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Abstract Located in a semi-arid climate, Çumra (Konya)

plain is one of the most important agricultural regions in

Turkey. Groundwater is the major source for agricultural,

domestic, and other water-related activities due to the

insufficiency of surface water. As groundwater is the only

major source of water in this area, it is important to know

the effects of geological formations and anthropogenic

activities on groundwater chemistry. This study was carried

out with the objective of identifying the hydrogeochemical

characteristics and processes controlling the groundwater

chemistry in Çumra Plain, Central Anatolia, Turkey. The

study area is comprised of two main aquifers which are the

semi-confined aquifer of the Neogene age and the uncon-

fined aquifer of the Quaternary age. To identify the

hydrogeochemical characteristics of groundwater in two

aquifer systems and to understand the major factors and

mechanisms controlling the groundwater chemistry,

graphical plots, mineral saturations, and multivariate sta-

tistical analysis of chemical constituents in the groundwa-

ter were used. Study results show that groundwater is

generally neutral to slightly alkaline in nature with a pH

ranging from 6.67 to 8.10, and the dominance of ions is in

the order of Ca2?[Mg2?[Na?[K? for the Neogene

aquifer and HCO3
-[ SO4

2-[Cl-[NO3
-; Mg2?[

Ca2?[Na?[K? and SO4
2-[HCO3

-[Cl-[NO3
-

for the Quaternary aquifer. While the chemical composi-

tion of groundwater in the Neogene aquifer is mainly

controlled by water–rock interaction including dissolution

of carbonates and gypsum, calcite precipitation, and de-

dolomitization, the main geochemical processes in the

Quaternary aquifer are reverse ion exchange, evaporation,

dissolution of carbonates, gypsum and soil salts, calcite

precipitation, and silicate weathering. The mechanism

controlling groundwater chemistry in the Neogene aquifer

is actually regulated by the geogenic processes (water–rock

interaction) rather than by anthropogenic activities. How-

ever, the mechanism controlling groundwater chemistry in

the Quaternary aquifer is regulated by both geogenic pro-

cesses and anthropogenic activities. In addition, anthro-

pogenic nitrogen pollution in the study area is currently not

serious, but evaporation and leaching of soil salts due to

anthropogenic activities increase the concentrations of ions

in the Quaternary aquifer.

Keywords Groundwater � Water–rock interaction �
Reverse ion exchange � Evaporation � Çumra plain

Introduction

Groundwater chemistry could reveal important information

about the geological history of the aquifers and the suit-

ability of groundwater for domestic, industrial, and agri-

cultural purposes (Wen et al. 2008; Taheri Tizro and

Voudouris 2008). Groundwater chemistry of a region is

generally not homogeneous and controlled by various

processes such as climate changes (Garcı́a-Ruiz et al. 2011;

Abrahão et al. 2015; Puntoriero et al. 2015), soil/rock–

water interaction during recharge and groundwater flow

(Matthess 1982; Montcoudiol et al. 2014; Ghesquière et al.

2015), dissolution and/or precipitation of mineral species,

exchange reactions, degree of chemical weathering of the

various rock types (Kumar et al. 2009; Rajesh et al. 2012;

Ako et al. 2012; Su et al. 2013; Bozdağ and Göçmez 2013;
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Varol and Davraz 2014), anthropogenic activities such as

overexploitation of groundwater resources and agriculture

(Subramani et al. 2005; Garcı́a-Garizábal et al. 2014;

Redwan and Abdel Moneim 2015), and prolonged storage

in the aquifer and so forth. (Hem 1985; Appelo and Postma

2005; Daniele et al. 2013). Additionally, detailed infor-

mation about the geochemical evolution of groundwater

can enhance our understanding of the hydrochemical sys-

tems, promoting sustainable development and effective

management of groundwater resources (Wen et al. 2008;

Rajesh et al. 2012). It is also necessary to understand the

hydrogeochemical characteristics of the groundwater and

its evolution under natural water circulation processes so as

to utilize and protect water resources effectively and to

predict the changes in groundwater environments (Guen-

douz et al. 2003; Wen et al. 2008; Taheri Tizro and Vou-

douris 2008). The previous researches in many parts of the

world emphasized the importance of hydrogeochemical

studies of groundwater (Moeller et al. 2007; Kumar et al.

2009; Su et al. 2013; Irfan and Said 2008; Zhang et al.

2011). Although the chemistry of groundwater has been

extensively studied by many researchers in the past, most

of these studies focused only on the hydrogeochemical

characteristics of shallow unconfined aquifers where the

depth of water table is generally lower than 20 m. For

example, Al-Shaibani (2008) and Rajesh et al. (2012)

evaluated the groundwater chemistry of shallow alluvial

aquifers at different regions in western Saudi Arabia. Chae

et al. (2004) assessed the hydrogeochemistry of a shallow

alluvial groundwater system in an agricultural area in

Korea using major ions and only Fe and Mn elements. Su

et al. (2007) also assessed the chemistry of major ions of

shallow groundwater to understand the groundwater evo-

lution, to identify the predominant geochemical processes,

and to determine the effects of anthropogenic factors on

groundwater in Northwest China. Lastly, Marghade et al.

(2012) studied the chemistry of major ions of shallow

groundwater to understand the groundwater geochemical

evolution in Nagpur City in India.

Çumra plain is a typical example of a semi-arid climate

region where groundwater, the most important source of

water supply due to insufficiency of surface water, is

intensively exploited for human needs as a result of agri-

cultural and demographic development. In the last two

decades, groundwater level has dramatically dropped by

about 10 m (Göçmez et al. 2008) due to the excessive

abstraction. Despite the importance of groundwater in the

study area, little is known about the natural processes and

anthropogenic factors controlling the chemical composi-

tion of groundwater in the unconfined Quaternary and the

semi-confined Neogene aquifers, with the latter serving as

the higher groundwater potential. Few researchers have

investigated the groundwater for different purposes in the

study area and its surroundings yet these studies have not

dealt with the hydrogeochemical characteristics of the

groundwater in both aquifers (Bayarı et al. 2009a, b; Yavuz

2010; Bozdağ 2015). The lack of hydrogeochemical studies

in such an area has led to restricted knowledge of variation

in groundwater chemistry in cases when additional factors

such as intense agriculture and overexploitation of

groundwater resources may adversely affect the water

quality. This paper aimed to investigate the main hydro-

geochemical characteristics and to determine the processes

including water–rock interactions, cation exchange, evap-

oration, and the impacts of agricultural activities affecting

the chemistry of groundwater in two aquifer systems in

Çumra plain, Central Anatolia. In this respect, this study is

fundamental and can serve as a reference for the local

government to improve and sustain the development of

water resource management in the future.

Description of the study area

The study area is located southeast of Konya within the

Konya Closed Basin, Central Anatolia, Turkey (Fig. 1). It

lies between the north latitude of 37�220–37�550 and east

longitude of 32�250–33�010 with an average area of

2500 km2. It is bordered by Abaz and Kızılkaya Mountains

in the south and southwest and Bozdağ Mountain (the

study area includes the Peynirlik Hill) in the northwest.

The study area has a flat topography and the land surface

elevation ranges mostly from 1000 to 1050 m except for

the mountainous areas which has an elevation ranging from

1200 to 1499 m. The study area has a semi-arid climate

with cold and snowy winters and moderate to hot summers.

The 30-year (1983–2013) precipitation average in the

region is 307.2 mm, evapotranspiration is approximately

288.5 mm, and the average temperature is 11.6 �C.

The study area is one of the most important agricultural

areas in Turkey. The majority of the region, except for the

mountainous parts, is covered with agricultural lands and

residential areas (Fig. 1). Agricultural activities constitute

the main source of income. There are more than 250

water wells in the region opened for irrigation by the State

Hydraulic Works Department (DSI) and private compa-

nies. In addition, uncontrolled drilling of wells for irri-

gation has rapidly increased in recent years. The main

crops cultivated in the region are sugar beet, sunflower,

wheat, barley, corn, lentil, bean, tomato, potato, chickpea,

alfalfa, oats, melon, and watermelon. Most of these

products are in need of long-term irrigation, and

groundwater proves to be the major source of irrigation

water in the region.
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Geologic and hydrogeologic settings

The geological units observed in the study area range from

the Paleozoic to the Quaternary in age and include marble,

crystalline limestone, ophiolitic mélange (serpentinite,

quartzite, metasandstone, mudstone, and crystalline lime-

stone and basalt blocks), marine carbonate origin (i.e.,

dolomite, dolomitic limestone, and limestone), conglom-

erate, sandstone, mudstone, gravel, sand, clay, gypsiferous

clay, and silt. The geological map of the study area is

illustrated in Fig. 1.

The Paleozoic-aged marbles appeared only in the

Peynirlik Hill. The Upper Triassic–Lower Cretaceous

deposits consist of limestone, crystalline limestone, and

dolomite outcropping in Abaz Mountain and the hills south

of the study area. The Upper Cretaceous-aged ophiolitic

mélange is composed of serpentinite, quartzite, metasand-

stone, mudstone, and crystalline limestone, and basalt

blocks. The Neogene units outcropping in the south of the

region are represented by fractured and fissured limestone,

dolomite, clayey limestone, marl, conglomerate, sandstone,

gypsiferous clay, and gypsum (Hakyemez et al. 1992; Ulu

et al. 1994; Bayari et al. 2009a; Yavuz 2010). The Qua-

ternary deposits characterized by vertical and lateral

heterogeneity and composed of conglomerate, sandstone,

mudstone, gravel, gravely sandy mud, sand, clay, gypsif-

erous clay, and silt cover the rest of the study area. These

deposits also include the gypsum mineral which increases

in amount toward the northeast–east of the region (DSI

1975; Hakyemez et al. 1992).

Fig. 1 Location and hydrogeological maps of the study area
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As shown in the cross section (Fig. 2), two aquifers are

identified in the study area: the Neogene and the Quater-

nary deposits. The Neogene aquifer is unconfined in the

south and southwest of the study area while it is confined in

rest of area where it is covered by Quaternary deposits

(Fig. 1). The Neogene aquifer deposits are characterized by

good permeability with a thickness varying between 200

and 400 m from the south to northeast–east (DSI 1975;

Hakyemez et al. 1992). The depth from the land surface of

the aquifer is about 5–10 m around the Çumra County and

gradually gets deeper under the Quaternary units (DSI

1975). Transmissivity of the Neogene aquifer ranges from

800 to 3000 m2/day with the storage capacity of 10-3 to

10-1 (DSI 1975). The Quaternary groundwater is exploited

from relatively permeable levels composed essentially of

conglomerate, sandstone, and gravels. The thickness of the

aquifer is variable and reaches up to 100–120 m in the

northeast–east part of the study area (DSI 1975). The

Neogene groundwater is exploited for agriculture, domes-

tic, and drinking water needs mainly by boreholes. The

Quaternary groundwater is exploited for only irrigation due

to its poor quality.

The direction of groundwater flow in the study area is

from southwest to northeast–east (Fig. 1). The depth of the

wells ranges from 90 to 240 m in the Neogene aquifer and

from 38 to 80 m in the Quaternary aquifer. The water level

in all wells ranges from 20 to 60 m.

Materials and methods

Groundwater samples were collected from accessible and

operational wells from both aquifers (Neogene and Qua-

ternary) in August 2014. The regional distribution of the

sampling sites is shown in Fig. 1. The samples were col-

lected after 10 min of pumping and stored in acid-clean

high-density polyethylene bottles. Polyethylene bottles (1 l

volume) were carefully rinsed several times with the water

from the well itself before sampling. The samples were

filtered through a hand-held filter system using a 0.45-lm

cellulose filter paper to remove suspended sediments.

Physico-chemical parameters including electrical conduc-

tivity (EC) and pH were measured in the field using WTW-

Multiline 340i Universal Meter. The samples for cation

analyses were acidified with ultrapure HNO3 to reach

pH\ 2. The parameters were determined by the following

standard and recommended analysis methods of APHA-

AWWA-WPCF (1992). The cations were analyzed by

inductively coupled plasma mass spectrophotometry (ICP-

MS Enhanced) in the ACME Laboratory, Canada. Titri-

metric methods were used for the determination of HCO3

and Cl. Also, SO4 was analyzed using spectrometry (Nova

60). Subsequently, NO3 was determined by spectrometry

[WTW SpectroFlex (6600)] and the total dissolved solids

(TDS) were determined by turbidimetry. Further accuracy

of the chemical analysis was verified by calculating ion

balance error which was generally within 5 %.

The Piper and Schoeller diagrams were used to inves-

tigate and identify the hydrogeochemical facies and the

order of major ions abundance. Bivariate diagrams were

used to evaluate the geochemical variations in the ionic

concentrations in the groundwater. Also, in order to orga-

nize large data sets and to reveal the links between indi-

vidual variables and various controlling factors,

hydrogeochemical data were subjected to multivariate

analytical techniques (Pearson correlation analysis) using

the statistical software package (SPSS 15.0). The Gibbs

diagram was used as reference to determine the mechanism

controlling the groundwater chemistry in both aquifers.

The PHREEQC code (Parkhurst and Appelo 1999) was

used in saturation index (SI) calculations in order to eval-

uate the degree of equilibrium between water and respec-

tive mineral. Changes in saturation state are useful to

distinguish in different stages of hydrochemical evolution

Fig. 2 Hydrogeological cross section of Fig. 1
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and help to identify which geochemical reactions are

important in controlling water chemistry (Coetsiers and

Walraevens 2006). Additionally, the geochemical model-

ing program PHREEQC can be used in inverse modeling

calculations in order to interpret geochemical processes

and to detect cation-exchange process and mixing process,

etc. In order to determine the cation-exchange processes

controlling the water chemistry, an index of base exchange

(Schoeller 1965) known as chloro-alkaline indices (CAI-I

and CAI-II) was also calculated. Calculations are as fol-

lows [(Schoeller 1965); all values are expressed in meq/l];

CAI � I ¼ Cl � Na þ Kð Þ=Cl½ �
CAI � II ¼ Cl � Na þ Kð Þ=SO4½ � þ HCO3 þ CO3 þ NO3:

Results and discussion

Physico-chemical parameters and hydrogeochemical

facies in groundwater

Chemical analysis of major ions of groundwater samples

from both aquifers is statistically summarized in Table 1.

Overall, the groundwater of the study area shows neutral to

slightly alkaline nature with a pH ranging from 6.4 to 8. On

the one hand, The TDS value of the Neogene water sam-

ples ranges from 469 to 1473 mg/l with an average value of

675.8 mg/l. The samples collected in the Quaternary

aquifer are, on the other hand, characterized by signifi-

cantly higher TDS values, ranging from 861 to 4934 mg/l

with an average value of 2010 mg/l. The TDS values of

85 % of the samples from the Neogene aquifer are lower

than 750 mg/l. As it is shown in the histogram presented in

Fig. 3, 7.5, 2.5, and 5 % of the rest of the samples have

TDS values in the range of 750–1000, 1000–1250, and

1250–1500 mg/l, respectively. Despite the fact that the

TDS values of all samples from the Quaternary aquifer are

higher than 750 mg/l, 30 and 25 % of the samples pre-

dominantly have TDS values in the range of 1250–1500

and 1500–2000 mg/l, respectively. Low TDS values for the

Neogene samples are related to the aquifer deposit that is

mostly composed of limestone. The highest TDS values are

observed downstream of the study region in the discharge

area of the Quaternary aquifer (the samples Q1, Q2, Q4,

Q11, Q12, and Q13). The Quaternary aquifer has high clay

content. Salts, which are held back in the interstice or pores

in clay while groundwater is evaporated or water

table falls, are leached back into the groundwater during

intense agricultural activities including agricultural runoff

(Janardhan Raju 2007; Singh et al. 2011; Rao et al. 2013).

Hence, the groundwater of the Quaternary aquifer has

higher TDS values compared with the Neogene aquifer due

to the greater affects of anthropogenic activities besides

geochemical processes. The order of cation abundance

for the Neogene aquifers is Ca2? (60 %)[Mg2?

Table 1 The statistical summary of physical and chemical parameters in groundwater

Parameters Maximum Minimum Average Std. Dev. Maximum Minimum Average Std. Dev.

Neogene aquifer Quaternary aquifer

pH 7.4 6.4 7.08 0.16 8.1 7.1 7.4 0.25

EC 1775 578 811.4 258 5972 1120 2528 1434

TDS 1473 469 675.8 205.1 4934 861 2010 1196

Ca 204 56 108.5 34.3 318 60 180.5 73.2

Mg 82.2 9.6 29.2 15.8 554.4 65 175.1 143.1

Na 121.9 16.1 28 20.6 535 48.3 175.5 146

K 47.2 2.7 5.4 7.0 10.1 0.8 6.4 2.5

HCO3 547.8 256.2 366.5 66.4 577.1 394 485.1 45.3

SO4 408 29 87.9 77.2 2757 71 654.6 664

Cl 170.4 18.4 41.2 30.3 1098.4 39.7 326.8 288.5

NO3 30.4 1.23 9.9 7.02 42.5 5.7 18.9 10.5

PO4 0.7 0.1 0.2 0.14 1.2 0.1 0.4 0.39

CAI-I 3.7 -0.8 0.2 0.9 33 1.5 9.5 9.4

CAI-II 10.0 4.4 6.3 1.45 43 8.9 18.06 9.9

SIc 1.02 0.02 0.26 0.18 1.26 0.11 0.66 0.4

SId 1.73 -0.66 0.10 0.36 2.72 0.22 1.43 0.8

SIgyp -0.82 -1.93 -1.66 0.28 -0.23 --1.69 -0.91 0.4

SIh -6.56 -8.02 -7.65 0.39 -4.93 -6.99 -6.11 0.6

Concentrations in mg/l; EC electrical conductivity (lS/cm); log saturation indices (SI) of calcite (c), dolomite (d), gypsum (gyp), halite (h)
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(26 %)[Na? (13 %)[K? (1 %), and the order of anion

abundance is HCO3
- (67 %)[ SO4

2- (18 %)[Cl-

(13 %)[NO3
- (2 %). As for the Quaternary aquifer, the

order of cation abundance is Mg2? (44 %)[Ca2?

(32 %)[Na? (22 %)[K? (1 %), while the order of

anion abundance is SO4
2- (37 %)[HCO3

-

(33 %)[Cl- (29 %)[NO3
- (1 %). While the nitrate

concentrations in water samples from the Neogene aquifer

varied from 1.23 to 30.40 mg/l with an average value of

9.86 mg/l, samples from the Quaternary aquifer showed

nitrate concentrations varying from 5.67 to 42.50 mg/l with

an average value of 18.94 mg/l. The difference suggests

that samples from the Quaternary aquifer have higher

pollution potential than those of the Neogene aquifer

because the former samples were extracted from shallower

wells.

The data plot on the Piper diagram (Piper 1944) (Fig. 4)

shows that the dominant hydrogeochemical facies is

HCO3–Ca–Mg in the majority of the groundwater in the

Neogene aquifer, with TDS less than 1000 mg/l, although

the groundwater samples (samples N5, N13, N15, N17,

N20, N22, N32, N34, N35, N37, and N38) show a tendency

toward a HCO3–SO4–Ca–Mg or HCO3–SO4–Mg–Ca

composition and their TDS values are up to 1473 mg/l due

to dissolution of gypsum mineral in the aquifer (Fig. 5a).

The majority of the groundwater samples taken from the

Quaternary aquifer fall into no dominant zone in the cation

facies, and a clear migration tendency from HCO3-zone to

SO4-zone in the anion facies is observed (Fig. 4). The

groundwater samples (Q1, Q2, Q4, Q11, Q12, and Q13)

extracted in the east of the study area, which is also the

discharge area, are predominantly SO4–Cl facies. The TDS

value of these groundwater samples ranges from 2126 to

4934 mg/l with an average value of 3477 mg/l (Fig. 5b).

Sources of major ions and hydrogeochemical

evolution

As seen in Figs. 4 and 5, Ca2? and Mg2? are the dominant

cations and HCO3
- is the dominant anion in groundwater

in the Neogene aquifer. Similarly, these ions are also pre-

sent in considerable amounts in groundwater in the Qua-

ternary aquifer. The limestone, dolomitic limestone, and

dolomite, and carbonate rock fragments in the Quaternary

aquifer are the major sources for carbonate in the area. The

carbonates from these sources might have been dissolved

and added to the groundwater system with recharging

water during irrigation, rainfall, or leaching processes.

In (Ca2? ? Mg2?) versus HCO3
- diagram (Fig. 6a),

samples representing the Neogene aquifer fall along car-

bonate dissolution line (1:1), suggesting that dissolution of

carbonates is the main source of Ca2? and Mg2? (Stallard

and Edmond 1983; Yangui et al. 2012). Despite the posi-

tive correlation (0.62) between (Ca2? ? Mg2?) and

HCO3
- ions in the groundwater samples from the Qua-

ternary aquifer, the majority of the samples are plotted far

above the 1:1 line, which shows the occurrence of addi-

tional process or processes generating either an excess of

Ca2? ? Mg2? or a deficit of HCO3
-. As seen in Fig. 6b,

samples belonging to both aquifers tend to plot along the

1:1 line which indicates that dissolution of carbonates and

gypsum in both aquifers plays an important role in the

evolution of the hydrochemistry of the study area. How-

ever, in most of the data points representing the Neogene

aquifer, the small excess of (HCO3
- ? SO4

2-) over

(Ca2? ? Mg2?) may be derived from other processes such

as ion-exchange reactions (Fisher and Mulican 1997;

Kumar et al. 2006; Subba Rao and Surya Rao 2010).

Furthermore, in most of the data points of the Quaternary

aquifers, the excess of (Ca2? ? Mg2?) over (HCO3
- ?

SO4
2-) suggests that excess of calcium and magnesium

might be derived from other processes such as reverse ion-

exchange reactions and/or silicate weathering (Kumar et al.

2009). In addition, good positive correlations between

Ca2? and HCO3
- (0.82) and Ca2? and SO4

2- (0.79), and

positive correlations of Ca2?–Mg?2 (0.51), Mg2?–HCO3
-

(0.65), and Mg2?–SO4
2- (0.67) in the groundwater of the

Neogene aquifer (Table 2) support that the main source of

these ions is dissolution of carbonates and gypsum in the

aquifer (Al-Khashman 2007). In the Quaternary aquifer,

Ca2? showed positive correlation with Na?, Cl-, SO4
2-,

and HCO3
- ions (0.65, 0.77, 0.72, and 0.63, respectively),

and Mg2? also showed good positive correlation with Na?,

Cl-, SO4
2-, and HCO3

- ions (0.95, 0.90, 0.96, and 0.70,

respectively) (Table 3), showing the dominance of the

dissolution of minerals and subsequent ion-exchange pro-

cesses (Drever 1997; Srivastava and Ramanathan 2008) in

the Quaternary aquifer system (Table 3).

Fig. 3 Histogram for TDS (mg/l) of groundwater samples represent-

ing Neogene and Quaternary aquifers
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The (Ca2? ? Mg2?) versus TC? (total cation) plot for

the groundwater of the Neogene aquifer yields a closely

linear trend (0.97) along the theoretical line (1:1), indi-

cating that Ca2? ? Mg2? accounts for most of the cations.

In contrast, the trend (0.38) between Na? ? K? and TC?

is poor (Fig. 7a). Additionally, the Ca2? ? Mg2?/HCO3
-

ratio varies from 1.82 to 1.08 with an average value of

1.27. As previously stated, these results infer that the

contribution of cations via dissolution of carbonate is more

dominant in comparison with silicate weathering and/or ion

exchange. In contrast to the Neogene aquifer, the average

Ca2? ? Mg2?/HCO3
- and the Ca2? ? Mg2?/TC? equiv-

alent ratios of the samples representing the Quaternary

aquifer are 3.23 and 0.76, respectively, suggesting that

silicate weathering occurs in the Quaternary aquifer in

addition to the dissolution of carbonate. Further,

Ca2? ? Mg2? versus TC? plot (Fig. 7b) of groundwater

samples have a linear spread along 0.7:1 (Ca2? ?

Mg2? = 0.7 TC?) (0.98) line, indicating that some of these

ions are resulted from the weathering of silicate minerals

(Kumar et al. 2009; Subramani et al. 2010). It can be

concluded that the weathering of silicate minerals (biotite,

chlorite, pyroxene, and amphibole minerals) in the host

rocks and the rock fragments within the Quaternary aquifer

is also a possible source of Mg2? in the Quaternary aquifer.

Also, in a plot of (Na? ? K?) versus TC?, the chemical

data of the samples fall below the theoretical line (1:0.5)

with a linear trend (0.93) (Fig. 7b). This leads to inference

that the supply of these cations via silicate weathering and/

or soil salts is significant (Stallard and Edmond 1983;

Subba Rao 1998) in the Quaternary aquifer.

The ratios of Na?/Cl- for samples representing the

Neogene and the Quaternary aquifers range from 0.5 to 1.4

with an average value of 0.98 and 0.44 to 2.29 with an

average value of 0.82, respectively. A total of 65 % of

samples in the Neogene aquifer and 95 % of samples in the

Quaternary aquifer have lower Na?/Cl- ratio (Fig. 7c).

Cl- content exceeding Na? points at the ion-exchange

process (Subramani et al. 2010; Dudeja et al. 2013; Li et al.

2013). It was also observed that the concentration of

Na? ? K? increased simultaneously with the increase of

Cl- ? SO4
2- concentration in the samples from both

aquifers (0.76 for the Neogene and 0.98 for the Quaternary

samples) (Fig. 7d). This is a result of the common source

of Na?, K?, Cl-, and SO4
2- ions from the dissolution of

soil salts in addition to the dissolution of gypsum, as also

confirmed by Datta and Tyagi (1996), Subba Rao (2008),

Sinivasamoorthy et al. (2008) and Subba Rao and Surya

Rao (2010) in other regions. At the same time, quite good

correlations between Ca2? and Cl- (0.77), Mg2? and Cl-

(0.90), Na? and Cl- (0.90), and SO4
2- and Cl- (0.82) in

the Quaternary aquifer and positive correlations of Ca2?–

Fig. 4 Piper diagram of the

analyzed groundwater samples

representing Neogene and

Quaternary aquifers
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Cl- (0.52), Mg2?–Cl- (0.56), Na?–Cl- (0.67), and

SO4
2-–Cl- (0.80) in the Neogene aquifer support the

leaching of soil salts (Prasanna et al. 2010; Esmaeili and

Moore 2011) due to the irrigation return flows. Positive

correlation between K? and Cl- (0.68) in the Neogene

aquifer, furthermore, suggests that dissolution of sylvite

(KCl) mineral controls the K? content. Bayarı et al.

(2009a) also argued that dissolution of sylvite contributes

slightly to the total ion content in the Neogene aquifer.

Ion exchange

In the study area, Ca2? and Mg2? were mainly provided by

calcite, dolomite, and gypsum dissolution, but could be

replaced with Na? from a source other than halite. In order

to determine the significance of cation exchange in con-

trolling the water chemistry, a plot of Ca2? ? Mg2?–

HCO3
-–SO4

2- versus Na?–Cl- was examined. The Na?–

Cl- represents the amount of Na? gained or lost relative to

that provided by Cl- salt dissolution (mostly halite disso-

lution), while Ca2? ? Mg2?– (HCO3
- ? SO4

2-) repre-

sents the amount of Ca2? and Mg2? gained or lost relative

to that provided by carbonate or sulfate mineral dissolution.

If cation exchange is a significant geochemical process for

controlling the composition of groundwater, the relation-

ship between these two parameters should be linear with a

slope of -1.0 (Fisher and Mulican 1997; Tay 2012; Xiao

et al. 2015). Similar results were observed for the Neogene

and Quaternary groundwater samples (Fig. 7e). The dia-

gram shows that the points representing the Neogene and

Quaternary aquifers give a line with a slope of 0.83 and

0.99, respectively, suggesting the occurrence of reverse ion

exchange in the study area.

Ion exchange occurring in this region is also verified by

using an index of Base Exchange (Schoeller 1965) known

as chloro-alkaline indices (CAI-I and CAI-II). When there

is an exchange between Na? and K? in groundwater with

Ca2? and Mg2? in the aquifer material, both indices are

positive, indicative of reverse ion exchange. However, if

the exchange takes place between Ca2? and Mg2? in

groundwater with Na? and K? in the aquifer material, the

indices will be negative, pointing at ion exchange (Ag-

hazadeh and Mogaddam 2011; Li et al. 2013). It has been

observed in the study area that most of the samples in the

Neogene aquifer and all the samples in the Quaternary
Fig. 5 Schoeller diagrams of groundwater samples from a Neogene

aquifer, b Quaternary aquifer

Fig. 6 Scatter diagrams showing relationship between a Ca ? Mg–HCO3, b Ca ? Mg–HCO3 ? SO4
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aquifer show positive ratios (Fig. 7f, g), confirming reverse

ion-exchange reaction in which exchange takes place

between Na? and K? in groundwater with Ca2? and Mg2?

in the aquifer material. Despite all CAI-II values being

positive, the CAI-I values of most samples from the Neo-

gene aquifer are less than zero, suggesting that reverse ion-

exchange reactions in the Neogene aquifer are weaker than

those in the Quaternary aquifer. As also illustrated in

Fig. 7h, especially in the Quaternary aquifer, salinity

increases with an increase in Ca2? ? Mg2?, which may be

stemming from reverse ion exchange in the clay/weathered

layer (Rajmohan and Elango 2004) of the Quaternary

aquifer.

Saturation index (SI)

Carbonate deposits (crystallized limestone, dolomite, and

dolomitic limestone) represent the main deposits at

mountain outcrops in the south–southwest of the study

area. In addition, the Neogene aquifer is mostly composed

of carbonate deposit and the Quaternary aquifer deposits

include carbonate rock fragments. Besides, both aquifers

contain gypsum. Along flow path, groundwater contacts

with gypsum deposits. As gypsum has a higher solubility

than calcite and conditions are appropriate for gypsum

dissolution (negative medium saturation index, SIgyp:

-1.66 and -0.91 in the Neogene and Quaternary aquifers,

respectively), gypsum dissolution (CaSO4�2H2-

O ? 2HCO3 ? CaCO3 ? SO4 ? H2O ? CO2) enhances

calcium and sulfate concentrations (Fig. 8a). By further

dissolution of gypsum and an increase in Ca concentration

through common ion effect process, calcite is precipitated

(Edmunds and Shand 2008) and therefore controls the

amount of hydrogen carbonate in water (Helena et al.

1999). Bicarbonate reduction in water causes incongruent

dissolution of dolomitic deposits in accordance with the

reaction of Ca1-xMgx CO3 ? aCa1-yMgy CO3 ? (x - ay)

Mg2? (1 - x - a - ay) Ca2? (1 - a) CO3
2- where

y\ x (Edmunds and Shand 2008). The process is the

replacement of dolomite by calcite, also called de-

dolomitization. In the groundwater samples of the Neogene

aquifer, the positive saturation index for calcite (SIc) shows

that this mineral could potentially begin the precipitation

(Fig. 8b). A slightly negative saturation index (SId) for

dolomite marks the appropriate conditions for the disso-

lution of this mineral. These results infer that calcite

Table 2 Correlation matrix

(Pearson) between various

parameters in the groundwater

of the Neogene aquifer

Parameters pH EC TDS Ca Mg Na K HCO3 SO4 Cl NO3

pH 1

EC -0.02 1

TDS -0.09 0.99 1

Ca -0.36 0.76 0.83 1

Mg 0.23 0.51 0.54 0.61 1

Na 0.21 0.44 0.62 0.46 0.45 1

K -0.11 0.50 0.57 0.35 0.20 0.49 1

HCO3 -0.44 0.58 0.77 0.82 0.65 0.41 0.22 1

SO4 0.19 0.84 0.80 0.79 0.67 0.74 0.38 0.46 1

Cl 0.17 0.65 0.66 0.52 0.56 0.67 0.68 0.37 0.80 1

NO3 0.15 -0.16 -0.19 -0.25 0.02 -0.16 -0.11 -0.23 -0.10 0.09 1

Table 3 Correlation matrix

(Pearson) between various

parameters in the groundwater

the of Quaternary aquifer

Parameters pH EC TDS Ca Mg Na K HCO3 SO4 Cl NO3

pH 1

EC 0.10 1

TDS 0.10 0.99 1

Ca -0.22 0.78 0.77 1

Mg 0.20 0.98 0.98 0.68 1

Na 0.24 0.97 0.97 0.65 0.95 1

K -0.06 0.23 0.22 0.43 0.35 0.22 1

HCO3 0.15 0.53 0.52 0.63 0.70 0.30 0.34 1

SO4 0.28 0.96 0.96 0.72 0.96 0.94 0.15 0.38 1

Cl 0.17 0.94 0.94 0.77 0.90 0.90 0.29 0.45 0.82 1

NO3 0.09 -0.03 -0.04 0.19 0.13 -0.13 0.27 0.03 -0.10 0.06 1
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precipitation and de-dolomitization compatible with the

dissolution of gypsum are the other main hydrogeochemi-

cal reactions in the Neogene aquifer. In the groundwater of

the Quaternary aquifer, calcite precipitation was continued

compatible with the dissolution of gypsum (Fig. 8a, b). SId

for dolomite suggested that the groundwater of the Qua-

ternary aquifer was supersaturated with this mineral, but

given dolomite’s sluggish precipitation kinetics (Morse and

Arvidson 2002), precipitation did not likely occur. In other

words, the solubility of magnesium carbonate is more than

that of calcium carbonate and so magnesium carbonate is

less likely to deposit. The high Mg2?/Ca2? ratios (average

mMg/Ca value is 1.6) in the groundwater of the Quaternary

aquifer (Fig. 9) confirmed lack of dolomite precipitation.

According to Schoeller (1964), the Mg2?/Ca2? ratio is

usually less than 1 in sedimentary rocks. However, the

Mg2?/Ca2? ratio is frequently high in the samples from the

Quaternary aquifer since the evaporation process induces

an increase in Mg2? rather than Ca2? concentrations in the

course of migration pathways in the gypsum layers (Farid

et al. 2013).

Groundwater evolution mechanisms

As the study area has a semi-arid climatic condition,

evaporation may also contribute to water chemistry. Gibbs

(1970), suggesting that the ratios of Na?/(Na? ? Ca2?)

and Cl-/(Cl- ? HCO3
-) as a function of TDS could

provide information on the relative importance of the major

natural mechanisms controlling groundwater chemistry

(Naseem et al. 2010; Marghade et al. 2012). Hence, Gibbs’

plot is employed in this study to understand and differen-

tiate the influences of rock–water interaction, evaporation,

and precipitation on water chemistry. The majority of the

samples from the Neogene aquifer fell in the category of

water–rock interaction (Fig. 10), implying that rock–water

interaction is apparently the dominant process influencing

the groundwater hydrochemistry in the Neogene aquifer.

The samples from the Quaternary aquifer were, on the

contrary, plotted directly in and/or toward the evaporation

zone (Fig. 10), which suggests evaporation is another

dominant process determining the water composition.

Evaporation observed in the samples from the Quaternary

aquifer is likely to be caused by a slow infiltration process

controlled by lower permeability due to high clay content

in the aquifer materials. Furthermore, evaporation greatly

bFig. 7 Scatter diagrams showing relationship between a the total

cations (TC?) versus Ca ? Mg and Na ? K in the groundwater of

the Neogene aquifer, b the total cations (TC?) versus Ca ? Mg and

Na ? K in the groundwater of the Quaternary aquifer, c Na/Cl–Cl,

d Na ? K–Cl ? SO4 e Ca ? Mg–HCO3–SO4 versus Na–Cl,

f Chloro-alkaline indices (CAI) of the Neogene samples, g Chloro-

alkaline indices (CAI) of the Quaternary samples, h (Ca ? Mg)–Cl

Fig. 8 a Plot of (Ca ? SO4) versus SI of gypsum, b calcite (SIc) and dolomite (SId) saturation index of all groundwater samples

Fig. 9 Relationships between Mg/Ca and HCO3 ? SO4
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increases the concentrations of ions formed by chemical

weathering (dissolution), leading to higher salinity.

Anthropogenic activities (agricultural fertilizers and irri-

gation return flows) also influence the evaporation by

increasing Na and Cl, and thus TDS (Rao et al. 2013).

When groundwater is used for irrigation, its recycling will

rapidly increase the salinity of groundwater by repeated

circulation in addition to evaporation (Fisher and Mulican

1997; Kraft et al. 1999; Subba Rao 1998, Duncan et al.

2008, Isidoro et al. 2006, Li et al. 2013). Hence, high TDS

values in the Quaternary aquifer may be caused by

anthropogenic activities (intensive and long-term irriga-

tion) besides geochemical processes.

As mentioned earlier, groundwater is the major source

for drinking, domestic, and agricultural purposes and the

majority of the region except for the mountainous part is

covered by agricultural lands and residential areas.

Consequently, irrigation return flow, fertilizer and farm

manure application, domestic sewage, etc., have impor-

tant effects on groundwater contamination in the study

area.

The nitrate concentration varies from 1.23 to 30.40 mg/l

with a mean value of 9.86 mg/l in the Neogene aquifer and

from 5.67 to 42.50 mg/l with a mean value of 18.94 mg/l in

the Quaternary aquifer. The maximum concentrations of

nitrate were found to be lower than the acceptable limits in

the groundwater used for agricultural purposes, indicating

that anthropogenic nitrogen pollution is currently not

serious. However, overexploitation of groundwater

resources can change local hydrodynamic conditions,

which can in turn affect the relative concentrations of

major and minor ions in the groundwater (Li et al. 2013;

Xiao et al. 2015).

Conclusions

The analysis of the hydrochemical composition of

groundwater in the study area has shown that the ground-

water is generally neutral to slightly alkaline in nature with

a pH ranging from 6.67 to 8.10. TDS of water samples

show that Quaternary groundwater was observed to be

more mineralized than Neogene groundwater. Most of the

hydrochemical facies in the Neogene aquifer is HCO3–Ca–

Mg type with minor HCO3–SO4–Ca–Mg or HCO3–SO4–

Mg–Ca water types. The majority of groundwater samples

in the Quaternary aquifer have no dominant cation, but the

order of cation abundance is Mg2? (44 %)[Ca2?

(32 %)[Na? (22 %)[K? (1 %) with a dominant

hydrochemical type of HCO3–SO4, SO4–HCO3, and SO4–

Cl water types.

Based on the geochemical evidence, chemical compo-

sition of the groundwater in the Neogene aquifer is largely

controlled by water–rock interactions including dissolution

of carbonates and gypsum, calcite precipitation, and de-

dolomitization. The reverse ion exchange and dissolution

of sylvite mineral also slightly control the concentration of

calcium, magnesium, sodium, and potassium in the

groundwater of the Neogene aquifer. In the Quaternary

aquifer, however, reverse ion exchange, leaching soil salts,

dissolution of carbonates and gypsum, calcite precipitation,

and evaporation are the major hydrogeochemical processes

Fig. 10 Gibbs diagrams,

indicating the mechanisms

controlling the chemistry of

groundwater in the study region
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responsible for the concentration of major ions in

groundwater. Silicate weathering also contributes to

increasing calcium and magnesium ions.

Although the study area is mostly covered by agricultural

lands, the Gibbs plot demonstrated that the mechanism

controlling groundwater chemistry in the Neogene aquifer is

actually regulated by the geogenic processes (water–rock

interaction) rather than anthropogenic activities. However,

the mechanism controlling groundwater chemistry in the

Quaternary aquifer is regulated by both geogenic processes

(water–rock interaction) and anthropogenic activities such

as intensive and long-term irrigation and irrigation return

flows. Anthropogenic nitrogen pollution in the study area is

currently not serious, yet evaporation and leaching of soil

salts caused by anthropogenic activities increase the TDS in

the Quaternary aquifer. For this reason, special care should

be taken to protect this essential resource from negative

impacts of anthropogenic activities.

Finally, dropping of groundwater level due to excessive

abstraction for agriculture proves to be the major problem

in Çumra plain. It is highly recommended that water-saving

techniques such as spray irrigation and drip irrigation be

applied in order to reduce the amount of groundwater used

for irrigation and to improve and sustain the development

of water resource management.
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