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Abstract

This study aim to detect the groundwater pollution connected to multiple effect such as the
interaction of mineral/ore-water, mining destruction and agricultural activities in Kaman
(Kirgehir). The study area has recently abondoned iron, antimony, gold and floride mine areas
and so, there are a lot of mine piles. Mine waste is a rich source of hazardous trace elements
to the environment. In many areas expecially abandoned sulphidic mine wastes may cause to
produce acid mine drainage. Although no acid mine drainage is observed in the study area,
the region needs to be reworked for this purpose in the following years. The electrical
conductivity, pH and Eh values of the waters range between 126-1994 uS/cm; 7.28-8.58; 222-
649 mV respectively. In the rainy season, the pH values of the waters decreased due to the
effect of slight acidic precipitation and in parallel with this decrease, EC, TDS, Ca, Na, SOs4,
HCOs, As, Sb, U concentrations of some waters increase due to the increase of solubility of
elements. As, Sb, F, U, NOs3, NH4 concentrations some of water exceed the maximum limit
values given in the Turkish and World Health Organization Standards. Especially As
contamination is a big problem for the region, because of tens of times exceed drinking water
regulations.
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1. INTRODUCTION

The diminished water resources due to the
overuse, the contamination of surface and
groundwater, and decline of the rainfall etc. is
very big problem for the many region of the
World. Especially in recent years, the water and
soil are exposed the contamination due to the
agricultural, mining and industrial activities and
their wastes, geothermal water wastes, and rapid
population growth. Therefore, many researchers
focused on water and soil pollution studies to
protect the environment. There are numerous
groundwater pollution problems in Turkey
associated with geogenic and/or anthropogenic
pollution sources [1-5]. Geogenic factors occur
as important as anthropogenic pollution sources
affecting the quality of  groundwater.
Anthropogenic pollution sources such as mining
and agricultural activities increases the negative
effects of lithology on groundwater quality [1, 3,
6]. Turkey hosts numerous active and abandoned
mine areas that are characterized by metal-rich
water [2, 4]. Figure 1 show the study region that
is located north of Kirsehir (Central Anatolia
Region of Turkey). This study purposes at
elucidating the groundwater pollution resulting
from water-rock interaction, mining and
agricultural activities and mine tailings at the
study area and especially, it is aimed to assign
the origin of trace element impurities in water.
For this aim, insitu physical measurements were
made, and for chemical and isotopical analysis
groundwater samples were taken, and As, Sb, F,
U, NOs, NH4 element pollution was observed in
groundwater. Pollutant levels were especially
higher in groundwaters from discharging
Kizilirmak and Mesekdy formations consisting
of clastic rocks and magmatic rocks consisting of
Fe, Sb, Au and F ores.

Many toxic contaminants and heavy metals can
originate from many natural and anthropogenic
pollutant sources. While agricultural, mining and
indusrtial activities are anthropogenic, rock
weathering and thermal environment compose
natural or geological sources [8]. Many of trace
elements such as As, Sb, Pb etc. are one of the
most serious nature contaminants due to high
toxicity [7]. Arsenic cause discomfort of many

Sakarya University Journal of Science 24(5), 1008-1022, 2020

organ systems. Furthermore, it is determined
that, chronic arsenic exposure is related to
bladder, kidney, skin, and liver cancers. Also it is
know that inorganic arsenic is more harmfull
than organic arsenic [9-11].

2. MATERIAL AND METHODS

The study was performed between June 2016
and May 2017. The EC (Electrical conductivity),
TDS (Total Dissolved Solids), T (Temperature),
pH, ORP, and Q (Discharge) were measured on
site with multiparameter (YSI-256 Instrument)
of the 42 water samples (28 springs, 13 wells and
1 surfacewater) in the study region. Polyethylene
bottles were prefered for the chemical and
isotopic analysis of water. The pH meter was
calibrated against to pH 4, 7, and 10 buffer
solutions. The Oxidation Reduction Potential
(ORP) measurements were conducted using a
platinum electrode calibrated with a zobell
reference. The ORP values were converted to the
Eh by adding aproximately 200 mV as specified
by the YSI-256 instrument catalog. Acidification
to pH < 2.0 for trace element analysis was made
using pure nitric acid. The high—performance ion
chromatography system (HPIC) and inductively
coupled plasma—mass spectroscopy (ICP—MS) at
Hacettepe University were used for major ion
and trace element analyses, respectively. Tritium
and oxygen-18-deuterium isotopes analyses were
carried out at the Environmental Tritium
Laboratory and International Karst Water
Resources Application and Research Center of
the  Geological Engineering  Department
Hacettepe University, respectively.

3. GEOLOGICAL BACKGROUND and
HYDROGEOLOGY

The base rocks of the study area are Paleozic
aged Kirsehir massive (Kalkanlidag,
Kervansaraydag, Bozcaldag and Haciselimli
Formation) consisting of massive, gnays, green
schist, marble, amfibolite and metagabbro with
magmatic origin. Massif in metamorphic rocks
tectonically covered by the Cigekdag Formation
which consists of volcanic rocks intercalated
Cenomanian-Santonian aged pelagic sediments.
These units are overlain by Campanian-
Maestrichian aged intrusions named Baranadag
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Granitoid and Buzlukdag Siyenitoid which show
large expansions in the region. Another unit
occupying a large area in the study area is
defined as Kizilirmak Formation, which contains
layerless, blocky, conglomerate, sandstone,
limestone, tuff, gypsum and mudstones and
defined as Mesekoy Formations, which contains
conglomerate, sandstone, mudstone with
limestone [12-14] (Figure 2). The floride
mineralization in the Baymndir region has
developed as vein type ores and is located within
the fractures/cracks of Buzlukdag Siyenitoide
[15]. The reason for magnetite mineralization in
Durmuslu and Biigiiz regions are the rise during
orogenic activity of Paleozoic aged marbles and
the mix of this marble when after a long period
of wear with basic magma blocks in the Upper
Cretaceous. Briefly, ores have generally
developed due to orogenic activity and
subsequent acid intrusions [16].

The main aquifers in the study area are
conglomeratic and sandy levels of Kizilirmak
Formation and Mesekdy Formations; the
Baranadag Granitoyid consisting of granites and
the Buzlukdag Siyenitoyid consisting of syenites.
While the conglomerate and sandstone show
grained aquifer properties, granites and syenites
show fractured-cracked aquifer properties.
Kervansaraydag Formation with quartzite, schist,
marble strips and Bozgaldag Formation
consisting of marble show aquiferous features in
fracture-cracked levels in some places. All of
these springs and wells measured in the study
region are used as drinking, domestic and/or
irrigation aims. The geological-hydrogeological
map which included water sampling points are
given in the Figure 2.

Table 1 show physicial and chemical properties
of waters. 10 springs discharges from the
Kizilirmak Formation with flow rates between
0.15 and 3.32 L/s. There are also 6 wells drilled
in the formation. There are 3 springs and 6 wells
discharging from the Mesekdy Formation. 4
springs discharges from Baranadag Granitoyid
with flow rates between 0.23 and 2.97 L/s. There
are 4 springs with flow rates between 0.035 and
0.4 L/s discharging from the Buzlukdag
Siyenitoyid. 1 spring was observed in the
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Kervansaraydag Formation and there are 5
springs discharging from the contact of
Baranadag Granitoyild and Kervansaraydag
Formations.

4. WATER CHEMISTRY AND
POLLUTION

There are different geological units, generellay
abandoned iron, gold, antimony and floride mine
area and mining and agricultural activity in the
study region. Therefore groundwater show large
differences due to physical and chemical
properties and  the  groundwaters  are
contaminated with depending As, Sb, F, U, NOs
and NHa.

Electrical conductivity (EC) and pH values of
waters (KM-K1, KM-K3, KM-K4, KM-KS5,
KM-K6, KM-K7, KM-K8, KM-K9, KM-K10,
KM-K13, KM-G9, KM-G10, KM-G12, KM-
G13, KM-G14, KM-G16, KM-G18) discharging
from Kizilirmak Formation consisting of clastic
levels with block are between 352 and 963
uS/cm; and 7.28 and 8.15, respectively. EC and
pH values of waters (KM-G1, KM-G2, KM-G3,
KM-G4, KM-G5, KM-G6, KM-G7, KM-GS,
KM-G19) discharging from Mesekdy Formation
formed of clastics are between 430 and 781
uS/cm; and 7.29 and 8.70, respectively. It is
thought that the variation in EC values of spring
discharging from these formation is due to
different  groundwater  residence  times.
Furthermore, the various rock types, such as
conglomerate, sandstone, mudstone have
different dissolution and permeability value. EC
and pH values of waters (KM-K12, KM-K18,
KM-G15) discharging  from  Baranadag
Granitoide are between 126 and 314 uS/cm; and
7.92 and 8.53, respectively. EC and pH values of
waters (KM-K14, KM-K15, KM-K17)
discharging from Buzlukdag Syenitoide are
between 268 and 516 puS/cm; and 7.36 and 8.05,
respectively. It is thought that the EC values of
waters discharging from magmatic rocks such as
granite and syenite, especially around ore
deposits, may have been affected by the
mineralizations found in these rocks and the
destruction during the mining activities.
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Table 1
Field measurement datas and chemical analysis results (meq/l) of the groundwaters in the study area and Turkish Standards for Water Intended for Human
Consumption (EC (uS/cm), TDS (mg/L), Eh (mV), Temperature (°C))

No Date. EC TDS pH Eh Temp. Na* K' Mg"™ Ca** CO;~ HCOy CI' SO+ NHs NOr NOy F As Sb U
KM-K1 28.06.2016 499 325 8.15 275 18.58 094 0.05 1.75 3.14 0.00 4.71 0.25 046 0.11 0.00 038 005 55 033 96
KM-K2 28.06.2016 461 299 8.11 283 19.71 0.72  0.02 1.87 3.08 0.00 441 0.18 041 0.05 0.00 024 0.08 24 0.08 175
“ 03.05.2017 494 321 7.64 326 12.65 0.39 0.01 0.86 3.17 0.00 4.37 0.07 0.23 0.00 0.00 0.15 0.03 190 0.07 16.48
KM-K3 28.06.2016 731 475 8.04 292 20.78 330 0.03 2.12 3.36 0.59 5.10 098 0.27 0.04 0.00 1.17 0.06 11.7 0.04 8.0
“ 03.05.2017 786 511 7.28 354 13.65 1.80 0.01 1.00 3.56 0.00 5.73 046 0.15 0.00 0.00 0.57 0.02 1036 0.08 7.32
KM-K4 28.06.2016 481 313 8.15 302 19.98 0.52  0.01 1.84 3.35 0.00 4.12 0.12 0.23 0.02 0.00 091 003 04 003 24
“ 03.05.2017 515 335 7.62 347 13.52 046 0.01 1.24 391 0.00 3.88 0.09 0.27 0.00 0.00 0.88 0.03 033 0.02 2.30
KM-KS5S 28.06.2016 613 399 8.02 649 17.55 1.24  0.02 275 3.51 0.00 5.88 0.30 040 0.04 0.00 048 0.03 246 0.17 54
“ 03.05.2017 637 414 7.75 344 12.20 1.30 0.00 1.78 432 0.00 5.73 028 049 0.00 0.00 040 0.02 21.53 0.15 4.78
KM-Ké6 28.06.2016 488 317 8.14 367 17.34 0.63 0.02 1.86 342 0.00 471 0.12  0.28 0.04 0.00 046 0.02 234 034 29
“ 03.05.2017 512 333 7.62 347 11.58 0.57 0.01 1.07 4.11 0.00 4.37 0.13 0.31 0.00 0.00 042 0.03 2032 031 2.67
KM-K7 28.06.2016 469 305 8.04 352 14.14 0.82 0.02 2.09 3.05 0.59 4.12 0.13  0.21 0.03 0.00 043 0.02 194 020 25
“ 03.05.2017 503 327 7.56 356 11.65 0.86 0.00 1.46 3.74 0.00 4.76 0.09 0.23 0.00 0.00 043 0.04 18.13 0.28 247
KM-K8 28.06.2016 529 344 7.94 334 14.13 087 0.04 243 3.35 0.00 5.20 0.27  0.30 0.07 0.00 037 0.04 12.7 0.17 4.7
“ 03.05.2017 568 369 7.53 361 12.91 091 0.03 1.50 4.04 0.00 495 0.21 0.35 0.00 0.00 040 0.02 16.22 0.17 4.99
KM-K10 29.06.2016 624 406 7.65 313 16.01 0.66 0.07 1.34 5.52 0.00 4.90 0.69 0.86 0.07 0.00 063 000 79 025 0.7
“ 04.05.2017 711 462 7.30 348 16.19 0.63 0.09 1.06 6.28 0.00 5.24 0.76 1.05 0.00 0.00 0.68 0.00 9.03 024 1.50
KM-K11 29.06.2016 390 253 8.07 295 14.39 0.14 0.01 0.44 3.32 0.00 3.31 0.08 0.20 0.01 0.00 0.11 000 1.1 0.18 26
KM-K12 29.06.2016 314 204 7.92 301 13.85 042 0.02 1.08 2.42 0.00 2.94 0.07 0.29 0.01 0.00 043 002 13 004 33
KM-K13 29.06.2016 352 229 791 300 22.03 0.10 0.01 1.02 3.08 0.00 3.82 0.05 0.07 0.01 0.00 025 0.00 0.7 0.03 0.6
KM-K14  29.06.2016 457 297 8.05 257 14.15 093 0.02 1.59 3.36 0.00 5.10 0.11 0.31 0.01 0.00 0.01 007 6.8 020 149
KM-K15 30.06.2016 268 174 7.87 282 16.23 0.81 0.02 0.69 2.03 0.00 2.94 0.07 0.18 0.01 0.00 0.01 010 23 0.14 13.1
“ 03.05.2017 289 185 7.53 339 11.55 0.83 0.02 0.50 2.02 0.00 2.72 0.08 0.23 0.00 0.00 0.01 0.0 2.03 0.10 9.56
KM-K16 30.06.2016 459 298 7.8 279 16.51 0.83 0.02 203 3.03 0.00 4.80 0.10 047 0.03 0.00 0.19 0.05 2.0 0.18 20.7
“ 03.05.2017 500 325 7.65 317 12.91 0.86 0.02 1.27 3.82 0.00 4.66 0.08 0.62 0.00 0.00 021 0.05 1.77 0.06 19.95
KM-K17 30.06.2016 491 319 7.86 272 14.76 0.82  0.02 1.88 3.49 0.00 4.61 0.28 0.52 0.02 0.00 0.17 0.18 105 0.28 36.9
“ 03.05.2017 516 335 7.36 354 13.75 0.85 0.01 1.35 4.13 0.00 4.76 0.25 0.58 0.00 0.00 0.17 017 939 0.26 33.69
KM-K18 30.06.2016 199 131 8.03 275 15.42 0.37 0.01 0.59 1.74 0.00 2.16 0.06 0.29 0.01 0.00 0.01 0.01 274 006 23
“ 03.05.2017 229 149 7.92 333 11.19 040 0.01 0.46 2.04 0.00 2.04 0.08 0.56 0.00 0.00 0.01 0.01 2394 0.06 1.44
KM-K19 30.06.2016 299 135 7.87 277 15.95 0.27 0.03 0.77 2.90 0.00 3.33 0.06 0.18 0.01 0.00 0.07 0.01 239 0.06 12
“ 03.05.2017 233 151 7.61 350 11.97 0.37 0.02 044 2.03 0.00 2.14 0.05 0.36 0.00 0.00 0.04 0.02 285 0.03 0.90

Sag. Bak.
(2013)

0.03 0.81 0.08 10 5
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Table 1 Continue

No Date EC TDS PH Eh Temp. Na* K" Mg™ Ca** CO;~ HCOs; CI' SO+ NHs" NO2 NOs; F- As Sb U
KM-G1 27.06.2016 549 357 8.58 221.7 1639 0.78 0.08 1.67 4.17 0.00 480 038 0.89 0.00 0.03 0.14 002 693 0.97 1.6
“ 04.05.2017 595 386 7.29 3206 1535 045 0.04 0.78 3.85 0.00 485 0.18 051 0.00 0.00 0.06 0.03 g87.36 1.07 271
KM-G2 27.06.2015 439 285 832 238.6 19.23 049 0.05 121 3.66 0.00 4.31 025 042 0.00 0.03 0.14 0.01 398.4 0.32 3,0
KM-G3 27.06.2016 497 323 823 257.5 2235 0.74 0.04 2.00 3.07 0.00 4.02 034 087 0.00 0.02 0.23  0.01 16.2 0.78 2.0
KM-G4 27.06.2016 502 326 &.15 2559 1524 0.58 0.04 1.82 3.80 0.00 422 029 087 0.00 0.02 032 001 23.1 0.95 12
KM-G5 27.06.2016 430 280 8.70 256.5 21.75 0.62 0.04 1.03 348 0.00 392 026 043 0.00 0.02 0.15 0.01 2215 0.27 1.1
“ 04.05.2017 506 331 7.43 2839 1649 033 0.02 0.67 3.54 0.00 437 016 035 0.00 0.00 0.11 0.00 256.69 0.42 2.62
KM-G6 27.06.2016 453 316 8.14 2575 2143 0.87 0.05 1.70 3.12 0.00 412 042 038 0.00 0.02 046 003 307 0.75 4.6
“ 04.05.2017 504 328 7.46 3344 1574 045 002 0.83 325 0.00 427 020 022 0.00 0.00 0.18 0.04 37.69 0.74 4.39
KM-G7 27.06.2017 510 332 8.01 2592 19.84 1.85 0.04 156 229 0.00 4.02 047 049 0.00 0.05 032 006 433 0.12 15.0
“ 04.05.2017 550 358 735 335 13.64 1.06 0.02 091 283 0.00 447 026 031 0.00 0.00 0.17 0.06 38.53 0.13 14.05
KM-G8 27.06.2017 781 512 7.92 2557 1438 0.74 0.04 2.19 6.39 0.00 4.61 1.71 0.68 0.00 0.03 1.76 0.01 542 0.16 0.9
“ 04.05.2017 511 332 738 3082 1445 029 002 0.64 3.70 0.00 427 017 021 0.00 0.00 021 0.00 ¢8.10 0.20 2.18
KM-G9 28.06.2016 856 556 8.03 319.6 1590 4.01 0.12 341 340 0.78 4.02 068 352 0.00 0.02 1.04 0.13 9.8 0.11 8.5
“ 04.05.2017 963 626 7.76 3185 1345 186 0.07 1.81 340 0.00 456 040 227 0.00 0.00 049 0.05 848 0.13 7.98
KM-G10 28.06.2016 801 521 8.08 4944 24.19 4.16 0.03 216 3.19 098 4.31 143 148 0.00 0.05 0.67 0.05 0.6 0.03 53
KM-G11 28.06.2016 1994 1296 8.05 3722 1622 6.62 0.16 427 857 0.00 295 747 739 0.01 0.04 0.01 0.01 11.2 0.31 2.0
KM-G12 28.06.2016 586 381 8.11 3214 13.88 1.08 0.02 1.89 331 0.00 492 020 037 0.00 0.02 0.29 0.03 0.8 0.06 37
KM-G13 28.06.2016 516 335 8.01 3224 14.67 099 0.08 197 3.17 0.59 4.02 0.15 041 0.00 0.02 0.50 0.03 144 0.10 4.1
“ 04.05.2017 567 369 7.75 319.7 1345 045 0.02 1.05 3.53 0.00 485 0.09 0.18 0.00 0.00 0.34 0.04 168 0.07 1.71
KM-G14 28.06.2016 502 326 8.09 323.8 1832 0.68 0.01 2.18 335 0.39 4.31 0.10 0.27 0.00 0.01 0.64 0.02 0.6 0.04 1.6
KM-G15 29.06.2016 126 82 853 2893 14.18 0.30 0.01 0.57 142 0.00 126 027 0.15 0.00 0.01 041 0.01 03 0.03 0.1
KM-G16 29.06.2016 508 330 8,07 3072 1863 053 0.02 150 4.14 0.00 490 0.13 034 0.00 0.03 0.46 0.03 28 0.11 53
KM-G17 29.06.2016 339 221 8.15 3132 16.09 027 0.02 090 274 0.00 294 020 030 0.00 0.01 0.19 0.01 6.2 0.03 0.7
KM-G18 29.06.2016 826 537 7.99 311.7 1948 2.17 0.04 260 506 0.00 4.22 1.77 131 0.00 0.03 1.78 0.03  14.0 0.04 10.3
“ 04.05.2017 875 569 7.46 3299 1588 1.07 0.02 1.16 448 0.00 427 085 0.74 0.00 0.00 0.77 0.01 1537 0.06 11.06
KM-G19 29.06.2016 465 302 8.17 3144 2356 036 0.02 148 3.84 0.00 4.31 0.17 0.38 0.00 0.01 0.47 0.01 25 0.09 3.1
KM-G20 29.06.2016 335 218 8.05 3082 1542 0.17 0.01 1.12 3.01 0.00 353  0.08 023 0.00 0.01 0.12  0.00 27 0.03 03
KM-G21 29.06.2016 318 207 8.17 3057 1857 0.09 0.01 036 3.53 0.00 353 0.06 0.16 0.00 0.01 0.06 0.00 205 0.04 0.5
KM-G22 29.06.2016 361 234 794 309.1 13.15 021 0.03 0.72 345 0.00 373  0.08 022 0.00 0.01 0.17 001 119.6 11.03 12
« 04.05.2017 389 253 7.9 3464 1137 0.5 001 037 345 000 388 004 015 000 000 009 001 148.61 12.66 274
KM-G23 29.06.2016 286 186 7.86 310.5 155 0.14 0.04 039 3.08 0.00 324  0.06 0.14 0.00 0.01 0.05 0.00 117 1.27 4.1
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Electrical conductivity (EC) and pH values of
waters (KM-G17, KM-G20, KM-G21, KM-G22,
KM-G23) discharging from contact of
Baranadag Granitoyid and Kervansaraydag
Formations consisting of quartzite, schist, marble
are between 286 and 389 puS/cm; and 7.59 and
8.17, respectively.

In the rainy season (April-May), the discharge of
waters have increased slightly. In parallel with
this situation, the pH values have fallen due to
the effect of the slightly acidic rain water. This
decline led to an increase in the EC, TDS, Ca,
Na, SO4 and HCOs3 values of many waters. It is
believed that the reason for these increases is the
increase in the solubility of ore deposits and
associated rocks in the study area due to this
precipitation water.

During the dissolution of the altered rocks, ores
and mine piles, some elements were free by
hydrolysis along various flowways. Furthermore,
it is thought that mining activities and
abondoned mine areas accelerated dissolution. In
addition that in most region in the world waters
were polluted due to chemicals used in
agricultural activities. Because the use of
fertilizers and pesticides increase for enhance
productivity. According to many studies, some
major ions, nitrogen pollutants, and trace
elements were found in fertilizers and pesticides
[17-19, 1].

The NHy4 values of waters range between 0.09
and 1.99 mg/L, and the NH4 values of the water
(KM-K1, KM-K2, KM-K3, KM-K5, KM-K6,
KM-K7, KM-K8, KM-K10, KM-G1, KM-G2,
KM-G7, KM-G8, KM-G10, KM-G11, KM-G18)
discharging from the Kizilirmak and Mesekdy
formations (excluding KM-G11), which consists
of clastic units, are several times higher than the
0.5 mg/L value given in Turkish Drinking Water
Standards [20]. KM-G11 is a water that
represents the dam water and is used for
domestic purposes after passing through rough
grate. Agricultural activities are performed in
these regions, and the waters discharging from
these lithologies are generally used as drinking,
domestic and irrigation water purposes. It is
thought that the KM-K10 well is particularly

Sakarya University Journal of Science 24(5), 1008-1022, 2020

important, because of providing the drinking
water of the Kaman District. Similarly, the NO;
values of waters range between 0.68 and 109.04
mg/L, and the NOs values of the water (KM-K3,
KM-K4, KM-K10, KM-G8, KM-G9, KM-G18)
discharging from the Kizilirmak and Mesekdy
formation are several times higher than the 50
mg/L value given in Turkish Drinking Water
Standards and World Health Organization
standards [21]. Nitrate generally finds in waters
organically and anthropogenically. The high
nitrate concentrations in the drinking water can
cause the ‘‘blue disease’’in babies because of
decreases the oxygen carrying capacity of the
blood [22]. In addition WHO (1984) [22] and
Uslu and Tiirkman (1987) [23] said that, nitrate
may readily converted to nitrite at body part
where acidity is relatively low, and nitrite may
have strong carcinogenic effects.

The trace elements concentration in water
samples are given in Table 1. The As, Sb, F and
U amount of waters range between 0.3 and 398.4
ppb (nug/L); 0.03 and 11.66 ppb (ng/L); < 0.01
and 3.35 mg/L; 0.01 and 36.9 pg/L, respectively.
Trace element pollutants (As, Sb, F, U) are
observed in water (spring and well;, KM-K2,
KM-K3, KM-K5, KM-K6, KM-K7, KM-K8&,
KM-K9, KM-K10, KM-K15, KM-K16, KM-
K17, KM-K18, KM-K19, KM-Gl, KM-G2,
KM-G3, KM-G4, KM-G5, KM-G6, KM-G7,
KM-G8, KM-G9, KM-G11, KM-G13, KM-G18,
KM-G21, KM-G22, KM-G23) discharging from
the Kizilirmak and Mesekdy formations
consisting of clastics and magmatic (Baranadag
Granitoide and Buzlukdag Siynenitoide) rocks,
and contact with metamorphic of magmatic
rocks (Kervansaraydag/Haciselimli formations)
consisting of Fe, Sb, Au and F mine veins.

Arsenic pollution can be seen in two forms as
natural and anthropological. For example, high
arsenic contents can also be seen in Pliocene
sediments, mining sites, volcanic/magmatic
rocks, lakes, and black shales [24-25].
Geological structure is very important in the
amount of arsenic originating from natural
sources in soils and water. The average arsenic
value detectabled on the continental crust varies
from 1.5 to 2 ppm [26]. Arsenic can be
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determined in quartz, feldspar, aluminosilicates
and iron ore minerals and the feldspar found in
magmatic rocks probably accounts for more than
half of total arsenic [27]. Due to this information,
it is thought that the sources of pollution in the
KM-K17, KM-G1, KM-G2, KM-G5, KM-G22
waters  discharging from magmatic and
methamorphic rocks near the abandoned iron,
anthimony, gold and floride mine and the KM-
K18 Spring discharging from Baranadag
Granitoide are the natural washings from the
magmatic rocks and mineralizations. However, it
is believed that the mining process accelerates
the dissolution of trace elements from the rocks
and may causes a higher amount of trace
elements in the water.

Arsenic amount are is correlated with the
ammonium concentrations, which is formed
decay the of organic matter. The equations given
below proves that there may be a relationship
between the input of As into the groundwater
and the decay of organic product (Eq. 1, 2, 3)
[28-30, 11].

H3As03 + HoO < HhAsO4 +3H +2¢ (1)
H3AsOs3 + H2O <> HAsO4 +4H" + 2e” ()
CH4+ 3H20 <> HCOs3- + 9H" + 8¢~ 3)

In addition that, it is also thought that there are
two causes of As pollution in other waters which
are discharging from Kizilirmak and Mesekdy
formation consisting of clastic levels that have
carried out agricultural activities. The source
rocks of the clastic levels are magmatic and
metamorphic rocks in the upper elevations. The
first of these reasons is the water-rock
interaction, ie naturally washing of the rocks,
and the second one is the anthropological
pollution due to agricultural activities.
Pesticides, drying agents and feed additives that
are used for agricultural productivity are amoung
the wide use areas of arsenic [26, 27, 31]. This
idea is reinforced by a positive association
between concentrations of As and NHs in the
waters. Long-term consumption of arsenic can
cause various discomforts in the body. Arsenic
accumulated in skin, hair and nails causes color
changes in the hands and feet, and can lead to a
disease called skin cancer and black foot
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(blackfoot) in the progressive stages [32-36]. In
addition, many studies have indicated that it can
cause problems such as respiration, kidney,
stomach, heart disorders, blood disorders,
diabetes, growth problems in children and
intelligence [37-38].

It is believed that the Sb (KM-G22), F (KM-K9,
KM-K15, KM-K17, KM-G9), and U (KM-K2,
KM-K9, KM-K14, KM-K16, KM-K17, KM-G7)
pollutions observed in this waters is due to the
water-rock interaction and mining activities.
Antimony negatively affect the nerve, respiratory
and digestive systems and cause collapse in the
immune system [39-40]. Fluoride consumption
can often cause discomfort in the teeth and
disrupt bone structure in the skeletal system [41].
In addition to long term and high amount of
uranium consumption causes kidney disorders
and, because it is a radioactive element, it can
carry cancer risk [42].

The Piper diagrams [43] that show major anion
and cation percentages of the waters in the study
region are given Figure 3. Generally, while
groundwater have Ca-HCO; facies, KM-K3,
KM-K5, KM-G7, KM-G9, KM-G10, KM-G11
discharging from Kizilirmak and Mesekdy
formation have mix type (Na-Ca-Mg facies). In
addition that, KM-G9 and KM-GI11 has
HCO3S04 and SO4CIHCOs3 type according to
anion respectivelly. KM-G11 is dam water. No
changes were made during the rainy (April-May)
season. It is thought that the Na-Ca-Mg-HCO3
type were mostly according to different clastic
levels with different originally level such as
conglomerate, sandstone, mudstone and locally
clayey limestone, tuff, gypsum, anhydrite and
ion exchange reactions between water and clastic
rocks.

5. ISOTOPE CHEMISTRY

The '®0O, °H, and tritium (°H) isotopes were
analysed because of determine the origins and
underground residence time of groundwater. The
180, 2H, are stable isotopes; and tritium (*H) is a
radioactive isotope. The results of waters with
the large discharge and around the ore deposits
according to study aim are given in Table 2.
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Figure 3 Piper diagram of the groundwaters in the study area (dry period)
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Table 2
Isotope analysis results some groundwater in the study area
Oxygen-18 Deuterium
No Date Tritium (TU)
(VSMOW %0) (£0.15)  (VSMOW %o) (+ 2)

KM-K8 28.06.2016 3.02+0.28 -8.49+0.20 -63.41 +£1.49
KM-K10 29.06.2016 3.09 +£0.28 -10.31 £0.05 -71.10 £0.57
KM-K13 29.06.2016 2.11+£0.26 -10.12+0.15 -70.16 £1.23
KM-K15 30.06.2016 3.92+0.29 -10.74 £0.21 -72.92 +£1.04

g 03.05.2017 3.39 £0.30 ) ©)
KM-K16 30.06.2016 4.45+0.30 -9.81 £0.05 -69.31 +£0.61
KM-K17 30.06.2016 2.99+0.29 -10.33 £0.30 -74.28 £1.90

g 03.05.2017 3.87+0.32 ) )
KM-K18 30.06.2016 3.69 £0.30 -10.13 £0.04 -71.02 £0.55
KM-G1 27.06.2016 3.25+0.31 -9.80+£0.08 -70.79 £ 0.30
KM-G4 27.06.2016 3.34+0.32 -10.30+0.10 -72.73 £0.71
KM-G5 27.06.2016 3.14+0.30 -10.09 £0.06 -69.69 £ 0.69

g 04.05.2017 3.04+0.29 ) ©)
KM-G8 27.06.2016 320+ 0.30 -9.99 +£0.25 -68.20 +£1.52
KM-G11 29.06.2016 3.68+0.30 -6.89+0.14 -51.65+1.82
KM-G13 29.06.2016 3.71+£0.30 -947 £0.08 -66.55+0.76
KM-G15 29.06.2016 3.34+0.30 -10.81 +£0.27 -68.27+£0.82
KM-G20 29.06.2016 3.92+0.30 -10.66 £ 0.03 -71.59 £ 0.56
KM-G22 29.06.2016 3.33+0.31 -10.88 £0.10 -73.00£1.17

g 04.05.2017 3.31+0.29 ) ©)

The & 180, § *H and tritium isotope values of the
springs range between -10.88 and -8.49 %o, -
74.28 and -63.41 %o, 2.11 and 4.45 TU,
respectively.

Figure 4 shows the '®0-?H graph for determine
the origin of water [44-46]. The waters are
generally located on the Ankara Meteoric Line
(MWL) [44], so waters are meteoric origin.
Otherwise, KM-K8 water has remained under
some amount of Ankara Meteoric Water Line
due to the enrichment with %0 and §°H because
of evaporation an/or feeding from lower
elevations compared to other waters.

Sakarya University Journal of Science 24(5), 1008-1022, 2020

When the tritium results of waters in the study
area are appreciated using the assignation given
in Table 3 [47], it can be determined that waters
may have “mixture of half-modern and present
recharge”. This is evidenced by the fact that the
discharge of the waters have not increased much
during the rainy season.
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Figure 4 §'%0 — 8°H graphs of groundwater large and/or discharging from Yemisli¢ay Formation in the study area
(Ankara meteoric water line (MWL) from Saym and Eyiipoglu 2005 [44]; Yozgat MWL from Simsek, 1993[45];
Mediterranean MWL from Payne and Dinger 1965 [46])

Table 3

Qualitative dating of groundwaters in continental regions (from Clark and Fritz 1997) [47]

Tritium Value (TU) Dating

<0.8 TU Submodern-recharged prior to 1952

0.8 ~4 TU Mixture between submodern and recent recharge
5-15TU Modern (<5 to10 yr)

15-30TU Some “bomb” *H present
>30 TU Considerable component of recharge from 1960s or 1970s
>50 TU Dominantly the 1960s recharge

6. CONCLUSION

This study aims to determine water pollution and
hydrogeological proporties of Kaman (Kirsehir).
While the conglomeratic and sandy levels are the
grained aquifer, granites and syenites are
fractured-cracked aquifers of the study area. The
isotope analysis showed that the waters have
generally meteoric origin and mixture of half-
modern and present recharge.

Sakarya University Journal of Science 24(5), 1008-1022, 2020

In the study area, a lot of pollutants sources
accompany each other and threaten public
health. Many cancer cases are reported in the
region. As revealed by the analysis, the study
area has dual pollution sources natural pollution
caused by water-rock interactions, and
anthropogenic  pollution  originating from
agricultural and mining activities, and these
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sources are effective processes resulting in water
pollution. The concentrations of As, Sb, F, U,
elements and NOsz, NHj4 ions in water samples
exceed the Turkish and WHO drinking water
standards. Pollutant levels of these elements were
especially  higher in groundwaters from
discharging Kizilirmak and Mesekdy formations
consisting of clastic rocks where were performed
the agricultural activities. and magmatic rocks
consisting of Fe, Sb, Au and F ores.

The As, Sb, F and U amount of waters vary
between 0.3-398.4 ppb, 0.03—-11.66 ppb, < 0.01-
335 mg/L, 0.01-36.9 ppb, respectively.
Especially it is thought that As contamination is
a big problem for the region, because of tens of
times exceed drinking water regulations. The
sources of trace elements contamination in water
discharging from magmatic and methamorphic
rocks are the natural washings from ores/rocks.
Furthermore, the mining process accelerates the
dissolution of trace elements from the rocks.
Also, there are two causes of As contamination
waters which are discharging from clastic levels
that have achieved agricultural activities. The
first of these reasons is the water-rock
interaction. The source rocks of the clastic levels
are magmatic and metamorphic rocks in the
upper elevations. The second is the
anthropological pollution due to agricultural
activities. The NHs values of waters vary
between 0.09—1.99 mg/L, and the values are
several times higher than value given in standarts
in water discharging from the Kizilirmak and
MesekoOy formations. Furthermore, generally, the
NO:s values of these are several times higher than
the 50 mg/L value given in standards.

These contaminant resulting from mining and
agricultural activities accumulate in the soil,
percolate to the groundwater, and may increase
over time. Furthermore it may cause the very
important pollutation risk in terms of water and
soil in the future. So, it is recommended that
long-term environmental monitoring studies
should be conducted in the area in terms of
especially the As, Sb, F, U, NO; and NH4
element/ion.

Sakarya University Journal of Science 24(5), 1008-1022, 2020

Acknowledgements

The authors would like to thank the Karabiik
University  Scientific ~ Research  Projects
Commission (BAP) for contributing to the
financial portion of the project.

Funding

This project studies were supported by Karabiik
University  Scientific =~ Research ~ Projects
Commission. Project numbers were KBU-BAP-
16/1-YL-091 and KBU-BAP-16/1-YL-092

The Declaration of Conflict of Interest/
Common Interest

No conflict of interest or common interest has
been declared by the authors.

Authors' Contribution

This study is the master's thesis of Bahadir
SUBASI and Feyza GIRISEN, and the idea of
the studies belongs to supervisior that is Tiilay
EKEMEN KESKIN. Tiilay EKEMEN KESKIN
had a great contribution in providing support for
the study, field studies, analyzing the waters,
interpreting the findings and writing the thesis.
Zeynel BASIBUYUK contributed during the
fieldwork

The Declaration of Ethics Committee Approval

The authors declare that this document does not
require an ethics committee approval or any
special permission.

The Declaration of Research and Publication
Ethics

The authors of the paper declare that they
comply with the scientific, ethical and quotation
rules of SAUJS in all processes of the article and
that they do not make any falsification on the
data collected. In addition, they declare that
Sakarya University Journal of Science and its
editorial board have no responsibility for any
ethical violations that may be encountered, and

1019



KESKIN et al.

Groundwater Pollution Connected to Multiple Effect: A Case Study Kaman (Kirsehir, Turkey)

that this study has not been evaluated in any
academic publication environment other than
Sakarya University Journal of Science.

REFERENCES

[1] T. E. Keskin, “Nitrate and heavy metal
pollution resulting from agricultural
activity: a case study from Eskipazar
(Karabiik, Turkey),” Environmental Earth
Sciences, vol. 61, pp. 703—-721, 2010.

[2] T. E. Keskin and S. Toptas, “Heavy metal
pollution in the surrounding ore deposits
and mining activity: a case study from
Koyulhisar (Sivas—Turkey)”,
Environmental Earth Sciences, vol. 67, pp.
859-866, 2012.

[3] A. Baba and O. Giindiiz, “Effect of geogenic
factors on water quality and its relation to

human health around Mount Ida, Turkey”,
Water, vol. 9, no. 1. 66, 2017.

[4] D. S. Yiicel and A. Baba, “Determining water
and sediment quality related to lead-zinc

mining activity”, Archives of
Environmental Protection, vol. 44, pp. 19—
30, 2018.

[5] N. Balct and C. F. Demirel, “Prediction of
acid mine drainage (AMD) and metal
release sources at the Kiire Copper Mine
Site, Kastamonu, NW Turkey”, Mine
Water and the Environment, vol. 37, pp.
56-74, 2018.

[6] N. Balci, B. Brunner, and A.V. Turchyn,
“Tetrathionate and elemental sulfur shape
the isotope composition of sulfate in acid
mine drainage”. Frontiers in Microbiology,
vol. 8, article 1564, 2017.

[7] F. N. Assubaie, “Assessment of the levels of
some heavy metals in water in Alahsa
Oasis farms, Saudi Arabia, with analysis
by atomic absorption
spectrophotometry,” Arabian Journal of
Chemistry vol. 8, pp. 240245, 2015.

[8] C. Zhang, O. Selinus, and G. Kjellstrom,
“Discrimination between natural
background and anthropogenic pollution in
environmental geochemistry-exemplified in

Sakarya University Journal of Science 24(5), 1008-1022, 2020

an area of southeastern Sweden,” Science of
the Total Environment, vol. 243-244, pp.
129-140, 1999.

[9] D. Postma, S. Jessen, N. Hue, M. Duc, C.
Koch, P. Viet, P. Nhan, and F. Larsen,
“Mobilization of arsenic and iron from Red
River floodplain sediments, Vietnam,”
Geochim Cosmochim Acta vol. 74, pp.
3367-3381, 2010.

[10] T. Agusa, T. Kunito, T. Minh, P. Trang, H.
Iwata, P. Viet, and S. Tanabe,
“Relationship of  urinary  arsenic
metabolites to intake estimates in residents

of the Red River Delta, Vietnam,” Environ.
Pollut. vol. 157, pp. 396403, 2009.

[11] T. L. Luu, “Remarks on the current quality
of groundwater in Vietnam,” Water.
Industry: ~ water-energy-health  nexus,
environ sci pollut res, doi 10.1007/s11356-
017-9631-z, 2017.

[12] 1. Seymen, “Kaman (Kirsehir) dolayisinda
Kirsehir ~ Masifi’nin  statigrafisi  ve
metamorfizmasi,” Tiirkiye Jeoloji Kurumu
Biilteni, vol. 24, pp. 74, 1981.

[13] H. Kara and M. Donmez, “1/100.000
Olcekli Agimsana Nitelikli Tiirkiye Jeoloji
Haritalar1-Kirsehir  G17 Paftasi,” MTA
Genel Miidiirliigii, Jeoloji Etiitleri Dairesi,
No, 34, Ankara, 1990.

[14] A. E. Akcay, M. Dénmez, H. Kara, A. F.
Yergok, and K. Esentirk, “1/100.000
Olgekli Agimsana Nitelikli Tiirkiye Jeoloji
Haritalar1-Kirsehir  J30 Paftasi,” MTA
Genel Miidiirliigii, Jeoloji Etiitleri Dairesi,
No, 91, Ankara, 2008.

[15] S. Kog and O. Ozmen, “Bayindir, Isahocal,
Yeniyapan ve Alisar (Kaman-Kirgehir)
Fluoritlerinin sivi kapanim incelemeleri,”
Gazi Universitesi Fen Bilimleri Enstitiisii
Dergisi, vol. 13, no. 2, pp. 501-508, 2000.

[16] M. Oztiirk, “Kirsehir-Kaman-Durmuslu
Demir Madeni Ruhsat Sahasmin Jeolojik
Etlit Raporu,” MTA Raporlar1t No: 6199,
Ankara, 1978.

[17] L. M. Chu and M. H. Wong, “Application
of refuse compost: yield and metal uptake

1020



KESKIN et al.

Groundwater Pollution Connected to Multiple Effect: A Case Study Kaman (Kirsehir, Turkey)

of three different food crops,” Conserv
Recycl, vol. 7, pp. 221-234, 1984.

[18] A. R. Mermut, J. C. Jain, L. Song, R.
Kerrich, L. Kozak, and S. Jana, “Trace
element concentrations of selected soils
and fertilizers in Saskatchewan Canada,” J
Environ Qual, vol. 25, pp. 845-853, 1996.

[19] F. D. Mikayilov and B. Acar, “Toprak
ekosistemlerinde  kirleticilerin  tasimnim
mekanizmasinin incelenmesi ve
modellenmesi (Investigation and modelling
of contaminant’s movement processes
within the soil ecosystems),” Ekoloji, vol.
7, no. 28, pp. 20-23, 1998.

[20] Saghk Bakanligi, “Insani Tiiketim Amach
Sular Hakkinda Yonetmelik (Turkish
Standards for Water Intended for Human
Consumption),” Saglik Bakanligi, Ankara,
Turkey, 2013.

[21] WHO, “Guidelines for Drinking-Water
Quality,” First Addendum to Third Edition,
1, Recommendation. Geneva Switzerland,
2013.

[22] WHO (World Health Organization),
“Guidelines for drinkingwater quality,”
Vol 2, Health criteria and other supporting
information, WHO Publ, Geneva, 335,
1984.

[23] O. Uslu and A. Tiirkman, “Su kirliligi ve
kontrolii (Water pollution and control),”
Publication series of Environment General
Directorate of Prime Ministry of Turkish
Republic, vol. 1, pp. 251-265, 1987.

[24] H. A. L. Rowland, E. O. Omeregie, R.
Millot, J. Cristina, J. Mertens, B. Valin, S.
J. Hug, and M. Berg, “Geochemistry and
arsenic  behaviour in  groundwater
resources of the Pannonian Basin (Hungary
and Romania),” Appl. Geochem., vol. 26,
pp. 1-17,2011.

[25] C. Simsek, “Assessment of naturally
occurring arsenic contamination in the
groundwater of Sarkisla Plain
(Sivas/Turkey),” Environmental Earth
Sciences, vol. 68, pp. 691-702, 2013.

Sakarya University Journal of Science 24(5), 1008-1022, 2020

[26] NAS, “Medical and Biologic Effects of

Environmental Pollutants: Arsenic,”
National Academy of Science, Washington
D.C., 1977.

[27] H. Onishi and E. B. Sandell, “Geochemistry

[28]

of Arsenic,” Geochimica et Cosmochimica
Acta, vol. 7, pp. 1-33, 1955.

W. Lawati, A. Rizoulis, E. Eiche, C.
Boothman, D. Polya, J. Lloyd, M. Berg, P.
Aguilar, and B. Dongen, “Characterisation
of organic matter and microbial
communities in contrasting arsenic-rich
Holocene and arsenic-poor Pleistocene
aquifers, Red River Delta, Vietnam,” Appl.
Geochem. vol. 27, pp. 315-325, 2012.

[29] L. Minh, G. Josette, B. Gilles, O. Didier, N.

Julien, L. Quynh, T. Thai, and L. Anh,
“Hydrological regime and water budget of
the Red River Delta (Northern Vietnam),”
J. Asian. Earth. Sci. vol. 37, pp. 219-228,
2010.

[30] S. Guillot, S. Chakraborty, A. Gajurel, and

B. Upreti, “Comparison of arsenic
concentrations in simultaneously-collected
groundwater and aquifer particles from
Bangladesh, India,” Vietnam, and Nepal.
Appl. Geochem. vol. 23, pp. 3244-3251,
2008.

[31] J. T. Hindmarsh, R. F. McCurdy, and G. R.

[32]

[33]

Peters, “Clinical and environmental aspects
of arsenic toxicity,” CRC Critical Reviews
in Clinical Laboratory Sciences, vol. 23,
pp. 315-347, 1986.

WHO, “Arsenic in Drinking Water,”
Background document for development of
WHO Guidelines for Drinking-water
Quality, 2011.

W. P. Tseng, “Effect of dose-response
relationship of skin cancer and blackfoot
disease with arsenic,” Environmental
Health Perspectives, vol. 19, pp. 109-119,
1997.

[34] R. Zaldivar and G. L. Ghai, “Clinical

epidemiological studies on endemic
chronic arsenic poisoning in children and
adults, including observations on children
with high- and low-intake of dietary

1021



KESKIN et al.

Groundwater Pollution Connected to Multiple Effect: A Case Study Kaman (Kirsehir, Turkey)

arsenic,” Zentralblatt fiir Bakteriologie und
Hygiene, Abteilung I: Originale B, vol.
170, pp. 409-421, 1980.

[35] J. L. Valentine, D. S. Campion, and M. D.
Schluchter, “Arsenic effects on human
nerve conduction,” In: Howell JC,
Gawthorne JM, White L, eds, Proceedings
of the 4™ International Symposium on
Trace Element Metabolism in Man and
Animals, Berlin, 409, 1981.

[36] M. E. Cebrian, A. Albores, and M. Aguilar,
“Chronic arsenic poisoning in the north of
Mexico,” Human Toxicology, vol. 2, pp.
121-133, 1983.

[37] P. B. Tchounwou, A. K. Patlolla, and J. A.
Centeno, “Carcinogenic and systemic
health effects associated with arsenic
exposure-A Critical Review,” Toxicologic
Pathology, vol. 31, pp. 575-588, 2003.

[38] S. X. Wang, Z. H. Wang, X. T. Cheng, J. Li,
Z. P. Sang, X. D. Zhang, L. L. Han, X. Y.
Qiao, Z. H. Wu, and Z. Q. Wang, “Arsenic
and Fluoride exposure in drinking water:
Children’s 1Q and growth in Shanyin
County, Shanxi  Province, China,”
Environmental Health Perspectives, vol.
115, no. 4, pp. 643—647, 2003.

[39] F. Habashi, “Handbook of Extractive
Metallurgy,” Volume II, WILEY-VCH,
Germany, 1997.

[40] ATSDR, “Toxicological profile for
antimony and Compounds,” 1992.

[41] J. Fawell, K. Bailey, J. Chilton, E. Dahi, L.
Fewtrell, and Y. Magara, “Flouride in
Drinking Water,” World Health
Organiztion, Iwa Publishing Inc, 134,
2006.

[42] HHS, “Agency for Toxic Subtances and
Disease Registry Division of Toxicology
Information Branch,” U.S. Department of
Health and Human Services (Public Health
Service), Atlanta Georgia, 462, 1999.

[43] A. M. Piper, “A graphical procedure in the
geochemical interpretation of water
analyses,” American Geophysical Union
Trans., vol. 25, pp. 914-923, 1944.

Sakarya University Journal of Science 24(5), 1008-1022, 2020

[44] M. Saym, and S. O, Eyiipoglu, “Tiirkiyedeki
yagislarin  kararli  izotop igeriklerini
kullanarak yerel meteorik dogrularin
belirlenmesi (Determination of the local
meteoric water lines using stable isotope
contents of precipitation in Turkey),” II.
Ulusal Hidrolojide 1Izotop Teknikleri
Sempozyumu (Second National
Symposium on Isotope Technics in
Hydrology). Izmir, Turkey, September,
2005.

[45] B. Payne, and T. Dinger, “Isotope survey of
karst region of southern Turkey,”
Proceedings of  6th  International
Conference of radiocarbon and Tritium
Dating, no. 620652, IAEA, Vienna, 1965.

[46] S. Simsek, “Isotope and geochemical
techniques  applied to  geothermal
investigations”,  International = Atomic
Energy Agency, TECDOC No. 788, pp.
232-248, 1993.

[47] L.C. Clark, and P. Fritz, “Environmental
Isotopes in  Hydrogeology.” Lewis
Publishers, New York, 1997.

1022



