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Introduction

Lakes are invaluable and important objects 
in geographical space as they are natural reservoirs 
which determine water circulation in a basin. They 
may have both drainage and alimentation functions. 
Unfortunately, finding lakes’ water balance may pose a 
number of problems arising from the lack of informa-
tion on their underground water supply. This is due 
to poor hydrogeological analysis of the areas where 
lakes are located, as well as the lack of an appropri-
ate monitoring network. Therefore, the most common 
method to evaluate the quantity of lake underground 
alimentation is the assumption that the underground 
inflow and outflow are equal, or an approximation of 
its value calculated from the balance difference. 

One way of lake alimentation is concentrated 
surface outflow, resulting from the merger of several 
streams flowing from their own springs or supply from 
a spring located directly beside the lake basin (some 
springs can be submerged at high water levels). The 
second type happens through the bottom of the lake 

basin (intersection of aquifers, springs) (Shanks and 
Callender 1992). There is little literature on the number 
and yield of groundwater outflows, and nearly none on 
springs in lake bottoms. Exceptions are the works of 
such authors as Choiński et al. (2008), Choiński and Ptak 
(2012). Most literature describes the exchange between 
lakes and groundwater in the littoral zone (Schuster et 
al. 2003; Kidmose 2010), the hydrochemical issues of 
groundwater surface water contact (Dash et al. 2008), 
estimating ground-water exchange with lakes using wa-
ter-budget and chemical mass-balance approaches for 
lakes (Sacks et al. 1998), the spatial patterns of stream 
alimentation in lowland areas (Stach et al. 2003), the in-
fluence of basin morphology on groundwater outflow 
(Zecharias and Brutsaert 1998), including the theo-
retical exchange of nutrients between lake and under-
ground waters (Kitheka et al. 1999; Li and Wang 2007), 
modelling the mechanisms of pollutants (Artfib et al. 
2002), as well as the processes and effects of exchange 
between lake sediments and near-bottom lake water 
(Engstrom and Swain 1986; Rainey et al. 2000; Oxtobee 
and Novakowski 2002; Kaleris 2006) and so on. 
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Groundwater outflows are an important ele-
ment of water circulation. They serve as a link between 
groundwater and surface water. Their occurrence is 
closely related to specific geological conditions, terrain 
and climate. The favourable conditions for the occur-
rence of numerous outflows include varied terrain, al-
ternated permeable and impermeable layers, and rela-
tively high rainfall supply. The groundwater outflow, 
as understood in this paper, is where a natural, concen-
trated or non-concentrated subsurface water outflow 
occurs on the land surface or in the bottom of a water 
body or watercourse. An important type of spring, di-
rectly related to the topic of the paper, is a submerged 
spring. In this case, the place of water outflow is be-
low the water table (Younger 2009). Such outflows are 
mostly located in the bottom of a river bed which in-
tersects the aquifer or uncovers a gap which leads to it. 
Another type of underwater spring is a pool spring. It 
is formed in the bottom of a small reservoir formed at 
the obstruction of water (Fetter 2009). In terms of the 
subject matter of this paper, the most important water 
source type is an under-lake spring. Such springs occur 
in the bottoms of lakes the basin of which intersects an 
aquifer (Hiscock 2010) (Fig. 1).

The aim of this study was to locate and describe 
groundwater outflows in a selected lake basin. The 

study hypothesis was based on the fact that, according 
to the specialist literature, one of the forms of lake water 
supply is through groundwater outflows. It was also as-
sumed that the lakes of the Kashubian Lake District are 
characterised by such a form of lake water supply.

The time scope of the work included the peri-
od from January 2011 to September 2012. The spatial 
scope of the work included the area of Lake Raduńskie 
Górne, located in the Kashubian Lake District in north 
Poland. The research plot was in the north-eastern 
part of the lake.

Methodology and methods

Locating potential areas where underground wa-
ter outflows could be required the investigation of all 
possible sources of cartographic and scientific literature 
and consultation with the employees of such institu-
tions as the Polish Geological Institute in Gdańsk and 
the Department of Biology of the University of Gdańsk.

In early February 2011, in consultation with 
Dr. J. Dworniczak from the Department of Geomor-
phology and Quaternary Geology at the University of 
Gdańsk, the authors obtained information that Lake 
Raduńskie Górne was measured by a seismoacoustic 
probe. As a result, a seismoacoustic chart was obtained 

Fig. 1. Direction of movement of groundwater in the environment (Hiscock 2010): a – water supply in unsaturated soil zone, b – shallow 
groundwater flow, c – groundwater discharge to stream, d – tile drain, e – runoff, g – power source
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(Fig. 2), where at one point a disorder in the bottom 
of the water body was recorded. It was considered that 
the layer of sediment at the bottom was discontinuous, 
which might be a potential place of a water outflow. 
This place is located on a slope at a depth of about 37 
m. The location of this site makes it very difficult to 
study and thus its penetration was abandoned.

Biological conditions (underwater vegetation) 
indicating the occurrence of springs at the bottom of 
the basin of Lake Raduńskie Górne were presented by 
Dr. K. Bociąg from the Department of Plant Ecology 
at the University of Gdańsk. Based on her own ob-
servations she stated that “at a depth of about 6-8 m 

water was visibly clearer than anywhere else (less sus-
pension, including plankton) and cooler”. Therefore, at 
this transect the underwater vegetation was recorded 
deeper than in other places in the lake. The substrate 
in the area was sandy-gravelly. The only reasonable 
explanation for this phenomenon was groundwater 
supply in this area.

As a result, on the basis of the above informa-
tion, Lake Raduńskie Górne, a channel lake, was se-
lected for further study. This object was selected due 
to its large morphological differentiation with a se-
quence of alternating permeable and impermeable de-
posits, as well as the discontinuity of the aquifers and 

Fig. 2. Print-out from the seismoacoustic probe on Lake Raduńskie Górne
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their varied thickness. The last condition conducive to 
the occurrence of groundwater outflows is the pres-
ence of a perched water table. Another consideration 
regarding the choice of this lake was the water balance 
calculated by Okulanis (1981), in which he proved 
that the underground water supply in the case of this 
water reservoir is very large. The significance of un-
derground water supply is also indicated by a relative 
stability of the water table. The amplitude of the water 
table fluctuations is only a few centimetres per year.

Further studies on the selected lake were car-
ried out in the field. First of all, a test polygon was 
selected (Fig. 3).Office works were aimed at gathering 
and studying source materials and maps. Cartograph-
ic materials were analysed with the use of the MapInfo 

Professional 9.5. The purpose of the field work was to 
find the groundwater outflows in the basin of Lake 
Raduńskie Górne. During the field research diving 
was carried out in the lake. During the dive audiovis-
ual documentation was conducted using a Nikon D90 
camera with Ikelite underwater housing for Nikon 
D90 and an Ikelite DS 161 movie substrobe, as well as 
a GoPro HD HERO 2 Outdoor camera.

The first dive was performed on 28 and 29 
January 2012. The next ones were performed on 23 
March 2012, 18 April 2012 and 6 September 2012. The 
bathymetric plan was developed using the Echosound 
FISHFINDER 300C by the company Garmin as well 
as the GPS ETRAX LEGEND by Garmin.

Fig. 3. Location of a test polygon
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Study area

Surface water. Lake Raduńskie Górne is part of a 
complex of Raduńsko-Ostrzyckie Lakes, the total wa-
ter surface area of which is 21.65 km2. Hydrographi-
cally, these lakes are located in the upper reaches of 
the catchment of the River Radunia. On the one hand, 
they serve as the main source of water supply for 
the Radunia, and on the other they create a natural 
complex of retention reservoirs (Okulanis 1981). The 
drainage structure of the upper Radunia’s catchment 
contains 15 water bodies with a total length of 48.1 
km. The series of these water bodies is connected with 
short inter-lake links. The characteristic association of 
the area and line objects in a consistent surface water 

drainage system means it can be defined as a fluvial-
lacustrine system.

The surface water table of Lake Raduńskie 
Górne is 380.5 hectares, of which 0.7 hectares are oc-
cupied by two islands: one is located in the centre, 
while the other in the northern part of the reservoir. 
The shoreline development ratio is 2.44.

The relief of the bottom of the entire lake is 
very diverse and has many shallow and deep parts. 
The greatest depth reaches 43 m, and is located in the 
middle of the water reservoir. This depth makes Lake 
Raduńskie Górne the deepest water body in the catch-
ment of the upper Radunia, also in terms of the aver-
age depth (15.5 m) (Fig. 4).

Fig. 4. Bathymetric plan of Lake Raduńskie
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Groundwater. The shallowest level of groundwa-
ter in this area is in the river valleys and in the vicinity 
of water bodies. In general, its depth does not exceed 1 
m. Shallow groundwater is also found in the wetlands 
in depressions, underlain by poorly permeable sedi-
ments.

The only aquifer found in the research area is a 
quaternary one (PIG 2000). Its outwash level is sup-
plied directly by infiltration. It is drained by water 
bodies and small watercourses. The top of the outwash 
level is found at depths from 10 m to 25 m. In depres-
sions this depth is lower than 5 m. The average value 
of the rate of infiltration is 43.2 m day–1, up to 99.4 m 
day–1. The free water table is tilted towards the south. 
It stabilises at the elevation of about 160 m above sea 
level (PIG 2000).

The first inter-moraine aquifer occurs in subgla-
cial channels. In the lakes’ vicinity it is poorly isolated. 
In the channels the aquifers’ depth is lower than 10-15 
m, and in the plateau area it is 50 m. This aquifer is 
characterised by a high rate of infiltration ranging from 
20 to 40 m s–1, max up to 84 m s–1. The depth of the sec-
ond inter-moraine level depends on the ground surface 
elevation. In the area of moraine peaks it is higher than 
100 m, and in the other areas in the range of 50-100 m 
(Fig. 5). The rate of infiltration is in the range of 5-25 m 
day–1. The thickness is from 15 to 40 m.

The analysis of the hydrogeological conditions 
shows that between the outwash and inter-moraine 
levels there is local groundwater flow, which directs 
the shallow water circulation. It is likely that the water 
in the deeper layers of aquifer II is indirectly involved 
in that water movement. Almost all the analysed area 
is the supply area for the regional water circulation.

These considerations indicate that in the catch-
ment area of the upper Radunia all the mentioned aq-
uifers are drained.

Lake water balance. Considering the water bal-
ance of Lake Raduńskie Górne, the part of surface 
runoff in the summer half-year (2395 mm – 52.36%) 
is slightly higher than that in the winter half-year 
(2179 mm – 47.64%). Its total during the year is 4574 
mm. The surface supply is 2096 mm, while the under-
ground supply is 2559 mm. The entire summer half-
year supply amounted to 55.3% of the total annual 
surface inflow, 24.4% out of which was the surface 
supply, and 30.9% the underground supply. Consid-
ering the winter half-year, out of 44.7% of the total 
annual inflow, 24.2% is the underground supply and 
20.5% surface supply (Okulanis 1981). 

Elements of the vertical exchange are of sec-
ondary importance and are basically counterbal-
anced. The inflow and outflow water balance of Lake 
Raduńskie Górne is presented in Figure 6. 

Results

During the dive on 29 January 2012, at a depth of 
about 6 m, a groundwater water outflow was found at 
the following coordinates: 54°14’45.9’’ N, 17°59’06.6’’ E 
(Fig. 7). A sketch of this outflow is presented in Figure 8.

The bottom of the dive site was sandy and sandy-
gravelly with scattered groups of different types of 
shells. Sand forming the bottom of the lake was dark 
because of the covering layer of sediment. The imme-
diate vicinity of the outflow at the bottom of the lake, 
however, was characterised by white patches of fresh 
sand (Fig. 9). The sand was so fresh that it was not cov-
ered with the dark sediment. A few such points with 
lighter-coloured sand were found (Fig. 10). These could 
be the places of the groundwater outflow, which in win-
ter are less efficient and disappear until the groundwa-
ter level increases. As calculated, inter alia, by Okulanis 

Fig. 5. The depth of occurrence of the main aquifer (PIG 2000)
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Fig. 6. Inflow and outflow water balance of Lake Raduńskie Górne in 1961-1970 (Okulanis 1981)

Fig. 7. Groundwater outflow at the bottom of Lake Raduńskie 
Górne (29.01.2012)

Fig. 8. Sketch of the detected outflow: a – view from the top, b – a 
larger cross-sectional perspective, c- close up cross-section
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Fig. 9. White patches around the 
groundwater outflow (29.01.2012)

Fig. 10. Points of lighter-coloured sand 
a few metres in front of the groundwa-
ter outflow (29.01.2012)

Fig. 11. Probable size of the outflow 
cone at the large underground water 
supply (29.01.2012)
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(1981) the underground supply is greater in summer 
than in winter. Such a situation may be suggested by 
the light colour of the sand (Fig. 11) extending from the 
cone at the water outflow towards the lake’s deeper part. 

The site of the water outflow is a characteristic 
cone of light sand (Fig. 7) with a depression in the 
middle. This cone was located on a steep slope. The 
force of gravity was likely to have caused the extension 
of the cone and increase of the area covered with light 
sand in the direction of the slope. The approximate 
dimensions of the cone were as follows: length - 70 
cm; width – 25 cm; height – 7 cm; length of the cone’s 
dome – 25 cm; length at which sand is sprinkled – 
45 cm; and the diameter of the hole from which the 
groundwater flows out – 8 cm.

In view of the fact that the outflows at the bot-
tom of the lake were not previously studied, it was not 
known what the pressure of the water would need to 
be for the outflow to be seen. It was a point outflow, 
which in most classifications would be called a ‘spring’ 
or, more precisely, an ‘in-lake slope spring’.

On 18 April 2012 yet another field study in the 
research area was undertaken. Then the measure-
ments were conducted to create a bathymetric plan of 
the study area. On their basis a detailed bathymetric 
plan of the research area was made (Fig. 12). It shows a 
dense network of bottom contours, which reflects the 

Fig. 12. Bathymetry of the research area and location of all under-lake springs I-IV and an unidentified depression – A

steep underwater slopes.
During the circumnavigation of the research 

area other sites of groundwater outflow were found. 
As before, they had light (fresh) sand. Due to the lack 
of equipment for underwater exploration only photo-
graphic documentation from the water level was per-
formed. Three groundwater outflows were registered. 
In terms of their structure, they resembled the first 
groundwater outflow, but in these cases the outflow 
cones were posed symmetrically around the point 
from where the groundwater was coming out. This 
was due to the small depth at which these outflows 
were located and, as a result, the flat bottom. The out-
flows were located at a depth of 0.5 m to 0.7 m, and the 
bottom slope began at around 1 m depth. Due to the 
different characteristics of the location of these out-
flows, a different name for this group of three outflows 
was suggested. They can be called ‘under-lake offshore 
springs’. These sites are located at the coordinates of 
54°14’46.8’’ N, 17°59’08.6’’ E. Similarly to the first site, 
these three offshore outflows display light-coloured 
sand, which proves its “freshness”, and a distinctive 
round shape of the cone. The approximate dimensions 
of the first of the offshore outflows were 45 cm wide 
and 45 cm long. The next two outflows were slightly 
smaller. The second was 12 cm wide and 20 cm long. 
The third outflow was 20 cm in width and 30 cm in 
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Fig. 13. Unidentified depression indicated in Fig. 12, the letter A

During the examination of the source materials 
it was noted that the literature mentions the presence 
of underground water supply in lakes and underwater 
outflows. However, so far no studies have described 
these objects. Although some authors describe the oc-
currence of such outflows they have never explored 
them. This study confirms the existence of such out-
flows, and illustrates the means which modern science 
must use in their quest.
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