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Abstract The chemical speciation of potentially toxic

elements (As, Cd, Cu, Pb, and Zn) in the contaminated

soils and sulfides-rich tailings sediments of an abandoned

tungsten mine in Korea was evaluated by conducting

modified BCR sequential extraction tests. Kinetic and static

batch leaching tests were also conducted to evaluate the

potential release of As and other heavy metals by acidic

rain water and the leaching behaviors of these heavy

metals. The major sources of the elements were As-, Zn-

and Pb-bearing sulfides, Pb carbonates (i.e., cerussite), and

Pb sulfates (i.e., anglesite). The biggest pollutant fraction

in these soil and tailing samples consists of metals bound to

the oxidizable host phase, which can be released into the

environment if conditions become oxidative, and/or to

residual fractions. No significant difference in total element

concentrations was observed between the tailings sedi-

ments and contaminated soils. For both sample types,

almost no changes occurred in the mobility of As and the

other heavy metals at 7 days, but the mobility increased

afterwards until the end of the tests at 30 days, regardless

of the initial pH. However, the mobility was approximately

5–10 times higher at initial pH 1.0 than at initial pHs of 3.0

and 5.0. The leached amounts of all the heavy metal con-

tents were higher from tailings sediments than from con-

taminated soils at pH [ 3.0, but were lower at pH \ 3.0

except for As. Results of this study suggest that further

dissolution of heavy metals from soil and tailing samples

may occur during extended rainfall, resulting in a serious

threat to surface and groundwater in the mine area.
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Introduction

The oxidation of sulfides in mine tailings sediments has

been a great concern due to its detrimental impact on the

environment. When surface water infiltrates into mine

waste rocks or tailings sediments, the oxidation of sulfides

occurs in the presence of oxygen, resulting in acid rock

drainage (ARD). ARD generally contains elevated con-

centrations of ions such as arsenic (As), other heavy met-

als, and sulfates, which can affect the quality of surface

water and groundwater in mining areas (Johnson and

Thornton 1987; Webster et al. 1994; Shaw et al. 1998).

The dissolved As and other heavy metals can be immo-

bilized with precipitation as insoluble or less soluble

Fe-(oxy)hydroxides, oxides, and sulfates (McGregor et al.

1998; Roussel et al. 2000; Lee et al. 2005), and by

adsorption onto some materials such as clay minerals,

oxides, and hydroxides (Masscheleyn et al. 1991; Kara-

thanasis and Thompson 1995; Manning et al. 1998). In

addition, newly formed secondary minerals from ARD have

been considered to play an important role in immobilizing
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As and other heavy metals by co-precipitation and

adsorption (Bigham et al. 1990; McCarty et al. 1998;

Webster et al. 1998). However, heavy metals that are

immobilized by the secondary minerals in the dry season

can be released again during the wet season (Lottermoser

and Ashley 1998).

The chemical partitioning of heavy metals must be taken

into account in environmental studies because total heavy

metal contents in soils can provide limited information on

their mobility and bioavailability (Ma and Rao 1997) and

overestimate potential risk to the environment (Rodrı́guez

et al. 2009; Yang et al. 2009; Anju and Banerjee 2010).

Hence, not only the determination of metal concentrations

but also the identification of binding sites and phase

associations is essential for assessing environmental quality

and human health in mine areas. Sequential extraction

procedures assume that mobility and bioavailability of

metals in soils decrease in the order of extraction. Despite

the lack of selectivity and re-adsorption problems (Kheb-

oian and Bauer 1987; Belzile et al. 1989) for all presently

available methods of solid phase fractionation (e.g., Tessier

et al. 1979; Kersten and Förstner 1986; Ure et al. 1993;

Sahuquillo et al. 1999), a sequential extraction method is

nevertheless a useful tool for predicting long-term adverse

effects of contaminated soils on the environment and for

assessing mobility and bioavailability of metals in soils

(Forsberg and Ledin 2006; Álvarez-Valero et al. 2009;

Palumbo-Roe et al. 2009). Furthermore, chemical parti-

tioning of metals in tailings sediments was determined

to evaluate weathering behaviors of tailings sediments

(Fanfani et al. 1997; Heikkinen and Räisänen 2009).

Several studies have investigated the leaching behaviors

of heavy metals from sulfides (e.g., pyrite) or waste rocks

at various conditions (Moses and Herman 1991; William-

son and Rimstidt 1994; Bonissel-Gissinger et al. 1998;

Shaw et al. 1998; Strömberg and Banwart 1999; Lee et al.

2005; Yellishetty et al. 2009). Those studies suggested that

assessment of the environmental impacts from the mine

waste rocks or tailings sediments requires quantitative

predictions of physicochemical processes that control

contaminant release at a given site because the mobility of

heavy metals can be affected by some factors such as their

thermodynamic properties and the presence of secondary

minerals. Thus, investigation of mobility of heavy metals at

various conditions is essential to understand the potential

and actual impact of elevated heavy metals released from

mine waste rocks or tailings sediments. The objective of

this study is to determine the chemical fractionation and to

investigate the mobility of As and other heavy metals

released from tailings sediments and soils of a former

tungsten mine site in Korea in contact with water, applying

a sequential extraction procedure as well as kinetic and

static batch experiments.

Materials and methods

Mine site description

The sulfidic, As-rich, abandoned Cheongyang tungsten

mine is situated approximately 100 km southwest of Seoul

in Chungcheongnam-do province in Korea (Fig. 1). The

mine area mainly consists of Precambrian biotite gneiss and

younger Cretaceous granitic rocks. The deposit is composed

of several tungsten-bearing hydrothermal quartz veins with

a WO3 content ranging between 65 and 67 wt.%. The mine

was operated actively from 1941 to 1945 and produced

approximately 1,600 tons of tungsten, resulting in large

amounts of mine wastes such as tailings sediments and

waste rocks. The ore minerals are arsenopyrite (FeAsS),

galena (PbS), sphalerite (ZnS), chalcopyrite (CuFeS2),

wolframite ((Fe,Mn)WO4), scheelite (CaWO4), pyrrhotite

(Fe(1-x)S), pyrite (FeS2), molybdenite (MoS2), bismuthinite

(Bi2S3), gold (Au), and silver (Ag). Gangue minerals were

quartz, beryl (Be3Al2Si6O8), rhodochrosite (MnCO3), cal-

cite (CaCO3), and fluorite (CaF2) (So et al. 1993).

Through ore extraction and processing, large amounts of

tailings sediments having elevated contents of sulfide min-

erals were produced. These have been stacked on the ground

of the mine area for more than 60 years. The toxic tailing

slurries covered several hundred square meters of soil sur-

rounding the mine area. The brownish and light blue colored

mixtures of tailings sediments and soils (i.e., contaminated

soils) have been slightly oxidized by exposure to the

atmosphere. The sulfide-rich tailings sediments were totally

dried and their surface color was light gray, in which a

brownish material was sometimes present, indicating that

tailings sediments are slightly oxidized. Indurate tailings

sediments are mainly unaltered or unoxidized and have a

circum-neutral pH. The particle size of the tailings sedi-

ments and contaminated soils varies from coarse sand to silt.

The mean monthly precipitations during the wet period

from June to September and during the dry period from

October to May are approximately 70 and 10 mm,

respectively. Approximately 75% of the annual rainfall

occurs during the wet period. The monthly average tem-

perature seasonally varied from 25 to -3�C, with an annual

mean temperature of 10�C. The mean annual relative

humidity was 66% with a maximum of 75% in the summer

and a minimum of 53% in the spring. The range of annual

mean pH of rain calculated from volume-weighted mean

concentrations of H? at the study site ranged between 3.7

and 7.5 during 1996–2002 (KMA 2003).

Characterization of samples

Three tailing samples (T1, T2, and T3) and three soil

samples (S1, S2, and S3) were collected from the
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Cheongyang tungsten mine area. Samples were placed in

tightly closed plastic bags to prevent those from being

oxidized before analysis. The samples were sieved

through a 2-mm mesh to remove extraneous materials.

After sieving, the collected samples were screened with a

150-lm sieve (No. 100 sieve). The screened samples were

dried in an oven at 60�C for 2 days and then ground in an

agate mortar. This drying process might cause the further

oxidation of sulfides in the samples. The chemical com-

positions of the samples were determined by using the

total digestion method according to the procedure sug-

gested by the International Organization for Standardiza-

tion (IOS 11466, 1995). Briefly, 3 g of sample was

digested at room temperature with a 28 ml mixture of

37% HCl and 70% HNO3 (3:1) for 16 h. The suspension

was then digested at 130�C for 2 h under reflux condi-

tions. The suspension was filtered through 0.45-lm filter

paper, stored in a polyethylene bottle, and acidified with

nitric acid solution to pH \ 2.0 prior to the chemical

analyses.

Mineralogical identification of the primary and sec-

ondary minerals was performed by X-ray diffraction using

a Philips X’PERT MPD diffractometer operating at 40 kV

and 25 mA. Powdered specimens were prepared by

grinding samples with an agate mortar and pestle and a

micronizing mill until the particle size of the material was

less than 10 lm. Randomly orientated specimens were

continuously scanned in the range 3–70� 2h at a rate of 2�/

min, using Cu–Ka radiation (wavelength 1.5419 Å).

Quantitative mineral components were determined using

the Rietveld method with a quantitative XRD software

program (Siroquant, version 3.0, Sietronics, Australia).

Organic content was determined by using the loss-on-

ignition method.

Batch kinetic and static leaching tests

A series of batch kinetic tests was conducted on both

tailing and soil samples to determine the reaction time

required to establish equilibrium conditions and the

leaching kinetics for As and other heavy metals, using

solutions at pHs of 1.0, 3.0, and 5.0. Five grams of sample

was placed in a 100-ml polypropylene copolymer centri-

fuge tube. The tube was then agitated for various reaction

times, ranging between 1 and 30 days, using a rotation

shaker at 30 rpm, with the leachate collected at designated

sampling times (i.e., 1, 2, 7, 14, 21, and 30 days). The pH

of the suspension was measured using a pH meter imme-

diately after shaking. The suspension was filtered through

0.45-lm filter paper, stored in polyethylene bottle, and

acidified with nitric acid solution to pH \ 2.0 prior to the

chemical analysis.

Batch static tests were conducted on both tailing and soil

samples in a 100-ml polypropylene copolymer centrifuge

tube containing solutions with a specified initial pH ranging

between 1.0 and 5.0 to evaluate the effect of initial pH on the

leaching behaviors. The tube was then agitated for 7 days

using a rotation shaker at 30 rpm, and this procedure was

found to be generally sufficient for attaining equilibrium in

the batch kinetic tests. The final pH of the suspension was

measured using a pH meter immediately after tumbling. The

suspension was filtered through 0.45-lm filter paper, stored

in a polyethylene bottle, and acidified with nitric acid solu-

tion to pH \ 2.0 prior to the chemical analysis.

Sequential extraction procedure (SEP)

The three-step sequential extraction procedure (SEP) pro-

posed by the Standards, Measurements, and Testing

Fig. 1 Geological map of the

Cheongyang mine area showing

the location of major ore bodies

(after So et al. 1993)
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program (formerly Community Bureau of Reference, BCR)

of the European Union has generally been used to evaluate

the mobility and potential bioavailability of metals, which

might be affected by changes in environmental conditions

(Quevauviller et al. 1993; Ure et al. 1993; Mossop and

Davidson 2003). However, the modified three-step SEP

proposed by Mossop and Davidson (2003) was used in this

study to determine the partitioning of As, cadmium (Cd),

copper (Cu), iron (Fe), lead (Pb), and Zinc (Zn) in tailings

sediments and soils because of its improved reproducibility

for the reducible trace element fraction in tailings sedi-

ments and contaminated soils.

One gram of an air dried sample (i.e., tailing or soil) was

added to a Teflon centrifuge tube with 40 ml of 0.11 M

acetic acid and shaken overnight. The mixture was then

centrifuged and filtered through 0.45-lm filter paper to

obtain the extract (step 1). The trace elements extracted

obtained in step 1 corresponds to the exchangeable and

water and acid soluble phases (F I). The residue obtained

by centrifuging from step 1 was added to a Teflon centri-

fuge tube with 40 ml of 0.5 M NH2OH�HCl solution at pH

1.5 and shaken overnight. The mixture was then centri-

fuged to separate the extract (step 2). The trace elements

extracted obtained in step 2 corresponds to the reducible

phase (F II). The residue from step 2 was mixed with 40 ml

of 8.8 M H2O2 and the mixture was then dried. After

drying, the residue was added to a Teflon centrifuge tube

with 40 ml of 3.2 M NH4OAc and shaken overnight. The

mixture was then centrifuged to separate the extract (step

3). Elements dissolved in step 3 correspond to the fraction

bound to oxidizable phase (F III). The residue from step 3

was digested in aqua regia (residual step). The chemical

species from the residual step correspond to the residual

phase (F IV).

Chemical analyses

Chemical analyses were performed with an ICP-AES

(PerkinElmer Optima 3000XL) using an ultrasonic nebu-

lizer. Standard solutions were prepared from 1,000 mg/L

stock solutions (Merck). Blank assays with reagents were

found to be negligible. For QA/QC, standards, including

NIST Standard Reference Materials (2710 Montana Soil

and 2709 San Joaquin Soil), were analyzed together with

the tailings sediments and contaminated soils. Replicate

analyses (at least 10 replicates) of the samples and stan-

dards showed a precision of typically\6.5% (coefficient of

variation) for all the elements analyzed. The precision as

represented by the relative deviations of the data was\3%

for As and less than 5% for Cu, Pb, and Zn. The detection

limit for analysis was 1 lg/L for Cu and Cd, 2 lg/L for As,

5 lg/L for Pb, and 50 lg/L for Fe and Zn.

Results and discussion

Characteristics of soils and tailings

The total elemental concentrations and mineralogical

compositions of the six representative samples used in this

study are summarized in Table 1. The mineralogical

composition of the soil and tailing samples from Cheon-

gyang mine has been obtained by X-ray diffraction (XRD).

XRD patterns showed that soils and tailings sediments

consisted of quartz (SiO2), muscovite (KAl2(AlSi3)10

(F,OH)2), microcline ((KAlSi3)8), arsenopyrite (FeAsS),

sphalerite (ZnS), anglesite (PbSO4), chlorite ((Fe,Mg,Al)6

(Si,Al)4O10(OH)8), talc (M g3Si4O10(OH)2), chalcopyrite

(CuFeS2), cerussite (PbCO3), bassanite (CaSO4�0.5H2O),

and galena (PbS) (Table 1). Only one soil sample (S3)

contained a noticeable amount of a carbonate mineral (i.e.,

cerussite). A remarkable finding was the absence of pyrite

and pyrrhotite and the minor sulfides in the ore vein (So

et al. 1993). Furthermore, XRD analysis detected no

Fe-(oxy)hydroxides or other Fe-precipitates probably

because the amount of Fe hydroxides was too low to

quantify it by XRD analysis or the Fe hydroxides existed as

an amorphous form (e.g., ferrihydrite). Secondary minerals

frequently might be formed in the soil and tailing

impoundment of Cheongyang mine area (e.g., bassanite).

Extensive bassanite could be formed a dense hardpan layer

(i.e., a dense ferrous crust resulting from the secondary

mineralization), and could prevent interaction between the

mineral grains and the oxidized agents dissolved in solu-

tion, halting sulfide mineral oxidation. The development of

these hardpans can favor the isolation of tailing materials

from the weathering process resulting in reduced infiltra-

tion of water and a decreasing rate of sulfide oxidation.

The soil and tailing samples showed high concentrations

for all metals indicating that almost all the samples can be

classified to be very highly contaminated. For example, the

average As concentrations for the soil and tailing samples

were 213 and 188 mg/g, respectively. No significant dif-

ference in total element concentrations between tailing and

soil samples was observed, whereas arsenopyrite was more

enriched in soils than in tailings sediments, resulting in the

higher average As concentrations in soils than in tailings

sediments (Table 1).

Solid phase partitioning of metals: result of sequential

extraction

Selective sequential extraction tests were performed to

evaluate the fractionation of metals within the soil and

tailing samples. Results of the sequential extraction tests are

summarized as leaching percentage, reflecting individual

1912 Environ Earth Sci (2012) 66:1909–1923

123



solid phase removal relative to the sum of all phases in

Table 2.

Zn fractionation is dominated by the oxidizable (F III)

phase (average 79.0 and 60.2% of total Zn concentrations

for the soils and tailings sediments, respectively) and the

residual (F IV) phase (average 15.8 and 36.4% of total Zn

concentrations for the soils and tailings sediments,

respectively), indicating that these two solid phases are of

major importance as the Zn carriers in the soils and tailings

sediments (Table 2). The oxidizable fraction for Zn

extracted by H2O2 from tailings sediments is large even

though the tailings sediments did not contain organic car-

bon. Taking into account the amounts of organic matter in

tailings sediments, it seems reasonable to assume that most

of the oxidizable metals are mainly associated with sulfide

minerals (i.e., sphalerite, chalcopyrite, galena, and arse-

nopyrite, Table 1).

Cd existed primarily by the residual phase, accounting

on average for 87.9% (soils) and 92.9% (tailings sedi-

ments) of total Cd concentrations (Table 2), with the oxi-

dizable phase containing the majority of the remaining Cd

(average 10.6 and 5.2% of total Cd concentrations for soils

and tailings sediments, respectively). It is noteworthy that

despite the similar geochemical characteristics of Zn and

Cd particularly with respect to ionic structure, electro-

negativities, and ionization energies (Fuge et al. 1993),

their fractionation patterns are quite different.

Cu was primarily bound to the oxidizable phase (aver-

age 82.7 and 65.2% of total Cu concentrations for the soil

and tailing, respectively), indicating the sulfide minerals

acted as scavengers of Cu. The residual phase is also

important, containing on average 15.9 and 33.7% of total

Cu concentrations for soils and tailings sediments,

respectively. The role of the reducible (F II) and

exchangeable and acid soluble (F I) phases were not sig-

nificant, accounting on average for only \1% of total Cu

concentrations for both soils and tailings sediments

(Table 2).

The residual phase might be a predominant sink for Pb,

accounting for 84.5 and 80.8 % of total Pb concentrations

for soils and tailings sediments, respectively, except for S3

soil sample. Pb in the reducible phase is also important,

containing on average 10.2% (from 6.5 to 13.6 %) and

10.5% (from 4.9 to 13.3 %) of total Pb concentrations for

soils and tailings sediments, respectively. The oxidizable

phase contained on average 3.7% and 6.0% of the total Pb

concentrations for soils and tailings sediments, respectively

(Table 2). These results indicate that the residual, reduc-

ible, and oxidizable phases contain most of Pb in the soil

and tailing in the Cheongyang mine area. Site-to-site

variations were particularly large in the exchangeable and

acid soluble phase (e.g., S3). Pb in the S3 sample was

identified as potentially the most bioavailable element as it

had the highest percentage bound to exchangeable and acid

soluble sites, accounting for 23.4 % of total Pb concen-

tration. This fraction includes weakly absorbed metals

retained on the soil surface, metals that can be released by

ion-exchange processes and metals that can be precipitated

with carbonates. This fraction is considered to be the most

bioavailable of the different metal forms (Chlopecka 1996).

Table 1 Total As and other heavy metal concentrations and mineral compositions of the soil (S) and tailing (T) samples

Components S1 S2 S3 T1 T2 T3

As (lg/g) 237,511 208,490 193,361 218,960 192,504 154,709

Cd (lg/g) 5,176 4,454 4,102 4,452 3,962 3,154

Cu (lg/g) 2,934 2,551 2,479 2,635 2,237 2,043

Fe (lg/g) 184,248 161,631 157,469 171,655 156,531 132,562

Pb (lg/g) 91,105 77,908 76,493 87,598 78,128 66,425

Zn (lg/g) 41,923 29,642 30,682 30,083 23,097 18,252

Quartz (%) 21.9 23.2 25.5 36.3 26.8 20.2

Muscovite (%) 17.8 22.4 25.0 23.6 26.8 25.2

Microcline (%) – – – – – 16.7

Chlorite (%) 4.2 4.8 2.7 2.9 5.8 6.0

Talc (%) – 4.4 3.0 – – –

Bassanite (%) 7.1 – – – – –

Anglesite (%) 3.4 10.8 – 10.7 12.5 10.7

Cerussite (%) – – 2.6 – – –

Galena (%) 10.0 5.8 3.8 4.3 5.8 6.0

Arsenopyrite (%) 29.4 24.2 28.6 17.5 17.2 12.3

Chalcopyrite (%) – – 5.0 – – –

Sphalerite (%) 6.1 4.4 4.0 4.8 5.0 3.0
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The XRD data confirmed that cerussite (PbCO3) occurred

in the S3 soil sample. This finding is consistent with that of

Li and Thornton (2001) and Clevenger (1990). The

incoming Pb from polluting sources, such as sulfide oxi-

dation, initially exists in unstable chemical forms and

continued accumulation leads to the formation of precipi-

tates, especially acid soluble phase or sulfate forms

(Table 1). The majority of Pb in the sample is partitioned

in the residual phase (59.7 %), while the proportion of Pb

in the organic and sulfide phases was low (Table 2). It

appears that the relative portion of Pb in the oxidizable and

residual phases decreases significantly in the S3 sample

compared to tailing samples. This shows that over a period,

metal sulfide (i.e. galena) in S3 sample has been weathered

from the contaminated soil.

As in the soils and tailings sediments is of low mobility,

because exchangeable and acid soluble and reducible

phases accounted for\2% of total As, and As is primarily

bound to the residual phase, accounting on average for 93.7

and 95.6% of total As concentrations for soils and tailings

sediments, respectively (Table 2). The residual phase

should mainly contain primary minerals (e.g., arsenopyrite,

Table 1), which may hold trace metals within their crystal

structures. Craw et al. (2003) showed that arsenopyrite only

can decompose under acidic conditions (pH \ 4.0).

Therefore, it does not seem reasonable to assume that these

metals may be released under the conditions normally

encountered in nature (Dang et al. 2002). High contents of

As in the residual fraction have also been reported by Kim

et al. (2003) and Wang and Mulligan (2009). On average,

the oxidizable phase of As is only 5.2 and 2.4% of total As

concentrations for soils and tailings sediments, respec-

tively, and thus very low compared to those of Zn and Cu.

The large amounts of Fe were mainly associated with

the residual fraction, ranging from 77.5 to 79.5% of total

Fe concentrations for soils and from 84.3 to 88.8% of total

iron concentrations for tailings sediments (Table 2). In this

study, taken into account the absence of pyrite in the soil

and tailing samples as determined by XRD (Table 1), it

seems reasonable to assume that this highest percentage of

total Fe contents in the residual fraction can be attributed

mainly to the dissolution of arsenopyrite present in the soil

and tailing samples. The Fe associated with the oxidizable

fraction ranged from 17.3 to 18.4% of total Fe contents for

soils and from 8.0 to 13.8% of total Fe contents for tailings

sediments. The role of the reducible (F II) phase was not

significant, ranging from 2.4 to 3.2% of the total metal

contents for soils and from 1.1 to 2.6% of total metal

contents. This observation indicates that most of the metal

sulfides have not been weathered (oxidized) from tailings

sediments within Cheongyang mine area. The first fraction

from the BCR extraction procedure (F I) was the fraction

with the lowest Fe content in all samples, ranging from 0.5

to 0.9% of the total Fe pool (Table 2).

In the uncovered tailings sediments, the area most prone

to sulfide weathering is unsaturated layers in the tailing

impoundments. However, the mineralogical and chemical

speciation of soil and tailing samples of Cheongyang mine

Table 2 Solid phase partitioning of As and other heavy metals from

the BCR sequential extraction tests on the soil (S) and tailing

(T) samples

Elements Samples F Ia (%) F IIb (%) F IIIc (%) F IVd (%)

As S1 0.4 0.8 5.6 93.2

S2 0.6 1.1 5.0 93.3

S3 0.1 0.4 5.0 94.5

T1 0.4 0.9 3.1 95.6

T2 0.7 1.6 2.4 95.4

T3 0.7 1.6 1.8 95.9

Cd S1 0.6 1.0 10.5 88.0

S2 0.6 1.0 11.0 87.4

S3 0.8 0.6 10.2 88.4

T1 0.4 0.8 7.4 91.4

T2 0.8 1.5 5.4 92.4

T3 0.8 1.4 2.8 94.9

Cu S1 0.0 0.3 84.3 15.3

S2 0.3 0.8 80.1 18.8

S3 1.6 1.2 83.7 13.5

T1 0.4 0.4 71.9 27.4

T2 0.4 1.2 73.2 25.2

T3 0.4 0.6 50.5 48.5

Fe S1 0.9 3.2 18.4 77.5

S2 0.7 2.5 17.4 79.5

S3 0.9 2.4 17.3 79.4

T1 0.5 1.1 13.8 84.6

T2 0.9 2.6 12.2 84.3

T3 0.9 2.2 8.0 88.8

Pb S1 4.2 10.6 3.7 81.6

S2 2.1 6.5 4.0 87.4

S3 23.4 13.6 3.3 59.7

T1 2.8 13.3 3.8 80.1

T2 3.0 4.9 5.9 86.2

T3 2.3 13.3 8.3 76.1

Zn S1 2.0 2.2 82.8 13.1

S2 1.0 1.3 78.1 19.7

S3 6.5 2.9 76.0 14.6

T1 1.2 1.0 62.4 35.3

T2 1.9 2.7 69.1 26.3

T3 1.9 1.4 49.0 47.7

a Fraction I corresponds to the exchangeable and water and acid

soluble phases
b Fraction II to the reducible phases
c Fraction III to the oxidizable phases
d Fraction IV to the residual phases
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area indicates that the degree of sulfide oxidation and

associated chemical reactions (i.e., formation of secondary

minerals, trace metal release, and weathering of alumino-

silicates) represent an early stage of weathering. The

amounts of trace metals except for Pb associated with

reducible fraction were very small (Table 2), indicating

that tailings sediments were geochemically unaltered and

resembled fresh tailings sediments. In addition, acid-pro-

ducing pyrite is absent in the soil and tailing samples

(Table 1) and thus the tailings sediments are not highly

reactive. Even though oxidation of arsenopyrite can pro-

duce acid conditions, the oxidizable phase of As is only 5.2

and 2.4% of total As concentrations for soils and tailings

sediments (Table 2).

Batch kinetic leaching tests

A series of batch kinetic tests was conducted on both

tailing and soil samples to evaluate the leaching behaviors

of As and other heavy metals over time, using solutions at

pHs of 1.0, 3.0, and 5.0. The results of these leaching tests

are shown in Figs. 2, 3, 4 and 5.

Kinetic characteristics of pH and Eh

The soil samples exhibited slight change in the final pH at

initial pH 1.0, whereas the final pHs of the soil samples

were increased by about 1–3 U at initial pH of 3.0 (Fig. 2)

probably because soil samples contained carbonate mineral

(i.e., cerussite) even though the carbonate mineral was

found in only S3 by XRD analysis (Table 1). For the tailing

samples, slight change in the final pH occurred at initial pH

of 1.0, which is comparable to the results of the soil

samples, whereas the final pH decreased by about 2 U at

initial pHs of 5.0 because of oxidation of sulfides in the

tailing samples (Table 1). However, almost no variation in

the final pH was observed over time, regardless of the

sample type and initial pH (Fig. 2).

No significant changes in Eh occurred over time,

regardless of the sample type and initial pH. Eh varied

between 32 and 256 mV for the soil samples and between

199 and 225 mV for the tailing samples at initial pHs of 3.0

and 5.0, but varied between 340 and 405 mV for both the

tailing and soil samples at initial pH of 1.0 (Fig. 2). Eh

affected the solubility of the elements. All element con-

centrations except for Pb significantly increased when Eh

exceeded approximately 200 mV and tailings sediments

released their metal load earlier than soils, as shown in

Fig. 3. Figure 3 shows the relationship between Eh and

element concentrations obtained from the batch kinetic tests

at initial pHs of 1.0, 3.0, and 5.0. The increase in element

concentrations with the increase in Eh was attributed to

oxidation and subsequent dissolution of the sulfides (e.g.,

sphalerite and arsenopyrite).

Mobility of elements

In general, the mobility of elements (i.e., percentage of

leached concentration at specific pH relative to total con-

centration) except for Pb increased with increasing reaction

time for the tailing samples, whereas almost no changes

occurred for the soil samples, regardless of initial pH

(Fig. 4). However, the mobility was higher at initial pH of

1.0 than at initial pHs of 3.0 and 5.0, regardless of the

sample type.

For both the tailing and soil samples, until day 7, the

increase in element concentrations occurred generally more

slowly than afterwards, but the increase was more signifi-

cant after 7 days up to 30 days (i.e., by the end of the tests),

regardless of initial pH. However, the mobility was

approximately 2–100 times higher at initial pH of 1.0 than

at initial pHs of 3.0 and 5.0.

For the tailing samples, at initial pHs of 3.0 and 5.0, the

As and Fe contents in the leachate of the total element

concentration were 0.3–0.6 and 0.2–0.5%, respectively,

after 1 day and then gradually increased to 1.4–2.5 and

1.1–2.8%, respectively, after 7 days up to 30 days (Fig. 4).

On the other hand, at initial pH 1.0, As and Fe contents

were 3.5–8.3 and 4.3–10.1%, respectively, after 1 day and

then gradually increased to 7.5–14.5 and 11.5–21.2%,

respectively, at 30 days. For the soil samples, although no

As, Fe, or Cu occurred at initial pHs of 3.0 and 5.0, As and

Fe were leached from the soil samples at initial pH of 1.0

(As: 3.7–9.3%, Fe: 6.7–14.2%, Cu: 1.0–9.6%). These

results were attributed to oxidation of residual arsenopyrite

and dissolution of As-rich, poorly crystalline, Fe-hydrox-

ides at pH 1.0, which may be confirmed by the correlation

between As and Fe concentrations at pH range between 1.0

and 5.0, as shown in Fig. 5.

After 30 days, at initial pH 3.0 and 5.0, the mobility of

Pb was almost similar in the tailing samples (0.2–0.4%) to

that in the soil samples (0.1–0.5%), whereas at initial pH

1.0, Pb was more mobile in the soil samples (22.0–78.0%)

than in the tailing samples (7.1–19.1%) (Fig. 4). These

results support the presence of Pb as different phases in the

tailing and soil samples (Table 1). In addition, for the

tailing samples, most of the increase in the Pb content

occurred before 2 days (12.3–19.1%) and then decreased

significantly at 30 days (7.1–11.1%) (Fig. 4). However, an

increase in Fe content with decreasing pH was not corre-

lated with an increase in the Pb content (Fig. 5). These

results suggest that the rapid dissolution of Pb-bearing

minerals might be followed by the slow precipitation of a

sparingly soluble mineral (i.e., anglesite).
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On the other hand, at initial pHs 3.0 and 5.0, the

mobilities of Zn and Cd were very low for the soil (Zn:

0.57–0.97%, Cd: 0.15–0.48%) and tailing (Zn:

0.72–1.71%, Cd: 0.34–0.89%) samples at 7 days. After

7 days, the increases in Zn and Cd mobility were more

significant for the tailing samples (Zn: 5.86–10.50%, Cd:

2.65–4.68%) than for the soil samples (Zn: 1.40–2.51%,

Cd: 0.53–1.24%) (Fig. 4). These results indicate that an

increase in reaction time with moderate acid water can

cause an increase in leached amounts of all elements

except for Pb.

At initial pH of 1.0, a more significant increase in

mobility of Zn occurred over time than that of Cd for both

soil and tailings sediment samples and mobilities of Zn and

Cd were higher at initial pH of 1.0 than at initial pHs of 3.0

and 5.0. In addition, Zn mobility was well correlated with

Fe mobility at pH ranging between 1.0 and 5.0, probably

due to oxidation of sphalerite (Fig. 5).

Batch static leaching tests

A series of batch static leaching tests was conducted on the

soil and tailing samples at specific initial pH ranging

between 1.0 and 6.2. The results are shown in Table 3 and

Fig. 6.

For the soil sample, final pH increased by approximately

1–2 U at initial pH between 1.0 and 5.0, whereas for the

tailings sediment sample the final pH decreased by about

1–2 U at initial pH between 3.5 and 6.2 and did not change

at initial pH between 1.0 and 3.0. These results are com-

parable to those from the batch kinetic tests (Table 3).

In general, the contents of As and other heavy metals

leached from the tailing sample were higher than those

leached from the soil sample at pH [ 3.0, but were lower

at pH \ 3.0 except for As. For example, at initial pH 5.0,

the leached contents of As, Pb, Zn, Cd, Cu, and Fe from the

tailing sediments sample (As: 0.38%, Pb: 0.19%, Zn:

1.62%, Cd: 0.22%, Cu: 0.19%, Fe: 0.43%) were higher

than those from the soil sample (As: 0.00%, Pb: 0.07%, Zn:

0.42%, Cd: 0.09%, Cu: 0.00%, Fe: 0.00%), indicating the

presence of water-soluble salts (i.e., Fe-sulfates) containing

these elements in the tailing sediments sample. These

results suggest that moderate acid rain may leach small

amounts of As, Pb, and Zn from the tailings sediment

sample, while these elements may remain fixed in the soil

sample. At initial pH between 3.5 and 6.2, small amounts

of Pb (0.06–0.08%), Zn (0.40–0.49%) and Cd (*0.09%)

were leached from the soil sample (Table 3). As, Cu, and

Fe were hardly observed in the leachates. These results

suggest that the major portions of these metals were con-

tained in the less soluble or insoluble secondary minerals.

At initial pH between 1.0 and 2.5 (i.e., final pH between

1.6 and 5.2), the Pb content leached from the soil sample

(1.10–38.75%) was higher than that leached from the

tailings sediment sample (0.30–5.64%) (Table 3). Pb was

found to be most mobilized at initial pH \ 3.0 in the
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Fig. 2 The final pH and Eh at three different initial pH conditions as a function of reaction time obtained from the kinetic leaching tests
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Cheongyang mine. This variation in the leaching behavior

of Pb according to the sample types can be related to the

solubility of Pb-bearing minerals in these samples

(Table 1). The increase in Pb content may be attributed to

the increase in the dissolution of cerussite (PbCO3) at final

pH lower than 5.2, which is confirmed by the results of the

sequential extraction test. Pb occurred mainly as FI phase

in the soil sample (23.4%) but not in the tailings sediment

(2.3%) (Table 2). However, at very strong acid condition

(final pH between 1.4 and 1.6), there was a significant

increase in the Pb content leached from both the soil and

tailing samples, which probably indicates dissolution of the

anglesite (PbSO4) and oxidation of the residual galena.

Thus, these results indicate that Pb existed as readily solu-

ble mineral forms (mainly Pb carbonates) and as various

less soluble forms (mainly Pb sulfates and sulfides) in the

soil and tailing samples, respectively. Thus, a high content

and fractionation of Pb in the soil sample (S3) and the high

mobility of Pb at low pH suggest that the contaminated

soils and tailings sediments might impose a high risk of Pb

contamination to the surface- and groundwater quality

under strong acidic conditions.

The As content leached from the soil sample

(0.04–1.97%) and the tailing sample (0.68–3.88%)

increased significantly at initial pH between 1.0 and 2.0

(final pH between 1.4 and 4.4) (Table 3). The dissolved As

content correlates positively with Fe, especially for the

tailings samples, absolute concentrations of both elements

are comparably high (Fig. 5). As is found to be most

mobilized at very strong acidic condition (\2.0), probably

due to the dissolution of the components of the tailing such

as arsenopyrite and/or metal oxides. This result is con-

firmed by the molar ratios of As to Fe (As/Fe) for soil

(0.91) and tailing (0.87) samples. The molar ratios are
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Fig. 3 Elemental concentrations as a function of Eh obtained from the kinetic leaching tests at initial pHs of 1.0, 3.0, and 5.0
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Fig. 4 As and other heavy metal contents as a function of time at three different initial pH conditions obtained from kinetic leaching tests
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close to unity and therefore similar to the molar As/Fe ratio

in arsenopyrite. This result is also confirmed by the results

of sequential extraction tests, which indicate that As in the

soil and tailing samples is of relatively low mobility,

because exchangeable and acid soluble As levels accounted

for\1% of the total arsenic and the arsenic is concentrated

([98%) in the residual and oxidizable phases (i.e., arse-

nopyrite) (Table 2).

The Zn and Cd contents leached from the soil samples

increased from 0.42–0.49 and 0.09–0.10% at a pH range

between 3.5 and 5.0, to 1.10–8.16 and 0.18–1.27% at a pH

range between 1.0 and 3.0, respectively (Table 3). How-

ever, for the tailing sample, the Zn (*1.63%) and Cd

(0.45%) were less mobile than for the soil sample, even at a

strong acid condition (pH = 1), probably due to the pres-

ence of less soluble mineral phases (e.g., sphalerite, ZnS)

and/or incomplete dissolution. The XRD analyses con-

firmed the presence of substantial amounts of sphalerite

within soil and tailing samples (Table 1). The large dif-

ference in Zn and Cd contents between the soil and tailing

samples was probably because for Zn the F I phase was

larger in the soil sample (i.e., F I: 6.5%, F IV: 14.6%) than

the tailings sediment sample (i.e., F I: 1.9%, F IV: 47.7%),

whereas a large fraction of Zn was bound to the residual

phase in the tailing sample (Table 2). In addition, results of

sequential extraction tests indicate that Cd in the soil and

tailing samples is of relatively low mobility, because

exchangeable, acid soluble, reducible, and oxidizable

fractions of Cd accounted for \3% of their total contents

and the Cd was concentrated ([87%) in the residual phase

(Table 2).

The Cu content leached from the tailings sediment

sample (0.57–1.12%) was lower than that leached from the

soil sample (1.16–3.76%) at strong acid conditions

(pH = 1.0–1.5) (Table 3), probably because exchangeable,

acid soluble, reducible, and oxidizable fractions for the

tailings sediment sample (51.5%) were lower than those for

the soil sample (86.5%) and the Cu was more bound to the

residual phase for the tailings sediment sample (48.5%)

than for the soil sample (15.5%) (Table 2).

Conclusions

The soil and tailing samples from the Cheongyang tungsten

mine of Korea contained various metals such as As, Pb, Zn,

Fig. 5 As, Cd, Zn, and Pb concentrations as a function of Fe concentration obtained from the kinetic leaching tests at initial pHs of 1.0, 3.0,

and 5.0
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Cd, Fe, and Cu. In general, very high levels of heavy

metals are found in the study area. The major sources of

these elements in the soil and tailings sediment samples

were As-, Zn- and Pb-bearing sulfides, Pb carbonates (i.e.,

cerussite), Pb sulfates (i.e., anglesite), and secondary Fe-

(oxy)hydroxides.

The speciation data indicates that uniform fractionation

pattern was observed for all the samples except for S3. As,

Cd, Pb, and Fe are mainly associated with the residual

fraction (average 94.7, 90.4, 78.5 and 82.4% of total con-

centrations for soils and tailings sediments), and Cu (73.9%

of total Cu concentrations) and Zn (69.6% of total Zn

concentrations) in the oxidizable fraction. Trace metals

associated with both fractions can be attributed mainly to

the dissolution of metal sulfides present in the solid matrix,

and assumed to remain in the solid matrix for longer

periods but may be mobilized by decomposition processes.

The differences in fractionations of these metals are related

to weathering behaviors of various sulfide minerals. The

enhanced significance of exchangeable and acid soluble

fraction in the S3 sample is probably a consequence of

more alkaline and calcareous nature of the sample, result-

ing in being more mobile and potentially more dangerous

for the environment of the study area.

The potential production of acidity deriving from the

interaction between water and tailing samples was not

buffered because of the absence of carbonates. At initial

pH between 3.0–5.0, the release of larger amounts of As,

Pb, Cd, and Zn from tailing samples can affect the quality

of surface water and groundwater in the mine area, while

these elements remain fixed in soil samples due to its acid

buffering capacity, suggesting that the major portions of

these metals are contained in the less soluble or insoluble

secondary minerals in the soil samples.

On the other hand, at initial pH \ 3.0, the As, Pb, Zn,

and Cd contents tended to significantly increase for both

the soil and tailing samples at an equilibrium pH lower than

3.5. The Pb, Zn, and Cd contents leached from the soil

samples were higher than those leached from the tailing

samples, whereas the As content was lower. This discrep-

ancy was attributed to the different mineral forms of the

metals in the samples.

In addition, the results of kinetic tests with the soil and

tailing samples indicated that the mobility increased after

7 days up to 30 days (i.e., by the end of the tests) in both

sample types, regardless of the initial pH. These results

suggest that further dissolution of these heavy metals from

soil and tailing samples may occur during extended

Table 3 Results of batch static leaching test on the soil (C3) and tailing (T3) samples at various pH conditions

Samples Initial pH Equilibrium pHb Elemental concentrations (lg/g) (% of total element content)

As Cd Cu Fe Pb Zn

S3 6.2a 6.24 4.2 (0.00) 3.5 (0.09) 0.0 (0.00) 0.0 (0.00) 49.5 (0.06) 124 (0.40)

5.0 5.83 1.7 (0.00) 3.6 (0.09) 0.0 (0.00) 0.0 (0.00) 53.7 (0.07) 130 (0.42)

4.5 5.82 2.2 (0.00) 3.7 (0.09) 0.0 (0.00) 0.0 (0.00) 56.7 (0.07) 132 (0.43)

4.0 5.68 0.9 (0.00) 3.8 (0.09) 0.0 (0.00) 0.0 (0.00) 60.5 (0.08) 140 (0.46)

3.5 5.81 1.8 (0.00) 4.0 (0.10) 0.0 (0.00) 0.0 (0.00) 62.4 (0.08) 150 (0.49)

3.0 5.57 0.2 (0.00) 7.5 (0.18) 0.0 (0.00) 0.0 (0.00) 163 (0.21) 337 (1.10)

2.5 5.21 1.6 (0.00) 10.3 (0.25) 0.0 (0.00) 0.0 (0.00) 838 (1.10) 487 (1.59)

2.0 4.38 83 (0.04) 18.3 (0.45) 8.8 (0.35) 535 (0.34) 7,441 (9.73) 1,100 (3.59)

1.5 3.53 256 (0.13) 31.0 (0.76) 28.7 (1.16) 1,326 (0.84) 16,437 (21.49) 1,895 (6.18)

1.0 1.56 3,818 (1.97) 52.3 (1.27) 93.3 (3.76) 5,098 (3.24) 29,639 (38.75) 2,504 (8.16)

T3 6.2a 3.21 563 (0.36) 6.8 (0.22) 3.8 (0.19) 568 (0.43) 118 (0.18) 288 (1.58)

5.0 2.84 584 (0.38) 6.9 (0.22) 3.9 (0.19) 567 (0.43) 129 (0.19) 295 (1.62)

4.5 2.95 588 (0.38) 6.9 (0.22) 3.7 (0.18) 570 (0.43) 124 (0.19) 287 (1.57)

4.0 2.88 606 (0.39) 6.8 (0.22) 4.0 (0.20) 565 (0.43) 132 (0.20) 287(1.57)

3.5 2.76 572 (0.37) 6.9 (0.22) 4.0 (0.20) 577 (0.44) 129 (0.19) 292 (1.60)

3.0 3.03 697 (0.45) 7.6 (0.24) 5.3 (0.26) 746 (0.56) 154 (0.23) 327 (1.79)

2.5 2.52 774 (0.50) 7.0 (0.22) 6.8 (0.33) 775 (0.58) 200 (0.30) 300 (1.64)

2.0 2.30 1,049 (0.68) 7.7 (0.24) 9.0 (0.44) 1,094 (0.83) 568 (0.86) 321(1.76)

1.5 1.58 2,445 (1.58) 9.3 (0.29) 11.7 (0.57) 2,083 (1.57) 1,162 (1.75) 356 (1.95)

1.0 1.36 6,007 (3.88) 14.2 (0.45) 22.9 (1.12) 4,467 (3.37) 3,744 (5.64) 297 (1.63)

a pH of deionized (DI) water
b final pH
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rainfall, thereby posing a serious threat to surface and

groundwater in the mine area. The applied methods for

evaluation of tailing sediments and contaminated soils used

in this study might be useful to assess the environmental

impact of abandoned mine sites.
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