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ABSTRACT

To determine the long-term effectiveness of the limestone treatment for acid mine drainage (AMD) in
Gangneung, Korea, we investigated the elemental distribution in streams impacted by AMD and
compared the results of previous studies before and approximately 10 years after the addition of
limestone. Addition of limestone in 1999 lead to a pH increase in 2008, and with the exception of Ca,
the elemental concentrations (e.g., Fe, Mn, Mg, Sr, Ni, Zn, S) in the streams decreased. The pH was
2.5-3 before addition of limestone and remained stable at around 4.5-5 from 2008 to 2011, suggesting
the reactivity of the added limestone was diminished and that an alternative approach is needed to
increase the pH up to circumneutral range and maintain effective long-term treatment. To identify the
processes causing the decrease in the elemental concentrations, we also examined the spatial
(approximately 7 km) distribution over three different types of streams affected by the AMD. The
elemental distribution was mainly controlled by physicochemical processes including redox reactions,

dilution on mixing, and co-precipitation/adsorption with Fe (hydr)oxides.

Keywords: Acid mine drainage; Metals; Sulfate; Limestone treatment
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1. Introduction

Acid mine drainage (AMD) has been extensively studied due to its negative impacts on aquatic
environments. AMD is characterized by low pH and high concentrations of sulfate (504%), Fe, Al, and
other heavy metals (Equeenuddin et al., 2010; Kim and Chon, 2001; Kleinmann et al., 1981). In general,
AMD is generated by the oxidation of pyrite (FeS,) from coal mines when pyrite is exposed to air and
water (Kim and Chon, 2001). During the oxidation of pyrite, SO4>, ferrous iron (Fe?*), and hydrogen
ions (H*) are released, causing a decrease in pH. This acidic water formed by the oxidation of pyrite is
corrosive and causes the leaching of metals (e.g., Al) from native rocks (Sullivan and Yelton, 1988;
Tabaksblat, 2002). In addition, the oxidation of ferrous iron to ferric iron (Fe*) can lead to precipitation
of Fe- and Al-(hydr)oxides or hydroxysulfate (Heikkinen and Raisanen, 2008; Yu and Heo, 2001) and
removal of trace metals by adsorption on and/or co-precipitation with these precipitates (Benjamin,
1983; Johnson, 1986; Stumm and Sulzberger, 1992). Subsequently, desorption and dissolution of these
precipitates may release these metals into the water column leading to downstream contamination
(Butler et al., 2009). Thus, solid phases of Fe and Al can play important roles in the distribution and/or
speciation of trace metals.

Abandoned mines are a major pollution concern in Korea as they are distributed all over the
country and drainage from abandoned mine has severely deteriorated local water quality. Among the
many AMD sites, Young Dong (YD) AMD discharge (up to 5000 m® d1) to surrounding areas is one of
the most serious environmental concerns in Korea (Wildeman et al., 2008). In addition, the local
environments of this area are complex and dynamic, with the stream waters impacted by two abandoned
coal mines and one non-impacted stream. Therefore, investigation of the transport and fate of major and
trace metals needs to be considered in the context of these dynamic systems. Several past studies
focused on the general impacts of AMD on geochemical characteristics of streams receiving AMD
water (YD stream) and Imgok Creek(IC) (Fig. 1) (Chon et al., 1999; Kim and Chon, 2001; Lee et al.,
2012; Woo et al., 2012; Yu and Heo, 2001; Yu et al., 1999; Yu, 1998).

After cessation of mining operations in 1995, limestone (and/or dolostone) was added in the
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adit in 1999 (Wildeman et al., 2008) to reduce the acidity and to increase the pH and alkalinity of the
AMD (Cravotta, 2003; Cravotta and Trahan, 1999; Hedin et al., 1994). Although several technologies
(e.g., anoxic limestone drains, aerobic/anaerobic wetlands, permeable reactive barriers, and
sulfidogenic bioreactors) were developed for AMD treatments (Fripp et al., 2000; Genty et al., 2012;
Johnson and Hallberg, 2005), addition of limestone to AMD is known to be relatively simple and
efficient for raising pH, accelerating the rate of oxidation of ferrous iron, and promoting precipitation
of metals present in solution (Johnson and Hallberg, 2005). However, after the limestone addition, the
effectiveness of this treatment for controlling YD AMD was not regularly monitored until 2008 when
the Colorado School of Mines and the Mine Reclamation Corporation (MIRECO) co-assessed the
impact of YD AMD on YD stream and IC (Lee et al., 2012). As such, effective treatment of the AMD
by the added limestone was assumed for many years. No study attempted to evaluate changes in major
and minor elemental distribution in the impacted areas. In addition, no study has shown whether large-
scale limestone treatment resulted in increased alkalinity and metal removal in streams impacted by
coal mines.

The objectives of the current study are to examine 1) the long-term changes in metal
concentrations before and after limestone treatment by comparing our results with previous published
data (1996-1997, 2008, and 2009) in YD AMD and these complex and dynamic streams and 2) the
spatial variation of major and minor elements caused by a variety of physicochemical processes (i.e.,
mixing, dilution, redox reactions, dissolution, and precipitation). This study will help determine the
geochemical behavior of trace and major elements, as well as clarify the factors controlling major and
trace metals in the AMD and impacted streams. In addition, this study will allow us to assess the

effectiveness of limestone treatment for increasing pH and metal removal.

2. Materials and methods
2.1 Study area and sampling

The Young Dong (37° 39" 00" N, 129° 00" 00" E) and Young Jin (37° 41" 40" N, 129° 56’ 30"
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E,) coal mines are located in the Gangneung coal field in Korea (Fig. 1) and are well known for
discharging enormous amounts of AMD (up to 5000 m® d?) to local areas (Wildeman et al., 2008). YD
AMD flows into the YD stream and discharges into IC. Sampling stations were selected at five distinct
water systems, which were determined by the geographical location of the AMD and streams (Fig. 1).
General properties of five water systems are shown in Table 1.

Stream I represents the leachate (sky blue) and the YD stream (red), including stations 1, 2, 8,
9,10, 11, 12, and 13 (Fig. 1). Arock pile was dug out to make another mine head for the YD coal mine
in the upper part of stream I. The waters from stations 1 and 2 are comprised of leachates resulting from
the interaction of rain water with the rock pile that discharge into YD stream. Stream 1l (green) waters
are from the Young Jin mine, and include stations 3, 4, 5, 6, and 7. YD stream (red) receives stream I
waters at station 10, and is characterized by a combination of waters from stream Il and a mine head of
YD discharging AMD (Fig. 1). Due to its location at the head of the YD stream, station 8 was used as
a proxy for samples representing YD AMD. Station 9 was connected directly to station 8 with a tube-
type plastic channel as part of the pilot-scale tests (active and semi-active treatment systems) for a future
AMD treatment application by MIRECO, S. Korea. Therefore, the water quality from station 9 is similar
to that of station 8. Stream |11 is composed of upstream of IC (dark blue) and downstream of IC (yellow).
Upstream of IC (dark blue) is a non-AMD-impacted stream that converges with waters from the YD
stream (red).

Water samples were collected from 22 stations and 20 stations in August and October, 2011,
respectively. Two water samples from stations 16 and 17 were not collected due to the lack of water at
these locations in October 2011. Surface water samples were manually collected (with plastic gloves)
using acid-washed polyethylene bottles. Water samples for cation and anion analysis were filtered in
the field using 0.45 pum cellulose membrane filters. Water samples for major and trace elements analysis
were acidified to pH < 2 by adding concentrated HNO3; to 50 mL of samples in the field. Solid
precipitates at station 8 and 18 were also collected for mineralogical analysis at the same time as the

water samples using stainless spatulas. All water and solid samples were stored on ice during transport
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to the lab. The acidified samples were kept at room temperature until analysis, and the samples for anion
analysis were kept under refrigeration until analysis.

Pyrite oxidation (biological and abiotic) leads to dissolved sulfate in AMD (Balci et al., 2007;
Taylor and Nordstrom, 1984). Thus, the comparison of sulfur isotope ratios between dissolved sulfate
and pyrite can trace the source of dissolved sulfate present in AMD. Sulfur isotope ratios (8%S) of
dissolved sulfate were also analyzed for selected samples (i.e., stations 1, 5, 8, 10, and 18) collected in
August 2011. After lowering the pH of the sample solutions to 3-4 using concentrated HCI, BaCl,-2H,0
was added to the filtered water sample to precipitate sulfate as BaSO.. Precipitated BaSO4 samples were
collected using 0.45 pm cellulose membrane filters, and subsequently washed thoroughly with
deionized water to remove CI- from the precipitates. The precipitates were then dried at room

temperature.

2.2 Sample analysis

Electrical conductivity (EC) and pH were measured on site using a pH/EC meter (Thermo
scientific, Orion Star A325), calibrated with certified standards. The concentrations of major and minor
elements (Al, Fe, Mn, Mg, Ca, Sr, Li, Na, K, Co, Ni, Cu, Zn and Pb) were determined using an
inductively coupled plasma-optical emission spectrometer (ICP-OES, Varian) using external standards
for calibration. The lower limit of detection (LOD; mg L) and the limit of quantification (LOQ; mg L
1) of major and minor elements were 0.030 and 0.100 for Al, 0.003 and 0.009 for Ca, 0.001 and 0.002
for Co, 0.001 and 0.003 for Cu, 0.036 and 0.109 for Fe, 0.003 and 0.010 for K, 0.007 and 0.022 for Mg,
0.000 and 0.001 for Mn, 0.001 and 0.004 for Na, 0.003 and 0.010 for Ni, 0.006 and 0.022 for Pb, 0.001
and 0.002 for Zn, respectively. Acidity due to metals was calculated using the equation from Kirby and
Cravotta (Kirby and Cravotta Il, 2005): Aciditycomputed (Mg L™ CaCOs) = 50 (10¢PH) + 2Cr/55.8 +
2Cwmn/54.9 + 3Cai/27.0) where Cre, Cumn, and Cas are Fe, Mn, and Al concentrations, respectively. Sulfur
was analyzed by ICP-OES and converted to sulfate by multiplying the sulfur concentrations by 3 (Lee

etal., 2012). The concentration of aqueous Fe(ll) was determined by using the ferrozine assay (Stookey,
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1970). Briefly, 1 mL of HEPES (50 mM)-buffered ferrozine reagent (Serensen, 1982) was added to
0.05 mL of sample, and the Fe(ll) concentration was measured at 562 nm with a spectrophotometer
with a detection limit of 0.7 mg Fe(Il) L. To determine sulfur isotope ratios of sulfate, the dried BaSO,
samples were converted to SO, in an elemental analyzer, and analyzed by isotope ratio mass
spectrometry in continuous-flow mode at Korea Basic Science Institute (Korea). Samples for powder
x-ray diffraction (pXRD) analysis were prepared by passing approximately 20 mL of suspension
through Nylon filters (45 mm, 0.45 pm). The pXRD data were collected with an X’Pert Pro MPD X-
ray diffractometer with Ni-filtered Cu Ka radiation. The samples were scanned between 10° and 80° 26
at a speed of 2.5° 20 min*. Chemical compositions of precipitates were analyzed using wavelength
dispersive X-ray fluorescence (WD-XRF) spectrometry at Korea Basic Science Institute.

The precipitation of Fe and Al in conjunction with chemical analysis data of stream waters
was computed by the geochemical program PHREEQC version 3 (Parkhurst and Appelo, 2013) using
the database of thermoddem.dat (Blanc et al., 2012)(Table S1). Each mineral phase can be precipitated

when its saturation index (SI) > 0 was reached or dissolved completely when SI < 0.

3. Results and discussion
3.1 General water quality and mineralogical characteristics of precipitates

The results of sulfate, EC, aciditycomputed, and pH, and EC measured in August and October
2011 are shown in Figure 2 and Table S2. Although stream discharge was not determined in this study,
the precipitation data suggested that the stream discharge in August was greater than that in October
(data not shown). However, sulfate, EC, aciditycomputea and pH at most stations in August were similar
to those in October (Fig. 2). Most of elements also showed little temporal difference.

Although the pH did not show a temporal trend, it was dynamic spatially. The pH of waters
from streams | and 1l was generally low, ranging from 3.2 to 5.1. The pH of downstream waters of IC
was higher due to the inclusion of circumneutral (pH 6.4 to 8.1) upstream IC waters (Fig. 2).

The EC of leachate (stations 1 and 2) was also low, but increased markedly when this water
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joined with the YD stream at station 8 (Fig. 2). This is because the water at station 8 was from a mine
adit of YD AMD with high dissolved ions, particularly sulfate and iron (Chon et al., 1999; Kim and
Chon, 2001; Yu and Heo, 2001; Yu et al., 1999). In spite of the relatively long distance (approximately
300 m) between station 8 and 9, the EC at these stations was similar because of the direct connection
between these stations as described in the previous section. This high EC decreased during mixing of
stream |1, but EC rebounded and stabilized. The EC sharply decreased again when the YD stream mixed
with waters from upstream IC, and remained low along downstream IC. The spatial distribution of
sulfate showed a similar pattern to EC (Fig. 2) which was not surprising because sulfate was the most
abundant anion in waters collected in this area.

The low pH and high sulfate concentrations of waters at station 8 and 9 are consistent with
their direct discharge from the adit of YD mine where there has been extensive oxidation of pyrite. In
fact, the 534S (-0.50%o) of dissolved sulfate at station 8 of the current study was similar to the %S (1.1-
1.8%o0) of dissolved sulfate and the &S (0.0 ~ 1.6%o) of the pyrite around YD coal mine (Yu and
Coleman, 2000). The §*S of dissolved sulfate at stations 1, 5, 10, and 18 was 0.17, -0.69, -0.61, and -
0.69%o, respectively. Little to no fractionation of sulfur isotopes during pyrite oxidation suggests that
the %S of dissolved sulfate in this area can be utilized to track the acid source. Fe?* from the pyrite is
oxidized to Fe®", and the oxidized Fe and solubilized Al can be precipitated as Fe and Al oxides or
hydroxysulfate (Heikkinen and Rdisanen, 2008; Yu and Heo, 2001). Yellow/red brownish and whitish
precipitates were observed in YD stream and downstream of IC during water collection (Fig. 1). XRD
and/or XRF analysis indicated that the yellow/brownish precipitates at station 8 were goethite (-
FeOOH) and the whitish precipitates at station 18 were hydrobasaluminite or basaluminite
(Als(OH)10S04) depending on the extent of hydration (Fig. S1 and Table S3). The iron mineral phase
identified near the adit of YD mine was different from the previous studies which reported ferrihydrite
and schwertmannite (FesOg(OH)sSO4) (Chon et al., 1999; Kim and Chon, 2001; Yu and Heo, 2001). It
is well known that ferrihydrite and goethite can be precipitated at circumneutral pH, while

schwertmannite is the most common Fe phase precipitating between pH 3 and 4 (Bigham et al., 1996).

8
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Thus, it is possible that the increase in pH (close to 5) due to the addition of limestone might affect the
phase of the iron precipitates in the area. The Sl calculation also supported that the waters at stations 8-
13 were oversaturated (S1 > 0) with respect to goethite, but were undersaturated (SI < Q) with respect

to schwertmannite (Table S1).

3.2 Physicochemical processes affecting spatial distribution of major and trace elements
3.2.1 Fe, Mn, Mg, Ca, Sr, Li, Co, Ni, Zn, and Pb

The spatial distribution of Fe, Mn, Mg, Ca, S, Li, Co, Ni, Zn, and Pb (Fig 3A) was very similar
with that of EC and sulfate (Fig. 2). Concentrations of these elements (Table S2) in leachates (stations
1 and 2) were low, but sharply increased at the YD stream. Increases in trace metals at stations 8 and 9
are likely the result of discharge from the YD mine adit. Concentrations of Ca and Mg were also higher
at these stations most likely because of the dissolution of calcite (CaCQOsz) and dolomite (CaMg(COs).)
from the limestone and dolostone placed in the adit. Limestone and dolomite have been used to treat
AMD by neutralizing the acidity of AMD and precipitation of metals (Cravotta, 2003; Cravotta and
Trahan, 1999; Fripp, 2000; Genty et al., 2012; Hedin et al., 1994).

Elemental concentrations decreased at stations where YD stream water mixed with stream 11
(which had relatively low concentrations of Fe, Mn, Mg, Ca, Sr, Li, Co, Ni, Zn, and Pb). Waters from
stream 1l originated from the Young Jin mine (Fig. 1), but Fe concentrations were relatively low
compared those in the YD stream. The lower concentrations of Fe in waters from stream Il are likely
due to precipitation of Fe (as confirmed by visual inspection) during the longer transit of AMD from
the head of Young Jin mine. The pH of stream Il ranged between 3.4 and 4.9. Fe can be precipitated as
schwertmannite and/or ferrihydrite even in water having pH values < 5 (Chon et al., 1999; Lee et al.,
2002).

Concentrations of Fe were also very low in the leachates flowing into YD stream despite the
relatively low pH. Given that yellow/red brownish precipitates were not observed at stations 1 and 2

(Fig. 1), runoff might react with rock piles leading to rapid oxidation of Fe?* and precipitation of Fe3*
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in place. Unlike in the leachates and stream Il, Fe concentrations were high at stations 8 and 9 due to
rapid discharge from the YD mine adit. The water that came out of the adit may have been deoxygenated
at the origin (below ground) and rapidly transported to the surface; as a result, the high dissolved Fe (as
Fe?*) content relative to the waste rock piles was observed (Table S2). Thus, redox processes as well as
pH may have influenced the downstream behavior of the metals we monitored.

The concentrations of major and minor elements at stations 10, 11, 12, and 13 were relatively
constant until dilution by upstream waters of IC at station 18. The concentrations of these elements
gradually decreased in downstream IC. As stated above, several studies elucidated that Fe was removed
by mineral precipitation as ferrihydrite and schwertmannite (FesOg(OH)sSO4) in IC and YD stream
(Chon et al., 1999; Kim and Chon, 2001; Yu and Heo, 2001). It was also suggested that other metals
were removed by adsorption and/or co-precipitation with Fe and Al precipitates based on XRD and
chemical equilibrium calculation (Yu and Heo, 2001). XRD results indicated that stations 8 and 18
contained no crystalline metal precipitates except Fe phases (Fig. S1), and chemical equilibrium
calculation revealed that all YD stream and IC waters were undersaturated with respect to most of the
trace metal-bearing minerals considered (Table S1)(Yu and Heo, 2001). Therefore, adsorption and co-
precipitation have been suggested as important mechanisms to explain metal attenuation in streams
affected by AMD (Herr and Gray, 1996; Johnson, 1986; Kwong et al., 1997; Lee and Faure, 2007; Yu,
1996). The relationship between Fe and the other metals was significantly correlated (Fig. S2) when the
data from the leachates, the upstream waters of IC, and stream Il were excluded (where no or little
yellowish or brownish precipitates were observed). This suggests that Mn, Mg, Ca, Sr, Li, Co, Ni, Zn,
and Pb may be adsorbed and/or co-precipitated with Fe precipitates in the YD stream and downstream
of IC.

On the other hand, various Mn oxides have been also known to adsorb trace metals (Adelson
etal., 2001; Brown et al., 2000; Fernex et al., 1992; Godfrey et al., 1994; Morford et al., 2005; Nameroff
et al., 2002), and precipitation of Mn (e.g., birnessite and manganite) can occur at pH > 7 in natural

waters contaminated with AMD (Lee et al., 2002). However, the pH values in YD stream and
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downstream of IC were < 5 and < 7.3, respectively. In addition, XRF data indicated that Mn
concentrations were much less than Fe and Al at stations 8 and 18 (Table S3) suggesting that Mn

precipitates might not play significant roles in scavenging trace metals in this area.

3.2.2Aland Cu

Al and Cu showed different spatial distributions (Fig. 3B) compared to the metals of the first
group (Section 3.2.1). Concentrations of these two elements were highest in the leachates (stations 1
and 2) from the rock piles. The pH at stations 1 and 2 was also lowest (Table 2) and might promote the
dissolution of aluminosilicate minerals as well as sulfide minerals, possibly copper sulfides among
others. The range of pH (3.2 - 3.8) with high concentrations of Al is consistent with buffering as a result
of aluminosilicate dissolution in localized low pH water due to sulfide oxidation within the rock pile
(Ciccarelli et al., 2009; Mattson, 2009).

At station 8, Al concentrations noticeably decreased, likely due to the increase in pH resulting
in significant precipitation of Al (Table S1 and S3). Al quickly decreased again at the confluence of the
YD stream with upstream waters of IC (which have a relatively high pH) (Fig. 3B), where the pH
increased above 5 leading to precipitation of solid phases of Al. In fact, whitish precipitates (possibly
Al hydroxysulfate (Al4(OH)10SOa) in the current and previous study (Yu and Heo, 2001)) were observed
at or around the station 18 (Fig. 1 and Table S3).

Cu concentrations decreased at the confluence of the YD stream with upstream waters of IC,
becoming almost non-detectable in downstream waters of IC. It is possible that the concentrations of
Cu decreased simply by dilution on mixing with upstream waters of 1C, which contained < 0.02 mg L
1 Cu. On the other hand, correlation between liquid phase Al and Cu concentrations was significant (r’=
0.978 and 0.693 in August and October 2011, respectively). Therefore, the decrease in Cu
concentrations (particularly in downstream in IC) was likely due to the removal by adsorption on and/or
co-precipitation with Al solid phases. Cu did not show a significant correlation with Fe (data not shown),

suggesting Cu might not be adsorbed and/or co-precipitated with Fe solid phases. This result was
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different from other studies that reported Cu was strongly correlated with Fe and had a high affinity for
Fe oxides (Butler et al., 2009; Kinniburgh et al., 1976). In contrast, this result is consistent with the
study reporting Al oxide is more favored to adsorb Cu than Fe oxide (Caraballo et al., 2011; Karthikeyan
et al., 1997). The study suggested that Cu can be significantly removed when co-precipitated with
hydrous ferric oxides (HFO), but not so effectively removed by adsorption onto already formed HFO.
If HFO was already formed prior to contact with Al rich streams, then adsorption might not be

significant and co-precipitation/adsorption with hydrous aluminum oxides (HAQO) more favorable.

3.3 Long-term variation of elemental distribution in YD and IC streams: comparison with past
studies

Figure 4 shows the ranges of pH, cations, and sulfate in the YD stream determined in this and
past studies (Chon et al., 1999; Lee et al., 2012; Woo et al., 2012; Yu and Heo, 2001). Chon et al. (1999)
collected water samples on YD stream and IC in December 1996 and April 1997. Yu and Heo (2001)
also collected water samples October 1996, and April and October 1997. After more than ten years, Lee
et al. (2012) and Woo et al. (2012) collected and assessed water samples (including station 8) in March
2009 and March 2008, respectively, from YD stream and IC.

As stated previously, limestone was added to the adit of the YD mine to decrease the acidity
of AMD waters. However, we were not able to find any studies verifying that the efficacy of this
treatment. In addition, the lack of elemental concentration data immediately after the limestone addition
makes it difficult to predict the performance of the limestone treatment after 10 years. In spite of these
limitations, we compared major and minor elemental distributions measured before and after the
limestone addition. The pH of YD stream before limestone addition (i.e., 1996 and 1997) was ~ 2.5-3
(Chon et al., 1999; Yu and Heo, 2001); however, the data after the addition (i.e., 2008 — 2011) showed
a higher pH range (4-5) (Fig. 4). These data suggest that the increase in pH (2 - 4) from 1997 to 2009
was due to the reaction of AMD water with the limestone added in the adit.

Interestingly, calcium did not decrease much from the values of 1996-97 to 2008-2011 (Fig. 4)
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suggesting that the limestone treatment was still working to some extent. The pH did not change
considerably from 2008/2009 to 2011, suggesting that the limestone buffering capacity remained the
same over this period. However, limestone (calcite) is known to control pH up to ~ 8.3 under
atmospheric CO; levels. In general, many calcite remediation systems raise the pH to 7 depending upon
CO, pressure and Ca concentration. Thus, the pH levels of ~ 4.5 - 5 in the YD stream suggest that the
neutralization capacity of limestone added is not enough to increase the pH to 7. Also, it is possible that
the diminished increase in pH might be due to the release of acid from the transformation of iron

oxides/hydroxysulfates, (e.g. schwertmannite) over time to goethite (Burton et al., 2008):

FesOs(OH)g2x(SO4)xs) + 2XH,O  — 8FeOOH() + XS04 +2xH*

The identification of goethite rather than schwertmannite at station 8 supports this possibility
(Fig. S1 and Table S1). In addition, limestone treatment can be inefficient when Fe concentrations are
high due to coating of limestone surfaces by Fe oxide precipitates that can inhibit reaction of limestone
with acidic mine water (Akcil and Koldas, 2006; Hammarstrom et al., 2005). Precipitation of gypsum
(CaS04+H;0) is also known to passivate limestone (Hammarstrom et al., 2005), but the water at station
8 is undersaturated with respect to gypsum (Table S1). The results suggest that placement of greater
guantities of limestone or smaller sized material with more surface area and periodic
replacement/rejuvenation of the limestone is needed for long-term effectiveness in treating AMD (Fripp,
2000; Van Hille et al., 1999). Biological treatments can be an alternative to chemical treatments (e.g.,
limestone) to increase the pH of AMD. For instance, the pH increased from 2.8 to 6.2 during treatment
of AMD by sulfate-reducing bacteria in bench scale experiments (Bai et al., 2013). This method was
effective to remove both sulfate and metals as sulfate-reducing bacteria reduce sulfate to hydrogen
sulfide which then precipitates with metal ions as metal sulfides. Photosynthetic microorganisms can
also generate alkalinity by consuming bicarbonate and producing hydroxyl ions (Johnson and Hallberg,
2005) as demonstrated in a bench scale experiment using the alga Spirulina sp. to treat AMD, where
pH increased from 1.8 to over 7 (Van Hille et al., 1999). Thus, biological treatments in a successive

alkalinity-producing systems (SAP) process may be an option to increase pH and reduce sulfate and
13
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metal levels, although it may not be adequate at the peak flows of 5000 m?/day suggested for AMD in
this system.

Except for Ca, the concentrations of elements in the current study and the study in 2008 and
2009 generally decreased compared to data collected in 1996-1997 mainly due to the increase in pH
(Fig. 4). It is difficult to assess whether these changes were just due to different hydrological conditions
because no data on stream hydrology and seasonal variations in water quality are available. However,
monthly precipitation totals during this and past studies varied regardless of rainy or dry seasons; 139.3,
22.5, 49.6, 3.9, 117.3, 70.9, 121.2, and 64.8 mm in Oct 1996, Dec 1996, April 1997, Oct 1997, Mar
2008, Mar 2009, Aug 2011, and Oct 2011, respectively. Therefore, it is unlikely that the long-term
decreases in metals and major ions were just because samples were taken during the rainy season.

The elemental distribution and pH ranges of IC in this and previous studies (Chon et al., 1999;
Lee et al., 2012; Woo et al., 2012; Yu and Heo, 2001) are shown in Fig. 5. Similar to the results of YD
stream, the pH in IC generally increased after limestone addition. The pH in IC was higher than in YD
stream in both current and past studies. Except for the 1996-1997 study (Chon et al., 1999), pH reached
up to 7 in downstream waters of IC. Interestingly the pH measured in 1996-1997 (before the limestone
treatment) ranged from 2.6 to 7.0 (Yu and Heo, 2001) (Fig. 5). This suggests that the limestone treatment
might not be the only factor to controlling the pH in downstream waters of IC, although addition of
limestone has prevented the high fluctuation in pH in the IC with pH ranging from ~5 to 7 during 2008-
2011 (in contrast, in 1996/97 the pH varied greatly from 2.6 to 7.0). Mixing and alkalinity addition by
upstream waters of 1C might be one of the major controlling factors for pH in downstream of IC. Most
of the major and trace elements temporally decreased in IC compared to the study in 1996-1997 likely
due to reduced metal loads from YD stream after the limestone treatment.

Regarding maximum contaminant levels (MCLs) of several contaminants measured in this
study, the concentrations of Ph, Al, Fe, Mn, and SO.? in YD stream are above the MCLs, while Fe and
Mn in downstream IC exceeded the maximum contaminant levels (Table S2 and S4). These data suggest

that the streams impacted by AMD require additional treatment and public attention.
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4. Conclusion

YD AMD contributed to high concentrations of major and trace elements such as Ca, Mg, Fe,
Mn, Co, Li, Ni, Pb, Sr, and Zn in the YD stream. However, most of the elements decreased except K
and Na during water transport from the YD stream to IC. Physicochemical factors such as dilution by
mixing, co-precipitation/adsorption, redox processes, and pH fluctuation were major controlling factors
for the spatial distribution of major and trace elements in YD stream and IC.

Most of the elements analyzed in this study decreased in YD stream and IC after 1999 possibly
due to the pH increase attributed to the limestone addition. Therefore, the limestone treatment was
effective for reducing trace metal concentrations. However, pH was stable at around 4.5 - 5 from 2008
to 2011 in YD stream, implying that the limestone addition for YD AMD treatment increased the pH to
5 within 10 years, but did not increase pH after then and that the neutralization capacity of limestone
added may have decreased leading to less than optimal performance.

The performance of the limestone treatment may be improved by placement of greater
guantities of limestone (or more reactive limestone —i.e., smaller sized material with more surface area)
as well as periodic replacement of the limestone to maintain reactivity. However, alternative treatment
technologies may be needed for effective long-term environmental protection of this area. Moreover,
although the major and trace metals we analyzed were significantly diminished by natural attenuation

during water transport, the long-term monitoring of metal concentrations in IC requires further study.
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Figure Captions

Figure 1. Study area and sampling points. Color coding indicates each water system; leachates from
rock piles (sky blue), Young Dong (YD) stream (red), stream Il (green), upstream of Imgok Creek (IC)
(dark blue), and downstream of Imgok Creek (yellow). The numbers in each photo indicate the sampling

point. Photos were taken in August 2011.

Figure 2. Spatial distribution of pH, conductivity, aciditycomputed, and sulfate in Young Dong (YD) stream
and downstream of Imgok Creek (IC). Closed and open symbols designate August 2011 and October

2011 samples, respectively.

Figure 3. Spatial distribution of Fe, Mn, Mg, Ca, Sr, Li, Co, Ni, Zn, and Pb (A), Al and Cu (B), Na and
K (C) in Young Dong (YD) stream and downstream of Imgok Creek (IC). Closed and open symbols

designate August 2011 and October 2011 samples, respectively.

Figure 4. Comparison of elemental concentrations (mg L) of this study (n = 12) with past studies
reported in Young Dong (YD) stream. 1) Woo et al., 2012 (n =6); 2) Lee et al., 2012 (n = 2); 3) Yu and
Heo, 2001 (n =5); 4) Chon et al., 1999 (n = 7). The dotted lines indicate the time of limestone addition

in 1999.

Figure 5. Comparison of elemental concentrations (mg L) of this study (n = 10) with past studies
reported in Imgok Creek (IC). 1) Woo et al., 2012 (n = 12); 2) Lee et al., 2012 (n = 2); 3) Yu and Heo,
2001 (n=21); 4) Chon et al., 1999 (n = 11). The dotted lines indicate the time of limestone addition in

1990.
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Table 1 General properties of each stream where water samples were collected

Water systems Station no. Properties*
Stream | Leachates from rock piles 1,2 Low pH, Fe, and sulfate / high Al / no precipitates
Young Dong (YD) Stream 8,9,10,11,12,13 Low pH/ high Fe and sulfate / Yellow brownish precipitates
Stream Il Young Jin Stream 3,4,5,6,7 Low pH, Fe, sulfate, and Al / Yellow brownish precipitates
Stream Il] Upstream of Imgok Creek (IC) 14, 15, 16, 17 High pH/ low Fe, sulfate, and Al / no precipitates
Downstream of Imgok Creek (IC) 18,19, 20, 21,22  High pH/ low Fe, sulfate, and Al / Yellow brownish and whitish precipitates

* The properties were described based on the relative values of the general water quality and ion concentrations as shown in Table S2
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The spatial distributions of K and Na were largely different compared to the other elements analyzed in
this study (Fig. 3C). Like the first group of elements, K and Na levels were relatively low in leachates
(stations 1 and 2), but slightly increased at station 8 where the YD AMD directly came out of the adit.
Before the convergence of YD stream with IC, concentrations of K and Na remained constant (Fig. 3C).
Unlike the other elements, K and Na increased in downstream waters of IC. These results suggest that
agricultural and livestock farming activities along IC might have led to higher K and Na concentrations
in downstream waters of IC. Sodium nitrate (NaNOg3) and potassium nitrate (KNOs3) are sources of Na

and K in many fertilizers (Rasiah et al., 1992) and livestock wastewater (Cho et al., 2000). Therefore,

4



K and Na may have entered into IC as runoff from rice paddies and vegetable fields and wastewater

from livestock staples located near IC.
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Table S1. Saturation indices of waters with respect to minerals. Thermodynamic data were extracted from THERMODDEM (http://thermoddem.brgm.fr)

Water systems

Station

pH

Saturation indices

Basaluminite  Boehmite  Gibbsite  Ferrihydrite  Goethite  Schwertmannite Calcite  Dolomite Gypsum Magnesioferrite
Leachates from 1 3.4 -5.6 -0.9 -11 7.2 -4.2 -49.1 - - -20 -23.9
rock piles 2 36 -3.8 -0.3 0.5 6.7 -3.6 -45.3 - - 2.1 -22.4
3 3.9 25 0.1 0.0 6.1 3.0 -41.0 - - -1.4 -20.4
_ 4 4.0 -0.3 0.7 0.6 5.7 2.7 -38.1 - - -1.2 -19.2
Yg;’r’;g o 5 42 14 12 11 5.0 2.0 334 - - 15 176
6 4.6 4.6 2.2 2.1 -4.1 11 -26.8 - - -1.4 -15.1
7 47 5.7 2.6 2.5 -2.8 0.2 -16.8 - - -15 -12.3
8 4.8 6.0 2.5 2.4 -1.0 2.0 1.7 - - 0.7 -8.0
9 48 6.8 2.8 2.7 0.8 2.2 0.2 - - 0.7 74
Young Dong 10 4.7 5.3 2.3 2.2 -1.3 1.7 4.4 - - 0.9 8.9
Stream 11 47 5.0 2.3 2.2 -1.4 1.6 -4.9 - - 0.9 9.1
12 47 4.9 2.2 2.1 -1.5 1.6 5.3 - - 0.9 9.2
13 45 3.6 1.8 1.7 2.0 1.1 9.2 - - 0.9 -10.6
18 5.1 8.0 3.2 3.1 -0.3 2.7 2.8 - - -1.0 -6.2
19 6.8 5.7 3.6 3.4 45 75 37.7 -1.6 -3.3 -1.2 6.7
Dl‘r’n"égsk”g?;“elff 20 7.2 1.0 2.6 25 4.9 7.9 39.9 -0.9 2.1 15 8.2
21 7.2 0.3 3.4 2.3 35 6.5 28.7 0.9 2.0 -1.6 55
22 7.1 2.9 3.1 3.0 4.0 7.1 33.3 -1.3 2.8 -1.6 6.2




Table S2. General water quality and concentrations of major and trace elements

Date Stn. pH EC SO/  NOg cr Alk.  Aciditycomp Metals and major ions (mg/L)
(uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) Al K Na Ni Cu Pb Sr Ca Co Fe Fe?* Mg Mn Zn Li
08/2011 1 3.6 778 342 4.0 55 NA 282 477 0.4 23 0.22 0.12 0.01 0.06 127 0.13 13 1 7.8 0.79 0.10 0.06
2 3.7 637 275 24 NA NA 224 378 0.3 22 0.18 0.09 0.01 0.05 12.0 0.1 0.9 ND 6.4 0.63 0.08 0.05
3 43 554 274 10.0 5.0 NA 90 15.2 7.9 2.6 0.16 0.04 ND 0.18 55.3 0.07 09 ND 151 0.97 0.16 0.04
4 38 648 306 255 51 NA 166 28.2 12 24 0.17 0.05 0.01 0.13 40.8 0.09 0.2 ND 121 0.87 0.09 0.05
5 42 586 256 20.7 5.8 NA 114 195 05 23 0.14 0.03 0.01 0.14 42.2 0.08 0.7 ND 12.0 0.81 0.08 0.04
6 44 617 250 144 5.9 NA 103 17.9 05 25 0.12 0.04 0.01 0.16 47.0 0.07 0.4 ND 111 0.73 0.08 0.03
7 46 448 219 114 55 NA 95 16.0 0.4 24 0.11 0.04 0.01 0.13 40.2 0.07 1.9 ND 9.2 0.68 0.07 0.03
8 4.9 2358 1109 10.8 6.1 NA 557 33.0 NA 30 0.37 0.05 0.03 029 1420 023 2020 204 59.3 5.77 0.31 0.08
9 4.6 2107 1055 17.1 51 NA 528 325 0.6 29 0.35 0.05 0.03 028 1340 024 1880 187 56.9 5.48 0.28 0.08
10 4.8 1619 657 105 5.6 NA 317 23.6 0.6 2.7 0.23 0.03 0.02 0.21 92.3 013 1000 99 345 3.24 0.18 0.05
11 44 1351 597 19.5 5.7 NA 276 210 05 2.3 0.19 0.03 0.01 0.18 79.7 0.13 84.8 104 29.9 281 0.14 0.05
12 43 1590 639 174 5.2 NA 302 23.2 05 2.6 0.24 0.03 0.02 0.19 87.7 0.14 92.0 98 33.0 3.09 0.17 0.05
13 41 1576 693 153 5.7 NA 330 25.8 05 2.8 0.25 0.04 0.02 0.21 96.8 0.15 98.7 93 36.4 3.42 0.19 0.05
14 6.5 286 18 20.7 55 123 1 ND 05 25 ND 0.01 ND 0.07 47.2 ND 0.3 ND 7.0 0.00 0.02 ND
15 6.4 95.8 19 17.1 54 123 0 ND 05 25 ND 0.01 ND 0.07 475 ND 0.2 ND 7.2 0.00 ND ND
16 7.9 173 56 16.8 6.0 153 0 ND 21 32 ND 0.01 0.01 0.15 419 ND 0.1 ND 15.6 0.00 ND 0.001
17 81 393 93 24.6 55 142 0 ND 2.2 31 ND 0.01 0.01 021 79.7 ND 0.1 ND 18.8 0.00 0.01 0.001
18 49 1271 487 15.9 55 NA 203 14.0 05 2.6 0.17 0.03 0.01 0.17 79.6 0.11 67.2 69 27.2 2.37 0.14 0.04
19 7.0 470 211 10.5 5.9 30 40 0.3 05 2.6 0.08 0.01 ND 0.1 56.3 0.06 20.6 20 151 0.99 0.04 0.02
20 71 364 119 19.2 6.0 47 8 0.1 0.6 2.8 0.03 ND ND 0.08 49.8 0.03 34 ND 114 0.43 0.01 0.01
21 7.2 329 97 282 6.7 50 1 0.1 0.7 36 ND 0.01 ND 0.07 43.0 0.01 0.2 ND 9.1 0.24 0.01 0.01
22 71 331 103 135 8.1 33 4 0.2 11 4.2 0.03 ND ND 0.07 40.3 0.02 17 ND 9.0 0.26 0.04 0.01
Continued



EC so,>  NOy cr Alk.  Aciditycomp Metals and major ions (mg/L)

Date Stn. pH - -
(uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) Al K Na Ni Cu Pb Sr Ca Co Fe Fe?* Mg Mn Zn Li
10/2011 1 3.2 623 291 NA 51 NA 239 36.9 0.6 23 0.16 0.08 ND 0.07 125 0.09 0.8 ND 75 0.76 0.08 0.06
2 3.6 237 142 NA 54 NA 117 184 0.2 21 0.09 0.05 ND 0.04 113 0.05 0.5 ND 43 0.37 0.04 0.03
3 34 448 278 NA 4.9 NA 123 185 05 2.7 0.12 0.03 0.01 0.17 50.2 0.07 0.2 ND 128 0.83 0.07 0.03
4 42 853 419 NA 5.3 NA 130 221 0.8 29 0.21 0.05 ND 0.31 84.5 0.12 0.7 ND 237 170 0.14 0.05
5 43 394 262 NA 5.2 NA 110 19.1 05 25 0.10 0.03 ND 0.15 4.1 0.06 0.2 ND 116 0.77 0.07 0.03
6 48 469 228 NA 6.0 NA 67 117 0.4 2.6 0.08 0.02 ND 0.15 515 0.05 0.2 ND 9.9 0.56 0.05 0.02
7 49 453 225 NA 5.2 NA 73 119 0.4 2.6 0.11 0.03 0.01 0.14 49.6 0.06 2.6 ND 9.9 0.60 0.05 0.02
8 4.6 2153 961 NA 54 NA 456 16.9 0.6 2.7 0.29 0.01 0.01 027 1350 019 196.0 190 537 5.10 0.24 0.06
9 51 2252 968 NA 5.2 NA 382 17 0.6 28 0.30 0.02 0.01 028 1380 020 155.0 183 55.6 5.26 0.25 0.07
10 4.6 1777 738 NA 5.7 NA 336 149 0.6 2.7 0.24 0.02 0.01 023 1080 015 1370 124 40.7 3.77 0.19 0.05
11 50 1616 817 NA 54 NA 369 16.4 0.6 2.8 0.26 0.02 0.00 024 1180 016 1510 135 44.8 4.19 0.20 0.06
12 5.0 1806 799 NA 5.7 NA 361 16.2 0.6 2.8 0.26 0.02 0.01 024 1150 017 1470 132 441 4.10 0.20 0.05
13 49 1830 765 NA 55 NA 301 16.9 0.6 2.8 0.24 0.02 0.01 023 1130 017 1110 129 433 4.02 0.20 0.05
14 6.8 299 16 NA 5.7 NA 1 ND 0.6 2.6 ND ND ND 0.07 47.8 ND 0.4 ND 6.4 ND ND ND
15 7.6 207 16 NA 5.9 NA 0 ND 0.6 2.6 ND 0.01 ND 0.07 485 ND 0.2 NA 6.5 ND ND ND
16 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
17 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
18 5.2 1699 620 NA 50 NA 266 105 0.6 2.7 0.20 0.02 0.01 020 1010 013 1120 105 36.2 3.27 0.16 0.04
19 6.5 805 408 NA 50 NA 128 0.8 0.6 2.8 0.12 0.01 ND 0.15 811 0.09 67.0 64 258 2.07 0.09 0.03
20 7.3 446 175 NA 5.9 NA 25 ND 0.6 2.8 0.05 0.00 ND 0.10 59.9 0.03 133 12 14.6 0.69 0.02 0.01
21 7.2 347 131 NA 6.1 NA 2 0.1 0.7 3.7 0.02 0.01 ND 0.09 50.8 0.02 0.4 ND 11.0 0.32 ND 0.01
22 7.0 434 147 NA 8.2 NA 8 0.4 20 5.6 0.04 ND ND 0.10 48.5 0.02 2.8 2 119 0.36 0.02 0.01

ND: Not detected
NA: Not available



Table S3. X-ray fluorescence spectroscopy (XRF) analysis of major elements in the precipitates collected from the bottom of stream waters

Concentrations (%)

Formula
Stn. 8 Stn. 18

Al;O3 2.38 58.40
Fe203 86.51 8.62
SOs 10.62 30.55
SiO, 0.38 2.22
Ca0o 0.05 0.10
Cl 0.02 0.03
K20 0.00 0.03
P05 0.00 0.03
TiO, 0.00 0.02
Cry0; 0.01 0.00
CuO 0.01 0.00
MnO 0.01 0.00
sum 100.00 100.00




Table S4. List of contaminants measured in this study and their maximum contaminant levels (MCLs)(US EPA, 2009). A: value exceeding the MCL, ¥V : value not

exceeding or within the MCL

Maximum YD stream Downstream IC
Contaminant Contaminant Level
(mg L-1) (station 8-13) (station 19-22)
. . Copper 1.3 \V4
National Primary PP v
Drinking Water Lead 0.015 A v
Regulation .
g Nitrate (measured as N) 10 v v
Aluminum 0.05-0.2 A \V4
Chloride 250 \V4 \V4
. Iron 0.3 A A
National Secondary
Drinking Water Manganese 0.05 A A
Regulation
pH 6.5-8.5 A \V4
Sulfate 250 A \V4
Zinc 5 AV v
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