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Abstract A total of five acid mine lakes (AMLs) located
in northwest Turkey were investigated using combined
isotope, molecular, and geochemical techniques to identify
geochemical processes controlling and promoting acid
formation. All of the investigated lakes showed typical
characteristics of an AML with low pH (2.59-3.79) and
high electrical conductivity values (1040-6430 pS/cm), in
addition to high sulfate (594-5370 mg/l) and metal (alu-
minum [Al], iron [Fe], manganese [Mn], nickel [Ni], and
zinc [Zn]) concentrations. Geochemical and isotope results
showed that the acid-generation mechanism and source of
sulfate in the lakes can change and depends on the age of
the lakes. In the relatively older lakes (AMLs 1 through 3),
biogeochemical Fe cycles seem to be the dominant process
controlling metal concentration and pH of the water unlike
in the younger lakes (AMLs 4 and 5). Bacterial species
determined in an older lake (AML 2) indicate that bio-
logical oxidation and reduction of Fe and S are the domi-
nant processes in the lakes. Furthermore, O and S isotopes
of sulfate indicate that sulfate in the older mine lakes may
be a product of much more complex oxidation/dissolution
reactions. However, the major source of sulfate in the
younger mine lakes is in situ pyrite oxidation catalyzed by
Fe(III) produced by way of oxidation of Fe(II). Consistent

< Deniz Sanliyuksel Yucel
denizsyuksel@comu.edu.tr

Department of Geological Engineering, Engineering Faculty,
Canakkale Onsekiz Mart University, Canakkale, Turkey

Department of Geological Engineering, Faculty of Mines,
Istanbul Technical University, Istanbul, Turkey

Department of Civil Engineering, Engineering Faculty, Izmir
Institute of Technology, Izmir, Turkey

with this, insignificant fractionation between 6345504 and
834Spes2 values indicated that the oxidation of pyrite, along
with dissolution and precipitation reactions of Fe(III)
minerals, is the main reason for acid formation in the
region. Overall, the results showed that acid generation
during early stage formation of an AML associated with
pyrite-rich mine waste is primarily controlled by the oxi-
dation of pyrite with Fe cycles becoming the dominant
processes regulating pH and metal cycles in the later stages
of mine lake development.

Acidic and highly metal-loaded effluents (acid mine
drainage [AMD]) resulting from the exposure of pyrite and
other metal sulfide minerals to weathering conditions are
the principal environmental problems faced by the mining
industry today (Dold and Spangerberg 2005).The forma-
tion mechanisms of AMD (e.g., oxidation of pyrite and
other sulfide minerals) has been extensively studied
(Nordstrom 1982; Taylor et al. 1984a, b; Evangelou and
Zhang 1995; Nordstrom and Alpers 1999; Descostes et al.
2001; Schippers 2004; Blodau 2006; Balci et al. 2007,
2012). However, the details of the process causing and
regulating AMD generation include complex geochemical
and biogeochemical reactions involving acid generation
and consumption (Nordstrom and Alpers 1999; Nordstrom
2003; Blowes et al. 2003; Blodau 2006; Cravotta 2008a, b).
Much effort has been made to identify sources of acidity
generation and consumption in acid mine lakes (AMLs) to
develop proper remediation and management strategies
(Klapper and Schultze 1995; Miller et al. 1996). Blodau
(2006) overviewed a variety of processes that induce
acidification of lakes in detail. Numerous studies primarily
concerned with the oxidation mechanism of sulfide min-
erals, particularly pyrite, under acidic conditions have been
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undertaken (Balci et al. 2007, 2012). The role and effect of
microbial processes on the development of AMLs in var-
ious open-pit mines have been extensively studied (Kilham
et al. 1983; Mills and Herlihy 1985). An extensive body of
literature exists on the characterization and reclamation of
AMD from coal deposits (Growitz et al. 1985; Herlihy
et al. 1990; Hedin et al. 1994; Cravotta 2008a, b).

AMLs can be created both during and at the end of
operation of open-pit mines associated either with metal or
coal mining. After flooding, a multitude of processes, e.g.,
precipitation of minerals, surface catalyzed reactions, oxi-
dation, and reduction, many of which are catalyzed by
microorganisms, can take place and cause the acidification
of lakes (Miller et al. 1996; Eary 1999; Balci 2010).
Therefore, elucidating the oxidation mechanisms of sulfide
minerals and the prediction of water chemistry of the lakes
before flooding is a key and challenging step to prevent the
formation of AMLs (Eary 1998, 1999; Fennemore et al.
1998; Shevenell et al. 1999; Tempel et al. 2000; Kempton
et al. 2000; Pellicori et al. 2005). In this perspective, a
detailed investigation of existing acidic coal lakes may
provide valuable information to determine AML-genera-
tion mechanisms. Because the development of AMLs
involves hydrogeochemical processes that are regulated by
regional climatic, hydrological, and geochemical condi-
tions, investigation of AMLs from geographically distinct
parts of the world may also contribute to understanding the
effects of climatic conditions on the development of
AMLs.

Extensive open-pit mining in the Can Coal Basin,
regarded as a coal district in northwest Turkey, has caused
dramatic changes in the landscape and influenced hydro-
logical cycles. An enormous amount of mine wastes from
coal-mining operations has introduced acid mine waters
into peripheral streams for >30 years and even created
permanent and seasonal AMLs with a pH value <4 in the
region. The progressive and continuous oxidation of
reduced sulfur (e.g., pyrite) by the ambient air and water
results in the development of numerous young and rela-
tively old AMLs with different sizes and degrees of pol-
lution long after the abandonment of coal-mining
operations in the region. AMLs in the region are more
significant than AMD due to the massive water volume
with low pH and high heavy-metal contents. Several
studies have been performed on the geological, hydroge-
ological, and hydrogeochemical characterization of AMLs
in the Can Coal Basin (Gunduz and Baba 2008; Baba et al.
2009; Okumusoglu and Gunduz 2013; Sanliyuksel Yucel
2013; Sanliyuksel Yucel and Baba 2013; Sanliyuksel Yucel
et al. 2014). However, the microbial characteristics, bio-
geochemical processes and weathering mechanisms of
reduced sulfur, which controls the formation of AMLs,
have not been investigated.
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The main focus of the current study was to investigate
geochemical processes (e.g., oxidation of sulfur minerals)
responsible for the generation of AMLs of different ages
by using an integrated approach comprising geochemical,
biogeochemical, and stable isotope analysis. Furthermore,
the biogeochemical and stable isotope (e.g., 6180504,
8348504) data presented for the first time in this study are
important because these types of information are not
available for AMLs in the Can Coal Basin. Stable iso-
topes are commonly used to understand oxidation mech-
anisms of sulfur minerals (e.g., pyrite, sphalerite) that
cause acid-mine generation including mine lakes (Knoller
et al. 2004; Pellicori et al. 2005; Trettin et al. 2007;
Migaszewski et al. 2008; Hubbard et al. 2009) and mine
tailings and waste rocks (Sracek et al. 2004; Seal et al.
2008; Smuda et al. 2008, Balci et al. 2007, 2012). Par-
ticular attention has been paid to the S and O isotopic
composition of sulfate, a direct indicator and stable pro-
duct of the oxidation of reduced sulfur under acidic
conditions (Taylor et al. 1984a, b; Van Everdingen and
Krouse 1985; Taylor and Wheeler 1994; Hubbard et al.
2009; Balci et al. 2007, 2012). The &**S and 8'®0 values
of the stable product sulfate under acidic conditions may
provide important insights into the oxidation mechanisms
and pathways, along with source identification, of sulfides
causing acid generation in various environments. The
current study shows how 5°*S and 8'%0 values of sulfate
can be used to elucidate oxidation mechanisms (biotic vs.
abiotic) of sulfide minerals (e.g., pyrite) in the concerned
AMLs.

Study Area
Site Description

The study area is located in Can Coal Basin, which lies
approximately 65 km southeast of the city of Canakkale,
NW Turkey (Fig. 1a). Coal exploitation in the county of
Can where the AMLs are located has been active since the
beginning of the 1980s. The coal-mining operations have
been abandoned without any postclosure methods or
rehabilitation. However, some other mining operations are
still active in the region. Abandoned open-pit mines con-
tain artificial lakes (AMLs 1 through 5) situated upstream
of the Kocacay River watershed of Can County (Fig. 1b),
which is rich in water resources. Local drinking and irri-
gation water resources derive from an alluvium aquifer that
outcrops along the Kocacay River. The river is severely
affected by the AMD and it is one of the most polluted
stretches of river in Canakkale.

According to satellite images taken between 1977 and
2011, AMLs 2 and 3 are the oldest lakes with surface
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areas of 20,768 and 14,407 m?, respectively, followed by
AML 1 of 31,654 m? and finally AMLs 5 and 4 of 23,830
and 25,543 m? respectively (Sanliyuksel Yucel et al.
2014). AML 5 formed during the late 2000s and drains
through a small canal into the Katran Creek. For mining
activities, AML 3 discharged into Katran Creek in
November 2009 and filled again in April 2010. AML 1
was subject to a depth-profile investigation to elucidate
geochemical changes in the water column. The deepest
point of AML 1 is 14.2 m; the average depth of the lake
is 7.11 m; and the perimeter was 892 m in September
2008 (Okumusoglu and Gunduz 2013). Areal change in
AMLs with surface area <0.3 km® was monitored by
unmanned air vehicle 6 months (June to November) in
2013. It was determined that as a result of evaporation
during summer months, there is an areal decrease in
AMLs and an areal increase after precipitation in spring
months (Yucel et al. 2013).

Explanations
° Village

I Acid Mine Lake

= Catchment Area

= Creek

Geology

The local geology of the study area where the AMLs are
located mainly consists of volcanic rocks (Fig. 2). These
volcanic rocks comprise acidic and agglomeratic tuff,
andesite, trachyandesite, and andesitic tuff called Can
volcanic rocks (Ercan et al. 1995), and these have been
intensely weathered to kaolinite and limonite. Ages of
volcanic rocks are approximately 23.6 £ 0.6 to
34.3 + 1.2 Ma (Krushensky 1976; Dayal 1984; Ercan et al.
2013). The volcanic successions of volcanic rocks are
enriched with high sulfur content due to alteration pro-
cesses and structural controls. Widespread and intense
zones of silicified and argillic alteration can be observed in
the volcanic rocks within the study area. These alteration
zones are filled with disseminated pyrite and other sulfur
minerals (Yigit 2012). In the Early Middle Miocene; ter-
restrial units were deposited simultaneously with
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calcalkaline volcanic activity (Siyako et al. 1989). These
heterogeneous terrestrial units consist of conglomerate,
sandstone, claystone, coal, claystone with organic material,
bituminous shale, siltstone, and tuff named the Can for-
mation (Gurdal and Bozcu 2011), which unconformably
overlies the Miocene-age volcanic rocks. According to
Bozcu et al. (2008) Can formation starts with a thin clay
level above brecciated volcanics and an agglomerate unit at
the Keciagili Village where the AMLs developed. There
are two coal levels above the clay level, which vary in
thickness over short distances laterally and on average
range from 4 to 6 m thick. Above the coal level, there is a
continuous stack of alternations of green—gray clay, clayey
siltstone, and sandstone, which grades into tuffites with
gypsum, foliated claystone, marl, yellow-white dense leaf
fossils, and diatoms (Bozcu et al. 2008). Low calorific
value (1500-4500 kcal/kg) and high sulfur content (aver-
age approximately 6 %) coal (Gunduz and Baba 2008) has
been used for local heating purposes and electricity pro-
duction in the Can thermal power plant producing
2 x 160 MW of power.

Climate and Hydrogeological Properties

The generation of AMLs depends on climatic conditions
that determine the effective type of weathering process.
The study area has fertile soil and a Mediterranean climate
with mild, wet winters and hot, dry summers. The long-
term (1950-2014) mean annual temperature is 15.06 °C
with a minimum of —11.2 °C and a maximum of 39 °C
based on data collected at the Canakkale meteorological
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station. July is the hottest and January the coldest month
with mean temperatures of 25.1 and 6.3 °C, respectively.
Precipitation is usually in the form of rain with the heaviest
rainfall observed during the winter months. The average
annual precipitation is 634.4 mm, and the average monthly
precipitation is 52.86 mm according to data from
1950-2014. The amount of evaporation is greater than the
precipitation except in the winter months. The average
amount of annual evaporation is 1339.8 mm. Water deficit
occurs during summer months because of high evaporation
and low precipitation. The annual deficit of water is
712.3 mm in the region. The dominant wind direction is
north-northeast. The annual total average number of windy
days is 161.

The hydrogeology of the Can Coal Basin is primarily
controlled by volcanic units. Silicified zones in these vol-
canic rocks are typically situated as a cap over the volcanic
rocks (Ece et al. 2008; Baba and Gunduz 2010; Yigit
2012). The silicified volcanic rocks show fractured aquifer
characteristics. Dense argillic alteration, with impervious
properties due to its high clay content, can also be seen
below the silicified alteration zone. These clay zones act as
a barrier beneath the fractured aquifer (Baba and Gunduz
2010). In general, most of the springs in the study area
surface at the boundary between the fractured aquifer
(silicified zone) and the impervious boundary (argillic
zone) (Sanliyuksel Yucel et al. 2014). The flow rates of
springs from jointed volcanic rocks range from 0.01 to 3 I/s
(Baba and Gunduz 2010; Sanliyuksel Yucel 2013). Flow
rates obtained from pumping wells in volcanic rocks range
from 0.2 to 0.7 I/s (SRK 2012). Hydraulic conductivity
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values of volcanic rocks range from 1 x 1077 to
1 x 107® m/s, and this value indicates that the volcanic
rocks have low permeability or are impermeable (SRK
2012). Generally clay alteration of volcanic rocks has a
high storage capability, but this part of the volcanic unit is
not a good aquifer. In addition, Can formation outcrops,
with a less-permeable unit, and flow rates of springs from
this sedimentary unit range from 0.01 to 0.5 I/s (San-
liyuksel Yucel 2013). The depth of pumping wells in the
Can formation ranges from 100 to 150 m, and the flow
rates from these wells range from 1 to 1.5 I/s (Baba et al.
2009). The bottom of the AMLs are impermeable because
of clayey level, and lake water level fluctuate due to
variations in seasonal precipitation pattern. Atmospheric
conditions, especially evaporation and drainage patterns
and groundwater leakage, also effects areal change of
AMLs.

Materials and Methods
Field Methods

All water samples from AMLs (AMLs 1 through 5) were
collected in July 2010 to 2011 and March 2011 to 2012.
For each lake, four water samples were collected from the
surface of the lakes. AML 2, the oldest lake, was subject to
a detailed investigation in July 2010. Determination of the
perimeter and surface area of AML 2 coordinates of lake
surface boundary was determined by Global Positioning
System measurements with an average accuracy of +4 m.
Bathymetry measurements were performed at 35 different
points of the lake to create a bathymetry map of the lake
using a 4 m-long fiberglass boat. These data were trans-
ferred to a geographic information system database ArcGIS
v9.3 to create a map and bathymetric contours of the lake
during July 2010. There was a 235 m-long transect (A-A")
across the longest part of the lake with an average interval
of every 15 m for sampling. Field parameters were mea-
sured at a total of 48 different points, and 24 water samples
were collected from different depths (0.1, 3, 6, 9 and 12 m)
of the lake for major- and trace-element analyses. Water
samples were collected from all stations with a Niskin
sampling bottle (HydroBios) of 51 capacity, which was
made from hard plastic material.

Parameters were measured in the field, including pH,
redox potential (Eh [mV]), temperature (T [°C]), electrical
conductivity (EC [uS/cm]), dissolved oxygen (DO [mg/1]),
total dissolved solids (TDS [mg/1]), and salinity (Sal [%]),
using a WITW 3410 multiparameter probe. All water-
quality samples were filtered on the site with a sterile
syringe and single-use membrane filters (0.45 pm Milli-
pore) and stored in 50- and 500-ml polyethylene bottles

and refrigerated at 4 °C until further analysis. The 50-ml
samples were acidified with 2 % HNO;5 (v/v) acid on col-
lection and were used for element analysis. The 500-ml
samples were used for anion and cation analysis. For
oxygen-18 (3'%0), deuterium (3°H), and tritium (8°H)
analysis, all lake water samples were collected seasonally
(July 2011 and March 2012) and kept at 4 °C until further
analysis. Rain and snow samples were collected during the
field studies. A random sampling technique was employed
in collecting rain and snow samples. Rain was collected
using large plastic buckets. Buckets were rinsed with
deionized (DI) water and placed 2 m above the ground
level to avoid contamination from soil-intercepted rain.
Snow samples were collected at 10-cm depth. After col-
lection, rain and snow samples were refrigerated and
transported to the laboratory for 580, 8°H, and &°H
analyses. Filtered and unacidified water samples were also
collected for 8'®0 and &°*S analysis of dissolved SO4*~.

Hydrogeochemical Analysis

Water samples were analyzed for major and trace elements
using an inductively coupled plasma-mass spectrometer
(ICP-MS), and SO,*~ and CI~ were analyzed by ion
chromatography (IC) at AcmeLabs (Canada). Acidity was
measured as methyl orange acidity with digital titrator
(APHA 2310 titration method), and Fe(II) was determined
by ferrozine spectrophotometric method using a Hach
Lange DR2800 spectrophotometer in the Geochemistry
Laboratory at Canakkale Onsekiz Mart University. Fe(IIl)
was computed as the difference between Fe(t) and Fe(Il).

3'80 and 8”H content of filtered and unacidified water
samples were analyzed at Hacettepe University Isotope and
Environmental Laboratory, Turkey. 8°H analyses were
performed with respect to IAEA Dead Water (8°H = 0
tritium units [TU]) and NIST-SRM-4926 E (Standard
Reference Material [National Institute of Standards and
Technology]) by means of an ultra low-level liquid-scin-
tillation counting technique after alkaline electrolytic
enrichment by electrolysis (1220 QUANTULUS, Perk-
inElmer) at Hacettepe University Geological Engineering
Department Tritium Laboratory, Turkey.

For 5'%0 and 8**S analysis, dissolved sulfate was pre-
cipitated from filtered and unacidified water as BaSO,. To
prevent the formation of BaCOs, a few drops of concen-
trated HCI were added into water before addition of 10 ml
of a 10 % (weight [wt/wt]) BaCl, solution. The obtained
precipitate of BaSO, was allowed to settle overnight. The
BaSO, precipitate was filtered (0.2 pm Millipore) and
washed first with 100 ml of 1 N HCI, then rinsed three
times with a total of 500 ml of DI water. The BaSO,
samples were dried and homogenized by grinding. For final
purification before 5**S and 8'%0 analysis, the samples
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were baked at 500 °C for 2 h to remove possible organic
contaminants as described elsewhere (Mandernack et al.
2000; Balci et al. 2012).

Sulfur and oxygen isotope ratios of samples were
determined by continuous flow isotope ratio mass spec-
trometry using an elemental analyzer (3**S) or a Thermo-
Finnigan TC/EA at 1450 °C (8'%0) coupled to a gas source
isotope ratio mass spectrometer at Isotech Laboratories,
USA. The oxygen and sulfur isotope results are expressed
relative to Vienna Standard Mean Ocean Water (V-
SMOW) and Vienna Canyon Diablo Troilite (V-CDT),
respectively, using the standard & notation. Delta values
can be calculated using the following equation:

8*S or 6'*0'in permil = [(Rsumple — Rstandara) — 1] x 10°,

where Rgmple is the heavy to the light isotope (>*S/**S or
80/1%0) measured for the sample, and Rgangara 1S the
equivalent ratio for the standard (Sulzman 2007).
Mineralogical analyses of rock and mine waste samples
were performed by X-ray diffraction (XRD) using Philips
PW 1830 at the General Directorate of Mineral Research
and Exploration (MTA [Turkish abbreviation]) Analysis
Laboratories. Scanning electron microscopy (SEM) (FEI
Philips XL30-SFEG) coupled with energy-dispersive X-ray
spectrometry (EDX) was analyzed at the Center for
Material Science in Izmir Institute of Technology, Turkey.

Microbiological Analysis

Sediment samples from a depth of 1 and 6 m (n = 2) from
AML 2 were collected for molecular analysis of microbial
populations in October 2012. The sediment samples were
obtained by Ekman bottom grab sampler and subsequently
transported into sterile single-use 50-ml centrifuge tubes using
a sterile spatula and stored at —20 °C until further microbio-
logical analysis. Microbiological analysis was performed
according to the methods applied by Balci et al. (2015).
Shortly thereafter, genomic DNA from the sediment samples
was extracted by using the MoBio UltraClean Microbial DNA
Isolation Kit (Catalogue No. 12224-50). Total bacterial DNA
obtained using the Fast DNA Spin Kit for Soil (Catalogue No.
6560-200, MPBio) was eluted in 50 pl of Tris—EDTA buffer.
After these steps, the amount of DNA of the samples was
estimated based on agarose gel (1 %) electrophoresis and EZ
vision staining (Catalogue No. N472-KIT).

Microbial diversity of the sediment samples was deter-
mined by the 16S rDNA UARR polymerase chain reaction
(PCR) method (Li et al. 1999; Menekse 2012; Balci et al.
2015). A pair of universal primers namely, pA-F (5'-AGA
GTTTGATCCTGGCTCAG-3') and pH-R (5'-AAGGAGG
TGATCCAGCCGCA-3') were used for amplification (Li
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et al. 1999). PCR products were visualized by agarose gel
(1 %) electrophoresis and purified by ROCHE High Pure
PCR Product Purification Kit (Catalogue No. 11 732 668
001) according to the manufacturer’s suggested protocol.

Purified PCR products carrying the 16S rDNA regions
of microorganisms were cloned to use with the TOPO TA
Cloning Kit (catalogue no. K4500-01, Invitrogen), and 20
positive clones were selected according to the blue-white
screening method (Menekse 2012; Balci et al. 2014). White
colonies (n = 25) were picked and inoculated in 15-ml
tubes containing 3 ml of LB broth and 3 pl of ampicillin
stock solution (0.1 g/ml ampicillin). Then they were
incubated by shaking at 37 °C overnight. After incubation,
plasmids were isolated using the Roche High Pure Plasmid
Isolation Kit (Catalogue No. 1754785).

Sequencing was performed using the ABI Prism 3700
DNA Analyzer (Applied Biosystems) automated sequencer
at the Molecular Biology and Genetics Department in
Istanbul Technical University. The results of sequence
analysis were compared with the National Center of
Biotechnology Information database using BLAST (http://
www.ncbi.nlm.nih.gov/blast/). Only sequences with high
similarity (>90 %) were accepted.

Results and Discussion
Geochemistry of Rock and Mine Waste Samples

Cenozoic calc-alkaline volcanism hosts important eco-
nomic deposits of industrial and metallic minerals in the
study area. According to geochemical data, the SiO, con-
tent of volcanic rocks ranges from 55.87 to 66.67 %, Al,O3
from 14.48 to 19.85 %, and Fe,O5 from 2.02 to 8.53 %
(Sanliyuksel Yucel 2013). Oxides of major elements in Can
coals are dominated by SiO, (10.7-26.83 %), Al,O3
(7.88-10.97 %), Fe,0O5 (3.5-8.19 %), and others including
MgO, CaO, NaO,, TiO,, K;0, P,0s5, MnO, and Cr,0s3,
each of which comprise <1.0 % (Sanliyuksel Yucel 2013).
In accordance with mineralogical components, the major
oxides in coal mainly consist of clay, silica, and sulfur
minerals. Total sulfur contents of coal range from 0.21 to
14.36 wt%, and analysis of sulfur in the coal samples
showed that the sulfur is mainly organic (0.9-6.07 %)
pyritic (0.20-6.34 %) (Gurdal 2011). The presence of a
high sulfur content in coal is attributed to the peat envi-
ronment and regional volcanic activity as well as to alka-
line depositional environments with intensive sulfide
mineralization (Gurdal and Bozcu 2011). The concentra-
tion of arsenic (As) is associated with pyrite in coal; high
As values in coals from the Can formation (maximum
6413 ppm) were previously reported by Baba et al. (2009).
The average concentration of trace elements, including As,
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boron (B), cadmium (Cd), cobalt (Co), copper (Cu), man-
ganese (Mn), nickel (Ni), lead (Pb) and zinc (Zn), were
higher than the world coal average value reported by
Swaine (1990) and Ketris and Yudovich (2009) and creates
an ecological risk for the environment (Sanliyuksel Yucel
2013).

According to the XRD analyses, altered andesite sam-
ples include quartz, kaolinite, illite/mica, feldspar group
minerals, pyrite, and clay minerals (Table 1). Pyrite crys-
tals from andesite samples in SEM images are <1 um and
display cubic morphology (Fig. 3a). A surficial argillic
alteration zone, widespread in the region, was observed on
the outcrops of volcanic rocks due to the oxidation of sulfur
minerals as described in previous studies (e.g., Baba and
Gunduz 2010). The mineral content of coal samples con-
tains quartz, clay group minerals, pyrite, gypsum, cristo-
balite, kaolinite, smectite-group minerals, and feldspar.
Well-developed euhedral, authigenic pyrite crystals are
shown in Fig. 3b containing 69.56 % sulfur and 30.44 %
iron (Fe) in EDX analysis. In addition, gypsum crystals
with honeycomb form are found in coal. Total inorganic
mineral contents of coal are 19 %: 5.03 % gypsum, 4.84 %
pyrite, 4.47 % kaolinite, 3.73 % quartz, and 0.93 %
smectite-group clay minerals (Tuncali et al. 2002). Pyrite
can accelerate coal self-heating (Banerjee 2000) and in Can
coals enhances the process of spontaneous combustion.
Gurdal and Bozcu (2011) indicated that the majority of
clay minerals in coals are probably the alteration products
of volcanic material. Total sulfur content of mine wastes,
which generally contain kaolinite, quartz, cristobalite,
pyrite, illite/mica, opal-CT, clay group minerals, gypsum,
chlorite and feldspar, in addition to jarosite and goethite,
reach 5.61 % in the study area (Sanliyuksel Yucel 2013).
Pyrite crystals in mine wastes have cubic morphology in
SEM images (Fig. 3c). Jarosite is the main secondary
mineral in lake sediment (Fig. 3d) and shows a cubic

morphology suggesting that it forms as a pseudomorph
after pyrite (Silva et al. 2011b; Sanliyuksel Yucel and Baba
2013). Lake sediment also includes opal-CT, kaolinite,
gypsum, clay-group minerals, quartz, feldspar-group min-
erals, zeolite, pyrite, illite/mica, and lepidocrocite (Fig. 4).

Pyrite is a common sulfur mineral in all of the investi-
gated rocks and mine waste samples and is the main cause
of acidification in the study area. Mine wastes and lake
sediments contain jarosite, which further provide acidity in
the lake. In addition, gypsum is a secondary mineral in
mine wastes and probably occurs due to the oxidation of
sulfides. Gypsum, fehydroxides, and other secondary
minerals determined in the field further suggest the oxi-
dation of sulfide minerals and acidity generation in the
study area. The ability of carbonates to neutralize acid by
fast reaction makes them an important part of the miner-
alogical assemblage for AMD prediction and prevention
(Dold 2010). However, carbonate-group minerals were not
determined in the research area. Only silicate minerals,
which are harder to dissolve and act as a buffer when
dissolved such as feldspar, kaolinite, quartz, zeolite, chlo-
rite, and opal-CT were determined. Because these minerals
dissolve slowly, they cannot effectively decrease the acid
levels alone.

Hydrogeochemistry of AMLs

The result of field parameters of AMLs is summarized in
Table 2. The pH of a solution is one of the important
parameter for evaluating aquatic toxicity and the key factor
in regulating sorption and leaching of metals in AMLs
(Silva et al. 2011a). AMLs are characterized by low pH
values ranging from 2.59 to 3.79 with a median value of
3.23 in the study area. The lowest pH values for all of the
AMLs were obtained during a dry season with no rainfall
and reduced surface and subsurface seepage. The

Table 1 XRD analyze results of rock samples, mine wastes, and lake sediment

Sample name Explanations

Andesite Quartz, feldspar-group minerals, illite/mica, pyrite, clay minerals
Quartz, kaolinite, pyrite, feldspar-group minerals
Coal Kaolinite group minerals, quartz, mica, pyrite, gypsum, feldspar
Gypsum, pyrite, kaolinite, quartz, smectite-group minerals
Quartz, pyrite, kaolinite-group minerals, cristobalite, feldspar-group minerals, amorphous matter, gypsum
Mine waste Quartz, cristobalite, clay-group minerals, kaolinite-group minerals, pyrite, feldspar-group minerals, illite/mica, gypsum

Kaolinite, illit/mica, opal-CT, gypsum, pyrite, chlorite-group minerals, lepidocrocite, feldspar-group minerals, jarosite,

goethite, quartz

Lake sediment
lepidocrocite

Jarosite, opal-CT, kaolinite, gypsum, clay-group minerals, quartz, feldspar group minerals, zeolite, pyrite, illite/mica,

Quartz, clay-group minerals, cristobalite, jarosite, feldspar-group minerals, kaolinite, illite/mica, pyrite, lepidocrocite
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corresponding values of pH for March 2011, quite a rainy
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Table 2 Field parameters and isotopic composition (%o) of AMLs
Sample location Sampling date pH DO Eh T EC Sal (%) Acidity SISOHZO SZHHZO &°H
(mg/l) (mV) (°C) (puS/cm) (mgCaCOs/1)
AML 1 July 2010 3.05 595 256 25.6 4960 24 - - - -
March 2011 375 - 201 12.5 3040 1.4 - - - -
July 2011 295 - 256 27.3 4180 2.2 1090 —0.08 —12.15 104
March 2012 259 - 235 9.1 4320 22 805 —1.65 —21.49 6.23
AML 2 July 2010 3.09 4 255 26.7 6430 35 - - - -
March 2011 324 - 228 9.5 5550 2.9 - - - -
July 2011 291 - 260 28.9 5440 2.9 1245 —-2.32 —24.78 7.76
March 2012 274 - 233 10 5820 14 870 —4.14 —33.13 6.04
AML 3 July 2010 312 42 257 28.7 2990 1.5 - - - -
March 2011 326 - 227 11.1 3080 1.5 - - - -
July 2011 3 - 254 28.2 2990 1.5 840 —2.82 —26.87 9.21
March 2012 292 - 221 7.6 3380 1.6 580 —-3.91 —33.32 7.03
AML 4 July 2010 3.6 6.1 230 30.6 3180 1.6 - - - -
March 2011 371 - 201 11.8 3240 1.5 - - - -
July 2011 346 - 227 26.7 3070 1.5 330 —3.64 —30.63 8.04
March 2012 332 - 198 8.2 3240 1.6 170 —4.74 —35.81 6.53
AML 5 July 2010 322 645 254 30.5 3070 1.5 - - - -
March 2011 379 - 198 11.7 1345 0.5 - - - -
July 2011 32 - 242 254 2050 0.9 510 —5.67 —40.24 9.92
March 2012 3.7 - 177 8.5 1040 0.4 460 —-17.73 —47.23 5.71
Rain May 2012 - - - - - - - —-591 —38.29 -
December 2012 5.9 - - - - - - —4.96 —25.06 -
Snow March 2012 - - - - - - - —9.84 —58.24 8.62
Depth (m) AML 2
(median values)
0.1 July 2010 3.08 3.8 254 26.5 6420 35 - - - -
3 3.16 34 224 21.6 6610 3.6 - - - -
6 328 33 192 17 6820 3.8 - - - -
9 352 23 175.5 13.3 6902 3.85 - - - -
12 384 12 167.5 12.95 6980 4 - - - -
Maximum 385 4 255 26.8 6980 4 - - - -
Minimum 3.04 1.06 167 12.9 6380 33 - - - -
SD 0.19 2.14 30.54 4.87 19528 0.17 - - - -

rain water in the Canakkale region was 6.56 between
2010 and 2013. Mine wastes, which contains pyrite
minerals from sedimentary and volcanic rocks, cover
1.66 km? in the study area (Sanliyuksel Yucel et al. 2014)
and affects water sources (e.g., creeks, mine lakes).
Sanliyuksel Yucel and Baba (2013) stated that pH values
of the AMLs’ surrounding creeks were between 2.85 and
5.75. The pH values of all of the AMLs vary over a
narrow range, typically with low pH, was attributed to
sulfide oxidation primarily of pyrite and low bicarbonate
buffering capacity similar to their counterparts in the rest
of the world (Friese et al. 1998; Bachmann et al. 2001).
Because low pH enhances the mobility of most elements

in mine wastes, the EC level of all AMLs were found to
be in the high range. High EC values with a maximum of
6430 pS/cm were measured in AML 2, and the lowest EC
value (1040 puS/cm) was measured in AML 5, which
compared well with the age of the lakes. Acidity values
of AMLs range from 170 to 1245 mgCaCOg/l. Eh values
of AMLs ranged from 177 to 260 mV, and lower values
generally correspond to March sampling periods, which
can be attributed to the Fe*/Fe®" redox couple as well as
Mn because variations in Fe(Il) and Mn concentration
compared well with March samplings. Temperature val-
ues of AMLs change with season, time of day, and depth
of the water body.
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Iron and aluminum (Al) are the most predominant metal
species in the AMLs. High Al concentrations in acidic
waters result from the weathering of aluminosilicate min-
erals such as clays, altered volcanic rocks and coals, which
are dominant in the area. In water samples from the oldest
AML 2, the maximum Al concentration of 360.6 mg/l was
detected (Table 3). In general, Al concentration of all of
the lakes was high and increased together with the age of
the lakes reaching highest levels in the oldest lakes (AMLs
2, 3, and 1, with respect to age) and lowest levels in the
youngest lakes (AMLs 5 and 4). As shown in Table 3, the
other dissolved major constituents (sodium [Na], potassium
[K], calcium [Ca], magnesium [Mg], and Fe) were also
correlated considerably with the age of the lakes. The
highest concentration of Ca, Mg, and Na with Mn, Fe, and
Zn was determined in the oldest lake AML 2, thus indi-
cating that water—rock interaction may release metals into
lakes. Due to the fact that AML 3 drained into Katran
Creek in 2009, SO4, Mg, K, Na, and Mn concentrations,
except for Al, were significantly lower compared with
AMLs 4 and 5 in the July 2010 and March 2011 sampling
periods.

Calcium values ranged from 85.47 to 520.1 mg/l with an
average value of 318.8 mg/l and were highest in the oldest
lakes. Mg values ranged from 28.74 to 357.8 mg/l. The
leaching of Ca and Mg can be assumed to be controlled by
the dissolution of Ca and Mg-bearing silicates and gypsum
(Rigol et al. 2009; Silva et al. 2011a). Iron concentrations of
AMLs ranged between 7.7 and 329.7 mg/l. The greater Fe
concentrations and Fe(III)/Fe(II) ratios were measured in
the dry season for all of the lakes indicating the influence of
evaporation on water chemistry as well as oxygenic con-
ditions in the lakes. The pH values of all AMLs were close
to 3 indicating that chemical oxidation of Fe(II) to Fe(III) is
favored. Consistent with this, the dominant form of Fe was
found to be Fe(IIl) in all lakes (see Table 3) as with most
other AMLs. High Fe levels are amongst the typical char-
acteristics of pyrite oxidation. Compared with common ions
of Na™, K™ and CI™, Fe(Il) in AMLs indicates greater
oxidation of pyrite relative to chemical precipitation of
Fe(III) oxyhydroxy-sulfates (e.g., jarosite) in the lakes.

Sulfate was consistently the predominant anion in all
lake samples as is the case in many other acidic waters
worldwide (Nordstrom et al. 2000; Espana et al. 2008). The
concentration of sulfate ranged between 595 and 5370 mg/1
with a median value of 2140 mg/l (see Table 3). The
highest values were measured in the more acidic AML 2.
The good correlation between sulfate and Ca in all chem-
ical analysis results of the lakes (= 0.84) suggests that
the dissolution of gypsum is also a source of sulfate.

Mn, Zn, and Ni were the main dissolved metals in the
AMLs with maximum values of 225.6, 15.7, and 2.43 mg/l,
respectively, and these values were measured in the more
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acidic water of AML 2. The concentrations of these metals
in acidic waters may be controlled by the rate of weath-
ering and dissolution of source minerals or perhaps by
adsorption or coprecipitation with other phases, such as
jarosite, that were determined in the field. The dominant
dissolved metals in AMLs, in order of average abundance,
are Al > Fe > Mn > Zn > Ni. Al, Fe, SO,, Mn, Ni, and
Zn concentrations of all lakes greatly exceeded the limits
for national and international water-quality criteria (ITA-
SHY 2005; United States Environmental Protection
Agency 2012; World Health Association 2011). Seasonal
variations in precipitation may affect the transport char-
acteristics of the process by water flow. The element
composition of lake water and local geology correlates
with the geologic makeup of the study area. Overall, all
water characteristics of AMLs compared well with their
counterparts around the world (Pietsch 1979; Friese et al.
1998; Kwong and Lawrence 1998; Bachmann et al. 2001;
Karakas et al. 2003; Espana et al. 2008) and resemble the
poor water-quality pattern that is mostly driven by sulfur
oxidation in the region.

Water Column and Sediments of AML 2

Morphological and some hydrochemical properties of
AML 2 were studied in detail. During the course of field
work, no major outflow from the lake was detected. The
depth measurements of across the longest part of the lake
(A-A") had a range of 1.46-13.45 m, and the average depth
was calculated to be 7.41 m. According to the bathymetry
map given in Fig. 5, the deepest point in the lake corre-
sponded to measurement point 9_5, which was situated
approximately on the lake centerline (Fig. 6). The deepest
area of the lake corresponded to the main coal vein where
major extraction activities were performed during the
operation phase. The bathymetry map was then used to
compute the perimeter as 616 m and the surface area as
15,550 m* on July 18, 2010.

The results of field parameters (i.e., temperature, pH,
DO, electrical conductivity, oxidation reduction potential,
and salinity) are presented in Table 2 and Fig. 7. Each
measurement is presented along with SD values (see
Table 2). Based on these results, AML 2 showed typical
characteristics of an AML consistent with the other AMLs
in the study area. In July 2010, slight chemical and/or
physical layering was present at a depth of 6 m. In general,
pH was found to be lower on the surface and increased with
increasing depth as shown in the depth profile of pH
measurements from all sampling locations. The lowest pH
value (i.e., 3.04) was measured at a surface sampling sta-
tion (location 11, 11_1) and the highest pH (i.e., 3.85) at
the second deepest point of the lake (i.e., 12.4 m at point
10_5). The average pH in the surface layer of AML 2 was
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Table 3 Solute concentrations of AMLs (mg/l)
Sample location Sampling date Al Ca Fe(t) Fe(Il) Fe(III) K Mg Mn
AML 1 July 2010 247.90 377.70 90.30 - - 0.99 230.50 67.70
March 2011 252.60 350.70 83.70 - - 1.90 178.10 72.40
July 2011 286.60 478.10 91.90 7.40 84.50 1.60 228.90 83.90
March 2012 219.60 356.10 54.20 7.40 46.80 0.95 182.00 66.48
AML 2 July 2010 345.80 477.70 328.30 - - 0.99 230.50 217.90
March 2011 327.50 450.70 227.20 - - 1.90 278.10 225.60
July 2011 360.60 520.10 329.70 8.90 320.80 2 357.80 187.10
March 2012 308.80 461.90 154.60 36.50 118.10 2 306.00 182.20
AML 3 July 2010 118.70 98.51 27.70 - - 3.36 63.25 24.10
March 2011 124.80 147.30 28.70 - - 2.09 98.53 25.60
July 2011 129.50 229.00 34.30 3.60 30.70 4.80 80.60 27.50
March 2012 155.80 245.10 21.50 12.60 8.90 2.00 92 33.80
AML 4 March 2011 20.60 386.50 9.60 - - 9.94 125.40 35.50
July 2011 16.80 411.30 7.70 1.30 6.40 15.80 119.40 32.70
March 2012 18.20 368.80 9.80 4.60 5.20 12 118.00 32.50
AML 5 March 2011 36.80 122.10 15.60 - - 9.10 49.67 12.20
July 2011 62.80 172.10 25.30 1.80 23.50 12.41 62.61 19.90
March 2012 18.10 85.47 12.30 10.70 1.60 4.78 28.74 9.80
Depth (m)- AML 2
(median values)
0.1 July 2010 344.63 495.18 327.48 - - 0.97 226.18 217.75
3 338.16 479.75 324.13 - - 1.07 218.83 193.45
6 332.42 464.48 341.78 - - 0.94 219.44 180.2
9 316.26 450.42 420.68 - - 3.89 215.69 181.67
12 308.46 466.87 481.83 - - 11.86 227.15 182.49
Maximum 345.15 516.38 481.83 - - 11.86 241.36 219.64
Minimum 308.46 439.52 322.59 - - 0.94 205.46 179.18
SD 11002.3 19.98 42137.56 - - 2.37 9.42 16276.51
Sample location Sampling date Na Ni Zn Cl SO, TDS EstSO}
AML 1 July 2010 104.80 0.52 2.80 78 3512 1289 3867
March 2011 115.92 1.07 4.40 73 3017 1440 4320
July 2011 108.80 1.07 4.88 63 3000 1226 3678
March 2012 77.01 0.57 2.75 46 3015 985 2955
AML 2 July 2010 164.27 243 15.48 78.30 5012 1994 5982
March 2011 176.93 1.80 15.70 73 5017 1851 5553
July 2011 168.30 2.36 12.03 143 4600 1832 5496
March 2012 157.97 2.02 10.28 97 5370 1750 5250
AML 3 July 2010 53.20 0.57 2.37 39.80 903 477 1431
March 2011 76.93 0.60 1.89 38.75 988 589 1767
July 2011 98.60 0.60 1.23 69 1500 610 1830
March 2012 108.52 0.60 3.92 67 2520 812 2436
AML 4 March 2011 216.15 0.40 1.70 99.41 1018 505 1515
July 2011 265.70 0.42 1.54 106 1700 614 1842
March 2012 243.13 0.22 0.60 100 1760 677 2031
AML 5 March 2011 44.39 0.10 0.96 104.56 895 295 885
July 2011 81.21 0.18 1.23 72 1000 393 1179
March 2012 43.97 0.10 0.43 54 594 173 519
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Table 3 continued

Sample location Sampling date Na Ni Zn Cl SO, TDS EstSOj
Depth (m)- AML 2
(median values)
0.1 July 2010 164 231 15.05 79.67 5081.5 - -
3 162.25 221 14.46 76.74 4829.5 - -
6 163.33 2.16 14.01 74.96 4681.5 - -
9 169.96 2.24 14.49 77.49 4767 - -
12 181.65 2.26 15.16 76.13 4924 - -
Maximum 181.65 241 15.16 85.69 5305 - -
Minimum 159.25 2.14 13.85 71.57 4890 - -
SD 4.87 79.66 444.63 4.13 205.68 - -

* Estimated SO, concentration calculated by using TDS concentration (TDS mg/l x 3) = SO,
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Fig. 5 Bathymetric map of AML 2 during July 2010 (Sanliyuksel
Yucel and Baba 2013)

Fig. 6 Vertical profile of AML

3.07. The amount of DO values ranged from 1.1 to 4 mg/l
with an average of 3.28 mg/l. It was found that DO levels
decreased as a function of depth as shown in Fig. 7, and the
lowest layers of the lake had DO levels of approximately
1 mg/1 (location 9, 9_5). Eh values are typically found to
be high at the surface of the lake in all samples. Eh values
ranged from 167 to 257 mV representing oxidizing con-
ditions throughout the water column. There was a signifi-
cant indication of a stratified pattern in the lake with a
gradient exceeding 100 mV, which is similar to tempera-
ture (14 °C). Temperature values ranged from 12.9 to
26.8 °C with values decreasing as a function of increasing
depth. EC values ranged between 6390 and 6990 pS/cm
with an average value of 6652 puS/cm. The vertical profile
of EC values increased with increasing depth, and this is
more pronounced at a depth of 6 m. The highest EC value
was measured as 6990 pS/cm at a depth of 12 m (i.e,
location 9, 9_5) close to the water—sediment interface
where extensive dissolution reactions would be expected,
and increased salinity values are consistent with this

1
2 (interval 15 m) A 1.1 21 31 41 51 6.1 7.1 81 9.1 10_1 11_1 121 13_1 14_1 15_1 A
= [N ) 15m E & 0
o . R € 2
2 L § E uE': € € € 9 2 ¢ [ ] c E 3
s IR |2 12 |5 (8 |2 |[le | |s |8 |°
'y o® N Co3e(e 9% 6o >
e |- ~7.5
94 [: [ ]
5
A 4
15m
® Sampling points Meter
© Field parameter measurements
B Bottom of the acid mine lake (thickness is not to scale) 0 25 50

@ Springer



Arch Environ Contam Toxicol (2016) 70:757-782

769

Fig. 7 Vertical profiles of field
parameters of AML 2
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determination. Salinity values increase with increasing
depth, and the median value is 3.8 %.

Sulfate, the predominant anion, in surface water ranged
from 4916 to 5305 mg/l decreasing to 4632 mg/l at 6-m
depth with later increasing to 4924 mg/I at the deepest part
of the lake (Fig. 8). A good agreement between estimated
sulfate and the actual measurements were determined in
young lakes (AMLs 5 and 4) unlike old lakes (AMLs 2 and
1) (see Table 3); this can be attributed to different sulfur
species in the lakes. For example, enhanced pyrite oxida-
tion and production of solid elemental sulfur, as evidenced
by higher sulfate concentration in the oldest lakes, may
cause sulfur imbalance (Balci et al. 2007). It is also pos-
sible that the precipitation of Fe(IIl) sulfate minerals (e.g.,
jarosite) in Fe-rich lakes (AMLs 1 and 2) may cause this
discrepancy in sulfur budget and emphasizes different S
and Fe chemistry in the lakes. The lowest sulfate concen-
tration for all of the sampling points was determined at a
6-m depth. The increasing sulfate trend after 6-m depth can
be related to the dissolution of sulfate-bearing minerals,
such as jarosite, determined in the lake sediment.

Ca and Mg cations were detected at high levels in the
lake water similar to the other AMLs in the study area. The
Ca level ranged from 439.52 to 516.38 mg/l with an
average value of 477.08 mg/l. Mg values ranged from
205.46 to 241.36 mg/l. Consistent with Mg, Ca also did not
show significant differences between surface and deeper
layers (see Fig. 8). High concentration of elements (e.g.,
11.86 mg/l of K, 181.65 mg/l of Na, 2.41 mg/l of Ni, and
15.16 mg/l of Zn) were measured in the deepest part of the
lake at all of the sampling points. Significant increases in
the concentration of K and Fe(t) with depth (i.e., at 6 m)
are also consistent with the dissolution of jarosite. The total
Fe concentration increased consistently throughout the
profile, ranging from 322.59 to 481.83 mg/l, and was more
pronounced at 6-m depth as 417.2 mg/l.

High Al concentration of 345.15 mg/l was measured at
the location point 3_1, which was in surface water, whereas
the minimum value was recorded as 308.46 mg/l in the
deepest part of the lake (12 m, location 9_5). In general,
the Al concentration decreased as a function of depth in the
lake (Fig. 9). The slight increase in pH with depth could be
the main reason for lower levels Al in the deeper part of the
lake. The major sources of Al in the lake are clay minerals
and altered volcanic rocks. Lake water had extremely high
Mn concentrations, which ranged from 179.18 to
219.64 mg/l with a median value of 192.5 mg/l. Significant
changes in Mn concentration were not determined along
the vertical profile. Maximum and minimum Ni concen-
trations were measured as 2.41 and 2.14 mg/l, respectively.
Nickel concentration showed decreasing trend until 6-m
depth followed by an increasing trend at location 9_5. The
depth profile of Zn levels in the lake also showed a similar
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pattern to that of Ni. Changes in concentration of Zn and Ni
as a function of depth, consistent with depth profile of Fe,
may indicate the role of adsorption or coprecipitation of
these minerals with Fe-oxides in addition to clay minerals
determined in the lakes. The dissolved levels of metals are
primarily associated with their corresponding levels in coal
and volcanic rocks.

The XRD profile of the sediments show detrital minerals
(e.g., quartz, feldspar, illite/mica), which are common in
volcanic rocks outcropping in the area, in addition to sec-
ondary alteration minerals such as jarosite, gypsum, lepi-
docrocite, and kaolinite (see Table 1). A higher presence of
jarosite was observed in surface sediments along the
shoreline of the lake. A detailed microscopic investigation
with SEM/EDX also showed the presence of pseudomorph
jarosite crystals (see Fig. 3d) and pyrite in the lake sedi-
ments. The presence of sulfates (e.g., gypsum) in the lake
sediments was also documented by XRD. The presence of
schwertmannite, commonly found in acidic and iron- and
sulfate-rich environments, was not confirmed by XRD
probably due to its low crystallinity relative to detrital
materials or its transformation to goethite with time
(Bingham et al. 1996; Cornell and Schwertmann 2003;
Jonsson et al. 2005, 2006).

Isotope Geochemistry of AMLs

The 618OH20 and 52HH20 values for all field samples (lake
water, rain, and snow) collected in this study are presented
in Table 2. Lake water samples had 8'®0 values ranging
from —0.08 to —7.73 %o and 8°H values ranged from
—12.15 to —47.23 %o. Sanliyuksel Yucel (2013) stated that
the 8'%0 values of groundwater obtained from observation
wells (OW1, 2, and 3) near the study area ranged from
—6.72 to —8.47 %o, and 52H values ranged from —1.35 to
—0.05 %o. For rain water sampled in December and May
2012, the 3'%0 value was —4.96 to —5.91 %o, and that of
8?H was —25.06 to —38.29 %o, respectively. 5'%0 and 8°H
values of the snow sample were —9.84 and —58.24 %o,
respectively.

The highest 8'®0 and 8°H values were observed for
AML 1 water and were attributed to the evaporation of lake
water. In general, enrichment in both 5'%0 and 8°H were
obtained in water samples collected in the summer. Fig-
ure 10 plots the isotopic composition of all of the waters
sampled compared with the local meteoric water line. The
lake water does not plot directly on the local MWL,
instead, it is shifted to the right along an evaporation trend.
An evaporation trend occurs because 3'°O is fractionated
into the vapor phase to a greater extent than °H, and thus
the remaining water follows a slope of higher 3'0 values
relative to 5°H values. 8'%0 and 8°H values of AML 1
water are distinctly different from the other AMLs (i.e., 2
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Fig. 8 Vertical profiles of
selected major ions of AML 2
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Fig. 9 Some metal
characteristics of the water
column of AML 2
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through 5). Among the lakes, the 5'%0 and 8°H values of
AML 5, the youngest lake, display values more similar to
those of rain. The 8°H and §'®0 values of the other lakes
(i.e., AMLs 2 through 4) are slightly different than those of
rain. Overall, the isotopic composition of all of the lakes
reflects varying degree of evaporation, which is correlated
with their ages. Consistently, AML 1 has not been drained
since 1999 (Sanliyuksel Yucel et al. 2014), and thus
evaporation effect and water—rock interaction are more
pronounced compared with the other lakes. Overall, the
isotope composition of all of the water samples in the study
area indicates a technically meteoric origin such as pre-
cipitation. This determination is also consistent with the
fact that these lakes developed by being fed by the surface
waters in the area. One can assume that groundwater may
also play an important role in the development of the lakes
as suggested in previous studies (Sanliyuksel Yucel and
Baba 2013; Sanliyuksel Yucel et al. 2014). In fact, sig-
nificantly similar 6180H20 values between groundwater
(—6.72 to —8.47 %o0) and AML 5 (—5.65 and —7.73 %o)
may suggest this possibility. 3°H analysis of mine waters
can yield information regarding the apparent age or time of
travel of water from its area of recharge (Butler 2007). The
8*H values in snow during March 2012 were measured as
8.12 and 8.62 TU in the study area. 5°H contents of AMLs
vary between 5.71 and 10.38 TU and the median value is
7.39 TU indicating modern water, i.e., <5 to 10 years old
(Clark and Fritz 1997). High 5°H contents indicate that
lake water has a relatively short passage time and is fed by
surface waters, especially creeks. In addition, 5°H values
may be due to the fact that AMLs interact with the atmo-
sphere and are thus affected by atmospheric phenomenon
more than surrounding water resources.

The isotopic composition of dissolved SOy, (6180504,
8348504) from the lake water samples is presented in
Table 4. The 3**S values of dissolved sulfate ranged

8'®%0-water, %o

from —12.2 to —14.0 %o among the lakes except AML 3.
The similar and minor variations in 8*S values of sul-
fate imply a similar source of sulfate. In contrast, a
significant variability was observed for 3'%0 sulfate
values (—1.7 to —7.3 %o). Coal-associated pyrite (CAP)
samples from the coal waste and the volcanic rock-as-
sociated pyrite (VAP) in the immediate vicinity of the
lakes had an average 5**S value of —13.4 %o (n = 6)
and 0.8 %o (n = 8), respectively. Elemental sulfur col-
lected from the mine wastes had an average 8**S value
of —15.9 %o, and gypsum had a 5**S value of —10.4 %o
and a 8'®0 value of —1.8 %o (Table 4). It is generally
accepted that sulfur isotope effects associated with solid-
phase metal sulfide oxidation are insignificant compared
with the oxidation of aqueous sulfide (Sakai 1957; Nakai
and Jensen 1964; McCready and Krouse 1982; Taylor
et al. 1984b; Fry et al. 1988). Oxidation of sulfide
minerals to sulfate at low temperatures is generally a
quantitative and unidirectional process that causes neg-
ligible sulfur-isotope fractionation. This often results in
8345504 values being indistinguishable from those of the
parent sulfide minerals (Gavelin et al. 1960; Nakai and
Jensen 1964; Field 1966; Rye et al. 1992; Balci et al.
2007, 2012). Because negligible and minor fractionation
of S isotopes occurs during the oxidative weathering of
sulfide minerals (Field 1966; Seal 2003; Balci et al.
2007, 2012), the 3**S signature of dissolved SO, in the
lakes should be similar to that of the sulfur source.
Isotopic sulfur enrichment between aqueous sulfate from
the lake water and sulfur sources available in the study
area was calculated (Table 4). The largest S isotope
enrichment, —13.75 %o, was obtained between VAP and
sulfate indicating that volcanic pyrite is not likely to be
the sulfur source of sulfate. In contrast, insignificant
sulfur isotope enrichment (&sp,—res,a = 0.44 %o) between
8348504 and 5°*Scap indicates that the main sulfur source
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Table 4 O and S isotope results and isotopic enrichment of AMLs (%o)

Sample location Sampling date SISOHZO 8180304 3%Ss0, £504—FeS, esorpeszb £50,—5" ssorg).pmmd
AML 1 November 2009 -2.5 —6.2 - - - - -
November 2010 —-3.2 18 - - - - -
July 2011 —0.08 —-6.9 —12.3 1.1 —13.1 3.6 -1.9
March 2012 —1.65 -7.3 —12.4 1 —13.2 35 -2
AML 2 November 2009 -2.5 -7.2 - - - - -
November 2010 —-3.2 20.6 - - - - -
July 2011 —-2.32 —6 —12.3 1.1 —13.1 3.6 -1.9
March 2012 —4.14 —6.2 —12.2 1.2 —13 3.7 —1.8
AML 3 July 2011 —2.82 —-1.7 —20.3 —-6.9 —21.1 —4.4 -99
November 2011 —-34 —-1.9 - - - - -
March 2012 -391 —-1.7 —20.1 —6.7 -20.9 —4.2 -9.7
AML 4 July 2011 —3.64 —27 - - - - -
November 2011 —4.5 -3.6 - - - - -
March 2012 —4.74 —-3.2 —14 -0.6 —14.8 1.9 -3.6
AML 5 July 2011 —5.67 -1.8 —13.8 -0.4 —14.6 2.1 3.4
November 2011 -5.6 —4.2 - - - - -
March 2012 —-7.73 —4 —13.7 —-0.3 —14.5 22 —-3.3

84S of coal-associated pyrite, —13.4 %o (n = 4)
8%*S of volcanic rock-associated pyrite, 8**S + 0.8 %o (n = 3)
¢ §%48 of sulfur from Can coal, —15.9 %o

4 Gypsum, 3**S —10.4 %o, 3'%0 —1.8 %o

of sulfate in AMLs is CAP. Moreover, the fact that the §°*S
value of S° was similar to the 8**S value of pyrite in the
waste deposit is strong evidence that the original source of S°
in the waste deposit is the weathering of pyrite. A significant
elemental sulfur formation has been shown in the oxidation
of pyrite during the formation of AMD and further oxidation
to sulfate (Sasaki et al. 1995; Schippers et al. 1996; McGuire
et al. 2001; Druschel et al. 2003; Balci et al. 2007, 2012). A
distinct difference between the 5**S value of VAP and those
of aqueous sulfate from the lakes indicates that most of the
sulfate in the lake must have been derived from the oxidation
of pyrite associated with coal in addition to the oxidation of
elemental sulfur as well as other sources such as leaching of
hypogene sulfate minerals. The 8348504 values from AML 3
are distinctly different compared with those of the other
lakes. These values could be a result of mixing with the
Katran Creek cutting various mineralization zones and fed
by various surface waters containing different sources of
sulfate.

Geochemical and Biogeochemical Processes
in the Water Column and Sediments of AML 2

The oxidation of reduced sulfur (e.g., pyrite) and sulfur
contained in the coal, mine wastes, and surrounding

@ Springer

volcanic rocks, together with the absence of acid-con-
suming rocks, causes acidity, sulfate, Fe(Il), and metals to
develop in the water column. The elevated concentrations
of As, Co, Cu, Ni, Zn, and Pb in coal and volcanic rocks in
the vicinity of the study area are released into the water
column during the oxidation of reduced sulfur and further
transported into the lake sediments. The correlation
between total dissolved sulphur content and the age of the
lakes further supports enhanced water—rock interactions in
the lakes (Table 3). The most important parameters that
control lake water chemistry are pH and Eh because the
mobility of most metals and metalloids is strongly pH- and
Eh-dependent. Throughout the water column of AML 2 pH
showed a slightly increasing trend (from 3.04 to 3.85).
Variations in pH, DO, and dissolved Fe with depth showed
that the microbial oxidation of Fe(Il),q to Fe(Ill),q, as well
as the subsequent precipitation of Fe-oxides, is thermody-
namically more favored in the first 6 m of the water
column.

Consistent with this, the majority of Fe, was in the form
of Fe(Ill),q irrespective of sampling season (97 % in July
and 76 % in March) (see Table 3). The presence of bac-
terial species with closest affiliation to Fe-oxidizer bacteria
(Acidithiobacillus spp.) indicates that the microbial oxi-
dation of Fe(Il) is a significant biogeochemical process in
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the sediments of AML 2 as noted in previous studies (e.g.,
Friedrich et al. 2005; Rohwerder and Sand 2007; Ghosh
and Dam 2009; Schippers et al. 2010; Dopson and Johnson
2012; Chen et al. 2013).

Insignificant variations in pH, along with observed
changes in DO and Fe concentration throughout the water
column until a depth of 6 m, also suggest co-occurrences of
Fe(Il) oxidation and precipitation of Fe(Ill) minerals
buffering pH as reported in various AMLs with pH ranging
from 2.59 to 3.79 (Kusel 2003; Peiffer et al. 2013; Vithana
et al. 2015). A decrease in the concentration of sulfate in
the first 6 m of the water column further supports the
formation of Fe(IIl) minerals (e.g., jarosite). With depth,
increasing pH and lower oxygenic character of the water
column creates unfavorable conditions for Fe oxidizers in
the lake (Fig. 7; Table 5). It is known that Fe(II) oxidation
by acidophilus (e.g., Acidithiobacillus ferrooxidans)
rapidly decreases with increasing pH (Pesic et al. 1989;
Nordstrom and Southam 1999; Kupka and Kupsakova
1999).

The Fe(Ill) minerals (e.g., jarosite and lepidocrocite)
formed in the water column further accumulate in the
sediments where they may undergo chemical transforma-
tions. XRD patterns and SEM images of the lake sedi-
ments, together with the decrease in Fe and sulfate
concentration until a depth of 6 m, indicate Fe(IIl) mineral
precipitation in the water column. pH buffering throughout
the water column by way of the precipitation of Fe(III) has
a significant effect on metal mobility. Decreases in the
concentrations of Zn and Ni along with Fe throughout 6 m
of the water column suggests the coprecipitation of metals
with Fe oxides (Regenspurg et al. 2002; Regenspurg and
Peiffer 2005; Balci 2010; Vithana et al. 2015). The con-
centration of Fe showed increasing trend and the highest
concentration of Fe in all of the sampling points was
measured at the sediment—water interface (see Fig. 9). The
sharp increase in the concentration of Fe can be attributed
to (1) the dissolution of Fe(Ill) oxides (e.g., jarosite); (2)
the oxidation of pyrite; and (3) an Fe reduction in the
sediments. Jarosite and schwertmannite, formed as result of
sulfide oxidation, are the two common Fe minerals in
AMD. Both minerals can transform into thermodynami-
cally more stable phases (e.g., goethite) increasing acidity
and releasing previously held trace metals (Reaction 1)
(Burton et al. 2007, 2008; Vithana et al. 2015).

KFe;(S04),(0H),+6H,0 — K' + 3Fe’* + 2503~
+ 6H" (1)
FegOg(OH), SO, + 2H,0 — SO~ + 8FeOOH + 2H "
(2)

Although the presence of schwertmannite in the lake
sediments has not been confirmed due to its low

crystallinity, the dissolution and transformation of it cannot
be neglected due to the chemical characteristics of the lake
(Regenspurg et al. 2004; Schwertmann and Carlson 2005).
Dissolution Reactions (1) and (2) may help to maintain low
pH conditions and explain the increasing trend observed in
the metal content of the water column. Particularly, a sharp
increase in K and sulfate is further evidence for the dis-
solution of Fe(IIl) sulfate minerals in the lake water as
shown in Reactions (1) and (2) (Elwood Madden et al.
2012). Reductive dissolution of Fe(IIl) minerals in the
sediments by way of microbial processes is also possible at
the water—sediment interface (Regenspurg et al. 2002).
Many Fe-reducing bacteria (e.g., Ferribacterium lim-
neticum, Geobacter, and uncultured Geobacteraceae bac-
terium) determined in the sediments (Table 5), along with
lower Eh and DO values measured at the water—sediment
interface, indicate Fe reduction. The consumption of
Fe(III) minerals as an electron acceptor by microorganisms
is a common biogeochemical process in AMLs (Peine et al.
2000; Blodau 2004, 2006; Balci et al. 2014). Microorgan-
isms preferentially use Fe(Ill) minerals with low crys-
tallinity due to low energy requirements (Johnson et al.
2012). The preferential use of schwertmannite over jarosite
by microorganisms as an electron acceptor may explain its
low abundance or the absence of schwertmannite in the
lake sediments. The reduction of Fe minerals can consume
protons but releases Fe(Il), sulfate, and metals, which are
later diffused into the water. The reoxidation of Fe(Il) to
Fe(II) and the subsequent formation and precipitation of
Fe(III) minerals cause an enhanced Fe cycle that regulates
metal mobility at the water—sediment interface.

Biological and chemical oxidation of pyrite by way of
Reactions (3) and (4), respectively, may also provide
Fe(Il), sulfate, and protons into water. Numerous sulfur-
oxidizing bacteria determined in the lake sediments, par-
ticularly A. ferrooxidans, can catalyze Reaction (3) and
cause further release of Fe(Il) and sulfate into the water
column. The determination of Thiovirga sulfuroxydans
and Thiobacillus thiophilus both chemolithoautotrophic,
microaerobic sulfur-oxidizing bacteria suggest microbial
sulfur oxidation (e.g., elemental sulfur) even in low oxy-
genic environments. The DO profile of AML 2 suggests
that microbial and chemical Fe(Il) oxidation is possible
throughout the whole water column. Higher metal content
of sediments relative to the water column further indicates
metal enrichment by way of Fe precipitation and/or
adsorption to clay minerals in the sediments.

FeS, +7/20; + Hy0 — Fe?* + 2503 +2HT, (3)
FeS, + 14Fe>" + H,0 — 15Fe*™ 42803 4+ 16H™.  (4)

Iron cycling, involving Fe(Il) oxidation mediated pri-
marily by A. ferrooxidans in the oxygenic zones of the lake
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Table 5 Microorganisms determined by 16S rDNA gene sequencing in the lake sediment of AML 2 and their metabolic functions

Microorganims

Similarity (%)

Phylogenetic group Postulated metabolism

A. ferrooxidans strain S1 95
A. ferrooxidans strain SY3 96
A. ferrooxidans strain N16 93
Acidithiobacillus sp. Peru 6 92
Acidithiobacillus sp. OP 14 92
A. albertensis strain DSM 14366 93
A. thiooxidans strain ATCC 19377 95
Acidithiobacillus sp. Ish-01 92
A. ferrooxidans 94
Uncultured bacterium clone FZ-7 95
Uncultured Acidithiobacillus sp. clone XJ79 96
Acidithiobacillus sp. Mc9KA-2-1-4 95
Uncultured Acidithiobacillus sp. clone AS3_bact_h10 95
Uncultured bacterium clone SX2-15 96
A. thiooxidans strain ATCC 19377 93
Uncultured bacterium clone Z132 93
Uncultured bacterium clone Y1-25 91
Uncultured bacterium clone M1-24 91
Uncultured Sulfobacillus sp. clone K6-C156 92
A. thiooxidans strain ABRM2011 91
A. ferrooxidans strain S1 97
T. sulfuroxydans 97
T. thiophilus 94
T. denitrificans ATCC 25259 97
T. denitrificans ATCC 25259 97
Uncultured Thiobacillus sp. clone ENR10 93
A. thiooxidans strain ABRM2011 91
A. ferrooxidans strain S1 97
T. sulfuroxydans 97
Geobacter 91
Uncultured Geobacteraceae bacterium 91
F. myxofaciens strain P3G 95
Comamonadaceae bacterium PIV81 90
Chromatiales bacterium 94
Acidovorax sp. G8B1 97
Uncultured Sulfobacillus sp. clone SN1_2009_10D 91
F. limneticum 94
T. denitrificans ATCC 25259 97

v-Proteobacteria
y-Proteobacteria
y-Proteobacteria
y-Proteobacteria
y-Proteobacteria
v-Proteobacteria
y-Proteobacteria
v-Proteobacteria
y-Proteobacteria

y-Proteobacteria

y-Proteobacteria
v-Proteobacteria
v-Proteobacteria

y-Proteobacteria

Firmicutes

v-Proteobacteria
v-Proteobacteria
v-Proteobacteria
B-Proteobacteria
B-Proteobacteria
B-Proteobacteria
B-Proteobacteria
y-Proteobacteria
v-Proteobacteria
v-Proteobacteria
d-Proteobacteria
d-Proteobacteria
d-Proteobacteria
B-Proteobacteria
B-Proteobacteria
y-Proteobacteria
Firmicutes

B-Proteobacteria

B-Proteobacteria

Fe and S oxidation
Fe and S oxidation
Fe and S oxidation
Fe and S oxidation

Fe and S oxidation

Fe and S oxidation
Fe and S oxidation
Fe and S oxidation

Fe and S oxidation
Fe and S oxidation

Fe and S oxidation

S oxidation

Fe and S oxidation/Fe reduction

S oxidation

Fe and S oxidation
S oxidation

S oxidation

Fe and S oxidation
Fe and S oxidation
S oxidation

S oxidation

Fe and S oxidation
S oxidation

Fe reduction

Fe reduction

Fe oxidation

Fe oxidation

Fe reduction
S oxidation

and Fe reduction by Ferribacterium limneticum in the
microaerophilic zone, maintains the Fe dynamics of the
lake. Enhanced Fe cycles buffering pH, as in AML 2, have
been reported in various AMLs (Peine et al. 2000; Blodau
2004, 2006). Blodau (2006) reviewed acid generation and
consumption in acid coal mine lakes and concluded that
acidification is primarily caused by the generation of fer-
rous Fe and subsequent Fe oxidation and precipitation as
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shown in this study. In contrast to Fe reduction, sulfate
reduction seems to be an insignificant part of microbial
processes in the sediments of AML 2 because no sulfate-
reducing bacteria were determined (Table 5). Consistent
with this determination, Koschorreck (2008) investigated
the activity level of sulfate-reducing bacteria in an AMD
system and concluded that the high energy required to
maintain elevated pH around the sulfate-reducing bacteria
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make these reactions energetically unfavorable in AMD
systems, as is the case in our study.

Mechanism of Pyrite Oxidation and Origin of Water
and Sulfate in AMLs

Chemical and isotopic analyses indicate that the potential
source of sulfate in the examined AMLs water is primarily
pyrite oxidation. This is particularly consistent with the
high pyrite content of coal, mine waste, and lake sediments
in addition to elevated concentrations of Fe in the lake
water and sediment. Widespread formation of jarosite in
the lake sediments and mine wastes further supports the
theory of pyrite dissolution in the lakes (Rye and Alpers
1997).

Oxidation of pyrite in AMD systems is generally
described by Reactions (3) and (4) (Garrels and Thompson
1960; Singer and Stumm 1970; Taylor et al. 1984a, 1984b;
Nordstrom and Alpers 1999; Nordstrom and Southam
1999). It is shown that the rate of Reaction (3) is enhanced
by a number of Acidithiobacillus spp. such as A. ferroox-
idans and the reaction rate is limited by the availability of
DO. Therefore, Reaction (3) may represent the common
reaction for pyrite oxidation under O,-saturated conditions.
Ferric iron (Fe(Ill),q) can rapidly oxidize pyrite abiotically
and anaerobically by way of Reaction (4); to maintain
Reaction (4), however, Fe(Ill),q must be generated by
Reaction (5).

Fe*™ +1/40, + HY — Fe** +1/2H,0 (5)

Under acidic conditions (pH < 3), it is suggested that
Reaction (5) can be the rate-limiting step for Reaction (4),
and bacterial oxidation of Fe*" at this low pH is several
orders of magnitude faster than abiotic oxidation (Singer
and Stumm 1968; Nordstrom and Alpers 1999; Schippers
et al. 1996; Schippers and Sand 1999). Therefore, genera-
tion of Fe(Ill),q by way of Reaction (5) is generally
mediated by bacteria in AMD sites.

Based on the stoichiometry of Reactions (3) or (4),
oxygen to produce sulfate may come from either molecular
oxygen (O,) or water (H,O) during pyrite oxidation. The
large contrast in the oxygen isotope composition of
molecular oxygen in the atmosphere (8'%0 = +23.5 %o)
and typical meteoric water (8'*0 < 0 %o) may provide an
opportunity to show the oxidation pathways for pyrite by
determining the relative source of oxygen in sulfate based
on its measured 6180504 value (Taylor et al. 1984a). The
following mass balance equation can be used to calculate
the relative proportions of oxygen derived from water and
molecular oxygen:

518050% = X(5180H20 + 850471120)
+ (1 - X) (518002 + 8504—02) (6)
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Fig. 11 5180H20 versus 5180504 values for all lake water samples
from the AMLs. The dashed lines represent different percentages of
oxygen incorporated from water into sulfate calculated via Eq. (6),
assuming enrichment factors &s0,—0, — 10.8 %o and
eso,—H,0 + 3.1 %0 and a 8'8%0 value for atmospheric oxygen of
+23 %o

where X is the fraction of oxygen derived from H,O; (1-X)
is the remaining fraction from O,; and &s0,—m,0 and &so,—o,
are the kinetic isotope fractionation effects between
SO0,*—H,0 and SO4*"—0,, respectively (Balci et al. 2007,
2012). The enrichment factors (eso,—m,0 and &so,—0,)
scatter widely under different environmental conditions.
The &50,—0, values range from 0 to 11.4 %o (Taylor et al.
1984a; Van Stempvoort and Krouse 1994; Balci et al.
2007). Taylor et al. (1984a, 1984b) and Balci et al. (2007)
determined the &50,_0, values as —11.4 and —10.8 %o for
biological oxidation of pyrite, respectively. The &so,—m,0
values ranged from 0 to 4 %o (Holt and Kumar 1991; Balci
et al. 2007; Hoefs 2009) under conditions typical for the
formation of AMD. These values of enrichment factors are
the most suitable for this study.

Figure 11 plots 8180504 Versus 51801.120 for the water
samples from the lakes collected in this study. The dashed
lines are superimposed data calculated using enrichment
factors and the measured 8180H20 values based on Eq. (6) and
show the percentage of water-derived oxygen during the
formation of SO,*~ from pyrite oxidation by way of Reactions
(3) and/or (4). Most of the lake water samples, except for AML
5, plot outside the 0—100 % water-derived oxygen line with
the enrichment factors of Taylor et al. (1984a, b) and Balci
et al. (2007). If Reaction (4) is the dominant oxidation
mechanism for pyrite, then 100 % of the O atoms in the sulfate
must come from water. If pH is low and O, is present, then
some combination of Reactions (3) and (4) will apply.

Due to the evaporation effect, the lake water has an
average 8'%0 value of —3.4 %o, which is approximately 4 %o
heavier than that of groundwater (average —7.2 %o). By
using Eq. (6) and enrichment factors of Taylor et al. (1984a,

@ Springer



778

Arch Environ Contam Toxicol (2016) 70:757-782

b) and Balci et al. (2007) and assuming that 100 % of oxygen
was derived from nonevaporated rain water (—6.9 %o), then
in AMLs in situ pyrite oxidation would produce sulfate with
an average &'®0 value of —3.4 %o. Particularly the §'*Oso,
values from young AMLs 4 (November 2011) and AML 5
(November 2011, March 2012) are in good agreement with
the calculated values, indicating in situ pyrite oxidation by
way of Reaction (3) and/or (4) and less evaporation effect on
the 8'®0go, values. One hundred percent water—oxygen
incorporation into sulfate from AML 5 indicates that Reac-
tion (4) is the dominant oxidation mechanism for pyrite in the
lake (Fig. 11). Compared with AMLs 4and 5, the 8'*0
enrichment in 8180504 values (—2.7 to —1.9 %) from AML
3 reflects the evaporation effect more, which is also consis-
tent with 8°H and 8°H values of water (Table 4). In contrast
to the other lakes, the 6180504 values (—7.3 t0 20.6 %o) from
the oldest AML 1 to AML 2 are even more scattered and plot
outside the superimposed data. Interestingly, even though
the SISOHZO values from the oldest lakes, AML 1 and AML 2,
clearly reflect the evaporation effect, the 8180504 values
(8" 050, < 8'"0n,0) appeared not to or only to slightly
reflect evaporation (Table 4; Figs. 10, 11). Similar to this
study, Pellicori et al. (2005) also reported the 5180504 values
with no evaporation influence from highly evaporated water
of Yankee Doodle tailings pond (6180so4 < 5180H20),
Montana, USA. Moreover, extremely heavy 6180504 values
were obtained from AMLs 1 and 2 (Table 4). These results
indicate that sulfate in AMLs 1 and 2 may not be generated
by way of in situ pyrite oxidation by Reaction (3) and/or (4)
within the lake. If pyrite oxidation occurs in the lake itself,
then the product sulfate should enrich in 3'®0 more than
those actual measured in the lake water would be expected.
Thus, sulfate may be a product of much more complex oxi-
dation/dissolution reactions. Sulfate in AMLs 1 and 2 may
come from (1) dissolved sulfate in groundwater, which has
no evaporation effect; (2) the dissolution of oxidation
products (e.g., gypsum) in the mineralized bedrock or
weathered rocks by surface runoff; (3) the release of soluble
sulfate salts from the host rocks covering the AML during
precipitation events; and (4) the anaerobic oxidation of pyrite
by aqueous Fe(Ill) from partly or nonevaporated water. The
increasing trends of K, SOy, and Fe with depth in AML 2
suggest the dissolution of Fe-bearing minerals (e.g., jarosite)
common in the lake sediments and mine wastes (see
Table 1). Increasing concentrations of Ni, Zn, and Mn, along
with the Fe profile, further support the dissolution of Fe-
bearing minerals and the release of sulfate into the water.
Most secondary minerals typically form under oxygenic
conditions, and the significant incorporation of molecular
oxygen would be expected, thus leading to the higher
8180304 values. The highest 6180304 values of 20.6 and
18 %o from AMLs 1 and 2, respectively, may come from
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such dissolution reactions. The insignificant sulfur isotope
fractionation (eso,—gypsum) between 53*S gypsum (—1.8 %o)
and the 8345504 values of AMLs 1 and 2 may indicate that
dissolution reactions are an additional source of sulfate.
Sulfate in lakes AMLs 1 and 2 may also originate from
oxidation of pyrite by Fe(Ill),q (Reaction 3) in groundwater
or in water that has been partially evaporated. This seems
possible because the pH values of both lakes are in the range
where chemical and biological oxidation of Fe(Il) to Fe(II)
is possible (Table 3). In addition, bacterial species deter-
mined in AML 2 can catalyze the oxidation of Fe(Il) to
Fe(IIl) providing a ubiquitous electron donor for pyrite
oxidation. Based on the similarity between the 8180504 and
the 5'®0p,0 values of groundwater ranging from —6.72 to
—8.47 %o (Sanliyuksel Yucel 2013), it is concluded that
pyrite oxidation by Fe(Ill) by way of Reaction (4) in
groundwater would be the main sulfate source for particu-
larly AML 1. It is shown that each of these sulfate-producing
reactions would contribute to some extent to the 8180304
values of the lakes, thus making the interpretation of 8180H20
versus 8180504 values complicated.

The §°*S values of sulfate from all of the lakes ranged
from —20.3 to —12.2 %o with a mean value of —14.5 %o
(Table 4). Based on the isotopic enrichment factors
(es0,—Fes,), 1t is reasonable to assume that the majority of
the sulfate in the lake waters was derived from the oxida-
tion of pyrite in the coal. The 3**S values of —20.3 and
—20.1 %o from AMLs 2 and 3, respectively, fall outside the
range of the 8348504 obtained from the lakes. The &°*S
composition of pyrite in coal can vary over a huge range
even in a single coal field due to a number of biological and
chemical syngenetic and epigenetic processes during S
incorporation into coal. Smith and Batts (1974) reported
that 8**S value of pyrite ranged from —10.3 to +24.2 %o.
Similarly, Hackley and Anderson (1986) showed a huge
variation in the 8°*S value of pyrite (—52.6 to +34.6 %o) in
coal from the Rocky Mountain region. Sulfur isotope
fractionation of 2 %o for S° oxidation with A. ferrooxidans
has been reported by Balci et al. (2012), which encom-
passes the value determined in this study, thus indicating
that biological oxidation of sulfur, particularly in AML 2,
cannot be neglected because numerous sulfur-oxidizing
bacteria were determined in the lake as suggested by var-
ious studies (McGuire et al. 2001; Druschel et al. 2003,
2004; Baker et al. 2004).

Conclusion

The AMLs in Can county are highly acidic (pH of 2.59)
because of intensive sulfide oxidation and ineffective
neutralization processes. The abundance of pyrite in the
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volcanic rocks, coal, mine wastes, and sediments of AML
2, as evidenced by XRD, SEM/EDX, and isotope analyses
of sulfate, indicates this mineral is the main sulfide mineral
undergoing oxidation in the study area. The hydrochemical
and geochemical characteristics are associated with the age
of the lakes, which determines the degree of water—rock
interactions. Relatively young lakes (AMLs 4 and 5) rep-
resent the early stage of AMD generation with low dis-
solved metal concentrations and low acidity compared with
the oldest lakes, AMLs 1 and 2. Major acid-production
reaction in the oldest lakes (AMLs 1 and 2) is regulated by
the production of ferrous iron, subsequent Fe oxidation,
and precipitation. However, acidification in the young
lakes is caused by pyrite oxidation, and Fe cycles seem to
be insignificant in these lakes due to the low Fe content of
water and thus low Fe saturation in the water. In AML 2,
ferrous iron released by way of pyrite oxidation is oxidized
to ferric iron, which then precipitates as jarosite and further
increases acidity causing pH buffering in the water column.
The precipitation and dissolution of Fe minerals has a
significant affect on metal cycles in the water column as
well as in the lake sediments of AML 2. High abundance of
jarosite in the lake sediments, along with high content of
metals, further suggests the importance of Fe cycles on
metals. Determination of Fe reducer and oxidizing bacteria
in addition to sulfur oxidizing microorganisms indicates
active S and Fe cycles at the water—sediment interface of
AML 2. Increasing Fe concentration with depth, along with
low Eh values, suggests the existence of Fe reduction in the
sediments. The isotopic composition of lake waters showed
an evaporation trend that deviates from the meteoric water
line (precipitation line). Water in the oldest lakes shows the
largest extent of evaporation, whereas young lakes have
relatively low evaporation. (3180504 in the oldest lakes is
isotopically different from the 5180504 values in young
lakes, but very similar to the 8'®0 of groundwater and
meteoric water, suggesting that in situ pyrite oxidation in
the oldest lakes may not be the major source of sulfate. In
contrast, 8180304 and 8348504 values from the oldest lakes
suggest the oxidation of pyrite by Fe>" in nonevaporative
water (e.g., groundwater) and/or dissolution of soluble
sulfate salts during wet seasons either through runoff or/
and lake-level rises. Overall, the current study highlighted
the difficulties of using O isotopes of sulfate to elucidate
the source of sulfate and the oxidation mechanism of pyrite
in AMLs that have undergone varying degree evaporation
and intense water—rock interactions.
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