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The assessment of natural background levels (NBLs) is crucial in themanagement of groundwater resources and
the definition of the status of groundwater bodies according to theWater Framework Directive 2000/60/EC. This
work presents a new MATLAB code to assess NBLs by the component separation method, which concerns the
identification and separation of a natural and an anthropogenic component within geochemical data. To increase
the validity of the estimated NBL, the code calculates a set of possible solutions that should then be evaluated by
the user. The following evaluation criteria are proposed: (i) stability of solution, (ii) hydrogeochemical reliability,
(iii) agreement with the conceptual model and (iv) goodness of fit.
The code is tested on groundwater Mn, Fe, As, Ni, Cr(VI) and NH4 concentrations observed in two study areas
with different hydrogeological and geochemical features in northern Italy: the multi-layer aquifer of Cremona
(lower Po Plain) and the alluvial aquifer of the Aosta Plain (western Alpine sector). The pre-selection method
is also applied to estimate NBLs and threshold values are assessed.
The NBLs calculated through the component separation method (4292, 27 and 1220 μg/L for Fe, As and NH4 in
Cremona and 56, 261, 9 and 2.3 μg/L for Mn, Fe, Ni and Cr(VI) in Aosta, respectively) approach those estimated
by the pre-selection (2798, 25 and 1820 μg/L for Fe, As and NH4 in Cremona and 52, 264, 10 and 1.8 μg/L for
Mn, Fe, Ni and Cr(VI) in Aosta, respectively). This outcome increases the validity of the estimated NBLs. The
code showed versatile applicability in different contexts and conditions (e.g., different numbers of samples and
monitoring points, different sampling networks). This work highlights the strength of the component separation
method although some criticisms are pointed out,mainly related to the superimposition of a log-normal function
for modeling the natural component.

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

The EU Water Framework Directive (WFD 2000/60/EC) requires
Member States to assess the status of groundwater bodies to achieve
good groundwater status within 2015. In those areas where naturally
high concentrations of undesirable elements exist, the chemical status
is evaluated through a comparison with threshold values (TVs) that
are estimated on the basis of natural background levels (NBLs). Accord-
ing to the Water Framework Directive, the TV is defined as a quality
standard for pollutants in groundwater, i.e., a concentration of pollutant
which should not be exceeded in order to protect human health and the
environment. Although TVs andNBLs are crucial in environmentalman-
agement, they are theoretical values whose geochemical meaning
cannot reliably be derived from experimental data. To fill this gap,
different methods and approaches have been developed in the last
oti).
decades, with continuous updates. A general subdivision of proposed
methodologies for deriving NBL discriminates between geochemical
and statistical methods (Gałuszka, 2007; Matschullat et al., 2000).

The geochemical methods involve the derivation of NBLs as a fixed
value (typically mean, median or 90th percentile) calculated from
groundwater samples that can be considered free from anthropogenic
impacts. Some examples of undisturbed datasets are: (i) samples from
deeper aquifers (Muller et al., 2006); (ii) samples of non-recent ground-
water (i.e., groundwater with no tritium) (Griffioen et al., 2008); (iii)
historical datasets referring to periods inwhich anthropogenic activities
generated no significant impacts (i.e., before 1945) (Griffioen et al.,
2008). The calculation of NBLs via hydrogeochemical modeling of solu-
tion processes in aquifers (Muller et al., 2006) can also be considered as
part of the geochemical methods.

The statistical methods include various techniques aimed at identi-
fying and extracting a natural background population (NBP) from the
experimental data. TheNBP can be representative of the undisturbed nat-
ural condition of a groundwater body. The NBL is then derived using
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statistical parameters characterizing the NBP. Although a unique value is
frequently needed for environmental management (e.g., remediation
goals, TV for defining chemical status), the NBL is typically expressed
through a range of concentration values (e.g., mean± 2 standard devi-
ation and median ± 2 median absolute deviation) (Matschullat et al.,
2000; Reimann et al., 2005). A key aspect is what type of distribution
(i.e., normal or log-normal) should be selected for the NBP, regardless
of the distribution of the original experimental data, which frequently
show no normal or log-normal characteristics (Reimann and Filzmoser,
2000). Some methods consider a normal distribution for the NBP, as-
suming that each process acting in the system produces on the whole
data fluctuating around amean value andwith normally distributed er-
rors (Matschullat et al., 2000; Nakić et al., 2010). Statistical methods
that aim to identify normally distributed NBP are: (i) the iterative 2δ-
technique (Matschullat et al., 2000), where an approximated normally
distributed NBP is generated around the modal value of the original
dataset; some applications are in Gałuszka (2007), Nakić et al. (2007,
2010) and Urresti-Estala et al. (2013); (ii) the calculated distribution
function (Matschullat et al., 2000), where the NBP is generated from
the original data taking the range between theminimum and themedi-
an and their “mirrored” values against the originalmedian; some exam-
ples are reported by Nakić et al. (2007, 2010) and Urresti-Estala et al.
(2013); (iii) the modal analysis (Carral et al., 1995), that decomposes
the polymodal distribution of the original data into several normal dis-
tributions by a maximum likelihood mixture estimation (MLME) and
then considers the normal distribution of the lowest mean value as
NBP; some applications are in Carballeira et al. (2002), Rodríguez et al.
(2006) and Villares et al. (2002). Other statistical methods consider a
log-normal distribution for the NBP, following the assumption that nat-
ural geochemical data are typically log-normally distributed (Ahrens,
1953; Gaddum, 1945; Limpert et al., 2001). From this class of methods,
particular relevance is provided by the component separation (CS) ap-
proach (Wendland et al., 2005) which involves the subdivision of the
original dataset into a normally and a log-normally distributed popula-
tion, considering the latter as NBP; some examples are reported by
Molinari et al. (2012, 2014). The latter class of methods is independent
of both a normal and a log-normal distribution for the NBP. These
methods are: (i) the probability plot (Sinclair, 1974), where the NBP
is graphically extracted from the original data onto a cumulative proba-
bility plot; some examples were reported by Panno et al. (2006),
Preziosi et al. (2014) and Tobías et al. (1997); (ii) the fractal method
(Cheng et al., 1994), that takes into account the spatial variability of
geochemical data using the power law concentration-area analysis
(Albanese et al., 2007; Li et al., 2003); (iii) the pre-selection (PS) ap-
proach (Muller et al., 2006), where the NBP is extracted from the origi-
nal data by excluding the samples with most likely anthropogenic
influences identified using indicator chemical species (Hinsby et al.,
2008; Wendland et al., 2008a).

Among these different methodologies, the EU BRIDGE research pro-
ject (Background cRiteria for the IDentification of Groundwater thrEsh-
olds) (Muller et al., 2006) provides guidelines aiming at harmonizing
the methods for estimating the NBL at the European level. The BRIDGE
project mainly focuses on two different approaches: PS and CS. While
several applications of PS are reported in literature (Coetsiers et al.,
2009; Ducci and Sellerino, 2012; Gemitzi, 2012; Hinsby et al., 2008;
Marandi and Karro, 2008; Molinari et al., 2012; Preziosi et al., 2010,
2014; Rotiroti and Fumagalli, 2013;Wendland et al., 2008a), a few stud-
ies concern the use of CS (Molinari et al., 2012, 2014; Voigt et al., 2005;
Wendland et al., 2005). The limited use of CS among researchers and
public administrations may be due to the absence of a standard statisti-
cal package for its application.

This paper presents aMATLAB® code, called COMPonent SEparation
Code (COMPSEC), which aims to estimate the NBL using the CS ap-
proach through a maximum likelihood estimation (MLE). The perfor-
mance of COMPSEC is tested here in two different case studies in
northern Italy (Fig. 1): (i) the multi-layer aquifer of Cremona (lower
Po Plain) and (ii) the alluvial aquifer of the Aosta Plain (N/W Alpine
sector). These two study areas also differ in the characteristics of the
sampling network: unevenly distributed (highly clustered) samples in
Cremona and homogeneously distributed samples in Aosta (Fig. 1). To
compare the results from both approaches proposed by BRIDGE, the
NBLs are derived by both PS and CS approaches, then the NBLs are com-
pared to the regulatory references (REFs) for estimating the TV.

2. Conceptual model of study areas

The elaboration of proper hydrogeological and hydrogeochemi-
cal conceptual models of the groundwater bodies investigated
(i.e., hydrogeological features of the aquifer, presence of anthropogenic
sources and hydrogeochemical processes governing the mobility of the
chemical species) plays an important role in the estimation of the NBLs
(Hinsby et al., 2008; Molinari et al., 2014; Muller, 2008; Muller et al.,
2006; Preziosi et al., 2014; Wendland et al., 2008b). The conceptual
models for the two areas investigated are illustrated in the following
sections.

2.1. Cremona area

The Cremona area is located on the lower Po Plain (N Italy) and is
bounded to the south by the Po River (Fig. 1b). It covers a 50 km2 area
around the town of Cremona. The subsurface is composed of alluvial
sediments deposited during the Holocene and Pleistocene. The transi-
tion between outcropping Holocene and Pleistocene deposits is marked
by a fluvial terrace (Castiglioni et al., 1997) which crosses the area from
WtoE (Fig. 1b). The zone south of the terrace scarp (Holoceneunit) cor-
responds to the fluvial valley of the Po River, whereas the zone north of
the terrace (Pleistocene unit) is associable with the Main Level of Po
Plain (Petrucci and Tagliavini, 1969). A detailed structure of the aquifer
system of the Cremona area is reported in previous studies by Rotiroti
et al. (2012a, 2014), where the interpretation of lithostratigraphic data
together with measured hydraulic heads leads to the identification of
five aquifer units: (i) unconfined from 0 to 25 m below surface,
(ii) semi-confined from 30 to 50 m, (iii) confined 1 from 65 to 85 m,
(iv) confined 2 from 100 to 150 m and (v) confined 3 from 160 to
250m. The subject of this work is only the shallowest unconfined aqui-
fer, which is more vulnerable to anthropogenic pollution. Here, the
discrimination between natural and anthropogenic components for a
given contamination is crucial in guaranteeing proper protection and
management of water resources.

The unconfined aquifer is recharged by precipitation, irrigation and
drainage of surface water (irrigation canals) and discharges into the
Po River and by groundwater extraction (Vassena et al., 2012). The
main groundwater direction is N/S (Beretta et al., 1992; Vassena et al.,
2012), controlled by topography and the Po River, which mainly gains
groundwater (Rotiroti et al., 2014). Shallow groundwater is generally
of the Ca-HCO3 type with an average pH and alkalinity of ~7.3 and
~460 mg/L as HCO3; mean concentrations of NO3, Cl, SO4, Ca, Mg, K
and Na are 21, 27, 71, 165, 28, 1.7 and 18, respectively (Rotiroti et al.,
2014). The unconfined aquifer is characterized by hydrochemical zon-
ing (Fig. 1b): the Main Level of Po Plain has oxidized hydro-facies,
whereas the Po Valley has reduced hydro-facies with high concentra-
tions of As, Fe, Mn and NH4 (Rotiroti and Fumagalli, 2013), which
exceed the Italian regulatory limits of 10, 200, 50 and 500 μg/L, respec-
tively (Legislative Decree 152/06; Legislative Decree 30/09). These
hydrochemical features are probably related to the geological settings.
The Main Level of Po Plain is mainly composed of shallow sandy de-
posits that allow the infiltration of oxidizedwater (rainwater), whereas
the Po Valley is characterized by the presence of shallow silty-clayey de-
posits that limit infiltration and aquifer recharge, and of abundant peat
deposits, generated by the meandering and flooding activities of the Po
River. Peat deposits are known to act as redox drivers of As release to
groundwater, as well as for Fe and Mn (McArthur et al., 2001, 2004;



Fig. 1. (a) Digital elevation model of northern Italy and study areas. (b) Cremona area: sampling points and redox zoning. (c) Aosta area: sampling points.
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Postma et al., 2007; Rowland et al., 2006), since the oxidation of peat or-
ganic carbon is coupled with the reductive dissolution of Mn and Fe
oxide-hydroxides, where As is commonly sorbed (Ravenscroft et al.,
2009). These processes are assumed to occur in the Po Valley (Rotiroti
et al., 2012b, 2014). In particular, following the ecological succession
of electron acceptors (O2, NO3, Mn(IV)-oxide, Fe(III)-oxide, SO4 and
CO2), it is expected to have a first mobilization of Mn, followed by Fe
and finally by As, which is strongly released to groundwater only after
sufficient Fe has been reduced (McArthur et al., 2004; Ravenscroft
et al., 2009).

The Cremona area is impacted by urban and industrial activities
(steelworks, oil refinery, food industry), and thus, anthropogenic con-
taminations may occur. In particular, since no direct anthropogenic
sources of As, Fe andMn exist in the area, attention focuses on pollution
by organic matter, which can indirectly influence the concentrations of
dissolved As, Fe and Mn (Baedecker et al., 1993; Berbenni et al., 2000;
Burgess and Pinto, 2005; Tuccillo et al., 1999). Three sites with possible
anthropogenic influences on As, Fe, Mn and NH4 concentrations have
been identified in the Cremona area, particularly in the Po Valley:
(i) an oil refinery with relevant hydrocarbon pollution, (ii) a municipal
solid waste landfill with most likely leachate spills and (iii) a group of
petrol stations with small hydrocarbon spills. Concerning NH4, only
the landfill can be considered as a site with possible influences since
NH4 and organic-N are generally absent in hydrocarbons owing to
their release in hydrocarbon formation and maturation (Williams
et al., 1992). Since the three sites are all located in the Po Valley, they
are part of the reduced zone of the unconfined aquifer. Therefore, in
this zone, an anthropogenic component in addition to the natural com-
ponent is expected for As, Fe, Mn and NH4 concentrations.

2.2. Aosta area

The Aosta area (~40 km2) is located on the Aosta Plain, anAlpine val-
ley extending east-westward along 32 km and crossed by the Dora
Baltea River in the Aosta Valley Region in NW Italy (Fig. 1c). The basin
was filled by glacial, lacustrine, alluvial and fan deposits in the Pleisto-
cene and Holocene. A silty layer of lacustrine origin is located at ~80 m
of depth and is the aquiclude of the system (Bonomi et al., 2013; Novel
et al., 2002). A unique unconfined aquifer exists in the western part of
the area (west of the townof Aosta)whereas a subdivision into anuncon-
fined upper aquifer and a semiconfined deeper aquifer occurs in the east-
ern part due to a second silty lacustrine layer at ~20m of depth (Bonomi
et al., 2013; De Maio et al., 2009; Novel et al., 2002).

The aquifer system is recharged by infiltration (rainwater and snow
melt) which is higher in the alluvial fans located at the edge of the plain,
surface water (springs and tributaries of the Dora Baltea River), lateral
inflow from fractured bedrock and discharges by downstream outflow
and well extraction (Bonomi et al., 2013; Novel et al., 2002). A key
role in the water balance of the aquifer system is played by the Dora
Baltea Riverwhich loses upstreamof the town of Aosta and gains down-
stream (Bonomi et al., 2013). The main groundwater flow direction is
W/E and is influenced by the gaining behavior of the Dora Baltea River
downstream of Aosta. Groundwater is mainly of the Ca-HCO3 type
although a shift toward the SO4-HCO3 type is evidenced in the
Charvensod area, south of the town of Aosta, likely due to the interac-
tion with evaporites (gypsum and anhydrite) (Novel et al., 2002). The
concentration of major ions is in accordance with typical values found
in natural groundwater systems, indeed the average concentrations of
alkalinity (as HCO3), NO3, Cl, SO4, Ca, Mg, K, Na and pH are respectively
219, 7, 25, 89, 86, 16, 3.2, 12 mg/L and 7.4 (data from the available
dataset, see Section 3.1.2). Concerning the unconfined aquifer, both in
the western (unique body) and eastern (shallower aquifer) zones, an
oxidized hydro-facies is dominant, although sporadic high concentra-
tions of Fe and Mn (exceeding the limit of Legislative Decree 152/06)
are found. The occurrence of Fe and Mn in groundwater of the Aosta
Plain may be related to the mineralization of the organic matter
contained in the lacustrine deposits. The importance of redox processes,
driven by the lacustrine organic matter, on the hydrochemical features
of groundwater in theAosta Plain is also highlighted by the isotope anal-
ysis byNovel et al. (2002). Another key aspect is thepresence of concen-
trations of the trace elements Cr(VI) and Ni exceeding the regulatory
limits (Legislative Decree 30/09) of 5 and 20 μg/L, respectively. These
high concentrations are mainly located in the eastern part of the Aosta
Plain and are likely natural, related to the mineralogical composition
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of the aquifer matrix in that area, which is characterized by ophiolites
and serpentinites (De Giusti et al., 2003).

Similar to the Cremona area, the Aosta area has urban and industrial
activities which can decrease overall groundwater quality, particularly
in the zone close to the town of Aosta, where an industrial area with
an elevated pollution risk is identified (DeMaio et al., 2010). In particu-
lar, this industrial area and the downstream sector are characterized by
an anthropogenic plume of Cr(VI) (Capodaglio, 2005). An anthropogen-
ic influence may also derive from some old non-controlled landfills
located east of the town of Aosta (Brissogne landfills), particularly on
Fe and Mn concentrations.

3. Materials and methods

3.1. Available datasets

3.1.1. Cremona
The hydrochemical data were collected from the Province of Cremo-

na, specifically from the archives of the office charged with remediation
of polluted sites. The total dataset is composed of the sum of several
site-specific monitoring networks, each with a different number and
density of sampling points andmeasured chemical parameters. Typical-
ly, only a few species were measured in each sample, in relation to the
specific groundwater quality problem of each site. The dataset collected
for this work contains only measured concentrations of As, Fe, Mn and
NH4 for each sample, with no measures of major anions and cations.
Since the selected speciesweremeasured on filtered samples, their con-
centrations indicate the dissolved content. The whole dataset refers to
the 1997–2010 period. The temporal resolution of samples is also un-
even depending on the case of pollution of each site (from monthly
samples over a whole year to a single sample per well). The total num-
ber of samples and monitoring points in the unconfined aquifer is 773
and 176 for Mn, 773 and 175 for Fe, 663 and 158 for As and 277 and
76 for NH4, respectively. The number of samples and monitoring points
subdivided into oxidized and reduced zones, together with main statis-
tical parameters for measured concentrations, is shown in Table 1. The
average number of samples for each point for Mn, Fe, As and NH4 is
4.4, 4.4, 4.2 and 3.6, with maxima of 25, 25, 24 and 14, respectively.

3.1.2. Aosta
The acquired data are part of the hydrochemical databases of the Re-

gional Environmental Protection Agency of Aosta Valley (ARPA). In par-
ticular, the present work focuses on the samples from the groundwater
quality monitoring network, referring to the 1998–2012 period. The
temporal resolution is generally six months (one sample in summer
and one in winter). Unlike the Cremona area, the selected species (Fe,
Mn, Ni and Cr(VI)) were measured from unfiltered samples, thus their
concentrations indicate total content. In addition to the selected species,
the available dataset also includes the measures of major anions and
cations for each sample. The dataset refers to the unconfined aquifer
of the Aosta Plain. The total number of samples and monitoring points
is 1147 and 129 for Mn and Fe, 1136 and 128 for Ni and 1095 and 117
Table 1
Number of samples and monitoring points and statistical parameters (minimum, maximum
samples below the MDL) for Mn, Fe, As and NH4 concentrations (μg/L) in the Cremona area.

Aquifer redox zone Samples Mon. points Min Max

Mn Oxidized 111 13 b1 218
Reduced 662 163 b1 6170

Fe Oxidized 113 15 b1 630
Reduced 660 160 b0.5 97,900

As Oxidized 89 12 b0.5 15
Reduced 574 146 b0.5 700

NH4 Oxidized 36 7 b10 170
Reduced 241 69 b30 61,600

a Calculated substituting b MDL with MDL/2.
for Cr(VI), respectively. The main statistical parameters for measured
concentrations are listed in Table 2. The average number of samples
for each point is 8.9 for Fe, Mn and Ni and 9.4 for Cr(VI), whereas the
maximum is 26 for Mn, Fe and Cr(VI) and 24 for Ni.

3.2. NBL estimation

For both PS and CS approaches, pre-processing of the data was
performed to fulfill the requirement of the BRIDGE methodology:
(i) samples with an ion balance exceeding 10% and unknown depth
were removed; (ii) samples from hydrothermal and brackish (NaCl
content, i.e. sum of Na and Cl concentrations, exceeding 1000 mg/L)
aquifers were removed; (iii) for concentrations below the method de-
tection limit (MDL), a value of half the MDL was considered; (iv) oxi-
dized (dissolved O2 ≥ 1 mg/L, alternatively Fe b 0.2, Mn b 0.05 mg/L)
and reduced (O2 b 1 mg/L, alternatively Fe ≥ 0.2 and Mn ≥ 0.05 mg/L)
samples were separately elaborated; (v) time series at each monitoring
point were converted to median values to ensure an equal contribution
to the NBL derivation of all sampling points. In the PS approach, calcula-
tion of median values was performed after application of the exclusion
criteria.

The substitution of concentrations b MDL with MDL/2 is motivated
by the following arguments: (a) in the reduced zone in Cremona, the
percentages of samples b MDL (Table 1) are all below 15%, that can be
considered as a threshold for applying the substitutionmethod without
any further analyses (US EPA, 2006); (b) in Aosta and the oxidized zone
in Cremona, these percentages are ≤50% (with the exception of NH4)
(Tables 1 and 2), thus, in this case the MDL/2 substitution is warranted
for calculating the 90th percentile since each dataset is “large”
(i.e., n N 20), highly skewed (the geometric standard deviation is grater
than 3, see Tables 1 and 2) and has more than one MDL (up to
6) (Hewett and Ganser, 2007; Hornung and Reed, 1990). Concerning
the NH4 dataset in the oxidized zone in Cremona, the result of the NBL
estimation could be only considered qualitatively since the percentage
of samples b MDL (i.e., 75%) is high (US EPA, 2002).

In the Cremona area, the ion balance is not calculable owing tomiss-
ingmeasurements of major ion concentrations (see Section 3.1.1). Data
quality of the available dataset was tested comparing the NBP (as de-
fined in Section 4.3) to the data measured in the same aquifer zones
by Rotiroti et al. (2014). The latter were considered as free from anthro-
pogenic influences (for Fe, Mn, As and NH4) and showed an ion balance
b10% (average ion balance for the unconfined aquifer of 7.7%). The com-
parison was performed through the application of a non-parametric
statistical test (Mann–Whitney U test).

3.2.1. PS approach
The PS approach considers the exclusion from the available dataset

of the samples that are probably subjected to anthropogenic inputs
and/or influences, the NBL is then calculated as the 90th (or the
97.7th) percentile of the remaining data (Hinsby et al., 2008; Muller
et al., 2006). The exclusion criteria are based on threshold concentra-
tions of chemical species considered as indicators of anthropogenic
, meana, mediana, standard deviationa, geometric standard deviationa and percentage of

Mean Median S. D. G. S. D. Samples b MDL (%) REF

24.6 5.0 40.6 5.0 50.3 50
727.9 606.0 622.4 4.8 3.9
37.5 21.0 70.3 4.3 21.4 200

5161.9 1592.0 9461.6 16.0 3.6
4.2 5.0 3.3 3.3 30.3 10

20.2 8.1 43.8 4.5 10.3
43.5 50.0 38.4 2.2 75.0 500

5245.6 370.0 11,732.3 8.1 12.4



Table 2
Number of samples and monitoring points and statistical parameters (minimum, maximum, meana, mediana, standard deviationa, geometric standard deviationa and percentage of
samples below the MDL) for Mn, Fe, Ni and Cr(VI) concentrations (μg/L) in the Aosta area.

Samples Mon. points Min Max Mean Median S. D. G. S. D. Samples b MDL (%) REF

Mn 1147 129 b0.1 4280.0 80.6 5.4 320.2 9.2 37.1 50
Fe 1147 129 b1 15,953.3 252.4 30.0 1012.2 5.1 34.2 200
Ni 1136 128 b0.02 341.7 10.9 1.1 31.4 8.2 47.2 20
Cr(VI) 1095 117 b0.04 437.8 7.0 1.0 22.3 5.4 28.8 5

a Calculated substituting b MDL with MDL/2.

Table 3
Number of monitoring points from the reduced zone of the aquifer in Cremona consider-
ing the raw data and the data after the re-sampling.

TOT mon.
points

NBPa mon.
points

SPAIb mon.
points

NBP/TOT

Mn Raw data 163 23 140 0.14
Data after re-sampling 45 13 32 0.29

Fe Raw data 160 22 138 0.14
Data after re-sampling 44 13 31 0.30

As Raw data 146 26 120 0.18
Data after re-sampling 43 16 27 0.37

NH4 Raw data 69 55 14 0.80

a NBP: Natural Background Population.
b SPAI: Sites with Possible Anthropogenic Influences.

48 M. Rotiroti et al. / Journal of Geochemical Exploration 158 (2015) 44–54
inputs. Common indicator species are synthetic substances, NO3, K and
NH4 (Muller et al., 2006; Wendland et al., 2008a). The main advantage
of the PS approach is that it can easily be applied without any deeper
knowledge of statistical analysis; it is also useful in those cases where
few samples are available (Wendland et al., 2008a). Themain disadvan-
tage is that in some cases the selected indicator substances are not well
related to the anthropogenic component of the chemical species for
which the NBL is calculated (Wendland et al., 2008a); e.g., NO3, SO4, K
and NH4 may not indicate an industrial source of heavy metals.

Concerning the Cremona area, the PS approach was applied using
simplified exclusion criteria. Indeed, the Cremona dataset involves
only the analyses of the selected species (As, Fe, Mn and NH4) with no
measures of indicator substances of anthropogenic inputs. It should be
noted that, similar to Molinari et al. (2012), NH4 is not used as the indi-
cator substance of anthropogenic inputs since its origin is likely natural
in the study area, related to thewidespread distribution of peat deposits
in the lower Po Plain (Francani et al., 1994). The following simplified ex-
clusion criteria were applied, based on the conceptual model: (i) for As,
Fe and Mn, the data referring to the three identified sites with possible
influences (the oil refinery, the landfill and the group of petrol stations)
were excluded; (ii) for NH4, only the data referring to the landfill were
excluded.

Concerning the Aosta area, the following exclusion criteria based on
NO3, NH4 and K concentrations were used: (i) NO3 N 10 mg/L, as sug-
gested by BRIDGE; (ii) NH4 N 0.5mg/L, considering the Italian regulatory
limit (Legislative Decree 30/09); (iii) K N 10 mg/L, since K has no limit
established by WHO (2011) and Italian regulations, this threshold con-
centration was calculated as the 97th percentile of all measured K con-
centrations in the Aosta area. In addition, for Cr(VI), the sampling points
included in the contaminant plume (see Section 2.2) were excluded.

3.2.2. CS approach
The CS approach involves the modeling of the observed concentra-

tion frequency distribution with a probability density function (PDF)
formed by the superimposition of two components: a log-normal
PDF (PDFlog) representing the natural component and a normal PDF
(PDFnorm) representing the anthropogenic (influenced) component
(Molinari et al., 2012, 2014; Muller et al., 2006; Wendland et al.,
2005). The modeled PDF (PDFmod) can be defined as follows:

PDFmod ¼ pð ÞPDFlog þ 1−pð ÞPDFnorm ð1Þ

where p [0,1] is themixing factor. TheNBL is assumed to be represented
by the 90th percentile of the PDFlog, according to Molinari et al. (2014).
The advantages of CS are that all available samples can be used for NBL
estimation and that no criteria for identifying the anthropogenic com-
ponent (as required by PS) are necessary. The main disadvantages are:
(i) large datasets are needed; (ii) proper tools of statistical analysis are
required; (iii) the assumption that the natural component is represent-
ed by a log-normal distribution is not always true (Reimann and
Filzmoser, 2000), as reported, for example, by Molinari et al. (2014)
who identified a normal distribution of SO4 concentration frequency
attributable to the natural process of seawater intrusion.

For the Cremona area, the CS approach was not applied in the oxi-
dized zone of the aquifer since the small number of samples did not
allow reliable application of statistical analysis. A re-sampling scheme
is proposed here in the reduced zone owing to the uneven spatial distri-
bution and density of sampling points, which derives from different
site-specific monitoring networks (see Section 3.1.1). The uneven
spacing of sampling points (i.e., higher density in the three sites with
possible influences, lower density elsewhere) generates a small ratio
between the number of points outside the three sites, which can be con-
sidered as the NBP, and the total number of points (Table 3). Re-
sampling was performed as follows: (i) creation of a regular grid with
cells of 300 m (twice the average distance between wells); (ii) calcula-
tion of the median of the values (median of time series) of each sam-
pling point located in the same cell. After the re-sampling scheme, the
ratio between the points of the NBP and the total points increases
(Table 3). It is noted that for NH4 re-sampling is not necessary since
the raw data have a higher ratio between NBP and total points (Table 3).

3.3. COMPSEC

A MATLAB® algorithm called COMPSEC was developed to estimate
the NBLs using the CS approach. The algorithm calculates the PDFmod

(as defined in Eq. (1)) by estimating the following five parameters
through a maximum likelihood estimation (MLE): (i) the mixing factor
p; (ii) the mean of PDFlog (μlog); (iii) the standard deviation of PDFlog
(δlog); (iv) the mean of PDFnorm (μnorm); and (v) the standard deviation
of PDFnorm (δnorm). Since the PDFmod is highly sensitive to the first
guess of p, the MLE is performed by varying the initial value of p from
0 to 1 (with increments of 0.01) with an iterative procedure. Fig. 2
shows the flowchart of the code. As input, COMPSEC receives the ob-
served frequency distribution of chemical concentrations and calculates
all possible solutions of the PDFmod, varying the first guess of p as de-
scribed above. The other first guesses are constant and so defined:
(i) the 25th percentile of the dataset of chemical concentrations (X)
for μlog; (ii) the 75th percentile of X for μnorm; and (iii) the following
expression for both δlog and δnorm:

var Xð Þ−0:25 μnorm−μ log

� �2
� �0:5

ð2Þ

where var is the variance. In this way, 101 possible solutions of the
PDFmod are estimated. For each solution, the NBL is estimated as the
cumulative density function (CDF) at 90% of the log-normal component
(a conversion of PDF into CDF is applied) and the goodness of fit (R2 and
RMSE) is calculated by applying an ordinary least square (OLS)



Table 4
NBL derived by PS forMn, Fe, As andNH4 (μg/L) in the Cremona areawith number of sam-
ples and monitoring points along the exclusion process.

Mn Fe As NH4

Aquifer redox zone Ox Red Ox Red Ox Red Ox Red

Samples after pre-processing 111 662 113 660 89 574 36 241
Mon. points after pre-processing 13 163 15 160 12 146 7 69
Excluded samples 0 483 0 482 0 343 0 100
Excluded mon. points 0 140 0 138 0 120 0 14
Remaining samples 111 179 113 178 89 231 36 141
Remaining mon. points 13 23 15 22 12 26 7 55
NBLPS 34 1080 27 2798 6 25 50⁎ 1820
REF 50 200 10 500

⁎ High percentage of samples b MDL.

Fig. 2. Flowchart of COMPSEC. The frequency distribution of chemical concentrations of
each species (X) is modeled as a mixture of normal and log-normal distributions by a
maximum likelihood estimation (MLE). See the text for details of acronyms and symbols;
s means first guess.
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regression between observed frequency distribution and PDFmod. The R2

and RMSE are expected to be highly dependent on the binning scheme
(i.e., number and dimension of bins) applied in the frequency distribu-
tion of concentrations. The same binning scheme (30 bins of equal
dimension) was applied to all datasets analyzed, with the exception
of those of Cremona, which were re-sampled (20 bins of equal
dimension).

Finally, the 101 solutions are evaluated by the user who selects only
one of them, and thus only oneNBL. The following criteria for evaluating
and selecting the solutions are proposed here: (i) stability of solutions,
as the frequency of occurrence of a single solution over the 101 calculat-
ed solutions (f%); (ii) hydrogeochemical reliability (e.g., the peak of the
influenced component at lower concentrationswith respect to the peak
of the natural component has poor hydrogeochemical meaning);
(iii) agreement with the conceptual model (e.g., if there are no anthro-
pogenic sources and/or influences in the study area, no influenced com-
ponent will result); and (iv) goodness of fit (in terms of R2 and RMSE).

COMPSEC can run on every MATLAB® licensed computer and it is
distributed as a standalone package in the supplementary material of
this article (with a brief description of usage).

3.4. TV evaluation

As proposed by BRIDGE methodology, TVs were evaluated by com-
paring the derived NBLwith the REF, according to the following criteria:

ið Þ if NBL b REF; then TV ¼ REFþNBLð Þ=2; ð3Þ
iið Þ if NBL ≥ REF; then TV ¼ NBL: ð4Þ

In the present work, the limits imposed by Italian regulations
(Legislative Decree 152/06; Legislative Decree 30/09) were considered
as REFs. Since this work estimates the NBLs both with PS (NBLPS) and
CS (NBLCS) approaches, it is proposed to use the mean value of NBLPS
and NBLCS in the TV evaluation. Differences between NBLPS and NBLCS
are expressed in terms of percentage discrepancy as:

NBLPS−NBLCSð Þ= 0:5 NBLPS þ NBLCSð Þ½ �j j100: ð5Þ

4. Results and discussion

4.1. Pre-processing

In the Cremona area, the control of data quality through the Mann–
Whitney U test (see Section 3.2) showed no compelling evidence that
the available datasets differ from those measured by Rotiroti et al.
(2014) in the reduced zone (8 samples) at the 1% significance level.
This result allows excluding the presence of any significant systematic
errors in the available datasets, thus all samples were considered in
the following elaborations. In the oxidized zone, the number of samples
by Rotiroti et al. (2014) (4 samples) did not allow to perform a statistical
test, in any case, a qualitative comparison between the means of these
data and the available datasets showed no substantial differences. The
separation between oxidized and reduced samples, implemented by
considering the criteria based on Fe and Mn concentrations, confirms
the hydrochemical zonation between the Main Level of Po Plain and
Po Valley, since all oxidized and reduced samples result located in the
Main Level of Po Plain and Po Valley, respectively. The number of sam-
ples and monitoring points used for the following derivation of NBL
for Mn, Fe, As and NH4 were 111, 113, 89 and 36 and 13, 15, 12 and 7
in the oxidized zone and 662, 660, 574 and 241 and 163, 160, 146 and
69 in the reduced zone, respectively.

Concerning the Aosta area, a total of 134 samples for Fe andMn, 154
samples for Ni and 61 samples for Cr(VI) were excluded since the ion
balance was not calculable owing to missing measurements, and a
total of 27 samples for Fe and Mn, 26 samples for Ni and 23 samples
for Cr(VI)were deleted owing to an ion balance exceeding 10%. The sep-
aration between oxidized and reduced samples, performed using the O2

criterion, resulted in fact in an exclusion criteria because the reduced
samples were all located close to the Brissogne landfills; this reducing
condition is attributable to the mineralization of organic leachate from
the landfills (i.e., to an anthropogenic influence). The excluded reduced
samples were 10 for Fe, Mn and Ni, and 13 for Cr(VI). The numbers of
samples used for the derivation of NBL for Mn, Fe, Ni and Cr(VI) were
976, 976, 946 and 998, whereas the monitoring points were 118, 118,
117 and 113, respectively.



Table 5
NBL derived by PS for Mn, Fe, Ni and Cr(VI) (μg/L) in the Aosta area with number of
samples and monitoring points along the exclusion process.

Mn Fe Ni Cr(VI)

Samples after pre-processing 976 976 946 998
Mon. points after pre-processing 118 118 117 113
Excluded samples (Cr(VI) plume) – – – 639
Excluded samples (NO3 N 10 mg/L) 180 180 176 28
Excluded samples (NH4 N 0.5 mg/L) 11 11 11 1
Excluded samples (K N 10 mg/L) 15 15 15 7
Total excluded samples 206 206 202 675
Total excluded mon. points 9 9 9 64
Remaining samples 770 770 744 323
Remaining mon. points 109 109 108 49
NBLPS 52 264 10 1.8
REF 50 200 20 5
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4.2. NBL by the PS approach

Table 4 shows the results for the Cremona area. It is noted that no
samples were excluded in the oxidized zone, since the three sites with
possible influences are located in the reduced zone. In general, the
NBLs were below the REFs in the oxidized zone and above it in the re-
duced zone, up to ~22 times higher (for Mn). This result confirms the
hydrochemical features of the Cremona area shown in the conceptual
model: the Main Level of Po Plain has oxidizing conditions favoring
low concentrations of Mn, Fe, As and NH4, whereas the Po Valley has
reducing conditions favoring high concentrations of these species.
Reducing conditions in the Po Valley are likely related to the degrada-
tion of peat deposits which implies the release of Mn, Fe, As and NH4

to groundwater.
Results for the Aosta area are listed in Table 5. The NBL slightly ex-

ceeds the respective REFs for Mn and Fe, whereas it is below the REFs
for Ni and Cr(IV). For the latter, the NBLs can be considered as interme-
diate values between the lower concentrations of the western and cen-
tral parts of the Aosta Plain and the higher values of the eastern part,
whose geology is characterized by ophiolites and serpentinites. Indeed,
the NBL derived, considering only the samples from the western and
central parts of the Aosta Plain, is 4.4 μg/L for Ni and 1 μg/L for Cr(VI)
whereas for the eastern part it is 25.7 μg/L for Ni and 8.8 μg/L for
Cr(VI), the latter exceeding the respective REFs.
4.3. Frequency distribution of NBP

Before applying the CS approach, the analysis of the frequency distri-
bution of NBP is presented. The remaining samples after the exclusion
criteria of PS are considered as the NBP. The type of distribution is
evaluated using the Shapiro–Wilk (Shapiro andWilk, 1965) test for nor-
mality (raw data) and log-normality (log transformed data). Normality
Table 6
Solutions from COMPSEC for the Cremona area (in bold the selected solution).

f(%) p μlogn μnrm

Mn Sol1 98.0 0.00 – 582.90
Other solutions 2.0 var. var. var.

Fe Sol1 11.9 0.70 5.31 5403.18
Sol2 63.4 0.00 – 2881.05
Other solutions 24.8 var. var. var.

As Sol1 13.9 0.93 1.73 20.05
Sol2 28.7 1.00 1.81 –
Sol3 13.9 0.79 1.88 4.80
Sol4 29.7 0.45 2.80 3.60
Other solutions 13.9 var. var. var.

NH4 Sol1 27.7 0.88 −1.34 22.30
Sol2 25.7 1.00 −0.84 –
Sol3 17.80 0.68 −0.29 0.15
Other solutions 28.80 var. var. var.
(or log-normality) can be assumed when the p-value results above the
typical significance level of 0.05, or if the previous criterion is not
fulfilled, above the lower significance level of 0.01. Concerning the Cre-
mona area,Mn resultswith log-normal distribution in the oxidized zone
(p-value = 0.199) and normal distribution in the reduced zone
(p-value = 0.130), Fe has log-normal distribution in both oxidized
(p-value = 0.011) and reduced (p-value = 0.021) zones, As has no
identifiable distribution in the oxidized zone (p-value b 0.01 for both
raw and log transformed data) and log-normal distribution in the re-
duced zone (p-value = 0.013) and NH4 has no identifiable distribution
in the oxidized zone (both raw and log transformed data have a p-
value N 0.01, i.e., 0.013 for the former and 0.011 for the latter) and
log-normal distribution in the reduced zone (p-value= 0.020). In sum-
mary, the NBPs of the Cremona area have log-normal distributions
(where identifiable with a significance level up to 0.01)with the excep-
tion of Mn in the reduced zone, where a normal distribution is identi-
fied. An interpretation of this result could be based on the fact that Mn
is firstly released in the organic matter mineralization with respect to
Fe and As, therefore the process of degradation of peat occurring in
the reduced zone may produce a normally distributed dataset of Mn
concentrations, instead of the log-normally distributed data of the
oxidized zone, where no degradation of organic matter occurs.

Considering the Aosta area, none of the selected species (Mn, Fe, Ni
and Cr(VI)) has an identifiable distribution since the p-values for both
raw and log transformed data are below 0.01.

4.4. NBL by the CS approach

4.4.1. Cremona area
Results from COMPSEC for Mn, Fe, As and NH4 in the Cremona area

are shown in Table 6. The 101 solutions for each species are grouped
into stable solutions, i.e., a single solution with a frequency of occur-
rence higher than 10%, and other solutions having a frequency of occur-
rence below 10%. The selected solutions (i.e., the solution that best
fulfills the selection criteria reported in Section 3.3) for each species
are represented in Fig. 3. Concerning Mn, only one stable solution was
found (Sol1). This solution has p = 0, implying the exclusive presence
of a normal component. However, analysis of the frequency distribution
of NBP for Mn (Section 4.3) shows a normal distribution, so in this case
the natural (normal) and influenced (normal) components cannot be
separated on the basis of Eq. (1), hence no NBL can be estimated by
CS. This example shows a limit of the CS approach, that is, the superim-
position of a log-normal distribution for the NBP cannot be appropriate
in some cases (Reimann and Filzmoser, 2000). Fe has two stable
solutions (Sol1 and Sol2) with the p of 0.7 for the former and 0 for the
latter. Sol1 is chosen as the selected solution, having both natural and
influenced components as expected by the conceptual model (see
Section 2.1), whereas Sol2 can be rejected because the exclusive pres-
ence of the influenced component disagrees with the conceptual
δlogn δnrm R2 RMSE NBLCS (μg/L)

– 293.73 0.53 0.000397 –
var. var. var. var. var.
2.39 3041.77 0.63 0.000054 4292
– 4453.87 0.28 0.000076 –
var. var. var. var. var.
1.22 3.68 0.88 0.0077 27
1.22 – 0.88 0.0077 29
1.35 0.95 0.97 0.0039 37
0.68 2.01 0.98 0.0032 39
var. var. var. var. var.
1.20 13.79 0.76 0.0479 1220
1.79 – 0.78 0.0461 4270
1.92 0.05 0.56 0.0647 8800
var. var. var. var. var.



Fig. 3. Plot of the selected COMPSEC solutions in the Cremona area for (a) Mn, (b) Fe, (c) As and (d) NH4 (with a focus between 0 and 0.022 of y axis for the latter).
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model (the goodness of fit is also poor). Concerning As, four stable
solutions are found: (i) Sol1 is chosen as the selected solution since it
shows both components (p = 0.93) as expected by the conceptual
model; (ii) Sol2 is rejected since only the natural component (p = 1)
is found; (iii) Sol3 is rejected since it has a poor hydrogeochemical
meaning (i.e., the peak of the influenced component is at low concentra-
tions, as shown in Fig. S1) although both components are identified and
the fit is good; and (iv) Sol4 is rejected for the same reasons discussed
for Sol3. NH4 shows three stable solutions, the first (Sol1) is selected
since it has both components (p=0.88) as expected by the conceptual
model, the second solution (Sol2) is rejected since it shows only the nat-
ural component (p=1) and the third solution (Sol3) is also rejected as
having poor hydrogeochemical meaning (i.e., the influenced compo-
nent has its peak at very low concentrations, as shown in Fig. S2) and
poor fit.

4.4.2. Aosta area
Table 7 shows the results from COMPSEC forMn, Fe, Ni and Cr(VI) in

the Aosta area while the selected solutions for each species are repre-
sented in Fig. 4. Concerning Mn and Fe, two stable solutions were
Table 7
Solutions from COMPSEC for the Aosta area (in bold the selected solution).

f(%) p μlogn μnrm

Mn Sol1 10.9 1.00 1.58 –
Sol2 51.5 0.77 1.52 6.81
Other solutions 37.6 var. var. var.

Fe Sol1 26.7 1.00 3.90 –
Sol2 63.4 0.68 4.18 29.79
Other solutions 9.9 var. var. var.

Ni Sol1 42.6 1.00 0.23 –
Other solutions 57.4 var. var. var.

Cr(VI) Sol1 27.7 0.82 −0.23 10.74
Sol2 16.8 0.78 −0.36 13.30
Sol3 48.5 0.34 1.46 0.64
Other solutions 7.0 var. var. var.
found (Sol1 and Sol2). For both species, Sol1 is chosen as the selected
solution since it has only the natural component (p= 1) in accordance
with the conceptualmodel, i.e., Mn and Femobilization ismost likely re-
lated to degradation of lacustrine organicmatter. Sol2 is rejected since it
shows both natural and influenced components (in disagreement with
the conceptual model) and for its poor hydrogeochemical meaning
(i.e., the peak of the influenced component is at very low concentra-
tions, as shown in Fig. S3). Ni has only one stable solution,which is how-
ever in agreementwith the conceptualmodel (see Section 2.2) showing
only the natural component (p = 1). Cr(VI) has three stable solutions
with both natural and influenced components: Sol1 is chosen as the se-
lected solution since it has hydrogeochemical reliability (the peak of the
influenced component is at higher concentrations with respect to the
peak of the natural component, as shown in Fig. 4) and a better fit
(R2 = 0.87); Sol2 is rejected since it shows a low fit (R2 = 0.50) al-
though the hydrogeochemical meaning is good (peak of the influenced
component at higher concentrations, as shown in Fig. S4); Sol3 is
rejected for its poor fit (R2 = 0.35) and hydrogeochemical meaning
(peak of the influenced component at very low concentrations, as
shown in Fig. S4).
δlogn δnrm R2 RMSE NBLCS (μg/L)

1.90 – 0.53 0.002229 56
2.14 2.92 0.40 0.002540 71
var. var. var. var. var.
1.30 – 0.88 0.000314 261
1.47 11.29 0.66 0.000534 430
var. var. var. var. var.
1.57 – 0.79 0.013135 9
var. var. var. var. var.
0.81 7.28 0.87 0.01 2.3
0.50 19.33 0.50 0.03 1.3
1.23 0.26 0.35 0.03 20.8
var. var. var. var. var.



Fig. 4. Plot of the selected COMPSEC solutions in the Aosta area for (a) Mn, (b) Fe, (c) Ni and (d) Cr(VI).
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4.5. Comparison of NBL and TV derivation

A comparison between the NBL estimated by both PS and CS is
shown in Table 8. A general low discrepancy is found between the
two methods; this can support the choice to consider the mean value
of the two types of NBL for TV derivation. Larger differences are found
in the Cremona area compared to the Aosta area. This result may be
the effect of the different sampling networks used in the two areas: an
irregular network resulting from the sum of several site-specific moni-
toring networks (where re-sampling was needed) in Cremona and a
regular network (water quality monitoring network by ARPA) in
Aosta. Table 8 also reports the derived TV. For the Cremona area the
TVs are equal to the mean NBL since the latter is higher than the former
for all species. These results confirm that in the reduced zone the degra-
dation of peat leads to high natural concentrations of Mn, Fe, As and
NH4. For the Aosta area, the TVs of Mn and Fe are equal to the NBL
whereas the TVs of Ni and Cr(VI) are the average between the mean
NBL and the REF. These results agreewith the fact that in Aosta the deg-
radation of lacustrine organic matter mobilizes Mn and Fe and that the
natural content of Ni and Cr(VI) in groundwater is low (considering the
whole plain), with the exception of the eastern zone of the Aosta Plain
whereNi andCr(VI) can be naturally released bywater/rock interaction.
Table 8
Comparison between NBLPS and NBLCS and derived TV.

NBLPS
(μg/L)

NBLCS
(μg/L)

Discrepancy
(%)

Mean NBL
(μg/L)

REF
(μg/L)

TV
(μg/L)

Cremona
(reduced
zone)

Mn 1080 – – 1080⁎ 50 1080
Fe 2798 4292 42.1 3545 200 3545
As 25 27 6.9 26 10 26
NH4 1820 1220 39.4 1520 500 1520

Aosta Mn 52 56 7.6 54 50 54
Fe 264 261 1.0 263 200 263
Ni 10 9 7.4 9.5 20 15
Cr(VI) 1.8 2.3 22.2 2.1 5 3.6

⁎ NBLPS.
5. Conclusions

This paper presents a MATLAB® code, called COMPSEC, for evaluat-
ing NBLs by the CS approach through its application in two different
geographical and hydrogeological contexts in northern Italy (Cremona
and Aosta). The NBLs for selected species (Mn, Fe, As and NH4 in Cremo-
na andMn, Fe, Ni and Cr(VI) in Aosta)were estimated using both PS and
CS approaches and the TVs were derived. Concerning the two study
areas, the main conclusions are:

i. the Cremona area shows lower NBLs than the respective REFs in the
oxidized zone where shallow sandy deposits favor the recharge by
infiltration water, and higher than the REFs in the reduced zone
where shallow silty-clayey deposits limit infiltration and the pres-
ence of peat, being degraded, favors themobilization of the selected
species;

ii. the Aosta area shows NBLs that are slightly higher than the REFs for
Mn and Fe, which are released through mineralization of lacustrine
organic matter, and lower than the REFs for Ni and Cr(VI);

iii. the fact that the two approaches (PS and CS) give comparable results
increases the significance of the estimated NBL.

The application of COMPSEC in these two areas shows that this tool
has versatile applicability that can be tested in a wide range of hydro-
geochemical contexts. A key aspect of COMPSEC is that it is based on a
data-driven approach, although the selection of the definitive solution
remains to the user (incorporation of the hydrogeological and hydro-
geochemical knowledge of the study area). The CS approach can be con-
sidered a validmethod for estimating the NBL, although some criticisms
have emerged; in particular, the superimposition of a log-normal distri-
bution for the natural component (i.e., NBP) may not be adequate in
some cases (as resulted for Mn in Cremona). To overcome this issue,
the CS approach could be developed by including a preliminary analysis
of the distribution type of the NBP which will then drive the choice of a
log-normal or normal distribution for the natural component. The NBP
could be identified by using the exclusion criteria of the PS approach.
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Finally, the following general remarks concerningNBL derivation are
outlined from this work:

i. the importance of defining the conceptualmodel of the study area in
NBL estimation;

ii. the importance of the sampling network; data from groundwater
quality monitoring networks are preferable to a combination of
site-specific networks that generate unevenly distributed samples
(as in the case of Cremona presented here), although the latter can
be used after a re-sampling, if they are the only available data.
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