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Introduction

Sewage sludge generated at wastewater treatment 
plants should be disposed of safely and economically. 
Land application is a popular option for its disposal 
and seems to be the most convenient and the least ex-
pensive. The potential bacterial contamination of soil 
and groundwater limits, however, the land application 
of sewage sludge. In the US, a significant link between 
waterborne disease outbreaks and the consumption of 
contaminated groundwater, particularly from private 
noncommunity wells, has been found [1-3]. When aqui-
fer protection is taken into account, the understanding 

of bacterial cells’ migration in porous media becomes of 
great importance.

The transport of bacteria in soils, in the majority of 
studies, was analyzed using influent solutions with sus-
pended cells applied to the soil surfaces, and the experi-
ments were carried out mostly in saturated conditions [4-
9, and others]. The data obtained in those experiments are 
only partly applicable to the migration of sludge-borne 
bacterial cells. Microorganisms present in sewage sludge, 
must first be realized from the sludge matrix, before they 
infiltrate through the soil profile, and only in a few studies 
was this problem analyzed [10-12].

In the present paper, the bacteriological aspects of 
sewage sludge land disposal on sandy soils and on coal 
fly ash are discussed. The samples of sandy soils and of 
coal fly ash were obtained from the local degraded areas. 
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Abstract

The release of sludge-born bacteria and their further subsurface transport was studied. The migration of 
bacteria was investigated in column experiments which were carried out under the conditions correspond-
ing to naturally occurring extreme rainfall. Coal fly ash as well as coarse and medium grained sand, whose 
properties are similar to the soils present in degraded areas, were used as column beds. Sewage sludge was 
applied on the top of column beds in the quantity corresponding to the best land-reclamation practice. Clos-
tridium perfringens and fecal coliforms were used as bio-tracers of fecal pollution. The obtained results 
showed the dynamic of bacterial cells’ leaching from the sludge matrix, and the dynamic of their infiltration 
through the column beds to the effluents. The bacterial breakthrough curves obtained for the fly ash and for 
the sandy media differ significantly, reflecting the differences in transport processes and in the survival of 
bacterial cells. It has been found that the fly ash layer, whose thickness equals 0.80 m, can be regarded as an 
effective filter, which limits bacterial migration. When sludge is applied to the sandy soils, about 0.02% of 
the initial number of sludge bacteria can migrate downwards the sandy layer and can cause contamination 
of potentially shallow aquifers.
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The lack of organic matter and biogenic compounds, and 
consequently the lack of vegetative protection cause the 
wind and the rain erosion of those soils. Sewage sludge 
is recommended as a means of recycling nutrients and or-
ganic matter, and enhancing soil quality. It seems to be a 
valuable material for the reconditioning of degraded areas 
[13, 14]. The migration of sludge-borne pathogens through 
soils into groundwater has become, however, a major con-
cern to environmentalists and the general public [15].

In the present study, the effect of cyclic rain infiltration 
and of drainage events on the sludge-born bacteria’s leach-
ing, and on migration was analyzed. In general, straining, 
adsorption and inactivation are the main processes con-
trolling bacterial transport in porous media. In unsaturated 
soils, bacteria travel with mobile water [16] and their cells 
can interact with the air or solid phase, which results in 
temporary or permanent immobilization. In such condi-
tions bacteria can also be entrapped in stagnant pore wa-
ter between gas bubbles. During rain events, connectivity 
between mobile and immobile water increases, allowing 
bacteria to migrate with the advancing wetting front.

The assumption of the study was to conduct the ex-
periments in the worst possible conditions, which ensured 
the maximum efficiency of bacteria leaching from sew-
age sludge, and the advanced bacterial migration down 
the column. Thus, the laboratory tests were carried out in 
the atmospheric conditions corresponding to the extreme 
rainfall reported in the region of northern Poland whose 
precipitation height equals 100 mm per day [17]. In such 
conditions the flow rate of infiltrating rain water is the 
main factor controlling the bacterial transport in the un-
saturated media, with the negligible meaning of bacterial 
cells’ interactions with media interfaces [4, 18]. The leach-
ing of bacteria from the sewage sludge and bacterial verti-
cal migration was analyzed using Clostridium perfringens 
and fecal coliforms (FC), bio-tracers commonly present in 
sewage sludge [19-21], and compared with the transport of 
sludge-born NO3

- ion. In the column experiments, nitrate 
nitrogen is an accepted pollution tracer [22, 23].

Methodology

The column experiments were conducted in four se-
ries: one lasted 30 days – series A, and three lasted 7 days 
– series B, C, and D. Cylindrical plexiglas columns of to-

tal length of 1.0 m and with the internal diameter of 5.4 
cm were used in all the series. The construction of the col-
umns enabled their disassembling and collection of soil 
samples from the estimated levels (Fig. 1). Coarse grained 
sand (CGS), medium grained sand (MGS), and coal fly 
ash (FA) were used as column beds. The basic features of 
the analyzed filter media are summarized in Table 1.

Air-dried CGS, MGS and FA were sieved (<1mm) 
and, to eliminate the impact of their autochthonous mi-
croflora on the obtained results, autoclaved prior to every 
experiment. The columns were filled to the height of 0.8 
m. To achieve high packing density, the columns were 
completely saturated from the bottom up with filter-ster-
ilized (φ = 0.45 µm) deionized water (pH from 6.5 to 
6.6). Once saturation was reached, the water content of 
each column was determined by weighing. Next, the col-
umns were allowed to drain until the stable, minimum 
moisture content was achieved. The porosity of the filter 
beds was calculated, and was equal to 38.18 ± 0.6, 41.07 
± 0.32 and 72.99 ± 0.59 for CGS, MGS and FA, respec-
tively.

Table 1. Selected properties of the filter media used in the column experiments.

Filter media
Grain size

d50
[mm]

Uniformity
coefficient

d60 / d10

Silt fraction
[%]

Clay fraction
[%]

Organic matter
[%]

NNO3
[g kg-1 dm] pH

CGS 0.70 3.0 0.00 0.00 0.20 ± 0.01 < 0.001 6.2

MGS 0.25 3.2 1.33 0.00 0.39 ± 0.02 0.001 5.9

FAa 0.10 5.0 25.61 1.21 1.31 ± 0.11 0.020 8.4
a av. concentration of heavy metals in FA [mg kg-1 dm]: Cr-89.0; Zn-120.2; Cd-2.4; Cu-80.6; Ni-3.7; Pb-39.0

Fig. 1. Scheme of the experimental column.
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The stabilized sewage sludge, collected from the local 
wastewater treatment plant ‘Wschód’ in Gdańsk, was a 
mixture of primary and secondary sludge which has been 
previously stored in piles for three months. The dosage of 
the sludge in each experiment was equal to 23 g (dm) of 
sewage sludge per column. This value was equivalent to 
100 Mg of sewage sludge per hectare. To simulate condi-
tions of land reclamation, sewage sludge was first mixed 
with coarse grained sand (CGS) in ratio 1:3 (m/m) and 
then placed as a layer (thickness about 5 cm) on the top 
of each column bed. In the paper, the sewage sludge/sand 
mixture is called the initial deposition (ID). The mass of 
the initial deposition applied to each column was equal to 
81.05 ± 0.50 g (dm). Basic properties of the ID are shown 
in Table 2.

The column experiments were conducted under atmo-
spheric conditions corresponding to extreme rainfall (100 
mm per day). In the study, filter-sterilized, deionized water 
(pH from 6.5 to 6.6) was used as rainwater. Each column 
was equipped with a sprinkler that homogenously applied 
water to the top surface. The volume of water applied to 
each column was equal to 0.230 dm3 per day, supplied in 
a period of 12 h followed by 12 h drainage.

In the pilot-run series A, sorption abilities of the se-
lected filter media (CGS, MGS, FA) were determined. 
Three experiments have been carried out for 30 days, 
each one in the separate column, packed with different 
filter medium: coarse grained sand was in the first column 
(A1), medium grained sand in the second (A2), and coal 
fly ash in the third (A3). The data obtained in pilot series 
A showed that the concentration of sludge-borne NO3

- 
ions and bio-tracers reached the highest level during the 
first seven days of the experiments, regardless of the filter 
medium type. Thus, that period of time was established as 
sufficiently long for series B, C, and D. Each of the short 
series (B, C, D) was conducted in four columns simulta-
neously. The four columns operated under the same flow 
and filter medium conditions. CGS, MGS, and FA were 
used in series B, C, and D, respectively.

The column effluents were collected into sterile bottles 
during the experiments and the samples were taken once a 
day for the determination of Clostridium perfringens and 
fecal coliforms presence. Additionally, pH, and nitrate ni-
trogen content were measured. At the end of each filtra-
tion period, the columns were disassembled and samples 
of the initial deposition (IDend) as well as filter media were 
taken from 6 levels as it is shown in Fig. 1.

The measurements were made according to standards 
methods [24-28]. Solid and liquid samples were homog-
enized prior to each analysis. The membrane filtration 

method (MF) was used for determination of Clostridium 
perfringens and fecal coliforms. Nitrate ion concentration 
was analyzed using spectrometric method with sulfosal-
cylic acid. The values of pH were estimated electrometri-
cally, in solid samples in the 1:5 (volume fraction) sus-
pension of soil in water. The grain-size sieve analysis of 
the initial deposition (ID) and of the filter medum (CGS, 
MGS, FA) samples was also conducted.

Results and Discussion

The sludge-borne fecal contamination of the filter 
beds and the effluents was assessed using indicator mi-
croorganisms. The presence of bio-tracers in the column 
profiles and in the column effluents indicated transport 
abilities of examined media. The column experiments 
were conducted in the conditions of extreme rainfall and 
the bacterial transport was analyzed in sand (CGS, MGS) 
and fly ash (FA) media. On the basis of the granulomet-
ric analysis coarse and medium grained sand qualified as 
medium permeable, while fly ash as less permeable. The 
daily volume of the filter-sterilized deionized water ap-
plied to each column was equal to 0.230 dm3. The total 
volume of effluents was close to the total amount of the 
input water for each column (water recovery was over 
95%).

To simulate the practice of land reclamation, the sew-
age sludge was mixed with the sandy soil and applied to 
each column as the initial deposition (ID). The average 
load of nitrate nitrogen (XoN) introduced with the initial 
deposition to each column was equal to 6.4 ± 0.1 mg NNO3 
per column, whereas the initial number of indicator bacte-
ria (Xo) per column varied from 1.9x106 to 10.5x106 CFU 
and from 1.3x105 to 5.0x105 CFU for Clostridium perfrin-
gens of fecal coliforms, respectively.

In the analyzed unsaturated flow conditions, the trans-
port of sludge-borne Clostridium perfringens and fecal co-
liforms was compared with the transport of sludge-borne 
NO3

- ions. Both the chemical-tracer and the bio-tracers 
were released and removed from the initial deposition 
by water percolating through that layer and transported 
downwards on the column beds to the effluents.

The dynamic of the NO3
- ions leaching from the initial 

deposition was determined as a ratio of the nitrate nitrogen 
mass present in the total volume of daily effluents (XN) to 
its initial mass (XoN) introduced to the column (Fig. 2). 
The relative breakthrough curve (XN XoN

-1) started to in-
crease from the first day and reached the highest level on 
the second day of the experiments for the coarse (series A1 

Table 2. Characteristics of the initial deposition (ID).

Water content Organic matter NNO3 Fecal coliform Cl.perfringens pH

% g kg-1 (dm) CFU g-1 (dm)

20.4 ± 0.4 3.5 ± 0.1 0.08 ± 0.01 3 180 ± 500 78 500 ± 12 263 6.9 ± 0.1
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and B) and the medium grained sand (series A2 and C), 
then decreased gradually with time. For the fly ash (series 
A3 and D), the maximum concentrations of NO3

- ions in 
the column effluents were observed on the fifth day (Fig. 
2). The longer retardation time, recorded for FA, was con-
nected with the high moisture content in that filter bed. The 
capillary water content was about four times higher than 
the amount of water applied daily to the columns. Regard-
less of the filter material, however, the maximum concen-
tration of nitrate nitrogen in the column effluents was com-
parable for each series and varied from 4.0 to 5.5 mg NNO3 
dm-3. Sufficient repeatability and no significant difference 
in the transport conditions of the chemical-tracer between 
corresponding experiments of the short series B, C, D and 
the long series A (respectively A1, A2, A3) were confirmed 
by the consistence of the obtained data. The correlation co-
efficients calculated for the corresponding series: A1 – B 
(CGS), A2 – C (MGS), and A3 – D (FA) were equal to 
0.97, 0.95, and 0.99, respectively.

The dynamic of the indicator bacteria leaching from 
the initial deposition, and their transport through the col-
umn beds to the effluents was also determined as a rela-
tive ratio of the number of bacterial cells present in the 
total volume of daily effluents (Xt) to the initial number 
of bacteria introduced to the column (Xo) as a function of 
time (Fig. 3). Bacterial transport (Xt Xo-1) was calculated 
for all the series: for series A (A1, A2, A3) lasting 30 days, 
and for series B, C, and D lasting 7 days. Bacterial reten-
tion in the analyzed media was estimated only for 30-day 
series A (A1, A2, A3) and determined as a dimensionless 
ratio of Xr Xo-1 in function of column’s depth (Fig. 3). Xr 
was defined as a number of indicator bacteria present in 
the total mass of the filter bed at the analyzed bed’s level 
(Fig. 1).

The concentrations of Clostridium perfringens and fe-
cal coliform in the effluents were directly related to the 
type of filter bed. For CGS (series A1 and B) the peak of 
the bacteria breakthrough curves appeared on the second 
and third days. The maximal number of the indicator bac-

teria cells varied from 183 to 630 CFU for Clostridium 
perfringens and from 8 to 20 CFU for FC in 100 ml of the 
effluent. The indicator bacteria concentrations obtained in 
series A1 (CGS) were higher than the corresponding val-
ues in series B. Bacterial migration could be accelerated 
by larger pore spaces, which may occur in coarse soils [4, 
11, 29].

In the medium grained sand effluents (series A2 and 
C), the indicator bacteria reached the highest level on the 
forth day of the experiments with the maximum number 
of Clostridium perfringens ranging from 104 to 240 CFU 
in 100 ml. The corresponding concentrations of FC did 
not exceed 5 CFU in 100 ml of effluent.

In the case of fly ash (series A3 and D) the number of 
the colony forming indicator bacteria present in the col-
umn effluents was close or equal to zero.

The laboratory experiments indicated that Clostridium 
perfringens and fecal coliforms were leached from the ini-
tial deposition layer and transported throughout the filter 
beds to the effluents. In the sandy media, the retardation 
time of the indicator bacteria was similar to the retarda-
tion time of the chemical tracer (NNO3) only for CGS. For 
MGS such similarity was observed between the retarda-
tion time of the bacteria cells and of the less mobile nitro-
gen compounds as organic and ammonium nitrogen [30]. 
The bacterial movement comparable to the movement 
of chemical compounds was obtained in several column 
and field experiments [22, 31, 32]. In the current study, 
however, no correlation between the bacteria cells and the 
nitrate nitrogen movement in the FA beds was found. The 
indicator bacteria distribution in the fly ash was limited. 
Only a few cells in colony forming state were recovered 
from the effluents.

The obtained data suggested that the indicator bacteria 
were mainly leached from the initial deposition at the be-
ginning of each experiment; however, factors controlling 
their effective extraction from such a complex substrate as 
sewage sludge (initial deposition) have not yet been fully 
recognized [12]. It should also be considered that in condi-
tions of extensive rainfall, the area of air-water interfaces 
is reduced, thus even sludge bacteria attached to the solid 
particles can be mobilized in porous media [8, 16, 33].

At the end of series A (A1, A2, A3) the cumulative 
number of the bacterial cells present in the total volume 
of effluents ΣXt was calculated (Table 3). The ratio of ΣXt 
to the initial number of bacterial cells introduced to the 
columns in the initial deposition (Xo) was low, and varied 
from 0.008 to 0.012% for CGS, from 0.002 to 0.004% for 
MGS, whereas for FA, it was even less than 0.001%. It 
suggests that bacteria were retained in the initial deposi-
tion or in the column filter media, or were present in the 
column effluents but in a non-culturable state. The bac-
teria released from the sewage sludge by the percolating 
water were transported through the beds to the effluents, 
although the cell interactions with the filter media inter-
faces could limit those processes.

The bacterial retention (Xr Xo-1) in analyzed media 
was estimated only for a 30-day series A (A1, A2, A3), 

Fig. 2. Relative ratio of NO3
- mass present in the total volume 

of daily effluents (XN) to its initial mass (XoN) introduced to the 
column as a function of time.
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and determined as a function of column depth (Fig. 3). 
The presence of the indicator bacteria in the filter beds 
was directly related to the experimental level and the 
number of bacteria decreased with depth. The bacterial 
cells were mostly kept in the initial deposition level (0.0 
– 0.1m) where ratio Xr Xo-1 varied from 40% to 43% for 
Clostridium perfringens and from 31% to 35% for fecal 
coliforms. However, the retention (Xr Xo-1) of Clostridi-
um perfringens in the IDend layer was higher than that of 
fecal coliforms. It is difficult to say if it was related to a 
lower facility of Clostridium perfringens extraction from 
the sludge matrix by the simulated extreme rainfall or 
to the lower FC resistance to environmental stress than 
spore-forming Clostridium perfringens showed.

In the current study, the cells of the indicator bacteria, 
released from the initial deposition, were mainly retained 
in the upper part of the columns, within the first 0.10 m 
beneath the IDend layer. In the sandy soils (series A1 and 
A2) fecal coliforms did not penetrate, in culturable state, 
to a depth greater than 0.25 m beneath the IDend layer; in 
the fly ash (series A3) they were not present even on the 
first level (0.10 m beneath the IDend). In the case of Clos-
tridium perfringens, the bacterial cells were isolated from 
all the column levels, in a very low number – Xr Xo-1 < 
0.5% (< 350 CFU g-1 dm). Compared to the spore-form-
ing Clostridium perfringens, vegetative fecal coliforms 
were more sensitive to the FA environment. It is probable 

that the high value of fly ash’s pH and the high concentra-
tion of heavy metals (see Table 1) limited survival of fe-
cal coliform. Additionally, in the FA media, the presence 
of 25% of silt and 1% of clay fraction promote bio-trac-
ers’ retention. Stated in the experiments, limited bacterial 
transport and the retention of bacterial cells in the upper 
part of the soil corresponds to the data presented in litera-
ture [29, 34].

The obtained data indicate that features of filter media 
and bacteria properties were the main factors influencing 
bacteria distribution in the analyzed conditions. Similar 
conclusions have been formulated in the works of Smith 
et al. [4], Schafer et al. [35], Shelton et al. [12], Harvey et 
al. [36], Abu-Ashour et al. [37], and others.

Gannon et al. [5, 6] and Troxler et al. [38] found out 
that viable bacterial cells were relatively strongly attached 
to solid particles, whereas dead and injured cells might be 
extracted more easily. Shelton’s et al. [12] studies of the 
releasing rate of manure-born coliform bacteria and their 
transport in stony soil reported a strong correlation between 
FC concentration in effluents and effluents’ turbidity. The 
data obtained in the current experiments also suggests that 
bacteria cells were extracted from the initial deposition lay-
er not only as free cells but also as cells attached to small 
organic particles of sewage sludge. The higher concentra-
tion of organic matter in the first 0.10 m of the column beds 
beneath the ID layer, compared to the background samples 
(data not shown, [39]), proves the rightness of that assump-
tion. Thus, future research is required to determine how 
bacterial retention in soils is affected by the presence of 
sludge-born organic particles [12].

At the end of series A, a cumulative number of the 
indicator bacteria cells present in the total amount of the 
column effluents (ΣXt) as well as in the column beds (ΣXr) 
was calculated. The cell balance was then determined as a 
ratio of bacterial recovery (Xrec = ΣXt+ ΣXr) to Xo. Since 
the cumulative bacterial number present in the column 
effluents (ΣXt) was negligibly low compared to ΣXr, the 
bacterial recovery (Xrec Xo-1) was nearly equal to bacte-
rial retention (Xr Xo-1). The low recovery of bacterial cells 

Table 3. Cumulative number of bacteria cells present in total 
volume of effluents calculated for series A.

Total number of 
bacteria

Kind of filter bed 

CGS (A1) MGS (A2) FA (A3)

Cl.perfringens < 3 000 < 800 < 100

Fecal coliform < 140 < 20 < 10

(av. total volume of effluents obtained in series A was equal to 
6.75 dm3)

a) b)

Fig. 3. The dynamic of bacterial transport (Xt Xo-1) and bacterial retention (Xr Xo-1) in column experiments: a) Clostridium perfringers, 
b) fecal coliforms.
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(Xrec Xo-1), less than 65% for Clostridium perfringens and 
less than 50% for fecal coliforms, indicated that the ex-
amined bacteria died during the laboratory tests or were 
likely to persist mostly in a non-culturable state [40, 41]. 
Similar low recovery results were obtained by Gannon et 
al. [5, 6] and Troxler et al. [38].

Conclusions

The indicator microorganisms introduced to the col-
umns with sewage sludge were kept mainly in the initial 
deposition layer (sewage sludge), whereas cells released 
from that layer where retained mainly by the first 0.1m 
of the column beds. The column effluents contained less 
than 0.02% of the initial number of bacteria. However, 
the presence of viable cells suggests that in the condition 
of extensive rainfall, a land application of sewage sludge, 
especially on sandy soils, can cause the contamination of 
shallow aquifers. The fly ash, which contains silt and clay 
fraction, creates a more effective filter, although the bacte-
rial transport could in this case be additionally influenced 
by the limited survival of bacterial cells, which depends 
on ashes’ pH and high concentration of heavy metals.

The low bacteria recovery (less than 65% of their ini-
tial number) may be related not only to the bacterial die-
off but also to the presence of cells in a non-culturable 
state. Thus, the current study raises the questions of using 
a traditional, cultivating method to determine microor-
ganisms’ presence in soil and water samples.

The knowledge of microorganisms’ release from sew-
age sludge seems to be essential for the analysis of the 
correlation between sewage sludge land application and 
sewage-borne bacteria transport in soils. The continua-
tion of the presented work is needed to assess the role 
of non-culturable bacterial cells in soil and groundwater 
environment.

Appendinx

CGS – coarse grained sand, 
dm – dry mass, 
FA – fly ash, 
FC – fecal coliforms, 
ID – mixture of sewage sludge and CGS prepared in ratio 
1:3 (m/m), 
IDend – properties of sewage sludge/CGS mixture at the 
end of each filtration, 
m – mass, 
MGS – medium grained sand, 
MF – membrane filtration, 
XN – mass of chemical tracer (NO3

-) present in total vol-
ume of daily effluents, 
XoN – mass of chemical tracer (NO3

-) introduced to the col-
umn with initial deposition (ID); 
Xo – number of indicator bacteria present in total mass of 
freshly prepared initial deposition, 

Xt – number of indicator bacteria present in the total vol-
ume of daily column effluents, 
Xr – number of indicator bacteria present in total mass of 
filter bed at analyzed column’s level, 
ΣXt – cumulative number of bacterial cells isolated from 
the total volume of column effluents, 
ΣXr – cumulative number of bacteria cells present in col-
umn beds’ subsamples, 
Xrec – bacterial recovery (Xrec = ΣXt + ΣXr)

Acknowledgements

This work was carried out as part of a research proj-
ect supported by the Committee for Scientific Research 7 
T09D 044 21.

References

	 1.	 MOORE A.C., HERWALD B.L., CRAUN G.F., CALED-
ERON R.L., HIGHSMITH A.K., JURANEK D.D. Surveil-
lance for waterborne disease outbreaks-United States, 1991-
1992. MMWR CDC Surveill. Summ. 42, 1, 1993.

	 2.	K RAMER M.H., HERWALDT B.L., CRAUN G.F., 
CALDERON R.L., JURANEK D.D. Surveillance for water-
borne disease outbreaks-United States, 1993-1994. MMWR 
CDC Surveill. Summ. 45, 1, 1996.

	 3.	 BLACKBURN B.G., CRAUN G.F., YODER J.S., HILL 
V., CALDERON R.L., CHEN N., LEE S.H., LEVY D.A., 
BEACH M.J. Surveillance for waterborne-disease outbreaks 
associated with drinking water-United States, 2001-2002. 
MMWR CDC Surveill. Summ. 53, 23, 2004.

	 4.	 SMITH M.S., THOMAS G.W., WHITE R.E., RITONGA D. 
Transport of Escherichia coli through intact and distributed 
soil columns. J. Environ. Quality. 14, 87, 1985.

	 5.	 GANNON J.T., MANILAL V.B., ALEXANDER M. Re-
lationship between cell surface properties and transport of 
bacteria through soil. Appl. Environ. Microbiol. 57, 190, 
1991a.

	 6.	 GANNON J.T., MINGELGRIN U., ALEXANDER M., 
WAGENET R.T. Bacterial transport through homogenous 
soil. Soil Biol. Biochem. 23, 1155, 1991.

	 7.	 BITTON G., HARVEY R.W. Transport of pathogens through 
soils and aquifers. In: New concepts in environmental mi-
crobiology, R. Mitchell, (ed.), Wiley, N.Y., pp. 101-122, 
1992.

	 8.	 POWELSON D.K., MILLS A.L. Transport of Escherichia 
coli in Sand Columns with Constant and Changing Water 
Contents. J. Environ. Quality. 30, 238, 2001.

	 9.	 ROCKHOLD M.L., YARWOOD R.R., NIEMET M.R., 
BOTTOMLEY P.J., SELKER J.S. Experimental observa-
tions and numerical modeling of coupled microbial and 
transport processes in variably saturated sand. Vadose Zone 
J. 4, 407, 2005.

10.	EDMONDS R.L. Survival of coliform bacteria in sewage 
sludge applied to a forest clearcut and potential movement 
into groundwater. Appl. Environ. Microbiol. 32, 537, 1976.



Soil and Groundwater... 593

11.	Mc MURRY S.W., COYNE M.S., PERFECT E. Fecal co-
liform transport through intact soil blocks amended with 
poultry manure J. Environ. Quality. 27, 86, 1998.

12.	SHELTON D.R., PACHEPSKY Y.A., SADEGHI A.M., 
STOUT W.L., KARNS J.S., GBUREK W.L. Release rates 
of manure-borne coliform bacteria from data on leaching 
through stony soil. Vadose Zone J. 2, 34, 2003.

13.	SOPPER W.E. Municipal sludge use in land reclamation. 
Lewis Publishers, London, United Kingdom, 1993.

14.	WALTER I., CUEVAS G., GARCIA S., MARTINEZ F. Bio-
waste effects on soil and native plants in a semiarid ecosys-
tem. J. Environ. Qual., 32, 472, 2003.

15.	USEPA, National Water Quality Inventory: Report to Con-
gress, USEPA, office of Water, Washington, D.C. 1994.

16.	AUSLAND G., STEVIK T.K., HANSSEN J.F., KOHLER 
J.C., JENSSEN, P.D. Intermittent filtration of wastewater-
removal of fecal coliforms and fecal streptococci. Water 
Res. 36, 3507, 2002.

17.	Atlas of Polish climate (ed.) Halina Lorenc. Instytut Meteo-
rologii i Gospodarki Wodnej Warszawa 2005.

18.	AUSET M., KELLER A.A. Intermittent filtration of bacteria 
and colloids In porous media. Water Resour. Res. 41, 2005.

19.	SAHLSTROM L., ASPAN A., BAGGE E., THAM M.L., 
ALBIHN A. Bacterial pathogen incidences in sludge from 
Swedish sewage treatment plants. Water Res. 38, 1989, 
2004.

20.	BITTON G. Wastewater Microbiology, 3rd. ed., Wiley-Liss 
Pub., New York, 746 pp., 2005.

21.	de las HERAS J. MANAS P., LABRADOR J. Effects of 
several applications of digested sewage sludge on soil and 
plants. J. Environ. Sci. Health A Tox. Hazard Subst. Envi-
ron. Eng. 40, 437, 2005.

22.	POSTMA F.B., GOLD A.J., LOOMIS G.W. Nutrient and 
Microbial Movement from. Seasonally-Used Septic Sys-
tems. Journal of Environmental Health 55, 5, 1992.

23.	WILHELM S.R., SCHIFF S.L., ROBERTSON W.D. Chem-
ical fate and transport in a domestic septic system: Unsatu-
rated and saturated zone geochemistry. Environmental Toxi-
cology and Chemistry 13, 193, 1994.

24.	ISO 6461-2:1986. Water quality – Detection and enumera-
tion of the spores of sulfite-reducing anaerobes (clostridia) 
-- Part 2: Method by membrane filtration

25.	ISO 9308-1:2000: Water quality – Detection and enumera-
tion of Escherichia coli and coliform bacteria – Part 1: Mem-
brane filtration method

26.	ISO 7890-3:1988 Water quality -- Determination of nitrate 
-- Part 3: Spectrometric method using sulfosalicylic acid.

27.	ISO 10523:1994 Water quality – Determination of pH.
28.	PN-88/B-04481. Building soils. Laboratory tests [In Polish].

29.	STEVIK T.K., AUSLAND G., JENSSEN P.D., SIEGRIST 
R.L. Removal of E. coli during intermittent filtration of 
wastewater effluent as affected by dosing rate and media 
type. Water Res. 33, 2088, 1999.

30.	ŁUCZKIEWICZ A. Soil and groundwater contamination as 
a result of sewage sludge land application. Polish J. of Envi-
ron. Stud. 15, 869, 2006.

31.	SCHOUB, S.A., SOBER C.A. Virus and bacteria removal 
from waste-water by rapid infiltration throught soil. Appl. 
Environ. Microbiol. 33, 609, 1977.

32.	PAUL J.H., ROSE, J.B., JIANG S., KELLOGG C., SHINN 
E.A. Occurrence of fecal indicator bacteria in surface waters 
and the subsurface aquifer in Key Largo, Florida. Appl. En-
viron. Microbiol. 61, 2235, 1995.

33.	WAN J., WILSON J.L, KIEFT T.L. Influence of the gas–
water interface on transport of microorganisms through un-
saturated porous media. Appl. Environ. Microbiol. 60, 509, 
1994.

34.	NIEWOLAK S., TUCHOLSKI S., RADZIEJEWSKA E. 
Sanitary-Bacteriological Evaluation of Meadow Soils Irri-
gated with Biologically Treated Sewage. Polish Journal of 
Environmental Studies, 11, 141, 2002.

35.	SCHAFER A., USTOHAL P., HARMS H., STAUFFER F., 
DRACOS T., ZEHNDER A.J.B. Transport of bacteria in un-
saturated porous media. J. Contam. Hydrol. 33, 149, 1998.

36.	HARVEY, R.W., GEORGE, L.H., SMITH, R.L., le BLANC, 
D.R. Transport of microspheres and indigenous bacteria 
through a sandy aquifer: Results of natural and forced-gradi-
ent tracer experiments. Environ. Sci. Technol. 23, 51, 1989.

37.	ABU-ASHOUR, J., DOUGLAS, M.J., LEE, H., WHITE-
LEY, H.R., ZELIN, S. Transport of microorganisms throught 
the soil. Water Air Soil Poll. 75, 141, 1994.

38.	TROXLER, J., ZALA, M., NATSCH, A., NIEVERGELT, J., 
KEEL, CH., DEFAGO, G. Transport of a biocontrol Pseu-
domonas fluorescens through 2.5-m deep outdoor lysimeters 
and survival in the effluent water. Soil Biol. Biochem. 30, 
621, 1998.

39.	SOBIERALSKA A. ‘Study of soil and ground-water con-
tamination as a result of sewage sludge ground applica-
tion.’ PhD diss. Biblioteka Wydziału Inżynierii Lądowej 
i Środowiska, Gdańsk University of Technology, pp. 286, 
2003.

40.	ROSZAK, D.B., COLWELL, R.R. Survival strategies of 
bacteria in the natural environment. Microbiol. Rev. 51, 365, 
1987.

41.	ROMPRE, A., SERVAIS, P., BAUDART, J., DE-ROUBIN, 
M.R., LAURENT, P. Detection and enumeration of coli-
forms in drinking water: Current methods and emerging ap-
proaches. J. Microbiol. Methods. 49, 31, 2002.




