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Abstract: The paper gives an overview on the changes in water quality during riverbank filtration
(RBF) in Budapest. As water from the Danube River is of high quality, no problems occur during
regular operation of RBF systems. Additionally, water quality improved through the past three
decades due to the implementation of communal wastewater treatment plants and the decline of
extensive use of artificial fertilizers in agriculture. Algae counts are used as tracer indicators to
identify input of surface water into wells and to make decisions regarding shutdowns during floods.
RBF systems have a high buffering capacity and resistance against accidental spills of contaminants
in the river, which was proven during the red mud spill in October 2010. The removal rate of
microorganisms was between 1.5 log and 3.5 log efficiency and is in the same order as for other RBF
sites worldwide.
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1. Introduction

Riverbank filtration (RBF) is a widely used natural water treatment process where, by definition,
at least 50% of treated water must originate from surface water. It has been observed that the surface
water source, the hydrogeological characteristics of the aquifer, the protected watershed area and the
particularities of production play an important role on the quality of the produced water [1–3].

RBF offers many advantages concerning improvement of water quality. This type of ecosystem
service is used in many watersheds globally, including India, China, USA and Germany. RBF along
the Danube River has been used for water supply in Budapest for over 150 years [4]. Due to the
high quality of the Danube River water and favorable hydrogeological conditions at the Szentendre
Island upstream of the city of Budapest, no post-treatment except disinfection is required after RBF
processes. This unique situation enables us to study long-term trends in the characteristics of water
quality parameters.

The focus is set on basic water quality parameters to describe microbiologically mediated reactions,
physical sorption and mixing processes during RBF and the resulting attenuation of pollutants. Spatial
changes in redox potential conditions were studied in RBF processes in Berlin, where it has been found
that temperature variation strongly influenced the efficacy of microbial removal processes [5].

The vulnerability of RBF processes to climate change has been discussed in prior studies
concentrating on oxic/aerated and anoxic conditions of the aquifer layers [6]. Redox conditions
are profoundly affected by both microbiologically mediated pathways of nitrogen transformations
(nitrification and denitrification) and physicochemical sorption processes and phase equilibria [7].
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Local redox conditions, however, can only be indirectly controlled in the aquifer by the operator (i.e.,
pumping rates). In spite of the improvements in traditional water quality parameters, concerns arise
regarding the microbial parameters of the Danube both upstream [8] and downstream of Budapest [9]
related to the increasing incidence and severity of extremities.

The aim of this study is to give an overview regarding the efficiency of RBF processes. The basic
concept is to analyze physical, chemical, microbiological and biological parameters and highlight
existing connections. Challenges include seasonal variations in river water quality, floods, droughts,
industrial and agricultural pollutant input variations. Therefore, it is important to consider water
quality parameters which can be determined at a high number, high frequency and at low cost. Also,
it is important to determine how these measurements can improve the level of service by faster and
established interventions, lower disinfectant concentration and effective operational strategies.

2. Materials and Methods

2.1. Site Description

As the efficiency of RBF is site specific and the water quality changes are affected by many
other factors besides source water quality, e.g., water level changes, travel times of bank filtrate,
pumping regime of wells, etc., a large dataset is required to be able to determine reliable operational
methodology. In this paper, data from the period 2006 to 2017 from a total of up to 756 wells were
overviewed to assess changes in water quality. The maximum capacity of the RBF systems of Budapest
Waterworks is 1.0 million m3/day; the recent average supply is about 456,000 m3/day. Compared to
the average discharge of the Danube River in Budapest, which stands at 200 million m3/day, only
0.23% of the water is extracted from the river discharge via bank filtration. A unique situation occurs
in Budapest whereby there is no riverbed clogging observed [10] and no distinct clogging layer exists
in the riverbed affecting water quality. This may be due to the high river flow velocity of 0.8–1.6 m/s,
the depth of the river and the related shear forces. At such levels of flow velocity, fine particles do not
settle, only coarse sand and gravel do [11]. At many other RBF sites worldwide, clogging profoundly
affects the infiltration rates of river water and results in a highly active biological layer in the riverbed
which often notably contributes to water quality changes, especially considering oxygen consumption
and attenuation of organic compounds [11–15].

Budapest Waterworks operates 756 RBF wells to supply water to 1.89 million inhabitants.
The wells are predominantly located on Szentendre Island and Csepel Island (Figure 1). A detailed
description of well types and operation procedures are to be found in Nagy-Kovács et al. [16].

2.2. Groundwater Flow Modeling

Travel times have been determined by ground water flow modeling using the MODFLOW
software (USGS, Reston, VA, USA). The modeling served to determine the travel time of water
particles arriving in the well. The ratio between river bank filtrate and ground water was investigated.
The original proportion of the produced water is primarily controlled by the actual level of the Danube
and the rate of drawdown. Calculations were carried out based on a 2-m average Danube level
and a drawdown of 2 m. Later, separate well capacities for different Danube water levels were also
determined in 2012 [17]. Table 1 gives an overview of the distances and travel times between the
Danube River and the production wells.
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Figure 1. Location and names of well groups of the Budapest Waterworks at Szentendre Island
(upstream the capital) and Csepel Island (downstream the capital).

Table 1. Distance and travel time between the Danube River and RBF wells in Budapest.

Well/Well Group Type of Wells
Distance between the
Riverbank and Wells

(m)

Thickness of
Aquifer

(m)

Travel Time of
Bank Filtrate

(days)

Kisoroszi HW 40–370 9–13 13–17
Tótfalu HW 120 7–10 14–22
Tahi I. HW 60 5–8 3–6
Tahi II. HW 200–230 5–8 12–20

Surány well 1–7 HW 60–120 7–12 6–8
Surány well 8–14 HW 190–228 7–12 22–25
Surány well 15–20 HW 255–410 7–12 68–98

Horány I. VW 19 7–9 4–6
Horány II. VW 19 7–9 6–8
Horány III. HW 85–245 7–9 9–11

Pócsmegyer I. VW, HW 90–140 5–12 8–11
Pócsmegyer II. HW 0–60 5–12 2–4
Pócsmegyer III. VW 30 5–12 2–4

Monostor I HW 30–270 5–13 11–12
Monostor II. VW 70 5–13 9–12
Monostor III. VW 70 5–13 7–9
Monostor IV. VW 40 5–13 4–6
Monostor V. VW, HW 40–80 5–13 9–13

Sziget I. HW 10–35 5–13 2–5
Sziget II. HW 10–45 5–13 2–5
Balpart I. HW, SW 51–100 5–10 5–10
Balpart II. HW 62–203 5–10 2–5

Csepel HW 7–27 9–17 2–5
Halásztelek HW 24–113 9–17 2–25

Tököl VW 55–70 5–13 5–20
Szigetújfalu HW 374–860 5–13 100–220

Ráckeve HW 60–117 8–15 15–20

HW—horizontal (collector) well, VW—drilled (vertical) well, SW—shaft well.
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2.3. RBF Monitoring Network and Samples

Water sampling from the river and the wells was carried out following the Hungarian guidelines
and standards [18]. Analyses are carried out systematically and adjusted to changing circumstances
to ensure safe and secure water supply and to gain data for optimal operation of the RBF systems.
The Danube River was sampled at least weekly either on Szentendre Island or Csepel Island. Every
well in operation was sampled regularly at least twice a year from its sampling tap. Some siphon
systems were sampled at their collecting pipes.

All analytical methods for the determination of discussed parameters are provided in the
Supplementary Material.

The minimum, median and maximum values were prepared. Due to the large number of data,
short events such as floods or spills would not affect the median values which are used to determine
removal rates for different groups of RBF wells.

For physical and chemical parameters, mean removal rates have been determined for the whole
time period. Lowest and highest removal rates were calculated using the mean concentration in the
river water and the maximum and the minimum concentration in the bank filtrate, respectively. As the
sampled well water is a mixture of bank filtrate of different age depending on the location of infiltration
in the riverbed, the depth of the flow path in the aquifer and the pumping rate of the well, pairing
of data is not useful. In no case, data from the same date of sampling can be compared as the water
sampled from the well is days to weeks old and has nothing to do with the river water quality at the
sampling date. As RBF acts as a buffer for water quality, it is feasible to use the mean concentration in
river water and to compare with minimum and maximum concentrations observed in the well water.
For microbiological parameters, the mean logarithmic removal rate was calculated as the difference
between the logarithm of the average cell count in Danube River water and the logarithm of the
average cell count in the bank filtrate.

The available dataset has been discussed in five different Chapters (Sections 3.1–3.5). For all
chapters, a table has been prepared to better demonstrate the results that have been analyzed during
this study. Median values are in bold presented in the first row, the range of each parameter with
minimum and maximum values is given in the second row, and n represents the total number of
samples for the parameter in italics. The dataset is formed by culminating results from the monitoring
plan determined by Hungarian regulations, operation-related experiments, sampling during extreme
hydrological events and a major accidental pollution event in the Danube River basin. Due to this fact,
the number of samples (n) varies for each parameter, as authors chose to present all reliable data from
the period 2006–2017.

3. Results and Discussion

3.1. Physical Parameters and Selected Cations and Anions

This chapter summarizes the results of physical parameters, cations and anions measured on a
regular basis. The temperature of the river water ranges from −1.4 to 26.3 ◦C with a median of 13.2 ◦C
(Table 2). Due to the short distance between the riverbank and the wells and the heat capacity of the
aquifer material, only a low buffering effect was observed—the temperature of bank filtrate ranges
from 0.7 to 21.0 ◦C with a median of 11.9 ◦C. As the aquifer thickness is only 5–17 m (Table 1), the
buffering effect is lower in Budapest compared to other RBF sites with larger aquifer thickness, e.g., in
Torgau with 50–60 m thickness [14,19]. The electrical conductivity (EC) of river water and bank filtrate
varies from 283 to 652 µS/cm and from 303 to 1809 µS/cm, respectively. The mean EC is very similar
for the Danube River water and well groups on Szentendre Island, indicating a high portion of bank
filtrate, which has been calculated from groundwater flow modeling as 60–80% [17]. The maximum EC
values in bank filtrate, which are significantly higher than those of the river water are only observed
on Csepel Island, where industrial and agricultural activities even outside of the well head protection
zones are still affecting the water quality in some wells. The mean turbidity of bank filtrate is very low
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(0.05–0.07 NTU) compared to river water and the removal of particles is not a function of travel time.
Slightly increased turbidity values on Csepel Island are related to iron and manganese precipitates.

Table 2. Physical parameters and selected cations and anions, median (min–max) values of Danube
River water and bank filtrate with different travel time (t), Budapest, 2006–2017.

Parameter Unit Danube
River Water

Bank Filtrate
t < 10 days

Bank Filtrate
t = 10–25 days

Bank Filtrate
t > 50 days Effect

T ◦C
13.2 12.4 11.7 11.8

Buffering effect−1.4–26.3 −0.7–21 4–20.8 7–16.6
(n = 1476) (n = 4744) (n = 4451) (n = 753)

EC µS/cm
387 454 475 731

Increase with travel
time

283–652 303–1617 336–1809 411–1379
(n = 1010) (n = 3255) (n = 3677) (n = 663)

Turbidity NTU
12.5 0.07 0.08 0.05 Removal

up to 99%0.24–213 <0.1–149 <0.1–44.5 <0.1–1.99
(n = 962) (n = 4152) (n = 3951) (n = 698)

pH -
8.03 7.52 7.5 7.4

Decrease, no effect
of travel time

6.86–8.95 7–7.95 6.11–7.92 7.05–7.7
(n = 1009) (n = 2080) (n = 2298) (n = 375)

Alk mmol/L
3.2 3.8 3.1 5.5 Slight increase for

t < 50 days2.4–4.0 2.5–7.6 2.9–7.7 3.8–8.2
(n = 140) (n = 845) (n = 1524) (n = 268)

Ca2+ mg/L
54.3 66.6 72.1 92.1

Increase with travel
time

40.3–80.3 24.7–196 47.6–214 64–160
(n = 352) (n = 1799) (n = 1605) (n = 269)

Mg2+ mg/L
13.3 16.1 17.2 40.4 Slight increase for

t < 50 days9.1–20.6 5.2–59.9 11.5–73.7 15.5–96
(n = 354) (n = 1799) (n = 1604) (n = 269)

Na+ mg/L
13.3 14.3 14.6 19.7 Slight increase for

t < 50 days6–30.3 8.0–75.3 8.7–78.7 11.3–45.9
(n = 352) (n = 1804) (n = 1604) (n = 269)

K+ mg/L
2.7 2.7 2.6 2.6

No change in
median

1.6–4.6 1.5–11 1.0–36.0 1.4–10.8
(n = 352) (n = 1778) (n = 1593) (n = 268)

NH4
+ mg/L

0.07 <0.04 <0.04 <0.04
Slight decrease<0.04–1.1

(n = 1046) (n = 3273) (n = 3628) (n = 656)

Hardness mg/L CaO
113 142 147 215

Increase with travel
time

77–194 91–374 101–429 135–427
(n = 668) (n = 464) (n = 864) (n = 150)

HCO3
− mg/L

189 232 256 342 Slight increase for
t < 50 days140–256 171–464 183–469 232–500

(n = 223) (n = 523) (n = 937) (n = 170)

Cl− mg/L
19.0 21.3 21.3 33.2 Slight increase for

t < 50 days8.9–48 7.9–218 11.0–220 9.7–77.8
(n = 978) (n = 3305) (n = 3460) (n = 632)

PO4
3− mg/L

0.123 <0.1 <0.1 <0.1
Removal

0–18% at least
<0.1–0.55 <0.1–0.46 <0.1–0.378 <0.1–0.106
(n = 579) (n = 1489) (n = 1031) (n = 151)

F− mg/L
<0.2 <0.2 <0.2 <0.2

No change<0.2–0.4 <0.2–0.9 <0.2–0.9 <0.2–0.2
(n = 260) (n = 1363) (n = 899) (n = 150)

B mg/L
0.028 0.031 0.022 0.035

Buffering<0.005–1.594 0.008–0.313 0.009–0.099 0.014–0.079
(n = 242) (n = 152) (n = 218) (n = 36)

Si mg/L
2.82 4.06 4.43 8.42

Increase with travel
time

2.29–3.21 2.81–8.45 2.97–12.1 6.66–10.6
(n = 11) (n = 25) (n = 30) (n = 10)

CN− µg/L No data
<10 <10 <10

No river data<10–20.4 <10–18.8 <10–14.5
(n = 123) (n = 258) (n = 35)
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Despite the long-term operation of most of the wells, there is still a dissolution of carbonates in
the aquifer, resulting in an increase in hardness (Ca and Mg) compared to river water. Sodium and
potassium concentrations in river water and bank filtrate are within the same range.

As for sodium, chloride concentrations in river water and bank filtrate are within the same range,
indicating a high portion of bank filtrate. Fluoride, boron, silicon and cyanide concentrations are at low
levels both in river water and bank filtrate and do not pose any risk for the water supply. Phosphate
levels in river water are below the LOD (limit of determination), but are surprisingly also found in the
bank filtrate.

Seasonal temperature changes in river water and bank filtrate and flow-related changes in EC can
be used to estimate travel times of the bank filtrate [14,20]. Figure 2 shows the temperature data for
the Danube River water and well group Balpart II with a short travel time in the range of 2–5 days.
It can be seen how the seasonal temperature variation of the river influences the river bank filtrate as
the buffering effect of the aquifer is considered low. Also, a change in the water temperature variation
can be seen starting from August of 2012 that is linked to the fact that the production rate decreased by
30% at the site.Water 2018, 10, x FOR PEER REVIEW  7 of 15 
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3.2. Redox-Related Parameters

The removal of organic compounds (mainly natural humic and fulvic acids) is of high relevance
for the required post-treatment (to supply microbiologically stable drinking water) and especially for
disinfection with regards to the potential formation of disinfection by-products. The total organic
carbon (TOC) concentration in the Danube River water ranges from 1.6 to 10.0 mg/L (Table 3) and
has a median similar to that of the Rhine River at Düsseldorf [21] and about half of the concentration
in the Elbe River [14,19]. Despite the low input concentration, the removal rate for TOC is relatively
high, ranging from 11 to 75%. The TOC removal is higher if the travel time is longer. The removal
of organic aromatic compounds causing UV absorption ranges between 0 and 92%. The median
specific UV-absorbance (calculated as UV254/TOC) is 2.61 L/(m·mg) for Danube River water and
1.93–2.45 L/(m·mg) for bank filtrate. At the RBF site Torgau, Elbe River, Germany, the specific
UV-absorbance of the river water was 2.94 L/(m·mg), increasing to 3.17 L/(m·mg) in the riverbed,
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where easily biodegradable and less UV-active organic compounds were removed, and decreased along
the >200 m long flow path to 2.54 L/(m·mg) due to further attenuation of UV-active compounds [14].
In Budapest, a similar removal indicates high removal of UV-active compounds.

Table 3. Redox related parameters, median (min–max) values, Danube River water and bank filtrate
with different travel time (t), Budapest, 2006–2017.

Parameter Unit Danube
River Water

Bank Filtrate
t < 10 days

Bank Filtrate
t = 10–25 days

Bank Filtrate
t > 50 days Effect

TOC mg/L
2.8 1.1 1.1 0.9

Removal
11–75%

1.6–10.0 0.7–2.5 0.7–2.1 0.7–1.3
(n = 585) (n = 319) (n = 200) (n = 10)

UV254 m−1
7.4 2.7 2.4 1.65

Removal
0–92%

1–29.6 0.7–7.5 0.6–12.7 0.55–6.9
(n = 426) (n = 2617) (n = 2771) (n = 500)

COD mg/L
2.8 0.7 0.7 0.44

Removal
7–93%

0.3–16.2 <0.2–2.6 <0.2–2.5 <0.2–2.4
(n = 1039) (n = 3401) (n = 3639) (n = 657)

DO mg/L
>7

near to
saturation

2.7 3.1 2.3 No river
data set

available
0.2–11.1 0.2–11.1 0.4–4.4
(n = 173) (n = 97) (n = 13)

NO3
− mg/L

8.1 8.4 7.1 22.9 No effect at
short travel

times
2.9–17.8 <1–126 <1–144 2.2–89.6

(n = 1092) (n = 3531) (n = 3815) (n = 661)

NO2
− mg/L

0.05 <0.03 <0.03 <0.03
Decreasing

effect
<0.03–0.91 <0.03–0.82 <0.03–0.53 <0.03–0.19
(n = 1052) (n = 3296) (n = 3649) (n = 656)

Mn µg/L
33.5 1.3 1.9 3.9

Removal
0–97%

1.9–415 <1–1752 <1–3255 <1–135
(n = 757) (n = 3358) (n = 3722) (n = 657)

Fe µg/L
201 5.8 7.2 6.5

Removal
0–98%

<5–3600 <5–1670 <5–3540 <5–82.2
(n = 1052) (n = 918) (n = 1215) (n = 257)

SO4
2− mg/L

31.8 38.4 45.5 103
Slight

increase
18.2–138.3 20.7–438.8 20.7–491.9 18.4–351.6
(n = 307) (n = 2016) (n = 1904) (n = 319)

The chemical oxygen demand (COD) removal rates during RBF were about 7–93% but cannot be
used as the TOC to assess the removal of organic compounds as it cumulatively removes all oxidizable
compounds present in the water, including inorganic constituents such as ammonium and iron.

Both the dissolved oxygen concentration in the river water and the consumption in the aquifer
by biological processes are strongly temperature dependent. The median dissolved oxygen (DO)
concentration decreased from 8 mg/L in river water to 2.3–3.1 mg/L in bank filtrate. Considering
the minimum values, it becomes obvious that RBF at Budapest is predominantly operated under
oxic conditions; however, anoxic conditions occur during summer months. On Szentendre Island, no
increase in Mn and Fe concentration was observed, whereas on Csepel Island, there was an increase in
Mn and Fe to 15 µg/L and 43 µg/L, respectively, requiring post-treatment. The aquifer material on
Csepel Island is of smaller grain size. Here, the river water quality is affected by effluents from the city,
probably resulting in a higher portion of biodegradable organic carbon. Sulphate concentrations in
river water and bank filtrate are very similar, indicating no sulphate reduction during RBF.

Although the temperature dependency of biological nitrate removal (denitrification) during RBF
has been reported for many sites [22,23], a strong effect on dissolved organic carbon (DOC) removal has
been rarely observed as DOC transport is a complex process and is also affected by temperature-related
adsorption and desorption interactions [19,23]. The Danube and the bank filtrate at Budapest have
very similar DOC and TOC concentrations. Also, it has been observed that these concentrations have
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decreased due to the improving raw water quality and decreased production rate. In general, the
median TOC concentration in bank filtrate was 1.0 mg/L in summer and 1.6 mg/L in winter (data
2006–2017, n = 529). It has to be mentioned that TOC still includes organic particles and is only at the
same level as DOC for the bank filtrate, not for river water. Elevated nitrate concentrations under
longer travel times (t > 50) are related to the higher groundwater portion.

3.3. Metals

Metal concentrations are listed in alphabetical order of the chemical symbol of the element. Metal
concentrations were below the limit determined by the Hungarian regulations [24,25] at the RBF sites
in Budapest, for the river water and the bank filtrate (Table 4). All concentrations are below the limits
of the drinking water quality guideline [24]. The removal of heavy metals follows the sequence: Cr >
Zn > Cu > Pb > Ni > Cd > Co > Al. The range of removal is in agreement with a general removal of
20–70% for Cd, Co, Cu, Ni, Zn under oxic conditions according to [26].

Table 4. Median (min–max) metal concentrations in Danube river water and bank filtrate (BF) with
different travel time (t), 2006–2017.

Parameter Unit Danube
River Water

Bank Filtrate
t < 10 days

Bank Filtrate
t = 10–25 days

Bank Filtrate
t > 50 days Effect

Al µg/L
157 <5 <5 <5

Nearly complete
removal

5.2–4261 <5–107 <5–1114 <5–289
(n = 163) (n = 192) (n = 267) (n = 43)

Sb µg/L
<0.5 <0.5 <0.5 <0.5

Results below LOD<0.5–1.28 <0.5–2.5 <0.5–2.8 <0.5–0.9
(n = 159) (n = 158) (n = 229) (n = 38)

As µg/L
1.8 1.7 1.5 <1

Little change,
around LOD

1.0–7.7 <1–3.7 <1–6 <1–6.9
(n = 163) (n = 325) (n = 521) (n = 88)

Ba µg/L
35.1 40.2 42.9 47.7

Slight increase<5–185 <5–126 19–126 24.3–102
(n = 266) (n = 172) (n = 257) (n = 43)

Bi µg/L
<0.2 <0.2 <0.2 <0.2

Results below LOD<0.2–0.8 <0.2–0.8
(n = 12) (n = 33) (n = 33) (n = 10)

Cd µg/L
0.2 <0.2 0.2 <0.2

Slight decrease,
results close to LOD

<0.2–0.8 <0.2–0.677 <0.2–0.5
(n = 266) (n = 192) (n = 266) (n = 43)

Cr µg/L
1.2 1.0 1.0 1.2 Removal

0–16%, results close
to LOD

<1–23.3 <1–6.6 <1–21.9 <1–3.1
(n = 266) (n = 192) (n = 267) (n = 45)

Co µg/L
0.25 <0.2 <0.2 <0.2 Removal

0–20%
(at least)

<0.2–2.4 <0.2–2.0 <0.2–0.4 <0.2–1.4
(n = 266) (n = 172) (n = 257) (n = 43)

Cu mg/L
<0.005 <0.005 <0.005 <0.005

Results below LOD<0.005–3.34 <0.005–1.003 <0.005–0.059 <0.005–0.067
(n = 266) (n = 192) (n = 266) (n = 43)

Pb µg/L
1 <0.5 <0.5 <0.5

Results for BF below
LOD

<0.5–13.5 <0.5–5.7 <0.5–6 <0.5–1.2
(n = 163) (n = 193) (n = 266) (n = 43)

Li µg/L
3 7 6.2 14.4

Increase<0.1–11 <0.1–15.6 3.3–17.6 10.9–18.9
(n = 11) (n = 26) (n = 25) (n = 10)

Hg µg/L
<0.05 <0.05 <0.05 <0.05

Results below LOD<0.05–0.65 <0.05–1.2 <0.05–0.8
(n = 116) (n = 175) (n = 263) (n = 43)

Mo µg/L
1.0 <1 <1 <1

Results for BF below
LOD

<1–23 <1–7.6 <1–20.4 <1–2.1
(n = 265) (n = 172) (n = 258) (n = 45)
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Table 4. Cont.

Parameter Unit Danube
River Water

Bank Filtrate
t < 10 days

Bank Filtrate
t = 10–25 days

Bank Filtrate
t > 50 days Effect

Ni µg/L
1.672 <1 <1 <1

Results for BF below
LOD

<1–105 <1–28.6 <1–89.9 <1–4.46
(n = 267) (n = 192) (n = 267) (n = 45)

Se µg/L
<1 <1 <1 1.6

Little change<1–1.0 <1–3.6 <1–3.6 <1–4.2
(n = 163) (n = 191) (n = 265) (n = 43)

Ag µg/L
<1 <1 <1 <1

Results below LOD<1–4 <1–2.3 <1–4.4 <1–0.839
(n = 266) (n = 178) (n = 258) (n = 43)

Sr mg/L
0.4 0.33 0.3 0.58

River data not
sufficient

0.24–0.32 0.23–0.95 0.26–0.46 0.46–0.78
(n = 3) (n = 20) (n = 23) (n = 8)

Zn µg/L
12.1 5.8 6.2 11.5

Removal 0–59%<5–222 <5–119.5 <5–175 <5–166
(n = 267) (n = 172) (n = 257) (n = 43)

In October 2010, at Kolontár beside Torna Creek, located 120 km upstream from the Danube River,
the dam of a reservoir containing red mud deposits from a bauxite processing company broke, and
a so-called “red mud spill” happened. The mud directly affected Torna Creek, a tertiary tributary
of the Danube River, ultimately discharging into the Danube River. In Budapest, no change in
color was observed in the Danube; however, a slight increase in pH and increased concentrations of
aluminium and molybdenum were determined. Figures 3 and 4 show the aluminium and molybdenum
concentrations in Danube River water and adjacent RBF wells as a consequence of the spill. An increase
in aluminium concentration in the river lasting about four days was observed. No water quality
changes were detected in the RBF wells during a continuous monitoring of two years following the
accidental pollution. This result clearly indicates the robustness and buffering capacity of RBF against
industrial spills.
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Figure 4. Molybdenum concentrations in Danube River water and bank filtrate in production wells
during the red mud spill in October 2010. Lower LOD is 1 µg/L for molybdenum.

3.4. Microbiological Parameters

The microbiological pollution of the Danube River is more prominent in the downstream regions
of large European rivers [2]. High bacterial counts in river water are typically observed during floods
if direct wastewater effluents discharge into the river [27]. Sporadic microbiological non-compliances
in the RBF wells occur very rarely and only as an effect of floods, independent from the bacteria
numbers in the river water. In the case of any observed bacterial breakthrough into a well, the well
operation is modified as described in Nagy-Kovács et al. [15]. Out of 9153 samples from RBF wells,
only 13 samples showed a positive result for total coliforms. Escherichia coli (E. coli) was never detected
in any of the wells. The heterotrophic plate counts (HPC) at 22 ◦C for bank filtrate were found to
range from 0 to 300 counts per mL in 96% of all samples. Based on the experience of the water quality
control laboratory operated by the Budapest Waterworks, all values below 400 c/mL are categorized
not critical. The Hungarian drinking water guideline [24] does not define a limit for this as it may vary
from site to site but requires certain measures if any sudden change in the number occurs.

The mean log removal rates for total coliforms, enterococci and Pseudomonas aeruginosa are 2.8, 1.9
and 1.8 respectively (Table 5). Escherichia coli and Clostridium perfringens are not included in Table 6
as there are no Danube River measurements for these parameters. Despite the short travel times at
Budapest, these removal rates are only slightly lower than ranges found at other RBF sites [27–29].
We must highlight that even during higher bacterial loads of the river water, the bank filtrate was
of high quality. If the highest total coliform count (TCC) value in river water is taken as input, a log
removal of 3.5 (99.95%) would be calculated. Thus, the high efficiency of RBF to remove particles
(turbidity) and potential pathogens is proven also for the Budapest RBF systems.
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Table 5. Microbiological parameters, median (min–max), Danube River water and bank filtrate with
different travel time (t), 2006–2017.

Parameter Unit Danube
River

Bank Filtrate
t < 10 days

Bank Filtrate
t = 10–25 days

Bank Filtrate
t > 50 days

Log
Removal

HPC 22 c/mL
480 0 0 0

2.70–30,000 0–30,000 0–60,000 0–26,000
(n = 894) (n = 4381) (n = 4068) (n = 706)

HPC 37 c/mL
220 0 0 0

2.30–18,000 0–40,000 0–50,000 0–16,000
(n = 728) (n = 3275) (n = 1709) (n = 215)

TCC c/100 mL
660 0 0 0

2.80–1600 0–102 0–500 0–7
(n = 890) (n = 4371) (n = 4071) (n = 711)

Enterococci c/100 mL
75 0 0 0

1.912–360 0–160 0–3 0–0
(n = 245) (n = 2851) (n = 987) (n = 142)

Pseudomonas
aeruginosa c/100 mL

70 0 0 0
1.82–2800 0–160 0–80 0–2

(n = 440) (n = 2846) (n = 996) (n = 141)

3.5. Biological Parameters

The measurement of biological parameters is required by the Hungarian legislation [24].
The dataset is unique, as there are only few similar studies at RBF sites known from other countries.
For the majority of the samples, no positive results were obtained—see median values in Table 6. As for
the parameters of protozoa, other protozoa, other worms and iron- and manganese bacteria results are
not listed in Table 6 as no river water results are monitored in accordance with Hungarian regulations.
For example, out of 1074 samples for protozoa in bank filtrate, only 31 samples were positive.

Table 6. Biological parameters, median (min–max), Danube River water and bank filtrate with different
travel time (t), 2006–2017.

Parameter Unit Danube River
Water

Bank Filtrate
t < 10 days

Bank Filtrate
t = 10–25 days

Bank Filtrate
t > 50 days Removal

Algae c/L
24 0 0 0

100%1,727,200–66,739,440 0–1,464,542 0–10,494 0–26
(n = 797) (n = 2544) (n = 2204) (n = 356)

Protozoa c/L No measurement
0 0 0

No river
data

0–360 0–1503 0–1
(n = 446) (n = 543) (n = 85)

Other
protozoa c/L No measurement

0 0 0
No river

data
0–50 0–8 0–288

(n = 1059) (n = 963) (n = 194)

Nematodes c/L
0 0 0 0

-0–0 0–8 0–12 0–3
(n = 21) (n = 1358) (n = 1381) (n = 256)

Other
worms

c/L No measurement
0 0 0

No river
data

0–28 0–6 0–1
(n = 1150) (n = 1055) (n = 211)

Amoebae c/L
0 0 0 0

-0–1 0–42 0–8 0–2
(n = 23) (n = 1358) (n = 1381) (n = 256)

Fungi c/L
0 0 0 0

-0–0 0–18 0–2 0–0
(n = 23) (n = 1358) (n = 1381) (n = 256)

Fe/Mn bact. c/L No measurement
97 97 24

No river
data

0–238,440 0–8,253,349 0–7610
(n = 1358) (n = 1381) (n = 256)
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An observed increase in algae numbers in bank filtrate during floods indicates surface water
entering into the properly sealed wells via preferential flow paths in the subsurface (Figure 5). All well
heads and pump houses are located above the highest observed flood levels or protected against
surface water entrance. Additionally, a well reconstruction program to rehabilitate the well structure
and sealing to prevent by-passes of surface water is nearly complete. Algae are used as a primary
indicator to check if a well is affected (under risk) by direct surface water input. This is preferred
against the use of bacteriological methods as they require more time for analysis.
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4. Conclusions

The present study gives an overview of the Danube River water quality and the bank filtrate of
related well groups in Budapest. Three different categories were determined for bank filtrates of the
operating well groups based on travel times. The large amount of data enabled us to draw robust
conclusions on the effect of RBF for the majority of analyzed parameters. Additionally, the effect
of different environmental factors on the RBF systems was considered through multiple examples.
Results in this case reassured the premise that this natural water treatment process is effective, even
under extreme weather conditions.

The analyzed results serve as output of a monitoring procedure principally serving to support
water safety and security objectives. Therefore, it should be regarded as an adaptive system that
requires continuous updating. A well-defined monitoring program could serve to further investigate
the particular characteristics and behavior of RBF systems in future. Considering that the majority of
water resources centered around RBF originate in Hungary, the results of such research would serve to
increase water safety at a national level.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/2/302/s1,
Table S1: Parameters and analytical methods.
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