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Abstract: The aim of the work was to determine whether the waste accumulated on the reclaimed
sedimentary pond near the Janikosoda Production Plant in Janikowo is still a source of pollution
of groundwater. On one of the ponds near the Production Plant in Janikowo, three points were
located, in which drilling was done up to the bottom of the layer of solid waste. In each point,
samples of sediments were taken to determine electrolytic conductivity and chloride concentration.
In order to examine the level of groundwater pollution in the area of the Production Plant, four points
around the sedimentary ponds were identified, in which regular monitoring of chloride ions has been
carried out since the 1980s. Based on analysis, it was concluded that chlorides are leached from the
sediments deep into the soil profile by rainwater and, with high probability, also by water seeping
from the adjacent slag pond. Sedimentary ponds are still an important source of pollution released
into soils and groundwater around the plant. Nevertheless, chloride concentration in solid waste and
groundwater in the area of sedimentary ponds has decreased in the last 20 years.

Keywords: soda ash; sedimentary ponds; waste; Solvay method; chlorides; electrolytic
conductivity; monitoring

1. Introduction

The turn of the 19th and 20th centuries was synonymous with the rapid development of industry,
which often led to major changes in all elements of the natural environment (soils, groundwater,
surface water, air, plants, animals) [1–4]. A great example of this is the chemical industry related
to the production of soda ash—formerly by the Leblanc method, now by the Solvay method.
The implementation of the Solvay process was supposed to be a step towards ecologization of the
production of soda ash [3,5]. The raw materials used in the production are primarily brine, limestone and
coke. Nevertheless, in this technology, high quantities of solid and liquid waste are generated [2,5–9].

Wastewater from the Janikosoda Production Plant (Poland)—a producer of, among others, soda
ash—is characterized by a liquid consistency, an alkaline reaction and high concentration of calcium
salts (in the form of hydroxides, carbonates, and chlorides). This wastewater, after initial treatment, is
discharged to sediment ponds, where its temperature is lowered and the suspended matter settles
to the bottom, forming solid waste [8,9]. For each kilogram of soda ash, approximately 0.5 kg of
sodium chloride and 1 kg of calcium chloride is formed [3,4]. A significant amount of liquid form, high
salt concentration and high wastewater reactions create technical, economic and ecological problems.
The deposition of strongly saline waste products in the sedimentary ponds without proper sealing,
located directly on permeable grounds, contributes to the salinisation of groundwater, surface water
and soils [3,5,6,8,10–18].

Contact with waste from the soda ash industry changes the properties of soils and groundwater.
They are characterised by higher electrolytic conductivity (EC) and sodium, chlorides and calcium
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concentrations [8–10,12,15,17,19]. Chlorides became an excellent indicator of the surface and
underground water pollution caused by waste from soda production [10,20]. These ions remain
in the environment dissolved in water or in the form of easily soluble salts, because they do not form
insoluble compounds and are not sorbed by soil material or bottom sediments in surface waters.
They are also not emitted to the atmosphere. Such properties of chloride ions mean that they accompany
the water cycle from their source [5,20–23].

The aim of the work was to determine whether the waste accumulated on the reclaimed sedimentary
ponds near the Janikosoda Production Plant in Janikowo is still a source of pollution of groundwater.

2. Materials and Methods

2.1. Characteristics of the Research Area

Sedimentary ponds of the Janikosoda Production Plant are located at the northern end of Janikowo.
Some of them are unused and are now reclaimed. Others are ash and lime fertilizer storages. There is a
municipal waste landfill in the direct neighborhood of lime fertilizer storage (Figure 1).
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Deposition of the suspension from the discharged wastewater at the bottom of the ponds 
resulted in the necessity of raising their walls. Nowadays, ponds form a heap ofseveral meters above 
the natural ground level (Figure 2). In the past, the most polluted wastewater was discharged to pond 
8 (Figure 1). According to the plant’s internal documentation (not published), initially, it was the 
effluent formed in the production of soda ash that was characterized by a concentration of chloride 
ions in the range 70–80 g/dm3. In the years 1988–1991, leachate from Salt Works was directed there, 
in which the chloride concentration was even 200 g/dm3. After 1991, the pond was no longer flooded, 
and in 2002 its surface was reclaimed. Sedimentary pond 8 borders with a pond to which slags have 

Figure 1. Location of sedimentary ponds (G1–G3 are the waste sampling points, and W1–W4 are the
underground water sampling points). Source: own study.

Deposition of the suspension from the discharged wastewater at the bottom of the ponds resulted
in the necessity of raising their walls. Nowadays, ponds form a heap ofseveral meters above the
natural ground level (Figure 2). In the past, the most polluted wastewater was discharged to pond 8
(Figure 1). According to the plant’s internal documentation (not published), initially, it was the effluent
formed in the production of soda ash that was characterized by a concentration of chloride ions in the
range 70–80 g/dm3. In the years 1988–1991, leachate from Salt Works was directed there, in which the
chloride concentration was even 200 g/dm3. After 1991, the pond was no longer flooded, and in 2002
its surface was reclaimed. Sedimentary pond 8 borders with a pond to which slags have been directed
since at least 1985, with lower salt concentrations than wastewater from soda production (Figure 1).
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Figure 2. Heaps formed by sedimentary ponds: view from the north-east corner (a) and from the 
north, near piezometer W2 (b). In Figure 2b there is visible flooding area, which began to appear as 
the height of heaps increased. Source: own study. 

At pond 8, three points were located: G1–G3 (Figure 1), in which drilling was made up to the 
bottom of the waste layer, i.e., 12.7–13.9 m below ground level. The soil profile of each point is shown 
in Figure 3. 
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In order to examine the level of groundwater pollution in the area of the production plant, four 
points around the sedimentary ponds were identified, W1–W4 (Figure 1), in which regular 
monitoring of water quality has been carried out since the 1980s. All the piezometers have a filter in 
the Quaternary aquifer. Their specification is shown in Table 1. 
  

Figure 2. Heaps formed by sedimentary ponds: view from the north-east corner (a) and from the north,
near piezometer W2 (b). In Figure 2b there is visible flooding area, which began to appear as the height
of heaps increased. Source: own study.

At pond 8, three points were located: G1–G3 (Figure 1), in which drilling was made up to the
bottom of the waste layer, i.e., 12.7–13.9 m below ground level. The soil profile of each point is shown
in Figure 3.
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In order to examine the level of groundwater pollution in the area of the production plant, four
points around the sedimentary ponds were identified, W1–W4 (Figure 1), in which regular monitoring
of water quality has been carried out since the 1980s. All the piezometers have a filter in the Quaternary
aquifer. Their specification is shown in Table 1.



Water 2020, 12, 536 4 of 10

Table 1. Specification of piezometers W1–W4. Source: own study based on internal, not published,
plant’s documentation.

Piezometer Date of
Establishment

Depth [m below
Ground Level]

Depth of the Filter
[m below Ground Level]

W1 1982 13 11.5–12.5
W2 1989 20.1 19–20
W3 1982 13 11.5–12.5
W4 1982 13 11.5–12.5

2.2. Examination of Waste and Groundwater Samples

During drilling works, sediment samples were taken every 1 m deep at points G1–G3 (Figure 1).
In order to examine the EC of the sediment water extract, 50 g of waste (without drying) was weighted
into a vessel and then 100 g of distilled water was added. The contents of the vessel were shaken for
about 1 minute. The EC was measured directly in the field.

In addition, the chloride content was determined in two samples of soil from each point, one from
the top and another one from the bottom of the layer of plastic, moist lime. The purpose of this was
to assess if chlorides had already been rinsed out of the layer where the water flow was the highest.
The chlorides were determined by applying the Mohr method in accordance with EN 12457-2:2002 [24]
and ISO 9297:1989 [25].

The sampling of water for analyses was carried out in accordance with ISO 5667-20:2008 [26], with
a frequency resulting from the production plant’s environmental monitoring programs applicable in a
year of measurements. Chloride ion concentrations, determined in accordance with ISO 9297:1989 [25],
were analyzed in all measurement history available for these points.

3. Results and Discussion

3.1. Electrolytic Conductivity of Waste Samples

The results of the EC of water extracts of the solid waste taken are presented in Figure 4. They show
that the pond is characterized by a rapid increase in conductivity with depth. The lowest one occurs
just below the layer of soil or embankment and ranges from 0.6 to 7.3 mS/cm. However, the highest
values in points G1 and G2 are in the bottom layer of waste, at a depth of over 12 m below ground level,
and range from 48.3 to 54 mS/cm. In point G3, the highest value occurs at a depth of 3 m below ground
level and is equal to 49.8 mS/cm. The most rapid increase in the EC is observed in the upper layer of
drilled sediments, up to about 6 m below ground level in the points G1 and G2 (where it reaches the
value of 30–45 mS/cm) and up to about 3 m below the ground level in point G3 (where it is equal to
50 mS/cm). Below those depths, a further large increase is observed only at point G1. In other points,
values are changing in a similar range.

It is worth noting that at point G1, which is located closest to the slag ponds, a gradual increase in
electrolytic conductivity is observed, reaching the maximum at the bottom of the waste layer (Figure 4).
It is different at points G2 and G3, which are further away from the slag ponds; there, high values
already occur at smaller depths, after which they remain at a similar level. This may indicate the
filtration of less polluted waters from the sedimentary pond, leaching ions from surface of waste heap
and transporting them to the lower layers at point G1 [27–29]. This phenomenon does not occur at G2
and G3, hence the ions are washed away there much more slowly (only by infiltrating rainwater) and
their higher concentrations persist at small depths.
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Figure 4. Electrolytic conductivity of water extracts of solid waste collected at the pond 8. Source:
own study.

Research carried out by Wiatrowska et al. (2018) [30] consisted, among other things, of measuring
the EC in soil samples taken from two depths from the area adjacent to the sedimentary ponds of the
soda ash plant in Inowrocław. At the first depth (0–0.2 m below ground level), the EC was found to be
from 0.91 to 15.43 mS/cm (the average result was 2.05 mS/cm), while deeper (0.8–1 m below ground
level), the EC was observed in the range 1.06–87.2 mS/cm (the average result was 9.87 mS/cm). Piernik
et al. (2015) [17] obtained even higher EC values in the upper soil layer near the plant in Inowrocław.
The results ranged from 16.2 to 141 mS/cm (when the average value was 58 mS/cm). These results
testify to the high concentrations of ions in the ground in the area of sedimentary ponds, which are
therefore still a source of the release of ions that cause high EC and the spread of salinity to areas
adjacent to the ponds.

Ion concentrations, the indirect measure of which is EC, are still very high in the waste forming
the heap. The process of leaching them from the aeration zone of soils is very slow [5,31]. This is
why they will be a source of pollution of the surrounding lands and groundwater for many more
years. For comparison, the Soda Production Plant SOLVAY in Cracow (Poland) ended their production
activity in 1990. In the topsoil on the area of former sedimentary ponds, the EC is in the range of
0.2–1.59 mS/cm [9]. Research carried out in 2013 [32] proved the still existing, significant impact of
former settlers on the deterioration of water quality in the Wilga river. However, a lower level of
pollutant penetration into the river, compared to previous years, was observed [32]. Another study [5]
shows that there is still impact of an over one hundred-year-old heap of soda ash waste in Jaworzno
(Poland) on the soil environment in its vicinity. Production by the Solvay method took place there
from 1885 to 1909, but concentrations of metals characteristic for this industry are still higher than
those of Polish soils generally [5].

3.2. Chloride Ion Concentration in Waste Samples

Figure 5 shows the concentration of chloride ions in samples of solid waste taken at pond 8.
Similarly to electrolytic conductivity, the chloride content in the sediments increases with depth. In the
layer at the ground, it is less than 10 g/(kg DM) (in G1 and G2 points); at a depth of 5–6 m below
ground level, it is much higher (43–66 g/(kg DM), in points G1 and G2, respectively, or almost 130 g/(kg
DM) in point G3) and reaches its highest value of about 155 g/(kg DM) in point G3 at a depth of 12.7 m
below ground level.



Water 2020, 12, 536 6 of 10
Water 2020, 12, 536 6 of 10 

 

 
Figure 5. Concentration of chloride ions in solid waste samples collected at pond 8 (points G1–G3 
were drilled as part of ongoing work; points JAN are the average results with minimum and 
maximum values obtained by the Janikosoda Production Plant in 1994–1996). Source: own study 
based on [11]. 

Considering the chloride ion concentration in wastewater directed to pond 8 in the past (up to 
200 g/dm3), the results show a reduction in the concentration of these ions, especially in the upper 
sediment layer (to a depth of 5–6 m below ground level). Comparing them to the results obtained by 
Janikosoda in the years 1994–1996 (point JAN in Figure 5) [11], it can be seen that the chloride 
concentration at the surface practically did not change, but a decrease in their content occurred at 
deeper levels (up to 6 m below ground level) in the last 20 years. At a depth of 5–6 m below ground 
level, the lowest chloride ion concentration is in the G1 point, slightly higher in the G2 point and the 
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from the adjacent slag ponds (Figure 1). In point G1, located closest to these ponds, the degree of 
reduction of these ions’ concentration is the highest. In the G3 point, furthest from slag ponds, the 
degree of the decrease is the lowest. Properties of chlorides mean that they are not retained in the 
soil, but are migrated from the pond washing water (rain or infiltrate from the neighboring slag pond) 
[1,8]. Concentrations of chloride ions in the sediments near the sedimentary ponds of soda production 
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Figure 5. Concentration of chloride ions in solid waste samples collected at pond 8 (points G1–G3 were
drilled as part of ongoing work; points JAN are the average results with minimum and maximum
values obtained by the Janikosoda Production Plant in 1994–1996). Source: own study based on [11].

Considering the chloride ion concentration in wastewater directed to pond 8 in the past (up to
200 g/dm3), the results show a reduction in the concentration of these ions, especially in the upper
sediment layer (to a depth of 5–6 m below ground level). Comparing them to the results obtained
by Janikosoda in the years 1994–1996 (point JAN in Figure 5) [11], it can be seen that the chloride
concentration at the surface practically did not change, but a decrease in their content occurred at
deeper levels (up to 6 m below ground level) in the last 20 years. At a depth of 5–6 m below ground
level, the lowest chloride ion concentration is in the G1 point, slightly higher in the G2 point and the
highest in the G3 point. One possible reason for this may be chloride leaching through the leachate
from the adjacent slag ponds (Figure 1). In point G1, located closest to these ponds, the degree of
reduction of these ions’ concentration is the highest. In the G3 point, furthest from slag ponds, the
degree of the decrease is the lowest. Properties of chlorides mean that they are not retained in the soil,
but are migrated from the pond washing water (rain or infiltrate from the neighboring slag pond) [1,8].
Concentrations of chloride ions in the sediments near the sedimentary ponds of soda production plants
are higher than in the area of municipal or even industrial waste landfills, where they most often reach
a maximum of a few g Cl−/dm3 [33–36].

Wiatrowska et al. (2018) [30] tested about 60 soil samples taken from the vicinity of the ponds of
the Production Plant in Inowrocław for chloride content. Results for the first depth of 0–0.2 m below
ground level ranged from 0.0142 to 1.971 g/(kg DM) (the average result was 0.1093 g/(kg DM)), while
for the second depth, 0.8–1 m below ground level, results were in the range of 0.0071–6.271 g/(kg DM)
(the average result was 0.6056 g/(kg DM)). Similarly to the high electrolytic conductivity, the high
concentration of chlorides in the ground in the area of sedimentary ponds proves that this area is
contaminated with waste from the production of soda ash. These results are confirmed by Piernik
et al. (2015) [17] and Strzelecka et al. (2011) [10]. The authors have shown that the mean chloride
content in soil on agricultural fields neighboring with the production plant in Inowrocław was equal
to 35.5 g/dm3 and varied from 9.9 g/dm3 to 115 g/dm3.

One of the possible ways of managing the waste deposits from the production of soda ash is
their agricultural use [3,8]. However, it should be remembered that the excess of Cl− ions may cause
disturbances in the ionic economy of the plant, caused by the limited uptake of K+, Ca2+, Mg2+, and
NO3

− ions. Disruption of the synthesis of many basic organic compounds is the cause of yellowing
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of leaves, tissue dieback and inhibition of cell division, among others, cambium cells and apical
meristem [37–40]. For this reason, despite the fact that waste deposits are abundant in calcium, sodium,
potassium and magnesium nutrients, their agricultural use for plant fertilizing seems to be excluded
due to the high concentration of chlorides.

3.3. Chloride Ion Concentration in Groundwater

The concentration of chlorides in groundwater collected from piezometers located around
sedimentary ponds is shown in Figure 6. The level of these ions in W1 in the entire history of
measurements (since the early 1980s), despite fluctuations, generally remains at a similar level of about
35–45 g/dm3. Concentrations in all other points have decreased since the 1980s, decreasing in W2 in
recent years by up to 80%, in W3 by over 90%, while in W4 by almost 100%.
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Figure 6. Concentration of chloride ions in groundwater collected from piezometers located around
sedimentary ponds. Source: own study.

The quality of groundwater indicates its contact with wastewater discharged to the sedimentary
ponds. The reason of this may be the leaky bottom of the pond, which means that the leachate
created by infiltrating rainfall, penetrating through its subsoil and escarpments, becomes a source
of a long-term soil and groundwater pollution [1,2,5]. However, due to the cessation of wastewater
discharge to pond 8 and leaching of pollution by infiltrating rainwater [41,42], the content of chloride
ions in groundwater is reduced compared to the 1980s. The improvement of its quality is also a result
of actions taken by the plant to reduce the environmental impact of waste and limit leachate leaks,
such as constructing drainage barriers, limiting use, sealing and reclaiming sludge ponds or starting
the waste utilization process.

As a result of testing the shallow groundwater samples by Wiatrowska et al. (2018) [30] near
sedimentary ponds in Inowrocław, it was found that their chloride content was in the range of
0.028–16.522 g/dm3, with an average value of 1.364 g/dm3. Similar concentrations are observed at
points W2–W4 in Janikowo, however, point W1 is characterized by about twice as high a concentration
(Figure 6). A high chloride concentration of up to 51 g/dm3 in groundwater near soda ash production
plant is confirmed by Strzelecka et al. (2011) [10] and Kaczor-Kurzawa (2018) [16]. Further from the
heap, it already contains less chloride ions (up to 1.76 g/dm3) [15]. Wastewater generated in the soda
production process using the Solvay method in the state of Gujarat, in India, is discharged into the
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Arabian Sea and has a chloride concentration close to 100 g/dm3 [18]. In Polish production plants using
the Solvay method, chloride concentration reaches 60–80 g/dm3. Therefore, it should be noted that
since the 1980s, when the chloride concentration in groundwater was sometimes equal to the chloride
concentration in post-production wastewater, there have been major changes and these levels are now
several times lower (Figure 6).

Research conducted by Sapek (2009) [21] included the determination of chlorides in over 3500
samples of groundwater collected in rural areas in various parts of Poland. They showed that the
chloride content in the tested samples ranges from 0.034 to 0.272 g/dm3, which is much lower than
those obtained in Janikowo. Groundwater is therefore contaminated with waste from the production
of soda ash. Pursuant to the Polish Ministry of Environment (2017) [43], water intended for human
consumption must not contain more than 0.25 g/dm3 chloride. This requirement is not met at any of
the points examined.

4. Conclusions

Based on the results, the following conclusions were drawn:

• Waste deposits accumulated in the former sedimentary ponds are characterized by high electrolytic
conductivity and high concentration of chloride ions, which excludes their agricultural use;

• Chlorides are leached from the sediments deep into the soil profile by rainwater and, with high
probability, also by water seeping from the adjacent slag pond;

• Sedimentary ponds are still an important source of pollution released into soils and groundwater
around the plant;

• Chloride concentration in waste has decreased in the last 20 years;
• Quality of groundwater in the area of sedimentary ponds has improved in the last 30 years in

terms of chloride ion content, but still is not proper for human consumption.
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2. Urbańska, J.; Urbański, K. Selected aspects of reclamation of soda waste landfill sites. Geomat. Environ. Eng.
2012, 6, 83–90. [CrossRef]

3. Kasikowski, T.; Buczkowski, R.; Lemanowska, E. Cleaner production in the ammonia–soda industry:
An ecological and economic study. J. Environ. Manag. 2004, 73, 339–356. [CrossRef] [PubMed]

4. Matthews, D.A.; Effler, S.W. Decreases in pollutant loading from residual soda ash production waste. Water
Air Soil Pollut. 2003, 146, 55–73. [CrossRef]

5. Sutkowska, K.; Teper, L.; Stania, M. Tracing potential soil contamination in the historical Solvay soda ash
plant area, Jaworzno, Southern Poland. Environ. Monit. Assess. 2015, 187, 704. [CrossRef] [PubMed]
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10. Strzelecka, J.; Dąbrowski, M.; Hulisz, P.; Piernik, A. Changes in soil properties and plant biomass under the
influence of soda waste ponds in Inowrocław, Poland. Ecol. Quest. 2011, 14, 69–71. [CrossRef]

11. Siuta, J. Reclamation efficiency of sewage sludge at the post-sodium waste landfill in Janikowo. Inż. Ekol.
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