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residue all over the world. Its storage involves risks as evidenced by the Ajka red mud spill,
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an accident in Hungary where the slurry broke free, flooding the surrounding areas. As an
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immediate remediation measure more than 5 cm thick red mud layer was removed from
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the flooded soil surface. The removed red mud and soil mixture (RMSM) was transferred
into the reservoirs for storage. In this paper the application of RMSM is evaluated in a field
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layer component of landfill cover systems. The field study was carried out in two steps: in
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lysimeters and in field plots. The RMSM was mixed at ratios ranging between 0 and 50% w/w
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with low quality subsoil (LQS) originally used as surface layer of an interim landfill cover. The
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characteristics of the LQS + RMSM mixtures compared to the subsoil (LQS) and the RMSM were
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determined by physical–chemical, biological and ecotoxicological methods. The addition of
RMSM to the subsoil (LQS) at up to 20% did not result any ecotoxic effect, but it increased the
water holding capacity. In addition, the microbial substrate utilization became about triple of
subsoil (LQS) after 10 months. According to our results the RMSM mixed into subsoil (LQS) at
20% w/w dose may be applied as surface layer of landfill cover systems.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
On 4 October 2010, the wall of a red mud storage facility at the
MAL Hungarian Aluminum Production Company (MAL Co.
Ltd.) in Ajka, western Hungary broke and more than
800,000 m3 of toxic (highly alkaline, pH = 13) red mud slurry
flooded the environment (Szépvölgyi, 2011) covering 1017 ha

of agricultural land (Uzinger et al., 2015). Red mud is a
by-product derived from the treatment of bauxite with
concentrated NaOH under elevated temperature and pressure
(Gräfe and Klauber, 2011). At the time of the Ajka spill the
highly caustic (pH = 13) red mud suspension engulfed the
downstream villages of Kolontár, Devecser and Somlóvásárhely
in Western Hungary and contaminated the Torna Creek and the
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Marcal and Rába rivers, prior to the outlet of the Rába system to
the Danube (Gruiz et al., 2013; Mayes et al., 2011). The immediate
emergency management measures focused on the removal of
red mud from residential areas where the average thickness of
the red mud layer on soil surfaces was 5–10 cm (min. 3 cm; max.
45 cm) (Anton et al., 2012). The removal of the red mud layer from
the soil surfaces in inhabited areas begun after the spill, but in the
agricultural areas the red mud had covered the soil for more
than 3 months before removal (Uzinger et al., 2015). The
removed red mud and soil mixture (RMSM) (estimated
530,000 m3) was collected and disposed of in the dams at MAL
Co. Ltd.
In recent years, extensive work has been done by researchers
to develop various economically favorable ways for the utilization
of red mud (Sutar et al., 2014). Many applications have been
investigated including its re-use as stabilization material (Kalkan,
2006), as adsorbent (Pradhan et al., 1999), for the recovery of trace
metals (Kumar et al., 2006) and production of building material
(Kalkan, 2006; Thakur and Sant, 1983). Some attempts have been
made to use red mud for soil improvement. It has been used in
agriculture to increase the phosphorus retention of sandy soil
(Summers et al., 1993; Summers and Pech, 1997) and to increase
the low pH (Summers et al., 2001; Snars et al., 2004). Due to the
combined presence of ferric, aluminum, and tectosilicate like
compounds in red mud, it is capable of immobilizing toxic metals
from polluted soils (Gadepalle et al., 2007) or removing toxic
metals from wastewaters (Castaldi et al., 2010a, 2010b; Garau et
al., 2011; Santona et al., 2006) or to reduce the leaching of soil
nutrients (Phillips, 1998).
Covers placed over landfills are typically multicomponent
systems constructed directly on top of the waste shortly after a
specific unit has been filled to capacity. Nowadays, many
operators are looking towards alternative materials to use as
landfill cover instead of topsoil. In an effort to recycle and
reclaim industrial and municipal wastes, wastes generated by
agriculture, livestock farming, forestry are being successfully
used as landfill cover constituent for plant production (Abad et
al., 2001; Benito et al., 2005; Grigatti et al., 2007). Several studies
have investigated different inorganic materials, as partial
substitutes for soil, like sewage sludge (Ingelmo et al., 1997),
drinking water treatment residuals (Dayton and Basta, 2001)
and incinerator bottom ash (Rivard-Lentz et al., 1997). Application of RMSM as additive to the surface layer of a landfill cover
system may contribute to the reduction of the stored red mud
inventory.
Since the disposal of the removed RMSM at Ajka involves
considerable costs and also potential risks, the aim of our
research was to develop a technology for the re-utilization of
the stored RMSM. So far other studies have not dealt with the
re-use of RMSM. The overall objective of the present study
was to characterize and evaluate the applicability of the
RMSM as additive to the surface layer of the landfill cover
system at the municipal solid waste deposit in Gyál (A.S.A.
Hungary). Ujaczki et al. (2015) in previous microcosm studies
on the potential utilization of the Ajka red mud (main components: Fe, Ti and Al oxides and hydroxides, pH = 10–12) as soil
ameliorant found that the Ajka red mud may be mixed into soil
at up to 5% w/w without any mid-term adverse effects on the
natural habitat of the soil. Based on this finding, we assumed
that the RMSM might be applicable also as landfill surface cover.

To select the best RMSM and low quality subsoil (LQS, originally
used as surface layer of an interim landfill cover) combination
the LQS + RMSM mixtures were applied at various ratios in a
two-step field study. In the first step a leaching experiment was
performed in lysimeters. The toxicity of the leachate and the
average leaching of metals from the LQS + RMSM lysimeters
were monitored and compared. In the second step we applied
RMSM in field plots. The experiments have been monitored
for over 10 months by an integrated methodology combining
physical, chemical, biological and ecotoxicological methods.

1. Materials and methods
1.1. Materials
The landfill surface cover system in the field study was made up
of two components. The first component was a borrow LQS
material excavated from the underground construction of the
metro line No. 4 in Budapest, hereinafter referred to as LQS,
originally used as surface layer of the interim landfill cover
system in the study area. This LQS had clay loam texture (USDA
Textural Soil Classification), contained 17.1% CaCO3 and had a
pH(H2O) of 7.99. The second component of the landfill surface
cover system was RMSM obtained from the temporary storage
facility at Ajka 2 years (2012) after the red mud spill. The red mud
contained in the RMSM mixture is carbonated (i.e., neutralized
with atmospheric contact), for this reasons it has pH(H2O) 10.2.
This explains why the pH(H2O) of the RMSM is only 8.40. The
metal concentrations of subsoil (LQS) and RMSM were analyzed
on site with a portable X-ray fluorescence (XRF) (Niton ® XL3t
600, Thermo Scientific, USA) analyzer before mixing of the
amendments (Table 1). The Co and Ni levels in the subsoil (LQS)
were above the Hungarian limit value for soil (Hungarian 6/2009
(IV.14.) KvVM-EüM-FVM decree). The As, Co and Ni concentrations in the RMSM were above the Hungarian limit value for soil
(Hungarian 6/2009 (IV.14.) KvVM-EüM-FVM decree).

Table 1 – Metal composition (XRF) of low quality subsoil
(LQS) and red mud and soil mixture (RMSM) on site before
mixing of the amendments.
RMSM amount in
LQS/elements

LQS

RMSM

HLV a

As (mg/kg)
Ca (g/kg)
Co (mg/kg)
Cu (mg/kg)
Fe (g/kg)
K (g/kg)
Mo (mg/kg)
Ni (mg/kg)
Ti (g/kg)
Zn (mg/kg)
CaCO3 (w/w %)
pH

8.59
52.8
115
24.8
21.3
14.4
2.42
93.7
3.02
64
17.1
7.99

19
62.8
181
30
33.2
10.6
2.44
98.4
27.4
57.7
13.7
8.4

15
–
30
75
–
–
7
40
–
200

a

Hungarian limit value for soil based on KvVM-EüM-FVM Joint Decree
No. 6/2009.
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1.2. Experimental set-up
The experiments for the potential utilization of RMSM were
performed at the A.S.A. Hungary municipal landfill site at
Gyál (47° 21′ 55.9476″ N, 19° 14′ 25.4868″ E).

1.2.1. Lysimeter study
The leachates of the LQS + RMSM complex were studied in
lysimeters. As a first step 0.86 m3 lysimeters were installed near
the landfill. Special plastic barrels functioned as lysimeters.
Four lysimeter setups were constructed: one containing only
subsoil (LQS), one only RMSM and two lysimeters containing the
RMSM and subsoil (LQS) mixtures (LQS + 20% RMSM and
LQS + 40% RMSM). The lysimeters had a 5 cm thick gravel
layer at the bottom as filter layer, followed by geo foil overlain
by the 80 cm thick LQS + RMSM mixtures. Each lysimeter was
irrigated with 9 L of water (from a well) three times a week,
except for rainy days. During the field experiment the precipitation was mostly near average (NOAA, 2015) characterized by
699 mm total annual rainfall based on data from the Hungarian
Meteorological Service (2015).

1.2.2. Field plot study
As a second step, 10 m2 plots of land were isolated on a flat part of
the landfill. The plots were randomly arranged to decrease the
effect of inhomogeneity. The subsoil (LQS) was mixed with 5%,
10%, 20% and 50% RMSM by weight at 0.2 m depth. One plot
contained only subsoil (LQS) and the other one only RMSM. The
plots were irrigated during dry days for 1 hr/day.

1.3. Leachate and soil analysis
1.3.1. Lysimeter study
The mobility of toxic elements in the amended soil and the
toxicity of the leachate from lysimeters were monitored during
10 months. Lysimeter effluent samples were collected into
plastic bottles without any filtration on four occasions (after
one, two, four and seven months) and the samples were stored
in the fridge at 4°C prior to analysis. The metal content of the
leachates was determined according to the HS EN ISO 17294-2
(2005). The pH of the leachates was measured according to the
Hungarian Standard 21470/2–81 (1981). The environmental
toxicity analysis of the leachate water was measured by Aliivibrio
fischeri (ISO 11348-3, 2007) and Sinapis alba based on (Hungarian
Standard 22902–4, 1991) test protocol.

1.3.2. Field plot study
The field plots were monitored during 10 months by an
integrated methodology, combining physical–chemical–analytical methods with biological methods and ecotoxicity
testing (Gruiz et al., 2005, 2009). The amount of precipitation
and the temperature were recorded on a daily basis. In the
field plot study the total metal content of the solid samples
was determined after aqua regia digestion by ICP-AES according
to the Hungarian Standard 21470-50 (2006) and the mobile metal
content was determined after distilled water extraction according
to the Hungarian Standard 21978-9 (1988). The pH of the solid
samples was measured according to the Hungarian Standard
21470/2-81 (1981). Water holding capacity (WHC) was measured
as described by Öhlinger (1995). The BIOLOG EcoPlate method was
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used to study the substrate utilization patterns of the treated
soils' microbial community according to Nagy et al. (2013). The
environmental toxicity analysis of the soil was measured by A.
fischeri bioluminescence inhibition test based on the protocol
described by Leitgib et al. (2007), S. alba and Triticum aestivum root
and shoot growth inhibition test based on the Hungarian
Standard 21976-17 (1993) modified to direct contact with soil as
described by Leitgib et al. (2007) and Folsomia candida mortality test
applying direct contact with soil as an international standardized
method (ISO/TC 190SC4 WG2; Wiles and Krogh, 1998).

1.4. Statistical analysis
To determine whether the added RMSM amounts had any
significant effect on the metal concentration, water holding
capacity and microbial activity of the landfill cover, we performed analysis of variance (ANOVA) using StatSoft® Statistica
11. We established the level of significance at p < 0.05. We used
the Fisher's least significant difference test to compare the
effects of various RMSM amounts.

2. Results and discussion
2.1. Lysimeter study
To assess the effect of the LQS + RMSM landfill surface cover
on the subsurface waters the pH and the toxic metal content
of the leachate from lysimeters were analyzed. The average
results of the 10 months monitoring are presented in Table 2.
The pH of the leachate from the mixtures did not differ
significantly from subsoil (LQS) and RMSM. The metal content
of the leachates was below the Hungarian limit value for
subsurface water (Hungarian 6/2009 (IV.14.) KvVM-EüM-FVM
decree) except for the following seven elements: B, Mo, Na, Ni,
Se, and Zn shown in Table 2. Since the subsoil (LQS) has
already had high B, Mo, Na, Ni, Se, and Zn content without
being mixed with RMSM, the addition of the RMSM did not
influence significantly the metal content of the leachates,
except for B and Mo. The As content of the subsoil (LQS) did
not exceeded the Hungarian limit value but it was significantly higher in the subsoil (LQS) than in the RMSM or in the
different mixtures. In our experiment the Cr was below the
detection limit (0.5 μg/L) in both the subsoil (LQS) and the
RMSM in contrast to other studies (Rékási et al., 2013; Burke et al.,
2012). Anton et al. (2012) modeled the effects of the Hungarian red
mud disaster in a soil column experiment focusing on element
solubility concluding that the red mud affected the total Mo and
Na concentrations of the topsoil layer due to leaching of the red
mud particles. Rékási et al. (2013) investigated the conditions
after the Hungarian red mud disaster in a soil column experiment, which showed that leaching from the red mud layer
increased the total, plant-available, exchangeable and watersoluble fractions of Na, Mo, Cu and Cr, and resulted in a rise of the
pH and DOC (dissolved organic carbon) concentration. Therefore,
the elevated Mo content of the LQS + RMSM landfill surface cover
was attributed to the RMSM although the subsoil (LQS) has
already had high Mo content. Mo in soils is associated with wet
conditions, alkaline reactions and high concentrations of organic
matter (Fleming, 1980; Gupta and Lipsett, 1981). In terms of Mo,
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Table 2 – Observed element concentrations in leachates from the lysimeters (average of 4 samplings).
RMSM amount in
LQS/Elements

LQS

LQS + 20% RMSM

LQS + 40% RMSM

RMSM

As (μg/L)
B (μg/L)
Mo (μg/L)
Na (mg/L)
Ni (μg/L)
Se (μg/L)
Zn (μg/L)
pH

2.15 a
1610 a
29.6 a
1170 a
21.3 a
128 a
2260 a
7.71 a

1.03 b
2300 b
22.7 b
1223 a
20.3 a
13.0 b
2130 a
7.62 a

1.75 c
2050 c
31.3 a
1287 a
27.0 a
84.0 a
2130 a
7.82 a

1.90 c
1810 d
23.3 b
1203 a
26.1 a
129 a
94.8 b
7.65 a

HLV ⁎
10
⁎⁎
20
–
20
10
200

Values followed by the same letters, indicate no significant differences at the level of p < 0.05, Decree No. 6/2009.
⁎ Hungarian limit value for subsurface water based on KvVM-EüM-FVM Joint.
⁎⁎ Essential to plant growth, but even tolerant plants may be damaged when boron exceeds 2.000 μg/L (US EPA, 1986).

there is a potential risk of metal transfer through soil down to
ground water, aquifer or via plant – root uptake (bio available).
When the leachate is flowing through the soil, the heavy metals
in leachate may be adsorbed or complexed to the soil particles
(McBride et al., 1997; Sewwandi et al., 2011). On the other hand,
usually in a landfill, the leachates are collected by a leachate
collection system, thus the risk of groundwater contamination by
any leachate is decreased.
Addition of RMSM did not change the toxicity of the
LQS + RMSM leachates as compared to subsoil (LQS) (Table 3).
Rékási et al. (2013) found that the leachate from the column
experiment with red mud contributed to a rise in the S. alba root
and shoot growth in an ecotoxicity test. Based on the above
findings the RMSM material may be applied as landfill surface
cover at landfill sites, especially when considering that most
modern landfills' key component is a leachate collection system
to avoid seepage of the leachate into the underlying soil.

2.2. Field study
Table 4 shows the effect of RMSM on the pH, the total (aqua
regia extract) and water soluble metal contents of the subsoil
(LQS) in the treated plots during the 10-month experiment.
The 5%, 10% and 20% RMSM increased the slightly alkaline pH
(7.99) of the subsoil (LQS) by 0.1 unit; 50% RMSM increased pH
by 0.2 unit, but the effect was not significant. This negligible
increase differs from the results of previous studies applying
more alkaline red mud directly into slightly acidic (pH 5.5 and
6.4) soil. Lombi et al. (2002) and Ujaczki et al. (2015) described
an increase of the pH by 1.4 and 1.7 units after the addition of
2% and 5% red mud to soil. The RMSM addition resulted in a
much slighter pH increase than the red mud in the above
studies, because the RMSM had a pH of only 8.4 compared to
pH 10.2 of the carbonated red mud covering the agricultural
soil. In addition, at the time of the spill the pH of the red mud

suspension was very caustic (pH 13) (Szépvölgyi, 2010). The
carbonation of the Ajka red mud occurred as a result of
atmospheric contact (Lockwood et al., 2014). According to
previous studies an important issue is the greater mobility of
oxyanionic trace elements such as As, Cr, Mo, and V at
elevated pH (Langmuir, 1997; Klebercz et al., 2012).
The total metal content of the subsoil (LQS) was below the
Hungarian limit value for soil (Hungarian 6/2009 (IV.14.)
KvVM-EüM-FVM decree) as shown in Table 4. The metal
content of RMSM was also below the Hungarian limit value for
soil except for two metalloids: As and Ni. The total concentration of As was 30% higher than the limit value (15 mg/kg),
however the As was insoluble in water (Table 4). The concentration of Ni was 9% higher than the limit value, which is
negligible, but there was 5.84 mg/kg water soluble Ni in the
RMSM. Nevertheless the Na content was three times higher in
the aqua regia extract than the risk based site specific screening
value at Ajka based on the soil properties of the area (900 mg/kg)
(Kádár, 2009; Gruiz et al., 2013), which indicates increased
sodification potential, but might be too strict limit in case of a
landfill site. Based on previous microcosm experiments conducted by Ujaczki et al. (2015) the As, Ni and Na concentration of
RMSM was higher than the limit value (15 mg/kg, 40 mg/kg,
900 mg/kg, respectively) when the amount of red mud was 10%
and more in the soil. Other authors also observed an increase of
As, Ni, and Na in the aqua regia extract when mixing red mud
with soil (Gruiz et al., 2013; Rékási et al., 2013; Ruyters et al.,
2011). According to Ujaczki et al. (2015) the soils became slightly
saline at 5%, 10% and 20% red mud dose, therefore the growth of
only some very salt-sensitive crops would be inhibited. The
metal analysis of the LQS + RMSM mixtures indicated that the
RMSM is applicable as landfill surface cover component at up to
20% RMSM dose because the concentration of the examined
toxic metals and metalloids did not exceed the Hungarian limit
value for soil.

Table 3 – Summary of environmental toxicity test results of the leachates from the lysimeters (inhibition % calculated
compared to leachate from subsoil (LQS)).

LQS + 20% RMSM
LQS + 40% RMSM
RMSM

10th month
10th month
10th month

Aliivibrio fischeri bioluminescence
inhibition (%)

Sinapis alba root growth
inhibition (%)

Sinapis alba shoot growth
inhibition (%)

<5 (non toxic)
<5 (non toxic)
<5 (non toxic)

<5
<5
<5

7
7
<5
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Table 4 – Total (aqua regia extract) and distilled water-soluble element concentrations in the different subsoil (LQS) and
RMSM in field plots (during the experiment) (n = 3).
RMSM amount in
LQS/elements
As (mg/kg)
B (mg/kg)
Cr (mg/kg)
Cu (mg/kg)
Mo (mg/kg)
Na (mg/kg)
Ni (mg/kg)
Pb (mg/kg)
Se (mg/kg)
Zn (mg/kg)

Total
Water
Total
Water
Total
Water
Total
Water
Total
Water
Total
Water
Total
Water
Total
Water
Total
Water
Total
Water

soluble
soluble
soluble
soluble
soluble
soluble
soluble
soluble
soluble
soluble

pH

LQS

LQS + 5%
RMSM

LQS + 10%
RMSM

LQS + 20%
RMSM

LQS + 50%
RMSM

RMSM

HLV ⁎

11.3 a
<DL
31.4 a
1.08 a
45.4 a
<DL a
22.5 ac
0.06 a
0.29 a
0.04 a
509 a
0.14 ab
32.0 a
<DL a
18.3 a
<DL
0.91 a
<DL
75.5 a
<DL a
7.99 a

10.5 a
<DL
20.1 b
0.84 a
44.0 a
0.03 a
19.1 bdf
0.16 a
0.71 b
0.07 a
603 a
0.30 b
33.4 a
<DL a
18.2 a
<DL
1.07 a
<DL
77.5 a
<DL a
8.11 a

14.7 b
<DL
20.5 b
1.01 a
47.6 a
0.04 a
21.5 ce
0.13 a
0.94 bc
0.09 a
956 ab
0.38 bc
35.5 ab
<DL a
23.7 ab
<DL
<DL b
<DL
72.4 a
<DL a
8.14 a

14.5 b
<DL
18.2 b
0.87 a
47.2 a
0.03 a
19.0 df
0.11 a
1.19 c
0.13 a
1143 ab
0.50 bc
33.9 a
<DL a
22.7 a
<DL
0.74 a
<DL
63.3 ab
<DL a
8.13 a

16.5 b
<DL
20.0 b
0.89 a
56.5 b
0.05 a
20.9 e
0.20 a
1.92 d
0.13 a
1782 b
0.54 bc
38.1 b
5.26 b
29.1 b
<DL
1.41 c
<DL
66.9 ab
0.26 b
8.22 a

19.5 c
<DL
9.55 c
0.61 b
69.6 c
0.04 a
18.0 f
0.24 a
2.31 e
0.24 b
3070 c
0.73 bc
43.5 c
5.84 b
38.5 c
<DL
2.20 d
<DL
54.9 b
0.24 b
8.40 a

15
–
75
75
7
900 ⁎⁎
40
100
30
200

Values followed by the same letters, indicate no significant differences at the level of p < 0.05;
DL (As): 0.08 mg/kg; DL (Cr): 0.02 mg/kg; DL (Ni): 0.04 mg/kg; DL (Se): 0.12 mg/kg; DL (Zn): 0.06 mg/kg.
⁎ Hungarian limit value for soil based on KvVM-EüM-FVM Joint Decree No. 6/2009;
⁎⁎ Risk based site specific screening value at Ajka, indicates increased sodification potential.

Fig. 1 presents the WHC change during the experiment,
where the WHC is the total amount of water a soil can hold at
field capacity (Öhlinger, 1995). Due to the RMSM content, the
planned landfill surface cover is able to store significantly
more water (by 5% at 10% RMSM) than the subsoil (LQS)
itself, but the availability of this water will be determined by
infiltration patterns and rooting depth (Van Gool et al.,
2005). These changes in the water holding characteristics
could be explained by changes in the porosity and the pore
size distribution (Buchanan et al., 2010).

BIOLOG EcoPlates were used to study the substrate utilization patterns of the microbial community in the LQS + RMSM
mixtures, where the average well color development (AWCD)
value was the indicator of the general microbial activity
(Garland et al., 1991). At the beginning (1st month) the 5%–20%
RMSM containing landfill surface cover had the lowest AWCD
values, but by the end of the experiment the microbial activity
of these mixtures indicated the highest values (Fig. 2). The
AWCD values of 5%, 10% and 20% RMSM mixed with subsoil
(LQS) increased largely during the monitored time period,

45%
c

40%

WHC

30%

ab
a

a

0.8

a

25%
20%
15%

AWCD

35%

b

0.6
0.4

b

b
c

c

c

a

a

a a

b

b

1st month
b
5th month
10th month

1.0

a

a
ab

ab

b

e

10%
5%

0.2

0%
0.0

Fig. 1 – Water holding capacity (WHC) in field plots (during
the experiment) (n = 3), (LQS: low quality subsoil; RMSM: red
mud and soil mixture). Values followed by the same letter
indicate no significant differences at the level of p = 0.05 at
each sampling.

Fig. 2 – Average well color development (AWCD) at 72 hr
in the samples from field plots. Values followed by the
same letter indicate no significant differences at the level
of p = 0.05 at each sampling.
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reaching a higher microbial activity than the subsoil (LQS) itself.
The results for the RMSM demonstrate clearly the existence of
an active microflora in the red mud–soil mixture as indicated by
the highest AWCD values even after one month. Based on the
AWCD values in the 10th month we do not recommend mixing
more than 20% RMSM into the subsoil (LQS).
Our previous experiments with red mud mixed into
agricultural soil showed that the number of aerobic heterotrophic living cells did not increase at 5% red mud dose
compared to the untreated soil (Ujaczki et al., 2015). Castaldi
et al. (2009) found positive effect on microbial cell numbers
when an acidic soil was treated with red mud. Lombi et al.
(2002) also observed an increase in the microbial biomass
volume in metal contaminated soil after red mud treatment.
Garau et al. (2007) detected that the red mud caused a
significant (p < 0.05) increase of fast-growing heterotrophic
bacteria, but the addition of red mud did not change the
amount of heterotrophic bacteria.
The effects of the RMSM mixed into subsoil (LQS) on
testorganisms were measured and compared to the subsoil
(LQS) as control. Table 5 summarizes the toxicity results of the
bioassays. The various bioassays showed different sensitivity
to the mixed RMSM due to their sensibility to the contaminants (Leitgib et al., 2007). Direct contact tests with microbial
testorganism (A. fischeri) and plant testorganisms (S. alba,
T. aestivum) were the most sensitive to all mixtures (Table 5).
Based on the ∑Cu20 values (Cu-equivalent values) of the A.
fischeri bioluminescence inhibition the LQS + 20% RMSM
mixture was the most toxic of all, but still in the slightly
toxic category. However, the inhibiting effect of the RMSM
shows a decreasing trend towards the non-toxic category
during the 10 months of the experiment, which is in accordance with the results of previous microcosm experiments
when different red mud doses were mixed with soil (Ujaczki
et al., 2015). Contrary to these results, Klebercz et al. (2012)
reported that the red mud contaminated sediment after the
accident in Ajka was very toxic to A. fischeri according to the
bioluminescence inhibition test. The toxic effect suggested
that other background sources of pollution in the catchment
may have contributed to the response (Klebercz et al., 2012).
The highest inhibition percentage compared to the subsoil
(LQS) was observed in case of the S. alba root growth in plots

containing only RMSM. In this case the initial 34% inhibition
decreased to 15% nine months later. The root and shoot
growth inhibition in case of T. aestivum after 10 months was
37% and 39%, respectively in the above plots. The toxic
effect of RMSM might originate from its heavy metal content
(Table 4). Ujaczki et al. (2015) found that 5% red mud
application directly to soil did not have any significant harmful
effect on the testorganisms, a fact confirmed also by Lombi et al.
(2002), who reported positive effect of red mud on crops.
Klebercz et al. (2012) also found that the inhibition of S. alba
shoot and root growth by the contaminated sediment was
relatively low and there were significant positive correlations
between root inhibition percentage and exchangeable trace
element concentrations. None of the RMSM and subsoil
(LQS) mixtures showed inhibition in case of the F. candida
(Collembola) compared to the subsoil (LQS) in contrast to
previous microcosm experiments, where the high red mud
concentration (>30%) in soil was toxic to the test animals
(Ujaczki et al., 2015). This finding was similar to Winkler (2013)
who analyzed the Collembolan community structure and
species abundance at the red mud polluted areas in Western
Hungary and observed no adverse effect in the Collembola
abundance.
This field study used a complex methodology for monitoring the potential effects of RMSM as additive to the landfill
surface cover (LQS) and found conformity between the results
of the various test methods. Both the analytical, biological and
the toxicity measurements showed that up to 20% RMSM
mixed into the low quality subsoil (LQS) had no adverse
effects on the soil ecosystem.

3. Conclusion
The effect of different red mud-soil mixture (RMSM) doses to
the borrow soil material (LQS) to produce a landfill surface
cover at a landfill site in Hungary was modeled in a 10 month
long lysimeter and field plot study. RMSM is a soil and red
mud mixture originated from the red mud disaster affected
area at Ajka (Hungary) in 2010. The aim of the study was to
assess the RMSM dose at which the natural habitat of the
landfill surface cover is not adversely affected. Mixing 20% w/w

Table 5 – Summary of environmental toxicity test results for the RMSM and subsoil (LQS) mixtures from the field plots
(inhibition % calculated compared to subsoil (LQS)).
Aliivibrio fischeri
inhibition in Cu
equivalent

LQS + 5% RMSM
LQS + 10%RMSM
LQS + 20% RMSM
LQS + 50% RMSM
RMSM

1st month
10th month
1st month
10th month
1st month
10th month
1st month
10th month
1st month
10th month

Sinapis alba
Sinapis alba Triticum aestivum Triticum aestivum
root growth shoot growth
root growth
shoot growth
inhibition
inhibition
inhibition
inhibition

Folsomia
candida
mortality

ED20 (μg Cu/g soil)

Inhibition
(%)

Inhibition
(%)

Inhibition
(%)

Inhibition
(%)

Inhibition
(%)

<5 (non toxic)
1 (non toxic)
<5 (non toxic)
9 (non toxic)
204 (slightly toxic)
5 (non toxic)
81 (slightly toxic)
10 (non toxic)
108 (slightly toxic)
6 (non toxic)

<5
11
32
11
21
18
3
7
34
15

<5
13
14
<5
<5
<5
1
6
22
11

<5
7
6
<5
12
<5
<5
2
8
37

<5
15
<5
<5
12
<5
<5
<5
<5
39

<5
<5
<5
<5
<5
<5
<5
<5
<5
<5

J O U RN A L OF E N V I RO N M EN TA L S CI EN CE S 44 (2 0 1 6 ) 1 8 9–1 9 6

RMSM into subsoil (LQS) to create a landfill surface cover caused
an increase in the total amount of Na, and in the water soluble
fractions of Na. In the leaching experiments the Mo, Na, Ni, Zn,
B and Se concentrations exceeded the Hungarian limit value for
subsurface water, however due to the leachate collection
system at landfill sites its harmful effect may be limited. RMSM
addition did not change the pH during the experiment. The
result of the substrate utilization test demonstrated that there is
an active microflora in the RMSM, as indicated by the AWCD
values which increased during the monitored time period at 5%,
10% and 20% RMSM mixing. The ecotoxicity test results of
leachate and soil showed that 20% w/w RMSM had no adverse
effect on the following testorganisms: S. alba, T. aestivum, A.
fischeri and F. candida during the experiments (10 months).
Assessing all the environmental toxicity test results we concluded that 20% RMSM application did not have any harmful
effect on the subsoil (LQS). Based on this study we may
recommend the use of the removed RMSM as additive to the
surface layer of landfill cover systems at landfill sites.

Acknowledgments
The financial supports of the National Innovation Office
(TECH_09-A4-2009-0129, SOILUTIL project, the New Hungary
Development Plan (TÁMOP-4.2.1/B-09/1/KMR-2010-0002 BME
R + D + I project) and the Hungarian State and the European
Union and co-financed by the European Social Fund (TÁMOP
4.2.4.A-1) are greatly acknowledged.

REFERENCES

Abad, M., Noguera, P., Burés, S., 2001. National inventory of
organic wastes for use as growing media for ornamental
potted plant production: case study in Spain. Bioresour.
Technol. 77, 197–200.
Anton, A., Rékási, M., Uzinger, N., Széplábi, G., Makó, A., 2012.
Modelling the potential effects of the Hungarian red mud
disaster on soil properties. Water Air Soil Pollut. 223 (8),
5175–5188.
Benito, M., Masaguer, A., De Antonio, R., Moliner, A., 2005. Use of
pruning waste compost as a component in soilless growing
media. Bioresour. Technol. 96, 597–603.
Buchanan, S.J., So, H.B., Kopittke, P.M., Menzies, N.W., 2010.
Influence of texture in bauxite residues on void ratio, water
holding characteristics, and penetration resistance. Geoderma
158, 421–426.
Burke, I.T., Mayes, W.M., Peacock, C.L., Brown, A.P., Jarvis, A.P.,
Gruiz, K., 2012. Speciation of arsenic, chromium and vanadium in
red mud samples from the Ajka spill site Hungary. Environ. Sci.
Technol. 46 (6), 3085–3092. http://dx.doi.org/10.1021/es3003475.
Castaldi, P., Melis, P., Silvetti, M., Deiana, P., Garau, G., 2009.
Influence of pea and wheat growth on Pb, Cd, and Zn mobility
and soil biological status in a polluted amended soil.
Geoderma 151 (3–4), 241–248.
Castaldi, P., Silvetti, M., Enzo, S., Melis, P., 2010a. Study of sorption
processes and FT-IR analysis of arsenate sorbed onto red
muds (a bauxite ore processing waste). J. Hazard. Mater. 175,
172–178.
Castaldi, P., Silvetti, M., Garau, G., Deiana, S., 2010b. Influence of
the pH on the accumulation of phosphate by red mud
(a bauxite ore processing waste). J. Hazard. Mater. 182, 266–272.

195

Dayton, E.A., Basta, N.T., 2001. Characterization of drinking water
treatment residuals for use as a soil substitute. Water Environ.
Res. 73 (1), 52–57.
Fleming, G.A., 1980. Essential micronutrients. I. Boron and
molybdenum. In: Davies, B.E. (Ed.), Applied Soil and Trace
Elements. Wiley, Chichester, pp. 155–197.
Gadepalle, V.P., Ouki, S.K., Van Herwijnen, R., Hutchings, T., 2007.
Immobilization of heavy metals in soil using natural waste
materials for vegetation establishment on contaminated sites.
Soil Sediment Contam. 16, 233–251.
Garau, G., Castaldi, P., Santona, L., Deiana, P., Melis, P., 2007.
Influence of red mud, zeolite and lime on heavy metal
immobilization, culturable heterotrophic microbial populations
and enzyme activities in a contaminated soil. Geoderma 142, 1–2
(15), 47–57.
Garau, G., Silvetti, M., Deiana, S., Deiana, P., Castaldi, P., 2011.
Long-term influence of red mud on asmobility and soil
physico-chemical and microbial parameters in a polluted
sub-acidic soil. J. Hazard. Mater. 185, 1241–1248.
Garland, J.L., Mills, A.L., Halász, M., 1991. Classification and
characterisation of heterotrophic microbial communities on
the basis of patterns of community-level-sole-carbon-source
utilization. Appl. Environ. Microbiol. 57 (8), 2351–2359.
Gräfe, M., Klauber, C., 2011. Bauxite residue issues: IV. Old
obstacles and new pathways for in situ bioremediation.
Hydrometallurgy 108 (1–2), 46–59.
Grigatti, M., Giorgioni, M.E., Ciavatta, C., 2007. Compost-based
growing media: influence on growth and nutrient use of
bedding plants. Bioresour. Technol. 98, 3526–3534.
Gruiz, K., Vaszita, E., Siki, Z., 2005. Environmental risk management
of mining sites with diffuse pollution. In: Annokkée, G.J., Arendt,
F., Uhlmann, O. (Eds.), Conference Proceedings CD of 9th
International FZK/TNO Conference on Soil–Water Systems, 3–7
October 2005, Bordeaux, France. Forschungszentrum Karlsruhe,
Karlsruhe, pp. 2568–2574.
Gruiz, K., Molnár, M., Feigl, V., 2009. Measuring adverse effects of
contaminated soil using interactive and dynamic test
methods. Land Contam. Reclam. 17 (3–4), 443–459.
Gruiz, K., Vaszita, E., Feigl, V., Klebercz, O., Ujaczki, É., Anton, A.,
2013. Environmental risk assessment of red mud contaminated
soil in Hungary. Proceedings Aquaconsoil 2013, Theme C:
Assessment and Monitoring (Paper 2292).
Gupta, U.C., Lipsett, J., 1981. Molybdenum in soils, plants and
animals. Adv. Agron. 34, 73–115.
HS 21470/2–81, 1981. Environment soil tests. Soil Sample Preparation,
Moisture Content, pH and Electrical Conductivity Determination.
Hungarian Standards Institution, Budapest.
HS 21470-50, 2006. Environmental testing of soils. Determination
of Total and Soluble Toxic Element, Heavy Metal and
Chromium(VI) Content. Hungarian Standard Association,
Budapest.
HS 21976-17, 1993. Examination of Municipal Solid
Waste — Seedling Test. Hungarian Standards Institution,
Budapest (In Hungarian).
HS 21978-9, 1988. Environmental testing of soils. Determination of
Total and Soluble Toxic Element, Heavy Metal and
Chromium(VI) Content. Hungarian Standard Association,
Budapest.
HS 22902-4, 1991. Toxicity analysis. Seeding test. Hungarian
Standards Institution, Budapest.
HS EN ISO 17294-2, 2005. Water quality. Application of Inductively
Coupled Plasma Mass Spectrometry (ICP-MS).
Hungarian Meteorological Service, 2015. Monthly Information.
Available at http://www.metnet.hu/?m=napi-adatok&sub=2
(accessed November 5, 2015).
Ingelmo, F., Canet, R., Ibafiez, M.A., Pomares, F., Garcfa, J., 1997.
Use of MSW compost, dried sewage sludge and other wastes
as partial substitutes for peat and soil. Bioresour. Technol. 63
(2), 123–129.

196

J O U RN A L OF E N V I RO N ME N TA L S CI EN CE S 44 (2 0 1 6 ) 1 89–1 9 6

ISO 11348-3, 2007. Water Quality — Determination of the
Inhibitory Effect of Water Samples on the Light Emission of
Vibrio Fischeri (Luminescent bacteria test) — Part 3: Method
Using Freeze–Dried Bacteria.
ISO/TC 190SC4 WG2, Soil Quality — Effects of Soil pollutant on
Collembola (Folsomia candida) — Method for determination of
effects on reproduction.
Kádár, I., 2009. Assessment of soil pollution with eyes of
researcher 4. Agrokém. Talajt. 58, 149–168.
Kalkan, E., 2006. Utilization of red mud as a stabilization material
for the preparation of clay liners. Eng. Geol. 87 (3–4), 220–229.
Klebercz, O., Mayes, W.M., Anton, Á.D., Feigl, V., Jarvisc, Á.P.,
Gruiz, K., 2012. Ecotoxicity of fluvial sediments downstream of
the Ajka red mud spill, Hungary. J. Environ. Monit. 14 (8),
2063–2071.
Kumar, S., Kumar, R., Bandopadhyay, A., 2006. Innovative
methodologies for the utilization of wastes from metallurgical
and allied industries. Resour. Conserv. Recycl. 48, 301–314.
Langmuir, D., 1997. Aqueous Environmental Geochemistry.
Prentice Hall, Upper Saddle River, NJ.
Leitgib, L., Kálmán, J., Gruiz, K., 2007. Comparison of bioassays by
testing whole soil and their water extract from contaminated
sites. Chemosphere 66 (3), 428–434.
Lockwood, C.L., Mortimer, R.J.G., Stewart, D.I., Mayes, W.M.,
Peacock, C.L., Polya, D.A., et al., 2014. Mobilisation of arsenic
from bauxite residue (red mud) affected soils: effect of pH and
redox conditions. Appl. Geochem. 51, 268–277.
Lombi, E., Zhao, F.J., Zhang, G., Sun, B., Fitz, W., Zhang, H., et al.,
2002. In situ fixation of metals in soils using bauxite residue:
chemical assessment. Environ. Pollut. 118 (3), 435–443.
Mayes, W.M., Jarvis, A.P., Burke, I.T., Walton, M., Feigl, V., Klebercz,
O., et al., 2011. Dispersal and attenuation of trace contaminants
downstream of the ajka bauxite residue (red mud) depository
failure Hungary. Environ. Sci. Technol. 45 (12), 5147–5155.
McBride, M., Sauvé, S., Hendershot, W., 1997. Solubility control of Cu,
Zn, Cd and Pb in contaminated soils. Eur. J. Soil Sci. 48, 337–346.
Nagy, Zs.M., Gruiz, K., Molnár, M., Fenyvesi, É., 2013. Comparative
evaluation of microbial and chemical methods for assessing
4-chlorophenol biodegradation in soil. Period. Polytech.,
Chem. Eng. 57 (1–2), 25–35.
NOAA, 2015. National centers for environmental information; global
temperature and precipitation maps. Available at http://www.
ncdc.noaa.gov/temp-and-precip/global-maps/201311?products[]=
map-percentile-prcp (accessed November 5, 2015).
Öhlinger, H., 1995. Maximum Water-Holding Capacity. In:
Schinner, F., Öhlinger, R., Kandeler, E., Margesin, R. (Eds.),
Methods in Soil Biology. Springer-Verlag, Berlin Heidelberg,
pp. 385–386.
Phillips, I.R., 1998. Use of soil amendments to reduce nitrogen,
phosphorus and heavy metal availability. J. Soil Contam. 7,
191–212.
Pradhan, J., Das, S.N., Thakur, R.S., 1999. Adsorption of hexavalent
chromium from aqueous solution by using active red mud.
J. Colloid Interface Sci. 217, 137–141.
Rékási, M., Feigl, V., Uzinger, N., Gruiz, K., Makó, A., Anton, A.,
2013. Effects of leaching from alkaline red mud on soil biota:
modelling the conditions after the Hungarian red mud disaster.
Chem. Ecol. http://dx.doi.org/10.1080/02757540.2013.817568.
Rivard-Lentz, D.J., Sweeney, L.R., Demars, K.R., 1997. Incinerator
bottom ash as a soil substitute: physical and chemical
behavior. In: Wasemiller, M.A., Hoddinott, K.B. (Eds.), Testing
Soil Mixed with Waste or Recycled Materials, ASTM STP 1275.

Ruyters, S., Mertens, J., Vassilieva, E., Dehandschutter, B., Poffijn,
A., Smolders, E., 2011. The red mud accident in Ajka (Hungary):
plant toxicity and trace metal bioavailability in red mud
contaminated soil. Environ. Sci. Technol. http://dx.doi.org/10.
1021/es104000m.
Santona, L., Castaldi, P., Melis, P., 2006. Evaluation of the
interaction mechanisms between red muds and heavy metals.
J. Hazard. Mater. 136, 324–329.
Sewwandi, B.G.N., Wijesekara, S.S.R.M.D.H.R., Rajapaksha, A.,
Mowjood, M.I.M., Vithanage, M., 2011. Risk of soil and water
pollution by heavy metals in landfill leachate. The 12th Annual
Conference of Thai Society of Agricultural Engineering, 31
March–1 April 2011, Chonburi, Thailand.
Snars, K.E., Gilkes, R., Wong, M., 2004. The liming effect of bauxite
processing residue (red mud) on sandy soils. Aust. J. Soil Res.
42 (3), 321–328.
Summers, R.N., Pech, J.D., 1997. Nutrient and metal content of
water, sediment and soils amended with bauxite residue in the
catchment of the Peel inlet and Harvey Estuary, Western
Australia. Agric. Ecosyst. Environ. 64, 219–232.
Summers, R.N., Guise, N.R., Smirk, D.D., 1993. Bauxite residue
(red mud) increases phosphorus retention in sandy soil
catchment in Western Australia. Fertil. Res. 34, 85–94.
Summers, R., Bollandm, M., Clarke, M., 2001. Effect of application of
bauxite residue (red mud) to very sandy soils on subterranean
clover yield and P response. Aust. J. Soil Res. 39 (5), 979–990.
Sutar, H., Mishra, S.C., Sahool, S.K., Chakraverty, A.P., Maharana,
H.S., 2014. Progress of red mud utilization: an overview. Am.
Chem. Sci. J. 4 (3), 255–279.
Szépvölgyi, J., 2010. Some thoughts on the red mud spill in Ajka.
Magy. Tud. 12, 1467–1472 (In Hungarian).
Szépvölgyi, J., 2011. A chemical engineer's view of the red mud
disaster. Nachr. Chem. 59 (5), 5–7.
Thakur, R.S., Sant, B.R., 1983. Utilization of red mud. 1. Analysis and
utilization as raw-material for absorbents, building-materials,
catalysts, filler, paints and pigments. J. Sci. Ind. Res. 42 (2),
87–108.
Ujaczki, É., Klebercz, O., Feigl, V., Molnár, M., Magyar, Á., Uzinger,
N., et al., 2015. Environmental toxicity assessment of the
spilled Ajka red mud in soil microcosms for its potential
utilisation as soil ameliorant. Period. Polytech., Chem. Eng.
http://dx.doi.org/10.3311/PPch.7839.
US EPA, 1986. Quality criteria for water. United States Office of
Water Environmental Protection Agency. US EPA 440/5–86-001.
USDA Soil Textural Classification, Study Guide. at http://www.
wcc.nrcs.usda.gov/ftpref/wntsc/H&H/training/soilsOther/
soil-USDA-textural-class.pdf. (accessed May 26, 2015)
Uzinger, N., Anton, Á.D., Ötvös, K., Tamás, P., Anton, A., 2015.
Results of the clean-up operation to reduce pollution on
flooded agricultural fields after the red mud spill in
Hungary. Environ. Sci. Pollut. Res. http://dx.doi.org/10.1007/
s11356-015-4158-7.
Van Gool, D., Tille, P., Moore, G., 2005. Land evaluation standards
for land resource mapping. Department of Agriculture. Western
Australia Resource Management Technical Report. 298.
Wiles, J.A., Krogh, P.H., 1998. Tests with the Collembolans Isotoma
viridis, Folsomia candida and Folsomia fimetaria. In: Lokke, H., Van
Gestel, C.A.M. (Eds.), Handbook of Soil Invertebrate Toxicity
Tests. John Wiley & Sons, Chichester, pp. 131–156.
Winkler, D., 2013. Collembolan response to red mud pollution in
Western Hungary. Appl. Soil Ecol. http://dx.doi.org/10.1016/j.
apsoil.2013.07.006.

