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Abstract

Silty sands and clayey silts taken from a landslide in the Agri Valley have been an-
alyzed in order to study the role of sediment composition on the slope stability and
the development of a slip zone. A geognostic hole was used to collect samples and
monitor movements. A slip zone at a depth of about 14 m was identified. Composi-
tional and physical-mechanical characterization of samples were carried out. Some
compositional characters, such as 32—2 um grain-size fraction, clay mineral content,
Cation Exchange Capacity and total nitrogen, increase in the slip zone. Some corre-
lations have been found between geotechnical properties (residual shear strength and
residual friction angle) and the same compositional characters, which can therefore be
considered possible factors influencing slope stability.

1 Introduction

Landslides often occur in anthropic environments, in urbanized and industrial areas,
and can cause serious socio-economic damage, including the loss of human life. Ge-
omorphological studies of landslides are not sufficient to understand the complex dy-
namics influencing the mechanisms of movement, as the role of the compositional
characteristics of sediments and waters circulating represents a key problem, espe-
cially in contexts where fine sediments prevail.

Several studies have indeed shown that there could be some links between physical-
mechanical properties of sediments and their granulometrical, chemical and mineralog-
ical characteristics, as well as with the composition of circulating waters (e.g. Torrance,
1999; Sridharan, 2001). The behavior of landslide clayey sediments is the response
to their physical and mechanical properties, depending on water-clay interaction, clay
fabric and clay mineral content, both quantitatively and qualitatively (Di Maio, 19964,
b; Martinez-Nistal et al., 1999; Cafaro and Cotecchia, 2001; Cotecchia, 2003; Lor-
oueil and Hight, 2003; Bogaard et al., 2007; Summa et al., 2007, 2008, 2010). For this
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reason, in the last few years, there has been an increasing scientific interest in physical,
chemical and mineralogical characters of sediments with respect to slope stability.

Our attention has been focused on a pilot area in the Agri Valley, an intermountain
basin in the Southern Apennines (Basilicata, Italy), often affected by land degrada-
tion processes and mass gravitational movements involving mainly fine sediments with
clay components. Sediments and waters circulating in a landslide near the village of
Montemurro were characterized in order to study the role of sediment composition in
the slope stability and to identify possible geochemical and mineralogical hazard fac-
tors. The slope involved in the investigated landslide shows a very complex geological
and geomorphological framework, complicated by a very strong quaternary morphody-
namic. For this reason, the causes of movement are not yet fully understood, despite
numerous studies in the last century. In the last few years, a slow activity is evident,
causing obvious structural damage to infrastructure and buildings, and the interest in
this landslide has increased.

2 Geological and geomorphological landslide context

The studied landslide is situated in Verdesca, near the village of Montemurro, on the
left orographic side of the Agri River. The landslide is occurring to the far west of the
village, and is on a semi-urbanized slope, which include several infrastructures and
buildings (Fig. 1).

In the investigated area a continental clastic Quaternary sequence outcrops, it is
mainly represented by deposits of alluvial fan, alluvial plain and lacustrine environ-
ments, corresponding to the upper and middle intervals of the Complesso Val d’Agri
(Di Niro et al., 1992) and to the Torrente Casale and Vallone dell’Aspro Alloforma-
tions (Zembo, 2010). The Torrente Casale Alloformation is represented by massive
coarse deposits as matrix-to clast-supported gravels and conglomerates, alternated
with sandy gravels and gravelly sands. The Vallone dell’Aspro Alloformation is char-
acterized by coarse to fine sands and stratigraphically lower greenish to grey silty
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clays and clayey silts, interbedded with organic-rich and peaty levels (Zembo, 2010;
Gueguen at al., 2014). These deposits rest on an angular unconformity truncating the
Miocene bedrock, consisting of sandstones from the Gorgoglione Flysch which out-
crops mainly with its pelitic-arenaceous component (Boenzi et al., 1968; Boenzi and
Ciaranfi, 1970; Critelli and Loiacono, 1988; Mutti and Normark, 1987; Gueguen et al.,
2014). The area is affected by extensional faults of the Val d’Agri Fault System (Cello,
2000; Cello et al., 20004, b, 2003).

As indicated by Gueguen et al. (2014), the landslide is complex, with a rotational
component in the upper sector evolving into a translational slide in the lower part. Minor
scarps, terrace-like features and counter-slopes were detected and further superficial
movements were identified due to the continuous erosion of a ditch flowing at the foot
of the landslide.

3 Materials and methods

A geognostic hole equipped with an inclinometer tube (S1, Figs. 1 and 2) was used
to reconstruct the stratigraphic sequence of the deposits involved in the landslide and
collect the sediment samples submitted for physical-mechanical characterization (At-
terberg’s limits, residual shear strength, residual friction angle) and compositional anal-
yses (grain-size, mineralogy and geochemistry). The samples were collected after con-
sidering several lithologies found in the geognostic hole and the position of the slip
zone. Twenty samples were collected, with a higher concentration of samples taken
near and from the slip zone identified (between 12.5 and 15.0 m), as shown in Fig. 2.
It was not possible to carry out some compositional analyses in some samples, due to
insufficient amounts available.

Grain-size analyses were carried out using wet sieving and fractional sedimentation
following Stokes’ Law. Pre-treatments, using deflocculant (a few drops of NH;), were
performed on some samples with a high content of colloidal particles.
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Mineralogical analyses were carried out by means of a Rigaku Rint 2200 X-ray
powder diffractometer (XRD), using Cu Ka radiation, secondary monochromator and
a sample spinner. Bulk rocks were mounted in a very thin sample holder, whereas the
< 2um fraction was analyzed using oriented specimens after ethylene glycol solvation
(overnight at 60 °C) and heating at 375 °C. The characterization of mixed-layered clays
was accomplished following Moore and Reynolds (1989) and the semi-quantitative es-
timate follows Biscaye (1965) with slight modifications.

Organic carbon and total nitrogen were determined using CHNS-Leco. Von
Bemmelen’s factor was used for calculating organic matter content from organic carbon
(Buringh, 1984). The pH measurements were carried out in accordance with the pro-
cedure in ltalian law n. 79, 11 May 1992 (“Metodi ufficiali di analisi chimica del suolo”).

Sodium Adsorption Ratio (SAR) was determined on a soil/water suspension pre-
pared by mixing 4g of sediment and 40 mL of distilled water. The suspension was
shaken for 12 h, using mechanical shakers, centrifuged and filtered. The supernatant
was analyzed using Inductively Coupled Plasma — Optical Emission Spectrometers
(ICP-OES), to determine the amount of sodium.

Cation Exchange Capacity (CEC) and several exchangeable cations, such as mag-
nesium percentage (EMP), calcium percentage (ECP), sodium percentage (ESP) and
potassium percentage (EPP), were determined using ICP-OES on samples pretreated
with ammonium acetate following the method proposed by Chapman (1965).

In order to characterize samples representative of the slip zone and sediments above
and below, a selection of samples were collected and submitted for shear tests. Resid-
ual friction angle (¢,) and residual shear strength (7,) were determined, by means of
direct shear tests in the Casagrande box, by shearing the specimens back and forth at
least six times, until reaching a residual constant minimum value of strength.

Liquid Limit (WL), Plastic Limit (WP) and Plastic Index (PI) were also determined, in
accordance with the ASTM rules (2007).
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Groundwater sampling was performed on a spring and in a well close to the S1
borehole, using a stainless steel bailer. The samples were collected in polyethylene
bottles and partly acidified with HNO;.

4 Results
4.1 Geognostic survey and stratigraphy

A detailed stratigraphy of the S1 borehole is shown in Fig. 2. The first 4 m below ground
level were characterized by detrital and eluvial-colluvial deposits with a prevalent sandy
component, with a reddish coloring due to important groundwater circulation and strong
oxidation processes. From 4 to 8 m, there are yellowish silty sands and gravels with
sharp-edged mainly carbonatic clasts, from millimeter to centimeter in size. Up to about
14.5m below ground level, identical sandy sediments were identified, with a strong
depth-variability of the clayey component and grey coloring due to lesser alteration
degree than upper deposits. From about 14.5 to 20 m (bottom hole) grey clayey silts
and silty clays were identified, with interbedded blackish and greenish peaty levels at
several stratigraphic depths. Dark nodules and blackish saline concretions were also
identified, mainly due to solubilization-precipitation processes, favored by groundwater
circulation. The sediments described are attributable to the Vallone dell’Aspro Allofor-
mation of Zembo (2010).

The break of the inclinometer tube in the S1 borehole at a depth of 14.3m allowed
the identification of an active slip zone at that depth, corresponding to the transition
from coarser sandy-silty to finer silty-clayey sediments, at a width of about 50cm. The
same transition was identified in the stratigraphic sequence of two further geognostic
holes (R1 and R2 in Fig. 1) reported in Gueguen et al. (2014). Based on the depth of
the lithologic transition in all three boreholes, the hypothesized trend of the sliding zone
is reported in the profile shown in Fig. 3. It is not possible to exclude further slip zones
at greater depths under the superficial break.
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4.2 Grain-size composition

The grain-size results are reported in Table 1. According to the Shepard diagram
(1954), the samples show a grain-size distribution ranging from sands to clayey silts,
with a predominance of silty sands and one silty-clayey sample without a sandy compo-
nent (Fig. 4). As shown in this diagram, the sediments of the slip zone are sands (C9A),
silty sands (C9B) and clayey silts (C9C, C9E). An increase of the silty (63-2 um) and
clayey (< 2 um) fractions were found at a depth below 14.7 m (Fig. 5). Particularly, the
increase of the silty component is due to the middle-fine 32—2 um fraction, as indicated
in Fig. 6.

4.3 Mineralogical composition

As reported in Table 2, the sediments are composed mainly of clay minerals and quartz,
on average 40 and 36 %, respectively. Feldspars (15 %) and carbonates (8 %), with
calcite (6 %) > dolomite (2 %), occur in minor amounts.

Traces of hematite and gypsum were present in some samples. The largest amounts
of these phases were found in samples representative of the slip zone identified, in
accordance with the macroscopic observations of the geognostic cores, which shows
evidence of saline and oxide precipitates.

The clay fraction in all samples is characterized by a predominance of expandable
phases. Most of these consist of irregular mixed-layer illite/smectite, representing on
average 66 % of the entire clay fraction, up to values of about 90 %. The irregular
mixed-layer chlorite/smectite phase is variable along the stratigraphic sequence, with
some samples that show very high values, close to or above 30 % of clay fraction. lllite
occurs with contents on average at about 20 %, ranging between 7 and 32 %. Kaolinite
and chlorite occur in very small amounts (Table 2).

From about 14.5mb.g.l. (below ground level), clay minerals amounts increase signif-
icantly and there is an abrupt reduction of the quartz-feldspathic component (Fig. 7).
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4.4 Geochemical and hydrogeochemical characters

The results of the chemical analyses on the sediments are reported in Table 3.

The pH of all samples is mainly neutral-alkaline, with a maximum value of 8.7, with
the exception of sample C11, showing acid character (pH 5.7), probably due to large
amounts of organic matter. The average quantity of organic matter is about 30 g kg_1,
however this is variable and significantly increases below a depth of about 14.5m, in
correspondence with the slip zone. C,, and N,y also increase at this depth (Fig. 8).
The C,q/Niot ratio is a good indicator of the degree of decomposition and quality of
organic matter held in the soil (Batjes, 1996). The general trend of the values suggests
that a low C,, /Ny ratio is indicative of sediments containing a relatively fresh organic
matter, reflecting a greater degree of humification of organic matter, as opposed to
values > 50, where mineralization is favored (Waksman, 1924; Parton et al., 2007;
Russel et al., 2009; Nadi et al., 2012; Fig. 9).

The Sodium Adsorption Ratio shows a small variation at the slip zone (Fig. 10). The
Cation Exchange Capacity increases at the slip zone, decreasing progressively down-
ward (Fig. 10). In particular, at the slip zone, Exchangeable Magnesium and Potassium
increase, whereas Exchangeable Calcium and Sodium decrease (Fig. 11).

Chemical analyses carried out on waters circulating in the sediments of the landslide
allowed the classification of these waters into calcium bicarbonate facies (Fig. 12).

4.5 Geotechnical characters

The results of the physical-mechanical characterization of the samples tested are re-
ported in Table 1.

Liquid Limit (from 19 to 87 %) and Plastic Limit (from 14 to 57 %) are variable and
abruptly increases at the slip zone, below a depth of 14.7 mb.g.l. Plastic Index is also
variable and ranges from 5 to 38 %.

The residual friction angle ranges between 12 and 36°, with the lowest value detected
on sample C10. The residual shear strength ranges between 94 and 275kPa. The
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slip zone samples (C9A, C9D, C9E) show a progressive decrease of residual shear
strength with depth. The lowest value is detected on sample C10, below the slip zone
observed.

5 Discussion and conclusions

Statistically significant correlations between compositional characters of sediments and
their physical-mechanical properties were found.

Highest values of plasticity are linked to the largest percentages of clay minerals,
exchangeable magnesium and potassium (Tables 1-3). Lowest values were observed
on samples also showing highest residual friction angle.

Correlations between silty fractions and residual friction angle were found. Particu-
larly, the 32—2 um fraction is inversely correlated with residual friction angle (Fig. 13c),
according to the increase of this grain-size fraction in the samples from the slip zone
(Fig. 6). Similarly, clay mineral content is inversely correlated to residual shear strength
and residual friction angle (Fig. 13a and b), in accordance with the increase of this
phase at the slip zone (Fig. 7). Total nitrogen is also correlated negatively with residual
shear strength (Fig. 13d).

An inverse relationship between residual shear strength and CEC was found, as well
as between EMP, EPP and residual friction angle. Conversely, ECP is directly related
to residual friction angle (Fig. 14). These correlation are also in accordance with the
respective depth-trend (Figs. 10 and 11).

These results allow the identification of some links between the compositional char-
acters of the sediments and the development of the slip zone. The increase of the
32-2 ym fraction at the slip zone and its negative correlation with residual friction an-
gle demonstrate that this grain-size fraction can be a hazard factor with respect to the
development of the slip zone. The conditioning of the mineralogical composition on the
mechanical behavior of the sediments and on the development of the slip zone is also
well represented by the depth-trend of the clay mineral content, and by its correlation
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with residual friction angle and residual shear strength. Conversely, presence of sul-
phates (gypsum) and iron oxides (e.g. hematite) at the slip zone could be a result of
a more significant fluid circulation, facilitating weathering of sediments and deposition
of new mineral phases, as a result of ongoing oxidation and solubilization-precipitation
processes.

Organic matter, increasing at the slip zone (Fig. 8), can be considered a critical
parameter with respect to the physical-mechanical behavior of the sediments, as al-
ready suggested by other authors (Barras and Paul, 1999; Paul and Barras, 1999;
Diaz-Rodriguez, 2003). The negative correlation between total nitrogen and residual
shear strength allows us to hypothesize a more significant influence of this parame-
ter, indicative of a more fresh organic matter, than organic carbon. In agreement with
this hypothesis, one of the lowest C/N ratios was detected (Table 3) on sample C10,
showing lowest residual shear strength (Table 1).

Despite the slight variation of SAR at the slip zone, no statistically significant cor-
relations with physical-mechanical characters were found. As a result, SAR could not
be identified as a clear hazard factor with respect to the slip zone development. Con-
versely, the increase of CEC at the slip zone and its negative correlation with residual
shear strength demonstrates CEC can be considered a hazard factor with respect to
the slope stability.

Lowest value of residual shear strength detected on sample C10 allows us to hy-
pothesize a further deeper slip zone, not detectable due to the upper crack in the
inclinometer tube, or a further weakness zone where it is more likely a future slip may
occur. In accordance with this hypothesis, some compositional characters recognized
as hazard factors contributing to the beginning of the movement in the slip zone (such
as 32—-2 um fraction, clay mineral content and CEC), still show high values on sample
C10.

This study confirms the importance of compositional characters of sediments in land-
slide processes, with respect to their physical-mechanical behavior and the position of
the slip zone. This demonstrates the need to carry out further specific investigations of
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the composition of terrain, in situ, to understand slope stability. Furthermore, it is im-
portant to understand the water-rock interaction processes in areas where landslides
occur, in order to obtain further clues about the mechanisms triggering the landslides.
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logistical support.
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Table 1. Grain-size composition and geotechnical characters of analyzed samples (WL = Liquid
Limit; WP = Plastic Limit; Pl=Plastic Index; ¢, =residual friction angle; 7, =residual shear
strength). Slip zone samples are in bold.

Sample Depth >63 63-32 32-16 16-8 8-4 42 <2 WL WP Pl ¢, T,
(m) (um)  (um)  (um)  (um) (um) (M) (um) (%) (%) (%) () (kPa)

C1 40 49 7 6 8 9 8 13 41 20 21

c2 49 62 13 6 4 7 2 6 34 23 11

C3 53 70 7 4 4 4 4 7 29 22 7

c4 6.2 58 16 5 5 4 3 9 28 23 5

C5 6.4 60 8 6 7 6 6 7 40 22 18

(o3 6.7 53 10 8 7 7 8 7 3 23 12

c7 80 77 6 3 3 3 2 6 22 17 5

cs 84 71 6 4 5 5 3 6 30 17 13

C8 A 130 72 8 5 4 4 2 5 24 18 6 36 227

csB 135 79 7 3 3 3 2 3 19 14 5

cscC 139 65 9 6 5 5 3 7 25 16 9

C9A 145 81 7 3 3 2 2 2 23 16 7 36 253

c9B 146 71 10 5 4 4 3 3

co9c 147 13 " 177 15 8 8 28 55 32 23

c9D 14.8 20 171

C9E 149 10 6 15 13 16 11 29 43 25 18 23 126

C10 17.0 7 7 14 20 20 11 21 67 29 38 12 94

ci1 18.5 0 0 6 8 17 15 54 87 57 30

c12 194 36 17 7 8 10 9 13 40 18 22

C13 200 32 18 10 9 10 6 15 27 20 7 31 275

X 51 9 7 7 8 6 13 37 23 14 26 191

o 27 4 4 5 5 4 13 17 10 10 10 72
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Table 2. Mineralogical composition of bulk rock and clay fraction (Qz = Quartz; Fsp = Feldspar;
Cal = Calcite; Dol = Dolomite; Hem = Hematite; Gp = Gypsum; Chl/Sme = Chlorite/Smectite;
[It/Sme = lllite/Smectite; Kin = Kaolinite; Chl = Chlorite; lIt = lllite). Slip zone samples are in bold.

Sample Depth (m)

Bulk rock (%)

Clay fraction (%)

Clay Qz Fsp Cal Dol Hem Gp Chl/Sme IIt/YSme Kin Chl it
C1 4.0 40 24 16 7 13 0 0 13 70 3 tr 13
c2 49 47 31 15 6 tr 0 tr 20 43 5 0 32
C3 53 32 39 23 5 tr 0 0 0 84 2 tr 13
C4 6.2 31 38 20 10 ftr 0 0 18 47 4 tr 30
C5 6.4 45 31 16 8 tr 0 0 16 48 4 tr 31
C6 6.7 36 34 16 13 fr 0 0 0 72 3 tr 25
C7 8.0 18 61 18 3 0 0 0 35 41 3 2 20
Cc8 84 32 44 19 5 0 0 tr 0 73 4 4 20
C8 A 13.0 21 46 19 10 3 2 tr 0 84 2 2 11
C8B 13.5 18 49 22 6 2 2 tr 18 53 3 6 20
c8C 13.9 22 39 25 10 2 tr tr 0 78 3 2 17
C9A 145 11 56 18 8 tr 5 tr 31 44 3 4 18
c9B 146 28 41 16 9 4 2 tr 0 80 3 3 14
cocC 14.7 53 28 12 tr tr 2 2 0 70 5 3 22
Cc9D 14.8 53 30 9 6 tr tr 0
C9E 149 57 28 7 2 2 2 3 0 68 5 3 24
C10 17.0 78 15 5 3 0 0 0 0 71 5 3 22
C11 18.5 93 7 0 0 0 0 tr 0 74 3 3 20
C12 19.4 53 32 13 2 0 0 0 25 64 3 tr 7
C13 20.0 32 45 16 6 0 0 0 0 88 3 tr 8
¥ 40 36 15 6 2 1 1 9 66 3 2 20
o 21 13 6 3 3 1 1 12 15 1 1 7
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Table 3. Chemical composition of analyzed samples (Corg = organic carbon; Ntot = total nitro-
gen; OM = organic matter; C/N = C/N ratios; SAR = Sodium Adsorption Ratio; CEC = Cation
Exchange Capacity; ESP = Exchangeable Sodium Percentage; EPP = Exchangeable Potas-
sium Percentage; ECP = Exchangeable Calcium Percentage; EMP = Exchangeable Magne-
sium Percentage). Slip zone samples are in bold.

Sample Depth pH C,y Nigt OM C/N SAR CEC ESP EPP ECP EMP
(m) (9kg™) (gkg™) (gkg™) (meqL™") (meq100g™") (%) (%) (%) (%)
C1 40 85 14 0.3 25 47 2.4 24 121 2.8 70.0 1541
c2 49 86 0.1 0.2 02 05 2.8 22 12.7 1.6 761 9.6
C3 53 8.6 2.6 22 125 1.8 75.0 10.7
C4 6.2 86 0.2 0.2 04 1.0 4.3 23 124 1.4 746 11.6
C5 6.4 87 0.2 0.3 03 0.7 1.4 24 124 1.9 731 12,6
Cc6 6.7 8.6 1 22 124 1.8 748 11.0
Cc7 80 7.8 35 0.1 6.1 350 1.8 20 123 1.3 80.3 6.1
c8 84 78 7.0 0.3 121 233 1.8 21 121 1.3 78.3 8.3
C8A 13.0 81 6.7 0.3 116 223 16 22 119 22 75.8 10.1
c8B 135 81 4.2 0.1 72 420 14 19 125 1.2 822 41
csC 1839 79 113 0.6 196 188 1.6 21 119 1.8 75.6 10.8
C9A 145 79 53 0.1 91 53.0 14 20 120 1.4 80.6 6.0
C9B 146 8.0 7.7 0.3 13.2 25.7 1.6 22 11.7 2.0 75.6 10.7
cocC 147 73 224 11 38.6 204 1.1 24 111 3.7 704 148
co9D 148 7.8 221 1.1 38 201 14 25 115 3.6 69.1 15.8
C9E 149 6.9 38.7 1.4 66.7 27.6 1.0 27 10.7 2.8 724 144
c10 170 81 7.8 1.0 135 7.8 1.3 26 115 45 66.3 17.7
C11 185 5.7 1694 4.0 292.0 424 1.5 21 145 3.9 56.8 24.8
C12 194 82 22 0.4 39 55 1.4 20 13.8 4.6 65.3 16.3
C13 20.0 85 438 0.4 83 120 15 19 142 25 69.9 134
X 80 175 0.7 302 199 18 22 12.3 24 731 122
o 1.0 39.2 0.9 67.5 149 0.8 2 0.9 11 5.9 4.7
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Figure 8. Trends of organic matter (OM), organic carbon (C,,) and total nitrogen (N,) varia-

tions with depth.
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Figure 9. Total nitrogen (N, vs. organic carbon (C,,,) diagram.
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Figure 10. Trends of pH, Sodium Absorption Ratio (SAR) and Cation Exchange Capacity (CEC)

variations with depth.
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Figure 11. Trends of Exchangeable Sodium Percentage (ESP), Exchangeable Magnesium Per-
centage (EMP), Exchangeable Potassium Percentage (EPP) and Exchangeable Calcium Per-

centage (ECP) variations with depth.
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Figure 12. Piper diagram of waters circulating in the landslide.
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Figure 13. Correlations between residual friction angle (¢,), residual shear strength (7,) and

some compositional characters.
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Figure 14. Correlations between some geochemical and mechanical characters (CEC = Cation Back Close
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