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Coastal aquifers play key roles in providing freshwater resources to maintain the social and economic development in coastal areas. However, climate change and human activities have dramatically affected the quantities and qualities of groundwater in coastal aquifers. In this study, stoichiometric analysis of hydrogeochemistry, multivariate analysis, and isotopic trancing techniques were used to reveal the local hydrochemistry characteristics, the natural and anthropogenic origins, and the major hydrochemical evolution in a typical coastal aquifer located in the Pearl River estuary. According to hydrogeological conditions and groundwater burial conditions, the aquifer was divided into three zones, namely, semiconfined fissure groundwater (SFGW), recharged fissure groundwater (RFGW), and porous medium groundwater (PGW). Seawater intrusion, ion exchange, water–rock reaction, and human activities were the main controlling factors affecting the characteristics of groundwater, but there were significant differences in the main controlling effects of different zones. Among them, the samples from the SFGW was severely affected by seawater intrusion, and the contributions of seawater ranged from 6% to 97%. Obvious cation exchange process occurred during the seawater intrusion. The hydrochemical characteristics of the PGW and the RFGW were mainly controlled by water–rock interaction. In addition, human activities had further influence on the hydrochemical characteristics of groundwater, which resulted in elevated nitrate–nitrogen (NO3−–N). The mean NO3–N concentrations in the PGW and the SFGW were 6.58 and 3.07 mg/L, respectively. Furthermore, the δ15N–NO3− and δ18O–NO3− values in these two regions ranged from +2.35‰ to +27.54‰ and from +0.39‰ to +18.95‰, respectively, indicating that the anthropogenic input contributed to the increased nitrate. Redox analysis and dual nitrogen isotopic evidence indicated that denitrification was the predominant biogeochemical process in the PGW and the RFGW. This study highlights the impacts of seawater intrusion and anthropogenic inputs on hydrochemical evolution and nitrogen behaviors in coastal groundwater, which provides a scientific basis for the management of groundwater resources in coastal aquifers.
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1 Introduction

Globally, population concentrating in coastal areas has significantly increased due to the geographical advantages provided in these areas and the large development of industrial activities (Xiong et al., 2020). It is estimated that 50%–70% of the global population lives along coastal areas that only account for approximately 5% of world’s surface area (Council, 2007; Steyl and Dennis, 2010). Water resources are key factors of sustainable development, and coastal aquifers provide freshwater to more than one billion people lived in these areas (Small and Nicholls, 2003; Ferguson and Gleeson, 2012). However, climate change and human activities have dramatically affected the quantities and qualities of groundwater in coastal aquifers. For example, saltwater intrusion exacerbated by groundwater extraction and rising sea levels would degrade the quality and the quantity of freshwater available in coastal aquifers (Argamasilla et al., 2017; Parizi et al., 2019; Abd-Elaty et al., 2020; Rakib et al., 2020). Human activities, such as industry, agriculture, and urbanization would also affect groundwater resources (Wakida and Lerner, 2005; Wei et al., 2020). Among these factors, the impact of human activities on water resources is anticipated to increase over the next few decades and to be more significant than that of climate change (Vörösmarty et al., 2000; Lin et al., 2016). Urbanized coastal aquifer acts as a reservoir for “pollution collection” and “pollution transport,” which records changes in pollutants under anthropogenic impacts and has become pools of reactive major or trace elements and hotspots of regional pollution (Hale et al., 2014; Zhang et al., 2015; Lin et al., 2017; Huang et al., 2021). Therefore, it is essential to investigate the groundwater quality, distribution, and transformations of major pollutants in a highly urbanized coastal aquifer suffered from both the seawater intrusion and the anthropogenic pollutant inputs, which could be helpful to the groundwater resource management.

In general, the environmental fate of major pollutants such as nitrogen, organic matters, and trace metals depends on redox condition in aquifers (Appelo and Dimier, 2004; Wang et al., 2016). The redox processes in groundwater generally include the reduction of O2, NO3−, Mn(IV), Fe(III), SO42−, and CO2 (Froelich et al., 1979; Schüring et al., 2000). Among these processes, denitrification (reduction of NO3− to N2O/N2), methanogenesis, and sulfate reduction are the major redox processes in the coastal aquifer due to the lack of O2 (Huang et al., 2022b). However, the redox processes in the coastal aquifer have relatively spatial and temporal heterogeneity that are mainly influenced by terrestrial pollutants and saltwater intrusion (Wei and Lin, 2021). How to reveal the redox processes in groundwater and clarify the controlling factors are a huge challenge. Stable isotopic technology is recognized as a powerful tool for understanding the origins of water and dissolved constituents, and the biogeochemical processes in the groundwater (Kendall, 1998; Cook and Herczeg, 2000). For example, dual isotopes (δ15N and δ18O) of nitrate have commonly been utilized to quantify the nitrate sources and to identify the occurrence of nitrogen transformations (Fukada et al., 2003; Choi et al., 2007; Hosono et al., 2013; Weng et al., 2017; Lin et al., 2021). The ratios of the δ15N and δ18O values in the remaining nitrate are assumed to be close to 1.5:1 or even 2:1 if denitrification occurred (Mengis et al., 1999; Kendall et al., 2007). Thus, in order to identify the redox processes and the environmental fate of major pollutants in the groundwater, coupled nitrogen and oxygen isotopes technique of nitrate was used in this study.

Shenzhen, located along the east bank of the Pearl River Estuary in China, is a typical city that has undergone rapid urbanization. Because of the special geographical conditions, there are no large rivers, large lakes, and large reservoirs in Shenzhen. The per capita water resources are<200 m3, which is roughly 1/11 of the average level of China and lower than the world water crisis standard (Chen et al., 2020), showing a serious shortage of local water resources. The groundwater resources in the coastal aquifer of Shenzhen are underutilized, and the amount of groundwater supply was only 2.8×106 m3/year (SMWB, 2019). Regional groundwater budget and numerical simulation showed that estimated average groundwater recharge was approximately 12% of annual precipitation (Lancia et al., 2019). As a strategic water resource and environmental asset, it is urgent to evaluate the water quality and major pollutants in the local aquifer. Although recent studies on the evolution of resources and chemistry in the groundwater have been conducted in Shenzhen city, including the effects of sewers on the amount of groundwater (Lancia et al., 2020), and the groundwater chemistry and its main geochemical factors (Shi et al., 2018), it is still unclear which major biogeochemical processes are likely to contribute to the environmental fate of major pollutants under the impacts of seawater intrusion and anthropogenic activities. Therefore, in this study, hydrogeochemical and isotope techniques were used in the coastal aquifer to (1) characterize the hydrogeochemistry, (2) identify the sources of major and trace elements, and (3) identify the major biogeochemical processes of the hydrochemical evolution suffered from seawater intrusion and anthropogenic disturbance.



2 Study Site

The study area is located in the east coast of the Pearl River Estuary (Figure 1). The total area is 186.88 km2 with a 29.9-km-long coastline. The topography of the study area is generally steep, declining from the east hill zone (100–150 m) to the west coastline (5–25 m). The climate is a typical subtropical monsoon climate with annual average precipitation of 1,935.8 mm and annual average temperature of 23.0°C.




Figure 1 | Sampling and geology map and groundwater flow field.



Triassic–Jurassic sedimentary formation contains interbedded sedimentary successions of glutenite, sandstones, and siltstones outcrops in the north and the east part of this study area (Figure 1). The west part is mainly overlaid by a thin clay layer (aquitard) and quaternary sediment with a thickness of 2–5 m in sequence (Figure 1). This fissure medium constitutes the major part of aquifer (FGW, fissure groundwater) in the study area (Han et al., 2009). The characteristics of the aquitard in this study indicated that the west region is the semiconfined fissure groundwater, and the north and east regions are the recharge zone of fissure groundwater. Therefore, the FGW could be further defined as two subzones, the FGW that could be recharged by precipitation (RFGW) and the semiconfined FGW (SFGW) (Figure 1). The overlaying quaternary sediment is recognized as the porous medium aquifer (PGW, porous groundwater, Figure 1). The PGW has relatively poor vertical hydraulic connection with the FGW but receives lateral recharge from the FGW. In addition, diffuse recharge by precipitation and river are also important recharge sources for the FGW.As one of China’s current national key economic development regions, Shenzhen city is a complex urbanized region with population dynamics, intense economic activities, and innovative clusters (Hui et al., 2018; Gao, 2019). In the study area, the gross domestic product (GDP) has increased from 182.95 billion in 2007 to 345.32 billion in 2017. The rapid economic and social development caused remarkable increased sewage inputs in the past decades, which resulted in the deterioration of local groundwater system.



3 Materials and Methods


3.1 Field Procedures

The spatial distributions of major elements, trace metals, and pollutants in the study area were investigated based on 57 sampling sites those that were collected in June 2015 (Figure 1). Groundwater samples were mainly collected from domestic and industrial wells. The well information, such as well depth, location, and operating interval, was recorded by questionnaire surveys. Based on the geology conditions, groundwater samples were classified into two groups: groundwater from the north and east recharge zone of fissure aquifer (RFGW, 20 samples) and groundwater from the west porous aquifer (PGW, 37 samples). Hydrochemistry data of 12 samples from the semiconfined fissure aquifer (SFGW) were compiled and reported by Jiang et al. (2009).

Field parameters for groundwater samples, including temperature (T), pH, electric conductivity (EC), redox potential (Eh), oxidation reduction potential (ORP), and dissolved oxygen (DO), were measured in situ using portable equipment (YSI EXO2 Multiparameter Sondes). Alkalinity was also determined on-site using the Gran titration method. Before sampling, the groundwater was pumped from the well until the EC value remained constant. Samples used for testing NH4+ concentrations were filtered by a 0.45-μm syringe-tip filter and then were acidified with reagent-quality HCl to a pH of approximately 4.0 to avoid NH4+ volatilization. Samples for trace metal analysis were filtered through vacuum filtration with 0.45-μm membranes and acidified with reagent-quality HNO3 to pH<2 on site. Samples for analyses of the major ion (Na+, K+, Mg2+, Ca2+, Cl-, SO42−, and NO3−) concentrations and the isotopes of nitrate (δ15N–NO3− and δ18O–NO3−) were filtered by 0.45-μm membranes and collected in 100-ml polyethylene bottles. Once filtered and acidified, the samples were kept cold by an ice bag in the field. All samples were brought back to the laboratory and stored at 4°C before further analysis.



3.2 Laboratory and Statistical Analysis

Dissolved cations (Na+, K+, Mg2+, and Ca2+) and anions (Cl−, SO42−, and NO3−) concentrations were measured using ion chromatography (Thermo Fisher ICS-900) with limit of detection of 0.01 mg/L. Sample replicates were chosen at random, and all fell within 5% for major compositions. Trace metals including Fe and Mn were analyzed by inductively coupled plasma mass spectrometry (ICP-MS, NexION 350D, PerkinElmer, USA).

The δ15N–NO3− and δ18O–NO3− values were determined using the bacterial denitrifier method (Sigman et al., 2001; Casciotti et al., 2002). Briefly, the NO3− in the groundwater samples was converted to N2O by denitrifying bacteria that lack N2O-reductase activity. Then, the N2O was extracted and purified through a precon system, and δ15N–NO3− and δ18O–NO3− were analyzed using an isotope ratio mass spectrometer (Thermo Fisher DELTA-V Advantage). Three international references (IAEA-N3, USGS34, and USG35) were used to correct the isotope values of samples. The analytical precisions for δ15N–NO3− and δ18O–NO3− were ±0.4‰ and ±0.5‰, respectively.Descriptive statistics and factor analysis were conducted using SPSS version 22.0. One-way ANOVA was used to test the spatial differences in major ion concentrations, trace metal concentrations, pollutant concentrations, and nitrogen and oxygen isotopes in nitrate with significance at p<0.05. Factor analysis was employed to unravel the underlying data set through the reduced new variables, and the significant factors affecting the characteristics of water chemistry were analyzed. The map of sampling sites was generated using ArcGIS 10.2.




4 Results


4.1 Field Parameter and Major Element

During the sampling period, for the samples from the FGW, the temperature ranged from 25.0. to 28.9°C. Wide ranges for EC, pH, and ORP were observed. EC ranged from 62 to 534 μs/cm, with an average of 197 μs/cm. Most samples were acidic with an averaged pH value of 5.45. ORP ranged from −116 to +311 mV, and its mean value was −53 mV. For the samples from the PGW, the temperature was relatively higher, with a range from 26.5°C to 31.5°C. Elevated EC has been observed and ranged from 283 to 2220 μs/cm, with an average of 793 μs/cm. The pH was also higher than that from the fissure groundwater, with an average of 6.44. The ORP had a wide range from −602 to +281 mV.

The Piper plot was employed here to identify groundwater hydrochemical patterns (Figure 2). For the samples from the PGW, the cation was dominated by Ca2+ (mean=1.68 mmol/L) and Na+ (mean=2.10 mmol/L), and the anion was dominated by HCO3− (mean=0.79 mmol/L). The hydrochemical pattern was Ca–HCO3. The order of abundance (expressed by meq/L) of the major cations was Ca2+>Na+>Mg2+>K+, and the order of abundance for the major anions was HCO3−>Cl−>SO42−. For the samples from the RFGW, the cation was also dominated by Ca2+ (mean=0.35 mmol/L) and Na+ (mean=0.46 mmol/L), and the anion was dominated by HCO3− (mean=0.79 mmol/L). The hydrochemical pattern was Ca–HCO3, which was similar to that in the PGW. The order of abundance of major cations was Ca2+>Na+>Mg2+>K+, and the order of abundance for the major anions was HCO3−>Cl−>SO42−. High salinization was identified in the SFGW samples, and the hydrochemical pattern was Na–Cl. Prevalent cations were Na+ and K+, and the most abundant anion was Cl−.




Figure 2 | Piper Plot of groundwater samples in the study area.





4.2 Trace Metals Concentrations

Groundwater trace metal concentrations had a wide range within the aquifer (Figure 3), for instance, Fe (3.60–2,687.66 μg/L), Mn (0.65–569.86 μg/L), Ba (3.30–174.32 μg/L), Zn (0.23–99.28 μg/L), Al (0.11–80.91 μg/L), Cr (0.73–17.06 μg/L), As (0.25–38.04 μg/L), Ni (0.21–28.15 μg/L), Mo (0.02–14.21 μg/L), Se (0.00–6.99 μg/L), Cu (0.17–3.93 μg/L), Co (0.0.1–13.22 μg/L), Pb (0.00–7.86 μg/L), Cd (0.00–0.37 μg/L), and Be (0.00–1.00 μg/L). Among the 15 trace metals analyzed, Ni, Pb, and Cd are the most toxic. According to the WHO drinking water guidelines (WHO, 2011), the highest admissible concentrations of Ni, Pb, and Cd are 70, 10, and 3 μg/L, respectively. In our study area, concentrations of Ni and Pb in all the samples were below the guideline values of WHO; only one sample had Cd of 0.375 ug/L that was higher than the guideline value.




Figure 3 | Boxplots of trace metal concentrations (μg/L) in groundwater in the study area. Logarithmic coordinates are used for the y-axis due to the large variation in concentration ranges.





4.3 Pollutant Concentrations and Isotope Signatures

Nitrogen (NH4–N, NO2–N, NO3–N, and TN) concentrations showed significant spatial distributions (Figure 4). The NO3–N was detected in both the PGW and the SFGW with averaged concentrations of 6.58 and 3.07 mg/L, respectively. The NH4–N was mainly detected in the PGW with an averaged concentration of 8.21 mg/L. The NO2–N was also detected in PGW with an averaged concentration of 0.40 mg/L. As a whole, NO3–N was the predominant species of dissolved inorganic nitrogen in the RFGW, and NH4–N was the predominant species in the PGW, while the DFGW samples were free of nitrogen contamination. The COD concentrations of groundwater ranged from 0.1 to 75.0 mg/L, which showed spatial variations. The range of COD concentrations in the PGW was from 0.1 to 75.0 mg/L with an average of 21.9 mg/L, while the range of COD concentrations was from 0.1 to 57 mg/L with an average of 26.7 mg/L in the RFGW. The δ15N–NO3− and δ18O–NO3− values in the PGW ranged from +12.81‰ to +27.54‰ and from 7.54‰ to  +18.95‰, respectively, while for the samples from the RFGW, the δ15N–NO3− and δ18O–NO3− values ranged from +2.35‰ to +15.79‰ and from +0.39‰ to +9.96‰, respectively.




Figure 4 | Nitrogen variations in the groundwater of the study area.






5 Discussion


5.1 Characteristics of Dual Isotopes in Nitrate in Coastal Groundwater

As results showed, NO3−–N was the dominant N form and major pollutant in the coastal groundwater. The characteristics of dual isotopes of NO3− (δ15N–NO3− and δ18O–NO3−) could provide evidence of origins and major transformation process of nitrate. In this study, the mean values of δ15N–NO3− and δ18O–NO3− in this study were 16.4 ± 5.7‰ and 10.0 ± 3.6‰, respectively. These values were comparable to those reported in previous studies on groundwater in the Pearl River Delta. For example, the δ15N–NO3− and δ18O−NO3− in coastal aquifer system of Guangzhou ranged from +9.25‰ to +31.99‰ and from −2.83‰ to +16.74‰, respectively (Li et al., 2019b); the δ15N–NO3− and δ18O–NO3− in shallow groundwater of Dongguan ranged from +6.68‰ to +26.23‰ and from −6.59‰ to +13.72‰, respectively (Li et al., 2020). In addition, the mean values of δ15N–NO3− and δ18O–NO3− in the coastal groundwater of this study was higher than those reported in the shallow groundwater (+12.4 ± 0.4‰ and +8.2 ± 0.1‰) and was lower than those reported in the deep groundwater of the southern ocean (+21 ± 0.7‰ and +11 ± 0.9‰) (Wong et al., 2014). However, compared to surface water in the estuarine and coastal ecosystems, the δ15N–NO3− in groundwater showed higher values (Ye et al., 2016; Archana et al., 2018). This finding suggested that sewage effluents (δ15N>+10‰) or denitrification was likely to be responsible for the elevated δ15N–NO3− values in the groundwater.



5.2 Origins of Major and Trace Elements

The data set for the three groups was analyzed separately by R-mode factor analysis, and different factors were identified for the RFGW, the PGW, and the SFGW. ORP is excluded from all the analysis because it is highly skewed and has no improvement by BOX-COX transformation. NH4+ is also excluded from the analysis for the RFGW and the SFGW because the samples in the RFGW and the SFGW were free of ammonium pollution. COD and NO3− data are missing for SFGW so that only major ions such as Na+, K+, Ca2+, Mg2+, HCO3−, Cl−, and SO42− are included for the SFGW factor analysis. Four factors are identified for the RFGW and the PGW, while only two factors were identified for the SFGW. The parameters with factor loadings >0.6 or<−0.6 and factor meanings are listed in Table 1. Based on the loadings, the first and second factors can be grouped as the groundwater salinization factors, and the third and fourth factors can be grouped as the pollution factors.


Table 1 | Results of factors analysis in the different aquifers.




5.2.1 Natural Origin

(1) Natural origin of major elements

The first factor group (factor 1 and 2) identified was mainly related to the groundwater salinization processes, although each has some different meanings for the RFGW, the PGW and the SFGW (Table 1). In the recharge zone of fissure aquifer (RFGW), factor 1 had high positive loadings on TDS, Na+, Ca2+, Mg2+, Cl-, NO2- and NO3- and was recognized as “rock weathering” factor, which indicated that the water-rock reaction was the main factor contributing to TDS. The sea water indicator SO42- showed a negative loading, which indicated that the increase of TDS had no relation with the sea water. In addition, NO3- showed a positive loading on factor 1, implying natural (non-anthropogenic) origin of NO3- such as precipitation deposition. Factor 2 with high positive loadings on HCO3- and negative loadings on DO represented the occurrence of DOM oxidation and DO consumption processes. The corrosive CO2 released by oxidation of DOM could promote the dissolution of carbonate and silicate, which resulted in the increases of HCO3- and Ca2+. The first factor identified for the PGW had positive loadings on TDS, Na+, K+, Ca2+, Mg2+, Cl- and SO42- (Table 1) and was recognized as “rock weathering and evaporation concentration” factor. Factor 2 for the PGW had high loadings on T, pH, Ca2+ and HCO3-. This factor was recognized as “carbonate dissolution factor”. The factor analysis results indicated that carbonate dissolution, mixing with seawater and evaporation were major factors that resulted in the increase of TDS for the PGW. The first factor identified for the SFGW had positive loadings on TDS, Na+, K+, Ca2+, Mg2+, Cl- and SO42- (Table 1) and was recognized as “sea water intrusion” factor. In addition, the Gibbs plot showed that all the samples came from the SFGW were located in the sea water zone, which indicated that the major elements in the SFGW was affected by severe seawater intrusion (Figure 5).




Figure 5 | Modified Gibbs plot. The Na+/(Na++Ca2+), Cl−/(Cl-+HCO3−) is calculated by weight concentrations in mg/L.



(2) Natural origin of trace elements

Because the relative low concentrations and low mobility of trace metals, the origin of trace metals were expected to originating natural input rather than anthropogenic input in this study area. Previous studies have documented the contents of trace metal in the Quaternary sediments of the Pearl River Delta (PRD) (Wang et al., 2016), which found that Fe and Mn showed the largest abundance, followed by Ba, Cr, Zn, Ni, Cu, Pb, Co, Mo, Cd in the solid phase. Similar abundance of trace metals with Fe > Mn > Ba > Zn > Al > Cr >As > Ni > Mo > Se >Cu >Co >Pb >Cd > Be were observed in the dissolved phase in this study area (Figure 3), which indicated that the origin of trace elements in the groundwater was sedimentary deposits. In addition, previous studies suggested that the mobility of trace metals in the groundwater was limited by adsorption on various solid phases of sediments, including sedimentary organic matter, carbonate phases, Fe-Mn oxides, and other minerals, which was strongly depended on pH variability (Wang et al., 2016; Liénart et al., 2018). Trace metals would mobilize when pH values were low, and most of heavy metals would be entirely adsorbed when pH values were as high as 7 (Appelo and Postma, 2005b). Although significant amounts of heavy metals were found in the groundwater in this study, no significant correlation was identified between the concentrations of any heavy metal and the pH (Figure 6), which indicated that pH was not the major factor affecting the mobility of heavy metals in this groundwater system. This results was likely because pH values were circum-neutral or slightly alkaline caused by marine influences and the possible presence of dissolved ammonia in the groundwater (Wang et al., 2016; Huang et al., 2022a).




Figure 6 | Matrixes of Person correlations between trace metals and other field parameters in this study area. Red and blue dots inside the squares correspond to the negative and positive correlations with p<0.05, respectively. Light-colored small dots represent low correlations, while darker-colored large dots correspond to higher correlations. Missing dots inside the squares indicate an insignificant relationship between the pairwise variables.





5.2.2 Anthropogenic Input

Deterioration of groundwater quality could be expressed by the pollution factor group (factors 3 and 4 in Table 1. Factor 4 with loading on COD was identified for both the RFGW and the PGW, indicating ubiquitous organic pollution in the local groundwater. Averaged COD concentrations of the RFGW and the PGW were 26.65 and 21.85 mg/L, respectively. In addition, factor 3 showed different meanings for the RFGW and the PGW. For the RFGW, only nitrate was detected, and the averaged concentration was approximately 0.22 mmol/L (3.08 mg N/L), which was lower than that of the WHO drinking water standard (10 mg N/L). As described by factor 1, the natural origin of nitrate came from precipitation deposition. Compared with the RFGW, elevated nitrate, nitrite, and ammonium were detected in the samples from the PGW. For the PGW, the averaged concentrations of nitrate, nitrite, and ammonium were 0.47, 0.03, and 0.59 mmol/L, respectively. From the N loading perspective, 20% of the PGW samples have exceeded the WHO drinking water standard. The isotope signals of δ15N–NO3− and δ18O–NO3− values in the PGW showed higher values and within the expected range of manure and sewage zones (Figure 10A), indicating that the infiltration of manure and sewage caused by human activities was mainly responsible for the increase in nitrate in the groundwater. In addition, the more severe environmental problem for the PGW samples was caused by high ammonium concentrations. Averaged NH4+ concentration of the PGW samples was 0.59 mmol/L (8.26 mg N/L), which was higher than the values that were defined by the standard for groundwater quality in China (type V: 1.5 mg N/L). Previous studies have showed that the extremely high ammonium concentration originated from N-bearing organic matter mineralization in the west bank of the Pearl River estuary (Jiao et al., 2010; Wang and Jiao, 2012; Wang et al., 2013; Li et al., 2019b). This study found that the high ammonium with natural origins also existed in the east bank of the Pearl River estuary. However, our previous study showed that mineral dissolution was mainly controlled by acid rain caused by human activities in the eastern Pearl River Delta (Li et al., 2020). Therefore, the indirect impact of anthropogenic activities (e.g., acid rain) on groundwater chemistry might be more responsible for the accumulation of nitrogen in the groundwater.




Figure 10 | Plot of δ15N–NO3− versus δ18O–NO3−(A) and δ15N–NO3− versus Ln(NO3−) (B). The typical ranges of potential nitrate sources were taken from Xue et al. (2009).






5.3 Hydrochemical Evolution and Nitrogen Behaviors

Gibbs plots displaying the weight ratios of Na+/(Na++Ca2+) and Cl−/(Cl−+HCO3−) against the TDS values have been widely employed to assess the dominant factors of soluble ions in the surface waters, such as precipitation, river water, and bedrock mineralogy (Gibbs, 1970; Feth and Gibbs, 1971). However, total key factors that controlled hydrochemical evolution in the groundwater were unlikely to be identified from the original Gibbs diagram due to the complexity of groundwater environments. Therefore, the natural processes defining the hydrochemical evolution of groundwater have been reassessed by Marandi and Shand (2018), which are shown in a modified version (Figure 5). It was observed that all groundwater samples from the PGW and the RFGW fell into the rock weathering dominance zone. Among the rock weathering processes, carbonate dissolution was recognized as the dominant factor, while silicate dissolution by precipitation was responsible for some of the samples. The samples from the SFGW were located in the region of seawater, which evidenced seawater intrusion. In addition, the large variations of Na+/(Na++Ca2+) suggested that cation exchange might have an influence on the cation exchange of Na+ and Ca2+ content in the groundwater (Liu et al., 2015). Therefore, the cation exchange during mixing, water–rock interaction, and redox processes could not be revealed by Gibbs plot but are important factors affecting the specification and behavior of redox couples.


5.3.1 Mixing Process and Ion Exchange

Generally, Cl− can be used to estimate the contribution of seawater in the confined aquifers by the mixing equation shown below (Appelo and Postma, 2005):

 

where mCl,sample, mCl,fresh, and mCl,sea are the Cl− concentration in the sample, freshwater, and seawater, respectively. fsea is the fraction of seawater in the aquifer. Based on mixing Equation 1, the fraction of seawater contributions in the groundwater ranged from<1% to 97%. Specifically, the semiconfined fissure aquifer (SFGW, 12 samples) suffered from severe seawater intrusion with seawater fraction from 6% to 97%. Samples from the PGW and the RFGW were almost free of seawater intrusion with seawater fraction smaller than 1.5%.

During the mixing of seawater and fresh groundwater, the cation-exchange process could significantly alter the major cation compositions according to the Equations 2 and 3:





The plot of (Na++K+–Cl−) against [Ca2++Mg2+–(HCO3−+CO32−+SO42−)] was usually used to explain the possibility of cation exchange in groundwater (Liu et al., 2015; Li et al., 2019c). However, carbonic, sulfuric, and nitric acid participated in carbonate mineral and silicate mineral weathering, which resulted in the enrichment of Ca2+ and Mg2+ contents in the groundwater in this study area. Thus, we regarded [Ca2++Mg2+–(HCO3−+CO32−+NO3−+SO42−)] as one of the coordinate axes. The diagram of (Na++K+–Cl−) versus [Ca2++Mg2+–(HCO3−+CO32−+NO3−+SO42−)] depicted a negative linear correlation (Figure 7A), which demonstrated that the cation exchange between Na+, K+ and Ca2+, Mg2+ occurred in the groundwater. However, in the SFGW, the excess Ca2+ came from cation exchange that precipitated with HCO3− into CaCO3, leading to the SFGW samples deviating from the 1:1 line as shown in Figure 7A.




Figure 7 | Stoichiometric relation between major ions (A) and scatter plot of CAI1 and CAI2 for groundwater samples (B).



The chloro-alkaline indices CAI1 = [Cl−–(Na++K+)]/Cl− and CAI2 = [Cl−–(Na++K+)]/(HCO3−+CO32−+SO42−+NO3−) (Schoeller, 1964; Schoeller, 1977) were also applied to analyze cation-exchange processes (Figure 7B). The positive values of the two indices suggested the occurrence of cation exchange expressed as Equation 2, while negative values of the two indices could be obtained when cation exchange expressed as Equation 3 occurred. The CAI1 and CAI2 for all samples from the SFGW showed positive values, which ranged from 0.21 to 0.40 and from 0.77 to 6.30, respectively. The exchange of Na+ and K+ from the water with Ca2+ and Mg2+ of the aquifer medium in the SFGW did occur during the seawater infiltration. However, the CAI1 and CAI2 for the RFGW and the PGW samples showed negative values, indicating that the process could be expressed by Equation 3.



5.3.2 Water–Rock Interaction

The stoichiometric relationships among major ions could give further explanation of the influence of water–rock interaction on hydrochemistry in groundwater. The ratios of Na+ and Cl- (in meq/L) in seawater was close to 0.86, while the congruent dissolution of halite or exogenous input of NaCl resulted in the ratios of Na+ and Cl− close to 1:1. In Figure 8A, the ratios of Na+ and Cl− of the SFGW samples were close to 0.86, which confirmed the occurrence of seawater intrusion. For the PGW and the RFGW, some samples located along the 1:1 line, indicating the existence of halite or exogenous input of NaCl. The excess of Na+ implied the dissolution of albite (NaAlSi3O8) and Na-feldspar (NaAlSi3O8) caused by carbonic, sulfuric, and even nitric acid, which are the sources of (Na++K+) contents in groundwater. In Figure 8B, most of the samples deviated from the 1:1 line of Ca2+ and SO42−, indicating the absence of gypsum in the aquifer. The excess of Ca2+ indicated that the carbonate dissolution was the dominant process that contributed most of Ca2+. This result could be further proved by the stoichiometric analysis of (Ca2++Mg2+) and HCO3−. In Figure 8C, most of the samples from the PGW and the RFGW were located along the 1:1 carbonate dissolution line, which demonstrated that the dissolution of calcite and dolomite dominated in this study area. However, acid rain emerged as an important environmental problem in Southern China since the 1980s, as previous studies documented (He et al., 2002; Larssen et al., 2006; Zhang et al., 2010). SO2 and NOx are the main components in acid rain, which participate in carbonate mineral and silicate mineral weathering (Cao et al., 2020). In this study, the stoichiometric relation between (Ca2++Mg2+) and (HCO3−+SO42−) showed that lots of samples were located above the 1:1 line (Figure 8D). The excess of (HCO3−+SO42−) compared to (Ca2++Mg2+) illustrated the occurrence of silicate weathering in the PGW and the RFGW.




Figure 8 | Stoichiometric relation between Na+ and Cl−(A), SO42−, and Ca2+(B), Ca2++Mg2+ and HCO3−(C), and Ca2++Mg2+ and HCO3−+SO42−(D).





5.3.3 Redox Process and Nitrogen Behaviors

(1) The Redox Conditions

The fates of nitrogen and trace metals in groundwater are determined by the redox conditions. Under the ample supply of organic matter, the sequence of redox reactions is arranged as the depletion of dissolved oxygen (DO), reduction of nitrate (NO3−), emergence of manganese (Mn) and iron (Fe) with lower valence (+2), reduction of sulfate (SO42−), and finally the generation of methane (CH4) (Appelo and Postma, 2005b; Rivett et al., 2008). In this study, redox diagrams (pH–pe diagrams) were employed to evaluate the groundwater redox conditions and dominant species of nitrogen and trace metals. The dominant species theoretically controlled by the pH and pe was N2 for nitrogen (Figure 9A), Fe (+2) in the RFGW and Fe (+3) in the PGW for iron (Figure 9B), and SO42− (+6) for sulfur (Figure 9C). Thus, it could be deduced that the redox condition was in the state of reduction in NO3− (denitrification) and even reduction in Fe and Mn in the RFGW. However, due to the complex interaction of the electron acceptor and donor and lack of equilibrium between different redox couples in the aquifer, NO3− was still represented as the electron acceptor in the groundwater. The following part is mainly focused on the fate of NO3−.




Figure 9 | Redox diagram of nitrogen (A), iron (B), and sulfur (C).



(2) NO3− Behavior Revealed by Stable Isotopes Technique

The stable isotopic signatures of NO3− (δ15N–NO3− and δ18O–NO3−) were widely used to identify the nitrate sources and the occurrence of denitrification (Xue et al., 2009; Lin and Lin, 2022). Source identification showed that the δ15N–NO3− and δ18O–NO3− values in the groundwater fell in the range of manure and sewage zone (Figure 10A), which suggested that anthropogenic origin such as manure and sewage dominated in both the RFGW and the PGW. This result indicated that the local groundwater quality has been deteriorated by human activities. The deviation of both δ15N–NO3− and δ18O–NO3− forms the characteristic values of a typical pollutant source, indicating that the nitrogen transformations, such as denitrification, have been altering the initial N and O isotopes values.

Denitrification generally resulted in the removal of NO3− in aquifer. Based on the Rayleigh fractionation principle, the heavy isotopes 18O and 15N is more enriched in the residual nitrate when the removal of NO3− occurred. Thus, during the denitrification, a negative linear relationship between δ15N–NO3− and Ln(NO3−) (Fenton et al., 2009; Otero et al., 2009; Li et al., 2019a), and the ratios of fractionation factors (Δδ15N/Δδ18O) varying from 1.3 to 2.1 (Fukada et al., 2003), could be detected. In our study area, for both the PGW and the RFGW, significant positive correlations between δ15N–NO3− and δ18O–NO3− (Figure 10A) combined with the negative correlations between δ15N–NO3− values and Ln(NO3−) (Figure 10B) were observed, which confirmed the existence of denitrification in these regions. In addition, the ratios between δ15N–NO3− and δ18O–NO3− were 1.85 for the PGW and 3.03 for the RFGW, respectively, which indicated that the denitrification signal was stronger for the PGW than that of the RFGW. This result acted in accordance with the redox condition analysis, which has found that the reduced environment was stronger for the PGW than that for the RFGW. Therefore, denitrification was a non-negligible biogeochemical process for the removal of NO3− in the aquifer, and our study highlights the elevated denitrification process in coastal groundwater that suffered from seawater intrusion and anthropogenic inputs.





6 Conclusion

Coastal aquifers play key roles in providing freshwater resources to maintain the social and economic development in coastal areas. As one of the current national key economic development regions in China, Shenzhen city is a complex urbanized region with population dynamics, intense economic activities, and innovative clusters. It is of great scientific and practical significance to evaluate the possibility of coastal groundwater resources as strategic reserve water resources. In this study, stoichiometric analysis of hydrogeochemistry, multivariate analysis, and isotopic trancing techniques were combined to reveal the local hydrochemistry characteristics, its natural and human-activity-induced controlling factors, and the major hydrochemical evolution in a typical coastal aquifer located in the Pearl River estuary.

Seawater intrusion, ion exchange, water–rock reaction, and human activities were the main controlling factors that affected the characteristics of groundwater in this study area, but there were significant differences in the predominant controlling effects of different zones. High salinization was identified in the SFGW samples, and the hydrochemical pattern was Na–Cl. Prevalent cations were Na+ and K+, and the most abundant anion was Cl−. It revealed that SFGW was severely affected by seawater intrusion. Mass balance analysis based on Cl− showed that the contribution of seawater was between 6% and 97%. Obvious cation exchange process occurred during the seawater intrusion. The hydrochemical characteristics of the PGW and the RFGW were mainly controlled by water–rock interaction. Human activities had further influences on the hydrochemical characteristics of groundwater, resulting in elevated nitrate. Redox analysis deduced that the redox condition was in the state of reduction in NO3− (denitrification) and even reduction in Fe and Mn in the RFGW. Furthermore, dual nitrogen isotope tracing techniques reveal that the denitrification did occur in the PGW and the RFGW. Denitrification was the major process that controlled the transformation of nitrogen. This research provides a scientific basis for the management of groundwater resources in coastal aquifers.
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