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Abstract: Water—rock interactions strongly influence water quality. Waters originating from highly
altered zones affect human health. Mount Ida region in western Anatolia is an example for such
geogenic interactions and additional anthropogenic impacts. A water quality monitoring study
was held and a total of 189 samples were collected from 63 monitoring stations to characterize the
quality of water resources and its relation with human health. The results indicated that waters
originating from altered volcanic rocks that are mainly used for drinking purposes have low pH, high
conductivity and elevated trace element levels. In addition, a number of acidic mining lakes were
formed in the open pits of abandoned mine sites in the study area and pyrite oxidation in altered
volcanic rocks resulted in extremely acidic, high mineral content and toxic waters that demonstrate
an eminent threat for the environmental health in the area. Overall, the water quality constituents in
Mount Ida region had a spatially variable pattern and were locally found to exceed the national and
international standards, mainly due to geogenic alteration zones and anthropogenic intervention.
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1. Introduction

The geology of an area is a significant factor in the overall quality of its water resources.
The dominant geological formations typically determine the physicochemical quality characteristics of
local surface and subsurface waters. Thus, geogenic factors become as important as anthropogenic
factors on the overall quality of water resources. Human intervention such as mining activities
frequently accelerates the negative consequences of the influence of geology on water quality.
The dissolution of numerous minerals from geological formations results in spatial and temporal
variations in water quality and consequently influence human and environmental health. In this
regard, water—rock interactions in altered zones of geological units are now considered to be key topics
influencing the quality of water resources. These interactions are mostly responsible for a variety of
health consequences of local inhabitants who consume such water resources for drinking purposes.
Presence of increased levels of certain elements that are potentially detrimental to human health are
proven to cause major illnesses such as cancers of internal organs, Alzheimer’s disease, mesothelioma,
fluorosis, thyroid goiter problems and several others [1-5].

Mount Ida is an area of mythological significance situated in northwestern Anatolia, Turkey that
also contains rich deposits of industrial minerals and coal. It is a natural reserve area that serves as the
main water supply for many residential areas. Nowadays, the area is under threat from numerous
mining activities that influence the quality of surface and subsurface waters of the region.

Despite the wide range and number of studies conducted on local geological characteristics and
mining activities, no study was done on the hydrogeological setting of Mount Ida and its environs.
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Consequently, this study is conducted to assess the influence of active tectonism and local geology on
hydrogeological and hydrogeochemical characteristics of the region. In particular, water resources
that originate from altered zones of volcanic formations are analyzed to determine the extent and
spatial variability of mineral enrichment and overall hydrogeochemistry. Therefore, a comprehensive
water quality monitoring study was conducted in Mount Ida and its environs to understand the
composition of various water resources of the region and its relation with the regional geological and
hydrogeological setting.

2. Characteristics of the Study Area

2.1. Geology of the Study Area

The geology and mining characteristics of Mount Ida and its environs have been studied by
numerous researchers. Kaaden [6] and Ketin [7] have studied the general geology and active tectonics
of the region. They focused on the effect of North Anatolia Fault in Biga Peninsula and the fault
mechanism. Okay et al. [8,9], and Okay and Satir [10] have focused on medium-grade metamorphic
rocks, which consist predominantly of quartz-micaschists with minor calc-schist, marble, quartzite
and metabasite, which outcrop over a large area under the Neogene sedimentary and volcanic rocks
in central Biga Peninsula in northwest Turkey. Yilmaz [11] and Yilmaz et al. [12,13] have focused
on different specific regions within the project area and studied the general magmatism and young
tectonics. They mentioned that young volcanism has evolved under a strong tectonic control which
was linked to episodes of subduction, collision, and extension related to the northward movement of
the African-Arabian plate. Houssa [14] has studied industrial minerals such as clay, coal, and others
that are present in the study area. On the other hand, geothermal resources and their alterations as well
as lead—-zinc—copper and gold deposits of the region were determined and studied by a large group
of researchers [15-23]. Epithermal Au—Ag deposits including high, low and intermediate-sulfidation
styles, porphyry Au-Cu-Mo and base-metal skarn systems are economically considered to be the most
important resource in Biga Peninsula. More recent studies are mostly conducted by private mining
companies on the extent and the operational details of economic reserves such as coal, kaolinite and
gold [24].

The tectonic and mining characteristics of the region have a strong influence on the surface and
subsurface water quality in the study area, which is located about 60 km southeast of Canakkale City
near the town of Can and Bayramig on Biga Peninsula in northwestern Turkey (Figure 1). The basement
rocks of Ida Mountain Region consist of Paleozoic metamorphic rocks and a mixture of Mesozoic rocks
including schist and marble, which are commonly known as the Kazdag Metamorphics. The basement
rocks are overlain by Karakaya Complex, which is composed of metavolcanics, sandstones, siltstones,
ophiolites, basic volcanics and limestones. Volcanic and sedimentary rock series cover these units at
different parts of the study area. In particular, Doyuran and Ezine volcanic rocks, which consist of
andesite, dacite, basalt, tuff and agglomerate, are dominant in the area. These rocks are highly altered
and fractured due to active tectonics. Several mineral deposits including numerous industrial metals
as well as some precious metals such as gold can be seen in these units. Neogene-aged sedimentary
rocks, which mostly consist of fine-grained material such as sand, silt and clay, overlie volcanic rocks in
the region. Moreover, these sedimentary rocks locally contain thick coal veins. All of these formations
are finally covered by quaternary alluvium, which is mostly heterogeneous and contains loose sand
and gravel (Figure 2).
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Figure 1. Location of study area.
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Figure 2. Geology of study area.

30f21



Water 2017, 9, 66 4 of 21

2.2. Hydrology of the Study Area

A Mediterranean climate with mild, wet winters and hot, dry summers is predominant in the
study area. The average annual precipitation in the region is 714 mm. Precipitation mostly takes
place in late fall and winter in the form of rain and snow. The highest and lowest monthly average
precipitation occurs in December (106.4 mm) and August (10.6 mm). Monthly average temperatures
vary from 4.1 °C in January to 22.6 °C in July. The average annual temperature is 13.3 °C [24].

The study area is situated to the north of Mount Ida and is formed of two watersheds that are
drained by two perennial streams, namely Kocagay and Karamenderes streams (Figure 1). The major
part of the project area is located in Kocagay Stream, which flows in a northeasterly direction to its
confluence with the Sea of Marmara. The monthly average discharge of the Kocacay Stream varies from
a minimum of 0.06 m3/s in August to a maximum of 15.2 m3/sin January [24]. The Karamenderes
Stream, on the other hand, flows towards the west of Mount Ida and discharges to the Aegean Sea
near the strait of Dardanelles.

2.3. Hydrogeology of the Study Area

The characteristics of saturated formations and patterns of groundwater use in Mount Ida region
are influenced to a large degree by the regional geology. The lithologies present in this part of Turkey
comprise a high percentage of crystalline basement rocks exemplified by the pre-Tertiary metamorphic
lithologies of the Kazdag1 Group and Karakaya Complex and by the later Tertiary igneous intrusive and
volcanics. These rock-types tend to have very limited primary porosity and permeability, meaning that
there is much more reliance on structural discontinuities (joints and faults) to obtain water. In addition,
the absence of significant primary porosity tends to mean that sustainable yields are typically low.
By contrast, the recent sediments that blanket the valley bottoms in this region frequently have a
significant porous matrix that yields significant groundwater, especially where the alluvial sediments
comprise coarse sands and gravels. In general, the main alluvial aquifers in the region supply the
domestic water requirements of large residential areas and the process water requirements of industrial
establishments (i.e., factories and power plants). The karstified marble and jointed volcanic units
provide the domestic water requirements of small towns and villages [24].

Overall, the hydrogeology of the study area is mostly driven by the units of the associated
geological formation. Five major units provide water for local domestic, industrial and irrigational uses.
These units include the metamorphics, Karakaya Complex structure, volcanics, neogene sediments and
alluvium formations. The metamorphic unit is characterized by the Kazdag1 group that is composed
of schists and marbles. These marbles have been extensively folded and fractured as a result of local
tectonism, whilst subsequent solution weathering along bedding surfaces and discontinuities has
resulted in karstification and the development of a multitude of springs in the area. These springs are
particularly evident at higher elevations of Mount Ida to the south and southeast of the study area
and have typical flow rates ranging from 1 to 100 L/s. The Karakaya Complex structure is mostly
impermeable except for the local limestone units that are karstified. The water yield of this unit is
typically poor with flowrates less than 1 L/s. The tertiary volcanic units generally consist of andesites,
basalts, tuffs and agglomerates and are widely distributed within the study area. Although this unit
is extensively jointed and fractured, its water bearing potential is low and the yields typically range
between 0.01 and 2 L/s. Some of the springs that originate from this unit in Ag1 Mountain region
are used as the drinking water supply for 23 villages and the Can District Center situated within the
region. The Neogene unit, on the other hand, is observed in the vicinity of Etili and Can districts to the
north of the study area. This sedimentary unit that consists mainly of sand, silt and clay possess some
locally elevated permeability but limited water bearing potential. The thickness of Neogene changes
from 50 to 300 m in different parts of the study area. Finally, the alluvial unit is the largest and the most
important aquifer in the study area. The unit is mostly observed along the river beds of Kocacay and
Karamenderes streams and has a high porosity and permeability. The wells drilled in this unit have
large yields and provide the water requirements of Can District Center (85 L/s), Canakkale ceramic
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factories (80 L/s) and the coal-fired Can Thermal Power Plant (40 L/s). There is also an extensive
network of shallow hand-dug wells that have depths ranging from 3 to 12 m providing water for
field irrigation and animal husbandry. The alluvial aquifer is mostly fed by recharge from rainfall and
infiltration from Kocagay stream bed [24].

3. Materials and Methods

A comprehensive water quality monitoring study was conducted and a total of 189 samples were
collected from 63 monitoring stations that characterize distinct water resources and diverse spatial
locations (Figure 3). Of the total 63 sampling points, 45 of them represented groundwater resources
whereas 18 of them represented surface water resources including streams and acidic lakes that were
formed in abandoned mine sites. The results of this monitoring effort were then used to assess the
spatial and temporal variations of hydrogeochemical properties of water resources in Mount Ida and
its environs. These results were later associated with the dominant geology and hydrogeology of the
region. The results were finally linked with human health status of local inhabitants.
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Figure 3. Sample location map.

As a part of the field studies, a sampling campaign was conducted on ground and surface water
resources of the study area. Within the scope of the hydrogeochemical sampling program, water
samples were obtained from six different sub-regions (Figure 3) that have distinct geological properties
and are spatially isolated from each other:

(1)  Abhlatliburun sub-region
(2) Can sub-region
(3) Ag1 Mountain sub-region
(4) Evciler sub-region
(5) Acidic mining lakes sub-region-1
(6) Acidic mining lakes sub-region-2
The samples were collected in three different hydrological periods representing wet, dry and

semi-dry seasons. All samples were analyzed for physical properties, major ions, heavy metals and
trace elements through field and laboratory techniques. The physicochemical analysis for these water
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resources included primary field parameters (i.e., temperature, pH, and electrical conductivity), major
anions and cations (i.e., sodium, potassium, calcium, magnesium, chloride, bicarbonate, and sulfate),
and heavy metals and trace elements (including but not limited to aluminum, arsenic, boron, iron,
manganese, nickel and zinc). Two sets of samples were collected from each monitoring station at each
sampling period and about 5% blind and blank samples were included in the laboratory analysis.
Although more than 60 elements were analyzed within the scope of this study, only the ones related
to local geology are presented herein. For water-quality monitoring, two sets of samples were taken
from each sampling point: a 1000-mL sample for major anions and cations; and a 100-mL sample
for heavy metals and trace elements. Field parameters were measured in situ with a multiparameter
probe. All water samples were filtered through a 0.45-micron filter and stored in polyethylene bottles at
4 °C. The analysis of major anions and cations were conducted in Hacettepe University Water Quality
Laboratory using standard chromatographic and titrimetric methods. The heavy metals and trace
elements were acidified to pH = 2 conditions by adding 0.5 N HNOj to prevent complex formation of
trace elements and were later analyzed by inductively coupled plasma—mass spectroscopy (ICP-MS) at
Canadian ACME Laboratories.

The results of the water quality monitoring program were compiled in a spatial database and
analyzed in geographical information system for spatial assessment. The primary statistics of the
results were obtained and grouped according to the regions presented above. The comparison of the
results with the pertinent national and international standards is also presented below.

4. Results and Discussion

The quality of surface and subsurface water resources is a function of a number of factors including
but not limited to the hydrological, hydrogeological, geological, meteorological properties as well
as anthropogenic stresses that are effective in the study area. In particular, water-rock interactions
are among the primary factors that create local and temporal changes in the overall quality of water
resources. The duration of stay within the soil-rock matrix, abundance of minerals, physicochemistry
of the system including temperature, pressure and redox conditions are all influential in the general
quality pattern of the water resource. The results of the water quality monitoring campaign from all
three sampling periods are obtained and later averaged to reach a time-averaged quality pattern in
the sampling points as shown in Table 1. These time-averaged results are further summarized and
presented according to the different sub-regions as shown in Table 2. The physicochemical properties
of water resources in the study are discussed in the following sections.

Table 1. General summary of the quality of water resources in the study area.

Parameter Unit Min Max Average Std. Dev. WHO [25] EPA [26] ITASHY [27]
Temp °C 9.9 24.2 16.7 2.8 - - 25
pH - 2.6 8.4 6.6 1.6 6.5-8.5 6.5-8.5 6.5-9.5
EC uS/cm 89.3 7040.0 1248.2 1293.7 - - 2500
Na* mg/L 4.2 1333.2 94.9 183.3 200 - 200
Ca?* mg/L 3.9 587.0 132.6 1185 - - 200
Mg2+ mg/L 2.1 778.7 57.8 120.7 - - 50
K* mg/L 0.2 35.6 53 6.5 - - -
SO, mg/L 2.7 5669.3 473.0 1040.0 250 250 250
Cl~ mg/L 4.1 232.4 32.0 36.4 250 250 250
F~ mg/L 0.03 37 0.56 0.60 1.5 2 1.5
HCO;3™ mg/L b.d.l 1425.0 329.5 266.1 - - -
Al ug/L 1.3 982,056 29,321 131,668 200 200 200
As ug/L 0.5 58.0 5.4 10.9 10 10 10
B ug/L 5.0 5621.5 505.7 1135.4 500 - 1000
Fe ug/L 10.0 524,323 20,687 85,354 200 300 200
Mn ug/L 0.1 176,763 7077 25,694 400 50 50
Ni ug/L 0.2 2615.8 103.8 388.1 20 20

Zn ug/L 0.9 20,831 657 2881 5000 5000 5000
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Table 2. Summary of statistics (min. max. and avg. =+ std. dev.) of water quality with respect to sub-regions.

Sub-Region 1

Sub-Region 2

Sub-Region 3

Sub-Region 4

Sub-Region 5

Sub-Region 6

Parameter Unit (N =4) N =27) (N =13) (N = 6) (N =11 N =2
Tem oC 15.2-19.7 12.2-24.2 10.8-17.3 9.9-20.6 15.4-20.4 19.8-21.6
P 171+ 1.8) (17.4 +2.3) (143 +2.1) (147 + 3.8) (183 + 1.5) (20.7 + 0.9)
H _ 7.0-7.4 5.8-8.4 3.8-8.0 6.4-8.4 2.6-7.0 3.1-74
P (72+02) (7.4+0.6) (6.4 + 1.4) (72+07) (43 +16) (G2+2.1)
EC S/cm 455-2692 209-4455 89-1568 193-563 813-7040 3817-4395
K (12105 + 875.1) (1105.6 + 826.2) (513.2 + 368.4) (409.5 + 137.0) (2418.7 + 1876.0) (4105.8 + 289.2)
Na+ me/L 29.5-80.9 20.4-1333.2 5.0-139.0 4.2-26.2 27.4-221.0 99.1-201.0
a 8 (56.0 + 21.3) (140.3 + 264.3) (23.5 + 33.9) (161 + 8.8) (114.7 + 53.6) (150.1 + 50.9)
2 me/L 54.9-138.3 17.7-366.9 3.9-324.1 37.6-89.0 20.2-461.2 383.0-587.0
Ca 8 (85.1 + 32.8) (128.4 + 72.8) (66.7 + 84.2) (64.1 £ 20.5) (2117 + 138.3) (485.0 % 102.0)
Mo2+ me /L 12.7-21.8 3.2-974 2.1-73.1 6.6-26.5 5.8-418.2 444.7-778.6
g 8 (160 + 3.5) (32,6 +212) (18.9 + 21.8) (17.6 + 6.5) (101.8 + 119.0) (611.6 = 167.0)
K+ me/L 1.6-17.7 0.5-14.2 0.2-13.3 0.7-3.6 0.8-35.6 4.7-15.4
8 (65 + 6.5) (47 +37) (2.6 +43) (1.7 +0.9) 10.7 + 10.8) (10.0 + 5.4)
50,2~ me/L 23.8-158.8 15.4-1356.4 15.1-600.3 2.7-125.2 77.4-5669.3 2183.1-3865.3
4 8 (66.6 + 54.2) (232.6 + 303.4) (78.8 + 151.6) (57.1 + 53.0) (1439.6 + 1791.0) (3024.2 + 841.1)
_ me/L 17.7-64.7 8.7-232.4 4.7-30.6 4.1-31.6 12.7-83.6 12.9-25.6
cl 8 (48.7 + 18.6) (37.9 + 48.2) (124 + 7.6) (121 +9.2) (47.8 + 22.3) (19.2 + 6.3)
_ me/L 0.2-0.7 0.2-1.0 0.03-0.9 0.2-0.3 0.2-3.7 1.1-1.6
F 8 (04 +02) (05 +02) (03 +02) 03 +0.1) (12+11) (14 +03)
HCO~— me/L 123.9-492.1 77.8-683.8 15.8-537.8 124.8-350.5 b.d.1.-1240.0 133.0-1425.0
3 8 (266.3 + 136.8) (386.0 = 141.6) (233.0 £ 176.2) (209.9 + 75.6) (3113 + 410.7) (779.0 + 646.0)
Al /L 2.3-463 1.7-377.0 1.3-4851.7 2.0-73.7 7.0-982,056 110.0-113,248
H8 (127.9 + 193.7) (51.1 + 92.0) (841.4 + 1429.2) (16.1 + 25.8) (156,449 + 280302) (56,679 + 56,569)
A /L 2.0-545 0.5-58.0 05-54 0.54.5 0.7-36.9 0547
s K& (203 + 20.6) (52 £ 10.8) (15 £ 1.5) (1.3 £15) (7.7 £ 10.8) (2.6 £2.1)
B /L 40.3-68.0 8.0-5063.5 5.3-1222.0 5.0-10.0 80.5-4029.3 2529.7-5621.5
HS (48.5-11.4) (478.6 + 1057.0) (111.6 + 320.8) (71+19) (8273 + 1125.9) (4075.6 + 1545.9)
F /L 10.0-937.0 10.0-51,186 10.0-3269 10.0-518.0 27.5-524,323 317.0-48,499
e H8 (3699 +£3783) (19975 +9647.8) (4205 + 888.3) (99.1 + 187.5) (108,455 + 178,774) (24,408 + 24,091)
M /L 0.4-9.9 0.1-14,862.8 0.8-522.3 0.4-25.7 4.0-176,763 2253-50,896
n H8 (G.1+42) (719.3 + 2795.4) (139.5 + 183.1) (7.0 + 89) (33,764 + 51,686) (26,575 + 24,321)
Ni /L 0.2-0.9 0.2-20.7 0.2-26.2 0.2-31.1 0.2-2615.8 19.0-1205.6
i H8 (0.6 +0.3) 2.6 +42) (63 +8.1) (8.4 +11.4) (465.6 -+ 758.5) (612.3 + 593.3)
7 /L 1.4-47 .4 1.1-113.4 0.9-116 0.9-10.8 25.9-20,831 81.4-2052.5
n H8 (19.2 £ 17.3) (14.2 £ 21.9) (21.6 + 32.4) (39 +37) (3498.4 + 6114.3) (1067.0 + 985.6)

7 of 21
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4.1. Physical Properties

The temperature values of samples ranged from 9.9 to 24.2 °C in all sub-regions (Table 1).
The distribution of the results reveal the fact that groundwater samples had an average temperature
of 16.0 °C with a standard deviation of 2.3 °C whereas surface water samples had a slightly higher
average temperature of 18.4 °C with a standard deviation of 3.2 °C. This finding was consistent with
the general pattern of uniform groundwater temperatures when compared to the more variable surface
water temperatures. The pH values of samples ranged from 2.6 to 8.4 in all sub-regions (Figure 4) with
an overall average value of 6.6 that represented the slightly acidic nature of the water resources in the
study area (Table 1). According to the results, the average pH values of samples located in sub-regions 5
and 6 were 4.3 and 5.2, respectively (Table 2). The majority of sampling points in these two regions
were acidic mining lakes (AMLs) that were formed in the abandoned coal mine sites. The pH values
measured in some of these lakes were as low as 2.6 that were associated with the oxidation of pyrite
mineral present in low quality lignites [28]. The pH values of AMLs varied over a narrow range
and were attributed to sulfide oxidation primarily of pyrite and low bicarbonate buffering capacity
similar to their counterparts in the rest of world [29,30]. The low pH values can also be seen in samples
collected from sub-region 3 (Figure 4). These values were the result of increased solubility of pyrite
and other acidic minerals that occur in the altered volcanic rocks and the soils originating from these
rocks [28,29]. While the type of alterations observed in these rocks were silicified, propylitic, and
argillic in general, these low pH waters mostly originated from argillic and propylitic alteration zones.
Despite the fact that the waters originating from this region serve the domestic water requirements
of 23 local villages in the area, the pH of these waters were beyond the accepted minimum threshold
values depicted in national and international quality standards for drinking water (Table 1).

The electrical conductivity (EC) values of samples ranged from 89 to 7040 uS/cm in all sub-regions
as shown in Figure 5. The EC values of samples collected from the volcanic and granitic regions located
in southern parts of the study area were typically below 500 uS/cm. The samples from the alluvial
aquifer and samples from the Kocagay stream had relatively higher EC values. Despite the fact that
these were short-circulated waters that were annually recharged from precipitation and infiltration
from local creeks, the anthropogenic influence (i.e., mining wastes and domestic wastewater discharges
to drainage network) increased their EC values. The EC values measured in acidic mine lakes, on
the other hand, were the highest in the study area and reached up to 7000 uS/cm in sub-region 5
(Table 2). The average EC values of samples located in acidic lake sub-regions 5 and 6 were 2418 and
4105 uS/cm, respectively (Figure 5). These values characterized the high conductivity nature of acidic
lakes [28,31,32].

Both the pH and the EC values of samples revealed the fact that the water quality in the study area
was under the influence of geogenic and anthropogenic factors. Decommissioned mining activities
in the area were the primary source of water pollution. In this regard, abandoned mine sites were
quickly transformed into acidic lakes and the local geology favored this transformation. The average
pH values in these mining lake regions (Regions 5 and 6) were mostly below 3, and the corresponding
EC values were typically above 3000 uS/cm, representing beyond-normal mineral dissolution.
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Figure 4. Spatial distribution of pH.



Water 2017, 9, 66

10 of 21

488000 489000 490000 491000 492000
o 1 1 1 1 1 o o 496000 498000 500000 502000 504000 506000
g b3 g 1 ] ] ] ] 1 g
© - =
© © 2 -1 -2
3 3 3 OP43 3
P8 g g
g o |s E :
=3 > © - - ©
o o © ©
S . o B 3 3
<t ~t
4 ~ o 2 o
P8 §_ Bid P19 .Malllkoy _§
° 3 P18 P20 P44 3
g g 3 olya§dya Gittligi 3
== ~ = o o
] 2 S P45 P 2
3 P5 J S Pae_ (O &
S P16 e . <
- = ¢ =
g g B = % =
S = g | P25 38 e | S
: - i .00 :
A A
Q\h lathiburun - O Duggl37 g -
. g * cekiclesopa7 g
g & P 8
- o 3 O Pap3g 3
h g oHyrma i
Subregion-1 A Subregion-2 §
T T 1 T T - -0
488000 489000 490000 491000 492000 T T T T T T 9
496000 498000 500000 502000 504000 506000 ¥
494000 496000 498000 500000 480|000 482|000 484|000 486|000 488|000 490:]00
1 1 1 1
Fp2 Yesilkéy
5 QO “Uzunatan -] b4 o pes| S
I L& 3 Kafals - S
- a (0] -
- 3 5 . 3
P58 - Legend applicable to -
§ P53 Bardakgrlar § 3 all subregions. é
00~ -
O - =] b1 =3
g g 3 Gedik =0 i 3
P59 s . P66 ‘KL'J/CL']/eJ’ e 89-333 S
g O g g g
S m R
= -® g | P67 O 334-869 s
= P57 3 =10 ~
< o®sgiitalan < & 870 - 1632 -
P60 15 - 15
= (=3 t=} t=}
=3 (-] =3 = - - <
s | P84 L2 o =
e ° e g | pes 1633 - 2692 g
3 P56 P61 3 O ‘Eveiter
b Kizilel 2 2 2
o o o o
8 P55 8 S 2693 - 4455 -S
I7 O P63 3 3 3
3 3 -
g g
§ § S PG%E\’?O -5
- b b . ‘azma . 3
o P64 . o < | Subregion-4 4 =
3 ) Subregion-3 3
T T T T 1 T T T T T
494000 496000 498000 500000 480000 482000 484000 486000 488000 490000
488000 489000 490000 491000 492000 493000 494000 = 512000 513000 514000 2
1 1 1 1 = 1 1 1 § 1 1 1 §
= PY o 3 .Maftepe 3
8 P51 8
&7 i &
3 e 3
8 P77 8 8 8
= =3 [=] o
0 — 0 - =
™~ N © ©
3 B I 3 3
3 1 a0 3 P81
o o
3 P73 O cod 3 .
< blel =
= o ¥ g P41 §
8 P13 8 3 . 3
o (= - -
Q1 Kegiagili re < <+
s [ ] s
A -
& P14 5
8 8 -
N ry 2 Comakir S
< < © o S
N . Dereoba = 8- s
Subregion-5 ) g g
T T T T T T T Subregion-6
488000 489000 490000 491000 492000 493000 494000
T T T
512000 513000 514000

Figure 5. Spatial distribution of electrical conductivity.
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4.2. Major Ions

The major ions of analysis included the primary cations (sodium, calcium, magnesium and
potassium) and anions (sulfate, chloride, fluoride and bicarbonate) that are commonly found in
surface and subsurface waters of the study area. The relative levels of these ions were associated
with the geogenic and anthropogenic factors that were influential on the quality of these waters.
The sodium values of samples ranged from 4.2 to 1333.2 mg/L with an overall average of 94.9 mg/L
in all sub-regions (Table 1). Sodium concentrations were fairly high in sub-region 2 where human
intervention was at this peak with heavy industries and mining activities. Similarly, sodium levels in
sub-regions 5 and 6 were also high, which was consistent with elevated mineral dissolution in acidic
waters. The calcium values also demonstrated a pattern similar to sodium and were relatively higher
in sub-regions 2, 5 and 6. The calcium values were in the range 3.9-587.0 mg/L and had an average
of 132.6 mg/L (Table 1). The highest calcium levels were observed in sub-region 6 and the lowest
values were detected in sub-region 4 (Table 2). Among these two regions, sub-region 6 was the acidic
mining lakes with high mineral dissolution from local geological formations and the sub-region 4 was
a forested, high-elevation mountainous region at the outskirts of Mount Ida where anthropogenic
impact was minimum. The magnesium values changed between 2.1 and 778.6 mg/L in all sub-regions
(Table 1). The average and standard deviation of magnesium was 57.8 and 120.7 mg/L, respectively.
The high variation in magnesium values was associated with the high measurements in the acidic
lakes. Magnesium levels were also found to be high in sub-regions 5 and 6 with average values of
101.8 and 611.6 mg/L, respectively. On the other hand, sub-regions 1 and 4 had the lowest average
magnesium levels where sampling stations were situated at higher elevation and less anthropogenic
influence (Table 2). The potassium values ranged between 0.2 and 35.6 mg/L with an average of
5.3 mg/L (Table 1). Highest average values were measured in sub-regions 1, 5 and 6 (Table 2). While
regions 5 and 6 were mostly associated with enhanced mineral dissolution due to low pH values, the
sub-region 1 was a rural area with extensive agriculture. Thus, high potassium in this region was most
likely to be associated with potassium containing fertilizers applied to the fields.

When the anions are concerned, sulfate and bicarbonate were found to be the dominant anions in
the study. While sulfate was predominantly high in acidic mining lakes as an end product of pyrite
oxidation, bicarbonate was mostly dominant in samples collected from alluvial and karstic aquifers.
The sulfate values of samples have a range of 2.7-5669.3 mg/L with an overall average of 473.0 mg/L
in all sub-regions (Table 1). The fairly high standard deviation in sulfate values (1039.6 mg/L) was
associated with approximately a two orders of magnitude difference in sulfate levels measured in
acidic mining lake samples and the remaining fairly neutral samples. In this regard, the average sulfate
levels in sub-regions 5 and 6 were 1439.6 and 3024.2 mg/L, respectively (Table 2). On the opposite
extreme, the average sulfate level in sub-region 4 was 57.1 mg/L where geogenic and anthropogenic
impact was minimum. The bicarbonate levels in all samples ranged from below detection level (b.d.1.)
to 1425.0 mg/L with an overall average of 329.5 mg/L (Table 1). Although the level of alkalinity
was supposed to be zero at a completely formed acidic lake, some samples in acidic mining lakes
sub-regions 5 and 6 had bicarbonate alkalinity values higher than zero, representing external influence
on the lake (i.e., domestic waste discharge or basic fly-ash addition to neutralize the lake waters).
The chloride concentrations, on the other hand, ranged from 4.1 to 232.4 mg/L with an overall average
of 32.0 mg/L (Table 1). Highest levels were measured in sub-region 5 due to mineral dissolution from
chlorine containing rocks (Table 2). On the opposite extreme, the fluoride levels in the region were
fairly low and ranged between 0.03 and 3.7 mg/L with an overall average of 0.56 mg/L.

The results reveal that most of the drinking water for the rural communities comes from the
outcropping volcanic rocks in Ag1 Mountain sub-region. They demonstrate typical characteristics of
water resources, which originate from highly fractured volcanic formations where water seeps through
cracks and faults and surface out from lower elevations. On the basis of major ion chemistry, the Piper
and Schoeller diagrams of the study area are drawn and shown in Figures 6 and 7. These plots are used
to understand the processes affecting the groundwater of Mount Ida Region. According to the Piper
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diagram, water samples demonstrated distinct characteristics based on local geology. The majority of
surface water resources excluding the acidic mining lakes were typically of Ca-HCOj type (Figure 6).
However, the Kocacay stream that flows from Mount Ida towards the Sea of Marmara was found to be
enriched with other ions such as sulfate while passing through the highly populated and industrialized
Can region. In particular, the drainage waters of the mine pits included elevated levels of sulfate ions
that were strongly related to the high sulfur content of the local lignites.
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Figure 6. Classification of hydrochemical facies using the Piper diagram.
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Figure 7. Schoeller diagram of the average concentrations of anions and cations.

The acidic lakes of the study area were found to be of Mg-SO, type, which was associated with
the sulfur in pyrite and magnesium in clay minerals that were commonly seen in local lignites and
volcanic formations. The waters originating from the Ag1 Mountain sub-region mainly came from
the altered volcanic rocks and were typically of Na-S5O; type. On the other hand, unaltered volcanic
rocks such as basalts and agglomerates were typically Ca-Na-HCOj3. Similarly, a significant portion
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of spring waters on the Evciler sub-region at the outskirts of Mount Ida was of Ca-HCOj type that
mostly originated from marble, serpentine and granite formations (Figure 6).

The semi-logarithmic Schoeller diagram, on the other hand, is a suitable indicator for determining
waters of similar origins that have the same reservoir and recharge from the same area. The diagram
revealed that the waters of the study area were enriched with different ions in different locations
(Figure 7). Accordingly, the samples can be classified into three main groups. The first group contained
the samples collected from the Acidic Mining Lakes sub-regions and the contaminated surface waters
in the vicinity of Can district center. These samples were rich in magnesium, sodium and sulfate ions.
The second group contained the samples collected from Evciler sub-region at the outskirts of Mount
Ida, which were rich in calcium and bicarbonate ions that were mostly associated with karstic units.
The third group, on the other hand, contained the samples collected from Ag1 Mountain sub-region and
were rich in sodium, calcium, and bicarbonate ions and were associated with altered volcanic rocks.

4.3. Heavy Metals and Trace Elements

In general, the heavy metal and trace element concentrations in the study area were found to be
high (Table 1). Widespread and intense zones of silicified, argillic, and propylitic alterations in the
study area can be observed in volcanic rocks. These alteration zones give rise to distinct mineral forms.
In general, Al and Fe as well as Mg, Ca, Mn and K were enriched in argillic and propylitic alteration,
respectively. Ca, Mg, and Fe were leached during argillic alteration, whereas Na leaching was
evident in all alteration types. The alteration system in the study area displayed all porphyry-related
alterations, including epithermal and skarn systems, containing porphyry-related high-sulphidation
mineralization. This finding was mostly associated with the fairly low pH values and the associated
increased solubility of metal cations. In particular, the altered geology of the study area was the
primary reason for very high values of aluminum, iron and manganese. This alteration preserves the
texture with feldspars altering to kaolinites and smectites, with the groundmass being replaced by
varying degrees of silica [33]. A surficial argillic alteration zone has developed on weathered outcrops
of the region due to the oxidation of FeS, which is the most abundant primary sulfide mineral in
the study area. FeS, is also a common mineral in abandoned coal mines of the area. In particular,
aluminum values ranged from 1.3 to 982,056 ug/L with an overall average value of 29,321 ug/L
(Table 1). The highest value was in the order of 1 g/L, which was considered to be an exceptionally
high value for aluminum in natural water samples. Such high values were mostly observed in
sub-regions 5 and 6 (Table 2) in samples collected from acidic mining lakes and were mostly associated
with dissolution of the clayey minerals underlying these lakes in acidic pH conditions (Figure 8).
In other sub-regions, the aluminum values were all below 5000 ug/L. In sub-region 4, for example,
the aluminum levels in samples were all less than 73.7 pug/L, where minerals containing aluminum
were scarce. Unfortunately, the majority of samples obtained from the study area were above the
national and international drinking water standard level of 200 ug/L. The geochemical behaviors of
Fe and Al are mainly controlled by the mobility of metals though adsorption and co-precipitation
in the acidic sulfate waters [34-37]. Iron is the second most dominant metal ion for the study area
waters. This was mostly associated with the pyrite (FeS;), a common sulfur mineral present in the
local geological formations of the region. Being highly widespread in local coal veins, pyritic oxidation
not only reduces the pH of waters but also introduces dissolved iron into local water resources, which
was the main reason for high iron levels found in acidic mining lake waters. Overall, the iron levels in
the study area ranged from 10.0 to 524,323 pg/L with an overall average of 20,687 ug/L (Table 1). The
spatial distribution of iron in the study area is given in Figure 9. Similar to aluminum, iron levels were
also detected to be highest in sub-regions 5 and 6 (Table 2). While these regions can be considered
as brown fields that have no direct use and require strict rehabilitation, iron levels were also one
order of magnitude higher than the national and international drinking water standards in samples
collected from sub-regions 2 and 3, which were used for domestic water supply purposes. In particular,
samples collected from Ag1 Mountain, which were obtained from altered volcanic rocks, contained
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beyond-standard iron levels that inhibited their use for human consumption. Manganese is another
element that was found in high levels in samples collected from the study area. Manganese levels
ranged between 0.1 and 176,763 ug/L with an overall average of 7077 ug/L (Table 1). Similar to iron,
manganese levels were also found to be high in sub-regions 2, 5 and 6 (Figure 10), where average
levels were 719.3, 33,763 and 26,574 ug/L, respectively (Table 2). All three of these values were several
orders of magnitude higher than the national and international drinking water standard values for
manganese, thereby making the majority of these waters unsuitable for human consumption. Being
one of the most carcinogenic trace elements for humans, arsenic was also found in moderate levels in
the study area. Arsenic values ranged from 0.5 to 58.0 pg/L with an overall average value of 5.4 ug/L
(Table 1). The average arsenic level was found to be high compared to the standard level of 10 ug/L
only in sub-region 1 with a value of 20.3 pg/L (Table 2). In all other sub-regions, including the highly
acidic mining lakes, arsenic levels were, on average, below the standard level. This finding was related
to the fairly low arsenic content of local geological units excluding some arseno-pyritic alteration
zones and a few silisitic kaolinite reserves with relatively higher arsenic levels. Boron, on the other
hand, was found to be quite high in the region with values ranging from 5.0 to 5621.5 ug/L, with an
overall average value of 505.7 pg/L (Table 1). It showed comparably higher values in sub-regions 2, 5
and 6 as a result of high mineral dissolution due to low pH values (Table 2). The values exceeding
1000 ng/L were considered to be unsuitable for human consumption. Furthermore, the same limit
was also considered to be detrimental for agricultural crops and thus limited the use of some of the
water resources in the region for agricultural irrigation. Finally, nickel and zinc were also found to be
high, particularly in the groundwaters of the region with overall average values of 103.8 and 657 ug/L,
respectively (Table 1). Both elements had their highest values in the acidic mining regions of 5 and 6
due to acidic dissolution from local geological units (Table 2).

4.4. Human Health Consequences

Some epidemiological studies mention that high aluminum concentrations in drinking water are
likely to create negative effects on human health [38—42]. A public health survey conducted in the
study area revealed that local people have been affected from high aluminum-containing water sources
coming from densely altered volcanic rocks [43]. Argilic alteration was associated with the formation
process of vuggy silica, which is composed of quartz, pyrite, and minor rutile. Altered rocks have a
reddish-yellow-white color. The process of argillisation represents hydrolytic base leaching from all
aluminous phases and under acid sulfate water. Many springs were detected in the vicinity of the
alteration zones. In general, Al, K and Fe were enriched in the argillic and propylitic alteration types,
respectively. The influence of alteration and the duration of contact in Kirazli and Balaban springs in
the NW study area are clearly observed when the heavy metal and trace element results are assessed.
In particular, mean aluminum concentrations reached 13,813 ug/L in one of these springs [44].

A total of 273 people aged above 18 years of age who inhabit the study area were selected as the
research group. The results showed that neuropathy histories were significantly higher in some parts
of region [43]. Considering the fact that the majority of samples from groundwater resources obtained
from volcanic rocks exceeded the national and international drinking water standard level of 200 pug/L,
Bakar et al. [43] concluded that there was a significant aluminum exposure for humans in the study
area. Although this study did not present objective evidence demonstrating that the people living
in the study area were directly affected from high aluminum levels, findings regarding the high rate
of cognitive disorders and neuropathy histories in local inhabitants were detected to be comparably
higher in some parts of the study area. In addition, a medical geology study was also conducted in the
study area to detect the effects of geogenic factors on human health [24]. This study compared arsenic
and lead levels in blood and hair samples collected from local people living in Can Region with that
of a non-exposed group in Bayrami¢ Region; and investigated the correlation of arsenic and lead in
groundwater with hair and blood levels.
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Figure 8. Spatial distribution of aluminum.
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tribution of iron.



Water 2017, 9, 66

18 of 21

488000 489000 490000 491000 492000
- 1 1 1 1 ] - 496000 498000 500000 502000 504000 506000
3 S S 1 1 1 1 1 1 5
27 o - -2
¥ 3 ¥ s g
o8 g g
o (=]
8 S 27 rs
N = - < 3
3 P7 g < -
°
S Malliksy S
3 . P17 P19 L] . g
- o 3 o' P18 ® py 3
8 8 3 *lyaga Ciftigi o ** o 3
27 B 3 3
3 3 = P45 |
P5 a3 P21 P79 74 b
° 3 Kulf 170 3
P16 CA
o o P1§/ 22
S S S -] 1=
S S =1 aya c2 =1
S~ -9 S P38 S
2] 1] 3 P25 s
3 P4 3 s ° pu g
° )
Ahlatliburun o . .D uraliP37 P.'Jg o
* ] @ & po7 8
§ Q- PSfG Cekigler e
- ra 3 .urma.PSQ 3
. < L]
Subregion-1 < Subregion-2 g
T T T T T 2
488000 489000 490000 491000 492000 T 7 T T T J 9
496000 498000 500000 502000 504000 506000 I
494000 496000 498000 500000 480|000 482|000 484|000 486|000 438I000 490I000
1 1 1 1
° .P52 ° & .Ye§ilk6y iy
8 8 3 Pgsl S
ST BN 27 Karfkey” 2
S 3 3 3
- P58 N - Legend applicable to -
S P53 © .Bardakgllar S S subregions 1,2,3 and 4 S
(=3 (=3 00 =4 ol
S S g Mn (ug/L) E
3 3 bl Gedik o bl
o .P59 o g N o6 o dlcdier o 01-823 8
=3 =3 pr-g =@
=~ o -2 g1 o @ 23-3013 g
h g oIV <
3 gutalan 3
N o | 2 g @ 3014-5223 g
=3 =3 - -
2 o -3 £ pogEvoier . 522.4 - 2196.3 g
§ P56 E S | SR 3
() 2 g g
o Kizilelm. o S S
8 P55 8 84 2196.4 - 148628 &
I1 @ P63 3 3 3
oy (-] o8
< < o o
8 8
S S S P63P70 S
&4 L& 3 . )Ayazma 3
N P64 . = < - <
3 ° Subregion-3 3 Subregion-4
T T T T T T T T T T
494000 496000 498000 500000 480000 482000 484000 486000 488000 490000
488|000 489l000 490|000 491|000 492|ooo 493|000 494|000 g 512000 513000 514000 ]
=1 1 1 1 =1
GEtil § - -§
(=3 (=3
(=1 o
8- P51 |2 Mn (ug/L) . 22869 - 84625
3 T.QPE""’ 3 © 40-522
(=3 e o o
g P77 € 8 @ 523-2253 . 84626 - 176763 g
g & § g E:
3 72 33 @ 2254-22868 3
3 P11 P50 3
g4 ° LS P81 Legend applicable to
g o cod § o sybregions 5and 6 | o
= o ¥ 35 P41 S
(= S - =<
S P13 [ S g g
S . .Kegragll/ S
< <
o P14 o
S S
Q7 Y 8 GComakii S
< < S Y S
< i Dereoba ¥ 21 ra
Subregion-5 L4 3 3
T T T T T T T Subregion-6
488000 489000 490000 491000 492000 493000 494000
T T T
512000 513000 514000

Figure 10. Spatial distribution of manganese.

For this particular study, 674 nonsmoker women over the age of 40 were randomly selected from
two regions and venous blood and hair samples were taken from the participants. All blood and
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hair samples were analyzed with atomic absorption spectrophotometry. The results showed that the
highest prevalence of diseases was found in Bayrami¢ and Can district centers whereas relatively
lower values were observed in the villages. Blood and hair arsenic levels were measured to be higher
in Can region where intense mining activities were present when compared to Bayramig region where
no mining activity was essentially present. This study found out that the overall arsenic concentration
in hair samples was higher in Can Region (median: 0.27 pg~g_1, range: 0.12 to 1.92 ug~g_1) when
compared with Bayramig region (median: 0.15 ug-g~!, range: 0.07 to 0.46 ug-g~!). While a statistically
significant difference in hair arsenic levels was observed between the groups (p < 0.05), the values
did not exceed the toxic level. A reverse association was found for blood arsenic levels and Bayramig
region had higher levels of arsenic compared with those living in Can Region. Similarly, the median
value of blood-lead levels in Can region (i.e., mining area) was significantly (p < 0.005) higher than that
for the control area (i.e., Bayrami¢ Region). These results also indicated that geological formation can
have a considerable impact on human health when high blood-lead levels in individuals living in close
proximity to coal mining areas and volcanic alteration sites are taken into consideration. Geologically
altered zones are predominant in Can region of the study area. Groundwater samples originating from
these alteration zones were found to contain elevated levels (more than the standard value of 10 ppb)
of arsenic in the villages of Ahlatliburun, Tepekdy, Mallikdy and Cekigler. Similarly, blood-arsenic
levels were found to be comparably high in these areas.

5. Conclusions

The complexity and variety of geological units create waters with distinct characteristics within
a small spatial coverage. In particular, altered rocks further increase this influence and result in waters
with high chemical content. Mount Ida situated in western Anatolia is one such area where different
quality waters surface out and influence human and environmental well-being. Anthropogenic effects
further complicate the issue and decrease the overall water quality. When such degraded quality
waters are consumed, toxic chemicals enter the body through direct and indirect exposure routes and
alter the physiological health by creating various diseases.

Strong water—rock interaction in altered geological units typically results in a change in physical
and chemical properties of water resources. One important example is observed in Mount Ida region
where waters originating from highly altered and jointed volcanic rocks created low pH and high
element contents. As altered rocks are typical locations for mineral reserves, mining activities further
accelerate this interaction and result in highly distorted conditions. As an example, open pits of these
mine sites create suitable locations for the formation of acidic mining lakes. These lakes are highly
acidic and contain heavy metals and trace elements such as iron and aluminum due to the oxidation of
pyrite and weathering of some aluminosilicate minerals that are present in clay-containing coal veins
and altered volcanic rocks. Surface drainage and subsurface infiltration from these lakes influence not
only the quality of water resources in the area but also the local ecosystem well-being from micro to
macro scale.

These degraded quality waters are used by locals for their drinking water supply and create some
health-related problems, which may be seen as an indicator for Alzheimer’s disease and cancers of
internal organs. Consequently, the continuous monitoring of water resources that are used for human
consumption is extremely important and additional monitoring of human health through public health
surveys needs to be conducted on a regular basis in areas with similar water quality problems.
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