57 71.56 80.42 
SdE-91 15–20 97.99 17.34 0.38 62.08 79.52 4.01 3.55 71.52 80.45 
SdE-92 20–25 98.61 16.66 0.37 63.04 80.01 4.04 3.30 72.64 80.86 
S3-P2-P1           
SdE-93 0–5 98.25 17.80 0.40 59.93 77.08 3.59 3.83 67.90 78.10 
SdE-94 5–10 99.01 16.49 0.40 60.06 76.69 3.50 3.74 67.76 77.73 
SdE-95 10–15 98.35 15.53 0.39 60.85 77.47 3.61 3.54 69.00 78.38 
SdE-96 15–20 99.46 16.01 0.39 61.38 77.15 3.55 3.33 69.25 78.09 
SdE-97 20–25 95.24 13.51 0.36 63.92 79.11 3.79 2.89 72.60 79.99 
S3-P2-P2           
SdE-98 0–5 95.74 18.13 0.39 60.76 79.02 3.94 3.98 70.00 80.10 
SdE-99 5–10 97.38 16.12 0.39 60.68 77.96 3.72 3.73 69.18 78.94 
SdE-100 10–15 95.69 17.94 0.39 60.65 78.53 3.87 3.88 69.55 79.51 
SdE-101 15–20 95.76 18.63 0.39 60.66 77.77 3.74 3.83 69.03 78.67 
SdE-102 20–25 93.81 17.39 0.37 63.06 78.99 3.87 3.33 71.88 79.88 
S4-P1-P1           
SdE-103 0–5 99.60 22.14 0.44 55.65 75.39 3.72 5.21 61.86 76.50 
SdE-104 5–10 103.42 19.17 0.42 58.37 77.68 3.88 4.30 66.65 78.73 
SdE-105 10–15 100.62 20.11 0.41 58.60 77.43 3.84 4.37 66.74 78.32 
SdE-106 15–20 102.22 20.65 0.42 57.95 76.52 3.73 4.40 65.45 77.36 
SdE-107 20–25 98.66 21.39 0.41 59.23 78.43 4.10 4.40 68.09 79.26 
SdE-108 30-35 103.16 15.37 0.36 63.91 80.11 4.04 2.91 73.35 80.89 
S4-P1-P2           
SdE-109 0–5 105.67 22.76 0.43 57.07 76.21 3.65 4.47 64.21 77.31 
SdE-110 5–10 102.50 19.50 0.41 58.74 77.56 3.83 4.25 66.98 78.54 
SdE-111 10–15 101.92 16.30 0.39 61.14 79.20 3.95 3.59 70.49 80.18 
SdE-112 15–20 101.96 16.59 0.38 61.55 78.81 3.85 3.47 70.55 79.73 
SdE-113 20–25 100.72 17.93 0.39 61.44 79.40 4.09 3.69 70.90 80.23 
S4-P2-P1           
SdE-114 0–5 97.83 16.07 0.40 59.74 77.44 3.61 4.06 67.94 78.49 
SdE-115 5–10 99.28 19.58 0.42 57.82 76.90 3.75 4.57 65.52 77.87 
SdE-116 10–15 102.60 17.53 0.41 59.32 77.52 3.79 3.96 67.57 78.46 
SdE-117 15–20 99.35 16.26 0.39 61.31 79.07 3.96 3.61 70.53 79.91 
SdE-118 20–25 99.26 15.60 0.38 61.96 79.34 3.95 3.44 71.29 80.17 
S4-P2-P2           
SdE-119 0–5 96.47 18.88 0.41 59.24 78.37 3.94 4.41 68.05 79.54 
SdE-120 5–10 98.51 15.03 0.39 61.29 78.42 3.79 3.61 70.06 79.37 
SdE-121 10–15 98.82 16.94 0.40 60.32 78.63 3.95 3.95 69.31 79.54 
SdE-122 15–20 98.99 15.37 0.39 61.18 78.49 3.82 3.57 70.00 79.32 
SdE-123 20–25 101.43 15.64 0.38 62.45 80.13 4.16 3.33 72.29 80.93 
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Table 25; Plutonium results of the investigated sites at Location 1 

          239+240Pu 

Site Depth Pu 
inventory 

Section 
Mass 

Section 
Activity 
- FE 

Section 
Activity 
- SD 

Pu-Inv. 
Sum. Incre.Sum. Activity 

Sum. Std. Dev. 240/239 sd 
240239 Average 

  [cm] [Bqkg-1] [kgm-2] [Bqm-2] [Bqm-2] [Bqm-2] [Bqm-2] [Bqm-2] [Bqm-2]      
 
Location 1 (non-glaciated) 

          

R1-P1-P1             
SdE-1 0–5 2.692 19.30 51.97 78.07  1.56   0.181 0.002 0.179 
SdE-2 5–10 3.427 13.70 46.96 125.09  4.06   0.171 0.011 0.160 
SdE-3 10–15 1.337 26.64 35.62 47.46  5.01   0.179 0.009 0.170 
SdE-4 15–20 0.694 22.87 15.87 22.56  5.46   0.176 0.005 0.171 
SdE-5 20–25 0.509 19.36 9.85 15.27 160 5.77 288 58 0.179 0.024 0.155 
R1-P1-P2             
SdE-6 0–5 3.033 25.88 78.48 89.47  1.79   0.186 0.003 0.183 
SdE-7 5–10 2.202 22.56 49.69 82.58  1.65   0.160 0.004 0.156 
SdE-8 10–15 1.894 28.07 53.16 74.81  3.29   0.174 0.015 0.160 
SdE-9 15–20 1.053 26.13 27.52 42.12  4.13   0.175 0.022 0.153 
SdE-10 20–25 0.343 31.43 10.78 15.44 220 4.44 304 61 0.177 0.006 0.172 
R1-P2-P1             
SdE-11 0–5 2.646 19.30 51.08 78.06  1.56   0.190 0.012 0.178 
SdE-12 5–10 2.167 30.61 66.34 63.93  1.28   0.180 0.007 0.173 
SdE-13 10–15 0.832 27.40 22.80 28.29  2.13   0.198 0.013 0.184 
SdE-14 15–20 0.704 25.82 18.18 23.23  2.59   0.169 0.040 0.128 
SdE-15 20–25 0.235 28.58 6.72 7.05 165 2.73 201 40   0.000 
R1-P2-P2             
SdE-16 0–5 2.829 22.46 63.55 79.21  1.58   0.178 0.013 0.165 
SdE-17 5–10 1.43 27.15 38.82 52.91  1.06   0.186 0.038 0.147 
SdE-18 10–15 0.588 33.31 19.59 24.99  2.08   0.197 0.034 0.163 
SdE-19 15–20 0.425 28.12 11.95 15.73  2.40   0.171 0.042 0.129 
SdE-20 20–25 0.329 30.46 10.02 13.49 144 2.67 186 37   0.000 
S1-P1-P1             
SdE-21 0–5 1.704 23.84 40.62 50.27  1.01   0.176 0.013 0.163 
SdE-22 5–10 1.201 32.29 38.78 40.23  1.81   0.170 0.002 0.168 
SdE-23 10–15 0.787 29.49 23.21 25.58  2.32   0.185 0.014 0.171 
SdE-24 15–20 0.461 30.00 13.83 14.75  2.62   0.196 0.053 0.143 
SdE-25 20–25 0.119 29.14 3.47 3.75 120 2.69 135 27 0.191 0.031 0.160 
S1-P1-P2             
SdE-26 0–5 1.278 37.74 48.24 46.65  0.93   0.167 0.025 0.142 
SdE-27 5–10 0.461 29.08 13.41 14.52  1.22   0.194 0.011 0.183 
SdE-28 10–15 0.225 29.49 6.64 6.75  1.36   0.197 0.016 0.181 
SdE-29 15–20 0.098 32.70 3.20 3.28  1.42      
SdE-30 20–25 0.042 36.47 1.53 1.66 73 1.46 73 15    
S1-P2-P1             
SdE-31 0–5 0.742 6.98 5.18 6.68  0.13   0.207 0.037 0.169 
SdE-32 5–10 0.445 22.06 9.81 13.35  0.40   0.179 0.018 0.161 
SdE-33 10–15 0.098 22.82 2.24 3.72  0.48      
SdE-34 15–20 0 29.08 0.00 0.00  0.48      
SdE-35 20–25 0 35.30 0.00 0.00 17 0.48 24 5    
S1-P2-P2             
SdE-36 0–5 1.565 13.80 21.60 19.56  0.39   0.155 0.001 0.153 
SdE-37 5–10 0.512 29.44 15.07 18.18  0.75   0.166 0.017 0.149 
SdE-38 10–15 0.122 28.37 3.46 4.45  0.84   0.167 0.049 0.118 
SdE-39 15–20 0.102 38.71 3.95 4.03  0.92   0.187 0.010 0.176 
SdE-40 20–25 0.106 21.80 2.31 3.45 46 0.99 50 10 0.184 0.007 0.177 
S2-P1-P1             
SdE-41 0–5 2.171 41.21 89.46 104.21  2.08   0.177 0.018 0.159 
SdE-42 5–10 0.425 30.71 13.05 21.04  0.42   0.221 0.025 0.196 
SdE-43 10–15 0.24 32.80 7.87 10.08  0.20   0.211 0.014 0.196 
SdE-44 15–20 0 39.73 0.00 0.00  0.00      
SdE-45 20–25 0 38.41 0.00 0.00 110 0.00 135 27    
S2-P1-P2             
SdE-46 0–5 1.753 36.98 64.83 78.89  1.58   0.165 0.004 0.161 
SdE-47 5–10 0.186 34.94 6.50 9.49  0.19   0.207 0.025 0.182 
SdE-48 10–15 0.091 24.86 2.26 4.05  0.08   0.180 0.042 0.138 
SdE-49 15–20 0 32.19 0.00 0.00  0.00      
SdE-50 20–25 0.042 33.11 1.39 2.14 75 0.04 95 19    
S2-P2-P1             
SdE-51 0–5 0.961 25.82 24.82 39.88  0.80   0.176 0.002 0.174 
SdE-52 5–10 0.691 15.69 10.84 33.17  0.66   0.169 0.005 0.164 
SdE-53 10–15 0.07 19.81 1.39 2.98  0.06   0.167 0.017 0.150 
SdE-54 15–20 0.033 26.08 0.86 1.68  0.03      
SdE-55 20–25 0 18.24 0.00 0.00 38 0.00 78 16    
S2-P2-P2             
SdE-56 0–5 0.736 20.32 14.96 33.49  0.67   0.185 0.011 0.173 
SdE-57 5–10 0.255 18.18 4.64 12.37  0.25   0.189 0.008 0.181 
SdE-58 10–15 0 22.87 0.00 0.00  0.00      
SdE-59 15–20 0.036 20.78 0.75 1.75  0.03      
SdE-60 20–25 0 22.92 0.00 0.00 20 0.00 48 10    
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Table 26; Plutonium results of the investigated sites at Location 2 

          239+240Pu 

Site Depth Pu 
inventory 

Section 
Mass 

Section 
Activity 
- FE 

Section 
Activity 
- SD 

Pu-Inv. 
Sum. Incre.Sum. Activity 

Sum. Std. Dev. 240/239 sd 
240239 Average 

  [cm] [Bqkg-1] [Bqm-2] [Bqm-2] [Bqm-2] [Bqm-2] [Bqm-2] [Bqm-2] [Bqm-2]      
 
Location 2 (glaciated) 

          

R2-P1-P1             
SdE-61 0–5 1.333 33.67 44.88 35.32  0.71   0.172 0.012 0.160 
SdE-62 5–10 0.596 34.69 20.67 19.07  0.38   0.176 0.010 0.166 
SdE-63 10–15 0.195 41.26 8.05 6.83  0.14      
SdE-64 15–20 0.16 39.02 6.24 5.92  0.12      
SdE-65 20–25 0 39.83 0.00 0.00  0.00      
SdE-66 30-35 0 22.97 0.00 0.00 80 0.00 67 11    
R2-P1-P2             
SdE-67 0–5 0.751 41.56 31.21 25.53  0.51   0.187 0.014 0.174 
SdE-68 5–10 0.595 35.09 20.88 18.45  0.37   0.196 0.003 0.193 
SdE-69 10–15 0.162 36.57 5.92 5.43  0.11   0.152 0.058 0.093 
SdE-70 15–20 0 34.18 0.00 0.00  0.00      
SdE-71 20–25 0 30.82 0.00 0.00  0.00      
SdE-72 30-35  25.42 0.00 0.00 58 0.00 49 8    
R2-P2-P1             
SdE-73 0–5 2.187 38.86 85.00 75.45  1.51   0.179 0.006 0.174 
SdE-74 5–10 0.965 37.74 36.42 37.15  0.74   0.167 0.004 0.163 
SdE-75 10–15 0.61 35.20 21.47 19.83  0.40   0.192 0.002 0.190 
SdE-76 15–20 0.084 35.50 2.98 2.98  0.06      
SdE-77 20–25 0 28.27 0.00 0.00 146 0.00 135 27    
R2-P2-P2             
SdE-78 0–5 2.159 30.97 66.86 64.77  1.30   0.181 0.006 0.176 
SdE-79 5–10 0.584 35.55 20.76 20.73  0.41   0.193 0.017 0.176 
SdE-80 10–15 0.78 38.05 29.68 28.08  0.56   0.172 0.017 0.155 
SdE-81 15–20 0 37.69 0.00 0.00  0.00      
SdE-82 20–25 0.108 35.96 3.88 3.83 121 0.08 117 23    
S3-P1-P1             
SdE-83 0–5 0.97 28.88 28.01 33.47  0.67   0.172 0.011 0.161 
SdE-84 5–10 0.381 29.90 11.39 15.24  0.97   0.201 0.009 0.192 
SdE-85 10–15 0.461 36.83 16.98 18.44  1.34   0.184 0.020 0.164 
SdE-86 15–20 0.055 36.72 2.02 2.15  1.39      
SdE-87 20–25 0 30.61 0.00 0.00 58 1.39 69 14    
S3-P1-P2             
SdE-88 0–5 2.254 35.09 79.10 71.00  1.42   0.181 0.011 0.170 
SdE-89 5–10 1.137 33.16 37.70 38.66  2.19   0.188 0.002 0.186 
SdE-90 10–15 0.617 38.25 23.60 24.06  2.67   0.190 0.023 0.167 
SdE-91 15–20 0.449 37.44 16.81 18.86  3.05   0.185 0.031 0.154 
SdE-92 20–25 0.06 29.44 1.77 2.16 159 3.09 155 31    
S3-P2-P1             
SdE-93 0–5 1.802 33.57 60.49 55.86  1.12   0.193 0.005 0.188 
SdE-94 5–10 1.119 22.62 25.31 42.52  1.97   0.190 0.008 0.182 
SdE-95 10–15 0.362 23.07 8.35 12.49  2.22   0.191 0.023 0.168 
SdE-96 15–20 0.246 21.90 5.39 9.47  2.41   0.172 0.029 0.143 
SdE-97 20–25 0.213 20.58 4.38 8.73 104 2.58 129 26    
S3-P2-P2             
SdE-98 0–5 2.681 32.50 87.12 80.43  1.61   0.169 0.005 0.164 
SdE-99 5–10 1.261 30.41 38.35 49.81  2.60   0.188 0.000 0.188 
SdE-100 10–15 0.719 29.64 21.31 25.88  3.12   0.166 0.012 0.154 
SdE-101 15–20 0.252 19.25 4.85 10.58  3.33      
SdE-102 20–25 0.17 20.02 3.40 7.23 155 3.48 174 35 0.173 0.018 0.155 
S4-P1-P1             
SdE-103 0–5 2.679 34.84 93.34 77.69  1.55   0.180 0.004 0.176 
SdE-104 5–10 2.335 37.54 87.66 82.89  1.66   0.183 0.009 0.174 
SdE-105 10–15 0.615 31.43 19.33 23.37  0.47   0.187 0.008 0.180 
SdE-106 15–20 0.197 30.61 6.03 7.98  0.16      
SdE-107 20–25 0 33.31 0.00 0.00  0.00      
SdE-108 30-35 0 28.58 0.00 0.00 206 0.00 192 32    
S4-P1-P2             
SdE-109 0–5 2.717 40.60 110.30 95.10  1.90   0.177 0.008 0.169 
SdE-110 5–10 1.663 37.79 62.85 64.03  3.18   0.178 0.007 0.171 
SdE-111 10–15 0.486 39.32 19.11 20.17  3.59   0.188 0.003 0.184 
SdE-112 15–20 0.398 34.89 13.89 14.93  3.88   0.202 0.004 0.199 
SdE-113 20–25 0 37.90 0.00 0.00 206 3.88 194 39    
S4-P2-P1             
SdE-114 0–5 2.7 35.09 94.76 76.95  1.54   0.180 0.007 0.173 
SdE-115 5–10 1.246 37.85 47.16 40.50  2.35   0.198 0.019 0.180 
SdE-116 10–15 0.628 32.75 20.57 18.21  2.71   0.178 0.011 0.167 
SdE-117 15–20 0.236 35.40 8.35 8.61  2.89      
SdE-118 20–25 0.072 36.83 2.65 2.74 173 2.94 147 29    
S4-P2-P2             
SdE-119 0–5 2.212 29.70 65.69 54.19  1.08   0.192 0.004 0.188 
SdE-120 5–10 0.826 33.36 27.56 26.02  1.60   0.189 0.038 0.151 
SdE-121 10–15 0.769 32.65 25.11 26.15  2.13   0.187 0.003 0.184 
SdE-122 15–20 0.349 36.83 12.85 12.39  2.37      
SdE-123 20–25 0 32.45 0.00 0.00 131 2.37 119 24    
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Table 27; Average, standard deviation, and standard error 

for Bulk density. n=4, except from R2 30-35 (n=2) and S4 

30-35cm (n=1). These data are shown in Figure 11. 

Depth Ref 1 Slope 1 Slope 2 Ref  2 Slope 3 Slope 4 
 [cm]             
Average [gcm-3] 

     

0–5 0.58 0.44 0.90 0.63 0.69 0.59 
5–10 0.70 0.65 0.99 0.69 0.71 0.69 
10–15 0.76 0.68 0.87 0.69 0.77 0.71 
15–20 0.71 0.71 0.92 0.73 0.78 0.75 
20–25 0.73 0.73 0.93 0.81 0.77 0.74 
30–35 

   
1.02 

 
0.76 

Standard deviation 
    

0–5 0.02 0.26 0.06 0.08 0.09 0.09 
5–10 0.08 0.05 0.02 0.07 0.09 0.07 
10–15 0.08 0.07 0.03 0.03 0.05 0.11 
15–20 0.07 0.07 0.10 0.06 0.05 0.05 
20–25 0.16 0.11 0.07 0.13 0.08 0.06 
30–35 

   
0.07 

  

Standard error 
     

0–5 0.01 0.13 0.03 0.04 0.05 0.04 
5–10 0.04 0.02 0.01 0.03 0.04 0.03 
10–15 0.04 0.04 0.02 0.02 0.02 0.05 
15–20 0.04 0.04 0.05 0.03 0.02 0.02 
20–25 0.08 0.05 0.04 0.07 0.04 0.03 
30–35       0.03     

 

Table 28; Average, standard deviation, and standard error 

for pH(CaCl2). n=8, except from R2 30-35 (n=4) and S4 30-

35cm (n=2). These data are shown in Figure 12. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]       
Average      
0–5 3.35 3.59 4.22 3.86 3.76 3.75 
5–10 3.44 3.76 4.25 3.85 3.78 3.74 
10–15 3.53 3.85 4.25 3.86 3.81 3.75 
15–20 3.63 3.87 4.28 3.91 3.90 3.81 
20–25 3.72 3.90 4.28 3.94 3.96 3.86 
30–35    4.12  4.05 
Standard deviation     
0–5 0.02 0.07 0.04 0.07 0.06 0.05 
5–10 0.06 0.04 0.06 0.04 0.06 0.06 
10–15 0.07 0.08 0.08 0.03 0.03 0.04 
15–20 0.08 0.07 0.10 0.03 0.03 0.05 
20–25 0.10 0.05 0.10 0.02 0.03 0.05 
30–35    0.01   
Standard error    
0–5 0.01 0.03 0.02 0.04 0.03 0.02 
5–10 0.03 0.02 0.03 0.02 0.03 0.03 
10–15 0.04 0.04 0.04 0.02 0.02 0.02 
15–20 0.04 0.03 0.05 0.01 0.02 0.03 
20–25 0.05 0.03 0.05 0.01 0.02 0.02 
30–35    0.00   

 

 

Table 29; Average, standard deviation, and standard error 

for LOI. n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 14. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average [%] 

 
2 2 3 4 

0–5 24.45 32.50 9.91 13.28 14.90 12.61 
5–10 21.25 12.63 8.96 14.21 13.66 12.07 
10–15 17.16 11.91 11.11 14.53 14.24 12.16 
15–20 15.48 11.02 9.11 14.82 14.09 12.87 
20–25 14.97 11.03 7.70 13.87 14.79 11.90 
30–35 

   
14.91 

 
11.02 

Standard deviation 
    

0–5 2.36 21.57 0.63 0.91 1.19 1.24 
5–10 3.44 0.97 3.23 0.92 0.75 1.24 
10–15 2.42 1.57 5.23 0.88 0.72 0.51 
15–20 2.24 1.01 5.28 0.83 0.95 1.17 
20–25 2.94 2.14 2.73 0.70 1.38 1.01 
30–35 

   
0.32 

 
0.00 

Standard error 
     

0–5 1.18 10.78 0.32 0.46 0.60 0.62 
5–10 1.72 0.48 1.61 0.46 0.37 0.62 
10–15 1.21 0.79 2.62 0.44 0.36 0.25 
15–20 1.12 0.51 2.64 0.41 0.47 0.59 
20–25 1.47 1.07 1.36 0.35 0.69 0.51 
30–35       0.16     

 

 

Table 30; Average, standard deviation, and standard error 

for total Carbon. n=8, except from R2 30-35 (n=4) and S4 

30-35cm (n=2). These data are shown in Figure 15. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average [gkg-1] 1 2 2 3 4 
0–5 11.93 15.45 4.07 6.52 7.04 5.98 
5–10 10.32 5.64 3.28 6.66 6.10 5.75 
10–15 8.36 5.32 3.86 6.89 6.65 5.72 
15–20 7.47 5.20 2.57 7.03 6.40 6.20 
20–25 7.48 5.40 2.01 6.30 6.62 5.73 
30–35 

   
6.73 

 
4.64 

Standard deviation 
    

0–5 1.09 9.37 0.58 0.42 0.51 0.64 
5–10 1.30 0.79 1.38 0.46 0.52 0.71 
10–15 1.04 0.56 2.24 0.38 0.53 0.30 
15–20 1.01 0.37 1.70 0.39 0.48 0.68 
20–25 1.22 1.05 1.09 0.39 0.63 0.68 
30–35 

   
0.49 

 
0.08 

Standard error 
    

0–5 0.55 4.69 0.29 0.21 0.26 0.32 
5–10 0.65 0.40 0.69 0.23 0.26 0.35 
10–15 0.52 0.28 1.12 0.19 0.26 0.15 
15–20 0.50 0.19 0.85 0.20 0.24 0.34 
20–25 0.61 0.52 0.54 0.19 0.32 0.34 
30–35       0.24   0.04 
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Table 31; Average, standard deviation, and standard error 

for total Nitrogen. n=8, except from R2 30-35 (n=4) and S4 

30-35cm (n=2). These data are shown in Figure 15. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average [gkg-1] 1 2 2 3 4 
0–5 0.83 0.83 0.28 0.49 0.53 0.45 
5–10 0.76 0.40 0.22 0.51 0.52 0.44 
10–15 0.63 0.36 0.24 0.53 0.53 0.45 
15–20 0.54 0.34 0.16 0.55 0.51 0.48 
20–25 0.51 0.34 0.13 0.49 0.52 0.44 
30–35 

   
0.54 

 
0.37 

Standard deviation 
   

0–5 0.06 0.35 0.04 0.03 0.05 0.06 
5–10 0.09 0.06 0.09 0.04 0.07 0.06 
10–15 0.08 0.04 0.13 0.03 0.04 0.02 
15–20 0.09 0.03 0.11 0.03 0.04 0.05 
20–25 0.07 0.05 0.08 0.03 0.06 0.05 
30–35 

   
0.04 

 
0.00 

Standard error 
   

0–5 0.03 0.18 0.02 0.01 0.03 0.03 
5–10 0.05 0.03 0.05 0.02 0.03 0.03 
10–15 0.04 0.02 0.07 0.01 0.02 0.01 
15–20 0.04 0.02 0.05 0.02 0.02 0.03 
20–25 0.03 0.02 0.04 0.01 0.03 0.03 
30–35       0.02   0.00 

 

Table 32; Average, standard deviation, and standard error 

for C/N. n=8, except from R2 30-35 (n=4) and S4 30-35cm 

(n=2). These data are shown in Figure 15. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average 1 1 2 2 3 4 
0–5 14.37 17.43 14.81 13.20 12.50 13.23 
5–10 13.57 14.08 14.71 13.01 12.38 12.94 
10–15 13.27 14.82 15.64 12.91 12.35 12.82 
15–20 13.94 15.12 15.66 12.86 12.47 12.91 
20–25 14.55 15.72 15.81 12.79 12.46 12.93 
30–35 

   
12.56 

 
12.39 

Standard deviation 
    

0–5 0.52 4.43 0.50 0.56 0.32 0.34 
5–10 0.53 0.37 0.39 0.24 0.35 0.20 
10–15 0.22 0.81 1.64 0.30 0.22 0.10 
15–20 0.61 0.82 0.90 0.44 0.22 0.12 
20–25 0.54 1.97 1.01 0.32 0.24 0.12 
30–35 

   
0.28 

 
0.07 

Standard error 
    

0–5 0.26 2.22 0.25 0.28 0.16 0.17 
5–10 0.26 0.18 0.19 0.12 0.17 0.10 
10–15 0.11 0.41 0.82 0.15 0.11 0.05 
15–20 0.30 0.41 0.45 0.22 0.11 0.06 
20–25 0.27 0.99 0.51 0.16 0.12 0.06 
30–35       0.14   0.03 

 

 

Table 33; Average, standard deviation, and standard error 

for δ13C. n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 16. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average [‰] 

 
2 2 3 4 

0–5 -28.24 -28.40 -28.19 -28.55 -28.51 -29.03 
5–10 -27.89 -28.35 -27.81 -28.22 -28.53 -28.57 
10–15 -27.77 -27.85 -27.39 -27.92 -28.16 -28.17 
15–20 -27.61 -27.62 -27.78 -27.64 -28.02 -27.94 
20–25 -27.32 -27.63 -27.54 -27.59 -27.90 -27.81 
30–35 

   
-27.32 

 
-27.71 

Standard deviation     
0–5 0.16 0.30 0.20 0.28 0.55 0.36 
5–10 0.44 0.29 0.52 0.09 0.39 0.36 
10–15 0.29 0.09 0.59 0.26 0.28 0.21 
15–20 0.50 0.15 0.86 0.18 0.27 0.32 
20–25 0.26 0.23 0.45 0.19 0.15 0.29 
30–35 

   
0.03 

 
0.00 

Standard error     
0–5 0.08 0.15 0.10 0.14 0.27 0.18 
5–10 0.22 0.14 0.26 0.05 0.20 0.18 
10–15 0.15 0.04 0.30 0.13 0.14 0.10 
15–20 0.25 0.07 0.43 0.09 0.13 0.16 
20–25 0.13 0.11 0.23 0.10 0.07 0.14 
30–35       0.02     

 

 

Table 34; Average, standard deviation, and standard error 

for SiO2. n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 19. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average [gkg-1] 

 
2 2 3 4 

0–5 38.91 35.28 41.79 48.29 47.20 52.82 
5–10 39.56 43.10 41.38 47.26 49.68 51.53 
10–15 40.87 42.98 39.38 46.66 47.33 50.52 
15–20 40.76 43.84 40.65 45.65 47.18 49.11 
20–25 40.09 42.89 42.43 45.66 45.77 49.49 
30–35 

   
42.54 

 
45.27 

Standard deviation     
0–5 1.67 9.59 0.97 0.90 3.73 2.20 
5–10 1.80 0.42 3.43 0.72 1.64 2.37 
10–15 0.67 0.95 3.57 0.50 0.91 1.65 
15–20 1.23 0.94 4.22 0.33 1.53 2.43 
20–25 2.20 1.85 2.15 0.62 2.77 2.84 
30–35 

   
0.58 

 
0.00 

Standard error     
0–5 0.84 4.80 0.49 0.45 1.86 1.10 
5–10 0.90 0.21 1.71 0.36 0.82 1.18 
10–15 0.34 0.47 1.78 0.25 0.46 0.83 
15–20 0.61 0.47 2.11 0.17 0.77 1.22 
20–25 1.10 0.93 1.07 0.31 1.38 1.42 
30–35       0.29     
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Table 35; Average, standard deviation, and standard error 

for TiO2. n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 19. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average [gkg-1] 1 2 2 3 4 
0–5 0.43 0.40 0.48 0.45 0.38 0.35 
5–10 0.47 0.47 0.40 0.44 0.37 0.38 
10–15 0.50 0.50 0.27 0.44 0.41 0.39 
15–20 0.52 0.52 0.27 0.45 0.39 0.40 
20–25 0.56 0.50 0.26 0.45 0.40 0.39 
30–35 

   
0.44 

 
0.44 

Standard deviation    
0–5 0.03 0.11 0.07 0.03 0.05 0.04 
5–10 0.04 0.04 0.06 0.01 0.02 0.04 
10–15 0.04 0.02 0.08 0.02 0.01 0.04 
15–20 0.02 0.03 0.04 0.01 0.02 0.04 
20–25 0.02 0.03 0.06 0.02 0.04 0.05 
30–35 

   
0.01 

 
0.00 

Standard error    
0–5 0.02 0.05 0.04 0.02 0.02 0.02 
5–10 0.02 0.02 0.03 0.01 0.01 0.02 
10–15 0.02 0.01 0.04 0.01 0.00 0.02 
15–20 0.01 0.01 0.02 0.01 0.01 0.02 
20–25 0.01 0.01 0.03 0.01 0.02 0.03 
30–35       0.00     

 

Table 36; Average, standard deviation, and standard error 

for Al2O3 n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 19. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average [gkg-1] 1 2 2 3 4 
0–5 21.69 20.59 31.95 22.71 22.34 19.86 
5–10 23.31 27.41 34.71 22.80 21.95 20.99 
10–15 25.49 28.25 37.55 23.00 22.67 21.68 
15–20 26.46 28.62 37.82 23.60 23.01 22.26 
20–25 27.10 29.15 37.36 24.19 23.64 22.76 
30–35 

   
26.27 

 
26.40 

Standard deviation     
0–5 0.84 6.53 1.76 0.65 1.79 1.26 
5–10 1.65 1.00 1.46 0.33 1.47 1.23 
10–15 0.98 1.00 1.87 0.12 0.87 1.05 
15–20 0.82 0.60 1.90 0.36 1.34 1.36 
20–25 0.32 2.39 0.37 0.31 1.49 1.56 
30–35 

   
0.24 

 
0.00 

Standard error     
0–5 0.42 3.26 0.88 0.32 0.90 0.63 
5–10 0.82 0.50 0.73 0.17 0.73 0.61 
10–15 0.49 0.50 0.93 0.06 0.43 0.52 
15–20 0.41 0.30 0.95 0.18 0.67 0.68 
20–25 0.16 1.19 0.19 0.16 0.75 0.78 
30–35       0.12     

 

 

Table 37; Average, standard deviation, and standard error 

for K2O n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 19. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average [gkg-1] 2 3 4 
0–5 5.02 5.12 6.13 7.44 7.31 7.79 
5–10 5.26 6.39 5.62 7.34 7.37 7.85 
10–15 5.39 6.28 5.39 7.32 7.35 7.85 
15–20 5.53 6.52 5.16 7.14 7.35 7.69 
20–25 5.56 6.54 5.52 7.23 7.21 7.79 
30–35 

   
6.93 

 
7.72 

Standard deviation    
0–5 0.28 1.65 0.34 0.09 0.33 0.35 
5–10 0.26 0.09 0.26 0.14 0.32 0.33 
10–15 0.26 0.11 0.74 0.24 0.08 0.10 
15–20 0.18 0.33 0.69 0.20 0.17 0.16 
20–25 0.46 0.30 0.47 0.14 0.29 0.13 
30–35 

   
0.02 

 
0.00 

Standard error    
0–5 0.14 0.82 0.17 0.05 0.17 0.17 
5–10 0.13 0.05 0.13 0.07 0.16 0.16 
10–15 0.13 0.05 0.37 0.12 0.04 0.05 
15–20 0.09 0.16 0.34 0.10 0.09 0.08 
20–25 0.23 0.15 0.24 0.07 0.14 0.07 
30–35       0.01     

 
 

 

Table 38; Average, standard deviation, and standard error 

for (Ca+K)/1, n=4, except from R2 30-35 (n=2) and S4 30-

35cm (n=1). These data are shown in Figure 20. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average 2 3 4 
0–5 12.05 13.81 13.09 14.98 17.11 19.96 
5–10 11.72 13.54 14.90 14.64 17.80 18.32 
10–15 11.21 12.55 20.76 14.58 15.97 17.72 
15–20 10.94 12.58 20.63 14.07 16.69 17.22 
20–25 10.21 13.01 22.84 14.06 16.27 17.64 
30–35 

   
14.07 

 
15.37 

Standard deviation     
0–5 1.17 1.39 1.68 1.37 2.74 3.10 
5–10 1.13 1.18 2.88 0.52 1.79 2.20 
10–15 0.89 0.68 5.04 0.91 0.43 1.67 
15–20 0.64 0.89 5.47 0.49 1.15 2.35 
20–25 0.95 0.19 6.22 0.73 2.11 2.73 
30–35 

   
0.12 

 
0.00 

Standard error     
0–5 0.59 0.70 0.84 0.69 1.37 1.55 
5–10 0.57 0.59 1.44 0.26 0.89 1.10 
10–15 0.45 0.34 2.52 0.45 0.22 0.84 
15–20 0.32 0.45 2.74 0.24 0.57 1.17 
20–25 0.48 0.10 3.11 0.37 1.05 1.36 
30–35       0.06     
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Table 39; Average, standard deviation, and standard error 

for WIP, n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 20. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average 2 2 3 4 
0–5 85.04 83.69 91.45 98.33 97.46 99.89 
5–10 87.53 96.31 84.61 96.99 96.48 100.93 
10–15 89.48 95.21 76.18 97.74 98.01 100.99 
15–20 90.85 90.80 75.69 95.83 97.28 100.63 
20–25 89.91 96.10 77.99 97.21 96.52 100.02 
30–35 

   
96.27 

 
103.16 

Standard deviation     
0–5 3.86 16.66 3.11 2.55 1.88 4.06 
5–10 3.30 2.58 4.57 1.84 5.56 2.40 
10–15 3.40 1.24 9.18 1.43 1.06 1.66 
15–20 2.33 14.40 11.30 2.76 1.78 1.70 
20–25 5.36 4.38 5.05 2.14 1.48 1.28 
30–35 

   
1.44 

 
0.00 

Standard error     
0–5 1.93 8.33 1.55 1.27 0.94 2.03 
5–10 1.65 1.29 2.29 0.92 2.78 1.20 
10–15 1.70 0.62 4.59 0.71 0.53 0.83 
15–20 1.16 7.20 5.65 1.38 0.89 0.85 
20–25 2.68 2.19 2.53 1.07 0.74 0.64 
30–35       0.72     

 

Table 40; Average, standard deviation, and standard error 

for B-Index, n=4, except from R2 30-35 (n=2) and S4 30-

35cm (n=1). These data are shown in Figure 20. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average 2 2 3 4 
0–5 0.38 0.40 0.31 0.39 0.39 0.42 
5–10 0.37 0.35 0.28 0.38 0.39 0.41 
10–15 0.36 0.34 0.23 0.38 0.39 0.40 
15–20 0.35 0.33 0.24 0.37 0.38 0.40 
20–25 0.34 0.34 0.24 0.37 0.37 0.39 
30–35 

   
0.35 

 
0.36 

Standard deviation     
0–5 0.01 0.05 0.01 0.01 0.02 0.02 
5–10 0.01 0.01 0.02 0.00 0.03 0.02 
10–15 0.00 0.01 0.03 0.00 0.01 0.01 
15–20 0.00 0.04 0.04 0.01 0.01 0.02 
20–25 0.01 0.03 0.02 0.01 0.01 0.01 
30–35 

   
0.00 

 
0.00 

Standard error     
0–5 0.01 0.02 0.01 0.01 0.01 0.01 
5–10 0.00 0.01 0.01 0.00 0.02 0.01 
10–15 0.00 0.00 0.02 0.00 0.00 0.01 
15–20 0.00 0.02 0.02 0.00 0.01 0.01 
20–25 0.01 0.01 0.01 0.00 0.01 0.01 
30–35       0.00     

 

 

Table 41; Average, standard deviation, and standard error 

for CIA n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 20. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average 2 2 3 4 
0–5 61.65 59.87 69.33 61.44 61.18 57.92 
5–10 62.73 64.78 72.44 61.91 61.12 59.06 
10–15 64.37 65.70 76.54 61.90 61.48 59.84 
15–20 64.93 67.47 76.16 62.95 62.02 60.50 
20–25 65.79 66.30 75.71 63.22 62.80 61.27 
30–35 

   
65.17 

 
63.91 

Standard deviation     
0–5 1.35 4.94 1.13 1.46 2.30 1.91 
5–10 0.91 1.48 2.26 0.45 3.02 1.54 
10–15 0.09 0.88 3.08 0.27 0.83 1.12 
15–20 0.46 4.41 4.47 0.50 1.43 1.70 
20–25 1.34 2.75 2.22 0.73 1.47 1.42 
30–35 

   
0.23 

 
0.00 

Standard error     
0–5 0.67 2.47 0.56 0.73 1.15 0.95 
5–10 0.45 0.74 1.13 0.22 1.51 0.77 
10–15 0.04 0.44 1.54 0.13 0.41 0.56 
15–20 0.23 2.20 2.24 0.25 0.72 0.85 
20–25 0.67 1.37 1.11 0.37 0.74 0.71 
30–35       0.11     

 

 

Table 42; Average, standard deviation, and standard error 

for SA, n=4, except from R2 30-35 (n=2) and S4 30-35cm 

(n=1). These data are shown in Figure 20. 

Depth Ref 1 Slope 1 Slope 2 Ref 2 Slope 3 Slope 4 
 [cm]             
Average 2 2 3 4 
0–5 3.05 2.95 2.23 3.61 3.62 4.54 
5–10 2.89 2.67 2.03 3.52 3.86 4.18 
10–15 2.72 2.58 1.79 3.44 3.55 3.97 
15–20 2.61 2.60 1.83 3.28 3.49 3.76 
20–25 2.51 2.51 1.93 3.20 3.30 3.71 
30–35 

   
2.75 

 
2.91 

Standard deviation    
0–5 0.14 0.20 0.17 0.15 0.55 0.48 
5–10 0.18 0.12 0.23 0.09 0.34 0.41 
10–15 0.06 0.07 0.21 0.03 0.16 0.32 
15–20 0.00 0.11 0.26 0.07 0.30 0.43 
20–25 0.14 0.27 0.08 0.08 0.39 0.48 
30–35 

   
0.06 

 
0.00 

Standard error    
0–5 0.07 0.10 0.08 0.08 0.27 0.24 
5–10 0.09 0.06 0.11 0.05 0.17 0.20 
10–15 0.03 0.04 0.10 0.01 0.08 0.16 
15–20 0.00 0.05 0.13 0.03 0.15 0.21 
20–25 0.07 0.14 0.04 0.04 0.20 0.24 
30–35       0.03     
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Table 43; Average (summed up to 100%), standard deviation, and standard error for Grain size distribution. These data are 

shown in Figure 12. 

 
Sand Silt Clay 

Depth Ref 1 n Ref 2 n Ref 1 n Ref 2 n Ref 1 n Ref 2 n 
 [cm]          

 
       

 
Average [%] 

 
 1  

 
 1  

 
 1  

0–5 
 

 32.13 4 
 

 25.80 4 
 

 42.07 4 
5–10 32.00 1 25.58 4 31.20 1 35.35 4 36.80 1 39.07 4 
10–15 31.31 3 23.18 4 33.84 3 35.22 4 34.85 3 41.60 4 
15–20 38.80 1 27.44 4 26.00 1 32.26 4 35.20 1 40.30 4 
20–25 36.02 2 27.64 4 31.39 2 28.32 4 32.60 2 44.04 4 
30–35 

 
 

 
 

 
 

 
 

 
 

 
 

 
Standard deviation 

 
 

 
 

 
 

0–5 
 

 9.07 4 
 

 4.59 4 
 

 6.88 4 
5–10 

 
 8.07 4 

 
 3.77 4 

 
 5.40 4 

10–15 6.85 3 8.78 4 3.52 3 11.88 4 4.30 3 4.58 4 
15–20 

 
 5.40 4 

 
 5.14 4 

 
 5.14 4 

20–25 3.68 2 7.56 4 5.09 2 10.04 4 9.62 2 5.63 4 
30–35 

 
 

 
 

 
 

 
 

 
 

 
 

 
Standard error 

 
 

 
 

 
 

0–5 
 

 4.53 4 
 

 2.29 4 
 

 3.44 4 
5–10 

 
 4.03 4 

 
 1.89 4 

 
 2.70 4 

10–15 3.43 3 4.39 4 1.76 3 5.94 4 2.15 3 2.29 4 
15–20 

 
 2.70 4 

 
 2.57 4 

 
 2.57 4 

20–25 1.84 2 3.78 4 2.55 2 5.02 4 4.81 2 2.82 4 
30–35                   

 
Table 44; Average, standard deviation, and standard error for oxalate. These data are shown in Figure 18. 

  Alo [gkg-1] Sio [mgkg-1] Feo [gkg-1] Mno [mgkg-1] 
Depth Ref 1 n Ref 2 n Ref 1 n Ref 2 n Ref 1 n Ref 2 n Ref 1 n Ref 2 n 
 [cm]                                 
 
Average 

1 
 

2 1 
 

1 
 

1 
 

1 
 

1 
 

1 
 

0–5 1.59 4     1.10 4 80.37 4 47.92 4 4.77 7 4.14 8 15.05 5 6.99 6 
5–10 1.94 5     1.19 5 77.66 4 56.59 4 6.55 5 4.61 7 14.52 5 4.36 4 
10–15 2.17 6     1.46 4 109.85 4 81.55 4 8.10 5 5.03 7 9.41 5 3.53 4 
15–20 2.03 5     1.75 5 114.42 4 74.09 4 7.37 4 6.34 6 9.63 4 3.60 6 
20–25 2.50 7     2.19 3 109.18 4 67.60 4 7.64 5 4.74 8 7.35 4 3.36 5 
30–35 

  
3.25 3 

  
277.45 2 

  
4.30 2 

  
8.78 2 

 
Standard deviation 

 
               

0–5 0.07 4     0.14 4 25.18 4 32.62 4 2.62 7 1.67 8 8.20 5 6.70 6 
5–10 0.22 5     0.16 5 18.65 4 20.88 4 2.21 5 1.73 7 13.18 5 1.12 4 
10–15 0.33 6     0.34 4 39.26 4 34.44 4 3.83 5 2.13 7 6.50 5 1.43 4 
15–20 0.44 5     0.27 5 28.78 4 30.25 4 2.93 4 3.14 6 2.03 4 1.33 6 
20–25 1.17 7     0.15 3 28.84 4 22.72 4 3.89 5 0.35 8 2.58 4 2.43 5 
30–35 

  
0.10 3 

  
113.91 2 

  
0.96 2 

  
0.40 2 

 
Standard error 

 
               

0–5 0.04 4     0.07 4 12.59 4 16.31 4 1.31 7 0.84 8 4.10 5 3.35 6 
5–10 0.11 5     0.08 5 9.32 4 10.44 4 1.11 5 0.86 7 6.59 5 0.56 4 
10–15 0.17 6     0.17 4 19.63 4 17.22 4 1.92 5 1.06 7 3.25 5 0.72 4 
15–20 0.22 5     0.14 5 14.39 4 15.12 4 1.46 4 1.57 6 1.01 4 0.67 6 
20–25 0.58 7     0.08 3 14.42 4 11.36 4 1.95 5 0.17 8 1.29 4 1.21 5 
30–35     0.05 3     56.96 2     0.48 2     0.20 2 
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Table 45; Average, standard deviation, and standard error for dithionite and crystalline. These data are shown in Figure 18. 

  Ald [gkg-1] Sid [mgkg-1] Fed [gkg-1] Fecry [gkg-1] 
Depth Ref 1 n Ref 2 n Ref 1 n Ref 2 n Ref 1 n Ref 2 n Ref 1 n Ref 2 n 
 [cm]                                 
 
Average 

1 
 

2 1 
 

1 
 

1 
 

1 
 

1 
 

1 
 

0–5 2.26 4     2.32 4 923.78 4 492.30 4 4.12 4 5.78 4 -0.66 - 1.64 - 
5–10 3.49 5     2.76 4 822.63 4 396.15 4 4.33 4 6.50 4 -2.22 - 1.89 - 
10–15 3.79 5     3.50 5 711.28 4 409.90 5 4.20 4 6.93 5 -3.89 - 1.90 - 
15–20 4.32 4     4.41 5 529.23 4 284.08 6 4.17 5 7.80 5 -3.20 - 1.46 - 
20–25 6.31 6     4.36 4 429.05 6 239.50 5 6.04 4 7.17 4 -1.60 - 2.43 - 
30–35 

  
5.70 2 

  
342.60 2 

  
6.34 2   

 
2.04 - 

 
Standard deviation 

 
           

     

0–5 0.46 4     0.58 4 93.35 4 62.69 4 0.34 4 1.55 4 -2.27 - -0.12 - 
5–10 0.24 5     0.54 4 158.77 4 121.69 4 0.33 4 1.15 4 -1.89 - -0.57 - 
10–15 0.71 5     0.37 5 304.50 4 56.44 5 0.85 4 0.51 5 -2.99 - -1.62 - 
15–20 0.64 4     0.67 5 223.90 4 30.72 6 1.57 5 1.27 5 -1.36 - -1.87 - 
20–25 2.17 6     0.59 4 69.58 6 52.05 5 1.69 4 0.53 4 -2.20 - 0.18 - 
30–35 

  
0.45 2 

  
83.44 2 

  
1.08 2   

 
0.12 - 

 
Standard error 

 
           

     

0–5 0.23 4     0.29 4 46.68 4 31.35 4 0.17 4 0.78 4 -1.14 - -0.06 - 
5–10 0.12 5     0.27 4 79.38 4 60.85 4 0.16 4 0.58 4 -0.94 - -0.29 - 
10–15 0.35 5     0.19 5 152.25 4 28.22 5 0.42 4 0.26 5 -1.49 - -0.81 - 
15–20 0.32 4     0.34 5 111.95 4 15.36 6 0.79 5 0.63 5 -0.68 - -0.93 - 
20–25 1.08 6     0.30 4 34.79 6 26.02 5 0.84 4 0.26 4 -1.10 - 0.09 - 
30–35     0.23 2     41.72 2     0.54 2     0.06  - 

 
 

Table 46; Correlation between meteoric 10Be and Feo at Reference 2 including standard deviation and standard error. These 

data are shown in Figure 22 

Site Depth Feo n Standard deviation Standard error Be Standard error 
 

 
 

  [cm] [gkg-1]    [atoms g-1 x 108]  
 
Location 2  
R2-P1-P1 

 
     

SdE-61 0–5 3.27 1   28 0.81 
SdE-62 5–10 4.69 2 0.03 0.01 35 1.07 
SdE-63 10–15 4.72 1   37 1.07 
SdE-64 15–20 5.47 1   42 1.28 
SdE-65 20–25 2.58 1   34 1.04 
SdE-66 30-35 3.62 1   29 0.98 
 
R2-P1-P2 

 
     

SdE-67 0–5 4.34 2 1.96 0.98 32 0.93 
SdE-68 5–10 4.11 2 3.05 1.52 31 0.91 
SdE-69 10–15 5.90 2 0.14 0.07 36 1.06 
SdE-70 15–20 4.85 2 0.70 0.35 36 1.04 
SdE-71 20–25 4.40 2 1.58 0.79 32 0.93 
SdE-72 30-35 4.98 1   31 

 
0.91 

        

 
Table 47; Correlation between meteoric 10Be and Feo at Reference 1 including standard deviation and standard error. These 

data are shown in Figure 23 

Site Depth Feo n Standard deviation Standard error Be 
  [cm] [gkg-1]    [atoms g-1 x 108] 
 
Location 1  
average from all profiles 

 
    

Be = Feo x 6.1222  
+ 6.6542  

0–5 4.77 7 2.62 1.31 35.87  
5–10 6.55 5 2.21 1.11 46.77  
10–15 8.10 5 3.83 1.92 56.22  
15–20 7.37 4 2.93 1.46 51.79  
20–25 7.64 5 3.89 1.95 53.45 

estimation 30-35 7.00    49.51 
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