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There are more than 1,000 abandoned mines in Korea, entailing considerable
amounts of waste materials such as rock, tailings and slag. In many cases, mine
tailings, the major solid wastes, have been disposed to nearby valleys and
cultivated lands without appropriate treatment. Most of these tailings have been
exposed to physical and chemical weathering, leading to high concentrations of
As and heavy metals in the immediate vicinity of mine and consequently causing
to contaminate surrounding soils, groundwater and streams (Castro-Larragoitia et
al. 1997; Jung 2001; Lee et al. 2001, Shu et al. 2001). Up to now, many studies
have been conducted to determine the behaviors of As and heavy metals in the
mine tailings and to assess their impact to human and organisms (Lee et al. 2001;
Riba et al. 2002).

The characteristics of As and metals, such as toxicity and bioavailability, depend
not only on their total concentrations, but also on their mobility and reactivity
with other components in the environment. The mobility of heavy metals in soils
is usually examined by extraction using solutions with different chemical
properties (Abollino et al. 2002). Our primary goal in the present study is to
investigate the distributions and behaviors of arsenic and heavy metals (Cd, Cr,
Cu, Pb and Zn) in and around mine tailings. Experiments were conducted to
measure the total concentrations of arsenic and heavy metals in the tailings and
nearby streams. After leaching of the tailings in water, the concentrations of As
and heavy metals in the leachates were determined. The values of several
chemical parameters were also measured. Finally, we investigated the relations
between the distributions of heavy metals and the chemical parameters in and
around the tailings. It is expected that this study would be helpful for better
prediction of the mobility and reactivity of contaminants in mine areas.

MATERIALS AND METHODS

For this study, six samples of mine tailings were obtained from three abandoned
mines (Jingok, Cheonbo and Sino mines) in Korea (December 2000). The detailed
information about the mines and sampling has been described in a previous paper
(Kim et al. 2002). At each mine, two 1 kg soil samples were collected at 20 cm
depth from two different sites. The samples were dried using a freeze-drier for 3-4
days and homogenized by thorough mixing. Subsequently the samples were
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stored in a freezer until further analysis. Water samples were collected from
shallow streams around the mine tailings. After measuring dissolved oxygen (DO)
and pH, the water samples were filtered through 0.45 um membrane filters and
then acidified with HNOs. The water samples were stored in a cooler in the field
and in a refrigerator in the laboratory until analyzed. The concentrations of
dissolved arsenic and heavy metals in stream water were measured using an
atomic absorption spectrometer (AAS).

The geological characteristics of the mine tailings were investigated using X-ray
diffraction (XRD) and scanning electron microscopy (SEM). The contents of
organic materials in the mine tailings were determined by the method of “Loss on
Ignition”. After digesting the tailings sequentially with HNO;, HCI and H,0,, the
total concentrations of As, Cd, Cr, Cu, Pb, Zn, Fe, Mn and Al were determined
using AAS.

Thirty grams of each sample (sieved through a 2mm sieve) and 150 mL of
deionized water were placed in a 250 mL Erlenmeyer flask. Then, the six flasks
were shaken using a platform shaker (160 rpm, 27°C) for one hour. The
suspended mixtures were filtered through 0.45 pm pore size membrane filters.
The concentrations of arsenic and heavy metals in the leachates were determined
using AAS, whereas those of anions (CI', F, NO;", NO; and SO42') were using an
ion chromatography (IC). At the same time, pH and DO of the leachates were also
determined. Arsenic species in the leachates were separated using an ion exchange
method (Kim et al. 2002).

RESULTS AND DISCUSSION

The mineralogy of the tailings was dominated by quartz. The XRD and SEM
analyses revealed the presence of sulfide minerals such as pyrite (FeS,),
arsenopyrite (FeAsS), sphalerite ((FeZn)S), galena (PbS) and chalcopyrite
(CuFeS,) (Figure 1).

25kU RSoo

Figure 1. SEM (backscattered electron) of Sino 2 (SO 2) sample: bright spots
represent sulfide minerals containing Fe, Zn, Cu, Pb and S.
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Table 1 shows the total concentrations of arsenic and heavy metals (Cd, Cr, Cu,
Pb, Zn, Fe, Mn and Al) in the mine tailings and their leaching rates in water. The
results indicated that the mine tailings were heavily polluted with heavy metals
and the total concentration of each metal was diverse. The total concentrations of
elements in the tailings were up to 62350 mg/kg As, 43 mg/kg Cd, 4.7 mg/kg Cr,
599 mg/kg Cu, 51400 mg/kg Pb, 3850 mg/kg Zn, 40 wt.% Fe, 21400 mg/kg Mn,
and 7850 mg/kg Al. The concentrations of arsenic, lead and iron were much
higher than those of the other metals. There are high correlations between total
iron and arsenic (R?=0.95), and between total iron and cadmium (R*=0.94) in the
mine tailings, suggesting that Fe (hydro)oxides would be important in controlling
As and Cd adsorption reactions. Mn and Al (hydro)oxides, and organic materials
less contributed to adsorption. The contents of the organic materials in the tailings
samples were very low, for example 0.7% at maximum for Jingok and Cheonbo
samples. In the present study, therefore, the effects of organic materials on the
arsenic and metal adsorption were negligible.

In all the six samples, the soluble As and metals in water occupied only minor
fractions of the total As and metal concentrations in the mine tailings. The
leaching rates were mostly in the range of 0 to 3.9% except for several
exceptionally high values (5.3-19.4%). The fact that the leaching rates were in
such a wide range would be related to several factors, including the adsorption of
As and metals onto Fe (hydro)oxides and the formation of insoluble sulfide
compounds (Bowell et al. 1994; Raven et al. 1998; Dong et al. 2000). Significant
correlations between the concentrations of As and heavy metals in the leachates
and those in the mine tailings were not found. The concentrations of arsenic
(average 13.5 mg/L and highest 45.6 mg/L) and zinc (average 28.3 mg/L and
highest 136 mg/L) in the leachates were much higher than those of the other
metals (Figure 2). It was found that the major arsenic species in leachates were
As(V) (63-99%), suggesting that As(V) should be the predominant arsenic species
in the mine tailings under oxic conditions.

The values of pH and DO, and the concentrations of fluoride, chloride, nitrite,
nitrate and sulfate in the leachates of mine tailings have been shown in details in a
previous paper (Kim et al. 2002). The leachates in all the soil samples were in the
acidic condition (pH=1.9-5.5) except for Cheonbo 2 sample (pH=7.4). Sulfate was
the dominant anion in the leachates whereas the concentrations of the other anions
were very low (0-1.7 mg/L). The values of DO were relatively low (2.9-5.7 mg/L)
Neither correlations between the chemical parameters and dissolved metal
concentrations nor between the anion concentrations and dissolved metal
concentrations was found.
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Figure 2. Average and the highest concentrations of arsenic and heavy metals in
leachates of mine tailings.

Table 2 shows the concentrations of dissolved arsenic and heavy metals (Cd, Cr,
Cu, Pb and Zn) in the streams. The stream water was under the acidic to neutral
condition of pH=5.3-7.5 and in the range of DO between 8.2 mg/L (10.8°C) and
12.3 mg/L (2.3°C). The concentrations of arsenic (42-915 pg/L) and zinc (0.23-
9.1 mg/L) in the streams were noticeably high compared to the other metals.
These results are consistent with those in the leachates of mine tailings. The
arsenic concentrations in the stream water and leachates exceeded the current
maximum contaminant level (MCL) of U.S. Environmental Protection Agency
(USEPA) in drinking water, 50 pg/L. From the leaching experiments and the
analysis of stream water samples, it is expected that the stream and groundwater

around the mine tailings would be heavily contaminated with arsenic and zinc
during the repetitive long rainy season.

The arsenic speciation was not conducted with the water samples in the present
study. Nevertheless, it is assumed that, based on the values of almost saturated DO,
the major arsenic would be As(V) in the stream water. The concentrations of other
metals (Cd, Cr, Cu and Pb) in the water samples were undetectable or low.

Table 2. Concentrations of dissolved arsenic and heavy metals in stream water
around mine tailings

As Cd Cr Cu Pb Zn
IG*  4.1+27°  ND ND 0.7£02 ND 230400
CB" 9152450 07401 35118 23910 32716 240400
SO° 732415 700400  ND 22402 ND  9100+141

# Jingok mine, ® Cheonbo mine, ¢ Sino mine
averagetstandard deviation, Unit = pg/L, ND = not detectable
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The main sources of pollutants in the study area would be sulfide minerals
containing arsenic and heavy metals. The geochemical processes occurring in the
mine tailings of the study area would consist of a combination of reactions
including  dissolution of sulfidle minerals, sulfide oxidation and
adsorption/desorption. It is likely that all these processes have a certain extent of
influence on the high concentrations of arsenic and heavy metals in stream and
groundwater. The degree of pollution and risk, and the physicochemical
characteristics of each pollutant are diverse in the area of mine tailings. Therefore,
for efficient reclamation of the polluted sites, further investigation should be
conducted to study the distribution and mobility of arsenic and each heavy metal
in water as well as in mine tailings.

Acknowledgments. This work was supported by grant from the Basic Research
Program of the Korea Science & Engineering Foundation (Grant number: R03-
2000-000-00018-0).

REFERENCES

Abollino O, Aceto M, Malandrino M, Mentasti E, Sarzanini C, Barberis R (2002)
Distribution and mobility of metals in contaminated sites. Chemometric
investigation of pollutant profiles. Environ Pollut 119:177-193

Bowell RJ, Morley NH, Din VK (1994) Arsenic speciation in soil porewaters
from the Ashanti mine, Ghana. Appl Geochem 9:15-22

Castro-Larragoitia J, Kramar U, Puchelt H (1997) 200 years of mining activities at
La Paz/San Luis Potosi/Mexico-Consequences for environment and
geochemical exploration. J Geochem Explor 58:81-91

Dong D, Nelson YM, Lion LW, Shuler ML, Ghiorse WC (2000) Adsorption of Pb
and Cd onto metal oxides and organic material in natural surface coatings
as determined by selective extractions: new evidence for the importance of
Mn and Fe oxides. Water Res 34:427-436

Jung MC (2001) Heavy metal contamination of soils and waters in and around the
Imcheon Au-Ag mine, Korea. Appl Geochem 16:1369-1375

Kim MJ, Ahn KH, Jung Y (2002) Distribution of inorganic arsenic species in
mine tailings of abandoned mines from Korea. Chemosphere 49:307-312

Lee CG, Chon HT, Jung MC (2001) Heavy metal contamination in the vicinity of
the Daduk Au-Ag-Pb-Zn mine in Korea. Appl Geochem 16:1377-1386

Raven KP, Jain A, Loeppert RH (1998) Arsenite and arsenate adsorption of
ferrihydrite: kinetics, equilibrium, and adsorption envelopes. Environ Sci
Technol 32:344-349

Riba I, DelValls TA, Forja M, Gémez-Parra A (2002) Influence of the
Aznalcdllar mining spill on the vertical distribution of heavy metals in
sediments from the Guadalquivir estuary (SW Spain). Mar Pollut Bull
44:39-47

Shu WS, Ye ZH, Lan CY, Zhang ZQ, Wong MH (2001) Acidification of
lead/zinc mine tailings and its effect on heavy metal mobility. Environ Int
26:389-394

947



