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ABSTRACT: In this study, the main focus is the application and improvement of four empirical models, which account for the py-
roclastic cover deposit thickness (PCDT) spatial distribution with respect to the bedrock surrounding the Somma-Vesuvius volcano
(Campania, southern Italy). Three models, which are already known in the literature, link the depth to bedrock to the morphological
features of a slope. An original model called SEPT (slope exponential pyroclastic thickness) is presented in this manuscript and com-
bines the initial total thickness of ash-fall pyroclastic cover with the slope gradient. All models were applied and validated using field
measurements derived from this and preceding studies in the study area.
The main finding is that the spatial distribution of the depth to bedrock in mountainous peri-volcanic areas mainly depends on the

initial thickness of air-fallen material at a given position and slope angle. These findings allowed for the recognition of an ash-fall
pyroclastic depositional environment that is characterized by different processes from those existing in other geomorphological
frameworks and in which the soil thickness along the slopes is controlled by the weathering of bedrock and the formation of soil
in situ. Finally, in this research, a reliable approach is proposed that is also applicable to other peri-volcanic areas of the world to
assess the spatial distribution of the depth to bedrock, which is a fundamentally important parameter in distributed geomorphologic
and hydrologic modeling. © 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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Introduction

Peri-volcanic areas are mantled with unconsolidated ash-fall
deposits, which were often deposited during different stages
of volcanic eruption and typically combined to form complex
volcaniclastic series. Sometimes ash beds are sufficiently thick
to seal off the antecedent landscape and soil (retardant
upbuilding pedogenesis), and in situations typical of more
distal or upwind sites, the ash deposits are thinner and ash-fall
deposition and pedogenesis act together (developmental
upbuilding pedogenesis) (Lowe and Tonkin, 2010). Indepen-
dent of spatial organization, soils, paleosols and ash-fall
deposits usually have geotechnical and hydraulic properties
that are very different from the bedrock and are considered a
single body, according to the engineering definition of soil
(McDaniel et al., 2012). The spatial distribution of pyroclastic
cover deposit thickness (PCDT) with respect to bedrock is a
fundamental parameter that influences several geomorphologi-
cal and hydrological processes such as landscape evolution
(Heimsath et al., 1997; Heimsath et al., 2000; Braun et al.,
2001), soil conservation (Schumacher et al., 1999; Gabet and
Dunne, 2003), hillslope hydrology (De Vita et al., 2013;

Napolitano et al., 2015) and the triggering of shallow landslides
(Johnson and Sitar, 1990; Wu and Sidle, 1995; Van Asch et al.,
1999; Dietrich et al., 2007; Segoni et al., 2012).

Along slopes, the spatial variability of PCDT is difficult to
assess because it is controlled by contrasting soil forming and
denudational processes, which are important factors in
site-specific geomorphological environments. The interna-
tional literature reports the use of many models based on
simple correlations between PCDT and one specific
topographic attribute, such as slope gradient or elevation (e.g.
Saulnier et al., 1997). Other approaches use a combination of
a more complex series of different morphological attributes
(DeRose, 1996; Saulnier et al., 1997; Salciarini et al., 2006;
Segoni et al., 2013). Some studies were conducted to analyze
and model the temporal evolution of soil thickness (Heimsath
et al., 1997, 1999, 2000, 2001; Mudd and Furbish, 2004; Saco
et al., 2006) and demonstrated an existing relationship between
the soil depth and the morphometric index of the soil transport
capacity (Park et al., 2001). Finally, other approaches were
based on complex models using process based or multivariate
statistics (Boer et al., 1996; Gessler et al., 2000; Tsai et al.,
2001; Casadei et al., 2003; Pelletier and Rasmussen, 2009;
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Tesfa et al., 2009). Among the possible approaches, those
based on independent variables that are applied to a specific
site (Boer et al., 1996; Tsai et al., 2001) or in limited areas
(Moore et al., 1993; Odeha et al., 1994) allowed for better re-
sults when spatially modeling soil thickness.
For the most part, literature studies have focused on

analyzing the geomorphological frameworks that are charac-
terized by a residual regolith mantle that underwent null or
limited transportation by hillslope processes (i.e. soil of
autochthonous origin); whereas, geomorphological environ-
ments characterized by allochthonous soil coverings have not
yet been examined in depth and are limited to fewer case
studies (De Vita et al., 2006; De Vita and Nappi, 2013).
In this study, spatial modeling of the PCDT is proposed for

the mountain slopes that surround the Somma-Vesuvius
volcano (Campania, southern Italy). Three previously
developed models and a new method designed purposely
for this study that represents an advancement in the
preceding models are compared: (a) Slope Angle Pyroclastic
Thickness – SAPT (De Vita et al., 2006; De Vita and Nappi,
2013); (b) Geomorphological Index Soil Thickness – GIST
(Catani et al., 2010); (c) Geomorphological Pyroclastic Thick-
ness – GPT (Del Soldato et al., 2016); (d) Slope Exponential
Pyroclastic Thickness – SEPT (this study). These four models
are used to calculate the PCDT maps and were validated
against a set of measurements obtained from published pa-
pers and field surveys. The validation statistics of the four
models and the spatial distribution of the residuals were used
to compare the four models and to discuss the impacts of
their peculiarities on the accuracy of the PCDT assessment.

Test Area Description

The study area comprises the Avella, Sarno and Lattari Moun-
tain ranges that border the Campanian Plain (southern Italy)
from the northeast to the southeast and surround the
Somma-Vesuvius volcano structure, which rises in the center

of the plain (Figure 1). The study area extends over approxi-
mately 3100 km2, which includes an extensive territory with
heterogeneous geomorphological features and varying physio-
graphic features from coastal to mountainous settings.

Mountain ranges surrounding the Somma-Vesuvius
volcano (Figure 2a) are characterized by a carbonate
bedrock formed by Meso-Cenozoic pre-orogenetic carbon-
ate platform series and are predominantly composed of
limestone and dolomitic limestone.

Not erupted together with pyroclastic deposits erupted from
the Phlegraean Fields and Somma-Vesuvius volcanoes filled
the Campanian Plain and mantled its mountainous surround-
ings. These deposits were assembled (Rolandi et al., 2000) in
two groups based on their features and ages. The Ancient
Pyroclastic Complex (APC) is older and was formed by ash-fall
and ash-flow deposits of the Campanian Ignimbrite (39 ka BP)
and of other eruptive events from the Phlegraean Fields. The Re-
cent Pyroclastic Complex (RPC) is younger and characterized
by ash-fall deposits of the Somma-Vesuvius volcano, whose ac-
tivity began 25 ka BP. The most important eruptions that formed
the RPC were the Sarno at 17 ka BP (Rolandi et al., 2000);
Ottaviano at 8 ka BP (Rolandi et al., 1993a); Avellino at 3.5 ka BP

(Rolandi et al., 1993b); and Pompeii at AD 79 (Lirer et al., 1973),
AD 472 (Rolandi et al., 1998), AD 1631 (Rosi et al., 1993) and AD

1944 (Cole and Scarpati, 2010). Most of the eruptive events had
dispersal axes that were oriented eastward, while the Pompeii
eruptions at AD 79 and AD 1944 were oriented southward.

Applying lithological and pedological criteria (USDA, 1998;
Terribile et al., 2000), a reference stratigraphic tephra soil col-
umn found in the slope areas of Mount Sarno was recognized
(De Vita and Nappi, 2013; Napolitano et al., 2016) (Figure 2
b). The contents of the column from top to bottom are as fol-
lows: A – mixed mineral and organic matter; B – fine and
coarse pyroclastics affected by intense pedogenesis; C –
scarcely weathered pumices with fine and coarse lapilli that
correspond to the Avellino eruption (3.5 ka BP); 2Bb – strongly
weathered buried soil; 2C – very loose pumiceous lapilli; 3Bb
– basal paleosoil with markers of intensely pedogenetic

Figure 1. Localization of the mountainous area surrounding the Somma-Vesuvius volcano (red perimeter), where depth to bedrock (DTB) was in-
vestigated by field surveys and modeled. [Colour figure can be viewed at wileyonlinelibrary.com]
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processes; 4R – fractured carbonate bedrock. In the eastern sec-
tor of Mount Lattari, the volcaniclastic series is similar except
for the absence of the 2Bb and 2C horizons.
The strata and soil horizon from A to 2Bb have geotechni-

cal and hydraulic properties that are very different from those
of the bedrock (4R). Ash-fall pyroclastic deposits were not dis-
tributed evenly in the study area during the eruptions. Their
distribution was influenced by the distance from the vent
and the orientation of the dispersal axes. In the plain areas,
in which most of the stratigraphic data were collected by
volcanological studies, more complete volcaniclastic column
series can be found, except in sectors where fluvial erosion
has truncated the stratigraphic records. However, along
mountainous slopes surrounding the Campanian Plain, the
thicknesses of the volcanic deposits are basically controlled
by denudational and secondary depositional processes. Such
erosional processes depend on the slope angle and are more
enhanced for values greater than 28° (De Vita et al., 2006;
De Vita and Nappi, 2013). Therefore, a complete
volcaniclastic series can be found in slope areas where only
denudational processes and/or secondary slope depositional
events (e.g. talus, colluvium or landslide deposits) are negligi-
ble. For slopes with an angle greater than 28°, a progressive
reduction in ash-fall pyroclastic soil deposits and a truncation
of the volcaniclastic series occur up to the approximate
annulment of the pyroclastic mantle for slopes with angles
greater than 50° (De Vita et al., 2006; De Vita and Nappi,
2013). In peri-volcanic mountainous areas, the most impor-
tant slope process is shallow landsliding, which involves
ash-fall pyroclastic deposits. Landslides start from very small
initial slides (debris slide) and may have a very complex
downslope evolution involving debris avalanches and debris
flows (Hungr et al., 2001; De Vita and Piscopo, 2002; Fiorillo
and Wilson, 2004; Jakob et al., 2005; De Vita et al., 2006;
Napolitano et al., 2015). The contrasting properties between
bedrock and soil horizons and PCDT and slope angle repre-
sent the main factors controlling the susceptibility and timing
of the onset of initial debris slides as well as the subsequent
flow-like evolutionary stages.

Data and Methodology

Three models already known in scientific literature were ap-
plied (a) to evaluate the existing approaches for mapping the
PCDT, (b) to understand the principal controlling factors, and
(c) to identify a new, improved procedure to assess the PCDT
(Figure 3). Subsequently, a new model was proposed to refine
the parameters controlling the spatial variability of ash-fall
pyroclastic mantle thickness.

The first step was the collection of the digital elevation model
(DEM), which was a 10 cm × 10 cm cell size obtained through
the TINITALY/01 DEM Project (Tarquini et al., 2012); the
elaboration of the DEM using spatial analysis tools in a
geographic information system (GIS) environment allowed for
the extraction of terrain derivative maps and field measure-
ments collected by direct and indirect techniques (Figure 4e).
The profile curvature (Figure 4a), slope (Figure 4b) and position
index (Figure 4c) were evaluated and used for spatial modeling
of the PCDT.

According to the allochthonous origin of the ash-fall
pyroclastic deposits, the map of the initial thicknesses of the
APC and RPC deposits, named z0, was another fundamental
factor under consideration in the modeling. The earlier-
mentioned map was estimated by the sum (De Vita et al.,
2006; De Vita and Nappi, 2013) of the isopach maps
(Figure 4d) created using the volcanological studies for the
ash-fall pyroclastic products of the Campanian Ignimbrite
(Perrotta and Scarpati, 2003) and the principal eruptions of
the Somma-Vesuvius volcano (Lirer et al., 1973; Rolandi
et al., 1993a, 1993b, 1998, 2000; Rosi et al., 1993; Cole and
Scarpati, 2010).

Field measurements of thickness

In the study areas, 300 field measurements of PCDT were
carried out in preceding studies (De Vita et al., 2006, 2007)
using direct measures (trial pits and dynamic penetrometer
tests) and indirect measures (resistivity and seismic refraction

Figure 2. Geological setting of the study area (a) and complete volcaniclastic stratigraphic-soil column (modified from De Vita et al., 2006) (b). A –
mixed mineral and organic content; B – fine and coarse pyroclastic level affected by intense pedogenesis; C – scarcely weathered pumices with fine
and coarse lapilli horizon; 2Bb – strongly weathered buried soil; 2C – very loose pumiceous lapilli; 3Bb – basal paleosoil with markers of intensely
pedogenetic processes; 4R – fractured carbonate bedrock. [Colour figure can be viewed at wileyonlinelibrary.com]
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soundings). These data were integrated with some new, direct
measurements of the depth to bedrock (DTB), which were exe-
cuted by trial pits, dynamic penetrometric tests, and horizontal-
to-vertical (H/V) measures (Nakamura, 1989). In the past few
years, the H/V ambient noise technique has been widely used
to reconstruct geophysical and geological models and to study
the interactions between soil and buildings (Pazzi et al., 2016a,
2016b, 2017b). This technique is one of the most suitable
geophysical methods for estimating the fundamental or reso-
nance frequency of soft deposits and for detecting the depth
to bedrock (Lane et al., 2008). In practice, H/V curves show
several peaks that are caused by the presence of alternating
seismic horizons with different seismic velocities and likely
lithologies (Pazzi et al., 2017a, and references cited within),
such as the condition represented by a loose ash-fall
pyroclastic deposit overlying a carbonate bedrock. When the
depth of the first layer or its VS value is known, passing from
the H/V-frequency domain to the depth-VS domain to recon-
struct geophysical and geological models is possible (Figure 5
). In the study area, 44 measurement stations of ambient noise
H/V were set to improve the PCDT dataset for direct analysis
(yellow dots in Figure 4e). These measurements were acquired
by means of three Tromino®, which consist of 24-bit,
three-component broadband seismometers developed by the
MoHo Company. To calibrate the H/V measurements and
correlate the thicknesses obtained through seismic surveys with
other available thicknesses, some H/V measurements were
carried out at the same sites as the ash-fall pyroclastic thickness

direct measurements. Each acquisition ran for 20minutes at
256Hz. The recorded traces were analyzed according to the
SESAME Project (2004), and a local seismic stratigraphic model
was reconstructed by means of the Grilla® software (Pazzi
et al., 2017a).

Between the existing literature and new PCDT data, a dataset
of 300 measurements was formed that was used to calibrate the
models and test their effectiveness. The PCDT values obtained
from trial pits and dynamic penetrometer tests, which were
executed along the vertical direction, were geometrically
elaborated to consider the stratigraphic thickness and assessed
as the projection normal to the slope surface. Furthermore, var-
iable stratigraphic settings of the volcaniclastic series were
assessed by test pits in which the different spatial conditions
were recognized depending on the distance from the
Somma-Vesuvius volcano and different dispersal axes of volca-
nic eruptions.

GIST model

The first model applied to evaluate the PCDT was the GIST
model (Catani et al., 2010). GISTwas devised for areas with soils
derived from the dominant weathering processes of bedrock
(Mercogliano et al., 2013; Segoni et al., 2013), but it was also ap-
plied to areas covered by ash-fall pyroclastic deposits (Rossi
et al., 2013). TheGISTapproach is an empirical model that com-
bines morphometric attributes with geomorphological and

Figure 3. Flowchart of the adopted procedure to analyze the previous developed models and test the advanced one. [Colour figure can be viewed at
wileyonlinelibrary.com]
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geological features (Catani et al., 2010). The model is based on
three factors (S, C and P) with values ranging from 0 to 1, and
these values account for the tendency to have a thicker soil:

• slope gradient (S), which is given by the following equation
(Equation 1)

Slope Gradient 0�1ð Þ ¼
1

1þ tan slope angleð Þ ;

• profile curvature (C), which accounts for the accumulation
of material in the lower part of the slope due to erosional
processes and/or mass movements;

• position index (P) was calculated for each pixel of the DEM
as the ratio of the distance between the ith-point, top of the
slope and length of the entire slope. The obtained values
range between 0 and 1.

The assumed amounts at every pixel based on each factor
depend on the local value of the corresponding morphometric
attributes (curvature for factor C, position along the hill slope
profile for factor P and slope gradient for factor S), but the rela-
tionship linking the morphometric attribute with the corre-
sponding factor is not constant over the entire test area. The C
values are basically assumed to be inversely dependent on

Figure 4. Profile curvature (a), slope angle (b) and position index (c) parameters involved in the spatial modeling of the depth to bedrock (DTB) in
addition to the erupted material (z0) (d), with the isopach erupted volcaniclastic material contour lines every 100m interval and the field measure-
ments located on the digital elevation model (e). [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 5. Sample analysis and elaboration carried out on the H/V ratio of the ambient-noise to estimate the depth to bedrock (DTB). [Colour figure
can be viewed at wileyonlinelibrary.com]
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the slope curvature feature, except where the geomorphologic
surveys highlight a direct proportionality (e.g. large accumula-
tions of loose material at the footslopes). To devise factor P,
the area is divided according to the toposequences characteriz-
ing the hillslopes, and for each subdivision, the relationship
linking factor P and the hillslope position is independently cal-
ibrated. Factor S reduces the soil thickness values (proportion-
ally to the local slope gradient) when the local gradient
exceeds a threshold, which is different for every lithological
class encountered in the area. The product of the three factors
is then converted into a value of PCDT by means of calibration
functions, which should be differentiated on a lithological basis
and defined by means of in situ soil thickness measurements.
For further details, see Catani et al. (2010). By considering the
kinematic stability of the soil covering, the GIST approach suc-
ceeds in modeling relevant PCDT values, even in flat and con-
cave areas (Figure 6).
The position index is fundamental, and the points along a

slope having the same curvature and the same slope gradient
can show important dissimilarities that are caused by their dif-
ferent distances from the top of the mountain. Finally, the GIST
model uses the geological factor (Ki) for calibrating the earlier
mentioned parameters to field measurements of thickness
(PCDT), which assumes the following form (Equation 2).

DTB ¼ S�C�P�Ki

In our case study, a single calibration index was considered
for the entire study area because of the homogeneous lithology
of the bedrock.

SAPT model

The second model applied was the SAPT (De Vita et al., 2006;
De Vita and Nappi, 2013), which is based on the initial total
thickness (z0) map reconstruction of ash-fall pyroclastic mate-
rial erupted from the Somma-Vesuvius volcano and subordi-
nately from the Phlegraean Fields and is obtained by
summing the isopach maps of the principal eruptions. The esti-
mated thickness (PCDT) along mountain slopes was obtained
by linking the z0 map with the slope angle (α) using the follow-
ing equation (Equation 3):

DTB ¼ z0� cosα

Such a theoretical model was considered a reference for
comparison with field measurements of PCDT. Using this com-
parison, which is made for the sample areas of Mount Sarno
and Mount Lattari (De Vita et al., 2006, 2007; De Vita and
Nappi, 2013), a good match between the real thickness ob-
served along the slopes and the initial thickness (Equation 3)
was found in the slope angle range lower than 28°. For slope
angle values greater than 28°, the measured thickness showed
a decreasing trend, which determined the annulment of the
ash-fall pyroclastic material for slope angles that were

approximately greater than 50°. The marked divergence
between the trend obtained using field measurements and the
theoretical model (Equation 3) was determined mainly by the
effects of landsliding. The reduction in volcaniclastic material
to the downslope annulment effected the stratigraphic setting
because it determined the downslope pinching out of pyroclas-
tic horizons, especially pumiceous lapilli, and hydrological
conditions, which led to a localized buildup of pore pressure
and triggered the initial debris slide (De Vita et al., 2007; De
Vita and Nappi, 2013).

The coupling of the theoretical model (Equation 3) for the
slope angle range of up to 28°, the empirical model for the slope
angle between 28° and 50°, and the null value for the slope
angle greater than 50° was considered a reliable approach to
predict the PCDT values for the peri-volcanic mountain slopes
surrounding the Campanian Plain (De Vita et al., 2006).

GPT model

The two previously described models were merged into the
GPT model (Del Soldato et al., 2016). The GPT model is char-
acterized by an integration of the GIST model (Catani et al.,
2010) with the parameter used in the SAPT model (De Vita
and Nappi, 2013), which represents the initial total thickness
of ash-fall deposits that fell around the mountainous
peri-volcanic areas. Therefore, in the GIST model, the slope
gradient (S) and profile curvature (C) were maintained as
representative of the morphological factors, the position index
(P) was excluded, and the regional distribution of the initial
thickness (z0) was substituted for geological factor Ki, which is
shown in Equation 4:

DTB ¼ C�s�z0

The use of z0 instead of the K factor is supported by the
allochthonous origin of ash-fall pyroclastic material that does
not depend on the lithological features of bedrock (De Vita
et al., 2007). Moreover, the position index (P) was shown to
have no influence on the PCDT due to the peculiar distribution
process of such deposits along slopes, which depend on the
tephra fall mechanism in peri-volcanic areas (Fisher and
Schmincke, 2012) and denudational processes acting along
slopes.

SEPT model

To understand the fundamental parameters controlling the
PCDT spatial distribution and develop a new, improved model,
the GIST (Catani et al., 2010), SAPT (De Vita et al., 2013) and
GPT (Del Soldato et al., 2016) approaches were applied, and
their results were mutually compared. Because of this compar-
ison, the SEPT model is proposed in this paper, the results of
which were analyzed and statistically compared with those of
the other models. Because of the analytical comparison of the

Figure 6. Relationship between the profile curvature and the bedrock depth (a). Evolution of the position index (IP) along the slope (b). IP assigns
value 0 on the top of the slope and progressively increasing values going to the valley that shows 1 (Segoni, unpublished thesis, 2004).
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PCDT maps obtained through the previously described
methods, the actual thickness of ash-fall pyroclastic soils along
slopes is controlled more by the initial total thickness (z0) and
slope gradient than by other morphological factors, such as
the profile slope curvature and the position along the slope.
Taking advantage of these results, the SEPT model was devel-
oped to improve the distributed modeling of the PCDT in the
peri-Vesuvian area, which exclusively focused on the link be-
tween the initial total thickness of the ash-fall pyroclastic de-
posits (z0) and the slope gradient. Different types of
relationships between the erupted material and slope gradient
were tested. Among these, an inverse exponential relation
was found that best fit the field thickness data (Equation 5):

DTB ¼ z0
� 1

1þ tan αð Þ

Results

The SAPT (Figure 7a), GIST (Figure 7b), and GPT (Figure 7c)
approaches were applied to the test site, and GIS was used to
obtain the PCDT distribution maps (Figure 7). Based on the
analysis of the obtained results, the SEPT approach was
developed as an improvement of the SAPT and GPT models
(Figure 7d).
The four maps were tested by a comparison with 300 PCDT

direct and indirect measurements, and residuals among field

and modeled values were statistically analyzed to assess the ef-
ficiency of the results.

The modeling obtained by the GIST approach revealed the
most important differences in comparison to the measured
thicknesses. The SAPT model, which assumes that different
empirical relationships exist in three slope ranges (up to 28°,
between 28° and 50° and over 50°), was recognized as having
an appreciable precision in predictions. The GPT model pro-
vided good results except for overestimation in areas far from
the Somma-Vesuvius volcano and a slight underestimation in
zones close to the volcano (Del Soldato et al., 2016).
Conversely, the SEPT model had the best match between the
calculated and measured values, except that it underestimated
and overestimated the values more than the GPT and SAPT
approaches, respectively.

The obtained PCDT maps were statistically compared by
analyzing the differences, namely, the residuals errors, among
the computed and measured PCDT at 300 sites where direct
and indirect field measurements were carried out. To compare
computed values and field measurements, the PCDT were
transformed in terms of real thickness and in a normal direc-
tion with respect to the slope surface. Descriptive statistics
of residuals, which consist of the maximum overestimation
and underestimation, mean and standard deviation were cal-
culated to evaluate the efficiencies of the applied approaches
for the particular area of investigation. Furthermore, the root
mean square error (RMSE) was computed to assess the

Figure 7. Distribution maps of the depth to bedrock (DTB) maps by SAPT (a), GIST (b), GPT (c) and SEPT (d) models. [Colour figure can be viewed at
wileyonlinelibrary.com]
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effectiveness and consistency of the tested methodologies
(Table I). The lowest mean, standard deviation and RMSE
values were achieved for the new SEPT model, even when
the maximum and minimum residuals were higher than those
of the other models.
To better clarify the different obtained results and the

reliability of the new SEPT model, the residual values of each
measurement point were plotted for the four models and are
shown in Figure 8. It is evident that the GIST model (Figure 8
b) underestimates the PCDT in sectors far from the eruption

source and overestimates it in sectors where the accumulation
is more abundant, which is presumably close to the source or
in the valley floor. A similar problem of overestimation is recog-
nizable in the GPTapproach, which shows a relevant extension
of this effect (Figure 8c). Moreover, the SAPT model, which is
based on an empirical correlation with slope angle, shows
generally good results but with very localized overestimations
(Figure 8a). The new SEPT model shows a better estimation
for the PCDT (Figure 8d), and the residual distribution does
not show systematic patterns.

Discussion

The analysis of results obtained using the four tested models
clearly shows that the most reliable PCDT map was calculated
using the SEPT model, and the least accurate map was
calculated using the GIST model; the other two models had
intermediate accuracies. The GIST model showed the worst
performance because it was originally designed for use in
geomorphological frameworks with dominant autochthonous
soil coverings produced by bedrock weathering processes
and consist of in situ and transported regolith (Taylor and
Eggleton, 2001). The latter result is related to areal
denudational and depositional processes acting along slopes
such as sheet-wash and rill erosion as well as the areal mass
transport due to soil creep. However, in a peri-volcanic

Table I. Statistics of the residuals between the measured (meas) and
modeled PCDT

Meas –
SAPT (m)

Meas –
GIST (m)

Meas –
GPT (m)

Meas –
SEPT (m)

MAX_Underestimation �5.87 �7.37 �1.68 �3.22
MAX_Overestimation 5.41 7.30 7.20 6.20
MEAN_Err 1.26 2.14 1.08 0.97
DEV.ST_Err 1.03 1.63 1.20 0.88
MSE 2.66 7.22 2.62 1.72
RMSE 1.63 2.69 1.62 1.31

The best values obtained with the use of the three known empirical ap-
proaches (SAPT, GIST and GPT) are shown in italic typeface, and the
values obtained by the newly proposed SEPT empirical method are
shown in bold typeface.

Figure 8. Residual value of the depth to bedrock (DTB) maps between the measures and the SAPT (a), GIST (b), GPT (c) and SEPT (d) models. [Colour
figure can be viewed at wileyonlinelibrary.com]
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geomorphological framework, such as that of the studied case,
the soil covering is of allochthonous origin, that is, it is derived
from pyroclastic ash-fall deposits mantling the original topogra-
phy (Fisher, 1985; Sparks et al., 1992). For this reason, the
models with the best performances were constrained by the
total thickness of the volcaniclastic material that had fallen in
a given location (z0) and were estimated by the sum of isopach
maps for the principal eruptions (De Vita et al., 2006; De Vita
and Nappi, 2013 (Fusco et al., 2017). Nevertheless, even if z0
is a common feature for SAPT, GPT and SEPT, the conceptual
difference among these models is the parameterization of the
spatial distribution of PCDT along the slopes. For example,
the GPT model was based on the integration of the SAPT and
GIST approaches. Therefore, this approach also considers the
position index and curvature of a slope (as for the GIST model).
Thus, improved results were obtained, but a thorough analysis
demonstrates that the main controlling parameters of the PCDT
spatial distribution were limited to z0 and slope gradient.
Moreover, based on the statistical analysis of the resulting
PCDT maps obtained by the SAPT and GPT models, some sys-
tematic errors were highlighted, and consequently, the new
SEPT model was developed. The SEPT model advances previ-
ous models by considering only z0 and slope gradient (α),
which is similar to the SAPT model but emphasizes the role
of the latter by introducing an exponential function. Validation
and statistical investigations of the resulting map proved that
the SEPT model estimates the PCDT distribution with a higher
precision than those of the three other tested methods. For
example, the standard deviation, RMSE errors, and distribution
of residuals derived using a comparison with field measure-
ments demonstrate that the SEPT model provides better results
than the other tested models.
Because models that estimate the PCDT are generally exces-

sively simplified when only based on a few parameters, for the
study area, the application of different approaches led to the
recognition of the fundamental role played by the slope
gradient instead of other morphological variables such as slope
position index and curvature. This can be related to the pecu-
liar air-fall depositional mechanism of volcaniclastic material
and the characteristics of limestone bedrock, in which
weathering occurs in the form of chemical dissolution instead
of decomposition and disintegration processes (Selby, 1982).
The coupling of these conditions leads to the existence of a
negligible weathering profile at the bedrock cap and of an al-
lochthonous volcaniclastic soil mantle covering the bedrock.
Therefore, in such a peri-volcanic landscape, the PCDT pyro-
clastic mantle is spatially dependent on the total depth of the
erupted material that has fallen at a particular site (z0) and by
denudational processes, which mainly depend on shallow
landsliding and are controlled by the slope gradient. Thus, the
approach developed and proposed in this work is applicable
for evaluating the PCDT of other peri-volcanic areas in the
world.
Except for the preceding attempts (De Vita et al., 2006; De

Vita and Nappi, 2013; Del Soldato et al., 2016) already
discussed, no other studies were carried out to model the
spatial distribution of ash-fall pyroclastic soils along steep
mountainous slopes; for the most part, these studies focused
on volcanological aspects and analyzed only plain and
footslope sectors of peri-volcanic areas, in which the strati-
graphic data were more easily accessible (e.g. Sparks et al.,
1992; Vogel and Märker, 2013).
Finally, the results obtained by testing the four models can

help advance the understanding of the formation and spatial
distribution of soil mantles covering slopes in peri-volcanic
mountainous areas, such as those studied in this work. These
areas are characterized by very steep slopes, and the principal

denudation mechanism is related to mass movements due to
shallow landsliding. In addition, creep-like processes play a
minor role. Therefore, in such a geomorphological framework,
the slope gradient exerts a principal role in modeling the spatial
distribution of soil thickness (Aleotti and Chowdhury, 1999;
Segoni et al., 2009; Catani et al., 2010). Conversely, a wide ar-
ray of studies link the soil thickness and curvature in hillslope
systems, which are dominated by creep-like processes (e.g.
Heimsath et al., 1999, 2001; Catani et al., 2010). This finding
is consistent with studies demonstrating that creep-like pro-
cesses are predominant at low slope gradients and that the
creep progressively loses relevance in favor of shallow
landsliding as the slope gradient increases, which in turn be-
comes the only predominant process beyond a threshold value
of the slope (e.g. Roering et al., 1999).

Conclusions

In this research, a new empirical model (SEPT), which is used to
assess the spatial distribution of PCDT in peri-volcanic areas,
was applied to the area surrounding the Somma-Vesuvius vol-
cano (Campania region, southern Italy). This model was com-
pared to the results of three previously developed models
(SAPT, GIST and GPT). The four PCDT maps were validated
against a dataset of direct and indirect field measurements.
Statistical analyses of the average and standard deviation of
the error, the difference between the measured values and the
respective values obtained by the models, and RMSE demon-
strated that the SEPT model was the most efficient. The analysis
of the spatial distribution of residuals strengthens this conclu-
sion, as the SETP, PCDT map does not seem to be affected by
systematic overestimations or underestimations.

The most important result of this research is related to the
very relevant applications of PCDT mapping such as the assess-
ment of debris flow susceptibility and hazards using heuristic
and deterministic approaches, respectively, or the evaluation
of the volume of potentially unstable volcaniclastic material
for the estimation of runout scenarios. Therefore, the results
can be considered as an important improvement in
understanding shallow landslide susceptibility and can be used
in physically based approaches to investigate the triggers of,
shallow landslides. The analysis of the spatial distribution of
the PCDT presented in this work, besides the practical applica-
tions, can also be used to advance the understanding of geo-
morphological processes that exist on peri-volcanic hillslopes
around the world.
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