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Abstract Can, a county in the province of Canakkale, is

one of the most prominent coal mining districts in Turkey.

Many mining companies have been operating coal deposits

for power generation and district heating in this region

since 1980. Generally, small and medium-scale mining

companies operate for short periods and abandon the

operational land without providing any rehabilitation.

Human intervention in the natural structure and topography

of the earth surface causes large holes and deterioration in

these areas. Artificial lakes occur because of surface dis-

charge and underground leakage into abandoned open pit

mines with high lignite sulfur content (0.21–14.36 wt %).

Furthermore, these lakes gain acidic character due to acid

generation from pyrite oxidation. Acid mine lakes are

highly acidic (pH \ 3.05) and have elevated concentra-

tions of SO2�
4 , Fe and some metals. The main objective of

this study is to evaluate the environmental conditions and

demonstrate the development of a monitoring system for

their possible changes in the acid mine lakes of the open

cast lignite mining area on a regional scale. For this pur-

pose, the data received from remote sensing satellites were

used. Areal change detection and perimeter changes of nine

acid mine lakes caused by coal mining companies in Can

from 1977 to 2011, were determined using Landsat,

Quickbird and Worldview satellite images. As a case study,

an area of 9 km2 was chosen for the variety of acid mine

lakes. Using GIS software, satellite images were analyzed

in time series, borders of acid mine lakes were digitized

and converted into vector data format. At this stage, prior

to the digitization, in order to create contrast on the satellite

images, ‘‘stretch type’’ and ‘‘stretch values’’ were changed.

The areal and perimeter changes were computed and pre-

sented via tables and graphics. In addition, thematic maps

of the acid mine lakes were created and visualized. The

results show that the number of acid mine lakes increased

and these caused environmental risks due to their hydro-

chemical properties and areal increments.

Keywords Acid mine lake � Change detection � Coal

mining � GIS � Satellite image data

Introduction

Mining activities cause environmental damage and changes

to the earth’s surface and underground. Abandoned mines

contaminate drainage water, soil, air and ecologic variety

(Bell et al. 2001; Bhattacharya et al. 2006; Ribeiro et al.

2010; Si et al. 2010). Pollution of drainage water is contin-

uously generated and dispersed into the area downstream of

the mine (Oh and Lee 2011). Acid mine drainage (AMD) is

generally defined as the product formed by the atmospheric

oxidation (i.e., by water, oxygen and carbon dioxide) of the

relatively common iron-sulfur minerals such as pyrite (FeS2)

and pyrrhotite (FeS) in the catalyzing presence of Acidi-

thiobacillus ferrooxidans, an acidophilic bacterium, and any

other products generated as a consequence of these oxidation

reactions (USEPA 1994a, b; Mills 1995; Akcil and Koldas
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2006; Ozcelik 2007; Sanliyuksel Yucel and Baba 2013a).

Nearly all metallic and most coal mines contain pyrite or

other sulfides that oxidize when exposed to the surface

environment, generating sulfuric acid (Nordstrom 1982).

Acid mine lakes (AML) are a world-wide problem because

of the acid mine drainage system. It is vitally important to

evaluate surface water quality and environmental damage

through acid mine drainage using remote sensing methods

(Paktunc 1999; Sabins 1999; Schroeter and Glasser 2011).

A multidisciplinary approach to reduce ecological and

economic problems is required for all mining consequences

within active and abandoned mines (Schroeter and Glasser

2011). A systematic and multidisciplinary approach to

mapping, monitoring and controlling the impact caused by

mining activities is necessary to understand the character of

hazardous events in an area (Woldai 2001). Information

about the temporal and spatial data of different parameters

(geological, hydrochemical etc.) is essential in each phase of

mining for the success of both the productivity and for rec-

lamation of the land.

Satellite data have been successfully used to monitor the

effects of AMD in mining areas such as coal mining and in

areas with abundant mining waste (Spahn 1983; Paterson

1997) and to locate abandoned mine sites in northern

Ontario in Canada with contaminant AMD problems (Ro-

bitaille et al. 1991; Paterson 1997). Peichang et al. (2004)

used GIS and remote sensing to identify acid mine lakes in

an Ohio coal mining area. Latifovic et al. (2005, 2006)

investigated changes in forest areas due to mining activities

near Fort McMurray in Canada. Yenilmez et al. (2011)

investigated pollution levels at an abandoned coal mine site

in Cankiri (north-central Turkey) which were evaluated

with respect to topography and surface runoff pathways

derived using GIS tools. Oh and Lee (2011) used GIS to

generate ground subsidence hazard maps of abandoned

coal mines in Samcheok, Korea. Schroeter and Glasser

(2011) studied physicochemical properties of post mining

lakes demonstrating the use of multitemporal analysis

Landsat TM5/ETM ? 7 satellite data as basis for a moni-

toring system for geochemistry of mining lakes.

Study area

The study area is geographically situated approximately

17 km southwest of the county of Can, which is

located in Canakkale province of northwestern Turkey

(Fig. 1). This region is associated with intense mining

activities because of its geological and tectonic prop-

erties. Therefore, open/underground mining operations

for coal production and industrial raw materials are

present. Also, this region and its vicinity have impor-

tant water resources.

Canakkale province is situated in a climatic transition

between Mediterranean and Black Sea climate zones. The

summers are hot and dry, and the winters are relatively wetter

and colder. The long term (1970–2011) mean annual tem-

perature was 15.2 �C with a minimum of -11.2 �C (Feb-

ruary, 2004) and a maximum of 39 �C (July, 2007) based on

data collected at Canakkale Meteorological Station located

about 40 km northwest of the study area. Precipitation in the

region is mostly in the form of rain and the highest precipi-

tation is observed in winter. The mean annual precipitation

rate was 594.6 mm between the years 1970 and 2011.

The majority of creeks originating from the study area

are drained into Kocacay Stream which is the second largest

stream in Canakkale province and it flows northeast through

the counties of Can and Biga and eventually drains into the

Sea of Marmara approximately 45–50 km north of Can. The

hydrology of the surface drainage network in Kocacay

demonstrates a variable flow regime, which mainly depends

on the seasonal precipitation pattern. Based on long-term

monthly averages, the mean annual flow rate of Kocacay

Stream is found to be 1.28 m3/s at gaging station (Baba

et al. 2009). The highest flows are observed during spring

months where snowmelt is augmented by spring rains.

Many mining companies have been operating coal

deposits for power generation and district heating in the

Can region since 1980. Generally, small and medium-scale

mining companies operate for short periods and abandon

the operational land without providing any rehabilitation.

As a result of human intervention in the natural structure

and topography of the earth surface, large holes and dete-

rioration form in these areas. Artificial lakes occur due to

both surface discharge and underground leakage into

abandoned open pit mines and they are characterized by

Fig. 1 Location map of study area
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specific limnological development changes. High sulfur

content lignite exists in these areas. Furthermore, these

lakes gain acidic character due to acid generation from

pyrite oxidation. AMLs are more dangerous than AMD as a

result of the massive volume of water that potentially poses

a threat to the environment. This study focuses on nine acid

mine lakes (AML 1, 2, 3, 4, 5, 6, 7, 8 and 9) (Table 1;

Figs. 2, 3) which are topographically situated within range

of 128–245 m elevation above mean sea level. The acid

mine lakes drainage adits from both sides discharge acid

mine drainage into the Kocacay Stream. The weathering

product of sulfide oxidation is the formation of iron

hydroxide, a red/orange-colored precipitate found in doz-

ens of miles of streams affected by AMD (Sanliyuksel

Yucel et al. 2013).

Geological and hydrogeological setting

The study area mainly consists of acidic and agglomeratic

tuff, andesite, trachyandesite and andesitic tuff which are

called the Can volcanics (Ercan et al. 1995). The volcanic

successions of Can volcanic rocks are enriched with high

sulfur content, due to alteration processes and structural

controls. Widespread and intense zones of silicified, arg-

illic and propylitic alteration can be observed in the Can

volcanics (Sanliyuksel Yucel et al. 2012). In the Early–

Middle Miocene; terrestrial units were deposited with the

calc-alkaline volcanic activity (Siyako et al. 1989). These

terrestrial units consist of bituminous shale, siltstone,

claystone, sandstone, tuff, and coals, named the Can for-

mation, which is up to 250 m thick and unconformably

overlies the Miocene-aged andesitic volcanic rocks (Siyako

et al. 1989) (Fig. 4). The Can formation is rich in lignite

(also known as brown coal) and 17 m thick (Bozcu et al.

2008). The sulfur content of lignite varies between 0.21

and 14.36 wt % (Gurdal 2011).

The hydrogeology of the study area is primarily domi-

nated by volcanic units. Silicified zones of these volcanics

are typically situated as a cap over the volcanic rocks. The

silicified volcanics in the study demonstrate fractured

aquifer characteristics. Dense argillic alteration, demon-

strating impervious properties due to its high clay content,

can also be seen below the silicified alteration zone. These

clayish zones act as a barrier beneath the fractured aquifer.

In general, most of the springs in the study area surface out

from the boundary between fractured aquifer (silicified

zone) and impervious boundary (argillic zone). The flow

rates of these springs range between 0.01 and 3 L/s (Baba

and Gunduz 2010). Also, many drills were done in volcanic

units in the study area. Flow rates of these drills ranged

from 0.2 to 0.7 L/s in volcanics. Hydraulic conductivity

values of volcanics units ranged from 1 9 10-7 to

1 9 10-8 m/sn (SRK 2012). According to these data,

volcanics can be described as less-permeable and imper-

meable aquifers. Generally clay alteration of volcanics has

Fig. 2 Drainage system of

study area

Table 1 Coordinates and elevations of acid mine lakes (UTM-

WGS84)

Lake Easting (m) Northing (m) H (m)

AML 1 488,957 4,421,785 245

AML 2 487,988 4,423,658 172

AML 3 487,315 4,423,813 151

AML 4 488,390 4,424,103 140

AML 5 488,399 4,424,305 128

AML 6 487,220 4,422,413 223

AML 7 488,901 4,423,935 149

AML 8 489,035 4,422,178 226

AML 9 488,737 4,421,964 230
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Fig. 3 Snapshots from AMLs

a AML 1, b AML 2, c AML 3,

d AML 4, e AML 5, f AML 6,

g AML 7, h AML 8, i AML 9
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a high storage capability, but this part of volcanic unit is

not a good aquifer. In addition, Can formation has a less

permeable unit in study area. Flow rates of springs in Can

formation range from 0.01 to 0.5 L/s in study area. The

depths of drillings in Can formation are range from 100 to

150 m depth. The flow rates of these drills are range

between 1 and 1.5 L/s (Baba et al. 2009). Groundwater

flow direction is SW to NE and water table is generally

followed by topography. Groundwater level changes

average of 2 m between in dry and wet period.

Methods

Satellite data

Satellite image data are relatively inexpensive and have

large coverage and an increased volume of information.

Moreover, they are multi-temporal and available on a large

scale (Anderson et al. 2004; Ozesmi and Bauer 2002;

Schroeter and Glasser 2011). This study is based on time

series data sets from Landsat, Landsat 5, Landsat 7,

Quickbird and Worldview (USGS 2006a, b, c) satellites.

This investigation uses cloud-free images between May

and November of the years 1977, 1985, 1987 and 1999

from Landsat data and between March and July of the years

2003, 2008 and 2011 from Quickbird and Worldview. The

Landsat TM (Thematic Mapper) and Landsat ETM?

(Enhanced Thematic Mapper Plus) data have a geometric

resolution of 30 per 30 m and per pixel. The Landsat MSS

(Multispectral Scanner) data have a geometric resolution of

60 per 60 m and per pixel. Quickbird data have a geometric

resolution of 60 per 60 cm and per pixel. Worldview data

have a geometric resolution of 50 per 50 cm and per pixel.

Landsat MSS, Landsat TM and Landsat ETM ?, Quick-

bird and Worldview ground resolution of multispectral

bands is suitable for scaled images up to a maximum of

about 1:50.000 for 1:25.000 and 1:5000. In 2009, the

Landsat archive images became freely available to research

users. Landsat images were downloaded from USGS

website; Quickbird and Worldview images were purchased

from NIK System Inc. Co. Remote Sensing Department.

Change detection and visualization

In this study, the satellite images were adjusted geometri-

cally with the software ENVI 5.0 in order to transform

them into precisely scaled images for GIS implementation.

Then they were transformed to UTM coordinates (WGS84-

UTM Zone 35 N). By this process, all data and layers were

overlaid precisely.

The satellite images were imported into ArcGIS 9.3

software and acid mine lake borders were digitized man-

ually. This process was generated for Quickbird and

Worldview images directly, which have high resolution

data. Landsat satellite images were of lower resolution;

therefore the ‘‘stretch type’’ adjustment of these images

was changed to ‘‘standard deviations’’ and gamma ‘‘stretch

values’’ were entered as ‘‘-1’’. This process generated

sharpened images. The acid mine lake borders were easily

and accurately determined. After this adjustment process

Fig. 4 Geological map of study area (Sanliyuksel Yucel and Baba

2013a) and location of AMLs

Fig. 5 Digitizing of Landsat satellite image (1999, AML 2)
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acid mine lakes on Landsat satellite images were digitized

(Fig. 5). Border change detection of acid mine lakes was

provided by the digitizing process.

Using ArcGIS 9.3 software, satellite images were ana-

lyzed in time series, borders of acid mine lakes were digi-

tized and converted into vector data format. The areal and

perimeter changes were computed and presented via tables

and graphics. Thereby, thematic maps of the acid mine

lakes were created and visualized using cartographic rules.

Water chemistry

Nine acid mine lakes, where water samples were taken,

were monitored in August 2012 in the study area. Water

samples were transferred to polyethylene bottles of 500 and

50 mL capacity and kept in portable coolers. The 500 mL

samples were used in anion and cation analysis and the

50 mL samples were used for some elements. Physical and

chemical analysis of water included primary field

Fig. 6 Change detection of AMLs in time period a 1977, b 1985, c 1987, d 1999, e 2003, f 2008, g 2011
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parameters (pH, redox potential, temperature, salinity and

electrical conductivity), major anions and cations (sodium,

potassium, calcium, magnesium, chloride and sulfate) and

elements (aluminum, iron, manganese and sulfur). All

water samples were filtered through 0.45 lm filter paper

and stored in polyethylene bottles at 4 �C. The physical

field parameters were instantly measured in situ at water

points with a multi-parameter probe WTW model 340i.

The major cations and elements were analyzed with

inductively coupled plasma mass spectrometry (ICP-MS),

SO4 and Cl was analyzed by ion chromatography (IC) at

Acme Analytical Laboratories in Canada.

Morphological properties of AML 2 were studied in July

2010. The bathymetry of the lake was measured using a

30 m marine rope marked at 1 m intervals that was tied to

1 kg weight. Lake depth was measured at 15 m intervals

along a 235 m long transect (A–A0) across the longest part

of the lake for a total of 15 depth measurements.

Fig. 6 continued
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Results and discussion

Areal and perimeter changes of acid mine lakes

Acid mine lakes 2 and 3 are the oldest lakes, followed by

AML 1, AML 6, AML 8, AML 9, AML 7 and finally AML

5 and 4 (Fig. 6). AML 5 is situated on the old stream bed,

and formed as a result of prevention of water flow by huge

amounts of mine waste (Yucel and Sanliyuksel Yucel

2012). AML 5 had a maximum perimeter value of 1,671 m,

in 2008 (Table 2). AML 2 had a maximum surface area in

2003, of 3.34 ha (Table 3). Areal change of acid mine

lakes effects from environmental conditions such as annual

precipitation, evaporation and drainage patterns (Yucel

et al. 2013). Total perimeter and area of all acid mine lakes

reached maximum levels of 5,699 m and 12.42 ha,

respectively, in 2011 (Figs. 7, 8). Around the AMLs, the

effluent drains into nearby rivers and into water sources

Table 2 Perimeter values of acid mine lakes

Satellite Date Perimeters of acid mine lakes (m)

AML 1 AML 2 AML 3 AML 4 AML 5 AML 6 AML 7 AML 8 AML 9

Landsat MSS 21.05.1977 – – – – – – – – –

Landsat 5 TM 26.09.1985 – – – – – – – – –

Landsat 5 TM 11.05.1987 – 222 581 – – – – – –

Landsat 7 ETM? 28.11.1999 908 1,257 552 – – 372 – 124 367

Quickbird 30.04.2003 1,235 1,329 385 – – 451 254 51 276

Quickbird 21.07.2008 971 – 699 129 1,671 585 – 142 111

Worldview-1 15.03.2011 1,026 851 811 736 1,465 105 271 165 269

Table 3 Areal change of acid mine lakes

Satellite Date Resolution Areas of acid mine lakes (ha)

AML 1 AML 2 AML 3 AML 4 AML 5 AML 6 AML 7 AML 8 AML 9

Landsat MSS 21.05.1977 60 m 9 60 m – – – – – – – – –

Landsat 5 TM 26.09.1985 30 m 9 30 m – – – – – – – – –

Landsat 5 TM 11.05.1987 30 m 9 30 m – 0.3200 1.6426 – – – – – –

Landsat 7 ETM? 28.11.1999 30 m 9 30 m 3.2381 3.1518 1.3530 – – 0.7931 – 0.1156 0.7182

Quickbird 30.04.2003 60 cm 9 60 cm 2.9697 3.3466 0.4235 – – 0.9166 0.2490 0.0164 0.2817

Quickbird 21.07.2008 60 cm 9 60 cm 2.3383 – 1.5437 0.1049 2.1304 1.1329 – 0.0966 0.0524

Worldview-1 15.03.2011 50 cm 9 50 cm 3.1654 2.0768 1.4407 2.5543 2.3830 0.0611 0.2912 0.1441 0.3114
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from the mine tailings which had a total area of 166.26 ha,

in the year 2011 (Fig. 9). Total area of acid mine lakes and

mine tailings were 178 ha in 2011; they covered 20 per

cent of the study area.

The deepest point in AML 2 was 13.45 m deep and the

average depth of the lake was 7.41 m (Fig. 10). The

perimeter and surface area of the lake were 616 m and

15.55 m2, respectively in 2010 (Sanliyuksel Yucel and

Baba 2013a).

Open pit coal mine tailings continue to generate acidity

and acidify surface water. Lakes and streams affected by

coal mines have limited aquatic life due to low pH and high

metal concentrations in water. AMLs are very close to

Keciagili Village and all lakes around the village are

affected by AMD. AML 2 was discharged into Kocacay

Stream in 2008 because of mining activities and resulted in

serious environmental problems. It is also worthwhile to

mention that in Can basin, fish deaths due to the seepage

and discharge of the acid mine lakes into surface waters

have been observed (Sanliyuksel and Baba 2011). It is clear

that acid mine lakes cause environmental risks due to their

presence and areal increments.

Hydrogeochemistry of acid mine lakes

Acidification due to pyrite oxidation is a major problem for

water quality in acid mine lakes. The field parameter

results of AML measurements are presented in Table 4.

These results indicate that the pH of AMLs range from 2.53

to 3.05 (Fig. 11a). The pH of a solution is an important

measure for evaluating aquatic toxicity (Cravotta 2008).

The electrical conductivity (EC) values of AMLs ranged

between 2,890 and 6,750 ls/cm (Fig. 11b). The electrical

conductivity indicates the relatively high concentrations of

dissolved solids in AMLs, mainly sulfate in the case of acid

lakes pH \ 3, and iron. The Eh values range between 208

and 240 mV. High acidity and high redox potential values

are mainly due to the presence of significant quantities of

dissolved Fe3? which acts as a more effective oxidizing

agent than O2, in the most acidic environments (Monterr-

oso and Macias 1998). AMLs have different colors, AML 4

is blue, AML 7 is green and others are orange-red-brown in

color. Precipitates associated with AMD can be charac-

terized by particular colors depending on their composition

(Bigham et al. 1994; Nordstrom et al. 2000). Fe3? pre-

cipitates give the iron hydroxide the colors of yellow, red,

orange and brown during the formation reactions of AMD.

Jarosite was identified by XRD results in bottom sediment

in AMLs (Sanliyuksel Yucel and Baba 2013b). Jarosite is a

straw yellow mineral that is common in the weathered zone

of sulfide ore deposits and in acid sulfate soils. These

minerals also gives color of AMLs.
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Hydrogeochemical processes play a major role in

determining the quality of water draining from the waste

rock pile. The wide variety of minerals in waste and host

rocks influences the resultant drainage composition. Sulfate

is clearly the dominating anion in all AMLs. It results

mainly from pyrite oxidation. Sulfate levels were observed

to range between 1,055 and 4,600 mg/L with a mean value

of 2,677.22 mg/L, which exceeds the water quality stan-

dard of 250 mg/L by a factor of 10 (Environmental Pro-

tection Agency 2003; WHO 2004; ITASHY 2005)

(Table 4). Magnesium and calcium values ranged between

64.9 and 353 mg/L, and between 179 and 525.3 mg/L,

respectively.

The geochemical behaviors of Fe and Al mainly control

the mobility of metals though adsorption and coprecipita-

tion in the acidic sulfate water (Bigham and Nordstrom

2000; Lee et al. 2002; Lee and Chon 2006; Equeenuddin

et al. 2010). Various kinds of ochers, mainly iron oxyhy-

droxide sulfates, precipitate along the AMD impacted river

(Bigham and Nordstrom 2000; Equeenuddin et al. 2010).

Table 4 Physical parameters, major ion and some element values of acid mine lakes (mg/L) (August, 2012)

Lake Name AML 1 AML 2 AML 3 AML 4 AML 5 AML 6 AML 7 AML 8 AML 9

pH 2.56 2.53 2.57 3.05 2.65 2.79 2.87 2.71 2.79

Eh (mV) 236 238 235 208 233 231 219 242 240

T (Lake, �C) 25.4 25.3 25.3 27.7 27.6 27.4 26.7 27 27.2

T (Air, �C) 21.9 22.3 23.2 24.3 24.8 25.6 25.4 25.2 24.9

EC (lS/cm) 5,070 6,750 4,070 3,550 3,520 3,980 2,890 5,780 5,910

Sal (%) 2.7 3.7 2.1 1.8 1.8 2.1 1.4 2.9 3.2

Color Orange–red–brown Blue Orange–red–brown Green Orange–red–brown

Na? 110.6 170.2 99.8 270.6 86.9 167.5 190.6 106.7 105.8

K? 1.8 2 4.9 16.2 12.9 3.1 11.8 1.7 1.65

Ca2? 490.2 525.3 241 463.2 179.8 357.5 428.6 430.7 445.6

Mg2? 226 353 89.4 115.7 64.9 289.4 137.8 229.7 216.3

SO2�
4

3,240 4,600 1,650 1,760 1,055 3,690 1,750 3,210 3,140

Cl- 70.5 150 70.6 105 74 124 102 80.9 82.5

Al 283.31 357.47 131.53 17.18 63.18 159.68 27.01 287.11 285.21

Fe 92.8 338.17 35.16 7.23 24.98 131.77 7.19 92.01 91.96

Mn 83.84 164.97 28.17 32.43 20.17 101.07 33.14 84.16 84.39

S 1,356 1,892 679 616.7 389 1,282 620.3 1,317 1,301

Fig. 10 a Bathymetry of AML 2 (July, 2010), b The vertical profile on A–Al cross-section (Sanliyuksel Yucel and Baba 2013a)
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Iron and aluminum are the most predominant metal species

in the AMLs in the study area. It was observed that iron

concentrations ranged between 7.19 and 338.17 mg/L

(Table 4). The concentration of aluminum was observed to

range between 17.18 and 357.47 mg/L (Fig. 12). The high

aluminum concentrations are also a clue for the high clay

content of the regional rocks. High concentration of Al and

Fe result in important increases in acidity and provokes the

buffering of the AMD systems. These lakes also have

extremely high concentrations of manganese that were

observed to range between 20.17 and 164.97 mg/L. High

sulfur concentrations were found in all lakes, the maximum

level was as high as 1,892 mg/L. It was expected that the

sulfur concentrations would be high because it is well

known that Can coals contain high sulfur contents (San-

liyuksel Yucel and Baba 2013a).

Conclusions

Surface mining for lignite resulted in new artificial lakes.

Acid mine lakes are the most important part of the post

mining landscape and have ecological as well as socio-

economic functions. The major concern with respect to

water quality is whether acidification resulting from mining

has been managed successfully. With an increasing

demand for efficient environmental monitoring of mining

and acid mine lakes, quantitative water monitoring and

integration of these data to satellite images and GIS tolls is

systematic way for determining border changes of AMLs.

This is the first study about change detection and visuali-

zation of acid mine lakes using time series satellite image

data in geographic information systems in Canakkale

province, Turkey. Satellite imagery is providing view of

different years’ information on a regional scale on land and

changes on water bodies.

The environmental problems are the result of 30 years

of mining activity and other pollution sources. The AML 2

Fig. 11 a pH, b electrical conductivity values of acid mine lakes (August, 2012)

Fig. 12 Iron and aluminum concentrations of AMLs (August, 2012)
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and 3 in the Can County will be filled in about 26 years.

AMLs cause potential risk of infiltrating the drinking water

resources of the surrounding villages. The results show that

the number of acid mine lakes increased and these caused

environmental risks due to their hydrochemical properties

and areal increments. Therefore, a long-term strategy for

common water resources management of groundwater and

surface water regarding water quantity and quality is nec-

essary. Future work should focus on the determination of

AMD treatment alternatives.
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Maden İşletmeleri Inc. and Pilot Gold Inc. Report Prepared by

SRK Consulting (Canada) Inc., Ankara. pp 249

Thematic Mapper Plus (ETM?) (2012). http://eros.usgs.gov/#/Find_

Data/Products_and_Data_Available/ETM

USEPA (1994a) Innovative methods of managing environmental

releases at mine sites. US Environmental Protection Agency,

Office of Solid Waste, Special Wastes Branch, Washington

(OSW Doc. 530-R-94-012, April)

USEPA (1994b) Acid mine drainage prediction. US Environmental

Protection Agency, Office of Solid Waste, Special Wastes

Branch, Washington (EPA 530-R-94-036, December)

USGS (ed.) (2006a) Landsat Project. http://landsat.usgs.gov

USGS (ed.) (2006b) Earth resources observation and science (EROS).

Landsat Enhanced

USGS (ed.) (2006c) Earth resources observation and science (EROS).

Landsat Thematic

Woldai T (2001) Applications of remotely sensing data and GIS in

assessing the impact of mining activities on the environment, in

IMCET. In: Proceedings of the 17th international mining

congress and exhibition of Turkey, pp 75–83

WHO (2004) World health organization guidelines for drinking water

quality, vol 1, 3rd edn. WHO, Geneva

Yenilmez F, Kuter N, Emil MK, Aksoy A (2011) Evaluation of

pollution levels at an abandoned coal mine site in Turkey with

the aid of GIS. Int J Coal Geol 86:12–19

Yucel MA, Sanliyuksel Yucel D (2012) Determining and visualiza-

tion of border changing on coal mining activities with satellite

images and geographic information system (GIS) in Can

(Canakkale) County, Canakkale Onsekiz Mart University Sci-

entific Research Project, Project Number: BAP 2011/082, pp 40

(in Turkish)

Yucel MA, Sanlıyuksel Yucel D, Baba A (2013) Determining and

monitoring of acid mine lakes using satellite ımages and

geographic ınformation system (GIS) in Can County, NW

Turkey. In: IAH 2013 Congress, Perth, Australia, Paper number

106, pp 195

Environ Earth Sci (2014) 72:4311–4323 4323

123

http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/ETM
http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/ETM
http://landsat.usgs.gov

	Change detection and visualization of acid mine lakes using time series satellite image data in geographic information systems (GIS): Can (Canakkale) County, NW Turkey
	Abstract
	Introduction
	Study area
	Geological and hydrogeological setting
	Methods
	Satellite data
	Change detection and visualization
	Water chemistry

	Results and discussion
	Areal and perimeter changes of acid mine lakes
	Hydrogeochemistry of acid mine lakes

	Conclusions
	Acknowledgments
	References


