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Abstract

A simultaneous hierarchical classification of groundwater in the Banat Plain-southwestern Romania and associated characteristics
such as As(I11), As(V), total As, trace metals (Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn), pH and redox potential using Fuzzy Hierarchical
Cross Clustering Algorithm was carried out. In samples containing more than 10 pg/L total As (13.9 — 77.3 ug/L), the As(V) species
represented 57+20% and 73+18% in the others. Arsenic speciation pattern was in agreement with basic pH (8.31 — 8.49) and
oxidizing conditions (369.0 — 409.1 mV) in aquifer. The contents of metals were below the threshold values excepting Mn. The
Fuzzy Hierarchical Cross Clustering Algorithm emphasized pH and redox potential as main parameters responsible for water
samples grouping. Part of water samples containing > 10 pg/L As have as associated parameters the content of Pb, Cr, Zn and Fe,
and pH plays a key role in natural occurrence of these elements by desorption from Fe minerals/oxyhydroxides. The other water
samples with > 10 pg/L As were grouped based on redox potential, As (111), As (V), total As, Cd, Ni, Cu, Al and Mn concentrations.
The source of these elements was attributed to desorption processes from Al minerals/oxyhydroxides and Mn oxyhydroxides
governed by the redox potential. The Fuzzy Hierarchical Cross Clustering emphasized the importance of trace metals quantification
for classification of groundwater with naturally enriched As content.
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1. Introduction 2012; Park et al., 2016; Rahman et al., 2016; Su et al.,

Unlike surface resources, groundwater is less
exposed to anthropogenic contamination and its
quality is mainly dependent on the aquifer mineralogy
and water-rock interactions. One of contaminants
naturally occurring in groundwater is arsenic, which is
the subject of several studies regarding processes
governing its release as well as the associated health
effects (Anawar et al., 2003; Biswas et al., 2014;
Chakraborti et al., 2016; Chakraborti et al., 2017; Jang
et al., 2017; Kuroda et al., 2017; Panagiotaras et al.,

2016; Verma et al, 2016). Besides arsenic,
guantification of trace metals is useful for the
evaluation of water-rock interaction, identification of
processes governing the natural or anthropogenic
enrichment and discriminating between them (Cuoco
et al., 2015; Ghrefat et al., 2016; Kim et al., 2014;
Nshimiyimana et al., 2016; Rahman et al., 2015;
Sappa et al., 2014; Tirkey et al., 2016). In Europe, the
Pannonian Basin including eastern Hungary, western
Romania, northern Serbia, northeastern Croatia and
southern Slovakia, is characterized by an elevated As
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content, which poses health risks to more than
1000000 inhabitants via drinking water (Dimkic et al.,
2010; Gurzau E.S. and Gurzau A.E., 2001; Romanian
National Institute of Statistics, 2012; Rowland et al.,
2011). European Union member states have
established threshold values (TVs) for groundwater
bodies depending on hydrogeological conditions and
natural background levels (NBLs) for contaminants
referred to as risk factors from natural or
anthropogenic sources (As, Cd, Pb, Hg, NH4*, CI,
S04%, NOs) and  synthetic  substances
(trichloroethylene, tetrachloroetylene) (EC Directive,
2006; Radu et al., 2010). In Romania, there were
established TVs for all groundwater bodies according
to NBLs (Order, 2014). Also, several studies were
carried out in Romania concerning the quality of
groundwater  resources, which revealed the
vulnerability to heavy metals, As, anions, pesticides,
etc., due to anthropogenic activities such as mining,
ore processing, non-compliant landfills, poor
management of manure, climate change and natural
conditions such as precipitation (Badila, 2017; Frentiu
et al., 2007, 2008; Minea and Croitoru, 2017; Modoi
et al., 2014; Muntean and Mihaiescu, 2016; Nistor et
al., 2015; Rusu et al., 2017; Vasilache et al., 2012).
Some technologies were proposed to decrease
concentration of As species in groundwater below 10
pg/L (Janos et al., 2016; Kobya et al., 2018; Pop et al.,
2017).

Several epidemiological studies on human risk
of exposure by water consumption with As
concentration below or above the maximum allowable
value (10 pg/L) reported major diseases such as
anemia, vascular and heart diseases, neurological
disorders and cancer. In the case of pregnant women
the risk of spontaneous abortion can occur (Bloom et
al., 2010, 2014; Chakraborti et. al, 2016; Neamtiu et
al. 2015; Rahman et al., 2015; Sarkar and Paul, 2016;
Surdu et al., 2015). Therefore speciation and
monitoring of arsenic in drinking and groundwater
water is necessary but represents a challenging
analytical task (Rajakovic-Ognianovic et al., 2014).

A comparison of the experimental data with
guideline values is too simplistic to clarify
characteristics and behavior of contaminants in
groundwater. Thus unsupervised chemometric
methods such as Cluster Analysis (CA) and Principal
Component Analysis (PCA) were widely used for the
characterization of groundwater (Cuoco et al., 2015;
Kelepertzis, 2014; Kim et al., 2014; Sappa et al., 2014;
Spanos et al., 2015). However, CA and PCA
approaches have limited capability and do not provide
a simultaneous classification of sites and related
physico-chemical characteristics.

The aim of this study was to provide a rapid
characterization of groundwater based on As
speciation and trace metal content using Fuzzy
Hierarchical Cross Clustering (FHCC). The FHCC
algorithm was applied in the classification in terms of
As(111), As(V) and total As content, trace metals (Al,
Cd, Cr, Cu, Fe, Mn, Ni, Pb, zn), pH and redox
potential (En) of samples collected from the shallow
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groundwater body (GW-ROBAO3) and depth
groundwater body (GW-ROBAI18) located in the
Banat Plain-southwestern Romania. Characteristics of
the groundwater were discussed in relation with
natural feature of local aquifer, which made possible
recognition of processes responsible for the
occurrence of inorganic arsenic species and trace
metals following water-rock interaction.
Determinations for total arsenic and speciation
analysis were carried out by hydride generation
capacitively coupled plasma microtorch optical
emission  spectrometry (HG-uCCP-OES), while
metals were quantified by graphite furnace atomic
absorption spectrometry (GFAAS). Compared to
previous examination, this approach is a significant
step forward to describe natural enrichment of
inorganic arsenic and co-occurring species in
groundwater (Na*, K*, Ca?*, Mg?*, HCOg', CI, F,
S04%, PO4*, NO3) (Butaciu et al., 2017).

2. Material and methods
2. 1. Reagents, standard solutions and CRMs

Ultrapure 30% HCI, NaBH. pro analysis,
NaOH suprapur, L-cysteine for biochemistry, stock
solution of As(V) 1000 pg/mL and ICP multielement
standard solution 1V 1000 pg/mL, Merck (Darmstadt,
Germany) were used in this study. A solution
containing 3% -cysteine in HCI 0.01 mol/L (pH =
2.00+0.01) was used for prereduction of As(V) to
As(111), while the 0.6% NaBH, stabilized in 0.5%
NaOH as derivatization agent. A solution containing
0.01 mol/L HCI (pH = 2.00+0.01) was used as carrier
and a solution of 0.3% L-cysteine in 0.01 mol/L HCI
as blank. Calibration for As determination by HG-
uCCP-OES was carried out using standards in the
range 0 — 100 ng/mL in 0.01 mol/L HCI. Calibration
in GFAAS was performed using standards prepared
from multielement standard solution IV by serial
dilution with 2% (v/v) HNO:s.

The reference materials ERM CA011b Hard
Drinking Water UK - Metals, ERM-CA615
Groundwater (Institute for Reference Materials and
Measurements — IRMM, Geel, Belgium), SRM 1643e
Trace Elements in Water (National Institute for
Standards and Technology, Gaithersburg, USA), LGC
6010 Hard Drinking Water and LGC 6019 River
Water-River Thames (LGC Promochem, Wesel,
Germany) were used in Quality Control of laboratory
procedures for As determination by HG-uCCP-OES
and metals by GFAAS.

2.2. Site description

The groundwater bodies GW-ROBAO03 and
GW-ROBAI18 are developed until 15-30 m and of
higher depth of 30-350 m in the Banat Plain, Bega and
Timis Rivers Basin, southwestern Romania. The
Banat Plain was formed during Quaternary from
detrital sediment transported by the rivers generating
deposits of tens to hundreds meters thickness. The
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deposits are generally coarse-grained and exhibit
discontinuous finer intercalations (Enciu et al., 2014;
Mutihac, 1990). The overlaying strata consist of clays,
sandy clays, silty clays, silts, argillaceous silts and
sandy silts. The main lithological units were described
earlier (Butaciu et al., 2017; Radu E. and Radu C.,
2011). The main flow direction is from north-east to
south-west with 0.1-2.0%. hydraulic gradient and 6-68
m/d hydraulic conductivity. The effective porosity is
5-25%.

Due to the elevated permeability of sediments,
GW-ROBAQO3 is recharged through precipitations and
hydraulic connection with the rivers. The deep aquifer
GWROBA18 (Upper Pleistocene-Lower Quaternary)
is also porous-permeable consisting of sands, rarely
gravels and alternate layers of clay, sandy clay and
marls (Pascu, 1983). The aquifer represents the main
source of drinking water in the zone and has been
considered as a risk factor for population because of
exposure to arsenic of geogenic source, a common
problem all over in the Pannonian Depression (Bloom
et al., 2014; Neamtiu et al., 2015; Romanian National
Institute of Statistics, 2012; Rowland et al., 2011,
Surdu et al., 2015). GW-ROBAOQ3 was previously
chosen as Pilot Study Groundwater to establish the
Threshold Values for 10 contaminants for
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The zone has temperate climate with average
annual temperature of 10-11 °C and average annual
precipitation amount around 600 mm. The main land
use relates to maize and wheat production.

2.3. Sample collection, preparation and analytical
methods

Water samples were collected from 18
locations (Fig. 1), namely 4 samples from GW-
ROBAO03 (sites 1; 2; 5 and 17) and 14 samples from
GW-ROBA18. A volume of 1 L water was collected
from each site, filtered (< 0.45 pm) and the pH and Ex
were measured on-site. Samples were transferred in
polyethylene flasks, flash-frozen on field and
transported to laboratory. Speciation as As(lIl) and
As(V) was carried by HG-uCCP-OES in the original
samples. Metal content was determined by GFAAS
after acidification of water samples to 2% (v/v) HNO:s.
A number of 10 clay and 20 sand samples were
collected and analyzed by X-ray diffraction (XRD)
and X-Ray Fluorescence Spectrometry (XRF) to
achieve the mineralogical composition and trace metal
determination.
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Fig. 1. Location of groundwater sampling points in the Banat Plain-southwestern Romania
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Table 1. Operating conditions for As determination by HG-uCCP-OES

Parameter

Setting

Hydride generator HGX-200

Final concentration of L-CYSTEINE in sample
HCI concentration /pH in the final sample
HCI concentration /pH in carrier
Derivatization reagent (arsine generation)
Sample flow rate

Carrier flow rate

Derivatization reagent flow rate

0.3%

0.01 mol/L/pH=2.00+0.01 adjusted before derivatization
0.01 mol/L HCI/pH=2.00+0.01

0.6% NaBHg4 stabilized in 0.5% NaOH

7 mL/min

1 mL/min

1 mL/min

uCCP-OES prototype equipment
Data acquisition and As emission signal processing

Power plasma
Argon flow rate
Plasma viewing
Calibration range

Spectra suite software, As 228.812 nm, peak height
measurement, background correction using 0.3% L-CYSTEINE in
0.01 mol/L HCI (pH=2.00+0.01) as blank, 5 s integration time
now

150 mL/min

Radial, signal collection through 10 mm focal length lens
0-100 ng/mL As

2.4. Chemical and mineralogical analysis

Details about the hydride generation procedure
for speciation and determination of As by HG-uCCP-
OES using a prototype equipment (Babes-Bolyai
University, Cluj-Napoca, Romania) were already
presented (Frentiu et al., 2014). The speciation method
involves the selective derivatization of As(I11) species
in HCI medium and determination of total As after
prereduction with 3% L-cysteine in 0.01 mol/L HCI
(pH 2.00+0.01) (Cordos et al., 2006, Frentiu et al.,
2007). The concentration of the As(V) species is
determined by difference. The pH measurements in
the water samples, blanks and 0.01 mol/L HCI was
performed with 540 GLP pH-meter WTW GmbH
(Weilheim, Germany).

Arsenic(lll) determination. The pH value in
water samples was adjusted to 2.00+£0.01 with HCI
and arsine was generated immediately after the
addition of 0.3% L-cysteine.

Total arsenic determination. Prereduction of
As(V) to As(I11) with 0.3% L-cysteine in 0.01 mol/L
HCl was achieved on water bath at 90+5 °C for 10 min.
Derivatization was performed after pH adjustment to
2.00+0.01.

The derivatization reagent for quantification of
total As and As (I11) was 0.6% NaBH, stabilized in
0.5% NaOH. The low power and low Ar consumption
plasma microtorch of the HG-uCCP-OES analytical
system was interfaced with CETAC HGX-200
hydride generator. The emission signal of arsenic was
measured at 228.812 nm using the QE65 Pro
microspectrometer of low resolution, Ocean Optics
(Dunedin, USA). Memory effect was overcome by
washing the sample channel of the HGX-200
generator between samples run with blank solution for
40 s. The operating conditions in HG-uCCP-OES are
presented in Table 1. The concentrations of Al, Cd, Cr,
Cu, Fe, Mn, Pb, Ni and Zn were determined by
GFAAS using the Perkin Elmer model PinAAcle
900T spectrometer (Norwalk, USA) under the
experimental conditions recommended by the
producer.

1970

The En was measured according to the protocol
described by Eaton et al. (2005). Analysis of sand and
clay samples by XRD using the Bruker D8 Advance
Diffractometer Bruker and XRF using the Tracer 5i
handheld instrument (Massachusetts, USA) were
carried out on powder (< 100 um). Major (>20%),
minor (5-20%) and trace minerals (<5%) were
considered.

2.5. Quality assurance/Quality control of laboratory
procedures

The HG-puCCP-OES method was validated for
As determination with recovery of 100£9% for 95%
confidence level, and precision in the range 1.2 - 7.1%
for As(l1), 3.1 — 9.5% for As(V) and 2.9 — 8.5% for
total As (n=3 parallel measurements). Recovery of the
arsenic species using the selective derivatization
procedure was already assessed with values ranging
within 98 — 105% for As(Ill) and As(V), and 98 —
104% for total As (Cordos et al., 2006). The detection
limit in the HG-uCCP-OES method was 0.2 pg/L As
(Frentiu et al., 2014). The detection limits in GFAAS
were (ug/L): 0.76 Al, 0.05 Cd, 0.40 Cr, 0.36 Cu, 0.65
Fe, 0.34 Mn, 0.33 Ni, 0.70 Pb and 0.35 Zn. The
GFAAS method was validated for the determination
of Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn with recovery
of 92 — 106% and precision of 3.0 — 9.2%. The results
obtained for the determination of As by HG-uCCP-
OES and metals by GFAAS in CRMs and the mean
recovery are presented in Table 2.

The redox potential of water samples and
ZoBell’s solution (1.4080 g K4Fe(CN)g-3H-0, 1.0975
g KsFe(CN)g and 7.4555 g KCI to 1000 mL solution)
were measured. The redox potential of water sample
was corrected for the difference between the potential
of the calomel reference electrode and the standard
hydrogen electrode (+183 mV). The En of water
sample was calculated with (Eq. 1):

E,=E

g t E - EhZoBeII/observed

1)

observe! hZzoBell / refence
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Table 2. Results (ug/L) for the determination of As by HG-uCCP-OES and metals by GFAAS in water CRMs

ERM-CA011b SRM 1643¢ LGC 6019 LGC 6010 ERM-CA615 Recovery
Element (%)
Certified? | Found® | Certified® | Found® | Certified® | Found® | Certified’ | Found® | Certified" | Found®
R 1015t | 10.30+ | 60.45+ | 59.85%
As 054 178 02 s 5545 563 | 9.90.7 | 9.8+0.3 | 1009
) 218+ | 1418t | 146.3% 202+
Al 20011 | ¢ 86 8.0 73+13 77410 | 208419 | 5, 10349
o 4.88+ 474+ | 6568t | 6.743t | 0.11* 012x | ] 0106+ | 01l | yoon
0.19 0.29 0.073 0290 | 0.02 0.01 0.011 0.02 =
, 501+ | 2040+ | 2010+ | 0.78% 0.82+
cr 482+16 | 54 04 o7 020 014 4843 46+4 101+11
) 1035+ | 22.76% | 23.10+ | 154 16.0+
Cu 103675 | 13 051 050 o 08 10243
) 180+ 97.7¢ 283t 511+ 513t
Fe 186+11 | 1, 98114 | 28747 o 23616 24048 | o 02 9946
) 473+ | 3897+ | 38.37%
Mn 483+16 | 15 045 123 4842 50£3 | 10745 110¢6 | 10145
n 1927+ | 1873+ | 6241+ | 6118+ | 2.6% 25+ 25.6+
Ni 068 061 069 1 6s 0 0 48+4 505 | 25.3+11 | % 9947
) 2451+ | 2403t | 19.63t | 1943t | 5.2+ 5.1+ 73%
Pb 050 056 051 067 o3 03 9543 934 | 71206 | 9946
) 605+ 766t | 5.7+ 57.5¢ 550+
Zn 50719 | 1o 785422 | |, e 8 54216 | oo 9945

Note: # HG-uCCP-OES method; ® GFAAS method; ¢ Pooled recovery for 95% confidence level; ¢ meanU for 95% confidence level;
¢ mean+Cl (confidence interval) for n = 3 parallel measurements and 95% confidence level

The observed potential of ZoBell’s solution
was +189 mV, which meant a departure of +6 mV
from the theoretical En, lower than the permissible
error of the method (£10 mV). The relative error for
n=3 successive measurements of E, was in the range
0.1-1.1%.

2.6. Statistics

In this study, an advanced chemometric
method, namely FHCC (Sarbu et al., 1996, 2001),
which offers an excellent possibility to associate each
fuzzy partition of samples to a fuzzy set of
characteristics (specific markers) was successfully
applied for characterization and classification of
groundwater based on trace metal content and arsenic
species. FHCC, an unsupervised multidimensional
algorithm more advanced than PCA and CA, was
developed for the first time by Pop and Séarbu (1997).
The algorithm was further used for modeling of
contaminants around an abandoned uranium mine
(Pourjabbar et al., 2014) and within a study on the fate
of Hg and other contaminants in soil around a former
chlor-alkali plant (Frentiu et al., 2015).

In classical cluster analysis each object must be
assigned to exactly one cluster. This is a source of
ambiguity and error in cases of outliers or overlapping
clusters and affords a loss of information. This kind of
vagueness and uncertainty can, however, be taken into
account by using the theory of fuzzy sets introduced
by Zadeh (1965). A central concept of fuzzy set theory
is that it is permissible for an element to belong partly
to a partition (class). Most fuzzy clustering algorithms
are objective function based: they determine an
optimal classification by minimizing an objective
function. In objective function based clustering
usually each cluster is represented by a cluster
prototype. This prototype consists of a cluster centre

whose name already indicates its meaning, and gives
some additional information about the size and the
shape of the cluster. The degrees of membership to
which a given data point belongs to the different
clusters are computed from the distances of the data
point to the cluster centers. The closer a data point lies
to the centre of a cluster, the higher is its degree of
membership to this cluster. Hence the problem to
divide a dataset into (c) clusters can be stated as the
task to minimize the distances of the data points to the
cluster centres, since, it is desirable to maximize the
degrees of membership (Pop et al., 1996; Ross, 2004).

3. Results and discussion

3.1. Groundwater characteristics and mineralogical
composition

Table 3 presents the concentrations of As
species and metals in groundwater samples and the
corresponding Threshold Values for total arsenic, Cd,
Cr, Cu, Ni, Pb, Zn in GW-ROBAO3 and GW-
ROBA18 according to Order, (2014). In the case of
Al, Fe, Mn and pH for which TVs are not yet available,
the values were compared to maximum admitted
concentration (MAC) in drinking water in Romania
set in Law, (2002). The TV value for total As (Order,
2014) was established only for GW-ROBAO3
considered much more vulnerable to anthropogenic
contamination via agricultural practices. The results of
the analysis provided in Table 3 suggest that the two
groundwater bodies are under the oxidative influence
of aquifer (En between 369.0 — 409.1 mV, mean 384.0
mV) and alkaline pH (8.31 — 8.49, mean 8.40). These
conditions explain the low concentrations of metals in
groundwater compared to TVs or MAC. MAC for Mn,
which could be present as oxyanion species, with high
water mobility, was exceeded in 5 out of 18 water
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samples. Total As was in the range 3.6 — 77.3 pg/L
(mean 29.8 pg/L) and TV/MAC (10 pg/L) was
exceeded in 15 out of 18 cases. Related to speciation
analysis, the concentrations of As(l11) and As(V) were
within 0.5-18.8 pg/L and 2.5-63.2 pg/L, and TV/IMAC
was exceeded in 12 and 9 samples respectively.
Obviously As(V) was
representing 57+20% of total in samples with more
than 10 pg/L As and 73+18% in those with

Senila et al./Environmental Engineering and Management Journal 18 (2019), 9, 1967-1976

the

concentration below TV/MAC.

dominant

species

is presumed

found in sand and clay samples (Table 4).

Consequently, this could represent a risk
exposure for population when using groundwater as
drinking water supply. The dominance of As(V) is in
agreement with oxidative conditions in aquifer and it
that pH and Ej influence processes
responsible for the occurrence of As species and trace
metals. The low metal concentrations in groundwater
were in agreement with the relatively low values

Table 3. Hydrogeochemical characteristics (ug/L), electrochemical parameters and summary statistics for the groundwater
samples (n = 3 parallel measurements)

Sample As(I1) | As(V) As | Al Cd Cr Cu Fe | Mn | Ni Pb Zn (rEC/) pH
GW-ROBAO03
1 9.8 8.2 18.0 | 38 0.41 | 0.83 | 11.6 | 57 53 948 | 057 | 38.0 | 402.2 | 8.39
2 16.5 4.4 209 | 12 0.22 | 0.28 | 1.25 | 41 21 | 409|022 | 152 | 409.1 | 8.45
5 13.7 38.3 | 52.0 | 56 0.22 | 0.21 | 1.19 | 23 27 | 536|030 154 | 395.1 | 845
17 0.5 34 39 |68 |[018 016|091 |18 1.8 | 366 | 023|318 | 3742 | 842
GW-ROBA18

3 135 371 | 506 |61 |0.30)091]|354 |48 22 9.75 1 0.12 | 40.1 | 3745 | 8.35
4 12.9 116 | 245|117 |[021]011|0.78 ] 22 21 | 461|021 113 | 380.1 | 841
6 14.1 326 |46.7 |31 |023]014|151 |19 370 | 514 | 0.33 | 11.8 | 388.8 | 8.44
7 13.8 304 |442 |79 |036011]0.71 |20 274 | 7.7 | 041 | 651 | 3854 | 8.49
8 14.7 516 |66.3 |12 |043|161|7.09]19 23 6.74 | 0.19 | 379 | 382.1 | 8.38
9 11.4 6.1 17558 | 023|010 0.65 | 33 25 | 402|024 ) 479 | 3789 | 846
10 114 286 |40.0 |55 |[021011|091 |25 69 2.03 | 0.12 | 46.1 | 379.6 | 8.41
11 18.8 204 |39.2 |74 0.25 | 897 | 165 | 132 | 58 |8.03 | 0.11 | 20.2 | 406.6 | 8.33
12 9.0 4.9 139 | 12 0.17 | 0.24 | 1.26 | 16 21 | 226|017 | 115 | 3804 | 8.31
13 14.1 632 | 77314 |023]012]1.08] 21 700 | 35 | 054397 | 381.1 | 848
14 1.2 7.5 87 |12 |0.20)012|0.76 | 18 32 2.57 | 0.38 | 37.8 | 369.0 | 8.37
15 3.7 2.5 6.2 |16 | 021|984 |047 |24 51 |6.18 | 023|995 | 3789 | 846
16 0.6 3.0 36 |14 |024|018|1.04 |18 11 |[3.07 035|202 | 3721 | 840
18 0.7 2.9 36 |11 0.19 | 1.09 | 1.12 | 79 35 5.94 | 0.29 | 28.7 | 374.3 | 8.43
Min 0.5 25 36 |12 (01701 |047 |16 11 |[203]0.11|651 | 369.0 | 831
Max 18.8 632 | 773 |74 043 19.84 116 | 132 | 700 | 9.75 | 0.57 | 47.9 | 409.1 | 8.49
Mean 10.0 198 [298 (13702 |14 |21 |352|864[52 |03 |261 |384.0 | 840
Median 12.2 9.9 227 |60 |02 |02 |11 |225|56 |49 |02 |245 |380.3 | 840
Std 6.1 199 |238|230|01 |32 |33 |341]213 |25 |01 |141 |124 0.10
TV Order

621/2014° 10° 50 100 20 10 5000

MAC Law 6.5-
458/2002° 10 200 200 | 50 85

aThreshold values for groundwater in Banat area, Romania; ® Value refers only to GW-ROBAO3; for GW-ROBA18 no TV has been set so
that MAC for drinking water was taken into account; ¢ Maximum admitted concentration in drinking water in Romania

Table 4. Content of arsenic and metals obtained by XRF in sand and clay samples

M.U. Sand (n=20) Clay (n=10)
Min Max Mean Sd Min Max Mean Sd

As mg/kg 3.50 40.0 11.1 10.5 5.30 86.0 21.8 25.7
Cd mg/kg 0.09 0.50 0.28 0.22 0.08 0.31 0.20 0.13
Cr mg/kg 20.0 91.0 47.1 22.1 32.5 50.2 40.9 6.2

Co mg/kg 18.0 133.0 80.2 30.2 34.0 86.0 56.7 16.5
Cu mg/kg 32.0 181 96.7 53.6 33.0 151 53.2 35.6
Ni mg/kg 11.0 56.0 27.8 14.8 1.20 1.70 1.43 0.22
Mn mg/kg 149 1254 668 356 341 791 560 148
Pb mg/kg 18.0 126 65.0 28.2 18.2 97.0 32.3 23.6
Zn mg/kg 70.0 503 254 120 48.0 188 80.5 41.4
Fe203 % 3.10 4,93 4.25 0.59 1.45 7.37 5.49 1.19
Al20s3 % 0.95 452 2.49 1.33 0.62 4.63 2.85 0.60
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The mineralogical analysis indicated the
presence of quartz (SiO2), Zeolite Beta, Sodium
Aluminium Silicate - Na,0-Al,03-SiO,, Muscovite
chromian - K(AI,Cr)2(Sis,Al)O10(OH,F), as major
minerals, Chlorite-serpentine
(Mg,Ale(Si,Al)4010(0OH)s, Muscovite
(K,Ca,Na)(AI,Mg,Fe)z(Si,AI)4010(OH)2,
Montmorillonite - Ca,Na)osAl(Si,Al)4010(OH), x
H2O, Nontronite - (Na,Ca)osFe2(Si,Al)4010(OH); x
H.0, Kaolinite - Al,Si,Os(OH)s as minor minerals,
Albite - NaAISi3Os, Muscovite -
(KF)Q(A'QOg)g(SIOz)s(HzO), feldspar - KA|S|308,
Chlorite-clinochlore - (Mg,Fe)s(Al,Si)s010(OH)s,
Anorthite - CaAl, Si»Og, illite -
(K,Ha0)Alx(Si3,Al)O10(OH)2 x H,0 as traces.

calcian -

3.2. Groundwater classification and characterization
using FHCC

Table 5 provides the hierarchical classification
of groundwater samples and the characteristic
parameters associated to each level.

The membership degree values and
hierarchical classification reveal pH and redox
potential as decisive factors for grouping samples and
related characteristics. Thus the first hierarchical level
A encompasses samples with features sensitive to pH,
namely Pb, Cr, Zn and Fe content. The second level
A, contains samples with characteristics sensitive to
redox potential, namely Cd, As(l1l), Ni, As(V), total
As, Cu, Al and Mn content. Both groups contain
samples with high As concentration. Thus 6 out of 9

samples belonging to the first group A: exhibited
(ng/L) 9.8 — 16.5 (mean 13.6) As(lll), 4.4 — 51.6
(mean 26.3) As(V) and 18.0 — 66.3 (mean 39.9) total
As. Grouping of samples in A; is due to trace metals
rather than As concentration. Desorption of Pb, Cr, Zn
and As species from the surface of Fe minerals/oxides
is governed by groundwater pH.

The concentration of Fe is controlled through
the oxidative precipitation occurring in aquifer (E, > +
2 mV) (Sappa et al., 2014) according to (Eq. 2):

4Fe?* +0,+6H,0 > 4FeOOH +8H"
)

Reaction 2 occurs when the electron activity
(pe) calculated according to the (Eq. 3) (Sappa et al.,
2014) fall in the range 5-7:
pe =96.490x E, /2.303x RT 3)
where: Ej is the redox potential (mV) and T is the
water temperature (K).

In the case of our groundwater samples the pe
values were in the range 6.33-6.91 satisfying the
conditions for (Eg. 2). The phenomenon was also
reported by (Sappa et al., 2014) who found similar
values for pH and En in the groundwater system in
Central Italy. The next levels of hierarchy (2 and 3)
group groundwater samples with the highest
concentration of As species. In some of them the
feature relates to Cr, Zn and Fe concentration, in
others to Pb.

Table 5. The hard fuzzy partition of groundwater samples and their characteristics ranked in descending order of their
membership degree

o Fuzzy Samples Associated characteristics
Partition | giisive . :
level partition Location Membership degree Characteristics Membership
range degree range
0 A 1,...,18 Cu, Zn, NI, Cd, Cr, Pb, Mn,
Fe, Al, As(I11), As(V),
AStotal, En, pH
1 Ax 3,6,15,17,5,1,8, | 0.974-0.512 Pb, Cr, pH, Zn, Fe 0.999 - 0.849
4,2
Az 18, 11, 10, 12, 16, 7, | 0.907 - 0.811 Cd, As(l11), En, Ni, As(V), 0.996 - 0.586
14, 13,9 AStotal, CU
2 Au 17,15,6 0.872-0.715 Cr, Zn, Fe 0.999 - 0.831
Ar 3,5,4,81,2 0.954 — 0.458 pH, Pb 0.975-0.972
3 A 15 0.814 Cr, Fe 0.996 - 0.825
Airp 17,6 0.871-0.712 Zn 0.932
4 A1 3,5,4,2 0.942 — 0.447 pH 0.975
A1 81 0.658 — 0.456 Pb 0.971
5 Az 7,13,16,9 0.897 — 0.806 Cd, Ni, As(V), En, Cu, Al, 0.985-0.544
AStotaI, Mn
Az 18,11,10,12,14 0.955-0.575 As(l11) 0.983
6 Azl 13 0.856 Ni 0.978
Az12 7,16,9 0.892 - 0.764 As(V), Cd, Cu, Al, En, 0.864 - 0.528
Astotal, M
7 A2121 7,9 0.865 —0.724 Cd, Cu, Al, En, Mn 0.759 - 0.494
Az122 16 0.842 As(V), Astotal 0.851-0.331
8 Az211 9 0.724 En, Mn 0.583 - 0.397
A21212 7 0.865 Cd, Cu, Al 0.748 - 0.536

1973
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The second class A; (9 samples) contains 6
samples with total As above the limit of 10 pg/L. In
these samples concentrations (ug/L) of As species
were 9.0 — 18.8 (mean 12.5) As(l11), 4.9 -63.2 (mean
22.4) As(V) and 13.9 — 77.3 (mean 35.2) total As.
Associated characteristics for these samples were
found to be As species as well as Cd, Ni and Cu
content. The natural origin of arsenic and trace metals
relates to desorption from Al minerals and Mn
hydroxides, which is controlled Ex. The Az group is
further divided over the partition levels (5-8). It is
noteworthy the segregation of a subgroup of samples
(A22) based only on As(lll) concentration and of a
hierarchically lower group (Az12) recognized through
As(V) and total As, as well as Cd, Ni, Cu, Al, Mn and
En.

4. Conclusions

It was highlighted the helpfulness of the FHCC
approach for a fast modeling of arsenic chemistry and
trace metals of natural origin in groundwater in the
Banat Plain-southwestern Romania.

The methodology made possible the
recognition of natural occurring sources of arsenic
species in groundwater as well as trace metals
associated to a particular group. In the same time,
single sample with distinct characteristics could be
segregated.

The redox potential and pH value in aquifer
were found to be responsible for the natural release of
inorganic arsenic species and trace metals by
desorption from Fe and Al minerals and Mn
oxyhydroxides. Although the contents of trace metals
do not exceed TVs or MAC, the FHCC approach
highlighted them as distinguished characteristics
associated to variability and grouping of groundwater
samples.
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