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ABSTRACT: Natural geologic environments in India affect human health in a variety of ways through interactions between geochemical, hydrologic, and biologic processes and human activities. The areas of arsenic-related endemic ailments, which occur in many parts of Bengal basin that include Bardhaman, Malda, Murshidabad, Nadia, North and south 24-Parganas a distribution that tends to match that of regions with high-arsenic Holocene sediments can be attributed to the parent rocks rich in arsenic from the Himalayas. Environmental factors such as climate, along with the human activities and cultural customs, can also enhance health impacts in areas with high natural background concentrations of hazardous geochemical compounds. High arsenic content as high 16 µg/g   was observed in a fresh Ganges alluvium suspended sediment deposits (Stummeyer et al. 2002).
1 Introduction 

Use of arsenic both as a cosmetic product and also as a tool for settling political agenda privately in ancient times (Azcue and Nriagu 1994) has now come a full circle as a major environmental issue in one of the most densely populated regions in the world. The problem of arsenic in drinking water in different parts of the world including the Bengal basin area in India and Bangladesh has been receiving wide attention in recent times (Acharya et al. 1999, Welch et al. 2000, McArthur et al. 2001, Bandyopadhyay 2002, Tareq et al. 2003, Stüben et al. 2003, Ahmed et al. 2004, Akai et al. 2004, Chowdhury 2004, Ghosh and Bhattacharyya 2004, Spallholz et al. 2004, Zheng et al. 2004, Garelick et al. 2005, Smedley et al. 2005, Madhavan and Subramanian 2006). Hooghly River, a tributary of Ganga, the arsenic concentration in the clay is 10 µg/g arsenic and the arsenic value in the sand is 4 µg/g. Chlorite-biotite separates from the sand sample analysed for arsenic shows 40 µg/g and 31 µg/g arsenic (Sengupta et al. 2004). The aquifer sediments of the delta region are constituted of material carried by the same rivers over the past thousands of years and are likely to store a large quantity of the element accumulated over the entire history of the fluvial regime (Sengupta et al. 2004). 
Arsenic is, as manganese, a redox-sensitive element which can be transferred from As(V) (arsenate) to As(III) (arsenite) within a reducing sediment (Bhattacharya et al. 1997, 2002, Nickson et al. 2000, McArthur et al. 2001; Stüben et al. 2003; Swartz  et al. 2004; Gault et al. 2005; Horneman et al. 2004; van Geen et al. 2004). Increasing evidence suggests that this is a microbiological phenomenon (Islam et al. 2004, Malasaran et al. 2004, Oremland and Stolz 2005). Arsenic release in groundwater does not arise from oxidation of sedimentary sulfides nor from ion exchange with phosphorus derived from fertilizer (Mallick and Rajagopal, 1996; Mandal et al. 1998; Roy Chowdhury et al. 1999; Acharyya et al. 2000). Arsenic is enriched even in the suspended matter under oxic conditions and in the sediment top under reducing conditions; obviously there is no cycling of arsenic in the water column nor in the reducing sediments on the river mouth shelf in Bay of Bengal (Stummeyer et al. 2002). In both types of samples arsenic is found in the acid soluble and residual phase of the material. Linked tectonic, geochemical, and biologic processes lead to natural arsenic contamination of groundwater in Holocene alluvial aquifers, which are the main threat to human health around the Bengal delta (Saunders et al. 2005). These groundwaters are commonly found a long distance from their ultimate source of arsenic, where chemical weathering of arsenic bearing minerals occurs. In Bangladesh, many millions are at risk of arsenicosis and strategies are required to provide safe water for consumption (Spallholz, et al. 2004; Garelick,et al. 2005).

The current understanding of the mechanism of arsenic mobilization in Bangladesh groundwater is insufficient to determine whether arsenic levels could rise if consumption is shifted to the subset of presently safe aquifers, particularly if irrigation water starts to be drawn from the same sources on a significant scale (Harvey et al. 2002; Aggarwal et al. 2003; Gaus et al. 2003; Morris et al. 2003; van Geen et al. 2003). Whereas, the problem is dispersed across six districts in the adjoining Indian State of West Bengal; thus, in the entire Bengal basin area, over 75 million – about a third of the population of the entire region – is affected (Mukherjee and Bhattacharya 2001, McArthur et al. 2004). The current thinking about the genesis of the problem has many fronts- natural due to arsenic bearing minerals in the aquifer region or hinterland areas and anthropogenic due to the excess withdrawal of these arsenic waters thereby altering the basic controlling chemical regime of arsenic movement in the aquatic environment. In Bangladesh 97% of the population relies on groundwater for its drinking water, drawn from between 6 and 11 million tube wells (Gaus et al. 2003) while in the Indian state of West Bengal, extensive pipeline net work is being developed between the river Ganges and other adjoining rivers to supply surface water to all villages in between; hence number of wells being drilled here officially is small but local population continue to drill with indigenous technology for extracting sub-surface water in many areas. Most of the investigations concerning the water chemistry of the Bengal basin have focused on arsenic mobilization in groundwater (Ravenscroft et al. 2001, Harvey et al. 2002, Dowling et al. 2002, Ahmed et al. 2004, McArthur et al. 2004, Swartz et al. 2004, Sengupta et al. 2004, van Geen et al. 2004, Horneman et al. 2004, Saunders et al. 2005). 
Few large-scale studies have focused exclusively on the redox potential and its subsurface hydrology (Zheng et al. 2004, Gault et al. 2005). While most of the publications suggest that Eh is the major controlling factor due to the +3 and +5 states of arsenic and various types of redox mechanisms (McArthur et al. 2001; Mukherjee and Bhattacharya 2001, Dowling et al. 2002, Stüben et al. 2003, van Geen et al. 2004) invoked to explain transport processes over the vast alluvial terrain, most of the papers do not mention any Eh values for such a very large data base (Das et al. 1996; Nickson et al. 2000; Ravenscroft  et al. 2001, Dowling et al. 2002, Stüben et al. 2003, Horneman et al. 2004, McArthur et al. 2004, Swartz  et al. 2004, van Geen et al. 2004).  Usefulness of some these data requires a close look since in some cases (Bandyopadhyay 2002) analysis were done ten years after sample collection and also the compatibility of diverse analytical techniques from field arsenic kits to ICP-MS are not well understood (Gault et al. 2005). Some of the publications mentioning Eh (Mukherjee and Bhattacharya 2001; Van Geen et al. 2004; Zheng et al. 2004) show values in the strongly reducing segment of Eh-pH plot for many locations in Bangladesh. There are no reported Eh measurements in the Indian State of West Bengal. 
2 Arsenic in Groundwater of the Bengal Delta Plain – Bangladesh 

The widespread occurrence of high inorganic arsenic in natural waters is attributed to human carcinogen and is identified as a major global public health issue. The scale of the problem in terms of population exposure (>36 million) and geographical area coverage (173 thousand Sq. km) to high arsenic contaminated groundwater (50-3200 µg/ L) compared to the National drinking water standard (50 µg/ L) and WHO recommended provisional limit (10 µg/ L) is greatest in the Holocene alluvium and deltaic aquifers of the Bengal Delta Plain (Bhattacharya et al. 2002). This large-scale 'natural' high arsenic groundwater poses a great threat to human health via drinking water. Mobilization, metabolism and mitigation issues of high arsenic groundwater are complex and need holistic approach for sustainable development of the resource. Mobilization depends on the redox geochemistry of arsenic that plays a vital role in the release and subsequent transport of arsenic in groundwater. Metabolism narrates the biological response vis-a-vis clinical manifestations of arsenic due to various chemical and biological factors. Mitigation includes alternative source for safe drinking water supply. Drinking water quality regulatory standards as well as guidelines are yet to cover risk assessments for such metal toxicity. Lowering of the ingested inorganic arsenic level and introduction of newer treatment options (implementation of laterite, the natural material) to ensure safe water supply (arsenic free and/or low arsenic within permissible limit) are the urgent need to safe guard the mass arsenic poisoning and internal arsenic related health problems. Consumption of groundwater with elevated arsenic levels (up to 3700 ug/L in certain wells) over a prolonged period of time have resulted in serious health hazards especially among the rural and semi-urban population in the region. 
Two principal hypotheses have been proposed regarding the origin of arsenic in groundwater in the Bengal Delta Plain:
i) The arsenic derived from the oxidation of As-rich pyrite in the shallow aquifer as a result of lowering of water table due to overabstraction of ground water for irrigation.

ii) ii) Arsenic derived as a result of desorption from surface reactive mineral phases such as hydrous ferric, aluminium or manganese oxides (HFO, HAO or HMnO) ubiquitously present as coatings in the aquifer sediments as a response to changes in the redox conditions. 
3 Arsenic in Groundwater of the Bengal Delta Plain – India 
Natural occurrences of high arsenic levels in groundwater have been reported in eight districts (Malda, Murshidabad, Nadia, North and South 24-Parganas, Howrah, Hugli and Barddhaman), covering an overall area of more than 37493 sq. km in West Bengal.  A sizable rural population (ca. 30 million) are presently at risk of exposure to high arsenic levels (1-1300 μg/L). Until 1998, 69 blocks in 8 districts were found to contain arsenic at levels higher than 50 μg/L. According to the database, arsenic concentrations were in the range of > 50-3200 μg/L in the entire belt of Holocene aquifers. Groundwaters analyzed from West Bengal indicated that nearly 38.3% had arsenic levels under the WHO recommended limit (10 µg/L). Furthermore, 44.3% samples indicated arsenic levels above the drinking water standard prescribed by the Bureau of Indian Standards (BIS) and 55.6% had arsenic concentrations below the BIS limit (50 μg/L).  Since 1988, it was recognized that water from shallow aquifers yielded arsenic at levels higher than the maximum permissible drinking water standard. The magnitude of the problem is increasing, and high arsenic levels now occur in wells previously known to be uncontaminated. In the past, several programs concentrated on finding the sources resulting in high arsenic levels in groundwater. Likewise, others dealt with screening the tube wells, health effects of arsenic pollution, and remediation strategies. Although a general consensus now prevails about the geogenic character of arsenic, there are major gaps in our understanding the sources and mechanisms involved in mobilization of arsenic. In addition, the core issues persist, and unfortunately, we still lack: a mechanistic approach for mobilization of arsenic in the aquifers, cost-effective remediation methods, and alternate arsenic free and safe surface/groundwater resources in Bengal Delta Plain. 
4 Source of arsenic in Groundwater of the Bengal Delta Plain 
The Bengal Delta Plain is characterized by a thick succession of fluviatile sediments pertaining to Quaternary age. The arseniferous belts located in the Upper Delta Plains (UDP) are mostly characterized by complete or truncated cycles of fining upward sequences dominated by course to medium sand, fine sand, silt and clay sediments. Geochemical and hydrogeological characteristics of these alluvial sediments influence the mobility of arsenic in groundwater, but the source of arsenic in these sediments is dependent on the geology of the source terrain. Interaction of the aqueous phase with the different mineral phases of the aquifer sediments play a predominant role in controlling the retention and/or mobility of As under different redox conditions within the subsurface environment. Chemical processes as adsorption-desorption, precipitation-dissolution of unstable As minerals, organic content, biological activity are known to control the redox conditions within the aquifers (Robertson, 1986; Bhattacharya et al., 1997). The source of arsenic in groundwater is geogenic and restricted within the Holocene sedimentary aquifers. Mobilization of arsenic from the alluvial aquifers is primarily effected through a mechanism of reductive dissolution of the iron oxyhydroxides within the sediments, rather than by the oxidation of pyrite, as has been hypothesized by other workers. The problem is further accentuated by the fact that arsenic is also found at elevated concentrations in vegetables and rice grown in the areas where high-arsenic groundwater is used for irrigation (Mukherjee and Bhattacharya, 2001). Dietary habits among the population are also an important pathway for arsenic ingestion. Besides the identification of arsenic-free tubewells in the affected areas for drinking purposes, purification of groundwater at household level by low-cost arsenic removal techniques is suggested. Rehabilitation of the patients with chronic arsenicosis and arsenic education programs for rural communities must be addressed urgently by the government of Bangladesh. 
5 Genesis of high arsenic groundwater in the Bengal Delta Plain 
The occurrence, origin and mobility of arsenic in natural waters has received significant attention in recent years. Mobilization of arsenic in groundwater is governed by the geochemical processes involving leaching of continental rocks as well as sediments. The risk for arsenic contamination in groundwater is therefore higher than in surface waters. Arsenic contaminated groundwater as the primary source of drinking water in several areas has particularly accentuated the problem because of the effects of arsenic exposure on human health. The commonly existing As-species in groundwater are in the form of As(V) as arsenate and As(III) as arsenite, the later being more mobile and toxic for living organisms. Methylation of inorganic arsenic to monomethyl- and dimethylarsenic acids is coupled to the biological activity in water. Arsenopyrite (FeAsS) and/or pyrite (FeS2) are the primary source of arsenic in natural systems. In sedimentary systems, arsenic is also adsorbed onto the reactive surfaces of secondary oxides and hydroxides of iron, aluminium and manganese (HFO, HAO and HMO). An aerobic and an anaerobic hypothesis have been put forward to explain the mobilisation of the arsenic in the groundwater. 
i) When groundwater is withdrawn, oxygen may enter the aquifer and oxidise the primary sulphides and subsequently releases arsenic and sulphate in groundwater.
ii) ii) Alternately, arsenic may be derived as a result of desorption and reductive dissolution of the surface reactive mineral phases such as hydrous ferric, aluminium and manganese oxides (HFO, HAO and HMO) present as coatings in the aquifer sediments. Phosphate is adsorbed onto HFO in a similar way as arsenic. The mechanism of arsenic and phosphate is initialised by anoxic water in the aquifers. 
Analysed water samples from wells in Chakdaha, West-Bengal, India and Bangladesh for a number of chemical parameters show the groundwater was found to be neutral to slightly alkaline and essentially Ca-HCO3 type (Sracek et al. 2004). The groundwater is under reducing conditions. The concentration of arsenic was very high in the area. 79 % respectively 65 % (India and Bangladesh) of the well samples had higher concentrations of arsenic than WHO's permissible limit of 10 µg/ L. The ratio of As3+ and As5+ show, it varied from 1 to 100 % but could not be linked to any other major ion parameter. Arsenic correlated with iron. This would strengthen the second hypothesis. Likewise, phosphorous correlated with iron. Further, relationship between the amount of precipitated iron (HFO) and adsorbed arsenic was found and it shows the importance of HFO as a controlling factor for the release of arsenic in groundwater. Collected porewater samples taken from a depth of 3 to 5 meters in Chakdaha and compared with the well samples show from 3 to 5 meters depth had low concentrations of arsenic, iron and phosphorous (Sracek et al. 2004). In this horizon, both arsenic and phosphorous are immobilised due to adsorption on secondary hydroxides phases. Calculated Saturation indexes (SI) were calculated using the equilibrium-based hydrogeochemical code WATEQ4F and found the model was used to understand the role of secondary mineral phases controlling the groundwater chemistry (Sracek et al. 2004). According to the model calculations, the porewater (from 3 to 5 m. depth) was undersaturated with respect to goethite (FeOOH), siderite (FeCO3) and vivianite (2Fe3(PO4)28H2O). This would strengthen the idea that under near surface conditions iron is precipitated as HFO and adsorbs arsenic and phosphorous and thereby reduces the abundance of these elements in the porewater. The well samples from the depths approximately 15 to 130 meters are supersaturated with respect to goethite (FeOOH), siderite (FeCO3) and vivianite (2Fe3(PO4)28H2O). The supersaturation of these minerals indicates that the groundwater chemistry is controlled by the reductive dissolution of FeOOH thereby mobilising adsorbed As3+/5+ and PO43-. All samples were supersaturated with respect to calcite (CaCO3) and dolomite (CaMg(CO3)2), which shows that the system is well buffered with respect to bicarbonate (HCO3-). This investigation has produced no support for the first aerobic hypothesis. On the contrary, it strongly forwards the second anaerobic hypothesis.
The data on As-chemistry of groundwater samples from several pumped wells in Nadia District indicate arsenic concentrations in the range of 100-300 µg/L. Predominance of As(V) species is evident from the consistent ratios of As(III)/As(V) less than 1. Analytical data on the sediment samples from the bore hole sites in the region reveal significant variations in the content of total As within the aquifers at different depths. The sandy aquifers at depths of 27-63 m indicate concentration in the range of 40-55 µg/g. The silty-clayey and clayey sediments at intermediate depths indicate high Astot content (133 µg/g). The deeper aquifers at depths 70-122 m reveal Astot contents of 44-61 µg/g while the clayey sediments underlying these sandy aquifers are characterized by lower Astot contents (ca. 20 µg/g). The concentrations of Fe, Al and Mn show similar trends. Similar pattern of variation is noted for the other trace elements like Mo, V and Cr although their concentrations are lower. Sequential leaching batch experiments for the sediments using deionized water and 0.01M NaHCO3 have indicated that the amount of leachable As in these sediments range between 116-383 µg/L, similar to the As concentrations in groundwater.
Studies on selective extraction of these sediments using oxalate and pyrophosphate media has been carried out to understand the relationship of As with the secondary Fe, Al and Mn phases as well as with the organically bound As. Oxalate extraction of these sediments reveal that HFO as the predominant fraction (Feox=264-1238 µg/g) as compared to HAO as secondary minerals in these sediments (Alox=27-294 µg/g). Oxalate extractable Mnox (54-325 µg/g) is however very low in these sediments. The clayey sediments at depths however indicate presence of both Feox (983 µg/g) and Alox (294 µg/g) fractions and complimented by high Siox (229 µg/g) indicate presence of secondary aluminosilicates. Asox (30 µg/g) fraction is also comparatively high in these sediments. The amount of pyrophosphate extractable Fe, Al, Mn and As are significantly low, suggesting that bulk of the secondary Fe, Al and Mn phases are inorganic in nature.
The results of investigations reveal that these surface reactive secondary Fe and Al phases play an important role in adsorbing the bulk of As in the sedimentary aquifers in the Bengal Delta Plain (Ahmed et al. 2004). These Fe- and/or Al-phases are characterized by variable surface charge, negative at higher pH and positive at lower pH. At lower pH, these surface reactive phases attain net positive charge leading to significant adsorption of As(V) species. The occurrence of As in groundwater is a process driven by the changing redox conditions where the arsenic phases are selectively desorbed as a response to the reduction of Fe3+ phases to soluble Fe2+ species. High-As occurrences concomitant with the increased Fe contents in groundwater supports this hypothesis. It can be conjectured that part of the As in the groundwater is quantitatively related to the release of As phases mainly as As(V) form adsorbed on the surface reactive Fe-oxides and hydroxides. Although the geological sources of As in the alluvial sediments of the Bengal Delta plain could be proved unequivocally, more detailed research is needed to characterize the chemistry of the aquifer materials in order to understand the water-solid-phase reactions operating in conjunction groundwater development. 
6 Groundwater arsenic behaviour and possible sinks for sulfate in Bengal Delta Plain 
Investigation in the Chakdaha block of Nadia district (Larsson and Liess, 1997, Sracek et al. 2004) indicated very low concentrations of sulfate (in the range 1-6 mg/L). The oxidation of As-rich pyrite by the oxygen dissolved in water can be described as
FeS2-As(s) + 7/2O2 + H2O = Fe2+ + 2SO42- + 2H+ + As (aq) 
Thus, dissolution of 1 mol of pyrite produces 2 moles of sulfate. The amount of arsenic produced would depend on concentration of arsenic in pyrite. This means that very low sulfate concentrations are contradictory to the hypothesis about the oxidation of pyrite. There are several potential sinks for sulfate. First of them is the precipitation of gypsum, CaSO4.2H2O, which can be described as Ca2+ + 2SO42- + 2H2O = CaSO4.2H2O 

However, gypsum is very soluble mineral and its precipitation requires high concentrations of Ca2+ and SO42-. Concentrations of Ca2+ in water samples from Chakdaha were in the range from 60 to 120 µg/L (Sracek et al. 2004). Much higher concentrations of Ca2+ would be required to bring about the precipitation of sulfate and thus, this process can be excluded as a possible sink for sulfate. 
Other possible sinks for sulfate are iron minerals like Fe2+ mineral melanterite, FeSO4.7H2O, and Fe3+ mineral jarosite, KFe3(SO4)2(OH)6 . Both minerals are quite exotic and are generally associated with acid mine drainage (Alpers et al., 1994). Furthermore, jarosite is stable only under low pH conditions (pH<3.0). Precipitation of both minerals require extremely high concentrations of iron and sulfate. This means that also this possibility is extremely unlikely.
Sulfate reduction thus remains as the principal possibility of sulfate removal. The process can be expressed as 2CH2O + SO42- = H2S + 2HCO3-
There is a formation of HS- instead of H2S under higher pH conditions (pH>7.0). The reaction requires the presence of organic matter and sulfate reduction bacteria. Sulfate reduction takes place in very reduced environment, where O2, NO3-, Mn4+ and Fe3+ have already been reduced. The Eh values at which sulfate reduction begins are about -180 mV at neutral pH region (Stumm and Morgan, 1981). Limited Eh data from Chakdaha presented by Larsson and Liess, (1997), are in the range from +23 to -175 mV at neutral pH. There was no trend of the Eh values with depth. These results are higher than the values typical for the reduction of sulfate, but the situation is complicated by the fact that measurements was done on samples from pumped domestic wells with long screens. Thus, several distinct redox zones may have been mixed and the Eh values are not representative.
Other criteria for sulfate reduction are:
i) decrease of sulfate concentration along flowpath combined with decrease of dissolved organic matter (DOC). 
ii) enrichment of residual sulfate in 34S and negative correlation between 34S and sulfate concentration;
iii) increase of alkalinity combined with depletion of dissolved inorganic matter (DIC) in 13C (original 13C is diluted by lighter carbon coming from organic matter with 13C values from -25 to -30 per mil.); however, the behaviour can be masked by enrichment of DIC in 13C during methanogenesis, with produces residual DIC very enriched in 13C. 
7 Groundwater arsenic and mineralogical considerations in Bengal Delta Plain 
One of consequences of pyrite oxidation under neutral pH conditions is the formation of ferric hydroxide rims on pyrite grains (Nicholson et al., 1990). The reaction including the oxidation of Fe2+ can be expressed as Fe2+ + 1/4O2 + 2.5 H2O = Fe(OH)3 + 2H+
These rims represent secondary Fe(OH)3 formed after diagenesis of sediments and they are located on the surface of pyrite. On the other hand, the Fe(OH)3 formed during diagenesis form coatings on grains of sand and are independent from pyrite. The mineralogical relation between pyrite and ferric hydroxide can not be determined by sequential dissolution because the method is not able to distinguish between primary and secondary ferric hydroxide. It can be done by mineralogical investigation (Jambor, 1994), under scanning electron microscope (SEM). The SEM can be also used to determine if pyrite oxidation takes place, (Blowes and Jambor, 1990). In the positive case there should be dissolution pits on the surface of pyrite. Thus, well-preserved samples of solid material from the aquifer obtained by coring are necessary.
As a results,
i) Investigation of sulfate behaviour plays a significant role in testing of hypothesis about the origin of arsenic in ground water in West Bengal and Bangladesh. Concentrations of sulfate at the Chakdaha site are very low (less than 10 mg/L) and there does not seem to be any mineral phase controlling sulfate concentration in ground water.
ii) Redox conditions do not seem to be reducing enough for reduction of sulfate, but redox data are still limited. Another complication is related to the sampling of pumped domestic wells with large screen intervals with resulting mixing of ground water from several redox horizons. Thus, the possibility of sulfate reduction and redox conditions using several redox indicators and 34S and 13C isotopes requires more investigation. However, this can not be done by sampling of pumped domestic wells. Instead, several piezometric nests with piezometers screened at different depth are necessary. The investigation of unsaturated zone by suction lysimeters can also be very helpful for investigation of sulfate and arsenic behaviour.
iii) Mineralogical investigation under scanning electron microscope (SEM) focused on the mineralogical relation between pyrite and ferric hydroxide can distinguish between primary ferric hydroxide formed during diagenesis and secondary ferric hydroxide formed during the oxidation of pyrite. If pyrite dissolution takes place, then there should be signs of dissolution on pyrite surface. The investigation can be combined with sequential dissolution of the aquifer sediments, which is not able to determine the origin of ferric hydroxide separately. 
8 Nature of arsenic concentration from freshly constructed wells between Ganges – Mahananda River 
An intensive field survey was carried out in one of the least affected district’s -Malda - in Indian State of West Bengal and also other districts for Eh, pH and Arsenic measurements during January – February 2002.  Malda district has about 2 million populations with a reported (Das et al. 1996) arsenic concentration levels, based on 222 samples of ground water ranging from 5 to 500 µg/ L. In this area, subsurface water is being extracted from wells that are drilled with simple indigenous technology by local community. Using this technique, it was possible to obtain sub surface aquifer cross sections, for eight locations over a 35 km stretch between two rivers- the Ganges and Mahananda that joins the Ganges farther south (Madhavan and Subramanian 2006). Ground water was obtained from a minimum depth of about 3 meters near the Ganges River progressively increasing up to a maximum depth of about 20 meters near the Mahananda River. The cross section of the aquifer reconstructed from the field data is given in figure-1; also shown in the figure is the trend in arsenic and Eh values across this cross section (point distribution map with Lat-Long would give a better spatial distribution pattern for the arsenic and Eh distribution). Arsenic values range from a low of around 3µg/ L to a high of around 473 µg/ L in the same direction while the Eh in the same locations vary from a high of + 290 mV near the River Mahananda to a low of +218 mV towards the River Ganges (Madhavan and Subramanian 2006). Before analyzing redox potential, the platinum electrode was calibrated with Zobell’s solution (APHA, 1995). 
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Figure - 1: Aquifer core section in the Malda district from the Ganges river near Farakka (A) to the Mahananda river near Malda (B). Also shown are the Eh and total arsenic for the section.

9 Groundwater arsenic and relation to redox potential 
There are no spatial trends in Eh and arsenic levels in the entire Bengal Basin area as shown in figure-2. The lowest Eh value in West Bengal is around  -30 mV whereas the values are reported to be as low as -400 mV in some regions of Bangladesh (Mukherjee and Bhattacharya 2001) indicating that the redox processes responsible for arsenic contamination are more intensive in Bangladesh in comparison to West Bengal shown in figure 3.  The spatial distributions of groundwater arsenic and the redox state of the sediment suggest that the two properties are related. Dissolved arsenic concentrations typically increase with depth, (Karim et al. 1997 and Horneman 2004) The formation of Fe(II) or Fe(II/III) phases that leave arsenic in solution could help explain the significant scatter in the relationship between dissolved arsenic and Fe concentrations in Bangladesh groundwater (Horneman 2004). The identification of a threshold in redox conditions that prevents the release of arsenic to groundwater might help drillers target aquifers that are low in arsenic.
Many hypotheses on the source of arsenic has been postulated (mainly two viz. oxidation and reduction), both mineral and microbial (Nickson et al. 2000; McArthur et al. 2001; Mukherjee and Bhattacharya 2001; Bandyopadhyay 2002, Stüben et al. 2003, Islam et al. 2004, Swartz et al. 2004, Van Geen et al. 2004, Horneman et al. 2004, Saunders et al. 2005). Holocene clay over Holocene sand aquifer in Bengal Delta plain may play a major role in controlling of arsenic in groundwater (Madhavan and Subramanian, 2006). Measured redox potential for the freshly build wells on locations Monuvapathi, southern and eastern part of Malda (-54mV, 36mV and 40mV) at where the Holocene clay over Holocene sand show a thickness of 18 meters and the measured arsenic concentration were 108, 319 and 473 µg/ L arsenic respectively (Madhavan and Subramanian, 2006). At river cross-section Ganges –Mahananda, a good correlation was observed between Holocene clay over Holocene sand and redox potential of groundwater. A negative non-linear relationship was established among thickness of Holocene clay over Holocene sand versus redox potential of groundwater. Whereas an exponential positive trend was observed between increasing amount of Holocene clay over Holocene sand versus dissolved arsenic in groundwater. It is explained in figure 4. 
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Figure 2: Relationaship between Eh and arsenic concentration in the Bengal basin area in West Bengal (India) and Bangladesh.
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Figure 3. Range of Eh and arsenic concentration in the Bengal basin area in West Bengal (India) and Bangladesh
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Figure 4. Relationship between amount of Holocene clay over Holocene sand between Rivers Ganges - Mahnanda versus Eh and arsenic (Data collected on January - February 2002)

10 Discussions and Conclusion 
The mobilisation of arsenic into the groundwater is an important process that eventually leads to arsenicosis in Bengal basin area in West Bengal, India and Bangladesh. Observed result indicate groundwater arsenic concentration between rivers Ganges and Mahanada is strongly dependent on redox potential of groundwater as well as the thickness of Holocene clay present over Holocene sand. Future research on reduction of iron oxyhydroxide and their release of arsenic concentration due to amount of Holocene clay present over Holocene sand in an aquifer and growing microorganisms may ultimately reveal an answer.
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