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Geochemical approaches, including geochemical characteri-
zation and/or geochemical modelling of the environment of
interest, represent a strong tool to predict the groundwater
evolution as well as the release and fate of contaminants into
peculiar geological setting [1–4]. Groundwater bodies in spe-
cific geologic environments for human activities (i.e., mines,
geoparks and nature reserves, agricultural, residential, or
industrial areas) have to be investigated in order to ensure
a safe management of working, living, and tourist spaces,
as well as to ensure the monitoring and protection of water
resources and human health [5–9]. Geochemical characteri-
zation includes several practices of sampling and analysis
types (i.e., analyses of major and trace of inorganic/organic
compounds, isotopic and radiometric investigations),
whereas geochemical modelling employs several softwares
to predict the migration of pollutants in groundwaters
[10]. These pollutants can reach high levels into groundwa-
ters which are used for drinking or irrigation purposes
worldwide, becoming hazardous for ecosystems and human
health [11–16], mostly in developing countries [17]. Their
mobility depends on several parameters, first of all the con-
ditions of geochemical environment. Knowledge of natural
or anthropogenic factors responsible for water contamina-
tion can be useful to develop efficient water remediation sys-
tems able to improve the living standards in the investigated
environment, optimizing the decontamination process
during the application on site [18–21] and achieving the
standards of quality established by the World Health
Organization (WHO) [22]. Several treatment technologies,
both conventional and advanced, were employed to water

decontamination, and among them, the membrane pro-
cesses were considered valid remediation technologies for
their multiple benefits [23–26].

For these reasons, the special issue is aimed at collecting
methodological and multidisciplinary contributions that
include geochemical and remediation approaches, to under-
stand, monitor, and solve contamination issues with special
focus on water resources. These studies represent a target
tool for a successful policy management of water resources
which can be applied by local authorities or can be viewed
as guidelines to be applied in other geological setting.

C. Apollaro et al. studied the groundwater bodies of the
Pollino National Park sites over northern Calabria and
southern Basilicata regions (southern Italy) by using the
reaction path modelling of rocks dissolution. Pollino
National Park represents a precious resource to be protected
and enhanced also by monitoring water bodies, which are
essential for the biodiversity conservation.

The main lithotypes cropping out in the study area (i.e.,
limestone, Mg-limestone, dolomite, serpentinite, Al-silicate
fraction of calcschist, and carbonate fraction of calcschist)
were taken into account, evaluating the theoretical concen-
tration of main and minor constituents dissolved during
the water-rock interaction. The computed evolution trends
reproduced satisfactorily the experimental data which are
in agreement with the dissolution of pertinent lithotypes.
Furthermore, the water-quality check allowed to establish
that the detected levels of potential harmful pollutant, like
Al, Cl, F, NO3, and SO4, are below the limit values fixed by
the WHO.
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An important aspect of natural/anthropogenic contami-
nation is the level of radioactivity into the environment,
since the level of radiation constitutes a potential risk to
human health. I. Guagliardi et al. investigated the equivalent
dose rate of natural radionuclides (HT) in several springs
and surface soil samples coming from the Crati basin in
the Calabria region (Southern Italy). The results pointed
out that the highest HT values were recorded in soil samples
originating mainly from igneous-metamorphic rock alter-
ation. Indeed, these rocks are constituted by minerals con-
taining K, U, and Th, which represent naturally occurring
radioactive elements. Likewise, the equivalent dose rates of
waters well fit the elemental distribution of the same
lithologies. The detected equivalent dose, nowadays, not
evidence serious health risks, however the long exposure
time can represent an hazardous factor for people living
in surrounding area.

Geochemical characterization of waters in areas affected
by agricultural and industrial activities is part of geochemical
application for the groundwater quality assessment and
resource management. M. Paternoster et al. investigated
the quality of groundwaters in High Agri Valley (Southern
Apennines, Italy) studying the chemical features of several
springs and wells by coupling the hydrogeochemical investi-
gation with multivariate statistic, saturation calculation, and
isotopic information. The latter revealed a meteoric origin,
whereas the results of analyses pointed out that the water-
rock interaction process is the main factor influencing the
water chemistry, except for few samples characterized by
high SO4

2-/NO3 ratio probably due to an anthropogenic
input. The results were also compared with threshold
values reported by the WHO and the Italian legislation,
highlighting that the studied waters are suitable for drink-
ing and irrigation purposes, although the medium to high
salinity detected can represent a potential risk for agricul-
tural practices.

The geochemical approach coupled with numerical
modelling can be applied in different fields of environmental
sciences, including the management of workspaces like
mines. For instance, X. Du et al. proposed an environmental
evaluation model to create an objective, convenient, and pre-
cise tool applicable in coal mines. The model was based on
generalized linear theory and fuzzy analytic hierarchy pro-
cesses. The water quality was considered as an index factor
to insert for a proper environment evaluation. Indeed, the
generalized linear theory allowed to obtain the importance
degree of each index factor like water, air, soil, ecological
compensation, and other indexes affecting the quality of
these environments. Afterwards, through the logarithmic
fuzzy preference programming method, the influence of
each considered index factor was accurately calculated,
reducing, thus, the impact of subjectivity of the expert eval-
uator concerning the environmental evaluation of working
spaces.

Monitoring of water quality in protected, working, and
residential areas is on the basis of a correct water resource
management; however, the development of new technolo-
gies for water decontamination represents the current
challenge worldwide. In this trail, S. H. Ahmed et al.

investigated the performance of three polyethersulfone
membranes (PES1, PES2, and PES3) to evaluate the rejec-
tions of Co2+, Cd2+, and Pb2+ ions, which can reach high
levels into groundwaters due to water-rock interaction
processes and/or anthropogenic inputs. The experiments
were performed using binary and ternary solutions con-
taining different pollutant ratios. Co2+, Cd2+, and Pb2+

ions were well-rejected in binary solutions when their ini-
tial concentration was lower than the initial concentration
of the other ion present in the same binary solution. Con-
cerning the ternary solutions, the rejections were higher
when the initial level of the pollutant into the solution
was lower. Generally, the following rejection tendencies were
observed:Co2+ > Cd2+ > Pb2+. Summing up, the research pro-
vided satisfactory results concerning the decontamination of
solution and the methodology can be applied in the future to
solve groundwater pollution issue in areas affected by high
levels of these contaminants.
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The High Agri Valley (southern Italy) is one of the largest intermontane basin of the southern Apennines affected by intensive
agricultural and industrial activities. The study of groundwater chemical features provides much important information useful
in water resource management. In this study, hydrogeochemical investigations coupled with multivariate statistics, saturation
indices, and stable isotope composition (δD and δ18O) were conducted in the High Agri Valley to determine the chemical
composition of groundwater and to define the geogenic and anthropogenic influences on groundwater quality. Twenty-four
sampling point ( including well and spring waters) have been examined. The isotopic data revealed that groundwater has a
meteoric origin. Well waters, located on recent alluvial-lacustrine deposits in shallow porous aquifers at the valley floor, are
influenced by seasonal rainfall events and show shallow circuits; conversely, spring waters from fissured and/or karstified
aquifers are probably associated to deeper and longer hydrogeological circuits. The R-mode factor analysis shows that three
factors explain 94% of the total variance, and F1 represents the combined effect of dolomite and silicate dissolution to explain
most water chemistry. In addition, very low contents of trace elements were detected, and their distribution was principally
related to natural input. Only two well waters, used for irrigation use, show critical issue for NO3

- concentrations, whose values
are linked to agricultural activities. Groundwater quality strongly affects the management of water resources, as well as their
suitability for domestic, agricultural, and industrial uses. Overall, our results were considered fulfilling the requirements for the
inorganic component of the Water Framework Directive and Italian legislation for drinking purposes. The water quality for
irrigation is from “good to permissible” to “excellent to good” although salinity and relatively high content of Mg2+ can
occasionally be critical.

1. Introduction

Groundwater resource is one of the most challenging current
and future issues of worldwide concern. The ever-increasing
rate of population growth and the inherent water supply
demand have led to intensive water exploitation. Groundwater
is of great importance for domestic, drinking, irrigation, and
industry purposes especially where the water resource is
availability scarce. Groundwater quality depends on natural
processes such as rock-water interaction, climatic conditions,
geological context, and anthropogenic activities. Natural pro-

cesses including the mineral precipitation or dissolution, ion-
exchange, redox condition, residence time, and mixing
between different water type may have a great impact on
groundwater quality [1]. Anthropogenic activities such as
rapid urbanization, industrialization, and intensive agricul-
tural activities have caused a deterioration in water quality
worldwide [2–5]. Groundwater contamination can be per-
sisted a long time due to the low flow rate of groundwater in
an aquifer and may involve major ions and trace elements
[6]. High levels of contaminants, exceeding guideline values,
can turn water to be unsuitable for drinking, irrigation, fishing,
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and recreation [7], causing serious adverse effects on human
and biota health [8]. The release of elements from rocks
depends upon physical (temperature, residence time, flow
rate) and chemical factors (namely, weathering of rock-
forming minerals, precipitation of sparingly soluble secondary
minerals, and presence of reactive gas species such as CO2),
i.e., [9, 10]. The redox process can have an important role in
determining the partitioning between aqueous solution and
solid phases, taking into account that some elements are pres-
ent in nature in different oxidation states. In southern Apen-
nines (southern Italy), the High Agri Valley (hereafter HAV)
is characterized by a relevant presence of intensive agricultural
activities in predominantly hilly environment due to the
occurrence of groundwater and fertile soils and a unique forest
heritage with a rich biodiversity that have stimulated tourism
growth. In recent decades, together with an ancient rural econ-
omy based on agriculture, wood, and dairy production, new
industrial activities have been undertaken. Hydrocarbon
extraction, related to the largest onshore oil field in Western
Europe, is the most important industrial activity and has actu-
ally an oil production capacity of about 80.000 barrels/day
[11]. In the HAV, the groundwater represents an important
freshwater resource, used as drinking water supply for agricul-
tural and industrial purposes. Usually, the anthropogenic
activities influencing groundwater systems contribute to a
decrease in water availability, both directly through variations
in aquifer recharge and indirectly through changes in ground-
water quality and use. The evaluation and management of
groundwater resources require an understanding of hydrogeo-
chemical features of the aquifers.

The aim of this research, representing the first step of a
comprehensive hydrogeochemical characterization of the
area, is to understand the geochemical evolution of ground-
water in the HAV in order to guarantee reliable supply for
all purposes and define a sustainable groundwater manage-
ment strategy, also considering the growing industrialization
that could cause pollution phenomena. The main objectives
are to (1) determine the geochemical processes controlling
the chemical composition, (2) define the geogenic and
anthropogenic influences on groundwater quality, and (3)
compare the concentrations of some inorganic elements to
values established by the World Health Organization and
the Italian legislation for drinking and irrigation purposes.

2. Climate, Geology, and Hydrogeology

HAV area (Basilicata region, southern Italy) extends for
about 140 km2 and is 30 km long and 12 km wide. According
to the Köppen classification, the climate of the area is of
warm-summer Mediterranean type, characterized by cold-
humid winter and hot-dry summer. In the study area, the
mean annual precipitation value (calculated in 2005-2015
range) was of about 1000mm/y, while the mean annual tem-
perature was of 12.5°C. The coldest month was January with
average temperature ranging between 3°C and 4°C. Hot and
arid conditions during summer produce periods of drought
during July and August. The climate of the area, character-
ized by high seasonal precipitation rates in autumn and
spring and snowy winter, allows the greatest amount of the

aquifer recharge. From a geological point of view, HAV is a
NW-SE trending Quaternary basin located in the axial zone
of the southern Apennines, an east-verging fold-and-thrust
belt developed as an accretionary wedge due to the eastward
migration of the compressional tectonics in the Apennine
Arc (Late Oligocene-Early Pleistocene) [12, 13]. The HAV
evolution, since the Middle Pleistocene, is controlled by a still
active NE-SW extensional tectonic regime [14], as witnessed
by NW striking high-angle normal and oblique faults border-
ing the basin, which represent themain seismogenic structures
in the area [15, 16]. The HAV is characterized by Quaternary
continental deposits overlying a Pre-Quaternary substratum
(Figure 1(a)). In the south-west side of the basin, the substra-
tum consists of Mesozoic to Cenozoic shallow-water and slope
carbonates of the Campania–Lucania Platform over thrusted
on coeval pelagic successions (Lagonegro Units), while to
south-east the substratum is characterized by Tertiary silici-
clastic sediments of the Gorgoglione Flysch and Albidona
Formation [13, 17]. A Quaternary synorogenic succession, con-
sisting of Lower Pleistocene-Holocene continental clastic sedi-
ments, mainly coarse-grained, fills the HAV basin [18] and
references therein. Finally, the most recent Pleistocene and
Holocene deposits are represented by terraced alluvium, alluvial
fans, and recent to present-day alluvial sediments (Figure 1(a)).

The HAV hydrogeology is characterized by a high
groundwater content favoured by climate conditions. Two
different kinds of aquifers are recognized: fissured and/or
karstified aquifers in the Apennine units of the substratum
and porous multilayer aquifers developed in the Quaternary
succession [19]. Both types host high volumes of groundwater
storage, with the richest amount located in Pre-Quaternary
substratum aquifers usually subdivided in different hydrogeo-
logical complexes according to the structural, lithological, and
permeability features [20]. These aquifers mainly occur in
highly fractured limestones (Carbonate Platform) and in the
underlying “Calcari con Selce” Fm (Lagonegro Units), both
characterized by high permeability (Figure 1(b)). Porous aqui-
fers occur in gravelly-sandy permeable deposits of the Quater-
nary succession [21], where the larger groundwater body is
recognized in a multilayered and semiconfined aquifer.
Carbonate karst and fractured aquifers play a leading role in
the overall hydrogeological system, since their groundwater
resources supply the detrital-alluvial ones occurring at the val-
ley bottom. Finally, most springs from HAV, generally show-
ing an average flow rate greater than 5 l/s, are at the contact
between permeable limestone and dolostone (Lagonegro Units
and Carbonate Platform) and impermeable Plio-Pleistocene
siliciclastic and recent alluvial-lacustrine deposits [22].

3. Materials and Methods

3.1. Sampling and Analyses. Twenty-four water samples were
collected during a single survey carried out between March
and April 2016 in the HAV. Nine of them were taken from
springs of the fissured and/or karstified aquifers located on
Pre-Quaternary carbonate rocks and sediments belonging
to the Lagonegro Units and fifteen from wells on recent
alluvial-lacustrine deposits in shallow porous aquifers at the
valley floor with a phreatic level ranging from 1 to 6 meters

2 Geofluids



from the surface (Figure 1). The investigated springs are
located on the right bank of the Agri River, except for S3 site,
in the left river side. Most of springs, managed by the Acque-
dotto Lucano public agency, are used for drinking purposes,
whereas well waters, mostly belonging to private individuals,
are used for irrigation purposes. Temperature, pH, electric
conductivity (EC, measured at 25°C), and redox potential

(Eh) were measured in situ using a high-resolution multipara-
metric probes (Hanna Instruments HI-9828), after calibration
in the laboratory by means PTB/NIST traceable standard
solutions. Total alkalinity was determined in situ by titrating
unfiltered samples with 0.01N HCl, and methyl-orange was
indicator. All water samples were filtered in situ at 0.45μm
membrane (MF-Millipore) and then stored in low-density
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Figure 1: Geological sketch map (a) of the investigated area (modified after Giocoli et al. [15]) where localization of the sampling sites
(springs and wells) is displayed. Schematic cross section (b) of the northern part of study area is drawn (modified after Carbone et al. [17]).
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polyethylene bottles (50 and 100ml). The bottles were filled to
the top with water, capped without leaving any headspace,
stored in a refrigerated container (about 4°C) during transpor-
tation to the laboratory, and then kept cool until analysis. At
each sampling point, one water sample (for cation and trace
elements) was collected and acidified in situ with suprapure
HNO3; a second filtered nonacidified sample was collected for
anion analysis. Major anions (Cl−, NO3

−, NO2
-, and SO4

2−)
and cations (Na+, K+, Mg2+, and Ca2+) were determined by
ionic chromatography. Minor and trace elements (Li, B, Rb,
Sr, Ba, V, and Cu) were determined by inductively coupled
plasma–optical emission spectroscopy (ICP-OES). All trace
element determinations were performed with the external
standard calibration method, using NIST and SLRS standard
reference materials for calibration. The precision of the analyt-
ical results was estimated by running triplicate analyses every
ten samples. Uncertainty of measurements was ≤5-7% for all
trace elements. Dissolved SiO2 was measured by VIS spectro-
photometry upon reaction with ammonium molybdate in acid
media (and treatment with oxalic acid) to form a yellow silico-
molybdate complex, whose absorbance was read at 410nm
[23]. Major element analyses were performed at the Analytical
Chemical laboratory of the University of Basilicata; trace
elements were determined using a Thermo Scientific™ iCAP™
7200 at Gaudianello Company laboratory. The oxygen and
hydrogen isotopic compositions were analysed at National
Institute of Geophysical and Volcanology (INGV, Palermo,
Italy) on unfiltered water samples using Analytical Precision
AP 2003 and Finnigan MAT Delta Plus IRMS devices, respec-
tively. The isotopic ratios are expressed as the deviation per mil
(δ‰) from the reference V-SMOW. The uncertainties 1σwere
±0.1% for δ18O and ±1% for δD.

3.2. Geochemical Modeling. The Geochemist’s Workbench
software (GWB 8.0, [24]), implemented with the Thermo-
ddem database [25], was used to calculate saturation indices
(SI) for the main mineral phases presents in the aquifer and
the construction of activity diagrams. Saturation indices
(SI) are defined as SI = log ðIAP/KtÞ, where IAP is the ion
activity product of the mineral–water reaction and Kt is the
thermodynamic equilibrium constant at the measured
temperature. Thus, SI = 0 indicates a thermodynamic
equilibrium state, and values > 0 denote oversaturation and
<0 undersaturation.

3.3. Irrigation Quality Parameters. In order to determine the
suitability of the investigated groundwater for irrigation
purposes, the following parameters were evaluated:

(i) The sodium adsorption ratio (SAR), by Richards [26]:

SAR = Na+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ca2+ +Mg2+
p

/2
ð1Þ

(ii) The magnesium adsorption ratio (MAR), by Raghu-
nath [27]:

MAR = Mg2+
Ca2+Mg2+
� � ∗ 100 ð2Þ

(iii) The sodium percentage (%Na), by Todd and Mays
[28]:

%Na = Na+ + K+ð Þ
Ca2+ +Mg2+ + Na+ + K+� ∗ 100 ð3Þ

(iv) The residual sodium bicarbonate (RSBC), by Gupta
and Gupta [29]:

RSCB = HCO3− − Ca2+
� � ð4Þ

(v) The permeability index (PI), by Raghunath [27]:

PI =
Na+ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

HCO3−
p� �

Ca2+ +Mg2+ + Na+
� � ∗ 100 ð5Þ

where concentrations are expressed in meq/l.

4. Results

Temperature, pH, EC, Eh, and the total dissolved solids
(hereafter TDS) and major elements are listed in Table 1
together with the geographical coordinates of the sampling
points. The EC, Eh, and TDS box-and-whisker plots are
shown in Figure 2. Temperatures were between 11 and
22.7°C, and overall water samples had nearly neutral pH-
values. EC values ranged from 317 to 1000μS/cm (average
583 ± 179μS/cm). Eh values were positive (average 679 ±
142mV). Finally, TDS ranged from 302mg/l to 812mg/l
(average 502 ± 139mg/l).

EC (𝜇s/cm) Eh (mV) TDS (mg/l)
0

1000

800

600

400

200

Figure 2: Box-and-whisker plots of physico-chemical parameters.
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Box-and-whisker plots of the major constituents (cations
and anions) are given in Figure 3.

Sulphates and magnesium count the greatest concentra-
tion variations. Among cations, Mg2+ is the most abundant
(average 70:6 ± 20:6mg/l), followed by Ca2+ (average 15 ±
5:1mg/l), Na+ (11:3 ± 7:5mg/l), and SiO2 (11:1 ± 4:5mg/l).
K+ values are generally low, ranging from below instrumental
detection limit (1.0mg/l) to 3.2mg/l, except for P7 sample
having the highest value (16.5mg/l). Bicarbonate is the main
anion in solution with concentrations ranging between 232
and 502mg/l, with an average value of 351:2 ± 86:5mg/l.
Sulphate contents are highly variable and range between 2.8
and 61.7mg/l with an average value of 17:5 ± 16:6mg/l. Cl-

concentrations are low with an average value of 10:3 ± 6:6
mg/l. Most of the investigated water samples have low NO3

-

contents ranging from below instrumental detection limit
(1.9mg/l) to 13.4mg/l. Only 4 water samples, belonging to
shallow porous aquifer, are outliers with NO3 values rang-
ing between 19.6 and 203mg/l (P20, P8, P5, and P7 sam-
ples, respectively) (Figure 3). Trace element concentrations
(Li, B, Rb, Sr, Ba, V, and Cu) are provided in Table 2,
together with isotopic data and saturation indices of calcite,
dolomite, anorthite, and albite.

V and Cu are characterized by very low contents and in
many cases are below the detection limit (b.d.l.: 0.2 and 0.4
μg/l, respectively). Consequently, these elements will not be
further included and treated in the discussion. Li and Rb
are detected in most samples with values between b.d.l. and

21.2μg/l and b.d.l. and 4.2μg/l, respectively. Sr, B, and Ba
are detected in all samples. Sr shows the greatest concentra-
tion variations from 35.2 to 593.6μg/l, and some outliers
are observed (Figure 4). B concentrations are from 3.8 to
66.1μg/l while Ba values range from 4.9 to 123μg/l.

Based on the Piper diagram, the investigated waters show
a homogenous distribution with bicarbonate alkaline-earth
composition (Figure 5).

Another useful index for water classification is Ionic
Salinity or Total Ionic Salinity (TIS) that shows the sum of
anion and cation total, expressed in meq/l [30]. Iso-TIS lines
are reported in Figure 6 (SO4

2- vs. HCO3
- +Cl-) where HAV

waters falling in the 8 to 20meq/l range because of their
similar features.

The investigated waters showed δ18O values between -7.2
and -8.9 ‰ and those of δD from -44 to -53 ‰. The waters
from the karst and fissured aquifers generally showed more
negative isotopic values (down to −8.9 and−53‰) than
waters hosted by shallow porous aquifers, the latter display-
ing a wide range of variation, from −8.5 to −7.2‰ and from
−44 to−52‰ for δ18O and δ2Η, respectively.

5. Discussion

5.1. Interelemental Relationships and Geochemical Processes.A
R-mode factor analysis was performed to evaluate interele-
ment relationships among some chemical-physical parameters
(T and pH), major ions (Na+, Ca2+, Mg2+, SO4

2-, HCO3
-), and
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Figure 3: Box-and-whisker plots for major elements (cations and anions).
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selected trace elements (Sr, Ba, B). Factors were extracted after
varimax rotation using the STATGRAPHICS 18 package. This
operation was performed using a standardized correlation
matrix, classical type of factoring, thereby equally weighting
all the variables during factor calculations. The communalities
provide an index of the efficiency of the proposed set of factors
[31], and the magnitude of the communalities calculated in
this study suggests that most of the original variance is still
accounted for by the present set of factors. Three factors
explain 94% of the total variance in the selected database
(Table 3).

Usually, in terrains where the carbonate lithological
facies is dominated by the occurrence of dolomite, the bicar-
bonate alkaline-earth hydrofacies, with higher Mg2+ values
than Ca2+ one, can be ascribed to dolomite dissolution. It is
well known that the dissolution of dolomite can be expressed
as follows:

CaMg CO3ð Þ2 + 2H2O + 2CO2 ⟶ Ca2+ +Mg2+ + 4HCO3
−

ð6Þ

and the water-dolomite interaction should release equally
charged amounts of Ca2+ +Mg2+ and HCO3

−, with a ðCa2+
+Mg2+/HCO3

−Þ ratio close to 1.
Accordingly, in our case, the correlation between (Ca2++-

Mg2+and HCO3
−) is highly significant (r = 0:86, p value <

0.001, Figure 7). Only P7 sample falls away from general
trend, maybe because of its anthropogenic component (see
discussion below). However, both the (Ca2++Mg2+/HCO3

−)
and Mg2+/Ca2+ ratios, as meq/l, are above 1, claiming for
additional source(s) of Mg2+ in groundwater, as also sug-
gested by the finding that several samples are oversaturated
with respect to dolomite or close to the SI = 0 value
(Table 2, Figure 8).

Table 2: Concentrations of selected minor elements, isotopic data, and saturation index (SI) in HAV groundwaters.

Sample
Li B Rb Sr Ba V Cu δ18O δD SI-calcite SI-dolomite SI-albite SI-anortite
μg/l μg/l μg/l μg/l μg/l μg/l μg/l ‰ vs. V-SMOW ‰ vs. V-SMOW Log Q/K Log Q/K Log Q/K Log Q/K

P1 1.9 10.5 b.d.l. 433 20.3 b.d.l. 1.2 -8.1 -46 -1.7 -1.0 -3.9 -11.1

P2 0.9 16.0 0.2 289 9.1 b.d.l. b.d.l. -8.3 -49 -1.1 -0.3 -1.7 -6.9

P4 b.d.l. 25.5 0.3 267 10.7 b.d.l. 0.4 -8.4 -52 -1.1 -0.2 -3.5 -10.4

P5 6.0 44.2 0.9 567 15.8 0.4 6.9 -7.8 -44 -0.9 0.0 -2.6 -10.0

P6 1.1 32.1 0.6 351 13.5 0.4 4.2 -8.0 -47 -1.0 0.0 -3.2 -10.3

P7 2.4 41.7 4.2 594 34.5 2.8 10.8 -8.4 -49 -0.7 0.3 -2.4 -9.6

P8 3.4 17.3 b.d.l. 245 37.8 0.2 0.4 -7.2 -46 -1.0 -0.1 -2.7 -9.8

P10 6.7 32.8 0.5 225 34.1 0.4 b.d.l. -8.1 -51 -1.2 -0.6 -0.4 -5.3

P17 8.7 22.8 0.3 194 19.6 b.d.l. 2.6 -7.9 -47 -0.8 0.1 -2.9 -9.8

P18 2.1 17.4 2.0 367 20.8 b.d.l. b.d.l. -7.9 -48 -1.6 -1.4 -2.1 -10.1

P19 b.d.l. 15.6 0.3 204 18.7 b.d.l. 1.8 -8.0 -47 -1.6 -0.1 -4.1 -10.5

P20 b.d.l. 17.7 1.9 74 27.0 0.3 b.d.l. -7.9 -48 -0.5 -1.6 -3.8 -10.6

P22 5.9 54.3 0.2 278 33.9 b.d.l. 1.7 -7.7 -46 -0.6 0.5 -2.7 -9.7

P23 2.9 33.9 0.5 490 89 b.d.l. 1.8 -7.8 -46 -1.0 0.4 -3.5 -10.0

P24 3.2 42.2 b.d.l. 379 123 b.d.l. 0.1 -8.5 -50 -0.8 -0.2 0.4 -4.1

S3 2.4 15.6 0.9 265 10.3 0.4 1.5 -8.9 -53 -0.8 0.3 -4.1 -10.6

S11 b.d.l. 4.7 0.8 43 6.8 1.0 b.d.l. -8.7 -50 -1.1 0.0 -4.3 -10.4

S12 b.d.l. b.d.l. 0.4 35 4.9 1.0 b.d.l. -8.7 -51 -1.0 -0.5 -4.3 -10.6

S13 b.d.l. 3.8 1.1 54 8.2 0.6 b.d.l. -8.9 -53 -0.9 -0.4 -3.9 -10.3

S14 b.d.l. 5.8 1.0 49 8.3 1.2 b.d.l. -8.3 -49 -0.9 -0.3 -2.6 -7.4

S15 2.0 19.5 1.0 147 18.9 1.2 3.9 -7.9 -47 -0.8 -0.3 -3.4 -10.1

S16 1.3 13.9 0.8 123 15.4 1.3 0.4 -8.1 -47 -0.9 0.1 -3.7 -10.1

S21 21.2 66.1 1.0 204 45 b.d.l. b.d.l. -8.2 -48 -1.1 -0.7 -2.9 -10.0

S25 3.3 22.9 0.9 234 23.4 0.4 b.d.l. -8.0 -49 -1.2 -0.8 -3.0 -10.1

d.l. 1.0 5.0 0.2 10.0 2.0 0.2 0.4

d.l.: detection limit; b.d.l.: below detection limit.
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Figure 4: Box-and-whisker plot of selected trace elements.
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The correlation between dissolved silica and Mg2+ is
significant (r = 0:65, p < 0:01), clearly indicating silicate dis-
solution as additional source of Mg2+ in solution. The incon-
gruent dissolution of silicates reacting with CO2 derived from
microorganism respiration and/or mineralization of soil
organic matter can promote a Mg2+ surplus into the ground-
water [32] and references therein. F1 thus represents the
combined effect of dolomite and silicate dissolution on the
release of Mg2+ in solution.

The second factor (F2; var:% = 15:2) includes significant
and positive weightings for the largely soluble ions Na+, Cl-,
and SO4

2-. Overall, the investigated waters have Na/Cl meq/
l ratio > 1, suggesting that Na+ in groundwater may derive
from weathering of mineral phases different from the com-
mon NaCl salt. The positive correlation between dissolved
silica and Na+(r = 0:66, p < 0:01) associated with negative
values of the feldspars SI (albite and anorthite, Table 2)
suggests that the silicate incongruent dissolution is ongoing
process allowing the release of Na+ in solution.

Further, the log a (H4SiO4)aq vs. log a (Na+/H+) activity
diagram (Figure 9) shows that the studied waters are in equi-
librium with kaolinite, a T-O clayey mineral with a minor
cation exchange capacity with respect to other clays, that
does not include in its lattice interlayered cations such as
Na+. This, in turn, means that kaolinite cannot contribute
to narrow down the Na+ content in HAV groundwater. As
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for Cl-, its geogenic abundance in groundwater increases with
groundwater age [33], and excluding salt dissolution and
marine spray supply at inland [34] and references therein,
Cl- may mostly derive from anions exchange at the clay
mineral edges. In fact, depending on the pH of solution and
due to protonation reactions at the broken bonds of both octa-
hedral and tetrahedral layers, the clay mineral edges may be
positively charged, promoting anions adsorption, e.g., [35].

The likely lack of sulphate minerals (anhydrite and gyp-
sum) in HAV lithologies excludes a SO4

2- origin through salt
solubilization. Although oxidative reaction affecting suphides
(e.g., pyrite FeS2) dispersed in rocks, even in small amounts,
may represent a source for SO4

2- in groundwater, the use of

N-rich fertilizers may also originate most of the SO4
2- in solu-

tion from the recycling of the groundwater used in irrigation.
As shown in Figure 10 (NO3

- vs. SO4
2-), two different trends

are clearly recognized. In the first one, involving exclusively
well waters (except for S25 sample), the NO3

-/SO4
2- ratio is

close to 1, and NO3
- contents are generally >4mg/l. P5 and

P7 samples have the highest NO3
- and SO4

2- values. Although
there are no baseline data on the NO3

- geogenic level in the
area, it is known that nitrate concentrations above 4mg/l can
be referred to anthropogenic contamination, e.g., [36, 37]. In
our case, this supports the idea of an anthropogenic origin
for SO4

2-, mostly due to agriculture fertilizers. The second
trend is outlined by a few wells showing larger SO4

2- contents
and low NO3

- contents and suggests a possible geogenic origin
for SO4

2- due to oxidative reaction affecting suphides.
In the third factor (F3; var:% = 11:2), only boron has a

significant weight. Boron contents in groundwater may be
affected by anthropogenic activities [38] and interaction with
evaporite levels, e.g., [39] and references therein. In the
aqueous environment, B is a very mobile element occurring
as boric acid (B(OH)3) in dilute aqueous solution at pH < 7
and as prevailing metaborate anion (B(OH)4

−)at pH > 10,
e.g., [40] and references therein. Boron may have several pos-
sible natural and anthropogenic sources in inland aquifers
including, for instance, leaching of geologic materials as well
as domestic wastewater, e.g., [41] and references therein. The
low B concentration observed in the HAV groundwater (well
below 100μg/l) appears to exclude any significant anthropo-
genic source. F3 thus likely accounts for the solubilization of
B by leaching of sedimentary deposits of marine and non-
marine origin, e.g., [42] and references therein.

5.2. Isotopic Constraints. Water isotopes are used to define
water origin, recharge areas, circulation paths, and mixing
or exchange processes [43–45]. The δD and δ18O values are
displayed in Figure 11, together with the Northern Calabria

Table 3: Matrix of factor weights after varimax rotation using the
STATGRAPHICS 18 package.

Factor 1 Factor 2 Factor 3

T (°C)

pH

Na+ (mg/l) 0.68

Ca2+ (mg/l)

Mg2+ (mg/l) 0.83

HCO3
-(mg/l) 0.92

Cl- (mg/l) 0.88

SO4
2-(mg/l) 0.85

B (μg/l) 0.88

Sr (μg/l)

Ba (μg/l)

Total variance (%) 67.6 15.2 11.2

Cumulative variance (%) 67.6 82.8 94

Numbers are weights of the variables in the extracted factors. Variables
having weights < 0:65 are omitted.
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Meteoric Water Line (NCMWL: 6:22 ∗ δ18O + 5:21 [46]), the
Southern Italy Meteoric Water Line (SIMWL: 6:7 ∗ δ18O +
5:2 [47]), and the Global Meteoric Water Line (GMWL: δD
= 8:17 ∗ δ18O + 10:35 [48]). Spring waters are well-correlated
(r = 0:95, p value < 0.0001, Figure 11(a)) and fall between

SIMWL and NCMWL, while well waters show a wider data
distribution (r = 0:66, p value = 0.013, Figure 11(b)) falling
between GMWL and NCMWL. Both water types are fed by
rainwater and have a meteoric origin.

The isotope data variation, measured in well waters, is
probably linked to seasonal rainfall effect since the shallow
porous aquifer has a relatively short and surface hydrogeolo-
gical circuits through the gravelly-sandy permeable deposits
of the quaternary succession.

Spring waters from karst and fissured aquifers showing a
narrow range of O and 2H isotopic values can be used to
deduce the mean elevation of the recharge area through the
equation proposed for southern Italy by Vespasiano et al.
[46]:

δ18O = −0:00194 × Hi − 5:91, ð7Þ

and a range of 1030 to 1540 meter a.s.l mean elevation of the
recharge areas has been estimated. The inferred range is con-
sistent with the elevation of the springs located in the highly
fissured limestones (Carbonate Platform) and in the underly-
ing “Calcari con Selce” Fm (Lagonegro Units). In addition,
S11, S12, and S13 springs with more negative isotope data
have longer and deeper hydrogeological circuit likely due to
the local geological complexity affecting the recharge area
to the west and north-west [17].

5.3. Groundwater for Irrigation and Drinking Uses. The
groundwater quality is of fundamental relevance for irriga-
tion and drinking purposes [3], also in the northern bank
of the Mediterranean, affected by climate change evolving
toward semiarid to arid conditions, e.g., [49] and references
therein. The amount of dissolved ions affects the agricultural
productivity influencing both the growth of plants and soil
structure [50]. Some important irrigation quality parameters
(such as SAR, MAR, %Na, RSBC, and PI) are largely used for
determining the suitability of groundwater for a proper agri-
cultural uses [8, 51, 52] and references therein. Irrigation
water quality parameters of the analysed groundwater are
shown in Table 1.

The %Na vs. EC plot [53] provides a mostly adopted
method for rating irrigation water. In Figure 12, the HAV
groundwater falls in the “excellent to good” and to a lesser
extent in the “good to permissible” fields. Similarly, the PI
indicates that the HAV groundwater is suitable for irrigation,
being ranked as class I (PI: 30-50%; total concentration: 13-
39meq/l). However, in the SAR vs. EC diagram [26], the
HAV groundwater is ranked as C2S1 and C3S1 (medium to
high salinity hazard and low sodium hazard, Figure 12).

Excess salinity reduces the osmotic activity of plants lim-
iting the absorption of water and nutrients from the soil of
exchange able sodium, e.g., [54]. This suggests that efforts,
including leaching and proper drainage, are needed in order
to control the salinity hazard, especially for those waters,
representing a significant part of HAV groundwater dataset,
having EC higher than 750μs/cm.

Accordingly, some concerns also arise from the RSBC
values, mostly related to the relatively high HCO3

- content,
that in most samples is >5meq/l, implying that HAV
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groundwater cannot be classified as fully satisfactory for irriga-
tion purposes according to Gupta and Gupta [29]. RSBC
exceeding 5meq/l may cause an alkalizing effect, claiming
for a bicarbonate neutralization when long-term irrigation
purposes are required [55]. An additional alkalizing effect is
also due to high Mg2+ contents in groundwater. Usually,
Ca2+ and Mg2+ are in equilibrium in most waters, and Raghu-

nath [27] and Gupta and Gupta [29] suggested that MAR
values exceeding 50% indicate magnesium hazard as soils
become more alkaline [56], favoring the decrease of phospho-
rous availability [57]. In the HAV groundwater, MAR is
always >70% indicating magnesium hazard and suggesting
long-term magnesium monitoring in the area in order to plan
alkalinity mitigation policies.
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In Italy, groundwater quality for drinking use is regulated
by D. Lgs 31/2001 [58] (acceptance of the 98/83/EU directive
[59]) which provides for the measurement of indicator
parameters (such as odor, color, taste, pH, and hardness)
and chemical and microbiological parameters. In this study,
a preliminary assessment of groundwater quality for drinking
use was proposed considering only some indicator and
chemical parameters analysed. The drinking water quality
was compared with the conditions set by the World Health
Organization 2004 (hereafter WHO 2004 [60]) and the Ital-
ian legislation (D. Lgs. 31/2001). The relative maximum
admissible concentrations (hereafter MAC) imposed for pro-
tecting of groundwater resources by the Italian legislation
[58], and the desirable limit (DL) and maximum permissible
limit (MPL) prescribed by WHO for drinking purposes are
shown in Table 4.

Most water samples have TDS below DL of 500mg/l as
defined by the WHO, and overall HAV groundwater has
TDS below MPL of 1500mg/l as defined by the WHO speci-
fication for drinking water. In most samples, HCO3

- exceeds
the MPL defined by theWHO (240mg/l). Na+, Cl-, and SO4

2-

are below the respective MPL (Na+ = 200mg/l; Cl− = 600
mg/l; SO4

2− = 400mg/l).
NO3

- contents are always below the MAC of 50mg/l
except for two water samples (P5 and P7) having very high
NO3

- values (58 and 203mg/l, respectively). Some environ-
mentally relevant trace elements, including B, V, and Cu,
are characterized by very low contents, below the respective
MAC and MPL. Ba and B are below the guideline values pro-

vided by the WHO for drinking water whereas Sr2+ exceeds
the MPL (0.5mg/l) in two water samples (P5 and P7). Our
data allows to state that P5 and P7 water samples, used only
for irrigation use, show critical issue for Sr2+ and NO3

- con-
centrations. As previously said, high NO3

- values are well-
related to SO4

2- contents and are linked to human activities,
including mainly agricultural activities.

As to strontium values, it is well known that Sr-bearing
minerals (mainly carbonate and sulphate) are distributed in
a number of rock types, and Sr2+ release from minerals and
rocks to water by weathering processes is very common [61].
Strontium, in fact, readily reacts with water and oxygen to
form insoluble mineral phases or create complexes with car-
bonate and silicate depending on the water mineralization.
Therefore, high Sr2+ concentrations may indicate an anthro-
pogenic input by agricultural activities such as the use of fertil-
izers, carbonate additives, manure (i.e., cattle and poultry) and
dumping, and industrial wastes [62]. Excluding P5 and P7
samples, a good and positive correlation between Sr2+ and
HCO3

- is evident for the analysed dataset (r = 0:75, p < 0:01
), suggesting that Sr2+ contents are linked to carbonate phases.
Conversely, as P5 and P7 waters show high NO3

- and SO4
2-

contents, in addition to the Sr2+ ones, a contribution from
agricultural practices cannot be excluded for these waters.
Although a microbiological characterization is required for
defining the overall groundwater quality, based on the ana-
lysed inorganic component, all HAV groundwaters are suit-
able for drinking use, except for two well waters.

6. Conclusions

Groundwater is an essential water resource for drinking and
irrigation uses in the HAV. In this study, hydrogeochemistry
coupled with multivariate statistics, saturation indices, and
stable isotope composition was used to assess the geochemical
processes controlling the groundwater chemistry. Conse-
quently, groundwater quality and its suitability for drinking
and agricultural use were evaluated. All the examined ground-
water has a meteoric origin although some springs show long
and deep flow than the other ones. The main geochemical
process affecting water chemistry is the dolomite and silicate
dissolution that is also controlled by the concentration and dis-
tribution of trace elements. The SO4

2-/NO3
- ratios suggest that

an anthropogenic contamination, mostly associated with the
use of agriculture fertilizers, cannot be excluded for somewater
samples (P5 and P7 samples). The suitability of water for
drinking purposes was evaluated by comparing different
chemical parameters with those reported by the World Health
Organization [29] and the Italian legislation guidelines. Our
results demonstrate that most of HAV groundwater is chemi-
cally suitable for drinking use with respect to the analysed inor-
ganic chemical elements. As to agricultural use, the % Na and
PI indicate that groundwater is generally useful for irrigation,
although SAR, MAR, and RSBC highlight a medium to high
salinity hazard. In light of the recent increase in human activ-
ities (i.e., industrialization and intensive agricultural practices),
this study represents a warning for the local authorities provid-
ing significant insights to delineate a successful policy for man-
agement of groundwater resources.

Table 4: Drinking water quality standard of WHO [60] and Italian
legislation (D. Lgs. 31/2001, [58]).

Parameter/element

WHO (2004) D. Lgs. 31/2001

Desirable
limit
(DL)

Maximum
permissible
limit (MPL)

Maximum
admissible

concentrations
(MAC)

pH 7-8.5 9 -

EC (μS/cm) 500 1500 -

TDS (mg/l) 500 1500 -

Cl- (mg/l) 200 600 250

SO4
2- (mg/l) 200 400 250

HCO3
- (mg/l) - 240 -

NO3
- (mg/l) - 50 50

NO2
- (mg/l) - 3 0.5

Ca2+ (mg/l) 75 200 -

Mg2+ (mg/l) 50 150 -

Na+ (mg/l) - 200 200

K+ (mg/l) - 12.0 -

Cu (mg/l) - 1.0 1.0

Ba (mg/l) - 2.0 -

B (mg/l) - 0.5 1.0

Sr (mg/l) - 0.5 -

V (mg/l) - - 0.05

-: no data.
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In this study, the equivalent dose rate of natural radionuclides (HT ) in 99 spring water and surface soil samples was determined
using an alpha, beta, and gamma high sensitivity detector up within a Geiger-Muller tube and with an external probe NaI (Tl).
The samples were collected in the Crati basin (southern Italy), and during sample collection, water quality parameters were
detected in situ and at the University of Calabria laboratories. A Pearson correlation coefficient analysis was applied to identify
and clarify the relationships between water physical-chemical properties and soil and water radioactivity. Results show that the
mean HT for spring waters is 97.07 μSv/h. Furthermore, the mean HT for surface soils is 97.92μSv/h, thus evidencing higher
mean HT values than worldwide ones reported in a previous literature. Low correlation coefficients were detected between water
HT and conductivity and pH. On the contrary, a reasonable correlation was found between HT in spring water and in soil. This
relationship is associated with some rocks of the Sila Massif and of Coastal Chain, i.e., plutonic and metamorphic crystalline
rocks. Finally, the estimation of the health risk was calculated: results did not evidence serious dangers for people living in the
studied environment. The results from this survey for the HT evaluation provide an extensive assessment of the background
exposure levels in the investigated area.

1. Introduction

Knowledge of environmental natural radioactivity is essential
to assess the current level of radiation exposure of the popu-
lation and the degree of radioactive pollution in the environ-
ment in the future [1]. In fact, environmental radioactivity is
the major source of radioactivity absorbed by people world-
wide [2, 3] and cannot be avoided. Moreover, considering
geochemical studies, it represents a significant source of
information. Indeed, radiometric data can be used to coher-
ently interpret correlations between radioelement distribu-
tion and other elements and to support the interpretation
of petrogenetic or pedogenetic associations [4–6]. The evalu-
ation of the environment natural radioactivity is also para-
mount to progressively monitor possible changes in natural
background activity, as a result of radioactivity release [6].

Due to natural and man-made sources, a different level of
radioactivity can be identified in the earth’s crust [7, 8].
Naturally occurring radioactive materials include radioactive
decay “chains” beginning with 238U, 235U and 232Th, along
with 40K, 37Rb, and other radioactive isotopes [9]. In particu-
lar, 238U constitutes 99.3% of the isotopes of uranium found
in nature, and thus, 235U (0.7%), which provides a relatively
insignificant radiation dose, is not surveyed further [10].

The distribution of naturally occurring radionuclides
(principally 238U, 232Th, and their daughter products) and
40K (among other radioactive elements) is strictly related to
the distribution of rocks originating them and depends on
the processes connected with their concentration [11]: it is
caused by the decay of radionuclides derived from minerals.
Consequently, the radioactivity amount in the soil depends
on geology, soil type, soil moisture, organic matter, soil pH,
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and climate with regard to the pluviometric and the thermo-
metric regime of a region [12, 13]. Therefore, the concentra-
tions of radionuclides vary widely depending on the location.
Geologically, given the increasing uranium content of a rock
with the silica content, high radiation levels can be generally
found in igneous rocks, such as granite. In fact, some minerals
which can be enriched in uranium and thorium (e.g., ilmenite,
zircon, garnet, magnetite, rutile, and monazite) constitute the
common mineral suites of these rocks. On the other hand, in
some rock-forming, such as orthoclase, and accessory heavy
minerals, the presence of potassium largely occurs. Lower
levels are related to sedimentary rocks but with some peculiar-
ity. In fact, in some shale and phosphate rocks a rather high
content of radionuclides can be detected [14].

Environmentally, the soil on the earth’s crust can be con-
sidered a radioactive threat because it is a source of continuous
exposure for the population and because, considering agricul-
tural soil, it allows radionuclides to enter the food chain and
thus to contaminate humans through crops [15, 16]. Indeed,
the soil-to-plant transfer can be considered a paramount pro-
cess since; in the long run, radioelements enter the human
food chains through the uptake of plant roots.

In addition, natural radioactive decay series can be dis-
solved in water and then move to surface water reservoirs,
thus contributing to public radiation exposure [17]. This

occurs especially, when aquatic organisms and plants keep
radioisotopes coming from river soil and sediment [3].

Globally, an average radioactive dose from natural
sources equal to about 2.4mSv/y has been estimated. The
exposure can be external, deriving from direct radiation, both
cosmic and terrestrial, or internal, originating from the pos-
sible inhalation or ingestion of terrestrial and cosmogenic
radionuclides which can be found in air, water, food, and soil.
In particular, considering the world population, results of the
assessments of the whole radiation dose evidenced that this is
due to natural and artificial sources in fractions of about 96%
and 4%, respectively [18].

The absorbed dose rates can be evaluated directly, thus
allowing an even more extensive estimation of the back-
ground exposure levels in the study areas. Results of the spec-
trometric measurements show that, in both outdoors and
indoors, the three items of the external radiation field, 238U,
232Th, and 40K contributed equally to the externally incident
gamma radiation dose to individual [19].

The dose received by each single members of the popula-
tion can significantly vary considering the different sources.
In fact, while all the population can be affected by some
sources of radiation, in other cases, only few individuals can
be exposed. For example, considering natural radioactivity,
this can be found in all the soils, thus exposing all the
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population to some radiation dose. Conversely, considering
the case of medical exposures, only people directly involved
in medical treatment with radiation can receive a radiation
dose [10].

Since the present study represents the first examination
of a more detailed environmental survey, it offers an inter-
esting and informative source to delineate the natural radia-
tion equivalent dose rates in soils and waters of the Calabria
region, located in southern Italy. Its preliminary findings
illustrate a global overview of the study area setting and
show that there are many future investigations needed. In
particular, exploring and mapping the activity of the natu-
rally occurring radionuclides are necessary and required in
order to have information about the environment radiation
level to assess the interaction between ionizing radiation
and the human body. Thus, the survey performed in this
study is aimed at quantifying the dose of radiation exposure,
obtained from environmental radiation, in order to detect
the possible risks for the public health caused by radiations
from natural sources. Moreover, data obtained in this survey
can contribute to the global data bank on radioactivity, thus
allowing a more detailed evaluation of the mean values of
the dosimetric quantities at global scale. The contribution
to this data bank is especially important since these data
allow a better understanding of the effects of low-level radi-
ation in human health.

2. Site Characterization

The Crati basin is the largest and most important basin in the
Calabria region [20]. It has an area of 2447.7 km2 and a
perimeter of about 320 km, with an elevation ranging from
sea level to 2258m a.s.l. and an average altitude of 597m
a.s.l. (Figure 1). Due to its dimension, the hydrographical sys-
tem flowing in the basin includes waters deriving from
several geological formations. The climate of the basin is
largely influenced by its orography and its position in the
middle of the Mediterranean basin [21–23]. Indeed, a hot
summer Mediterranean climate, with very warm dry sum-
mers and mild rainy winters, characterizes the basin follow-
ing the Köppen-Geiger classification [24].

The Crati basin is a depressed block of the crust bordered
by parallel faults and circumscribed by the Sila Massif to the
east, the Coastal Chain to the west and south, and the Pollino
group to the north which represent the three morphostruc-
tural highs of the northern Calabria. The first one is com-
posed by plutonic and metamorphic crystalline rocks, the
second one by crystalline and sedimentary rocks, and the last
one by carbonate and siliciclastic sedimentary rocks.

Geologically, it is branded by a succession of pliocenic
sediments overlaying on Paleozoic intrusive-metamorphic
complex (Figure 2). The lithological composition of this last
one is characterized by paragneiss, biotite schists, and gray
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Clayely and marly terranes

Flysch

Sandstones, conglomerates, limestone banks,
calcarenite and clay 

Intrusive metamorphic complex

0 5 10 20 30 40
km

N

Figure 2: Lithological map of the study area and sample points.
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phyllitic schists with quartz, chlorite, and muscovite, fre-
quently affected by a weathering process [25].

The Coastal Chain shows, along its margins, the Miocene
deposits characterized by the presence of basal conglomerate
passing to sand, sandstone, calcarenite, and clay; the Messi-
nian evaporite deposits is composed of conglomerate, marl,
limestone, and clay with intercalated gypsum. Basal micro-
conglomerate and sandstone evolving to clay characterize
the Early Pliocene deposits. Polygenic conglomerate passing
to marly clay, sand, and sandstone followed by marly clay,
regressive sand, and conglomerate distinguishes the Upper
Pliocene-Pleistocene sequences. Over these last ones, ter-
raced marine deposits of Middle Pleistocene occur. Lastly,
Holocene alluvial deposits crop out along the main river
plains [26].

As evidenced in the regional soil map at 1 : 250,000 scale
[27] the leading soil types of the study area vary from poorly
to moderately differentiated soils, such as Fluvisols, Lepto-
sols, Arenosols, Cambisols, Calcisols, Umbrisols, and Phaeo-
zems to more developed Vertisols and Luvisols [28] and
Entisols, Inceptisols, Mollisols, Vertisols, and Alfisols [29].
Intermediate soil properties between the ones typical of cold
and subtropical climates characterize the Calabria region
[30]. These features yield a manifest seasonality in radionu-
clides given the marked contrasts in temperature and relative
humidity [31].

Concerning the spring waters in the study area and
according to Gaglioti et al. [32], they are bicarbonate
alkaline-earth and chloride-sulphate alkaline-earth waters.
These findings reflect the global lithological environment of
the study area. In fact, in the Coastal Chain, it mainly consti-
tuted calcareous and carbonatic rocks (providing high Ca2+,
Mg2+, and HCO3- ion concentration in water), while in the
Sila Massif it is constituted by intrusive magmatic or meta-
morphic rocks (providing high SO4

2- and Cl- ion concentra-
tion in water).

3. Methodology

3.1. Sample Collection and Measurement Set-Up. In this
study, 99 spring water and surface soil samples were ana-
lysed. Given the dimension of the basin (about 2400 km2),
the number of sampled points reflects the several outcrop-
ping geological formations in the study area.

In these sample locations, the equivalent dose rate of nat-
ural radionuclides (HT) was determined at 1m above the
ground using an α, β, and γ high sensitivity detector up
within a Geiger-Muller tube and with an external probe
NaI (Tl).

During the sample collection, water quality parameters
(temperature, pH, and conductivity) were detected in situ
and at the University of Calabria laboratories. Air tempera-
ture was also measured. The technical specifications of the
measurement apparatus are indicated in Table 1.

3.2. Equivalent Dose and Health Risk. The radiation dose,
when reaching body tissues and organs, chains itself with
the part of the body affected, the exposure pathway; there-
fore, no adsorbed Becquerel of radioactivity vehicles the same

equal radiation dose as another. In order to assess the differ-
ences of the various radiations, which have dissimilar biolog-
ical impacts, the unit “equivalent dose” (symbol HT), whose
measuring unit is the Sieverts (Sv), has been conventionally
adopted. Quantitatively, the equivalent dose has a higher bio-
logical significance than the absorbed dose.

To calculate theHT , a multiplication of the absorbed dose
to the organ or tissue (DT) with the radiation weighting fac-
tor, wR, is required. wR is strictly associated to the type and
energy of the incident radiation. Its value is 1 for X-rays,
gamma rays, and beta particles and higher for protons
(wR = 5), neutrons (wR is between 5 and 20 depending on
energy), alpha particles, and heavy fragments (wR = 20) [33].

The estimation of fatal cancer risk for an individual, R̂i, is
defined by equation (1) [34]:

R̂i = aHT , ð1Þ

where a is the risk factor equal to 0.05 Sievert for terres-
trial gamma radiation dose [35] and HT is the equivalent
dose rate.

Table 1: Technical specifications of the radiation detector.

Inside Geiger-Muller detector

Energy range 0.06–3MeV

Accrual of environmental
equivalent dose

10μSv/h–100mSv/h

Environmental equivalent dose 10μSv–1 Sv

Sensitivity with 137Cs source 0.3 cps/μSv.h-1

Weight 0.5 kg

Dimensions 92 × 62 × 52mm

Detector NaI (TI) diam. 40 × 40mm. External probe

Energy range 0.04–3MeV

Accrual of environmental
equivalent dose

0.03 to 100μSv/h

Environmental equivalent dose 0.03 μSv–0.3 Sv

Sensitivity with 137Cs source 900 cps/μSv.h-1

Weight 1.2 kg

Dimensions diam. 60 × 320mm

General characteristics

Intrinsic measurement error ±20%
Protection class IP64

Autonomy 24 h

Operating temperature -30° to +50°

Relative moisture at 35° and below
the compensation limit

Up to 95%

Beam Extensible

Power source

Internal batteries MI-MH 6V

AC, 50Hz 220V

DC 12V

Radio interference CEI/IEC CISPR 22 : 1997

Electromagnetic compatibility
CEI/IEC 61000-4-2 : 1995 -

IEC 61000-4-3 : 1995
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4. Results and Discussion

Results show that the mean HT for spring waters is
97.07μSv/h, with a maximum value of 175μSv/h and a min-
imum of 31μSv/h (Table 2). Furthermore, the mean HT for
surface soils is 97.92μSv/h, with a maximum value of
147μSv/h and a minimum of 31μSv/h (Table 2).

The main descriptive statistics of measured parameters
are shown in Figure 3.

The Pearson correlation coefficient analysis was applied to
identify the relationships between water physical-chemical
properties, soil, and water radioactivity.

Low correlation coefficients were detected between the
water HT and conductivity and pH, with R2 values equal to
0.057 and 0.1, respectively. On the contrary, a reasonable
correlation was found between HT in water and soil. This

relationship is associated with some rocks (plutonic and
metamorphic crystalline) of the Sila Massif and of the Coastal
Chain, upon which the Crati basin soils are imposed.

According to Guagliardi et al. [13], a strong control on
radioactivity can be assessed by considering the foremost
pedogenetic features showed in the soil map of the Calabria
region [27]. The soil sampling locations involved several soil
types and geological background. The highestHT values have
been detected in locations characterized by soil type that
originates mainly from igneous-metamorphic rocks
(Figure 4) or in fairly young soils such as Fluvisols, Leptosols,
and Cambisols. On the contrary, in older soils constituted on
conglomerates and sands (Luvisols and Arenosols), lower
values were mainly recorded.

In the Sila Massif, primary minerals constituting rocks
contain K, U, and Th. Monazite, zircon, and K-feldspar are
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Figure 3: Boxplots of measured parameters.

Table 2: Main descriptive statistics of the measured parameters.

Statistics Air T (°C) Water T (°C) pH Conductivity (S/cm) Water HT (μSv/h) Soil HT (μSv/h)

Minimum 14.00 9.90 6.09 23.10 31.00 31.00

Maximum 32.00 32.00 8.59 1984.00 175.00 147.00

Mean 23.94 16.70 7.01 227.42 97.07 97.92

Median 24.00 16.20 6.96 170.30 95.00 95.00

St. Dev. 4.75 4.00 0.54 242.47 27.19 25.31

Skewness -0.01 1.41 0.68 4.54 0.25 -0.01

Kurtosis -0.87 3.01 0.02 28.41 0.17 -0.74
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responsible of the apparent activity of the radionuclides. Spe-
cifically, in monazite, primarily radionuclides from the 232Th
series and from the 238U series occur. Plagioclase and total
feldspar content are related to U activities. Likewise, the pri-
mary minerals (such as K-feldspars, muscovite, and biotite)
and the neo-formed phyllosilicate clays such as illite, which
is a common weathering product of primary micas [36], con-
tains potassium.

Similar outcomes can be assessed for the equivalent dose
rates in waters (Figure 5). According to Gaglioti et al. [32],
the sampled waters have origin in the calcareous and carbo-
natic rocks of the Coastal Chain and intrusive magmatic or
metamorphic rocks of the Sila Massif, and consequently,
their equivalent dose rates well fit the elemental distribution
of the undergoing lithologies.

In order to assess the health effects, the soil radiation dose
rate in the studied locations was calculated considering the
UNSCEAR [19] recommendation using a factor of 0.007 to
obtain units of radiation dose (in μSv/h) from an absorbed
dose rate in air (in μGy/h). The soil radiation dose rate in
the study area ranged from 4429μGy/h to 21000μGy/h with
the mean value of 13989μGy/h. The range of this value falls
within the average world value of 5700μGy/h [19], but the
mean one is 2 times higher than it.

The mean effective dose in the soil area is 97.92μSv/h.
Using equation (1), this value will cause fatal cancer risk of
about 43 × 106 per year to each individual in the area.

Nowadays, as a result of several studies performed world-
wide, it has been generally recognized that, for radiation
exposure doses lower than 100mSv, statistically significant
cancer excess has not been detected [37–43]. The health haz-
ard evaluation shows that no significant radiological impact
of the population occurs in the study area. This does not
exempt the scientific community from paying attention to
these issues because even if there is a dosage of low-level radi-
ation below which no damage occurs, a long-term exposure
can cause health damage.

5. Conclusions

Ionizing radiation from natural and anthropogenic sources
concurs to human exposure and therefore constitutes a
potential risk to human health.

The results from this survey for the HT assessment pro-
vide a preliminary evaluation of the background exposure
levels in the Crati basin in the Calabria region. For both soil
and water, the highest HT values were found at locations
with soil types that originate mainly from igneous-
metamorphic rocks and/or in relatively young soils. Con-
versely, the lowest values occur in older soils imposed on
conglomerates and sands.

These equivalent dose rates do not pose a serious
radioactive health hazard to the population living in the
environment. However, exposure to the dose level over a
long period can constitute a serious health risk. The results
can reliably serve as reference values for the assessment of
the equivalent dose due to natural radioactivity in the
environment.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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This work is aimed at reconstructing the water-rock interaction processes controlling the geochemical characteristics of the shallow
or relatively shallow groundwaters of the Pollino National Park, based on the data acquired for 105 water samples from local
springs. Reaction path modeling of rock dissolution was carried out in a purely stoichiometric mode for the main lithotypes
cropping out in the study area, that is, limestone, Mg-limestone, dolomite, serpentinite, Al-silicate fraction of calcschist, and
carbonate fraction of calcschist. Reaction path modeling was carried out in a purely stoichiometric mode, considering the rocks
of interest as materials of known stoichiometry and unknown thermodynamic properties. Calculations were carried out
assuming a closed system for secondary solid phases whereas an open system was assumed for gases, O2(g) and CO2(g).
Comparison of the results of geochemical modeling and the analytical data acquired for the groundwaters of the Pollino
National Park shows that concentrations of major solutes, SiO2, Li, Al, and Fe of the different chemical types of waters, are
explained by the dissolution of pertinent lithotypes. Moreover, the detected concentrations of Al, Cl, F, NO3, and SO4 are within
the threshold values recommended by WHO.

1. Introduction

The water-rock interaction process controls the physical and
chemical-mineralogical transformations of all rock types and
consequently the release of dissolved constituents to ground-
waters (e.g., [1–4]). The resulting concentrations of major
solutes in groundwaters depend on the chemical features of
the initial rainwater, the geological setting, and the extent of
the water-rock interaction process, which is related to the
residence time in the aquifer system. When the groundwaters
travel along their hydrogeological path from the recharge to
discharge areas, diverse chemical reactions take place, includ-
ing (i) dissolution-precipitation reactions, (ii) ion exchange
(adsorption/desorption) processes, and (iii) redox reactions
[5]. These processes, often occurring simultaneously, can be
predicted by means of the geochemical modeling or more

precisely via the reaction path modeling of water-rock
interaction.

Reaction path modeling is a powerful geochemical tool
proposed by Helgeson and coworkers in the late 1960s. [6]
described the relationships of the irreversible water-rock
mass transfer processes on the basis of the fundamental prin-
ciples of thermodynamics and chemical kinetics. Helgeson
and coworkers created PATHI, the first software code for
reaction path modeling, and used it to predict different geo-
chemical processes (e.g., [7]). Afterwards, several software
packages were developed, such as EQ3/6 [8], SOLVEQ/-
CHILLER [9], and PHREEQC [10]. Today, using these soft-
ware packages, it is possible to investigate several processes of
geochemical interest, including weathering (e.g., [11–29]).
The study of the rock-to-water release of chemical compo-
nents and of the chemical evolution of groundwaters allows
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one to widen also the knowledge of complex hydrogeological
systems.

Because of its large extension over northern Calabria and
southern Basilicata regions and its peculiar geological setting,
the Pollino National Park hosts a complex hydrogeological
system comprising several aquifers, each one with its own
geological, hydrogeological, and hydrogeochemical charac-
teristics. In this paper, the main aquifers of the Pollino
National Park were studied performing the reaction path
modeling of rock dissolution for six different lithotypes crop-
ping out in the study area, which are limestones, Mg-lime-
stones, dolomites, serpentinites, Al-silicate fraction of
calcschists, and carbonate fraction of calcschists. This geo-
chemical modeling exercise was carried out adopting an
innovative approach, that is, allowing the precipitation of a
few secondary solid phases only, namely, opal-CT (low-tem-
perature disordered cristobalite with intergrowth of tridy-
mite layers) or chalcedony, amorphous or crystalline
Al(OH)3, and amorphous or crystalline Fe(III)-oxy-hydrox-
ide (HFO). In this way, it was possible to reproduce the whole
range of alkalinities measured in local groundwaters, while
this target would not have been achieved by allowing the pre-
cipitation of carbonate minerals.

Afterwards, the theoretical trends of rock dissolution
were compared with the experimental data of 105 groundwa-
ters sampled in the Pollino National Park area and it was
ascertained that the concentrations of major solutes, SiO2,
Li, Al, and Fe of local groundwaters, are satisfactorily
explained by the dissolution of the considered lithotypes,
thus proving the effectiveness not only of the reaction path
modeling but also of the adopted approach concerning the
secondary solid phases. We are convinced that this approach
can also be exported to other areas.

2. Geological and Hydrogeological Background

The Pollino National Park area is part of the southern Apen-
nine fold-and-thrust belt. It is formed by a fold-and-thrust
belt-foredeep system that has recorded the east-directed
thrust transport and the development and deformation of
progressively younger turbiditic deposits to the east. The
geology of the area includes a Paleogene Subduction Com-
plex (the Calabro-Lucanian Flysch Unit or the Liguride
Complex of Southern Italy), the Middle Miocene foreland
strata of the Cilento Group and younger sequences, and the
Mesozoic to Miocene carbonate platform and slope (inner
Alburni-Cervati-Pollino Units and the Monti della Madda-
lena Unit); the Campano-Lucanian Ranges, including the
Mesozoic to Upper Miocene deep-sea sequences of the Lago-
negro and Sicilide Units, the outer platform sequences
(Monte Alpi Unit), and the Miocene foreland strata; the
Lucanian-Apulia lowland, including the Pliocene to Quater-
nary clastics; and the Apulian Swell, a Mesozoic to Quater-
nary carbonate platform [30–34].

The Meso-Cenozoic carbonate successions of the south-
ern Apennines are in contact with the uplifted crystalline
rocks of the northern Calabrian Terranes [35–36] (through
a regional extensive shear zone identified as the Pollino Line
[37–40]).

According to some authors, the stratigraphic and struc-
tural lineaments of the area showed the occurrence of main
imbricate units; from bottom to top, they are as follows: the
metamorphic Lungro-Verbicaro Unit, which consists of a
lower terrigenous interval of Early Triassic age, made up of
phyllites and metarenites with carbonate intercalations and
an upper carbonatic interval. These deposits are followed
by metalimestones, marly metalimestones, and dolomites
[41]. Carnian layers show a significant increase of siliciclastic
beds intercalated with metadolomites, metalimestones, and
evaporites. The metalimestones are generally coarse and
crystalline and locally exhibit stratification. On top of this
lithological interval are red siliceous slates and radiolarite
beds passing to coarse carbonate conglomerates and breccias,
metapelites. Siliciclastic metadolomites and evaporate strata
prevail to the SW, whereas to the NE, the succession is dom-
inated by the carbonate of the Pollino Unit. This carbonate
succession overthrust the Pollino-Ciagola Unit resulting in
the tectonic window in the Orsomarso Mts. area. The unit
comprises carbonate deposits with large and variable strati-
graphic gaps occurring in these slope facies successions.
The Late Triassic is almost everywhere represented by
thick-bedded, white-to-light gray dolomites. The dolomites
grade upward to limestones calcareous dark, well-bedded,
generally cyclic limestones with characteristic fossiliferous
content. They are covered by calcarenites [42] and by Mio-
cene siliciclastic turbiditic deposits which include marls,
pelites, and quartz arenites [42, 43].

In the northern part of the study area, carbonate units are
overthrust by nappes belonging to continental and oceanic
domains. Remnants of crystalline basement rocks such as
gneiss and granite outcrop at the top of tectonic assemblage
or result englobed in the ophiolite-bearing nappes of the
Liguride Complex. The complex comprises ophiolite-bearing
units made up of serpentinites, gabbros, and pillow basalts;
the metamorphic Frido Unit; and the unmetamorphosed
North Calabrian Unit [44]. The latter crops out in the prox-
imity of the NE sector of the Pollino Massif, in the Calabria-
Lucania border area. The Frido Unit is constituted by black-
ish schists, metarenites, greenish quartzites, and calcschists.
The rocks incorporate the ophiolitic rocks and thrust on
the Calabro-Lucanian Flysch Unit [31]. This is the lowermost
geometric unit of the Liguride Complex [44] and crops out
extensively in the northeastern part of the area, which tecton-
ically lies on the carbonate units. It consists of a thick alterna-
tion of gray-brown flaked shales, quartz siltites and quartz
sandstones, marly calcilutites, and calcarenites. As a whole,
it shows the structural and textural characteristics of a broken
formation and tectonically incorporates blocks of the
ophiolite-bearing rocks and relatively sedimentary cover
and blocks of the Crete Nere Formation, consisting of black
shales, quartz siltites, cherty limestones, and calcilutites and
marly limestones with intercalations of grayish argillites. Oli-
gocene to Miocene deposits consisting of turbiditic calcareous
and terrigenous flysch have been considered together with the
sedimentary succession of Jurassic-Miocene age (Figure 1).

On the top of the entire tectonic edifice rests the terrige-
nous succession of Upper Miocene-Pleistocene marine and
continental intramountain basins [45, 46].
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The fold-and-thrust system is the result of accretionary
wedge overthrust and collisional processes that realized east-
ern and western thrust propagation [45, 47–50]. The latest

tectonic event is characterized mostly by strike-slip faulting
and associated positive and negative structures [39, 51].
The fault systems (i.e., NW-SE, N-S, and NE-SW oriented)
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Figure 1: Lithological map of the Pollino National Park area. In the figure, the trace (red line) of the schematic geological section (see Figure
(Figure 9) and the location of all considered samples are reported.
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are responsible for the severe dissection of the mountain belt
into discrete crustal blocks alternating structural high to
elongated structural depressions.

The study area is characterized by hydrogeological com-
plexes which highlight differences in terms of flow rates
and depth. Throughout the area, it is possible to recognize
three main hydrogeological complexes:

(i) Carbonate-dolomitic complex

(ii) Crystalline-metamorphic complex

(iii) Terrigenous-calcareous in flysch facies complex

The carbonate-dolomitic complex includes aquifers
hosted in limestones, dolostones, chert-bearing limestones,
and marly limestones. The complex represents one of the
main sources of drinking water supplies in Calabria, South-
ern Italy [52–58]. These lithotypes, due to the brittle charac-
ters and the sin- and postorogenic tectonic evolution, identify
a dominant fractured cleavage permeable aquifer. Moreover,
due to their typical chemical composition, they are subject to
karst phenomena through which the action of dissolving
rainwater tends to expand the network of preexisting frac-
tures. These characteristics promote high infiltration pro-
cesses with values between 85% and 95% [52]. The main
spring flow rates in the order of hundreds l/s [59, 60] are
located in the proximity of the hydrogeological boundaries
constituted of fine and impermeable deposits or along the
main faults that play the role of the flow zone and/or perme-
ability threshold [52, 59, 60].

The Liguride Units, except for the respective sedimentary
covers, can be grouped in the crystalline-metamorphic com-
plex [52]. This group, if compared with the carbonate-
dolomitic complex, represents a minor hydrogeological
structure. The aquifers are directly linked both to the thick-
ness of gneisses and granites (alteration) and to the state of
fracturing of the rock mass. Low-grade metamorphites repre-
sent a water system conditioned by fracturing and above all
by vertical lithological anisotropy.

There are also aquifers of lesser importance, represented
by lithostratigraphic units included in basin sedimentary suc-
cession and flysch facies, well represented in the study area.
These aquifers are affected by the alternation of fine and
coarse materials and tend to give multiaquifer water systems
with higher productivity in the conglomeratic-arenaceous
intervals.

3. Materials and Methods

3.1. Water Sampling and Analysis. A total of 62 water sam-
ples from the Pollino National Park area were collected dur-
ing the present study and analyzed for major components.
The sampling methodologies were already described by
[61–66]; however, a brief description is reported here. In
the field, the physicochemical parameters like temperature,
pH, oxidation-reduction potential (Eh), and electrical con-
ductivity (EC) were determined by using a previously cali-
brated multiparametric probe (Hanna Instruments HI-
9828) whereas total alkalinity was determined by acidimetric

titration using HCl 0.05N as the titrating agent and methyl
orange as the indicator. Each water sample was filtered in
the field via a 0.45μm pore-size membrane filter. Samples
for the determination of cations, SiO2, and trace elements
were acidified by the addition of pure acid (1% HNO3)
whereas samples for the determination of anions were stored
without further treatment. The concentrations of Na+, K+,
Mg2+, Ca2+, F-, Cl-, SO4

2-, and NO3
- were determined by

high-performance liquid chromatography (HPLC, Dionex
DX 1100). Some trace elements such as Fe and Al were deter-
mined by a quadrupole inductively coupled plasma-mass
spectrometer (ICP-MS, PerkinElmer/SCIEX, ELAN DRC-e)
with a collision reaction cell capable of reducing or avoiding
the formation of polyatomic spectral interferences. Data
quality was evaluated by charge balance for major ions
(±10%) and by running NIST 1643f standard reference solu-
tion for trace elements with deviation from certified concen-
tration below the ±10%. Moreover, the concentration of SiO2
was measured by means of VIS spectrophotometry. These 62
water samples were added to previous data collection pro-
vided by [67] (the reader should refer to the original work
for the methods of water sampling and analysis used by
authors), and all 105 samples were used in this work (Table
S1 in Supplementary Materials).

3.2. Geochemical Modeling. Reaction path modeling of rock
dissolution was performed using the software package
EQ3/6 [8] and a revised version of the thermodynamic data-
base of [68].

Reaction path modeling of rock dissolution was carried
out in a purely stoichiometric mode, referring to the reaction
progress variable, ξ, without any time provision, that is, leav-
ing aside the kinetics of the irreversible water-rock mass
exchanges. This means that at each ξ step, a corresponding
amount of the solid reactant is added to the system made
up of the aqueous solution and secondary solid phases if
any. The added solid reactant is dissolved, and the aqueous
solution is reequilibrated with the instantaneously precipitat-
ing product phases if any [69].

Although reaction path modeling in a stoichiometric
mode implies that all rock-forming minerals are assumed
to dissolve at the same rate (which is surely not true), in
this approach, it is not necessary to specify for the relevant
minerals neither the surface areas, which are nothing but edu-
cated guesses in many cases, nor the dissolution-precipitation
rates, which are constrained by laboratory experiment results
often diverging from field data. To be noted also, the stoichio-
metric approach is reasonable for monomineralic rocks like
the carbonate rocks and the serpentinites.

In the adopted approach, the rocks of interest are con-
sidered “special reactants,” that is, materials of known stoi-
chiometry and unknown thermodynamic properties [69].
Following the indications of the EQ3/6 manuals, concen-
trations of chemical elements in special reactants were
expressed in mol/kg.

Calculations were carried out assuming a closed system
for secondary solid phases. This means that the precipitating
solid phases remain in the considered system and are in equi-
librium with the aqueous solution for the whole duration of
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the simulation. Hence, they can be redissolved if the aqueous
solution becomes undersaturated.

An open system was instead assumed for gases, namely,
O2(g) and CO2(g). In other terms, the system is considered
to be connected to two infinitely large gas reservoirs, one of
O2(g) and the other of CO2(g), which fix the partial pressure
of these two gases to the chosen values. Indeed, simulations
were performed at a constant temperature of 12°C, log f CO2
of -2.6 log bar and log f O2

of -25 log bar.

3.2.1. The Solid Reactants. Six different solid reactants were
considered: a limestone, an Mg-limestone, a dolomite, and
a serpentinite, as well as the carbonate and Al-silicate end-
members of a calcschist. These six rocks were sampled in
the Pollino National Park. The chemical composition was
obtained by means of Scanning Electron Microscopy-
Energy-Dispersive Spectra (SEM-EDS) analysis and through
X-ray fluorescence spectroscopy (XRF) analysis performed
during this study in the laboratories of DiBEST, University
of Calabria, and provided by previous investigations [15,
70, 71]. The computed elemental compositions of the six
solid reactants are given in Table 1.

3.2.2. The Solid Products. To keep the model to a simple level,
only few oxy-hydroxides were allowed to precipitate as sec-
ondary (alteration) phases, including a silica mineral, an alu-
minum hydroxide, and a ferric oxy-hydroxide (HFO).
Among the different silica minerals, chalcedony precipitation
was allowed when the availability of SiO2 is low, that is, dur-
ing the dissolution of the carbonate rocks (dolomite, Mg-
limestone, limestone, and the carbonate fraction of the calcs-
chist), whereas opal-CT production was permitted when the
availability of SiO2 is high, that is, during the dissolution of
the serpentinite and the Al-silicate fraction of the calcschist.
As a general rule, the amorphous oxy-hydroxides of Al and
Fe(+3) have a higher solubility than their crystalline and
higher precipitation rate as well. Owing to the lower solubil-

ity, the crystalline phases should precipitate before the amor-
phous oxy-hydroxides, but this event usually does not take
place because the precipitation kinetics of crystalline phases
is slow. Owing to the lack of precipitation of the crystalline
phases, the aqueous solution may become supersaturated
with the amorphous phases, which precipitate readily due
to their fast precipitation kinetics. Actually, the process is
more complicated, comprising the reversible, rapid growth
of small polymers and the subsequent formation of slowly
reacting large polymers before the precipitation of ferric
oxy-hydroxides (e.g., [72]). Based on these considerations,
two distinct runs were performed for each solid reactant,
allowing the precipitation of amorphous Al(OH)3 and amor-
phous HFO, in a series of runs, and permitting the produc-
tion of gibbsite and crystalline HFO in a separate series of
simulations. Chalcedony, opal-CT, gibbsite, amorphous
Al(OH)3, and crystalline and amorphous HFO were assumed
to be pure minerals.

3.2.3. Initial Aqueous Solutions. The concentrations of major
dissolved constituents in the initial aqueous solution were
reconstructed based on the results of the chemical analyses
of rainwater periodically sampled in the Cosenza area, apart
from total carbonate concentration which was assumed to
be constrained by the electrical charge balance. Aluminum
concentration was obtained by forcing equilibrium with
gibbsite. The concentration of Fe in rainwater, CFe,RW, was
computed using the simple relation:

CFe,RW = CFe,SW · CCl,RW
CCl,SW

� �
, ð1Þ

where CCl,RW and CCl,SW are the average Cl concentration of
rainwater and seawater, respectively, and CFe,SW is the con-
centration of Fe in average seawater. The adopted average
seawater composition is from [73]. Equation (1) is based on

Table 1: Elemental composition of the six solid reactants considered in reaction path modeling of rock dissolution.

Element
Dolomite Mg-limestone Limestone Carbonate-calcschist Al-silicate calcschist Serpentinite
mol/kg mol/kg mol/kg mol/kg mol/kg mol/kg

H — — — — — 1:24E + 01
Li 2:26E − 04 8:62E − 04 3:92E − 04 7:20E − 04 9:51E − 03 4:49E − 04
C 1:96E + 01 1:87E + 01 1:94E + 01 7:45E + 00 — —

O 3:93E + 01 3:79E + 01 3:93E + 01 1:49E + 01 2:69E + 01 3:16E + 01
Na 6:91E − 01 2:44E − 01 1:58E + 00 5:39E − 01 4:58E − 01 1:86E + 00
Mg 9:55E + 00 1:64E + 00 2:46E − 01 1:64E − 01 8:71E − 01 9:20E + 00
Al 5:97E − 03 1:08E − 01 6:91E − 03 — 4:57E + 00 3:57E − 01
Si 4:72E − 02 1:66E − 01 2:12E − 01 — 8:27E + 00 6:25E + 00
S — — — — — 6:42E − 04
Cl — — — — — 3:07E − 03
K 1:67E − 03 1:72E − 02 2:02E − 03 3:76E − 02 8:28E − 01 1:12E − 03
Ca 9:35E + 00 1:68E + 01 1:76E + 01 6:53E + 00 1:82E − 01 1:04E − 01
Fe 2:45E − 03 1:58E − 02 3:38E − 03 1:43E − 01 1:17E + 00 1:33E + 00
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a reasonable approximation since rainwaters in near-coastal
regions, like the Pollino National Park, are essentially heavily
diluted seawater [74]. The log PCO2 of the initial aqueous
solution was assumed to be -2.6, which is close to the mean
value of spring waters. Having specified both the PCO2 and
the total carbonate concentration, pH is fixed and turns out
to be 6.80. The redox potential was constrained by the log
PO2 of -0.678, which is the mean atmospheric value. Results
of the EQ3 run for the initial aqueous solution are given in
Table 2.

3.2.4. The Refurbishing of the Thermodynamic Database. As
already mentioned above, reaction path modeling of rock
dissolution was carried out referring to the thermodynamic
database of [68], which was modified adopting the solubil-
ities of chalcedony and opal-CT given by [75]. Moreover,
the equilibrium constant values of the dissolution reaction
of the oxy-hydroxides of Al and Fe3+ were adjusted to suit-
ably selected values in order to bracket the measured total
concentrations of these dissolved constituents.

4. Results and Discussion

4.1. Water Chemistry. The considered spring waters have
outlet temperatures ranging from 4.5 to 17.1°C, with mean
11.1°C, median 11.4°C, and standard deviation 2.3°C. These
different outlet temperatures are partly controlled by the dis-
tinct elevation, from 212 to 1536m asl, and partly reflect the
different sampling periods. These groundwaters are scarcely
mineralized, as indicated by the relatively low values of the
electrical conductivity, varying from 67 to 841μS/cm, with
mean 426μS/cm, median 402μS/cm, and standard deviation
140μS/cm. The highest conductivities were recorded for the
three samples of the sulfide-bearing Abatemarco springs
(codes 16, 17, and A24), which are also characterized by
unusual low Eh S(-2)-S(0) values, -139 to -150mV (calcu-
lated by geochemical modeling), and chemistry. The Eh
values measured by means of the Pt electrode for all the other

springs are in the interval +34 to +305mV, with mean
+154mV, median +157mV, and standard deviation 65mV.
These relatively high redox potentials are indicative of pre-
vailingly oxidizing conditions, as expected for shallow waters.
However, it is unlikely that measured Eh values are con-
trolled by one of the two electroactive redox couples to which
the Pt electrode is sensitive, i.e., the Fe(+2)-Fe(+3) and S(-2)-
S(0) systems [76], owing to the low concentrations of iron
and reduced sulfur species in these aqueous solutions. The
pH values oscillate around the neutrality conditions, from
6.83 to 8.86, with mean 7.65, median 7.6, and standard devi-
ation 0.40. The logarithm of the computed CO2 partial pres-
sure, which depends largely on pH, varies from -3.65 to -1.60,
with mean -2.39, median -2.37, and standard deviation 0.42
(all in log bar). Eighty-three samples have log PCO2 values
within the range of worldwide soils, -2.70 to -1.40 log bar
[77], indicating that CO2 is chiefly contributed to water by
processes occurring in soils, such as the decay of organic mat-
ter and root respiration. The remaining twenty-two samples
have lower log PCO2 values, but all except one are higher than
the mean atmospheric log PCO2, -3.50 log bar. Therefore, it is
likely that these low log PCO2 values are controlled by gas
exchanges between the aqueous solutions and the atmosphere.

As shown by the triangular diagram of major anions
(Figure 2(a)), bicarbonate is the prevailing anion in all the
waters apart from the three samples of the sulfide-bearing
Abatemarco springs (codes 16, 17, and A24), which have
comparable concentrations of SO4 and HCO3. The almost-
ubiquitous prevalence of bicarbonate suggests that the min-
eralization of most waters is chiefly controlled by rock disso-
lution driven by conversion of CO2 into HCO3

- ion.
In the triangular diagram of main cations (Figure 2(b)),

all the water samples are distributed near the axis connecting
the vertices of Ca and Mg, since the sum of the relative con-
centrations of Na and K is less than 20 eq% apart from sam-
ple A21. This sample has the lowest conductivity, 67μS/cm,
but unusually higher concentrations of Na and Cl, 25 and
24 eq%, respectively, which are probably related to the
marine-atmospheric component. In other words, sample
A21 is rainwater scarcely modified by water-rock interaction.
Based on the Ca/(Ca+Mg) molar ratio, it is possible to recog-
nize thirty calcic waters, with values higher than 0.75, sixty-
three calcic-magnesian waters, with values in the interval
0.50 to 0.75, and twelve magnesian waters with values lower
than 0.50.

Taking into account the indications provided by the two
triangular diagrams of Figure 2, the considered spring waters
were provisionally ascribed to the following three chemical
types: Ca-HCO3, Ca(Mg)-HCO3, and Mg-HCO3.

The diagram of Figure 2(b) also shows the expected com-
positions for (i) dissolution of calcite, coinciding with the Ca
vertex, (ii) dissolution of dolomite, located along the axis
connecting the vertices of Ca and Mg at equal distance from
both vertices, and (iii) dissolution of magnesite, coinciding
with the Mg vertex. Therefore, one might be tempted to con-
clude that the Ca-HCO3 waters originate by prevailing disso-
lution of calcite and subordinate dissolution of dolomite, the
Ca(Mg)-HCO3 waters are generated by predominant disso-
lution of dolomite accompanied by minor dissolution of

Table 2: Elemental composition of the initial aqueous solution for
T = 12°C, pH = 6:80, and Eh = 837mV.

Element mg/kg·sol mol/kg

Al 4:73E − 05 1:75E − 09
C 5:10E + 00 4:25E − 04
Ca 6:00E + 00 1:50E − 04
Cl 1:70E + 00 4:80E − 05
Fe 7:00E − 04 1:25E − 08
K 1:80E − 01 4:60E − 06
Li 1:00E − 05 1:44E − 09
Mg 7:00E − 01 2:88E − 05
N 2:26E − 01 1:61E − 05
Na 1:50E + 00 6:52E − 05
S 1:07E + 00 3:33E − 05
Si 1:17E + 00 4:16E − 05
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calcite, and the Mg-HCO3 waters are produced by dissolu-
tion of magnesite and dolomite in different proportions.
These inferences may be right for the Ca-HCO3 and
Ca(Mg)-HCO3 waters originated by the interaction of mete-
oric waters with carbonate rocks only, but they are probably
wrong for the Ca-HCO3 and Ca(Mg)-HCO3 waters deriving
by the interaction of meteoric waters with both carbonate
rocks and Al-silicate rocks or with mixed rocks like the calcs-
chists, comprising a carbonate fraction and an Al-silicate
fraction, or even with Al-silicate rocks only, given the fact
that they often contain veins of calcite or dolomite. To be
noted also, the Ca-HCO3 and Ca(Mg)-HCO3 waters some-
how related to Al-silicate rocks are expected to be rather
common because these lithotypes extend over vast sectors
of the Pollino National Park area (Figure 1). Furthermore,
the Mg-HCO3 waters are unlikely to be produced by the dis-
solution of magnesite, since monomineralic rock bodies
exclusively made up of magnesite (or almost so), analogous
to limestones and dolomites, are rare [78, 79].

The waters probably affected by the dissolution of Al-
silicate rocks were selected based on values of the TIS/SiO2
ratio lower than 50, where TIS is the acronym of total ionic
salinity, representing the sum of the concentrations of major
cations and anions, in meq/kg, and SiO2 concentration is
expressed in mmol/kg. Most of the springs discharging these
waters are found in areas where Al-silicate rocks crop out.
After this further classification step, the spring waters were
finally attributed to one of the following five chemical types:

Ca-HCO3, SiO2-rich Ca-HCO3, Ca(Mg)-HCO3, SiO2-rich
Ca(Mg)-HCO3, and Mg-HCO3.

To elucidate the role played by the dissolution of Al-
silicate rocks, it is advisable to take into consideration the tri-
angular diagram of Ca-Mg-SiO2 (Figure 3), in which the
chemical characteristics of the spring waters of interest are
compared with the compositions expected for dissolution
not only of carbonate minerals but also of several Si-
bearing minerals, which are probably present in local Al-
silicate rocks, such as quartz, talc, enstatite, serpentine, for-
sterite, clinochlore, tremolite, diopside, wollastonite, anor-
thite, and albite. The dissolution reactions of considered
minerals are based on the following two hypotheses [80].
(1) The water-rock interaction processes, in which carbonate
and silicate minerals are dissolved, can be assimilated to acid-
base titrations, in which the minerals act as bases, while aque-
ous CO2 is the acid that controls the process and is converted
into HCO3

- ion. (2) Aluminum released by the dissolution of
the primary Al-silicates, such as clinochlore and plagioclases,
is entirely incorporated into precipitating kaolinite, although
other secondary Al-bearing solid phases may form instead of
it, leading to different water compositions [16].

Even though several other Si-bearing minerals might be
present in local rocks in addition to those considered so far,
the latter ones are sufficient for explaining the chemistry of
the water samples of interest. In fact, in Figure 3, most Si-
rich Ca-HCO3 waters are positioned along trend (a), which
is controlled by the dissolution of quartz and/or other silica
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minerals and/or albite, suggesting that these waters probably
interact, at least partially, with acid rocks or, alternatively,
with chert-bearing limestones. The Si-rich Ca(Mg)-HCO3
waters and the Mg-HCO3 waters are positioned between
the serpentine-calcite tie line (b) and the clinochlore-
dolomite tie line (c), suggesting that their chemical character-
istics are probably controlled by the dissolution of these four
minerals. However, the possible contribution of forsterite
dissolution cannot be excluded because it would determine
water compositions intermediate between those controlled
by serpentine and clinochlore dissolution. Also, magnesite
dissolution represents a plausible option, at least for the
Mg-HCO3 waters characterized by high Mg/SiO2 ratios.
The Si-rich Ca(Mg)-HCO3 waters probably interact, at least
partially, with mafic or ultramafic rocks.

Since the triangular plots of Figures 2 and 3 do not con-
vey any information on total ionic salinity, this parameter is
inspected by means of the correlation diagram of Ca vs. Mg
+Na+K (Figure 4), in which the TIS values of the considered
spring waters can be appreciated by comparing the position
of each sample with the lines of slope -1 which are iso-TIS
lines (see [81] for further details). It turns out that most

spring waters have TIS of 3.6 to 12.9meq/kg, irrespective of
the chemical type they belong to, apart from sample A21
which has TIS of 1meq/kg only and nine samples with TIS
of 14.4 to 18.4meq/kg, including the sulfide-bearing Abate-
marco springs (codes 16, 17, and A24). Finally, the acquired
chemical information showed that the concentrations of Al,
Cl, F, NO3, and SO4 are within the threshold values recom-
mended by the World Health Organization (WHO) [82]
which established the guidelines for drinking water quality.

4.2. Reaction Path Modeling. Results of reaction path model-
ing onto precipitating HFO are reported adopting alkalinity
as a proxy for the reaction progress variable [16]. This choice
is based on the fact that progressive rock dissolution can be
considered a sort of acid-base titration, in which the base is
the rock and the acid is CO2(aq), which is converted to
HCO3

- ion, as pointed out long ago by [80].

4.2.1. The Precipitating Solid Phases. Based on the simula-
tions performed in this work, the precipitating solid phases
during the gradual dissolution of the limestone, the Mg-lime-
stone, the dolomite, and the serpentinite, as well as the
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carbonate and Al-silicate endmembers of the calcschist are
summarized in Table 3.

Table 3 shows that amorphous or crystalline HFO forms
as secondary minerals in all the simulations, except the dolo-
mite dissolution with possible precipitation of amorphous
minerals, in which the aqueous solution does not attain satu-

ration with amorphous HFO. Amorphous Al(OH)3 and
gibbsite precipitate in all the simulations apart from the dis-
solution of the carbonate endmember of the calcschist,
which was assumed to be Al- and Si-free. Opal-CT is a solid
phase only in the simulations in which the serpentinite and
the Al-silicate endmember of the calcschist are dissolved.

Table 3: Precipitating solid phases during the simulations of the progressive dissolution of the limestone, the Mg-limestone, the dolomite,
and the serpentinite, as well as the carbonate and Al-silicate endmembers of the calcschist considered in this work.

Dissolving rock Type of precipitating minerals Precipitating minerals

Limestone Amorphous Al(OH)3(am), HFO(am)

Limestone Crystalline Gibbsite, HFO(cr)

Mg-limestone Amorphous Al(OH)3(am), HFO(am)

Mg-limestone Crystalline Gibbsite, HFO(cr)

Dolomite Amorphous Al(OH)3(am)

Dolomite Crystalline Gibbsite, HFO(cr)

Calcschist, Al-silicate endmember Amorphous Al(OH)3(am), HFO(am), opal-CT

Calcschist, Al-silicate endmember Crystalline Gibbsite, HFO(cr), opal-CT

Calcschist, carbonate endmember Amorphous HFO(am)

Calcschist, carbonate endmember Crystalline HFO(cr)

Serpentinite Amorphous Al(OH)3(am), HFO(am), opal-CT

Serpentinite Crystalline Gibbsite, HFO(cr), opal-CT
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Figure 5: Correlation diagrams of alkalinity (expressed in mg HCO3/kg) vs. (a) calcium and (b) magnesium during the progressive
dissolution of different rocks (see legend) according to the simulations elaborated in this work.
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Chalcedony precipitation never takes place, although it was
allowed during the dissolution of the carbonate rocks, i.e.,
the dolomite, the Mg-limestone, the limestone, and the car-
bonate endmember of the calcschist. Evidently, the aqueous
solution remains undersaturated with respect to chalcedony
during the dissolution of these carbonate rocks.

4.2.2. The Aqueous Solutions

(1) Calcium and Magnesium. In the correlation diagram of
alkalinity vs. calcium (Figure 5(a)), (i) the Ca-HCO3 waters
and the SiO2-rich Ca-HCO3 waters are found along or close
to the dissolution curves of the limestone, the Mg-limestone,
and the carbonate endmember of the calcschist, which are
superimposed on each other, whereas (ii) the Ca(Mg)-
HCO3 waters and the SiO2-rich Ca(Mg)-HCO3 waters are
situated between the previous curves and that describing
the dissolution of the dolomite (apart from a few exceptions).
Moreover, all these waters are situated far from the dissolution
curve of the Al-silicate endmember of the calcschist. This
spread of sample points indicates that the Ca-HCO3, SiO2-rich
Ca-HCO3, Ca(Mg)-HCO3, and SiO2-rich Ca(Mg)-HCO3
waters are produced through the dissolution of different car-
bonate rocks, in variable proportions, whereas the dissolution
of the Al-silicate endmember of the calcschist does not seem to

contribute significantly to the mineralization of these waters.
The Mg-HCO3 waters are positioned above the serpentinite
dissolution curve, probably due to the presence of small
amounts of calcite, which is readily dissolved, inside these
rocks and/or related soils.

In contrast to what was observed in the previous plot, the
dissolution curves of the limestone, the Mg-limestone, and
the carbonate endmember of the calcschist are clearly sepa-
rated in the correlation diagram of alkalinity vs. magnesium
(Figure 5(b)) and are all located well below the dolomite dis-
solution curve. As expected, the Ca(Mg)-HCO3 and SiO2-
rich Ca(Mg)-HCO3 waters are found close to the dolomite
dissolution curve, whereas the Ca-HCO3 and SiO2-rich Ca-
HCO3 waters (apart from a single exception) have lower
Mg concentrations and are situated below the dolomite dis-
solution curve and above the limestone dissolution curve.
This spread of sample points confirms that all these waters
are originated through the dissolution of these distinct car-
bonate rocks, in variable proportions. The Mg-HCO3 waters
are situated along the serpentinite dissolution curve or close
to it, as expected. All in all, there is a very good correspon-
dence between the theoretical rock dissolution curves and
the analytical data of Ca, Mg, and alkalinity for the ground-
waters of interest.
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Figure 6: Correlation diagrams of alkalinity (expressed in mg HCO3/kg) vs. (a) silica and (b) sodium during the progressive dissolution of
different rocks (see legend) according to the simulations elaborated in this work.
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(2) Silica and Sodium. Relatively low concentrations of both
silica and sodium are expected for dissolution of the car-
bonate rocks, whereas comparatively high concentrations
of both silica and sodium are predicted for dissolution of
the Al-silicate endmember of the calcschist and the serpen-
tinite, as shown by the location of the dissolution curves of
these different lithotypes in the correlation diagrams of
alkalinity vs. silica (Figure 6(a)) and alkalinity vs. sodium
(Figure 6(b)).

A major difference is that Na is expected to have conser-
vative behavior during the dissolution of all the considered
rocks, whereas SiO2 is expected to have conservative behavior
during the dissolution of the carbonate rocks but to be fixed
by saturation with respect to a silica mineral during the dis-
solution of the Al-silicate endmember of the calcschist and
the serpentinite. Saturation with opal-CT was imposed in
the latter two cases, but this condition actually determines
the uppermost dissolved SiO2 concentration, which is
59.0mg/kg at 12°C. Alternatively, attainment of saturation
with respect to less soluble silica minerals, such as chalcedony
or α-cristobalite or moganite, is possible, with corresponding
SiO2 concentrations of 11.8, 18.8, and 26.7mg/kg, respec-
tively, at 12°C.

Consistent with the location of the rock dissolution
curves, most Ca-HCO3 and Ca(Mg)-HCO3 waters have

SiO2 and Na concentrations lower than SiO2-rich Ca-
HCO3, SiO2-rich Ca(Mg)-HCO3, and Mg-HCO3 waters.
However, a few Ca-HCO3 waters have Na concentrations
higher than expected values possibly due to high contribu-
tions of the marine-atmospheric aerosols or limited anthro-
pogenic contamination.

(3) Lithium and Potassium. The correlation diagrams of alka-
linity vs. lithium (Figure 7(a)) and alkalinity vs. potassium
(Figure 7(b)) show that the highest concentrations of these
two alkali metals are expected for dissolution of the Al-
silicate endmember of the calcschist whereas lower concen-
trations are foreseen for dissolution of the carbonate rocks
and the serpentinite. However, the spread of the analytical
data is not consistent or is not entirely consistent with these
theoretical predictions, suggesting that the variability of Li
and K concentrations in the rocks of interest might be larger
than indicated by the available analytical data. Furthermore,
the limited effects of anthropogenic contamination cannot
be ruled out for potassium.

(4) Aluminum and Iron. Most groundwaters of the Pollino
National Park are found between the curves of rock disso-
lution accompanied by precipitation of amorphous Al
hydroxide and the curves of rock dissolution with concur-
rent production of crystalline gibbsite, indicating that Al

Dolostone
Mg-limestone
Limestone
Serpentinite
Calcschist

Mg-HCO3

SiO2-rich
Ca (Mg)-HCO3

Ca-HCO3

SiO2-rich
Ca-HCO3
Ca (Mg)-HCO3

100

10

1

0.01
0 100 200 300

HCO3 (mg/kg)

Li
 (𝜇

g/
kg

)

400 500

0.1

0.02

0.05

0.2

0.5

2

5

20

50

Al-Si, (am), (cr)

Carb, (am), (cr)

T = 12ºC,
log fCO2 = –2.6

(a)

Dolostone
Mg-limestone
Limestone
Serpentinite
Calcschist

Mg-HCO3

SiO2-rich
Ca (Mg)-HCO3

Ca-HCO3

SiO2-rich
Ca-HCO3
Ca (Mg)-HCO3

50

20

10

5

2

1

0.5

0.2

0.1

0.05

0.02

0.01

K 
(m

g/
kg

)

0 100 200 300
HCO3 (mg/kg)

400 500

Al-Si, (am), (cr)

Carb, (am), (cr)

T = 12ºC,
log fCO2 = –2.6

(b)
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concentration is controlled by saturation with amorphous Al
hydroxide or crystalline gibbsite or Al oxy-hydroxide of
intermediate crystallinity, irrespective of the dissolving litho-
type (Figure 8(a)). These Al-controlling solid phases are
early-precipitating, persisting solid phases during water-
rock interaction. Similarly, most waters of interest are posi-
tioned between the curves of rock dissolution accompanied
by precipitation of amorphous HFO and the curves of rock
dissolution with concurrent generation of crystalline HFO,
suggesting that Fe concentration is governed by saturation
with amorphous or crystalline HFO or HFO of intermediate
crystallinity (Figure 8(b)). The saturation with HFO is
attained almost immediately during the dissolution of the
Al-silicate and carbonate endmembers of the calcschist and
the serpentinite, whereas it is achieved at progressively later
stages during the dissolution of the Mg-limestone, the lime-
stone, and the dolomite, respectively.

4.3. Geological and Hydrogeological Evidence. In the Pollino
National Park, the main springs are generally localized in
the proximity of hydrogeological boundaries that play the
role of the flow zone or permeability threshold. This impor-
tant point that was already mentioned in Section 2 (e.g.,
Figure 1) can be appreciated in the schematic geological sec-
tion of Figure 9 showing the stratigraphic relationships

among different lithotypes and the water discharge areas of
each chemical type.

In detail, Ca-HCO3 and Ca(Mg)-HCO3 waters are gener-
ally related to main outcrops of the Triassic dolostones and
limestones and are often found close to the contact between
these rocks and different lithotypes of low permeability. Both
fracturing and karsting largely control the development of
these carbonate aquifers often discharging through springs
of high flow rates, especially near the main hydrogeological
contacts. Moreover, the water transfers from limestone to
dolostone reservoirs or vice versa can easily occur due to
karsting and fracturing. The performed reaction path model-
ing and the available analytical data show clearly the occur-
rence of this exchange process among aquifers hosted in
different carbonate rocks. In fact, there is no break of conti-
nuity in the spread of Ca-HCO3 and Ca(Mg)-HCO3 waters
in all the previously examined diagrams, due to the interac-
tions of these waters with different carbonate rocks, i.e., lime-
stone, Mg-limestone, and dolostone. These waters are also
characterized by small concentrations of SiO2 (Figure 6(a))
which probably derive from Si-bearing minerals present as
impurities in carbonate rocks or from a minor, time-limited
interaction with the siliceous-clastic component of the
Calabro-Lucano Flysch Unit (clayey-calcareous arenaceous
complex) and/or the Frido Unit (peliticschist and calcschist),
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both widely present in the Pollino National Park area in a
stratigraphically higher position than the carbonate complex
(Figure 9). In fact, the SiO2 concentrations explained by the
theoretical dissolution trends of the carbonate rocks are
lower than those by the analytical data, suggesting that Si
sources external to the carbonate rocks have to be invoked
to explain the analytical data.

The SiO2-rich Ca-HCO3 and Ca(Mg)-HCO3 waters are
influenced to a considerable extent by the dissolution of
chert, quartz, and/or other Si-bearing minerals present in
the rocks of the Calabro-Lucano Flysch Unit (clayey-calcare-
ous arenaceous complex) and the Frido Unit (peliticschist
and calcschist) (Figure 9), in line with the theoretical dissolu-
tion trends of the Al-silicate endmember of the calcschist.
Finally, the chemical characteristics of the Mg-HCO3 waters,
generally emerging from serpentinite rocks, are controlled
almost exclusively by the dissolution of this lithotype.

5. Conclusions

Reaction path modeling of rock dissolution was performed
for the main lithotypes cropping out in the Pollino National
Park, including limestone, Mg-limestone, dolomite, serpenti-
nite, Al-silicate fraction of calcschist, and carbonate fraction
of calcschist. Geochemical modeling was carried out adopt-
ing an innovative approach, that is, allowing the precipitation
of a few secondary solid phases only, namely, opal-CT or
chalcedony, amorphous or crystalline Al(OH)3, and amor-
phous or crystalline FeOOH. In this way, it was possible to
reproduce the whole range of alkalinities measured in local
groundwaters, while this target would not have been achieved
by allowing the precipitation of carbonate minerals.

Through the comparison of the theoretical water compo-
sition resulting from the dissolution of the considered rocks
with the corresponding chemical characteristics of 105 local
groundwaters, it was ascertained that major solutes, SiO2,

Li, Al, and Fe, are satisfactorily explained by the dissolution
of the considered lithotypes and the detected concentrations
do not exceed the threshold values established byWHO. This
fact proves the effectiveness of both the reaction path model-
ing, in general, and, in particular, the approach adopted to
deal with secondary solid phases.

The results of reaction path modeling were validated by
hydrogeological evidence which highlights the occurrence
of multiple interactions between the considered groundwa-
ters and the several lithotypes. Ca-HCO3 and Ca(Mg)-
HCO3 waters result from the dissolution of carbonate rocks
with minor, time-limited interaction with the siliceous-clastic
component of the Calabro-Lucano Flysch Unit and/or the
Frido Unit, which are both widely present in the Pollino
National Park area in a stratigraphically higher position than
the carbonate complex. The dissolution of these lithotypes
exerts strong control over the chemical characteristics of the
SiO2-rich Ca-HCO3 and SiO2-rich Ca(Mg)-HCO3 waters,
whereas the chemistry of Mg-HCO3 waters is controlled
almost exclusively by the dissolution of serpentinite rocks.
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This paper presents studying the performance of three types of polyethersulfone (PES) membrane for the simultaneous removal of
Co2+ ions, Cd2+ ions, and Pb2+ ions from binary and ternary aqueous solutions. Co2+ ions, Cd2+ ions, and Pb2+ ions with two
different initial concentrations (e.g., 10 and 50 ppm) were selected as examples of heavy metals that contaminate the
groundwater as a result of geological and human activities. This study investigated the effect of types of PES membrane and
metal ions concentration on the separation process. For the binary aqueous solutions, the permeation flux of the PES2
membranes was higher for the separation process of solutions containing 50 ppm of Cd2+ ions and 10 ppm of Co2+ ions
(24.7 L/m2·h) and Pb2+ ions (23.7 L/m2·h). All the metals in the binary solutions had high rejection when their initial
concentration was lower than the initial concentration of the other metal present in the same solution. Using PES2, the
maximum rejection of Cd2+ ions was 61.3% when the initial concentrations were 50 ppm Pb2+ ions: 10 ppm Cd2+ ions and
55.4% for Pb2+ ions when the initial concentrations were 10 ppm Pb2+ ions: 50 ppm Cd2+ ions. For the ternary aqueous
solutions, the rejection and the permeation flux of the PES membranes increased with decreasing the heavy metal initial
concentration. Using PES2, the maximum permeation flux was 21.6 L/m2·h when the initial concentration of the metals was
10 ppm; and the maximum rejection of the metals obtained at initial concentration of 10 ppm was 50.5% for Co2+ ions, 48.3%
for Cd2+ ions, and 40% for Pb2+ ions. The results of the filtration process using PES2 of simulated contaminated-groundwater
indicated the efficient treatment of groundwater containing Co2+, Cd2+, and Pb2+ ions.

1. Introduction

Nowadays, contamination of groundwater is one of the most
important environmental issues because it contains wide

range of contaminants that influence water resources such
as heavy metals [1]. The sources of groundwater pollution
by heavy metals are mainly geological actions and human
activities represented by industries and domestic activities
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[2]. A potential source of groundwater pollution by heavy
metals is contaminant seepage from the disposal sites as well
as they are normally present in high concentrations in the
landfill leachate [3]. Heavy metals such as cadmium, copper,
lead, nickel, and zinc are naturally occurring elements and
are actually necessary for human health when they are pres-
ent in small amounts in our environment [4] However, vari-
ous industrial activities release different concentrations of
heavy metals in water such as textile industries, battery
manufacturing, electroplating, automotive industries, min-
ing, and metal finishing [5]. Discharges of different industrial
activities are the main reasons of water pollution because
they consist of different poisonous heavy metal ions that
accumulate in microorganisms and aquatic fauna and flora
which may enter inside the human body through a food
chain causing health problems [6].

Also, the discharges of the nuclear fuel cycle and the pro-
duction and applications of radioisotopes are the main rea-
son behind pollution by radioactive waste. Besides, the
other sources of radioactive waste are the byproducts resul-
tant of exploitation of natural resources and raw materials
containing radioactive isotopes that are used for the produc-
tion of agricultural and medical products [7]. The waste
stream of these activities may contain radionuclides of indi-
vidual elements such as cesium, molybdenum, strontium,
iodine, tritium, cobalt, actinides, and lanthanides [8]. The
contaminated soil and water by radioactive wastes have
harmful effects on the living organisms, natural resources,
and the environment; thus, they are hazardous to the health
and safety of the human and other creatures [7].

Because the removal of heavy metals and radioactive
wastes that exist in the form of cations has become an urgent
issue, different treatment technologies have been used and
improved so far to achieve an effective reduction of the
concentrations of the toxic pollutant such as chemical pre-
cipitation, evaporation, extraction, membrane filtration,
adsorption, coagulation, flocculation, sedimentation, ther-
mal treatment, and ion exchange [9–12]. The above tech-
niques show some drawbacks such as the cost of flotation
and chemical precipitation resulting from generating extra
sludge; poor selectivity and high sensitivity to pH for the
ion-exchange process, nonselective, and generating intrac-
table sludge for adsorption process. However, both ion
exchange and adsorption are relatively low-cost, easily han-
dled, and effective for low metal concentrations [13–15].

Membrane filtration technologies including microfiltra-
tion (MF), nanofiltration (NF), membrane distillation
(MD), and reverse osmosis (RO) are successfully able to offer
a significant solution in the field of the environment such as
reducing of pollutions, reusing of water, and recycling of the
valuable elements from waste effluents [16–19]. Different
membrane technologies were applied for the membrane bio-
reactor (MBR) technique to treat the oil refinery wastewater
[20–22], ultrafiltration membrane for dye removal from
leather tanning factory [23, 24], ultrafiltration membrane
for treating refinery wastewater [25], ultrafiltration mem-
brane for protein and dye removal [26], and ultrafiltration
and nanofiltration membranes for produced water treatment
[27]. Also, membrane technologies have been considered as

promising technologies for removing heavy metals and
radioactive wastes because they are highly efficient (high
rejection to contaminants), easy to operation, saving space,
reliable, and comparatively low energy consumption [14, 28].

Nanofiltration (NF) is theoretically more efficient than
ultrafiltration (UF) and gives higher permeate than reverse
osmosis (RO); therefore, it has attracted much attention in
the applications including food, pharmaceutical, petrochem-
ical industries, and wastewater treatment [15]. Separation of
metal ions by NF occurs via size exclusion (sieving effect) and
Donnan exclusion (electrostatic repulsion) [29]. The struc-
tural features of NF membranes create this combination of
effects [30]. In the size exclusion, the species are strictly
retained if they have larger hydrated size than the membrane
pore size; however, the membrane pores were an obstacle to
the species with a similar size. In the Donnan (charge) exclu-
sion, the ions with the same charge (coions) are repelled by a
membrane with fixed charged groups while the ions with an
opposite charge (counterions) are attracted [31]. NF
demands lower pressure and thus lower energy than RO,
and it allows high permeate rate with selectively high rejec-
tion of divalent ions but low rejection monovalent ions which
make NF recommended for treating various industrial efflu-
ents and drinking water [30, 32].

Due to the intrinsically rigid nature of lead, cadmium,
and cobalt ions when they are discharged into the environ-
ment, and their major toxicity with the noxious effect on
organic systems, the present work is mainly focused on using
the filtration process to treat a simulated groundwater. In the
current work, three types of PES membranes were prepared
and examined for the removal of lead, cadmium, and cobalt
ions from binary and ternary aqueous solutions at various
conditions including initial metal ion concentrations and
ratio of metals.

2. Chemicals and Experimental Work

Polyether sulfone (PES type Radel, provided by Solvay
Advanced Polymers, Belgium) was used to prepare three dif-
ferent PES membranes, which were symbolized by PES1,
PES2, and PES3, by the dry/wet phase inversion method.
The spinning parameters were air gap distance of 5 cm,
extrusion pressure of 1.5 bar, and bore fluid flow rate of
2.5mL/min. This process required internal and external
coagulants; thus, pure water was used for this purpose, and
more details regarding the spinning process of hollow fibers
were presented elsewhere [33, 34]. PES1, PES2, and PES3
hollow fibers were examined in treating stimulated ground-
water containing combination of Cd2+ and Co2+ and Pb2+

ions using crossflow pattern filtration module as shown in
Figure 1. The membrane pore size and pore size distribution
were measured using Atomic force microscopy (AFM) (SPM
AA300; Angstrom Advanced Inc., Stoughton, MA, USA).
Each hollow fiber was exposed to a wide surface analysis with
an appropriate silicon tip. Also, the dimensions of the PES
hollow fibers were measured via scanning electron micros-
copy (SEM) (TESCAN VEGA3 LM (Oxford Instruments),
X-Man, Czech Republic). A statistical test of the pore size
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was made for all PES hollow fiber surface via IMAGER 4.3.1
software [33].

The porosity (void fraction) of the hollow fiber ε (%) was
estimated by measuring the density of the hollow fiber (e.g.,
weight of the sample divided by its volume). Then, the poros-
ity of the hollow fibers was calculated by Equation (1) as fol-
lows:

ε = 1 − ρm
ρp

, ð1Þ

where ρP is the density of the PES (g cm-3) which was
1.370 (g cm-3), and ρm is the hollow fiber density (g cm-3).

The characteristic of the surface morphology and the
other specifications of the prepared PES membranes are
displayed in Table 1. The simulated wastewater was
prepared from dissolving nitrate salts of Cd2+ ions
(Cd(NO3)2.6H2O), Co

2+ ions (Co(NO3)2.6H2O), and Pb2+

ions (Pb(NO3)2.6H2O) ions in distilled water and stored
in a polyethylene container at room temperature. The con-
centrations of metal ions in the solutions were prepared in
the range of 10-250 ppm. The pH value of the stimulated
wastewater was adjusted using 1M HCl and 1M NaOH

to be in the range of 5.5-6.5 [5], and the temperature of
the solutions were maintained 25°C ± 3°C. The PES process
was chosen to run at 1 bar during the removal process due
to the low concentration of the metal ions.

Each hollow fiber was pressurized for 60 minutes at 3 bar
to compact the fibers before measuring the permeation flux
in a crossflow filtration mode. Equation (1) was used to cal-
culate the permeate flux (JV, L/m

2 h).

Jv =
V
t:A

, ð2Þ

where V (L) is the volume of permeate, t (h) is time to
collect permeate, and A (m2) is the surface area of the mem-
brane. Each hollow fiber module has 7 hollow fibers with an
effective area of 4:9 × 10−3, 5:5 × 10−3, and 5:8 × 10−3 m2, for
PES1, PES2, and PES3, respectively. The feed flow rate was
set on 0.6 (l/min) with a feed temperature of 25 ± 3°C. More-
over, Equation (2) was used to calculate the rejection percent-
age (R%) of metal ions.

R% =
Cb − Cp

Cb
× 100, ð3Þ
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Figure 1: (a) A schematic diagram of the membrane filtration setup. (b) Photo of the membrane filtration setup and hollow fibers.

Table 1: The characteristics of the polyethersulfone (PES) membrane texture.

Membrane
symbol

PES content
(%)

Average pore size
(nm)

Pore size
distribution (nm)

Porosity
(%)

Outside diameter
(μm)

Inside diameter
(μm)

Membrane
thickness (μm)

PES1 29 52.04 25–100 52:5 ± 1:4 1012 620 196 ± 0:8
PES2 27 58.11 35–130 67:6 ± 0:9 958.4 576 191:2 ± 1:7
PES3 27 47.75 20–115 58:1 ± 1:1 1005 603.6 200:7 ± 2:1
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where Cp is the concentration (ppm) of metal ions in per-
meate, and Cb (ppm) is an average of bulk concentration of
metal ions in the feed (Cf , ppm) and concentrate/retentate
(Cr , ppm) and is calculated using Equation (3).

Cp =
Cf + Cr

2 : ð4Þ

To clean the setup, distilled water was used to rinse it for
60min at 4 bar pressure after each set of experiments. Perme-
ate of pure water then was measured to make sure that the
initial flux of the membrane is restored.

The concentrations of metal ions in the samples were
measured by an AAS-6200 atomic absorption flame emis-
sion spectrophotometer (Shimadzu Company, Japan). This
equipment was frequently calibrated before start measur-
ing each set of samples.

3. Results and Discussion

3.1. The Separation Performance of PES Fibers for Binary
Solutions. The performance of separation Co2+, Cd2+, and
Pb2+ions from binary solutions using PES hollow fiber mem-
branes was studied by measuring the permeate flux (shown in
Figures 2–4) and metals rejection (Figures 5–7). Comparing
to the permeate flux of pure distilled water (PWP), the results
presented in Figures 2–4 show that all types of PES fibers
gave permeation flux lower than for pure water permeate.
PES2 had significantly higher flux among the other types
when they were used for simulated wastewater. These results
can be illustrated as that the efficacy of hollow fiber highly
depends on the texture properties of membrane such as the
wall thickness of the fiber, porosity, pore size, and pore size
distribution at the fiber surface shown in Table 1. The char-
acterization of PES2, PES1, and PES3 discussed previously
in [35] showed that PES2 had the lower thickness, wider pore
size distribution, larger pore size, and porosity; thus, it gave
the higher permeation flux.

Figure 2 displays the effect of initial Pb2+ ion and Cd2+

ion concentration on the permeate flux for three types of
PES membrane used for the separation of binary aqueous
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Figure 2: Effect of initial feed concentration of binary aqueous
solutions containing Pb2+ ions and Cd2+ ions on permeate flux for
three types of PES hollow fiber membrane (pH6 ± 0:2 and time
30min, feed temperature of 25°C ± 3°C, and transmembrane
pressure of 1 bar).
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Figure 3: Effect of initial feed concentration of binary aqueous
solutions containing Co2+ ions and Pb2+ ions on permeate flux for
three types of PES hollow fiber membrane (pH6 ± 0:2 and time
30min, feed temperature of 25°C ± 3°C, and transmembrane
pressure of 1 bar).
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solution at pH 6 ± 0:2 for a time of 30min. For three types of
fibers, changing the concentration ratio of Pb2+ ions to Cd2+

ions did not make change in the permeate flux in spite of
reducing the concentration of Pb2+ ions to 10 ppm in the feed
solution that slightly rose the flux. The maximum permeate
flux obtained in this case was 23.7 L/m2·h.

Figure 3 displays the effect of initial Co2+ ion and Pb2+ion
concentration on the permeate flux for three types of PES
membrane used for the separation of binary aqueous solution
at pH 6 ± 0:2 for a time of 30min. A comparison based on the
permeation flux, same results were obtained for the three
types of fibers when the concentration ratio of Pb2+ ions to
Co2+ ions was changed in the feed solution. Also, reducing
the concentration of Pb2+ ions to 10 ppm in the feed solution

caused slight increased the permeate flux to reach the maxi-
mum permeate flux of 18.9 L/m2·h.

The same results were obtained from Figure 4 that pre-
sents the effect of initial Cd2+ ion and Co2+ ion concentration
on the permeate flux of PES1 and PES3 membrane used for
the separation of binary aqueous solution at pH 6 ± 0:2 for
a time of 30min. The permeate flux obtained by PES2 was
obviously changed when the Pb2+ ion concentration to
Co2+ ion concentration changed in the feed solution, whereas
the maximum permeation flux obtained was 24.7 L/m2·h
when the concentration of Pb2+ ions in the feed solution
was 10 ppm.

Figure 5 shows the rejection of Pb2+ ions and Cd2+ ions
from binary aqueous solutions using three types of PES
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Figure 5: Effect of initial feed concentration of binary aqueous solutions containing Pb2+ ions and Cd2+ ions on rejection for three types of
PES hollow fiber membrane (pH 6 ± 0:2 and time 30min, feed temperature of 25°C ± 3°C, and transmembrane pressure of 1 bar). (a) Pb2+

ions. (b) Cd2+ ions.
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hollow fiber membrane. In general, the rejection of Cd2+

ions was higher than of Pb2+ ions for different concentra-
tions using all three types of membranes. The rejection of
Cd2+ ions was higher when the initial concentration of
Cd2+ ions was lower than the initial concentration of
Pb2+ ions (i.e., 50 ppm Pb2+ ions: 10 ppm Cd2+ ions). Also,
the rejection of Pb2+ ions increased when the initial concentra-
tions were in the following sequence: 10 ppmPb2+ ions : 50
ppmCd2+ ions > 50 ppmPb2+ ions : 10 ppmCd2+ ions > 50
ppmPb2+ ions : 50 ppmCd2+ ions. Therefore, the higher
rejection of Cd2+ ions (61.3%) was obtained using PES2 when
the initial concentrations were 50ppm of Pb2+ ions and
10ppm of Cd2+ ions; however, it was 55.4% for Pb2+ ions
when the initial concentrations were 10ppm of Pb2+ ions
and 50ppm of Cd2+ ions using PES2.

Figure 6 shows the rejection of Co2+ ions and Cd2+ ions
from binary aqueous solutions using three types of PES hol-
low fiber membrane. The results show that the rejection of
Co2+ ions was higher than of Cd2+ ions for different concen-
trations using all three types of membranes, except when the
initial feed contained 50 ppm Co2+ ions: 10 ppm Cd2+ ions,
the rejection of both metals were convergent. The rejection
of Cd2+ ions kept the same behavior obtained above as it
was higher when the initial concentration of Cd2+ ions were
in the following sequence: 50 ppm Co2+ ions : 10 ppmCd2+
ions > 10 ppmCo2+ ions : 50 ppmCd2+ ions > 50 ppmPb2+
ions : 50 ppmCd2+ ions: The rejection of Co2+ ions rose
when the initial concentrations were in the following
sequence: 10 ppmCo2+ ions : 50 ppmCd2+ ions > 10 ppmC
o2+ ions : 50 ppmCd2+ ions > 50 ppmPb2+ ions : 50 ppmC
d2+ ions. According to this, the higher rejection of Cd2+ ions
(44.5%) was obtained using PES2 when the initial concentra-
tions were 50 ppm Co2+ ions: 10 ppm of Cd2+ ions; but it was
47% for Co2+ ions when the initial concentrations were
10 ppm Co2+ ions and 50 ppm of Cd2+ ions using PES2.

The results of present rejection of Pb2+ ions and Co2+

ions from a binary solution containing using for three types
of PES hollow fibers membrane are shown in Figure 7. Both
the metal ions had the same behavior as before when they
were incorporated with Cd2+ ions in binary solutions. The
maximum rejection of Pb2+ ions (60.3%) was achieved using
PES2 when the initial concentrations were 10 ppm Pb2+ ions:
50 ppm Co2+ ions, while the maximum rejection of Co2+ ions
(58%) was achieved using PES2 when the initial concentra-
tions were 10 ppm Pb2+ ions: 50 ppm Co2+ ions.
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Figure 7: Effect of initial feed concentration of binary aqueous solutions containing Pb2+ ions and Co2+ ions on rejection for three types of
PES hollow fiber membrane (pH 6 ± 0:2 and time 30min, feed temperature of 25°C ± 3°C, and transmembrane pressure of 1 bar). (a) Pb2+
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In short words, for a separation of binary system using
PES fibers, the higher rejection of metal can be obtained
when its initial concentration was reduced to be less than
the initial concentration of the other metal presenting in
the same solution. Far from the effect of ionic radius of the
studied metals on the removal process based on the sieving
property of the membrane texture, this result can be related
to the metal solubility in the aqueous solutions. Since the sol-

ubility of metal salts depends on the metal ion concentration
and the pH of the solution, it is likely that the pH of a single
metal solution changed when another metal ions is added
which alters the solubility of metal ions in the solution [36,
37]. Increasing the solubility of metal ions due to the pH
change leads to increase the tendency of metals to attach to
water molecules and pass through the membrane pores
within the permeate. Therefore, the rejection of the single
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Figure 9: Effect of initial feed concentration of ternary aqueous solutions on the rejection for three types of PES hollow fiber membrane
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metals using the prepared PES fibers was significantly higher
the rejection of them when they were incorporated in binary
solutions in the current study [35].

3.2. The Separation Performance of PES Fibers for Ternary
Solutions. Figure 8 shows the performance of the three pre-
pared PES membranes during the separation process of the
metal ions from ternary solution of two different initial metal
concentrations (10 and 50 ppm). PES2 gave higher permeate
flux than other membranes followed by PES3 and PES1,
which can be attributed to the distinguished texture proper-
ties of PES2. The permeation flux of PES2 was 21.6
(L/m2·h) when the initial metal concentrations was 10 ppm;
however, it obviously dropped to 17.2 (L/m2·h) when the ini-
tial metal concentrations increased to 50 ppm. The permeate

flux given by both PES1 and PES3 did not significantly vary
when the initial metal concentrations changed from 10 to
50 ppm.

Figure 9 shows the rejection of the studied heavy metals
from a ternary solution by three types of PES membranes
in the separation process at a feed temperature of 25°C,
pH = 6 ± 0:2, and transmembrane pressure of 1 bar. Accord-
ing to the increasing of the rejection of the metals ions, the
membranes were in the following order: PES2 > PES1 >
PES3. Despite the ionic radius of these metals (Co2+ ions
of 79 pm, Cd2+ ions of 97 pm, Pb2+ ions of 133 pm) [38],
the tendency of each membrane towards the selected metals
ions was as follows: Co2+ ions > Cd2+ ions > Pb2+ ions. This
result can be attributed to that presence of Cd2+ ions and
Co2+ ions in the solution containing Pb2+ ions led to change
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Figure 11: Effect of operating times for ternary aqueous solutions on rejection for three types of PES hollow fiber membrane (pH 6 ± 0:2 and
time 300min, feed temperature of 25°C ± 3°C, and transmembrane pressure of 1 bar) and concentration of metal ions 100 ppm. (a) PES1, (b)
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the pH of the solution and increase the solubility of Pb2+

ions in the solution. Also, increasing the initial metal con-
centration reduced the rejection of all metals using three
types of PES membranes. This behavior is obvious for
PES2 membranes for Co2+ ions and Cd2+ ions; however, it
was obvious for PES3 for Pb2+ ions.

Figure 10 shows the permeate flux for the three types of
PES fibers with time of separation ternary aqueous solutions.
The figure shows a slightly reduction in the permeate flux of
the three types of PES fibers with operation time which can
be due to the metal ion deposition on the fiber surface.

Figure 11 shows the rejection of Co2+ ions, Cd2+ ions,
and Pb2+ ions from a ternary solution containing 100 ppm
of each metal and pH of 6 ± 0:2 using three different PES
membranes with operating time. The rejection of Cd2+ ions
and Co2+ ions reduced sharply by both PES2 and PES3;
however, the rejection of Pb2+ ions reduced similarly for
the three membrane types. The maximum rejection obtained
by PES2 was 60% for Co2+ ions, 54.4% for Cd2+ ions, and
43% for Pb2+ ions after 50min. The minimum rejection

obtained by PES2 was 50% for Co2+ ions, 46% for Cd2+ ions,
and 37% for Pb2+ ions after 300min.

From the results of the current work, it can be observed
that the rejection of the Co2+ ions was higher than Pb2+ ions.
Both Co2+ and Pb2+ are co-ions; however, Pb2+ has a larger
ability than Co2+ to move through the membrane under the
effect of electrical potential gradient, and thus low rejection
of Pb2+ ions was obtained. This can be because of the higher
diffusivity that Pb2+ ions have (e.g., DPb2+, ∞ = 9:45 ×
10−10 m2/s and DCo2+, ∞ = 7:32 × 10−10 m2/s). Also, the
rejection of Co2+ ions was higher than that of the Cd2+ ions
due to the slower movement of Co2+ within the membrane
than Cd2+ under the effect of electrical potential gradient;
therefore, lower cadmium rejected was obtained. This trend
can be because of the higher diffusivity that Cd2+ ions have
(e.g., DCd2+, ∞ = 14:4 × 10−10 m2/s and DCo2+, ∞ = 7:32 ×
10−10 m2/s). Regarding the rejection mechanism of Pb2+/-
Cd2+ aqueous solution, it can be noticed that lower rejection
of Pb2+ than Cd2+ because of the lower hydration energy
of Pb2+ ions (e.g., −1755 kJ/mol of Cd2+>−1425 kJ/mol of

Table 2: Comparison results of the present work and other membranes found in the literature that used for rejection of metal ions by
considering the different parameters.

Membrane Process
Heavy
metals

Pressure
(bar)

Heavy metal
concentration

pH
value

Rejection
(%)

PWF
(L/m2 h)

Ref.

PES (dead-end mode)
Complexation and
UF-filtration with
poly(itaconic acid)

Pb2+

Sn2+

Zn2+

Cu2+

Cd2+

- 20 (ppm) 7

83.8
63.9
57.1
61.4
36.5

46.1 [39]

PVDF/APTES functionalized halloysite-
magnetic graphene oxide/metformin

NF
Cu2+

Cd2+

Cr2+
5 5 (ppm) 5.5

47.9
44.2
52.3

14.2 [40]

Dual layer polybenzimidazole/PES NF
Cr2+

Pb2+

Cd2+
200 (ppm)

12
2.2
7

98
93
70

8.3 [41]

DL provided by SEPA CF GE Osmonics,
Florida, USA

NF (crossflow
mode)

Cd2+

Zn2+

Cu

3 0.001Mol/l 6.83
48
60
65

20 [42]

Polyamide flat sheet, spiral wound
Flat-sheet, spiral

wound NF
Pb2 +Ni2+ 6 1 3-4

86
93

- [43]

NF270 commercial membrane Flat-sheet NF

Pb2+

Cd2+

Mn
As

5 2000 (ppm) 1.5-5
74
99

12-33.8 [44]

PES membrane Hollow fiber UF

Ternary
Pb2+

Cd2+

Co2+

1 10-50 (ppm) 6
40
48.3
50.5

16.4
37.9
16.6

This
study

PES membrane Hollow fiber UF

Binary
Pb2+

Co2+

Cd2+

1 10-50 (ppm) 6
60.3
58
44.5

This
study
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Pb2+). The competitive removal of heavy metals for each
membrane was reduced with increasing of the initial metal
ion concentration due to the Donnan effect. When the pH
value is higher than the isoelectric point (e.g., pH>5.5), the
membrane surface has negative charge, whereas the metal
ions are positively charged which increase the attraction
between them. Also, increasing the metal ion initial con-
centrations leads to increasing the accumulation of ions
on the surface of the membrane which causes clogging
of pores, formation of cake layer, increasing the concentra-
tion polarization, and thus low ions rejection.

3.3. Comparative Study. Table 2 shows comparison results
between the present work and other membranes found in
the literature that are used for metal ion removal with consid-
ering different parameters. Also, this table presents the most
important operating parameters such as feed solution pH,
initial concentration of the heavy metals ions, and trans-
membrane pressure. The performance factor of the three
PES membranes used in the present work simultaneously
has reasonable values of the metal ion (Pb2+, Cd2+, and
Co2+) rejection in comparison with that of different mem-
brane separation processes selected from the literature.
Moreover, it can be observed that the rejection of most of
the heavy metals present simultaneously in a solution
reduced in the same way of their rejection from solutions in
which they individually present.

4. Conclusions

The current work studied the removal of Co2+ ions, Cd2+

ions, and Pb2+ ions from binary and ternary solutions using
three types of PES membranes. PES2 proved its performance
in the separation process for the binary and ternary solutions
at different initial concentrations. The performance of the
selected metal ions during the separation process changed
when they were incorporated in binary or ternary aqueous
solutions. For binary solutions, all the metals had high rejec-
tion when their initial concentration was lower than the ini-
tial concentration of the other metal present in the same
solution. However, for ternary solution, the tendency of the
three types of fibers tended to remove the metal ions accord-
ing to this sequence: Co2+ ions > Cd2+ ions > Pb2+ ions. Also,
the rejection of metals ions was higher when their initial con-
centrations reduced from 50ppm to 10ppm. Finally, the
groundwater containing Co2+ ions, Cd2+ ions, and Pb2+ ions
can be efficiently treated by the filtration process using PES
hollow fibers.
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To create a good working environment for workers in coal mines and ensure that they can work safely and comfortably,
environmental assessments of coal mines represent an important method used to achieve this goal. In this paper, a
comprehensive environmental evaluation model of coal mines was established based on generalized linear theory and fuzzy
analytic hierarchy processes. First, the importance degree of each index factor was obtained by analyzing the statistical source
data of air, water, soil, ecological compensation, and other indexes that affect the ecological environmental safety of coal mines
using generalized linear theory. Based on the importance degree of each index factor, a pairwise comparison matrix was
constructed by the logarithmic fuzzy preference programming method, and the influence weight value of each index factor was
accurately obtained through MATLAB software. The results indicated that the model can effectively reduce the impact of expert
subjectivity on the evaluation results, which is consistent with the reality of coal mines. In addition, in the process of
environmental assessment of coal mines, the model is proven to be convenient, precise, and easy to operate.

1. Introduction

Resource safety is an important part of national strategic
safety, and the development of mineral resources is always
an important mission [1–3]. In particular, in the past 30-40
years, the development of mineral resources has provided
strong support and protection for the rapid development of
the economy and society. Due to technological reasons and
the pursuit of high profits, the strength of mine ecological
protection and restoration management has not been as
strong as people would prefer, leading to the intensification
of the contradiction between the coal mine development
and ecological safety, e.g., the high production rate of three
wastes of coal mines, the long potential harm of radiation,
and the serious pollution to the air, water and soil [2]. In par-
ticular, the disordered development in some areas has led to
geological disasters, such as surface collapse and debris flow,
which have intensified land desertification and led to the deg-
radation of ecological environmental quality [3]. Therefore, it

is urgent to explore a new technology of mine geological
environmental governance and ecological restoration to pre-
vent the further degradation of ecological health. The current
ecological environmental safety assessment of coal mines can
not only measure the overall status of the ecological quality of
coal mines but also reflect the governance of the ecological
environmental pollution. Additionally, it can quickly identify
the important factors that cause the deterioration of the mine
environment, allowing for the quick adoption of the most
effective measures to control the “culprits” that make the
mine environment worse.

Currently, many scholars have constructed a series of
safety evaluation models, e.g., analytic hierarchy process,
fuzzy comprehensive evaluation, grey theory, and neural net-
work method, and applied them to mine ecological environ-
mental safety evaluations. For instance, Zhao et al. [4]
established an evaluation index system of the mine geological
environment using the analytic hierarchy process (AHP) and
applied this method to the mining field of Hainan Island; the
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authors found that the evaluation value basically conformed
to the situation of the mine site. Bascetin et al. [5] constructed
a decision support system based on an analytical hierarchy
process to evaluate the production of coal mines in Turkey.
Samantra et al. [6] created an improved decision method
based on fuzzy set theory and distinguished the ranges of
evaluated risk ratings, ultimately suggesting an action
requirement plan to guide the management of the mine envi-
ronment. Yang et al. [7] selected four factors that affect the
mine environment, including the water environment, atmo-
spheric environment, geological disaster, and ecological envi-
ronmental characteristics, as the evaluation factors to build a
fuzzy comprehensive evaluation model of the mine environ-
ment for the quantitative study of the mine environment. Su
et al. [8] established an engineering geological evaluation
model based on grey mathematics theory and evaluated the
engineering geological situation of typical mines by deter-
mining the evaluation weight index. Zhao et al. [9] used the
principle of BP neural networks and the random interpola-
tion method to build an evaluation model of the BP artificial
neural network on mine ecological safety.

Each evaluation model has its own shortcomings. To
fully consider the influence of all factors and present the
comprehensive evaluation results scientifically and accu-
rately, many scholars have combined various models to carry
out comprehensive evaluations according to the characteris-
tics of the different models, namely, the combined compre-
hensive evaluation model. For instance, based on fuzzy
theory, Chen et al. [10] collected the key factors influencing
the mine environment by remote sensing technology, deter-
mined the influence weight of the environmental evaluation
factors by using AHP, and finally built the AHP-fuzzy mine
environment evaluation model. Besides, Wei et al. [11] estab-
lished the comprehensive evaluation of the underground heat
source based on the AHP and fuzzy comprehensive evalua-
tion (FCE) to construct the evaluation model, and some sug-
gestions on thermal stress control are put forward. Based on
the theories of uncertainty measurement evaluation (WME)
and AHP, Dong et al. [12] established the comprehensive risk
evaluation of underground goafs using multiple indexes.
Dong et al. [13] also established and calibrate the compre-
hensive models using the random forest, support vector
machine, Bayes’ classifier, Fisher’s classifier, logistic regres-
sion, and neural networks. Based on grey system theory,
Wei et al. [14] used the analytic hierarchy process to deter-
mine the weight of each influencing factor and constructed
a grey comprehensive evaluation model of the mine geologi-
cal environment. To scientifically and accurately obtain the

membership degree of each influencing factor, Liu et al.
[15] built a fuzzy-grey combination evaluation model based
on grey correlation analysis and fuzzy evaluation theory.

However, there are many factors that affect ecological
environmental safety, and the relationship between the eval-
uation factors and the safety level is fuzzy, which makes the
shortcomings of the current evaluation model more obvious.
For instance, although the neural network model can over-
come the subjectivity of expert experience and ensure a
higher accuracy of evaluation results, it is easy to fall into
the dilemma of a local minimum and slow convergence speed
in the calculation process of weight, and this method cannot
address the relationships between various index factors
clearly. Although the AHP and grey theory evaluation
methods can deal with the relationship of each index well,
they rely on the experience of experts for evaluation when
determining the weight of influencing factors; therefore, they
cannot avoid subjectivity. The fuzzy analytic hierarchy pro-
cess is the best method to address the fuzzy relationship of
all factors; however, it also cannot avoid the evaluation of
experts when building the comparison matrix.

To overcome the subjectivity of evaluation experts in the
evaluation of the influence degree of each index factor and to
further improve the uncertainty of data processing, in this
paper, a comprehensive evaluation model of the coal mine
environment is established based on generalized linear the-
ory and fuzzy level theory. First, the importance of each index
in relation to the target index is obtained by the initial statis-
tics of the source data of each lowest level index based on
generalized linear theory. Then, according to the statistical
value obtained by generalized linear theory, the pairwise
comparison matrix is constructed by the logarithmic fuzzy
preference programming method (LFPP). Finally, the influ-
ence weight value of each index factor is accurately obtained
through MATLAB software. The model is applied to a coal
mine for an environmental assessment.

2. Methodology

2.1. Triangular Fuzzy Number Theory. There are many kinds
of distribution functions used to imitate probability theory,
such as the normal distribution function, trapezoid distribu-
tion function, triangular fuzzy number, k-th parabola distri-
bution, Cauchy distribution, and S-type distribution. The
triangular fuzzy numbers (TFN) is widely adopted to express
the decision perception of alternatives’ performances with
respect to each criterion [16]. In order to easy the judgment

0 u z

0
𝜀 (z)

𝜀 (z) = z – l
m – l

l m

𝜀 (z) = u – z
u – m

Figure 1: Triangular fuzzy number.

Table 1: Scale of triangular numbers with different importance.

Logical variable Scale of TFN Reciprocal scale of TFN

Equally important (1, 1, 1) (1, 1, 1)

Weakly important (1/2, 1, 3/2) (2/3, 1, 2)

Fairly important (1, 3/2, 2) (1/2, 2/3, 1)

Strongly important (3/2, 2, 5/2) (2/5, 1/2, 2/3)

Very strongly important (2, 5/2, 3) (1/3, 2/5, 1/2)

Extremely important (5/2, 3, 7/2) (7/2, 1/3, 2/5)
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process, linguistic variables are introduced (section 2.3), and
it is a kind of variable whose values are not numbers but
words and sentences [17]. Therefore, the triangular fuzzy
theory is mainly used to build a model to evaluate the ecolog-
ical environment of coal mines in this paper.

In a given region Z, for any z ∈ Z, the fuzzy set A can be
defined as

A = z, εA zð Þð Þ z ∈ Zjf g, ð1Þ

where εA is the membership degree of z to A and εAðxÞ
∈ ð0, 1Þ.

Let l, m, and u be the minimum possible value, the inter-
mediate value, and the maximum possible value of a certain

Ecological
environmental risk

assessment of uranium
mine

Level 1: goal

Level 2: criteria

C1

C2

C3

C4

Soil quality

Water environment

Atmospheric environment

Geological hazard

Waste disposal C5

Ecological compensation C6

Concentration of Pb C2-1
Concentration of Zn C2-2

Concentration of COD C2-3
Concentration of BOB C2-4

Impact scale of landslide C4-1
Impact scale of collapse C4-2

Impact scale of land subsidence C4-3

Slag disposal C5-1
Waste liquid discharge control C5-2

Input intensity of pollution control C6-1
Perfection of ecological early

warning mechanism
C6-2

Proportion of environmental
protection input to mine income

C6-3

Level 3: alternatives

Concentration of TSP C3-1
Concentration of CO C3-2
Concentration of SO2 C3-3

Concentration of Radon C3-4

Concentration of uranium C1-1
Concentration of lead C1-2

Concentration of cadmium C1-3
Concentration of zinc C1-4

Concentration of arsenic C1-5

Figure 2: The diagram of environmental safety level analysis in coal mines.

Table 2: Statistical compensation indexes for mine ecological safety.

Year

Input
intensity

of
pollution
control

Improvement
of ecological
early warning

system

Proportion of
environmental
protection

investment to
total income

Synthetic
index of

compensation

2005 40.7 1.72 3.88 0.27

2006 39.5 1.76 4.2 0.21

2007 38.6 1.76 4.48 0.20

2008 37.7 1.8 4.76 0.21

2009 36.8 1.8 5.08 0.23

3Geofluids



fuzzy variable z, respectively, all of which are real numbers.
Then, the three numbers (l, m, u) constitute a triangular
fuzzy number, ~A. Let ~A = ðl,m, uÞ and l ≤m ≤ u, and the
function diagram of the triangular fuzzy number is shown
in Figure 1. The membership function [18] is

ε zð Þ =

0 z < l

z − l
m − l

l ≤ z ≤m

u − z
u −m

m ≤ z ≤ u

0 z ≥ u

,

8>>>>>>><
>>>>>>>:

ð2Þ

where the parameter m denotes the maximum possible value
describing a fuzzy event, and l and u represent the upper and
lower bounds of the boundary, respectively.

Table 3: Statistics of influencing factors of atmosphere, soil, and water in coal mines.

Point
Atmosphere

Synthetic index of
atmosphere

Soil Surface water
Synthetic index of

water
TSP CO SO2 Rn Pb Zn Cd As U Pb2+ Zn2+ COD BOD

1 0.41 5.1 0.05 26.2 0.775 167.5 368 0.1 13.54 64.4 0.48 3.68 3.92 5.5 0.51

2 0.23 3.12 0.09 34.4 0.625 234.9 888 0.3 10.96 62.9 0.66 5.32 14.3 12.7 0.45

3 0.2 5.5 0.12 35 0.6 220 2339 0.6 9.63 56.8 0.57 4.43 15.6 17.1 0.26

4 0.3 4.4 0.11 133 0.45 224.8 1521 0.7 14.47 54.7 0.60 4.31 22 16.8 0.2

5 0.2 3.6 0.13 37.3 0.65 263.2 1267 0.4 12.1 60.3 0.52 5.07 24 19.1 0.2

6 0.2 4.4 0.04 35.2 0.64 223.2 401.9 0.4 14.34 63.5 0.57 4.37 4.03 14.3 0.43

7 0.15 3.2 0.13 38.1 0.51 244.8 986 0.3 12.76 61.7 0.56 5.22 14.3 10.7 0.49

8 0.25 5.3 0.10 25.4 0.61 236.7 2021 0.8 14.63 53.9 0.61 3.83 16.7 19 0.27

9 0.13 5.0 0.20 135 0.43 171.3 1320 0.7 12.87 56.3 0.47 4.03 23 21.1 0.21

10 0.3 3.1 0.15 124 0.41 200.7 1268 0.5 12.1 62.3 0.58 5.11 21 20.2 0.2

Synthetic index of soil.

Table 4: Importance of indicators at all levels to objectives.

First level index Weight Second level index Weight

Soil quality indicators C1 0.393

Pb C1-1 0.319

Zn C1-2 0.103

Cd C1-3 0.117

As C1-4 0.104

U C1-5 0.357

Water environmental quality C2 0.385

Pb2+ C2-1 0.397

Zn2+ C2-2 0.183

COD C2-3 0.207

BOD C2-4 0.213

Atmospheric environmental C3 0.091

SO2 C3-1 0.238

Rn C3-2 0.344

CO C3-3 0.217

TSP C3-4 0.201

Ecological compensation indicators C6 0.131

Input intensity of pollution control C6-1 0.416

Improvement of ecological early warning system C6-2 0.302

Environmental protection investment/total income C6-3 0.282

Table 5: The grading standard of the relative importance of the
corresponding index to the goal.

Logical variable
Grade corresponding to factor weight

ratio

Equally important 0.96

Weakly important 0.8

Fairly important 0.64

Strongly important 0.48

Very strongly
important

0.32

Extremely important 0.16
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2.2. Generalized Linear Model Theory. The generalized linear
model is a direct extension of the normal linear model, which
is suitable for continuous data and discrete data; that is, the
independent variable can be a continuous variable, classified
variable, or ordered variable. Its basic form can be expressed as

μi = E Yi½ � = g−1 〠
j

Xijβj + ξi

 !
, ð3Þ

where μi is the mathematical expectation; Yi is the dependent
variable vector; gðxÞ is the connection function; Xij is the
independent variable matrix; βj is the model parameter vector
to be estimated; and ξi is the interference term.

Combined with equation (3), the observed value of the
dependent variable can be connected with the expected value
of the explanatory variable by linear addition; therefore, the
relationship between the mathematical expectation μi and
the linear factors can be expressed as

g μið Þ = Xiβ′, ð4Þ

where g(μi) is a strictly monotonic function and is differentia-
ble, which is called a continuous function.

The expected value of the observed value of the depen-
dent variable is related to the explanatory variable by equa-
tion (4-1). It is assumed that there are N sets of observation
data, i.e., ðyjXiÞ = ðyjx1, x2,⋯,xkÞ and ði = 1, 2,⋯,nÞ. yi ∈ ð0,
1,⋯, jÞ is a multicategory dependent variable with j catego-
ries, indicating that the conclusion of the safety evaluation
model has j grades. X = ðx1, x2,⋯, xkÞ is the explanatory var-
iable, i.e., the influencing factor affecting the conclusion
grade of the model.

It is assumed that ωi is the cumulative influence weight of
a certain level yi under the condition of the index factor
variable

ωi = ω yi ≤ j Xijð Þ, ωi = ωi+1 − ωi, ð5Þ

where �ωi is the influence weight of an evaluation level.
To better describe the relationship between the cumula-

tive influence weight of the level and the index factor vari-
ables, in this paper, the relationship is transformed by
logistic transformation, that is

log it ωið Þ = ln ωi yi ≤ j xijð Þ
1 − ωi yi ≤ j xijð Þ
� �

= β0 + 〠
k

i=0
βixi, ð6Þ

where the relationship between the logit (ω) transformed and
the independent variable is linear, and its value range is (-∞,
+ ∞), which is conducive to its estimation.

The regression equation can be obtained by substituting
the estimated value of parameter β into equation (6)

ω′ yi ≤ j x1, x2,⋯,xkð Þi
��� �

=
exp β0′ +∑k

i=0β0′xi
� �

1 + exp β0′ +∑k
i=0β0′xi

� � : ð7Þ

2.3. The Fuzzy Analytic Hierarchy Process. First, the weight
value of each index influencing the target value is deter-
mined by generalized linear theory, and then the impor-
tance of each pair of factors is judged by the weight of
each index factor. According to the linguistic variable in
Table 1, the relative importance of each pair of factors
can be obtained. Then, the comparison matrix ~U can be
created.

~U = ~uij
� �

n×n =

1 l12,m12, u12ð Þ ⋯ l1n,m1n, u1nð Þ
l21,m21, u21ð Þ 1 ⋯ l2n,m2n, u2nð Þ

⋮ ⋮ ⋮ ⋮

ln1,mn1, un1ð Þ ln2,mn2, un2ð Þ ⋯ 1

2
666664

3
777775,

ð8Þ

where if i ≠ j, then ~uij = ðlij,mij, uijÞ = ~uij
−1 = ð1/uji, 1/mji, 1

/l jiÞ, ði = 1, 2,⋯,nÞ, and ðj = 1, 2,⋯,nÞ.
To facilitate the research, the comparison matrix ~U is

processed by the logarithmic transformation [19, 20]

ln ~uij ≈ ln lij, ln mij, ln uij
� �

: ð9Þ

By substituting equation (9) into equation (2), the follow-
ing can be obtained

μij ln si
sj

 ! !
=

0 ln si
sj

 !
< ln lij

ln si/sj
� �

− ln lij
ln mij − ln lij

ln lij ≤ ln si
sj

 !
≤ ln mij

ln uij − ln si/sj
� �

ln uij − ln mij
ln mij ≤ ln si

sj

 !
≤ ln uij

0 ln si
sj

 !
> ln uij

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

:

ð10Þ

Table 6: The comparison matrix with respect to the goal.

Present method
C1 C2 C3 C6

C1 (1, 1, 1) (2/3, 1, 2) (2, 5/2, 3) (3/2, 2, 5/2)

C2 (1/2, 1, 3/2) (1, 1, 1) (2, 5/2, 3) (3/2, 2, 5/2)

C3 (1/3, 2/5, 1/2) (1/3, 2/5, 1/2) (1, 1, 1) (2/3, 1, 2)

C6 (2/5, 1/2, 2/3) (2/5, 1/2, 2/3) (1/2, 1, 3/2) (1, 1, 1)

λ = 0:4798, M = 1015.
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In this paper, to solve the problem that a specific value λ
results in an inconsistency between weights and fuzzy judge-
ments in U , the nonnegative deviation parameters of γij are
introduced [17, 18].

MinimizeK = 1 − λð Þ2 +G〠
n−1

i=1
〠
n

j=i+1
γij + ςij
� �2

S:t:

�

ln si − ln sj − λ ln
mij

lij

 !
+ γij ≥ ln lij

i = 1,⋯, n − 1 ; j = i + 1,⋯, n

−ln si + ln sj − λ ln
uij
mij

 !
+ ςij≥− ln uij

i = 1,⋯, n − 1 ; j = i + 1,⋯, n

λ ≥ 0, yi ≥ 0, i = 1,⋯, n − 1

γij ≥ 0, ςij ≥ 0, i = 1,⋯, n − 1 ; j = i + 1,⋯, n

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

,

ð11Þ

where G is a specific constant, which is used to determine the
weights in the fuzzy judgements.

The normalized priority calculation of the fuzzy pairwise
comparison matrix ~U can be expressed by

ω∗
i =

exp ln sið Þ∗ð Þ
∑n

j=1exp ln sj
� �∗� � : ð12Þ

3. Application

3.1. Determination of Index Factors. According to the survey,
the main indicators affecting the ecological safety of coal
mines are atmospheric environmental indicators, water envi-
ronmental quality indicators, soil quality indicators, geologi-
cal hazard damage indicators, waste disposal indicators of
coal mines, and ecological compensation indicators of coal
mines. Among them, atmospheric environmental indicators
mainly include factors affecting atmospheric environmental
safety, e.g., TSP, CO, SO2, and radon. Water environmental
quality indicators mainly include the concentrations of Pb,
Zn, COD, and BOB. Soil quality indicators mainly refer to
the concentrations of coal, lead, cadmium, zinc, and arsenic.
The index of the degree of destruction of geological hazards
mainly refers to the proportion of all kinds of geological haz-
ards in the total area of mines, i.e., the impact scale of land-
slides, collapses, and land subsidence. The waste disposal
indexes of coal mines mainly include slag disposal and waste
liquid controlled discharge. The ecological compensation
index of coal mines includes the input intensity of pollution
control, the perfection of ecological early warning mecha-
nisms, and the proportion of environmental protection input
to mine income.

3.2. Determine the Weights of the Responding Index Factors.
The decision problem in the hierarchical structure is decom-
posed, as shown in Figure 2. The hierarchy consists of three
levels, including goals, criteria and alternatives. This goal

Table 7: The comparison matrix with respect to the soil quality.

Present method
C1-1 C1-2 C1-3 C1-4 C1-5

C1-1 (1, 1, 1) (2, 5/2, 3) (3/2, 2, 5/2) (2, 5/2, 3) (2/3, 1, 2)

C1-2 (1/3, 2/5, 1/2) (1, 1, 1) (2/3, 1, 2) (2/3, 1, 2) (1/3, 2/5, 1/2)

C1-3 (2/5, 1/2, 2/3) (1/2, 1, 3/2) (1, 1, 1) (1/2, 1, 3/2) (2/5, 1/2, 2/3)

C1-4 (1/3, 2/5, 1/2) (1/2, 1, 3/2) (2/3, 1, 2) (1, 1, 1) (1/3, 2/5, 1/2)

C1-5 (1/2, 1, 3/2) (2, 5/2, 3) (3/2, 2, 5/2) (2, 5/2, 3) (1, 1, 1)

λ = 0:8200, M = 1018.

Table 8: The comparison matrix with respect to the water
environmental quality.

Present method
C2-1 C2-2 C2-3 C2-4

C2-1 (1, 1, 1) (3/2, 2, 5/2) (1, 3/2, 2) (1, 3/2, 2)

C2-2 (2/5, 1/2, 2/3) (1, 1, 1) (1/2, 2/3, 1) (1/2, 2/3, 1)

C2-3 (1/2, 2/3, 1) (1, 3/2, 2) (1, 1, 1) (2/3, 1, 2)

C2-4 (1/2, 2/3, 1) (1, 3/2, 2) (1/2, 1, 3/2) (1, 1, 1)

λ = 0:6230, M = 1017.

Table 9: The comparison matrix with respect to the atmospheric
environment.

Present method
C3-1 C3-2 C3-3 C3-4

C3-1 (1, 1, 1) (2/3, 1, 2) (1/2, 1, 3/2) (1, 3/2, 2)

C3-2 (1/2, 1, 3/2) (1, 1, 1) (1, 3/2, 2) (1, 3/2, 2)

C3-3 (2/3, 1, 2) (1/2, 2/3, 1) (1, 1, 1) (1/2, 1, 3/2)

C3-4 (1/2, 2/3, 1) (1/2, 2/3, 1) (2/3, 1, 2) (1, 1, 1)

λ = 0:4819, M = 1015.

Table 10: The comparison matrix with respect to ecological
compensation.

Present method
C6-1 C6-2 C6-3

C6-1 (1, 1, 1) (1/2, 1, 3/2) (1, 3/2, 2)

C6-2 (2/3, 1, 2) (1, 1, 1) (1/2, 1, 3/2)

C6-3 (1/2, 2/3, 1) (2/3, 1, 2) (1, 1, 1)

λ = 0:6017, M = 1012.
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layer is mainly used to assess the ecological environmental
risk of coal mines. The criteria and alternatives are located
at the second level and the third level, respectively.

The ecological environment monitoring data of several
typical coal mines in China are selected to evaluate the eco-
logical environmental safety. The ecological compensation
index is generally calculated by comprehensively considering
the benefits of the mine, the income expectations of leaders
and miners, and the laws and regulations. The data of
influencing factors of air, soil, and water indexes are mainly
collected from the concentration of some harmful substances
specified in relevant national standards. Based on the analysis
of the evaluation indexes of the coal mine according to refer-
ences [21–26], the ecological safety compensation index
value and the index factor index value of air, soil, and water
indexes of the coal mine are obtained, as shown in Tables 2
and 3.

The cumulative influence weight of the corresponding
grade of the first level indicator and the influence weight of
each grade under the second level indicator factor are
obtained through the analysis of the generalized linear model
(the influence weight of each grade indicator is mainly

obtained through the Statistical Analysis System (SAS), as
shown in Table 4), and then the maximum value of the influ-
ence weight of each grade is taken as the influence weight of
the corresponding category. The weight of each index factor
is used to judge the relative importance of each index factor.
The maximum likelihood ratio of each category is 42.684,
35.033, 43.556, and 41.022, respectively, all of which are
within the allowable error range, indicating that the general-
ized linear model has a good fit.

The influence weight of the grade corresponding to the
second level index and its corresponding first level index is
analyzed through the generalized linear model, and the com-
parison matrix of the first level index and the second level
index can be obtained according to Table 5, as shown in
Tables 6–10.

4. Results and Discussion

4.1. Results. The results of local and global weights on the
environmental impact factors of coal mines obtained by the
present evaluation model based on the generalized linear
and fuzzy analytic hierarchy process are shown in Table 11,
which shows that the soil quality has the most important
index influence on the environmental risk of coal mines
among the four influencing factors, followed by water envi-
ronmental quality, atmospheric environment, and ecological
compensation indicators. Therefore, it is necessary to moni-
tor the dangerous elements in soil and water on a regular
basis and take timely measures to prevent exceeding the
standard to control the dangerous sources during the early
risk stage.

Table 11: The priorities of risk factors to the coal mine.

Factors Local weight Global weight Ranking

Soil quality C1 0.6655 I

Concentration of coal C1-1 0.4521 0.3009 1

Concentration of lead C1-2 0.1481 0.0986 4

Concentration of cadmium C1-3 0.1827 0.1215 3

Concentration of zinc C1-4 0.1085 0.0722 6

Concentration of arsenic C1-5 0.1086 0.0723 5

Water environmental quality C2 0.2293 II

Concentration of Pb C2-1 0.7002 0.1606 2

Concentration of Zn C2-2 0.1339 0.0308 8

Concentration of COD C2-3 0.1060 0.0242 9

Concentration of BOB C2-4 0.0599 0.0137 11

Atmospheric environment C3 0.0679 III

Concentration of TSP C3-1 0.7754 0.0526 7

Concentration of CO C3-2 0.1871 0.0127 12

Concentration of SO2 C3-3 0.0322 0.0022 15

Concentration of radon C3-4 0.0053 0.0004 16

Ecological compensation indicators C6 0.0373 IV

Input intensity of pollution control C6-1 0.3790 0.0141 10

Perfection of ecological early warning mechanism C6-2 0.3313 0.0124 13

Proportion of environmental protection input to mine income C6-3 0.2896 0.0108 14

Table 12: The consistency of each fuzzy comparison matrix.

Hierarchy Consistency λ

Soil quality indicators (Table 7) 0.8200

Water environmental quality (Table 8) 0.6230

Atmospheric environment (Table 9) 0.4819

Ecological compensation indicators (Table 10) 0.6017
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In addition, Table 11 shows that the concentration of coal
(C1-1), concentration of Pb (C2-1), concentration of cad-
mium (C1-3), and concentration of lead (C1-2) have a great
influence on the environmental risk of coal mines. However,
the perfection of an ecological early warning mechanism
(C6-2), proportion of environmental protection input to
mine income (C6-3), concentration of SO2 (C3-3), and con-
centration of radon (C3-4) have little influence on the envi-
ronmental risk of coal mines. Table 11 also reveals that the
environmental investment management of coal mines in
the later stage has little impact on the environmental assess-
ment. This result is mainly because in the later stage, the
environment of coal mines has caused many irreversible
losses and has had many human and financial costs. From
a sustainable point of view, the compensation and manage-
ment of the mine environment in the later period are
definitely not a good long-term strategy.

4.2. Verification of the model’s Validity. According to the lit-
erature, the validity of a model is usually verified by calculat-
ing the value of consistency and the nonnegative deviation
variable of the fuzzy pairwise comparison matrices, i.e., the
consistency λ and nonnegative deviation variable γ are the
key parameters to determine the validity of a model. There
are two cases in which λ = 0 and λ ≠ 0. When λ is not equal
to zero, the greater the value of parameter λ is, the better
the consistency of the model is. When λ is equal to zero, if
γ = 0, the consistency of the model is still good. If γ ≠ 0, it
indicates that the model is inconsistent. The greater the non-
negative deviation variable γ is, the worse the consistency of
the model is. With the help of MATLAB software, the value
of λ in every matrix is obtained, as shown in Table 12. From

the consistency index aspect, the proposed model is
confirmed to be acceptable.

In the second perspective, we compare the results of the
present method we used in this paper with the results of the
representative comprehensive evaluation method [27]. The
results of the representative comprehensive evaluation
method are shown in Table 13. We have obtained similar
results on some factors. In particular, the impact of the first
level index factors on the safety environment of uranium
mines is basically the same. From all above, the proposed
model was proven to be valid.

4.3. Advantages and Disadvantages of the Present Model.
Based on generalized linear theory, the influence value of
index factors on the environmental evaluation of coal mines
was obtained using SAS software to count the original data of
the index factors. Then, the fuzzy pairwise comparison
matrices were established according to the influence value
of index factors on the environmental evaluation, which
greatly reduced the influence of human subjectivity on the
construction of the comparison matrix. In addition, the lin-
guistic variables and the TFN were introduced in the process
of solving the factor weight, which enabled managers to
quickly determine the relative importance of each pair of
factors through the linguistic variables.

However, in the present model, although the importance
degree of each factor was obtained using a linear generalized
model to count the original data of each factor, the relative
importance degree of each factor was judged by experts.
Therefore, it is urgent to establish an evaluation formula
and basis for the relative importance degree of each factor.
In addition, according to the literature, although the

Table 13: The priorities of risk factors to the coal mine [27].

Factors Local weight Global weight Ranking

Soil quality C1 0.478 I

Concentration of coal C1-1 0.5588 0.2671 1

Concentration of lead C1-2 0.0967 0.0462 6

Concentration of cadmium C1-3 0.2219 0.1061 3

Concentration of zinc C1-4 0.0663 0.0317 9

Concentration of arsenic C1-5 0.0563 0.0269 10

Water environment quality C2 0.363 II

Concentration of Pb C2-1 0.6903 0.2506 2

Concentration of Zn C2-2 0.1493 0.0542 5

Concentration of COD C2-3 0.1118 0.0406 7

Concentration of BOB C2-4 0.0485 0.0176 13

Atmospheric environment C3 0.0831 III

Concentration of TSP C3-1 0.7449 0.0619 4

Concentration of CO C3-2 0.2358 0.0196 12

Concentration of SO2 C3-3 0.0168 0.0014 15

Concentration of radon C3-4 0.0025 0.0002 16

Ecological compensation indicators C6 0.0759 IV

Input intensity of pollution control C6-1 0.4598 0.0349 8

Perfection of ecological early warning mechanism C6-2 0.3083 0.0234 11

Proportion of environmental protection input to mine income C6-3 0.2319 0.0176 14
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comparison matrices are consistent, the fuzzy number of the
comparison matrix can lead to inconsistent results to some
extent.

5. Conclusions

This paper develops a comprehensive environmental evalua-
tion model of coal mines based on generalized linear theory
and fuzzy analytic hierarchy processes.

(1) The model is consistent with the results of literature
[27] and let the evaluation process more efficient

(2) In this paper, the linguistic variables are a kind of
variable whose values are not numbers but words or
sentences, and they are closer to the feelings of the
decision makers. Therefore, the present model can
effectively solve the problem of multiclassification in
safety evaluations

(3) In addition, in the environmental evaluation model,
based on prior knowledge of the sample statistical
source, the importance degree of each index factor
on the environmental factor index is preliminarily
obtained through generalized linear theory, and the
influence weight value of each index factor was
accurately obtained based on the logarithmic fuzzy
preference programming method, which overcomes
the defect of artificial empowerment and has more
accurate evaluation results
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