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FOREWORD 
Arsenic in groundwater, as a major contaminant and a threat to health of human beings, 
has been a subject of intense and in-depth research, at national and global level, in affected 
countries. Significant progress has been made towards understanding the pattern of arsenic 
distribution and processes of its mobilization in groundwater. There have been detailed 
studies on health impacts of chronic ingestion of arsenic. Several alternative safe water 
options, such as, arsenic removal filters, dug wells, rainwater harvester, pond sand filter and 
arsenic-safe deep tube-wells are now being deployed in affected countries as mitigation 
measures. In spite of such efforts, access to safe water still remains a big challenge in 
providing safe drinking water to all. In Bangladesh where drinking water supply is mainly 
based on groundwater sources, both in rural and urban settings, Arsenic in remains a major 
threat to public health. 
Arsenic is a natural contaminant in groundwater at a global scale and recognized as a severe 
problem in many parts of the world owing to its potential risk through drinking water 
exposure. It is ranked as a Group 1 carcinogen, and its presence in groundwater is reported 
from more than 70 countries of the world affecting around 150 million people. The 
scenario of arsenic toxicity is alarming in different countries of Asia such as Bangladesh, 
Cambodia, China, India, Nepal, Pakistan, Taiwan, Thailand and Vietnam as well as in many 
Latin American countries. Arsenic concentration exceeding the maximum contamination 
levels set by the WHO and other national and international regulatory organizations are 
being identified in new areas every year. The use of groundwater contaminated with arsenic 
for irrigation is an additional concern due to the transfer from water to food chain and thus 
identified as additional pathway for arsenic ingestion by humans and livestock. 
This study evaluated the viability of various alternative safe drinking water options and 
found tubewell is the most suitable due to its simplicity and technical suitability, a wide 
acceptance by the society and above all low cost for installation, operation and 
maintenance. Development of simple tool, based of a easy-to use color-chart, for 
classification of aquifers in-terms of arsenic content and thus enable the driller to select a 
right aquifer for installation of a tube-well has been a significant achievement in the fields 
of management of Arsenic in drinking water. 
During planning process of tubewell installation, depth is considered as an essential aspect 
as it is related to the groundwater quality and cost of installation. Through this study, 
depth-specific aquifers have been thoroughly investigated and monitored for the evaluation 
of the suitability of aquifers for installation of tubewells at different depths, such as, 
shallow, intermediate deep and deep. A color chart will provide the local drillers with a tool 
to select the appropriate aquifer layer. It is worth to mention that more than ninety percent 
of the tube-wells are installed by the local drillers and analyses of chemical composition of 
aquifers are rarely carried out. Therefore, I believe that use of the color-chart will go a long 
way for installation of safe drinking water tubewell in Bangladesh as well as in territories 
where similar geologic formations are prevalent. Another significant novelty of this 
research is the discovery of the vast fresh water reserves at the intermediate depths which 
has been found to be arsenic safe as well as with low manganese content. Installation of 
intermediate deep tubewells would reduce the cost that is half of the deep tubewell 
installation which seems promising in the context of the affordability of the local 
community. Tubewell installations through targeting groundwater of good quality and 
optimizing the sites in a buffer area around the monitoring well and also considering the 
relevant social aspects led to the development of methods for arsenic mitigation. 
It has been a pleasure for me to write the foreword of the thesis presented by Mohammed 
Hossain which includes a comprehensive study leading to the development of a strategy for 
arsenic mitigation and scaling-up safe water access in other areas of Bangladesh and 
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elsewhere having a similar hydrogeological environment. He had discussed progress of his 
study with me as he was conducting his field studies in Bangladesh and I remained eager to 
read his findings. 
 
Dr. Ainun Nishat 
Professor Emeritus 
Centre for Climate Change and Environmental Research 
BRAC University, Dhaka, Bangladesh 
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SUMMARY IN BANGLA (সার-সংে�প) 
বাংলােদেশর �ামা�েল পানীয় জল সরবরাহ মলূত হ�চািলত নলকূেপর উপর িনভর্ রশীল যার েবিশরভাগ 
�ানীয় জনগণ িনেজেদর উেদয্ােগ �াপন কেরন। ভূগভর্ � পািনেত �াকৃিতক আেসর্িনক এর মা�াতির� উপি�িত 
এবং েদেশর বয্াপক এলাকা জেুড় পািনেত এই আেসর্িনক দষূেণর কারেণ সুেপয় িবশ� পািনর �াি� অেনকখািন 
�াস েপেয়েছ এবং তারফেল েদেশর লাখ লাখ মানষু �া�য্ ঝঁুিকর স�ুখীন। পািনেত আেসর্িনেকর মা�াতির� 
উপি�িত ১৯৯৩ সেন �থমবােরর মত জানবার পের আেসর্িনক সং�া� অেনক গেবষণা হেয়েছ এবং যার ফেল 
িক কারেণ পািনেত আেসর্িনক পাওয়া যায় বা �াকৃিতক ভােব মািটর সােথ পািনর রাসায়িনক িবি�য়া িক হয় 
এবং েকাথায় েকাথায় এর বয্াি� েবিশ এসব ধারণা যিদও পাওয়া িগেয়েছ িক� দভুর্ াগয্বশত মানেুষর জনয্ 
�েয়াজনীয় সুেপয় পািনর বয্ব�া এখেনা ভােলাভােব করা যায়িন। িবক� িনরাপদ পািনর েযসব বয্ব�া আেছ 
এবং আেসর্িনক দষুেণ আ�া� মানষুেদর মােঝ িবক� বয্ব�া েযগেলা েদয়া হেয়েছ তােদর মেধয্ আেসর্িনক-ম�ু 
িটউবঅেয়ল মানেুষর কােছ সবচাইেত েবিশ �হণেযাগয্ এবং েটকসই উপায় িহসােব এই গেবষণায় �মািনত 
হেয়েছ। িটউবঅেয়ল �াপন, সহজ উপােয় পািন আহরণ এবং বছেরর সবসমেয় পািনর �াি� এবং কম খরেচ 
র�ণােব�েণর কারেণ িটউবঅেয়ল সবেচেয় েবিশ �হণেযাগয্তা েপেয়েছ। িটউবওেয়ল �াপন (ইন�েলশন) 
�ি�য়ায় পিরক�না এবং িস�া� েনয়ার সময় িটউবঅেয়েলর গভীরতা একিট গর�পূণর্ িবষয় িহসােব িবেবিচত 
হয়, তার কারণ এই গভীরতার সােথ পািনর গনাগন এবং িটউবঅেয়ল �াপেনর খরেচর বয্াপারটা স�িকর্ ত। 
েবিশর ভাগ সমেয় অগভীর নলকূপ (গভীরতা ৮০ িমটােরর চাইেত কম) েবিশ আেসর্িনক ঝুিকপূণর্। গভীর 
নলকূপ যা �ায় ২৫০ িমটার গভীরতা পযর্� করা হয় েসিট যিদও আেসর্িনক-ম�ু পািনর জনয্ একটা বয্ব�া 
িহসােব েদশবয্াপী করা হে� িক� বয্য়বহল হবার কারেণ �েয়াজেনর তুলনায় গভীর নলকুেপর সংখয্া এখেনা 
অেনক কম এবং একিট মলূ কারণ হে� গভীর নলকূপ �াপেনর খরচ তুলনামলূক ভােব বয্য়বহল এবং �ানীয় 
জনগেনর আিথর্ক স�মতার বাইের। 
মতলেবর ৪১০ বগর্-িকেলািমটার এলাকায় ১৫িট �ােন িবিভ� গভীরতায় ৮২িট মিনটিরং িটউবঅেয়ল 
(monitoring piezometer) �াপন কের ২০০৯ সন েথেক ২০১১ সন পযর্� এই িতন বছর ভূগভর্ � পািনর 
িবিভ� ৈবিশ� পযর্েব�ণ করা হেয়েছ। আেপি�ক গভীরতা সােপে� �� গভীর, মধয্ম গভীর এবং গভীর 
(shallow, intermediate deep and deep) অব�ােনর বাল ু এবং পািনর পযর্েব�েণর মাধয্েম েকান 
গভীরতায় আেসর্িনক-ম�ু নলকূপ িকভােব �াপন করা যায় এবং িকভােব েসসব নলকূপ েথেক সবসময় 
আেসর্িনক-ম�ু পািন পাওয়া েযেত পাের তা পযর্েব�ণ ও গেবষণা করা হেয়েছ। এই গেবষনার সময়কােল েদখা 
িগেয়েছ েয সব ে�ে�ই পািনেত আেসর্িনক এর মা�া (পিরমান) েমাটামিুট ভােব একইরকম িছল। েযসব অগভীর 
নলকূপ (shallow tubewell) কােলা বািল েথেক পািন আহরণ কের েসই পািনেত আেসর্িনেকর পিরমান েবিশ এবং 
পান করার অনপুযু�। লাল বা বাদামী বািলর পািনেত আেসর্িনেকর মা�া অেনক কম এবং সহনশীল মা�ার কম 
হবার কারেণ লাল বা বাদামী বালেুত �ািপত নলকুেপর পািন আেসর্িনক-িনরাপদ। েযসব ফয্া�র এর �ারা 
পািনর রাসায়িনক গনাগন িবশদ ভােব পযর্ােলাচনা করা হয় েসই পযর্েব�েন েদখা িগেয়েছ েয কােলা বািলর 
পািনর রাসায়িনক ৈবিশ� লাল ও বাদামী বািলর পািনর ৈবিশ� েথেক িভ�তর। মধয্ম গভীর এবং গভীর 
নলকুেপর পািন পযর্েব�েণ েদখা িগেয়েছ দইু ে�ে�ই পািনেত আেসর্িনেকর মা�া অেনক কম এবং মধয্ম গভীর 
এবং গভীর নলকুেপর পািন �হণেযাগয্। রাসায়িনক গনাগেনর িদক েথেকও মধয্ম গভীর এবং গভীর নলকুেপর 
পািন একইরকম। 

আমােদর েদেশর ন�ই ভােগর েবিশ নলকূপ �ানীয় জনগেনর উেদয্ােগ �ানীয় িটউবেয়ল ি�লাররা �াপন 
কেরন এবং েস কারেণ নলকূপ �াপেন �ানীয় িটউবেয়ল ি�লারেদর ভুিমকা অতয্� গর�পূণর্। তারা বালমুািটর 
রং েক চারিট ে�ণীেত ভাগ কেরন আর এই চারিট রং হেলা - কােলা, সাদা, বাদামী এবং লাল। েযেহতু িটউবেয়ল 
�াপেন ি�লারেদর ভুিমকা অতয্� গর�পূণর্ তাই তােদর এই চার রেঙর বািল এবং চার রেঙর বািলেত �ািপত 
িটউবেয়েলর পািনর গনাগন ৈব�ািনক উপােয় িবে�ষণ (scientific validation) কের এই গেবষনার মাধয্েম 
একিট সহজ িনেদর্ িশকা (Sediment Color Tool) ৈতরী করা হেয়েছ। এই িনেদর্ িশকা বয্বহার কের বািলেক 
শনা� করা (identify) সহজ হেব েয েকান বািলেত নলকূপ �াপন করেল আেসর্িনক-িনরাপদ পািন পাওয়া যােব 
এবং েকান বািলেত নলকূপ করেল পািনেত আেসর্িনক েবিশ পরেব অথর্াৎ েকান বািলেক অিনরাপদ েজেন বাদ 
িদেত হেব। হােত েচেপ েবািরং (sludger method) কের �ায় ১০০ িমটার পযর্� নলকূপ করা যায় আর েসই 

xv 



Mohammed Hossain TRITA LWR PHD-2015:07 

 

কারেণ এই ১০০ িমটার গভীরতা পযর্� মতলেবর ১৫ িট �ান েথেক ২২৪o িট বালরু নমনুা সং�হ কের তােদর 
রং িনধর্ারণ করা হেয়েছ। পযর্ায়�েম এই ২২৪০ িট নমনুা েথেক ৬০ িট রং এর েশড পাওয়া িগেয়েছ েযগেলােক 
আবার পযর্ায়�েম ি�লারেদর চার রং অথর্াৎ কােলা, সাদা, বাদামী এবং লাল এই চার ে�ণীেত ভাগ করা 
হেয়েছ। এই চার রেঙর বালেুত �ািপত ১৪৪ িট নলকুেপর ৫২১ িট পািনর নমনুা পরী�া কের এবং িবে�ষণ কের 
এই গেবষণায় েদখা িগেয়েছ কােলা বািলেত �ািপত নলকুেপর (৬৬ িট) শতকরা ন�ই ভােগর েবিশ পািনর 
নমনুায় আেসর্িনেকর মা�া অিনরাপদ এবং �হণেযাগয্ মা�া েথেক অেনক েবিশ। এসব কােলা বািলর পািনর 
নমনুার গড় মা�া �িত িলটাের ২৩৯ মাইে�া�াম। এখােন উে�খয্ েয িব� �া�য্সং�ার গাইড লাইন (WHO 
guideline value) অনযুায়ী পািনেত আেসর্িনেকর সেবর্া� মা�া ১০ মাইে�া�াম। আর বাংলােদেশর সুেপয় 
পািনর মা�া (Bangladesh Drinking Water Standard) িহসােব এর পিরমাণ ৫০ মাইে�া�াম। লাল 
বািলেত �ািপত ৩৯ িট নলকুেপর পািনর সব নমনুা িনরাপদ। বাদামী বালেুত �ািপত নলকুেপর পািনর 
আেসর্িনক এবং অনয্ানয্ রাসায়িনক গনাগন লাল বািলেত �ািপত নলকুেপর পািনর নমনুার মত। িক� বাদামী 
বাল ু শনা�করণ কখেনা কখেনা কিঠন হেত পাের, িবেশষ কের যিদ িদেনর আেলা পযর্া� না থােক। �� 
গভীরতার মািটেত সাদা বাল ু অেপ�াকৃত কম পাওয়া িগেয়েছ। যিদও লাল এবং বাদামী বালেুত �ািপত 
নলকুেপর পািনেত আেসর্িনেকর মা�া অেনক কম িক� এই পািনেত ময্া�ািনেজর (Manganese) মা�া েবিশ। 
যিদও ময্া�ািনজ আেসর্িনেকর মতন িবষা� নয় তথািপ িকছু িকছু ৈব�ািনক গেবষণায় েদখা যায় অিধক 
ময্া�ািনজ এর ও �া�য্ ঝুিক আেছ। এই গেবষণায় ভূগভর্ � মািটেত মধয্ম গভীরতায় একিট বািলর �রেক 
(Intermediate deep aquifer) �থম বােরর মতন আিব�ার করা হেয়েছ েযখান েথেক আেসর্িনক-িনরাপদ 
এবং অিত �� মা�ার ময্া�ািনজ-যু� পািন উেত্তালন করা স�ব। ১২০ িমটার গভীরতায় নলকূপ বিসেয় এরকম 
২৪৩ িট নলকুেপর ২৪০ িট (৯৯%) নলকূপ আেসর্িনক-িনরাপদ  এবং ২১৭ িট নলকূেপ (৮৯%) ময্া�ািনেজর 
মা�া �িত িলটার পািনেত ০.৪ িমিল�াম এর েচেয় কম।  এই মধয্ম গভীরতার বািলেত �� আেসর্িনক এবং �� 
ময্া�ািনেজর একিট পয্াটানর্ পাওয়া িগেয়েছ।  এই গভীরতায় �ািপত মধয্ম গভীর নলকূপ (Intermediate 
Deep Tubewell) �াপেনর খরচ গভীর নলকুেপর খরেচর তুলনায় �ায় অেধর্ক। একই গভীরতায় 
বাংলােদেশর অনয্ অ�েল এবং একই ভূতাি�ক গঠন স�� অনয্ এলাকায় েযখােন আেসর্িনক সমসয্া আেছ 
েসখােন এই মধয্ম গভীরতার নলকূপ একিট স�াবয্ সমাধান। এই গেবষণায় �া� তথয্, উপাত্ত এবং ফলাফল, 
আেসর্িনক দষুেণ আ�া� এলাকায় আেসর্িনক সমসয্া িনরপেণর (arsenic mitigation) সমাধান এবং সুেপয় 
পািন বয্ব�ার একিট বা�বস�ত েকৗশল িহসােব বয্বহার করা েযেত পাের। 
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ABSTRACT 
In rural Bangladesh, the drinking water supply is mostly dependent upon manually 
operated hand pumped tubewells, installed by the local community. The presence of 
natural arsenic (As) in groundwater and its wide scale occurrence has drastically reduced 
the safe water access across the country and put tens of millions of people under health 
risk. Despite significant progress in understanding the source and distribution of As and its 
mobilization through sediment-water interactions, there has been limited success in 
mitigation since the problem was discovered in the country’s water supply in 1993. This 
study evaluated the viability of other kinds of alternative safe drinking water options and 
found tubewells are the most suitable due to simplicity and technical suitability, a wide 
acceptance by society and above all low cost for installation, operation and maintenance. 
During planning and decision making in the process of tubewell installation, depth of the 
tubewell is a key parameter as it is related to groundwater quality and cost of installation. 
The shallow wells (usually < 80m) are mostly at risk of As contamination. One mitigation 
option are deep wells drilled countrywide to depths of around 250 m. Compared to safe 
water demand, the number of deep wells is still very low, as the installation cost is beyond 
affordability of the local community, especially for the poor and disadvantaged section of 
the society. Using depth-specific piezometers (n=82) installed in 15 locations spread over 
the 410 km2 area of Matlab (an As-hot spot) in southeastern Bangladesh, groundwater 
monitoring was done over a 3 year period (pre- and post-monsoon for 2009-2011 period). 
Measurements were performed for hydrogeological characterization of shallow, 
intermediate deep and deep aquifer systems to determine the possibility of targeting safe 
aquifers at different depths as the source of a sustainable drinking water supply. In all 
monitoring piezometers, As was found consistently within a narrow band of oscillation 
probably due to seasonal effects. Hydrogeochemically, high-As shallow groundwaters 
derived from black sands are associated with elevated DOC, HCO3, Fe, NH4-N and PO4-P 
and with a relatively low concentration of Mn and SO4. Opposite to this, shallow aquifers 
composed of red and off-white sediments providing As-safe groundwater are associated 
with low DOC, HCO3, Fe, NH4-N and PO4-P and relatively higher Mn and SO4. 
Groundwaters sampled from intermediate deep and deep piezometers which were found to 
be low in As, are characterized by much lower DOC, HCO3, NH4-N and PO4-P compared 
to the shallow aquifers. Shallow groundwaters are mostly Ca-Mg-HCO3 type and 
intermediate deep and deep aquifers’ groundwaters are mostly Na-Ca-Mg-Cl-HCO3 to Na-
Cl-HCO3 type. 
A sediment color tool was also developed on the basis of local driller’s color perception of 
sediments (Black, White, Off-white and Red), As concentration of tubewell waters and 
respective color of aquifer sediments. A total of 2240 sediment samples were collected at 
intervals of 1.5 m up to a depth of 100 m from all 15 nest locations. All samples were 
assigned with a Munsell color and code, which eventually led to identify 60 color varieties. 
The process continued in order to narrow the color choices to four as perceived and used 
by the local drillers for identification of the targeted As-safe aquifers. Munsell color codes 
assigned to these sediments render them distinctive from each other which reduces the risk 
for misinterpretation of the sediment colors. During the process of color grouping, a 
participatory approach was considered taking the opinions of local drillers, technicians, and 
geologists into account. In addition to the monitoring wells installed in the piezometer 
nests, results from 87 other existing drinking water supply tubewells were also considered 
for this study. A total of 39 wells installed in red sands at shallow depths producing As-safe 
water providing strong evidence that red sediments are associated with As-safe water. 
Average and median values were found to be less than the WHO guideline value of 
10 μg/L. Observations for off-white sediments were also quite similar. Targeting off-white 
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sands could be limited due to uncertainty of proper identification of color, specifically 
when day-light is a factor. Elevated Mn in red and off-white sands is a concern in the safe 
water issue and emphasizes the necessity of a better understanding of the health impact of 
Mn. White sediments in shallow aquifers are relatively uncommon and seemed to be less 
important for well installations. Arsenic concentrations in more than 90% of the shallow 
wells installed in black sands are high with an average of 239 μg/L from 66 wells installed 
in black sediments. It is thereby recommended that black sands in shallow aquifers must be 
avoided. This sediment color tool shows the potential for enhancing the ability of local 
tubewell drillers for the installation of As-safe shallow drinking water tubewells. 
Considering the long-term goal of the drinking water safety plan to provide As-safe and 
low-Mn drinking water supply, this study also pioneered hydrogeological exploration of the 
intermediate deep aquifer (IDA) through drilling up to a depth of 120 m. Clusters of 
tubewells installed through site optimization around the monitoring piezometer showed a 
similar hydrochemical buffer and proved IDA as a potential source for As-safe and low-
Mn groundwater. Bangladesh drinking water standard for As (50 µg/L) was exceeded in 
only 3 wells (1%) and 240 wells (99%) were found to be safe. More than 91% (n=222) of 
the wells were found to comply with the WHO guideline value of 10 µg/L. For Mn, 89% 
(n=217) of the wells show the concentration within or below the previous WHO guideline 
value of 0.4 mg/L, with a mean and median value of 0.18 and 0.07 mg/L respectively. The 
aquifer explored in the Matlab area shows a clear pattern of low As and low Mn. The 
availability of similar sand aquifers elsewhere at this depth range could be a new horizon 
for tapping safe drinking water at about half the cost of deep tubewell installation. 
All findings made this study a comprehensive approach and strategy for replication towards 
As mitigation and scaling-up safe water access in other areas of Bangladesh and elsewhere 
having a similar hydrogeological environment. 

Key words: Bangladesh, drinking water, arsenic mitigation, local 
tubewell driller, sediment color tool, low-manganese, intermediate deep 
aquifer. 

1. INTRODUCTION 
The concentration of Arsenic (As) in groundwater of natural origin is recognized as a severe 
environmental problem in many parts of the world owing to its potential risk through drinking 
water exposure. Arsenic has been identified as a serious public health concern (Nordstrom, 2002; 
Kapaj et al., 2006; Nriagu et al., 2007). Arsenic contamination in drinking water supplies reported 
from more than 70 countries posing a serious health hazard to an estimated 150 million people 
world-wide (Bhattacharya et al., 2004; Ravenscroft et al., 2009). Arsenic toxicity from prolonged 
exposure can lead to arsenicosis (skin alterations), cardiovascular diseases and eventually to a 
variety of cancers (Smith and Steinmaus, 2009) and is associated with increased mortality (Argos 
et al., 2010). In most cases, clinical symptoms usually develop after a long latent period of chronic 
poisoning from the ingestion of As. 
Guidelines for drinking-water quality established by the World Health Organization (WHO) 
include chemical and biological hazards from both natural and anthropogenic sources. As a 
preventive management approach, safe drinking water framework includes three components 
among which a health based target is essential. This target is developed on the basis of the 
evaluation of clearly defined health effects primarily caused from some microbial and chemical 
hazards. For chemical hazards, important factors to consider are (a) toxicity, that is, severity of 
health effects; (b) concentration to which the population is exposed and (c) the period of 
exposure. For most chemicals, health impacts are associated with long-term exposure and As has 
been listed as an element under the category of toxic chemical hazards (WHO 1993, 2004, 2011). 
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The Sector Development Plan (FY 2011-2025) (PSU, 2011) for the Water and Sanitation Sector 
in Bangladesh highlighted dependence on groundwater. Arsenic has been identified as one of the 
three major challenges to rural water supply and water quality in Bangladesh and has been given 
highest priority in the sector considering its health effects. 
Bangladesh is one of the most severely affected countries where the population largely depends 
upon groundwater sources for domestic water supplies. In cities and urban areas, the supply is 
mainly based on a piped water supply system fed by groundwater abstraction through large 
capacity mechanized tubewells. But in rural Bangladesh, water supply is mostly obtained from 
manually operated hand pumps in tubewells installed by the communities themselves. The 
remarkable achievement in reducing the scale of cholera and diarrheal diseases, and infant 
mortality in 1970s and 80s became possible from the increased use of groundwater for drinking 
(Steer and Evans, 2011). 
According to the latest national census conducted by the Bangladesh Bureau of Statistics (BBS) 
89.1% of the total households of the country use tubewell as the source for drinking water supply 
(BBS, 2011). More than 90% of these tubewells are installed by the local tubewell drillers as 
initiatives of the local community within their affordable cost. The occurrence of natural As in 
groundwater and its exposure drastically reduced the safe water access across the country. 
However, the severity is more in the deltaic and alluvial/flood plain deposits in the southern part 
of the country (Figure 1a,b). 
Since discovery of As in Bangladesh groundwater in 1993, although a significant progress has 
been achieved to understand the science related to the origin, occurrence and distribution pattern 
of As in groundwater, success in mitigation attempts is limited (Ahmed et al., 2006). In the 
context of plan and expectations, true mitigation has progressed much more slowly (Johnston et 

Figure 1. (a) Simplified geological map of Bangladesh (modified from Alam et al., 
1990) with location of the Matlab study area and (b) Spatial distribution pattern of 
arsenic from national hydrochemical survey conducted by BGS-DPHE (2001). 
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al., 2014) and hence the public health burden remains very high. Flanagan et al. (2012) estimated 
that As contamination could cause annual deaths of 24,000 and 19,000 adults in Bangladesh at 
concentration levels of >50 µg/L and 10-50 µg/L respectively. A nationwide hydrochemical 
survey conducted by BGS-DPHE (2001) sampled 3534 tubewells from 61 of 64 districts of the 
country. Compared to WHO guideline value (10 µg/L) and Bangladesh drinking water standard 
(BDWS) of 50 µg/L, As concentration was exceeded in 51% and 28% of the tubewells surveyed. 
Exposure to As contamination through drinking water estimated by the BGS-DPHE study with 
respect to WHO guidelines and BDWS was 57 million and 35 million. These values were based 
on an estimated population of 125.5 million in 1999. Later, a second survey conducted in 2009 by 
UNICEF/BBS (2011) indicated the exposures as 53 and 22 million with respect to WHO 
guideline and BDWS values. From this study area (Matlab), a social survey and mapping 
conducted by SASMIT (2011, 2012) in 96 villages found that only 18% of the operating tubewells 
provide As-safe drinking water. A wide variability of the access to As-safe water tubewells found 
values between 0 and 90 percent during this survey reflects the variation in socio-economic 
condition, unplanned installations and largely the lack of knowledge in hydrogeological suitability. 
Arsenic in Bangladesh groundwater is geogenic in origin. The mitigation approach could vary 
considerably with the variation in natural settings of sub-surface geologic materials, along with 
the variation of hydro-meteorological conditions and socioeconomic status of different areas. 
Including the use of As-safe tubewells, different alternative safe drinking water options have been 
provided in various affected areas in Bangladesh (Jakariya et al., 2005, 2007a,b; Inauen et al., 
2013), among which Arsenic Removal Filter (ARF), Rain Water Harvester (RWH), and Pond 
Sand Filter (PSF) are the common varieties. Efficiency and success of As mitigation, in general, 
greatly lies with the findings from both technical and social perspectives (Johnston et al., 2014).  
Hence it is important to evaluate the performance of the alternative safe water options provided 
and to understand the context of technical suitability and social relevance to the success and/or 
failure of the options. Although the efforts are given to make safe water available to the end 
users, the roles of other stakeholders involved in the process of mitigation have significant 
impact on the end result. Johnston et al. (2014) also explained how technical, psychological and 
institutional factors could influence the mitigation efforts. In order to bring meaningful and 
visible changes, it needs to develop sustainable mitigation strategies. This includes the proper 
selection of mitigation measure to be recognized and implemented by various stakeholders, such 
as, policy and decision makers, facilitating and implementing agencies, development partners, 
social workers, and end users. 

2. PROBLEMS AND RESEARCH OBJECTIVES 
2.1. Problems 
The main problem at present is the extensive gap between exposure and the pace of mitigation. 
Since As has been discovered in tubewell water supplies in 1993, the mitigation scenario is still 
insignificant compared to the actual need of safe water supplies in As-affected areas. This is 
despite of having a much better understanding of the source, distribution, mobilization of As 
through sediment-water interactions and the scale of exposures. 
Due to the differences in geomorphological settings, hydrogeological conditions, local variations 
in climate, availability of different water options and people’s choice including the livelihood and 
socio-economic status of the end users, different alternative options could be useful in different 
areas. Therefore the main challenge is to identify the most widely acceptable option which can be 
useful and applicable to a significant proportion of the problem areas and affected people. A 
further challenge is to develop simplified knowledge, tools and methods based on monitoring 
and scientific evidence so that the community can adopt and install the safe water options by 
themselves in a cost-effective manner through ensuring technical suitability and optimization of 
site selection.  The solutions to these challenges would then be useful for all relevant stakeholders 
involved in As mitigation including field level technicians, local tubewell drillers and end-users. 
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2.2. Research objectives and rationale 
The overall objective of this study is to develop a strategy for sustainable As mitigation for 
scaling-up safe water access. This necessitates determining the most suitable alternative safe 
drinking water option and how that option can be developed and implemented based on 
scientific investigations and evidence based results. 
Specific objectives of this study can be outlined in the following four descriptions. The studies 
carried out for achieving each of these objectives have been presented in the four articles devised 
accordingly and included in the thesis in a sequential manner. 

1) Evaluation of different alternative safe drinking water options in As affected areas for an 
assessment of the sustainability of As mitigation interventions. This will give a clear idea 
on the acceptability of the options, the reasons of acceptance and failure, and whether 
these options impact the change in water use pattern of the end users. 

2) A comprehensive hydrogeological investigation for developing a better understanding 
and characterization of the aquifers at different depths with respect to hydrostratigraphy, 
hydraulic behavior and water chemistry along with their spatial and temporal changes. 
This objective has implications for the installation of shallow, intermediate deep and deep 
drinking water tubewells. 

3) Development of a simplified sediment color tool based on the local tubewell driller’s 
color perception of the sediments and As concentration in the water of the 
corresponding sediments (aquifers) for the installation of As-safe shallow drinking water 
tubewells. Sediment color characterization and monitoring of As and other water quality 
parameters were the prime concerns. 

4) Evaluation of the feasibility of newly explored Intermediate Deep Aquifer (IDA) as a 
source for As-safe and low-Mn drinking water in the context of the long-term desire for 
ensuring drinking water safety plan. 

3. MATERIALS AND METHODS 
3.1. Study area 
The study area, Matlab region is situated within the Chandpur district in southeastern Bangladesh 
(Figure 1a). Located between 23015’0” and 23030’0” N latitude and 90034’0” and 90049’0” E 
longitude, it covers an area of about 410 km2 with a total population of more than half a million 
(BBS, 2011). The choice of this area is justified because of three important reasons: a) this is an 
As hot-spot in the country; b) arsenic mitigation is still not effective and safe water demand is 
very high; and c) this area has received significant attention from scientific, social and health 
aspects of arsenic research. The study area constitutes a portion of the Bengal Delta which lies 
near the confluence of the three major rivers, the Ganges, the Brahmaputra and the Meghna. 
Taking the rainfall records for the period from 1981-2012, the average total annual rainfall at the 
nearest Chandpur station was 2175 mm (BBS, 2013 pocket book; source info: Bangladesh 
Meteorology Department). Geomophologically, major portion in the west is constituted by 
Meghna Flood Plain and Chandina Deltaic Plain constitutes a small portion in the east (Morgan 
and McIntire, 1959 and Bakr, 1977). River Meghna and its tributaries formed Meghna Flood 
Plain deposits composed of clay, silt and sand; and with similar kind of lithologic characteristics, 
Chandina Formation is relatively weathered, more oxidized and compacted. The study area, 
characterized by vast flat plain, meander channels, natural levees, oxbow lakes, and back swamps 
is a low-lying area (3–10 m asl measured by this study). Agriculture is the main land use pattern 
and the principal means of livelihood. Table 1 provides some basic demographic information 
(source: BBS, 2011). 
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Item of desciption Matlab South Matlab North Matlab Total

Population 210050 292057 502107

Area (acre) 31958 64319 96277

Total cropped area (acre) 22183 35042 57225

Proportion of agricultural area compared to total area 69.4% 54.5% 59.4%

Number of households (HH) 45569 63784 109353

No. of union & municipalities 7 (6+1) 14 (13+1) 21 (19+2)

Average size of HH 4.6 4.6 4.6

Population density (per km2) 1624 1122 1288

Table 1. Demographic information of the study area. 
 

Figure 2. Study area map with thana, union and mauza boundaries. 
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The Matlab study area is divided into two major administrative units, Matlab South and Matlab 
North Upazila (also known as thana) which are again divided into 21 units (19 unions and 
2 municipals or paurashavas (Figure 2). Each union is further divided into mauza, the smallest 
map unit which includes the records of all kinds of land uses with details of ownerships of the 
people living within the respective mauzas. 

3.2. Alternative safe drinking water options 
To reduce the risk of As toxicity, different alternative safe drinking water options (Table 2) were 
provided by an earlier project ‘Arsenic in tubewell water and health consequences in Matlab 
Upazila of Chandpur district - AsMat’ (AsMat Final Report, 2007) financed by Sida. These safe 
water options were provided in a certain portion of the same study area (about 50% of Matlab 
region) where International Center for Diarrhoeal Disease Research, Bangladesh (ICDDR,B) has 
been running a health and demographic surveillance system since 1996 (AsMat Final Report, 
2007). Villages where 50% or more tubewells were found to be contaminated were considered 
and within the targeted villages, poor households were given the priority for the distribution of 
house-hold based options. For community based options, sites were selected in those localities 
where most tubewells were found contaminated. 
Arsenic removal filter (ARF) is a household based option (Figure. 3a) used to filter out As from 
contaminated groundwater using different kinds of filter materials/membranes. Among them 
commonly used filters, such as, Safi filter, three-pitcher filter and Alcan filter were provided in 
the study area. Unlikely the ARFs, Bishudhya filter is used remove bacteria from surface water, 
which is As free. This option could be ideal where year round surface water is available and the 
water is free from industrial effluents (chemicals) and agricultural washouts (fertilizers and 
pesticides). Pond sand filter (PSF) is a concrete reservoir (Figure 3b), which is connected to a 
pond and constructed with a provision of filtering pond water through sand and gravel. On an 
average, a PSF can provide water to 90 people (DPHE/JICA 2009), although the survey 
conducted in three As affected upazilas namely Bhanga, Muradnagar and Sirajdikhan by Johnston 
and Sarker (2007) this number was reported as 180. Gravel and fine sand are used as the filtering 
material in PSF. Cleaning of the gravel chambers at a certain interval is required to ensure the 
water quality. Rain Water Harvester (RWH) is used to collect surface water run-off generated 
from rain for the purpose of human use. In the most common type, rooftop is used as the 
catchment from where the rain is collected and stored in a container placed at the corner/edge of 
the house (Figure 3c). As-safe tubewell is a conventional tubewell which is tested and confirmed 
as a tubewell which provides As-safe drinking water(Figure 3d). 
 

Table 2. Safe drinking water options provided among the arsenic-exposed people by 
AsMat project. 
 

Type of safe-drinking water option (s) Name of the option (s) No of 
options 

Safi Filter 24
3 - Pitcher Filter 99
Alcan Filter 718

Household based arsenic free surface water treatment option Bishudhya Filter 190

Community based slow sand filtration system Pond Sand Filter (PSF) 23

Household based rain water system Rain Water Harvester 
(RWH)

147

Community based groundwater option Tubewell (As-safe) 59

Household based arsenic contaminated groundwater treatment 
option : Arsenic Removal Filter (ARF)
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3.3. Local tubewell driller’s role in tubewell installation and their perception of 
sediment color 
In Bangladesh, manually operated suction mode hand tubewell is the major means of drinking 
water supplies which are mostly installed in shallow depths (<80 m) as these aquifers are 
hydraulically potential to produce enough water and installation is within affordable cost. 
According to the latest national census (BBS, 2011) conducted by the BBS 89.1% of the total 
households of the country use tubewell as the source for drinking water supply. Government 
programs and non-government projects extend their cooperation through installation of 
tubewells; nevertheless more than 90% of tubewells are installed by the local tubewell drillers as 
initiatives of the local community within their affordable cost. This tubewell installation practice 
clearly recognizes the role and importance of the local tubewells drillers in Bangladesh water 
supply, specially in the vast majority of the rural areas. Unfortunately, As contamination has been 
identified in the shallow aquifers which brought a huge population under a threat of health risk 
for the poisoning. But it does not mean that all shallow aquifers are As-contaminated. 
Geologically, there is enough room in shallow reach to install As-safe wells and that necessitates 
the importance of identifying those safe aquifers. Hand percussion drilling (sludger method) is 
the most common method of tubewell installation used by the local drillers which is a local 
technology, cost-effective and needs readily available inexpensive equipment. Excepting the 
eastern hilly terrains, and existence of thick clay in Pleistocene terraces (Barind and Madhupur 
tract) and in some areas of southwest region of the country, relatively soft sediments has made 
hand percussion drilling simple and easy in major portion of the country. For bringing any visible 
change in the access of safe water, this is extremely important to recognize the local drillers as 
important stakeholder and to take their perception and knowledge into account which they have 

Figure 3. Different options of As-safe drinking water (a) Arsenic Removal Filter (b) 
Pond sand Filter (c) Rain Water Harvester (d) As-safe Tubewell. 
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gained through their work experience. Therefore, importance greatly lies with the development of 
a method/tool by which the local drillers can identify and target safe aquifers without the aid of 
technical expertise (Jonsson and Lundell, 2004). This kind of knowledge and education of the 
local drillers can be extremely useful in scaling-up safe water access. Local drillers have been 
installing tubewells targeting red/off-white sediments for low-iron water for the last few years 
and eventually now they have acquired the knowledge that the color could be related to As 
concentration in tubewell water. Based on the color perception of the local drillers, von 
Brömssen et al. (2007) proposed the four color (black, white, red, off-white) hypothesis. 
Relevance of sediment color with respect to As in water have also been reported from Araihazar 
(e.g. van Geen et al., 2004), Savar (e.g. Stollenwerk et al., 2007) and this study area Matlab (e.g. 
Hossain et al., 2010a) and Munshiganj (e.g. Hug et al., 2011) in Bangladesh and West Bengal, India 
(McArthur et al., 2004, Pal et al., 2008, 2009, Datta et al., 2011, Biswas et al., 2012a,b), which reflect 
similar observations from a wider geographic range. According to the existing four color 
hypothesis based on local driller’s color perception as shown in Figure 4, highest risk lies with the 
black color sediments and gradually reduces towards red. Although we are dealing with four 
colors, black and red colors carry more importance considering their wider occurrence in the field 
of shallow tubewell installation. 

3.4. Munsell Color System and Four Colors 
The Munsell Color System (Munsell Color x-rite 2009) comprises thirteen charts describing 
colors by an arrangement of three dimensions - Hue, Value and Chroma. The Hue notation 
reflects the color with respect to red, yellow, green, blue and purple. Value indicates the degree of 
lightness – in a vertical scale color gradually becomes light from bottom to top in visually equal 
steps with the increasing number. In the similar fashion, Chroma notation indicates its strength 
with respect to the neutral of the same lightness – in a horizontal scale which increases from left 
to right. The use of Munsell color codes in describing the sediments made them distinctive from 
each other and thus reduces the risk for misinterpretation of the sediment colors. For assigning 
sediment color, once the visually observed color is recorded, then sediments can be compared 
(Figure 5) with the Munsell Color Chart with the purpose of standardization of color 
characteristics through a scientific method to make it consistent and which allows a methodical 
re-examination and replication in any terrain of similar geological environment anywhere in the 
same manner. 

Figure 4. Four color sands (driller’s perception) with corresponding risks of As 
concentration in water under varying redox status. 
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3.5.  Methods used 
3.5.1. Social Survey 
With an objective for determination of the current source from where the end users collect water 
for their domestic use (drinking and household) and thereby to identify the water supply option 
preferred by the community and to make an assessment of the condition of different alternative 
drinking water options which were distributed in the study area before by AsMat project, this 
social survey was conducted in following two stages. This kind of evaluation conducted through 
social survey was useful to develop the findings on acceptance of the water options by the users, 
change of water use pattern as an impact of the provided safe water options, and the 
performance of the options after 3-4 years of implementation (SASMIT, 2010), which creates 
messages in the context of sustainability of the options from technical and social perspectives. 
This kind of information based on the evaluation of the safe water options could be useful for 
planning and implementation of true measures which would allow us to give our efforts for 
bringing a visible change in As mitigation to make it sustainable. This would also be helpful to 
optimize the use of resources and time. 
In terms of objective, this method of the study has (a) determined the source for collecting water 
for domestic use, to identify the water supply option preferred by the community; (b) assessed 

Figure 5. Four colors as described by the local drillers on a Munsell Color Chart 
5Y Hue. Modified from Unpublished SASMIT Report (SASMIT, 2011). 
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the overall condition of the distributed options in order to identify the reasons behind the 
success and/or failure of the options, (c) checked the water quality of both surface water and 
groundwater based options found functional to make a cross-check with the information 
collected from the end users. 
 
3.5.1.1. Household (HH) Survey 
In the first stage, household survey was conducted to assess the current water use pattern which 
reflects the safe water options preferred by the users to whom the alternative options were pro- 
vided. This survey also provided the current status of all kinds of filters which were given to the 
users as HH based option. From the perspective of living set-up in rural Bangladesh, HH is 
considered as the basic survey unit. Usually, a number of households comprise a “bari” (cluster 
of households) and in our standard practice in a rural area we locate/identify a targeted person, 
family or HH with respect to the bari. A household is defined (Khan et al., 2009) as a family 
where all the members live communally and share income, food, water and other facilities. In the 
definition of a HH, the most significant parameter is that the foods for all the members of the 
respective HH are cooked together in one kitchen and therefore, HH is also termed as “khana” 
in Bangla. All households belonging to one bari (cluster) usually share a communal open area for 
HH activities, such as, drying grain and food processing, etc. (Khan et al., 2009). 
In total, 284 HH were surveyed and they were selected randomly from the user’s community. 
Survey was done using short semi-structured questionnaire and sampling was done based on the 
number of users per option. In selecting the optimum sample size the distribution of different 
options in terms of area (union and village) was also considered. The survey plan reflecting the 
number of households surveyed along with the number surveyed for each option type is 
presented in Table 3. 
The questionnaire comprising 38 main questions was mainly focused on water aspects, such as, 
source of water (option) used for drinking and cooking and some details related to the specific 
options; switch-over to new option and reasons; awareness on As contamination and its 
reflection on the use of the current source; water quality and tests; degree of satisfaction with the 
water flow/quantity; ownership of the option along with operation and maintenance issues. In 
addition to basic demographic information, the survey also included questions related to 
livelihood and standard of living, such as, monthly income, monthly expenditure for food and 
other purposes, availability of food, and type of house in which the families live. Among 
284 households surveyed, 269 are spread over 49 villages in 13 unions of Matlab south and 
Matlab north upazilas (Figure 6a). Another 15 HH were surveyed from 4 villages of neighboring 
Daudkandi upazila, being a part of AsMat intervention area. 
 

Table 3. Household (HH) survey plan and coverage. 
 

Type of Safe Water Option No. of HH targeted 
per option

No. of 
installations 
surveyed

No. of HH 
surveyed for each 
type

Total HH 
surveyed

Rain Water Harvester (RWH) - 
a household based option

1 HH surveyed for 
each RWH

44 44

Pond Sand Filter (PSF) - a 
community based option

5 HH surveyed for 
each PSF

20 100

Tubewell - a community 
based option

5 HH surveyed for 
each Tubewell

28 140

284
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3.5.1.2. Water Options Survey 
The second stage of survey was done with an objective of making an assessment of the current 
conditions of the safe water options. Information was collected by means of physical visit at the 
sites of the options for RWH, PSF, and tubewells. Figure 6b shows the locations of the options 
surveyed which includes 147 RWH, 23 PSF and 59 As-safe tubewell. This survey was done using 
short semi-structured questionnaire which also included surveyor’s own observations and 
findings. In addition to assessment of the technological options on the basis of their physical 
structure and functionality, water of RWH and PSF were tested for bacterial threat and tubewells 
were tested for determining As concentration in water by Digital Arsenator. Arsenic 
concentration measurement allowed us to evaluate the groundwater As concentration in these 
tubewells over time in the context of sustainability. Such testing was also useful to make a cross-
check with the statements made by the users. 
A simple questionnaire was used in options survey. Data was collected on the number of users in 
terms of family, purpose of water use, how long they have been using the surveyed option and 
availability of water round the year. When the option was found non-functional, information was 
collected on how long the option had been non-functional along with the causes. In addition to 
record the coordinates (latitude and longitude) of the options using handheld GPS, surveyor’s 
own findings were also documented for the analysis. SPSS version 11.5 was used for data entry 
and analysis of the survey result. 

3.5.2. Hydrogeological investigations 
Aquifers are the underground sandy layers which stores and transmits water and from which we 
produce water through installation of tubewells. Understanding the aquifers in terms of their 
physical characteristics and hydraulic behavior; water quality along with detailed geo-chemical 
characteristics of relevant parameters; and sustainability of the system as the source of the 
continued supply of safe water are important to bring visible changes in the scenario of As 
mitigation. For scaling-up the safe water access in the As affected areas, importance largely lies 
with the education of different stakeholders involved in the whole process from planning to the 
installation of the tubewells and also the development of methods and tools which would be 
useful to identify and target safe aquifers. Local tubewell drillers, being the most important 

Figure 6. (a) Mauzas in which HH surveyed villages are located and (b) location of the 
safe water options surveyed. 
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stakeholder, play very important role in the practice of tubewell installation as more than 90% of 
the tubewells are being installed privately by the end users with the help of local drillers. By virtue 
of their work experience they have a very detailed idea on local level distribution of aquifers and 
aquitards with some water quality matter to some extent. Integrating their practice and knowledge 
and improved ideas through research and scientific validation, if we can develop simplified tools 
and methods for targeting and identification of safe aquifers and enhance the local drillers 
knowledge then it would be extremely useful in scaling-up the safe water access. 
 
3.5.2.1. Test boring and installation of depth and color specific monitoring wells 
For a comprehensive hydrogeological investigation and taking into account the size of the area 
(410 km2), 15 locations were selected for the installation of piezometer nests (Figure 7). Depth-
specific piezometer nests were installed in all these 15 locations for monitoring the behavior of 
groundwater system, mainly hydraulic heads and water chemistry (SASMIT, 2009, 2010, 2011).  
In terms of relative depth, these piezometer monitoring wells were grouped into shallow, 
intermediate deep and deep piezometers. In most of the nests, four wells were installed in the 
shallow reach within the depth range of 70 m; one in intermediate depth at about ± 110 m and 
one deep at a depth of about 235 m. In order to delineate the vertical profile of sand and clay 
dominating aquifers and aquitards and thereby to install monitoring wells, test borings were done 
for the collection and characterization of sediments. In addition to depth, sediment color was 
also taken into consideration for the installation of piezometers in color specific sediment in the 
shallow aquifers. For shallow borings, an exclusively hand-percussion (sludger) method was used. 
Deep borings were done up to a depth of 250 m, and rotary reverse-circulation drilling (locally 
called the Donkey method) was used (Hossain et al., 2014). For the intermediate deep wells, both 

Figure 7. Piezometer nests (a) location and (b) layout of shallow, intermediate deep and 
deep piezometers. 
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hand percussion and the donkey method were used depending on driller’s knowledge about 
specific site characteristics. Based on the characterization of sediments and thereby the 
constructed borelogs, 82 piezometers were installed for monitoring of groundwater level and 
water quality and all details of these piezometers are listed in Table 4. In deciding the screen 
positions of the monitoring wells, some specific criteria, such as, different aquifers with varied 
sand color, depth of high (peak) As concentrations in tubewell water (revealed from the analysis 
of secondary data) and water table fluctuation data collected from Bangladesh Water 
Development Board (BWDB) were considered. 
In addition to the piezometer nests installed by this study, tubewells installed by other agencies in 
the study area (Table 5) were also considered for groundwater sampling and monitoring. 

Table 4. Piezometer nests with depth (m) and location particulars. 

Note: Nest 1 and 2 do not exist 

Table 5. An overview of the piezometers and drinking water wells sampled in relation to 
the development of sediment color tool. 
 

Source / Agency 
installed

No of 
Wells

No of water 
samples 
considered

Depth 
range 
(m)

Period of 
monitoring

Remarks on aquifer sediment color Black White Off-
white

Red Sub-
total

Private drinking 
water wells which 
have been monitored 
by other KTH studies 
since 2004

18 139 24 - 79 2004 - 2011 
Post-Monsoon

Sediment color was collected by a 
previous study (von Brömssen et al., 
2007) and has been rechecked with 
respective drillers by this study

5 2 7 4 18

Drinking water wells 
installed by AsMat - 
a Sida financed 
project (2000-2006)

14 54 52 - 88 2009 
Premonsoon - 
2010 
Postmonsoon

Borelogs were recorded by AsMat 
project. Respective well owners and 
drillers were interviewed again by this 
study

- - 6 8 14

CUAMP (Columbia 
University, NY - 
NGOF) Project 
installed wells during 
2009-2012

12 18 56 - 82 2009 
Postmonsoon - 
2010 
Postmonsoon

Sediment samples were collected and 
characterized by this study during the 
installation of the wells by CUAMP

1 - 3 8 12

Private wells 
installed by local 
drillers

16 56 26 - 91 2009 
Premonsoon - 
2010 
Postmonsoon

Sediment color info was collected from 
the local drillers by this study during 
well installation

8 2 - 6 16

SASMIT Piezometers 
installed by this 
study

57 223 9 - 104 2009 
Premonsoon - 
2011 
Postmonsoon

Boring, sediment characterization and 
well installation was done by this study

41 9 5 2 57

SASMIT test wells 
installed by this 
study

27 31 46 - 88 2010 
Premonsoon - 
2010 
Postmonsoon

Boring, sediment characterization and 
well installation was done by this study

11 1 4 11 27

Total 144 521 66 14 25 39 144

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

South 
Matlab

South 
Matlab

South 
Matlab

South 
Matlab

North 
Matlab

North 
Matlab

North 
Matlab

North 
Matlab

North 
Matlab

North 
Matlab

North 
Matlab

North 
Matlab

North 
Matlab

South 
Matlab

South 
Matlab

Matlab 
Paura 
shava

Uttar 
Nayer 
gaon

Khader 
gaon

Paschim 
Fatehpur

Bagan 
bari

Sengar 
char

Sultana 
bad

Kala 
kanda

Faraji 
kandi

Durga 
pur

Satnal Purba 
Fatehpur

Mohon 
pur

Uttar 
Upadi

Narayan
pur

Dighaldi Nandi 
khola

Narayan
pur

Rari 
kandi

Hapania Thakur 
char

Tatua Dubgi Tapadar 
para

Brahman 
Chalk

Purba 
Lalpur

Bhati 
Rasulpur

Mudaffar Dinga 
vanga

Kashim 
pur

Latitude (N) 23.3257 23.4265 23.3683 23.3952 23.4876 23.4348 23.4092 23.4118 23.3487 23.4335 23.4756 23.3738 23.3938 23.3201 23.3315

Longitude (E) 90.7017 90.7757 90.7675 90.6678 90.6623 90.6306 90.7353 90.6394 90.6424 90.6726 90.6050 90.7165 90.6057 90.7378 90.8042

Code
Shallow-1 P 1 17 17 11 15 14 14 9 15 18 14 14 17 14 17 19

Shallow-2 P 2 29 30 29 30 26 - 29 26 38 27 33 30 30 30 34

Shallow-3 P 3 52 56 66 40 53 53 44 - - - - 61 - 50 58

Shallow-4 P 4 70, 87 75 82 88 75 70 66 - - 81 85 86 87 84 -

P6 95 111 104 113 102 101 104 102 105 116 111 108 113 105 110

P5 240 238 238 238 232 235 226 235 225 219 237 221 235 237 230

Union/ Paurashava

Village

Upazila/Thana

Type and Level 

Nest #   →

Lo
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n 
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Intermediate
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Depth (m)
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3.5.2.2 Sediment sampling and characterization 
Sediment samples were collected from each 1.5 m (5 ft) section during boring. For grain size, 
clay, silt, fine sand, medium sand and coarse sand were determined with the aid of visual 
inspection. For assigning color, visually observed color was recorded first and then sediments 
were compared with the Munsell Color Chart with the purpose of standardization of color 
characteristics through a scientific method that allows a methodical re-examination and 
replication in the study area and elsewhere in the same manner. 
When this sediment characterization was done specifically for the development of sediment color 
tool, 2240 sediment samples were collected from all these 15 locations up to a depth of 100. The 
color characterization of sediments and the narrow down process has been very simple and 
carried out as below. 
Step-1: Immediately after collection of sediment sample, each of them was described based on 
the visual inspection in the moist condition and this color has been recorded as ‘field observed 
color.’ 
Step-2: Each sample was then compared with the Munsell Color Chart and using this chart 
Munsell Color and Munsell Code were recorded respectively. These two steps (1 and 2) 
eventually led to finding all possible color varieties. 
Step-3: In the narrow down process, each sample was finally assigned one of the four colors - 
black, white, off-white and red (Figure 4 and 5). These four colors are the driller’s perception of 
sediment color which they have gained through their work experience. During the assignment of 
four colors, participatory approach was considered with utmost importance taking the opinions 
of local drillers, field geologists and technical experts into account. This step was done more 
critically during the development of sediment color tool. 
 
3.5.2.3. Hydraulic head monitoring 
Groundwater level varies with the season and with the abstraction of water from the 
groundwater system. Observation of the groundwater conditions of an area during the dry season 
is more important, since the use of this resource gains importance because of irrigation, 
possibility of drying up of domestic water supply wells and unavailability or reduced availability of 
surface water. Depth to groundwater is crucial during the dry-most period of the year and is 
considered as an essential parameter to design and decide the type of the tubewell to be installed 
for ensuring water supply of an area throughout the year. Weekly groundwater level monitoring 
in all depth-specific monitoring piezometers installed in the study area continued for a period of 
four years till September 2013. Hydraulic head measured in the form of depth to groundwater 
from the measuring point were then converted into depth to groundwater from the surface and 
also to groundwater elevation with respect to mean sea level. Results obtained were then used to 
construct hydrographs of each specific piezometer that shows how the system behaves 
throughout the year and the relative difference between the hydraulic heads of different aquifers 
monitored. Depths to groundwater measured in the driest time of the year (end April 2011) were 
converted to spatial maps using ArcGIS which show the maximum depth of groundwater that is 
reached in the respective aquifer. This information is crucial to determine the sustainability of 
drinking water supply through installation of conventional hand tubewells. Groundwater 
elevation maps were produced to determine the groundwater flow directions and similarly, 
groundwater fluctuation maps were produced to understand how responsive the system is due to 
natural seasonal loss, abstraction for use and replenishment. Groundwater level hydrographs 
were constructed from all the piezometers used for hydraulic head monitoring. For constructing 
three types of maps, such as, depth to groundwater, groundwater elevation and groundwater 
fluctuation, the measurements taken in P2 levels (around 30 m depth) was used for shallow 
aquifers. This depth shows the highest As concentration in groundwater and a majority of the 
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shallow tubewells are installed around this depth range. Same maps have also been prepared from 
the measurements taken in intermediate depth and deep piezometers. 
The groundwater level hydrographs constructed from the weekly measurement of hydraulic 
heads provide two important pieces of information, such as, whether there is any indication of 
groundwater lowering during abstraction and the hydraulic connectivity of the piezometers to see 
whether they are from the same aquifer. This observation holds significance relating to the 
possibility of cross-contamination of the As-safe aquifers from the As-contaminated aquifers. 
 
3.5.2.4. Monitoring water quality using piezometer nests and selected drinking water tubewells (Groundwater 
sampling and analysis) 
With the purpose of monitoring of As and other water quality parameters for understanding their 
behaviour over time, hydrochemical characterization of groundwaters of the targeted aquifers, 
and to develop baseline water quality, sampling of groundwater was done from piezometer nests 
installed by this study, selected drinking water wells installed by other agencies and also drinking 
water tubewells (intermediate deep tubewells, IDTW) installed by this study targeting As-safe and 
low-Mn water. 
For developing a comprehensive idea on the hydrochemical variation between the groundwaters 
of shallow, intermediate deep and deep aquifers, all piezometer nests installed in 15 locations 
were sampled for a period of 3 years from 2009 to 2011 during pre- and post-monsoon times. 
The number of samples between piezometers and sampling times varied slightly due to well 
completion timing and the large size of the area. 
The study carried out for the development of sediment color tool (Paper III) was aimed how to 
target the safe aquifers and avoid unsafe aquifers by the local tubewell drillers for the installation 
of shallow drinking water tubewells. For shallow tubewell installation, local drillers use hand-
percussion (sludger) method, the technology which needs inexpensive readily available local 
equipments only. Considering the exploitable depth of 100 m, monitoring results from 57 
piezometers (out of 82 installed) were used for this purpose. In addition, sampling was also done 
from 87 drinking water tubewells installed by other agencies which includes 18 wells that have 
been monitored by KTH studies since 2004 (Jonsson and Lundell 2004, von Brömssen et al., 
2007, Robinson et al., 2011). An overview of all the wells used and sampled in relation to the 
sediment color tool development is summarized in Table 5 which also gives an idea of the 
approach for confirmation of the color of the aquifer sediments and the locations of these wells 
are presented in Figure 8. For hydrogeological characterization of intermediate deep aquifers 
(IDA), exploited for the first time during this study, 243 intermediate deep tubewells (IDTW) 
were sampled during April-May 2012.  
In all cases, groundwater sampling was done following the procedure as described by 
Bhattacharya et al. (2002b). For ensuring the results from representative samples of the actual 
groundwater flow, each well was purged before measurements of on-site parameters and 
collection of water samples. Temperature, electrical conductivity (EC), pH and redox potential 
(Eh) were measured using the portable field meters, which were calibrated once every day before 
taking the measurements. Radiometer Copenhagen pH C2401-7 electrode was used for pH 
measurement. Eh reading was taken by a combination electrode (Radiometer Copenhagen 
MC408Pt) fitted in a flow through cell to minimize the contact of water with atmospheric oxygen 
during measurement. The measured redox potentials were then corrected with respect to the 
standard hydrogen electrode (+244 mV). Measurements of electrical conductivity and 
temperature were taken by Aqualytic portable meter (CD 22). Water samples were collected in 
replicates in polyethylene bottles and during collection all samples were filtered using 0.45 μm 
Sartorius single use membrane filters. Samples collected for cation and trace element analysis 
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Figure 8. Location of the monitoring wells with respect to the color of aquifer 
sediments considered for the development of sediment color tool. 
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were acidified with Merck suprapure HNO3, and those for anion analysis were collected without 
acidification. Alkalinity (HCO3) was measured through titration with 0.02 N H2SO4. Aquatec 
5400  analyzer equipped with a Dionex  DX-120 ion chromatograph in an IonPac AS14 column 
was used for the measurements of major anions (chloride, sulphate and nitrate), fluoride, PO4-P 
and NH4-N. These analyses were done at the water chemistry laboratory of the Department of 
Sustainable Development, Environmental Science and Engineering (SEED), KTH Royal 
Institute of Technology, Stockholm, Sweden. Dissolved organic carbon (DOC) in water was also 
measured in the same laboratory on a Shimadzu 5000 TOC analyzer.  Major cations (Na+, Ca2+, 
Mg2+ and K+) along with As, Mn and other trace elements were analyzed  by inductively coupled 
plasma optical emission spectrometry (Varian Vista-PRO Simultaneous ICP-OES equipped with 
SPS-5 Autosampler) at the  Department of Geological Sciences, Stockholm University, Sweden. 
Synthetic chemical standards and the duplicates were analyzed after every 10 samples during the 
laboratory analysis. Concentrations of trace elements in the certified and synthetic standard 
(NIST SRM 1643) were found within ±10% of their true values. For ensuring accuracy and 
precision of the results, replicate analyses were carried out and observed variations within the 
range of ±10%. 
For stable isotopic (δ18O, δ2H) analyses, 37 groundwater samples were collected from 
9 piezometer nests in April 2012. Samples were collected in 100 ml glass bottles with polyseal 
caps. The nine nests (4,5,7,8,10,12,13,14,17) were selected considering  hydrogeological variation 
and geographic distribution across the study area. Isotopic analyses were performed at the 
Isotope laboratory of the Department of Earth and Environmental Sciences, University of 
Waterloo, Ontario, Canada. Finnigan Delta Plux XP–Isotopic Ratio Mass Spectrometer (IRMS) 
with continuous flow inlet technique was used for the analysis. For 2H/H measurement, pure 
hydrogen gas was equilibrated with water sample in the presence of a platinum catalyst. 
Measurements were performed after a one hour equilibration period. Water samples were 
equilibrated overnight with purified tank CO2 before the 18O/16O ratio determination. Results 
were converted to d-notation with respect to VSMOW (Vienna Standard Mean Ocean Water), 
(Clark and Fritz, 1997). The analytical reproducibility was ±2.0% for δ2H measurement and 
±0.1% for δ18O. 
 
3.5.2.5. Installation of intermediate deep tubewells (IDTW) for hydrogeological characterization of intermediate 
deep aquifers (IDA) and scaling-up safe water access 
With the objective of achieving long-term water quality targets for improved drinking water 
safety through continued improvement, this study has also targeted low-Mn water, in addition to 
compliance to guidelines and/or standards for As in drinking water. Attempt was made to 
expand and explore the intermediate deep aquifers (IDA) based on the promising results 
observed for both As and Mn in the intermediate deep piezometers (SASMIT, 2011; Paper II). 
Expecting a similar hydro-chemical buffer zone within a reasonable distance from the 
piezometers, adjacent mauzas around the piezometer nests were intervened for the installation of 
intermediate deep tubewells (IDTW) at a targeted depth of 120 m. Such exploration and 
installation in 245 sites (Figure 9) allowed us making a detailed hydrogeological characterization 
of IDA whether this could be used as potential source for As-safe and low-Mn drinking water, 
with the feasibility of this aquifer for the installation of safe drinking water tubewells in a cost-
effective manner compared to the deep tubewells that are being drilled currently as As mitigation 
option. A mauza is a type of administrative and mappable unit that corresponds to specific land 
area and includes all kinds of land use pattern within that area which may include settlements, 
agricultural lands, water bodies, forests, etc. Mauza maps are important for delineating and 
demarcating the ownerships of land and also for the collection of revenue. A mauza may include 
one or more villages depending upon the size of the village. Secondary information collected, 
analysed and mapped for the entire study area focusing current safe water access and the 
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livelihood (SASMIT, 2010) favored the installation of IDTW mainly in the north Matlab. The 
highlighted areas in Figure 9 show the intervention areas which were given priority for social 
mapping and collection of other relevant demographic information for optimizing the sites for 
tubewell installation. 
For the installation of tubewells, borings were done with a target depth of 120 m. in all selected 
sites. Rotary reverse-circulation drilling technology with which local tubewell drillers are 
acquainted was used. With an objective for recording the vertical profile of clay and sand for 
delineating aquifer and aquitard, sediment samples were collected from each 1.5 m section 
throughout the entire depth up to 120 m. Sediment samples were then visually examined for the 
characterization of mainly grain size and also the color. Taking the local practice of boring and 
installation into account, size of the sediment grains were determined with the aid of visual 
inspection. 

Figure 9. Targeted areas for expanded investigation around the piezometer nests 
through installation of IDTW with specific location of tubewell sites. 
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Table 6. Summary of selected well (IDTW) sites around the piezometer nests and 
targeted beneficiaries. 

 

HH Population

North Matlab around nest 6 Paschim Fatehpur Tarki 3 26 233 1685
Baganbari Hapania 1 6 67 373
Sadullapur Badarpur 5 18 340 1724

around nest 8 Sengarchar Pal Alokdi 4 17 213 1194
Sultanabad Tatua 1 7 42 216

Satparia 1 4 72 409
Islamabad 1 1 20 105

Kalakanda Dubgi 1 4 72 425
Char Latardi 2 10 111 776
Bhiti Latardi 1 2 17 92

Gajra Gajra 1 4 47 253
Maisadi 2 8 57 412

Durgapur Brahman 2 11 104 666
Sonairkandi 1 2 12 93
Naodana 1 4 36 175

Satnal Lalpur Kalipur 5 35 449 2374
Satnal 5 31 628 3651
Char Charani 1 2 38 265

around nest 14 Purba Fatehpur Bhati 1 3 52 275
around nest 15 Mohanpur Mohanpur 5 25 296 1736
Randomly selected 4 64 600

South Matlab Randomly selected 21 338 2200
Total 44 245 3,308 19,699

Targetted beneficiaries

around nest 7

around nest 9

around nest 10

around nest 12

around nest 13

Upazila /       
Thana

Intervention areas Union Mauza No of 
villages 
intervened

No of sites 
selected

Figure 10. Example map for Paschim Lalpur village under Satnal union (before 
installation). 
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4. RESULTS AND DISCUSSION 
Following the four specific objectives outlined in 2.2, the results and discussion are presented in 
the same manner following the research objectives. 

4.1. Evaluation of the sustainability of alternative drinking water options (Paper I) 
This section presents the salient results of the outcomes of the surveys which were conducted to 
evaluate the sustainability of different alternative safe drinking water options provided in the 
study area. 

4.1.1. Socio-economic characteristics of  the water option users interviewed 
About 55% of the respondents were male and around 45 years old. Average age of the 
respondents was 42 with a little higher for male and lower for female. Male-female proportion 
along with age based statistics is given in Table 7. 
About 81% (n=126) male respondents are head of the households (HH) and remaining 19% are 
their descendants. On the contrary, 75% of the female respondents (n=128) are spouses, 13% 
head of households, and remaining 12% comprise from other relations like daughter, daughter-
in-law, sister, mother, etc. only.A clear overview of the educational status of the interviewed 
population was found through distribution of the samples into eight different classes. The 
proportion of the respondents under all these eight classes with respect to the total, male and 
female numbers are given in Table 8. Excepting the class ‘only can sign’, males are relatively 
ahead of the females. Higher rate of literacy was observed among the relatively younger 
respondents.Three different categories that reflect no institutional education, such as, illiterate, 
only can sign and informal education constitute the major proportion (Figure 11) of the 
respondents, although the level of education is extremely varying. Economic condition of the 
households was mainly reflected from the average monthly income, all time food availability for 
all household members and whether they had any cash savings from last one year. The variation 
in income range was found quite high, although about half of the population has an average 
monthly income of 4000–6000 Bangladesh Taka (BDT). Monthly income and the corresponding 
proportion of households are listed in the Table 9. 

Table 7. Age wise gender based demographic statistics of the respondents. 

 

Table 8. Educational status of the respondents. 

 

Total (n) % Min Max Mean Median StdDev

All 284 100% 18 85 42 41 14

Female 128 45% 18 80 38 35 13

Male 156 55% 18 85 45 45 15

Category
Population Age (year)

Category Illiterate Only can 
sign

Informal 
education

Grade 1-5 Grade 6-
10

SSC or 
equivalent

HSC or 
equivalent

Graduate

Female 
(n=128)

13.3%   
(n=17)

51.6%   
(n=66)

7.8%   
(n=10)

10.9%   
(n=24)

11.7%   
(n=15)

1.6%    
(n=2)

2.3%    
(n=3)

0.8%   
(n=1)

Male 
(n=156)

3.8%   
(n=6)

31.4%   
(n=49)

12.2%   
(n=19)

14.1%   
(n=22)

19.9%   
(n=31)

9.6%    
(n=15)

7.1%   
(n=11)

1.9%   
(n=3)

All (n=284) 8.1%   
(n=23)

40.5%   
(n=115)

10.2%   
(n=29)

12.7%   
(n=36)

16.2%   
(n=46)

6%    
(n=17)

4.9%   
(n=14)

1.4%   
(n=4)
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About 45% of the populations surveyed always have sufficient food for their family, and almost 
same numbers of populations have deficit for sometimes only. A few (6.7%) are in all-time deficit 
and a very few have surplus always. About half of the populations had no cash savings in the year 
before the survey and the remaining half had savings of varied range mostly within an amount of 
10 thousand taka. 

4.1.2. Current status of  different safe water options 
Performance assessment of different safe water options and their current status are presented in 
this section. This also includes the reasons which favored the users to prefer a particular option 
to use as a safe water source and the causes why an option has been abandoned and found not in 
use. Table 10 illustrates the summary of the current status of different options. 
Figure 12 shows the relative abandonment of different options provided, which was 100% in all 
types of filters. For PSF and RWH, it was 87% and 60% respectively. The best condition was 
found with the As-safe tubewells, 93% were found in use and remaining 7% was inoperative 
mainly because of maintenance problems. None of the filters was found to be used during the 
survey. These were abandoned by the users mainly because of their high cost and complicated 
maintenance. Users have no idea about the sludge management also. 

Table 9. Categories of HH based on average monthly income. 

 

Figure 11. Proportion of the respondents with respect to educational status. 

Average monthly income of HH in 
Bangladesh Taka (BDT)

Number of HH % of total HH 
surveyed

< 4000 22 7.7%

4000 - 6000 141 49.6%

6000 - 8000 67 23.6%

8000 - 10000 29 10.2%

10000-20000 19 6.7%

> 20000 6 2.1%
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Only 3 PSF among 23 distributed were found to be functional. About 50% of the distributed 
PSF went out of operation within the period of the first 12 months, and after 18 months about 
75% became nonfunctional. Eventually, poor maintenance affects the water quality as well as the 
water availability. According to the response of the questions, the causes of failure of PSF were 
damage of the pipe connecting between pond and PSF and lack of initiative of subsequent repair 
(33%); breaking and stealing tubewell parts (22%); users non-cooperation means maintenance 
difficulties (16%); dirty and bad-smelled water (14%); taking bath and washing in pond (7%); fish 
culture (4%); access to pipe water supply (2%); and water level decrease in pond (2%). 

Table 10. Current status of the alternative safe drinking water options provided. 

 

Alternative safe 
drinking water 
options 

Number of 
options 
distributed

Number of 
options in use

% of  
options in 
use

Remarks

Safi filter 24 0 0% None is functional; not accepted by the users at all

3 Pitcher filter 99 0 0% Acceptance of the option by users is not appreciable 
and presently nonfunctional

ALCAN filter 718 0 0% Response was slow after distribution, acceptance of 
the option by users is not appreciable.

Bishudhya filter 190 0 0% Acceptance of the option by users is not appreciable 
and none is in use now

PSF 23 3 13% Technical feasibility and maintenance are the main 
concerns

RWH 147 59 40% Performance is appreciable and people's acceptance 
is good; water availability limited to 5 - 6 months in 
a year is an important concern.

Tube well 59 55 93% Acceptance to the society is very high. Very much 
appreciable to the users. 

Figure 12. Performance of As-safe drinking water options in terms of 
percentage of abandonment. 
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Among 147 RWH provided, physical structure of 145 installations were found to exist in the field 
and among them 59 (40%) were found usable. These options are used at best for 6 months in the 
year and for the rest of the year the users depend on other sources which may not be always safe 
in terms of As and pathogenic contamination. As a household water supply option, operation 
and maintenance of RWH depends on the respective household only. Most of the RWH were 
found to become inactive due to the costly maintenance system. Specific causes for the non-
functionality of this system in terms of the proportion of the interviewed respondents are damage 
of the pipe collecting rain water from roof (43%); damage of chakti, net, filter, tape, tank cover, 
and overall maintenance (29%); unavailability of water as a continuous source round the year 
(7%); dissatisfaction with the water quality (9%); broken base resultant from inappropriate site 
selection (4%); changing, shifting and repairing of the house (4%); access to other year-round 
safe water options (3%). 

4.1.3. User’s preference for options and switching 
A large number of people have switched to tubewells from the other water sources especially for 
collecting drinking water. Some users collect tubewell water for the purpose of drinking only and 
some for both drinking and cooking, summing up these indicate 89% of the surveyed households 
use tubewell water. The same statistics three years ago, means before providing the As-safe 
tubewells, was 58%. Among respondents, 29% were found to be absolute tubewell users and they 
use tubewell water for both drinking and cooking. For drinking only, use of tubewell water has 
been raised from 32% to 60%. It was also revealed from the survey that in these three year period 
tubewell users have increased about 54% among the respondents. The results are summarized in 
Table 11. Among all 284 HH surveyed, 254 HH use tubewell water at present for collecting their 
drinking water, which was 165 before (Figure 13). Considering all the shifts and change in water 
use pattern, the impact of the installation of safe tubewell was found to be quite significant. 
During the same time period of three years of implementation, 73% PSF users and 76% RWH 
users have switched to tubewells. The majority of users who switched water options, other than 
those initially using tubewells stated technological problem as the main reason for changing. It 
has been clearly revealed from this study that when a new technology is introduced in a locality, 
the users compare its feasibility first in terms of operation and maintenance with the existing 
technology. And once a user becomes familiar with the operation and maintenance of the new 
option then they consider and compare the quality of water of the new intervention with 
previous one. This indicates that in introducing options, users existing knowledge of operation 
and maintenance is also an important concern. For those who were using tubewell, the user’s 
dissatisfaction was primarily due to the water quality, that is, As contamination. 

Table 11. Changes in preference of options use. 

 

 

 

 

HH # HH % HH # HH % HH # HH % HH # HH % HH # HH % HH # HH % HH # HH % HH # HH %

(A) Drinking only 92 32% 171 60% 32 11% 7 2% 27 10% 3 1% 7 2% - -

(B) Cooking only 2 1% 7 2% - - - - - - 1 0,4% 156 55% 173 61%

(C) Both drinking 
and cooking

73 26% 83 29% 42 15% 13 5% 7 2% 5 2% 4 1% 2 1%

Total (A + C) 165 58% 254 89% 74 26% 20 7% 34 12% 8 3% 11 4% 2 1%

After Before After

Tubewell use PSF use RWH use River, pond, etcPurpose of 
Tubewell water 
use

Before After Before After Before
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4.1.4. Water quality of  functional PSF, RWH and As-safe Tubewells 
Among 284 respondents, only 10% (n=28) HH was found to use PSF and RWH as alternative 
safe drinking water options and all of them were found to be satisfied with the quality of water. 
Aesthetic context and no report of illness from using this water were the main basis of their 
satisfaction in using these options. They also mentioned that BRAC monitors these options in a 
periodical basis–PSF in every three months and RWH in each month, although the users have no 
idea about the testing procedure and results. 
For testing the water quality of the functional PSF and RWH, water samples were collected and 
then tested in the central laboratory of NGO Forum for Public Health, Dhaka. Pathogenic 
bacteria exceeded the safe levels in 2 PSF among the samples collected from 3 PSF. Water of 
only one RWH was tested since no stored water was found in any other functional RWH during 
the options survey of the respective households. 
All As-safe tubewells were found to remain safe. Among 55 tubewells functional, As 
concentration in 89% (n=49) of the wells was found within the WHO guideline value of 10 µg/L 
and the remaining 11% (n=6) had the concentration within the Bangladesh drinking water 
standard of 50 µg/L. Within the time frame of 3-4 years of the installation of these As-safe 
tubewells, the results of the monitoring were significant in the context of sustainability. 

4.1.5. Operation and maintenance of  the options 
Most of the users were found to be aware about the need to clean the options but a very few 
people undertake the cleaning work. Maintenance was found to be the sole responsibility of the 
owner/caretaker’s house, although the water of the respective option is accessed by neighboring 
households. In a situation of no action from the caretaker, the degraded condition compels other 
users to switch to some other options elsewhere. In some cases, the users switched to open 
surface water bodies (pond) for their daily household activities. 
All of 8 (eight) households using RWH for their water use were found to be aware about the 
need of the cleaning of the options, and their options are being cleaned once in every six months. 
Among all 20 households using PSF, 17 were found to be aware about the cleaning –10 users 

Figure 13. Change in drinking water preference as the impact of options provided. 
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reported that their PSF is cleaned once in a year and for other 7 households it was twice a year. 
Regarding the change of filters among PSF users, people from 16 HHs know that the filtering 
material needs to be changed for ensuring safe water supply. Varied response was recorded in the 
issues of changing the filter. People from 8 HH mentioned they change once in every 3 months; 
in every 6 months responded by 5 HH and in every 2 months mentioned by 2 HH. 

4.1.6. Other factors relevant to water use practice and preference 
The overall socio-economic aspects and some other factors were found to be accounted with 
proper consideration relating to water use practice and preference of the end users. Relevant 
factors include social and religious acceptance, gender, choice of the option’s site, design of the 
technology, and educational and financial status of the community. 
RWH was found quite acceptable among the people of Matlab in the context of religious view. 
Rain being the source of the water, this is considered as the mercy of the creator. Many users 
believe in the purity of this water, and despite the positive attitude towards RWH, it was not 
found feasible because of the non-availability of water round the year. For PSF, unwillingness of 
cooperation among the users in the community was found to be a major constraint in its 
functionality. Since it is a community option, users’ participation for repair, cleaning and 
maintenance is essential. During the installation of the option, users’ committee had been formed 
under the guidance and supervision of the implementing agency and this committee is 
responsible for the maintenance and tariff collection. But in long run, the users’ committees have 
been found inactive. 
For the collection of water for drinking and other household activities, gender has always been an 
important issue in rural Bangladesh. In fact water collection for drinking and domestic purposes 
is mostly done by the household women. Regardless of religion and age, women do not prefer to 
go far to fetch water, due to social conservativeness and excessive physical labor. The preference 
to collect drinking water from a nearby source, made tubewell a preferred option rather than 
PSF, since the tubewell, in most cases, is usually in close proximity to the house. 
In terms of choice of the site, inappropriate site selection for PSF was found to be as a significant 
problem. Although water level in the pond generally goes down during the dry season, but during 
the option assessment survey, it was apparent that some ponds are more susceptible to water 
level decline compared to others and that could be probably because of the hydrogeological 
condition of the pond site and adjacent areas. Water level drops down to such a level that makes 
the transfer of water from pond to the tank difficult. Moreover, the excessive lowering of water 
level enhances the degradation of water quality, in particular with increasing coliform density. 
Rain Water Harvester is usually designed to serve the requirement of a family having 4-
5 members. In many cases, the families live in a joint-family culture which has been a traditional 
way of living in this country for many years, especially in the rural areas. When such families with 
8 to 10 members use one RWH, storage for considerable time period becomes a concern. At the 
same time, distribution patterns (location) of households in a densely populated area neither 
favor installation of a bigger option nor does the house owner permits it. 
There was no significant difference in water use pattern among the users having different levels 
of education, although the rate of abandonment of PSF and RWH and thereby the enhancement 
of dependence on tubewell was found more among the households having education higher than 
the secondary level. Among the tubewell users, use of tubewell water for both drinking and 
cooking compared to drinking only was observed relatively more among the people with better 
education. Similar observation was noticed for better maintenance and cleaning also. Despite the 
variation of education among all users, tubewell was found to be the most popular option. 
Household economic status was also observed to have impact on water use pattern. Use of 
tubewell water for both drinking and cooking compared to drinking only was found more among 
the relatively solvent HH. In terms of operation and maintenance, PSF and RWH were found to 
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be better operational in the family clusters having better financial condition. They were found to 
be cooperative to each other for bearing the cost incurred from repairing of the water options. 
Health condition of the family members gets less concern among the poor families who needs to 
work hard for managing food only. Hence, in introducing a new technology in a poor 
community, it is crucial that the technology should be cost-effective compared to the existing 
options. Financial factor was found to play the major role in functionality of the filter based 
options. In addition to complicacy, costly maintenance of the systems compelled the users to 
abandon the option and eventually they returned back to the relatively easy maintaining and 
technologically friendly tubewells for their day to day water use. 

4.2. Hydrogeological characterization of shallow, intermediate and deep aquifers 
(Paper II) 

4.2.1. Hydrostratigraphic units (aquifer & aquitard)  
Within the study depth of 250 m, alternating layers of sand and clay with reasonable thickness 
forming aquifers and aquitards (Figure 14) have been observed in all 15 locations. In each 
location, at least three aquifers were encountered and in nest 16, there were multiple aquifers. 
Piezometers installed on the basis of relative depths targeting shallow, intermediate deep and 
deep aquifers were grouped with respect to different hydrostratigraphic units, such as, Aquifer-1, 
Aquifer-2 and Aquifer-3, which is more meaningful in the context of hydrogeological 
characterization. 
In all 15 nests, Shallow-1 (P1) and shallow-2 (P2) piezometers were located within Aquifer-1 and 
their screen positions can be correlated with the upper and lower section of this Aquifer-1 and 
the color of the sediments at these piezometer screen positions was found to be black. Next 
piezometers (P-3 and P-4) which were also installed in shallow depths as Shallow-3 and Shallow-4 
were mostly located in the 2nd aquifer. In terms of sediment color, different combinations 
reflecting the local variation in hydrogeology were observed in Aquifer-2. Red and off-white 
sediments occur mainly in the south Matlab and in the southern fringe of the north Matlab which 
indicates a clear contrast in the geological environment compared to the remaining study area 
mostly in the north Matlab where these red and off-white sediments were not encountered at the 
same depth range. These red and off-white colored sediments indicating more oxidized 
conditions were identified in nests 3, 4, 5, 6, 9, 15 and 16. 
Intermediate deep piezometers (P6) were mostly located in the 3rd aquifer in which the deep 
piezometers (P5) are also located at a greater depth. In nest 10 and 11, the position of the 
intermediate deep piezometer was found to be in Aquifer 2, which is overlain by a very thick 
aquitard. Further details of depth, hydrostratigraphic units and sediment color are presented in 
Table 12. 

4.2.2. Groundwater depth and elevation in shallow, intermediate and deep aquifer and their 
hydraulic connectivity 
Depth to groundwater in shallow, intermediate and deep aquifers increases gradually towards the 
southeast and east (Figure 15a-c). In the total study area, depth to groundwater in the shallow 
aquifer during the driest time of the year remains within of 5 m only and in vast majority area, 
especially in north Matlab, the groundwater remains near to surface, within 1-2 m depth. The 
condition in intermediate deep and deep aquifers is different from the shallow system. Although 
the depth to groundwater in intermediate and deep aquifers in most parts of the study area are 
within 7 m of surface, groundwater goes beyond the suction limit of the conventional hand 
tubewells in the east in Uttar Nayergaon, Khadergaon and reaches the lowest level in Kasimpur 
around nest 17. This could be a constraint for the installation and sustainability of the low-cost 
hand tubewells in this area for drawing water from intermediate deep and deep aquifer, especially 
during the dry months. In all three cases, groundwater flows towards the east and southeast 
which roughly follows the surface topography. 
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Figure 14. Stratigraphic profiles showing sediment borehole log and piezometer screen 
depths for all 15 well nest locations. 

28 



Sustainable Arsenic Mitigation - A Strategy Developed for Scaling-up Safe Water Access
 

 
Table 12. Depth-specific piezometers with respective hydrostratigraphic units, 
sediment color and As concentration in the investigated area in Matlab, Bangladesh. 

 

Piezometer 
Code

Well Depth 
(m)

Category in 
terms of relative 
depth

Aquifer based on 
borelog and HH 
analysis

Color (4 Color) No of WQ 
monitoring 
done

Mean 
As 
(µg/L)

Median 
As 
(µg/L)

Remarks

N3-P1 16.76 Shallow-1 Aquifer-1 Black 6 438.3 440.2 High As
N3-P2 28.95 Shallow-2 Aquifer-1 Black 4 255.0 259.3 High As
N3-P3 51.81 Shallow-3 Aquifer-1 Black 4 55.9 55.3 Mod. High As
N3-P4 70.10 Shallow-4 Aquifer-2 Off-White 6 7.1 7.1 As-safe
N3-P4 (ex) 86.86 Shallow-4 (extra) Aquifer-2 Black 4 7.8 8.3 As-safe
N3-P6 94.82 Intermediate Aquifer-2 White 4 13.2 13.5 As-safe
N3-P5 239.63 Deep Aquifer-3 Black 4 5.9 5.6 As-safe
N4-P1 16.76 Shallow-1 Aquifer-1 Black 4 90.3 92.9 Mod. High As
N4-P2 30.48 Shallow-2 Aquifer-1 Black 6 272.9 282.9 High As
N4-P3 56.39 Shallow-3 Aquifer-2 Black 4 103.2 100.8 Mod. High As
N4-P4 74.67 Shallow-4 Aquifer-2 Red 5 8.8 9.3 As-safe
N4-P6 111.28 Intermediate Aquifer-3 White 2 9.5 9.5 As-safe
N4-P5 237.73 Deep Aquifer-3 White 6 7.9 7.6 As-safe
N5-P1 10.67 Shallow-1 Aquifer-1 Black 4 151.0 151.0 High As
N5-P2 28.95 Shallow-2 Aquifer-1 Black 4 233.7 235.2 High As
N5-P3 65.53 Shallow-3 Aquifer -2 Off-White 6 15.1 15.0 As-safe
N5-P4 82.29 Shallow-4 Aquifer-2 (3?) Black 5 267.3 264.6 High As
N5-P6 101.52 Intermediate Aquifer-3 (4?) White 4 6.2 6.0 As-safe
N5-P5 237.73 Deep Aquifer-3 (4?) Red, OW, W, Bl 6 6.6 5.6 As-safe
N6-P1 15.24 Shallow-1 Aquifer-1 Black 6 88.0 86.5 Mod. High As
N6-P2 30.48 Shallow-2 Aquifer-1 Black 6 714.0 714.0 High As
N6-P3 39.62 Shallow-3 / 2A Aquifer-1 Black 4 342.1 349.1 High As
N6-P4 88.39 Shallow-4 Aquifer-2 Off-White 5 22.9 23.2 As-safe
N6-P6 112.80 Intermediate Aquifer-3 Off-White 2 6.2 6.2 As-safe
N6-P5 237.73 Deep Aquifer-3 White 6 9.4 8.8 As-safe
N7-P1 13.72 Shallow-1 Aquifer-1 Black 4 349.7 343.7 High As
N7-P2 25.91 Shallow-2 Aquifer-1 Black 6 527.2 525.1 High As
N7-P3 53.34 Shallow-3 Aquifer-2 Black 4 106.8 104.5 Mod. High As
N7-P4 74.67 Shallow-4 Aquifer-2 White 4 140.9 137.9 High As
N7-P6 102.13 Intermediate Aquifer-3 White 4 9.8 9.5 As-safe
N7-P5 231.64 Deep Aquifer-3 Off-White 6 7.0 6.7 As-safe
N8-P1 13.72 Shallow-1 Aquifer-1 Black 6 531.8 530.0 High As
N8-P2 53.34 Shallow-3 Aquifer-2 Black 4 83.7 85.9 Mod. High As
N8-P4 70.10 Shallow-4 Aquifer-2 Black 4 90.3 87.1 Mod. High As
N8-P6 100.58 Intermediate Aquifer-3 White 5 15.9 15.6 As-safe
N8-P5 234.68 Deep Aquifer-3 White 6 6.0 6.0 As-safe
N9-P1 9.14 Shallow-1 Topsoil  /Aquifer-1 Black 4 389.3 387.8 High As
N9-P2 28.95 Shallow-2 Aquifer-1 Black 6 562.3 562.3 High As
N9-P3 44.19 Shallow-3 Aquifer-2 Off-White 6 18.7 14.9 As-safe
N9-P4 65.53 Shallow-4 Aquifer-2 White 4 7.2 6.7 As-safe
N9-P6 103.66 Intermediate Aquifer - 3 White 2 5.6 5.6 As-safe
N9-P5 225.54 Deep Aquifer - 3 White 6 7.0 7.1 As-safe
N10-P1 15.24 Shallow-1 Aquifer-1 Black 6 290.3 290.5 High As
N10-P2 25.91 Shallow-2 Aquifer-1 Black 6 374.9 374.2 High As
N10-P6 102.44 Intermediate Aquifer-2 (3?) White 2 30.1 30.1 As-safe
N10-P5 234.68 Deep Aquifer-3 Off-White 6 7.7 6.4 As-safe
N11-P1 18.29 Shallow-1 Aquifer-1 Black 5 370.2 373.3 High As
N11-P2 38.10 Shallow-2 Aquifer-1 Black 3 71.9 70.6 Mod. High As
N11-P6 105.18 Intermediate Aquifer-2 (3?) Black 2 15.1 15.1 As-safe
N11-P5 224.70 Deep Aquifer-3 (4?) White 4 6.9 6.7 As-safe
N12-P1 13.72 Shallow-1 Aquifer-1 Black 3 230.1 228.6 High As
N12-P2 27.43 Shallow-2 Aquifer-1 Black 6 434.2 428.4 High As
N12-P4 80.79 Shallow-4 Aquifer-2 Black 4 39.8 39.7 As-safe
N12-P5 218.60 Deep Aquifer-3 Black 4 5.8 5.6 As-safe
N13-P1 13.72 Shallow-1 Aquifer-1 Black 2 194.8 194.8 High As
N13-P2 32.62 Shallow-2 Aquifer-1 Black 4 359.8 362.0 High As
N13-P4 84.76 Shallow-4 Aquifer-2 Black 2 75.1 75.1 Mod. High As
N13-P6 111.28 Intermediate Aquifer-3 Off-White 4 13.2 13.5 As-safe
N13-P5 236.59 Deep Aquifer-3 White 4 5.6 5.6 As-safe
N14-P1 16.77 Shallow-1 Aquifer-1 Black 4 314.9 321.0 High As
N14-P2 30.49 Shallow-2 Aquifer-1 Black 2 278.2 278.2 High As
N14-P3 60.98 Shallow-3 Aquifer-2 Black 2 216.4 216.4 High As
N14-P4 86.28 Shallow-4 Aquifer-2/3 (?) Black 2 105.5 105.5 Mod. High As
N14-P6 108.23 Intermediate Aquifer-3 White 2 5.6 5.6 As-safe
N14-P5 220.73 Deep Aquifer-3 White 4 6.1 5.6 As-safe
N15-P1 13.72 Shallow-1 Aquifer-1 Black 4 293.9 290.6 High As
N15-P2 30.49 Shallow-2 Aquifer-1 Black 2 16.5 16.5 As-safe
N15-P4 86.89 Shallow-4 Aquifer-2 Off-White 4 7.5 7.4 As-safe
N15-P6 112.80 Intermediate Aquifer-3 /2 (?) White 2 5.9 5.9 As-safe
N15-P5 235.06 Deep Aquifer-3 Black 4 5.6 5.6 As-safe
N16-P1 16.77 Shallow-1 Aquifer-1 Black 4 648.2 646.1 High As
N16-P2 30.49 Shallow-2 Aquifer-1 Black 2 128.1 128.1 High As
N16-P3 49.70 Shallow-3 Aquifer-2 Red 4 7.0 6.1 As-safe
N16-P4 84.15 Shallow-4 Aquifer-2 Black 2 529.3 529.3 High As
N16-P6 105.18 Intermediate Aquifer-3 White 2 18.7 18.7 As-safe
N16-P5 236.59 Deep Aquifer-3 Black 4 5.9 5.6 As-safe
N17-P1 18.90 Shallow-1 Aquifer-1 Black 2 336.4 336.4 High As
N17-P2 33.54 Shallow-2 Aquifer-1 Black 4 344.8 346.5 High As
N17-P3 57.93 Shallow-3 Aquifer-2 White 2 46.7 46.7 As-safe
N17-P6 109.76 Intermediate Aquifer-3 White 2 5.6 5.6 As-safe
N17-P5 230.49 Deep Aquifer-3 White 4 6.0 5.6 As-safe
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Both intermediate deep and deep aquifers are mostly belong to the same hydrostratigraphic unit, 
that is, 3rd aquifer, as revealed from the borelogs and groundwater hydrograph pattern, and 
installation of tubewells at intermediate depths would be more cost-effective, if the water quality 
permits. Similar patterns for depth to groundwater, groundwater elevation and groundwater 
fluctuation over the year observed for both the intermediate deep aquifer and the deep aquifer 
(Table 13 and Figures 15-17) indicate that hydraulically they belong to the same system. This 
finding favors the exploitation of the intermediate deep aquifer rather than the deep aquifer, 
which requires more resources and is generally beyond the affordability of the local community in 
rural areas. 
Depth to groundwater measured at piezometers in all 15 nests reflected the hydraulic heads in 
different aquifers at the respective locations allowing a visualization of the hydraulic connectivity 
among different aquifers. With some variations due to local hydrogeological disparities, the most 
common observations from the hydraulic head measurements were as below. 

a) Hydrographs constructed from the measurements taken in shallow-1 (P1) and shallow-
2 (P2) piezometers clearly indicate that they are part of the same hydrostratigraphic unit 
(Aquifer-1). This observation is evident from all the piezometer nests across the entire 
study area. 

b) Shallow-3 (P3) and shallow-4 (P4) piezometers provided hydraulic head data mostly from 
Aquifer-2, although a wide range of variations was observed. 

c) Intermediate deep (P6) and deep (P5) piezometers show a similar pattern and 
measurements to overlap in many places which indicate that they mostly belong to the 
same system (Aquifer-3) with some variations. 

The separation of the pairs of hydrographs in terms of magnitude measured at the same time and 
the time-lag in reaching the lowest and highest peaks among the shallow, intermediate and deep 

Table 13. Summary of HH measurements in Shallow, Intermediate deep and Deep 
Aquifers. 

 

Figure 15. Depth to groundwater (m) from surface (a) the shallow aquifer (b) the 
intermediate deep aquifer (c) the deep aquifer for the Matlab area. 

Depth to groundwater Groundwater elevation Fluctuation

End April 2011 End Sept 2011 End April 2011 End Sept 2011 Apr 11 - Mar 12
Min Max Min Max Min Max Min Max Min Max

Shallow 1.0 5.0 0.2 2.0 -1.5 9.3 1.6 10.0 1.8 3.6

Intermediate deep 2.9 8.7 0.0 3.6 -5.1 6.8 0.1 8.9 1.4 5.0

Deep 3.1 8.8 0.1 3.7 -5.1 6.9 0.1 9.2 1.4 5.0

Aquifer Lowest Highest AnnualLowest Highest 
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aquifers (nest-4, as an example) indicate that these aquifers are hydraulically separated. A 
relatively complex pattern was observed in nest-5, where the hydrographs separations among 
some piezometers were not prominent as the respective aquifers were separated by relatively thin 
aquitards (Figure 14 and 18). In the central part of the study area (nest-6), the existence of a thick 
sandy layer, which probably resulted from the deep incision of a river-bed and filled by channel 
deposits, allowed us to install three piezometers in the same aquifer which provided a similar 
pattern of hydrographs for shallow-1, 2 and 3 (P1, P2, P3) wells. Arsenic contaminated 
groundwater in all these three wells at this site and similar hydrograph pattern clearly reflects that 
these 3 wells are installed in the same aquifer. Existence of a thick clay layer (20 m) above 
shallow-4 piezometer (P4) separates the next aquifer which is also clearly evident from 
hydrograph separation. In nest 10 and 11, installation of shallow-3 (P3) and shallow-4 (P4) were 
not possible within the expected depth due to the existence of a thick aquitard. The intermediate 
deep (P6) and deep (P5) piezometers at this site are separated and located in Aquifer-2 and 
Aquifer-3 respectively. Excessive lowering of groundwater, that is, the depressurization of the 
deep aquifer indicated by the groundwater level in these two nests could be caused from the 
exploitation of the deep aquifer in Dhaka city through clusters of high-capacity production wells 
(Knappett et al., 2013a,b, von Brömssen 2012, von Brömssen et al., 2014, Bhattacharya et al., 
2015). Figure 8 presents the hydrographs from nest 4, 5, 6 and 11 constructed for depth to 
groundwater from surface and groundwater elevation. 
Even though the hydraulic heads fluctuate naturally from seasonal effects and also pumping from 
the shallow aquifer for irrigation, the aquifer system is fully recharged from the monsoonal 
replenishment. Although there is no declining trend from the pattern of hydrographs, and As-
concentration is generally also consistent over three year of monitoring, induced hydraulics from 

Figure 17. Groundwater fluctuation (m) over the year in (a) the shallow aquifer (b) the 
intermediate deep aquifer and (c) the deep aquifer for the Matlab area. 

Figure 16. Groundwater elevation (m) in (a) the shallow aquifer (b) the intermediate 
deep aquifer and (c) the deep aquifer for the Matlab area. 
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the installation of high capacity production wells could be an important concern for the 
sustainability of the system and protecting a safe water supply. The combination of hydrograph 
patterns constructed from the hydraulic head measurements combined with borehole sediment 
logs which defined potential aquifers and aquitards provided a clear idea for determining different 
hydrostratigraphic units at all nest locations presented in Table 12. 

4.2.3. Pattern of  As occurrence in shallow, intermediate deep and deep aquifers 
Based on the observed As concentration in groundwater sampled from different piezometers and 
correlated with different aquifers (Aquifer 1, 2, 3), some salient results are clearly evident. In all 
locations, Aquifer-1, monitored from Shallow-1 (P1) and Shallow-2 (P2) piezometers were found 
to be As-contaminated except in one piezometer in nest 15. In all places, the respective sand 
color is black. Maximum As concentration was observed at the P2 piezometers, most of which 
are installed around 30 m depth. In Aquifer-2 monitored through Shallow-3 (P3) and Shallow-
4 (P4) piezometers, a wide range of variations were observed in sediment color and occurrence in 
terms of depth (upper or lower section of this aquifer) and locations. Red and off-white sands 
were found mostly in the south Matlab and along the southern fringe of the north Matlab. All 
possible variations observed across the entire study area have been summarized in Table 14. 
Aquifer-3 was found As-safe. Intermediate deep (P6) and deep (P5) piezometers are located in 
Aquifer-3, except in nest 10 and 11, where intermediate deep piezometers are located in Aquifer-
2 which is overlain by a thick aquitard at these two locations. Groundwaters sampled from 
intermediate deep (P6) and deep piezometers (P5) were found to be low in As, mostly within the 
WHO guideline value of 10 µg/L with some exceptions marginally exceeding the guideline but 
very much within the Bangladesh drinking water standard (BDWS) of 50 µg/L (Figure 19). 

Table 14. Summary of hydrogeological suitability for targeting arsenic safe aquifers in 
the Matlab area 

 

Depth based 
classification (in 
relative terms)

Piezometer and 
depth-specific 
code

Hydrostratigraphic 
unit based on 
borelog and HH 
analysis

Description (As in groundwater and 
aquifer sand color)

Spatial distribution with specific 
nest locations

As-contaminated groundwater; black 
color

All over the study area

As-contaminated groundwater; black 
color

All over the study area, except 
nest 15 where black sand gives 
As-safe water

Variation-1  : As-contaminated water 
and black color in both upper and 
lower section

In nest 7, 8, 13, 14 (North 
Matlab mainly)

Variation-2  : As-safe water 
irrespective of specific sediment color

Occurs in nest  10, 11, 12, 15, 17

Variation-3  : Upper section is red/off-
white and groundwater is As-safe; 
lower section although other color but 
still As-safe

Occurs at nest 9, in the 
southeren fringe of north 
Matlab

Variation-4  : Upper section is red/off-
white and groundwater is As-safe; but 
the lower section is As-contaminated 
and black in color

Encountered in nest 5 and 16, 
both are in South Matlab

Variation-5  : Upper section is black in 
color and As-contaminated but the 
lower section is red/off-white and 
groundwater is As-safe

Occurs in nest 3, 4 and 6

Intermediate 
Deep Aquifer

Intermediate 
(P6)

As-safe groundwater; although color 
was not of concern but mostly white in 
color

All over the study area; in nest 
10 and 11, this piezometer is 
located in aquifer 2, which is 
overlain by a thick aquitard

Deep Aquifer Deep (P5)
As-safe groundwater; although color 
was not of concern but mostly white in 
color

All over the study area

Aquifer-3

Aquifer-1 

Aquifer-2

Shallow-1 (P1) 
and Shallow-2 
(P2) 

Shallow-3 (P3) 
and Shallow-4 
(P4) 

Shallow Aquifer
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4.2.4. Temporal variation of  As in groundwater at different depths 
Monitoring of As concentration in groundwaters for a reasonable time period provided a clear 
pattern of its temporal behavior (Figure 20) at different depths. In most cases, As concentration 
has been observed to be consistent with a very narrow range of fluctuation which can probably 
be explained as small oscillation which is quite normal in a natural system. In relative terms, these 
oscillation are more common in shallow aquifers where concentration of As is relatively high. In 
deeper aquifers small variations over time indicates suitability of the aquifers for providing As-
safe water in a sustainable manner provided the chance of cross-contamination from induced 
hydraulic impacts from unplanned water supply projects does not change the behavior of the 
system. 

Figure 19. An overview of spatial variations in arsenic concentrations (µg/L) in 
groundwater abstracted from piezometers installed in different aquifers from the 
Matlab area, Bangladesh. 
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Figure 20. Arsenic concentration in groundwater at depth-specific piezometers over the 
monitoring period (2009 Pre-Monsoon to 2011 Post-Monsoon) in Matlab area, 
Bangladesh. 
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Table 15. Median values of pH, Eh, As and other redox sensitive parameters monitored 
in shallow, intermediate and deep piezometers in the study area. 

 

Parameter Aquifer N-3 N-4 N-5 N-6 N-7 N-8 N-9 N-10 N-11 N-12 N-13 N-14 N-15 N-16 N-17
pH Shallow-1 7,0 6,9 7,0 7,0 6,9 6,9 7,1 7,0 6,8 7,0 6,7 6,8 7,0 7,1 7,2

Shallow-2 6,8 7,0 7,1 7,1 7,0 6,9 6,9 6,8 6,8 6,8 6,8 6,6 6,9 7,2
Shallow-3 6,9 6,9 7,0 7,2 7,4 6,9 6,8 6,8 7,3 7,3
Shallow-4 6,7 6,7 7,1 6,8 6,8 6,7 6,5 6,7 6,9 6,7 6,8 7,0
Intermediate 7,0 6,8 6,8 6,9 7,1 7,0 6,9 6,9 6,8 7,0 7,2 6,9 6,7 6,7
Deep 6,8 6,6 6,5 6,7 6,7 7,4 6,5 6,7 6,7 7,1 7,0 6,7 6,9 6,8 6,8

Eh/ORP Shallow-1 288 231 227 203 205 204 212 211 200 152 192 234 236 262 248

mV Shallow-2 268 224 239 205 227 241 219 242 234 238 251 265 256 261
Shallow-3 179 240 259 222 283 217 245 241 268 288
Shallow-4 229 265 259 252 271 280 269 251 256 254 268 231
Intermediate 249 204 263 277 256 224 216 246 214 249 244 261 286 267
Deep 291 252 250 260 244 274 228 270 222 254 294 262 278 249 252

As Shallow-1 440 93 151 87 344 530 388 290 373 227 195 321 291 646 336

(µg/L) Shallow-2 259 283 235 714 529 562 374 71 428 362 278 16 128 346
Shallow-3 55 101 15 349 105 86 14,9 216 6,1 44
Shallow-4 7,1 9,3 265 23 138 87 6,7 40 75 106 7,4 529
Intermediate 13,5 12,5 6,0 6,2 9,5 15,6 5,6 30,1 15,1 13,5 5,6 5,9 18,7 5,6
Deep 5,6 7,6 6,6 8,8 6,7 6,0 7,1 6,4 6,7 5,6 5,6 5,6 5,6 5,6 5,6

Mn Shallow-1 1,23 0,13 0,15 0,66 1,08 1,46 0,33 0,90 1,45 0,85 0,43 1,75 0,74 0,78 0,29

(mg/L) Shallow-2 0,65 0,17 0,08 0,80 0,24 0,69 0,06 0,33 0,12 0,34 0,34 0,42 0,27 0,05
Shallow-3 0,87 1,82 0,68 0,14 0,11 0,16 2,58 0,35 0,55 0,11
Shallow-4 3,71 2,87 0,10 0,21 0,30 0,13 1,39 0,12 0,19 0,27 2,61 0,88
Intermediate 0,11 0,44 0,23 0,40 0,17 0,05 0,56 0,16 0,13 0,11 0,43 1,31 0,72 0,16
Deep 0,50 0,30 0,21 0,14 0,10 0,01 0,22 0,10 0,12 0,08 0,02 0,23 0,07 0,35 0,16

Fe Shallow-1 3,9 5,1 5,5 2,1 16,5 4,7 0,7 7,8 10,4 8,3 4,6 22,5 8,0 9,8 1,9

(mg/L) Shallow-2 9,1 6,1 3,5 7,4 8,5 4,1 4,5 6,9 11,8 8,7 10,6 1,1 7,3 1,8
Shallow-3 5,8 6,9 1,4 3,2 2,8 4,5 3,5 13,4 0,5 1,9
Shallow-4 1,6 4,9 2,3 3,0 3,3 7,4 16,1 12,8 5,4 8,7 6,7 11,7
Intermediate 0,6 7,3 3,9 5,2 2,7 1,8 6,8 3,0 0,9 0,6 5,4 3,5 0,6 4,3
Deep 10,1 5,5 4,8 2,9 2,2 0,1 3,6 2,5 2,5 1,8 0,3 4,9 1,3 7,3 3,5

SO4
Shallow-1 0,5 1,0 0,3 1,3 0,4 0,2 0,4 0,5 0,3 0,7 0,6 0,4 0,5 0,5 0,2

(mg/L) Shallow-2 0,4 1,3 0,6 0,3 0,8 0,5 0,5 0,5 0,5 0,9 0,7 1,4 1,7 0,5
Shallow-3 0,3 18,0 0,4 2,5 0,6 1,8 1,2 0,5 0,5 0,3
Shallow-4 0,3 63,1 0,4 1,0 0,3 1,8 0,3 2,1 0,3 3,1 0,3 0,7
Intermediate 2,4 1,7 1,5 1,9 0,2 0,2 5,2 1,0 0,4 2,4 2,3 0,1 12,4 0,1
Deep 6,6 14,6 2,4 0,3 0,2 1,4 2,9 0,2 0,4 0,1 0,1 0,1 0,1 70,8 0,1

DOC Shallow-1 8,7 13,6 7,3 3,7 9,1 6,5 10,9 4,5 8,0 8,3 6,8 8,7 6,8 12,6 11,2

(mg/L) Shallow-2 7,3 8,9 6,6 8,8 8,0 9,3 6,4 10,2 8,3 11,8 11,7 7,8 9,9 11,8
Shallow-3 6,3 6,9 3,7 18,6 9,5 25,4 7,5 8,3 4,5 11,5
Shallow-4 5,1 6,4 11,0 5,6 6,6 27,1 7,0 27,3 10,9 14,6 8,7 12,7
Intermediate 16,8 4,6 4,2 5,8 5,1 4,3 1,7 9,1 4,1 16,8 7,7 6,8 4,1 3,2
Deep 4,4 3,5 8,4 2,6 2,4 4,1 5,0 3,8 4,1 4,4 4,9 4,3 5,6 4,0 6,8

HCO3
Shallow-1 648 449 267 225 548 654 207 301 402 328 172 604 275 625 419

(mg/L) Shallow-2 436 458 454 606 515 825 408 366 693 709 682 176 637 564
Shallow-3 316 316 328 764 397 968 560 646 423 450
Shallow-4 172 198 503 236 279 766 188 873 294 615 309 668
Intermediate 182 271 316 175 233 267 118 252 215 182 240 195 227 232
Deep 217 131 207 183 232 379 145 220 197 248 377 175 255 174 198

NH4-N Shallow-1 0,4 1,6 1,7 0,2 3,7 0,1 0,8 3,3 4,6 2,7 0,0 3,6 3,4 5,0 4,9

(mg/L) Shallow-2 2,6 10,4 7,7 7,5 2,0 0,02 8,4 5,9 10,0 4,9 6,7 0,02 5,2 5,1
Shallow-3 0,9 3,9 0,2 9,9 16,5 38,0 0,01 7,1 0,1 3,3
Shallow-4 0,2 0,1 7,1 0,8 9,1 40,8 0,7 50,9 10,4 10,5 6,7 5,3
Intermediate 0,5 0,2 0,5 0,4 0,01 3,3 0,1 0,01 0,01 0,5 0,4 1,9 0,02 0,9
Deep 0,6 0,3 0,2 0,1 0,6 0,02 0,01 0,4 0,1 0,3 0,01 0,2 0,5 0,3 1,4

PO4-P Shallow-1 2,5 1,5 0,8 0,6 0,9 0,9 2,6 0,9 0,8 0,2 1,7 0,2 0,6 0,6 1,2

(mg/L) Shallow-2 0,9 1,6 2,7 0,5 1,2 1,4 2,4 1,3 1,6 1,1 1,0 0,1 1,5 3,3
Shallow-3 0,5 0,8 0,2 2,7 4,2 4,3 0,03 0,7 0,1 0,3
Shallow-4 0,04 0,0 2,7 0,6 1,2 4,2 0,6 6,3 0,5 1,1 0,2 0,5
Intermediate 0,01 0,1 0,0 0,2 0,5 0,4 0,1 1,0 0,3 0,01 0,1 0,01 0,1 0,2
Deep 0,1 0,1 0,5 0,3 0,2 0,1 0,2 0,1 0,1 0,1 0,1 0,2 0,1 0,1 0,1
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4.2.5. Variation of  pH, Eh and other redox sensitive parameters with the variation of  As in 
groundwater 
Arsenic along with Mn other redox-sensitive parameters plotted in Figures 11 and S1A,B and 
presented in Table 15, for all nest locations provide a clear visualization of their variations and 
relationships with respect to depth. Five plots representative of different variations described in 
section 4.2.3 are given in Figure 21. Remaining plots from the other 10 nests are provided in the 
supplementary information of Paper II (Figure S1A,B). Arsenic contaminated groundwaters 
observed in shallow aquifers composed of black sediments are associated with elevated DOC,  
HCO3, Fe, NH4-N and PO4-P and a relatively low concentration of Mn and SO4 justifying the 
release of As from microbially mediated reductive dissolution of iron oxy-hydroxides 
(Bhattacharya et al., 2002a,b; Dowling et al., 2003; Ahmed et al., 2004; Saunders et al., 2005; Hasan 
et al., 2007, 2009; Bhattacharya et al., 2009; Robinson et al., 2011; Biswas et al., 2014). On the 
contrary, shallow aquifers composed of red and off-white sediments providing As-safe 
groundwater are associated with low DOC, HCO3, Fe, NH4-N and PO4-P and relatively higher 
Mn and SO4. These less reduced/ oxidized aquifers have been observed in the upper and lower 
sections of Aquifer-2 encountered in piezometer nests installed in the south Matlab area and in 
the southern fringes of the north Matlab. In most cases, high As groundwater derived from black 
sediments are associated with low-Mn, but there exceptions. In nest 3, 7, 11 and 14 relatively high 
Mn was observed in P1 piezometers and also at N6-P2 and N4-P3 (Table 15). Sulphate, in 
general, was found low in the study area, except for high SO4 concentrations associated with very 
high chloride concentrations observed at Uttar Upadi (nest-16) in the extreme southeast of the 
study area. Relatively lower Eh values indicative of more reducing waters were observed in the 
piezometers installed in the black sediments. Groundwaters sampled from intermediate deep (P6) 
and deep piezometers (P5) which were found to have low concentration of As are characterized 
by much lower DOC, HCO3, NH4-N and PO4-P compared to the shallow aquifers. 

4.2.6. Major ion composition and water type 
Major ion chemistry and water types are presented in Figure 22. A wide range of water types 
resulted from major ion proportions have been observed in shallow aquifers. Shallow 
groundwaters abstracted mostly from black colored sands are dominated by Ca-Mg-HCO3 type 
and with increasing depth it changes to Ca-Na-Mg-Cl-HCO3 to Na-Cl-HCO3 type in off-white 
and red sediments and these variations with respect to four colors (black, white, off-white and 
red) are reflected from the plot. Groundwaters abstracted from intermediate deep and deep 
aquifers are mostly Na-Ca-Mg-Cl-HCO3 to Na-Cl-HCO3 type. A summary of the results of 325 
groundwater samples analyzed are presented in Table 16, which provides the spatial variation of 
major water types with respect to relative depth. 

4.2.7. Stable isotope signatures in shallow, intermediate and deep aquifers 
Using the Global Meteoric Water Line (GMWL: δ2H=8 δ18O +10) as a reference for comparison, 
all results were plotted with respect to the nests, relative depths (shallow, intermediate deep and 
deep) and hydrostratigraphic units (Aquifer-1,2,3). Results plot along and slightly below the 
GMWL (Craig, 1961) suggesting that most groundwaters originate from local rain waters and 
river water recharge that have undergone little evaporative change (Figure 23a). 
A few exceptions such as sampling points in nest 5 and 4 from the intermediate aquifer 
(Figure 23a) shift to the right of the GMWL, probably as a result of waters with an evaporative 
component. All results are presented in Table 17. A wide range of δ2H (-18.43 to -40.67) and 
δ18O (-3.20 to -6.11) values for shallow groundwaters (Figure 23b) suggest that these waters were 
not sufficiently homogenized in isotopic compositions from groundwater recharge but rather 
may have originated from different rainfall events throughout the year (Majumder et al., 2011). 
Results for individual piezometer nests in both intermediate deep and deep aquifers cluster along  
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Figure 21. Depth-wise plot of arsenic and redox-sensitive parameters measured in nest 3, 
5, 7, 9 and 12 in Matlab area, Bangladesh. 
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the GMWL (Figure 23b,c) indicating they are rather similar in origin, homogenized, and belong 
to the similar aquifer system thus supporting earlier statements about the interconnectivity of 
these aquifers. Except for the results from nest 5, which has been reported as a rather complex 
system, δ2H values for intermediate deep aquifer and deep aquifer ranged between -2.00 to -3.09 
and -2.63 to -3.59 respectively. For δ18O, the respective range of values were observed between -
11.08 to -16.14 and -11.74 to -16.62. 

4.3. Development of Sediment Color Tool for the installation of shallow drinking 
water tubewells 
This section presents the results of the investigations which were carried out with the objective of 
the development of sediment color tool on the basis of characterization of sediments focusing 
the color and monitoring results of As and other parameters of groundwater collected from the 
aquifers with specific color (four colors – black, white, off-white and red) of sediments. These  

Table 16. Major water type with respect to relative depth and location. 

 

Nest # Shallow-1 Shallow-2 Shallow-3 Shallow-4 Intermediate deep Deep

N-3 Ca-Na-HCO3 Na-Ca-HCO3-Cl Na-Ca-Cl-HCO3 Na-Ca-Cl-HCO3 Ca-Na-HCO3-Cl Na-Mg-Ca-Cl-HCO3

N-4 Mg-Ca-HCO3 Na-Cl-HCO3 Na-Cl-HCO3 Na-Cl-HCO3 Mg-Ca-HCO3 Na-Ca-Mg-Cl

N-5 Mg-Ca-HCO3 Na-Cl-HCO3 Na-Cl-HCO3 Na-Cl-HCO3 Na-Cl-HCO3 Na-Ca-Cl

N-6 Ca-Mg-HCO3 Ca-Na-HCO3 Na-HCO3-Cl Na-HCO3-Cl Na-Ca-Mg-Cl-HCO3 Na-Cl-HCO3

N-7 Ca-Mg-HCO3 Ca-Na-HCO3-Cl Na-Cl-HCO3 Na-Ca-Mg-Cl-HCO3 Na-Cl-HCO3 Na-Ca-Cl-HCO3

N-8 Ca-Mg-HCO3 Na-Cl-HCO3 Na-Cl Na-Cl-HCO3 Na-Cl-HCO3

N-9 Ca-Mg-HCO3 Ca-Na-HCO3 Na-Ca-HCO3-Cl Na-Ca-Mg-Cl-HCO3 Na-Ca-Mg-Cl-HCO3 Na-Ca-Mg-Cl-HCO3

N-10 Ca-Mg-HCO3 Na-Ca-Cl-HCO3 Na-Cl-HCO3 Na-Ca-Mg-Cl-HCO3

N-11 Ca-Mg-HCO3 Na-Ca-Mg-HCO3 Na-Cl-HCO3 Na-Ca-Mg-HCO3-Cl

N-12 Ca-Mg-HCO3 Ca-Na-Mg-HCO3-Cl Na-Cl Na-Ca-Mg-Cl-HCO3 Na-Cl

N-13 Ca-Mg-HCO3 Na-HCO3-Cl Na-Cl-HCO3 Ca-Na-Mg-HCO3 Na-HCO3-Cl

N-14 Ca-Mg-Na-HCO3-Cl Na-Mg-Ca-HCO3-Cl Na-Mg-HCO3-Cl Na-Ca-Mg-Cl-HCO3 Na-Ca-Mg-Cl-HCO3

N-15 Ca-Mg-HCO3 Ca-Mg-HCO3 Ca-Na-Mg-Cl-HCO3 Ca-Na-Mg-Cl-HCO3 Na-Ca-Mg-Cl-HCO3

N-16 Ca-Mg-HCO3 Na-Cl-HCO3 Na-Cl-HCO3 Ca-Mg-HCO3 Na-Mg-HCO3-Cl Na-Mg-Ca-Cl

N-17 Mg-Ca-HCO3 Na-HCO3-Cl Na-Cl-HCO3 Na-Ca-Mg-Cl-HCO3 Na-Ca-Cl-HCO3

Figure 22. Major ion composition of groundwaters derived from shallow, 
intermediate and deep aquifers plotted on a Piper diagram. 
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Table 17. δ18O and δ2H results for groundwater samples collected from Matlab area, 
Bangladesh. 

 

Figure 23. δ18O and δ2H plot for groundwater samples with respect to (a) 
piezometer nests; (b) shallow, intermediate deep and deep aquifers; (c) 
hydrostratigraphic units in Matlab area, Bangladesh. 

Category of the well in 
terms of relative depth

Aquifer based on 
borelog and HH 
analysis

Piezometer Code Well Depth (m) δ18O (‰) δ2H  (‰)

Shallow-2 Aquifer-1 N4-P2 30.48 -3.55 -21.95
Shallow-2 Aquifer-1 N5-P2 28.95 -4.47 -25.55
Shallow-2 Aquifer-1 N7-P2 25.91 -3.94 -23.60
Shallow-2 Aquifer-1 N10-P2 25.91 -4.32 -22.40
Shallow-2 Aquifer-1 N12-P2 27.43 -5.87 -40.67
Shallow-2 Aquifer-1 N13-P2 32.62 -5.63 -37.19
Shallow-2 Aquifer-1 N14-P2 30.49 -3.90 -21.64
Shallow-2 Aquifer-1 N17-P2 33.54 -3.68 -21.43
Shallow-3 Aquifer-2 N4-P3 56.39 -3.44 -18.43
Shallow-3 Aquifer -2 N5-P3 65.53 -3.84 -23.83
Shallow-3 Aquifer-2 N7-P3 53.34 -3.80 -19.84
Shallow-3 Aquifer-2 N8-P2 53.34 -5.54 -32.69
Shallow-3 Aquifer-2 N14-P3 60.98 -6.11 -39.49
Shallow-3 Aquifer-2 N17-P3 57.93 -4.14 -25.04
Shallow-4 Aquifer-2 N4-P4 74.67 -3.37 -19.34
Shallow-4 Aquifer-2 (3?) N5-P4 82.29 -4.10 -24.91
Shallow-4 Aquifer-2 N7-P4 74.67 -3.20 -16.17
Shallow-4 Aquifer-2 N8-P4 70.10 -4.82 -28.80
Shallow-4 Aquifer-2 N12-P4 80.79 -3.75 -22.01
Shallow-4 Aquifer-2 N13-P4 84.76 -3.86 -19.18
Intermediate deep Aquifer-3 N4-P6 111.28 -2.03 -13.01
Intermediate deep Aquifer-3 (4?) N5-P6 101.52 -2.00 -16.14
Intermediate deep Aquifer-3 N7-P6 102.13 -2.68 -15.00
Intermediate deep Aquifer-2 (3?) N10-P6 102.44 -2.18 -13.09
Intermediate deep Aquifer-3 N13-P6 111.28 -2.61 -14.79
Intermediate deep Aquifer-3 N14-P6 108.23 -3.09 -15.72
Intermediate deep Aquifer-3 N17-P6 109.76 -2.94 -11.08
Intermediate deep Aquifer-3 N8-P6 100.58 -2.99 -13.39
Deep Aquifer-3 N4-P5 237.73 -2.95 -11.74
Deep Aquifer-3 (4?) N5-P5 237.73 -3.59 -23.50
Deep Aquifer-3 N7-P5 231.64 -3.27 -14.14
Deep Aquifer-3 N8-P5 234.68 -2.99 -15.18
Deep Aquifer-3 (4?) N10-P5 234.68 -2.77 -13.73
Deep Aquifer-3 N12-P5 218.60 -2.88 -14.40
Deep Aquifer-3 N13-P5 236.59 -2.93 -15.06
Deep Aquifer-3 N14-P5 220.73 -3.00 -16.62
Deep Aquifer-3 N17-P5 230.49 -2.63 -13.46
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findings were based on the water chemistry results of 521 groundwater samples collected from 
144 wells, and characterization of 2240 sediments for assigning them four colors (black, white, 
off-white and red) perceived by the local tubewell drillers. In the context of the development of 
the tool for the installation of shallow drinking water tubewells using sludger method, water 
quality monitoring and sediment color characterization was limited up to the depth of 100 m. 

4.3.1. Arsenic concentration in groundwater from aquifers assigned with four colors  
In terms of depth and As concentration in groundwater, black sediments show a wide range of 
variability (Figure 24), although a significant proportion (50%) of wells (n=66) installed in black 
sediments are located within a very shallow depth range of 10-40 m. Although, As in black 
sediment aquifers show the wide range of concentrations, but skewed toward higher values. 
Mean and median values are as high as 239 µg/L and 240 µg/L respectively; and only a few wells 
comply to the BDWS and WHO guideline values (Table 18). Considering the probability of 
ending-up with high As in tubewell water abstracted from black-colored sediments, they are 
assigned as ‘high-risk’ in the hypothesis (Figure 4) which is clearly revealed from the results of 
this study. 
Arsenic in groundwater samples collected from 39 wells installed in red color sediments provide 
safe water compared to BDWS of 50 µg/L. Average and median values are less than the WHO 
guideline value of 10 µg/L (Table 19). Depth wise, all these red sediments wells are located 
between 47 and 82 m. In terms of depth and As concentration in water, 25 wells installed in off-
white aquifers show considerable similarity to red sands. White color sediments were recorded 
from only 14 wells and all of them are installed below the depth of 55 meter. The white 
sediments seemed of less importance as aquifers for tubewell installation at shallow depths. 

4.3.2. Hydrochemical variation in groundwater from aquifers assigned with four (4) colors 
Groundwaters derived from black sediments are characterized by elevated concentration of 
HCO3

-, DOC, Fe2+, NH4
+ and PO4

3- and very low Mn and SO4
2- (Figure 25). Relatively high Mn 

and SO4
2- and low concentration of HCO3

-, DOC, Fe2+, NH4
+ and PO4

3- was observed in waters 
abstracted from red and off-white sediments. A kind of mixed characteristic was observed in 

Figure 24. The concentration of As in groundwaters derived from the sediments 
of the four color groups with respect to depth and enlarged view of the levels of 
As in the red and off-white groups. 
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groundwaters derived from white sediments. For Mn, Fe2+ and SO4
2- these are similar to black 

group; and HCO3
- and DOC concentrations are in the same trend as in red and off-white group; 

while NH4
+ and PO4

3- are in between black and red sediments. Redox sensitive parameters along 
with As concentrations observed from groundwaters sampled from all four color sediments are 
summarized in Table 19. 
Sulphate (SO4

2-) concentration was observed low, in general, excepting some wells located in the 
northeastern part of the study area around piezometer nest 4 in Uttar Nayergaon area. These high 
sulphates are also associated with high Na and Cl. For a more clear visualization of the 
comparison of the results of all these parameters, box-plot from all four colors is presented in 
Figure 25. Manganese in waters abstracted from red and off-white sediments was found high 
compared to WHO previous guideline value of 0.4 mg/L. Therefore the presence of elevated Mn 
could be a limiting factor for targeting red and/or off-white sands for the installation of tubewell 
in consideration of the whole range of health concern parameters, although in terms toxicity As 
has got very high priority. Groundwaters abstracted from black sediments are characterized 
mainly by Ca-Mg-HCO3 to Na-Cl-HCO3 type, while the water samples collected from white and 
red sediments are predominantly Na-Cl-HCO3 type. Predominance of Ca and Mg was also 
observed in waters derived from off-white aquifers. Major ion chemistry and water types are 
presented in a piper plot in Figure 26. 

Table 19. Statistical summary of As, pH, Eh and redox sensitive parameters in 
groundwaters from shallow aquifers assigned with four sediment color groups. 

 

Table 18 Summary of As concentration in shallow groundwaters derived from aquifers 
assigned with four colors. 

 

Aquifer's 
sediment 
color

No of 
wells

Depth 
range 
(m)

No of 
samples 
analyzed

No of 
wells 
comply 
with 
BDWS

% of wells 
comply 
with 
BDWS

No of 
wells 
comply 
with WHO 
guideline 

% of wells 
comply 
with WHO 
Guideline

Max 
(µg/L)

Min  
(µg/L)

Mean 
(µg/L)

Median  
(µg/L)

Standard 
deviation  
(µg/L)

Black 66 9-91 230 11 17% 6 9% 739.8 5.6 239.2 240.1 174.6

White 14 58-104 49 10 71% 3 21% 150.6 5.6 36.1 27.7 35.3

Off-white 25 24-88 119 22 88% 15 60% 43.9 2.6 12.1 8.4 9.6

Red 39 47-82 123 39 100% 24 62% 21.8 2.6 9.4 8.6 4.9

144 521

Black sediments White sediments Off-white sediments Red sediments
No of wells : 66 No of wells : 14 No of wells : 25 No of wells : 39
No of samples: 230 No of samples: 49 No of samples: 119 No of samples: 123

Max Min Mean Median StdD Max Min Mean Median StdD Max Min Mean Median StdD Max Min Mean Median StdD

As (µg/L) 740 5.6 239 240 175 151 5.6 36.1 27.7 35.3 43.9 2.6 12.1 8.4 9.6 21.8 2.6 9.4 8.6 4.9

Mn (mg/L) 4.0 0.01 0.7 0.3 0.8 2.1 0.04 0.5 0.3 0.5 4.3 0.02 2.0 1.9 1.2 4.8 0.2 2.0 1.8 1.0

Fe (mg/L) 40.3 0.01 6.5 5.2 5.3 30.9 0.81 7.1 6.8 5.4 10.8 0.07 2.0 0.7 2.5 18.9 0.01 1.7 0.47 3.4

SO4 (mg/L) 39.3 0.01 1.9 0.7 3.5 20.7 0.01 1.4 0.5 3.1 54.4 0.01 3.9 1.6 8.1 72.9 0.01 5.7 1.1 14.3

HCO3 (mg/L) 1052 122 454 427 204 465 84 276 274 89 641 87 227 183 122 648 61 222 206 97

DOC (mg/L) 29.6 1.4 9.6 8.0 6.0 11.5 1.3 4.8 3.9 2.9 9.8 0.3 3.5 2.9 2.5 10.3 0.6 4.5 4.5 2.9

NH4-N (mg/L) 57.8 0.01 6.3 2.7 10.4 10.2 0.01 1.7 0.3 2.9 12.8 0.01 0.5 0.03 1.7 2.6 0.01 0.2 0.06 0.4

PO4-P (mg/L) 11.5 0.01 1.7 1.2 1.9 4.7 0.01 1.1 0.7 1.4 3.7 0.01 0.3 0.09 0.5 0.8 0.01 0.1 0.04 0.1

pH 7.8 6.3 6.9 6.9 0.2 7.5 6.0 6.9 6.9 0.3 7.5 6.0 6.7 6.7 0.3 7.4 6.1 6.7 6.7 0.2

Eh (mV) 349 109 239 242 47 342 113 247 260 53 348 162 278 280 36 387 191 286 284 28

Parameters
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Figure 25. Box plots showing the variations of (a) total As, (b) Mn, (c) Fe, (d) SO4
2-, (e) 

HCO3
-, (f) DOC, (g) NH 4

+ and (h) PO4-P in shallow groundwater samples derived from 
the aquifers assigned with respect to four colors. 
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4.3.3. Sediment characterization, standardization and development of  sediment color tool  
Detailed scrutiny of the sediment color and classification as described earlier, identified sixty (60) 
color shades of sediment samples (Figure 27) from all 2240 samples collected from 15 locations 
up to the depth of 100 meter. Bringing down all sixty color varieties into four major colors, it was 
possible to group different color shades which led to simplified sediment color scheme and tool 
(Figures 28 and 29) for using it in a convenient way for tubewell installation. Munsell color 2.5Y 
and 10YR hue were the most common shades observed during the matching of the sediment 
samples and in the process of narrowing down into four color groups (black, white, off-white and 
red). Some of the color shades matched well with hue 5Y also. Munsell color dark grey and dark 
greyish brown to light olive brown, olive and olive grey with corresponding Munsell code 
2.5Y 4/1↔5/4 and 10YR 3/2↔5/2 were found best matching  under black color sediments. 
Munsell color shades located in the top-left part of the charts for hue 2.5Y, 5Y and 10YR, such 
as, light grey, light olive grey and white were best-fitted under white color group.  Munsell colors  
ranged from pale yellow and yellow to pale olive and pale brown with respective codes 
2.5Y 7/3↔7/8; 5Y 6/3↔7/6 and 10YR 6/2↔7/6 were found best suitable to be included in 
off-white color group. Similarly, light yellowish brown and olive yellow to brown, yellowish 
brown and yellow color shades with corresponding codes of 2.5Y 6/3↔6/8 and 10YR 4/3↔7/8 
located in the right-top corner of the respective Munsell charts were categorized under red color  

Figure 26. Major ion composition of groundwater derived from the sediments of 
the four color groups plotted on a Piper diagram. 
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Figure 27. Sixty (60) varieties of sediment color shades identified with respective four 
colors assigned. 
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group. For a few color shades, overlapping character and/or transition between two colors made 
it difficult to decide the appropriate color group. For example, 2.5Y 6/1 has been decided as 
white but it could be easily confused with 2.5Y 5/1 which is black; 2.5Y 7/3 assigned as off-
white could be grouped as white also; 10YR 5/3 seems good for black color even though it was 
found better suitable under red color group. 
In the process of further simplification, the sediment color tool scheme devised (Figure 28) 
includes all possible Munsell color shades observed under each of four sediment colors so that 
the user can see the variation within each color group for making the decision for targeting 
and/or avoiding the aquifers in the context of installation of As-safe drinking water tubewells. 
Considering the significance of the convenient use of this color tool, sediment samples assigned 
with four colors were further grouped into light, moderate and deep shades so that any user can 
easily visualize the range of the color within each color group. All these light, moderate and deep 
shades were decided in an un-biased manner and eventually it appears that all light shades fall 
under Munsell color 10YR hue, the moderate shades belong to 2.5Y hue and deep shades into 
5Y hue. Only exception was deep red. Table 20 provides the list of sediment samples identified as 
light, moderate and deep shades under each of black, white, off-white and red color which have 
been eventually used to devise the simplified sediment color tool (Figure 29). In this 
simplification, As concentration in groundwater has not been set with respect to different color 
shades observed and categorized under each of four color groups. Therefore, in this grouping 
process, color as a whole is related to As concentration, such as, black unsuitable and red 
suitable. 
Sediment color hypothesis that have been tested here very clearly justifies that black color sands 
can be designated as unsafe and categorized into high-risk group. For the purpose of validation, 
when this color tool was evaluated for identifying potential problem aquifers, black sediments 
with high-As (≥50 µg/L) give a true-negative (Figure 30) result. On the contrary, a true-positive 

Figure 28. Sediment Color Tool Scheme devised based on four color including 
respective Munsell Color and Codes. 
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result is provided by the red sediments producing As-safe water. Among 66 wells, all of which are 
installed in black colored sediments, 11 wells produce As-safe water with respect to BDWS value 
and 17% (n=11) of black sediments provide false-negative error, which means these 17% wells 
are not unsafe although these wells were expected to be As-unsafe due to black sediments. Low 
As in black sediments could be the result of highly reducing condition in the aquifers, when the 
stage of SO4

2- reduction is reached. Under such condition, immobilization of As through co-
precipitation with authigenic pyrite (Lowers et al., 2007, Nath et al., 2008) could cause low 
concentration of As in the water. Similarly, all wells (n=39) installed in red colored sediments 
produce As-safe water with respect to BDWS; which implies 100% are true-positive and 0%  

Figure 29. Simplified Sediment Color Tool developed for field use. 
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false-positive. Here true positive means red sediments are considered positive as they produce 
As-safe water. When compared with the WHO guideline value, true-negative for black sediments 
accounts 91% and true-positive for red sediments comes 62%. These observations of high values 
of true-negative for black sediments; and true-positive for red sands along with a mean and 
median value for As below WHO guideline value of 10 µg/L strengthen the color hypothesis to a 
great extent. External validation, observer’s influence, and other limiting factors can be discussed 
with respect to the methods and the results used for the development of the sediment color tool. 
As external validation of the tool, some studies (Pal and Mukherjee, 2008, 2009, Datta et al., 2011, 
Biswas et al., 2012a,b) conducted in severely As-contaminated areas of West Bengal, India also 
provide similar results, where black sands mostly produce As contaminated water and red sands 
provide As-safe water. During the coding of all sixty varieties, as a method, use of Munsell color 
chart greatly reduced the possibility of making error to a great extent considering observer’s 
influence as a factor of concern. But when each of the sixty varieties has been simplified into four 
color groups, the methodology was based on a participatory approach which includes the 
opinions of field geologists, technical experts and local tubewell drillers. In this narrow down 
process for assigning each color shade by one of four colors, it is worth to mention that 
everyone’s color perception is not same and even no sharp contrast (defined boundary) exists 
between the colors. In this study, local driller’s opinion was considered with a high importance, as 
this four color hypothesis was mainly developed based on their perception of sediment color 
which they have gained through work experience. In developing the simplified four color tool, 
satisfactory agreement (more than 80%) was observed between the research team and local 
drillers and also among the drillers themselves. Sun light and the time of the day could also play 
significant role in deciding the sediment color and therefore to make decision about the aquifer 
targeted for tubewell installation. This was observed more crucial for the identification of off-
white color. Based on this study findings, an attempt was made to target off-white sands for the 
installation of 33 safe drinking water wells, among which 25 (76%) were successful compared to 
BDWS (SASMIT, 2011). This result-based evidence can be considered as a limitation to target 
off-white aquifers, especially the problem of identification of the targeted color when day light is 
a factor. 
 

Table 20. Light,  moderate and deep shades of four color with respective Munsell color 
and code. 

* Sl of the sixty color shades listed in Figure 27 
 

Four (4) 
Color Group

Sub-
group Description of item Munsell Code Munsell Color Field Observed Colour

SL (from 60 
varieties)*

Black B-1 Black Light 10YR  4/2 Dark Greyish Brown Grey 8

Black B-2 Black Moderate 2.5Y 4/2 Dark Greyish Brown Dark Grey 6

Black B-3 Black Deep 5Y  4/2 Olive Grey Dark Grey 38

White W-1 White Light 10YR 8/1 White Greyish White 52

White W-2 White Moderate 2.5Y  7/2 Light Grey Whitish Grey 27

White W-3 White Deep (Brightest) 5Y  7/2 Light Grey Light Greyish White 29

Off-white OW-1 Off-White Light 10YR  7/4 Very Pale Brown Grey 50

Off-white OW-2 Off-White Moderate 2.5Y  7/4 Pale Yellow Whitish Grey 46

Off-white OW-3 Off-White Deep 5Y  6/4 Pale Olive Light brownish Grey 44

Red R-1 Red Light 10YR  5/4 Yellowish Brown Brown 59

Red R-2 Red Moderate 2.5Y  6/4 Light Yellowish 
Brown

Whitish Grey 35

Red R-3 Red Deep 10YR  6/6 Brownish Yellow Brown 3
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4.4. Potentiality of Intermediate Deep Aquifer as a source for As-safe and low-Mn 
drinking water 
4.4.1. Sub-surface geology (hydrostratigraphy) within the exploited depth of  120 m 
Within the targeted depth of 120 m exploitation, three aquifers and two aquitards were 
encountered. From the drill holes bored in different intervention areas for installation of IDTW, 
a reasonable variability in the geometry of the aquifers and aquitards were observed. From the 
borelog analysis, a generalized description of all hydrostratigraphic units encountered has been 
prepared (Table 21) with the respective depth and thickness. The depth ranges indicate the 
minimum and maximum depth from ground surface at which different units were encountered. 

Figure 30. Generic approach for the validation of sediment color tool for 
As with respect to (a) BDWS and (b) WHO guideline value. 
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Excepting a few locations in the central part, the topsoil with an average thickness of 5-6 m exists 
in most places of the study area. It was not encountered in some villages (Kashimnagar, Maisadi 
and Char Latardi) around piezometer nest 10 and in Rarikandi village within the intervention area 
around nest 6. Thick sand layer was recorded in Rarikandi which probably resulted from the deep 
incision of the paleo-rivers from the lowering of base level of erosion due to sea-level drop 
during glacial maxima, which were probably filled later by the channel fill deposits. Most of the 
targeted sand layer, where the tubewell filters were installed is consisting of medium sand and 
light grey in color. Compared to four colors (black, white, off-white and red) of local tubewell 
driller’s concept, mostly they belong to ‘white color’ group. Corresponding Munsell code and 
color of these sediments are mostly 2.5Y 6/1 and 2.5Y 7/1 and grey. Spatial variability of the 
depth to aquifers and aquitards and the thickness of the respective hydrostratigraphic units 
calculated from all borelogs are presented in Figure 31 and Table 22. 

4.4.2. Depth to groundwater from surface 
Excepting a very small area in extreme southeast, the lowest depth to groundwater from surface 
in the dry most time of the year was observed within 7m from the surface (Figure 32), which is 
favorable for the continued water supply round the year using conventional hand tubewells. 
From a three years of groundwater level monitoring in the depth-specific piezometers (Paper II), 
it is evident that hydraulically IDA belongs to the same system in which deep piezometers are 
installed and separated from the shallow aquifers which are contaminated with elevated As 
concentration. This observation relating to hydraulic connectivity among the aquifers favors the 
sustainability of the IDA for the installation of safe drinking water tubewells. 

4.4.3. Groundwater chemistry of Intermediate Deep Aquifer 
Hydrochemical characteristics of IDA has been detailed out in this section based on the 
evaluation of the whole range of water quality analysis of groundwater samples collected from 
243 IDTWs which were installed at a targeted depth of 120 m. As described earlier, the boreholes 
were drilled for the installation of tubewells in a planned manner expecting a similar 
hydrochemical buffer around the monitoring piezometer nests, the results have also been 
organized and interpreted in the same manner to see whether the expected buffer exists and how 
they differ spatially among different areas intervened. Arsenic and Mn were the main focus of 
this characterization along with redox-sensitive parameters, major ions chemistry and overall 
water quality with respect to drinking water guidelines and standards. 

Table 21. Generalized hydrostratigraphy within the depth of 120 m. 

 

Depth to top (m) Depth to bottom (m) Thickness (m) Description

Range Average Range Average Range Average

Top Soil 0 0 2 - 17 6 2-17 6 Top soil of silty clay loam exists across the entire study 
area except a few locations around nest 6 and 10 in the 
central part.

Aquifer 1 0-18 4 12-85 43 9-78 39 Fine sand constitues this unit, mainly dark grey in color. 
Light brown to yellowish brown sediments occur in south 
Matlab

Aquitard 1 12-85 43 23-106 71 3-65 27 Dark grey clay to silty clay encountered throughout the 
study area. A huge variation in thickness observed, 
maximum thickness in some places around nest 10 and 13

Aquifer 2 23-106 71 41-122 103 6-79 33 Greyish white to white medium sand. More thick in some 
areas around nest 7, 9, 12 and 13. Red and off-white 
sediments encountered in some places of South Matlab

Aquitard 2 41-111 84 67-117 96 3-43 12 Silty clay to clay, dark grey in color, not encountered in all 
places. Within the explored depth this unit exists more 
towards south and southeast

Aquifer 3 67-117 96 Medium sand of greyish white in color. In some places, 
greenish tint was also observed.

Hydrostrati-
graphic units

Bottom was not reached within the 
explored depth of tubewell installation
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Figure 31. (a) Thickness of Aquifer 1; (b) thickness of aquitard 1; (c) depth to aquifer 
2; (d) thickness of aquifer 2; (e) thickness of aquitard 2; and (f) depth to aquifer 3 
(in m). 

(a) (b)

(c) (d)

(e) (f)
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4.4.3.1. Arsenic and Manganese and their spatial variability 
Following the description of intervention areas outlined in Figure 9 and Table 6, the results for 
As and Mn are presented in Figure 33 and Table 23, which gives a statistical summary of the 
success of hit-rate within each intervention area around the respective monitoring piezometer 
nest. Among the 243 IDTWs, 240 wells (98.8%) were found to be As-safe. Arsenic concentration 
in groundwater abstracted from 222 IDTW (91.4%) were found within the WHO guideline value 
of 10 µg/L, among which As concentration was below the detection limit (BDL) of 3.91 µg/L in 
198 wells (81.5%). Taking the detection limit as the concentration of all the BDL samples, mean 
and median values for As stands as 6.2 and 3.9 µg/L respectively. Bangladesh Drinking Water 
Standard (BDWS) for As of 50 µg/L has been exceeded only in three tubewells installed in 
Paschim Fatehpur and Satnal around nests 6 and 13. Manganese concentration in groundwater 
collected from 217 tubewells (89.3%) is within the former WHO previous guideline of 0.4 mg/L 
(Table 23). Considering both As and Mn, 81.1 % (n=197) of the wells comply with the WHO 
guideline values. Although most of the IDTWs installed are As-safe and low in Mn, some wells 
installed in the south Matlab area and along the southern fringes of the north Matlab area contain 
elevated amount of Mn. Exceeded by a little margin compared to previous WHO guideline, mean 
and median value of Mn for such tubewells stand 0.8 and 0.6 mg/L respectively. Figure 34(a,b) 
provides the spatial distribution of As and Mn in the study area at the depth of 120 m. 

Figure 32. Lowest level of groundwater (depth from surface) in the driest 
time of the year (end of April 2011). 
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Table 23. Arsenic and manganese results from different intervention areas. 

 

As results Mn results 

Safe Un-
safe

BDL 
(3.91 
µg/L)

≤ 10 
µg/L

10-50 
µg/L

>50 
µg/L

≤0.4 
mg/L

> 0.4 
mg/L

North 
Matlab

around nest 
6

Paschim 
Fatehpur

25 96% 
(n=24)

4% 
(n=1)

56% 
(n=14)

64% 
(n=16)

32% 
(n=8)

4% 
(n=1)

80% 
(n=20)

20% 
(n=5)

44% (n=11)

around nest 
7

Baganbari, 
Sadullapur

24 100% 
(n=24)

100% 
(n=24)

100% 
(n=24)

95.8% 
(n=23)

4.2% 
(n=1)

95.8% 
(n=23)

around nest 
8

Sengarchar 17 100% 
(n=17)

94.1% 
(n=16)

100% 
(n=17)

100% 
(n=17)

100% 
(n=17)

around nest 
9

Sultanabad 12 100% 
(n=12)

100% 
(n=12)

100% 
(n=12)

41.7% 
(n=5)

58.3% 
(n=7)

41.7% 
(n=5)

around nest 
10

Kalakanda, 
Gajra

28 100% 
(n=28)

53.6% 
(n=15)

96.4% 
(n=27)

3.6% 
(n=1)

100% 
(n=28)

96.4% 
(n=27)

around nest 
12

Durgapur 17 100% 
(n=17)

94.1% 
(n=16)

94.1% 
(n=16)

5.9% 
(n=1)

100% 
(n=17)

94.1% 
(n=16)

around nest 
13

Satnal 68 97.1% 
(n=66)

2.9% 
(n=2)

75% 
(n=51)

86.8% 
(n=59)

10.3% 
(n=7)

2.9% 
(n=2)

100% 
(n=68)

86.8% 
(n=59)

around nest 
14

Purba 
Fatehpur

3 100% 
(n=3)

100% 
(n=3)

100% 
(n=3)

66.7% 
(n=2)

33.3% 
(n=1)

66.7% 
(n=2)

around nest 
15

Mohanpur 25 100% 
(n=25)

96% 
(n=24)

96% 
(n=24)

4% 
(n=1)

96% 
(n=24)

4% 
(n=1)

96% (n=24)

Random 
selection

4 100% 
(n=4)

100% 
(n=4)

100% 
(n=4)

100% 
(n=4)

100% (n=4)

South 
Matlab

Random 
selection

20 100% 95% 
(n=19)

100% 
(n=100

45% 
(n=9)

55% 
(n=11)

45%    (n=9)

Total IDTW in Matlab region 243 98.8% 
(n=240

1.2% 
(n=3)

81.5% 
(n=198

91.4% 
(n=222

7.4% 
(n=18)

1.2% 
(n=3)

89.3% 
(n=217

10.7% 
(n=26)

81.1% 
(n=197)

*WHO previous guidline (2004)

Upazila / 
Thana

planned 
areas of 
intervention 

Union IDTW 
installed 
(n)

As and 
Mn* (wrt 
WHO 
guideline)

Figure 33. Location of IDTWs with respect to (a) As and (b) Mn results. 
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4.4.3.2. pH, Eh and redox sensitive parameters in IDA groundwaters 
The IDA groundwaters are characterized with relatively low Eh, Mn, DOC, HCO3, NH4-N, and 
PO4-P (Figure 34 and Table 24). Groundwater pH in the IDTWs was circum-neutral, with a 
mean and median value of 6.9 and 6.8 respectively. The measured Eh in these groundwater was 
found to be significantly low compared to the Eh observed from shallow tubewells installed in 
dark grey (black) sediments in the same area (Paper III), where the redox potential favors 
reductive dissolution of iron hydro (oxy) oxides to release As into the groundwater system. DOC 
and HCO3 of IDA groundwaters were also low, even lower than reported for the As-safe 
groundwaters produced from red/offwhite (brown, oxidized) sediments (Paper III). A wide 
range of iron concentration (Fe total) was observed with a median value of 2.3 mg/L. Sulphate 
(SO4

2), concentration in general is low in the Matlab groundwaters, in IDA water it is somewhat 
in between those in black and red sediments. PO4-P was found to be very low. Although low Eh 
indicates highly anoxic water, low DOC and HCO3 were probably not favorable for driving the 
release of As in groundwater through a reductive dissolution process. Alternatively, the released 
As had probably been flushed out from the system. 
 

Table 24. Statistical summary of pH, Eh and redox-sensitive parameters of IDA 
groundwaters. 

 

Parameters Maximum Minimum Mean Median Standard 
Deviation

pH 8.0 6.2 6.9 6.8 0.3

Eh (mV) 225 43 154 154 28

Mn (mg/L) 2.1 0.01 0.18 0.07 0.3

Fe (mg/L) 29.9 0.1 4.2 2.3 4.6

SO4 (mg/L) 28.8 0.002 2.2 1.5 3.5

HCO3 (mg/L) 450 31 203 206 56

DOC (mg/L) 8.2 0.8 2.6 2.3 1.2

NH4-N (mg/L) 18.4 0.002 2.0 0.3 3.3

PO4-P (mg/L) 0.4 0.001 0.02 0.005 0.05

Figure 35. Box and Whisker plot for major ions and trace elements from groundwater 
sampled from the Intermediate Deep Aquifers in the Matlab study area. 
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4.4.3.3. Major ions, trace elements and overall water quality of IDA groundwaters 
Sodium, Chloride and bicarbonate constitute the major ion composition of IDA groundwaters 
reflected from the Box and Whiskers-plot and Piper diagram (Figures 35 and 36). Table 25 
provides the mean and median values for all major ions calculated from wells installed cluster 
wise in different intervention areas and a very similar result in mean and median indicate a similar 
hydrochemical buffer in the intervention area(s) around the respective nest. Spatial variation of 
major ions is presented in Figure 37. 
With a very low concentration of sulphate, groundwater samples are predominantly Na-Cl-HCO3 
to Na-Ca-Mg-Cl-HCO3 type (Figure 36). Spatial variation in water types was evident from the 
results of Aquachem model run outputs used for the construction of Box plot and Piper diagram. 
Variability in water types resulted from major ion composition indicate the variation in the local 
hydrogeological condition, although the two important water quality parameter As and Mn  

Table 25. Mean and median values* of major ions from different intervention areas (nest 
wise). 

* Mean and median values are separated by comma 

Intervention 
areas (nest wise)

Wells 
count (n)

Na (mg/L) Ca (mg/L) Mg (mg/L) K (mg/L) HCO3 (mg/L) Cl   (mg/L) SO4 (mg/L) NO3 (mg/L)

Nest-6 25 153, 136 51, 44 25, 19 4.1, 3.3 144, 137 289, 228 1.3, 0.8 0.3, 0.03 

Nest-7 24 110, 111 35, 33 17, 16 4.0, 3.9 220, 225 120, 107 1.4, 1.4 2.0, 0.4

Nest-8 17 233, 234 2.7, 1.4 1.2, 0.8 2.2, 1.9 246, 244 212, 215 0.5, 0.2 2.0, 1.0

Nest-9 12 74, 75 39, 35 14, 12 2.1, 2.0 125, 122 146, 138 2.2, 0.9 0.7, 0.6

Nest-10 28 162, 151 36, 39 21, 21 4.8, 4.7 191, 183 244, 240 1.7, 1.6 1.4, 1.3

Nest-12 17 242, 241 45, 41 22, 20 4.7, 4.1 203, 191 406, 423 1.6, 1.6 2.1, 2.1

Nest-13 68 197, 189 37, 39 20, 19 5.0, 4.9 245, 244 285, 258 1.6, 1.7 5.4, 2.0

Nest-14 3 115, 115 78, 77 25, 25 4.0, 4.1 140, 137 274, 272 6.9, 7.8 1.1, 1.0

Nest-15 25 96, 71 45, 49 24, 26 3.8, 3.9 199, 198 173, 158 2.0, 2.6 0.8, 0.7

South Matlab 20 166, 146 54, 49 20, 19 4.3, 3.7 157, 149 301, 317 7.6, 3.0 1.5, 1.7

All wells 243 164, 162 39, 38 19, 18 4.3, 4.1 203, 206 250, 220 2.2, 1.6 2.5, 1.3

Figure 36. (a) Piper diagram from all IDA groundwater samples taken in the Matlab 
area (n=243), (b) spatial variation in water types resulted from the major ions 
proportion varied in different intervention areas. 
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Figure 37. Spatial variability of major ions (a) Na (b) Ca (c) Mg (d) K (e) HCO3 and 
(f) Cl. 
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concentration remained within a very narrow range within safe limits in compliance to drinking 
water guidelines and standards. In the upstream, that is, in the northwest and north-central, in 
Sengarchar, Satnal, and Durgapur (around nests 7, 12 and 13), Na-Cl-HCO3 is the dominating 
water type. Gradually it has been changed to a mixed type (Na-Ca-Mg-Cl-HCO3 to Na-Ca-Mg-
HCO3) in the middle-stream areas by the enhancement of Ca and Mg due to probable dissolution 
of calcite and dolomite and then again it changes to Na-Ca-Cl and Na-Ca-Cl-HCO3 most likely 
due to the influence of relict sea water (von Brömssen et al., 2007) in the downstream in 
southeast, corresponding to the groundwater flow direction. The mean and median 
concentrations of chloride (Cl-) are 250 and 220 mg/L, which are very much within the BDWS 
range of 150-600 mg/L. Chloride has been listed as a parameter not of health concern at levels 
found in drinking water in WHO (2011), although the standard value listed by US EPA (2003) 
and EU Council (1998) is 250 mg/L. Nitrate was found to be very low in concentration. 

Table 26. Water quality results and comparison with guidelines and standards. 

 

Guidelnes and Standards IDA Groundwaters 
WHO Guideline 
(2011)

EPA (2003) EU Council 
(1998)

BDWS (1997) Mean Median

As µg/L 10 (A,T) 10.0 10.0 50.0 6.2 3.9
Mn mg/L a 0.05 0.05 0.1 0.18 0.07
Fl mg/L 1.5 4.0 (X), 2.0 (Y) 1.5 1.0 0.38 0.35
Fe mg/L a 0.3 (Y) 0.2 1.0 4.2 2.3
Al µg/L 900 50 - 200 (Y) 200 200 14.8 7.5
B µg/L 2400 1000 1000 229 168
Ba µg/L 700 2000 na na 113 99
Cd µg/L 3 5 5 5 0.3 0.2
Co µg/L 0.7 0.6
Cr µg/L 50 (P) 100 50 50 0.6 0.5
Cu µg/L 2000 1300 (X), 1000 (Y) 2000 1000 2.3 1.4
Li µg/L 9.7 9.9
Mo µg/L c 1.0 1.0
Ni µg/L 70 20 100 3.2 1.5
P µg/L 392 276
Pb µg/L 10 15 10 50 3.3 3.2
Rb µg/L 14.6 13.1
S µg/L 962 644
Si mg/L 15.1 14.5
Sr µg/L 386 360
Ti µg/L 3.7 3.6
V µg/L 0.9 0.9
Zn µg/L b 5000 (Y) 5000 55.2 44.4
Zr µg/L 0.7 0.7
Na mg/L b 200 200 164 162
Ca mg/L 75 39 38
Mg mg/L 30 - 35 19.4 18.5
K mg/L c 12 4.3 4.1
Cl mg/L b 250 250 150 - 600 250 220
SO4 mg/L b 250 250 400 2.20 1.55
HCO3 mg/L 203 206
NO3 mg/L 50 (Z) 50 10 2.5 1.3
a = Not of health concern at levels causing acceptibility problems in drinking water
b = Not of health concern at levels found in drinking water
c = Occurs in drinking water at concentrations well below those of health concern
A = Provisional guideline value because the calculated guideline value is below the achieveable quantification level
P =  Provisional guideline values because of uncertainties in health database

X = MCL; Maximum contaminant level; highest level allowed in drinking water

Z = Short-term exposure

Parameter Unit

T = Provisional guideline value because the calculated guideline value is below the level that can be achieved through practical treatment 
methods, source protection, etc.

Y = National Secondary Drinking Water Standards, non-enforceable guidelines regulating contaminants that may cause cosmetic (skin or 
tooth discoloration) or aesthetic effects (taste, odor, color in drinking water)
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Contributions of Na, Ca, Mg, K and HCO3 to the total dissolved solids (TDS) in IDA 
groundwaters has been observed to be lower than that in the shallow aquifers in the same study 
area (Paper III). Most of the wells had fluoride concentrations below the WHO drinking water 
guideline of 1.5 mg/L, with a mean value of 0.38 mg/L. For B, a mean concentration of 
0.22 mg/L was observed. Many of the other trace elements such as Cd, Co, Cr, Mo, Ni, Pb, Zr 
were low in concentration in most of the samples for detection by ICP-OES. For compliance 
with drinking water quality, a comparison with guidelines and standards (Table 26) provides 
details of all major ions and trace elements measured for IDA groundwaters which indicate these 
waters are good for consumption. For a great majority of the samples, As and other trace 
elements were found to be below the detection limit and for statistical analysis those 
measurements were replaced by the values of detection limit. 

4.4.4. Scaling-up of  safe water access through installation of  IDTW 
Eventually installation of all the IDTW in a systematic approach taking the relevant social aspects 
into account, created an improvement in the safe water access scenario providing As-safe water 
to 19,536 people. In some areas intervened, the condition was so severe that there was no As-safe 
tubewell in 17 villages (from 9 mauzas), and in Mohanpur mauza under Mohanpur union, there 
was only 1 As-safe tubewell in 5 villages with a total population of 1641. Based on the number of 
As-safe tubewells for a certain number of population, such as, 1 As-safe tubewell accessible by 
50, 100, 500 and above 500 people, a significant improvement in safe water access (Figure 38) has 
been achieved through the installation of IDTW. 

Figure 38. Improvement in safe water access in the Matlab area from installation of 
IDTW in a planned manner. 
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5. SUMMARY OF FINDINGS AND CONTRIBUTION TO SCIENCE AND 
THE SOCIETY 

This section presents the summary of the findings in a sequential manner with respect to the 
specific objectives outlined in section 2.2 and also the studies that have been carried out 
accordingly. It also describes how this study eventually contributes to science and society, field 
level application for mitigation, and also policy making and in developing strategy for scaling-up 
safe water access in As affected areas. 
When many people are still exposed to As contamination and under serious health threat, we are 
trying to provide safe water using different alternative drinking water options. It is true that one 
single option is not applicable for the entire country, but we need to know what is the most 
optimum option and for developing which option we need to give our best effort so that it can 
truly contribute to the improvement of safe water access. This was the first question for this 
study. Based on evaluations of different alternative safe drinking water options, this study gives a 
very clear picture that the tubewell is the most widely accepted option among the end users and 
As-safe tubewells brought a very clear impact on the water use pattern (Paper I-Hossain et al., 
2015). 
Among safe water options distributed, 13% of Pond Sand Filter, 40% Rain Water Harvester and 
93% of tubewells were found functioning. None of the filters was found in use. Tubewell water 
uses were found to be increased from 58% to 89%. The main reason for the abandonment of 
filters was found to be high cost and complicated maintenance. The use of RWH and PSF was 
not found user friendly and ensuring year round water quality is a major challenge. Arsenic-safe 
tubewell was found as a widely accepted option mainly because of its easy operation and 
availability of water, good water quality and negligible maintenance. This study validated 
tubewells as the most feasible drinking water supply option. This evaluation holds significance for 
all stakeholders relevant to water supplies which includes policy makers, implementers, and 
development partners and also aids in making a sustainable development plan for water supply to 
avoid unwanted waste of resources. This finding is very clearly supplemented by the outcome of 
the latest national census carried out in the country in 2011 which says that 91% of the total 
households rely on tubewells for their drinking water supply. This part of the study is more 
concerned with social aspects and holds importance/significance as we do research to make it 
beneficial to the society, the ultimate target. As tubewells have been identified as the most widely 
accepted and technically suitable option and more than 90% of the tubewells are installed by the 
local tubewell drillers through community initiatives, tubewell drillers have been recognized as 
important stakeholders in the business of tubewell installation and thereby scaling up safe water 
access. 
When tubewells have been identified as the most widely accepted option for drinking water 
supply, the next question arises; what science do we need to understand for the installation of 
safe drinking water tubewells. This necessitates the investigation of the groundwater system 
(subsurface geology) in terms of the characterization of aquifers and aquitards and also the water 
chemistry of the respective aquifers with emphasis on As. This understanding is also important 
when we need to install the tubewells at an affordable cost. Considering this as the second 
question, the subsurface geology was investigated in terms of relative depth - shallow, 
intermediate deep and deep. Depth is an important factor related to the groundwater quality, 
targeting As-safe aquifer and also the cost of tubewell installation. Here the study examined the 
hydraulic behavior of the system through monitoring of hydraulic head to understand the 
hydraulic connectivity between the aquifers and detailed hydrochemical characterization of 
shallow, intermediate and deep systems. This was done to evaluate their suitability in the context 
of the installation of As-safe tubewells. Within the depth explored up to 250 m, monitoring of 
shallow, intermediate deep and deep aquifer systems revealed that As-contaminated groundwater 
occurs mainly in the shallow first aquifer (Paper II). This aquifer composed of black colored 
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sediments extends throughout the study area. Many variations were observed in the second 
aquifer, which is also within the shallow reach and exploitable by manual boring (sludger) 
technique. These variations are related to the local hydrogeological settings in terms of the 
distribution (geometry) of aquifer and aquitard and also the color of the aquifer sands that reflect 
the varied redox states of the sediments. Oxidized and/or less reduced sediments characterized 
by red and off-white color provide As-safe groundwater, and these sediments occur mostly in the 
southern part of the study area. In some areas in the north, this second aquifer is also 
contaminated and mostly composed of black colored sands. The intermediate deep and deep 
aquifers mostly belong to the third aquifer which was found to contain As-safe drinking water 
(Paper II). 
Based on the above-mentioned monitoring and taking into account the hypothesis of sediment 
color and corresponding redox status related to water quality, and also considering the local 
tubewell driller’s role; an extensive investigation was done to correlate sediment color with the 
respective water quality. A simplified ‘sediment color tool’ has been developed for the installation 
of As-safe shallow drinking water tubewells considering the significance of the role of local 
tubewell drillers and their perception of sediment color (Paper III-Hossain et al., 2014). 
Validation of the sediment color was done through characterization of 2240 sediment samples in 
a scientific manner using Munsell color and code to make it consistent and replicable elsewhere. 
Water chemistry results of 521 groundwater samples collected from 144 wells following the 
standard protocol and laboratory analysis allowed this study to establish the linkage between 
sediment color and water quality with great confidence to develop the methodology. 
Elevated As was observed mostly in groundwater collected from the wells installed in black 
sediments. Among 66 wells installed in black sediments, 83 % (n=55) and 91% (n=60) of the 
wells failed to comply to the BDWS (50 µg/L) and WHO guideline value of 10 µg/L. All 39 wells 
producing water from red sediments provide safe water compared to BDWS with a mean and 
median values less than the WHO guideline value of 10 μg/L. Observations for off-white 
sediments were also quite similar to the red sediments. White sediments were relatively rare at 
shallow depths. This simplified sediment color tool would be extremely useful for avoiding 
installation of tubewells in As-contaminated aquifers and targeting As-safe aquifers. Extensive 
occurrence of these red and off-white sediments over an area of about 45,000 km2 in Bangladesh 
and West Bengal, India has been indicated by Hoque et al. (2014). This holds a great potential for 
the use of this sediment color tool for the installation of As-safe shallow drinking water tubewells 
using the local technology at an affordable cost which can be borne by the local community 
including the disadvantaged poor section of society. This tool would also be helpful to enhance 
the knowledge and capacity of the local tubewell drillers in the practice of safe tubewell 
installation and thereby the development of their entrepreneurship. 
Although the red and off-white sediments provide As-safe water, elevated Mn in these waters 
could be a health concern. Arsenic is a high priority contaminant in terms of toxicity, but 
considering the long-term desire to develop a low-Mn drinking water supply; this study pioneered 
the hydrogeological characterization of the intermediate deep aquifer. Hydrogeological 
exploration expanded around the monitoring piezometer nests through drilling up a depth of 
120 m and installation of clusters of tubewells in a systematic manner showed a similar 
hydrochemical buffer around the monitoring piezometer and proved IDA as a potential source 
for As-safe and low-Mn water. Bangladesh drinking water standard for As (50 µg/L) exceeded in 
only 3 wells (1%) and 99% (n=240) were found to be safe. More than 91% (n=222) were found 
to comply with the WHO guideline value of 10 µg/L. For Mn, 89% (n=217) of the wells show 
the concentration within or below the previous WHO guideline value of 0.4 mg/L, with a mean 
and median value of 0.18 and 0.07 mg/L respectively. The IDA explored in the Matlab area 
shows a clear pattern of low As and Mn and availability of similar sand at this depth range could 
be a new horizon for tapping safe drinking water at about half the cost of deep tubewell 
installations. This part of the study also provides a simple strategy concerning the installation of 
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some test wells and then planned scaling-up installation of drinking water tubewells based on test 
well results. Thus this IDTW could now be considered as a new As mitigation option at lower 
cost compared to the present deep hand tubewell option (Paper IV). 
The findings and conclusions made this study a comprehensive approach and strategy for 
replication towards As mitigation and scaling-up safe water access in other areas of Bangladesh 
and elsewhere having a similar hydrogeological environment. 
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