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Abstract

Field kits for testing the level of a toxicant in the environment are inherently less accurate than a laboratory instrument. Using

a specific example, we argue here that kit measurements still have a key role to play when the spatial distribution of a toxicant

is very heterogeneous. The context is provided by the groundwater arsenic problem in Bangladesh. We combine here two

data sets, a blanket survey of 6595 wells over a 25 km2 based on laboratory measurements and 900 paired kit and laboratory

measurements from the same area. We explore different hypothetical mitigation scenarios based on actual data that rely on

households with a high-arsenic well switching to a nearby low-arsenic well. We show that the decline in average exposure to

arsenic from relying on kit rather than laboratory data is modest in relation to the logistical and financial challenge of delivering

exclusively laboratory data. Our analysis indicates that the 50 ug/L threshold used in Bangladesh to distinguish safe and unsafe

wells, rather than the WHO guideline of 10 ug/L, is close to optimal in terms of average exposure reduction. We also show,

however, that providing kit data at the maximum possible resolution rather than merely classifying wells as unsafe or safe would

be even better. These findings are relevant as the government of Bangladesh is about to launch a new blanket testing campaign

of millions of wells using field kits.
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Key Points: 11 

 12 

1. Average reduction in drinking water arsenic exposure based on inaccurate field kit and 13 

accurate laboratory measurements are comparable. 14 

 15 

2. Providing actual kit data rather than merely classifying wells as unsafe or safe would 16 

lead to a much higher reduction in arsenic exposure. 17 

 18 

3. A threshold of 50 g/L to distinguish safe and unsafe wells leads to higher reduction in 19 

arsenic exposure in comparison to a threshold of 10 g/L. 20 

  21 
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Abstract 22 

Field kits for testing the level of a toxicant in the environment are inherently less accurate than a 23 

laboratory instrument. Using a specific example, we argue here that kit measurements still have a 24 

key role to play when the spatial distribution of a toxicant is very heterogeneous. The context is 25 

provided by the groundwater arsenic problem in Bangladesh. We combine here two data sets, a 26 

blanket survey of 6595 wells over a 25 km2 based on laboratory measurements and 900 paired kit 27 

and laboratory measurements from the same area. We explore different hypothetical mitigation 28 

scenarios based on actual data that rely on households with a high-arsenic well switching to a 29 

nearby low-arsenic well. We show that the decline in average exposure to arsenic from relying 30 

on kit rather than laboratory data is modest in relation to the logistical and financial challenge of 31 

delivering exclusively laboratory data. Our analysis indicates that the 50 g/L threshold used in 32 

Bangladesh to distinguish safe and unsafe wells, rather than the WHO guideline of 10 g/L, is 33 

close to optimal in terms of average exposure reduction. We also show, however, that providing 34 

kit data at the maximum possible resolution rather than merely classifying wells as unsafe or safe 35 

would be even better. These findings are relevant as the government of Bangladesh is about to 36 

launch a new blanket testing campaign of millions of wells using field kits.   37 
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1. Introduction 38 

1.1. Background   39 

In rural Bangladesh, and South Asia more generally, treated drinking water distributed 40 

through a piped system is rare. Sadly, millions drink arsenic-contaminated groundwater from 41 

their household well that adversely affect their health. An estimated 57 million people in 42 

Bangladesh are exposed to arsenic concentrations greater than 10 g/L, the WHO standard, 43 

causing more than 100,000 excess spontaneous abortions and infant and adult deaths every year 44 

(Flanagan et al., 2012; Quansah et al., 2015). 45 

Well testing conducted over a decade ago likely was the most successful arsenic 46 

mitigation program in Bangladesh by inducing millions of households to switch to a nearby safe 47 

well (Jamil et al., 2019; Van Geen et al., 2002). Implicitly, this success has been recognized by 48 

the government, along with the installation of deep low-arsenic wells, as it is about to launch a 49 

new wave of well testing across much of the country. The approach is viable because low-arsenic 50 

wells are often in close proximity to contaminated wells and households have shown willingness 51 

to make the extra effort of fetching water from another well and overcome social barriers to well 52 

sharing.  Well-switching programs require measurements of arsenic concentration in most wells 53 

across a community but, unfortunately, most wells in Bangladesh are untested, partly due to the 54 

continuing installation of new wells (van Geen et al., 2014). 55 

To fill this data gap, the government of Bangladesh has announced a several hundred-56 

million-dollar project to test groundwater arsenic concentration across the country using 57 

inexpensive field kits. Field kits are used in Bangladesh instead of more accurate laboratory 58 

methods that require more resources: transport of the samples to labs, expensive spectrometers, 59 

and return of the results to well owners. Field kits can be performed on-site by local people with 60 

basic training. However, field kits are less accurate than spectrometric measurements conducted 61 

in laboratories and provide only categorical measurements representing nominal ranges (e.g. 50 62 

to 100 g/L).  A recent comparative analysis between several types of kits concluded that 63 

improved precision and accuracy are necessary to employ kits for health-related decision making 64 

(Reddy et al., 2020). In contrast, it has been argued that existing kits have been effective in 65 

identifying arsenic contaminated wells (Ahmed et al., 2006; van Geen et al., 2005; George et al., 66 

2012). 67 

This paper focusses on two key questions concerning well-switching based on field kits. 68 

First, how and to what extent do the inaccuracies of a field kit diminish the effectiveness of well 69 

switching. Second, what arsenic concentration threshold should be used to identify the wells to 70 

avoid. In Bangladesh, a single threshold of 50 g/L arsenic – which is higher than the WHO 71 

guideline of 10 g/L - is used to categorize wells as either safe or unsafe. In 1993, when the 72 

WHO guideline for safe level of arsenic in drinking water was reduced to 10 g/L , Bangladesh 73 

did not reduce its drinking water standard (Smith and Smith, 2004). To the best of our 74 

knowledge, no previous study has considered what concentration threshold might produce the 75 

best outcome in terms of well switching. This is important as the Bangladeshi government is 76 

spending millions of dollars on field test kits to implement well switching, and because millions 77 

of people may switch their water supply based on these measurements. Here, we compare the 78 

effectiveness of well switching recommendations based on accurate spectrometric-based and less 79 

accurate kit-based measurements using the actual distribution of arsenic in well-water 80 
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documented in this particular region 20 years ago (van Geen et al., 2003). There is no reason to 81 

believe that this underlying distribution has changed drastically even under pumping conditions 82 

because groundwater  arsenic levels are determined by exchange with a much larger pool of 83 

arsenic in the sediments (Fendorf et al., 2010).  The spatial distribution of arsenic, lateral and 84 

vertical, in groundwater of this particularly region is also remarkable similar to that in the 85 

country overall (BGS/DPHE, 2001).      86 

1.2. The Subtleties of Well-switching   87 

The efficacy of well switching in terms of lowering exposure depends in surprising ways 88 

on spatial distribution of well arsenic, the threshold set for safe and unsafe wells, and the 89 

accuracy of testing methods. We illustrate some of these complexities with a hypothetical set of 90 

eight wells and their arsenic concentrations (Figure 1). The hypothetical example is meant to 91 

demonstrate the problems that motivate our analysis of a far larger data set. We consider two 92 

patterns of arsenic concentrations: one with concentrations that are spatially correlated so that 93 

there is a decreasing trend to the east; the other, with the same set of concentration values, but 94 

rearranged to be uncorrelated across the domain. Both of these examples use the same set of 95 

eight concentrations, just arranged differently, and hence create the same exposure before well 96 

switching, but produce very different exposures after people switch to nearby wells with lower 97 

arsenic concentrations (Panels A, B C and D in Figure 1). We evaluate the efficacy of the 98 

switching scenarios based on the net reduction of mean arsenic exposure. 99 

First, we consider well switching for the ideal situation in which all arsenic 100 

concentrations are perfectly known and every participant switch to the well with the lowest 101 

arsenic concentration within 100 meters (panels A1 and A2). Considerable well-switching within 102 

that distance in response to testing has previously been documented (Chen et al., 2007; 103 

Madajewicz et al., 2007). This ideal, but unrealistic, switching scenario serves as an upper bound 104 

to which we compare more realistic scenarios with uncertain measurements and discrete 105 

thresholds. In the ideal case, where arsenic concentrations are spatially correlated and generally 106 

lower to the east (panel A1), well switching drops the mean concentration of consumed water 107 

from 134 to 38 g/L. In this case, 3 of the 8 households “chain switch”, i.e. they switch to wells 108 

whose owners themselves switch to wells with even lower concentration, a behavior that may be 109 

unrealistic. When there is no spatial correlation (panel A2), there is no such chain switching and 110 

groups of households instead switch in clusters to a well with locally low concentrations, 111 

reducing the mean consumed concentration to 11 g/L, an even lower value than the case where 112 

concentrations are spatially correlated. 113 

Categorizing wells precludes switching within a category. Consequently, switching 114 

opportunities are lost when wells are categorized into “safe” above a threshold and “unsafe” 115 

below that threshold (Panels B and C). For example, when the threshold is 50 g/L (panel B1), 116 

the wells with 652 and 167 g/L do not switch to the well with 64 ug/L because all of three of 117 

these wells are in the “unsafe” category of above 50 g/L. For this hypothetical arrangement of 118 

wells, a well switching program with a threshold value of 50 g/L is therefore much less 119 

effective than the ideal case that uses continuous concentrations (Panel A1). The mean arsenic 120 

concentration is reduced only to 131 g/L from 134, rather than 38 g/L as in the case when 121 

continuous concentrations were used. There is also no chain switching when there are only two 122 

categories. 123 

In the next example, we demonstrate that a different threshold value can lead to better or 124 

worse outcomes of well switching (Panels C1 and C2). In Panel C1, a threshold of 100 g/L 125 
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produces a much lower average consumed concentration than for a 50 g/L threshold as in B1 126 

because the well with 82 g/L is now labeled safe and the two wells with the highest 127 

concentrations (652 and 167 g/L) switch to this well. In contrast, a comparison of panels C2 128 

and B2 shows how the outcome produced by 100 g/L threshold can be worse than for a 50 g/L 129 

threshold because the wells at 84 and 62 g/L are now categorized as safe, and don’t switch to 130 

wells with lower arsenic concentrations. The example proves that the optimal threshold value is 131 

not necessarily the concentration that has been deemed safe to drink based on health or other 132 

criteria. It raises an important question concerning well switching: what is the optimal threshold 133 

for categorizing wells as “safe” or “unsafe” to minimize arsenic exposure?   134 

In the last part of this hypothetical example, we demonstrate how field-kit errors that lead 135 

to incorrect categorization also led to different well-switching outcomes. In panel D1, the 136 

mislabeling of a 64 g/L well as safe, even though it is over the 50 g/L threshold, 137 

surreptitiously leads to a better outcome. Because this well is mislabeled (due to an inaccurate 138 

field-kit measurement), neighboring households with even higher concentration wells now 139 

switch to it, and the overall mean consumed concentration falls from 134 g/L to 50 g/L, in fact 140 

much lower than the 131 g/L for accurate measurements (Panel B1). In panel D2, the 141 

mislabeling of 47 g/L well as unsafe leads to switching to a mislabeled well with higher 142 

concentration (64 g/L) as safe. The mislabeling as well as the lack of spatial gradient leads to a 143 

higher reduction in kit-based arsenic switching from 134 g/L to 23 g/L in example D2. 144 

Perhaps counterintuitively, in this case, less accurate kit results lead to a greater reduction in 145 

arsenic exposure compared to accurate lab measurements.  146 

 147 

1.3. Scope of this Analysis   148 

In this paper, we analyze a large set of field data to statistically characterize outcomes for 149 

different well switching strategies and answer the questions demonstrated by the hypothetical 150 

examples above. We use arsenic concentrations measured in the laboratory across several 151 

thousand wells in Araihazar as our test data set. We supplement this with another set of field kit 152 

data from the same area paired with laboratory measurements. The Araihazar area has been the 153 

focus of numerous previous studies including behavioral studies that analyzed how household 154 

decisions to switch wells depend on information about well arsenic concentrations (Bennear et 155 

al., 2013; Huhmann et al., 2019; Madajewicz et al., 2007) and is the home to the extensive 156 

Health Effects of Arsenic Longitudinal Study (HEALS) longitudinal study health study (Ahsan 157 

et al., 2006). The site is also the locus of many geochemical studies of arsenic in groundwater, 158 

more specifically the vulnerability of low arsenic aquifers to contamination (Mihajlov et al., 159 

2016; Mozumder et al., 2020). We focus here on questions that are important for designing a 160 

well-switching program: What are the probabilities of assigning correct (and incorrect) color 161 

placards to a well where arsenic concentrations are measured by field kits?  In other words, how 162 

often do less accurate field-kit data lead to either a failure to correctly label a contaminated well 163 

(false negative) or mis-categorization of a safe well as unsafe (false positive)? How and to what 164 

extent does the inaccuracy of kit data diminish the effectiveness of well switching? What is the 165 

optimal threshold between “safe” and “unsafe” wells that minimizes exposure? How does the 166 

spatial pattern of arsenic concentrations impact the effectiveness of well switching?  167 

 168 
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2. Methods 169 

2.1. Datasets  170 

 Two datasets previously collected as a part of the HEALS program in Araihazar 171 

Bangladesh provide the necessary data for our analysis. The first set pairs field kit measurements 172 

of arsenic concentration with accurate measurements made by inductively coupled plasma mass 173 

spectrometry (ICPMS) for 900 different wells (van Geen et al., 2014). This pairing enables a 174 

statistically assessment of errors in kit measurements. The ICPMS measurements have ±5% 175 

relative errors (Cheng et al., 2004). Field kit measurements are categorical, where each of nine 176 

different categories represents a range of arsenic concentration. We refer to these ranges as 177 

nominal because the actual concentrations can fall outside the range (Figure 2). The second 178 

dataset contains accurate measurements from 6595 wells representing every well within a 25 km2 179 

region that could be sampled in 2000-01 (van Geen et al., 2003). This large data set provides 180 

both the density of data to represent neighboring well concentrations and the extent of data to 181 

analyze a large-scale well switching program. The distribution of groundwater arsenic 182 

concertation in both the datasets are statistically similar. 183 

 184 

2.2. Statistical Characterization of Field Kit Errors 185 

We characterize the errors made in placing wells in safe and unsafe categories by 186 

analyzing the dataset of paired kit and spectrometric measurements from 900 wells in Araihazar 187 

(Figure 2). Government programs apply green or red paint to the pumphead to indicate if wells 188 

are safe or unsafe. However, in a kit-based testing of all of Araihazar upazila conducted in 2012, 189 

three colors were used for longer-lasting placards: blue for arsenic <10 g/L, green for arsenic 190 

between 10 and 50 g/L, and red for wells with arsenic >50 g/L.   191 

To calculate the probabilities of an incorrect label, we first estimate a probability density 192 

function  𝑓𝑛(𝜃) for the actual concentrations (𝜃)within each kit category n. We take the 193 

laboratory-measured concentrations associated with each kit category and fit a parametric 194 

probability distribution function (Figure 3). We then use these nine (for each of the kit category) 195 

probability density functions to calculate the conditional probabilities of assigning a particular 196 

category conditioned on the spectrometric arsenic measurements:  197 

𝑃(𝐾𝑖𝑡 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 = 𝑛| 𝐴𝑟𝑠𝑒𝑛𝑖𝑐 =  𝜃)  =
𝑓𝑛(𝜃)

∑ 𝑓𝑖
(𝜃)9

1

    (1) 198 

Where the LHS in equation 1 provides the probability of observing each kit category if the 199 

laboratory measured concentration is 𝜃 and i corresponds to the nine nominal kit categories. 200 

Table 1 provides a worked-out example for calculating the conditional probabilities of the 201 

different kit categories for a well with arsenic concentration of 100 g/L. 202 

These conditional probability density functions are then used to quantify the probability 203 

that a kit measurement falls in any category, correct or incorrect, given a spectroscopic 204 

(laboratory) measurement, and hence errors that occur when kit measurements are used to label 205 

wells.  The probability of assigning blue placards to wells with arsenic between 0 and 10 ug/L 206 

(correct assignment) is: 207 

𝑃(𝑖 = {1, 2}|𝜃 < 10)  =
∑ ∫  

10
0 𝑓

𝑖
(𝜃)𝑑𝜃2

1

∑ ∫  
10

0 𝑓
𝑖
(𝜃)𝑑𝜃9

1

    (2) 208 
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Where i =1 and 2 corresponds with nominal kit range of 0 -1 ug/L and 1-10 ug/L.  Similarly, the 209 

probability of assigning green or red placards when the accurate measurement is less than 10 210 

ug/L (incorrect assignment) is given by:  211 

𝑃(𝑖 = {3,4,5,6,7,8,9}|𝜃 < 10) =
∑ ∫  

10
0 𝑓

𝑖
(𝜃)𝑑𝜃9

3

∑ ∫  
10

0 𝑓
𝑖
(𝜃)𝑑𝜃9

1

   (3) 212 

Where i = 3 to 9 corresponds to nominal kit categories with range of >10 ug/L (Figure 2).  213 

For wells between 10 and 50 ug/L, the probability of assigning correct (green), false negative 214 

(blue) and false positive (red) placard is given by equations 4 to 6 respectively:  215 

𝑃(𝑖 = {3, 4}|10 <  𝜃 < 50) =
∑ ∫  

50
10 𝑓

𝑖
(𝜃)𝑑𝜃4

3

∑ ∫  
50

10 𝑓
𝑖
(𝜃)𝑑𝜃9

1

   (4) 216 

𝑃(𝑖 = {1, 2}|10 <  𝜃 < 50) =
∑ ∫  

50
10

𝑓
𝑖
(𝜃)𝑑𝜃2

1

∑ ∫  
50

10 𝑓
𝑖
(𝜃)𝑑𝜃9

1

   (5) 217 

𝑃(𝑖 = {5, 6,7,8,9}|10 <  𝜃 < 50)  =
∑ ∫  

50
10 𝑓

𝑖
(𝜃)𝑑𝜃9

5

∑ ∫  
50

10 𝑓
𝑖
(𝜃)𝑑𝜃9

1

   (6) 218 

For wells >50 ug/L, the conditional probability of correct (red) and false negative (green or blue) 219 

assignments is given by equations 7 and 8 respectively:  220 

𝑃(𝑖 = {5, 6,7,8,9}|𝜃 > 50)  =
∑ ∫  

∞
50 𝑓

𝑖
(𝜃)𝑑𝜃9

5

∑ ∫  
∞

50 𝑓
𝑖
(𝜃)𝑑𝜃9

1

   (7) 221 

𝑃(𝑖 = {1,2,3,4}|𝜃 > 50) =
∑ ∫  

∞
50 𝑓

𝑖
(𝜃)𝑑𝜃4

1

∑ ∫  
∞

50 𝑓
𝑖
(𝜃)𝑑𝜃9

1

    (8) 222 

We also calculated the conditional probability of a well being assigned as safe and unsafe as 223 

following:   224 

𝑃(𝑖 = {1, 2, 3, 4}| 𝐴𝑟𝑠𝑒𝑛𝑖𝑐 =  𝜃)  =
∑ 𝑓𝑖(𝜃)𝑑𝜃4

1

∑ 𝑓𝑖(𝜃)𝑑𝜃9
1

  (9)  225 

𝑃(𝑖 = {5,6,7,8,9}|𝐴𝑟𝑠𝑒𝑛𝑖𝑐 =  𝜃)  = 1 − 𝑃(𝑖 = {1, 2, 3, 4}| 𝐴𝑟𝑠𝑒𝑛𝑖𝑐 =  𝜃)   (10) 226 

2.3. Well Switching from blanket testing: 227 

To investigate the efficacy of well-switching based on different criteria we use the large 228 

data set of accurate arsenic measurements that represents nearly all wells in a 25 km2 portion of 229 

Araihazar. This data set does not contain field-kit measurements but, because we have analyzed 230 

the paired data set and calculated the pdf (probability distribution function) of true arsenic 231 

concentration for each kit, we can simulate field-kit measurements from the accurate 232 

measurements (see Table 1).  233 

We simulate switching for all wells within 100 m of each other – i.e. a household will 234 

switch to a better well if it is within 100 m. In Bangladesh and India, the probability of well 235 

switching drops with distance to a well (Barnwal et al., 2017; Gelman et al., 2004; Madajewicz 236 
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et al., 2007; Pattanayak and Pfaff, 2009), so that the probability of switching is low (<0.3) if the 237 

distance between the unsafe and the safe well is greater than 100 m. In our analysis, everyone 238 

switches from an unsafe well if a safe well is within 100 meters.   239 

 We evaluated eleven different switching plans based on laboratory-measured arsenic 240 

concentrations and the simulated kit categories obtained using the statistical relationship 241 

established between the nominal field kit categories and the actual arsenic concentrations 242 

(section 2.2.). We judged the effectiveness of each plan by calculating the mean reduction in 243 

arsenic exposure pre-and post-switching. We divide the eleven plans into 3 groups. In Group A, 244 

we investigate switching based upon spectrometric measurements. In Group B, switching is 245 

based on the simulated kit categories. In Group C, we investigate the effects of spatial correlation 246 

on switching. 247 

 If groundwater arsenic is measured accurately, the only switches will be to less 248 

contaminated wells. However, categorizing of wells as safe or unsafe using inaccurate field kits 249 

leads to a variety of poor switches. First, a switch can take place between a correctly identified 250 

contaminated well (nominal kit categories 5 to 9) to an incorrectly identified safe well (bad 251 

switching). Second, a switch can take place between a safe well that is incorrectly identified as 252 

contaminated to another safe well that is correctly identified as safe (unnecessary switching). 253 

Third, a switch can take place between a safe well incorrectly identified as unsafe to a 254 

contaminated well that is incorrectly identified as safe (very bad switching). Fourth, an unsafe 255 

well incorrectly assigned as safe will not switch (missed opportunity for switching). All these 256 

possible switching scenarios and their associated probabilities are provided in Table 2. Thus, 257 

switching based on field kits can result in unnecessary, bad or failed switching which is not the 258 

case for switching based on laboratory measurements. 259 

  260 

2.3.1.  Group A: Switching based on laboratory measurements 261 

Scenario A1:  Everyone switches to the well with the lowest arsenic concentration within a 100 262 

m radius. This ideal but unrealistic plan serves as a point of comparison for more realistic 263 

scenarios and provides an upper bound on the possible reduction in exposure.   264 

Scenario A2:  We investigate the effects of the modest errors in laboratory measurements of ± 265 

10%. This scenario is similar to scenario 1, except that we add a random normal error with a 266 

standard deviation ±10% the value to each data point. The purpose of this scenario is to quantify 267 

the effect of analytical uncertainty on the well switching exercise. We did not add uncertainty to 268 

wells with arsenic concentration of 0 g/L and the concentration of these wells kept at 0 g/L – 269 

primarily because several wells with a measured concentration will have an unrealistic negative 270 

concentration after incorporating the uncertainty. 271 

Scenario A3:  We consider the effect of labeling wells as categorically safe or unsafe rather than 272 

using concentrations. Thus, wells with arsenic concentration >50 g/L and <50 g/L were 273 

labeled red and green respectively. Everyone using the red well switches to a green well – if such 274 

a well exists within a 100 m radius.  275 

Scenario A4: We use the three categories, as is the recent practice in Araihazar where the wells 276 

were categorized in three categories (van Geen et al., 2014) instead of the two categories used 277 

elsewhere in Bangladesh. In Araihazar, wells with arsenic <10 g/L are labeled blue and wells 278 

with arsenic between 10 and 50 g/L are labeled green, and above 50 are labeled red. Consumers 279 
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using red wells switch to the nearest blue well (if any was present) in the 100 m radius of the 280 

well. If there were no blue well consumers switched to the nearest green wells. If there was 281 

neither a blue nor a green well in the 100 m radius, the consumers did not switch.  282 

Scenario A5:  Here we find the optimal switching concentration such that the mean exposure 283 

after switching is the lowest. The decision to label wells >50 ug/L as contaminated and wells 284 

with concertation <50 g/L as uncontaminated in Bangladesh was not chosen specifically to 285 

optimize health outcomes. For instance, wells with arsenic concertation just below 50 g/L (such 286 

45 g/L) cannot switch to a nearby well with lower arsenic as both would be labeled green. 287 

Similarly, in case where there is no safe well in the vicinity of a contaminated well (such as a 288 

well with 230 g/L), the well cannot switch to a nearby less contaminated well (such as a well 289 

with arsenic concentration of 60 g/L) as both would be labeled red and based upon the color it 290 

would be impossible for the consumers to know which well is more contaminated and vie-versa. 291 

We investigated the arsenic concertation (10 -100 ppb, with an increment of 1 ppb) below and 292 

above which a well is labeled safe (green) and unsafe (red) to find the switching concentration 293 

above which the wells should be labeled red and below which it should be labeled green such 294 

that the mean exposure post-switching (based on well labels) is minimum.  295 

2.3.2.  Group B: Switching based on kit measurements 296 

In this group of well-switching simulations, we consider well switching plans based on kit 297 

measurements of arsenic concentration by simulating kit measurements. 298 

Scenario B1:  Here we consider well switching based on all nine kit categories and using the 299 

statistics of categorization errors (Section 2.1.) to simulate mis-categorizations. Consumers of 300 

each well switched to the well assigned with the lowest kit category within a 100 m radius. This 301 

plan differs from typical plans that use only two categories.  302 

Scenario B2:  Here we consider the typical approach of labeling wells in only two categories, 303 

safe and unsafe. Wells with kit categories of 5 and above (i.e. nominal arsenic range of 50 - 100 304 

g/L and above) were labeled red and wells with kit categories of 1 to 4 (i.e. nominal arsenic 305 

range of less than 50 g/L) were labeled green. Consumers of the red wells switch to the nearest 306 

green well (if any such well was present within a 100 m radius). This is analogous to switching 307 

scenario A3 based on laboratory measurements and represents the commonly practiced switching 308 

scenario in Bangladesh.  309 

Scenario B3: Wells were labeled in three colors as has been done in Araihazar (analogous to 310 

spectrometric based switching scenario A4). Wells with kit categories of 0 and 1 were labeled 311 

blue, categories 3 and 4 were labeled green and categories 5 and above labeled red. We then 312 

assigned residents using red wells to switch to the nearest blue well (if any present) or else 313 

switch to the nearest green wells within a 100 m radius. If there is no blue or green labeled well, 314 

residents do not switch.  315 

Scenario B4: Here we find the category above which the wells should be labeled red and below 316 

which it should be labeled green such that the mean exposure post switching is the lowest. 317 

Recent practice in Bangladesh has been to label wells that falls in categories 5 to 9 red. Here we 318 

consider whether this is the optimal threshold for reducing mean exposure post-switching. For 319 

this exercise we evaluated the exposure post well switching for all the 9 categories below and 320 

above which the well are labeled as safe and unsafe. For example, we compare the scenario when 321 
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categories 2 to 9 are labeled as unsafe with the scenario when categories 6 to 9 are labeled as 322 

unsafe. 323 

2.3.3.  Group C: Effects of spatial correlation in arsenic concentrations.  324 

In this set of simulations, we consider how the efficacy of well switching is affected by 325 

spatial correlations in arsenic concentrations across wells. Where arsenic concentrations are 326 

spatially correlated, well switching is limited because contaminated wells are more likely 327 

surrounded by contaminated wells and safe wells are surrounded by safe wells. Hence, the 328 

possibility of switching depends not only on the identification of safe and unsafe wells but also 329 

on spatial pattern of well arsenic concentrations.   330 

Distribution of arsenic in Araihazar are weakly spatially corelated at small scales and 331 

contain some larger scale features, particularly a large cluster of low arsenic wells in the 332 

northwestern part of the district (Figure 4). To investigate the impact of these patterns on the 333 

effectiveness of well switching, we applied 2 hypothetical switching scenarios that removed 334 

spatial correlation. We randomly reassigned each well an arsenic concentration (and the 335 

corresponding simulated kit category) from the distribution of the 6595 wells (without 336 

replacement). Subsequently, we simulated well switching based upon the reassigned arsenic 337 

concentration to each well.  338 

Scenario C1: Here we consider the effect of spatial correlation when measurements are accurate. 339 

This is analogous to scenario A1 except that the distribution of arsenic is not spatially corelated.  340 

Scenario C2: Finally, we consider here the effect of spatial correlation when kit measurements 341 

are used. Analogous to scenario B1, we simulate switching based upon the reassigned simulated 342 

kit categories except that the distribution of arsenic is not spatially corelated. 343 

3. Results 344 

3.1. Impact of uncertainty on assignment of wells to safe and unsafe categories 345 

 Based on Kolmogorov-Smirnov (K-S) tests, a gamma distribution was the best fitting 346 

parametric function for the accurate arsenic measurements within each kit categories, except for 347 

categories 1 and 2. These data were fitted with Weibull and exponential distributions, 348 

respectively (Figure 3). For kit categories 6 to 9, the normal distribution was also a good fit to 349 

the accurate measurements, however we chose the gamma distribution as it is positively defined.  350 

The estimate probabilities of assigning wells to different categories (with the 351 

corresponding color placards) are summarized in Figure 5. Mis-categorization of wells is most 352 

likely where the arsenic concentration is close to the threshold, and the probability of error falls 353 

off rapidly for concentrations that are far from thresholds. Thus, extremely contaminated wells 354 

are unlikely to be classified as safe by the field kits. For example, for arsenic concentrations 355 

above 200 g/L, the probability of incorrectly assigning a well to safe, blue or green placard, was 356 

very small (<0.001).  357 

3.2. Well switching based on accurate arsenic data (group A) 358 

 The first group of scenarios (group A) contains simulations based on accurate 359 

measurements (Table 3). Scenario A1 is the ideal base case: switching is based on continuous 360 

accurate arsenic data. In this case, 84% of consumers reduce their arsenic exposure by switching 361 

and the mean arsenic exposure of the residents decreased from 134 g/L pre-switching to 17 362 
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g/L after switching. Scenario A2 investigates the impact of the analytical uncertainty in 363 

accurate laboratory measurements of arsenic on well-switching. The reduction in arsenic 364 

exposure was similar to A1 suggesting that analytical uncertainty in laboratory measurements 365 

has a negligible influence on the outcome of well switching.  366 

Scenarios A3 and A4 investigate the impact of categorizing wells based an accurate 367 

measurement. After sorting wells into two categories, red wells (As >50 g/L) and green wells 368 

(As < 50 g/L), only 43% of the residents lowered their arsenic concentration and the mean 369 

exposure post well switching was 37 g/L. Fewer switches occurred than in scenario A1 because 370 

no switching occurs between wells with As < 50 g/L. In scenario A4 wells were labeled in three 371 

categories and again 43% of the residents switched to lower arsenic concentration wells and the 372 

mean exposure post well switching was 35 g/L – slightly lower than scenario A3. A 373 

comparison of scenarios A3 and A4 suggests that the fraction of residents that lower their arsenic 374 

exposure is similar when the wells are grouped in 2 or 3 color categories, however, the net 375 

reduction in arsenic exposure for 3 groups is slightly better because consumers can switch to 376 

wells with low arsenic (<10 g/L, blue wells) where possible. Since wells with As <10 g/L are 377 

mostly concentrated in the northwestern part of Araihazar, the decrease in arsenic exposure by 378 

labeling the wells in three categories was minimal; however, if the wells with As < 10 g/L were 379 

truly randomly distributed the decrease would have been higher (see scenarios C1 and C2). 380 

The optimal threshold concentration that minimizes mean exposure (scenario A5) is 381 

41g/L (Figure 6a), producing a post-switching mean exposure of 35 g/L. This value is only 1 382 

g/L lower than the mean exposure at the 50 ug/L cutoff that is currently used in Bangladesh 383 

(scenario A3). 384 

3.3. Well switching based on simulated kit categories (group B) 385 

 In this group of scenarios, we use simulated kit measurements to assess the impact of kit 386 

measurement errors. Unlike accurate measurements, kit measurements lead to some switches 387 

from lower to higher arsenic concentrations (Table 3, second row from the bottom). Scenario B1 388 

describes the results when all kit categories are used to label wells. With these nine categorical 389 

labels, 69% of the consumers reduce their arsenic exposure and 25% of consumers keep the same 390 

level of exposure. Because of the inaccuracies of kit measurements, exposure increases for 6% of 391 

the consumers. The mean arsenic exposure of the residents was 25 g/L after well switching.   392 

Scenario B2 describes the typical case across Bangladesh: kit measurements are used to 393 

categorize wells as safe or unsafe with a nominal threshold of 50 g/L. In this case fewer (42%) 394 

of the residents lower their arsenic concentration, 54% of residents have the same level of 395 

exposure and 3.5% of the residents increase their exposure. The mean exposure post well 396 

switching was 41 g/L, still a big reduction from the average across wells of 134 g/L.   397 

Scenario B3 considers the atypical approach used in Araihazar: Three categories of wells 398 

(blue, green and red), rather than just two. The fraction of residents who reduced their exposure 399 

was higher than scenario B2 (Table 3) and the exposure was reduced to 35 g/L, about 6 g/L 400 

lower than with two categories, scenario B3.   401 

The optimal threshold category for switching is the same as what is currently used in 402 

Bangladesh to assign the wells green and red placards, kit categories 1 through 4 are labeled 403 

green and wells with kit categories 5 and above are labeled red (Figure 6b).   404 
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3.4. Well switching based on randomization of arsenic concentration (group C) 405 

 The Group C scenarios both consider the effects of spatial correlation across wells on 406 

well switching by erasing this correlation. Scenario C1 considers the case of accurate 407 

measurements and C2 considers kit measurements. In both scenarios well switching becomes 408 

extremely effective: the exposure drops to 6 g/L and 8 g/L when arsenic concentrations are 409 

random in space because many more households have neighboring wells to switch to (84% and 410 

76%, Table 3).   411 

4. Discussion  412 

4.1. Is well switching useful? 413 

 Exposure to high level of arsenic in drinking water is still pervasive in South Asia with 414 

more than 40 million people exposed to high level of arsenic in drinking water in Bangladesh 415 

alone (Jamil et al., 2019). Several strategies have been proposed in the past two decades to 416 

reduce arsenic exposure in drinking water including filtration of pond and surface water, removal 417 

of arsenic at the household level using  purification filters, community filtration systems, 418 

rainwater harvesting and well switching (Ahmed et al., 2006). However, all the above methods 419 

except well switching have been deemed unsustainable or expensive due to multiple reasons. 420 

Sand filtration is unsuitable due to high concentration of fecal contaminants in surface water 421 

(Howard et al. 2006) and the inability of these filters to remove them. Similarly, high cost of 422 

household filters and regular maintenance of community filtration processes has led to their 423 

limited success in reducing population level arsenic exposure (Krupoff et al., 2020). A recent 424 

analysis by Jamil et al., (2019) suggests that well testing and subsequent switching leads to the 425 

largest decrease in population level arsenic exposure and is economically the most viable 426 

solution for reducing population level arsenic exposure. The total cost for well testing ($1) and 427 

subsequent switching is significantly lower than the cost per person associated with installing 428 

low arsenic deep wells ($143) and operating a treated piped water supply system ($158).  429 

 Although well testing based on kit measurement appears to be economically feasible and 430 

logistically viable, a major shortcoming of well testing that has been claimed is its lack of 431 

accuracy and precision (Jakariya et al., 2007; Reddy et al., 2020). Laboratory testing per well can 432 

range between $6-$30 and can increase the cost of well testing multifold, thereby greatly 433 

reducing the economic benefits provided by field kits in regard to other mitigation techniques. 434 

An important question to ask is what are the pros and cons of using field kits for well switching, 435 

how do they compare with laboratory-based measurements for well switching and at a 436 

community level it is a sustainable option to recommend for large scale well switching? 437 

 For all the switching scenarios presented here, the mean exposure post switching was 438 

substantially lower than the arsenic exposure pre-switching (Table 3). Excluding the hypothetical 439 

scenarios where the spatial distribution of well-water arsenic was randomized (scenarios C1 and 440 

C2), the net arsenic exposure post switching in Araihazar was 3 to 7 times lower than the 441 

exposure before switching. Even for the simulated kit-based switching scenarios, the net 442 

decrease in arsenic exposure was 3 to 5 times lower. The most important outcome of well 443 

switching (in all scenarios) was the ability to reduce the exposure of consumers using highly 444 

contaminated wells (> 100 g/L) to significantly lower levels. Even for least effective scenario 445 

(B2), the average exposure for people exposed to wells with arsenic > 100 g/L reduced from 446 

214 g/L to 74 g/L.   447 
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 The analysis presented here complements the economic analysis by Jamil et al., (2019) 448 

and provides support that well switching based on kit measurements is not only economically 449 

feasible but it also very effective in reducing population level arsenic exposure. Therefore, even 450 

though kit measurements can be inaccurate, they can lead to significant decrease in arsenic 451 

exposure at community level. The higher accuracy laboratory measurements render them only 452 

marginally better in terms of reducing arsenic exposure.  453 

 Notwithstanding the net decrease in arsenic following laboratory and kit-based 454 

measurements, it has been well documented that the well switching is not complete due to 455 

multiple factors including the distance between safe and unsafe wells and socioeconomic factors. 456 

In India, Barnwal et al. (2017) showed that the probability of well switching decreases rapidly as 457 

the distance between the safe and the unsafe well increases – if the distance between the safe and 458 

unsafe well is <10 m the probability of well switching is ~ 0.4 and if the distance is >100 m, the 459 

probability is <0.25. In Bangladesh, Madajewicz et al., (2007) reported that in Araihazar, 60% of 460 

the people who realized they were using contaminated well switched to a safe well within 1 year. 461 

These are high response levels, even if the maximum level of exposure reduction was not 462 

achieved and household knew that they were using contaminated water. One reason may be that 463 

many households with a low arsenic well might not be willing to share their wells with their 464 

neighbors; households with lower socioeconomic status find it more challenging to switch to safe 465 

wells (Madajewicz et al., 2007). This is why we assumed that only 50% of the household 466 

switches after realizing that they are using contaminated wells. The implication is that there is 467 

considerable potential for additional switching and more attention should be paid to ways of 468 

encouraging well switching and sharing among neighbors. 469 

4.2. Comparing laboratory- and kit-based switching 470 

 The arsenic exposure post well switching and the proportion of households managing to 471 

switch were similar based on laboratory and kit measurements (Table 3). There are three major 472 

factors behind this surprisingly good outcome for kit-based switching. First is the ability of the 473 

kits to correctly identify the uncontaminated (arsenic <10 g/L) and highly contaminated wells 474 

(>100 g/L) with a high degree of accuracy (> 0.95, Figure 5a). Second, the distribution of 475 

groundwater arsenic in Araihazar is non-normal. On the order of 30% of wells contain <10 g/L 476 

arsenic, 34% of the wells contain between 10 and 100 g/L, and 36% contain > 100 g/L 477 

arsenic. This resulted in the accurate labeling by the kit for approximately 66% of the wells. 478 

Indeed, the majority of mis-categorizations (false positive and false negative) was observed for 479 

the remaining 34% of the wells with true concentration between 10 and 100 g/L. Third the 480 

overall degree of spatial autocorrelation in the distribution of groundwater arsenic was low – 481 

although for some pockets arsenic concentration were strongly corelated (Figure 4). Therefore, 482 

contaminated wells and uncontaminated or lower contaminated wells (Figure 4) were always in 483 

close proximity resulting in large number of switching.  484 

 The comparative analysis also highlights three major limitations of switching based on kit 485 

measurements. First, is the continued exposure of consumers using contaminated wells that were 486 

incorrectly assigned as safe. More than 22% of the wells with arsenic between 50 and 75 ug/L 487 

were assigned a kit category between 1 and 4 (i.e. blue or green placard). This prevented them 488 

from switching to a nearby safe (or less contaminated) well. Secondly, more than 40% of the 489 

wells with arsenic between 20 ug/L and 50 ug/L were incorrectly assigned kit category of 5 and 490 

above (i.e. red placard). This resulted in unnecessary switching by consumers using these wells. 491 
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In general, most consumers switched to a correctly categorized nearby uncontaminated well, 492 

however, some consumers switched to a well with higher arsenic concentration than their 493 

original well (bad switching). This led to an increase in arsenic exposure for 3.5% and 2% of the 494 

consumers in scenarios B2 and B3 respectively. Although this switching is extremely 495 

undesirable, the net increase in arsenic exposure of consumers experiencing bad switching was 496 

not high (15 ug/L for scenario B2). 497 

4.3. Should wells be grouped in 3 color categories? 498 

 Typically, well switching exercise are based on the color of the placards placed on the 499 

well. Across Bangladesh, wells have been labeled green (<50 g/L) or red (>50 g/L), however 500 

recently in the Araihazar district wells were labeled blue (<10 g/L), green (10-50 g/L) or red 501 

(>50 g/L). It is important to ask if there is an added advantage in labeling wells in three color 502 

categories. Our analysis suggests that the proportion of population switching from contaminated 503 

well to uncontaminated well based on two- or three-color placards are the same (compare 504 

scenarios A3 and A4 and B2 and B3, Table 3). Based on laboratory measurements the mean 505 

exposure post switching is comparable for both the scenarios (34 and 36.6 g/L based on two- 506 

and three-color placard categories respectively). The difference based on the simulated kit 507 

categories was slightly higher (mean exposure post switching was 35 and 41 g/L based on two- 508 

and three-color placard categories respectively) but not very large. In Araihazar, it appears that 509 

grouping the wells in 3 categories is only slightly more beneficial – the main factor driving this 510 

pattern is the clustering of majority of the wells with arsenic < 10 g/L (i.e. blue wells) in the 511 

northwestern part of the district. Therefore, the benefit provided by grouping the wells in 3 color 512 

categories only helped a minority of the consumers. 513 

 It is worth noting that the mean reduction in exposure based on actual concertation (and 514 

actual kit categories) was almost twice as low than those based on color categories (compare 515 

scenarios A1 and A3 and B1 and B2 respectively, Table 3). Thus, if placards placed on the well 516 

also included the concentration (or the kit categories when field kits are used), the possible 517 

reduction in exposure could be substantially higher. In the original HEALS study, actual arsenic 518 

concentration was included on the well placard (Chen et al., 2007) and 58% of the 6,512 519 

participants using contaminated wells (As ≥50 g/L) switched  to other wells. Therefore, 520 

including arsenic concertation (or the kit category) on the color placard that might cost an 521 

additional $1.5 but could lead to higher switching rates. Since well-switching is voluntary, 522 

providing the actual concertation (or the kit categories) would also provide the consumers more 523 

freedom in deciding if they want to switch and which well to switch to.    524 

 According to the Bangladesh Arsenic Mitigation and Water Supply Program (BAMWSP) 525 

survey of 2000-05, the number of wells with As > 50 g/L in Araihazar and across Bangladesh 526 

are comparable (29% and 32% respectively). Additionally, the spatial heterogeneity – which is 527 

critical for effective well switching –  across the upazilas (sub-districts) in Bangladesh is also 528 

comparable to Araihazar (Jamil et al., 2019). Although the testing under BAMWSP 529 

underestimated the number of high As wells (van Geen et al., 2005), the similarity in the number 530 

of well with As > 50 g/L and in the spatial heterogeneity of groundwater arsenic concentration 531 

suggest that the findings presented here are relevant across the country. The number of wells 532 

have increased rapidly in Bangladesh in the last 10 years (Jamil et al., 2019), and most of these 533 

wells are untested for As. After the end of BAMWSP camping in 2005 there has been no blanket 534 

testing in Bangladesh and the current nationwide arsenic exposure in Bangladesh is unquantified. 535 
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Our analysis suggests that a nationwide blanket testing followed by widescale well switching has 536 

the potential to reduce mean arsenic exposure to concentrations lower than the current 537 

Bangladesh standard of 50 g/L for most of the districts.  538 

4.4. Is 50 ug/L the optimal level for labeling unsafe wells? 539 

From a health perspective, various drinking water standards or the WHO guideline for 540 

arsenic are somewhat arbitrary; the WHO guideline of 10 g/L is most widely referred to 541 

globally (Ahmad and Bhattacharya, 2019),  however, standard for arsenic in drinking water also 542 

vary regionally. In the Netherlands, for instance, the voluntarily target of arsenic in drinking 543 

water is <1 g/L (Ahmad et al., 2020). In the US, the EPA lowered the drinking water standard 544 

for arsenic from 50 to 10 g/L as recently as 2001, but the state of New Jersey has lowered it to 545 

5 ug/L. In Bangladesh and Pakistan, and until recently in India, the standard for arsenic in 546 

drinking water is still 50 g/L. There is a continuum in toxicity across the range of arsenic 547 

concentrations and health effects do not suddenly appear with an increase from 9 to 11 g/L or 548 

from 45 to 55 g/L. Therefore, wells with arsenic >50 g/L and/or wells with observed kit 549 

categories of 5 to 9 are labeled red (i.e. contaminated) and the well with arsenic < 50 g/L are 550 

labeled green (i.e. safe). Consequently, users of wells with > 50 g/L arsenic (i.e, observed field 551 

kit categories of 5 to 9) have been encouraged by the Bangladeshi government to switch to the 552 

nearby safe wells. 553 

To our knowledge, the safe threshold of 50 g/L in Bangladesh was not chosen to 554 

minimize arsenic exposure post well switching. As discussed in section 1.2, the optimal 555 

threshold values for well switching are not necessarily the concentration that has been deemed 556 

safe to drink and the optimal switching concentration can vary from region to region. Our 557 

analysis shows that the maximum reduction is arsenic exposure is observed if wells with As > 41 558 

g/L and wells with observed kit categories of 5 to 9 are considered as unsafe (Figure 6). This 559 

suggest that the currently used criteria of switching consumers using wells with arsenic > 50 560 

g/L (and observed kit categories of 5 to 9) happens to be fairly close to the optimal switching 561 

concentration. For switching based on 50 g/L threshold, the mean exposure was always lower 562 

than 41 g/L (scenario B2). In comparison, if all the wells with arsenic >10 g/L are labeled as 563 

contaminated the mean exposure post switching would be 46 g/L or greater. Similarly, labeling 564 

wells with simulated kit category of 2 to 9 as contaminated would result in a mean exposure 48 565 

g/L after well switching. Therefore, from a switching perspective, labeling well with arsenic > 566 

50 g/L as unsafe would lead to much higher reduction in exposure post switching than labeling 567 

wells with arsenic >10 g/L as unsafe.  568 

 569 

4.5. Are kit tests preferable to laboratory measurements? 570 

 In one way, the higher accuracy of laboratory measurements is preferable for identifying 571 

the status of a well with respect to arsenic. However, kit-based results that could be imprecise 572 

(Reddy et al., 2020) should be interpreted in a broader framework where a major motivating 573 

factor in using the less accurate kit-based measurements are their cost-effectiveness, rapid 574 

throughput and independence from expensive spectrometric instruments that are often 575 

unavailable in developing and lower income countries. Funds available at sub-district and village 576 

level are often limited; therefore, we evaluated if a limited amount of fund is available, whether 577 

it is more fruitful to test small number of well using the more accurate but expensive 578 

spectrometric measurements or test large number of wells using kits.  579 
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 We address this question as a case study, assuming that a village is allocated $2000 to 580 

test arsenic in the groundwater wells. With that amount, the village can accurately measure 581 

arsenic in 200 wells using in the laboratory ($10 per sample, (Gelman et al., 2004)) or measure 582 

2000 wells albeit with less accuracy using field kit ($1 per sample (Ahmed et al., 2006)). If we 583 

assume that the distribution of arsenic concentration in this village is similar to Araihazar, then 584 

kit measurements could lead to a possible reduction of arsenic exposure for 6000 consumers 585 

(assuming 10 consumers per well) from >50 g/L to <50 g/L. However, 140 people would 586 

most likely experience an increase in arsenic exposure due to the uncertainties associated with kit 587 

measurements. In contrast, laboratory measurements would lead to a decrease in arsenic 588 

exposure for 800 people from >50 g/L to <50 g/L with no one experiencing an increase in 589 

exposure. Thus, with a limited budget, kit measurements can reduce arsenic exposure for almost 590 

8 times more people than laboratory measurements. However, this also led to an increased 591 

exposure of approximately 15 out of every 1000 people to higher levels of arsenic. This does 592 

lead to a moral dilemma from having to choose between a laboratory method that helps a small 593 

fraction of the population but does not adversely affect a single person in the population and a 594 

field-based method that helps a larger proportion of the population but could increase the arsenic 595 

exposure of a small proportion of the population.  596 

From a utilitarian perspective that considers benefits to the population overall, the second 597 

scenario is clearly preferable. If increased arsenic exposures for a small proportion of the 598 

population is acceptable, then the case study provides compelling evidence that large quantities 599 

of lower-grade and imperfect kit-based measurements may be more effective in mitigating 600 

arsenic exposure than a small number of more precise spectrometric measurements – at least for 601 

places with arsenic distribution similar to Araihazar.  602 

4.6. Promoting well-testing to mitigate arsenic exposure 603 

 It is estimated that arsenic related mortality would cost Bangladesh almost $12.5 billion 604 

in the next 20 years (Flanagan et al., 2012) and reducing arsenic in drinking water arsenic is an 605 

important goal of the Bangladesh government. Currently, well switching is the most cost-606 

effective and is a scalable solution for reducing arsenic in drinking water across Bangladesh. Our 607 

analysis suggests that imprecise kit measurements can reduce arsenic exposure of more than 85% 608 

of the population of Araihazar to <50 g/L (Bangladesh standard) if well switching was 609 

complete. However, well switching rate is moderate (varies between 30% to 60%) due to 610 

multiple factors (Barnwal et al., 2017; Jamil et al., 2019; Madajewicz et al., 2007) and the 611 

effective exposure at the population level remains high. 612 

 Large-scale decrease in arsenic exposure can only be achieved if wells are extensively 613 

tested and the results are shared with the households. Selling tests is not an option as it has 614 

already been shown that the demand for a field-kit test drop rapidly at any price that could 615 

potentially sustain a commercial testing service (Barnwal et al., 2017; Tarozzi et al., 2020). 616 

Therefore, testing should be offered free and the results should be shared with all households.  617 

Krupoff et al., (2020) provided an analysis of well switching in Bangladesh from the 618 

perspective of the social sciences and suggested multiple reasons for modest switching rates and 619 

provided recommendations for increasing well switching rates in Bangladesh. First, the low rates 620 

of well switching could be the failure to provide the information to the consumers. Tests are 621 

commonly conducted by representatives who leave the village after performing the test leaving 622 

little opportunity to reinforce the information. In this regard training community members to 623 
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perform arsenic measurements locally and constantly reinforce the information might be more 624 

help promote well switching. Providing monetary compensations might increase the commitment 625 

from the community members involved in testing and promoting well switching (BenYishay and 626 

Mobarak, 2019). Also important would be to develop a mechanism that promotes well sharing – 627 

such as combining testing with a community commitment (Inauen et al., 2014). 628 

 629 

4.7. Low spatial autocorrelation is essential for effective well switching 630 

 The degree of spatial autocorrelation in arsenic concentration of the 6595 wells in 631 

Araihazar is low (Moran’s I = 0.1, p< 0.05), however there is a large cluster of well with arsenic 632 

<10 ug/L in the northwest region and arsenic >50 g/L in the southwest region. After 633 

randomizing the arsenic concentration in the well (Moran’s I = -0.0007, p=0.35 after 634 

randomization), the mean exposure post switching decreased to 6 ug/L (using accurate 635 

spectrometric data) and 7.5 g/L (using simulated kit categories, Table 3). The large decrease 636 

after randomization suggests that vast majority of the wells managed to switch to a blue well 637 

(arsenic <10 g/L) in their vicinity. This highlights the importance of spatial autocorrelation in 638 

well switching exercise – in Araihazar even though the degree of spatial correlation is low, yet 639 

several consumers (around 15%) were unable to switch due to lack of uncontaminated wells in 640 

their 100 m radius. In villages where groundwater arsenic concertation is strongly spatially 641 

autocorrelated, the effectiveness of well switching would be fairly limited, however if the spatial 642 

autocorrelation in arsenic concertation is low well switching exercise would be fairly effective. 643 

Across much of Bangladesh, spatial correlation in groundwater arsenic is low (Gelman et al., 644 

2004; Yu et al., 2003) providing strength to well switching as an effective approach to reducing 645 

arsenic exposure in drinking water. 646 

 647 

5. Conclusions 648 

 The number of groundwater wells in Bangladesh has increased steadily (Dey et al., 2017; 649 

Jamil et al., 2019) and on the order of >1 million wells/year continue to be installed (van Geen et 650 

al., 2014). In most villages, only a small minority of wells are tested (George et al., 2012; Jamil 651 

et al., 2019). Testing all these new wells in the laboratory is unrealistic. Using simple statistical 652 

analyses, we have shown that even with its limited accuracy, the mean exposure post switching 653 

based on kit measurements is not much higher than exposure post switching based on laboratory 654 

measurements. If a slight increase in arsenic exposure of a small proportion of the population 655 

(around 2%) is acceptable, then kits provide a cheap alternative of reducing arsenic exposure for 656 

the overall population. Widespread well switching could significantly reduce arsenic exposure in 657 

Bangladesh in the short term and until more sustainable solutions are developed.  658 
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 768 

Figure 1: Schematic of a hypothetical group of wells and their arsenic concentrations that 769 

illustrates well switching patterns.  Top panel: Positions and arsenic concentrations for 8 770 

hypothetical wells (shown in gray circle) and the 100 m radii in which switching is possible. 771 

First column:  Examples were arsenic concentrations are correlated space, generally decreasing 772 

to the east.  Second column:  Examples were arsenic concentrations are uncorrelated in space. 773 

Row A: The ideal base case where switches are based on accurate continuous arsenic 774 

measurements. Row B and C: Switches are based on thresholds.  Row D: Switches are based on 775 

kit measurements that mis-assign some wells to the wrong category.  776 

 777 
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 778 
Figure 2: Distribution of arsenic concentrations (y-axis) within kit categories (x-axis) for the 900 779 

wells with paired spectrometric and kit measurements. Kit categories shown in blue and green 780 

are classified as uncontaminated and kit categories shown in red are classified as contaminated.  781 

 782 
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 783 

Figure 3: Frequency distribution (orange bars) of the arsenic concentration (x-axis) for the 784 

respective nominal kit categories. The red line is the best fit parametric distribution to the data 785 

for each kit categories. The placards posted on well based on the kit categories are also shown in 786 

each panel. Wells with blue and green placards are considered as uncontaminated wells and 787 

wells with red placards are considered as contaminated wells.  788 
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 790 

 791 
Figure 4: (a) Arsenic concertation of 6595 Araihazar wells measured by spectrometric method. 792 

(b) Correct (white circle with black border), and incorrect assignments (purple and brown 793 

circles) for simulated categorization based on kit measurements (see table 2). Wells with As <10 794 

ug/L that are labeled as green or red and wells with 10<As<50 that are labeled as red are shown 795 

in purple. Wells with 10<As<50 that are labeled as blue and wells with As >50 labeled as blue 796 

and green are shown in brown. Two regions with large proportion of correct assignments are 797 

highlighted in black ellipses.  798 

  799 



 25 

 800 

Figure 5: (a) Probability of assigning the different color placards from kit measurements of 801 

arsenic as a function of arsenic concentration. (b) Probability of assigning incorrect color placard 802 

as a function of arsenic concentration. For wells with As < 10 ug/L , probability of incorrect 803 

assignment is defined as the sum of assigning green and red placards. For well with As > 10 ug/L  804 

and As < 50 ug/L , probability of incorrect assignment is defined as the sum of assigning blue 805 

and red placards. For wells with As > 50 ug/L , probability of incorrect assignment is defined as 806 

the sum of assigning blue and green placards. Please refer to table 3 for mean probability of 807 

different color assignments for 0-10 ug/L , 10-50 ug/L  and >50 ug/L . (c) Probability of 808 

assigning a well as safe (light blue) and unsafe (black) as a function of arsenic concentration. 809 

  810 
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 811 
 812 

Figure 6: (a) Mean exposure post switching for different “safe” thresholds. The minimum 813 

exposure is at 40 ug/L .   (b) Mean exposure post switching based on categorical kit 814 

measurements.  The minimum exposure post switching is observed if wells with categories 1-4 815 

are labeled green and wells with categories 5-9 are labeled red.   816 

817 

(a) (b) 
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Table 1:  Density and conditional probabilities of the nominal kit categories for the laboratory (spectrometric measured) concentration 818 

of 100 ug/L. Please refer to Figure 3 for visual reference of the density. Kit categories (5, 6 and 7) with high probability are 819 

highlighted in bold. The conditional probabilities are calculated using equation 1.  820 

 821 

Nominal Kit categories Density Conditional Probabilities 
Kit category 1 (nominal range 0 - 1ug/L) <0.0001 P(Kit category = 1 | As = 100 ug/L )   <0.001 

Kit category 2 (nominal range 1 - 10ug/L) <0.0001 P(Kit category = 2 | As = 100 ug/L ) <0.001 

Kit category 3 (nominal range 10 - 20ug/L) <0.0001 P(Kit category = 3 | As = 100 ug/L ) <0.001 

Kit category 4 (nominal range 20 - 50ug/L) <0.0001 P(Kit category = 4 | As = 100 ug/L ) <0.001 

Kit category 5 (nominal range 50 - 100ug/L) 0.005 P(Kit category = 5 | As = 100 ug/L ) = 0.3 

Kit category 6 (nominal range 100 - 200ug/L) 0.008 P(Kit category = 6 | As = 100 ug/L ) = 0.45 
Kit category 7 (nominal range 200 - 300ug/L) 0.003 P(Kit category = 7 | As = 100 ug/L ) = 0.2 

Kit category 8 (nominal range 300 - 500ug/L) 0.0003 P(Kit category = 8 | As = 100 ug/L ) = 0.04 

Kit category 9 (nominal range 500 - 1000ug/L) <0.0001 P(Kit category = 9 | As = 100 ug/L ) < 0.0001 
822 
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Table 2: Possible switching scenarios based on the probability of correct, false positive and false negative nominal kit category 823 

assignments. i is the different kit category and θ is the true arsenic concentration. Note: Actual switching only takes place when the 824 

well to be switched to lies in a 100 m radius of the well that is being switched from. 825 

 826 

Type of 

switching 

Probability of switching Description 

Ideal Switching P(i={5,6,7,8,9}|θ>50)*P(i={1,2,3,4}|θ<50) Switched from correctly identified unsafe well to correctly identified safe well 

Bad Switching P(i={5,6,7,8,9}|θ>50)*P(i={1,2,3,4}|θ>50) Switched from correctly identified unsafe well to incorrectly identified safe well (false 

negative) 

Very bad switching P(i={5,6,7,8,9}|θ<50)*P(i={1,2,3,4}|θ>50) Switched from incorrectly identified safe well (false negative) to incorrectly identified unsafe 

well (false negative) 

Unnecessary switching P(i={5,6,7,8,9}|θ<50)*P(i={1,2,3,4}|θ<50) Switched from incorrectly identified safe well (false positive) to correctly identified safe well 

Missed switching P(i={1,2,3,4}|θ>50) False negative identification of unsafe wells. Therefore, no switching 

827 

828 
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Table 3: Summary statistics of exposure post switching and percentage of consumers experiencing change in arsenic exposure for the 829 

different switching scenarios.  Before switching the exposure is the average arsenic concentration across wells 134 ug/L. Scenario B2 830 

and B4 have same values for the different rows as the optimal threshold (B4) for switching between uncontaminated and contaminated 831 

(red and green) wells is observed when wells with kit categories 1-4 are labeled green and categories 5-9 are labeled red (see Figure 832 

6). 833 

 
SPECTROMETRIC MEASUREMENTS SIMULATED KIT CATEGORIES 

NO SPATIAL 
CORRELATION 

 

  GROUP A GROUP B GROUP C  

  

Switching with 
perfect 

continuous 
measurements 

Switching with 
uncertainty in 

continuous 
measurements 

Switching 
based on 2 

categories of 
contamination 

Switching 
based on 3 

categories of 
contamination 

Optimal 
switching 
threshold 

Switching 
from higher to 

lowest kit 
categories  

Switching 
based on 2 
categories  

Switching 
based on 3 
categories 

Optimal 
switching 
threshold 

Spectrometr
ic 

kit  

  Scenario A1 Scenario A2 Scenario A3 Scenario A4 Scenario A5 Scenario B1 Scenario B2 Scenario B3 Scenario B4 Scenario C1 Scenario C2  

Mean 
exposure post 

switching** 
17 ug/L  18 ug/L  37 ug/L  34 ug/L  35 ug/L  24 ug/L  41 ug/L  35 ug/L  41 ug/L  6 ug/L  8 ug/L   

Arsenic 
exposure 
decreased  

84% 83% 43% 43% 43% 69% 42% 44% 42% 84% 76%  

Arsenic 
exposure did 
not change 

16% 17% 57% 57% 57% 25% 55% 54% 55% 16% 21%  

Arsenic 
exposure 
increased  

0% 0% 0% 0% 0% 6% 4% 2% 4% 0% 3%  

Percent of 
post-switched 
well that itself 

switches to 
another well 

17% 17% 0% 0% 0% 10% 0% 0% 0% 10% 7.5%  

834 
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