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Abstract 

The province (upazila) of Matlab in SE Bangladesh is highly affected with elevated 

concentrations of dissolved As content and widespread fecal contamination in untreated drinking 

waters. The study area is sedimentologically composed of thick floodplain deposits of Holocene 

age overlying Plio-Pleistocene grey fine to coarse sands with considerable clays (consisting of 

Dupi Tila formation). The goal of the current study is to understand the possible impact of co-

occurrence of dissolved organic carbon (along with As release) and fecal indicator bacteria (e.g., 

E.coli) in aquifers from shallow to deep groundwater quality in this area. Nineteen groundwater 

(spanning a depth range of 14 to 240 m) samples and nine surface water samples (eight ponds 

and one canal in proximity to the piezometer nests) were collected from four different 

piezometric nests within north and south Matlab Upazila in Bangladesh during the monsoonal 

season (Jun-Jul 2014). The analyses of dissolved organic carbon (DOC) and its fluorescence 

properties indicate that the chemical character of DOC from shallow to intermediate 

groundwaters (<150 m) and surface water is dominated by more aromatic and humic materials 

than deeper groundwaters. Both groundwaters and surface waters may receive humic substances 

leached from soil and/or from the cellular constituents and exudates of indigenous aquatic 

organisms. Dissolved organic carbons in groundwater and surface waters are composed of 

predominantly UVA and UVC-humic like along with tryptophan like components. Only 15% of 

total C is modern carbon at shallowest depths (<30 m) in groundwaters. The recharge source of 

groundwaters is from local precipitation, with or without some evaporation before infiltration as 

depicted by the δ2H and δ18O variations and the water is infiltrating through mostly terrestrially 

derived weathered sediments into the aquifers. The type of water in the study area is Ca-Na-

HCO3
- type. More toxic and soluble As (III) is present in shallow groundwaters (<30 m). High 



 

 

concentrations of As (V) and As(t) are observed high in shallow and intermediate depth wells 

(<150 m). The most probable number based on the Colilert test and qPCR result for E.coli 

suggest that unprotected surface waters are harbingers for high microbial population compared to 

hand pumped wells. However, the very low observed concentrations of cultured E. coli (<1-10 

MPN/100 mL) and E. coli DNA (<40 Copies/100 mL) in the wells indicates that the abundance 

of E.coli cells decrease rapidly with residence time in oligotrophic aquifers. Thus, it may be 

suggested that more humic DOC in shallow and intermediate groundwaters may be involved in 

complexation or other biogeochemical reactions that may mobilize As in groundwater. The non-

indigenous bacteria can be the primary producers of DOC in the aquifers which can be utilizing 

surface derived DOC. 
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Chapter 1 - Introduction 

Safe drinking water scarcity and water pollution are among the greatest environmental 

threats in some developing countries like Bangladesh and some other SE Asian countries. Over 

the last few decades, the majority of people in Bangladesh shifted their drinking water supply 

from surface water bodies (ponds and rivers) to groundwaters and consequently above 10 million 

new private wells have been installed to provide drinking water for over 130 million people 

(Harvey et. al., 2006). Groundwater has been utilized as a dependable source of drinking water 

rather than surface water. Typically surface water has been contaminated with microorganisms 

causing a significant risk of water-borne diseases and mortality, especially infant mortality. 

Therefore, groundwater from hand-pumped tubewells is the most popular drinking water supply 

in rural Bangladesh. However, a considerable switch of rural consumption to untreated 

groundwater supplied by millions of domestic wells over the past few decades has turned into a 

humanitarian disaster (Stute et al., 2007). Tragically, evidence of elevated arsenic (As) 

concentrations from drinking groundwaters (first reported during mid-1990) in the Ganges-

Brahmaputra-Meghna Delta (GBMD) region of Bangladesh (Chakraborty and Saha, 1987; BGS 

and DPHE, 1999) initiating acute cases of arsenicosis and other related diseases. Several large 

scientific and social surveys demonstrate that high dissolved As concentrations are restricted to 

the upper 100 m of the aquifers and the distribution of As is spatially very heterogeneous within 

short distance (on scales of meters to kilometers) (BGS and DPHE, 2001; van Geen, et al., 

2003b; Stute et al., 2007). The As concentrations in aquifers commonly exceed the World Health 

Organization (WHO) drinking water standard limit (10 µg/L) beneath the Holocene floodplains 

within the alluvial and deltaic plains of the GBM rivers. The As contamination issue is most 

common in the SE and NE of Bangladesh (McArthur et al., 2001). Higher percentage of shallow 

wells containing >10 µg/L As are observed in SE parts of Bangladesh and about 57% of the 

people from this specific region are more or less dependent on As contaminated water for 

drinking water purposes (Yu et. al., 2003). Three mechanisms have been proposed to explain As 

contamination of groundwater in the GMBD: (1) oxidation of arsenical pyrite in the alluvial 

sediments is contributing As release in groundwater as water table drawdown allows atmospheric 

O2 to enter the aquifer (Mallick and Rajagopal, 1996; Mandal et al., 1998; Chowdhury et al., 

1999); (2) absorption of anions within aquifer minerals promoting solubility of these ions into 
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solution by competitive chemical exchange of phosphate anions derived from over-usage of 

fertilizer to surface oils (Acharrya,1999); (3) reduction of iron oxyhydroxides (FeOOH) and 

release of dissolved As to solution under anoxic conditions (Bhattacharya et al., 1997; Nickson et 

al., 1998 and 2000; McArthur et al., 2001). The first two mechanisms of As release into 

groundwater are called in to question, because pyrite (dissolved sulphides) in groundwater has 

not been observed in the groundwaters; the process would require oxidizing conditions. 

Therefore, this is not considered as a source of As in Bangladesh groundwaters.  

The replacement of surface water with hand pumped domestic wells as a major source of 

drinking water is often presumed to have reduced diarrheal complications among the populations 

that derived their water by this method. But recent evidence does not reveal a reduction of 

diarrhoea in households that adopted domestic wells (Sommer and Woodward 1972; Levine et 

al., 1976; Curlin et al., 1977; Briscoe, 1978; Khan et al., 1978; Luby et al., 2008). These studies 

have suggested that above 40% of shallow wells in Bangladesh are contaminated with human 

fecal organisms (Hoque, 1999; Islam et al., 2001; Luby et al., 2006 and 2008). Bacteria in 

groundwater may originate from recharge sources to the groundwater. Excellent groundwater 

quality can be characterized as containing <1 coliform/100 mL. Heterotrophic bacterial 

population, which is often very sparse (<10 organisms/mL), can be stimulated at 15°C or more 

temperature (Alson, 1982; Geldreich and LeChevallier, 1999). Thus, microbial quality shows 

slight variation in groundwater because the groundwater aquifer is protected from surface 

contamination. Some groundwaters, however, are not insulated from surface contamination 

(Allen and Geldreich, 1975). Agricultural fertilizer runoff and improperly segregated landfills 

can contribute to introduction of nitrates and a variety of organics, including biodegradable ones. 

Under such situations, bacterial populations in groundwater can be extreme, resulting in 

heterotrophic bacteria/mL counts of 1000 to 10,000/mL (Geldreich and LeChevallier, 1999). In 

the groundwaters that are not well protected from contamination by surface runoff and 

wastewater effluents, - coliforms and pathogens (bacterial, viral, protozoan) may be introduced 

into them unless a treatment barrier is activated (Craun, 1985). Surface waters are subject to a 

variety of microbial contaminants introduced by surface runoff over watersheds and the upstream 

discharges of domestic, agricultural and industrial wastes (Geldreich and LeChevallier, 1999). 

The key factors that help microbial colonization within waters are: source of nutrients, protective 

habitat and water temperatures (≥15°C) favoring the right conditions for rapid proliferation 
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(Geldreich et al., 1977; Water Research Centre, 1977; Bartram et al., 2003). Naturally occurring 

and man-made nutrients include phosphorus, nitrogen, trace metals, and carbon which may be 

introduced into source waters with varying concentrations. Generally, microbiological activity in 

groundwater is often more stable than surface water (Katayama, 2008). As untreated 

groundwater is a communal source of drinking waters in rural Bangladesh, growing evidence of 

prevalent fecal contamination of groundwater is a major concern along with health risks. Eleven 

percent of all deaths are estimated to be caused by diarrheal diseases in Bangladesh (Streatfield 

et al., 2001). 

The mechanisms of releasing dissolved As content along with finding fecal indicator 

bacteria growth in aquifers, are controversial topics by themselves. A widely held view is that, 

under anaerobic conditions- a geogenic contaminant As is released into groundwater following 

the reductive dissolution of Fe-oxide phases onto which As is primarily adsorbed (Nickson et al., 

1998; McArthur et al., 2001). These processes are usually microbially mediated and the presence 

of labile organic carbon in aquifers is a rate-limiting constituent for the As release process in 

groundwater (Islam et al., 2004; Lawson et al., 2013). Additionally, it may be thought that 

assimilation of such mutable organic carbon may be acting as one of the sources of energy for 

fecal indicator bacteria (E. coli) growth in aquifers. The present study has been conducted to 

understand the possible impact of labile organic carbon on progressively shallow to deep 

groundwater chemistry (14-240 m) in relation to dissolved As and the co-occurrence of fecal 

indicator bacteria (E. coli) within Matlab of SE Bangladesh. 
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Chapter 2 - Background 

The Ganges-Brahmaputra-Meghna (GBM) river basin is a transboundary river basin with 

a total area of over 1.7 million km2, distributed between India (64 %), China (18 %), Nepal (9 

%), Bangladesh (7 %) and Bhutan (3 %) (AQUASTAT Water Report 37, 2011) (Table 2.1). The 

headwaters of the Ganges and Brahmaputra originate in the Tibetan China area of the Himalayan 

mountain range. The Ganges river flows SW into India, then turns SE, joining with numerous 

major tributaries. The Ganges joins with the Brahmaputra and Meghna rivers to flow into the 

Bay of Bengal as the Padma and Meghna rivers in Bangladesh, respectively (McEwen, 2008; 

AQUASTAT Water Report 37, 2011). Bangladesh occupies the part of the GBM riverine system 

and lies mostly within the Bengal Basin (Fig 2.1). The GBM riverine system carries the large 

total sediment load in the world. The GBM delta was produced from erosion of the Himalayas 

and is producing the largest fluvio-deltaic system in the world. This fluvial-deltaic system forms 

prolific fresh water aquifers in most parts of Bangladesh and eastern India. The unconsolidated 

near-surface sediments are Pleistocene to recent in age. Fluvial and estuarine sediments underlie 

most parts of Bangladesh and the groundwater is predominantly withdrawn from these 

Quaternary strata. Bangladesh demonstrates enormous surface water resources due to frequent 

rains and favorable monsoonal climate spanning almost 5-6 months in a year. Until the 1970’s  

Figure 2.1 Map of the GBM catchments draining into the Bay of Bengal (Whitehead et al., 

2015) 
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Table 2.1 Country areas in the Ganga-Brahmaputra-Meghna (GBM) river basin (Joint 

Rivers Commission Bangladesh, 2011) 

 

Table 2.2 Simplified stratigraphic succession of Bangladesh (After Alam et al., 1990; Khan, 

1991 and DPHE, 1999) (Ravenscroft et al., 2004) 

 

this surficial water was mainly used as drinking waters for the majority of the population of 

Bangladesh (Zahid et al., 2006). But bacteriological contamination resulted in multiple water-

borne diseases such as cholera and dysentery that caused millions of deaths in the region 

(Ravenscroft et al., 2004). To resolve this problem approximately 6 to 11 million hand-pumped 

private wells have been installed in Bangladesh during last few decades partly driven by the UN 

International Decade for Water Supply and Sanitation (Kinniburgh et al., 2003). Unfortunately, 

the majority parts of Bangladesh have high As levels in groundwater above the Bangladesh 

drinking water standard limit of As (50 μg/L) and World Health Organization (WHO) drinking  
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Figure 2.2 Arsenic distributions at shallow depth wells in Bangladesh (BGS, 2001) 

 

water standard limit of As (10 μg/L) (Rahman et al., 2002). Approximately 30 % of the domestic 

wells exceed the Bangladesh Drinking Water Standard (BDWS) limit of As, 50 μg/L (BGS and 

DPHE, 2001). Millions of people previously considered to have access to safe water are now 

known to be exposed to high As through drinking untreated waters (Smith et al., 2000; BGS and 

DPHE, 2001; Smedley and Kinniburgh, 2002; von Brömssen, 2012) . Several studies suggested 

that dissolved As in groundwater occurs below the Holocene floodplains (GBM), within the 

Chandina and Dhamrai formations (Burgess and Ahmed, 2006) (Table 2.2). The maximum 

thickness of these aquifers is about 100 m. The Holocene sediments are dark-grey, highly 

micaceous, unweathered and organic matter is present in concentrations of up to ~6 wt%. Low 

hydraulic gradients are somewhat responsible for the flushing of the Holocene sediments since 

their time of deposition (Burgess and Ahmed, 2006). In Bangladesh, the As concentration is 

 

Matlab 

‘Groundwater Studies of Arsenic Concentration in 

Bangladesh’ DPHE/BGS/DFID (2000) 
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above BDWS >50 µg/L in those wells which are located in the area occupied by the young 

floodplains and deltaic sediments. On the other hand, the dissolved As content is lower in wells 

installed in Holocene coarse fan deposits and negligible in wells developed within Pleistocene 

and older sediments (BGS and DPHE, 2001). In Bangladesh, high As groundwater was officially 

recognized in 1993 (Smith et al., 2000; BGS and DPHE, 2001; Smedley and Kinniburgh, 2002; 

von Brömssen, 2012). Since then, it has been recognized that most parts of Bangladesh are at 

risk from elevated As concentrations in their drinking waters. The results of the BGS survey 

(BGS and DPHE, 2001) showed that the greatest number of high As wells are observed in the S 

and the SE parts of Bangladesh (Berset, 2007) (Fig 2.2). Matlab is one of the areas highly 

affected by As in SE Bangladesh. The As concentration ranges from <1 to 3644 µg/l, and more 

than 70% of functioning tubewells exceeded the WHO guideline of 10 µg/l of dissolved As in 

Matlab (Rahman et. al., 2006). The surroundings of Matlab are composed of thick floodplain 

deposits of Holocene age and unconformably overlying the Plio-Pleistocene Dupi Tila Formation 

(after Bakr, 1977). The groundwater flow systems in the study area may be explained by the 

following ways: (i) presence of the recharge areas and deeper regional horizontal flow system as 

seen at the Tripura Hills area to the east of the study area and ii) presence of local groundwater 

recharge and small-scale local flow systems mostly driven by local topography (von Brömssen, 

2012) (Fig 2.3). These local flow systems extend to approximately 30 m below ground level 

(bgl) and young groundwater (below 1,000 yr) should be expected within about 25 m bgl. 

Groundwater flow at certain depths (below this local flow system) for natural and undisturbed 

system is very slow. Groundwater pumping for irrigation usage is responsible for more than 85 

% of the groundwater withdrawal (BGS and DPHE, 2001; von Brömssen, 2011). However, the 

patterns of local flow can be noticeably changed by irrigation wells during the irrigation seasons 

as a result of induce a vertical flow. Hence, groundwater abstraction may increase due to 

extensive irrigation pumping (von Brömssen, 2011). 

The contamination of drinking water sources by chemical contaminants has been a 

common scenario in densely populated countries like Bangladesh. Both ground water and 

surface water may be microbiologically contaminated by various means, including introduction 

of agricultural runoff, poor sanitation etc. (Geldreich, 1990; Grabow et al., 1996; WHO, 2008). 

Unprotected surface waters are harbingers of higher microbial populations compared to extracted 

water from hand-pumped wells. Fecal contamination of groundwater may be reduced because of 
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Figure 2.3 The geomorphic units in and around the study area (Bakr, 1977) (Source: 

Mozumder, 2011) 

 

filtration through aquifer sands (van Geen et al., 2011). Microbial contamination of groundwater 

is generally attributed to percolation of water containing human or livestock feces into the 

underlying aquifers. However, microbes attached to surfaces inside the pump or the well casing 

can also partially contribute to increase fecal contamination within hand pumped wells. The 

usage of contaminated water for periodic priming of the hand pumps is also one of reasons for 

such contamination (Ferguson et al., 2011). Population growth along with sanitation difficulties 

means that morbidity due to diarrheal diseases (Emch, 1999; Escamilla et al., 2011) is very high 

in rural Bangladesh, resulting in an estimated 11% of all deaths in the country (Streatfield et al., 

2001). The majority of people in rural Bangladesh have been using shallow hand-pumped wells 

in sandy aquifers for drinking water usage; hence it may be assumed that the high level of 

diarrheal disease might be attributable to emergence of fecal contaminated well waters (Islam et 

al., 2007; Leber et al., 2011; Wu et al., 2011). Recent studies showed that the occurrence of fecal 

indicator bacteria (E. coli) in hand pumped domestic well water is frequent especially during the 
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monsoon periods (van Geen et al., 2011; Leber et al., 2011). However, the origin of E. coli into 

the aquifer may be attributed to vertical infiltration from near-surface sources (e. g., latrines) or 

through lateral percolation of fecal contaminated ponds (Knappett et al., 2011 and 2012a).  

The condition that leads to As mobilization in groundwater and fecal contamination in 

Bangladesh aquifers have been formulated in several ways. It is thought that in most cases As is 

released through microbial reduction of iron oxyhydroxides which releases to groundwater with 

changing redox conditions (Korte and Fernando, 1991) and labile organic carbon is helping to 

drive the microbial reduction process in groundwater (Chapelle and Lovely, 1992; Nealson, 

1997). In this scenario, several sources for the organic matter have been postulated, e.g., 

presence of peat layers or disseminated organic matter in soils (Ravenscroft et al., 2001). It has 

been suggested that during aquifer recharge from ponds biologically degradable organic carbon 

is carried down into the shallow aquifers. This drawdown may be facilitated by irrigation 

pumping and pond/surface waters are transported to that depth where the As concentrations are 

highest. In contrast, recharge from irrigated rice fields may contain predominantly recalcitrant 

organic carbon (Neumann et al., 2010). The cycling of Fe and dissolved organic matter (DOM) 

has been postulated to accelerate As mobilization in these sedimentary aquifers (Mladenov et al., 

2010). The implication can be demonstrated in two ways: (i) labile DOM can aid as a source of 

energy (electrons) for Fe- and humic-reducing microbial communities (Tufano et al., 2008). The 

probable sources of labile DOM are terrestrial (plant/soil) organic matter in these aquifers, such 

as the presence of peat all the way through the aquifer sediments (McArthur et al., 2004); DOM 

in surface water may be transported to depth by natural flow or irrigation pumping (Polizzotto et 

al., 2005; Harvey et al., 2002; van Geen et al., 2003). (ii) DOM and Fe-reduction are related via 

the capacity for transferring electrons (electron shuttling) of humic substances (Mladenov et al., 

2010). Moreover, the involvement of microbially mediated reductive processes and the oxidation 

of labile organic carbon are broadly considered to offer a critical mechanism for As release in 

shallow groundwaters. Dissolved organic carbon can be drawn into aquifer systems upto about 

100 m (Lawson et. al., 2013). The aquifer redox condition is controlled by advected organic 

carbon to allow As release by natural process (Mailloux et al., 2013).  

The frequency of E. coli detection in groundwaters increases with population in 

Bangladesh and decreases with the As content in the aquifer. Along with an increase in fecal 

waste discharged to the environment through leaking latrines (Knappett et al., 2011) the reason 
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might be attributable to downward transport of E. coli associated with local recharge (van Geen 

et. al., 2011). Hand-pumped wells could potentially influence drinking water quality acting as 

persistent reservoirs for microbial indicator bacteria (Ferguson et al., 2011). Latrine polluted 

ponds may serve as one of sources of fecal contamination that infiltrate into shallow unconfined 

aquifers. Improper sealing of private hand-pumped well annuli may also contribute to significant 

enhancements in microbial contamination in drinking water (Knappett et al., 2012 and 2012b). 

Organic carbon is often a growth limiting nutrient. Organic carbon is exploited by heterotrophic 

bacteria for production of new cellular components (assimilation) and as an energy source 

(dissimilation) (LeChevallier et al., 1996). Most organic carbon in water originates via natural 

process and derived from living and decaying vegetation (Geldreich and LeChevallier, 1999). 

Organic matter in treated waters is essentially the biodegradable fractions. (LeChevallier, 1990; 

LeChevallier et al., 1991; Mathieu et al., 1992; Servais et al., 1987; Servais et al., 1992; Volk et 

al., 1994). Some typical events (algal bloom, rainfall, etc.) are capable of altering organic matter 

quality in untreated waters and may act as a catalyst for coliform growth (Boualam et al., 2002; 

LeChevallier et al., 1990; Lowther et al., 1984, Bouteleux et al., 2005).  
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Chapter 3 - Hypothesis and Objectives 

Hypotheses 

The hypotheses of this study to be tested are:  

Young labile organic carbon may potentially accelerate As release in shallow reducing 

aquifers. Mobilization of As into groundwaters will be facilitated as long as As-bearing iron-

oxides are available for reduction and labile organic carbon is available to drive the process.  

As stated by Lawson et al., (2013), the occurrence of As in groundwaters under anaerobic 

conditions follow the reductive dissolution of iron oxide phases onto which As is primarily 

adsorbed (Nickson et al., 1998; McArthur et al., 2001). These processes are microbially mediated 

and labile organic carbon is a rate-limiting component of the As release mechanism (Islam et al., 

2004). The role of the organic carbon which is responsible for driving As release in 

groundwaters remains a controversy (Harvey et al., 2002; McArthur et al., 2004 and 2011; 

Neumann et al., 2010; Fendorf et al., 2010).  Extensive groundwater pumping along with 

drawdown of surface waters containing young labile organic matter (OM) may potentially 

accelerate As release into shallow reducing aquifers. This concept has attracted significant 

attention (Aggarwal et al., 2003; van Geen. et al., 2003; Michael et al., 2008; Datta et al., 2011; 

Burgess et al., 2010; Harvey et a., 2002; Lawson et a., 2013).   

In addition, assimilation of organic carbon may lead to fecal bacterial growth in 

groundwaters (Geldreich and LeChevallier, 1999). Generally, the microbial quality of 

groundwater pumped from wells is better than unprotected surface waters, but in many cases 

well discharge may comprise significant fecal indicator bacteria (E. coli) levels (as shown by 

Islam et al., 2001, Hoque et al., 2006, Leber et al., 2011, van Geen et al., 2011).  

 Geldreich and LeChevallier, (1999) suggested that organic carbon is favorable for 

heterotrophic bacteria as an energy source (dissimilation) to generate fresh cellular elements 

(assimilation) in water (LeChevallier, et al., 1996). Additionally, Bouteleux et al., (2005) 

postulated that as OM is the source of carbon and energy for heterotrophic bacterial growth 

including coliforms in water (LeChevallier, 1990; LeChevallier et al., 1991; Mathieu et al., 1992; 

Servais et al., 1987; Servais et al., 1992; Volk et al., 1994). The characteristics of OM in 

untreated water can be acting as catalyst for coliform including fecal indicator (E. coli) growth 

(Boualam et al., 2002; LeChevallier et al., 1990; Lowther et al., 1984).  
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Hence the objectives of this study are:  

 (1) To explore sources and characteristics of dissolved labile organic carbon that liberate As 

from iron oxyhydroxides within an aquifer.  

(2) To investigate water chemistry variation and source of recharge within shallow through deep 

aquifers in the study area and explore whether there are any correlations with the types of DOC 

found.  

(3) To examine the extent of co-occurrence of culturable and molecular (DNA) fecal indicator 

bacteria (E. coli) with labile organic carbon within shallow to deep groundwaters in the studied 

aquifers (14-240 m). 

(4) To sample the indigenous microbial community DNA in groundwater and surface water to 

identify the known genes involved in reductive dissolution of iron oxyhydroxides. 
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Chapter 4 - Study Area 

The study area Matlab upazila is situated in SE Bangladesh which is divided into North 

and South parts. Matlab is located in the floodplain of Meghna River Basin from 23°15´ to 

23°30´N latitude and 90°36´ to 90°50´E longitude near the confluence of Ganges, Brahmaputra 

and Meghna rivers with an aerial extent of about 409.22 km2 in Bangladesh. A local river named 

Dhanagoda flows across Matlab (Fig 4.1). The study area encompasses a triangular-shaped tract 

known as Chandina Deltaic plain bounded by the Meghna River in the west, Lalmai Hills in the 

east and Old Meghna estuary at its south. The topographic feature is represented by a vast 

expanse of deltaic plain and old Meghna estuarine flood plain deposits. Physiographically, 

Matlab is situated in Meghna estuarine floodplain area (Fig 4.2 (a)). The Chandina deltaic plain 

is referred to as the Tipperah surface (Morgan and McIntyre, 1959), older alluvial surface 

(Umitsu, 1987 and 1993) and old Meghna estuarine surface (Brammer, 1996). The unit consists 

of silt, silty loam, silty clay and grayish clay and has been named as Chandina formation. The 

sediments resembling those of the recent Meghna flood plain are more compacted, decomposed 

and oxidized (after Bakr, 1977) (Table 4.1). Most parts of Bangladesh are covered with 

Quaternary sediments deposited by the GBM river systems. The sediments are thick, with most 

areas having a good water bearing capacity (Rahman, 2013). Alluvial aquifers are the main 

source of groundwater in the study area. The aquifers are mostly unconfined to semi-confined in 

nature. The unconfined water table occurs at shallow depths 2-5 m below ground surface. The 

groundwater table reaches its maximum level during the monsoon period (June-October) and its 

minimum level during the dry season (November-May) (Pasupuleti, 2005). The study area is 

located in the SE hydrologic regions as per National Water Management Plant (Fig 4.2 (b)) and 

in zone ‘G’ (UNDP, 1982). The main aquifer was considered for only deep tube-well 

development with discharge up to 2 cubic sec. The climate is tropical according to the Köppen-

Geiger system (Aw). The average temperature in Matlab is 26.0 °C and in a year, the average 

rainfall is 2130 mm. The monsoon has a good deal of rainfall, while the dry season has very 

little. The driest month is December, with 6 mm of precipitation. Most of the precipitation falls 

in July, averaging 442 mm (http://en.climate-data.org/location/969823/). 
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Figure 4.1 Location map of the study area 
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Table 4.1 General geological settings in Matlab (after Bakr, 1977) 

Age Geologic Unit Lithology 

Holocene Meghna flood plain deposits 

Chandina formation (Chandina deltaic plain 

deposits) 

Alluvial sand and silt 

Upper sandy sequence 

Lower silty sequence 

Pleistocene Madhupur clay formation (Lalmai deltaic plain) 

 

Red-brown silty clay 

(residuum) 

Pliocene Dupitila formation Grey fine to coarse sandstone 

with thick layers of grey to 

bluish grey, soft plastic and 

sticky clay 

 

Figure 4.2 (a) Physiographic and (b) Hydrological region maps of Bangladesh (red dot 

indicates the study area)                                                                                                                    
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Chapter 5 - Methods and Materials 

 Water Sample Collection 

Nineteen groundwater samples (depth ranging from 14m to 240 m) and nine surface 

water samples (8 ponds and one canal proximal to the piezometer nests) were collected from four 

different nests in Matlab during monsoon months (Jun-Jul, 2014). Nest 7 and 13 are located in 

north Matlab, whereas, nests 3 and 4 are located in south Matlab (Fig 5.1).  

 Each nest consists of a group of piezometers drilled at the different depths at same 

location, e.g., nest 3 has 6 piezometers at different depths (17-240 m) (Fig 5.2). 

 SASMIT project in Bangladesh has been installed a large number of piezometer in the 

study area and the groundwater samples were collected among piezometer nests of the 

SASMIT project. Therefore, for the study, the depth of groundwater has divided into 

three ranges following by the SASMIT project depth range for piezometers (von 

Brömssen et al., 2011; Hossain et al., 2014) as <30 m – shallow well, >30 to <150 m – 

intermediate well, >150 m – deep well. 

 The groundwater samples were collected by using 1" diameter water pump (HONDA 

WX-10, Tokyo, Japan) with 8 m long plastic tubing and 1" check valve (Fig 5.3).  

 All piezometers were purged for 15 minutes to obtain fresh water sample from the main 

aquifer.  

 Every sample bottle was rinsed three times with sample water (except charged HgCl2 

vials for dissolved inorganic carbon analysis) before collecting samples and filled up to 

the brim of the bottles without retaining any headspace. All water samples were 

preserved at 4°C in a cooler during field work. 

Groundwater and surface water samples were stored in different sample bottles meant for 

different analyses. The following procedures and the acidification processes were followed- 

conventional method of preservation of water was acidified by 0.2 % (2 mL/L) of concentrated 

ultra-pure HNO3 acid for cation analysis and HCl acid for As speciation, DOC and UV-

absorbance analyses. There is a possibility to precipitation of the dissolved constituents and high 

bicarbonate or other inorganic carbon concentration in the water, hence, the water samples were 

acidified to lower the pH value (<2). 
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Figure 5.1 Location point of sampling in the study area 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cations 

 The water sample was filtered via 0.45 µm hydrophilic polyether sulfone milipore 

syringe filter. 

 19 groundwater and 9 surface water samples were collected in 20 mL scintillation vials. 

 0.04 mL of ultra-pure HNO3 acid was added to each sample 

As-Speciation 

 6 M HCl was prepared from 36.5-38 % of laboratory grade HCl (Appendix H3). 

 The groundwater samples were filtered via 0.45 µm hydrophilic polyether sulfone 

millipore syringe filters, exercising care during the filtration process. Because anoxic 

water may contain high concentrations of soluble iron and manganese that rapidly  
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Figure 5.2 The location of piezometers and surface water bodies in each nest within the 

study area (the red arrow indicates the distance between piezometer and surface water 

bodies) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

precipitate when exposed to air. Iron and manganese hydroxyl/oxides precipitates remove 

dissolved As from water. 

 19 groundwater samples were collected in 20 mL scintillation vials. 

 0.04 mL of 6 M HCl acid was added to each sample.  

Anions  

 Unfiltered and unacidified 19 groundwater and 9 surface water samples were collected in 

125 mL high density polyethylene amber plastic bottles. 
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Dissolved Organic Carbon (DOC) 

 0.45 µm hydrophilic polyether sulfone milipore syringe filter was pre-rinsed with 200 mL 

of fresh water prior to sampling in order to avoid bleeding of fluorescent compounds and 

contaminate the samples. 

 19 groundwater and 9 surface water samples were in 60 mL clear soda lime glass bottles.  

 0.12 mL of 10.2 M HCl acid was added to each sample.  

Ultraviolet-Visible (UV) Absorbance 

 The 0.45 µm hydrophilic polyether sulfone milipore syringe filter was pre-rinsed with 

200 mL of fresh water prior to sampling to avoid bleeding of fluorescent compounds and 

contaminate the samples. 

 19 groundwater and 9 surface water samples were collected in 20 mL clear borosilicate 

glass vials. 

 0.04 mL of 10.2 M HCl acid was added to each sample. 

 Each vial was sealed by rubber stopper and crimper.  

Carbon-14 (C-14) 

 The sample was filtered by 0.45 µm Nalgene nitrocellulose filter. 

 4 shallow groundwater samples (14-26 m) (one shallow well sample from each nest) 

were collected from four nests in 1 L clear polypropylene glass bottles.  

 Each bottle was wrapped up by aluminum foil paper to prevent penetration of sunlight 

through the bottle that may alter carbon content. 

Dissolved Inorganic Carbon (DIC) 

 1.4 g solid HgCl2 (99.5+%, American Chemical Society reagent, Code#423935000, New 

Jersey, USA) were measured and mixed with 140 mL distilled water to prepare HgCl2 

solution.  

 5 mL of HgCl2 solution was poured in each vial. 

 Each vial was placed on hot plate at 80-100°C; evaporating to dryness and remove 

organic carbon until a visible solid residue of HgCl2 solution was seen at the bottom of 

the vial. 

 19 groundwater and 9 surface water samples were collected in 20 mL clear borosilicate 

charged HgCl2 glass vials. 

 Each vial was sealed with crimp lid.  
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δ2H, δ18O and δ13C  

 The sample was filtered by 0.45 µm hydrophilic polyether sulfone milipore syringe filter 

to reduce unusual quantity of suspended particles for examining δ2H, δ18O and δ13C.  

 19 groundwater and 9 surface water samples were collected in 1 mL clear glass vials for 

δ2H and δ18O analyses.  

 19 groundwater and 4 surface water (one pond water sample from each nest) samples 

were collected from four nests in 5 mL clear polypropylene centrifuge tube for measuring 

δ13C. 

87Sr/86Sr 

 20 mL sample was filtered by 0.45 µm hydrophilic polyether sulfone milipore syringe 

filter for rinsing each bottle. 

 New 100 mL sample was filtered with the same clean 0.45 µm hydrophilic polyether 

sulfone milipore syringe filter.  

 4 shallow groundwater (14-26 m) (one shallow water sample from each nest) and 4 pond 

water (one pond water sample from each nest) samples were collected from four nests in 

125 mL amber polypropylene glass bottles.  

Table 5.1 Details list of products and analysis 

 

Total Coliform and E. coli 

 All devices of the water pump were soaked and circulated into the pump for 5 minutes in 

a mixture of cleaning solution consisting of 5 g Chlorox powder and 5 mL TWEEN-80 

(T164-500, Fisher Scientific, Pittsburgh, PA, USA) in approximately 20 L hand-pumped 

well water (Fig 5.3).  

 The process was followed preceding water sampling for fecal indicator bacteria test by 

rinsing with 20 L hand-pumped well water containing 5 g of Sodium Thiosulfate 

Anhydrous solution (S446-500. Fisher Scientific, Pittsburgh, PA, USA) for 5 minutes to 

devour any dissolved Chlorox powder in all tools within the water pump (Fig 5.3).  

Product Manufacturer Location Catalog No. Analysis

HCl acid Macron Fine Chemicals Center Valley, PA, USA 2612-46 As speciation, DOC, UV-absorbance 

HNO3 acid Fisher Scientific Pittsburgh, PA, USA A200S-212 Cations

0.45µm PES syringe filter Fisher Scientific Pittsburgh, PA, USA 10326353 Cations, As speciation, UV-absorbance, Stable Isotopes, 
87

Sr/
86

Sr

5 mL clear polypropylene centrifuge tube Fisher Scientific Pittsburgh, PA, USA 02-215-457 δ
13

C

20 mL scintillation vials with plastic cap Fisher Scientific Pittsburgh, PA, USA 03-337-23C Cations, As speciation

20 mL clear borosilicate glass vials Fisher Scientific Pittsburgh, PA, USA 02-912-522 UV-absorbance, δ
13

C

60 mL clear soda lime glass bottles Fisher Scientific Pittsburgh, PA, USA 00-059-700 DOC

125 mL HDPE amber plastic bottles Fisher Scientific Pittsburgh, PA, USA 02-923-5C Anions

125 mL amber polypropylene glass bottles Fisher Scientific Pittsburgh, PA, USA 00-054-562 87
Sr/

86
Sr
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 10 groundwater and 7 surface water samples from targeted four nests were collected in 

120 mL Shrink-banded Vessels with Sodium Thiosulfate (98-09220-00, IDEXX 

Laboratories, Inc. Maine, USA). 

Figure 5.3 Process showing cleaning of water pump and filtering water sample in field 
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 Surface water samples were diluted 1:100 before examining the frequency of bacteria to 

avoid exceedance of quantifiable maximum of 2419.6 bacteria/100 mL of the assay 

(Table 5.2). 

 The underlying assumption is that the surface water from which the 100 mL duplicate 

samples were taken was mixed, and that the true concentration of bacteria in each 100-

mL sample was the same (Knappett et al., 2011). 

 For enumeration of fecal indicator bacteria (E. coli) genes, 6 (±1) L of groundwater and 

100 (±50) mL of surface water samples were filtered onto 0.45 µm Nalgene nitrocellulose 

filters.  

 The filters with petri dishes were kept frozen and transported on dry ice to Texas A&M 

University, College Station, USA for DNA extraction and qPCR analysis. 

 The filters were removed from the plastic filter unit and placed in sterile petri dishes. 

Table 5.2 Number of water sample collected at different depths with dilution factors for 

measuring concentration of culturable total coliform and E. coli from three nests- 

Nest  Piezometer Dilution Factor  Depth (m) 

3 

1 × 1 17 

2 × 1 29 

Pond 1 × 100 2 

Pond 2 × 100 1 

7 

2 × 1 26 

5 × 1 232 

Pond 1 × 100 2 

Pond 2 × 100 2 

Canal × 100 2 

13 

1 × 1 14 

2 × 1 33 

3 × 1 85 

5 × 1 237 

6 × 1 124 

Private Well (PW) × 1 21 

Pond 1 × 100 2 

Pond 2 × 100 4 
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On Site Parameter Measurement 

Field based On Site Parameters  

 The Solinst water level meter was used to measure water level of each piezometer after 

and before pumping and each sample point was measured using GARMIN GPS 

(GPSmap 62s, Schaffhausen, Switzerland).  

 The wellbore volume in L and the flow rate/L in second were calculated for each 

piezometer using 15 L bucket and water pump depending on well diameter, depth and 

water level to investigate the variation of volume with discharge rate per liter from 

shallow to deep wells in each nest (Fig 5.4).  

D= 1 inch= 2.54 cm r= D/2 = 1.27 cm A= r2h = 3.14 (1.27)2 cm2 = 5.1 cm2  

D= 1.5 inch= 3.81 cm r= D/2 = 1.905 cm  A= r2h = 3.14 (1.905)2 cm2 = 11.4 cm2 

D= 2 inch= 5.08 cm  r= D/2 = 2.54 cm A= r2h = 3.14 (2.54)2 cm2 = 20.3 cm2 

Volume = {(Well Depth – Water Level)  Cross Sectional Area/1000} L 

Flow Rate/L = (Flow Rate (15 L)  Volume/15) sec/L 

 The portable METTLER TOLEDO multimeter (SG3, 51302530, Schwerzenbach, 

Switzerland) was used for recording temperature (°C), total dissolved solids (TDS) (g/L), 

electrical conductivity (EC) (mS/cm), salinity (ppt) and resistivity (Ωcm) and oxidation-

reduction potential (ORP) was evaluated using HACH HQ40d ORP meter (Colorado, 

USA) (Fig 5.4).  

 All the readings were taken until every value was stabilized and the water was clear. Both 

meters were calibrated by listed below standard solutions once before metering each 

parameter (Table 5.3). 

Table 5.3 The standard solution for ORP, EC and pH  

Parameter Std. Solution 

ORP ±220.2 mV (Zobels) 

EC 1.413 mS/cm 

pH 7.13 

 

 HACH field test kits were used to measure dissolved oxygen (DO), manganese (Mn), 

arsenic (As) and chloride (Cl-) concentrations. 

 SO4
2- concentration was analyzed using HACH Pocket Colorimeter. 
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Parameter 
HACH Product 

Colorado, USA 
Range 

DO 146900 0.2-20 mg/L 

Mn 146700 0-3 mg/L 

As 2800000 0-500 ppb 

Cl- 2063500 10-8,000 mg/L 

SO4
2- 5870029 2-70 mg/L 

Colilert Test 

The most probable number (MPN) based Colilert test was applied to determine the concentration 

of total coliform and E. coli in 100 mL well water samples using US-EPA approved commercial 

culture kit (Colilert IDEXX Laboratories, Inc.) following manufacturer’s protocols 

(www.idexx.com)-   

Figure 5.4 On site parameter measurement and MPN based Colilert test 

 

 

 

 

 

 

 

Colilert simultaneously detects total coliforms and E. coli in water. It is based on 

IDEXX’s patented Defined Substrate Technology (DST). When total coliforms metabolize 

Colilert’s nutrient-indicator, ortho-Nitrophenyl-β-galactoside (ONPG), the sample turns yellow. 

When E. coli metabolize Colilert’s nutrient-indicator, beta-Glucuronidase (MUG), the sample 

also fluoresces. Colilert can simultaneously detect these bacteria at 1 colony forming unit 

(cfu)/100 mL within 24 hours even with as many as 2 million heterotrophic bacteria per 100 mL 

present. Duplicate aqueous samples were collected in sterile, 120 mL plastic bottles. Samples 

were placed in cooler at 4°C prior to analysis, if not analyzed immediately. The holding time was 

6 hours to arrive at laboratory plus 2 hours to analyze from time of sample collection. 
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Presence/Absence Procedure of Fecal Indicator Bacteria (E. coli) 

1. Added contents of one pack to a 100 mL sample in a sterile, transparent, nonfluorescing 

vessel. 

2. Capped vessel and shake until all contents dissolved properly. 

3. Incubated at 35±0.5°C for 24 hours. 

Quanti-Tray Enumeration Procedure 

1. Added contents of one pack to a 100 mL water sample in a sterile vessel. 

2. Capped vessel and shake until dissolved. 

3. Poured sample/reagent mixture into a Quanti-Tray/2000 (Fig 5.4) and sealed in an IDEXX 

Quanti-Tray Sealer. 

4. Placed the sealed tray in a 35±0.5°C incubator for 24 hours. 

5. Counted the number of positive wells and referred to the MPN table provided with the trays to 

obtain a MPN which is based on 95% confidence limits of lower and upper bound (Fig 5.4). 

6. Compared appearance with the comparator; e.g., less yellow appearance than the comparator 

indicates negative for total coliforms and E. coli; yellow equal to or greater appearance than the 

comparator point out that positive for total coliforms; yellow and fluorescence appearance equal 

to positive for E. coli or greater than the comparator (Fig 5.4). 

7. Observed for fluorescence with a 6-watt, 365-nm UV light within 5 inches of the sample in the 

dark room. Face of UV light keep away from eyes and towards the sample. 

8. Colilert results are definitive if processed within 24–28 hours. In addition, positives for both 

total coliforms and E. coli observed before 24 hours and negatives observed after 28 hours are 

also valid. 

9. The MPN value of diluted samples was multiplied by the dilution factor to obtain the 

quantified result of fecal indicator bacteria (E. coli). 

Calculation of MPN for IDEXX Quanti-Tray/2000 

 Quanti-Tray/2000 MPN was originally derived as described by: Hurley M.A. & Roscoe 

M.E. 1983. 

 Small wells of Quanti-Tray/2000 have a mean volume of 0.186 mL (Fig 5.4). 

 Large wells of Quanti-Tray/2000 have a mean volume of approximately 1.86 mL (ten 

times larger than the small wells) (Fig 5.4). 

 Formula used to calculate the Quanti-Tray/2000 MPN table (Table 5.4). 
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∑
𝑽𝒊 𝒅𝒊 𝑷𝒊

𝟏 −  𝒆− 𝑽𝒊 𝒅𝒊 𝑴𝑷𝑵

𝑲

𝒊=𝟏

=  ∑ 𝑽𝒊 𝒅𝒊 𝒏𝒊

𝑲

𝒊=𝟏

 

K = no. of dilution level, ni = no. of wells at level i, Pi = no. of positive wells at level i 

di = dilution factor at level i (e.g. 0.01 for 1:100 dilution) Vi = volume of wells at level i 95% 

Confidence Interval calculation (where S.E. is Standard Error) 

Lower, upper = MPN ± 1.96 * S.E. of MPN 

S.E. of MPN is  

𝟏

√𝑴𝑷𝑵𝟐 ∑
𝑽𝒊𝟐𝒅𝒊𝟐𝒏𝒊𝟐

 𝒆− 𝑽𝒊 𝒅𝒊 𝑴𝑷𝑵 − 𝟏
𝑲
𝒊=𝟏

 

 

Table 5.4 Examples for calculating total coliform and E. coli using single and duplicate 

spreadsheet with above formulae-   

Total Coliform (Single) 

Sample ID big wells (+) sm. wells (+) 95L MPN 95H 

N3/Pond 1 49 30 401.18 613.14 879.21 

N3/Pond 1 49 47 1630.37 2419.57 4716.1 

N7/P2 49 20 218.87 344.8 520.66 

N7/P2 49 16 185.65 275.51 416.76 

N7/Canal 49 48 1439.5 >2419.6 infinite 

N7/Canal 49 19 206.64 325.54 498.08 

N13/P1 25 0 21.95 33.55 48.93 

 

E. coli (Single) 

Sample ID big wells (+) sm. wells (+) 95L MPN 95H 

N3/Pond 1 21 3 19.36 30.51 44.77 

N3/Pond 1 47 12 119.49 172.33 242.22 

N7/P2 8 1 4.45 9.69 17.16 

N7/P2 10 2 7.1 13.23 22.01 

N7/Canal 48 18 172.58 248.9 350.24 

N7/Canal 28 3 30.59 44.12 62.52 

N13/P1 1 0 0.05 1 5.49 
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Total Coliform (Duplicate) 

Sample ID LARGE1 SMALL1 LARGE2 SMALL2 MPN LB UB 

N3/P1 49 29 46 12 238.359 183.855 309.02 

N7/P2 25 1 28 3 39.474 30.344 51.353 

N7/P5 46 12 49 13 176.943 139.446 224.523 

N13/P1 27 1 3 0 18.186 12.792 25.855 

N13/P2 49 24 33 27 153.331 121.807 193.013 

N13/PW 45 12 47 17 164.127 129.927 207.329 

N13/Pond 1 49 30 49 12 320.949 243.817 422.482 

N13/Pond 2 47 3 47 2 120.875 96.781 150.967 

 

E. coli (Duplicate) 

Sample ID LARGE1 SMALL1 LARGE2 SMALL2 MPN LB UB 

N3/P1 6 1 0 0 3.603 1.717 7.563 

N7/P2 1 0 1 0 1.009 0.253 4.034 

N7/P5 3 1 4 0 4.138 2.068 8.279 

N13/P1 0 0 0 0 <0.5 <0.07 <3.564 

N13/P2 30 9 33 21 74.062 59.065 92.867 

N13/PW 4 0 26 0 17.585 12.307 25.125 

N13/Pond 1 20 12 15 16 39.148 30.072 50.963 

N13/Pond 2 33 3 27 4 49.581 38.767 63.413 

 Laboratory Analyses 

Ions 

 Cations (Ca, K, Mg, Na, Fe, Si, Sr) and trace elements (As, Mn) were analyzed using 

high resolution inductively coupled plasma mass spectroscopy (HR ICP MS) at Actlabs 

in Ontario, Canada.  

 Dissolved total iron (Fe(t)) was also analyzed to cross check results using HR ICP MS at 

University of Kansas and inductively coupled plasma optical emission spectrometry (ICP 

OES) at Department of Agronomy laboratories in Kansas State University.  

 Ion chromatography (IC) was used to measure anions (Cl-, Br-, NO3
-, PO4

3-, SO4
2-) at 

Department of Geology in Kansas State University.  

 HCO3
- concentrations were measured using the titration method (Standard H2SO4) 

(HACH Product# 2444301, Colorado, USA). 
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As-speciation 

All As species are not toxic. Therefore, the ability to measure the different forms is 

important. The different forms of As (III), (V), monomethyl arsenic (MMA) and dimethyl 

arsenic (DMA) were measured using high performance liquid chromatography with inductively 

couples plasma mass spectrometry (HPLC/ICP-MS) in Actlabs (Ontario, Canada). HPLC 

separates the forms and ICP-MS detects them as they elute from the column.  

DOC Analyses 

 The total concentration of organic carbon was determined in triplicate using TOC-5000 

analyzer (Shimadzu, Kyoto, Japan) with a confidence interval of ±0.02 mg Carbon (C)/L.  

 20 mL clear glass vials were pre-rinsed with about 100 mL distilled water. After that all 

vials were covered by aluminum foil paper and combusted in a muffle furnace for 4 hours 

at 450°C to remove any trace organic carbon from each vial. 

 Five ultrapure water vials were placed in auto sampler which was flushed the tubing, 

needles before actual samples are analyzed. 

 One ultra-pure water sample was placed after five samples interval in auto sampler to 

avoid any traces being carried for earlier sample to the next one and standard 1 mg/L, 2 

mg/L, 5 mg/L, 10 mg/L, 20 mg/L, 50 mg/L were used to calibrate the instrument.  

Fluorescence Spectroscopy 

 The HORIBA Scientific Aqualog (Kyoto, Japan) instrument was used to characterize 

DOC and the data was processed by Aqualog V3.6 software.  

 The fluorometer lamp of the instrument was allowed for approximately 45 minutes to 

warm up before testing all samples.  

 The clean quartz cuvette was rinsed ~20 times with distilled water.  

 All the sides of 3-Q-10 sealed water sample and starna quinine sulfate sample were 

cleaned up to remove dust particles around the cuvette prior to test each sample. 

 The cuvette was checked to look for any peaks between emission 300 and 400 nm which 

are not noise and record the highest peak between emission 300 and 400 nm in the 

Aqualog logbook.xls (Appendix C).   

 The water Raman scan was checked to record the Raman peak at ~397 nm (Raman peak 

X and Y) in the Aqualog logbook.xls and calculate the area under the Raman peak 

(Appendix C).
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 First an ultrapure water sample ran to check for any contamination on the cuvette. After 

that to acquisition 3D EEM all samples were performed for three times to cross match the 

results (Appendix C).  

 All Aqualog fluorescence raw data were exported as ASCII file format and corrected 

using MATLAB R2013a to correct excitation emission matrices and calculate indices. 

Isotope and C-14 Analyses 

 2H and 18O were measured using PICARRO Cavity Ring Down Spectrometer (L1102-

i, Santa Clara, CA, USA) to understand the interaction between groundwater and surface 

water in Department of Biology at Kansas State University.   

 δ13C analyses were done by conventional off-line methods consisting of chromatographic 

separation followed by combustion and dual-inlet isotope ratio mass spectrometry to 

investigate recharge sources of groundwater and relevance to surface water bodies at 

ISOTECH Laboratories Inc. Illinois, USA.  

 Triton multi-collector mass spectrometer was performed to determine the relative 

abundance of Sr isotopes in water samples as well as to evaluate the circulation rate 

between groundwater and surface water at Actlabs in Ontario, Canada. During the 

analysis the ratios 87Sr/86Sr of NBS 987 standard was 0.710246+/-0.000007.  

 Carbon-14 was determined by accelerator mass spectrometry (AMS) to calculate the 

percentage of carbonate species that originated from living plants in the aquifer outcrop 

and the atmosphere as opposed to that added by ancient carbonaceous deposits in the 

aquifer matrix. All sample preparations were done at Actlabs in Ontario, Canada and then 

purified carbon dioxide was submitted to an established radiocarbon dating laboratory for 

the final AMS analysis. 

Quantitative Polymerase Chain Reaction (qPCR) 

Quantitative Polymerase Chain Reaction analysis was performed for 8 groundwater and 4 

surface water samples to measure copies of genes for E. coli using assays and laboratory 

methods in Texas A&M University. DNA extraction and purification were performed on 1/2 or 

1/4 of each filter using a DNA soil extraction kit following the manufacture’s protocols 

(FastDNA®SPIN for Soil Kit, MP Biomedicals, Solon, Ohio). Initial concentrations of gene 

copies of each marker microorganism per nanogram of DNA extracted were obtained by qPCR 

(Layton et al., 2006, Knappett et al., 2011).
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Chapter 6 - Results 

The role of DOC and its fluorescence properties in water 

 In the study area, concentrations of DOC vary widely from 0.7 to 12.2 mg/L at shallower 

to deeper depth wells (Fig 6.1 (a)) and from 2.9 to 8.7 mg/L in surface water bodies (pond and 

canal) (Fig 6.1 (f)). The highest and lowest values are 12.2 mg/L and 0.7 mg/L observed at 14 m 

and 75 m depths respectively (Fig 6.1 (a)); this indicates that the DOC concentration is high in 

shallow wells (14-30 m) compared to intermediate and deeper wells (33-240 m) (Fig 6.1 (a)). 

The mean DOC level is 5.5 mg/L (n = 9; STDEV = 2) higher in surface water than 3.3 mg/L (n 

=19; STDEV = 2.7) in groundwater. 

The fluorescence characterization of dissolved organic matter is a useful means of 

evaluating the chemical characteristics of DOC. Fluorescence spectroscopy can further be an 

indicator for determining the sources of DOC in a various range of settings (McKnight et al., 

2001). On the basis of spectrofluorometric analyses, a range of indices have been employed from 

detailed excitation-emission matrices (EEMs) to explain DOC characteristics.   

The fluorescence index (FI) is computed as the ratio of emission intensity at 470 nm to 

that of 520 nm for a fixed excitation wavelength of 370 nm (Cory and McKnight, 2005). The 

value of FI varies as a function of DOC concentrations at different depths in the groundwater 

samples in this study (Fig 6.1 (b)). The mean FI is 1.6 (n = 18; STDEV = 0.07) from shallow to 

deep groundwaters (14-240 m) and 1.6 (n = 9; STDEV = 0. 09) in pond and canal water (Fig 6.1 

(f)).  

The study of EEMs is useful technique to understand the composition, origin and 

processing of DOM (Johnson et al., 2011) by using diagnostic indices, such as freshness index 

(FrI or β:α) values (Parlanti et al., 2000) and humification index (HIX) (Parlanti et al., 2000; 

Ohno, 2002). These indices use ratios of fluorescence intensity in different areas of the EEM 

(Fellman et al., 2010). The FrI is evaluated by the ratio of emission intensity at 380 nm divided 

by the emission intensity maximum observed between 420 and 435 nm, acquired at excitation 

310 nm (Parlanti et al., 2000; Wilson and Xenopoulos, 2009). The HIX is determined by Zsolnay 

et al., (1999) as the peak area below the emission spectra in the range 435–480 nm divided by the 

peak area below the emission spectra in the range 300–445 nm, at excitation 254 nm. Ohno, 

(2002) modified the HIX later to be represented by the area below the emission spectra 435–480  
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Figure 6.1 Vertical distributions (a, b, c, d, e) and boxplot diagram (f) of DOC 

concentration and its properties in groundwater and surface water (bubble size indicates 

DOC concentration; bigger bubble size represents higher DOC concentration) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

nm divided by the peak area 300–345 nm + 435–480 nm, at excitation 254 nm. The FrI value in 

groundwater increases with increasing depth, but that variation shows little correlation to DOC 

concentration (Fig 6.1 (c)). The mean FrI is (~0.7) (nSGW = 7; nIGW = 9; STDEV (SGW-IGW) 

= 0.07; nSW = 9; STDEV = 0.06) from shallow to intermediate groundwaters (14-123 m) as well 

as in surface water (Fig 6.1 (f)). The mean FrI in deep groundwaters (232-240 m) is (~0.8) (n = 

3; STDEV = 0.07) (Table 6.1). The highest and lowest HIX is 24.0 and 1.0 observed at 21 m and 
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240 m depth wells respectively (Fig 6.1 (d)). The range of HIX is 1.9-24.0 from shallow to 

intermediate groundwaters (14-123 m) and is 1.0-5.4 in deeper aquifer (232-240 m). The mean 

HIX is high (~16.1) at shallow wells (14-30 m) (n = 7; STDEV = 5.7) compared to pond and 

canal water (~6.9) (n = 9; STDEV = 2.2) (Table 6.1) (Fig 6.1 (f)).  

Table 6.1 Statistical analyses of DOC concentration and its fluorescence properties for 

groundwater and surface water 

Groundwater and Surface water 

 
 

Surface water (boxplot summary of fig 6.1 (f)) 

Parameter N Q1 Median Q3 IQRange Whiskers to 

DOC (mg/L) 9 3.6 5.1 7.4 3.7 2.9, 8.7 

FI 9 1.5 1.5 1.6 0.1 1.5, 1.7 

FrI 9 0.7 0.7 0.7 0.1 0.6, 0.8 

HIX 9 6.3 6.3 7.3 1 6.2, 7.4 

SUVA (L/mg/m) 9 2.1 2.5 2.8 0.7 1.8, 3.6 

 

 Groundwater (14-240 m) 

Variable Pearson 'r' r2 
Test Statistics  

(α = 0.05) 

DOC and FI  0.08 0.01 0.75 > 0.05 

DOC and FrI 0.2 0.04 0.43 > 0.05 

DOC and HIX 0.4 0.15 0.1 > 0.05 

DOC and SUVA 0.6 0.41 0.003 < 0.05 

FrI and HIX 0.8 0.64 0.00004 < 0.05 

HIX and SUVA 0.8 0.62 0.00007 < 0.05 

HIX and Peak A 0.5 0.21 0.05 ≤ 0.05 

HIX and Peak M 0.4 0.19 0.06 > 0.05 

HIX and Peak C 0.4 0.2 0.05 ≤ 0.05 

SUVA and Peak A 0.7 0.5 0.0007 < 0.05 

SUVA and Peak M 0.7 0.51 0.0006 < 0.05 

SUVA and Peak C 0.7 0.51 0.0005 < 0.05 

 

 

n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV

Shallow GW (14-30 m) 7 5 3.6 7 1.6 0.08 7 0.6 0.08 7 16.1 5.7 7 3.3 0.2

Intermediate GW (33-123 m) 9 2.5 0.7 8 1.7 0.07 9 0.7 0.03 9 7.5 3.3 9 1.8 1

Deep GW (232-240 m) 3 1.9 0.7 3 1.6 0.06 3 0.8 0.07 3 3.3 2.2 3 0.5 0.2

Surface water 9 5.5 2 9 1.6 0.09 9 0.7 0.06 9 6.9 1.8 9 2.5 0.5

DOC (mg/L) FI FrI HIX SUVA (L/mg/m)
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 Surface Water (Pond and Canal) 

Variable Pearson 'r' r2 
Test Statistics  

(α = 0.05) 

DOC and FI  0.1 0.01 0.79 > 0.05 

DOC and FrI 0.1 0.02 0.7 > 0.05 

DOC and HIX 0.27 0.07 0.48 > 0.05 

DOC and SUVA 0.02 0.0005 0.95 > 0.05 

FrI and HIX 0.3 0.12 0.36 > 0.05 

HI and SUVA 0.7 0.47 0.04 < 0.05 

HIX and Peak A 0.1 0.02 0.72 > 0.05 

HIX and Peak M 0.2 0.04 0.6 > 0.05 

HIX and Peak C 0.2 0.06 0.53 > 0.05 

SUVA and Peak A 0.3 0.09 0.45 > 0.05 

SUVA and Peak M 0.3 0.06 0.51 > 0.05 

SUVA and Peak C 0.2 0.06 0.54 > 0.05 

 

The aromatic character of DOC is described using specific UV absorbance (SUVA) 

measurements at 254 nm. The filtered sample is absorbed through a 0.01 m two ways quartz 

cuvette measured at 254 nm.  This measurement is representative of the average absorbance at 

254 nm of all of the organic molecules. The SUVA value for each sample is calculated by 

dividing the absorbance value by the concentration of DOC. SUVA indicates an average 

absorptivity for all the molecules which contain the DOC in water and has been used as a 

representative measurement for DOC aromaticity (Traina et al., 1990; Weishaar et al., 2003). 

The range of SUVA value is 0.3 to 3.7 from shallow to deep groundwaters (14-240 m) (Fig 6.1 

(e)) and is 1.8 to 3.6 in surface water bodies (Fig 6.1 (f)). The mean SUVA value is 3.3 (n = 7; 

STDEV = 0.2) higher at shallow wells (14-30 m) compared to 2.5 (n = 9; STDEV = 0.5) in pond 

and canal water and is decreasing from 1.8 in intermediate wells (33-123 m) (n = 9; STDEV = 1) 

to 0.5 in deeper wells (232-240 m) (n =3; STDEV = 0.2) with varying DOC concentration (Fig 

6.1 (e)) (Table 6.1).  

A significant relationship was between DOC concentration and SUVA in groundwater 

(p-value 0.003) (Table 6.2). The FrI and HIX were correlated with a high r2 value, as were HIX 

and SUVA values (Table 6.1).   

Fluorescence spectroscopic studies 

             The measurements of DOM fluorescence are often reported as 3D excitation-emission 

matrices (EEMs) (Coble et al., 1990; McKnight et al., 2001) EEMs are produced from many  
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Figure 6.2 EEMs maps showing four primary and unidentifiable peaks at different depths 

in groundwater (a, b, c, d, e, f) and surface water (g, h) 
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emission spectra combined at consecutively increasing excitation wavelengths (Fellman et al., 

2010). The technique is used for visual inspection and analysis of EEMs or fluorescence peaks 

(Coble et al., 1990; Coble, 1996); it facilitates comparison of the intensity of individual peaks 

across a range of sample dates (Baker, 2001). Five primary peaks have been recommended 

within the large number of natural and anthropogenic fluorophores identified to date (Westerhoff 

et al., 2001; Coble, 2007; Hudson et al., 2007) - humic-like peaks A, C, and M and protein-like 

peaks B and T, because they have been deliberately connected to ecologically significant 

characteristics of DOM (Coble et al., 1990; Coble, 1996; Fellman et al., 2010). 

The results about fluorescence peaks of aquatic DOM to characterize DOM is generalizing based 

on piezometer samples (N4/P1, N4/P2, N13/P3 and N13/P6) at different depths (17-123 m) and 

surface water samples (N4/Pond2 and N7/Canal) where four primary peaks and peak curves are 

meaningful. The EEMs maps show that three primary peaks (A, M, C and T) prominent from 

shallow to intermediate wells (17-123 m) (Fig 6.2 (a), (b), (c), (d)) and surface water bodies (Fig 

6.2 (g), (h)). There are unknown fluorescence peaks at deeper wells (N3/P5, N7/P5 and N13/P5; 

232-240 m) (Fig 6.2 (e), (f)) (Appendix C2, C4, C6). 

Lithology and Mineral Saturation Index (MSI) 

 The study area is mostly composed of sand particles with some clay layers. The screens 

of all piezometers were installed in fine to medium sand layers in nest 3 (P1, P2, P3, P4, P6) 

except piezometer 6 where water infiltrates through medium to coarse sands. In nest 4, the screen 

lithology of two piezometers (P1, P2) is fine sand and water can percolate via medium sands in 

other two piezometers (P3, P4). The water penetrates through fine to medium sands in two 
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piezometers (P2, P5) of nest 7, whereas, the screen of piezometer 4 was set up in very fine sand 

layer. The lithology of filter is somewhat different in nest 13 than other three nests. Three 

screens (P1, P2, P5) of piezometers were installed in fine to medium sand strata. The aquifer 

quality of piezometer 3 is moderately good as water intrudes via fine to coarse sand particles. 

The only one exception in the context of screen layer is that water flows through medium sand 

with clay in piezometer 6 (Appendix D).  

 Geochemist’s Workbench software (GWB10) and water chemistry data were used to 

calculate equilibrium constant (Q/K) and understand the state of mineral saturation in both 

groundwater and surface water. Saturation occurs at Q/K = 1; values greater than 1 are 

supersaturated and values less than 1 are undersaturated. The calculation of MSI point out that all 

minerals are supersaturated (Q/K>1) in both groundwater and surface water bodies (Appendix 

E).   

Water isotope results 

δ2H and δ18O 

The Matlab groundwaters sampled in this study have stable oxygen (δ18O) isotope ratios 

ranging from -1.3 to -5.5 ‰ and 0 to -2.8 ‰, respectively, Hydrogen (δ2H) isotope ratios range 

from -10 to -36 ‰ and -1 to -12 ‰, respectively for surface water samples (Fig 6.3 (b)). Most of  

Figure 6.3 (a) Global Meteoric Water Line (GMWL) and (b) relation between δ2H and 

δ18O values of groundwater and surface water with referred local meteoric water line 

(LMWL)  
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the shallow samples (< 30 m) have stable oxygen isotope values between –1.3 and –3.5 ‰ (Fig 

6.3 (b)). The intermediate depth (33 m) N13/P2 sample has more negative oxygen isotope value 

of -5.5 ‰ (Fig 6.3 (b)). Most of the surface water samples (N3/Pond2, N7/Pond1, N7/Pond2, 

N7/Canal, N13/Pond2) and one shallow groundwater (17 m) sample (N4/P1) show the most 

enrichment of δ18O values ranging from -1 to -1.3 (Fig 6.3 (b)).  

δ13C, Carbon-14 and 87Sr/86Sr 

The groundwater wells have a wide range of δ13C from -2.3 to -17.7 ‰ with no 

consistent trend with depth (14-240 m) (Fig 6.4 (a)) and surface water bodies have a range of 

δ13C from -8.3 to -12.2 ‰ (Fig 6.4 (b)). Two groundwater samples (N3/P4 and N3/P5) have 

more negative values of δ13C 17.5 ‰ and 17.7 ‰ at 87 m and 240 m depths, respectively; 

whereas, one intermediate groundwater sample (N13/P2) at 33 m depth show more enriched δ13C 

value -2.3 ‰ (Fig 6.4 (a)).  

The 14C activity in shallow groundwaters (14-26 m) ranged from 15 to 49 percent modern 

carbon (pMC) (Fig 6.4 (c)). Only one shallow groundwater sample (N13/P1) at 14 m depth has a 

higher pMC of 49, with the age of carbon being post-1950. The rest of the shallow wells contain 

15 pMC, with ages ranging from 300 to 1350 (before present).  

The ranges of Sr isotopic composition in shallow groundwater (14-26 m) and pond water 

are 0.7156 to 0.7209 and 0.7169 to 0.7183, respectively (Fig 6.4 (d)). The 87Sr/86Sr ratio is higher 

in shallow groundwater than surface water. A high Sr-isotope ratio 0.7209 is observed at 26 m 

depth in groundwater (Fig 6.4 (d)) where the Ca and Sr concentrations are 57 mg/L and 0.2  

 

(b) 
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Figure 6.4 (a) Vertical distribution of δ13C signatures of DIC in groundwater (14-240 m), 

(b) δ13C isotopic composition in surface water, (c) C-14 measurement (percent modern 

carbon) in shallow groundwaters (14-26 m), (d) Strontium isotope ratios in shallow wells 

(14-26 m) and pond water, (e) Calcium (Ca) and Strontium (Sr) concentrations (mg/L) in 

shallow groundwaters (14-26 m) and pond water 
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mg/L, respectively (Fig 6.4 (e)), whereas, one shallow groundwater sample (N4/P1) has a low 

Sr-isotope ratio of 0.7156 (Fig 6.4 (d)) where the concentrations of Ca and Sr are 52 mg/L and 

0.3 mg/L, respectively (Fig 6.4 (e)).  

Fecal Indicator Bacteria (E. coli) 

 The range of E. coli (MPN/100 mL) concentration is from 1,310 to 23,822 with 

averaging of 11,174 in pond and canal water (Table 6.2). This indicates that most probable 

number (MPN)/100 mL of E. coli is low across all depths (14-237 m) in groundwater (Fig 6.5 

(a)) compared to surface water bodies (Fig 6.5 (b)). The E. coli DNA (Copies/100 mL) analyses 

indicate that copies/100 mL of E. coli DNA is below detection limit (<11) in groundwater (14-

237 m) (Fig 6.5 (a)), whereas, high range of E. coli DNA (Copies/100 mL) from 13,538 to 

116,138 with an average of 43,545 copies/100 mL present in surface water bodies (Fig 6.5 (b)) 

(Table 6.2).  

Figure 6.5 (a) Vertical profile and (b) boxplot diagram of E. coli (MPN/100 mL) and E. coli 

DNA (Copies/100 mL) in groundwater and surface water respectively 

 

 

 

 

 

 

 

 

Table 6.2 Statistical analyses of concentration of fecal indicator bacteria (E. coli) for 

surface water 

Parameter N Q1 Median Q3 IQRange Whiskers to 

E. coli 

(MPN/100 mL) 
4 2,085.5 9,782 21,654.5 19,569 1,310, 23,822 

E. coli DNA 

(Copies/100 mL) 
4 14,398.8 22,251 93,983.8 79,585 13,538, 116,138 

 

 

 

120000

100000

80000

60000

40000

20000

0

E.coli (MPN/100 mL) E.coli DNA (Copies/100 ml)

Pond and Canal Water

(b) (a) 



 

48 

Water Chemistry  

Cation 

 The concentrations of Ca, K, Mg and Si were observed to be high, i.e. 130 mg/L (N3/P1), 

12 mg/L (N4/P2), 53 mg/L (N4/P2) and 30 mg/L (N4/P1), respectively at shallow depth wells 

(14-30 m) (Fig 6.6 (a), (b), (c), (g)). An intermediate groundwater sample (N4/P4) also shows 

high Mg concentration (53 mg/L) at 75 m depth (Fig 6.6 (c)). On the other hand, the 

concentrations of Na, Mn, Fe(t) and Sr were found to be high, i.e. 405 mg/L (N4/P4), 4.7 mg/L 

(N4/P3), 0.38 mg/L (N3/P6) and 0.7 mg/L (N4/P4), respectively, in intermediate groundwaters 

(33-123 m) (Fig 6.6 (d), (e), (f), (h)). Ca, K, Mg, Mn and Fe(t) concentrations were observed to 

be low, i.e. 12 mg/L (N13/P5), 3 mg/L (N13/P5), 6 mg/L (N13/P5), 0 mg/L (N13/P5) and 0.01 

mg/L (N7/P5), respectively, at deeper wells (232-240 m) (Fig 6.6 (a), (b), (c), (e), (f)). It is 

noticeable that the lowest concentrations of Fe(t) (0.01 mg/L; N3/P2) and Sr (0.1 mg/L; N13/P1 

and N13/PW) are also found in shallow groundwaters (14-30 m) (Fig 6.6 (f), (h)). The range of 

concentrations of all cations in both groundwater and surface waters indicate that only the 

concentration of K is high in pond and canal waters compared to groundwater (Table 6.3).  

Figure 6.6 Vertical distribution of cation concentration in groundwater (a, b, c, d, e, f, g, h) 

and boxplot diagram of cation concentration in surface water (i) 
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Table 6.3 The range of cation concentration in groundwater 

Cation Range (mg/L) Cation Range (mg/L) 

Ca 12-130 Mn 0-4.7 

K 3-12 Fe(t) 0.01-0.38 

Mg 6-53 Si 9-30 

Na 9-405 Sr 0.1-0.7 
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Table 6.4 Statistical analyses of cation concentration for groundwater and surface water 

Groundwater and Surface water 

 

Surface water (boxplot summary of fig 6.6 (i)) 

Cation N Q1 Median Q3 IQRange Whiskers to 

Ca (mg/L) 9 7.365 13.1 26.45 19.085 5.26, 34.6 

K (mg/L) 9 4.63 7.74 15.15 10.52 4.26, 19.6 

Mg (mg/L) 9 3.44 4.81 9.67 6.23 2.04, 10.6 

Na (mg/L) 9 10.38 16.3 26.3 15.92 7.91, 46.7 

Mn (mg/L) 9 0.002  0.003 0.003 0.002 0.001, 0.003 

Fe(t) (mg/L) 9 0.066 0.13 0.195 0.129 0.031, 0.214 

Si (mg/L) 9 3.06 4.4 8.485 5.425 1.256, 11.504 

Sr (mg/L) 9 0.037 0.055 0.102 0.065 0.021, 0.112 

Anion 

 The highest concentrations of Cl- and HCO3
- were 1857 mg/L (N4/P4) and 663 mg/L 

(N13/P2), respectively, observed in intermediate groundwaters (33-123 m), whereas, the lower 

concentration of Cl- (3 mg/L; N13/P1 and N13/PW) and HCO3
- (105 mg/L; N3/P5) were 

observed at shallower wells (14-30 m) and deeper depths (232-240 m) in groundwater, 

respectively (Fig 6.7 (a), (e)). Br- concentration is high 2.6 mg/L (N4/P2) at shallow depths (14-

30 m) and low 0.3 mg/L (N7/P5) at deeper wells (232-240 m) (Fig 6.7 (b)). Only one 

groundwater sample (N13/P3), which is at intermediate depth (85 m), shows a high NO3
- 

concentration of 0.5 mg/L. The lowest concentration of NO3
- (0.3 mg/L) was found at different 

depths in groundwater (Fig 6.7 (c)). It is noteworthy that only two groundwater samples, N3/P3 

Figure 6.7 Vertical distribution of anion concentration in groundwater (a, b, c, d, e, f) and 

boxplot diagram of anion concentration in surface water (g) 

 

 

 

 

 

 

n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV

Shallow GW (14-30 m) 7 66.8 32.6 7 7.6 2.3 7 28.5 16.2 7 97 121.5 7 0.5 0.4 7 0.1 0.1 7 20.1 4.5 7 0.3 0.2

Intermediate GW (33-123 m) 9 55.8 20 9 5.69 1.4 9 27.8 12.3 9 204.4 103.3 9 1.7 2 9 0.1 0.1 9 17.1 4.9 9 0.4 0.2

Deep GW (232-240 m) 3 30.8 22.6 3 4.4 1.3 3 15.8 9.6 3 146.3 28.5 3 1.5 2.4 3 0.1 0.1 3 21.5 3.9 3 0.3 0.1

Surface water 9 17.4 10.7 9 9.53 5.7 9 6.1 3.2 9 19.4 12.4 9 0.004 0.004 9 0.1 0.1 9 5.4 3.4 9 0.1 0.03

Sr (mg/L)Mn (mg/L)Ca (mg/L) Fe (t)  (mg/L)K (mg/L) Mg (mg/L) Na (mg/L) Si (mg/L)

(a) (b) 
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and N4/P4, which occur at intermediate depths (33-123 m), have high PO4
3- and SO4

2- 

concentrations of 33.9 mg/L and 80.1 mg/L, respectively (Fig 6.7 (d), (f)) compared to rest of the 

groundwater samples. The lowest concentrations of PO4
3- and SO4

2- are 0.3 mg/L and 1 mg/L 
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found at different depths in groundwater wells (Fig 6.7 (d), (f)). Br- was detectable (>0.25 mg/L) 

in only one sample (N7/Pond1), which has a concentration of 0.3 mg/L (Appendix H4); all 

others are below detection limits (<0.25 mg/L).  The range of concentrations of all anions in both 

groundwater and surface water points to the fact that only NO3
- concentration is high in surface 

water compared to other anions in groundwater (Table 6.5).  

Table 6.5 The range of anion concentration in groundwater 

Anion Range (mg/L) Anion Range (mg/L) 

Cl- 3-1857 PO4
3- 0.3-33.9 

Br- 0.5-2.6 HCO3
- 198-289 

NO3
- 0.3-0.5 SO4

2- 1.0-80.1 

 

Table 6.6 Statistical analyses of anion concentration for groundwater and surface water 

Groundwater and Surface water 

 

Surface water (boxplot summary of fig 6.7 (g)) 

Parameter N Q1 Median Q3 IQRange Whiskers to 

Cl- (mg/L) 9 9.714 20.298 38.735 29.022 2.629, 79.779 

NO3
- (mg/L) 7 0.365 1.89 3.661 3.296 0.297, 6.803 

PO4
3- (mg/L) 6 1.318 1.862 2.564 1.246 1.316, 3.863 

HCO3
- (mg/L) 9 208 237 269 61 198, 289 

SO4
2- (mg/L) 9 4.294  6.237 11.137 6.842 1.741, 12.466 

 

Total As and As speciation 

In nature, there are four oxidation states of As. Arsenite (III) and arsenate (V) are the two 

primary forms of inorganic As in the environment. For most of the groundwater samples the 

concentration of As (III) concentration is below detection limits (<5 µg/L), except for three 

samples (N3/P1, N13/P1, N13/PW). These samples have As (III) concentrations ranging from 

13-23 µg/L from 14 to 21 m depth in groundwater (Fig 6.8 (a)). As (III), As (V) and As(t) 

n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV n Mean STDEV

Shallow GW (14-30 m) 7 248.4 524.5 3 0.3 0.03 5 2.9 3 7 427 136.2 5 1.8 1.2 2 1.7 1.3

Intermediate GW (33-123 m) 9 554.3 600.1 3 0.4 0.1 7 8.4 13 9 324 142.1 7 18.1 30.2 7 1.2 0.6

Deep GW (232-240 m) 3 204.5 221.6 2 0.3 0.002 2 1.2 1.1 3 228 123 3 2.5 1.7 3 0.7 0.5

Surface water 9 27.2 23.9 7 2.5 2.4 6 2.1 1 9 239.6 32.9 9 8.4 6.3 bdl bdl bdl

Cl
-
 (mg/L) NO 3-  (mg/L) PO 4

3-
 (mg/L) SO 4

2-
 (mg/L) Br

-
 (mg/L)HCO 3-  (mg/L)
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concentrations decrease with increasing depth in groundwater (Fig 6.8 (a)). The highest 

concentrations of As (V) and As(t) are 386 µg/L and 407 µg/L, respectively, observed in shallow  

Figure 6.8 (a) Vertical distribution of inorganic As species and total As concentration 

(µg/L) from shallow to deep groundwaters (14-240 m) and boxplot diagram of total As 

concentration (µg/L) in surface water bodies (inset); (b) As species distribution in north 

and south Matlab 

 

 

 

 

 

 

 

 

Table 6.7 Statistical analyses of As species and total As concentration for groundwater and 

surface water 

Groundwater and Surface water 

 

Surface water (boxplot summary of inset fig 6.8 (a)) 

Parameter N Q1 Median Q3 IQRange Whiskers to 

As(t) (µg/L) 9 3.89 5.97 7.715 3.825 1.86, 11.4 

 

groundwater at a depth of 17 m (Fig 6.8 (a)). This indicates that As (V) and As(t) are high in 

shallow aquifers. The mean As (V) and As(t) concentrations are high 217 µg/L (n = 7; STDEV = 

112) and 227.3 µg/L (n = 7; STDEV = 118.6) in shallow groundwaters (14-30 m) compared to 

intermediate and deep groundwaters (Table 6.7). It is also noticeable that most intermediate 

groundwater samples (N3/P3, N7/P4, N13/P2, N13/P3, N13/P6) have total As concentration 

n Mean STDEV n Mean STDEV n Mean STDEV

Shallow GW (14-30 m) 3 16.1 5.8 7 217 112 7 227.3 118.6

Intermediate GW (33-123 m) bdl bdl bdl 6 91.2 101.1 9 64.1 92.3

Deep GW (232-240 m) bdl bdl bdl bdl bdl bdl 3 0.4 0.3

Surface water None None None None None None 9 6 2.8

As (III) (µg/L) As (V) (µg/L) As (t)  (µg/L)

South Matlab North Matlab 

(a) (b) 
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above the standard limit of WHO guideline (10 µg/L) with concentrations ranging from 16 to 

263 µg/L for depths of 33 to 123 m, whereas, in deeper wells and surface water bodies low As 

concentrations (Fig 6.8 (a)). More than 50 % of samples (twelve out of nineteen groundwater 

samples) from north and south Matlab show high As (V) concentrations. But the As (III) content 

is low in north and south Matlab as indicated by below 30 % samples (three out of nineteen 

groundwater samples) have detectable level of As (III) concentration (Fig 6.8 (b)). The As (V) 

content is high in north Matlab compared to south Matlab (Fig 6.8 (b)).   

Co-occurrence of DOC with As in aquifer  

The highest and lowest values are 12.2 mg/L and 0.7 mg/L observed at 14 m and 75 m 

depths respectively (Fig 6.9 (a)) indicating that the DOC concentration is higher in shallow wells 

(14-30 m) compared to intermediate and deeper wells (33-240 m). Shallow and intermediate 

groundwaters (14-123 m) are affected by As with concentration levels ranging from 16 to 407 

µg/L except four intermediate groundwater samples (N3/P4, N3/P6, N4/P3, N4/P4) (Fig 6.9 (a)). 

One of more the toxic and soluble inorganic forms of As is As (III), which is found in shallow 

groundwaters (14-21 m) with concentration ranging from 13-23 µg/L (Fig 6.8 (a)). The analyses 

of 14C for four shallow groundwater samples (14-26 m) indicate that the percent of modern  

Figure 6.9 Relationship between (a) As(t) (µg/L) and DOC (mg/L) along with the percent of 

modern carbon (pMC), (b) As(t) (µg/L) and FrI, (c) As(t) (µg/L) and HIX, (d) As(t) (µg/L) 

and SUVA (L/mg/m) in groundwater (14-240 m) 

  

 

 

 

 

 

 

 

 

 

 

 

(d) (c) 

(b) (a) 
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carbon is overall low in the shallow groundwaters (14-26 m) (Fig 6.9 (a)). The mean FrI is 

unlikely low (~0.7) from shallow (n = 7; STDEV = 0.7) to intermediate groundwaters (14-123 

m) (Fig 6.9 (b)). The degree of humification and level of aromaticity are high from shallow to 

intermediate groundwaters (14-123 m) but low in deeper aquifers (232-240 m) (Fig 6.9 (c), (d)). 

The fluorescence study suggests that the characteristics of DOC are mostly UVA and UVC 

humic like components along with tryptophan-like components in shallow and intermediate 

groundwaters (14-123 m) (Fig 6.2 (a), (b), (c), (d)). 
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Chapter 7 - Discussions 

Comparison of results between north and south Matlab 

In south Matlab, the DOC concentration is high (12.2 mg/L) in samples from shallow 

well depths (17 m), whereas, the concentration of DOC is comparatively low (1.1-5 mg/L) in 

north Matlab at similar depths (Fig 6.1 (a)). The values of FI (~1.7) and FrI (~0.7) are similar 

throughout the study area (Fig 6.1 (b), (c)). The degree of humification (HIX) is noticeably high 

in north Matlab compared to south Matlab (Fig 6.1 (d)). Additionally, high aromaticity was 

observed in north Matlab compared to south Matlab (Fig 6.1 (e)). The fluorescence studies 

suggest that both groundwater (except deeper groundwaters) and surface water bodies contain 

mostly UVA and UVC like humic components along with tryptophan like components in the 

study area (Fig 6.2 (a), (b), (c), (d)). The trends of all isotopic compositions, including hydrogen 

and oxygen, are similar in north and south Matlab. Moreover, a high percentage of modern 

carbon (49 %) (Fig 6.4 (c)) observed in north Matlab indicating that the aquifer sediment is 

fresher and/or more recently recharged in north Matlab than south Matlab. Generally, the water 

type in Matlab is Ca-Na-HCO3
- type (Fig 6.6 and 6.7). The percentage of total dissolved As 

increases from shallow to intermediate groundwaters (14-26 m) in north Matlab (Fig 6.8 (a), (b)). 

The MPN-based E. coli test and qPCR suggests that very little culturable E. coli and E. coli DNA 

are present in the groundwater, respectively (Fig 6.5 (a)). On the other hand, the microbial 

population is very high in unprotected surface water bodies in the whole study area (Fig 6.5 (a), 

(b)).  

Effect of DOC and its properties in waters  

Dissolved organic carbon (DOC) is a quantitative measure of the organic carbon 

dissolved in water. Organic carbon occurs as a result of decomposition of plant or animal 

material and OC present in soil or water bodies may then dissolve when contacted by water. This 

DOC moves with both ground and surface waters.  Soil/sediments produce much of the soil 

organic matter (SOM) in pore waters through leaching or microbial oxidation of SOM. In contact 

with water, SOM may leach ad into solution or become mobilized from sediments and form 

DOC (Söderberg, 2013). Dissolved organic carbon concentrations tend to be high in groundwater 

(14-240 m) than surface water bodies, as indicated by the mean of DOC concentration in the 

study area (Fig 6.1 (a), (f)). A high flow rate may increase DOC concentration by changing water 
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flow path, with more runoff routed through shallow, organic rich soil horizons, relative to deeper 

mineral horizons in which DOC adsorption is greatest (Cronan and Aiken, 1985; McDowell and 

Likens, 1988). Additionally, rainfall and runoff distribution may also affect both DOC 

production and transport processes.  

High FI values (~1.8) are indicative of DOC consisting of microbially-derived substances 

(extracellular release and leachate from bacteria), while low FI values (~1.2) suggest that water 

contains terrestrially-derived substances (terrestrial plant and soil organic matter) (McKnight et 

al., 2001). Intermediate values suggest contributions from a combination of DOC sources. The 

mean FI is ~1.6 (nGW = 18; STDEV = 0.09; nSW = 9; STDEV = 0.09) in groundwater (14-240 

m) and surface water, respectively, indicating that both groundwater and surface water may 

consist of both microbially and/or terrestrially derived substances. Surface waters may receive 

allochthonous carbon and other terrestrial organic matter from the surrounding area (plant 

material, soil carbon after rainfall) that make the FI of the surface water bodies decrease (~1.6) 

(Fig 6.1 (f)). In addition, surface water exposure to sunlight acts to decrease the FI. The high FI 

in shallow groundwater (14-30 m) may be due to the activity of microbes exuding organic 

compounds. However, the high FI in groundwater is not expected and contradicts the high 

aromaticity and HIX values, which are more consistent with a terrestrial source of DOC in 

shallow groundwater (14-30 m).  

FrI is the indicator of the contribution of recently produced DOM (Fellman et al., 2010) 

and HIX is the indicator of humic substance content. Higher values of HIX indicate an increasing 

degree of humification (Fellman et al., 2010). The FrI is low (~0.7) in shallow and intermediate 

groundwaters (14-123 m) (Fig 6.1 (c)) and in surface water (Fig 6.1 (f)), suggesting that much of 

the DOC there is older/decomposed components. The HIX is high (~16.1) at shallow wells (14-

30 m) (Fig 6.1 (d)) compared to pond and canal water (~6.9) (Fig 6.1 (f)), indicating that the 

shallow reducing aquifers have a high degree of humification-which may, in turn, cause the 

lower FrI at shallow depths (14-30 m). Additionally, the shallow to intermediate aquifers (14-

123 m) and surface water bodies may have more microbially-degraded and recalcitrant organic 

matter that may act to decrease the FrI value. On the other hand, a low degree of humification 

and FrI in deeper groundwaters (232-240 m) (Fig 6.1 (c), (d)) indicate that the DOC in deep 

aquifer contains less humic content. Collectively the data suggest a greater contribution of humic 



 

40 

materials in shallow (14-30 m), intermediate aquifers (33-123 m) and surface water bodies 

(possibly from peat or dispersed sedimentary materials).  

The mean SUVA value is higher 3.3 (n = 7; STDEV = 0.2) in shallow wells (14-30 m) 

compared to pond and canal waters (2.5) (n =9; STDEV = 0.5). A high mean SUVA value in 

shallow wells (14-30 m) and surface water bodies implies that both shallow groundwaters (14-30 

m) and surface water bodies may contain more aromatic and humic components. Hence, it has 

been suggested that both shallow groundwaters (14-30 m) and surface water bodies may receive 

more humic substances leached from soil and/or from the cellular constituents and exudates of 

indigenous aquatic organism sources. On the other hand, low degree of humification and FrI in 

deeper groundwaters (232-240 m) (Fig 6.1 (c), (d)) indicate that the DOC in the deep aquifer 

(232-240 m) is less humic. The mean SUVA value decreases from 1.8 (n = 9; STDEV = 1) to 0.5 

(n =3; STDEV = 0.2) in intermediate and deeper wells (33-240 m) respectively (Fig 6.1 (e)), 

which supports less aromatic nature of DOC in the deep aquifer.  

Fluorescence spectroscopic studies 

Peaks A and C are considered to be derived primarily from vascular plant sources, 

aromatic in nature, highly conjugated with higher molecular weight fraction of the DOM pool 

(Coble et al., 1998). Peak M was originally used as a marker for endogenous DOM production 

because it was presumed to be derived completely from marine planktonic production. Peak T 

has been used to predict DOM lability (biogeochemical tracers) (Fellman et al., 2009a) and to 

signature DOM derived from microbial sources (Hood et al., 2009). But several studies 

suggested that it originated in terrestrial and freshwater environments (Stedmon and Markager, 

2005a; Murphy et al., 2008; Balcarczyk et al., 2009). The variations in the contribution of these 

humic-like fluorescence groups can be used to differentiate between terrigenous (derived from 

higher plant material) and autochthonous DOM (produced within the aquatic environment) 

(Fellman et al., 2010). The fluorescence study as part of this project indicates that the 

characteristics of DOC are predominantly UVA and UVC humic-like components (Table 7.1). 

Additionally, the tryptophan-like components are also present in shallow (14-30 m), intermediate 

groundwaters (33-123 m) and surface water bodies. Much of the DOC is of more aromatic humic 

in nature due to the presence of more humic contents in shallow groundwaters (14-30 m) as the 

mean of humification index (HIX) is high (~16.1) at shallow depths (14-30 m) (Table 6.1) (Fig 

6.1 (d)). Intermediate wells (33-123 m) and surface water bodies may contain a mixture of less 
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and more aromatic humic DOC, as the degree of humification decreases with increasing depth 

from shallow to intermediate groundwaters (14-123 m) (Fig 6.1 (d); Fig 6.2 (c), (d), (g), (h)). The 

fluorescence peaks for deeper wells (232-240 m) are unknown (Fig 6.2 (e), (f)). Microbial 

processing along with reactions with allochthonous humic matter may cause a decrease in the 

level of aromaticity from shallow to intermediate groundwaters with depth (17-240 m). On the 

other hand, the presence of tryptophan-like components from shallow to intermediate wells (17-

123 m) may suggest that some labile organic carbon may be derived from microbial sources, 

such as from pond microbial organic compounds (bacteria, algae, exudates from 

microorganisms).  

Table 7.1 Summary of observed natural fluorescence peaks of aquatic DOM from shallow 

to intermediate groundwaters (17-123 m) and surface water bodies (pond and canal) (vide 

table 2 of Fellman et al., 2010, Coble et al., 1990 and 1998, Parlanti et al., 2000) 

Component 
Peak 

Name 

Reference 

Excitationmax 

(nm) 

Acquired 

Excitationmax 

(nm) 

Reference 

Emissionmax 

(nm) 

Acquired 

Emissionmax 

(nm) 

Probable 

Sources 

Tryptophan T 
270-280 

(<240) 
275 330-368 340 T, A, M 

UVA Humic M 
290-325 

(<250) 
312 370-430 415-425 T, A, M 

UVC Humic A <260 <260 448-480 450 T 

UVC Humic C 320-360 350 420-460 440-450 T 
Note: T - Terrestrial plant or soil organic matter, A - Autochthonous production, M - Microbial processing 

Inference from stable isotopes (δ2H and δ18O), δ13C, 14C and Sr87/Sr86 

Intermediate groundwater samples (33-123 m) have different isotopic signatures from -14 

to -36 δ2H (‰) values and from -2.1 to -5.5 δ18O (‰) values. A more negative oxygen isotope 

value -5.5 ‰ in intermediate depth wells (33 m) (Fig 6.3 (b)) may suggest that the progressive 

depletion of the vapor mass and thus of the precipitation by the condensation process, 

preferentially remove the H and O isotopes from the vapor. Many of the isotope values for 

shallow water samples (14-30 m) from Matlab are more or less similar to rainfall isotopic 

compositions in Savar region (LMWL). The more enriched isotopic values of δ18O for surface 

water samples are impacted by evaporation before or during infiltration (Fig 6.3 (b)). Most of the 

surface water samples and one shallow groundwater sample (17 m) show enriched δ18O values 

denoting that the waters may be affected by evaporation prior to entering into the surface (Fig 

6.3 (b)). All groundwater and surface water samples from Matlab plot below the global and local 
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meteoric water line, indicating an origin from local rain and surface water bodies (for 

groundwater), with or without some evaporation before infiltration (Fig 6.3 (a), (b)).  

The average δ13C value of -11.8 ‰ in shallow groundwaters (14-30 m) (Fig 6.4 (a)) is 

similar to the δ13C values for C4 plants (average about -12 ‰ of δ13C value) that may be 

indicated that terrestrial plant materials may utilize photosynthetic reaction (Deines, 1980). In the 

absence of vegetation, atmospheric CO2 and heavy rainfall may contribute to dissolved inorganic 

carbon (DIC) through rock weathering, resulting in δ13C values greater than -7 ± 2‰ from 

shallow to deep wells (14-240 m) and surface water bodies (Fig 6.4 (a), (b)). Moreover, the 

major sources of carbon contributing to DIC in natural waters are CO2 derived from the decay of 

organic matter in continental soils and from the dissolution of carbonate, while in general the 

contribution of atmospheric CO2 is negligibly small. Processes usually involved in the removal 

of DIC include photosynthesis, carbonate precipitation and air-water exchange. On the other 

hand, precipitation of carbonate minerals from solution may take place rapidly, far from 

chemical equilibrium, introducing the possibility of isotopic disequilibrium between dissolved 

inorganic carbon and precipitated carbonate (Mook and Tan, 1991).  

A high percentage of modern carbon, 49 % was found at 14 m depth in groundwater with 

an age of post-1950 (Fig 6.4 (c)), and represents a relatively recent recharge of this groundwater. 

In contrast, the remaining shallow wells contain a low percentage of modern carbon 15 %, with 

the ages ranging from 300 to 1350 (before present), and reflects an older, more refractory DOC 

pool retained within the groundwater (Fig 6.4 (c)). Hence, the variation of percentage of modern 

carbon shallow depths (14-26 m) may be affected by extensive cycling and reworking of the 

labile DOC taking place in these catchment soils during surface runoff and infiltration of rain 

water.  

Fecal indicator bacteria (E. coli) and probable role 

High concentrations of E. coli (MPN/100 mL) in surface water compared to groundwater 

indicate that the microbial population is high compared to extracted water from hand-pumped 

wells. E. coli genes are not transported at all in groundwater (Fig 6.5 (c)), whereas, surface water 

bodies contain culturable E. coli with E. coli genes (Fig 6.5 (d)). The presence of E. coli 

(MPN/100 mL) in groundwater and culturable E. coli with genes in surface water indicate that 

quantitative fecal contamination. The study area is predominantly composed of sand particles so 

it may suggest that low microbial density in groundwaters by lateral and/or vertical transport 
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from adjacent surface water bodies may affect by collision with sand particles or low to 

moderate porous medium.  

Water chemistry of Matlab groundwaters  

Most of the dissolved cations and anions analyzed in this study are soluble in water. All 

cations and anions may dissolve from weathering of rock-forming minerals (carbonate minerals 

etc.) as water percolates into soils and rocks and thereby carries chemical constituents into 

aquifer. The fluctuation of the concentration of different chemical elements from shallower to 

deeper groundwaters (14-240 m) and surface water bodies may be affected by the different 

weathering rates along flowpaths and stabilities of minerals in the weathering environment. One 

of the major observations in the study area is that very low total Fe concentration was noticed in 

almost all piezometers pf the four nests. Three different but precisely calibrated instruments (HR 

ICP MS (2) and ICP OES) were used to measure Fe(t). The Fe(t) concentration was lower in 

comparison to previous results in the same piezometer (Appendix H2). This may be accounted 

for as precipitation of Fe-carbonate minerals that can be massive to decrease dissolved Fe along 

the groundwater flowpath under high Eh and pH (Stumm and Morgan, 1996; Huntsman-Mapila 

et al., 2011). But there is no distinct correlation observed between the relations of Fe-HCO3- and 

Eh-pH in groundwater (Appendix H2).   

As speciation of Matlab groundwaters 

The most toxic and mobile form of inorganic As, As (III), was found to range from 13-23 

µg/L in shallow wells (14-21 m). As (V) and As(t) are also high at shallow depths indicating that 

shallow groundwaters (14-30 m) are highly contaminated by dissolved As content (Fig 6.8 (a)). 

Intermediate groundwaters are also affected by high range of As concentration (0.3-263 µg/L), 

whereas deeper wells and surface water bodies have low As concentration (DGW: 0.2-0.8 µg/L; 

SW: 1.9-11.4 µg/L) (Fig 6.8 (a)). As (V) is mostly bound to iron oxides on mineral surfaces 

(Matera et al., 2003), while As (III) is more soluble. The concentrations of total As and As (V) 

are remarkably high in north and south Matlab (Fig 6.8 (b)). On the other hand, more toxic and 

soluble As (III) is found in the study area with concentrations ranging from 12-23 µg/L. One of 

the key factors leading to an increase in As concentration in groundwaters is thought to be 

bioreduction of As (V) and As-bearing iron oxides (Wang et al., 2014). The BGS survey showed 

that the As concentration is remarkably high in S and SE Bangladesh (BGS and DPHE, 2001) 

(Fig 2.2). Since As-transforming microbes along with the physicochemical conditions of the 
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environment, can alter the valence state and mobility of As in an aquifer by natural processes 

(Oremland and Stolz, 2005; Stolz e al., 2006), it may suggest that there is a high possibility to 

increase As pollution in the study area. 

Relation between DOC and its properties with As  

The DOC level is high in groundwater from shallow wells (14-30 m), with the mean 

DOC concentration of 5.5 mg/L (Fig 6.9 (a)). Shallow and intermediate groundwaters (14-123 

m) have dissolved As contents above 10 µg/L (Fig 6.8 (a)). Much of the DOC in shallow to 

intermediate wells is older/decomposed whereas DOC seems to be less humic in deeper 

groundwaters. The characteristics of DOC are predominantly UVA and UVC humic like 

components in shallow and intermediate groundwaters (14-123 m) but tryptophan-like 

components are also present in both groundwaters (Fig 6.2 (a), (b), (c), (d)). The percent of 

modern carbon is 49 (Post-1950) observed at 14 m depth (from recently recharged groundwater), 

whereas, the remaining shallow groundwater samples contain only 15 percent modern carbon 

(Fig 6.4 (c)). Thus, it may suggest that high As is associated with older more humic DOC in 

shallow and intermediate groundwater as the percentage of modern carbon is low and much of 

the DOC are older/decomposed in these groundwaters.  
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Chapter 8 - Conclusions 

The As speciation analyses suggest that As (III) is present in shallow groundwaters (14-

30 m). The concentrations of As (V) and As(t) decrease with increasing depths in the aquifer. The 

highest concentrations of As (V) and As(t) are observed at shallower depths, indicating that 

overall As content is very high in shallow aquifers. It is also noticed that intermediate 

groundwaters are also affected by As as the concentration is above As standard limit of WHO 

guideline (10 µg/L), whereas deeper wells and surface water bodies have low As concentration 

(<10 µg/L).  

The overall water chemistry data represents that only the range of K and NO3- 

concentrations of the pond and canal waters are high compared to groundwaters. The 

concentrations of Ca, K and Mg are higher in shallow depth wells (14-30 m). On the other hand, 

the concentrations of Na, Mg, Mn and Sr are found higher in intermediate groundwaters (33-123 

m). Ca, K, Mg, Mn and Fe(t) concentrations are lower in deeper wells (232-240 m) with 

relatively high Si concentrations. The highest concentrations of Cl- and HCO3
- are observed in 

intermediate groundwaters (33-123 m), whereas, the lowest concentrations of Cl- and HCO3
- are 

observed in deeper wells (232-240 m).  

The analyses of DOC properties (FI, FrI, HIX and SUVA) suggest that both groundwater 

and surface water may comprise of microbially and/or terrestrially derived organic materials. 

Shallow to intermediate groundwaters (14-123 m) and surface water contain older/decomposed 

DOC but DOC in deeper groundwaters (232-240 m) is less humic. More microbially-degraded 

and recalcitrant organic matter is present in shallow to intermediate aquifers (14-123 m) and 

surface water bodies. Both shallow groundwaters (14-30 m) and surface water bodies may obtain 

a significant proportion of humic substances leached from soil and/or from the cellular 

constituents and exudates of indigenous aquatic organisms. The fluorescence spectroscopic 

studies demonstrate that four primary peaks are prominent A, M, C and T from shallow to 

intermediate wells (14-123 m) and surface water bodies indicating that DOC are enriched in 

UVA and UVC humic like components along with tryptophan like components. Much of the 

DOC is more aromatic in nature, whereas, intermediate wells (33-123 m) and surface water 

bodies may contain mixture of less and more humic DOC.  
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The stable isotope (δ2H and δ18O) analyses indicate that the recharge source of 

groundwater in the study area is from local rain and local surface water bodies, with or without 

some evaporation before infiltration. The δ13C analyses suggest that the trend of δ13C signatures 

of DIC is not the same in groundwater (14-240 m) and surface water. The δ13C isotopic 

composition may be controlled in the following ways: (1) in the absence of vegetation; (2) low 

atmospheric CO2 concentrations; (3) heavy rainfall; (4) decay of organic matter in continental 

soils. It may also suggest that precipitation of weathering secondary minerals may take place 

rapidly in solution which may be introduced to cause δ13C isotopic disequilibrium. The activity 

of 14C in groundwaters (14-26 m) shows a decreasing trend and the overall percentage of modern 

carbon is low in very shallow depth wells (14-26 m). The variations of 14C activity in very 

shallow groundwaters (14-26 m) may be affected by extensive cycling of the labile DOC in 

sediments during surface runoff and infiltration of rain water.  

The most portable number (MPN) based Colilert test for fecal indicator bacteria (E. coli) 

indicates that the concentration of E. coli (MPN/100 mL) is low at almost all depths in 

groundwater compared to surface water bodies. Similarly, qPCR results denote that E. coli genes 

are below detection limit in all groundwater samples. In contrast, unprotected surface water 

bodies are harbinger of high microbial density compared to groundwaters.  

Hence the following findings can be formulated: (a) DOC concentration are high in 

shallow wells; (b) degree of humification and level of aromaticity are high in shallow wells; (c) 

variable pMC within shallow waters; (d) dissolved As concentration are high in shallow and 

intermediate depths. More humic DOC in shallow and intermediate groundwaters may be 

involved in complexation or other biogeochemical reactions which may aid in mobilizing As in 

groundwaters. (e) E. coli transport from ponds is limited in extent even in sandy sediment. In 

many cases it would not occur at all because the fine grain sediment filters it out. There is no 

need for bacteria to be transported from the surface, however. Many studies have shown that 

thousands of species of endogenous bacteria are alive and well in aquifers. These bacteria may 

be utilizing DOC coming from the surface.  
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 Appendix A - On Site Parameters 

 Appendix A1 – GPS Location of Samples 

 

 

 

 

 

Sample ID Longitude (D) Latitude (D) Easting Northing Elevation (m)

N3P1 90.70171 23.32567 482073.8 4399822.3 3.4

N3P2 90.70171 23.32567 482073.8 4399822.3 3.4

N3P3 90.70171 23.32567 482073.8 4399822.3 3.4

N3P4 90.70171 23.32567 482073.8 4399822.3 3.4

N3P5 90.70171 23.32567 482073.8 4399822.3 3.4

N3P6 90.70171 23.32567 482073.8 4399822.3 3.4

N4P1 90.77570 23.42652 482080.3 4399947.0 4.3

N4P2 90.77570 23.42652 482080.3 4399947.0 4.3

N4P3 90.77570 23.42652 482080.3 4399947.0 4.3

N4P4 90.77570 23.42652 482080.3 4399947.0 4.3

N7P2 90.66227 23.48756 482028.1 4399824.8 3.1

N7P4 90.66227 23.48756 482028.1 4399824.8 3.1

N7P5 90.66227 23.48756 482028.1 4399824.8 3.1

N13P1 90.60495 23.47562 482078.9 4399879.0 3.4

N13P2 90.60495 23.47562 482078.9 4399879.0 3.4

N13P3 90.60495 23.47562 482078.9 4399879.0 3.4

N13P5 90.60495 23.47562 482078.9 4399879.0 3.4

N13P6 90.60495 23.47562 482078.9 4399879.0 3.4

N3Pond1 90.70171 23.32567 482073.8 4399822.3 3.4

N3Pond2 90.70171 23.32567 482073.8 4399822.3 3.4

N4Pond1 90.77570 23.42652 482080.3 4399947.0 3.1

N4Pond2 90.77570 23.42652 482080.3 4399947.0 3.1

N7Pond1 90.66227 23.48756 482028.1 4399824.8 3.1

N7Pond2 90.66227 23.48756 482028.1 4399824.8 3.1

N7Canal 90.66227 23.48756 482028.1 4399824.8 3.1

N13Pond1 90.60495 23.47562 482078.9 4399879.0 3.4

N13Pond2 90.60495 23.47562 482078.9 4399879.0 3.4
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 Appendix A2 – Measured Field Parameters 

 

Suction Pump: Inlet = 0.75" Outlet = 1" Check Valve = 1" Pipe = 26'/8 m  

Diameter = 1 inch = 2.54 cm, radius = 1.27 cm, Area = 3.14 (1.27)2 = 5.1 cm2  

Diameter = 1.5 inch = 3.81 cm, radius = 1.91 cm, Area = 3.14 (1.91)2 = 11.4 cm2 

Diameter = 2 inch = 5.08 cm, radius = 2.54 cm, Area = 3.14 (2.54)2 = 20.3 cm2 

Volume = ((Well Depth – Water Level)*A/1000) L   

Flow Rate/L = (Flow Rate (15L)*V/15) sec/L  

 

 

Nest Piezometer Depth (m) Water Level (m) Time of WL Measurement Well Diameter (inch) Flow Rate (15 L) Flow Rate (L) Volume (L)

1 17 2.575 10.05 am 1.5 1 min 20 sec 1 min 28 sec 16.4

2.446 9.59 am

2 29 2.571 10.05 am 1.5 44 sec 1 min 29 sec 30.1

2.584 9.58 am

3 52 2.72 10.06 am 1.5 40 sec 2 min 30 sec 56.2

2.601 9.56 am

4 87 3.962 10.06 am 1.5 40 sec 4 min 21 sec 94.7

3.482/3.514 9.55 am

5 (Private Well) 240 L-shaped 1.5 41 sec

6 95 3.565 10.06 am 1.5 38 sec 4 min 40 sec 104.1

3.455 9.57 am

1 17 2.885 12.11 pm 1.5 1 min 11 sec 1 min 28 sec 16.1

2 30 2.999 12.12 pm 1.5 33 sec 1 min 13 sec 30.8

3 56 5.075 12.13 pm 1.5 53 sec 3 min 43 sec 58.1

4 75 5.025 12.14 pm 1.5 48 sec 4 min 26 sec 79.8

2 26 1.528 10.15 am 1.5 55 sec 1 min 43 sec 27.9

1.41 12.05 pm

1.333 12.46 pm

1.655 1.10 pm

1.43 6.25 pm

4 75 4.42 1.10 pm 1.5 1 min 5 min 37 sec 80.5

4.47 3.05 pm

4.34 8.00 pm

5 232 4.36 9.43 am 1.5 48 sec 13 min 84 sec 259.5

4.4 1.16 pm

4.19 4.05 pm

1 14 1.442 10.23 am 1.5 40 sec 39 sec 14.3

1.434 12.15 pm

2 33 1.528 10.16 am 1.5 44 sec 1 min 46 sec 35.9

1.554 10.23 am

1.53 6.26 pm

3 85 4.376 10.16 am 1.5 1 min 4 sec 6 min 54 sec 91.9

4.349 10.24 am

4.35 6.25 pm

5 (Private Well) 237 4.36 1.15 pm 2 51 sec 27 min 15 sec 472.3

6 124 4.49 10.17 am 1.5 53 sec 8 min 2 sec 136.2

4.46 10.24 am

4.456 12.16 pm

Private Well 21 1.185 12.30 pm 1.5 24 sec 37 sec 22.6
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 Appendix A3 – Physical and Chemical Parameters 

 

 

 

 

 

 

 

 

 

 

Sample ID Depth (m) TDS (mg/L) Salinity (ppt) Resistivity (Ωcm) EC (mS/cm) ORP (mV) pH Temp (°C) 

N3P1 17 472 0.47 1.05E+03 0.94 67.5 7.1 25.9

N3P2 29 643 0.64 7.77E+02 1.29 -147.2 6.9 26.2

N3P3 52 18250 23 2.74E+01 36.33 37.2 6.5 26.6

N3P4 87 8930 10.59 5.60E+01 19.39 77.4 6.6 26.7

N3P5 240 14250 17.57 3.51E+01 28.47 86 6.4 26.7

N3P6 95 8970 10.57 5.58E+01 24.74 87.5 6.4 25.3

N4P1 17 7420 8.63 6.74E+01 14.8 77.6 6.6 26.3

N4P2 30 31000 46.6 1.57E+01 64.77 61 6.6 22.1

N4P3 56 45.8 0.05 1.09E+04 65.37 89.8 6.5 27.5

N4P4 75 34600 46.4 1.47E+01 67.73 116.5 6.1 24.4

N7P2 26 419 0.41 1.19E+03 0.86 -118.4 6.9 26.3

N7P4 75 502 0.49 9.37 0.98 -46.4 6.7 26.8

N7P5 232 635 0.63 7.87E+02 1 2.1 6.6 25.8

N13P1 14 128 0.12 3.91E+03 0.26 -169.8 7.0 26.0

N13P2 33 1291 1.33 3.87E+02 1.15 -170.1 7.0 25.9

N13P3 85 985 1 5.08E+02 1.98 -113.9 6.9 27.6

N13P5 237 391 0.38 1.28E+03 0.78 -148 7.5 27.5

N13P6 124 320 0.31 1.56E+03 0.64 124.8 6.9 26.4

N13PW 21 160 0.15 3.12E+03 0.32 -102.1 6.9 26.7

N3Pond1 2 29 0.03 1.90E+04 60.5 -123.1 6.8 28.3

N3Pond2 1.2 499 0.5 9.63E+02 101 -90.8 6.6 28.4

N4Pond1 2 3300 3.6 1.49E+02 6.7 84.4 6.8 32.5

N4Pond2 1.5 2300 2.46 2.17E+02 4.63 95.6 7.1 32.4

N7Pond1 2 486 0.55 1.03E+02 0.5 9.4 7.3 26.3

N7Pond2 2 198 0.019 2.55E+03 0.4 -36.2 7.0 24.8

N7Canal 1.5 399 0.402 1.26E+02 0.25 275.5 6.8 23.5

N13Pond1 2 46 0.05 1.09E+04 0.10 -171 7.8 26.9

N13Pond2 4 131 0.13 3.83E+03 0.3 32.3 7.3 26.7
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Sample ID Depth (m) DO (mg/l) As (ppb) Mn
2+

 (mg/l) Cl
-
 (mg/l) SO4

2-
 (mg/l)

N3P1 17 2 500 0.3 0

N3P2 29 2 250 0.2 0

N3P3 52 1 50-100 0.3 0

N3P4 87 3 0 0.5 17

N3P5 240 2 0 0.6 1

N3P6 95 1 50 0.2 1

N4P1 2 4 0 0 6

N4P2 1.2 2 0 0 7

N4P3 17 4 50-100 0 0

N4P4 30 1 500 0 0

N7P2 56 2 0-10 1.6 31

N7P4 75 1 0-10 1.7 57

N7P5 2 15 0 0 13

N13P1 1.5 9 0 0 0

N13P2 26 2 500 0.2 260 <0

N13P3 75 2 50-100 0.1 840 0

N13P5 232 5 0-10 0.1 700 1

N13P6 2 4 0 0.1 380 13

N13PW 2 9 0 0 22

N3Pond1 1.5 3 0 0.1 120 0

N3Pond2 14 1 250 0 60 0

N4Pond1 33 1 350 0.3 1620 0

N4Pond2 85 1 100 0 1920 0

N7Pond1 237 2 0 0 500 3

N7Pond2 124 2 100 0 600 0

N7Canal 21 1 500 0.2 0

N13Pond1 2 3 0 0 100

N13Pond2 4 0 0 80
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 Appendix A4 – On Site Comments 
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 Appendix B – Water DOC Concentration  

 

 

 

 

 

 

Sample ID Depth (m) DOC (mg/l) Duplicate STDEV

N3P1 17 4.8 4.8 0.0

N3P2 29 2.8 2.7 0.1

N3P3 52 2.1 1.9 0.1

N3P4 87 0.8 0.6 0.1

N3P5 240 2.0 2.0 0.1

N3P6 95 2.7 2.2 0.4

N3Pond1 3.0 2.9 0.1

N3Pond2 5.0 4.9 0.1

N4P1 17 12.2 11.9 0.2

N4P2 30 6.7 6.6 0.1

N4P3 56 0.8 0.7 0.0

N4P4 75 0.7 0.6 0.1

N4Pond1 7.4 7.2 0.2

N4Pond2 8.7 8.7 0.0

N7P2 26 4.5 5.4 0.6

N7P4 75 2.8 2.8 0.0

N7P5 232 1.1 1.7 0.4

N7Pond1 7.4 8.1 0.5

N7Pond2 5.1 5.3 0.1

N7Canal 5.9 6.3 0.3

N13P1 14 1.5 1.5 0.1

N13P2 33 5.0 4.9 0.1

N13P3 85 4.2 4.1 0.0

N13P5 237 2.5 2.1 0.3

N13P6 123 3.3 3.2 0.1

N13PW 21 2.6 2.5 0.1

N13Pond1 4.3 4.8 0.4

N13Pond2 2.9 2.7 0.1



 

44 

 Appendix B1 – Fluorescence Properties of DOC in Water 
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 Appendix C - Fluorescence Spectroscopy (EEMs and Peaks) 

Protocol for fluorescence spectroscopy 

The quinine sulfate was scanned and recorded the emission at 450 nm (observed) in the Aqualog 

logbook.xls.        

 Cuvette check- 

Integration time = 0.25 sec 

Increment = 3.28 nm 

Gain = High 

Excitation = 240 nm 

 Raman scan check and calculate the area under Raman Peak-  

Integration time = 0.25 sec 

Increment = 3.28 nm 

Gain = High 

Excitation = 350 nm 

 Quinine sulfate scan and record the emission at 450 nm-

Integration time = 0.25 sec 

Increment = 0.41 nm 

Gain = High 

Excitation = 347.5 nm 

 Acquisition 3D EEM- 

Integration time = 0.25 and 1 second  Increment = 3.28 nm 

Excitation = 240-450 nm    Emission = 300-550 nm 

Gain = High 
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 Appendix C1 – EEMs (First Experiment at 0.25 sec) (Not Label = Unknown Peak) 
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 Appendix C2 – Peaks  
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First Experiment at 0.25 sec 
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 Appendix C3 – EEMs (Second Experiment at 0.25 sec) (Not Label = Unknown Peak) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

M 

C 

A 

M 

C 

A 

M 

C 

A 

M 

C 

T T 

T 

T 



 

98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

M 

C 
A 

M 

C 

A 

M 

C 
A 

M 

C 

T T 

T T 



 

99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

M 

C 

A 

M 

C 
A 

M 

C 

A 

M 

C 

T 

T 

T 

T 



 

100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

M 

C 

A 

M 

C 
A 

M 

C 

A 

M 

C 
A 

M 

C 

T 

T T 

T T 



 

101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

A 

M 

C 
A 

M 

C 

A 

M 

C 
A 

M 

C 

A 

M 

C 

T T 

T T 

T 



 

102 

 

 Appendix C4 – Peaks (Second Experiment at 0.25 sec) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

107 

 

Appendix C5 – EEMs (Third Experiment at 1 sec) (Not Label = Unknown Peak)  
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 Appendix C6 – Peaks (Third Experiment at 1 sec) 
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 Appendix D – Sample Lithology  

Nest 3 

 

Nest 4 

 

 

 

Depth1 (m) Depth2 (m) Lithology Screen Length (m) Depth1 (m) Depth2 (m) Lithology Screen Length (m) 

0 6 Clayey sand 123 130 Med. Sand

6 15 Fine to Med. Sand 130 134 Fine to Med. Sand

15 18 Med. Sand P1 (15-17) 134 146 Med. Sand

18 26 Fine Sand 146 148 Fine to Med. Sand

26 32 Med. Sand P2 (27-29) 148 149 Fine Sand

32 38 Fine to Med. Sand 149 151 Fine to Med. Sand

38 40 Fine Sand 151 152 Med. to Coarse sand

40 41 Fine to Med. Sand 152 155 Med. Sand

41 46 Med. Sand 155 157 Fine to Med. Sand

46 52 Fine Sand 157 160 Med. Sand

52 53 Fine to Med. Sand 160 174 Fine to Med. Sand

53 56 Med. Sand 174 175 Clayey sand

56 61 Fine to Med. Sand 175 178 Clay

61 64 Clayey sand 178 180 Clayey sand

66 67 Clay 180 188 Fine to Med. Sand

67 70 Fine to Med. Sand 188 192 Med. Sand

70 72 Med. Sand 192 194 Fine to Med. Sand

72 81 Fine to Med. Sand 194 198 Med. Sand

81 84 Med. Sand 198 200 Fine to Med. Sand

84 85 Clayey sand 200 206 Clayey sand

85 87 Fine Sand P4 (85-87) 206 212 Med. Sand

87 90 Clayey sand 212 215 Clayey sand

90 99 Med. Sand P6 (92-95) 215 218 Med. Sand

99 101 Med. to Coarse sand 218 223 Clayey sand

101 105 Fine to Med. Sand 223 226 Fine to Med. Sand

105 108 Clayey sand 226 230 Clayey sand

108 110 Fine to Med. Sand 230 232 Med. Sand

110 122 Med. Sand 232 233 Med. to Coarse sand

122 123 Med. to Coarse sand 233 242 Med. Sand

P5 (231-240)

P3 (50-52)

Depth1 (m) Depth2 (m) Lithology Screen Length (m) 

0 9 Clay

9 12 Clayey Fine Sand

15 27 Fine Sand P1 (15-18)

27 30 Fine Sand P2 (27-30)

30 34 Fine Sand

34 55 Clay

55 64 Medium Sand P3 (55-58)

64 73 Medium Sand to Fine Sand 

73 76 Medium Sand P4 (73-76)
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Nest 7 

 

Nest 13 

 

Depth1 (m) Depth2 (m) Lithology Screen Length (m) Depth1 (m) Depth2 (m) Lithology Screen Length (m) 

0 5 Silty Clay 165 169 Fine Sand

5 6 Clayey Fine Sand 169 171 Med. To Fine Sand

6 20 Fine Sand 171 175 Fine Sand

20 27 Med. To Fine Sand P2 (21-24) 175 177 Med. To Fine Sand

27 29 Med. Sand 177 178 Med. Sand

29 32 Med. To Fine Sand 178 180 Fine to Med. Sand

32 34 Fine Sand 180 183 Med. Sand

34 37 Med. To Fine Sand 183 188 Fine to Med. Sand

37 55 Fine Sand 188 192 Med. Sand

55 56 Clayey Fine Sand 192 200 Coarse to Med. Sand

56 58 Very Fine Sand 200 201 Med. Sand

58 61 Silty Clay 201 203 Med. To Fine Sand

61 76 Very Fine Sand P4 (70-73) 203 207 Med. Sand

76 78 Clayey Very Fine Sand 207 209 Fine to Med. Sand

78 87 Fine Sand 209 210 Med. Sand

87 88 Very Fine Sand 210 212 Coarse to Med. Sand

88 93 Fine Sand 212 213 Fine to Med. Sand

93 101 Med. To Fine Sand 213 215 Med. To Fine Sand

101 107 Fine Sand 215 221 Med. Sand

107 108 Med. To Fine Sand 221 223 Med. To Fine Sand

108 110 Fine Sand 223 224 Fine to Med. Sand

110 114 Med. To Fine Sand 224 226 Med. To Fine Sand

114 131 Med. Sand 226 229 Med. Sand

131 136 Coarse to Med. Sand 229 230 Fine to Med. Sand

136 152 Med. Sand 230 232 Med. To Fine Sand

152 165 Med. To Fine Sand

P5 (223-232)

Depth1 (m) Depth2 (m) Lithology Screen Length (m) Depth1 (m) Depth2 (m) Lithology Screen Length (m) 

0 3 Fine Sand 101 102 Fine to Med. Sand

3 17 Fine to Med. Sand P1 (12-14) 102 110 Med. Sand

17 18 Med. Sand 110 111 Fine to Med. Sand

18 20 Fine to Med. Sand 111 117 Med. Sand

20 26 Med. Sand 117 119 Fine to Med. Sand

26 37 Fine to Med. Sand P2 (31-33) 119 136 Med. Sand P5 (122-123)

37 38 Silty Clay 136 139 Fine Sand

38 40 Fine to Med. Sand 139 154 Med. Sand

40 41 Silty Sand 154 162 Med. to Coarse Sand

41 43 Fine Sand 162 163 Med. Sand

43 46 Fine to Med. Sand 163 166 Med. to Coarse Sand

46 49 Very fine Sand 166 168 Med. Sand

49 50 Silty Sand 168 169 Fine to Med. Sand

50 52 Very fine Sand 169 175 Med. Sand

52 53 Fine Sand 175 177 Fine to Med. Sand

53 56 Clayey Sand 177 181 Med. Sand

56 58 Silty Sand 181 183 Fine to Med. Sand

58 61 Fine Sand 183 184 Fine Sand

61 63 Fine to Med. Sand 184 192 Med. Sand

63 76 Med. Sand 192 194 Fine to Med. Sand

76 79 Fine to Med. Sand 194 198 Med. Sand

79 81 Fine Sand 198 203 Fine to Med. Sand

81 84 Fine to Med. Sand 203 204 Med. Sand

84 88 Med. to Coarse Sand 204 206 Fine Sand

88 90 Med. Sand 206 209 Fine to Med. Sand

90 91 Med. to Coarse Sand 209 210 Med. Sand

91 93 Med. Sand 210 230 Clayey Sand

93 95 Fine to Med. Sand 230 242 Med. Sand

95 101 Clayey Sand

P3 (83-85)

P6 (228-237)
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 Appendix E – Mineral Saturation Indices (MSI)  
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 Appendix F - Water Isotopic Composition 

 Appendix F1 - Stable Isotopes (δ2H and δ18O)  

 

 

 

 

 

 

Sample ID Depth (m) δ
2
H (‰) δ

18
O (‰)

N3/P1 17 -16 -2.5 Sample ID Location Time δ
2
H (‰) δ

18
O (‰)

N3/P2 29 -21 -3.4 RW-1 Savar Apr-06 5 -1.3

N3/P3 52 -19 -3.2 RW-2 Savar May-06 -9 -3.3

N3/P4 87 -18 -3 RW-3 Savar Jun-06 -15 -3.9

N3/P5 240 -17 -2.7 RW-4 Savar Jul-06 -39 -6.5

N3/P6 95 -17 -2.9 RW-5 Savar Aug-06 -57 -8.7

N4/P1 17 -12 -1.3 RW-6 Savar Sep-06 -47 -7.5

N4/P2 30 -21 -3.5 RW-7 Savar Feb-07 -3 -2.1

N4/P3 56 -14 -2.7 RW-8 Savar Mar-07 21 1.4

N4/P4 75 -16 -3.2 RW-9 Savar Apr-07 21 2.2

N7/P2 26 -22 -3.4 RW-10 Savar May-07 -10 -2.5

N7/P4 75 -15 -2.9 RW-11 Savar Jun-07 -25 -4.4

N7/P5 232 -13 -2.6 RW-12 Savar Jul-07 -37 -6.2

N13/P1 14 -10 -2.4 RW-13 Savar Aug-07 -47 -7.3

N13/P2 33 -36 -5.5 RW-14 Savar Sep-07 -53 -7.6

N13/P3 85 -19 -3.4

N13/P5 237 -15 -3

N13/P6 123 -11 -2.1

N13/PW 21 -11 -2.4

N3/Pond1 -8 -2.2

N3/Pond2 -8 -1.2

N4/Pond1 -1 0

N4/Pond2 -1 0

N7/Pond1 -6 -1

N7/Pond2 -6 -1

N7/Canal -9 -1.3

N13/Pond1 -12 -2.8

N13/Pond2 -6 -1.3

Local Meteoric Water Line (LMWL) Data

LMWL data from Majumder et al., 2011, pg: 4588

Location: Savar station (NW Bangladesh)

Time frame: April, 2006-September, 2007
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 Appendix F2 - δ 13C, C-14and Sr87/Sr86 

 

 

Sample ID Depth (m) δ
13

C (‰) Sample ID Depth (m) C-14 (BP) Conventional Age

N3/P1 17 -16.7 N3/P1 17 1000 1000 +/- 40 BP

N3/P2 29 -13.1 N4/P1 17 300 300 +/- 40 BP

N3/P3 52 -13.1 N7/P2 26 1350 1350 +/- 40 BP

N3/P4 87 -17.5 N13/P1 14 65 Post 1950

N3/P5 240 -17.7

N3/P6 95 -12.6 QC 1 Sample ID IAEA C7 QC 2 Sample ID IAEA C8

N4/P1 17 -6.4 QC Expected Value 49.35 +/- 0.50 pMC QC Expected Value 15.05 +/- 0.20 pMC

N4/P2 30 -3.2 QC Measured Value 49.30 +/- 0.30 pMC QC Measured Value 15.00 +/- 0.10 pMC

N4/P3 56 -9.3

N4/P4 75 -9.3

N7/P2 26 -12.0

N7/P4 75 -11.9 Sample ID Depth (m) 87
Sr/

86
Sr +/-2s

N7/P5 232 -7.6 N3/P1 17 0.720781 0.000003

N13/P1 14 -16.5 N4/P1 17 0.715618 0.000003

N13/P2 33 -2.3 N7/P2 26 0.720919 0.000003

N13/P3 85 -6.4 N13/P1 14 0.720195 0.000004

N13/P5 237 -7.9 N3/Pond1 0.71686 0.000005

N13/P6 123 -11.0 N4/Pond1 0.717708 0.000003

N13/PW 21 -15.0 N7/Pond1 0.717132 0.000003

N3/Pond2 -9 N13/Pond1 0.718255 0.000003

N4/Pond1 -8.3

N7/Pond1 -9.5

N13/Pond1 -12.2

87Sr/86Sr 



 

120 

 

 Appendix G – Fecal Indicator Bacteria (E. coli) 

 Appendix G1 – Single Test  

 

 Appendix G2 – Duplicate Test  

 

Nest Piezometer Date Dilution Factor Big Wells (+) Small Wells (+) 95L MPN/100 mL 95H Big Wells (+) Small Wells (+) 95L MPN/100 mL 95H

3 Pond 1 06/30/14 × 10 49 30 401.2 613.1 879.2 21 3 19.4 30.5 44.8

3 Pond 1 06/30/14 × 100 49 47 1630.4 2419.6 4716.1 47 12 119.5 172.3 242.2

3 Pond 1 06/30/14 Filtered 49 47 1630.4 2419.6 4716.1 48 14 145.5 209.8 301.1

3 Pond 2 06/30/14 × 10 49 48 1439.5 >2419.6 infinite 48 18 172.6 248.9 350.2

3 Pond 2 06/30/14 × 100 49 37 620.5 920.8 1282.0 24 2 23.3 34.5 50.1

3 Pond 2 06/30/14 Filtered 49 48 1439.5 >2419.6 infinite 15 3 12.6 21.1 32.6

7 2 06/25/14 Filtered 49 20 218.9 344.8 520.7 8 1 4.5 9.7 17.2

7 2 06/28/14 Filtered 49 16 185.7 275.5 416.8 10 2 7.1 13.2 22.0

7 Pond 1 06/24/14 × 10 49 48 1439.5 >2419.6 infinite 48 47 703.6 960.6 1245.4

7 Pond 1 06/24/14 × 100 48 32 341.2 478.6 652.5 48 17 165.2 238.2 340.8

7 Pond 1 06/25/14 Filtered 49 48 1439.5 >2419.6 infinite 35 7 50.1 70.3 94.6

7 Pond 1 06/28/14 × 10 49 48 1439.5 >2419.6 infinite 48 42 553.4 755.6 993.9

7 Pond 1 06/28/14 × 100 49 48 1439.5 >2419.6 infinite 40 9 70.2 95.9 128.9

7 Pond 2 06/28/14 × 10 49 48 1439.5 >2419.6 infinite 45 11 99.5 139.6 190.0

7 Pond 2 06/28/14 × 100 49 18 195.3 307.6 471.2 9 3 6.8 13.1 21.8

7 Pond 2 06/28/14 Filtered 47 48 546.6 691.0 886.5 45 23 151.3 201.2 260.5

7 Canal 06/24/14 × 10 49 48 1439.5 >2419.6 infinite 48 18 172.6 248.9 350.2

7 Canal 06/24/14 × 100 49 19 206.6 325.5 498.1 28 3 30.6 44.1 62.5

7 Canal 06/24/14 Filtered 49 48 1439.5 >2419.6 infinite 28 1 27.7 41.0 58.8

13 1 06/21/14 Filtered 25 0 22.0 33.6 48.9 1 0 0.1 1.0 5.5

13 Pond 1 06/24/14 Filtered 49 48 1439.5 >2419.6 infinite 48 31 334.6 456.9 618.9

13 Pond 1 06/26/14 × 10 49 43 924.9 1413.6 2101.6 48 42 553.4 755.6 993.9

13 Pond 1 06/26/14 × 100 49 32 449.3 686.7 974.4 46 11 108.0 151.5 207.8

13 Pond 2 06/26/14 × 10 49 22 245.9 387.3 567.0 9 3 6.8 13.1 21.8

13 Pond 2 06/26/14 × 100 45 14 112.0 152.9 206.2 5 2 2.9 7.3 13.9

13 Pond 2 06/24/14 Filtered 49 48 1439.5 >2419.6 infinite 48 31 334.6 456.9 618.9

Total Coliform E. coli Single

Nest Piezometer Date Dilution Factor LARGE1 SMALL1 LARGE2 SMALL2 MPN/100 mL LB UB LARGE1 SMALL1 LARGE2 SMALL2 MPN/100 mL LB UB

3 1 06/30/14 × 1 49 29 46 12 238.4 183.9 309.0 6 1 0 0 3.6 1.7 7.6

3 2 06/30/14 × 1 44 7 49 16 155.7 123.6 196.2 4 1 3 8 8.3 5.1 13.7

7 2 06/25/14 × 1 25 1 28 3 39.5 30.3 51.4 1 0 1 0 1.0 0.3 4.0

7 2 06/28/14 × 1 47 26 47 7 193.2 151.4 246.6 10 6 3 0 10.2 6.5 16.0

7 4 06/24/14 × 1 1 1 8 3 6.8 3.9 11.8 0 0 0 0 <0.5 <0.07 <3.564

7 5 06/24/14 × 1 46 12 49 13 176.9 139.4 224.5 3 1 4 0 4.1 2.1 8.3

13 1 06/19/14 × 1 27 1 3 0 18.2 12.8 25.9 0 0 0 0 <0.5 <0.07 <3.564

13 1 06/21/14 × 1 31 3 48 10 86.4 69.2 107.9 1 0 7 0 4.2 2.1 8.3

13 2 06/24/14 × 1 49 24 33 27 153.3 121.8 193.0 30 9 33 21 74.1 59.1 92.9

13 3 06/24/14 × 1 16 2 3 1 12.1 8.0 18.4 3 0 2 0 2.6 1.1 6.1

13 5 06/29/14 × 1 49 15 47 16 209.6 163.2 269.1 8 1 7 0 8.6 5.3 14.1

13 6 06/26/14 × 1 49 25 46 16 238.4 183.9 309.0 16 3 10 1 17.2 12.0 24.7

13 Private Well 06/26/14 × 1 45 12 47 17 164.1 129.9 207.3 4 0 26 0 17.6 12.3 25.1

13 Pond 1 06/20/14 × 100 49 30 49 12 320.9 243.8 422.5 20 12 15 16 39.1 30.1 51.0

13 Pond 2 06/24/14 × 100 47 3 47 2 120.9 96.8 151.0 33 3 27 4 49.6 38.8 63.4

Total Coliform E. coli Duplicate

Galy et al., 1999 Galy et al., 1999 
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 Appendix G3 – Summary of Fecal Indicator Bacteria (E. coli) Results 

 

 Appendix G4 – qPCR Results 

Analysis Parameters:  

Type of Application: Quantification 

Dye(s):FAM 

Inverted Data: OFF 

Threshold setting: Noiseband 

Threshold level: 289  

Baseline setting: Automatic 

Drift Correction: OFF  

Standard Curve Parameters:  

Slope: -3.328 

Y-Intercept: 37.70 

Efficiency: 1.00 

R2: 0.998  

*BDL = Below Detection Limit  

 

 

Sample ID Depth (m) Total Coliform E. coli (MPN/100 mL) E. coli  DNA (Copies/100 mL)

N3P1 (×1) 17 238 4 No Sample

N3P2 (×1) 29 156 8 No Sample

N7P2 (×1) 26 193 10 <11

N7P5 (×1) 232 177 4 <11

N13P1 (×1) 14 86 4 <11

N13P3 (×1) 85 12 3 <11

N13P5 (×1) 237 210 9 <11

N13P6 (×1) 123 238 17 <11

N13PW (×1) 21 164 18 <11

N3Pond1 (×100) 241,957 17,233 No Sample

N3Pond2 (×100) 92,084 3,451 No Sample

N7Pond1 (×100) 47,860 23,822 116,138

N7Pond2 (×100) 308 1,310 16,981

N7Canal (×100) 32,554 4,412 13,538

N13Pond1 (×100) 68,667 15,152 27,521

N13Pond2 (×100) 15,286 731 No Sample
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 Appendix H - Water Chemistry 

Appendix H1 - Cation 
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Appendix H2 – Dissolved Total Fe Concentration 

 

 



 

125 

 

First Experiment: HR ICP MS 

Second Experiment: ICP OES – University of Kansas 

Third Experiment: ICP OES – Department of Agronomy, Kansas State University  

 

 

 

Sample ID Depth (m) HR ICP MS ICP OES ICP OES STDEV

N3P1 17 0.02 0.01 0 0.01

N3P2 29 0.01 0 0.04 0.02

N3P3 52 0.1 0.10 0 0.06

N3P4 87 0.1 0.08 0 0.05

N3P5 240 0.1 0.06 0 0.05

N3P6 95 0.4 0.34 0.37 0.03

N4P1 17 0.19 0.17 0.04 0.08

N4P2 30 0.11 0.11 0.01 0.06

N4P3 56 0.1 0.05 0.07 0.03

N4P4 75 0.1 0.04 0.07 0.03

N7P2 26 0.06 0.05 0.04 0.01

N7P4 75 0.1 0.13 0.08 0.02

N7P5 232 0 0.17 0.14 0.09

N13P1 14 0.32 0.32 0.13 0.11

N13P2 33 0.1 0.05 0 0.05

N13P3 85 0 0.04 0.02 0.02

N13P5 237 0.2 0.19 0.13 0.04

N13P6 123 0 0.04 0 0.02

N13PW 21 0.08 0.08 0 0.04

N3Pond1 0.11 0.12 0

N3Pond2 0.03 0.04 0

N4Pond1 0.06 0.06 0

N4Pond2 0.18 0.17 0

N7Pond1 0.18 0.18 0

N7Pond2 0.13 0.13 0

N7Canal 0.21 0.23 0.01

N13Pond1 0.08 0.07 0.01

N13Pond2 0.21 0.21 0

Fe (t) (mg/L)
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Appendix H3 – Total As and As Speciation 

Procedure for preparation of 6 M HCl from 36.5-38 % laboratory grade HCl  

Molarity = moles/L; 37 % HCl indicates that there are 37 g of HCl (37 % mass to volume) in 100 

mL of solution. The number of moles of HCl in 37 g can be worked out by Moles = mass 

/molecular weight. Therefore, moles = 37 g / 36.5 g/mol = 1.02 moles. So there are 1.02 moles of 

HCl in 100 mL of 37 % HCl. The molarity of the solution is M = moles/L =1.02/0.1 = 10.2 M 

C1 = original concentration  V1 = required volume of original solution 

C2 = desired concentration  V2 = desired volume of 6 M HCl 

C1 V1 = C2 V2 =>V1 = C2 V2 / C1 = (6 x 100)/10.2 = 58.82 mL 

Hence, the solution dilutes 58.8 mL of 37 % HCl up to a total volume of 100 mL with water. 

 

 

 

Sample ID Depth (m) As (III) (µg/L) As (V) (µg/L) As(t) (µg/L)

N3P1 17 13 386 407

N3P2 29 <5 79 82.5

N3P3 52 <5 15 16

N3P4 87 <5 <5 0.25

N3P5 240 <5 <5 0.23

N3P6 95 <5 8 7.07

N4P1 17 <5 73 75.4

N4P2 30 <5 221 223

N4P3 56 <5 <5 2.69

N4P4 75 <5 <5 2.28

N7P2 26 <5 278 285

N7P4 75 <5 157 159

N7P5 232 <5 <5 0.76

N13P1 14 12 209 222

N13P2 33 <5 81 97.4

N13P3 85 <5 23 29.6

N13P5 237 <5 <5 0.21

N13P6 123 <5 262 263

N13PW 21 23 273 296

N3Pond1 5.0

N3Pond2 6.0

N4Pond1 6.7

N4Pond2 4.7

N7Pond1 8.2

N7Pond2 7.2

N7Canal 11.4

N13Pond1 1.9

N13Pond2 3.1
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Appendix H4 – Anion 

 

bdl = below detection limit 
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