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Abstract The Tefenni (Burdur) plain is located in the
southwest of Turkey and is semi-closed basin. Ground-
water is densely used as drinking, irrigation and domestic
water in the Tefenni plain. Hydrogeochemical processes
controlling groundwater chemistry and geochemical
assessment of groundwater were investigated in the Tef-
enni (Burdur/Turkey) plain. The conceptual hydrogeolog-
ical model of the plain was prepared for qualitative
description of the underground geology and interpretation
of hydrogeochemical processes of the study area. In this
study, groundwater samples for two seasons were analyzed
and major ion chemistry of groundwater was researched to
understand the groundwater geochemistry. Two major
hydrochemical facies (Ca*t-Mg®>™—HCO;~ and Mg*"—
Ca’*—HCO;™) were determined in the area. Mg>", Na™,
SO,* and CI™ concentrations of water samples increased
seasonally related to ion exchange of minerals in rocks by
rainwater in wet season. Various graphical plots and mul-
tivariate statistical analysis (Pearson correlation analysis)
were used for identifying the occurrence of different geo-
chemical processes. Carbonate weathering in dry season
and silicate weathering in wet season were the major hy-
drogeochemical processes in the study area. In addition,
ion exchange and reverse ion exchange were two possible
processes of water—-rock interaction in the basin. The
mechanism controlling groundwater chemistry at the
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Introduction

Hydrogeochemistry of groundwater is important for sus-
tainable development and effective management of
groundwater. The hydrogeochemical processes of the
groundwater system help to obtain an insight into the
contributions of rock/soil-water interaction and anthropo-
genic influences such as agriculture, sewage disposal,
mining and industrial wastes on groundwater (Matthess
1982; Kumar et al. 2006). The chemical composition and
quality of the groundwater are controlled by various fac-
tors, like evaporation, dissolved ion content, precipitation,
climate, oxidation-reduction, sorption and exchange reac-
tions, transformation of organic matter, regional geology,
degree of chemical weathering of the various rock types,
quality of recharge water and mixing processes (Carrillo-
Rivera et al. 2007; Singh et al. 2011; Aghazadeh and
Mogaddam 2010; Bozdag and Gocmez 2013; Stamatis
et al. 2011).

Water interacts with rocks and minerals during infiltra-
tion to underground. It solves rocks and minerals and this
process continues until to reach saturation of water.
Chemical composition of groundwater is a function of
mineralogical and chemical properties of aquifers, flow
conditions and flow speed and residence time of water into
the aquifer (Freeze and Cherry 1979; Appelo and Postma
1993; Andreo and Carrasco 1999). Hence, to get knowl-
edge about the groundwater chemistry is important to learn
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the geological history of the aquifers and the suitability of
groundwater for domestic, industrial and agricultural pur-
poses. To utilize and protect water resources effectively
and predict the change in groundwater environments, it is
necessary to understand the hydrogeochemical character-
istics of the groundwater and its evolution under natural
water circulation processes (Guendouz et al. 2003; Wen
et al. 2005, 2008; Edmunds et al. 2006; Tizro and Vou-
douris 2008). In this study, hydrogeological and hydrog-
eochemical data of Tefenni plain (Burdur) were
investigated and used to determine the main factors and
mechanisms controlling the chemistry of groundwater in
the area.

Materials and methods

Groundwater level map was prepared for the alluvial
aquifer with groundwater level measurements taken from
26 wells in May 2010 (in wet season) (Fig. 1). The
hydraulic conductivity and transmissibility coefficients of
the alluvial aquifer were determined using well pumping
test results by State Hydraulic Works (SHW) with Aquif-
erTest 3.5 Pro (Hall and Smol 1996) software program.
In this study, a total of 56 water samples taken from
wells, springs and lake waters were analyzed at two
hydrological seasons [July 2009 (dry) and May 2010 (wet)]
for hydrogeochemical assessment. Samples were stored in
two polyethylene bottles. One of the bottles was acidified

with suprapure HNO;™ for determination of cations and
another was kept unacidified for the anion analyses. The
discharge temperature, pH and electrical conductivity (EC)
were measured in the field. The major chemical constitu-
ents were analyzed by ICP-MS (inductively coupled
plasma-mass spectrometer) at the ACME Laboratory
(Vancouver, Canada, an ISO 9002 accredited company).
HCO;~, CO;>~ concentrations were determined by titri-
metric method; C1™ and SO42_ were determined using ion
chromatography in the laboratory of the SHW (Isparta,
Turkey). The charge-balance error of the water samples
was less than 5 %, which is within the limits of accept-
ability. Data were analyzed with the SPSS software version
10.0 for Windows. Continuous variables from the study
groups were reported as mean =+ standard deviation. Sta-
tistical significance was defined as p < 0.05.

In addition, geology, hydrogeology and hydrogeo-
chemistry maps were prepared using GIS-ArcView com-
puter code. ArcGIS 9.3 software, Spatial Analyst extension
and inverse distance weight (IDW) interpolation methods
were applied throughout research evaluations and the study
area was mapped to a UTM Zone 35, ED50 datum. IDW is
referred to as deterministic interpolation methods because
they are directly based on the surrounding measured values
or on specified mathematical formulas that determine the
smoothness of the resulting surface. IDW model is a quick
deterministic interpolator that is exact, and can be a good
way to take a first look at an interpolated surface. Kriging
model is very flexible and allows user to investigate graphs
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Fig. 1 Location, geological and groundwater level maps (in wet season) of the study area (Varol 2011)
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of spatial autocorrelation. Kriging model uses multiple
datasets and is very flexible. IDW model has minimum
mean error and root mean squared error eventually. IDW
model was regarded as optimal model to create simulation
map (Li et al. 2008). Therefore, IDM model was used in
this study.

Geology and hydrogeology

The Tefenni (Burdur) plain is located in the southwest of
Turkey (Fig. 1) and has a 1,527 km” watershed area (Varol
2011). Generally, climate of the plain and its vicinity is
affected from Mediterranean climate zone in the middle
Anatolian climate zone. According to data obtained from
Turkish State Meteorological Service (TSMS), the mean
rainfall is 465.03 mm with minimum values in the August
10.13 mm and maximum values in December 73.31 mm
(Varol 2011). The actual evapotranspiration was calculated
as 326.74 mm for the study area with Thornthwaite method
(Varol 2011). Groundwater is an important resource for
drinking, agriculture and livestock uses in the study area.
The groundwater quality of the area studied is related to
both the lithology and the residence time of the water in
contact with rock material. Therefore, geological and
hydrogeological properties of the study area were primarily
determined. Autochthonous and allochthonous units are
outcropped in the study area (Varol 2011; Fig. 1). Allo-
chthonous units are composed from Marmaris peridotite,
Kizilcadag ophiolitic melange, Orhaniye formation, Dutdere
limestone, Kayalisirt1 flysch unit, Sobiiceyayla, Mamatlar,
Varsakyayla, Karanasiflar, Karabogiirtlen, Yavuz and El-
mal1 formations. Cameli formation, alluvium and slope
debris are autochthonous units (Table 1). The geological
structure of the Tefenni plain developed depending on tec-
tonism. This region is located on the west side of the regional
geological structure known as Isparta angle in the SW-Tur-
key (Kocyigit et al. 2000). Fethiye—Burdur Fault zone is
located between the Fethiye gulf and Burdur Lake in the
study area. This zone has 300 km length. It is the most active
fault system in the southwest Anatolia (Bozcu et al. 2007).
The stratigraphic units within the study area have differ-
ent hydrogeological characteristics. These units were
grouped qualitatively as impermeable (aquifuge), semi-
permeable (aquitard-1, 2), permeable-1 (granular aquifer)
and permeable-2 (karstic aquifer). The units of similar
hydrogeological characteristics are summarized in Table 1.
Alluvium which is the most important aquifer in the basin has
an area of approximately 174 km?. The well logs indicated
that the thickness of the alluvium ranged from 5 to 130 m in
the Tefenni plains. The thickness increased in the middle of
the plain. The coefficient of transmissibility of alluvium
aquifer was calculated using Jacob method with time-

drawdown data between 1.03 x 107> and 9.54 x 10~* m?/
s. The hydraulic conductivity of alluvium aquifer was
between 1.18 x 10™* and 8.48 x 107® m/s (Varol 2011).

The groundwater in the study area occurs under
unconfined conditions. The seasonal variation of ground-
water level is controlled with natural factors such as pre-
cipitation, evaporation, runoff and artificial factors such as
withdrawing groundwater from wells and recharge with
irrigation from Lake Karatas. Rainfall is the main recharge
source of groundwater in the plain. The maximum and
minimum groundwater level indicated fluctuations sea-
sonally in May and September. The depth to groundwater
table varied between 3.75 and 50.05 m in May 2009, 5.20
and 49.90 m in October 2009, 3.70 and 49.06 m in May
2010 and between 7.75 and 48.35 m in October 2010,
below the ground level. The general groundwater flow
direction in the porous aquifer was toward Burdur Lake
which is located in the north of the plain in both wet and
dry seasons (Fig. 1). Generally, groundwater level curves
occurred closer to each other in the north and northeast of
the study area. In these regions, hydraulic gradient was
determined between 1.11 x 107> and 0.010. This situation
represents areas having low permeability and the high
hydraulic slope. Because, the thicker and more frequent
clay levels within the alluvium aquifer were observed in
these areas. Otherwise, groundwater level curves were
sparse in the west of the plain due to sand, and coarse
granular sediment levels are extensive and thick in these
regions, and hydraulic gradient was determined to be
3.44 x 1077,

Conceptual hydrogeological model of the basin

The conceptual hydrogeological model of the Tefenni plain
was prepared for qualitative description of the underground
geology and interpretation of hydrogeochemical processes
of the study area (Fig. 2). Thus, changes in groundwater
chemistry during infiltration were interpreted clearly and
simply. The model is pictorial description of the ground-
water system, including a delineation of the hydrogeologic
units, the system boundaries, inputs/outputs, and a
description of the soils and sediments and their properties
(Meyer and Gee 1999). The natural system beneath the
underground is complex, consisting of fine to coarse sedi-
ments deposited in a heterogeneous manner and different
rock units are situated. In the study area, limestones,
dolomitic limestones, ophiolitic complex and Neogene
units were existed as intricate via tectonic activities. Ca**—
Mg®>T-HCO;~, Mg*"—Ca>™-HCO;~, Na'—CO;*"—CI~
and Na™-HCO; —Cl~ water types were observed due to
water—rock interaction. According to this model, aquifer
chemistry and tectonic structures have dominant effects on
the change in the groundwater types in the study area.
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Table 1 Stratigraphic relations of the geologic units and hydrogeological properties (Varol 2011; Senel et al. 1989)

Age Formation Lithology Reference Hydrogeological
properties
Quaternary Alluvium (Qal) Gravel, sand and mudstone - Permeable (Granular
Aquifer)
Quaternary Slope Alluvium (Qym)  Attached to the loose gravel, - Permeable (Granular

Pliocene (Neogene)

L. Lutetian—E. Burdigalian
(Eocene-Miocene)

L. Lutetian—Priabonian
(Eocene)

L. Lutetian—Priabonian
(Eocene)

Montian-Thanetian
(Paleocene)

Aptian—Albian (Cretaceous)

L. Cenoniyen (Cretaceous)

L. Cenoniyen (Cretaceous)

L. Cenoniyen (Cretaceous)

L. Cenoniyen (Cretaceous)

L. Triassic-Cretaceous

M.-L. Triassic

Jurassic-Cretaceous

Cameli formation (Ply)

Elmali formation (Te)
Yavuz formation (Tey)

Varsakyayla formation
(Tev)

Mamatlar formation
(Tpm)

Marmaris peridotite
(Kmo)

Karabogiirtlen formation
(Kka)

Sobiiceyayla formation
(Ks0)

Kizilcadag ophiolites
(Kkzm)

Karanasiflar formation
(Kkn)

Kayalisirtt units (JKks)

Dutdere Limestone
(Tr)d)

Orhaniye formation
(JKo)

sand and mudstone

Conglomerate, sandstone,
claystone, clayey limestone,
marl, conglomerate

Turbiditic sandstones, shales

Flysch composed of sandstone,
claystone and siltstone

Sandstone, conglomerate,
limestone

Conglomerate, claystone,
sandstone, conglomerate,
nodular limestone, marl and
clayey limestone

Peridotite, serpentinite and
serpentinized peridotite

Sandstone, claystone, cherty
limestone, blocky flysch

Orbitoidic sandstone

Limestone, chert, diabase, and
serpentinite blocks within
ophiolitic matrix

Limestone and breccia with
chert membered

Pelletoidal limestone, red
micrite, cherty micrite,
radiolarite

Recrystallized limestone

Calciturbidite, cherty limestone

Erakman et al. (1982)

Onalan (1979)

Poisson (1977)

Poisson (1977)

Poisson (1977)

Capan (1980)

Poisson (1977)

Poisson (1977)

Poisson (1977)

Senel et al. (1989)

Senel et al. (1989)

Senel et al. (1989),
Bilgin et al. (1990)

Meshur et al. (1989)

Aquifer)
Semipermeable
(Aquitard-1)

Semipermeable
(Aquitard-2)
Semipermeable
(Aquitard-1)

Semipermeable
(Aquitard-1)

Semipermeable
(Aquitard-2)

Impermeable (Aquifuge)

Semipermeable
(Aquitard-2)

Semipermeable
(Aquitard-2)

Impermeable (Aquifuge)

Permeable (Karstic
Aquifer)

Permeable (Karstic
Aquifer)

Permeable (Karstic
Aquifer)

Semipermeable
(Aquitard-2)

Results and discussion
Groundwater geochemistry

Hydrogeochemical characteristics of groundwater in the
study area were evaluated separately as discharge lithologies
and localities (Tables 2, 3). Springs are discharged from
Dutdere limestone, Cameli and Orhaniye formations in the
area. Wells are situated in alluvium and Cameli formation.

Seasonal evaluation of physical parameters
The pH of spring waters varied for dry and wet season in
the range 5.80-9.20 and 7.20-10.40, respectively. The pH

of the well water was measured in the range 5.90-8.00 in
dry season and 7.40-8.40 in wet season. The increase in pH
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was determined in the wet season in comparison to dry
season in spring and well waters. This increase is related to
high interaction between rock and rainwater, so, it was
enhanced due to the dissolution.

The EC values of spring waters were measured in the
range 630-1,372 uS/cm in dry season and 520.20—
1,521.00 pS/cm in wet season. The EC values of well
waters also varied in the range 5.27-3,028.50 uS/cm in dry
season and 5.85-2,875.50 uS/cm in wet season. The EC
values of groundwaters in the wet season were higher than
the dry season in the study area (Fig. 3). Especially, the EC
values of well waters, which were taken from Cameli
formation, were higher than the EC value of other samples.
Clay content of the Cameli formation was high. Salts,
which held back in the interstice or pores in clay while
groundwater is evaporated or water table falls, get leached
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Fig. 2 Conceptual hydrogeological model of the study area (Senel et al. 1989)

back into the groundwater during the wet season (Raju
2007; Singh et al. 2011; Rao et al. 2013). Hence, the wet
season waters had higher EC values as compared to the dry
season. Very high standard deviation in EC for both dry
and wet seasons indicated the spatial variability of leaching
and dilution with recharging rainfall water.

Seasonal evaluation of major ions

Generally, sequence of ions was Ca”" > Mg®" > Na" > K;
HCO3 > SO;” >Cl” > COs>" in dry season and
Mg®" > Ca®" > Nat > K";  HCO3 >S0Oi >ClI” >
CO;>~ in the wet season (Table 2). According to the ana-
lysis results, Mg>" ion of water samples increased sea-
sonally in specific locations. This difference was related to
water—rock interactions (Fig. 3). Ca®" and Mg®" originate
mainly from carbonate-rich rocks such as limestone, dolo-
mitic limestone, and were the major sources for carbonate
weathering. The available carbonates in these rocks might
have been dissolved and added to the groundwater system
during irrigation, rainfall infiltration and groundwater
movement. The increase in Mg?" ion in wet season was
observed at both well waters drilling within the alluvium and
Cameli formation, and spring waters which discharge from
Dutdere limestone and Cameli formation. The major source
of Mg”" in the groundwater was ion exchange of minerals in
rocks and soils by water. The increase in Na was determined
only for wet season at Karacadren spring which discharges at
the contact of the Dutdere limestone and Kizilcadag ophio-
lites (Fig. 3). This increase is related to ion exchange due to
water—rock interaction.

The SO,*~ concentrations of Kayali and Akpmar spring
waters discharging at the contact of the Dutdere limestone and
Kizilcadag ophiolites increased related to ion exchange of
minerals in rocks by rainwater in wet season (Fig. 4). In
addition, the Cl™ content increased at Yuvalak and Kilavuzlar
wells drilling in alluvium aquifer (Fig. 4). This increase is
probably related to anthropogenic effects such as agricultural

activities. However, the CI concentration of Barutlusu spring
(S6) which has Na™—Ca®>"™—CO5* —Cl~ facies and mineral
water character also increased in wet season due to water—rock
interaction between Kizilcadag ophiolites and rainwater. In
addition, increase in C1~ concentration of the Barutlusu spring
can be related to deep groundwater due to discharging from
fault zone (Varol and Davraz 2010).

Pearson correlation analysis (PCA) was carried out to
evaluate the relationship between various physiochemical
parameters. All the processes were performed using SPSS
software version 15.0 for Windows. According to PCA
results, Mg>" was positively correlated with HCO;~
(r=0.503, p=0.006 in dry season and r = 0.520,
p = 0.005 in wet season; Tables 3, 4). These results sup-
ported that water—rock interaction occurred between car-
bonate-rich rocks and rainwater in the study area.
Additionally, Mg”>" was also positively correlated with
SO,*™ (r = 0.627, p < 0.001 in dry season and r = 0.641,
p < 0.001 in wet season, Tables 3, 4). The increase in
Mg®" and SO,*~ concentrations was observed in ground-
water which was affected with clayey and marly rocks such
as Cameli formations. In addition, Na* was positively
correlated with HCO5;™ and C1™ (r = 0.859, p < 0.001 and
r=0.930, p <0.001, respectively, in dry season and
r = 0.868, p < 0.001 and r = 0.945, p < 0.001, respec-
tively, in wet season, Tables 3, 4). This relation repre-
sented ion exchange reactions in groundwater. Generally,
Na™ content of groundwater increased due to interaction
with clayey rocks. Most of the clay minerals have colloidal
structure (Freeze and Cherry 1979). These clay particles
due to colloidal structures easily absorbed onto ions such as
Cl~ and SO, (Freeze and Cherry 1979; Edzwald et al.
1976; Sahinci 1991).

Hydrogeochemical facies

Hydrogeochemical facies reflect the effects of chemical
reactions occurring between the minerals within the
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Table 3 Statistical summary of

hydrogeochemical parameters Spring Dry season . Wet season .

& : Mean + SD (min.—max.) Mean £ SD (min.—max.)

of spring waters in the study

area Dutdere limestone (n = 12)
pH 7.28 + 0.81 (5.80-9.20) 8.01 £ 0.83 (7.20-10.40)
EC 1,066.70 + 214.59 (630-1,372) 1,029.78 + 302.14 (520.20-1,521.00)
T 15.99 + 4.31 (9.10-27.00) 14.36 + 4.77 (8.20-28.00)
Hard. 26.80 £ 12.70 (4.69-50.01) 23.51 £+ 9.51 (6.95-37.75)
Na 11.3 £ 12.21 (1.09-35.79) 10.55 + 11.24 (1.14-40.00)
K 1.65 + 2.05 (0.33-7.94) 0.81 &£ 0.71 (0.39-2.34)
Ca 69.37 + 54.44 (7.35-185.25) 52.33 4+ 35.21 (7.01-112.42)
Mg 22.97 + 29.60 (1.25-89.99) 25.41 + 25.42 (3.76-82.08)
Cl 11.45 £ 11.61 (4.61-46.44) 13.45 + 18.91 (3.90-72.76)
HCO;3 223.04 £ 101.79 (39.50-391) 266.25 £+ 120.78 (3.05-431.27)
CO; 7.17 + 17.09 (0.00-51) 5.25 £ 12.26 (0.00-32.40)
SO, 15.33 £ 11.95 (1.00-39) 13.68 £ 8.75 (5.76-32.66)

Cameli formation (n = 3)

pH 6.40 + 0.34 (6-6.60)
EC 1,129.50 &+ 137.30 (976.50-1,242)
T 16.16 + 3.17 (12.60-18.70)
Hard. 36.61 + 3.85 (32.97-40.65)
Na 11.54 £ 6.83 (3.69-16.13)
K 4.77 £ 6.71 (0.41-12.50)
Ca 74.79 £ 31.04 (46.84-108.21)
Mg 43.60 + 14.09 (33.13-59.63)
Cl 14.18 £ 5.83 (7.45-17.73)
HCO; 343.66 + 24.70 (321-370)
CO; 0.00 £ 0.00
SO, 17.66 + 7.76 (9-24)

Orhaniye formation (n = 1)
pH 7.30
EC 639
T 11
Hard. 13.9
Na 1.78
K 0.45
Ca 43.39
Mg 7.48
Cl 4.25
HCO; 143
CO; 0

All values are in mg/l except pH, S0, 10

EC (umhos/cm), T

8.16 & 0.40 (7.70-8.40)
1,287.60 %+ 69.80 (1,242.45-1,368.00)
16.10 £ 3.46 (12.10-18.20)
28.81 £ 6.57 (23.45-36.15)
9.18 £ 4.53 (4.12-12.87)

1.08 £ 0.65 (0.39-1.70)

48.36 £ 2.05 (46.09-50.10)
40.73 £ 14.89 (29.06-57.51)
11.47 £ 3.83 (7.09-14.19)
323.50 £ 90.49 (259.25-427.00)
3.20 £ 5.54 (0.00-9.60)

19.20 £ 7.10 (11.04-24.01)

8.00
606.60
11.3
15.65
252
0.39
45.09
10.70
3.90
182.39
0.0
7.68

lithologic framework and groundwater. Hydrogeochemical
diagrams are aimed at facilitating interpretation of evolu-
tionary trends, particularly in groundwater systems, when
they are interpreted in conjunction with distribution maps
and hydrogeochemical facies. An overall characterization
of hydrogeochemical data may be possible by knowing the
hydrogeochemical facies of water, generally known as
water type, using various plots such as Durov (1948), tri-
linear (Piper 1944), Schoeller (1965) and Chadha (1999)
diagrams. The Chadha diagram proposed as a newer

diagram in different researches for geochemical classifi-
cation of natural waters and interpretation of chemical data.

In this diagram (Fig. 5), the difference in mill equivalent
percentage between alkaline earths (Ca®™ 4+ Mg®") and
alkali metals (Na®* 4+ K™), expressed as percentage react-
ing values, was plotted on the x-axis, and the difference in
mill equivalent percentage between weak acidic anions
(CO327 + HCO;5;7) and strong acidic anions (Cl™ +
SO0,*7) was plotted on the y-axis. The mill equivalent
percentage differences between alkaline earths and alkali

@ Springer
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Fig. 3 The spatial distribution maps of EC, Ca®*, Mg®", Na™ in dry and wet seasons (Varol 2011)

metals and between weak acidic anions and strong acidic
anions would plot in one of the four possible sub-fields of the
rectangle diagram. The rectangular field describes the

@ Springer

overall character of the water. To define the primary char-
acter of water, the rectangular field is divided into eight sub-
fields, each of which represents a water type (Chadha 1999).



Environ Earth Sci (2014) 71:4657-4673 4665

Explanations
A Sample Locanons
o Resdenal s
S04 (mg/)
N 02500
[ 2500-35.00
[ J3s00.8500
[ <5.00- 305,00
W 10500 16500

Fig. 4 The spatial distribution maps of CO;>~, HCO;~, CI~, SO4>~ in dry and wet seasons (Varol 2011)
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Table 4 Statistical summary of
hydrogeochemical parameters
of well water in the study area

G. water

Dry season
Mean £ SD (min.—max.)

Wet season
Mean £+ SD (min.—max.)

Alluvium (n = 7)
pH
EC
T
Hard.
Na
K
Ca
Mg
Cl
HCO;
CO3
SO,

7.10 & 0.56 (5.90-7.50)
1,049.78 £ 164.90 (841.50-1,372.50)
15.75 £ 1.94 (13.0-18.10)
29.53 £ 10.91 (16.11-51.07)
16.18 £ 3.80 (8.99-19.74)
1.35 £ 0.60 (043-2.26)

64.79 £ 43.12 (17.97-156.08)
32.21 £ 5.32 (27.76-42.78)
12.91 £ 3.36 (7.80-18.79)
255.07 & 48.06 (184.50-318)
0.00 £ 0.00

44.14 £+ 17.68 (23-73)

Cameli formation (n = 4)

pH
EC

T
Hard.
Na

K

Ca
Mg
Cl
HCO;

CO;3
All values are in mg/l except SO
pH, EC (pmhos/cm), T *

7.37 £ 0.43 (7.00-8.00)

1,434.56 + 1,242.61 (5.27-3,028.50)
16.02 & 1.09 (14.80-17.30)

46.39 £ 22.34 (23.78-72)

167.09 & 237.33 (36.80-522.80)
3.02 £ 1.30 (1.31-4.37)

65.92 =+ 48.29 (10.18-120.44)
72.75 + 25.67 (50.71-101.90)
116.86 £ 100.75 (30.13-259.40)
547.50 & 354.21 (301.50-1,073.50)
0.00 £ 0.00

126.50 & 84.53 (36-230)

7.88 £ 0.28 (7.50-8.40)
1,240.26 £ 223.06 (821.70-1,498.50)
14.58 £ 1.38 (12.40-16.40)
28.93 £ 6.77 (16.65-37.40)
19.11 £ 6.59 (10.34-27.12)
0.89 £ 0.62 (0.39-1.95)

53.67 £ 23.56 (16.03-92.38)
35.62 & 8.50 (24.44-48.27)
12.72 £ 3.50 (10.29-20.23)
325.91 £ 66.70 (208.62—-427.00)
0.00 £ 0.00

32.65 £ 25.57 (9.12-84.05)

7.62 £ 0.33 (7.40-8.10)

1,782.33 £ 1,255.16 (5.85-2,875.50)
14.50 £ 0.43 (14.10-15.10)

46.41 £+ 17.03 (26.7-65.7)

186.33 £ 248.23 (60.00-558.68)
2.63 £ 0.66 (1.95-3.51)

67.53 £ 42.90 (16.03-118.23

71.88 & 15.97 (55.20-88.03)
109.23 £ 98.49 (35.49-250.96)
692.64 £ 409.36 (391.01-1,295.60)
0.00 £ 0.00

145.64 £ 49.88 (76.36-191.15)

Analysis results of groundwaters were plotted on the
Chadha diagram for geochemical classification and studied
hydrochemical processes of dry and wet seasons (Fig. 5).
According to the diagram, the majority of groundwater
samples in the study area located in the Sth region. Namely,
alkaline earths and weak acidic anions exceeded both alkali
metals and strong acidic anions, respectively. Such water
has temporary hardness. The positions of data points in this
domain represent Ca>"—Mg>"—HCO;~ water type (Chadha
1999; Varol and Davraz 2010). According to the results of
chemical analysis, Barutlusu mineral water with Kozluca
wells showed the different properties in Chadha diagram.
Barutlusu spring water (S6) was in the 7th region of the
Chadha diagram in which Na™ and C1~ ions were dominant
ions in both periods. Barutlusu spring (S6) had Na™—Ca**—
CO;2"—CI™ facies (Varol and Davraz 2010). This water
type was related to the interaction with Marmaris perido-
tite, Kizilcadag ophiolitic mélange, Dutdere limestone and
deep circulation. Kozluca 1 (S22) well water samples were
located on the 8th region of the Chadha diagram within the
both periods. This groundwater had Na*—HCO; —-ClI~

@ Springer

facies. The increases in Na™ and Cl1~ contents were orig-
inated from clay and claystone which belongs to Cameli
formation.

Hydrogeochemical process

The geological formations, water—-rock interaction and
relative mobility of ions are prime factors influencing the
geochemistry of groundwater (Yousef et al. 2009). Major
ions are a significant part of the total dissolved solids in
groundwater. The concentrations of these ions in ground-
water depend on the hydrogeochemical processes that take
place in the aquifer system. Generally, different chemical
processes occur during rock-water interaction, which
include dissolution/precipitation, ion exchange processes,
oxidation and reduction (Dehnavi et al. 2011). Water—rock
interaction reflects the differences in mineral composition
of the aquifer, existence of fissures, faults and cracks which
affect groundwater movement in the subsurface medium
(Kumar et al. 2012). The use of scattered plots for TDS vs.
Na™/(Na™ + Ca*") and TDS vs. CI7/(CI~ + HCO;")
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(Gibbs 1970) can be used to identify of rock—water inter-
action processes. Gibbs’s diagrams are widely employed to
assess the functional sources of dissolved chemical con-
stituents, such as precipitation-dominance, rock-dominance
and evaporation-dominance (Gibbs 1970). The chemical
data of groundwater sample points of the area were plotted
in Gibbs’s diagrams (Fig. 6). Samples from both seasons
fell in rock-dominance zone suggesting precipitation-
induced chemical weathering along with dissolution of
rock forming minerals.

In addition, some possible hydrogeochemical processes,
which are observed in the study area, were explained
below.

lon exchange

Knowledge of the changes brought about in the chemical
composition of the groundwater during its travel under-
ground is essential (Sastri 1994; Singh et al. 2011). The
geochemical variations in the ionic concentrations in the
groundwater can easily be understood when they are
plotted along an X-Y coordinate (Aghazadeh and Mogad-
dam 2011). Results from the chemical analyses were used
to identify the geochemical processes and mechanisms in
the groundwater aquifer system. The chemical data of the
water samples were plotted for (Ca’™ 4+ Mg>") versus
(HCO5 + C032_) diagram (Fig. 7a). The water samples in

@ Springer
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Fig. 6 Gibbs diagrams, illustrating the mechanisms controlling the chemistry of groundwater samples

wet season fell below the equiline (1:1), which suggests
that an excess of alkalinity in the water has been balanced
by alkalis (Na™ + K™). In addition, the water samples in
dry season fell above the equiline (1:1). This suggests that
a large fraction of calcium and magnesium was derived
from non-carbonate sources and was balanced by some
other anions like SO,*~ and CI~ (Fig. 7a). The plot of TC
(total cation) versus (Ca’*+ Mg>") showed few of the
samples far below the theoretical line (1:1) (Fig. 7b),
indicating an increasing contribution of alkalis to the major
ions in these samples, which shows anthropogenic input in
the groundwater (Subba Rao and Devadas 2003; Fig. 7b).

In a plot of (Na™ + K*) versus TC (total cation), the
chemical data of the samples fell below the equiline line
(Fig. 7¢). This leads to infer that the supply of cations via
silicate weathering and/or soil salts is more significant
(Stallard and Edmond 1983), whereas the increase in
alkalis with a simultaneous increase in (CI™ + SO427)
(Fig. 7d) reflects a common source for these ions from the
dissolution of soil salts (Sarin et al. 1989; Datta and Tyagi
1996). Most of the samples had a Na*/C1~ ratio around or
above 1, indicating that ion exchange process is prevalent
in the study area (Kumar et al. 2006) (Fig. 7e). As pointed
out, the higher concentration of Nat is an index of ion
exchange.

Reverse ion exchange process
To compare the importance of ion exchange and reverse

ion exchange processes, samples were plotted on the

@ Springer

(Ca2++ Mg”) versus (SO427 + HCO5;™) diagram
(Fig. 7f). All of the points in dry season fell in the
(Ca®* + Mg”") side, suggesting that carbonate weath-
ering is the major hydrogeochemical process in the Tef-
enni plain. Also, it indicates that excess of calcium and
magnesium might be derived from other processes such as
reverse ion exchange reactions. In wet season, the sam-
pling points fell below the equiline (1:1) in this diagram.
This is due to an excess of HCO5 ™, which, further, con-
firms the role of silicate weathering as a major mecha-
nism for the occurrence of dissolved salts in the
groundwater (Rao and Rao 2010; Fisher and Mullican
1997). This may imply that Na concentration is reduced
from the groundwater because of the ion exchange pro-
cess, and HCO;™ increases. Moreover, weathering of soda
feldspar (albite) and potash feldspars (orthoclase and
microcline) is greatly responsible for the contribution of
Na® and K" ions to groundwater. Feldspars are more
susceptible for weathering and alteration than quartz in
silicate rocks.

Chloroalkaline indices

The chloroalkaline indices (CAI) 1, 2 are suggested by
Schoeller (1965, 1977), which indicate the ion exchange
between the groundwater and its host environment. The ion
exchange between the groundwater and its host environ-
ment during residence or travel can be understood by
studying the chloroalkaline indices (Eqs. 1, 2 Schoeller
1965, 1977):
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Fig. 7 Ions scatter diagram of groundwater in the study area (solid line denotes 1:1)

CAI-1 = [CI” — (Na* + K")]/Cl™ (1)
CAI-2 = [CI” — (Na* +K")]/(SO;” + HCO;5 + CO;™ +NO3)
(2)

(All values are expressed in milliequivalent per liter)

CAl is negative when there is exchange between sodium
and potassium (Na™ 4+ KT) in water with calcium and
magnesium (Ca?*+ Mg®") in rocks. If the ratio is positive,
then there is no base exchange (Aghazadeh and Mogaddam
2011). During this process, the host rocks are the primary

sources for dissolved solids in the water (Nagarajan et al.
2010).

CAI (Table 5) indicates that 7 (25 %) and 10 (32 %) of
water samples showed positive ratios in dry and wet sea-
sons, respectively, while 21 (75 %) and 19 (68 %) of water
samples showed negative ratios in dry and wet seasons,
respectively, depicting the type of base exchange. The
positive values indicate absence of ion exchange and the
reaction as a cation—anion exchange reaction.

Most groundwater samples in Fig. 8 showed negative
CAI-1 and CAI-2 within the study area in dry and wet

@ Springer
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Table 5 Chloroalkaline indices (CAI) in dry and wet season

Sample loc. Sample no. Dry season Wet season

NO; (mg/l) CAI-1 CAI-2 NO; (mg/l) CAI-1 CAI-2
Callica S1 11.12 0.45 0.02 2.62 0.28 0.11
Karatas L. S2 0 —3.45 —0.23 0.30 —2.43 —0.11
Callica S3 4375 —0.69 —0.05 10.44 —1.07 0.05
Karamanlt S4 19.35 0.20 0.01 6.07 0 0
Kilcan S5 1.55 0.15 0.004 0.93 0.05 0.001
Barutlusu S6 0 —0.17 —0.05 0.37 0.15 0.13
Tefenni S7 0.73 0.40 0.01 0.41 0.26 0.006
Bedirli S8 27.63 —0.33 —0.02 3.25 -2 —0.08
Bedirli S9 28.96 —0.51 —6.44 6.68 —2.41 —0.11
Caltepe S10 3.011 0.21 0.004 0.25 0.29 0.006
Bademli S11 17.05 —2.6 —0.09 425 —1.44 —0.08
Yuvalak S12 29.63 —0.66 —0.04 3.75 —0.96 —0.04
Bayramlar S13 3.72 0.27 0.01 1.20 —0.1 —0.003
Hiiyiik S14 10.89 —1.26 —0.05 3.83 —7.28 —0.27
Manca S15 14.75 —1.78 —0.08 3.74 —1.29 —0.10
Kayali S16 7.62 —0.42 —0.03 2.32 —0.78 —0.004
Kilavuzlar S17 9.83 -2.19 —0.11 1.22 -1 —0.07
Akpinar S18 23 —0.57 —0.05 1.39 0.5 —0.01
Kapakli S19 6.33 —0.07 —0.01 0.77 —0.05 —0.001
Bozlar S20 12.93 —0.07 —0.004 3.51 —0.65 —0.02
Kayikoy S21 0 —0.39 —0.03 0.84 —0.56 -0.03
Kozluca 1 S22 6.91 —2.11 —0.80 0.81 —2.44 —0.70
Kozluca S23 165.63 0.46 0.07 35.60 0.01 0.002
Igdeli S24 29.49 —1.51 —0.14 9.34 —1.66 —0.13
Karacadren S25 6.2 -7.72 —0.31 1.50 —0.18 —0.005
Pinarbas1 S26 6.73 —1.65 —0.09 1.62 —1.81 —0.10
Elmacik S27 3.41 —1.08 —0.07 0.52 —0.25 —0.01
Bogazici S28 15.28 —0.48 —0.06 6.18 -1 —0.08

seasons, confirming cation—anion exchange reaction, in
which exchange takes place between Ca”" or Mg”" in the
groundwater and Na* in the aquifer material. The negative
values of the ratio indicate base exchange between sodium
and potassium in water with calcium and magnesium in the
rocks. This, further, confirms that the host rocks are the
primary sources of dissolved ions in the groundwater, in
which the ion exchange is one of the major contributors for
higher concentration of Na™ in the groundwater.

Carbonate weathering and dissolution
In the study area, calcium and magnesium were dominant
cations and bicarbonate was dominant anion in ground-

water. The points plotted on the line Ca®t/Mg®" =1
indicate waters controlled by dolomite dissolution, while

@ Springer

the Ca®*/Mg*" ratio ranging from 1 to 2 characterizes the
dissolution of calcite (Maya and Louks 1995). In natural
waters, Ca>™/Mg”" ratio up to 2 is mainly due to the dis-
solution of silicate minerals (Katz et al. 1998; Nayak and
Sahood 2011; Elango et al. 2003).

The ratio of Ca®*/Mg®" of studied groundwater ranged
between 0.05 and 33.65 in dry season and 0.05-9.41 in wet
season (Table 6; Fig. 9). 14 samples in dry season and 23
samples in wet season had a ratio <2 indicating the dis-
solution of calcite. In addition, 10 samples in dry season
and 6 samples in wet season had a ratio >2 which indicates
the effect of silicate minerals (Nayak and Sahood 2011;
Elango et al. 2003). Mostly, the chemical composition of
the groundwater in the study area has resulted from the
dolomite weathering by carbonic acid. Carbonate weath-
ering can be caused by rainwater impregnated with CO,
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Table 6 Ca>"/Mg>" (mmol
g ( ) Dry season Wet season

ratio of the groundwater

Sample  Ca®t/Mg*" Sample  Ca®*/Mg** Sample  Ca*"/Mg>* Sample  Ca®t/Mg**

no. (mmol) no. (mmol) no. (mmol) no. (mmol)
S1 11.20 S15 1.07 S1 9.41 S15 1.02
S2 0.29 S16 2.13 S2 0.57 S16 1.91
S3 0.85 S17 0.38 S3 1.53 S17 0.31
S4 4.68 S18 33.65 S4 2.66 S18 6
S5 0.51 S19 14.21 S5 0.52 S19 6.92
S6 8.35 S20 322 S6 1.35 S20 1.60
S7 0.05 S21 1.10 S7 0.05 S21 0.83
S8 4.99 S22 0.11 S8 1.81 S22 0.17
S9 1.15 S23 0.71 S9 0.91 S23 0.81
S10 0.10 S24 0.53 S10 0.08 S24 0.54
S11 1.23 S25 5.55 S11 0.76 S25 3.98
S12 1.14 S26 1.01 S12 0.48 S26 0.93
S13 3.52 S27 1.98 S13 2.55 S27 0.96
S14 0.89 S28 0.61 S14 0.82 S28 0.58

and become rich in carbonic acid (Nayak and Sahood 40

2011). The acidic water influences the dissolution of car- 357~ DrySeason '
bonate minerals (calcite and dolomite) in the aquifer sys- 30 — mWetSeason

tem (Nur and Ayuni 2011). This process is responsible for 25
increase in the concentrations of Ca*", Mg®" and HCO;~ 0
content in groundwater. So, the availability of carbonate s
L 2

minerals in the recharge areas and silicate weathering are
the main factors, which led to the increase in carbonates 10 ‘

*
. . . L
and bicarbonate concentration in the groundwater (Elango 5 1
e e 2
. U T T
5 10 15 20

Ca/ Mg Ratio (mmol)

et al. 2003). In wet season that silicate weathering was 074!_._'3‘“_“_._"“_...;

dominant process, and CO5>~ increase in groundwater was 0 25 30

determined throughout the groundwater flow path in the Sample Number

study area (Fig. 4). Fig. 9 Plot of Ca**/Mg>" (mmol) ratio

o
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Conclusion

Groundwaters have different hydrogeochemical character-
istics in the study area. Ca*™—-Mg*™—HCO; ™, Mg*"—Ca*"—
HCO;~, Na™-CO5* —Cl~ and Na*-HCO; -Cl~ water
types are observed. Generally, the groundwater of the study
area is dominated by calcium and bicarbonate ions. The
chemical composition of groundwater of the study area is
strongly influenced by water-rock interaction. Ion
exchange and reverse ion exchange are two possible pro-
cesses of water—rock interaction in the plain. In addition,
the carbonate weathering and silicate weathering processes
are also contributors for increasing calcium ions in the
groundwater. Carbonate weathering is the dominant pro-
cess in dry season and silicate weathering is the dominant
process in wet season. Mg2+, Nat, SO42_ concentrations
of water samples increase seasonally in specific locations
related to ion exchange of minerals in rocks by rainwater.
In specific locations, the Mg>™ concentration of ground-
water is relatively high in wet season when compared to
Ca®*" concentration. It is mostly due to weathering of
magnesium minerals and leaching of dolomites related to
Dutdere limestone and Cameli formations consisting of
conglomerate, sandstone, claystone, clayey limestone, marl
and conglomerate. Na and SO4*~ increases are related to
interaction with Kizilcadag ophiolite and groundwater. The
CI™ increase is probably related to anthropogenic effects
such as agricultural activities and water—rock interaction as
locally.

In addition, the results from the water analysis were
used as a tool to identify the process and mechanism
affecting the chemistry of groundwater from the study
area. The plot was used to determine the mechanism
controlling the water chemistry. Samples from both sea-
sons fall in rock dominance zone suggesting precipitation
induced chemical weathering along with dissolution of
rock forming minerals. Namely, the mechanism, control-
ling groundwater chemistry at the Tefenni plain is origi-
nally regulated by the geogenic process (rock weathering
and ion exchange) rather than antropogenic activities in
the study area.
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