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Abstract
The problem of production waste storage in open areas of an enterprise with a galvanic shop for the production of chips and 

microchips has been investigated. The composition of the sludge obtained after sewage treatment of the production of the copper 
line was investigated.

The aim of the article is to develop a mathematical model for predicting the distribution of compounds with heavy metals in 
the soil during long-term storage of galvanic sludge in open areas. Modeling the process of movement of salts from the earth’s surface 
into the lower layers of the aeration zone occurs according to the laws of molecular diffusion. The method is developed on the basis 
of a mathematical model that makes it possible to estimate the spread over the depth of the ground and level of soil salinity over time 
using initial information about soil structure and its characteristics (molecular diffusion coefficient, volume humidity), annual vo-
lumes and conditions of sludge storage in the enterprise. Restrictions are set: the presence of harmful substances on the soil surface 
with a concentration that exceeds the permissible level; inadmissibility of harmful substances to aquifers.

The practical use of the method made it possible to identify the main dangers during long-term storage of galvanic waste in 
open areas. The dynamics of soil salinity levels and the depth of penetration of heavy metals increase over twenty years of conserva-
tion has been determined, as well as the possibility of hazardous compounds entering groundwater has been assessed. 

Polyvinyl chloride packaging has a maximum life span of 15 years. Waste should not be stored in packages and in closed 
areas for more than 10 years. According to the prediction results, it can be stated that storage in landfills of galvanic waste for more 
than 15 years leads to significant salinization of the soil and creates conditions for an emergency situation, which is caused by harm-
ful substances entering the water horizons.

Recommendations for improving storage conditions are given and the need for recycling of industrial waste is substantiated.
Keywords: galvanic production, prediction, mathematical model, ingress of hazardous substances, soil salinity.
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1. Introduction
At the enterprises of the military-industrial complex, mechanical engineering, electronic 

equipment of Ukraine a galvanic (electrochemical) method is used before drawing various co-
verings: chromium-plated, copper, nickel-plated, galvanized. The main advantage of this method 
is the ability to obtain a coating of a specified thickness – from hundreds to tens of micrometers. 
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In the process of surface treatment to give them anti-corrosion and decorative properties  
a variety of reagents are used, which include heavy metals. The term «heavy metal» defines micro 
elements that can be toxic to organisms depending on their properties, chemical formation and 
concentration levels [1–3]. Heavy metals are harmful because of their long half-lives and ability to 
accumulate in different parts of the human body and the whole biosphere.

The impact of heavy metals on the environment is a well-known risk factor for cancer [4].
Heavy metal pollution of groundwater is one of the environmental problems due to its impact 

on human health [5]. Water supply worldwide is facing serious problems due to elevated concentra-
tions of heavy metals [6, 7]. Particularly dangerous are heavy metals that get into the water and are 
absorbed by phytoplankton, which can lead to their subsequent entry into human food [8]. Under 
conditions of soil contamination with heavy metals, there are problems with the adaptation of plants 
to them, because plants accumulate them [9]. These articles [8, 9] provide information on such issues.

Galvanic production is one of the most material-intensive, in which the volume of raw ma-
terials and auxiliary materials is several times higher than the yield of finished products. Conse-
quently, as a result of production the following waste is generated: electrolytes and etching solu-
tions of different composition. While mixing with water during treatment, electrolytes and etching 
solutions enter the wastewater [10].

Consequently, as a result of production the following waste is generated: electrolytes and 
etching solutions of different composition. While mixing with water during treatment, electrolytes 
and etching solutions enter the wastewater and form additional sludge [10]. The problem posed by 
the storage and disposal of solid industrial waste is discussed in the article.

Dry waste (sludge) is formed during wastewater treatment. The most dangerous com-
ponents of sludge are oxides of heavy metals. Depending on the technological features in the 
waste of various galvanic industries, heavy metals were recorded within the following limits:  
copper – (500…5600) mg/kg, iron – (750…1100) mg/kg, chromium (250…5000) mg/kg,  
nickel – (20…200) mg/kg, zinc – (100…5500) mg/kg, lead – (130…600) mg/kg, tin –  
(1200…7600) mg/kg [11]. This leads to the annual formation of up to 12,000 tons of sludge on  
the territories of Ukrainian enterprises [12]. Enterprises with galvanic shops can be the main sour-
ces of toxic heavy metals in soil, water and air. Enterprises with galvanic shops can be the main 
sources of toxic heavy metals in soil, water and air in the region. 

Due to the variety of chemical elements in the sludge and the high level of harmfulness, 
there was a problem of their storage, disposal and recycling. Long-term storage of galvanic waste is 
allowed on special sites in equipped storage facilities. However, as practice shows, artificial storage 
facilities have limited capacity and service life. Currently, the sludge is stored in open areas with the 
use of protective facing materials made of clay, polyethylene, polyvinyl chloride. Extensive flooding 
of territories and loose permeable soils in Ukraine complicate the choice of landfills for industrial 
waste and limit their area. Solid waste under the influence of precipitation, especially acid rain, 
turns into a liquid state. Such phenomena lead to the leakage of chemically active elements into the 
environment. As a result, heavy metals are contaminated not only by groundwater and surface water 
adjacent to storage sites, but also by groundwater horizons. Levels of soil and water pollution in the 
regions of Ukraine, where galvanic and painting shops are located, are significant [13].

Soil surface contamination leads to a number of problems related to soil salinity, ground-
water contamination and increased water mineralization in surface waters. According to the degree 
of salinity, soils are divided into unsalted, slightly saline, moderately saline, strongly saline [14].  
It is established that on weakly saline soils the crop yield decreases on average to 25 %, on moderately 
saline soils – up to 50 %, on strongly saline soils – up to 75 %. Soils with a salinity level exceeding 
75 % become practically unsuitable for plants of all species. As of 2018, there were 4,700 million m2 
of medium and heavily saline soils in Ukraine, which is 14.3 % of the area of agricultural land [15].

Over time, heavy metals always move to the groundwater level [16]. Nowadays, this irre-
sponsible attitude towards the disposal of industrial waste has caused a total pollution of 6 % and  
a partial pollution of 25 % of the explored groundwater reserves. 

Predicting the development of dangerous physical-chemical processes on the surface and 
deep layers of soils is one of the basic requirements for environmental safety.
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Contamination of soils, surface and groundwater is assessed by various physical-chemical 
methods. Contamination of soils, surface and groundwater are often assessed using various phy-
sical-chemical methods.

Evaluation is based on one or a group of parameters, based on large arrays of experimental 
data [17−19]. Most of the methods used to determine pollution of natural water basins are quite 
complex. Their implementation requires large amounts of experimental data, lengthy laboratory 
tests, the availability of expensive special equipment, special computer software packages [20].

The above information makes it important to develop a method for predicting the levels  
of possible soil and groundwater pollution using mathematical models to obtain quick and in-
formative solutions. The aim of the article is to develop a mathematical model for predicting the 
distribution of compounds with heavy metals in the soil during long-term storage of galvanic 
sludge in open areas.

The aim of the article is to develop an analytical method for predicting the distribution of 
compounds with heavy metals in the soil during long-term storage of galvanic sludge in open areas.

To achieve this aim, one needs to solve the following problems:
1. Analyse the experimental data on the qualitative and quantitative composition of the 

sludge that are formed in the galvanic shop at the manufacture of chips.
2. Develop a mathematical model of the distribution process of heavy metals, in the soil, 

which lead to salinity of the soil and pollution of groundwater. Based on the model, create a method 
for predicting the depth and concentration of contamination.

3. Check the reliability of the developed mathematical model and method, created on its basis.
4. Suggest proposals for implementation of the obtained results.

2. Materials and Methods
A method for predicting soil contamination in the sludge storage area is proposed. Modeling 

the process of movement of salts from the earth’s surface into the lower layers of the aeration zone 
occurs according to the laws of molecular diffusion.

The research methodology is based on the use of the theory of physical-chemical hydrody-
namics of porous media. The process of motion of metal salts can be described by the differential 
equation of motion and conservation of mass of matter for vertical mass transfer of matter [21]. 
The presence of sludge on the soil surface corresponds to the boundary condition of the first kind:

 D
d C

dX

dC

dT

2

2 = Θ ,  (1)

where D – molecular diffusion coefficient, m2/s; C – salinity of the soil (rocks), %; Θ – volumetric 
humidity, %; X – spatial coordinate, m; T – time coordinate, s.

The analytical solution of equation (1) has the form:
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where Chx – predicted salinity level at hx depth, %; Cs – surface salinity of the aeration zone  
at (x0, y0, z0) surface points at h = 0; C0 – the initial level of salinity at (x0, y0, z0) points on the 
surface of the soil before storage at t = 0; hx – distance of the calculation points from the (x0, y0, z0) 
surface points, i.e. from the earth’s surface, m; t – term of prediction calculation, day; erfc – tabu-
lated function.

The molecular diffusion coefficient D characterizes the movement of metal ions as a result 
of thermal motion in the soil and depends on the properties of metal molecules, temperature and 
pressure, but is mainly determined by the concentration of the substance and humidity [16].

Volumetric moisture Θ is determined by the moisture content of the soil and depends mainly 
on the mechanical properties of the soil, porosity, capillarity and humus content.
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 Θ =
V

V
w

S
,  (3)

where Vw – the volume of water (liquid) in the soil; VS – the volume of the total soil, including  
water and gases.

For Ukraine, moisture transfer in the aeration zone at the relative constancy of natural  
and anthropogenic sources of water and salts, characterized by the temporal recurrence of the 
water-salt regime, close to the annual. There is no obvious dependence of the molecular diffusion 
coefficient D on the season [22].

The condition for the formation of the scope of the mathematical model is the presence  
in the surface layer of the soil of chemically hazardous substances, the level of which exceeds the 
maximum allowable concentration:

 ρi
d

ix y z t PC( , ) ,, ,0 0 ≥  (4)

where ρd – concentration of the dangerous substance; x0, y0, z0 – initial coordinates of the source 
of pollution; PC – permissible concentration; і – chemically dangerous compound that has reached 
its limit (permissible concentration).

Given the spread of the danger of chemical hazardous compounds entering the water, an 
additional boundary condition (5) is obtained:

 h q C t Hx≤ ≤( , ) ,  (5)

where h – depth of penetration of chemically hazardous compounds into the soil; q(Cx, t) – an in-
dicator that further determines the nature of the spread of danger and is a reflection of the sources  
of danger; H is the depth of the aquifer within the territory of possible distribution.

The authors performed experimental studies of the process of sludge accumulation on the 
territory of the enterprise during the operation of «copper etching» lines at the manufacture of 
chips. The research was carried out on the territory of the enterprise for the production of electronic 
equipment in the Cherkasy region of Ukraine.

Copper is widely used in the manufacture of chips (microchips, printed circuit boards) 
due to its high electrical conductivity. The process of «copper etching» is used to create and fix  
images on the surfaces of chips and printed circuit boards. Treatment of individual parts is parallel 
to the use of large amounts of water and, accordingly, the formation of waste. Spent technological 
solutions of chemical and electrochemical degreasing, as well as alkaline wastewater after cascade 
washing enter acid effluents. The spent electrolyte of the copper line is partially directed to rege-
neration and the regenerated solution is reused in the technological process. 

Technological processes in electroplating shops lead to the formation of liquid waste with 
metals in the process of etching and sludge – during disposal. The enterprise has been operat-
ing for 48 years. The average production capacity is up to 2,500 m2 of chips per month. With 
a productivity of the digestion line of 14 m2/h, the amount of sludge for 8 hours of operation  
reaches (100...120) kg. Up to 2,500 kg is accumulated in one shift during one month and up  
to 5,000 kg during two-shift work. On the territory of the enterprise, the productivity of which 
ranges from 2,000 to 4,000 m2 of chips, 30 to 48 tons of waste are accumulated annually.

Analysis of sludge of chip production showed the content of a number of heavy metals: cop-
per (Cu) – (12…16) %; calcium (Ca) – (6…8) %; iron (Fe) – (8…10) %, chromium (Cr), nickel (Ni), 
zinc (Zn) – up to 2 %.

Previous years, the sludge was stored on the territory of the enterprise on landfills in  
open areas. For the last 20 years, the sludge has been stored in polyvinylchloride packaging. During 
storage of sludge with particle sizes (0.1…50) μm with metal salts, the soils are salted and this leads 
to the corresponding negative consequences [20]. Under the influence of precipitation, metal ions, 
due to easy dissolution in an acidic environment, are washed away and pass into soils, surface and 
groundwater. The negative consequence of such spread of chemically hazardous substances is the 
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contamination of the storage area at the enterprise and the probability of contamination of the sur-
rounding areas (suburban and agricultural).

The soil cover is heterogeneous, light mechanical composition with predominance of 
loam and medium sand. Soils in this area have the following structure: loam – (1.5…1.8) m;  
sand – (1.8…2.2) m; groundwater – (2.6…3.0) m; clay – (3.8…4.5) m; then the inter-layered water 
begins (Fig. 1). The pores make up to 40 percent of the soil layer.

Fig. 1. Structural diagram of the soil: 1 – loam (h1 ≤ 1.5…1.8) m; 2 – sand (h2 ≤ 0.3…0.5) m;  
3 – groundwater (h3 ≤ 0.8…1.0) m; 4 – clay (h4 ≤ 1.2…1.5) m; 5 – interlayer water (h5 > 1.2) m

Dangerous substances containing Zn (zinc), Pb (lead), Cd (cadmium), Cu (copper) have 
been fixed in soils and plants of Cherkasy region [23]. Numerous experimental studies show 
that soils are characterized by a high content of easily soluble salts, which makes it possible to 
classify them as excessively saline. In the soils of Cherkasy region, the total salt content varies  
within (0.11…0.41) %. 41 % of soils are characterized as slightly saline, 39 % − as moderately  
saline, 20 % – as highly saline [24, 25].

According to the proposed research method, the prediction of heavy metal penetration depth 
and soil salinity levels is determined with the following problem statements:

1. Warehousing and storage of sludge in the open area for twenty years.
2. Warehousing of sludge and storage in packages (in polyvinyl chloride packages) in the 

open area for twenty years.
The following assumptions were made during the prediction: the process of metal accu-

mulation is cumulative; the annual season of soil moisture changes is not taken into account.  
One year (365 days) is accepted for the settlement period. The total prediction time is 20 years.

3. Results
3. 1. Storage of sludge in an open area without packaging
At the first statement of the problem the following initial indicators are accepted: 
– salinity of the soil surface before storage is Co = 0.15 %;
– movement of salts occurs only in a porous medium. According to the structure of the soil 

at the place of storage, the pores make up to 40 percent of the soil volume. Let’s take the maximum 
value of Cs = 40 % at the boundary «air – soil surface», which corresponds to a constant layer of 
slag at (x0, y0, z0) points on the surface; 

– molecular diffusion coefficient was taken D = 1⋅10–5 m2/day; 
– volume humidity taking into account seasonal fluctuations in the range Θ = 0.20–0.23–0.27;
– when predicting the depth of penetration of metal molecules, the calculation points were 

selected with a step of 0.1 m from the surface. 
Prediction with qualitative and quantitative indicators is implemented using Microsoft  

Excel Application Software. 
The calculations according to the given algorithm were performed after the first year  

of storage with variable values of bulk humidity 0.20–0.23–0.27. The maximum penetration depth 
of heavy metals was up to 0.6 m (Fig. 2).

As follows from Fig. 2, seasonal changes in volumetric humidity do not significantly affect 
the depth of penetration of heavy metals and the level of soil salinity. Therefore, in further calcula-
tions let’s take the average annual value of volumetric humidity Θ = 0.23.
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Fig. 2. Changes in soil salinity by depth after the first year of storage at different volumetric 
humidity values: 1 – volumetric humidity 0.20; 2 – 0.23; 3 – 0.27

Next, the depth of penetration of heavy metals into the aeration zone for the next 20 years 
is predicted. Fig. 3 shows the change in the depth of salinity for the first five years, in Fig. 4 –  
up to 20 years of storage.

Fig. 3. Change in the level of soil salinity in depth during the first five years of storage:  
1 – after the first year of storage; 2 – after the second year of storage;  

3 – after the fifth year of storage

Fig. 4. Change in the level of soil salinity in depth during twenty years of storage:  
1 – after the fifth storage year; 2 – after ten years of storage; 3 – after twenty years of storage

Calculations and analysis of statistically obtained data at the test site have shown that there is 
an annual increase in the depth of penetration of heavy metals and after 10…12 years there may be  
a threat of an emergency situation, which is due to the input of harmful substances into groundwater.
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3. 2. Storage of sludge in the open area in the package
Predicting the depth of penetration and salinity levels for 20 years during the storage of 

sludge in the packaging in the open area has certain features. In the second formulation of the 
problem it is necessary to take into account the changes in the salinity levels of the surface during 
the calculation period, i.e. Cs|h = 0→vаr. Storage of sludge in polyvinylchloride packaging leads to 
gra dual contamination of the surface layer. This is due to damage to the packaging, primarily due 
to the destruction of the joints, which are obtained by high-frequency welding. The joints crack  
under the influence of mechanical loads, changes in external temperatures, ultraviolet radiation 
and precipitation, which results in the formation of a permanent layer of sludge in the storage areas.  
It should also be mentioned that the guaranteed service life of this type of packaging does not ex-
ceed 15 years.

Prediction using formula (2) is not time-limited. Analytical dependence, which describes 
the process of transformation and concentration of chemically hazardous compounds in soil ele-
ments depending on the storage time of the sludge [26], has the form:

 
dC

dt
C x y z t K K ts i

d= ⋅ ⋅( , , ) exp( ),, ,ρ 0 0 1 2  (6)

where t – storage time of chemically hazardous compounds in the sludge; K1, K2 – process  
speed constant. 

Preliminary evaluation in the laboratory of the rate of polyvinylchloride packaging destruc-
tion made it possible to determine the change in concentration of sludge on the surface over time, 
and to construct an analytical dependence (6) on the rate of salinity of the soil surface (Fig. 5).

 C C K t ts = ⋅ ⋅ = ⋅ ⋅0 2 0 15 275exp( ) . exp( ).  (7)

Fig. 5 identifies the influence of precipitation significantly affects the process of destruc-
tion of packaging. It is recommended to store the packaging in open areas under a canopy (awning), 
which provides protection from rain, temperature variations, moisture and wind.

Fig. 5. Change of the Сs surface salinity depending on the duration of storage:  
1 – packaging is in the open area; 2 – packages are in a closed area

Long-term prediction of soil contamination during storage of sludge in polyvinylchloride 
packaging in the open area, obtained as a result of iterative calculation by the given algorithm ac-
cording to formulas (2)–(7).

Fig. 6 shows the change in the depth of the salinity level for the first five years, in Fig. 7 –  
up to 20 years of storage.

As can be seen from Fig. 4, 5, during storage of sludge in polyvinylchloride packaging, 
the salinity on the surface decreases compared to the first condition (open storage) and the pro-
cess of penetration of heavy metals into the depth slows down. However, during the preservation  
of packaging in open areas, their gradual destruction occurs. This process causes in 15…20 years 
the levels of pollution similar under the conditions of open storage (Fig. 8).
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Fig. 6. The depth of penetration of heavy metals change depending on the storage duration:  
row 1 – for one year of storage; row 2 – for two years of storage; row 3 – for three years  

of storage; row 4 – for five years of storage

Fig. 7. The depth of penetration of heavy metals change depending on the storage duration:  
row 1 – five years of storage; row 2 – ten years of storage; row 3 – fifteen years of storage;  

row 4 – twenty years of storage

Fig. 8. Dependence of penetration depth of heavy metals into the soil on the duration of storage: 
1 – storage of sludge without packaging; 2 – storage of sludge in the package in the open area

As follows from Fig. 8, when the sludge is placed on the open surface in a year, the soil 
0.65 m thick goes into the category of poorly saline, in four years such a layer reaches a depth  
of 1 meter, in 15 years the depth reaches two meters, which creates conditions for groundwater 
contamination. The contamination process is slower when the sludge is stored in the package.  
However, if the service life exceeds 15 years, the process of polymer destruction packaging takes 
place and further storage leads to contamination of soil and groundwater.

4. Discussion
Analysis of literature sources have showed that the ingress of heavy metals into the soil 

leads to: salinization of the soil and loss of its fertility [25]; secondary contamination of plants 
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that are widely used in food [4]; pollution of surface and deep layers of water horizons, which are 
often used as sources of drinking water [5]. Heavy metals have a negative effect on human health, 
increase the risk of internal diseases and cancer [1, 2].

Contamination of soils, surface and groundwater is assessed by various physical-chemical 
methods. Most of the methods used to determine pollution of natural water basins are quite com-
plex [7, 8, 17–19]. Their implementation requires large amounts of experimental data [7], lengthy 
laboratory tests [7, 8, 19], the availability of expensive special equipment [8], special computer 
software packages [18].

The research methodology is based on the use of the theory of physical-chemical hydro-
dynamics of porous media. The proposed mathematical model is presented in the form of three 
analytical equations (1)–(3), which with sufficient accuracy establish the dependence of the  
penetration of heavy metal molecules in the soil depth depending on storage time t (2), soil  
salinity (2) and seasonal humidity fluctuations θ (3). The method can be used to assess environ-
mental safety under these conditions: the presence of chemical hazardous substances in the surface 
soil that exceed the maximum permissible concentration (4); the risk of chemicals entering surface 
or groundwater aquifers (5).

Informativeness, ease of implementation, and the ability to assess over the long term are 
the main advantages of this method. The implementation of this method does not require: a large 
amount of experimental data compared to the methods proposed in [7, 9]; long laboratory studies, 
the results of which are given in [7, 8, 19]; availability of expensive special equipment [8], which 
most Ukrainian enterprises do not have, and special computer software packages [18].

According to the prediction results, it can be stated that storage in landfills of galvanic 
waste for more than 15 years leads to significant (up to 40 %) salinization of the soil (Fig. 5) 
and will create conditions for an emergency situation, which is caused by harmful substances 
entering the water horizons. Heavy metal compounds penetrate to a depth of 1.2 m after 10 years 
of storage and to 2.4 m after 20 years of storage. Polyvinyl chloride packaging deteriorates when 
exposed to sunlight and external temperature fluctuations, especially in winter. Therefore, the 
use of packaging to store sludge is advisable in closed storage, which makes it possible to prevent 
their rapid destruction. 

A disadvantage of the method is the use of primary information with a high level of un-
certainty. Soil structure and characteristics (diffusion porosity) can vary significantly depending 
on the location. The molecular diffusion coefficient D depends on the properties of metal mole-
cules, temperature and pressure, but is mainly determined by the concentration of the substance 
and humidity. Volume humidity Θ depends on the mechanical properties of the soil, porosity, capil
larity, humus content and meteorological conditions, which have seasonal and annual variations.

The practical implementation of the proposed method has been carried out only on the work 
site (storage yard) of an enterprise. Obviously, it is advisable to perform similar studies in other 
areas with different soil structure. The characteristics that depend on the seasonal fluctuations of 
water and salts in the soil are subject to additional clarification.

An example of the application of a mathematical model in an individual enterprise can be 
recommended to prevent man-made emergencies and optimize measures to prevent their occur-
rence in other areas. To prevent contamination of soil and groundwater must be implemented effec-
tive methods of wastewater treatment and sludge recycling. Ukraine has a high demand for copper, 
which is used in the electrical, aircraft, and defense industries. The required copper raw material 
can be obtained by galvanic wastewater treatment. In the current economic and technological con-
ditions, it is advisable to use sludge as a secondary raw material.

5. Conclusions
The method for predicting the spread of hazardous substances in soils has been proposed. 

The method provides an analytical assessment of soil contamination over the long term. As initial 
data for the model the following information was used: soil structure and its characteristics (mo-
lecular diffusion coefficient, volume humidity); annual volumes of sludge and concentration of 
hazardous substances; conditions of sludge storage on the territory of the enterprise.
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According to the results of calculations it is established: 
– during the placement and storage of sludge in the open area annually the level of salinity 

and depth of penetration of heavy metals into the soil (0.5 m in the first year, 1.2 m for five years, 
1.6 m for ten years to 2.4 m after twenty years of storage) increase. This process creates conditions 
for the pollution of water horizons, which in this area are located at a depth (2.6…3.0) m;

– during the use of packaging made of polyvinyl chloride to save the sludge, the contamina-
tion process is slower (0.1 m in the first year, 0.5 m for five years, 1.1 m for ten years);

– after ten years of storage, the process of polymer destruction packing takes place and 
further storage leads to faster soil and groundwater contamination (1.7 m for fifteen years, 2.3 m 
for twenty years).

Calculation results were verified at the chip production facility, quantitative indicators of 
sludge accumulation during the operation of «copper etching» lines were determined.

The method will be useful for predicting the risk of soil and water pollution emergencies.
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