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Abstract: The article presents the hydrographic and hydrochemical characteristics of post-exploitation
reservoirs formed in peat excavations. Two natural bog lakes were selected as the control objects for
the study. The research indicated that both the waters of post-exploitation peat reservoirs and natural
bog lakes show low electrolytic conductivity (<100 uS/cm) and acidic water reaction (pH < 5.5).
The concentration of major cations and anions is also very low. The concentration of calcium and
magnesium does not exceed a few mg/L. Hydrochemically, all post-exploitation peat reservoirs are
bi-ionic sulphate—calcium (SO42~-Ca®*). This distinguishes post-exploitation peat reservoirs from
natural bog lakes in which multi-ion waters were found, for example, sulphate—chloride—calcium
(SO4%>~-Cl~-Ca?*) and sulphate—calcium-sodium (SO42~-Ca?*-Na*). The calculated water humic
state index (HSI) allowed the classifying of the examined reservoirs as polyhumous. The value of this
index, in all reservoirs, was >50. Based on the calculated hydrochemical dystrophy index (HDI), it
was found that all post-exploitation peat reservoirs are dystrophic. So far, no such hydrochemical
type has been found in other post-exploitation peat reservoirs. Therefore, the examined objects
should be classified as unique post-exploitation peat reservoirs.

Keywords: mine waters; bog; dystrophy lake; humic lake; humic state index; hydrochemical
dystrophy index

1. Introduction

Anthropogenic reservoirs are a new element of the natural environment, which arise
from human economic activity [1]. Post-exploitation reservoirs are one of the types of
anthropogenic reservoirs that develop from the flooding of workings left after open-cast
mining of mineral deposits. These reservoirs do not have a natural origin; however, from
their creation, that is the flooding of the excavation, they undergo the same processes
as natural lakes. One of the elements developing as a result of these processes is the
physicochemical composition of the water.

Research on physicochemical properties of the waters of anthropogenic reservoirs
was carried out on numerous lakes. In most cases, it concerned individual reservoirs [2-5].
There are only a few studies in which the physicochemical properties of the waters of post-
exploitation reservoirs were characterised more comprehensively [6-10]. So far, however,
no comprehensive characterisation of the physicochemical properties of waters and the
classification of post-exploitation peat reservoirs, which are a particularly interesting group,
has been carried out. It applies, particularly, to reservoirs formed in workings after the
exploitation of raised peat or transitional peat, which can be classified as disharmonious.
In such reservoirs, one substance is present in a very high concentration, for example,
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siderotrophic lakes show a high content of iron compounds, while acidotrophic have a
high content of acidic substances. These reservoirs can also show a complex of specific
physicochemical features that resemble natural lakes, e.g., dystrophic or polyhumous lakes.

Often, anthropogenic reservoirs were perceived as “unnecessary” elements of the
landscape and thus filled in as part of reclamation [11]. In recent years, more and more
attention has been paid to these water bodies as habitats for numerous plant and animal
species, including protected ones [12,13]. These reservoirs also function as the so-called
“small retention”, favourably affecting the water relations of the area. Therefore, it is essen-
tial to recognise and classify the abiotic properties of these reservoirs. On this basis, it is
possible to indicate protective measures to preserve them as potential habitats for flora and
fauna. The research aimed to show how the hydrological properties of the reservoir catch-
ment (natural and anthropogenic) affect the physicochemical composition of the waters
of post-exploitation peat reservoirs. The classification of post-exploitation peat reservoirs
according to the hydrochemical type of retained waters, the humic state index (HSI), and
the hydrochemical dystrophy index (HDI) have also been presented. Two natural bog lakes
near post-exploitation peat reservoirs were selected as control objects. The selection of
the control reservoirs was to show the hydrochemical similarities or differences between
natural and anthropogenic reservoirs. This concerned, in particular, the identification of
whether pit lakes may have the features of natural dystrophic and polyhumous lakes. The
research aimed to determine the variability of selected physicochemical parameters in the
waters of the investigated pit lakes and natural lakes.

2. Location of the Research Area

The seven post-exploitation peat reservoirs selected for the research are located in
central Poland, in the Woszczowska Basin, filled with dune sands (Figure 1). The detailed
location of the reservoirs is presented in Table 1.

Table 1. Location and surface area of the studied reservoirs.

Reservoir Number Location Area
1 N: 50°56'07.14" E: 19°34'38.71" 1.90 ha
2 N: 50°55'34.80" E: 19°35'38.31" 1.00 ha
3 N: 50°57/14.11" E: 19°35'59.88" 7.30 ha
4 N: 50°59'42.89" E: 19°38'36.21" 0.66 ha
5 N: 50°5941.04" E: 19°38'53.22" 1.70 ha
6 N: 50°5836.13" E: 19°39'27.12" 0.25 ha
7 N: 50°57/03.96" E: 19°42/09.16" 0.47 ha
8 N: 50°5731.96" E: 19°43'08.22" 0.15 ha
9 N: 51°07/14.11" E: 19°39'03.33" 9.80 ha
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Figure 1. Map of the research area. The numbers represent the locations of the studied reservoirs. Lo-
cations 1 and 2 are the control (natural) lakes, and locations 3 to 9 are the post-exploitation reservoirs.

Swamps and peat bogs developed in the depressions between the dunes. The de-
posited peat layers, exploited mainly at the turn of the nineteenth and twentieth centuries,
were used as fuel. After the end of exploitation, the pits were flooded, resulting in the

formation of reservoirs (Figures 2—-4).
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Figure 2. Types of the studied reservoirs: (A) natural bog lake, (B) post-exploitation peat reservoir,
the basin of which is cut in mineral formations (sands), and (C) post-exploitation peat reservoir, the

basin of which is partially cut in peat.
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Figure 3. Geomorphological conditions of the location of the post-exploitation peat reservoir 3:
1: dune ridgeline, 2: reservoir bank (source: own study based on an image LIDAR obtained from
geoportal.gov.pl (accessed on 27 December 2021)).

Figure 4. A drone image of post-exploitation peat reservoir 3.
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In addition to post-exploitation peat reservoirs, there are also natural aeolian lakes
in the study area. Two such lakes were selected as controls (locations 1 and 2, Figure 1).
These lakes are located in the central part of peat bogs and are surrounded by floating mats
(Figures 2 and 5).

Figure 5. A drone image of control site 2, a natural bog lake, with floating mats and islands.

3. Research Methods

Hydrographic mapping, allowing the assessment of water relations in the catchment
area of the studied reservoirs, followed the guidelines of Gutry-Korycka and Werner-
Wieckowska [14]. The main goals of hydrographic mapping were:

- Determining the hydrological type of the reservoir (whether the reservoir is endorheic
or flow-through).

- Linking the location of the reservoir with the type of relief (the presence of dunes to
confirm their aeolian origin).

- Assessment of peat depletion in the shore zone of the reservoir.

- Measuring the maximum depth of the reservoir.

Directly in the field, the water (pH) was measured with the potentiometric method
and the electrical conductivity (EC) with the conductometric method using a Hanna HI
98,194 multi-parameter. Water samples for laboratory analyses were collected with a
telescopic boom into 0.5 L polyethene bottles. The samples were collected at distinct
seasons of the year (spring, summer, autumn (twice), and winter). Five samples (n = 5)
were taken from each reservoir. Water samples were transported to the laboratory under
refrigerated conditions at the temperature (5 £ 3) °C. Before analysis (except for the TOC),
the samples were filtered through a 0.45 um nitrocellulose membrane filter (GVS North
America, Sanford, ME 04073, USA). The main cations and anions in water were determined:
CaZ*, Mg2+, Na*, K*, SO42~, C1~, HCO3~, and NO3~. Moreover, the water colour was
determined by the spectrophotometric method. The dissolved organic carbon (DOC) and
total organic carbon (TOC) were determined by the high-temperature combustion method
with IR detection (TOC-L CPH, Shimadzu, Japan). Determination of alkali metals and
alkaline earth metals was performed using inductively coupled plasma optical emission
spectrometry (ICP-OES) (Optima 5300DV, Perkin Elmer, Alexandria, VA, USA). The content
of anions (S042~, C1~, NOj3 ) was determined by ion chromatography with conductometric
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suppression detection (DIONEX ICS-5000, Thermo Fisher Scientific, Waltham, MA, USA).
The concentration of bicarbonates (HCO3 ™) was calculated from the measurements of
mineral alkalinity and the general method of potentiometric titration using an automatic
titration station (809 Titrando, Metrohm AG, CH-9101 Herisau Switzerland).

The hydrochemical classification of water in the reservoirs was based on Altowski—
Szwiec [15]. In this classification, it was assumed that the hydrochemical type is determined
by those ions whose content in water is greater than (20 £ 3)% mval in relation to the sum
of anions and cations. The name of water begins with the ion with the most abundant
content in the water, be it a cation or an anion. Under natural conditions, the six most
important ions above 20% mval are CaZ*, Mg2+, Na*, HCO;~, Cl~, and SO4%~.

The other determined indexes included the water humic state index (HSI) proposed
by Hakanson and Boulion [16]:

HSI = (100/3) LOG (COL—3) )

The COL is the water colour and is expressed in colour units (mg Pt/L), and the
hydrochemical dystrophy index (HDI) was proposed by Gorniak [17]:

D1=(9.5 - pH) x 20 2)

D2 =100/log (EC) 3)

D3 =50 — LOG(DIC/DOC) x 20 4)
HDI = (D1 + D2 + D3)/3 (5)

where DIC is the dissolved inorganic carbon, mg/L, and DOC is the dissolved organic
carbon, mg/L.

Due to the non-normal distribution and unequal variance of the data, non-parametric
tests were used. To compare differences in the medians of the selected physicochemical
parameters between the reservoirs studied, the ANOVA Kruskal-Wallis test was applied.
It was followed by the Conover test for multiple comparisons, in case of rejection of the
null hypothesis. To study the relationship between the DOC of the water and its colour,
the Spearman rank correlation test was conducted. All data are presented as medians
and quartile range, with outliers in the figures as box-and-whiskers plots (minimum,
maximum, median, quartile range). All statistical analyses in this paper were done using
the R program [18].

4. Results and Discussion

Besides the control 1 and 2, all the studied reservoirs are artificial lakes formed due to
open-cast peat exploitation. They are endorheic, supplied mainly by rainfall and surface
runoff from the immediate catchment. The area of the studied reservoirs is varied and
ranges from several to several dozen areas. The exception is reservoir 9, with a maximum
area of up to 10 ha. These are shallow reservoirs, and their maximum depths do not
exceed 1 m. Such morphometric features are characteristic of most post-exploitation peat
reservoirs [19-21]. Significant fluctuations in the water level in post-exploitation peat
reservoirs are observed during the year, which causes changes in their surface area. The
most spectacular example is reservoir 9, the surface area of which can vary from 4 to 10 ha
(Figure 6).
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Figure 6. Geomorphological conditions of the location of the post-exploitation peat reservoir 9:
1: dune ridgeline, 2: reservoir shoreline at the lowest water level, and 3: reservoir shoreline at the
highest water level (source: own study based on an image LIDAR obtained from geoportal.gov.pl
(accessed on 27 December 2021)).

These are astatic reservoirs. However, during the research, the water never completely
disappeared from the reservoirs. The maximum water levels are observed in spring after
the thaw and in summer (June/July) during heavy rainfall. The lowest water levels occur
in autumn/winter. This is the characteristic course of the water level in astatic reservoirs
located in the Central European lowland [22].

We can distinguish two types of post-exploitation peat reservoirs. Type “B” is where
the peat deposit had been fully exploited, and the basin of the reservoir is cut in mineral
deposits, or sands (Figure 2). The inflow of humic substances comes from the catchment
overgrown with marsh forests. The second type, “C”, is where the reservoir basin is
partially cut in the leftover peat deposit (Figure 2). The bottom of the reservoir can be
mineral-organic. The inflow of humic substances occurs, mainly, through the leaching of
the remaining peat deposit. The hydrogeological situation of a natural bog lake (type “A”)
is entirely different. A characteristic feature of natural bog lakes is the presence of floating
vegetation mats (Figure 2, [23]). Sometimes there are also floating islands, as in the case
of control lake 2 (Figures 2 and 5). Both the islands and the floating mats are overgrown
with stunted pine trees. These reservoirs also have a thick layer of organic sediments.
Lakes of this type occur mainly in the areas of north-eastern Europe within the limits of
the last glaciation [24]. They are scarce across the remaining part of the continent. Their
occurrence, beyond the last glaciation’s extension, is associated with areas with aeolian or
karst relief [25].

The research results indicate that post-exploitation peat reservoirs contain water of low
electrical conductivity, the average value of which in most of the reservoirs is <100 uS/cm
(Figure 7). It mainly stems from the dominant rainfall supply. Furthermore, the presence
of sands in the geological structure of the catchment does not significantly increase the
mineralisation of the waters flowing into the reservoirs as surface and subsurface runoff.
The values of electrical conductivity between natural bog lakes and the majority of the
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studied post-exploitation peat reservoirs did not show statistically significant differences
(Figure 7).

500
1

400
1

300
1

EC [uS/cm]

200
1

100
|
1

1 2 3 4 5 6 7 8 9
water reservoir number

Figure 7. Electrical conductivity of the water in the examined reservoirs (different letters demonstrate
significant differences at p < 0.01).

The highest values of electrolytic conductivity were found in reservoirs 3 and 4. They
also showed the most significant fluctuations in the water level in the annual cycle, which
explains the high values of electrical conductivity. During periods of intense evaporation
and a decrease in the water level, the solution thickens, and, thus, the electrical conduc-
tivity increases. High variability of hydrochemical conditions in astatic reservoirs is their
characteristic feature [22].

The values of the electrical conductivity of the waters of post-exploitation peat reser-
voirs are comparable to those found in natural bog lakes [25-29]. They are also comparable
to those observed in other post-exploitation raised/transitional peat reservoirs [30]. These
values, however, are lower than those found in post-exploitation peat reservoirs located
within blanket bogs. In this type of reservoir, the electrical conductivity of water very often
exceeds 400 uS/cm [31].

The concentrations of individual cations and anions in water are deficient and do not
exceed a few or a dozen mg/ dm™! (Table 2). The concentration of calcium and magnesium
is extremely low. A characteristic feature caused by the highly acidic reaction of the water
is, also, a very low concentration of bicarbonate ions (HCO37~). Due to changes in the
concentration of individual ions in the annual cycle, the waters of natural lakes show a
diversified and changing hydrochemical type (Table 2).
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Table 2. (a,b) Chemical composition of water in the studied reservoirs [mg/L] (mean, standard
deviation; n = 5.

(a)

lxz;r‘l;(;irr Ca?* Mg? Nat K* Hydrochemical Type
Cl-Ca
1 19+061 0424012 14+081 07+062 S04-Cl-Ca
SO4-Cl-Ca-Na
Cl-Ca
2 24+062 055+017 178+059 1+061 Ssg fgiﬁ;
C1-S04-Ca-Na
3 189+69 361+166 386+231 1.69+1.84 S0,-Ca
4 2914213 548+447 458+339 285+ 343 S04-Ca
5 101439 1774066 153405  0.8=+0.08 SO4-Ca
6 71+£29 0734023 11+055 1.41+1.33 S0,-Ca
7 75415 1354023 145+022 095+0.32 S0,-Ca
8 106 £44 1.02+£032 143+022 0.62+0.16 SO4-Ca
9 44045 1054017 164038 5+0.8 SO,-Ca
(b)

RNezfn“l;‘:: HCO;3~ cl- S042~ NO;~ DOC COLOUR
1 7+1 2674+12 36443 023+£002 24+35 196 + 6
2 484+1 2664015 51+27  03=+005 3049 243 4+ 98
3 2542 5174262 7154324 0764122 15+6 58 + 12
4 0 6324317 99477  2.67+391 14+7 44+9
5 25425 1724022 27.7+148 1044096 15+47 50 + 10
6 65+2  197+078 221+19 111+1.06 16+22 72 + 38
7 4543 2254042 155434 074053 30+93 267 + 80
8 5435 2524055 23486 0284006 365+64 436+ 90
9 5+0.8 124058 122423 07+023 18+2 171 +£9

Bi-ionic waters of the calcium—chloride type (C1™-Ca®*) dominate. There were also
found three-ionic waters, for example sulphate—chloride—calcium (SO4%~-Cl~-Ca?*) and
sulphate—calcium-sodium (SO42~-Ca?*-Na*). Periodically, there were also four-ionic wa-
ters: sulphate—chloride-calcium-sodium (SO4%>~-Cl~-Ca®*-Na*). The multi-ion hydro-
chemical types, and their variability in the annual cycle, clearly distinguish natural bog
lakes from post-exploitation peat reservoirs. Natural lakes are supplied only by precipita-
tion. Therefore, the variability of hydrochemical types is a consequence of the wet and dry
deposition of atmospheric pollutants. The effect of wet and dry deposition on lake water
quality is well known, particularly their acidification [32,33]. In all post-exploitation peat
reservoirs, the waters of the bi-ion sulphate—calcium (SO4%~-Ca®*) type, which were stable
throughout the year, were found. The hydrochemical types of water studied in natural
bog lakes also distinguish them significantly from other natural lakes in Central European
lowland. Most of these lakes contain bicarbonate—calcium (HCO3; ~-Ca?*) waters. Moreover,
the hydrochemical type is constant and does not change in the annual cycle [34]. On the
other hand, variability of the hydrochemical type was found in other post-exploitation
reservoirs (e.g., dolomite), although these are scarce [8]. In post-exploitation reservoirs, the
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sulphate—calcium hydrochemical type is also rare because this type of water is most often
found in post-exploitation reservoirs of gypsum or sulphide minerals [5,8].

Another characteristic feature of the reservoirs is the acidic reaction of their waters.
The median pH of the water in all the reservoirs was <5.6, and the lowest value was 3.5
(Figure 8).
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Figure 8. Water reaction in the examined reservoirs (different letters demonstrate significant differ-
ences at p < 0.01).

The precipitation supply mainly determines the acidic reaction of the waters to the
reservoirs, as does the presence of podzolic and peat soils in the catchment, also a source of
acidic substances. The presence of sphagnum mosses (Sphagnum) in the shore zone is also
essential, as they lead to the acidification of the waters [35].

One of the most characteristic features of the studied reservoirs is the brown-yellow
colour of the water, which results from the leaching of humic substances from the peat
deposits left around the reservoirs. The colour of the water is the key indicator that
allowed the classification of the reservoirs according to their humic status (Table 3). Table 3
shows that most of the post-exploitation peat reservoirs can be classified as polyhumic.
Polyhumicity is characteristic of most lakes located within peat complexes [23]. The highest
HSI value was found in reservoir 8, classified as hyperhumic (Table 3). The calculated
index reveals the regularity: the more peat left in the reservoir basin, the higher the value
of the HSI index (Type “C”). In the case of reservoirs where the peat deposit had been
fully exploited (sandy edge of the excavation), the index values are the lowest (Type “B”).
Therefore, there is a solid correlation (rs = 0.93) between the water colour and dissolved
organic carbon content (Figure 9). This correlation emphasises the critical role of humic
substances in shaping the colour of the water. Most pit lakes have the same humus status
(HSI) as natural peat bogs; therefore, natural and anthropogenic reservoirs are very similar.
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Table 3. Value of HSI and HDI indexes in the water of the studied reservoirs (range, average; n = 5).

Water Resrvoir

Number HSI Classification HDI Classification
1 (natural lake) 727_680 polyhumic 817_395 ggi‘:;ﬁ;
2 (natural lake) 737_985 polyhumic 718_69 6 dy:tir%)};hy
3 (pit lake) 515_458 mesohumic 878_993 dys}}ciri((;)}}l)hy
4 (pit lake) 525_559 mesohumic 878_890 dy;ir%)}};hy
5 (pit lake) 556_370 mesohumic 738_69 2 dysiir%)};l)hy
6 (pit lake) 587_69 2 polyhumic 667_478 g;;izl;fl;
7 (pit lake) 738_189 polyhumic 728_89 > dysﬂir%)}};hy
8 (pit lake) 798_486 hyperhumic 798_387 dysiir%)};hy
9 (pit lake) 747_679 polyhumic 839_09 3 dy:}til'%)};hy

600

400 A

COLOUR

2004

1 ID

40

DOC

Figure 9. The correlation between DOC/colour in the water of the studied reservoirs (rs = 0.92,

p <0.01).

The hydrochemical dystrophy index (HDI) was also calculated. The post-exploitation
peat reservoirs are dystrophic, as the index value exceeds 50 (Table 3). The higher the index
value, the more advanced the processes of dystrophy. Therefore, most of the examined
reservoirs were classified at a high level of dystrophy. The division criteria were related to
lakes found in Poland, where the value of this indicator rarely exceeds 100 [36]. However, it
should be remembered that, in both Sweden and Finland, there may be lakes where the HDI
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value exceeds 150, reaching the maximum value of 280 [36]. The highest HDI values in the
studied waters were found in spring, and the lowest at the end of summer. The obtained
data are identical with those observed in other dystrophic lakes [22]. Thus, the post-
exploitation peat reservoirs represent a unique type of dystrophic habitat. In the European
Union, such natural lakes are protected under Natura 2000, code 3160. Depending on the
time since the cessation of exploitation and the presence or not of the remaining peat in the
deposit, regeneration processes of the peat bog are observed. They consist mainly in the
spontaneous colonisation of the edge zone by typical peat bog plants such as sphagnum
mosses, marsh cranberries, and round-leaved sundew. These processes will lead to the
physiognomic and landscape “similarity” to natural bog lakes. It is a very favourable
phenomenon, which allows the preservation of biodiversity of the formerly transformed
peat bogs.

5. Summary and Conclusions

Open-cast exploitation of peat deposits has led to the creation of post-exploitation
reservoirs. All reservoirs are endorheic and show large annual fluctuations in the water
level. They are astatic reservoirs. The opposite is natural bog lakes with a stable water level
throughout the year. The electrical conductivity of the water is very low and, therefore, the
concentration of the main cations and anions in the water is also very low. Only in two
pit lakes was the electrical conductivity of water statistically higher than in natural lakes.
No statistically significant differences were found between the remaining pit lakes and
natural lakes. The highest value of electrical conductivity was found in reservoirs with the
most significant fluctuations in the water level. It is related to evaporation, which leads
to the solution thickening and, thus, an increase in the concentration of ions. The waters
of natural lakes have different hydrochemical types that change annually, distinguishing
them from post-exploitation peat reservoirs. Depending on the degree of depletion, the
water in the reservoirs has a different colour and, thus, a different HSI value. Therefore,
the investigated reservoirs were classified from mesohumic to hyperhumic. Despite their
anthropogenic origin, all reservoirs also belong to a sporadic type of dystrophic reservoir.
The features of reservoir dystrophy (apart from the HDI) include a low concentration of
calcium and magnesium and a very acidic reaction of the waters.
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