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A B S T R A C T   

Few data are available on how soil erosion rates compare between surfaces of different ages because short-term 
processes often overprint the longer-term erosion signal. This study investigated the soil dynamics among two 
end-member sites, a formerly glaciated (’young’, maximum glacial extent at 22–30 ka BP) and a non-glaciated 
(’old’) area at the Serra da Estrela (Portugal). To disentangle soil distribution rates over different timeframes, 
isotopes for long-term (10Be), mid-term (δ13C) and short-term (239+240Pu) periods were applied together with 
principles of the percolation theory. 

The formerly glaciated area has soils with a lower degree of weathering and lower carbon content compared to 
soils of the ‘old‘, non-glaciated area. The selected isotopes and their distribution along the soil profiles revealed 
temporal differences in soil mixing process. It is hypothesised that the slightly higher elevation and formerly 
glaciated sites experienced cryoturbation effects over a longer period, while being less active or absent for the 
last few decades at the older, non-glaciated soils. 

The average long-term (millennia) soil erosion rates correspond to the expected higher rates at the younger 
surface and lower rates at the older surface. Once the formerly glaciated area became ice-free, soil erosion rates 
were high and decreased giving rise to average long-term rates of 101–140 [t km− 2 yr− 1] for the older surfaces 
and 176–248 [t km− 2 yr− 1] for the younger surfaces. In addition, seasonal freeze–thaw of the soils has persisted 
over a long period and affected the younger soils more intensively than the older soils. The current (last decades) 
soil redistribution rates, however, are up to one order of magnitude higher than the millennia rates and are 
controlled by surface angle and vegetation cover and less by soil texture. The more undulated, non-glaciated 
older surface had the highest short-term (decades) soil erosion rates in the range of 900–1700 [t km− 2 yr− 1], 
exhibits degrading conditions and relatively shallow soils. The younger soils, however, showed short-term (last 
few decades) average soil deposition rates of ~ 230 [t km− 2 yr− 1]. Human impact (bush fires, grazing) is the 
cause for the currently strong soil degradation at the non-glaciated area.   

1. Introduction 

Soil formation is the result of soil production (’gross soil formation’) 
minus all losses due to denudation. Soil production describes the 
transformation of the parent material (bedrock, morainal deposits, 
aeolian deposits etc.) into a soil due to chemical and physical 

weathering. Soil formation (FSoil; ’net soil formation’; for details, see Egli 
et al., 2014) can be expressed by. 

FSoil = PSoil − DSoil (1)  

where PSoil = soil production and DSoil = soil denudation. Progressive 
phases occur when soil production is greater than soil denudation and 
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regressive phases occur when soil denudation rates are greater than soil 
production. Denudation (D) consists of chemical (leaching) weathering 
fluxes (WSoil) and physical erosion fluxes (ESoil) with. 

DSoil = WSoil +ESoil (2) 

Chemical and physical weathering and mineral transformation 

contribute to progressive soil formation, whereas strong erosion leads to 
regressive development and thereby to surface lowering and denudation 
(Raab et al., 2018, 2021). Dixon and von Blanckenburg (2012) 
demonstrate that global average soil erosion (catchment-wide to profile 
related data) account for about 50 – 90 % of Dsoil. Thus, ESoil is mostly the 
primary driver for DSoil. 

Fig. 1. (a) Location of the Serra da Estrela upland in Portugal, Europe. (b) Map of the Serra da Estrela after Vieira (2004) illustrating the last glacial maximum of the 
Serra da Estrela (LGMSE, ca. 33.1 ± 5.0 to 30 ± 4.5 ka BP; Vieira, 2008) and current moraine deposits. (c) Close up of the study area and satellite images (Google 
Earth, 2021) of the sampling sites. 
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It is generally acknowledged (Heimsath et al., 2009) that soils evolve 
over time and, under stable topographic conditions, increase their 
thickness. Relatively young soils (usually < c. 20 kyr) develop fast and 
exhibit higher soil production (2–3 orders of magnitude; Alewell et al. 
(2015)), erosion and formation rates than old soils that have already 
undergone their major developmental phases. At the beginning of alpine 
soil formation (<c. 3 kyr BP), soil production rates are highest (Egli 
et al., 2001; Raab et al., 2018, 2019) because the parent material is still 
fresh, and most minerals are not in equilibrium with atmospheric con
ditions. Therefore, young soils can usually compensate for soil erosion 
more easily than mature soils. This compensation capacity can decrease 
rapidly after 3–4 kyr of soil formation (Egli et al., 2001). Since soil 
properties change over time, soil erosion rates are expected to change in 
parallel (Musso et al., 2020). Soil production rates usually increase with 
increasing catchment-averaged erosion rates, a feedback that enhances 
soil cover persistence. A high erosion rate is therefore also coupled to 
young surfaces; due to glacier retreat and fresh exposure of surfaces or to 
a constant rejuvenation of the surface due to erosion and, thus, the 
appearance of less or unweathered rock material. At the plot or hillslope 
scale, previous studies reveal large variations in the relative importance 
of physical and chemical processes that break apart or dissolve in-situ 
bedrock (e.g., Dixon and Amundson, 2009; Heimsath et al., 2012, 2020). 

To identify soil property differences and, thus, temporal variations of 
erosion during soil evolution, a comparable landscape setting is 
required. Upland plateaus may provide suitable conditions for a com
parison of soils having different formation times, but in comparable 
environmental conditions. Plateau icefields with their specific hyps
ometry makes them highly sensitive to climate change (Rea and Evans, 
2005). When the equilibrium line altitude (ELA) lies above the plateau 
edge, then glaciers will melt relatively rapidly, and when the ELA de
creases the glaciers will expand substantially. Consequently, landscapes 
with former plateau glaciers may exhibit distinct geomorphic evidence 
of ELA changes and show spatio-temporal signals of climate variability. 
In such areas, relatively young surfaces, where landscape has been pri
marily controlled by former glacial processes, can be close to areas that 
are much older and potentially non-glaciated. How surface erosion 
varies between these different types of sites is largely unknown so far. 
However, in the Mediterranean region, long-term changes in sediment 
dynamics and, thus, soil erosion show similarities to Holocene climatic 
oscillation (Bellin et al., 2013). Yet, the Mediterranean region is 
commonly reported as the European region that is most affected by land 
degradation (e.g., deforestation, overgrazing, quarrying, monoculture) 
over millennia (Cammeraat and Imeson, 1998; Wainwright and 
Thornes, 2004). Therefore, land degradation processes of the past few 
decades (or centuries) may distinctly overprint the multi-millennia 
erosion signal. Consequently, soil erosional processes are difficult to 
temporally disentangle. 

The aim of this investigation is to determine short- and long-term soil 
redistribution signals to quantify the corresponding soil redistribution 
rates and to relate them to differences in soil characteristics between two 
end-member sites in the Mediterranean: A formerly glaciated area (FGA) 
and a non-glaciated area (NGA; Fig. 1b) during the local last glacial 
maximum of the Serra da Estrela (LGMSE 30–33 ka BP; LGM; 27.5–23.3 
ka BP after Hughes and Gibbhard (2015); 26.5 to 19 ka BP after Clark 
(2009); some local LGMs occurred earlier, 30–32 ka BP, Oliva et al., 
(2019)) (Vieira, 2008; Vieira et al., 2021). The glaciers disappearance 
inflicted a shift in denudation forces on the formerly ice-covered 
bedrock (Reiter et al., 2013; Williams and Koppes, 2019). During the 
LGM the bedrock was shaped by abrasive erosion (abrasion, quarrying). 
However, the rock-degradation process became more weathering- 
dominated once the surface was exposed to chemical near-surface pro
cesses. Since then, bedrock minerals have been transformed by in situ 
weathering through chemical, physical, and biological processes. 

At the Serra da Estrela study area, we have two contrasting hy
potheses: i) surfaces beyond the limits of glaciation should be closer to 
an equilibrium with the environmental conditions with respect to soil 

erosion and soil production, while at the FGA, landscape is not yet in 
equilibrium. Thus, higher erosion rates and higher geomorphic dy
namics should be expected in the FGA. We also assumed that short- (over 
decades) and long-term (millennial) erosion rates independently reflect 
these assumed soil dynamic differences. ii) An alternative and con
trasting hypothesis is that, given the landscape setting with FGA at the 
highest and innermost part of the mountain plateau, the FGA has suf
fered less vegetation degradation due to human impact than the NGA 
which gave rise to a lower erosion rate. 

2. Study area and sampling strategy 

2.1. Study area 

We investigated soil characteristics of a formerly glaciated and non- 
glaciated area of the UNESCO Geopark at the Serra da Estrela, Portugal 
(Fig. 1a). Today, the upland morphology of the Serra da Estrela is 
dominated by glacial landforms in the western and highest plateau, by 
granitic landforms from selective weathering (e.g., tors) in the eastern 
plateau and margins of the western plateau (Lautensach, 1929; Daveau 
1971; Vieira, 2004, Vieira et al., 2017). Our two study sites are in the 
western plateau of the Serra da Estrela that was mostly glaciated during 
the LGM (Vieira et al., 2021, Fig. 1b,c). The Serra da Estrela is in the 
central north of Portugal and is a part of the Iberian Central Cordillera. 
The granite massif is elongated in a NE-SW direction, creating a 
condensation barrier to the moist air masses from the Atlantic (Mora and 
Vieira, 2020). Summers are arid and winters are humid. The annual 
precipitation is about 1510 mm (IPMA, 2021; Penhas Douradas, 1300  m 
a.s.l.) with an annual average temperature of 4 ◦C at the summit (Vieira, 
2008; Mora, 2010). Two steep fault-generated escarpments constitute 
the boundaries of the mountain massif with a relative elevation of over 
1000 m (Migoń and Vieira, 2014). 

The highest part of Serra da Estrela is divided into two plateaus by 
the Zêzere and Alforfa valleys, both carved along a NNE-SSW tectonic 
lineament. The eastern plateau lies just below 1750 m a.s.l, while the 
western plateau has the highest elevation of Portugal’s mainland with an 
altitude of 1993 m a.s.l. Lautensach (1929), Daveau (1971) and Vieira 
et al. (2004) showed that during the LGM the western plateau area was 
covered by a plateau icefield having several radiating valley glaciers 
(Fig. 1b). In contrast, on the eastern plateau only a small lee-side glacier 
occurred. Periglacial conditions prevailed in the upper plateaus outside 
the glaciated areas during the Pleistocene cold periods, with medium 
and fine-grained granite variants showing blockslopes and blockfields 
and abundant slope deposits (stratified, head-type) in the valleys (Vieira 
and Nieuwendam, 2020). Micromorphological analysis of slope deposits 
showed that seasonal frost played a significant role in slope dynamics, 
especially above 650 m a.s.l., with permafrost occurring above 1300 m 
a.s.l. (Nieuwendam et al. 2020). In general, soils on the western, granite- 
dominated plateau can be described as Lithosols (Leptosols after WRB), 
while on the schist bedrock at lower altitude Cambisols are found 
(Connor et al., 2012; Table 1). 

Most knowledge on the landscape history of the Serra da Estrela after 
the deglaciation comes from the work conducted at the Charco da 
Candieira sediment cores at 1400 m a.s.l. (Van den Brink and Janssen, 
1985; Van der Knaap and Van Leeuwen, 1995, 1997; Connor et al., 
2012). Analysis of sediment cores identified the following phases of 
environmental changes (Van der Knaap and Van Leeuwen, 1995, 1997): 

i. the period from 14,800 to 11600 cal BP showed an alternation 
between steppe vegetation and open forests, ii. the period from 11,600 
to 9500 cal BP was characterised by the development of xerothermic 
oak-dominated forests under a warmer and drier climate compared to 
the previous one, iii. the period from 9500 to 6400 cal BP experienced 
again a cooler and moister climate than the previous period with the 
forests shifting to mesothermic conditions and with the first signs of 
human influence, iv. during the period from 6400 to 3400 cal BP the 
forest dynamics are affected by grazing and deforestation, v. the period 
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from 3400 to 970 cal BP shows large scale deforestation, followed by 
partial forest recovery, and vi. the period from 970 to 40 cal BP shows a 
strong decrease of the natural vegetation, accompanied by soil erosion, 
grazing, burning, agriculture and silviculture. 

Connor et al. (2012) analysed the same sediment core for the 
reconstruction of the fire history of the landscape. They found that fires 
are frequent in the Serra da Estrela since the Late Pleistocene and that 
they are part of the ecological dynamics of the region. Several periods of 
increased fire activity were identified, followed by stability phases 
which led to the recovery of the vegetation. Despite the regular presence 
of fire, the charcoal records show two major shifts in the fire regime with 
a distinct increase in fire activity: one at the beginning of the Holocene 
(~12000 to 11000 cal BP) and another in the mid-late Holocene (~3500 
to 2500 cal BP). Present day bush fires are a major environmental 
phenomenon in the Serra da Estrela, as in the entire mainland of 
Portugal. 

2.2. Sampling locations and strategy 

To assess the soil development history in the Serra da Estrela plateau, 
the sampling locations were selected in the northern area of the western 
plateau between the Penhas Douradas (~1492 – 1495 m a.s.l) and Vale 
do Conde (~1645 – 1655 m a.s.l). The Penhas Douradas represents the 
ice-free margin with a distinct tor and bornhardt landscape (thus, large 
residual rock pillars that are still rooted in the bedrock (Linton, 1955)). 
The Vale do Conde site is in a marginal moraine with widespread gruss 
covering the surface of shallow soils and marks the boundary between 
the past plateau ice-field and the non-glaciated bornhardt landscape. 

Six representative soil sites for the western plateau (3 in the FGA and 
3 in the NGA) were selected. At each soil site, 4 samples per soil depth 
were taken. For the determination of short-term erosion rates (last six 

decades) using 239+240Pu, reference sites were selected, on a flat surface 
(‘R’) and sites on a slope surface (‘S’), respectively. To assess the mid- 
term soil stability (centuries), δ13C was measured in all soil samples. 
For the investigation of long-term soil stability (millennia) or mixing 
processes (e.g., cryoturbation) using meteoric 10Be, the reference site 
(‘R2′) at the FGA was selected. The soils (all unploughed) at our study 
sites are mostly weakly developed (Fig. 2). The seasonally dry and 
shallow (~30 cm depth) soils are rather poorly structured. They can be 
classified mostly as Cambisols (R1, S2, R2, S3, S4) and Regosols (S1) 
according to the World Reference Base for Soil Resources (WRB) 
(Table 1; Fig. 2; IUSS Working Group WRB, 2015). 

One moraine boulder was sampled in the proximity to the soil pits of 
the FGA (Fig. 1c) to gain a better local understanding of the glacial 
retreat time and a reasonable timeframe for the earliest onset of soil 
formation. About 2 kg samples of rock were taken from the uppermost 
rock surface (1 – 3 cm thick) using an electric stone saw or chisel and 
hammer. The topographic shielding, dip and dip-direction of the rock 
surface were recorded. All sampling sites were recorded by global 
positioning system (GPS) and verified with topographic maps. 

3. Materials and methods 

3.1. General physical and chemical analyses 

All bulk samples were oven dried (70 ◦C) for 36 h and sieved to < 2 
mm (fine earth) to determine the proportion of rock fragments (soil 
skeleton). Soil bulk density was obtained from the dry weight of the 100 
cm3 soil cores before fine milling (<50 µm). Grain size analysis of the 
coarser particles (2000–32 µm) was performed by wet sieving. Finer 
particles (<32 µm) were analysed using a X-ray sedimentometer (Sedi
Graph 5100). 

Table 1 
Study sites characteristics.  

Site Coordinates Elevation Geologic 
substrates 

Vegetation Aspect Overall surface 
slope 

Slope at the soil 
pit 

Soil type 

(WGS 84) [m a.s.l]   [◦] [◦] [◦] (WRB) 

Location 1 (non-glaciated) 
Reference 

(R1) 
N 
40◦23′51.0′′

W 
007◦33′60.0′′

1495 Granite/ 
granodiorite 

shrubs, grassland – 2◦ 0◦ Cambisol 

Slope 1 (S1) N 
40◦23′51.1′′

W 
007◦34′00.1′′

1492 Granite/ 
granodiorite 

grassland Northwest 2–5◦ 10◦ Regosol 

Slope 2 (S2) N 
40◦23′51.8′′

W 
007◦33′59.5′′

1494 Granite/ 
granodiorite 

patches of 
grassland 

Northwest 2–5◦ 20◦ Cambisol 

Location 2 (glaciated) 
Reference 

(R2) 
N 
40◦22′53.6′′

W 
007◦35′33.4′′

1651 Granite/ 
granodiorite 

grassland – 3◦ 0◦ Cambisol 

Slope 3 (S3) N 
40◦22′53.1′′

W 
007◦35′32.3′′

1655 Granite/ 
granodiorite 

grassland East 3–7◦ 5◦ Cambisol 

Slope 4 (S4) N 
40◦22′52.6′′

W 
007◦35′31.9′′

1645 Granite/ 
granodiorite 

grassland East 3–7◦ 5◦ Cambisol  

Fig. 2. Landscape settings of location 1 and 2 together with photos of a reference (R), a slope soil profile (S) and the slope vegetation cover. The soil profiles are given 
with the corresponding soil horizons. 
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Soil pH (in 0.01 M CaCl2) was measured twice on air-dried fine-earth 
samples and a soil:solution ratio of 1:2.5. Concentrations of Al, Fe, Mn 
and Si were determined (in duplicate) after a treatment of the soil with 
NH4-oxalate (buffered at pH 3) (McKeague et al., 1971). Element con
centrations were measured using atomic absorption spectroscopy (AAS) 
(contrAA 700 BU, Analytikjena). The oxalate (Alo, Feo, Mno, Sio) extracts 
both the poorly crystalline phases and some of the organic phases, but 
normally does not dissolve the strong humus-metal complexes (Mizota 
and van Reeuwijk, 1989). The citrate-bicarbonate-dithionite (CBD; after 
Mehra and Jackson, 1958) soluble forms of Al, Fe and Si were also 
measured using AAS. 

Loss on ignition (LOI) was determined by dry-ashing the milled fine- 
earth for Pu-analysis (16 h, 550 ◦C). The measurement of major and 
trace element contents in the soil was performed by X-ray fluorescence 
(XRF) (Beckhoff et al., 2006). About 5 g of milled fine earth was ana
lysed as loose powder in sample cups using an energy dispersive XRF 
spectrometer (SPECTRO X-LAB 2000, SPECTRO Analytical Instruments, 
Germany). A soil standard (NCS DC 73326) was used for quality control. 

The total carbon (Ctot) that equals organic C (Corg; acidic soils and, 
thus, no carbonates present) and total nitrogen contents were obtained 
by measuring about 0.01 g milled soil material in tin capsules using a 
Thermo Fisher Scientific Flash HT Plus elemental analyser with SmartEA 
coupled to a ConFlo IV to Delta V Plus isotope ratio mass spectrometer. 
The δ13C isotopic ratios were measured using a Picarro analyser (Com
bustion Module-Cavity Ring Down Spectroscopy (CM-CRDS), Sunny
vale, California, USA). Soil powder of the milled fine earth was weighed 
(~0.1 g) into tin capsules and combusted at 950 ◦C. The released CO2 
was measured with a CRDS analyser (G2131-i). 

3.2. Chemical separation and 10Be analysis 

For in-situ 10Be extraction, the rock sample of the boulder was 
crushed and about 0.4 kg of the 0.6 – 0.25 mm fraction was retained. The 
material was then processed according to standard practice (Kohl and 
Nishiizumi, 1992), which is summarized as follows. The retained frac
tion was treated with aqua regia (1:4.22 of 65% HNO3 to 32% HCl) for up 
to 36 h to eliminate iron oxides, organic matter and carbonates. The 
remaining mineral assemblage underwent a 1 h treatment with 0.4% HF. 
A flotation system after Kitchener (1984) was used to physically sepa
rate mica and feldspar from quartz. Remaining contaminants were 
removed with 4% HF leaching cycles. The resulting 30 g of pure quartz 
was spiked with a 9Be-carrier solution (Scharlau, BE03460100) and 
together dissolved in 40% HF. We isolated Be using anion (Bio-Rad AG1- 
X8 resin) and cation (Bio-Rad AG50-X8 resin) exchange columns (von 
Blanckenburg et al., 1996). 

For meteoric 10Be extraction, 2 g of fine milled soil was spiked with a 
9Be-carrier solution (Fluka TraceCERT 41856) and leached twice in 16% 
HCl overnight. The leachates were centrifuged to remove any solid 
material and combined. Beryllium was separated with cation exchange 
columns (Bio-Rad AG50-X8 resin) followed selective coprecipitation. 

The resulting Be(OH)2 gel of both procedures (meteoric and in-situ) 
was dehydrated on a hot plate at 70 ◦C overnight and at 120 ◦C for ~ 5 h. 
The Be(OH)2 was converted to BeO by calcination at 850 ◦C for two 
hours. The final BeO was mixed with niobium (Nb) powder prior 
pressing into copper (Cu)-targets and measured with accelerator mass 
spectrometry (AMS, Tandy) at the ETH Laboratory of Ion Beam Physics. 
The ETH used 10Be standard S2007N and S2010N with a nominal value 
of 10Be/9Be = 28.1 × 10-12 and 10Be/9Be = 3.3 × 10-12 calibrated to the 
Nishiizumi standard ICN01-5–1 with a revised nominal value of 2.709 ×
10-11 (Nishiizumi et al., 2007; Kubik and Christl, 2010; Christl et al., 
2013). Both standards have an associated 10Be half-life of 1.387 ± 0.012 
Myr (Chmeleff et al., 2010; Korschinek et al., 2010). The 1σ error of 
S2007N and S2010N are 2.7% (Christl et al., 2013) and 2.2% respec
tively. The measured 10Be/9Be ratios were corrected for the 10Be 
contribution of the Be-carrier. 

3.3. Surface exposure dating using in-situ 10Be 

Exposure ages based on in-situ 10Be contents were calculated using 
the cosmogenic nuclide online calculator v3.0 (Balco et al., 2008). The 
program uses a 10Be half-life of 1.387 ± 0.0012 Ma (Chmeleff et al., 
2010; Korschinek et al., 2010). The production rate was corrected for 
latitude and altitude after the scaling scheme of Stone (2000) and 
further corrected for the sample thickness according to the depth profile 
of Brown et al. (1992) with an effective radiation attenuation length of 
160 g cm− 2 of Gosse and Philips (2001) and a constant rock density of 
2.65 g cm− 3. Related effects of geomagnetic field variations on the in- 
situ 10Be ages can be assumed to be negligible (Masarik et al., 2001; 
Pigati and Lifton, 2004). 

3.4. Determination of short-term soil erosion rates using 239+240Pu 

We used 239+240Pu to assess soil redistribution (erosion or deposi
tion) rates of the recent past (last ~ 60 years; mainly emitted during 
nuclear weapons tests with a maximum in 1963–1964; Wallbrink and 
Murray, 1993). Average soil redistribution rates are calculated based on 
the differences in Pu-activity [Bq m− 2] among inclined investigation 
sites (e.g., slopes) and a flat reference site. The inventory (I) of the 
239+240Pu activities [Bq m− 2] serves as a basis for the calculation of soil 
redistribution rates (erosion/accumulation): 

I =
1
a
∑

i
MiCi (3)  

where a = horizontal cross-sectional area [m2], Mi = mass [kg] of the i- 
th sample depth increment and Ci = activity [Bq kg− 1] of the i-th sub- 
sample depth increment. Redistribution rates of soils were then ob
tained by comparing the isotope inventory for an investigation point 
with a stable local reference inventory where neither soil erosion nor soil 
accumulation is expected. We used two of the most common models to 
convert 239+240Pu inventories into soil redistribution rates. The profile 
distribution model (PDM) for uncultivated soils after Walling and He 
(1999) and Zhang et al. (1990) uses a simple numerical (exponential) 
function to represent the vertical distribution of the measured Pu The 
inventory method (IM) according to Lal et al. (2013) calculates the loss 
of soil also for uncultivated and unploughed soils. 

3.5. Soil sample preparation and 239+240Pu activity analysis 

The extraction of fallout plutonium from soil was done according to 
Ketterer et al. (2004). Briefly, 5–7 g of sample was dry-ashed (16 h, 
550 ◦C) and spiked with 0.005 Bq of a 242Pu solution (Harwell labora
tory; 0.00253 [Bq] or 17.07 [pg]). The sample was leached with 16 [mol 
l− 1] nitric acid overnight at 80 ◦C. The leachate was filtered from solids 
and plutonium was recovered on TEVA resin (EIChrom, Ketterer et al., 
2011). 

The isotopes masses 235, 238, 239, 240 and 242 were analysed at the 
Northern Arizona University using a Thermo X2 quadrupole ICP-MS 
instrument equipped with a ESI Scientific Apex HF sample introduc
tion system with FEP Teflon concentric nebulizer. A detection limit of 
0.002 [Bq kg− 1] of 239+240Pu was obtained for samples of 7 g of dry- 
ashed material, while 239+240Pu activities>1 [Bq kg− 1] provided mea
surement error<3 %. The individual mass ratios were corrected to the 
mass bias and 238UH+ isobar. Data quality was evaluated through the 
analysis of blanks (soils or rocks devoid of Pu), sample duplicates and 
soil standards with known 239+240Pu activity. 

3.6. Chemical weathering indices and semi-quantitative relative dating 

Several weathering indices were used to characterise mineral alter
ation and the weathering degree of the soils (Table S1). We tested these 
geochemical weathering proxies as potential tracers of erosion; among 
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them were the often-used Chemical Index of Alteration (CIA; Nesbitt and 
Young, 1982), Chemical Index of Weathering (CIW; Harnois, 1988), the 
Weathering Index of Parker (WIP; Parker, 1970), B-index (Kronberg and 
Nesbitt, 1981) and the silica-aluminium ratio (SA; Ruxton, 1968). 

3.7. Soil formation prediction using the percolation theory 

Recent research shows that chemical weathering and, thus, soil 
formation are in most cases limited by water availability and solute 
transport (Hunt et al., 2015; Yu and Hunt, 2017; Yu et al., 2019). Soil 
depth reflects soil formation and therefore integrates soil production 
and erosion. According to the percolation theory, the soil production 
function can be described as follows: 

dx
dt

= R − E(t) =
1

1.87
x0

t0

(
t
t0

)− 0.87

− E(t) =
1

1.87
I(t)
ϕ

(
x
x0

)− 0.87

− E(t) (4)  

with I(t)/ϕ as the net infiltration, E as (soil) erosion, R as soil production. 
The variable × represents soil depth. The spatial scale x0 relates to a 
grain diameter (median grain diameter of a soil material), x0/t0 is the 
water flow rate. By knowing the age t of the soil and its thickness, the 
average (soil) erosion rates over the entire soil development phase can 
be determined. 

4. Results 

4.1. General physical and chemical soil characteristics 

The soil thickness at the NGA reference sites was about 40 cm (down 
to the C horizon), and at the FGA reference site about 40–50 cm (until a 
R horizon appeared). The vegetation at both sites was dominated by 
grass and shrubs (Table 1). Profile differentiation in all soil pits was 
relatively weak. The average soil skeleton content at the NGA was 

Table 2 
Physical soil characteristics of reference sites (further data in Table S2).  

Sample # Soil Depth Soil skeleton 
(>2 mm) 

Sand Silt Clay Bulk density Munsell colour 
(dry) 

[cm] [wt%] [%] [%] [%] [g cm¡3] 

Location 1 (NGA) 
R1-P1-P1 
SdE-1 0–5 56.6 n.d. n.d. n.d. 0.58 10 YR 3/2 
SdE-2 5–10 75.6 n.d. n.d. n.d. 0.73 10 YR 4/3 
SdE-3 10–15 51.2 40.8 28.8 29.2 0.71 10 YR 4/2 
SdE-4 15–20 53.9 n.d. n.d. n.d. 0.65 10 YR 4/2 
SdE-5 20–25 57.5 n.d. n.d. n.d. 0.60 10 YR 4/2 
R1-P1-P2 
SdE-6 0–5 43.1 n.d. n.d. n.d. 0.59 10 YR 4/2 
SdE-7 5–10 60.8 n.d. n.d. n.d. 0.75 10 YR 4/2 
SdE-8 10–15 53.6 29.2 36.4 33.2 0.79 10 YR 3/2 
SdE-9 15–20 57.3 n.d. n.d. n.d. 0.80 10 YR 4/2 
SdE-10 20–25 54.5 n.d. n.d. n.d. 0.90 10 YR 4/2 
R1-P2-P1 
SdE-11 0–5 57.0 n.d. n.d. n.d. 0.59 10 YR 4/2 
SdE-12 5–10 32.0 32.0 31.2 36.8 0.59 10 YR 3/2 
SdE-13 10–15 47.6 29.2 32.8 36.4 0.68 10 YR 3/2 
SdE-14 15–20 49.2 n.d. n.d. n.d. 0.66 10 YR 3/2 
SdE-15 20–25 37.9 33.2 27.6 39.2 0.60 10 YR 3/2 
R1-P2-P2 
SdE-16 0–5 47.3 n.d. n.d. n.d. 0.56 10 YR 4/2 
SdE-17 5–10 52.0 n.d. n.d. n.d. 0.74 10 YR 3/2 
SdE-18 10–15 48.9 24.8 36.0 39.2 0.85 10 YR 3/2 
SdE-19 15–20 50.2 38.8 26.0 35.2 0.74 10 YR 3/2 
SdE-20 20–25 51.3 38.4 34.8 25.6 0.82 10 YR 3/2 
Location 2 (FGA) 
R2-P1-P1 
SdE-61 0–5 17.3 42.0 22.8 34.8 0.53 10 YR 3/2 
SdE-62 5–10 29.6 19.2 39.6 40.8 0.64 10 YR 3/2 
SdE-63 10–15 23.2 28.4 27.6 44.0 0.70 10 YR 3/2 
SdE-64 15–20 31.2 22.0 37.2 40.4 0.74 10 YR 3/2 
SdE-65 20–25 32.7 36.0 19.2 44.8 0.77 10 YR 3/2 
SdE-66 30–35 69.1 n.d. n.d. n.d. 0.97 10 YR 4/2 
R2-P1-P2 
SdE-67 0–5 20.2 32.4 30.0 37.6 0.68 10 YR 3/2 
SdE-68 5–10 25.7 18.0 36.4 44.4 0.62 10 YR 3/2 
SdE-69 10–15 28.3 32.0 22.0 46.0 0.67 10 YR 3/2 
SdE-70 15–20 44.9 24.0 34.4 41.2 0.81 10 YR 3/2 
SdE-71 20–25 46.3 19.6 30.4 47.2 0.75 10 YR 3/2 
SdE-72 30–35 68.9 n.d. n.d. n.d. 1.07 10 YR 3/2 
R2-P2-P1 
SdE-73 0–5 26.6 33.6 20.8 45.6 0.69 10 YR 4/2 
SdE-74 5–10 35.5 30.0 30.8 38.4 0.77 10 YR 4/2 
SdE-75 10–15 28.8 18.0 42.8 37.2 0.65 10 YR 3/2 
SdE-76 15–20 34.9 29.2 25.2 45.6 0.71 10 YR 3/2 
SdE-77 20–25 63.4 26.0 34.0 38.0 1.01 10 YR 3/2 
R2-P2-P2 
SdE-78 0–5 31.9 20.0 29.2 49.6 0.60 10 YR 4/2 
SdE-79 5–10 34.8 34.4 33.6 31.6 0.71 10 YR 3/2 
SdE-80 10–15 31.1 13.2 46.8 37.2 0.72 10 YR 3/2 
SdE-81 15–20 26.3 34.0 31.6 33.2 0.67 10 YR 3/2 
SdE-82 20–25 34.1 20.4 43.5 35.2 0.71 10 YR 3/2  
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mostly over 50 [wt. %], and ~ 35 [wt. %] at the FGA. The average grain 
size distribution at the FGA sites was about 27% sand, 32% silt and 41% 
clay, at the NGA the respective distribution was one third each (Table 2). 

The soil bulk density was on average 0.7 [g cm− 3], similar at both 
areas and increased with soil depth (Fig. 3a,b). The soil colour (dry) was 
similar at all sites (Table 2; Table S2). The soils were strongly acidic in 
both areas (lowest pH is 3.35 at NGA, 3.74 at FGA); pH increased with 
depth (Fig. 3a,b; Table 3). The maximum total carbon content at the 
NGA was up to four times higher (e.g., sample SdE-31, Table S3) 
compared to the FGA. The highest average total carbon content (~16%) 
was found in the topsoil of slope 1 (S1). Total nitrogen ranged from ~ 
0.4% to 0.9% at the NGA while it varied between ~ 0.5% and ~ 0.6% at 
FGA. The depth trends of slope 2 (S2) slightly differed in soil physical 
and chemical properties compared to S1 and R1. The soil at S2 had a 
higher bulk density, higher pH, and the lowest C and N content of all 
measured samples. Only the δ13C values at S2 (Table 3; Table S3; Fig. 3a) 
were within a comparable range to the other investigated soils. How
ever, the total carbon content in S2 (Ctot 0.77–5.55 %) contrasted the 
other two sites at the NGA and matched the ranges measured at the FGA. 

The poorly-crystalline phases content differed among the two end- 
member sites (Fig. 4). The content of all extracted elements (AlO, FeO, 
SiO, MnO) was highest at the reference site of the NGA (Fig. 4, Table 3). 
The dithionite extractable Al and Si contents were also highest at the 
NGA reference site (Fig. 4). Throughout the profile, the Fed content was 
higher at the FGA and increased with depth before starting to decrease at 
about 17.5 cm soil depth (Fig. 4). At both areas, the Ald content 
increased whereas the Sid content decreased with depth (Fig. 4). The 
crystalline oxyhydroxide content of Fe (Fecry; calculated as the differ
ence between the dithionite- and oxalate-extractable forms) remained 
constant in a range of ~ 0.5 [g kg− 1] (NGA) and ~ 1.9 [g kg− 1] (FGA) 
with depth. Only at the FGA reference site Fecry increased at about 22.5 
cm to ~ 4 [g kg− 1]. 

4.2. Total element contents and weathering indices 

A relatively high variability of major and trace elemental depth- 

trends was found in the NGA, while the soil profiles in the FGA often 
exhibited a trend (Table 4; Table S4). For example, the SiO2 content of 
R2 decreased from 55% in the uppermost layer to 48% in the lowermost 
layer at FGA. At the NGA, the content remained in a relatively narrow 
range. At the FGA the Al2O3 increased with depth from ~ 20% to ~ 30% 
(e.g., S4). Again, S2 had a different chemical trend compared to R1 and 
S1. The soils were characterised by high Al2O3 content that ranged from 
~ 34 to 40% at site S2. Interestingly, relatively immobile elements (e.g., 
Ti, Zr, Cr) were homogeneously distributed throughout the soil profile at 
site R2 at the FGA. For example, TiO2 remained within its average of 
0.51 ± 0.02% at R2. The highest TiO2 content (0.67%) was found in the 
NGA (R1). 

These elemental patterns were also reflected in the calculated 
weathering patterns (Table S1, Fig. 5). The B-index, CIA and SA all 
indicated a higher degree of weathering in the NGA, with S2 having the 
highest weathering degree. In the FGA, S4 was less weathered compared 
to R2 and S3 which had similar trends. 

4.3. Qualitative soil stability (δ13C) 

The δ13C signature of all samples ranged in general from − 28.87 ‰ 
to − 26.75 ‰ and increased with depth (Fig. 3a). The δ13C-signature was 
within the range of C3-grasses (–20 ‰ to –30 ‰) and was typical for 
perennial cool and dry areas. The anticipated negative correlation (see 
section 3.1) between δ13C and Corg was only encountered at the non- 
glaciated sites of R1 (R2 = 0.39; p-value = 0.003) (Fig. 6). The δ13C 
and Corg data of S2 indicated a positive correlation (R2 = 0.33; p-value =
0.008). In the FGA the δ13C and Corg data showed a large variability and 
did not exhibit a clear correlation (R2 < 0.09), although both δ13C and 
Corg were in the same range as at S2. 

4.4. Short-term (239+240Pu) and average long-term soil redistribution 
rates 

The average 240Pu/239Pu atomic ratios at all depths were within the 
characteristic signature of the fallout of the northern hemisphere (0.180 

Fig. 3. Selected physical and chemical properties in the profiles of the non-glaciated (a) and formerly glaciated area (b). Values represent the average (n = 4) for the 
according depth increment at each location. The values for the depth range 30–35 cm at the FGA site (see Table 2 and 3) were excluded for better visual 
comparability. 

G. Raab et al.                                                                                                                                                                                                                                    



Catena 215 (2022) 106314

8

± 0.014; Kelley et al., 1999, Fig. 7a). Both areas had similar and 
consistent 240Pu/239Pu signals along their depth increments. Insignifi
cantly higher values were measured in the FGA (up to 0.202 ± 0.004). 
The 239+240Pu activity distribution (Fig. 7b) at all sites exponentially 
decreased with depth. 

The total inventory of the reference site (R1) was the highest with 
163.7 ± 29.7 [Bq m− 2] and lower at the slope sites S1 and S2. In the 
FGA, however, the total inventory was higher at the slope sites (S3, S4; 
Fig. 7b) when compared to the corresponding reference site (R2). The 

inventory of each reference site was used as a basis to determine the 
local mass redistribution rates using two models (PDM, IM; Fig. 7c). In 
the NGA, the individual soil profiles (Table S5) erosion rates were in the 
range of − 267 [t km− 2 yr− 1] to − 3655 [t km− 2 yr− 1] having a respec
tively slope angle of 10◦ and 20◦. The FGA soils, with a slope angle of 5◦, 
exhibited deposition rates range from 11 [t km− 2 yr− 1] to 510 [t km− 2 

yr− 1], only at S3 one profile yielded soil erosion rates from − 235 to 
− 394 [t km− 2 yr− 1] (Table S5). 

Using the percolation theory, the long-term erosion rates of the FGA 
and NGA were calculated as, 101–140 [t km− 2 yr− 1] for the NGA and 

Table 3 
Chemical characteristics of reference soil sites (further data in Table S3).  

SSample 
# 

Depth pH 
(CaCl2) 

C* δ13C* C** N** C/N Alo Feo Mno Sio Alo þ

½ Feo 

Ald Fed Sid Feo/ 
Fed 

[cm] [–] [%] [‰] [g 
kg¡1] 

[g 
kg¡1] 

[–] [g 
kg¡1] 

[g 
kg¡1] 

[mg 
kg¡1] 

[mg 
kg¡1] 

[g 
kg¡1] 

[g 
kg¡1] 

[g 
kg¡1] 

[mg 
kg¡1] 

[–] 

Location 1 (NGA) 
R1-P1-P1 
SdE-1 0–5 3.37 11.0 − 28.37 107.6 7.8 13.8 1.54 3.24 27.5 108.7 3.16 2.90 3.91 937 0.83 
SdE-2 5–10 3.40 11.5 − 28.47 111.0 7.7 14.4 1.78 4.93 36.4 87.1 4.24 3.60 3.98 821 1.24 
SdE-3 10–15 3.55 8.9 − 28.05 95.7 7.2 13.3 2.50 5.12 15.0 166.6 5.06 4.50 4.07 1059 1.26 
SdE-4 15–20 3.62 6.7 − 28.28 60.9 4.3 14.3 1.72 5.52 7.9 104.9 4.48 3.39 4.62 602 1.19 
SdE-5 20–25 3.66 5.5 − 27.60 69.3 5.0 14.0 2.18 4.66 10.2 140.6 4.51 4.45 4.74 509 0.98 
R1-P1-P2 
SdE-6 0–5 3.37 9.1 − 28.02 117.3 8.4 14.0 1.56 5.06 15.7 88.9 4.09 3.43 3.95 943 1.28 
SdE-7 5–10 3.39 12.3 − 27.95 115.5 8.7 13.3 1.96 6.18 16.8 83.6 5.04 3.64 4.14 1047 1.49 
SdE-8 10–15 3.44 9.5 − 27.89 88.9 6.7 13.2 1.78 7.10 16.3 90.1 5.33 3.43 3.08 830 2.30 
SdE-9 15–20 3.53 8.1 − 27.70 80.2 6.1 13.2 1.71 6.66 12.5 120.7 5.04 4.44 4.55 785 1.46 
SdE-10 20–25 3.61 6.2 − 27.47 66.8 4.6 14.5 1.70 7.21 4.1 115.1 5.30 4.24 4.80 454 1.50 
R1-P2-P1 
SdE-11 0–5 3.34 14.0 − 28.23 133.7 8.9 15.0 1.55 3.57 10.8 48.8 3.34 2.39 3.98 795 0.90 
SdE-12 5–10 3.47 7.6 − 27.44 101.7 7.7 13.3 2.31 5.19 9.8 89.9 4.91 3.47 4.60 695 1.13 
SdE-13 10–15 3.54 9.7 − 27.77 76.9 5.8 13.3 2.17 4.09 4.6 78.5 4.22 2.88 4.63 347 0.88 
SdE-14 15–20 3.63 7.7 − 27.30 85.2 6.3 13.6 2.39 5.62 8.5 150.3 5.20 4.82 4.92 251 1.14 
SdE-15 20–25 3.82 7.7 − 27.06 94.4 6.2 15.3 4.16 8.16 8.3 110.2 8.24 8.89 8.33 435 0.98 
R1-P2-P2 
SdE-16 0–5 3.33 10.0 − 28.35 118.7 8.1 14.7 1.69 10.00 5.5 75.1 6.69 2.56 4.63 1019 2.16 
SdE-17 5–10 3.51 8.9 − 27.69 84.7 6.4 13.3 1.88 10.29 4.8 50.0 7.02 3.11 4.62 727 2.23 
SdE-18 10–15 3.61 7.8 − 27.36 72.8 5.5 13.3 2.31 12.09 5.6 104.2 8.35 3.62 5.04 608 2.40 
SdE-19 15–20 3.74 7.7 − 27.17 72.7 5.0 14.6 2.60 11.70 9.7 81.8 8.45 4.64 5.35 480 2.19 
SdE-20 20–25 3.79 7.6 − 27.13 68.8 4.8 14.4 1.89 8.17 6.8 70.8 5.97 5.68 6.29 361 1.30 
Location 2 (FGA) 
R2-P1-P1 
SdE-61 0–5 3.97 5.1 − 28.81 69.0 4.9 14.1 0.95 3.27 18.5 15.2 2.58 1.54 4.46 584 0.73 
SdE-62 5–10 3.82 5.4 − 28.12 68.4 5.2 13.1 1.06 5.30 3.4 44.9 3.71 2.51 5.81 447 0.91 
SdE-63 10–15 3.83 6.1 − 27.64 68.3 5.3 12.9 1.45 4.69 4.0 123.0 3.80 3.09 7.00 331 0.67 
SdE-64 15–20 3.91 6.2 − 27.46 73.2 5.8 12.6 1.80 5.47 5.2 108.3 4.54 3.44 6.29 309 0.87 
SdE-65 20–25 3.94 5.9 − 27.42 61.5 4.8 12.8 2.20 2.58 5.0 100.9 3.49 3.79 6.97 226 0.37 
SdE-66 30–35 4.13 5.6 − 27.30 70.3 5.7 12.4 3.33 3.62 12.9 358.0 5.14 5.38 5.58 402 0.65 
R2-P1-P2 
SdE-67 0–5 3.83 4.8 − 28.15 62.3 4.8 13.0 1.29 4.34 4.1 65.3 3.46 2.38 4.52 476 0.96 
SdE-68 5–10 3.88 5.2 − 28.26 62.8 4.7 13.3 1.25 4.11 4.5 55.5 3.31 2.21 5.66 543 0.73 
SdE-69 10–15 3.91 7.1 − 27.76 70.3 5.3 13.3 1.75 5.90 2.6 58.4 4.70 3.61 6.34 392 0.93 
SdE-70 15–20 3.95 8.0 − 27.52 71.4 5.3 13.5 1.96 4.85 3.4 86.5 4.39 4.51 7.16 311 0.68 
SdE-71 20–25 3.98 7.1 − 27.44 65.5 5.0 13.2 2.34 4.40 5.3 62.0 4.54 5.12 7.45 318 0.59 
SdE-72 30–35 4.12 6.1 − 27.34 64.4 5.0 12.8 3.10 4.98 13.5 196.9 5.59 6.02 7.10 284 0.70 
R2-P2-P1 
SdE-73 0–5 3.79 6.1 − 28.63 60.6 4.7 13.0 1.05 4.10 5.7 26.5 3.10 2.41 6.55 467 0.63 
SdE-74 5–10 3.81 6.8 − 28.33 64.2 5.0 13.0 1.25 4.05 5.9 39.6 3.27 2.87 6.37 317 0.64 
SdE-75 10–15 3.85 7.2 − 28.06 71.9 5.6 12.8 1.65 4.18 6.0 48.5 3.74 3.74 7.58 429 0.55 
SdE-76 15–20 3.89 5.6 − 27.83 68.1 5.4 12.6 1.72 12.35 3.5 37.9 7.90 4.39 9.11 259 1.36 
SdE-77 20–25 3.94 5.3 − 27.74 63.9 5.1 12.6 2.04 5.60 3.2 50.2 4.84 4.52 7.74 263 0.72 
R2-P2-P2 
SdE-78 0–5 3.87 6.1 − 28.60 69.0 5.4 12.8 1.10 3.74 4.7 84.8 2.97 2.95 7.60 442 0.49 
SdE-79 5–10 3.89 5.5 − 28.19 71.2 5.6 12.7 1.21 5.30 3.7 86.3 3.85 3.46 8.17 278 0.65 
SdE-80 10–15 3.86 5.4 − 28.21 65.3 5.2 12.6 0.98 5.26 4.9 96.3 3.61 3.45 6.87 449 0.77 
SdE-81 15–20 3.91 4.4 − 27.75 68.5 5.4 12.7 1.30 4.88 2.6 63.7 3.74 5.21 7.34 257 0.66 
SdE-82 20–25 3.93 5.3 − 27.78 61.2 4.9 12.6 n.d. n.d. 0.1 57.3 0.00 4.01 6.55 195 n.a. 

*measurement done with Picarro. 
**measurement done with Leco® C-H-N elemental analyser. 
Alo, Feo, Mno, Sio. Oxalate-extractable fraction. 
Ald, Fed, Sid. Dithionite-extractable fraction. 
n.d.: no data. 
n.a.: not applicable. 
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176–248 [t km− 2 yr− 1] for the FGA (Table 5). In contrast to the Pu 
measurements and, thus, the short-term rates, the overall and long-term 
erosion rates were higher at the FGA sites. Owing to the simplifications 
made to run the model, it was necessary to know which effect a change 
in these parameters had on the results (Egli et al., 2018). A convenient 
way to express the sensitivity of a system to changes in parameters is the 
normalised sensitivity coefficient, Qi,m, given by. 

Qi,m =
∂lnCi

∂lnPm
(5)  

where Ci is the dependent variable and P is the value of parameter m 
(Furrer et al., 1990). This formula expresses a partial derivative based on 
the percent change in the dependent variable caused by a 1% change in 
the value of the parameter m. An increase in the infiltration rates and 
particle size diameter leads to a corresponding, linear and equivalent 
change in erosion rates whereas time seemed almost irrelevant 
(Table 6). 

4.5. Surface age at FGA and 10Be in the soils 

The moraine boulder sample yielded 31.52 ± 1.01 × 104 [10Be atom 
g− 1] and resulted in a surface exposure age of about 22502 ± 1930 years 
(Table 8). This boulder deposition age marked the earliest onset of soil 
formation for our soil sites located on the lateral moraine surface in the 
FGA. The content of meteoric 10Be along the soil profiles was relatively 
homogeneous (Fig. 8a; Table 7) and no clear depth trend pattern was 
recognised. Usually, an exponential decrease with depth at undisturbed 
sites is expected which was clearly not the case at our sites. 

5. Discussion 

5.1. Surface age and meteoric 10Be in soils 

To have a reasonable time frame for the onset of soil formation at the 
FGA, we have selected and sampled one of the largest, still in place 
appearing boulder on the adjacent lateral moraine boulder field (~1650 

m a.s.l.). The deposition age of the boulder was estimated to be around 
22 ka BP and seems, thus, close to the LGM. However, this boulder 
represented the first and only absolute age at the investigated slope and 
is overall younger compared to the few surface ages available. The 
surface exposure ages (in-situ 36Cl) of four moraine boulders at Lagoa 
Seca (~1400 m a.s.l.) spanned from 140 ka to 30 ka (Vieira et al., 2021). 
Vieira (2008), indicated that the LGMSE has happened in this part of the 
Mediterranean region about 30–33 ka BP. Recent investigations (e.g., 
Vieira et al., 2021) concluded also that the end of the Last Glacial Cycle 
was at about 30 ka and, thus, slightly before the LGM of the European 
Alps (Ivy-Ochs et al., 2008) or many other parts of the world (Palacios 
et al., 2020). We consider the estimated boulder deposition age as 
reasonable at the given altitude and in context to the global climate 
during this time. 

The soils of the FGA are less developed considering the lower carbon 
content or oxalate extractable elemental contents when compared to the 
NGA (Fig. 3a,b; Fig. 2b; Table 3). The higher weathering degree in the 
NGA (Fig. 5) further supports that the soils at the NGA had more time for 
development. Consequently, the soils of the NGA can be considered 
older than the soils of the FGA. The high correlation (R2 = 0.93; Fig. 8b) 
of oxalate extractable Fe and meteoric 10Be shows that 10Be tightly binds 
to poorly crystalline Fe-phases in the soil. Other authors found that 
meteoric 10Be can be incorporated as a cation in oxyhydroxide com
plexes (Barg et al. 1997; Takahashi et al. 1999). Therefore, the distri
bution pattern of meteoric 10Be is governed to a certain extent by Fe- 
oxyhydroxides. The almost homogenous vertical pattern of the mete
oric 10Be content indicates long-term disturbances and mixing processes 
(as it sometimes may also be observed for in-situ 10Be in soils; Schaller 
et al., 2010). Several factors, e.g., cryoturbation, bioturbation, plough
ing, sheet wash/erosion and deposition may lead to such a soil mixing or 
soil mass redistribution. We consider ploughing to be absent in this area, 
because R2 is far from the traditional high elevation rye fields where 
ploughing was used. 

5.2. Soil erosion and soil development 

Under similar environmental conditions (geology, vegetation, 

Fig. 4. Content of oxalate- and dithionite-extractable elements in the reference profiles. Values represent the average (n = 2) for the depth increment at 
each location. 
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Table 4 
Total elemental content (given in oxide form) of all soil samples. Trace element contents are presented in Table S4. LOI = loss on ignition (550 ◦C).  

Site Depth Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI Sum 
[cm] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 

Location 1 (NGA) 
R1-P1-P1  

0–5 5.31 1.05 27.9 50.6 1.40 6.51 0.86 0.52 0.02 5.86 23.2 100  
5–10 5.03 1.03 27.8 51.1 1.36 6.69 0.86 0.51 0.03 5.67 23.7 100  
10–15 4.95 1.09 30.0 48.2 1.95 6.43 0.84 0.53 0.02 6.04 18.8 100  
15–20 4.84 1.10 30.8 47.5 2.02 6.34 0.86 0.57 0.02 5.91 12.6 100  
20–25 4.47 1.05 30.6 46.7 2.31 6.88 0.89 0.67 0.02 6.44 13.7 100 

R1-P1-P2  
0–5 5.04 1.12 28.7 48.2 1.60 6.25 0.85 0.63 0.03 7.60 23.8 100  
5–10 5.16 1.11 28.2 48.7 1.81 6.53 0.93 0.61 0.03 6.92 23.4 100  
10–15 4.99 1.10 29.5 48.6 1.86 6.13 0.81 0.58 0.02 6.42 19.3 100  
15–20 5.19 1.12 30.4 46.8 2.16 6.37 0.81 0.59 0.02 6.50 16.5 100  
20–25 5.08 1.13 30.7 47.0 2.10 6.59 0.82 0.59 0.02 6.01 12.3 100 

R1-P2-P1  
0–5 5.77 1.10 27.2 51.1 1.24 6.39 0.91 0.53 0.02 5.79 27.9 100  
5–10 5.53 1.16 29.8 47.6 1.74 6.29 0.80 0.58 0.02 6.50 21.6 100  
10–15 5.15 1.09 30.1 48.1 1.86 6.27 0.78 0.61 0.02 6.08 16.5 100  
15–20 4.89 1.09 30.4 46.9 2.18 6.29 0.76 0.63 0.02 6.87 17.8 100  
20–25 4.84 1.10 32.5 44.2 2.86 6.03 0.70 0.65 0.02 7.11 19.1 100 

R1-P2-P2  
0–5 5.32 1.12 27.9 50.3 1.27 6.68 0.80 0.56 0.02 6.02 22.9 100  
5–10 5.03 1.08 29.6 48.4 1.75 6.55 0.77 0.60 0.02 6.19 16.3 100  
10–15 5.03 1.07 30.5 47.5 1.88 6.53 0.79 0.61 0.02 6.06 14.0 100  
15–20 4.87 1.10 30.6 47.1 2.21 6.56 0.75 0.62 0.02 6.14 15.0 100  
20–25 4.74 1.08 31.1 46.6 2.35 6.09 0.75 0.66 0.02 6.63 14.8 100 

S1-P1-P1  
0–5 4.79 1.02 29.0 49.9 1.22 7.41 0.77 0.58 0.02 5.34 17.3 100  
5–10 4.21 1.07 31.2 48.0 1.68 6.99 0.72 0.58 0.02 5.55 11.8 100  
10–15 4.33 1.11 31.5 46.9 1.87 6.99 0.73 0.59 0.02 5.96 12.1 100  
15–20 1.44 0.71 32.4 49.3 1.75 7.21 0.74 0.60 0.02 5.82 12.0 100  
20–25 4.37 1.07 31.2 47.9 1.47 7.24 0.71 0.55 0.02 5.48 11.0 100 

S1-P1-P2  
0–5 4.72 1.02 30.0 48.9 1.46 7.45 0.75 0.53 0.02 5.15 12.4 100  
5–10 4.48 1.05 31.6 47.4 1.68 7.20 0.75 0.50 0.02 5.36 11.8 100  
10–15 4.43 0.97 30.6 48.4 1.41 7.21 0.77 0.56 0.02 5.70 12.8 100  
15–20 4.37 1.07 32.1 47.2 1.35 7.15 0.71 0.53 0.02 5.44 11.0 100  
20–25 3.90 1.09 35.8 44.4 1.17 6.95 0.63 0.51 0.02 5.54 10.6 100 

S1-P2-P1  
0–5 7.26 1.71 25.7 49.0 1.17 6.70 2.12 0.55 0.07 5.79 58.4 100  
5–10 4.81 1.03 30.3 48.6 1.34 7.18 0.79 0.54 0.02 5.31 13.6 100  
10–15 4.77 1.06 31.3 47.8 1.26 7.02 0.82 0.54 0.02 5.40 13.1 100  
15–20 4.68 1.03 30.3 49.1 0.96 7.60 0.82 0.57 0.02 4.93 9.6 100  
20–25 4.42 1.01 30.9 48.6 0.97 7.52 0.86 0.58 0.02 5.19 8.6 100 

S1-P2-P2  
0–5 5.99 1.16 28.8 48.7 1.36 6.62 0.93 0.54 0.03 5.87 41.9 100  
5–10 4.85 0.99 29.8 49.3 1.43 7.31 0.81 0.50 0.02 4.97 13.3 100  
10–15 4.51 1.10 32.1 47.9 1.16 6.71 0.77 0.55 0.02 5.21 9.7 100  
15–20 4.44 1.02 31.6 48.0 1.16 6.84 0.80 0.60 0.02 5.50 11.4 100  
20–25 4.67 1.05 30.8 48.5 1.21 7.16 0.78 0.56 0.02 5.24 13.8 100 

S2-P1-P1  
0–5 4.00 1.20 34.1 45.3 0.95 6.93 0.69 0.59 0.03 6.22 9.4 100  
5–10 3.72 1.06 36.2 45.0 0.98 6.58 0.60 0.51 0.02 5.27 10.6 100  
10–15 2.59 1.03 40.4 42.7 1.11 6.49 0.28 0.40 0.02 5.06 14.6 100  
15–20 2.31 0.97 41.2 42.7 1.03 6.58 0.18 0.33 0.01 4.74 12.6 100  
20–25 2.25 0.94 40.7 43.4 0.91 6.84 0.16 0.32 0.01 4.46 11.6 100 

S2-P1-P2  
0–5 3.66 1.10 33.2 47.2 0.95 6.91 0.73 0.59 0.02 5.64 10.8 100  
5–10 3.28 1.01 40.4 41.7 1.11 6.14 0.54 0.47 0.02 5.38 12.0 100  
10–15 3.15 0.87 40.9 42.6 0.82 6.24 0.50 0.32 0.01 4.57 8.0 100  
15–20 2.76 0.81 45.3 40.6 0.81 4.79 0.48 0.30 0.01 4.17 14.6 100  
20–25 3.05 0.78 39.7 45.0 0.64 5.52 0.70 0.34 0.01 4.28 7.4 100 

S2-P2-P1  
0–5 4.43 1.10 34.6 45.8 0.95 6.79 0.79 0.47 0.02 5.13 9.8 100  
5–10 3.97 1.07 38.0 44.0 1.03 5.89 0.95 0.42 0.02 4.69 8.6 100  
10–15 3.82 0.72 38.2 46.1 0.69 5.98 0.91 0.25 0.01 3.34 5.4 100  
15–20 3.74 0.70 39.9 45.0 0.71 5.38 1.12 0.22 0.01 3.17 4.4 100  
20–25 3.94 0.66 39.0 46.2 0.78 5.64 1.08 0.21 0.01 2.57 5.4 100 

S2-P2-P2  
0–5 4.32 1.09 37.3 44.0 0.93 6.10 0.88 0.44 0.03 4.99 9.6 100  
5–10 4.23 0.84 35.4 47.7 0.74 5.65 1.03 0.33 0.02 4.13 4.6 100  
10–15 3.20 0.88 45.5 41.1 0.96 4.91 0.42 0.20 0.02 2.89 16.4 100  
15–20 4.20 0.74 37.1 46.6 0.69 5.49 1.24 0.31 0.02 3.54 4.8 100  
20–25 3.40 0.75 39.8 46.0 0.64 5.51 0.71 0.23 0.02 3.03 6.4 100 

(continued on next page) 
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Table 4 (continued ) 

Site Depth Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI Sum 
[cm] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 

Location 2 (FGA) 
R2-P1-P1  

0–5 4.25 0.89 24.8 55.7 0.71 8.50 0.38 0.46 0.02 4.26 13.8 100  
5–10 4.04 0.85 25.7 54.3 0.76 8.38 0.25 0.50 0.02 5.17 13.9 100  
10–15 4.04 0.84 26.4 53.6 0.75 8.48 0.24 0.52 0.02 5.21 13.8 100  
15–20 3.97 0.87 27.5 52.2 0.80 8.15 0.24 0.52 0.02 5.78 15.2 100  
20–25 4.26 0.84 27.1 52.3 0.74 8.44 0.22 0.50 0.02 5.59 13.4 100  
30–35 4.48 0.93 30.5 48.6 0.99 7.99 0.22 0.50 0.02 5.73 15.1 100 

R2-P1-P2  
0–5 3.82 0.86 25.8 54.8 0.73 8.43 0.23 0.50 0.02 4.83 12.3 100  
5–10 4.03 0.89 26.4 53.4 0.77 8.52 0.25 0.51 0.02 5.21 13.2 100  
10–15 4.05 0.83 26.3 53.6 0.76 8.59 0.24 0.49 0.02 5.17 13.8 100  
15–20 4.19 0.86 27.3 52.2 0.77 8.46 0.23 0.51 0.02 5.54 13.9 100  
20–25 4.16 0.91 28.0 51.8 0.78 8.14 0.21 0.50 0.02 5.48 14.9 100  
30–35 4.16 0.95 30.0 49.3 0.90 7.97 0.23 0.51 0.02 6.04 14.7 100 

R2-P2-P1  
0–5 4.11 0.89 25.8 54.5 0.63 8.40 0.21 0.51 0.02 5.02 12.8 100  
5–10 3.85 0.82 25.7 54.7 0.65 8.35 0.19 0.49 0.02 5.28 14.3 100  
10–15 4.34 0.88 26.5 53.0 0.72 8.06 0.19 0.53 0.02 5.74 15.2 100  
15–20 4.15 0.90 27.1 52.4 0.72 8.17 0.19 0.53 0.02 5.87 14.4 100  
20–25 4.15 0.87 27.9 51.5 0.74 8.20 0.19 0.55 0.02 5.85 13.8 100 

R2-P2-P2  
0–5 3.71 0.95 26.4 53.5 0.69 8.32 0.22 0.54 0.02 5.73 14.3 100  
5–10 3.98 0.87 26.3 53.4 0.71 8.26 0.20 0.52 0.02 5.72 15.4 100  
10–15 3.99 0.89 26.3 53.6 0.69 8.39 0.19 0.50 0.02 5.44 15.4 100  
15–20 3.97 0.87 26.7 53.2 0.70 8.02 0.19 0.51 0.02 5.86 15.8 100  
20–25 3.88 0.88 27.2 52.6 0.75 8.16 0.19 0.51 0.02 5.82 13.5 100 

S3-P1-P1  
0–5 3.74 0.85 26.0 54.6 0.99 8.57 0.24 0.45 0.02 4.61 13.9 100  
5–10 3.33 0.80 27.0 55.1 0.92 7.86 0.18 0.42 0.02 4.36 13.7 100  
10–15 4.20 0.89 26.9 53.1 0.92 8.35 0.21 0.47 0.02 4.98 13.7 100  
15–20 3.79 0.88 27.8 52.4 0.89 8.34 0.20 0.48 0.02 5.21 13.6 100  
20–25 3.96 0.88 27.8 52.4 0.86 8.36 0.20 0.45 0.02 5.11 14.6 100 

S3-P1-P2  
0–5 4.07 0.76 23.4 57.8 0.80 8.62 0.23 0.38 0.02 3.94 13.9 100  
5–10 4.15 0.69 23.2 58.1 0.70 8.69 0.20 0.38 0.01 3.88 12.7 100  
10–15 3.84 0.83 26.0 54.7 0.91 8.43 0.20 0.45 0.02 4.72 13.7 100  
15–20 3.85 0.82 26.1 54.5 0.87 8.52 0.21 0.43 0.02 4.65 13.0 100  
20–25 3.93 0.87 27.3 53.1 0.84 8.49 0.20 0.45 0.02 4.84 13.0 100 

S3-P2-P1  
0–5 4.20 0.83 24.7 55.7 0.94 8.47 0.23 0.42 0.02 4.50 15.4 100  
5–10 4.34 0.83 24.9 55.0 1.11 8.32 0.24 0.45 0.02 4.79 14.5 100  
10–15 4.31 0.86 25.7 53.6 1.13 8.38 0.21 0.48 0.02 5.24 15.2 100  
15–20 4.56 0.84 26.8 52.6 1.01 8.23 0.23 0.46 0.02 5.35 15.0 100  
20–25 4.40 0.91 28.9 49.2 1.11 8.03 0.22 0.53 0.02 6.62 16.3 100 

S3-P2-P2  
0–5 3.67 0.81 24.3 57.0 0.96 8.53 0.23 0.42 0.02 4.15 13.8 100  
5–10 4.05 0.83 25.0 54.9 1.20 8.42 0.22 0.46 0.02 4.90 14.5 100  
10–15 3.83 0.79 24.4 55.9 1.14 8.47 0.21 0.42 0.02 4.80 14.8 100  
15–20 4.06 0.76 24.6 55.6 1.00 8.25 0.20 0.39 0.02 5.08 15.2 100  
20–25 4.13 0.80 27.0 53.0 1.18 7.98 0.21 0.41 0.02 5.25 15.7 100 

S4-P1-P1  
0–5 3.78 0.55 20.3 62.2 0.42 8.81 0.21 0.35 0.01 3.46 12.6 100  
5–10 3.77 0.73 23.0 58.3 0.58 9.04 0.22 0.42 0.01 3.96 10.8 100  
10–15 3.84 0.70 22.8 58.7 0.55 8.74 0.19 0.38 0.01 4.12 11.9 100  
15–20 4.03 0.66 22.6 58.7 0.48 8.76 0.18 0.37 0.01 4.20 11.9 100  
20–25 3.63 0.63 22.8 59.1 0.47 8.71 0.17 0.36 0.01 4.08 11.8 100  
30–35 4.20 0.89 29.3 50.2 0.83 8.55 0.20 0.49 0.02 5.39 11.0 100 

S4-P1-P2  
0–5 4.00 0.73 22.4 59.1 0.59 9.12 0.23 0.35 0.01 3.41 10.9 100  
5–10 3.86 0.73 23.3 58.2 0.60 8.88 0.21 0.40 0.01 3.82 11.3 100  
10–15 3.86 0.86 25.7 54.4 0.70 8.86 0.22 0.48 0.02 4.94 11.8 100  
15–20 4.06 0.87 26.3 53.8 0.72 8.65 0.21 0.46 0.02 4.87 11.9 100  
20–25 3.82 0.76 25.5 55.5 0.63 8.68 0.18 0.42 0.01 4.49 11.2 100 

S4-P2-P1  
0–5 3.98 0.87 23.9 57.1 0.73 8.45 0.23 0.47 0.02 4.27 13.9 100  
5–10 3.81 0.70 22.1 59.5 0.68 8.75 0.20 0.39 0.01 3.90 12.8 100  
10–15 4.04 0.75 24.2 56.5 0.73 8.85 0.20 0.44 0.01 4.27 12.2 100  
15–20 3.92 0.81 25.7 54.6 0.78 8.69 0.19 0.47 0.01 4.87 13.4 100  
20–25 3.97 0.86 26.4 53.6 0.77 8.62 0.19 0.49 0.01 5.13 13.4 100 

S4-P2-P2  
0–5 3.55 0.74 22.7 59.0 0.76 8.65 0.23 0.41 0.01 3.90 13.0 100  
5–10 4.05 0.84 25.6 54.4 0.95 8.43 0.21 0.50 0.02 4.99 13.4 100  
10–15 3.80 0.76 24.3 56.6 0.79 8.67 0.19 0.45 0.01 4.42 12.9 100  
15–20 4.08 0.83 25.7 54.2 0.77 8.57 0.19 0.49 0.01 5.13 14.3 100  
20–25 3.86 0.82 27.0 52.8 0.82 8.80 0.18 0.49 0.01 5.22 11.3 100  
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climate, topography), soil formation is merely a function of soil erosion 
and soil age as time determines the mineral weathering capacity and 
therefore the maximum soil production rate (see section 1). Considering 
the calculated and estimated soil age span the expected soil formation 
rates after ~ 20 ka would be about 50 [t km− 2 yr− 1] and after ~ 30 ka 
around 40 [t km− 2 yr− 1] for alpine or Mediterranean areas (Raab et al., 
2018). Assuming no erosion, then soil production rates (that would in 
this case correspond to soil formation) would be 42 [t km− 2 yr− 1] after 
30 ka and 21 [t km− 2 yr− 1] for the NGA when using the percolation 
theory (Table 5). Because present-day erosion rates were in some cases 
very high (site S1 and S2), soil production rates must have been higher 
to cope with this intensity of erosion. Although the overall soil formation 
rates might have been low, the soils in the Estrela region remain very 
dynamic. 

The short-term erosion rates were about 850 [t km− 2 yr− 1] (PDM 
approach) in the NGA. The values obtained from the IM method were 
between 900 and 2100 [t km− 2 yr− 1], a value-range that is very high 
even for intensively used agricultural soils (Ferreira et al., 2015). It 
therefore might be questioned if the IM model yields correct results. At 
the FGA, almost no erosion and predominately soil deposition (average 
~ 230 [t km− 2 yr− 1]) were obtained (Fig. 7c; Table S5). Since the FGA 
sample locations were selected at the upper part of the lateral moraine 
(Fig. 1c), depositions from higher elevations seem of minor importance. 
This trend of high erosion rates at the NGA and deposition rates at the 

FGA did not correspond to the expectances (Portes et al., 2018), since 
the older sites should have had a higher surface stability than the 
younger sites (Musso et al., 2020). Yet, the modern soil erosion rates 
correspond to the general accepted increase in soil erosion with 
increasing surface angle (Fig. 7c). Thus, the soil redistribution differ
ences among the two study locations were also controlled by the 
different soil pit surface inclinations (NGA: 10◦-20◦; FGA: ~5◦), despite 
having a similar overall slope angle (NGA: 2◦–5◦; FGA: 3◦–7◦). In 
contrast, the apparent depositional FGA had only about half the soil 
skeleton content (Table 2). A higher gravel content reduces the pro
portion of fine earth that is prone to erosion. The differences in grain size 
distribution (fine earth) among FGA and NGA are, however, relatively 
low (average sand: 26.6 vs 33.3%, silt: 31.9 vs. 31.7% and clay: 40.6 vs 
34.4%). The profile S2 (NGA) had only patches of grassland cover which 
increases soil redistribution. These vegetation patches seem to be caused 
by former grazing giving rise to a higher soil erosion susceptibility. The 
pH conditions were slightly more acidic at NGA but overall comparable 
among the two end-member sites. The pH-depth trend at the site ’S2′

shows only a weak or no increase which might be indicative of soil 
erosion/deposition. 

If, however, the erosion rates are integrated over millennia using the 
percolation theory, then the general trend fits the expectances with 
lower rates at the NGA compared to the FGA. The erosion rates are still 
rather high for natural soils (with 128–184 [t km− 2 yr− 1] for the NGA 

Fig. 5. Weathering indices along the soil profiles at the reference and slope sites of the two landscape settings (formerly glaciated and non-glaciated). The y-axis 
represents the soil depth in [cm], the x-axis the average (n = 4) of the elemental ratio (Table S1). Index B (Kronberg and Nesbitt, 1981), CIA = chemical index of 
alteration (Nesbitt and Young, 1982); SA = Silica-aluminium ratio (Ruxton, 1968). 
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and 167–236 [t km− 2 yr− 1] for the FGA), but they also include distur
bances owing to human impact that particularly in the Mediterranean 
area has persisted for millennia. Due to the high erosion rates, soil 
production is almost identical and, thus a quasi-steady situation is 
reached earlier. In rapidly eroding landscapes, a steady state regarding 
soil thickness is reached faster than in slowly eroding soils (Ferrier and 
Kirchner, 2008; Norton and von Blanckenburg, 2010). The importance 
of erosion in the Mediterranean area is related to the long history of 
human activity in a region characterised by low levels of annual pre
cipitation, the occurrence of intense rainstorms, a dry-summer season or 
long-lasting droughts, high evapotranspiration, the presence of steep 
(>20◦) slopes and the occurrence of recent tectonic activity, together 
with the recurrent use of fire, overgrazing and farming (García-Ruiz 
et al., 2013). 

The comparison of long-term and short-term soil redistribution rates 
clearly indicates that a strong increase in erosion must have taken place 
due to human impact (cattle, grazing, bushfires) (Jansen et al., 2013). 
This is also supported in the Estrela region by the pollen analysis data 
from the Charco da Candieira cores, showing that the natural climatic 
signal in the sedimentary record diminished about 6.4 ka BP and 
particularly about 3.4 ka BP (Van der Knaap and Van Leeuwen, 1995, 
1997) when human impact on the landscape started to prevail. 

Due to the rather high erosion rates, the rate of soil production 
should be even higher so that soils are still being formed. Overall, the ~ 
30 ka old FGA soils exhibit redistribution rates typical of much younger 
soils; i.e., having an age of about 5 ka (Table 5; see Fig. 8 in Egli et al., 
2018). The older soils of the NGA show the reactivity of soils of alpine to 
Mediterranean climates (Egli et al., 2018), which have an age of approx. 
8 ka (instead of about 120 ka). With increasing denudation or erosion, 
the chemical weathering and, thus, soil production increase (Dixon and 
von Blanckenburg, 2012) up to a poorly defined limit (Larsen et al., 
2014; Egli et al., 2018). Erosion therefore continuously rejuvenates the 
soils and keeps the rate of soil production at a high level. However, soil 
thickness remains low. Soils having an age of 30–120 kyr normally have 
production rates in the range of 20–50 [t km− 2 yr− 1] (Alewell et al., 
2015). Alewell et al. (2015) showed that (tolerable) soil erosion rates 
must be less than or equal to the soil production rates, otherwise the soils 
start to degrade. 

5.3. Soil stability evolution 

Fallout radionuclides integrate mass movement for the last ~ 6 de
cades, carbon isotopes cover a time of up to a century to even millennia 
and cosmogenic nuclides inherit information for millennia and often 

Fig. 6. Correlation between the organic carbon content (Corg = Ctot) and δ13C signature as indicator of soil disturbance/stability (the values are given in Table S3).  
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since start of soil formation. In general, meteoric10Be and 239+240Pu are 
expected to decrease exponentially with depth in an undisturbed soil 
profile. The fallout radionuclides 239+240Pu follow this expected trend 
(Fig. 7b) well. Thus, the soil column appears to be unmixed since at least 
the start of the deposition of plutonium isotopes in the 1960s. In 

Fig. 7. (a) 240Pu/239Pu ratios and standard error of the soil samples as a function of soil depth. The average for each depth increment is given in red. The grey area 
indicates the global fallout range (0.180 ± 0.014) of the northern hemisphere (Kelley et al., 1999). (b) Depth-activity profiles (±standard error) of the investigated 
sites. (c) Calculated annual average soil redistribution for both reference sites using different particle size correction factors (P = 1.0, 1.2, 1.5) for the inventory 
method (IM; Lal et al., 2013) together with results of the profile distribution model (PDM; Walling and He, 1999; Zhang et al., 1990). Detailed values of the individual 
soil profile are given in Table S5. 

Table 5 
Modelled erosion rates in response to the type of site and commonly measured 
soil depths (40 to 60 cm). In addition, soil depth is calculated for the situation if 
no erosion had occurred. sP = soil production, sDE = soil depth, FGA = formerly 
glaciated area; NGA = non glaciated area.  

Site Profile 
name 

sP (m 
yr¡1) 

sDE 
(Model) 

Erosion (m 
yr¡1) 

Erosion (t 
ha¡1 yr¡1) 

[m yr¡1] [m] [m yr¡1] [t km¡2 

yr¡1] 

Assuming no erosion 
Estrela FGA 0.000062 2.56 0 0 
Estrela NGA 0.000024 4.57 0 0 
Soil depth 40 cm 
Estrela FGA 0.000300 0.42 0.000310 248 
Estrela NGA 0.000200 0.41 0.000200 140 
Soil depth 60 cm     
Estrela FGA 0.000220 0.60 0.000220 176 
Estrela NGA 0.000144 0.60 0.000144 101  

Table 6 
Normalized sensitivity coefficients in response to the site type. FGA = formerly 
glaciated area; NGA = non glaciated area.  

Type of sites Parameter Sensitivity  

Soil depth Soil erosion 

FGA Particle size (d50) 1.010 − 0.124 
Infiltration rate I 1.011 − 0.142 
Time 0.000 0.000 

NGA Particle size (d50) 1.010 − 0.041 
Infiltration rate I 1.012 − 0.048 
Time 0.000 0.000  
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contrast, meteoric 10Be does not show a decreasing trend with soil depth 
(Fig. 8a). Redistribution of 10Be is driven by chemical (e.g., oxides, pH) 
and physical (e.g., bioturbation) translocation mechanism in the soil. 
The acidic soil conditions (pH < 4; Fig. 3a,b), however, make any 
chemical downward translocation by clay particles unlikely (see review 
of Quénard et al., 2011) because the Al-concentrations are too high in 
the soil solution giving rise to clay aggregates (flocculation). Due to the 
acidic conditions and the rock type (granite), a clay translocation phase 
would have existed, if ever, very briefly during soil evolution. Chemical 
leaching is possible but not to a degree that a uniform depth trend is the 
consequence (Willenbring and von Blanckenburg, 2010; Boschi and 
Willenbring, 2021). Therefore, the redistribution of 10Be across the 
profile must have been primarily caused by physical mechanisms. We 
consider meteoric 10Be as an indicator of past soil disturbances (e.g., 
cryoturbation, bioturbation). In contrast, the carbon isotope signal 

(δ13C) of the FGA has a clear decreasing depth trend (Fig. 3b), while the 
signal at the NGA has a broader range with depth (Fig. 3a). However, the 
overall soil stability appears to be greater at the NGA, since the Corg – 
δ13C correlation is three- to ten-fold higher (Fig. 6). 

We hypothesise the following timeline of soil stability since the 
accumulation of cosmogenic nuclides (Fig. 9): Once the soils of the FGA 
were able to form on the lateral moraine surface (~22 to 30 ka ago), the 
corresponding soil production rates were very high (up to 3000 t km− 2 

yr− 1 are commonly reported values for very young soils; Raab et al., 
2018). With time, these rates strongly decreased to about 167–236 t 
km− 2 yr− 1 (Table 5; Fig. 9). As previously mentioned, these rates are 
relatively high and would rather correspond to soils having an age of 
about 8 ka. The soils, however, continued to endure cryoturbation 
(freeze–thaw mechanism), after deglaciation. This seasonal freeze–thaw 
stress probably has persisted over a long-term period (multi-millennia) 

Fig. 8. (a) Meteoric 10Be depth distribution in the two reference profiles at the formerly glaciated area (FGA; R2). The horizontal bars indicate the standard deviation 
(Table 7). (b) The correlation (R2 = 0.93) of measured meteoric 10Be and oxalate-extractable Fe (FeO; Table 3) is supported by a p-value of 0.044. 

Table 7 
Meteoric 10Be measurements at the formerly glaciated area (FGA) – location 2.  

Sample 
# 

Depth Soil 
mass 

9Be carrier 
mass 

10Be/9Be 
(10-12) 

Abs. 
error 
(10-12) 

Error 
(10- 

12) 

10Be 
measured 

Abs. 
error 

10Be/9Be 
corrected 
(10-12) 

Abs. 
error 
(10-12) 

10Be 
corrected 

Abs. 
error 

Error 

[cm] [g] [mg] [–] [–] (%) [E + 4 at 
g− 1] 

[–] [–] [E + 4 at 
g− 1] 

[%]   

Location 2 (FGA) 
R2-P1-P1 
SdE-61 0–5 2.02 1.012 8.335 0.125 1.5 27,918 428 8.322 0.243 27,873 814  2.9 
SdE-62 5–10 2.02 1.011 10.622 0.181 1.7 35,454 606 10.609 0.321 35,409 1072  3.0 
SdE-63 10–15 2.01 1.011 10.913 0.164 1.5 36,627 549 10.900 0.318 36,583 1068  2.9 
SdE-64 15–20 2.02 1.011 12.419 0.224 1.8 41,639 768 12.406 0.383 41,595 1283  3.1 
SdE-65 20–25 2.01 1.013 10.228 0.174 1.7 34,514 576 10.215 0.309 34,471 1043  3.0 
SdE-66 30–35 2.01 1.012 8.737 0.192 2.2 29,411 660 8.724 0.291 29,367 979  3.3 
R2-P1-P2 
SdE-67 0–5 2.01 1.012 9.479 0.142 1.5 31,918 479 9.466 0.276 31,874 931  2.9 
SdE-68 5–10 2.02 1.012 9.342 0.140 1.5 31,260 469 9.329 0.272 31,215 911  2.9 
SdE-69 10–15 2.01 1.012 10.829 0.162 1.5 36,367 546 10.816 0.316 36,323 1060  2.9 
SdE-70 15–20 2.01 1.013 10.563 0.158 1.5 35,664 535 10.550 0.308 35,620 1040  2.9 
SdE-71 20–25 2.01 1.013 9.492 0.142 1.5 32,029 480 9.479 0.277 31,986 934  2.9 
SdE-72 30–35 2.01 1.012 9.240 0.139 1.5 31,124 467 9.227 0.269 31,080 907  2.9  

Table 8 
In-situ 10Be measurement at the formerly glaciated area (FGA) – location 2.  

Sample Latitude Longitude Elevation Rock 
type 

Sample 
thickness 

Dip 
angle 

Dip 
direction 

Shielding 
factor 

10Be 
content 

σrror Exposure age* 
for different rock erosion rates 

[◦N] [◦W] [m] [–] [cm] [◦] [◦] [-] [E + 4 at 
g− 1] 

[%] 0 [mm 
ka− 1] 

1 [mm 
ka− 1] 

2 [mm 
ka− 1] 

Boulder 
1 

40.3804 7.5943 1649 Granite 1.5 15 260 0.997572 31.52 ±
1.01 

3.2 22502 
± 1930 

22502 
± 1930 

23382 
± 2086  

* after Stone (2000). 
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causing a disturbance of the 10Be and the δ13C distribution at the FGA. 
The NGA soils still have a high soil production rate with 128–184 [t 

km− 2 yr− 1]. Typically, the rates should be 20–50 [t km− 2 yr− 1], as 
previously mentioned (Alewell et al., 2015), but due to the quite strong 
erosion the soil production rates are kept at a relatively high level. The 
NGA soils seem to have been impacted for a shorter period with cry
oturbation, probably during periglacial conditions (Pleistocene cold 
periods) since they are positioned just at a 160 m lower altitude (1495 vs 
1655 m a.s.l). Disturbances of the δ13C distribution by cryoturbation is 
common in alpine areas (Zollinger, 2015) and has been hypothesised for 
other formerly glaciated areas (e.g., Portes et al., 2018). An exact time 
interval since the cease of cryoturbation at this altitude cannot be 
determined with the current data set. However, we suggest that cry
oturbation has been less intensive or even absent for the last few decades 
(i.e., 239+240Pu stability; Fig. 7b) in soils below an altitude of 1655 m a.s. 
l at the Serra da Estrela. Vieira et al. (2003) and Vieira (2004) have 
shown that under the present-day climate only very shallow freezing 
occurs at 1650 m a.s.l. and affects only the most upper part of the soil. 

6. Conclusions 

Old landscape surfaces are expected to be close to an equilibrium 
state as soil erosion and production rates typically should decrease with 
increasing soil age. The quantification of these processes as a function of 
surface age however remains a challenge and mostly only qualitative 
information exists. Due to human impact or changes in the environ
mental conditions, short-term processes may distinctly overprint the 
longer-term erosion signal to the point that it is almost impossible to 
clearly distinguish time-dependent rates. Consequently, the disentan
glement of soil erosional processes over time remains difficult. Only by 
using a multi-method approach, the identification and quantification of 
the variability of these rates over time was possible. Two end-member 
sites (young vs old soils) at the Serra da Estrela were compared. 

Soil formation started about 22 to 30 ka ago in the formerly glaciated 
area (FGA). Soils at the FGA have a lower degree of weathering and 
lower carbon compared to soils in the non-glaciated area (NGA). In 
contrast to our hypothesis (i), the older soils at the NGA have a higher 
present-day erosion rate than the younger FGA soils, probably due to the 
higher grazing impact and, thus, loss of vegetation cover. Under such 

conditions, local higher slopes also contribute to an increased soil 
erosion rate. Thus, the NGA is in a disequilibrium with respect to soil 
erosion and soil production over the last few decades. However, over a 
millennium timescale, the soil redistribution rates at the FGA are higher 
than at the NGA and align with expected higher geomorphic dynamics at 
the younger FGA soil surface. Therefore, the isotope specific observation 
periods of the short (239+240Pu) and long-term (10Be) soil redistribution 
indicators revealed contrasting soil dynamics for the two sites due to a 
changed geomorphic situation over time and the recent land use impact. 

With respect to hypothesis (ii), no indication of vegetation degra
dation was found at the NGA. However, the effect of grazing or bush
fires, and thus human impact, has distinctly increased and accelerated 
soil erosion rates at the NGA in the recent past. The formerly glaciated 
areas are usually at the highest altitudes and thus less impacted by 
human activity. The anthropogenically-induced processes now dictate 
the high landscape dynamics in Mediterranean mountain areas. 

The combination of isotope techniques (239+240Pu, δ13C, 10Be) and 
the application of the percolation theory provided an additional quali
tative assessment about past soil mixing processes over different time 
periods. At an altitude of ~ 1650 m a.s.l., the FGA has experienced soil 
mixing, probably by freeze–thaw cycles (cryoturbation) over many 
millennia since deglaciation. The NGA at ~ 1500 m a.s.l. seems to have 
been influenced either during periglacial conditions or within the first 
few millennia after deglaciation. During the last few decades, cry
oturbation seems to have been less active. 

Overall, our multi-method approach provides insight into the tem
poral evolution of surface processes. The utility of cosmogenic nuclide 
analysis and applications gives rise to major advances in our under
standing of surface erosion. Future work should utilise paired nuclides 
such as in-situ 14C-10Be, which is a highly sensitive chronometer for 
quantifying sediment production, transport, and storage over 102–104 yr 
timescales, and may be suitable to detect more subtle erosional or soil 
burial phases. 
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Fig. 9. Soil erosion and accumulation rates at the moraine study site (formerly glaciated area, FGA) and non-glaciated area (NGA). The investigated FGA is still under 
soil formation conditions due to higher soil production rates (PSoil). In contrast, the NGA is dominated by soil erosion (ESoil). 
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