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The lakes of the Powidzki Landscape Park (Gniezno Lakeland) are known for their natural and recreational values. The ma-
jority of them are located within two large glacial tunnel valleys, that in many places cut through several levels of till and
inter-till aquifers. Regional hydraulic linkage systems are developed where surface water and groundwater remain in direct
contact. Smaller water bodies occur between the lakes, in other tunnel valleys, in isolated meltwater basins, or in river val-
leys. These water bodies constitute local drainage bases. The existence in the area of such morphologically diverse lakes
with different flow rates, varied morphology, and heterogeneous geological structure permitted tracing of the hydrodynamic
dependencies of lake catchments of various types. Hydrogeological cross-sections, comparative analyses of structural
maps for successive aquifers, bathymetric plans of lakes, and piezometric contour maps were prepared. Surface and
groundwater level fluctuations were investigated, as well as their response to changing atmospheric conditions. Water bal-
ances of lakes were also determined for selected lake catchments. The study showed that all the lakes analysed are closely
related to groundwater, and that the deepest ones reach lower aquifers. The majority of the lakes drain the aquifers, but
some of the lakes feed them. Such a situation was documented in coastal wetlands and in the eastern part of the Park, af-
fected by a depression cone associated with a nearby lignite opencast mine. The study showed that the deepest of the lakes
analysed have a very wide catchment area of groundwater recharge, expanding beyond the boundaries of their surface
catchment areas. This is important for the development of their resources, especially in periods of hydrogeological low flow.

Key words: surface and groundwater resources, hydraulic contacts, water level changes, mining dewatering, eva-
potranspiration, Gniezno Lakeland.

INTRODUCTION based on water balances measured for the lakes, and the direc-
tion of groundwater flow in the area of lake bowls is determined

by recharge and drainage. The studies often cover the entire

Unconfined groundwater circulation zones in lake catch-
ments are still poorly investigated in Poland. Hydrological litera-
ture includes publications based on hydrological and meteoro-
logical data, omitting studies of the influence of the subterra-
nean zone on the recharge and drainage of lakes (Mikulski,
1970; Pastawski and Btaszczyk, 1970; Bajkiewicz-Grabowska,
1982, 2002; Rosler and Chmal, 2008; Dabrowski, 2013). Most
authors describe the groundwater component in water bal-
ances of lakes based on hydrological and meteorological data,
and most publications focus on single water bodies. In many
publications, the interaction of lakes and groundwater is defined
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year, sometimes resulting in erroneous determination of sur-
face water and groundwater circulation patterns in lake catch-
ments. Particularly in the case of deep lakes, draining several
aquifers, conclusions drawn from such calculations may devi-
ate significantly from reality. For example, in many cases, cal-
culating recharge and drainage for an aquifer may give a posi-
tive value, providing information only on the inflow of groundwa-
ter. In reality, groundwater recharge may potentially prevail in
one part of the lake, while in the other part water outflow to the
aquifer is dominant. Moreover, this situation may change during
extreme hydrological phenomena such as hydrological
droughts or floods. Particularly in the case of long-lasting low-
water periods, the lake’s water table may prove to be primarily
regulated by the regional groundwater circulatory system
(Nowak and Przybytek, 2008; Przybytek and Nowak, 2011;
Nowak, 2018). Few Polish publications are available concern-
ing the hydrogeological schematisation or hydrodynamic re-
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search covering the analysis of interactions between lakes and
the surrounding aquifers (Krygowski, 1954; Pastawski, 1975;
Dabrowski, 1990; Kilkus, 1998; Glazik and Gierszewski, 2001;
Burchardt and Przybytek, 2004; Pomianowska, 2004; Krawiec
and Smietaniski, 2007; Nowak and Przybylek, 2008; Nowak,
2018). These works show a significantly more complex charac-
ter of hydraulic connections of lakes with the surrounding
groundwater. Similar trends are observed in the global literature
(Brock et al., 1982; Cheng and Anderson, 1993; Sacks et al.,
1998; Shaw et al., 2013; Rautio and Korkka-Niemi, 2015;
Rudnicki et al., 2015; Su et al., 2016).

Research on the interaction between lakes and groundwa-
ter and processes of their recharge and drainage requires inter-
disciplinary analysis combining hydrological, hydrogeological,
and meteorological data. It is particularly important in areas un-
der strong anthropogenic pressure and serious disturbance of
local or regional aquifer systems.

This article shows the relationships between lakes and
groundwater in the shallow and deep circulatory systems of
the Powidzki Landscape Park in the Gniezno Lakeland. It con-
cerns many lakes of different morphology, for which there is a
dense measurement and observation network providing long-
term meteorological, hydrological, and hydrogeological data.
It was possible to study how these relationships changed over
the years under the influence of various environmental fac-
tors, including the observed deterioration of climatic condi-
tions (Kedziora, 2008; Przybytek and Nowak, 2011; Nowak,
2018; Nowak et al., 2018; Nowak and Ptak, 2019). Various
forms of human activity (mining, groundwater abstraction, wa-
ter transfers out of the catchment area, water storage) that
have affected water resources in the region provided the op-
portunity to establish to what extent anthropogenic pressure
affects lakes and the connected groundwater. Such research
is particularly important for the area studied, where a signifi-
cant decline of lake water levels has been observed for years
(lInicki, 1996; linicki and Ortowski, 2006; Przybytek and
Nowak, 2011; Nowak, 2018).

The primary objective of this study was to determine the hy-
draulic interaction between lakes and groundwater in the
Powidzki Landscape Park, and to indicate how this affects the
water resources. An important aspect of the study was to indi-
cate the environmental and anthropogenic factors affecting this
interaction, and to determine its range in time and space.

STUDY AREA

The study area covers lakes and their catchments in the
Powidzki Landscape Park in the central part of the Gniezno
Lakeland (central-western Poland) (Fig. 1). The area is excep-
tional due to the occurrence of lakes with various morpho-
metries and recharge types (Przybytek and Nowak, 2011;
Nowak, 2018), and its high variability in terms of geomorphol-
ogy, surface lithology, and land use. The land relief is primarily
developed by end moraines, running from the north-west to
south-east. They act as a divide for surface water, and as a re-
charge zone for groundwater in this part of the Lakeland. Other
outstanding landscape elements include north-south-oriented
tunnel valleys with lakes, and valleys of draining rivers. They
are grouped into three systems of surface drainage: southern —
with water flowing through the Meszna River to the Warta River,
north-west — connected with the Note¢ Zachodnia River, and
north-east, including the Ostrowo-Gopto Canal.

The varied geological structure provides for the occurrence
of several aquifers (Figs. 2 and 3) in the active groundwater ex-
change zone (Dabrowski, 1990; Dagbrowski et al., 2011,
Przybytek and Nowak, 2011; Nowak, 2018). According to the
hydrogeological classification (Paczynski and Sadurski, 2007),
these are as follows:

— groundwater level of constant distribution, in a fluvio-glacial
sedimentary aquifer with components of leached till and
river sand. Over the area analysed, the groundwater table is
in a range from 78.0 to 115.0 m a.s.l., and its shape corre-
sponds with the land relief (Fig. 4);

— top inter-till level (first inter-till level), occurring over a major
part of the terrain in sandy strata deposited between the
north-Polish and Warta tills, in some places developing a
hydrostructural unit along with the groundwater level. The
distribution of hydroisohips of the top inter-till level corre-
sponds with the first groundwater level, because they de-
velop a single aggregated aquifer over a major part of the
study area;

— middle inter-till level (second inter-till level), occurring as iso-
lated layers of limited spread, connected with fluvio-glacial
deposits occurring between the clays of the middle-Polish
glaciations. The middle inter-till level shows a limited distri-
bution, and no data on its water table are available;

— bottom inter-till and under-till levels, connected with sandy
and gravel deposits of the Holstein Interglacial and fluvio-
-glacial successions of the Odra Glaciation. This level is
called the Wielkopolska Buried Valley (wdk) because of the
name of the regional hydrogeological structure. The flow of
groundwater in this aquifer is to the east and south-east.
The average stabilised water table of the wdk level is
95.0-105.0 m a.s.l. (Fig. 5);

— Miocene and Upper Cretaceous levels forming separate
hydrostructural units (Gniezno-Inowroctaw sub-reservoir) in
the western part of the Park, and in the eastern part where
they are hydrodynamically connected with the wdk level.
The free-surface water table of the level is stabilised at
90-105 m a.s.l., largely corresponding to the distribution of
the hydroisohips of the overlying wdk level.

Regional deep aquifers are exploited through numerous
municipal water intakes and drilled wells operated by the nearby
opencast mines of the Konin Brown Coal Mine (KWB Konin).

The area described area has very unfavourable hydro-me-
teorological conditions, including low precipitation and very high
potential evaporation (Kedziora, 2008; Przybytek and Nowak,
2011; Stachowski et al., 2016; Nowak, 2018, 2019; Nowak and
Ptak, 2018). The region has very low drain rate values, not ex-
ceeding 3.0 I/(s km? in the western part of the study area.
Catchments in the eastern part of the area have been without
outflow for years (Nowak, 2018). Since the beginning of the
1990s, in this part of the Gniezno Lakeland, significant water
level declines have been observed in lakes (Fig. 6), as well as a
reduction of groundwater resources and disappearance of
wetlands (linicki and Ortowki, 2006; Przybytlek and Nowak,
2011; lInicki et al., 2017; Nowak, 2018; Nowak et al., 2018).

The eastern part of the Gniezno Lakeland is located in a de-
pression cone developed due to mining drainage (Przybytek,
2011, 2018; Nowak, 2018). Another important factor is water
management involving lake damming, groundwater intake ex-
ploitation, transfers of water from opencast mine drains and
sewage treatment plants, and agricultural land reclamation
(Przybytek and Nowak, 2011; Nowak, 2018, 2019; Nowak et al.
2018; Nowak and Ptak, 2018).
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Fig. 1. Location of the study area and major measurement points used in the study

MATERIALS AND METHODS

Hydrogeological cross-sections and structural maps of
each aquifer were prepared for the analysis of lake-groundwa-
ter interaction. The spatial image obtained was compared with
compilations of groundwater tables and lake water levels, and
with results from water balance calculations for selected lake
catchments. The preparation of maps and cross-sections
used some information from the Detailed Geological Map of
Poland at a scale of 1:50,000 (sheets: Mogilno, Strzelno,
Witkowo, Kleczew), data from borehole cards taken from the
Central Hydrogeological Data Bank HYDRO, KWB Konin, and
research conducted in the scope of the doctoral thesis of one
of the authors (Nowak, 2018). Maps of geological structure
were prepared with the application of ArcGIS 10.0 and
CorelDraw X4. Information on groundwater fluctuations was
obtained from the observation and measurement network of
the Polish Geological Institute — National Research Institute
(PIG-PIB), the Institute of Meteorology and Water Manage-
ment — Polish Research Institute (IMGW-PIB), KWB Konin,
and State Forests (LP). The observation sequences covered

very different time periods for observation points, as shown in
Figure 6. The longest observation sequences covered the
years 1976-2015, but most them covered the period
2002-2015. The data contained information on monthly
groundwater levels (minimum, average, and maximum),
based on mean daily values. Additional information on ground-
water levels was obtained from the monitoring network, includ-
ing piezometers and limnimetric wells. The paper also in-
cludes information on water levels from the doctoral thesis of
Nowak (2018). Based on these data, piezometric contour
maps were prepared. Due to the distribution of the aquifers
and their importance for water supply to lakes, the study
largely focused on the first aquifer, connected to all water bod-
ies in the study area, and on the wdk aquifer, defining the loca-
tion of the water table in deep lakes. For figures showing the
distribution of hydroisohips in aquifers (Figs. 4 and 5) and the
extent of the depression cone related to the nearby lignite
opencast mine (Fig. 1), the averaged state for the year 2012
was selected, because in a multi-annual context it was an av-
erage year both in terms of precipitation and water table in the
lakes or aquifers.
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Fig. 4. Part of a map showing the distribution of hydroisohips of the first aquifer
in the vicinity of Lake Powidzkie and its tributary, Struga Powidzka River — the state
in 2012 (source Nowak, 2018)

The determination of hydrological and meteorological con-
ditions used IMGW-PIB data resources. The data included wa-
ter level gauge readings from lakes and rivers in the Gniezno
Lakeland, and meteorological data from the nearest synoptic,
climatological, and precipitation stations. Information on the cli-
mate and hydrology of the region analysed was supplemented
with data from the KWB Konin measurement and observation
network. Similarly to the hydrogeological data, characteristic
monthly values were analysed. The collection of such informa-
tion included observation sequences, usually going back sev-
eral decades — the meteorological data covered the years
1961-2015, and most of the hydrological data covered the
years 1993-2015.

The climatic and hydrological data obtained provided the
basis for the preparation of water balances for selected lake
catchments. They were used to assess the direction and vol-
ume of groundwater flow in the area of the lake basins in the
years 2011-2015. The calculations employed the methodology
proposed by Nowak (2018), based on the modified Penck-
Oppokow equation [1], expressed in units of water column per
unit of lake surface.

P, + D,— E\— H, — Hg+ ADH, = R, [1]

where: P, — real precipitation on the lake surface [mm; m*]; D, river
inflow [mm; m3]; E,— evaporation from the lake surface [mm; m3]; H,
— river outflow [mm; m?; Hgy, — groundwater runoff through the out-
flow valley [mm; m?]; ADH, — resultant of inflow and outflow of
groundwater [mm; m°]; R, — lake retention during the balance period
[mm; m].

In equation [1], the elements providing water supply to the
lake are: precipitation on the lake surface (P)), inflow from a river
(tributary), and possible inflow from nearby lakes (D,) calculated
from the flow rate curve prepared based on monthly hydro-
metric measurements and water gauge observations. The dis-
charge elements include evaporation from the lake surface (E)),
outflow via rivers (H,), calculated similarly as river inflow and
groundwater runoff through the outflow valley (Hg,), understood
as groundwater flow in the river valley below the lake basin, or
outflow towards the neighbouring lake located in the lower part
of the tunnel valley. The Hg, value was distinguished to show its
substantial contribution in the vicinity of dammed lakes or lakes
neighbouring each other where one of them is covered by the
depression cone. The result of these elements is the retention
of the lake (R)) determined based on real water level gauge
readings on the lake. An unknown value in the formula is
groundwater inflow and outflow, as well as hydraulic contacts of
the lake basin with the surrounding aquifers. This is determined
from the suggested formula [1] as the resultant value (ADHj) of
other known parameters.

A significant modification with reference to the current metho-
dology is the fact that the lake surface area — taken into account
in the determination of the amount of direct precipitation and
evaporation from the water surface — was treated as a variable
and calculated based on monthly averages of water levels. Lake
surface areas at particular levels of the water table were deter-
mined based on an integrated land relief model considering the
digital terrain model developed based on data from the LIDAR
technology and previously digitised bathymetric plans of the
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lakes. The methodology of the work is described (Nowak et al.,
2018; Nowak and Lawniczak-Malinska, 2019).

Precipitation values were assumed based on meteorologi-
cal data obtained from the IMGW-PIB and KWB Konin precipi-
tation stations in the study area. The calculations employed
precipitation values with corrections. This approach seems jus-
tified, because each measuring instrument is burdened with a
measurement error affected by many factors. They were most
comprehensively provided in studies made at the Hydrological
Station in Radzyn, which repeatedly compared various meth-
ods of adjustment of precipitation measured at a height of 1 m
in a Hellmann rain gauge — the basic tool for measuring precipi-
tation amounts in the observation network of IMGW-PIB and
many other institutions. The results of this work (Rosler and
Chmal, 2010) permitted tracing the correction applied by other
authors for different years and for different areas of Poland. The
values vary between 18 and 55% in the winter half-year and
8-22% in the summer half-year. They are obviously highly vari-
able. Based on the relative proximity of the study area to the lo-
cation of the Hydrological Station in Radzyn, these data were
used. The following corrections were applied in the calculation
of precipitation: 20% for winter months (XII-Il), 15% for spring
(-V) and autumn (IX-XI), and 10% for summer months
(VI=VIII). The distribution of precipitation on lake surfaces was
calculated for fields of 100x100 m, with interpolation of the cor-
rected results from precipitation stations located closest to a
given lake.

Based on data from the nearest climatological stations,
evaporation from the water surface was calculated using
Iwanow’s (Kedziora, 2008) and Jaworski's (2004) equations [2]
and [3] for the winter half-year.

E =0.0018 (t + 25)% - (100 — h) (2]

where: E — monthly evaporation rate [mm]; t — average monthly air
temperature in the meteorological cage at a height of 2 m a.g.l. [°C];
h — average monthly relative air humidity [%]; 0.0018 — value of the
empirical coefficient expressed in units [1/(°C%)].

Eo = 0.225 (up + 1)°° - (e — €) [31

where: E, — daily evaporation rate [mm]; u, — average daily wind
speed at 2 m a.g.l. [m/s]; e — average daily saturated water vapour
pressure at lake surface temperature [hPa]; e — average daily value
of water vapour pressure in the air in a meteorological cage at 2 m
a.g.l. [hPa].

Based on the studies of Kedziora (2008, 2011), Chmal
(2008) and Rosler et al. (2013), Ivanow’s equation was chosen
for periods with ice cover, and Jaworski's equation for winter
months in which lakes were ice-free. The rules adopted re-
quired the determination of ice duration for the lakes being bal-
anced. These were determined based on the list of water level
observations for Lake Powidzkie, and field inspections of the re-
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maining lakes. The calculations of evaporation for the summer
half-year were based on data on evaporation from the free wa-
ter area measured on evapometric rafts in Radzyn on Lake
Stawskie (Stawskie Lakeland) and in Buntowo on Lake
Stawianowskie (Krajenskie Lakeland), the closest to the area
analysed.

The inflow and outflow values of the river were obtained
from measurements of the rivers’ discharge in profiles at the
inflows of lakes and in experimental catchments. Part of the
data was taken from the IMGW-PIB resources, but most of
them were obtained from our own measurements. The results
of discharge measurements obtained for selected measure-
ment profiles were then compared with water level lists for sta-
tions with local observations, and discharge curves were cre-
ated. This permitted the determination of daily discharge val-
ues in the rivers. For watercourses without gauges, the hydro-
logical analogue method was applied. Single measurements
of flows from expedition profiles were compared to nearby
measurement points with determined discharge curves.
Based on these comparisons, additional analysis of specific
discharges from the area studied, and the amount of precipita-

tion preceding the field measurements, it was possible to de-
termine the characteristic values of monthly flow for all the
river measurement profiles.

Groundwater runoff through the outflow valley was calcu-
lated by means of Darcy’s equation [4], after drawing cross-sec-
tions in the outflow valleys of the lakes, and taking measure-
ments of the slope of the water table in the watercourse at the
water gauge stations or in limnimetric wells. Water table mea-
surements in the selected river section and in nearby lakes per-
mitted the determination of the slope of the groundwater table
within the aquifer in the river valley draining the lake, or within
the morphological barriers separating lake basins located within
the same glacial tunnel valley. This assumption seems justified,
because research on the location of groundwater table at the
boundaries of the stream valley and tunnel valleys showed that
they corresponded with the surface water table values at these
locations. The thickness of the aquifer was determined based
on archives of boreholes drilled in the vicinity. The filtration coef-
ficient values were determined based on control boreholes and
laboratory analyses of sediment samples collected in the study
area. The filtration coefficient value adopted was the averaged
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result of analyses conducted in 2—3 profiles along the section of
the glacial valley/channel analysed in the calculations. The fol-
lowing equation was used:

Qaw=k-1-F (4]

where: Qg — runoff through the outflow valley [m?]; k — permeability
coefficient [m/s]; | — hydraulic gradient; F — cross-sectional area of
the outflow valley [m?].

The balance involved the calculation of the sum of outflows
and inflows as well as the retention of the lake on a monthly ba-
sis. This permitted the determination of periods in which the
lake was recharged or drained by groundwater.

RESULTS

Hydrogeological cross-sections and numerical structural
maps of aquifers with fitted models of lake basins permitted the
determination of potential hydraulic contact zones of lakes and
groundwater in the study area. Based on the above and on
available studies (Przybytek and Nowak, 2011; Jamorska,
2015; Nowak, 2018), all the lakes studied were found to be in
contact with the groundwater of the first aquifer, with most of
them additionally in contact with groundwater of the top inter-till
aquifer (Fig. 7). The deepest lakes are in contact with the mid-
dle inter-till level and/or the level of the wdk, either directly or
through that deposits underlie them (Fig. 7). Direct contact with
the wdk level was documented in the deepest parts of Lake
Powidzkie and elsewhere. In the area of Lake Suszewskie, a
hydrogeological window was found, enabling water flow be-
tween the lake and deeper aquifers (Fig. 8).

In the case of connections with shallow aquifers, groundwa-
ter recharge of the lakes prevails. This is also suggested by the
piezometric contours of the groundwater level near the lake
basins. This phenomenon is also indicated by discharge mea-
surements in the watercourses recharging the lakes, as well as
by seepages and bog-springs observed on the slopes of lake
tunnels and river valleys. Nonetheless, observations of the
groundwater table near the lakes along with water balances for
selected lake catchments show that in some parts of the coastal
areas, under certain environmental conditions, the groundwater
flow direction near the lakes may change (Fig. 9A—C). This situ-
ation usually occurs in the area of flat shores overgrown with
vegetation during hot and dry periods. In such areas, evapo-
transpiration is higher than average, leading to a significant loss
of groundwater. Such losses are too high to be compensated
for by the inflow of groundwater from the edges of the lake tun-
nels, and the groundwater must be recharged by infiltration of
lake water. This phenomenon was observed near the following
lakes: Powidzkie, Powidzkie Mate, Niedziegiel, Kanskie, and
Stowikowo. As for the last of these lakes, evidence of seasonal
changes in the direction of groundwater flow in the lake catch-
ment is provided by the water balance prepared for the basin.
The lake is very shallow and surrounded by an extensive belt of
reeds and woody and bushy vegetation several times larger
than the surface of the lake itself. Figure 9C shows changes in
the elements of the water balance of Lake Stowikowo — it clearly
shows how the share of recharge by groundwater changes over
the hydrological year. It shows the highest values in the spring
period, after melting, and systematically decreases with the de-
velopment of vegetation. Negative values, suggesting ground-
water discharge, reach their maximum in rain-free months at
the end of summer, when the catchment is dry, and the growing

season is at its peak. This phenomenon intensifies with an in-
crease in the area of reeds and coastal vegetation (Nowak,
2010; Rosler et al., 2013). It is worth emphasising that a de-
crease in the water table in lakes over the last 30 years was ac-
companied by an increase in the share of hygrophilic plant
groups in the littoral zone of the lakes analysed (Nowak et al.,
2011; Nowak, 2018; Nowak and Lawniczak-Malinska, 2019).
Combined with the observed increase in temperature in the
area (Kedziora, 2008; Nowak, 2018), this results in an in-
creased share of evaporation in the drainage of the lakes.

Water outflow from the lakes towards aquifers, at least in
selected parts of the catchment, was also observed in the
north-eastern part of the Powidzki Landscape Park, in lakes
Suszewskie, Wilczynskie, Budzistawskie, and Kownackie. As a
result of the expanding range of the depression cone, con-
nected with the drainage of lignite opencast mines located to
the east, and because of the existence of a hydrogeological
window in Lake Suszewskie (Fig. 8), the surface water and
groundwater table has been decreasing in the area over the last
10 years, reaching 6.0 m (Fig. 6). In the case of Lake Susze-
wskie and Lake Wilczynskie, there is no direct contact with the
dewatering Miocene aquifer, but in the vicinity of these lakes,
the adjacent aquifers connect with each other, which means
that there is little isolation from the dewatering aquifer. Lake
Budzistawskie, despite being deeper, does not cut the till layer
and water loss from the lake should be associated with the out-
flow of water towards Lake Suszewskie through the groundwa-
ter aquifer and the first inter-till aquifer.

This has resulted in a disturbance of the natural water circu-
lation pattern in which groundwater was drained by lakes. The
situation currently occurs only in some parts of the catchment
areas of these lakes, and largely depends on the amount of pre-
cipitation. In humid years, groundwater recharge from lakes in-
creases, because infiltrating precipitation covers the water de-
mand of plants and compensates for the loss caused by water
outflow towards lower aquifers. In dry periods, when evapo-
transpiration significantly exceeds the amount of precipitation,
the loss of groundwater caused by its seepage to lower aquifers
results in a significant reduction of lake recharge, or even leads
to a change in the direction of water flow in the contact zone of
the lake and water in the first aquifer. As a result, water is
drained from the lake. This phenomenon was documented in
the years 2011-2015, when the area transitioned from the state
of maximum filling of lakes and the surrounding aquifers — asso-
ciated with exceptionally high rainfall in the 2010/2011 winter
season (Nowak, 2018; Nowak and Ptak, 2019) — to the state of
the extreme hydrological and hydrogeological low-water period
in the autumn of 2015. The greatest water loss was then ob-
served in Lake Suszewskie (Fig. 6) which —although it is neither
the deepest lake nor nearest to the dewatered opencast mine —
has connections with the dewatered aquifer through a closely
adjacent hydrogeological window. The drop in the water level of
Lake Suszewskie affected the neighbouring lakes, located in
the same tunnel valley and developing a system of connected
basins due to the aggregated groundwater level and top inter-till
level in this region. As a result, these lakes in the narrow zones
separating them from Lake Suszewskie began to be drained by
the groundwater level. This pattern of impacts is supported by
observations of the water tables of these lakes and groundwa-
ter levels in their vicinity (Fig. 6), and by the water balances of
lakes in the area (Fig. 9B).

In the case of hydraulic connections of lakes with deeper
aquifers, as already mentioned above, the aquifer of the wdk
was shown to be incised by the basin of Lake Powidzkie (Fig. 8).
Indirect evidence, suggesting the hydraulic connection of the
lake with the wdk, is provided by the piezometric contours of this



Recharge and drainage of lakes in the Powidzki Landscape Park in conditions of increased anthropogenic...

213

Lake Stowikowo

Lake Stowikowo Sireckie

Lake Kownackie

Lake Pitka

Lake Biate

Lake Smolnickie

Lake Kanskie

Lake Kosewskie

L s

1) aeration zone
2) saturation zone
3) impermeable / weakly permeable sediments

Fig. 7. Contacts of lakes and groundwater in the study area (source Nowak, 2018, slightly modified)

For explanations see Figure 2
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Fig. 8. Hydraulic contacts of aquifers in the study area (source Nowak, 2018)

aquifer (Fig. 5) which in the area of Lake Powidzkie show val-
ues corresponding to the altitude of its water table. This is also
consistent with water level measurements carried out at the
closed groundwater intake at Przybrodzin (~50 m from the lake
shoreline), and in the Ostrowo research well-located on the
peninsula between lakes Powidzkie and Powidzkie Mate. The
measurement results were compared with water levels in Lake
Powidzkie. In the case of 5 measurement series carried out dur-
ing this research period, the levels at all points did not deviate
by >10 cm from each other.

The slope of the water table in the wdk level in the area of
Lake Powidzkie runs from west to east (Fig. 5), resulting in the
lake being recharged from the west by this aquifer, and drained
by it in the east. Due to the small size of the total catchment
area and large volume of Lake Powidzkie, the lake is highly de-
pendent on the resources of the wdk. In previous years, the lake
together with the Meszna River Valley constituted a regional
drainage base for this aquifer structure (Dabrowski, 1990;
Nowak, 2018). As a result of mining drainage, the eastern part
of the lake catchment was included in the drainage system as-
sociated with the depression cone of the nearby lignite open-
cast mines (Przybytek and Nowak, 2011; Nowak, 2018). As a
result of this situation, the lake is currently recharged from the
wdk level only from the west, and is drained in its eastern part

(Fig. 5). A similar situation occurred in the area of Lake Budzi-
stawskie, although it was intensified there by additional water
outflow towards Lake Suszewskie. Another lake with a similar
interaction pattern in the Park is Lake Ostrowickie. Its water
level correlates with the location of the wdk groundwater level in
its vicinity (Fig. 7). These lakes also have a similar amplitude of
water level fluctuations as has the observed wdk level. The hy-
drological low-water periods and high lake water levels are evi-
dently in line with the fluctuations of the wdk in the area (Fig. 6).
Poor renewability of this aquifer's resources and the regional
tendency to decrease its resources (Nowak, 2018) result in sig-
nificant water loss in the deepest lakes of the Powidzki Land-
scape Park.

The exploitation of groundwater for municipal and agricul-
tural purposes also plays an important role in the development
of water interactions in the study area. The impact of groundwa-
ter intakes is much smaller than that of drainage associated
with the lignite opencast mines, although it should not be disre-
garded. Their impact particularly intensifies in summer, when
groundwater intake in the region significantly increases, in par-
ticular resulting from building development in areas adjacent to
the lakes, and inflow of tourists and seasonal residents (Nowalk,
2018, 2019; Nowak and Ptak, 2019). According to the exploita-
tion logs of wells supplying water supply systems in the Powidz,
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Ostrowite and Orchowo communes, the consumption of
groundwater in the catchment of the lakes studied increased
with increase in the number of seasonal inhabitants. By com-
parison with the winter and summer months in holiday resorts,
the increase reached 300-400% (Fig. 10). Moreover, private in-
takes function, usually not monitored and not subject to any op-
erational control. They all result in additional reduction of
groundwater resources in the region analysed, and therefore in
reduction of the size of the stream feeding the lakes. They are
particularly important in the eastern part of the area described,
located within a depression cone associated with drainage of
the lignite opencast mines. Local depression cones associated
with municipal and economic water intakes in the region further
intensify the effect of the mine depression cone.

Another factor of anthropogenic pressure leading to the
impoverishment of water resources in the catchments ana-
lysed is diversion of water originating from mining drainage
systems and sewage treatment plants in the surrounding com-
munes. Mine waters which should normally recharge lakes
from the eastern part of the discussed area are discharged to
the Struga Kleczewska River, located in a different catchment
system. A similar situation occurs in the case of sewage treat-
ment plants supporting the Powidz, Kleczew, and Ostrowite
communes. Purified water is channelled accordingly to the
Struga Bawdt, Struga Kleczewska and Struga Biskupia rivers
(Fig. 11) and are therefore permanently lost from lake catch-
ments.

The example of the Powidzki Landscape Park involves one
more anthropogenic factor modifying the direction and flow of
groundwater in the area of the lakes. Damming of a lake leads
directly to an increase in the water level of the lake itself and in
its vicinity. Depending on the type of sail surrounding the lake,
the thickness of the aquifer, shape of the groundwater table,
and dammed water column, this rise may impact across dis-

tances of several hundred metres to several kilometres. The
area covered by the damming effect experiences an evident in-
crease in the amount of static groundwater resources. Such an
effect was observed in the area of Lake Suszewskie. Its
dammed-up water was recharging lakes including Lake Budzi-
stawskie (Fig. 9B). The high water table in the lake caused by
damming, while maintaining the same reference level in the
higher elevated zones, also results in a decrease in the hydrau-
lic slope, and consequently in a slowdown of groundwater re-
charge to the lake.

The persistent higher water level in the lake and in the as-
sociated upper aquifer with a low rise at deeper levels leads to
a significant increase in water seepage towards the lower lay-
ers. Such a process is observed for the example in Lake
Powidzkie and its surroundings. The lake has been being
dammed for many years, but at the end of 2010 the valve regu-
lating the outflow from the lake was rebuilt, resulting in a
change in the water management procedures at the facility.
The commissioning of the new valve coincided with very high
rainfall in the study area (Nowak, 2018; Nowak and Ptak,
2018). As a result, the lake water level increased very rapidly,
and over the next several years, despite the occurrence of dry
years, it remained in the medium-high state. High precipitation
in the winter season 2010/2011 also caused an increase in the
groundwater level due to the isolation of deeper aquifers from
the terrain surface (Figs. 2 and 3). The increase was not as
rapid as in the nearby lake. As aresult, at least temporarily, the
direction of groundwater flow in the vicinity of the lake was re-
versed. For several months, groundwater was recharged from
the lake both in its eastern and western parts. A similar situa-
tion concerned other dammed lakes: Ostrowickie, Niedziegiel,
and Suszewskie. In those cases, the lakes significantly con-
tributed to the restoration of deep aquifers.
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CONCLUSIONS

The results of this study show that the lakes of the Powidzki
Landscape Park are the primary drainage bases for groundwa-
ter. In selected cases, particularly within areas with anthropo-
genic disturbances, they may also constitute a recharge zone,
especially for largely exploited, deep, and poorly renewable
aquifers.

Depending on the size and depth of the lakes in the study
area, they are of local, transitional, or regional importance for
aquifers. The deeper and larger the lake, the wider its impact.
The example of the lakes discussed shows that small and shal-
low lakes usually drain the first aquifer with a small extent. The
boundaries of the area usually coincide with, or only slightly ex-
ceed, the direct surface catchment of the lake. Deeper lakes in
hydraulic contact with deep aquifers drain areas far beyond
their catchment area, often exceeding the surface watershed.
This is the case for lakes Powidzkie, Ostrowickie, and Budzi-
stawskie. Their water levels largely depend on the location of
the groundwater level in major aquifers of regional importance.
This is reflected in the prolongation of the period of low lake wa-
ter levels compared to shallower lakes in the vicinity affected by
the same meteorological factors.

In exceptional situations, lakes constitute a water reservoir
for deeper aquifers and for adjacent areas recharged with
groundwater under normal conditions. The former was ob-

served in the case of lakes with flat wide shores overgrown
with water-consuming vegetation. In such zones with very high
evapotranspiration, during hot and dry periods, the groundwa-
ter flow direction is reversed, and the areas receive water pri-
marily from the lake. In the latter case, the deeper aquifer in
contact with the lake has a reduced hydrostatic pressure, and
its water level is lower than the lake water level. Such condi-
tions were found primarily in the northeastern part of the Park
near lakes: Budzistawskie, Wilczyriskie, and Suszewskie with
catchments located in the depression cone of the Jézwin Il B
lignite opencast mine. As a consequence, in the zone of hy-
draulic contact between the lakes and the drained aquifer, the
direction of groundwater flow has been reversed, and water
from the lake is currently seeping into the aquifer which is be-
ing drained. A similar situation was observed in the case of
lakes Powidzkie, Ostrowickie, and Niedziegiel, although in
their case a part of the former recharge area was excluded.
Here, an increase in recharge of water accumulated in the lake
basin to lower aquifers is additionally intensified by their
damming.

As a result of such close hydraulic contacts with deeper
aquifers, showing an evident tendency for decreasing water lev-
els, deep lakes from the study area show very high water loss
and low capacity to rebuild these resources. Some of the shal-
low lakes located in the same tunnel valleys as the deep and
large lakes respond in a similar way.
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