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Hydrochemical indicators are widely used for assessment of groundwater chemistry. They were established mainly for min-
eral waters in order to understand their origin and chemical classification. In the case of freshwater, they are used occasion-
ally because quality classifications are based on concentrations of individual components and physical properties in relation
to the permissible standards established for water intended for human consumption. Natural in temperate climate, bicarbon-
ate-calcium and bicarbonate-calcium-magnesium waters are commonly used for drinking. In many places, ions emitted from
pollution outbreaks have already caused chemical changes of water and it is often the first symptom of their contamination.
The author has evaluated the scope and trends of these changes in the groundwater of the Holy Cross Mts. region in Poland
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using the bicarbonate and calcium-magnesium indicators.
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INTRODUCTION

The aim of the study was to assess the impact of
anthropogenic pollution on the chemical composition of fresh
groundwater using bicarbonate and calcium-magnesium
hydrochemical indicators. The effect of pollution on the ground-
water chemistry is the subject of regional hydrogeological stud-
ies. For the study area in Poland (Fig. 1), the synthesis of the re-
sults of the investigations is presented in the monographic pub-
lication entitled “Regional Hydrogeology of Poland — Volume I”
(Krajewski and Woznicka, 2007; Matecka et al., 2007; Prazak,
2007). The results of this study indicate that, in many cases,
water chemistry has already been locally modified by its pollu-
tion. A significant impact of pollutants, including nitrates, on the
water quality was also recorded in the springs of the Matopolska
region (Chetmicki and Siwek, 2001). Anthropogenic pollution of
groundwater by nitrates and chlorides takes place also in other
countries of the world. Zahn and Grimm (1993) described it
from Bavaria, Germany. In California (USA), nitrogen concen-
trations in the NO; ion in a number of research points exceeded
the threshold value for drinking water [10 N(NO;) mg/L], and
were locally up to 50 mg/l. However, an increase in the concen-
trations was observed there only after 1980 (Williams et al.,
1998). High concentrations of nitrates are also found in the
Woodbine aquifer of Texas (Hudak and Sanmanee, 2002). The
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effect of urbanization on groundwater pollution by major ions
and nitrates was also found in the provinces of Tajeon and
Nawmon in Korea. In Tajeon province, the maximum concen-
trations of ions of anthropogenic origin were as follows: Na*
101 mg/l, K* 13.2 mg/L, CI~ 389 mg/L, SO mg/L, 102 mg/L and
NO;167 mg/L (Chan, 2001). Hydrogeochemical processes af-
fecting the mutual exchange of major ions are described based
on the example of groundwater from Namwon province
(Kangjoo et al., 2005). Processes affecting the chemical com-
position of groundwater have been studied, among others, also
in the Thirumanimuttar Basin of India (Vasanthavigar et al.,
2009) and in many other areas.

The author assessed the impact of anthropogenic pollution
on the chemical composition of groundwater for the
Swietokrzyskie Voivodeship in Poland on the basis of the re-
sults of regional groundwater quality monitoring. In the regional
geological settings and also under climatic conditions of Po-
land, natural (i.e., not anthropogenically changed) fresh
groundwater is mainly of bicarbonate-calcium (HCO3;-Ca) and
bicarbonate-calcium-magnesium (HCO;-Ca-Mg) types, i.e. the
content of each of the remaining major ions (Na*, K*, SO?~, CI")
and nitrates (NO;) should be greater than 20% X meg/L of an-
ions or £ meg/L of cations.

STUDY AREA

The study area is approximately 12,000 km? in size and cov-
ers the Holy Cross Mts. region and adjacent areas of the
Swietokrzyskie Voivodeship. This is an upland area bounded to
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Fig. 1. Study area with location of monitoring stations shown
(according to Prazak 2002a, b)

the east and south-east by the Vistula River valley. The most el-
evated area is the Holy Cross Mountains, with the highest hill
attaining an elevation of 611 m a.s.l. The geological structure of
the basement includes Paleozoic and Mesozoic sedimentary
rocks of Caledonian, Variscan and Alpine orogens. Younger
Neogene deposits occur over a considerable area in the south-
eastern part of the voivodeship (Peryt and Piwocki, 2004). Qua-
ternary deposits form a discontinuous cover, from several to
about 50 m in thickness. Groundwater is stored in rocks of vari-
ous ages and very different lithology (Krajewski and Woznicka,
2007; Matecka et al., 2007; Prazak, 2007). Permeable rocks
that compose exploitable aquifers cover approximately 75% of
the voivodeship area and they are dominated by carbonate-rich
varieties. Over the remaining 25% of the area, the rocks are
semipermeable and impermeable. Depths to the freshwater are
about 300-400 m. Groundwater monitoring stations capture
water from usable aquifers of various ages: Quaternary, Neo-
gene, Cretaceous, Jurassic, Triassic, Permian and Devonian.

ANTHROPOGENIC POLLUTION

Undoubtedly, a small (a few percent) proportion of SO?",
CI',NOj;, Na" and K" ions in groundwater is of geogenic origin,
being its natural feature. Studies on the relationship between
the natural concentrations of F~,NO;, Ca?" and CI” and the rock
basement in Norway can be the example (Banks and Reimann,
1995). However, if the ions occur at greater concentrations and
cause a decrease in the proportion of HCO; in X~ meg/L of an-
ions or total amount of Ca®" and Mg?* in = meg/L of cations to
below 80%, in areas where no ascent of mineralized water

takes place, then they reflect the impact of anthropogenic pollu-
tion on groundwater.

Changes in the water chemistry at different monitoring
points are caused by local pollution. The only exception is the
SO’ ion, whose increased proportion in the total water mineral-
ization occurs mainly in the northern and central part of the
study area, where its origin is probably related to the emission of
sulphur compounds from steel and cement and lime plants lo-
cated in the following towns: Konskie, Skarzysko-Kamienna,
Ostrowiec Swietokrzyski, Ozaréw, Kielce and Sitkéwka (Fig. 1).
In the southern part of the study area, in the region of occur-
rence of near-surface mineralized water (<100 m), sulphates
are of geogenic origin (Prazak, 2002b, c), but the region is ex-
cluded from the analysis that focused exclusively on
anthropogenic pollution. Groundwater chemistry is also af-
fected by low stack emission, fertilization of arable land with ma-
nure and synthetic fertilizers, use of sodium chloride for snow
removal from roads, discharge of untreated wastewater into the
ground, and the activity of industrial plants that use a variety of
easily soluble salts, acids or bases for manufacturing processes
without adequate protection against their release into the soil
and water.

In recent years, particularly after 1990, more and more in-
tensive efforts have been taken to eliminate pollution sources
and to limit emissions of harmful substances into the soil and
water. The effects of these actions are not instantaneous. The
residence time of fresh groundwater in the rock mass is usually
from several to tens of years, and sometimes even longer. Their
present-day chemical composition is often affected by historical
pollution impacts from currently absent pollution outbreaks. It
means that even after the elimination of the pollution outbreak,
we can still observe its effects.

METHODS AND MATERIALS

The assessment of the extent and nature of changes in the
ionic composition of fresh groundwater has been carried out
based on the results of regional monitoring of groundwater
quality in the Swietokrzyskie Voivodeship during the period of
1992-2005. The study was performed at the Holy Cross Moun-
tains Branch of the Polish Geological Institute in Kielce (Prazak
etal., 1996; Prazak, 2002a). In 2005, the monitoring network in-
cluded 104 survey points (active drilled boreholes,
hydrogeological research boreholes, hand-dug boreholes and
springs). Water samples for testing were collected at a fre-
quency of once a year. Chemical analyses were performed at
the Central Chemical Laboratory of the PGI in Warsaw. Bottles
of water were prepared and filled with fixative at the laboratory,
and water samples were delivered to the laboratory within the
required time of 24—-48 hours.

The results of chemical analyses of water samples taken
from drilled and hydrogeological research boreholes from a
depth of 30-250 and TDS below 1000 mg/L, were the only ones
selected to study the ionic composition of groundwater. Analy-
ses of water samples from hand-dug boreholes extracting local
near-surface groundwater (the most vulnerable to contamina-
tion) were omitted. Those results of analyses are reliable for
chemical studies of water, for which the error is <5% [analytical
error “Z" = (X meq of anions — £ meq of cations)/ < meq (an-
ions+cations) x 100%]. As a result of the selection, only 57 out
of 104 monitoring points were included for further study.

The diversity and changes in groundwater mineralization
were assessed by examining the proportion of each of the ma-
jor ions. Apart from Ca*", Mg®*, Na* and K" cations and HCO;,
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SO} and CI” anions, the author also included the NO; anion
into the investigations. It occurs at increasingly greater concen-
trations in fresh groundwater. For each chemical analysis, the
percentages of individual anions in the sum of anions and indi-
vidual cations in the sum of cations have been calculated. In the
case of cations, the total proportion of the Ca?* and Mg*" ions,
dominant among them, have also been determined. Based on
the results of the investigations, groundwater chemical types
have been determined. According to the commonly used clas-
sification of Altowski-Szwiec, the chemical type of groundwater
is determined by the ions that are present in the amount of at
least 20% + 3 X meg/L of anions = = meq/L of cations.

HYDROCHEMICAL INDICATORS

The impact of anthropogenic pollution on the chemical com-
position of groundwater is generally assessed based on the
content of ions of anthropogenic origin, e.g.: CI, SOf’, NO;,
Na" or K*, most often expressed in mg/L. In this paper, it is as-
sessed based on the degree of reduction of the proportion of
natural ions (HCQO;, Ca®" and Mg?") in the ionic composition of
water, replaced by ions coming from pollution sources. For this
purpose, it has been examined how the bicarbonate and cal-
cium-magnesium indicators change under the influence of pol-
lution. The bicarbonate indicator shows the percentage of the
HCO; anion in total anions in meg/L, and the calcium-magne-
sium indicator shows the combined proportion of Ca** and Mg?*
ions in total cations in meg/L. These indicators are calculated
for a set of chemical analyses from 57 selected survey points
during the 14 years of groundwater monitoring (1992—2005).
The trends in their changes have been examined.

RESULTS AND DISCUSSION

GROUNDWATER HYDROCHEMISTRY

The results of monitoring studies have shown that the con-
tribution of the individual major ions to the total dissolve solids
content varies in space and time, and the SOf‘, CI” and
NO; ions are often at higher concentrations. In many monitoring
points, the changes are very clear, but their range usually does
not determine the suitability of the water for drinking purposes.
Their increased proportions in the water, however, cause a re-
duction in the proportion of natural ions, mainly HCO;. In many
cases, these changes are so significant that they lead to a
change in the type of water chemistry. It was found that the par-
ticipation of at least one other major ions (originating from some
pollution sources) in the tested waters frequently exceeded
20% + -3 X meg/L (Table 1). In addition to the above-men-
tioned, the following chemical types of groundwater were found:

HCO3;-S0O,4-Ca; HCO3-SO,4-Ca-Mg; HCO5-SO,4-Cl-Ca; SO4-
HCO;-Cl-Ca-Mg and others. A special case is the type
HCO3-NO3z-Ca-Mg, in which the concentrations of nitrates are
above 20% X meg/L of anions, indicating significant pollution of
the groundwater by nitrates.

TRENDS IN GROUNDWATER CHEMISTRY

Trends in groundwater chemistry in the period of monitoring
in the years 1992-2005, defined by the bicarbonate and cal-
cium-magnesium indicators, show the following relationships:

— Bicarbonate indicator: an increasing trend at 12 survey
points, a stable trend at 20 survey points, and a decreas-
ing trend at 25 survey points. It means that the propor-
tion of this anion constantly decreases at 25 monitoring
points (44%). Itis displaced by SO, CI” and NO;, ions of
anthropogenic origin. The spatial distribution in the
trends of these changes in the voivodeship area shows a
mosaic pattern (Fig. 2).

— Calcium-magnesium indicator: it shows an increasing
trend at 8 survey points, a stable trend at 47 survey
points, and a decreasing trend at 2 survey points. It
means that a decreasing trend with a simultaneous in-
crease in the proportion of Na* or K* ions emitted likely
from pollution outbreaks is found only at two survey
points (4%). The spatial distribution in the trends of
these changes also shows a mosaic pattern in the study
area (Fig. 3).

The characteristic trends in the changes of the indicators of
freshwater chemistry from the four selected monitoring points
are shown in the charts presented below (Fig. 4).

The analysis of changes in water chemistry showed that the
bicarbonate indicator is more responsive to the groundwater
contamination than the calcium-magnesium indicator. Anions
emitted from pollution sources are in fact more mobile than cat-
ions and they much more strongly affect water chemistry. De-
pending on the values of bicarbonate indicator, the author has
identified four groundwater groups differing in the degree of the
effect of anthropogenic pollution on groundwater chemistry:

A HCO; > 80% — groundwater of natural chemical compo-

sition,

B HCO, 60-80% — groundwater of slightly changed chemi-
cal composition,

C HCO, 40-60% — groundwater of moderately changed
chemical composition,

D HCO; < 40% — groundwater of strongly changed chemi-
cal composition.

In 2005, among 57 survey points of regional monitoring in
the Swietokrzyskie Voivodeship, the water had a natural chemi-
cal composition at 21 (37%) survey points, it was slightly
changed by anthropogenic factors at 26 (46%) points, moder-

Table 1

Variability ranges of the percentages of individual anions and cations in groundwater
of the Swietokrzyskie Voivodeship in the period of 1992-2005

Participation in anions Participation in cations
% meq/L] % meq/L]
Value
HCO; | SO | CI” | NO; | ca** | Mg™ | Na' K" | ca® + Mg*
Minimum 5 0.6 4 0.3| 43 2 1 1 58
Maximum 100 73 52 38 97 42 40 11 99
Average 74 12 8 6 77 17 6 9.9 94
Median 75 10 7 6 77 17 4 0.6 95
Standard deviation 16 10 7 6 11 9 5 1 5
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ately changed at 8 (14%) points, and strongly changed at 2
(3%) points. The distribution of the amount of these changes
shows a mosaic pattern.

However, it can be seen that the largest clusters of survey
points with a natural chemical composition of groundwater oc-
cur in the northeastern part of the voivodeship, and those with a
changed chemical composition are observed in the northwest-
ern, central and eastern parts (Fig. 5). Unequivocal explanation
of such a distribution is difficult, especially as the trends in water
chemistry evaluated using the bicarbonate indicator are differ-
ent at different survey points.

When assessing the trends of the indicators we should be
aware that the variation of pollution impact on the groundwater
ionic composition at the monitoring point is not always a result
of expansion or decline of the pollution source. The changes in
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Fig. 5. Changes in the natural composition of fresh
groundwater in the Swietokrzyskie Voivodeship

water chemistry may arise from other causes, e.g., intense at-
mospheric precipitation favouring increased leaching of con-
tamination from soil and its transfer to the aqueous solution.
Pollution impact variability can also be controlled by a change in
water withdrawal at the survey point, resulting in a change of its
hydrodynamic position relative to the pollution outbreak.

BICARBONATE INDEX

In the light of the results, the author suggests that the com-
monly used groundwater quality classifications (classes I-1V),
which are based mainly on the concentrations of
microconstituents, be extended by indices (a s, c, ), determined
with the use of bicarbonate index. They show the degree of
change in the groundwater chemistry. Here are some exam-
ples: class Iz — the water meets quality standards for class | at
slightly modified chemical composition, class Ic — the water
meets quality standards for class | at moderately changed
chemical composition, class Illx — the water meets quality stan-
dards for class Ill at natural chemical composition, class Illp —
the water meets quality standards for class Il at strongly
changed chemical composition. In extreme cases, the water
may have class V,, and water of low mineralization (<200 mg/L)
—even class Ip.

SUMMARY

In the Holy Cross Mountains, there are considerable varia-
tions in the chemistry of fresh groundwater. These are due to
anthropogenic pollution of the soil-water environment mainly by
sulphates, chlorides, nitrates, and subordinately by sodium and
potassium. The impact of ions originating from pollution
sources results in the decrease of the proportion of natural ions
(HCO;, Ca* and Mg™) in the ionic composition of water. In
many cases, the impact is so strong that it affects the natural
chemical types of water. The amount of these changes and
their trends has been assessed by the author using the bicar-
bonate index that is expressed by the percentage of the
HCOsanion in £ meg/L of anions. Based on its value, the waters
with natural, slightly changed, moderately changed and strongly
changed chemical composition have been distinguished.
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