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Abstract:

The groundwater hydrochemical behaviour of the Langueyu creek basin (Argentina) has been evaluated through a systematic
survey, followed by application of hydrological and chemometric multivariate techniques. Ten physicochemical parameters were
determined in groundwater samples collected from 26 wells during four sampling campaigns (June 2010; October 2010;
February 2011 and June 2011), originating a tridimensional experimental dataset X. Univariate statistical and graphical
hydrochemical tools (contour maps and Piper diagrams) applied to individual campaigns, allowed to reach some preliminary
conclusions. However, a best visualization of the aquifer behaviour was achieved by applying Principal Component Analysis
(MA-PCA) and N-way PCA procedures, Parallel Factor Analysis and Tucker3. Results were consistent with two-term models,
being Tucker3 [2 2 1] the most adequate, explaining a large amount of the dataset variance (50.7%) with a low complexity. The
first Tucker3 [1 1 1] interaction (38.2% of variance) is related with (i) calcium/magnesium versus sodium/potassium ion
exchange processes; (ii) an increase of ionic concentration and (iii) a decrease of nitrate pollution, all processes along the
direction of the groundwater flow. The second [2 2 1] interaction (12.5% of variance), accounts for the predominant role played
by conductivity, bicarbonate and magnesium in the dataset. The seasonal variations are closely related to concentration/dilution
phenomena originated by the variations of the phreatic levels, although this point will require additional sampling to establish a

definitive hydrochemical model. Copyright © 2013 John Wiley & Sons, Ltd.

KEY WORDS Langueyi creek basin; groundwater; hydrochemistry; N-way PCA; PARAFAC; Tucker3

Received 20 November 2012; Accepted 9 July 2013

INTRODUCTION

A quantitative assessment of the available water resources
in the humid Pampean region (Argentina) could conclude
that these are abundant, but factors such as quality,
availability and accessibility may result in their differen-
tial geographical distribution, leading to their scarcity or
total absence in some areas, with the negative implica-
tions for ecosystems and people affected.

Located in the Argentinean Pampa, the Langueyt creek
basin endures hydrological problems because of the
presence of the Tandil urban area. The town is located in
the Southern extreme of the basin (See Figure 1) and
extends for 50km? on the Northern slopes of the
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Tandilian Hill System and on the valley itself. With a
population of 111 483 habitants (Vapnarsky and
Gorojovsky, 1990; INDEC, 2010), Tandil heavily depends
upon groundwater for human consumption and for its
economical activities, because there is no nearby available
alternative water resource (Barranquero et al., 2006;
Barranquero et al., 2008).

The basin has a great agricultural productivity, with a
79.3% of its surface devoted to extensive crop cultivation
(wheat, soybean, corn and sunflower). Livestock-related
and other agricultural uses (horticulture and fruit trees)
cover 14.4 and 6.3% of the land, respectively, mainly in
areas in which shallow or emergent bedrock material
causes a poor development of the soil. Industrial activities
related to metallurgical and food manufacturing cause
additional aquifer depletion.

This heavy pressure on the limited groundwater
resources makes indispensable the knowledge of the
hydrology and hydrochemistry of the Tandil area.
Systematic surveys of the aquifer must be carried out,
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Figure 1. Schematic view of Langueyu creek basin, showing the geomorphological sectors and the sampling sites

and from the interpretation of the relationships found
amongst hydrochemical parameters, sampling sites and
collecting times, the hydrological behaviour of the region
can be elucidated.

Besides classical hydrological tools such as
hydrochemical indices, contour maps or Piper diagrams
(Catalan Lafuente, 1969; Custodio and LLamas, 1983;
Appelo and Postma, 2005; Comisién Docente del Curso
Internacional de Hidrologia Subterrdnea, 2009),
chemometric multivariate methods arise as powerful tools
for these studies (Einax, 1995; Massart et al., 1998),
because they allow to extract conclusions, not evident at a
first glance, about the underlying latent variables that
explain the variability existent in large datasets. Amongst
these multivariate tools, Principal Component Analysis
(PCA), designed for bi-dimensional datasets (e.g. objects
x variables), allows to build simple linear models,
providing simultaneously an easy visualization of the
relationships amongst objects (groundwater samples) and/
or variables (physicochemical parameters) (Simeonov
et al., 2003; Singh et al., 2004).

The use of multi-way methods such as N-PCA
extends the scope of classic PCA to additional di-
mensions or modes and becomes indispensable when the
dataset has a multidimensional structure (e.g. objects x
variables x time) (Barbieri et al., 1999; Leardi et al.,
2000; Smilde et al., 2004; Singh et al., 2006a; Peré-
Trepat et al., 2007; Giussani et al., 2008; Pardo et al.,
2008; Cid et al., 2011).

Copyright © 2013 John Wiley & Sons, Ltd.

In this work, the hydrological behaviour of the
Langueyd creek basin aquifer has been investigated
through the interpretation of the spatial and temporal
variations of 10 hydrochemical parameters (conductivity,
pH, bicarbonate, chloride, sulphate, nitrate, calcium,
magnesium, sodium and potassium), determined in
groundwater samples collected at 26 wells, during four
sampling campaigns in 2010-2011. Classical hydrological
graphical methods and chemometric multivariate tools
have been applied to visualize and interpret the information
contained in the resulting dataset. This study is the first
systematic hydrological survey carried out on the
Langueyu basin and represents highly valuable information
to be used as a baseline for future studies, as well as to
assist to the development of more suitable management
strategies of these limited groundwater resources.

MATERIALS AND METHODS

Area under study

The Langueyu Creek basin (Figure 1) is located in the
Tandilia Hill System (Tandil County, Buenos Aires,
Argentina). Its 600km? are divided in three major
geomorphological sectors (Ruiz de Galarreta and Banda
Noriega, 2005) characterized by the following features:

— Hills (Southern): ridges, isolated hills and well-defined
stream valleys.

Hydrol. Process. 28, 4743—4755 (2014)
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— Foothills: gentler slopes, some isolated depressions that
interrupt the regularity of the relief, and a well-defined
drainage network with a distributive design.

— Plains (North sector): gentle slopes, poorly defined
drain network with narrow streams, temporary water
courses and isolated depressions (Fidalgo et al., 1975).

The basin comprises two hydrogeological units which
behave differently with regard to the groundwater
admission and circulation processes (Ruiz de Galarreta
and Banda Noriega, 2005):

— A crystalline basement composed of tonalitic or
granodioritic granitic rocks with different fracturing
degrees, originating a cracked environment with
secondary porosity and permeability that confers a
poor character to the aquifer. The crystalline material
emerges in the Southern hills, while in the Northern
end, it deepens and forms the basis of the porous
aquifer system.

— A Cenozoic sedimentary cover, which mainly consists
of Pampean and post-Pampean sediments formed by
loessic materials with high contents of calcium
carbonate and other materials of fluvial origin.

The aquifer is unconfined (phreatic) and recharges
through rainfall infiltration mainly in the hilly Southern
sector. The depth of the phreatic surface ranges from 15 m
at the South to 2 m at the Northeast. The map of isopiezic
lines presented in Figure 2 shows that groundwater flows
from South to Northeast in a consistent way with the
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Figure 2. Hydrographic surface of the Langueyi creek basin
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surface morphology, although with lower gradients that
vary from 0.015 in the upper basin sector, to 0.0015 in
the Northern sector (Ruiz de Galarreta et al., 2007).
The regional discharge of the aquifer occurs towards
the depression of the Salado River and, locally,
towards the perennial water courses and major tributaries
of the Langueyu basin. In general, the aquifer behaves as
influent with regard to the surface waters, although in some
areas the ratio influent/effluent can reverse, because of
changes in the hydraulic or geologic-structural conditions
and/or of the intensive exploitation of the aquifer.

According to the classification proposed by
Thornthwaite and Mather (1957), the area has a
subhumid-humid mesothermal climate (Ruiz de
Galarreta and Banda Noriega, 2005). The average annual
rainfall is 838 mm, with actual and potential evapotrans-
piration mean values of 694 and 712 mm, respectively.
The region presents a small water deficit of 18 mm
during the rainy months of January, February and March
(warm season) because of evapotranspiration, and an
excess of water of 144 mm in the cold season (from May
to November).

Sampling and analytical procedures

A preliminary and extensive sampling campaign,
carried out between December 2006 and May 2007 (Ruiz
de Galarreta et al., 2007), allowed defining a network of
26 wells which were sampled in four successive
campaigns: June 2010, October 2010, February 2011
and June 2011. The map of the sampling network is
depicted in Figure 1.

Groundwater samples were collected from each well
after 4 min of pumping out, kept at 4 °C and carried to the
laboratory for analysis. Phreatic levels were also
determined in all sampled wells. Ten physicochemical
parameters were measured in the water samples: conduc-
tivity and pH, measured in sifu, and bicarbonate, chloride,
sulphate, nitrate, calcium, magnesium, sodium and
potassium that were determined at the Laboratorio de
Andlisis Bioquimicos y Minerales (Facultad de Ciencias
Veterinarias — UNICEN - Tandil, Argentina) and at the
Laboratorio de Técnicas Instrumentales (Universidad de
Valladolid, Spain) by using standard analytical methods
(APHA, 2005).

Multivariate analysis

The resulting dataset has three dimensions or modes:
ten physicochemical parameters or variables (nvar),
determined in groundwater samples collected at 26
sampling sites (nsites), during four sampling campaigns
(ntime). The resulting data can be arranged into a three-
dimensional array X (nsites X nvar X ntime) or unfolded
along the nvar dimension, into a bi-dimensional matrix

Hydrol. Process. 28, 4743—4755 (2014)
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X?8 ((nsites x ntime) x nvar) thus having 26 x 4=104
rows and ten columns. This j-unfolding procedure, called
Matrix Augmentation, allows the application of classical
PCA (MA-PCA) to X*"8, whereas X can be only studied
by true n-way, N-PCA, procedures such as Parallel Factor
Analysis (PARAFAC) or Tucker3.

Matrix augmentation PCA. This procedure is based on
the decomposition of X*"# according to:

NF
aug __ aug
X =Y Uy vip + e
=

Where uif'® and vj are the elements of the scores and
loading matrices U"® and V with ((nsitess x ntime) x NF)
and (nvar x NF) dimensions, respectively, and e;; is the
error term, or unexplained variance, of the element x§j'® of
the X*"'8 data array. NF is the number of factors, kept as
low as possible, but still explaining a significant amount of
variance or information. Classic PCA allows to visualize
the relationships between rows and columns of bi-
dimensional matrixes, so the loadings vj will provide
useful information about the relationships amongst the
variables (e.g. physicochemical parameters), but the spatio-
temporal information of the other two modes (sampling
sites and campaigns) will appear mixed in the u;s scores,
thus making difficult the interpretation of the model and
limiting the usefulness of MA-PCA (Cid et al., 2011).

N-way PCA (N-PCA). N-PCA methods do not require
the previous unfolding of the three-dimensional dataset X.
This allows for a full separation of the information
corresponding to each of the three modes: sampling sites
(spatial), physicochemical variables (hydrochemical) and
sampling campaigns (temporal), thus facilitating the
interpretation of the final model. The most used N-PCA
algorithms are PARAFAC and Tucker3 that lead to
slightly different models.

Tucker3 algorithm decomposes the matrix X according
to (Henrion, 1994):

P O R
Xjp = 2 2 2 AipbjgCirpgr + eiji
p=lg=1r=1

Where a;p,, bjq and ¢y, are the elements of the loading
matrixes A, B and C with (nsites x P), (nvar x Q) and
(ntime x R) dimensions, respectively, carrying the infor-
mation contained in the three modes of X. The term gy,
denotes the element (p, g, r) of the core array matrix G
(P x Q x R), ideally a super-diagonal matrix (Leardi et al.,
2000), that accounts for the interactions amongst the three
modes, whereas ejj is an error term as in MA-PCA. The
squared gy, elements reflect the strength and significance
of the interactions amongst the three modes, and P, Q and

Copyright © 2013 John Wiley & Sons, Ltd.
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R are kept again as low as possible, while explaining a
significant amount of variance (Pravdova et al., 2001).

The decomposition performed by the PARAFAC
algorithm is (Bro, 1997):

NF
Xije = X airbjrciy + €
=

The procedure also provides three loading matrices, A,
B and C, with dimensions (nsites x NF), (nvar x NF) and
(ntime x NF) whose elements are aj,, bjq and ¢y,
respectively, while x;jx and e;j have the same meanings as
above.

PARAFAC can be considered as a constrained version
of a Tucker3 model having the same number of factors,
NF, for each mode and with all the superdiagonal
elements of the core matrix G equal to 1. Again, NF is
kept as small as possible.

The interpretation of both models is somewhat
different. Whereas PARAFAC can be interpreted in a
similar way to PCA, the interpretation of the results of
Tucker3 must also take into account the magnitude and
sign of the non-zero elements of G (Pardo et al., 2008).

Software

MINITAB 13.0 (Minitab Inc.) and MATLAB 6.0 (The
MathWorks Inc.) software were used for statistical
calculations. PARAFAC and Tucker3 analysis were
carried out with the N-way toolbox for MATLAB
(Andersson and Bro, 2000). The contour maps were
drawn with SURFER 9 (Golden Software Inc.).

RESULTS AND DISCUSSION

Descriptive statistics and hydrological preliminary study

Table I summarizes the descriptive statistics of the ten
physicochemical parameters analysed in the 26x4 =104
groundwater samples collected at the studied area. Some
parameters, such as sulphate, nitrate, calcium, sodium and
potassium, have variation ranges greater than one order of
magnitude. Figure 3 shows the boxplots, disaggregated
by sampling campaign, for all physicochemical parame-
ters. Small temporal variations for all the parameters can
be observed, as well as some very skewed distributions,
e.g. the corresponding to potassium in the sampling
campaign No.3 (February 2011).

The samples can be classified as ‘fresh’ and ‘moderately
hard’ according, respectively, to their conductivity and
‘hardness’ levels (Custodio and Llamas, 1983) with
‘hardness’ levels below 400 mg.1~! CaCOs3, the maximum
allowed value for drinking waters stated by the Argentinian
Food Code CAA (Coédigo Alimentario Argentino) (n.d.).
The concentrations of the natural anions always follow the

Hydrol. Process. 28, 4743—4755 (2014)
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Table I. Statistical summary of the global dataset (N =104)

Parameter” Mean Median Standard deviation Minimum Maximum
Conductivity 820 800 154 480 1332
pH 7,59 7,58 0,26 6,89 8,40
Bicarbonate 485,1 481,9 93,2 268.,4 732,0
Chloride 36,7 34,7 16,7 14,0 99,5
Sulphate 17,3 12,7 15,9 2,4 106,7
Nitrate 27,1 23,6 19,1 3,2 111,4
Calcium 40,2 35,8 20,7 10,3 115,7
Magnesium 21,8 20,5 8.9 8,2 45,8
Sodium 117,7 118,3 60,0 17,4 2534
Potassium 13,5 9,8 13,8 1,3 81,0
* All parameters in mg.rl except conductivity, in pS.cmfl, and pH dimensionless.
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Figure 3. Boxplots of the physicochemical parameters as a function of the sampling campaign

sequence bicarbonate > chloride > sulphate; in the case
of the study area, all these anions increase in the flow
direction, because the North of the basin is not a regional
discharge site and therefore the contact time with
sediments is short. Bicarbonate is the most abundant
anion, occurring at concentrations ranging from
298.9 mgl’] in well 39, located in the recharge area,
to 713.7 mgl_1 in well 14, located in the Northwest
corner of the basin, these values corresponding to the
June 2010 campaign. On the contrary, sulfate is the
anion less abundant in all sampling sites. Most samples
present nitrate contents below 50 mg.l~!, the maximum
allowed CAA level for this campaign.

The hydrological behaviour of the aquifer can be
roughly described by considering separately the results

Copyright © 2013 John Wiley & Sons, Ltd.

corresponding to each single sampling campaign,
although this approach leaves out the seasonal varia-
tions. Table II shows a statistical summary of the
analytical results obtained in the June 2010 campaign.
Normal probability distributions (according to the
Kolgomorov—Smirnoff test) were found for most
variables, except for sulphate and nitrate, whose
distributions contain a large number of outlying values
(see the 1-labelled boxplots depicted in Figure 3).
Despite its usefulness, Table II gives insufficient
information to allow extracting definitive conclusion
about the aquifer behaviour, which can be only
elucidated after studying the spatial distribution pattern
of the physicochemical parameters as well as the
relationships existent amongst them.

Hydrol. Process. 28, 4743—4755 (2014)
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Table II. Statistical summary of the June 2010 dataset (N =26)

Parameter” Mean Median Standard deviation Minimum Maximum p-value*
Conductivity 793 771 163 480 71177 >0.150
pH 7,63 7,66 0,31 6,89 8,15 >0.150
Bicarbonate 511,9 530,7 97,4 298,9 713,7 >0.150
Chloride 33,2 30,8 13,9 14,5 62,0 >0.150
Sulphate 12,2 7.4 13,0 2,4 53,2 <0.010
Nitrate 23,1 19,6 17,0 32 79,5 0.050
Calcium 38,4 33,9 18,5 16,4 97,2 >0.150
Magnesium 19,1 18,5 8.2 8.2 41,0 0.100
Sodium 106,6 110,4 54,1 214 2127 >0.150
Potassium 11,3 10,5 4,9 2,9 24,6 >0.150

* All parameters in mg.f1 except conductivity, in pS.cmfI, and pH dimensionless.

*Kolmogorov—Smirnoff normality test

Spatial variability can be studied by means of contour
plots such as the displayed in Figure 4, corresponding to
the June 2010 campaign and plotted by ordinary kriging,
a geostatistical technique that interpolates the value of a
given parameter at an unobserved location from observa-
tions at known nearby locations. By combining Figures 2
and 4, some patterns arise: the values of the variables
conductivity, bicarbonate, chloride and sodium (and also

Conductivity

A

sy
4 N\,

79,

7/

Bicarbonate

] N,
S Q
.

pH, sulphate and potassium, not shown in Figure 4)
increase along the flow direction, whereas nitrate and
calcium (and magnesium, not shown) follow an opposite
tendency.

The rNa*/rK* index has a mean value of 16.9 and
generally increases along the South—North axis, i.e. the
groundwater direction flow. Although the Tandil area is
characterized by basement rocks containing alkaline

Chloride

Figure 4. Contour maps of some selected physicochemical parameters for the June 2010 dataset

Copyright © 2013 John Wiley & Sons, Ltd.
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materials, mainly potassium (Teruggi et al., 1958), the
investigated region lies on a porous layer of Pampean and
post-Pampean sediments. In such cases, and especially when
the clay contents are high, potassium becomes retained,
originating rNa*/rK* greater than 1.09, the value normally
associated to igneous rocks (Cataldn Lafuente, 1969).

The compositional characteristics of the aquifer can be
observed in the Piper diagrams shown in Figure 5,
corresponding to the June 2010 campaign, in which
samples originating from the three sectors of the aquifer
(hills, foothills and plains) have been plotted in different
colours. According to these diagrams, based on the
relationships existing amongst the major anions and
cations, the groundwater samples can be classified as
bicarbonated, either calcium/magnesium (most wells
located in the hills) or sodium (rest of samples, located
in the foot hills and in the plain). These compositional
differences confirm (i) the opposing spatial tendencies

4749

shown by calcium/magnesium versus sodium/potassium
(Figure 4), and (ii) that the predominant anion is
bicarbonate in all the collected samples. The gradual change
in groundwater composition, from calcium-magnesium
bicarbonated in the Southern sector towards sodium-—
potassium bicarbonated in the Central and Northern sectors,
is also in good agreement with the hydrolithology of the
studied area, characterized by a granitic basement that
emerges in the Southern area and deepens towards the
North, and a Cenozoic sedimentary cover, rich in calcium
carbonate (See section ‘Area under study’).

Similar results were found for the rest of sampling
campaigns.

MA-PCA

The above picture is incomplete because the effects
caused by seasonal variations can only be ascertained by
considering simultaneously the results from successive
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Figure 5. Piper diagrams corresponding to the June dataset a) Hills, b) Foothills and c) Plain
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sampling campaigns, i.e. the complete X dataset of
dimensions (26 x 10 x 4).

First, the X matrix was j-unfolded to give the X*"&,
with dimensions (104 x 10). This augmented bi-
dimensional matrix was analysed by classical PCA using
the eingenvalue decomposition of the correlation matrix,
which compensates the differences in magnitude and
measurement scales existent amongst the physicochemi-
cal parameters. In order to avoid the undesirable mixing
of logarithmic and linear variables, pH was previously
linearized into ‘acidity’.

MA-PCA extracted three significant components (PC)
with eigenvalues higher than unity. PCI1, accounting for
40.5% of the variance, is composed of conductivity,
bicarbonate, chloride, sulphate and sodium; PC2 spanning
a 16.3% of variance is related with nitrate, calcium,
magnesium and potassium and PC3 explains 11.4% of the
variance and is composed of acidity and minor contribu-
tions of other variables.

Figure 6a shows the loadings plot of the two first PCs.
Two main groups of variables are distinguished in the
abstract space of the components, separated along the
PC1 axis. The first group consists of conductivity,
bicarbonate, chloride, sulphate, sodium, and potassium
with positive PC1 loadings, whereas the second one is
formed by acidity, nitrate, calcium and magnesium
having negative PC1 values. PC3 plots confirmed these
aggregations.

Figure 6b, which shows the scores plot for the two first
PCs, reveals no clear pattern for the groundwater samples,
beyond from a significant positive correlation (p 0.000)
between the PC1 scores and the South—North axis of the
studied area, resulting in an increase of PCI along the
flow direction of the basin. The large number of
groundwater samples (104) and the inherent limitation
of MA-PCA un-folding, that mixes the spatial (sampling
sites) and temporal (sampling campaigns) information in
the uf"® scores (Pardo et al., 2008; Cid et al., 2011), does
not allow to extract further conclusions. The refolding and

R. S. BARRANQUERO ET AL.

averaging of the scores (Tauler et al., 2000; Pardo et al.,
2008), an intermediate method used to separate informa-
tion of mixed modes after MA-PCA, provided unsatis-
factory results in this case.

N-PCA

Unlike MA-PCA, N-PCA models (Tucker3 and
PARAFAC) take into account the three-dimensional
structure of X, allowing to separate the information
corresponding to each mode. The dataset was previously
j-scaled, with all variables having zero mean and unit
variance, thus overcoming, as in MA-PCA, the problems
due to the different data magnitude and scales of the
physicochemical parameters.

PARAFAC. All possible PARAFAC models were
tested, and the NF value was selected by means of the
core consistence parameter (Bro, 1997). The optimal
complexity was found for a two-factor model (core
consistency =100%) explaining 50.9% (38.3% and
12.6%, respectively, for factors 1 and 2) of the total
variance. Models with higher dimensionality had lower
core consistence values and were consequently rejected
(Bro, 1997).

Figure 7 shows a summary of the two-factor
PARAFAC model, i.e. the loadings carrying the infor-
mation of sampling points (A), variables (B) and time
(C). The interpretation of PARAFAC models is based, in
a similar way to classical PCA, on the existence (or
absence) of correlations between the loadings of the three
modes, found by comparing simultaneously, within each
factor, the magnitudes and signs of the loadings of each
PARAFAC mode.

Factor 1 presents positive and almost constant C1
loadings (Figure 7C1), so this factor will be large for two
classes of sampling points (Figure 7A1). The first is
formed by wells with positive Al loadings (12, 14, 15,
20, 53, 54, 58 and 59) that are positively correlated with
variables (Figure 7B1) having positive B1 loadings
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Figure 6. Graphical summary of MA-PCA applied to the augmented dataset X
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Figure 7. Loadings of the two-factor PARAFAC model in the three A, B and C modes

(conductivity, bicarbonate, chloride, sulphate, sodium and
potassium). The second group (Figure 7Al) brings
together sampling points with negative Al loadings
(wells 6, 17, 34, 36, 38, 39, 50 and 57) positively
correlated to variables (Figure 7B1) also having negative
B1 loadings (acidity, nitrate, calcium and magnesium). It
is worth to add that Bl PARAFAC loadings have a
pattern very similar to the PC1 loadings found in MA-
PCA, thus confirming the strength of the relationships
amongst the physicochemical parameters included in this
factor. On the other hand, Factor 1 is not useful to
interpret the hydrochemistry sampling points 4, 7, 9, 11,
16, 18, 19, 27, 41 and 60 as they have negligible or null
A1l loadings.

In the case of Factor 2, C2 and B2 loadings resulted
positive for all campaign and variables (Figure 7C2
and 7B2, respectively), so this factor will be
significant only for points (Figure 7A2) having large
positive A2 loadings (6, 14, 36, 50, 57 and 60). These
points are related with all physicochemical parameters,
mainly with conductivity, bicarbonate and magnesium.
The simultaneous examination of the third mode
loadings, C1 and C2, (Figure 7C1 and 7C2, respec-
tively) shows their similarity, as well as their common
apparent lack of relation with seasonality, thus
suggesting a common behaviour of both PARAFAC
factors with time.

Copyright © 2013 John Wiley & Sons, Ltd.

Tucker3. All possible Tucker3 models having different
number of factors in each mode were evaluated. Model [2
2 1] was chosen because it explains 50.7% of variance, i.
e. a similar percentage than PARAFAC, with an only
dimension in the C-mode, and has a superdiagonal G core
matrix, thus fulfilling the mathematical conditions for
Tucker3 models.

Figure 8 shows the loadings A, B and C of this [2 2 1]
model, whose interpretation must also take in account the
magnitude and sign of the elements of the resulting core
matrix G:

—19.844
0.00

0.00
11.331

The interaction (as the factors are known in Tucker3
modeling) [1 1 1] accounts for a 38.2% of the variance.
As all C1 loadings are positive (Figure 8C1) and gy is
negative, this interaction relates points (Figure 8 A1) with
negative Al loadings (wells 12, 14, 15, 20, 53, 54, 58 and
59) and variables (Figure 8B1) having positive Bl
loadings (conductivity, bicarbonate, chloride, sulphate,
sodium and potassium), as well as wells (Figure 8Al)
with positive Al loadings (6, 17, 34, 36, 38, 39, 50 and
57) and variables (Figure 8B1) with negative B1 loadings
(acidity, nitrate, calcium and magnesium). Therefore, this
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Figure 8. Loadings of the Tucker3 [2 2 1] model in the three A, B and C modes

[1 1 1] interaction is identical to PARAFAC Factor 1 and
also presents the same B1 loading pattern found for the
MA-PCA PC1 loadings (See section ‘PARAFAC’). As
before, there is a group of samples presenting small or
negligible contribution for this interaction: 4, 7, 9, 11, 16,
18, 19, 27, 41 and 60.

The interaction [2 2 1] spans a 12.5% of variance and
has positive values for both, C1 loadings (Figure 8C1)
and g;,. Since all B2 loadings are negative (Figure 8B2)
with the exception of the almost null contributions for
sodium and potassium, this interaction will be only
significant for points (Figure 8A2) with negative A2
loadings (6, 14, 36, 50, 57 and 60). This second Tucker3
interaction is again very similar to its equivalent
PARAFAC Factor 2: A2 loadings are almost identical
and B2 loadings are strongly biased towards conductivity,
bicarbonate and magnesium in both models, with only
slight differences for the remaining variables.

Loadings of the single temporal C-mode show again a
very low dependence with season.

Both N-PCA algorithms led to very similar models
consisting of two terms (factors or interactions)
explaining around 50% of the dataset variance, a
percentage similar to the explained by these modelling
N-way tools when applied to environmental data (Leardi
et al., 2000; Singh et al., 2006b; Cid et al., 2011).
However, Tucker3 model is simpler, needing only one

Copyright © 2013 John Wiley & Sons, Ltd.

dimension in the temporal C-mode versus the two
required by PARAFAC.

Hydrological interpretation of the multivariate models.

A coherent picture emerges from the preceding
discussions. The hydrochemical parameters are grouped
in two main conglomerates that (i) appear systematically
in all multivariate models and (ii) behave in opposite
ways. The first group is composed of conductivity,
bicarbonate, chloride, sulphate, sodium and potassium,
and the second one corresponds to acidity, nitrate,
calcium and magnesium. These aggregations can be
easily visualized in the loadings plot of the two first PCs
obtained after applying MA-PCA to X*"# (Figure 6a), or
in the almost identical structure of the B1 loadings found
when N-PCA is applied to the original X dataset
(Figure 7B1 and 8B1, respectively).

The B1 loadings are associated, both in PARAFAC and
Tucker3, in the same way with their corresponding A1l
loadings (Figures 7A1 and 8Al), revealing now the
existence of two groups of sampling points, also having
opposing behaviours. The first group comprises wells 6,
17, 34, 36, 38, 39, 50 and 57, all located in the hills and
foothills Southern sectors, and the second one is formed
by wells 12, 14, 15, 20, 53, 54, 58 and 59 situated at the
Northern plains sector, near the zone of discharge of the
basin (Figure 1). The remaining wells (4, 7, 9, 11, 16, 18,

Hydrol. Process. 28, 4743-4755 (2014)



CHEMOMETRIC TECHNIQUES FOR GROUNDWATER HYDROCHEMICAL EVALUATION

19, 27, 41 and 60) are in intermediate spatial positions
and are not ruled by this first Factor or interaction.

The significant and positive correlations (at a p=0.000
level) existent between the Al loadings, from PARAFAC
or Tucker3 models, and the UTM Northing coordinate of
the sampling points, confirm the patterns depicted in the
contour maps and/or in the Piper diagrams. Figure 9
shows the spatial variation of the Al loadings in the
studied region and also visualizes the strong association
of this first factor/interaction with the flow direction of the
aquifer. These Al variations are simultaneously correlat-
ed with the increase of conductivity, bicarbonate,
chloride, sulphate, sodium and potassium along the flow
direction, and the decrease of acidity (i.e. an increase of
pH), nitrate, calcium and magnesium, along this same
South—North axis.

The opposing behaviour of calcium/magnesium versus
sodium/potassium can be attributed to the existence of ion
exchange processes in which calcium and magnesium,
with concentrations above the average in the Southern
zone, are replaced by sodium and potassium, thus
resulting in a progressive decrease of calcium and
magnesium and an increase of sodium and potassium
from South to North. Additionally, as the Northern end of
the study area was established based on the administrative
boundary between Tandil and Ayacucho County, so the
groundwater samples collected at the Northern sector are
not yet fully chlorinated and still contain high levels of
bicarbonate. This anion is the main cause, in combination
with sulphate, chloride, sodium and potassium, of the
subsequent increase of conductivity and salinity towards
the Northern area, as well as of the decrease of acidity
(increase of pH) in the same direction.

PARAFAC A1

4753

The behaviour of nitrate, a pollutant of anthropic
origin, is similar to the followed by magnesium and
calcium. The highest nitrate concentrations (in occasions
near or above the legal limit of 50 mg.1™!) are found in
samples collected at the Southern sector, near pollution
point sources associated with the town of Tandil, and its
contents decrease along the South-North axis in the flow
direction.

The C1 loadings carry the information about the
temporal or seasonal variability. The first striking
characteristic is their almost constant value (Figures 7C1
and 8Cl1) and, therefore, their apparent lack of depen-
dence from time. However and since this factor is related
with hydrological processes connected with the aquifer
flow direction, the relationship between C1 loadings and
the mean phreatic level variations in each sampling
campaign was studied. Negative correlations were found,
r=—0.834 (p=0.116) and r=-0.750 (p=0.250) for
PARAFAC Factor 1 and Tucker3 [1 1 1] interaction,
respectively. This negative, although not statistically
significant, correlation seems to suggest that C1 term
could be associated to processes of saline concentration/
dilution caused by variations in the phreatic level, thus
confirming its hydrological nature. The lack of statistical
significance of the correlations can be due to the small
number of campaigns included in the dataset (and the
subsequent small number of associated degrees of
freedom) although this assumption can only be verified
by carrying out further sampling campaigns.

To summarize, the PARAFAC Factor 1 and the
Tucker3 [1 1 1] interaction contain information about
hydrological processes occurring along the South—North
axis in the direction of the flow. The first is natural and

Tucker3 A1

Figure 9. Contour maps of the A-loadings for a) PARAFAC and b) Tucker3 two-factor models

Copyright © 2013 John Wiley & Sons, Ltd.
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consists of ion exchange between calcium-magnesium
versus sodium-potassium associated with a natural
increase in salinity, whereas the second one is the
decreasing of the man-made nitrate pollution. All of
them are related with seasonal variations of the phreatic
level, which cause the corresponding concentration/
dilution phenomena.

On the other hand, the similarity between PARAFAC
Factor 2 and Tucker3 [2 2 1] interaction, is less clear than
in the previous case. The algebraic differences derived
from the different number of dimensions required by both
models in the temporal C-mode result in slight differences
between their B2 loadings (Figures 7B2 and 8B2,
respectively) which, however, share a similar pattern:
strong contributions of conductivity, bicarbonate and
magnesium and in lesser extension, of calcium and
nitrate. In addition, the A-mode loadings of both models
are almost identical (Figures 7A2 and 8A2, respectively)
and show the existence of a group of sampling points
composed of wells 6, 14, 36, 50, 57 and 60, which behave
in a similar way. A closer examination of points 6, 14, 36,
50 and 57 shows a behaviour similar to that found for the
first factor/interaction. Wells 6, 36, 50 and 57 are located
in the Southern sector, where groundwaters are predom-
inantly calcium—magnesium bicarbonated, whereas the
point 14 lies in the Northern area, characterized by high
conductivity and bicarbonate. The presence in this group
of point 60, located in the North end sector, is likely due
to its high levels of magnesium.

Since the models require different number of dimensions
in the C-mode, larger differences in the interpretation of
the temporal behaviour of this second factor/interaction
can be now expected. The Tucker3 [2 2 1] interaction uses
the same C-loadings than the [1 1 1], so the assertions
made above about concentration/dilution phenomena and
the variations of the phreatic levels are also of application
in this case. On the other side, PARAFAC Factor 2 uses a
new set of C2 loadings, somewhat different from those
used by Tucker3 (Figures 7C2 and 8Cl) and with a
weaker correlation with the phreatic level variations
(r=-0.103; p=0.897). This fact makes difficult its
interpretation and limits the usefulness of PARAFAC
modeling in our study.

The stronger connection with seasonal water table
variations leads to a more easy and logical interpretation
of the temporal behaviour of this second Tucker3 [2 2 1]
interaction, which, although cannot be associated with a
definite hydrological process, emphasizes the leading
role played by the seasonal and geographical variations
of magnesium, bicarbonate and conductivity and in a
lesser extension by that of chloride, sulphate and
calcium in the studied region, and also makes the
simplest Tucker3 [2 2 1] model as the most suitable to
describe the experimental dataset.

Copyright © 2013 John Wiley & Sons, Ltd.
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CONCLUSIONS

The multivariate models applied in this study reveal two
underlying factors/interactions in the dataset, leading to
linear models with two terms, which explain respectively
around 38% and 13% of the information present in the
experimental dataset. Tucker3 [2 2 1] model has proven
to be the most simple and efficient to explain the
hydrological behaviour of the studied aquifer.

The first term summarizes (i) ion exchange processes
amongst calcium/magnesium and sodium/potassium,
which originate a gradual variation of the chemistry of
groundwater samples following the direction of the
groundwater flow, from calcium/magnesium bicarbonated
in the Southern sector, to sodium/potassium bicarbonated
in the North, in concordance with the hydrolithology of
the region; (ii) an increase, along the same South—
Northeast axis, of the concentrations of all major anions
and of the conductivity and (iii) the singular behaviour of
the pollutant nitrate that follows an opposite tendency. All
these assertions are consistent with the information found
by examining contour maps and Piper diagrams of
individual sampling campaigns, as well as with the
geology of the area.

The second term is not related with a definite
hydrochemical process, but accounts for the role played
by bicarbonate, magnesium, conductivity and in a lesser
extension, nitrate and calcium.

The seasonal variations of the two terms could be only
ascertained after using true N-PCA methods. Whereas
PARAFAC modeling originated two different temporal
behaviours difficult to interpret, Tucker3 led to a [2 2 1]
model which is thus preferred to describe the global dataset.

This single seasonal variation is closely and negatively
correlated (r=—0.750; p=0.116) with the variations of
the phreatic level in the sampled wells, so it accounts for
saline concentration/dilution processes in the studied area.
The lack of significance is due to the small number of
campaigns carried out to date.

In conclusion, chemometric multivariate techniques are
useful tools for the interpretation of hydrochemical
datasets. Nevertheless, additional experimental work,
through new sampling campaigns, will increase the
amount of available information and will allow checking
the validity of the seasonal patterns.
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