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Abstract The hard coal mines in the Upper Silesian Coal
Basin of southern Poland have highly saline waste water. In
the past, such water was often discharged into nearby res-
ervoirs, which would completely change the physical—
chemical properties of the reservoir water. In some cases, it
also caused permanent stratification; meromictic reservoirs
were created. This paper describes the properties of the water
in one such reservoir, in a mined out rock quarry in Katowice
(southern Poland). Three zones characteristic of meromictic
water bodies can be distinguished in the reservoir: a surface
atmosphere responsive zone (mixolimnion), a transition
zone (chemocline), and a bottom unmixed layer (monolim-
nion). For comparison, baseline conditions for normal res-
ervoir water were assumed to be represented by the nearby
Grunfeld reservoir, which also formed in a closed quarry, but
was not used for disposal of mine waste water.

Keywords Hydrochemistry - Meromixis - Pit reservoir -
Water pollution

Introduction

There are many hard coal mines in the Upper Silesian Coal
Basin in southern Poland, and the water in these mines is
typically highly saline (Rézkowski 2004). In the past, this
water was often discharged into manmade reservoirs near
the mines, which completely changed the physical-chem-
ical properties of the reservoir water. Although disposal of
mine water into these reservoirs has been discontinued, the
reservoirs are still highly saline and some are meromictic
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(Molenda 2011). Meromixis, although unusual, is a phe-
nomenon that exists in both natural and man-made lakes
(Boehrer and Schultze 2008; Hutchinson 1957). It is often
associated with closed pit lakes and with wastewater ponds
of lignite (Dietz et al. 2012; Jedrczak 1992), sulphur
(Frankiewicz and Pucek 2006; Wilk-Wozniak and Zurek
2005; Zurek 2002), and gypsum (Madonia et al. 2006)
mines. Meromixis can also be caused by the inflow of
highly saline mine waste water (Galas 2003; Molenda
2011; Motyka and Postawa 2000) or the inflow of leachate
water from colliery waste tips (Czop et al. 2011; Molenda
2005). This paper describes the characteristics of one such
meromictic water body in the Gliniok reservoir.

The Gliniok meromictic reservoir (coordinates: 50°14/
25.55"N; 18°59'33.36"E) is situated in Katowice (Fig. 1).
The nearby Grunfeld reservoir (coordinates: 50°14/25.34”
N; 19°1'16.25"E), which is not impacted by saline mine
wastewater, was chosen to represent baseline pre-mining
impact conditions (Fig. 1). Both of the reservoirs are
formed in quarry voids left after the exploitation of
Carboniferous sandstone and shale materials for the
building industry. Hard coal layers cropped out in the
quarry walls. The quarries flooded after the exploitation
was finished and dewatering was discontinued. Water
inflow to the reservoirs mostly consists of groundwater
from a shallow sandstone aquifer horizon in the Carbon-
iferous formation. Hydrologically, these are closed reser-
voirs, in that they do not have surface inflows or outflows.
The surface area and capacity of the Gliniok reservoir are
1.7 ha and 25,860 m3, while that of the Grunfeld reservoir
is 3.8 ha and 82,747 m’. The bathymetric plans of the
reservoirs are depicted in Figs. 2 and 3; the maximum
depth of the Grunfeld reservoir is more than 9 m, while
that of the Gliniok reservoir is 7 m.
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Fig. 2 Bathymetric map of the Gliniok reservoir: / bank; 2 isobars

(m)

Initially, the chemical composition of the water in both
reservoirs was similar, due to their equivalent geology and
shared groundwater source. Archival data from the 1960s
indicates that the water in the Gliniok reservoir was char-
acterised by electrical conductivity (EC) <500 uS/cm.
Moreover, studies by Molenda (2011) clearly indicate that
all water bodies located in the workings in these Carbon-
iferous rocks represent a bicarbonate-calcium type of water
(HCO; -Ca*") of EC <500 uS/cm. In the 1970s, the
Gliniok reservoir was adopted as a mine water settlement
pond for the Wujek hard coal mine. The waste water dis-
charged into the pond was brine with an average EC of 33
mS/cm; the average chloride content was 12,500 mg/L.
During mining, the reservoir was used as both a waste
water disposal facility and as a water resource for use in

@ Springer

Fig. 3 Bathymetric map of the Grunfeld reservoir: / bank; 2 isobars

(m)

mining; hence, the pond water level fluctuated by up to
6.6 m, between elevation 294.1 and 300.7 m. The “high
water” mark at the pumping house wall is indicated by “a
rusty surface” (Fig. 4). The influent mine wastewater
contained a high concentration of sediment, which caused
the silting of the reservoir and which reduced its maximum
depth to 7 m from about 10 m depth prior to its mine use .

At the beginning of the 21st century, the Gliniok res-
ervoir ceased to be used for mine water management and as
a result, the water table in the reservoir stabilised at
4294.1 m above sea level (a.s.l.). The Grunfeld water table
is at 293.6 m a.s.l.
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Fig. 4 Gliniok reservoir

Research Methods

Measurements of the basic physical and chemical proper-
ties of the water (temperature, pH, EC, dissolved oxygen
(DO), chlorophyll (Chl), and redox potential) were done on
site using a multi-parameter water quality probe (EDS
6600, YSI Inc., USA). Before each test, the probe was
calibrated using standard solutions (Hamilton Co.). The
selected parameters were measured every 0.5 m in a ver-
tical column located in the deepest part of the reservoir.
Tests were performed in periods of mixis (spring and
autumn) and stagnation (summer and winter).

Water samples were collected in polyethylene bottles for
laboratory analyses at the same time as the in situ water quality
measurements were taken. Samples were taken at depths rep-
resentative of the surface water layer (to 0.5 m) and the bottom
water layer (about 0.5 m above the bottom). Samples of water
from the surface water layer were taken using a telescopic
outrigger and from the layer above the bottom using an Eijk-
elkamp bathometer. The water samples were transported to the
laboratory at a temperature of +4 °C and were filtered through
a0.45 pm Millipore filter before analysis. Laboratory analyses
were done according to Polish Standards (PN 1971-2002):
chlorides were determined by titration (argentometry), and
sodium ions were determined by flame photometry. Classifi-
cation of hydrochemical types of water was done using the
Szczukariew-Priktonski classification (Macioszczyk 1987).

Due to non-normal distribution and unequal variance of
the data, non-parametric tests were used. In order to compare
differences in the medians of the selected physical-chemical
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significant differences at p<0.05
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Fig. 5 Scheme of data presentation on box-whisker plots

parameters between the reservoirs studied, the ANOVA
Kruskal-Wallis test was applied followed by the Conover
test for multiple comparisons in case of rejection of null
hypothesis. To study the relationship between the pH of
water and its oxygenation, the Spearman rank correlation test
was done. All data are presented as medians and quartile
range with outliers in the figures as box-and-whiskers plots
(Fig. 5). All statistical analyses in this paper were done using
the R program (R Development Core Team 2009).
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Table 1 Means of chemical parameters of waters in studied reservoirs (surface layer, 0.5 m depth) in mval L™

No. Reservoir Ca** Mg>* Na* K" Cl- NeYem HCO;~
Gliniok 9.7 6.2 0.8 75 6.9 1.8
2 Grunfeld 2.8 2.1 0.6 0.2 1.9 1.1 2.7

Results and Discussion

The water of the Grunfeld reservoir, which is assumed to
represent natural baseline conditions, is calcium-bicar-
bonate type (HCO3_—Ca2+) (Table 1). Although the
drainage of mining water to the Gliniok reservoir ceased in
the early 2000s, the reservoir water remains a chloride-
sodium type (Cl1-Na™) (Table 1), typical of the waste water
quality from many mines in the Upper Silesian Coal Basin
(Rézkowski 2004).

The chloride concentration in the Gliniok reservoir
water is many times higher than in the water of the
Grunfeld reservoir (Fig. 6). There are also differences in
the Gliniok reservoir, between the chloride concentrations
in the water in the surface layer compared to the bottom
layer (Fig. 6). The average chloride concentration in the
surface layer of water in the Gliniok reservoir was
2,044 mg/L; in the bottom layer, it was 12,440 mg/L. No
statistically significant differences between the chloride
concentrations in the surface and bottom layers of water in
the Grunfeld reservoir were noted; the average concentra-
tion of chloride was 33 mg/L in the surface water and
35 mg/L in the bottom layer.

A high variability (V = 46 %) in the chloride concen-
tration was observed in the water in the surface layer of the
Gliniok reservoir. This is a result of the mixis processes
(i.e. partial mixing of surface and deeper waters) and
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Fig. 6 Concentration of chlorides in waters of the studied reservoirs
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seasonal dilution from the inflow of less saline water from
precipitation and ground water. The lowest chloride con-
centration, 350 mg/L, was found after a few days of intense
rainfall. Conversely, in spring and autumn (Table 2), mixis
leads to incorporation of more saline water into the surface
layer and thus an increase in the chloride concentration.
The highest concentration of chloride, 2,700 mg/L, was
found during dry weather (11 days without precipitation)
accompanied by strong winds (>10 m/s). The influence of
mixis and wind action is limited to the surface layers;
changes in the chloride concentration in the bottom water
layer (monolimnion) is many times less than at the surface
(V =2 %). The chloride concentrations in the monolim-
nion range between 14,800 and 15,000 mg/L. Water with
the highest mineralisation and the same density lie at the
bottom of the reservoir and are minimally affected by the
inflow of fresh water (thickness blockade) and wind-driven
mixing.

Similar to chloride, there were significant differences in
the sodium concentration between the reservoirs. There
were also big differences in the Gliniok reservoir, in the
concentrations of sodium in the surface and the bottom
layers (Fig. 7). The average sodium concentration in the
surface water layer in the Grunfeld reservoir was 12 mg/L,
while in the Gliniok reservoir surface water the sodium
concentration was 1,517 mg/L. The differences between
the reservoirs and their layers are the result of the same
processes previously described for chlorides.

An EC survey showed similar depth dependency in the
Gliniok reservoir (Fig. 8). The EC is low in the upper
1-2 m (mixolimnion zone) and gradually increases
(chemocline zone) with depth, becoming stable in all sea-
sons (monimolimnion zone) at a depth of 4-7 m with an EC
of about 35,000 puS/cm. This type of permanent EC distri-
bution in a vertical column of a reservoir is a characteristic
of meromictic reservoirs (Dietz et al. 2012; Espana et al.
2009; Hongve 1980; Kazanci et al. 2008; Zurek 2002). A
similar survey in the Grunfeld reservoir showed no major
differences in the EC values in the spring and autumn mixis
periods (Fig. 9). Stable water stratification in the Gliniok
reservoir is due to the highly saline mine water, which has a
high density compared to natural water reservoirs.

Oxygen profiles are also a reflection of a meromictic
reservoir character. This parameter, along with EC, is very
often used as evidence of a meromixis phenomenon (Galas
2003; Kazanci et al. 2008). Oxygen profiles had a positive
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Table 2 Climate characteristics of Katowice
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Mean air temperature (°C) -33 —2.1 1.9 7.6 13.0 16.5 18.0 17.3 13.6 8.1 34 —-0.6 7.8
Mean precipitation (mm) 49 46 41 37 40 49 85 89 105 88 53 50 731
Mean speed of wind (m/s) 3.0 2.5 3.0 4.0 35 35 3 2.5 3.0 4.0 4.0 3.0 3.25
b a c c EC [uS/cm] EC [uS/cm]
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Fig. 8 Electrical conductivity (EC) profiles of the Gliniok reservoir:
a Autumn, 2008; b Spring, 2008; ¢ Autumn, 2009; d Spring, 2009;
e Winter, 2008; f Winter, 2009; g Summer, 2008

heterograde shape (Fig. 10) in all of the seasons in the Gli-
niok reservoir. A very high degree of saturation was
observed in the chemocline, with oxygen content reaching
320 % of the value at the surface. Thus, a very distinctive
oxycline was measured with maximum supersaturation
values in the chemocline throughout the year. This super-
saturation of water with oxygen results from the photosyn-
thesis processes, because there is a significant degree of
correlation (r = 0.81) between this reaction and the oxy-
genation of water (pH-O,) (Fig. 11). Such a strong relation

2008; b Spring, 2008; ¢ Autumn, 2009; d Spring, 2009; e Winter,
2008; f Winter 2009; g Summer, 2008; # Summer, 2009

indicates intensive photosynthesis, as has been shown in
similar water bodies (Neverova-Dziopak 2007). Intensive
photosynthesis is the result of a high phytoplankton biomass.
The average concentration of chlorophyll a [Chl,] in the
chemocline was 46 pg/L.

There were permanent anaerobic conditions in the Gli-
niok reservoir monimolimnion; water samples from this
layer had a strong smell of hydrogen sulphide (H,S). The
average redox potential value was—200 mV in the mon-
imolimnion and oxidative conditions (+100 mV) in the
mixolimnion (Fig. 12).
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Fig. 12 ORP profiles in the Gliniok reservoir: a Autumn, 2008;
b Spring, 2008; ¢ Autumn, 2009; d Spring, 2009

Oxygen measurements with depth in the Grunfeld reser-
voir had a clinograde shape during winter and summer
stagnation periods (Fig. 13). During the summer, the epi-
limnion water was supersaturated with oxygen (up to
140 %); however, there was an oxygen deficit in the hypo-
limnion. Such a distribution of oxygen is characteristic of
eutrophic reservoirs (Choinski 2007). Grunfeld was also
found to have a lower phytoplankton biomass (average
concentration of chlorophyll a in the epilimnion was 6 pg/L).

@ Springer
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Fig. 13 O, concentration profiles in the Grunfeld reservoir:
a Autumn, 2008; b Spring, 2008; ¢ Winter, 2008; d Summer, 2008

Non-typical thermal configurations were found in the
Gliniok reservoir, particularly in winter. In winter, the
temperature of the bottom water should be about 4 C
(Choinski 2007; Kajak 1998). However, the temperature
variation with depth in the Gliniok reservoir was reversed
from the temperature depth relationship in normal lakes,
with the temperature increasing with depth until reaching a
maximum value of 16 'C at depth (Fig. 14). The thermal
profiles versus depth also had a very distinctive tempera-
ture distribution in summer (Fig. 14); the maximum tem-
perature in the chemocline was 32 °C, which is about 3 °C
higher than the maximum temperature generally recorded
in lakes in Poland (Choiniski 2007). Such a strong heating
of chemocline waters is due to the accumulation of heat in
a high EC layer and has been observed in other meromictic
lakes (Hamish et al. 1970; Skowron 1995) as well as in
other anthropogenic reservoirs into which saline mine
water was discharged (Molenda 2011). In contrast to the
Gliniok reservoir, thermal profiles in the Grunfeld reservoir
had a distribution of temperature that is characteristic of
normal lakes (Fig. 15).

Summary and Conclusions

The Gliniok reservoir, which in the past was used for mine
wastewater disposal, is a meromictic reservoir with chemical
and physical characteristics that are very different from a
normal reservoir, such as the Grunfeld reservoir. In com-
parison, the Gliniok reservoir has a very high EC and the
chemistry is dominated by chloride and sodium ions. A
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Fig. 14 Temperature profiles in
the Gliniok reservoir:

temperature [°C]

temperature [°C]

a Autumn, 2008; b Spring,
2008; ¢ Autumn, 2009;

d Spring, 2009; e Winter, 2008;
f Winter 2009; g Summer, 2008;
h Summer, 2009

depth [m]

temperature [°C]
0 4 8 12

depth [m]
depth [m]
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Fig. 15 Temperature profiles of the Grunfeld reservoir a Autumn,
2008; b Spring, 2008; ¢ Winter, 2008; d Summer, 2008

significant increase in EC was found with increased depth,
and permanent stratification exists. Three zones character-
istic of meromictic water bodies can be distinguished in the
Gliniok reservoir: a surface atmosphere responsive zone
(mixolimnion), a transition zone (chemocline), and a bottom
unmixed layer (monolimnion). The surface water of the
mixolimnion layer is characterised by a high variability in
EC and in measured ion concentrations (Cl~ and Na™)
compared to the stagnant monimolimnion water. The vari-
ability in the chemistry of the mixolimnion layer is the result
of dilution by precipitation and the inflow of melt water.
Another characteristic of the Gliniok reservoir is the high
summer temperature (32 °C) in the chemocline, which is the
highest recorded for lakes in Poland. In winter, the temper-
ature remains high (16 °C) in the monimolimnion. The

depth [m]

oxygen profiles have the shape of a positive heterograde and
the chemocline water shows a significant degree of oxygen
supersaturation.
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