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Abstract 20 

The water resource is highly demanded in the Yangtze River Delta with a developed 21 

economy. Long-term exploitation has posed threats of artificial pollution and seawater intrusion 22 

to the shallow groundwater. This study aimed to reveal the hydrochemical characteristics and 23 

health risks of shallow groundwater in the coastal plain of the Yangtze River Delta. Also, 24 

possible factors affecting groundwater quality were discussed. Methods, such as typical 25 

hydrochemical tests, water quality assessment and health risk models, were applied to achieve 26 

the study targets. The results showed that the shallow groundwater was slightly alkaline, and the 27 

average values of total dissolved solids (TDS) and total hardness (TH) were 930.74 mg/L and 28 

436.20 mg/L, respectively. The main hydrochemical types of groundwater were Ca+Mg–HCO3 29 

and Ca/Na–HCO3, accounting for 44.3% and 47.5%, respectively. In addition, As concentration 30 

was generally high, with a mean value of 0.0115 mg/L. The principal factors affecting the 31 

groundwater components include water-rock interactions (especially silicate), cation exchange, 32 

seawater intrusion and human activities. As in the groundwater is strongly influenced by the 33 

redox of Fe, Mn, and NO3
-. The results of the groundwater quality evaluation indicated that the 34 

shallow groundwater in some regions was unsuitable for drinking and agricultural irrigation. 35 

Health risk assessment showed that 44.3% of the water samples had significant health risks, 36 

which was attributed to the high As concentration. Therefore, it is urgent to establish long-term 37 

As monitoring to maintain sustainable groundwater management and drinking water safety. The 38 
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results of this study can provide essential data for water resource management and human health 39 

protection in the Yangtze River Delta. 40 

Keywords: Yangtze River Delta; Hydrochemistry; Shallow groundwater quality; Health risk 41 

assessment 42 

 43 

1. Introduction 44 

Shallow groundwater is a crucial water source for industrial and agricultural production as 45 

well as daily life due to its shallow buried depth and easy accessibility (Li et al. 2020; Liu et al. 46 

2021d). The shallow groundwater quality plays a critical role in urban development and resident 47 

health. However, a growing number of studies have proposed that shallow groundwater in many 48 

places became unsuitable for drinking and production resulting from the impact of the natural 49 

environment and human activities (Hao et al. 2020; Lima et al. 2020). Water salinization and the 50 

enrichment of some harmful trace elements, like As, F, etc., in shallow groundwater pose a 51 

danger to both ecological safety and physical health (Liu et al. 2021d; Long et al. 2021; Wang et 52 

al. 2020; Wu and Sun 2016). In recent years, groundwater quality and health risk assessment 53 

have become an essential part of research on medical geology (Selinus et al. 2016). The 54 

distributions, sources, and contamination levels of inorganic components in shallow groundwater 55 

are the foundation for pollution evaluation and management. 56 

The evolution of shallow groundwater in estuary and delta areas is quite complex. Due to 57 
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the influence of weather, depositional environment, and anthropological activities, the shallow 58 

groundwater environment is fragile (Zhi et al. 2021). Cao et al. (2020) found that the 59 

groundwater salinization and nitrate contamination in estuary and delta areas in Qinhuangdao 60 

city in northern China were caused by seawater infiltration and agricultural pollution. Hou et al. 61 

(2020) proposed that the discharge of domestic and industrial wastewater during urban 62 

development had led to increased Mn concentration in shallow groundwater in the Pearl River 63 

Delta plain. More and more studies have revealed growing deterioration of shallow groundwater 64 

quality in estuary and delta areas (Li et al. 2018). These studies analyzed the hydrogeochemical 65 

features and the evolution of groundwater quality. Still, less attention has been paid to the impact 66 

of groundwater quality on human health. 67 

The Yangtze River Delta plain is one of the fastest growing urban areas with the most 68 

developed economy in China. Groundwater exploitation is increasing year by year as a result of 69 

rapid population growth. Due to its unique geographical and geological environment, previous 70 

studies mainly focused on ground subsidence caused by groundwater extraction (Ma et al. 2018). 71 

Even though the Yangtze River Delta plain has abundant groundwater resources, human 72 

activities have led to a remarkable deterioration in water quality (Wu et al. 2014). In addition, the 73 

groundwater buried depth is relatively small in this area; thus, high TDS in groundwater is found 74 

due to the intense evaporation, and the value of TDS is on an upward trend, even tending towards 75 

salinization (Zhao et al. 2017). Meanwhile, the research on the variation of shallow groundwater 76 
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quality in the Yangtze River Delta coastal plain proposed that seawater intrusion contributed to 77 

groundwater salinization and exerted a substantial influence on groundwater quality according to 78 

the analysis of Sr, O, and H isotopes in groundwater (Mao et al. 2020). Although the 79 

deterioration of water quality in the Yangtze River Delta has attracted much attention, there are 80 

still no studies on shallow groundwater quality and health risks. In particular, thus far, the spatial 81 

distributions and sources of trace elements, groundwater quality and related controlling factors 82 

are unknown in the Yangtze River Delta plain. 83 

Based on these considerations, shallow groundwater samples were taken from the coastal 84 

plain in the Yangtze River Delta; then the dissolved inorganic ingredients in the groundwater 85 

were systematically analyzed to achieve the following targets: (1) identify the hydrochemical 86 

characteristics of shallow groundwater in this area; (2) evaluate shallow groundwater quality and 87 

possible impacts on physical health. These findings can provide valuable information for water 88 

resource management and physical health protection in the Yangtze River Delta. 89 

 90 

2. Materials and methods 91 

2.1. Study area description 92 

The study area, located in Jiangsu province, China, is flanked by the Yellow Sea to the east 93 

and the Yangtze River to the south. It is a typical estuarine delta plain. The topography of this 94 

area is, in general, flat and the altitude decreases from west to east. The regional climate is the 95 

humid subtropical monsoon climate with average annual precipitation and evaporation of 1050.8 96 
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mm and 877.2 mm, respectively. 97 

The shallow aquifers in the study area consist of the Quaternary Holocene estuarine and 98 

coastal unconfined aquifer groups. The porous media is constituted by gray, gray-green silt and 99 

silty sub-sandy loam. The lower bedding layer is comprised of shallow marine silty sub-clay 100 

deposits, and its bottom slab is buried at a depth of about 30 m with an average thickness of 27 101 

m. The aquifers change from unconfined aquifers to slightly confined aquifers towards the east; 102 

simultaneously, the groundwater quality gradually becomes saline (Mao et al. 2020). The 103 

primary recharge sources of shallow groundwater are atmospheric precipitation and inflow of the 104 

Yangtze River and its branches. Since the terrain is relatively flat, the groundwater flow in 105 

aquifers is sluggish under the control of topography. Groundwater discharge mainly includes 106 

near-surface evaporation and artificial exploitation. Overall, in the research area, the water 107 

quality of shallow groundwater is quite complicated because the groundwater was salinized by 108 

Holocene marine intrusion and then gradually desalinated by the large quantity of fresh water 109 

from the Yangtze River and atmospheric precipitation. In addition, the Yangtze River Delta is one 110 

of the most densely inhabited regions in China. Seawater intrusion resulting from a large amount 111 

of groundwater extraction and industrial and agricultural pollution have caused a non-negligible 112 

impact on the shallow groundwater in this area (Zhao et al. 2017). 113 

 114 

2.2 Groundwater sample collection and measurement 115 



7 

 

In this study, 61 water samples, all of which were shallow groundwater, were taken from the 116 

domestic wells in the study area in August 2019. The depth of these wells was less than 10 m. 117 

Meanwhile, 1 seawater sample was obtained from the sea near the study area, and 1 rainwater 118 

sample was taken in the middle of the study area (see Fig 1). The specific sampling procedure 119 

based on our previous studies (Peng et al. 2021a; Peng et al. 2021b) could be found in the 120 

supplementary material. The concentrations of trace elements and major elements in the water 121 

samples were obtained through ion chromatography, the inductively coupled plasma emission 122 

mass spectrometer and standard HCl titration. The measurement process was provided in the 123 

supplementary material. In addition, some parameters like pH and TDS were measured on-site 124 

by a portable analyzer. 125 

The statistical analysis of obtained data was carried out by SPSS software (IBM 23). During 126 

the correlation analysis of each component in groundwater, in the first place, to determine 127 

whether the data conform to a normal distribution, the Kolmogorov-Smirnov (K-S) test and 128 

Shapiro-wilk test were applied separately. However, the hydrochemical indicators except for pH 129 

were not in accordance with the normal distribution; thereby, the Spearman model was adopted 130 

for correlation analysis. At last, the spatial distribution of hydrochemical indicators was drawn 131 

by ArcGIS software (version 10.5) according to the inverse distance weighting interpolation. 132 

 133 

2.3 Groundwater quality assessment 134 
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2.3.1 Groundwater quality assessment for agricultural irrigation 135 

Sodium adsorption ratio (SAR) and sodium percentage (Na %), which can be calculated by 136 

the equations (Eqs.) (1–2), are usually used to estimate whether groundwater is suitable for 137 

irrigation (Long and Luo 2020). Na plays a vital role in irrigation water classification because of 138 

its interaction with the soil. Na with a high concentration in irrigation water is readily adsorbed 139 

on clay minerals in the soil, replacing Mg and Ca. Besides, the ion exchange of Na with Mg and 140 

Ca reduces soil permeability. SAR is considered to be an essential indicator for the evaluation of 141 

irrigation water quality. When this indicator is high, the groundwater is not suitable for irrigation. 142 

Na%= ( Na+K
Ca+Mg+Na+K

) ×100% (1) 143 

SAR= Na√Ca+Mg
2

  (2) 144 

 145 

2.3.2 Groundwater quality assessment for drinking purpose 146 

The water quality index (WQI) is widely used for drinking water quality assessment since 147 

Horton proposed it in the 1960s. The critical point of WQI calculation is to determine the weight 148 

of each water quality indicator because minor changes in weight will change the assessment 149 

result (Zhang et al. 2020). The methods that are commonly used to determine the weight are the 150 

objective weighting method (e.g., entropy-weighted method and criteria importance though inter-151 

criteria correlation method) (Zhang et al. 2021) and the subjective weighting method (e.g., order 152 

relation analysis method) (Gao et al. 2020). The subjective weighting method is based on the 153 
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investigator's actual experience, which brings multiple uncertainties to the result due to the 154 

different preferences of different investigators (Islam et al. 2020). Although the objective 155 

weighting method does not rely on subjective judgment and has a solid mathematical basis, it 156 

fails to reflect the degrees of importance of different indicators to the decision-maker 157 

(Narayanamoorthy et al. 2020). Therefore, this study used the integrated-weight method, which 158 

combines the subjective and objective weighting methods. 159 

In the subjective weighting part, the weighting value (wj1) of the water quality indicator is 160 

determined by its relative perceived effect and importance on human health, which can be 161 

calculated by the following Eq.(3).  162 

wj1=
Pj∑ Pj

  (3) 163 

Where Pj is the importance score of water quality indicator j, which varies in the range of 1–5 (1 164 

shows the minimal impact on water quality; 5 indicates the most significant impact on water 165 

quality), for example, heavy metals, such as As, Cd, Cr, and Pb, are harmful to physical health, 166 

so their P values are 5. The importance score of the different hydrochemical indicators can be 167 

found in Table S1. 168 

In the objective weighting part, the weight of water quality indicator j (wj2) is determined 169 

using the entropy weight method. The specific procedures are as follows: 170 

In the first place, the initial data are standardized to obtain initial matrix X (Eq.(4)). 171 
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X= [  
  x11 ⋯ x1n

⋮ ⋱ ⋮

xm1 ⋯ xmn]  
  
 (4) 172 

Where m is the total number of groundwater samples; n is the total number of measured 173 

hydrochemical indicators in one sample. 174 

After that, the initial matrix X is reversely normalized with Eq. (5) to get the standard 175 

matrix Y (Eq.(6)). 176 

yij=
(xij)max-xij

(xij)max-(xij)min
 (5) 177 

Y= [  
  y11 ⋯ y1n

⋮ ⋱ ⋮

ym1 ⋯ ymn]  
  
 (6) 178 

At last, the wj2 are obtained by Eqs. (7–9) (Islam et al., 2020): 179 

yj=
yij+10-4∑ (yij+10-4)m

j=1
 (7) 180 

ej=- 1
lnm

∑ yjlnyj
m
i=1  (8) 181 

wj2= 1-ej∑ (1-ej)n
j=1

 (9) 182 

Based on the Eqs. (3 and 9), the integrated weight can be calculated by following Eq. 183 

Wj=
wj1×wj2∑ wj1×wj2

n
j=1

 (10) 184 

After calculating the weights (wj1, wj2, and Wj values are provided in Table S1), the WQI 185 

value is calculated by Eq. (11) (see Table S2). 186 

WQI= ∑ [Wj×( Cj

Sj
)×100]n

j=1  (11) 187 
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where Cj is the value of water quality indicator j in the water sample; Sj is the upper limit of the 188 

water quality indicator j in the national standard for drinking water quality (GB 5749-2006). The 189 

groundwater can be classified into five categories based on the calculated WQI value: (1) 190 

excellent (WQI < 25); (2) good (25 < WQI < 50); (3) medium (50 < WQI < 100); (4) poor (100 < 191 

WQI < 150) and (5) extremely poor (WQI > 150). 192 

Hazard Index (HI) is the most commonly used method to evaluate the risk of trace elements 193 

in groundwater to human health. Because children are the most sensitive to the exposed heavy 194 

metals, the analysis in this study focused on the children’s HI (Chen et al. 2020). There are two 195 

main exposure pathways to the contaminants in drinking water: dermal absorption (e.g., bathing) 196 

and oral ingestion (e.g., drinking water). Therefore, the health risk evaluation of components in 197 

groundwater was estimated based on these two main pathways in this research. The specific 198 

equations to calculate the HI value can be found in the supplementary material. Table S2 199 

presented the calculated HI values. Overall, when HI is less than 1, there is no health hazard. 200 

Even if a health hazard is produced, it is negligible and difficult to be detected. In contrast, HI > 201 

1 means an adverse effect on health. 202 

 203 

3. Results and discussion 204 

3.1 Hydrochemical features of shallow groundwater in the study area 205 

The statistical characteristics of the main components in shallow groundwater in the study 206 
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area are shown in Table 1. The pH of the groundwater samples varied between 6.90 and 7.90, 207 

with a mean of 7.31, indicating that the groundwater in the study area is slightly alkaline. The 208 

TDS fell in the range of 411.45–2361.77 mg/L, with an average of 930.74 mg/L. 67.21% of the 209 

groundwater samples were freshwater (TDS <1000 mg/L). The TH (CaCO3) was in the range of 210 

181.63–897.74 mg/L, and the mean TH was 436.20 mg/L. Based on the TDS and TH values, 211 

the groundwater in the study area fell into moderately hard, hard, and very hard water (see Fig. 212 

S1(a)). From Fig. S2, it could be found that the contents of major cations followed the order of 213 

Na > Ca > Mg > K, with mean values of 124.08 mg/L, 87.46 mg/L, 52.21 mg/L, and 22.80 214 

mg/L, respectively. Among them, the maximum Na content was 482.79 mg/L, which exceeded 215 

its upper limit (250 mg/L) in the national drinking water quality standard (GB5749-2006). 216 

Similarly, the contents of main anions followed the sequence of HCO3
- > Cl- > SO4

2- > NO3
-, 217 

with average values of 543.87 mg/L, 117.99 mg/L, 96.12 mg/L and 32.29 mg/L, respectively. 218 

The maximum values of Cl-, SO4
2- and NO3

- contents were 806.00 mg/L, 271.90 mg/ L, and 219 

139.77 mg/L, all of which exceeded the upper limits in the drinking water standard (GB5749-220 

2006). In addition, the Piper diagrams indicated that the shallow groundwater in the study area 221 

had four different types (see Fig. S1(b)). The main types were Ca+Mg–HCO3 and Ca/Na–222 

HCO3, accounting for 44.3% and 47.5%, respectively, while the remaining ones were Na–HCO3 223 

and Na–Cl. 224 

By analyzing the spatial distribution of hydrochemical indicators, the features of 225 
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groundwater hydrochemistry can be more clearly understood in the study area. As indicated in 226 

Fig. 2(a), the TDS values of shallow groundwater ranged from 400 mg/L to 1000 mg/L; and the 227 

groundwater samples with high TDS were distributed in the middle part of the study area and 228 

coastal regions. In terms of TH (see Fig. 2(b)), groundwater with relatively high TH was located 229 

in the west part of the study area, such as Rugao city and Nantong city; In contrast, the 230 

groundwater in the east part had low TH. The spatial distributions of Na and Cl- were similar, as 231 

shown in Fig. 2(c, d), with the highest concentrations in the middle part of the study area and 232 

coastal regions, while their concentrations were low in the west. The spatial distribution of SO4
2- 233 

was different from that of Na and Cl-, with relatively high levels in the west and relatively low 234 

levels in the east (see Fig. 2(e)). The spatial distribution of NO3
- varied irregularly; the relatively 235 

high NO3
- levels were found in the agricultural regions of Rugao city, Haimen city, and Qidong 236 

city (see Fig. 2(f)). 237 

The statistical characteristics of trace elements in shallow groundwater can be found in 238 

Table 1 and Fig. S2(b). The average concentrations of trace elements followed the below order: 239 

Sr > Br > F- > B > 0.1 mg/L > Ba > Al > Fe > Zn > Mn > Li > As > 0.01 mg/L > Cu > Se > Cr = 240 

Ni > Mo > 0.001 mg/L > Others (Co, Ag, Cd, Sn, Sb, W, Tl, Pb and Be). Sr, Br, F- and B were 241 

the main trace elements and their average values (maximum values) were 0.4975 mg/L (0.9882 242 

mg/L), 0.3729 mg/L (2.6350 mg/L), 0.3470 mg/L (1.0790 mg/L) and 0.2888 mg/L (1.0065 243 

mg/L), respectively. It is also worth noting that the maximum values of F-, B, Al, Fe, Mn, As, Se, 244 
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Cr and Ni exceeded the upper limit in the drinking water standard (GB5749-2006).  245 

The spatial distributions of typical trace elements are illustrated in Fig. 3. The groundwater 246 

samples from coastal regions contained higher F- levels than non-coastal regions in the study 247 

area. Similarly, the groundwater samples with higher B content were distributed in the coastal 248 

regions; the highest B content was found in the western part of Haimen city. The groundwater 249 

samples containing the highest Al, Fe, and Ni concentrations were from the central and 250 

southeastern regions. In addition, groundwater having the highest Mn level was found in Rugao 251 

city. The As level in shallow groundwater was generally high; in particular, Nantong city and the 252 

southeastern part of Qidong city had higher As concentrations than other regions. Except for one 253 

water sample from the north of Qidong city containing high Se levels, the Se concentrations in 254 

the rest regions were below 0.002 mg/L. 255 

 256 

3.2 Shallow groundwater genesis and pollution sources in the study area 257 

In order to obtain the shallow groundwater genesis, the ratios of different components in 258 

groundwater were calculated and analyzed. Gibbs diagram can reflect the degree of influence of 259 

evaporation,water-rock interaction, and precipitation on the evolution of groundwater 260 

hydrochemistry (Gibbs 1970). In this study, most groundwater samples were found in the rock 261 

dominance and evaporation zones (see Fig. S3), which means groundwater hydrochemistry is 262 

mainly influenced by rock weathering. At the same time, evaporation and concentration also play 263 
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a crucial role in groundwater quality (Samsudin et al. 2008). 264 

Carbonate rock, silicate rock, and evaporite rock are the primary weathered materials, and 265 

different rocks will lead to varying levels of ions in the groundwater after weathering. As shown 266 

in Fig. S4(a, b), the water-rock interaction in the study area was largely controlled by the 267 

weathering of silicate rocks. In addition, the ratio of (Ca+Mg)/(HCO3
-+SO4

2-) could denote the 268 

effect of dissolution of carbonate rocks and gypsum on the water quality (Liu et al. 2021c). 269 

According to Fig. S4(c), some points fell on the 1:1 line, suggesting that the dissolution of 270 

carbonate rocks and gypsum also contributed to the evolution of groundwater quality. As 271 

illustrated in Fig. S4(d), Ca and Mg in most groundwater samples derived from the dissolution of 272 

dolomite and calcite (Argamasilla et al. 2017). Furthermore, most groundwater samples had 273 

Na/Cl- ratios close to the seawater-freshwater mixing line in Fig. 4(a), indicating that the main 274 

source of Na and Cl- is seawater intrusion. For the purpose of further evaluating the extent of 275 

seawater intrusion, seawater fraction (fsea) is introduced. Because Cl-, a stable tracer, is less 276 

affected by ion exchange, the Cl- concentration is usually utilized to calculate fsea value through 277 

Eq.(12) (Argamasilla et al. 2017; Mountadar et al. 2018). 278 

fsea= CCl, sample–CCl,fresh

CCl, sea–CCl,fresh
  (12) 279 

Where CCl, sample, CCl, sea, and CCl, fresh are the Cl- concentrations in groundwater sample, seawater, 280 

and freshwater, respectively. 281 

It is assumed that the groundwater sample having the lowest TDS is freshwater (Han et al. 282 
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2015). Because of the high solubility of Cl-, the dissolution of aquifer bedrock and seawater 283 

intrusion are its primary source (Argamasilla et al. 2017). Fig. 4(b) showed that the fsea varied 284 

with TDS, and the fsea was in the range of 0–6.42%, with a mean of 0.86%, suggesting that 285 

moderate seawater intrusion has impacted the shallow groundwater. Besides, TDS was not linear 286 

with fsea (R2 = 0.71), which also reflects that the water-rock interaction also controls the 287 

groundwater quality (Najib et al., 2016).  288 

In addition, the theoretical concentration of ion i (Ci, mix) in the combination of seawater and 289 

freshwater can be calculated with fsea value by Eq.(13) (Appelo and Postma 2005). 290 

Ci, mix=fsea×Ci, sea+(1–fsea)×Ci, fresh  (13) 291 

Where Ci, sea and Ci, fresh are the concentrations of ion i in the seawater and freshwater. 292 

Br- in groundwater in coastal regions is mainly from seawater (Zhao et al. 2017), so the 293 

accuracy of the fsea can be assessed by comparing the calculated Br- concentration with its 294 

measured concentration. As seen in Fig. 4(c), it can be found that the calculated and measured 295 

concentrations of Br- were approximately distributed around the 1:1 line, indicating that the 296 

calculated fsea is reliable. Nevertheless, most points failed to lie on the 1:1 line, which resulted 297 

from the effect of seawater and freshwater mixture. In Fig. S5, the relatively high fsea were 298 

mainly distributed in the coastal regions and the middle part of the study area. Therefore, 299 

seawater intrusion is more severe in these regions. Also, the distribution of fsea was in accordance 300 

with that of Cl- and Na, proving that the high Na and Cl- levels in the study area result from the 301 
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sea. It is noteworthy that the fsea value in the eastern part of Nantong city was even higher than 302 

that in the coastal regions. This is because Nantong city is the most densely populated region in 303 

the study area, with high water consumption for industry and agriculture; thus, the massive 304 

exploitation of shallow groundwater makes this area suffer from the most severe seawater 305 

intrusion. 306 

NO3
- in groundwater mainly comes from agricultural production and domestic sewage. It is 307 

expected that the Cl-/Na and NO3
-/Na ratios are high in contaminated groundwater (Liu et al. 308 

2021c). Fig. 4(d) shows that agricultural activities did exert an important impact on shallow 309 

groundwater quality. In addition, the ratio between Na+K–Cl- and HCO3
-+SO4

2-–Ca–Mg is 310 

commonly utilized to identify the influence of the cation exchange in groundwater systems (Liu 311 

et al. 2021b). The ratios of most water samples were near the 1:1 line, and Na+K–Cl- was 312 

positively correlated with HCO3
-+SO4

2-–Ca–Mg, as shown in Fig. 4(e), revealing that the cation 313 

exchange process significantly affects groundwater hydrochemistry. Thus, the Chlor-alkali index 314 

(CAI) calculated by Eqs. (14–15) is used to determine the cation exchange patterns. 315 

CAI-1= Cl-–(Na+K)
Cl-

  (14) 316 

CAI-2= Cl-–(Na+K)
HCO3

- +SO4
2-+CO3

2-+NO3
-   (15) 317 

Based on Fig. 4(f), the CAI-1 and CAI-2 values of most groundwater samples in the study 318 

area were less than 0, suggesting that Na on the surface of clay minerals replaces Ca in 319 

groundwater. In the west part of the study area, there was a large amount of Ca in the 320 
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groundwater due to carbonate dissolution. Meanwhile, the aquifer sediments near the shoreline 321 

contained a lot of Na because of seawater intrusion. Na in sediment substituted Ca in 322 

groundwater during groundwater runoff, resulting in the gradual decrease of Ca concentration 323 

along the flow direction. This is also the reason for the distribution of TH value which was high 324 

in the west and low in the east (see Fig. 2(b)) 325 

The sources of trace elements in shallow groundwater can also be obtained by further 326 

analyzing the correlations between different ions in the groundwater. In Table S3, Sr showed a 327 

significant positive correlation with both Ca and Mg (r = 0.556 and 0.586, respectively, p < 328 

0.01), and its correlation with HCO3
- (r = 0.522, p < 0.01) was greater than that with SO4

2- (r = 329 

0.393, p < 0.01), indicating that strontianite dissolution contributes more to Sr concentration than 330 

the dissolution of celestite. Also, a significant positive correlation between Na, Br- and B could 331 

be found in Table S3, suggesting that Br- and B are marine origin. F- exhibited a remarkable 332 

negative correlation with Ca (r = -0.692, p < 0.01), which demonstrates that fluorite releases F- in 333 

Na–HCO3 type groundwater during the process of forming calcite precipitates (Jia et al. 2019). 334 

Meanwhile, F- was significantly positively correlated with Na (r = 0.425, p < 0.01), because the 335 

decline of Ca concentration in groundwater, which is due to the cation exchange adsorption 336 

between Na in the sediment and Ca in the groundwater, accelerated the fluorite dissolution (Liu 337 

et al. 2021a). Fe had a significant positive correlation with Mn (r = 0.748, p < 0.01), but its 338 

correlation with SO4
2- was not significant, which is due to the existence of oolitic Fe-Mn nodules 339 
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in the aquifer. Thus, Fe and Mn mainly emanate from the weathering of these Fe-Mn nodules. In 340 

addition, As was also positively correlated with Fe and Mn with correlation coefficients of 0.416 341 

and 0.377 (p<0.01), respectively. The redox of Fe and Mn strongly influences the geochemical 342 

cycling of As in groundwater (Saha and Rahman 2020). In the oxygenated environment, As is 343 

adsorbed by the oxides and hydroxides of Fe and Mn; while in the anaerobic environment, the 344 

reduction of oxides of Fe and Mn decreases the adsorption sites for As on their surface; at the 345 

same time, the As(V) is reduced to As(III) which has weak adsorption, thus promoting the 346 

release of As from sediment to groundwater (Duan et al. 2017). Besides, As was apparently 347 

negatively correlated with NO3
- (r = -0.336, p < 0.01). It has been proposed that the reduction of 348 

NO3
- occurs in the presence of denitrifying bacteria; this process can provide As(V) with enough 349 

electrons, accelerating the reduction of As(V) to As(III); thus, more As ions are released into the 350 

groundwater (Xie et al. 2018). Ni did not exhibit any significant correlations with other trace 351 

elements. Ni is an important raw material for industrial activities, and its improper use can lead 352 

to groundwater pollution. The Fig. 3(h) showed the central and southeastern parts of the study 353 

area had relatively high Ni levels. Because there are a lot of industrial parks located in these 354 

regions and the wastewater discharged from industrial activities may elevate level of Ni. 355 

 356 

3.3 Shallow groundwater quality assessment in the study area 357 

3.3.1 For irrigation purposes 358 
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Yangtze River Delta is one of the major agricultural bases in China. Therefore, shallow 359 

groundwater is an important water source for agricultural irrigation. The Na% ranged from 360 

12.30% to 81.06%, with an average value of 38.05%; and the SAR varied from 0.53 to 11.96 361 

with a mean value of 2.70. According to the Wilcox diagram (see Fig. 5(a)), most groundwater 362 

samples were in the good to permissible section (68.85%), while 22.95% of the samples were in 363 

the doubtful to unsuitable section and 4.92% of the samples belonged to the unsuitable section, 364 

indicating that the groundwater is unsuitable for irrigation in some regions with high Na content. 365 

In addition, based on the classification proposed by the U.S. Salinity Laboratory (USSL) (see 366 

Fig. 5(b)), the majority of the groundwater samples were located in the C3S1 zone (72.13%). In 367 

comparison, 27.87% of the samples were situated in the C4S1, C4S2, C4S3, and C3S2 zones, 368 

suggesting that nearly 30% of the shallow groundwater is not suitable for irrigation in the study 369 

area. In summary, the Na% and SAR values reveal that shallow groundwater in regions with 370 

severe seawater intrusion (e.g., Nantong and Haimeng cities) is unsuitable for irrigation. The 371 

people in these places should pay special attention to it in agricultural production. 372 

 373 

3.3.2 For drinking purposes 374 

Fig. S6 demonstrated Efs values, the ratios of measured values of hydrochemical indicators 375 

to their corresponding upper limits in the national drinking water standard (GB5749-2006). 376 

Among them, the indicators with Efs > 1 were TDS, TH, Na, Cl-, SO4
2-, NO3

-, F-, Al, Mn, Fe, Ni, 377 
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As, B, Cr and Se, with the exceeding rates of 32.79%, 42.62%, 18.3%, 8.20%, 4.92%, 8.20%, 378 

1.64%, 1.64%, 8.20%, 3.28%, 3.28%, 26.23%, 13.11%, 6.56% and 1.64%, respectively. Se and 379 

As had the highest exceedance levels, with maximum Efs values of 13.57 and 7.78, respectively. 380 

There were only 27.87% of water samples whose indicators all met the standard (GB5749-2006). 381 

In addition, WQI values of shallow groundwater varied from 17.42 to 140.20, with an average 382 

value of 52.02. According to their WQI values, the percentage of groundwater with excellent, 383 

good, medium, and poor quality were 9.8%, 52.5%, 31.1%, and 6.6%, respectively. Thus, most 384 

shallow groundwater can be utilized for drinking in the study area. Fig. 6(a) presented the spatial 385 

distribution of WQI values in the study area. It could be found that the groundwater samples with 386 

excellent and good quality were from the eastern and northern parts of the study area. Besides, 387 

groundwater samples with medium and poor quality were sporadically distributed in the central 388 

part of the study area like Nantong city, and in the southeastern part of the study area like Qidong 389 

city. 390 

The HI values of shallow groundwater in the study area were in the range of 0.264–9.555, 391 

with a mean of 1.795. The percentage of groundwater samples with HI > 1 in the study area was 392 

44.3%. Overall, groundwater in some regions may pose a significant non-carcinogenic risk to the 393 

health of local residents. Fig. 6(b) showed that the groundwater in the southwestern part of 394 

Rugao city, Nantong city, and the northern and southeastern coastal regions of Qidong city had 395 

HI>1. Except for Rugao city, the spatial distribution of HI was consistent with that of As (see 396 
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Fig. 3(f)). Thus, As level is the main factor affecting the HI values. 397 

Fig. 7 displayed the non-carcinogenic risks of different trace elements obtained by oral 398 

intake and dermal absorption in children. The non-carcinogenic risk of each trace element 399 

obtained through dermal absorption was 2 orders of magnitude less than that obtained through 400 

the oral intake, and HQdermal was far less than 1, indicating that oral intake is the main health risk 401 

exposure pathway and the non-carcinogenic health risk through dermal absorption is negligible. 402 

With the exception of As, the maximum HQoral value of each trace element was less than 1. The 403 

mean and maximum values of HQoral for As were 1.371 and 9.284, showing significant health 404 

risks. The average HI value of each trace element was in the order of As (1.374) > Li (0.217) > B 405 

(0.052) > Sr (0.030) > Se (0.020) > Cr (0.019) > Tl (0.019) > Ba (0.013) > Sb (0.011) > others. It 406 

is worth noting that the maximum Efs value of Se was 13.57, and its maximum HI value was 407 

0.973, which is close to the threshold value of the non-carcinogenic health risk. The HI values of 408 

Al, Mn, Fe, Ni, and B, which exceeded the national drinking water standard, were low, with 409 

maximum values of 0.008, 0.096, 0.035, 0.037, and 0.180, respectively. These trace elements 410 

have no significant non-carcinogenic health risks. 411 

In Fig. S7, As in shallow groundwater made the greatest contribution to the HI calculations, 412 

with a mean value of 54.1% and a maximum value of 97.4%; followed by Li, with a mean value 413 

of 24.9% and a maximum value of 74.2%; the average contribution of the remaining elements to 414 

total HI was less than 10%. In general, the contribution (mean value) of each element to HI in 415 
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shallow groundwater in the study area has the following order: As (54.1%) > Li (24.9%) > B 416 

(5.0%) > Tl (4.0%) > Sr (3.5%) > Cr (2.2%) > Sb (1.5%) > Ba (1.4%) > Co (1.0%) > others. 417 

Long-term ingestion of high As groundwater will lead to serious diseases such as skin, 418 

hematological, and renal diseases (Wu et al. 2020). As should be the focus of attention in 419 

drinking water risk management in the study area. 420 

As mentioned above, the results of WQI and HI assessments are broadly consistent. For 421 

example, in the north part of the study area, the groundwater had good quality with low WQI and 422 

HI values; in contrast, the groundwater quality in the middle and southeast parts was poor with 423 

high WQI and HI values. However, some areas had opposite WQI and HI values; for instance, 424 

the WQI value was low but the HI value was high in southwest Rugao city. This is because WQI 425 

chooses the restrictive indicators such as TDS, TH, pH, etc., in the national drinking water 426 

standards for water quality evaluation. However, the HI assessment includes some trace elements 427 

such as Sr and Li, which are not restricted in national drinking water standards. Therefore, 428 

combining the results from these two assessments provides a more comprehensive understanding 429 

of the effects of shallow groundwater quality on health. Taken together, the shallow groundwater 430 

in some regions may pose significant health risks to local residents. For example, the shallow 431 

groundwater in southwest Rugao city, Nantong city, and parts of Qidong city was no longer 432 

suitable as drinking water due to the high As concentration which was a severe threat to the 433 

health of local residents. High arsenic groundwater is a current environmental and health 434 
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problem worldwide (Podgorski and Berg 2020). Numerous studies on the causes and health risks 435 

of high arsenic groundwater have been conducted in the Hetao plain and Jianghan plain in China, 436 

while the investigations in the Yangtze River Delta have not been reported (Mao et al. 2018; 437 

Zheng et al. 2020). Unlike Hetao plain and Jianghan plain, the Yangtze River Delta is one of the 438 

most densely populated areas in China. Thus the health risks associated with high arsenic 439 

groundwater require more attention. 440 

Since shallow groundwater is an important water source for irrigation, heavy metals in the 441 

water can be enriched through crops. However, in this study, the health risk assessments did not 442 

consider the elements from food, resulting in an underestimation of health risk. In addition, the 443 

relative sparsity of sampling points could lead to the uncertainty of the spatial distribution of 444 

groundwater quality. More detailed research should be carried out in regions with severe 445 

seawater intrusion and high As concentrations in the future. 446 

 447 

4. Conclusions 448 

In this study, the shallow groundwater in the coastal plain of Yangtze River Delta was 449 

sampled and analyzed. On this basis, groundwater quality was evaluated using methods such as 450 

WQI and HI. The results showed that the shallow groundwater was slightly alkaline in the study 451 

area. The mean values of TDS and TH were 930.74 mg/L and 436.20 mg/L, indicating that the 452 

groundwater was moderately hard, hard, and very hard. Na and HCO3
- had the highest 453 
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concentrations in the shallow groundwater. The percentages of groundwater samples with 454 

Ca+Mg–HCO3 type and Ca/Na–HCO3 type were 44.3% and 47.5%, respectively. Sr, Br, F and B 455 

were the major trace elements with mean values of 0.4975 mg/L, 0.3729 mg/, 0.3470 mg/L and 456 

0.2888 mg/L, respectively. Meanwhile, As had a relatively high concentration in shallow 457 

groundwater (its average value was 0.0115 mg/L). Factors like rock weathering (silicate), cation 458 

exchange, seawater intrusion, and industrial and agricultural activities played an important role 459 

in the chemical composition of shallow groundwater in the Yangtze River Delta plain. The 460 

massive exploitation of shallow groundwater has caused the most severe seawater intrusion in 461 

Nantong city. The trace element like Br- and B in shallow groundwater had a marine origin. Fe 462 

and Mn mainly derived from the weathering of Fe–Mn nodules in the sediments; and As was 463 

strongly affected by the redox of Fe, Mn, and NO3
-. In addition, wastewater discharged from 464 

industrial activities has contributed to the increased concentration of heavy metals in 465 

groundwater. According to the water quality assessment, shallow groundwater in some regions 466 

was unsuitable for irrigation. At the same time, TDS, TH, Na, Cl-, SO4
2-, NO3

-, F-, Al, Mn, Fe, 467 

Ni, As, B, Cr and Se in some groundwater samples exceeded their corresponding upper limits in 468 

the national drinking water standard. There were only 27.87% of the groundwater samples whose 469 

indicators were in line with the national drinking water standard. According to the classification 470 

of WQI values, excellent, good, medium, poor groundwater samples accounted for 9.8%, 52.5%, 471 

31.1%, and 6.6%, respectively. The analysis of health risk showed that 44.3% of the water 472 
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samples had significant health risks, and As played the most important role in health risk, with a 473 

mean contribution of 54.1% to the total HI; therefore, As should become the focus in drinking 474 

water management in the study area. The shallow groundwater quality in the Yangtze River 475 

Delta, especially the concentrations of trace elements and their health risk assessment, has been 476 

neglected for a long time. It is necessary to conduct long-term monitoring of As contamination in 477 

the Yangtze River Delta and to take measures to prevent and control groundwater contamination. 478 

In the meantime, new high-quality water sources should be sought for the regions, such as 479 

Nantong city, where seawater intrusion is serious; and shallow groundwater extraction should be 480 

reduced to maintain sustainable groundwater resource management. 481 
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Table 1. Chemical composition and their statistical characteristics in the shallow groundwater in 625 

the study area 626 

Unit Project 
Detection 

Limit 

Minimum 

value 

Maximum 

value 

Average 

value 
Median 

Standard 

deviation 

Shapiro-Wilk Test  

H-value Sig 

-- pH -- 6.90 7.90 7.31 7.30 0.23 0.967 0.104 

mg/L TDS -- 411.45 2361.77 930.74 841.68 370.26 0.907 0 

mg/L TH -- 181.63 897.74 436.20 418.98 144.02 0.959 0.041 

mg/L Na 0.002 24.00 482.79 124.08 99.90 92.52 0.828 0 

mg/L Mg 0.01 20.11 106.15 52.21 48.96 19.73 0.961 0.047 

mg/L K 0.001 2.61 221.00 22.80 11.93 31.75 0.517 0 

mg/L Ca 0.02 22.46 277.49 87.46 81.55 45.27 0.905 0 

mg/L HCO3
- 0.01 292.47 860.20 543.87 504.65 135.43 0.944 0.008 

mg/L Cl- 0.004 11.18 806.00 117.99 88.20 114.16 0.648 0 

mg/L NO3
- 0.0006 0.03 139.77 32.29 22.90 32.34 0.854 0 

mg/L SO4
2- 0.002 6.57 271.90 96.12 87.79 63.07 0.906 0 

mg/L F- 0.00002 0.0240 1.0790 0.3470 0.2977 0.2103 0.867 0 

mg/L Br- 0.00002 0.0000 2.6350 0.3729 0.2598 0.4114 0.215 0 

mg/L Sr 0.0001 0.1814 0.9882 0.4975 0.4532 0.1800 0.958 0.037 

mg/L Al 0.00004 0.0007 0.2291 0.0526 0.0410 0.0443 0.840 0 

mg/L Cr 0.00005 0.0000 0.0104 0.0014 0.0006 0.0020 0.606 0 

mg/L Mn 0.00002 0.0000 0.3732 0.0204 0.0021 0.0588 0.388 0 

mg/L Fe 0.00006 0.0017 0.6774 0.0484 0.0224 0.1032 0.345 0 

mg/L Ni 0.00002 0.0000 0.0205 0.0014 0.0007 0.0036 0.306 0 

mg/L Cu 0.00002 0.0000 0.0736 0.0030 0.0015 0.0094 0.229 0 

mg/L Zn 0.00004 0.0009 0.5300 0.0339 0.0144 0.0787 0.358 0 

mg/L As 0.00002 0.0000 0.0778 0.0115 0.0037 0.0179 0.653 0 

mg/L Li 0.00006 0.0021 0.0366 0.0121 0.0121 0.0077 0.938 0.004 

mg/L B 0.00004 0.0285 1.0065 0.2888 0.2030 0.21901 0.789 0 

mg/L Se 0.00004 0.0000 0.1357 0.0027 0.0000 0.0173 0.184 0 

mg/L Mo 0.00002 0.0000 0.0076 0.0011 0.0006 0.0014 0.746 0 

mg/L Ba 0.00002 0.0074 0.2828 0.0685 0.0604 0.0397 0.628 0 

μg/L Ag 0.002 0.02 0.03 0.02 0.02 0.00 0.500 0 

μg/L Cd 0.004 0.00 0.06 0.03 0.03 0.02 0.837 0 

μg/L Sn 0.002 0.00 0.10 0.01 0.00 0.02 0.477 0 

μg/L Sb 0.002 0.00 1.70 0.10 0.07 0.22 0.331 0 

μg/L W 0.01 0.00 1.27 0.09 0.04 0.17 0.366 0 

μg/L Tl 0.005 0.00 0.02 0.00 0.00 0.01 0.659 0 

μg/L Pb 0.002 0.00 0.92 0.04 0.01 0.14 0.286 0 

μg/L Be 0.006 0.00 1.40 0.10 0.00 0.23 0.510 0 

μg/L Co 0.002 0.00 0.30 0.08 0.06 0.06 0.789 0 

Note: The concentration of 0.0000 mg/L or 0.00 μg/L means below the detection line. -- represents not applicable 
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 628 

Fig. 1 Spatial distribution of groundwater samples in the study area.  629 
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 630 

Fig. 2 The spatial distributions of the main components in shallow groundwater in the study area: 631 

(a) TDS, (b) TH, (c) Na, (d) Cl-, (e) SO4
2- and (f) NO3

-.   632 
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 633 

Fig. 3 The spatial distributions of the trace elements in shallow groundwater in the study area: 634 

(a) F-, (b) B, (c) Al, (d) Fe, (e) Mn, (f) As, (g) Se, and (h) Ni.  635 
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 636 

Fig. 4 Ratio graphs of different indicators in shallow groundwater in the study area. 637 
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 639 

Fig. 5 Wilcox diagram (a) and USSL diagram (b) for the assessment of the shallow groundwater 640 

quality for irrigation in the study area.  641 
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 642 

Fig. 6 The spatial distribution of WQI value (a) and HI value (b) in the study area.  643 
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 644 

Fig. 7 Non-carcinogenic risks in children from different exposure routes (dermal absorption and 645 

oral ingestion). 646 
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