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ABSTRACT

The purpose of this study was to assess the groundwater contamination from a sewage sludge landfill. The analysis
was carried out in 2017 in accordance with the requirements of the national legislation for monitoring landfills
and priority pollutants. The samples of groundwater from the landfill were taken from 25 observation wells, from
depths of 45—60 m. The status and dynamics of changes in the landfill groundwater quality were estimated accord-
ing to the data from the groundwater observation wells of the city observation network with regard to the chemical
composition of groundwater and national standards of groundwater quality. The forecast estimates of a low level of
pollutants entering groundwater through the soils characterized by low filtration properties were not justified. The
concentration of heavy metals in groundwater was within the following range: Fe > Mn > Zn > Al> Cu > Ni>Pb >
Cd > Hg. The excess concentration of the nitrogen-containing pollutants was observed within the range from 1.5 to
76 (on average 10 times) above the background value. The organic contamination of landfill groundwater (COD) is
2-9 times and BOD, — 1.5-3 times higher than the average background value of groundwater observation wells in
the city network. The probable cause for the pollutants entry into groundwater is associated with lithogenous and
exogenous fracturing of the rocks and insufficient efficiency of the existing anti-filtration system of the landfill.

Keywords: landfill, sewage sludge, groundwater, heavy metals, organic pollution, fecal coliform bacteria, the
Gulf of Finland

INTRODUCTION and Lee 2010; Casado-Vela et al. 2007; Chiu et al.
2006]. This approach does not allow identifying
the environmental hazards associated with eco-
system contamination (subsoil and underground
water) during the long-term deposition of sewage

sludge [Dregulo and Vitkovskaya 2018; Wang, et

The main problem of negative consequences
from waste deposits is the inflow of filtrate into
the soil and groundwater [Spinosa 2007; Bren-
nan et al. 2017; Przydatek and Kanownik 2019].

There is a list of parameters determining the haz-
ard degree of wastewater precipitation (the con-
tent of heavy metals, organic pollutants, and other
dangerous substances) and assessing the need for
their disposal at landfills [Conti and Cecchetti
2001; Donatello et al. 2010; Bjerg et al. 2003;
Burkhard and Maes 2017; Dregulo and Bobylev
2021; Dregulo et al. 2019].

Researchers often focus on the agronomic
value of sewage sludge as a biological substrate
for restoring soil fertility [Wei and Liu 2005; Song
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al. 2013; Zeng et al. 2012; O’Kelly 2005].

For some period of time, even mineraliza-
tion processes, heavy metals can be released and
form new compounds with the soil humic sub-
stances. Precipitation plays an important role
[Dregulo 2019], which increases the humidity of
sewage precipitation. In this case, unstable com-
pounds dissociate to form the cation-anion com-
plexes capable of a long migration path [Chabuk
et al. 2018; Abd El-Salam and I Abu-Zuid 2015;
Naveen et al. 2018; Luczkiewicz 2006].
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Another important criterion for the landfill
safe operation is the low filtration properties of
soils and the groundwater depth. These criteria al-
low considering the selected area as environmen-
tally safe.

In our opinion, it is not enough to rely only on
the theoretical (design) conclusions of the envi-
ronmental expertise in order to make sure that the
landfill is protected from the negative impact and
environmental harm. The possible manifestations
of environmental imbalances should be further
studied. This is especially important in the case of
a long-term use of the landfill.

The Russian legislation makes it difficult to
conduct an independent environmental assess-
ment of landfill operation, since it does not pro-
vide for any inventory of waste disposal facilities
included in the State register of waste disposal
facilities, as well as for the waste disposal facili-
ties that are not included in this register, but the
operation of which has not been completed and
have an owner who operates them [Methodologi-
cal recommendations... 2013]. This largely deter-
mines the formal approach of the regulatory and
legal sphere, regulating the activities of wastewa-
ter disposal at the landfills in Russia [Dregulo and
Kudryavtsev 2018].

MATERIAL AND METHODS

Research object

The “Severny” landfill is located in the ur-
ban agglomeration of Saint Petersburg (60°4.714.
30°9.808). It was put into operation in 1984. Until
1984, there were drying beds on the territory of
the landfill. According to the existing recycling
scheme, the sludge was dewatered in centrifuges
by using cationic flocculant and deposited at the
landfill. Every year, about 200 thousand m® of un-
infected, unstable sediment was exported to the
landfill. By the early 1990s, the landfill was ap-
proximately 70% full. If the rate of landfills filling
(storing sediment) were maintained, the free areas
of the landfill would have been filled by the early
2000s. The area of the landfill is 83 hectares. The
landfill consists of drying beds up to 2 m deep
and 6 m deep slime collectors. Untreated sewage
sludge (until 2003), sewage sludge treated in dry-
ing geological tubes and ash from burning sewage
sludge (from 2007 to the present) were deposited
on drying beds and sludge collectors. Since 2007,

the landfill has disposed of the ash from burn-
ing sewage sludge. Sewage sludge collectors are
equipped with a screen made of Carbofol HDPE
406 Friction 1.5 mm thick anti-filtration material,
laid on a crushed stone base with protective sand
and Cambrian clay layer, which is up to 1 m thick.

The geological and lithological structure

The file information allowed us to charac-
terize the ground water horizon in the area of
the landfill location. The water-bearing horizon
belongs to the Moscow-Ostashkovsky (Upper,
or Polyustrovsky) inter-sea water-bearing hori-
zon. The horizon lies under the sediments of the
Ostashkovsky moraine on pre-quaternary rocks
and is composed of the sand-gravel lake and wa-
ter-glacial deposits. The depth varies from 2-5
to 40-60 m. The thickness of the horizon varies
from parts of a meter to 65 m, the most common
is 15-30 m [Solovyova 1984].

The variety of sedimentation conditions de-
termines the facial differences in the granulomet-
ric composition of water-bearing rocks: from fine
and dusty sands to coarse sands with gravel and
pebbles. The water-bearing horizon is fed by the
flow of groundwater from the above-lying layers
through hydrogeological “windows” in the areas
where there are no overlapping boulder stained
loams. The structure of soils is shown in Figure 2.
Loams and Cambrian clays have low filtration
properties [O’Geen 2013].

Sampling from the observation wells of the
landfill is carried out by bailer with pre-pumping.
In 2017, the groundwater observations were con-
ducted on 25 observation wells of the landfill
(Fig. 3). Observation wells were pumped to en-
sure the flow of “fresh” water to the filter zone.
The amount of pumped water is at least two vol-
umes of the well water column. The volume of
the water sample taken is not less than 1000 cm.
The groundwater temperature was measured by
using a mercury thermometer. The measurements
were performed throughout the calendar year.
SPSS Statistics 22, Surfer 13, and Grapher 11
were used for statistical data processing.

Groundwater pollution assessment

The state and dynamics of changes in the
quality of groundwater were assessed by using
file materials of groundwater observation wells
in the city network for monitoring the chemical
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1,2,3 Observation wells of the city
(o) network for monitoring the
chemical composition of
groundwater ;
Landfill of sewage sludge o
. "Severny" and landfill of \&
solid waste

Fig. 1. “Severny” sewage sludge landfill (marked) and the solid waste deposit landfill

composition of groundwater located near the
“Severny” landfill (Table 1) [Report “Conducting
state monitoring of the geological environment
of St. Petersburg in 2017 2018]. The content of
heavy metals in groundwater was determined by
means of atomic absorption spectrometry. For
this purpose, an unfiltered mixed water sample
was subjected to acid salting in a water bath,
2.5 cm’ of concentrated nitric acid was added to
50 cm® of the analyzed water and evaporated to
wet salts. Then 20 cm?® of distilled water was add-
ed, the solution was mixed and filtered through a
paper filter. The measurements were carried out
by an A-2 Aquilon atomic absorption spectrom-
eter (spectral range from 190 to 900 nm with a
resolution of 0.24+0.02 nm). The chemical oxygen
demand (COD) and biochemical oxygen demand
(BOD,) measurements were carried out by using
the titrimetric method. The water samples were
treated with sulfuric acid and potassium bichro-
mate at a given temperature in the presence of

1) Soil and vegetation layer 0.2 m
2) Loam lake-glacial refractory 3 m
3) Sandy 5 m; 4) Cambrian clay 20-50 m

Fig. 2. Geological a section of the landfill
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silver sulfate, an oxidation catalyst, and mercury
(IT) sulfate, used to reduce the effect of chlorides
and determining the COD values in a given con-
centration range.

Then the optical density of the test solution
was measured at a given wavelength. The con-
centrations of ammonia and ammonium ions were
measured by using a photo-colorimetric method
at a wavelength of 400-425 nm. The study of
total phosphorus content is based on the oxida-
tion of all phosphorus-containing compounds
to orthophosphates when boiling a sample with
potassium persulfate in an acidic environment.
The content of orthophosphates in the resulting
solution is determined by means of the photomet-
ric method, after the appearance of molybdenum

7 1,2,3- parts of the landfill operated from 1984-2003
[ | Slurry pit B Wwells for groundwater extraction

Fig. 3. The structure of the landfill and groundwater
sampling points
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Table 1. Background content of chemical components in groundwater (mg/dm?)

Compo- Well 1 Well 2 Well 3

nents | 5010| 2011 | 2012 |2013| 2014|2015 | 2016 | 2017|2010 | 2011|2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017
pH - - 8 87 |77 |76 |76 |77 |75 83 |78 | 74|74 - - - 8 84 | 74
COD | 21 24 1.6 18 | 27 239163198 | 33 | 73 | 45| 3.8 | 3.8 [4.09|359|4.01| 53 | 36 | 64 | 47 |433|4.15|4.28| 53
NO, 0.003 |0.003 0.003 0.005

NH,* | 0.22| 0.18 | 0.23 |0.12|0.18|0.23 0.34 1 0.41]0.38 1 0.25|0.33|0.35
Fe 157 272 | 111 | 09 | 237 | 3 03 079123 | 1.1 |329|0.94| 24 | 1.15|0.55|0.48 | 0.44 | 0.25 | 0.46 | 0.45 | 0.47 0.44
Mn |0.046| 0.17 | 0.057 |0.053|0.055|0.068|0.057|0.054| 0.11 | 0.47 | 0.16 | 0.14 | 0.17 | 0.16 | 0.17 | 0.14 | 0.35 | 3.45| 2 |1.34|0.83|0.44|0.31|0.35
Cu 0.011 | 0.002 (0.005|0.001 0.004{0.0020.002 0.001 0.002 0.26 |1 0.180.38| 0.3 | 0.25|0.22 | 0.17 | 0.26
Pb 0.0081| 0.001 |0.002(0.007 0.004 0.002{0.002
Ni - - 0.001 0.003 0.036 0.002 0.004
Al 043 | 27 0.74 |053| 3 |0.77]0.39| 1.3 0.003
Zn 0.016 | 0.005 0.5210.038 2 |0.38| 23 |0.88|067| 0.4 |0.17| 3.5 |0.17|0.39 | 0.12|0.051/0.028| 0.17

blue. The optical density of the colored com-
pound was measured by using a spectrophotom-
eter (A = 882 nm). The determination of common
and thermo-tolerant coliform bacteria by means
of membrane filtration with their cultivation in
the Endo medium at a temperature of 37+1.0°C,
followed by differentiation by culture tests and
counting the grown colonies.

Results and Discussion

Saint Petersburg is located in the area of the
interface of two large structures — the Baltic shield
and the Russian plate, which predetermined the
features of the tectonic factor. Four systems of
tectonic faults have been recorded within the
city, along which palacovalleys were formed in
the bedrock of the sedimentary cover, in the up-
per Kotlin Vendian clays, and in the southern part
of the city — in the lower Cambrian blue clays.
The incision depth of a number of paleovalleys
reaches 120 m, and the area is more than 30% of
the city area. Such faults determine the presence
of fractures in the Vendian and lower Cambrian
bedrock. The intensity of rock fracturing increas-
es in the zones adjacent to the faults [Dashko and
Volkova 2017].

Earlier studies on the contamination assess-
ment of the landfill upper soil layer showed that
the concentrations of pollutants changed in the di-
rection of decrease [Dregulo et. al. 2019; Dregulo
and Vitkovskaya 2018]. This may be due to the
pollutants leaching from meltwater and their en-
try into the lower layers of soil and groundwater.

Groundwater is one of the main components
of the water balance of the territory, as it serves

as the main source of nutrition of the underlying
water-bearing horizons and complexes of opera-
tional significance [Rodionov et al. 2019]. The
eastern part of the Gulf of Finland is the regional
basis for the drainage of water-bearing horizons
and complexes in the area where the landfill is lo-
cated. Despite the decrease in the pollution of the
Gulf of Finland from raw sewage, the quality of
water in the Gulf of Finland remains unsatisfac-
tory [Kuuppo et al. 2006]. This may indicate the
presence of other pollution sources, the identifica-
tion of which is necessary to achieve the goals of
protecting the Baltic sea defined by the Helsinki
Convention [The Helsinki Convention 1974].

One of the most important indicators of the
technogenic load of the landfill on groundwater is
involves the processes of destruction of waste or-
ganic matter and leaching of the dissolved fraction
into groundwater. The detected concentrations of
nitrites and nitrates from the observed wells of
the landfill indicate the presence of strong organic
contamination in the groundwater, accompanied
by ongoing processes of ammonification, and — at
the same time — by low nitrification and/or pos-
sibly high denitrification (Fig. 4).

The concentrations of ammonium in the
wells exceeded the background concentrations
2-27 times. The nitrite concentration from 1.5
to 76 (on average 10 times) over the background
was observed. The COD values ranged from 10
to 34.7 mg/dm?, which is 2-9 times higher than
the average background value. The BOD;, values
ranged from 1.5 to 9 mg/dm?’. The correlation
analysis of COD, BOD, and ammonium nitrogen
values for all wells in the landfill revealed a direct
relationship (P <=0.05) (Fig. 5).
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Fig. 4. Concentrations of nitrogen compounds in the landfill groundwater

In 18 wells of the landfill, the NH, concentra-
tion ranged from 0.051 to 1.0 mg / dm?®; from 1
to 3 mg/dm’ (in 5 wells of the landfill); from 3 to
9.47 mg/dm? (in 2 wells of the landfill).

An increase in the NH, concentrations in al-
kaline waters can inhibit the nitrification process:
for the 1st phase of nitrification in concentrations
from 10 to 150 mg/dm?, and for the 2nd phase-in
concentrations of 0.1-1.0 mg/dm? [Zakhvataeva
and Shelomkov 2013]. This explains the long-
term degradation of NH, in the landfill ground-
water, where the pH values were observed in the
range of 7.3 — 8.55 the average value is 7.9 (Fig. 6).

Often, the conversion of organic matter dur-
ing the deposition of silt deposits quickly passes
on the surface of landfills, due to openness to
climate influences, but it is another matter when
these processes occur in the technogenic body of
the landfill. Precipitation can become a conductor
of pollutants for deeper water-bearing horizons,
especially in the areas of close hydraulic inter-
connection, as evidenced by the high values of

40,0

coliform bacteria (TCB) and thermotolerant co-
liform bacteria in groundwater (TtCB). TCB and
TtCB belong to the group of enterobacteria, that
is, intestinal bacteria, so its presence in ground-
water indicates the fecal contamination (Fig. 7).
The level of TCB and TtCB contamination on
the landfill territory varied significantly depend-
ing on the locations of groundwater sampling. The
values of the TCB indicator for landfill ground-
water ranged from 1 to 103 CFU/100 ml, which
exceeded all permissible norms according to the
requirements of the national legislation. Accord-
ing to this indicator, the groundwater is character-
ized as “highly polluted”. The amount of TtCB
was significantly lower from 1 to 10 CFU/100 ml,
which corresponded to the first contamination
level. The high amount of TCB and TtCB in the
groundwater is most likely due to the presence
of organic contamination. The groundwater con-
tamination caused by organic matter destruction
processes is closely related to the nitrification and
denitrification processes and is complicated in the

Concentration mg/dm3

6 7

m=COD

Fig. 5. Values of COD and BOD; of groundwater of the landfill
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Fig. 7. The value and distribution of coliform bacteria and thermotolerant coliform bacteria in groundwater

presence of heavy metals [Lee et al. 1997; Kapoor
et al. 2015]. The range of heavy metal concentra-
tions had the following sequence: Fe > Mn > Zn
> Al > Cu> Ni>Pb > Cd > Hg (Fig. 8).

In comparison with the background con-
centrations, heavy metals had the following se-
ries: Fe ;> Al, > Mn, > Ni,. The concentrations

0,08 P
0,06 6-

0,04 4-

of Zn, Cu, Pb, CD, and Hg did not exceed the
background values of the observation wells of the
city groundwater network. Iron and aluminum
predominated over other metals, probably due
to the use of a cationic flocculant to treat sewage
sludge based on them. The correlation analysis
did not reveal the relationship of heavy metals

2,5E-005
0.8
2E-005
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Fig. 8. Concentrations of heavy metals in groundwater
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and other polluting components (NH,, TCB, and
TtCB) entering the groundwater of the landfill.
The most polluted areas of the “Severny” landfill
were those on the north-eastern and south-eastern
sides. It can be assumed that the landfill of solid
household waste, which is located nearby, can
affect the pollutants flow into the groundwater.
The hypsometric height of the location of both
landfills is the same and, therefore, the flow of
pollutants into the zone of the “Severny” land-
fill influence should have been observed equally,
including from those north-west and from the
south-west side, but this was not detected.

This may be an indication that the contamina-
tion is coming unevenly and their ingress is more
associated with the fracturing of the rocks.

CONCLUSIONS

On the basis of the study of groundwater con-
tamination in the landfill area, the conclusions
can be drawn as follows:

e The long-term operation of the landfill for
more than 33 years causes the contamination
of groundwater, even if the soil has low prop-
erties of filtrate passing;

e The groundwater quality does not meet the re-
quirements of national legislation, the ground-
water is “dirty”;

e The most significant indicator of negative
impact is the diffusion of pollutants into the
groundwater, in particular of organic waste
fraction accompanied by the nitrification pro-
cesses, heavy metals, and bacteria of the coli-
form group;

e The groundwater quality of the considered
landfill area proves that the soils with low fil-
tration values and the effectiveness of the ex-
isting landfill anti-filtration system are insuf-
ficient for groundwater safety.
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