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Abstract

:

Groundwater samples that were distributed across the Yancheng area in the lower reaches of the Huaihe River were collected from the phreatic aquifer and first confined water layer during the summer of 2016. Using the water quality index, the suitability of the groundwater for drinking and irrigation purposes was systematically evaluated. The controlling factors of solute formation and the causes of water quality deterioration were discussed using the Chadha diagram and the relationship among ions. The results showed that there was a serious lack of excellent- and good-grade groundwater for drinking purposes in the shallow layer. The groundwater was also found to be unsuitable for irrigation, with only approximately 70% being of good quality. The spatial heterogeneity of the water quality was significant, and poor-quality groundwater was found to be distributed discontinuously. The high concentration of alkali metals in the shallow groundwater was found to be due to the weathering of silicate rocks in clay and subclays and the replacement of Ca2+ with Na+ in the surrounding rocks. Additionally, the leaching of residues from the salt industry and marine sediment in historical periods were identified as key factors leading to the scattering of poor-quality groundwater in inland areas. The study found that the shallow groundwater in the study area was not significantly affected by seawater intrusion and human activities. However, signs of human activity, such as agricultural fertilizer and urban sewage, were found to be affecting the “excellent-” and “good-grade” shallow groundwater intended for irrigation purposes.
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1. Introduction


Driven by factors such as natural conditions, industrial clustering, transportation, and human activities, the population of coastal areas has increased rapidly, and the demand for water resources has risen to an unprecedented level [1]. As surface water resources are easily polluted and have a high rate of space–time variability, the role of groundwater resources in ensuring the sustainable development of industry and agriculture and the survival of humans and ecosystems has gradually increased [2]. However, the quality of groundwater is restricted by many factors, such as regional geology, the intensity of rock weathering, the residence time of water in porous media, seawater infiltration, the discharge of human pollutants, etc. [3,4]. In addition, changes in water quality may affect human health (e.g., hypertension, hypercalcemia/magnesemia, kidney stones, gastro-renal discomfort, arterial calcification, thrombosis, and other diseases), soil texture (e.g., soil chemical composition, permeability, air permeability, etc.), crop growth and yield, etc. [5]. In recent years, many remarkable results have been achieved in research on the content and methods of groundwater evaluation for drinking [6] and irrigation purposes [2]. The contents of the evaluation include the health risk status of drinking groundwater [7], the impact of seawater intrusion on groundwater quality, and the suitability of groundwater for irrigation purposes [2]. Given their different foci, the most commonly used evaluation methods are the water quality index method (WQI) [6], the entropy weighted water quality index method (EWQI) [8], the fuzzy comprehensive method [6], and the health risk weight method (HRWM) [9]. Among these methods, the WQI has been widely used by international scholars due to its simple calculation, practicality, and versatile applications [6,10,11].



Over the past 40 years, China’s coastal regions have witnessed significant population growth, resulting in increased industrial, agricultural, and tertiary sector activities. However, these developments have caused the overexploitation of groundwater, increasing the risk of seawater intrusion into inland aquifers [12,13]. In addition, various factors, such as water–rock reactions, industrial sewage, irrigation wastewater, etc., have seriously affected the quality and quantity of groundwater resources and limited their development and utilization efficiency [14]. Yancheng (which means “a place rich in salt” in Chinese), located on the plain formed by the alluvial and siltation of the lower Huai River [12], has a population density of about 400 people/km2. It is famous for red-crowned cranes, elk, a world natural heritage site, the Yellow Sea wetlands, and historical salt production. However, Yancheng’s average elevation is less than 4 m, and it is the only prefecture-level city with no hills in China. It has the characteristics of a low-lying and flat terrain, slow runoff, and strong water and rock effects, causing a deterioration of water quality and even excessive manganese in sources of drinking water [15]. Unfortunately, most previous research on the quality of groundwater in Yancheng mainly focused on the chemical composition of the groundwater, health risk assessments, and reasons for the salinization of the coastal wetlands and its impact on the wetland ecology without a comprehensive groundwater quality and cause assessment [16,17,18]. Therefore, this study conducted spatial sampling of shallow groundwater in the Yancheng area, used the Durov diagram to analyze the characteristics of the water’s chemical composition, and applied the water quality index (WQI) to evaluate the suitability of the groundwater for drinking purposes. Parameters such as the total dissolved solids (TDS), magnesium adsorption ratio (MAR), residual sodium carbonate (RSC), sodium absorption coefficient (SAR), sodium percentage (Na%), permeability index (PI), and the integrated irrigation water quality index (IIWQI) were utilized to systematically evaluate the suitability of the groundwater for irrigating farmland. Additionally, controlling factors of water quality evolution were analyzed using the Chadha diagram and the relationship between ions. This study aims to provide a scientific reference for regional economic and social development planning, rational development, and the sustainable utilization of groundwater resources.




2. Materials and Methods


2.1. Study Area


2.1.1. Regional Geography


The administrative area of Yancheng is approximately 1.69 × 104 km2. It is located on the alluvial and silted plain between the Yangtze River and the Yellow River. The terrain is flat and low-lying, with an average elevation of less than 4 m. The area of the water and wetland accounts for 12.1% and 26.8% of the total area, respectively. There are many rivers, such as the Abandoned Yellow River (Zhongshan River), Sheyang River, Huangshagang River, Xinyanjie River, Subeiguangai River, and Dongtai River, resulting in a river network density as high as 3.1 km/km2 [19]. At the connection of the Tongyu Canal and the agricultural irrigation water network, the north and south waterways are interconnected (Figure 1). The annual average surface runoff is about 2.96 billion m3, and the amount of groundwater that can be developed is about 570 million m3 [20]. Yancheng is located in the transitional zone between the south (a subtropical monsoon climate zone) and the north (a temperate monsoon climate zone). The annual average temperature and precipitation are about 14 °C and 1000 mm, respectively. The latter is basically equivalent to the average annual evaporation (950–1120 mm) [16]. Cultivated land covers around 50% of the total area of Yancheng, which is known for its rich production of wheat, rice, and various other agricultural and sideline products such as watermelons, persimmons, grapes, and so on. In particular, the coastal saline paddy soil, represented by the soil between the Sheyang River and Huangshagang River, is extremely rich in potassium. This results in the rice having a pure, sweet, and unique taste, which is a product of geographical indication in China. In addition, watermelons, persimmons, and grapes in the study area are also famous local agricultural products. Therefore, sustaining and developing these distinctive agricultural and sideline industries poses serious challenges for protecting the quality and quantity of regional water resources.




2.1.2. Hydrogeology


Since the Pliocene, neotectonic movements in the Yancheng area have been dominated by subsidence [16]. Due to the interaction of the Yangtze River, the Yellow River, the Huai River, and the Yellow Sea in the historical period, a loose alluvium and marine deposit layer was formed that is rich in clay, subclay, and sandstone, with a thickness of more than 1000 m [21]. The artificial accumulation layer of the Quaternary Holocene is widely developed on the surface and contains significant amounts of clay and plant roots. Consequently, the water storage capacity is relatively low, and the permeability is poor, which inhibits the exchange of groundwater and surface water to a certain extent [13,17]. The groundwater was shallowly buried and dominated by pore water, which was rich in aquifers composed of silt, sand, or gravel. However, due to the low-lying and flat terrain in the region, the surface and underground runoff was very slow. Affected by factors such as water–rock interactions and evapotranspiration, some soils were salinized and swampy, while the groundwater also demonstrated salinization [16]. The roof burial depth of the rock group rich in high-quality, fresh water that can be developed and utilized was generally below 80–120 m, that is, the second and lower confined water aquifer group (Figure 1) [17].





2.2. Sample Collection and Analysis


In July and August of 2016, the spatial sampling of drinking well water was carried out in rural villages and coastal farms in Yancheng in the lower reaches of the Huai River. A total of 115 samples were collected (Figure 1). Although high-quality groundwater existed 80 to 240 m below the surface, the depth of the drinking water wells sampled was between 15 and 25 m due to technical and economic constraints, and the water bodies mainly came from the phreatic aquifer and the first layer of confined water [16]. To avoid the interference of factors such as standing water and evaporation in the well pipe, the sample collection was carried out 5 min after the well water was pumped. Before sampling, a 500 mL polyethylene sampling bottle was cleaned with deionized water. During sampling, the sampling bottle was rinsed with well water 3 to 4 times. After the sampling bottle was filled as much as possible and sealed with parafilm, it was stored at a low temperature and protected from light.



After the samples were transported to the State Key Laboratory of Cryosphere Science, Chinese Academy of Sciences, the TDS and electrical conductivity (EC) were measured using a DDS-307A conductivity meter (Made in Shanghai INESA Scientific Instrument Co., Ltd, China), and the pH value was measured using a PHSJ-3F pH meter(Made in Shanghai INESA Scientific Instrument Co., Ltd, China). The HCO3− was titrated with 0.01 mol/L hydrochloric acid [14]. After the sample was filtered through a 0.45 μm disposable nylon needle filter and diluted by the volumetric method, the anions (Cl−, SO42−, and NO3−) and cations (Na+, K+, Mg2+, and Ca2+) in the groundwater were determined using ICS-2500 and Dinex-600 ion chromatographs (Made in Thermo Fisher Scientific Inc., California, USA), respectively. In the process of testing, we added a volumetric dilution standard for every 15 samples to ensure that the errors of the dilution and measurement of the anion and cation concentration were within ±2% and ±3%, respectively [22]. In addition, the ion balance error indicated that 62.9% and 37.1% of the test samples were within ±5% and ±10%, respectively [1].




2.3. Water Quality Index for Drinking (DWQI)


The DWQI is a widely used drinking water quality assessment tool [6,10,11]. The calculated DWQI value was presented in five classification categories by ArcGIS 10.7 software: excellent water (DWQI < 50), good water (50 ≤ DWQI < 100), poor water (100 ≤ DWQI < 200), extremely poor water (200 ≤ DWQI < 300), and unsuitable for drinking water (DWQI > 300) [11,23]. The calculation process for the DWQI is as follows:


  D WQI =   ∑   i = 1  n   (    Rw  i  ×  q i   )   



(1)




where Rwi is the relative weight of each chemical indicator, that is, the proportion of the weight value (wi) assigned to each chemical indicator (Equation (2)). The basis for assigning weights is that the degree of impact of the chemical indicators on primary health and hydrogeochemistry is represented by a value from 1 to 5. As the value increases, the impact of the corresponding chemical indicators on water quality also increases (Table 1). The groundwater quality level is represented by qi, which is determined by the measured value (Ci) of the chemical parameter in each water sample and the standard limit (Si) proposed by different organizations (Equation (3)). The Si used in this paper was derived from the Chinese Groundwater Quality Standard (GB/T 14848-2017).


    Rw  i  =    w i      ∑   i = 1  n   w i     



(2)






   q i  =    C i     S i    × 100  



(3)








2.4. Integrated Irrigation Water Quality Index (IIWQI)


Many parameters were available for describing the quality of groundwater for irrigation purposes, including the ion concentration, TDS, pH, temporary hardness (TH, Equation (4)), and the ratio between the parameters. Given the duplication of different parameters to characterize the harmfulness of groundwater to soil or crops and the differences in the standard values defined by various regional institutions, this paper selected the TDS, SSP, SAR, RSC, MAR, PI, and other parameters for comprehensive evaluation; these indicators have been widely used [2,24,25]. In addition to the direct measurement of the TDS derived from water samples, other relevant parameters were calculated in Equations (5)–(9):


  TH =  (      Ca   2 +   +   Mg   2 +    2   )  × 100  



(4)




where the TH is expressed in mg/L; the concentrations of Ca2+ and Mg2+ are expressed in meq/L.


  Soluble   sodium   percentage : SSP =     Na  +  +  K +      Ca   2 +   +   Mg   2 +   +   Na  +  +  K +    × 100 %  



(5)






  Sodium   adsorption   ratio : SAR =     Na  +          Ca   2 +   +   Mg   2 +    2       



(6)






  Residual   sodium   carbonate : RSC = (   CO  3  2 −   +   HCO  3 −  ) − (   Ca   2 +   +   Mg   2 +   )  



(7)






  Magnesium   adsorption   ratio : MAR =     Mg   2 +       Ca   2 +   +   Mg   2 +     × 100  



(8)






  Permeability   index :    PI  =     Na  +  +     HCO  3 −        Ca   2 +   +   Mg   2 +   +   Na  +    × 100  



(9)




where the concentrations of all the ions are expressed in meq/L. The acceptable ranges of the above indicators are shown in Table 2.



Furthermore, the integrated irrigation water quality index (IIWQI) was used to systematically evaluate the groundwater quality [26,27,28], and the calculation formula was as follows:


  IIWQI =  1 n    ∑      i  = 1      n       V i     V  si      



(10)




where Vi is the concentration of the i-th observed variable or parameter, Vsi represents the standard guideline value of the respective parameter, and n represents the total number of selected parameters.



When IIWQ < 0.25, the irrigation water quality was “excellent”; when 0.25 ≤ IIWQI < 0.5, it was “good”; when 0.5 ≤ IIWQI < 0.75, it was “medium”; when 0.75 ≤ IIWQI < 1, it was “poor”; and when IIWQI > 1, it was “very poor and not suitable for irrigation” [26].




2.5. Chlor–Alkali Index


The excessive presence of Na+ in groundwater may be attributed to the cation exchange process, which plays a crucial role in groundwater chemistry. The identification of specific ion exchanges can be accomplished using the chlor–alkali index (CAI-I and CAI-II), a method proposed by Schoeller [29]. The equations for calculating the chlor–alkali index are as follows (Equations (11) and (12)):


  CAI − I =     Cl  −  − (   Na  +  +  K +  )     Cl  −     



(11)






  CAI − II =     Cl  −  − (   Na  +  +  K +  )     HCO  3 −  +   SO  4  2 −   +   CO  3  2 −   +   NO  3 −     



(12)









3. Results


3.1. Groundwater Chemical Composition


The analysis of water chemical parameters provides valuable insights into the chemical composition of groundwater. In the Yancheng area, the groundwater was mostly neutral to slightly alkaline, with 81.74% of the total samples having a pH value greater than 7.0 (Figure 2). The TH ranged from 19.18 to 657.78 mg/L, with an average of 245.05 mg/L (Table 3). The TDS ranged from 117 to 4415 mg/L, with an average value of 1126.25 mg/L, which was similar to the shallow groundwater in the adjacent Nantong area [30]. However, the TDS was about 1.4 times higher than the shallow groundwater in the Guohe River basin in the upper reaches of the Huaihe River [31], indicating that water–rock interaction played a significant role during the formation and migration of groundwater in the Huaihe River Basin.



The anion was dominated by HCO3− (Figure 2), with an average concentration of 11.05 meq/L (Table 3), accounting for 67.68% of the total anion concentration (TZ−), followed by Cl−, with an average concentration of 4.45 meq/L, accounting for 27.28%. The concentrations of SO42− and NO3− were relatively low, accounting for only 4.09% and 0.97% of the TZ−, respectively. Na+ dominated the cations, with an average concentration of 10.79 meq/L, accounting for 66.59% of the total cation concentration (TZ+). Second, the concentrations of Mg2+ and Ca2+ accounted for 18.53% and 11.70%, respectively. The K+ concentration was the lowest, accounting for only 3.16% of the TZ+. The ion concentration sequences of Cl− > SO42− and Mg2+ > Ca2+ in the shallow groundwater of the Yancheng area were significantly different from that of the Guohe River basin in the upper reaches of the Huaihe River (SO42− > Cl− and Ca2+ > Mg2+) [31], indicating that the formation mechanism of groundwater solutes in the upper and lower reaches of the Huaihe River could be different. Moreover, significant differences in the chemical parameters between samples were observed through CV, SD, and extreme values, which reflected the different chemical evolution processes of groundwater in the study area, and solute sources were controlled by multiple factors [1,10].




3.2. Groundwater Quality Assessment for Drinking Purposes


Compared to the groundwater quality standards of China (Table 1), only 1.74% of the samples in the Yancheng area had a low pH value, namely, samples No. 73 and No. 97 (Figure 1). The samples with an over-standard TDS accounted for 32.17% and were mainly distributed in the vicinity of the Sheyang River and Huangshagang River (Figure 3). The Ca2+ and Mg2+ concentrations are not defined by drinking water standards, but the associated TH thresholds (450 mg/L) are defined. The samples with a high TH in the study area were Nos. 8, 25, 42, 44, 45, 57, 63, and 97, accounting for 6.96% of the total samples. They were also distributed mainly near the Sheyang River.



The Cl− concentration showed an increasing trend centered on the Huangsha Port in Sheyang County which could be caused by the infiltration of seawater or the leaching of residual marine materials [14,29]. As a result, the proportion of samples with an excessive Cl− concentration reached 15.65% (Table 3). Both SO42− and NO3− in the groundwater could be supplied by human activities. In particular, NO3− often comes from agricultural fertilizers, domestic wastewater, and human and animal manure [32,33]. However, the concentrations of SO42− and NO3− in the study area were within the standard range.



The samples with excessive Na+ in the study area accounted for 37.39% of the total samples (Table 3) and were mainly distributed in the vicinity of the Sheyang River and Huangshagang River. There were significant differences in the spatial distribution of Na+ and Cl−, indicating their different sources, as a key factor for the high Na+ concentration could be the weathering of albite-rich clay/subclay (Equation (13)) [33].


     4 NaAlSi   3   O 8     + 4 CO   2     + 6 H   2  O →    4 Na   +     + 4 HCO   3   -         + Al   4   (    Si  4   O  10    )     (  OH  )   8     + 8 SiO   2   



(13)







Systematically considering the excessive physical and chemical parameters of the TDS, TH, pH, Na+, Cl−, SO42−, and NO3− in the sample, the DWQI for groundwater drinking purposes could be obtained by Equations (1)–(3). Excellent-quality groundwater samples, accounting for 3.48% of the total samples, were distributed near the Subeiguangai River (sample numbers 10 and 11) and Dongtai River (sample numbers 101 and 103), possibly due to surface water seepage and dilution (Figure 4). Good-quality samples accounted for 26.09% and were mainly distributed in the inland areas near the Sheyang River and Huangshagang River and the south of the Xinyanjie River. The samples with poor water quality accounted for 51.30% and were mainly distributed to the north of the Xinyanjie River. The samples with extremely poor water quality, which were rendered unsuitable for drinking, accounted for 8.70% (sample numbers 14, 25, 44, 48, 54, 62, 65, 81, 85, and 90) and 10.43% (sample numbers 8, 32, 45, 50, 55, 57, 61, 63, 80, 87, 97, and 103), respectively. These samples could have been formed due to the effects of rock weathering [34] and residual seawater [14,33] or the salt-making residues of historical periods [35]. They were mainly distributed on both sides of the Xinyanjie River.




3.3. Groundwater Quality Assessment for Irrigation


High salinity and ion concentration in irrigation water not only affect the physical and chemical properties of the soil but also have a significant impact on the quality and yield of crops [36]. In the Yancheng area, the quality of the groundwater for agricultural irrigation purposes was evaluated mainly by indicators such as the TDS, SSP, SAR, RSC, MAR, and PI (Table 2).



3.3.1. TDS for Irrigation Purposes


The TDS content in groundwater not only affects soil water migration [26] but also the distribution of soil nutrients and enzyme activities [37] which, in turn, affect the growth and development of crops. Samples with excellent and good water quality (TDS < 1000 mg/L) in the study area accounted for only 67.82% of the total number of samples (Table 4). Doubtfully applicable and inapplicable samples accounted for 23.48% and 8.70%, respectively, and were primarily distributed in the production area of branded rice, located between the Abandoned Yellow River and the Huangshagang River.




3.3.2. Magnesium Adsorption Ratio (MAR)


A high magnesium concentration in groundwater can destabilize the soil material composition, promote soil alkalinity, and reduce crop productivity [24]. The MAR ranged from 28.98 to 91.10, with an average value of 61.77, and 80.87% of the samples exceeded the threshold (MAR = 50) (Figure 5a). Additionally, the Mg2+ concentration ranged from 0.21 to 8.26 meq/L, with 60.87% of the samples exceeding the 2.5 meq/L (60 mg/L) groundwater quality standard for irrigation purposes (Figure 5b). The distribution of Mg2+ concentration was consistent with that of excessive MAR, and both exceeded the threshold except for the inland areas adjacent to the Xinyanjie River. This high concentration could be attributed to the weathering of low-abundance sedimentary magnesite (Equation (14)) [22].


    MgCO  3  +   CO  2  +  H 2  O →   Mg   2 +   +   HCO  3 −   



(14)








3.3.3. Residual Sodium Carbonate (RSC)


In nature, high concentrations of carbonate and bicarbonate may precipitate due to factors such as evaporation or saturation, thereby reducing soil porosity and permeability [36]. Secondly, the presence of excessive CO32− or HCO3− is often accompanied by a significantly higher concentration of Na+ and K+ than Cl−, which will cause the organic matter in the soil to dissolve and cause the surface to be black when the soil dries. This excess (heavy) sodium carbonate is usually expressed as RSC [26]. Water samples smaller than 2.5 meq/L RSC in the study area accounted for only 18.26% (Table 4, Figure 6) and were distributed mainly near Jiulongkou Lake. The significantly higher concentration of HCO3− in 81.74% of the samples could be similar to the regionally higher concentration of Na+, which was the result of the carbonation of silicate in clay and subclay (Equation (13)) [22].




3.3.4. Permeability Index (PI)


The long-term use of water rich in Ca2+, Mg2+, Na+, K+, and HCO3− for irrigation may reduce soil permeability, destroy soil aggregate structure, promote soil compaction, and ultimately affect crop yields [26]. Therefore, the PI was introduced to evaluate the potential of soil moisture movement (permeability) [38]. In the Yancheng area, the PI ranged between 30.87 and 131.68, with an average of 87.23 (Table 4). The samples with good water quality, which were suitable for irrigation, accounted for 74.78%. The doubtful samples accounted for 25.22% and were distributed mainly in the vicinity of Jiulongkou Lake, the Abandoned Yellow River, and the Dongtai River (Figure 7a). In fact, the PI depended mainly on the exchange process of ion components in the water and soil. Therefore, the relationship between the total ion concentration (TIC) and the PI was plotted (Figure 7b), where Class I represents 100% permeability (suitable), Class II represents 75% permeability (doubtful), and Class III represents 25% permeability (unsuitable) [38,39]. The spatial distribution of the results is shown in Figure 7c. Groundwater samples that were suitable and doubtfully suitable for irrigation accounted for 13.04% and 60.00%, respectively, in the Yancheng area. The samples for which irrigation could significantly affect soil permeability were mainly distributed on sides of the Tongyu Canal, north of the Xinyanjie River, and near the mouths of the Dongtai River and Subei Irrigation River and accounted for 27% of the total samples.




3.3.5. Sodium Adsorption Ratio (SAR)


The SAR is one of the most important indicators for measuring the harm of sodium or alkali when evaluating the suitability of groundwater for irrigation [26,40]. Although the groundwater in the Yancheng area is rich in Na+, the clay and subclay minerals in the alluvial and silt layers are also rich in sodium–potassium feldspar debris [16], leading to Na+ + K+ enrichment on Ca2+ + Mg2+ [22]. This further enhances the influence of Na+ on the soil layer [40,41], such as destroying the soil structure and aggregates, promoting soil compaction, leading to hard soil, and reducing the soil air and water permeability. Samples with a SAR ranging from 0 to 18, which were suitable for irrigation purposes, accounted for 86.95% (Table 4), while samples with a SAR greater than 26, which were not suitable for irrigation, accounted for 7.83% (Nos. 32, 48, 55, 57, 63, 65, 81, 87, and 90) and were distributed mainly on the seaward side of marine sediments formed in the past 4000 years (Figure 8) [22].



Furthermore, the Na hazard was further evaluated by the SSP. In the Yancheng area, 49.57% of the samples with an SSP value below 60% were suitable for irrigation, and these were mainly distributed in inland areas far from the sea and the adjacent areas of the Abandoned Yellow River. Meanwhile, samples with an SSP value of more than 80% were unsuitable for irrigation and accounted for 23.48%, and their distribution was similar to the distribution of samples with an over-standard SAR (Figure 8). Therefore, a comprehensive classification of the groundwater for irrigation purposes was carried out using the electrical conductivity (EC) vs. the SSP diagram (Wilcox diagram). The results showed that only 5.22% and 24.35% of the samples belonged to the “excellent to good” and “good enough to permissible” categories; 30.43% and 15.65% of the samples belonged to the “permissible to doubtful” and “doubtful to unsuitable” categories, respectively; 24.35% of the samples were not suitable for irrigation, and their distribution was also similar to SAR.




3.3.6. Integrated Irrigation Water Quality Index (IIWQI)


The IIWQI, calculated using Equation (10), showed that samples with “excellent” and “good” water quality accounted for 40.87% and 29.57%, respectively, and were mainly distributed in the western inland area and near the river channel (Figure 9). The samples with “medium” water quality accounted for 14.78%. The samples with “poor” water quality and which were “unsuitable” for irrigation accounted for 4.35% and 10.43%, respectively, and were distributed mainly on both sides of the Tongyu Canal, north of the Xinyanjie River, and near the mouths of the Xinyanjie River.






4. Discussion


4.1. Geochemical Factors on Water Quality


With the continuous advancement of the “National Drinking Water Project”, the scope and intensity of the impact of groundwater used for drinking purposes on human health have gradually reduced in the Yancheng area. However, the impact of groundwater quality on crop growth and yield is increasing [42,43]. Therefore, based on the IIWQI, the samples were divided into five categories to further explore the origin and evolution process of the quality of shallow groundwater in the study area.



When the milliequivalent ratio of sodium to chlorine (Na+/Cl−) shows small spatial differences, it suggests that the sodium and chlorine come from the same source, which could be rainwater or dissolved salt rock. Significant differences in the Na+/Cl− ratio indicate that the sodium and chlorine come from different sources, which may be influenced by local factors such as soluble salt in the soil and rock weathering replenishment [2]. The ratio of Na+/Cl− in the groundwater in the Yancheng area ranged from 0.35 to 19.91, with an average value of 3.89, and the relationship between the proportion of Na+ + K+ in the total cations and Cl− was disordered; however, with the increase in the TDS, there was a significant trend of increase (Figure 2), indicating that the high concentration of Na rarely came from salt rocks or precipitation and instead mainly came from rock weathering or human activities, such as silicate weathering and cation exchange [44]. Secondly, the sample anions were mainly dominated by HCO3− (Figure 2), suggesting that silicate weathering should be the main source of Na+ (Equation (13)). However, with solute enrichment, i.e., when the TDS value increased, the ratio of Na+/Cl− gradually approached precipitation/seawater (Figure 10a), indicating that the strong evaporation of regional precipitation or the leaching replenishment of residual marine sediment also significantly promoted groundwater solute enrichment.



In addition, the ratio of Na+ to the total cations (TZ+) also helps explain silicate weathering. When Na+ = 0.5 TZ+, silicate weathering dominates the formation of groundwater solutes [45]. When the TZ+ in the shallow groundwater in the study area was less than 20 meq/L, the scattered points of Na+ and TZ+ were mainly concentrated near the 1:2 line (Figure 10b), indicating that silicate weathering was the key hydrochemical process controlling the formation of solutes. This was consistent with the results of the analysis of the relationship between Mg2+/Na+ − Ca2+/Na+ and HCO3−/Na+ − Ca2+/Na+ [22], and it was also consistent with the chemical erosion of the upper Huaihe River controlled by silicate weathering [31]. However, as the TZ+ value increased, the scattered points of the samples which were unsuitable for irrigation and some with poor water quality gradually deviated from the 1:2 line, suggesting that other water chemical processes could also affect the concentration of Na+.



If the Na+ in the groundwater is replaced by Ca2+ or Mg2+, which are rich in the surface material of the surrounding rock, CAI-I and CAI-II are both greater than zero. Otherwise, the rich Na+ on the surface of the surrounding rock material can be replaced by the Ca2+ (Mg2+) in the groundwater, resulting in an increase in the concentration of Na+ in the groundwater and a decrease in the concentration of Ca2+ (Mg2+) [45]. Most of the groundwater samples in the study area were distributed in the lower left part of Figure 10c, indicating that there was a significant reverse ion exchange in the groundwater, that is, the lithophile element Ca2+ in the groundwater replaced the Na+ element in the surrounding rock (Equation (15)). This was consistent with the result that the obvious enrichment of Na+ + K+ on Ca2+ + Mg2+ was confirmed by the (Ca2+ + Mg2+) − (HCO3− + SO42−) and (Na+ + K+) − Cl− diagrams in the study area [22].


Na2X(solid) + Ca2+(liquid) = CaX(solid) + 2Na+(liquid)



(15)







Furthermore, the ratios of (Ca2+ + Mg2+)/SO42− and (Ca2+ + Mg2+)/HCO3− are often used to identify the source of Ca2+, Mg2+, and SO42−. When the ratio of (Ca2+ + Mg2+)/SO42− is close to 1, the Ca2+, Mg2+, and SO42− may come from the dissolution of gypsum in the salt rock; when the ratio of (Ca2+ + Mg2+)/HCO3− is close to 1, the Ca2+ and Mg2+ come from the carbonation of Ca(Mg) rocks (Equations (16) and (17)) [46]. The average ratios of (Ca2+ + Mg2+)/SO42− and (Ca2+ + Mg2+)/HCO3− in the study area were 45.57 and 0.55, respectively, which were significantly different from 1 (Figure 10d), indicating that the supply of Ca2+ and Mg2+ by the dissolution of gypsum could be ignored and that the carbonation by the Ca(Mg) rock was relatively weak. The large amount of HCO3− produced by the carbonation of Na feldspar (Equation (13)) was the main reason why the (Ca2+ + Mg2+)/HCO3− ratio was significantly less than 1. Secondly, the TDS of samples with poor water quality and those that were unsuitable for irrigation was mostly higher than 1500 mg/L; with the increase in TDS, the values of (Ca2+ + Mg2+)/SO42− and (Ca2+ + Mg2+)/HCO3− all rapidly approached 1, that is, the weathering effect of silicate gradually weakened, and at the same time, the value of Na+/Cl− was rapidly approaching seawater (Figure 10a). Therefore, the dominant factor promoting the rapid deterioration of water quality had evolved into leaching residual marine sediments. Furthermore, considering the fact that samples with poor water quality were mostly scattered in inland areas and that the salt industry was widely distributed in historical periods [47], the water quality deterioration could also have been caused by the residues of salt industry activities during the Ming and Qing Dynasties.


     3 ( Ca     1 - x      Mg  x     ) CO   3     + CO   2     + H   2     O + H   2    SO  4  →    3 ( 1   -   x ) Ca     2 +       + 3 x Mg     2 +       + 4 HCO   3 -     + SO   4   2 -     



(16)






     2 ( Ca    1 − x   M  g x     ) ( AlSi   3   O 8   ) 2     + 4 CO   2     + 6 H   2  O →    2 ( 1   -   x ) Ca     2 +       + 2 x Mg     2 +       + 4 HCO   3 -     + Al   4   (    Si  4   O  10    )     (  OH  )     8         + 8 SiO   2   



(17)







Based on the above analysis, the Chadha diagram was used to comprehensively analyze the hydrochemical composition type and ion exchange status of the groundwater [48]. When the alkaline earth metal ions in the water samples of the study area exceeded the alkali metal ions, the water quality was classified as “excellent” and “good” (Figure 11a). This water was mostly distributed in the vicinity of the Abandoned Yellow River and the western inland area, was far from the ocean as a whole (Figure 11b), and should be caused by the infiltration and dilution of upstream, net-like runoff, lakes, and other bodies of water. The groundwater quality was “excellent” especially when the strong acid anion (Cl− + SO42−) in the samples in the Field 3 area exceeded the weak acid anion (HCO3−), which further illustrates the effect of surface water infiltration replenishment on the samples.



As the ratio of [(Ca2+ + Mg2+) − (Na+ + K+)]/TZ+ decreased, the water quality tended to gradually deteriorate (Figure 11a). When the ratio was less than −60%, the water quality became poor and unsuitable for irrigation, indicating that the water quality in the study area was mainly controlled by the supply intensity of alkali metals. Among them, there was a significant alkali ion exchange phenomenon in which Na+ + K+ was enriched on Ca2+ + Mg2+ in the Field 2 water sample [24], that was, the replacement of Ca2+ in the groundwater with Na+ in the soil (Equation (15)). This was because the adsorption between ions in natural water was controlled mostly by the bond energy of metal cations, which usually followed: Ca > Mg > K > H > Na [43]. The samples accounted for 58.13% of the total sampled and were distributed mainly in the vast area on the seaside (Figure 11b). From this, it was recommended that surface water, rainwater, or deep, high-quality groundwater be used as much as possible for the irrigation of crops in this area to prevent the deterioration of the regional soil texture.



The Na+ − Cl−-type water samples in Field 4 were prone to salinity problems during irrigation and drinking. Their average ratio of Na+/Cl− was only 43.42% of the average value in the study area, which significantly tended toward the seawater of the western Pacific Ocean (Figure 10a). Their distribution was similar to that of the groundwater that was not suitable for irrigation (Figure 9) and should be the result of residual seawater leaching during marine regression [14] or the leaching of residues from human salt production activities in historical periods.




4.2. Impact of Seawater and Human Activities


Chloride and bicarbonate are the most common anions found in groundwater and are mainly controlled by seawater and rock weathering, respectively. By comparing and analyzing the ratio of Cl−/HCO3− in the salinization process, groundwater content can be classified into three categories: unaffected by seawater (<0.3), slightly affected (0.3–3.8), and strongly affected (>3.8) [49]. The relationship between Cl−/HCO3− and Cl− in Yancheng indicated that the chemical composition of the groundwater was not strongly affected by seawater (Figure 12a), which could be caused by factors such as the shallower groundwater level and the large distance between the sampling point and the ocean (>9 km). Slightly affected and unaffected sampling points accounted for 30.43% and 69.57%, respectively. The former included not only coastal waters but also high-quality inland waters (such as sample points 42, 44, 102, etc.), and the spatial distribution was relatively scattered.



Furthermore, it is challenging to establish a reliable correlation between Cl− and NO3− in natural water bodies; however, it has been proven that different water sources have different NO3−/Cl− ratios. A water body affected by manure/rural sewage has the characteristics of a low NO3−/Cl− ratio and a high Cl− value; the use of a large amount of chemical fertilizers in farmland could cause the ratio of NO3−/Cl− to be higher and the concentration of Cl− to be lower [50,51]. Therefore, this study utilized research findings on NO3−/Cl− vs. Cl− in the Qinhuai River Basin, which is adjacent to the study area, to distinguish the source of NO3− and the impact of human activities on the quality of the groundwater [32]. The results showed that agricultural fertilizers and urban sewage had a relatively weak impact on shallow groundwater in the Yancheng area (Figure 12b) and affected only some water of “excellent” and “good” grades. However, if the discharge of pollutants was not restricted, it could lead to a significant deterioration in regional water quality. The nitrates from pollutants such as rural sewage and manure were mainly distributed in “unsuitable” water and a small number of “medium” and “poor” water bodies that were slightly affected by seawater. Moreover, the traditional open-pollution methods of rural sewage and feces were very similar to the salt decoction and sun-dried salt in the Ming and Qing Dynasties in the study area [35,47]. This finding further confirms that the unsuitability of groundwater for irrigation purposes in the region was mainly caused due to the leaching of residues from the human salt industry.





5. Conclusions


The shallow groundwater in Yancheng, China, was generally neutral to slightly alkaline, and the ranges of TH and TDS values were from 19.18 to 657.78 mg/L and from 117 to 4415 mg/L, respectively, with averages of 245.05 mg/L and 1126.25 mg/L. The anion and cation concentrations were dominated by HCO3− and Na+, respectively, and the orders of ion concentration were HCO3− > Cl− > SO42− > NO3− and Na+ > Mg2+ > Ca2+ > K+, different from the Guohe River basin in the upper reaches of the Huai River, indicating significant differences in the formation mechanism of groundwater solutes in the upper and lower reaches of the Huai River. The over-standard sample values for the pH, TDS, TH, Cl−, and Na+ of groundwater for drinking purposes accounted for 1.74%, 32.17%, 6.96%, 16.65%, and 37.39% of the total sampled amount, respectively. The samples with an extremely poor water quality and unsuitable drinking water quality, as determined by DWQI, accounted for 8.70% and 10.43%, respectively, and were mainly distributed in the area between the Abandoned Yellow River and the Xingyanjie River. The samples identified by the IIWQI as unsuitable for irrigation accounted for 10.43% and were distributed on both sides of the Tongyu Canal, north of the Xingyanjie River, and near the mouths of the Xingyanjie River. Excessive use of these water bodies for irrigation may damage the structure and aggregates of the soil, reduce the soil water and air permeability, promote soil compaction and the development of alkalinity, and cause the risk of crop yield reduction.



The weathering of silicate rocks in regional clays and subclays and the replacement of lithophile Ca2+ in the groundwater with Na+ elements in the surrounding rocks were key hydrochemical processes that controlled the formation and evolution of solutes in the shallow groundwater. These processes could increase the concentration of alkali metals and deteriorate the water quality. On this basis, the residual marine sediments in the process of regression or historical salt industry residues should be the main cause of poor water quality and the unsuitability for irrigation of the groundwater scattered in the inland areas. To maintain the quality of the branded grain-producing areas, it is highly recommended to use surface water, rainwater, or deep, high-quality groundwater for crop irrigation in this region. This would help prevent the degradation of soil texture and ensure the sustainability of agriculture in the area.
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Figure 1. Distribution of sampling points and regional geological conditions. (a) The study area is located in eastern central China; (b) Distribution of sampling points on a hydrogeological map (including the major water networks, available groundwater depth, and geological composition). 
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Figure 2. Durov diagram of the hydrochemical composition of shallow groundwater in the Yancheng area. 
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Figure 3. Spatial distribution of TDS, TH, Cl−, and Na+ in shallow groundwater. 
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Figure 4. Distribution of DWQI (water quality index for drinking) in shallow groundwater in Yancheng area. 
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Figure 5. Spatial distribution of (a) magnesium adsorption ratio and (b) Mg2+ concentration. 
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Figure 6. Spatial distribution of residual sodium carbonate (RSC) in shallow groundwater in the Yancheng area. 
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Figure 7. Soil permeability potential under different water quality background in theYancheng area. (a) Spatial distribution of permeability index (PI); (b) PI vs. total ion concentration (TIC); (c) Spatial distribution of sample classification results based on the relationship of PI and TIC. 
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Figure 8. Spatial distribution of SAR and SSP and a Wilcox diagram. 
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Figure 9. Distribution of IIWQI of shallow groundwater for irrigation purposes. 
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Figure 10. Plots of (a) Na+/Cl− vs. TDS, (b) Na+ vs. TZ+, (c) CAI-I vs. CAI-II, and (d) (Ca2+ + Mg2+)/SO42− (HCO3−) vs. TDS. 
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Figure 11. Hydrochemical facies of groundwater in the study area based on the Chadha diagram. (a) Chadha diagram (Field−1: Ca–HCO3-type waters, reflecting recharge and weathering. Field−2: Na–HCO3-type waters, reflecting base ion exchange. Field−3: Ca–Mg–Cl-type waters, reflecting reverse ion exchange. Field−4: Na–Cl-type waters, reflecting evaporation or mixing with seawater); (b) Location of four types of the samples. 
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Figure 12. Plots of (a) Cl−/HCO3− vs. Cl−; (b) NO3−/Na+ vs. Cl−. 
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Table 1. Weights and relative weights of hydrochemical parameters of groundwater for drinking purposes.
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Parameters

	
TDS

	
TH

	
Na+

	
Cl−

	
SO42−

	
NO3−

	
pH




	
mg/L

	
meq/L






	
Standards *

	
1000

	
450

	
8.7

	
7.04

	
5.21

	
1.43

	
6.5–8.5




	
Weight (wi)

	
5

	
3

	
5

	
4

	
1

	
1

	
1




	
Relative weight (Rwi)

	
0.25

	
0.15

	
0.25

	
0.20

	
0.05

	
0.05

	
0.05








* Standards for groundwater quality for Chinese drinking purposes (GB/T 14848-2017).
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Table 2. Groundwater evaluation index and classification threshold * for irrigation purposes.
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	Indices
	Excellent
	Good
	Doubtful
	Unsuitable





	TDS/(mg/L)
	<500
	500–1000
	1000–2000
	≥2000



	SAR
	<10
	10–18
	18–26
	≥26



	SSP
	<20
	20–60
	60–80
	≥80



	MAR
	
	<50
	
	≥50



	RSC/(meq/L)
	
	<1.25
	1.25–2.50
	≥2.50



	PI
	
	≥75
	25–75
	<25







* Water quality classification standards are quoted from [24,26].
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Table 3. Statistical analysis of the hydrochemical parameters of groundwater samples.






Table 3. Statistical analysis of the hydrochemical parameters of groundwater samples.





	
Items

	
Na+

	
K+

	
Mg2+

	
Ca2+

	
Cl−

	
SO42−

	
NO3−

	
HCO3−

	
EC

	
TDS

	
TH

	
pH




	
meq/L

	
μs/cm

	
mg/L






	
Mean

	
10.79

	
0.51

	
3.00

	
1.90

	
4.45

	
0.67

	
0.16

	
11.05

	
2252.30

	
1126.25

	
245.05

	
7.30




	
Min

	
0.91

	
0.02

	
0.21

	
0.13

	
0.17

	
0.01

	
0.00

	
2.86

	
422

	
211

	
19.18

	
5.96




	
Max

	
69.35

	
3.11

	
8.26

	
8.85

	
38.74

	
3.74

	
1.06

	
37.19

	
12,420

	
6220

	
657.78

	
8.23




	
SD

	
12.49

	
0.53

	
1.74

	
1.43

	
7.03

	
0.62

	
0.19

	
4.80

	
1937.54

	
969.11

	
131.42

	
0.36




	
CV

	
115.66

	
103.32

	
57.78

	
75.19

	
157.95

	
92.47

	
119.89

	
43.49

	
86.02

	
86.05

	
53.63

	
4.87




	
% of SEAL (1)

	
37.39

	

	

	

	
15.65

	
0.00

	
0.00

	

	

	
32.17

	
6.96

	
1.74








(1) % of SEAL indicated the proportion of samples exceeding the drinking water standard to the total number of samples.
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Table 4. Statistical status of groundwater assessment indicators for agricultural irrigation purposes and the proportion of water quality classification.






Table 4. Statistical status of groundwater assessment indicators for agricultural irrigation purposes and the proportion of water quality classification.





	
Items

	
Calculation Result Statistics

	
Proportion of Classification




	
Average

	
Max

	
Min

	
Excellent

	
Good

	
Doubtful

	
Unsuitable






	
TDS/(mg/L)

	
1126.25

	
6220

	
211

	
10.43%

	
57.40%

	
23.47%

	
8.70%




	
SAR

	
7.92

	
36.59

	
0.62

	
76.52%

	
10.43%

	
5.22%

	
7.83%




	
SSP

	
61.41

	
96.9

	
18.31

	
0.87%

	
48.70%

	
26.96%

	
23.48%




	
MAR

	
61.77

	
91.1

	
28.98

	

	
19.13%

	

	
80.87%




	
RSC/(meq/L)

	
6.14

	
30.98

	
−9.77

	

	
10.43%

	
7.83%

	
81.74%




	
PI

	
87.23

	
131.68

	
30.87

	

	
74.78%

	
25.22%

	
0
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