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Abstract

Characterization, classification, and evaluation of groundwater in and around the open cast mining of clay deposits of Thonnakkal, South India have been studied. The impact studied include changes happened to the qualitative and quantitative aspects related to the ground water. It is found that changes occurred in depth to the water level (decline of water level), lowering pH of ground water in the area, high sulfate and trace metals in the ground water. The groundwater of the area comes under Na+-HCO3- type and shallow meteoric percolation type and the scatter diagram of Ca2+ +Mg2+ vs HCO3 - + SO42- revealed that majority of samples in the season and different geological terrain fall below the equiline, indicating that silicate weathering was the primary process involved in the evolution of groundwater. The rock -water interaction played a major role in the evolution of water chemistry, which was partly by an evaporation process. The qualitative analysis of ground-water samples found that many samples are unfit for both domestic and irrigational purposes.

Keywords:    Hydrochemistry; pH; Electrical conductivity; Suitability; Calcium concentration; Total hardness



Introduction

Population explosion coupled with industrialization over the past many years has increased a tremendous pressure on our natural resources resulting in rapid exploitation of our mineral resources. Local residents of the study area alleging that the mining continues to contaminate water resources and leads to an increase in the number of cancer patients in the locality. Detailed hydrogeological survey was carried out to evaluate the ground water scenario of the clay mining areas located in Azhoor, Mangalapuram and Andoorkonam Panchayaths of Thiruvananthapuram district to know the general ground water scenario of ground water reservoirs both quantitative and qualitative aspects viz. pre and post monsoon depth to water level and its fluctuation, flow direction, quality deterioration of sub-surface water, EIA of open cast clay mining on ground water conditions.

Mining hydrogeological studies were carried out by many authors viz. Stoertz et al. [1] on long-term water quality trends at a sealed, partially flooded underground mine, Alexander [2] on environmental impact of deep opencast limestone mine in Laegerdorf, Northern Germany, Suraj et al. [3] on GIS approaches for sustainable mining of tile and brick clay, Parappukara Panchayath, Thrissur district, Kerala, Anon [4] on environmental impact of clay mining for tile and brick industries in Thrissur District, Kerala using Remote Sensing and GIS and many others. The purpose of this investigation is to examine the various changes occurred in the hydrogeological ecosystem in and around Thonnakkal, Thiruvananthapuram District, South India due to of open cast mining of clay deposits.

Study Area

The Thonnakkal belt of the Kaolinised china clay is situated at Melthonnackal (8o38”05”:76°51’22”), Azhoor (8°38’31”:76°49’29”), Pallippuram (8°35’30”: 76° 51’30”), Chilampil (8°37’00”:76°50’00”) and Sasthavattam (8°38’45”:76°49’30”) areas. The English Indian Clays Ltd., Thiruvananthapuram operates a China clay mine since 1966 around Thiruvananthapuram, where the processing plant produces several grades of refined Kaolin, Metakaolin and Calcined Kaolin (Clays) for the paper, paint, rubber, plastic, fiberglass, cement and ultra-marine industries and the plant has a capacity of 190, 000 metric tons per annum and is the largest in South East Asia. The area lies between 76o 43' 21” and 77 o 12' North latitudes and 8 o 32' East and 8 o 53’34” longitudes and falls in parts of Survey of India Toposheet D/14 (Figure 1). Physiographically the study area falls mainly in the lowland (elevation between msl and 7.6 magl) and midland (elevation between 7.6 and 76 magl) areas of Trivandrum district of Kerala. The main drainages in the study area are the Vamanapuram River and its tributaries. The coastal alluvial soil, riverine alluvial soil and lateritic soil are the soils of the study area. The land use of the area includes open scrub, mixed crops, rubber plantations, paddy fields and water bodies. The study area is generally occupied by Precambrian crystalline rock overlain unconformably by a thick sequence of the Warkali Formation of Miocene age. The regional geological setting of the area is compiled (Table 1).


Table 1:     Regional geological setting of the study area.
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Figure 1:     Location Map of the study area.



Materials and Methods

The Survey of India Topographical Map (Scale 1:50,000 of 1967-1968), Geo-coded imageries of Indian Remote Sensing Satellite (IRS -IC LISS III False Color Composite - FCC of 7.02.1997 of 1:50,000 scale) and Aerial photographs (of 1990 of 1:15,000 scale) are used for the preparation of base map of the study area. Major ground control points (GCPs) were identified and verified during field truth, which resulted in modifying the units and their boundaries. Map Info 6.5 has been used in GIS studies. The scanned maps were digitized and edited using Map Info 6.5. During editing the segment checking like intersection, self-overlap and dead-end corrections were carried out. Projection and polygonization of units followed the editing. After polygonization, annotations were given for different polygons and the maps were subjected for further analysis.

There were 10 groundwater samples collected from open dug wells. The pre monsoon samples (First week of May, 2014) were collected in polyethylene bottles in 2014 and analysed for pH, EC, F-, Cl-, NO3-, HCO3-, SO42-, Ca2+, Mg2+, Na+, and K+ as per standard procedures (APHA, 1995) and the in situ measurement of electrical conductivity and pH carried out by using EC and pH meters. The total dissolved solids were estimated by ionic calculation methods. The F-, Cl- and NO3- ions were determined by ion selective electrode; HCO3- by potentiometric titration; SO42- by modified titration method after Fritz and Yamamura (1955) and Haartz et al. [5] Ca2+ and Mg2+ in absorption mode while Na+ and K+ in emission mode of the atomic absorption spectrophotometer. Chemical standards and blanks were run and replicate analysis of each sample was done for each parameter and variations were ±5 - 10%. The analytical results are shown as Tables 2a & 2b.



Table 2a:      Chemical analysis data of ground water in Thonnakkal area, 2014 May (Concentration, mg/l).
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Table 2b:      Trace element concentration of ground water in Thonnakkal area, 2014 May (Concentration, mg/l).
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Results and Discussion 

Aquifer Systems

Groundwater occurs in all the geological formations ranging in age from Archean to the Recent and water bearing formations in the area are crystalline formations, Laterite, Tertiaries and Alluvium. The crystalline formations consist of Khondalites and Gneisses. The water bearing properties of crystalline formations which lack primary porosity depend on the extent of development of secondary inter granular porosity either through weathering or fracturing. Groundwater generally occurs under phreatic conditions in the weathered mantle and under semi confined conditions in the fissured and fractured zones at deeper levels. The thickness of weathered zone ranges less than 1m to more than 15m and the depth to the water level from 1015 mbgl.
 
Major portion of the study area is covered by laterites, the thickness of which increases from East to West. This includes the Tertiary laterites and the laterite occurring as highly weathered product of crystallines capping it. In crystalline formations the water bearing properties depend on the extent of development of secondary porosity either through weathering or fracturing. These aquifers are highly heterogeneous in nature due to variation in lithology and texture even within short distance. The in situ laterite development by the weathering of Khondalites in the study area is rich in clay content due to higher amount of feldspathic minerals in the parent rock. These aquifers mainly occur along the valleys and topographic lows and possess high porosity. The depth of the well in laterite ranges from 8 to 27 mbgl and depth to the water level is more than 10 m. By the onset of monsoon, the water level becomes shallow due to the porous nature of the aquifer. The thickness of weathered zones ranges from less than 1 m to more than 10 m. The yield of the well ranges from 0.5 to 6 m3/day and the recovery co-efficient ranges from 0.00096 to 0.025/min.

Groundwater occurs under phreatic condition in the shallow zone in Tertiary aquifers. Of the three tertiary formations (Warkali, Quilon and Vaikom), the Warkali beds are encountered in this area. Thick deposits of kaolin having an overall thickness of 25 to 45 m are encountered at Melthonnakkal and Pallipuram forming part of the Warkali Formation belonging to the Tertiary sequence in southern Kerala. The sedimentary clays are composed mainly of kaolinite, quartz and gibbsite. These sedimentary kaolins (hydrated aluminous silicate, Al2O3. SiO2.2H2O) are considered to have been formed by intense tropical weathering of the khondalites, and subsequently transported and deposited with high organic input into lakes near the weathering crust over the basement rock. Besides, the surficial parts of the sedimentary deposits are extensively lateralised with the formation of Goethite and Hematite by tropical weathering processes.

The thickness of the clay bed varies from 25 to 45 mbgl and is encountered in almost all the bore wells drilled in the area. The aquifer properties of clay include Grain size (< 0.002), Porosity (33-60), Specific Yield (2 to 5%) and Permeability (10-9 to 10-6 K cm/s). These properties of clay suggest that it is a poor aquifer and by large an aquitard with very low groundwater potential. The field survey in the area reveals that groundwater occurs under phreatic conditions in these Tertiary sediments. The premonsoon depth to water level ranges from 3.1 mbgl to 27.75 m bgl.

Maps depicting the depth to water level in the study area during April 2010 (Premonsoon) and November 2010 (Post monsoon) based on the water level data of the key wells established and the observation wells of CGWB are shown in Figures 2 & 3 respectively. During April 2010, the depth to water levels in wells of the study area ranged from 3.1 mbgl to 27.75 mbgl and the depth of well ranges from 6.0 to 29 mbgl. The deepest water levels were observed in Mangalapuram, Sasthanagar, Chilambil, Sasthavattom, Pallipuram, Karamoode areas. During November 2010, the depth to water levels in wells of the study area ranged from 3.04 to 25.9 mbgl. The deepest water levels were observed in Mangalapuram, Sasthanagar, Chilambil, Sasthavattom, Pallipuram, Karamoode areas. The yield of wells ranges from 0.5m3/day to 10m3/day and the recovery co-efficient ranges from .00056 to 0.0087/min.
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Figure 2:    Premonsoon Depth to Water Level of the Study area.
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Figure 3:   Post monsoon Depth to Water Level in the Study Area.



Alluvium is the most potential phreatic aquifer in the study area and is extensively developed by dug wells and filter point wells. The depth to water level in this formation ranges from 1.89 to 3.04 m. The depth of wells ranges from 3.66 to 7.55 mbgl. The yield of the shallow dug wells ranges from 15 to 50 m3/day and the recovery co-efficient varies between 0.0093 and 0.094/ min.


Water Table Elevation

The elevation of ground water table during the period ranged from 7.75 above msl to 63.44 above msl. The flow lines from east to west indicate that the general hydrogeological regime is undisturbed except around the clay mines. A ground water trough has been formed around the clay mines indicating a reversal of hydraulic gradient. The deeper water level in the vicinity of the clay mines is the localized effect of the mines. The general hydraulic gradient is towards west in general. The closely spaced contours around the clay mines is indicative of a potential recharge zone underlying clay formation which is an aquitard inhibits any sort of recharge except for the construction of injection wells to penetrate the weathered zone encountered at a depth below 40 metres. The hydrogeological map and water table elevation contour maps of the area have been prepared (Figures 4 & 5).
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Figure 4:   Hydro geological Map of the Study Area.
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Figure 5:   Water Table Elevation Map of the Study Area.



Analysis of Hydrograph

An analysis of depth to the water level has been carried out to understand the influence of lithology on water level. The hydrograph of the well at Korani tapping the Laterites show a decline trend in the premonsoon and post monsoon periods (Figure 6).
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Figure 6:    Hydrograph of Observation well at Korani.




Hydrochemistry and Hydro Geochemical processes of Ground Water

The groundwater samples of different geological terrains can be classified on the basis of ionic strength of Cl- , SO42-, and HCO3- and the water is Normal Chloride type if Cl- is <15 meq/l, Normal Sulphate type if SO4 2- is <6 meq/l and Normal Bicarbonate type if HCO3- varies between 2 and 7 meq/l. The ground water samples of the study area are of Normal Chloride type and Normal Sulphate type and concentration of salts in natural waters depends on the geology, environment, and movement of water Raghunath [6], Gopinath Seralathan [7](Tables 3 & 4).

The Base Exchange indices, r1 (r1 = Na+ - Cl-/ SO42- meq/ l) and meteoric genesis index (r2) (r2 = K+ + Na+ - Cl- SO42-, meq/l) can be used for classifying groundwater Soltan [8]. The groundwater can be grouped as Na+ - HCO3- type if r1 > 1 and Na+- SO4 - type with r1 < 1; r2 < 1- groundwater is of deep meteoric percolation type and >1, shallow meteoric percolation type. The groundwater samples of the Thonnakkal area comes under Na+-HCO3- type and shallow meteoric percolation type except one which is deep meteoric percolation type and the details are plotted (Figures 7 & 8).


Table 3:     Details of Hydro chemical facies and related features (Chadha, 1999).
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Table 4:   Correlation Matrix for Chemical analysis.
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Red -Good correlation (r=> 0.6)
 
Yellow - Poor correlation (r = x003;0)
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Figure 7:   Meteoric genesis Index (r2), Premonsoon, 2014.
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Figure 8:   Base Exchange indices, r1- Premonsoon, 2014.



Hydro geochemical Evaluation of ground water

The Na+ / Cl- molar ratio will be 1 if halite dissolution is responsible for sodium dominance in groundwater and >1 if Na+ is released from silicate weathering process Meybeck [8,9]. As the Na+ / Cl- molar ratio is <1 in all samples of the season except at sample location No.2 (Abandoned Quarry), reveals that halite dissolution was the primary process responsible for the release of Na+ into the groundwater.
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Figure 9:   Plot of Ca + Mg and SO4+HCO3 Premonsoon, 2014




The study of Ca2+ / Mg2+ ratio reveals Ca2+ - Mg2+ contribution in the groundwater. The Ca2+ / Mg2+ ratio of 1 indicates dissolution of dolomite and of >2 an effect of silicate minerals May & Loucks [10]. Majority of the samples with Ca2+ / Mg2+ ratio between 1 and <2, indicating dolomite dissolution responsible for Ca2+ - Mg2+ contribution. The scatter diagram of Ca2+ + Mg2+ vs. HCO3- + SO42- (Figure 9) shows that majority of samples fall below the equiline, indicating that silicate weathering played primary role in the evolution of groundwater Datta & Tyagi [11]. If bicarbonate and sulphate are dominating than calcium and magnesium, it reflects silicate weathering was dominating and, therefore, was responsible for the increase in the concentration of HCO3 - in groundwater, Elango et al. [12], Elango & Kannan [13].


Evolution of Groundwater and Hydro Chemical Facies
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Figure 10a:   Gibb's plots for cation, 2014.
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Figure 10b:   Gibbs plots for anion 2014.




Table 5:    Different parameters of Pre monsoon water samples
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(# Concentration, meq/l)

The evolution process of the groundwater tested by plotting TDS vs. Na+ /(Na+ +Ca2+ ) for cations and TDS vs. Cl- /(Cl- + HCO3- ) for anion Gibbs [14] and revealed that rock - water interaction played significant role in the hydrochemistry, which was partly influenced by evaporation process (Figures10a & 10b). It is also to be noted that geological location is another factor controlling quality variation Beck et al. [15]. The evolution of groundwater chemical composition further tested by calculating chloroalkali indices for cations (CAI-1- Cl- - (Na+ + K+) Cl-) and anions (CAI-2 - Cl- - (Na+ + K+)/(SO42- + HCO3- + CO3 - + NO-) after Schoeller [16]. The chloroalkali indices are negative indicating the predominance of ion exchange between Na+ -K+ in water and Ca2+ -Mg2+ in rocks McIntosh & Walter [17]. A close perusal of hydro chemical facies and water type study Chadha (1999) is compiled (Table 5).

Statistical analysis - correlation coefficient


Table 6:    Methodology adopted for computations of Irrigation Suitability
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The relationship between two variables is the correlation coefficient which shows how one variable predicts the other. Associated with correlation coefficient r, the multiple correlations, which are the percentages of variance in the dependent variable, explained collectively by all of the independent variables. A high correlation coefficient (near 1 or -1) means a good relationship between two variables, and a correlation coefficient around zero means no relationship. Positive values of r indicate a positive relationship while negative values indicate an inverse relationship and are compiled (Table 6). The correlation coefficient is a measure of the extent to which two measurement variables vary together. Unlike the covariance, the correlation coefficient is scaled so that its value is independent of the units in which the two measurement variables are expressed. The  value of any correlation coefficient must be between -1 and +1 inclusive. The parameters having good and poor correlations  have been attempted.

Suitability of ground water for Irrigation purposes


Table 7:    Quality parameters of Pre monsoon water samples determined for Irrigation Suitability
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The irrigation suitability of ground water has been tested by using various methods (Table 5), methodology and analytical results are compiled (Tables 6 & 7). The electrical conductivity (EC) is a measure of salinity hazard to crops and there are of five major types for irrigational purposes (Raghunath (1987) and the samples in the area varies from excellent (50%) to good categories. The Sodium Absorption Ratio, SAR is an indicator of sodium hazard in irrigation water Gholami & Srikantaswamy [18] and all the water samples are excellent category Richard [19]. The per cent sodium (% Na) in irrigation water may increase the exchange of sodium content and affect soil permeability, structure and create toxic condition for plants Bangar et al. [20], Durfer & Backer [21] and Todd [22]. The % Na study revealed that samples come under permissible (70%), doubtful (20%) and other unsuitable categories and cannot be used for irrigation on almost all types of soil. On the basis of permeability index, PI Doneen [23] irrigation water quality classes include class I, II and III and all the samples come under Class II and suitable for irrigation in all types of soil.

The water is suitable for irrigation if Kelley's Index, KI value is <1; water with KI value of >1 is considered as of poor quality for irrigation and >2 KI makes the water unsuitable for irrigation Kelley [24]. In the study area about 70% KI values are above 1, and the water is poor quality for irrigation and 30% unsuitable for irrigation in all types of soil. Water with less than or equal to 50 Soluble Sodium Percentage, SSP value is of good quality and more than 50 is not suitable for irrigation as permeability will be very low. In the study area 60% of the water samples with SSP values more than 50. As per Lloyd and Heathcoat [25] water with less than or equal to 50 Magnesium ratio, MR value is of good quality and >50 is considered unsuitable for irrigation and except two water samples others with MR value more than 50 and are unsuitable for irrigation.


Variations in pH, Sulphate and Heavy Metal concentrations

The open cast mining in the area resulted rapid circulation of oxygen and water into the deep crust, where high concentrations of sulphides (Pyrite) exist. Thus, sulphides undergo the reaction.

2FeS2 + 2H2O + 7O2 = 2Fe2+ + 4SO42- + 4H+

This reaction developed low pH, high sulphate and trace metal concentrations. The chemical analysis of the ground water samples collected in the study area show low pH side indicating a mine environment similar to the above mentioned category [26-29]. The Pyrite present in the deep clay horizon gets exposed resulting in its oxidation and the end products being sulphate and hydrogen ions. The pyrite is present in the depth range of 35 to 40 mbgl. Hence ground water from deep wells puncturing this horizon generally has low pH value. The chemical data shows that the ground water collected from Mangalapuram, Chilambil, Sasthanagar and Valikonam have low pH [30-33]. It was also observed that the depth of these wells were also very deep (> 25 mbgl). The pH contours are depicted (Figure 11).
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Figure 11:   pH Range of Ground Water in the study area.



The general chemical reactions involved are


2FeS2 + 2H2O + 7O2 = 2Fe2+ + 4SO42- + 4H+

4Fe2+ + O2+ 4H+= 4Fe3+ + 2H2O

4Fe3+ + 12H2O = 4Fe (OH)3 + 12H+

FeS2 + 14Fe3+ + 8H2O = 15Fe2+ + 2SO42- + 16H+

The reactions indicate release of H+ which lowers the pH of the ground water of the area and produces sulphate ions. The field truth verification in the open cast mining areas of clay mining revealed the marked changes in the hydrogeological, agricultural and socio-economic environments of the area. The various impact include decline of depth to the water table in wells or changes in hydro geologic conditions in areas adjacent to the mining sites, thixotropism resulted land subsidence, sliding / slumping of walls of mines and well collapse, reversal of hydraulic gradient, inducing increased flow of ground water from the aquifer into the mines, causing deepening of water levels, drying up of shallow wells and reduction in the sustainability of ground water abstraction structures. Water quality deterioration resulted in the lowering of pH values and many areas water unsuitable for cultivation, reclamation and conversion of these wetlands to non-agricultural purposes has resulted transformation of this ecosystem, changes in landscape, land stability and soil loss especially areas of Mangalapuram, Andoorkonam, Azhoor and Sasthavattom and atmospheric pollution in the area.

Conclusion

Characterization, classification and evaluation of groundwater in and around the Open cast mining of clay deposits of Thonnakkal, South India have been examined. The general hydrogeological scenario has been identified during the study The opencast mining of clay deposits resulted lowering of depth to the water level, topographic changes and general changes in biodiversity. The groundwater of the area comes under Na+- HCO3- type and shallow meteoric percolation type except a few one which is deep meteoric percolation type. The rock water interaction played major role in the evolution of water chemistry, which was partly by evaporation process. The mining resulted low pH, high sulphate and trace metal concentrations in the ground water in and around the Thonnakkal clay belt. It is seen that the water quality is degrading very fast in the study area.
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