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Abstract: The Somma-Vesuvius volcanic complex emitted huge quantities of volcanic materials over
a period from before 18,300 years BP to 1944. The activity during the last period, from post-AD
1631 to 1944, primarily produced lava and pyroclastics via effusive and strombolian eruptions. We
investigated the pedogenesis on rocks formed from post-AD 1631 to 1944, occurring on the slopes
of Mt. Vesuvius up to Gran Cono Vesuviano and in the northern valley separating Vesuvius from the
older Mt. Somma edifice. Pertinent morphological, physical, chemical, and mineralogical (XRD and
FT-IR) soil properties were studied. The results indicated the existence of thin and deep stratified
soils on lava, as well as the presence of loose detritic covers formed via pyroclastic emplacement and
redistribution. The soils showed minimal profile differentiation, frequently with layering recording
the episodic addition of sediments. We found that the dominant coarse size of primary mineral
particles was preserved, and there was a low level of clay production. The main mineralogical
assemblage present in sands also persisted in clays, indicating the physical breaking of the parent
material. Chemical weathering produced mineral modifications towards the active forms of Al and Fe
and was also attested in selected soils by glass alteration, allophane production, and the presence of
analcime in clay as a secondary product from leucite. The differences in glass alteration and analcime
production found in the selected soils on lava were related to soil particle size and soil thickness.
Concerning the youngest soil present on Gran Cono Vesuviano, other factors, such as the substratum’s
age and site elevation, appeared to be implicated.

Keywords: recent volcanic soils; soil mineral weathering; glass alteration; XRD soil analysis; FT-IR
soil analysis

1. Introduction

Volcanoes are a source of instantaneous production of mineral matter, which allows
the rapid regeneration of rock stocks on Earth, offering new opportunities for pedogenetic
activity. In a volcanic environment, substrata are involved in pedogenesis through the
volumes and kinds of volcanic deposits, the dispersion and selection of fall materials during
transportation, tephra layering [1,2], and weathering processes which occur primarily at
the expense of glass components [1,3]. The volcanic substrata supply also affects the
composition of vegetation and microbes depending on the amount of disturbance [4]. Gas
emissions and acidic rain also play important roles in tephra alteration [1,2,5,6] in sites near
the emission center [7,8]. Most importantly, volcanic substrata are entities with particularly
limited lives due to the easy alterability of most components of volcanic rocks [9,10], usually
tending to undergo rapid modifications toward soil formation. Therefore, young volcanic
pedogenetic environments are suitable for exploring the effects of active components in
transformation processes over short time spans and to depict their possible impact on soil
formation. The interest in the study of the first stages of weathering toward soil formation in
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volcanic environments is testified by the numerous geochemical, mineralogical, ecological,
and pedological studies conducted in various parts of the world. These are exemplified
in [11-22], among others.

Just as in other parts of the world, the presence of volcanoes and their effects on the
physical environment are experienced across the European continent and its islands. Here,
soils with properties dominated by tephra weathering (andic soil properties)—categorized
as Andosols according to the World Reference Base for Resources (WRB) classification
system, or as Andisols or Andepts according to the USA Soil Taxonomy (ST) classification
system—are recognized. Nevertheless, other soils are also found due to the variety of
climates, geomorphologies, vegetation, land uses, and tephra ages and compositions. These
include the following: Cambisols (WRB) or Inceptisols (ST), which are widespread; Podzols
(WRB) or Spodosols (ST), found in France and Italy; Umbrisols (WRB), found in Hungary
and the Carpathian Basin, where Phaeozems and Luvisols (WRB) are also present, the
former also found on Madeira Island and the latter in Germany, Italy, and the Canary
Islands; Vertisols (WRB and ST), present on Madeira Island and the Canary Islands, with
Aridisols (ST) also recorded; Calcisols (WRB), found in Spain, where soils with andic soil
properties are not recognized; Mollisols (ST), discovered in Italy. Additionally, weakly
developed soils such as Vitrisols (WRB) in Iceland, Regosols (WRB), Leptosols (WRB), or
Entisols (ST) in Greece, Italy, Spain, the Canary Islands, and Madeira Islands are also found,
as shown in [23] and in references therein.

In particular, extensive areas affected in various ways by tephra and related vol-
canogenic soil covers are found in southern Italy, as shown in [15,17,24-31], among other
articles. Here, Vesuvius provides the opportunity to study the first stages of pedogenesis
because of its eruptive activity, dating from before 18,300 years B.P., which endured until the
1944 eruption. This event closed the last Vesuvian eruptive period (from post-1631 to 1944),
which experienced numerous eruptions in rapid succession [32,33]. The volcanic district in
question is also a robust candidate for the study of young soils due to the non-extreme cli-
matic conditions, excluding accelerations or decelerations of weathering processes, and the
almost basaltic composition of the recent substrata [34], which confers weak resistance to
alteration [1]. The physical environment in question also exhibits characteristics which are
also found in other young volcanic areas. These are: (i) the presence of lavas and pyroclastic
rocks, with the latter having variable thicknesses [35] depending on the event entity; (ii)
variation in the local microtopography; (iii) reworking processes, which may compromise
the temporal uniformity of a single pyroclastic deposit, an effect which is also produced
by the inclination of the edifice walls; (iv) the cone-shaped morphology of Vesuvius [36],
implicating variations in altitude, orientation, and vegetation, with the latter also being
affected by reforestation interventions [37]; (v) gas emissions, which, currently limited
to the inner ring and floor of the crater, occurred on the outer flanks of Vesuvius during
the inter-eruptive periods and persisted for several months after the 1944 event [38,39];
(vi) acid rainfall, with a pH from about 2.5 to 3 [40,41], coinciding with the most recent
volcanic episodes; and (vii) marine aerosol, influencing the composition of rainwater due
to the geographical position of Somma-Vesuvius [42]. These concerns depict a variety of
conditions that are potentially implicated in soil formation and which can contribute to
differentiating pedogenetic pathways and outcomes.

The investigations conducted on Vesuvian soils mainly consider those formed from
the products of events older than the last activity period, accounting for the distribution
and variety of their stratigraphic, chemical, and mineralogical characteristics, as shown
in [26-29,39,43-47], among others. The less extensive literature available on soils formed
from products deposited during the recent Vesuvian activity focuses mainly on the young
age and frequent renewal of the volcanic substrata [24,25,28,48-50]. There is less emphasis
on the high phenomenic diversity of the recent Vesuvian environment. This study explores
the early-stage pedogenesis on recent Vesuvian tephra, from post-AD 1631 to 1944, with
the following aims: (i) to better understand the soil’s genesis, morphology, and selected
properties and (ii) to investigate the major factors and processes active in such a young
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geological environment. The soil locations comprised the slopes of Vesuvius up to the
volcano’s Gran Cono Vesuviano and the caldera floor of Mt. Somma, where the recent
Vesuvian tephra is primarily concentrated. The study area, forming part of the Vesuvius
National Park, represents a physical context with intrinsic environmental value due to its
major landscape-related and geological significance.

2. Environmental Setting

The study was conducted on the Somma-Vesuvius volcanic complex, a composite
volcanic system located about 15 Km ESE of Naples (Figure 1). Somma-Vesuvius consists
of the older Mt. Somma (1132 m a.s.l.) caldera, of which only the northern wall is preserved,
and of the recent cone of Vesuvius (Gran Cono Vesuviano) (1281 m a.s.l.), which formed in
the Mt. Somma caldera [35] (Figure 1). Somma-Vesuvius activity refers to four periods [34]:
pre 18,300 B.P. [33], before the formation of the Mt. Somma caldera; from 18,300 B.P. to
AD 79, corresponding to the start of the formation of the Mt. Somma caldera; from AD
79 to 1631, starting with Pompeii’s Plinian eruption and ending with the small-scale 1631
Plinian eruption; and from post-1631 to 1944 period. The first period was characterized by
a primarily effusive eruptive style. The second and third periods were those dominated by
major explosive events, and the last period experienced semipersistent activity, including
totally effusive, strombolian, violent strombolian, and a few sub-Plinian eruptions. During
the last period, there were 99 eruptions in total, which were separated by short, quiet
periods that never exceeded seven years [51]. Pumices are the magmatic products typical
of explosive eruptions, while effusive eruptions mainly produce lava flows with ashes,
lapilli, and blocks [34]. The current architecture of the volcanic system is a result of the
progressive collapse, caused by the Plinian eruptions from 18,300 years B.P. to AD 79, of
the SSW wall of the Mt. Somma caldera [52] in which Vesuvius formed. A surface strip
(Valle del Gigante) within the Mt. Somma caldera separates the area between the remaining
edifice of Mt. Somma and the northern wall of Vesuvius. The lava flows of the last period,
emitted from the Vesuvian crater and lateral vents [35,53], could not flow down the slopes
of the Mt. Somma edifice due to the barrier constituted by the remaining wall of the old
caldera. At the same time, they spread across extensive portions of the Vesuvian slopes
and the floor of the caldera separating the two volcanic structures. The result was the
formation of interconnected tongues typically depicting these volcanic sectors (Figure 1A).
By contrast, coeval air-fall products were distributed across all volcanic sectors of both Mt.
Somma and Mt. Vesuvius. On Mt. Somma, these products stratified on those of previous
volcanic activity, while on Mt. Vesuvius they covered the recent lava flows [35]. Processes of
remobilization of loose pyroclastics, triggered by rainfall, also affected the surfaces [35,54],
in particular on the northern and eastern volcanic sectors, displaying major intensity on the
flanks of Mt. Somma and Gran Cono Vesuviano [55]. Morphologically, the northern flank of
Mt. Somma and the slopes of Gran Cono Vesuviano exhibit the highest steepness, contrasting
with the more gently degrading seaward-facing slopes of Vesuvius [36].

The products from the last period of the volcanic activity vary from leucititic tephrites
to leucititic phonolites [34]. They have the compositions of the highly SiO,-undersaturated
Vesuvian rocks. The latter are the Vesuvian rocks with the lowest SiO, contents (47.0% to
51.0%). They also exhibit higher Al,O3 contents, with few exceptions exceeding 17%, as
well as the highest levels of CaO. Additionally, there are irregular increases in Na,O and
K,0 [34,56]. The most common minerals are clinopyroxenes, leucite, feldspars, which are
mainly plagioclases, minerals of the olivine group, biotite, Fe-Ti oxides, and volcanic glass
which contributes to the mineralogical composition of the recent Vesuvian tephra by about
50% [34,35,57].

The area has a Mediterranean climate, with an average annual temperature of 15 °C
and an average annual rainfall of 950 mm. On the slopes of Vesuvius, from approxi-
mately100 m up to 700-800 m a.s.l., the vegetation consists of Quercus ilex, which is more
often found mixed with Pinus pinea and Pinus halepensis, two species used in the area for
forestation, and with Cytisus scoparius, Genista aetnensis,and Robinia pseudoacacia. At higher
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elevations, there are large areas of vegetation consisting of shrubs (Rumex scutatus, Artemisia
variabilis, Scrophularia canina, Silene vulgaris, Cytisus scoparius, frequent Spartium junceum,
Genista aetnensis, and Robinia Pseudoacacia). These extend up to approximately 1000 m a.s.L.
and are also found on the Mt. Somma caldera floor, where also coniferous and deciduous
species grow. Shrubs also occur very sparsely on the summit of the Gran Cono Vesuviano
and in smaller patches at medium elevations. Small areas with Castanea sativa are found at
various elevations and exposures [37,58]. Extensive areas of the lower Vesuvian strip, up to
about 100-350 m a.s.l., are either urbanized or used for agricultural purposes.
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Figure 1. (A) A simplified geological map of the Somma—Vesuvius volcanic complex (modified from
Orsi et al. [59]). (B) The location of the studied soils.

3. Materials and Methods

The soils studied were located on the slopes of Vesuvius up to Gran Cono Vesuviano
and on the northern valley separating Vesuvius from the older Mt. Somma volcanic edifice.
These areas, both natural areas and those characterized by human disturbance, assured the
presence of recent Vesuvian products [35]. Within the study area, seven soils (Figure 1B)
were selected among sites with different elevation, exposure, and vegetation. The sites
were at elevations ranging from 186 to 1050 m a.s.l. along southwestern, southern, eastern,
and northern orientations, with vegetation varying from forests to shrubs. Soils 1 to 5 and
Soil 7 were present on lava flows outcropping at different depths. Soil 6 was selected as
being representative of a fresh cover of fall products that were deposited from the last
1944 Vesuvius eruption on the Gran Cono Vesuviano. Two soil profiles (Soils 1 and 3) were
reviewed from a previous survey [25]. The pertinent characteristics of the selected soil
locations are listed in Table 1. For sites 1-5 and 7, the age reported is that of the respective
outcropping lavas. In fact, the overlying fall deposits can be derived from the same event
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that generated lava and/or from other recent events as a result of sediment redistribution
along the slopes of the volcanic edifice. In this scenario, complex tephrostratigraphic
correlations must be combined with the analysis of historical records in order to confidently
reconstruct the temporal relations between lavas and overlying pyroclastics, as well as to
discern the relations between pyroclastic layers, as outlined in [35] and references therein.
This circumstance prevents the investigation of direct relations between soil properties
and age for most soil profiles. In this study, the attribution of a reliable age of fall deposits
was only possible for Soil 6 on Gran Cono Vesuviano, a site uniformly characterized by the
accumulation of pyroclastics from the last 1944 eruption [60,61].

Table 1. Pertinent characteristics of the selected soil locations.

Elevation

Site/Soil Outcropping Substrata masl Exposure Soil Use
1 1858 lava flow 530 SW Pine forest with Quercus ilex
2 1858 lava flow 670 SW Oak with pine plantation
3 Pyroclastics on 1872 lava 650 S Pine forest with Quercus ilex
4 Pyroclastics on 1929 lava 186 E Oak plantation
5 1872 lava flow 670 S Pine forest with Quercus ilex
6 1944 pyroclastics 1050 N Sparse spots of shrub vegetation
7 1891-94 lava flow 930 N Sparse shrub vegetation

Except for Soil 6, the soils were excavated to the depth of the top of the lithic con-
tact constituted by lava layers. In the field, the following morphological features were
described [62]: horizon or layer depth, color, moisture, texture, rock fragments, structure,
consistency, and horizon boundaries. Bulk samples were collected from each horizon or
layer and air-dried for the following analyses: particle-size distribution [63], where the
2.0-0.2 mm soil mineral particles were assessed by wet sieving, and the 0.2-0.02 mm,
0.02-0.002 mm and <0.002 mm particles by the sodium hexametaphosphate dispersion
method; available water content (AWC) was determined by calculating the difference in
water retention at 33 kPa and 1500 kPa using the literature values [64]; organic C content,
was determined using the Walkley—Black oxidation method [65]; soil reaction (pH), was
measured in water suspensions (1:2.5 soil/solution), and CaCOj3 content was assessed
by treatment with excess HCl and volumetric determination of CO; [66]. Regarding the
development of amorphous mineral components, which is considered in the study of
volcanogenic pedogenesis [3,67], oxalate extractable Al (Alox) and Fe (Feox) [68], as well as
P retention [69], were determined.

In order to determine the chemical properties useful to ascertain mineral modifications,
three soils were selected: Soils 1 and 3 because, among the soils analyzed, they had similar
location features but differed in texture and thickness, and Soil 6 because it was formed
from the most recent pyroclastics (AD 1944). In particular, pyrophosphate extractable Al
(Alp) [69] and oxalate extractable Si (Siox) [68] were determined in order to calculate the
Al/Si ratio (obtained as Alox-Alp/Siox) in the noncrystalline materials [70]. Following the
method of Mizota and Reeuwijk [70], the allophane content was estimated in the specimens
where the Al/Siratio was >1. Except for Soils 6 and 7, for which the classification procedure
was not applied, soils were classified according to Soil Survey Staff [67].

Powder X-ray diffraction (XRD) and infrared spectroscopy (FI-IR) analyses were
performed on the 2-0.2 mm (sand) and <0.002 mm (clay) fractions. XRD analysis was
conducted using a Rigaku Geigerflex D/MAX B diffractometer, using an Fe-filtered CoKo
radiation (40 kV and 30 mA, 2° min~! scanning speed, three runs accumulated). XRD
spectra were interpreted in accordance with the Joint Committee on Powder Diffraction
Standards [71]. In order to verify the possible production of leucite artifacts caused by
contact with Na* from sodium hexametaphosphate [72], XRD analysis of clay obtained from
some samples via sedimentation in deionized water was performed. XRD analysis was
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also conducted on crushed >2 mm fractions (rock fragments). The spectra were obtained
by the KBr disk method (1% w/w) using a Perkin Elmer 1720X FT-IR spectrometer.

In order to compare the relative variation in leucite and analcime in sands and clays,
we calculated the intensity ratio of the X-ray reflection of analcime at 0.560 nm and that of
leucite at 0.538 nm (analcime/leucite ratio) for Soil 1, selected soil horizons from Soil 3, and
Soil 6. FT-IR analysis was performed on the powdered sands, on clays, and on analcime-
stripped clays from the Bw soil horizon of Soil 1, obtained by 0.5 M HCl treatment for 4 h
at room temperature [73]. Simple linear regression was used to analyze the relationships
among some of the investigated soil properties, and those between the latter and site
elevation. In the last case, weighted means of the soil properties considered were used.

4. Results
4.1. Morphological Features

The morphological characteristics of the soil profiles are shown in Table 2. Except for
Soil 6, the soil morphology was characterized by lithic contact, which, at various depths,
consisted of lava deposits (R and R/C horizons). The latter were overlaid by soil covers
with thicknesses ranging from 30-70 cm (Soils 1, 2, 5, and 7) to 100-160 cm (Soils 3 and
4). The surface A soil horizons were frequently under organic layers and, except when
Bw soil horizons were found, directly overlaid on one or more C soil horizons. The latter
frequently ranged from gravelly to extremely gravelly [62]. They mainly consisted of lithic
fragments, loose crystals, and scoria, which, in the layers directly lying on lava, were
also mixed with lava blocks. In Soils 3, 4, and 7, the irregular variation in rock fragment
content along the soil depth and the change in soil color suggested discontinuities in the soil
horizon sequence. Buried soil horizons (2ABDb) were found in the two deeper soil profiles
(Soils 3 and 4). Soil 6 mainly consisted of coarse and loose pyroclastics, resulting in a very
poorly organized soil profile, where only a very weak aggregation and finer rock fragments
distinguished the upper layer from the underlying portion. Most of the soil horizons had
coarse textures. A finer texture was observed in Soil 1. Very weak and weak structure, or
the absence of structure, and very friable, friable, or loose consistency characterized most
of the soil horizons. The horizon boundaries, when not clear, were abrupt, often coinciding
with the lithological discontinuities.

Table 2. Morphological characteristics of the selected recent Somma—Vesuvius soils.

>2 mm Fragments ?

Soil Horizon Depth Dry Color and Texture < Structure 4 Consistency © Boundary f
cm
12 A 0-5 10YR 3/2 f/msl 3f/msbk fr cw
Bw 5-30 10YR 3/4 f/m/csl 3msbk mfr cw
10YR 4/4
(moist)
)R/C 30+ - - - - -
24 A 0-30 10YR 3/4 f/m/cgls 2f/m sbk vir aw
10YR4/4
(moist)
Bw 30-68 5YR3/3 mvg/co sl 3msbk 1 cw
()R/C 68+ - - - - -
34 A 0-15 5YR3/2 f/m/cvgls 2f/m sbk fr cs
5YR 3/1
C 15-20 5YR3/1 c/fegs Osg 1 as
5YR2.5/1
5YR2.5/2
2ABb 20-31 5YR3/3 fgls 2m/c sbk fr cw
2C1 31-45 5YR2.5/1 f/mgs Osg 1 aw
3C2 45-60 10YR 3/2 f/mvgs Osg/1f sbk 1/vfr as
4C3 8 60-77 10YR 3/1 fls Oma fr -
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b
Soil Horizon Depth Dry Color >2 r:lfcli };Zigtﬁzrzts Structure 4 Consistency © Boundary f
75YR3/1
7.5YR3/2
5C4 77-85 5YR 4/2 5 Oma mfr aw
6C5 85-92 10YR 4/1 m/cegls Osg 1 as
7C6 92-94 5YR3/3 Is Oma vir aw
8C7 94-102 5YR3/1 m/ceg/cos Osg - -
(9)R 102+ - - - - -
44 A 0-7 2.5YR2.5/2 m/fvgls Osg 1/vfr oW
C 7-65 7.5YR25/1 m/cvgs Osg 1/vfr oW
2ABb 65-70 10YR 3/2.5 f/m/cgls 0/1f sbk vir oW
2C1 70-85 7.5YR3/2 f/mvgs 1f sbk/0sg vir/1 oW
3C2 85-90 10R 3/2 f/mls 1f/m sbk fr cw
4C3 90-95 2.5YR2.5/2 f/mvgs Osg 1/vfr oW
5C4 95-97 10YR 3/2 c 1f/m sbk fr as
6C5 97-103 10R 2.5/2 fls 1m sbk fr as
7C6 8 103-108 5YR3/1 - 1m sbk/0sg mfr/1 b
8C7 108-150 5YR3/1 f/m/cegs 0/1f sbk 1/fr as
5YR3/3
9C8 150-160 10YR 3/2 - 1f/msbk mfr as
10YR 3/1
(10)R 160+ - - - - -
54 A 0-3 10YR 3/4 mg Is 1f/mgr vir aw
C1 3-15 - m/cegs 1f sbk/0sg vir/1 oW
2 15-60 10YR4/2 co/cegs Osg 1 cw
()R 60+ - - - - -
6 CA 0-20 7.5YR3/2 f/m/cegs Osg/lgr 1 cs
C 20-65 7.5YR3/2 m/cegs Osg 1 -
7 A 0-2 5YR3/2 f/m/cgs Osg 1/vir cs
C1 2-6 7.5YR3/2 m/cvgs Osg 1 as
2C2 6-20 10YR 2/1 cvgs Osg 1 w
3)R 20+ - - - - -

2 Soil with organic Oi and Oe horizons, with thickness from 2 to 4 cm and 1 to 3 cm, respectively. P co = cobbly;
g = gravelly; e = extremely; v = very; f = fine; m = medium; ¢ = coarse. € Is = loamy sand; s = sand; sl = sandy
loam. 4 Grade: 0 = structureless; 1 = very weak; 2 = weak; 3 = moderate. Size: f = fine; m = medium; c = coarse.
Kind: gr = granular; abk = angular blocky; sbk = subangular blocky; sg = single grain; ma = massive. ¢ I = loose;
vir = very friable; fr = friable; mfr = moderately friable. f Distinctness: a = abrupt; ¢ = clear. Topography:
s = smooth; w = wavy; b = broken. & Horizon with pockets of contrasting materials. The slashes indicate that,
on the same horizon, there are different sizes and kinds of coarse fragments, as well as different structures and
consistencies. The number prefix in parenthesis indicates the possible discontinuity of the R layers with respect to
the overlying horizons.

4.2. Physical and Chemical Properties and Soil Classification

The results of the particle-size analyses of the soil profiles are shown in Figure 2. The
soils had textures from sand to sandy loam, with total sand ranging from 72.8% to 100%,
silt from 0% to 17.5%, and clay from 0% to 10.4%. Soil 1 exhibited the lowest total sand
concentration, as found in the field. The estimated AWC values were 5.8% for the sandy
samples and 7% for the loamy sandy samples, reaching 11% in the sandy loamy samples.

The results of chemical analyses are shown in Figures 3 and 4 and Table 3. The values
of pH(H,O) (Figure 3) were from slightly acidic to moderately alkaline. The latter was only
measured in Soil 6. Organic C contents were very low or low, varying from traces up to
25.5 g kg~! (Figure 3). The highest organic C values were measured in the upper A soil
horizons of each soil profile and in the buried 2ABb horizon of Soils 3 and 4. Here, the
organic C contents were 4.0 and 13.3 g kg~!, respectively, which are values comparable
to those of the respective upper A horizons (4.3 and 14.5 g kg~ !). CaCO; was always
absent. With respect to the evaluation of amorphous mineral components, the values of
Alox ranged from 0.53% to 2.6%, and those of Feox spanned from 0.23% to 2.3% (Figure 4).
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Al/Si ratios, obtained using data of Siox, Alox, and Alp, resulted in 1.0-1.1 for Soil 1,
from 1.0 to 1.6 for the selected soil horizons of Soil 3, and 0.6-0.7 for Soil 6 (Table 3). As a
consequence, Soil 6 was excluded from the estimation of allophane [70], which, by contrast,
amounted to 4.4—4.5% and 2.6-3.8% in Soils 1 and 3, respectively (Table 3).

Texture mOay WSt mTotal Sand

8

B 8 &35 84 8 8

=
=

=]

Soill  Soil2 Soil 3 Soil 4 Soil5 Soile  Soil7

Figure 2. Clay, silt, and sand distribution in the analyzed soil horizons.
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Figure 3. pH and organic C values of the analyzed soil horizons.
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Figure 4. Oxalate extractable Al and Fe values of the analyzed soil horizons.

Table 3. Analyses of noncrystalline components in pertinent horizons of the selected soils.

Soil Horizons Depth Alox Siox Alp (Alox — Alp)/Siox Allophane 2
cm % %
1 A 0-5 0.90 0.8 0.1 1.0 4.4
Bw 5-30 1.00 0.8 0.1 1.1 4.5
3 A 0-15 0.82 0.6 0.08 1.2 3.5
C 15-20 0.64 0.6 0.04 1.0 3.3
2ABb 20-31 0.72 0.4 0.09 1.6 2.6
2C1 31-45 0.95 0.6 0.06 1.5 3.8
3C2 45-60 0.84 0.6 0.06 1.3 3.6
6 CA 0-20 0.90 1.3 0.02 0.7 -
C 20-65 0.90 1.4 0.02 0.6 -

2: Calculated using (Alox — Alp)/Siox, as reported in Mizota and van Reeuwijk [70].

Concerning soil classification, no andic soil properties were recognized due to the low
(<25%) measured P retention values, varying from 0% to 17.7%. Among the other selectable
diagnostic horizons, only a weakly expressed cambic horizon was displayed by the Bw
horizons of Soils 1 and 2. Moreover, due to the low content of organic C, which suggested
that the bulk density values of the fine earth fraction were higher than 1 g/cm? [74], and
the high volume of the volcanic rock fragments in the pertinent horizon control sections,
the soil profiles had vitrandic characteristics, except for the finer and shallower Soil 1.
Therefore, Soil 1 was classified as Lithic Haploxerept, Soil 2 as Vitrandic Haploxerept, and
Soils 3, 4, and 5 as Vitrandic Xerorthents.

4.3. Mineralogical Features: XRD and FTIR Analyses

The XRD patterns of the sand fractions (2-0.2 mm) extracted from the three selected
Soils, 1, 3, and 6, were qualitatively similar and only differed slightly in terms of their
relative peak intensities. Pronounced feldspar peaks, including plagioclases (0.327, 0.321,
and 0.318 nm, among others), were present, in addition to the peaks of pyroxenes (0.299
and 0.295 nm) and olivines (0.256 and 0.251 nm). Biotite (1.0 nm) was evident in some soil
horizons. Leucite was recorded at 0.554, 0.538, 0.343, 0.290, 0.292, 0.284, and 0.280 nm and
also contributed to the 0.327 nm signal. Although analcime could contribute to peaks at
0.343, 0.292, and 0.280 nm, in the sand samples the absence or weak intensity of its typical
peaks at 0.560 and 0.485 nm suggested that this mineral made a negligible contribution
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to the sand composition. Figure 5 shows the XRD pattern of the soil horizons of Soil 1
(see also Supplementary Materials, Figures 51-54). The above mineral assemblage also
characterized the XRDs of the rock fragments (>2 mm) (see Supplementary Materials),
which were very similar to those of each respective sand. Despite XRD patterns evidencing
a general similarity in mineral composition between fine and coarse fractions, the former
differed from the latter in the appearance of analcime peaks at 0.560 and 0.485 nm and in the
higher peaks of both leucite and analcime at 0.343 and 0.292 nm. The different contribution
made by analcime was corroborated by the analcime/leucite ratio (Figure 6), which was
higher in clays than in sands. The participation of analcime in clay fractions was also
proved via FT-IR analysis, displaying absorption bands at about 766 and 726 cm~!. These
were attributable to analcime [75] and disappeared after treatment with 0.5 M HCl [73]
(Figure 7).

A horizon
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0.538

kw 1.0
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Y A 0.560,¢

0.560
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M‘clay
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Figure 5. XRD of sand and clay fractions from horizons of Soil 1.
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Figure 7. FTIR spectra of clay fractions from A and Bw soil horizons of Soil 1. a: A horizon. b: Bw
horizon. c: Clay fraction from analcime stripped Bw horizon.



Soil Syst. 2024, 8, 50

12 of 20

5. Discussion
5.1. Morphological Features

Three dominant soil morphologies were recognized in the area. These included thin
and deep pyroclastic soil profiles (Soils 1, 2, 5, and 7, and Soils 3 and 4, respectively), found
on variously fragmented lava tongues at different depths, and a loose detritic soil cover
(Soil 6) characteristic of the steep slopes of the Vesuvian summit. In the soils on lava, the
soil thickness appeared to be determined by the local accumulation of both air-fall and
reworked deposits on microrelief and microdepressions formed by the lava flows.

The diffuse presence of high volumes of pristine coarse rock fragments in the soil
horizons could, reasonably, be a consequence of the short distance of the young substrata
from the source [76]. Due to the youthfulness of the pedogenetic environment, the soils
retained the marks of sedimentogenic activity. In particular, in Soils 3, 4, 5, and 7, the
multiple uninterrupted C soil horizons, typically found in young environments with the
frequent addition of volcanic materials [1,14,18,77-79], were signs of close sediment gains
through fall and/or erosion. The latter process was frequently found to occur on the
Vesuvian surfaces [35,54]. The marks of the process in question were recorded in Soils 3 and
4, which contained pockets of contrasting materials within the 4C3 and 7C6 soil horizons,
respectively. The occurrence of buried soil horizons in Soils 3 and 4 could be associated with
circumstances that, retarding surface burial, favored the start of pedogenetic processes [80].

5.2. Physical Properties: Particle-Size Distribution and AWC

Like the rock fragments, also the high sand content (Figure 2) was consistent with the
location of the studied soils in proximity to the eruptive source. Several young volcanic soils
display coarse textures with low clay content [15,18,77,81-83], and this also occurs under
more favorable pedogenetically climatic conditions than those found in the Mediterranean
areas [18,21,79]. The detected coarse soil texture, along with rock fragments and permeable
lava, assured good drainage and leaching conditions in all studied soil profiles, as expressed
by their general low AWC values estimated. Nevertheless, the estimated differences among
AWC values also suggested lower leaching efficiency in the finer soils (Soils 1 and 2) than
in the coarser ones.

The similarity in grain-size distribution, which, despite the dynamic depositional
environment, was observed in most of the studied soil horizons, suggested that the finer
particles were more derived from the physical breakdown process than from the direct
supply of volcanic ashes, indicating that alteration was at the initial stage. Accordingly,
the amount of clay contained in the youngest Soil 6 was minimal because very small
particles are only able to accumulate after a prolonged mechanical fragmentation of larger
particles. Other young volcanic soils experience physical changes in terms of their primary
components, shifting toward finer particles [15,17,31,82] with clay increasing over time [18].

5.3. Chemical Properties
5.3.1. pH, Organic C

Except for Soil 6, pH(H;O) values did not show major differences among the soil
horizons (Figure 3). This was in accordance with the similarity in age and composition of
the involved substrata and likely due to the release of cations from the tephra substratum
in the first stages of alteration [84,85]. Under these conditions, the organic matter also did
not appear to be able to effectively counteract the tephra effect, as suggested by the weak
inverse relation between soil pH and organic matter content (R? = 0.167; p > 0.05). Soil 6
exhibited the highest pH(H;O) values (moderately alkaline), which, strengthened by the
lack of organic C, were likely due to the effect of the very young tephra age. The values in
question could also be dependent on the marine aerosol that influences the rainwater at Mt.
Vesuvius [42] after being intercepted at the high elevation of the soil location, especially in
the absence of dense vegetation cover. This effect was supported by the anomalous positive
correlation between the elevation and pH of the soil profiles (R? = 0.337; p > 0.20).
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The contents of organic C (Figure 3) were almost always within limits detected in soils
under Mediterranean climatic conditions, displaying comparable age and vegetation [17,19].
The highest concentration of organic C was found in the A soil horizons, with a strong
decrease in the bottom soil portion. At least in the forested soil profiles, this could be partly
explained by the fact that the main input of organic matter came from litterfall onto the
soil surface [86,87]. In the deep Soils 3 and 4, the organic C decrease was stopped in the
buried soil horizons, which showed an increase in the values in question. The weak inverse
relation between the elevation and organic C content of the soil profiles (RZ=0.312; p>0.20)
was probably due to the interfingering variety of the vegetation along the slopes. However,
some evidence of the effects of exposure and vegetation was found when comparing Soils
4 and 3. In particular, the higher organic C in Soil 4 could be caused by either the eastern
orientation or the major supply of C to soil mineral layers from the oak plantation rather
than by the pine plantation [88] of Soil 3. At the slope facing north, the absence of organic
C in Soil 6 was in accordance with the very sparse herbaceous vegetation.

5.3.2. Oxalate Extractable Al and Fe, Al/Si Ratio and Allophane

Alox and Feox contents (Figure 4) testified to the presence of amorphous mineral
components, which are typically found in soils from tephra [89-92]. Most values found
in the Vesuvian soil horizons agreed with those characterizing young volcanic soils in
Mediterranean climates [14,15,17]. The measured values in question were not influenced by
the texture of components, as shown by the lack of correlation with sand (Alox: R? = 0.047;
Feox: R? = 0.005) and clay (Alox: R? = 0.030; Feox: R? = 0.146). Similarly, microclimatic
variations along the slopes did not appear to affect the measurements, as suggested by the
lack of correlation between Alox and Feox contents of the soil profiles and their respective
elevations (Alox: R? = 0.125; p > 0.20; Feox: R? = 0.295; p < 0.20). This was likely due
to the different ages of the involved substrata and to the local weathering—promoting
circumstances, such as acid rain and gas emissions, which can interfere in Alox and
Feox formation.

The Al/Si ratios, which increase with the loss of Si [92], ranged from 0.6 to 1.6 in the
studied soils (Table 3). These were similar values to those recorded for other basic and
young tephra soils in Mediterranean climate conditions [15,19]. In particular, the analysis
of the two soils with the highest Al/Si ratios showed that the ratios in Soil 3 were higher
overall than those in Soil 1. Thus, Soil 3 showed a higher degree of glass alteration than Soil
1, despite the similarity of the two soils in their topography and vegetation features. This
suggested that differences in other soil features affected the process of Si removal and, thus,
the weathering rate. Soil particle size and thickness are important features in this process
due to their ability to influence the rate of leaching and removal of weathering products [9].
Accordingly, the coarser and thicker Soil 3, also showing lower AWC values, should display
better conditions for leaching and Si removal and, thus, higher Al/Si ratios with respect to
Soil 1 (Table 3). This result, in agreement with that related to the analcime/leucite ratios
discussed later, suggested that both the dimensions and volume of tephra engaged in soil
formation had significant effects on soil properties. The conditions described for Soils 1
and 3 could be related to the factor of “water available for leaching”, which is one of the
factors driving pedogenetic pathways in the “energy model” theorized by Runge [93] and
reported by Schaetzl and Schwenner [94]. A different pedogenetic context was seen in
Soil 6, where the poor degree of glass alteration, indicated by the lowest Al/Si ratios, was
attributable to the youngest substratum age.

Among the selected Soils 1, 3, and 6, the estimation of allophane, an alteration product
rapidly formed from volcanic rocks [1], in relation to Al/Si ratios, was possible only for
Soils 1 and 3, which displayed Al/Si values ranging from 1.0 to 1.6 (Table 3). In such soils,
the basic composition of the substrata reported above, the low organic C contents, and
pHs > 5.5 were conditions that favored allophane formation [5,8] in an environment with
moderate levels of moisture [9,84]. Thus, the detected amounts, no higher than 4.5%, were
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substantially in the range of values of other young volcanic soils in the Mediterranean
climate [15] but lower than those found in young soils in more humid climates [95].

5.4. Mineralogy
5.4.1. General Remarks

The mineralogical assemblage (Figure 5) found in the analyzed fractions of the selected
soils was consistent with the composition of the recent Vesuvian substrata [34]. One
abundant component was leucite. This is typically detected in several tephra from Somma-
Vesuvius [34,36,52,72,96-98], and the recent products were no exception [35,53,99]. The
persistence in clays of the highly weatherable minerals recorded in the analyzed sands
supported the concept of physical breakdown as a supplier of finer mineral particles. This
is consistent with the short duration of pedogenesis. The same was true for the presence of
pyroxenes, which are typically mainly concentrated in coarse fractions [9]. However, the
presence of analcime in clay also suggests processes of chemical weathering of primary
minerals, as will be discussed later.

The presence of primary weatherable minerals, not only in the deeper soil horizons but
also in the upper horizons, as seen in Soil 3, suggested frequent additions of substrata [86],
as is often recorded in soils with multiple parent materials.

5.4.2. Analcime

In volcanic soils formed on leucite-rich substrata, analcime is frequently associated
with leucite, as seen in pedological investigations in central and southern Italy [100-103].
Analcime is documented as being an igneous primary mineral [104,105]. It is detected
in some old Vesuvian rocks [106], but it is absent in the recent formations, except as an
alteration product [24,35,53,96,99]. This agrees with the low level of analcime found in the
coarser fractions of the studied soils.

Secondary analcime is formed in Vesuvian substrata through hydrothermal activity in
alkaline solutions from feldspars, volcanic glass, and leucite [72,73,107-115]. Volcanic glass
and leucite serve as better precursors due to their easier weatherability.
In particular, the analcime formation from leucite is described as
both a dissolution/recrystallization process [116] and an ion-exchange reaction
(KAISi;Og4 + Na* + HyO = NaAlSi; Og-HyO + K*) [113,117,118]. Hydrothermal alteration
is also a suitable condition for transformation as, under the high temperatures of the
post-depositional phases, this is favored by pH increases via acid gases, which promotes
the liberation of cations, as shown for glass weathering [119,120]. This pathway could
have constituted a source of analcime in the finer soil fractions studied. Nevertheless,
the transformation of leucite via ion-exchange reaction could have also occurred during
the pedogenetic phases because the ion exchange has been demonstrated at low field
temperatures [113,117,118] and can be favored by a finer size of leucite in clay. Further, Na*
is commonly present in Vesuvian rocks [34] and supplied by marine aerosol intercepted
by the Vesuvian slopes [42]. Ion exchange is supported by the analcime/leucite ratios
(Figure 6), which were higher in the clays of Soils 1, 3, and 6 than the respective sands and,
on the whole, higher in Soil 1 than in Soil 3. In the latter soil, the combination of coarser
particle size and greater thickness could enhance Na removal via leaching. This pathway
was similar to that recorded for the glass alteration, which reinforced its significance. In
Soil 6, the highest analcime/leucite ratio could be promoted by Na availability derived
from the youngest cation-rich substratum and by the impact of the aerosol on Vesuvian
surfaces at higher elevations [42].

6. Summary and Conclusions

Three pedological covers were recognized: thin and deep soils on lava flows at
different depths and loose detritic soils. Soils showed minimal profile differentiation and
were frequently found to display layering, reflecting episodic sediment addition. The major
factors implicated in the pedogenesis in the studied recent Vesuvian environment, under
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a Mediterranean climate and vegetation, were tephra age and sedimentogenic activity.
The young age of substrata accounted for the dominance of the coarse soil particle size,
particularly amplified in the proximity of the emission center. Additionally, it contributed
to the persistence of the weatherable primary minerals in the finest fractions. The rapid
eruptive succession and sediment redistribution caused the accumulation of pyroclastics
of variable thicknesses, often forming lithological discontinuities. The quite uniform
distribution of primary minerals recorded in the soil particle size fractions accounted for a
physical process of parent material disruption, producing low amounts of fine fractions.
Chemical weathering evidenced mineral modifications towards the active forms of Al and
Fe. Chemical weathering was also evidenced in selected soil profiles by glass alteration
through Al/Si ratios, the occurrence of allophane, and the formation of analcime in fine
soil fractions. With the exception of some cases, we found a general weakness or lack of
relationship between soil properties and physiography. This could be due to conditions
interfering with the relief influence, such as repeated rejuvenation, a complex distribution
of vegetation, and the past geochemical activity of the studied area. In this scenario, two
pedogenetic patterns emerged: the one in which the mineral particle size and the soil
thickness influenced the transportation of the weathering products, as in soils on lava, and
one in which the substratum age and soil site elevation influenced the low degree of mineral
alteration, as in the youngest soil on Gran Cono Vesuviano. The results suggested that the
high pedogenetic potential, caused by the multiple factors engaged in the young volcanic
environment, such as the investigated Somma—-Vesuvius area, creates conditions for a
recognizable differentiation of the initial pedogenetic pathways. The outcomes provide an
opportunity to implement the data collection, to trace the direction of pedogenesis, and to
offer insights for studies on other young volcanic sites.
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