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Abstract. Litho-structural control on the spatial and tem- 1 Introduction

poral evolution of landslides is one of the major typical

aspects on slopes constituted of structurally complex seGeological and structural settings of slopes are the main pre-
quences. Mainly focused on instabilities of the earth flow disposing factors controlling mass movement development
type, a semi-quantitative analysis has been developed witfFookes and Wilson, 1966; Zaruba and Mencl, 1969; Varnes,
the purpose of identifying and characterizing litho-structural 1978). Bedding of lithologically or structurally complex se-
control exerted by bedding on slopes and its effects on landsquencesgensuEsu, 1977; Vv. Aa.; 1985), stratigraphic or
liding. In quantitative terms, a technique for azimuth data in- tectonic contacts between rocks with different geomechani-
terpolation, Non-continuous Azimuth Distribution Method- cal properties, and zones of intense fracturing linked to the
ological Approach (NADIA), is presented by means of a GIS Presence of axes of folds and faults are all geological con-
software app“cation_ In addition, processed by NADIA, two ditions at the basis of structural control (eg Guzzetti et
indexes have been determined: 4) aimed at defining the al., 1996; Irfan, 1998; Scheidegger, 1998; Cruden, 2000;
relationship between the orientation of geological beddingMartino et al., 2004; Margielewski, 2006; Prager et al.,
p|ane5 and S|Ope aspect, and (]‘L) which recognizes local- 2009) The definition of these elements at different scales
ized slope sectors in which the stony component of strucPlays a fundamental role in understanding the landsliding
turally complex formations is abundant and therefore oper-mechanism. Where landslide processes are the main mod-
ates an evolutive control of landslide masses. Furthermoreglling agents, bedding planes of layered formations can
some Litho-Structural Models (LSMs) of slopes are pro- control both the landslide mechanism and the activity, in
posed aiming at characterizing recurrent forms of structuraferms of style and distribution (cf. WP/WLI, 1993; Cruden
control in the source, channel and deposition areas of gravand Varnes, 1996). Therefore, the definition of the litho-
itational movements. In order to elaborate evolutive modelsstructural setting is a basic aspect in landslide susceptibil-
controlling landslide scenarios, LSMs were qualitatively re- ity assessment, as its spatial prediction implies careful eval-
lated and compared with andC quantitative indexes. The uation of the geo-structural conditions in areas where both
methodological procedure has been applied to a lithostrucfirst-time and reactivated events can develop.

turally complex area of Southern Italy where data about az- The analysis of the relationship between bedding plain at-
imuth measurements and landslide mapping were known. [fitude and topography can be a key procedure in identify-
was found that the proposed methodology enables the recod?d and comprehending the structural control on slope and
nition of typical control conditions on landslides in relation landslide evolution. Moreover, the abundance, the frequency
to the LSMs. Different control patterns on landslide shapeand/or distribution and the geomechanical characteristics of
and on style and distribution of the activity resulted for eachthe stony component within the sequences, in comparison
LSM. This provides the possibility for first-order identifica- o the more clayey part, may produce a different morpho-

tion to be made of the spatial evolution of landslide bodies. €volutive behaviour of slopes.
At present, computer-aided techniques of geological data

management permit the implementation of spatial analyses
correlating geo-structural and geological-morphological in-
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For nearly two decades, the necessity to perform geo- 4584703.22N Fortore River—>) 4584703.22N
structural analyses on a large scale has induced some author§ Apennine .4 “ﬁﬁ W .
to introduce computer-aided methods to the spatial distribu- 2| Watershed R =
tion of azimuth data. Some interpolation techniques aimed at 3 N & \
obtaining spatially distributed fields of the orientation of ge- ﬁ @*} N
ologic fabrics (in this case bedding-slope relationship) have s 3
been presented in scientific literature. One of these is the
TOBIA-index (TOpographic/Bedding plane Intersection An-
gle), proposed by Meentemeyer and Moody (2000). Even
though this index provides the conformity between slope and
bedding planes by means of the computation and the digital
mapping of their intersection angle, model outputs are not
unique due to the continuous representation. By using the
direction cosines (de Kemp, 1998;u6ther, 2003) for de-
composing irregularly distributed attitude measurements, the
interpolation of azimuth data avoids the occurrence of nu-
merical gaps in crossing over Cartesian quadrant boundaries,
instead. Nevertheless, the direction cosines method interpo-
lates azimuth measurements in a continuous manner. There3
fore, it does not provide for discontinuity thresholds due to
sudden and wide azimuth variations in adjacent points. For
example, interpolation between two azimuth values at inter- ~
vals of about 180is portrayed rather as an idealized continu- 4556416.57N - Tammaro River 4556416.57N

ous semicone-shaped surface than as a fold, which represents ) .
the most frequent natural condition. Fig. 1. Location map and DEM of the study area. Landslide distri-

. . . i f I, 2 is sh i llow.
This paper describes and presents a new computer—alde%mon (data from Guadagno et al., 2006) is shown in yellow.

methodology, NADIA (Non-continuous Azimuth Dlstribu-

tion methodological Approach) aimed at producing a both ) i

continuous and discontinuous distribution of azimuth data in'Ution of slopes in the Benevento province (Southern ltaly),
relation to typical and recurrent geological settings. A set Ofwhere slow-moving landslides are particularly widespread in

computational procedures has been developed as well, aimetP™Me @reas, giving to the region a distinctive feature. Surveys
at slope characterising and modelling in terms of structura@d Multittmporal analyses have shown that most of these in-
control. By means of discrete data processing of geometrica?tab'“t'es are structurally-controlled or directly connected to
slope parameters and orientation of geological features (bed!® 10cal geological setting both in the source area and along
ding planes), simple determinations of slope sectors wheréhe chaqnel or the accumulation area (Revellino et al., 2910)_
structural control plays a key role on the development and The pilot area (about 440 kin belongs to a sector of this
evolution of landslide phenomena have been computed. province. It includes parts of two catchment basins, selected
Furthermore, this study identifies and proposes somdn order to cover a variety of geological condi.tions (Fi_g. 1):

Litho-Structural Models (LSMs) of slopes, aiming at recog- (1) the northeastern sector of the Fortore Rlver ba§|n, and
nizing recurrent and specific litho-structural settings which (2) the southwestern part of the Tammaro River basin. Con-
may control landslide evolution. The study area corre-cerning the morphological setting, the first one is charac-
sponds to an inland sector of the Southern Italian Apennineterised by a dendritic erosion pattern and the second one by a

mainly characterized by instabilities of the earth flow type More complex trend of the drainage pattern, prevalently im-
(Guadagno et al., 2008). posed on tectonic lineaments related to transtensive tectonic

phases. Moreover, the data on landslide types and pattern

(Guadagno et al., 2006) show that slope instabilities are are-
2 A very complex geological environment ally distributed (Fig. 1) and they mainly consist of earth flows

with a restricted number of translational, rotational and com-
The lithological and structural complexity of an area is often pound slides. Sometimes translational, rotational or com-
one of the main factors characterizing landslide-prone confound movements are only limited to the source areas.
ditions. In mountainous areas, such as the Italian Apennines, Geologically, the whole of the province (approximately
the influence of tectonic phases on lithologically complex se-2000 kn?) is characterised by the outcropping of sequences
guences has produced peculiar settings that represent prediat different degrees of lithological and structural complexity.
posing causes controlling the spatial evolution of landslidesRevellino et al. (2010) grouped these deposits into five suc-
This background is representative of the morphological evo-cessions distinguished by likely lithotechnical homogeneity,
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or more specifically, by similar lithotypes according to crops make the full reconstruction of a clear structural frame-
their lithology and engineering-geological/geomechanicalwork very difficult. This aspect motivated the development
features. With regards to the area investigated in this papef a continuous/discontinuous (non-continuous) distribution
two of the five groups of sequences were found; each of thenmethod of azimuth data, NADIA (Non-continuous Azimuth
includes more than one lithotechnical unit. They are: Distribution methodological Approach).

(1) Dominantly pelitic sequences with a high-degree of
tectonization These include (i) clayey-marly sequences, and3.1 Azimuth data interpolation (NADIA)

(ii) fully clayey sequences. Rocks are prevalently incompe-
tent, from mildly to intensely folded; normally clays appear Angular data processing through GIS tools cannot be under-
scaly. taken directly using standard techniques for the spatial distri-

(2) Stony and complex successions with a high-degreé’Ution of data. Thisis due to the fact that a circular domain is
of tectonization These consist of (i) calcareous-clayey se- @ssociated to these variables. Therefore, interpolation tech-
quences organized in well stratified strata and banks, and (iifidues of the “one-way” type cannot be used. In addition,
arenaceous-clayey and arenaceous-conglomeratic sequendBdnost cases, actual settings due to tectonic effects show a
consisting of mainly arenaceous and conglomeratic bank§ontinuous spatial trend for narrow angle ranges only (layer
and subordinate thin layers of marls, clays and Cong|omerdistortion); in contrast, the spatial trend acquires a discontin-
ates. Both sequences are intensely jointed and folded. uous character for wide angular ranges.

The structural setting of the area is rather complex due to  With the aim of avoiding the described approxima-
thrust-belt structures of carbonate and silico-calcareoclasti¢ion, @ methodological procedure, NADIA, has been imple-
terrains and wedge top/piggy-back basin successions. Th&ented, which joins matrix operations (GRID) of angular
regional structure of the Chain is the result of some main@nd trigonometric data in Boolean algebra to standard tech-
tectonic phases (D'Argenio et al., 1973; Patacca and Scaniques of spatial interpolation. Data processing and the spa-
done, 2001): (i) older compressive phases, which produced@l distribution of variables have been performed by means
multiple trusts associated to anticlines and synclines comof ArcView GIS Platform (ESRI, 1999) implemented with
plex systems, and (ii) more recent extensional phases wittPPatial Analyst and Grid tool extensions and 3-D Analyst
prevailing normal and strike-slip faulting and persistent andmodules. Moreover, all angles in degrees (azimuth and dip)
diffused jointing. have been converted in radian.

During compressive phases, flysch sequences generally NADIA is founded on the periodicity and, therefore, on
showed a differentiated response to deformation. The relathe continuity shown by the sine and cosine trigonometric
tive abundance of stony layers favoured a prevalently frag_functions in the circular domain. Angle values turned into
ile behaviour resulting in jointing at different scales. As the Sine and cosine can be interpolated in a continuous and two-
clayey component increased, deformation occurred withoutvay manner. For this purpose and in contrast to stochas-
loss of continuity at basin scale. Therefore, the stony layerdiC techniques, the application of IDW (Inverse Distance
are characterized by a dense fissure pattern and, where t&eighting) deterministic interpolation methodology (Davis,

clay and shale component abounds, this latter has resulted 986) guarantees that the spatial distribution of the trigono-
parasitic minor folding and scaly structures. metric variables is defined in the finite domain] to 1].

Moreover, IDW applied to trigonometric values permits the

following advantages (Fig. 2): (i) if interpolation occurs in
3 Methods of analysis and processing a narrow range of values, the trend of interpolated data fits

the sine and cosine function trend (conditions A and B in
Two spatial distribution indexes\ andC, have been com- Fig. 2); (ii) if interpolation occurs in long angular arcs, the
puted to define the bedding-slope relationship and recognizérend of interpolated data intersects the sine and cosine func-
the stony component of the sequences, which operates an (condition C in Fig. 2). This implies that spatially
evolutive control of landslide masses, respectively. Since thalistributed trigonometric data is continuous for narrow an-
orientation of a geologic fabric is well defined by the dip and gle ranges and discontinuous for wide angular ranges (right
the dip direction A andC calculation requires the estimation side of Fig. 2). Additionally, as two angular values are
of the following variables: (i) slope aspect or exposupg(  respectively associated to sine and cosine in different Carte-
0-360); (ii) azimuth of bedding planey(;; 0-360); (iii) sian quadrants of the Oz2domain, their independent in-
slope angled;; 0-90); (iv) dip angle @; 0-90). terpolation enables the production of unique outputs, mak-

It should be noted that the spatial distribution of azimuth, ing it possible for azimuth values to fall into the right quad-

which represents a point data, becomes a major aspect irant. Once the quadrant is identified, the final value results
calculatingA andC. This distribution should suit the spa- from the arithmetic mean of angles produced by the inverse
tial variability of azimuth measurements, which is typically trigonometric function sine and cosine.
observed in geologically complex environments. In most Therefore, in order to spatially distribute , the first step
cases, the geological complexity and poor and limited out-consists in a spatial interpolation of gip and cog/; by
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Fig. 2. Linear interpolation of sine and cosine (left side) and their angular distribution by applying IDW (right side; Davis, 1986) in different
simulated conditions{A) short arcs within the quadrar{B) short arcs across quadrant bound@);long arcs across quadrant boundary.

-1.00-

Fig. 3. Spatial distribution of sir;, (a) and cog/;, (b) by IDW technique. Azimuth point measurements are shown by blue spots.

means of the IDW technique (Fig. 3). For the present study, As stated above, after obtaining the grids, the conversion
we used 633 azimuth measurements collected from field surinto angular values was done according to the character that
veys and from 1:25000 to 1:100 000 scale official geologi-they assume in the four Cartesian quadrants (Fig. 4). More
cal maps (Servizio Geologico d’ltalia, 1971; Pescatore et al. specifically:

2008; ISPRA, 2011).
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Fig. 4. Spatial distribution of bedding plane azimuthis;() by NA-
DIA.

[quadrantl] = (([simy]>0) and ([cosyr]>0) - ([sinyr.]
ASin+ [cosyr] .AC09/2;

[quadrant2] = (([siny .]>0) and ([cosy ;] <0)
- (r —[simy ] .ASin+ [cosy ] .AC09/2;

[quadrant3] = (([siny 1] <0) and ([cosy 1] <0)
- (r — [simy ] .ASin+ 27 — ([cosy ;] .AC09/2;

[quadrant4] = (([siny 1] <0) and ([cosy ;] >0)
- 2r+([simyy] .ASin +27 — ([cosy ] .AC09/2; conse-
quently:

4
[¥2]= _[quadrantn]
n=1

where.ASinand .ACoscorrespond to sint and cos?, re-
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wider ranges result in a discontinuous distribution, as oc-
curs when folds and angular unconformity are present. How-
ever, it should be noted that the linear interpolation process
of sine and cosine variables produces different distributions
regardless of the bound value of the considered ranges. In
particular, (i) in discontinuous distributions, few interme-
diate anomalous angular values can be exhibited (Fig. 5c),
(ii) a discontinuous pattern is shown by narrow angle ranges
across adjacent quadrants (Fig. 5d). In Fig. 6 an example is
given of the spatial representation of the azimuth distribution
of a hypothetical anticline fold.

3.2 The A-index

The bedding-slope relationship can be locally defined by the
A-index, which can be expressed by the following relation-
ship:

A=05—(IYs—vLl/m) (1)

having the physical condition thats — 1 |< 7.

The A-index, which assumes values in the finite domain
[—0.5 to 0.5], describes the structural setting of three types
of slopes (Fig. 7) as categorized by Powell (1875): @t}
aclinal slope if bedding planes dip in the same direction as
the slope; (bprthoclinal slope if the azimuth of the dip di-
rection is orthogonal to the azimuth of the slope direction,
and (c)anaclinal slopeif bedding planes dip in the direction
opposite to the slope. Furthermore, the continuous character
of A also defines intermediate slope orientatigriagiocli-
nal slope(Callaway, 1879), which is useful for describing the
remaining slopes oblique to the strike of the bedding.

The spatial distribution ofr; (Fig. 8) is derived from high-
resolution Digital Elevation Model (DEM)-data (5 my;;,
on the other hand, can only be obtained by field measure-
ments. This contains the limitation that measurements are
restricted where bedding layers outcrop; therefarg, as-
sumes a “point-to-point” character. In addition, both for its
physical (angle) and geological (azimuth) nature, the spatial
interpolation ofyy ; must take into account the following con-
ditions: (i) existence limited to the finite domain [0 R (ii)
behaviour depending on the direction (zeroing to the north),
and (iii) discontinuous distribution due to the presence, for
example, of folds or angular unconformities.

As stated above, the\-index (Eg. 1) is the result of
a matrix operation aimed at defining the orientation of
geologic fabrics in relation to the slope aspect. In order
to guarantee that the function conforms to the directional

spectively and all the map calculator functions are reportedequirement or it is always valid in the conditibfis — 1| <

in italic.

7 sg the following methodological process has been adopted:

Figure 5 shows some examples of linear interpolation be-
tween two points which are at a distance of 100 units of mea{Map1] = ([v/s] — [¥ L]) .Abs
surement by using the methodology described above. As
it is possible to observe, the azimuth distribution is contin- [Map2] =not ([Mapl] > ) - [Map1l];

uous for angle ranges not exceeding-4&7; in contrast,

www.nat-hazards-earth-syst-sci.net/11/1395/2011/
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Fig. 5. Linear interpolation between two azimuth values which are at a distance of 100 unities of measuanoentinuous distribution,
(b) discontinuous distributior{c) non-uniform discontinuous distribution, agd) non-uniform continuous distribution.
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Fig. 6. Spatially-distributed estimates of an anticline with axis _. . . . ) ) .
strike oriented north-south. For distribution of sine and cosine, theF'g' 6 Beddlng-glope relationships def_lned byfor: (a) cataclinal
IDW technique is applied with a power of four. slope,(b) orthoclinal slope, anéc) anaclinal slope.

[Map3] =not ([Mapl] < ) - [27- Mapl];

Hu (1996). The absolute spatial distribution of the three to-
and consequently,

pographic/bedding orientations highlights the situation that
[A]=0.5—(([Map1]+[Map2)/2r) anaclinal slopes prevail over the others, while cataclinal

slopes are less diffused. In addition, comparing the ratio be-
Figure 9 shows the\ distribution in the study area, where tween slope surfaces involved in landsliding and total slope

chromatic variations refer te- 20° range around the pure area withA, a concordant trend has been plotted showing
orientation of cataclinal slopes, anaclinal slopes and orthoanaclinal and orthoclinal slopes as the most affected by in-
clinal slopes as conventionally categorized by Cruden andstabilities (Fig. 9b). With regards to topographic slopes, the

Nat. Hazards Earth Syst. Sci., 11, 1395-1409, 2011 www.nat-hazards-earth-syst-sci.net/11/1395/2011/
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Slope aspect (rad)
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I Northwest ( 292.5-337.5)

10 km

Fig. 8. Slope aspecty(s) derived from high resolution DEM from
a 1:5000 scale topographic map (5m).

1401

existence domain of have been fixed in relation to speci-
fied slope angles. In particular, these conditions are identi-
fied by the bi-logarithmic distribution curve of slope angles
(Fig. 10c). This distribution shows a quick decrement after
reaching the peak valuegeay at an angle of 19 which can

be compared to the residual shear strength of some typical
clays of the area (Grelle and Guadagno, 2010). The bisec-
tor of the angle obtained by the intersection of the linear part
extension and of the tangent to the peak intercepts the dis-
tribution curve in the value namextt. This latter then aims

at identifying the lower threshold defining slope angles influ-
enced by the outcrop of stony sequences. In other words, itis
assumed that slopes having a slope angle higherthaor-
respond to sectors where stony layers are outcropping. For
the study areay* has been found to be equal to°11n par-
ticular, it is possible to highlight that, in similar slope areas
characterized bypeak close to 10, o* falls into the 10-20
range, where the log-diagram has a higher resolution.

4 Litho-Structural Models

Because of the litho-structural features investigatedand

C gquantitative indexes were qualitatively related and com-
pared with some simple Litho-Structural Models (LSMs) of
the slope. LSMs aim at depicting and schematizing the most
recurring litho-structural settings of entire slopes or of slope
sectors in the study area in order to elaborate evolutive mod-
els controlling landslide scenarios. Correlation between

relationship between slope angle and slope area for anaclin@nd € indexes and LSMs is justified by the fact that, even
and cataclinal slopes shows similar patterns with maximumthough areally distributed, these indexes include information

values of approximately 21(Fig. 9c).
3.3 Thestructural control C-index

The stony component within structurally complex formations
is often one of the key factors linked to the structural control

regarding the slope attitude (internal geometry). LSMs not
only consider the relationship slope/bedding (in particular
cataclinal and anaclinal slopes) by means\obut also the
presence, the relative abundance and the position (top or bot-
tom) of stony layers within sequences by usiig

In the LSMs, the various sequences do not take into con-

of landslide bodies. In order to recognise this effect in cata-sideration the depositional relationship among the different

clinal and anaclinal slopes only, the following control index
(C) has been defined (Fig. 10a):

C = Ataga —A| =0.5— (|5 —¥|/m) tagla — A (2

where is a variable depending on the areal distributiow of
in the study area. In particular it is expressed as:

®)

whereamax: defines the maximum attributed valuecaf As
shown in Fig. 10b, this value is associated with the point

A :ama)(*_ﬂ/4

that exhibits a sudden and significant change of inclination in

the cumulative spatial distribution efu In this studyemaxs
refers to 99 % of the area and corresponds to an angle°of 38
With regards to the structural control of rocky layers on
the evolution of landslides, this control can be recognized b
means of specific slope angles connected to the slope class
previously described. Therefore, two finite intervals in the

www.nat-hazards-earth-syst-sci.net/11/1395/2011/

lithological units and the nature of their contacts (sedimen-
tary or tectonic). Consequently, three main types of tectonic-
stratigraphical sequences can be defined within the LSMs:
(i) clayey sequence dominant at the top (TC), (ii) clayey
sequence dominant at the bottom (BC), and iii) indistinct
clayey sequence (IC). TC and BC sequences relate to the
field defined in Fig. 10c. The following most frequent LSMs
will be proposed and discussed in the next Paragraphs: (1)
LSMs related to cataclinal slopes; (2) LSMs related to ana-
clinal slopes; (3) LSMs related to IC; (4) LSMs related to
complex settings.

It should be noted that, in areas involved in well-known
landslides, the recognition of slope sectors ascribable to
LSMs, supported byA and C too, may help to identify
similar scenarios where bedding control on landslides occurs

Yhoth in terms of predisposing causes (and/or increased land-

e

sﬁding) and of the spatial constraint of evolution.

Nat. Hazards Earth Syst. Sci., 11, 1395-1409, 2011
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Fig. 9. (a) Grid map ofA-index; (b) Spatial distribution ofA related to the total slope area and the landslide gm@&lope angle versus
slope area for anaclinal and cataclinal slopes

4.1 LSMsrelated to cataclinal slopes tween the landslide source area set upslope and the chan-
nel at middleslope, the latter being more steep. This form
Cataclinal slopes are usually well-known as the mostalso influences landslide mobility since a larger amount of
landslide-prone environments. Due to the fact that for thispotential energy is given to the masses, resulting in a more
slope type, dip angles may represent the predisposing keyapid disposal of landslide debris downslope. Usually, the
factor, LSMs were developed taking into account additionalretrogressive expansion of landslide source areas takes place
slope categorizations as suggested by Cruden and Hu (199&gpidly. In contrast, overdip slopes with a BC sequence
Therefore, cataclinal slopes were further divided based or(Fig. 11b) show a strong structural control in the landslide
the geometric relationship between the dip of the beddingsource area, where the main scarp is steep and irregular.
planes and the slope angle into: @yerdip slopeswhich Here, rock slides of prismatic blocks frequently occur, feed-
are steeper than the dip of the bedding plane,ufiidlerdip  ing the clayey visco-plastic mass movement downslope. Ret-
slopeswhich are less steep than the dip of the bedding planerogressive evolution of the landslide body is slow and differ-
and (iii) dip slopeswhich follow the bedding plane. entiated as well as being influenced by the jointing state of
Overdip slopesd > ) with a TC sequence represent one the stony component.
of the most frequent conditions of structural control in the In underdip slopesy < 8) with a BC sequence (Fig. 11c),
area (Fig. 11a). In this case, the rocky or rocky-clayey mem-etrogressive phenomena are prevented considerably by the
ber at the bottom induces a better exposition of the clayeydip slope forming upslope, which is steeper than the land-
member at the top against actions concurring with landslid-slide body. From a morphological point of view, the landslide
ing. This setting also creates a different morphology be-main scarp takes an almost linear pattern (Fig. 12a). Instead,
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Fig. 10. (a) Spatial distribution of the structural control indeX)(related to slope angle and landslide distribution (in yelloflv);and(c)
distribution curves for defining parameters related to Egs. (2) and (3) andiétd action. In the study area;nax* = o (999s= 38, opeak=
10° anda* = 17°.

a TC-BC-TC multilayered condition is displayed in Fig. 12b, ascribed to tectonics only, may be the result of the mechani-
where the spatial distribution @f highlights how the prevail-  cal degradation of the former slope by means of translational
ing rocky layers influence the evolution of a landslide systemslides. Active landslides generally appear as single, shal-
characterized by multiple and superimposed source areas. low, and with a smooth boundary. This setting facilitates the

The forma ~ 8 generally defines thpure dip slopeori- superficial water streaming, increasing material erosion and
entation (Fig. 11d). These slopes approach a monoclinal setransport downslope. In such a case, the evolved types show
ting with slope angles near the residual friction angle of thelateral secondary landslides creating a multi-source system
clayey component. This structural setting, which cannot be(Revellino et al., 2010).
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Fig. 11. Basic recurrent LSMs in TC (clayey sequence prevailing at the top) and BC (clayey sequence prevailing at the bottom) sequences:
TC (a) and BC(b) related to overdip slopes > 8); BC (c) linked to underdip slopest(< 8); pure dip slopegd) with « ~ 8; TC (€) and
BC (f) related to anaclinal slopes. Legend: (1) landslide body; (2) clayey level; (3) stony level.
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4.2 LSMsrelated to anaclinal slopes bottom. In the case of th&t. Andrealandslide, the slid-
ing material suffers a partial constraint and it divides around

The structural setting is characterised by bedding dippingmore competent strata and comes together again further to
into the slope. In this case, sliding surfaces, since they do nothe northwest (Fig. 13a). Instead, a total control can be ob-
correspond to bedding planes, are more irregular and mainlgperved for theSerra delle Forchdandslide. In this case, the
influenced by the fracturing condition of the masses. presence_of a b_edding plane _Of a stony sequence CODtm'S_the
Control induced by a TC sequence (Fig. 11€) can be gen_shape, orientation and evolution at the source area, inducing

erally compared to that of the same sequence in cataclina widening towards the north and the northeast. From the

slopes, as stated above. Only some minor differences cafource, the mass movement forms a cross channel-like fea-

be identified principally resulting in a greater influence on tu_re (Fig._13b). The similar structural control of the twol_and—
the evolutive development of the landslide process. Typi-Sllde bodies may suggest that erra delle Forchevent is

cal examples of these LSMs are tBé Andreaand Serra & MOre mature form in comparison to the other.
delle Forchedlandslides (Fig. 13). Both of them show a clear Landslides developing where the geo-structural setting
slope change between the clayey top and the rocky-clayeys characterized by a BC sequence (Fig. 11f) show very
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Fig. 15. Rock blocks floating on a landslide body downslope (Photo courtesy of Guido Lupo).

4.3 LSMsrelated to I C sequences

In the presence of IC sequences, it seems that the influence
of the bedding plane orientation on landslide evolution is
quite poor. Landslide patterns ascribed to coalescent earth-
flow systems gensuRevellino et al., 2010), that is, systems
formed by several generations of landslides that mobilise and
interact, can be found where slopes are constituted of more
or less homogeneous clay formations. These groups of land-
slides can be considered as an entity from a morphological
point of view as they occur within a sub-catchment. Values
as high as 75 % or more of the Landslide Index (LI), calcu-
lated as the percentage of area affected by landslide events
per 1kn? grid, are associated to these sectors (Guadagno
et al., 2006). Additionally, systems like these but more
evolved originate morphological shapes with associated den-
dritic drainage patterns.

Figure 16 shows the\ distribution, and coalescent land-

Anaclinal

I:l slope

Orthoclinal
slope slide systems as well, in a sector of the study area where
[ Icatalinal these geo-morphological conditions can be recognised. The
I siope lack or shortage of the stony component within the sequence
2) makes theC-index useless to be used.
%b) 4.4 LSMsrelated to complex settings
Coalescent landslide basin: 5 ko In some cases, spatial distributions Afand C point out

complex conditions of structural control, which should be
explained by means of a combination of the LSMs described

a) boundary of the basin
b) coalescent landslides

above.
Flg 16. Coalescent landslides in a sector of the Fortore River re- For example’ Flg 17 ShOWS a slope sector aﬁected by a
lated toA distribution. landslide and characterised by the presence of a fold, having

the axis perpendicular to the max longitudinal slope direc-
tion. An LSM related to this setting can be schematised as
irregular source areas. This may be principally due to thea string of LSMs related to anaclinal and cataclinal orienta-
frequency and persistence of jointing in the stony membetrtions, from the bottom to the top, as evidenced byAhdis-
(Fig. 14). For large and deep-seated landslides, it is frequertribution (Fig. 17a). The landslide source area involves the
to find prismatic rock blocks of various dimensions floating clayey nucleus of the fold (Fig. 17b) and it is controlled by
on the clay mass in visco-plastic movement (Fig. 15). the outcropping of bedding planes’ stony layers at the upper
Finally, the fan-shape morphology of the accumulation boundary which prevent further retrogressions upslope and

zone seems to be a recurrent and a common condition botfit the beginning of the channel, following toedistribution

in TC and BC sequences when the structural conditioning(':ig' 17c).
causes a narrowing of the channel.
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5 Discussion and conclusion

The proposed methodological procedure permits the obtain-
ment of quantitative information regarding the control of
litho-structural settings on slope evolution and landslide de-
velopment. The bedding plain distribution is the main re-
quirement for a mapping analysis. However, this distribu-
tion cannot be performed by the usual GIS interpolation tech-
niques. This is due to both the geometrical nature of azimuth
data and, more in general, to the real complexity of the geo-
logical setting.

Unlike continue azimuth interpolation techniques (e.g. de
Kemp, 1998; Meentemeyer and Moody, 2000{irn&er,
2003), NADIA operates both in continue and in discontinue
modality in order to perform azimuth distribution and con-
stitutes the base for mapping quantitative indexes related to
structural control.

Specifically, NADIA considers both the directional nature
of the angular datum and the possibility to implement dis-
continuous spatial distributions in the case of wide angular

Janges, due to faults, folds and angular unconformities. Nev-

ertheless, since discontinuities are only recognized by wide
azimuth variations between adjoining point measurements
without taking into account the bedding dip, this method may

An “in series” structural control is recognized in Fig. 18. approach the actual setting in all but a few cases. For exam-
The C index identifies a series of sandstone dip slopes orP!€, this might occur if folds with a high inclination of the
thogonal to the main slope and locally translated by normaf@Xis (~70-80) are present. In this case, changes in azimuth
or strike-slip faults. The sandstone banks provide a structuray@lues actually happen in a continuous manner. If this is the
control on the development of landslides, which occur within ¢ase, fictitious strike/dip measurements could be added be-

the clayey member.

www.nat-hazards-earth-syst-sci.net/11/1395/2011/

tween real points with the aim of reducing the azimuth gap
and therefore enabling NADIA to work continuously.

On this basis, the\ index, which identifies the geomet-
rical setting between slope and stratigraphic sequences, per-
mits the analysis of some general behaviours. In the pilot
area, among all the obtainable azimuth combinations, cat-
aclinal slopes result in having the least distribution related
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