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Abstract

:

The Heuningnes Catchment in the Republic of South Africa was used as a case study in this research to describe the application of saltwater fraction/quantification and hydrogeochemistry methods to evaluate the extent of saline intrusion in the coastal aquifers. The argument of the research is that the presence of seawater incursion may be conclusively determined by combining the examination of the major ions, seawater fraction, stable isotopes of water, bromide, and geochemical modeling. Using stable isotopes of oxygen (18O) and deuterium (2H), major ions chemistry, seawater composition, and geochemical modeling, the genesis of salinity and mixing of different water masses were examined. Twenty-nine (29) samples of groundwater were examined. All samples showed water facies of the Na-Cl type, indicating a seawater-related origin. The significance of mixing in coastal aquifers under natural conditions was shown by the hydrogeochemical characteristics of key ions derived from ionic ratios, which demonstrated substantial adherence to mixing lines among endmembers for freshwater as well as saltwater (seawater). The quantification of seawater contribution in groundwater percentages varied from 0.01 to 43%, with three samples having concentrations of seawater above 50%. It was clear from the hydrogeochemical analysis and determination of the proportion of saltwater that the seawater intrusion impacted the coastal fresh groundwater. In addition, the chloride concentration in the groundwater ranged from 81.5 to 26,557.5 mg/L, with the corresponding δ18O values ranging from −5.5‰ to −0.9‰, which suggested that freshwater and saltwater were mixing. The Br−/Cl− ratios showed that evaporation had played a part in elevating groundwater salinity as well. Since saturation indices were below zero, the mineral dissolution could also contribute to the salinization of groundwater. Further proof of seawater incursion in the investigated catchment was supplied by geochemical modeling and bromide. Even though such tools were not verified in multiple coastal aquifers for widespread generalization, the study offered a scientifically significant understanding of the application of such tools on seawater intrusion in coastal aquifers and has useful recommendations for the aquifer setting of similar environments.
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1. Introduction


In coastal aquifers, seawater intrusion (SWI) is a prevalent concern everywhere in the world that can be caused by both static changes in the groundwater table and dynamically by incoming saline waters during pumping [1]). Throughout the past few decades, the salinity issue has received extensive research attention, especially in coastal aquifers [2]. Seawater intrusion into freshwater aquifers can cause water quality to deteriorate and put human infrastructure at risk of corrosion. One of the central problems with water quality in unconfined aquifers linked to the ocean is saltwater intrusion, specifically in cases when excess abstraction may result in a drop in the piezometric head. Owing to the presence of (i) clay layers, which at least partly separate groundwater from seawater, and (ii) a vadose zone, where most biogeochemical processes occur, hydrogeological activities in confined or semi-confined aquifers are more complex. Consequently, both confined and unconfined aquifers are susceptible to saltwater intrusion [3]. Aquifer water quality may also be affected by a series of exchange, dissolution, and precipitation reactions related to seawater intrusion [1]. Cation exchange processes are well recognized to occur in conjunction with the displacement of freshwater by saltwater during seawater intrusion [4].



The behavior of saline groundwater flow has been described in previous research using a mixture of chemical and isotopic markers, defining flow patterns, and identifying groundwater salinization processes [5,6,7]. Their application includes studying how the freshwater–saltwater interface moves and comprehending how various coastal aquifers’ saline water bodies and surrounding freshwater interact with one another. Understanding the intricacy and non-linearity of saltwater intrusion in the coastal area is challenging due to the numerous elements that could be responsible for the salinity of groundwater. Examples include mineral weathering, saline groundwater moving to unconfined aquifers as a product of over-pumping, temperature changes and variations, and sea level rise. Another example is the evaporation of materials in wet places [8]. An increase in Cl− and TDS concentrations along the shoreline can be a sign of seawater incursion. Seawater intrusion, which is the mixing of saline water and freshwater, and water–rock interactions can all have an impact on groundwater salinity (such as cation exchange processes with clays). The understanding of seawater intrusion mechanisms may be considerably improved by combining data from numerous sources with hydrogeological and chemical information. Research conducted elsewhere has mostly focused on groundwater flow modeling, brine water formation, and preventative strategies for seawater intrusion [9]. At the Heuningnes Catchment, however, there is limited knowledge of how much seawater is present. Seawater intrusion is now assessed using conventional hydrogeochemical techniques such as the single index, multivariate analysis, mathematical statistics, and attribute identification approaches. On the other hand, the single index method’s calculation outputs have some drawbacks, including unpredictability and bias. This calls for new approaches to research the SWI process in the Heuningnes Catchment. Determining the saturation index (SI) in the Heuningnes Catchment using both the isotope technique and conventional hydrogeochemistry was the aim of this work as a result. It should be emphasized that this is the first time the Heuningnes Catchment’s SI has been studied using the seawater quantification approach. In the research, geochemical modeling was also used.




2. Study Area


The Heuningnes catchment is situated in the Cape Agulhas Municipality, at 34°20″ and 34°50″ S latitude and 19°30″ and 20°30″ E longitude [10]. The catchment is 1401 km2 in size and includes the quaternary catchments G50B, G50C, D, E, and F (Figure 1a). Due to the poor aquifer condition of the Bokkeveld Group shale, the little water that is extracted from it typically has brackish or saline quality. This formation can be found in the catchment’s central region close to Elim village on the Agulhas Plain [11]. The Bokkeveld Group shale is covered by the Bredasdorp Group (Quaternary sediments) in the Heuningnes catchment, closer to the Soetandalsvlei Nature Reserve. The Bredasdorp deposits are composed of the tertiary and quaternary layers of unconsolidated to semi-consolidated, calcareous sands. The Bredasdorp Group’s shallow marine and aeolian sediments also contribute to the primary aquifer in the catchment (Figure 1b).



There are primary and secondary aquifers within the catchment. Primary aquifers are created by unconsolidated sediments that have been deposited as alluvium in the floodplains of important river systems [12]. These aquifers are frequently found in areas with low rainfall, and they are mostly refilled during strong rains and flooding.



Yet, secondary aquifers are the most prevalent and typical. They are composed of the Bokkeveld Group shale and Table Mountain Group (TMG) quartzites. These aquifers host groundwater in fractures (joints and fault networks) [13]. The TMG aquifers (quartzites) generally produce a substantial yield with good water quality, which has low TDS. On the other hand, the Bokkeveld aquifers (composed of shale) are characterized by low yield, poor water quality, and a high TDS [14]. In the Heuningnes Catchment, the most prominent aquifers are represented by the alluvial (primary) and fractured aquifers (secondary). The TMG is the Heuningnes Catchment’s main source of groundwater (Table 1). There are other “small aquifers”, but they do not provide significant water.




3. Materials and Methods


3.1. Groundwater Sampling


To assess saltwater intrusion in the Heuningnes Catchment, 29 groundwater samples were taken from a coastal aquifer using piezometers and existing boreholes. Some of the piezometers were dry or broken, and some of the boreholes that were initially chosen for the study were unavailable at the time of sampling. As a result, there are gaps in the data set, which is typical for data on water quality. Most of the boreholes and piezometers that are chosen as groundwater sample locations have been established for scientific study and are under the management of the University of the Western Cape. A Solinst TLC meter was used to measure static water level prior to sampling, and a specific depth sampler was used to capture borehole samples from certain depths inside the screen. Prior to collecting a sample, three well volumes of water were removed to get rid of any standing water to obtain a sample that would be indicative of the aquifer water quality. Polypropylene 250 mL plastic bottles were used and pre-cleaned with 10% hydrochloric acid and phosphate-free detergent from Kimix chemicals (Cape Town, South Africa). The samples were filtered using a 0.45 μm Munktell filter (Falun, Sweden) and stored in a cooler box in the field; they were then kept at 6 °C in a refrigerator until they could be analyzed in the lab. A HACH HQ40d multimeter (Loveland, CO, USA) was used to measure the EC, pH, and temperature in the field. Overall, the analytical processes, quality assurance, quality control, and precision were built on the methodology described by APHA (2017).




3.2. Groundwater Chemical Analysis


Inductively coupled plasma optical emission spectrometry was used to analyze the major cations and anions concentration. The instrument’s sensitivity and detection limit vary depending on the element. The instrument’s minimum detection limits are as follows: magnesium is 0.04 mg/L, calcium is 0.02 mg/L, potassium is 5.10 mg/L, and sodium is 1.80 mg/L (Thermo Fisher Scientific, Johannesburg, South Africa). Moreover, seawater intrusion in the boreholes was investigated using the seawater fraction. Chloride is regarded as a conservative ion that is unaffected by ion exchange; this proportion is frequently determined in groundwater using chloride concentration [16]. According to [4], the concentration can be calculated as follows:





   f  sea     =    C  C l , sample   −  C  C l , fresh      C  C l , sea   −  C  C l , fresh      



(1)




where CCl,sample denotes the level of chloride in the sample, CCl,sea denotes the concentration of Cl− in Indian Ocean, and CCl,fresh denotes the concentration of Cl− in freshwater. The freshwater sample was chosen while taking into mind the lowest electrical conductivity measurement value. Because of its high solubility, Cl− is typically not eliminated from the system [4]. The sole sources of input are the ions in the aquifer matrix or another source of salinization, such as seawater incursion [17]. Theoretical concentrations ensuing from the conservative mixing of seawater and freshwater of each ion were calculated using the seawater fraction:





   C  i , m i x   =    f  s e a     ×    C  i , s e a   +   1 −    f  s e a       ×    C  i , f r e s h    



(2)




where Ci,sea and Ci,fresh denote, respectively, ion concentrations in freshwater and seawater. The difference in concentration between the conservative mixing Ci,mix and the measured Ci,sample for each ion served as the simplest way to express the ionic deltas (Δ) [18], and subsequent from any chemical reaction occurring with mixing was defined as follows:




   Δ  C i  =    C  i , s a m p l e   −    C  i , m i x     



(3)





Identification and measurement of hydrogeochemical processes and probable chemical reactions which occur in the aquifer depend on calculating these ionic deltas [19,20]. Hence, when ΔCi > 0, ion i introduction to groundwater happens, and when ΔCi is negative, ion loss relative to theoretic mixing is indicated [20].




3.3. Geochemical Modeling and Rock Geochemistry


The PHREEQC geochemical modeling code is based on the collected chemical analyses, which included concentrations of both major and trace elements [21]. Using the PHREEQC, the saturation indices (SIs) for minerals of interest are calculated. The index determines the thermodynamic potential of a solution for additional mineral dissolution or precipitation. Applicable mineral saturation indices (SIs) are calculated using the formula SI = log (IAP/KT), where IAP stands for the ion activity product and KT for the solubility product. Before the model was run, the database also had the additional parameters Eh and pH. The model outputs were tabulated with a focus on the minerals that saturated the groundwater under study.




3.4. Stable Isotope Analysis


The Earth Sciences Department at the University of the Western Cape used an LGR DLT-100 Liquid Water Isotope Analyzer (Model 908-0008-2010), manufactured by Los Gatos Research Inc. (San Jose, CA, USA) to measure stable ambient isotopes of oxygen and hydrogen. Using the delta (δ) notation from the equation, the results were expressed as a deviation from the Vienna Standard Mean Ocean Water (VSMOW) in terms of per mil (‰) difference:





   δ 18  O   δ 2 H   =      R  s a m p l e      R  s t a n d a r d     − 1   ∗ 1000  



(4)




where R is the ratio of the isotopes 18O:16O and 2H:1H in the sample and the standard, respectively. The sample ratios were calibrated against the VSMOW2 and SLAP2 standard reference materials utilizing a variety of standards (high and low). For 2H and 18O, respectively, the measurement accuracy was less than 0.6 and 0.2. The local meteoric water line and the global meteoric water line (GMWL) were shown alongside the derived stable isotope data for reference. ArcGIS 10.3 Spatial Analysis Module’s IDW (Inverse Distance Weighted) algorithm was used to produce a spatial distribution of the water quality characteristics.





4. Results and Discussion


4.1. Hydrogeochemical Analysis (Groundwater Facies)


The Piper trilinear plot [22] and an HFE-D diagram were utilized to clarify hydrogeochemical processes taking place in the groundwater system. The samples were classified as NaCl types originating from coastal regions (Figure 2). The NaCl-type water typically indicates that seawater had a considerable impact in coastal areas.



The facies evolution sequence during recharge and incursion episodes may not always be clearly recognized using traditional representations such as the Piper diagram. Ref. [23] asserted that the HFE-D diagram is more useful in this context. The HFE diagram for groundwater samples from the Heuningnes Catchment is presented in Figure 3. The Na-Cl quadrant, where the samples were concentrated, demonstrates the effect of saltwater intrusion. Most of the water samples matched the facies sequence (4-7-10-13) along the mixing line, thus indicating straightforward mixing with little to no base exchange reaction involvement. During the seawater intrusion phase, to the right and below the horizontal line of 33.3%, there was a brief reverse exchange of Na+/Ca2+ and an initial increase in salinity.




4.2. Classification of Groundwater Salinization


A multiparameter water quality probe was used to take EC readings in the field. The formula TDS (mg/L) = 0.65 × EC (μS/cm) was used to indirectly determine the total dissolved solids (TDS) values of groundwater from the EC values [24]. Using the classification of [25], TDS values were utilized to demonstrate the salinization level. The brackish and brine water were considered to be saline in this study based on the salinity categorization in Table 2.



Groundwater TDS values range from 218 mg/L to 43,030 mg/L. There was a clear distinction of groundwater between upstream and downstream areas. The upper high elevation part of the catchment contained fresh water with the highest TDS values of 463 mg/L and an average of 301 mg/L (Table 2). The upstream part of the catchment was dominated by the TMG formation with sandstone and quartzite rocks of weathered and fractured units [26]. The lower TDS values may be attributed to the high flow rate of groundwater and lower solubility of the aquifer material units. The low TDS values for the TMG formation were due to the less reactive nature of its quartzite sandstone rock, as well as the high localized rainfall in the mountainous terrain where the TMG is prevalent [27]. Meanwhile, the middle and lower parts of the study area had the highest groundwater TDS values with an average of 22,514 mg/L. The elevated TDS values could be due to the mineral dissolution, as the area is dominated by the Bokkeveld shale and clay formations. The low permeability in these formations, coupled with a gentle slope, may have resulted in slow groundwater velocities, as well as high residence and contact times resulting in high rock–water interactions and, therefore, elevated salinization. In general, there was a correlation between the potentiometric surface and groundwater salinity such that the groundwater in upstream areas was fresh and the salinity increased in downstream areas.




4.3. Suitability of Groundwater for Drinking


Depending on the specific regulations, the quality of groundwater influences its usefulness for diverse applications. Only the physicochemical parameters of the research area’s groundwater quality were compared with industry-standard values from the [28] drinking purpose standards in order to determine its acceptability for drinking (Figure 4). TDS values constitute an important water quality parameter, which is widely used to assess the suitability of water for drinking and irrigation purposes. High values of TDS in groundwater may affect persons who are suffering from kidney and heart diseases. The high content of TDS in water can be due to anthropogenic sources such as domestic sewage, septic tanks, and agricultural activities. Higher concentrations of TDS cause gastrointestinal irritation in humans and may also lead to laxative effects [5]. The maximum permissible limit of TDS in drinking water is 1000 mg/L [28]. TDS values of groundwater samples of the study area showed that 43% of water was under the highest desirable limit, thus indicating that they can be used for drinking purposes without any risk. The sites with drinkable water were in the upstream section of the catchment that is dominated by the TMG formation.




4.4. Saltwater Intrusion Analysis


4.4.1. Major Ion Indicators


Sources of salinity and the process of buildup are intimately linked to groundwater salinity. The weathering, dissolution, and recharging of aquifers by saline water bodies are potential sources of salinity in the coastal aquifer. The process of enrichment raises the salinity of groundwater through a greater dissolution capability as pressure and temperature vary. The ratios of Ca2+/Cl−, Na+/Cl−, and Br−/Cl− are displayed against (Cl and TDS) in Figure 5A–D, respectively. The Na+/Cl− ratio, for instance, would remain constant as salinity increased in groundwater where evaporation predominated [29]. The positive correlation between the Na+/Cl− ratio and the groundwater salinity within the study area pointed to the domination of evaporation or saltwater mixing as the sources of salinity. Br was mostly found in seas and had stable features; it is rarely engaged in chemical reactions, and the ratio of Br−/Cl− in seawater was about 0.0015 [30]. Therefore, if seawater incursion or palaeo-saltwater incursion were the main sources of recharge in the coastal aquifer, the Br−/Cl− ratio would not change as salinity rose. When groundwater salinity increased, the Na+/Cl− and Br−/Cl− ratios (in Figure 5E,F) remained constant, and the ratios of brackish and saline water were comparable to those of seawater and brine (palaeo-saltwater).



The findings suggest that, after palaeo-seawater intrusion, water–rock interactions were the major cause of the salinity increase (e.g., mineral weathering and ion exchange). Data showing the Br−/Cl− and Na+/Cl− ratios of saltwater and brine were equivalent to those of the seawater and surrounding freshwater, thus suggesting that evaporation also contributed significantly to the increase in groundwater salinity [31]. In Figure 5, the theoretical mixing line and the seawater Br−/Cl− ratio line was parallel, and the distribution of the water samples was linear between the two lines for 45% of the samples. Furthermore, 55% of the water samples were distributed evenly along the mixing line in Figure 5, thereby demonstrating that the salinity in the groundwater was a result of the intrusion from saltwater, which included both seawater and palaeo-saltwater.




4.4.2. Seawater Intrusion Quantification


There was an extensive range of seawater inputs to groundwater inputs, in the range of 1–74%, when Equation (1) was applied to the data. Seawater fractions were significantly higher (>50%) in the lower parts of the catchment than they were in the upper parts (50%). In a similar study by [32], they found seawater fractions to be less than 1%; this could be a result of the artificial exploitation of the aquifer system. While some samples were Ca2+-deficient, several of the samples exhibited excess Ca2+ (Table 3). This did not, however, take into consideration the Na+ deficiency or enrichment that was caused by source- or process-related effects in most of the samples. The dissolution or precipitation of the carbonate minerals in the aquifer may have caused Ca2+ enrichment or depletion (Table 3). In contrast to rock-controlled geochemical processes, Ca2+ and Na+ behaved similarly in the studied samples, and the quantities of Na+ and Ca2+ reactions exhibited a strong positive correlation (r = 0.84). The opposing behavior of Na+ and Ca2+ may be explained by cation exchange activities and the dilution dominance of seawater over freshwater in the coastal aquifer.



Exchangeable Ca2+ is exchanged by Na+ when seawater mixes with fresh groundwater, as shown in (Equation (5)):


    Na  +  +  1 2    Ca   2 +   − X →   Na  +  − X +  1 2    Ca   2 +    



(5)







An aquifer that is saturated by seawater will have exchangers replaced by Ca2+ when fresh groundwater reaches it (Equation (6)):


    Na  +  − X +  1 2    Ca   2 +   →   Na  +  +  1 2    Ca   2 +   X  



(6)




where X stands in for the sediment exchanger. The exchanger in the Heuningnes aquifer appeared to be the sand–clay found in the aquifer matrix, which contains iron oxides that have substantial cation exchange capacities. The presence of excess Na+ (Na+ React > 0) and a deficit of Ca2+ (Ca2+ React < 0) in some samples, predominantly with low salinity, suggests that saltwater influenced the ion exchange. The samples (BH2, PZ14, and PZ16) showed a lack of Na+ (Na+ React < 0), thereby proving that the aquifer was greatly influenced by seawater intrusion (Table 2). This was congruent with the high salinity of groundwater of the Na-Cl type, whereas groundwater with low salinity promoted a refreshing process (Figure 2 and Figure 3). Geochemical speciation modeling was used.



The saturation index and summary data for several mineral phases are displayed (Table 4). Calculations of the saturation index for samples of groundwater showed that halite (NaCl), calcite (CaCO3), dolomite (CaMg(CO3)2), gypsum (CaSO4·2H2O), anhydrite (CaSO4), and aragonite (CaCO3) phases were typically close to equilibrium to the saturation state. The concentrations of miner phases such as dolomite, gypsum, and halite were almost neutral owing to the combined influences of mineral dissolution, an incursion of seawater, and ion exchange activities. The saturation index of halite in groundwater (−7.18 < SI < −2.06) indicated that mineral dissolution was one of the main mechanisms for salinization. There was a moderate Ca2+ shortfall in some samples, which was exchanged by Na+ and Cl−, as indicated by the moderate correlation of Ca2+ and SO42− (R2 = 0.68), which suggested cation–exchange mechanisms. Gypsum precipitation and the decrease in SO42− ions in groundwater could not be explained by the extremely low gypsum saturation index (−4.93 < SI < 1.35).



The fact that most samples were undersaturated with respect to calcite and dolomite could suggest the possibility of secondary carbonate precipitation (Figure 6), which was not dominant in the upper catchment but only in the lower part of the catchment. The rise in Cl−, SO42−, and ionic strength can be attributed to mixing with high TDS groundwater values from high salinity locations that might have had a historic seawater transgression (geological perspective) or localized evaporation pans containing saline water. Most water samples (approximately 60%) were undersaturated with respect to calcite and dolomite (SI of calcite −5.08 to 1.08; SI of dolomite −9.27 to 2.43) when it came to the dissolution and precipitation of mineral phases such as calcite, dolomite, and gypsum. According to [33], the presence of sandstone in the catchment could be the reason that most samples were undersaturated.



Calcite, dolomite, gypsum, and anhydrite versus the saturation indices (SI) are illustrated in a cross plot (Figure 7). Aragonite, dolomite, and calcite mineral phases had a poor connection with SO42− concentrations (Figure 7A,B,D). These minerals in the carbonate phase were in a state of sub-saturation to saturation. The amount of SO42− in the groundwater samples was low. Coastal aquifers frequently have sulphate deficiency because of seawater intrusion as cited in [34]. The SI of gypsum has a modest connection with SO42− (Figure 7D) and was significantly undersaturated (−4.93 < SI < −0.50) in moderately undersaturated circumstances. However, dissolution was still occurring in the aquifer.



Minerals, including dolomite (CaMg(HCO3)2), calcite (CaCO3), and gypsum(CaSO4·2H2O), were prominent soluble mineral components according to hydrogeochemical investigations of groundwater samples. Mineral indices such as dolomite, gypsum, and halite were sub-saturated to near-equilibrium, while calcite, anhydrite, and aragonite were undersaturated. Investigation of the saturation indices showed that dolomite saturation was more common than the calcite saturation. All mineral phases had saturation indices that were less than zero, thus indicating that they can dissolve in groundwater. Mineral dissolution also contributed to the salinization of the groundwater.





4.5. Identification of Groundwater Origin by δ18O and δ2H Analyses


To know the source of groundwater salinity, the stable isotopes of 18O and 2H can be enriched and depleted to disclose information about precipitation, surface water evaporation, and ocean sources. The study catchment and Cape Town are characterized by the Mediterranean climate, so the study employed the LMWL of Cape Town. The incursion of seawater in groundwater has been studied at several places throughout the world using 18O and 2H values [35,36]. In Cape Town, which is in the Western Cape [14], it was reported that the long-term weighted mean values of δ18O and δ2H rainfall ranged from 4.1‰ to 21‰, respectively. Regarding the Global Meteoric Water Line (GMWL), the relationship between δ2H and δ18O was also specified as δ2H = 8δ18O + 10‰ [34].



The examined groundwater’s isotopic composition exhibited a wide range of δ18O values (−5.4‰ to −0.5‰) and δ2H values (−25.6‰ to 1.6‰) during the wet season and δ18O values (−5.5‰ to −0.9‰) and δ2H values (−25.9‰ to −3.3‰) during the dry season (Table S1). All ranges conformed with [14] results. A conventional δ18O vs. δ2H plot is shown in Figure 8, where most groundwater samples were flanked by the local and global meteoric line, thus indicating that the water has a meteoric origin and has not undergone any significant evaporation prior to recharge. This indicates that rainfall quickly recharged the aquifer via soil and the non-saturated zone as a direct recharge and that post-precipitation evaporation was not an active process during the passage through the soil. Wells with a depth of less than 20 m and one sample with a depth of 100 m had highly enriched stable isotope compositions and diverged from the LMWL and GMWL (14 out of 29 other groundwater samples) (Figure 8). These groundwater samples had relatively high δ18O values (>−15.7), which plotted on a line with a slope of 6.23, which was significantly higher than the LMWL (5.28), thus suggesting that the enrichment can be due to groundwater–seawater mixing and/or the influence of evaporation [35,36].



The mixing of various water sources is the primary driver of groundwater evolution in intruded aquifers. Tracking the mixing course and quantities of different water bodies can be done by using the link between Cl and δ18O as a marker [32]. The bulk of groundwater samples were distributed as freshwater members, with few samples in the brackish and saline category, as shown in Figure 9. The freshwater–seawater mixing line in the Heuningnes Catchment had equal amounts of brackish water samples, with the proportion of seawater varying from 0% to 10%. The saltwater–freshwater mixing line was surrounded by samples of saline water, with the amount of brine varying from 5% to 30%. As a result, most of the saltwater in Heuningnes Catchment followed a freshwater–brine mixing trajectory, thus implying the presence of a palaeo-saltwater incursion.





5. Conclusions


This study revealed that the chemical compositions of groundwater of the coastal aquifer were influenced by hydrogeochemical processes, seawater incursion, rock–water interactions, ion exchange, and mineral saturation. The most common groundwater facies in the catchment were Na-Cl, which indicated the influence of seawater. The importance of seawater mixing for coastal aquifers was demonstrated by the fact that the molar ratio of (Na+/Cl−) (0.83) was close to the ideal mixing interface (0.86) between seawater and freshwater. Ionic ratios used to estimate the hydrogeochemical properties of the coastal aquifer revealed a strong conformity with the mixing lines of freshwater and saltwater endmembers, thus highlighting the significance of mixing in natural settings. Few samples had seawater concentrations above 50%, and the range of seawater in groundwater was from 0.01 to 43%. Groundwater chloride levels (81.5 to 26,557.5 mg/L) and oxygen isotope (δ18O) values (−5.5‰ to −0.9‰) indicated that freshwater and saltwater resources were mixing in the saline end member. The isotopic results showed that groundwater composition was significantly influenced by evaporation processes and seawater mixing. According to the groundwater hydrochemistry and isotopic compositions, brine or palaeo-saltwater intrusion was the main cause of groundwater salinity in the study area. The intermediate to lower reaches of the catchment’s groundwater was influenced by the palaeo-saltwater intrusion. The correlations between the Na+/Cl− and Br−/Cl− and groundwater salinity showed that saltwater intrusion was the main cause of salinity, followed by water–rock interactions and evaporation. The fact that saltwater and brine have Na+/Cl− and Br−/Cl− ratios that are identical to those of saltwater and neighboring freshwater serves as evidence that evaporation has a role in the rise in groundwater salinity. The findings of this study are crucial to the National Water Resources Strategy (NWRS) of South Africa for establishing water quality monitoring networks. These findings will serve as baseline conditions for the system to monitor if the intrusion is moving landwards or if it is receding.
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Figure 1. (a) The location of Heuningnes Catchment, South Africa. (b) Geology and lithological logs of the sampling sites. 
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Figure 2. Piper trilinear diagram for groundwater samples. 
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Figure 3. HFE-D diagram for groundwater samples from the Heuningnes Catchment. 
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Figure 4. Groundwater physicochemical parameters distribution. 
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Figure 5. Bivariate plots for elucidating salinity sources for groundwater (A–D) and the mixing process of saltwater intrusion are reflected in the hydrochemical relationships for a few selected ions and ionic ratios (E,F). 
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Figure 6. Saturation indices for calcite and dolomite in Heuningnes. 
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Figure 7. SO42− vs. SI of mineral phases ((A) aragonite; (B) dolomite, (C) gypsum, (D) calcite). 






Figure 7. SO42− vs. SI of mineral phases ((A) aragonite; (B) dolomite, (C) gypsum, (D) calcite).



[image: Water 15 02141 g007]







[image: Water 15 02141 g008 550] 





Figure 8. Illustration of stable isotopes of oxygen (18O) and hydrogen (2H) compositions. 
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Figure 9. Illustration of Cl and δ18O for tracing mixing of different waters. 






Figure 9. Illustration of Cl and δ18O for tracing mixing of different waters.



[image: Water 15 02141 g009]







[image: Table] 





Table 1. Lithology and hydro-stratigraphy of the main types of geology in the Heuningnes Catchment (adapted with permission from [15]).
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	Group/Lithology
	Rock Type
	Hydrostratigraphy
	Yield (L/s)
	Water Quality





	Alluvials
	Sand/silt
	High yielding
	>5 L/s
	Brine



	Bredasdorp beds
	Quaternary deposits
	Limited aquifer
	0.1–0.5 L/s
	Brackish



	Bokkeveld
	Shales, sandy shales
	Low yielding (fractured rock system)
	0–0.1 L/s
	Brackish-Saline



	Table Mountain Group (TMG)
	sandstone quartzite, sandstone, conglomerate
	High yielding aquifer (highly fractured rock system)
	>5 L/s
	Fresh



	Cape Granite Suite
	Basement granite
	Aquitard/aquiclude
	-
	Fresh
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Table 2. Classification of groundwater salinization in Heuningnes Catchment.
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	Site Name
	TDS
	Salinization
	





	F1
	380.00
	Fresh water
	Upstream



	F2
	299.00
	Fresh water
	Upstream



	F3
	218.00
	Fresh water
	Upstream



	F5
	265.00
	Fresh water
	Upstream



	BH1
	19,435.00
	Saline water
	Downstream



	BH2
	39,520.00
	Saline water
	Downstream



	BH3
	13,449.00
	Saline water
	Downstream



	BH 4
	11,096.00
	Saline water
	Downstream



	BH 5
	14,755.00
	Saline water
	Downstream



	BH 7
	8346.00
	Brackish water
	Downstream



	BH 8
	1976.00
	Brackish water
	Downstream



	BH9
	235.00
	Fresh water
	Upstream



	BH10
	259.00
	Fresh water
	Upstream



	BH 11
	463.00
	Fresh water
	Upstream



	BH 13
	291.00
	Fresh water
	Upstream



	BH 14
	303.00
	Fresh water
	Upstream



	PZ 2
	20,150.00
	Saline water
	Downstream



	PZ 8
	35,165.00
	Saline water
	Downstream



	PZ 14
	43,030.00
	Saline water
	Downstream



	PZ 16
	21,450.00
	Saline water
	Downstream



	PZ 26
	41,795.00
	Saline water
	Downstream
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Table 3. Seawater fraction calculation.
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	Sample ID
	Seawater Fraction
	Ca2+

(Mix)
	Ca

(React)
	Na+

(Mix)
	Na

(React)
	K+

(Mix)
	K

(React)
	Mg2+

(Mix)
	Mg

(React)
	Cl−

(Mix)
	Cl

(React)
	SO42−

(Mix)
	SO4

(React)
	HCO3−

(Mix)
	HCO3

(React)





	F1
	0.00
	0.15
	0.05
	1.92
	2.69
	0.13
	−0.08
	0.41
	0.49
	1.95
	2.30
	0.15
	0.20
	0.62
	−0.32



	F2
	0.00
	0.00
	0.20
	0.01
	3.90
	0.00
	0.05
	0.00
	0.82
	0.01
	3.72
	0.00
	0.29
	0.00
	0.59



	F3
	0.00
	0.00
	0.05
	0.00
	1.61
	0.00
	0.03
	0.00
	0.33
	0.00
	1.68
	0.00
	0.15
	0.93
	−0.73



	F5
	0.00
	0.00
	0.10
	0.00
	2.09
	0.00
	0.05
	0.00
	0.41
	0.00
	2.70
	0.00
	0.02
	0.00
	0.30



	BH1
	0.65
	6.49
	3.49
	219.05
	117.95
	0.99
	0.54
	21.92
	11.81
	254.28
	136.92
	12.40
	6.67
	2.88
	1.55



	BH2
	1.25
	43.09
	−8.51
	758.42
	−149.72
	2.90
	−0.57
	52.28
	−10.32
	932.11
	−184.01
	56.01
	−11.06
	6.94
	−1.37



	BH3
	0.43
	5.81
	7.66
	105.44
	139.16
	0.59
	0.79
	10.29
	13.57
	112.13
	147.97
	6.79
	8.95
	3.11
	4.10



	BH 4
	0.32
	4.06
	8.61
	67.92
	144.08
	0.06
	0.14
	7.12
	15.09
	62.09
	131.71
	3.41
	7.23
	0.83
	1.76



	BH 5
	0.37
	4.72
	8.10
	98.12
	168.18
	0.10
	0.18
	10.61
	18.18
	82.02
	140.58
	6.39
	10.95
	0.83
	1.43



	BH 7
	0.22
	2.03
	7.00
	35.44
	122.16
	0.05
	0.18
	5.18
	17.86
	30.72
	105.88
	2.07
	7.15
	0.47
	1.60



	BH 8
	0.03
	0.10
	3.14
	0.54
	16.50
	0.00
	0.10
	0.09
	2.62
	0.66
	20.14
	0.01
	0.18
	0.18
	5.46



	BH9
	0.00
	0.00
	0.45
	0.00
	1.83
	0.00
	0.05
	0.00
	0.58
	0.00
	2.30
	0.00
	0.23
	0.00
	0.98



	BH10
	0.00
	0.00
	0.50
	0.01
	3.69
	0.00
	0.10
	0.00
	0.99
	0.01
	3.39
	0.00
	0.60
	0.00
	0.46



	BH 11
	0.01
	0.00
	0.25
	0.03
	5.27
	0.00
	0.03
	0.01
	1.06
	0.03
	5.59
	0.00
	0.60
	0.00
	0.36



	BH 13
	0.00
	0.00
	0.20
	0.01
	3.38
	0.00
	0.05
	0.00
	0.82
	0.01
	3.14
	0.00
	0.27
	0.00
	0.26



	BH 14
	0.00
	0.00
	0.25
	0.01
	3.34
	0.00
	0.05
	0.00
	0.90
	0.01
	3.29
	0.00
	0.21
	0.00
	0.39



	PZ 2
	0.72
	9.57
	3.75
	253.95
	99.35
	0.88
	0.35
	25.43
	9.95
	310.81
	121.59
	7.23
	2.83
	3.35
	1.31



	PZ 8
	0.98
	22.25
	0.50
	584.62
	13.18
	0.48
	0.01
	42.64
	0.96
	574.65
	12.95
	27.99
	0.63
	1.93
	0.04



	PZ 14
	1.55
	50.87
	−17.99
	1093.10
	−386.60
	0.94
	−0.33
	72.55
	−25.66
	1436.58
	−508.08
	70.89
	−25.07
	4.77
	−1.69



	PZ 16
	0.81
	9.61
	2.32
	302.17
	72.83
	0.86
	0.21
	29.83
	7.19
	390.41
	94.09
	16.36
	3.94
	3.83
	0.92



	PZ 26
	1.19
	44.65
	−7.13
	821.36
	−131.16
	0.15
	−0.02
	56.79
	−9.07
	850.39
	−135.79
	51.06
	−8.15
	2.89
	−0.46







Note: Values in bold represent samples with a seawater fraction greater than 0.5.
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Table 4. Summary of saturation indices of groundwater samples.
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Calcite

	
Gypsum

	
Halite

	
Dolomite

	
Aragonite




	

	
(CaCO3)

	
(CaSO4·2H2O)

	
(NaCl)

	
CaMg(CO3)2

	
(CaSO4)






	
Minimum

	
−5.08

	
−4.93

	
−7.18

	
−9.27

	
−5.22




	
Maximum

	
1.08

	
−0.50

	
−2.06

	
2.43

	
0.94




	
Mean

	
−1.75

	
−2.24

	
−4.55

	
−2.98

	
−1.89




	
Median

	
−0.89

	
−2.43

	
−3.63

	
−1.29

	
−1.03




	
Std. Dev

	
1.97

	
1.35

	
1.96

	
3.85

	
1.97
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