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Abstract: Water shortage is severe in the North China Plain (NCP). In addition to a 

deficiency of water resources, deterioration of groundwater quality should be of great 

concern. In this study, hydrogeological analysis was conducted in combination with 

principal component analysis, correlation analysis and the co-kriging method to identify 

factors controlling the content of major ions and total dissolved solids (TDS) in areal shallow 

and deep groundwater and to assess groundwater evolution in Cangzhou, China. The results 

suggested that groundwater quality degradation occurred and developed in the study area, as 

indicated by increasing concentrations of major ions, TDS and hardness in both shallow and 

deep groundwater. In shallow groundwater, whose hydrochemical water types changed from 

HCO3–Ca.Na.Mg and HCO3.Cl–Na in the west (Zone II) to Cl.SO4–Na and Cl–Na in the 

east (Zone III). Areas with TDS concentrations between 1500 and 2000 mg/L occupied 

79.76% of the total in the 1980s, while areas with a TDS concentration ranging from 2500 to  

3000 mg/L comprised 59.11% of the total in the 2010s. In deep groundwater, the area with 

TDS over 1000 mg/L expanded from 5366.39 km2 in the 1960s to 7183.52 km2 in the 2010s. 

Natural processes (water-rock interactions) and anthropogenic activities (groundwater 

exploitation) were the dominant factors controlling the major ions’ content in local 
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groundwater. Dissolution of dolomite, calcite, feldspar and gypsum were the primary 

sources of major ions in groundwater, and the ion exchange reaction had a strong effect on 

the cation content, especially for deep groundwater. 

Keywords: groundwater quality; total dissolved solids; salinization; hydrochemical facies; 

North China Plain 

 

1. Introduction 

The scarcity of freshwater resources has become an important issue worldwide [1–3]. Groundwater is 

of particular importance for public drinking water supply, especially for the residents of arid and 

semi-arid regions [1,4,5]. However, rapid urbanization and increasing populations have accelerated the 

consumption of groundwater resources and caused serious environmental problems in the last few 

decades [6,7], and numerous studies have shown serve groundwater pollution, as well as adverse effects 

caused by exploitation, such as land subsidence, water ecosystem degradation, land desertification, 

drinking water pollution and associated human health risk, etc. [8–10]. Groundwater availability and 

quality has become the source of concern for researchers worldwide. Most studies of these issues 

focused on the saltwater intrusion [5,11], groundwater salinization [12–15], arsenic and other heavy 

metals in groundwater [16–19], the sustainability of aquifer exploitation [20] and groundwater quality 

evaluation [21]. The stability and safety of water supply associated with long-term groundwater 

exploitation are essential to sustainable development. Ravenscroft [4] conducted an investigation of deep 

groundwater quality in a system subjected to abstraction for more than 20 years in Southern Bangladesh 

and found no evidence of deteriorating water quality. However, the results of studies of the Ogallala 

aquifer in Texas [15,22] indicated that remarkable groundwater quality deterioration associated with 

persistent groundwater exploitation was ongoing since the 1960s. The North China Plain (NCP) is one of 

global hotspots of groundwater depletion [23–25]; in addition of a shortage of groundwater resource, 

deterioration of groundwater quality should be of great concern, too. 

Cangzhou, which is located in the northeastern part of the NCP, is a typical water-starved region with 

an average of 180 m3/yr of water per capita [26], which is only 2.4% of the global average [27]. Severe 

water shortages have led to massive exploitation of groundwater to maintain stable development of the 

local society and economy, which has caused serious environmental problems in local areas. From 1971 

to 2002, the largest water table depth in Cangzhou decreased from 22.4 to 108 m [28], and the area of the 

groundwater depression cone in which the groundwater level was −50 m was about 6528.5 km2 [29], 

comprising 46.4% of the total area of Cangzhou. Additionally, land subsidence in the central region of 

Cangzhou reached about 2236 mm by 2001 [29,30]. Although there have been studies of groundwater 

consumption and sustainability, as well as the adverse geological effects caused by over-exploitation of 

groundwater in the region, concerns about groundwater quality change in Cangzhou seem to not have 

attracted enough attention from researchers, and available research results on this subject are rare. 

Therefore, the present study was conducted to investigate: (1) the spatial-temporal patterns of shallow 

and deep groundwater quality in Cangzhou; (2) whether the sources of changes in local groundwater 

quality are natural or anthropogenic; (3) whether there are any discernible relationships between aquifers; 
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and (4) the types of hydrochemical components (major chemical groundwater types) that lead to 

groundwater salinization in the study area. 

To accomplish this, collection and analysis of historical research results and available monitoring 

data in local areas and groundwater sampling tests were applied to evaluate long-term changes in 

groundwater quality in Cangzhou. Additionally, GIS (Geographic Information System) in conjunction 

with statistical and geostatistical methods was used to identify the cause and current status of groundwater 

quality degradation in Cangzhou. 

2. Materials and Methods 

2.1. Study Area Description 

Cangzhou is in the eastern region of the NCP, about 240 km from Beijing, between 37°29' N to 38°57' N 

latitude and 115°42' E to 117°50' E longitude (Figure 1). The area of Cangzhou is about 14,056 km2, and 

it has a population of 7.134 million. The average annual precipitation from 1956 to 2005 was 555.1 mm, 

ranging from 490 to 590 mm, and approximately 79.1% of the precipitation occurs during June and 

September [31]. The average annual water surface evaporation was 1264 mm from 1971 to 2005 [32]. 

Several rivers flow through Cangzhou, all of which are seasonal. Most of these rivers are subject to 

drying out year round, with the exception of some river sections in the rainy season [28]. Owing to a lack 

of surface water resources, the water supply in Cangzhou is nearly entirely dependent on groundwater 

exploitation. Geological monitoring results [31] revealed that the total water consumption of Cangzhou 

was about 13.8386 × 108 m3 in 2005, of which groundwater consumption accounted for 11.3171 × 108 m3 

(81.78%); while the surface water and reclaimed wastewater consumption accounted for about  

2.5215 × 108 m3 (18.22%). 

 

Figure 1. Map of the geographical location and distribution of hydrogeochemical zones and 

transects (A–A' and B–B') in Cangzhou. 
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2.2. Geological and Hydrogeological Setting 

Cangzhou is relatively flat and slopes regionally from the southwest to northeast, with elevations 

varying between 2 and 17 m. The NCP consists of three parts, the western piedmont alluvial plain (Zone I), 

the central alluvial and lacustrine plain (Zone II) and the eastern littoral plain (Zone III). Cangzhou falls 

in the western portion of Zone II and the eastern part of Zone III (Figure 1). 

The geological structure and aquifer division have been discussed in several studies. Han et al. [28] 

and Fu [30] reported that the quaternary aquifer was the primary exploitation aquifer subjected to 

abstraction in Cangzhou. This aquifer can be divided into four sub-aquifers (I–IV) from the land surface 

downwards, all of which are composed of clay, silt and fine sand (Table 1; Figures 2 and 3).  

Zhang et al. [33] indicated that the sea level fall persisted in the Upper Pleistocene, and the NCP 

expanded east, while salt accumulation continued in the Upper Pleistocene stratum under arid conditions 

and was aggravated by the seawater intrusion in the Holocene. The subsequent leaching and water-rock 

interaction resulted in the development of salt water in the Upper Pleistocene stratum (Aquifer II), with 

increasing thickness and salinity occurring from west to east (Figures 2 and 3). In Cangzhou, Aquifer I 

(shallow groundwater) and Aquifer III (deep groundwater) were the primary aquifers subjected to 

exploitation, accounting for 26.02% and 52.76% of the total water consumption in 2005, respectively [31]. 

The shallow groundwater (abstracted from Aquifer I), which had a TDS of approximately 1 g/L, was 

mainly used for irrigation, while potable and domestic water supply were primarily dependent on the deep 

groundwater (Aquifer III). In the early period of the 1950s, shallow and deep groundwater in Cangzhou 

generally flowed from west to northeast into the Bohai Sea. From the 1960s, decreased precipitation and 

increasing exploitation of groundwater resulted in the development and expansion of groundwater 

depression cones in the urban area and the northeast part of Cangzhou, which caused the natural flow to 

shift toward the centers of the groundwater depression cones [33,34]. 

Table 1. Aquifer division and lithology characteristics in Cangzhou. 

Aquifer 

Division 

Geological 

Time 

Depth of 

Aquifer 

Bottom (m) 

Aquifer 

Thickness 

(m) 

Stratum Lithology 
Aquifer 

Lithology 

Groundwater 

Type 

Groundwater 

Hydrochemical 

Types [33] 

I Holocene 10–40 5–20 

lacustrine 

sediments/marine 

sediment (clay,  

silt clay) 

fine sand 
fresh 

water/saltwater 

HCO3.Cl.SO4-cation, 

HCO3.Cl-cation/ 

Cl.HCO3-cation, 

Cl-cation 

II 
Upper 

Pleistocene 
12–250 5–70 

alluvium/lacustrine 

sediments (clay, 

loam, sandy loam) 

silt, fine 

sand 

saltwater/fresh 

water 

SO4.Cl–Na.Mg,  

Cl–Na.Mg,  

Cl.SO4–Na. 

Mg/Cl–Na.Mg 

III 
Middle 

Pleistocene 
25–350 3–70 

alluvium/lacustrine 

sediments (clay, 

loam, sandy 

loam)/pyroclastic 

medium 

sand,  

fine sand 

fresh water 
Cl.HCO3–Na, 

Cl.HCO3.SO4–Na, 

Cl.SO4–Na (Na.Ca, 

Na.Mg)/ 

Cl–Na IV 

Lower 

Pleistocene 

Series 

35–550 2–45 

alluvium/lacustrine 

sediments (clay, 

silty fine sand) 

medium 

sand,  

fine sand 

saltwater/fresh 

water 
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Figure 2. Lithology and aquifer division of transect A–A' in Cangzhou (modified from 

Zhang et al. [35]). 

 

Figure 3. Lithology and aquifer division of transect B–B' in Cangzhou (modified from 

Zhang et al. [35]). 

2.3. Data Collection and Groundwater Sampling Test 

Groundwater quality data for Cangzhou from 1966 to 1980 were obtained from the National 

Geological Library of China [36], the Hebei Hydrology and Water Resources Survey Bureau 

(HBHWRSB, Hebei Province, China) and the 4th Team of Hydrogeology and Engineering Geology of 

Hebei Province (4th HBHEGT, Hebei Province, China). Owing to a lack of sequential annual 

observation of groundwater quality and the variable distribution of groundwater sampling wells, the data 

were aggregated over the decadal scale (1966 to 1969 for the 1960s and 1980 for the 1980s) for 

subsequent analysis. For wells with multiple observations in one decade, the average values were used.  

The parameters included the geographic position and coordinates of groundwater sampling wells, the 

depth of wells and the abstracted aquifer, concentration (mg/L) of TDS and sodium (Na+), potassium 

(K+), calcium (Ca2+), magnesium (Mg2+), chlorine (Cl−), sulfate (SO4
2−) and bicarbonate (HCO3

−).  
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The data were further divided into two groups according to the depth of abstracted aquifer: shallow 

groundwater (<50 m, Aquifer I) and deep groundwater (>50 m, Aquifer III). 

To determine the groundwater quality of Cangzhou in the 2010s, groundwater sampling and testing 

were conducted from 2010 to 2014 using samples collected from domestic and drinking water supply 

wells and irrigation wells throughout Cangzhou (102 shallow groundwater samples and 88 deep 

groundwater samples). TDS, electrical conductivity (EC) and dissolve oxygen (DO) were tested on-site 

using a portable instrument (YSI Proplus, Yellow Springs, OH, USA). The groundwater samples were 

collected by high-density polyethylene containers and transported to the lab in Beijing. Na+, K+, Ca2+ and 

Mg2+ were tested by inductively-coupled plasma atomic emission spectrometry (Integra XL, GBC, 

Melbourne, Australia). Ion chromatography (IC-90, Dinoex, Sunnyvale, CA, USA) was used to measure 

Cl− and SO4
2−, while HCO3

− was evaluated by acid-base titration. All analyses were conducted 

according to the Drinking Water Standard Testing Method (GB/T5750-2006, China) [37]. The location 

of the groundwater sampling wells is shown in Figure 4. 

 

Figure 4. Location of groundwater sampling wells from 1966 to 2014 (divided into three 

decades: 1960s, 1980s and 2010s). 

2.4. Data Analysis Methods 

Piper plots are used to reveal the groundwater hydrochemical facies types and natural processes 

(evaporation, water-rock interaction and precipitation) in different decades [38]. In addition, different 

geochemical ratios are used to identify the potential mechanisms that influence the overall geochemical 

composition of groundwater [12,13,15,39,40]. For example, the (Ca2+ + Mg2+)/(Na+ + K+) ratio is used 

to indicate ion-exchange processes [22,41]; ratios of Na/Cl and Ca2+/SO4
2− are used to indicate halite 

(NaCl) and gypsum (CaSO4) dissolution, respectively [22,40]; and the HCO3
−/Cl− ratio is used as an 

indicator of groundwater recharge type [22,42]. 

Principal component analysis (PCA) and correlation test (CT) have been conducted by researchers 

worldwide to make groundwater management decisions [43–46]. For instance, Guo [44] used PCA to 

identify the relationship among heavy metals of flood slack water deposits and their possible sources; 

and Zhang [46] used PCA to determine factors that influence the composition of groundwater. In this 

study, PCA and CT are used to identify the possible sources of major ions in groundwater and 

hydrogeological reactions that may occur in the study area. The calculated results of PCA and CT can be 
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useful to predict the possible source of groundwater major components and dominant factors that control 

groundwater quality. To reveal the spatiotemporal distribution and evolution characteristics of 

groundwater salinization, geostatistical methods prove to be of great power to predict and display the 

distribution, variation and relevancy of different variants by interpolation from points data, especially 

for ordinary kriging (OK) [47,48]. However, recent studies have shown that the interpolation results by 

OK were not accurate with relatively few data, and co-kriging (COK) could improve the predict results 

notably, while the independent variable was highly-correlated with the coordination variables [49–51]. 

Based on the CT results of major ions and TDS and comparing the results of the mean error (ME), 

mean-squared error (MSE) and mean-square standard error (MSSE) of interpolation results in 

cross-validation by OK and COK, COK is finally used to display the spatial distribution of groundwater 

TDS among decades to reflect the variation tendency of groundwater quality in the study area.  

The calculation equations of ME, MSE and MSSE are as follows [11,52]:  

*
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n

i i
i

Z Z
n =

= − ≈  (1)
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n
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  (3)

3. Results and Discussion 

3.1. Groundwater Hydrochemical Types and Hydrochemical Evolution of Major Ions among Decades 

Groundwater hydrochemical characteristics are of great importance to determine water quality and 

the evolution tendency for domestic, agricultural and industrial purposes [40]. Based on the groundwater 

sampling test results (Figure 5), the evolution tendency of major ions in groundwater of the study area 

for both shallow and deep groundwater is similar across decades. All of the concentrations of major ions 

in groundwater increase from the 1960s to the 2010s. When compared to other ions, the concentrations 

of Ca2+ and Mg2+ increase slightly across decades, and notably increased patterns are revealed for  

Na+ + K+ and Cl−. Specifically, the mean concentrations of these ions in deep groundwater increase from 

120.07 and 78.85 mg/L in the 1960s to 173.46 and 263.81 mg/L in the 2010s, respectively, while they 

increase from 193.30 and 255.37 mg/L in the 1980s to 624.67 and 856.26 mg/L in the 2010s in shallow 

groundwater. Overall, these findings indicate that groundwater salinization has tended to increase in the 

study area since the 1960s. SO4
2− increases by about 275% in shallow groundwater (from 168.63 mg/L 

in the 1980s to 632.29 mg/L in the 2010s) and by 50% in deep groundwater (from 62.85 mg/L in the 

1960s to 94.31 mg/L in the 2010s). HCO3
− increases by about 105% in shallow groundwater  

(from 293.34 mg/L in the 1980s to 600.17 mg/L in the 2010s) and by 58% in deep groundwater (from 

164.66 mg/L in the 1960s to 259.86 mg/L in the 2010s). The hardness in shallow groundwater increases 

from 322.80 in the 1980s to 1007.02 in the 2010s, while it increases from 55.05 in the 1960s to 98.68 in 

the 2010s in deep groundwater (mg/L, CaCO3). 
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Figure 5. Concentration distribution of major ions across decades. 

Groundwater hydrochemical types are determined by Piper plots, which reveal variations in aquifer 

zones across decades (Figure 6). From Zone II to Zone III, the hydrochemical types of deep groundwater 

change from Cl.HCO3.SO4–Na, Cl.HCO3–Na and HCO3.Cl–Na.Mg to HCO3.Cl–Na, Cl.SO4–Na and 

Cl–Na. The hydrochemical types of shallow groundwater are more complicated, changing from  

HCO3–Ca.Na.Mg, HCO3.Cl–Na, HCO3–Na.Mg.Ca and Cl.SO4–Na.Mg to HCO3.Cl–Na, Cl.SO4–Na 

and Cl–Na. In general, the plots of Zone III are mainly distributed in the right district of the diamond area 

for both shallow and deep groundwater, indicating the Cl–Na type. Accordingly, the water in this region 

may derive from salt water (leakage from the salt water aquifer overlying the deep groundwater aquifer, 

Figures 2 and 3) or seawater intrusion [13,53]. Most of the shallow groundwater plots in Zone II are 

spread over the middle part of the diamond area, suggesting that mixing of fresh water and salt water 

occurs [5]. The majority of deep groundwater plots are located in the bottom right portion of the 

diamond area, indicating that the dominant ions of deep groundwater are Na+ and HCO3
− and relatively 

fresh compared to shallow groundwater. The relative amount (percentage of the total amounts of major 

ions) of Na+, SO4
2− and Cl− increase, while Ca2+, Mg2+ and HCO3

− decrease over time in both shallow 

and deep groundwater, suggesting the deterioration of groundwater quality in the study area with time, 

and these findings are in agreement with those of former studies conducted in the NCP [53,54]. 

 

Figure 6. Cont. 
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Figure 6. Piper plots of shallow and deep groundwater samples among decades. 

In both shallow and deep aquifers, sediments are mainly composed of quartz, calcite, dolomite, albite, 

fluorite, halite, gypsum and sylvite [53,55]; therefore, the dissolution of these minerals can be a possible 

source of major groundwater ions. Moreover, Ca2+, Mg2+ and Na+ in shallow and deep groundwater 

likely originate from the dissolution of calcite, dolomite and albite via the reactions summarized in 

Equations (4)–(6). Wang [39] stated that a relatively high ratio of Ca2+ + Mg2+ vs. HCO3
− could not be 

due to HCO3
− depletion, because of the existing alkaline conditions [56], and that there may be 

additional sources of Ca2+ + Mg2+ in groundwater, such as gypsum in the study area. Additionally, a low 

ratio of Ca2+ + Mg2+ vs. HCO3
− (Figure 7a) indicates enrichment of HCO3

− or other reactions that deplete 

Ca2+ and Mg2+ in groundwater (especially for deep groundwater in this study), such as the cation 

exchange reaction between Ca2+, Mg2+ and Na+ in groundwater. 
2+ 2-

3 3CaCO  = Ca +CO  (4)
2+ 2+ 2-

3 2 3CaMg(CO ) = Ca +Mg +2CO  (5)
+ -

3 8 2 2 3 2 2 5 4 4 4 32NaAlSi O +9H O+2H CO  = Al Si O (OH) +4H SiO +2Na +2HCO  (6)

 

Figure 7. Scatter plots of Ca2+ + Mg2+ vs. HCO3
− (a) and Ca2+ + Mg2+ vs. Na+ + K+ (b) of 

groundwater samples in Cangzhou. 
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Cation exchange, which is one of the most important hydrogeological process occurring in aquifers, 

affects the content of cations in groundwater and modifies the groundwater quality [5,13,22]. According 

to the stratum structure and lithology characteristics revealed by drilling holes in the NCP [34], 

sediments in the study area mainly consist of silt, silt clay and clay (Figures 2 and 3), and Ca2+ and Mg2+ 

in groundwater may exchange Na+ absorbed on the clay materials in aquifers. A significant low ratio of 

Ca2+ + Mg2+/Na+ + K+ is illustrated in Figure 7b (especially for deep groundwater ), indicating that 

cation exchange processes occur and lead to enrichment of alkali metals (Na+ and K+) in shallow and 

deep groundwater and entail groundwater salinization in the study area. Additionally, ratios of milligram 

equivalents of Na+ vs. Cl− are a useful factor to estimate the degree of cation exchange in groundwater.  

As shown in Table 2, the ratio of Na+ vs. Cl− is higher than one (Table 2), suggesting that cation 

exchange between Ca2+, Mg2+ and Na+ occur in shallow and deep groundwater and contribute to 

groundwater quality evolution [53,57,58]. 

Table 2. Average ratio of milligram equivalents of Na+ vs. Cl− and HCO3
− vs. Cl−. 

Decades 

Shallow Groundwater Deep Groundwater 

Na+/Cl− 
(meq/meq) 

HCO3
−/Cl− 

(meq/meq) 
Na+/Cl− 

(meq/meq) 
HCO3

−/Cl− 
(meq/meq) 

1960s - - 2.691453 1.833077985 
1980s 1.518161 1.218300033 2.520137 1.252170605 
2010s 1.244109 0.720123542 1.350762 1.163695914 

The ratio of Na+ + Cl−/TDS for both shallow and deep groundwater increased from the 1980s to the 

2010s (Figure 8), indicating that Na+ and Cl− gradually become the dominant components and result in 

groundwater salinization. However, the ratios of both Na+/Cl− and HCO3
−/Cl− in shallow and deep 

groundwater decrease with time, suggesting a weakening tendency of cation exchange for both shallow 

and deep groundwater [53]. 

 

Figure 8. Scatter diagram of Na+ + Cl− vs. total dissolved solids (TDS) of groundwater 

samples in shallow and deep groundwater in the 1980s and the 2010s. 
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Sources of Ca2+ and SO4
2− can be estimated based on the ratio of their milligram equivalents,  

with 1:1 indicating that they originate from dissolution of gypsum [40]. The scatter diagrams (Figure 9) 

of Ca2+ vs. SO4
2− show that both plots of shallow and deep groundwater samples deviate from the 

equi-line and approach the SO4
2− axis, and the ratio of Ca2+/SO4

2− in shallow groundwater is greater than 

that in deep groundwater, indicating that dissolution of gypsum is a secondary process and other reactions 

take place that affect the content of Ca2+ and SO4
2− in shallow and deep aquifers. Purushothaman [40] 

stated that the absence or negligible amounts of gypsum may lead to a higher ratio of Ca2+/SO4
2−,  

while Xing [53] pointed out that sulfate reduction occurred in shallow aquifers of the NCP,  

which decreased the content of SO4
2−. Moreover, relatively lower equivalent concentration of the Ca2+, 

SO4
2− and Ca2+/SO4

2− ratios of deep groundwater samples suggest the deficiency of Ca2+ in deep 

groundwater of the study area. Furthermore, the distribution of scatter plots is similar in the 1980s and 

the 2010s (Figure 9). One possible reason for this is that the cation exchange reaction occurs, which 

depletes Ca2+ and increases Na+ in groundwater, and the degree of cation exchange of deep groundwater 

is higher than that of shallow groundwater (based on the ratio of milligram equivalents of Na+ vs. Cl−, 

Table 2), resulting in relatively deficient Ca2+ in deep groundwater. These findings are consistent with 

the results of previous studies of the Ca2+ + Mg2+ vs. HCO3
− ratio and indicate that cation exchange takes 

place in the study area. 

 

Figure 9. Scatter diagram of Ca2+ vs. SO4
2− of groundwater samples in Cangzhou. 

3.2. Statistical Analysis of Groundwater Major Ions and TDS 

Pearson’s correlation analyses of TDS and major ions are mainly the same for shallow groundwater 

across decades. All ions are significantly positively correlated with TDS, especially Na+ + K+ and Cl−, 

indicating that they are the dominant components of shallow groundwater and make a significant 

contribution to groundwater quality (salinization). These findings are consistent with the results of the 

Piper plots mentioned above. The correlation factors of TDS-Na+ + K+ and TDS-Cl− are 0.834 and 0.868 

for the 1980s, while they are 0.900 and 0.926 for the 2010s (significant at the 0.01 level, two-tailed, 

similarly hereinafter). Positive correlations are also found among ions, indicating that they have the 

same potential sources or similar interactions. The correlation factors between Na+ + K+ and Cl− are 

0.785 in the 1980s and 0.897 in the 2010s, indicating that the dissolution of halite may occur in the 
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shallow aquifer. Ca2+ shows relatively high positive correlations with Mg2+ (0.666 in the 1980s and 

0.612 in the 2010s), which may have been due to the dissolution of dolomite. Similar results are also 

demonstrated by former researchers [53,54]. The correlation factors of HCO3
− and other ions are 

relatively low (non-significant) in shallow groundwater, indicating multiple sources of HCO3
− or 

complex reactions that it would experience. For deep groundwater, in addition to high correlation factors 

for TDS–Na+ + K+, TDS–Cl− and Na+ + K+–Cl− similar to those observed in shallow groundwater, 

correlation factors for Na+ + K+–Ca2+ and Na+ + K+–HCO3
− increase over time from 0.250 and 0.329 in 

the 1980s to 0.664 and 0.598 in the 2010s, indicating that the same source or interactions occur among 

them, which control their content in deep groundwater, such as the dissolution of feldspar and the cation 

exchange reaction. 

Groundwater major ions and TDS are set as variables in PCA to identify the significant factors that 

contribute to hydrogeological processes in shallow and deep groundwater. With an eigen value larger than 

one, two factors are detected in shallow and deep groundwater in the 1960s and the 1980s and one factor 

in the 2010s (Table 3). Factor 1 accounts for more than 50% of the variance, with Na+ + K+, Cl− and TDS 

showing strong loading in both shallow and deep groundwater, indicating that Na+ + K+ and Cl− are the 

dominant ions in local groundwater. Ca2+, Mg2+ and HCO3
− show strong absolute loading in Factor 2 for 

both shallow and deep groundwater across decades, suggesting that these ions have the same source  

(e.g., dissolution of dolomite). These findings are in agreement with the results of Piper plots. 

Table 3. Component matrix of groundwater major ions and TDS among decades by PCA. 

Variable 

1960s 1980s 2010s 

Deep 
Groundwater 

Shallow 
Groundwater 

Deep 
Groundwater 

Shallow 
Groundwater 

Deep 
Groundwater

F1 F2 F1 F2 F1 F2 F1 F1 

Na + K 0.907 −0.351 0.736 0.635 0.875 −0.342 0.872 0.96 
Ca 0.453 0.716 0.613 −0.667 0.616 0.562 0.66 0.778 
Mg 0.597 0.659 0.826 −0.349 0.848 0.245 0.83 0.699 
Cl 0.856 −0.278 0.86 0.204 0.888 −0.371 0.863 0.928 

SO4 0.706 −0.256 0.786 −0.282 0.829 0.017 0.728 0.812 
HCO3 0.366 0.509 0.281 0.385 0.358 0.618 0.345 0.627 
TDS 0.974 −0.172 0.965 0.175 0.977 −0.164 0.983 0.953 

Eigen value 3.697 1.502 3.967 1.271 4.424 1.04 4.246 4.835 
% of variance 52.809 21.459 56.670 18.158 63.203 14.852 60.658 69.067 

3.3. Spatial-Temporal Distribution of TDS in Shallow and Deep Groundwater 

TDS is a manifestation of several dissolved constituents and considered a measure of salinity and an 

overall indicator of water quality, relating to taste and palatability [15,22]. In shallow groundwater, the 

concentration of TDS increases notably from 1689.37 mg/L in the 1980s to 2780.69 mg/L in the 2010s. 

Conversely, a relatively low increase of TDS is found in deep groundwater, with mean concentrations of 

712.58, 943.19 and 1028.20 mg/L being observed in the 1960s, 1980s and 2010s, respectively  

(Figure 10). The increases of TDS in both shallow and deep groundwater indicate groundwater salinization 

tendency with time. To better understand the spatial-temporal distribution and evolution tendency of 
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TDS in shallow and deep groundwater quality in the study area, spatial interpolation by both OK and 

COK are conducted. In this study, Na+ + K+ and Cl−, which have the strongest correlation with TDS 

according to the correlation analyses results in Section 3.2, are considered as auxiliary variables. 

 

Figure 10. TDS concentration distribution in shallow and deep groundwater among decades. 

Based on the cross-validation results shown in Table 4, the results of the COK are more accurate 

because of its smaller ME and MSE. Additionally, the MSSE of the COK is closer to one relative to the 

OK, indicating more optimal spatial interpolation. The spatial distributions of TDS in shallow and deep 

groundwater among decades are illustrated in Figures 11 and 12. Different colors represent the variable 

ranges of the TDS concentration. 

Table 4. Cross-validation results of TDS determined by ordinary kriging (OK) and 

co-kriging (COK). MSSE, mean-square standard error. 

Decades 
Groundwater 

Type 

OK COK 

ME MSE MSSE Optimal Model ME MSE MSSE 
Optimal 

Model 

1960s 
deep 

groundwater 
−0.0197 220.3 1.13 Spherical model −0.01756 188.2 1.005 

Stable 

model 

1980s 

shallow 

groundwater 
0.00283 736.2 1.011 Spherical model −0.001413 734.1 1.003 

Spherical 

model 

deep 

groundwater 
0.004293 460.8 1.018 Exponential model 0.001011 445.6 0.9958 

J-Bessel 

model 

2010s 

shallow 

groundwater 
0.004137 4862 1.181 Spherical model −0.001908 1485 0.9939 

K-Bessel 

model 

deep 

groundwater 
0.04642 358.1 1.011 K-Bessel model 0.03716 316.6 0.9915 

J-Bessel 

model 
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Figure 11. Spatial distribution of TDS concentration in shallow groundwater in the 1980s 

and 2010s as determined by the COK (white lines in the figures are groundwater levels in 

1984 and 2005. Modified from Zhang et al. [35]). 

 

Figure 12. Spatial distribution of TDS concentrations in deep groundwater in the 1960s, 

1980s and 2010s as determined by the COK (white lines in the figures are groundwater 

levels in 1980 and 2005. Modified from Zhang et al. [35]). 

TDS increases remarkably with time in both shallow and deep groundwater, and the area with a high 

TDS concentration significantly expands from the 1960s to the 2010s, especially in the eastern part of 

the study area, which is contiguous with the Bohai Sea. These findings indicate groundwater salinization 

tendency in the study area. For shallow groundwater, TDS raises notably in the last few decades, as 

indicated by an area with TDS concentration ranges from 1500 to 2000 mg/L of about 11,553.5 km2 

(79.76% of the total of study area) in the 1980s and an area of TDS concentration between 2500 and 

3000 mg/L of about 8563.395 km2 observed in the 2010s (59.11% of the total area). For deep 

groundwater, the TDS increases from west to east, which is roughly in accordance with the groundwater 

flow direction in the last few decades (Figures 11 and 12). The area with higher TDS concentrations in 

Zone III continually increases, while the area of relatively fresh water in Zone II decreases. The area of 

deep groundwater districts exceeding the TDS limit of 1000 mg/L specified in the Quality Standard for 

Groundwater of China (Level III) [59] increase from about 5366.39 km2 (37.05% of the total) in the 
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1960s to about 7183.52 km2 (49.59% of the total) in the 2010s, indicating continually increasing 

groundwater salinization in the study area in the last few decades. 

3.4. Discussion on the Major Factors Affecting Areal Groundwater Quality 

Precipitation is the dominant source of groundwater in Cangzhou [31]. Based on the precipitation 

monitoring data [36] and simulation results of the water budget and storage depletion of groundwater in 

the NCP [25,60], precipitation and groundwater recharge in the NCP appear to fluctuate and decrease 

since the 1960s. Indeed, the mean annual precipitation decreased from 589 mm in 1960–1975 to 489 mm 

in 1997–2008, resulting in depletion of groundwater recoverable storage. Dissolution of soluble rocks 

can be considered to be in dynamic balance with groundwater flow and precipitation for a given time 

period, and decreased groundwater recharge leads to a decrease of relatively fresh water entering the 

groundwater, which may cause enrichment of groundwater components. 

Water-rock and water-soil interactions significantly influence the content of groundwater major  

ions [40], and dissolution of soluble rocks by groundwater flow and long-term leaching of precipitation 

and irrigation may result in large amounts of soluble ions migrating into groundwater. Such dissolution 

has been attributed to increase groundwater TDS [61,62]. As discussed in Section 3.1, dissolution of 

calcite, dolomite, gypsum and halite affect notably the concentration distribution of Na+, Ca2+, Mg2+, Cl− 

and SO4
2− in areal shallow and deep groundwater. 

Owing to the rapid development of Cangzhou since the 1960s, demand for water sources has increased 

remarkably [29,31], and massive abstraction of groundwater changes the natural groundwater flow 

directions (Figures 11 and 12) and leads to groundwater depression cone development in the central area of 

Cangzhou (southeast to the urban city area). Moreover, massive exploitation of deep groundwater has 

increased the water head differences between deep aquifers (Aquifer III, Figures 2 and 3) and overlying 

aquifers (Aquifers I and II), strengthening the leakage from the upper aquifers to the deep aquifer and the 

migration of the saltwater contained in Aquifer II [34,63]. Zhang [34] stated that leakage recharge for deep 

groundwater was about 2.52 × 108 m3/yr in Cangzhou, which accounted for about 46.67% of the total 

recharge of deep groundwater in 1991–2003. Mixing of deep groundwater (relatively fresh) with 

overlying leakage water (saltwater) may result in increased salt content and TDS in deep groundwater. 

Moreover, over-exploitation of deep groundwater may cause compression release of saltwater from 

aquitards between Aquifer II and III, contributing to deep groundwater salinization to some extent.  

In addition, water head differences between aquifers may cause not only downward migration of salt 

water from Aquifer II to Aquifer III, but also upward intrusion of salt water from Aquifer II to Aquifer I, 

although further evidence is needed to confirm this. To better understand the dominant factors that 

control areal groundwater quality evolution, long-term monitoring of groundwater hydrochemical 

changes and investigation of water head differences between aquifers should be conducted in the future. 

4. Conclusions 

Since the 1960s, major ions and TDS in both shallow and deep groundwater have increased continuously, 

resulting in a marked increase of the concentration of Na+ and Cl−, indicating the salinization  

tendency of areal groundwater over the last few decades. From west to east, the groundwater 

hydrogeological types of deep groundwater shift from Cl.HCO3.SO4–Na, Cl.HCO3–Na and HCO3.Cl–
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Na.Mg to HCO3.Cl–Na, Cl.SO4–Na and Cl–Na, while the shallow groundwater types change from  

HCO3–Ca.Na.Mg, HCO3.Cl–Na, HCO3–Na.Mg.Ca and Cl.SO4–Na.Mg to HCO3.Cl–Na, Cl.SO4–Na 

and Cl–Na, which are roughly stable with time. Water-rock interactions are dominant factors that control 

the content of major ions in local groundwater. Dissolution of dolomite, calcite, feldspar and gypsum are 

the primary origins of major ions in groundwater, and the cation exchange reactions have significant 

effects on the levels of Ca2+, Mg2+ and Na+, especially in deep groundwater. Increasing TDS in 

groundwater and expansion of the high TDS area are observed over time, indicating that groundwater 

salinization is occurring. Decreased precipitation, water-rock interactions and over-exploitation of 

groundwater may be the primary reasons for groundwater salinization in the study area. Additionally, 

massive abstraction of groundwater from the deep aquifer (Aquifer III in Cangzhou) may cause salt 

water in Aquifer II to migrate downward or upward to adjacent aquifers, which likely leads to the 

deterioration of areal groundwater quality. The results present herein will facilitate the development of 

plans to sustainably use and protect local groundwater. Moreover, further studies to identify the factors 

dominating groundwater quality are warranted. 
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