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SCIENCE
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This paper illustrates the methodology and techniques for the compilation of a thematic
(engineering) geological map based on detailed mapping of the weathering grade of
crystalline rocks occurring in a portion of the Sila Massif close to the San Giovanni in Fiore
Village (Calabria, Italy). The map (1:5000 scale), covering an area of about 20 km2, was
compiled combining new geological and structural data with the results of a weathering
grade field survey. The methodology, used to distinguish and map the weathering grade
classes, was performed using qualitative criteria, semi-quantitative tests, and petrographic
analysis of weathered rock samples. The Main Map, presented in this paper, aims to provide
a useful tool for land-use planning, for geological hazard assessment and engineering
perspectives.
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1. Introduction

Weathering intensity in rocks results in mineralogical modification of the primary minerals and
strong structural and textural changes in the rock fabric, as fractures in both intercrystalline
boundaries and intracrystalline contacts (Borrelli, Perri, Critelli, & Gullà, 2014; Critelli, Di
Nocera, & Le Pera, 1991; Le Pera, Critelli, & Sorriso-Valvo, 2001; Regmi, Yoshida, Dhital, &
Devkota, 2014; Scarciglia, Le Pera, & Critelli, 2007). These structural and mineralogical
changes are responsible for generating variable thickness of weathered rocks. In regions where
crystalline rocks are widespread, slope instability and morphodynamic evolution of slopes are
strongly related to both the thickness of weathering profiles and intensity of weathering (Borrelli,
Greco, & Gullà, 2007; Calcaterra & Parise, 2010; Cascini, Critelli, Di Nocera, Gullà, & Matano,
1992; Chigira, 2001; Chigira, Mohamad, Sian, & Komoo, 2011; Lacerda, 2007; Le Pera &
Sorriso-Valvo, 2000a, 2000b; Regmi, Yoshida, Dhital, & Devkota, 2013; Turkington, Phillips,
& Campbell, 2005).
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Traditional geological and lithological maps are not usually efficient to determine and quan-
tify the weathering processes and mapping the rock-weathering profiles in detail, because the
characterization of weathering features is not the purpose of geological maps.

The large occurrence of mid-crustal rocks in the Calabria region, southern Italy, experienced
intense mechanical and chemical weathering that is responsible for generating moderate-to-deep
weathering profiles. In this region, geological maps are detailed in their general lithological and
geological relationships, offering sufficient geological information at various scales of detail.
However, these maps include little information about the weathering intensity of rocks except
some general descriptions in the legend.

The compilation of a weathering grade map, for crystalline rocks, includes the key features,
classification and mapping of the weathering intensity at outcrop scale (Borrelli, Cofone, Critelli,
Greco, & Gulla’, 2012; Borrelli, Critelli, Gullà, & Muto, in press; Borrelli et al., 2007; Calcaterra
& Parise, 2010; Cascini et al., 1992; Di Nocera & Matano, 2002; Geological Society Engineering
Group Working Party [GSEGWP], 1995; Ietto, Perri, & Fortunato, in press; International Associ-
ation of Engineering Geology [IAEG], 1976; Maharaj, 1995; Malomo, Olorunniwo, & Ogunsanwo,
1983). The thematic map, which provides the distinction between different weathering classes of the
rocks – characterized by comparable mechanical behaviour – is useful for environmental geology,
engineering geology, territorial planning, and management purposes.

Because the weathering grade of the outcropping crystalline rocks reflects their engineering
characteristics and performances (Baynes, Dearman, & Irfan, 1978; Cascini & Gullà, 1993;
Ceryan, Tudes, & Ceryan, 2008; Dearman & Matula, 1976; Geotechnical Control Office [GCO],
1988; Gullà, Aceto, & Borrelli, 2012; IAEG, 1981; Irfan, 1996; Irfan & Dearman, 1978; Regmi
et al., 2014), this paper is focused on the subdivision and mapping of the weathering grade,
through observation of geologically distinctive characteristics and qualitative and semi-quantitative
engineering–geological tests (Borrelli et al., in press; Borrelli et al., 2007; Gullà & Matano, 1997).

The weathering grade map was compiled for an area of 20 km2 (Figure 1), located on the eastern
side of the Sila Massif, close to the San Giovanni in Fiore Village (northern Calabria, Italy).

The key results of this study are summarized in the ‘Main Map’ at large scale (1:5000).
The map reflects the effects of weathering in an area characterized by active tectonics and fast
landscape evolution, providing an essential contribution to the assessment of soil erosion and
landslide hazards.

2. Geological features of the Sila Massif

The Sila Massif, a section of the Hercynian orogenic belt of Western Europe (Amodio-Morelli
et al., 1976), is one of the key zones of the Calabrian terranes (Critelli, Muto, Tripodi, & Perri,
2013; Messina et al., 1994; Tansi, Muto, Critelli, & Iovine, 2007; Van Dijk et al., 2000). Its
structure has been formed since the Late Oligocene–Early Miocene, in response to accretionary
processes towards the Adriatic foreland and, since the Tortonian, it became a morphostructural
high having elevation mostly similar to the present day (Barone, Dominici, Muto, & Critelli,
2008; Critelli et al., 2013; Muto, Spina, Tripodi, & Critelli, 2014; Zecchin, Caffau, et al.,
2013; Zecchin, Civile, et al., 2013). The uppermost crystalline nappe of the Calabrian Arc tectonic
edifice is made up of Palaeozoic metamorphic (from low-to-high-grade rocks) and plutonic rocks
included in the Sila Unit (Messina et al., 1994).

From a tectonic perspective, the Sila Massif is characterized by a structural style mainly domi-
nated by the intersection of regional fault systems trending N–S and NW–SE (Borrelli et al., in
press; Corbi et al., 2009; Spina, Tondi, & Mazzoli, 2011; Van Dijk et al., 2000).

Since the Late Miocene, the basement rocks of the Sila Massif experienced intense weathering
processes resulting in weathered landforms and deep weathering profiles (Borrelli, Perri, Critelli,
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& Gullà, 2012; Borrelli et al., 2014; Guzzetta, 1974; Le Pera et al., 2001; Le Pera & Sorriso-
Valvo, 2000a, 2000b; Matano & Di Nocera, 1999; Perri, Scarciglia, Apollaro, & Marini, in
press; Scarciglia, in press). The intense erosion, activated by the Pleistocene uplift which pre-
vailed over the Quaternary weathering processes, did not completely remove the exposed
deeply weathered mantle (Calcaterra & Parise, 2010; Matano & Di Nocera, 1999; Molin, Pazza-
glia, & Dramis, 2004; Scarciglia, Le Pera, & Critelli, 2005; Scarciglia et al., 2007; Scarciglia, Le
Pera, Vecchio, & Critelli, 2005).

3. Methods

In the first stage, geological and structural investigations were carried out through aerial photo
interpretation and field surveys at 1:5000 scale, both to investigate and verify the morphological
evidence related to tectonics, and to identify the rock types outcropping in the study area.

Figure 1. Location of the study area.

Journal of Maps 3
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In the second stage, the study focused on the weathering grade survey (Borrelli et al., in press;
Di Nocera & Matano, 2002; Gullà & Matano, 1997) by means of a procedure composed of five
phases: Phase 1, photo-interpretative analysis; Phase 2, weathering surveys; Phase 3, detailed
weathering grade survey of the most significant cut slopes; Phase 4, petrographic analysis of
weathered rock samples; Phase 5, analysis of the collected data and production of the weathering
grade map.

Phase 1 distinguished the plutonic rocks into two macro-classes of weathering (Borrelli,
Cofone, & Gulla’, 2012): areas affected by soils formed by in situ weathering (residual soils)
or transported soils (colluvial and detrital soils); areas affected by crystalline bedrock outcrop
(with typical mechanical behaviour of weak or hard rock). The main geo-environmental features
used in this preliminary analysis were described in Borrelli et al. (in press).

In Phase 2, the field weathering survey of the area along road cuts, river valleys, and exposed
sections was carried out via specific codified procedures to distinguish the different outcropping
classes of weathering. The criteria, simplified for large areas, were suggested by GCO (1988),
Cascini et al. (1992), GSE-GWPR (1995), and Borrelli et al. (in press), that subdivide the weath-
ering grade into six classes (Figure 2): class VI (residual and colluvial soils and detrital weathered
material); class V (completely weathered rock); class IV (highly weathered rock); class III
(moderately weathered rock); class II (slightly weathered rock); class I (fresh rock). During the
weathering field surveys, the main engineering–geological features of the different classes
were obtained through the visual recognition of mineral alteration, rock and soil ratio, presence
of original texture and structure, joint staining, and degree of discolouration. In particular, for
a quick identification (Borrelli et al., in press), the rock strength can only be assessed by
a geological hammer (e.g. sound emitted from the rock when it is struck with the hammer,
hammer head effect, hammer point effect, hammer breaking), and trying to break rock frag-
ments – length about 15 cm – with the hands.

In order to collect more data on the thickness and geometrical characteristics of the different
weathering horizons, in Phase 3 of the analysis, a detailed survey of weathering profiles was

Figure 2. Reference descriptions for the weathering classes (modified from Borrelli et al., in press).

4 L. Borrelli et al.
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performed on 58 cut slopes. The weathering profiles were studied following the methodology
proposed by Gullà and Matano (1997) which considers the use of both qualitative (e.g. rock
colour, discolouration processes, samples broken by hands and hammer) and semi-quantitative
criteria (e.g. Schmidt Hammer tests). The observations and the measures carried out to define
the weathering grade on each cut slope were reported in the storage form shown in Figure 3.

In Phase 4, in order to characterize the weathering grade at micro-scale, seven representative
samples of weathered granitoid rocks were collected and thin sectioned for petrographic analyses.
The weathering grade in the thin sections was determined by the micropetrographic index
suggested by Irfan and Dearman (1978). The authors assumed that the microscopic determi-
nations include the percentage of altered and unaltered minerals, microcracks, and voids.

In Phase 5, the overall analysis of the data, managed within a geographic information system,
allowed the preparation of the weathering grade map following the procedure suggested by
Borrelli et al. (in press).

4. Results

4.1. Geomorphology and geotectonic

The morphology of the study area is very complex and strongly controlled by tectonics (Molin
et al., 2004). Geomorphic evidence of Quaternary fault activity in the area includes features pre-
served in the landscape as the result of surface deformation and subsequent erosional or deposi-
tional processes. Geomorphic features include fault scarps, trapezoidal facets, straight ridges,
saddles and aligned saddles, offset or deflected drainage, enclosed depressions, side-hill
benches, and linear drainage or troughs.

From 800 to 1300 m above sea level (Figure 1), the area mostly consists of mountain ridges
and mountain valleys (Luca, Robustelli, Conforti, & Fabbricatore, 2011). Three main morpho-
logical units can be distinguished: summit surfaces, slopes, and valleys. The summit surfaces
have generally rounded morphology and represent the remnants of an ancient low relief landscape

Figure 3. Data collection from observations and measurements at the checkpoints for each cut slope
surveyed (modified from Gullà & Matano, 1997).

Journal of Maps 5

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
B

ir
m

in
gh

am
] 

at
 1

2:
22

 2
1 

A
pr

il 
20

15
 



almost totally removed by erosion. The slopes are characterized by high gradient values (ranging
from 208 to 608, Figure 4) and deep incisions down to the granitoid basement, where there is
evidence of widespread erosion and mass wasting. The valleys are mostly characterized by
sedimentation (e.g. alluvial deposits related to the Arvo and Neto rivers), with local alternating
erosional processes.

From a geological perspective, the Palaeozoic crystalline lithologies outcropping in the study
area (for more than 95%) are represented by granitoid rocks belonging to the Sila Unit (Messina
et al., 1994) (Figure 5). Based on field observations and petrographic evidence, granitoid rocks are
mainly represented by granite and granodiorite; locally, they are intruded by pegmatite and aplite
dikes. Mineralogy of granitoid rocks includes K-feldspar, quartz, plagioclase, biotite, chlorite, and
muscovite. These rocks are coarse-grained and white in colour when they are unaltered; pink or
reddish when intensely weathered.

In the northern portion of the study area (Figure 5), unconformably overlying granitoid rocks
rest the Upper Pliocene–Middle Pleistocene clastic deposits including brown-reddish interstrati-
fied conglomerates and sands; the succession is related to the proximal facies of the Pliocene-
Quaternary Crotone Basin fill (Zecchin et al., 2012). Finally, Holocene alluvial deposits are
present in the study area along the main rivers (Figure 5).

From a tectonic perspective, the three main tectonic structures exhibit N–S, NW–SE, and
NE–SW trends (Figure 5). In particular, the N–S trending faults (Figure 5) represent the most
recent high-angle extensional faults, having fresh morphological evidence (Figure 6(a)). This
system includes an array of normal faults, predominantly dipping towards the east. However,
fault planes show different slip-directions and pitch, sometimes superimposed; the relative

Figure 4. Morphological units (a) and slope map (b) of the study area.

6 L. Borrelli et al.
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chronology of the kinematic indicators suggests that right transcurrent movements and oblique
transpressive slip (Figure 6(b) and 6(c)) postdate the last normal slip (Figure 6(d)).

The NW–SE fault system, at macroscale, is well defined and widely diffused (Figure 5). The
system is represented by sub-vertical, NE-dipping fault planes with superimposed kinematic indi-
cators. At the meso-scale, the NW–SE faults are characterized by left-lateral-strike-slip move-
ment (Figure 6(e)), even if the overprinting of dip-slip pitch suggests their reactivation as
normal faults during the last tectonic event.

The NE–SW fault system is also widely represented along the study area (Figure 5); it shows
overprinted kinematic indicators and its inferred chronology suggests a transcurrent or oblique-
slip movements superimposed by dip-slip normal kinematics.

Figure 5. Geo-structural map of the study area: (a) panoramic view of the San Giovanni in Fiore town;
(b) Upper Pliocene–Middle Pleistocene clastic deposits; (c) granitoid rocks (Palaeozoic).
Notes: (1) alluvial deposits; (2) Upper Pliocene–Middle Pleistocene alternating sands and conglomerates;
(3) granitoid rocks with mainly granitoid composition (Palaeozoic); (4) normal fault; (5) left-lateral transcur-
rent fault reactivated as normal fault; (6) fault with undetermined kinematics; (7) low-angle thrust.

Journal of Maps 7
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Figure 6. Examples of faults surveyed in the study area at the macro- and meso-scale: (a) panoramic view
of the right slope of the Arvo river and some faults related to the main fault systems; (b) N–S transpressive
faults; (c) N–S right-lateral transpressive faults; (d) last kinematics on the N–S fault plane in the Pleistocene
conglomerates; (e) left-lateral striae on the NW–SE fault plane; (f) ancient overthrust; (g) NW–SE fault
zone with associated thick fault gouge.

8 L. Borrelli et al.
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The compressive tectonic structures (Figure 5), poorly evident morphologically, have been
surveyed only at the meso-scale. The planes with steeper inclination and oblique pitch are
related to the transpressional deformation of the area (cut system), while the subhorizontal
planes are related to the more ancient deformation phase, responsible for the development of
duplex thrust stack structures (Figure 6(f)).

Thick argillified fault gauges are sometimes present along the major fault planes (Figure 6(g)).

4.2. Weathering features

The map of the weathering grade of granitoid rocks (Figure 7) allows a general compre-
hensive overview of the effects, intensity and distribution of weathering classes strongly
controlled by the main fault systems. With regard to the spatial distribution of the weath-
ering grade, four weathering classes (from class VI to class III) were distinguished in the
field.

In particular, class VI is present as isolated outcrops both on the top of relief and in the mid-
lower parts of the slopes (Figure 7). It covers about 33% of the surveyed area so divided: (i)
residual soils, with not surveyable thickness at the map scale, are mainly present at the
summit areas as relicts of palaeosurfaces (Figure 7(a)); (ii) colluvial soils are mainly present in
morphological hollows, where the thickness can reach several metres; and (iii) slope debris,
ranging from metres to decametres in thickness, is distributed along the slopes and at the
valley bottom.

Class V is located in the upper portion of the slopes, mainly above 1000 m a.s.l. (Figure 7(b));
it covers about 40% of the surveyed area. The rock masses are completely weathered (more than
70% of the outcrop); limited and isolated rock mass volumes can be constituted by highly weath-
ered rock or residual soil (respectively, classes IV and VI).

Class IVoutcrops mainly along the middle portions of the slopes and along the lower portions
of the minor stream incisions (Figure 7(c)); it covers about 22% of the surveyed area. The rock
masses are highly weathered (more than 70% of the outcrop); limited and isolated rock mass
volumes can be constituted by moderately or completely weathered rock (respectively, classes
III and V).

Class III outcrops predominantly both along the lower portions of the slopes and the major
stream incisions (e.g. Arvo river and tributary streams) (Figure 7(d)); it covers about 5% of the
surveyed area. The rock masses are moderately weathered (more than 70% of the outcrop);
limited and isolated rock mass volumes can be constituted by highly or slightly weathered
rock (respectively, classes IV and II).

The weathering profiles were reconstructed along the main cut slopes observed and are shown
in Figure 7. Generally, the studied profiles (Figure 8(d)–(g)) are formed by rocky masses varying
from moderately weathered rocks (along the cut slopes of the stream incisions 783–930 m a.s.l.)
to completely weathered rocks (along the cut slopes of the highest reliefs, above 1000 m a.s.l.).
Corestones of classes III and IV, outcropping both on the ground surface and on the cut slopes
immersed in class V, are common in the upper portions of the weathering profile (above
1100 m a.s.l) (Figure 8(a) and 8(b)). Residual soils (class VI) are locally observed at the
highest points and are a few centimetres thick. Colluvial and detritical-colluvial soils (class VI)
are widespread, random, having variable thickness from metres to decametres, and are related
to active morphodynamic processes.

Faults and fractured zones are commonly present on the cut slopes in which sharp contacts
between different weathering classes are observed. Indeed, the main faults are characterized
by thick fault gauge, made of completely weathered granitoids with soil-like behaviour
(Figure 6(g)).

Journal of Maps 9
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The combination of tectonic and climate variation (between the Late Miocene and Pleisto-
cene) plays an important role in the development of granitoid weathering profiles of the area (Bor-
relli et al., 2014; Critelli et al., 1991; Guzzetta, 1974; Ietto & Ietto, 2004; Matano & Di Nocera,
1999; Mongelli, Cullers, Dinelli, & Rottura, 1998). In particular, the typical weathering profile is
generally simple (Brand & Phillipson, 1985) and characterized by a progressive gradual transition
from moderately weathered rock (class III) to completely weathered rock (class V), with weath-
ered horizons locally displaced by tectonism (see weathering features in Figure 8). Moreover,
according to different authors (Borrelli et al., 2014; Matano & Di Nocera, 1999; Scarciglia, in

Figure 7. Weathering grade and geotectonic map of the study area.
Notes: (1) alluvial deposits; (2) conglomerates and relative covers; (3) class VI; (4); class V; (5) class IV; (6)
class III; (7) normal fault; (8) left-lateral transcurrent fault reactivated as normal fault; (9) fault with unde-
termined kinematics; (10) uncertain thrust; (11) studied weathering profiles; (12) samples collected for the
petrographic analyses.

10 L. Borrelli et al.
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press; Scarciglia et al., 2005), the weathered rock masses have been estimated to be at least 60 m
in thickness.

4.3. Petrographic assessment of weathered rock samples

The granitoid rocks have a subhedral granular texture; they mainly consist of K-feldspar, plagi-
oclase, quartz, biotite, and minor constituents of chlorite, muscovite with accessory epidote,
apatite, and titanite.

Figure 8. Schematic weathering profile reconstructed by the cut slopes survey: (a and b) corestones out-
cropping on the ground surface near Mt. Ferolia and near Marinella area, above 1100 m a.s.l.; (c) examples
of aplitic dike of class III immersed in class V, generally widespread above 1000 m a.s.l.; (d) typical features
of the cut slopes observed between 1360 and 1050 m a.s.l; (e–g) typical features of the cut slopes observed
(e) from 1050 to 1000 m a.s.l, (f) from 1000 to 930 m a.s.l, (g) from 930 to 783 m a.s.l.

Journal of Maps 11
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The micropetrographic index Ip (Irfan & Dearman, 1978) ranges from 0.6 to 7.9 related to
different weathered stages. In particular, the lowest Ip values are typical of completely weathered
rocks (class V) while the highest are related to moderately weathered rocks (class III). The tran-
sition from class III to class V (Figure 9) consists of: (i) the sericitization of plagioclase from core
to rim (for the plagioclase with an anorthitic composition) and from rim to core (for the
plagioclase with an albitic composition) and, along preferential lines and pitting on mineral

Figure 9. Photomicrographs of weathering stages for the studied granitoid: (a and b) moderately weathered
sample (class III); (c and d) highly weathered sample (class IV); (e and f) completely weathered sample (class
V). K-feld, K-feldspar; Plg, plagioclase; Chl, chlorite; Bt, biotite; Qtz, quartz; Cm, clay minerals; Fe ox, Fe
oxides.

12 L. Borrelli et al.
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surfaces; (ii) the neoformation of unidentified clay minerals within both plagioclase and K-feld-
spar, and partial clay neoformation and exfoliation of biotite along rims and lamellae; and (iii) the
transformation of biotite and secondary (deuteric) chlorite to fine-grained micaceous products,
clay minerals and Fe-oxides are frequently observed and cause the expansion along cleavage
planes, grain boundaries, and partial decomposition. Generally, quartz remains unaffected by
chemical alteration or shows minor modifications.

Starting from class III, some intragranular and intergranular small cracks, which tend to
expand and propagate towards the class V, can be observed (Figure 9). In the advanced stage
of weathering (completely weathered samples), plagioclases are completely decomposed, and
potash feldspars are gritty as a result of partial alteration (Figure 9(e) and 9(f)); the structure is
strongly weakened due to opening up of grain boundaries and intense micro-fracturing, but the
fabric is still intact (Figure 9(f)).

5. Conclusions

This paper presents a geotectonic and weathering grade map of the San Giovanni area (Sila
Massif, Calabria). The map provides, at detailed scale, both a general and comprehensive over-
view of effects, intensity, and spatial distribution of the weathering profile and the effect of the
constraint generated by tectonics.

The proposed methodology represents a typical example of interdisciplinary study based on
geo-structural investigations, weathering grade surveys, and petrographic analyses.

The weathering grade survey is focused on geological observations integrated with the assess-
ment of engineering properties of the rocks by simple qualitative and semi-quantitative index
tests. Field surveys show that the granitoid rocks outcropping in the study area experienced
intense weathering action. The results of this process are evident in the diffusion of highly to com-
pletely weathered rocks, while, moderately weathered rocks outcrop only along major stream
incisions. Moreover, residual soils are rarely observed, while colluvial and detrital soils are wide-
spread due to active morphodynamic processes.

A useful contribution to the weathering grade surveys is represented by the analyses of the cut
slopes, which presented information on the typical features of the weathering profiles, such as the
geometry and thickness of the weathering classes. Consequently, the weathering profiles have
been estimated to be at least 60 m in thickness. Despite chemical weathering being the dominant
process, fracturing and faulting are also key factors both in the development of deep weathering
and in the spatial geometric relationship between the weathered horizons.

The mechanical changes observed from moderately to completely weathered rocks are gen-
erally associated with both an increase of weathering products at micro-scale (e.g. sericite, clay
minerals, Fe-oxides, etc.), and the progressive formation of voids and fractures.

The obtained results summarized in the Main Map highlight the validity of the proposed
approach, demonstrating the reliability of rapid techniques in the identification of homogenous
areas – affected by the same weathering grade (i.e. weathering class) – with a comparable mech-
anical behaviour.

This kind of thematic map represents a useful tool for territorial planning and engineering–
geological and environmental purposes, providing a useful contribution for mass wasting and soil
erosion hazard assessment.

Software

The weathering grade map and related layout (Figures 1, 4, 5, and 7) were carried out using ESRI ArcGIS
10.0. Corel Draw X6 was used for compiling Figures 2, 3, 6, 8, and 9.

Journal of Maps 13
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