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The paper deals with the development of a multidisciplinary research on weathering profiles of granitoid and
gneissic rocks related to tectonic and landscape evolution of the western Sila Grande Massif (Calabria, southern
Italy). Field scale observations and petrographical and mineralogical features are used to characterize in detail the
weathering processes. The weathering profiles of the granitoid cut slopes are generally simple showing a pro-
gressive weathering increase toward the top of the slopes, whereas the weathering profiles of the gneissic cut

Iég:::]r]?s;e rocks slopes are generally complex with irregularities in the spatial distribution of weathered horizons. The microfabric
Weathering profile and petrographic analyses show that gneissic samples (classes V-VI of weathering grade) are characterized by
Petrography higher percentage of altered minerals and microfracture and void rather than granitoid samples (classes V-VI
Mineralogy of weathering grade). The main mineralogical changes concern the partial transformation of biotite and the par-
Calabria tial destruction of feldspars (mainly plagioclases), associated with the neoformation of secondary minerals (clay
minerals and Fe-oxides) and with a substitution of the original rock fabric. Neoformed clay minerals and ferrugi-
nous products replaced feldspars and biotite during the most advanced weathering stage. Referred as physical
changes coupled with chemical variations, the final results of weathering process are a soil-like material charac-
terized by sand-gravel grain-size fraction for the granitoid rocks and by both silt-clay and sand-silt grain-size
fraction for the gneissic rocks. This generally produces a greater value of the SGI (Sand Generation Index) for

granitoids and explains the great productivity in sandy deposits of this lithology.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction minerals, leaving behind a residue of quartz and other weathering resis-

Weathering process is one of the most important phenomena affect-
ing the dynamic equilibrium of earth's crust. Chemical and physical
transformations of several types of rocks (metamorphic, magmatic,
and sedimentary) are related to weathering processes occurred under
a variety of climatic conditions all over the world. These changes affect
almost all the engineering properties of rocks and in most cases these
effects are unfavorable as they reduce both strength and then stability
of rock masses. These latter, in turn, may produce adverse geomorpho-
logical effects, such as bed incision driven by the increased sediment
transport capacity and the lack of sediment replacement from up-
stream. The geomorphological effects of weathering range from esthetic
change to landscape evolution (e.g., Ollier, 1983, 1984, 1988; Whalley
and Turkington, 2001).

Weathering of crystalline rocks (plutonic and metamorphic), related
to physical disintegration and chemical decomposition, affects both
rock materials and rock masses. Physical weathering breaks down rock
masses along their crystal boundaries; chemical weathering (e.g., hydro-
lysis, oxidation, dissolution) preferentially alters feldspars and biotite

* Corresponding author. Tel.: +39 0984493550.
E-mail address: francesco.perri@unical.it (F. Perri).

0341-8162/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.catena.2013.08.014

tant minerals. Furthermore, weathering produces mineralogical and
petrographical transformations and, thus, a considerable decay of the
physical-mechanical properties of the original rock (Baynes and
Dearman, 1978a,b; Irfan and Dearman, 1978), predisposing the weath-
ered crystalline rocks to mass movement phenomena (e.g., Borrelli,
2008; Borrelli et al., 2007, 2012; Brand and Phillipson, 1985; Calcaterra
et al, 1998; Cascini and Gulla, 1993; Cascini et al., 1992, 1994; Critelli
et al, 1991; Deere and Patton, 1971; Gulla et al, 2004). Commonly,
slope instabilities are related to the features of weathering profiles
(Borrelli, 2008; Ruxton, 1958). Weathering profile is a vertical assem-
blage of different weathering zones from the surface soil to the unaltered
bedrock. The term “soil” is here used to indicate deposits of residual and
colluvial nature, without any relations to ‘pedogenetical processes’
(G.S.EGW.P,, 1995). The characterization of weathering profiles is gener-
ally used by geotechnical and engineering geological researchers (Baynes
etal, 1978; G.S.E.G.W.P., 1995; Ruxton, 1958) to evaluate the predisposi-
tion factors relative to different landslide typologies.

This work represents an integrated analysis of the weathering pro-
cesses occurred on the granitoid and gneissic rock profiles, along the
north-western slopes of the Sila Massif (northern Calabria, Italy);
the studied area is located on the central sector of the Mucone
River basin. Diffuse landslides with occasional deep-seated gravitational
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slope deformations have been long recognized in the studied area
(Borrelli, 2008; Borrelli et al., 2007; Garfi et al, 2007; Gulla et al.,
2004; Sorriso-Valvo and Tansi, 1996; Terranova et al., 2007).

In this work the weathering profiles for granitoid and gneissic rocks
have been described and characterized based on field studies and
minero-petrographical and chemical analyses. In the field, the granitoid
and gneissic rocks were described in terms of their weathering grade de-
fined on the basis of visual descriptions and a number of simple index
tests (e.g., discoloration, samples broken by hands and hammer, Schmidt
Hammer tests). Extensive surface and subsurface investigations were
used to determine the characteristics and depth of weathering profiles
developed in the rocks. The field descriptions and the weathering charac-
terizations were verified by means of minero-petrographical and chemi-
cal analyses. Thus, the physical, chemical and minero-petrographical
changes at each grade of weathering have been determined.

2. The Sila Massif

The Sila Massif (Fig. 1) is mainly characterized by metamorphic
and granitoid Alpine and Hercynian rocks covered in places by
unmetamorphosed Mesozoic sedimentary rocks (the Longobucco
Group), and it represents a section of the Hercynian orogenic belt of
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Fig. 1. Geologic sketch of the Sila Massif with location of the study area. Legend: 1) pre-
dominantly clastic deposits (Recent to Tortonian). 2 to 6 = Sila Unit: 2) Mesozoic to Ter-
tiary sedimentary cover; 3) plutonic rocks (Sila Batholith; Carboniferous-Permian); 4)
low-grade metamorphic rocks (Bocchiglero Complex; Late Cambrian to Early Carbonifer-
ous); 5) low- to medium-grade metamorphic rocks (Mandatoriccio Complex; Late Cam-
brian to Early Carboniferous); 6) medium- to high-grade metamorphic rocks (Monte
Gariglione-Polia-Copanello Complex; pre-Triassic); 7) Lower Alpine thrust nappes of
the Sila Massif including Castagna, Bagni and Ophhiolitic Units (phyllite + schist and
ophiolitic rocks); 8) thrust fault; 9) stratigraphic contact; 10) studied area.

Modified from Messina et al. (1991).

western Europe (e.g., Bonardi et al., 2001). The Paleozoic metamorphic
rocks mainly consist of gneiss, schist and phyllite, affected by various Al-
pine metamorphic events and intruded by the Late Hercynian Sila Bath-
olith (Messina et al., 1991, 1994). The Paleozoic intrusive rocks (Sila
Batholith) are composed by granitoids with a composition ranging
from granodiorite to gabbro and leucomonzogranite (Messina et al.,
1991). The exhumation history of the Sila Massif, based on the apatite
fission track (AFT) analyses, is characterized by rapid cooling of the crys-
talline basement rocks between 35 My and 15 My as a result of crustal
extension and subaerial erosion (Thomson, 1994).

The regional tectonic evolution shows that the Sila Massif structural
high had already emerged during the middle Miocene (e.g., Corbi et al.,
2009; Matano and Di Nocera, 1999; Tripodi et al,, 2013). The develop-
ment of weathering profiles in Sila could have occurred between the
late Miocene and the Pleistocene under various climatic conditions
(e.g., Critelli et al., 1991; Guzzetta, 1974; letto and letto, 2004; Matano
and Di Nocera, 1999; Mongelli et al., 1998). Under the current temper-
ate and Pleistocene glacial climatic conditions, the erosional processes,
as activated by tectonic uplifting, prevail over weathering processes, al-
though not enough to completely remove the exposed, deeply weath-
ered mantle (e.g., Calcaterra and Parise, 2010; letto and letto, 2004; Le
Pera and Sorriso-Valvo, 2000a,b; Matano and Di Nocera, 1999).

3. Morphological and geological features of the Mucone River basin

The study area is located in the west-central side of the Mucone River
basin, on the north-western slope of the Sila Massif (northern Calabria)
(Fig. 2). The area extends about 100 km? and ranges in elevation from
200 to 1100 m as.l.; the climate is Mediterranean-type (Cs, sensu
Koppen, 1936), with summer as dry season and precipitation concentrat-
ed in mild winters. The drainage network is mainly controlled by the dis-
continuities produced by Quaternary tectonics. The drainage system is
dense and often cuts the bedrock (e.g., Cascini et al., 1992).

The investigated area shows evidence of glacial events, probably be-
longing to the last glacial age (Late Wiirm), between 21 and 18 ka
(Palmentola et al., 1990), which contributed to shape its main morphol-
ogies. Three main morphological sectors can be distinguished: the
highplains, the slopes, and the valley. Highplains are the highest and
represent the remnants of an ancient morphological surface partially re-
moved by erosion (e.g., Molin et al., 2004; Olivetti et al,, 2012; Scarciglia
et al., 2005). They are morphodynamically inactive, even if slow rock al-
teration occurs in situ, under-present climatic conditions. The slopes are
characterized by high gradient values (about 30°-40°) and deep inci-
sions up to crystalline basement, where erosion and mass movements
are widespread because the very active morphodynamics of the slopes.
The valley is mostly characterized by sedimentation (e.g., detrital depo-
sition systems such as alluvial debris flow fan and detrital fan), with
local erosional processes.

The Palaeozoic crystalline lithologies, outcropping in the study area
(Fig. 2), are mainly represented by the Sila Unit (Messina et al., 1994),
including medium- to high-grade metamorphic and granitoid rocks.

The gneissic rocks are composed by high-grade metamorphic rocks,
represented by medium- to coarse-grained biotite-garnet and silliman-
ite gneiss, outcropping along the Mucone River, and medium- to coarse-
grained biotite-muscovite migmatitic gneiss, outcropping close to
the contact with the granitoid rocks (Fig. 2). These rocks are dark,
reddish to purple in color, from schistose to massive. The biotite-
garnet-sillimanite-rich gneissic rocks are mainly characterized by
quartz-feldspar-rich layers having coarse-grained garnets, interbedded
with biotite-sillimanite dark layers. Leucosomathic portions of gneiss
are thick few decimeters.

The granitoid rocks mainly outcrop in the eastern part of the studied
area (Fig. 2). They are mainly composed of tonalite, passing locally to
granodiorite, and minor granodiorite with K-feldspar phenocrysts. The
predominant constituent minerals are also represented of plagioclase,
quartz, biotite and muscovite. These rocks are coarse-grained, white
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Fig. 2. Simplified geological map of the western-central side of the Mucone River Basin (northern Calabria, Italy). Legend: 1) alluvial and debris fan (Holocene); 2) alluvial deposits (Ho-
locene); 3) matrix-supported conglomerates (Lower-Middle Pleistocene); 4) granitoid rocks (Paleozoic); 5) gneissic rocks (Paleozoic); 6) studied weathering profiles; 7) samples from
cut slope weathering profiles of gneissic rocks; 8) samples from cut slope weathering profiles of granitoid rocks; 9) samples from borehole (S1A).

and pink in color. Generally the granitoid rocks are intruded by pegma-
tite and aplite dikes. The granitoid and gneissic rocks, often covered
with thickness of colluvial deposits, are intensely weathered. Generally,
the contact between granitoid and gneiss is tectonic.

Landslide and deep-seated gravitational slope deformations are
found along the borders of the Mucone River (Borrelli et al, 2007,
2011a,b; Sorriso-Valvo and Tansi, 1996; Terranova et al., 2007), where
local relief energy and steep slopes are commonly associated with
severe tectonic fracturing. In particular, in the study area have been
identified and mapped from Borrelli et al. (2007) three types of land-
slide: debris flow, debris slide and rock slides.

4. Methods

In order to have more data on the thickness and geometrical charac-
teristics of the different weathering horizons, a detailed survey of
weathering profiles has been performed based on evaluation of 70 cut
slopes (Fig. 2). The elevation of the cut slopes range from 210 m to
1100 m a.s.l. The Mucone River is characterized by deep incision with
steep slopes where bedrock crops out. These morphological features
allow us to define the typical weathering profile for the granitoid and
gneissic rocks.

The weathering profiles have been studied following the methodol-
ogy proposed by Gulla and Matano (1997). Both qualitative (e.g., rock
color, discoloration processes, samples broken by hands and hammer)
and quantitative (e.g., Schmidt Hammer tests) criteria were used to
classify the observed weathering grades on each cut slope.

Samples were collected along granitoid and gneissic weathering pro-
files during the field survey (35 samples), which provides a continuous

record from fresh plutonic and metamorphic rocks to residual soils
(Fig. 2).

Samples collected for each weathering class, were thin sectioned for
microfabric and petrographic analysis. In particular, the completely
weathered rocks and residual soils were cemented with epoxy resin
and successively thin sectioned. The weathering progress has been
characterized using petrographics indices for quantifying the changes
in the intrinsic properties of rocks from different points of view, some
of which can be related to the engineering properties of weathered
rocks. The most commonly used are the decomposition index (Xg;
Lumb, 1962), indicating the extent to which the rock microfabric and
composition are affected by weathering, and the micropetrographic
index (I; Irfan and Dearman, 1978), defined as a ratio among primary
and accessory unaltered minerals and secondary minerals together
with microcracks and voids. The studied samples have been also inves-
tigated by scanning electron microscope (SEM) on the fractured sur-
faces; EDS (energy dispersive X-ray spectroscopy) analyses were
performed on a FEI Quanta 200 scanning electron microscope equipped
with EDAX Genesis 4000, at the Universita della Calabria (Italy).

The mineralogy of the whole rock and the fine fraction (<2 pum)
were determined by X-ray powder diffraction (XRD; Bruker D8 Advance
diffractometer, with CuKa radiation in the range 5°-60° 26, with steps
of 0.02° 26 and step-times of 1 s/step) at the Universita della Calabria
(Italy). The fine fraction (clay suspension) was separated by centrifuga-
tion; successively the oriented mounts prepared from clay suspensions,
were air-dried, glycolated at 60 °C overnight, and heated at 375 °C for
1 h. X-ray diffraction analyses were carried out according to Moore
and Reynolds (1997). The occurrence of clay minerals in the <2 pm
grain-size fraction was estimated on both glycolated and heated orient-
ed mounts (e.g., Perri, 2008; Perri et al., 2011b).
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Table 1
Descriptions assumed as reference for the weathering classes.
Modified from Gulla and Matano (1997).

Class Rock mass

Rock material

I — Fresh

1l — Slightly

The rock mass is fresh (more than 70% of the outcrop); limited and isolated rock mass Rock unchanged from original state or only slightly stained along major
volumes, near the discontinuities, can be constituted by slightly weathered rock.
The rock mass is slightly weathered (more than 70% of the outcrop); limited and

joints.
The rock material has mainly the following characteristics: same color of the

weathered  isolated rock mass volumes, near the discontinuities, can be constituted by moderately fresh rock (class I) with discoloration only near the discontinuities; original
weathered rock. texture and microstructure of the fresh rock are perfectly preserved;
strength is comparable to that of the fresh rock (hard rock); make a ringing
sound when it is struck by hammer. Ngemiae value more than 50.

11— The rock mass is moderately weathered (more than 70% of the outcrop); limited and  The rock material has mainly the following characteristics: pervasively
Moderately isolated rock mass volumes can be constituted by highly or slightly weathered rock.  discolored, but locally the color of the fresh rock can be present; original
weathered texture and microstructure of the fresh rock are well preserved; strength is

comparable to that of the fresh rock (hard rock); make an intermediate
sound when it is struck by hammer; large pieces are hardly broken if they
are struck by head of hammer; point of geological hammer can produce a
scratch on the surface of rock. Nsenmide Value: 25-50.

IV — Highly The rock mass is highly weathered (more than 70% of the outcrop); limited and isolated The rock material has mainly the following characteristics: completely

weathered  rock mass volumes can be constituted by moderately or completely weathered rock.  discolored; original texture and microstructure of the fresh rock are still
The volumes constituted of residual soils, rarely in outcrop and usually located on preserved; strength is substantially reduced (weak rock); make an
crowns, present the sand and silts fractions prevalent. intermediate dull sound when it is struck by hammer; large pieces are easily
broken if they are struck by hammer; large pieces do not slake in water;
point of geological hammer indents the rock superficially; knife edge
produces a scratch on the surface of rock. Nscpmiqe value: 10-25.

V- The rock mass is completely weathered (saprolite) (more than 70% of the outcrop); ~ The rock material has mainly the following characteristics: completely
Completely limited and isolated rock mass volumes can be constituted by completely weathered  discolored; original texture and microstructure of the fresh rock are present
weathered  rock or residual soil. The volumes constituted of completely weathered rock, usually are  in relict form; soil like behavior; large pieces can be broken by hand and

located at the upper reaches of the slopes (generally above 700 m above sea level). slake in water; point of geological pick indents the rock deeply; knife edge
easily carves the surface of rock; gravel and sand fractions are prevalent.
Nschmiar Value: 0-15.

VI — Residual  The rock mass mainly consists of residual, colluvial and detrital-colluvial soils (more  The rock material has mainly the following characteristics: completely

and than 70% of the outcrop); limited and isolated portions can be constituted by discolored; original texture and microstructure of the fresh rock are

colluvial soil moderately or highly weathered rock and/or saprolitic soil.

completely destroyed; soil like behavior; large pieces can be easily broken
by hand and crumbled by finger pressure into constituent grains. The
volumes constituted of residual soils, rarely in outcrop and usually located
on crowns, present the sand and silts fractions prevalent. The volumes
constituted of colluvial soils, usually located on slope and into
morphological hollows, are formed by sandy-silty chaotic deposits,
including moderately to highly weathered centimetric rock fragments and
subordinately organic fragments. The volumes constituted of detrital-
colluvial soils, located on the lower portions of slopes, are represented by
disorganized structure deposits, formed by sand and gravel including
moderately to highly weathered decimetric rock fragments and
subordinately organic fragments.

5. Results
5.1. Survey of weathering profiles

Five classes of weathering have been recognized in the studied area:
from the class VI (residual and colluvial soils) to the class II (slightly
weathered rock). Limited volumes of class I (fresh rock) have been lo-
cally found within the class Il The characteristics of the different
weathering classes for granitoid and gneiss rocks are summarized in
Table 1.

The weathering profiles observed on the granitoid cut slopes (Fig. 3)
are generally simple (sensu Brand and Phillipson, 1985) and character-
ized by a progressive weathering increase toward the top of the slopes.
Generally, the weathering profiles are characterized by rocky masses
varying from slightly weathered rocks (along the cut slopes of the
stream incisions) to completely weathered rocks (along cut slopes of
the highest reliefs). Corestones are not common in the studied granitoid
cut slopes. Residual soils (class VI) are locally observed in the highest
reliefs (Fig. 2) and are few centimeters thick. Faults and fractured zones
are commonly present on the cut slopes examined, where sharp contacts
between the different weathering classes are observed (Fig. 3). The most
important discontinuities are characterized by completely weathered
granitoids with a soil-like behavior.

The weathering profiles observed on the gneissic cut slopes (Fig. 4)
are generally complex (sensu Baynes et al., 1978) and characterized

by irregularities in the spatial distribution of weathered horizons.
Fresh (class I) and slightly (class II) weathered rocks are observed
along the cut slopes of the stream incisions; the medium-high portions
of the slopes are mainly characterized by moderately (class IIl), highly
(class IV) and completely (class V) weathered rocks with variable thick-
nesses and articulated geometric relationships (Fig. 4). The cut slopes of
the highest reliefs mainly show completely weathered rocks (class V)
with variable volumes of highly weathered rocks (class IV) and thin
layer of residual soil (class VI). Colluvial and detritical-colluvial soils
(class VI) are widespread and related to very active morphodynamic
processes.

Survey of the weathering grade along the cut slopes integrated with
stratigrahical analyses of the borehole logs (e.g., Borrelli et al., 2012;
Calcaterra et al., 1998) allow us to evaluate the thickness and the fea-
tures of the gneissic and granitoid rocks involved in the weathering pro-
cesses. The borehole logs, varying from 25 to 150 m, show an irregular
pattern for the weathering profiles. Based on these investigations, the
weathering profiles (from classes I-1I to classes V-VI) for granitoid
and gneissic rocks have thickness up to 60 m (Fig. 5).

Thus, the typical weathering profiles show gradual transition from
fresh/slightly weathered rock to completely weathered rock for the gran-
itoid rocks and complex and irregular transition among the weathering
classes for the gneissic rocks (Fig. 5). In particular, the upper part of the
granitoid weathering profile (up to 30 m) is characterized by completely
and highly weathered rocks with limited corestones of various shapes



L. Borrelli et al. / Catena 113 (2014) 325-340 329

Fig. 3. Weathering profiles of representative granitoid cut slopes of the studied area: A) completely weathered rocks (class V), covered by colluvial and detritical-colluvial soils (class VI),
along cut slopes of the highest reliefs; B) residual soils and completely weathered rocks (classes VI-V) with corestones (classes IV-V) along cut slopes of the highest reliefs; C) sharp con-
tacts between different weathering classes (III, IV and V) with faults and fractured zones along the cut slopes of the medium-high portions of the slopes; D) slightly and moderately weath-

ered rocks (classes II-III) along the cut slopes of the stream incisions.

and sizes and aplitic/pegmatitic dykes, locally covered by residual and
colluvial soils (at least 5 m thick) (Fig. 5). The upper part of the gneissic
weathering profile (up to 30 m) is mainly characterized by completely,
highly, moderately and slightly (in minor amount) weathered rocks
with various thicknesses and complex geometric relationships (Fig. 5).
The medium part of the granitoid weathering profile (between 30 m
and 50 m) is mainly characterized by moderately and slightly weathered
rocks with aplitic/pegmatitic dykes (Fig. 5). The medium part of the
gneissic weathering profile (between 30 m and 50 m) is mainly charac-
terized by slightly, moderately and highly weathered rocks with minor
amount of completely weathered rocks. The lower part of weathered pro-
files (down to 50 m) show similar features for both granitoid and gneissic
rocks, characterized by slightly/fresh rocks (Fig. 5). The weathered pro-
files of gneissic rocks are generally characterized by structural complexity,
such as fault gouge zones, thrust planes and joint fractures, sometimes as-
sociated to argillified levels. The weathered profiles of granitoid rocks are
generally characterized by minor structural complexity (Fig. 5).

5.2. Composition of the crystalline rocks

The studied granitoid rocks are characterized by extremely different
degrees and patterns of physical and/or chemical weathering. The bed-
rock often shows a variety of physical discontinuities, such as shear
zones, fault planes, pressure release and other types of jointing, creating

blocks and rounded boulders and wedges of different shapes and sizes
(e.g., Borrelli et al., 2012; Scarciglia et al., 2007). These blocks are
overprinted by an intense grussification, with minute rock flawing and
crumbling; this forms a gritty, loose material made of small polymineral
aggregates and monomineralic particles.

The granitoid rocks have a subhedral granular texture; these rocks
mainly consist of strongly zoned plagioclase, anhedral quartz, biotite
and chlorite. The remainder is composed of K-feldspar with accessory ep-
idote, apatite and titanite. During the weathering a relative enrichment
of quartz at the expense of feldspar has been observed (e.g., Le Pera
et al, 2001a).

The gneissic rocks are mainly composed of plagioclase, quartz, biotite,
iron-bearing garnet (almandine), sillimanite, muscovite and K-feldspar;
minor zircon, apatite, epidote and opaques occur as accessory minerals.
These rocks are medium- to coarse-grained with a grano-lepidoblastic
texture. Both garnet and biotite show frequently neoformation of ferrugi-
nous weathering product as linings within and around crystals.

5.3. Petrographic analyses

Petrographic analysis based on the Xy values (Lumb, 1962) and the
micropetrographic index I, (Irfan and Dearman, 1978) have been car-
ried out for each weathering class (Fig. 6) of the studied samples
(Table 2).
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Fig. 4. Weathering profiles of representative gneissic cut slopes of the studied area: A) completely weathered rocks and residual soils (classes V-VI), with small volumes of completely
weathered (class V) and highly weathered (class IV) rocks, covered by colluvial and detritical-colluvial soils (class VI), along cut slopes of the highest reliefs; B) cut slopes of the highest
reliefs characterized by completely weathered rocks (class V) with variable volumes of highly weathered rocks (class IV) and thin layer of residual soil (class VI); C) cut slopes typical of the
medium-high portions of the slopes characterized by moderately (class I1I), highly (class IV) and completely (class V) weathered rocks with variable thicknesses and articulated geometric
relationships; D) slightly (class II) and moderately (class IlI) weathered rocks along the cut slopes of the stream incisions.

The granitoid rocks generally show low Xy values, ranging from 0.15
to 0.84 (average = 0.46), and are mainly characterized by granular-
framework microfabric (Baynes and Dearman, 1978b); the granular-
framework microfabric is generally clay-poor and consists of an
interlocking granular aggregate enclosing decomposed minerals. Thus, re-
ferred as physical changes, the final result of weathering process is a soil-
like material characterized by sand-gravel grain-size fraction for the
granitoid rocks (residual soil, class VI). The granulometric analysis carried
out on weathered granitoid sample (class VI), confirm that the dominant
fractions are sand and gravel with minor percentage of silt-clay (Fig. 7).
The micropetrographic index I, (Irfan and Dearman, 1978) ranges from
0.27 to 14.04 related to different weathered stages (Table 1). The transi-
tion from classes I-II (Fig. 8A) to classes V-VI (Fig. 8F) consists of the
sericitization of plagioclase from core to rim (for the plagioclase with an
anorthitic composition), from rim to core (for the plagioclase with an al-
bitic composition) and along preferential lines and pitting on mineral sur-
faces (Fig. 8B), neoformation of unidentified clay minerals within both
plagioclase and K-feldspar (Fig. 8C-D), and partial clay neoformation
and exfoliation of biotite along rims and lamellae (Fig. 8E-F). Transition
of biotite into Fe-oxides is frequently observed (Fig. 8E-F). Generally,
quartz remains unaffected by chemical alteration or shows minor
modification. Starting from class III (Fig. 8C), some intragranular and
intergranular small cracks, that tend to expand and propagate in the clas-
ses IV-V, can be observed (Fig. 8D-E); these weathered classes and, in

particular, the associated residual soil (classes V-VI; Fig. 8F) are charac-
terized by open crack systems developed and filled with weathering
products. Scanning electron microscope (SEM) images of completely
weathered samples (class V) show evident intergranular and intra-
granular cracks (Fig. 9A-B), with neoformation of clay minerals
(Fig. 9C-D) and Fe-oxides (Fig. 9E) related to weathered biotite (Fig. 9F)
and feldspars (Fig. 9G-H).

The gneissic rocks generally show low X, values ranging from 0.16 to
1 (average = 0.57); the samples with highest X values (>0.5), show a
clay-matrix microfabric (e.g., Baynes and Dearman, 1978b), typical of
materials where decomposition products, mainly clayey phases, domi-
nate and enclose the remnant original minerals. The X4 value is not de-
tected for the fresh and the slightly weathered samples (classes I and II)
(Table 2). Thus, referred as physical changes, the final result of
weathering process is a soil-like material characterized by both silt-
clay and sand-silt grain-size fraction for the gneissic rocks. The
granulometric analysis, carried out on weathered gneissic sample
(class VI), confirms that the dominant fractions are sand and silt-clay
with minor percentage of gravel (Fig. 7). The micropetrographic index
I, (Irfan and Dearman, 1978) ranges from 0.25 to 14.17 related to differ-
ent weathered stages (Table 2). The transition from class I (Fig. 10A) to
class VI (Fig. 10F) is mainly related to pervasive sericitization of plagio-
clase and pitting on mineral surfaces (Fig. 10C-D), incipient weathering
of plagioclase rims and clay coating of altered grains (Fig. 10D), and
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Fig. 5. Typical weathering profiles of (A) granitoid and (B) gneissic rocks for the study area.
V], residual and colluvial soil; V, completely weathered rock; IV, highly weathered rock; III,
moderately weathered rock; II, slightly weathered rock; I, fresh rock; D, aplitic-pegmatitic
dike; Fg, fault gouge; Fb, fault breccia.

neoformation of clay filling the microcracks (Fig. 10E). Completely
weathered feldspar and biotite grains are replaced by clay minerals and
Fe-oxides, and embedded in an oxidized argillaceous matrix (Fig. 10E-
F). Scanning electron microscope (SEM) images of completely weathered
samples (class V) show intergranular and intragranular cracks (Fig. 11A),
formation of clay coating on weathered grains (Fig. 11B-C), altered and
exfoliated biotite replaced by Fe-oxide (Fig. 11D-E) and neoformed clay
minerals (e.g., halloysite, kaolinite, illite and mixed-layer clay minerals)
(Fig. 11F-H). In detail, SEM-EDS observations show thin 2-6 pm minerals

| GRANITOID

(Fig. 11F-H); these phases are probably halloysite crystals growing with
their long axes perpendicular to the plagioclase grains (Fig. 11G) and
rare pseudohexagonal lamellae of kaolinite (Fig. 11F) and mica mixed-
layers (Fig. 11H), as indicated by EDS analyses (data not shown).

5.4. Mineralogical analyses

The X-ray diffraction pattern of the completely weathered samples
(of both granitoid and gneissic rocks) shows the occurrence of
neoformed clay minerals, typically large amounts of interstratified clay
minerals (both 2:1 and 2:1:1 clay minerals), chlorite, micas and 1:1
clay minerals (Fig. 12). The difference between granitoid and gneissic
rocks is mainly related to a higher content of quartz and feldspars for
the first rock type (Fig. 12A) whereas the second rock type shows higher
content of neoformed clay minerals (Fig. 12B). The XRD pattern of the
granitoid rock clay fraction shows quartz and feldspars peaks more in-
tense than the same peaks of the gneissic rock, characterized by higher
content of neoformed clay minerals (Fig. 12). These mineralogical dif-
ferences between the completely weathered studied rocks have a corre-
spondence also in the mineralogical investigation of the <2 um fraction.
The XRD patterns of the <2 um fraction, show high content of clay min-
erals mainly constituted by expandable phases (mixed-layer minerals)
(Fig. 13); in particular, the gneissic sample (Fig. 13B) shows higher var-
iations among the treated specimens (air dried, glycolated and heated)
at low-angle related to the abundance of expandable phases, rather
than the granitoid sample (Fig. 13A). These observations confirm the
minero-petrographic and granulometric analyses.

6. The effect of weathering processes

Based on guidelines given in earlier studies, we assessed physical,
chemical and minero-petrographical features of the weathering process
(e.g., Baynes and Dearman, 1978a, b; Borrelli et al, 2007, 2012;
Caracciolo et al., 2011; Critelli et al., 2008; Gulla and Matano, 1997;
Irfan and Dearman, 1978; Le Pera and Sorriso-Valvo, 2000a,b; Le Pera
et al., 2001b; Lee and De Freitas, 1989; Lumb, 1962; Mongelli et al.,
2006; Perri, 2011; Perri et al,, 2008, 2011a,b, 2012, 2013; Scarciglia
et al,, 2005, 2007; Zaghloul et al., 2010).

: Clase_; Il

Fig. 6. Granitoid and gneissic rock samples representative of each stage of weathering.
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Table 2

Characterization of studied granitoid and gneiss in terms of decomposition index (X4; Lumb, 1962), microfabric (Baynes and Dearman, 1978b), micropetrographic index (I,; Irfan and
Dearman, 1978) and weathering stage. C, samples from cut slopes; S1A, samples from borehole.

Sample Type of rock Decomposition index Microfabric

Unaltered minerals

Altered minerals Microfracture and void ~Micropetrographic index Weathering

(Xa) (%) (%) (%) (Ip) stage
Cl1 Gneiss - Granular-framework  82.97 16.76 0.27 4.87 il
Cc2 Gneiss 038 Granular-framework 7491 22.81 228 2.99 v
C6 Gneiss - Granular-framework  93.89 7.11 0 13.06 [
C14 Gneiss - Granular-framework  88.47 10.87 0.66 7.67 Il
C24 Gneiss - Granular-framework  82.92 16.18 0.9 4.85 11
43 Gneiss 051 Clay-matrix 66.15 20.47 14.33 1.9 V-V
C44 Gneiss 0.56 Clay-matrix 46.77 44,62 8.61 0.88 \Y
C84 Gneiss 0.26 Granular-framework  73.71 18.69 7.6 2.8 \%
SIA-1 Gneiss 0.16 Granular-framework  80.8 18.28 0.92 421 11
SIA-2 Gneiss 0.39 Granular-framework  76.84 17.49 5.67 3.32 I\%
SIA-3 Gneiss 0.18 Granular-framework  74.45 24.19 1.36 291 \%
SIA-4 Gneiss - Granular-framework  93.35 6.07 0.58 14.04 I
C18 Gneiss 0.92 Clay-matrix 19.85 70.35 9.8 0.25 \Y
28 Gneiss 0.55 Clay-matrix 29.92 4427 25.81 043 \%
C31 Gneiss 1 Clay-matrix 3941 57.29 33 0.65 \%
C32 Gneiss 093 Clay-matrix 423 45.68 12.02 0.73 \Y
39 Gneiss 0.79 Clay-matrix 23.95 56.96 19.09 0.31 \Y
62 Gneiss 0.21 Granular-framework  67.99 25.27 6.74 2.12 \%
C78 Gneiss - Granular-framework  93.41 6.1 0.49 1417 [
81 Gneiss - Granular-framework  86.35 12.47 1.18 6.33 I
C94 Gneiss - Granular-framework  92.46 7.29 0.25 12.26 I
95 Gneiss 0.97 Clay-matrix 27.94 62.09 9.97 0.39 V-VI
98 Gneiss 048 Clay-matrix 40.52 40.33 10.15 0.68 V-VI
Cc107 Gneiss 0.85 Clay-matrix 58.42 31.01 145 1.8 IvV-v
C57 Granitoid - Granular-framework  89.2 9.56 0.52 8.26 Il
C60 Granitoid 04 Granular-framework  64.13 19.14 16.73 1.79 \%
C64 Granitoid - Granular-framework  80.96 16.29 2.75 425 1
C72 Granitoid 0.84 Clay-matrix 61.2 32.68 6.12 1.57 \
C74 Granitoid 0.8 Clay-matrix 21.29 64.84 13.87 0.27 V-VI
c77 Granitoid 033 Granular-framework  42.17 43.77 14.06 0.73 V-VI
89 Granitoid 0.42 Granular-framework  59.05 29.14 11.81 1.44 \Y
C102 Granitoid - Granular-framework  91.83 7.92 0.25 11.24 1I-1
C103 Granitoid - Granular-framework  82.35 14.58 3.07 4.67 11
C104 Granitoid 0.15 Granular-framework  42.83 36.2 2097 0.75 \%
C105 Granitoid 0.28 Granular-framework  69.2 23.15 7.65 224 V-1V

The main features of the weathered granitoid and gneissic rocks are
shown in Table 1, based on macroscale observations. Generally, fresh
rock (class I) is unchanged from original state; slightly weathered rock
(class II) shows same color of the fresh rock (class I) with discoloration
only close to the discontinuities; original texture and microstructure of
the fresh rock are preserved. Moderately weathered rock (class III) is
pervasively discolored, but the color of the fresh rock is locally observed.
The original texture and microstructure of the fresh rock are well pre-
served. Highly weathered rock (class IV) is completely discolored; orig-
inal texture and microstructure of the fresh rock are still preserved.
Completely weathered rock (class V) is also completely discolored; orig-
inal texture and microstructure of the fresh rock are present in relict
form. Residual and colluvial soils (class VI) are respectively constituted
from soil related to in situ weathering and soil reworked and transported
by colluvial-detritical processes; original texture and microstructure of
the fresh rock are completely destroyed.

The main weathered minerals observed in the studied samples from
granitoid and gneissic weathering profiles are plagioclase, biotite and
potassium feldspar (Fig. 14), as shown by thin section, SEM and XRD
analyses. Fine-grained sericite often occurs within plagioclase during
the incipient weathering stages (classes II-IIl), preferentially along
twin planes, or more pervasively. A pre-weathering origin for sericite
has been considered (Dixon and Young, 1981; James et al, 1981;
Velbel, 1983), even if a formation during deep weathering conditions
cannot be ruled out (Irfan and Dearman, 1978; Ollier, 1983, 1984,
1988). As weathering advances (starting from class IV) clay minerals re-
place fine-grained sericite, preferentially along mineral rims and
intragranular microfractures (Fig. 14A). Neoformed mixed-layer clay
minerals are major constituents of altered biotite grains from each hori-
zon of the profiles; illite, illite—smectite mixed layers, kaolinite and

halloysite are also present in various amounts as shown by XRD analyses.
Unaltered biotite is present in some specimens in association with
mixed-layer clay minerals and probably represents both unaltered biotite
grains and biotite cores of weathered grains. Under natural weathering
conditions, changes in the nature of octahedral cations in biotite are usu-
ally associated with replacement of K by hydrated cations. Biotite crys-
tals are exfoliated, and show frequently etched, outer boundaries
(sometimes with clay neoformation and Fe-oxide staining) and may sep-
arate along cleavage lines (Fig. 14B-D). Oxidation probably preceded or
accompanied K-exchange from biotite in these profiles (e.g., Gilkes and
Suddhiprakarn, 1979). The advanced stage of weathering (classes V-VI)
is marked by chemical breakdown and weathering of potassium feldspar
(Fig. 14E). These samples (classes V-VI) are characterized by fractured
quartz grains (Fig. 14F) that usually form the skeleton of saprolite in an
argillaceous matrix, with the detrital feldspars and micas.

Halloysite and kaolinite may often coexist in the upper parts of the
gneissic and granitoid weathering profiles (classes V-VI) developed
under a temperate climate (e.g., Papoulis et al., 2004), as the Mediterra-
nean environment. Chlorite forms under a variety of physical and chem-
ical weathering conditions (e.g., Weaver, 1989). lllite mainly exists in
areas of very low rates of chemical weathering with cooler climate,
and areas of steep relief where mechanical erosion interferes with soil
formation (e.g., Weaver, 1989).

Thus, the granitoid and gneissic rocks show similar features for the
fresh, slightly and moderately weathered rocks (classes I-1Il) at macro-
and microscale, whereas they are characterized by a different response
to the weathering processes starting from highly weathered rocks
(class IV). In particular, many gneissic samples (classes V-VI) are charac-
terized by higher percentage of altered minerals rather than few granit-
oid (classes V-VI) samples (Table 2), as well as the microfracture and
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o002 008 2 % void percentage is higher in many gneissic samples (classes V-VI) rather
100 | | St Band G_E";e' than in few granitoids (classes V-VI). Furthermore, the percentage of the
b el gneissic samples (classes V-VI) characterized by clay-matrix microfabric
90 - 1 7 is higher than those of the granitoid samples (classes V-VI), mainly char-
80 2 L acterized by granular-framework microfabric. This generally produces a
70 E / greater value of the Sand Generation Index (SGI; Palomares and
g E / )’ Arribas, 1993) for granitoids and explains the great productivity in
° 60 ¢ I sandy deposits of this lithology.
2 | bl
£ 50 7
§ 40 | / 7. Concluding remarks
5 /
el s LLHT] / This work concerns the importance and the great potential of com-
20 m = bining complementary scientific disciplines to the study of weathering
10 =T ,// profiles and the derivative products. Both physical and chemical
Lt weathering affect granitoid and gneissic rocks of the Sila Massif (Cala-
8_ 001 0.01 0.1 1 10 100 bria, southern Italy), where the combination of tectonic and climate var-
iation plays an important key role.
Fig. 7. Grain size distribution curves of the residual soils (class VI): (1) granitoid sample Although chemical weathering seems to be the dominant process,
(C74; Table 2); (2) gneissic sample (CS5; Table 2). fracturing and faulting are also crucial factors in the development of

Fig. 8. Photomicrographs of weathering stages for the studied granitoid (crossed polarized light; 10x ). A) Fresh rock (classI); B) slightly weathered sample (class II); C) moderately weath-
ered sample (class III); D) highly weathered sample (class IV); E) completely weathered sample (class V); F) completely weathered sample characterized by clasts in an oxidized argil-
laceous matrix (classes V-VI).
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Fig. 9. Scanning electron microscope photographs of granitoid rocks. A) Structure; B) incipient disintegration testified by transgranular and intragranular microcracks; C) argillification
(neoformed clay minerals) of plagioclase; D) booklets of kaolinite; E) quartz covered by Fe-oxides; F) exfoliated biotite, partially replaced by Fe-oxides; G) neoformed clay mineral coating
plagioclase crystal; H) chemical alteration of feldspar grain characterized by pitting phenomena.

granitoid and gneissic weathering profiles. Weathered rock masses
have been estimated to be at least 60 m in thicknesses. The develop-
ment of these weathering profiles is thought to have occurred between
the Late Miocene and Pleistocene. Under the current temperate and
Pleistocene glacial climatic conditions, the erosional processes, as acti-
vated by tectonic uplifting of the north-western slopes of the Sila Massif,

have partially removed the exposed deeply weathered mantle; the last
is mainly confirmed by field observation and evaluation of the cut slope
weathering profiles.

Petrographic and mineralogical analyses show characteristic
changes as weathering progresses. The weathering stage transitions
are well documented by X, values and the micropetrographic index I,
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Fig. 10. Photomicrographs of weathering stages for the studied gneiss (crossed polarized light; 10x ). A) Fresh rock (class I); B) slightly weathered sample (class II); C) moderately weath-
ered sample (class I11); D) highly weathered sample (class IV); E) completely weathered sample (class V); F) residual soil sample characterized by abundant and rounded clasts in an ox-

idized and argillaceous (clay) matrix (class VI).

and by SEM and thin-section images and XRD patterns. The formation of
microcracks and the mineralogical transformations (e.g., neoformed
clay minerals) can lead to a significant reduction in the effective shear
strength and stiffness of the granitoid and gneissic masses and play an
important role in the development of different types of widespread
slope instability in the studied area. Generally, shallow landslide (e.g.
slide and flow slide, up to 3 m deep) involve soil-like materials in the
granitoid and gneissic weathering profiles (class VI and class V);
medium-deep landslide (e.g. slide, up to 30 m deep) involve soil-like
rocks and weak rocks in the granitoid and gneissic weathering profiles
(class VI, class V, and class 1V); deep landslide (e.g. rock slide, greater
than 30 m deep) and DSGSD (Deep Seated Gravitational Slope Defor-
mation) involve the fresher rocks (class III, class Il and class I) in the
gneissic weathering profiles, where fault rocks (fault breccia and fault
gouge zone) are present (e.g., Borrelli et al, 2007, 2012; Calcaterra
and Parise, 2010; Cascini et al., 1992 and references therein).

The approach used and the results proposed in this paper may pro-
vide a valuable support for the study of typical mass movement

phenomena related to different geological contexts mainly character-
ized by weathered crystalline rocks, and for the mechanical characteri-
zation of weathering profiles for engineering geological investigations.
In addition, this study generates crucial information concerning the
first step in sediment generation, as the control of lithology at the
sources and their behavior in sediment production as an original prod-
uct from weathering profiles.
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Fig. 11. Scanning electron microscope photographs of gneissic rocks. A) Incipient disintegration testified by transgranular and intragranular microcracks; B) plagioclase grain in an argil-
laceous matrix; C) biotite replaced by Fe-oxides; D) weathered biotite crystal with exfoliation occurring along cleavage lines; E) quartz covered by Fe-oxides; F) booklets of kaolinite; G)
thin minerals constituted by halloysite crystals; H) neoformed clay minerals (platy illite).
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