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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, O,(g) and CO,(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, SiO,, 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, NO,, and SO, 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),, 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, SiO,,
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]).
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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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F1Gure 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.

The fold-and-thrust system is the result of accretionary  tectonic event is characterized mostly by strike-slip faulting
wedge overthrust and collisional processes that realized east-  and associated positive and negative structures [39, 51].
ern and western thrust propagation [45, 47-50]. The latest ~ The fault systems (i.e., NW-SE, N-S, and NE-SW oriented)



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
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titration using HCI 0.05N as the titrating agent and methyl
orange as the indicator. Each water sample was filtered in
the field via a 0.45um pore-size membrane filter. Samples
for the determination of cations, SiO,, and trace elements
were acidified by the addition of pure acid (1% HNO,)
whereas samples for the determination of anions were stored
without further treatment. The concentrations of Na*, K,
Mg2+, Ca’*, F, CI, SO,*, and NO; 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 SiO,
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, £, without any time provision, that is, leav-
ing aside the kinetics of the irreversible water-rock mass
exchanges. This means that at each & 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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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

the simulation. Hence, they can be redissolved if the aqueous
solution becomes undersaturated.

An open system was instead assumed for gases, namely,
0,(g) and CO,(g). In other terms, the system is considered
to be connected to two infinitely large gas reservoirs, one of
0,(g) and the other of CO,(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 fq_

of -2.6 log bar and log f, 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 SiO, 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 SiO, 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), 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),, 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, Cg, gy, Was
computed using the simple relation:

Ca
Crerw = Cresw <CS:1)};W> > (1)
SW

where C pyw and Cq gy are the average Cl concentration of
rainwater and seawater, respectively, and Cg, gy is the con-
centration of Fe in average seawater. The adopted average
seawater composition is from [73]. Equation (1) is based on



TaBLE 2: Elemental composition of the initial aqueous solution for
T=12°C, pH =6.80, and Eh =837 mV.

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

a reasonable approximation since rainwaters in near-coastal
regions, like the Pollino National Park, are essentially heavily
diluted seawater [74]. The log P, 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 Py, and
the total carbonate concentration, pH is fixed and turns out
to be 6.80. The redox potential was constrained by the log
P, 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 Fe** 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 1536 m 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 841 uS/cm, with
mean 426 yS/cm, median 402 yS/cm, and standard deviation
140 puS/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
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springs are in the interval +34 to +305mV, with mean
+154mV, median +157 mV, 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 CO, 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 P, values
within the range of worldwide soils, -2.70 to -1.40 log bar
[77], indicating that CO, 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 P, values, but all except one are higher than
the mean atmospheric log P,, -3.50 log bar. Therefore, it is
likely that these low log P, 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 SO, and HCO;. 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 CO, into HCO; 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, 67 4S/cm,
but unusually higher concentrations of Na and Cl, 25 and
24eq%, 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-HCO,, Ca(Mg)-HCO,, and Mg-HCO,.

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-HCO, waters originate by prevailing disso-
lution of calcite and subordinate dissolution of dolomite, the
Ca(Mg)-HCO, waters are generated by predominant disso-
lution of dolomite accompanied by minor dissolution of
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(concentration in equivalent units).
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calcite, and the Mg-HCO, waters are produced by dissolu-
tion of magnesite and dolomite in different proportions.
These inferences may be right for the Ca-HCO, and
Ca(Mg)-HCO, waters originated by the interaction of mete-
oric waters with carbonate rocks only, but they are probably
wrong for the Ca-HCO, and Ca(Mg)-HCO, 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-HCO, and Ca(Mg)-HCO, 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-HCO, 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/SiO,
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 SiO, 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-HCO;, SiO,-rich Ca-HCO,, Ca(Mg)-HCO,, SiO,-rich
Ca(Mg)-HCO;, and Mg-HCO,.

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-SiO, (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 CO, is the acid that controls the process and is converted
into HCO;  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-HCO, 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)-HCO,
waters and the Mg-HCO, 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-HCO, waters characterized by high Mg/SiO, ratios.
The Si-rich Ca(Mg)-HCO, 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 12.9 meq/kg, irrespective of
the chemical type they belong to, apart from sample A21
which has TIS of 1 meq/kg only and nine samples with TIS
of 14.4 to 18.4 meq/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, NO;, and SO, 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 CO,(,q), which is converted to
HCO;’ 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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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);(am), HFO(am)
Limestone Crystalline Gibbsite, HFO(cr)
Mg-limestone Amorphous Al(OH);(am), HFO(am)
Mg-limestone Crystalline Gibbsite, HFO(cr)
Dolomite Amorphous Al(OH);(am)

Dolomite Crystalline Gibbsite, HFO(cr)
Calcschist, Al-silicate endmember Amorphous Al(OH),(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);(am), HFO(am), opal-CT
Serpentinite Crystalline Gibbsite, HFO(cr), opal-CT

Carb, (am), (cr)
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F1GUuRE 5: Correlation diagrams of alkalinity (expressed in mg HCOs/kg) vs. (a) calcium and (b) magnesium during the progressive
dissolution of different rocks (see legend) according to the simulations elaborated in this work.

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); 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.
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F1GURE 6: Correlation diagrams of alkalinity (expressed in mg HCO,/kg) vs. (a) silica and (b) sodium during the progressive dissolution of
different rocks (see legend) according to the simulations elaborated in this work.

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-HCO, waters
and the SiO,-rich Ca-HCO, 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)-
HCO; waters and the SiO,-rich Ca(Mg)-HCO, 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-HCO,, SiO,-rich
Ca-HCO,, Ca(Mg)-HCO,, and SiO,-rich Ca(Mg)-HCO,
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-HCO, 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)-HCO, and SiO,-
rich Ca(Mg)-HCO, waters are found close to the dolomite
dissolution curve, whereas the Ca-HCO, and SiO,-rich Ca-
HCO, 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-HCO, 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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(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 SiO, 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 SiO, concentration, which is
59.0mg/kg at 12°C. Alternatively, attainment of saturation
with respect to less soluble silica minerals, such as chalcedony
or a-cristobalite or moganite, is possible, with corresponding
SiO, concentrations of 11.8, 18.8, and 26.7 mg/kg, respec-
tively, at 12°C.

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

SiO, and Na concentrations lower than SiO,-rich Ca-
HCO,, SiO,-rich Ca(Mg)-HCO,, and Mg-HCO, waters.
However, a few Ca-HCO; 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
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different rocks (see legend) according to the simulations elaborated in this work.

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-HCO, and Ca(Mg)-HCO, 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-HCO; and Ca(Mg)-HCO, 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 SiO, (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 SiO, 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 SiO,-rich Ca-HCO, and Ca(Mg)-HCO, 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-HCO; 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 caleschist. 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 AI(OH),, and amor-
phous or crystalline FEFOOH. 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, SiO,,

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 by WHO. 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-HCO; and Ca(Mg)-
HCO, 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
SiO,-rich Ca-HCO; and SiO,-rich Ca(Mg)-HCO; waters,
whereas the chemistry of Mg-HCO, waters is controlled
almost exclusively by the dissolution of serpentinite rocks.
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