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ABSTRACT 

A geochemical and mineralogical study of surface wa-
ter and sediment was performed at an abandoned Pb-Zn 
mining site containing neutralised acidic mine drainage at 
Gyöngyösoroszi in Hungary to estimate the risk of the re-
mobilisation of potentially toxic elements along the Toka 
Stream from the sediment as a secondary source of con-
tamination. The study was performed in the dry season. The 
sediment of the discharge at the neutralised mine drainage 
contains primarily amorphous iron hydroxide; however, 
despite neutralisation, the concentrations of Zn, Cd, As 
and Pb are still above levels that could potentially cause 
environmental risk. In addition, the further presence of As, 
Cd, Cu, Hg, Pb, and Zn was identified in high concentra-
tions at the abandoned mine tailing. The difference in the 
composition of the sediment in equilibrium with the water 
and that of the dried sediment suggest that Al, Mn, and Ni 
are released and transported primarily in solution. How-
ever, because the water quality of the Toka stream that has 
been affected by the abandoned mining site is under reha-
bilitation, the quantity of the potentially toxic element con-
centrations in the solution were low, with the exception of 
Cd and Zn, which were identified at high concentrations; 
this was particularly observed at the mine tailing discharge. 
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1. INTRODUCTION 

Along streams and rivers, neutralised acidic mine 
drainage and abandoned tailing sediments that are present 
downstream still represent the risk of heavy metal remobi-
lisation as a secondary source of pollution. The oxidative 
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weathering of pyrite at the mining sites contributes to the 
formation of acid mine drainage (AMD) and is therefore 
the dominant process that controls heavy metal mobility 
and speciation [1-3]. Pyrite oxidation is a complex proc-
ess because it involves numerous biogeochemical path-
ways. In the absence of buffering agents, the oxidative 
weathering of pyritic ores results in a decrease in pH, 
which increases the solubility of heavy metal-containing 
minerals [4-6]. In addition, along streams and rivers, tail-
ing sediments and overbank sediments that are present 
downstream represent the risk of heavy metal remobilisa-
tion as a secondary source of pollution [7-10]. As a result 
of the absorption, coprecipitation and secondary minerali-
sation that are specific to heavy metal species, the concen-
trations in solution show a certain removing order down-
stream of the discharge point [11, 12], although hydrologi-
cal seasons definitely affect the spatial variation, fate and 
transport of metals [13-15]. Under certain geochemical and 
hydrological circumstances, AMD can generate significant 
loads of contaminants that acidify streams and reservoirs 
[16]. Therefore, even at abandoned mining sites, in addi-
tion to monitoring, the continuous neutralisation of the 
effluents of the mine and the tailings is required to reduce 
the environmental risk that is posed by heavy metal mi-
gration [17].  

The aim of the present study was to investigate the 
quality of the surface water of the stream sediments of the 
Toka bed stream, which are affected by an abandoned Pb-
Zn mine and its tailing dump in North Hungary, with re-
spect to potentially toxic elements in a summer dry season. 

 
 
2. MATERIALS AND METHODS 

2.1. Site Description and Sampling 

In Gyöngyösoroszi, North Hungary, nearly 2.1 Mm3 
of sulphide-bearing mining waste was abandoned in 1986. 
Starting in 1952, Pb and Zn were mined with a flotation 
technique, and the tailing dump was continuously charged  

 



© by PSP Volume 21 – No 5a. 2012   Fresenius Environmental Bulletin    

 1213

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1 – Geographical location of (a) Hungary, (b) Mátra Mountain and (c) Watershed of the Toka Stream. Sampling points – A: neu-
tralised acidic mine drainage, B: industrial reservoir, C1: mine tailing discharge, C2: mine tailing discharge drainage, which was dried out at 
the date of sampling and D: Toka stream below the Gyöngyösoroszi village (S: sediment; W: water sample) 

 
 
 

with the mining waste. The site is now under rehabilita-
tion, and it will be submitted to a new revegetation proc-
ess by the end of 2011. There are two water discharges to 
the Toka stream: a discharge (C1) from the tailing dump, 
where remediation has not yet been completed, and an-
other discharge (A) from the AMD that was treated with 
Ca(OH)2 and settled (Fig. 1). 

At the sampling points A and C1, the water and sedi-
ment samples were taken (long. 47°51'53.02" N, lat. 
19°52'23.69" E, and long. 47°50'25.39" N, lat. 19°53'18.95" 
E, respectively) in a dry season during September, 2009. 
In addition, dry sediment was obtained, in which the sec-
ondary mineralisation on the surface of the tailing dis-
charge channel was assumed (C2; long. 47°50'24.70" N, 
lat. 19°53'19.91" E). Additional water samples were pro-
cured downstream from the Toka; one (B) was obtained 
from the tube that transports water from Toka to the flota-
tion processing and another (D) was obtained from below 
the bridge downstream of the village (long. 47°50'49.85" 
N, lat. 19°52'34.63" E, and long. 47°49'10.90" N, lat. 
19°53'56.87" E, respectively).  

C1S is the sediment that was obtained from the drain-
age of the mine tailing where possible natural neutralisa-
tion processes by original buffering agents may have 
occurred during the last three decades, while C2S repre-
sents the sediment that was formed when the water drain-
age from the tailing dried out, and its total element con-

tent appeared in solid phases. Therefore, C1S primarily 
represents small particles of primary minerals and chemi-
cal forms that are unstable in solution of less than pH 
5.90, which precipitate and are transported further in the 
solid phase, while in C2S, all of the elemental content that 
was released from the mine tailing should be found in its 
precipitated form. Because AS is the sediment that resulted 
from the artificial neutralisation of the AMD with Ca(OH)2, 
which was added in this sample, primarily hydroxides and 
sulphates were expected as the precipitates. 

 
2.2. Sample treatment and analyses 

The sediment samples were first air-dried and then 
sieved using a standard sieve with a 2-mm diameter 
(Fritsch, Germany). The mineralogical composition of the 
sediment was determined using a Philips X-Pert MPD X-
ray diffractometer. The crystalline phases that were ob-
tained using a computer program (X Pert High score 2002, 
Philips) were selected by comparing the d-values from the 
JCPDF cards that were listed in the Powder diffraction 
file [18]. A semi-quantitative mineralogical analysis was 
performed as described by Boldrin et al. [19]. The ele-
mental concentrations in the sediments (f <2 mm) were 
determined in aqua regia extracts at the ACTLABS com-
mercial laboratory, Ontario, Canada, using inductively 
coupled plasma mass spectroscopy (ICP-MS) and the pro-
gram “Ultratrace 2”. The solution was diluted and ana-

(a) 

(b) (c)
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lysed using a Perkin Elmer SCIEX ELAN 6100 ICP-MS 
instrument for 44 elements. For the discussion, the ele-
ments that were typically present at the Pb-Zn mining sites 
were selected; any potentially toxic elements with very low 
concentrations, e.g., Ag, Sn and Hg, were omitted.  

Water samples were taken manually, and they were 
deposited directly into pre-cleaned 250-mL PFA bottles. 
In the laboratory, they were acidified by the addition of 
super-pure concentrated HNO3 (0.5 mL in a 250-mL sam-
ple) and were additionally digested by UV irradiation (24 h, 
150 W low-pressure Hg-lamp) to destroy any organic matter. 
The water samples were analysed using high resolution 
inductively coupled plasma mass spectroscopy (HR ICP-
MS). For ICP-MS, the detection limit for all of the ele-
ments was below 1 ug L-1. The measurements were re-
peated three times for each sample. Before the ICP-MS 
analysis was performed, the samples were filtered (0.45 µm 
polycarbonate). Element2 HR ICP-MS (Thermo Finnigan, 
Bremen, Germany) was used for the determination of 
23 trace elements. The samples for the analyses were 
prepared in pre-cleaned polyethylene tubes by adding 
100 µL of concentrated HNO3 and 50 µL of indium (115) 
internal standard (0.1 mg/L) into 5 mL of a sample aliquot. 
The concentrations of the elements were determined by 
means of external calibration plots. No special setup of the 
instrument operating conditions was needed [20]. The pH 
of the water samples was measured in the laboratory by 
Orion PerpHecT Meter, model 320 using a combined 
glass electrode. 

 
 
3. RESULTS AND DISCUSSION 

3.1. Sediment samples 

Mineralogical composition: the mine tailing was pre-
viously assessed based on hyperspectral remote sensing 
data that were obtained under the Hysens Programme. Ac-
cording to the results, the contents include sulphides, such 
as pyrite, sphalerite, galena, buffering agents, such as 
calcite and illite, and iron-bearing minerals, such as side-
rite, jarosite and goethite [21]. In addition, the mineral 
composition of the mine tailing was analysed by XRD and 
SEM/EDX; the results have been provided by Kovács et al. 
[22].  

The XRD analysis of all of the samples studied in the 
present work showed that the dominant mineral phase was 
quartz [SiO2], which is a primary mineral. The minor min-
eral was calcite [CaCO3], which was found only in the AS 
sample at the neutralised mine drainage at an abundance of 
10-30%, while anorthite [CaAl2Si2O8] in the C2S sample 
and muscovite [KAl2Si3O10(OH)2] in the AS sample were 
found at an abundance of 5-10%. A significant difference 
was found in the trace minerals (<5%), such as in the C1S 
sample, where pyrite [FeS], tetrahedrite [(Cu, Fe, Zn, Ag)24 
(Sb, As)8 S26], sanidine [KAlSi3O8], muscovite, and illite 
[(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]] were de-
tected; in the C2S sample, [Al3(SO4)2(OH)5·9H2O] was pre-

sent. In the AS sample, butlerite [Fe (SO4)(OH)·2H2O] and 
illite could be identified. The mineralogical composition of 
the samples is detailed in Table 1. 

By comparing the assumed mineralogical composi-
tion of the mine tailing and the measured composition of 
the sediment, among the tracers, no secondary Pb- and 
Zn-bearing minerals or other potentially toxic elements 
could be identified with XRD. In addition, ferric hydrate, 
[Fe4O3(OH)6] or jarosite, [KFe3(OH)6(SO4)2], could not be 
identified as secondary minerals of pyrite, and gypsum, 
[CaSO4·2H2O], which is a commonly occurring mineral 
where acidic mine drainage is neutralised with added 
Ca(OH)2, was absent as well. Therefore, it can be assumed 
that the significant retention of solid phases that bore po-
tentially toxic elements occurred in both the sediment that 
resulted from the artificial neutralisation of the acid mine 
drainage and the mine tailing, in which natural geo-
chemical processes, such as zonal acidification, neutralisa-
tion and the redistribution of particles, were confirmed. 

The results for the trace minerals, however, can only be 
considered tentative due to the limitation of the XRD 
method. 

 
TABLE 1 – Minerals in the sediment samples detected by XRD 

Mineral C1S C2S AS 
Quartz  + + + 
Calcite   + 
Anorthite  +  
Muscovite + + + 
Pyrite +   
Tetrahedrite +   
Sanidine +   
Illite +  + 
Butlerite   + 
Talc +   
Tridymite +   
Tetradymite  +  
Sophiite +   
Gupeiite  + + 
Halite  +  
Sylvite   + 
Sodium tecto-alumotrisilicate   + 
Al3(SO4)2(OH)5·9H2O  +  
Zirconia    + 
Lavendulan   + 
Tricopper(I) tetraselenoanti-
monate 

 +  

+: presence of the mineral  
 
Total element concentrations: concentrations of the 

selected elements and the maximum admissive values 
(MAD) for geological media in Hungary are presented in 
Table 2. The highest concentration of Fe that was found 
in the C1S sample cannot be explained with the trace 
minerals that were found in that location because neither 
hematite nor goethite was found. Therefore, it can be 
assumed that Fe is in the form an amorphous iron hydrox-
ide. The existence of tetrahedrite in the C1S sample can be 
supported by the elevated concentrations of Zn, Ag, Sb, 
As, Cu and S that were observed. The highest concentra-
tion of Al that was found in the C2S sample can justify the 
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formation of the white secondary aluminium phase, such 
as Al3(SO4)2(OH)5·9H2O. In a weathering study of pyrite, 
Darmody et al. [23] reported that the white coatings that 
were formed at pH >5 were Al compounds. The highest 
concentration of Ca that was found in the AS sample sup-
ports the identification of calcite by XRD. The presence 
of butlerite can be explained as weathering product of 
pyrite, while Tl that was found in the investigated sedi-
ments was also detected in a pyrite slag deposing area by 
Yang et al. [24].  

 
TABLE 2 - Concentrations of major and selected trace elements in 
sediments and the relevant maximum admissive values for geologi-
cal media  

Element C1S C2S AS MAD* 
Fe (%) 4.42 3.37 2.07 - 
Al (%) 2.7 4.08 1.4 - 
Ca (%) 0.75 1.78 3.24 - 
Mg (%) 0.47 0.59 0.37 - 
S (%) 1.019 0.362 0.221 - 
K (%) 0.22 0.25 0.15 - 
Mn (mg kg-1) 599 876 1800 - 
Ni (mg kg-1) 8.4 15.1 10.9 40 
Cu (mg kg-1) 220 44.5 10.8 75 
Zn (mg kg-1) 670 218 1200 200 
As (mg kg-1) 240 64.9 22.3 15 
Cd (mg kg-1) 2.2 0.9 8.6 1 
Pb (mg kg-1) 939 85.9 30.3 100 
Ag (mg kg-1) 1.68 0.172 0.063 - 
Sn (mg kg-1) 8.15 1.9 0.76 - 
Tl (mg kg-1) 2.63 1.54 0.67 - 
Cr (mg kg-1) 25.2 36.2 17.9 75 
Hg (mg kg-1) 1.760 1.040 0.137 0.5 

C1S: tailing discharge sediment; C2S: dried tailing discharge sediment; 
AS: treated AMD sediment; * MAD – maximum admissive value estab-
lished by the Decree of the Hungarian Ministry of Environment and 
Water, Ministry of Health, and Ministry of Agricultural and Rural 
Development No. 6/2009 (14.04.2009), Appendix 1 

 
Despite the neutralisation and sedimentation of the 

acidic mine drainage, the concentrations of Zn, Cd, and As 
that were detected in AS were still above the levels that 
could potentially cause environmental risk, and these ele-
ments were further transported in a small particle solid 
phase in the Toka Stream even though the trace mineral 
hosting could not be identified with XRD.  

When considering C1S and C2S, the difference in the 
element concentrations is an indicator of the stability of the 
potential hosting solid phases. The higher element concen-
trations in C1S, which particularly included Fe, Cu, Zn, As, 
Cd, and Pb, indicate that these elements are the least stable 
mineral forms in solution under the pH and chemical com-
position of the drainage. However, for C2S, in which the 
dried sediment had a higher element concentration, which 
included Al, Mn, and Ni, the difference indicates that the 
element content was released and transported primarily in 
solution in the surrounding environment of the Toka Stream 
valley. 

When compared to the MAD values for geological 
media (Table 2), the C1S sample shows that several toxic 
elements, including Cu, Zn, As, Cd, Pb, and Hg, occur in 
elevated concentrations, and they can potentially cause 

toxic effects under variable environmental conditions, e.g., 
pH change or microbiological transformation, which could 
lead to dissolution if they were transported.  

 
3.2. Surface waters 

Element concentrations and pH of water: the pH val-
ues, element concentrations and the relevant environ-
mental quality standards for the surface water are given in 
Table 3. 

The release from the acidic mine drainage that was 
neutralised with Ca(OH)2 is represented by AW, in which 
the Mn and Al concentrations can be considered to be 
high; however, the concentration of Fe was slightly ele-
vated according to the Hungarian Standard 12749:1993 
(which, however was not valid in 2010). According to the 
relevant environmental quality standards that were pro-
vided in Directive 2008/105/EC, the Cd concentration just 
reached the maximum allowable concentration given for 
waters with hardness of ≥ 200 mg CaCO3 L-1. According to 
the Water Quality Classification for the Danube River 
Basin [25], the concentrations of Cu, Pb, Ni and Cr were 
below the target values, while As was approximately 2.5, 
Cd was approximately 15, and Zn was approximately 
30 times higher than the corresponding values. Based on 
the data that were cited by Fügedi [26], in 2004, the 
effluent of the mine that lacked neutralisation contained 
13,371 µg L-1 Zn, while the treatment resulted in 456 µg L-1; 
this is more than three times higher than the actually meas-
ured value. The concentration of Cd in the treated effluent 
was reported to be 2.1 µg L-1 in 1994, while in 2004, it was 
found to be below the detection limit; however, ICP-MS 
technique identified its presence at approximately 1.5 µg L-1. 
The concentration was found to be 1.24 µg L-1 in 1994, 
and it has been reported to be currently below the detec-
tion limit, although ICP-MS identified its presence in low 
concentrations, but the concentrations were higher than in 
1994. The concentrations of Cu and Pb were already found 
to be low for both the untreated and treated effluents in 
1994. 

The BW sample represents the water quality of the 
Toka Stream downstream from the mine. The concentra-
tions for most of the elements were lower than for the AW 
sample, the elevations in Ni and Zn concentrations were 
also not considerable, and pH was close to a natural value. 
For the DW sample, among the measured elements, only the 
dissolved Pb and As concentrations were slightly higher 
when they were compared to the BW sample. However, at 
the sampling time, potentially toxic element concentra-
tions in Dw sample did not reflect the direct additional 
effect of the mine tailing. The C1W sample represents the 
output of the mine tailing entering the Toka Stream through 
a channel, which seasonally dries out (represented by the 
C2S sample). Here, excluding Al, all of the element con-
centrations were very much higher than for the AW sam-
ple, though the pH was 5.90 due to the natural geochemi-
cal neutralisation processes in the abandoned mine tailing. 
Fe concentration was 22, Mn was 18, Ni was 112, Cu was  
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TABLE 3 - Concentrations ± standard deviations of elements in µg L-1 determined in water (detection limit for all elements is below 1 ug L-1), 
pH and the relevant environmental quality standards 

Elements AW BW C1W DW EQS* 
 ICP-MS ICP-MS ICP-MS ICP-MS AA-EQS 

Inland surface 
waters 

MAC-EQS 
Inland surface 
waters 

Target Value for Da-
nube River Basin** 

Fe 465 ± 23 398 ± 8 10175 ± 257 37 ± 1 NG NG NG 

Al 400 ± 26 109 ± 3 355 ± 4 5 ± 2 NG NG NG 

Mn 750 ± 23 595 ± 22 13412 ± 317 74 ± 11 NG NG NG 

Ni 0.29 ± 0.05 0.63 ± 0.02 32.6 ± 0.9 0.82 ± 0.03 20 NA 1 

Cu 0.30 ± 0.02 0.37 ± 0.04 21.7 ± 0.2 1.2 ± 0.1 NG NG 2 

Zn 138 ± 7 221 ± 9 2612 ± 193 143 ± 2 NG NG 5 

As 2.3 ± 0.2 1.4 ± 0.1 2.69 ± 0.09 2.0 ± 0.1 NG NG 1 

Cd 1.46 ± 0.07 1.44 ± 0.03 9.4 ± 0.5 0.61 ± 0.03 ≤0.08 (class 1) 
0.08 (class 2) 
0.09 (class 3) 
0.15 (class 4) 
0.25 (class 5) 

≤0.45 (class 1) 
0.45 (class 2) 
0.6 (class 3) 
0.9 (class 4) 
1.5 (class 5) 

0.1 

Pb 0.41 ± 0.01 0.29 ± 0.01 2.1 ± 0.1 1.83 ± 0.05 7.2 NA 1 

Tl 2.4 ± 0.1 1.60 ± 0.03 1.56 ± 0.09 0.88 ± 0.03 NG NG NG 

Cr 0.026 ± 0.004 0.094 ± 0.004 0.06 ± 0.01 0.024 ± 0.004 NG NG 2 

pH 4.0 6.1 5.9 7.4 NG NG 6.5-8.5 

AW: treated AMD; BW: industrial reservoir; C1W: tailing discharge; DW: Toka Stream at Gyöngyösoroszi village. * EQS: Environmental quality 
standards for inorganic micropollutants according to the Directive 2008/105/EC, AA: annual average, MAC: maximum allowable concentration; for 
Cd, EQS values vary depending of water hardness specified in five class categories (Class 1: <40 mg CaCO3 L-1, Class 2: 40 to <50 mg CaCO3 L-1, 
Class 3: 50 to <100 mg CaCO3 L-1, Class 4: 100 to <200 mg CaCO3 L-1, and Class 5: ≥ 200 mg CaCO3 L-1 ; ** Target values for Danube River Basin 
according to the Trans National Monitoring Network (TNMN) Yearbook 2001, published by the International Commission for the Protection of the 
Danube River (ICPDR); NA: not applicable; NG: not given 
 
 
 
72, Zn was 19, and Cd was 6.5 times higher, approxi-
mately than the corresponding values for the neutralised 
AMD. Thus, in rainy seasons, the mine tailing having very 
high element concentrations for most of the measured ele-
ments compared to Bw and Dw, definitely has negative 
effect on the water quality of the Toka stream. In this way, 
dissolved Zn and Cd concentrations are expected to be even 
higher than at the neutralised AMD discharge point. 

Considering Tl, although it is not controlled by any 
EU or national surface water quality standards, in the AW 
sample, it was found to be ten times higher than the data 
that were suggested as a maximum in the FOREGS data-
base for Hungary (0.22 µg L-1) [27], and it was more than 
three times higher than the maximum that was suggested 
by the Canadian Water Quality Guidelines (0.8 µg L-1 for 
fresh water) [28]. 

 
3.3. Relations between sediment and water composition 

Considering the relations between the element con-
tent of the water and the sediment samples, the locations 
A and C1 can be compared. For the neutralised acidic 
mine drainage and the abandoned mine drainage, the 
equilibria that were assumed between the solid and water 
phases that based on the low flux for the former case and 
no flux at all in the latter case resulted in different ratios. 
In the former (A), all of the elements were concentrated in 
the sediment, while in the latter (C1), only Fe, Al, Cu, As, 
and Pb were concentrated in the sediment, whereas Mn, 

Ni, Zn, and Tl still remained in the solution in consider-
able amounts. High concentrations of toxic elements Cu, 
As and Pb in the sediment suggest their adsorption on 
amorphous iron hydroxide [29].  

Concentrations of toxic elements Mn, Ni, Cu, Zn, Cd 
and Pb in water of treated effluent are significantly lower 
than in the mine tailing effluent, suggesting their efficient 
removal from the water. Some of them, such as Mn, Zn 
and Cd are possibly incorporated in calcite structure, 
detected by XRD in sample A. Mn behaves similarly to 
Zn and Cd. These metals are strongly sorbed under neu-
tral pH conditions, although in acidic conditions are read-
ily desorbed and are stable in solution. 

Altogether, the results for the dry season revealed that 
most of the investigated elements remained within the 
area of the mine, which suggests their significant removal 
from solution by neutralisation. However, the mine tailing 
is a considerable source of the potentially toxic elements, 
since its effluent enters the Toka stream in rainy seasons, 
and its element concentrations are very high both in solu-
tion and sediment. However, in rainy seasons, water flow 
rate of the Toka stream and that of the AMD also in-
creases contributing to dilution, while sediment transport 
may take place, as well. Thus the overall effects of the 
AMD and the mine tailing to the water quality of the Toka 
stream should be approached in a more complex way, in-
cluding geo-hydrological aspects. As seasonal water qual-
ity variations were found for rivers affected by acid mine 
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drainage at other, similar sites [30], further studies will 
aim to monitor changes in the rainy seasons to investigate 
the complex effect of different water loads on both the 
dissolution and desorption from the contaminant sources 
and the dilution by the surface water.  

 
 
4. CONCLUSIONS 

The discharges of abandoned Pb-Zn mining sites, such 
as Gyöngyösoroszi in Hungary, of both acidic mine drain-
ages that are neutralised and mine tailings still require 
continuous monitoring because under acidic to near neutral 
pH values, most of the dissolved potentially toxic elements 
are present in elevated concentrations; downstream of the 
mine discharge, these may still cause inadequate water 
quality. For the Toka Stream, Mn, Zn, Fe and Cd were 
especially found in elevated concentrations at a location 
that was close to the discharge. At the same time, the aban-
doned mine tailing was found to be secondary contamina-
tion source, e.g., the discharge of the tailing at Gyöngyöso-
roszi was found to contain high Fe, Mn, Cd, Zn and Al 
concentrations and elevated Ni and Cu concentrations; 
however, the outflow rate is generally low, especially in the 
dry seasons.  

Altogether, for the potentially toxic elements, the water 
quality of the Toka Stream on the date of the sampling was 
not significantly affected by the mining site, with the ex-
ception of the Zn and Cd concentrations. 

As a secondary potential source of toxic elements, the 
sediment of the discharge at the neutralised mine drainage 
primarily contained amorphous iron hydroxide; however, 
despite the neutralisation, the concentrations of Zn and Cd 
were still above levels that continuously cause environ-
mental risk through the precipitation-dissolution equilibria 
between the solid and water phases. In addition, further Zn, 
Cd, As, Pb, Cu, and Hg loads may occur by the dissolution 
from the sediment at the abandoned mine tailing.  
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