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Abstract Groundwater is vital to supply residents, live-

stock and agriculture in Daniudi gasfield area, which is a

typical agro-pastoral area. To effectively protect and

rationally utilize the groundwater, a hydrochemical inves-

tigation of 43 samples from this area was conducted. A

hydrogeochemical assessment using a Piper diagram, cor-

relation analysis, ratios of major ions, principle component

analysis and saturation index calculations was carried out

to detect the hydrochemical characteristics and evolution

processes of the groundwater from a Quaternary aquifer

(QA) and a Cretaceous aquifer (KA), and fuzzy synthetic

evaluation and some water quality indices were applied to

assess groundwater suitability for drinking and irrigation.

According to the statistic summary, the average abundance

of the major ions in groundwater from the QA and KA

follows the order: HCO3
-[SO4

2-[Cl- for anions and

Ca2?[Na?[Mg2?[K? for cations. There is evidence

that the chemical composition of groundwater in the region

has been influenced by human activities. The dominant

hydrochemical facies of the groundwater is HCO3–Ca type.

Dissolution of carbonate and evaporite minerals and the

weathering of silicate minerals are likely to be the sources

of major ions in groundwater. Ion exchange is another

significant factor affecting the groundwater constituents.

Gibbs diagrams suggest that rock weathering is the control

process of groundwater chemical composition. As to suit-

ability of groundwater for drinking, single parameter

comparison and fuzzy comprehensive evaluation reveal

that most of the groundwater in the study area is suit-

able for drinking under ordinary condition. A US Salinity

Laboratory diagram, Wilcox diagram and some irrigation

indices indicate that more than 90 % of the groundwater

samples are suitable for use in irrigated agriculture.

Keywords Hydrogeochemistry � Groundwater suitability �
Fuzzy comprehensive evaluation � Principle component

analysis � Agro-pastoral region � Ordos Basin

Introduction

As a major source of freshwater, groundwater is widely

used for irrigation and domestic purposes in some areas

(Odukoya 2015). More than 1.5 billion people worldwide

rely on groundwater as their primary source of drinking

water (He et al. 2015). Groundwater is much more

important for people in arid or semiarid areas, where sur-

face water is of poor quality and scarce (Li et al. 2014a, b).

More than 1/3 of China’s mainland has an arid to semiarid

climate (principally in the northern and northwestern parts

of the country) where groundwater plays a crucial role in

sustaining the livelihoods of local communities (Li et al.

2013). However, with the development of economy and

society, groundwater in many areas has been affected or

polluted by human activities. It is extremely important

therefore for groundwater protection, and management

measures are urgently implemented to prevent further

deterioration of this resource. However, to protect and

effectively utilize groundwater resources in arid or semi-

arid areas, it is necessary to first understand the
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hydrochemical characteristics and quality of groundwater

(Xiao et al. 2014a; Amiri et al. 2015).

The Ordos Basin, which is located in northwestern

China, has an arid to semiarid climate and covers an area of

28.2 9 104 km2 (Hou and Zhang 2008; Li et al. 2013). An

important energy base with rich resources is located in

northern part of the Ordos Basin (Dou 2010). Groundwater

plays an important role in the process of energy exploita-

tion. Two important investigations have been conducted by

China Geological Survey in 1999–2005 and 2006–2009 to

investigate groundwater resources and their exploitation

potential in this basin (Cao 2009). In these investigations,

the hydrogeological characteristics and the spatial structure

of major aquifer system in Ordos Basin and its significance

in water supply have been revealed. These investigations

have provided information on the origin, recharge mecha-

nisms, flow characteristics and discharge behavior of the

groundwater. Moreover, the formation and evolution of the

regional groundwater hydrochemistry and the dynamic

characteristics of the groundwater had been identified (Hou

and Zhang 2008). However, these regional groundwater

studies have not been able to provide enough information

to characterize groundwater behavior at a local scale. Since

then, many scholars have conducted further studies on

groundwater characteristics and evolution at small scale

(Yin et al. 2009; Li et al. 2013; Liu et al. 2015; Wang et al.

2015), but there are few studies on groundwater geo-

chemistry and suitability evaluation in the agro-pastoral

zone of this basin. Hence, it has been necessary to carry out

an additional investigation of groundwater resources in this

agro-pastoral zone at small scale.

The Daniudi gas field, located in the northeastern part of

the Ordos Basin in a transition zone between the Maowusu

Desert and the Loess Plateau, is a typical agro-pastoral

area. Because of the poor quality of surface water in this

gasfield area, groundwater has become the major resource

for drinking, agriculture and animal husbandry, and some

large groundwater sources supplying urban population

exist in this area. Moreover, mining gas inevitably has

some influence on groundwater quality. Therefore,

groundwater conservation and protection measures must be

implemented urgently in this area to protect this resource

from gas extraction. Identifying groundwater quality and

hydrochemical processes before the development of the gas

field favors the protection and rational exploitation of

groundwater resources. So far, the hydrogeochemistry and

suitability of groundwater for domestic and irrigation uses

have not been studied in detail in Daniudi gasfield area.

Principal component analysis (PCA), as a multivariate

statistical technique, has been widely used to investigate

groundwater geochemistry (Valdes et al. 2007; Tanasković

et al. 2012; Re et al. 2014). It can extract a number of

independent comprehensive variables from a dataset so as

to reduce dimension of original information and simplify it

for objective analysis. The use of PCA in conjunction with

other hydrogeochemical tools such as a Piper diagram and

a Gibbs plot can enable the main factors associated with the

hydrochemical variability to be identified (Kudoda and

Abdalla 2015).

The present study was undertaken to identify hydro-

chemical characteristics and the processes controlling

groundwater geochemistry by analyzing the hydrochemical

data with multiple methods, and to study the groundwater

quality for assessing the suitability of shallow groundwater

for domestic and irrigation uses, as well as to find out the

possible sources of pollution affecting groundwater quality

in the study area. The results may provide important

information about groundwater hydrochemistry and quality

for decision makers and help the rational utilization, pro-

tection and scientific management of groundwater resour-

ces in agro-pastoral region.

Study area

Location and climate

The study area (i.e., Daniudi gasfield area) is located in the

convergent area of North China’s Shanxi Province and the

Inner Mongolia Autonomous Region. It ranges within

longitudes 109�280600–110�101700E and latitudes 38�430200–
39�1001600N, covering about 2112.8 km2 (Fig. 1). The area

exhibits a relatively flat topography. The climate of this

area is arid and semiarid, and it is characterized by a long,

cold, and windy winter, a dust-laden spring, a short, hot,

sometimes humid summer and a very short autumn (Li

et al. 2013). The annual average temperature of this area is

8.9 �C, and the extremely maximum and minimum tem-

perature is 41.2 and -29.0 �C, respectively. The precipi-

tation is mostly concentrated in summer, ranging from

145.7 to 451.6 mm per year, and average annual precipi-

tation is 356 mm. The annual potential evapotranspiration

is 2485.2 mm, and it is most intense in June and July. The

largest surface waterbody is Hongjiannao Lake, and no

large rivers exist in the area.

Geology and hydrogeology

The study area is tectonically situated in the northeastern

Ordos Basin (Fig. 1), which is a Mesozoic sedimentary

synclinal basin surrounded by mountains. Quaternary sed-

iments are mainly distributed in the southeast of the area,

while Cretaceous formation is mainly exposed in the

northwest part (Fig. 1). Older formations, such as the Tri-

assic formation and the Jurassic deposits, are not exposed

at the surface and not suitable for groundwater extraction
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due to great depth. Dolomite, calcite, gypsum, halite,

albite, potassium feldspar and illite are major minerals in

the Cretaceous and Quaternary aquifers (Hou and Zhang

2008).

The Quaternary porous-medium aquifer (QA), primarily

formed by a Pleistocene alluvial lacustrine strata, is mainly

composed of medium sand, fine sand and silty sand. Its

thickness is greatest in the southern and eastern margins of

the region (Fig. 2). The thickness of this aquifer is

22–28 m, 10–85 m and 60–130 m, respectively, revealed

by the drill holes in the Menkeqing, Goucha, and Xiao-

haotu water source areas in the western, eastern and

southern parts of the study area. The depth of water table in

this aquifer is usually within 1–3 m of the land surface, but

it is more than 3 m at high fixed and semi-fixed sand dune

areas and is\1 m deep near lakes. This aquifer is regarded

as the main water supply aquifer due to the abundance of

water. The Quaternary porous-medium groundwater is

mainly recharged from precipitation, regulated by climatic

conditions, showing obvious seasonal characters.

The Cretaceous pore-fissure aquifer (KA) of clastic

rock partly buried under the Quaternary strata is widely

distributed in the area except the southeast corner (Fig. 1).

This aquifer is dominated by medium-fine sandstone, fine

sandstone and siltstone with cementation and semi-ce-

mentation, loose structure, less content of mudstone and

unobvious rhythmicity (Hou et al. 2008). The absence of

a regionally continuous and stable aquiclude means that

there is a close hydraulic connection between the upper

phreatic aquifer and the Cretaceous aquifer, so these

aquifers behave hydraulically as a unified aquifer system

(Fig. 2). Phreatic groundwater occurs in the upper part of

the Cretaceous aquifer, and its burial depth is about 12 m

on average. The main recharge is from precipitation and

upper groundwater. Because of the shallow burial, great

thickness (202.0–289.6 m), favorable recharge conditions

and local high yielding capacity, this aquifer is viewed as

one of the most promising aquifers for supplying

groundwater for domestic and agricultural uses. Ground-

water in both the Quaternary porous-medium aquifer and

the Cretaceous pore-fissure aquifer is of atmospheric

origin.

In the study area, land desertification is the most serious

environmental problem related to groundwater, while

Fig. 1 Location and hydrogeological condition of the study area and sampling locations
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groundwater pollution is slight and local. However, with

the exploitation of groundwater in water sources and the

development of coal mine and gas field in this area,

groundwater, especially shallow groundwater, may face

more serious problems of groundwater overdraft and

pollution.

Materials and methods

Sample collection and analysis

In the study area, the Quaternary pore groundwater and

shallow Cretaceous pore-fissure groundwater (depth

\200 m) were sampled in October 2012. A total of 20

Quaternary groundwater samples and 21 Cretaceous

groundwater samples were collected from hand-pumped

wells and motor-pumped wells. In addition, two surface

water samples were taken from Hongjiannao Lake and

Chahannao Lake. The sampling locations were set as

evenly as possible in the study area, as shown in Fig. 1.

Samples were contained in polyethylene bottles. Sample

collection, handling and storage follow the standard pro-

cedures recommended by the Chinese Ministry of Water

Resources (Li et al. 2012). The samples were analyzed by

the laboratory of Pony Testing International Group for 15

parameters, including major cations (K?, Na?, Ca2?,

Mg2?), major anions (HCO3
-, CO3

2-, SO4
2-, Cl-), flu-

oride (F-), nitrate nitrogen (NO3
-–N), ammonia nitrogen

(NH4
?), total soluble iron (Fe), pH, total hardness (TH)

and total dissolved solids (TDS). Among these

parameters, Na? and K? were determined using a flame

photometer, Ca2?, Mg2? and HCO3
- were analyzed via a

titrimetric method, while SO4
2-, Cl-, F-, NO3

-, NH4
?

and Fe were determined by spectrophotometry. As elec-

tric conductivity (EC) was not measured in the field, it

was calculated by AQ�QA (Rock Ware Inc. 2005) for later

use (Li et al. 2013).

The quality and suitability of groundwater used for

irrigation was assessed by some commonly used indices

including the sodium adsorption ratio (SAR), sodium per-

centage (%Na), residual sodium carbonate (RSC), magne-

sium ratio (MR), Kelley’s ratio (KR) and permeability

index (PI) (Murkute 2014; Amiri et al. 2015). They were

calculated by the following equations:

SAR ¼ Naþ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ca2þ þMg2þ
� �

=2
q

ð1Þ

%Na ¼ Naþ þ Kþð Þ= Ca2þ þMg2þ þ Naþ þ Kþ� �

� 100 ð2Þ

RSC ¼ HCO�
3 þ CO2�

3

� �

� Ca2þ þMg2þ
� �

ð3Þ

MR ¼ Mg2þ= Ca2þ þMg2þ
� �

� 100 ð4Þ

KR ¼ Naþ= Ca2þ þMg2þ
� �

ð5Þ

PI ¼ Naþ þ p
HCO�

3

� �

= Ca2þ þMg2þ þ Naþ
� �

� 100

ð6Þ

where all ion concentrations are expressed in meq/L. In

addition, the Fuzzy Comprehensive Evaluation Method

(FCEM) was used to assess groundwater quality and its

suitability for domestic and irrigation purposes.

Fig. 2 Hydrogeologic profile of

A–A0 and B–B0 in Fig. 1
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Data analysis and statistics

Statistical analysis was performed through SPSS (version

19.0, SPSS Inc, USA), and correlation coefficients were

calculated with it. The hydrochemical facies were obtained

from a Piper trilinear diagram drawn by AQ�QA. The

geochemical modeling program PHREEQC (version 2.8)

was used to calculate the saturation indices (SI) for a suite

of minerals, which was commonly used to evaluate the

degree of equilibrium between water and the minerals

(Aghazadeh and Mogaddam 2010; Lghoul et al. 2014). To

reveal ions associations and their origins, principal com-

ponent analysis (PCA) was performed with SPSS based on

selected parameters.

Results and discussion

Chemical characteristics of water

Hydrochemical parameters statistics

A statistical summary of hydrochemical parameters of

groundwater samples is presented in Table 1. As shown, the

mean concentration of K? in Quaternary groundwater and

Cretaceous groundwater is 1.9 and 2.1 mg/L, while those of

Na? are 14.6 and 44.5 mg/L, respectively. The higher con-

centration of K? and Na? in Cretaceous groundwater may be

due to the longer contact between groundwater and the sur-

rounding rock in Cretaceous aquifer and dissolving more

minerals containing K? and Na?. The concentration of Ca2?

in Quaternary groundwater and Cretaceous groundwater

ranges from 30.5 to 121.0 mg/L, and 3.7 to 121.0 mg/L, with

averages of 56.0 and 48.0 mg/L, respectively, which are

presumably derived from carbonate minerals. The average

concentration of Mg2? is 12.3 and 14.9 mg/L for Quaternary

groundwater and Cretaceous groundwater, which may be

derived from dolomite. As one of the major anions, the con-

centration of HCO3
- in Quaternary groundwater and Creta-

ceous groundwater varies from 118.0 to 378.0 mg/L, and

170.8 to 341.0 mg/L, respectively, bothwith an averagemore

than 200.0 mg/L. SO4
2- generally originates from the disso-

lution of gypsumor other sulfate,whileCl- ismainly from the

dissolution of halite in host rock. The averaged concentrations

of SO4
2- and Cl- in Quaternary groundwater and Cretaceous

groundwater are 23.1 and 11.3 mg/L, and 32.5 and 24.9 mg/

L, respectively. According to Table 1, from the average

concentration, the abundance of the major ions in Quaternary

groundwater and Cretaceous groundwater is as follows:

HCO3
-[SO4

2-[Cl- for anions and Ca2?[Na?[ -

Mg2?[K? for cations.

As a common element in groundwater, the concentration

of F- in this area is somewhat low, with an average of 0.27

and 0.31 mg/L for Quaternary groundwater and Cretaceous

groundwater, respectively, which are under the limit value

for class I water in the Quality Standard for Groundwater

(QSGW) recommended by General Administration of

Quality Supervision, Inspection and Quarantine of the

PRC. It is concluded that F- in groundwater in the study

area is derived from the natural geological environment,

not related to human activities. By contrast, elevated con-

centrations of NH4
? and NO3

-–N usually suggest

Table 1 Statistical summary of

chemical parameters(Units:mg/

L, except pH, EC)

Parameters Groundwater from KA Groundwater from QA WHO standard National standard

Min. Max. Mean Min. Max. Mean limits limits

K? 0.53 12.90 2.08 0.79 4.26 1.95 200 –

Na? 5.93 134.00 44.51 6.63 43.10 14.62 200 200

Ca2? 3.7 121.0 47.99 30.5 121.0 55.97 200 –

Mg2? 2.15 35.30 14.93 6.37 20.70 12.27 150 –

HCO3
- 170.8 341.0 234.8 118.0 378.0 214.7 600 –

SO4
2- 1.32 70.00 32.45 1.16 64.00 23.05 600 250

Cl- 4.04 115.00 24.91 3.59 66.20 11.31 600 250

F- 0.19 0.45 0.31 0.09 0.61 0.27 1.5 1.0

NO3
-–N \0.04 42.80 8.99 \0.04 31.30 2.43 11 20

NH4
? \0.02 0.41 0.05 \0.02 1.61 0.19 1.5 0.2

Fe \0.03 0.76 0.09 \0.03 11.90 0.89 0.3 0.3

pH 7.65 8.88 8.05 7.30 8.22 7.72 6.5–9.2 6.5–8.5

TH 22.2 499.0 196.4 131.0 418.0 200.6 500 450

TDS 178 811 328 153 550 260 1500 1000

EC 296.9 968.4 494.0 258.3 693.9 397.2 1500 –

QA, Quaternary porous aquifer; KA, cretaceous porous-fractured aquifer; EC unit, ls/cm;\, below the

limit of detection
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groundwater contamination due to the use of fertilizer and/

or the irrigation of wastewater (Li et al. 2012). The con-

centrations of NO3
-–N in Quaternary groundwater and

Cretaceous groundwater vary from\0.04 to 31.30 mg/L,

and\0.04 to 42.80 mg/L (\below the limit of detection),

while those of NH4
? are \0.02–1.61 mg/L and

\0.02–0.41 mg/L, respectively, both with a maximum

concentration over the permitted limits for drinking pur-

poses in the QSGW. Fe in the Quaternary groundwater has

higher concentration, with an average of 0.89 mg/L, which

is higher than the maximum desirable value.

In addition, the EC values of Quaternary groundwater

and Cretaceous groundwater range from 258.3 to 693.9 lS/
cm, and 296.9 to 968.4 lS/cm, respectively. The average

TH, TDS and pH values of Quaternary and Cretaceous

groundwater are 200.6 and 196.4 mg/L, 260.2 and

327.7 mg/L, and 7.7 and 8.1, respectively. Overall, the

results of hydrochemical analysis have shown that human

activities and natural geological environment had impor-

tant influence on chemical composition of groundwater in

the study area.

Hydrochemical facies

Piper trilinear diagrams have beenwidely used to understand

the hydrogeochemical regime of a study area (Li et al. 2013).

Based on the chemical analysis data, all sampleswere plotted

in the Piper diagram by AQ�QA (Rock Ware Inc. 2005) and

50 % increments were then used to define the hydrochemical

facies (Ravikumar and Somashekar 2011).

As shown in the diamond part (Fig. 3), all Quaternary

groundwater samples fall in zone 5, which suggests that

carbonate hardness exceeds 50 % and weak acids exceed

strong acids. With respect to cations, all Quaternary

groundwater samples are plotted in zone A, indicating the

dominance of Ca2?. With respect to anions, all Quaternary

groundwater samples are plotted in zone E, suggesting the

dominance of HCO3
-. The dominant hydrochemical facies

of the Quaternary groundwater is HCO3–Ca type.

By contrast to the Quaternary groundwater samples, the

Cretaceous groundwater samples of HCO3–Na type and

mixed type can be found from the diamond part, but these

samples account for only a small proportion of all Cretaceous

Fig. 3 Piper diagram of water samples (after Li et al. 2013, red square for groundwater from QA, black circle for groundwater from KA, blue

triangle for surface water from lakes)
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groundwater samples. Most Cretaceous groundwater samples

are distributed in zone 5 of the diamond part, indicating a

predominance of calcium bicarbonate type (Li et al. 2012).

With respect to cations, Cretaceous groundwater samples are

divided intoCa type,Na ? Ktype andmixed type, suggesting

that other processes except for dissolution of carbonate min-

erals, such as ion exchange and weathering of silicate, may

take place in the study area. With respect to anions, 95 % of

Cretaceous groundwater samples are bicarbonate type, and no

samples are SO4 type and Cl type, which suggests that

weathering of carbonate minerals is the most important factor

controlling groundwater chemistry, and the dissolution of

gypsum and evaporite is much less influential (Li et al. 2012).

In addition, surface water samples collected from lakes

are sodium chloride type and are not suitable for drinking,

indicating strong evaporation and concentration in low-

lying areas. Because of active water cycle and far distance

of groundwater sampling locations from the lakes, the

effect of evaporation on the hydrochemistry of the col-

lected groundwater is not obvious.

Sources of major ions and hydrogeochemical

evolution

Correlation analysis

Here Pearson’s correlation coefficients were employed to

illustrate and measure associations between major param-

eters (Table 2). The correlation coefficient[0.7 indicates a

strong correlation between two parameters, while the cor-

relation coefficient [0.5 and \0.7 indicates a moderate

correlation (Shyu et al. 2011).

As shown in Table 2, the strong correlations between

Na? and Mg2? (0.84), HCO3
- (0.88) and Cl- (0.86) in the

Quaternary groundwater suggest that Na? is derived from

silicate weathering except for the dissolution of halite. The

strong correlations between HCO3
- and Ca2? (0.70), and

Mg2? (0.84), and the moderate correlation between Ca2?

and Mg2? (0.55), suggest the dissolution of carbonate

minerals (calcite and dolomite). The moderate correlations

between K? and Na? (0.56) and HCO3
- (0.57) show that

K? is mainly derived from silicate weathering. In addition,

TDS is correlated with Ca2?, Na?, Mg2? and HCO3
-,

especially the strong correlation between TDS and Ca2?

(0.94), suggesting the continuous increase in these ions

concentration along groundwater flow path (Wu et al.

2013). The concentration of SO4
2- is moderately corre-

lated with that of Ca2? (0.53), suggesting the possible

dissolution of gypsum, and the carbonate dissolution/pre-

cipitation and ion exchange may account for the lack of

significant correlation (Li et al. 2013).

As to the Cretaceous groundwater, Na? is found to be

correlated with SO4
2- (0.68) and Cl- (0.52), indicating that

Na?, Cl- and SO4
2- may be derived from mirabilite and

halite. The strong correlation between Ca2? andMg2? (0.80),

and moderate correlation between Mg2? and HCO3
- (0.6),

suggests that Ca2? and Mg2? may be derived from magne-

sium-rich carbonate.K? is also correlatedwithHCO3
- (0.62),

indicating that silicate weathering is one of the sources of K?

and HCO3
-. Moderate correlation between K? and Mg2?

(0.62) indicates a possible silicate source of Mg2?, which is

confirmed by the plots shown in Fig. 5b.

Principle component analysis (PCA)

In hydrochemistry, PCA is often used to reveal ion asso-

ciations and their origins (Zhang et al. 2012; Atanackovic

et al. 2013; Xiao et al. 2014b). PCAs for the samples from

Table 2 Pearson’s correlation coefficients of major parameters for the Cretaceous groundwater (right triangle) and the Quaternary groundwater

(left triangle)

K? Na? Ca2? Mg2? HCO3
- SO4

2- Cl- pH TH TDS EC

K? 1.00 -0.06 0.42 0.62** 0.62** 0.30 0.30 -0.21 0.47* -0.09 0.47*

Na? 0.56* 1.00 -0.40 -0.16 0.24 0.68** 0.52* 0.38 -0.33 0.34 0.45*

Ca2? -0.09 0.49* 1.00 0.80** 0.38 0.24 0.44* -0.27 0.98** 0.60** 0.62**

Mg2? 0.44 0.84** 0.55* 1.00 0.60** 0.39 0.54* -0.12 0.90** 0.46* 0.73**

HCO3
- 0.57** 0.88** 0.70** 0.84** 1.00 0.46* 0.34 -0.23 0.46* 0.31 0.64**

SO4
2- -0.58 -0.10 0.53* -0.06 -0.04 1.00 0.76** 0.26 0.31 0.63** 0.84**

Cl- 0.23 0.86** 0.52* 0.72** 0.75** 0.16 1.00 0.22 0.50* 0.75** 0.89**

pH -0.16 -0.25 -0.16 -0.06 -0.19 -0.35 -0.43 1.00 -0.22 0.10 0.10

TH -0.12 0.33 0.93** 0.53* 0.58** 0.44 0.29 0.03 1.00 0.60** 0.69**

TDS 0.08 0.71** 0.94** 0.76** 0.82** 0.39 0.69** -0.17 0.86** 1.00 0.79**

EC 0.18 0.78** 0.91** 0.78** 0.89** 0.38 0.79** -0.27 0.78** 0.97** 1.00

** Correlation is significant at the 0.01 level (2-tailed)

* Correlation is significant at the 0.05 level (2-tailed)
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the Quaternary aquifer and the Cretaceous aquifer were

carried out, respectively, and three principle components

(PCs) were extracted (Table 3). Significant (i.e., high)

principal component loadings were considered for those

whose absolute value was[|0.4| (black bold in Table 3),

and parameters with high loadings were considered to be

the controlling parameters (variables) for the PC

(Atanackovic et al. 2013).

For the Quaternary groundwater, the cumulative vari-

ance explained by the three PCs is 90.67 %. The PC1,

which explains 57.84 % of the total variance, is dominated

by the following variables: Na?, Ca2?, Mg2?, HCO3
-,

Cl-, TH, TDS and EC. PC2 explains 21.26 % of the

variance and has high loadings of K?, Na?, Ca2?, SO4
2-

and TH. PC3 explains 11.57 % of the variance and is

dominated by pH. The parameters within PC1 suggest that

the dominant process leading to the formation of the

chemical composition of the Quaternary groundwater is the

dissolution of surrounding minerals (carbonate and halite).

Theoretically, the dissolution of calcite and dolomite

introduces Ca2?, Mg2? and HCO3
- ions into groundwater

at a ratio of between 1:1 and 1:2 (Li et al. 2012; Wu et al.

2013). Figure 4a confirms the dissolution of calcite and

dolomite in the Quaternary groundwater. In addition,

strong correlation was found between Na? and Cl- in PC1,

indicating the dissolution of halite. The PC2 suggests that

weathering and dissolution of sulfur-bearing minerals, such

as gypsum, also affect the hydrochemical constitution of

the Quaternary groundwater. The PC3 is characterized by

high positive pH loadings. The pH of groundwater refers to

the form in which CO2 is present. The pH values of the

Quaternary groundwater samples range from 7.3 to 8.22,

indicating the significant influence of bicarbonate ions

(Sethy et al. 2016).

For the Cretaceous groundwater, the cumulative vari-

ance explained by the three PCs is 85.84 %. The PC1

explains 50.30 % of the variance and has high loadings of

K?, Ca2?, Mg2?, HCO3
-, Cl-, SO4

2-, TH, TDS and EC.

PC2 explains 23.70 % of the variance and is dominated by

Na?, Ca2?, SO4
2-, Cl- and pH. PC3 has high loadings of

K?, HCO3
- and TDS, which explains 11.84 % of the

variance. The PC1 suggests that salinization of Cretaceous

groundwater is mainly due to the dissolution of carbonate

minerals (calcite and dolomite) and evaporite (gypsum and

sylvite). Figure 4a shows that the dissolution of calcite and

dolomite is an important source of Ca2? and Mg2? in the

Cretaceous groundwater, but the levels of these ions are

also influenced by other factors (Li et al. 2012), such as ion

exchange. In PC2, absolute values of loadings for Na? and

Ca2? are[0.5, but the loading of Ca2? is negative, which

suggests that ion exchange probably has happened,

increasing concentration of Na? and decreasing concen-

tration of Ca2?. Besides, PC2 has high positive loading of

pH, which indicates that high pH value has a negative

effect on the dissolution of carbonate minerals (Abbas et al.

2015). PC3 suggests that weathering of silicate including

K-feldspar is an important source of K? and HCO3
- and is

more important in the groundwater of lower TDS.

Ratios of major ions

Figure 4a shows that the levels of Ca2?, Mg2? and HCO3
-

are not only determined by calcite and dolomite but also

influenced by silicate weathering and/or ion exchange (Li

et al. 2012; Daniele et al. 2013). A higher Ca/Mg molar

ratio ([2) indicates the dissolution of silicate minerals,

which contribute Ca2? and Mg2? to groundwater (Kumar

et al. 2008). Figure 4b suggests that most samples have a

Table 3 Matrix of principal

components’ coefficients
Parameter Groundwater from QA Groundwater from KA

PC1 PC2 PC3 PC1 PC2 PC3

K? 0.287 20.847 -0.013 0.550 -0.336 0.650

Na? 0.847 20.444 -0.097 0.224 0.908 0.267

Ca2? 0.856 0.452 0.137 0.769 20.527 -0.320

Mg2? 0.852 -0.305 0.168 0.850 -0.372 0.022

HCO3
- 0.926 -0.302 0.084 0.676 -0.088 0.562

SO4
2- 0.265 0.837 -0.348 0.730 0.560 0.125

Cl- 0.813 -0.187 -0.351 0.817 0.406 -0.127

pH -0.275 -0.016 0.903 -0.031 0.632 -0.222

TH 0.740 0.481 0.368 0.834 -0.482 -0.251

TDS 0.957 0.223 0.115 0.757 0.280 20.497

EC 0.988 0.13 -0.009 0.969 0.239 0.021

% variance 57.84 21.26 11.57 50.30 23.70 11.84

Cumulative % variance 57.84 79.10 90.67 50.30 74.00 85.84
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silicate source of Ca2? and Mg2?. The ratio of Na/Cl can

reflect the balance and origin of sodium and chloride in

groundwater (Salem et al. 2015). In Fig. 4c, the majority of

the groundwater samples are distributed above the line with

slope one, suggesting that the Na? is not only derived from

dissolution of halite, but also may be derived from other

Na-rich minerals and ion exchange.

The Na-normalized Ca versus HCO3 plot (Fig. 5a) and

Na-normalized Ca versus Mg plot (Fig. 5b) further illus-

trate that Cretaceous groundwater samples are influenced

by silicate weathering, carbonate dissolution and evaporite

dissolution, and Quaternary groundwater samples are

influenced mainly by silicate weathering and carbonate

dissolution (Mukherjee and Fryar 2008; Xiao et al. 2015;

Abbas et al. 2015).

Ion exchange

The excess of Na? over Cl- in Fig. 4c and the deficit in

Ca2? ? Mg2? in Fig. 4a may be explained by ion

exchange. Plot of (Ca2? ? Mg2?)–(SO4
2- ? HCO3

-)

versus Na? ? K? - Cl– is widely used to test the

possibility that ion exchange significantly affects ground-

water compositions (Jalali 2006; Abbas et al. 2015; Amiri

et al. 2015). If ion exchange is significant composition-

controlling process, the relation between these two

parameters should be linear with a slope of -1. Most of the

samples are located near the straight line of slope -1

(Fig. 4d), which suggests the existence of ion exchange

both in the QA and CA.

The Chloro-alkaline indices (CAI-1 and CAI-2) pro-

posed by Schoeller (1977) can also indicate the ion

exchange. Negative CAI-1 and CAI-2 indicate the

exchange of Ca2? and/or Mg2? in groundwater with Na?

and/or K? in aquifer materials, while in the instance of a

reverse ion exchange, both indices are positive (Chi-

dambaram et al. 2012). The two indices are usually cal-

culated by the following formulas (Li et al. 2012):

CAI-1 ¼ Cl� � Naþ þ Kþð Þ
Cl�

ð7Þ

CAI-2 ¼ Cl� � Naþ þ Kþð Þ
SO2�

4 þ HCO�
3 þ CO2�

3

ð8Þ

Fig. 4 Relationships between different ions with dashed lines represent the theoretical dissolution curves

Environ Earth Sci (2016) 75:1356 Page 9 of 16 1356

123



where all ions are expressed in meq/L. The Chloro-alkaline

indices of all the collected groundwater samples but sample

W31, S04 and S08 are less than zero (Fig. 6), which sug-

gests that ion exchange is widespread in the study area.

Therefore, ion exchange is also responsible for the excess

of Na? in most groundwater samples.

Geochemical modeling

Saturation index (SI) is commonly used to understand the

equilibrium state of the water with respect to a mineral

phase (Amiri et al. 2015). It is obtained by the following

equation:

SI ¼ log
IAP

Ks Tð Þ

� �

ð9Þ

where IAP is the ion activity product of the solution, and

KS(T) is the equilibrium constant of the reaction considered

at temperature T (He et al. 2015). SI values less than zero

indicate unsaturation (dissolution), those exactly zero

indicate saturation (equilibrium), while values greater than

zero suggest oversaturation (precipitation). Plots of satu-

ration indexes of common minerals (calcite, dolomite,

gypsum, halite) and related ions are shown in Fig. 7, which

illustrate that groundwater in the QA and KA was largely

unsaturated with respect to gypsum and halite, indicating

the possible dissolution of these minerals. The eventual

Fig. 5 Plots of Na-normalized Ca2? versus HCO3
- (a) and Na-normalized Ca2? versus Mg2? (b)

Fig. 6 Bar diagram of Chloro-

alkaline indices (CAI-1 and

CAI-2) for the collected

samples
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dissolution of these minerals was supported by the strong

positive relationships between SI values and the related

ions in Fig. 7a and b (Li et al. 2014b). Quite a few

groundwater samples are saturated or oversaturated with

respect to dolomite (Fig. 7c) and calcite (Fig. 7d), sug-

gesting that these carbonate mineral phases are present in

the corresponding host rock (Jalali 2006). The moderate

positive relationships between SI values of calcite and

dolomite and some of the ions indicate the dissolution and

precipitation of carbonate minerals and ion exchange.

Groundwater chemistry formation mechanisms

The formation of groundwater chemistry is usually influ-

enced by three factors, including rock weathering, evapo-

ration and crystallization and precipitation. The dominant

factor is often determined by Gibbs diagrams (Rao 2002;

Jalali 2006; Aghazadeh and Mogaddam 2010; Amiri et al.

2015; Salem et al. 2015). In the present study, all samples

fell within the rock-dominance zone of Gibbs diagrams

(Fig. 8), indicating that the major ion chemistry of the

Quaternary groundwater and the Cretaceous groundwater

was primarily controlled by rock-forming mineral weath-

ering (Murkute 2014). Several samples were plotted toward

the evaporation-dominance zone, suggesting very sec-

ondary evaporation. In addition, 28.6 % of the Cretaceous

groundwater samples are distributed in rock-dominance

zone with Na?/(Na? ? Ca2?) ratios more than 0.5, and

together with relatively constant TDS values in Fig. 8a,

which is likely indicative of ion exchange (Li et al. 2012).

Groundwater quality assessment

Based on the hydrochemical analysis data, the groundwater

quality and its suitability for drinking, livestock and irri-

gation uses is assessed.

Assessment of groundwater quality for drinking purposes

The permissible limits of WHO and the QSGW(class III)

were employed to assess the suitability for drinking pur-

poses. The parameters affecting groundwater quality were

compared with the limits (Table 1). The results show that

the major parameters of concern are NO3
-–N, NH4

?, Fe,

pH and TH (Table 4). With respect to these parameters,

most of the groundwater from KA and QA is of a suit-

able quality for potable use.

Plots of TDS and TH (Fig. 9) illustrate that all

groundwater samples are freshwater, and all groundwater

samples are in acceptable range of hardness (TH \450)

except sample S04 which is not fit for direct drinking due

to its high hardness.

Fig. 7 Plots of SI for gypsum, calcite, dolomite and halite versus ions concentration in meq/L (the same legend with Fig. 4)
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Although the quality of groundwater can be assessed by

comparing single parameter with limit, it cannot show the

combined effects of individual parameters on the over

water quality. The fuzzy comprehensive evaluation method

(FCEM), which uses membership expressing the degree of

each parameter belonging to each water quality category,

can address the imprecision of water quality management

objectives and the composite effects of the evaluation

indices on water quality. So far, this method has become a

usual method for evaluating groundwater quality (Dahiya

et al. 2007; Singh et al. 2007; Zhang et al. 2012). In this

study, FCEM is employed to synthetically assess the

groundwater quality and suitability for drinking. A total of

eight representative parameters, including Cl-, F-, NO3
-–

N, NH4
?, SO4

2-, Fe, TH and TDS, are taken into account

in fuzzy comprehensive evaluation. The results of fuzzy

comprehensive evaluation according to the QSGW are

shown in Table 5.

As shown in Table 5, the Quaternary groundwater

samples are divided into four classes. The number of

samples within classI, III, IV and V is 13, 2, 4 and 1,

respectively, and accounts for 65, 10, 20 and 5 % of

Quaternary groundwater, respectively. The Cretaceous

groundwater samples are classified into classI, III and IV.

The number of samples within classI, III and IV is 15, 2

and 4, respectively, and accounts for 71.4, 9.5 and 19.1 %

of Cretaceous groundwater. According to the standards,

groundwater samples within class I, II and III are suit-

able to drink, groundwater samples within class IV can be

used as drinking water after proper treatment and directly

used for agriculture and industry, while groundwater

samples within class V are not suitable to drink or irrigate.

Fig. 8 Gibbs plots illustrating mechanisms governing groundwater chemistry (after Gibbs 1970)

Table 4 Objectionable

parameters and compliance to

standards

Parameters Groundwater from KA (n = 21) Groundwater from QA (n = 20)

Range Mean %W %N Range Mean %W %N

NO3
-–N 0.00–42.8 9.77 23.8 9.5 0.00–31.3 4.03 5 5

NH4
? 0.00–0.41 0.31 0 9.5 0.00–1.61 0.53 5 35

Fe 0.00–0.76 0.57 9.5 9.5 0.00–11.9 1.6 30 30

pH 7.65–8.88 8.05 0 14.3 7.3–8.22 7.72 0 0

TH 22.2–499 196.43 0 4.8 131–418 200.6 0 0

%W Percentage of samples out of WHO limits; %N Percentage of samples out of QSGW limits
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In sum, 78.1 % of the total groundwater samples are fit for

direct drinking, 19.5 % of the samples are suitable to drink

after proper treatment, while 2.4 % of the samples are not

fit for drinking or irrigation. This suggests that the quality

of groundwater in the study area is generally good.

Samples not suitable to drink under ordinary condition

include sample W04, W46, W48, W50, W53, S04, S05,

S06 and S09 because the concentrations of NH4
?, Fe and/

or NO3
- exceed the allowable values. As these samples are

located in the villages of a relatively dense population,

where improper disposal of human and animal waste pre-

vails, the contamination of ammonia nitrogen and nitrate

indicates the impacts of human activities on the

hydrochemical composition of groundwater. The concen-

tration of Fe exceeds the guideline values for drinking

water, which is probably caused by the unique geological

environment.

Assessment of groundwater quality for irrigation purposes

The area of farmland in the study area is about 230.3 km2,

which accounts for 10.9 % of the total area. Groundwater

is one of the main sources of the irrigation water in this

area. In the present study, the United States Salinity Lab-

oratory (USSL) diagram (1954) and Wilcox diagram

(1948) which include EC, and some indices, such as SAR,

%Na, RSC, MR, KR and PI, were applied to evaluate the

suitability of groundwater for irrigation. Results are shown

below (Table 6).

SAR used to measure the sodium (alkali) hazard is an

important criterion for determining the suitability of

groundwater for irrigation (Amiri et al. 2015). According

to the SAR, groundwater can be classified as waters with

low (SAR B 10), medium (10\SAR\ 18), high

(18\ SAR B 26) and very high (SAR[ 26) sodium

hazard. The SAR values of groundwater samples from the

study area range from 0.2 to 12.8, with an average of 1.4,

suggesting that sodium hazard of the samples is low or

medium. The plots of sampled groundwater in the US

Salinity Laboratory diagram (Fig. 10) shows that all Qua-

ternary groundwater samples and most Cretaceous

groundwater samples belong to the category C2S1, while

several Cretaceous groundwater samples belong to the

category C3S1 and C2S2, suggesting that all groundwater
Fig. 9 Plot of TDS versus TH

Table 5 Results of fuzzy

comprehensive evaluation of

groundwater samples

Class Groundwater from QA Groundwater from KA Total (n = 41) Suitability

No. of samples (%) No. of samples (%) No. of samples (%)

I 13 65 15 71.4 28 68.3 Drinking, irrigation

II 0 0 0 0.0 0 0.0 Drinking, irrigation

III 2 10 2 9.5 4 9.8 Drinking, irrigation

IV 4 20 4 19.1 8 19.5 Irrigation

V 1 5 0 0.0 1 2.4 Not suitable

Table 6 Statistical summary of irrigation quality indices of groundwater samples from the study area

Indices Minimum Maximum Mean SD Permissible

value

Unsuitable

sample no.

Percentage of suitable

samples (%)

SAR 0.2 12.8 1.38 2.59 ^18 – 100.0

%Na 8.4 93.2 24.22 20.89 ^60 W21,W19,S01 92.7

RSC -4.85 3.36 -0.02 1.49 ^2.5 W21,W19,S01 92.7

MR 15.94 58.52 32.23 9.93 ^50 W16,W21,S01 92.7

KR 0.09 14.14 0.98 2.93 ^1.0 W16,W19,W21,S01 90.2

PI 37.28 128.87 65.91 20.34 [25 – 100.0
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samples are suitable for agricultural purposes with respect

to EC and SAR.

High sodiumpercentage in irrigationwater will hinder the

growth of plants and reduce the permeability of the soil

(Amiri et al. 2015). For irrigation water, %Na \60 is

acceptable (Xiao et al. 2014a). The %Na values of sampled

groundwater range from 8.4 to 93.2, with an average of 24.2.

Samples of %Na[60 account for 7.3 %. According to the

Wilcox diagram (Fig. 11), most groundwater samples

(87.8 %) are plotted in the excellent to good zone, while

samples W19 and S01 fall in the permissible to doubtful

zone, and sample W21 is in doubtful to unsuitable zone.

The suitability of water for irrigation is influenced by

the excess sum of carbonate and bicarbonate in water over

the sum of calcium and magnesium, which is expressed as

RSC. If the RSC value of water is[2.5 meq/L, then the

water is unsuitable for irrigation purpose (Murkute 2014).

With respect to RSC, 92.7 % of the groundwater samples

are suitable for irrigation purpose.

Another index to determine the suitability of ground-

water for irrigation purposes is magnesium ratio (MR)

(Amiri et al. 2015). The MR values\50 indicate suitability

for irrigation (Murkute 2014). 92.7 % of the groundwater

Fig. 10 USSL diagram for

irrigation water classification

(USSL 1954)

Fig. 11 Plot of %Na versus EC (Wilcox 1948)
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samples from the study area are suitable for irrigation with

respect to the MR.

Kelly’s ratio (KR) proposed by Kelly (1963) is a signifi-

cant indicator in evaluation of water quality for irrigation.

The KR values of one or less than one indicate good quality

of water for irrigation, whereas above one are suggestive of

unsuitability for agricultural purpose (Naseem et al. 2010).

According to KR values, 90.2 % of the groundwater samples

from the study area are suitable for irrigation.

PI is a parameter reflecting the influence of ion content

in water on soil permeability. If the PI values are\25, then

the water is not suitable for irrigation (Amiri et al. 2015).

PI value results show that all the groundwater from the

study area is fit for irrigation.

Conclusion

In the study area, the Quaternary groundwater and shallow

Cretaceous groundwater contain relative concentrations of

major ions in the order of HCO3
-[SO4

2-[Cl- for

anions and Ca2?[Na?[Mg2?[K? for cations. Sta-

tistical results of other ions suggest that the groundwater

have been polluted by human activities somewhat. In

general, the hydrochemical facies are predominantly of

HCO3–Ca type, but for shallow Cretaceous groundwater,

HCO3–Na type and mixed type exist in small amounts.

According to Gibbs diagram, rock (mineral) weathering

and ion exchange are the most important processes con-

trolling groundwater chemistry in this area, while the effect

of evaporation is not obvious. Ion exchange is also certified

by CAI and ratios of some ions. Based on correlation

analysis, PCA and ion ratios, carbonate and silicate min-

erals are found to be important sources of major hydro-

chemical constituent, while evaporite are secondary for

most samples. The saturation index calculated by geo-

chemical modeling shows a suitable hydrochemical envi-

ronment for gypsum and halite dissolution (negative

saturation index) and carbonate (calcite and dolomite)

dissolution/precipitation.

Fuzzy comprehensive evaluation results show that all

the groundwater samples from the study area are suit-

able for drinking, except for the ones polluted by human

activities. The USSL diagram, Wilcox diagram and other

indices suggest that almost all groundwater samples are

suitable for irrigation under ordinary conditions. Thus,

before the gas field goes into construction and production,

most of the shallow groundwater in this area has good

quality for drinking and irrigation.

This study provides detailed information about ground-

water chemistry of an agro-pastoral area with multiple

methods, which could be a reference for the study of

groundwater geochemistry and quality in similar areas, and

suggests that combination of traditional hydrochemical

analysis and statistical analysis could help achieve a more

comprehensive understanding of groundwater hydrochem-

istry and processes governing that geochemistry.
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