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A B S T R A C T   

Groundwater with an excessive level of Arsenic (As) is a threat to human health. In Bangladesh, out of 64 dis
tricts, the groundwater of 50 and 59 districts contains As exceeding the Bangladesh (50 μg/L) and WHO (10 μg/ 
L) standards for potable water. This review focuses on the occurrence, origin, plausible sources, and mobilization 
mechanisms of As in the groundwater of Bangladesh to better understand its environmental as well as public 
health consequences. High As concentrations mainly was mainly occur from the natural origin of the Himalayan 
orogenic tract. Consequently, sedimentary processes transport the As-loaded sediments from the orogenic tract to 
the marginal foreland of Bangladesh, and under the favorable biogeochemical circumstances, As is discharged 
from the sediment to the groundwater. Rock weathering, regular floods, volcanic movement, deposition of 
hydrochemical ore, and leaching of geological formations in the Himalayan range cause As occurrence in the 
groundwater of Bangladesh. Redox and desorption processes along with microbe-related reduction are the key 
geochemical processes for As enrichment. Under reducing conditions, both reductive dissolution of Fe-oxides and 
desorption of As are the root causes of As mobilization. A medium alkaline and reductive environment, resulting 
from biochemical reactions, is the major factor mobilizing As in groundwater. An elevated pH value along with 
decoupling of As and HCO3

� plays a vital role in mobilizing As. The As mobilization process is related to the 
reductive solution of metal oxides as well as hydroxides that exists in sporadic sediments in Bangladesh. Other 
mechanisms, such as pyrite oxidation, redox cycling, and competitive ion exchange processes, are also postulated 
as probable mechanisms of As mobilization. The reductive dissolution of MnOOH adds dissolved As and redox- 
sensitive components such as SO4

2� and oxidized pyrite, which act as the major mechanisms to mobilize As. The 
reductive suspension of Mn(IV)-oxyhydroxides has also accelerated the As mobilization process in the ground
water of Bangladesh. Infiltration from the irrigation return flow and surface-wash water are also potential factors 
to remobilize As. Over-exploitation of groundwater and the competitive ion exchange process are also respon
sible for releasing As into the aquifers of Bangladesh.   
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1. Introduction 

Arsenic (As) is a ubiquitous element and is ranked 20th in abundance 
within the earth’s crust, ranked 14th in seawater, and ranked 12th in the 
human body (Flora, 2015). As and its compounds are transportable in 
surface and subsurface environments. The weathering of rocks converts 
arsenic sulfide into arsenic trioxide. As is a toxic element that normally 
originates in subsurface water and is one of the major important 
groundwater contaminants. Thus, As comes enters As cycle as dust 
and/or by dissolution in rain, open water (such as rivers, ponds) and 
groundwater (Chowdhury et al., 2018; Cui et al., 2018; Minatel et al., 
2018). Therefore, As contamination in groundwater is a severe risk to 
humans throughout the world. As can penetrate into the food chain 
through plants and animals. As a result, living organisms (plant and 
animal) throughout the world are exposed to the toxicity of As. Initially, 
As is spread by air, food, and water (both surface and ground) and then 
enters the human body (Ahmed et al., 2016a; Zhu et al., 2019; S€onmez 
et al., 2016; Turan et al.,2017, 2018; Zahida et al., 2017). Naturally 
occurring inorganic As is the major source of As in Bangladesh (Alam 
and McPhedran, 2019; Bose and De, 2013; Islam et al., 2017b). How
ever, more and long-term inclusion of As with food along with water 
causes arsenicosis which is responsible for many serious diseases 
(Bhowmick et al., 2018; Rahman et al., 2018a; UNICEF, 2007). It is 
projected that approximately 100 million people throughout the world 
are at risk of As contamination; interestingly most of those at risk are 
from developing countries. To date, arsenicosis has become the largest 
chemical threat to the public health (Sharma et al., 2014). Recently, the 
large amount of As poisoning in the South East Asian nations has become 
a major socioeconomic and health crisis (Argos et al., 2007; Bhatta
charjee et al., 2019; Garshick et al., 2017; Khan et al., 2009; Mahmood 
and Halder, 2011). 

Since the 1970s, As contamination in the environment (human and 
physical) has been reported worldwide (Singh et al., 2015). As occur
rence in drinking water has risen across geographic borders and has 
caused a global environmental and socio-economic threat. Occurrence 
of high As in drinking water is considered a serious health hazard all 
over the world (Agusa et al., 2014; Ahmed et al., 2016b; Barats et al., 
2014; Bortnikova et al., 2012; Brima et al., 2006; Dousova et al., 2016; 
Fang and Chen, 2015; Fransisca et al., 2015; Li et al., 2016; Maizel et al., 
2016; Martin et al., 2015; Martínez-Villegas et al., 2013; Pell et al., 
2013; Pi et al., 2016; Su et al., 2016; Wang et al., 2009; Xie et al., 
2012b). Recently, the environmental fate and behavior of As have 
become a focus in southeast Asia. Bangladesh and West Bengal, India, 
are mostly invaded and vulnerable areas due to the elevated As con
centration in groundwater (Banerjee et al., 2017; Rahman et al., 2015). 
According to a World Health Organization (WHO) report, As occurrence 
in the groundwater of Bangladesh is “the largest mass poisoning of a 
population in history” (Singh et al., 2015). However, Bangladesh is 
composed of four principal geomorphologic regions, namely, a Flood 
plain, Deltaic, Fig. 1 and and Hill tract. Water analysis demonstrates that 
the hand tube-wells from the Fig. 1 and as well as Hill tracts are mostly 
free of As contamination, but the Flood plains, Deltaic regions, and 
Coastal areas are highly As-contaminated (Chakraborti et al., 2010). The 
groundwater of 50 out of 64 districts (Fig. 1) contains As exceeding the 
Bangladesh standard (50 μg/L). Moreover, 59 districts contained a 
higher content of As than the WHO recommended value (10 μg/L) for As 
in potable water (Chakraborti et al., 2015). So far, the government of 
Bangladesh is not very aware of As pollution problem. For example, the 
WHO has recommended the limit of groundwater As to be a standard of 
10 μg/L worldwide and for Bangladesh, 50 μg/L (Goel et al., 2019; 
Kippler et al., 2016). However, approximately 57 million people 
world-wide and 35 million people in Bangladesh are drinking water with 
an As concentration above the WHO and Bangladesh standards (Bod
rud-Doza et al., 2016). 

However, several research studies related to As contamination and 
its risk to human health, society and the environment as well as the 

hydrogeochemistry and geochemical processes of As enrichment and 
mobilization in the groundwater in Bangladesh have been performed 
(Ahmad et al., 2007; Ahmed et al., 2004; Ahmed et al., 2016a; Alam and 
McPhedran, 2019; Argos et al., 2007; Dhar et al., 1997; Dowling et al., 
2002; Harvey et al., 2006; Hasan et al., 2009; Huq et al., 2019; Joseph 
et al., 2015a, b). Nevertheless, a few systematic review studies have 
been performed regarding the As enrichment and mobilization processes 
in the groundwater environment in Bangladesh. Moreover, the origins of 
As in the groundwater environment are well understood for many areas 
across the world. Therefore, a more detailed study is required to char
acterize the complex processes of As enrichment and mobilization in 
groundwater aquifers and its matrix in Bangladesh. The objective of the 
current review is to provide an extensive study of the different processes 
as well as the factors responsible for the enrichment of As and for con
trolling the geochemical routes for As mobilization in the groundwater 
environment in Bangladesh. This review will help the researchers to 
discover the specific reasons for As the enrichment and mobilization 
processes in the groundwater in Bangladesh. 

2. Chemical form of Arsenic 

In natural environment As is a ubiquitous heavy metal and extremely 
toxic for the all living organisms. It is a crystalline “metalloid”, and a 
natural constituent, characterized by in-betweens metals as well as 
nonmetals (Mandal and Suzuki, 2002). It exists mostly within four 
oxidation forms, namely arsenic [As (0)], arsenate arsenite [As(III)], 
arsine [As� (III)], and [As(V)]. The solubility of it depends on the pH 
along with ionic environment. Among the four forms of As, the As(V) is 
the most durable form (Gupta et al., 2011; Sharma and Sohn, 2009; Zhao 
et al., 2010). Thermodynamically As(V) is stable in the aerobic water, 

Fig. 1. As distribution of all geo-morphological regions in Bangladesh (Chak
raborti et al., 2015). 
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whereas As(III) is predominantly reduced in redox environment. As can 
be found in environment with different chemical forms for instance 
arsenobetaine [(CH3)3As þ CH2COOH], monomethylarsonic acid 
[CH3AsO(OH)2], trimethylarsine oxide [(CH3)3AsO], dimethylarsinic 
acid [(CH3)2As(OH)], arsenolipids, arsenocholine, arsenosugars, etc. As 
(III) is typically more poisonous than that of As(V) (Abedin et al., 2002). 
Moreover the dimethylarsinous acid as well as monomethylarsonous 
acid are much toxic than that of their original compounds (Mass et al., 
2001; Petrick et al., 2000). However, there are four majors As species are 
occurred in water with two inorganic forms such as [arsenite (H2AsO3

� ) 
and arsenate (H2AsO4

� )]. These types of As are usually available in 
groundwater of Bangladesh. Another two are found in organic forms for 
instance monomethylarsonic acid [CH3AsO(OH)2] as well as dimethy
larsinic acid [(CH3)2As(OH)] (Hossain, 2006; Singh et al., 2015). 

3. Evolution and occurrence of Arsenic in Bangladesh 

The As contamination in Bangladesh groundwater was first proved 
by DPHE (Department of Public Health Engineering) in the district of 
Chapai Nawabganj in late 1993 (BGS and DPHE, 2001). Some 23,000 
tube-wells were randomly checked by the staff of DPHE to measure the 
level of As, and they found that the degree of the problem was very 
severe and identified that the centre part of the southeast Dhaka, capital 
of Bangladesh, was the worst affected area (Chakraborti et al., 2015). 
The northern parts of Bangladesh were found to be an ‘uncontaminated’ 
region in consideration of the prevailing As concentration of the 
Bangladesh standard (50 μg/L) for drinking water. However, a number 
of hot spots were found in Northern Bangladesh since As patients were 
identified in this area. Subsequent testing of the tube-wells established 
the overall emergent pattern of the threat of As in the groundwater in 
Bangladesh. The shallow aquifer (<50 m) of Bangladesh produces 
highly As-contaminated groundwater. Several studies have demon
strated that the shallow aquifers from different parts of Bangladesh are 
badly affected by the high levels of As poison; comparatively, the deep 
aquifers remain safe from As contamination (<10 μg/L) (Duan et al., 
2017; Huq et al., 2018b; McArthur et al., 2001). 

However, the earliest incidence of As pollution in the groundwater of 
West Bengal, India, was observed in 1984 (Bhowmick et al., 2018). In 
1983, As poisoning in this area was first identified by K. C. Saha from the 
Department of Dermatology, School of Tropical Medicine. From the 
early 1980s, approximately 1068 As-related patients in West Bengal 
were observed because patients regularly used As-contaminated 
groundwater from tube-wells for drinking as well as other household 
purposes. Later, the School of Environmental Studies (SOES), Jadavpur 
University Calcutta, India, initiated their As field survey in 1988 and 
identified more than 600 As patients with skin lesions (Chakraborti 
et al., 2002). However, the severity of As poison in the groundwater of 
Bangladesh might be as intense as the severity of As poison in the 
groundwater of West Bengal. Therefore, the SOES informed the WHO 
and UNICEF (United Nations International Children Emergency Fund) as 
well as the government of Bangladesh in early 1994 regarding the 
probability of widespread As contamination in the groundwater in 
Bangladesh (van Geen et al., 2014). The international conference related 
to As was organized by SOES in Calcutta in February 1995 (Galbacs and 
Galbacs, 1995), and the delegates of the WHO, representatives of UNI
CEF in Bangladesh as well as government officials from Bangladesh were 
in attendance at this conference. However, in that conference, on one 
reported on the As pollution in the groundwater of Bangladesh (Chat
terjee et al., 2010; Islam et al., 2017e). Immediately after that interna
tional conference, some medical personnel of Bangladesh were 
contacted and notified SOES that for several years they had being 
dealing with skin lesion patients who were similar to the patients of West 
Bengal in the out-patient departments in their hospitals. In addition, the 
doctors admitted that during the conference period they were not aware 
that these types of skin lesions occurred as a result of As toxicity. Since 
1995, the number of people with skin lesions has increased in 

Bangladesh, predominantly from districts such as Faridpur, Cahndpur, 
Narayanganj, Satkhira, and Bagerhat. The patients from these districts 
started going to Calcutta, India, to receive treatment. Moreover, some of 
the patients carried hand tube-well water samples for As analysis. 
Interestingly, SOES found that most of the samples were highly 
As-concentrated (Hassan et al., 2005; Mahmood and Halder, 2011; 
Parvez et al., 2017; van Geen et al., 2014). 

In 1996, the Department of Geology and Mining, University of Raj
shahi, Bangladesh, sent some 600 groundwater samples to SOES 
collected from 4 districts (i.e., Rajshahi, Kushtia, Nawabganj, and Jes
sore) to be analyzed for the presence of As. Most of those groundwater 
samples were detected as having elevated As contamination (Dhar et al., 
1997; Rasul et al., 2002; Reza and Jean, 2012). In addition, two medical 
staff members of the National Institute for Preventive and Social Medi
cine (NIPSOM) were sent by the WHO to Bangladesh as well to the SOES 
to receive training for two weeks in June 1996 to understand the 
characteristic symptoms of arsenicosis. Those medical staff members 
also brought some hand tube-well water as well as biological samples 
from the affected districts from Bangladesh and found high levels of As 
in the samples. Subsequently, SOES and the NIPSOM worked together in 
Bangladesh and surveyed some districts. Approximately 750 ground
water samples from tube-wells along with approximately 300 hair, nail 
and skin samples were gathered from As-affected regions for As analysis. 
The analyzed samples were positive for elevated As contamination 
(Anawar et al., 2002; BBS and UNICEF, 2011; BGS and DPHE, 2001; 
Kinniburgh et al., 2003). Although the As contamination in the 
groundwater of Bangladesh was initially found in 1993, a detailed sur
vey of As contamination in groundwater was not started until 1996 
(Dhar et al., 1997). 

During 1998, an International Conference related to As was held in 
Dhaka, Bangladesh. After this conference, the scale of the groundwater 
As contamination in Bangladesh was exposed (Chakraborti et al., 2002). 
Throughout this conference, the SOES and Dhaka Community Hospital 
(DCH) collected approximately 8065 groundwater samples from hand 
tube-wells covering 60 districts across Bangladesh and noted that 66% of 
the tube-well water samples showed As exceeding 10 μg/L, which is the 
WHO guideline value for drinking water, and that 51% had As higher 
than 50 μg/L (Bangladesh standard) (Chakraborti et al., 2015). In 
addition, they also revealed that the As concentration of groundwater 
samples of 52 districts was higher than 10 μg/L and that for 41 districts 
was more than 50 μg/L. Consequently, the British Geological Survey 
(BGS) and the DPHE during March–June of 1998 and May–July of 1999 
conducted another survey. During those surveys, they collected 3534 
tube-well samples from all over the country (without Chittagong Hill 
tracts). After they analyzed the collected samples, they showed that 46% 
of the tube-wells had As above 10 μg/L and 27% exceeded 50 μg/L (BGS 
and DPHE, 2001). In addition, BGS and DPHE (2001) were informed 
that approximately 57 million world residents and 35 million residents 
of Bangladesh may be drinking As-polluted water with higher than the 
WHO guidance standard and the Bangladesh standard, respectively. 
Then, several surveys were conducted to analyze the magnitude of As in 
hand tube-well water over the country using field testing kits with the 
endeavors of a number of organizations, namely, the Bangladesh As 
Mitigation and Water Supply Project, Danish International Development 
Agency, DPHE/UNICEF, World Vision International and the Asia Arsenic 
Network, which were monitored by the National Arsenic Mitigation 
Information Centre. According to their database, it is estimated that 1.4 
of 4.8 million (approximately 30%) tube-wells of Bangladesh had As 
higher than 50 μg/L (Harvey et al., 2006). In Bangladesh, almost 20% of 
the shallow tube-wells contain As exceeding 50 μg/L, which is more than 
the Bangladesh standard. Some 8000 villages of the country where 80% 
of the hand tube-wells are As-contaminated showed 50 μg/L (Chakra
borti et al., 2015). 

The As concentration in the groundwater in Bangladesh has been 
found to be widely range (<0.5->4600 μg/L) (Alam et al., 2003; Bhat
tacharya et al., 2009; Bibi et al., 2008; Chowdhury et al., 2018; Harvey 
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et al., 2006; Radloff et al., 2007, 2017; Reza and Jean, 2012; van Geen 
et al., 2014; Whaley-Martin et al., 2017). In Bangladesh, approximately 
25% of the tube-wells are reported to contain As above 50 μg/L; even 
42% of the tube-wells exceeded the level of As of 10 μg/L (Mosler et al., 
2010). The Southern along with the Eastern regions of the country are 
the most badly As-contaminated regions, with almost 90% contami
nated tube-wells. However, in some districts, the number of 
As-contaminated tube-wells is very low (approximately 1%), and these 
districts are located in the Pleistocene upland of Madhupur along with 
the Barind tracts in Northern Bangladesh. Various As-contaminated 
‘hot-spots’ are observed in some of the Northeastern, Northwestern, 
Southwestern and North-central portions of the country (Huq et al., 
2018b; Islam et al., 2017f; Kanoua and Merkel, 2017; Majumder et al., 
2013; Reza et al., 2010a; von Br€omssen et al., 2014). More than 60% of 
the tube-wells of the Ganges-Brahmaputra flood plains and deltaic plains 
are As-contaminated, whereas 80% of the tube-wells from the shallow 
aquifer of the Meghna River catchment, including the coastal plain, are 
heavily As-contaminated. However, the Southern deltaic plains within 
the Ganges, Bramhaputra and Meghna (GBM) Rivers catchment of 
Bangladesh are excessively As-contaminated, more than the flood plain 
of northern parts of Bangladesh (Das et al., 2018; Edmunds et al., 2015; 
Hasan et al., 2009; Jung et al., 2015; Shamsudduha et al., 2008; Verma 
et al., 2015; Yu et al., 2015). The As concentrate shows an extensive 
range in spatial inconstancy, even at the local level (tube-well to 
tube-well), that makes it too hard to forecast As concentration for the 
unsampled tube-wells, even with the information of the As concentra
tion of the adjacent tested tube-wells (Chowdhury et al., 2018; Fendorf 
et al., 2010; Hassan et al., 2003; Islam et al., 2017a, 2017c; Pi et al., 
2016). 

The occurrence of As also varies based on depth. Highly As- 
contaminated groundwater in Bangladesh is observed at a depth of 38 
m, indicating transportation and release of As at shallower depths, as 
suggested previously (Aziz et al., 2017; Kanoua and Merkel, 2017; 
Munoz et al., 2013; Ramos et al., 2014). As discharge at this depth might 
also occur because of the low adsorption ability of the Fe-sulfide min
erals (Cao et al., 2018). Most of the shallow aquifers (<50 m) in 
Bangladesh are producing highly As-contaminated groundwater. The 
shallow aquifers of Bangladesh are badly affected by high As compared 
to the deep aquifers. The deep aquifers still remain safe from the As 
poison (Michael and Khan, 2016; Mosler et al., 2010; Mukherjee and 
Fryar, 2008). The shallow groundwater (10–50 m) of the delta aquifers 
is mostly composed of unconsolidated sediments and has a high As 
concentration (Radloff et al., 2017; Wang et al., 2019). However, the 
complexity of As occurrence depends on the pattern of both depth as 
well as geological setting of a certain area (Guo et al., 2017; Hasan et al., 
2009; Hussain and Abdullah, 2001; Kinniburgh and Smedley, 2001; von 
Br€omssen et al., 2014). The differences in As concentrations within 
shallow and deep aquifers could be attributed to the total As concen
tration in the sediment. In addition, As in the sediment also depends on 
the size of the grain, the capability of sorption regarding the grains of the 
sediment, the condition of redox in the aquifers, the duration of the 
groundwater flushing, as well as the circumstances of artificial with
drawal of groundwater (Freikowski et al., 2013; Lin et al., 2017; 
McArthur et al., 2001; Schaefer et al., 2017; Stollenwerk et al., 2007). 

4. Groundwater Arsenic and the public health threat 

As exposure to humans occurs via ingestion, breathing, dermal 
contact, as well as genetically. Mostly, diet is the major source of As 
exposure for humans, while ingestion from air and soil is normally a 
much smaller source (Khan et al., 2009; Ourshalimian et al., 2019). In 
Bangladesh, the worst effects of As on human health were first observed 
in 1993 (Kile et al., 2016; Smedley and Kinniburgh, 2002). The common 
health consequences of As include hindrance in the development of 
children, skin disorders (e.g., melanosis, hyperkeratosis, leucomela
nosis, keratosis, even skin cancer), hypertension, non-pitting edema, 

gangrene, intestinal cancers (i.e., bladder, kidney, and lung), tangential 
vascular disease, ischemic heart disorder, cardiovascular disease, 
restrictive pulmonary infection, problems with respiration, hyperten
sion, as well as diabetes mellitus (Ahmed et al., 2016a; Alamdar et al., 
2017; Attreed et al., 2017; Bhowmick et al., 2018; Chatterjee et al., 
2010; Edmunds et al., 2015; Fendorf et al., 2010; Joseph et al., 2015b; 
Khan et al., 2009; Kumar et al., 2016; Kurzius-Spencer et al., 2017; Liu 
et al., 2017; Luong et al., 2018; Ng et al., 2003; Rahman et al., 2018a; 
Saha et al., 1999; Smedley, 2005; Smith et al., 2000; UNICEF, 2007). 

The brutality of the hostile health effects of As poisoning depends on 
the magnitude of As exposure. The health effects are also associated with 
the chemical type of As, the inherent toxicity, the time of exposure, and 
the level of the dose (Mateen et al., 2017). A long-term As-exposed 
condition is the cause of a large number of diseases and adverse health 
consequences (Guo and Tseng, 2000; Islam et al., 2017e). There is a 
positive correlation between elevated As in potable water and the inci
dence of bladder cancer. Islam et al. (2017e) reported that long-term use 
of As-enriched groundwater (As level 10 μg/L and 50 μg/L) might be the 
cause of unfavorable health effects. It is estimated that approximately 1, 
200,000 cases of hyperpigmentation, 600,000 cases of keratosis, 125, 
000 cases of cancers, and surprisingly, 6,000 deaths due to internal 
cancer occur in Bangladesh per year owing to As contamination of 
drinking water and the food chain (Ahmed et al., 2017). This estimation 
is not certain due to data limitations. Methylation is the most important 
detoxification metabolic process of inorganic As in the human body. The 
toxicity of As and its impact on public health could be evaluated by using 
conventional risk estimation processes, for example, identifying the 
level of risk, evaluating the dose response, estimating exposure, and 
characterizing risk as well as risk management (Alamdar et al., 2017; 
Mateen et al., 2017; Yu et al., 2017). Throughout the dose response 
investigation, Bibi et al. (2008) reported that the As intoxication risk 
increases with exposure. Several previous studies found a significant 
positive relationship between the level of As in drinking water and rate 
of the mortality caused by different types of cancer (Hsueh et al., 2017; 
Rahman et al., 2015; Saint-Jacques et al., 2018). 

The intake level of As with potable water has not yet been clearly 
determined. However, a maximum intake of 1 μg/L/day of As would 
lead to cancer (Cheng et al., 2017). In addition, the WHO advised that 
consumption of 2 μg/L/day As can lead to skin lesions over several years 
(WHO, 2011). Therefore, the existing level of As risk to humans needs to 
be assessed on the basis of experimental epidemiological results and 
investigational data, along with information about the human vulnera
bility to As in drinking water. A study was conducted in an As-affected 
region of Bangladesh and reported that the level of chronic disease of 
the residents of that area was approximately 47%. Moreover, 69% of the 
dwellers were found to have arsenicosis with malnutrition (Rahman 
et al., 2018a; Sharma and Flora, 2018). Banerjee et al. (2017) have 
demonstrated that biomarkers are an early biological consequence of the 
ingestion of inorganic As and include the blood level of responsive ox
idants as well as their antioxidant ability, the genetic issue of provoca
tive molecules, and cytogenetic changes. The level of As in the nails, 
hair, and urine is a biomarker of a short-term internal dose as well as the 
impact of long-term internal doses as causes for skin hyperpigmentation 
along with palmoplantar hyperkeratosis (Hassan et al., 2003). However, 
exposure to the level of As of more than 0.103 μg/L in the drinking water 
caused dermatological sickness in As-polluted areas of Bangladesh 
(Islam et al., 2017b; Rahman et al., 2018a). 

5. Studies of groundwater Arsenic 

A number of studies have been performed to explore the problems 
and find solutions related to the high levels of As in the groundwater in 
Bangladesh. During the last three decades, many researchers have 
conducted several research studies covering different aspects such as 
natural (e.g., geological) and anthropogenic (i.e., pumping of water, 
mining) causes of As occurrence and mobilization in groundwater, cause 
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and impacts of As in agricultural land and surface water, bad effects of 
As on human health and the consequences of socioeconomic difficulties 
for As victims. As affects the human health at the beginning of life even 
from the pregnancy (Kile et al., 2014; Lee et al., 2017; Mazumdar et al., 
2014; Rahman et al., 2011, 2018b). Kile et al. (2016) conducted a study 
of the As-exposed women from Bangladesh to evaluate the relationship 
between anemia and As-proactive skin lesions. They found that As 
proactive skin lesions occurred roughly three times more among those 
women who had anemia. In addition, pregnant women are mostly 
exposed to water and food as well as air sources of As because Shih et al. 
(2017) demonstrated a significant relationship between prenatal As 
exposure and the risk of stillbirth. They also argued that there is a high 
risk of child mortality which depends on the prenatal As exposure. As 
exposure for the newborns can happen due to the As contamination in 
the breast milk as well. A most recent study (Bassil et al., 2018) on the 
influence of toxic metal contagion in the breast milk demonstrated that 
infant intake of Pb, Cd, and As from the breast milk can be the hazardous 
elements for them. Moreover, As is the cause of the various types of 
cancers and the influential factor for different chronic (Joseph et al., 
2015b; Ourshalimian et al., 2019). 

In Bangladesh, the groundwater As contamination creates wide
spread social troubles for the victims and for the As-affected families 
(Hadi and Parveen, 2004; Mondal et al., 2017; Mosler et al., 2010; Paul, 
2004; Rahman et al., 2018a). Mahmood and Halder (2011) found that 
As-affected patients face severely pessimistic social negligence, and 
there is a significant difference in perceptions about the As and the social 
issues among the As-affected patients and non-affected people. In the 
society, As-invaded people are banned from the social activities, even 
often facing rejection from their own family members (Mosler et al., 
2010; Shih et al., 2017). Moreover, As-affected unmarried women are 
incapable of getting married. In some cases, the As-affected housewives 
are being divorced. As-affected children are not going to school to hide 
the problem (Alamdar et al., 2017; Kippler et al., 2016; Minatel et al., 
2018; Rahman et al., 2018b). However, As contamination in ground
water also creates widespread economic problems for the As victims. For 
example, Nahar (2009) found that in a rural area in Bangladesh, the As 
levels of the male patients are found to be higher than the As level of 
female patients. The occurrence of the arsenicosis problem is more 
intense among the poor, which is directly associated with the poverty 
circumstances (Argos et al., 2007; Chowdhury et al., 2006; Garshick 
et al., 2017; Rahman et al., 2018a). 

Moreover, the As contamination problem in Bangladesh reveals a 
significant association between the poverty and the arsenicosis (Argos 
et al., 2007). Many of the impoverished people in the countryside are 
occupied with either agricultural activities or with daily labor. However, 
if the employer identifies the employees with arsenicosis disease, then 
the employer does not appoint them. Even after appointment, whether 
the employers find their sickness, then As-affected workers lose their 
jobs immediately (Mosler et al., 2010). Ahmad et al. (2007) conducted a 
study on the socioeconomic problems related to arsenicosis in 
As-affected regions in Bangladesh, and they revealed that approximately 
58.6% of the respondents had arsenicosis patients in their own family 
and experienced the common economic crisis due to the arsenicosis. 
Furthermore, they identified that the As victims were losing their work 
efficiency and facing financial difficulties owing to being dropped from 
their work. They were even unable to get a new job due to their lower 
efficiency in work. However, there are some technologies that have been 
developed in the countryside of Bangladesh based on scientific methods 
and indigenous knowledge to remove the total As from water (Azamat 
et al., 2018; De and Maiti, 2011; Deschamps et al., 2005; Guo et al., 
2007; Kabir and Chowdhury, 2017; Mukherjee et al., 2007; Wang et al., 
2017, 2019; Zhang et al., 2003). Mondal et al. (2017) attempted to 
assess the social consequences of the As removal technologies for the 
lives of the As-affected people. 

In Bangladesh, the newly formed (Holocene) alluvial as well as 
deltaic plains are mostly affected by As while the older (Pleistocene) 

alluvial is less affected (Nahar, 2009; Reza and Jean, 2012). BGS and 
DPHE (2001) analyzed the deep groundwater samples collected from 
coastal areas and recommended that this deep groundwater samples 
might not be like those somewhere else in Bangladesh. Consequently, 
they suggested that the quality, quantity as well as sustainability of the 
groundwater resource of the county need to be estimated along with the 
consideration of the potential consequences of large-scale artificial 
groundwater withdrawn for irrigational purposes from the deep aqui
fers. Rasul et al. (2002) identified the species of As from 18 districts in 
Bangladesh and showed that 60% of the analyzed samples had the most 
poisonous As(III) of 10 μg/L, and 44% had 50 μg/L. Specifically, they 
demonstrated that the As(III) of Bangladesh was distributed within 
100–200 feet in the deep aquifers. However, the geochemistry and As 
distribution of the groundwaters of the Meghna River deltaic plain of 
Bangladesh was analyzed by Bibi et al. (2008). They also evaluated the 
As mobilization potentiality from the host sediment into the ground
water and concluded that As is released in the organic fractions of the 
sediments even though the dissolution of iron and Ca2þ is too low. 
Similarly, von Br€omssen et al. (2014) conducted a hydrogeological study 
in southeastern Bangladesh, and reported that the hydraulic heads are 
influenced locally and seasonal pumping occurs. Moreover, the 
groundwater is naturally recharged by monsoonal replenishment. This 
study identified two-flow systems including: (i) the deeper and regional 
flow systems that have originated from the recharge regions (i.e., Tri
pura Hills), and (ii) the shallow and local flow systems originating from 
the local topography as well as from the local groundwater recharge 
which increases the level of As in the shallow aquifers. Islam et al. 
(2017f) argued that the groundwater flow from the Patuakhali district, 
Bangladesh, is very dynamic, flushing as well as it transports the solute 
loads to the aquifer with little recharge from the ponds, the rivers and 
the rice fields. Ponds are receiving household waste water from villages 
and are acting as another possible source of the organic carbon in the 
groundwater systems (Alam and McPhedran, 2019; Freikowski et al., 
2013; Gong et al., 2015; Whaley-Martin et al., 2017). In addition, irri
gation greatly changes the location, time and the chemical quantity of 
the aquifers. In addition, in the dry season, the large flux cycling of 
irrigational water throughout the rice fields as well as the biogeo
chemical cycle of As and Fe (Tareq et al., 2003) could mobilize the As 
from oxidized near-surface sediments (Harvey et al., 2006). The dis
solved organic matter in the groundwater environment of Bangladesh (e. 
g., Faridpur District, located in the Ganges flood plain and Sonargaon 
from the Meghna flood plain) exhibits a significant relationship between 
the fluorescence intensity of the small molecular fraction and the As 
concentration that plays a vital role in the As and toxicity mobilization 
(Tareq et al., 2013). A notable work by Hossain et al. (2013) was con
ducted in the Kushtia district, and the authors mentioned that the 
reductive solution of MnO(OH) as well as FeO(OH) that is mediated by 
the anaerobic bacteria subsequently acts as the major mechanism to 
mobilize As in the groundwater. In that study, they used groundwater 
samples without analyzing isotope geochemistry. Studies on the pres
ence of As in soil, plants, and vegetables in Bangladesh have also been 
conducted. 

After analyzing groundwater and soil samples, Das et al. (2004) 
mentioned that all the water and soil samples crossed the accepted limits 
of As (10 μg/L). At the same time, they showed that the rice grain did not 
contain As concentrations above the WHO suggested value (10 μg/L) but 
the roots of the rice plant had elevated As concentration. Moreover, As 
contents of some vegetables [potatoes (Solanum tuberisum), Kachu sak 
(Colocasia antiquorum), as well as Kalmi sak (Ipomoea reptoms)] 
exceed the food safety limit. Similarly, Alam et al. (2003) found that 
some other vegetables such as green papaya, snake gourd, elephant foot, 
ghotkol, taro, and the leaf of bottle ground also contain elevated levels of 
As. Some of these vegetables also accumulated some heavy metals (e.g., 
zinc, lead, and copper). A huge number of the people of Bangladesh take 
in As via water and food (Bakhat et al., 2017; Islam et al., 2017e; Ohno 
et al., 2007). This intake is happening due to the irrigation with 
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As-contaminated groundwater in the agricultural land (Das et al., 2004). 
As is also polluting the soil of Bangladesh (Islam et al., 2017d; Shriv
astava et al., 2017; Van Geen et al., 2006). Irrigation water flow in
fluences the As transportation system into the naked rice-field soils and 
puts As into the groundwater through abiotic as well as biotic desorption 
(Polizzotto et al., 2013). Recently, Chowdhury et al. (2017) mentioned 
that the As concentrations in the paddy soil is higher relative to the 
non-paddy soils. They also argued that those soils, irrigated with 
groundwater, had higher As concentrations than the soils irrigated by 
the surface water. They differentiated the As concentration between the 
Holocene flood plains and Pleistocene terraces and concluded that the 
Holocene flood plain soils contain more elevated As than the other el
ements. In consideration of their study, it is also obvious that As is most 
probably correlated with the weathered or leached soils owing to the 
young geological setting of the Holocene sediments. 

However, several explorations have been performed to investigate As 
mobilization mechanisms and the As source(s) in the groundwater of 
Bangladesh. The investigators have ensured that the dissolved natural 
matter and the inorganic solution of Fe–Al oxyhydroxide are typically 
responsible of mobilizing As in the aquifers of Bangladesh (Cui et al., 
2018; Martin et al., 2015; Pi et al., 2017b; Radloff et al., 2007). More
over, reductive suspension of MnOOH as well as FeOOH mediated from 
anaerobic microbes is considered the major mechanism to release As in 
the groundwater (Gomez-Gonzalez et al., 2016). In addition, human 
activities (such as irrigation) also play a significant role in the timing, 
forms of the chemical and setting of an aquifer (Xiao et al., 2017) even in 
As mobilization (Herath et al., 2016). However, the potential 
geochemical factors of As release and hydrogeochemical variation in 
low and elevated As groundwater are still not clear (Cui et al., 2018; 
Maier et al., 2017; Xu et al., 2017; Zhang et al., 2017c). Moreover, the 
geochemical processes of high As groundwater aquifers have not been 
explored absolutely, and the major origins of As in groundwater are not 
yet well understood (Abass et al., 2016; Bibi et al., 2017; Hasan et al., 
2009; Nazari et al., 2017). 

Meanwhile, numerous studies have offered significant information 
concerning the groundwater geochemistry of Bangladesh. Most of those 
research studies were conducted by the conventional techniques of the 
hydrogeological investigations and explored to find the reasons for As 
enrichment and the factors of As release in groundwater. For instance, 
Bibi et al. (2008) evaluated the groundwater geochemistry of the 
Meghna River delta in Bangladesh to show As distribution and identify 
the potential As mobilization processes in aquifers. Similarly (Chowd
hury et al., 2017; Haque et al., 2015, 2017), discussed the causes of As 
occurrence and geochemical factors controlling the processes of As 
mobilization in the groundwater of Kushtia District, Bangladesh. How
ever, a remarkable study related to isotopes and hydrochemical tracers 
was performed by Majumder et al. (2013). They showed the connec
tivity of the river water and adjacent riverbank aquifers of southern 
Bangladesh. However, very few studies have focused on the evaluation 
of the hydrochemical as well as physical processes in the groundwater of 
Bangladesh using the hydrochemical and environmental isotopic data. 
To fill this research gap, need to characterize the major hydro
geochemical elements along with environmental isotopes of the 
groundwater. 

Research on the natural occurrence of As and other trace metals 
(TMs) in the groundwater and their consequences on human health has 
been conducted in some Asian countries and in Bangladesh as well. For 
instance, Rahman et al. (2016a) have shown the geochemical control of 
As occurrence as well as the distribution in the district of Manikganj, 
Bangladesh. Similarly, Islam et al. (2017c) have revealed the spatial 
distribution of TMs in the groundwater of Rangpur District, Bangladesh. 
Previously, Bayatkashkoli et al. (2017) demonstrated that the concen
trations of boron (B) and As are high in the floodplain agricultural soil in 
Bangladesh. However, so far, the concentration of As and B in ground
water of the country is a major issue of concern. These studies focused on 
the As and TMs distribution in groundwater systems and exhibit a 

distinct pattern in various areas in Bangladesh. Nevertheless, the 
co-occurrence of As and TMs in groundwater and the mechanisms of As 
release have not been explored in detail. 

However, numerous studies (Bhattacharya et al., 2009; Cui et al., 
2018; Freikowski et al., 2013; Guo et al., 2014; Postma et al., 2017; 
Rahman et al., 2016b; Tareq et al., 2013; Xu et al., 2017) have been 
completed and different hypotheses have been introduced to manifest 
the roots of elevated As concentration along with As release mechanisms 
in the groundwater. Tareq et al. (2013) noted that the incidence of As 
resulted from the geochemical as well as biogeochemical sequences of 
iron and sulfate. In addition, As mobilization is associated with the 
scrupulous behavior of natural matter. Some researchers (Duan et al., 
2017; Flora, 2015; Jung et al., 2015; Pi et al., 2017b; Schaefer et al., 
2017) have confirmed that redox environments are directly or indirectly 
coupled with the microbial activities as the typical mechanism to control 
the As mobilization process in aquifers. On the contrary, occurrence of 
high As in groundwater and As mobilization is associated with 
geochemically reduced subsurface environments and governed by the 
native geology and geomorphology as well as hydrogeology (Kinniburgh 
et al., 2003; Rahman et al., 2016b). In addition, As occurrence in the 
groundwater of Bangladesh is also linked to the hydrogeochemistry of 
sediment and groundwater along with anthropogenic activities. Various 
studies (Bibi et al., 2017; Das et al., 2018; Donselaar et al., 2017; Kin
niburgh et al., 2003; Reyes et al., 2015; Reza et al., 2010b; Smedley, 
2005; Verma et al., 2015; Welch et al., 2000) have mentioned that the 
biogenic reduction of Fe-oxyhydroxides with carbon inflow resulting 
from the large-scale irrigation are the major mechanisms to increase the 
geogenic As in the groundwater. The groundwater As of Bangladesh is 
mobilized by a combination of the physical and human processes (for 
instance, natural weathering, biological factions, and anthropogenic 
activities). 

6. Sources of Arsenic 

The Rajmahal Traps along with the Rajmahal Basin from India 
(adjacent to Bangladesh) are believed to be the potential sources of 
elevated As minerals (Anawar et al., 2002; Ayers et al., 2016). The 
sediments from the high As aquifers usually show high As content. 
Moreover, the hydrologic as well as the biogeochemical circumstances 
trigger the As mobilization process from these types of sediments under 
slow flow rate conditions (Freikowski et al., 2013; Xie et al., 2012a). In 
contrast, Wang et al. (2019) reported that the As-rich aquifers usually 
are situated adjacent to the young fold in mountainous areas. Hasan 
et al. (2009) claimed that the high As contaminated regions of the earth 
are situated in and/or near to the large sedimentary basins neighboring 
the main orogenic belts, demonstrating the significant role of the 
regional geological setting in controlling the As concentrations. The 
sources of As are discussed in the following section. 

6.1. Primary sources 

6.1.1. Geographical location and climatic condition 
The land surface of Bangladesh is developed from the GBM flood 

plain. The base metal sediments of the GBM flood plain are excessively 
localized and act as the potential origin of As. Gondowana coal of the 
Rajmahal contains high As, and the overlying basaltic rock is drained 
through the Ganges River as well as its tributaries. Thus, this Gondo
wana coal adds sediment in this area after it acts as the source of As. The 
tributaries of the Ganges flow contain base-metal deposits from the 
eastern Himalayas, and it is also believed to be a probable As source. In 
addition, the alluvial deposits of this area transport As from the Hima
layas. Owing to the shallow buried thickness of the superficial ground
water, arid climatic conditions might lead to mobilization of As in 
groundwater and then enrich the shallow aquifers. In terms of deep 
confined groundwater, climatic conditions had a slight effect on As 
enrichment. 
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6.1.2. Hydrogeological circumstances 
The geology of Bangladesh is generally distinguished by the alluvial 

as well as deltaic sediments developed from the GBM flood plain, which 
results from the Himalayan weathering (Dowling et al., 2002; Haque 
et al., 2015). The two main kinds of geological formations (Pleistocene 
antique alluvium and the Holocene sediments) are common in 
Bangladesh. This area is largely consisting of two sub-surface beds, 
including the top clay-silt-sand bed and the sandy bed with different 
sizes of grains. The formation of a sandy bed can be sub-divided into the 
fine, medium-fine, medium-coarse, and coarse sand as well as coarse 
sand along with gravel (Fig. 2). The shell geology is developed mostly 
from the flood plain. In addition, the surface area is still categorized as a 
reactive flood plain. This new flood plain includes clay and silt as well as 
fine-to-medium sized sand which are relatively slack and easily broken 
in nature, which facilitates the As enrichment process from shallow to 
deep aquifers (Islam et al., 2015). 

The rainwater and surface water (e.g., pond, river) with the atmo
spheric gas infiltrate into the water-saturated zone. This water then 
enters the phreatic zone and is isolated from the atmosphere. The aer
obic organisms consume oxygen to metabolize the organic matter and 
introduce carbon dioxide into the groundwater. After using all the ox
ygen, anaerobic microbes are converted to iron oxy-hydroxides to gain 
energy that introduces CO2, Fe, and As into the groundwater. The 
occurrence of dissolved As is controlled mainly by the biological activ
ities and adsorption reactions (Fig. 3). 

The major origins of sediments serve as the most important source of 
As. The As distribution map of Bangladesh (Fig. 1) shows that elevated 
As contamination occurs within the catchment area of the GBM river 
system, which strongly represents the various influential provenances 
(Edmunds et al., 2015; Jung et al., 2015). It also demonstrates that the 
Himalayas, situated in the north of Bangladesh, act as the parent rock of 
As (Hossain et al., 2013; Nath et al., 2008). Based on the previous studies 
(Ayers et al., 2016; Dowling et al., 2002; Freikowski et al., 2013; 
Smedley and Kinniburgh, 2002; Whaley-Martin et al., 2017) the po
tential As sources include ① the coal of Gondowana containing high As 
of the Rajmahal Trap region and the overlying basaltic rock of itis 
drained through the river of Ganges as well as its tributaries. Thus, this 
Gondowana coal adds sediment into Bengal Basin and subsequently it 
acts as the source of As in this basin; ② the tributaries of the Padma river 
mainly in North Bengal flowed via the Gorubathan base metal deposits 
carried with As enriched sediments from the eastern part of Himalayas 
that is also considered as a possible origin of As; ③ the Bihar mica belt 

(As concentration ranging from 0.08 to 0.12%) also believed the po
tential As source; ④ the alluvial sediments transport As from the 
Himalayas. It is mostly accepted source of As in this area; and ⑤ under 
the euxinic environment, the prevailing of the paleo-channels of Padma 
river, As occurs as the biogenic deposit. 

Volcanoes as well as fumaroles might function as the key primary As 
source. However, volcanoes are not supposed to contribute As to the 
groundwater of Bangladesh (Rahman et al., 2016a). The distinct sources 
of As in the aquifer of Bangladesh are still in need of exact identification. 
The Siwalik Cape is mostly formatted by the fluvial greywacke 
sand-stones with some of the silt as well as the clay. Several hot springs 
are present in the margin of Siwalik that transport As-contaminated 
magmatic water into the aquifers. Moreover, the mineralogy along 
with the fine grain of the Siwalik sediment containing high As can also 
be a cause of elevated As, which moreover exists in Fe and/or S-bearing 
minerals (Chakraborti et al., 2015; Wang and Shpeyzer, 2000; Yang 
et al., 2017). The Himalaya-derived As contaminated sediment of the 
Siwalik basin is hence defined as the depository source of As in 
Bangladesh (Fig. 4). Moreover, the ophiolite of the Indus-Tsangpo stitch 
zone is also regarded as a primary source of As, which was ultimately 
eroded from the Siwaliks in the period of Miocene as well as Pleistocene 
and consequently weathered significantly during the Holocene (Huq 
et al., 2018b; Neidhardt et al., 2018; Radloff et al., 2017; Wang et al., 
2019). In addition, the Quamdo-Simao plutonic and ophiolitic region 
located near the India-Bangladesh border was eroded, then transported 
with As-enriched deposits to the foreland of the Siwalik basin (Fig. 4), 
also considered one of the primary sources of As. 

The key source minerals of As are sulfides, typically pyrites, and the 
metamorphic original rocks of the Himalayas (Pi et al., 2017a). Since the 
late Pleistocene, the weathered oxidative parent minerals directed the 
release of the secondary phases of iron oxides and clay particles along 
with hydroxides to river sediments. This geochemical process trans
ferred a large amount of co-weathered As from the mafic and sulfide 
mineral stages to the recently created secondary phases (Anawar et al., 
2002; Hasan et al., 2009; Zhang et al., 2017b). It effectively sorbed a 
large quantity of As into its shell and then functioned as the main source 
of As in this area. However, von Br€omssen et al. (2014) mentioned that 
the sediment of Bangladesh contains As carrying pyrite grains. However, 
the deep Pleistocene sediments have suffered for a long period with 
oxidative weathering. On the contrary, the shallow Holocene sands were 
mainly derived in the extended glacial period resulting from physical 
weathering and act as a principal source of moveable As (Das et al., 

Fig. 2. Hydrogeological cross-section of Bangladesh. Particularly shown are the geological structure and groundwater flow patterns within Mid to Upper Quaternary 
sediments (BGS and DPHE, 2001). 
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2018; Xie et al., 2014). Fig. 5 shows the potential processes of As 
occurrence in the groundwater in Bangladesh. 

6.1.3. Runoff conditions 
The groundwater flow of Bangladesh is directed from north to south. 

Therefore, it is difficult for the groundwater As enrichment in deep 
aquifers due to the favorable runoff conditions. Additionally, the vertical 
sketch of As concentration (Fig. 6) confirmed that the shallow ground
water is more As concentrated than the deep groundwater. The upper 
aquifers were relatively loose and very fragile, but the deep aquifers 
were formed by the fine particles under the poor runoff conditions 
within an enclosed environment. As a result, the upper (shallow) aqui
fers accumulated high As enrichment. 

6.2. Secondary sources 

Mobilization of the little fraction of As is sufficient to increase the As 
concentration in groundwater higher than its permissible level. The 

solid phase of As in the sediments is usually bound to the iron hydroxide 
as well as the detrital sulfide mineral (Dai et al., 2016; Pi et al., 2017a). 
Iron enriches mineral stages, namely, oxides, silicates, hydroxides, and 
carbonates contain considerable amounts of As. This iron acts as the 
main host of the As in the groundwater of Bangladesh (Kanoua and 
Merkel, 2017; Radloff et al., 2007; Stollenwerk et al., 2007). Secondary 
sources such as redox conditions, role of pH, and total dissolve solid 
(TDS) are the key sources of As in Bangladesh. 

6.2.1. Redox environment 
Redox conditions of the groundwater are considered the key factor of 

As dissolution. However, on the basis of the hydrogeochemical envi
ronment, high As concentrations could occur in oxygenated and/or in 
reduced waters (Howladar, 2017; Su et al., 2016). The hydroxides of 
iron might result from the mica weathering, iron sulfide and different Fe 
carrying minerals (Liu et al., 2013) that might be adsorbed from the iron 
hydroxide molecule surface, due to the potent adsorption ability of 
several iron hydroxides. The adsorption process of As from iron 

Fig. 3. Schematic diagram of groundwater system of the study area (modified from (Dowling et al., 2002)).  

Fig. 4. A hypothetical model of primary and secondary sources of groundwater As (modified from (Mukherjee et al., 2014)).  
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hydroxides might occur with anion adsorption, in addition uptake of the 
protons and/or release of the hydroxide ions (Kanoua and Merkel, 2017; 
Meng et al., 2017; Radloff et al., 2017; Reza and Jean, 2012). The sur
face loading of iron hydroxides to sediment is more active in the Holo
cene orange sediment than in the Pleistocene gray sediment, due to the 
minor level of the oxidative weathering. This iron hydroxide acts as a 
sorbent to increase the amount of dissolved As in groundwater (Huq 
et al., 2018b). However, Knappett et al. (2016) questioned the accuracy 
of the ferric hydroxide since the source of As in the reduced aquifer of 
Bangladesh because in Holocene aquifers, only ferric hydroxides are 
regionally limited or absent, as illustrated by the whole surface FeOOH 
loading in the Holocene aquifers (Radloff et al., 2017). 

However, pyrite is very usual sulfide mineral and present in the 
reduced alluvial aquifers in Bangladesh (Chakraborti et al., 2015; Das 
et al., 2018; Flora, 2015). Authigenic framboidal as well as huge pyrites 
could contain up to 11,000 and 13,000 mg/kg of As, respectively, and 
this distribution can account for approximately 70% of As among the 
total As of the aquifers in Bangladesh (Lowers et al., 2007). Bhattacharya 
et al. (2009) argued that the detrital and the grains of authigenic sulfide 
bear approximately 60% of the As within the total As of the Holocene 
aquifers of Bangladesh. A number of studies have reported the important 
role of clays for the sorption of As in aquifer (Bayatkashkoli et al., 2017; 
McArthur et al., 2001; Reza and Jean, 2012). Organic matter enriching 
the fine-grained shale and clay is found with highly enriched As. How
ever, several studies have emphasized the importance of iron 
oxide-coated sand and grains of mica of the sediment as the potential 
adsorbent of As (Das et al., 2018; Freikowski et al., 2013; Tareq et al., 
2003). 

6.2.2. pH, TDS and F�

The level of pH in groundwater is a vital factor for As enrichment in 
groundwater (Wang et al., 2019). The groundwater of Bangladesh is 
weakly alkaline in nature (Huq et al., 2018). Alkaline conditions may 

also contribute to the desorption of As as well as enhance groundwater 
As. However, As could easily be adsorbed by positively charged min
erals, namely, Fe or Al oxides. With increasing pH values, the positive 
charges are carried by the colloids as well as clay minerals. Huq et al. 
(2018b) observed that the elevated As in groundwater was accompanied 
by elevated pH values that ranged between 7.65 and 8.3. In addition, 
they found a positive relationship (0.464) between the As concentration 
and TDS. However, the elevated As groundwater had a low level of TDS, 
indicating that TDS had small control over As enrichment in ground
water. Huq et al. (2018b) mentioned that there was no significant cor
relation between As and F� concentration among the samples analyzed 
and demonstrated that F� had either no or less control over As enrich
ment in the groundwater of Bangladesh. 

6.3. Tertiary sources 

The As in soils in Bangladesh is observed at levels up to 40 mg/kg on 
the surface. This high occurrence of As in the soil might be due to irri
gation runoff (Polizzotto et al., 2013). However, Chowdhury et al. 
(2018) mentioned that As in soil was at an elevated level, even earlier 
than the start of irrigational pumping. Rahman et al. (2015) noted that 
irrigated soil obviously has a higher As concentration than non-irrigated 
soil. In Bangladesh, widespread irrigational pumping has been practiced 
at a large scale from the beginning of the 1970s (Fransisca et al., 2015; 
Mukherjee et al., 2017). Irrigational pumping brings anoxic ground
water from the aquifer into contact with atmospheric oxygen. Subse
quently, the As withdrawn due to irrigational pumping is seized by an 
oxidized ferric iron in the farming fields. As a result, the widespread rice 
fields of Bangladesh increase in As content by approximately 1 
kg/ha/year in the soil zone (Polizzotto et al., 2013). Therefore, this As 
might then be recirculated in groundwater, causing As contamination in 
aquifers. Specifically, contamination occurs in the dry season. Islam 
et al. (2017f), Polizzotto et al. (2013), and Rahman et al. (2018a) 

Groundwater aquifers in Bangladesh contain As > 0.01 
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Fig. 5. The potential features and processes of As occurrence in groundwater in Bangladesh (modified from (Mukherjee et al., 2011)).  
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indicated that approximately 1000–1360 tons of As is added every year 
to the soil of Bangladesh. Recharging water from the irrigational return 
flow is probably enriched in natural matter and naturally anoxic as well, 
so the return flow influences the reduction process of metal hydroxide 
on the surface and in the deep aquifers. 

Polizzotto et al. (2013) argued that not only does the irrigational 
return flow add such high levels of As to the surface layer but the newly 
deposited sediment also contributes As to the soil. The authors hence 
reported that the elevated As concentrations in soils are due to the use of 
groundwater for irrigational purposes, and the permanent inflow of 
As-laden sediments onto surface soil. They mentioned that the surficial 
sediment is the leading source of As in groundwater that undergoes 
cycling of seasonal redox and results from the mobilization process. 
During the monsoon flooding, the soil releases a huge amount of As into 
the floodwater, accounting for 13–62% of the overall amount of As that 
is added each year to the soils of Bangladesh. This As subsequently 
moves across the rivers as the floodwaters recede (Roberts et al., 2010). 
Yu et al. (2015) demonstrated that, between pre-flood and post-flood, 
the occurrence of the average As content in the shallow groundwater 
of Datong Basin, China, is increased from 22.6 to 31.1 μg/L. They also 
observed that a minor change occurred in the As concentration (from 
14.0 to 5.1 μg/L) in surface water, indicating that the return flow of 
As-enriched floodwater added extra As to the groundwater. Finally, they 
concluded that the As concentration of the groundwater samples obvi
ously increased after a flood event. The increase of As in the ground
water after flooding could not occur only by mixing. The increase of As 

in the groundwater also resulted from the additional As mobilization 
from aquifers. Flooding is also responsible for changing of the 
geochemistry of high As groundwater (Roberts et al., 2010). Moreover, 
runoff from the human activities is also responsible for contaminating 
the surface water as well as the groundwater. In the deep subsurface, an 
elevated As concentration is associated with the compaction caused by 
groundwater withdrawals. However, the primary risk of As contami
nation is increased, which could also cause intense secondary changes in 
the geochemical environment. Furthermore, As also increases due to 
mining activities (Bose and De, 2013). 

7. As mobilization 

To date, it is obvious that both natural and the anthropogenic 
practices are responsible for enhancing As in groundwater (Kinniburgh 
et al., 2003; Reyes et al., 2015; Reza et al., 2010b). The high As intensity 
is associated with rock weathering, natural floods, volcanic eruptions, 
bushfires, and leakage in the geological formations of the Himalayan 
ranges. Anthropogenic activities such as mining, use of pesticides and 
fertilizers on farm land, and chemical industries allow As into the 
environment (Bibi et al., 2017; Kinniburgh et al., 2003). Irrigation with 
elevated As-contaminated groundwater in arid and semi-dry regions 
also intensifies the As concentration in the alluvial aquifers (Tanvir 
Rahman et al., 2017). Many recent studies (Diwakar et al., 2015; Maier 
et al., 2017; Pi et al., 2017b) have attempted to understand the mech
anisms of As mobilization in the groundwater. Different existing theories 

Fig. 6. Correlation plot of As concentration in groundwater with the depth of wells (Huq et al., 2018b).  
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as well as competing theories such as pyrite oxidation (Lowers et al., 
2007), competitive exchange (Hasan et al., 2009), and the dissolution of 
the iron oxy-hydroxides (Xu et al., 2017) have already been introduced 
to explain the As release process in groundwater. However, various 
processes may be activated to mobilize the As in the groundwater in 
Bangladesh (Fig. 5). 

7.1. Oxidation reduction 

Reductive dissolution of the iron hydroxide derived from the 
degradation of microbial mediation of the organic carbon of sediments 
that release the sorbed As into the groundwater is the most accepted 
hypothesis to explain As mobilization in the groundwater environment 
(Nazari et al., 2017; Radloff et al., 2007). Xu et al. (2017) stated that the 
reaction that controls the reduction process as well as iron (III) hy
droxide dissolution to Fe2þ by generating HCO3

� with liberation of whole 
sorbed load to the iron hydroxides (including As) is responsible for 
mobilization of As in the groundwater. This process reveals the signifi
cant correlation between As and HCO3

� (Gao et al., 2013). Ahmed et al. 
(2004) argued that decomposed organic matter adds an elevated level of 
dissolved natural carbon to the groundwater. Moreover, the authors 
mentioned that oxidative decomposing organic matter could raise the 
concentration of HCO3

� . The additional HCO3
� might be supplied into the 

groundwater aquifers by the local biogeochemical action (Zhang et al., 
2017a). Harvey et al. (2006) noticed that the reduction processes in 
groundwater along with the weak but positive relationship of the dis
solved As to the HCO3

� in the groundwater of Bangladesh indicates that 
the As may be mobilized with the reductive dissolution and reductive 
desorption from the arsenate to arsenite. In addition, the elevated As 
concentration in the Holocene aquifers could contribute by completing 
the dissolution of the FeOOH driven from microbial metabolism of the 
organic matter (Knappett et al., 2016; Radloff et al., 2017). 

Chen et al. (2017) claimed that the microbial activity might mobilize 
As in the groundwater. However, Bhattacharya et al. (2009) argued that 
the biogeochemically catalyzed cycling of Fe(II)–Fe(III) in the aquifer 
probably acts as the key process to control the As mobilization. They also 
mentioned that the cyclic attitude of Fe might also be attributed to the 
existence of nitrate in the groundwater that is mainly supplied from the 
anthropogenic sources. Dai et al. (2016) argued that the mobilization of 
As mostly results from the microbial reduction of (Fe(III)/Mn) hydrox
ides. Smedley and Kinniburgh (2002) demonstrated that the desorption 
along with the reductive dissolution of the Mn oxides might also 
contribute to the groundwater As concentration like FeOOH. Tareq et al. 
(2013) reported that in Bangladesh, As is present in the biotite. Simi
larly, Xie et al. (2014) argued further that even though the hypothesis of 
iron hydroxide dissolution is very widely accepted, biotite weathering 
could also add significant As into the groundwater. 

7.2. Reduction in As species 

The microbial deterioration of the organic matter acts to reduce Fe 
(III)–Fe(II) as well as assisting in the reduction of As(V) to As(III) 
(Postma et al., 2017). The reduction system of arsenate to arsenite, led 
by the mediated microbial process, is believed to be responsible for the 
mobilization of As in the groundwater within the strongly reductive 
circumstances of the shallow aquifers. The As(III) in the shallow aquifer 
systems in Bangladesh not only causes the redox conditions of the 
aquifer but also contributes by the microbial reduction of As(V) (Nazari 
et al., 2017). However, the anoxic condition promotes the dissimilar 
reduction of As(V), whereas the anaerobic microorganisms obtain en
ergy from the combined oxidation of the organic matter. Under these 
conditions, the decrease of As(V) functions as the marginal electron 
acceptor for microorganisms (Freikowski et al., 2013; Hasan et al., 
2009). Moreover, the dissimilar microbial declination of the As(V)–As 
(III) could also be moved with the existence of compatible substrates, 
most probably from the similar group of microorganisms that are also 

accountable for the sulfate reduction (Liu et al., 2018). However, this 
kind of hypothesis is questioned by the observation of iron hydroxide 
because the iron hydroxide can significantly sorb both the As(V) and As 
(III) under the extensive diversity of the redox conditions (Pi et al., 
2017b). However, Deschamps et al. (2005) noted that the Fe(III) reduces 
bacteria in the sediment from the bioavailable Fe(III) ion as the electron 
acceptor. In addition, then Fe(III) reduces the active parts of the sedi
ments surrounded by As(V) for the respiration and then mobilize As(III) 
into the groundwater (Fig. 7). 

7.3. Role of organic matter 

Tareq et al. (2013) argued that the irrigational pumping introduced 
inflow with the fresh inorganic carbon from the rice fields. In contrast, 
organic-rich ponds as well as the bottoms of rivers release the old 
organic carbon that influences biogeochemical processes to mobilize As, 
along with natural carbon-induced reduction and replacement of bi
carbonate (Gao et al., 2013). The anthropogenic sources such as human 
wastes as well as the agricultural activities that infiltrate the irrigational 
return flow from the agricultural fields as well as the surface water 
sources are considered as the other sources of the organic matter in the 
groundwater. Due to the increasing rate of irrigational pumping, the 
natural organic matter (NOM) flow goes down rapidly, and then it 
mobilizes the As (Reza et al., 2010a; Tareq et al., 2013; Xie et al., 
2012a). Moreover, a long period (thousands of years) is required for the 
pond-induced organic matter to reach the shallow aquifer. This time 
duration is much greater than that of the age (>50 years) of As-enriched 
shallow groundwater. Hence, the in-situ organic matter is considered a 
possible source of the microbially mediated reductive solution of the 
Fe-oxyhydroxides which consequently mobilizes the As (Hasan et al., 
2009; Zhang et al., 2017a). Herath et al. (2016) claimed that 
surface-derived organic matter could be the geochemical factor to 
mobilize the As into the shallower aquifer due to the huge population 
density and the intensive land use pattern. Chatterjee et al. (2010) noted 
the use of the native cow dung (which is easily degradable and can be 
decomposed by the microbial action) as a natural cementing component 
during tube-well construction. The native cow dung might also function 
as the carbon source that causes the elevated As concentration in the 
newly installed tube-wells (Huq et al., 2019). 

The organic matter of sediments is an important concern since this 

Fig. 7. A theoretical model exhibiting the seasonal variation of oxidation 
condition of As carrying SO4

2� with formation of Fe2þ and As release in the 
groundwater (adapted from (Polizzotto et al., 2006)). 
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organic matter is the main source of electron donors. The organic matter 
of sediments controls the reduction of geochemical processes that can 
mobilize As (Postma et al., 2017; Xu et al., 2017). In addition, elevated 
levels of As in As-enriched groundwater are mostly frothy due to the 
humic acid, which specifies that the high As groundwater may hold 
elevated levels of natural matter. Thus, it is supposed that the organic 
matter is a key contributor to create the reductive environment in the 
aquifer system. The natural matter of groundwater may be attributed to 
anthropogenic sources such as extensive agricultural activity, using 
fertilizer and excessive application of pesticides on farmland (Dousova 
et al., 2016; Shrivastava et al., 2017). Vertical recharge from the irri
gation return flow could modify the variation in Cl� concentration. 
Additionally, the ponds of Bangladesh have been dug well in the past 50 
years. Presently, these ponds are providing a large amount of water for 
recharging the groundwater. These ponds also receive much household 
sewage as well as animal effluents. Moreover, in Bangladesh, discharge 
canals and the ponds are being used for dumping of human as well as 
animal sewage, putting a large suspended load of natural matter into the 
groundwater. 

7.4. Pyrite oxidation 

The model of the pyrite oxidation hypothesis refers to the release of 
As by oxidized pyrite or arseno-pyrite, most likely owing to the lower 
water table. This release of As might also result from the large-scale 
groundwater abstraction from the aquifer systems of Bangladesh 
(Lowers et al., 2007). The shallow water table represents the anoxic gray 
sediment of the Holocene that causes the oxidation of the pyrite grains 
by the soluble sulfate. Then, it releases As into the groundwater. Nazari 
et al. (2017) also reported that due to irrigational pumping, reduction 
and oxidation in groundwater have occurred. However, the lower con
tents of SO4

2� in groundwater is coupled with reducing conditions, and it 
is believed that As could mobilize from the sulfide minerals (Freikowski 
et al., 2013). Radloff et al. (2017) reported that the low sulfate is 
observed in the pores of Holocene aquifers in Bangladesh. In addition, 
the existence of pyrite particles in aquifer systems suggests that Holo
cene aquifers are oxidized enough to mobilize As from pyrite. It also acts 
as the As sink in the groundwater (Lowers et al., 2007; Mango and Ryan, 
2015). The hypothesis of pyrite oxidation may not be applicable for the 
reductive gray aquifers in Bangladesh. If the As is even mobilized from 
the pyrite oxidation, then it should be reabsorbed from oxidized FeOOH 
before release into aquifers. Moreover, SO4

2� and As concentration in 
groundwater is mutually exclusive, so that is incompatible with the As 
and pyrite oxidation (Bhattacharya et al., 2009; Tareq et al., 2013). 

7.5. Role of the ion exchange process 

The As species are usually mobilized from the dissolution of its host 
minerals (Duncan et al., 2017; Mass et al., 2001; Yaghi and Hartikainen, 
2018). The ions naturally compete reciprocally, and the adsorbed As 
species are released to the groundwater (Herath et al., 2016). Silicates 
might also be the probable competitor of As for the sites of sorption 
(Chanpiwat et al., 2011; Milo�skovi�c and Simi�c, 2015). Cl� enrichment 
from the wastewater and the pit latrine is also believed to be the po
tential species in ion exchange (Caporale et al., 2018; Mukhopadhyay 
et al., 2017; Nazari et al., 2017; Yang et al., 2017). The CO2 and HCO3

�

displace the As from the sediment (Gao et al., 2013; Michael and Khan, 
2016). The As-enriched sediments along with low concentration of CO2 
are ultimately buried and consequently come into contact with the 
HCO3

� -enriched groundwater (Bodrud-Doza et al., 2016). Subsequently, 
sorbed As is released owing to the competitive extraction of As through 
the carbonates (Chakraborty et al., 2015; Gao et al., 2013). The most 
important chemical genus involving in the ion exchange system is the 
phosphate that may have originated from fertilizer (Mandal et al., 2017; 
Yang et al., 2017). Moreover, phosphate is supposed to be the key potent 
competitor in ion exchange with As since silica has weak control in such 

exchanging processes but HCO3
� ions play an important role in the 

mobilization of As (Aziz et al., 2017; Gao et al., 2013; Zhang et al., 
2017c). 

The reduction of SO4
2� is a key biogeochemical process that resists 

the As reduction process in the groundwater environment. The presence 
of SO4

2� in the groundwater in Bangladesh that has elevated As is usually 
less relative to the detection level (<0.01 μg/L) (Huq et al., 2018b). The 
concentration of NO3

� in groundwater is also quite low because of 
biogeochemical reactions. Thus, low contents of SO4

2� as well as NO3
�

demonstrate that anaerobic bacteria are active in the groundwater sys
tem. In alluvial aquifers, Fe(III), SO4

2� and NO3
� are the primary electron 

acceptors for oxidizing organic matter in the groundwater environment. 
The electron acceptors SO4

2� as well as NO3
� may be used by the internal 

microorganisms to produce HCO3
� from oxidized organic matter (Frei

kowski et al., 2013; Liu et al., 2018), also indicating that SO4
2� , NO3

� , and 
different electron acceptors interact in groundwater and could support 
the oxidation process of natural matter (Bahar et al., 2016; Mukherjee 
et al., 2007; Wang and Jiao, 2014) and play a vital role in generating the 
anoxic environment in groundwater system with elevated As. 

The elevated content of HCO3
� and lower content of SO4

2� and NO3
�

(Huq et al., 2018) obviously illustrate the reductive conditions in the 
aquifers of Bangladesh that might be associated with the anthropogenic 
activities (Bose and De, 2013; Zhang et al., 2015). In addition, this high 
level of HCO3

� is an indication of microbial functions in the groundwater 
system. Other studies (Bahar et al., 2016; Mukherjee et al., 2007; Tapase 
and Kodam, 2018; Wang and Jiao, 2014) have demonstrated that the 
sulfide oxidation is a major factor in the mobilization of As. However 
(Huq et al., 2018b), confirmed that the elevated As contamination in the 
groundwater system in southwestern Bangladesh usually occurs with a 
low content of SO4

2� . Moreover, SO4
2� concentrations have not exhibited 

any positive correlation with the As concentration in the different re
gions of Bangladesh (Huq et al., 2018; Nazari et al., 2017). 

The incidence of elevated bicarbonate in the groundwater in 
Bangladesh might be attributed to the strong biodegradation of organic 
matter, especially in shallow groundwater (Bhattacharya et al., 2009). 
Alkalinity has an important function in the hydrochemical development 
as well as trace metal discharge in groundwater (Alamdar et al., 2017). 
Earlier studies (Chen et al., 2017; Lin et al., 2017; Maier et al., 2017) 
noted that the negative relationship between HCO3

� and SO4
2� can 

accelerate the As mobilization process. However, others (Lowers et al., 
2007; Mukherjee and Fryar, 2008; Mukherjee et al., 2011) argued that 
the elevated HCO3

� may be responsible for the release of As in the 
groundwater of the Bengal Basin. This release of As might result from the 
completion of HCO3

� , the chemical inclusion of As and the indefinite 
electrostatic enrichment of HCO3

� . In addition, the reduction of Fe would 
occur with the HCO3

� to create the pyrite and the siderite precipitates 
(Kulkarni et al., 2018). However, the occurrence of elevated HCO3

�

concentrations would also lead to the siderite precipitation. We can 
conclude that the reduction of Fe oxide minerals is a key mechanism in 
the genesis of elevated As in the groundwater in reducing aquifers. 

Different theories have already been developed to illustrate the As 
mobilization and transportation process in groundwater (Pi et al., 2015). 
However, these theories do not explain the fact clearly. Harvey et al. 
(2006) noted that the negative correlation between As and SO4

2� is 
observed in the groundwater in Bangladesh and demonstrated that As is 
released from the SO4

2� minerals under reducing conditions. The As in 
SO4

2� minerals is easily extractable and weakly sorbed. This sorbed As in 
SO4

2� minerals might mobilize under oxidizing conditions (Ramos et al., 
2014). The existence of SO4

2� in the hand pump tube-well water may be 
contributed by the pit latrines. Groundwater As is also released by the 
competitive ion exchange of NO3

� , which is contributed by the fertilizer. 
In addition, NO3

� is supposed to be a major key competitor in ion ex
change with As. However, as HCO3

� ion displaces As from the sediments, 
the HCO3

� ion plays a significant role in the mobilization of As. More
over, the As-enriched water containing high HCO3

� releases sorbed As 
due to the competitive displacement of As (Michael and Khan, 2016). 
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The strong positive correlation of Mg2þ and Naþ (Huq et al., 2018b) 
suggests that Mg2þ and Naþmay result from silicate weathering and/or 
carbonate suspension and dissolution of the soil salts. Moreover, 
groundwater with excessive exchangeable Mg2þ hinders the infiltration 
process (Pi et al., 2016). Furthermore, the As contaminated water rinsed 
out from the soil surface might easily contaminate potable groundwater. 
However, Chakraborty et al. (2015) reported that the sulfides (generally 
pyrites) and the metamorphic rocks of the Himalayas are the original 
mineralogical sources of As. In the late Pleistocene, a huge amount of 
co-weathered As from sulfide minerals was released to the recently 
formed Holocene aquifer, which practically sorbs much of the As to the 
surface and then acts as the major source of As (Lin et al., 2017). 

The previous studies also demonstrated that during the cation ex
change process, As may be desorbed from the clay minerals in significant 
quantities and then enters the aqueous phase (Bahar et al., 2016; Su 
et al., 2016). Several studies (Martin et al., 2015; Postma et al., 2017; 
Reza et al., 2010a; van Geen et al., 2014; Yaghi and Hartikainen, 2018) 
also suggested that the Ca2þ can increase the As adsorption on Fe oxy
hydroxide considerably, particularly at elevated pH. In contrast, Martin 
et al. (2015) have mentioned that the calcium or magnesium adsorption 
along with the HCO3

� could intensify the As desorption from the ferri
hydrite to a greater extent relative to their individual competition. 
However, the existence of HCO3

� could change the surface charge 
characteristics of Fe oxyhydroxide through the internal monodentate 
mononuclear complication and voluntarily compete for adsorption onto 
Fe oxyhydroxide, resulting in the As desorption. However, competitive 
adsorption or desorption reactions within the aquifer plays a significant 
role in the process of mobilizing As. For the deficiency of probable 
competition in adsorption areas, the As release may be induced by 
Fe-oxyhydroxide reduction, which can be readsorbed to the other Fe 
phases as well as other sorbents existing in the aquifer. It appeared that 
the reduction of Fe-oxyhydroxide was pursued with the competitive ion 
adsorption. In addition, the sediment of the aquifer is responsible for 
enriching the As in the alluvial aquifers of Bangladesh. 

7.6. Microbial processes of As mobilization 

According to the different studies (Duan et al., 2017; Huq et al., 
2018; Jung et al., 2015; Pi et al., 2017), redox reactions are directly or 
indirectly associated with microbial behavior and a major mechanism to 
control the release of As in the groundwater system. In Bangladesh, the 
occurrence of As and As mobilization are coupled with subsurface 
geochemical reduction and biogenic reduction of Fe (hydr)oxide that 
puts As into sedimentary aquifers. Sulfate reductive bacteria play a key 
role in SO4

2� reduction (Freikowski et al., 2013). Acinetobacter as well as 
Brevundimonas are very well known bacteria that play a significant role 
in the As carrying process (Guo et al., 2015; Hare et al., 2017; Liu et al., 
2018). Low SO4

2� content reveals the high reduction ratio of SO4
2� , which 

shows the influence of the sulfate reductive bacterial genus in the 
groundwater environment. This type of biochemical process increases 
As incidence in the groundwater in Bangladesh. Moreover, the staid 
character of Cl� and the decreasing level of SO4

2� /Cl� ratios demon
strated the removal of sulfate from the groundwater, indicating the 
bacterial reduction of SO4

2� in the aquifer system of Bangladesh. How
ever, in the groundwater aquifer, the As concentration is increased with 
the decrease in the SO4

2� concentration (Huq et al., 2018b), demon
strating that the As is released in the reducing environment together 
with the reduction of SO4

2� . Furthermore, sulfate-reducing bacteria 
reduce both NO3

� and Fe, which would mediate the As mobilization 
process in the groundwater. Additionally, Fe or Mn oxide reduction 
continues or is performed before SO4

2� reduction (Guo et al., 2017). As is 
mobilized in a reductive environment of Fe, Mn, SO4

2� , and NO3
� (Islam 

et al., 2004). Therefore, microbe-associated biogeochemical processes 
play a significant role in the mobilization of As in the groundwater of 
Bangladesh. 

8. Existing policies and guidelines to address the As issue 

Since As in the groundwater in Bangladesh has been documented as a 
threat to human life, considerable efforts have been made towards 
confirming the presence of safe potable water either by mitigation 
techniques or discovering of alternate water sources (Huq et al., 2003). 
Different mitigation actions have been initiated by several organiza
tions, but most these actions have not reached their projected outcomes 
owing to the technical and spatial as well as socioeconomic challenges 
(Goel et al., 2019). In 1998, the first National Policy for Safe Water 
Supply and Sanitation (NPSWSS), a most vital policy, aiming to provide 
a safe rural water supply with complete coverage in the urban areas was 
introduced. The policy did not address the quality issues, budget and 
time frame for achievement. However, in 2004, the National Policy for 
Arsenic Mitigation and Implementation Plan (NAMIP) was specifically 
formulated to solve the groundwater As problem. NAMIP offered 
guidelines for As mitigation in potable water, health, and agricultural 
purposes. Additionally, the formation of an As mitigation fund was 
mentioned in this policy (World Bank, 2018). The target of that policy 
was to ensure safe water (As-free) for drinking, cooking, and agricultural 
sectors and to diagnose all the cases of arsenicosis as well as managing 
these cases. NAMIP proposed guidance to mitigate the adverse effects of 
As on people along with environment in a practical and sustainable way. 
This policy emphasized the preference of surface water rather than 
groundwater as a water supply source. However, the policy did not 
consider problems related to hygiene of water (Mahmud and Mbuya, 
2015). Under these national policies, Bangladesh has set and rolled some 
important sector strategies in the passage of time that covered the 
Pro-Poor Strategy for the Water and Sanitation Sector (PPSWSS), initi
ated in 2005 (World Bank, 2018). The PPSWSS 2005, formulated by 
LGD, was a 10-year scheme for the water supply as well as sanitation. 
PPSWSS 2005 formed the Arsenic Policy Support Unit (APSU) and the 
Implementation Plan for Arsenic Mitigation (IPAM) that were guided by 
the national committee. Nevertheless, it was not continued and in 2008 
the APSU had separated, but by 2009 the policy was reformed, and 
another new initiative was taken to recover the IPAM. The policy rec
ommended taking different approaches to supply As-safe domestic water 
in accordance with the local circumstances. The key approaches include 
awareness rising in the rural areas; providing As-removal appliances for 
the household as well as the community level; deep hand-pump tube-
well installation and a construction scheme for a piped water-supply in 
urban and rural areas as As-safe sources (Tuinhof and Kemper, 2010). 
IPAM was revised as the Sector Development Plan (SDP) in 2011 as SDP 
2011–25 and now includes a joint policy for the water and sanitation 
sector emphasizing national policies covering the focal areas of concern 
(confirmation of a safe water supply, mitigation of As contamination). 
Later, the government disseminated the Water Act of 2013, expected to 
coordinate, distribute, develop, manage, protect, extract, use, and pro
tect the water resources and conveying a high priority on drinking water 
(Chan et al., 2016). Another policy was initiated in 2014 with the Na
tional Strategy for Water Supply and Sanitation (NSWSS) to explain the 
objectives and directions of the SDP 2011 and to give a uniform skillful 
guideline to different sector stakeholders to achieve the safe as well as 
sustainable water supply (World Bank, 2018). After 2014, the activities, 
policies and guidelines of the Bangladesh government related to 
arsenic-free water supply are listed in Table 1. 

There are some technologies of As removal from groundwater that 
also exist in Bangladesh. Those technologies include BUET activated 
alumina (BUET-AA), Alcan enhanced activated alumina (Alcan), passive 
sedimentation, Adarsha filter (AR), Stevens Institute Technology (Ste
vens), DPHE/Danida 2 bucket system, Sono 3-kolshi filter, GARNET 
homemade emergency filter, and Tetrahedron. Poor performance of the 
Sono 3-kolshi, Alcan and Tetrahedron with regard to As and/or micro
biological pollution in water were experienced in the community-based 
projects (Goel et al., 2019). However, extensive suitable technologies 
need to be developed and promoted, and the issues with the prevailing 
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millions of As-polluted tube-wells also need to be considered. Research 
and advanced development of scientific technologies are suggested for 
the effective recognition of the Millennium Development Goal for safe 
water. 

9. Conclusions 

Elevated As in groundwater has been confirmed to be toxic to human 
health. The As concentration in the groundwater of Bangladesh reaches 
up to 4600 μg/L. Biotitic chemical weathering and the existence of other 
core minerals in aquifers are the primary sources of As in the ground
water of Bangladesh. Silicate weathering and degradation of organic 
matter are very active, which dominate the geochemical process and 
transports As into shallow aquifers. Groundwater usually occurs in 
Quaternary alluvial aquifers, which includes shallow semiconfined as 
well as confined aquifers. Shallow groundwater of sedimentary lacus
trine aquifers normally contains high As concentrations, and deeper 
than 300 m is considered a safe zone. Deep aquifers contain low dis
solved As but are in a vulnerable condition owing to the cross contam
ination from the top shallow aquifers. Large-scale groundwater 
exploitation and installation of high capacity irrigation wells in deep 
aquifers could increase the risk of cross contamination. In addition, little 
infiltration of aquifer sediment, horizontal landscaping, and a slow flow 
water rate in aquifers are also the result of As. As results from up- 
gradient sources, mostly from the Himalayas along with drainage 
through the GBM river channel. Aquifer matrices are considered a direct 
source of As, which mobilize As into aquifers under reductive condi
tions. Fe-hydroxides and pyrites are believed to be the most significant 
host minerals of As. Another probable origin of As is the irrigational 
recirculation flow from farming lands. All of these sources mobilize As in 
groundwater under reductive conditions. The elevated As concentration 
is the consequences of the redox process, microbe reduction, and 
desorption processes occurring in aquifer systems. Enriched industrial 
discharge/runoff includes additional As. However, under reductive 
conditions, both conducive solutions of Fe-oxides as well as reductive 
desorption are the causes of As occurrence in the groundwater system, 
leading to As release. 

Microbially mediated conducive dissolution of Fe-hydroxides mobi
lizes As in groundwater. In the reducing environment, microbes, 
reductive dissolution of Fe-oxides, As(V), pyrite oxidation, and emula
tion of an ion exchange process along with redox cycling of surficial soils 
are also considered to be the probable mechanisms of As mobilization. 

Degradation of natural carbon throughout microbe metabolization 
mobilizes low-molecular weighted natural colloid-bound As and in
creases the HCO3

� concentration in groundwater. In addition, elevated 
pH and HCO3

� cause As desorption from the adsorption zones of the 
aquifers. The high pH and HCO3

� concentrations may be related to 
microbially mediated Fe(III) reduction, and the oxidative erosion of 
natural matter creates reductive conditions to mobilize As. However, 
penetration of the irrigational return flow is also a leading mechanism 
for As remobilization. Residents should consider using surface water (e. 
g., pond or river water) as low As concentrated water. This study found 
the following geochemical processes in the groundwater environment in 
Bangladesh: (i) chemical weathering, (ii) very active As mobilization, 
(iii) a competitive ion exchange process releasing As, and (iv) oxidation 
of sulfide minerals. However, no single hypothesis completely explains 
the fate of the As mobilization process in Bangladesh, and most of the 
hypotheses are valid at the local level. The geology, geomorphology, 
sediment types, groundwater flow, hydrochemical as well as anthropo
genic factors, use of fertilizer, groundwater flow pathway, and adverse 
effects of irrigation control the occurrence and mobilization of As in 
Bangladesh. Hence, it is essential to apply every hypothesis to relate to 
the different areas of Bangladesh. In Bangladesh, a small number of 
investigations have been conducted on the role of environmental iso
topes in the occurrence and mobilization of As. Therefore, a study of the 
relationship between environmental isotopes and As is required to assess 
the environmental consequences for human health. 
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