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Abstract 

 During the 1980’s millions of households in Bangladesh switched from drinking surface 

water to private groundwater wells to reduce their exposure to fecal microorganisms. Sadly, 

this switch to shallow groundwater resulted in the largest example of drinking water poisoning 

in history, with approximately 100 million people exposed to high concentrations of naturally 

occurring Arsenic in the groundwater. Spatial distribution of Arsenic in the shallow aquifers 

tends to be patchy, so the most economical mitigation option has been lateral switching from 

high Arsenic wells to nearby low Arsenic wells. The recently developed Arsenic flushing 

conceptual model, which explains the spatial distribution of Arsenic throughout the shallow 

aquifers in Bangladesh, suggests however, that low Arsenic zones are recharged via coarse-

grained, rapid flow pathways and therefore represent a higher risk for waterborne pathogens.   

The objectives of this dissertation are to evaluate new methods for sampling and 

detection of waterborne pathogens, while also identifying sources of fecal contamination and 

transport pathway(s) to private wells emplaced within the shallow aquifers. It was 

demonstrated that private wells are broadly contaminated with E. coli, with prevalence ranging 

from 30 to 70%. The fact that E. coli was detected more frequently in private wells than sealed 

monitoring wells (p<0.05) suggests that well construction and/or daily pumping contribute to 

fecal contamination of the private wells. Using DNA-based molecular fecal source tracking, 

contamination was demonstrated to originate from human fecal waste. Unsanitary latrines, 

which spill effluent onto the open ground, were demonstrated to cause elevated levels of fecal 

bacteria in ponds, found in every village. These ponds were demonstrated to have an influence 
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on concentrations of fecal bacteria to at least distances of 12m into the adjacent aquifer. In a 

culture where latrines, private wells and ponds are frequently clustered closely together, these 

findings suggest that improvements in the management of human fecal waste changes in 

placement and construction of private wells could substantially reduce exposure of people to 

fecal pathogens. Fecal contamination was found to be pervasive in low Arsenic, unconfined, 

shallow aquifers, and therefore gains from well switching to avoid Arsenic need to be balanced 

with the risk of consuming waterborne pathogens.    
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CHAPTER I – INTRODUCTION 

I.1 OVERVIEW 

Beginning in the middle of the 1980’s a major shift in drinking water source from surface 

water to shallow groundwater was made by millions of households throughout Bangladesh to 

reduce consumption of waterborne pathogens and the resulting diarrheal disease (Ahmed et 

al., 2006). Due to high natural concentrations of dissolved Arsenic in aquifers throughout the 

Ganges-Brahmaputra delta, however, this shift has resulted in the largest case of drinking water 

poisoning in history (Dhar et al., 1997). An estimated 100 million people in Bangladesh, West 

Bengal, India and other south Asian countries are now exposed to drinking water laden with 

dissolved Arsenic concentrations many times greater than the WHO recommended guideline of 

10 µg/L (Dhar et al., 1997), resulting in elevated rates of internal cancers and skin diseases 

(Ahmed et al., 2006). A number of inexpensive Arsenic mitigation options have been proposed, 

including switching drinking water sources back to filtered surface water (Ahmed et al., 2006). 

Several of these mitigation options raise the concern that avoiding Arsenic, may in fact incur 

greater overall losses in healthy years lived through raising exposure to waterborne pathogens 

(Lokuge et al., 2004). The primary Arsenic mitigation option has been switching from high 

Arsenic private wells emplaced within shallow aquifers to wells of similar depth with low 

Arsenic concentrations (Ahmed et al., 2006). The heterogeneous distribution of Arsenic in 

shallow aquifers was recently explained by a hydrologic flushing model which postulates that 

low Arsenic aquifers are overlain by coarse sediment that has been depleted of sorbed Arsenic 

by historical flushing by rapidly infiltrating recharge water (van Geen et al., 2008). Based on this 
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model there is concern that shifting to low Arsenic wells located in shallow unconfined aquifers, 

which are typically recharged by rapidly flushed pore water could expose people to drinking 

water high in fecal pathogens. This shift in drinking water source could potentially increase 

rates of diarrheal disease in a population still struggling with high childhood morbidity and 

mortality (Emch, 1999).           

This dissertation was a key part of an interdisciplinary research effort involving faculty 

and students from five institutions (Columbia University, University of Tennessee, University of 

North Carolina at Chapel Hill, Barnard College and Dhaka University in Bangladesh). The project 

investigated different aspects of the source, fate and transport of fecal contaminants in 

aquifers of rural Bangladesh and their relationship to Arsenic and occurrence of diarrheal 

disease. The objectives of this dissertation are to: 1) evaluate new methods for the 

concentration and detection of waterborne pathogens; 2) identify sources of fecal 

contamination to both surface and subsurface waters; and 3) determine the dominant 

transport pathway(s) of fecal contamination to private wells emplaced within shallow aquifers.  

Published or expected peer-reviewed papers based on this dissertation are outlined 

below, along with information on the status of manuscripts. The PhD candidate, Peter 

Knappett, is or will be first-author on all of the manuscripts included in this dissertation, 

although other members of the research team are often included as co-authors, reflecting the 

interdisciplinary nature of this research. 
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Paper #1 (Chapter II) - Efficacy of Hollow-Fiber Ultrafiltration for Microbial Sampling in 

Groundwater 

Status: In Press in the journal Ground Water 

Paper #2 (Chapter III) - Impact of Sanitation on Fecal Bacteria and Pathogens in Ponds of 

Bangladesh 

 Status: Submitted for review in the journal Environmental Science & Technology 

Paper #3 (Chapter IV) - Transport of Fecal Bacteria from Ponds to Aquifers in Rural 

Bangladesh 

 Status: In Preparation for the journal Water Resources Research 

Additional manuscripts authored by Mr. Knappett may be submitted over the next year 

or two based on data in the Appendices and he will likely be a co-author on several of the 

manuscripts generated by other members of the research team (which are not described in this 

dissertation). 
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I.2 A BRIEF HISTORY OF DRINKING WATER IN BANGLADESH 

Bangladesh is a small country (~147,000 km
2
) with a very large population of 150 million 

people (http://www.bbs.gov.bd/dataindex/pby/bulletin.pdf). It is located on the largest delta 

system in the world, consisting of 100,000 km
2
 of braided streams, river channels and 

floodplains within the confluence of the Ganges and Brahmaputra rivers, which discharge into 

the Bay of Bengal (Goodbred et al., 2003). Bangladesh is prone to riverine and storm surge 

flooding, during the late monsoon season (August to November), which pose an annual 

challenge for its inhabitants. Further, due to the rapid deposition of new high energy sediment, 

the pathways of the rivers and streams shift continuously (Goodbred et al., 2003), making 

development of infrastructure such as roads and villages challenging.  

Prior to 1980, most people in Bangladesh drank surface water from rivers and ponds 

which are heavily contaminated with fecal pollution. Accordingly, diarrheal disease morbidity 

and mortality was high, especially in children under five years old (Pruss et al., 2002). Beginning 

in the early eighties, prompted by UNESCO and other non-governmental organizations, 

approximately 10 million private hand pump wells were installed over the next ten years 

throughout the country, resulting in improved drinking water quality for practically every 

household (van Geen et al., 2003). During this time, diarrheal disease mortality significantly 

decreased. This decrease in mortality was at least partially due to the widespread 

implementation of oral rehydration therapy (ORT), a simple, but life saving procedure whereby 

patients are orally administered a saline solution. Diarrheal disease morbidity remains high in 
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Bangladesh, however (Emch, 1999; Rahman et al., 2007), costing untold losses in productive life 

years (Lokuge et al., 2004).  

In 1997 the first paper on Arsenic in groundwater in Bangladesh was published, showing 

its widespread occurrence in shallow aquifers (Dhar et al., 1997). Earlier experience with 

Arsenic in groundwater was obtained by investigators working in the Bengal province in India as 

early as 1987 (Chakraborty et al., 1987 as cited in Zheng et al., 2005). Unlike pathogens, 

responsible for acute diarrheal disease, the health effects from consuming Arsenic are not 

immediately obvious. For example, internal cancer and kertosis (skin lesions) result only after 

years of chronic exposure (Smith et al., 2000).   

The highest proportion of private wells testing positive for Arsenic resides in the 

southern part of the country, with 50 to 100% of wells testing positive (Fig. I-1).  In contrast, the 

northern part of the country is relatively free of Arsenic. Araihazar upazila lies within the 

transition area between the low Arsenic northern part of the country and the high Arsenic 

south (Fig. I-1). Araihazar is the focus of ongoing public health and environmental science 

efforts by Columbia University to understand factors controlling the spatial distribution of 

Arsenic in private wells. In 2000, six-thousand private wells were analyzed for Arsenic providing  

unprecedented spatial resolution within the 25 km
2
 area of Araihazar upazila (van Geen et al., 

2003) resulting in a spatially heterogeneous picture of Arsenic distribution (Fig. I-2). Potential 

mechanisms accounting for the observed spatial pattern of Arsenic distribution follows in the 

next section.       
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Figure I-1. Arsenic in Bangladesh (DPHE/UNICEF 1997, as cited in van Geen et al., 2003). 
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Figure I-2. Spatial Distribution of Arsenic in tube wells in Araihazar upazila (25 km
2
), Bangladesh 

(modified from van Geen et al., 2003). Boxes indicate villages where seasonal E. coli sampling 

has been performed (Leber et al., 2010).  Site B is the village Baylakandi (23.780  ̊N, 90.640  ̊E), 

Site C is Satybhadi (23.790  ̊N, 90.611  ̊E), Site K is Char Para (23.795  N̊, 90.629  E̊).  
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I.3 ORIGINS OF ARSENIC IN BANGLADESH GROUNDWATER    

Arsenic has two valence states As(III) and As(V) (Cherry et al., 1979 as cited in Appelo 

and Postma, 1996) with the former being the more toxic form to humans (Amirbahman et al., 

2006).  In reducing groundwater conditions, such as most shallow aquifers in Bangladesh, 

arsenite (As(III)) in the form of H3AsO3
0
 predominates at near-neutral pH. In oxidizing 

conditions, arsenate (As(V)) in the form of the anions H2AsO4
-
 and HAsO4

2-
 predominates. A 

mixture of species is usually present in shallow aquifers in Bangladesh (Zheng et al., 2005).  It is 

often thought that Arsenic needs to be in an oxidized (V) form to be sorbed to surfaces and that 

reduction to arsenite (III) cause its mobilization (Ahmann et al., 1997 as cited in Zheng et al., 

2005).  Van Geen et al. (2004), however, showed that oxidation of As did not prevent its 

mobilization in grey (lacking Fe(III)OOH) sediments from shallow aquifers in Bangladesh. Arsenic 

is thought to reside within sulfide-bearing minerals and its initial liberation and cycling 

thereafter may be a predominantly a biotic (Islam et al., 2004; Mailloux et al., 2009) or abiotic 

process (Amirbahman et al., 2006). 

Several early hypotheses regarding the liberation of Arsenic from shallow aquifer 

sediments have had tremendous staying power, in spite of over 10 years of research by 

hundreds of investigators performing laboratory and field experiments. For example, the 

earliest papers on the As problem in Bangladesh cite the relatively recent onset of irrigation 

pumping as a potential cause of the As in the shallow groundwater (Mandal et al., 1996; Dhar et 

al., 1997; Nickson et al., 1998; Michael and Voss, 2008). Additionally the earliest authors 

assumed that positively charged Iron Oxyhydroxides (FeOOH) were essential to the storage and 
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release of As into aquifers and that organic carbon (from recent anthropogenic or detrital 

sources) was responsible for the simultaneous dissolution of FeOOH’s and liberation of As 

(Nickson et al., 1998; Nickson et al., 2000). These early suggested processes have been retained 

as central and essential components in the main conceptual model put forward to this day 

(Harvey et al., 2002; Harvey et al., 2006; Ravenscroft et al., 2005; Polizzotto et al., 2006; 

Neumann et al., 2010). Recently, Neumann et al. (2010) concluded the primary source of 

dissolved organic carbon to aquifers comes from ponds.   

An alternative, simpler conceptual model proposes that the spatial distribution of 

Arsenic is controlled by the location of fine layers overlaying shallow (8 to 30 m depth) aquifers 

where private wells are screened (van Geen et al., 2003). The fine layers increase the pore 

water residence time of infiltrating water resulting in insufficient historic flushing to deplete the 

sediment of mobilizable Arsenic (Radloff et al., 2007; van Geen et al., 2008). In contrast coarse 

sediment overlying unconfined sandy aquifers have rapid flushing (<6 months) resulting 

depletion of shallow sediments of mobilizable Arsenic (Stute et al., 2007; van Geen et al., 2008).  

This is the so-called flushing model explaining the spatial distribution of Arsenic in shallow 

aquifers (van Geen et al., 2003). This conceptual model was modified by Aziz et al. (2008) to 

include the possibility of lateral flow from unconfined aquifers into confined. The essential 

retained component of this model was that groundwater which follows rapid infiltration 

pathways will rapidly deplete the sediment along that flow path of mobilizable Arsenic resulting 

in low Arsenic groundwater. One of the implications of this model is that the spatial distribution 

of Arsenic will be stable and concentrations may even decrease due to increased flushing from 
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infiltrating irrigation water and irrigation pumping (Cheng et al., 2005; van Geen et al., 2008; 

Aziz et al., 2008).  

The flushing model contrasts with a popular view that Arsenic liberation from sediment 

results from the recent introduction of anthropogenic dissolved organic matter, coupled with 

increased downward water flux from irrigation pumping (Harvey et al., 2002; Harvey et al., 

2006; Neumann et al., 2010). Writing on the effect of DOC and irrigation pumping on As 

liberation Harvey et al. (2002) state: “The pumping-driven downward velocities imply…travel 

times to 30 m of 6.8 to 28 years…thus, young carbon could be quickly transported to depth”. 

Further, Ravenscroft et al. (2005) concluded: “Arsenic concentrations in many shallow hand-

tube wells are likely to increase over a period of years, and regular monitoring will be 

essential.”  

This academic debate has implications for the health of millions of people. Since the vast 

majority of high Arsenic wells throughout Bangladesh are screened within the depth interval 

from approximately 8 to 30 m (BGS/DPHE, 2001 as cited in van Geen et al., 2003) one 

mitigation strategy is to drill deeper wells (>50 m), something that few individual families can 

afford without government assistance (Ahmed et al., 2006). If Arsenic levels have risen due to 

increased downward flux of shallow groundwater and dissolved organic carbon due to recent 

irrigation pumping, then continued irrigation pumping may increase Arsenic concentrations in 

shallow aquifers and continue to draw Arsenic deeper in the future (Michael and Voss, 2008). In 

contrast, if Arsenic is high in areas of shallow aquifers that are recharged by pathways with long 

pore water residence times, irrigation pumping will hasten the depletion of these sediments 
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resulting in a long term decrease in Arsenic in shallow aquifers (van Geen et al., 2008). Based on 

the uncertainty in these models, it is generally agreed that long term monitoring of Arsenic 

concentrations in private wells of all depths is essential to the protection of public health 

Bangladesh (Ravenscroft et al., 2005; Ahmed et al., 2006).     

I.4 TRANSPORT OF PATHOGENS TO PRIVATE WELLS IN BANGLADESH 

Only a few studies have been published evaluating the microbial water quality of 

tubewells in Bangladesh (Hoque et al., 2006; Leber et al., 2010; van Geen et al., In Preparation). 

Although recent studies indicate widespread fecal contamination of tubewell water, increasing 

during the wet season (Leber et al., 2010; van Geen et al., In Preparation), the presence of fecal 

bacteria, such as Fecal Coliforms or E. coli, does not necessarily indicate of the presence of 

pathogenic bacteria or viruses. The presence of E. coli does, however, indicated an elevated risk 

of both consuming pathogens (Payment, 2009) and acquiring diarrheal disease from contact 

(Wade et al., 2003).   

A number of sources and pathways may be used by fecal-derived bacteria and viruses to 

reach private drinking water wells in rural Bangladesh (Fig. I-3). Humans and cattle are the main 

presumed contributors of fecal pollution to the environment although humans are far more 

abundant than cattle. Human fecal pollution sources are mainly limited to the location of 

latrines, which may visibly discharge onto the ground surface or consist of concrete rings, which 

seals the waste from the ground surface. For the purpose of understanding environmental 

pathways of fecal contamination, the former latrine type is defined here as an “unsanitary” 

latrine and the latter is defined broadly as a “sanitary” latrine. Fecal waste discharged onto the 
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ground from unsanitary latrines or livestock will be flushed into ponds or shallow depressions 

when it rains. Further, many of these unsanitary latrines discharge directly into a pond. Latrines 

and private hand pump wells, known in Bangladesh as tubewells, are frequently located close 

together, within 5 m of one another. The reason is due to the necessity of water in hand 

washing and anal cleansing practices after defecation (Hoque et al., 1995). This clustering of 

wells, latrines and ponds creates an ideal setting for the transport of fecal contamination 

through the ground to the wells. It is not known, however, how far fecal bacteria and viruses 

may be transported in these deltaic deposits. Another possible pathway for fecal bacteria and 

virus transport is the rapid flow of surface water or shallow groundwater along the annulus of 

private wells to screen depth, which are installed without seals, sometimes referred to as 

“short-circuiting” (Fig. I-3). 

 

Figure I-3. Sources and potential transport pathways of fecal bacteria and viruses to tubewells. 
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I.5 CONCEPTUAL MODELS OF BACTERIA AND VIRUS TRANSPORT IN GRANULAR POROUS MEDIA 

A USGS report (USGS, 2006) showed the results of E. coli sampling of hundreds of wells 

across the US from a variety of aquifer types and well depths.  Table 6 of the USGS report 

(2006) shows E. coli detection frequencies as a function of aquifer geology.  Twenty-six percent 

of wells in limestone/carbonate aquifers contained E. coli, and the concentration ranged up to 

1,200 CFU/100 ml (n=253).  In contrast only 5% of wells placed in sand and gravel aquifers, and 

8% of wells placed in sandstone or shale were positive for E. coli, with concentrations that 

ranged up to 23 and 33 CFU/100 ml, respectively (n=280 and 89 respectively). Another aquifer 

category named “Semiconsolidated Sand” indicated 12% positive E. coli detection with peak 

concentrations of 12 CFU/100 ml (n=112). Private wells in Bangladesh deltaic sand are 

frequently much shallower than wells in the United States, with typical depths of 8 to 30 m (van 

Geen et al., 2003) and therefore may be more vulnerable to fecal contamination (Rudolph et 

al., 1998; Leber et al., 2010).   

A Web of Science search for the words “virus or bacteria”, “transport” and 

“groundwater” turns up 377 papers dating back to 1981.  For experiments on bacteria and virus 

transport through porous media, >90% of that work has been done on granular porous media, 

sand or gravel (Ryan and Elimelech, 1996; Schijven and Hassanizadeh, 2000). The purposes of 

that literature are diverse; addressing slow sand filtration, river bank filtration, vadose zone 

transport, managed aquifer recharge and deep aquifer injection.  The likely reason why so 

much more work has been done on granular media as opposed to other types of geology is that 
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filtration is recognized to be highly efficient and somewhat predictable over short distances (~1-

10 m), whereas the same cannot be said for fractured rock or karst.     

The study of bacteria and virus transport in groundwater is a subset of the broader field 

of colloid transport. A colloid is defined as a particle that is too small to be seen with the naked 

eye and too large to be considered dissolved. Along with protozoa and other parasites, bacteria 

and viruses are frequently referred to as bio-colloids in the transport literature. Basic 

physicochemical and physical transport and removal processes may be generalized for all 

colloids. Transport of bacteria and viruses differ from inert colloids, however, in a few 

important ways: 1) bacteria may multiply and both bacteria and viruses may be rendered 

inactive; 2) they are temperature sensitive; 3) a consortium of bacteria may alter the pore 

spaces in the subsurface through the formation of biofilms (Cunningham et al., 1991; Baveye et 

al., 1998); 4) waterborne pathogenic bacteria have metabolisms with some being 

physiologically favored to persist outside of a host; and 5) their tendency to attach to grain 

surfaces changes in response to the metabolic state of the bacteria (Maier et al., 2000; 

Cunningham et al., 2007; Foppen et al., 2007a) or damage of conformational state of the viral 

protein coat (Grant et al.,1993; Redman et al., 1997). 

Table I-1 shows different processes that affect the transport and persistence of bacteria 

and viruses in aquifers, relative to inert colloids, such as natural clays.  Inert colloids encompass 

a large range of sizes (Grolimund et al. 1996), whereas the sizes of bacteria and viruses are each 

constrained within an order of magnitude. This is an important point, since colloid size relative 

to pore size is a master variable in colloid transport, concurrently influencing several transport 
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and removal processes. There is evidence that even slight changes in colloid or pore size may 

have dramatic removal responses over short distances (Zhuang et al., 2005; Knappett et al., 

2008) although this is not well supported by field-scale experiments (Harvey et al., 1989; 

Schijven et al., 2000; Foppen et al., 2008).  

Each of the eight processes or attributes highlighted in Table I-1 will be discussed in this 

section showing how the transport of bacteria and viruses are similar and different. As 

mentioned the most important difference from a transport theory perspective is size, but other 

processes are operative which make virus and bacteria transport a somewhat separate 

problem. 

The transport of bacteria and viruses through granular media has traditionally been 

described by Colloid Filtration Theory (or clean bed filtration theory), adapted from the water 

treatment literature (Yao et al., 1971).  Colloid Filtration Theory (CFT) envisions colloid removal 

as a two stage process whereby the colloids first collide with, and then stick to the grain 

surface. Each of these processes are described mathematically as probabilities (or efficiencies) 

Table I-1. Comparison of Characteristics of Colloids Relevant to Transport 

Colloid 

Type

Physico-

chemical 

Removal

Physical 

Removal 

Macropore 

Transport
Aggregation Growth

Decay/Inact-

ivation

Biofilm 

Growth

Size 

Distribution 

(µm)

Inert 

Colloids yes yes yes yes no no no 0.02 - 10

Bacteria yes yes yes yes yes yes yes 0.5 - 4

Viruses yes depends depends yes no yes no 0.02 - 0.2
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varying between 0 and 1, with collision and sticking efficiencies described by η and α 

respectively. Equation 1 shows how these efficiencies relate to the exponential spatial decline 

of bacteria or virus concentration along a porous media flow path: 

Equation 1      

 

where C is the concentration of the bacteria or virus at distance x from the injection source with 

an influent concentration of Co. Porosity is described by ε and dg describes the “effective” grain 

diameter, for which there is little agreement of what this should mean.  This is because CFT was 

derived for spherical, uniform sized beads (collectors) and the flow field encountered by 

colloids surrounding angular, poorly sorted sand grains bear little resemblance to the idealized 

scenario with respect to collision opportunities (Saiers and Ryan, 2005). Further, η is calculated 

semi-theoretically based on the above assumptions (Yao et al., 1971; Rajagopalan and Tien, 

1976; Tufenkji and Elimelech, 2004), and therefore in natural media, α is frequently nothing 

more than a mathematical fitting parameter with questionable physical meaning (Saiers and 

Ryan, 2005; Knappett et al., 2008). The composite term in parentheses on the right hand side of 

Equation 1 is termed the filtration efficiency (Rajagopalan and Tien, 1976; Harter et al., 2000) 

and is a property of the interaction between the colloid and bulk porous medium. Since both 

the calculated η (Tufenkji and Elimelech, 2004) and filtration efficiency (Equation 1) have 

reciprocal relationships to collector size, removal of bacteria and viruses is predicted by CFT to 

increase with subtle decreases in grain size. Experimental results suggest that this relationship 
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is even more sensitive in natural porous media than suggested by CFT (Knappett et al., 2008; 

Feighery et al., In Review).  In contrast to grain size, moderate increases in flow velocity (50%) 

are usually required to decrease filtration efficiency (Harter et al., 2000).      

Classical CFT only accounts for physicochemical removal (Table I-1); it does not include 

any term for physical removal. Physical removal entails pore throat straining (shown as “ST” in 

figure I-4) or wedging between two grain surfaces at a grain-to-grain contact point (Li et al., 

2006). Modifications of CFT have been made to include processes such as physical removal 

(Foppen et al., 2005; 2007a) as well as die off or inactivation (Schijven and Hassanizadeh, 2000).    

 

Figure I-4. Physicochemical and physical processes whereby colloids collide with a grain surface 

in granular porous media (Modified from McGechan and Lewis, 2002).  Solid lines with arrows 

represent streamlines and dotted lines represent transport pathways of colloids to collector 

surfaces, due to diffusion (D), interception (I), gravitational settling (G) and straining (ST). 
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Figure I-4 shows a 1985 idealization of colloid removal processes (Vinten and Nye, 1985 

as cited in McGechan and Lewis, 2002). This figure provides a basis for discussion of 

physicochemical and physical removal processes. Colloids may approach a collector surface by 

diffusion (D), interception (I) or sedimentation (G), where they may attach by a combination of 

van der Waals attractive force and the interaction of electrostatic force with the diffuse double 

layer of ions surrounding each charged surface (colloid and grain), the so-called DLVO energy 

profile (Ryan and Elimelech, 1996). Hydrophobic affinities are also thought to be important in 

determining the strength and frequency of attachment (Zhuang et al., 2005).  These processes, 

thought to dominate contact of colloids to grains (collectors) in clean bed filtration, were first 

described quantitatively from basic first principles by Yao et al. (1971) and have been updated 

several times since (Rajagopolan and Tien, 1978; Tufenkji and Elimelech, 2004).     

Removal and transport of bacteria and viruses differ primarily as a function of their size 

differences. Pore-scale transport of viruses (0.02 – 0.2 µm) to grain surfaces is dominated by 

diffusion, whereas bacteria (0.5 – 4 µm) are influenced by interception and sedimentation.  

According to CFT (Yao et al., 1971; Knappett et al., 2008) bacteria lie on a minimum in contact 

efficiency (η) where interception and sedimentation begin to dominate over diffusion.  There is 

much empirical evidence to support the concept of such a minimum, although quantitatively, 

CFT is quite poor at predicting filtration in natural angular porous media (Zhuang et al., 2005; 

Saiers and Ryan, 2005; Johnson et al., 2007; Knappett et al., 2008).  

Physical removal mechanisms are pore-throat straining and wedging and are depicted 

by “ST” in Figure I-5.  Bradford et al., (2003) cite McDowell-Boyer et al., (1986) stating: “[Pore-
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throat] Straining is the trapping of colloid particles in down-gradient pore throats that are too 

small to allow particle passage”. Wedging was distinguished from this by Cushing and Lawler 

(1998): “[Wedging] is not a simple factor of straining (particles too large to fit through the small 

spaces near contact points) but of complex hydrodynamics that funnel particles toward contact 

points and also make the region near contact points stable regions of collection…”  It has been 

reported that wedging dominates attachment the colloid-grain interaction is repulsive. This is 

especially true in natural, angular porous media (Li et al., 2006). According to Li et al. (2006) “it 

is…possible that grain-to-grain contacts serve as the zones in which secondary-minimum 

associated colloids are retained.” If this is true, wedged colloids may be released, since their 

attachment is at least partially physicochemical. In agreement with this Bradford et al. (2007) 

showed that physicochemical attachment increases physical removal through pore throat 

clogging and ripening where the breakthrough concentration of colloids decreases with 

increased sorption. The opposite of ripening is blocking which tends to dominate under 

repulsive colloid-colloid interactions. Physical removal has been described mathematically as a 

function of the ratio of the colloid size to grain size and angularity of the sand grains (Matthess 

and Pekdeger, 1981; Bradford et al., 2003; Tufenkji et al., 2004; Foppen et al., 2005; 2007a).   

Thus far only saturated, clean bed filtration has been discussed. Clean bed filtration 

theory assumes that the likelihood of removal is constant across a homogeneous porous media 

flow path. In reality, sand filters, river banks, artificial recharge basins, and shallow aquifers 

become chemically and biophysically altered through the precipitation and dissolution of 

minerals, such as positively charged iron oxyhydroxides, (Ryan et al., 1999; Flynn et al., 2004), 
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and the formation of biofilms (Cunningham et al., 1991; Baveye et al., 1998).  These processes 

may change both the affinity that bacteria and viruses have to surfaces as well as the 

hydrodynamics of the porous media (Cunningham et al., 1991; 2007). Biogeochemical or 

physical alteration near the contamination source is often invoked to explain observed hyper-

exponential decline in bacteria concentrations over the first few meters in field injection 

experiments (Harvey et al., 1989; Schijven et al., 2000; Dong et al., 2006). Tong et al. (2007) and 

others (e.g. Bradford et al., 2007), however, have noted the same phenomenon in column 

experiments run under sterile conditions with inert colloids. In columns this hyper-exponential 

removal is likely due to: 1) the initial entry of colloids into all pore space sizes at the influent 

end of the column, after which, 2) transport occurs primarily through preferential pathways in 

large pore spaces (Harter et al., 2000). Preferential flow paths are almost certainly operative at 

the field scale as well, albeit at larger (decimeter) scales in addition to the pore scale (Taylor et 

al., 2004; Dong et al., 2006), and may be the cause of the observed hyper-exponential declines.  

The most efficient filtration of bacteria and viruses has been demonstrated 

experimentally to occur in the partially saturated vadose zone (Wan and Wilson, 1994; Jewett 

et al., 1999; Chu et al., 2001; Wan and Tokunaga, 2002; Saiers and Lenhart, 2003; DeNovio et 

al., 2004; McCarthy and McKay, 2004). The reason for this is postulated to be due to film 

straining (Wan and Wilson, 1994) whereby colloids are pushed up against the grain surface by 

the receding thickness of the water film during drainage. Once attached these colloids may be 

remobilized by rapidly infiltrating water following a storm event.  
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I.6 INACTIVATION OF BACTERIA AND VIRUSES IN GROUNDWATER 

Pathogenic bacteria and viruses are only dangerous to humans if they are infective.  

Many pathogens are equipped to remain infective for many days outside of a host, often 

forming cysts or dormant stages where they reduce their size and their metabolic activity drops 

to zero (Maier et al., 2000).  Numerous studies have shown inactivation of both bacteria and 

viruses to be log-linear with time in batch experiments with groundwater and surface water 

samples (Thompson and Yates, 1999; Gordon and Toze, 2003; John and Rose, 2005; Bell et al., 

2009).  Bell et al. (2009) showed increased removal rates of Bacteroides in unfiltered vs. filtered 

stream water samples, attributing this difference to predation. Foppen et al. (2008) 

demonstrated the same phenomenon with E. coli in sterile and unsterile fecally contaminated 

groundwater. Flowing water and shearing forces along grain surfaces may increase inactivation 

of attached viruses (Grant et al., 1993; Schijven and Hassanizadeh, 2000). Alternatively, 

attached viruses may survive longer than free viruses (Grant et al., 1993) increasing transport 

distances since bacteria and viruses may detach when conditions change. Extreme rainfall 

flushing events may therefore yield pulses of pathogens higher in concentration than predicted 

by any removal and die off model that assumes steady-state conditions.  

Viruses are extremely sensitive to inactivation at the air-water-solid interface in partially 

saturated porous media as hydrophobic forces exceed the forces holding the protein coat 

together (Thompson and Yates, 1999). Schijven and Hassanizadeh (2000) cited an exotic 

concept called “multiplicity reactivation” whereby aggregates of decaying viruses can actually 

share “spare parts” and re-assemble whole viruses.  Solid evidence of large aggregates of 
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viruses has very rarely been demonstrated in the water quality literature, however.  Aggregates 

are often invoked to explain puzzling transport results, which is why many column experiments 

today perform size measurements (using light scattering) on injection water to ensure the 

colloids are dispersed (Bradford et al., 2007).  

I.7 REVIEW OF FIELD STUDIES ON BACTERIA AND VIRUS TRANSPORT 

In most cases conceptual models have evolved to explain what is seen at the column 

and field scale, such as pore-size exclusion (Taylor et al., 2004).  In some instances, however, it 

seems that conceptual models were created in advance of supporting data, such as Grant et 

al.’s (1993) classifications of attached/free inactivation scenarios (Schijven and Hassanizadeh, 

2000).  Equations that describe bacteria and virus transport in porous media have many fitting 

parameters, and it is difficult to constrain each parameter even under such highly controlled 

settings as column experiments (e.g. Bradford et al., 2007). Therefore field transport 

experiments seem to offer little for the fine tuning of equations or introducing new pore-scale 

concepts such as wedging (Li et al., 2006). Field experiments do, however, represent an 

integrated real-world measurement of bacteria and virus transport and it is perplexing that 

there are so few of them in the literature. Phenomena found in column experiments are also 

observed in the field scale albeit sometimes for different reasons, such as the hyper-

exponential deposition profile of colloids away from an injection source (Tong et al., 2007; 

Bradford et al., 2007; Schijven et al., 2000; Blanford et al., 2005; Dong et al., 2006). In other 

instances field-scale injection experiments produce results not anticipated from column 

experiments, such as the extent to which colloids tend to follow the fastest flowing pore spaces 



23 

 

(McKay et al., 1993; 2000; 2002; Auckenthaler et al., 2004; Flynn et al., 2004). For example, 

although colloids are routinely measured to be up to 2 times faster than conservative chemical 

tracers through sand columns (e.g. Harter et al., 2000; Knappett et al., 2008) a virus injection 

experiment in fractured clay demonstrated viral transport approximately 100 times faster than 

bromide due to matrix diffusion of bromide into the clay and exclusion of the virus (McKay et 

al., 1993). Six field transport experiments are presented here in groups of three for comparison.  

Table I-2 describes field transport experiments in granular porous media with bacteria, 

microspheres and, in some cases, bacteriophages. Table I-3 compares three field virus transport 

experiments in granular porous media. 

Table I-2. Bacteria and Virus Transport Experiments in Granular Aquifers 

 

Study
Aquifer 

Type

Injection 

Method

Injection 

Water

Aquifer 

Water

Detected 

(Bio)-

colloids

Time 

Monitored 

(days)

Number of 

Monitoring 

Wells

Distance 

Monitored 

(m)

Shallow  

Well 

Injection, 

Forced 

Gradient

clean w ater

upper clean 

and low er 

sew age 

contaminated

0.1 2 multi-level 3.2

Shallow  

Well 

Injection, 

Natural 

Gradient

clean w ater
clean 

groundw ater
32 2 multi-level 3.2

Sinton et 

al., 2000

1 m Silt 

Loam 

over 

Gravel

Surface 

Infiltration

sew age 

w astew ater

16 m vadose 

zone 

occasional 

sew age 

w astew ater

E. coli , 

somatic 

coliphage, 

Bacillus 

Subtillus

4 1 90

Schijven 

et al., 

2000

Dune 

Sand

Deep Well 

Injection 

(300 m)

pre-treated 

surface 

w ater

Anoxic, clean

E. coli, 

Clostridium 

bifermentans , 

MS2, PRD-1

93 4 38

indigineous 

bacteria, 

microspheres 

(0.23, 0.53, 

0.6, 0.84, 

0.91, 1.35 um)

Harvey et 

al., 1989

Glacial 

Outw ash 

Sand

 



24 

 

A quick comparison of the experimental conditions in Table I-2 reveals a great difference 

in the distance monitored; a function of the permeability of the aquifer. Sinton et al. (2000) 

measured breakthroughs 90 m away from a fecal source in a gravel aquifer. In contrast Schijven 

et al. (2000) measured 5 to 8 log10 decreases in concentration after only 8 m away from the 

injection well in deltaic sand, after which the concentration leveled off for two of the four bio-

colliods and persisted up to 38 m away. All of these studies (Table I-2) used multiple bacteria or 

viral surrogates, and in each case there were substantial disparities in transport and removal 

characteristics between bio-colloids. Unlikely groups of bio-colloids were removed at similar 

rates. Schijven et al. (2000) showed that beyond 8 m the transport of the bacteriophage MS-2 

was more similar to Clostridium spores than another bacteriophage (PRD-1), which was 

attenuated much faster. In general this result would not be predicted by CFT, although CFT 

provides a mathematical framework to evaluate the concurrent contributions that may have 

caused this unexpected result, such as a higher sticking efficiency for PRD-1 than MS-2. 

Substantial differences in the degree of retardation for three types of similarly-sized 

microspheres were observed in the natural gradient injection experiment in Harvey et al. (1989) 

(Table I-2). The order from fastest to slowest was: uncharged latex, polyacrolein and 

carboxylated latex. The fact that all were retarded indicates that substantial temporary 

attachment was occurring to counter pore size exclusion effects (Taylor et al., 2004). The 

difference in breakthrough between the different microspheres may be explained by their 

different surface charge and hydrophobicity, although this was not done quantitatively in 

Harvey et al. (1989). All things being equal, CFT predicts substantial differences in breakthrough 
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times and peak normalized breakthrough (C/Co) between microspheres of different sizes. Very 

little difference was shown, however, in the transport or removal of the 0.23, 0.53, 0.91 and 

1.35 carboxylated microspheres during the natural gradient experiment (Harvey et al., 1989). 

Size dependency has been shown in numerous column experiments (Zhuang et al., 2005) so this 

is perplexing that it wasn’t observed at the field scale. 

Sinton et al. (2000) reported results that were more consistent with conceptual models 

of pore size exclusion and CFT.  E. coli was transported about 2 times faster than rhodamine 

dye, while MS-2 was transported about 1.2 times faster than the dye.  At all points along the 90 

m flow path removal was higher with MS-2 than with E. coli and this is consistent with CFT since 

it predicts that ~1 um colloids have the least collisions. 

Rather than constrain the problem of microbial transport in groundwater through 

normalized comparative studies, it seems that the limited number of field transport 

experiments have multiplied possibilities.  Furthermore, there is a lack of published attempts to 

scale up from columns to field sites (Flynn et al., 2004; Foppen et al., 2008), which would put to 

the test the underlying assumption of scalability behind hundreds of column experiments.  

Viruses tend to be retarded, relative to a conservative tracer, in contrast to bacteria.  

Although pore-size exclusion may be at work for viruses in some cases (Flynn et al., 2004), in 

coarse material it is unlikely to make a difference, since all flow paths are much larger than the 

viruses and they would have access to even the slowest pore spaces.  
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Table I-3. Virus Transport Experiments in Granular Aquifers 

Study Aquifer Type
Injection 

Method

Aquifer 

Water

Detected (Bio)-

colloids

Time 

Monitored 

(days)

Number of 

Monitoring 

Wells

Distance 

Monitored 

(m)

Woessner, 

et al., 2001

Gravel 

Floodplain

Shallow  

Injection 

w ell

clean 

groundw ater

MS-2, ΦX-174, 

PRD-1, polivirus 

type-1

2 17 21.5

Flynn, et 

al., 2004

Heterogeneous 

Sand and 

Gravel

Shallow  

Injection 

w ell

clean 

groundw ater
H40/1 7 9 multi-level ~30

Blanford, 

et al., 2005

Sandy Glacial 

Outw ash

Shallow  

Injection 

w ell

clean and 

sew age 

contaminated

PRD-1 14
50+ sampling 

ports
13

 

Woessner et al. (2001) performed in the field what Dowd et al. (1998) performed in a 

column, making an important contribution by injecting four different virus types at once into a 

gravel floodplain aquifer (Table I-3).  They showed that for MS-2, ΦX-174 and PRD-1 C/Co was 

very similar, lying between 10
-4

 and 10
-5

. Poliovirus was attenuated down to a C/Co of 10
-6

.  

Woessner et al. (2001) were able to correlate the overall removals (mass recovery) and C/Co 

values to the isoelectric points of the viruses (pI), inferring that viruses with a lower pI would 

carry a more negative charge at neutral pH and therefore be more strongly repulsed from a 

negatively charged grain surface.  This was not a valid assumption since Redman et al. (1997) 

showed that pI and charge at neutral pH doesn’t necessarily correlate. Figure I-5 shows the 

results of measuring electrophoretic mobility (directly related to charge) for two viruses.  It 

shows that the rate of change of surface charge with pH is not uniform between viruses, likely 

owing to different amino acids in proteins on the viral coat.   
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Figure I-5. Electrophoretic mobility of recombinant (inactivated) NV virus (circles) and MS2 

(squares) as a function of solution pH in 0.1 M NaCl (Redman et al., 1997) 

Flynn et al. (2004) reported a lack of observable variation in mineralogy throughout 

their site and redox conditions became iron reducing in the lower aquifer. The redox conditions, 

however, had no effect on the observed inactivation rate of attached viruses. This result is 

surprising because conceptual models of attached-phase inactivation suggest that the stronger 

the attachment (strength of attachment is directly related to surface charge) the greater the 

inactivation (Loveland et al., 1996; Bhattacharjee et al., 2002; Abudalo et al., 2005; Zhuang and 

Jin, 2008). Blanford et al. (2005) showed that PRD-1 transport was enhanced in the sewage 

contaminated aquifer over the uncontaminated aquifer. This was explained by blocking of 

sorption sites (Blanford et al., 2005). Organic matter tends to increase colloid transport, but this 

may depend on the relative hydrophobicity of the colloid (Zhuang et al., 2005). 

Although there are many challenges to be met in the field of colloid transport to better 

predict transport and persistence, several gaps in the microbial transport and filtration 

literature have been identified. The first deficiency is the paucity of field transport experiments, 
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especially ones performed concurrently with column experiments, to examine up-scaling 

between column experiments and field transport studies (Foppen et al., 2008). A second 

deficiency is the failure of clean bed CFT to fully describe bacteria and virus transport processes 

through natural porous media (Saiers and Ryan, 2005; Knappett et al., 2008). A third area with 

little information available is in the concurrent application of recently developed molecular 

microbial enumeration methods to help determine whether metabolic state influences 

transport and filtration (Foppen et al., 2007b). The work presented in this dissertation 

contributes to improving our understanding of microbial transport processes, as well as 

addressing problems specific to microbial water quality in Bangladesh. 

I.8 BROADER TEAM PROJECT GOALS 

Several options are available to mitigate the effects of Arsenic, once detected in a well.  

These include: 1) drilling deeper wells; 2) point-of-use filtering; and 3) lateral switching to a low 

Arsenic well. The last option is the most economical and low maintenance and hence is the 

main mitigation practice in rural Bangladesh (Ahmed et al., 2006). Concern arose that avoiding 

Arsenic, for example by lateral well switching, may lead people to compromise the microbial 

drinking water quality (Lokuge et al., 2004; Ahmed et al., 2006). One such exposure pathway to 

waterborne pathogens is based upon the flushing model of Arsenic liberation (Stute et al., 

2007; van Geen et al., 2008). This pathway was outlined in the proposal, funded by NIH/FIC 

Ecology of Infectious Disease Program, “Does Arsenic Mitigation in Bangladesh Raise Exposure 

to Bacterial and Viral Pathogens?” The global hypothesis of the proposal was that households 

with low Arsenic wells will have higher rates of diarrheal disease as a result of drawing water 
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from unconfined aquifers which are vulnerable to fecal pollution and waterborne pathogens 

(Fig. I-6). 

The two upazilas (regions), Matlab and Araihazar, were chosen to test the hypotheses 

that low Arsenic wells: 1) are correlated to higher household rates of diarrheal disease, and 2) a 

negative correlation exists between E. coli prevalence and Arsenic concentrations in private 

wells, emplaced within shallow aquifers. Matlab upazila (409 km
2
) is much larger than Araihazar 

upazila (25 km
2
) and is the location of a long standing, extensive rural health monitoring 

program of the International Center for Diarrheal Disease Research, Bangladesh (icddr,b) 

(http://www.icddrb.org/). Due to the availability of extensive epidemiologic records dating back 

to 1966, and the availability of Arsenic concentrations on most of the private wells, Matlab is 

the ideal place to test the hypothesis that low Arsenic wells result in higher rates of diarrheal 

disease. Further, etiologic agents are frequently identified from the stools of patients in the 

icddr,b hospital, narrowing down the list of pathogens to look for in water samples.  
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Figure I-6. Two scenarios contrasting in their relative risk of Arsenic and Pathogens. 

Araihazar upazila (Fig. I-2) was chosen because pre-existing Arsenic (van Geen et al., 

2003; Cheng et al., 2005; Zheng et al., 2005; Radloff et al., 2007; van Geen et al., 2008), 

hydrologic (Stute et al., 2007) and geologic data (Weinman et al., 2008; Aziz et al., 2008) made 

it an ideal place to uncover the specific transport mechanisms behind the hypothesized 

negative correlation between Arsenic and fecal bacteria and viruses in wells. In addition, some 

E. coli sampling had already been performed within two villages of contrasting surficial geology 

(Fig. I-2) (Leber et al., 2010). In this study Leber et al. (2010) demonstrated that a high Arsenic 

village underlain by silt (Site B) had a lower proportion of wells testing positive for E. coli in both 

the dry and wet season than a low Arsenic, sandy village (Site C). Another low Arsenic, sandy 

village (Site K) was chosen as the site for two years of monthly monitoring and experiments to 

determine the transport pathways of fecal bacteria and pathogens to private wells because of 

the availability of extensive hydrogeologic and hydrochemical data.   
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This chapter is adapted from a paper currently in press for a special issue of the journal 

Ground Water on pathogens and fecal indicators. 

 Knappett, P. S. K.; Layton, A.; McKay, L. D.; Williams, D.; Mailloux, B. J.; Huq, Md. R.; 

Alam, Md. J.; Ahmed, K. M.; Akita, Y.; Serre, M. L.; Sayler, G. S.; van Geen, A. Efficacy of hollow-

fiber ultrafiltration for microbial sampling in groundwater, Ground Water, In Press, 2010. 

Abstract 

The goal of this study was to test hollow-fiber ultrafiltration as a method for concentrating in 

situ bacteria and viruses in groundwater samples.  Water samples from nine wells tapping a 

shallow sandy aquifer in a densely populated village in Bangladesh were reduced in volume 

approximately 400-fold using ultrafiltration.  Culture-based assays for Total Coliforms and E. 

coli, as well as molecular-based assays for E. coli, Bacteroides and Adenovirus, were used as 

microbial markers before and after ultrafiltration to evaluate performance.  Ultrafiltration 

increased the concentration of the microbial markers in 99% of cases.  However, concentration 

factors (CF = post-filtration concentration/pre-filtration concentration) for each marker 

calculated from geometric means ranged from 52 to 1018 compared to the expected value of 

400.  The efficiency was difficult to quantify because concentrations of some of the markers, 

especially E. coli and Total Coliforms, in the well water collected before ultrafiltration varied by 

several orders of magnitude during the period of sampling.  The potential influence of colloidal 

iron oxide precipitates in the groundwater was tested by adding EDTA to the pre-filtration 

water in half of the samples to prevent formation of precipitates.  The use of EDTA had no 
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significant effect on the measurement of culturable or molecular markers across the 0.5-10 

mg/L range of dissolved Fe
2+

 concentrations observed in the groundwater, indicating that 

colloidal iron did not hinder or enhance recovery or detection of the microbial markers.  

Ultrafiltration appears to be effective for concentrating microorganisms in environmental water 

samples, but additional research is needed to quantify losses during filtration.   
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II.1 INTRODUCTION 

In the developing world, diarrheal disease remains one of the leading causes of death 

for children under age five, with estimates ranging from 1 to 5 million deaths per year (Parashar 

et al., 2003).  In the United States, Craun (1988) reported that 49% of the 502 reported cases of 

waterborne disease outbreaks between the years 1971 and 1985 were attributable to 

contaminated groundwater. In spite of the importance of water in the transmission of diarrheal 

disease, most groundwater monitoring programs do not measure pathogens directly.  This is 

partly due to the low concentration and intermittent occurrence of pathogens in aquifers.  

Instead, fecal indicator bacteria such as cultured E. coli (Yates, 2007) are used as surrogates for 

pathogen contamination, with a value of <1 colony forming units per 100 ml typically 

considered as the acceptable limit for drinking water (Havelaar et al., 2001).  Cultured E. coli, 

however, often correlate weakly with viral and protozoan pathogens (Wilkes et al., 2009), 

yielding a high percentage of false positives and some false negatives.  The weak correlation is 

due to the intermittent nature of pathogen sources and differences in survival, re-growth and 

transport in the environment between fecal indicators and various types of pathogens (Schijven 

et al., 2000; Woessner et al., 2001; Payment, 2009).   

Many infectious protozoa, bacteria and viruses may cause disease at levels of only 1-10 

viable particles per L, which typically requires that water samples undergo a filtration or 

concentration procedure to improve the detection limit for the pathogen assays (Rendtorff, 

1954; Willshaw et al., 1994; Gale, 2001).  In recent years there has been increasing interest in 

molecular detection methods which can be used for both pathogens and fecal indicators, but 
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these tests use extremely small samples (a few microliters), which further highlights the need 

for efficient and reliable methods to concentrate the pathogens prior to measurement. 

Over the past several decades a variety of filtration methods have been developed to 

concentrate viruses and protozoa from large volumes of water (Noble and Fuhrman, 2001; 

Morales-Morales et al., 2003; Lambertini et al., 2008; Hill et al., 2009).  These include the U.S. 

Environmental Protection Agency’s method 1623 for concentrating Cryptosporidium and 

Giardia using glass wool (Noble and Fuhrman, 2001) and the Mark D. Sobsey (MDS) charged 

filters (APHA, 1995) for concentrating viruses.  Generally, these filtration methods are time 

consuming, cumbersome, and yield low recovery efficiencies.  An alternative method recently 

described by Hill et al. (2005) for the filtration of large volumes of water is hollow-fiber 

ultrafiltration.  This is a form of tangential flow filtration where water is cycled through 

thousands of fibers with sidewalls that are permeable to water, but not to particles greater 

than approximately 20 nm in diameter.  Larger colloids such as viruses and bacteria remain 

suspended in the retentate water during ultrafiltration (i.e. the water not removed by leakage 

through the fiber walls).  This method can be used to concentrate initial volumes of hundreds of 

liters of water to a few hundred milliliters in several hours.  Most importantly, the 

microorganisms remain in suspension, rather than attached to the filter material, which 

eliminates the need for steps to resuspend them prior to measurement with methods such as 

tissue culture or polymerase chain reaction (PCR).   

In laboratory experiments with concentrations of spiked microorganisms ranging from 

10
4
 to 10

6
/ml, Hill et al. (2005; 2007) observed ultrafiltration recovery efficiencies typically 
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ranging between 50 and 100% using a variety of bacterial and viral markers.  Recovery 

efficiency was calculated by dividing the number of microorganisms enumerated in the 

retentate water by the known concentration of microorganisms in the initial spiked water 

sample.  Spiked recovery experiments with protozoa, bacteria and viruses on 8 water sources 

from different regions in the US, with a minimum of two replicates per source, suggested that 

recovery efficiency is sensitive to a variety of water chemistry parameters including pH, 

turbidity, conductance, alkalinity, total Fe, total organic carbon, dissolved organic carbon and 

heterotrophic plate count (Hill et al., 2007).  In spite of differences in recovery efficiency in 

water taken from different regions, no statistically significant correlation between recovery 

efficiency of the markers with the levels of any single water chemistry parameter was observed 

(Hill et al., 2007).  Since most of the water sources used in previous recovery efficiency studies 

were tap water, it’s uncertain how effective ultrafiltration will prove to be across the broader 

range of physical and chemical conditions found in wells used for water supply.  Furthermore, 

recovery of pre-existing microorganisms in samples of well water may differ from recovery of 

spiked microbial markers added to the water sample after collection.   

The primary objective of this study was to evaluate the effectiveness of ultrafiltration as 

a method for concentrating bacteria and viruses from large (typically 100 L) groundwater 

samples in the field by measuring in situ concentrations of fecal indicators before and after a 

400-fold reduction in volume.  The study was carried out at a field site in Bangladesh because 

the high levels of fecal contamination common at the site increased the likelihood of the 

presence of a wide range of fecal microorganisms.  The ability of ultrafiltration to increase the 
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concentration of microorganisms was tested using a suite of in situ microbial indicators that 

included Total Coliforms, E. coli, Bacteroides and Adenovirus.  Measurements of microbial 

indicator concentrations were carried out with culture-based and DNA molecular-based 

methods (in this case qPCR).  The E. coli concentrations were measured with both culture-based 

and molecular methods to determine whether ultrafiltration effectiveness differs with the type 

of assay. 

A secondary objective was to quantify the effect of high concentrations of dissolved 

reduced [Fe
2+

], prevalent in aquifers in Bangladesh, on measurements of bacterial and viral 

markers in the retentate water.  This was done to address the concern that colloidal FeOOH 

particles formed by the oxidation of iron due to exposure to atmospheric oxygen during 

sampling might interfere with the filtration and recovery of bacteria and viruses.  These 

particles could clog the filter or form mineral-microbial aggregates, which would reduce the 

number of colony-forming units in culture-based assays.  In addition, the presence of FeOOH 

particles in the retentate water could interfere with the DNA extraction and PCR amplification 

in the laboratory.  To investigate this potential factor, EDTA was added to one of the paired 

groundwater samples from each of nine wells spanning a range of natural [Fe
2+

] before 

ultrafiltration to prevent formation of FeOOH with the expectation that EDTA would have the 

greatest effect in wells with high [Fe
2+

]. 

The study also provided an opportunity to test the utility of Bacteroides as a fecal 

indicator in groundwater and to compare it to other more commonly used fecal indicators.  To 

the author’s knowledge, this study, along with a study by Johnson et al. (this issue), are the first 
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tests of Bacteroides as a quantitative fecal indicator in groundwater.  Bacteroides sp. have the 

potential to be useful indicators of fecal contamination in water (Bell et al., 2009; Layton et al., 

2006; Lee et al., 2008; Yamara-Iquise et al., 2008) because they are present in the intestines of 

all warm blooded animals and are one of the dominant (10% by mass) bacterial species in 

human feces (Matsuki et al., 2002; Bernhard and Field, 2000).  In addition, Bacteroides are 

obligate anaerobes and therefore, unlike E. coli, unlikely to grow in subsurface environments.  

However, Bacteroides are difficult to enumerate in the laboratory using culture-based tests.  

This is why Bacteroides had not been quantified prior to the development of quantitative PCR 

assays (Bernhard and Field, 2000; Layton et al., 2006). 

II.2 METHODS 

Site Description 

The field site selected for this study is a sandy floodplain aquifer underlying the village 

of Char Para, 23.79 N 90.63 E, in Araihazar, Bangladesh, herein referred to as Site K (Radloff et 

al., 2007; Weinman et al., 2008;).  The village is located on sand bar deposits which act as an 

unconfined aquifer and is tapped by dozens of shallow (10 to 20 m deep) tubewells.  The 

shallow aquifer at this location is low in arsenic, relative to many other wells in the region, 

possibly because rapid vertical recharge has flushed out the mobilizable arsenic over time (van 

Geen et al., 2008; Aziz et al., 2008).  The village is densely populated, with approximately 1500 

people living in an area of 30 hectares.  Hundreds of latrines and approximately fifty ponds, 

many of which receive discharge from latrines, are scattered throughout the village and serve 

as point sources of fecal pollution to the aquifer.  This site is therefore well suited for a study of 
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microbial sampling methods because of rapid local recharge and abundant sources of fecal 

contamination.       

Well Installation 

Two types of wells, 7.6 to 16.8 m deep, were sampled at Site K: i) private tubewells (five) 

and ii) wells installed for groundwater monitoring (four).  For all wells drilling was done by the 

traditional hand-flapper method, which is essentially a manual mud circulation method that 

readily penetrates the loose, wet unconsolidated floodplain deposits throughout the Bengal 

Basin (e.g. Horneman et al., 2004).  The monitoring wells were installed to reduce the likelihood 

of sample contamination due to poor well seals.  The annulus of private wells in Bangladesh is 

typically filled with material removed from the borehole during drilling, whereas the purposely-

installed monitoring wells were sealed with cement grout from the top of the sand pack, which 

itself extends 0.7 m above the 1.5 m screened interval, to the surface.  Both types of wells are 

constructed of 5.1 cm diameter PVC pipes, but private wells are equipped with hand pumps, 

whereas the monitoring wells were sampled with an electric-powered submersible pump 

(Typhoon, Groundwater Essentials, LLC).  

Well Sampling and Ultrafiltration 

All wells were purged for at least three standing wellbore volumes before sampling.  

One wellbore volume ranged from 11 to 30 L, depending on the well depth and the water level.  

In monitoring well KW-24, high turbidity was initially observed and ten wellbore volumes were 

purged until electrical conduc\vity, temperature and dissolved oxygen concentra\ons 
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measured with a mul\probe (556 Mul\probe System, YSI Inc.) stabilized and the water was 

clear.  Steady state values for the nine wells ranged from 25 to 27  C̊ for temperature, 0.22 – 

0.96 µs/cm for electrical conductivity, 6.37 – 7.17 for pH, and 0.2 to 1.1 ppm for dissolved 

oxygen.  Groundwater is typically anoxic in Bangladesh and dissolved oxygen sensors are 

difficult to calibrate at these very low levels.  In the particular setting, however, we cannot rule 

out that rapid vertical recharge occasionally supplies detectable levels of oxygen to the 

shallowest aquifer.  Monitoring wells were pumped continuously at 7-10 L/min with an electric 

submersible pump and the excess water pumped, when not filling the 20 L sample reservoirs, 

flowed into a ditch.  In contrast, private wells were pumped intermittently with the existing 

hand pump at an approximate flow rate of 20-30 L/min while filling the 20 L sample reservoir.  

Consequently, monitoring wells were sampled at a constant flow rate, as opposed to 

intermittent flow, and likely with higher daily pumped volumes than private wells, since the 

submersible pumps ran continuously.  The private wells were also utilized for domestic 

purposes between filling the retentate reservoirs but this additional volume pumped wasn’t 

measured. 

The apparatus for performing ultrafiltration (Fig. II-1) was based on a system described 

by Hill et al. (2005; 2007).  Briefly, groundwater was pumped in a closed loop through a hollow 

fiber single-use ultrafiltration cartridge (Rexeed 25S, Dial Medical Company, Renal Buy) under 

positive pressure (5-10 kpa) using a portable peristaltic pump (Solinst Model 410, Pine 

Environmental Services, Inc., Windsor, NJ) and Poly Teflon Lined Tubing (TB30120, Pine 
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Environmental Services, Inc., Windsor, NJ).  The sidewalls of the capillary tubes in the 

ultrafiltration cartridge have 20 nm pore sizes.   

As a sample cycles through the ultrafiltration cartridge, increasing amounts of water, 

dissolved constituents and colloids <20 nm are lost through the sidewalls as filtrate water.  

Colloids >20 nm, which include most bacteria and viruses, remain in the retentate water which 

becomes more concentrated during cycling.  To concentrate a 100 L groundwater sample, the 

retentate reservoir was filled five times with 20 L of well water, then the volume was reduced 

by ultrafiltration to less than 1 L between each refilling.  At the end of the ultrafiltration 

process, when the retentate reservoir was almost empty, sterile bottled water was used to back 

flush the tubing and cartridge.  The fully saturated volume of the tubing and inner cartridge was 

calculated to be 187 ml.  The final retentate sample represented the first 250 ml of retentate 

water to exit the back flushed tubing and cartridge, representing approximately 1.3 displaced 

pore volumes.  This method assumes that the microorganisms were in free suspension and not 

attached to the sidewalls of the capillary fibers in ultrafiltration cartridge.  Since the original 100 

L groundwater sample was reduced in volume 400 times, the concentration of the markers in 

the retentate was expected to be 400 times higher than in the unfiltered well water sample.  

Three 10 ml subsamples of this final retentate were diluted with 90 ml of bottled water to 

measure cultured E. coli and Total Coliform using the Colilert assay (IDEXX Laboratories, Inc.). 

The remaining retentate (approximately 220 ml) was frozen and transported to the University 

of Tennessee for molecular DNA analysis.  Between sampling of each well, all parts of the 

ultrafiltration apparatus were soaked in dilute bleach and TWEEN-80 (T164-500, Fischer 
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Scientific) cleaning solution. The ultrafiltration cartridge was discarded after each use.  

Powdered Chlorox (5 g) and TWEEN-80 (5 ml) were mixed in 10 L of well water from the next 

well that was to be sampled.  The bleach/TWEEN solution was cycled through the tubing for 5 

minutes, followed by rinsing with 10 L of well water containing 5 g of sodium thiosulfate (S446-

3, Fisher Scientific) for 2 minutes. A final rinse with 10 L of well water pumped through the 

tubing was performed over a period of 2 minutes.  Sterile techniques were employed 

throughout.  The total time for ultrafiltration of 100 L of groundwater including set up, 

disinfection and packing up was approximately 3 hours, allowing for sampling of two wells per 

field day. 

Each of the markers were measured directly from samples of unfiltered well water 

immediately before each ultrafiltration run to obtain background concentrations in the well 

water.  Since two ultrafiltration runs were performed on a well on each field day, unfiltered 

well water samples were collected twice, once early in the day and once late in the day.  For the 

culture-based assays, triplicate 100 ml Colilert samples for E. coli and Total Coliform were 

collected from each well at the start of each ultrafiltration run to determine marker 

concentrations in the well during pumping.  The exception to this was KW-12.1 which was only 

sampled at the start of the second ultrafiltration run, in the middle of the 6 hour field day.  For 

the molecular assays a single 250 ml sample was removed from the first of five mixed 20 L 

reservoirs of well water at the start of each ultrafiltration run.  The final retentate was stored in 

a sterile 250 ml polypropylene bottle.  Each ultrafiltration run included one set of triplicate 100 

ml samples of unfiltered well water for culture-based analysis, one 250 ml unfiltered well water 
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sample for molecular analysis and one 250 ml filtered retentate water sample for both culture-

based and molecular analysis.   

EDTA Addition and Iron Detection 

Concentrations of dissolved iron in well water in the form of Fe
2+

 across Site K were 

measured using a field Iron Test Kit (Model IR-18B, Hach Company) and varied widely from <0.1 

to 10 ppm (Table II-1).  Initial lab experiments and field observations demonstrated that FeOOH 

minerals precipitate out of solution within 20 minutes when the reduced, high [Fe
2+

], 5-10 ppm, 

groundwater is exposed to atmospheric oxygen.  To test for the influence of this on 

ultrafiltration, 2.5 g of EDTA disodium salt (02793-500, Fisher Scientific) was added to each 20 L 

reservoir of unfiltered well water immediately after the bucket was filled to prevent the 

precipitation of FeOOH particulates.  EDTA contains 6 metal binding sites for each molecule and 

therefore, theoretically, all dissolved Fe
2+

 should be bound by a concentration of 

[EDTA]=0.17x[Fe
2+

] (Essington, 2004).  However, other divalent metal cations in groundwater 

such as Mn
2+

 and Ca
2+

 may compete for binding sites with Fe
2+

 (Essington, 2004).  The 

concentration of EDTA in each 20 L bucket was 3.36x10
-4

 M, which is twice the maximum 

concentration of dissolved Fe
2+

 (10 ppm) measured in the samples.  Of the two ultrafiltration 

runs carried out for each well on a given field day, one involved EDTA addition to each 20 L 

reservoir and the other was run without.  The color and clarity difference between the 

retentate samples of high [Fe
2+

] water with EDTA added and without was striking, indicating 

that EDTA effectively prevented precipitation.   
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Figure II-1. Ultrafiltration Apparatus.  The retentate reservoir represents the 20 L bucket that 

was filled with groundwater 5 times during each 100 L ultrafiltration run.  The pressure valve 

and gauge were used to control the back pressure which influenced the rate of filtrate water 

exiting the sidewalls of the capillary tubes in the ultrafiltration cartridge. 

 

The nine wells that were sampled in the field span a limited depth range (7.6 to 16.8 m) 

but a wide range of Fe
2+

 concentrations (Table II-1).  The sequence of sampling at a given well 

with or without EDTA addition to 100 L of well water was random.  The only exception was UTK-

7, which was sampled a total of three times (twice with EDTA added) on two different days.     
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Bacterial and Viral Detection Methods 

Culture-based and molecular methods based on analysis of microbial DNA were used to 

detect fecal indicator bacteria and viruses in all groundwater samples.  Samples for E. coli and 

Total Coliform analysis were stored on ice in the field immediately after collection and 

processed within 8 hours of sampling.  Cultured E. coli and Total Coliforms were detected using 

the Colilert
TM

 test kit with the Quanti-tray 2000 (IDEXX Laboratories, Inc.).  This is a most 

probable number method (MPN) that splits a 100 ml water sample into 97 testing wells (49 

large, 48 small) and the number of wells positive for each bacterial indicator corresponds to 

MPN/100 ml according to the solution provided by Hurley and Roscoe (1983).  Based on the 

MPN solution for a given 100 ml water sample, the range of possible concentrations ranges 

from 1 to >2419 MPN/100 ml.  Duplicate or triplicate samples taken directly from the well 

(WW) or diluted (1:10) from the retentate water were analyzed separately during this study.  

Because of dilution the detection limit was 10 MPN/100 ml for RW samples, instead of 1 

MPN/100 ml for undiluted WW samples.  The MPN solution was used to solve the MPN (Hurley 

and Roscoe, 1983) and associated 95% confidence intervals by combining the numbers of 

discrete positive wells from all trays of replicate samples.  The underlying assumption is that the 

groundwater from which the 100 ml duplicate or triplicate samples were taken was well mixed, 

and that the true concentration of bacteria in each 100 ml sample was the same. 
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Table II-1. Groundwater wells sampled and experimental design. 

Well ID Well Type 
Depth 

(m) 

[Fe
2+

] 

(ppm) 

Times Sampled 

EDTA 

Added 

No 

EDTA 

KW-12.1 Monitoring 7.6 0.5 1 1 

UTK-1 Private 9.1 0.6 1 1 

KW-24 Monitoring 11.9 3.5 1 1 

UTK-8 Private 16.8 3.8 1 1 

UTK-7 Private 7.6 6.2 2 1 

UTK-31 Private 12.2 7.6 1 1 

KW-30 Monitoring 13.7 8.8 1 1 

UTK-30 Private 13.7 9.0 1 1 

KW-25 Monitoring 15.5 10.0 1 1 

      Total  10 9 

 

Quantitative PCR (qPCR) was used to measure copies of genes for E. coli, Bacteroides 

and Adenovirus in the water samples.  To distinguish the cultured E. coli values from the 

molecular E. coli values, data collected from qPCR for E. coli is denoted as mE. coli in this study.  

For the molecular assays, samples of both unfiltered well water (WW) and retentate water 

(RW), which is collected after ultrafiltration, were collected in sterile 250 ml polypropylene 

containers, frozen on dry ice, and brought back to the University of Tennessee for DNA 

extrac\on and qPCR analysis.  A]er removal from the -80 C̊ freezer, samples were thawed in 

cool water for 3-5 hours.  Two-hundred and fifty ml of WW samples and 50 ml of the RW 

samples were vacuum filtered onto autoclaved 0.45 μm cellulose nitrate filters (47 mm, 

Whatman Filter) for DNA extraction.  DNA extraction and purification was performed on ½ or ¼ 

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

(FastDNA®SPIN for Soil Kit, MP Biomedical).  Initial concentrations of gene copies of each 



57 

 

marker microorganism per ng of DNA extracted were obtained by qPCR following previous 

published methods (Layton et al., 2006), with primers and probes shown on Table II-2.     

The basic PCR protocol used for DNA amplification consisted of 50°C for 2 min, followed 

by 95°C for 10 min and 40 cycles of 95°C for 30 s and 55°C (E. coli assay) or 60°C (AllBac and 

Adenovirus assays) for 45 s.  For each sample and assay, the samples were run in triplicate wells 

and in a fourth well containing the sample and a plasmid DNA spike to determine PCR 

inhibition. A standard curve containing a positive plasmid DNA target for each assay ranging 

from 2.5 x 10
7
 copies to 25 copies was run on each plate along with triplicate blanks.  Due to 

the potential for cross-reactivity of the primers with non-target DNA, when the concentration 

of the target DNA was <1 copy/ng total extracted DNA, the sample was treated as a Non Detect.  

Since each sample contained a different amount (ng) of total extracted or background DNA the 

detection limit varied from sample to sample, resulting in more sensitive detection limits for 

samples with small amounts of background DNA.  The pooled average Coefficient of Variation 

based on triplicate qPCR reaction wells was 30% for all assays. 
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Table II-2. Primers and probes used for each Real-time PCR assays to detect E. coli and 

Bacteroides rRNA genes and the Adenovirus hexon gene. 

 

Assay name 

(target organism) 
Primer/probe name and sequence (5’–3’) 

Size 

(bp) of 

product 

 

EC23S (E. coli)
1,2

 EC23Sf  5’ GAG CCT GAA TCA GTG TGT GTG 3’ 

78  EC23Sr 5’ ATT TTT GTG TAC GGG GCT GT  3’ 

EC23Srv1bhq   5’ -(FAM)CGC CTT TCC AGA CGC TTC CAC ( BHQ-1)- 3’ 

AllBac (all 

Bacteroides)
3
 

AllBac296f, 5’-GAGAGGAAGGTCCCCCAC-3’ 

106  AllBac412r, 5’-CGCTACTTGGCTGGTTCAG-3’ 

AllBac375Bhqr, 5’-(FAM)CCATTGACCAATATTCCTCACTGCTGCCT(BHQ-1)-3’ 

Adeno (40/41 

hexon gene)
4
 

AV40/41-117f 5’- CAGCCTGGGGAACAAGTTCAG 3’ 

141  AV40/41-258r 5’ -CAGCGTAAAGCGCACTTTGTAA 3’ 

AV40/41-157BHQ   5’ -(Fam)ACCCACGATGTAACCACAGACAGGTC (BHQ-1)-3’ 

1
 Modified from Smith et al., 1999   

2
 Layton et al., 2003   

3
 Latyon et al., 2006   

4
 Rajal et al., 2007   

 

II.3 RESULTS 

Marker Concentrations in Well Water and Retentate Water 

The approach followed in this study was to measure the in situ concentrations of all 

markers in unfiltered water collected from the wells after purging approximately 3 well bore 

volumes or parameter stabilization and then compare these values to measurements from 100 

L samples that had been concentrated to a final volume of 250 ml using ultrafiltration (i.e. a 

400-fold concentration step).  The initial 100 ml samples were referred to as well water (WW) 
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samples.  The post-ultrafiltration samples are referred to as retentate water (RW) samples.  

From this final retentate, a subset was initially analyzed for cultured Total Coliforms and E. coli 

with the Colilert assay and the rest of each sample was frozen and transported to the University 

of Tennessee for molecular E. coli, Bacteroides and Adenovirus assays. 

The number of well and retentate water samples that were positive for each marker, as 

well as the geometric mean and the range of concentrations are listed in Table II-3.  The 

retentate samples contain nine where EDTA was absent and ten where EDTA was added.  The 

number of positive samples (i.e., those containing detectable levels of fecal indicators and 

molecular markers) ranged from 11 to 18 out of the 19 WW samples (Table II-3) and a large 

range of marker concentrations was observed in the samples.     

All molecular markers, mE. coli, Bacteroides and Adenovirus, were more abundant than 

cultured markers in both unconcentrated well water and retentate water samples.  In well 

water, the geometric mean concentration of mE. coli, Bacteroides and Adenovirus were 5100, 

2800 and 5000 copies/100 ml, respectively, and the cultured markers, E. coli and Total 

Coliforms had geometric means of 5 and 37 MPN/100 ml, respectively (Table II-3).  In all but 1 

out of 83 cases, marker concentrations in the retentate were higher than in the unfiltered well 

water samples.  The addition of EDTA prior to ultrafiltration did not have an obvious impact on 

the geometric means or ranges of marker concentrations in retentate water samples.  In the 

retentate samples, the highest marker concentrations were observed for Bacteroides which had 

a geometric mean of 3.4x10
6
 and 9.1x10

5
 copies/100 ml for samples without and with EDTA 

respectively.  The lowest retentate concentrations were observed for the cultured E. coli with 
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geometric means of 76 and 180 MPN/100 ml without and with EDTA respectively.  PCR 

inhibition was detected in only one sample (retentate water for KW-24, +EDTA), as measured 

by the lack of PCR amplification of the positive control standard in the DNA sample.  This PCR 

inhibition prevented the detection of any of the molecular marker.  

The increase in marker concentrations between WW and RW samples is substantial for 

all markers.  This was especially notable in the cases (10 out of 83, or 12%) where a marker was 

not detected in the WW sample (pre-filtration) but was detected in the RW sample (after 

ultrafiltration).  The 1:1 line in Figures II-2 and II-3, for cultured and molecular markers 

respectively, indicates the threshold for demonstrating an increase in marker concentration 

resulting from ultrafiltration.  In all but one of the 83 cases for which a marker was detected in 

the RW sample, the RW vs. WW concentration data point lay above this line (Fig. II-3c).  The 

1:400 line on each graph represents the expected concentration factor, assuming that a 400x 

reduction in sample volume results in a 400x increase in marker concentration.  For all markers, 

the RW vs. WW concentration data points straddled the 1:400 line, but with a high degree of 

scatter.  For Total Coliforms (Fig. II-2a) and Bacteroides (Fig. II-3b) markers, about equal 

numbers of data points lay above and below the 1:400 line.  In contrast, for the other markers, 

more data points lay below the 1:400 line then above.  Ultrafiltration resulted in substantial 

increases in concentration of markers in the retentate relative to the well water samples, but 

the large amount of scatter in the data indicates that the amount of increase is not consistent 

between wells or between different samples in the same well. 
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Table II-3. Summary of Marker Concentrations in 19 Well Water and Retentate Water Samples (9 without and 10 with EDTA added). 

# Samples 

Positive 

(%)

# Samples 

Positive 

(%)

# Samples 

Positive 

(%)

( 1.0E+00 - 7.5E+01 ) ( 1.0E+00 - 6.5E+03 ) ( 1.0E+00 - 7.9E+03 )

( 1.0E+00 - 1.1E+03 ) ( 2.2E+02 - 6.6E+05 ) ( 6.6E+03 - 3.8E+05 )

( 6.0E+02 - 1.4E+05 ) ( 3.7E+04 - 1.5E+07 ) ( 7.2E+04 - 1.3E+07 )

( 2.9E+02 - 5.9E+04 ) ( 1.0E+06 - 6.8E+06 ) ( 2.4E+04 - 1.8E+07 )

( 1.4E+02 - 7.4E+05 ) ( 1.1E+04 - 2.5E+07 ) ( 1.4E+04 - 1.1E+07 )

1
 A total of 19 well water and 19 retentate water samples were tested

2
 Well water samples for cultured bacteria were sampled directly from the well while samples for molecular markers were taken 

from the first of five 20 L well-mixed reservoirs
3
 10 ml subsamples of the 250 ml Rentate sample were diluted for cultured enumeration and 50 ml was extracted for molecular assays

9 (90) 5.5E+05

8 (80) 9.1E+05

8 (80) 4.5E+05

Geometric Mean 

(Range)

9 (90) 1.8E+02

9 (90) 2.0E+04

Retentate Water
3
   +EDTA

Adenovirus Copies/100 

ml

15 (79) 5.0E+03 9 (100) 1.6E+05

Bacteroides Copies/100 

ml

11 (58) 2.8E+03 9 (100) 3.4E+06

mE. coli Copies/100 

ml

18 (95) 5.1E+03 9 (100) 8.8E+05

Total 

Coliforms

MPN/100 ml 17 (89) 3.7E+01 9 (100) 1.5E+04

E. coli MPN/100 ml 13 (68) 5.0E+00 6 (67) 7.6E+01

Marker Units Geometric Mean 

(Range)

Geometric Mean 

(Range)

Retentate Water
3  

 -EDTAWell Water
1,2
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Concentration factor (CF) values for each ultrafiltration run were calculated using:  

Equation 1 

 

where CRW is the concentration of the marker in the retentate water and CWW is the 

concentration of the same target in the unfiltered groundwater sample.  A line is included in 

Figures II-2 and II-3 to show the geometric mean concentration factor for each marker based on 

all the individual ultrafiltration runs.  In cases where the marker was detected only in the RW 

sample, the concentration in the WW sample was set equal to the detection limit for the 

purpose of calculating the concentration factor.  The geometric mean concentration factors, 

with associated 95% confidence intervals calculated on the log-transformed data were:  105 (26 

- 419) for E. coli; 794 (252 - 2503) for Total Coliforms; 182 (74 - 446) for mE. coli; 1023 (491 - 

2130) for Bacteroides; and 51 (15 - 179) for Adenovirus.   

Variation in Marker Concentration During Sampling 

While planning the study, it was assumed that concentrations of bacterial and viral 

markers collected from the wells would remain relatively constant during the period of 

sampling and subsequent ultrafiltration for a given retentate water sample.  Contrary to 

expectations, concentrations varied over the course of the day (while pumping for sampling 

and/or domestic use continued) by as much as three orders of magnitude.  Concentrations of 

the cultured bacteria, E. coli and Total Coliforms, decreased in every sample collected later in 
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the day in those cases where bacteria were initially detected in early in the day (Fig. II-4).  Early 

samples were taken from the well at the beginning of the day, whereas late samples were 

taken after one complete round of ultrafiltration had been completed from the well, before the 

second round of ultrafiltration had begun.  In the case of well KW-30, four WW samples (rather 

than the usual two) were collected over a 24 hour period during which 2000 L of water was  
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Figure II-2. Comparisons of cultured marker concentrations from 250 ml unfiltered Well Water (WW) samples with 100 L ultrafiltered 

Retentate Water (RW) samples.  Panels a and b represent E. coli and Total Coliforms respectively.  The 1:1 line is where points would 

lie if there were no increase in marker concentration during ultrafiltration.  The 1:400 line is where points would lie if the 250 ml 

WW sample was representative of the average concentration within the 100 L WW sample, and if no losses occurred during 

ultrafiltration.  The dotted line represents the geometric mean concentration factor, the ratio of the marker concentration in the RW 

sample over the WW sample.  Inverted triangles indicate non-detects in the WW sample only and are plotted at the detection limit 

on the x-axis of the graph for each marker.  Error bars represent 95% confidence intervals. 

a b 
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Figure II-3. Comparisons of molecular marker concentrations from 250 ml unfiltered Well Water (WW) samples with 100 L 

ultrafiltered Retentate Water (RW) samples.  Panels a, b and c represent mE. coli, Bacteroides and Adenovirus.  The 1:1 line is where 

points would lie if there were no increase in marker concentration during ultrafiltration.  The 1:400 line is where points would lie if 

the 250 ml WW sample was representative of the average concentration within the 100 L WW sample, and if no losses occurred 

during ultrafiltration.  The dotted line represents the geometric mean concentration factor, the ratio of the marker concentration in 

the RW sample over the WW sample.  Inverted triangles indicate non-detects in the WW sample only and are plotted at the 

detection limit on the x-axis of the graph for each marker.  Error bars represent 95% confidence intervals. 

c b a 
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removed from the well.  A consistent log-linear decline in concentration of cultured E. coli and 

Total Coliforms with pumped volume was observed, resulting in decreases of two and three log 

of E. coli and Total Coliforms respectively (data not shown).  Between 7 and 12 mm of daily 

rainfall occurred on six of the ten consecutive days of sampling at Site K during this month in 

the monsoon season.  No systematic relationship was observed between daily precipitation 

amounts and concentrations of bacteria or viruses in well water during the ten days of 

sampling.      

Molecular marker concentrations in the unfiltered 100 ml well water (WW) samples also 

showed considerable variability (by up to two orders of magnitude) between paired samples 

collected at the beginning and the end of the same day, but with approximately equal numbers 

of cases where concentrations increased or decreased during the day (Fig. II-5).  Together, 

these findings indicate that the concentrations of both cultured and molecular markers were 

not constant in the unfiltered well water for even relatively short time periods (a few hours to a 

day) or relatively modest volumes pumped (a few hundred to a few thousand liters).  
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Figure II-4. Paired 100 ml pre-filtration Well Water samples (in triplicate) taken from wells early 

or late in the day for culturing.  Panels a and b represent E. coli and Total Coliforms respectively.  

All wells were purged for at least 3 bore volumes, ranging from 33 to 90 L, before sampling.  

KW-12.1 only had a single sample taken during the day.  Total Coliforms were not detected in 

UTK-31 at early or late time.  E. coli was not detected in UTK-7, UTK-31 and UTK-30 at early or 

late time.  Non-detects are indicated by the MDL with inverted triangles.  The error bars 

describe 95% confidence intervals for combined replicates. 
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Figure II-5. Paired 250 ml Well Water samples taken from wells early or late in the day for molecular analysis.  Panels a, b and c 

represent mE. coli, Bacteroides and Adenovirus.  Non-detects are indicated by the MDL with inverted triangles.  The error bars 

describe 95% confidence intervals for combined replicates. 
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Correlations of Markers in Retentate Water 

The correlation between the different markers in RW samples was calculated using the 

Spearmann rank order correlation coefficient (Table II-4).  The strongest correlations were 

observed between E. coli, mE. coli and Total Coliforms (p<0.01).  The E. coli Colilert assay is a 

subset of the Total Coliform assay so it would be expected to be correlated.  However the 

strong correlation between the mE. coli assay and Total Coliforms, which are based on 

independent assays suggest the fecal indicator bacteria are the principal source of Coliform 

bacteria.  The other fecal indicator bacteria, Bacteroides, did not correlate strongly with either 

E. coli or mE. coli in the retentate water, indicating either different die-off (in the environment 

or during sampling) or transport rates for this bacterium.  Correlations were not calculated for 

the unfiltered well water samples due to the large number of non-detects resulting in 

comparatively small data sets.   

The relative proportion of cultured E. coli to E. coli genomes, assessed by the molecular 

assay and the Colilert method, is shown for each sample in Figure II-6.  The ratio represents the 

geometric mean of the number of cultivable E. coli to the total number of 23S genes detected.  

For the RW samples this ratio was 1:6315 (2679 - 14887).  Assuming 6 copies of the ribosomal 

gene in E. coli (Klappenbach et al., 2001) the data indicate that the cultivable proportion 

represents 0.1% of the E. coli genomes.  The overall proportion of cultivable E. coli did not 

change greatly for unfiltered WW samples and filtered RW samples, indicating that 

ultrafiltration does not inactivate a large proportion of cultivable E. coli cells.   
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Table II-4. Correlation matrix of marker concentrations in retentate water (RW).  Numbers 

represent the non-parametric Spearmann rank order correlation coefficient (rs).  Numbers in 

bold indicate statistically significant correlations in paired ranks (p<0.01).  Paired data set 

sample sizes vary between 18 and 19, with non-detects included at their respective detection 

limits.  
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Figure II-6. Comparison of cultured and molecular E. coli assays in both WW and RW samples.  

The geometric mean of the cultivable to molecular E. coli ratios in all RW samples is 

represented by the 1:6315 line, representing approximately 0.1% cultivable E. coli.  Error bars 

represent 95% confidence intervals. 
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EDTA and Fe Effect 

The addition of EDTA to well water prior to ultrafiltration did not have any systematic 

effect on concentrations of the five markers in the retentate (Fig. II-7).  There is no evidence 

that EDTA improved the recovery of any of the five markers, even in a subset of high [Fe
2+

] 

waters, as none of markers with EDTA are consistently higher or lower than those without 

EDTA.  One-sided t-tests were performed on the differences between log-transformed 

concentrations (with and without EDTA added) of each marker pooled from all wells using the 

statistical software NCSS (version 07.1.14, NCSS, LLC, Kaysville, Utah).  The null hypothesis that 

there was no difference in marker concentration in RW samples with and without EDTA (Ho: 

µ=0) was not rejected (p=0.05) for any of the five markers.  The Total Coliform marker data set 

failed normality tests (skewness and kurtosis) in due to a single outlier (UTK-31, 7.6 ppm Fe
2+

) 

where 2 log10 greater RW concentration was observed for the sample with EDTA added (Fig. II-

7).  Although there was no systematic effect of EDTA or [Fe
2+

] on molecular marker 

concentrations in retentate water samples, there was a high degree of variability between 

subsequent 100 L ultrafiltered samples, which frequently differed by more than an order of 

magnitude (Fig. II-7).  This is consistent with the high degree of variability observed for all the 

markers in pre-filtration WW samples (Fig. II-4 and II-5).  The differences between measured 

concentrations of markers in RW samples taken from the same well on the same day were 

apparently random, and could not be explained by any linear combination of parameters 

measured from the well, such as pumped volume, electrical conductivity, temperature or pH, as 

assessed by multiple regression (p=0.05) using the software NCSS. 
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Figure II-7. Comparison of Retentate Water samples from ultrafiltration runs with EDTA and those without EDTA added.  Panels a, b, 

c, d, and e represent E. coli, Total Coliforms, mE. coli, Bacteroides and Adenovirus.  No significant difference was found between the 

two categories across the range of Fe
2+

 concentrations present in the water.  Error bars represent 95% confidence intervals. 

e d b c 
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II.4 DISCUSSION 

Ultrafiltration resulted in substantial increases (geometric mean concentration factors 

of 52 to 1018, relative to an expected value of 400) in concentration of in situ bacterial and viral 

markers from groundwater in 99% of cases where the marker was quantifiable in the retentate 

water sample (Figures II-2 and II-3).  For each marker, measured concentrations in the retentate 

water (RW) sample tended to be higher for wells which started out with higher concentrations 

in the pre-filtration well water (WW).  There was, however, a substantial range (several orders 

of magnitude) of concentration factors calculated for each marker for the different 

ultrafiltration runs.  Concentration factors for Total Coliforms and Bacteroides tended to be 

higher than the predicted value of 400 (based on the 400-fold volume reduction and the 

measured concentration of each marker in the pre-filtration well water).  The other three 

markers (E. coli, mE. coli and Adenovirus) tended to have concentration factors that were lower 

than the expected value of 400.   

The large variability in calculated concentration factors was at least partly caused by the 

variability in marker concentrations in the unfiltered well water (WW) samples, as shown in 

Figures II-4 and II-5.  This variability in WW samples could be due to a heterogeneous 

distribution of microbial markers in the aquifer, but it is perhaps more likely related to 

conditions in the well.  Kwon et al. (2008) found that 36 wellbore volumes were required to 

reach quasi-steady state in total bacteria cell concentrations and a stable microbial community, 

however substantial changes in these continued up to 230 wellbore volumes. A possible 

explanation for the unstable bacteria and virus concentrations in the present study is that 
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pumping could mobilize microorganisms attached to biofilms in the well, or it could draw in 

contaminated water through cracks in the well casing.  Losses related to the ultrafiltration 

process (for example: attachment to the filter or die-off during filtration) would also influence 

concentration factors, but such effects cannot be distinguished from that of marker variability 

in the pre-filtration water on the basis of the available data. 

Several previous ultrafiltration studies (Hill et al., 2005; 2007) have involved carefully-

controlled experiments where the sample is spiked with a known concentration of a marker, 

prior to ultrafiltration to focus on losses due to ultrafiltration.  However, it is often not practical 

to spike samples in the field (especially in Bangladesh) and there would still be uncertainty as to 

whether ultrafiltration losses of the spiked marker would be similar to losses of in situ markers 

from the sampled aquifer.  To separate well water variability from potential ultrafiltration 

artifacts, a 100 L sample could have been homogenized before ultrafiltration.  

The markers Total Coliforms, E. coli and mE. coli all correlated strongly with one another 

in the retentate samples (Table II-4).  This is expected since E. coli is a subset of Total Coliforms.  

In contrast, Bacteroides did not correlate with E. coli.  Adenovirus, which has been proposed as 

a possible viral fecal indicator, correlated only weakly with the other fecal indicator bacteria.  

This could be due to different processes controlling transport through porous media for viruses 

than bacteria (Schijven et al., 2000; Woessner et al., 2001).  E. coli represents the cultivable 

subset of all E. coli genomes present in the water sample.  Since the mE. coli primer targets the 

23S rRNA gene on the E. coli genome and this sequence is repeated approximately 6 times on 

each genome (Klappenbach et al., 2001), the results of the qPCR assay will give an approximate 
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6x larger value than the number E. coli genomes present in the water sample.  Figure II-6 shows 

that cultivable E. coli typically consisted of 0.1% of the total copies of E. coli genomes in 

retentate water samples, somewhat less than the 1% in previous reports of percent cultivable 

E. coli in low nutrient waters (Garcia-Armisen and Servais, 2004).  In the present study 

substantial changes in the percent cultivable E. coli were not observed between WW (n=13) and 

RW (n=15) samples suggesting that ultrafiltration was not inactivating the bacteria in large 

numbers. 

Although there was considerable variability in concentrations of some markers in paired 

retentate samples taken from the same well, the addition of EDTA did not explain this 

variability even in high [Fe
2+

] wells.  It was expected that the negatively charged bacteria and 

viruses would become attached to the positively charged FeOOH particles, resulting in clumping 

of bacteria and viruses and perhaps denaturation of the viral protein coat as occurs with viral 

attachment to metal oxide coated porous media (Abudalo et al., 2005).  The lack of a negative 

correlation between [Fe
2+

] and cultured bacterial concentration in the retentate in the absence 

of EDTA suggests that FeOOH particles had no effect on the measured concentration of E. coli 

and Total Coliforms in the retentate samples.  This agrees with other studies which found that 

larger microorganisms such as bacteria and protozoa do not attach as readily as viruses to 

FeOOH minerals (Abudalo et al. 2005; Dong et al., 2002).  The lack of an observable [Fe
2+

] effect 

with the molecular markers indicates that FeOOH colloids did not interfere with recovery of 

markers during the ultrafiltration process, via clumping and denaturing of viral protein coats, 

nor did it interfere with DNA extraction and qPCR analysis.  
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II.5 CONCLUSIONS 

Groundwater from nine wells was concentrated for fecal microorganisms from a contaminated 

shallow aquifer in Bangladesh.  By measuring concentrations of five in situ markers before and 

after ultrafiltration, it was verified that ultrafiltration resulted in a substantial increase of all the 

markers in most cases.  Measurements on samples collected immediately prior to or during 

ultrafiltration indicated that both cultured and molecular bacterial and viral concentrations vary 

greatly with time or pumped volume from both private tubewells and monitoring wells.  This 

suggests that more research is needed to develop better sampling methods for obtaining 

representative samples of microorganisms from groundwater.  The fact that high [Fe
2+

] in 

groundwater did not depress the retentate concentrations indicates that FeOOH colloids 

neither interfered with the persistence of the molecular markers during filtration nor qPCR 

detection in the laboratory.   
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This chapter is adapted from a paper submitted for review on April 15, 2010 to the 

journal Environmental Science & Technology. 

Knappett, P. S. K.; Escamilla, V.; Layton, A.; McKay, L. D.; Emch, M.; Williams, D. E.; Huq, Md. R.; 

Alam, Md. J.; Farhana, L.; Mailloux, B. J.; Ferguson, A.; Sayler, G. S.; Ahmed, K. M.; van Geen, A. 

Impact of Sanitation on Fecal Bacteria and Pathogens in Ponds of Bangladesh. 

Abstract 

The majority of households in Bangladesh obtain their drinking water from tubewells but 

continue to use surface water for non-drinking purposes including bathing, washing, and oral 

rinsing. Fecal contamination of pond water could therefore contribute to the spread of 

diarrheal disease. To assess the impact sanitation, population density, and livestock have on 

contamination, 43 ponds were analyzed for E. coli using culture-based methods and E. coli, 

Bacteroides and Adenovirus using quantitative PCR. The highest concentrations of fecal 

indicator bacteria were found in ponds receiving human waste directly or from a latrine, with 

the most contaminated pond containing 9.7x10
5
 Most Probable Number (MPN) of culturable E. 

coli per 100 mL. All fecal bacteria concentrations in pond water correlated with population 

surveyed within a distance of 30-70 m (p<0.01) and the number of unsanitary latrines (those 

with visible seepage or open pits) within a pond drainage basin (p<0.05). Fecal source-tracking 

based on Bacteroides demonstrated that humans, and not cattle, are the dominant source of 

fecal pollution in all but 5 of the 43 tested ponds. Unsanitary latrines are a primary cause of 
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poor pond water quality and may be a factor contributing to still widespread diarrheal disease 

in rural South Asia. 
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III.1 INTRODUCTION 

Despite decades of effort, diarrheal disease continues to kill on the order of 1.5 million 

children under five every year (UNICEF and WHO, 2009). Research has shown that pathways of 

diarrheal disease transmission in the developing world are complex and are greatly influenced 

by sanitation, hygiene and the availability of clean water (Esrey, 1996; Pruss et al., 2002). In 

rural Bangladesh, for instance, ponds are scattered throughout every village and are used for a 

variety of purposes including bathing, aquaculture, brushing teeth or, less frequently today, 

even drinking (Aziz et al., 1990). Many ponds are also surrounded by latrines, however. The 

multiple uses of ponds and their close proximity to sources of human and livestock feces 

suggests that they could play a role in transmitting diarrheal disease. By applying both 

molecular and more traditional culture-based techniques for measuring fecal indicator 

organisms, this study sheds new light on the influence of sanitation, population density, and 

livestock on the microbial quality of pond water in a densely populated village of Bangladesh. 

Substantial decreases in diarrheal disease morbidity of 25 to 37% (Fewtrell et al., 2005) 

and improvements in childhood nutritional status (assessed by height to weight ratios) from 4 

to 37% (Esrey, 1996) in the developing world have accompanied a gradual switch from open pit 

latrines to more sanitary disposal methods, such as the use of concrete foundation rings to 

prevent leakage of human feces onto the open ground.  Reductions in diarrheal disease 

morbidity due to improved sanitation have been reported in epidemiologic studies carried out 

in rural Bangladesh (Aziz et al., 1990; Hoque et al., 1996; Emch, 1999; Emch et al., 2008), for 

instance, where approximately 46% of the population today has access to sanitary latrines 
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(WHO and UNICEF, 2008). However, the transmission of diarrheal disease involves many 

pathways and sanitation is not the only factor (Esrey, 1996; Pruss et al., 2002). The close 

proximity of latrines and dwellings suggests that people and domesticated animals might track 

fecal waste into houses where young children could ingest this waste. However, in Bangladesh 

and elsewhere, the specific pathways of human exposure to effluent from open pit latrines 

remain unclear.   

In recent decades, the number of ponds excavated in Bangladesh seems to have 

outpaced population growth (see Supp. Material in Neumann et al., 2010). While many of these 

ponds are excavated to protect a nearby dwelling from flooding by raising it, they subsequently 

often fulfill a primary purpose, such as aquaculture, bathing, irrigation or holding latrine 

effluent, or a combination thereof over the course of the year.  Contact with pond water is 

known to be a major contributor to diarrheal disease in Bangladesh as studies demonstrate that 

people greatly increase their risk of diarrheal disease when they drink (Emch et al., 2008), bathe 

in (Emch et al., 2008; Ali et al., 2002) or even live near a pond (Emch et al., 2008).  Emch et al. 

(2008) found that people living in the region of Matlab who bathed in ponds or rivers were 

approximately 2.5 times more likely to be hospitalized for diarrhea than those who washed 

with tubewell water. Significant associations between cases of diarrheal disease and the 

number of unsanitary latrines around a human dwelling have also been identified (Emch et al., 

2008; WHO and UNICEF, 2008; Neumann et al., 2010). Several studies have demonstrated a 

dose-response relationship between fecal bacteria concentrations and diarrheal disease rates 

in bathers (Pruss, 1998; Wade et al., 2003; Given et al., 2006), with the odds of acquiring 
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diarrheal disease increasing approximately two fold for every 1 log10 increase in fecal indicator 

bacteria in ponds (Wade et al., 2003).      

The potential sources of fecal contamination around ponds in Bangladesh are 

numerous, including humans, cattle, goats, dogs, chickens and waterfowl, with humans and 

cattle representing the largest fecal contributors by volume in densely populated villages.  

Although cattle are abundant, cattle manure is used as fuel for cooking and therefore collected 

and traded in villages of Bangladesh. Latrines are ubiquitous in the villages and are often 

deliberately located close to ponds that effectively become sewage lagoons. The quality of 

these latrines varies widely in Bangladesh.  Some latrines, defined in this study as sanitary, are 

built out of a concrete rings and with concrete platforms on top. Other latrines are clearly 

unsanitary, as indicated by cracked rings and effluent spilling or overflowing onto the ground. 

Unsanitary latrines and simple open pits can also discharge directly into ponds. 

This study quantifies the impact of pond use, latrine type, and population density on 

concentrations of fecal bacteria and viral pathogens in village ponds. Both E. coli and 

Bacteroides are used here as fecal indicators. Concentrations of E. coli were measured using 

culture-based methods and quantitative PCR. Bacteroides is a known fecal indicator bacteria, 

and unlike E. coli is a dominant species in the intestines of all warm blooded animals, excreted 

at a rate of 10% by mass in feces (Matsuki et al., 2002). The source of Bacteroides can be 

tracked to humans or livestock by quantitative PCR (Bernhard and Field, 2000; Layton et al., 

2006; Lee et al., 2008; Yampara-Iquise et al., 2008). Given that people in Bangladesh live with 

their livestock, this molecular marker can determine the relative contribution of humans and 
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livestock to fecal contamination of ponds. Molecular assays were also used to detect the 

human pathogen Adenovirus (Jiang, 2006). These results have implications for understanding 

how the built environment influences the transmission of diarrheal disease in densely 

populated, developing countries. 

III.2 METHODS 

Site Description 

The village of Char Para is located in Araihazar upazila, about 25 km east of Dhaka.  On-

going public-health and earth-science studies focused on the groundwater arsenic problem 

were launched in Araihazar in 2000. Char Para, also referred to as Site K (Radloff et al., 2007), is 

underlain by fine to medium grained deltaic sands, which form a shallow aquifer that is tapped 

by tubewells (screened from 10 to 20 m) which are the primary drinking water source in the 

village. The shallow aquifer below Char Para is bounded hydrologically on three sides by a 

former channel of the Old Brahmaputra River which floods up to the edge of the village during 

the wet season (van Geen et al., 2003; Weinman et al., 2008). Many ponds in Char Para are 

empty at the end of the dry season in April when the groundwater table falls below the bottom 

of the pond. The ponds that do not dry out are often the deepest ponds, or are artificially 

maintained for fish farming by pumping from the deeper aquifer.  Latrine ponds, which receive 

latrine effluent and runoff of wash water from wells, may also have some standing water year 

round. At the beginning of the monsoon in late May, the ponds can fill and drain rapidly. 

Fluctuations in pond water level of up to 1 m were observed within 24 hours in June 2008.   
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Field Methods and Pond Classification 

High accuracy (sub-meter) GPS coordinates were collected for all ponds, latrines and 

households throughout the village during June 2009 using a Trimble GeoXH receiver and 

Terrasync 2.4 software (Table A-III-1). Post-processing of the GPS and population data was 

carried out using Pathfinder Office 3.0. A latrine was classified as sanitary with respect to pond 

contamination if it was constructed with a concrete platform, a concrete ring without cracks, 

and no visible sign of effluent discharging onto the ground. A latrine was classified as unsanitary 

if the ring was cracked or the effluent discharged directly into a pond via a PVC pipe. A survey 

was conducted to determine the number of people living in each household and the pond 

owner’s name. The number of people and latrines within a given radius of each pond was 

determined using the buffer and intersect tools in ArcGIS software. The number of people and 

latrines (sanitary and unsanitary) within a given distance of a pond was calculated between 10 

and 50 m at 5-m intervals and between 50 and 100 m at 10-m intervals.          

As an alternative method for enumerating potential sources of fecal contamination, 

latrines within a pond drainage basin that sloped downwards towards the water edge were 

identified within a distance of ~20 m in June 2008. The rationale is that these latrines could 

have a greater influence on microbial pond water quality than latrines at a similar distance 

outside the drainage basin. In cases where a ditch sloped towards a pond, the ditch was 

included as part of the pond basin. Information collected for each pond drainage basin includes 

water depth, long and short axes of the pond water surface (using a measuring tape), 

designated purpose as identified by the owner, number and type of latrines (unsanitary or 
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sanitary) and the number of cattle residing within the drainage basin (Table A-III-1). In cases 

where the pond was observed to receive direct latrine effluent, the pond was always classified 

as a latrine pond. Unless local households identified a specific use such as bathing or 

aquaculture, ponds that did not receive direct latrine input were categorized as having no 

specific use. Electrical conductivity, pH, dissolved oxygen and temperature were measured at 

each pond at the time of microbial sampling in June 2008 using a handheld multiprobe (556 

Multiprobe System, YSI Inc.).   

Microbiological Assays 

Water from 43 ponds was collected in sterile bottles in mid-June 2008, during the early 

monsoon when surface runoff was common but the ponds were not yet full. Triplicate or 

duplicate 100 mL pond water samples were collected in sterile containers to measure 

culturable E. coli using the MPN based Colilert
TM

 test kit (IDEXX Laboratories, Inc.).  Pond water 

samples were diluted 1:100 with commercial bottled drinking water before being assayed to 

avoid exceeding the quantifiable maximum of 2419 bacteria/100 mL of the assay.  Taking into 

account dilution, the method’s detection limit was 100 MPN/100 mL. Blanks using bottled 

water were included every 30 samples. 

For the molecular measurements, 200 mL of pond water, or as much as could be filtered 

before clogging, was filtered through a 0.22 µm nitrocellulose filter (150 mL Vacuum Driven 

Disposable Filtration System, Stericup, HV Durapore Membrane, Millipore Corp., Bedford, 

Massachusetts). The filters were removed from the plastic housing, placed in sterile petri 

plates, frozen and transported on dry ice back to the University of Tennessee. DNA was 
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extracted and purified from the filters using the FastDNA® SPIN for Soil Kit (MP Biomedicals, 

LLC, Solon, Ohio) following the manufacturer’s protocols.  

Quantitative PCR (qPCR) was performed using assays designed for E. coli and total 

Bacteroides,  three host-associated Bacteroides assays (two for human and one for bovine), and 

the human pathogen Adenovirus (Table A-III-2). The gene targets for the E. coli and Bacteroides 

assays were the 23S rRNA gene and the 16S rRNA gene, respectively, with the human and 

bovine host-associated assays targeting different subgroups within the Bacteroidales order 

(Bernhard and Field, 2000; Seurinck et al., 2005; Layton et al., 2006). The Adenovirus gene 

target was the Hexon gene from serotypes 40 and 41 (Rajal et al., 2007) which encodes the 

major capsid protein for the Adenovirus (Ebner et al., 2005). All qPCR assays were performed in 

triplicate for each sample with an additional well for each sample containing a known amount 

of the standard as a spike in order to monitor PCR inhibition as described previously (Layton et 

al., 2006; Bell et al., 2009). All qPCR reactions were prepared using 12.5 µl PCR mix (QIAGEN, 

Valencia, CA or Stratagene, LaJolla, CA), 5 pmol of the forward primer and reverse primers, 15 

pmol of the probe, 8 µl of sterile water and 2.5 µl of sample or standard.  PCR amplification and 

fluorescent probe detection were performed using the Chromo4 Real-Time PCR Detection 

system (BioRad, Hercules, CA) and the following amplifica\on protocol: 50 C̊ for 2 minutes, 95 ̊C 

for ten minutes, and 45 cycles of alternating 95 ̊C for 30 seconds and the annealing 

temperature for 45 seconds (Table A-III-2). The standards used to calibrate the qPCR assays 

consisted of the target gene cloned into a plasmid for all assays except for the E. coli assays 

which used E. coli O157 genomic DNA (Strain EDL 933, ATCC 43895D-5).  For plasmid standards, 
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serial 10-fold dilutions were performed in triplicate from a starting concentration of 1x10
7
 

plasmid copies to 10 copies and 2.5 μl of each plasmid dilution were placed in triplicate wells.  

Similarly the E. coli O157 genomic DNA was diluted serially from a starting concentration of 

1x10
6
 to 10 genomic equivalents and 2.5 µl of each plasmid dilution was placed in triplicate 

wells.   Data for each sample and assay were calculated as copies/ng of total extracted DNA and 

then converted to copies/100 mL based on the volume of water filtered. The method detection 

limit, MDL, was determined to occur when the copies of marker DNA was less than 1 copy per 

ng of extracted DNA. Since the mass of extracted DNA varied considerably, marker MDL’s varied 

with pond sample. In the rare case where the standard deviation exceeded the mean gene 

concentration in the 3 wells (C.V. > 100%), the assay for that marker was re-run.   

Statistical Analysis 

Concentrations of all six markers are compared with one another using a non-

parametric correlation matrix which reports the Spearman Rank Order Correlation Coefficient 

rs.  Each rs value is accompanied by a p-value, indicating the level of significance of the 

association.  For determining differences in concentrations between groups of ponds based on 

type, such as latrine vs. fish/bathing, the non-parametric Kruskal-Wallis test was performed 

using the software NCSS (version 07.1.14, NCSS, LLC, Kaysville, Utah). The significance of 

associations between the number of people and GIS-based latrine counts (sanitary, unsanitary, 

total) within 10 to 100 m of a pond and concentrations of markers in pond water was also 

tested (Spearman Rank Order Coefficient).   
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III.3 RESULTS  

Physical and Chemical Attributes of Ponds   

All ponds that could be found within the 0.3 km
2
 area of the village were sampled in 

June 2008. Of the total of 43 sampled, 11 ponds were designated by the owner as fish or 

bathing ponds and 16 ponds had no designated purpose (Fig. III-1). The remaining 16 ponds 

were classified as latrine ponds because they were clearly receiving direct effluent from at least 

one latrine. The surface area of the ponds varied ranged from 20 to 1,200 m
2
. The largest ponds 

were commercial fishing and community bathing ponds found in the northeast section of the 

village and contain water year round (Fig. III-1). The water level in fish ponds is maintained 

artificially by pumping from wells. The smallest ponds were latrine ponds, or ponds without a 

designated purpose, which were located within the village.   

Dissolved oxygen concentrations in the latrine ponds (median 0.24 ppm) were lower 

than in fish/bathing ponds (0.68 ppm) (p<0.05), with the fish/bathing ponds having the largest 

range of dissolved oxygen (0.23 – 1.51 ppm) (Fig. III-2b). The electrical conductivity of water in 

latrine ponds (median 0.41 mS/cm) was higher than for fish/bathing ponds (0.17 mS/cm). Pond 

water temperature ranged from 27 to 34  C̊, with higher temperature ponds located on the 

edges of the village or in the fields, where there is little to no shade. The smaller and cooler 

ponds, often latrine ponds, were located in the interior of the village. Median temperature (Fig. 

III-2c), electrical conductivity (Fig. III-2a), and dissolved oxygen concentrations (Fig. III-2b) for 

ponds without a defined use were in intermediate median values for fish/bathing and latrine 

ponds. 
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Figure III-1. Concentration of cultured E. coli in each pond classified by pond type with locations 

of sanitary and unsanitary latrines. IKONOS satellite image taken of the entire region of 

Araihazar at 1 m resolution (van Geen et al., 2003). 
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Figure III-2. Dissolved oxygen, electrical conductivity, temperature and log-transformed concentrations (MPN or copies/100 ml) of 

three fecal markers in water, from three types of ponds at Site K.  The center line represents the median, upper and lower bounds of 

the box are the 75
th

 and 25
th

 percentile and whiskers represent the extent of the data.  Outliers are represented by dots.  The 

number of ponds was 43, consisting of 11 fish/bathing, 16 latrine and 16 ponds with no defined use in each category.  The geometric 

mean detection limit for molecular assays was 8,374 copies/100 ml and is indicated by the dotted line.   
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Concentrations of indicator bacteria and genetic markers 

Out of the 43 ponds, cultured E. coli were detected in 42, molecular Bacteroides were 

detected in 43, Adenovirus in 41 and mE. coli in 39. Human and Bovine Bacteroides were 

detected in a subset of the ponds only (36 and 24, respectively). The molecular markers that 

were not detectable at quantifiable levels contained <1 copy/ng of extracted DNA from the 

water sample. Since the amount of DNA extracted from the samples varied from 11 to 413 

ng/µl and the volume of pond water filtered ranged from 40 to 295 mL, the analytical detection 

limit also varied considerably with a geometric mean of 8,374 and a range of 1,400 to 206,500 

copies/100 ml respectively (Table A-III-2).   

Concentrations of cultured E. coli in the 43 ponds ranged from non-detect (<100 

MPN/100 mL) to 9.7x10
5
 MPN/100 mL, with ponds having the highest E. coli concentrations 

tending to be located in the central part of the village (Fig. III-1). Linear regression was 

performed on log10-transformed concentrations of culturable E. coli and mE. coli, resulting in a 

power law relationship (R
2
 = 0.43) (Fig. III-3a). An E. coli genome contains 6 copies of the 

ribosomal operon within the 23S gene (Klappenbach et al., 2001), and in all the ponds, a 

geometric mean of ~10% of all E. coli genomes detected by qPCR were culturable. The 

relationship between E. coli and mE. coli (Fig. III-3a) with an exponent of 0.72 (95% CIs, 0.46 – 

0.97) indicates that fewer E. coli genomes are culturable at higher concentrations. Accordingly 

the geometric mean ratio of cultured E. coli to total genomes for the least contaminated ponds 

(lower half) was 16%, whereas for ponds with the highest mE. coli concentration (upper half) 

this ratio was only 7%.    
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Figure III-3. Observed and predicted E. coli and Bacteroides as a function of mE. coli in 43 pond 

water samples.  One non-detect occurred with culturable E. coli and 3 non-detects occurred for 

mE. coli, but not in the same samples.  Bacteroides was detected in every pond water sample. 

Error bars represent 95% analytical confidence intervals.  Predictive equation is the result of 

fitting a linear regression model (y = mx + b) to log10-transformed concentrations with R
2
.  The 

1:1 line is shown for comparison (y=x). 
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Bacteroides is an independent fecal indicator and its concentrations in pond water were 

correlated to and higher than mE. coli concentrations in all but two cases (Fig. III-3b). The 

degree to which Bacteroides markers outnumbered mE. coli decreased with increasing mE. coli 

concentration, such that the fitted relationship (R
2
 = 0.46), where the exponent was equal to 

0.52 (95% CIs, 0.35 – 0.69), approached the 1:1 line (Fig. III-3b). Concentrations of human and 

bovine Bacteroides markers combined were always lower than concentrations obtained with 

the total Bacteroides by approximately one order of magnitude (Table A-III-4). Although total 

Bacteroides were detected in all ponds, neither human nor bovine Bacteroides were detected in 

5 ponds (Fig. A-III-1). This is not surprising because the total Bacteroides assay (AllBac) is more 

sensitive to fecal pollution than the source-specific Bacteroides assays (Layton et al., 2006; 

Kildare et al., 2007; Okabe and Shimazu, 2007) (Table A-III-4).  In 34 out of 38 samples where at 

least one host-specific marker was detected, the concentration of human Bacteroides exceeded 

that of bovine Bacteroides (Fig. A-III-1). Log-transformed concentrations of E. coli, mE. coli, and 

Bacteroides in pond water are all significantly correlated (Table III-1).   

 Fish/bathing ponds are significantly less contaminated than latrine ponds according to 

all three fecal indicator bacteria (Fig. III-2) (non-parametric Kruskal-Wallis test p<0.05). The 

median concentrations of fecal indicators in ponds without a defined use were intermediate of 

corresponding median concentrations in latrine and fish/bathing ponds. The “no defined use” 

category includes ponds that were excavated primarily to build up nearby land for a house or 

for road construction.  Adenovirus concentrations were uncorrelated to fecal indicator bacteria 

(Table III-1) and pond type (Fig. A-III-3).    
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Correlations between Spatial Buffer Population Counts and Pond Contamination 

An estimated total of 1500 people live within Char Para (Site K).  Significance of the 

Spearman rank correlation coefficient between the GIS-based spatial population count and the 

concentration of the various microbial markers was calculated for a range of counting radii (10-

100 m) (Fig. III-4a).  The association between population and fecal bacteria concentrations was 

found to be optimal at a 45 m spatial counting radius with all fecal indicator bacteria showing 

significant correlations to population (p<0.05). A large range in the population within 45 m of 

each pond was observed from, uninhabited to 126 people (Table A-III-5).    

High Spearman correlations were observed between population within 45 m of each 

pond and all fecal markers with significant rs values of 0.57, 0.46, and 0.38 for E. coli, mE. coli 

and Bacteroides respectively (Table III-1).  Human Bacteroides (HuBac and HF 183) which was 

detected in 36 out of 43 samples correlated significantly to the population within 45 m of the 

pond (rs = 0.34) as did Bovine Bacteroides (rs = 0.36).  
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Figure III-4. Significance of Spearman rank correlation coefficient with GIS-based spatial buffer 

counting of population, total, unsanitary and sanitary latrines against concentration of fecal 

bacteria and Adenovirus in pond water.  Buffer radii were tested at five meter intervals from 10 

to 50 m and at ten meter intervals from 50 to 100 m. 
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Table III-1. Spearman Rank Order correlations of microbial markers with extracted and measured field parameters.  Significance in 

association p<0.05 is indicated by bold.  The human population within a 45 m radius of the pond, and latrines within 60 m were 

determined using a GIS-based spatial counting method. The number of latrines and cattle were also counted on site within the 

drainage basin of each pond. The size of the data set size was 43.  When the target genes in a sample were below the detection limit 

a concentration of 8,374 copies/100 ml was used. 
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Latrines and Pond Contamination  

A total of 178 latrines were located during the village-wide GPS survey (Fig. III-1), 79 

(42%) of which were sanitary latrines, a similar proportion to that observed elsewhere in 

Bangladesh (WHO and UNICEF, 2008). Of the 99 unsanitary latrines, 22 were open pit latrines 

without a concrete ring. To enumerate latrines around each pond, both the GIS-based spatial 

buffer method was used as wells as counting within the pond drainage basins.  

A significant (p<0.05) correlation was found between E. coli concentrations in a pond 

and the total number of GIS-based latrines within the range of 20 to 80 m distance from a pond 

(Fig. III-4b). The total number of GIS-based latrines per pond ranged from 0 to 8 within 20 m 

and 0 to 34 within 80 m. In the case of GIS-based unsanitary latrines, the correlation between 

number of latrines and E. coli concentration was significant across the distance range of 15 to 

80 m from a pond (Fig. III-4c). Correlations between GIS-based unsanitary latrines and 

concentrations of mE. coli and Bacteroides, however, were only marginally significant from 80 

to 100 m. GIS-based sanitary latrines were correlated to E. coli concentrations within 40 to 70 m 

from a pond (Fig. III-4d). The only other fecal indicator that correlated significantly to sanitary 

latrines was Bovine Bacteroides (35 to 50 m). Adenovirus concentrations were not correlated 

with counts of any type of GIS-based latrines at any buffer distance (Fig. III-4).   

Sixty meters was chosen as the buffer size for optimal correlations between GIS-based 

latrine counts and fecal bacteria, since this was the only radius that resulted in significant 

correlations with all three total fecal indicator bacteria, E. coli, mE. coli and Bacteroides (Fig. III-

4b). The Spearman correlations are shown in Table III-1 for all bacterial and viral markers.  The 
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correlation between E. coli and the total number of GIS-based latrines (rs = 0.40) within 60 m of 

a pond was stronger than either unsanitary (0.33) or sanitary latrines (0.31) considered 

separately. mE. coli and Bacteroides correlated to GIS-based total latrine counts within 60 m of 

the pond with rs equal to 0.37 and 0.36 respectively.   

When considering the number of unsanitary latrines within each drainage basin only, 

which ranged from 0 to 10, the correlations with fecal indicators E. coli (rs = 0.46), mE. coli 

(0.37) and Bacteroides (0.41) were stronger than with GIS-based counts of any type of latrine 

(total, sanitary or unsanitary) within a 60 m radius (Table III-1). No significant correlation was 

found between human Bacteroides in pond water and the number of latrines of any type with 

either the GIS-based distance or drainage basin counting method (Table III-1). Correlations 

between all three fecal indicator markers, E. coli, mE. coli and Bacteroides, and the number of 

cattle within the pond drainage basin were all significant. Bovine Bacteroides is not correlated 

to the number of cattle within the pond drainage area, however (Table III-1).  

Correlations of Water Chemistry with Latrines, Population and Pond Contamination 

High, positive Spearman correlations were observed between all fecal indicator bacteria 

and electrical conductivity with Bacteroides having the highest rs of 0.52 (Table III-1).  Electrical 

conductivity was also positively correlated with the GIS-based population count within 45 m of 

each pond (rs = 0.38) and the number of unsanitary latrines (rs = 0.43), but not with the number 

of sanitary latrines within a pond drainage basin (rs = 0.05).   A high correlation was observed 

between temperature and dissolved oxygen, and both of these parameters were negatively 

correlated with population (rs was -0.30 and -0.36 respectively).  Dissolved oxygen was also 
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negatively correlated to GIS-based unsanitary and total latrines within 60 m (-0.42 and -0.35 

respectively) and unsanitary and total latrines within the pond basin (-0.31 and -0.33 

respectively).   

III.4 DISCUSSION 

Implications for the Spread of Diarrheal Disease 

In the ponds surveyed in this study, E. coli concentrations exceeded the U.S. EPA 

recreational water quality limit (126 MPN/100 ml) up to 10,000 fold (US EPA, 1986) and were in 

fact similar in concentration to fecal coliforms detected in raw sewage and wastewater (Sinton 

et al., 1999). An epidemiological meta-analysis on a world wide data set comparing E. coli 

concentrations to disease determined that for every tenfold increase in E. coli the odds of 

acquiring diarrheal disease from recreational contact approximately double (Wade et al., 2003).  

The ponds used for bathing or fishing contained 1-2 orders of magnitude less culturable E. coli 

than latrine ponds suggesting that diarrheal disease risk from recreational or bathing exposure 

to latrine ponds is 2 to 4 times higher than for protected ponds.   However, even fishing and 

bathing ponds had high levels of all fecal indicators E. coli, mE. coli, Bacteroides and Human 

Bacteroides with median concentrations of 1x10
3.5

, 1x10
5.5

, 1x10
6.5

 and 1x10
2.5

 copies/100 mL 

respectively.  
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Ecology of Fecal Bacteria in the Built Environment  

Bacteroides gene markers were consistently detected in higher numbers than E. coli 

genomes. The fecal indicator bacteria E. coli, and molecular markers for mE. coli and 

Bacteroides were well correlated with each other indicating that any three of these assays may 

be used to evaluate the level of fecal contamination in pond water. E. coli may re-grow in the 

environment with recent studies suggesting that E. coli is in fact an endogenous soil bacterium 

(Nautiyal et al., 2010). Bacteroides is obligate anaerobe, and the persistence of its DNA is 

sensitive to both oxygen and temperature (Bell et al., 2009). These important differences 

between E. coli and Bacteroides may call for their concurrent use in assessing the level of fecal 

contamination in a water sample. In every pond where at least one host-specific marker was 

detected, concentration of human Bacteroides concentration exceeded bovine Bacteroides. 

Fecal pollution of pond water throughout the site is therefore overwhelmingly of human origin. 

The ratio of culturable E. coli to E. coli genomes was not influenced by pond type and 

temperature, indicating that neither nutrient availability nor temperature affected the 

proportion of culturable genomes in the water samples.   

  Significant positive correlations (p<0.05) were observed between all fecal indicator 

bacteria and electrical conductivity (Table III-1). Conductivity is likely to rise with increased 

anthropogenic use of the pond catchment area, including salt inputs from human waste 

(Manahan, 2005) and the use of ash for washing (Hoque et al., 1995; Sengupta et al., 2008) 

coupled with pond water evaporation and may therefore be a proxy for human usage and 

contamination of pond water.   
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All fecal bacteria were highly correlated to the number of people living within 45 m of 

the pond.  Unlike latrines, people are mobile, and in rural Bangladesh, the relatively secluded 

area around ponds frequently is used for make-shift above-ground latrines consisting of two 

bricks on the ground.  During the surveys, 22 of these “latrines” were recorded as unsanitary 

latrines when they were found, however, their difficulty to find suggests the presence of more.   

The number of unsanitary latrines recorded within each pond drainage basin was 

reasonably predictive of fecal bacteria concentrations (p<0.05), while the numbers of sanitary 

latrines within drainage basins were uncorrelated with fecal bacteria. This highlights the 

importance of properly functioning latrines to minimize fecal contamination in bathing ponds of 

densely populated villages in developing countries like Bangladesh. The number of unsanitary 

latrines within a pond drainage basin was more predictive of fecal indicator bacteria 

concentration than GIS-based counts of any type of latrine (total, sanitary, unsanitary) within a 

60 m radius from each pond (Table III-1). Unlike the pond basin counting method, where the 

number unsanitary latrines were most strongly correlated to fecal bacteria concentrations, GIS-

based total latrines counted within a 60 m radius were more predictive of fecal bacteria 

concentrations than either GIS-based unsanitary or sanitary latrine counts alone. The fact that 

unsanitary latrines counted within pond drainage basins were more predictive is likely the 

result of topography surrounding each pond that determines the direction latrine effluent and 

surface runoff will flow.  For example, there are many depressions throughout Site K that catch 

all effluent from latrines that are located within 10 m of a neighboring pond.  Therefore the 
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observations of latrines within each pond’s drainage basin are a better estimate of the amount 

of effluent received by a pond.     

These findings underscore the impact that sanitation and population has upon village 

ponds in Bangladesh, and supports the notion that the built environment profoundly impacts 

endemic diarrheal disease incidences, especially in developing countries where people are 

exposed to the aquatic environment.  More research is needed to quantify the impact that 

sanitation practices and pond management have on diarrheal disease in developing countries. 
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This chapter is adapted from a manuscript which is in preparation for submission to a 

journal for publication. 

Abstract 

In Bangladesh, numerous ponds within villages represent potential point sources of fecal 

contamination to drinking water wells, especially during the monsoon when they rapidly fill 

with runoff water and drain into the ground. Nine transects of monitoring wells radiating away 

from four ponds were installed in a sandy, unconfined aquifer underlying a village in rural 

Bangladesh, and sampled monthly for cultured E. coli from September 2008 through October 

2009. E. coli was rarely detected in the aquifer adjacent to the ponds during the dry season. 

During the early monsoon, however, high concentrations of E. coli (>800 MPN/100 ml) and 

molecular E. coli and Bacteroides (>100,000 copies/100 ml) were found in the aquifer. In June 

of 2009, water levels in four ponds were artificially raised by 16 to 63 cm to simulate early 

monsoon flooding conditions and microbial indicators were monitored in the adjacent transect 

wells. The distance required for six-log10 (99.9999%) bacteria attenuation, compared to the 

influent pond water, ranged from 5 to 12 m. This distance was estimated based on the modeled 

filtration coefficient fitted to fecal indicator bacteria concentrations. Column experiments with 

1 µm microspheres were performed to evaluate the assumption of scalability of 12 cm columns 

to 7 m field transport studies. Similar filtration coefficients were determined from both column 

and field experiments, indicating that the experiments in the columns provided a good 

representation of aquifer-scale removal processes. During the early monsoon, the presence of 

high concentrations of molecular E. coli and Bacteroides in transects not impacted by 
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immediately adjacent ponds indicates widespread fecal pollution in the shallow aquifer. Factors 

determining whether a pond was likely to be a source of groundwater fecal contamination 

included its geologic setting, depth, and age.     
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IV.1 INTRODUCTION 

In rural Bangladesh where there is typically high diarrheal disease morbidity (Emch, 

1999), the fecal indicator bacterium E. coli is prevalent in rural drinking water wells, with 

frequency of detection ranging from 30% to 70% and typically peaking in the wet season (Leber 

et al., 2010). The spatial distribution of E. coli in shallow aquifers is erratic and transport 

pathways from human fecal sources are not well understood (Leber et al., 2010; van Geen et 

al., In Preparation). Possible pathways for fecal bacteria transport include vertical infiltration 

and subsequent lateral spreading along highly conductive geologic layers, as well as flow along 

the annulus of private wells which are constructed without seals.  The goal of the present study 

was to determine whether infiltration from ponds are likely to represent substantial point 

sources of fecal bacteria to the shallow sandy aquifers in Bangladesh.   

Fecal contamination has been reported in many shallow sandy aquifers throughout the 

world (Rudolph et al., 1998; Schijven et al., 2000; USGS, 2006). This finding is often contrary to 

expectations based on laboratory-scale column experiments, which routinely demonstrate high 

removal rates of bacteria and/or micron-sized particles in fine to medium sand, indicating that 

substantial attenuation should occur within the first meter or two (Zhuang et al., 2004;  Foppen 

et al., 2008; Knappett et al., 2008).  Field studies, however, often show that bacterial transport 

distances are much greater than predicted by laboratory column experiments (Harvey et al., 

1989; Schijven et al., 1998; Foppen et al., 2008). One of the main mechanisms thought to be 

responsible for this over-estimation of filtration efficiency at the column scale is transport along 
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preferential flow paths operating over larger scales than sampled in the column experiments 

(Taylor et al., 2004; Foppen et al., 2008).   

Fecal contamination in drinking water supplies has typically been assessed by the 

presence of culturable E. coli (Yates, 2007). In recent years the availability of molecular 

enumeration methods such as quantitative polymerase chain reaction (qPCR) has increased 

specificity and sensitivity over culture-based and microscopic enumeration methods. With 

molecular methods it is possible to enumerate all genomes of a target microorganism in a 

water sample without sensitivity to metabolic states. Further, genomic material contains much 

information about the identity of a bacterium and even the host organism from which a fecal 

bacterium was produced (Bernhard and Field, 2000; Scott et al., 2002; Layton et al., 2006; 

Noble et al., 2006; Kildare et al., 2007). Since qPCR enumerates bacterial genomes and not 

viable bacteria in a water sample, it may overstate the risk of acquiring diarrheal disease from a 

drinking water source. Comparing results of culture-based and molecular enumeration 

methods, however, may shed light on transport and decay processes in an aquifer.  

Epidemiologic dose-response relationships have not been established for drinking water 

samples using molecular enumeration methods, as they have been with other enumeration 

methods such as direct counting (DuPont et al., 1995) and culturing (Gale et al., 2001). It is 

currently not known how the transport and occurrence of cultured E. coli compares with 

genomes of both E. coli and Bacteroides, although it has been shown that qPCR detects much 

higher concentrations of both E. coli and Bacteroides in groundwater samples than cultured E. 

coli (Knappett et al., In Press).   
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The primary objective of this study is to determine if groundwater recharge from ponds, 

which are ubiquitous in rural villages in Bangladesh, are a major source of fecal contamination 

to shallow sandy aquifers. It is hypothesized that ponds, which typically contain high levels of E. 

coli and other fecal contaminants, rapidly fill with runoff and then drain during the early 

monsoon due an initially depressed water table. It is further hypothesized that factors such as 

pond depth and age (which can lead to a build-up of fine-grained sediments in the ponds over 

time), as well as local variations in sediment grain size, contribute to creating conditions 

conducive to rapid movement of fecal contamination into the shallow aquifers. Additional 

objectives are to a) compare the field-scale transport of cultured E. coli and molecular E. coli 

and Bacteroides through a typical sand aquifer impacted by contaminated pond water; and b) 

compare field- and laboratory-scale measurements of transport of fecal indicators in this type 

of aquifer material. 

IV.2 MATERIALS AND METHODS 

Field Site and Hydrogeology  

Nine transects consisting of five to six monitoring wells (four to five shallow wells and 

one deep well) were installed radiating away from four ponds receiving latrine effluent (Fig. IV-

1). These wells were installed within the village of Char Para, herein referred to as Site K (Radlof 

et al., 2007).  Char Para covers an area of 30 hectares and has a population of approximately 

1500 (Knappett et al., In Review). The properties of the ponds and the neighboring wells are 

described in Table IV-1. The age of each pond was determined by asking the owner. All 
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transects radiate away from at least one pond.  KW-42 was installed as a line of wells between 

two ponds (KP-15 and KP-05). 

A total of forty-seven wells were drilled for the transects near the four ponds (Table IV-

1, Fig. IV-1). Drilling was done by the traditional hand-flapper method: a manual mud 

circulation method that quickly penetrates the loose, wet floodplain deposits throughout the 

Bengal Basin (e.g. Horneman et al., 2004).  The monitoring wells were sealed with cement grout 

from the top of the sand pack, which itself extends 0.7 m above the 1.5 m screened interval, to 

the surface.  They were constructed of 5.1 cm diameter PVC pipe and sampled with an electric-

powered submersible pump (Typhoon, Groundwater Essentials, LLC). The wells were developed 

by pumping   Well depths varied from 5.5 to 7.9 m for the shallow wells and from 8.5 to 10.9 m 

for the deep wells, which were 3 m deeper than the shallow wells. L-shaped piezometers 

extending out into the base of each pond were installed to measure pond water elevation. The 

relative elevation of the top of casing for all wells was measured using a surveyor’s level with 

accuracy of a few millimeters.   
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Table IV-1. Physical properties of ponds and adjacent aquifers 

Deep Well

D50
€ 

(mm)
U

*
Range K

†
 (m/s) K (m/s)

KW-36 0.12 2.4 1.7 - 5.0 x 10
-5

3.7 x 10
-4

KW-37 0.13 2.3 6.7 - 8.8 x 10
-5

4.0 x 10
-4

KW-38 NR
‡ NR 4.5 - 7.6 x 10

-5
1.9 x 10

-4

KW-39 0.30 3.7 1.1 - 2.7 x 10
-4

1.5 x 10
-4

KW-40 0.31 4.2 4.4 x 10
-5

 - 2.5 x 10
-4

1.1 x 10
-4

KW-41 0.23 3.5 2.7 - 2.8 x 10
-4

1.4 x 10
-4

KP-15 4 <1 sand KW-42 0.33 2.9 3.1 - 4.5 x 10
-4

3.3 x 10
-4

KW-43 0.31 3.1 3.4 - 4.7 x 10
-4

2.8 x 10
-4

KW-44 0.29 4.5 2.7 - 3.2 x 10
-4

3.6 x 10
-4

€ 
Averaged median grain diameter from all 0.3 m cores from shallow wells

*
 Uniformity Coefficient averaged from all 0.3 m cores

† Range of Hydraulic Conductivities in shallow wells
‡ 
Not Reported

Pond 

Age 

(yrs)

Transect 

ID

Shallow Wells

KP-10

KP-04

KP-05

Pond 

base 

material

silt

sand

silt

4 >100

Pond 

ID

Pond 

Basin 

Depth 

(m)

4.5 20

2 >30
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KP-04

KP-15

KP-05

KP-10

B

A

B

A

KW-36

KW-42

KW-44

KW-43

KW-38

KW-37

KW-40

KW-41

KW-39

 

Figure IV-1. Locations of ponds and transects within Site K. Ponds and transect locations (± 0.5 

m) are approximate.  All shallow wells within a given transect were spaced exactly 1 m apart. 

Distance of the closest transect well to the pond water edge varied from 1.9 to 5.1 m.  

 

 

 

 

 



123 

 

Drill cuttings from each hole were visually logged at 1.5 m intervals. In at least one 

shallow well per transect, 0.3 m long core samples were collected using manual direct push 

coring methods with an AMS 424.45 core sampler (AMS, American Falls, Idaho, USA), from 3 m 

below the surface to the bottom of the borehole. For each 0.3 m core, silt layers were identified 

at sub-centimeter resolution and dry sieving was performed on the sand component only. 

Logarithmic interpolation was used to obtain the tenth percentile (d10), median (d50) and 

sixtieth percentile (d60) grain diameters (Bardet, 1997) and the uniformity coefficient 

(U=d60/d10) was calculated for each core.           

Water levels were measured using water level tapes (Dipper-T, Heron Instruments Inc., 

Burlington, Ontario, Canada) and pressure transducers (Levelogger Model 3001, Solinst Canada 

Ltd., Georgetown, Ontario, Canda). Manual water level monitoring of all transect wells and 

ponds was performed at a minimum of once a week from June 11 to July 20, 2009 and once a 

month through November, 2009 thereafter. Rising head slug tests were performed in triplicate 

on each well using a pneumatic pressuring device which seals to the top of the well and a 

pressure transducer. The average Coefficient of Variation for the triplicate measurements made 

for all wells was 5%. Lateral average linear groundwater velocities were calculated from 

measured hydraulic gradients and average conductivity of the shallow wells within each 

transect assuming a porosity of 0.4 (Table IV-1). Vertical velocities were estimated from 

measured vertical gradients by assuming an anisotropy factor of 10 (Kx/Kz). Anisotropy factors 

measured on 61 core samples of fluvial and lacustrine sediments in California typically ranged 

from 2 to 10 (Johnson and Morris, 1962 as cited in Freeze and Cherry, 1979). Precipitation data 
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was downloaded from the National Climatic Data Center (www7.ncdc.noaa.gov/CDO/cdo) for 

the time period from June 1 through July 20 from the Dhaka weather station, which is located 

25 Km west of Site K.  Several missing days were filled in using data recorded by a HOBO 

Weather Logger (model H21-001, Onset Computer Corporation, Bourne MA) equipped with a 

rain gauge (model S-RGB-M002, Onset Computer Corporation, Bourne MA) located in the 

region of Matlab 50 Km south of Site K.    

Seasonal Monitoring  

Bangladesh experiences a dry season from November through April and a wet season 

which lasts from May through the end of October, during which the vast majority of annual 

precipitation occurs. Year-round monthly monitoring for E. coli was performed on the closest 

and furthest shallow wells in eight transects (excluding KW-42) from September 2008 through 

May 2009.  In addition to these eight transects, KW-42 was also monitored monthly from June 

through the end of October 2009.   

The well sampling protocol was as follows. Sixty to one-hundred liters were purged from 

each well using an electric-powered submersible pump (Typhoon, Groundwater Essentials, LLC), 

representing approximately three wellbore volumes (Knappett et al., In Press). At the start of 

sampling a new transect all tubing and pumps were soaked in a cleaning solution consisting of 

powdered Chlorox (5 g) and TWEEN-80 (5 ml) (T164-500, Fischer Scientific) mixed in 10 L of 

water from a nearby private well. The cleaning solution was cycled through the tubing for 5 

minutes, followed by rinsing with 10 L of private well water containing 5 g of sodium thiosulfate 

(S446-3, Fisher Scientific) for 2 minutes. Well pumping flow rates varied depending on battery 
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strength, but were generally between 5 and 10 L/min. Submersible pumps ran continuously 

while 4 to 8 L of groundwater was filtered through a 0.22 µm nitrocellulose filter (150 ml 

Vacuum Driven Disposable Filtration System, Stericup, HV Durapore Membrane, Millipore 

Corp., Bedford, Massachusetts). Filtration times typically varied from 30 to 60 minutes, with the 

flow rate and filtered volume related to the turbidity of the water.  

A six week period of intensive quasi-weekly monitoring (June 11 to July 20) was 

performed on six transects (KW-36, 37, 39, 41, 42, 43) during the early 2009 monsoon. During 

the first week of intensive monitoring, sampling was performed under natural gradient flow 

conditions.  

Table IV-2. Volumetric and Microbial Dilution Factors of Ponds after Filling 

Pond 

ID

Filling 

Date

Pond 

Level 

Rise (m)

Initial 

Volume 

(m
3
)

†

Added 

Volume 

(m
3
)

†

Volumetric 

Dilution 

Factor

E. coli 

Dilution 

Factor
‡

KP-10 23-Jun 0.16 72 21 0.77 0.01

KP-04 25-Jun 0.16 148 22 0.87 0.82

KP-15 1-Jul 0.63 0 97 NA
*

NA

KP-05 27-Jun 0.53 296 32 0.90 0.35

†
 Estimated from measured pond dimensions

‡
 Based on measured E. coli concentrations before and after flooding

*
 Not Applicable  
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Field-scale Infiltration Experiment 

The second phase of sampling was performed after the ponds were partially filled by 

introducing groundwater from deep transect wells (~10 m) to simulate a major rainfall event. 

There is strong evidence for the existence of a fine-grained layer on the base of the ponds, 

which may inhibit recharge into the aquifer when pond levels are low (Sengupta et al., 2008).  

During the early monsoon, pond levels had been observed to increase and then decrease by as 

much as one meter within 24 hours in response to rainfall events. It is possible that during 

storms water levels can rise above the silt-clogged lower portion of the ponds and then drain 

rapidly into the adjacent sand aquifer, creating ideal conditions for rapid movement of bacteria 

into the aquifer. To simulate the condition of monsoon-induced rises in pond level water levels 

were increased by pumping. These increases in pond levels correspond to estimated additional 

volumes of water shown in Table IV-2 along with approximate volumetric dilution factors. KP-15 

did not have natural standing water during this monitoring period and water from KP-05 was 

channeled into KP-15 two days after KP-05 had itself been filled. 

Lab-scale Experiments 

To compare transport at the field scale (~7 m) with the column scale, saturated flow 

transport experiments were performed in triplicate with sand collected from the base of the 

pond KP-15 in repacked columns 12 cm long with an inner diameter of 1.9 cm. Glacial Blue 

microspheres 1 μm in diameter (Bangs Laboratories, Fishers, IN) were chosen as surrogates for 

microbial contaminants since they were previously shown to be transported very similarly to E. 

coli in similar deltaic sand from Bangladesh (Feighery et al., In Review). The microspheres were 
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added to the spiked influent solution at a concentration of 10
6
 spheres/ml. For the influent 

solution KCl was added to deionized water to achieve an ionic strength of 3.5 mM, similar to 

pond water. Bromide was added with the microspheres in the spiked influent solution as KBr 

(20 mg/L) and the background KCl concentration was reduced to keep ionic strength consistent 

(+/- 20 µS/cm).  Influent and effluent bromide concentrations were monitored using an Orion 

9635BNWP ion-selective bromide electrode (Thermo Scientific, Waltham, MA). Bromide was 

used as a conservative tracer to measure pore flow velocity (v), calculate longitudinal 

dispersivity (αx) and to verify consistent packing between columns by fitting the experimental 

data to a traditional one-dimensional convection-dispersion equation using the software CXTFIT 

(Toride et al., 1995; Knappett et al., 2008).  

After initial upward flow saturation, to ensure air pockets were not present in the sand, 

10 pore volumes of a KCl solution was pumped downward followed by 8 pore volumes of spiked 

influent solution followed by flushing with the KCl solution for 10 pore volumes. A constant flow 

rate of 1 ml/min was used throughout the experiment. Forty-two samples (3-10 ml) were taken 

for each trial with a sampling interval of every 10 minutes for the flushing and steady-state 

breakthrough phases and every 3 minutes during the rising and falling limbs of the 

breakthrough curve. Enumeration of the microspheres were performed on 0.5 ml aliquots of 

the samples using a 4-Laser BD LSR-II benchtop flow cytometer (BD Biosciences, San Jose, CA) 

using an excitation wavelength of 355 nm and a detection wavelength of 450 +/- 25 nm. In all 

other respects, the experimental method followed was identical to that presented in Feighery 
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et al. (In Review) for a disturbed, unwashed sand sample, and similar to other published column 

transport studies (e.g. Zhuang et al., 2004; Knappett et al., 2008). 

Chemical and Microbial Measurements 

Major cations and trace metals were analyzed from water samples to determine 

chemical indicators of pond water entering the aquifer.  Water samples from five transect (KW-

36, 37, 39, 42, and 43) and all four ponds were analyzed, at a minimum, once before and once 

after artificial pond filling.  Twenty mL vials were brought back to Lamont-Doherty Earth 

Observatory of Columbia University to analyze using ICP-MS.  The elements analyzed were the 

major cations Na, Mg, Si, P, S, K, Ca, Mn, Fe, and the trace metals Ni, As, Mo, Ba, U, Cd, Sb and 

Pb.  Principal components analysis was performed using the software NCSS (version 07.1.14, 

NCSS, LLC, Kaysville, Utah) on the major cation concentrations to determine whether water 

chemistry differences existed between shallow and deep transect wells and pond water and 

whether there were temporal changes.    

Two types of detection methods were utilized to measure fecal microorganisms, 

culture- and molecular-based methods. To measure culturable E. coli, the MPN based Colilert
TM

 

test kit was used (IDEXX Laboratories, Inc.). Duplicate 100 mL groundwater samples were 

collected in sterile containers for culturable E. coli. For all Colilert assays, lab blanks using 

bottled water were performed every 30
th

 sample. For pond samples, dilution with bottled 

water was required with the Colilert assay since the culturable bacteria exceeded the maximum 

detection limit of 2419 bacteria/100 ml.   
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To enumerate fecal bacteria genomes, 4 to 8 L of groundwater or approximately 0.2 L of 

pond water, was filtered through a 0.22 µm nitrocellulose filter (150 ml Vacuum Driven 

Disposable Filtration System, Stericup, HV Durapore Membrane, Millipore Corp., Bedford, 

Massachusetts). The filters were removed from the plastic housing, placed in sterile petri 

plates, frozen and transported on dry ice back to the University of Tennessee. DNA was 

extracted and purified from the filters using the FastDNA® SPIN for Soil Kit (MP Biomedicals, 

LLC, Solon, Ohio) following the manufacturer’s protocols.  

Quantitative PCR was performed to detect E. coli and Bacteroides using the identical 

assays and laboratory methods as described in Knappett et al. (In Review).  The gene targets for 

the E. coli (herein referred to as mE. coli) and Bacteroides assays were the 23S rRNA gene and 

the 16S rRNA gene, respectively (Bernhard and Field, 2000; Layton et al., 2006; Knappett et al., 

In Press).  Data for each sample and assay was calculated as copies/ng of total extracted DNA 

and then converted to copies/100 ml based on the volume of water filtered. The method 

detection limit, MDL, was determined to be when the copies of marker DNA was less than 1 

copy per ng of extracted DNA. Since the mass of extracted DNA varied between water samples, 

the marker MDL’s varied. However, a geometric mean of 40 copies/100 ml was used as the 

effective MDL for molecular assays in groundwater. In all pond water samples, gene 

concentrations exceeded the MDL by several orders of magnitude.  The average Coefficient of 

Variation between the three trials for each sample was 31% for all mE. coli and Bacteroides 

assays.  
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Microbial Transport Modeling 

The filtration of bacteria through porous media may be described by the exponential 

spatial decay equation first proposed by Iwasaki (1937):  

Equation 1 

 

where C(x) is the bacteria concentration at x distance from the input source, Cx=0 is the initial 

input concentration at the source, and β is the filtration coefficient. In this study the filtration 

coefficient describes the number of loge concentration cycles that are lost per meter of 

transport through the aquifer. Equation 1 was fit to loge-standardized concentrations (C(x)/Cx=0) 

of each fecal bacteria in groundwater using linear regression to obtain β with 95% CI’s.  

An exponential temporal decay equation was used to describe bacteria die-off or decay 

in the aquifer: 

Equation 2 

 

where C(t) is bacteria concentration at time t from the initial measured concentration Ct=0. The 

die-off or decay rate constant is k. In the present study k represents the number of loge cycles 

of bacterial marker concentrations that are lost per day (Sinton et al., 2002; Bell et al., 2009).  

Equation 2 was fit to loge- standardized concentrations (C(t)/Ct=0) of each fecal bacteria markers 

in transect KW-39 using linear regression to obtain k.   
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IV.3 RESULTS 

Hydrogeology 

 The locations of the monitoring wells and sediment types for the four transects; KW-37, 

39, 42, 43 are displayed in Figure IV-2. Physical properties of the sediments and ponds are 

shown in Table 1. Transects KW-39, 42 and 43 are located in the northeast corner of Site K (Box 

B, Fig. IV-1) where the fine sand aquifer is overlain by a 1.5 to 3 m layer of silt (Fig. IV-2b, c, d).  

With the exception of transect KW-40, where the hydraulic conductivity in the three shallow 

wells furthest from the pond ranged from 4.4 – 6.2x10
-5

 m/s (Table IV-1), shallow transect wells 

and deep wells had similar hydraulic conductivities in this area ranging from 1.1 - 4.7x10
-4

 m/s 

(Table IV-1).  Silt layers were encountered in transects KW-39 and 42, as evidenced by a 20 cm 

thick, laterally continuous layer within the screened interval of the shallow wells in KW-39 (Fig. 

IV-2b).  A fining of the median grain diameter (d50) and an increase in Uniformity Coefficient (U) 

with depth was observed in each of the cored KW-39 wells (Fig. IV-2b). More silt layers were 

encountered in the well furthest from the pond (KW-39.1d) than the well closer to the pond 

(KW-39.1a) indicating a fining to the right (Fig. IV-2b). In the southern part of the village (Box A, 

Fig. IV-1), the shallow wells were emplaced within a very fine sand aquifer (d50 = 0.10 mm, 

K=2.9 – 8.1x10
-5

 m/s), underlain by a highly conductive aquifer (K=4.0x10
-4

 m/s) (Table IV-1).    
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Figure IV-2. Geologic cross-sections of Transects KW- 37, 39, 42 and 43.  Cored sections of 

boreholes are indicated by a vertical black bar. Silt is indicated by dark grey shading. The level 

of the water table and ponds are indicated by the grad symbol. 
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Figure IV-3. Seasonal E. coli concentration in the closest well to each pond (dotted horizontal 

line is the detection limit).  Transect KW-42.1a was not monitored until 06/11/09.  Weekly 

precipitation is shown for Matlab (50 Km south of Site K) (Panel B). In Panel A, manual 

groundwater levels are displayed at Site K (dashed line) from 09/10/08 through 11/11/09 

whereas continuous water levels (solid line) were available from 07/10/09 through 11/11/09.  

Lateral groundwater velocities in each of the four transects are displayed (Panel A) with positive 

velocity indicating flow away from a pond.   
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Seasonal Monitoring  

Monthly monitoring of the transect wells from September 2008 through May 2009, 

showed that these wells were largely free of cultured E. coli (Fig. IV-3b). During the 2009 

monsoon season, however, substantial concentrations of fecal bacteria were observed in the 

adjacent aquifer in transects KW-39 and KW-42 prior to artificial pond filling (Fig. A-IV-2).  These 

increases in E. coli were accompanied by the onset of the 2009 monsoon, when the local water 

table began to rise with an increase in lateral groundwater velocities away from ponds KP-04 

and KP-15 (Fig. IV-3a). Water levels were not measured in transect wells between September, 

2008 and June, 2009.  Later in the 2009 wet season the hydraulic gradients reversed to flow 

towards the ponds, and E. coli concentrations decreased in the transect wells. 

Field-scale Transport Experiments 

All three latrine ponds in this study (KP-04, KP-05 and KP-10) have high concentrations 

of cultured E. coli throughout the year varying between 10
4
 and 10

6
 MPN/100 ml (Table A-III-9, 

A-III-10, A-III-13). E. coli concentrations in ponds varied substantially, however, during the 

experiments when groundwater was pumped into the ponds to raise the water level and 

increase recharge to the aquifer. Estimated volumetric dilution factors, based on the change in 

pond water level as a result of pumping for KP-04, KP-05 and KP-10 were 0.87, 0.90 and 0.77, 

respectively (Table IV-2). Measured dilution factors in E. coli concentrations for these same 

ponds were 0.82, 0.35 and 0.01, respectively (Table IV-2). The measured dilution factor using E. 

coli was very similar to that predicted based on the estimated amount of water added for KP-

04. E. coli concentrations in KP-05 and KP-10, however, apparently decreased much further 
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than expected based on estimated volumetric dilution factors (Table IV-2). This is likely due to a 

lack of vertical mixing in the pond during filling with groundwater resulting in underestimated E. 

coli concentrations. After dilution, pond water E. coli concentrations increased within several 

days after filling with groundwater, following several intense rainfall events. 

A decline in concentration of fecal bacteria with distance away from ponds was 

observed before and after filling during the intense monitoring period (Fig. IV-4). Although 

filling KP-04 (June 25) produced an increased lateral hydraulic gradient (Fig. IV-5) it did not 

greatly increase fecal bacteria concentrations in those same transects since they were already 

contaminated (Fig. A-IV-2). The deep well, KW-39.2, had at least 2-log10 lower concentration of 

each fecal bacteria marker than the shallow well nearest the pond (KW-39.1a).  

The strongest increase in hydraulic gradient and fecal bacteria concentration was 

observed in transect KW-42 after filling KP-15 with water from KP-05 (Fig. IV-4). Filling KP-15 on 

July 1 immediately increased lateral flow velocity to 4 m/s (Fig. IV-5). Transect KW-42 is 

oriented perpendicular to the edges of both KP-05 and KP-15 (Fig. IV-1) and a positive velocity 

indicates flow away from KP-15. No cultured E. coli was detected in the deep well for transect 

KW-42 either before (Fig. A-IV-2d) or after filling KP-15 (Fig. IV-4d). In contrast high 

concentrations of both mE. coli and Bacteroides genes (10
4
 and 10

5
 copies/100 ml respectively) 

were found in the KW-42 deep well after filling (Fig. IV-4e, f). 
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Figure IV-4. Fecal bacteria concentrations in transects KW-39, -42 and -43 with lateral distance 

from pond KP-04, -15 and -05 respectively. Concentrations in transects KW-39 and -42 

increased after filling but were relatively stable thereafter.  The results for KW-39 represent one 

day after filling (June 26) and KW-42 represents five days after filling (July 6). No lateral gradient 

in fecal bacteria was evident in KW-43. Black filled symbols represent pond and shallow wells, 

and hollow symbols represent deep wells.  The light solid line represents the curve fitted with 

linear regression using Equation 1. “Beta” indicates the filtration coefficient when pond water is 

used as the initial concentration (Cx=0), whereas “Beta gw” indicates the filtration coefficient 

regressed on the groundwater concentration only (the closest well to the pond becomes Cx=0). 

 

 

 

 

 



138 

 

E
. 
c
o

li
 (

M
P

N
/1

0
0

 m
l)

1e-1

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

Beta = 2.35 (2.02 - 2.68)

95% Confidence Interval

MDL

Beta gw = 2.16

KW-39
1 day after filling

(a)

m
E

. 
c
o

li
 (

C
o

p
ie

s
/1

0
0

 m
l)

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

Beta = 1.42 (1.10 - 1.74)

95% Confidence Interval

MDL

Beta gw = 1.28 

KW-39
1 day after filling

(b)

B
a

c
te

ro
id

e
s
 (

C
o

p
ie

s
/1

0
0

 m
l)

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8
Beta = 1.48 (1.02 - 1.93)

95% Confidence Interval

MDL

Beta gw = 0.64

KW-39
1 day after filling

(c)

 

E
. 
c
o

li
 (

M
P

N
/1

0
0

 m
l)

1e-1

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

Beta = 1.59 (1.28 - 1.90)

95% Confidence Interval

MDL

Beta gw = 0.72

KW-42
5 days after filling

(d)

m
E

. 
c
o

li
 (

C
o

p
ie

s
/1

0
0

 m
l)

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

Beta = 1.73 (1.42 - 2.03)

95% Confidence Interval

MDL

Beta gw = 1.51

KW-42
5 days after filling

(e)

B
a

c
te

ro
id

e
s
 (

C
o

p
ie

s
/1

0
0

 m
l)

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

Beta = 1.31 (1.06 - 1.57) 

95% Confidence Interval

MDL

Beta gw = 0.96

KW-42
5 days after filling

(f)

 

Distrance from Pond (m)

0 1 2 3 4 5 6 7

E
. 
c
o

li
 (

M
P

N
/1

0
0

 m
l)

1e-2

1e-1

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

MDL

(g)

KW-43
11 days after filling

0 1 2 3 4 5 6 7

m
E

. 
c
o

li
 (

C
o

p
ie

s
/1

0
0

 m
l)

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

MDL

Distance from Pond (m)

KW-43
11 days after filling

(h)

Distance from Pond (m)

0 1 2 3 4 5 6 7

B
a

c
te

ro
id

e
s
 (

C
o

p
ie

s
/1

0
0

 m
l)

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

MDL

(i)

KW-43
11 days after filling



139 

 

   

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

3.8

4.0

Jun 8 Jun 15 Jun 22 Jun 29 Jul 6 Jul 13 Jul 20

0

20

40

60

KP-0
4

KP-1
5

KP-0
5

 

 KW-37    KP-10

 KW-39   KP-04

 KW-42   KP-15

 KW-43   KP-05

L
a

te
ra

l 
g
ro

u
n

d
w

a
te

r 
v
e
lo

c
it
y
 (

m
/d

a
y
)

KP-1
0Start of filling

Transect Pond

 R
a
in

fa
ll 

(m
m

)

 

 

Figure IV-5. Response of lateral groundwater velocities determined by Darcy’s law in transects 

to natural precipitation events and artificial pond filling.  Dates of pond filling are indicated with 

arrows and dashed vertical lines.  Precipitation histogram shows daily rainfall for Dhaka 25 Km 

west of Site K.  Lateral average linear groundwater velocities are positive away from each 

transect’s pond indicated in the legend.  Transect KW-42 is in between KP-05 and KP-15. 
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The level of the ponds and the unconfined water table in the four transects several 

hours after artificial pond filling is shown in Figure IV-2.  KP-15 went dry only 24 hours after 

filling and produced the highest lateral (Fig. IV-5) and vertical (Fig. A-IV-1) gradients of all the 

monitored transects. An approximately 1 m thick vadose zone was present between the base of 

the pond and the saturated zone (Fig. IV-2). Groundwater levels rose approximately 30 cm 

during the period from June 11 to July 20 (Fig. IV-3). The water table rose above the base of 

each pond during the last week of August 2009 eventually rising to within 1 m of ground 

surface by the end of September 2009 (Fig. IV-3).   

Only two ponds produced increased lateral hydraulic gradients in the adjacent aquifer, 

with rapid flow occurring in KW-39 and KW-42 immediately after filling (0.5 and 4.0 m/s 

respectively) (Fig. IV-5).  Transects KW-37 and KW-43 did not respond hydraulically to filling of 

ponds KP-10 and KP-05 respectively (Fig. IV-5), and no hydraulic response was observed in any 

of the other transects around these ponds. The hydraulic gradient in KW-43 did, however, 

increase in response to filling KP-15 (Fig. IV-5) approximately 20 m away (Fig. IV-1). Frequent 

rainfall beginning on June 30
th

 interfered with the assessment of the rate of decline in pond 

water level after artificial filling.     

In transects KW-37 (KP-10) and KW-43 (KP-05) cultured E. coli was rarely detected 

during the intense monitoring period (June 11 to July 20) (Fig. IV-3).  Very low concentrations 

(<100 Copies/100 ml) of mE. coli and Bacteroides were present in KW-37 (data not shown), 
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whereas these markers were present well above method detection limits in transect KW-43 

(Fig. IV-4). mE. coli and Bacteroides concentrations were relatively high in KW-43 (>10,000 and 

~700 copies/100 ml respectively), however, no lateral concentration gradient was observed 

(Fig. IV-4h, i).  Similar to the neighboring transect KW-42, no decrease in mE. coli and 

Bacteroides concentration with depth occurred in KW-43 (Fig. IV-4h, i).  This sampling event 

represents the only time that concentrations of mE. coli exceeded Bacteroides in this study.    

No single cation or trace metal concentration, or linear combination thereof (Principal 

Components Analysis), indicated pond water recharge into the aquifer. Groundwater was 

generally high in the cations Ca, Mg, Na, K, Fe and Si with average concentrations of 30, 13, 16, 

8, 14 and 23 ppm respectively. Pond water chemistry was more variable between the three 

ponds KP-10, KP-04 and KP-05 (KP-15 was filled with water from KP-05) than groundwater. 

Ponds were artificially filled with groundwater from deep transect wells thus changing the pond 

water chemistry. Before artificial filling, KP-10 and KP-04 were both elevated relative to 

groundwater in Ca (55 and 42 ppm, respectively) and Mg (19 and 18 ppm, respectively). 

Further, KP-10 was also elevated relative to groundwater in Na and K (38 and 28 ppm, 

respectively). All ponds were initially lower in [Fe] (<4 ppm) than groundwater (14 ppm), 

however pond [Fe] approximately doubled due to groundwater input. 

Column Experiments 

Triplicate column experiments conducted with 1 µm microspheres using repacked sand 

taken from the base of KP-15 showed that normalized steady-state breakthrough 

concentrations (C/Co) resulted in a measured filtration coefficients (β) ranging from 1.44 to 
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2.10. These filtration coefficients were calculated using equation 1 by averaging C/Co across the 

steady-state portion of the breakthrough curve and setting x to 0.12 m. This range of filtration 

coefficients corresponds to a 6-log10 removal distances of 6.6 to 9.6 m.  Fitted velocities (v) and 

longitudinal dispersivities (αx) to the bromide tracer, using the program CXTFIT (Toride et al., 

1995) were estimated to range from 9.5 to 10.3 m/day, and 0.22 to 0.41 m, respectively, 

indicating consistent packing between replicate columns (Knappett et al., 2008) (Fig. IV-6).  

Switching influent water from the spiked solution (KCl, KBr and microspheres) to a colloid-free 

solution (KCl) coincided with an increase in effluent microsphere concentration to 

approximately two times the influent concentration (Fig. IV-6). This increase was due mostly to 

the velocity instability or short interruption occurring during the switch of solutions (Zhuang et 

al., 2007; 2009). The resulting estimated pore water velocities in the columns (~10 m/day) were 

higher than the measured peak average linear groundwater velocities in transect KW-42 (~4 

m/day). The larger velocity observed in the columns than in the field might have resulted in 

smaller microsphere filtration efficiencies in columns because pore velocity is inversely 

correlated to filtration efficiency and (Harter et al., 2000; Zhuang et al., 2004).  
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Figure IV-6. Triplicate breakthrough curves of microspheres and Bromide in three different 10 cm columns packed with sand from 

the base of the pond KP-15.  Longitudinal dispersivity (αx) and velocities were calculated with bromide using the software CXTFIT 

(Toride et al., 1995).   
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Figure IV-7. Modeled 6-log10 removal distances over time since pond filling for monitoring wells 

KW-39 and 42, adjacent to ponds KP-04 and KP-15 respectively. Panels A, B and C represent 

modeled 6-log10 removal distances for E. coli, mE. coli and Bacteroides, respectively. 
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Microbial Transport Modeling 

Modeled filtration coefficients (Equation 1) on aquifer concentrations in KW-39 and -42 

of E. coli, mE. coli and Bacteroides (Fig. IV-4) were measured using regression on two different 

data sets. The first method measured the filtration coefficient along the pathway from the base 

of the ponds to the aquifer (“Beta”). The second method measured the filtration coefficient 

along the saturated aquifer flow path only (“Beta gw”). It was found that the filtration 

coefficient measured along the saturated flow pathway (Beta gw) was always lower than that 

found along the entire flow path from the pond base through the aquifer (Fig. IV-4). For 

example, the fitted concentration curve for E. coli in along the saturated flow path (Beta 

gw=0.72) KW-42 shows a more gradual concentration decline than that fitted along the entire 

flow path (Beta=1.59) (Fig. IV-4d).     

Filtration coefficients measured along the entire flow path from pond to aquifer (Beta) 

were used to calculate expected 6-log10 (99.9999%) removal distances (Fig. IV-7). This is the 

maximum predicted distance that E. coli from a latrine pond (~10
6
 MPN/100 ml) will have a 

measurable impact on the microbial groundwater quality using the Colilert assay with (1 

MPN/100 ml detection limit).  This estimated distance ranged from 5 to 12 m, with cultured E. 

coli being removed across a shorter distance than mE. coli and Bacteroides. In transect KW-42 

the maximum distance for E. coli transport seemed to peak at 10 m after three days of filling. 

Shorter transport distances were indicated by the data fit to Equation 1 in KW-39 with a 

maximum 5 m, one day after filling. 
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Bacterial Persistence Modeling 

 Bacteria concentrations were measured at three sampling events over 11 days in 

shallow wells in the transect KW-39 from the day after artificial filling of KP-04 (June 26) 

through July 6. Decay rate constants (k) were derived from linear regression fitted to loge-

transformed normalized concentrations (C(t)/Ct=0) using Equation 2 (Table IV-3). Decay rate 

constants were similar for all three markers with k = 0.11, 0.17 (± 0.05) and 0.16 (± 0.03) day
-1

 

for E. coli, mE. coli and Bacteroides respectively (Table IV-3). Goodness of fit was high, as 

indicated by an R
2
 of over 0.95 in all but one well/marker (KW-39.1b/Bacteroides) where an R

2
 

of 0.82 was observed. Standard deviations (indicated in parentheses) were based on decay 

rates derived from the three closest wells to the pond for mE. coli and Bacteroides whereas 

only the closest well had high enough initial levels of E. coli to measure decay rate. Sampling 

events on KW-42 were too infrequent, following filling to estimate decay rates.             

Table IV-3. Time decay rate constants (k) measured at three sampling events over 11 days in 

transect KW-39 after KP-04 was artificially flooded. Only the well closest to the pond had high 

enough initial concentrations of E. coli to estimate decay rate. Time to <MDL is the predicted 

number of days required for initial concentrations to fall below the method detection limit. The 

6-log10 removal time is the predicted time required for pond water with a concentration of 10
6
 

MPN /100 ml to be reduced to below the detection limit of the Colilert assay (1 MPN /100 ml).    

k
€

Time to < 

MDL 

(days)

6-Log10 

Removal 

Time (days)

E. coli 0.11 28 127

mE. coli 0.17 (± 0.05)
†

34 (± 6) 84 (± 22)

Bacteroides 0.16 (± 0.03) 56 (± 12) 90 (± 19)

€
 k  is decay constant of loge concentration per day

†
 Standard deviation based on decay rates measured

in three closest wells to pond  
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IV.4 DISCUSSION 

Bacteria Occurrence and Transport 

During the 2009 monsoon, two ponds KP-04 and KP-15 were sources of fecal pollution in 

the adjacent aquifer under both natural and forced gradient conditions. An explanation of why 

the other two ponds KP-10 and KP-05 did not contaminate groundwater can be found by 

examining the geology, age and depth of the pond (Table IV-1, Fig. IV-2).  KP-10 is a deep, old 

pond (>100 yrs), with a well developed layer of organic silt on the bottom and emplaced within 

a very fine sand aquifer (Fig. IV-2a).  This silt layer effectively seals the pond from leaking into 

the aquifer, even after an extreme simulated rainfall event.  These findings agree with Sengupta 

et al. (2009) who found there was no chemical evidence that pond water mixes with 

groundwater in West Bengal, India during the dry season.  Further, the fine grained aquifer 

surrounding KP-10 should be an effective filter for microorganisms (d50=0.1 mm) should pond 

water enter the aquifer (Knappett et al., 2008).  Similarly, KP-05 is an old (>30 yrs), shallow 

pond emplaced within the local 1.5 to 3 m silt layer covering much of the northeast corner of 

Site K (Fig. IV-2c, d). In contrast KP-04 and KP-15 penetrated the surficial silt in the northeast of 

Site K, exposing the sandy aquifer below to rapid infiltration (Fig. IV-2b, c). KP-15 was being 

actively excavated until the day of filling, precluding the possibility of an organic silt layer that 

would filter out bacteria before they entered the subsurface environment.      

According to the filtration coefficients determined from in situ measurements along the 

entire flow path from pond to aquifer (Fig. IV-4), 6-log10 removal of bacteria occurs within 10 m 

for E. coli and mE. coli and within 12 m for Bacteroides from KW-42 (Fig. IV-7). Longer transport 



148 

 

distances would be predicted based on the filtration coefficients measured along the saturated 

flow path only, however these are not reported here for simplicity. The shorter 6-log10 removal 

distance for E. coli in KW-39 (5 m) likely results from an increasing amount of silt away from the 

pond (Fig. IV-2b).  This difference in 6-log10 removal distances was not observed between KW-

42 and KW-39 for molecular E. coli and Bacteroides, indicating that total bacterial gene 

populations may be transported further in the form of shrunken non-culturable bacteria than 

cultured bacteria particles (Foppen et al., 2007). Further, high concentrations of mE. coli 

(~10,000 copies/100 ml) and Bacteroides (~500 copies/100 ml) detected in KW-43 suggest that 

a substantial proportion of fecal bacteria genes in the aquifer are being transported beyond 12 

m from a source.  

In contrast to the overestimation of filtration efficiency found in other studies (Schijven 

et al., 1998; Foppen et al., 2008), ex situ filtration coefficients for 1 µm microspheres in 12 cm 

repacked columns of sand collected from the base of KP-15 were very similar to those 

measured in the aquifer for fecal bacteria.  This suggests that the results of these bench-scale 

measurements may be predictive of field filtration within the aquifer under KP-15.      

During the early monsoon, contaminated pond water must pass vertically through an 

unsaturated zone before entering the saturated aquifer (Fig. IV-2). Although bacterial filtration 

in unsaturated porous media is more efficient than in saturated media, as indicated by the 

larger filtration coefficients measured along the entire flow path from ponds to aquifer than 

those measured only in the aquifer (Fig. IV-4), bacterial filtration is highly affected by percent 

saturation (DeNovio et al., 2004). Removal of bacteria in the sediment adjacent to ponds would 
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potentially be less efficient when the water table rises above the base of the ponds and a direct 

saturated hydraulic connection between the pond and the aquifer exists. When the 

groundwater table rose above the base of the pond in late August, however, E. coli 

concentrations later in the wet season (Aug, Sept, Oct, Nov) were far lower than that measured 

in KW-39 and KW-42 in the early monsoon (Fig. IV-3).  This can be explained by: 1) the vertical 

distance between the base of the pond and the water table during the early monsoon creates 

ideal conditions for rapid downward flow of contaminated water when it rains, and 2) lateral 

gradients reverse from the early monsoon, and flow towards the ponds during the later wet 

season. In temperate climates a thick vadose zone is considered essential protection from fecal 

pathogens. This study however, shows that monsoonal rainfall events causing rapid flow 

through the vadose zone increase the threat to microbial quality of shallow aquifers, than when 

an unsaturated zone is absent under the ponds. As indicated by the peak concentration of 

microspheres (Fig. IV-6) resulting from the flow interruption or associated change in flow 

velocity when solution was switched in the column experiments, fluctuation of water table 

facilitated the remobilization of bacteria retained in the vadose zone between the bottom of 

pond and the pre-monsoon water table. 

Once high concentrations of fecal bacteria enter the aquifer, in this system at 26  ̊C, they 

may persist for an estimated 28 (E. coli) to 56 days (Bacteroides), corresponding to decay rates 

(k) of 0.11 and 0.16 day
-1

 for E. coli and Bacteroides, respectively (Table IV-2). Foppen et al. 

(2008) found similar decay rates of cultured E. coli in groundwater at 20  C̊ of 0.15 loge day
-1

. 

Sinton et al. (2002), however, found a higher E. coli decay rate of 0.55 day
-1

 in unfiltered surface 
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water at 14  C̊. Bell et al. (2009) found that Bacteroides concentration decreased approximately 

0.81 day
-1

 in unfiltered (aerobic) surface water at 25  C̊. Presumably the higher E. coli and 

Bacteroides decay rates in surface water were due to processes less active in groundwater, such 

as exposure to oxygen and predation.  

This study implicates ponds as seasonal sources of fecal contamination to shallow 

aquifers in Bangladesh with transport of E. coli from ponds potentially accounting for the broad 

distribution of E. coli observed at Site K (van Geen et al., In Preparation) and in other sandy 

village sites in Bangladesh (Leber et al., 2010). Typically during the end of the monsoon (Aug-

Sept), substantial areas of Site K are inundated by surface water from local precipitation and 

the nearby river, and this also may result in broad distribution of fecal contamination sources. 

Since latrines are ubiquitous in rural villages in Bangladesh, improved sanitation would greatly 

improve the microbial drinking water quality of shallow aquifers (Knappett et al., In Review). In 

Bangladesh drinking water wells are frequently installed next to latrines and ponds, which serve 

as a place to hold feces overflowing from leaky (unsanitary) latrines, due to the necessity of 

obtaining clean water for hygiene. Without detailed geologic information to identify ponds with 

high bacterial transport potential, every pond represents a potential point source in fecal 

contamination. This study indicates that installing drinking water wells further away from 

ponds, ideally at least 12 m away, would greatly decrease the risk of consuming fecal bacteria 

from the contaminated aquifer.   
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Two years of monthly E. coli monitoring from over fifty-five wells throughout the sandy 

village of Char Para (Site K) revealed extensive fecal contamination of private wells with 30 to 

70% of wells testing positive for E. coli. The installation and monthly sampling of sealed 

monitoring wells confirmed that the shallow aquifer, in which private wells are emplaced, is 

broadly contaminated, although sealed monitoring wells tended to have less contamination 

than unsealed private wells (Appendix V). This may be partly due to differences in usage of the 

private wells which are pumped many times daily, compared to the monitoring wells which are 

typically sampled once a month. It was demonstrated that widespread unsanitary latrines, 

leaking effluent onto the open ground, contaminate ponds and create point sources of fecal 

contamination to the aquifers. Using molecular fecal source tracking and GIS-based 

comparisons of fecal bacteria concentrations to human population density in the vicinity of the 

ponds, this fecal contamination was shown to be primarily human in origin. Some of these 

ponds were shown to discharge fecal bacteria into the ground during the early monsoon with E. 

coli and Bacteroides moving up to 12 m into the adjacent aquifer. Since the bacteria may persist 

in oligotrophic groundwater for months, pond discharge may explain much of the widespread 

fecal contamination in the shallow aquifer during the wet season. Standing water throughout 

the village at the end of the wet season, however, especially in the vicinity of private wells 

without seals, may contribute to the vertical movement of bacteria along the annuli of private 

wells or through the thin vadose zone and into the saturated aquifer.  

To the author’s knowledge, this dissertation represents the first time that culture-based 

and molecular-based (DNA) measurements were performed concurrently to evaluate the 
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transport of fecal bacteria through an aquifer. Molecular-based methods indicated more 

widespread fecal contamination, laterally and vertically, in the sandy aquifer than that 

indicated by cultured E. coli alone.     

  The broader scientific implications of these studies are that, in contrast to the results of 

many previously published column experiments which suggest that bacterial removal in fine 

sand (d50 = 0.2 - 0.3 mm) should be rapid over short distances, fecal bacteria were shown to 

move substantial distances through fine deltaic sand aquifers in Bangladesh. Therefore, the 

hypothesis that switching to low Arsenic wells may increase exposure to waterborne pathogens 

due to the placement of these wells in areas of the aquifer with rapid recharge rates (Leber et 

al., 2010; van Geen et al., In Prep), seems plausible. The possibility that bacteria are also moving 

along the outer annuli of private wells during the wet season may result in relatively high 

concentrations of E. coli even in private wells that are overlain by silt deposits due to 

preferential transport along macropores.   

It remains unclear what impact the observed concentrations of culturable E. coli have on 

the health of Bangladeshi people, since: 1) E. coli is only a fecal indicator bacteria and not a 

pathogen; and 2) microbial drinking water quality is only one of several important factors, 

including sanitation and hygiene, in lowering diarrheal disease. It is even less clear how to 

interpret observed concentrations of E. coli and Bacteroides genomes, since molecular fecal 

bacteria enumeration methods have yet to be tested in epidemiologic, dose-response studies. 

Ongoing public health studies in the region of Matlab where E. coli detection prevalence in 
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tubewells as well as pathogens are being compared to household diarrheal disease rates, will 

address this.   

 Although fecal bacteria were observed to move through the shallow aquifer it is still 

unclear which environmental source of human feces (latrines v. ponds) and pathways 

(saturated zone, vadose zone, annulus of tubewells) predominantly impact fecal contamination 

of private tubewells. Sealed monitoring wells which were only pumped once a month 

demonstrated the presence of E. coli in the aquifer, but these wells tended to contain 

detectable levels of E. coli less frequently than in private wells, leaving open the possibility that 

annular flow along the outside of private well casings and/or frequent pumping are the primary 

pathway for contamination. Several simple experiments would help address these questions:  

• To test the hypothesis that flow along the outside of private well casings are responsible 

for contamination, several private wells could be installed with proper seals from the 

ground surface down to the top of the screened interval next to existing private wells 

(unsealed). Weekly monitoring could be performed on 10 sealed wells and 10 paired, 

unsealed private wells from the early monsoon (May) through late monsoon (August). 

Households will be encouraged to use both sources of water to keep daily pumped 

volumes approximately equal. If E. coli is detected more frequently in the unsealed wells 

than the sealed wells, then the outer casing of private wells will be implicated as 

pathways. 

• Two experiments could be performed to test the hypothesis that contamination 

sources are local and infiltrate vertically through the vadose zone. Five sealed private 
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wells could be installed with an above ground simple sprinkler system which simulates 

monsoonal rainfalls in the dry season. If the simulated local (<5 m radius) rainfall causes 

E. coli to increase in the wells to levels observed in the same wells during the monsoon, 

it will show that local, vertical infiltration is an important transport pathway. A second, 

complimentary experiment is the use of an impermeable plastic sheet buried under the 

soil (10 cm depth) within a radius of 5 m surrounding five sealed private wells. These 

wells should be monitored for E. coli during the wet season and E. coli concentrations 

and prevalence should be statistically compared to sealed wells without an 

impermeable soil cover. If the wells with impermeable soil covers are less contaminated 

during the early monsoon, than neighboring wells (or than the same wells the year 

before), this would demonstrate the impact of vertical transport from local sources on 

the levels of E. coli in the aquifer.     

In a culture where latrines, drinking water wells and ponds are clustered together 

closely out of convenience or necessity to maintain hygiene, these findings suggest that 

ongoing improvements in the management of human fecal waste and improved placement and 

construction of private wells may substantially reduce human exposure to waterborne 

pathogens. Since broad fecal contamination exists in unconfined, shallow aquifers the gains 

from the leading Arsenic mitigation option of well switching need to be carefully balanced with 

the risk of increased consumption of waterborne pathogens.    
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APPENDIX II - ULTRAFILTRATION 

Table A-II-1. Physical and chemical parameters and microbial concentrations in nine wells where ultrafiltration was performed. 

Well ID 

(sample date)

EDTA 

Added 

(Yes/No)

Fe 

(ppm)

Temperature 

(C ̊)

Electrical 

Conductivity 

(mS/cm)

Dissolved 

Oxygen 

(ppm)

pH ORP
‡ S 

(ppm)

E. coli 

(MPN/100 ml)

Total 

Coliforms 

(MPN/100 ml)

mE. coli  

(copies/ 100 ml)

Bacteroides 

(copies/100 ml)

Adenovirus 

(copies/100 ml)

KW-12.1 No 0.5 26.1 0.298 0.2 6.5 NR
†

13 190 67684 3,555,776 5,170,656 49,886

KW-24 No 3.5 25.3 0.218 0.3 6.4 NR 6 6350 17258 1,016,760 6,848,717 39,318

KW-25 No 10 26.1 0.957 0.3 6.3 57 26 101 10864 1,776,242 6,207,012 10,889

KW-30 No 8.8 25.8 0.461 0.5 6.6 42 19 6535 655473 14,645,632 4,766,286 24,774,500

UTK-1 No 0.6 25.7 0.540 1.0 7.2 112 29 <1 12597 577,404 2,998,392 183,746

UTK-30 No 9 27.4 0.440 0.8 6.7 -33 21 <1 2036 37,442 1,486,628 103,929

UTK-31 No 7.6 26.1 0.355 0.8 6.5 -22 19 <1 219 158,886 1,020,115 169,937

UTK-7 (Jun 12) No 6.2 25.8 0.572 0.5 6.4 59 16 508 23825 1,556,360 2,379,136 634,109

UTK-8 No 3.8 25.4 0.446 1.1 7.2 98 9 218 35649 613,076 5,578,944 55,437

KW-12.1 Yes 0.5 26.1 0.298 0.2 6.5 NR 13 174 11307 336,577 381,460 317,580

KW-24 Yes 3.5 25.3 0.218 0.3 6.4 NR 6 7931 22019

KW-25 Yes 10 26.1 0.957 0.3 6.3 57 26 13 13387 <72,000 1,343,211 823,996

KW-30 Yes 8.8 25.8 0.461 0.5 6.6 42 19 6982 382850 13,055,710 715,005 11,006,345

UTK-1 Yes 0.6 25.7 0.540 1.0 7.2 112 29 136 14368 1,941,221 3,083,056 6,214,853

UTK-30 Yes 9 27.4 0.440 0.8 6.7 -33 21 <1 6567 197,361 11,934,418 <14,400

UTK-31 Yes 7.6 26.1 0.355 0.8 6.5 -22 19 362 23946 1,816,098 18,173,099 423,083

UTK-7 (Jun 12) Yes 6.2 25.8 0.572 0.5 6.4 59 16 146 16483 325,685 <24,000 280,694

UTK-7 (Jun 11) Yes 6.2 25.8 0.572 0.5 6.4 59 16 586 <1 215,839 <58,437 <58,437

UTK-8 Yes 3.8 25.4 0.446 1.1 7.2 98 9 87 7119 291,986 1,205,220 447,185

‡
 Oxidative Reductive Potential

† 
Not Reported

PCR Inhibition
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APPENDIX III – POND MICROBIOLOGY 

Table A-III-1. Information recorded on each surveyed pond. 

Field Observation Units

Household location lat/long degrees

Household population count

Latrine location lat/long degrees

Latrine type sanitary/unsanitary

Pond location lat/long degrees

Pond owner's name -

Deepest Depth of Pond m 

Long axis of pond m

Short axis of pond m

Designated Purpose latrine/fishing/bathing

Number of Sanitary Latrines count

Number of Unsanitary Latrines count

Number of Cows count

pH -

Temperature ̊C̊

Electrical Conductivity μs/cm

Dissolved Oxygen mg/L

Information Collected Within Each Pond Basin

Village-wide Survey
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Table A-III-2. Real-time PCR assays used to detect E. coli, and Bacteroides rRNA genes and the Adenovirus hexon gene, the primers 

and probe used for each assay, and the annealing temperature used for each assay. 

Assay name       

(target organism) 
Primer/probe name and sequence (5’–3’) 

Size (bp) of 

product 

Annealing 

temp (°C) 
Reference 

EC23S  (E. coli) 

EC23Sf,  5’ GAG CCT GAA TCA GTG TGT GTG 3’ 

78 55 
Modified from 

(25), (26) 
EC23Sr, 5’ ATT TTT GTG TAC GGG GCT GT  3’ 

EC23Srv1bhq,  5’ -(FAM)CGC CTT TCC AGA CGC TTC CAC ( BHQ-1)- 3’ 

AllBac (all 

Bacteroides) 

AllBac296f, 5’-GAGAGGAAGGTCCCCCAC-3’ 

106 60 (15) AllBac412r, 5’-CGCTACTTGGCTGGTTCAG-3’ 

AllBac375Bhqr, 5’-(FAM)CCATTGACCAATATTCCTCACTGCTGCCT(BHQ-1)-3’ 

HuBac 

mHuBac563f, 5’-ATTGGGTTTAAAGGGAGCGTAG-3’ 

131 69 (15) mHuBac694r, 5’-CTACACCACGAATTCCGCC-3’ 

mHuBac594Taq, 5’-(FAM)TAAGTCAGTTGTGAAAGTTTGCGGCTC(BHQ-1)-3’ 

HF183-like 

GBAC34f   5’ CGC TAG CTA CAG GCT TAA CAC 3’ 

279 60 
Modified from 

(14), (12) 
GBAC313r,5’ GTG GGG GAC CTT CCT CTC 3’ 

SerH285bhq, 5’ (FAM)ATCCATCGTTGACTAGGTGGGCCGTTA(BHQ-1)-3’ 

BoBac 

CBac367f, 5’-GAAG(G/A)CTGAACCAGCCAAGTA-3’ 

100 57 (15) CBAC467r, 5’-GCTTATTCATACGGTACATACAAG-3’ 

CBAC402 Bhq, 5’-(FAM)TGAAGGATGAAGGTTCTATGGATTGAAACTT(BHQ-1)-3’ 

Adeno (Adenovirus 

40/41 hexon gene) 

AV40/41-117f, 5’- CAGCCTGGGGAACAAGTTCAG 3’ 

141 60 (22) AV40/41-258r, 5’ -CAGCGTAAAGCGCACTTTGTAA 3’ 

AV40/41-157BHQ,   5’ -(FAM)ACCCACGATGTAACCACAGACAGGTC (BHQ-1)-3’ 
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Table A-III-3. Summary of data sets for 6 bacterial and viral markers.   

Marker 
Method Detection 

Limit 

Number 

Above 

Detection 

Limit 

E. coli 100 CFU/100 ml
a
 43 

mE. coli 

<1 copy/ng extracted 

DNA
b
 equivalent to a 

geometric mean 8,374 

copies/100 ml
c
 

39 

Bacteroides 43 

Human Bacteroides 36 

Bovine Bacteroides 24 

Adenovirus 41 

 

a 
E. coli method detection limit was constant based on a 1:100 dilution of pond water 

b 
The method detection limit for all molecular assays was 1 copy/ng.  However the amount of 

DNA extracted varied between samples 

c 
Molecular detection limits were converted to copies/100 ml based on DNA concentration,     

volume DNA extraction and volume of water filtered.  The geometric mean of this data set was 

8,374 copies/100 ml 
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Table A-III-4. Chemical and Microbiological Information on 43 ponds within Site K. 

Pond 

ID

Temperature

 (  ̊C)

Elelectrical 

Conductivity 

 (mS/cm)

Dissolved 

Oxygen 

(mg/L)

E. coli 

(MPN/100 

ml)

mE. coli 

(copies/100 

ml)

Bacteroides  

(copies/100 

ml)

Human 

Bacteroides 

(copies/100 

ml)

Bovine 

Bacteroides 

(copies/100 

ml)

Adenovirus 

(copies/100 

ml)

KP-01 30.91 0.144 0.50 3.32E+03 4.95E+05 8.58E+05 2.87E+05 1.42E+04 2.57E+06

KP-02 29.60 0.144 0.66 7.86E+04 1.54E+06 6.03E+06 4.07E+06 6.96E+05 1.66E+05

KP-04 28.48 0.257 0.39 6.21E+03 1.81E+06 3.09E+07 1.31E+05 1.08E+05 2.60E+04

KP-05 29.00 0.301 0.38 5.59E+04 3.39E+06 1.74E+08 BDL 9.62E+04 6.39E+04

KP-06 26.84 0.130 0.26 2.03E+02 1.13E+05 1.68E+06 BDL BDL 3.18E+04

KP-08 27.89 0.372 0.19 2.75E+05 5.93E+06 9.91E+07 1.52E+06 1.17E+05 BDL

KP-10 27.60 1.340 0.38 5.62E+05 5.64E+06 1.89E+08 8.45E+06 6.96E+06 6.21E+04

KP-14 25.96 0.162 0.29 1.00E+02 1.47E+04 6.77E+05 8.63E+04 3.34E+03 2.46E+04

KP-15 29.00 0.214 0.58 1.09E+04 4.37E+05 1.04E+07 1.37E+05 BDL 1.26E+05

KP-16 27.61 0.652 0.43 9.69E+05 2.26E+07 1.07E+09 4.26E+07 BDL 3.45E+05

KP-17 27.04 0.545 0.52 3.50E+04 6.80E+06 8.08E+07 2.39E+07 5.53E+05 3.57E+05

KP-18 26.99 0.141 0.30 1.93E+03 8.05E+04 1.18E+06 2.30E+05 BDL 1.32E+04

KP-19 27.63 0.651 0.25 2.30E+04 1.39E+06 9.23E+07 8.19E+05 7.33E+04 7.64E+06

KP-20 26.12 0.408 0.17 1.28E+04 5.91E+05 6.00E+06 6.10E+05 1.21E+05 8.83E+06

KP-21 26.79 0.449 0.20 1.42E+04 6.13E+05 3.61E+07 7.97E+05 2.65E+05 2.64E+05

KP-22 27.26 0.473 0.17 1.85E+04 BDL
†

3.30E+06 1.09E+06 1.80E+05 1.46E+04

KP-23 29.60 0.208 0.68 5.50E+03 2.27E+05 6.69E+06 9.13E+05 7.22E+04 2.06E+05

KP-24 27.62 0.288 0.38 2.47E+03 3.06E+05 1.01E+07 2.29E+06 2.28E+04 8.92E+05

KP-25 30.12 0.227 0.40 2.64E+05 5.19E+06 3.16E+06 7.97E+05 1.94E+05 BDL

KP-26 27.57 0.406 0.21 1.77E+05 1.00E+06 3.98E+07 6.62E+05 5.01E+04 5.86E+04

KP-27 33.49 0.134 0.86 1.47E+04 4.72E+05 4.09E+06 1.53E+05 1.54E+05 2.09E+05

KP-28 31.19 0.296 1.51 2.01E+02 5.80E+05 7.54E+06 BDL 3.24E+04 6.31E+05

KP-29 32.71 0.302 1.06 7.11E+02 1.07E+05 3.03E+06 5.86E+04 BDL 7.57E+04

KP-30 29.84 0.167 0.84 6.21E+04 3.38E+06 8.97E+07 6.80E+07 5.99E+06 5.03E+05

KP-33 27.43 0.402 0.13 3.09E+05 7.40E+06 1.18E+08 3.22E+06 1.27E+05 1.87E+05

KP-34 27.57 0.132 0.17 1.12E+03 1.68E+04 1.65E+07 4.26E+05 BDL 9.03E+05

KP-36 32.03 0.092 0.77 2.73E+03 7.76E+05 6.32E+07 1.71E+05 7.08E+03 7.12E+04

KP-38 28.01 0.172 0.20 2.33E+03 BDL 4.28E+06 BDL BDL 4.20E+04

KP-39 29.25 0.112 0.38 4.51E+03 8.05E+04 6.18E+06 6.07E+05 6.44E+04 5.05E+04

KP-40 30.77 0.171 0.52 1.00E+02 BDL 1.49E+05 BDL BDL 1.84E+05

KP-41 30.41 0.113 0.92 3.10E+02 2.59E+04 1.17E+06 BDL BDL 7.99E+04

KP-42 28.41 0.237 0.30 1.36E+03 1.46E+05 7.48E+05 6.12E+05 1.10E+04 7.59E+04

KP-43 28.87 0.240 0.34 6.28E+04 2.21E+05 9.77E+06 1.56E+06 2.12E+05 4.93E+05

KP-44 31.35 0.319 0.83 6.06E+03 2.54E+04 1.18E+07 3.27E+06 1.46E+06 5.03E+04

KP-45 26.94 0.248 0.23 2.66E+03 1.49E+04 2.44E+06 1.92E+05 BDL 3.56E+04

KP-46 27.71 0.270 0.55 5.79E+02 7.68E+04 1.20E+06 2.15E+05 2.56E+04 6.57E+04

KP-47 28.90 1.700 0.61 7.38E+04 2.85E+06 2.58E+07 5.82E+06 9.31E+04 4.61E+05

KP-48 32.40 0.253 0.83 7.51E+02 6.27E+03 5.12E+06 4.12E+05 4.40E+03 9.43E+04

KP-49 27.53 0.147 0.39 1.05E+04 3.70E+04 2.58E+06 2.40E+06 1.82E+04 9.47E+04

KP-50 29.44 0.979 0.18 3.55E+03 1.86E+06 1.13E+07 1.75E+06 8.32E+04 1.04E+05

KP-51 31.03 0.220 0.24 1.00E+02 2.58E+05 3.40E+06 BDL BDL 1.02E+05

KP-53 28.50 0.661 0.17 5.93E+03 3.23E+07 7.06E+06 1.34E+04 1.39E+04 3.79E+05

KP-54 29.27 0.183 0.46 4.11E+03 2.50E+04 4.37E+06 4.35E+04 5.45E+03 1.75E+05

† Below Detection Limi t  
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Table A-III-5. Physical Properties of 43 ponds within Site K. 

Pond 

ID
Latitude Longitude

Designated 

Pond Use

Population 

within 45 

m of pond

Unsanitary 

Latrines*

Sanitary 

Latrines*

Number 

 of 

Cows

Depth
† Long 

Axis (ft)

Short 

Axis (ft)

Surface 

Area 

(ft
2
)

Volume 

 (ft
3
)

KP-01 90.63020 23.79480 fish/bathing 45 0 0 1 2.0 60 25 1,178 1,178

KP-02 90.63072 23.79545 no use 38 1 0 2 2.0 69 25 1,355 1,355

KP-04 90.63175 23.79845 latrine 23 1 0 4 2.0 43 43 1,452 1,452

KP-05 90.63155 23.79802 latrine 53 5 2 3 3.5 46 46 1,662 2,908

KP-06 90.63025 23.79636 no use 49 0 0 1 4.0 40 25 785 1,571

KP-08 90.62846 23.79572 latrine 75 2 2 2 4.0 25 22 432 864

KP-10 90.62877 23.79467 latrine 58 3 3 3 3.0 60 10 471 707

KP-14 90.62914 23.79493 no use 28 0 0 0 1.6 25 25 481 385

KP-15 90.63165 23.79826 no use 38 5 2 3 2.0 36 23 650 650

KP-16 90.62832 23.79556 latrine 77 3 0 6 0.5 18 13 184 46

KP-17 90.62644 23.79567 no use 41 2 0 5 1.8 27 17 360 315

KP-18 90.62645 23.79581 no use 29 0 0 1 1.0 39 24 711 355

KP-19 90.62646 23.79534 latrine 42 2 0 2 0.7 26 18 357 119

KP-20 90.62667 23.79528 latrine 35 4 0 0 1.0 39 23 705 352

KP-21 90.62791 23.79483 latrine 51 3 2 7 2.0 80 22 1,382 1,382

KP-22 90.62916 23.79521 latrine 50 5 5 3 4.0 60 33 1,555 3,110

KP-23 90.63102 23.79531 fish/bathing 0 0 0 1 4.0 86 82 5,539 11,077

KP-24 90.63040 23.79662 fish/bathing 37 0 1 2 2.0 27 17 360 360

KP-25 90.62997 23.79691 no use 32 1 1 1 1.0 45 28 990 495

KP-26 90.63077 23.79763 no use 61 3 0 0 2.0 NA NA NA NA

KP-27 90.63100 23.79779 fish/bathing 84 0 0 1 4.0 130 89 9,087 18,174

KP-28 90.63059 23.79826 fish/bathing 12 0 0 1 2.5 102 83 6,649 8,311

KP-29 90.63038 23.79895 fish/bathing 0 0 0 1 7.0 152 101 12,057 42,201

KP-30 90.62815 23.79594 latrine 32 1 0 0 0.7 33 18 467 155

KP-33 90.62861 23.79585 latrine 83 3 1 3 NA 69 16 867 NA

KP-34 90.62829 23.79632 no use 24 1 2 0 1.0 30 9 212 106

KP-36 90.63253 23.79787 fish/bathing 12 1 0 5 8.0 126 68 6,729 26,917

KP-38 90.62749 23.79721 no use 35 0 1 0 1.0 20 20 314 157

KP-39 90.62710 23.79743 no use 9 0 1 0 2.0 46 38 1,373 1,373

KP-40 90.62705 23.79774 fish/bathing 9 1 3 0 4.0 43 27 912 1,824

KP-41 90.62667 23.79823 fish/bathing 5 4 1 3 6.0 94 60 4,430 13,289

KP-42 90.63163 23.79656 latrine 33 2 1 0 1.5 28 28 616 462

KP-43 90.63152 23.79630 no use 28 1 0 0 2.0 95 18 1,343 1,343

KP-44 90.63208 23.79731 no use 46 0 0 0 2.0 47 47 1,735 1,735

KP-45 90.63305 23.79836 fish/bathing 12 0 0 1 5.0 76 51 3,044 7,611

KP-46 23.79865 90.63120 no use 12 0 1 1 2.0 19 19 269 269

KP-47 90.63208 23.79870 no use 39 0 0 1 1.0 22 22 380 190

KP-48 90.63220 23.79888 no use 31 3 4 2 NA 23 23 415 NA

KP-49 90.63112 23.79758 fish/bathing 126 1 1 0 4.0 115 89 8,039 16,077

KP-50 90.62976 23.79581 no use 27 2 1 0 2.0 40 24 754 754

KP-51 90.62928 23.79558 latrine 50 0 0 0 2.0 17 17 227 227

KP-53 90.62889 23.79630 latrine 77 6 0 3 1.5 41 28 902 676

KP-54 90.62917 23.79635 no use 19 1 2 4 2.5 64 33 1,659 2,073

* Assessed in field by counting within the pond drainage basin

† Assessed by measuring deepest depth of pond  
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Figure A-III-1. Relative amounts of fecal contamination from Human or Bovine sources.  Blue 

circles represent ponds where human or bovine Bacteroides were not detected.   
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Figure A-III-2. Log-transformed concentrations (copies/100 ml) of 3 markers at Site K.  The center line represents the median, upper 

and lower bounds of the box are the 75
th

 and 25
th

 percentile and whiskers represent the extent of the data.  Outliers are 

represented by dots.  The number of ponds were 43, with a maximum of 11 fish/bathing, 16 latrine and 16 ponds with no defined 

use in each category.  Non-detects are included in this analysis for molecular assays as the geometric mean detection limit 8,374 

copies/100 ml, indicated by the doted line.   
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Summary of Adenovirus Findings 

Although it was widely present at high concentrations, the pathogen Adenovirus did not vary 

with pond type.  This may result from the fact that excretion of pathogens from human hosts 

requires a current or recent infection (6-7).  Poor correlations are typically found between fecal 

indicators and all viral pathogens (8).  Although not all of the serotypes of Adenovirus are 

associated with gastrointestinal disease, its prevalence in human feces has led to the suggestion 

that it can be used as a viral human fecal indicator (9-10).  Adenovirus is known to be the most 

prevalent human enteric virus found in sewage.  Excretion of Adenovirus after a diarrheal 

infection is known to last only 14 days (7), and thus the presence of Adenovirus in ponds may 

be sporadic, possibly explaining the poor correlations typically found between Adenovirus and 

fecal indicator bacteria (11).  The highest level of Adenovirus (10
6
 copies/ml) was detected in a 

large commercial fishing pond, at least 100 m away from latrines or livestock. 
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Figure A-III-3. Concentrations of Adenovirus in each pond classified by pond type. 
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Table A-III-6. Locations and Ages of Sanitary Latrines in Site K as of June 30, 2009. 

Latrine ID
† Longitude Latitude

Age 

(years)
Latrine ID

† Longitude Latitude
Age 

(years)

1 90.63156 23.79808 1.0 92 90.62883 23.79482 30.0

4 90.63144 23.79782 10.0 93 90.62903 23.79509 50.0

5 90.63153 23.79779 2.0 99 90.62915 23.79551 1.0

7 90.63180 23.79826 5.0 100 90.62916 23.79551 6.0

10 90.63214 23.79838 1.0 101 90.62922 23.79555 7.0

10 90.63241 23.79818 1.0 105 90.63012 23.79544 6.0

10 90.63252 23.79816 1.0 105 90.63010 23.79542 6.0

11 90.63246 23.79854 6.0 107 90.63050 23.79564 6.0

13 90.63041 23.79775 2.0 116 90.63195 23.79707 2.0

14 90.63000 23.79595 4.0 117 90.63197 23.79699 8.0

14 90.63012 23.79638 0.2 118 90.63219 23.79704 4.0

16 90.62972 23.79572 6.0 121 90.63235 23.79630 4.0

19 90.63041 23.79554 6.0 123 90.63218 23.79877 20.0

22 90.63144 23.79626 8.0 126 90.62660 23.79819 20.0

25 90.62983 23.79490 8.0 137 90.62814 23.79564 0.2

28 90.62865 23.79450 4.0 141 90.62892 23.79613 3.0

28 90.62872 23.79448 2.0 148 90.63118 23.79849 1.0

30 90.62796 23.79462 23.0 149 90.63133 23.79828 1.0

31 90.62843 23.79522 6.0 150 90.63079 23.79644 0.3

32 90.62909 23.79495 5.0 152 90.62645 23.79534 2.0

39 90.62782 23.79709 3.0 153 90.62665 23.79574 2.0

42 90.62774 23.79530 5.0 154 90.62664 23.79520 20.0

44 90.62775 23.79483 7.0 155 90.62653 23.79510 2.0

45 90.62727 23.79507 5.0 200 90.63050 23.79536 1.0

46 90.62693 23.79507 3.0 211 90.62794 23.79432 5.0

47 90.62654 23.79535 10.0 301 90.63204 23.79781 3.0

64 90.63032 23.79693 0.5 301 90.63187 23.79773 3.0

66 90.63015 23.79676 1.0 602 90.63196 23.79756 2.0

67 90.62998 23.79685 15.0 902 90.63213 23.79836 4.0

68 90.63031 23.79658 4.0 3302 90.62962 23.79502 0.0

69 90.62767 23.79724 3.0 3801 90.62792 23.79699 13.0

70 90.62741 23.79713 12.0 3802 90.62765 23.79678 1.0

71 90.62742 23.79709 10.0 11002 90.63028 23.79585 3.0

76 90.62795 23.79589 16.0 13201 90.62854 23.79563 6.0

81 90.62730 23.79500 7.0 15101 90.62616 23.79573 1.0

82 90.62745 23.79497 3.0 15102 90.62637 23.79577 25.0

83 90.62723 23.79494 2.0 charpara mosque 90.63186 23.79669 NR
‡

86 90.62861 23.79416 2.0 inside house 90.62563 23.79638 2.0

88 90.62880 23.79449 5.0 nafia textile 90.63161 23.79655 6.0

91 90.62897 23.79447 7.0 nurjahan textile 90.63086 23.79722 NR

†
 ID system by Veronica Escamilla

‡
 Not Reported  
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Table A-III-7. Locations and ages of Unsanitary Latrines at Site K as of June 30, 2009. 

Latrine 

ID
† Longitude Latitude

Age 

(years)

Latrine 

ID
† Longitude Latitude

Age 

(years)

002 90.63172 23.79807 2.0 097 90.62913 23.79545 2.0

007 90.63202 23.79811 8.0 098 90.62914 23.79540 13.0

008 90.63221 23.79807 4.0 103 90.63052 23.79504 15.0

012 90.63081 23.79780 2.0 106 90.63003 23.79569 5.0

014 90.63016 23.79637 0.3 108 90.63057 23.79584 5.0

014 90.63016 23.79636 4.0 109 90.63045 23.79577 0.3

015 90.62930 23.79597 10.0 111 90.63008 23.79593 3.0

015 90.62937 23.79602 2.0 112 90.63225 23.79776 6.0

017 90.62976 23.79570 6.0 113 90.63221 23.79772 12.0

018 90.63054 23.79512 5.0 115 90.63207 23.79734 8.0

023 90.63151 23.79632 4.0 119 90.63227 23.79667 2.0

024 90.63142 23.79619 7.0 120 90.63187 23.79660 15.0

025 90.63003 23.79485 8.0 122 90.63229 23.79913 20.0

026 90.62968 23.79465 25.0 124 90.62740 23.79681 4.0

027 90.62994 23.79472 8.0 126 90.62659 23.79813 20.0

028 90.62867 23.79449 4.0 127 90.62870 23.79590 1.0

031 90.62822 23.79498 6.0 128 90.62871 23.79587 8.0

035 90.62845 23.79635 1.0 129 90.62863 23.79577 3.0

036 90.62906 23.79678 5.0 130 90.62857 23.79571 3.0

037 90.62808 23.79679 15.0 131 90.62849 23.79560 6.0

040 90.62777 23.79714 8.0 133 90.62850 23.79542 6.0

041 90.62807 23.79599 7.0 135 90.62717 23.79775 0.3

043 90.62794 23.79517 1.0 135 90.62701 23.79768 15.0

048 90.62949 23.79495 20.0 136 90.62826 23.79554 12.0

051 90.62948 23.79436 4.0 138 90.62829 23.79547 50.0

051 90.62950 23.79442 3.0 139 90.62877 23.79621 25.0

053 90.63081 23.79766 0.3 140 90.62851 23.79648 30.0

054 90.63074 23.79761 20.0 142 90.62889 23.79611 7.0

055 90.63072 23.79779 5.0 143 90.62899 23.79611 3.0

056 90.63080 23.79771 12.0 144 90.62904 23.79620 6.0

057 90.63104 23.79754 1.0 146 90.62912 23.79634 3.0

058 90.63108 23.79736 3.0 147 90.62892 23.79643 3.0

059 90.63133 23.79743 16.0 00301 90.63171 23.79791 9.0

060 90.63146 23.79748 15.0 00302 90.63166 23.79775 1.0

061 90.63155 23.79753 5.0 00601 90.63199 23.79744 5.0

062 90.63017 23.79666 6.0 00901 90.63202 23.79841 10.0  
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Unsanitary Latrines Continued…

063 90.63042 23.79689 10.0 2901 90.62877 23.79454 44.0

063 90.63041 23.79673 2.0 03301 90.62965 23.79507 3.0

065 90.63000 23.79704 0.3 03301 90.62955 23.79493 3.0

074 90.62835 23.79680 3.0 04901 90.62925 23.79482 1.0

075 90.62864 23.79678 4.0 04902 90.62935 23.79487 6.0

078 90.62805 23.79504 20.0 08501 90.62664 23.79538 0.1

079 90.62794 23.79479 0.0 08502 90.62669 23.79531 10.0

080 90.62794 23.79476 3.0 10201 90.62915 23.79566 2.0

084 90.62669 23.79574 1.0 10202 90.62920 23.79565 20.0

087 90.62856 23.79425 30.0 10401 90.63025 23.79508 3.0

094 90.62904 23.79514 2.0 10402 90.63024 23.79524 5.0

095 90.62907 23.79529 60.0 11001 90.63027 23.79580 0.2

096 90.62912 23.79537 3.0 13202 90.62854 23.79566 3.0

†
 ID system by Veronica Escamilla  
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Table A-III-8. Pond KP-01 Monthly Monitoring Data. 

Date 

Total 
Coliforms 
(MPN/100 

ml) 

E. coli 

(MPN/100 
ml) 

Temp 
( ̊C) 

Electrical 
Conductivity 

(mS/cm) 

Dissolved 
Oxygen 
(ppm) 

pH ORP* 
Sulfate 
(ppm) 

2/27/08 6,508 100 22.3 0.16 10.3 7.7 -99.1 NS 

3/27/08 286,142 97,318 31.8 0.34 5.4 8.3 -118.4 14.6 

4/24/08 125,082 7,866 37.2 0.33 2.8 8.0 -127.8 8.0 

6/20/08 100,297 3,321 30.9 0.14 0.5 7.1 112.0 NS 

7/28/08 724,713 100 32.2 0.23 0.9 9.7 545.5 NS 

8/27/08 3,777 254 31.4 0.23 1.4 7.9 330.1 1.0 

9/22/08 54,512 681 29.7 0.23 1.3 8.8 256.1 0.0 

10/30/08 25,767 253 25.8 0.22 0.9 6.8 231.2 4.0 

11/23/08 116,803 866,440 23.6 0.23 0.0 8.1 127.4 5.0 

1/28/09 410,580 198,900 22.5 0.13 0.2 8.0 480.2 18.0 

2/15/09 Dry   

3/15/09 Dry   

4/23/09 Dry   

5/29/09 63,255 5,791 30.1 0.11 1.0 8.3 267.3 65.0 

7/20/09 275,510 20,658 30.2 0.09 2.21 NA 154.3 39 

8/27/09 365,400 35,784 29.7 0.09 1.68 NA 98.6 36 

10/2/09 579,430 176,095 31.7 0.21 1.27 8.2 -30.6 10 

* Oxidative Reductive Potential 
Exceeded Maximum Detection 
Limit 

NS - Not Sampled 

NA - Not Available due to malfunctioning probe 
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Table A-III-9. Pond KP-04 Monthly Monitoring Data. 

Date 

Total 
Coliforms 
(MPN/100 

ml) 

E. coli 

(MPN/100 
ml) 

Temperature 
( ̊C) 

Electrical 
Conductivity 

(mS/cm) 

Dissolved 
Oxygen 
(ppm) 

pH ORP* 
Sulfate 
(ppm) 

2/27/08 18,571 2,624 19.6 0.27 15.2 7.7 -108.1 NS 

3/27/08 18,942 1,277 27.5 0.45 2.1 7.8 -102.3 8.5 

4/24/08 89,522 26,158 31.2 0.62 2.3 7.5 -97.5 7.7 

6/20/08 168,207 6,207 28.5 0.26 0.4 7.4 170.0 NS 

7/28/08 729,992 5,351 29.1 0.16 0.5 7.3 564.1 NS 

8/27/08 69,394 13,934 27.7 0.25 0.8 7.0 320.5 9.0 

9/22/08 422,875 79,953 27.5 0.29 0.6 7.7 240.4 8.0 

10/30/08 43,721 1,555 23.4 0.24 0.9 6.7 259.2 10.0 

11/23/08 20,143 816 20.3 0.28 0.0 6.0 213.2 3.1 

1/28/09 68,596 1,591 20.8 0.37 1.2 7.4 227.7 29.0 

2/15/09 Dry   

3/15/09 Dry   

4/23/09 2,419,600 2,419,600 28.2 0.34 1.0 8.2 195.8 77.0 

5/29/09 76,885 5,611 29.6 0.49 1.7 9.2 233.6 63.0 

7/20/09 770,100 33,518 28.0 0.11 1.3 NA 2.35.8 71 

8/27/09 134,145 9,992 31.3 0.18 2.1 NA 155.8 52 

10/1/09 23,022 1,623 27.7 0.22 1.5 8.1 -3.7 4 

* Oxidative Reductive Potential 
Exceeded Maximum Detection 
Limit 

NS - Not Sampled 

NA - Not Available due to malfunctioning probe 
 

 

 



177 

 

Table A-III-10. Pond KP-05 Monthly Monitoring Data. 

Date 

Total 
Coliforms 
(MPN/100 

ml) 

E. coli 

(MPN/100 
ml) 

Temperature 
( ̊C) 

Electrical 
Conductivity 

(mS/cm) 

Dissolved 
Oxygen 
(ppm) 

pH ORP* 
Sulfate 
(ppm) 

2/27/08 38,185 54,480 18.9 0.50 12.5 7.4 -93.3 NS 

3/27/08 868,625 79,045 28.5 0.82 4.3 7.8 -103.2 11.6 

4/24/08 25,607 944 32.5 0.39 2.3 7.7 -11.8 7.5 

6/20/08 623,167 55,853 29.0 0.30 0.4 7.5 355.0 NS 

7/28/08 692,830 9,140 29.7 0.16 0.6 6.8 569.2 NS 

8/27/08 126,628 43,023 28.4 0.09 0.8 7.0 324.1 12.0 

9/22/08 448,140 65,996 27.7 0.28 0.5 7.8 232.2 11.0 

10/30/08 184,820 77,042 24.4 0.27 0.7 7.0 255.1 10.0 

11/23/08 613,140 57,450 22.4 0.36 0.0 7.5 242.5 3.8 

1/28/09 2,419,600 2,419,600 21.2 0.40 1.0 8.2 268.1 49.0 

2/15/09 Dry   

3/15/09 Dry   

4/23/09 980,390 142,090 28.0 0.48 1.2 7.9 128.7 77.0 

5/29/09 1,046,240 726,990 31.1 0.43 1.2 8.7 202.5 70.0 

7/20/09 547,500 47,281 27.4 0.28 1.5 NA 189.6 65 

8/27/09 307,590 62,516 28.5 0.23 1.7 NA 210.5 45 

10/1/09 97,799 14,649 29.3 0.20 1.3 8.0 -116.9 12 

* Oxidative Reductive Potential 
Exceeded Maximum Detection 
Limit 

NS - Not Sampled 

NA - Not Available due to malfunctioning probe 
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Table A-III-11. Pond KP-06 Monthly Monitoring Data. 

Date 

Total 
Coliforms 
(MPN/100 

ml) 

E. coli 

(MPN/100 
ml) 

Temperature 
( ̊C) 

Electrical 
Conductivity 

(mS/cm) 

Dissolved 
Oxygen 
(ppm) 

pH ORP* 
Sulfate 
(ppm) 

2/27/08 26,806 3,830 18.6 0.19 7.8 7.3 -104.7 NS 

3/27/08 2,202,930 109,207 26.3 0.44 2.2 7.5 -98.9 12.2 

4/24/08 495,005 21,642 29.2 0.35 1.9 7.6 -104.3 7.6 

6/20/08 16,154 203 26.8 0.13 0.3 6.7 28.7 NS 

7/28/08 1,948,500 78,146 28.3 0.16 0.3 7.6 590.1 NS 

8/27/08 108,852 57,586 28.0 0.03 1.1 5.7 475.1 12.0 

9/22/08 903,270 150,298 27.3 0.19 0.9 7.9 261.4 14.0 

10/30/08 18,696 4,316 22.2 0.12 0.8 7.8 125.0 12.0 

11/23/08 59,822 16,247 21.2 0.14 0.0 7.8 413.2 3.4 

1/28/09 139,133 78,526 20.0 0.12 0.9 7.5 112.9 31.0 

2/15/09 Dry   

3/15/09 Dry   

4/23/09 1,732,890 365,400 27.8 0.27 1.0 9.1 114.5 74.0 

5/29/09 2,419,600 686,670 28.0 0.12 2.1 8.8 250.8 56.0 

7/20/09 325,540 40,539 28.1 0.08 2.0 NA 255.3 77 

8/27/09 770,100 217,280 27.1 0.07 3.1 NA 122.9 70 

10/1/09 2,419,600 435,170 27.5 0.13 1.0 7.6 -296.2 14 

* Oxidative Reductive Potential 
Exceeded Maximum Detection 
Limit 

NS - Not Sampled 

NA - Not Available due to malfunctioning probe 
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Table A-III-12. Pond KP-07 Monthly Monitoring Data. 

Date 

Total 
Coliforms 
(MPN/100 

ml) 

E. coli 

(MPN/100 
ml) 

Temperature 
( ̊C) 

Electrical 
Conductivity 

(μs/cm) 

Dissolved 
Oxygen 
(ppm) 

pH ORP* 
Sulfate 
(ppm) 

2/27/08 94,280 1,355 19.6 0.39 5.6 7.1 -72.8 NS 

3/27/08 328,165 13,611 27.7 0.67 7.7 7.3 -105.7 13.4 

4/24/08 134,503 5,867 29.7 0.45 2.2 7.5 -97.6 7.5 

6/20/08 87,970 4,723 27.4 0.23 0.1 6.7 -4.3 NS 

7/28/08 1,584,700 98,941 29.4 0.20 0.4 7.5 557.4 NS 

8/27/08 491,335 152,073 29.4 0.27 1.0 6.3 435.2 19.0 

9/22/08 866,440 138,466 27.7 0.34 0.7 7.7 259.3 13.0 

10/30/08 30,581 9,365 29.7 0.19 1.0 7.9 88.9 12.0 

11/23/08 237,070 69,896 21.3 0.09 0.1 7.4 401.2 10.3 

1/28/09 1,986,290 866,440 20.7 0.25 1.0 8.0 222.4 77.0 

2/15/09 Dry   

3/15/09 Dry   

4/23/09 206,092 19,366 28.2 0.42 2.1 8.8 124.3 53.0 

5/29/09 2,419,600 224,400 28.8 0.12 1.9 8.4 245.7 43.0 

7/20/09 920,840 160,712 27.6 0.33 1.5 NA 201.8 47 

8/27/09 1,299,650 269,345 27.9 0.07 1.6 NA 236.1 77 

10/1/09 8,835 2,011 27.8 0.15 1.5 7.8 -121.5 15 

* Oxidative Reductive Potential 
Exceeded Maximum Detection 
Limit 

NS - Not Sampled 

NA - Not Available due to malfunctioning probe 
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Table A-III-13. Pond KP-10 Monthly Monitoring Data. 

Date 

Total 
Coliforms 
(MPN/100 

ml) 

E. coli 

(MPN/100 
ml) 

Temp 
( ̊C) 

Electrical 
Conductivity 

(mS/cm) 

Dissolved 
Oxygen 
(ppm) 

pH ORP* 
Sulfate 
(ppm) 

2/27/08 NS   

3/27/08 NS   

4/24/08 NS   

6/20/08 1,468,617 561,690 27.6 1.34 0.4 7.3 37.1 NS 

7/28/08 511,540 41,716 30.3 0.33 1.1 9.6 540.2 NS 

8/27/08 26,805 2,439 29.6 0.45 1.1 7.2 359.2 5.0 

9/22/08 686,670 52,328 27.7 0.55 1.0 7.8 278.6 8.0 

10/30/08 64,190 26,485 32.6 0.29 0.9 7.9 87.6 13.0 

11/23/08 1,203,330 866,440 20.7 0.78 0.0 6.9 343.2 8.8 

1/28/09 2,419,600 2,419,600 21.1 0.24 0.9 8.0 978.3 37.0 

2/15/09 Dry   

3/15/09 Dry   

4/23/09 Dry   

5/29/09 Dry   

7/20/09 344,800 114,005 29.1 0.41 2.1 NA 225.2 55 

8/27/09 336,261 93,704 28.1 0.08 2.5 NA 145.2 77 

10/2/09 110,407 17,034 29.1 0.30 1.9 7.8 -60.4 15 

* Oxidative Reductive Potential 
Exceeded Maximum Detection 
Limit 

NS - Not Sampled 
NA - Not Available due to malfunctioning 
probe 
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APPENDIX IV – TRANSECT EXPERIMENTS 
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Figure A-IV-1. Response of Vertical Groundwater velocities in transects to natural precipitation 

events and artificial pond flooding.  Flooding dates are indicated with labeled vertical dotted 

lines.  Precipitation histogram shows daily rainfall for Dhaka 25 Km west of Site K.  Vertical 

Darcy velocities were calculated assuming an anisotropy factor of 10 (Kx/Kz).  Downward 

velocities are negative. 
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Figure A-IV-2. Pre-flooding bacterial concentrations in transects KW-39 and -42 with lateral distance from pond KP-04 and -15 

respectively.  Black filled symbols represent pond and shallow wells, and hollow symbols represent deep wells.  The deep well in KW-

42 was not sampled for molecular markers at this event.  The solid line represents the curve fitted with linear regression. 
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Table A-IV-1.  Drilling Logs for Transect KW-36. 

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b c d

1 0.3

2 0.6

3 0.9

4 1.2

5 1.5

6 1.8

7 2.1

8 2.4

9 2.7

10 3.0

11 3.4

12 3.7

13 4.0

14 4.3

15 4.6

16 4.9

17 5.2

18 5.5

19 5.8

20 6.1

21 6.4

22 6.7

23 7.0

24 7.3

25 7.6

26 7.9

27 8.2

28 8.5

29 8.8

30 9.1

31 9.5

32 9.8

33 10.1

34 10.4

35 10.7

sand, fine, 

silty, grey

same as 

above

no sample

no sample

sand, fine, 

silty, brown

sand, fine, 

silty, grey

sand, fine, 

silty, brown

same as 

above

sand, very 

fine, silty, 

grey-brown

sand, very 

fine, silty, 

grey 

sand, 

coarse, grey

same as 

above

no sample

sand, med-

fine, silty, 

brown

sand, fine, 

silty, brown

sand, fine, 

silty, grey-

brown

sand, fine, 

silty, grey 

silt, 

cohesive, 

grey

sand, fine, 

silty, brown

sand, very 

fine, silty, 

grey

silt, sandy, 

grey

silt, 

cohesive, 

grey

sand, very 

fine, silty, 

brown

same as 

above
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Table A-IV-2. Drilling Logs for Transect KW-37.  

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b c d

1 0.3

2 0.6

3 0.9

4 1.2

5 1.5

6 1.8

7 2.1

8 2.4

9 2.7

10 3.0

11 3.4

12 3.7

13 4.0

14 4.3

15 4.6

16 4.9

17 5.2

18 5.5

19 5.8

20 6.1 silt, grey

21 6.4 same as sand, very 

22 6.7

23 7.0

24 7.3

25 7.6

26 7.9 sand, med, 

trace silt, 

sand, med, 

trace silt, 

sand, med, 

trace silt, 
27 8.2

28 8.5

29 8.8

30 9.1

31 9.5

32 9.8

33 10.1

34 10.4

35 10.7

36 11.0

37 11.3

sand, fine, 

silty, brown

sand, fine, 

silty, grey

not sampled

sand, fine, 

silty, brown

sand, very 

fine, silty, 

grey (19.4 ft)

sand, med-

fine, trace 

silt, brown

sand, fine, 

silty, brown

sand, fine, 

silty, grey

same as 

above

sand, med, 

trace silt, grey-

brown

sand, very fine, 

silty, brown

sand, fine, 

silty, grey-

brown

sand, fine, 

some silt, grey

same as above

not sampled

sand, very 

fine, silty, 

brown

sand, fine, 

silty, grey
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Table A-IV-3. Drilling Logs for Transect KW-38. 

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b c d

1 0.3

1.5 0.5

2 0.6

2.5 0.8

3 0.9

3.5 1.1

4 1.2

4.5 1.4

5 1.5

5.5 1.7

6 1.8

6.5 2.0

7 2.1

7.5 2.3

8 2.4

8.5 2.6

9 2.7

9.5 2.9

10 3.0

10.5 3.2

11 3.4

11.5 3.5

12 3.7

12.5 3.8

13 4.0

13.5 4.1

14 4.3

14.5 4.4

15 4.6

15.5 4.7

16 4.9

16.5 5.0

17 5.2

17.5 5.3

18 5.5

18.5 5.6

19 5.8

19.5 5.9

20 6.1

21 6.4

22 6.7

23 7.0

24 7.3

25 7.6

26 7.9

27 8.2

28 8.5

29 8.8

30 9.1

31 9.5

32 9.8

33 10.1

34 10.4

35 10.7

sand, coarse, 

trace silt, 

grey-brown

sand, 

fine, silty, 

brown

sand, very 

fine, silty, 

grey-

brown

sand, 

med-fine, 

silty, grey

no sample

sand, fine, 

silty, brown

sand, fine, 

silty, grey

lost core

sand, fine-

very fine, 

silty 

brown

sand, very 

fine, silty, 

grey-

brown

sand, very 

fine, silty, 

grey 

no 

sample

sand, very 

fine, silty, 

grey

sand, very 

fine, silty, 

grey

sand, fine-

med, 

silty, grey

silt, sandy, 

grey

sand, fine-

med, silty, 

grey

sand, fine, 

silty, brown

sand, fine, 

silty, grey
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Table A-IV-4.  Drilling Logs for Transect KW-39. 

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b c d

1 0.3

1.5 0.5

2 0.6

2.5 0.8

3 0.9

3.5 1.1

4 1.2

4.5 1.4

5 1.5

5.5 1.7

6 1.8

6.5 2.0

7 2.1

7.5 2.3

8 2.4

8.5 2.6

9 2.7

9.5 2.9

10 3.0

10.5 3.2

11 3.4

11.5 3.5

12 3.7

12.5 3.8

13 4.0

13.5 4.1

14 4.3

14.5 4.4

15 4.6

15.5 4.7

16 4.9

16.5 5.0

17 5.2

17.5 5.3

18 5.5

18.5 5.6

19 5.8

19.5 5.9

20 6.1

20.5 6.3

21 6.4

21.5 6.6

22 6.7

22.5 6.9

23 7.0

23.5 7.2 sand, 

24 7.3 sand, very 

24.5 7.5

25 7.6

no log 

available

sand, 

fine, 

sand, 

coarse, 

trace silt, 

brown

sand, very 

fine, silty, 

brown

sand, 

coarse, 

trace silt, 

brown

sand, 

coarse, grey

sand, fine, 

silty, grey

sand, 

coarse, 

silty, 

brown

same as 

above

sand, 

coarse, 

silty, grey-

brown

sand, 

coarse, 

silty, grey 

sand, 

med-

coarse, 

silty, 

brown

sand, 

med, 

silty, 

brown

sand, 

med, 

silty, grey 

w/ dark 

brown 

organic 

matter at 

20 ft

sand, 

fine, grey, 

w/ organic 

matter at 

21.5 ft

silt, 

sandy, 

silt, clayey, 

brown-grey

sand, 

coarse, silty, 

brown

sand, 

coarse, silty, 

brown

sand, 

coarse, silty, 

brown

sand, 

coarse, silty, 

grey
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Table A-IV-5. Drilling Logs for Transect KW-40. 

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b c d

1 0.3

2 0.6

3 0.9

4 1.2

5 1.5

6 1.8

7 2.1

8 2.4

9 2.7

10 3.0

10.5 3.2 silt, sandy, 

11 3.4

11.5 3.5

12 3.7

12.5 3.8

13 4.0

13.5 4.1

14 4.3

14.5 4.4

15 4.6

15.5 4.7

16 4.9

16.5 5.0

17 5.2

17.5 5.3

18 5.5

18.5 5.6

19 5.8

19.5 5.9

20 6.1

20.5 6.3

21 6.4

21.5 6.6

22 6.7

22.5 6.9

23 7.0

23.5 7.2

24 7.3

24.5 7.5

25 7.6

25.5 7.8

26 7.9

27 8.2

28 8.5

29 8.8

30 9.1

30.5 9.3

31 9.5

32 9.8

33 10.1

34 10.4

sand, 

med, 

some silt, 

grey

sand, 

coarse, 

trace silt, 

grey 

silt, 

clayey, 

plastic, 

brown

no sample

silt, sandy, 

low 

plasticity 

brown

sand, 

coarse, 

silty, 

brown

sand, 

coarse, 

silty, grey-

brown

sand, 

coarse, 

silty, grey 

sand, silty, 

med, 

brown

sand, 

some silt, 

med-

coarse, 

brown

sand, 

coarse, 

silty, grey

silt, grey

sand, 

coarse-

med, silty, 

brown

sand, very 

fine, silty, 

grey

no sample

sand, 

med, silty, 

brown

silt, sandy, 

grey

sand, fine, 

silty, grey

silt, sandy, 

brown

silt, trace 

sand, 

motelled, 

medium 

plasticity, 

grey-brown

sand, 

coarse, 

some silt, 

brown

sand, 

coarse, 

trace silt, 

grey-brown
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Table A-IV-6.  Drilling Logs for Transect KW-41. 

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b c d

1 0.3

1.5 0.5

2 0.6

2.5 0.8

3 0.9

3.5 1.1

4 1.2

4.5 1.4

5 1.5

5.5 1.7

6 1.8

6.5 2.0

7 2.1

7.5 2.3

8 2.4

8.5 2.6

9 2.7

9.5 2.9

10 3.0

10.5 3.2

11 3.4

11.5 3.5

12 3.7

12.5 3.8

13 4.0

13.5 4.1

14 4.3

14.5 4.4

15 4.6

15.5 4.7

16 4.9

16.5 5.0

17 5.2

17.5 5.3

18 5.5 sand, very 

fine, silty, 
18.5 5.6

19 5.8 silt, trace 

sand, grey
19.5 5.9

20 6.1

20.5 6.3

21 6.4

21.5 6.6 silt, 

sandy, 
22 6.7 sand, 

med-fine, 
23 7.0

24 7.3

25 7.6

26 7.9

sand, 

coarse, 

silty, brown

clay, high 

plasticity, 

brown

sand, 

coarse-

med, 

silty, 

brown

clay, high 

plasticity, 

brown

sand, 

coarse, 

silty, 

brown

sand, 

coarse-

med, 

silty, 

brown-

reddish 

brown

sand, 

coarse-

med, 

silty, grey 

(to 17.4 ft)

sand, 

coarse, 

some silt, 

grey

sand, 

coarse, 

silty, brown

sand, med-

coarse, 

silty, brown

sand, med-

coarse, 

silty, grey

clay, high 

plasticity, 

brown

sand, 

coarse-

med, 

silty, 

brown

sand, 

coarse-

med, 

silty, grey

sand, 

coarse, 

silty, grey
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Table A-IV-7.  Drilling Logs for Transect KW-42. 

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b e d c 

1 0.3

1.5 0.5

2 0.6

2.5 0.8

3 0.9

3.5 1.1

4 1.2

4.5 1.4

5 1.5

5.5 1.7

6 1.8

6.5 2.0

7 2.1

7.5 2.3

8 2.4

8.5 2.6

9 2.7

9.5 2.9

10 3.0

10.5 3.2

11 3.4

11.5 3.5

12 3.7

12.5 3.8

13 4.0

13.5 4.1

14 4.3

14.5 4.4

15 4.6

15.5 4.7

16 4.9

16.5 5.0

17 5.2

17.5 5.3

18 5.5

19 5.8

20 6.1

21 6.4

22 6.7

23 7.0

24 7.3

25 7.6

26 7.9

27 8.2

28 8.5

CH, clay, 

trace silt, 

med-high 

plasticity, 

brown

SP, sand, 

med-coarse, 

sub-rounded, 

brown

SP, same 

as above, 

grey

CH, clay, 

trace silt, 

med-high 

plasticity, 

brown

SP, sand, 

med-coarse, 

sub-rounded, 

brown

SP, sand, 

same as 

above, grey

CH, clay, 

brown

SP, sand, 

silty, sub-

rounded, 

brown

SP, sand, 

med-coarse, 

sub-rounded, 

brown

SP, sand, 

med-coarse, 

sub-rounded, 

grey (9x 1 

cm thick 

dark 

brown/black 

organic/Fe 

staining 14-

17, no odor)

clay, trace 

silt, plastic, 

brown

sand, trace 

silt, coarse, 

brown

clay, trace 

silt, high 

plasticity, 

brown

sand, trace 

silt, coarse, 

brown

sand, trace 

silt, coarse, 

grey

clay, trace 

silt, high 

plasticity, 

brown

sand, trace 

silt, coarse, 

brown

sand, trace 

silt, coarse, 

grey

sand, trace 

silt, coarse, 

grey
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Table A-IV-8.  Drilling Logs for Transect KW-43. 

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b c d

1 0.3

2 0.6

3 0.9

4 1.2

5 1.5

6 1.8

7 2.1

8 2.4

9 2.7

10 3.0

11 3.4

12 3.7

13 4.0

14 4.3

15 4.6

16 4.9

17 5.2

18 5.5

18.5 5.6

19 5.8

20 6.1

21 6.4

22 6.7

23 7.0

24 7.3

25 7.6

26 7.9

27 8.2

28 8.5

29 8.8

30 9.1

31 9.5

32 9.8

SP, sand, 

med, silty, 

grey

SP, sand, 

fine-med, 

silty, grey

CH, clay, 

med-high, 

high 

plasticity, 

brown

SP, sand, 

med-coarse, 

silty, brown

SP, sand, 

med-coarse, 

silty, grey

CH, clay, 

med-high 

plasticity, 

brown

SP, sand, 

med-coarse, 

silty, sub-

rounded, 

brown

SP, sand, 

med-coarse, 

silty, grey

CH, clay, 

high 

plasticity, 

brown

SP, sand, 

med-coarse, 

sub-rounded, 

brown

SP, sand, 

med-coarse, 

sub-rounded, 

grey

CH, clay, 

med-high 

plasticity, 

brown

SP, sand, 

med-coarse, 

silty, brown

SP, sand, 

med-coarse, 

silty, light 

grey-brown

No Sample
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Table A-IV-9.  Drilling Logs for Transect KW-44. 

Depth Below 

Ground Surface 

(ft bgs)

(m bgs) 2 a b c d

1 0.3

2 0.6

3 0.9

4 1.2

5 1.5

6 1.8

7 2.1

8 2.4

9 2.7

10 3.0

11 3.4

12 3.7

13 4.0

14 4.3

15 4.6

16 4.9

17 5.2

18 5.5

19 5.8

20 6.1

21 6.4

22 6.7

23 7.0

24 7.3

25 7.6

26 7.9

27 8.2

28 8.5

29 8.8

30 9.1

31 9.5

32 9.8

33 10.1

34 10.4

35 10.7

sand, coarse, 

brown

sand, coarse, 

grey

CH, clay, 

med-high 

plasticity, 

brown

SP, sand, 

med-coarse, 

silty, brown

SP, sand, 

med-coarse, 

silty, brown

SP, sand, 

med-fine, 

silty, grey

SP, sand, 

med-coarse, 

silty, grey

CH, clay, 

med-high 

plasticity, 

brown

SP, sand, 

med-coarse, 

silty, brown

SP, sand, 

med-coarse, 

silty, grey

same as 

above, dark 

brown peat at 

21 ft

CH, clay, 

med-high 

plasticity, 

brown

SP, sand, 

med-coarse, 

silty, brown

same as 

above, grey

clay, silty, 

cohesive, 

brown, 

chunks

sand, coarse, 

brown

sand, coarse, 

brown
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Grain Size Analyses from Transect wells from Chapter IV 

The following equation was used to logarithmically interpolate between points on the grain size 

distribution curves to calculate d10, d50 and d60 values. 

 

 

Table A-IV-10. Summary of Cored Intervals for Grain Size Analysis. 

Well ID 

Cored 

Interval 

(ft bgs) 

KW-36.1a 10 to 20 

KW-37.1a 10 to 21 

KW-39.1a 10 to 24 

KW-39.1c 10 to 24 

KW-40.1a 10 to 16 

KW-41.1a 10 to 19  

KW-41.1d 10 to 22 

KW-42.1e 10 to 18 

KW-43.1a 14 to 23 

KW-44.1d 10 to 25 

 

 

 

 

 

 

 

 



195 

 

Table A-IV-11. Sediment Sieving Results for KW-36.1a. 

Sieve Size (mm) 

10-11 

ft bgs 

11-12 

ft bgs 

12-13 

ft bgs 

13-14 

ft bgs 

14-15 

ft bgs 

15-16 

ft bgs 

16-17 

ft bgs 

17-18 

ft bgs 

19-20 

ft bgs     

1 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1   

0.5 0.5 0.2 0.4 0.8 0.1 0.1 0.1 0.2 0.1   

0.25 0.5 0.2 1.6 2.3 1.6 0.5 0.7 2.1 0.1   

0.106 25.9 18.4 77.9 53.9 62.8 43.6 72.2 52.2 46   

0.053 28.6 31.8 27.1 34.2 31.2 10.2 21.4 23.7 51.6   

<0.053 5.5 5.5 5.6 7 5 1.1 4.1 10 2.1   

Total Mass (g) 61.2 56.3 112.7 98.3 100.8 55.6 98.6 88.3 100.0   

Percent Finer   

1 99.7 99.6 99.9 99.9 99.9 99.8 99.9 99.9 99.9   

0.5 98.9 99.3 99.6 99.1 99.8 99.6 99.8 99.7 99.8   

0.25 98.0 98.9 98.1 96.7 98.2 98.7 99.1 97.3 99.7   

0.106 55.7 66.3 29.0 41.9 35.9 20.3 25.9 38.2 53.7   

0.053 9.0 9.8 5.0 7.1 5.0 2.0 4.2 11.3 2.1   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.05 0.05 0.06 0.06 0.06 0.07 0.06 0.05 0.06 0.06 0.01 

d50 0.10 0.09 0.14 0.12 0.13 0.15 0.14 0.13 0.10 0.12 0.02 

d60 0.12 0.10 0.16 0.14 0.15 0.16 0.16 0.15 0.12 0.14 0.02 

U 2.15 1.85 2.54 2.51 2.49 2.28 2.48 2.84 2.02 2.35 0.30 
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Table A-IV-12. Sediment Sieving Results for KW-37.1a. 

Sieve Size (mm) 

10-11 

ft bgs 

11-12 

ft bgs 

12-13 

ft bgs 

13-14 

ft bgs 

14-15 

ft bgs 

15-16 

ft bgs 

16-17 

ft bgs 

17-18 

ft bgs 

18-19 

ft bgs 

19-20 

ft bgs 

20-21 

ft bgs     

1 0.1 0.4 0.1 0.3 0.5 0.4 0.3 0.4 0.5 0.5 0.1   

0.5 0.2 1.3 0.2 0.6 0.9 0.7 0.5 0.6 0.6 0.5 0.4   

0.25 1.1 3.4 2.2 3.7 5 3.1 3.1 2.2 3.2 5.3 8.7   

0.106 29.6 50 37.1 58 46.9 42.2 51.7 61.4 49.1 64.9 67.4   

0.053 33.1 47.7 41.2 33.7 44.6 33.9 38.9 16.3 8.1 5.5 11.2   

<0.053 5.2 7.4 3 6.1 2.3 5.9 9.1 4.9 1.8 2.4 4.9   

Total Mass (g) 69.3 110.2 83.8 102.4 100.2 86.2 103.6 85.8 63.3 79.1 92.7   

Percent Finer   

1 99.9 99.6 99.9 99.7 99.5 99.5 99.7 99.5 99.2 99.4 99.9   

0.5 99.6 98.5 99.6 99.1 98.6 98.7 99.2 98.8 98.3 98.7 99.5   

0.25 98.0 95.4 97.0 95.5 93.6 95.1 96.2 96.3 93.2 92.0 90.1   

0.106 55.3 50.0 52.7 38.9 46.8 46.2 46.3 24.7 15.6 10.0 17.4   

0.053 7.5 6.7 3.6 6.0 2.3 6.8 8.8 5.7 2.8 3.0 5.3   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.05 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.08 0.11 0.07 0.06 0.02 

d50 0.10 0.11 0.10 0.13 0.11 0.11 0.11 0.14 0.16 0.16 0.16 0.13 0.02 

d60 0.12 0.13 0.12 0.15 0.14 0.14 0.13 0.16 0.17 0.18 0.18 0.15 0.02 

U 2.12 2.29 2.10 2.53 2.26 2.41 2.47 2.61 2.22 1.68 2.52 2.29 0.26 
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Table A-IV-13. Sediment Sieving Results for KW-39.1a. 

Sieve Size 

(mm) 

10-

11 ft 

bgs 

11-

12 ft 

bgs 

12-13 

ft bgs 

13-

14 ft 

bgs 

14-15 

ft bgs 

15-16 

ft bgs 

16-

17 ft 

bgs 

17-

18 ft 

bgs 

18-19 

ft bgs 

19-20 

ft bgs 

20-21 

ft bgs 

21-22 

ft bgs 

22-23 

ft bgs 

23-

24 ft 

bgs     

1 0.2 0.1 0.0 0.2 0.2 0.7 0.4 0.5 0.1 0.7 0.2 0.0 0.1 0.2   

0.5 2.0 1.9 1.4 0.7 1.3 1.8 1.6 1.4 2.8 4.2 2.1 0.1 0.5 1.7   

0.25 51.4 49.5 72.9 44.4 76.1 85.8 52.5 64.3 70.4 66.4 58.0 8.7 6.4 34.0   

0.106 9.5 8.6 14.0 10.1 15.9 16.7 10.5 16.2 26.3 26.9 26.8 6.9 30.7 16.2   

0.053 3.3 2.3 4.9 3.7 7.7 8.4 4.5 9.6 18.4 14.7 17.5 4.6 60.8 15.5   

<0.053 3.3 2.0 2.4 1.6 2.6 2.3 3.2 4.2 5.6 4.9 7.1 1.5 9.5 3.2   

Total Mass (g) 69.7 64.3 95.6 60.7 104.0 115.5 72.8 96.1 123.6 117.7 111.7 21.8 108.0 70.8   

Percent Finer   

1 99.7 99.9 100.0 99.8 99.8 99.4 99.5 99.5 100.0 99.4 99.8 100.0 99.9 99.7   

0.5 96.8 96.9 98.5 98.6 98.5 97.9 97.3 98.1 97.7 95.9 97.9 99.5 99.4 97.3   

0.25 23.1 20.1 22.2 25.4 25.3 23.6 25.1 31.2 40.7 39.5 46.0 59.8 93.5 49.3   

0.106 9.4 6.6 7.6 8.7 10.0 9.2 10.6 14.3 19.4 16.6 22.0 28.0 65.1 26.4   

0.053 4.7 3.1 2.5 2.7 2.5 2.0 4.5 4.4 4.6 4.1 6.4 6.9 8.8 4.5   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.11 0.13 0.12 0.11 0.11 0.11 0.10 0.08 0.07 0.07 0.06 Silt Silt 0.06 0.09 0.02 

d50 0.32 0.33 0.32 0.32 0.32 0.32 0.32 0.30 0.28 0.28 0.26 0.25 0.30 0.03 

d60 0.35 0.36 0.35 0.35 0.35 0.35 0.35 0.34 0.32 0.32 0.30 0.29 0.34 0.02 

U 3.21 2.73 2.89 3.07 3.27 3.16 3.54 4.31 4.63 4.38 4.84     4.63 3.72 0.77 
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Table A-IV-14. Sediment Sieving Results for KW-39.1c. 

Sieve Size 

(mm) 

10-11 

ft bgs 

11-12 

ft bgs 

14-15 

ft bgs 

15-16 

ft bgs 

16-17 

ft bgs 

17-18 

ft bgs 

18-19 

ft bgs 

19-20 

ft bgs 

20-21 

ft bgs 

21-22 

ft bgs 

22-23 

ft bgs 

23-24 

ft bgs     

1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 2.7 0.1 0.2   

0.5 1.5 1.3 0.3 0.5 0.5 1.9 2 2.3 2 2.7 2 0.7   

0.25 48.5 42.5 24.8 39 40 73 53 52.7 38.5 35 3.4 8   

0.106 10.5 9.6 7.7 9.6 11 19.5 16 22.1 34.5 28.5 26.1 27.3   

0.053 2.2 2.1 2.5 2.5 5 12.5 9.5 15 27 17.8 36.8 29.9   

<0.053 1.5 1.2 1.3 1 1.6 3 3 5 8.7 4.5 7.8 11.2   

Total Mass (g) 64.3 56.8 36.7 52.7 58.2 110.0 83.6 97.2 110.9 91.2 76.2 77.3   

Percent Finer   

1 99.8 99.8 99.7 99.8 99.8 99.9 99.9 99.9 99.8 97.0 99.9 99.7   

0.5 97.5 97.5 98.9 98.9 99.0 98.2 97.5 97.5 98.0 94.1 97.2 98.8   

0.25 22.1 22.7 31.3 24.9 30.2 31.8 34.1 43.3 63.3 55.7 92.8 88.5   

0.106 5.8 5.8 10.4 6.6 11.3 14.1 15.0 20.6 32.2 24.5 58.5 53.2   

0.053 2.3 2.1 3.5 1.9 2.7 2.7 3.6 5.1 7.8 4.9 10.2 14.5   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.13 0.13 0.10 0.12 0.10 0.08 0.08 0.07 0.06 0.06 Silt Silt 0.09 0.03 

d50 0.32 0.32 0.30 0.32 0.31 0.30 0.30 0.27 0.17 0.21 0.28 0.05 

d60 0.35 0.35 0.34 0.35 0.34 0.34 0.33 0.31 0.23 0.27 0.32 0.04 

U 2.67 2.69 3.21 2.80 3.55 4.06 4.23 4.69 4.05 4.26     3.62 0.74 
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Table A-IV-15. Sediment Sieving Results for KW-40.1a. 

Sieve Size 

(mm) 

10-11 

ft bgs 

11-12 

ft bgs 

12-13 

ft bgs 

13-14 

ft bgs 

14-15 

ft bgs 

15-16 

ft bgs 
    

1 0.1 0.1 0.1 0.1 0.1 0.1 

 

  

0.5 1.9 1.3 1.1 1.3 3.3 1.5 

 

  

0.25 15.6 38.2 49 52.5 87.6 59.5 

 

  

0.106 10 9.6 10 9.7 17.7 14.1 

 

  

0.053 17.7 6.6 3.9 5.7 13.5 15.1 

 

  

<0.053 8.9 2.3 2.5 3.5 5.4 5.2 

 

  

Total Mass 

(g) 54.2 58.1 66.6 72.8 127.6 95.5 

 

  

Percent 

Finer 

       

  

1 99.8 99.8 99.8 99.9 99.9 99.9 

 

  

0.5 96.3 97.6 98.2 98.1 97.3 98.3 

 

  

0.25 67.5 31.8 24.6 26.0 28.7 36.0 

 

  

0.106 49.1 15.3 9.6 12.6 14.8 21.3 

 

  

0.053 16.4 4.0 3.8 4.8 4.2 5.4 

 

  

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.02 0.08 0.11 0.08 0.08 0.06 0.08 0.02 

d50 0.16 0.30 0.32 0.31 0.31 0.29 0.31 0.01 

d60 0.21 0.34 0.35 0.35 0.34 0.33 0.34 0.01 

U 12.11 4.39 3.14 4.13 4.43 5.04 4.23 0.69 
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Table A-IV-16. Sediment Sieving Results for KW-41.1a. 

Sieve Size (mm) 
10-11 

ft bgs 

11-12 

ft bgs 

12-13 

ft bgs 

13-14 

ft bgs 

14-15 

ft bgs 

15-16 

ft bgs 

16-17 

ft bgs 

17-18 

ft bgs 

18-19 

ft bgs 
    

1 0.1 0.1 0.1 0.1 0.1 0.4 0.1 0.1 0.1   

0.5 1.8 1.4 0.8 1.1 1 3.8 2 0.7 0.7   

0.25 52.5 54.6 69.4 43.9 45.4 60.8 21.8 9.9 10.7   

0.106 13.8 24 26.5 16.7 28.5 33.7 37.4 25.9 41.4   

0.053 4.7 13.3 14.7 11.4 15 18.6 26.8 20.8 19.1   

<0.053 1.5 2.1 2.3 2.4 2.2 2.5 2.1 3.1 3.4   

Total Mass (g) 74.4 95.5 113.8 75.6 92.2 119.8 90.2 60.5 75.4   

Percent Finer   

1 99.9 99.9 99.9 99.9 99.9 99.7 99.9 99.8 99.9   

0.5 97.4 98.4 99.2 98.4 98.8 96.5 97.7 98.7 98.9   

0.25 26.9 41.3 38.2 40.3 49.6 45.7 73.5 82.3 84.7   

0.106 8.3 16.1 14.9 18.3 18.7 17.6 32.0 39.5 29.8   

0.053 2.0 2.2 2.0 3.2 2.4 2.1 2.3 5.1 4.5   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.11 0.08 0.08 0.07 0.07 0.08 0.06 0.06 0.06 0.08 0.02 

d50 0.31 0.28 0.29 0.28 0.25 0.26 0.15 0.13 0.15 0.23 0.07 

d60 0.35 0.31 0.32 0.32 0.29 0.30 0.19 0.16 0.17 0.27 0.07 

U 3.02 4.02 3.94 4.36 3.95 4.03 2.98 2.73 2.76 3.53 0.64 
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Table A-IV-17. Sediment Sieving Results for KW-41.1d. 

Sieve Size 

(mm) 

10-11 

ft bgs 

11-12 

ft bgs 

12-13 

ft bgs 

13-14 

ft bgs 

14-15 

ft bgs 

15-16 

ft bgs 

16-17 

ft bgs 

17-18 

ft bgs 

18-19 

ft bgs 

19-20 

ft bgs 

20-21 

ft bgs 

21-22 

ft bgs 
    

1 0.2 0.1 0.1 0.1 0.1 0.1 0.2 0.3 0.2 0.2 0.1 0.1   

0.5 1.1 2.6 0.9 0.6 0.9 0.6 1.9 1.4 1.8 2.4 1.3 0.2   

0.25 41.3 63.7 36.2 51.4 51.2 45.3 48.4 19.9 44.2 42.3 32.9 7   

0.106 14.3 6.7 15.9 27.4 17.7 15.7 29.3 25.8 15.7 29.1 47.9 56.3   

0.053 5.7 4 4.2 9.6 5.6 7 15 17.5 6.8 12.4 19.5 30.5   

<0.053 3.3 2.3 1.8 2.4 2.1 2.2 2.6 3.2 3.9 4.6 5.7 10.3   

Total Mass (g) 65.9 79.4 59.1 91.5 77.6 70.9 97.4 68.1 72.6 91.0 107.4 104.4   

Percent Finer   

1 99.7 99.9 99.8 99.9 99.9 99.9 99.8 99.6 99.7 99.8 99.9 99.9   

0.5 98.0 96.6 98.3 99.2 98.7 99.0 97.8 97.5 97.2 97.1 98.7 99.7   

0.25 35.4 16.4 37.1 43.1 32.7 35.1 48.2 68.3 36.4 50.7 68.1 93.0   

0.106 13.7 7.9 10.2 13.1 9.9 13.0 18.1 30.4 14.7 18.7 23.5 39.1   

0.053 5.0 2.9 3.0 2.6 2.7 3.1 2.7 4.7 5.4 5.1 5.3 9.9   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.09 0.14 0.10 0.09 0.11 0.09 0.07 0.06 0.07 0.07 0.06 0.05 0.09 0.02 

d50 0.29 0.33 0.29 0.27 0.30 0.29 0.26 0.17 0.43 0.25 0.18 0.13 0.29 0.07 

d60 0.33 0.36 0.32 0.31 0.33 0.33 0.35 0.21 0.64 0.32 0.21 0.15 0.35 0.12 

U 3.58 2.59 3.10 3.57 3.12 3.81 4.75 3.39 8.55 4.71 3.38 2.78 4.05 1.79 
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Table A-IV-18. Sediment Sieving Results for KW-42.1e. 

Sieve Size (mm) 
10-11 

ft bgs 

11-12 

ft bgs 

12-13 

ft bgs 

13-14 

ft bgs 

14-15 

ft bgs 

15-16 

ft bgs 

16-17 

ft bgs 

17-18 

ft bgs 
    

1 0 0.1 0.1 0.1 0.2 0.1 0.3 0.1   

0.5 0.6 1.3 2.5 1.6 4.9 3.5 4.5 3.8   

0.25 57.9 45.4 63.9 65 74.8 62.6 84.6 67.5   

0.106 8.7 8.6 8.9 10.4 15.1 6 14.2 14.5   

0.053 3.6 3.7 4.4 5.8 7.6 3 9.2 8.2   

<0.053 0.4 0.7 0.5 1.1 2.5 1 3.2 1.4   

Total Mass (g) 71.2 59.8 80.3 84.0 105.1 76.2 116.0 95.5   

Percent Finer   

1 100.0 99.8 99.9 99.9 99.8 99.9 99.7 99.9   

0.5 99.2 97.7 96.8 98.0 95.1 95.3 95.9 95.9   

0.25 17.8 21.7 17.2 20.6 24.0 13.1 22.9 25.2   

0.106 5.6 7.4 6.1 8.2 9.6 5.2 10.7 10.1   

0.053 0.6 1.2 0.6 1.3 2.4 1.3 2.8 1.5   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.14 0.12 0.14 0.12 0.11 0.18 0.10 0.11 0.13 0.03 

d50 0.33 0.32 0.33 0.33 0.32 0.34 0.32 0.32 0.33 0.01 

d60 0.36 0.35 0.36 0.36 0.36 0.37 0.36 0.35 0.36 0.01 

U 2.48 2.86 2.53 2.97 3.27 2.09 3.56 3.33 2.89 0.50 
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Table A-IV-19. Sediment Sieving Results for KW-43.1a. 

Sieve Size (mm) 
14-15 

ft bgs 

15-16 

ft bgs 

16-17 

ft bgs 

17-18 

ft bgs 

18-19 

ft bgs 

19-20 

ft bgs 

20-21 

ft bgs 

21-22 

ft bgs 

22-23 

ft bgs 
    

1 0.2 0.1 0.1 0.1 0.1 0.3 0.1 0.1 0.1   

0.5 0.8 0.4 1.4 1.3 0.5 0.3 0.1 1.1 2.3   

0.25 46.9 36.3 80.1 84.3 50.1 57.8 52.4 56.4 42.7   

0.106 13.6 9.2 17.5 21.8 13 16.1 11 12.6 8.2   

0.053 4.2 3.5 7.3 6.7 5.5 3.5 5.4 5.6 3.5   

<0.053 2 1.4 3 2.5 0.6 1 2.6 2 1   

Total Mass (g) 67.7 50.9 109.4 116.7 69.8 79.0 71.6 77.8 57.8   

Percent Finer   

1 99.7 99.8 99.9 99.9 99.9 99.6 99.9 99.9 99.8   

0.5 98.5 99.0 98.6 98.8 99.1 99.2 99.7 98.5 95.8   

0.25 29.2 27.7 25.4 26.6 27.4 26.1 26.5 26.0 22.0   

0.106 9.2 9.6 9.4 7.9 8.7 5.7 11.2 9.8 7.8   

0.053 3.0 2.8 2.7 2.1 0.9 1.3 3.6 2.6 1.7   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.11 0.11 0.11 0.12 0.11 0.13 0.10 0.11 0.12 0.11 0.01 

d50 0.31 0.31 0.32 0.31 0.31 0.31 0.31 0.31 0.33 0.31 0.00 

d60 0.34 0.34 0.35 0.34 0.34 0.34 0.34 0.35 0.36 0.35 0.00 

U 3.09 3.17 3.17 2.95 3.05 2.71 3.46 3.23 2.95 3.09 0.21 
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Table A-IV-20. Sediment Sieving Results for KW-44.1d. 

Sieve 

Size 

(mm) 

10-

11 ft 

bgs 

11-

12 ft 

bgs 

12-

13 ft 

bgs 

13-

14 ft 

bgs 

14-

15 ft 

bgs 

15-

16 ft 

bgs 

16-

17 ft 

bgs 

17-

18 ft 

bgs 

18-

19 ft 

bgs 

19-

20 ft 

bgs 

20-

21 ft 

bgs 

21-

22 ft 

bgs 

22-

23 ft 

bgs 

23-

24 ft 

bgs 

24-

25 ft 

bgs 

    

1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.2 0.2 1 0.2 0.4   

0.5 0.9 1.2 1 0.5 0.4 1.7 2.3 1.8 2.9 3.1 1.4 2.9 2.6 0.9 2   

0.25 16.4 16.9 21.1 48.6 22.9 39.9 32.6 20.1 35.6 44.6 24.9 43.9 33.3 37.6 33.4   

0.106 4.6 6.2 4 11.6 5.3 8.7 6.6 8.9 10.3 14.4 8.9 17.1 11.6 32.3 13.5   

0.053 2.8 3 2 5.6 4.7 5.8 5.2 5.7 7.9 8.7 5.5 10.7 8.2 8.4 4.5   

<0.053 0.3 1.6 1.2 2.9 1.7 2.7 2.2 2.4 4.8 6.4 2.2 5.1 3.7 4 2.7   

Total 

Mass (g) 25.1 29.0 29.4 69.3 35.1 58.9 49.1 39.1 61.7 77.3 43.1 79.9 60.4 83.4 56.5   

Percent 

Finer   

1 99.6 99.7 99.7 99.9 99.7 99.8 99.6 99.5 99.7 99.9 99.5 99.7 98.3 99.8 99.3   

0.5 96.0 95.5 96.3 99.1 98.6 96.9 94.9 94.9 95.0 95.9 96.3 96.1 94.0 98.7 95.8   

0.25 30.7 37.2 24.5 29.0 33.3 29.2 28.5 43.5 37.3 38.2 38.5 41.2 38.9 53.6 36.6   

0.106 12.4 15.9 10.9 12.3 18.2 14.4 15.1 20.7 20.6 19.5 17.9 19.8 19.7 14.9 12.7   

0.053 1.2 5.5 4.1 4.2 4.8 4.6 4.5 6.1 7.8 8.3 5.1 6.4 6.1 4.8 4.8   

<0.053 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Average St Dev 

d10 0.09 0.07 0.10 0.09 0.07 0.08 0.08 0.06 0.06 0.06 0.07 0.06 0.06 0.08 0.08 0.07 0.01 

d50 0.31 0.29 0.32 0.31 0.30 0.31 0.31 0.27 0.29 0.29 0.29 0.28 0.29 0.24 0.29 0.29 0.02 

d60 0.34 0.33 0.35 0.34 0.33 0.34 0.35 0.31 0.33 0.32 0.32 0.32 0.33 0.28 0.33 0.33 0.02 

U 3.73 4.58 3.64 3.89 4.79 4.42 4.57 4.91 5.50 5.52 4.68 4.96 5.05 3.64 3.94 4.52 0.63 
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Table A-IV-21. Major Cations in Ponds Before and After Artificial Filling.  

Sample 

ID

Date of 

Sample

Na 

(ppm)

K 

(ppm)

Ca 

(ppm)

Mg 

(ppm)

Fe  

(ppm)

Si 

(ppm)

S  

(ppm)

P 

(ppm)

Mn 

(ppm)

0.1950 0.0160 0.0160 0.0260 0.0020 0.0340 0.0110 0.0030 0.0002

KP-04 26-Jun-09 16.5 8.88 54.97 19.01 1.44 31.90 2.55 0.419 0.6621

KP-04 27-Jun-09 16.4 9.93 54.82 18.14 0.47 32.34 2.57 0.306 0.7856

KP-04 02-Jul-09 8.2 14.25 17.02 7.38 3.83 18.85 2.62 0.959 0.2289

KP-04 07-Jul-09 5.5 13.59 12.01 4.54 3.43 15.00 1.97 1.657 0.4603

KP-04 25-Jun-09 16.4 8.90 53.97 18.63 3.25 30.94 2.51 0.827 0.7536

KP-05 06-Jul-09 8.0 12.97 13.13 5.75 4.13 19.58 1.46 0.816 0.5454

KP-05 08-Jul-09 8.0 13.18 13.80 5.54 4.32 18.82 1.27 0.923 0.6514

KP-05 22-Jun-09 11.3 17.34 13.86 6.26 10.19 26.49 2.06 1.796 0.6168

KP-05 28-Jun-09 11.7 10.46 19.20 8.21 8.04 23.35 1.83 0.679 1.2021

KP-10 26-Jun-09 37.5 28.43 42.25 18.28 3.30 31.82 4.67 0.559 1.8930

Detection Limit
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Table A-IV-22. Trace Metals in Ponds Before and After Artificial Filling.  

Sample 

ID

Date of 

Sample

Ni  

(ppb)

As  

(ppb) 

Mo  

(ppb)

Ba  

(ppb)

U  

(ppb)

Pb  

(ppb)

Cd  

(ppb)

Sb  

(ppb)

1.4400 0.0320 0.0120 0.0760 0.0010 0.0500 0.0110 0.0080

KP-04 26-Jun-09 8 70.82 1.82 131.2 0.435 3.21 0.04 0.037

KP-04 27-Jun-09 1 52.59 1.90 47.4 0.680 1.53 BD 0.017

KP-04 02-Jul-09 29 14.05 0.53 41.3 0.508 5.85 0.04 0.183

KP-04 07-Jul-09 24 24.35 0.73 35.3 0.307 4.08 0.04 0.165

KP-04 25-Jun-09 20 97.35 1.86 76.0 0.235 2.63 BD 0.035

KP-05 06-Jul-09 25 6.74 0.26 40.4 0.432 3.53 BD 0.111

KP-05 08-Jul-09 25 9.25 0.34 37.6 0.404 3.60 0.03 0.126

KP-05 22-Jun-09 68 6.87 0.25 79.1 1.009 9.30 0.09 0.113

KP-05 28-Jun-09 42 9.59 0.39 52.4 0.144 1.19 BD 0.032

KP-10 26-Jun-09 19 13.62 0.75 93.2 0.651 5.88 0.21 0.260

Detection Limit
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Table A-IV-23. Major Cations in Deep Transect and Private Wells Before and After Artificial Pond 

Filling.  

Sample 

ID

Date of 

Sample

Na 

(ppm)

K 

(ppm)

Ca 

(ppm)

Mg 

(ppm)

Fe  

(ppm)

Si 

(ppm)

S  

(ppm)

P 

(ppm)

Mn 

(ppm)

0.1950 0.0160 0.0160 0.0260 0.0020 0.0340 0.0110 0.0030 0.0002

UTK-32 26-Jun-09 9.3 17.43 40.66 15.49 6.04 30.19 2.59 0.127 3.1804

UTK-32 27-Jun-09 9.8 17.59 40.44 15.87 6.09 31.14 2.74 0.138 3.4111

UTK-32 25-Jun-09 9.9 18.10 42.18 16.13 4.70 30.73 2.97 0.117 3.2948

UTK-33 08-Jul-09 9.3 4.23 22.52 9.46 17.28 23.18 5.89 0.297 1.4562

UTK-33 28-Jun-09 13.4 5.52 26.63 11.93 20.71 25.90 7.96 0.375 1.5386

KW-36.2 26-Jun-09 18.5 9.96 33.93 12.47 21.66 26.22 3.16 0.974 1.9135

KW-36.2 09-Jul-09 15.7 8.02 27.06 11.60 18.16 27.43 3.11 0.986 1.6916

KW-36.2 13-Jun-09 17.4 6.17 39.29 18.31 19.81 27.46 3.47 0.974 2.2592

KW-37.2 24-Jun-09 24.9 25.39 43.05 15.97 50.26 19.09 0.81 0.597 3.0761

KW-37.2 09-Jul-09 38.5 33.07 50.65 16.10 51.27 18.69 0.73 0.555 3.0655

KW-37.2 23-Jun-09 26.6 27.94 47.97 18.28 44.55 18.71 0.57 0.577 3.9083

KW-39.2 26-Jun-09 13.6 7.59 57.17 18.39 6.31 29.89 0.93 1.351 0.8660

KW-39.2 27-Jun-09 14.6 7.58 56.01 19.52 6.72 31.83 1.06 1.391 0.9315

KW-39.2 02-Jul-09 14.0 7.26 56.28 20.55 6.44 31.66 1.96 1.341 0.8975

KW-39.2 07-Jul-09 13.9 7.52 58.72 20.24 6.64 31.21 2.74 1.324 0.9340

KW-39.2 19-Jun-09 14.4 7.44 53.54 19.05 6.74 31.24 0.74 1.355 0.9071

KW-41.2 27-Jun-09 18.0 8.23 51.21 19.85 11.89 32.30 2.49 1.503 0.6922

KW-41.2 08-Jul-09 15.9 7.81 49.87 21.46 7.22 33.51 1.86 1.676 0.5760

KW-41.2 20-Jun-09 16.4 9.49 47.87 20.52 9.17 31.94 1.03 1.627 0.5811

KW-42.2 02-Jul-09 7.9 3.65 24.61 11.68 28.76 30.59 2.45 0.994 2.0314

KW-42.2 06-Jul-09 7.8 3.19 20.84 9.95 24.43 28.54 2.94 0.984 1.8558

KW-42.2 15-Jun-09 8.2 2.83 16.33 7.74 24.51 28.81 0.80 1.246 0.7430

KW-43.2 08-Jul-09 13.1 6.82 26.07 10.39 6.47 28.28 2.56 0.267 2.4704

KW-43.2 22-Jun-09 7.4 4.59 23.07 8.76 3.29 25.88 2.23 0.137 2.3820

Detection Limit
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Table A-IV-24. Trace Metals in Deep Transect and Private Wells Before and After Artificial Pond 

Filling.  

Sample 

ID

Date of 

Sample

Ni  

(ppb)

As  

(ppb) 

Mo  

(ppb)

Ba  

(ppb)

U  

(ppb)

Pb  

(ppb)

Cd  

(ppb)

Sb  

(ppb)

1.4400 0.0320 0.0120 0.0760 0.0010 0.0500 0.0110 0.0080

UTK-32 26-Jun-09 39 4.01 1.55 86.7 1.540 2.16 0.03 0.079

UTK-32 27-Jun-09 39 4.93 2.49 89.6 1.694 1.08 0.05 0.127

UTK-32 25-Jun-09 28 3.98 2.10 89.0 1.798 2.58 0.06 0.047

UTK-33 08-Jul-09 88 7.20 0.28 83.3 0.009 0.33 BD 0.069

UTK-33 28-Jun-09 103 9.03 0.34 109.9 0.013 0.30 BD 0.114

KW-36.2 26-Jun-09 121 24.71 0.38 214.7 0.005 0.33 BD BD

KW-36.2 09-Jul-09 95 23.18 0.33 174.0 0.007 0.05 BD BD

KW-36.2 13-Jun-09 108 24.59 0.37 181.3 0.009 0.29 BD BD

KW-37.2 24-Jun-09 290 16.97 0.39 424.0 0.004 0.05 BD BD

KW-37.2 09-Jul-09 310 19.37 0.51 502.9 0.022 3.47 0.02 0.044

KW-37.2 23-Jun-09 338 17.24 0.27 484.4 0.003 0.19 BD BD

KW-39.2 26-Jun-09 36 114.03 2.17 117.6 0.007 1.91 BD BD

KW-39.2 27-Jun-09 37 120.97 2.34 123.0 0.007 1.30 BD BD

KW-39.2 02-Jul-09 37 130.60 2.39 121.6 0.008 1.29 BD BD

KW-39.2 07-Jul-09 39 130.12 2.08 126.1 0.005 0.41 BD BD

KW-39.2 19-Jun-09 37 116.90 2.41 114.9 0.017 3.96 0.01 BD

KW-41.2 27-Jun-09 64 99.95 1.59 135.2 0.006 0.42 BD BD

KW-41.2 08-Jul-09 32 116.04 1.84 121.0 0.008 1.23 BD BD

KW-41.2 20-Jun-09 49 74.68 1.90 133.8 0.003 0.80 BD BD

KW-42.2 02-Jul-09 157 13.12 0.17 138.3 0.081 4.41 0.19 0.074

KW-42.2 06-Jul-09 119 12.15 0.15 114.2 0.002 0.52 BD BD

KW-42.2 15-Jun-09 130 9.74 0.09 94.9 0.002 0.62 BD BD

KW-43.2 08-Jul-09 31 17.92 0.39 66.4 0.025 0.32 BD BD

KW-43.2 22-Jun-09 16 5.51 0.11 50.7 0.014 1.39 BD BD

Detection Limit
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Table A-IV-25. Major Cations in Shallow Transect Wells Before and After Artificial Pond Filling. 

Sample 

ID

Date of 

Sample

Na 

(ppm)

K 

(ppm)

Ca 

(ppm)

Mg 

(ppm)

Fe  

(ppm)

Si 

(ppm)

S  

(ppm)

P 

(ppm)

Mn 

(ppm)

0.1950 0.0160 0.0160 0.0260 0.0020 0.0340 0.0110 0.0030 0.0002

KW-36.1a 26-Jun-09 19.5 4.61 51.95 28.61 19.74 32.71 8.44 0.706 2.4542

KW-36.1a 09-Jul-09 19.9 3.73 46.68 22.09 13.90 21.72 9.74 0.616 2.0993

KW-36.1a 13-Jun-09 14.5 3.53 40.35 21.89 10.98 24.67 5.21 0.575 1.8421

KW-36.1b 26-Jun-09 16.0 5.47 33.14 26.08 26.48 47.49 4.53 0.623 1.6720

KW-36.1b 09-Jul-09 16.0 3.50 37.57 22.51 13.79 24.01 4.03 0.398 1.7760

KW-36.1b 13-Jun-09 16.7 3.71 42.77 23.99 9.17 22.42 9.94 0.197 1.6345

KW-36.1c 26-Jun-09 15.9 3.62 41.31 23.51 21.12 24.83 9.86 0.703 1.6229

KW-36.1c 09-Jul-09 15.1 3.45 34.92 20.62 18.37 24.57 4.81 0.659 1.5817

KW-36.1d 26-Jun-09 16.2 3.52 40.45 25.83 23.01 22.57 13.07 0.430 1.0440

KW-36.1d 09-Jul-09 16.3 3.33 32.06 21.67 19.00 22.79 7.16 0.439 1.1932

KW-36.1d 12-Jun-09 16.6 3.69 45.84 26.77 25.64 22.98 14.38 0.434 1.3935

KW-37.1a 24-Jun-09 31.5 7.89 15.22 6.10 12.84 12.95 7.60 0.075 1.5990

KW-37.1a 09-Jul-09 22.1 6.09 10.51 4.91 7.39 12.88 6.51 0.053 1.2784

KW-37.1a 23-Jun-09 31.2 6.79 13.88 5.88 11.09 13.16 7.55 0.067 1.6085

KW-37.1b 24-Jun-09 29.0 7.34 18.58 7.93 16.86 15.01 10.70 0.097 1.5977

KW-37.1b 09-Jul-09 28.6 5.91 17.73 7.29 12.24 14.76 8.96 0.109 1.3933

KW-37.1b 23-Jun-09 28.6 5.73 14.69 7.09 11.51 14.77 9.16 0.093 1.3573

KW-37.1c 24-Jun-09 20.1 4.48 25.34 12.25 27.79 17.60 15.63 0.263 1.8965

KW-37.1c 09-Jul-09 30.1 5.15 20.77 10.68 22.12 17.15 8.87 0.231 1.5312

KW-37.1d 24-Jun-09 21.6 4.32 35.08 21.52 22.49 18.60 31.08 0.052 2.6163

KW-37.1d 09-Jul-09 21.7 3.49 23.20 11.20 6.05 17.91 12.99 0.035 1.6287

KW-37.1d 23-Jun-09 21.4 4.51 38.13 23.56 17.28 18.06 33.27 0.039 2.8622

KW-39.1a 26-Jun-09 9.6 11.20 20.40 7.46 12.08 19.51 3.55 0.836 3.2004

KW-39.1a 27-Jun-09 11.5 11.82 24.22 8.39 14.45 21.15 3.90 0.934 2.9150

KW-39.1a 02-Jul-09 12.8 11.97 25.76 8.99 16.17 21.38 3.49 1.002 2.8828

KW-39.1a 07-Jul-09 13.1 14.14 25.44 8.55 15.69 19.98 3.71 0.966 2.8880

KW-39.1a 19-Jun-09 9.3 8.93 21.79 9.53 15.53 22.94 6.64 0.995 3.4390

KW-39.1b 26-Jun-09 8.6 9.20 21.43 7.79 14.93 19.83 4.15 0.927 3.1021

KW-39.1b 27-Jun-09 9.9 10.75 25.15 8.92 16.68 20.89 4.24 0.875 2.9846

KW-39.1b 02-Jul-09 11.4 10.15 28.24 9.69 18.49 21.73 4.78 0.867 2.7530

KW-39.1b 07-Jul-09 13.2 10.68 27.28 9.65 18.31 21.65 4.55 0.934 2.7867

KW-39.1b 19-Jun-09 10.2 9.03 28.79 11.43 20.57 24.98 10.00 0.938 2.9101

KW-39.1c 26-Jun-09 8.9 9.29 26.57 10.31 19.86 24.23 8.36 0.974 3.3555

KW-39.1c 27-Jun-09 9.5 8.94 22.61 11.46 19.68 24.63 7.09 1.039 2.8650

KW-39.1c 02-Jul-09 9.2 9.11 22.58 9.89 18.16 24.38 5.93 1.008 2.8512

KW-39.1c 07-Jul-09 10.6 11.90 27.94 10.43 20.70 22.99 4.77 0.896 3.0650

KW-39.1c 19-Jun-09 8.3 10.89 33.93 12.89 25.64 26.61 6.24 0.950 4.0616

KW-39.1d 26-Jun-09 8.6 6.00 36.30 15.68 26.72 29.33 5.20 0.903 2.4278

Detection Limit
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Table A-IV-25. Continued… 

Sample 

ID

Date of 

Sample

Na 

(ppm)

K 

(ppm)

Ca 

(ppm)

Mg 

(ppm)

Fe  

(ppm)

Si 

(ppm)

S  

(ppm)

P 

(ppm)

Mn 

(ppm)

0.1950 0.0160 0.0160 0.0260 0.0020 0.0340 0.0110 0.0030 0.0002

KW-39.1d 27-Jun-09 8.8 6.16 35.35 15.77 27.00 29.98 4.85 0.871 2.4932

KW-39.1d 02-Jul-09 8.6 6.09 35.58 16.01 27.04 29.66 5.41 0.902 2.4347

KW-39.1d 07-Jul-09 8.7 6.10 35.58 15.74 26.36 29.81 5.44 0.875 2.3417

KW-41.1a 27-Jun-09 13.7 3.65 29.34 13.76 14.16 21.68 6.53 0.127 0.3035

KW-41.1a 08-Jul-09 18.3 3.77 30.00 15.18 17.68 20.42 7.70 0.132 0.3436

KW-41.1a 20-Jun-09 12.0 3.90 32.88 15.54 18.19 21.18 7.80 0.140 0.4162

KW-41.1b 27-Jun-09 31.9 4.33 32.00 15.62 11.37 21.89 7.98 0.090 0.3138

KW-41.1b 08-Jul-09 38.4 4.30 28.74 13.52 11.74 20.71 7.37 0.097 0.3018

KW-41.1b 20-Jun-09 37.2 5.00 35.99 18.44 19.16 21.70 11.15 0.115 0.4887

KW-41.1c 27-Jun-09 43.1 4.55 55.10 15.60 5.30 23.45 8.06 0.235 0.3753

KW-41.1c 08-Jul-09 52.9 4.68 46.88 13.90 5.85 21.73 6.80 0.210 0.3604

KW-41.1c 20-Jun-09 43.3 4.64 57.31 16.30 6.32 22.72 10.11 0.234 0.3726

KW-41.1d 27-Jun-09 26.1 8.01 32.82 18.27 22.60 22.02 6.80 0.361 0.5356

KW-41.1d 08-Jul-09 35.1 7.92 30.74 19.62 21.99 22.51 7.16 0.379 0.5376

KW-41.1d 20-Jun-09 30.0 8.47 38.25 20.79 26.16 22.55 9.04 0.383 0.6641

KW-42.1a 02-Jul-09 5.5 2.91 13.87 5.66 1.23 16.48 3.03 0.024 0.1785

KW-42.1a 06-Jul-09 8.6 5.82 12.37 5.49 4.07 13.37 3.41 0.032 0.7971

KW-42.1a 15-Jun-09 5.1 3.43 7.27 3.72 3.65 17.36 3.85 0.047 0.5666

KW-42.1b 06-Jul-09 9.3 5.36 11.49 4.83 5.04 13.72 3.95 0.048 0.5687

KW-42.1b 15-Jun-09 7.4 3.90 13.54 5.77 6.00 18.75 5.54 0.065 0.7046

KW-42.1c 02-Jul-09 6.3 2.68 15.12 6.76 3.04 16.99 4.45 0.025 0.3881

KW-42.1c 06-Jul-09 6.8 3.19 14.50 7.17 2.22 17.34 3.48 BD 0.2969

KW-42.1c 15-Jun-09 7.9 2.90 27.77 13.61 2.60 18.65 0.46 0.048 0.3006

KW-42.1d 02-Jul-09 5.6 2.65 9.95 4.48 1.21 15.47 3.67 0.022 0.2529

KW-42.1d 06-Jul-09 8.6 3.16 13.37 5.55 2.19 15.14 3.45 0.012 0.4463

KW-42.1d 15-Jun-09 7.7 3.63 21.86 10.87 2.46 18.30 1.29 0.023 0.5104

KW-42.1e 06-Jul-09 9.1 3.60 12.92 5.26 1.54 14.27 3.06 0.026 0.1938

KW-42.1e 15-Jun-09 7.7 3.09 19.05 8.77 1.90 16.72 3.33 0.031 0.2255

KW-43.1a 08-Jul-09 13.5 17.98 28.04 7.04 0.27 28.77 2.26 0.024 2.3257

KW-43.1a 22-Jun-09 8.6 14.52 18.72 4.58 0.29 26.89 1.80 0.024 1.4282

KW-43.1a 28-Jun-09 8.9 14.30 18.33 4.53 0.26 26.83 1.57 BD 1.5097

KW-43.1b 08-Jul-09 10.3 18.55 23.03 5.90 0.24 30.26 1.11 0.024 1.8161

KW-43.1b 22-Jun-09 8.0 17.75 20.18 5.30 0.27 28.01 1.39 0.030 1.6927

KW-43.1b 28-Jun-09 9.8 20.07 36.61 9.69 0.83 26.92 0.50 0.043 2.9177

KW-43.1c 08-Jul-09 13.2 21.15 26.16 7.21 0.32 33.13 1.96 0.021 2.0500

KW-43.1c 22-Jun-09 10.3 22.31 26.18 7.01 0.26 31.45 0.41 0.028 1.8176

KW-43.1c 28-Jun-09 10.2 22.10 26.62 6.81 0.25 30.23 0.52 BD 1.7759

KW-43.1d 08-Jul-09 12.8 21.30 36.06 9.35 1.18 29.56 0.28 0.038 2.8449

KW-43.1d 22-Jun-09 9.3 19.11 34.07 8.95 0.78 28.30 0.50 0.044 3.5851

KW-43.1d 28-Jun-09 8.7 17.53 18.88 5.54 0.39 28.37 1.40 0.022 1.6653

Detection Limit
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Table A-IV-26. Trace Metals in Shallow Transect Wells Before and After Artificial Pond Filling. 

Sample 

ID

Date of 

Sample

Ni  

(ppb)

As  

(ppb) 

Mo  

(ppb)

Ba  

(ppb)

U  

(ppb)

Pb  

(ppb)

Cd  

(ppb)

Sb  

(ppb)

1.4400 0.0320 0.0120 0.0760 0.0010 0.0500 0.0110 0.0080

KW-36.1a 26-Jun-09 108 13.13 0.20 152.3 0.280 4.57 0.02 0.043

KW-36.1a 09-Jul-09 77 10.52 0.19 119.8 0.013 0.18 BD BD

KW-36.1a 13-Jun-09 64 10.83 0.18 98.9 0.072 8.75 0.02 0.018

KW-36.1b 26-Jun-09 155 5.82 0.07 159.0 1.284 15.67 0.07 0.036

KW-36.1b 09-Jul-09 74 9.08 0.15 103.4 0.114 54.87 0.07 0.024

KW-36.1b 13-Jun-09 51 7.41 0.25 114.1 0.377 146.43 0.02 0.035

KW-36.1c 26-Jun-09 124 11.98 0.24 112.9 0.072 4.43 BD 0.020

KW-36.1c 09-Jul-09 100 11.43 0.28 103.9 0.060 3.09 BD BD

KW-36.1d 26-Jun-09 124 9.66 0.04 133.4 0.019 1.01 BD BD

KW-36.1d 09-Jul-09 97 9.20 0.29 109.0 0.011 0.20 BD BD

KW-36.1d 12-Jun-09 144 10.10 0.32 144.0 0.030 0.62 0.02 0.022

KW-37.1a 24-Jun-09 76 3.71 0.29 89.6 0.027 0.43 BD BD

KW-37.1a 09-Jul-09 40 3.72 0.10 58.5 0.018 0.05 BD BD

KW-37.1a 23-Jun-09 62 3.44 0.14 81.3 0.026 0.80 BD BD

KW-37.1b 24-Jun-09 94 5.07 0.40 103.9 0.025 0.96 BD BD

KW-37.1b 09-Jul-09 63 6.01 0.26 79.4 0.033 0.59 BD BD

KW-37.1b 23-Jun-09 56 4.94 0.23 75.3 0.026 1.78 BD BD

KW-37.1c 24-Jun-09 152 7.21 0.11 119.5 0.039 0.34 BD BD

KW-37.1c 09-Jul-09 118 6.10 0.23 124.9 0.052 4.37 0.02 0.048

KW-37.1d 24-Jun-09 113 1.19 0.06 143.6 0.081 0.33 BD BD

KW-37.1d 09-Jul-09 32 1.26 0.06 89.7 0.078 4.17 0.02 0.036

KW-37.1d 23-Jun-09 92 0.94 0.10 147.3 0.068 0.76 0.03 BD

KW-39.1a 26-Jun-09 66 26.06 0.55 155.2 0.014 2.93 BD BD

KW-39.1a 27-Jun-09 80 30.32 0.47 185.3 0.005 1.63 BD BD

KW-39.1a 02-Jul-09 94 31.91 0.48 193.6 0.002 0.52 BD BD

KW-39.1a 07-Jul-09 87 27.91 0.86 202.9 0.002 0.72 BD BD

KW-39.1a 19-Jun-09 80 36.64 1.04 149.2 0.023 3.62 0.03 0.014

KW-39.1b 26-Jun-09 80 29.85 0.82 149.4 0.009 1.83 BD BD

KW-39.1b 27-Jun-09 94 31.72 0.58 186.4 0.006 1.43 BD BD

KW-39.1b 02-Jul-09 102 33.59 0.55 187.6 0.005 0.81 BD BD

KW-39.1b 07-Jul-09 99 32.69 0.50 200.9 BD 0.68 BD BD

KW-39.1b 19-Jun-09 111 41.82 1.05 184.9 0.020 3.34 0.02 0.021

KW-39.1c 26-Jun-09 113 35.57 1.44 163.5 0.022 1.70 BD BD

KW-39.1c 27-Jun-09 99 33.48 1.45 154.0 0.012 1.23 0.01 BD

KW-39.1c 02-Jul-09 93 34.50 1.25 147.8 0.013 1.56 BD BD

KW-39.1c 07-Jul-09 111 32.61 0.77 189.9 0.010 1.55 BD BD

KW-39.1c 19-Jun-09 138 38.53 0.88 209.6 0.038 3.40 BD BD

KW-39.1d 26-Jun-09 144 28.05 0.51 192.1 0.054 1.50 BD BD

Detection Limit
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Table A-IV-26. Continued… 

Sample 

ID

Date of 

Sample

Ni  

(ppb)

As  

(ppb) 

Mo  

(ppb)

Ba  

(ppb)

U  

(ppb)

Pb  

(ppb)

Cd  

(ppb)

Sb  

(ppb)

1.4400 0.0320 0.0120 0.0760 0.0010 0.0500 0.0110 0.0080

KW-39.1d 27-Jun-09 143 29.12 0.48 194.1 0.043 2.00 BD BD

KW-39.1d 02-Jul-09 145 27.50 0.43 190.2 0.038 0.87 BD BD

KW-39.1d 07-Jul-09 138 27.48 0.45 191.7 0.031 0.57 BD BD

KW-41.1a 27-Jun-09 81 1.74 0.04 93.2 0.042 0.75 0.01 BD

KW-41.1a 08-Jul-09 93 2.43 0.05 108.1 0.063 2.03 0.05 0.020

KW-41.1a 20-Jun-09 99 2.24 0.01 102.1 0.058 0.90 BD BD

KW-41.1b 27-Jun-09 60 1.98 0.05 87.4 0.128 1.10 BD BD

KW-41.1b 08-Jul-09 64 2.13 0.11 82.9 0.139 1.90 BD 0.019

KW-41.1b 20-Jun-09 98 2.32 0.07 111.3 0.220 3.80 BD BD

KW-41.1c 27-Jun-09 29 3.77 0.47 55.3 0.268 0.76 BD 0.037

KW-41.1c 08-Jul-09 35 3.59 0.71 58.3 0.273 15.45 BD 0.071

KW-41.1c 20-Jun-09 33 3.68 0.60 58.4 0.406 0.58 BD 0.043

KW-41.1d 27-Jun-09 118 4.06 0.09 163.4 0.023 2.21 BD 0.018

KW-41.1d 08-Jul-09 108 4.12 0.04 168.2 0.018 17.68 BD BD

KW-41.1d 20-Jun-09 144 3.85 0.01 187.9 0.010 0.55 BD BD

KW-42.1a 02-Jul-09 13 1.37 0.13 27.2 0.043 2.36 BD 0.057

KW-42.1a 06-Jul-09 24 5.33 0.14 45.8 0.045 0.51 BD 0.023

KW-42.1a 15-Jun-09 18 5.55 0.17 29.4 0.027 1.27 BD 0.020

KW-42.1b 06-Jul-09 26 12.57 0.15 46.4 0.039 3.48 BD BD

KW-42.1b 15-Jun-09 35 4.00 0.22 44.8 0.023 1.14 BD BD

KW-42.1c 02-Jul-09 15 0.91 0.06 39.9 0.034 1.08 BD BD

KW-42.1c 06-Jul-09 10 1.16 0.07 40.8 0.032 1.29 BD BD

KW-42.1c 15-Jun-09 13 1.08 0.06 50.3 0.187 2.88 BD BD

KW-42.1d 02-Jul-09 5 0.31 0.07 22.7 0.036 1.01 BD BD

KW-42.1d 06-Jul-09 14 2.66 0.09 34.0 0.045 0.96 BD BD

KW-42.1d 15-Jun-09 12 0.69 0.02 48.4 0.099 1.45 0.02 BD

KW-42.1e 06-Jul-09 10 4.26 0.07 28.6 0.039 1.04 BD BD

KW-42.1e 15-Jun-09 11 0.55 0.04 35.2 0.035 2.43 BD BD

KW-43.1a 08-Jul-09 7 0.79 0.09 65.1 0.084 1.21 0.11 BD

KW-43.1a 22-Jun-09 3 0.99 0.14 39.4 0.058 1.00 0.02 BD

KW-43.1a 28-Jun-09 6 1.30 0.14 39.4 0.055 0.62 0.03 BD

KW-43.1b 08-Jul-09 3 0.41 0.21 61.4 0.143 1.56 0.08 BD

KW-43.1b 22-Jun-09 4 0.36 0.38 50.5 0.117 1.01 BD BD

KW-43.1b 28-Jun-09 10 0.60 0.33 98.1 1.063 0.45 0.02 BD

KW-43.1c 08-Jul-09 3 0.40 0.30 71.7 0.151 0.94 0.03 BD

KW-43.1c 22-Jun-09 2 0.39 0.41 65.7 0.237 1.14 BD BD

KW-43.1c 28-Jun-09 2 0.21 0.45 62.6 0.248 0.57 0.03 BD

KW-43.1d 08-Jul-09 9 0.89 0.11 109.7 0.624 0.28 0.03 BD

KW-43.1d 22-Jun-09 4 0.79 0.29 89.9 0.816 1.01 BD BD

KW-43.1d 28-Jun-09 3 0.36 0.29 50.4 0.106 1.04 BD BD

Detection Limit
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Table A-IV-27.  Electrical Conductivity Monthly Monitoring Results from Shallow Transect Monitoring wells (mS/cm). “NS” refers to 

wells that were not sampled. 

Well ID 8/26/08 9/20/08 10/29/08 11/22/08 1/29/09 2/25/09 3/16/09 4/22/09 5/27/09 7/19/09 8/26/09 9/30/09 10/27/09 Average

KW-36.1 a 0.49 0.44 NS 0.44 0.57 0.70 NS dry dry 0.50 0.30 0.71 0.70 0.54

KW-36.1 d 0.43 0.44 NS 0.50 0.54 NS 0.91 dry dry 0.54 0.56 0.65 0.62 0.58

KW-37.1 a 0.33 0.31 NS 0.38 0.47 0.46 0.86 dry 1.43 0.26 0.44 0.20 0.21 0.49

KW-37.1 d 0.28 0.35 NS 0.40 0.42 0.44 0.82 dry 1.29 0.42 0.32 0.17 0.15 0.46

KW-38.1 a 0.28 0.40 NS 0.50 0.46 0.54 0.93 dry dry 0.58 0.43 0.48 0.42 0.50

KW-38.1 d 0.53 0.43 NS 0.38 0.48 0.47 0.79 1.59 1.62 0.39 0.47 0.21 0.17 0.63

KW-39.1 a 0.46 0.55 NS 0.48 0.64 0.56 0.81 0.74 0.78 0.40 0.41 0.43 0.55 0.57

KW-39.1 c 0.52 NS NS NS NS NS NS NS NS NS 0.40 0.40 0.42 0.44

KW-39.1 d (27) 0.43 0.70 0.57 0.65 0.66 0.68 1.15 1.60 1.73 NS NS NS NS 0.91

KW-40.1 a 0.57 0.51 NS 0.10 0.45 NS NS 1.59 1.00 0.59 0.59 0.35 NS 0.64

KW-40.1 d 0.53 0.53 NS 0.38 0.44 NS NS 1.69 0.88 0.52 0.50 0.33 NS 0.65

KW-41.1 a 0.40 0.34 NS 0.38 0.58 0.35 NS 1.32 1.18 0.51 0.54 0.35 0.25 0.56

KW-41.1 d 0.44 0.41 NS 0.45 0.51 0.05 NS 1.54 1.42 0.52 0.60 0.42 0.42 0.62

KW-43.1 a 0.45 0.42 NS 0.45 0.74 0.03 NS 0.57 0.88 0.34 0.27 0.39 0.31 0.44

KW-43.1 d 0.45 0.42 NS 0.44 0.59 0.39 NS 0.40 0.54 0.39 0.35 0.47 0.45 0.44

KW-44.1 a (28) 0.38 0.35 0.37 0.39 0.50 0.50 1.03 0.40 0.86 NS NS NS NS 0.53

KW-44.1 d 0.35 0.38 NS 0.37 0.55 0.46 0.93 0.50 0.58 0.33 0.37 0.35 0.35 0.46  
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Table A-IV-28. E. coli Monthly Monitoring Results from Shallow Transect Monitoring wells at Site K (MPN/100 ml). Concentrations 

are based upon duplicate 100 ml samples (except 11/25/08 when only single 100 ml samples were taken). “0.3” is the estimated 

detection limit and indicates no E. coli was detected in either 100 ml sample. “NS” refers to wells that were not sampled. 

Well ID 9/20/08 10/29/08 11/25/08 1/29/09 2/26/09 3/16/09 4/25/09 5/25/09 6/28/09 7/19/09 8/27/09 9/30/09 10/27/09

KW-36.1d 0.3 0.3 0.3 0.3 0.3 0.3 NS NS NS 1.5 0.5 0.3 0.3

KW-37.1a 0.3 0.3 0.3 0.3 0.3 2.6 NS 0.5 NS 0.3 0.3 0.3 0.3

KW-37.1d 0.3 0.3 0.3 0.3 0.3 28.3 NS 4.7 NS 1.0 2.0 0.3 5.8

KW-38.1a 0.3 0.3 0.3 0.3 0.3 0.3 NS NS NS 0.3 0.3 0.3 0.5

KW-38.1d 0.3 0.3 10.9 0.3 0.3 6.3 0.5 1.0 NS 0.3 0.3 7.4 2.6

KW-39.1a 0.3 0.3 3.1 0.3 0.3 0.3 0.3 1.5 NS 5.8 7.5 0.3 0.3

KW-39.1d (27) 0.3 1.0 0.3 0.3 0.3 5.2 0.3 1.0 NS 0.3 0.3 NS NS

KW-40.1a 0.3 0.3 0.3 0.3 0.3 4.3 1.0 2.0 NS 2.6 46.8 1.5 0.3

KW-40.1d 0.3 0.3 5.3 0.3 0.3 1.5 13.3 0.3 NS 5.8 9.8 0.3 0.3

KW-41.1a 0.3 0.3 2.0 0.3 0.3 0.5 1.0 1.5 NS 0.3 0.3 0.3 0.3

KW-41.1d 0.3 0.3 0.3 0.3 1.0 1.0 0.5 0.3 NS 0.3 0.3 0.3 0.3

KW-43.1a 0.3 0.3 1.0 0.3 9.8 0.3 1.0 0.3 NS 0.5 0.5 0.3 0.3

KW-43.1d 0.3 0.3 6.2 0.3 0.3 0.3 0.3 0.5 NS 0.3 0.3 0.3 0.3

KW-44.1a (28) 0.3 0.3 1.0 0.3 0.3 0.5 0.5 2.0 0.3 0.3 0.3 NS NS

KW-44.1d 0.3 0.3 1.0 0.3 0.3 0.3 0.5 0.3 NS 0.3 0.3 0.5 0.5  
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Table A-IV-29. Water Levels from Transects Surrounding Pond KP-10. Levels indicate depth of water table below top of casing (m). 

KL-10 KW-36.2 KW-36.1a KW-36.1b KW-36.1c KW-36.1d KW-37.2 KW-37.1a KW-37.1b KW-37.1c KW-37.1d KW-38.2 KW-38.1a KW-38.1b KW-38.1c KW-38.1d

6/11/09 2.150 4.656 4.604 4.641 4.683 4.579 4.853 4.769 4.79 4.869 4.847 4.64 4.585 4.705 4.792 4.784

6/12/09 NA 4.645 4.586 4.634 4.582 4.566 NA NA NA NA NA NA NA NA NA NA

6/13/09 2.190 4.616 4.574 4.616 4.565 4.551 4.815 4.732 4.747 4.824 4.806 4.603 4.540 4.646 4.742 4.739

6/14/09 2.291 4.579 4.546 4.584 4.531 4.516 4.780 4.075 4.272 4.795 4.772 4.568 4.509 4.629 4.712 4.705

6/15/09 2.374 4.559 4.532 4.567 4.514 4.501 4.752 4.689 4.708 4.778 4.758 4.549 4.492 4.619 4.704 4.688

6/17/09 dry 4.536 4.516 4.549 4.495 4.485 4.741 4.675 4.693 4.765 4.744 4.529 4.475 4.621 4.682 4.665

6/23/09 NA 4.511 4.501 4.528 4.474 4.459 4.713 4.655 4.674 4.744 4.721 4.501 4.451 4.605 4.611 4.643

6/24/09 NA NA 4.501 4.525 4.480 4.460 4.728 4.657 4.674 4.749 4.722 4.509 4.455 4.610 4.667 4.646

6/25/09 11:00 PM 2.295 4.505 4.472 4.507 4.454 4.439 4.713 4.638 4.657 4.726 4.705 4.495 4.442 4.598 4.656 4.634

6/25/09 5:00 PM NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/26/09 2.388 4.504 4.472 4.504 4.451 4.437 4.706 4.635 4.655 4.723 4.702 4.492 4.438 4.593 4.652 4.632

6/27/09 dry 4.500 4.473 4.505 4.451 4.436 4.703 4.634 4.654 4.723 4.700 4.489 4.437 4.652 4.650 4.630

6/28/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/29/09 dry 4.498 4.450 4.509 4.454 4.438 4.702 4.637 4.658 4.725 4.702 4.489 4.427 4.592 4.648 4.631

7/1/09 11:00 AM NA 4.486 4.463 4.494 4.441 4.426 4.689 4.620 4.643 4.703 4.689 4.479 4.425 4.580 4.636 4.616

7/1/09 6:00 PM NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

7/2/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

7/4/09 2.183 4.411 4.397 4.435 4.399 4.366 4.610 4.542 4.567 4.632 4.609 4.397 4.345 4.497 4.557 4.539

7/6/09 2.301 4.353 4.344 4.383 4.328 4.313 4.517 4.491 4.510 4.581 4.556 4.343 4.291 4.437 4.504 4.481

7/20/09 dry 4.047 4.053 4.085 4.032 4.014 4.253 4.215 4.237 4.304 4.274 4.04 3.996 4.146 4.207 4.194

8/27/09 1.642 1.944 2.002 2.031 1.981 1.966 2.151 2.106 2.133 2.214 2.179 1.936 1.911 2.061 2.13 2.094

10/1/09 1.241 1.616 1.741 1.748 1.696 1.682 1.958 1.884 1.915 1.972 1.951 1.738 1.684 1.833 1.861 1.88

10/28/09 1.986 2.519 2.481 2.504 2.452 2.435 2.712 2.649 2.673 2.739 2.714 2.502 2.449 2.607 2.564 2.463  
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Table A-IV-30. Water Levels from Transects Surrounding Pond KP-04. Levels indicate depth of water table below top of casing (m). 

KL-04 KW-39.2 KW-39.1a KW-39.1b KW-39.1c KW-39.1d (27)KW-40.2 KW-40.1a KW-40.1b KW-40.1c KW-40.1d KW-41.2 KW-41.1a KW-41.1b KW-41.1c KW-41.1d

6/11/09 2.979 4.37 4.296 4.336 4.403 4.54 5.004 5.204 4.998 4.981 4.991 3.642 3.774 4.125 4.445 4.582

6/12/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/13/09 2.978 4.357 4.209 4.256 4.332 4.493 4.985 4.954 4.942 4.952 4.956 3.6 3.727 4.181 4.402 4.543

6/14/09 2.982 4.383 4.291 4.331 4.401 4.539 5.306 5.107 4.998 4.989 4.991 3.633 3.767 4.119 4.431 4.578

6/15/09 2.961 4.367 4.295 4.325 4.405 4.546 5.021 5.008 4.992 4.976 4.973 3.612 3.761 4.114 4.431 4.554

6/17/09 2.985 4.380 4.301 4.345 4.410 4.549 4.979 4.999 4.986 4.963 4.957 NA 3.767 4.119 4.435 4.574

6/23/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/24/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/25/09 11:00 PM NA 4.293 4.082 4.132 4.218 4.359 NA 4.899 4.905 4.964 4.979 NA 3.732 4.509 4.374 4.518

6/25/09 5:00 PM 2.821 NA NA 4.147 4.217 4.358 NA 4.884 4.877 4.921 4.933 3.549 3.654 4.008 4.328 4.469

6/26/09 NA 4.278 4.125 4.172 4.243 4.384 4.943 4.874 4.874 4.885 4.895 3.535 3.645 4.001 4.317 4.459

6/27/09 2.980 4.242 4.164 4.206 4.275 4.417 4.892 4.902 4.890 4.875 4.867 3.508 3.644 3.999 4.314 4.453

6/28/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/29/09 2.984 4.241 4.169 4.212 4.281 4.416 4.889 4.905 4.893 4.873 4.863 3.506 3.646 3.997 4.313 4.451

7/1/09 11:00 AM 2.988 4.217 4.126 4.169 4.238 4.379 4.870 4.873 4.861 4.851 4.845 3.482 3.617 3.972 4.286 4.426

7/1/09 6:00 PM NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

7/2/09 2.965 4.191 4.088 4.132 4.201 4.339 4.839 4.832 4.822 4.818 4.814 3.457 3.586 3.941 4.261 4.398

7/4/09 2.875 4.124 4.024 4.098 4.137 4.275 4.773 4.768 4.756 4.751 4.749 3.394 3.526 3.881 4.205 4.339

7/6/09 2.984 4.087 4.012 4.056 4.124 4.259 4.729 4.745 4.734 4.716 4.708 3.352 3.490 3.845 4.160 4.300

7/20/09 2.987 3.737 3.678 3.718 3.787 3.923 4.384 4.419 4.412 4.381 4.361 3 3.146 3.492 3.812 3.948

8/27/09 1.859 1.652 2.665 1.641 1.708 1.604 2.305 2.336 2.276 2.289 2.331 0.908 1.065 1.435 2.111 2.265

10/1/09 1.536 1.616 1.501 1.539 1.608 1.747 2.279 2.232 2.234 2.233 2.245 0.881 0.992 1.356 1.672 1.816

10/28/09 NM 2.427 2.309 2.348 2.414 2.554 3.074 3.033 3.029 3.026 3.041 1.679 1.801 2.155 2.459 2.607  
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Table A-IV-31. Water Levels from Transects Surrounding Pond KP-05. Levels indicate depth of water table below top of casing (m). 

KL-05 KW-42.0 KW-42.2 KW-42.1a KW-42.1b KW-42.1e KW-42.1d KW-42.1c KW-43.2 KW-43.1a KW-43.1b KW-43.1c KW-43.1d KW-44.2 KW-44.1a KW-44.1b KW-44.1c KW-44.1d

6/11/09 2.35 dry 4.01 4.03 4.027 4.02 4.001 4.006 3.946 3.951 4.002 4.702 4.506 4.524 4.538 4.518 4.539 4.597

6/12/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/13/09 1.871 dry 3.994 3.955 3.963 3.959 3.941 3.948 3.944 3.948 4 4.73 4.59 4.548 4.549 4.529 4.552 4.499

6/14/09 1.956 dry 4.302 4.004 4.008 3.991 3.985 4.004 3.972 3.962 4.204 4.904 4.801 4.584 4.586 4.568 4.592 4.567

6/15/09 2.035 dry 3.989 3.991 3.99 3.982 3.962 3.961 3.964 3.978 4.027 4.098 4.084 4.581 4.593 4.574 4.601 4.546

6/17/09 2.116 dry 4.039 4.031 4.033 4.021 4.005 4.011 3.952 3.965 4.019 4.088 4.073 4.568 4.583 4.565 4.565 4.521

6/23/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/24/09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6/25/09 11:00 PM 2.352 dry 3.895 3.942 3.939 3.939 3.912 3.916 NA NA NA NA NA NA NA NA NA NA

6/25/09 5:00 PM NA NA 3.883 3.93 3.929 3.924 3.902 3.905 NA NA NA NA NA NA NA NA NA NA

6/26/09 NA dry 3.912 3.924 3.925 3.913 3.895 3.899 NA NA NA NA NA NA NA NA NA NA

6/27/09 2.347 dry 3.885 3.916 3.911 3.905 3.884 3.885 NA NA NA NA NA NA NA NA NA NA

6/28/09 1.99 dry pumped 3.945 3.943 3.938 3.917 3.92 pumped 3.886 3.936 4.004 3.985 4.462 4.471 4.451 4.484 4.412

6/29/09 1.917 dry pumped 3.905 3.906 3.899 3.879 3.882 pumped 3.857 3.908 3.977 3.962 4.424 4.437 4.418 4.439 4.378

7/1/09 11:00 AM 1.719 dry 3.845 3.767 3.787 3.782 3.768 3.779 3.795 3.805 3.858 3.93 3.917 4.381 4.389 4.371 4.392 4.333

7/1/09 6:00 PM 1.926 dry 3.816 3.19 3.327 3.361 3.391 3.378 3.779 3.777 3.837 3.906 3.902 4.365 4.353 4.331 4.351 4.301

7/2/09 1.946 dry 3.812 3.701 3.712 3.712 3.702 3.716 3.761 3.758 3.811 3.884 3.871 4.344 4.349 4.329 4.340 4.295

7/4/09 1.925 dry 3.752 3.678 3.697 3.693 3.678 3.692 3.703 3.706 3.764 3.829 3.819 4.289 4.298 4.278 4.299 4.241

7/6/09 2.022 dry 3.730 3.74 3.740 3.733 3.712 3.71 3.676 3.689 3.745 3.815 3.801 4.263 4.279 4.26 4.284 4.221

7/20/09 2.256 dry 3.399 3.429 3.431 3.424 3.404 3.401 3.334 3.355 3.408 3.477 3.466 3.933 3.95 3.931 3.954 3.891

8/27/09 1.461 1.359 1.315 1.329 1.331 1.335 1.313 1.299 1.247 1.291 1.334 1.394 1.378 NA 1.815 NA NA 1.869

10/1/09 1.119 1.218 1.211 1.196 1.201 1.197 1.177 1.168 1.145 1.152 1.204 1.272 1.258 NA 1.737 NA NA 1.689

10/28/09 1.802 2.041 2.049 2.017 2.021 2.021 2.001 1.999 1.975 1.977 2.029 2.097 2.082 NA 2.586 NA NA 2.569  
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Table A-IV-32. Elevations of Tops of Casings of Transect Wells and L-piezometers (m above 

datum).  The datum corresponds to that set by Karrie Radloff for Site K. 

Well ID

Adjusted 

Tops 

(mad)

Well ID

Adjusted 

Tops 

(mad)

KL-04 0.189 KW-40.1c 0.658

KL-05 0.049 KW-40.1d 0.654

KL-10 -0.256 KW-40.2 0.669

KL-15 -0.014 KW-40.2 0.669

KW-36.1a 0.042 KW-41.1a -0.583

KW-36.1b 0.067 KW-41.1b -0.228

KW-36.1c 0.016 KW-41.1c 0.087

KW-36.1d 0.000 KW-41.1d 0.226

KW-36.2 0.045 KW-41.2 -0.667

KW-37.1a 0.190 KW-42.0 -0.330

KW-37.1b 0.222 KW-42.1a -0.358

KW-37.1c 0.280 KW-42.1b -0.352

KW-37.1c 0.280 KW-42.1c -0.373

KW-37.1d 0.257 KW-42.1d -0.373

KW-37.2 0.253 KW-42.1e -0.353

KW-38.1a -0.012 KW-42.2 -0.358

KW-38.1b 0.147 KW-43.1a -0.413

KW-38.1c 0.206 KW-43.1b -0.360

KW-38.1d 0.184 KW-43.1c -0.292

KW-38.2 0.034 KW-43.1d -0.304

KW-39.1a -0.065 KW-43.2 -0.425

KW-39.1b -0.030 KW-44.1a (28) 0.183

KW-39.1c 0.036 KW-44.1b 0.183

KW-39.1d (27) 0.181 KW-44.1c 0.184

KW-39.2 0.014 KW-44.1d 0.130

KW-40.1a 0.667 KW-44.1d 0.130

KW-40.1b 0.664 KW-44.2 0.172  
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APPENDIX V – VILLAGE-SCALE FECAL CONTAMINATION MONITORING 

This section is in an outline of a manuscript in preparation for publication. 

Factors Influencing the Spatial and Temporal Distribution of Fecal Contamination in a Sandy 

Aquifer in Bangladesh 

Abstract 

Over fifty groundwater wells were monitored monthly for E. coli in a sandy aquifer underlying a 

village in Bangladesh over two years. Monthly E. coli prevalence varied from 30 to 70%, peaking 

in the wet season in both years (2008 and 2009). Precipitation was found to be the 

predominant temporal influence on E. coli prevalence in both private wells and monitoring 

wells, however, several other potential factors were tested to explain the spatial distribution of 

E. coli and sulphate within each month and across months.  These include: water levels, surficial 

geology, ground elevation, well depth, chemistry (Low v. High Ionic Strength), well construction, 

proximity of ponds and latrines and population density. Private well construction and/or 

frequent pumping were found to result in significantly (p<0.05) more frequent E. coli detections 

than properly sealed monitoring wells which were pumped only during monthly sampling. 

Population and latrine density was found to significantly (p<0.05) influence sulphate 

concentrations and the ionic strength of private tubewells.  
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Table A-V-1. Classification of Well Types at Site K. 

Well Type 

(Notation)

Seal 

(y/n)

Pumping 

Frequency
Count

Private (P) n daily 37

Monitoring (M) n monthly 6

Monitoring (MS) y monthly 11

Total 54  
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Table A-V-2. Depths of Site K Private and Monitoring Wells. Private well depths are approximate 

(+/- 2 m) whereas reported monitoring well depths are exact (+/- 1 cm). “bgs” refers to below 

ground surface. 

Well No

Depth 

(m bgs) Well No

Depth 

(m bgs)

UTK-01 9.1 KW-12.1 7.5

UTK-02 10.7 KW-12.2 9.9

UTK-03 10.7 KW-12.3 14.8

UTK-04 8.4 KW-20.1 7.4

UTK-05 15.2 KW-20.2 10.7

UTK-06 7.6 KW-20.3 14.1

UTK-07 7.6 KW-23 7.2

UTK-08 16.8 KW-24 11.7

UTK-09 30.5 KW-25 15.4

UTK-10 7.6 KW-26 7.2

UTK-11 7.6 KW-27 7.5

UTK-12 NA KW-28 7.7

UTK-13 7.6 KW-29 8.7

UTK-14 11.4 KW-30 13.5

UTK-15 8.4 KW-34 7.5

UTK-16 7.6 KW-35 7.7

UTK-17 7.6

UTK-18 15.2

UTK-20 9.1

UTK-21 12.2

UTK-22 9.1

UTK-23 12.2

UTK-24 9.1

UTK-25 6.1

UTK-26 7.6

UTK-27 9.1

UTK-28 7.6

UTK-29 7.6

UTK-30 13.7

UTK-32 7.6

UTK-34 7.6

UTK-35 NA

UTK-36 NA

UTK-37 NA

Private Wells Monitoring Wells
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Table A-V-3. Elevations of Tops of Casings of Monitoring Wells (m above datum).  The datum 

corresponds to that set by Karrie Radloff for Site K. 

Well ID

Adjusted 

Tops 

(mad)

KW-12.0 0.671

KW-12.1 0.685

KW-12.2 0.633

KW-12.3 0.706

KW-20.0a 0.071

KW-20.0b 0.053

KW-20.1 0.045

KW-20.2 0.075

KW-20.3 0.105

KW-23 -0.165

KW-24 0.067

KW-25 0.577

KW-26 -0.472

KW-29 0.484

KW-30 -0.098

KW-31 -0.39

KW-32 0.294

KW-33 0.355

KW-34 -0.338

KW-35 -0.972  
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Table A-V-4. Measured Hydraulic Conductivities of Site K Monitoring Wells. 

Well ID 
K Trial 1 

(m/s) 

K Trial 2 

(m/s) 

K Trial 3 

(m/s) 

Average K 

(m/s) 
CV* 

Average K 

for 

Transect 

(m/s) 

CV* for 

Transect 

KW-23 1.80E-04 1.86E-04 1.95E-04 1.9E-04 4   

KW-24 6.01E-05 5.32E-05 5.7E-05 9   

KW-25 bad data   

KW-26 8.69E-05 8.29E-05 8.5E-05 3   

KW-29 8.62E-05 8.95E-05 9.39E-05 9.0E-05 4   

KW-30 1.49E-04 1.59E-04 1.66E-04 1.6E-04 5   

KW-36.1a 1.71E-05 1.70E-05 1.68E-05 1.7E-05 1   

KW-36.1b 1.96E-05 2.12E-05 2.30E-05 2.1E-05 8   

KW-36.1c 3.14E-05 2.55E-05 2.45E-05 2.7E-05 14   

KW-36.1d 4.61E-05 5.30E-05 4.97E-05 5.0E-05 7 2.87E-05 50.5 

KW-36.2 3.52E-04 3.68E-04 3.89E-04 3.7E-04 5   

KW-37.1a 8.79E-05 9.04E-05 8.71E-05 8.8E-05 2   

KW-37.1b 8.67E-05 8.51E-05 8.6E-05 1   

KW-37.1c 6.49E-05 6.70E-05 6.82E-05 6.7E-05 3   

KW-37.1d 8.07E-05 8.62E-05 8.27E-05 8.3E-05 3 8.11E-05 12.1 

KW-37.2 4.05E-04 3.96E-04 3.88E-04 4.0E-04 2   

KW-38.1a 4.46E-05 4.58E-05 4.37E-05 4.5E-05 2   

KW-38.1b 5.20E-05 5.15E-05 5.67E-05 5.3E-05 5   

KW-38.1c 7.29E-05 7.72E-05 7.92E-05 7.6E-05 4   

KW-38.1d 7.62E-05 7.62E-05 7.27E-05 7.5E-05 3 6.24E-05 25.4 

KW-38.2 1.85E-04 1.91E-04 1.85E-04 1.9E-04 2   

KW-39.1a 2.06E-04 2.35E-04 2.41E-04 2.3E-04 8   

KW-39.1b 1.97E-04 2.13E-04 2.14E-04 2.1E-04 5   

KW-39.1c 2.54E-04 2.67E-04 2.77E-04 2.7E-04 4   

KW-39.1d (27) 1.09E-04 1.11E-04 1.13E-04 1.1E-04 2 2.03E-04 32.4 

KW-39.2 1.41E-04 1.62E-04 1.5E-04 10   

KW-40.1a 2.64E-04 2.45E-04 2.41E-04 2.5E-04 5   

KW-40.1b 5.92E-05 6.03E-05 6.71E-05 6.2E-05 7   

KW-40.1c 4.27E-05 4.57E-05 4.33E-05 4.4E-05 4   

KW-40.1d 6.09E-05 5.52E-05 5.56E-05 5.7E-05 6 1.03E-04 95.0 

KW-40.2 1.16E-04 9.29E-05 1.21E-04 1.1E-04 13   

KW-41.1a 2.85E-04 2.53E-04 2.64E-04 2.7E-04 6   

KW-41.1b 2.77E-04 2.79E-04 2.50E-04 2.7E-04 6     

*Coefficient of Variation 
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Table A-V-4 continued… 

Well ID 
K Trial 1 

(m/s) 

K Trial 2 

(m/s) 

K Trial 3 

(m/s) 

Average K 

(m/s) 
CV* 

Average K 

for 

Transect 

(m/s) 

CV* for 

Transect 

KW-41.1c poor results   

KW-41.1d 2.66E-04 2.88E-04 2.87E-04 2.8E-04 5 2.72E-04 2.7 

KW-41.2 1.34E-04 1.36E-04 1.41E-04 1.4E-04 2   

KW-42.1a 3.36E-04 3.41E-04 3.34E-04 3.4E-04 1   

KW-42.1b 3.55E-04 3.68E-04 3.79E-04 3.7E-04 3   

KW-42.1c 3.40E-04 3.43E-04 3.56E-04 3.5E-04 2   

KW-42.1d 4.45E-04 4.64E-04 4.52E-04 4.5E-04 2   

KW-42.1e 3.15E-04 3.14E-04 3.00E-04 3.1E-04 3 3.63E-04 15.2 

KW-42.2 3.24E-04 3.35E-04 3.45E-04 3.3E-04 3   

KW-43.1a 4.35E-04 4.02E-04 3.66E-04 4.0E-04 9   

KW-43.1b 4.62E-04 4.92E-04 4.56E-04 4.7E-04 4   

KW-43.1c 3.30E-04 3.45E-04 3.45E-04 3.4E-04 3   

KW-43.1d 4.35E-04 4.36E-04 4.41E-04 4.4E-04 1 4.12E-04 13.5 

KW-43.2 2.63E-04 2.93E-04 2.86E-04 2.8E-04 6   

KW-44.1a (28) 2.73E-04 2.64E-04 2.62E-04 2.7E-04 2   

KW-44.1b 2.76E-04 3.03E-04 3.10E-04 3.0E-04 6   

KW-44.1c 2.59E-04 3.29E-04 3.30E-04 3.1E-04 13   

KW-44.1d 3.13E-04 3.17E-04 3.30E-04 3.2E-04 3 2.97E-04 7.6 

KW-44.2 3.44E-04 3.71E-04 3.59E-04 3.6E-04 4     
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Figure A-V-1. Detection Frequencies of E. coli in monthly monitored private (P), monitoring (M), and sealed monitoring (MS) wells. 

Sampling was carried out from April 2008 through November 2009. The number of wells with at least three months of monthly data 

in each season were 34, 6 and 10 for P, M and MS respectively. There were a total of 12 possible wet season sampling events and 6 

dry season months. 
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Figure A-V-2. Monthly proportion of private (P) and sealed monitoring wells (MS) testing 

positive for E. coli. Weekly precipitation is shown for Matlab (50 Km south of Site K). Manual 

groundwater levels are displayed at Site K (black line) from 01/01/08 through 11/11/09 

whereas continuous water levels (dashed line) were available from 07/10/09 through 11/11/09.   

 

 

 

 

 

 

 

 



227 

 

 

 

Figure A-V-3. Spatial Distribution of Arsenic and E. coli in wells that were monitored monthly for 

E. coli and Total Coliforms from January 15, 2008 through November 30, 2009.  

 

 

 

 

 

 

 



228 

 

Table A-V-5. Locations, Arsenic concentrations and detected E. coli frequency in monthly 

monitored private wells at Site K (Jan/08 through Nov/09) 

ID Longitude Latitude

Average 

Arsenic 

(ppm)*

% Postive 

for E. coli

% Postive 

for E. coli  

Wet Season
†

% Postive 

for E. coli  

Dry Season
‡

Total Sampling 

Events 

(01/01/08 - 

11/30/09)

UTK-01 90.628154 23.794961 17.3 41 62 0 22

UTK-02 90.628501 23.795204 22.2 41 46 11 22

UTK-03 90.629225 23.795041 74.8 23 23 11 22

UTK-04 90.629596 23.794957 17.4 59 77 11 22

UTK-05 90.630013 23.794801 33.6 32 31 33 22

UTK-06 90.629670 23.794999 86.0 36 46 0 22

UTK-07 90.629752 23.795605 17.9 47 50 22 19

UTK-08 90.630113 23.796194 17.9 19 17 22 21

UTK-09 90.630817 23.797154 84.8 53 57 13 15

UTK-10 90.630448 23.797643 19.5 59 69 11 22

UTK-11 90.628061 23.794477 11.5 32 38 11 22

UTK-12 90.627795 23.795362 12.9 82 85 44 22

UTK-13 90.627936 23.796043 11.6 64 69 22 22

UTK-14 90.628479 23.796312 15.1 45 62 11 22

UTK-15 90.629870 23.795559 14.3 41 54 0 22

UTK-16 90.629558 23.795709 22.5 23 31 0 22

UTK-17 90.629363 23.795809 25.8 21 17 25 14

UTK-18 90.629285 23.795941 29.9 41 54 22 22

UTK-20 90.627892 23.795154 16.2 32 38 0 22

UTK-21 90.627260 23.795034 5.5 77 77 44 22

UTK-22 90.627757 23.794856 14.3 67 85 0 21

UTK-23 90.626930 23.795050 6.5 52 58 33 21

UTK-24 90.626521 23.795414 29.4 36 62 0 22

UTK-25 90.628682 23.794420 43.1 14 8 22 22

UTK-26 90.629784 23.794501 44.6 52 69 0 21

UTK-27 90.630573 23.795121 21.2 57 62 38 21

UTK-28 90.630988 23.796056 33.0 63 69 33 19

UTK-29 90.631399 23.796277 18.2 47 63 0 17

UTK-30 90.631577 23.796647 37.7 14 23 0 22

UTK-32 90.631847 23.798316 4.6 81 77 50 21

UTK-33 90.631553 23.798084 9.8 29 36 0 17

UTK-34 90.628890 23.796865 22.7 55 58 25 20

UTK-35 90.628061 23.796832 78.1 16 23 0 19

UTK-36 90.627975 23.796931 75.4 26 23 17 19

UTK-37 90.627750 23.797094 169.7 26 23 0 19

* Averaged between two sampling dates (Aug/08 and Mar/09) and analyzed using ICP-MS
†
 Wet season defined as May through November

‡
 Dry season defined as December through April  
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Table A-V-6. Locations, Arsenic concentrations and detected E. coli frequency in monthly 

monitored monitoring wells at Site K (Jan/08 through Nov/09) 

ID Longitude Latitude

Average 

Arsenic 

(ppm)*

% Postive 

for E. coli

% Postive 

for E. coli  

Wet Season
†

% Postive 

for E. coli  

Dry Season
‡

Total Sampling 

Events 

(01/01/08 - 

11/30/09)

KW-12.1 90.628310 23.794841 11.4 47 31 33 19

KW-12.2 90.628310 23.794841 39.7 32 38 17 19

KW-12.3 90.628310 23.794841 49.3 63 62 17 19

KW-20.1 90.628790 23.794735 16.7 17 17 17 18

KW-20.2 90.628790 23.794735 20.9 44 42 33 18

KW-20.3 90.628790 23.794735 38.1 11 8 17 18

KW-23 90.628210 23.796389 44.9 17 15 20 18

KW-24 90.629856 23.795684 28.4 33 38 20 18

KW-25 90.629412 23.795870 33.1 18 17 0 17

KW-26 90.628361 23.795639 5.0 19 27 0 16

KW-27 90.631779 23.798248 25.4 23 25 0 13

KW-28 90.631528 23.798050 7.7 29 22 0 14

KW-29 90.630730 23.795111 23.6 24 31 0 17

KW-30 90.630174 23.796329 22.8 17 23 0 18

KW-34 90.627502 23.795633 11.1 11 15 0 18

KW-35 90.625863 23.796423 45.6 11 8 0 18

* Averaged between two sampling dates (Aug/08 and Mar/09) and analyzed using ICP-MS
†
 Wet season defined as May through November

‡
 Dry season defined as December through April  
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Table A-V-7. Concentration of Major Cations and Arsenic in Private Wells. “NA” refers to 

samples that were not analyzed. 

Well ID

P 

(ppm) 

Aug/08

P 

(ppm) 

Mar/09

S 

(ppm) 

Aug/08

S 

(ppm) 

Mar/09

Mn 

(ppm) 

Aug/08

Mn 

(ppm) 

Mar/09

Fe 

(ppm) 

Aug/08

Fe 

(ppm) 

Mar/09

As 

(ppb) 

Aug/08

As 

(ppb) 

Mar/09

UTK-01 0.0 0.0 11.8 6.6 0.7 0.5 0.2 0.9 16 16

UTK-02 0.0 0.0 10.5 10.6 0.1 0.2 0.2 0.1 17 15

UTK-03 0.5 0.4 2.9 2.0 0.7 3.0 6.6 12.0 44 56

UTK-04 0.5 0.6 14.6 29.6 1.3 1.7 0.1 0.0 17 18

UTK-05 1.0 0.5 5.5 7.9 0.8 1.3 15.2 10.8 30 27

UTK-06 1.4 1.3 2.6 3.7 0.8 1.5 4.7 5.6 103 105

UTK-07 0.1 0.1 9.7 11.2 0.8 0.2 9.3 1.8 19 18

UTK-08 NA 0.8 NA 0.6 NA 1.4 NA 7.7 NA 37

UTK-09 1.1 0.6 0.1 3.4 1.0 0.9 6.5 7.8 161 69

UTK-10 0.9 0.3 3.1 16.3 0.4 0.7 7.1 4.9 30 17

UTK-11 0.0 0.0 9.7 5.3 0.0 0.0 0.5 0.1 11 9

UTK-12 0.0 0.0 12.2 13.1 0.1 0.2 0.2 0.1 10 9

UTK-13 0.1 0.1 4.9 2.2 0.1 0.1 5.0 2.3 11 12

UTK-14 0.4 0.3 4.6 10.4 0.8 1.0 19.2 15.5 17 16

UTK-15 0.1 0.1 1.4 2.9 0.3 0.2 4.8 3.3 14 14

UTK-16 0.6 0.4 8.6 2.7 1.6 0.8 20.5 13.5 24 21

UTK-17 0.2 0.1 2.3 7.8 1.2 0.5 12.2 7.9 30 22

UTK-18 0.4 0.3 8.2 10.0 1.7 1.6 8.2 6.3 27 26

UTK-19 NA 0.0 NA 10.0 NA 0.7 NA 0.6 NA 6

UTK-20 0.0 0.0 5.4 5.5 0.5 0.4 0.3 0.2 6 5

UTK-21 0.0 0.0 17.1 10.8 0.5 0.8 0.9 0.4 5 5

UTK-22 0.1 0.0 7.3 11.3 0.8 1.2 2.1 1.4 24 9

UTK-23 0.1 0.0 0.5 1.0 0.1 0.1 2.4 0.9 8 9

UTK-24 0.5 0.2 5.9 10.1 2.9 3.2 15.6 6.9 49 36

UTK-25 1.1 0.7 18.3 18.9 3.3 3.2 17.7 13.0 78 57

UTK-26 0.5 0.3 1.8 6.7 0.8 0.7 4.5 7.3 53 33

UTK-27 0.1 0.0 7.5 16.5 0.1 0.2 1.5 0.4 4 3

UTK-28 0.1 0.1 10.6 16.4 0.7 1.0 7.5 11.0 9 11

UTK-29 0.0 0.0 4.4 5.6 0.3 0.1 1.2 0.4 4 3

UTK-30 0.8 NA 3.8 NA 1.2 NA 13.5 NA 72 NA

UTK-31 0.7 NA 7.0 NA 0.2 NA 17.6 NA 20 NA

UTK-32 0.1 0.1 35.6 1.2 2.3 2.7 5.0 3.5 6 7

UTK-33 0.4 NA 3.0 NA 1.0 NA 13.7 NA 13 NA

UTK-34 1.2 0.7 2.1 3.8 0.9 0.5 5.9 3.6 28 18

UTK-35 0.9 0.5 1.5 3.3 1.3 1.4 20.3 13.1 90 66

UTK-36 1.0 0.7 2.3 2.5 1.1 1.0 16.0 12.4 84 67

UTK-37 2.0 0.9 0.1 0.1 1.5 1.3 9.1 6.2 181 158  
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Table A-V-8. Concentration of Major Cations and Arsenic in Monitoring Wells. “NA” refers to 

samples that were not analyzed. 

Well ID

P 

(ppm) 

Aug/08

P 

(ppm) 

Mar/09

S 

(ppm) 

Aug/08

S 

(ppm) 

Mar/09

Mn 

(ppm) 

Aug/08

Mn 

(ppm) 

Mar/09

Fe 

(ppm) 

Aug/08

Fe 

(ppm) 

Mar/09

As 

(ppb) 

Aug/08

As 

(ppb) 

Mar/09

KW-12.0 0.0 NA 4.0 NA 0.0 NA 0.2 NA 2 NA

KW-12.1 0.1 0.0 6.5 4.6 0.2 0.1 0.7 0.3 3 3

KW-12.2 0.3 0.4 6.1 13.0 1.6 1.9 8.8 11.1 30 20

KW-12.3 0.6 0.5 7.0 9.5 2.7 1.2 10.1 10.4 83 49

KW-20.1 0.8 0.6 6.0 14.3 0.8 1.1 17.6 22.5 20 16

KW-20.2 0.7 0.8 3.2 5.7 0.5 0.7 16.1 21.7 13 13

KW-20.3 0.7 0.9 1.5 1.3 1.2 0.7 31.0 19.9 27 29

KW-23 0.2 0.1 1.0 8.3 1.3 1.4 2.4 1.7 54 49

KW-24 1.0 0.5 0.2 3.5 1.6 0.4 4.6 2.3 56 36

KW-25 0.2 NA 16.1 NA 2.2 NA 19.6 NA 39 NA

KW-26 0.0 0.0 1.3 0.2 0.0 0.1 0.0 0.3 2 1

KW-27 0.7 0.9 5.4 4.2 1.6 1.6 21.3 25.9 25 27

KW-28 0.4 NA 0.8 NA 1.7 NA 14.1 NA 8 NA

KW-29 0.9 0.5 0.9 26.0 0.3 0.7 6.6 14.4 11 8

KW-30 0.9 0.6 2.5 0.8 0.8 0.8 11.7 10.9 29 26

KW-34 0.3 0.3 0.8 0.4 0.5 0.6 5.9 10.3 8 7

KW-35 0.3 0.2 0.4 1.3 1.9 1.8 2.6 3.6 36 36  
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Table A-V-9. Electrical Conductivity Monthly Monitoring Results from Private Wells at Site K (mS/cm). “NS” refers to wells that were 

not sampled. 

Well ID 2/27/08 3/27/08 4/24/08 5/20/08 6/16/08 7/25/08 8/26/08 9/20/08 10/29/08 11/22/08 1/29/09 2/25/09 3/16/09 4/22/09 5/27/09 7/19/09 8/26/09 9/30/09 10/27/09

UTK-01 0.57 0.56 0.54 0.65 0.55 0.57 0.69 0.63 0.68 0.64 0.84 0.59 0.87 1.32 1.50 0.76 0.92 0.75 0.78

UTK-02 0.76 0.81 0.79 0.95 0.74 0.61 0.70 0.66 0.82 0.94 1.10 0.99 1.22 1.65 1.66 0.64 0.61 0.45 0.55

UTK-03 0.25 0.23 0.20 0.24 0.21 0.16 0.20 0.16 0.31 0.30 0.04 0.45 0.56 0.89 1.29 0.23 0.21 0.21 0.26

UTK-04 1.50 1.66 1.79 1.90 1.52 1.24 1.13 1.08 0.96 1.83 1.82 1.73 2.15 1.91 2.33 1.32 1.07 0.91 1.03

UTK-05 0.33 0.50 0.55 0.59 0.52 0.51 0.28 0.46 0.51 0.61 0.60 0.71 0.85 1.20 1.48 0.47 0.30 0.25 0.32

UTK-06 0.55 0.62 0.72 0.76 0.51 0.37 0.37 0.32 0.11 0.65 0.70 0.62 0.70 1.20 1.54 0.49 0.41 0.30 0.30

UTK-07 0.79 0.86 0.91 0.98 0.57 0.51 0.69 0.94 1.00 1.33 1.15 1.03 1.18 1.59 1.65 NS NS NS 0.40

UTK-08 0.35 0.40 0.43 0.53 0.40 0.45 NS 0.45 0.39 0.52 0.57 0.57 0.76 1.35 1.83 0.49 0.47 0.45 0.45

UTK-09 0.55 0.47 0.50 0.63 0.46 0.41 0.33 0.46 0.39 0.75 0.73 0.61 1.04 NS NS NS NS NS NS

UTK-10 0.23 0.34 0.40 0.53 0.36 0.41 0.27 0.31 0.31 0.31 0.47 0.12 0.90 1.00 1.47 0.30 0.27 0.26 0.26

UTK-11 0.30 0.31 0.33 0.48 0.61 0.67 0.68 0.05 0.65 0.04 0.51 0.58 0.58 1.00 1.63 0.75 0.79 0.64 0.75

UTK-12 0.98 0.91 0.77 0.85 0.61 0.50 0.50 0.49 0.35 0.22 0.33 0.41 1.02 1.41 2.38 0.58 0.59 0.51 0.55

UTK-13 0.31 0.26 0.22 0.29 0.25 0.23 0.26 0.44 0.24 0.44 0.46 0.26 0.51 0.87 1.86 0.22 0.23 0.22 0.26

UTK-14 0.80 0.79 0.59 0.71 0.60 0.46 0.54 0.56 0.44 0.85 0.05 0.87 1.13 1.34 2.23 0.54 0.41 0.41 0.43

UTK-15 0.38 0.44 0.43 0.45 0.37 0.32 0.32 0.29 0.27 0.31 0.44 0.47 0.60 0.92 1.42 0.27 0.26 0.24 0.26

UTK-16 0.60 0.65 0.62 0.75 0.60 0.56 0.56 0.55 0.41 0.78 0.74 0.67 0.85 1.29 1.89 0.47 0.38 0.37 0.43

UTK-17 0.32 0.30 NS NS NS 0.37 0.17 0.42 0.30 0.49 0.58 0.55 0.66 1.06 NS NS NS NS NS

UTK-18 0.53 0.55 0.59 0.72 0.60 0.57 0.59 0.57 0.11 0.93 0.93 0.78 1.01 1.21 2.06 0.53 0.71 0.66 0.63

UTK-20 0.38 0.46 0.45 0.55 0.46 0.43 0.45 0.41 0.28 0.56 0.61 0.54 0.76 1.19 2.15 0.51 0.48 0.45 0.50

UTK-21 1.08 1.45 1.39 1.25 0.25 0.79 0.79 0.55 0.31 0.48 0.43 0.52 0.98 1.46 2.54 0.42 0.36 0.36 0.37

UTK-22 0.49 0.57 0.58 0.69 0.50 0.42 0.46 0.46 0.33 0.26 NS 0.62 0.86 1.24 2.17 0.79 0.27 0.78 0.90

UTK-23 0.12 0.16 0.17 0.22 0.18 0.16 0.23 0.23 0.15 0.23 0.06 0.23 0.40 0.82 1.86 0.18 0.18 NS 0.17

UTK-24 0.60 0.67 0.72 0.78 0.60 0.51 0.49 0.47 0.33 0.62 0.60 0.25 1.05 1.43 2.43 0.61 0.57 0.51 0.54

UTK-25 0.85 0.96 1.29 1.53 1.34 1.19 1.36 0.98 0.48 1.12 1.45 1.44 1.57 1.63 2.79 1.18 0.95 0.94 0.93

UTK-26 0.82 NS 0.72 0.56 0.35 0.19 0.26 0.24 0.28 0.38 0.53 0.69 0.73 0.98 1.83 0.29 0.24 0.22 0.23

UTK-27 0.60 0.56 0.50 0.48 0.26 0.25 0.35 0.34 0.10 0.64 NS 0.80 0.98 1.35 1.78 0.34 0.21 0.19 0.22

UTK-28 0.87 NS NS 1.22 0.91 0.81 0.81 0.69 0.69 0.88 0.09 1.08 1.35 NS 2.79 0.71 0.51 0.48 0.55

UTK-29 0.37 0.30 0.24 0.28 0.24 0.27 0.36 0.33 0.45 0.51 0.62 0.65 0.56 0.97 2.00 NS NS NS NS

UTK-30 0.48 0.54 0.55 0.58 0.42 0.37 0.43 0.41 0.48 0.68 0.77 0.76 0.85 1.24 2.17 0.32 0.31 0.28 0.29

UTK-31 0.50 0.53 0.54 0.54 0.36 0.35 0.36 0.26 0.27 NS NS NS NS NS NS NS NS NS NS

UTK-32 0.29 0.36 0.36 0.43 0.36 0.34 0.91 0.80 0.58 0.55 0.69 0.72 0.99 1.35 2.09 0.45 0.46 0.41 0.52

UTK-33 0.33 0.39 0.29 0.43 0.30 0.31 0.38 0.35 NS NS NS NS NS 1.16 2.03 0.39 0.33 0.21 0.24

UTK-34 0.29 0.37 0.39 0.50 0.43 0.43 0.48 0.49 0.55 0.63 0.73 0.60 1.01 1.27 NS 0.50 0.48 0.44 0.46

UTK-35 0.35 0.39 0.39 0.47 0.40 0.37 0.43 0.45 0.51 0.62 0.65 0.51 0.89 1.16 1.87 0.40 0.37 0.35 0.42

UTK-36 0.39 0.48 0.50 0.62 0.51 0.40 0.15 0.44 0.44 0.52 0.57 0.56 0.94 1.26 2.15 0.43 0.41 0.38 0.40

UTK-37 0.46 0.56 0.55 0.63 0.54 0.48 0.50 0.52 0.52 0.70 0.68 0.61 0.97 1.31 2.12 0.50 0.49 0.45 0.47  
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Table A-V-10. Electrical Conductivity Monthly Monitoring Results from Monitoring Wells at Site K (mS/cm). 

Well ID 2/27/08 3/27/08 4/24/08 5/20/08 6/16/08 7/25/08 8/26/08 9/20/08 10/29/08 11/22/08 1/29/09 2/25/09 3/16/09 4/22/09 5/27/09 7/19/09 8/26/09 9/30/09 10/27/09

KW-12.1 NS NS 0.32 0.36 0.30 0.43 0.44 0.35 0.32 0.33 0.14 0.08 1.50 1.60 1.63 0.29 0.30 0.29 0.38

KW-12.2 NS NS 0.40 0.48 0.40 0.54 0.47 0.43 0.22 0.66 0.84 0.87 1.37 1.54 1.53 0.47 0.24 0.35 0.38

KW-12.3 NS NS 0.44 0.55 0.40 0.58 0.49 0.44 0.32 0.62 0.18 0.74 1.30 1.53 1.59 0.34 0.34 0.38 0.39

KW-20.1 NS NS 0.45 0.53 NS 0.39 0.35 0.33 0.38 0.35 0.56 0.63 1.06 1.57 1.64 0.33 0.42 0.26 0.31

KW-20.2 NS NS 0.21 0.29 NS 0.26 0.27 0.30 0.37 0.39 0.41 0.45 0.79 1.50 1.41 0.32 0.40 0.32 0.35

KW-20.3 NS NS 0.53 0.44 NS 0.41 0.39 0.33 0.31 0.34 0.41 0.42 0.82 1.50 1.72 0.40 0.27 0.43 0.60

KW-23 NS NS 0.36 0.43 0.33 0.40 0.34 0.33 0.38 0.41 0.50 0.56 1.37 1.35 1.43 0.33 0.34 0.32 0.31

KW-24 NS NS 0.22 0.30 0.22 0.29 0.26 0.25 0.21 0.35 0.05 0.07 0.96 1.37 1.29 0.32 0.40 0.24 0.25

KW-25 NS NS 0.89 0.98 NS 1.13 0.75 0.84 0.71 0.95 0.07 0.97 0.78 0.71 0.93 1.19 0.34 0.95 0.34

KW-26 NS NS 0.53 0.62 NS NS 0.40 0.35 0.44 0.48 0.37 0.07 1.51 1.42 0.52 0.30 0.64 0.59 0.75

KW-27 NS NS 0.45 0.49 NS NS 0.43 0.70 0.57 0.65 0.66 0.68 1.15 1.60 1.73 NS NS NS NS

KW-28 NS NS 0.51 0.71 NS NS 0.38 0.35 0.37 0.39 0.50 0.50 1.03 0.40 0.86 NS NS NS NS

KW-29 NS NS 0.59 0.39 0.24 0.30 0.25 0.24 0.29 0.41 NS 0.04 1.48 1.53 0.99 0.20 1.00 0.21 0.23

KW-30 NS NS 0.50 0.58 0.43 0.50 0.39 0.32 0.35 0.44 0.06 0.56 0.97 0.78 0.77 0.36 0.41 0.38 0.38

KW-33 NS NS 0.56 0.59 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

KW-34 NS NS 0.34 0.43 0.29 0.36 0.29 0.28 0.30 0.39 0.44 0.50 1.57 1.48 1.58 0.26 0.43 0.22 0.21

KW-35 NS NS 0.18 0.18 0.15 0.24 0.19 0.20 0.36 0.38 0.03 0.29 1.40 1.39 1.21 0.17 0.33 0.14 0.20  
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Table A-V-11. E. coli Monthly Monitoring Results from Private Wells at Site K (MPN/100 ml). Concentrations are based upon 

duplicate 100 ml samples (except 11/25/08 when only single 100 ml samples were taken). “0.3” is the estimated detection limit and 

indicates no E. coli was detected in either 100 ml sample. “NS” refers to wells that were not sampled. 

Well ID 4/24/08 5/20/08 6/16/08 7/25/08 8/26/08 9/20/08 10/29/08 11/25/08 1/29/09 2/26/09 3/16/09 4/25/09 5/25/09 6/28/09 7/19/09 8/27/09 9/30/09 10/27/09

UTK-01 0.3 0.3 0.3 570.3 3.1 1.5 0.3 0.3 0.3 0.3 0.5 0.3 0.5 21.6 3.6 0.3 4.7 3.1

UTK-02 0.3 0.3 0.3 0.3 0.3 0.3 1.5 0.3 15.6 0.3 0.3 3.1 0.5 2.0 138.3 0.5 6.4 0.3

UTK-03 2.0 0.3 0.3 0.3 0.3 0.3 2.0 0.3 0.3 0.3 0.3 23.3 0.3 0.3 31.5 0.3 3.6 0.3

UTK-04 0.3 0.3 4.3 1.0 0.3 71.0 3.6 0.3 0.3 0.3 0.5 1.5 1.5 4.3 8.1 0.5 2.0 2.5

UTK-05 2.0 0.3 0.3 0.3 0.3 0.3 4.7 3.0 0.3 0.3 0.3 0.3 0.3 0.3 6.9 0.3 3.6 0.3

UTK-06 0.3 5.2 0.3 0.3 0.3 1.0 2419.6 12.2 0.3 1.0 0.3 2.0 0.5 0.3 0.3 0.3 0.5 0.3

UTK-07 0.3 0.3 2.0 0.3 0.3 2.0 5.3 8.3 1.0 0.3 0.3 17.4 8.1 0.3 NS NS NS 0.3

UTK-08 4.7 0.3 0.3 0.3 NS 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 4.7 1.0

UTK-09 40.3 0.3 12.7 0.3 1.0 0.3 3.6 18.3 296.4 3.1 2.0 NS NS NS NS NS NS NS

UTK-10 4.3 236.4 0.3 0.3 0.3 2.6 0.3 1.0 22.3 0.3 2.6 210.9 1.0 11.4 0.5 1.0 0.5 139.3

UTK-11 0.3 0.3 3.0 1.0 0.3 0.3 0.3 0.3 0.3 0.3 0.3 1035.8 3.1 0.5 0.3 0.3 5.8 0.3

UTK-12 0.3 1.5 3.0 0.3 244.5 237.8 10.3 1.0 0.3 1.0 4.3 2.0 338.7 2.0 0.5 2.0 151.7 0.3

UTK-13 0.3 1.0 0.3 0.3 4.3 2.5 0.3 5.3 11.8 0.3 0.5 3.1 1.5 0.3 1.5 7.3 1.0 19.4

UTK-14 0.3 2.0 1.0 6.2 0.3 0.3 1986.3 0.3 0.3 0.3 0.3 558.7 0.5 243.3 1.0 0.3 1.5 0.3

UTK-15 0.3 0.3 0.3 0.3 1.0 0.3 23.7 0.3 2.0 0.3 0.3 6.9 1.0 14.7 7.5 0.3 0.5 0.5

UTK-16 0.3 0.3 0.3 0.3 0.3 0.3 816.4 0.3 0.3 0.3 0.3 0.5 0.5 0.3 0.3 0.3 0.5 36.5

UTK-17 NS 0.3 NS 0.3 0.3 0.3 2.0 0.3 0.3 0.3 0.3 0.3 NS NS NS NS NS NS

UTK-18 0.3 0.3 1.0 0.3 0.3 0.3 5.2 4.7 0.3 0.3 0.3 0.3 19.4 36.5 0.3 1.0 0.3 1.5

UTK-20 0.3 0.3 0.3 111.4 3.1 0.3 0.3 1.5 0.3 0.3 2.0 1.0 6.9 0.3 0.3 1.0 0.3 0.3

UTK-21 39.3 1.0 2.5 3.6 18.6 34.7 3.6 12.6 2.5 5.3 0.3 4.7 4.3 2455.6 1.0 0.3 0.3 0.3

UTK-22 0.3 1.0 0.3 1.0 10.5 15.3 0.3 10.5 NS 12.8 1.0 56.0 0.5 1.5 5.8 6.9 52.5 2082.7

UTK-23 3.1 13.8 0.3 2.0 0.3 2.5 0.3 1.0 0.3 0.3 0.3 4.7 2.0 2.5 2.6 0.3 NS 0.3

UTK-24 0.3 28.7 2.0 1203.3 0.3 16.7 0.3 0.3 0.3 0.3 0.3 0.3 44.8 0.3 0.3 0.5 0.5 0.5

UTK-25 1.5 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 2.6 0.3 0.3 0.3

UTK-26 0.3 1.0 0.3 1.0 0.3 4.1 3.1 1.0 0.3 1.0 0.3 4.3 0.3 0.3 1.0 0.5 1.0 0.5

UTK-27 1.5 17.3 1.0 0.3 4.7 4.3 1.0 1.0 NS 1.0 0.3 0.3 0.3 36.7 0.3 0.3 1.5 0.3

UTK-28 NS 10.9 0.3 1.0 1.0 21.7 1.0 0.3 0.3 7.4 0.3 NS 1.5 5.7 12.2 2.0 0.3 0.3

UTK-29 0.3 0.3 0.3 1.0 1.0 2.0 1.0 0.3 1062.1 4.3 0.3 0.5 4.3 NS NS NS NS NS

UTK-30 0.3 0.3 0.3 0.3 0.3 1.0 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.5 0.3 1.0 0.3

UTK-32 2.0 1.5 1.5 0.3 0.3 3.1 10.3 0.3 8.6 10.3 NS 499.4 45.4 0.5 8.1 42.3 51.6 229.4

UTK-34 8.7 1.5 0.3 0.3 2.5 2.0 10.5 0.3 0.3 1.0 NS 3.6 NS 0.3 1.0 0.3 1.5 0.5

UTK-35 0.3 0.3 0.3 1.0 0.3 0.3 2.0 0.3 0.3 0.3 NS 0.3 0.3 0.3 0.3 0.3 1.0 0.3

UTK-36 0.3 0.3 0.3 0.3 0.3 0.3 121.0 0.3 5.2 0.3 NS 0.3 2.0 0.3 0.3 0.3 3.6 0.3

UTK-37 0.3 0.3 0.3 0.3 0.3 0.3 0.3 22.6 1.0 0.3 NS 2.0 0.3 1.0 0.3 0.3 0.5 0.3  
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Table A-V-12. E. coli Monthly Monitoring Results from Monitoring Wells at Site K (MPN/100 ml). Concentrations are based upon 

duplicate 100 ml samples (except 11/25/08 when only single 100 ml samples were taken). “0.3” is the estimated detection limit and 

indicates no E. coli was detected in either 100 ml sample. “NS” refers to wells that were not sampled. 

Well ID 4/24/08 5/20/08 6/16/08 7/25/08 8/26/08 9/20/08 10/29/08 11/25/08 1/29/09 2/26/09 3/16/09 4/25/09 5/25/09 6/28/09 7/19/09 8/27/09 9/30/09 10/27/09

KW-12.1 72.5 0.3 4.1 2.0 1.0 0.3 0.3 0.3 0.3 2419.6 130.0 24.7 0.3 0.3 0.3 0.3 0.3 0.5

KW-12.2 0.3 0.3 1.0 32.8 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 1.5 0.5 0.3 1.5

KW-12.3 0.3 94.3 0.3 281.3 0.3 0.3 1.5 0.3 0.3 2.5 0.5 65.5 0.3 10.3 6.3 10.4 255.1 1075.7

KW-20.1 0.3 0.3 NS 28.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 2.0 0.3 0.3 0.3 0.3

KW-20.2 6.9 536.3 NS 148.8 4.2 0.3 1.5 0.3 0.3 0.3 0.5 0.3 0.3 0.3 0.3 0.3 0.3 1.5

KW-20.3 0.3 0.3 NS 56.7 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

KW-23 1.0 0.3 0.3 3.3 0.3 0.3 0.3 1.0 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

KW-24 2.0 0.3 0.3 5.2 0.3 0.3 0.3 7.5 0.3 0.3 0.3 0.3 0.5 0.3 1.5 1.0 0.3 0.3

KW-25 0.3 0.3 NS 0.3 0.3 0.3 0.3 15.8 0.3 0.3 0.5 0.3 2.6 0.3 0.3 0.3 0.3 0.3

KW-26 0.3 0.3 NS NS 1.0 0.3 0.3 0.3 0.3 0.3 0.3 0.3 9.8 0.5 0.3 0.3 0.3 0.3

KW-27 0.3 0.3 NS NS 0.3 0.3 1.0 0.3 0.3 0.3 5.2 0.3 1.0 NS 0.3 0.3 NS NS

KW-28 0.3 0.3 NS NS 0.3 0.3 0.3 1.0 0.3 0.3 0.5 0.5 2.0 0.3 0.3 0.3 NS NS

KW-29 0.3 0.3 0.3 244.5 0.3 0.3 0.3 59.4 NS 0.3 0.3 0.3 0.3 0.3 1.5 11.6 0.3 0.3

KW-30 0.3 0.3 497.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 2.6 0.3 0.3 1.5 0.3 0.3

KW-34 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 4.7 0.3 0.3 0.3 5.8 0.3

KW-35 0.3 0.3 0.3 0.3 0.3 0.3 0.3 1.0 0.3 0.3 1.0 0.3 0.3 0.3 0.3 0.3 0.3 0.3  
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