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A B S T R A C T

The process of podzolization in soils developed from ultramafic materials remains enigmatic, despite a few 
isolated cases described in subalpine areas under particularly acidifying vegetation and wet microclimatic 
conditions. The aim of this study was to elucidate the pedogenic processes operating in Podzols developed under 
humid subalpine vegetation on ultramafic and mafic parent materials in the northwestern Alps. We used clay 
mineralogical and geochemical approaches, also accounting for the possible contribution of aeolian inputs. The 
results indicate that weathering was particularly intense under these subalpine conditions, driven by strong soil 
acidification and resulting in extensive dissolution of serpentine minerals and in the transformation of primary 
Mg-chlorite into Al- and Fe-rich smectites and vermiculites, via intermediate Fe-rich soil chlorites and hydroxy- 
interlayered minerals. Mass balance calculations and chemical weathering indices consistently indicate a high 
degree of weathering and substantial elemental losses associated with podzolization in these subalpine soils. 
During pedogenesis, up to ~ 80% of Mg and Si, ~85% of Ni, and ~ 65% of Cr appear to have been removed from 
the soil profiles.

However, weathering of ophiolitic parent rocks alone cannot fully account for the observed soil geochemistry. 
Aeolian inputs—primarily Saharan dust and possibly minor contributions from late-glacial loess—are required to 
explain the elevated contents of relatively immobile elements, particularly Al, Fe, Zr, and Ti, and these exoge
nous materials likely also influenced the mineralogical composition of the fine soil fractions. These results 
highlight the combined role of intense chemical weathering and external material inputs in the development of 
Podzols on ultramafic substrates under favorable climatic and ecological conditions.

1. Introduction

Chemical weathering, clay mineral formation and pedogenesis on 
ultramafic materials have been intensively studied in many tropical 
regions, mostly because of the economic interest in metal-rich lateritic 
soils (e.g., Nahon et al., 1988, Garnier et al., 2009). In temperate envi
ronments, the number of studies is small, and even smaller in boreal or 
subalpine habitats (e.g. Bulmer and Lavkulich, 1994; Lessovaia et al., 
2016a,b). However, the interest in serpentinite weathering is high, as 
soils formed from ultramafic materials are particularly rich in heavy 
metals and are potentially a source of contamination for surface waters 
and crops. Furthermore, the products of ultramafic weathering vary 
with climate and with additional, more specific pedogenic processes, 

such as e.g. podzolization. Knowing the development traits of clay 
minerals helps understanding metal mobility, potential bioavailability 
and potential ecotoxicological risks (e.g. Caillaud et al., 2009).

Ultramafic rocks are chemically simple: Si, Mg, and Fe (as oxides) 
account for 80–90% of the average composition while Al2O3 and CaO 
are below 1.8% and 0.8%, respectively. However, in temperate climates, 
a large variety of clay minerals has been detected in soils formed from 
these relatively simple rocks, depending on age and site conditions. The 
weathering products are influenced by drainage and topography: well- 
drained upper slopes favor vermiculite, whereas smectites dominate 
under less leaching-dominated conditions (Bonifacio et al., 1997). In 
humid soils, neoformed smectite is thought to be the dominant weath
ering product of serpentine (Rabenhorst et al., 1982, Bonifacio et al., 
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1997), derived from the interaction of antigorite dissolution and Mg- 
and Al-rich chlorites, to form soil chlorite and Fe-rich smectites, with the 
addition of Fe oxy-hydroxides and the release of Mg2+ into solution 
(Ducloux et al., 1976). Thermodynamic modeling indicated that Fe(III)- 
Al hydroxide would be more stable than Mg-hydroxides (in a neutral pH 
range), suggesting that nontronite (Fe-rich smectite) is more stable than 
saponite (Mg-rich smectite). The latter is stable at high pH values and 
humidity (Senkayi et al., 1981). Despite its frequent occurrence, smec
tite formation from serpentine weathering remains enigmatic (Bulmer, 
1992), because of its high structural Al content that stands in contrast to 
the low content of Al in the parent material.

In temperate settings, chlorite is often the only Al-bearing mineral in 
the parent material, derived from chlorite-schist lenses within serpen
tinite bodies (Caillaud et al., 2004, 2006). Therefore, the neoformation 
and development of clay minerals will depend exclusively on Al derived 
from it. Fe and Al contents are usually the highest in surface horizons 
(because of residual accumulation caused by Mg and Si leaching), and 
the clay minerals will be rich in Fe and Al (Fe-rich smectites and 
kaolinite).

Similar weathering patterns occur in boreal and subalpine soils, and 
podzolization has been reported on mafic (Lessovaia et al., 2016b) and 
ultramafic materials (D’Amico et al., 2008), affecting metal dynamics 
and clay mineral formation. If podzolization is active, the mobility of Al, 
Fe and potentially toxic elements is enhanced (e.g. Räisänen et al., 1997; 
D'Amico et al., 2009; Kowalska et al., 2021), even though a part of them 
might then be fixed within spodic horizons. Whichever the pedogenic 
process, the serpentine mineral content increases with depth because of 
its high weatherability under atmospheric conditions, showing an 
opposite trend to that of quartz (Sasaki et al., 1968). This latter accu
mulates residually during ultramafic weathering and its concentration 
increases with respect to the low contents typical of the parent material, 
particularly in surface horizons. Several clay minerals appear in the most 
weathered horizons, such as vermiculite (derived from chlorite weath
ering in E horizons, according to Sasaki et al., 1968), or hydroxy- 
interlayered smectites (HIS) and vermiculites (HIV), chlorite, talc and 
serpentine (in the Bs1 horizon of a cemented Podzol (Bulmer and Lav
kulich, 1994). Often, clay mineralogy indicates a low soil development 
degree: for example, Bulmer et al. (1992) found chlorites, serpentine, 
talc, and only traces of smectites in the finest fraction of ultramafic B 
horizons covered by sialic tephra. In similar Bw-Bs horizons in 
Switzerland, serpentine was the most abundant mineral, with a minor 
contribution of kaolinite, illite, soil chlorites and quartz (Gasser et al., 
1994), evidencing aeolian inputs.

Bulmer (1992), in a review about the weathering of ultramafic rocks, 
showed how at low pH values serpentine minerals tend to dissolve: these 
minerals are stable only in a small range of high pH values and with high 
Mg2+ concentrations in the soil solution (Lindsay, 1979). Hydroxy- 
interlayered minerals form from the weathering of chlorites, while 
serpentine mostly dissolves.

Many of the previously cited references indicate implicitly or 
explicitly that aeolian addition of some components (e.g. Al, quartz in 
the surface horizons) seems necessary to allow such a weathering 
pathway in serpentine soils. Although aeolian silt may inhibit podzoli
zation in some environments (e.g. Musielok et al., 2022), Holocene 
aeolian inputs are necessary to explain the geochemical composition of 
Podzols developed on specific parent materials. Examples include Pod
zols formed on Late Pleistocene aeolian quartz sands in NW Europe (van 
Mourik and de Vet, 2015) and on quartz-rich residua from dolostone 
dissolution (D'Amico et al., 2023), highlighting the widespread influ
ence of aeolian deposition on pedogenesis.

Accordingly, this study aims to test the following hypotheses: a – 
serpentine mineral dissolution and chlorite weathering pathways char
acterize podzolic soils developed on ultramafic materials; b – trace el
ements are mobilized and leached thanks to the podzolization process; 
and c – aeolian inputs play a significant role in controlling the 
geochemistry of these podzolic soils developed on atypical parent 

materials.
To address these objectives, we investigated three subalpine soil 

profiles developed on serpentinite and mafic rocks in the Western Italian 
Alps, chosen from previous studies that have evinced the occurrence of 
podzolization processes (D’Amico et al. 2008, 2009).

2. Materials and methods

2.1. Study area

Three soil profiles (Fig. 1) were described in the Chalamy Valley 
inside Mont Avic Natural Park, a protected ophiolitic area in the Valle 
d’Aosta Region, NW Alps. They were chosen among six previously 
studied and described soils, corresponding to P2, P4 and P6 in D’Amico 
et al. (2008; 2009, Fig. 1). P2 is classified as Albic Ortsteinic Podzol 
(Loamic), P4 and P6 are respectively Hyperdystric Endoskeletic Cam
bisol (Loamic, Protospodic) and Hyperdystric Cambisol (Loamic, Pro
tospodic). In all three profiles podzolization is an active pedogenic 
process. They were under a subalpine Pinus uncinata M. and Larix 
decidua L. forest with understory dominated by Rhododendron ferrugi
neum L. and other Ericaceae. The elevation is between 1830 and 2117 m 
a.s.l., and the slope was exposed to the North; the average yearly tem
perature is between 2◦C and 3◦C (Mercalli and Cat Berro, 2003), and 
average precipitation is around 1000 mm (data derived from the nearby 
weather stations located in Praz Oursie, 840 mm y-1, and in Pontboset, 
1260 mm y-1, to the south, ARPA VDA). Snow cover normally lasts from 
early November to late May. The Chalamy Valley is totally carved into 
ophiolitic rocks, with serpentinite (of antigoritic type) being the most 
common lithology (Dal Piaz et al., 2011). Associated with serpentinite 
there are many 1–5 m thick chlorite-schist and talc-schist lenses, as well 
as metagabbro and amphibolite outcrops in small, separated areas. Local 
Pleistocene glaciers actively mixed the different ophiolitic clasts and 
therefore the parent material of the three soils is glacial till composed of 
ultramafic (serpentinite and chlorite-schist) and mafic rocks (gabbros 
and amphibolites) in different proportions (Table 1). P2 had a parent 
material dominated by mafic rocks (ca. 90%), while P4 and P6 were 
dominated by serpentinite, with only traces of mafic materials. The 
Chalamy Valley was probably free from glacial ice after the LGM (be
tween 22 and 15 ka BP), as shown by pollen records in a peat bog located 
not far from P6 and P4 (Arobba et al., 2016). The full characterization of 
the soil profiles is reported elsewhere (D’Amico et al., 2008) but the 
main chemical properties of the soils are shown in Table S1.

2.2. Field sampling and laboratory methods

The bulk density (BD) of the fine earth (< 2 mm) was measured by 
sampling 2–3 cylinders (100 cm3) from each genetic horizon, after 
subtraction of the volume and the weight of the stone fragments.

The mineralogy of the clay fraction was analysed by X-Ray Diffrac
tion (XRD) on oriented samples, with a Diffractometer X’Pert PRO, Cu 
radiation from 2◦ to 15◦2θ (steps of 0.02◦2θ, 1 s/step). Clay minerals 
were identified by comparing peak position, intensity and shape in the 
XRD patterns obtained after several pre-treatments according to Thorez 
(1975), while the identification of accessory minerals was made 
following the peak positions reported by Brown (1980). Clays were 
separated via centrifugation, after destruction of organic matter with 
diluted H2O2, and removal of Fe-oxides with Na-dithionite-citrate- 
bicarbonate (DCB). After separation, the clay fraction was saturated 
with MgCl2 and then washed until the excess MgCl2 was removed. After 
the XRD analysis on air-dried samples, the Mg-saturated clays were 
solvated using ethylene–glycol (EG) and analysed to detect the presence 
of smectites (partial shift of the 1.4 nm peak towards 1.6–1.7 nm) or 
smectite-vermiculite/chlorite mixed layers (partial shift of the 1.4 nm 
peak towards 1.5–1.6 nm), or smectite-illite (partial shift of the 1.0 nm 
peak towards 1.2–1.3 nm).

Another aliquot of the clay fraction was saturated with KCl, 
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Fig. 1. Location of the studied soils in the NW Alps (a) and the three soil profiles (b-P2, c-P4 and d-P6); their location along the slope is shown in section e.
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following the same procedure adopted for Mg-saturation, and X-rayed. 
After K saturation, vermiculites become visible (migration of part of the 
1.4 nm peak to 1.0 nm). The K-saturated mounts were then heated: at 
350◦C, HI minerals (Hydroxy-Interlayered) appear (decrease of the 1.4 
nm peak intensity and increase of the intensity of the 1.0 nm one). 
Whether HI-minerals were HIV (HI vermiculites) or HIS (HI Smectites) 
was ascertained by comparing the Mg-EG and K-heated samples. Further 
heating to 550◦C allowed to assess the presence of kaolinite, which was 
detected due to the disappearance of the 0.712 nm peak upon heating. 
The serpentine minerals were recognized from the 0.72–0.73 nm peak. 
Peaks were identified with X’Pert Highscore software (2005). Digitized 
X-ray data were smoothed and corrected for Lorentz and polarization 
factors (Moore and Reynolds, 1997). The area underlined by the peak 
line was used for the semi-quantitative clay analysis.

The sand fraction, obtained after wet sieving (> 0.1 mm), was 
analyzed using XRD as well, on powder samples, using the same in
strument as previously described, but scanning the randomly oriented 
samples from 2 to 60◦2θ (steps of 0.02◦2θ, 1 s/step).

Because of the potential presence of Fe-rich chlorite (odd-order 
peaks with decreased intensity upon heating, Wilson, 1987) the pres
ence of kaolinite was also assessed by infrared spectroscopy. The clay 
samples for FT-IR (Fourier Transform Infrared Spectroscopy) were pre
pared as pellets using 1 mg of sample and 150 of KBr heated at 150◦C, 
and spectra were recorded from 4000 to 250 cm− 1. In particular, the 
presence of kaolinite, tri- or di-octahedral occupancies and metal- 
hydroxylic groups were checked on FT-IR spectra of soil clays in the 
OH-stretching region (4000–3200 cm− 1) and in the M− O region 
(900–400 cm− 1), which were normalized using the minimum–maximum 
method and then compared to each other. The evaluation of the FT-IR 
spectra was performed using OPUS 6 software.

Imogolite-type materials (ITM, consisting of imogolite and proto- 
imogolite allophane) were estimated if the Alox-Alp/Siox molar ratio 
was close to 2 (Alox and Siox are oxalate-extractable Al and Si, and Alp is 
pyrophosphate-extractable Al, D’Amico et al., 2008), according to Par
fitt and Henmi (1982): 

ITM=(5 + 2.1*(Alox− Alp)/Siox–1)*Siox                                           (1)

If the ratio is out of the 0.75–2.4 interval, the probability of existence 
of allophanic materials is extremely low (Egli et al., 2006).

Another method used for the assessment of active amorphous ma
terials was the measurement of pH in a 1 N NaF solution, commonly used 
for the analysis of soils having andic properties: if the value is above 9.5, 
the presence of short range ordered materials is confirmed (Burt, 2004).

Magnetite was approximately quantified in the different horizons: 
8–10 g of dry soil were crushed to a particle size smaller than fine sand 
and put on large glass plates where magnetite was removed with a hand 
magnet, cleaned and weighted. The process was replicated at least 5 
times on each sample.

The elemental composition of some rock samples and of all genetic 
horizons was determined with XRF on pulverized samples (Spectro X-lab 
2000).

2.3. Weathering and mass balance calculations

Mass transport calculations were performed according to the equa
tions proposed by Egli and Fitze (2000): 

τj,w=(Cj,wCi,p/Cj,pCi,w)-1                                                                 (2)

where:
τj,w: function of mass transport in the open system of j element, in the 

weathered material w;
Cj,w: concentration of the j element in the weathered material w;
Ci,p: concentration of the stable element i in the parent material p;
Cj,p: concentration of the j element in the parent material;
Ci,w: concentration of the stable i element in the weathered materials.
The strain (volume change in going from the morainic parent ma

terial to pedogenic horizons) was also calculated, hypothesizing a BD for 
the parent till equal to 1.80 g cm− 3 (Musso et al., 2019), using the 
equation proposed by Chadwick et al. (1990): 

Ɛi,w=(ρpCi,p/ρwCi,w)-1                                                                    (3)

where:
Ɛi,w: strain (volumetric change);
ρp: bulk density of the parent material;
ρw: bulk density of the soil horizons;
Ci,p: concentration of the stable element i in the parent material p;
Ci,w: concentration of the stable element i in the soil horizon;
Zr was taken as the stable element in the calculations, as Ti, although 

present in higher concentrations, is weakly mobile in acidic soils and in 
presence of chelating agents (Aide and Smith-Aide 2003). The C horizon 
is usually considered the parent material (Egli et al. 2006), but in this 
case a true C horizon was not sampled, because of the presence of hard 
rock (P6, P4) or pedogenic cementation (P2). The lithology of stone 
fragments (> 5 mm) of the deepest horizons was thus used to obtain the 
lithological composition (and thus the geochemical composition) of the 
original parent material of each soil profile, as in D’Amico et al. (2008).

To check whether aeolian additions have played some role in the 
mineralogical composition of the soils, the mass transport evaluation 
was also performed by including a potential contribution of Saharan 
dust to the soil parent material. Saharan dust was likely the dominant 
aeolian input in Central Europe throughout the Holocene (Stuut et al., 
2009). Other potential dust sources, such as Late-glacial Alpine loess (e. 
g. Gild et al., 2018; Serra et al., 2020), cannot be excluded but no well- 
preserved layers of such materials have been identified in the NW Italian 
Alps. Tephra can also be ruled out: although volcanic ash from the 
Laacher See eruption (~13 ka BP) has been detected in lake varvae in 
the Alpine range (Finsinger et al., 2011), its contribution is minimal and 
considered almost negligible in terms of total aeolian inputs to soils 
(Mileti et al., 2013). The Saharan dust composition was obtained by 
averaging values from multiple sources (Goudie and Midleton, 2001; 
Moreno et al., 2006; Di Mauro et al., 2019; Scheuvens et al., 2013). Its 
input to soils in the Italian Alps was estimated from D’Amico et al. 
(2023), who calculated 86–146 kg m− 2 of dust deposited during the 
Holocene in Podzols developed on dolostone in the Lombard Prealps. 
Considering the drier conditions of the Aosta Valley, which limit wet 
deposition, a conservative input of 60 kg⋅m− 2 was used. This amount 
agrees with Varga et al. (2016) who calculated Saharan dust inputs as ca. 
4 g m− 2 yr− 1 in Hungary, equal to ca. 41 kg m− 2 during the Holocene. A 
much higher value (160 kg m− 2) of Saharan dust can be calculated from 
the data shown by Styllas et al. (2023) in Greek mountains, located in a 
much more southerly location. An aeolian input of 60 kg m− 2 corre
sponds to ca. 20% of the total fine earth material, with slight variations 
among the six profiles, when the total mass of the fine earth was 
calculated from bulk density, thickness and stoniness of the different 

Table 1 
Main topographic characteristics and lithological composition of the coarse fragments (%) in the deepest genetic horizon of each soil (> 5 mm).

Pedon Slope % Elevation 
m a.s.l.

Serpentinite Metagabbro Prasinite Amphibolite Chlorite schist

P2 25 1830 10 80 7 2 1
P4 20 1975 80 10 1 3 6
P6 18 2117 85 4 10 0 1
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horizons. Element balance, considering both dust inputs and parent rock 
weathering, was therefore also computed using a mixed parent material 
comprising 80% mafic or ultramafic rocks and 20% Saharan dust. The 
composition of this mixed parent material was calculated following 
Lawrence et al. (2013): 

Cjm=Cjd fd + Cjr(1-fd)                                                                     (4)

Where:
Cjm is the concentration of element j in the mixed parent material;
Cjd isn the concentration of element j in the dust;
fd is the mass fraction of dust in the fine earth fraction;
Cjr is the concentration of element j in the parent rock.

3. Results

3.1. Parent material characterization

The diffraction patterns of unweathered serpentinite fragments 
showed that this rock was composed mostly of antigorite, with small 
quantities (up to 3–4%) of magnetite and chromite (small peak at 0.252 
nm and quantified after extraction with a hand magnet from the pul
verized samples) (Fig. S1a, in Suppl. Mat.). The chlorite peaks (Fig. S1b) 
showed similar intensities of the odd and even order peaks. Only a small 
reduction in intensity was visible after heating, suggesting a primary 
Mg-rich, Fe-poor chlorite. In this mineral, Fe is usually well inserted in 
the 2:1 octahedral sheet, while Mg is situated in a more labile hydroxylic 
layer (Herbillon and Makumbi, 1975). Al is typically in the stable layers.

According to the XRD analysis (Fig. S1c), metagabbros were mostly 
composed of amphiboles (actinolite, 0.88 nm, and glaucophane at 0.83 
nm), plagioclase (0.32 nm), chlorites, with minor quartz. Chlorite was 
similar to the one in the chlorite-schists (clinochlore), and it was prob
ably particularly rich in Cr (Table 2).

The sand fraction of the different soil horizons, representing more 
than 50% of the soil material in mafic P2 and much less in the serpentine 
soils P4 and P6, showed the presence of mafic and ultramafic minerals in 
different proportions; quartz was usually in higher concentrations in 
surface horizons, together with hydrobiotite, while serpentine tended to 
be more concentrated in the deepest ones (Table 2).

3.2. Mineralogy of fine earth materials

3.2.1. XRD analysis of the clay fraction
Profile P2 (Table 3) displayed the typical clay mineralogical 

composition of Podzols (e.g. Egli et al., 2008), with the addition of small 
quantities of serpentine. Every horizon was characterized by a distinct 
clay assemblage compared to the ones above and below. In the least 
weathered BCsm horizon (Fig. S2a) only primary minerals (Chlorite – 

1.41 nm, amphiboles – 0.83 nm, serpentine – 0.73 nm, talc – 9.3 nm, and 
traces of micas – 9.9 nm) were present. Chlorite closely resembled the 
primary mineral, with a slight Fe enrichment indicated by a minor 
decrease in secondary peaks after heating. The overlying Bsm horizon 
(Fig. 2c) had a similar clay mineralogy, but chlorite was richer in Fe 
evidenced by the strong reduction of the secondary peaks in 550◦C 
heated samples. In addition, HIV was detected by the appearance of a 
peak at 1.02 in samples heated at 550◦C. In the Bs horizon (Fig. 2b), 
slightly weathered minerals dominated over their pedogenic products: 
Fe-chlorite was the most common, followed by HIV and vermiculite. 
Large quantities of plagioclases and amphiboles were detected as well. 
The E horizon had a very different mineralogical composition, con
taining large amounts of smectites, vermiculites, HIV and Fe-chlorite 
(Fig. 2a).

The serpentinitic soils P4 and P6 (Table 3) exhibited extensive clay 
mineral weathering and transformation even in deep horizons. In the P4- 
Bs2 (Fig. S2b) and P6-Bs (Fig. 2i) horizons, serpentine minerals co- 
occurred with abundant pedogenic minerals, including smectite- 
chlorite intergrades (peak at 1.55 nm in EG-saturated samples), 
vermiculite, and HIV. Thin reddish films on stone fragments (D’Amico 
et al., 2008) indicated Fe-oxyhydroxide and clay illuviation. P4-Bs1 
(Fig. 2f) was more weathered, and smectites were found. A, AE and E 
horizons had smaller serpentine amounts and a higher smectite, 
vermiculite and HIV content compared to the deeper horizons.

Kaolinite was detected in all horizons, except P2-BCsm. As its 001 
peak overlaps the 002 of chlorite, together with the very strong reduc
tion in intensity of the former in heated samples, its quantification will 
be treated in the section 3.2.4. Illite/mica was not detected in the Bs 
horizon of P6 in the other samples, its peak shifted from ca. 1.0 nm in the 
Bs horizons to 1.04 nm in A or E horizons. Quartz occurred in small 
amounts in all horizons (not shown). Talc was widespread, often more 
concentrated in the most weathered A, AE, E, and top Bs horizons. 
Lepidocrocite was present in all horizons except E (not shown).

3.2.2. Magnetic minerals
The A and/or Bs horizons of soils developed from serpentinite had 

the highest contents of magnetic minerals, either magnetite, chromite 
and/or intermediate spinels (Table 3). A strong weathering of these 
resistant minerals was shown by the great decrease in abundance in E 
horizons. The trend was the same for primary minerals in the clay 
fraction.

3.2.3. Imogolite-type materials
ITM (imogolite-type materials, including allophane, imogolite and 

proto-imogolite) are often found in podzolic soils. In P4 and P6, the (Alo- 
Alp)/Sio molar ratio (Parfitt and Hemni, 1982) was well below 2 
(D’Amico et al., 2008), suggesting that these materials should not be 
present in a significant amount. In the Bsm and BCsm horizons of P2, the 
equation gave around 1.8 and 1.2% for ITM, suggesting the presence of 
ITM minerals. Moreover, in the same horizons, pH (NaF) was above 
10.6, which clearly demonstrated the presence of short range, imogolite- 
type materials.

3.2.4. FTIR measurements on the clay fraction
In all profiles, kaolinite was identified by the strong reflectance peaks 

at 3695 cm− 1 and 3620 cm− 1, with the highest contents in E horizons 
and much lower ones in Bs ones (Table 4). The Bsm horizon of P2 and 
Bs2 of P4 contained little kaolinite (Fig. 3a, c), but its presence was 
confirmed by the peak at 916 cm− 1 (Egli et al., 2001a), consistently 
visible though less intense in the same horizons.

Antigorite (absorption peak at 3671 cm− 1, Post and Borer, 2000) was 
abundant in the Bs horizons of P4 and P6 but not detected in A and E 
horizons, and the diagnostic peak was very weak in the deeper horizons 
of P2.

The strong reflectance peaks at ca. 3450 and 3620 cm− 1 may 
correspond to interlayered Al hydroxides, with 3620 cm− 1 also 

Table 2 
Proportion of the sand fraction and its semiquantitative mineralogical compo
sition, derived from XRD analysis of the crushed coarse sand fraction. S =
serpentine (mainly antigorite), C = chlorite, A = amphiboles (tremolite, actin
olite), Q = quartz, P = plagioclase (albite), T = talc, M = micas, IB = hydro
biotite, Px = pyroxenes. Trace minerals are shown in brackets.

Pedon Horizon Sand % Minerals

P2 E 51.2 C > P > Q≫(IB = M = T=S))
Bs 57.5 C≫>≫S > P = A>>(T = M)
Bsm 68.2 P=C > S > A≫(T > M)
BCsm 71.9 P=C > S > A≫(T > M)

P4 A 40.7 S≫Q > C>(M = T = A)
E 25.2 S≫Q≫(C > M > A = IB > T)
Bs1 40.9 S≫>≫(C = Q>>M = T = A)
Bs2 58.2 S≫>≫>(C = Q > M = T = A)

P6 AE 43.8 S≫C = A > Q > P≫(T > M = IB=Px)
E 24.9 S > C = A > Q > P≫(T > M = IB=Px)
Bs 49.6 S≫C = A≫P≫(Q = M > Px)
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attributable to kaolinite (Egli et al., 2006), while the 3390 and 3525 
cm− 1 peaks were not visible. These peaks were more pronounced in E 
than in A or Bs horizons in all profiles and were almost not detectable in 
deep P2Bsm (Table 4).

The band at 3680 cm− 1 appeared only in deep Bs horizons on ser
pentinite (P4 Bs2 and P6 Bs), confirming the scarcity of Mg-trioctahedral 
occupancies in highly weathered horizons (vMg3OH, Caillaud et al., 
2004).

In P4 and P6, the difference in the OH bending region (650–950 
cm− 1) indicated a differential mineral weathering between horizons, 
The band at 650 cm− 1, indicative of octahedral Fe and Mg substitutions 
in 2:1 phyllosilicates, was weakly detectable only in Bs horizon in P6. 
The absorption bands at 830 cm− 1 (AlMgOH) and 786 cm− 1 (MgFeOH) 
decreased from the most weathered (E) to the least weathered (Bs, A) 
horizons. Higher quantities of Si-Al-O groups and quartz (779, 799 
cm− 1) were evident in E horizons compared to Bs.

3.3. Geochemistry and mass transport calculations

The elemental composition of the fine earth samples distinctly 
differed from the parent material in all pedons (Table 5). In particular, 
the Ti/Zr ratio, which can indicate discontinuities or allochthonous 
materials (Munroe et al., 2024), remained relatively constant across 
soils and horizons, but was an order of magnitude higher in the parent 
material than in soils, with the lowest values in the E horizons.

Compared to the whole fine earth, the clay fraction showed a lower 
concentration of Mg, particularly in the deepest horizons (Table 5). Si 
did not show significant differences, while Al had higher concentration 
in P4 and lower in the others. Fe had higher concentrations in clays, as 
well as K, Ti and Zr.

Calculating the open-system mass transfer function τ based on the 
parent material composition (Table 3) and on the immobile element Zr 
revealed clearer weathering trends (Table 6). Despite uncertainties in 
estimating the precise parent material composition from the coarse 
fraction of the least weathered horizons, τ was negative for most ele
ments, with Mg and Si showing the lowest values, which means they 
underwent the largest leaching losses. Al, Fe and Ca in P6 had slightly 
less negative functions. Al was residually enriched relative to Si (less 
negative τ), in the most weathered horizons on serpentinite, but not on 
mafic rocks, while Fe, Cr and Ni were more strongly leached on ser
pentinite. The volumetric strain Ɛ was strongly negative, evidencing 
collapse of the material during pedogenesis.

If the presence of allochthonous materials is considered, the mass 
balance calculations deeply changed. Considering the addition of 60 kg 
m− 2 of Saharan dust, the modified *τ remained negative for most ele
ments except in the deepest spodic horizons (Table 7). The *τ-values for 
Al2O3 and Fe2O3 were often positive, though lower in the E horizons 
than in other layers. The values for Ti were near zero in P2 and P4, while 

they remained strongly negative in P6. The volumetric strain was posi
tive in P2 and in some horizons in P4 (indicating expansion) but stayed 
negative in most horizons of P4 and P6, with minimum values in E 
horizons.

4. Discussion

4.1. Soil mineralogy and weathering trends

Mineralogical properties confirmed the aggressive pedo- 
environment associated with the peculiar podzolization on ultramafic 
materials (D’Amico et al., 2008). Podzolization is indeed linked to very 
low pH values, high exchangeable acidity, and intense water fluxes, as 
well as to a vegetation cover dominated by Ericaceae and conifers. This 
plant assemblage produces strongly acidifying litter and is typically 
associated with mycorrhizal, “rock-eating” fungi (Van Breemen et al., 
2000). Dissolution is the dominant process affecting serpentine minerals 
(Dixon, 1989; Lee et al., 2003; Schreier et al., 1987), explaining the 
extreme Mg and Si losses and the marked reduction of serpentine in the 
clay fraction from the least to the most weathered soil horizons. FTIR 
and XRD analyses confirmed the near-complete serpentine disappear
ance from the clay fraction in the most weathered horizons, leaving 
residual chlorite or other Al-rich phyllosilicates. In temperate environ
ments, ultramafic rocks usually weather to oxidic rather than clay sili
cate materials thanks to the predominant dissolution of serpentine 
minerals and the residual concentration of metal oxides (Buurman et al., 
1988). In the studied subalpine soils, podzolization removed the oxides 
from near-surface horizons, enabling the formation of an E horizon. 
Consequently, most clays found in serpentine soils in subalpine habitats 
derive from the transformation of primary trioctahedral chlorites into 
dioctahedral smectite, vermiculite and hydroxy-interlayered minerals 
(Buurman et al., 1988), following the typical chlorite weathering 
pathway in Podzols (Carnicelli et al., 1997; Mirabella and Egli, 2003).

The first processes affecting primary Mg-rich trioctahedral chlorite 
(clinochlore) is Fe oxidation, which disrupts the mineral structure and 
causes the loss of the Mg-rich brucitic interlayer sheet. The free inter
layer space becomes accessible to Al (and Fe, in Fe-rich soils) deposition. 
Mg may also be leached from the 2:1 octahedral sheet and replaced by Al 
(Carnicelli et al., 1997; Mirabella and Egli 2003). These transformations 
mark the onset of the trioctahedral-to-dioctahedral transition. XRD an
alyses confirmed the early transformation of primary Mg-rich chlorites 
into pedogenic Fe-rich chlorite in the studied mafic and ultramafic soils. 
In the deepest BCsm horizon of profile P2, chlorite showed a pattern 
similar to the primary, Mg-rich one (detected in both chlorite-schists and 
gabbro), while in the overlying Bsm and most Bs horizons, heating to 
550◦C caused secondary peaks to nearly disappear and increased the 
differentiation between 001, 003, 005 and 002, 004 peaks (Fig. 2, 
Fig. S1). This indicated Fe enrichment in weathered, or pedogenic, 

Table 3 
Semi-quantitative composition of the clay fraction of the studied soils (****>50%, ***25–50%, **12–25%, *5–12%, +++3–5%, ++1–3%, + <1%) and magnetic 
mineral content (%) in the studied soil horizons.

Pedon Hor. * Serp Chl Smect. HIS Verm. HIV Amph Plg. Mica/ 
illite

Kao. Talc Qtz Lep. Magnetic 
Minerals (%)

P2 E + * ** n.d. * ** n.d. n.d. + +++ + + n.d. 0.92
Bs +++ *** n.d. n.d. * ** + ++ + * ++ ++ + 0.86
Bsm ** *** n.d. n.d. n.d. * ++ ++ + *** + ++ + 0.80
BCsm ** **** n.d. n.d. n.d. n.d. * * + n.d. ++ ++ + 1.30

P4 A ** * ** n.d. ** n.d. n.d. n.d. ++ ** * * ++ 4.20
E ** * *** n.d. + ** n.d. n.d. +++ * ++ ++ + 2.57
Bs1 ** ** ** n.d. ** ** n.d. n.d. +++ * ++ ++ ++ 4.10
Bs2 *** ** n.d. ** * ++ n.d. n.d. ++ ** + ++ +++ 5,45

P6 AE ** ** ** n.d. *** ++ n.d. n.d. +++ * +++ ++ + 1.42
E ** ** *** n.d. +++ n.d. n.d. n.d. ++ ** +++ ++ + 1.03
Bs *** *** n.d. * +++ * + n.d. n.d. ++ ++ + * 4.09

*Serp: serpentinite; Chl: chlorite; Smect: swelling mineral after EG solvation; HIS: hydroxy-interlayered chlorite-smectite (swelling to less than 1.6 nm after EG sol
vation); Verm: vermiculite; HIV: hydroxy-interlayered vermiculite; Amph: amphiboles; Plg: plagioclase; Kao: kaolinite; Qtz: quartz; Lep: lepidocrocite.
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chlorites (Wilson, 1987). Iron and/or Al occupying vacant positions 
likely originated from weathering driven by complexing organic acids 
produced by subalpine vegetation.

In the Bs horizons, hydroxy-interlayered minerals and vermiculite 
appeared, which represent the second step in chlorite weathering 
(Fig. 2). Trioctahedral occupancies were still common, according to the 
IR spectra (Fig. 3). On serpentinite, smectites (P4Bs1) and chlorite- 
smectite interlayered minerals (P4Bs2 and P6Bs) indicated intense 
leaching, typical for E horizons (Egli et al., 2001a).

In the most weathered E horizons, significant Mg depletion from the 
clay mineral structure led to the abundance of dioctahedral vermiculites 
and smectites. The presence of Al- and Fe-rich smectites (beidellites and 

montmorillonites) is likely, based on mass balance calculations and on 
clay fraction composition (Table 5). As Mg and Si are usually strongly 
leached, Al tends to accumulate residually in the < 2 mm fraction in 
highly weathered horizons on ultramafic materials (Bonifacio et al., 
1997; Bulmer, 1992; Kierczak et al., 2007; Lee et al., 2003; Noack and 
Colin 1986; Rabenhorst et al., 1982). This accumulation reflects the 
greater stability of Al-bearing minerals such as chlorite (and its weath
ering derivatives) and amphiboles compared to serpentine. The rela
tively constant Al content with depth is explained by its incorporation in 
primary Mg-chlorites and their weathering products, including Fe- 
chlorites, hydroxy-interlayered minerals (HIS, HIV), smectites, and 
vermiculites (Caillaud et al., 2006).

Fig. 2. XRD diffraction patterns of the clay fraction of selected horizons. In each graph, from the bottom line to the top one, are shown: Mg-saturated clay, clay 
samples after ethylene glycol solvation, K-saturated clays, and clays after heating to 335◦ and 550◦C. Only the section between 3 and 13.5 ◦ 2ϑ is shown, where the 
001 and 002 peaks of most clay minerals are observed
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The weathering end-product of chlorite is probably kaolinite, which 
was detected by both XRD and IR spectra, particularly in E and AE ho
rizons. Smectite (particularly beidellite) transformation into kaolinite in 
acidic soils was demonstrated by Karathanasis and Hajek (1983) and 
supported by Spinola et al. (2022), while others (e.g. Mirabella and Egli, 
2003) stated that the rare occurrence of kaolinite in podzolic E horizons 
is owing to the young age of Alpine soils and not primarily due to 
thermodynamic limitations. In the mafic profile P2, the appreciable 
concentrations of kaolinite also in deeper horizons could be due to 
plagioclase weathering (Egli et al., 2001a).

Serpentine soils are often characterized by the presence of Mg- 
smectites, particularly in concave topographic positions, formed by 
neogenesis from the ions derived from mineral dissolution upstream 
(Bonifacio et al., 1997; Bani et al., 2014). In the studied soils, because of 
the ongoing podzolization, Mg and Si are easily leached out of the 
profiles (as demonstrated by mass transfer functions), while some Al is 
deposited in deeper illuvial Bs horizons. Thus, the presence of smectite 
can only be related to the weathering processes of Al-bearing minerals 
(as normally happens during podzolization).

Talc and spinels are other common rock-forming minerals in ser
pentinites worldwide. Talc had the highest concentration in the most 
weathered horizons. This might be caused by the lower octahedral to 
tetrahedral ratio slowing down its dissolution in acidic environments 
(Ducloux et al., 1976; Lin and Clemency, 1981; Bales and Morgan, 1985; 
Freyssinet and Farah, 2000) and, thus, increasing its residual concen
tration in the most weathered layers. Resistant magnetite and chromite 
(and possible intermediate forms) had an opposite trend, with the lowest 
contents in the most weathered horizons. Their dissolution has been 
demonstrated in hydromorphic soils (Fisher et al., 2008), but there is no 
evidence in literature of their weathering in extremely acidic podzolic 
soils because of low pH values and / or chelating organic acids.

The cementing agent of the deep Bsm and BCsm horizons in the mafic 
profile P2 was probably composed of ITMs (Pilar et al., 2024), produced 
by the dissolution of easily weatherable mafic and ultramafic primary 
minerals and the consequent Si release in solution. Mass balance cal
culations also showed that Si was accumulated in these cemented ho
rizons (Table 6).

Thus, clay mineralogy is well in agreement with the podzolic 
weathering and leaching trends in these ophiolitic soils.

However, the abundance of quartz and mica/illite might indicate the 
presence of allochthonous materials, as mafic and ultramafic rocks host 
only trace amounts of such minerals. Although the strong weathering 
environment does not allow the persistence of typical clay minerals 
deriving from Saharan dust, such as palygorskite and calcite (Guerzoni 
et al., 1997, Rodriguez-Navarro et al., 2018), some of the detected 
kaolinite might have an aeolian origin as well.

4.2. Aeolian inputs and weathering trends

As shown in the previous sections, mass balance calculations reveal 
extreme leaching of most elements, with Mg and Si losses reaching 
67–99% (Table 6). Even Al, despite its higher concentration in the soil 
than in the parent material, showed substantial depletion when 
compared to Zr (Table 6). Such element losses would have given rise to a 
significant topographic lowering (up to 8 m) since the end of the 
Pleistocene glaciation; these values would be comparable to the ones 
measured in Podzols on dolostone (D'Amico et al., 2023). However, it 
seems highly unlikely that a surface lowering of 8 m has taken place 
since the surface became ice-free (about 15–18 ka). By contrast, podzolic 
soils on sialic materials typically show much lower element losses 
(40–60% for Mg, Egli et al., 2006). Very high losses of dissolved mate
rials (up to 64%) have been observed also by other authors in less 
extreme edaphic conditions, such as the serpentinitic outcrops in 
Maryland (Cleaves et al., 1974), or even close to 100% in 1 Ma old soils 
on basalt in Hawaiian topsoils (Porder et al., 2007). High dissolved Si in 
leachates below podzolic E horizons has been measured by Ugolini et al. 
(1977), implying large Si losses. The extreme values in our soils are 
consistent with their high Zr content, which is 3 orders of magnitude 
higher than in the parent material. Without considering external inputs, 
it is hard to believe in such values. In fact, stable element ratios (Table 6) 
suggest substantial dust input. In particular, the Ti/Zr ratio in the soils 
was an order of magnitude lower than in the parent rock but closely 
matched reported the values for dust (Goudie and Midleton, 2001; 
Moreno et al., 2006; Di Mauro et al., 2019; Scheuvens et al., 2013). In 
the clay fraction, the Ti/Zr ratio was nearly identical to that of Saharan 
dust.

In fact, Saharan dust deposition has occurred for thousands of years, 
at least since the desertification of the Sahara Desert around 5000–4200 
BP (Kröpelin et al., 2008; Boxleitner et al., 2017). Saharan dust contains 
on average 324 mg kg− 1 Zr (Moreno et al., 2006), two to three orders of 
magnitude higher than the parent material of the studied soils. Zr losses 
in the soil profiles can be excluded, as all other elements were less 
enriched, and even the slightly more mobile Ti showed an order of 
magnitude lower enrichment than Zr.

Assuming 60 kg m− 2 of Saharan dust inputs over 5–8 ka, equal to ca. 
20% of the soil mass, mass transfer functions became less negative, or 
even positive for some elements in specific horizons. The obtained τ 
values agree with the intense podzolization processes, marked by 
maximum mass losses in E horizons and some accumulations in Bs ones, 
particularly Al in P2, Fe in P2 and P4, and almost no net Si loss from 
cemented P2 Bsm, in agreement with the presence of illuvial amorphous 
silica or ITMs as cementing agent (Alexander et al., 1994). Estimated 
fine earth losses amount to 39 kg m− 2 in mafic P2 and 175–170 kg m− 2 

in ultramafic P4 and P6, corresponding to ~ 13% and 70–73% of fine 
earth removal since postglacial soil formation. These amounts agree 

Table 4 
Main ftir bands observed in the analyzed soil samples and reference (+++ strong absorption peak, ++ moderate peak, + small peak,− trace).

Band 
cm− 1

Mineral/group Reference P2 E P2 Bs P2 Bsm P4 A P4 E P4 Bs2 P6 E P6 Bs

3695 Kaolinite Egli et al., 2001a +++ +++ + +++ +++ ++ +++ ++

3680 Mg-trioctahedral occupancy Caillaud et al., 2004 n.d. n.d. n.d. − n.d. +++ n.d. +++

3671 Antigorite Post and Borer, 2000 n.d. − + n.d. n.d. ++ n.d. ++

3620 Kaolinite Egli et al., 2001a +++ +++ +++ +++ +++ ++ +++ +++

3620 Interlayer Al-hydroxides Egli et al., 2006 +++ +++ +++ +++ +++ ++ +++ +++

3525 Interlayer Al-hydroxides Egli et al., 2006 n.d. n.d. n.d n.d. n.d. n.d n.d. n.d
3450 Interlayer Al-hydroxides Egli et al., 2006 +++ +++ n.d. ++ ++ ++ +++ ++

3390 Interlayer Al-hydroxides Egli et al., 2006 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
916 Kaolinite Egli et al, 2001a +++ +++ ++ ++ ++ n.d. ++ +

830 δAlMgOH Egli et al, 2001a − − − − − − − −

786 δFeMgOH Egli et al, 2007 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
799 Si-Al-O and quartz Egli et al., 2007 +++ +++ +++ ++ ++ + +++ ++

779 Si-Al-O and quartz Egli et al., 2007 ++ ++ ++ ++ ++ + ++ +

650 Fe/Mg octahedral substitution Egli et al., 2006 n.d. n.d. n.d. n.d. n.d. n.d. n.d. −
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Fig. 3. OH stretching and bending region of the different horizons in the different soil profiles, min-max-normalized. Some reflectance bands, characteristic for clay 
minerals, are shown. On the left, the OH-bending region, on the right the OH-stretching region.

M.E. D’Amico et al.                                                                                                                                                                                                                            Geoderma 468 (2026) 117772 

9 



Table 5 
Elemental composition of the parent material as calculated from the coarse fraction composition (D’Amico et al., 2008) in the least weathered horizon, ratio between 
element concentration in the horizon and in the parent material (expressed as %), ratio between immobile Ti and Zr. *: Saharan dust composition is averaged from 
several works (Goudie and Middleton, 2001; Moreno et al., 2006; Di Mauro et al., 2019; Scheuvens et al., 2013).

MgO Al2O3 SiO2 K2O CaO MnO Fe2O3 P Ni Cr Ti Zr Ti/Zr

​ % % % % % % % mg kg− 1 mg kg− 1 mg kg− 1 mg kg− 1 mg kg− 1 ​
Rock samples
Serpentinite 41.89 0.64 42.44 0.00 0.05 0.11 11.90 4.2 1325 4532 11.7 0.09 130.2
Chloriteschist 32.05 27.93 31.48 0.01 2.13 0.11 12.98 55.3 1274 2383 154.4 1.75 88.2
Metagabbro 15.60 15.7 46.10 0.03 10.50 0.06 4.30 106.6 310 2654 1299.6 7.15 181.8
Metabasalt 18.20 10.6 42.40 0.02 7.60 0.21 10.6 238.5 284 506 17696.2 71.55 247.3
Amphibolite 31.00 11.8 36.20 0.01 7.80 0.17 7.80 86.0 1389 860 275.0 1.75 157.1
Parent material
P2 36.32 5.86 46.78 0.03 3.62 0.10 6.16 0.02 895.6 2375.9 873.9 4.55 191.9
P4 41.65 3.43 46.03 0.03 1.58 0.11 6.47 0.01 1076.4 2525.4 473.4 2.69 176.2
P6 42.00 2.29 46.46 0.03 1.37 0.13 6.94 0.02 1046.9 1485.7 2082.9 9.13 228.2
Saharan Dust
​ 3.21 14.49 61.89 2.74 8.96 0.07 6.64 0.11 36.5 128.2 6641.5 270.9 24.5
Element concentration in soil horizons
P2E 15.74 16.19 54.61 0.60 6.85 0.07 4.80 0.01 375.9 974.5 2768.6 87.7 31.6
P2Bs 18.04 17.47 48.48 0.59 5.75 0.08 8.92 0.03 474.8 1200.5 3025.2 78.8 38.4
P2Bsm 20.50 19.09 45.66 0.68 4.88 0.08 8.58 0.03 726.2 1302.3 2383.1 71.9 33.2
P2BCsm 21.90 17.26 46.31 0.28 7.03 0.07 6.36 0.02 672.6 1126.4 1470.0 31.3 46.9
P4A 30.15 7.62 47.79 0.80 0.92 0.22 11.66 0.05 1268.9 3317.4 2603.0 73.8 35.3
P4E 26.74 8.83 52.62 1.03 1.17 0.11 8.73 0.03 684.5 2794.4 3261.2 133.9 24.4
P4Bs 30.70 6.88 48.62 0.81 1.16 0.13 10.97 0.02 925.2 2980.9 2491.8 93.8 26.6
P4CBs 32.63 6.32 47.47 0.68 1.25 0.15 10.79 0.03 962.9 3065.8 2296.1 73.6 31.2
P6AE 20.50 11.26 55.71 1.00 3.76 0.11 6.88 0.03 394.3 1614.2 4731.8 176.2 26.9
P6E 20.68 10.54 56.31 0.90 4.50 0.10 6.25 0.02 375.5 1527.3 4418.3 185.1 23.9
P6Bs 27.25 8.58 48.90 0.34 4.76 0.12 9.38 0.02 644.2 2049.0 3248.1 95.9 34.2
Element concentration in the clay fraction
P2E 7.26 12.89 54.51 1.37 2.62 0.13 9.72 − − − 5420 244 22.2
P2Bs 6.37 13.73 57.90 1.52 2.50 0.10 8.74 − − − 5720 259 22.1
P2Bsm 7.69 13.74 54.28 1.32 2.16 0.13 11.66 − − − 5870 370 15.9
P2BCsm 6.29 15.87 51.67 1.83 1.90 0.21 12.05 − − − 6340 267 23.8
P4A 7.37 15.11 51.04 1.67 2.21 0.22 12.57 − − − 5910 200 29.5
P4E 9.31 13.94 48.53 1.43 2.63 0.27 13.64 − − − 5430 163 33.4
P4Bs 11.42 12.45 44.27 1.19 2.91 0.30 16.92 − − − 4970 163 30.5
P4CBs 25.41 4.58 40.99 0.13 2.46 0.21 12.39 − − − 1580 145 10.9
P6AE 25.53 3.97 42.47 0.09 1.89 0.22 13.30 − − − 1290 143 9.0
P6E 11.67 11.78 45.17 0.84 2.49 0.27 16.31 − − − 4270 155 27.5
P6Bs 21.23 7.75 40.24 0.34 1.86 0.27 15.63 − − − 2580 147 17.6

Table 6 
open system mass transport functions (τZr) and volumetric strain ƐZr of the main elements in the three studied soils, based on immobile Zr. BD: Bulk density, g cm− 3.

τZr MgO Al2O3 SiO2 CaO Fe2O3 P2O5 Ni Cr BD Ɛ Zr

P2E − 0.98 − 0.86 − 0.94 − 0.90 − 0.96 − 0.95 − 0.98 − 0.98 0.96 − 0.91
P2Bs − 0.97 − 0.83 − 0.94 − 0.91 − 0.92 − 0.89 − 0.97 − 0.97 1.21 − 0.92
P2 Bsm − 0.96 − 0.79 − 0.94 − 0.91 − 0.91 − 0.88 − 0.95 − 0.97 1.25 − 0.92
P2 BCsm − 0.95 − 0.75 − 0.92 − 0.62 − 0.92 − 0.90 − 0.95 − 0.96 1.31 − 0.89
P4AE − 0.97 − 0.92 − 0.96 − 0.98 − 0.93 − 0.86 − 0.96 − 0.95 0.88 − 0.93
P4E − 0.99 − 0.95 − 0.98 − 0.99 − 0.97 − 0.95 − 0.99 − 0.98 0.77 − 0.96
P4Bs1 − 0.98 − 0.94 − 0.97 − 0.98 − 0.95 − 0.95 − 0.98 − 0.97 1.22 − 0.96
P4Bs2 − 0.97 − 0.93 − 0.96 − 0.97 − 0.94 − 0.93 − 0.97 − 0.96 1.42 − 0.96
P6AE − 0.97 − 0.75 − 0.94 − 0.86 − 0.95 − 0.90 − 0.98 − 0.97 0.68 − 0.87
P6E − 0.98 − 0.77 − 0.94 − 0.84 − 0.96 − 0.94 − 0.98 − 0.97 0.98 − 0.92
P6Bs − 0.94 − 0.64 − 0.90 − 0.67 − 0.87 − 0.91 − 0.94 − 0.92 1.12 − 0.86

Table 7 
Mass transfer function *τ, considering the addition of 60 kg m− 2 of Saharan dust, corresponding to ca. 20% of the fine earth mass in each profile.

*τ Zr NaO2 MgO Al2O3 SiO2 K2O CaO MnO Fe2O3 P2O5 Ni Cr Ti *Ɛ Zr

P2E − 0.40 − 0.65 0.41 − 0.28 − 0.31 − 0.04 − 0.56 − 0.49 − 0.72 − 0.66 − 0.67 − 0.10 0.10
P2Bs − 0.83 − 0.55 0.69 − 0.29 − 0.25 − 0.10 − 0.43 0.05 − 0.37 − 0.52 − 0.54 0.10 − 0.03
P2Bsm − 0.94 − 0.44 1.02 − 0.26 − 0.05 − 0.16 − 0.33 0.10 − 0.26 − 0.19 − 0.46 − 0.05 0.03
P2BCsm − 0.40 − 0.32 1.59 − 0.02 − 0.12 2.02 − 0.28 0.01 − 0.30 − 0.28 − 0.49 0.05 0.14
P4A − 0.91 − 0.32 0.03 − 0.26 0.07 − 0.77 0.64 0.37 0.25 0.12 0.24 0.16 0.39
P4E − 0.96 − 0.67 − 0.34 − 0.55 − 0.24 − 0.84 − 0.55 − 0.44 − 0.57 − 0.67 − 0.43 − 0.20 − 0.13
P4Bs − 0.94 − 0.46 − 0.27 − 0.41 − 0.15 − 0.77 − 0.23 0.01 − 0.55 − 0.36 − 0.13 − 0.12 − 0.21
P4CBs − 0.92 − 0.26 − 0.14 − 0.26 − 0.09 − 0.69 0.10 0.27 − 0.41 − 0.15 0.15 0.03 − 0.14
P6AE − 0.95 − 0.79 − 0.17 − 0.61 − 0.39 − 0.55 − 0.66 − 0.65 − 0.67 − 0.84 − 0.72 − 0.45 − 0.18
P6E − 0.96 − 0.80 − 0.26 − 0.62 − 0.48 − 0.48 − 0.70 − 0.70 − 0.81 − 0.85 − 0.75 − 0.51 − 0.46
P6Bs − 0.91 − 0.48 0.18 − 0.36 − 0.61 0.07 − 0.35 − 0.12 − 0.71 − 0.51 − 0.34 − 0.30 − 0.07
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with the high solubility of serpentine minerals in acidic soil environment 
and the more resistant mafic parent material in P2. They also agree with 
the much higher sand content in profile P2 than in P4 and P6, evidencing 
much lower dissolution rates in mafic materials (Brimhall and Dietrich, 
1987).

Volumetric strain provides additional insights into the weathering 
pathways in the studied soils. When aeolian inputs are not considered, 
volumetric strain (ƐZr) is strongly negative, as shown in Table 6, indi
cating substantial collapse during pedogenesis, locally exceeding 90% 
relative to the parent till. These values are obtained despite the rela
tively low bulk density of the soils (<1.4 g cm− 3 in most horizons and <
1 g cm− 3 in the A and E horizons), as well as the significant input of 
organic matter, roots, and biological activity, increasing porosity, 
observed in the field. Such factors are generally associated with volu
metric dilation rather than collapse (e.g. Jersak et al., 1995; Egli et al., 
2001b). Strong elemental depletion is typically linked to negative 
volumetric strain in old soils, whereas Holocene soils are generally 
characterized by dilation, with the exception of a few strongly leached E 
horizons (Brimhall et al., 1992; Eger et al., 2011). Incorporating aeolian 
inputs into the mass-balance calculations yields results that are more 
consistent with values reported in the literature (Table 7).

Other potential dust sources cannot be excluded, such as late-glacial 
local dust, which has been documented in Alpine soils (Küfmann, 2003; 
Gild et al., 2018; Serra et al., 2021). This material, however, is better 
preserved as distinct soil layers on limestones (Küfmann, 2003; Gild 
et al., 2018). On different substrates, their geochemical composition 
does not allow for a clear differentiation from Saharan dust (D'Amico 
et al., 2023).

Studying weathering and geochemical mass balance in soils on Al- 
poor substrates thus allowed us to conclude that Saharan dust inputs 
are able to modify soil geochemistry and thus enhance some pedogenic 
trends (i.e. podzolization) on Holocene scale, even though dust inputs in 
the Alps have often been considered not detectable in soils (e.g. Egli 
et al., 2008; D’Amico et al., 2016). Similarly, Al and silica contents 
detected in mid-latitude soils developed on ultramafic rocks might have 
aeolian origin as well (e.g. Sasaki et al., 1968; Gasser et al., 1994).

4.3. Nutrients and trace elements mass transfer function vs the 
“serpentine factor”

Despite what normally happens in serpentine soils in temperate cli
mates (e.g., Alexander, 1988; Bonifacio et al., 2013; D’Amico et al., 
2014; D’Amico et al., 2020), no significant biocycling of P, Ca and K 
occurred in surface horizons, as shown by mass balance calculations. 
Typically, P and Ca bioaccumulation, coupled with Mg loss, mitigates 
the “serpentine factor” over time (Alexander, 1988; D’Amico et al., 
2020), but the extreme leaching in these podzolic soils prevented Ca 
accumulation.

Ni was strongly leached from surface horizons: this metal is mostly 
included in easily weatherable serpentine minerals (Kierczak et al., 
2021), and a certain extent of leaching is expected since the first stages 
of soil formation even in drier alpine environments (Bonifacio et al., 
2013). Cr, however, also experienced unusually strong leaching, which 
is rare even in subalpine or boreal soils (Bulmer, 1992). Fe was mobi
lized as well. The mobility of Cr and Fe, normally retained in surface 
horizons of serpentine soils, likely results from extreme acidification 
driven by vegetation, the subalpine wet and cold climate, and com
plexing agents associated with podzolization. The role of organic acids 
in removing heavy metals (including Fe and Cr) has been demonstrated 
by Schreier et al (1987). In addition, Fe loss was particularly strong in 
P6, where seasonal waterlogging frequently occurred due to shallow 
rocky substrates.

Kierczak et al. (2007) showed how climate affects Ni and Cr mobility 
in temperate soils: humidity enhances Mg and Ni leaching, by 
decreasing the pH, while at the driest sites Ni was more stable and only 
Mg was diminished in the soil horizons. In the strong weathering 

environment found in subalpine forests, with precipitation values 
around 1000 mm, a deep and long-lasting snow cover and frequent 
summer rainfalls, associated with mean yearly temperature between 
0◦ and 3◦C, also the least mobile elements were mobilized (i.e. Cr).

Ni and Cr losses align with mineral weathering patterns. In fact, Ni 
and Cr (Manceau et al., 1985, de Caritat et al. 1993) are often located in 
the octahedral sheet of chlorite, substituting for Mg or Fe2+. The octa
hedral layer in trioctahedral chlorite is the most susceptible to weath
ering, as demonstrated by the early transformation from Mg to Fe-rich 
mineral. An early release of heavy metals derived from chlorite weath
ering is highly probable. It is however possible that Ni and Cr are 
conserved in the octahedral sheet during Fe substitution for Mg and are 
later released by subsequent pedogenic processes. The conservation of 
heavy metals through the weathering stages of serpentine is demon
strated by Caillaud et al. (2009), but in that case the soil and environ
mental characteristics were different from the ones observed in 
subalpine forests (pH values around 7, low metal mobility and leaching). 
However, the extreme acidity of the subalpine pedo-environment ac
celerates serpentine dissolution, releasing Ni2+, which substitutes Mg2+

due to similar ionic size and charge.
Negative mass transfer function values for Ni and Cr indicate that 

large quantities of these potentially toxic elements are released from 
these soils to surface and ground waters. This agrees with the high Ni 
and Cr contents measured in a nearby ombrotrophic peat bog sur
rounded by the same subalpine forest not far from P4, likely derived 
from stream and spring waters (Pavan et al., 2016).

5. Conclusions

All our working hypotheses have been verified. In fact, the results of 
this study suggest that podzolization creates a highly aggressive 
pedoenvironment capable of substantially modifying soils developed on 
serpentinite. This environment appears to promote extensive dissolution 
of serpentine minerals and the progressive transformation of chlorite 
and other mafic minerals into pedogenic clay phases, following the 
typical podzolization weathering pathways even on ultramafic sub
strates (Hypothesis a). The observed mineralogical transformations and 
mass balance calculations imply significant element mobilization during 
soil development. Trace-element fluxes show that up to 85% of Ni and 
up to 75% of Cr were mobilized and leached, thanks to the podzolization 
process (Hypothesis b). Mass-balance calculations further indicate that 
weathering of the parent material alone is insufficient to account for the 
present geochemical composition of the soils. This discrepancy points to 
the contribution of externally derived material, most plausibly aeolian 
inputs, with Saharan dust representing a likely dominant source and 
potential additional contributions from late-glacial local loess. While the 
exact magnitude of these inputs remains uncertain, and processes such 
as erosion were not explicitly addressed, the results suggest that aeolian 
deposition has played an important role in influencing the geochemical 
evolution of podzolic soils developed on atypical parent materials (Hy
pothesis c). This result explicates the observed Al and Si enrichment in 
many soils developed from ultramafic materials worldwide.
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Musso, A., Lamorski, K., Sławiński, C., Geitner, C., Hunt, A., Greinwald, K., Egli, M., 
2019. Evolution of soil pores and their characteristics in a siliceous and calcareous 
proglacial area. Catena 182, 04154. https://doi.org/10.1016/j.catena.2019.104154.

Nahon, D.B., Paquet, H., Delvigne, J., 1988. Lateritic weathering of ultramafic rocks and 
the concentration of nickel in the western Ivory Coast. Econ. Geol. 77 (5), 
1159–1175. https://doi.org/10.2113/gsecongeo.77.5.1159.

Noack, Y., Colin, F., 1986. Chlorites and chloritic mixed-layer minerals in profiles on 
ultrabasic rocks from Moyango (Ivory Coast) and Angiquinho (Brazil). Clay Min. 21, 
171–182. https://doi.org/10.1180/claymin.1986.021.2.06.

Parfitt, R.L., Henmi, T., 1982. Comparison of an oxalate extraction method and an 
infrared spectroscopic method for determine allophane in soil clays. Soil Sci. Plant 
Nutr. 28, 183–190. https://doi.org/10.1080/00380768.1982.10432435.

Pavan, C., Celi, L., D’Amico, M.E., Freppaz, M., Siniscalco, C., Zaccone, C., 2016. 
Relazione tra specie vegetali e clima nella formazione di una torbiera alpina su 
serpentinte. Nimbus 75.

Pilar, M.R., Roveda, L.F., Lima, M.R., de Oliveira Junior, J.C., 2024. Organic carbon and 
short-range order minerals responsible for cementation of the spodic horizon 
(ortstein): a new proposal of chemical extractions in undisturbed samples. Soil Res. 
62 (4). https://doi.org/10.1071/SR24034.

Porder, S., Hilley, G.E., Chadwick, O.A., 2007. Chemical weathering, mass loss, and dust 
inputs across a climate by time matrix in the hawaiian Islands. Earth Planet. Sci. Lett. 
258 (3–4), 414–427. https://doi.org/10.1016/j.epsl.2007.03.047.

Post, J.L., Borer, L., 2000. High-resolution infrared spectra, physical properties and 
micromorphology of serpentines. Appl. Clay Sci. 16, 73–85. https://doi.org/ 
10.1016/S0169-1317(99)00047-2.

Rabenhorst, M.C., Foss, J.E., Fanning, D.S., 1982. Genesis of Maryland soils formed from 
serpentinite. Soil Sci. Soc. Am. J. 46, 607–616. https://doi.org/10.2136/ 
sssaj1982.03615995004600030032x.
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