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Abstract Tertiary fractured permeable confined aquifer,

which covered about 70 % of the studying area, played an

important role in alleviating drinking water shortages.

However, about 58 and 79 % of the groundwater samples

exceeded the desirable limits for fluoride (1.5 mg/L) and

TDS (1,000 mg/L). Two multivariate statistical methods,

hierarchical cluster analysis (HCA) and principal compo-

nents analysis (PCA), were applied to a subgroup of the

dataset in terms of their usefulness for groundwater clas-

sification, as well as to identify the key processes con-

trolling groundwater geochemistry. In the PCA, two

principal factors have been extracted, which could explain

73 % of the total data variability. Among them, factor 1

revealed the source of groundwater salinity and factor 2

explained the elevated fluoride. Two major groups were

classified by HCA and Group 1 was near the groundwater

recharge zone and Group 2 was mainly distributed over the

groundwater discharge zone. Inverse modeling (NET-

PATH) results indicated that the hydrochemical evolution

was primarily controlled by (1) the dissolution of mirabi-

lite, gypsum and halite for the source of groundwater

salinity; (2) the release of the adsorbed fluoride through

desorption or through competition with HCO3
- under

alkalinity condition for the elevated fluoride in the

groundwater.
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Hydrochemistry evolution � Multivariate statistical

analysis � Inverse modeling

Introduction

Sustainable management of scarce freshwater resources is

a major challenge for arid regions, where there are also

pressures related to population growth, economic devel-

opment, climate change, pollution and groundwater over-

abstraction (Du et al. 2013; Su et al. 2013). Groundwater is

commonly the dominant water resource in these arid areas,

so it is important to understand the hydrochemical pro-

cesses that govern the groundwater quality for sustainable

management of the water resource.

The study area, Xiji County, is a region in Northwest

China with serious water shortages and the water available

per capita is only 95 m3 each year (Gao 2012). Some

researches have been done to investigate hydrochemical

evolution in the southern Ningxia Autonomous Region,

including Xiji County (Yang et al. 2009; Zhang et al. 2006;

Chen et al. 2009; Li et al. 2006). The groundwater system

of Xiji Basin was firstly isolated by the northeast boundary

of Moon Mountain and the southwest boundary of loess

hilly-gully geomorphology that extended into Gansu

province (Yang et al. 2009). Two reasons were assumed for

the saline groundwater of the southern Ningxia region: (1)
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the dissolution of great amounts of gypsum, mirabilite and

other minerals (primary source); (2) the obturated water

reserving structure (Zhang et al. 2006). Further, the hyd-

rochemical evolution of the other two basins adjacent to

Xiji Basin (Haiyuan Basin and Qingshuihe Basin, locate

north and east of Xiji Basin, respectively) has been

investigated (Chen et al. 2009; Li et al. 2006). However,

the hydrochemical processes for the salinity and the ele-

vated fluoride in the groundwater of Xiji Basin are still not

clear.

Multivariate statistical analyses have been applied to

conduct the present investigations. As a part of these

analyses, hierarchical cluster analysis (HCA) and principal

component analysis (PCA) have been used with success to

classify groundwater and identify major mechanisms

influencing groundwater chemistry (Usunoff and Guzmán-

Guzmán 1989; Farnham et al. 2003; Ghrefat et al. 2012;

Huang et al. 2013; Zumlot et al. 2013). When the hyd-

rochemical interpretation is combined with the inverse

modeling, models with more confidence level will be

found to quantitatively identify the hydrochemical pro-

cesses along the flow path (Atkinson 2011; Lorite-Herrera

et al. 2008).

This paper will attempt to identify the geological factors

that presently affect the water chemistry in the region.

Inverse modeling techniques and two well-proven multi-

variate statistical methods (HCA and PCA) are used to

assist in the analysis.

Study area

Xiji Basin is located in the southwest of Ningxia Autono-

mous Region with an area of 3,144 km2. The annual

average precipitation is approximately 410 mm and

approximately 56 % of the annual rainfall falls between

July and September. The mean monthly air temperature

ranges between a minimum of -7 �C in December–Feb-

ruary and a maximum of 17 �C in June–August, with a

mean annual temperature of 5.6 �C. The mean annual

potential evapotranspiration ranges from 1,400 to

1,600 mm. The main surface water body in the study area

is Hulu River and its tributaries.

Geological formations of Xiji Basin have been severely

eroded, with remains of Proterozoic, Cretaceous, Tertiary

and Quaternary formations (Fig. 1b). Tertiary formation is

overlain by Quaternary loess and underlain by Cretaceous

formation. A compact clayey soil layer exists between

Quaternary and Tertiary formation with thickness from 3

to 10 m. Quaternary gravel layers are mainly distributed

along the river banks. Lower Cretaceous formation (K1s)

is exposed in the northeastern part, which consists of

feldspar sandstone and is weathered severely with well-

developed fissures. Based on lithology and field rela-

tionships, the Tertiary formation has generally been

divided into Paleogene (E2s and E3q) and Neocene (N1h

and N2g) formation. The deposits of E2s and E3q primarily

consisted of conglomerate and sandy mudstone, respec-

tively. N1h and N2g consisted of argillaceous sandstone

and sandstone with conglomerate interlayer, respectively.

The hydraulic conductivity (K) of E2s, E3q, N1h and N2g is

0.0165 m/d (0.00253–0.0305, n = 2), 0.0013 m/d

(n = 1), 0.667 m/d (n = 1) and 0.0725 m/d (0.0274–

0.1384, n = 3), respectively. There is an abnormal

K (6.0 m/d) in E2s formation appeared at X23 well, which

could locate on the fault zone. During the period of E2s,

E3q and N1h, salts have been accumulated in the deposits

of Xiji Basin, including mirabilite, gypsum and magnesite

(Zhang et al. 2006). Deposits during Pliocene (N2g) per-

iod, however, were generally variegated mudstone, sand-

stone and conglomerate with low salinity. By the end of

Pliocene, Xiji Basin was uplift under the influence of

strong fault fold caused by the Himalayan movement

(phase III). Furthermore, the eastern part experienced

much more upliftment than the western part, which

resulting in all the northeastern part formations were

mostly eroded while only N2g formation was eroded in

the southeast part. In the joint of the two parts, namely

the Moon Mountain-Shizi fault (Fig. 1a), parts of Plio-

cene coarse grain layers were distributed with lower salt

content, micropores, bigger hydraulic gradient, as well as

stronger water exchange capacity (Huo et al. 1989; Yang

et al. 2009).

There are three types of aquifer, which includes

Cretaceous fractured permeable unconfined aquifer,

Tertiary fractured permeable confined aquifer (E2s,

E3q, N1h and N2g) and Quaternary unconsolidated pore

aquifer. Tertiary fractured permeable confined aquifer

was the focus of our study. It covered about 70 % of

the study area, and its thickness varied from more

than 400 m in the northern part to 200 m in the

southern part. The groundwater level mapping of

Tertiary fractured permeable confined aquifer (Fig. 1,

ESM only) was made in July 2012 from 17 wells.

This map shows that the main groundwater flow

direction is N–S from the recharge zone situated in

the foot hill zone in the north of the basin through the

central parts towards the south area. The hydraulic

gradient was approximately 0.007. Groundwater

recharge was mainly via a blind fault from the Cre-

taceous aquifer. In addition, the leakage of pore water

from overlying Quaternary unconsolidated formation

could be neglected because of a confining bed

between the two aquifers. The major discharge of the

studying aquifer included the flow to the adjacent

regions and artificial abstraction.

300 Environ Earth Sci (2014) 72:299–310

123



Methodology

Sampling and analytical methods

A regional geological survey of Xiji Basin was carried out

in 2012, and groundwater was sampled from private,

municipal and observation wells, which were distributed

over the whole region (Fig. 1a). Field parameters of tem-

perature, pH and TDS were measured. Other chemical

(Ca, Mg, Na, K, Cl, SO4, HCO3, CO3 and F) analyses

were carried out in the laboratory using atomic absorp-

tion spectrometer (Shimadzu AA-6300CF) and ion

Fig. 1 a Simplified geological

map of Xiji County;

b hydrogeological cross section

along the I–I0 line
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chromatography (ICS-2100). Then, ionic balance was cal-

culated by cations minus anions over total ion concentra-

tion (Appelo and Postma 2005). Of the 24 samples, 2

groundwater samples with ionic balance error above 10 %

were rejected.

For an accurate determination of the potential water–

rock reactions occurring in the hydrochemical evolution,

five core samples of the target aquifer were analyzed using

X-ray diffraction in the test center of Jilin University.

Table 1 shows that the main minerals in the target aquifer

are quartz, illite, plagioclase, chlorite, calcite, zeolite and

K-feldspar. Although the amount of these minerals exceeds

more than 97 %, they are, however, either unreactive

minerals or with much lower reaction rate. So these min-

erals are probably not governing factors in the hydro-

chemical evolution. On the contrary, although the content

percentage of halite and mirabilite is 1–2 %, they are easier

to dissolve into water. As the groundwater flow is very

slow, the dissolution of mirabilite and halite is probably the

main source of the groundwater salinity.

Data preparation for multivariate statistical analysis

Multivariate statistical analysis is a quantitative and inde-

pendent approach of groundwater classification allowing

the grouping of groundwater samples and the making of

correlations between chemical parameters and groundwater

samples (Cloutier et al. 2008). The aim of the factor ana-

lysis for hydrogeochemical data is to explain the observed

relations in a simpler term that was expressed as a new set

of factor (Matalas and Reicher 1967). In this study, two

multivariate methods were applied using SPSS 17.0: hier-

archical cluster analysis (HCA) and principal component

analysis (PCA).

Optimal results in multivariate statistical analyses

require normal distribution and homoscedasticity. In this

respect, the data for each parameter were tested for nor-

mal distribution using statistics from SPSS 17.0. The

parameter is considered following normal distribution

when the coefficients of skewness and kurtosis are all

smaller than 1.96 (at 0.05 confidence level). The skewness

coefficient of Na?, K?, Mg2? and SO4
2- is all larger than

1.96 (Table 2), indicating that these four parameters do

not follow normal distribution and need to be log nor-

mally transformed. Positively skewed chemical data are

commonly log normally transformed and standardized for

multivariate statistical analyses (Steinhorst and Williams

1985; Güler et al. 2002; Cloutier et al. 2008; Yidana et al.

2012). Then, standardization of the data (Xi) results in

new values (Zi) that have zero mean and are measured in

units of standard deviation (s). The standardized data are

obtained by subtracting the mean of the distribution from

each data and dividing by the standard deviation of the

distribution, Zi = (Xi - mean)/s (Davis 1986). Inter-cor-

relation matrix of the variables is computed from the

standardized variables. The correlation coefficient matrix

quantifies the linear relationship existing between pairs of

variables present therein. The percentages of eigenvalues

are computed since the eigenvalues quantify the contri-

bution of a factor to the total variance (i.e., the sum of the

eigenvalues). The factor extraction is done using a mini-

mum acceptable eigenvalue that is[1 (Kaiser 1960). The

factor-loading matrix is rotated to an orthogonal simple

structure, according to varimax rotation, which results in

the maximization of the variance of the factor loading of

the variables. This procedure renders a new rotated factor

matrix in which each factor is described in terms of only

those variables and affords a greater ease for interpreta-

tion. Factor loading is the measure of the degree of

closeness between the variables and the factor (Dalton

and Upchurch 1978). The lower part of Fig. 2 is a sum-

mary of the methodology used for hydrochemical data

collection and preparing hydrochemical data for the

analysis.

Inverse modeling

Inverse modeling (Plummer 1992) has been widely used in

interpreting the geochemical processes that account for the

hydrochemical and isotopic evolution of groundwaters.

One of the inverse modeling codes, NETPATH, is used in

the present study.

NETPATH 2.0 (Plummer et al. 1994) is an interactive

Fortran 77 computer program that can be used to calculate

Table 1 Mineral composition of the Tertiary confined aquifer

Samples Relative quantity x(B)/10-2

quart K-feldspar Plagioclase Calcite Dolomite Amphibole Halite and mirabilite Zeolite Illite Chlorite

Y1 56 3 9 11 – 1 2 – 12 6

Y2 42 2 6 3 – – 1 8 26 12

Y3 62 3 6 15 – – 1 – 12 1

Y4 20 1 3 2 – – 2 – 58 5

Y5 31 6 18 2 1 – 1 7 23 11
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the mass transfers in every possible combination of the

selected phases that account for the observed changes in

the selected chemical and (or) isotopic compositions

observed along the flow path. NETPATH contains two

Fortran 77 codes: DB.FOR and NETPATH.FOR. In the

present study, we first use DB.FOR to input and edit the

chemical data and then run WATEQF included in DB to

calculate mineral saturation indices. NETPATH.FOR is

then run to calculate every possible hydrochemical mass

balance reaction.

Results and discussion

General hydrochemistry

A summary of the major hydrochemical variables of Ter-

tiary fractured permeable confined aquifer is presented in

Table 2. It indicated that SO4
2-, Cl- and Na? were the

dominant ions in the study area. The pH in groundwater

samples ranged from 7.4 to 8.4, indicating that the

groundwater environment was slightly alkaline. The TDS

concentration ranged from 189.0 to 9,114.9 mg/L with a

mean concentration of 3,246.4 mg/L. The fluoride con-

centration ranged from 0.4 to 2.4 mg/L, and the mean

concentration was 1.5 mg/L. About 58 % of the samples

exceeded the desirable limit of fluoride for drinking water

(1.5 mg/L), while 79 % exceeded that of TDS (1,000 mg/L)

(WHO 2006).

Results of multivariate statistical analysis

Principal component analysis (PCA)

Tables 3 and 4 present the factor loadings matrix. Only

the first two components extracted had eigenvalues [1,

and accounted for 73 % of the total variance in the

dataset. Varimax normalized rotation was applied to

maximize the variance of the first two principal axes

(Lorite-Herrera et al. 2008).

Factor 1 explained 55 % of the total variance and had

high positive loadings for most of the major ions (Ca2?,

Mg2?, Na?, K?, Cl- and SO4
2-), which probably reflects

the source of the groundwater salinity as these elements are

the main components of TDS. Further, it was assumed that

the salinity was mainly produced by the dissolution of

mirabilite and halite, as the Tertiary formations contained

appreciable quantities of halite and mirabilite (Table 1).

Ca2? and Mg2? also had high positive factor loadings,

which suggest that these two components contributed

remarkably to the groundwater salinity. The most likely

process was cation exchange as most groundwater samples’

saturation index (SI) of calcite and dolomite was above 0

(Fig. 2, ESM only), which means that the groundwater has

reached thermodynamic equilibrium with these mentioned

minerals; therefore, the dissolution of these two carbonate

minerals attributed scarcely to Ca2? and Mg2? in the

groundwater.

Figure 3 (ESM only) shows that SO4
2- and Na? were

the dominant anion and cation, respectively, especially

when the TDS was above 1,000 mg/L. Then, it was crucial

to identify the source of Na? and SO4
2-.

Samples were all distributed near the mirabilite and

halite dissolution line (1:1 line), which indicated that Na?

was mainly from the dissolution of mirabilite and halite

(Fig. 3a). However, some samples were on the above of the

dissolution line, indicating that some Na? was removed

from groundwater by cation exchange process according to

the reaction Ca(Mg)X(s) ? 2Na? ? Na2X(s) ? Ca2?

(Mg2?) (where X is a solid substrate such as a clay min-

eral). During this process, Na? in the solution was

exchanged with Ca2? and Mg2? in the sediments. Then, it

can be concluded that Na? was mainly from the dissolution

of mirabilite and halite. A part of Na? was further modified

by cation exchange. Moreover, the referred conclusion can

be further confirmed through the relationship illustrated in

Table 2 Statistical summaries

of hydrochemical variables

All values are in mg/L except

pH

Parameter Range Median Mean Standard

deviation

Coefficient

of skewness

Coefficient

of kurtosis

Health limits

of China

Ca2? 28.1–429.1 208.1 184.4 118.2 0.76 -0.51 –

Mg2? 34.6–332.5 112.1 126.8 87.2 2.55 0.76 –

Na? 80.8–2,400 717.5 797.5 610.9 2.36 1.44 –

K? 1.4–17.2 5.8 6.2 4.0 2.13 1.33 –

HCO3
- 67.1–399.3 220.2 218.2 96.1 0.61 -0.86 –

Cl- 47.5–1,567 533.1 584.3 431.7 1.52 -0.01 250

SO4
2- 111.3–4,911.5 1,457.5 1,655.4 1,252.2 2.23 1.29 250

F- 0.4–2.4 1.5 1.5 0.6 -0.06 -0.97 1.0

pH 7.4–8.4 8.0 7.9 0.2 -0.51 -0.1 6.5–8.5

TDS 189.0–9,114.9 2,975.8 3,246.4 2,352.3 2.12 1.34 1,000

Environ Earth Sci (2014) 72:299–310 303

123



Fig. 3b, in which (Na ? K–Cl) and [(SO4 ? HCO3)–

(Ca ? Mg)] varied proportionally (Garcia et al. 2001;

Carol et al. 2009; Moussa et al. 2010).

The positive correlation between Na? and SO4
2-

(Fig. 4a) suggested that the dissolution of mirabilite was

the major source of SO4
2-. However, a considerable

number of samples were under the 1:1 line, suggesting that

SO4
2- might have other sources. Indeed, the saturation

indexes showed that some samples were undersaturated

with respect to gypsum (Fig. 4b), indicating that gypsum

dissolution was another source of SO4
2-.

Factor 2, which accounted for 19 % of the total vari-

ance, contained a high positive loading of F- and probably

reflected the source of fluoride in the groundwater. It was

found that HCO3
- and pH also had high factor loadings,

which means that the enrichment of F- had a close rela-

tionship with HCO3
- and pH (Table 3).

The values of pH for the majority of the high-fluoride

groundwater samples were within the range of 7.4–8.4,

indicating that the high-fluoride groundwater commonly

belonged to alkaline water (Fig. 4a, ESM only). High-

fluoride samples, however, displayed a negative correlation

with HCO3
- (Fig. 4b, ESM only), suggesting that HCO3

-

was against the release of fluoride to groundwater.

It has been proven that the dissolution of F--bearing

minerals (mainly was fluorite, Speer 1984) would be

enhanced by calcite precipitation and Ca2? scavenging by

cation exchange as well as desorption from Fe-oxides, all

of that are the main mechanisms that could control fluoride

concentration in natural waters. Comparing both mecha-

nisms, dissolution always predominated at lower pH (pri-

mary source), whereas desorption always occurred at

higher pH. In general, F- was preferentially adsorbed to

mineral surfaces under neutral to acidic conditions

(Hiemstra and Van Riemsdijk 2000; Tang et al. 2009).

However, increasing alkalinity in the aquatic reservoirs

leads to the release of the adsorbed fluoride through

desorption or through competition with HCO3
- (Borgnino

et al. 2013). Then, it can be assumed that some fluoride was

released to groundwater by a competitive sorption with

HCO3
- (secondary source) (Currell et al. 2011; Borgnino

et al. 2013). But Ca2? had a really small factor loading

with factor 2 (Table 3), which means that fluorite disso-

lution was not shown by factor 2 or most of Ca2? was not

from fluorite dissolution. Thus, the results obtained here

Fig. 2 Methodological flow chart, from groundwater sampling to

data analysis

Table 3 Factor loadings matrix

from R-mode factor analysis
Variable Factor 1 Factor 2

Ca2? 0.809 -0.033

HCO3
- -0.194 20.755

Cl- 0.787 0.221

F- 0.254 0.746

pH -0.441 0.593

Mg2? 0.893 -0.229

Na? 0.828 0.483

K? 0.828 0.370

SO4
2- 0.919 0.273
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indicated that desorption was the main contribution within

the study area under alkaline conditions.

As the groundwater salinity was mainly due to the dis-

solution of sulfate minerals, it was necessary to identify the

relationships between the increase of SO4
2- and that of

fluoride for these waters.

The activity coefficient of fluoride decreased from above

0.9 to 0.7 (Fig. 5a), indicating that with SO4
2- added into

the groundwater, the reduction of fluorine activity favors

further dissolution of F--bearing minerals. Meanwhile,

almost all samples were undersaturated with respect to

fluorite (Fig. 5b), which suggested that, where present, they

might be dissolved. However, the saturation index

increased from -2.1 to 0 in coincidence with SO4
2-

increasing, indicating that groundwater was gradually sat-

urated with respect to fluorite.

So, there are two major reasons for the observed ele-

vation of fluoride content: one is the direct contribution of

Table 4 Variances explained by the various factors

Factor Initial eigenvalues Extraction sums of squared loadings Rotation sums of squared loadings

Total % of variance Cumulative (%) Total % of variance Cumulative (%) Total % of variance Cumulative (%)

1 4.91 54.59 54.59 4.91 54.59 54.59 4.58 50.94 50.94

2 1.70 18.84 73.43 1.70 18.84 73.43 2.03 22.50 73.43

3 0.91 10.10 83.53

4 0.65 7.18 90.71

5 0.38 4.24 94.95

6 0.28 3.16 98.11

7 0.12 1.30 99.41

8 0.05 0.52 99.93

9 0.01 0.07 100

Extraction method: principal component analysis
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fluorite dissolution, the other is the release of the adsorbed

fluoride through desorption or through competition with

HCO3
- which appears to be more important.

Hierarchical cluster analysis (HCA)

HCA has widely been used to classify hydrochemical data

(Hussein 2004; Helstrup et al. 2007; Papaioannou et al.

2010; El-Hames et al. 2013). It has been proven that the

high degree of spatial and statistical coherence could be

used to support a model of hydrochemical evolution where

the changes in water chemistry were a result of increasing

water–rock interactions along the flow paths (Güler et al.

2002).

The main result of the HCA performed on the 22

groundwater samples was the dendrogram (Fig. 6). For this

project, the Euclidean distance was used to measure the

degree of similarity/dissimilarity between sampling sites.

The initial cluster was formed by the linkage of the two

samples with the greatest similarity, and then the steps

were repeated until all observations have been classified.

With this hydrochemical dataset, Ward’s method was used

to combine the clusters. This method was commonly

applied in water chemistry investigations (Thyne et al.

2004; Papaioannou et al. 2010; El-Hames et al. 2013).

Ward’s method used an analysis of variance approach to

evaluate the distances between clusters, attempting to

minimize the sum of squares of any two (hypothetical)

clusters that can be formed at each step. Therefore, using

the Euclidean distance as a distance measure and Ward’s

method as a linkage rule produced the most distinctive

groups (Güler et al. 2002).

The classification of the samples into clusters was based

on a visual observation of the dendrogram. In this study,

the phenon line was drawn across the dendrogram at a

linkage distance of 10. Thus, samples with a linkage dis-

tance lower than 10 were grouped into the same cluster.

This position of the phenon line allowed a division of the

dendrogram into two clusters of the groundwater samples,

named Group 1 (include two subgroup, named G.1a and

G.1b) and Group 2 and Stiff diagrams were generated for

the arithmetic averages of the measures of the chemical

variables used in this study (Fig. 6). Piper diagram was also

generated (Fig. 7).

Each cluster (group) represented the position of its

members in the groundwater flow regime and/or the key

processes influencing groundwater hydrochemistry in the

areas where the membership of these clusters was pre-

sented. For instance, G.1a samples were distributed mainly

in the north area (Fig. 8), near the groundwater recharge

zone and accepted the northern Cretaceous groundwater

recharge. G.1a represented a ‘Na–Mg–HCO3–SO4–Cl’

groundwater type, and had low TDS (mean

value = 318 mg/L). A significant feature of G.1a samples

was that all major ions were in relatively small quantities

and had a large proportion of HCO3
- among the anions

(Fig. 7). Group 2 samples were spread over the most

studying areas (Fig. 8), and had the characteristics of

groundwater from the drainage zone. Group 2 represented a

‘Na–SO4–Cl’ groundwater type with high TDS (mean

value = 4,054 mg/L). Na?, Cl- and SO4
2- were signifi-

cantly increased from G.1a to Group 2 (Fig. 7). The

groundwater type of G.1b was, however, ‘Ca–Na–Mg–

SO4’ with moderate TDS (mean value = 1,867 mg/L)

though they were also located in the middle and south area

(Fig. 8). This moderate evolution groundwater type was

probably because they were along the Moon Mountain-

Shizi fault. The fault connected the shallow Quaternary

‘Ca–HCO3’ groundwater with low TDS and deep confined

Tertiary ‘Na–SO4–Cl’ groundwater with high TDS. Then,

gypsum of the aquifer would dissolve and formed calcium

carbonate deposits, leading to a ‘Ca–Mg–SO4’ or ‘Mg–Ca–

SO4’ mixed type (Eq. 1).

CaSO4 � 2H2O(s) + HCO�3 þ ! CaCO3 + SO2�
4 ð1Þ

These results further confirmed the assumption that the

evolution of Tertiary fractured permeable confined

groundwater was influenced by water–rock interaction

flowing from G.1a to Group 2.
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Fig. 5 Fluoride activity coefficient and Saturation Index of fluorite

versus SO4 plots of groundwater samples from Xiji Basin
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Inverse modeling

In an attempt to model the geochemical evolution of Xiji

Tertiary confined groundwater systems, one representative

flow path was evaluated using inverse modeling methods.

The I ? I0 line was selected as the representative flow path

(Fig. 1a) because: (1) the final solute compositions were

evolved; (2) it originated from groundwater recharge zone

and ended in groundwater discharge zone. Based on the

initial and the final water composition and the flow path

mineralogy, inverse modeling was performed. NETPATH

(Plummer et al. 1994) was used to evaluate the plausible

mineral–water reactions along the flow path. NETPATH

performed mass balance calculations for selected chemical

compositions with minerals and gas phases. Considering

NETPATH cannot validate results against SI, only mod-

eling results that were consistent with the calculated SI of

modeled mineral phases were considered plausible.

Well-characterized mineral assemblages for both reac-

tant and product phases were critical for inverse reaction

modeling (Bowser and Jones 2002). In NETPATH mod-

eling, reactants and product phases were described in terms

of constraints and phases. The major elements such as Ca,

Mg, Na, C, Cl, and S were selected as constraints in this

inverse modeling.

Samples given in Table 5 were chosen for the inverse

modeling, with X10 sample as ‘‘initial’’ water and XJL05

sample as ‘‘final’’ water along the groundwater flow path.

The information of the lithology, general hydrochemical

evolution patterns and saturation indices was used to con-

strain the models. Mirabilite, magnesite, halite, gypsum

and two common carbonate minerals (calcite and dolomite)

were selected. Cation exchange was also chosen because it

Fig. 6 Dendrogram for the

groundwater samples, showing

the division into two clusters

and the mean concentrations

Stiff diagram of each cluster

Fig. 7 Piper plot of groundwater chemistry
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was ubiquitous in aquifers with clay and fine particles. The

aquifer was considered to be a closed system with respect

to CO2.

The detailed results of the modeling are presented in

Table 6 and overall 5 models were present here.

It has been known that SO4
2- was mainly from the

dissolution of mirabilite (primary source) and gypsum

(second sources). Na? was mainly from the dissolution of

mirabilite and halite. Cation exchange (Ca/Mg ? Na) was

probably existed and scavenging some Na? of the

groundwater. Based on these, model 4 was considered as

the most reasonable one.

The bar graph of Fig. 9 presenting the results of model 4

was used to examine the influence of lithology on the

dissolution and precipitation of mineral phases. Figure 9

shows the moles transferred from each phase, dissolved or

precipitated. In the area, the dominant processes were the

dissolution of mirabilite, gypsum and halite along with the

precipitation of calcite. Elevated calcium and magnesium

concentration was likely related to the cation exchange (Na

replacing Ca/Mg in fine-grained sediments such as clays

found in the area).

Conclusion

About 58 and 79 % of the samples from Tertiary fractured

permeable confined aquifer exceeded the desirable limits

for fluoride (1.5 mg/L) and TDS (1,000 mg/L) in drinking

water.

In the PCA, two principal factors were extracted from

the dataset, which explained 73 % of the total data

Fig. 8 Regional distribution of

groundwater clusters

Table 5 Parameter values for

the groundwater samples used

in the inverse modeling

calculations

Name Ca2? Mg2? Na? K? HCO3
- Cl- SO4

2- F- pH Temperature (�C)

X10 28.1 41.9 94.2 1.7 225.8 86.2 122.5 0.4 8.1 9.0

XJL05 227.8 85.4 1,013.2 6.8 125.1 435 2,508.7 2.1 8.0 12.0
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variability. Among them, factor 1 explained 55 % of the

total variance and had high positive loadings for most of

the major ions (Ca2?, Mg2?, Na?, K?, Cl- and SO4
2-). In

combination with the analyses of ion ratio, it revealed that

the dissolution of mirabilite, halite and gypsum was the

main source for the groundwater salinity. Factor 2, which

accounted for 19 % of the total variance, contained a high

positive loading for F-, pH and HCO3
-. It reflected that

there were two major reasons for the observed elevation of

fluoride content: one was the release of the adsorbed

fluoride through desorption or through competition with

HCO3
- under alkaline conditions (primary source), the

other was the direct contribution of fluorite dissolution

(secondary source). All groundwater samples could be

classified into two hydrochemical types by HCA: Group 1

(can be further divided into two subgroups, including G.1a

and G.1b) and Group 2. G.1a located in the northwest

region and represented a ‘Na–Mg–HCO3–SO4–Cl’

groundwater type with low TDS (mean value = 318 mg/

L), reflecting the hydrochemistry of groundwater in

recharge area; Group 2 distributed mostly in the south area

and represented ‘Na–SO4–Cl’ type with high TDS (mean

value = 4,587 mg/L), reflecting the characteristics of

groundwater fully evolved.

The dominant processes, which were revealed by

inverse modeling, for the hydrochemistry evolution

(mainly the increasing salinity) along the groundwater flow

regime were (1) the dissolution of mirabilite, gypsum and

halite; (2) cation exchange, releasing Ca2? and Mg2? to

groundwater; (3) the precipitation of calcite. The infor-

mation provided in this study would be useful for current

and future groundwater management in the region.
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