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Abstract-The island of Lipari (Italy) is characterized by calc-alkaline to potassic volcanism and a 
Mediterranean-type climate. The mineralogical and chemical features of two different soil profiles with 
ages of 92,000 and 10,000-40,000 y, respectively, have been investigated. There were no Andisols, but 
Vitric and Vertic Cambisols have developed at both sites. Although the morphology of the soils was 
similar, remarkable differences in the clay mineralogy between the two sites were observed. The site with 
the Vitric Cambisol was associated with the weathering sequence: glass --> halloysite --> kaolinite or 
interstratified kaolinite-2: 1 clay minerals. Both sites had smectite in the clay fraction and, to a large extent, 
this smectite had a low charge and could be characterized as a dioctahedral montmorillonite. At the site 
with a Vertic Cambisol, smectite was the predominant mineral phase in the clay fraction. The smectites 
(predominantly montmorillonite) found in this soil were probably not of pedogenetic origin and are, 
therefore, inherited from the parent material. Their formation is due to hydrothermal alteration of glass 
particles during or immediately after the emplacement of the pyroclastic flow. The octahedral character of 
the smectites did not change from the C to the A horizon indicating that they are resistant to weathering 
processes. A high-charge expandable mineral was detected in small concentrations in the Vertic Cambisol 
and had a dioctahedral structure. In this case also, no signs of significant weathering or transformation 
could be detected in the soil profile. In contrast to many other investigations, no active smectite formation 
within the soil profiles could be measured. The subtropical and rather dry climate in Lipari might, 
therefore, favor the persistence of dioctahedral low-charge montmorillonites that are associated with a 
small amount of a high-charge expandable mineral in the soil. 
Key Words-Halloysite, Kaolinite, Montmorillonite, Smectite, Volcanic Environment, Weathering. 

INTRODUCTION 

Pyroclastic deposits and volcanic ash give rise to 
weathering sequences where different soil types may 
coexist over relatively short distances. These parent 
materials might be associated with the weathering 
sequence of volcanic glass --> allophane --> halloysite 
--> kaolinite (Parfitt et al., 1983; Shoji et al., 1993; 
Ndayiragije and Delvaux, 2004). Other clay minerals, 
such as smectites, can be found in volcanic soils and 
may be derived from hydrothermal processes (Bischoff, 
1972; Pevear et al., 1982; Inoue and Utada, 1983). The 
initial stage of glass alteration by aqueous solutions is 
characterized by a selective loss of alkalis. As alteration 
proceeds, clay minerals may form in the inner part of a 
glass or are due to a solid-state rearrangement in the 
hydrated layer or to precipitation from the solution 
(hydrothermal formation; Fiore et al., 1999). Smectite, 
palygorskite, illite and interstratified illite-smectite are 
often found in volcanic deposits (Shoval, 2004; Altaner 
et al., 2003; Prudencio et al., 2002). Smectite, illite and 
interstratified illite-smectite in soils developed on tephra 
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may also derive from the alteration of primary minerals 
of tephra, from eolian contributions or are formed by 
pedogenetic weathering of X-ray amorphous materials 
(Fiore, 1993). Many authors surmise that smectites 
dominate among the clay minerals in soils developed 
on volcanic rocks (Craig and Loughman, 1964; Paquet, 
1970; Vizcaino et al., 1979; Vidales et al., 1985; 
Prudencio et al., 2002). According to these authors, 
smectites are a common weathering product. Primary 
minerals weather at different rates, resulting in smectites 
and halloysites. In some cases palygorskite occurs in 
small amounts and its presence may indicate climatic 
aridity (Velde, 1992; Paquet and Ruellan, 1993). Also, 
halloysite often dominates in climates with a distinct dry 
season (Ugolini and Dahlgren, 2003). Detailed analysis 
of clay minerals in volcanic environments is rarely 
performed (e.g. De La Fuente et al., 2000). Only a few 
studies exist of the characteristics (i.e. charge and charge 
distribution) of smectites in such environments. 
Chemical and structural analyses of smectites from 
weathering profiles in central and southern Portugal 
revealed a montmorillonitic composition (Prudencio et 
al., 2002). 

Many of the previously mentioned studies have been 
performed on soils with ages of> 100,000 Y up to several 
millions of years. We investigated volcanic soils in a 
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Mediterranean area (subtropical and periodically dry 
climate) with the aims to: (1) determine the main clay 
mineral formations and transformations; (2) discover 
whether smectite is actively formed during weathering in 
relatively young soils; and (3) specify in detail the 
structural properties of smectites. We investigated soil 
profiles on the volcanic island of Lipari (Italy), where 
the volcanic products are characterized by calc-alkaline 
to potassic volcanism (Crisci et al., 1983) with ages 
<100,000 y. 

INVESTIGA TION AREA 

The volcanic island of Lipari is the widest part of the 
Aeolian archipelago with an area of 38 km2, and its 
morphology is related to the presence of many eruptive 
centers, characterized by different eruptive cycles. It is 
located north of Sicily and the highest point is Mount 
Chirica at 602 m a.s.l. Similarly to the other islands in 
the Aeolian arc, the volcanic products are derived from 
calc-alkaline to potassic volcanism, with a high gradient 
of K enrichment (Crisci et al., 1983). The oldest rocks 
are dated at 223,000 y, while the most recent result from 
an eruption which took place -1400 y ago. Volcanic 
activity at Lipari started 1000 m below sea level and it is 
still active, as demonstrated by the presence of low
temperature (80-90°C) fumaroles and hot springs at the 
western side of the island. Intense hydrothermal activity 
on the western belt is documented by the kaolin mines 
exploited since ancient times. 

The geology of Lipari is quite complex and is the 
result of a series of volcanic events that are related to 
two main evolution stages separated by an important 
stasis of volcanic activity between 92,000±1O,000 and 
45,000 y ago (Calanchi et al., 1996). The western part, 
including the areas of Quattropani and Chiesa Vecchia, 
is ascribed to the pre-stasis period, demonstrating the 
effects of erosion processes, while the southern part 
(Falcone) is assigned to the post-erosion stage and, 
therefore, younger than 45,000 y. 

The southern part of the island consists mainly of 
late-Pleistocene volcanic products of a pyroclastic-surge 
series, the Monte Guardia sequence, related to the 
extrusion of rhyolitic domes; fine-grained volcanic ash 
layers (brown tuffs) are found above and below this 
sequence (Crisci et al., 1981). These deposits can be 
dated to 35,000-16,800 y. 

The oldest outcrops are in the northwestern part of 
the island. They comprise lava and pyroclastites of 
basaltic-andesitic composition. With the formation of 
volcano S. Angelo (127,000-92,000 y ago) the erup
tions became more explosive and the eruptive dynamics 
had a hydro-magmatic character. Climatic and pedocli
matic conditions as measured at the Santa Marina 
Station, located on the nearby island of Salina, for the 
period 1966-1994 are characterized by a mean annual 
temperature of 17.9°C and mean annual precipitation of 

637 mm. The climate, according to Thornthwaite and 
Mather (1957), is from sub-humid to sub-arid third 
mesothermic (Cl B'3). The temperature regimen is 
thermic continental (15°C ~ T < 19°C; Raimondi et 
al., 1999) and the humidity regimen from intermediate 
xeric torric to xeric (Raimondi et al., 1997). 

MA TERIALS AND METHODS 

Two soils were selected, one in the southern 
(Osservatorio 1), and the other in the northern part 
(Quattropani 1) of the island (Figure 1). The soils were 
described and classified according to WRB (1998). Soil 
material was collected from excavated profile pits, air 
dried and sieved at 2 mm. Particle-size distribution was 
measured by the pipette method after dispersion with 
calgon@ and sedimentation in deionized water. Bulk 
density was determined on undisturbed soil cores. The 
organic C content was estimated by the Walkley-Black 
method; soil pH by potentiometry in water and NaF, 
using a soil:solution ratio of 1 :2.5. Total C content was 
measured using a C/HIN analyzer (Elementar Vario EL). 
The cation exchange capacity (CEC) and exchangeable 
bases were determined with a 1 N NH40Ac extraction 
and the cations were analyzed by atomic absorption 
spectroscopy (AAS) (Soil Survey Staff, 2003) . 
Phosphate retention was calculated as described by 
Blakemore et al. (1981). The AI, Fe and Si were 
extracted by NH4 oxalate at pH 3 (Alo, Feo, Sio) 
(Schwertmann, 1964) and the Fe by dithionite-citrate-

Figure I. Locations of soil profiles on the island ofLipari. 
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bicarbonate (Fed) (Soil Conservation Service, 1972); AI, 
Fe and Si in solution were determined by AAS. Element 
pools in the soil (Ca, Mg, K, Na, Fe, AI, Mn, Si and Ti) 
were determined by a method of total dissolution. Oven
dried samples were dissolved using a mixture of HF, 
HCl, HN03 and H3B03 as in Fitze et al. (2000). 
Concentrations of Ca, Mg, K, Na, Fe, Mn, AI, Si and 
Ti were determined by AAS, in part using a graphite 
furnace. Loss on ignition (LOI) was determined on 2.5 g 
of oven-dried (70°C for 2 h) soil material ignited at 
900°C over a period of 2 h. Short-order AI-silicate 
components (ITM), i.e. the sum of imogolite and proto
imogolite allophane, were estimated according to the 
method suggested by Parfitt and Henmi (1982), i.e. as 
allophane + imogolite% = Si(oxalate)% x 7.1. 

X-ray diffraction (XRD) was carried out on the clay 
fraction «2 Ilm), obtained by dispersion with Calgon@ 
and sedimentation in water. Specimens were then Mg 
saturated, washed free of chlorides and freeze dried. 
Clay-aggregate samples, oriented on glass slides from a 
water suspension, were analyzed using a 3 kW Rigaku 
D/MAX III C diffractometer, equipped with a horizontal 
goniometer, a curved-beam graphite monochromator and 
CuKex radiation. Slides were step-scanned from 2 to 
15°28 with steps of 0.02°28 at 2 s intervals. The 
following treatments were performed: Mg saturation, 
ethylene glycol solvation and K saturation, followed by 
heating for 2 hat 335 and 550°C. To distinguish between 
kaolinite and interstratified kaolinite-2:l clay minerals, 
the clay sample was intercalated with a 10% formamide 
in ethanol solution (Frost et al., 1999). To distinguish 
between kaolinite and halloysite, intercalation com
plexes of both, created by immersing them in a 6.5 M 
K acetate solution for 18 days were used. The resulting 
complexes were washed with water until dispersion 
(Wada, 1961). After this process, halloysite (0.7 nm) 
will expand, resulting in greater d values, while kaolinite 
will collapse, if expanded by the intercalating procedure, 
to its original basal spacing close to 0.7 nm. 

The 060 region was studied on random mounts 
prepared by filling the cavity of a glass holder and 
then step-scanned from 58 to 64°28 with steps of 0.02°28 
at 10 s intervals. Diffraction patterns were smoothed by 
a Fourier transform function and fitted by the Origin@! 
PFM using the Pearson VII algorithm. Background 
values were calculated by means of a non-linear function 
(polynomial 2nd order function; Lanson, 1997). 

Layer-charge estimation of smectites was performed 
using the long-chain alkylammonium ion C18 according 
to the method proposed by Olis et al. (1990). 

For the monolayer to bilayer transition, equation 1 
was used: 

dool = 8.21 + 34.22~ (1) 

with ~ = mean layer charge and d values given in A. For 
the bilayer to pseudotrimolecular layer transition, the 
equation is: 

doo ! = 8.71 + 29.65~ (2) 

Values of layer charge calculated from d spacings 
>3.1 nm are beyond the limits of the C18 BTP regression 
model of Olis et al. (1990) and will, therefore, be 
indicated as >0.75 per half unit-cell. 

To distinguish beidellitic from montmorillonitic 
smectites, the Mg-saturated clay samples were Li 
saturated, heated at 300°C overnight and then glycerol 
solvated (Greene-Kelly, 1953). To avoid reaction of the 
clay film with Na of the glass slide when it is heated at 
300°C, the Li-saturated clay was heated in a platinum 
crucible. The sample was then resuspended in water and 
oriented on a glass slide. 

RESULTS 

Physical and chemical analyses 

The soil profile Osservatorio 1 (in the southern part 
of the island; at an altitude of 210 m a.s.l.) is 
representative of the soils that develop from the 
pyroclastic deposits attributed to the volcanic activities 
between -40,000 and 10,000 y B.P. (Table 1). The 
deposits, mainly pumiceous, in part constitute thin, 
moderately hard layers. The texture is sandy loam in the 
A horizon and sandy in the rest of the profile (Bw and C) 
(Table 2). 

Bulk density ranges from 0.94 kg dm -3 in the A 
horizon to 0.99 kg dm-3 in the Bw horizon. The soil is 
slightly acid in the A horizon and the pH in water 
decreases with depth. The pH in NaP is always <9.5, 
indicating small amounts of X-ray amorphous AI-phases. 
Organic matter is common in the surface A horizon and 
its amount decreases with depth. The soil has a low 
cation exchange capacity (CEC) and base saturation is 
always >50%. 

According to the WRB (1998), the investigated soil 
does not meet the Andic requirements, due to low 
phosphate retention «70%), high bulk density 
(>0.90 kg dm-3), and small amounts of X-ray amor
phous compounds (the sum of [Alo+112Feol <2%). 
Furthermore, the ITM content was small (Table 2). A 
typical rhyolitic composition was measured for this 
profile (Table 3) with large Si contents. The small 
variations within the soil profile showed that the 
deposited material was quite homogeneous. 

The soil profile Quattropani 1 is representative of the 
soils that evolve on the pyroclastic deposits having an 
age of 92,000±10,000 y. The present pe do logical con
dition derives from the transformations ofthe pyroclastic 
deposits by a past thermalism. The individual pyroclastic 
particles are no longer visible in the soil horizons and 
are slightly weathered by pedogenetic processes. The 
texture in the soil is clayey-sandy in the A horizon, 
clayey in the Bw horizon and sandy-loamy in the C 
horizon (Table 2). The soil is slightly acid in the surface 
A horizon and neutral in the other two horizons. The pH 
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Table 3. Total elemental contents (g kg-I) of the investigated soils (fme earth). 

Horizon Si02 Al20 3 Fe203 MnO Na20 K20 CaO MgO Ti02 LOI Org. IVCt 
(cm) matter* 

Osservatorio 1 
A (0-15) 659.9 147.1 36.5 0.87 27.7 38.7 12.6 9.6 3.59 40.1 10.8 29 
Bw (15-50) 702.0 133.9 24.0 0.58 30.8 43.3 8.0 4.5 1.81 43.2 8.7 35 
C (50-95) 691.9 132.6 17.3 0.45 31.4 46.7 5.2 1.3 1.27 29.6 1.2 28 

Quattropani 1 
A (0-15) 507.5 162.5 75.9 0.76 11.5 10.4 26.6 24.9 10.15 150.8 26.8 124 
Bw (15-50) 505.7 168.2 76.7 0.64 10.8 9.3 24.3 25.7 10.93 150.1 11.7 138 
C (50-75) 554.0 151.3 53.5 0.13 4.9 4.8 10.3 21.3 12.18 185.5 1.2 184 

* organic matter = total organic C x 1.72; total organic C was determined by a CHN anaiyzer 
t inorganic volatile compounds, estimated by LOI (loss on ignition) - organic matter 

value in NaF is always <9.5. Bulk density is high. The 
amount of organic C is greater in the surface horizon and 
decreases noticeably with depth. The CEC is moderate 
and the base saturation is near 70%. Phosphate retention 
is low. The sum of X-ray amorphous Al + 112 of X-ray 
amorphous Fe (Alo+1I2Feo) is always <2%. Given these 
characteristics, the soil does not meet the Andic 
requirements. The ferrihydrite content (estimated by 
Feo) is small (Table 2). The amount of allophane, as 
determined by the oxalate-extractable Si (Sio), is small. 
The amount of Alo is also very small. The relatively high 
values of Fed-Feo indicate that Fe is mostly present in a 
crystalline form. The chemical composition within the 
soil profile does not vary greatly (Table 3). This shows 
that the pyroclastic deposits had a more or less similar 
chemical and andesitic composition. In contrast to the 
Osservatorio 1 profile, this soil had a comparatively 
small Si content but a greater inorganic volatile 
compounds content. Also, the Fe and Al contents are 
slightly greater. Furthermore, the distribution of base 
cations is different with smaller Na and K contents but 
greater Ca and Mg contents at this site. In the soil profile 
the amount of inorganic volatile compounds decreases 
steadily from the parent material to the surface. 

Clay mineral analyses 

The XRD pattern of the EG-solvated sample from the 
surface A horizon of the Osservatorio 1 soil profile is 
characterized by an intense broad peak at -0.74 nm. K 
saturation and heating at 335°C caused narrowing of the 
peak. Because of its broad shape, position and disap
pearance after the heat treatment at 550°C, this peak 
could be assigned to dehydrated halloysite or disordered 
kaolinite, or both. The other peaks present were at 1.01 
and 1.67 nm, belonging to mica and smectite, respec
tively (Figure 2). The peak of the smectitic component 
appeared very broad and not very intense. Therefore, this 
component is present in small amounts and is character
ized by particles of small dimension in the direction 
perpendicular to the basal planes. 

The clay mineralogy of the two lower horizons (Bw 
and C) is very similar to that of the surface horizon. In 

the lowest C horizon the peak around 0.74 nm is now 
broader, while the peak at 0.65 nm, belonging to 
plagioclase, is more evident (Figure 2). 

The clay mineral composition of the Quattropani 1 
soil was found to be different from that of the 
Osservatorio 1 soil. The XRD pattern of the EG-solvated 
sample of the surface A horizon was characterized by a 
distinct and intense peak at 1.73 nm which collapsed to 
1.47 nm following Mg saturation and to 1.26 nm after 
the K treatment. The peak collapsed to 1.0 nm following 
heat treatment at 335°C (Figure 2). Because of these 
features, this component was identified as a low-charge 
expandable clay mineral. The narrow peak indicates that 
a large dimension in the direction perpendicular to the 
basal planes is characteristic of this smectite. It is 
possible that the presence of a small amount of a high
charge expandable mineral is indicated by a very small 
peak at 1.0 nm in the XRD pattern of the K-saturated 
sample. In the XRD pattern of the EG-solvated sample, a 
peak at 0.87 nm, which disappears in the Mg-saturated 
sample, represents the d002 reflection of the same 
expandable mineral. A small amount of kaolinite was 
also present in this horizon, as denoted by the peak at 
0.72 nm, which disappears after the heat treatment at 
550°C. The two underlying horizons (Bw and C) showed 
a clay mineral composition similar to that of the surface 
horizon (Figure 2). 

Formamide intercalation, performed on the clay 
sample from the surface A horizon of the profile 
Osservatorio 1, caused the partial expansion to 
0.96 nm of the peak around 0.74 nm. Therefore, the 
residual peak at 0.75 nm could be assigned to an 
interstratified kaolinite- or halloysite-2:1 clay mineral, 
or to a kaolinite mineral resistant to the intercalation 
with formamide, while the expanded peak could belong 
to halloysite or kaolinite or both (Figure 3). The 
K acetate intercalation did not produce any expansion 
of the peak at 0.70 nm and therefore this peak could be 
assigned to kaolinite (Figure 3). The clay sample from 
the Bw horizon underneath had a similar behavior to that 
of the surface A horizon (Figure 3). The peak at 
-0.75 nm of the clay sample from the lowest C horizon 
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Figure 2. XRD patterns of the <2 J.lm clay samples from the A and C horizons of the two soil profiles Osservatorio 1 and Quattropani 1. The 
XRD patterns are smoothed and corrected for Lorentz and polarization factors. The d spacings are given in nm. EG = ethylene glycol 
solvation, Mg = Mg saturation, K = K saturation and corresponding heating treatments. 

expanded completely after the formamide intercalation, 
indicating that there was no interstratification between 
kaolinite or halloysite with 2: I clay minerals. The 
K acetate intercalation produced an almost complete 
expansion of this peak that was, therefore, assigned to 
halloysite, while the residual peak at 0.71 nm belongs to 
kaolinite. 

The formamide intercalation caused the expansion of 
the peak at 0.72 nm in all the horizons of the 
Quattropani I soil profile (Figure 4), while the K acetate 
failed to expand these components (Figure 4); therefore, 
kaolinite could be identified throughout the soil profile. 

The XRD patterns of the 060 region showed that 
almost all clay minerals in the Osservatorio I soil are 
dioctahedral. In fact, no intense peaks could be detected 

in the region of trioctahedral species in the d spacing 
range 0.1538-0.1550 nm (Moore and Reynolds, 1997). 
In the sample of the A horizon, an intense peak was 
present, centered at 0.1491 nm, that can be attributed to 
the 1: 1 clay mineral (Figure 5). The same peak was 
present in the lower Bw and C horizons. All the XRD 
patterns showed a shoulder towards higher angles that 
was resolved in a weaker peak in the range 
0.1474-0.1478 nm, probably belonging to a different 
phase of the 1: 1 clay mineral, while the small peak 
around 0.1510-0.1513 nm could belong to the smectitic 
component (Figure 5). 

The Quattropani 1 soil showed no evidence of the 
presence of trioctahedral species. In all the clay samples 
of this soil, the 060 XRD peak maxima were located at 
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lower angles, when compared to the clay sample from 
the Osservatorio I soil (Figure 5). The value of the most 
intense peak was centered around 0.1500 nm and 
belongs to the low-charge expandable mineral. The 
less intense peak in the range 0.1490-0.1486 nm could 
be assigned to kaolinite, present in this soil in small 
amounts (Figure 5). 

The Greene-Kelly test applied to Osservatorio 1 soil 
samples did not give any identifiable variation in the 
XRD patterns (not shown) of the clay samples which 
were Li saturated, heated to 300°C and solvated with 
glycerol, indicating that the small amount of smectite 
had a montmorillonitic composition. 

The Greene-Kelly test was also applied to the 
samples of Quattropani 1 soil. Li saturation and the 
heat treatment at 300°C caused a shift of the peak which 
was centered at 1.73 nm in the XRD pattern of the EG
solvated samples, to 1.5 and 0.98 nm, respectively 
(Figure 6). The solvation with glycerol, which followed, 
did not cause any expansion of the peak at 0.98 nm 
(Figure 6). This indicates that the smectite had a 
predominantly montmorillonitic nature, because Li has 
entered into the octahedral sheet and has transformed the 
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smectite into a pyrophyllite-like phase (Moore and 
Reynolds, 1997). The peak at 0.98 nm was quite broad, 
with a shoulder towards lower angles; therefore, some of 
the smectitic components showed some resistance to 
collapse to 0.98 nm after Li saturation and the heating 
treatment (Figure 6). The Greene-Kelly test applied to 
the lower Bw and C soil horizons of this profile gave 
similar results (Figure 6). 

Layer-charge diffraction patterns, obtained with the 
long-chain alkyl ammonium ion C 18 intercalation, 
showed for the Osservatorio 1 soil profile peaks with 
low intensities in the area of interest for the calculation 
of the charge. Two peaks could, however, be separated 
in the surface A horizon centered at 2.16 and 1.86 nm, 
respectively (Figure 7). The values of these d spacings 
correspond to layer charges (~) of 0.39 and 0.30. 
Therefore, the 2: 1 clay minerals comprise mainly two 
low-charge components. The Bw horizon showed a 
mixture of mineral phases, with charges ranging from 
>0.75 to 0.32. The deeper C horizon showed the same 
range of charges as the Bw horizon (Figure 7). 

The fitting procedure, carried out on the clay sample 
from the surface A horizon of Quattropani 1 soil profile 
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Figure 3. XRD patterns of the <2 !im clay samples from the A, Bw and C horizons of the soil profile Osservatorio 1. The clay samples 
are intercalated with formamide and K acetate, respectively. The XRD curves are corrected for Lorentz and polarization factors . The 
d values are given in nm. 
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Figure 4. XRD patterns of the <2 Jlm clay samples from the A, Bw and C horizons of the soil profile Quattropani 1. The clay samples 
are intercalated with formamide and K acetate, respectively. The XRD patterns are corrected for Lorentz and polarization factors. 
The d values are given in nm. 

intercalated with the C18 alkylammonium, allowed the 
identification of a peak with a d spacing of 2.00 nrn, 
corresponding to a layer charge (~) of 0.34 (Figure 7). 
The XRD pattern of the clay sample from the Bw 
horizon, intercalated with C18 alkylammonium, gave a 
peak centered at 1.97 nm. In this case also, the 
calculated charge by the use of the BTP model was 
0.34. The C horizon gave a similar result with a 
calculated layer charge per half unit-cell of 0.36 
(Figure 7). 

DISCUSSION 

Weathering of individual soils differs due to varying 
soil properties and surrounding environmental condi
tions. This is expressed by the well known and 
fundamental theory of Jenny (1980), according to 
which the soil characteristics are determined by the 
factors: parent material, climate, topography, the age of 
the soil and the organisms. The physical, chemical and 
mineralogical results have shown that the two soils 
developing in the island of Lipari have different 
properties. These differences might be attributed both 

to the different age of the soils (Osservatorio 1 at 
40,000-10,000 y and Quattropani 1 at 92,000 y) or to 
the intrinsic characteristics of pyroclastic flows as the 
climate and vegetation are similar for the two soils. 

The CEC was greater in the Quattropani soil, where 
the greater organic carbon content may contribute. Both 
soils had a large base saturation and contain small 
amounts of X-ray amorphous phases, as indicated by the 
small percentage of oxalate-extractable AI and Si. The 
allophanic components content and the X-ray amorphous 
Fe oxides content were small in both soils. 

The greater clay content at Quattropani 1 could be 
due to: (1) the chemical, mineralogical and physical 
properties of the parent material; (2) the post-deposi
tional weathering environment, and (3) the stage of soil 
formation (Dahlgren et al., 1993). All these conditions 
are possible. 

The two soils showed different clay mineralogies; 1: 1 
clay minerals were mainly present in the soil profile 
Osservatorio 1, together with a small amount of a 
smectitic component whereas a well crystallized low
charge smectite dominated the XRD patterns of the clay 
fraction of the soil profile Quattropani 1. 
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Figure 5. Deconvolution ofXRD peaks in the d060 region of the <2 J.lm clay samples from the A, Bw and C horizons of the two soil 
profiles Osservatorio 1 and Quattropani 1. The d values are given in nm. 

The following main transformation reactions in the 
soils can be suggested: 

Osservatorio 1 

Transformation with time of halloysite --> kaolinite 
together with an interstratification of kaolinite with 2: I 
clay minerals. Halloysite found in this profile has 
probably been formed by syneruptive glass alteration 
initiated by fluids during or immediately after the 
emplacement of pyroclastic flow materials (Fiore, 
1993). Hydrothermal activity is not essential for the 
formation of kaolinite and halloysite (Dixon, 1989), but 
has been reported as an environmental factor where 
these clays have formed in Japan, Korea, Mexico 
(Minato et al., 1982) and in the Hawaiian Islands. Hay 
(1960) and Mclntosh (1979) suggested that halloysite 
can form in <4000 y and <2500 y, respectively. Under 
the present environmental conditions in Lipari, halloy
site does not seem to be stable and therefore transforms 
into kaolinite; a process similar to that observed by 
Singer et al. (2004). This is also in agreement with 
Parfitt et al. (1983) and Quantin (1990) who showed that 

hydrated halloysite represents a less advanced weath
ering stage than kaolinite. Some of the kaolinite might 
have been formed directly from the weathering and 
dissolution of plagioclase which cannot, however, be 
fully proved with our data. 

Quattropani 1 

Almost no variation in the clay mineral assemblage is 
observable from the C to the A horizon. The clay 
minerals consist primarily of a low-charge smectite. A 
smaller amount of kaolinite and of a high-charge 
expandable mineral are also present. The clay minerals 
are therefore relatively stable in the present environ
mental conditions. 

Both sites are characterized by a prevalence of 
dioctahedral minerals in the clay fraction. Dioctahedral 
minerals generally have greater resistance to weathering 
than trioctahedral phases (cf. Egli et al., 2001). In both 
soils, only minor modifications were discernible from 
the C to the A horizon in the d060 region. 

As regards the genesis of the 2: 1 clay minerals, their 
presence in volcanic soils is debated. Three hypotheses 
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are suggested: (1) clay minerals can originate or be 
inherited from the primary minerals of tephra; (2) they 
could be part of an eolian contribution or weathered 
from them; or (3) they are pedogenetic products that 
crystallized from X-ray amorphous phases (Fiore, 1993). 
That author suggested that, in the volcanic area of Mt. 
Vulture in southern Italy, smectite and illite were formed 
during the emplacement of the pyroclastic flow under 
hydrothermal conditions. Smectite which originated 
from the weathering of volcanic ash samples (collected 
in Japan) under hydrothermal alteration within volcanic 
vents was reported by Mizota and Faure (1998) and 
experimental alteration of volcanic tuff at -82°C 
confirms this assumption (Cuadros et al., 1999). 
Furthermore, in situ formation of smectite in channels 
of pumiceous particles might be possible (Chichester et 
al., 1969; Cortes and Franzmeier, 1972). Additionally, 
Glassmann (1982) showed that smectite authigenesis can 
take place in voids left by augite and plagioclase 
dissolution in andesite cobbles. Freshly fallen volcanic 
ash from Mount St. Helens contained hydrothermally 
derived Fe-rich saponite (Pevear et al., 1982; Borchardt, 
1989). Extensive hydrothermal alteration may lead to 
clay-rich products, particularly kaolinite or smectite 
(Frank, 1983) at or near the ground surface. 

It is likely that the smectite in the Quattropani soil 
profile was formed by the hydrothermal mechanism 
suggested and therefore is not of pedogenetic origin but 
is inherited from the parent material. Furthermore, the 
structure characteristics of smectite remained homoge
neous throughout the profile, e.g. the low layer charge 
and the location of the charge. This indicates that the 
smectitic component is very stable in this pedogenic 
environment. Although beidellites are more common in 
soil environments, whereas montmorillonites are more 
typical of geological material (Wilson, 1987), montmor
illonitic structures are able to persist in the surrounding 
acidic conditions of the investigated soils. 

Investigations by Prudencio et al. (2002) in Portugal 
showed that the degree of aridity may affect the stability 
of smectites which seem to evolve either to palygorskite 
or to analcime. Theoretically, a similar evolution should 
also be expected in Lipari (similar climate). However, 
the parent material and evolving soils studied there were 
much older than in this study. Shoval (2004) observed 
that palygorskite can occasionally be found associated 
with sepiolite. According to that author, smectite also 
transforms with time into interstratified illite-smectite 
(rich in smectite). Well developed smectitic soils are 
mostly restricted to dry tropical climates with an annual 
precipitation of 500-800 mm and a distinct dry season, 
along with poorly drained landscapes (Boulet et al., 
1997). The subtropical and rather dry climate in Lipari 
might, therefore, favor the persistence of smectites in the 
soil. 

The smectites found in both soils are inherited from 
the parent material. The chemical and structural analyses 

of smectites revealed a mostly dioctahedral, low-charge 
montmorillonitic composition. The octahedral character 
of these minerals did not change from the C to the A 
horizon; therefore, they are resistant to weathering 
processes in the Lipari region. 

CONCLUSIONS 

The younger soil (with an age between 10,000 and 
40,000 y) showed no sign of active smectite formation. 
In Mediterranean climates (subtropical with periods of 
drought), obviously more time is required for smectites 
to form pedogenetically from rhyolitic parent materials. 
First reactions include the transformation of halloysite 
into kaolinite. The other site contained a large amount of 
smectite in the parent material. The clay mineral 
assemblage was, however, relatively unaffected after 
92,000 y of soil evolution. Dioctahedral, low-charge 
smectites of montmorillonitic structure seem to be 
relatively stable and resistant to weathering. It seems 
that they have neither been produced actively during soil 
evolution nor destroyed or transformed. 
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