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Abstract

:

The quality of groundwater has been severely impacted by urbanization around coasts. The change in climate and land use patterns has deteriorated the quality and availability of groundwater. One of the main issues in contemporary groundwater quality research is dissolved organic carbon (DOC) in the water. The influence of DO, water level and water temperature on DOC in groundwater was identified in the current study by sampling 68 groundwater samples. The analytical results revealed that ~18% of total samples have DOC > 5 mg/L. The groundwater samples represented in the urban regions show high DOC. The samples with higher DOC correlated positively with dissolved inorganic ions, such as Ca, K, NO3, Fe and DO. Domestic wastewater, agricultural runoff and local geology all have an impact on the DOC of groundwater. Groundwater chemistry is shown to be controlled by both aerobic and anaerobic conditions based on the DOC’s interactions with other ions. The study interrelates various sources, such as land use, geology, water level and temperature, to the DOC in groundwater and infers that the levels are higher in shallow groundwater, predominantly around the built-up region followed by the agricultural region. The temperature changes enhance the DOC in groundwater due to the variation in microbial activity. The shallow water level with a lower temperature shows the maximum DOC. Apart from the sediment organic matter and microbes, the study also attributes land use pattern to the source of DOC in groundwater.
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1. Introduction


The suitability of groundwater is greatly reliant on dissolved organic carbon (DOC) concentration, owing to its capability to modify aquatic chemistry and bacterial loads. An enormous ratio of the recognized threat is related by the occurrence of decontaminated by-products (DBPs) [1], which are intensely associated with DOC [2,3,4,5,6]. The concentration of higher DOC can increase the portability of additional pollutants in groundwater, containing heavy metal nutrients and other compounds connected with organic matter (OM) and dissolved substances. The groundwater contains copious DOC [7,8,9], which varies the redox values, disturbing the nature of groundwater in provincial aquifers [10,11]. Studies [12,13] have inferred that the significant contribution of DOC to the local ecosystem is mainly governed by the transport of DOC from shallow groundwater. Further, DOC plays a key role in the geochemical variations in shallow/perched and deeper/regional groundwater in the aquifers [14,15]



Bacterial activity in an ecosystem is fundamentally triggered by the availability of DOC from the degradation of plant matter [16,17]. Due to population expansion and urbanization, pollution levels in groundwater may rise [18,19] and the resulting DOC levels are expected to rise further [20,21]. While numerous studies [2,3,4,5,6,20] have looked into the sensitivities, existences, causes and transport of regular DOC, few have looked at groundwater DOC in tandem with temporal and spatial factors [22,23]. The microbiological and geochemical processes occurring deep below the Earth’s surface are reflected in DOC, making it both evocative and prolific. While some of these activities, such as denitrification [20,24], are deliberate, DOC augmentation directly disrupts bacterial survival and flexibility [25,26]. There is between 1 and 5 mg of dissolved organic carbon (DOC) per mL (mg/L) in the clean groundwater that lies beneath cultivated areas that have been harvested. However, specific animal and farming organizations note that the end product has DOC > 5 mg/L [27].



It has been found that the DOC content in the vast majority of the world’s subsurface water supplies is less than 5 mg/L [28]. Changing climate conditions and urban land use are both associated with DOC shifts in groundwater aquifers. Increasing dissolved organic carbon (DOC) levels in an aquifer can be achieved via a number of different methods [24,29]. However, DOC composition is controlled by certain proteins, carbohydrates and contaminated water such as sewage effluents, which is why higher levels of DOC coincide with fulvic and humic acids [30]. This is likely due to the reluctance of molecular laboratory investigations, the most remarkably enriched pollutant movement and polymerase chain reaction (PCR) [31].



People in the Pondicherry region rely heavily on groundwater for their daily activities. Research into groundwater geochemistry was spurred on by factors, including excessive groundwater depletion, harsh agricultural methods and the underlying geological background. As a result of pumping water from the coastal aquifer, salt water is now infiltrating inland. Several scientists have investigated the saltwater that enters the Puducherry coastal aquifer [32,33]. The Pondicherry area is home to a complex aquifer, and alterations to the interaction and environmental activity of aquatic systems can be encouraged by increasing DOC levels. Previous research in the area has attempted to identify the various factors that contribute to the unique chemistry in the region’s groundwater [33,34,35,36,37,38,39], including investigations into microbial contamination [40] and arsenic mobilization in groundwater [33,41]. The many risks posed by DOC necessitate an understanding of the factors that contribute to its presence in groundwater. Prior research on DOC in the area has considered the impact of formation [38,42]. Groundwater DOC is suggestive and/or causative of several subsurface microbial and geochemical processes because a subset of biomolecular components is reactive [9]. However, DOC enrichment directly affects microbial oxygen availability and subterranean microbial survival and movement [26]. Higher amounts of dissolved organic matter (DOM) in groundwater can decrease optical clarity (or increase turbidity), which can affect the efficacy of certain treatment techniques (e.g., irradiation) and cause problems with DOC by-products after disinfection [43]. In polluted waters, such as sewage effluent, proteins and carbohydrates may dominate DOC composition [30]. Groundwater was contaminated because of dissolved organic carbon (DOC) from landfill leachate, which combined with the metals to produce complexes. The presence of DOC accelerated the metals’ movement [44]. Dissolved organic carbon (DOC) was studied to determine its properties and markers of wastewater origin in both reclaimed wastewaters and groundwater. Hydrophilic DOC made up more than half of the total in activated carbon and RO effluents, and no humic acid was identified [45]. Dissolved organic carbon (DOC) in the shallow groundwater of Sri Lanka was mapped according to seasonal risk zones for chronic kidney disease of unknown etiology (CKDu). The results suggested that a significant impact on CKDu was exerted by the interplay between DOC and Ca, Mg and the metabolites of certain pesticides [46]. To further investigate the potential link between CKDu incidence and the DOC in drinking water, the authors later investigated the interactions of Ca and SO4 with a model organic fraction of humic acid (SHA) [47]. The literature review summarizes the fact that DOC in groundwater is derived from multiple sources, due to different geological settings, domestic and agricultural discharge, water table fluctuations, temperature, DO conditions, etc. An attempt was made in this study to determine the predominant DOC-contributing sources to groundwater. The novelty stems from the determination of the sources in groundwater with major ions from a layered geological sequence, with multiple land use patterns adjoining the coastal region. This investigation takes place in Southern India, an area characterized by high temperatures, high humidity and variable precipitation patterns that are replenished, in large part, by local rivers and tanks, such as the Gingee and Ponnaiyar. Human activities are responsible for a significant amount of the decline in groundwater levels in this area. Therefore, research is required for the analysis of water quality trends as well as to derive the long-term management of its groundwater resources. Insights from the study may be transferable to other parts of India where water shortage is a problem due to overuse, poor water quality and climate-change-related variations in rainfall. Considering the above facts, the study on DOC in the groundwater is significant; in addition, studying the interrelationship of physical parameters, such as temperature, water level fluctuation and the relation with land use patterns, in the coastal urban groundwaters is a novel approach.




2. Study Area


The Puducherry region is situated in the southeastern part of India (293 km2), which extends between 79°37′ and 79°50′ E and 11°45′and 12°0′ N (Figure 1a). It comprises five communes, including Bahour, Ariyankuppam, Nettapakkam, Villiyanur and Mannadipet. As per the Census of India (2011), Puducherry has a total population of 950,289, of which 69% live in urban areas and 31% in rural areas. Further, 27 °C and 37 °C are the average temperatures during summer and 22 °C to 28 °C during winter. The humidity fluctuates from 70% to 85% with respect to season. The precipitation is from dual monsoons, such as northeast (October and November) and southwest monsoon (June–September), in the study area. Additionally, 1250 mm is noted as the average annual rainfall in this region. The Northeast Monsoon (NEM) contributes 63% (October to December) and Southwest Monsoon (SWM) contributes 29% (June to September) of the rainfall. Topographically, the region is a plain, with an average altitude of 15 m above the mean sea level (msl), with major geomorphological units of coastal plain, uplands and alluvial plain [48,49,50].



Land Use Land Cover (LULC) of the study region shows that the agricultural lands are predominant, occupying nearly 62% of the study area followed by build-up land (26.7%) and water bodies (8.9%). Compared to the land use patterns of 2005 and 2015, it is observed that the agriculture land reduced by 2.2%, build-up area increased by 3.2% and water bodies reduced by 0.7% [51]. The most common crops are paddy rice and sugarcane. Millets, legumes, oil seeds, cotton, vegetables and tapioca are some of the other crops grown. The industrial estates in Pondicherry are well known for being highly reliant on groundwater.



Gingee and Ponnaiyar River are the two major rivers that flow from northwest to southeast. The drainage patterns are dendritic and sub-dendritic. Sedimentary formations, stretching in age from cretaceous (Mesozoic era) to recent (Quaternary), are represented. The Mesozoic formations are exposed in the Northwestern part, with a minor representation of Archean formations. The tertiary formation is composed of lower and upper tertiary, characterized by the Cuddalore, Manaveli and Kadaperikkuppam formations. The recent (Quaternary) formation in this zone is signified by alluvium and laterites. Laterites ensue as a tinny cap above the Cuddalore establishment. Kankar and Shale are observed in Alluvium. The subsurface stratigraphy (Figure 1b) and lithological cross-section reflect the vertical variations and the nature of the aquifers [52] with a peripheral marine ailment in the Cuddalore formation. Clay underlying lignite in this sequence was reported by [53]. The common trend in the Tertiary and Cretaceous formations is NE-SW through mild dip towards the southeast. However, the similar strike indicates a dip with a maximum of 10° in the Cuddalore formations.



Within the research region, the two most important water-bearing formations are Sedimentary rocks, such as the Cuddalore and Vanur sandstones, and crystalline rocks such as the Archeans, which are both prone to cracking and fractures. Throughout most of the area, there are sedimentary strata that are particularly permeable. Topographically, the region is a plain with an average altitude of 15 m above the mean sea level (msl) (Figure 2). The gradient of land is dipping towards the east and, thus, the groundwater also regionally flows toward the east (towards the coast). There are three primary potential aquifer systems in the region, all of which are based on porous sedimentary rock: The Vanur—Ramanathapuram Sandstone (Cretaceous), the Cuddalore sandstone (Tertiary) and the shallow alluvial (Quaternary) aquifers. The CGWB can be seen in Table 1 [54]. The research region has a depth range of 19.5–601.5 mbgl, a discharge of 1–60 lps, a storativity (S) of 8.9 × 10−4 to 4.3 × 10−3 psi−1 and a transmissivity (K) of 50–2000 m2/day.




3. Materials and Methods


In order to account for variations in water depth, lithology, geomorphology, the impact of seepage and other anthropogenic or natural variables, 68 borewell samples were collected during SWM in August (2016). In situ measurements included pH, EC and DO (Table 2). After collection, the samples were filtered through 0.45-micron filter paper, stored them in one-liter polyethylene containers and then 250 mL of sample was used to analyze dissolved organic carbon. Cations and anions were analyzed using standard techniques [55]. The ion balance error was used to estimate the analytical precision of the ion measurements, which was found to be within 10% of the stated value (Table S1).



Statistical analysis of the data was performed using SPSS v.10. Pearson’s correlation coefficient was established for the correlation matrix among the ion pairs. The values lie from +1 to −1, the values near to +1 are considered to be perfect correlation and the high and low degrees of correlation are in values ranging from +0.75 to +1 and from 0 to + 0.25. A “Total Organic Carbon Analyzer TOC-VCSH” (Shimadzu model of ASI-V/TOC-VCSH) was used to measure the DOC in water samples after acidifying them with a small amount of hydrochloric acid and purging them with gas. As a result, the inorganic carbon (IC) and expelled CO2 from the sample solution combine to generate carbon dioxide gas. By using acidification and sparging (the elimination of inorganic carbon), NPOC measurements are similar to TOC measurements. It is possible for purgeable organic compounds to be removed from a sample when using the sparging method; as a result, TOC measurement is also known as NPOC [56,57]. DOC is measured using a 680 °C combustion catalytic oxidation/NDIR method (Figure S1), TC is measured from 0 to 25,000 mg/L and TOC CSH has a CV of 1.5% at most for reproducibility. In order to validate THM readings, a single sample (raw water, treated water with reducing agent, treated water with HCL) was chosen. This includes a liquid–liquid extraction process for THMs (LLE). A gas chromatograph equipped with an electron capture detector was used for THM analysis (ECD). Using inductively coupled plasma mass spectrometry (ICPMS), the ionic concentrations of manganese and iron were determined (ICP-MS ELAN DRC II, Perkin Elmer Sciex Instrument). For QA/QC and precision, tests were also conducted with blanks and with standards.




4. Results and Discussion


The physicochemical parameter values of the groundwater are given in Table 2. The quantity of the dissolved salts and salinity is determined by measuring electrical conductivity (EC), the most significant indices for water quality. Higher values of EC in the groundwater reflect leaking or mixture of the aquifer material or mixing of saltwater [58]. The groundwater samples have EC values ranging between 751 and 2343 µS/cm (Table 2). The order of major ion concentrations was Na > K > Ca > Mg and HCO3 > Cl > NO3 > PO4 > SO4. The predominant ion in the groundwater is Na, and HCO3 is the dominant cation and anion, with an average concentration of 189.33 and 320.49 mg/L, respectively.



4.1. DOC in Groundwater


DOC varies with respect to location; the maximum, minimum and average values are 29, 0.5 and 3.6 mg/L, respectively (Table 2). The DOC concentrations were observed to be maximum in Nallavadu: (Sample no. 61) with 29 mg/L (Figure 3), predominantly 82% of samples fall between 0 and 5 mg/L, 10.2% of samples fall between 5 and 10 mg/L of DOC and 7.3% of samples have a value >10 mg/L. Spatially, the higher concentration in the study area is noted in the Northwestern and Southeastern region (Figure 3). Dissolved organic carbon (DOC) in drinking water must be less than 5 mg/L or it would have an undesirable effect on water distribution and/or be considered an aesthetic irritation to consumers [59]. The greater concentration of DOC is roughly > 5 mg/L and will produce challenges for the water treatment, and it leads to disinfection by-products, including trihalomethanes, and the DOC will also affect the color of the water. Sample 61, located near Nallavadu, was chosen because it had the highest DOC among the samples taken. More than 600 disinfection by-products (DBPs) are known worldwide. In this context, the trihalomethanes (THMs) have been generally documented in potable water supply [60], including chloroform (CHCl3O), bromoform (CHBr) and dibromochloromethane (CH2Cl2). Considering health hazards, a sample from Nallavadu with DOC was tested for THMs, i.e., CHCl3, CHBr2Cl and CHBr. From the preliminary concentration, it was noted as 0.275 µg/L of bromoform, 0.166 µg/L of dibrmochloromethane and 0.187 µg/L of bromodichloromethane + chloroform in the groundwater. The THMs were in the following order: CHBr > CHCl3 > CHBr2Cl. Bromoform is the most abundant of the studied compounds [61,62], perhaps due to the higher concentration of Bromide in the samples. This is followed by chloroform and dibromochloromethane.




4.2. Relationship between DO and DOC


The degree of microbial oxygen consumption in the aquifer matrix determines the DOC concentration. Statistical investigation reveals a relationship between dissolved organic carbon (DOC) and dissolved oxygen (DO) in aquifers, with the strength of this relationship mostly determined by DOC’s bioavailability [63]. Groundwater samples typically show a negative relationship between dissolved organic carbon (DOC) and dissolved oxygen (DO). The correlation between DOC and DO [64] seen in these samples demonstrates the presence of aerobic respiration. When DOC is present in water with no dissolved oxygen, denitrification might occur due to low sulphur levels [65,66]. While oxygen deficiency is maintained, electron donors, such as Mn2+ and Fe2+, can accumulate next to a transport route. In addition, estimating low DOC alongside high DO reveals an extraneous source of bioavailable DOC (Figure 4).



The samples have a scattered distribution of low DOC and high DO. Due to the fact that DOC and DO levels are both low (as they were calculated in a low-carbon aquifer), this indicates that DOC is not bioavailable. In addition, some samples exhibit a rising trend of DOC with rising DO, suggesting greater bioavailability of DOC at higher DO concentrations (Figure 4 L1 and L2). There was a strong relationship between the DOC and DO concentrations in the groundwater. Microbial reduction processes involving manganese, iron and pH are responsible for the rising DOC. DOC was found to have a positive association with Fe and Mn and a negative association with DO and pH. The idea that samples with DOC < 5 mg/L are less bioavailable than those with DOC > 5 mg/L is supported by interpretations from the correlation matrix.



Bioavailable DOC is indicated in samples with concentrations of 5 mg/L or higher. Hydrogen ions, manganese and iron all respond to rising DOC-DO linear/hyperbolic performance [67]. Groundwater [13,68] with high concentrations of DOC and DO may originate in irrigated areas, which are a major source of bioavailable [69] (bioactive or biologically active) carbon. In contrast to the low bacterial activity elsewhere, the high DO in the research area indicates that oxygen is being used by microbes. Therefore, it is reasonable to conclude that oxidation, deep within the aquifer, is negligible, as anaerobic oxidation requires one of these pathways to occur. Therefore, comparing the bioavailability of DOC in various samples can be conducted qualitatively with the use of the DO and DOC interaction study. Only one sample (showing rising DOC and falling DO) was found to have a near-anoxic condition in the region under study.




4.3. Temperature and Water Level


The temperatures of the groundwater samples varied from 29.1 to 33.6 °C. DOC concentrations drop as temperature rises, while some samples show the opposite trend up to 30 °C. Due to variations in microbial activity, DOC is not uniformly distributed throughout the research area. Increased DOM [70] and an increase in groundwater DOC may stimulate biological activities in regions with high soil moisture and high ambient temperatures. The availability of water is crucial to the DOC cause. Concentrations of dissolved organic carbon (DOC) in groundwater are much higher at shallow water depths and lower at deeper water depths. Sedimentary sequence groundwater DOC may be predictably correlated with water table depth. Figure 5 shows the temperature and water level dependence of low and high DOC in the groundwater. There is a wide range of depths from which groundwater is sampled, from 13.7 to 152.4 mbgl. Nallavadu has a shallow depth of 13.7 mbgl, while Madukarai has a deeper depth of 152.4 mbgl. Figure 5 shows that the concentration of DOC is greatest in samples collected from shallow depths (i.e., 60 mbgl) and diminishes in samples collected from greater depths. In shallow groundwater zones, DOC is discovered to be affected by the soil’s surface as a result of vertical recharge caused by increased amounts of precipitation. Sorption with high pH increases DOC in a few deeper samples. Figure 6 shows the cross-section of the water with a DOC concentration of more than 5 mg/L. It follows that the regions of shallow depth and lower temperature have higher DOC.




4.4. Other Observed Groundwater Constituents


The pH of the groundwater ranges from 5.2% to 9.5%. It was found that greater DOC values observed in samples are associated with lower pH values, but this is only the case for a subset of samples (Figure 7). Due to the supersaturation with CO2, the mineralization of DOC consumes DO, making most samples slightly acidic [71]. Precipitation at neutral pH is demonstrated by the complexation of DOC with metal ions [72]. At increasing pH, both anaerobic conditions and biodegradation slow down, leading to samples with lower DOC contents.



Manganese levels in the samples range from background levels (BDLs) to 0.37 mg/L. Fe2+ levels as high as 5.02 mg/L were recorded. Twenty-three percent of the samples above the maximum allowable concentration (0.3mg/L) [73] and 10% of the samples showed concentrations of Mn2+ more than the recommended threshold (0.1mg/L) (Figure 7). There was a weaker positive connection between DOC, Fe2+ and Mn2+ in anaerobic groundwater samples [74,75,76]. Organic pollution [77] caused by dissolved iron in groundwater caused by agricultural land usage can be detrimental to mechanical irrigation systems and artificially constructed water supply bores [78,79]. The necessity for DO limits DOC biodegradation because aerobic circumstances cause organisms to consume carbon at a faster rate than anaerobic organisms. The relevance of iron and manganese organic molecules appears to be minimal. Groundwater with a lower pH may be caused by the consumption of dissolved oxygen due to the presence of higher DOC, which is detected in a small percentage of samples.



As the number of human-made sources rises, nitrate (NO3−) has emerged as a major groundwater pollutant. NO3− levels in groundwater can be found anywhere from BDL to 184mg/l. In excess of the allowable level, i.e., 45 mg/L [73], 8.9 percent of samples were found. Some of the groundwater samples in the study show a negative connection between NO3 and DOC concentrations (Figure 8), which is consistent with microbial changes with denitrification. However, in a few instances, NO3 levels were quite low. The lack of nitrate (NO3) in groundwater with elevated DOC indicates that there are not enough electron acceptors in these sources. NO3 is the most effective electron acceptor for microbial uptake in low DO conditions. Energy sources contain solid stage C, Mn2+ and Fe2+ dissolved under anaerobic conditions in terrestrial DOC [26]. The oxidation of DOC leads to higher DO and lower DOC, suggesting that carbon is used before denitrification [80]. The anaerobic environment required for denitrification is not feasible in highly oxygenated water. Hence, due to this fact, DOC accessibility varies depending on hydrogeological conditions [81].




4.5. Geology and Groundwater Evolution


Dissolved organic carbon concentration in groundwater is mostly governed by geology. The geologic formations represented in the area under study range from the Mesozoic (Cretaceous) to the Cenozoic (Quaternary and Tertiary). Thus, 24 percent of higher DOC is observed in Quaternary samples (12 percent are from 5–10 mg/L and 12 percent are from > 10 mg/L of DOC), followed by 15 percent of higher DOC noted in the Tertiary samples, and, finally, a few samples of high older aquifers of the Mesozoic era (i.e., Cretaceous) contain 13.6 percent of high DOC. Younger aquifers (shown in Figure 9) [26] had greater DOC contents in their matrix than older formation samples. The Cenozoic epoch, from which the majority of higher DOC samples originate, is characterized by a shorter residence time [82] and a biogeochemical regime in which DOC is rapidly created and consumed.



Older formations have lower DOC levels because of aquifer mineral oxidation, adsorption and biodegradation [83]. The natural source of DOC in tertiary samples may be pinpointed because of the prevalence of tertiary lignite in the research area and the shallow marine depositional environment [42,84]. The residence time of groundwater often increases with age [85]. We found that DOC decreased as Silica increased, suggesting that environmental factors play a significant role in the latter’s elevation. The dissolution of silicate minerals is the primary source of dissolved Silica in samples [75]. More DOC can be absorbed by the aquifer matrix if it contains silicate minerals [86,87]. Depleted DOC is more likely to be in older formation groundwater as a result of oxidation and also adsorption processes to the surfaces of aquifer minerals, as evidenced by the negative connection between DOC with Si in the dissolved solids.




4.6. Representation of DOC on Land Use


The dataset confirms that urban land use is associated with elevated levels of DOC in the subsurface. Low DOC concentrations were more common in agricultural areas. From 2005 to 2015, there were shifts in land use that indicated a net loss of agricultural land of up to 2.2% while the amount of urban land grew by 3.2%. About 23% of the samples have DOC levels that are unsafe (i.e., >5 mg/L). The majority of higher DOC samples are found in urban areas (Figure 10), while most of the remaining samples are associated with agricultural land use. Leaching from landfills, animal waste and even human and household waste [88,89,90,91,92,93] are mechanisms by which DOC enters into groundwater in urban areas. The greater (>5 mg/L) groundwater DOC in agricultural areas may be primarily controlled by fertilizer run-off, but the complexation via Fe may also play a substantial role in this increase. Nitrate and chloride are the most commonly utilized water quality markers of anthropogenic contamination. Nitrate levels in groundwater samples were highest around the site where DOC levels were also highest. Although DOC had a good link with NO3, a higher concentration of DOC in the built-up region is the impact of domestic sewage and industry effluents, which are diluted and most likely leached into the underlying aquifers. As a result, climate change is also linked to an increase in dissolved organic carbon in relation to diverse land use patterns, which will impact groundwater quality and, by extension, human health.




4.7. Groundwater-Dissolved Organic Carbon Controls


Figure 11 shows that there is a positive association between DOC and DO, calcium, potassium, nitrate and iron through the use of factor analysis and correlation studies among the ions found in groundwater samples (Figure 11). DOC is moderately positively correlated with manganese and magnesium. Groundwater temperature, water depth, Silica and pH were also found to have a negative correlation with DOC (Figure 11). Urban samples are consistently found to have greater DOC levels than their rural counterparts. Based on the correlations between DOC and other variables, we can infer that geology, climate, land use and associated water chemistry are the four primary determinants of DOC distribution (Figure 11). Cumulatively, 54.9 percent of the entire variance may be accounted for. Two principal component analysis (PCA) factors describe DOC loading, with PCA 2 containing 14.5 percent of the variance and positively loading K, NO3 and Fe (Figure 12). Nitrate production and metal load both result from agricultural pollution reflected by the positive loading of NO3, Fe and K with DOC. Complexation, sorption and precipitation processes, as well as the representation of these samples in the landfill region, are indicative of heavy metal activity. PCA 3 includes DOC with 12.3% variance, positively loading on Ca, DO and SO4. Anaerobic waters have been found to have greater concentrations of DOC, DO and SO4 [94]. Anaerobic microorganisms use metal electron acceptors to consume dissolved O2 and produce sulfate [23,94]. The presence of marcasite is strongly suggested by the large quantity of readily extractable sulphate in the lignite layer [38,95]. The dissolution of calcite from the cretaceous formation is triggered by the positive loading of Ca, DO and DOC with a negative pH, which reflects an increase in DOC with DO that causes a fall in pH. Changes in pH occur once an anoxic state has been established and biodegradation rates have decreased [96,97,98]. Therefore, the by-products of microbial respiration can be seen in the relationship between Ca and DOC [15].





5. Conclusions


The supply of DOC depends on the rate of many biogeochemical processes in groundwater, including aerobic respiration, nitrification and denitrification, and might also constrain the abundance and diversity of invertebrate assemblages. The variation in nitrate concentration in the number of aquifers shows the water mixing rather than the denitrification. The study brings out the novel findings that recharge the shallow alluvial aquifers, identified through higher DOC values and also the fact that the temperature variation due to the geothermal gradience lowers the DOC values in the deeper groundwater. The study also identifies that both the urban and agricultural regions contribute DOC to the groundwater and the urban influence predominates. Further, earlier studies have identified the influence of temperature and water level on DOC. The current study has brought out the interrelationship of these parameters along with DO on the DOC of groundwater.



Dissolved organic carbon in groundwater samples of the study area ranged from 0.5 to 29 mg/L, which is influenced by fluctuations in water level and its temperature. The inference shows vertical variation in DOC and it is inferred due to the anaerobic condition in deeper aquifers. Shallow water levels have high DOC compared to other samples from wells with deeper water table. Tertiary and Quaternary samples show higher DOC. Based upon the land use pattern, 75% of samples from built-up land have more DOC than the agricultural land. The continuous increase in built-up land leads to an increase in domestic sewage, landfill leachates and industrial effluents in the study area, enhancing the DOC concentration in built-up land areas. Possible sources for elevated DOC in agricultural land include the use of organic-rich fertilizers. Higher groundwater DO indicate that the microbial activity has consumed the oxygen where the minimal biological activity occurred. The occurrence of an elevated DOC concentration along with electron acceptors and metals, showing the positivity of denitrification and negativity of enhancing the metal mobility, is interestingly noted, in that converse drift exists in the circumstance of groundwater from Tertiary and Alluvium development. However, the elevated concentrations of DOC can have favorable results for agricultural nitrate such as denitrification. It also has harmful effects on the health of lower stream locations.
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Figure 1. (a) Location of the study area with monitoring locations, (b) cross-section along A-A’. 
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Figure 2. Elevation map of the study area with communes. 
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Figure 3. Spatial representation of DOC concentration in groundwater samples. 
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Figure 4. Representation of groundwater sample in the plots of DOC vs. DO. 
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Figure 5. Comparison of the depth, temperature and DOC in groundwater. 






Figure 5. Comparison of the depth, temperature and DOC in groundwater.



[image: Hydrology 10 00085 g005]







[image: Hydrology 10 00085 g006 550] 





Figure 6. The depth profile of DOC (>5mg/L) in groundwater along the cross-section A-A’ (indicated in Figure 1). 
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Figure 7. Water quality parameters and DOC. 
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Figure 8. Relationship of DOC, DO and NO3. 
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Figure 9. Spatial representation of DOC with respect to geology. 
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Figure 10. Dominance of DOC with respect to Land use. 
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Figure 11. Pictorial representation of drivers and correlation of change in groundwater DOC concentration. 
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Figure 12. Component matrix comparison of DOC in groundwater samples (since Factor 2 and Factor 3 had positive loadings of DOC, these two factors were considered). 
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Table 1. The geological succession along with their aquifer parameters in the study area [53,54].
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Era

	
Period

	
Transmissivity Value

(m2/day)

	
Storage Coefficient

	
Specific Yield Prospects (CU.M/D)

	
The Depth of Tube Wells (mbgl)

	
Thickness of These Aquifers (m)

	
Groundwater Condition






	
Cenozoic

	
Quaternary

	
275–770

	
-

	
<200

	
25–50

	
5 to 34

	
Unconsolidated,

Unconfined




	
Tertiary

	
1000–2000

	
9.58 × 10−5 and 8.9 × 10−4.

	
1000–2000

	
25–350

	
20 to 245

	
Unconsolidated,

Mainly Confined some patches as unconfined




	
Mesozoic

	
Cretaceous

	
100–2000

	
2.93 × 10−5 to 1.36 × 10−4

	
700–800

	
65–400

	
38 to 92

	
Unconsolidated,

Mainly Confined some patches as unconfined




	

	
Archaean

	
<1–15

	

	
100–200

	
10–15

	

	
Consolidated,

Occur as unconfined aquifer in weathered mantle and semi confined to confined aquifer in fractures
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Table 2. Summary of groundwater chemical constitutions from different locations in the study area (n = 68 samples).
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	Parameters
	Minimum
	Maximum
	Average





	Well Depth (m)
	13.5
	150.00
	57.93



	pH
	5.2
	9.5
	6.79



	Temp (°C)
	29.1
	33.6
	31.01



	Ca (mg/L)
	16
	124
	63.12



	Mg (mg/L)
	2.4
	84
	22.72



	Na (mg/L)
	42.7
	394.3
	189.33



	K (mg/L)
	1.7
	247.8
	28.02



	HCO3 (mg/L)
	73.2
	597.8
	320.49



	Cl (mg/L)
	68.63
	514.03
	249.64



	SO4 (mg/L)
	0.03
	0.99
	0.52



	NO3 (mg/L)
	BDL *
	184.16
	16.2



	PO4 (mg/L)
	BDL
	17.98
	0.79



	Si (mg/L)
	33
	258
	143.15



	DO (mg/L)
	1.55
	5.21
	3.59



	DOC (mg/L)
	0.49
	28.92
	3.29



	Fe (mg/L)
	BDL
	5.02
	0.36



	Mn (mg/L)
	BDL
	0.37
	0.06







* below detection limit.
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