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Abstract

:

Italy is one of the European countries most affected by landslides. In order to mitigate the risk, the analysis of such phenomena should involve a broad spectrum of studies to understand the geological and geomorphological properties of the unstable areas, the geometric features of the landslides and the causes of their trigger, the evolution over time, and the works of risk mitigation taken as well as their effectiveness over time. This article is concerned with multidisciplinary investigations on a historical earth flow occurred in Montemurro (Basilicata, Southern Italy) in 1907. We analyse unpublished archive sources strictly coupled with new geological and geomorphological surveys. Furthermore, to gain information on the geometrical features of the landslide body, geophysical prospections (ERT) is used alongside the field surveys. Lastly, to gain insight on the landslide triggering factors, we employed historical–climatological analysis: in particular, we made use of the monthly simple daily intensity index (SDII) to evaluate extreme events and the standardised precipitation index (SPI) to consider previous wetness conditions. The earth flow was triggered on 26 February 1907 and the main movement lasted about one week, involving several buildings, including those of cultural interest. Historical documentary investigations and historical climatological analysis both indicate that the earth flow was triggered by a preceding heavy rain period, which independent historical sources suggest also caused the activation of landslides over a wider area around Montemurro. Currently, the earth flow is NE–SW oriented, extends for a length of ~1.1 km, and has an average width of ~220 m. The landslide is in a dormant activity phase. From a methodological point of view, the research stresses the importance of integrated approaches to investigate natural hazards, particularly by the use of historical data. This research may be of interest to academics, practitioners, and policymakers for both the methodological approach followed and results gained, useful in view of both risk mitigation and territorial planning of landslide-prone areas.
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1. Introduction


Of all European countries, Italy is among the most affected by landslides [1]. The Italian Landslide Inventory (IFFI) Project has recorded 620,808 events affecting an area of 23,700 km2, equal to 7.9% of the national territory [2].



After earthquakes, landslides are the natural hazards that have caused the highest number of victims and amount of damage to inhabited centres, infrastructure, the environment, and cultural heritage. Since after the Second World War, there has been an increase in the risk of landslides due to the growing human pressure on the territory, with an expansion of the urban layout, often involving unstable areas [2]. In the last 50 years (1966–2015), landslides and floods have caused 1947 deaths, 69 missing people, 2534 injured people, and 412,087 evacuated and homeless people [3].



In order to both mitigate the hydrogeological risk and improve the territorial planning, the knowledge of both current and potentially hazardous landslides requires an in-depth and multisource analysis, such as geological, geomorphological, geophysics, and historical to obtain information on the features of unstable areas, the geometry of landslides, the causes of triggering of historical events, and the evolution of the phenomena over time, and so on.



The studies of landslides by different disciplines and competencies among researchers is increasingly required for a wider and deeper understanding of natural hazards, particularly landslides, involving geological, geomorphological, and geotechnical investigations [4]; lidar investigations [5,6]; and geological, geotechnical, and geophysical methods [7,8,9]. Historical data are also used in landslide studies for different purposes. For example, in order to assess the dynamics of reservoir bank landslides and shoreline abrasion at active zones, Yermolaev et al., (2021) [10] used the integration of laser scanning, unmanned aerial vehicles (UAV), global navigation satellite systems (GNSS), and historical imageries; Tropeano & Turconi (2004) [11] suggested the use of historical documents to both increase public awareness of natural hazards and inform the selection of proper civil protection strategies; and Carrara et al., (2003) [12] used geomorphological data and historical sources to assess landslide hazard.



Using a multilevel and integrated approach, the article is concerned with the investigations on earth flow in Montemurro, a village that falls within the domain of the Apennine chain and occupies the left slope of the high Val d’Agri in the Basilicata region (southern Italy). The region, a real open-air laboratory for multidisciplinary and interdisciplinary research [13], is particularly prone to earthquakes and landslides, which also cause heavy damage to towns and cultural heritage sites, forcing some to be abandoned [14,15,16,17].



The article is organized into three main sections: (1) Materials and Methods, where the approaches followed are delineated in detail; (2) Results and Discussion, where we describe the geological and geomorphological characteristics of the Montemurro area, the electrical resistivity tomography (ERT) investigations performed on the landslide, the scrutiny of unpublished historical sources, and a historical climatic analysis; and (3) Conclusions, including the limitations of the research as well as future perspectives.




2. Materials and Methods


2.1. The Study Area and the Regional Geological Setting


Montemurro is a village located in the Agri Valley in the southern part of the Basilicata region (Southern Italy, Figure 1) at an altitude of 723 m a.s.l. on a relief elongated in a NE–SW direction.



The Agri Valley is a Quaternary intermontane basin located in the hinterland of the southern Apennines. This basin is part of an east verging fold-and-thrust belt developed as an accretionary wedge from the late Oligocene to the early Pleistocene due to the eastward migration of the Apenninic arc [18,19,20,21] (Figure 2).



The present-day configuration of the basin is related to different extensional and transtensional tectonic phases that took place between the Lower Pleistocene and the Holocene, along the fault system known as Val d’Agri Fault System (VAFS) [26,27].



VAFS consists of numerous left-lateral strike-slip faults oriented N120°, associated with compatible kinematics left transtensive faults oriented at N90°/N110° and right, oriented at N30°, in addition to left-lateral transpressive faults oriented at N130°/N150°. The development of these structures involved the Galaino breccias [28] Lower Pleistocene in age, cropping out along the north-western edge of the basin of the high Agri valley. The morphogenetic evolution of the valley would have started from the erosion of a mature landscape, with a small subaerial energy gradient, defined in literature as “summit paleosurface” of Upper Pliocene to lower Pleistocene age offset by faults and currently preserved at different altitudes varying between about 1000 and 1400 m. The syntectonic sedimentary infill of the Agri Valley Basin (AVB) includes a succession only partially exposed at the surface for an overall thickness of approximately 100 m in the south-eastern portion of the basin and sometimes in the north-western part, which is schematized in literature in the following way, starting from the oldest terms:




	
/Breccia di Galaino—slope breccias and equivalent units of the Middle-Lower Pleistocene;



	
Complesso dell’Agri (Agri Complex)—gravel-conglomeratic and sandy-clayey succession of the middle-upper Pleistocene;



	
Terrazzi fluviali, conoidi di deiezione, alluvioni recenti e attuali (Fluvial terraces, fans, recent and actual alluvial deposits)—different orders of terraces correlated to colluvial deposits and slopes in equilibrium with the current morpho-climatic structure of the valley (Upper Pleistocene—present).








In the south-eastern portion of the AVB, the units of the “Agri Complex” and the late Pleistocene–Holocene sediments crop out. The first sediments are correlated to ancient local base levels, which reach heights even above 700 m a.s.l. The latter are different orders of terraces characterised by very small area dimensions and thickness, with progressively lowered base levels up to the current 500 m above a.s.l.




2.2. The Methods


The multilevel and cross-correlated methodological approach (Figure 3) adopted in the research includes geological and geomorphological surveys, geophysical investigations, historical documentary analysis, and historical climatological studies. In particular, we performed new geological and geomorphological surveys, electrical resistivity tomography (ERT) investigations aimed at improving the knowledge of the geometry of the landslide body, analysis of unpublished archive sources to obtain information on the landslide features and its activity over time, and historical climatological investigations to identify the landslide triggering factors.



2.2.1. Electrical Resistivity Tomography (ERT)


In this work, the electrical resistivity tomography geophysical technique was used [29,30,31,32,33] to reconstruct the geometry of the landslide body and to identify the shear surfaces that separate the landslide body from the bedrock [34,35,36].



The ERT technique consists of the injection of a direct electrical current (I) into the ground through two electrodes and the measurement of the voltages (V), revealing the direction and amount of current flow in the subsurface, through another couple of electrodes. The electrodes can be arranged on the ground by using different arrays, each of which is characterized by a geometric factor (K). The measured apparent resistivities (rho_a), obtained by combining I, V and K, can be inverted into true resistivities (rho) by applying an inversion method. In this paper, the inversion software RES2DINVX32 (version 3.71.118), based on the smoothness-constrained least-squares method [30,37,38], was applied to obtain two-dimensional subsurface resistivity models from the apparent resistivity pseudosections.




2.2.2. The Historical Approach


Historical data can be divided in four main groups [39]:




	(a)

	
those that directly record change or occurrence of a natural event (e.g., flood and landslide);




	(b)

	
those that indirectly provide data which can be used to suggest causal or explanatory models (e.g., climatic records);




	(c)

	
other supporting surveys that include relevant information (e.g., geological surveys);




	(d)

	
phenological records which deal with timing (e.g., time of wet season groundwater response).









In our analysis, historical data, particularly that from groups (a) and (b), were considered. Archive documentation was analysed to identify the chronology of the trigger and reactivations of the landslide, the causes of them, the damage effects, the consolidation works planned, and their efficacy over time. Further, climatic records were analysed to determine the cause of the landslide.



The Archive Analysis


The study was carried out mainly through the scrutiny of documentation produced by the Commissariato Civile per la Basilicata (CCB) 1. The sources are currently preserved in the Archivio di Stato di Potenza (National State Archive of Potenza), in the chief town of the Basilicata region.



CCB was established with the law for Basilicata No. 140 of 31 March 1904, also known as the Zanardelli law, and it was suppressed in 1923. CCB was founded as a body responsible for planning, design, and execution of a large number of infrastructure works in Basilicata, as well as for the management of the related funds. Therefore, its aim was also to build infrastructure to consolidate the towns affected by hydrogeological instability [40]. The analysis of documents produced by this body allowed increasing the completeness of both data related to the chronology of the trigger and reactivations of the landslide and the effects caused by the mass movement within the deeper and wider landscape of knowledge of the hydrogeological instability of the Montemurro area.



Beyond these documents, other sources derived from the direct consultation of the Archivio Storico Nazionale del Dipartimento della Protezione Civile 2 (National Historical Archive of the Civil Protection Department in Rome), before the same archive was transferred to the State Archive of Rome.



The sources of that archive amount to about 15,000 documents relating to disasters that occurred in Italy since 1908. The archive arose from several acquisitions from other bodies that were responsible for civil protection before the birth of the Civil Protection Department, established in 1982 at the Presidency of the Council of Ministers [41]. Sources from this archive were useful for analysing the planned partial shifting of Montemurro due to the occurrence of the 1907 Servigliano landslide and the consolidation works performed in the town as well as its efficacy over time. In addition to the archive sources, magazines contemporary to the landslide were also taken into consideration, with particular attention to photographic reporting.



On the whole, the documents analysed were written between the end of the 19th century to the sixties of the 20th century over approximately 60 years. In particular, the most useful typologies of documents consulted were: correspondence between the mayor of Montemurro and CCB; correspondence between the Ministry of Public Works and CCB; technical administrative documentation relating to the consolidation works carried out by firms; correspondence between the Civil Engineer Body and CCB; and resolutions of the CCB board as well as Montemurro town council.




Historical Climatic Analysis


Monthly rainfall and the monthly number of rainy days were collected from the National Hydrographic Service [42]. The data cover the climatological norms in 1885–1914. The aim was to correlate the investigated landslide event with the climate conditions in terms of triggering rainfall and antecedent wetness condition. However, the lack of daily data prevented a detailed analysis for extreme events. To overcome these limitations, we used the monthly simple daily intensity index (SDII) to evaluate extreme events and the standardized precipitation index (SPI) [43] to evaluate previous wetness condition.



SDII represents the ratio between monthly rainfall amount and the number of rainy days that month. It is expressed as mm·day−1.



SPI was used to quantify the precipitation deficits on multiple time scales (1, 3, 6, 12, 24, and 48 months), thus allowing drought conditions to be described for a range of meteorological, agricultural, and hydrological applications. The index was computed by fitting an appropriate probability density function (PDF) to the frequency distribution of precipitation summed over the time scale of interest (usually from 3 to 24 months).



Computation of the SPI involved fitting a gamma function to a given time series of precipitation, with the probability density function (PDF) defined as:


  g  x  =  1   β α  Γ  α     x  α − 1    e  − x / β     f o r   x > 0 ,  








where α > 0 is a shape parameter, β > 0 is a scale parameter, x > 0 is the amount of precipitation and Γ(α) is the gamma function. Fitting the distribution to the data requires α and β to be estimated for each month of the year and for each time aggregation. The parameters α and β can be estimated as follows:


  α =  1  4 A     1 +   1 +   4 A  3      ,   β =   x _  α                          w i t h   A = l n l n     x _   −     ∑     l n l n    x     n     








where n is the number of observations. The cumulative distribution function (CDF) G(x) is defined as:


  G  x  =   ∫  0 x  g  x  d x =  1   β α  Γ  α      ∫  0 x   x  α − 1    e  − x / β   d x   ,  











Due to the possibility to have several zero values in a sample set, since the gamma distribution is undefined for x = 0, the CDF for the gamma distribution is modified as:


  H  x  = q +   1 − q     G  x  ,      








where q is the probability of zero precipitation, given by the ratio between the number of zeros in the precipitation series (m) and the number of observations (n). The CDF is then transformed into the standard normal distribution to yield the SPI as:


  z = S P I = −   t −    c 0  +  c 1  t +  c 2   t 2    1 +  d 1  t +  d 2   t 2  +  d 3   t 3      ,   t =   l n    1      H  x     2                f o r   0 < H  x  < 0.5 ,  










  z = S P I = +   t −    c 0  +  c 1  t +  c 2   t 2    1 +  d 1  t +  d 2   t 2  +  d 3   t 3      ,   t =   l n    1      1 − H  x     2                f o r   0.5 < H  x  < 1 ,  








where c0, c1, c2, d1, d2 and d3 are mathematical constants.



Although the SPI index follows a classification restricted only to drought periods, it has become customary to use the index to classify wet periods as well. Table 1 reports the climatic classification according to the SPI, provided by the National Drought Mitigation Center (NDMC, http://drought.unl.edu, accessed on 18 November 2021).







3. Results and Discussions


3.1. Geological and Geomorphological Settings of the Montemurro Area


3.1.1. Geological Setting


A new geological survey allowed us to delineate in detail the geological structure of the area, the stratigraphic relationships, and the tectonic structures affecting the different outcropping formations, as shown in the geological map in Figure 4.



The outcropping rocks can be assigned to both the Gorgoglione Formation [44], which constitutes the pre-Quaternary bedrock of the studied area, and Quaternary alluvial.



The Gorgoglione Formation was deposited in a piggy-back basin during the compression phase of the Apennine orogeny, which gave rise to the Irpino Basin [45,46,47,48,49,50,51]. The Gorgoglione Formation consists of a succession made up of massive, well-cemented, coarse sandstones, with variable colouring from whitish to yellowish, alternating with grey pelitic intervals or polygenic and polymetric conglomerate with abundant sandy matrix (Figure 5a). The formation shows a general bed attitude with the beds dipping mainly towards the NE, which gives rise to the reliefs that dominate the inhabited centre of Montemurro at an altitude of about 1000 m a.s.l. However, the northern part of the urban area of Montemurro was built directly on the Miocene arenaceous substrate. The remaining part of the village was built on Quaternary deposits.



Other outcrops of the Gorgoglione Formation were identified in the north-western part of the study area, along the deep valley cut by the erosion of the Saliere, Notar Mario, and Scannamogliera ditches.



The pre-Quaternary bedrock, which is better exposed along incisions and ditches, consists of banks of whitish quartz sandstones.



The Miocene substrate also crops out along the right side of the Scazzero ditch, south-west of the town of Montemurro, coinciding witha tectonic structure with a NE–SW trend that involves the Pleistocene sands. In this outcrop, the Gorgoglione Formation is very tectonised.



In the rest of the study area, the arenaceous sequence prevails, with more or less extensive outcrops consisting mainly of greyish quartz limestone sandstones with marly or centimetric clay intercalations belonging to the Albidona Formation (Figure 5b).



The arenaceous beds show thicknesses ranging from a few decimetres to a few meters. Beds with a greater thickness show an evident normal gradation [52]. The contact between pelitic and the arenaceous intervals is generally sharp. In the Passo San Vito area, intraformational sliding structures (slumps) have been observed.



In the study area, the Gorgoglione Formation rests discordantly on the Albidona Formation, which extensively emerges further west. Pleistocene sandy deposits lie unconformably above the Gorgoglione Formation. The stratigraphic contact between the two formations is rarely exposed within the surveyed area since it is commonly covered by slope and/or landslide debris. The on-lap geometry of the contact occurs at Largo S. Antonio, 710 m a.s.l., in the Montemurro centre.



The Quaternary succession exposed in the area consists of middle Pleistocene-Holocene wedge-shaped continental clastic deposits [53]. These unconformably lie on the Gorgoglione Formation deposits. These are deposits associated with alluvial plains and alluvial plains and correspond to those identified in the intermediate and upper range of the Val d’Agri complex, as described by Di Niro et al., (1992, 1995) [54,55].



More recently, these Pleistocene deposits were described by Zembo et al., (2010) [56]. They consist of poorly graded conglomerates and clast-supported gravels, with a reddish sandy matrix alternating with sandy gravels. The clasts are mainly derived from the Gorgoglione Formation. Rarely, calcarenitic, siliceous, igneous, and metamorphic clasts are also observed. The dimensions range from centimetric to decimetric and are generally slightly rounded. These deposits crop out at the top of the morphological terrace on which the south-western part of the Montemurro village rests, along the incision of the Santovecchio ditch and along the right side of the Scannamogliera ditch. The best exposed outcrops can be seen on the subvertical walls on the left of the Scazzero ditch (Figure 6b).



In the southern part of the studied area, the deposits consist of sands, from coarse to very fine, interstratified with clays and clayey silts with colours varying from grey to olive green. Sometimes, the finer horizons have a high content in organic matter and are also characterized by ferrous reddish-brown or calcareous whitish concretions. Upwards, a gradual increase in grain size can be observed in gravels and massive conglomerates with heterometric clasts of various kinds and sandy matrix of red-brown colour. Conglomerates are often interstratified with coarse sands and lens-shaped silty bodies [57,58] (Figure 6a).



The morphological structural framework of the area was carried out on the basis of observations made on aerial photos and in the countryside during the geological survey. Furthermore, a previous geoelectric survey [57] greatly supported the understanding of the geology of the area by interpreting the numerous tomographic profiles.



The morphological evolution of the area is conditioned by two main mainly normal fault systems, with NW–SE and NE–SW trends, and part of a regional system known as the Val d’Agri fault system (VAFS, [27] and references therein).



On the one hand, the NW–SE system created a stepped structure, which favoured the development of a structural depression with significant deepening towards SW of the pre-Quaternary substrate represented by the Gorgoglione Formation. The most important fault of this system is transtensive, with an Apennine trend, south of the Montemurro cemetery. A similar structure is found further upstream along the provincial road that connects Montemurro to Viggiano (Figure 1) and places the Miocene substrate in contact with the Quaternary sandy deposits, in correspondence with a box-like structure due to two other transtensive faults with an anti-Apennine course. Another contact between the Miocene substrate and the Quaternary deposits was observed close to the inhabited centre of Montemurro, in correspondence with a normal fault, which lowers the south-western part. On the other hand, the NE–SW dislocation system, with an anti-Apennine trend, consists of faults with a prevalently normal component but with often antithetical vergences that favour the development of horst and graben-type structures. This system influences the arrangement of the ridges, stretched in the NE–SW direction, and the trend of the hydrographic network. One of the most important structures of this system is represented by a fault with a prevalently normal component along the Scazzero ditch. Corresponding to this is contact between the Miocene substrate, which emerges along the right side of the ditch and the Quaternary deposits outcropping on the opposite side.



Other recognisable morphological elements are the terraced surfaces, consisting of alluvial deposits and bordered by escarpments with high slopes. Among these, the most evident are the flat surface on which part of the town of Montemurro was built and the vast area called “I Piani”, separated from the previous one by the incision of the Scazzero ditch. The morphological terrace, on the hydrographic left of the ditch, still preserves the morphology of the old fan, which consists of a residual edge, similar to that which can be observed south of the cemetery.




3.1.2. Geomorphological Setting


The results of the new geomorphological analysis carried out in the studied area are reported in the sketch map of Figure 7.



The western side of the village of Montemurro is characterized by an obvious slope change controlled by the different strength of the outcropping lithologies. The presence of alternating turbidite sandstones, siltstones, and silty clays in the northern sector produces steeper slopes than the southern sector, where Quaternary deposits consisting of conglomerates, sands, and clays outcrop.



The area is characterized by a wide geomorphological instability involving the entire right slope from the Scazzero ditch, 810 to 590 m a.s.l. and 1500 m in length. Landslides mainly affect Quaternary continental deposits of the Val d’Agri Basin and, in the topmost slope sector, the Gorgoglione Formation sandstones. In some cases, it is possible to recognize landslide main scarps, minor scarps, terrace-like features, and counterslopes, which are particularly pronounced along the southern sector of the slope. Geomorphological trenches in the foothills of fault scarps and landslide niches have also been observed.



An impressive pre-1954 quiescent landslide involved the entire area delimited by the road from Montemurro to the cemetery to the north, by the Montemurro high to the east, by the conoid south-westward of the cemetery to the west and by the Scazzero ditch to the south. The damaged area is about 40 ha, and subsoil geological structures have been completely reworked and altered. The entire area is still active and has been affected by many smaller landslide events. Now, the main landslide activity affects the slope in the Verdesca area, where significant evidence of ongoing activity has been observed; this consists of structural damage to infrastructure and anthropic buildings (e.g., dislocation of SP n. 11 road tunnel box, warping of retaining walls, and deformation of road embankments, road surfaces, and old man-made structures; Figure 7 [57,58,59,60,61]).



The area has been affected by a complex landslide, about 700 m long and 325 m wide, developed between 675 and 590 m a.s.l., with a maximum elevation difference of about 85 m between the upper and the lower portions of the landslide body. The size of the damaged area is about 20 ha. The steepness of the landslide body in the accumulation area is about 14°, while it is about 12° in the source area. In the upper sector, this landslide is a rotational slide, evolving, in the lower part, into a flow [62,63]. The landslide foot has been affected by further superficial movements, due to the continuous erosion of the Scazzero ditch, whose course is diverted in relation to the zone accumulation.




3.1.3. The Servigliano Landslide


The comparison between the current landslide map of the area and historical sources (see Section 3.3.1. allowed us to geometrically identify the Servigliano landslide. The mass movement was activated on 26 February 1907 and originated near Coste della Difesa, north-east of Montemurro village, where the niches of detachment, and affects much of the southern slope of “Passo di San Vito” (1050 m a.s.l.) (Figure 7).



The Servigliano landslide of 1907 can be classified as an “earth flow”, extends for about 1000 m, and has an average width of about 280 m. The depletion zone is located at about 1050 m a.s.l. while the toe zone foot reaches 700 m a.s.l. covering a difference in level of 350 m (Figure 8). The last evident reactivation of the landslide took place in June 1921.



The landslide body has an average slope of about 10°. Over time, the main landslide body has been affected by smaller and more superficial landslides that have mainly affected the toe zone, caused by the continuous erosion exerted by the Scazzero ditch that flows in the south-eastern part of Montemurro. The landslide movement mainly affected the deposits of the Gorgoglione Formation, while only in the terminal part, near the town, did it involve the Quaternary deposits. During the activation in 1907, the landslide partially filled the Servigliano ditch, and the foot of the landslide involved the north-eastern part of the urban area, causing significant damage, to then reach the Scazzero ditch. The deposits of the landslide toe zone are delimited on the left by the terminal part of the Servigliano ditch and on the right by a small ditch that feeds down Santovecchio ditch. In particular, the Servigliano landslide begins with two very distinct escarpments that have generated evident terraces beyond which, towards the bottom, the landslide body evolves by flow. The elongated landslide channel extends from NNE to SSW. In the terminal part, landslide deposits have assumed a fan arrangement north of the town and the Scazzero ditch, which flows in the south-eastern part of Montemurro.



There are no data available concerning the depth of the sliding surface, which would be necessary to reconstruct the geometry of the landslide body. Inside the landslide body, two sources for surfacing the piezometric surface were identified, located at the base of detachment niches. Currently, the Servigliano landslide of 1907 appears to be dormant.





3.2. Electrical Resistivity Tomography (ERT)


The measurements were carried out along two profiles by using the georesistivimeter Syscal Pro Switch 48 connected to multielectrode cables with 48 electrodes arranged following the Wenner–Schlumberger array and spaced 5 m from each other. The obtained resistivity models were 235 m long and reached an investigation depth of about 40 m (Figure 9). ERT results were interpreted taking into account the geological and geomorphological setting of the area and the borehole data (S3 and S4).



ERT Analysis and Interpretation


ERT were carried out in two different sectors of the landslide parallel to the main axis of the body. They are characterised by a resistivity range limited between 10 and 40 ohm·m, mainly due to the clayey matrix of the terrains outcropping in the area.



ERT1 (Figure 10), located in the landslide foot, shows a succession of resistive and conductive layers, up to 20–25 m in depth, overlying a thicker conductive layer. In the deep portion of the ERT, in the south-western side, an increase of the resistivity is observed.



According to the stratigraphical information inferred by the boreholes (S3 and S4) and the outcropping terrains in the area (Albidona Formation), the resistivity distribution characterising the first 20–25 m of the subsoil could be due to the presence of silty sands, clayey silts, and marls layers incorporating blocks of sandstones. The thicker and deeper conductive layer could be associated with the marly-silty clays and the deep resistive sector could be associated with a bank of cemented sandstones. The dashed white lines, drawn in the ERT, outline possible sliding surfaces related to different reactivations of the landslide body.



ERT 2 was carried out parallel to the landslide body along the middle part (Figure 11). The resistivity model shows an almost piano-parallel electrostratification. According to the geological map (Figure 4), the succession of resistive and conductive layers could be associated with sandstone/conglomerate and clay material, respectively (Gorgoglione Formation). Supposed sliding surfaces (dashed white lines), up to 15 m in depth and related to different reactivations of the landslide body, are delineated on the electrical image.





3.3. The 1907 Landslide Analysed by Historical Data


3.3.1. The Contribution of Archive Sources


The municipal area of Montemurro is prone to landslides, as also testified by previous studies. For example, Almagià (1910) [64] reported some mass movements starting from the first half of the 19th century. Such phenomena were also triggered by seismic activity, such as the earthquake of Lagonegro of 20 November 1836 (Mw 5.9, [65]), and particularly the disastrous 16 December 1857 Basilicata earthquake (Mw 7.1, [65]) which caused a giant landslide in Montemurro. In the decades following the 1857 earthquake, particularly in the last two decades of the nineteenth century and the early twentieth century, Almagià also refers to further landslides in the southern portion of the town and in many areas around it.



In the following years, and in particular in 1907, a wide landslide was activated at north-east of the historical centre, in the Servigliano area. To improve the knowledge on this landslide, we performed a wide investigation on unpublished archive sources.



The landslide was triggered in the early hours of 26 February 1907 (Figure 12). The phenomenon occurred after eight days of intense rainfall, during which a quantity of water fell equivalent to one third of the rain that fell in the entirety of rainiest year of the previous 22 years. In this period, other landslides were triggered in the municipalities within a radius between 8 and 45 km, such as in San Martino d’Agri (March 1907), 8 km south of Montemurro; Aliano (spring 1907), 20 km east; Senise (1906–winter 1907), 25 km south-east; Tursi (15 February 1907), 40 km east; Teana (between 10 and 15 February 1907), 45 km south [64,66] 4.



The area hit by the Servigliano landslide was not known, at least until 1907, as susceptible to sliding down. In fact, in the aftermath of the devastating 1857 Basilicata earthquake, which razed the entire town to the ground, the Servigliano area was even hypothesised as a place suitable to transfer and rebuild the town. Moreover, technical documents related to the consolidation plan of the landslides in Montemurro dating back to the end of the 20th century (1899) do not include the Servigliano area. These findings are also in line with the analysis of the historical topographic map of the area (scale 1:50,000) whose survey was carried out by the Istituto Topografico Militare (Military Topographical Institute) in a period between the sixties and seventies of the nineteenth century 5 (ITM, 1862–1876). Indeed, the contour lines of this map do not supply evidence of morphology related to the landslide.



The ground movement had a height of about 40 m in the detachment area. The landslide destroyed, in the following hours and days, the entire Rione Carmine (Carmine quarter) consisting of about thirty houses, the church, and the Servigliano Chapel, as well as many other houses in the Rione Concerie (Concerie Quarter), at the edge of the north-eastern part of the town. The movement also caused extensive damage to local road infrastructures and sewage collectors and very serious damage to the olive groves and vineyards, which were destroyed (Figure 13). Fortunately, the landslide did not cause deaths since the inhabitants were able to evacuate their homes.



On the third day, the landslide body was overestimated to have a length of about 2 km and a width of comparable dimensions. Four days after the first movement, the landslide continued to move, damaging some houses located on the rocky spur that still today characterises the entrance to the town from the Rione Concerie.



The movement of the front of the landslide stopped on 4 March, about a week after its triggering, when the works of clearing the rubble, completed in September 1907, and diversion of the waters also began. In fact, multiple depressions were formed inside the landslide body, which led to the formation of ponds (Figure 14 and Figure 15).



To mitigate the residual risk related to houses located close to the landslide front (10 m high) towards the built-up area, further drainage works of the stagnant water were planned between 1907 and 1909, as well as the hydraulic forestry arrangement of the ditches below the inhabited and unstable areas. In fact, about 15 months after the trigger of the earth flow, water stagnation continued to cause movements of the landslide, so much so that the town council requested further reclamation work by CCB.



Works planned in 1907–1909 included the removal of the landslide deposit close to the town and the building of a retaining wall at the foot of the unstable body. In June 1911 some works were carried out including clearing of the debris that had partially invaded the town, construction of a retaining wall, and excavation of drainage ditches for the drainage of water from the landslide drainage. Civil engineers did not consider the drainage sufficient, and several homeowners in Rione Concerie in December 1912 complained about the movement of the landslide and the presence of stagnant water in the unstable body, especially in summer. However, the construction of the supporting wall at the foot of the landslide body was ineffective because towards the end of December 1908 part of the wall collapsed while the remaining portion was heavily damaged, thus evidencing progression of the earth flow movement.



The late motion of the landslide brought about the proposal to partially move the town, with particular regard to the first row of buildings placed on the landslide front. The proposal was put forward in January 1909 on the basis of Law No. 445 of 1908, which aimed to supply economic provisions to strengthen or transfer the towns affected by landslides. However, the transfer was slow and bureaucratic and the proposal was abandoned definitively in 1914. This occurred because owners had already voluntarily rebuilt the landslide-damaged homes in other areas of the town and the landslide area was involved in extensive consolidation work in the 4 years following the trigger of the mass movements. Furthermore, after 1914, this same area underwent extensive and definitive consolidation works to strongly mitigate the risk. The project was authorised by the Ministry of Public Works in January 1912 and included the expropriations for public interests aimed at executing the consolidation works, including the drainage of rain and spring water from the landslide area by masonry gutters. However, the landslide was still moving in December 1912.



In January 1915 and December 1916, due to the persistent rains, landslides were also triggered in other urban areas. This activity required the attention of the authorities for the safety of the inhabitants and the execution of consolidation works.



In November 1916, consolidation work on the Servigliano landslide was yet to be carried out. From the analysis of the direct survey of the area, as reported in the project of the consolidation works drawn up by the Royal Corps of Civil Engineers dating back to 15 November 1916, the extension of the landslide was evaluated in a maximum length of ~1.1 km, with a maximum width of ~400 m and a minimum width of ~300 m (Figure 15). At that date, significant residual areas of water stagnation still persisted, as the map at Figure 15 shows.



The landslide was reactivated at the beginning of June 1921 when the first houses facing the landslide front began to be obstructed again by the chaotic mass, which was likely also caused by the lack of arrangement of the surface waters in the body of the landslide. The landslide consolidation works, however, had likely not been carried out by this date; the Mayor of Montemurro in a telegram to the Ministry of the Interior controversially emphasised that “[…] Invano la Giunta Comunale ed il Consiglio hanno fatto voto per la sistemazione di detta frana […]. Quando i danni saranno irreparabili allora arriverà l’opera riparatrice che potrà essere anche di pannolini caldi […]” (It was in vain that the town councils voted for the consolidation of the landslide […]. When the damage is irreparable, then the remedial work will arrive, which may also include hot napkins […]) 7.



The civil engineers of Potenza in the general consolidation interventions of the town of Montemurro scheduled in the 1960s still indicated numerous works as necessary, including drainage, waterproofing of the streets of the town, and the construction of retaining walls. The area involved in the works also included the north-east portion of the town facing the landslide.




3.3.2. Historical Climatic Data Analysis and Interpretation


The monthly total rainfall from 1885 to 1914 was analysed and the results are shown in Figure 16. For each year, the monthly rainfall was added together to realise the total annual rainfall. Then, the average annual rainfall from 1885 to 1914 was calculated. It corresponded to 780.2 mm·year−1. The SDII index shows a high variability from one year to another, with three main peaks in September 1905, February 1907, and August 1908. In February 1885, a landslide event worth mentioning in the chronicles of the time occurred [68]. The monthly rainfall in February 1907 was 369.5 mm, a large amount corresponding to more than half of the average annual precipitation. In the same month, 15 rainfall events were recorded, which means that February 1907 was almost always rainy and was also characterised by a very high SDII index (24.63 mm·day−1). This data supports the idea that an extreme rain event may have triggered the landslide. Further, the SPI analyses add new concerns about the previous wetness conditions. In this study, we applied SPI on short-term scales (3 months), as this time span can better describe the wetness conditions, i.e., preceding rainfall or extreme rainy events, which trigger the landslide. The graphical analysis in Figure 16 clearly shows that the investigated landslide is a rainfall-induced landslide. It emerges that the landslide was not triggered by an isolated high magnitude/low frequency rainfall event.



The SPI peak in February 1907 was anticipated by several previous high SPI values, which suggests that previous wetness conditions contributed to the landslide triggering by saturating the soil. This condition is completely missing in the cases of September 1905 and August 1908, which did not cause landslides. Therefore, the data strongly support the hypothesis that the landslide event was anticipated by strong soil saturation due to abundant rains that fell over several days until the extreme event of 26 February 1907. This interpretation is consistent with the results of previous studies carried out on landslides throughout the region [69,70].






4. Conclusions, Limitations, and Perspectives


The investigation of the 1907 Servigliano landslide entailed a multisource of information that was analysed using a multidisciplinary and interdisciplinary approach.



New field surveys allowed us to identify the geological and geomorphological features of the area as well as the features of the landslide body. The landslide is an earth flow, NE–SW oriented, which currently extends for a length of ~1.1 km with an average width of ~220 m. ERT investigations were undertaken to complement the field surveys, thus better defining the structure and geometrical properties of the landslide body such as width, length, and depth of the main shear surface whose maximum depth can be placed approximately around 30 m.



In order to define the timeline of the trigger, the movement of the mass along the slope, the extension of the unstable body, the reactivations over time, and the consolidation works carried out, the field surveys were also accompanied and fed by the analysis of coeval-to-landslide historical documents. Furthermore, historical climatological data around the period of the trigger of the mass movement suggested that the 1907 landslide was caused by prolonged heavy rain with consequent soil saturation. Such a statement is consistent with the circumstance that the period saw the reactivation of landslides in some municipalities around Montemurro.



The landslide, the last reactivation to which the historical sources refer, occurred in 1921, is currently in a dormant activity phase. This is testified by both the geomorphological indicators and visual inspection of buildings and infrastructures, especially those with linear development, which do not show evidence of landslide-related damage.



However, the research has some limitations. To improve the landslide model, further boreholes should be drilled in the high-medium portion of the landslide body. Furthermore, to define the state of activity, additional investigations are required, such as the spaceborne interferometric synthetic aperture radar (InSAR) technique. These aspects will be considered in future research. At the present state of knowledge, the research suggests that consolidation and drainage works carried out over the decades in the landslide area seem effective. Therefore, the need for their constant maintenance is emphasised here.



From a methodological point of view, the results confirm that the integration of different sources of information as well as multiple competencies, such as geological, geomorphological, historical documentary, historical climatological, and geophysical, can greatly improve the understanding of the hazard phenomenon. In particular, historical studies based on primary documentation complement the geomorphological surveys and the geophysical investigations oriented to build the landslide model. From this perspective, we stress the importance for those responsible for land management to arrange and update natural hazard digital repositories made up of documents selected from the range of sources currently preserved in hundreds of archives, both public and private. The stipulation of specific partnership agreements between state and local archives and institutions in charge of territorial planning and mitigation of natural risks could be a useful tool. In order to encourage these partnerships, the Italian Ministry of Culture could set up a national campaign to alert administrators, stakeholders, and policymakers to the potential of historical sources in investigating natural hazards.



The use of archival data for natural hazard investigation could also be facilitated through specific citizen science projects, especially those involving younger generations and students with the support of researchers and specialists. Indeed, archives are rich in historical documentation, but the sources are usable only once they are digitised, which allows people and institutions to effortlessly search for the information they need. Moreover, citizen science projects would have the further aim of increasing individuals’ natural hazard risk perception, which is low in Italy.
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ASDPC (Archivio Storico del Dipartimento della Protezione Civile, Roma). Currently, the historical archive is no longer available to the Civil Protection Department, but it is deposited in the State Archive of Rome.



ASPZ (Archivio di Stato di Potenza).



ACM (Archivio Comunale di Montemurro).
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[47a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1909 (Classe 3a Categ. L Fasc. 1). Telegramma a firma Cugno al Commissariato civile per le opere pubbliche e per i rimboschimenti nella Basilicata riguardante i lavori sotto Casa Cugno. Montemurro, 05/11/1915.



[48a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1909 (Classe 3a Categ. L Fasc. 1). Telegramma del Sindaco Robilotta al Commissariato civile per le opere pubbliche e per i rimboschimenti nella Basilicata riguardante i lavori sotto Casa Cugno e Casa Brescia. Montemurro, 11/11/1915.



[49a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1909 (Classe 3a Categ. L Fasc. 1). Telegramma della Signora Isabella Cugno al Prefetto di Potenza. Montemurro, 15/11/1915.



[50a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1909 (Classe 3a Categ. L Fasc. 1). Telegramma del Sindaco Robilotta al Prefetto di Potenza riguardante smottamento sotto Casa Cugno. Montemurro, 16/11/1915.



[51a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1909 (Classe 3a Categ. L Fasc. 1). Telegramma del Sindaco Robilotta al Commissariato civile per le opere pubbliche e per i rimboschimenti nella Basili-cata riguardante continui smottamenti nelle zone Coste Libritti, Civalupo e Verdesca. Montemurro, 09/01/1916.



[52a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1915 (Classe 3a Categ. B Fasc. 1). Cartografia redatta dall’Ing. di 1A classe del Corpo Reale del Genio Civile di Potenza—Ufficio Speciale per le Opere Idrauliche e di bonifica riguardante Lavori di consolidamento della frana Sorvegliano minacciante l’abitato di Montemurro—Piano di esecuzione e parcellare. Potenza, 15/11/1916.



[53a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1908 (Classe 3a Categ. F Fasc. 1). Telegramma del Sindaco Robilotta di Montemurro al Commissariato civile per le opere pubbliche e per i rimboschimenti nella Basilicata riguardante franamenti in località Tempa Scaliendo. Montemurro, 12/12/1916.



[54a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1908 (Classe 3a Categ. F Fasc. 1). Telegramma del Sindaco Robilotta di Montemurro al Commissariato civile per le opere pubbliche e per i rimboschimenti nella Basilicata riguardante la Zona Civalupo. Montemurro, 16/02/1917.



[55a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1908 (Classe 3a Categ. F Fasc. 1). Telegramma del Sindaco Robilotta di Montemurro al Commissariato civile per le opere pubbliche e per i rimboschimenti nella Basilicata riguardante la Zona Civalupo. Montemurro, 26/02/1917.



[56a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1915 (Classe 3a Categ. B Fasc. 1). Telegramma del Sindaco Robilotta di Montemurro al Commissariato civile per le opere pubbliche e per i rimboschimenti nella Basilicata riguardante la Frana Sorvigliano. Montemurro, 03/06/1921.



[57a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1915 (Classe 3a Categ. B Fasc. 1). Telegramma del Sindaco Robilotta di Montemurro al Commissariato civile per le opere pubbliche e per i rimboschimenti nella Basilicata riguardante la frana di Rione Concerie. Montemurro, 25/06/1921.



[58a] ASPZ. Commissariato Civile di Basilicata—Opere pubbliche Comune di Montemurro Anno 1915 (Classe 3a Categ. B Fasc. 1). Cartografia redatta dall’Ing. di 1A classe del Corpo Reale del Genio Civile di Potenza—Ufficio Speciale per le Opere Idrauliche e di bonifica riguardante Lavori di consolidamento della frana Sorvegliano minacciante l’abitato di Montemurro—Piano di esecuzione e parcellare. Potenza, 15/11/1916.
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[59a] ASDPC. Ministero dei Lavori Pubblici—Direzione Generale Servizi Speciali. Lettera del Prefetto Commissario Civile di Basilicata al Ministro dei LL.PP. Direzione Generale dei Servizi Speciali di Roma riguardante Proposta di trasferimento della prima fila di case del Rione orientale Concerie, poste in vicinanza della frana di Sorvegliano del 1907. Potenza, 25/02/1909.



[60a] ASDPC. Ministero dei Lavori Pubblici—Direzione Generale Servizi Speciali Lettera del Corpo Reale Genio Civile—Ufficio Superiore di Ispezione al Ministero dei LL.PP.—Direzione Generale dei Servizi Speciali di Roma riguardante Spostamento parziale abitato di Montemurro. Bari, 20/09/1911.



[61a] ASDPC. Ministero dei Lavori Pubblici—Direzione Generale Servizi Speciali. Lettera del Corpo Reale Genio Civile—Ufficio Superiore di Ispezione al Ministero dei LL.PP.—Direzione Generale dei Servizi Speciali di Roma riguardante Lavori di consolidamento abitato di Montemurro. Bari, 27/11/1911.
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[62a] ACM. Indagini geognostiche nell’abitato di Montemurro. Relazione geologico-tecnica (e annessi sondaggi geognostici) di Lentini, F.; Schilirò, F. per conto della Regione Basilicata. Catania. 1982.
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[63a] ASDPC. Ministero dei Lavori Pubblici—Direzione Generale Servizi Speciali. Consiglio del Commissariato Civile della Basilicata. Progetto consolidamento frane minaccianti abitato Senise. 30 November 1908.
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[64a] ASPZ. Carte geografiche e topografiche. ITM, Foglio n° 85, Montemurro (Parte Occidentale).






	
6

	

[58a] See above for complete reference.
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[56a] See above for complete reference.
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Figure 1. Geographical sketch showing the location of the study area. The sketch also includes the location of Viggiano municipality to which the next sections also refer. 
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Figure 2. (a) Geological sketch map of the southern Apennine and geological cross section [22,23,24]; (b) geological map of the Agri Valley basin [25]. 
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Figure 3. The four main methodological steps followed for the investigation on the historical landslide. For each step, the specific aims are itemized. 
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Figure 4. Geological map of the study area. The map also shows the site where the photos in Figure 5 and Figure 6 (Figure 5a,b and Figure 6a,b) were taken. 
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Figure 5. Pre-Quaternary bedrock: (a) outcrop the Gorgoglione Formation; (b) outcrop the Albidona Formation. The site where the photos were taken is reported in Figure 4. (Photoes taken by Bentivenga M.) 
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Figure 6. (a) Outcrops of sandy sediments in the southern part of the Montemurro; (b) conglomerates outcropping near the village. The site where the photos were taken is reported in Figure 4. (Photoes taken by Bentivenga M.) 
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Figure 7. Landslide map of the study area. 
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Figure 8. Geomorphological section of the Servigliano landslide of 1907 with superimposed boreholes according to Lentini & Schilirò (1982) 3. For sections outline (A-B and B-C) see Figure 7. The Figure also shows the location of ERT (see Section 3.2.). 
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Figure 9. Traces of the two ERT (in yellow) and the limit of the Servigliano landslide (in orange). Satellite image from Google EarthTM. The map also shows the two boreholes (S3 and S4). 
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Figure 10. Electrical resistivity tomography (ERT 1) carried out parallel to the landslide body along the landslide foot. Dashed white lines outline possible sliding surfaces. Elev.: elevation above sea level. 
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Figure 11. Electrical resistivity tomography (ERT 2) carried out parallel to the landslide body along the middle part. Dashed white lines outline possible sliding surfaces. Elev.: elevation above sea level. 
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Figure 12. Timeline of the main events of the Servigliano landslide as inferred from the scrutiny of archive sources. 
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Figure 13. The landslide body (left, right) and the damage caused to a retaining wall (right) (Source: [67], private archive of Gizzi F.T.). 
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Figure 14. Ponds on the landslide body (Source: [67], private archive of Gizzi F.T.). 
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Figure 15. Map of the Servigliano landslide, as portrayed in the Piano d’esecuzione e parcellare (work plan and cadastral parcel plan for expropriation) in November 1916. The map displays the planimetric extension of the landslide in which both the landslide lakes (in blue) and drainage and consolidation works (in yellow) are reported. 6 The landslide boundary (“limite della frana” on the map) was imposed over the current landslide map of the area (Figure 7). Original drawing to scale 1:2000. 
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Figure 16. Monthly simple daily intensity index (SDII) vs monthly standardized precipitation index values over 3 months (SPI 3) from 1885 to 1915. The investigated landslide took place at the maximum peak of both the indexes. 
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Table 1. Climate classification according to the standardized precipitation index (SPI) values.
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	SPI Value
	Class
	Probability (%)





	SPI ≥ 2.0
	Extremely wet
	2.3



	1.5 ≤ SPI < 2.0
	Severely wet
	4.4



	1.0 ≤ SPI < 1.5
	Moderately wet
	9.2



	0.0 ≤ SPI < 1.0
	Mild wet
	34.1



	−1.0 ≤ SPI < 0.0
	Mild drought
	34.1



	−1.5 ≤ SPI < −1.0
	Moderate drought
	9.2



	−2.0 ≤ SPI < −1.5
	Severe drought
	4.4



	SPI < −2.0
	Extreme drought
	2.3
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