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Abstract

Complex sequences of paleosols are often formed by the interaction between pedogenesis and
geomorphological evolution. Their study, particularly in mountain areas, is useful to reconstruct past
environmental conditions as well as climate shifts, and to gather information on the morphodynamical
processes affecting the landscape through time.

Since the combined role that all different factors can play in the soil formation and evolution through time
and space influences the formation and evolution of those complex paleosol sequences, a multidisciplinary
study was conducted at the NW slope of Mt. Cusha (Northern Apennines, Italy). This work aims to
reconstruct and to evaluate how the interactions between the geomorphological context, the Holocene
climate variations, and the modification of the vegetation cover and composition influence the soil
development of this area.

A combination of routine soil analyses (i.e., grain-size distributions, total organic carbon, total nitrogen, pH,
and Fe/Al extractions), soil micromorphology and the Rock-Eval® pyrolysis allowed to characterize and to
correlate the different soil units constituting a toposequence of six soil profiles.

The presence of different pedological units that can be correlated along the slope underlines the occurrence
of separate events of pedogenesis, spatio-temporally linked to recognizable stability phases at slope scale.
These phases of biostasy, characterized by vegetation cover and soil development, alternate to phases of
rhexistasy, characterized mainly by slope instability (i.e., aggradation/degradation).

In detail, in the Mt. Cusna toposequence three different soil units, linked to three different stability phases,
have been identified: the earliest stability phase, characterized by the presence of well-developed Luvisols,
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the subsequent stability phase typified by less expressed Luvisols, and the ongoing stability phase with
Leptosols. This latter pedogenetic phase, in some cases, is superimposed to the previous one, so affecting the
exhumed paleosols.

In this light, the Mt. Cusna toposequence characterization allowed to enlighten the complexity of soil
polygenesis in higher detail than the previous studies, not only reconstructing the past environmental
conditions but also inferring the succession of phases of slope stability and phases characterized by erosion
and deposition processes.

Keywords

Complex paleosols, paleosols sequences, Rock-Eval® pyrolysis, soil micromorphology, slope dynamic,
Northern Apennines

1. Introduction

Soil evolution in active landscapes, such as mountain environments, is mainly influenced and controlled by
topography (Zanini et al., 2015). Slope dynamics and instability influence soil formation, development, and
preservation: conditions of slope instability can dramatically impact on soil formation and conservation in
both short and long terms (Bollati et al., 2019; Coltorti et al., 2019). Areas characterized by steep slopes are
affected by frequent and, often, rapid mass movements related to gravity and water-driven processes, which
are able to substantially disrupt the relief and modify the old surfaces and dismantling previous soils and
paleosols (Dewolf and Bourrié, 2008). Slope processes can vary in frequency and intensity under changing
climate, environmental conditions and anthropogenic influence, resulting in a succession of rhexistasy and
biostasy phases (Erhart, 1967). Consequently, pedogenesis can be variously impaired over time, whether
interrupted, and soils can be buried by deposition phases, or get partially or completely eroded. Moreover,
during the successive stability phases, soil formation processes can restart under new environmental
conditions. In this light, the result of this tight interaction between pedogenesis and geomorphological
evolution is the formation of complex sequences of paleosols, which formed in different morphoclimatic
environments associated to distinct paleosurfaces (Fedoroff et al., 1990; Coltorti and Pieruccini, 2006;
Vittori Antisari et al., 2016). Therefore, an exhaustive investigation of such sequences of paleosols is useful
to reconstruct past environmental conditions as well as climate shifts, and to gather information on the
morphodynamic processes affecting the landscape through time (Ruellan, 1971; Magliulo et al., 2006;
Sheldon and Tabor, 2009). This proxy, evidence of environmental changes recorded in soils and paleosols, is
often used as a palecenvironmental tool in the mountain areas (Kaiser et al., 2007; D’Amico et al., 2016),

and specifically in the Apennines (Giraudi, 2005; Coltorti and Pieruccini, 2006; Magliulo et al., 2006).
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In the Northern Italian Apennines, the area of Mt. Cusna has been investigated with an array of studies based
on various approaches in order to reconstruct its climate and environmental history through the Holocene.
Multidisciplinary paleoenvironmental studies carried out at the treeline (Compostella et al., 2013; 2014)
helped in characterizing the climate history of the soils in the area. In addition, geoarchaeological
investigations of Mesolithic sites allowed the past environmental conditions of the area to be described using
soil data, archaeological evidences, and palynological studies (Biagi et al., 1980; Cremaschi et al., 1984).
Two geomorphological maps, within a time distance of 25 years (Panizza et al., 1982; Mariani et al., 2018),
were made with the aim of reconstructing the geomorphological evolution of the area through the
representation of landforms and paleosurfaces and their reciprocal distribution. However, in the Mt. Cusna
area, no studies have been focused yet on the combined role that all different soil formation factors (Jenny,

1941) could have played in soil formation and evolution through time and space.

Therefore, this work aims at the characterization and the correlation of different soil units constituting a
toposequence (Milne, 1936) of six soil profiles at the NW slope of Mt. Cusna, by means of a combination of
routine soil analyses (i.e., grain-size distributions, total organic carbon, total nitrogen, pH, and Fe/Al
extractions), soil micromorphology and a non-conventional approach to interpret soil organic matter
dynamics: the Rock-Eval® pyrolysis. Moreover, we focused on the information recorded in soils to try to
reconstruct and evaluate how the interactions between the geomorphological context, the Holocene climate
variations, the vegetation change and human impact influence the formation and evolution of the studied

complex paleosol sequences.

2. Materials and methods

2.1. Geological, geomorphological and soilscape settings of the study area
The study area is located on the NW slope of Mt. Cusna (2120 m a.s.l.; Fig. 1a), the second highest peak of

the Northern Italian Apennines. Mt. Cusna is located in the territory of Febbio (Emilia Romagna region),
inside the “Parco Nazionale dell’Appennino Tosco-Emiliano” (Tuscan-Emilian Apennine National Park).
The climate is sub-Mediterranean with abundant and well distributed precipitation (2000 mm/y), with a
summer minimum (Compostella et al., 2014). Mean annual temperatures range from 8.8 °C (Ligonchio, 928
m a.s.l.,, 44°31'N-10°35’E) to 2.2 °C (Mt. Cimone, 2165 m a.s.l., 44°21'N-10°70'E; observation period for
both stations 1961-1990). The study area, located between 1600-1700 m a.s.l., is slightly below the current
treeline position (1750 m a.s.l., Compostella et al., 2013), and it is characterized by an open deciduous forest
dominated by beech (Fagus sylvatica). Sparse shrubs and grassland species are also present, mainly
Vaccinium myrtillus, Juniperus nana, Thymus sp, and Laburnum alpinum.

The bedrock consists mainly of turbiditic sandstones (locally marlstones) with intercalated sequences of
claystones and siltstones (Panizza et al., 1982; Bortolotti, 1992). This area was diffusely subject to glacial

and periglacial processes during the last glacial phases as testified by the presence of cirques and till deposits
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in the surroundings and by the general rounded and hilly aspect of the slopes (Losacco, 1949, 1982; Mariani
et al., 2018). During the Holocene, the most widespread processes are due to gravity and water runoff
(Panizza et al., 1982; Mariani et al., 2018). The Mt. Cusna area is affected by extremely active slope
morphodynamics (Bertolini and Pellegrini, 2001) as demonstrated by the presence of rock and debris slides
on the slopes of the main ridges, with varying dimensions and positions (Mariani et al., 2018). Moreover, the
areas of Mt. Cusna, where slopes are more stable and flat, are covered by wider colluvium deposits (Mariani
etal., 2018).

In the study area, processes related to surface running water play also an important role in shaping the
landforms, in different ways, according to the substrate. Runoff and wash out phenomena have low intensity
on sandstone outcroppings, due to their semipermeable property. On the contrary, where claystones and
marlstones outcrop, water runoff often exposes surfaces due to their mostly impermeable property, and large

washout areas are characterized by the presence of pseudo-gullies (Mariani et al., 2018).

Given the widespread presence of degradation processes that have deposited substantial amounts of
reworked sedimentary material and have eroded surfaces, the soil landscape is directly affected by the
morphological conditions and evolution of the area. Consequently, around the study area, Entisols are found
on active morphologies and mainly on claystones, Inceptisols developed on more stable surfaces, mainly on
sandstones, whereas Spodosols are located at higher altitudes (Panizza et al., 1982). A detailed pedological
map of the area is missing, but the 1:250000 soil map of Italy (Carta Ecopedologica d’Italia 1:250000,
Servizi WMS, Geoportale Nazionale, http://www.pcn.minambiente.it/mattm/servizio-wms/) emphasizes the
presence of Regosols or Cambisols (IUSS Working Group WRB, 2015).

Moreover, in the Mt. Cusna area traces of older soil formation, in the form of relict or buried paleosols, are
also found below colluvial deposits. In particular, the most important paleosols associated to the Mt. Cusna
paleosurface are located on the northern slope of Mt. Cusna (Panizza et al., 1982). These paleosols have been
described as Taptho-Luvisols (Compostella et al., 2014 according to Krasilnikov and Calderén, 2006): these

are mature soils, mainly subject to clay illuviation and with well differentiated horizons.

The first traces of human settlements in the area belong to Mesolithic hunters, between the Early and the
Mid-Holocene (Mt. Bagioletto site, 1.6 km N far from the summit of Mt. Cusna; Panizza et al., 1982).
Sporadic occupation is recorded from the Late Holocene to the Roman Age (Biagi et al., 1980; Panizza et al.,
1982; Cremaschi et al., 1984). Later on, historical sources show a progressive colonization of the higher
northern Apennines since the Late Middle Ages (Mariani et al., 2019a), with communities surviving on
livestock and forest exploitation. Agriculture played a minor role and was limited to small patches nearest to

settled villages (Panizza et al., 1982). During the last few centuries, farming has been mostly relegated below
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1000-1300 m a.s.l., while higher altitudes were used for extensive utilization of the forests for wood and

charcoal production; pastures occupied the highest altitudes, up to the Mt. Cusna peak.

2.2. Soil sampling

Six soil profiles were dug and described according to Jahn et al. (2006; Table 1) along an altitudinal transect
on the NW slope of Mt. Cusha (Fig. 1b). Five soil profiles were chosen in an area as they were affected by
running water erosion, whereas one soil profile (04) was excavated in a stable area with a forest plant cover.
The locations of the five profiles were chosen on high topographic position, currently preserved from erosion
processes. The coordinates of each profile were recorded using a GPS device. Between 0.5 to 2 kg of
material were sampled from all identified soil horizons for laboratory analyses (Avery and Bascomb, 1982;
Gales and Hoare, 1991; Cremaschi and Rodolfi, 1991). Seven undisturbed samples were collected using
Kubiéna boxes (Kubiéna, 1953) from selected soil horizons to obtain thin sections for micromorphological

investigations.

2.3 Soil analyses

Air-dried soil samples were treated by wet sieving in order to separate skeleton particles (> 2mm) from the
fine earth. The pH (in 1:2.5 soil: distilled water), total Organic Carbon (Org. C) content (Walkley and Black,
1934), and total nitrogen content (Kjeldahl, 1883) were measured for each soil sample. Particle size
distributions were obtained on samples pretreated with H,O, (130 volumes); sand fractions (from 2000 to 63
um) were collected by sieving, while silt and clay particles (< 63 um) were measured by aerometry with the

Casagrande aerometer (Casagrande, 1934).

Different iron and aluminium forms were quantified (Ministero delle Risorse Agricole Alimentari e
Forestali, 1994). Non-silicate forms (“free” iron, Feq and Aly) were extracted with a bicarbonate-dithionite-
citrate buffer, iron and aluminium in amorphous oxides and hydroxides (“active” forms, Fe, and Al,) were
extracted with acid ammonium oxalate and, iron and aluminium bound to organic matter with covalent or
partially polar bond (Fe, and Al,) were extracted in a solution of sodium pyrophosphate. For all forms, the
amount of solubilized iron and aluminium in the supernatant was determined by means of a 4100 MP-AES
(Agilent), after appropriate dilutions. Data with a %RSD (Relative Standard Deviation) of concentration >
3.5 and/or with a not detectable clear peak, were considered invalid (n.d. in Table 2), while the data close to
the detection limit of the instrument were approximated to the minor concentration detectable (<n in Table
2).

In order to compare the results of iron and aluminium extractions to soil characteristics, both iron activity
index (Fe./Feq) (Rhodes and Sutton, 1978) and illuviation (podzolization) index (Al,+Y¥2Fe,) were calculated

(IUSS Working Group WRB, 2015). Moreover, the amount of crystalline iron oxides (Fey) was calculated
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as the difference between the dithionite- and the oxalate-extractable Fe (Fe.,= Feq4-Fe,) (Bascomb, 1968;
Pawluk 1972; Cremaschi and Rodolfi, 1991; Zanelli et al., 2007).

Organic Matter (OM) analysis was performed using a Rock-Eval® 6 pyrolyser (Vinci Technologies, France).
About 60 mg of crushed material, previously sieved (<2mm), was analyzed for each horizon. Total Organic
Carbon (TOC), Mineral Carbon (MINC), Hydrogen (HI) and Oxygen (Ol) Indices were calculated by
integrating the amounts of Hydrocarbon Compounds (HC), CO, and CO, produced during thermal cracking
of OM and oxidative decomposition of carbonate, between defined temperature limits (Lafargue et al., 1998;
Behar et al., 2001). The l-index and R-index were computed according to Sebag et al. (2016). By
construction, the R-index relates to the most thermally resistant and refractory pools of organic matter, while
the I-index is related to the ratio between thermally labile and thermally resistant pools (see details in Sebag
et al., 2016). As they arise from a mathematical composition, these two indexes may be inversely correlated
to each other when OM stabilization results from progressive decomposition of organic components
according to their biogeochemical stability. Previous studies show that this property is verified with both
indices highly correlated along a constant line (“humic trend") in composts and undisturbed soil profiles
(Albrecht et al., 2015; Matteodo et al., 2018; Schomburg et al., 2018, 2019; Sebag et al., 2016). For
comparison, we used the Matteodo's dataset composed of 46 soil profiles selected across various ecounits in
Swiss Alps (Matteodo et al., 2018). The “humic trend” equations in the I-index/R-index plot was calculated
starting from both Matteodo's dataset and study area datataset (colored dots in Fig. 3b).

Finally, as shown in previous studies (Malou et al. 2020; Thoumazeau et al., 2020), a Delta I-index can be
calculated: it refers to the difference between the I-index value of each sample and the I-index value
calculated with the “humic trend” equation (in bold in Fig. 3b), calculated starting from study area sample

data, at the R-index value of each sample.

2.4 Micropedology

Uncovered soil thin sections were prepared from undisturbed samples through impregnation with
polystyrene. Thin sections were then observed by means of a petrographic microscope (Leica Laborlux 18
POL), in parallel (PPL), cross-polarized (XPL), and oblique incident light (OIL), using different objectives
(1.6x, 4%, 10x and 25x). Thin sections were described according to Stoops (2003). The interpretation of thin

sections was performed according to Stoops et al. (2018).

3. Results

3.1. Soil profiles description and analyses
All the soil profiles are located between 1600 and 1700 m a.s.l. (Fig. 1b); five soil profiles (01; 02; 03; 05;

06) are located in areas affected by running water erosion (Table 1). The vegetation cover is composed of

semi-deciduous shrubs in all the area of soil profiles, except for profile 04 characterized by beech forest.

6
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Total depths for all profiles range from around 50 to about 200 cm. The thickest profiles are characterized by
the presence of two (01) or three (02, 06) distinct soil units, identifiable in the field by the presence of grain-
size discontinuities or buried organic horizons, and/or a color change. Soil structure is moderately expressed
by granular or subangular blocky aggregates. Sometimes, surface horizons (i.e., 05 A, 06 O and 06 OA)
exhibit only a single-grained structural condition. On the contrary, well separated angular blocky peds can be
found in buried horizons. Colors range between 10YR and 2.5Y in their hue, with a tendency for chroma to
increase with depth inside each single soil unit (see Appendix A for detailed data). All the profiles are
characterized by acidic conditions ranging from pH 4 to 5.6, usually increasing with depth, except for surface
O horizons, which are often less acid than the underlying horizon (Fig. 2).

Particle size distributions of the investigated soil profiles display some common traits. Silt is always the
predominant fraction, ranging from 44% to about 65%, with variable amounts of clay (from 21% to 52%).
On the contrary, gravels never exceed 5%, while sands are only rarely > 20% (Fig. 2). Moreover, the grain
size distributions allow the presence of different soil units to be confirmed. Indeed, the 01 and 06 soil
profiles show an increase in clays at the top of the buried units (e.g., in profile 01: clay increases by 13.2%
between horizons BC and 2AB1; in profile 06: clay increases by 13.7% between horizons OA and 2AB1); on
the contrary, the 02 soil profile displays an increasing clay content by 2.6% between the horizons 2AB and
2Btg. 03 and 05 profiles are characterized by a clay increase in the B horizons (i.e., 030B, 05ABt1 and
ABLt2), whereas an increase of coarse materials clearly appears in correspondence of the topographic surface
(03 OA and 05 A) and the deepest (03 BC) horizons (see Appendix B for detailed data and Appendix C for
cumulative particle size distribution curves). Lastly, the 04 soil profile, under a stable forested area, shows a
constant increase of the coarse fractions (gravel and sand) with depth (Fig. 2).

The identified discontinuities are also marked by the results from chemical analyses. Indeed, a peak of total
organic C content is found at the top horizon of each buried unit in correspondence of the above-mentioned
discontinuities: 01 2AB1, 06 3AB, 02 2AB, and in the horizon 02 3AB, while in the horizon 06 2AB1 a total
N peak is found (Fig. 2). Conversely, in profile 04, total organic C decreases from the surface horizon with
depth, as expected in conventional soil profiles. The same trend can be observed in profiles 03 and 05, with
the exception of the OB horizon of 03, which shows an increase in total organic C, and the A horizon of 05,
which has a more marked decrease in total organic C than the deeper horizons (Fig. 2).

In the analyzed soil profiles, the total N content follows roughly the same trend as the total organic C (Fig.
2), but with significantly lower values. In surface horizons, total organic C ranges between 14.7 g/kg (02)
and over 100 g/kg (04 and 05), while total N content never exceeds 7.0 g/kg. When focusing on superficial
OM-rich horizons, the highest total N contents (about 7 g/kg) are found in 01, 04 and 06, while the lowest
values belong to 02 (about 1.4 g/kg), following the same trends as total organic C.

The total content of free iron oxides (Fey) in four horizons (01 2AB2, 03 OB, 05 ABt2 and 06 2AB1)
exceeds 30 g/kg but this parameter generally ranges between 10 and 20 g/kg (Table 2). The values of

amorphous iron oxides (Fe,) tend to be lower (<0.90 - 15.73 g/kg), as well as iron bound with organic matter

7
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(Fep), which ranges between <3.00 and 15.98 g/kg. Regarding the aluminium content, its values are lower
and less variable than those of iron, with the exception of aluminium bound with the organic matter (Aly)
(Table 2). Free aluminium oxides (Aly) reaches abundance from 2.64 to 5.83 g/kg, amorphous aluminium
oxides (Al,) from 0.85 to 5.59 g/kg, and the aluminium bound with the organic matter (Al,) from 2.98 to
12.09 g/kg. The crystalline iron oxides (Fe.y) are mainly concentrated in the B horizons (Fig. 2), and the
highest value is found in the 05 ABt2 (21.08 g/kg). Along the profiles, the amorphous iron oxides (Fe,)
exhibit an opposite changing compared to crystalline iron oxides (Fig. 2), except for some superficial
horizons (e.g., 06 OA) and in a few buried organic horizons (e.g., 01 2AB2). Indeed, in most of the profiles,
the amorphous iron oxides show the lowest concentrations in Bt, Btg and partially in Bw horizons (Table 2;
Fig. 2).

The iron activity index ranges from 0.18 to 0.66. In more detail, its lowest values are found in the Bt, Btg
and Bw horizons (Table 2), in particular, in the B horizons of buried soils (e.g., 01 2Bt, 06 2Bw2 and 06
2Bwa3). Instead, the BC horizons show the highest values of the iron activity index (e.g., 02 BC, 03 BC).
Finally, the results of the podzolization index (Al, + %2 Fe,) partially meet the conditions for the presence of
some podzolization processes only in the profile 02 (ABt2 and BC horizons; Table 2).

Rock-Eval® indices and parameters (Fig. 3; see Appendix B for detailed data) show that all the superficial
organic horizons are plotted at the top left of the HI/OI diagram (Fig. 3a), whereas the buried soils are
located at the bottom right of the diagram. Moreover, in the I/R diagram (Fig. 3b) the superficial organic
horizons correspond to low R-index values and high I-index values and are located at the top left of the I/R
diagram, whereas the organo-mineral and mineral horizons have a R-index values > 0.65 and are located in
the right portion of the diagram. Taking into consideration the organo-mineral and mineral horizons in the
I/R diagram, two different trends can be recognized. A first trend groups the horizons belonging to the
superficial units of the soil profiles, which have I-index values varying between -0.3 and 0 (colored dots in
Fig. 3b), whereas a second trend groups the horizons belonging to the buried units, which have higher I-
index values, ranging from -0.2 to 0.5 (colored diamonds in Fig. 3b), except for horizons 01 2AB1, 2AB2
and 06 2AB1, 2AB2. On the other hand, some horizons from the superficial units are characterized by high I-
index values (02 BC, ABt1 and ABt2; 04 Bt, Btg, AB; 03 BC). Moreover, when comparing R-index with
depth, buried soils evidence a different trend; indeed, the 01 buried soil display R index values higher than
the 02 buried soil, at the same depth and with similar TOC contents (Fig. 4a,b). The presence of two different
trends can also be observed when taking into consideration the I-index/TOC diagram: the horizons belonging
to the first trend show an expected increase of the I-index with TOC and a decrease with depth, whereas the
horizons belonging to the second trend have (i) high I-index values even with low TOC and (ii) I-index
values which are not decreasing with depth (Fig. 4c, d). Finally, horizons belonging to the second trend have
high delta-1 values (Fig. 4e), which means that the I-index values are high compared to those expected for

the corresponding R-index values, when referring to the humic trend.

3.2. Soil thin sections micromorphology
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The micromorphological observations were carried out on four out of the six examined profiles: 01, 02, 04
and 05 (see Appendix D for detailed thin sections descriptions). Horizons 02 ABt1, 01 2Bt and 04 Bt show
some similar features: they all are characterized by granular aggregates of fine material and angular-
subangular blocky aggregates, together with Fe-Mn nodules and well-developed clay coatings. Moreover, in
the 02 ABtl, reworked soil fragments of subangular aggregates of fine material (i.e., pedorelicts sensu
Brewer, 1976) with a high degree clay illuviation, and few allochthonous weathered rock fragments are
present (i.e., lithorelicts sensu Brewer, 1976). Furthermore, regarding the coarse mineral fraction, there are
similar proportions of sandstone and claystone fragments in 02 ABtl and 04 Bt, while in the 01 2Bt
sandstone constitutes the prevalent lithology of fragments.

Similarly, 01 2AB1 and 2AB2, 05 ABt1 and ABt2 and 04 Btg horizons show analogous characteristics, such
as their complex microstructure including granules and reddish clayey subangular aggregates, which contain
a high proportion of Fe-Mn nodules (Fig. 5a, b). Moreover, the 01 2AB1 horizon differs from the 2AB2
horizon by the predominant sub-angular aggregates in the latter. Finally, in the 05 ABtl and ABt2 and 04
Btg horizons show the presence of clay illuviation features (coatings); in the latter horizon, hydromorphic
features in the form of depletion pedofeatures and intercalations are also found.

The micromorphological approach further underlines the presence of peculiar characteristics in 01 A2, BC
and 2AB1 and 02 2Btg horizons. For example, the 02 2Btg horizon exhibits a compact, vughy
microstructure, and, well-developed diversified pedofeatures, such as dense digitate Fe-Mn nodules, typic
clay coatings, typic clay infillings, and Fe-Mn hypocoatings (Fig. 5c, d).

Otherwise, the 01 A2, BC and 2AB1 horizons show a twofold distribution of crumbs and reworked
subangular aggregates reddish in color, weakly striated and characterized by a high degree of pedogenesis
(i.e., pedorelicts sensu Brewer, 1976). These pedofeatures are more common in the BC horizon (Fig. 5e, f).
Finally, 01 2AB1 and 2AB2 contain identifiable pedofeatures only as Fe-Mn nodules, which are more

concentrated inside the subangular reworked soil fragments.

4. Discussion

4.1. Complex paleosol sequences and the characterization of buried units

Sedimentological and chemical data help in identifying the presence and defining the boundaries of the soil
units recognized in the field. Trend anomalies detected in analytical values are found in profiles 01 (between
horizons BC-2AB1), 02 (between horizons BC-2AB and 2Btg-3AB), and 06 (between horizons OA-2AB1
and 2Bw3-3AB; Fig. 2). In horizons 2AB1 of 01, 2AB1 and 3AB of 06, high values of total organic C or
total N contents as well as of fine material, underline the presence of paleosurfaces, subsequently buried by
coarse colluvial deposits, which disconnected the soils from surface pedogenetic processes (see below for
micromorphological evidence). On the contrary, it is not possible to identify precisely in profile 02 the
paleosurface location at the top of the 2AB horizon from the colluvial material above it. Even if the organic

matter content peaks in 2AB horizon, both 2AB and BC horizons possess a high percentage of sand and
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gravel (Fig. 2). Moreover, both horizons in the field have a homogeneous aspect: it is possible that the
distinction between these two units may be difficult to identify because of a higher energy of deposition of
the colluvium, which mixed part of the materials during the process. In the same profile, the total organic C
content allows a discontinuity at the top of the 3AB horizon to be identified (Fig. 2). The variations in
particle size distributions within profiles 03, 04 and 05 are not attributed to the presence of paleosurfaces.
Micromorphological observations of thin sections from 01 and 02 profiles provide further information
confirming the presence of different soil units and their respective characteristics. In 01, the presence of two
distinct units is highlighted by the nature of the coarse material: in the surface unit (unit I) fragments of
claystones are more abundant while in the deeper one (unit Il), fragments of sandstones are more common.
This difference in the coarse fraction lithology likely indicates the occurrence of two different parent
materials, separating clearly two soil units. In unit 11, weathering processes occurred in oxidative conditions
with water infiltration, emphasized by the yellowish color of the groundmass indicating the presence of iron
hydroxides (Sauro et al., 2009; Stoops et al., 2010, 2018; Compostella et al., 2014). The presence of clay
illuviation features, indicated by clay coatings found in the 2Bt horizon, requires alternating phases of water
infiltration into the soil, together with conditions of strong vegetative protection of the soil surface, in order
to permit clay translocation into the deep horizons (McCarthy et al., 1998; Stoops et al., 2010, 2018).
Moreover, the presence of Fe-Mn nodules indicates temporary waterlogging conditions inside the soil
(MccCarthy et al., 1998; Stoops et al., 2010, 2018), probably amplified by the presence of the underlying 2Bt
horizon. The diffuse and irregular boundary of the nodules witnesses their in situ formation, without
evidence of transport from other locations (Fedoroff and Goldberg, 1982). In unit I, frequent blocky peds
show a generally reddish micromass color associated to Fe-Mn nodules, which indicate a degree of
weathering greater than in the surrounding soil groundmass (e.g., reddish micromass, typic nodules of Fe-Mn
and moderately weathered mineral fragments): therefore, these blocky peds can be regarded as pedorelicts
(sensu Brewer, 1976), i.e., reworked fragments of an older soil (Fig. 5e, f) redeposited within more recent
horizons (Kemp, 1998; Nicosia, 2006; Rellini et al., 2007; Sauro et al., 2009; Cremaschi et al., 2018).
Moreover, these reworked fragments of paleosol are similar, in terms of fabric, to the 2AB2 horizon; thus, it
is reasonable to state that they were eroded from higher portions of the slope and deposited within the
presently BC horizon, which implies a highly erosive phase.

Regarding 02 profile, the micromorphological analysis indicates that the unit Il (e.g., 2Btg horizon) is
characterized by a stronger degree of pedogenesis than the unit | (e.g., ABt1 horizon). This is probably due
to a greater intensity and/or duration of a pedogenetic phase. In unit 11, clay coatings are clearly visible (Fig.
5¢, d) and it is often possible to identify an orientation in the deposition of fine material due to the
development of crescent internal fabric. This corroborates the hypothesis of transport of clay materials from
upper horizons (McCarthy et al., 1998). Moreover, the 2Btg horizon is the only one showing the
development of Fe-Mn hypocoatings, due to longer periods of waterlogging (McCarthy et al., 1998; Stoops
et al., 2010). Finally, only rare reworked paleosol fragments (pedorelicts sensu Brewer, 1976), composed of

clayey blocky peds, are found in the ABt1 horizon.
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4.2. Correlation of soil units

As already described in section 4.1 of the Discussion, the studied toposequence is constituted by six soil
profiles located at different altitudes along the NW slope of Mt. Cusha, chosen according to their
topographic position. Among the analyzed soil profiles, three are composed of different units, whereas only
one soil unit is present in the other three profiles (03; 04 and 05).

In the following section, the most widespread unit set (i.e., unit 11 of 01; unit I of 02; 03; 04; 05; unit Il of 06)
is first characterized in order to better correlate the various soil profiles (Fig. 6). Indeed, the unit 1l of 01
(e.g., 2Bt) and the unit | of 02 (e.g., ABt1), although characterized by a different mineral component, are
associated with the presence of clay illuviation and a very similar microstructure, together with the presence
of moderately impregnated amorphous nodules. Therefore, these units could be formed by the same
pedogenetic event on different parent materials, the latter deposited by distinct colluvial events.

Unit Il of 01 can also be correlated with 05 profile (e.g., ABt1 and ABt2), which shows similar aggregates
(both subangular blocky and granular) and microstructure with regard to the horizons 2AB1 and 2AB2 (01
profile), as well as clay illuviation features in the horizon 2Bt (01 profile). Moreover, moderate impregnative
amorphous nodules of Fe-Mn are present through the referred horizons. The same consideration regarding
microstructure, clay illuviation features, and amorphous nodules can be extended to the 04 profile, even if, in
the horizon 04 Btg, the presence of hydromorphic features (i.e., depletion pedofeatures and intercalation,
sensu Fedoroff and Courty, 2012) underlines a further pedogenetic phase induced by water logging, probably
due to the topographic position.

The sedimentological and chemical data allow the above described correlation based on micromorphological
features to be extended (Fig. 6): the unit Il of the 01 (e.g., 2AB1 and 2AB2) and 06 (e.g., 2AB1 and 2AB2)
profiles show the same clay high and sand low contents, and similar values of total organic C and total N
contents. On the other hand, 03 profile can be correlated to the unit I of 02, not only because both units are
characterized by a very low total organic C and total N contents, but also for their relative position along the
slope.

In two profiles, 01 and 06, the above correlated unit is overlain by soil horizons, pointing to another soil unit
(Fig. 6). This surficial unit, even if it is thin, shows uniform soil characteristics (particle size distributions,
total organic C and total N contents), and could therefore be related to the same pedogenetic phase.

Focusing on soil horizons underlying the above correlated unit, the micromorphological observations
highlight a general greater weathering impact. The 02 2Btg horizon (unit Il) has very few analogies with the
horizons observed in other profiles: the presence of well-developed pedofeatures (i.e., dense digitate nodules
of Fe-Mn, typic clay coatings, typic clay infillings; and Fe-Mn hypocoatings) testifies a more intense
pedogenetic phase, followed by a secondary hydromorphic phase induced by waterlogging. Moreover, the
peculiarity of this unit Il is also underlined by the organic matter thermal signature: in the R-index/depth
plot, horizons of unit 1l from 02 have a lower R-index compared with the horizons belonging to unit Il from

01, which are located at the same depth (Fig. 4b), due to a presence of different proportion of the most
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refractory organic pool (related to pedogenetic and inherited contributions) in the two units. A similar trend,
though not so marked, is also visible in the R-index/TOC plot (Fig. 4a), where the horizons belonging to unit
Il of 02 are separated from the others. Furthermore, unit Il of 02 may be correlated to unit 111 of 06 (Fig. 6).
This deepest unit of 06 is only represented by a single horizon (3AB), but its stratigraphic continuity, in
addition to Rock-Eval® parameters, suggest a possible correspondence between this unit and unit Il of 02.
Horizon 06 3AB is always located close to the horizons belonging to unit Il of 02 in both R-index/TOC (Fig.
4a) and R-index/depth plots (Fig. 4b), underlining similar organic matter dynamics.

Regarding Rock-Eval® parameters, as discussed above, the HI/Ol diagram emphasizes the way horizons
belonging to unit 1l of 01 (red dots, 2AB1, 2AB2 in Fig. 3a) and unit Il of 06 (violet dots, 2AB1, 2AB2 in
Fig. 3a) group in the same set as the present-day surface horizons of all the profiles, while units 1l of 02 and
111 of 06 are located at the bottom right of the plot, probably due to the presence of an OM refractory pool.
These horizon groupings are clearly distinguishable observing the results of cluster analysis (Fig. 7) carried
out on the Rock-Eval® indices take into consideration (HI, Ol, R-Index, I-Index): in the dendrogram it is
possible to observe how the organic O horizons clearly differ from the organo-mineral and mineral horizons.
Among the organo-mineral and mineral horizons, the horizons belonging to unit 1l of 01 and unit 1l of 06
group are grouped in the same set as the present-day surface horizons of all the other profiles (02,03,04 and
05), while units 1l of 02 and 111 of 06 are all grouped together, close to the deepest horizons of the other units
(01 2BC2; 02 BC, ABt2; 04 Bt, Btg; 06 2Bw3) (Fig. 7). Moreover, the cluster analysis grouped the organo-
mineral and mineral horizons in two different great groups, which can be attributable to a different evolution
trend of organic matter. Indeed, in the I/R diagram (Fig. 3b), the #*B* horizons belong to the first set (i.e., 01
2Bw, 2Bt, 2BC1, 2BC2; 02 BC, 2AB, 2Btg, 3AB; 03 BC; 04 AB, Bt, Btg; 06 2Bw1, 2Bw2, 2Bw3, 3AB;
colored diamonds in Fig. 3b; these horizons are not belonging solely to buried units) show a new trend,
parallel to the “Inherited Organic Matter Trend” proposed by Sebag et al. (2016). On the other hand,
horizons richer in organic matter (i.e., 01 Al, A2, BC, 2AB1, 2AB2; 02 OB; 03 OA, OB; 04 OA; 05 A,
ABt1, ABt2; 06 OA, 2AB1, 2AB2; colored dots in Fig. 3b; these horizons belong to surface or buried units)
fit the “Humic Trend” (Sebag et al., 2016; Matteodo et al., 2018).

This new identified trend, grouping #*B* horizons with a high degree of weathering observed in both surface
and buried units, suggests the presence of a relationship between these different soil horizons. In these
horizons, as already specified, the presence of features related to pedogenetic processes not in equilibrium
with the present-day environmental conditions, clearly defines these soil horizons as parts of paleosols (i.e.,
relict soils sensu Ruellan, 1971). Moreover, this new trend clearly differs from the “Humic trend” (Sebag et
al., 2016; Matteodo et al., 2018), mainly for what concerns the I-index values (Fig. 4c,e). Indeed, the
horizons belonging to this trend show high I-index values (even if the TOC content is low; Fig. 4c.e),
emphasizing the relatively low contribution of resistant pool compared to the most labile pools. Similar
results have been obtained when advanced decomposition of OM affects both thermally labile and resistant
pools, as in Arenosols for example (Malou et al. 2020; Romanens et al., 2019). In the context of the present

study, the decomposition of thermally resistant pools can be explained by an earlier phase of pedogenesis
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and this peculiarity of the trend supports the hypothesis that these soils located along the trend are paleosols.
The presence in most of these horizons of high I-index values allows these horizons to be identified as
former superficial ones, probably influenced in the past by the pedological surface processes involving
organic matter. Moreover, their present day low TOC contents is explained when considering the
geomorphological context of the area. In addition to advanced decomposition of OM, the contribution of
mineral material, especially in these horizons, is due to colluvium deposition episodes affecting the slope.
The presence of these truncated and buried units can be attributed to the interaction of erosive and
depositional processes happening at different times and ultimately led by colluvial dynamics. The remix and
redeposition of this loose material contributed to organic matter dilution, and, at the same time, buried soil
units, isolating the soil by preventing the modification and external contributions to the buried organic
matter.

Two type of paleosols can be observed: (i) buried soils (i.e., 01 2Bw, 2Bt, 2BC1, 2BC2; 02 2AB, 2Btg, 3AB;
06 2Bwl, 2Bw2, 2Bw3, 3AB), as considered soil units are buried, and (ii) exhumed paleosols (i.e., buried
soils that have been brought to surface by erosion, sensu Cremaschi et al., 2018) (i.e., 02 ABt1, ABt2, BC;
03 BC; 04 AB, Bt, Btg), when considered soil units outcrop at the surface. Therefore, the new observed trend
in the I/R diagram identifies some horizons of maximum weathering in the paleosols, regardless their
morphological position, within the given limits of the study area. This specific paleosols trend in the I/R
diagram represents a potential approach for further investigations regarding new criteria for paleosols
identification.

Finally, regarding the iron and aluminium content, all analyzed Bt, Btg and Bw horizons show an increase in
crystalline iron oxides (Fecy), underlining the expression of some pedogenesis at work (Table 2; Fig. 2).
Furthermore, the iron activity index (Fe,/Feq) shows a decrement within the most mature Bt, Btg and Bw
horizons, likely emphasizing a stronger weathering (Table 2). Unfortunately, this ratio does not change
significantly when comparing recent soils and paleosols; consequently, it is not wise to use it as a proxy for
soil age (Arduino et al., 1986).

4.3. The role of geomorphological processes in the development of complex
pedosequences

The presence of different pedological units, and their correlation along the slope, underlines the occurrence
of separate events of pedogenesis, spatio-temporally related to recognizable stability phases at the slope
scale. These phases of biostasy (Erhart, 1967) are characterized by the absence of erosion and/or deposition
on the slope, a vegetation cover, and a soil development. They alternated with phases of rhexistasy (Erhart,
1967), characterized by slope instability. The study area has been affected by various colluvial events, as
testified by trends in coarse materials content and the presence of pedorelicts and lithorelicts (sensu Brewer,
1976) in the surface units.

Moreover, the phases of rhexistasy strongly control the conditional conservation of soils along the slopes:

higher energy conditions would produce excessive disruption along the slopes in form of increased colluvial
13
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and mass wasting events. These events would destroy the soil cover and cause the disappearance of
evidences of previous pedogenetic phases in the area and at the same time inhibit the formation of new soils.
However, even if these multiple phases of slope activity may have locally eroded part of the pre-existing soil
cover (e.g., unit | of 02), at the same time, they locally buried parts of it, preserving some paleosols over time
(e.g., unit 11 of 01). In addition, the geomorphological evolution of the slope through time may also brought
previously buried paleosols to the surface again as a consequence of erosion, superimposing later a new
pedogenetic phase on pre-altered materials, as attested by unit | of 02 and probably 03 and 05. In this sense,
slope morphodynamics do not seem to influence directly the intensity of soil formation processes, but they
act as a key factor controlling the distribution and occurrence of soil units and paleosols. Therefore, the
development of the studied complex pedosequences is not the exclusive result of vertical top-down processes
but of a number of complex processes including near-surface processes such as material sedimentation and
erosion.

On account of this, in the study area the evidence of different colluvial deposits in these pedosequences
shares similarities with cover-beds successions (Kleber and Terhorst, 2013), thought at a much smaller scale

and magnitude.

4.4. Reconstruction of the environmental changes during the Holocene along the Mt.

Cusna NW slope

From the pure pedogenetic point of view, three separate phases have been recorded inside the soil units all
along the slope (Fig. 6). These three pedogenetic phases are preceded by another pedogenetic phase, which
will not be discussed because, since it is represented by an only one horizon (02 3AB) and it is the first time
that it is found, there is not enough information to carry out a detailed reconstruction of the pedogenetic
processes that have affected it. From the oldest to the most recent, these three separate phases are identified
as:

- a_pedogenesis: it is observed exclusively in unit 1l of 02 (and partially in unit 111 of 06), and displays the
characteristics of a well-developed brunification with clay illuviation (Duchaufour, 1983), high Fey content
and clay increase in Btg horizon. This strongly expressed pedogenetic phase led to the formation of a Luvisol
(IUSS Working Group WRB, 2015), developed under a forest vegetation cover, as evidenced by the
yellowish brown matrix with speckled striated b-fabric (Douglas and Thompson, 1985) and by the
pedofeatures (i.e., frequent typic clay coatings; rare crescent typic clay coatings; very few typic clay
infillings) observed in thin sections. This phase was interrupted by a sudden deposition of colluvial material,
mobilized upslope by water runoff. During this phase, the soil surface of the evolving soil was buried,
interrupting its pedogenesis. During this runoff period, the slope was not likely covered by forests, as they
would have effectively prevented such mass movements. Consequently, this colluvial event provided a new
parent material for further soil development during the following phase;

- B pedogenesis: it is characterized by a moderately developed brunification with some clay illuviation (i.e.,

unit I of 02, unit 1l of 01, 05, and probably 03 and unit 11 of 06) in different parent materials. The presence of
14
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different parent materials is probably the results not only of various colluvial events, but also of a
differentiated material deposition, both in quantity and composition, due to variable distance from the source
and slope characteristic (e.g., steepness). The pedological characteristics of this second phase, comparatively
to the first phase but in a lesser extent, point to the formation of Luvisols (IUSS Working Group WRB,
2015) under a stable forest cover. Similarly, a second colluvial event interrupted this pedogenetic phase.
However, in this case, the deposited material is more homogeneous, as it is mainly composed of claystone
fragments (including lithorelicts sensu Brewer, 1976) and pedorelicts (sensu Brewer, 1976), coming from the
B horizons of Luvisols developed during the former pedogenetic phase, then eroded and reworked by
geomorphological processes.

- y pedogenesis: the characteristics of the present-day pedogenetic phase suggest a slight change in
conditions compared to the previous two phases. The values of the Al, + % Fe, index calculated for ABt2
and BC horizons of 02 profile seem to evidence a weak podzolization (Do Nascimento et al., 2008;
Waroszewski et al., 2013; IUSS Working Group WRB, 2015). However, this process is not recognizable in
the field, and is therefore qualified as cryptopodzolization, forming a “ranker cryptopodzolique” soil (sensu
Duchaufour, 1983) or a Leptosol (protospodic) (IUSS Working Group WRB, 2015), as already observed in
other soils of the Mt. Cusna (Mariani, 2016). This process could be favored by the development of low shrub
vegetation dominated by acidophilic species, e.g. Vaccinium myrtillus (Duchaufour, 1983; Chersich et al.,
2007; Compostella et al., 2013; Mariani, 2016). As far as the other profiles are concerned, under the same
vegetation cover, an even less conspicuous process than cryptopodzolization can act, inducing the formation
of a “ranker subalpin” soil (Duchaufour, 1983) or an Umbric Leptosol (IUSS Working Group WRB, 2015),
except for the 04 profile, located downslope in a forest context, which can be regarded as a “ranker brunifié”
soil (Duchaufour, 1983) or a Brunic Leptosol (IUSS Working Group WRB, 2015).

Finally, in some cases, the present-day pedogenesis is superimposed to the previous one (see section 4.2 of
the Discussion), the latter being identifiable by relict and textural pedofeatures (see section 4.2 of the

Discussion), emphasizing a greater inertia (Duchaufour, 1983) than the ongoing pedofeatures development.

4.5. Interactions between the geomorphological context, the Holocene climate
variations, and the vegetation changes as influencing factors on paleosols

The study area is characterized during the Holocene by alternating phases of rhexistasy and biostasy (Erhart,
1967). The pedogenesis has been mainly affected by three factors throughout time (i.e., climate, vegetation,
slope features), which strongly influenced the environmental evolution of the area. In Fig. 8, a sketch on the
role of the main factors influencing the soil development through time in the study area is proposed and
herein discussed. The most ancient phase, recorded by the paleosols, was a biostasy phase (o pedogenesis)
during which the climate was probably warm with a stable forest vegetation cover at the Mt. Cusna NW
slope. Soil processes were mainly governed by a well-developed brunification, together with clay illuviation.
Even if the time control of the pedogenetic phases at Mt. Cusna area remains speculative, it is likely that this

pedogenetic phase took place in the Early Holocene (see below). Subsequent climate changes and their
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associated vegetation shift downward the slope caused a phase of strong instability, marked by the action of
colluvial processes and the interruption of pedogenetic processes. At a regional scale, in the Italian
Apennines, a relationship can be drawn between cold periods and an increase in mass wasting events
(Bertolini, 2007). During such a phase, slope processes eroded soils and deposited un-weathered mineral
material at the topographic surface. The change to warmer temperatures promoted a new stable phase (B),
characterized by similar environmental conditions observed during the previous warm period. According to
Cremaschi et al., (1984) and Compostella et al. (2013), this phase could correspond to the Early/Middle
Holocene, since in the neighboring area, the charcoals coming from the upper part of soils developed during
the B pedogenesis were radiocarbon dated (3920-3700 cal yr BP: Compostella et al., 2013) after the
Middle/Late Holocene boundary (Mariani et al., 2019b). The difference in soil development grade, in respect
to the previous stable phase, can be attributed to the different duration of pedogenesis or to a different
vegetation cover, as testified by the variation in organic material characteristics highlighted by Rock-Eval®
parameters. Such change in vegetation was likely driven by human modifications, as in many other parts of
Italy and the Mediterranean during this period (Cremaschi and Nicosia, 2010; Regattieri et al., 2019; Sevink
et al., 2019). This stability phase was interrupted by slope instability, due to a likely climate deterioration
(probably during the LIA: Mariani et al., 2019b; Zerboni et al., 2019) associated to a loss of the vegetation
cover, again due to the increased pastoral impact at higher elevations since the Middle Ages (Panizza et al.,
1982), coupled with the exploitation of the forest below for charcoal production. However, colluvial
processes during this latter phase of rhexistasy seem to have been less intense than the previous one, with
soils partially eroded, and in some case, with previously buried paleosols exhumed. Moreover, transported
and deposited material was often pre-altered, as it was originating from paleosols developed in higher
topographic positions. Finally, the present-day pedogenesis starts from these colluvial deposits and/or from
the exhumed paleosols. The present-day phase of biostasy (y) is characterized by distinctive environmental
conditions with a different vegetation cover (i.e., shrubs): present-day soils are apparently less developed,
possibly because of the vegetation type (i.e., cryptopodzolization induced by Vaccinium myrtillus), colder
conditions, or a short duration of pedogenesis (Duchaufour, 1983; Compostella et al., 2014). The sparse
vegetation cover, mainly composed of shrubs and apparently not subject to reforestation, does not protect the

soil enough from water driven erosion acting today, triggering a soil cover erosion along the edge of rills.

5. Conclusions

This paper presents the assessment of the different environmental conditions that have affected the NW slope
of Mt. Cusna, based on the analysis of soils and paleosols. In the Mt. Cusna toposequence, three different
soil units have been identified: (i) a first (and the most ancient) soil unit, characterized by a well-developed
brunification with clay illuviation, (ii) a second unit, characterized by the same processes of the first unit, but
less intense, and (iii) a third recent unit, presenting a weak pedogenesis. This latter, in some case,
superimposed on an older truncated soil (paleosol), affecting these exhumed paleosols. Based on the study of

these soil units, it has been possible to reconstruct environmental changes that affected the Mt. Cusna slope
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during the Holocene, to identify the succession of phases of slope stability, during which soils developed,
and phases characterized by erosion and deposition processes.

In this light, soils proved to be a useful archive, not only to reconstruct the past environmental conditions,
but also to trace the geomorphological processes that affected the area. In addition, it has been possible to
identify the role of the geomorphological processes that have affected the evolution of complex paleosol
sequences. This work, based on different lab techniques, demonstrated that a multi-analytical approach is
necessary to properly characterize soils and their genetic pedological processes; for example, the use of
Rock-Eval® pyrolysis improved substantially our knowledge about the relationship between paleosols and

organic matter and, as such, opens new research avenues in paleopedogenesis.
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Tables

Table 1.
. Slope - Geomor-
Profile Elevation gradient Slope Profile Pare'?t phological Vegetation
(mas.l.) o exposure  exposure Material
© context
Semi-deciduous shrub
Colluvium Middle slope, mainly composed of
denosits flank of Vaccinium myrtillus and
o1 1680 10 NE SW corrrl) osed residual hills Juniperus nana. Sparse
gf preserved arboreal vegetation is
clavstones from water characterized by Fagus
4 runoff sylvatica and rare
Laburnum alpinum
Colluvium Ml(fjlilr?ksg;pe, Semi-deciduous shrub
deposits residual hills mainly composed of
02 1669 2 N-NW SW composed reserved Vaccinium myrtillus and
of fFr)om water Juniperus nana.
claystones runoff Rare Fagus sylvatica
Colluvium Ml?)?tlieoilc());;e, Semi-deciduous shrub
deposits repsidual hills mainly composed of
03 1665 4 NW N composed reserved Vaccinium myrtillus and
of fFr)om water Juniperus nana.
claystones runoff Rare Fagus sylvatica
Cgel:al“ggil:? Deciduous woodland
04 1659 11 NW N-NE composed Middle slope compose_d of Fagus
of sylvatl_ca with Vaccinium
claystones myrtillus undergrowth
Colluvium
deposits Semi-deciduous shrub
05 1663 10 NW N-NE composed Middle slope mainly composed of
of Vaccinium myrtillus
claystones
Colluvium Middlg slope,
deposits rer:i)c:t:gln h?rls Semi-deciduous shrub
06 1661 22 S-SE SwW composed mainly composed of
preserved S A
of from water Vaccinium myrtillus
claystones runoff

Table 1. Site description of investigated soil profiles.
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829  Table 2.

830
_ _ Fecry +
Profile  Horizon D(gﬁqt)h (gll:l%g) (g'?lia ) (gljﬁ?g b ;\II(?; ) (g'jﬁ%) ( ;\II(E) (Fg;;(l;eo) FeolFed "o Ol/ngeo
01 (6] 0-4 6.24 2.87 15.16 3.65 4.70 11.41 8.91 0.41 0.60
Al 4-10 6.33 3.46 16.39 4.09 5.81 8.67 10.06 0.39 0.66
A2 10-31 6.84 3.29 21.99 4.88 6.24 10.90 15.15 0.31 0.67
BC 31-35 9.08 4.40 17.78 413 5.54 6.62 8.70 0.51 0.89
2AB1 35-44 9.52 2.74 25.98 4.37 9.70 8.50 16.46 0.37 0.75
2AB2 44-65 15.73 4.44 31.47 571 15.98 10.37 15.74 0.50 1.23
2Bw 65-80 9.84 5.06 17.39 5.05 7.44 7.46 7.55 0.57 1.00
2Bt 80-100 3.85 2.88 16.20 4.97 4.10 6.09 12.35 0.24 0.48
2BC1 100-120 5.80 4.30 12.17 417 <3.00 4.86 6.37 0.48 0.72
2BC2 120-140+ 419 3.45 11.82 4.00 n.d. 3.99 7.63 0.35 0.55
02 OB 0-20 11.49 4.02 22.76 4.44 8.68 7.46 11.27 0.50 0.98
ABt1 20-60 5.73 3.45 17.01 5.16 n.d. 6.92 11.29 0.34 0.63
ABt2 60-75 248 3.16 12.12 3.17 n.d. 3.84 9.64 0.20 0.44
BC 75-95 8.82 5.40 13.37 3.62 n.d. 457 4.55 0.66 0.98
2AB 95-121 <0.90 1.69 12.70 3.07 n.d. 3.32 n.d. n.d. n.d.
2Btg 121-151 n.d. 0.85 14.35 3.27 n.d. 3.64 n.d. n.d. n.d.
3AB 151-176+ 3.48 2.40 12.14 2.84 n.d. 2.98 8.66 0.29 0.41
03 OA 0-8 7.73 3.39 20.43 4.10 6.21 7.08 12.70 0.38 0.73
OB 8-22 10.11 2.74 30.57 4.25 12.26 9.42 20.47 0.33 0.78
BC 22-44+ 12.92 5.59 22.82 5.53 8.53 6.30 9.89 0.57 121
04 (0] 0-6 8.61 3.13 17.21 3.38 4.58 4.34 8.60 0.50 0.74
OA 6-12 6.48 3.17 22.61 4.85 8.23 8.52 16.14 0.29 0.64
AB 12-27 8.19 4.93 15.70 4.62 5.17 7.58 751 0.52 0.90
Btg 27-54 2.82 2.64 15.57 4,53 <3.00 6.13 12.75 0.18 0.40
Bt 54-80+ n.d. n.d. 14.37 3.68 <3.00 4.52 n.d. nd. nd.
05 (0] 0-3 3.52 2.14 12.02 2.64 n.d. 342 8.49 0.29 0.39
A 3-12 n.d. n.d. 17.52 4.85 <3.00 6.53 n.d. nd. nd.
ABt1 12-28 6.24 271 18.21 3.45 5.63 6.38 11.97 0.34 0.58
ABt2 28-56+ 13.06 3.78 34.13 5.83 13.27 12.09 21.08 0.38 1.03
06 O 0-6 3.52 2.12 13.44 4.02 <3.00 4.58 9.92 0.26 0.39
OA 6-12 10.21 4.53 22.84 4.53 7.15 7.69 12.64 0.45 0.96
2AB1 12-19 12.34 3.28 31.07 5.60 12.72 9.31 18.73 0.40 0.94
2AB2 19-36 10.66 3.73 25.79 5.49 12.63 7.95 15.13 0.41 0.91
2Bwl 36-54 7.28 4.39 19.03 5.72 7.54 9.21 11.76 0.38 0.80
2Bw2 54-63 2.82 2.29 14.45 4.43 <3.00 7.30 11.63 0.20 0.37
2Bw3 63-71 2.55 2.75 14.35 4.25 n.d. 3.92 11.80 0.18 0.40
3AB 71-89+ 5.60 3.77 13.94 3.66 n.d. 452 8.33 0.40 0.66
831

832  Table 2. Ammonium oxalate (Fe,, Al,), dithionite-citrate-bicarbonate (Feq, Alg) and sodium pyrophosphate
833  (Fe,, Aly) extractable Fe and Al in the studied profiles and derivate indices of crystalline iron oxides (Fecy),
834  activity iron index (Fe,/Feq) and podzolization index (Al,+1/2Fe,).

835  <:low values approximate to the minor concentration detectable; n.d.: no data.
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