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• Soil sampling and analysis to investigate copper concentration is very expensive.
• A method aimed to increase the effectiveness of investigation is proposed.
• The method involves photogrammetry, hydrology and wetlands prediction indices.
• High resolution DEM (30 mm) has been generated.
• Prediction indices are able to detect areas of Cu accumulation at plot scale.
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Campania Region of Southern Italy has a complex environmental situation, due to geogenic and anthropogenic
soil pollution. Some of the pollutants such as copper are mobilized in the organic matter. It has been shown
that wetlands provide physical as well as biogeochemical barriers against pollutants. Therefore, the objective
of this study was to introduce and test an innovative approach able to predict copper accumulation points at
plot scales, using a combination of aerial photos, taken by drones, micro-rill networkmodelling andwetland pre-
diction indices usually used at catchment scales. Datawere collected froman areameasuring 4500m2 in Trentola
Ducenta locality of Caserta Province of southern Italy. The photos processing with a fifth generation software for
photogrammetry resulted in a high resolution Digital ElevationModel (DEM), used to studymicro-rill processes.
The DEM was also used to test the ability of Topographic Index (TI) and the Clima-Topographic Index (CTI) to
predict copper sedimentation points at plot scale (0.1–10 ha) by comparing themap of the predicted and the ac-
tual copper distribution in the field. The DEM obtained with a resolution of 30 mm showed a high potential for
the study of micro-rill processes and TI and CTI indices were able to predict zones of copper accumulation at a
plot scale.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Currently, Campania Region, in South Italy, is facing one of the most
critical environmental problems due to agricultural soil pollution by ac-
cidental contamination. Unfortunately, the overall situation is heteroge-
neous and complex. Between the years 1998 and 2008, six of the 55
National Interest Priority Site (NIPS) gazetted in Italy were located in
Campania Region (Vito et al., 2009). Of the six NIPS, Domitian Coast
Flegreo and Agro Aversano were selected as most important in Campa-
nia Region (Law no. 426 of 1998). In addition, the National Institute of
o II, Department of Agricultural
taly.
polupo),
ail.com (C. Okello),
@unina.it (L. Boccia).
Health has included these NIPS areas among the 44 Italian regions
with high levels of cancer risk, due to the different andnumerous pollut-
ants found in soil such as heavy metals.

High concentrations of heavymetals in Campania Region are a result
of a combination of geogenic pollution caused by natural phenomena,
and anthropogenic pollution due to voluntary or accidental activities
(Cicchella et al., 2005). Geogenic pollution is essentially linked to the
processes of parent rock genesis that are extremely rich of metallic ele-
ments, due to volcanic activities and related events, such as hot springs
and fumaroles (De Vivo et al., 1995). Anthropogenic pollution is mainly
related to industrial activities, which produce high concentrations of
cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), lead (Pb),
nickel (Ni), and zinc (Zn) (Filippelli et al., 2012). Motor vehicle traffic
also results in high concentrations of Cd, Cr, Cu, Ni, Pb, selenium (Se)
and Zn in the areas near driveways (Albanese and Cicchella, 2012).
Use of inorganic pesticides and chemical fertilizers could result in soil
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pollution by Cu, Hg, manganesium (Mn), Pb and Zn (Swaine, 1962).
Other causes of soil pollution include point sources like gasoline
pumps and illegal dumping of household waste (Lima et al., 2012).
Nowadays, the mapping of geogenic pollutants in Campania Region is
known and predictable (Albanese et al., 2007). However, it is still very
difficult to predict the diffusion and distribution of anthropogenic
contaminants.

Among anthropogenic pollutants, the copper has a significant im-
portance in agronomy since it is an essential element, although in
high concentrations has a strong toxic effect on plants and animals. Be-
longing to group 11 elements of the periodic table, its electronic level is
incomplete; therefore, it is a very versatile ion that can interact chemi-
cally with the organic and mineral soil components. Due to its ability,
it is not very mobile in the soil and, therefore, tends to accumulate in
the superficial soil layers (Kabata-Pendians and Pendias, 2001). Mobili-
ty of copper in soil is essentially related to chelation by organic matter
and adsorption processes, which is highly dependent on the pH of the
soil. It has been demonstrated that 1 g of humic acids has the ability to
chelate from 48 to 60 mg of copper (Stevenson and Ficht, 1981). For
this reason, copper accumulates in the superficial soil layers.

Because their diffusion is “patchy”, it is really difficult to predict the
extent and the location of pollutants. Current methods for determining
distribution of pollutants require carrying out a characterization proce-
dure involving analysis of a large set of organic and inorganic substances
in each unit of homogeneous soil. These procedures are rather laborious
and expensive. Typically, the characterization is carried on a grid of
10 × 10m, resulting in 100 samples per ha. It is therefore extremely dif-
ficult and expensive to sample and characterize soil from the entire re-
gionwith a sufficiently densemesh. Another technique involves the use
of imaging spectroscopy. It is utilized to identify spatialmineral patterns
and to monitor temporal changes in contaminated river sediments
(Buzzi et al., 2014).

Some landscape structures can be considered as physical or biogeo-
chemical barriers against contaminants, when they are set between the
source of polluted water and the receiving water body (Muscutt et al.,
1993).Wetlands play a fundamental role, due to their structural charac-
teristics, they are classified as area buffers. Wetlands fulfil this role
through absorption of the pollutants by plants and dilution in the ab-
sence of significant nitrogen concentration and by denitrification pro-
cesses (Montreuil, 2011). Infascelli et al. (2013) tested the efficiency
of different topographical and hydrological indices suited to predict
wetland distribution at the catchment scale. It is likely that similar ap-
proaches may be transferred to plot scales (Capolupo et al., 2014).

In particular, Topographic Index (TI) has widely been used for esti-
mating the spatial distribution of soil moisture and runoff source areas
(Chirico et al., 2003). In particular, it has been applied for studying spa-
tial scale effects on hydrological processes (Sivapalan andWood, 1987;
Beven et al., 1988; Sivapalan et al., 1990; Famiglietti and Wood, 1991),
for identifying flow paths (Robson et al., 1992), for characterizing
biological processes (White and running, 1994), vegetation patterns
(Moore et al., 1993) and forest site quality (Holmgren, 1994) and for
predictingwetland distribution (Merot et al., 2003). This index is usual-
ly calculated fromelevation data (Sörensen et al., 2006). Indeed, thedig-
ital terrain analysis produces an intermediate dataset that includes the
spatial discretization of the terrain in elemental units, the connectivity
among these elements and, terrain attributes (Chirico et al., 2005). Re-
sults of digital terrain analysis must be used in consequently terrain-
based hydrological application (Chirico et al., 2005).

At plot scales, the calculation of the indices to describe the spatial
distribution of soil moisture must be based on an extremely accurate
and precise Digital ElevationModel (DEM) (Chirico et al., 2005). Several
devices can be used to generate high precision DEM. A common exam-
ple involves use of laser scanners (Khorashahi et al., 1987; Huang et al.,
1988; Bertuzzi et al., 1990; Romenkens et al., 1986). It allows for im-
proved resolution and accuracy of the resulting DEM, though it requires
considerable amount of time for data collection and processing.
However, Rieke-Zapp et al. (2001) proposed photogrammetric tech-
niques to generate DEM. The accuracy and the resolution of DEM pro-
duced by photogrammetric techniques were similar to those obtained
with the laser scanner, while time required for data collection reduced
significantly.

The introduction of important innovations such as drones and fifth
generation software for photogrammetry may significantly improve
the results. Drones could allow for reduced flight quotas and to reach
difficult-to-access areas; therefore, resulting in a drastic decrease in
the time and costs of data acquisition and of the entire operation of
monitoring (Nex and Remondino, 2014). It also makes it possible to ob-
tain high resolution aerial photos at plot scale. The fifth generation soft-
ware can process hundreds of digital images at the same time and to
obtain their automatic restitution leading to a significant reduction in
photo/image processing time (Pierrot-Deseilligny et al., 2011).

Natural phenomena characteristics vary considerably in space and
time (West and Shlesinger, 1990), because of many interacting factors,
some of which operate over large distances, other over long time pe-
riods. This variability contains both trend and random factors. Random
component is a structural, scale-dependent element, for which, at
least within a specific radius of influence, the spatial differences be-
tween the properties of the soil can be expressed, rather than in abso-
lute terms, as a function of the distance of separation between the
sampling points (Castrignanò and Stelluti, 1997). It follows, then, that
temporal and spatial variability is strongly influenced by scale and var-
iables of observation. Therefore, it is necessary to define the methods
suited to estimate the values of the natural phenomenon properties
being studied, where measured data are not available. So, no determin-
istic model can describe spatial variability because it is based on the ap-
plication of an algorithm defined a priori (Castrignanò et al., 2011). On
the contrary, statistical models can assess and model spatial variation
(Castrignanò et al., 2011). In particular, spatial relationships among
data values can be quantified and processed by the modern statistical
theory, based on the theory of regionalized variables (geostatistics)
(Journel and Huijbregts, 1978; Goovaerts, 1987).

Areas with accumulated copper such as wetlands have been com-
pared to sedimentationmicro-basins. In the present study, the possibil-
ity of predicting the distribution of copper sedimentation/accumulation
points at plot scale was explored. It is important to underline that the
terms “accumulation” and “sedimentation” are used interchangeably
to indicate the copper storage at a point, following a micro-runoff pro-
cess. The method employed, considers different approaches, used in
other context to determinate the distribution of wetlands at catchment
scale. It involves application of drones, fifth generation software for
photogrammetry, modelling of transport processes and geostatistics.

2. Study area

The study area is located in the municipality of Trentola Ducenta, in
Caserta Province. It is at an altitude of 68 m above mean sea level and is
one of 77 municipalities of the NIPS Litorale Domizio Flegreo and Agro
Aversano. The experiment was conducted in an area measuring
4500 m2 (Fig. 1), suspected of being contaminated with heavy metals
and organic pollutants. Soil samples were taken from the site at regular
mesh of 5 × 5m, for a total of 170 points. For each point, the concentra-
tion of 15 elements was carried on all samples found to have traces of
pollutants.

Analyses of soil samples were conducted by the Mass Spectrometry
Laboratory of University of Naples Federico II, by applying the method
EPA 6010C 2007. Each sample have been first reacted with nitric acid
and has been made up to a final volume in a volumetric flask with a re-
agent water, and, then, analyzed by inductively coupled plasma-atomic
emission spectrometry (ICP-AES), that measures characteristic emis-
sion spectra using an optical spectrometry. Indeed, aerosol, resulting
from a nebulisation process of the samples, is transported to the plasma
torch, where a radio-frequency inductively coupled plasma produces a



Fig. 1. Study area.
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specific emission. Photosensitive devices monitor intensities of the
emission.

3. Material and methods

3.1. Prediction of the accumulation area distribution

For the purpose of the research, the accumulation areaswere assim-
ilated to sedimentation zones, similarly to wetlands. Over the years,
several indices were proposed to predict wetland distribution. Beven
and Kirkby (1979) proposed a Soil Topographic Index (STI) given by
Eq. (1).

STI ¼ ln
α

T tan β

� �
ð1Þ

where, α is the drainage area, β is the local slope and T is the
trasmissivity. However, it has been observed that in most cases, the
transmissivity can be neglected compared to the value of the area of
drainage and that of the variation of the local slope (O'loughlin, 1981;
Oosterbaan and Nijland, 1994; Lagacherie et al., 2006). Therefore,
Beven and Kirkby (1979) and Beven (1986) proposed the Topographic
Index (TI) given by Eq. (2).

TI ¼ ln
α

tan β

� �
ð2Þ

For a certain rainfall depth, the larger the drainage basin and the
smaller the slope, the higher TI value will be. So, a more robust index
for predicting wetland distribution, called the Clima-Topographic
Index (CTI) given by Eq. (3), was introduced (Merot et al., 2003).

CTI ¼ ln
Vr
tanβ

� �
ð3Þ

In addition to the topographical aspects, it considers the volume of
effective annual rainfall Vr, computed by multiplying drainage area
with the mean annual effective rainfall depth. The mean annual effec-
tive rainfall is determined using Eq. (4) (Merot et al., 2003).

Re ff annual ¼
X
1−12

Re ff i ð4Þ

where, Re ffi is the monthly effective rainfall depth, obtained from the
difference between the rainfall depth (Ri) and the potential evapotrans-
piration (PETi).

Re ff i ¼ Ri−PETi ð5Þ

when,

Ri≤PETi Re ff i ¼ 0:

This study used the Hargreaves Equation (Hargreaves et al., 1985).
Hargreaves Equation (Eq. (6)) is preferred to other evapotranspiration
equation as it requires only temperature data and it is easily calculated
(Pindozzi et al., 2012, 2013). Moreover, it is suitable to estimate annual
evapotranspiration at the local climate condition in the study area
(Pindozzi et al., 2012, 2013).

PETi ¼ 0:0023� Ra � Tmean þ 17:8ð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax−Tminð Þ

p
ð6Þ

1) evapotranspiration (ETo)
2) potential evapotranspiration (PETi)

where, PETi (ETo) is the potential evapotranspiration in mm day−1,
Ra is the extraterrestrial radiation in MJ m−2 day−1; Tmean, Tmax and
Tmin are the mean, maximum and minimum daily temperature in
°C, respectively. Ra was calculated by using methods reported in
Allen et al. (1998).

In the calculation of the CTI, the local slope was replaced with the
downhill slope, defined as the slope between the point of interest
and the course of runoff, measured along the flow direction. It was
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shown that this substitution improves the results, both from the
technical (the local slope is smoothed with the downhill slope) and
conceptual points of views (soil saturation depends not only on the
upslope factor but also on the down-slope factors, not considered
with TI) (Gascuel-Odoux et al., 1998). Merot et al. (2003) showed
that this index was able to determine the location and general area
extent of wetlands in a reliable manner without calibration in most
cases. It fails only when the soils are characterized by high heteroge-
neous permeability. The field examined in this study did not have
these features.

3.2. Geostatistics background

Geostatistics allow to predict the spatial distribution of a variable
property thanks to kriging interpolation. The basic form of kriging is
simple kriging, in which the unknown value z (x0) (value to be estimat-
ed) of a given realization of Z(x0) is predicted from a linear combination
of the observations (known values close to a point to be estimated
z(xi) i = 1, 2, . . ., N, at the support points xi), given by Eq. (7):

z�SK x0ð Þ ¼
XN
i¼1

λiz xið Þ þ 1−
XN
i¼1

λi

" #
m ð7Þ

where λi are weights and m is a known constant mean of the area of
interest.

A more complex form is represented by Indicator Kriging (Journel,
1983). This approach is particularly suitable for the treatment of envi-
ronmental data, because, being a non-parametric method (no prior as-
sumption about the shape or type of the conditional distribution), it
allows to estimate theprobability of exceeding an attribute under inves-
tigation of a threshold value (Castrignanò et al., 2000). Indeed, the attri-
bute value is assigned 0 if it is below the threshold value or 1 if it is
above the threshold value (Tavares et al., 2008).

Kriging is a very useful interpolator thanks to the following proper-
ties (Castrignanò et al., 2011):

➢ the obtained value is as accurate as possible from the data available;
➢ given that error term is calculated together with the estimation, the

kriged value can be used with a degree of confidence;
➢ It is an exact interpolator (the estimated values are identical to the

observed values when an interpolated location coincides with a
sample location).
Fig. 2. The drone Tarot FY690s equipped with all hardware components and software
tools.
3.3. Generation of the digital elevation model

The essential baseline information for the morphometric analysis of
the soil and extraction of micro-rill network is the Digital Elevation
Model (DEM). To obtain a high resolution DEM, the entire study area
was surveyed using a prototype drone, Tarot FY690s shown in Fig. 2.

The drone was equipped with all necessary hardware components
and software tools, required for its control and programming, and
with the basic software for planning of the flight. The drone was
mounted with a Canon PowerShot S100 camera of 12.1 Megapixels,
7.44 × 5.58 mm sensor and 5.2 mm focal length. This camera was cali-
brated using the Agisoft Lens software.

In order to get a ground sample distance (GSD) of 10mmand in con-
sideration of a safety factor of 10%, the flight altitude has been set at
25 m. Ten (10) targets with appropriate support were placed along
the perimeter of thefield and in its central zone. The locations of the tar-
getswere determined using a total stationGeodimeter 600with angular
accuracy of 3″ (10 cm3), i.e., 1.0 mgon, and distancemeasurement accu-
racy of ±(5 mm + 3 ppm). A precision of 1.7 mm in height difference
(sen 0.010 ∗ 100) at a distance of 100 m and a precision equal to
5 mm in planimetric is expected. These points have been used as ground
control points (GCP) for post-processing purposes (Nex and Remondino,
2014). The topographic reconstruction of the detailed survey has been
carried out using the Meridiana software.

Aerial photo orientation and georeferencing were the preliminary
steps of metric reconstruction of the scene. As suggested by Triggs
et al. (2000) and Gruen and Beyer (2001), imagery orientation consists
photo alignment and tie point extraction. Moreover, in order to im-
prove image orientation, minimize photo block deformation and to
georeference the imagery, GCPs have been imported in the alignment. At
the endof this process, a polygonalmodel (mesh)has beengenerated and
elaborated to obtain texturemapping, orthophoto andDEM. Processing of
the photos has been made by applying Agisoft PhotoScan Professional
software.

Major information about the methodological approach (drone
choice, planning of the flights, camera calibration, photos processing
are reported in previous work (Capolupo et al., 2014)).
3.4. Micro-rill network and copper sedimentation points

The DEM has been converted to GRID format using ESRI ArcGIS 10.0
Software by interpolating the original points with the Kriging estimator.
The obtained model is more suitable for processing due to its regular
structure. Subsequently, the identification and the filling of the “pits”
has been made with ArcGIS' Hydrology tool, that removes small imper-
fections in the data. The pits are raster cells without outlets that create
discontinuities in the micro-rill network and possible abnormality
drainage (Infascelli et al., 2013). The surface flow direction has been
drawn using the eight flow direction (D8) model, also called mono-
directional model (O' Callaghan and Mark, 1984). It has been shown
that D8 models are particularly suitable for the modelling of the
hydro-graphic network (Wolock and McCabe, 1995; Beaujouan et al.,
2001).

Micro-basins were found out by applying outlets. For each of them,
the essential parameters for the calculation of the TI and the CTI were
estimated. Information on the effective and mean annual rainfall, tem-
perature and evapotranspiration is required for evaluating the CTI of
the study area over the area basin and slope. Therefore, the precipitation
records from two neighbouring meteorological stations located at S.A.
Pizzone and Caiazzo, were analyzed and used to compute the two indi-
ces. These data are daily official data published in “Annali Idrologici e
altre pub. Del compartimento di Napoli del S.I.M.N.”. They relate to a pe-
riod of about 20 years, from 1977 to 1993.

To validate the model and choose the best strategies to predict the
copper sedimentation points, results were interpolated with simple



Fig. 4.Map of copper concentration interpolated with Indicator Kriging.
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kriging using ArcGis' Geostatistical Analyst tool and compared with the
actual mapping of the copper on the soil surface.

Moreover, in order to verify the relationship between copper con-
centration and TI (or CTI), the Boolean Operation between layer of TI
(or CTI) and copper concentration, interpolated with Indicator Kriging,
was achieved. In particular, the Indicator Kriging interpolation was ob-
tained by applying ArcGis' Geostatistical Analyst tool. The threshold
value for the Indicator Kriging was defined according to the Italian
legal limit of copper concentration (T.U. Ambientale 156/06). The “Bool-
ean And” Operation was implemented thanks to the application of
ArcGis' Spatial Analyst tool. This function multiplies the cell values of
the two input raster, so that it, if both input values are true (equal 1),
the output value is 1; otherwise, the output value is 0. The true values
for the interpolated copper concentration correspond to the highest
values of copper concentration (greater than the Italian legal limit of
120 mg kg−1), instead, for the TI (or CTI) correspond to maximum
value of TI (or CTI).

4. Results

4.1. Spatial distribution of Cu contents in soil samples

Traces of Cu were detected overall the study area although, in vary-
ing concentrations. Concentrations were found to be greater than the
Italian legal limit of 120mgkg−1 (T.U. Ambientale 156/06) in 7 different
hotspots, as shown in Fig. 3. However, other points of the area of interest
exhibit border line concentrations of Cu as illustrated in Fig. 3.

The copper concentration map, interpolated with Indicator Kriging,
is shown in Fig. 4.

4.2. Survey area reconstruction

During data collection, the drone has been flown at a height of 25 m
and speed of 4m s−1. This resulted in longitudinal and transversal over-
lap strips 70% and 30%, respectively. The coverage of the entire area has
been achieved by acquisition of 42 frames, though a total of 84 pictures
were taken, since a pair of shots were taken at each of the waypoint
identified. This has been achieved during three different flight missions.
Fig. 3. Copper concentration classes (in mg/
The first two missions were each characterized by 16 waypoints, over a
period of 12 min and the third had 12 waypoints and lasted for 8 min.

The blocks of images allowed for the generation of a very detailed
orthophoto and a very high resolution DEM. Actually, the over-flown
scene was not limited to the area of interest, so, the orthophoto and
DEM shown in Figs. 3 and 5, respectively include the neighbouring
areas that were subsequently eliminated. The DEM obtained had a res-
olution of 0.03 m. Finally, the generated DEM has been converted to
GRID format by interpolating the original points using the Kriging
estimator.
kg) over the obtained orthophoto map.



Fig. 5. Graph of the obtained Digital Elevation Model (DEM).

Fig. 7. Range of Topographic Index (TI) values.
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4.3. Micro-rill and copper sedimentation points

The micro-rill network allowed for the generation of the flow direc-
tion, flow accumulation (relating to preferential paths of runoff water)
and micro-basin rasters. In particular, the field has been divided in
three micro basins illustrated by the upper red, the middle blue
and the bottom green sections of the field as shown in Fig. 6.
These sections covered an area of 1007.30 m2, 1050.12 m2 and
1001.54 m2, respectively.

The average monthly rainfall amount has been found to be 78 mm,
with a peak of 137.43 mm, in the period between 1977 and 1993. Also
evapotranspiration was calculated in the same time range. The highest
values of evapotranspiration have been observed during the summer
months, with a monthly peak of 157.12 mm in July, while a minimum
Fig. 6.Micro-basins in the study area over the obtained DEM graph. (For interpretation of
the references to color in thisfigure legend, the reader is referred to theweb version of this
article.)
value of 27.23mmwas recorded in January. Average values of the effec-
tive monthly rainfall had a peak value of 77 mm in December and nulls
in the warmer months fromMay to September. Therefore, the effective
average annual rainfall has been evaluated to be 27 mm.

Finally, TI and CTI have been calculated in the three micro-basins of
interest. As shown in Fig. 7, range of TI values was different in the three
sections of the map. It varied between −2.39 and 15.80, −0.99 and
15.84, and −1.88 and 15.79 in the upper, middle and bottom sections,
respectively. Also, CTI value given in Fig. 8 were significantly different
in each of the three sections. Its values were between 2.47 and 18.21,
3.50 and 18.25 and 2.46 and 18.20 in the upper, middle and bottom
zones, respectively.

In order to identify areas characterised by greater accumulation of
copper, for eachmicro-basin, TI and CTI were processed through simple
kriging interpolator and compared with the actual mapping of the
Fig. 8. Range of Clima-Topographic Index (CTI) values.



Fig. 9. Range of Interpolated Topographic Index for the three different watersheds.
Fig. 10. Range of interpolated Clima Topographic Index for the three different watersheds.

Fig. 11. Boolean And Operation between TI and interpolated copper concentration map.
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copper on the soil surface (Figs. 9, 10). As shown in Fig. 9, ranges of
values interpolated TI were found to be different in the three sections
of the map. It varied between −1.63 and 11.36, 0.72 and 10.22, and
−0.75 and 11.94 in the upper, middle and bottom sections, respective-
ly. Also, CTI values were significantly different in each section (Fig. 10).
Its values were between 8.06 and 15.55, 6.47 and 17.50 and 7.75 and
15.98 in the upper, middle and bottom zones, respectively.

In order to verify the relationship between the copper concentration
and TI (or CTI), a “Boolean And” Operation was applied. Fig. 11 shows
the results of the Boolean Operation between copper concentration, in-
terpolated with indicator Kriging, and Topographic Index. This proce-
dure points out five areas in which the maximum values of both raster
coincide.

Fig. 12 shows the results of the Boolean Operation between the cop-
per concentration, interpolated with indicator Kriging, and the Clima-
Topographic Index. This method allows the identification of four points
in which the maximum values of both rasters coincide.

5. Discussion

The use of photos taken using camerasmounted on drones and proc-
essed using a fifth generation software for photogrammetry introduces
many benefits. The flight altitude of drones is lower than traditional air-
borne platform quotas; thus, allowing for acquisition of high resolution
photos. In addition, the time required for data acquisition and the oper-
ational costs are drastically decreased (Nex and Remondino, 2014). The
hexacopter flight was performed at a height of 25 m above ground sur-
face at a travel speed of 4m s−1, unthinkable for a plane. For this reason,
the accuracy of the DEM obtained was 0.03 m, making it suitable for
studies of the micro-rill processes. Moreover, the data acquisition



Fig. 12. Boolean And Operation between interpolated copper concentration and CTI.
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times were relatively short. Data acquisition from the entire field was
accomplished by a combination of three missions consisting of the
first two, each characterized by 16 waypoints over a period of 12 min
and the third, arranged over 12waypoints and lasting 8min. Consequent-
ly, the cost of all operation was relatively low. The processing of the cap-
tured frames with the fifth generation software allowed to significantly
reduce the time of analysis as observed by Pierrot-Deseilligny et al.
(2011). The DEM was obtained through the automatic restitution of the
84 frames in parallel.

The DEM obtained was used to determine micro-rill network in the
study plot, which allowed for identification of three micro-basins.
Results of coppermapping showed that 4.1% of the samples had concen-
tration of copper above the legal limit of 120 mg kg−1 (T.U. Ambientale
471/99), and that about 17.6% of the samples were characterized by
copper quantity close to the legal limit (100–120 mg kg−1). The
lower, the middle and the upper micro-basins are comprised by 28.6%,
28.6% and 42.8% of the hotspots with concentration of copper exceeding
the legal limit, respectively.

On these basins, TI and CTIwere then calculated. The TI values ranged
between−2.39 and 15.80,−0.99 and 15.84 and−1.88 and 15.79 in the
upper,middle andbottomof the study plot. The differences in values ob-
served were attributed to the various slopes of the basins and to the di-
verse drainage areas. In addition, it was observed that for a given area, TI
value increased with the reduction of the slope. From the physical point
of view, this means that the possibility of accumulation of water on land
with steeper slope is lower than on flat land. This therefore gives an im-
portant indication of the variability of soil moisture; that is, increasing TI
value is related to higher saturation of the soil. It is assumed that these
zones correspond to copper sedimentation points.

However, the CTI value varied between 2.47 and 18.21, 3.50 and
18.25 and 2.46 and 18.20 in the upper, middle and bottom portions of
the plot, respectively. Also in this case, the differences in values are
due to the varying slopes of the basins and the diversity of drainage
areas. The CTI is a more robust index, because it correlates the topo-
graphical features of the field and climatic events. The larger the drain-
age area, themore is the intensive effective rain, and the lower the slope
is, the higher is the CTI value. Therefore, for a given area and rainfall
event, CTI will depend in particular on the slope. So, just like in the pre-
vious case, the greatest accumulation of water appears in the flat areas.
For this reason, the saturation degree offlat areas is higher. It is assumed
that these zones correspond to the copper sedimentation points. More-
over, the replacement of the local slopewith the downhill slope allowed
for consideration of both the upslope component and the downslope
factor.

From the foregoing it can be observed that the two indices have dif-
ferent saturation values because of the replacement of the slope and of
the implication of the effective rainfall in the calculation of the CTI.
These characteristics improve the results from the technical point of
view, as well as from the conceptual point of view, as also observed by
Gascuel-Odoux et al. (1998). In fact, the local slope substitution with
the downhill element led us to take into account both downslope and
upslope, while the implication of the effective rainfall led us to take
into account theweather conditions. In addition, CTI showed higher po-
tential to determine the location and general area extent of wetlands in
a reliablemanner, evenwithout calibration. However this potential was
observed to declinewhen the soils were characterized by a high hetero-
geneous permeability (Merot et al., 2003). For these reasons, it seems
likely that the CTI would be more suited for the identification of sedi-
mentation points for heavy metals.

The interpolation of TI and CTI allows to identify areas inwhich is ex-
pected a higher accumulation of copper (red zones) and those in which
the concentration is lower (orange, yellow, green). Comparing the two
maps, it is clear that the interpolated TI is possible to pinpoint areas of
accumulation more easily, while the interpolated CTI indentifies accu-
mulation points more precisely. This study shows that all points with
a value equal to or higher than the legal limit and the majority of
those with a value close to the legal limit are contained in the micro-
basins identified, particularly in areas with a highest value of TI and
CTI. Therefore, the red areas correspond to the zones in which the cop-
per value is definitely higher than the neighbouring ones, and therefore,
probably, can be found a concentration value equals or exceeds the nor-
mative value. This result is also confirmedby themaps shown in Figs. 11
and 12. In fact, the Boolean And Operation between copper concentra-
tion, interpolated with indicator Kriging, and TI indentifies five areas.
For these ones, highest values of TI and copper concentration coincide.
In this way, they are not identified the areas of the two points at the
edge of the upper and lower basins. The Boolean And Operation be-
tween copper concentration, interpolated with indicator Kriging, and
CTI, locates four points. Here, the highest values of the two rasters coin-
cide. It cannot identify the points at the edge of the upper and lower ba-
sins and only one point within of the upper watershed.

The organization of the sampling companies has beenmade accord-
ing to the results of this approach of such information. Consequently, it
is convenient to concentrate the sampling only in the micro-basins
identified and, in particular, in the “red zones”. Following the analysis
of these samples, you must assess whether or not to continue the sam-
pling procedure. In fact, if all the red areas show values lower than the
legal limit, the sampling can be stopped, otherwise itmight be appropri-
ate to sample areas corresponding to values of TI and CTI gradually
lower.

6. Conclusion

In this paper, a novel approach that combines photogrammetric
technique with hydrological models was tested, (Merot et al., 2003;
Gascuel-Odoux et al., 1998) in the prediction of accumulation sites of
trace elements, that can be mobilised adhering to organic matter. In
this case, the approach was used to predict copper accumulation sites
in an experimental field, and it turned out to be very promising. Specif-
ically it considerably reduces the soil sampling requirements, making it
necessary to take samples only in the areaswhere copper sedimentation
points are expected. Geostatistcs was confirmed as the method to be
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used to spatialize hydrological models (Castrignanò et al., 2011). Copper
concentration observed in thefield test does not exceed the range values
reported by Albanese et al. (2007).

In conclusion themethod proposed for the detection of critical sam-
plingpoints for the characterization of polluted soils, seems to be robust,
rapid andmost economic compared to the traditional techniques for the
characterization of the soilwith the ordinarymesh of 5×5m. Therefore,
it appears that it could play a key role in future development of environ-
mentalmonitoring techniques. For example, it could be used as amodel
for the development of similar methods for detecting other heavy
metals or the parasites that live in thewetlands.Moreover, another pos-
sible field of investigation deals with management of fertilizing activi-
ties for the prediction of nutrient in the soil.
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