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Abstract

Our paper looks at an area near the town of Migdzychdd that is heavily contaminated by petroleum sub-

stances. Due to a pipeline failure in 1996, 70 tons of petrol were dumped into groundwater and soil. Initially,

contamination occurred solely near storage base No. 71, and over the next few years it expanded beyond the

area of the base. At present, more than 3,000 m” of land is considered to be contaminated. In spite of the recla-

mation efforts, the analyses of water and soil samples continue to indicate their heavy contamination and pres-

ence of above-average petrol and oil concentration. Furthermore, the hydrogeological conditions of

Migdzychdd are favorable for the contaminants to migrate from the surface into the groundwater. Therefore,

subsequent and extensive reclamation works are still to be strongly recommended.
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Introduction

The Area Contaminated
by Petroleum Substances

The area where the contamination by petroleum sub-
stances was found [1-4] initially comprised the petrol sta-
tion (storage base No. 17) situated in the north-eastern part
of the town of Migdzychdd (in the Migdzychod-Bielsko
district) on Przemystowa Street, 1 km north from the
Migdzychdd-Sierakow-Wronki national road (Fig. 1).

Petroleum substances are contaminants that most fre-
quently occur in the water-soil environment [5-8]. Despite
improvements to the technical conditions of sites involved
in the production, storage, and distribution of liquid fuels,
the threat to the environment posed by petroleum sub-
stances is still very real [9]. The contamination of water
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and soil by petroleum substances negatively affects plant
production, and puts health of people and animals at risk
as most of the substances are toxic for living organisms
[10].

In the studied area, contamination by petroleum-derived
substances was initially found in the northern part of the
station, and more specifically, in the area around the pump-
ing station (Fig. 2).

The study area of the processes of fuel bailing along
with the depression of the groundwater table comprised
approximately 2,500 m’. The undertaken remediation
works aimed at the possibly fastest bailing of fuel deposit-
ed in ground and on the surface of groundwater. This was
aimed at stabilizing the “patch’” In spite of the fact that the
petroleum-derived substance kept migrating, its accumula-
tion took place only in the area of the warehouse base.

However, a large number of erosion structures occur-
ring in the area of the discussed gas station and their spatial
arrangement caused the hydrocarbon migration to take
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place in the form of periodic spillages from one structure to
another — such a situation occurred during the disastrous
flood in 1997 [1-2]. Until today, the contamination has
spread beyond the base area toward Lake Gorzelec, which
is situated to the northeast, about 250 m from the station
(with an area of 3,177 m?®). Petroleum-derived substances
also were found in the water body about 600 m west of the
warehouse base, which also indicates the contamination of
groundwater and soil in the area.

The generally discussed site of fuel storage is situated in
an area disadvantageous in terms of hydrogeological condi-
tions that are favorable for the infiltration of contaminants
from the area surface to groundwater (the predominance of
sand forms in the aeration zone, deep deposition of the top
layer of weakly permeable forms).

The Study of the Degree of Water
and Soil Contamination

Storage base No. 71 in Migdzychod was constructed in
1954. To the north, west, and east, it is surrounded by
forests. According to the resolution of the Council of
Ministers of 24 September 2002 on defining the types of
undertakings that might significantly affect the environ-
ment (Polish Journal of Laws No. 179(1490)), the base is
regarded as an undetaking that might significantly affect the
environment.

In spite of the fact that the contamination of soil-water
environment in the area of base No. 17 proceeded system-
atically as a result of leaks of petroleum-derived substances
in the area of distribution and loading devices, and also as
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a result of the failure and leaks related to long-term opera-
tion of the railway side track, the first study of the area and
its sozological and hydrogeological conditions (the assess-
ment of water permeability, porosity, and adsorption prop-
erties of particular ground layers) was conducted in March
and April 1994,

A net monitoring groundwater was developed then,
involving the drilling of 8 investigation holes 4-6.5 m under
ground level, evenly arranged in the area of the base.
Chromatographic studies of water and soil, as well as atmo-
geochemical probing, were conducted. Only two water
analyses from two holes indicated trace signals of ground-
water contamination, and soil contamination was found as
a result of atmogeochemical analysis in the area of the rail-
way side track the beginning of the track and in the area of
the pumping station. (Fig. 2).

In 1996 the pipeline failure took place, resulting in over
70 tons of petrol getting into the soil. Measurements and
hydrogeological observations were begun immediately, as
well as the measurements of gas thickness in the exploita-
tion holes and laboratory control checks of soil and water
samples.

The size of the area contaminated by petrol needed to be
assessed. In order to do that, it was necessary to make addi-
tional observation-investigation holes (piezometers). Their
task was to determine the migration of petroleum sub-
stances, especially the ones situated below the zone of peri-
odical changes of the groundwater table. Hydrogeological
measurements in piezometres were taken once a week. The
analysis of the results aimed at indicating the directions of
the groundwater flow in the study area.
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Fig. 1. Map of the research area.
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After determining the range of contamination,
organoleptic examination of water was done, which con-
firmed the presence of the investigated substances. Soil
samples were then collected for laboratory analyses. The
samples were collected from the most contaminated hole,
which did not, however, suggest the occurrence of the
petroleum-derived products, in sterile, tightly shut, con-
tainers. Soil samples were examined in terms of deter-
mining the concentrations of the following petroleum
substances: petrol, oil and BTEX. Groundwater samples
were also collected, after pumping each of the holes three
times.

The trial run and pumping of the selected exploitation
holes were conducted in order to define the hydrogeologi-
cal conditions. After activating the technological system,
hydrogeological and sozological surveillance was conduct-
ed within the scope necessary for the appropriate function-
ing of the system and for controlling the “patch” of petrole-
um-derived substances. It involved periodic measurements
of gas thickness in holes, control over the depression of
groundwater table, and the amount of the pumped water.
The obtained results helped in making corrections of par-
ticular elements of the system so that the best effect in the
form of gas recovery could be reached. Twice a month, the
measurements of the height of groundwater table were
taken in all piezometres, and once a month the measure-
ments of the bailed gas were conducted.

Materials and Methods

The currently binding Polish Norms (ISO-EU) do not
include explicit regulations defining the methodological
aspect of the determinations of contamination of water,
sewage, and soil by petroleum-derived substances. For this
reason, in order to determine the degree and type of conta-
mination, more than one method was used [9-10].

In the study of water and soil, the methodology involv-
ing the determination of total content of organic matter
extracted with organic solvents was adapted.

Petroleum substances were determined using gas chro-
matography (GC) from water and soil samples subjected to
extraction (at 20°C without condensation). The chromato-
graphic analyses were performed using capillary columns
(Dexil 300 and SP 2100, 30 m) with FID detector.

The products (petroleum fractions) were identified
based on the model fraction (diesel oil), to which the results
of quantitative determinations also are referred.

In order to conduct the determinations, it is necessary to
separate the product from water already in the hole and
extract it onto the surface. This excludes the need to apply
the ground separation of phases and water treatment. A
selective fuel-water pumping system is used for this pur-
pose. The process of bailing the petroleum product from
exploitation holes is based on the system of groundwater
depression (Fig. 3).
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Table 1. Daily and monthly average gas yield (L) (1999).

Month Litre Total yield Aver;ligei ddaily
May 140 140.0 4.52
June 141 281.0 4.70
July 120 401.0 3.87
August 67 468.0 2.16
September 76 544.0 2.53
October 184 728.0 7.08
November 327 1055.0 10.90
December 169 1224.0 5.63

Bailing petroleum substances from two pairs of holes at
the simultaneous depression of groundwater table proved to
be the optimal solution. For this reason, observation-
exploitation holes were selected depending on the deter-
mined gas thickness. The assessment of the contamination
degree of areas connected with the leaks of petroleum prod-
ucts and designing the systems of soil and groundwater
treatment can be performed using the SpillCad computer
program. Its basic element is the data base that allows for
the identification of points (monitoring wells, drilling wells,
etc.) on the map, as well as conducting the quantitative and
qualitative analyses of soil and water contamination.

This program allows for the analysis of a series of data
collected at different time intervals. Moreover, the program
is equipped with analytical modules connected with the
data base that enable the estimation of the size of the leak,
contaminated ground, and the amount of petroleum-derived
substances [1].

In May 1999, before the groundwater pumping system
was installed, the measurements of gas thickness in the
holes were taken. This allowed for estimating the geometry
of the “patch” of petroleum product lying in the ground.
The presence of petroleum-derived substances was found
in holes P-6 (17 cm), E-1 (11 cm), E-2 (0.5 cm), E-3 (trace),
E-4 (45 cm), and E-5 (0.5 cm).

The location of the holes has been presented in Fig. 4.

The pumping works began next and the measurements
of petroleum-derived product were taken every day in all
holes.

The daily yield of gas bailed from the holes also was
recorded. The amount of gas in the holes changed depend-
ing on the conducted pumping supported by the groundwa-
ter depression.

Generally, the gas thickness at that time, in the defined
area (gas station base), ranged from 2 cm to 90 cm. In order
to provide the graphic illustration of the process of gas bail-
ing, daily and monthly average gas yield was calculated
(Table 1).

The decrease in the amount of bailed gas in August and
September was caused by the slow process of gas flow and
the clearing of its flow zones to the depression areas, as
well as by the atmospheric influence (small amount of pre-
cipitation causing the slower rinsing of the aeration zone
contaminated with petroleum products). On the other hand,
a significant increase in gas recovery in October was main-
ly connected with several gas “patches” merging into one,
accumulated in the centre of the pumping station, mainly as
a result of the depression conducted in this area (Fig. 4). In
the whole exploitation period (from May to December
1999) 1,224 litres of gas were bailed. The average daily
yield ranged from 2.16 to 10.9 litres.

In the same period (1999), chromatographic analyses of
water samples for the content of petroleum-derived sub-

TECHNOLOGICAL CHART OF THE SYSTEM OF FREE-PRODUCT BAILING
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Fig. 3. Technological scheme of petroleum-derived substances bailing from depressed underground water table.
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stances were conducted. Water samples were collected in
accordance with the PN-88/C-06420.03 norm. The samples
were collected in order to determine, using gas chromatog-
raphy, the qualitative and quantitative characteristics of
petroleum-derived hydrocarbons that the samples con-
tained.

The water samples were collected in 1-liter glass bot-
tles. A total of 10 water samples were collected (from holes
P-4, P-7 — two samples in three series, from hole P-3 — also
3 samples and one additional sample from hole P-5). Each
sample collection was preceded by clearance pumping. In
samples, P-4 and P-7, signals were observed in the range of
retention of hydrocarbons of gas fraction components and
their residues (from 0.16 to 1.89 mg/dm’). On the other
hand, in water samples collected from holes P-3 and P-5,
very intensive signals in the range of retention of light gas
components (petrol and diesel oil) were found. The deter-
mined concentrations of petroleum-derived substances
ranged from 421.2 to 625.3 mg/dm’. Chromatographic
analyses of water samples collected from holes P-4 and P-
7 confirmed that the patch of product did not spread beyond
the pumping station area to the west and north.

Following the completion of field works and laboratory
analysis, the obtained results of gas thickness were ana-
lyzed using the SpillCad computer program. This allowed
for drawing the maps of the thickness and calculating the
surface area occupied by petroleum-derived product, the
total amount of gas lying on the groundwater surface, and
the amount of fuel in the aeration and saturation zones.

|
om 50 m 100 m 160 m

Based on maps presenting the thickness (Fig. 4), it was
observed that the amount of petroleum product lying on the
surface of ground water varied depending on the hydroge-
ological and soziological conditions, as well as on the con-
figuration of the pumping system. The range of the gas
“patch” changed during the hole study period (May-
December 1999) as a result of its disintegration and merg-
ing at different time intervals.

The research was continued over the next few years.
Although at the end of 1999 the control over the petrole-
um-derived product “patch” was finally gained, which
was important for the soil-water environment, it did not
prevent the product from dispersion and migration toward
the groundwater flow in the following years. In March
2004 investigations of the area surrounding the base in the
north and northeast began. Based on the results defining
the contamination of the soil-water environment, the pres-
ence of contamination outside the base area was stated
(71), from the northeastern base borderline (71) to the
shore of Lake Gorzelec, covering 3,177 m’. According to
the cadastral map, the area of the contamination belongs
to the Migdzychod Forest Inspectorate. It is an afforested
area that does not serve as a usable area [6].

As a result of petroleum-derived substances spreading
beyond the base area (71), and the persistent high concen-
trations of the product, research is still being conducted.

For the purpose of our research, additional exploitation
and observation holes were drilled. The area that is subject-
ed to the process of remediation was also enlarged (the area

surface in the area of ZPN No. 9 in Miedzychéod
(results of modelling with SpillCAD program)
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Fig. 4. Map of gas thickness lying on the underground water surface within storage base 71 in Migdzychod.
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Table 2. Laboratory analysis of water samples (June 2008).
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B — ecological area comprising the western foreground of the old pumping station of the storage base
C — ecological area comprising the western and northern foreground of the new pumping station

between the northwestern boundary of storage base No. 71
and the south-western boundary of Lake Gorzelec shoreline
(Fig. 5). Areas A, B, C, and D (Fig. 5), which require reme-
diation, were determined in the study area. The analyses of
the degree of contamination of underground water and soil
were conducted on a quarterly basis.

Groundwater is mainly contaminated with petrol frac-
tions, sometimes oil fraction is predominating, and some-
times the contamination is of a combined nature with the
predominance of petrol. In June 2008, groundwater sam-
ples were collected during one measuring series from the
following holes: Pz9, Pz12, Pz13, Pz14, Pz16, Pz17, Pz19,
Pz20, Pz22, Pz23, Pz27, Pz28, Pz29, EP1, EP2, EP4, EPS5,
and EP6 (Fig. 5). Additionally, one water sample was col-
lected from the water treatment system (drop behind the
absorber). The samples were collected after pumping each
of the holes three times.

Also, the physicochemical analyses of groundwater
were conducted. In all the samples, the analyses of pH, total
phosphorus, total nitrogen and total organic carbon were
conducted. The analyses aimed to assess the conditions of
ground environment for the growth of microorganisms
necessary in the process of bioremediation. It is assumed
that optimal conditions for the bacteria growth occur at the
pH range of 6.5-8.0, and when the proportion of carbon to
nitrogen and phosphorus amounts to 10:1:0.1 [2].

In order to assess the qualitative and quantitative analy-
sis of microorganisms involved in the process of bioreme-
diation in the studied area, bacteriological analyses of
groundwater were also conducted. The water samples were
collected during one measurement series (June 2008) in the
following holes: Pz13, Pz16, Pz17, Pz28, EP1, EP4, EPS5,
and EP6 (Fig. 5). The samples were collected in 1.5 dm’
containers after pumping each hole three times. The fol-
lowing water parameters were then analyzed: total amount
of bacteria in 1 ml of water, the titre of bacteria-decompos-
ing petroleum products, and oxygen absorption by microor-
ganisms. The bacteria involved in the process of bioreme-
diation are Pseudomonas sp. and Bacillus sp. [9-10].

Groundwater also was subjected to control analyses in
April and June 2010. The samples were collected in virtu-
ally all the observation and exploitation holes in the studied
area. Similarly to the year 2008, chromatographic analyses
determining the content of petroleum-derived products
were performed. The physicochemical analysis of ground-
water in holes Pz13, Pz17, Pz22, EP1, EP2, EP4, EP5, and
EP6 also was conducted (Fig. 5). The samples were col-
lected in 1.0 dm*® glass bottles.

On the other hand, the bacteriological analyses were con-
ducted during one measurement series in April 2010, in the
same holes from which samples were collected for physico-
chemical analysis. The samples were collected in 1.5 dm’ bot-
tles. The following water parameters were analyzed: the total
amount of bacteria in 1 cm® of water by the method of deep
sowing on nutritious agar, and the titre of bacteria-decom-
posing petroleum products by the method of sowing on the
mineral base with the addition of petroleum product [4].

Soil was also subjected to laboratory analyses for the
content of petroleum-derived substances. The analyses
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Table 3. Laboratory analysis of water — biotechnological and

physicochemical research (June 2008).

Table 3. Continued.

Date of measure-

No. Parameter Unit ment VI 2008
TBA units/ml 850,000
HDB titre ml 0.001
Oxygen consumption | mg O,/1h/1
pH 6.8
EP1
P,0; mg/dm’ 0.17
Norg mg/dm’ 0.44
Corg mg/dm’ 33
C:N:P proportion 75 | 1 | 0.39
TBA units/ml 1100
HDB titre ml 0.1
Oxygen consumption | mg O,/1h/1
pH 6.5
EP4
P,0s mg/dm’ 0.06
Nore mg/dm’ 0.41
Corg mg/dm’ 28.8
C:N:P proportion 70.2 | 1 | 0.1
TBA units/ml 40,000
HDB titre ml 0.1
Oxygen consumption | mg O,/1h/1
pH 6.7
EP6
P,0s mg/dm’ 0.09
Norg mg/dm’ 0.22
Corg mg/dm’ 6.5
C:N:P proportion 29.5 | 1 | 04
TBA units/ml 70,000
HDB titre ml 0.01
Oxygen consumption | mg O,/1h/1
pH 6.5
Pz13
P,0s mg/dm’ 0.07
Norg mg/dm’ 0.44
Corg mg/dm’ 25.4
C:N:P proportion 57.7 | 1 | 0.2
TBA units/ml 680,000
HDB titre ml 0.001
Oxygen consumption | mg O,/1h/1
pH 6.9
Pz16
P,0; mg/dm’ 0.62
Norg mg/dm’ 3.38
Corg mg/dm’ 7.1
C:N:P proportion 2.1 | 1 | 0.2

No. Parameter Unit D;::n?f\l;}eg(s)gge_
TBA units/ml 1,840,000
HDB titre ml 0.0001
Oxygen consumption | mg O,/1h/1
pH 74
Pz17
P,05 mg/dm’ 0.14
Norg mg/dm’ 0.92
Corg mg/dm’ 422
C:N:P proportion 4.6 | 1 | 0.2
TBA units/ml 80,000
HDB titre ml 0.1
Oxygen consumption | mg O,/1h/1
pH 6.3
Pz28
P,0s mg/dm’ 0.09
Norg mg/dm’ 0.32
Corg mg/dm’ 39.5
C:N:P proportion 123 | 1 | 0.3
TBA units/ml 49,600
HDB titre ml 0.1
Oxygen consumption | mg O,/1h/1
pH 6.8
EP5
P,0; mg/dm’ 0.04
Norg mg/dm’ 0.25
Corg mg/dm’ 10.8
C:N:P proportion 432 | 1 | 0.2

HDB — hydrocarbons decomposing bacteria
TBA — total bacteria amount

were started on 28-29 August 2007. 12 study holes were
drilled (Brl — Br-12) (Fig. 5).

Based on the organoleptic test, in holes Br3, Br4, Br5,
Br8, Br9, Brl0, and Brll1 the presence of petroleum sub-
stances was found and a decision was made to collect soil
samples for laboratory analyses. The samples were collect-
ed in tightly closed sterile plastic containers from the most
contaminated hole which did not, however, suggest the
presence of the petroleum-derived substances. Soil samples
were analyzed in terms of determining the concentrations
of the following petroleum-derived substances: petrol, oil,
BTEX. The samples were collected above the water table,
and the methodology of sample collection complied with
the norm PN-C-04620.03 [9].

Subsequent control sampling of soil was conducted in
May and August 2009. Soil samples were analyzed in terms
of: the content of petroleum-derived hydrocarbons — the
sum of petrol and oil, the content of nitrogen, phosphorus,
total organic carbon, total amount of bacteria and bacteria-
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Table 4. Results of research on the content of petroleum-derived substances (Augus 2007).

Concentration of petroleum-derived substances Concentration of aromatic compounds (BTEX)
No rizlrlg,llle [Dr;pﬂtl] PN-C-04643 and EN ISO 9377-2:2003 [mg/dm’] PN-89/C04641 [mg/dm’]
¢ PP (S::lrlll)loifs‘ lg‘(ll)rﬁ; Petrol C6-C12 Oil>C12 Benzene | Toluene Ethz};l;):en Xylenes BSEEIX
1 Br3 | 3.8-4.0 <1.0 <1.0 <1.0 <0.1 <0.1 <0.1 <0.1 <0.1
2 Brd |[3.94.1 1082.4 536.80 545.6 0.2 0.8 0.1 11.7 12.8
3 Br5 |2.6-3.0 258.4 6.60 251.8 <0.1 <0.1 <0.1 <0.1 <0.1
4 Br8 [ 4.0-42 2227.6 2188.1 39.5 22.0 13.9 383 282.9 357.1
5 Br9 |[4.8-49 50.0 39.70 10.3 0.3 0.3 0.4 25 3.5
6 Brl0 | 6.3-6.5 2.8 <1.0 2.80 <0.1 <0.1 <0.1 <0.1 <0.1
7 Brl0 |7.3-7.6 1783 1746.5 36.5 2.7 11 1.40 232.1 247.2
8 Brll |4.4-4.6 1.5 <1.0 1.5 <0.1 <0.1 <0.1 <0.1 <0.1
Table 5. Results of research on the content of petroleum-derived substances in soil (May 2009).
Concentration of petroleum-derived substances
No. Sample Depth (CHG) PN-C04643 and EN ISO 9377-2:2003 [mg/dm’]
marking (mpp] Hydrocarbons sum (TPH) Petrol C6-C12 0Oil C12-C35

1 OP1 4.8-5.0 2,817.5 2,717.9 99.6

2 OoP2 4.8-5.0 3,092.5 2,993.8 98.7

3 OP3 4.8-5.0 1,872.6 1,344.9 527.7

4 OP4 4.8-5.0 367.7 256.7 111

5 OP5 4.8-5.0 108.1 40.3 67.8

Table 6. Results of research on the content of petroleum-derived substances in soil (August 2009).

Concentration of petroleum-derived substances
No Sample Depth (CHG) PN-C04643 and EN ISO 9377-2:2003 [mg/dn’]
' marking [mppt] -
Sum of hydrocarbons (TPH) Petrol C6-C12 0Oil C12-C35
1 OP1 4.9-5.0 2,022 1,491.7 530.3
2 OP2 4.9-5.0 3,766.9 2,732 1,034.9
3 OP3 4.9-5.0 1,705.5 884.3 821.2
4 OP4 4.9-5.0 1,699.8 450.5 1,249.3
5 OP5 4.9-5.0 29.9 8.5 214

decomposing petroleum-derived substances. Five points
were selected for the control sampling for the content of
petroleum-derived substances in soil samples: OP1 — next
to hole NP22, OP2 — between holes E6 and OD36, OP3 —
next to hole E7, OP4 — next to hole OD36, OP5 — between
holes P5 and E10 [1] (Fig. 6).

In each measurement series, one soil sample was collect-
ed from each hole. In most cases the samples were collected
from a depth of 4.8-5.0 m (directly above the water table).
The methodology of sample collection was compliant with

the norm PN-88/C-04620.03. Collecting samples in order to
conduct physicochemical analyses was conducted at control
points OP1 and OP2 in two measurement series. The analy-
sis concerned the same soil parameters that were studied in
2008 in the case of groundwater analysis.

For bacteriological analyses, the samples were collect-
ed in control points PO1 and OP5, also in two measurement
series. The analysis concerned the following parameters of
soil: total amount of bacteria in 1 gram of soil and the titre
of bacteria-decomposing petroleum products.
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Table 7. Physicochemical and bacteriological analyses of soil (may and August 2009).
Date of measurement
No. Parameter Unit
V 2009 VIII 2009
TBA/g 2,310,000 38,000,000
HDB titre g 0.001 0.00001
Oxygen consumption mg O,/1h/kg sm.
DHA ug/TF/1 g sm.
pH 6.7 6.5
OP1
P,0, kg 0.03 0.005
Norg g/kg 0.1 0.36
Corg g/kg 0.36 0.64
C:N:P proportion 3.7 | 1 | 0.3 18 | 1 | 0.01
moisture % 19.3 14
TBA/g 1,090,000 95,000,000
HDB titre g 0.001 0.00001
Oxygen consumption mg O,/1h/kg sm.
DHA ug/TF/1 g sm.
pH 6.6 7.3
OopP2
P,0s g/kg 0.05 0.005
Noxe g/kg 0.07 0.16
Corg g/kg 0.18 0.86
C:N:P proportion 2.6 | 1 | 0.8 54 | 1 | 0.03
moisture % 16.4 16
TBA/g 510,000 13,000,000
HDB titre g 0.0001 0.00001
Oxygen consumption mg O,/1h/kg sm.
DHA ug/TF/1 g sm.
pH 7.4 6.4
Oop3
P,0Os g/kg 0.023 0.005
Norg g/kg 0.014 0.44
Corg g/kg 0.38 0.48
C:N:P proportion 27 | 1 | 1.6 1.1 | 1 | 0.01
moisture % 15.8 16
TBA/g 210,000 390,000,000
HDB titre g 0.0001 0.00001
Oxygen consumption mg O,/1h/kg sm.
DHA ug/TF/1 g sm.
pH 6.8 64
OP4
P,0Os g/kg 0.05 0.005
Norg g/kg 0.098 0.28
Corg gkg 0.38 0.63
C:N:P proportion 3.9 | 1 | 0.5 23 | 1 | 0.02
moisture % 17.6 20
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Table 7. Continued.

Date of measurement
No. Parameter Unit
V 2009 VIII 2009
TBA/g 160000 92000000
HDB titre g 0.0001 0.00001
Oxygen consumption mg O,/1h/kg sm.
DHA ug/TF/1 g sm.
pH 7.8 7.2
OP5
P,04 g/kg 0.02 0.005
Norg g/kg 0.056 0.13
Corg g/kg 0.26 0.13
C:N:P proportion 4.6 1 0.4 1 1 0.04
moisture % 20.2 25

TBA — total bacteria amount
HDB - hydrocarbons decomposing bacteria
DHA — dehydrogenase activity

In April 2010, in order to assess the development of
remediation works, another eight soil samples were collect-
ed for analysis of the content of petroleum-derived sub-
stances (petrol, oil, BTEX). The depth of sample collection
was defined based on the organoleptic test (color and smell
of soil indicating the presence of petroleum-derived sub-
stances). The samples were collected from the most conta-
minated hole that did not suggest the presence of petrole-
um-derived substances, in sterile, tightly closed glass con-
tainers. The samples were collected above the water table.
The methodology of sample collection was compliant with
the norm PN-C-04620.03. The results of laboratory analy-
ses were compared with the allowable values of petroleum-
derived substances defined in the resolution of the Minister
of the Environment of 9 September 2002 on soil quality
standards, including the nature of land use.

Results and Discussion

The analyses of groundwater conducted in June 2008
revealed the exceeded highest allowable concentrations for
petrol and aromatic hydrocarbons in all the studied samples
(both in area B and C). In three holes, the exceeded highest
allowable concentrations of oil were also found (Table 2).

The physicochemical analyses did not find the presence
of pH values highly unfavourable for the development of
bacteria in the soil samples, in the studied period. The pH
of water ranged from 6.3 in hole Pz28 to 7.4 in hole Pz17.
The other parameters of groundwater were not studied ear-
lier in this area and for this reason they were assumed as ini-
tial (Table 3).

Bacteriological analyses of water samples showed the
presence of bacteria (Pseudomonas sp. and Bacillus sp.)
able to biodegrade petroleum products. The amount and

activity of bacteria differentiated. In most of the samples,
relatively high content of organic carbon in relation to the
other nutritive components is worth mentioning (Table 3).

In the year 2010 (April and June) the analysis of 19
groundwater samples was conducted. In April, in the water
from hole EP2 (Fig. 5) the presence of free phase was found
at the film level.

In 15 out of 19 soil samples the allowable concentration
of petroleum-derived substances (both for the sozological
level B and C) was found to be exceeded.

The content of petrol ranged from 20 ug/dm® (Pz23,
April 2010) to 198,080 ug/dm’ (Pz9, June 2010). For oil,
values ranging from 10 ug/dm’ to 8,280 ug/dm’ (Pz9, April
2010) were obtained. The BTEX sum ranged from 6
ug/dm’ (Pz12, April 2010) to 114,200 ug/dm’ (Pz9, June
2010).

Petroleum-derived substances were not observed in
groundwater in the base area in holes Pzl and Pz2.
Moreover, the presence of petroleum-derived substances in
the shoreline zone of Lake Gorzelec, in holes Pz23 and
Pz29, was not observed (Fig. 5).

Physicochemical analyses of groundwater conducted in
the same period of time (2010) found the reaction of water
environment favourable for bacterial growth. In five soil
samples (EP1, EP4, EP5, Pz13, Pz17, and Pz22) the lack of
phosphorus compounds was observed, and small amounts
of this element were found in holes EP6 — 0.03 mg/dm’ and
EP2 - 0.11 mg/dm’.

Contamination by petroleum-derived substances results
in the increased inflow of carbon source (substratum),
whose bidegradation causes the increase of the microor-
ganisms' demand for nitrogen and phosphorus in compari-
son with their natural content in the soil-ground environ-
ment. The C:N:P ratio shows the deficiency of nitrogen and
phosphorus. The development of microorganisms requires
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Table 8. Results of research on the content of petroleum-derived substances in soil (November 2010).
Place of sample Sum of hydrocarbons petrol C6-C12 oil
llecti pH
collection mg/kg d.w. mg/kg d.w. mg/kg d.w.

100 m from J. Gorzelec 6.8 1.5 <1.0 <0.1

100 m from Karpnikéw 6.2 <1.0 <0.5 <0.05

100 m from Glinianki 6.0 <0.5 <0.1 <0.01

d.w. — dry weight

the process biostimulation in the form of delivering biogene
substances (solutions of mineral fertilizers) in order to sup-
plement the deficiency of nitrogen and phosphorus, which
are essential elements for the microorganisms, apart from
carbon, to perform life functions.

Bacteriological analyses of water samples (in 2010)
revealed the presence of bacteria in all the samples. These
were mainly bacteria that decomposed hydrocarbons — the
selected strains of Pseudomonas sp. and Bacillus sp., which
was indicated by the titre of bacteria decomposing hydro-

carbons, correlating with bacteria amount [11-12]. The
smallest amount of bacteria was found in sample EP2 (Fig.
5), which may suggest the ending of the biodegradation
process of contaminants and their elimination, or the lack of
biogene substances (N, P).

In the remaining samples the amount of bacteria was
high, which indicated the intensive processes of organic
matter decomposition [13-15].

Soil analyses conducted in August 2007 revealed the
content of sum of petrol in the range from <1 mg/kg (Br3,

L Tl oL

T

Fig. 5. Location of underground water and oil sample collection points for analysis purposes.
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Table 9. Results of pH, insolation, and soil moisture measure-
ments (July 2011).

moisture insolation
No. pH
pF Jm? x s
Pz17 7.3 1.1 200
Pz14 7.5 1 150
EP3 72 4 720
Pz28 7.5 L5 190
Pz26 7.5 1 190
PzI1 7.5 2 180
Pz23 7.2 7 180
EP5 7.5 2.1 200
EP1 7.4 1.9 400
Pz12 7.5 1.3 550

Brll) to 2,188.1 mg/kg (Br8). The sum of oil ranged from
<Img/kg (Br3) to 545.6 mg/kg (Br4). The sum of BTEX
ranged from <0.1 mg/kg (Br3, Br5, Brl0) to 357 mg/kg
(Brg) (Table 4).

The analyses of soil conducted in May and August 2009
(Tables 5 and 6) revealed the variable content of petrol sum
in all samples in the range from 8.5 mg/kg (OPS, August
2009) to 2993.8 mg/kg (OP2, May 2009). The sum of oil
ranged between 21.4 mg/kg (OP5, August 2009) and
1,249.3 mg/kg (OP4, August 2009). In the analyzed sam-
ples the content of petrol was predominant.

The results presented in the above table suggest that the
sum of petrol in May 2009 at point OP1 was exceeded 54.4
times, and in point OP2, 59.9 times.

In physicochemical analyses of soil from the year 2009
(Table 7), the optimal pH for bacteria growth was observed,
whose reaction in the collected samples ranged from 6.4 in
holes OP3 and OP4 (August 2009) to 7.8 in hole OP5 (May
2009). As regards nutritious substances, in all the holes the
differentiated, unfavorable proportion of organic carbon,
organic nitrogen, and assimilable phosphorus, different
from the recommended proportion was found. The defi-

-
\ e =)

Fig. 6. Location of sample collection points for control sampling.
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ciency of total organic carbon was observed, and in August
2009 a nearly total lack of phosphorus content was recorded.

Bacteriological analyses of soil in August 2009 revealed
an increase in total amount of bacteria after conducting the
inoculation of soil using biopreparation. Also, the increase
in the amount of bacteria decomposing petroleum-derived
substances was observed. Bacteriological analyses were
conducted in terms of: total amount of bacteria in 1g of soil
by the method of deep sowing on nutritious agar, the titre of
bacteria decomposing petroleum product by the method of
sowing on mineral base with the addition of petroleum
product, dehydrogenase activity determined by the TTC
testing method for soil according to Casidy, and using the
reduction reaction of triphenyl-tetra-zolium chloride to col-
ored TF by living soil microorganisms [14-15].

The study revealed that the microflora of the investigat-
ed soil was marked by relatively high respiratory and enzy-
matic activity. This means that the improvement of condi-
tions of biodegradation process enabling the growth of
microorganisms or introduction of biopreparation may effi-
ciently advance the process of soil treatment [3].

In November 2010, soil samples were collected for the
analysis of the content of petroleum-derived substances.
The samples were collected near water bodies (Lake
Gorzelec — 250 m from the base, a clay-pit — 600 m from
the base, Karpik — 300 m from the base). The results of the
analysis are presented in Table 8.

In July 2011, near the selected observation holes, the
measurements of pH, insolation, and soil moisture were
taken. The results are presented in Table 9.

Numerous physical and chemical factors influence the
decomposition of hydrocarbons by microorganisms in the
natural environment. The factors include temperature and
pH of soil, its moisture, and the concentration and chemical
structure of contamination, physicochemical properties of
soil, and content of biogene salts, oxygen availability, con-
tent of organic compounds. The optimal temperature for the
biodegradation of petroleum-derived hydrocarbons is 25-
30°C. The temperature affects the physical and chemical
properties of oil components, the speed at which the
microorganisms will be able to metabolize them, and the
content of their population [11].

The pH reaction of the environment, which affects the
speed and direction of biological processes in soil, should
amount to 6.0-9.9, with the optimal range of 6.5-7.5. This
reaction is favorable for the growth of bacteria, which play
crucial roles in the process of biodegradation. It is also the
reaction that limits the growth of fungi [11].

The petroleum-derived products that contaminate the
studied area proved to be susceptible to decomposition by
the bacteria straits of Pseudomonas sp. and Bacillus sp. The
petroleum-derived compounds are the only source of car-
bon and energy in the processes of metabolism and
biodegradation. The enzymes produced and excreted by
microorganisms increase the solubility of petroleum-derived
components and their penetration inside the cell. The growth
of microorganisms on the surface of petroleum-derived
components and forming agglomerates make it easier for the
substratum to penetrate through the cell membrane [5].

Implementing the method of biological treatment of soil
in the area of the base (71) was the reason necessary for
activating the process of remediation. Due to the fact that
the process of natural biodegradation is limited by the
degree of natural diffusion of oxygen and the amount and
growth of bacteria that decompose petroleum-derived
hydrocarbons, it was intensified by: airing the contaminat-
ed zones, adding nutritious substances (fertilizing the soil),
watering the contaminated areas, and enriching the existing
microflora by introducing selected, indigenous microorgan-
isms grown in the field bioreactor or by adding ready-made
bacteria prepared for the environment [13].

Conclusions

The surface water and soil in the studied area indicated
high contamination with petroleum-derived substances,
mainly the fractions of fuel characteristic for petrol and
diesel oil (the predominance of contamination related to
petrol). The following criteria were considered in the cont-
amination assessment: for underground water — allowable
concentrations for zone C, according to the Methodological
Guidelines of the Polish Institute of Environmental
Protection — petrol 0.15 mg/dm?, oil 0.6 mg/dm’, for soil —
the Resolution of the Minister of the Environment of
09.09.2002 on the standards for the quality of soil and
ground (Polish Journal of Laws No. 165(1359)) — group C,
depth 2-15 m, water permeability > 1107 m/s — petrol —
50 mg/kg, oil — 1000 mg/kg [9].

The migration of contamination beyond the base area
(71) resulted from complicated hydrogeological conditions
[16]. The area of the base (71) is located within the zone of
glaciotectonic disturbances, which is suggested by the shal-
low deposition of tertiary forms (silts, dusts, brown coal) in
the form of isolated patches. Additionally, the complicated
situation is affected by unevenly formed clay substratum,
which occurs at different depths, causing the separation of
water-bearing layers. Moreover, within the pipe-like struc-
ture, the water at the first water-bearing level is character-
ized by high (up to 1.5 m) variations of the table level and
changing directions of flow. High water levels cause migra-
tion of petroleum product beyond the area of the influence
of the gas bailing system. The disturbances in the natural
flow of groundwater may be caused by the underground
infrastructure (tanks, transmission pipelines) in the area of
the base.

This also causes the inflow of product into the exploita-
tion holes and the secondary contamination of the soil-
water environment (possible gradual “emission” of petrole-
um-derived product from the inactive underground installa-
tions).

The multiple analyses of soil revealed significant
exceedances of the allowable standard values. In 2007 the
norms (NDS) were exceeded 12.5 times for oil (September
2007 — the sum of oil amounted to 12534.6 mg/kg at point
OP3). Petroleum-derived substances in groundwater also
occur in amounts significantly exceeding allowable con-
centrations.
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The main components of petroleum and its products are
aliphatic and aromatic hydrocarbons. Aromatic hydrocar-
bons (benzene, toluene, ethylbenzene, xylenes), defined by
the common name of BTEX, are regarded by the US
Environment Protection Agency (USEPA) as primary con-
taminants due to the threat they pose to human health [11].
Considering the fact that even minimal concentrations of
aliphatic and aromatic hydrocarbons are easily detectable in
water, making it unsuitable for drinking, the studied area
poses a serious threat to the health of the local inhabitants
and it requires further monitoring.
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