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ABSTRACT: This paper presents the multidisciplinary study of the southern Italy Plio-Pleistocene sed-
iments involved in the large Montescaglioso Landslide. The principal aim of the work is to assess the
compositional characters (i.e., grain-size, mineralogy, petrography and geochemistry) and some rheo-
logical features (Atterberg’s limits, plasticity index and activity) of these sediments to enrich our
knowledge about the Montescaglioso fine sediments and correlation among the lithological properties
studied. Two types of sediments, from a deep geognostic borehole and from the surrounding landslide
area, were collected and analysed. No significant compositional differences have been found between
the core and landslide area sediments. Conversely, some changes have been detected in sediments along
the core. Particularly, the -15 to -20 m lithostratigraphic level hosts the highest percentages of phyllosil-
icates and clay fraction (CF), commonly considered as possible hazard factors for the landslide trigger-
ing. Further more, in the studied core sediments, the CF contents correlate with the Atterberg’s liquid
and plastic limits and a CF value of about 38% was suggested as threshold value for the changing of in-
dex properties of sediments. Other factors, such as the weathering degree and clay mineral type, do not

show significant correlations with the rheological properties of sediments here studied.
KEY WORDS: grain-size, mineralogy, geochemistry, index properties, Plio-Pleistocene, sediments.

0 INTRODUCTION

Landslide phenomena involve different types of rocks,
sediments and terrains anywhere in the world. The mass move-
ments are determined by the action, often concomitant, of trig-
gering factors such as temperature and climate changes, varia-
tion of precipitation regime, earthquake shaking, volcanism and
human activities (Gariano and Guzzetti, 2016; Dai et al., 2002).
Besides the triggering factor, inherent properties of slopes (in-
cluding hydrogeochemical and geomorphological conditions)
and terrains (as lithological, compositional and geotechnical
features) play a key role in the slope instability and landscape
evolution. In particular, as regards lithology, it was demonstrat-
ed that mineralogy of terrains involved into a mass movement
may represent an important issue for the understanding of slid-
ing events. Several authors (Mesri and Cepeda-Diaz, 1986;Ken-
ney, 1977, 1967; Skempton, 1964) stated that clay minerals
type and amount influence the rheology of fine sediments, i.e.,
terrains with a predominant clayey and silty component. Re-
cently, Summa et al. (2018, 2015, 2010) demonstrated that in
some landslides of southern Italy, affecting Plio-Pleistocene
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sedimentary sequences, kaolinite is in close relation with the
geotechnical parameters of sediments (c, coesion; and ¢, fric-
tion angle) and that this clay mineral often concentrates at the
sliding surface of landslide body. In correspondence of the slip
zone, high values of weathering indices also occur, suggesting
weathering and alteration degree have a certain influence on
stability of a sediment (Summa et al., 2018).

In southern Apennine (southern Italy), a number of rainfall-
induced landslides widely occur, mainly affecting the exposed
sedimentary sequences (Giannecchini et al., 2016; Napolitano
et al., 2016; Rosi et al., 2012; Guzzetti and Tonelli, 2004; Guz-
zetti et al.,, 1994). The Montescaglioso Landslide (Basilicata
Region, Italy) is one of these and represents a large mass move-
ment that involved the southern slope of a hill consisting of a
part of the Plio-Pleistocene sedimentary sequence of the Brad-
anic Trough. Several studies have been focused on this event
so far, providing a comprehensive description of the phenome-
non mostly in terms of geomorphological features (Amanti et
al., 2016; Pellicani et al., 2016; Manconi et al., 2014) and land-
slide displacements, mechanism and movement directions (Pel-
licani et al., 2019; Caporossi et al., 2018; Bozzano et al., 2017;
Raspini et al., 2015). However, these studies, mainly devoted
to geological surveys and remote sensing mapping and moni-
toring techniques, completely neglected the role of composi-
tional characters of landslide terrains.

With this in mind, this work, which represents the first
step of a more comprehensive study, is aimed to fill the knowl-
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edge gap on lithological aspects of sediments involved in the
Montescaglioso Landslide. A detailed study of the composition-
al characteristics (as granulometry, bulk and clay fraction min-
eralogy, petrography and geochemistry) and some index prop-
erties (Atterberg’s limits, plasticity index and activity) of the
landslide sediments are here proposed along with the prelimi-
nary correlations between composition and rheological proper-
ties of the studied sediments. According to previous authors
(Summa et al., 2018, 2015, 2010, 2007), this study suggests
that a multidisciplinary approach is needed for studying land-
slides in fine sediments all-over in the world, in order to effec-
tively contribute to the assessment of hazard conditions induc-
ing the mass movements.

1 GEOLOGICAL, STRATIGRAPHICAL AND GEO-
MORPHOLOGICAL SETTING OF THE AREA

The study area is close to the Montescaglioso Village
(Fig. 1a), a little town of southern Italy (Matera Province, Ba-
silicata Region), located at a hill top (about 400 m a.s.l.) in the
Bradanic Trough. The latter represents the foredeep of the
southern Apennines, lying between the Apulian foreland to the
east and the Apennine chain to the west. Plio-Pleistocene ma-
rine and continental sediments infill the Bardanic Trough,
forming a coarsening upward, regression sequence (Tropeano
et al., 2002). In the study area, most of such depositional se-
quence is largely exposed. In detail, from the top downward
the outcropping sediments consist mainly of clays and silty
clays of the Argille Subappennine Formation (Middle to Late
Pliocene) and subordinately of sands, belonging to the Monte
Marano Formation (Late Pliocene), and calcarenites of the
Monte Castiglione Formation (Late Pliocene—Calabrian) (Fig.
la). Polygenic gravels and sandy conglomerates of terraced de-
posits complete the Plio-Pleistocene sedimentary sequence.

In Fig. 2, a schema of stratigraphy and sampling along the
S3 borehole is shown. According to Bonomo (2015), the core
sediments are made up of four main lithological levels that,
from the top to the bottom of survey, consist of: (1) a detrital
cover (0 to -3.9 m) that includes a 1 m-thick anthropic debris
and loose detrital landslide and slope terrains made up of het-
erometric, rounded and sub-rounded carbonate and siliceous
clasts embedded in a sandy carbonate matrix; (2) brown and
brownish sandy gravel (-3.8 to -5.9 m) having carbonate as
much as siliceous clastic elements with variable millimetre to
centimetre size. Between -4.8 and -5.0 m, a yellow-greenish,
more plastic level, also rich in carbonate microfossils, was de-
tected and sampled (S3C1 sample); (3) a thick level of yellow-
ish silty clays and clayey silts (-5.9 to -12.5 m). At the top of
this level (between -5.9 and -6.4 m), it is possible to distinguish
a sandy-gravelly layer (S3C3 sample), with clasts very similar
to those of the overlying brownish gravelly level. In addition,
frequent wet soil layers with black and/or brown nodules and
yellowish pervasive oxidation bands (i.e., salbands sensu Bron-
di et al., 1993) were observed at different stratigraphic posi-
tions. In particular, the oxidized bands were sampled between -
8.0 and -8.5 m (S3C6 sample), -10.0 and -10.7 m (S3C8 sam-
ple), -11.5 and -12 m (S3C10 sample); (4) a thick level of blu-
ish-grey, medium- to fine-grained silt from compacted to
strongly compacted (-12.5 to -25 m). In the upper portion, this

level is characterized by a yellowish to greyish transition zone
(between -12.5 and -14 m; S3C11 and S3C12 samples) that def-
initely ends with a thin silty layer including reddish nodules
(from -14.7 to -15 m; S3C14 sample). Starting from this depth
down to about -20 m, samples show low plasticity and an in-
creased ability to rupture along plain-parallel surfaces. Down-
ward (from -20.5 to -25 m), the bluish-grey silts are strongly
compacted and display a major content of the sandy compo-
nent at place represented also by fossil remnants (-20.6 to -20.9
m; S3C20 and S3C21 samples).

In the surroundings of the Montescaglioso Hill, numerous
examples of land degradation phenomena (such as erosion gul-
lies, linear type erosion, flow landslide, creep, rotational slips,
collapses) occur, playing a significant role in the morphologi-
cal evolution of the hill slopes. The presence of several deposi-
tional sequences, heterogeneous sediments and interconnected
morphotypes, resulting from the complex sedimentary and cli-
matic history of the area during the Pleistocene, contribute to
the slope instability.

The studied landslide is located SW of the Montescaglio-
so urban area and represents the reactivated portion of a wider
and deeper landslide that affected the area in the past (Figs. la
and 1b) (Carla et al., 2016; D’Ecclesiis and Lorenzo, 2006).
The landslide is about 1.2 km in length and 800 m in width, in-
volving a total area of about 300 km* (Manconi et al., 2014). As
documented by several authors, the movement occurred after
56 hours of continuous and intense rainfalls (>70% of the
mean annual precipitation; Manconi et al., 2014) that seem to
be the principal cause of the landslide triggering. From a geo-
morphological point of view, recent studies revealed that the
landslide slope was affected by severe morphological changes
including a general 5-6 m lowering of the ground quote at the
detachment zone, and a 6—8 m increasing (up to a maximum of
13 m) in the accumulation zone. The prevailing slipping mech-
anism was translational with a 5° rotational component.

2 SAMPLING AND ANALYTICAL METHODS

This study presents and analyses data regarding the com-
positional features, the granulometry and some index proper-
ties of numerous samples representative of the sediments in-
volved in the Montescaglioso Landslide. In detail, 13 samples
(hereafter “widespread sediments/samples”) are sediments ran-
domly distributed in the landslide area, of which eight samples
are deep sediments (S1, S2C1, S2C2, S2C3, S4, S5, S6, S7)
collected at depths between -3.5 and -65 m (Table 1) from deep
boreholes carried out in the landslide area, and four are shal-
low sediments (MS2, MS3, MS4, MS6) collected along the ex-
posed surface of the outcrops (Fig. 1b); twenty-four samples
(from S3C1 to S3C24, hereafter “core sediments/samples”) are
sediments of the S3 deep borehole, sampled at different strati-
graphical positions along the core (Fig. 1b). Such a borehole is
a 25 meters-long geognostic survey that was performed on
March 2014 by continuous rotating core drilling, & = 101 mm,
and represents to date an opportunity for studying the strati-
graphical and compositional features of the sediments compos-
ing the Argille Subappennine Formation.

The widespread sediments as much as the S3 core sedi-
ments were subjected to the grain-size and X-ray diffraction
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Figure 1. (a) Geological map of the investigated area (modified after Bonomo, 2015). (b) Location of sampling sites of the widespread sediments and S3 bore-

hole. The landslide border is from Perrone et al. (2014).

(XRD) analyses at the Laboratorio di Geologia Medica e Ambi-
entale of the Institute of Methodologies for Environmental
Analysis of the National Research Council of Italy (CNR-
IMAA). The grain-size analysis has been carried out using the

wet sieving, to separate granulometric fractions between 2 mm
and 63 um, and fractioned sedimentation methods, to obtain
the fractions ranging from 63 to <2 pm, following the Stokes’
Law as described by Summa (2000). The qualitative and quan-
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Figure 2. Stratigraphic sequence of the S3 survey and position of the investigated samples along the sediment core.

titative mineralogical analyses by XRD have been performed
on powdered sediments using a Rigaku D/MAX-2200/PC dif-
fractometer with a “theta-theta” configuration and a curved
graphite crystal monochromator (Cu ka, 40 kW, 30 mA, 3 sec/
step, 0.02° 26). Random specimens were used for the mineral
identification of bulk samples; oriented specimens were used
for the analyses of the clay fraction (CF, <2 pum). Prior to the
analysis, the oriented samples were subjected to chemical treat-
ments, including magnesium chloride saturation and glycoliza-
tion (8 hours at 60 °C), and heating at 375 °C in a muftle furnace
(Cavalcante et al., 2007; Schultz, 1964). The quantitative deter-
mination of minerals in the bulk samples and in the <2 um frac-
tions has been performed according to Cavalcante et al. (2007),
Shaw et al. (1971), Schultz (1964), using the X’ Pert HighScore
Plus v.2.1.b (PANalytical B.V. 2005) software.

Both types of samples (widespread and S3 core) have
been analysed also for the determination of liquid limit (w,),
plastic limit (w,) and plasticity index (PI) that were accom-
plished in accordance with the ASTM (2007) method and rec-

ommendations.

In addition, due to the great importance of S3 core sedi-
ments for this study, further analyses were reserved to these
samples. In particular, the X-ray fluorescence spectrometry
(XRF) was used to chemically characterize the S3 samples in
terms of wt.% of major element oxides (including Si, Al, Fe,
Ca, Na, Mg, K, Mn, Ti, and P). Elemental analyses were ob-
tained on pressed powder disks of bulk sediments at the XRF
Laboratory of the Dip. Scienze della Terra e Geoambientali,
University of Bari (Italy). A PANalytical Axios advanced spec-
trometer with Rh SST-mAX radiation was used and the matrix
effect was corrected following the methods of Franzini et al.
(1975, 1972). Loss on ignition (LOI) was determined after
heating samples overnight at 900 °C.

3 RESULTS
3.1 Granulometry

From a granulometric point of view, no significant differ-
ence between widespread and S3 core sediments has been ob-
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Table 1 Results of the grain-size analysis and granulometrical classification of the studied sediments

Grain-size fractions (%)

91 - 05~ 250- 125~ 63— 32— 168 84 42 <2
Sample Depth =2 mm mm 05 025 125 63 32 16 um pm pum  um Classification by Blott and Pye (2012)
(m) mm  mm um um pm pm
Gravel \;S Csa Msa Fsa VFsa VCsi Csi Msi  Fsi VFsi Clay
Widespread samples
S1 8.5 - - - 1 9 16 14 16 12 17 15 Slightly sandy, slightly clayey silt
S2C1 35 - - - - 2 14 17 17 15 9 26  Very slightly sandy, clayey silt
S2C2 10 - - - 1 6 18 14 13 14 13 20  Slightly sandy, clayey silt
S2C3 21 - - - 1 15 19 12 9 8 12 23 Slightly sandy, clayey silt
S4 8.5 - - - - 3 17 18 17 11 11 23 Very slightly sandy, clayey silt
S5 10 - - - 1 5 12 13 18 16 12 23 Very slightly sandy, clayey silt
S6 65 - - - 9 30 13 10 8 8 6 12 Sandy clayey silt
S7 7 - - - - 4 14 16 15 15 7 30  Very slightly sandy, clayey silt
MS2 0.74 - - - 1 4 9 9 13 16 15 32 Slightly sandy, clayey silt
MS3 0.45 - - 1 1 3 10 12 13 18 12 27  Slightly sandy, clayey silt
Ms4 6 - - - - 4 20 17 16 13 9 20  Slightly sandy, clayey silt
MS6 1.8 - - - - 7 14 19 16 14 9 21  Slightly sandy, clayey silt
S3 core sediments
S3Cl1 49 2 2 3 15 8 7 7 11 13 12 15 Slightly clayey, sandy silt
S3C2 5.6 2 3 15 45 9 5 3 3 3 5 4 Slightly clayey, silty sand
S3C3 6.2 - - - - 2 15 15 16 13 12 17 Very slightly sandy, slightly clayey silt
S3C4 6.7 - - - 1 6 22 18 16 11 10 14 Slightly sandy, slightly clayey silt
S3C5 7.9 - - - 1 6 20 19 17 13 6 17  Slightly sandy, slightly clayey silt
S3C6 8 - - - - 3 15 19 19 13 11 19 Very slightly sandy, slightly clayey silt
S3C7 9.2 - - - 1 6 22 14 16 12 11 18  Slightly sandy, slightly clayey silt
S3C8 10.5 - - - - 2 13 17 17 16 10 25 Very slightly sandy, clayey silt
S3C9 10.9 - - - - 1 11 15 16 18 15 24 Very slightly sandy, clayey silt
S3C10 11.7 - - - 2 11 19 16 14 10 7 21  Slightly sandy, clayey silt
S3Cl11 12.6 - - - - 4 15 15 17 14 13 22 Slightly sandy, clayey silt
S3Cl12 133 - - - 1 15 21 16 13 11 8 16  Slightly sandy, slightly clayey silt
S3C13 14.5 - - - - 4 14 14 15 11 14 28  Slightly sandy, clayey silt
S3Cl14 14.9 - - - - 3 15 15 14 11 18 24 Very slightly sandy, clayey silt
S3C15 15.2 - - - - 2 7 8 10 14 11 47  Very slightly sandy, clayey silt
S3C16 16.7 - - - - 2 11 11 13 13 10 40  Very slightly sandy, clayey silt
S3C17 17.5 - - - - 3 9 10 12 15 10 41 Very slightly sandy, clayey silt
S3C18 18.4 - - - - 1 8 10 13 12 49  Clayey Silt
S3C19 19.3 - - - - 1 7 7 11 15 12 48  Clayey Silt
S3C20 20.5 - - 1 4 14 14 8 7 8 10 32 Sandy clayey silt
S3C21 20.7 - - - 3 25 11 9 8 8 8 28  Sandy clayey silt
S3C22 22.5 - - - 3 19 21 9 9 8 5 26  Sandy clayey silt
S3C23 23.1 - - - 1 15 21 11 10 8 6 28  Slightly sandy, clayey silt
S3C24 24.7 - - - 2 21 15 8 12 8 7 27  Sandy clayey silt

VC. Very coarse; C. coarse; M. medium; F. fine; VF. very fine; sa. sand; si. silt.

served on the basis of their percentages of sand (>63 pm to <2
mm), silt (>2 to <63 pum) and clay (<2 pm). All investigated
samples, due to their >50% silt component, mainly fall in the
field of silty sediments with the only exception represented by

the S3C2 sample. This sample having high amount of the san-

dy component (75%) and low silt and clay percentages (21%

and 4% respectively) stays within the sandy sediments field.
Details of all grain-size fractions detected in the wide-

spread and S3 core sediments are reported in Table 1 where the
sediment classification by Blott and Pye (2012) is also shown.
Comparing the two sample groups, a strong granulometrical sim-
ilarity between them is evident, confirming the above observa-
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Figure 3. Distribution of granulometric fractions (sandy, silty and clayey) along the S3 survey.

tions and suggesting the sediment homogeneity in the study area.

As for the S3 core sediments only, the distribution of de-
tailed grain-size fractions along the profile (Fig. 3) has re-
vealed that silty fractions are the main granulometrical compo-
nents of sediments throughout the core, starting from -6 m
(S3C3 sample) downward. Although such fractions have nar-
row variation ranges, in general the coarser (mainly 63—32 and
32—16 um) and the finer (32—16 to 4-20 pm) ones show oppo-
site trends. This is also the case of the distribution of sandy and
clay fractions. In particular, among the sand, the 125-63 pm
fraction oppositely varies with the <2 pm content. The latter,
despite the fluctuations along the profile, shows an increasing
trend up to -15 m of depth (S3C15 sample) and a decreasing
trend from -20 m (S3C19 sample) downward. As a conse-
quence, sediments with the highest amounts of clay (40% to
49%) occur in the stratigraphical interval between -15 and -20
m, which corresponds to the compacted to strongly compacted
transition zone of the bluish-grey silt (see Fig. 2).

3.2 Mineralogy and Petrography

The mineralogical composition of the investigated sedi-
ments is summarized in Table 2 where XRD data on bulk
and <2 pm specimens of both widespread and S3 core samples
are shown. Comparing the two sediment groups, no significant
compositional difference was found.

All widespread samples result as carbonate-rich siliciclas-
tic sediments that consist of phyllosilicates, as principal mineral-
ogical phase (mean value = 60%), and carbonates (calcite and
dolomite, mean values = 17% and 4% respectively), quartz
(mean value = 12%), plagioclase (mean value = 5%) and K-feld-
spar (mean value = 2%) as subordinate minerals. The XRD anal-
yses of the <2 um fractions revealed that in these samples a high
percentage of the interlayered I/S clay mineral is present vary-
ing in the 66%—-80% range. Other TO and TOT minerals, as ka-

olinite (7% to 11%), chlorite (3% to 6%) and illite-muscovite
(8% to 11%) are in all investigated samples with contents low-
er than the interlayered I/S ones.

Similar to the other sediments of the landslide area, the
mineralogical composition of bulk samples of the S3 core
mainly includes phyllosilicates, calcite, quartz, plagioclase, do-
lomite and K-feldspar as principal mineral phases (Table 2).
Phyllosilicates are the most abundant mineralogical compo-
nent, showing XPhyl values higher than 50% in all samples ex-
cept for the shallow S3C2 sample that has total phyllosilicates
equal to 28%. Such a sample, conversely, is the richest in
quartz (31%). The remaining core samples show comparable
quartz contents ranging from 3% to 9%. Among the carbonate
minerals detected (calcite and dolomite), calcite is the prevail-
ing phase in all samples, reaching its highest contents (21%) in
the shallow S3C1 and S3C2 samples. These samples are also
rich in plagioclase and K-feldspar compared with the other
core samples, with abundances of P1 = 6% and 10%, and Kls =
3% and 10% respectively.

The phyllosilicate minerals detected in the <2 um fraction
of core sediments are represented by the interlayered I/S, illite-
mica, kaolinite and chlorite (Table 2). Again, interlayered min-
erals represent most of the total phyllosilicates present, with
percentages ranging between 61% and 87%. Illite-mica, kaolin-
ite and chlorite are in subordinate amounts being between 4%
and 23%, 4% and 13%, trace and 10%, respectively. Observing
the distribution of phyllosilicate components with the depth, a
decreasing trend of the interlayered clays abundances and a
slight increasing trend of the other phyllosilicate minerals was
detected. Regardless of trend, it is of note that a significant
variation of I/S amounts affects the S3C16 (I/'S = 57%) to
S3C18 (I/S = 75%) samples that fall into the stratigraphic level
with the highest content of clay fraction.

Petrographical observations were also performed on some
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Table 2 Results of the quantitative XRD analysis of bulk and <2 pm specimens of the studied sediments

Bulk (%) <2 um (%)

Sample Depth (m)

Qtz Cal Dol Kfs Pl >Phyl Kin Chl 11t-Ms /S
Widespread sediments
S1 8.5 11 12 tr 6 10 58 8 6 10 66
S2C1 35 14 15 7 tr 7 56 10 tr 8 79
S2C2 10 12 18 7 tr 4 58 7 5 8 80
S2C3 21 13 18 4 tr 6 58 8 5 10 77
S4 8.5 12 16 tr tr tr 65 11 tr 11 75
S5 10 12 16 tr tr tr 66 10 5 8 77
S6 65 18 23 6 5 9 39 8 6 9 77
S7 7 10 12 5 tr tr 69 11 5 11 73
MS2 0.74 8 20 tr tr 4 66 9 tr 9 79
MS3 0.45 10 19 tr tr 4 64 10 5 11 74
MS4 6 12 23 7 tr 5 50 8 tr 9 80
MS6 1.8 11 16 5 tr tr 64 11 4 11 74
S3 core sediments
S3Cl1 49 9 21 - 6 tr 62 7 tr 4 87
S3C2 5.6 31 21 tr 10 10 28 4 tr 7 87
S3C3 6.2 8 16 tr tr 5 67 6 tr 7 85
S3C4 6.7 7 11 4 tr 4 72 6 tr 9 83
S3C5 7.9 8 12 tr tr 4 73 7 tr 7 84
S3C6 8 6 7 tr tr tr 82 6 tr 8 83
S3C7 9.2 4 6 tr tr tr 87 5 tr 9 83
S3C8 10.5 4 6 tr tr tr 85 8 tr 10 80
S3C9 10.9 5 6 tr tr tr 84 6 tr 8 83
S3C10 11.7 6 10 tr 4 4 74 6 tr 10 81
S3Cl11 12.6 7 11 tr tr tr 75 7 tr 11 78
S3C12 13.3 6 10 8 tr 10 64 8 5 13 74
S3C13 14.5 5 9 tr tr tr 80 11 8 13 69
S3C14 14.9 6 9 tr tr tr 78 12 8 14 65
S3C15 15.2 5 9 tr tr tr 82 11 7 14 68
S3C16 16.7 5 8 tr tr tr 84 11 9 23 57
S3C17 17.5 tr 6 tr tr tr 88 10 7 11 72
S3C18 18.4 tr 7 tr tr tr 87 9 6 10 75
S3C19 19.3 4 7 tr tr tr 84 13 8 14 65
S3C20 20.5 4 8 tr tr 4 80 11 8 13 67
S3C21 20.7 8 9 tr tr tr 75 10 8 17 65
S3C22 22.5 6 6 tr tr tr 80 10 9 14 67
S3C23 23.1 5 8 tr tr 5 76 11 9 21 59
S3C24 24.7 8 8 4 4 10 66 11 10 18 61

Qtz. Quartz; Cal. calcite; Dol. dolomite; Kfs. K-feldspar; Pl. plagioclase; XPhyl. total phyllosilicates; Kln. kaolinite; Chl. chlorite; Ilt. illite; Ms.

muscovite; I/S. interlayered illite/smectite. tr is for trace (0-3%) ; - is for “not detected”. Minerals’ abbreviations are as suggested by Whitney and

Evans (2010).

core samples selected by macroscopic characters as the colour
of sediments and the presence of millimetre pervasive fractur-
ing associated to yellowish and yellow-ochre salbands. Any
significant variation of texture wasn’t detected. In general,
samples of the yellowish and blue-greyish silts differ by the rel-
ative amount of opaque iron-bearing phases (oxides and hy-
droxides) in the matrix. A major presence of such oxides char-

acterize the yellowish sediments. In all samples, it was ob-
served a skeleton consisting of millimetre (yellowish silts) to
nanometre (blue-greyish silts) silicate clasts, mainly quartz and
feldspars, that are embedded in a clayey carbonate matrix.
However in the yellowish sediments, the millimetre clasts pre-
vail on the nanometre ones. Where veining and fracturing are
present, calcite and/or iron oxides and hydroxides infill the



veins and fractures, suggesting their secondary formation dur-
ing a post-diagenetic phase. Remnants of microfossils as fora-
minifera, bivalves and gastropods are common in the studied
sediments and concentrate mainly in the coarser samples where
a poor sorting is also observed.

3.3 Chemical Composition

The chemical composition of the S3 core samples can be
mainly described by four elements, Si, Al, Fe, and Ca. In fact,
SiO, is the most abundant oxide ranging between 42.1 wt.%
and 46.7 wt.%, with the exception of the S3C2 sample where it
is much higher (68.2 wt.%). The CaO contents range between
12.1 wt.% and 21.2 wt.% with the S3C1 sample having the
highest value of the whole set of core samples. The ALO, and
Fe,O, respectively vary in the ranges of 5.3 wt.%—13.5 wt.%
and 2.3 wt.%—6.0 wt.% and both show the lowest contents in
the S3C2 sample. Among the other major element oxides,
MgO and K,O are characterized by narrow ranges of percent-
age variation and very similar average values of 2.4 wt.% and
2.0 wt.% respectively. The Na,O, MnO, TiO and P,0O, have the
lowest amounts that rarely exceed 1.0 wt.%.

As to the distribution of major elements with depth (Fig.
4), the most relevant observation regards the opposite trend of
AlO, and CaO contents along the sediment core with the ex-
ception of the S3C1 and S3C2 samples, which again differs
from the other samples. The Al,O, and CaO trends suggest that
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these oxides are independent from each other and consequently
the CaO contents account for the carbonate minerals only.

3.4 Rheological Parameters: Atterberg’s Limits, Plastici-
ty Index, Activity

The Atterberg’s limits (liquid limit, w,; plastic limit, w,),
the plasticity index (PI= w,—w,) and activity (/a = PI/CF where
CF is the clay fraction) of the studied widespread and S3 core
sediments were detected.

In the widespread sediments, w, varies between 16% (S6)
and 23.5% (MS3) with a mean value of 20.9%; the w, values
are in the 33.8% (S6)—65% (MS2) range having a mean of
52.9%; the PI and /a are respectively from 17.8% (S6) to
43.3% (MS2) (mean value = 31.9%) and from 1% (S7) to 2.3%
(S1) (mean value = 1.4%).

In the S3 core sediments, the w, values vary from 33%
(S3C18) to 16% (S3C12) with a mean of 22%, whereas the w,
varies from 42% (S3C12) to 86% (S3C18) with a mean value
of 58%. The sediments have a mean PI value equal to 36%, de-
riving from values ranging between 23% (S3C24) and 55%
(S3C15). These data suggest that the core sediments are pre-
dominantly “plastic” except for some samples from the upper
portion of the borehole (S3C2, S3C3, and S3C8) and all sam-
ples falling in the -15 to -20 m stratigraphic level. There, the PI
value increases and sediments are classified as “very plastic”.
Relatively to the activity, it is worth noting that downward

Major oxide contents (wt.%)

s3c1 0 20 25 40 45 50 55 60 65 -
s3c2 4 \~ 5.6
53C3 - -6.2
83C4 F-6.7
83C5 4 - 7.9
83C9 Si0, - =109
§3C10 F-11.7
83C11 - -12.6
83C13 - - -14.5
83C14 L 2149
83C15 4 - -15.2
83C16 - -16.7
83C18 - - -18.4
83C19 - - -19.3
83C20 - - -20.5
83C21 + -20.7
83C23 4 - -23.1
83C24 - - 247

Figure 4. Variation of selected major elements (SiO,, Al,O,, Fe

0., and CaO) along the investigated S3 sediment core.
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along the core a slight decreasing of the la parameter was de-
tected, with a change from “active” to “normally active” status
of sediments at about 15 m of depth.

4 DISCUSSION

As previously stated, the detailed study of the texture and
composition of landslide terrains, aside from being useful for
characterizing the sediments, may contribute to understanding
the slope instability mechanisms.

According to the on field macroscopic observations, in
the study area silts are mainly present, variously alternating to
finer and/or coarser sediments. The alternation of granulometri-
cally different levels was evidenced by the distribution of the
grain size fractions along the investigated S3 core (Fig. 3) sug-
gesting the presence of a heterogeneous sedimentary sequence.
In particular, it is worthy of note that the presence of the strati-
graphic level at depths between -15 and -20 m, where the sam-
ples characterized by the highest percentage of the <2 um frac-
tion (Fig. 3 and Table 1) and the highest phyllosilicates
amounts (Table 2) are present.

It is well known that the quantity of clay fraction in a ter-
rain can play a significant role in the triggering of a rainfall-
induced landslide (Igwe, 2015; Igwe et al., 2014; Summa et al.,
2010, 2007; Yalcin, 2007). In fact, generally, on comparable
geomorphological, geological and climatic conditions, as the
clay fraction content increases, the susceptibility of a slope to
failure increases. The geochemical and granulometrical proper-
ties of clay minerals contribute to the reduction in the stability
of a natural slope mostly when intense rainfalls occur causing
both a rapid increasing of the soil water content and a worsen-
ing of the geotechnical properties of the material involved. In
the study case also, the index properties of S3 core sediments
seem to be influenced by the clay fraction content. In detail, as
shown in Fig. 5, w, and w, values of S3 samples remain fairly
constant up to 38% CF; above this value, w, and w, increase
proportionally to CF. Although further investigations are need-
ed, such variation paths could indicate the presence of a CF
threshold value responsible for the changing of index proper-
ties of sediments.

As for widespread sediments, liquid and plastic limits do
not show correlations with the clay fraction content. However,
considering the geotechnical features of these samples recently
published by Amanti et al. (2016) (Table 3), some relationships
between granulometry and coesion (c¢) and friction angle ()
seem to be significant. In particular, in our widespread sample
set ¢ could be influenced by sediment granulometry and most-
ly by the 63—8 um and 8-2 um fractions that tend to correlate
with it, respectively, positively and negatively (Fig. 6).

As already documented in other studies performed on Plio-
Pleistocene fine sediments of Basilicata (Summa et al., 2018,
2010), also in the widespread samples of the Montescaglioso
Landslide, ¢ shows a negative correlation with the kaolinite
content in the sediments (Fig. 7) supporting the idea that this
mineral may affect the geotechnical behaviour of terrains.

As a consequence, regardless of the clay fraction amount,
the type of clay minerals included in a landslide terrain may
represent a key hazard factor in the possible activation of slip
zones. Yalcin (2007), according to Ohlmacher (2000), suggest-
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Figure 5. Variation of (a) liquid limit (w,) and (b) plastic limit (w,) with the

clay fraction content (CF, <2 pum fraction) of studied S3 core sediments.

Red circles display core samples from the -15 to -20 m level. See the text

for further details.

Table 3 Geotechnical parameters of widespread samples collected in the

Montescaglioso Landslide area

Test Samples Depth (m) ¢’ (kPa) o' (°)
MS2 0.7 16 26
MS3 0.5 20 20
MS4 6.0 1 39
MS6 1.8 1 41
S5 53.0 53 23
S6 41.5 42 19
Direct shear test S2 10.0 47 24
S1 8.5 28 24
S2 3.5 23 33
S4 8.5 34 29
S7 10.5 21 30
S3 8.0 21 26
S7 3.0 20 36

Data, referring to results of the direct shear test, are from Amanti et al.
(2016).

ed that terrains with illite and montmorillonite as principal clay
minerals have higher swelling potentials and lower shear
strengths than those composed of kaolinite and chlorite. Refer-
ring to the Montescaglioso Landslide sediments, we observe
that the aforementioned S3 stratigraphic level (-15 to -20 m of
depth), compared with the samples at shallower and deeper
depths along the S3 core, is characterized by a higher content
of kaolinite, a high content of chlorite and a lower amount of
interlayered illite/smectite minerals in the <2 pm fraction. This
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Figure 6. Binary plots displaying the positive and negative trends between
friction angle (p) and 63—8 pm (a) and 8—2 pum (b) granulometrical frac-

tions of widespread landslide samples.
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Figure 7. Coesion (c) vs. kaolinite contents in the Montescaglioso wide-

spread sediments.

suggests that a possible weakness zone inside the stratigraphic
sequence studied could be present, although further geotechni-
cal data of the S3 core samples are needed to confirm it. How-
ever, the above hypothesis seems to be supported by the index
properties of the core sediments occurring in the -15 to -20 m
range. At this depth, in fact, high values of liquid and plastic
limits were detected and the corresponding sediments were clas-
sified as very plastic. This is also confirmed by the distribution
of S3 core samples in the Casagrande plasticity chart (Casa-
grande, 1948). In Fig. 8a it is possible to note that all core sam-
ples are distributed in the “medium to high plasticity inorganic
clay” field and, in particular, sediments from the -15— -20 m
level fall in the upper portion of the “high plasticity, inorganic
clays” field.

Plasticity is a very important physical property of the fine
sediment accounting for its ability to deform at constant vol-
ume without cracking or crumbling. It is directly associated
with the clay minerals or organic matter content because, de-
pending on the water content, they are able or not to slide rela-
tive to each other, with the cohesion between them being main-
tained. Any decrease/increase in water content results in a de-
crease/increase of the cation layer thickness and an increase/de-

60 -
Low Medium High e y 6
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PI(%)
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Figure 8. (a) Casagrande Chart and related classification of the investigated
core sediments. 1. Low compressibility, inorganic silt; 2. medium compress-
ibility, inorganic and organic silt; 3. high compressibility, inorganic silt and
organic clay; 4. low plasticity, inorganic clay; 5. medium plasticity, inorgan-
ic clay; 6. high plasticity, inorganic clay. (b) Diagram showing the classifi-
cation of fine sediments by activity index, /a (Facciorusso et al., 2011). (c)
Modified plasticity chart displaying the relationships between rheological
characters and clay mineralogy. PI. Plasticity index; w,. liquid limit; CF.
clay fraction. Red circles group core samples from the -15 to -20 m level.

See the text for further details.

crease of the net attractive forces between mineral particles in-
ducing a different rheological behavior of sediments.

Generally, in fine (predominantly clayey) sediments the
PI, which is indicative of the water content range for which
sediments assume a plastic behaviour, increases linearly as a
function of the percentage of clay fraction (CF), with a differ-
ent line gradient (i.e., the /a = PI/CF) depending on the type of
clay minerals present (Cestelli Guidi, 1987). As for the S3 core
sediments here analysed (Fig. 8b), a non-linear relation charac-
terizes the samples that, therefore, fall in different portions of
the activity index graph proposed by Facciorusso et al. (2011).
Furthermore, sediments from the -15 to -20 m stratigraphic lev-
el (red circle in Fig. 8b) are distributed far from the other S3
core samples, highlighting their different rheological property.

As suggested by several authors (Ohlmacher, 2000; Holtz
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and Kovacs, 1981; Casagrande, 1948), clay mineralogy also
may affect the plasticity of the sediment. In Fig. 8c, a modified
Casagrande plasticity chart is displayed, where ranges of liquid
limit and plasticity index for the principal clay minerals (mont-
morillonite, illite, kaolinite, and chlorite) are shown. In this dia-
gram all S3 core samples, except for the S3C2 sample, plot in
an area between the montmorillonite and illite composition in
accordance with the XRD analysis results, suggesting that in
the study case the mineralogical composition does not affect
the sediment rheology significantly.

Physical-mechanical as much as chemical properties of
the sediment may change strongly with the weathering degree
as well (Summa et al., 2018). Several geochemical indices, in-
cluding CIA (chemical index of alteration, Nesbitt and Young,
1982), CIW (chemical index of weathering, Harnois, 1988),
PIA (plagioclase index of alteration, Fedo et al., 1995), W
(weathering index, Ohta and Arai, 2007), have been used in the
literature for evaluating and measuring the weathering condi-
tions which affected a source rock. Most of the reliable weath-
ering proxy are based on the assumption that, during chemical
alteration of the protolith, the leaching of alkalis (Na" and K")
and Ca®, and the concentration of Al and Si in the residual sed-
iment are the principal processes that cause the degradation of
feldspars and the formation of clay minerals. However, prior to
using the weathering indices, much attention has to be paid to
the presence of carbonates in sediments. The Ca content rela-
tive to carbonates, in fact, may alter the weathering proxy val-
ues and lead to misleading conclusions. In this study case, high
amounts of carbonate minerals (calcite + dolomite) were detect-
ed along the whole S3 core resulting in high CaO percentages
of all investigated samples. In addition, a strong negative corre-
lation between ALO, and CaO (+* = -0.74) characterizes the
core sediments suggesting the CaO contents are not associated
to Al-bearing phases but presumably to carbonates only. Ac-
cordingly, the A1,0,-SiO,-CaO ternary plot (Fig. 9a) shows that
the Montescaglioso core sediments fall far to the composition
of average continental shales (PAAS, Post Archean Australian
Shales; Taylor and McLennan, 1985) and upper-continental-
crust standard (GLOSS, Global Subducting Sediment; Plank
and Langmuir, 1998) because of their higher CaO contents.

This obviously makes the use of any aforementioned weather-
ing indices inappropriate for this study case.

However, excluding the CaO, some considerations on
weathering degree of sediments may be retrieved by plotting
data into the Al,0,-Na,0-K,O ternary diagram. Since sodium
and potassium are mobilised during chemical weathering,
changes in their element/Al ratios record a weathering trend.
Consequently, the S3 core samples plotted in the triangular dia-
gram of Fig. 9b shows a trend of weathering that varies from
bottom to top of the core, indicating a stronger alteration in the
upper portion of the deposit.

Such a hypothesis is also supported by the presence of sal-
bands in the upper part of the S3 core only, and by the down-
ward decreasing of I/S amounts. Salbands are considered as the
macroscopic evidence of fluid circulation in fine sediments
along cracks or fractures (Brondi et al., 1993) where elements
mobilization, minerals transformation, oxides and salts precipi-
tation generally occur. In the studied sediments, evidences of a
preferential fluid circulation were detected at the macro-scale
as much as at the micro-scale. Optical microscope observations
of the samples in thin section, in fact, have confirmed the pres-
ence of a dense network of veins mostly filled by iron oxi/hy-
droxides and post-diagenetic calcite, chiefly correlated to sec-
ondary processes of solubilisation and/or reprecipitation.

Similarly, the presence of interlayered clay minerals in a
sediment may be indicative of chemical alteration processes
which affected the primary minerals during weathering (Cuad-
ros et al., 2010; Ferrell et al., 2010). In particular, the variation
along the studied profile of the interlayered clays amount sug-
gests that different conditions of weathering occurred along the
deposit from top to bottom, with a stronger alteration, maybe
due to a more intense fluid circulation, in the upper portion of
the deposit.

5 SUMMARY AND CONCLUSIONS

In this paper, the compositional features of the Plio-
Pleistocene sediments involved in the studied Montescaglioso
Landslide (Basilicata Region, southern Italy) have been investi-
gated with the principal aim to broaden our knowledges on lith-
ological characters of sediments composing the landslide body,
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and try to detect possible correlations between lithology and
some index properties of fine sediments. Among the several
geo-lithological properties considered, only some granulometri-
cal and mineralogical features of the investigated core samples
show significant correlations with the rheological indices (At-
terberg’s limits and plasticity index). In addition, considering
the geotechnical data available in literature concerning the
widespread landslide sediments here analysed, our results sug-
gest the presence of a possible weakness zone along the stud-
ied deposit, represented by the litostratigraphic level having
the highest percentage of phyllosilicates and clay fraction.
Moreover, a relationship between the clay fraction (CF) con-
tents and the values of w, and w, has been detected, suggesting
a CF = 38% as possible threshold value for changing the index
properties of fine sediments.

Although further detailed studies on fabric of fine sedi-
ments in landslide mass and on the correlations between com-
position and physical-mechanical properties of core sediments
are needed, we believe that a multidisciplinary approach may
significantly contribute to the identification of weakness and
slip zones of landslide terrains mostly in areas, as the Montes-
caglioso one, where to date doubts rest despite the active moni-
toring network of the landslide body.
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