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1 | INTRODUCTION
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Abstract

We present a new geometrical method capable of quantifying and illustrating the
outcomes of a three-component mixing dynamics. In a three-component mixing sce-
nario, classical algebraic equations and endmember mixing analysis (EMMA) can be
used to quantify the contributions from each fraction. Three-component mixing of
natural waters, either in an element-element plot or by using the EMMA mixing sub-
space is described by a triangular shaped distribution of sample points where each
endmember is placed on an apex, while each side corresponds to the mixing function
of the two endmembers placed at the apex, considering the third endmembers' con-
tribution equal to zero. Along each side, the theoretical mixing fractions can be com-
puted using mass balance equations. Samples with contributions from three
endmembers will plot inside the triangle, while the homogeneous barycentric coordi-
nate projections can be projected onto the three sides. The geochemistry observed
in the mineralized Ferrarelle aquifer system (southern Italy) results from three-
component mixing of groundwater, each with diagnostic geochemical compositions.
The defined boundary conditions allow us to parameterize and validate the proce-

dures for modelling mixing, including selection of suitable geochemical tracers.

KEYWORDS
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quality water mixtures. The worsening of the original groundwater
composition could be related to natural contaminations (uprising of

Mixing between different sources of water is one of the most com-
mon and important hydrological process in nature (e.g., Barros Grace
et al., 2008; Domenico & Schwartz, 1997; Ramédn et al., 2021; Stegen
et al., 2016; Wilson et al., 2016). The definition of the endmembers of
the mixing allows to understand the hydrodynamics and the chemical
processes.

The results of these mixing processes can sometimes influence

water quality limiting water access due to the presence of lower

deep geothermal fluids rich in arsenic (As), iron (Fe), or other trace
metals or hydrocarbons, Bundschuh & Maity, 2015; Donato
et al., 2021; Tassi et al., 2009) or due to leaching of shallow aquifers
contaminated by human activities (pesticides and fertilizers in agricul-
tural areas or wastewaters in urban areas, Li et al., 2021; Mateo-
Sagasta et al., 2017). As a result of these processes, the final composi-
tion of a mixed parcel of water can be complex and depends on the

relative concentrations and percentage of each mixing component.
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The investigation of hydrological processes related to the groundwa-
ter mixing dynamics can be especially important in complex
hydrogeological systems, where vertical and/or lateral groundwater
exchanges occur between different aquifers, or where the lack of data
limits the understanding of deep aquifer dynamics.

The effect on solute concentrations during mixing are traditionally
described using mathematical models (e.g., Christophersen &
Hooper, 1992; Mazor et al., 1993; Schramke et al., 1996). Using these
methods, algebraic modelling can be used to quantitatively determine
the fractions of original water (endmember) and added components
that were contributed to the sample mixture. More recently devel-
oped mixing models (Hooper, 2003; Liu et al., 2017) are based on
computational linear algebra, known as end member mixing analysis
(EMMA). The EMMA method is widely employed for exploration of
complex hydrological systems (James & Roulet, 2006; Katsuyama
et al., 2001; Kronholm & Capel, 2014; Liu et al., 2008), as well as
groundwater systems in which chemical reactions occurring in a
diverse range of hydrogeological settings are of great significance
(Pelizardi et al., 2017).

Robust detection and modelling of groundwater mixing processes
will allow the improvement of hydrogeological conceptual modelling
and improve the understanding of groundwater geochemistry, which
are important first steps in more elaborate investigations on water
(e.g., water budget calculation, evaluation of potential contamination
from external sources). The ability to improve conceptual models is an
important tool for developing proper management strategies, espe-
cially in mineralized aquifers tapped for bottling activity, where the
healthiness and the constancy of the groundwater chemical composi-
tion must be guaranteed (Europe Directive 2009/54/EC). When
endmembers mix conservatively the mixture, geometrically, will lie in
the convex set where the vertices are the three components
(Christophersen & Hooper, 1992 and therein references). In case of a
three component mixing, the set corresponds to a triangle on the
plane defined by the three endmembers. This triangle can act as refer-
ence triangle in a homogeneous barycentric coordinate system.

In the present investigation we test a new and fast geometrical
method to quantify the relative mixing fractions of three endmembers
directly from the bidimensional mixing space. This method can be
applied both for the endmember fractions estimations based on the
simple mass balance equations and for the multivariate EMMA
method.

The proposed method was tested on the Ferrarelle groundwater
system (FGS), a complex mineral system strictly governed by ground-
water mixing (Cuoco et al., 2020). Despite the complex and peculiar
hydrogeological setting, the studied system is supported by an exten-
sive bibliographic knowledge (Sacchi et al, 2021 and reference
therein) and a robust monthly chemical dataset. Specifically, the water
chemistry reflects a balance between recently entrained volcanically
influenced waters and carbonate aquifers (Cuoco et al., 2010). Upflow
of CaCO3 and CO, rich groundwater occurs from the deep confined
carbonate aquifer through the fault systems, which greatly influence
the sedimentary bedrock and allow mixing with less mineralized

groundwater in the volcanic aquifer (Corniello et al., 2015; Cuoco

et al., 2017; Cuoco, Darrah, Buono, Eymold, & Tedesco, 2015; Cuoco,
Viaroli, Paolucci, et al., 2021). Cuoco et al. (2020) and Cuoco, Viaroli,
Paolucci, et al. (2021) argued for the presence of a third groundwater
component in the FGS, which was hypothesized to result from mixing
by lateral inflow from the Mt. Maggiore region. This third component
is dominantly alkali earth-bicarbonate-type water with low total dis-
solved solids. Thus, Cuoco et al. (2020) concluded that the FGS geo-
chemistry is defined by three-component groundwater mixing. The
three recognized endmembers are: (i) the deep and highly mineralized
groundwater from the carbonate basement, (ii) shallower volcanically
influenced waters with low degrees of mineralization and (iii) lateral
alkali earth-bicarbonate type from a nearby high-relief carbonate plat-
form. In summary, in the present investigation we (i) test a new geo-
metrical method which can be considered as a useful tool for
quantifications of endmember fractions in three-component mixing
processes of natural waters. In addition, the visualization of the result
on a ternary diagram allows the comparison between each sample in
term of different mixing fractions. (ii) We point out some experimental
evidence useful to evaluate a chemical variable as effective tracer in
hydrological processes. In addition, (iii) we provide a numerical param-
etrization of the groundwater mixing of the FGS. The proposed
method may be useful also as support for a more aware exploitation

of mineralized groundwater resources.

2 | STUDY AREA

21 | Geological setting
The study area is located within the Riardo Plain along the northern
flank of the Mt. Maggiore ridge in the northern Campania Region of
southern ltaly. This area consists of two main geological settings:
marine sedimentary sequences and volcanites that erupted from the
Roccamonfina volcano (Figure 1a).

The sedimentary basement corresponds to the Meso-Cenozoic
Apennine carbonate sequence. These units have been heavily
deformed by various orogenic phases since the Miocene and later
during the Plio-Pleistocene extension, which displaced the basement
via horst and graben structures (Boncio et al., 2016; Cosentino
et al., 2006; Giordano et al., 1995). The Meso-Cenozoic carbonate
units crop out both in the Mt Maggiore (D'Argenio &
Pescatore, 1962) and in the other mountain ridges that surround the
Riardo Plain. Following deformation during the Apennine orogeny, the
carbonate deposition ended and gave way to the deposition of marl
and synorogenic flysch units. The flysch units are not deposited or
preserved continuously as both processes were controlled by the
presence of localized graben structures throughout the Riardo Plain
(Saroli et al., 2014), whereas horsts are zones of either non-deposition
or erosion.

The volcanic sequences within the Riardo Plain can be summa-
rized as a sequence of loose layered pyroclastic and reworked volca-
noclastic deposits from the Roccamonfina volcano (Viaroli, Lotti,

et al., 2019) with alternating deposition of the Brown Leucitic Tuff
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FIGURE 1 (a) Scheme of the regional aquifers in the study area (modified from Boni et al., 1986; Celico, 1978; Lancia et al., 2020);
(b) Location of the available boreholes and the monitored wells in the Ferrarelle mineral water claim area; (c) Hydrogeological cross sections of
the study area. The ID codes of sampled wells (in blue) are taken from Cuoco et al. (2020)
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unit, which is a lithic tuff composed of an ash matrix (Luhr &
Giannetti, 1987) (Figure 1c). Petrographic analysis carried out on cut-
ting samples from boreholes in the Ferrarelle area (Universita degli
Studi Roma Tre, 1996, technical report) indicate the presence of sev-
eral clay minerals (i.e., Halloysite 10 A, Smectite, Chabazite and lllite)
derived from the weathering of the volcanic glasses.

2.2 | Hydrogeological setting

The hydrogeological frameworks of the Riardo Plain, Roccamonfina
Volcano and Mt. Maggiore were previously described at regional
(Boni et al, 1986; Celico, 1978; De Vita et al, 2018; Viaroli
et al., 2018) and local (Capelli et al., 1999; Mazza et al., 2013; Viaroli
et al., 2016; Viaroli, Di Curzio, et al., 2019) scales. A relevant summary
is included here for brevity.

The basal aquifer of the Roccamonfina volcano shows a radial
drainage pattern towards the plains that surround the volcano edifice.
Groundwater in this aquifer is mainly discharged through the Savone
gaining stream with a mean discharge of ~0.5 m%/s (Boni et al., 1986).
The Mt. Maggiore aquifer feeds the Triflisco Spring, located at the
southern side of the carbonate structure at an elevation of ~30 m a.s.
I. with a mean discharge of ~2.8 m®/s (Boni et al., 1986) (Figure 1a).

In the Riardo Plain, the hydrogeological framework is quite com-
plex and heterogeneous. In the western Riardo Plain, the absence of
intermediate aquiclude units allows for the upwelling of deeply source
mineralized fluids along faults affecting the sedimentary basement,
which leads to mixing between the shallow volcanically influenced
groundwater (N component) and the more deeply sourced and highly
mineralized carbonate aquifer (D component), the latter of which is
responsible for creating the Ferrarelle mineral springs (Cuoco
et al., 2010, 2020; Sacchi et al., 2021). The mineralization of ground-
water varies locally (well to well) with groundwater chemistry varying
according to the proximity of faults. While local chemistry is governed
by discrete localized zones of fault-controlled fluid migration, the vast
majority of data from the study area fall along an apparent two-
component mixing line between volcanically influenced groundwater
and the more deeply sourced and highly mineralized carbonate aquifer
(Cuoco et al., 2020). Recent publications, Cuoco et al. (2020) identi-
fied the presence of an additional contribution in the mineral water
mixing, corresponding to a lateral inflow from the phreatic carbonate
aquifer of Mt. Maggiore (F component), however the relevance of this

contribution in the groundwater mixing is not yet defined.

3 | MATERIALS AND METHODS

3.1 | Field measurements

Monitoring and sampling activities were performed monthly between
October 2017 and January 2019 on eight monitoring wells placed
within Ferrarelle™ company's water concession in the Riardo Plain

(blue dots in Figure 1b). Groundwater depth was measured in the

piezometers where the static condition of the aquifer was well
established. Groundwater depth was also measured daily in two moni-
toring wells (N and F in Figure 1b) using automatic probes
(Schlumberger DIVER) during the same period (~18 months). The
N and F monitoring wells tap the volcanic aquifer in the Riardo Plain
and the carbonate non-mineralized aquifer of Mt. Maggiore, respec-
tively, in order to evaluate the relationship between the aquifers dur-
ing long-term monitoring. On average, the hydraulic heads measured
in the mixing area were ~100-115 m a.s.l. (Figure 1c).

Field measurements were performed following the procedures
described in Cuoco et al. (2020). Temperature, pH and electric con-
ductivity (EC, with automatic compensation to 20°C) were measured
in each surveyed point using portable probes (WTW pH/EC 340i).
Precision and accuracy were determined for pH and EC by measuring
relevant WTW certified standard solutions, the results were better
than 1%. Redox potential (ORP) was measured in the field using a
Hanna HI991002 meter with precision better than 5%.

3.2 | Chemical analysis
Major elements were analysed by ion chromatography on unacidified
(F, Cl, Br, NO3 and SO,) and acidified (Na, K, Mg and Ca) samples. Bro-
mide resulted always below detection limit. The total alkalinity
(as HCO3) was determined in the field (Kartell™ technotrate digital
burette) by titration using standardized 0.1 M HCI (Merck™) against
methyl orange indicator. All samples were filtered in the field using
0.45 pum Minisart sterile cellulose acetate membrane filters and then
an aliquot was acidified (~1%) with ultra-pure Merck HNOs. Precision
and accuracy for the IC analyses was tested by measuring certificated
reference materials, confirming analytical error less than 7%. All
reported water analyses show charge balances of less than +5%.
Trace metal analysis were carried out using Agilent 7500ce-ORS
ICP-MS with collision cell technology according to the procedure
described by Cuoco, Darrah, Buono, Verrengia, et al. (2015). Internal
standards (constant concentration of 8%Y and 1>*Th) were used to moni-
tor the instrumentation drift. External precision was monitored using an
internal spike standard, which indicates errors of less than 10% for all
reported analytes. All the trace metal analytes reported herein exceeded
the limits of detection and quantification as calculated according to

Long and Winefordner (1983) by at least an order of magnitude.

3.3 | Theoretical elements

In natural water systems, two or more sources of water can mix and
change the resulting chemistry. Mixing can be described by an array
of mathematical relationships (e.g., Albarede, 2009; Rutherford, 1994),
including algebraic mass balances based on selected chemical vari-
ables (i.e., major ions, key elements). During mass balance approaches,
the set of variables and equations are defined and used to determine
mixing models that are used to quantitatively describe the hydrody-

namics of groundwater systems.
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The mixing between two different parcels of water is defined as
‘two-component mixing” where each component, also called an
endmember, represents the original composition of the unmixed solu-
tion. The concentrations of a conservative element in solution varies
only according to dilution (or mixing with a more concentrated solu-
tion) and thus are not removed or enriched by chemical reactions. The
concentration of conservative elements in a water solution produced
by mixing of two-component (endmembers) a and f is given by the

mass balance equation:
Anix = faAa+ Az (1)

where A is the concentration of the conservative element, which
is now defined as a ‘tracer’, Amix, A, and Ay are respectively the
concentrations of A in the mixed water, in a« and g endmembers. If
B is a second, different tracer, the mass balance can be also

written:
Brix = faBa + 3By (2)
Considering that the sum of the fractions must be = 1:
fp=1—fa (3)

substituting Equation (3) in (1) and (2), and combining (1) and (2), the

following relationship is obtained:

Amix _A/:' _ Bmix - B/J
A.—A; B,—By “)

Relation (4) is the equation of a line in a Cartesian plane given
from the coordinates of a and g (Figure 2a), where Ayix and By are
the variable concentrations of the two tracers in the water composi-
tion resulting from the mixing. In the Figure 2a the theoretical frac-
tions (i.e., fixed fraction values) can be computed from Equations (1)

and (2) and plotted on the line of the mixing function.

0.0 ~
...‘/

a

B
(a)

In a ‘three-component mixing’ scenario using the mass balance
approach, three different water volumes, named «, § and y, are
assumed to mix each together. The mass balance equations are then

defined by three fractions:

fot+fp+f,=1 (5)

The mass balance needs to include two tracers (Amix and Bmi,) and

can be solved as follows:
faAa + fﬂAﬂ + fyAy = Amix (6)

faBa + f,/}B[} + fyBy = Bmi>< (7)

The algebraic solutions of (5), (6) and (7) give numerical values of
the three fractions in the resulting water (Genereux, 1998; Liu
et al., 2017). The geometric representation of the three-component
mixing in a binary plot corresponds to a triangle (i.e., ternary diagram)
(Figure 2b) whose vertices are defined by the coupled values of A and
B tracers detected in the three endmembers. On the triangle surface,
the water samples which are produced by the mix of the three
endmembers can be plotted (Renner, 1988).

Fixing one of the three components equal to O, the problem becomes
a two-component mixing calculation (Figure 2a). As consequence, each
side of the triangle can report the theoretical fractions of mixing related to
the adjacent components (Figure 2b). From Equation (5) it is given by:

f,=1—fs when f,=0 (8)
fa=1—f, when f;=0 9)
fp=1—f, when f,=0 (10)

Considering Equation (8), the concentration C of a third conserva-
tive tracer in a generic solution b produced by the mixing of « and g

endmembers is given by the following mass balance equation:

A

a

FIGURE 2 (a) A two-component mixing on an element-element plot. The theoretical fractions can be fixed and the corresponding
coordinates can be computed through mass balance equations with the goal of reporting the references on the mixing line. (b) The plot shows a
three-component mixing triangle where each endmember is placed on a different vertex. The theoretical mixing fractions has been computed by
fixing the third endmember as equal to zero. A generic point P produced by a three-component mixing (P4 and Pg are given by chemical analyses)
will be detected in a plot by the homogeneous barycentric coordinates systems, which allows one to show the quantification of each endmember

on the corresponding side
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Co=14Cp+£,Cy (11)
similarly, from Equations (9) and (10) respectively:
Cc=£,C +fuCa (12)

Ca=fuCa+fsCy (13)

In tracer-tracer plots, these equations are expressed in vectorial
form (bold terms of the eq. stand for ‘vector’), with each concentra-
tion expressed by two-components related to tracers A and B.

Each side of the ternary diagram shown in Figure 2b reports the
theoretical fractions of mixing computed considering the third
endmember is equal to O. For example, a water solution P, produced
by the three-component mixing of «, # and y, must fall within the ter-
nary diagram (Figure 2b) and the fractions of each endmember are
given by the homogeneous barycentric coordinates related to the the-
oretical fractions reported on each side of the ternary diagram:

Co =Cufa+Csfs+Cf, (14)

being f,+fs+f, =1 (Lidberg, 2011). The convex combination of the
theoretical fractions on the ternary diagram detects the relative con-
centration of the a, # and y endmembers which form the P solution.

In the example of the Figure 2b the position of P is defined
through coordinates given by the triple of numbers (f,:f;:f,) in the
specific example is (0.3: 0.2: 0.5) in a given triangle afy.

If we imagine the f,, f; and f, as masses, f and y will balance at
the point X:% which lie on the gy line. If we consider the two
component mixing g versus y the f;+f, =1 and the centre of masses
X will be exactly the mass balance between j and y. Taking the third
component a, X will balance in a new centre of mass with « through

the masses (fs+f,) and f, in the point P, thus we obtain P=
fa Cat(Fotf,) X fu CatfyCptf,C,

f(.+( f/;+f,) - fatfp+fy :
coordinate of the theoretical fractions plotted on the axes of triangle

, that is, the homogeneous barycentric

afy, where each of them corresponds to the two-component mixing
among the endmembers plotted at side's ends. The following results

will practically test this approach.

4 | RESULTS

4.1 | Hydraulic relationship between the Riardo
Plain and Mt. Maggiore aquifers

Monitoring wells N and F (location in Figure 1) show similar ground-
water levels, both instantaneously and over 563 days of monitoring
throughout the study (the experimental data are showed in the
Figure 3), indicating that the aquifers are hydraulically connected and
nearly continuous across both the volcanic deposits and the carbonate
basement. F is the only monitoring well that taps the phreatic carbon-
ate aquifer of Mt. Maggiore. The saturation level in this well is ~1.5 m

higher than the recorded one in N well.
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112 . . . . . .
114 115 116
F groudwater level (m a.s.l.)
FIGURE 3 Linear correlation between mean daily groundwater

level data measured in F and N monitoring wells

The groundwater oscillations are in agreement with the local cli-
matic conditions and therefore with the recharge for the region as
reported in Viaroli et al. (2018). The strict linear correlation (R = 0.99,
p < 0.001) between the mean daily groundwater level data (Figure 3)
demonstrates the hydraulic connection between the aquifers of
Mt. Maggiore and the Riardo Plain. The oscillations of the groundwa-

ter level are simultaneous, with a very similar magnitude.

4.2 | Determination of the suitable tracers

The whole dataset of chemical analysis is reported in the dataset
stored in the specific repository (Cuoco, Viaroli, Darrah, et al., 2021),
while a data summary for all monitored wells is shown in Table 1. In
the dataset, each monthly sampling point has been identified with a
lower-case letter of Latin alphabet.

The suitability of each chemical variable is evaluated to determine
its effectiveness as a potential tracer. The chemical variables involved
in the fraction computations for each tracer must respect important
constraints in order to get a reliable mixing model (Elsenbeer
et al., 1995; Inamdar, 2011; Liu et al., 2017)

These constraints include:

1. The tracers in the mixing process must exhibit a linear relationship;

2. The tracers must behave conservatively in agueous solutions;

3. The components have significantly different concentrations for at
least one tracer;

4. The concentrations of each tracer in each endmember must be
consistent throughout the investigated area or over the time scale
considered for the mixing model.

The mixing process related to the dilution of the more concen-
trated endmember produces linear correlations among water solutes

(Hooper, 2003). In the correlation matrix, reported in the dataset
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(Cuoco, Viaroli, Darrah, et al., 2021), most of the chemical variables
are well correlated, indicative of mixing, as demonstrated by Cuoco
et al. (2020). This statistical relationship is shown in Figure 4a,b where
the EC versus HCOg (Figure 4a) and Na™ versus K™ (Figure 4b) display
highly significant correlations (R? = 0.99 and 0.95 respectively,
p < 0.001). Similar linear correlations (R =~ 0.90) have been found
among the most of highly mobile elements: alkali elements with
exception of Rb and Cs, alkali earth elements, HCO3, B and EC.

In order to behave conservatively, a variable must not be affected

by any chemical reaction. In the investigated system the chemical
reactions which can occur are: (i) the re-equilibration of water solution
with the CO, degassing; (ii) redox re-equilibration due to the mixing
between the low ORP deep water and the more oxidant one in the
shallow aquifer; (i) hydrolysis of minerals/volcanic glass and (iv) ion
adsorption on the host rock and on chemical precipitates.
According to calculations performed using PHREEQC
(Parkhurst & Appelo, 1999), waters with EC >2000 pS/cm are satu-
rated (saturation index, Sl > 0) with respect calcite and those with EC
>2500 uS/cm are saturated with respect dolomite (see Table 1). Thus,
even though samples from monitoring well F are less mineralized
(EC ~ 400 uS/cm), they were saturated with respect to calcite and
dolomite as a result of influences from the Mt. Maggiore carbonate
aquifer (Mazza et al., 2013).

The Ca, Mg and HCO3; concentrations in solution of the resulting
mixture depend on the precipitation equilibria of calcite and dolomite
related to the ionic strength of the solution and the CO, concentra-
tion (Drever, 1997; Kehew, 2001; Langmuir, 1997). As a free gas, car-
bon dioxide migrates in the water column differently than when
dissolved in solution and therefore, the chemical equilibrium is not
exclusively related to mixing processes of distinct water parcels.
Because of this lack of conservative behaviour, Ca, Mg, HCO3 and pH
(i.e., [H™]) are thus not considered suitable tracers. EC is strongly cor-
related to these solutes (Cuoco, Viaroli, Darrah, et al., 2021), and thus

is also dismissed as unreliable because of its non-conservative

The dissolved oxygen concentration is the main geochemical vari-
able that influences ORP (Stumm & Morgan, 1996). When oxygen
levels increase after mixing, Fe and Mn-rich form nearly insoluble
oxyhydroxides and precipitate on the surfaces of aquifer minerals
(Ahmad et al., 2019); this process is observed in D samples. Here, we
observe an inverse correlation (R = —0.83) between Fe and Mn rela-
tive to ORP (Cuoco, Viaroli, Darrah, et al., 2021) indicating that both
species are likely lost to precipitation after oxidation, as would be
expected. Some tracers, including Ba, Sr and As (R ~ 0.9), also corre-
late strongly with Mn and Fe. These trends suggest that these ele-
ments are also likely absorbed onto or co-precipitate with Fe/Mn
precipitates (Dowling et al., 2002; Rashad et al., 2008) as we previ-
ously suggested in this region (Cuoco et al, 2020) and as it has
recently investigated in depth (Cuoco, Viaroli, Paolucci, et al., 2021).
Thus, we also conclude that neither Fe nor Mn (or even Ba, Sr or As)
are effective tracers for the mass balance computations because of
their redox sensitive behaviour. For a similar reason $S0,42~ has been
discarded as tracer because it can be produced by oxidation of H,S
present in the gas emissions. The lack of accurate quantifications of
the chemical species involved in the H,S5—H,0—0,—5042~ system
force us to not trust on sulphate as conservative element. Vanadium
is also redox sensitive but is mobile in oxidizing conditions (Coyte &
Vengosh, 2020). The ORP changes due to the mixing between the
shallow oxidant groundwater with the deep and anoxic groundwater,
however during this process the solution does not attain negative
values required for V reduction (Shaheen et al., 2019). Thus, the varia-
tion of V concentrations are only related to the dilution, and therefore
it can be considered as conservative tracer in these conditions.

lon exchange processes may also affect the chemical composition
of water solutions (Appelo & Postma, 2005). When groundwater
flows into volcanic successions, it is exposed to exchange sites pre-
sent on the rocks and on Fe and Mn precipitates. The (Na + K)/(Mg
+ Ca) is commonly used to determine if the adsorption-desorption

reactions have altered the chemical composition of the major ions. If

behaviour. the exchange reactions did not affect the composition of dissolved
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FIGURE 4 Linear relationship between HCO; versus EC (a), and K versus Na (b) as consequence groundwater mixing among endmembers

with different in ionic concentrations and CO, abundances
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ions, the ratio in the mixing dynamics would be constant, and there-
fore the metals concentrations exclusively depending on the dilution
effect.

In the D samples, the mill-equivalents ratio (Na + K)/(Mg + Ca)
was approximately equal to 0.1-0.2 (the linear correlation of Na + K
versus Ca + Mg displayed R? = 0.78, suggesting a quite constant angu-
lar coefficient, i.e., ratio value) and remained nearly constant through-
out the sample set with the exception of samples from unmixed
N endmember (0.9-1.0), which reflects the specific ratio of the shallow
volcanic aquifer. Therefore, the major alkali ions Na and K are appar-
ently not strongly affected by ion exchange dynamics and can be con-
sidered effective as tracers for mixing fraction quantification.

Conversely, trace alkali and alkali earth metals were not consid-
ered reliable tracers because their concentrations are 1000 times less
concentrated than major ions and thus the effect of interactions with
exchange sites may more readily affect their concentration in solution.
Other trace elements such as Li, B, Ba, Cs were not constant in the
D aquifer during the monitoring period. The relative SD (RSD) of major
elements (Table 1) were all less than 5%, while the trace elements dif-
fered by between 10% and 50%. Thus, we would not consider trace
elements, with the exception of V, when constructing mixing models.

The last step in the selection of suitable tracers is an evaluation
of significant differences in the endmember's concentrations. This
decision-making process can be led by observing the statistical distri-
bution of the chemical variables in the dataset. If the concentration of
a tracer is similar in all the endmembers, the solution produced by the

mixing will not have a significantly different concentration. As a result,
tracer behaviour will mimic a random variable and likely display a simi-
lar statistical distribution to a normal frequency function. Figure 5
shows the histograms of Na, K, V and Cl concentrations. Note that Cl,
which is widely considered as one of the best tracers for mass bal-
ances in water mixing due to its highly conservative behaviour in solu-
tion (Harkness et al., 2017; Hendry et al., 2000; Warner et al., 2012),
follows a normal distribution (Shapiro-Wilk test, p = 0.071); thus, we
conclude that Cl is not a suitable tracer in this current study area. Sim-
ilarly, temperature, pH and F are also normally distributed and not
suitable tracers (p > 0.054).

Conversely, Na and K have a larger concentration range (0O-
90 mg/L vs. 12-26 mg/L respectively, Figure 5) than Cl (and their fre-
quency distribution is not normally distributed, Shapiro-Wilk test,
p < 0.006). Similarly, the concentration of V varies by nearly two
orders of magnitude (0.1-18 pg/L) and is also not normally distributed
(Shapiro-Wilk test, p < 0.001). As a result, these tracers pass the test
of suitable tracers for mixing calculations in the current study area.

43 |
tracers

Characterization of endmembers and related

We consider three endmembers, based on data from the D, N and
F sample subsets. D samples were collected through boreholes tap-
ping the carbonate aquifer under the Riardo Plain. The D groundwater
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Histograms of detected concentrations of Na (a), K (b), V (c) and Cl (d). Cl is normally distributed while Na, K and V follow a

multimodal distribution. Orange, blue and maroon bars correspond to the mean concentration in D, F and N samples, respectively
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subset has the highest mineralization detected in the area
(~3000 uS/cm), the lowest ORP (—35 mV), and the highest CO, con-
tent (0.05 mol/kg, PHREEQC computer code). Each of these factors
strongly enhance carbonate hydrolysis with important increases in Ca
and HCOj3; in solution and a positive calcite saturation index
(Slcacos ~ 0.6).

The N endmember corresponds to the groundwater hosted in the
volcanic deposits and it is characterized by low mineralization
(~430 pS/cm), the highest ORP (110 mV) observed in this study and
low CO, concentrations (0.004 mol/kg). We anticipate that the mixing
process occurred where more deeply sourced fluids migrated along
the fault planes as depicted by the linear relationship (Figure 4)
between the mineralization level (EC) and HCO3 (and indirectly also
the CO5, levels in solution) (Drever, 1997). The linear function is due
to mixing, but when one only considers the variables in the binary
plots of Figure 4, the third endmember (F) is not distinguished from
the N endmember.

The F endmember corresponds to the Ca—Mg—HCO; type
groundwater water, hosted in the carbonate units of the
Mt. Maggiore and in hydraulic continuity with the aquifer of the plain.
The mineralization level of endmember F and the CO, concentrations
are similar to those of N. Based on prior interpretations for three-
component mixing, we attempt to determine which chemical variables
distinguish the differences between the three endmembers.

The D endmember is dominated by Ca—HCOs3, but shows the
highest concentrations of major ions, alkali and alkaline earth ele-
ments and trace elements due to water-rock interactions with the
Roccamonfina volcano deposits (Cuoco et al., 2010, 2020; Viaroli
et al., 2018). N is a Na—K—HCO3 type water, typical of groundwater
in volcanic aquifers from central Italy (Gambardella et al., 2005). All
trace elements (e.g., metals, with the exception of vanadium) derived
from leaching of the volcanic deposits are more concentrated in
D than in N. Vanadium is more concentrated in the N (15 pg/L) than in
D, where concentrations near the detection limit (~0.2 pg/L) have
been observed.

In the carbonate endmember F, all the trace metals and metalloids
have the lowest concentrations except V, which is consistently near
2 pg/L. In cross plots of K versus V (Figure 6a), the components D,
N and F plot at the vertices of a ternary diagram, reproducing the the-
oretical condition displayed in the Figure 2b. The water solutions pro-
duced by the mixing of these three endmembers plot inside the area
of the triangle. The detected configuration does not change if K is rep-
laced with Na.

44 | Fractions quantification and analytical
representation

After the selection of K, Na and V as tracers, the mixing fractions have
been computed using the algebraic solution of the mass balance equa-
tions (Liu et al., 2017; Ogunkoya & Jenkins, 1993). For a three-
component mixture, two tracers are necessary in the calculation. The
uncertainties have been computed by Gaussian error propagation
(Genereux, 1998). The full results are reported in stored dataset
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FIGURE 6 Three-component mixing represented by a
bidimensional space defined by (a) element-element cross plots of K
versus V and (b) End member mixing analysis (EMMA) results. Each
single sample point is detected by the letter used as sub-ID and
reported in the Cuoco, Viaroli, Darrah, et al. (2021). The mixing
fractions detected by homogenous barycentric coordinates
correspond to the ones computed with equations

(Cuoco, Viaroli, Darrah, et al., 2021) and summarized the Table 2. The
mixing fractions have been obtained both by cross plots of Na versus
V and K versus V, whereas the cross plots of Na versus K have not
been considered due to the similarity in concentrations between the
endmembers (Table 1).

The variability of the calculated fractions was evaluated through
Mann-Whitney rank sum tests (@ = 0.05) and were not statistically
significant different (p > 0.091) suggesting that the quantifications
obtained through Na-V and K-V couples gave similar mixing esti-
mates. In the Figure 6a, the mixing lines between various endmembers
have been calculated according to Equations (11)-(13). The theoretical
fractions with an increment of 0.1 have been reported on all mixing
lines. Note the close relationship between the calculated mixing frac-
tions computed by algebraic solutions (reported in Cuoco, Viaroli,
Darrah, et al, 2021) with the geometrical solutions following the
barycentric coordinates method (Figure 6). Based on these computa-
tions, we can calculate the fraction of each individual groundwater
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sample with respect to the coordinates of the three endmembers (fp,
fe and fy). Two examples (#17i and #25i) are reported on Figure 6a,
which can be used to describe the relative contributions to each water
sample. The closeness with D vertex detected in samples #25 and #27
indicate the high fractions of the deep D endmember observed in
these samples. These two wells show an almost stable N fraction
(#25 ~ 0.20; #27 < 0.10) and an inverse mutual relation between the
D (#25 0.40-0.70; #27 0.60-0.80) and F (#25 0.10-0.45; #27 0.10-
0.30) fractions during the monitoring period. The highest F fractions
have been detected in #17 well (0.20-0.50, Figure 6a). Wells #26,
#16 and #20 display negligible F fractions (values consistent with the
zero), consequently the sample points plot close the D-N axis; these
results suggest that the composition of the last three wells are domi-
nantly two-component mixing with only minor F fraction oscillations
(up to 0.20).

The EMMA is a mathematical method based on multivariate sta-
tistics, used to identify and quantify the endmembers contribution in
complex hydrological systems (Christophersen et al, 1990;
Christophersen & Hooper, 1992; Hooper et al., 1990). EMMA
methods are applied to the whole dataset without any previous sup-
position about the endmembers. It is only necessary to choose the
effective tracers, which will subsequently be tested as part of the pro-
cedure (Hooper, 2003). Here, we tested the EMMA method using the
same three geochemical tracers (i.e., Na, K, V).

The principal components have been extracted after the data
normalization (Joreskog et al., 1976). The number of endmembers is
given by m + 1, where m is the number of eigenvalues retained. In
the present study only two principal components (m = 2) were
extracted, explaining respectively the 78% and the 18% of total var-
iance. The first principal component describes the relative abun-
dance of alkali ions, while the second principal component appears
to vary with changing V concentrations. The presence of three
endmembers is thus confirmed by the EMMA outcomes suggesting
that the proposed mixing model robustly captures each
endmember.

The product of our chosen geochemical tracer matrix with the
transposition of eigenvectors matrix give a new U space where
endmembers and mixed solutions are projected, in other words U is a
lower dimensional mixing subspace. Being the data matrix nx 3
(where n is the number of samples) and 3 x m (in the present investi-
gation m=2), the U space is therefore the transformed data matrix
(nxm). For a three-component mixture, the U space results are
bidimensional (Figure 6b) and the sample data are projected onto the
U space. The three endmembers are confirmed to be D, N and F,
which correspond to the vertexes of the ternary diagram Figure 6a.
Based on Equations from (8) to (13), once fixed at theoretical frac-
tions, the concentrations of Na, K and V are computed. These ‘theo-
retical’ concentrations are added to data input in the EMMA
elaboration. The theoretical fractions, with the obtained new coordi-
nates in the U space in the Figure 6b plot on the axes of the resulting
reference triangle.

Following Osemwegie et al. (2018) the theoretical endmembers

can be defined as such:

CUOCO ET AL

U1, =fpUlp+fnUln+frULF (15)
U2, =fpU2p +fNnU2N +FrU2F (16)
fo+in+fr=1 (17)

where U1 and U2 are the two vectors defining the mixing subspace U,
U1, and U2, are the coordinates of p (generic sample point whose
chemical composition is the produced by the three-component
mixing) and D, N and F subscripts detects the coordinates of the three
endmembers. Combining Equations (15)-(17), the mixing fractions can
be obtained as follows:

(U2, (Uly — Ulp)] - [U1,(U2y — U2F)] + [ULr (U2y — U2¢)] — [U2¢(ULy — UlF)]

fo= [(U25 — U2¢)(Uly — Ulp) — (Ulp — UlF) (U2y — U2f))]
(18)
UL, —fp(Ulp — Ulf)] — Ule
fi= (Uly—U1f) (19)
fr=1—(fo+fn) (20)

Mixing fractions computed through the EMMA method have been
reported in Cuoco, Viaroli, Darrah, et al. (2021) and summarized in the
Table 2. The uncertainties were computed according to Burns
et al. (2001) and resulted in the same order of magnitude of the simple
algebraic mixing fractions computing. Like Figure 6a, the computed
fractions of each point are detected by the barycentric coordinate sys-
tem using theoretical fractions reported on the sides of the triangle. In
the Figure 6b, the computed fractions of the same points evidenced in
the Figure 6a have been reported with the aim to show the correspon-
dence of values obtained by both algebraic and geometrical methods.

Comparing the results of algebraic and EMMA method, the calcu-
lated endmembers fractions and uncertainties gave similar results. The
mixing fractions computed with algebraic equations (Afagebraic) and
EMMA (Afemma) methods have been compared in Figure 7a-c. The
strong convergence of obtained results with the two different methods
is confirmed by statistically significant determination factors of the best
fit (R?>0.89, p <0.001) and the parameters of the fit line (the angular
coefficient equal to 1 and intercept near zero). The differences are
quantified as Af =4/ (fa,geb,aic—ngMA)z and the results are summa-
rized in the Figure 7d using box plots. The totality of Afy quantifica-
tions are below 0.05, while the 75% of the other fractions are below
0.10. Only the 14% of Aff values range between 0.10 and 0.15.

5 | DISCUSSION

5.1 | The ternary diagram as a tool for
quantification and comparison of three component
mixing processes

The present investigation allowed us to test variable mixing models

for fast computation and presentation of results in three-component
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FIGURE 7 Comparison of quantifications of three mixing fractions: f; (a), f (b) and f5 (c) obtained through mass balance algebraic equations
and end member mixing analysis (EMMA) method. (d) Box plots for the three fractions distance Af computed through the showed formula

mixing. The bidimensional space representing the water mixing
(Figure 6) has been built following the theoretical considerations pres-
ented in Section 3.3. The triangle defined by the three endmembers
act as a reference for a homogeneous barycentric coordinates system.
Once the theoretical fractions are reported on the sides of triangle,
the mixing fractions can be obtained through this geometrical method.
With respect the algebraic computation of mixing fractions, this
method allows a rapid evaluation of the endmember's fractions in
each sample, and in addition this graphical method also has the advan-
tage of allowing for easy comparison between various mixing fractions
of the different analysed waters. This method is suitable both for
small or large datasets. The main advantage is the fast comparison of
endmembers' fractions of each sample. A weakness of this method is
the resolution of the computed results when a thickened dataset is
used. Every type of graphical representation is affected by this prob-
lem, but in this case it is even possible to get a rough idea of

endmembers' percentages according to the points' positions on the

graph The potential of the proposed approach was not highlighted
elsewhere before.

This graphical method works both in the algebraic computations
considering a binary tracer-tracer plot and in EMMA elaboration by
projecting the theoretical fractions in the bidimensional space
detected by the three endmembers, as it must result in a three-
component mixing. The good agreement of results in the present
investigation confirms that projection of the theoretical fractions on
the mixing subspace detected in the EMMA method allow reliable

quantitative evaluations, if the model assumptions are correct.
5.2 | Elements to evaluate a chemical variable as
tracer in a hydrogeochemical dataset

The strong correlations among water solutes in mixing dynamics, as

detected by Cuoco et al. (2020) in the study area, do not necessarily
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serve as a reliable index for evaluating mixing. In fact, herein we note
that when evaluating the three-component mixing, the correlation
decreases when any of chemical variables have relevant concentra-
tions in all three endmembers simultaneously. For example, when V is
compared to Na or K, the Pearson's coefficient (R) decreases (~ — 0.2,
see Cuoco, Viaroli, Darrah, et al., 2021). While the Person's R coeffi-
cient could be a good index for two-component mixing, it does not
necessarily indicate conservative behaviour of the specified geochem-
ical tracers. One or both variables can be affected by other chemical
reactions or the same reaction (e.g., Ba and Sr adsorption onto iron
oxyhydroxides).

Another issue which cannot be neglected for a correct mixing
model assessment, is the statistical distribution in the dataset of the
tracers. Szulczewski and Jakubowski (2018) observed that a dataset
produced by mixing follows a multimodal distribution, as it is con-
firmed in the Figure 5 for the Na, K and V histograms. Cl, which is usu-
ally assessed as a powerful tracers due to its conservative behaviour,
in the study system ti shows a normal distribution and consequently
the fractions computed using Cl, both using the simple algebraic and
EMMA method are not reliable. The fact that a geochemical tracer
must have different concentrations at least in one of the endmembers
means that a geochemical tracer cannot follow a single mode distribu-
tion in the dataset. Moreover, if it does follow a single mode distribu-
tion, it indicates that the considered variable does not act as an
effective geochemical tracer in that study area.

5.3 | New experimental evidences on the
hydrological processes governing the FGS

The hydrogeological setting of the FGS make it an ideal site to exam-
ine the processes of three-component mixing in groundwater. The
synchronous fluctuations of groundwater levels across the region indi-
cate clear evidence of hydraulic communication between
Mt. Maggiore and the Riardo Plain aquifers (Figure 1), which was
inferred by Cuoco et al. (2020) based on exclusively geochemical data.
Based on the numerical methods of distinguishing between various
groundwater contributions, we can now better define the mixing of
the three groundwater types (N, F and D). The N type water derives
its geochemistry from the shallow volcanic succession of the plain and
mixes with F type carbonate groundwater that laterally discharges
from Mt. Maggiore. These components are variably mixed with highly
mineralized and CO,-rich type D water that migrates upward along
normal faults throughout the region. The resulting geochemical com-
position in the Ferrarelle wells are derived from the relative ratio
between the three endmembers.

The Figure 1c graphically displays the physical mechanisms that
can accommodate the mixing dynamics described above. The relative
abundance of the D endmember corresponds with proximity of the
groundwater well to normal faults. Secondary influences on the
D endmember relate to the depth of the borehole relative to underly-
ing stratigraphic changes demonstrated by increasing salinity gradi-

ents with depth. The F component is related to the carbonate aquifer

of Mt. Maggiore. The influence of this component on groundwater
chemistry in the FGS depends upon the proximity of the outcrop to
carbonate units and the depth of the monitoring well. According to
the computed fractions and the cross sections in Figure 1c, the
F component is relevant in less deep wells, with a bottom elevation
comparable to the F monitoring point. It is likely that there is some
density stratification between the dense D and the F or N endmember
components. The N endmember components is representative of the
less mineralized volcanically influenced groundwater; thus its compo-
sition is inversely proportional to the contributions of the D and
F endmember components.

Detailed differences between each monitoring point may also
depend on the structure of the groundwater well (e.g., location of the
screens, the mean pumping rate, etc.) and on the local structural set-
tings. The available hydrogeological and geochemical conceptual
models, coupled with the large dataset of the Ferrarele area, promote
this site as an optimal experimental site for scientific research on
mixing hydrological processes involving mineral waters.

6 | CONCLUSIONS

A new method to quantify three endmember mixing was successfully
applied in a mineralized groundwater system in southern Italy. The
statistical methods used here can also be applied to future studies
aiming to define contributions from different water sources. The avail-
ability of a dataset rich in variables allows a statistically robust evalua-
tion of the most efficient geochemical tracers. Before the calculation
of the endmembers fractions, it is mandatory to perform a detailed
hydrogeochemical investigation, including the evaluation of main
hydrogeochemical processes which could affect the chemical compo-
sition of the waters, and the analysis of the statistical distribution of
variables which must not be normal or uni-modal to assess the tracer
capability. Otherwise the quantification of the mixing fractions will be
negatively affected by the lack of significant different concentration
in the endmembers.

The inverse behaviour of the geochemical tracers in two
endmembers and the independence of the third endmember allow a
triangular configuration where each endmember is placed on a vertex
and the sides represent the mixing function between two
endmembers when the third one is equal to zero. Considering a
generic water solution whose chemical composition is produced on
the three-component mixing, data will be projected within the centre
of the triangle (mixing subspace) with the mixing fractions detectable
and quantifiable by homogeneous barycentric coordinates projections
onto the sides of the triangle. The barycentric coordinates of the
points corresponds to the algebraic computing of the three mixing
fractions. The proposed method was validated comparing the calcu-
lated mixing fractions with the results of the EMMA computation on
the same dataset.

The application of the geometrical method allow the validation of
the three-component mixing model proposed in literature for the

FGS, and the quantification of each aquifer (endmember) contribution.
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The results improve also the knowledge on the contribution of shal-
low aquifers, which should be necessary taken in account in a sustain-

able exploitation plan.
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