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FOREWORD

This MISTRA project report covers a crucial period of the work on the
growing concerns on the occurrence of arsenic in groundwater used for
drinking and its public health consequences. It includes especially the discovery
of the Bangladeshi local drillers” strategy to find low iron groundwater by
assessing the colour of the sediments. With the link between mobilization of
arsenic along with iron which was published by our team 1997 this gave an
immediate hint on means of predicting arsenic low groundwater during well
construction. The strategy was discovered by our team when we were advising
a M.Sc. thesis project. The “sediment colour strategy” led to the idea that safe
water access can be facilitated through the involvement of the local drillers, if
targeting safe arsenic aquifers could be conceptualized. Therefore, the effort of
our team has been to develop a strategy to be used for the installation of safe
wells, optimised on the basis of increased local hydrogeological knowledge and
the demand for safe water among the underserved segments of the society.
The insight gained indicates that the strategy of finding low arsenic aquifers is
sustainable. The methods used comprised of groundwater and sediment
sampling, detailed chemical analysis of water, sediment extractions,
mineralogical investigations and hydrogeochemical- and groundwater flow
modelling. The results based on the studies in Matlab, was also replicated
through similar studies in the Chakdaha Block in the state of West Bengal,
India where identical set of grey sand and brown sand aquifers were identified
with similar characteristics with similar hydrochemical characteristics of
aquifers and the approach for finding arsenic safe drinking water sources
through the initiatives of the local drillers.

Prof. Em. Gunnar Jacks
Stockholm, Sweden
June 2015
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EXECUTIVE SUMMARY

Naturally occurring arsenic (As) in Holocene aquifers in Bangladesh have
undermined a long success of supplying the population with safe drinking
water. Arsenic is mobilized in reducing environments through reductive
dissolution of Fe(III)-oxyhydroxides. Several studies have shown that many of
the tested mitigation options have not been well accepted by the people.
Instead, local drillers target presumed safe groundwater on the basis of the
colour of the sediments. The overall objective of the study has thus been
focussed on assessing the potential for local drillers to target As safe
groundwater. The specific objectives have been to validate the correlation
between aquifer sediment colours and groundwater chemical composition,
characterize aqueous and solid phase geochemistry and dynamics of As
mobility and to assess the risk for cross-contamination of As between aquifers
in Matlab Upazila in southeastern Bangladesh. In Matlab, drillings to a depth of
60 m revealed two distinct hydrostratigraphic units, a strongly reducing aquifer
unit with black to grey sediments overlying a patchy sequence of weathered
and oxidised white, yellowish-grey to reddish-brown sediment. The aquifers are
separated by an impervious clay unit. The reducing aquifer is characterized by
high concentrations of dissolved As, DOC, Fe and PO,” tot. On the other
hand, the off-white and red sediments contain relatively higher concentrations
of Mn and SO,” and low As. Groundwater chemistry correlates well with the
colours of the aquifer sediments. Geochemical investigations indicate that
secondary mineral phases control dissolved concentrations of Mn, Fe and
PO,” tot. Dissolved As is influenced by the amount of Hfs, pH and PO,” tot
as a competing ion. Laboratory studies suggest that oxidised sediments have a
higher capacity to absorb As. Monitoring of hydraulic heads and groundwater
modelling illustrate a complex aquifer system with three aquifers to a depth of
250 m. Groundwater modelling studies illustrate two groundwater flow-
systems: i) a deeper regional predominantly horizontal flow system, and ii) a
number of shallow local flow systems. It was confirmed that groundwater
irrigation, locally, affects the hydraulic heads at deeper depths. The aquifer
system is however fully recharged during the monsoon. Groundwater
abstraction for drinking water purposes in rural areas poses little threat for
cross-contamination. Installing irrigation- or high capacity drinking water
supply wells at deeper depths is however strongly discouraged and assessing
sustainability of targeted low-As aquifers remain a main concern.

Delineation of safe aquifer(s) that can be targeted by cheap drilling
technology for tubewell (TW) installation becomes highly imperative to ensure
access to safe and sustainable drinking water sources for the As-affected
population in Bengal Basin. In order to replicate the salient outcomes of the
Matlab study results, an investigation was carried out in Chakdaha Block of
Nadia district, West Bengal, India covering an area of ~100 km” to investigate
the potentiality of brown sand aquifers (BSA) as a safe drinking water source
which is currently being practiced in the area for safe tubewell installation. The
results revealed salient hydrogeochemical contrasts within the sedimentary
sequence designated as shallow grey sand aquifers (GSA) and the brown sand
aquifers (BSA) within shallow depth (< 70 m). These two sand groups with all
possible variability in the colour shades were analogous to the reducing and the

ix
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oxidized sequences as delineated aquifers based on the sediment color as
perceived by the local driller in Matlab. Although the major ion compositions
indicated close similarity, the redox conditions were markedly different in
groundwater abstracted from the two group of aquifers. The redox condition
in the BSA is delineated to be Mn oxy-hydroxide reducing, not sufficiently
lowered for As mobilization into groundwater. In contrast, lower Eh in
groundwater of GSA, along with the enrichments of NH,", PO,”, Fe and As
reflect reductive dissolution of Fe-oxyhydroxide coupled to microbially
mediated oxidation of organic matter as the prevailing redox process causing
As mobilization into groundwater of this aquifer type. In some segments of
GSA in the Chakadaha region, there were indications of very low redox status,
reached to the stage of SO,” reduction, which might sequester dissolved As
from groundwater by co-precipitation with authigenic pyrite. The groundwater
of the BSA had consistently low concentration of As with concomitant
elevated concentration of Mn.

The outcomes of the TASA project has thus established a scientific
knowledge linking relationship between the colour of aquifer sediments, redox-
conditions and hydrogeochemical parameters that provides unique opportunity
for the local drillers in rural communities to target As-safe aquifers for well
installations in Bangladesh. The red/brown sand aquifers are the prime targets
for As-safe drinking water well installations and the concept could be used to
target aquifers in similar environments in other areas with similar
hydrogeological setting. However, the results also reveal that groundwater
abstracted from most low As red/brown sand aquifers are often characterized
by elevated concentration of Mn which warrants rigorous assessment of
attendant health risk for Mn prior to considering mass scale exploitation of
these aquifers from the perspectives of the drinking water safety plan and
ensuring sustainability in drinking water supply especially in rural areas.

Key words: Arsenic, drinking water supply, geochemistry, hydrogeology,
modelling, groundwater, sediment color, safe aquifers, sustainability.
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1. INTRODUCTION

Access to safe drinking water is a basic
human right and an important component
for effective public health protection.
Natural arsenic (As) have been reported in
groundwater from several parts of the world
(Bhattacharya et al. 2002a,b, Smedley and
Kinniburgh 2002; Nriagu et al. 2007), and
currently incidences are being reported from
70 countries across the globe (Ravenscroft et
al. 2009). The most critical incidences of
high As groundwater exists in e.g.
Bangladesh, the states of West-Bengal, Uttar
Pradesh, Bihar, Jharkhand and Assam in
India, the Chaco-Pampean Plain in
Argentina, Huhott Alluvial Basin, Inner
Mongolia in China, Bolivian Highlands in
Bolivia, Taiwan, Hungary, Mexico, USA,
Pakistan, Nepal, Thailand, Cambodia,
Greece, Sweden, Finland, Denmark and
Germany (Figure 1).

Groundwater environments governing
mobilization of geogenic As can be broadly
categorized in three groups (Smedley and
Kinniburgh 2002; Sracek et al. 2001, 2004a):
1) strongly reducing aquifers, ii) high alkaline-
and pH in mostly oxidising aquifers, and iii)
aquifers containing elevated amounts of
arsenopyrite and other sulphides. From a
human health perspective, high As aquifers
related to strongly reducing conditions pose
most serious problems because of its wide
geographical coverage especially in countries
like Bangladesh, India, Pakistan, Vietnam

A
Canada

USA. Portugal

Mexico
Guatemala’
El Salvador
Nicaragua

Costa Rica
Ecuador

‘).Curba
® Jamaica

. Uruguay

Argentina

Spain

and Cambodia (Bhattacharya et al. 1997,
2001, 2002b, Ravenscroft et al. 2001, 2005,
Smedley and Kinniburgh 2002, 20006a,
Nickson et al. 2005, Berg et al. 2007) and
also the Great Alluvial Basin in Hungary
Romania and Slovenia (Varsanayi et al. 1991,
2000, Lindberg et al. 2005, Petrusivski et al.
2007).

Arsenic is also commonly encountered in
oxidizing aquifers with high alkalinity and
pH in the Chaco-Pampean region of
Argentina  affecting at least 1.2 million
people (about 3 % of total population) are
exposed to elevated As concentrations
mobilized primarily from volcanic ash,
interbedded or dispersed within sediments
(Bundschuh et al. 2004, Bhattacharya et al.
2006b, Nicolli et al 2010, 2012). In
mineralized areas, As may be mobilized due
to the oxidation of the sulphides minerals
from ore bodies and black schists especially
in Sweden and Finland, containing pyrite
and arsenopyrite (Welch and Stollenwerk
2003, Jacks et al. 2013).

The magnitude of the problem is
however, severe in the Bengal Delta Plain of
Bangladesh and in the adjoining state of
West Bengal, India where it has emerged as
one of the greatest environmental health
disaster of this century. Approximately, a
population of 70 million in this region are
exposed to elevated concentration of As in

drinking  from  groundwater  sources.

Bangladesh

Myanmar

New Zealand

Figure 1. Occurrences of arsenic in groundwater across the world (modified from

Nriagu et al. 2007)
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Figure 2. Map of Bangladesh showing the
great rivers of Ganges, Brahmaputra and
Meghna, the location of Matlab and the
distribution of As in groundwatet, (based on
data from BGS and DPHE 2001).

The widespread occurrence of natural As
in groundwater in Bangladesh and its
magnitude of exposure have drastically
reduced the safe water access across the
country. Despite several efforts, there has
been very limited success in mitigation since
the discovery of As in the country in 1993;
still tens of millions of people are exposed to
levels above the Bangladesh drinking water
standard (BDWS; 50 pg/L) which is even 5
times higher than WHO drinking water
guideline (10 pg/L, Figure 2).

The toxic effect of long-term exposure to
As, a well known carcinogen, can extend
from pigment changes and hard patches on
the skin to gangrene and lung, kidney and
bladder cancer, and those drinking water
with As in excess concentrations are
obviously considered at risk. The magnitude
of the continuation of this human tragedy
will depend on the rate at which mitigation
programs are implemented and now, the
main challenge is to develop a sustainable
and cost-efficient mitigation option that will
be adopted by the people for scaling up safe

water access.

1.1. Chronic arsenic exposure

Drinking groundwater, consumption of
food-crops cultivated using groundwater

irrigated with groundwater with elevated As
concentrations are the main exposure
pathways in Bangladesh (Polya et al. 2009).
Chronic As poisoning results from ingestion
of elevated levels of As over a long period of
time (UN 2001, Kapaj et al. 2006). The
consequences of chronic As exposure are
dependent on the susceptibility, the dose
and the time course of exposure (Kapaj et al.
2000). The effects include different forms of
skin disorders related to skin pigmentation
such as leucomelanosis, melanosis, keratosis,
skin cancer, lung cancer, cancer of the
kidney and bladder, and can lead to
gangrene. Estimation of annual excess
deaths is in the order of thousands and
disability-adjusted life years (DALY) of the
order of hundreds of thousands (Polya et al.
2009) in Bangladesh.

1.2. Societal needs and cross-cutting
issues

Water plays a pivotal role in human well-
being and in economic development.
Because of the need of water in domestic
use (drinking and cooking) and in food
production (primarily for irrigation), conflict
over water and the effects of gender
influenced decisions about water may have
far-reaching consequences on human well-
being, economic growth, and social change.
Water handling in Bangladesh, as in the case
of other developing countries, is generally
the task of women and in general their
opinions on the safe drinking water supplies

therefore need to be integrated during the
installation of new hand tube wells (HTW).

The impacts of As poisoning in the society
is reflected in several ways by socio-
economic status and gender. While close
proximity of the households with safe water
access points simplify the task of women for
water handling, the easy access to water
through family hand tubewells (HTWs) are
also crucial in maintaining a healthy drinking
water supply, beside promoting the custom
of hand-washing after toilet use and before
food preparation. The proximity of the safe
HTWs also are important in close vicinity of
the school to protect the health of the
children. The sensitivity to As poisoning is
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also related to economic status of the
individuals which in turn affect the
nutritional status as well as affordability to
secure access to safe water. Higher cost
involvement in installing As-safe deep wells
causes the poor communities vulnerable to
As poisoning. The poorer sections of the
society consume more water (hence exposed
to more As) as they work harder. The worse
nutritional status of poor households, and
particularly the women of those households,
may mean that As contamination has more
severe physiological consequences for them.

1.3. Lessons learnt from previous
mitigation activities

Different options have been implemented
including household and community As-
removal filters (ARF), rainwater harvesters
(RWH), pond sand filters (PSF), dug wells
(DW), hand tubewells (HTW) at targeted
depths and deep tube wells (DTW) usually
installed at depths of 200-250 m. These
options have been assessed on several
criteria, such as community acceptability,
technical viability and their socio-economic
implications.

Operational

Failure

Arsenic remaval filters

Bacteria remaval filters

Pond Sand Filter

Rain Water Harvester

Arsenic safe tubewells

0% 20% 40% 60% B80% 100%

Figure 3. Performance analysis of the
different options adopted for arsenic
mitigation in Bangladesh.

It has been found that community
acceptance of many of the options is low as
people do not find them as convenient as
the tubewells (Hoque et al. 2004, APSU
2005, Jakariya et al. 2005, 2007, Johnston et
al. 2010, Biswas et al. 2014a,b). The concept
of drinking water from tubewells is well
rooted in the daily life of the people in

Bangladesh. Women in the rural areas of
Bangladesh are severely burdened in spite of
the provision of HTWs located at short
distance. Any additional task, for instance
the handling of filters on the household
basis, is thus likely to be difficult to handle
by the rural population on a long term basis.
This may be one reason for the failure of
several of the alternative options to As safe
water that have been provided in Bangladesh
during the past two decades (Figure 3).

All the safe water options have their own
strengths and limitations but none is as easy
as fetching water directly from tubewells.
Pre-Holocene aquifers usually at depths
>100 m are generally known to have low
concentrations of dissolved As (BGS and
DPHE 2001) and offer a possible alternative
source of As-safe drinking water.

However, drilling to depths more than
100 m is costly as it involves mechanised
technique as compared to the locally
available hand-percussion technique and
may therefore not always be readily available
and affordable. Though most options were
not accepted many villagers realized the
urgency for drinking safe water and thus two
practices emerged based on the community’s
own initiative (van Geen et al. 2003,
Jakariaya et al. 2005): 1) the preferred use of
As safe hand tubewells that were painted
green after examination by field personal,
and ii) reinstalling tubewells to a presumed
safe depth based on local drillers knowledge
of the colour of the sediments and As
occurrence.

2. RATIONALE

Although significant progress has been made
to understand the source and distribution of
As in the respective aquifers, and its
mobilization in groundwater, there has been
limited success in transferring  this
knowledge  towards  large-scale = and
substantial mitigation efforts to reduce As
exposure from drinking water sources in
Bangladesh. Since, tubewells have emerged
as a community acceptable option as As-safe
drinking water supply over major part of the
countty.
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Based on the long term research mostly
carried out between 1998-2005 on prevailing
aquifer conditions, at country- wide as well
as local scales, the scientific community has
been able to delineate the principle
mechanisms of genesis and mobilization of
As in groundwater (Mukherjee and
Bhattacharya 2001, Ahmed et al. 2004, Akai
et al. 2004, BGS 2001, Bhattacharya et al.
1997, 2001, 2002a,b, Bundschuh et al. 2004,
Harvey et al. 2002, McArthur et al. 2004,
Nickson et al. 1998, Smedley and
Kinniburgh 2002, van Geen et al. 2003,
Zheng et al. 2005). However, in many of
these regions the distribution of As is
extremely heterogeneous, both laterally as
well as vertically and As-safe and unsafe
tubewells have been encountered in close
vicinity at places located <25 m from each

other.

On the basis of the geological settings,
the prevailing aquifer conditions and the
theories of mobilization many of the As-safe
tubewells should in fact have high
concentrations of As. Consequently, the
“patchy distribution” has often been
explained in terms of “local variations in
sedimentary characteristics as well as
hydrogeological ~and  hydrogeochemical
conditions” in different aquifers in affected
areas (BGS 2001, Bhattacharya et al. 2002a,
Bhattacharya et al. 2002c, McArthur et al.
2004, Smedley et al., 2002, 2005; Bundschuh
et al. 2004; Bhattacharya et al., 2000). It is
also important to emphasize that all these
studies have primarily illustrated the major
mechanisms of As mobilization, but
explanation for the As-safe tubewells have
been insufficient. Figure 4 illustrates the
depth-wise distribution of As in Bangladesh
aquifers. The mechanism of enhanced
mobilization of As triggered by reductive
dissolution of Fe-oxyhydroxides in the
Holocene aquifers is a plausible explanation
for the set of groundwater samples in area
marked A, while within area B the geological
model with older and oxidized Pleistocene
aquifers with low inherent As concentrations
seems applicable. However, for the As-safe
tubewells within area C (n=50%), a
reappraisal  of  the  geological and

B
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Figure 4. Depth wise distribution of As in
hand tubewells for Bangladesh (BGS and
DPHE 2001). Within area A and B the
prevailing mobilization theory is valid.
However, for the tubewells at shallow depth
with low As (C) which includes 54% of the
samples the explanation of the low As
concentrations are pootly described.

hydrogeological model and/or mobilization
theory needs to be readdressed.

Detailed aquifer and groundwater
characteristics have been refined in many of
the recent studies in Bangladesh (von
Bromssen et al. 2007, Harvey et al. 2002,
McArthur et al. 2004, van Geen et al. 2004,
Ahmed et al. 2004) which indicate the
plausible explanations for the spatial
distribution of As in the aquifers with depth.
In these studies the groundwater chemical
composition has been correlated to specific
aquifer sand characteristics.

The MISTRA project was conceived to
develop a systematic approach to target safe
drinking water in communities exposed to
elevated As at a low cost. The project also
aimed to provide the local drillers in the
rural communities with specific knowledge
to improve their indigenous skills to target
safe aquifers for tubewell installation.

3. RESEARCH OBJECTIVES

Keeping in mind the number of exposed
people and the low rate of outcomes of the
mitigation ~ programmes  driven by
government and donor organisation for As
mitigation, it is obvious that there is an



Targeting arsenic-safe aquifers in regions with high arsenic groundwater and its worldwide implications

urgent need for the people themselves to
find practical mitigation options. Thus the
overall objective of the present research has
been to develop a concept for local drillers
to target As-safe aquifers in regions with
high As groundwater of geogenic origin.
This could be a sustainable option for safe
drinking water in many regions in the world
with groundwater containing geogenic As
exceeding the WHO permissible drinking
water limit.

4. PROJECT AREA AND
HYDROGEOLOGICAL
SETTING

4.1. The Project Area

The investigations were done in Matlab, in
Chandpur  district  in  southeastern
Bangladesh, situated at the distance of about
60 km south-east of Dhaka on the eastern
side of the great river Meghna. Matlab is one
of worst affected areas of the country and a
considerable part form part of the low-lying
Meghna floodplain (Figure 5).
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Figure 5. Map showing the location of
plezometer nests, the red line shows the
boundaty of Matiab.

4.2. Geological Setting

The Bengal basin represents one of the
largest delta systems of the world. Three
mighty rivers, the Ganges, Brahmaputra and
Meghna carry enormous load of sediments
into the basin (Hasan et al. 2007). The basin
is classified into three distinctive terrains:

1) The Tertiary hill ranges occur in the east,
southeast and north-northeast and

primarily comprises lithologic succession
represented by sandstone, shale and
limestone (BGS and DPHE 2001). The
hills have been formed due to the
collision of the Indian shield at the Indo-
Burma boundary forming the Indo-
Burman fold belt.

i) The Pleistocene Barind and Madhupur
Terraces in the central north and
Holocene plains are found as a thin
sediment veneer in large part of the
basin. These terraces represent uplifted
blocks of fluvial deposits and comprise
include clay, silt, sand and pebbles of
Pleistocene age, exposed to weathering
during the latest period of glaciation, and
the aquifer sediments are red-, brown-
and yellowish in colour. Groundwater in
the Pliestocene terraces has been found
to be low in dissolved As groundwater ,
and

iii) The Holocene sedimentary sequences
include piedmont deposits occurring
mostly in the northern Bangladesh,

floodplain and other inter-
fluvial/overbank deposits of the Ganges—
Brahmaputra—Tista—Meghna river

system, in the delta plains of the Ganges-
Brahmaputra-Meghna system, and in the
coastal plains and active sub-basins
including large inland lakes or “haors and
bil” (Ahmed 2005). During the late
Holocene time, as marine transgressions
were waning, marshy or swampy
lowlands developed in several parts of
the Basin giving rise to peat deposits and
sediments rich in organic matter. The
Holocene flood plains are characterized
by meandering rivers, natural levees and
back swamps. The upper part of the
Holocene sequence includes the flood
plains, fine-grained and/or muddy
deposits, down to approximately 10 to 20
m (Umitsu 1987, 1993, Goodbred et al.
2003). Below the floodplains are channel
deposits including coarser sediments such
as sand and gravel. The Holocene
sequence extends down to the depth of
approximately 100 m. The deepest
Holocene deposits are found at the
Meghna River. Goodbred et al. (2003)
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identified oxidized surfaces that may
coincide with oxidized low-As aquifers
(von Bromssen et al. 2007) at a depth of
80 m between Comilla and Meghna and
at shallow depths (<20 m) between
Comilla and Dhaka. The floodplain is
covered by non-calcareous grey to dark
grey flood plain soil (Brammer 1996). A
thick sequence of the Quaternary
sediment constitutes the substratum of
the study area. The topmost Holocene
sequence is composed of alluvial sand,
silt and clay with marsh clay. The location
of the Meghna river channel has been
relatively constant over the last 18 ka
(Umitsu 1993). It can be assumed that
the present location of the Meghna
coincide with the location of Palaco-
Meghna river channel dating back to 120
ka BP (BGS and DPHE 2001). Thus it
can be assumed that the sedim ents near
and below the present river channel are
relatively coarse with high permeability.
This has also been observed in borelogs
collected by DPHE/DFID/JICA (2000).

4.3. Precipitation and Climate

Bangladesh has a typical South-Asian
tropical monsoon climate with considerable
variation in rainfall over the year. Most parts
of Bangladesh, including Matlab, receive
precipitation more than 1 500 mm annually,
however, in the hilly areas of north eastern

mm/month

Sylhet, the annual precipitation is as high as
5 000 mm. Approximately 90 % of the
rainfall occurs during the monsoon season,
between May and October. The monsoon
period is followed by a moderately warm
winter and spring between November and
February and a hot and humid period
between March and May. Temperature
varies from approximately 10 to 36°C
(Rahman and Ravenscroft 2003, Hasan et al.
2009). Evapotranspiration in the region
(data for Dhaka) is 1 602 mm/yr and varies
from 89 to 188 mm/month peaking in April
and May (BGS and DPHE 2001; Figure 6).
As a result of the heavy monsoon, the low-
lying landscapes in extended parts of
Bangladesh are flooded each year due to the
increased volume of water in the great rivers
of Ganges, Brahmaputra and Meghna
flowing from the upper reaches of the
Himalayas. The average fluctuation of the
water level in the Meghna river at Matlab is
approximately 4 m.

4.4. Hydrogeological Setting

The aquifer system of the Bengal basin is
one of the most productive in the world.
The alluvial Holocene aquifers of the delta
plain are prolific and found within very
shallow depths. Groundwater levels in the
Holocene aquifers lies very close to the
surface and the fluctuations in groundwater
levels follow the annual rainfall pattern.
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Figure 6. Average long term monthly rainfall and evapotranspiration for Dhaka City
between 1953 and 1977 (modified ftom BGS and DPHE 2001).
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Locally, groundwater level fluctuations
are affected by groundwater abstraction
although in most places the system is fully
recharged after monsoonal precipitation.
Amplitudes of natural groundwater level
fluctuations are in the order of 2-5 m over
the year. As Bangladesh experiences a
tropical monsoon climate with heavy rainfall
during June to October, the groundwater
levels start to increase during May/June and
decreases in  September/October. The
groundwater levels are lowest during the end
of April to early May (BGS and DPHE
2000, Hasan et al. 2007).

A number of attempts have been made to
describe the aquifer distribution (UNDP
1982, EPC/MMP 1991, BGS and DPHE
2001, DPHE/DFID/JICA 2006, Mukhetjee
et al. 2007, 2008) and most of the aquifer
models were established on the basis of the
lithological units. For instance, EPC/MMP
(1991) had developed a four-layer model
taking into account the vertical head
differences for the assessment of water
balance. The alluvial aquifers of Bangladesh
are mostly semi-confined to confined in
nature. Most aquifer tests have been
analysed by classical methods based on tests
with partial penetration of the aquifers and
transmissivity, hydraulic conductivity and
storage coefficients have been determined
from a large number of pumping tests (BGS
and DPHE 2000).

Three groundwater flow systems have
been identified in Bangladesh (Ravenscroft
2001):

1) a local system, down to 10 m, this system is
a product of local topography such as
levees, local hills, terraces, haors and bils
and rivers,

1) an intermediate flow system with flow path
down to a couple of 100 m driven by the
larger terraces, major rivers etc. and

1ii) @ basin-scale flow system, down to a depth of
several 1,000 m. This system would
include the entire Bengal basin with its
borders in the Tertiary Hills towards east,
the Indian shield towards west, the
Shillong plateau to the north and the Bay
of Bengal in the south.

Groundwater flow patterns have been
affected because of heavy abstraction of
groundwater for irrigation and drinking
water purposes (Michael and Voss 2009a, b).
Domestic drinking water wells in rural areas
of Bangladesh are generally small diameter
hand-pump wells. These hand-pump wells
can easily be installed to a depth up to 100
m depending on local geological conditions.
Based on population and per capita use,
groundwater abstraction for domestic usage
can be calculated. Approximately 50
1/day/person is used for domestic purposes
in Bangladesh, in some areas of rural
Bangladesh as much as 30 mm/yr can be
abstracted for domestic purposes (Michael
and Voss 2008). However groundwater
abstraction for irrigation purposes is about
an order of magnitude more in rural areas
and in some areas more than 600 mm/yr is
used. Today, the abstraction of groundwater
for irrigation and drinking purposes,
construction of water channels and
embankments and road construction etc.
have substantially changed the natural
surface water and groundwater flow pattern.

5. WORK COMPONENTS

Combinations of different approaches were
followed to assess the hydrogeological
criteria  for delineation of low As
groundwater in the aquifer system for
further development by local and rural
people in southeastern-Bangladesh. Focus
was laid on delineation of As safe aquifers
by linking recognizable geological features to
typical groundwater compositions through
field-work in close collaboration with the
local drillers. The methods used comprised
of groundwater and sediment sampling,
detailed chemical analysis of water, sediment
extractions, mineralogical investigations and
hydrogeochemical- and groundwater
modelling (von Bromssen et al. 2008, Hasan
et al. 2009, Robinson et al. 2011, Jakariya
2007, von Bromssen et al. 2012, von
Bromssen et al. 2014, Mukherjee et al. 2008).

5.1. Hydrogeological investigations

A comprehensive hydrogeological
investigation was carried out to understand
the prevailing hydrological and biogeo-
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chemical  processes  responsible  for
mobilization and immobilization of As for
identifying  the safe aquifers, their
sustainability and the risk for cross-
contamination.

5.11 Groundwater flow and hydraulics

Multilevel piezometer nests (n=10) and
pumping wells (n=5) were installed for
determination of the groundwater level
fluctuation, monitoring and sampling for
groundwater chemistry and performing
pumping tests. Hydraulic heads were
monitored on weekly basis between May
2009 and October 2010 from ten
piezometer nests and the data were used. to
prepare hydrographs at varying depth of the
aquifer system and to investigate the vertical
gradients within the aquifer system. The
information is important for investigating
the hydraulic properties of the aquifers in
order to assess the risk for cross-
contamination induced from e.g. irrigation-
wells that have much higher flow than
drinking water tubewells. A conventional
hydraulic test was done in January 2008 in
order to determine hydraulic properties of
the shallow aquifers including the vertical
and horizontal hydraulic conductivity.

The computer code MODFLOW was
used to generate a three-dimensional finite
difference groundwater model to study the
groundwater flow of the aquifer system. The
flow chart followed for the groundwater
modelling exercise is presented in Figure 7.
A regional steady state- and transient flow
model was constructed. The models were
run for both undisturbed and disturbed
conditions  including  abstraction  of
groundwater for irrigation purposes. The
steady state model was calibrated to match
"C dating while the transient models were
calibrated to match measured hydraulic
heads in the piezometer nests. Abstraction
from irrigation wells were introduced into
the model, based on an existing survey in the
area.

The hydrostratigraphy was delineated

through analysis of the drilling logs from the
piezometer installations and '“C analysis

(inc. "C) was used for estimation of
groundwater age in the study area.

Problem formulation and
assumptions

{

Conceptual model

¥

Set-up of model including
boundary conditions,
initial heads and hydraulic
properties

{

Comparison of modelling
results vs. criteria of
evaluation

{

Calibration

|

Conclusions

Figure 7. The flow chart followed for
groundwater modelling.

5.12. Groundwater sampling and analyses

Groundwater sampling were carried out
from the existing wells and the piezometer
nests installed in Matlab following the
procedure described by Bhattacharya et al.
(2002b). Field parameters such as pH, redox
potential (Eh), temperature, and electrical
conductivity (EC) were measured in the field
in a flow-through cell. The pH and Eh were
measured using an EcoScan pH 6 meter.
Samples collected for analyses included: a)
filtered aliquot (using Sartorius 0.20 pm
online filters) for major anion determination;
b) aliquot filtered and acidified with
suprapure HNO; (14 M) for the cations and
other trace element determination including
As (Bhattacharya et al. 2002b). Arsenic
speciation was performed with Disposable
Cartridges® (MetalSoft Center, PA) in the
field (Meng et al. 2001) which adsorb As(V),
but allows As(III) to pass through.
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Major anions, F~, CI", and SO, were
analyzed in filtered unacidified water
samples, with a DionexDX-120 ion
chromatograph with an JIonPac Asl4
column. NO;-N, PO,-P and NH,-N were
analyzed with a Tecator Aquatec 5400
spectrophotometer. The major cations (Ca,
Mg, Na and K) and minor and trace
elements (Fe, Mn, As) were analyzed by
inductively coupled plasma (ICP) emission
spectrometry (Varian Vista-PRO
Simultaneous ICP-OES) at Stockholm
University. Dissolved organic carbon (DOC)
in the water samples was determined on a
Shimadzu 5000 TOC analyser with a
detection limit of 0.5 mg/L and precision of
+10% at the detection limit.

513 Sediment sampling and
charactetization

Three boreholes were drilled using hand
percussion  technique  (Rahman  and
Ravescroft 2003) at different sites within the
study area to confirm the driller's perception
of the sediment colour and the lithology of
the aquifer sediments. Washed sediment
samples were collected for every 3.0 m, or
more often if characteristics of the sediment
changed (Figure 8). Washed sediments were
collected in a bucket and allowed to settle
before being transferred on a bamboo carpet

(Figure 7). Later, the excess water from the
sediment samples were allowed to drain (but
not dry), before putting them into plastic
bags.

Each of the sediment samples were
described on the basis of texture and colour
by the local driller in field and later visual
inspection of the sediments was carried out
and compared with the Munsell standard
soil colour chart for colour classification.
For proper characterisation of sediment
geochemistry on undisturbed sediments,
core drillings were done. The sites were
chosen in order to get as diversified, with
respect to texture and colour characteristics,
sediments as possible. The core drilling in
Matlab reached a depth of 63 m (200 ft) and
was performed with a combination of a
hammer technique and a donkey pump.
Samples were taken every 1.5 m (5 ft) down
to the depth of 30 m and between 30 and 60
m at an interval of 0.6 m (2 ft). The reason
for short sampling interval below 30 m was
to target and collect as much oxidized
sediments (whitish to reddish in colour) as
possible as the blackish reducing sediments
have been studied more thoroughly by
eatlier studies.

v

LA

Figure 8 Sequence of washed sediments collected at the interval of 3.0 m (10 ft) from the
boreholes using hand percussion technique by the local dtillets. The artow represents the
transition of the black (reduced) sediments with the undetlying white, off-white and the

reddish (oxidized) sediments.
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The core-samples were splited vertically
for lithological and mineralogical studies as
well as sequential extraction. At that time, a
coal-like vegetation remains were collected
and sent for dating through '*C analysis. The
“C analysis was performed at the
Radiocarbon Dating Laboratory in Lund
using Single Stage Accelerator Mass
Spectrometry (SSAMS).

Ten samples representing the depth of
the drilling and range of sediment colours as
perceived by the local tubewell drillers were
selected for mineralogical studies and
geochemical characterization of solid phase
(Figure 9). Selected sediment samples were
analyzed under the stereomicroscope in
order to identify the bulk minerals
responsible for the colour of the sediments.

5.1.3.1 Mineralogical studies

Mineralogical studies included i) X-ray
diffraction (XRD) for targeting oxide,
hydroxide, sulphide, sulfate and carbonate
minerals, and i) scanning electron

microscopy (SEM) with energy dispersive X-
ray spectrometer (EDS) for characterisation
grains

of coatings on  detrital and

authigenic mineral phases.

5.1.3.2 Major element geochemistry

X-ray fluorescence (XRF) analysis of the
bulk major element composition of
sediments was carried out at the Institute of
Chemical Technology in Prague, Czech
Republic.

5.1.3.3 Sequential extractions

Sequential extraction was carried out to
quantify the amount of reactive components
such as Fe and Mn in the sediments and
their relationship with As (Table 1). Ten
selected core sediment samples were
sequentially leached using:

1) Fraction 1: deionized water (DIW) for
quantification of the water soluble
fraction of As and other trace elements,

i)  Fraction 2: 0.01M NaHCO, for the
release of elements under high pH
conditions,

i) Fraction 3: 1M Na-acetate (C,H;NaO,,
NaAc) for elements bound to carbonate
and phosphate phases (Dodd et al.
2000, Ahmed et al. 2004),

wv) Fraction 4: 0.2M oxalate (NH,C,O,,
oxalate) to quantify Fe, Al,and Mn

Figure 9. Ten sediment core samples used for mineralogical and geochemical studies.
The cores are designated by depth (in metet). The color desctiptions cotrespond to the
colors identified by local dtillets (see von Bromssen et al. 2007, 2008).

10
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Table 1. Operationally defined steps for sequential extraction of the sediment core-
samples from Matlab (von Brémssen et al. 2008)

Fraction Extractant

Extracting condition

SSR  Wash step

1 DIW 2 h shaking, 20 °C, pH adjusted to 6.95 with NaOH 1:25 25 mL DIW

2 0.01 M NaHCO; (pH 8.65) 2 h shaking 2 h shaking, 20 °C 125 25mL DIW

3 1 M Na-acetate (C,H:Na0y) 3 h shaking, 20 °C , pH adjusted to 5,0 with acetic 150 |25 mL DIW
acid (C,H,0,)

4 0.2 M Ammonium oxalate (NH,C,0,) 4 h shaking, 20 °C, in the dark 125 25mL DIW

0.2 M Ammonium oxalate (NH,C,0, +0.1 M
ascorbic acid)

6 7 M HNO;

30 min in water bath at 96 °C + 3°C inthe light ~ 1:25

2 h on sand bed, boiling

25 mL 0.2 M oxalate (NH,C,0,),
10 min shaking in the dark

1:15  None

bound to amorphous oxides and

hydroxides in the sediments,

v)  Fraction 5: 0.2M oxalate (NH,C,0,) +
0.1 M ascorbic acid (oxalatet+AA) for
amount of Fe, Al and Mn bound to
oxides and hydroxides including
crystalline phases; and

vi) Fraction 6: TM HNO; residual As and
other elements associated with the non-
silicate minerals (Table 1).

Operationally defined sequential
extractions were performed on sediment
core-samples, and essentially followed the
methods described by Wenzel et al. (2001)
and Bhattacharya et al. (2006b) and were
performed through extraction of 1 g air-
dried homogenized sediment sample in a 50
mL centrifuge tube. Between each step, the
sediment was washed. The extracts were
preserved by acidification with 0.5 mL
ultrapure 14 M HNO,/100 mL. Blanks were
used in each step so that impurities could be
subtracted from the extractants. The extracts
were analyzed by Varian Vista-PRO
Simultaneous Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES)
at Stockholm University.

5.2. Adsorption studies

Adsorption dynamics of oxidized sediments
from  Matlab were investigated by
extractions, batch isotherm experiments and
column  experiments. ‘Three sediment
samples were chosen with distinct oxidized
character from locations below the clay
aquitard for the experiments. The samples 1
and 3 were collected from borehole A at
depths of 48.8 m and 53.3 m respectively,
while the sample 2 was collected from

borehole B at a depth of 51.8 m (Figures 9,
10).

521 Selective extractions

For quantifying the elements, including Fe,
Mn and Al, present as amorphous oxides
and hydroxides, the sediment samples were
extracted with 0.2 M oxalate (NH,C,0,) at
pH 3.25. Each sediment sample were also
extracted with 7 M HNO, were also
conducted to quantify the amounts of As
and other elements associated with the non-
silicate minerals (i.e., including crystalline
phases). Duplicates were performed for each
sample. The procedure for these extractions
is detailed in Bivén and Haller (2007).

I [__]Chandina alluvium
5 Alluvial silt and clay
[ Alluvial sand
5 Alluvial silt

Figure 10. a) Map of Matlab Region in
southeastern Bangladesh, b) location of
borehole sites A and B (Robinson et al.

2011).

11
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5.2.2. Batch adsotption expetiments

Batch adsorption isotherm tests were
conducted using the three sediment samples.
For each sample, 2 g of drained sediment
was mixed with 30 mL. 0.01 M NaNO; in
centrifuge tubes. Sodium hydroxide (NaOH)
and HNO; were added to adjust the pH to
7. Distilled water with 7 different
concentrations of As(V) ranging from 0.2 to
100 mg/L (prepated from K,HAsO,) were
added to each sediment sample, giving 21
filled centrifuge tubes. The tubes were
placed in a vertical rotating shaker for 2
weeks and then the samples were
centrifuged and filtered. Considering the
thermodynamic stability of As and Fe in the
oxidized sediments, As(V) was used for the
batch tests because it was considered to be
the predominant sediment-bound As species
in the oxidized aquifers. In most of the
groundwater samples abstracted from the
oxidized aquifers, the concentration of
dissolved As was very low with no
detectable As(III) (von Bromssen et al.
2007, see also Table 2).

5.2.3. Column expetiments

Column experiments were conducted to
examine the influence of DOC on the
adsorption  capacity of the oxidized
sediments. Six columns, each with a
diameter of 2 cm and height of 10 cm, were
filled with 45 g of oxidized sediments. Two
identical columns for each of the three
oxidized sediment samples were set up for
this study. Synthetic water sample prepared
by mixing distilled water with NaCl,
NaHCO; and NaAs(III)O,, was leached
through the columns. The concentrations of
As, Na, Cl and alkalinity in the influent
water  correspond to  their  average
concentrations measured in groundwater
from tubewells in the reduced sediments in
Matlab Region in November 2006 (Table 2).
Data from this sampling event was used as a
bench mark because this corresponds to the
period of sediment sampling (Haller and
Bivén, 2007). Arsenic(III) was used in the
influent water as it is the major As redox
species in the groundwaters abstracted from
reduced aquifers in Bangladesh in general
and also in the Matlab study region (Table

12

2). In general, this is considered to represent
water that infiltrates into the oxidized
aquifers (Ahmed et al. 2004). In the replicate
columns, 0.2 wt% lactose was added to the
influent solution to stimulate the reductive
dissolution of Fe(Ill) and Mn(IV) oxides.
Prior to the addition of the chemicals the
influent water was purged with N, to
remove any dissolved oxygen. The flow rate
through the columns was adjusted to 2
mL/day and the experiments were run for
13 weeks. Major anions, cations and trace
elements in the influent and effluent
solutions were determined once a week
throughout the experimental period and the
amount of adsorbed As was determined as
the difference between the influent and
effluent As concentrations.

5.3. Geochemical modelling

The  geochemical  modelling  codes
PHREEQC, version 2.14.2 (Parkhurst and
Appelo 1999) and Visual MINTEQ version
2.53 (Gustafsson 2011, Dzombak and Morel
1990, Allison et al. 1991) were used for:

e Calculation of saturation indices with an
aim to determine aqueous speciation in
groundwater samples and identifying the
possible mineral phases controlling the
solubility of various chemical species
based on groundwater chemical data;
composition;

e Simulation of adsorbed and dissolved As
for prevailing conditions with the
objective to understand the pattern of
As adsorption and mobilization in
aquifers; and

e Simulation of the adsorption of As on

oxidized sediments, as surface
complexation reactions on generic
hydrous ferric oxides, in order to
investigate  the dynamics of As

adsorption the oxidized sediments

5.3.1. Aqueous speciation modelling

The thermodynamic relationships between
aquifer solid phases and the species in
solution were established through the degree
of saturation with respect to mineral phases.
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Table 2. Typical water quality parameters measured in groundwater from the oxidized
and the reduced aquifers in the Matlab study area (KTH-International Groundwater
Arsenic Research Group groundwater monitoting data between 2004-2008)

Sample Sediment Sampling Depth pH  Temp HCO,; Cl NOz;-N  PO,-P Na K Mg Ca Total As As(lll) Total Fe Total Mn DOC Si
ID colour Date m °c mg/L  mg/L mg/L mg/L mg/L mg/L mg/L mg/L  pg/L  pg/L.  mg/lL  mg/L  mg/L mg/L
OXIDIZED SEDIMENT
A Off-white 11-May-04 57.9 6.12 26.8 107 255 0.20 210 75.9 4.2 258 53.8 <DL <DL 0.13 253 0.53 53.0
30-jan-05 6.27 26.2 106 233 0.85 169 88.1 38 239 57.1 <DL <DL 0.28 2.59 0.91 48.8
29-nov-06 6.40 25.8 234 234 0.43 156 82.3 34 24.9 58.8 16 nd 0.32 2.62 0.80 34.8
18-jan-08 6.34 25.6 233 245 <DL 87 911 39 33.2 57.0 <DL <DL 0.26 2.54 4.92 432
17-mar-09 6.50 26.1 125 267 1.23 57 71.0 2.0 24.4 62.2 <DL 9 0.40 151 1.29 18.9
B Yellow 11-May-04 57.9 6.39 26.6 136 149 0.23 349 54.3 34 20.8 431 <DL <DL 0.32 1.99 101 437
30-jan-05 6.59 25.6 154 179 0.20 71 59.9 24 20.2 53.9 <DL <DL 0.79 2.04 0.36 39.9
28-nov-06 6.60 25.0 147 147 0.23 61 54.7 2.3 214 56.7 13 nd 0.81 2.04 1.35 29.8
18-jan-08 6.76 24.8 320 152 0.01 102 53.7 25 26.3 50.8 <DL <DL 0.72 2.12 1.82 37.7
16 Red 27-May-04 61.0 6.17 26.7 9% 206 0.49 293 62.4 3.6 24.4 53.0 <DL <DL 0.46 3.19 141 49.1
30-jan-05 6.14 26.1 117 232 0.30 166 67.2 3.2 22.3 62.5 <DL <DL 0.37 3.16 0.56 445
29-nov-06 6.40 25.8 187 187 0.65 123 60.7 29 226 57.5 1 nd 0.70 3.14 0.78 323
18-jan-08 6.47 235 256 189 <DL 150 59.6 33 28.1 60.4 6 <DL 1.00 3.27 1.68 438
02-apr-09 7.10 27.0 116 185 0.39 54 68.3 2.7 25.4 65.6 <DL 8 0.71 4.30 219 26.4
15-mar-09 6.40 26.3 163 246 1.05 64 79.1 33 257 55.6 <DL 7 0.51 2.78 1.42 22.9
19 Off-white 29-apr-04  59.4 6.20 26.5 112 234 1.00 135 78.8 3.6 26.5 53.2 <DL <DL 0.20 3.58 0.54 50.2
30-jan-05 6.29 26.2 116 285 0.39 101 80.8 31 23.0 57.9 <DL <DL 0.21 3.53 0.65 432
29-nov-06 6.50 26.2 216 216 112 7 76.2 2.9 25.1 60.6 8.20 0.17 3.61 0.67 32.1
20 Off-white 29-apr-04  59.4 6.19 26.7 107 186 0.54 334 58.4 3.7 22.4 49.7 <DL <DL 0.41 2.90 0.47 54.7
30-jan-05 6.32 26.3 87 283 0.27 199 78.6 33 216 56.8 <DL <DL 0.27 3.01 0.53 437
29-nov-06 6.30 25.0 216 216 0.82 199 75.2 3.0 24.1 60.0 7 nd 0.43 321 0.86 327
18-jan-08 6.45 25.3 224 230 <DL 177 818 35 319 60.5 6 <DL 0.25 3.15 2.73 411
16-mar-09 6.50 26.2 139 232 0.95 79 818 29 26.0 68.5 <DL 8 0.23 431 174 26.6
06-apr-09 7.00 26.7 105 214 0.74 35 70.3 2.7 24.8 57.0 11 7 0.25 3.78 1.20 21.2
22 Off-white 29-apr-04  59.4 6.55 26.9 164 138 5.01 526 67.1 3.0 19.4 37.8 <DL 9.63 3.81 174 118 39.8
30-jan-05 6.68 26.5 164 170 0.18 509 72.2 2.9 19.1 40.7 <DL <DL 4.85 1.60 0.40 35.9
28-nov-06 6.40 249 201 201 114 67 80.1 2.6 252 50.7 <DL nd 0.28 2.50 1.39 29.2
18-jan-08 6.66 253 263 197 <DL 75 87.1 2.8 325 425 <DL <DL 0.35 2.33 1.56 33.6
11-mar-09 6.60 27.0 136 129 0.60 17 49.4 2.1 20.0 417 <DL 6.63 3.95 2.24 143 19.7
26 Red 29-apr-04  53.3 6.19 26.5 113 169 0.51 392 55.2 33 211 455 <DL <DL 0.24 2.34 1.00 53.6
30-jan-05 6.30 26.1 112 210 0.20 234 58.6 31 19.6 48.8 <DL <DL 0.27 2.35 0.60 48.9
28-nov-06 6.40 22.6 167 167 0.94 242 54.7 3.0 215 55.0 6 nd 0.42 2.40 0.97 35.0
18-jan-08 6.59 26.2 265 170 <DL 209 60.0 3.1 27.9 51.1 <DL <DL 0.42 2.32 211 41.9
32 Red 30-apr-04  64.0 6.38 26.8 140 150 1.01 212 59.5 34 19.0 39.6 <DL <DL 0.37 3.96 118 46.3
30-jan-05 6.40 26.3 174 196 0.22 88 63.4 31 19.1 49.6 <DL <DL 0.37 3.68 0.73 41.0
28-nov-06 6.50 25.1 156 156 0.52 80 60.5 2.8 20.2 50.4 10 nd 0.47 3.81 0.79 315
18-jan-08 6.72 25.9 299 154 <DL 82 66.7 31 26.0 48.7 <DL <DL 0.36 3.50 272 37.9
12-mar-09 6.5 27.0 125 104 0.42 82 52.9 2.6 22.0 473 <DL 12.35 0.56 2.61 114 232
35 Off-white 30-apr-04  79.3 6.33 26.8 118 199 0.39 199 68.6 3.9 24.1 41.7 <DL <DL 0.33 2.57 0.93 55.8
30-jan-05 6.31 26.2 128 268 0.30 115 74.4 3.6 22.7 54.9 <DL <DL 0.29 2.67 0.32 50.0
28-nov-06 6.60 29.1 196 196 0.60 113 67.4 32 234 58.7 <DL nd 0.45 2.69 0.80 36.0
18-jan-08 6.68 25.8 364 204 <DL 96 75.6 3.7 32.9 72.6 <DL <DL 0.40 2.72 0.85 46.6
14-mar-09 7.00 26.8 455 309 1.23 46 75.5 3.0 26.6 64.2 <DL <DL 0.31 371 125 30.7
43 White 3-May-04 59.4 6.55 26.8 206 292 0.89 1583 137.4 3.7 337 62.1 12 12 8.90 0.25 0.87 42.0
30-jan-05 6.51 26.6 174 397 0.40 1508 144.4 34 285 69.6 17 14 8.61 0.26 0.99 37.7
19-jan-08 6.79 25.1 288 288 0.00 1223 130.3 3.6 31.7 69.2 21 <DL 9.83 0.25 0.99 35.6
44 White 3-May-04 57.9 6.77 26.8 415 272 122 3933 202.1 4.7 34.0 62.8 37 35.78 7.06 0.22 1.95 39.0
30-jan-05 6.73 26.5 402 368 115 3941 2238 4.4 29.4 72.0 43 44.72 7.06 0.24 2.66 36.4
29-nov-06 6.70 271 264 264 0.54 3671 205.1 3.8 29.2 68.3 64 nd 6.97 0.25 2.09 26.7
19-jan-08 6.84 24.8 501 276 0.24 3163 192.4 4.5 36.3 67.5 52 10 6.92 0.27 3.20 33.8
05-apr-09 7.50 26.6 410 277 <DL 3803 210.1 3.5 32.2 80.2 42 36 8.23 0.28 3.02 213
51 Off-white 30-apr-04 57.9 6.66 26.7 355 530 0.98 555 374.7 4.1 287 57.1 <DL <DL 0.14 1.93 0.65 322
30-jan-05 6.62 26.5 350 720 2.51 370 385.7 3.6 253 62.0 <DL <DL 0.13 191 0.81 28.8
30-nov-06 6.70 25.2 518 518 1.65 405 357.3 33 258 62.7 <DL <DL 0.29 1.93 0.89 23.0
19-jan-08 6.71 229 840 424 <DL 310 3825 3.6 33.4 60.3 <DL 25 0.16 1.76 2.35 26.6
05-apr-09 6 26.3 306 601 2.79 1026 263.8 3.1 30.8 72.2 44 43 0.13 1.94 2.03 16.6
58 Off-white 1-May-04 57.9 6.66 26.8 319 648 151 1583 406.4 4.9 40.4 al 22 19 2.06 1.76 0.68 30.9
30-jan-05 6.69 26.3 292 893 0.47 1305 432.6 4.3 322 89.9 27 25 2.05 178 127 276
29-nov-06 6.70 24.4 603 603 0.00 1417 388.0 37 33.6 79.7 35 nd 2.47 1741 0.83 223
19-jan-08 6.87 243 760 638 0.00 1299 362.0 4.5 41.3 79.8 34 9 2.74 176 3.42 270
04-apr-09 7.40 27.0 353 256 0.94 1440 344.0 33 36.9 90.9 44 34 2.62 2.18 1.62 16.8
63 Red 1-May-04 68.6 6.51 26.6 166 433 1.23 222 208.5 6.1 42.2 79.0 <DL <DL 0.34 2.16 1.00 35.6
30-jan-05 6.50 26.1 166 674 0.66 156 221.7 5.4 347 93.4 <DL <DL 0.43 221 0.68 32.1
28-nov-06 6.60 24.9 493 493 <DL 147 209.4 4.8 37.2 92.0 7 <DL 0.81 2.36 1.94 24.7
19-jan-08 6.62 24.9 407 521 0.54 128 231.7 6.0 52.7 93.8 <DL <DL 0.81 2.37 2.98 310
06-apr-09 6.6 26.7 187 47 1.75 96 232.9 4.9 46.6 119.4 10 10 0.81 3.32 1.65 20.8
REDUCED SEDIMENT
25 Black 30-apr-04 244 6.81 26.1 307 83 0.62 7282 102.3 6.2 17.0 36.1 241 241 6.77 0.14 3.79 431
30-jan-05 7.00 25.8 305 110 0.46 7552 104.9 5.7 171 40.6 260 nd 6.92 0.14 4.67 39.8
28-nov-06 7.00 255 294 9 0.58 6789 95.0 5.0 19.1 50.9 383 380 7.54 0.16 5.37 29.8
18-jan-08 6.85 23.0 663 86 0.12 6960 89.4 5.8 22.3 42.8 323 109 7.04 0.18 4.01 37.4
37 Black 1-May-04  39.6 6.58 26.8 189 356 1.00 3642 189.0 5.3 253 51.4 23 19 9.18 0.28 105 52.3
30-jan-05 6.62 26.3 193 433 0.54 3442 195.6 4.8 236 58.4 25 23 9.09 0.29 124 46.1
28-nov-06 6.70 253 297 297 0.77 3465 170.7 4.4 25.9 67.7 39 39 9.61 0.31 157 33.8
18-jan-08 6.58 25.9 261 158 <DL 3137 155.0 3.2 25.4 49.2 <DL <DL 9.00 0.25 2.30 41.9
53 Black 1-May-04 16.8 6.65 26.7 202 13 0.17 5657 8.2 3.6 11.5 45.1 148 144 11.5 0.63 3.29 55.2
30-jan-05 6.72 26.4 185 15 0.10 5867 8.0 3.2 11.0 45.5 163 160 11.9 0.60 3.17 47.9
54 Black 1-May-04 259 6.62 26.6 409 16 0.24 7297 35.4 6.4 36.4 91.9 274 259 6.98 0.10 411 48.4
30-jan-05 6.73 26.3 441 10 0.10 6841 25.1 5.7 30.9 145.6 312 306 8.76 0.29 4.39 40.4
30-nov-06 6.80 24.0 430 20 <DL 6078 32.3 5.0 319 90.4 408 nd 6.79 0.10 3.99 317
19-jan-08 6.85 24.8 487 151 0.10 5097 28.8 4.4 41.8 89.8 349 326 7.51 0.08 4.78 21.0
57 Black 1-May-04 259 6.67 26.5 499 12 0.20 7610 22.3 6.3 36.1 119.6 245 239 7.84 304 5.02 44.6
30-jan-05 6.75 26.2 405 10 0.10 6895 22.4 54 28.7 137.4 259 235 7.47 300 4.59 39.1
30-nov-06 6.80 25.4 445 8 <DL 6253 19.2 4.8 30.2 110.6 339 nd 7.42 319 4.09 29.7
19-jan-08 6.88 23.9 450 8 0.60 6341 22.8 5.2 39.6 109.7 252 90 6.58 305 5.63 35.5
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Saturation index (SI) is defined as:

where IAP is the ion activity product and
K,, is the solubility product for a mineral at
a given temperature. When SI=0 (IAP=K_)
the solution is at thermodynamic equilibrium
with respect to a specific mineral and when
SI>0 the water is supersaturated with
respect to a mineral and vice versa.
Calculation of SI was done to identify
possible sinks and sources of dissolved
elements and for further interpretation of

possible reactions controlling the aqueous
chemistry (Sracek et al. 2004a,b).

Saturation indices were calculated using
PHREEQC version 2.14.2 (Parkhurst and
Appelo, 1999) with the WATEQA4F
thermodynamic ~ database. Eh  values
measured in field and corrected with respect
to standard hydrogen electrode (SHE) were
used for speciation of redox couples. The
model calculated the activities of different
species of each element and then using these
activities saturation indices were calculated.
Since the measured redox potential (Eh) is a

Table 3. Reactions and thermodynamic constants for PHREEQC surface complexation
model with strong (Hfo_s) and weak (Hfo_w) adsozption sites.

Adsorption reaction Log K Reference
Hfo_sOH + H' = Hfo_sOH* 7.29 Allison et al. (1990)
Hfo_wOH + H" = Hfo_wOH?** 7.29

Hfo_sOH = Hfo_sO"+ H" -8.93

Hfo_wOH = Hfo_wO™ + H* -8.93

Arsenite

Hfo_sOH + H3AsO; = Hfo_sH,AsO; + H,0 5.41 Allison et al. (1990)
Hfo_wOH + H3AsO; = Hfo_wH,AsO; + H,0 5.41

Arsenate

Hfo_sOH + H3AsO, = Hfo_sH,AsO, + H,O 8.61 Allison et al. (1990)
Hfo_wOH + H3AsO, = Hfo_wH,AsO, + H,0 8.61

Hfo_sOH + H3AsO, = Hfo_sHAsO, + H,0 + H* 281

Hfo_wWOH + H3AsO, = Hfo_wHAsO, + H,0 + H* 2.81

Hfo_sOH + HyAsO, = Hfo_sOHAsO,* + 3H* -10.12

Hfo_wWOH + H3AsO, = Hfo_wOHAsO,* + 3H" -10.12

Phosphate

Hfo_sOH + PO, + 3H" = Hfo_sH,PO, + H,0 31.29 Allison et al. (1990)
Hfo_wOH + PO, + 3H" = Hfo_wH,PO, + H,O 31.29

Hfo_sOH + PO, + 2H" = Hfo_sHPO, + H,0 25.39

Hfo_wWOH + PO, + 2H* = Hfo_wHPO, + H,0 25.39

Hfo_sOH + PO,® + H" = Hfo_sPO,2 + H,0 17.72

Hfo_wOH + PO, * + H" = Hfo_wPO,2 + H,0 17.72

Carbonate

Hfo_wWOH + CO5? + H" = Hfo_wCO®* + H,0 12.56 van Geen et al. (2004)
Hfo_wWOH + CO5? + 2H'= Hfo_wHCO; + H,0 20.62

Silica

Hfo_sOH + H,SiO, = Hfo_sH;SiO, + H,O 4.28 Swedlund and Webster (1999)
Hfo_WOH + H,Si0, = Hfo_wH;SiO, + H,0 4.28

Hfo_sOH + H,SiO, = Hfo_sH,SiO, + H,0 + H* -3.22

Hfo_wOH + H,SiO, = Hfo_wH2SiO, + H,0 + H* -3.22

Hfo_sOH + H,SiO, = Hfo_sHSiO,? + H,0 + 2H" -11.69

Hfo_wWOH + H,Si0, = Hfo_wHSiO,2 + H,0 + 2H* -11.69

Calcium

Hfo_sOH + Ca*? = Hfo_sOHCa" 497 Allison et al. (1990)
Hfo_wOH + Ca™ = Hfo_wOCa" + H" -5.85
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Hfo
(5-100 g/

—— As (ads) <:> As (aq);

As, = 2.1-7.7mg/l (B.C. total available amount)

— PO,3-tot (ads) <:> PO,*- (aq) <:> Phosphate minerals;

PO,3-tot (aq) = 0.5 — 8 mg/l (B.C. constant dissolved concentration)

Figure 11. Conceptual model for simulation of As adsotption in aquifers

proxy for redox condition for modelling
valid only wunder redox equilibrium
conditions, a sensitivity analysis was done to
evaluate the impact of Eh on the resulting SI
values by altering Eh in the model.

5.3.2. Simulation of As adsortption
characteristics of aquifer sediments

The adsorption of As on the oxidized
sediments was simulated as surface
complexation reactions on generic hydrous
ferric oxides (Hfo) surfaces using the Diffuse
Layer Model (Dzombak and Morel (1990).
The modelling was conducted using the
geochemical modeling code PHREEQC
(Parkhurst  and  Appelo  1999). The
Minteq.v4 database (Allison et al. 1990) was
adopted and modified as required. Using the
surface  complexation  approach  the
adsorption of different species to Hfo are
described by equilibrium mass action
equations. The Dzombak and Morel (1990)
model includes both strong and weak
binding sites on Hfo. The surface reactions
considered and thermodynamic constants
used are provided in Table 3.

Arsenic adsorption chatacteristics under
prevailing aquifer conditions were simulated
as surface complexation reactions on
hydrous ferric oxides (Hfo) with the Diffuse
Layer Model (DLM) (Dzombak and Morel
1990, Allison et al. 1991). The simulations
comprised of a batch system of Hjfo,

15

adsorbed and dissolved As(IIl)-tot and
dissolved PO,”-tot as described by Figure
11. The adsorption of As was assumed to be
controlled by pH, Hfo content, species of As
(ASIII or AsV) and presence of PO, ’-tot as
competing ion (Smedley and Kinniburgh
2002, Sracek et al. 2004a,b, Gustafsson and
Bhattacharya 2007).

The system hydrous ferric oxides,
adsorbed and dissolved AsIIl and PO,”
were simulated and compared with analytical
data. Default parameter based on Dzombak
and Morel (1990) was used for specific
surface area for Hfo (600 m>/g). Input data
for the modelling, were based partly on the
groundwater chemistry data as well as the
solid phase extractions (Table 4). The
amounts of Hfs and As were calculated
based on oxalate extractions data for Fe and
As respectively (Fe,, As,) and the L/S ratio
of alluvial aquifer properties. Dissolved As
concentration was added to As, amount
giving total available As in the system. A
constant  concentration  of  dissolved
PO, -tot was used as boundary condition
simulating phosphate mineral phases in
equilibrium with the groundwater described
below. This assumption was based on the
findings from speciation modelling showing
phosphate mineral phases in equilibrium
with the groundwater.
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Table 4 Analytical data used for adsorption simulations using Visual MINTEQ v. 2.53
and diffusive layer model by Dzombak and Morel (1990)

Analytical data Unit Min Max Corresponding input data for simulation
Feox mg/kg 700 15000 Hfo

As /L 1 350 As (dissolved)

PO mg/L 0.5 8 PO43- (dissolved)

As,y mg/kg 0.5 15 As (assumed to be adsorbed)

Input data for simulation Boundary condition

Hfo g/L 5 100 Total amount (adsorbed+dissolved)
PO mg/L 0.5 8.0 Fixed dissolved concentration

pH 6.3 7.1 Fixed

T °C 25 25 Fixed

As mg/L 2.1 1.77 Total amount (adsorbed+dissolved)
L/S ratio in aquifer volume 0.238 Used for unit conversion for the model

5.4. Geomicrobiology

Transformation of As by microorganisms
has important environmental implications
because As(V) and As(IIl) have different
sorption properties. Primarily studies have
mostly focused on sites contaminated by
mining, pesticides or other related
anthropogenic  activities, and they all
demonstrate enhanced microbial
mobilization on short time scales. The
importance of various microbial processes in
the dynamics of As underscore the need for
our continued inquiry regarding As
transformations. Microbial processes in the
sediment-groundwater interface and their
impact on As mobilization has not been
investigated in these areas and perhaps
provide new insights to the validations on

the sustainability of the targeted safe
aquifers.
Microbial ~ processes associated with

organic matter degradation have important
environmental  implications on  redox
transformations of As in groundwater
environment. In order to ensure the
sustainability of the As-safe aquifers,
investigations on enhanced mobilization of
As in the sediments representing typical
aquifer sediments, e.g. the color groups. So
far the study has focused on isolation of
microbial populations in sediments and their
role in microbial transformation of As is
being investigated.
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5.4.1 Sediment sampling

Undisturbed core samples were collected by
a modified split spoon method upto a depth
of 60 m. Core samples were collected in 0.3
m plastic tubes with 5 cm diameter. The
drilling was performed with a combination
of a hammer technique and a donkey pump.
Core samples were taken every 1.5 m down
to the depth of 30 m and between 30 and 60
m core samples were taken every 0.6 m. The
core samples were sealed in both ends with
wax during sampling. Later, the core-
samples were split and one half was used for
microbiological studies, and the other half
was preserved for mineralogical and
sediment geochemical studies.

542 Isolation and charactetization of
microbiota

The splitted samples from the tubes were
placed in small wvials under anaerobic
conditions. The sample was weighed and
added known amount of sterile distilled
water to suspend and made serial dilutions
with sterile water and placed on nutrient
Agar plates and incubated at room
temperature, 30°C and 37°C for few days
under both aerobic and anaerobic con-
ditions. The colonies were separated and
isolated un-til to pure colonies were
observed. 'The isolated col-onies of
microorganisms were grown on MacConkey
agar, EMB agar for  biochemical
characterization (Gunaratna et al. 2010).
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The isolated colonies were grown
overnight in Nutrient Broth at respective
temperatures. The DNA was extracted using
Qiagen DNA isolation kit. The DNA
template was used to amplify the 16StRNA
gene using PCR method. The universal
forward and reverse primers were used in
the PCR reaction. The reaction conditions
were 98°C for 30 sec; 98°C for 10 sec, 55°C
for 30 sec, 72°C for 30 sec under 30 cycles
and final extension at 72°C for 10 min. The
reaction product was analyzed by running
electrophoresis on 1% agarose gel. The
product was then analyzed for sequencing
and the sequence was later compared in
NCBI data base using Blast search.

5.5. Conceptualisation

The practice of installation of safe tubewells
with local technique has already reached the
affluent class of rural population. In order to
develop and intensify this practice we are
proposing a strategy for the local drillers to
target safe aquifers in regions with high As
groundwater.

In order to identify safe aquifers, their
sustainability and the risk for cross-
contamination etc., a hydrogeological
investigation including prevailing
biogeochemical processes responsible for
mobilization and immobilization of As has
been discussed in the light of the various
outcomes and results of this research

pro]ect.
6. RESULTS AND DISCUSSION

6.1. Hydrogeological field
investigations

6.11 Agquifer delineation based on borelogs

A 3-D subsurface aquifer model was
developed using the program Rockworks (v.
2004). Based on the generalized description
of the sediments, three aquifers denoted as
Aquifer 1, Aquifer 2 and Aquifer 3 were
delineated (Figure 12). The three aquifers
are separated by two dominantly silty clay
aquitards (Aquitard 1 and Aquitard 2),
identified and described by Mozumder
(2011) and Mozumder et al. (2011). The

subsurface sequence of the study area has
been divided into six hydrostratigraphic
units. In most cases, the lower two units are
missing within the explored depth. The so-
called “oxidized aquifer” (von Bromssen et
al. 2007) occurs as Aquifer 1 and/or in the
upper reaches of Aquifer 2. Aquifer 1
composed predominately of fine sand and
ranges with thickness between 25 and 60 m.
The aquitard delineating the two Aquifers 1
and 2 is significant from a hydraulic point of
view and dominated by silty clay and sandy
clay units with thickness varying between
between 3 and 59 m. This. The aquitard has
been encountered at depths varying between
39 and 70 m as revealed by the drilling logs
prepared during piezometer installation at
different sites (Figure 13).

6.12 Estimation of groundwater abstraction
in Matlab

The total groundwater abstraction rate for
Matlab (both North and South) was
estimated to 176 mm/yr. The survey of
irrigation wells revealed that the maximum
abstraction amounts to 143 mm/yr (81%)
from shallow depths (<50 m), 25 mm/yr
(14%) from depths between 50-75 m and
only 8 mm/yr (5%) from depths below 75
m. The entire irrigation season is between
November to June with the maximum
abstraction for irrigation from January to
April. In Matlab the present groundwater
abstraction is slightly less than in other parts
of the country, 200 mm/yr has been
assumed for Bangladesh on average (Michael
and Voss, 2008). If all irrigation water were
to be tapped from the deep low-As aquifers,
the risk of cross contamination from shallow
high-As aquifers would increase
significantly. However, the adsorption of As
must be considered as well because this
process would slow the transport of As
significantly (Stollenwerk et al. 2007, von
Bromssen et al. 2008, Robinson et al. 2011).
Irrigation wells are not evenly distributed in
the area, they are rather installed in clusters.
Thus, the effect from pumping will differ
locally within Matlab Upazila.
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Depth (m)

Legend

Top Soil
Aquifer 1
Aquitard 1

Aquifer 2
Aquitard 2

il

Aquifer 3

Figure 12. Geometty of the three aquifer units generated by Rockwotks using the

borelogs constructed from piezometer botings (von Bromssen et al. 2014).
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Figure 13. Aquifer delineation ftom borelog data from the piezometer installation sites.
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6.13 Hpyraullic head monitoring results

The hydrographs produced from
monitoring data are shown in Figure 14.

6.1.3.1 Measured vertical hydranlic gradient
A vertical downward gradient was apparent
in all piezometer nests. The annual average

for all nests, as measured between the top-
and the lowest piezometer, is 0.006, while

the

Village: DIGHALDI, Union: Matlab Paurashava (NEST 3)
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the maximum value is 0.029 (Nest 7). In
four of the nine piezometric nests (nests 6,
7, 9, 11), an upward gradient is observed
during the winter period (November to
January). The observed downward gradient
is consistent with the modelling results (see
later). The region acts as a recharge area
rather than a discharge area, although Matlab
lies adjacent to the Meghna River.
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Figure 14. Groundwater elevation
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observed in 10 piezometer nests.
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6.1.3.2 Amplitude of hydrographs

The amplitude of the hydraulic heads as
observed in the piezometers varies between
1.0 and 5.1 m. The highest amplitudes are
observed in the deeper piezometers of nest 4
and 5 where the number of irrigation wells
was high. Although groundwater abstraction
increases the stress imposed on the aquifers,
the system is recharged during the monsoon
rains, and fully recharged after the monsoon

period.

6.1.3.3 Seasonal variation

The hydraulic heads in the shallow
piezometers peak during August to
September following the beginning of the
monsoon period and the lowest hydraulic
heads are observed during the dry—irrigation
season between January and May. The
shallow part of the groundwater reservoir
seems to be recharged rather quickly
compared to the deeper part of the
reservoir, since the deeper piezometers in
many cases (especially nests 4, 6, 7, 9, 10)
have their lowest hydraulic heads 2-—4
months later. The relatively higher amplitude
of the groundwater level fluctuations in the
deeper piezometers is puzzling, but it may
be the result of the combination of the water
level fluctuations in Meghna and hydraulic
properties of the deep aquifers.

6.1.34. Trends shown by the hydrographs in_the
hydrostratigrahic units

The  hydrographs  show  differential
behaviour of shallow and of deeper
piezometers, indicating the presence of two

or three separate aquifer units depending on
location, i.e. a shallow, an intermediate and a
deep aquifer. Using hydraulic pressure heads
to delineate of aquifers indicates the
presence of the following:

e Aquifer 1 extends down to a depth
of approximately 50 m b.g.l.

e Agquifer 2 located between 50—100 m
b.g.l

e Aquifer 3 located from
approximately 100 to at least 250 m
b.g.l

Aquifers 2 and 3 seem to behave similarly
and the distinction is not clear. Thus, an
aquitard between these aquifers may be
discontinuous or thin as observed in the
generalized hydrostratigraphic cross section
along N-S in both North Matlab and South
Matlab (Figure 15).

6.1.3.5. Hydranlic heads below mean sea level

In nests 4, 5 and 9, the hydraulic heads
measured in the deep and intermediate deep
piezometers are below the mean sea level
during the end of the heavy irrigation period
from March to May.

This can be a consequence of pumping only.
However, most irrigation water is abstracted
from relatively shallow depth. Thus, the
lower hydraulic head in the deeper
piezometers are caused by an unknown
abstraction point or a combination of the
identified localirrigation and differences in
aquifer properties at depth.

(a) N Generalized Hydrostratigraphy of North Matlab 5
[-] o S‘U
3 g | abgraphy
= o - Top Sof
B 3 .E Agyuiter |
{b:l N Generalized Hydrostratigraphy of South Matlab ER Acutere 1
o o .- Agquiter 2
- & .- Aguieng 2
; ; R Aot )
Bl scune )
8 ¥ -

Figure 15. Generalized hydrosttatigraphic cross section along N-S in (a) North Matlab

and (b) South Matlab.
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6.14. Hydraulic testing

The pumping test was carried out in January
2008 in the middle of the dry season using
and irrigation well for abstraction of
groundwater. For the test, 9 piezometers
were installed at varying depths (23—88 m)
and distances between 2 and 36 m from the
pumping well, and pumping test was carried
out for a period of 23%2 hours at the rate of
65 m’/hour (Table 5),. Groundwater levels
were monitored in the pumping well and
piezometers prior, during and after the
pumping period. The piezometers were
installed in two perpendicular lines with the
origin at the irrigation well (Figure 16).

The water levels were also monitored in
two nearby private wells located at a distance
of 128 and 94 m from the irrigation well at
similar depths. The irrigation well had not
been in prior use during the season. The
water levels were monitored automatically

Piezometric fiest at
therver side.” > A

=

Channe!

Foad on dike

Basin for L
distribution of

Irrigation

water to the

irrigation
trenches

with loggers in two piezometers as well as
manually, twice a minute initially. During the
installation of the piezometers, with the
hand percussion method, washed sediment
samples were collected at intervals of 1.5 m
for the reconstruction of the lithological
succession at the pumping test site (Figure
17).

Drawdown was obvious in  all
piezometers although the drawdown in
piezometer 1:285 (88 m) was small (only a
few centimetres). The drawdown in the
piezometer closest to the pumping well was
only 0.52 m which indicates that this
piezometer was installed in silty to clayey
sediments with little hydraulic response. The
maximum drawdown during the pumping
test for each of the piezometers, and the
distance to the pumping wells are listed in
Table 5 and plotted in Figure 18.

Rice fields

Water was pumped
manually from the pond Pond
to the irrigation well, from

which it was led/pumped
to the drilling sites
3:70

o
rigation tren<t /

Clay barrier to
- guid the water to
the drilling sites

4:140
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(]
0 e 17

well 2:70 2:140

\
1:140
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20 m
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Figure 16. Location of the hydraulic test site: a) in regional scale with rivers Meghna and
Gumti, b) piezometers used for pumping test, c¢) detail of the field and wells. The
numbers indicate piezometer site ID and depth in ft, i.e. 2:70 indicate site 2 and depth of

the screen at 70 f+.
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Table 5. Depth of the nine piezometers installed for pumping tests and maximum
drawdown during the pumping test observed in installed piezometers and wells NABO 1
(School) and NABO 2 (Private).

Piezometer Coordinates Depth  Distance from Maximum
ID (degree) (m) pumping well drawdown
(m) (m)
1:285 N 23.31365 E 90.68735 88.4 2.0 0.02
1:140 N 23.31364 E 90.68737 42.7 35 0.19
1:70 N 23.31364 E 90.68738 21.3 4.3 0.52
2:70 N 23.31366 E 90.68745 21.3 12.0 2.06
4:70 N 23.31376 E 90.68731 21.3 12.0 2.07
2:140 N 23.31366 E 90.68746 42.7 131 0.19
4:140 N 23.31377 E 90.68731 42.7 13.2 0.09
5:70 N 23.31397 E 90.68729 21.3 35.9 1.33
3:70 N 23.31368 E 90.68768 21.3 36.0 1.48
NABO 1/School N 23.31420 E 90.68727 29.0 127.5 0.35
NABO 2/Private N 23.31273 E 90.68725 17.4 93.6 0.27
Irrigation Well N 23.31365 E 90.68726 21.3 0.0 -
g
belljj\f/tgrgnunmdefs\rlel '§£ Ro fo Main layers
0 } i I :i::p[ysj:;,silty clay Clay
5 L
Silty to fine sand
10 Sand
15 Fine to medium sand
) ) 20 ;lzsll/j::i; IcaZarse sand
Silt to very fine sand ” Clayisilty clay Clay, shifting layers
silt to very fine sand 30 Silty clay
35 Fine sand
40
Sand
45
Medium to coarse sand
50
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60 Plastic clay
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Silty clay/plastic clay Clay
70
75
80
Fine to medium sand Sand
85
900 - — 15Prl:stic clay Clay

Figure 17. Litholog based on sediment samples recovered duting the installation of the

plezometets.
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Steady State Leaky Artesian Type Curve (After Jacob , 1944)
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Figure 18. Maximum drawdown duting the pumping test versus the distance from the

pumped wells plotted in log—log scale. The match point has been chosen so that
K (t/B)=1andt/Bis 1.
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Figure.19. Semi-log plot and intetpretation of drawdown versus time for the piezometers
4:70, 2:70, 5:70 and 3:70 screened at the depth 21 m (70 £2) below ground level. Piezometer
4:70 and 2:70 are located at the same distance, 12 m, from the pumping well and
piezometer 3:70 and 5:70 both located 36 m from the pumping well.
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Table 6. Estimated transmissivity, T, and storage coefficient, S, based on semi-log plot.

Piezometer T 10° m%s S (10
2:70 2.5 30
3:70 3.0 18
4:70 2.5 30
5:70 3.0 18
The drawdown observed in the purposes. The regional transient models

piezometers 2:70, 3:70, 4:70 and 5:70, and
the private wells (NABO 1 and NABO 2)
indicated responses similar to the pumping
well and relatively homogenous
hydrostratigraphic unit. The transmissivity
(T) and the leakage coefficient (P"/m”) ate
estimated as 3.8 x 10° m?/s and 1.3 x 107
1/s, respectively. Based on drillings at the
site, it can be assumed that the thickness of
the aquifer is approximately 20 m, and that it
is separated from the reservoir at 42 m
depth by a 10 m thick layer with a lower
vertical hydraulic conductivity. Based on this
assumption, the  average  horizontal
permeability (I,) of the aquifer is 2 x 10"
m/s and the vertical permeability (K) of the
layer separating the two aquifer is 1.3 x 107
m/s.

The evaluation of the results focuses
primarily on the drawdowns measured in the
piezometers 2:70, 3:70, 4:70 and 5:70. Semi
log plots and interpretations of drawdown
versus time for the piezometers 2:70, 3:70,
4:70 and 5:70 are presented in Figure 18
and the calculated hydraulic parameters are
listed in Table 6 and the corresponding log—
log plots are shown in Figure 19.

6.15. Groundwater flow modelling
6.1.6.1. Regional groundwater model

A generic three-dimensional finite-difference
groundwater model MODFLOW (Visual
Modflow v. 4.1) was used to study the
aquifer system. Both regional steady state
models and transient flow models covering
the eastern part of Bangladesh, from the
Tripura Hills to the river Meghna, were
developed. Models were realized for
natural/undisturbed conditions, ie. no
groundwater abstraction from wells, as well
as for the present conditions with high
groundwater abstraction for irrigation
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were calibrated to match monitored
groundwater level fluctuations, while the
steady state models were calibrated to match
groundwater ages based on C dating (von
Bromssen 2012, von Bromssen et al. 2014).

6.1.6.2 Model area and boundary conditions

The modelled area extends from the Bay of
Bengal in the south to the low-lying bils and
haors of the Sylhet region in the north, and
from the Meghna River in the west to the
Tripura Tertiary Hills in the east. The model
setting consists of 138 rows, 93 columns and
20 layers to a depth of 1000 m. The lower
boundary was assumed to be flat, due to lack
of available data. However, groundwater
flow interactions at depth were assumed to
be negligible. All 601 irrigation wells that
were identified at Matlab were introduced
into the models as specific well points. One
irrigation well per km®, matching the average
distribution and abstraction rate found in
Matlab, was introduced for the area outside
Matlab into the model. The boundary
conditions have been set based on the
criteria given in Table 7. Boundaries were set
beyond the maximum propagation of
pumping in Matlab. At north and east there
were no-flow boundaries, in the south sea-
level represented constant head boundary,
and in the west constant head was also
applied, corresponding to the levels in
Meghna and Gumti rivers. The surface water
level data (Figure 20) from stations of
Meghna around the study area, obtained
from Bangladesh Water Development Board
(BWDB) were used in the model.

6.1.6.3. Parameterisation

In order to idealise and simplify the
complexity of the aquifer system, the system
was assumed to be anisotropic with
horizontal hydraulic conductivity higher
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Table 7. Boundary conditions of the regional model outer limits.

Boundary Boundary condition Selection criteria
It is assumed that Bay of Bengal is a hydraulic
South Constant head at sea-level. . y 9 y
boundary with a constant head at 0 m.a.s.l.
East No-flow boundary Tripura Hills is a watershed towards east.
Constant head at Meghna surface to appr. 140 m
b.s.l. at Matlab with greater depth towards south
and lesser towards north. R. Gumti, surrounding It is assumed that the great river Meghna and the
West . . .. .
parts of Matlab is included as constant head down  lesser river Gumti is a hydraulic boundary.
to 16 m b.s.l. Constant heads has been varied
according to surface level measurements.
The groundwater flow is assumed to follow the
North No-flow boundary northern boundary in east-west direction and thus
little flow would cross the northern boundary.
Lower No-flow At 1000 m depth groundwater flow would be small.
As excess water reaches the surface it is removed
Ubper Drain at 0.1 m below surface. from the model simulating surface overflow.
PP For the transient model recharge was calculated as
Recharge P-ET (= 0) and applied on a monthly basis
following data presented in Figure 1.
_— It was assumed that irrigation stand for most of the
Irrigation . .
wells Pumping wells groundwater abstraction and thus only the surveyed
irrigation wells were included in the model.
—> Actual surface water levels
—> ldealised surface water levels
5
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Figure 20. Idealized surface water levels (m) introduced as constant head in the model
and actual surface water levels at Matiab (Meghna) for 2005.

than vertical conductivity. This assumption

is reasonable considering the sediment
characteristics of the Bengal basin
comprising  fining upward cycles of

sediments in these settings (Michael and
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Voss 2008). Two major approaches with
subsequent modifications were used: 1) an
anisotropic  model assuming homogeneous
conditions from surface level down to the
bottom of the modelling domain (1000 m
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Table 8 Input data for parameter estimation (PEST) module.

Parameter Initial value Min Max
Horizontal hydraulic conductivity (K) 10 m/s 10> m/s 10™ m/s
Horizontal hydraulic conductivity (K) 10 m/s 10 m/s 10° m/s
Vertical hydraulic conductivity (K,) 107" m/s 10 m/s 10 m/s
Specific storage (Ss) 10™ 1/m 10 1/m 10° 1/m
Specific yield (Sy) 0.2 0.05 0.2

b.s.l.) where vertical hydraulic conductivity
(K,)<<horizontal hydraulic conductivity (K,),
and ii) an anisotropic model including generic
aquitards identified through exploratory
drillings and aquifer delineation as well as a
third aquitard identified and described by
DPHE/DFID/JICA (2000).

The hydraulic properties varied for both
modelling approaches (i.e. anisotropic
homogeneous and generic aquifer/aquitard
model). The variations of the properties of
the model for the Holocene and Pleistocene
aquifers of Bangladesh were based on results
based on the:

e present pumping test data,

e data from the steady-state regional
modelling of the Bengal Basin
(Michael and Voss 2009a,b), and

e aquifer parameter data (BGS and
DPHE, 2001)

The horizontal and vertical hydraulic
conductivity values were varied between 107
and 10° m/s and 10° and 10° m/s
respectively. The hydraulic conductivity of
the aquitard, included in the models, was
varied between 107 and 107 m/s. The
storage properties were varied for the
calibration of the transient models only. The
specific yield (S,) was varied between 0.1 and
0.2. The total porosity (n) was set to 0.3 and
the effective porosity (n) was varied
between 0.15 and 0.3. A reasonable
storativity (S) of approximately 10*-107
(BGS and DPHE, 2001) results in specific
storage (Ss) for the aquifers varying from
10 *t010° 1/m, as S = b x S, depending on
the thickness of aquifer ().
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For the transient model, the recharge was
calculated as the difference between the
rainfall and evapotranspiration (ET). During
the dry period from November to April, no
rain was applied in the model and the
applied recharge varied from 0 mm/month
to a maximum 300 mm/month (in July). For
the steady state model the recharge was set
to 700 mm/yt.

6.1.6.4. Calibration

The steady state model was calibrated to
match the interpreted groundwater '*C ages
using the MODPATH backtracking flow
module. The procedure, as described by
Michael and Voss (2008) was applied. The
transient models were calibrated to match
the measured hydraulic head fluctuations in
the installed piezometer nests. The transient
model was then realized for five years to
generate a stable model. In cases, when the
model was not stabilized within five years, it
was executed again, using input from the
previous run. The amplitude and timing of
groundwater levels fluctuations could be
calibrated fairly well with a generic
approach, i.e. the model could simulate the
behaviour of the system, and the amplitudes
of the hydraulic heads in simulations
correlated with measured hydraulic heads.
However, as local hydrogeological properties
could not be reproduced exactly in the
model, a correlation between specific
piezometer nests was difficult to achieve.

6.1.6.5  Simulation of pumping test with a
groundwalter model

Visual Modflow Pro (version 4.1) was used
for simulating the pumping test. Only
saturated flow was simulated. The model
was set up for transient conditions
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describing the pumping test. An area of
1000 x 1000 m surrounding the pumping
well was modelled to simulate the pumping
test and the base of the modelling domain
was set to 250 m below the ground surface.
The flow domain was discretized into 35
rows, 42 columns and 17 layers.

It was assumed that the system is
homogeneous and anisotropic with a higher
horizontal hydraulic conductivity than that
of the vertical hydraulic conductivity except,
for the upper most layer, which was
assumed to be silty clay with a low hydraulic

Nonsteady State Leaky Artesian Type Curve

conductivity (K = 10® m/s). The initial
heads were set to 2 m b.g.l (-2 m), using only
relative levels and drawdowns obtained in
the modelling. No recharge was applied to
the groundwater model, since the model
only describes the situation during the
pumping test. Constant heads or no-flow
boundaries were used as boundary
conditions for the exterior boundary of the
modelled domain and no flow boundary
conditions were applied to the bottom
boundary.
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10 I
{
wases] 1/B = 0.40
8 = 0.35
—~ 1 -
S
=
c
=
o
kel
=
©
P
(a)
vl
] ® 42
| - 4:70 et
| ! o 2:7
/ / o o
“é::: ' g Abvell 9" : : 3
0.01 O 1968 / ;" l
0.1 1 0 100 1000 10000
Time after pumping start (min)
Nonsteady State Leaky Artesian Type Curve (After Walton, 1960)
10 I I
/B =011
/B = 0.25
—~ 1 —
S
=
c
=
o
E
©
s
(@)
9.1
47
3.7
0.01

10000

Time after pumping start (min)

Figure 21. Log—log plot and intetpretation of drawdown versus time for the piezometets
2:70 and 3:70 screened at the depth of 20 m (70 £t) below ground level and located on a an
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General aquifer properties for the
shallow aquifers in the flood plains of the
Bengal Basin given by BGS and DPHE
(2001) were used as initial values for the
calibration. The model was calibrated to
match the measured drawdown in the
piezometers during the pumping test. The
parameter estimation module (PEST) was
used to calibrate the model (von Bromssen
et al. 2014).

The data used for the optimisation and
the  calibrated wvalues of  hydraulic
conductivities of the aquifer match the
previous studies results, i.e. the hydraulic
conductivities are within the same order of
magnitude (Table 8). The PEST module
used to calibrate the model also revealed
acceptable results (Table 06), except for
piezometer 1:70 that appears to be installed
in silty and clayey sediments and/or was not
working properly as it does not response
accordingly. Measured and  simulated
drawdowns for selected piezometers are
shown in Figure 21.

A number of pumping tests would have
been ideally performed to ascertain the
representativity of the pumping test for
Matlab, however the results correlates with
literature findings (BGS and DPHE 2001)
The test however amply demonstrates the
distinct hydraulic properties in terms of
horizontal and vertical conductivity for the
aquifer system (see Table 6).

6.1.6. Groundwater flow models
6.1.7.1. Steady state flow model

In order to reproduce regional groundwater
flow pattern, hydraulic conductivity (K, and
K,) were varied during modelling. Backward
particle tracking was used for the calibration
of the groundwater travel times versus
estimated groundwater ages (Table 9).
Particles were released from the study area at
depth corresponding to the corrected '*C
groundwater  dating, representing the
boundary between different flow systems
(Michael and Voss 2008).

Groundwater age estimates through
anisotropic homogeneous modelling
approach were younger than the 'C dating,
of groundwater in the aquifer depths up to
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75 m for all models. Using a ratio K, /K, >
1000 in the model, for depths of 200 m and
beyond, the simulated groundwater ages
were found to be unreasonably old (>50 k
yr) and thus did not comply with the ages
estimated by Aggarwal et al. (2000) and
Hoque (2010). This also assumes that the
groundwater travelling distances needs to be
considerably long, all the way to the eastern
boundary of the model as well as the
prevalence of a long regional flow system at
very shallow depth, i.e. 30 m and below.

Based on the aquifer delineation, a four
layer model was also developed. This
modelling  approach  improved  the
calibration of estimated groundwater ages.
The accuracy of the model improved, when
aquitards with hydraulic conductivity ranges
10® — 10 m/s were considered. Figure 22
illustrates the differences in regional
groundwater flow patterns between the
homogeneous anisotropic model and the
four layer aquifer/aquitard model.

The sensitivity of the model to hydraulic
properties of shallower domain as well as
low hydraulic conductivity of the Tertiary
Hill terrain was tested and evaluated.
Simulated groundwater ages at Matlab were
not sensitive to these changes and the
calibration did not change. The groundwater
simulations clearly identified two flow-
systems, a regional horizontal flow system
with recharge areas at the Tripura Hills and
local flow systems driven by local
topography. The local flow systems reach a
depth of approximately 30 m b.gl in
Matlab, based on the calibrated steady state
modelling results.

In Matlab, very few deep (>100m)
irrigation- and production wells are installed
and the vertical gradient observed in most
piezometer nests out of the irrigation period
is likely to reflect natural groundwater flow
conditions. The vertical hydraulic gradient of
0.01 based on the observed field
measurements is also consistent with the
models developed for the study area.

The local recharge zones result in
elevated hydraulic heads compared to the
heads of the regional flow. Even though
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Table 9. Model types, hydraulic conductivity (K, and K)) and simulated groundwater
ages used for developing groundwater steady state models.

Aquifer Aquitard  Hills
Model Type Kp Ky K K* Simulated groundwater ages
(m/s) (m/s) (m/s) (m/s)
A Anisotropic 10 10 ~ B Young
homogeneous
B Anisotropic 104 sx107 - - Young
homogeneous
c Anisotropic 10 107 R ~ Young
homogeneous
D /:‘(?rlr?g;;ilgus 10* 2x10°® - - Young down to 100 m depth
E ﬁc;]r:wsggt;:wilgus 10* 10° - - Reasonable, old at depth
F Anisotropic 5x10°  10° - - Young
homogeneous
G Anisotropic 5x105  5x107 - - Young
homogeneous
H Anisotropic 5x10° 107 ) ) Young, gives unreasonable (>50 kyr) old GW in
homogeneous neighbouring areas
| Anisotropic 5x10° 2%10° ) ) Young, gives unreasonable (>50 kyr) old GW in
homogeneous neighbouring areas
J ﬁ:ﬁg;:%'gus 5x10° 107 - - Could not be calibrated well
K 4 aquifer/aquitard model 10 10° 10° - Ok
4 aquifer/aquitard model 10 10°® 108 - Young down to 100 m depth
M 4 aquifer/aquitard model 10 10°® 5x10°° - Young down to 100 m depth
N 4 aquifer/aquitard model 5x10° 10° 5x10° ) Young down to 100 m depth although reasonable
ages
oY 4 aquifer/aquitard model 10 10° 10° 108 Ok
1) . . 4 6 8 8 Young although simulated groundwater ages are
P 4 aquifer/aquitard model 10 10 10 10 reasonable
Qv 4 aquifer/aquitard model 10 10° 5x107 10°® Young although simulated groundwater ages are
reasonable
RY 4 aquifer/aquitard model  5x10° 10° 5x107 10°® Young although simulated groundwater ages are
reasonable
sh 4 aquifer/aquitard model 10 10° 10° 10°® Young although simulated groundwater ages are
reasonable
™ 4 aquifer/aquitard model 107 5x107 10°® 10°® Young although simulated groundwater ages are
q q reasonable
ub 4 aquifer/aquitard model 107 107 10°® 10°® Young although simulated groundwater ages are
q q reasonable
D 4 aquifer/aquitard model 10 2%10° 10°® 10°® Young although simulated groundwater ages are
reasonable
! Lower hydraulic conductivity applied for hilly areas.
the vertical gradient is present in Matlab, Introducing ~ groundwater abstraction

cross-contamination is likely to be limited
(von Bromssen et al

restricted to

certain

areas

2007, 2008) or
with many

irrigation wells and the absence of aquitards.
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(pumping wells) into the model substantially
changes the local flow patterns, especially
around the irrigation pumping well clusters.
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Figure 22. a) Cross-section of the homogeneous anisotropic model; and b) Cross-section
of the 4 aquifet/aquitard model. Cross-sections are from west to east across the study
area. Time marks of the backward particle tracking are set to 1000 yr. Blue lines indicate

the piezometric heads.

6.1.7.2. Transient flow model

The transient flow model was calibrated to
match  obsetved  behaviour of the
hydrographs presented eatlier in Figure 14.
The present study did not allow calibration
of measured hydraulic heads from all
piezometers with simulated heads in one
single model because of the lack of specific
hydrogeological information. The transient
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model was updated continuously and new
conceptual models were developed based on
the two steady state flow models.

Altogether 51 scenarios were run using
the wusing the following four major
conceptual model approaches (Table 10).
These were grouped as:
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Table 10. Transient flow models conceptualized on the basis of different considerations

Aquifer 2 Aquifer 4 Aquitard
File Type Kh Kv Ss Kh Kv Ss Kh Kv Ss
(m/s) (m/s) (1/m) (m/s) (m/s) (1/m) (m/s) (m/s) (1/m)
T_009b Homogeneous anisotropic  1.E-04 1.E-08 1.E-05  N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - - -
T_009¢c Homogeneous anisotropic  1.E-04 1.E-06 1.E-05  N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - - -
T_009h Homogeneous anisotropic  1.E-04 1.E-07 1.E-05  N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - - -
T_010c Homogeneous anisotropic  1.E-04 1.E-08 1.E-04  N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - - -
T_o1lod Homogeneous anisotropic  1.E-04 1E-07 1.E-04 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - - -
T_012m Homogeneous anisotropic  1.E-05 1.E-08 1.E-04 - - - - - - - - - - - - - - -
T_10e 4 aquifer/aquitard model  1.E-04 1.E-06 1E-05 1.E-04 1.E-06 1E-05 1E-04 1.E-06 1.E-05 1E-04 1.E-06 1.E-05 2E-08 2E-08 1.E-05 - - -
T_10f 4 aquifer/aquitard model  1.E-04 1.E-06 1E-05 1.E-05 1.E-06 1E-05 1E-05 1.E-06 1.E-05 1E-05 1.E-06 1.E-05 2E-08 2E-08 1.E-05 - - -
T_10g 4 aquifer/aquitard model  1.E-04 1.E-06 1E-03 1.E-04 1.E-06 1.E-04 1E-04 1.E-06 1.E-04 1E-04 1.E-06 1.E-04 2E-08 2E-08 1.E-04 - - -
T_012b 4 aquifer/aquitard model  1.E-04 1.E-06 1E-03 1.E-04 1.E-06 1E-03 1E-04 1.E-06 1.E-03 1E-04 1.E-06 1.E-05 1.E-08 1E-08 1.E-03 - - -
T_012¢ 4 aquifer/aquitard model ~ 1.E-04 1.E-06 1E-03 1.E-04 1.E-06 1E-03 1E-04 1.E-06 1.E-03 1E-04 1.E-06 1.E-03 1.E-08 1E-08 1.E-03 - - -
T_012d 4 aquifer/aquitard model ~ 1.E-04 1E-06 1.E-05 1.E-04 1E-06 1E-05 1.E-04 1.E-06 1E-05 1E-05 1.E-08 1.E-05 1E-08 1E-08 1.E-05 - - -
T_012e 4 aquifer/aquitard model  1.E-04 1.E-06 1E-05 1.E-04 1.E-06 1.E-05 1E-04 1.E-06 1.E-05 1E-05 1E-06 1.E-05 1.E-08 1E-08 1.E-05 - - -
T_012q 4 aquifer/aquitard model ~ 5.E-05 1E-06 1.E-05 5.E-05 1E-06 1E-05 5E-05 1.E-06 1E-05 1E-05 1.E-08 1.E-05 5E-08 5E-08 1.E-05 - - -
T_010i 4 aquifer/aquitard model ~ 1.E-04 1.E-05 1.E-04 1.E-04 1E-05 1E-04 1.E-04 1E-05 1E-04 1.E-04 1.E-05 1E-05 1E-09 1.E-09 1.E-05 - - -
4 aquifer/aquitard model
T_10h no Meghna 1E-04 1E-06 1.E-04 1.E-04 1E-06 1E-04 1.E-04 1.E-06 1E-05 1.E-04 1.E-06 1.E-05 2E-08 2.E-08 1.E-04 - - -
T_o12f 2 layer model (1+2;3+4) 1E-04 1E-06 1.E-04 1.E-04 1E-06 1.E-04 - - - 1E-05 1E-08 1.E-04 1.E-04 1E-06 1.E-04 - - -
T_012h 2 layer model (1+2;3+4) 1E-04 1.E-06 1.E-04 1.E-04 1E-06 1.E-04 - - - 1E-05 1E-08 1.E-04 1.E-04 1E-06 1.E-04 - - -
T_012i 2 layer model (1+2;3+4) 1E-04 1.E-08 1.E-04 1.E-04 1E-08 1.E-04 - - - 1E-06 1E-08 1.E-04 1.E-04 1E-08 1.E-04 - - -
T_012j 2 layer model (1+2;3+4) 1E-04 1E-08 1.E-04 1.E-04 1E-08 1.E-04 - - - 1E-06 1E-08 1.E-05 1.E-04 1E-08 1E-04 - - -
T_012k 2 layer model (1+2;3+4) 1.E-05 1.E-08 1.E-04 1.E-05 1.E-08 1.E-04 - - - 1.E-06 1.E-08 1.E-05 1.E-05 1.E-08 1.E-04 - - -
T_0121 2 layer model (1+2;3+4) 1.E-04 1.E-08 1.E-04 1.E-04 1.E-08 1.E-04 - - - 1.E-06 1.E-09 1.E-05 1.E-05 1.E-08 1.E-04 - - -
T_012n 2 layer model (1+2;3+4) 1E-04 1.E-06 1.E-04 1.E-04 1.E-06 1.E-04 - - - 1.E-06 1.E-08 1.E-04 1.E-04 1.E-06 1.E-04 - - -
T_0120 2 layer model (1+2;3+4) 1.E-05 1.E-07 1.E-04 1.E-05 1.E-07 1.E-04 - - - 1.E-06 1.E-08 1.E-05 1.E-05 1.E-07 1.E-04 - - -
3 aquifer model (1; 2;
T_0129 3+4) 1.E-04 1E-08 1.E-04 1.E-04 1E-08 1.E-04 - - - 1E-04 1E-06 1.E-04 1.E-04 1E-08 1.E-04 - - -
3 aquifer model (1; 2;
T_012p 3+4) 1E-04 1E-05 1.E-04 1.E-04 1E-05 1.E-04 - - - 1E-04 1E-05 1.E-05 1.E-09 1E-09 1.E-04 - - -
3 aquifer model (1; 2;
T_010k 3+4) 1E-04 1E-06 1.E-04 1.E-04 1.E-06 1.E-04 1.E-05 1.E-05 1E-05 1.E-05 1.E-05 1.E-05 5E-09 5E-09 1.E-04 - - -
3 aquifer model (1; 2;
T_o10l 3+4) 1E-04 1E-06 1.E-04 1.E-04 1.E-06 1.E-04 1.E-05 1.E-05 1E-05 1.E-05 1.E-05 1.E-05 5E-09 5E-09 1.E-04 - - -
3 aquifer model (1; 2;
T_010m 3+4) 1E-04 1E-06 1.E-04 1.E-04 1.E-06 1.E-04 1.E-05 1.E-05 1E-05 1E-05 1.E-05 1.E-05 5E-09 5E-09 1.E-04 1.E-07 1.E-07 1.E-04
3 aquifer model (1; 2;
T_o10n 3+4) 1E-04 1E-06 1.E-04 1.E-04 1.E-06 1.E-04 1.E-05 1.E-05 1E-05 1E-05 1.E-05 1.E-05 5E-09 5E-09 1.E-04 1.E-08 1.E-08 1.E-04
3 aquifer model (1; 2;
T_0100 3+4) 1.E-04 1E-06 1.E-04 1.E-04 1.E-06 1.E-04 1.E-05 1.E-06 1.E-05 1E-05 1.E-06 1.E-05 5E-09 5E-09 1.E-04 1.E-08 1.E-08 1.E-04
3 aquifer model (1; 2;
T_010p 3+4) 1.E-04 1E-06 1.E-04 1.E-06 1.E-06 1.E-05 1.E-06 1.E-06 1.E-05 1E-06 1.E-06 1.E-05 5E-09 5E-09 1.E-04 1E-08 1.E-08 1E-04
3 aquifer model (1; 2;
T_010q 3+4) 1.E-04 1E-06 1.E-04 1.E-06 1.E-06 1.E-05 1.E-06 1.E-06 1.E-05 1E-06 1.E-06 1.E-05 5E-09 5E-09 1.E-04 1.E-08 1E-08 1.E-04
3 aquifer model (1; 2;
T_o10r 3+4) 1E-04 1E-06 1.E-04 1.E-06 1.E-06 1.E-06 1.E-06 1.E-06 1.E-06 1E-06 1.E-06 1.E-06 5E-09 5E-09 1.E-04 1E-08 1.E-08 1E-06
3 aquifer model (1; 2;
T_010s 3+4) 1E-05 1E-05 5.E-05 1.E-05 1.E-05 1.E-05 1.E-05 1.E-05 1.E-05 1E-05 1.E-05 1.E-05 5E-09 5E-09 1.E-04 1E-08 1.E-08 1E-05
3 aquifer model (1; 2;
T_o10t 3+4) 1E-04 1E-06 1.E-04 1.E-06 1.E-06 1.E-05 1.E-06 1.E-06 1.E-05 1E-06 1.E-06 1.E-05 5E-09 5E-09 1.E-04 1.E-08 1E-08 1E-04
3 aquifer model (1; 2;
T_010u 3+4) 1E-04 1E-06 1.E-04 1.E-06 1.E-06 1.E-05 1.E-06 1.E-06 1.E-05 1E-06 1.E-06 1.E-05 5E-09 5E-09 1E-04 1E-08 1E-08 1E-04
3 aquifer model (1; 2;
T_ol0v 3+4) 1E-05 1E-05 1.E-04 5.E-04 5E-04 1.E-05 1.E-04 1.E-04 5E-06 1E-04 1E-04 5E06 2E-08 2E-08 5E-06 1E-07 1EO07 5E-06
3 aquifer model (1; 2;
T_020a 3+4) 1E-05 1E-05 1.E-04 5.E-04 5E-04 1.E-05 1.E-04 1.E-04 5E-06 1E-04 1E-04 5E-06 2E-08 2E-08 5E-06 1E-07 1E-07 5E-06
3 aquifer model (1; 2;
T_020b 3+4) 1E-05 1E-05 1.E-04 1.E-04 1.E-04 1.E-05 1.E-04 1.E-04 5E-06 1E-04 1.E-04 5E06 2E-08 2E-08 5E06 1E-05 1EO05 5E-06
3 aquifer model (1; 2;
T_020c 3+4) 1E-04 1E-06 1.E-04 1.E-04 1.E-04 1.E-05 1.E-04 1.E-04 5E-06 1E-04 1.E-04 5E-06 2E-08 2E-08 5E06 1E-07 1E07 1E-04
3 aquifer model (1; 2;
T_020d 3+4) 5.E-04 1E-06 1.E-04 1.E-04 1.E-04 1.E-05 1.E-04 1.E-04 5E-06 1E-04 1.E-04 5E-06 2E-08 2E-08 5E-06 5E-04 1E-06 1.E-04
3 aquifer model (1; 2;
T_020e 3+4) 5.E-04 1E-06 1.E-04 1.E-06 1.E-06 1.E-05 1.E-04 1.E-04 5E-06 1E-04 1.E-04 5E-06 2E-08 2E-08 5.E-06 5E-04 1E-06 1.E-04
3 aquifer model (1; 2;
T_020f 3+4) 1.E-04 1E-06 1.E-04 1.E-05 1.E-05 1.E-05 1.E-05 1.E-05 5E-06 1E-05 1.E-05 5.E-06 2E-08 2E-08 5.E-06 1.E-04 1E-06 1.E-04
3 aquifer model (1; 2;
T_020g 3+4) 1E-04 1E-06 5E-05 1.E-05 1.E-07 8.E-06 1.E-05 1.E-05 5E-06 1E-05 1.E-05 1.E-06 2E-08 2E-08 5E-06 1.E-07 1.E-07 5E-05
3 aquifer model (1; 2;
T_020h 3+4) 1E-04 1E-06 1.E-04 1.E-05 1.E-07 8.E-06 8.E-06 1.E-05 5E-06 5E-06 1.E-05 1.E-06 1.E-07 1.E-07 5.E-06 1.E-07 1.E-07 5E-05
3 aquifer model (1; 2;
T_20i 3+4) 1E-04 1E-06 1.E-04 1.E-05 1.E-07 8.E-06 5.E-06 5.E-07 5E-06 5E-06 5.E-07 5.E-06 5E-08 5E-08 5E-06 1.E-07 1.E-07 5E-05
3 aquifer model (1; 2;
T_20j 3+4) 1E-04 1E-06 1.E-04 1.E-06 1.E-07 8.E-06 5.E-06 5E-07 5E-06 5.E-06 5.E-07 5E-06 5E-08 5E-08 5E06 1.E07 1E-07 5E-05
3 aquifer model (1; 2;
T_20k 3+4) 1E-04 1E-06 1.E-04 1.E-06 1.E-07 5.E-06 5.E-06 5E-07 1E-06 5E-06 5.E-07 1E06 5E-08 5E-08 5E06 1.E07 1E-07 5E-05
3 aquifer model (1; 2;
T_201 3+4) 1.E-04 1E-06 1.E-04 1.E-06 1.E-08 5.E-05 1.E-05 1.E-06 1.E-05 1E-05 1.E-06 1.E-05 2E-08 2E-08 1.E-05 1.E-06 1E-06 1E-04
3 aquiter model (1; 2;
T_20m 3+4) 1.E-04 1E-06 1.E-04 1.E-06 1.E-08 5E-05 1.E-05 1.E-06 1.E-06 1.E-05 1.E-06 1.E-06 2.E-08 2.E-08 1.E-05 1.E-06 1.E-06 1.E-04
e homogeneous anisotropic model e 4 aquifers/aquitard model (the same
(the same as for steady state flow as for steady state flow model),
model),
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3 aquifers/aquitard model (in which
aquifers 3 and 4 from ii were merged
together and treated as one unit).
The reason for merging aquifers 3
and 4 was to increase the stress on
the deeper aquifer, ie. piezometers
at >200 m depth, to attempt to
reproduce field observations that
otherwise was difficult to simulate,

2 layer model (with no aquitards in
between the layers, aquifers 1 and 2
were merged to one unit and
aquifers 3 and 4 were merged to
another unit. The reason for merging
aquifer 3 and 4 was again to increase
the stress on the deeper aquifer).

The evaluation criteria used for the
calibration of the model and the refining the
conceptual models were based on behaviour
of hydrographs, in particular:

Figure 23. The amplitude and the seasonal pa
the piezometers compared with the observed data.

Amplitude and seasonal fluctuation
of hydraulic heads: The amplitude
and the seasonal patterns of the
simulated hydraulic heads were
compared with the monitoring data.
Since a system with three distinct
aquifers could be identified through
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0as

the monitoring programme, special
emphasis was laid on understanding
the variability of the hydraulic heads
with depth of the piezometers .

Vertical gradient: As a vertical
downward gradientwas identified
through the monitoring programme,
one important evaluation criteria was
that the model should reproduce this
behaviour

Pumping effect: Models simulating
drawdown due to groundwater
abstraction from irrigation wells met
the evaluation criteria.

Aquifer delineation: Hydrographs
from the piezometers at varying
depths in the 10 nests indicate a
multi-aquifer/ layered system was
used as an evaluation criterion..

amplitude and groundwater level

fluctuations could be calibrated fairly well,
and thus the simulated hydraulic head as
modelled
measured hydraulic heads
However, it was not possible to develop a
model that could meet all the criteria for the

correlated in  general with

(Figure 23).
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Figure 24, Simulated hydraulic heads of a 3 aquifet/aquitard model
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evaluation of entire Matlab study area, and at
the same time, to match all hydrographs
from each piezometer nests.

6.1.7.3. Homogeneous anisotropic model.

The homogeneous anisotropic model did
not meet the evaluation criteria well and this
modelling approach could not reproduce the
vertical downward gradient identified in the
hydrographs. Although the homogeneous
anisotropic models with a low (100) K, /K,
ratio could meet the evaluation criteria for
amplitudes at shallow and deep depths, this
set-up could not be calibrated for the steady
state scenario. Here simulated heads over
depth were close at respective locations, as
seen in hydrographs, and the vertical
gradients were reasonable, however the
aquifer delineation could not be observed
and pumping effects were absent even
though S, was low (10° 1/m). When the
K,/K, ratio increased (1000-10,000)
pumping effects could be seen at shallow
depths and thus the amplitudes and vertical
gradients could not meet the evaluation
criteria. The homogeneous anisotropic
models could not meet the evaluation
criteria of pumping effects on the deep
aquifer (at depth of approximately 200 m,
plezometer 5). For  homogeneous
anisotropic models with S, = 10 1/m, deep
aquifers head pressure fluctuations were
almost absent.

6.1.7.4. 3- and 4-aquifer/ aquitard model

The conceptual models with 3 or 4 aquifers
separated by aquitards met the evaluation
criteria  better and could simulate the
hydrographs satisfactory, consistent with the
findings based on the results of steady state
modelling (Figure 24). In order to improve
the modelling result, the Ss value was
decreased at depth in order to simulate the
pumping effect in the deep aquifer (aquifer 3
and 4 in the model). Models, where the
aquifers 2, 3 and 4, respectively, had an S,
value of 10° 1/m or even lower simulated
the pumping effect better. For the shallow
aquifer an S, value of 10" 1/m seems
reasonable. 'The three aquifer/aquitard
model (merging the aquifers 3 and 4) met
the evaluation criteria better.
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6.17. Suggested model and aquifer
charactetistics.

The modelling results thus indicated that it
was possible to simulate the pumping effect
at shallow depth in a satisfactory way, while
the abstraction is negligible at depth >200 m
b.sl. where the deep piezometers are
installed. The amplitude and pattern of the
hydrographs obtained from piezometers
installed at depths between 50 or 100 m
b.sl. down to a depth of 200 m b.s.L
coincided with the simulated results.

In order to simulate this, the unit
between 100 and 200 m b.s.l. needed to be
rather uniform with a very thin or no
aquitard included in the model. Thus a 3
aquifer model generally met the evaluation
criteria better than a 4 aquifer model.
Although it was possible to simulate the
impact of groundwater abstraction at all
depths, we did not succeed to simulate a
drawdown at 200 m depth that coincided
with the drawdown observed at 100 m. The
pumping effect could be simulated, but in
these models the effect was greatest at the
depth were most irrigation wells was
installed. Hydraulic heads below 0 m a.s.l
were also difficult to simulate with
reasonable parametrization. The nests where
simulated drawdowns were largest coincided
with the areas with high density of irrigation
wells (nest 3, 4, 5, 9 and 12), which were also
the nests where largest impacts from
irrigation abstraction had been observed.

The models that best meet the evaluation
criteria results in a high yield 3 (or 4)
aquifer/aquitard model are separated by two
or three aquitards and decreasing S, and K
with depth (Table 11). The suggested model
properties are in good agreement with those
of the steady state model.

Table 11. Calibrated parameter values for
3 (ot 4) aquifer/aquitard model

Calibrated value
2.25x 10* m/s
10™ m/s

Parameter

Horizontal hydraulic conductivity (K,)
Horizontal hydraulic conductivity (K,)
Vertical hydraulic conductivity (K,) 1.30 x 10 m/s
Specific storage (S,) 7.75x10° 1/m
Specific yield (S,) 0.2
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Figure 25. The observed Iimpact of cluster of irtigation wells on hydraulic head
distribution for aquifer unit 2. The ittigation wells are indicated as red and yellow staples
where the yellow parts represent the abstraction point of the wells. The white circle spots
the point of a heavy abstraction due to the cluster of irtigation wells.

The groundwater flow models cleatly
support the Conceptual Model of the
smaller and locally abundant flow-systems
driven by local topography for the shallow
and to some extent the intermediate aquifer.
These local flows-systems are more obvious
during the monsoon period, as recharge
raises the groundwater levels and thus
amplifies the locally developed flow-cells at
shallow depths (Figure 24).

Flooding of the lowlands gives the
system a more regional flow pattern as
compared to modelling without flooding.
The model used does not take into account
the surface water levels and thus results in
more distinct local flow-patterns. The
resulting vertical hydraulic conductivity
would probably be higher than the value
used in the models, if flooding were
modelled. Deep unidentified aquitards and
the lower boundary of the model (set to
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-1000 m in the model) play an important
role, as the specific storage is connected
with the thickness of the aquifer. In the
model, this is accounted for by varying the
S, value. Typically a thicker model with
lower S, value would behave similatly to a
thinner model with proportionally higher Ss
value (see Figure 25 and 26). Generally a
lower S, value (<10° 1/m) was, with the
exception of the shallow aquifer is needed in
order to simulate the amplitudes observed at
deep piezometer hydrographs (Table 12).

Table 12. Aquifer properties based on
results ffom the transient flow model.

Aquifer 1 0-50
Aquifer 2 75-100
Aquifer 3 100->

10°-10
10°-10°
10°-10°

10°-10
10°-10°
10°-10°

5x10™ - 5x10°
10°-10*
10° - 5x10°
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Figure 26. Simulation results illustrating the two flow system in Matlab region.
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Figure 27. Groundwater “C age and calculated age based on downward vertical fow
assuming a natural vertical gradient (1%) and K, 1.5 x 10° m/s.

The fluctuation of the water level in validated by removing the fluctuation of
Meghna to some extent controls the results Meghna in some of the models and also
of the simulated hydraulic heads. This was through comparison of the amplitudes of
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hydraulic heads at depth. In models where
the hydrographs at depth were flat, the
corresponding  field data from deep
piezometer in nest 11 showed fluctuating
water levels due to its close proximity to
Meghna.

6.18 Linking the modelling results with
groundwater age

The "*C-activity in the groundwater samples
varied from 23 to 86 pMC (percent modern
carbon), d”C values ranged between -19.6%o
and -13.1%o. The corrected groundwater age
is linearly correlated with the depth of tube
wells and the groundwater samples were old;
ages 1250-11 960 yr indicate restricted
groundwater flow at depth below 30 m. The
estimated groundwater ages at the depth of
40 m (6100 yr) coincided with the estimated
age of sediments at the depth of 36 m in the
area (8000 yr; von Bromssen et al. 2008).
The groundwater ages also coincide with the
findings of Aggarwal et al. (2000) and
Hoque (2010) (Figure 27 and Table 12).

Table 13. “C-activity and 8°C values for
tubewells samples

Tubewell Depth “C-activity ~ 8C  Estimated age
No m pMC %0 yr

54 26 85.89+045 -17.6 1250 + 65
37 40 47.23+030 -17.3 6 100+ 65
32 49 53.26+0.34 -131 5095%65
58 58 36.80+0.28 -17.6 8065%65
63 69 28.98+0.25 -19.6 10865+80
35 80 2267+023 -129 11960 +80

When measured and calculated ages are
compared, the measured vertical gradient of
0.01 and the vertical hydraulic conductivity
(K)) of 1.5 x 10®° m/s fit the slope of the
""C-age of groundwater with depth (Figure
27). If "C ages are extrapolated young
groundwater would be expected at a depth
of approximately 25 m b.gl, which
coincides with the depth of the previously
described local flow-systems (Table 13).

6.2. Hydrogeochemical
characteristics

6.2.1 On-site field parametets

The physico-chemical parameters of the
groundwater samples collected from black,
white, off-white, and white group of

sediments are presented in Table 14. In
general, groundwater temperatures are
typically within the range of 25.7 to 29.6°C.

Groundwater pH was essentially circum-
neutral ranging from 0.32 to 7.84 (Figure
28a). Higher pH values are found in samples
derived from black sediments containing
higher levels of As. This is because the black
sediments representing the most reducing
envitonment where H' has consumed
through the reduction of iron, manganese,
and ammonium. The median values of redox
potential (Eh) in groundwater derived from
black, white, off-white, and red sediments
were 211.5, 227, 268, and 274 mV
respectively which indicate that the black
group of sediments are most reduced,
followed by white, off-white, and red
sediments (Figure 28b). The electrical
conductivity (EC) of all water samples
reveals  high  values  regardless  of
corresponding sediment colors. This is may
be due to the presence of high Na" and CI”
in groundwater samples. However, the
highest median value of 1630 pS/cm
observed in samples screened from red
sediments (Table 14, Figure 28c).

6.2.2. Major ion charactetistics

Salient chemical composition of the
groundwater screened at four different color
groups of the aquifer sediments is
summarized in Table 15.

Sodium (Na") and Chloride (CI) ion
concentrations of the groundwater samples
surpassed all major ion concentrations
regardless of the depth of sampling (Table
15). Water samples collected from the red
(R) sediments show the highest Na+
(median: #355 mg/L) and CI” (median: =463
mg/1) concentrations, followed by Na* and
ClI" concentrations observed in water
samples screened from off-white (OW),
white (W), and Black (B) sediments (Figure
29a-b). Because the red and off-white
sediments are mostly targeted for
groundwater  withdrawal ~ from  these
sediments along with water level decline
might result in changed water circulation
pattern and induce saline water to move
from the surrounding clay/shale layers to
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Table 14. Physico-chemical parameters of the groundwater samples collected from black,
white, off-white, and red group of sediments

Physico-chemical sediment _ -
parameter colors Min Max Average Q25 Q50 Q75
Temperature Black 25.7 29.5 26.95 26.6 26.8 27.275
(°C) White 26.2 29.1 27.39 26.85 27.2 27.95
Off-white 26.2 29.4 27.43 26.925 27.25 27.775
Red 26.2 29.6 27.30 26.6 27.2 271.7
pH Black 6.32 73 6.91 - - -
White 6.34 7.84 6.77 - - -
Off-white 6.35 7.03 6.61 - - -
Red 6.34 7.35 6.69 - - -
Eh Black 147 339 226.67 196.75 2115 268.25
(mV) White 168 280 229.11 199 227 267.5
Off-white 167 342 255.43 228 268 279.75
Red 191 322 280.32 259 274 311
Electrical Conductivity — Black 300 5330 1201.73 610 960 1400
(uS/cm) White 260 4170 1423.33 770 1245 17175
Off-white 460 6190 1374.82 805 1025 1705
Red 500 3810 1667.06 870 1630 2050
8.0
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Figure 28, Box and Whiskers plot showing
groundwater samples from the fore sediment groups, black (B), white(W), off-white

(OW) and red (R).
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Table 15 Summaty of the major ion composition of groundwater samples with
corresponding sediment colors encountered at screen depths

Parameter Color Min Max Average Q25 Q50 Q75
As (total) Black 2.8 968 273 83 252.5 397
(ug/L) White 8.8 359 68.6 15.2 20.3 51.8
Off-white 5.0 94 27.2 11.8 17.4 37.9
Red 2.8 355 16.6 12.9 15.1 18.9
Fe (total) Black 0.22 13.3 5.8 2.86 4.87 8.21
(mg/L) White 0.11 12.9 3.9 1.86 2.94 5.00
Off-white 0.07 11.0 3.1 0.21 2.25 3.68
Red 0.12 14.3 2.1 0.41 0.63 1.79
NH, Black 0 42.7 5.69 1.55 3.47 6.14
(mg/L) White 0 8.6 1.86 0.06 0.37 1.94
Off-white 0 52.3 2.89 0 0 0.43
Red 0 2.75 0.45 0 0 0.36
PO~ Black 0.05 452 1.54 0.65 1.36 1.99
(mg/L) White 0.04 2.75 0.65 0.14 0.29 0.68
Off-white 0.03 6.29 0.60 0.04 0.14 0.46
Red 0.01 1.20 0.18 0.03 0.04 0.11
Mn** Black 0.05 2.92 0.73 0.19 0.54 1.04
(mg/L) White 0.02 1.30 0.29 0.09 0.19 0.28
Off-white 0.04 3.16 1.32 0.20 1.12 1.88
Red 0.04 4.82 1.71 0.74 1.54 2.47
NO;™ Black 0.05 2.00 0.23 0.05 0.05 0.28
mg/L White 0.05 0.52 0.072 0.05 0.05 0.03
Off-white 0.05 0.41 0.032 0.05 0.05 0.05
Red 0.05 2.083 0.22 0.05 0.05 0.05
DOC Black 1.42 23.23 7 4.16 5.81 8.04
mg/L White 1.28 18.78 4.14 2 2.96 3.68
Off-white 1.20 25.41 3.82 1.33 1.95 4.32
Red 1.14 39.11 4.04 1.35 1.71 1.92

the sandy sequences resulting an additional
increase in salinity.

Water samples collected from the black
sediments contain very high bicarbonate
(HCOy) concentrations (median: 424 mg/L)
(Figure 29c) due to the presence of high
organic content in the black sediments (eqn.
2). Water samples screened from white, off-
white, and red sediments contain
significantly low (almost half of that of
black) HCO; concentrations (Table 15).
High HCO; concentrations in water
samples derived from black sediments can

also be attributed to catrbonate dissolution.
Carbonate (CO;*) ions produced from
calcite/dolomite dissolution associate with
available hydrogen ions (H") of the anoxic
groundwater system to form HCO; (eqn.
3). High HCOj; concentrations in the black
sediments can also be attributed to sulfate
(SO42') reduction (eqn. 4).

8FeOOH + CH,COOH + 14H,CO; =>
8Fe* + 16HCO, + 12H,0 ......... (eqn. 2)

CaCO, > Ca® + COZ oo (eqn. 3)
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Figure 29. Box and Whiskers plot showing the vatiability of a) Na’, b) CI, ¢) HCO;, d)
SO7, e) K, and f) C4** in groundwater samples from the four sediment groups, black
(B), white(W), off-white (OW) and red (R).

(Figure 29d) which validate the existence of
CH,O+% SO,> > %H,S + HCO,...(eqn. 4) a more reducing environment in the
black/white sediments than in red/off-white
sediments. However, high molar ratio of CI”
/SO,” due to elevated CI” concentrations in
groundwater also indicates sulfate reduction.

In compliance with eqn. 3, comparatively
lower levels of SO, can be observed in

groundwater samples derived from black High concentrations (median: 5.26 mg/T

(Figure 29¢) of potassium (K') in the
groundwater samples screened from black
sediments may be due to the predominance

and white sediments (median: =0.5 mg/L)
than that derived from red and off-white

sediments with a median value of 0.8 mg/L
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of clay layers (K-feldspars alters to silica,
clayy, and K" as it interacts with
groundwater) within the top 40 to 50 meter
of the aquifer sequence. Weathering of
biotite can be one of the major sources of
not only Fe-oxyhydroxides which play a
significant role in the process of As
mobilization (Hasan et al. 2009) in the black
sediments, but also a source of high K"

(eqn. 5).

2KFe;AlSi;0,,(OH), (biotite)+14H" +H,O
> 2K' + o6Fe + 4HSIO) +
ALS1O,(OH), (kaolinite)..............

Another source of high K" in black
sediments could be the K assimilated by
plants becoming available following the
decomposition of plant remains at the end
of the growing season (Hem 1985). In the
natural recycling that occurs in the croplands
at Matlab, this potassium might be leached

into the soil by rains during the dormant
season or made available by the gradual
decay of the organic material. Some leakage
of potassium to the shallow ground water
could be possible in this way.

Though no significant trend can be observed
in Mg™" concentrations (median: 25 mg/L.)
within the groundwater samples collected
from the four color-classified sediment
groups, Ca’* concentrations in water
samples derived from black sediments is
significantly higher (median: 87 mg/L) than
that in water samples collected from white
(median: 49 mg/L), off-white (median: 64
mg/L), or red (median: 66.4 mg/L)
sediments (Figure 29f). This can be
attributed to dissolution of calcite or other
carbonate minerals (eqn. 2); which has been
identified as one of the sources of high
HCOj; concentrations in groundwaters
abstracted from the black sediments.
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The spatial distribution of selected
samples within the study area is shown with
circular diagrams where sectors within a
circle show the fractions of the major ions
expressed as milliequivalents per liter
(Figure 30). Sampling depths are also given
in the center of each pie. The maximum and
minimum total dissolved ions (TDI) amount
to 154.6 and 7.89 meq/L respectively.
Comparatively  higher TDI has been
observed in the southeastern part of the
Matlab study area. However, TDI values are
not related to depth of sampling.

6.2.3. Hydrochemical facies

The piper tri-linear diagram (Figure 31a),
indicates that most of the groundwater
samples screened from black/white and
red/off-white sediments fall in Ca-Mg-
HCO; or Ca-Na-HCO; water-class (zone 1)
and in the Na-Ca-Cl or Na-Ca-ClI-HCO; or
Na-Cl  water-type (zone 3 and 5)
respectively. However, some of the samples
represent Na-HCO;-Cl facies (zone 0).
Thus, mixing of fresh water (Ca-Mg-HCO,)
with saline water (Na-Cl) is more common
in the samples collected from red/off-white
sediments. The facies assemblage suggests
that, at first, ion exchange took place
between Mg”" and Na" and then Ca** ions
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were replaced by Na' during the evolution
of groundwater along it’s flow-path
(indicated with an arrow in Figure 31a).
Similar facies associations can be observed
in relation to the color of the sediments
from the Schoeller diagram (Figure 31b).

We can also predict that G-I samples
with the highest Na" and CI” concentrations
derived from red sediments have been
mostly targeted by the local drillers to
abstract iron (Fe*") free water and thereby
mobilizing retained saline water from nearby
impermeable layers to the aquifer, followed
by the red/off-white layers from where G-II
and G-III groups of water samples were
collected (Figure 31a).

6.2.4. Redox sensitive elements

The summary of the redox sensitive
parameters are summarized in Table 16 and
Figure 32a-f.

6.2.4.1 Arsenic (As)

Significant variations in As concentrations
can be observed within groundwater
samples collected from the four groups of
sediments (Figure 31a). Median values (Q50)
in water-samples derived from the black,
white, off-white and red sediments are 252.5
wg/L, 20.3 pg/L, 17.4 pg/L, and 15.1ug/L.
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Table 16. Concentrations of redox-sensitive parameters in groundwater samples
collected from the four groups of sediments

Parameter Color Min Max Average Q25 Q50 Q75
As (total) Black 2.8 9679 273 83 252.5 397
(ug/L) White 8.8 359 68.6 15.2 20.3 51.8
Off-white 5.0 94 27.2 11.8 17.4 37.9
Red 2.8 35.5 16.6 12.9 15.1 18.9
Fe (total) Black 0.22 13.3 5.8 2.86 487 8.21
(mg/L) White 0.11 12.9 3.9 1.86 2.94 5.00
Off-white 0.07 11.0 3.1 0.21 2.25 3.68
Red 0.12 14.3 2.1 0.41 0.63 1.79
NH," Black 0 42.7 5.69 1.55 3.47 6.14
(mg/L) White 0 8.6 1.86 0.06 0.37 1.94
Off-white 0 52.3 2.89 0 0 0.43
Red 0 2.75 0.45 0 0 0.36
PO43' Black 0.05 452 1.54 0.65 1.36 1.99
(mg/L) White 0.04 2.75 0.65 0.14 0.29 0.68
Off-white 0.03 6.29 0.60 0.04 0.14 0.46
Red 0.01 1.20 0.18 0.03 0.04 0.11
Mn?* Black 0.05 2.92 0.73 0.19 0.54 1.04
(mg/L) White 0.02 1.30 0.29 0.09 0.19 0.28
Off-white 0.04 3.16 1.32 0.20 1.12 1.88
Red 0.04 4.82 1.71 0.74 1.54 2.47
NO;~ Black 0.05 2.00 0.23 0.05 0.05 0.28
mg/L White 0.05 0.52 0.072 0.05 0.05 0.03
Off-white 0.05 0.41 0.032 0.05 0.05 0.05
Red 0.05 2.083 0.22 0.05 0.05 0.05
DOC Black 1.42 23.23 7 4,16 5.81 8.04
mg/L White 1.28 18.78 414 2 2.96 3.68
Off-white 1.20 2541 3.82 1.33 1.95 4.32
Red 1.14 39.11 4.04 1.35 1.71 1.92

It has been observed that all the water
samples collected from both the black as
well as white sediments within a depth of
50 m b.gl. contain = 50 to > 500 pg/L of
As (Figure 33a). However, we found only
four water samples below Bangladesh
Drinking Water Standard (BDWS) of 50
ng/L As which have been screened from
wells screened at aquifers with identified off-
white (n = 3) and red (n = 1) sediments.
Thus, up to a depth of 50 m b.g.l., almost
86% of the groundwater samples are above
BDWS for As. The central part of Matlab
(e.g. Durgapur, Paschim and Purba
Fatehpur, southeast Baganbari and north of
Farajikandi) and north-western part (e.g.
Santal, Sadullapur, northwest Baganbari) of
the study area is severely affected by As
concentrations as high as > 500 pg/L
(Figure 33a).

A completely different scenario can be
observed when we consider the groundwater
samples collected between 50 and 100 m
depths (Figure 33b). Most of the water
samples (82%) in this case are screened from
red, off-white and white sediments contain
As concentrations < 50 pg/L. The water
samples screened from red (n = 33) and off-
white (n = 20) sediments between 50 and
100 m depths suggest that low As aquifers
can be encountered at this level. Lower
levels of As can be found in most areas of
the study area except some portion of Uttar
Matlab,  Sadullapur,  Nayergaon, and
Dakhshin Matlab. The Figure 33b also
implies that it is unlikely to find low As
aquifers along the fringes of the lower
Meghna floodplain. At depths > 100 m
(Figure 33c), all the samples fall below
BWDS of 50 ug/L As. Itis interesting to
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Figure 32. Box and Whiskets plot showing the vatiability of a) As, b) Fe, ¢c) Mn, dNH,
e) PO, and f) DOC in groundwater samples from the four sediment groups.

note here that no samples were taken from
black or red sediments; in other words, local
drillers could hardly encounter red/black
sediments aquifers at depths > 100 m b.g.l.

Speciation results show that
approximately 90% of the total As in
groundwater exists in the form of As (III) in
samples collected from black sediments,
while  this  percentage decreases to
approximately 50% in white, and 40 — 35%
in off-white and red sediments.

6.2.4.2 Iron (Fe) and manganese (Mn)

Significant variations in the concentrations
of total iron (Fe,) and Mn*" can be
observed within the water samples derived

44

from the four groups of sediments (Table 16
and Figure 32b,c). The median values of
Fe,, in groundwater samples screened from
black, white, off-white and red sediments are
4.87, 2.93, 2.25 and 0.63 mg/L respectively.
Highly reducing condition conducive to iron
reduction in the black sediments may be
responsible for high Fe concentrations in
these sediments (eqn. 1). The spatial
distribution of Fe,, concentrations of water
samples collected up to 50 meter depth in
the study area is presented in Figure 34a. It
is noteworthy that Fe concentrations in the
southeastern  half  including = Matlab
South(Dakshin), Uttar Upaldi, Khadergaon,
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Figure 33 Spatial distribution of As concentrations in groundwater samples collected
from well screens placed in black, white, off-white and red sediments at depths: a) < 50
m, b) between 50 and 100 m, and c) > 100 m.

Sultanabad, Uttar Nayergaon, Dakshin Mn*'~-MnO, buffering the system (i.e. may
Nayergaon, and portions of Purba Fatehpur be Mn>*~MnO, pair preventing significant
and Islamabad is lower than that we can change in Eh) and thus restricting the
observe in the north-western half of the groundwater system to reach the stage of
study area. Approximately > 82% of the iron reduction. This is why, iron
samples falls above the BWDS standard of concentrations are low in the red/off-white
0.3 to 1 mg/L of Fe. In contrast, from the sediments.

spatial ~ distribution of water samples CH,O + 2MnO, + 4 H" >

collected between 50 and 100 m depths
indicating a rather lower Fe concentration
throughout the study area (Figure 34c).
This is expected because most of the
samples in this zone have been collected

from red/off-white sediments. Thus, almost

45% samples falls below BDWS for Fe. of Fe; i.e. a distinct barrier exists between
the north-western half of the study area with

relatively low Mn concentrations and the
southeastern  half  with  high  Mn
concentrations. Thus, even within the top 50
m sequence dominated by black facies,
marked lateral variation can be observed
between the NW and SW halves of the study
area. At this level, all the samples exceed the

CO, + Mn*+3H,O .......... (eqn. 6)

Spatial distribution of Mn concentrations
(Figure 34b) for water samples collected up
to a depth of 50 m b.gl. show a mirror
image of what can be observed in the case

Higher values of Mn®" in water samples
screened from red and off-white sediments
(median: 1.53 and 1.14 mg/L respectively)
than in black and white sediments (median:
0.54 and 0.19 mg/L respectively) suggest an
on-going Mn-reduction in the red/off-white
sediments (eqn. 6). Here, manganese is
redox-buffering the system (ie. may be
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Figure 34. Spatial distribution of Fe and Mna concentrations in groundwater samples
collected ftom wells at depths: a, b) < 50 m, and c, d) between 50 and 100 m depths from

black, white, oft-white and red sediments.

BDWS of 0.10 mg/L of Mn, although some
samples (n=9) were well within the previous
WHO guideline of 0.40 mg/L of Mn, about
60% of the total samples exceeded the limit.
In depths between 50 m and 100 m, the
contrast in Mn concentrations between the
NW and SW halves is even more intense
(Figure 34d). However, in this zone, Mn
concentrations in 10% samples are below
BDWS limit and in 40% samples below the
WHO guideline.

6.2.4.3 Ammoninm (NH,'), phosphate (PO,)
and nitrate (NO ;)

Ammonium  (NH,") concentrations in
groundwater within the four sediment
groups also show a wide range of variation
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(Table 16 and Figure 32d). The Q75
concentrations of NH," in water derived
from black, white, off-white and red
sediments ate 6.14, 1.94, 0.43 and 0.36
mg/L respectively. Black sediment water
samples containing such high NH," values
may be due to ammonification (eqn. 7).

CH,O + %2 NO, + H >
CO, + %2 NH,'+ H,0 ........ (eqn. 7)

Phosphate (PO,”) concentrations also
vary between the color-classified sediment
groups (Table 16 and Figure 32e). The
median values of PO,” in water derived
from black, white, off-white and red
sediments are 1.35, 0.29, 0.13 and 0.04
mg/L respectively. Higher concentrations of
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PO,” can be attributed to the precipitation
of different mineral phases (e.g. vivianite,
Fe,(PO,), .8H,0) during the dissolution of
Fe-oxy-hydroxides.

Very low nitrate (NO;) concentrations in
all the groundwater samples (maximum 2
mg/l) may be due to nitrate reduction
through ammonification (eqn. 7) and
denitrification processes (eqn. 8) in the
redox ladder prior to Fe reduction.

CH,O + 4/5NO, + 4/5 H* >
2/5N, + CO, +7/5HO ....... (eqn. 8)
6.2.4.4 Dissolved oroanic carbon (DOC)

Groundwater derived from black sediments
contain very high DOC concentrations
(median: 5.81 mg/L) followed by the white,
off-white, and red group of sediments
(median values of 2.96, 1.95, and 1.71 mg/L
respectively) (Table 16 and Figure 32f).
High DOC concentrations in the black
sediments may be due to the presence of
high organic content in these sediments
(Nickson et al. 2000, Bhattacharya et al.
20022, Ahmed et al. 2004, McArthur et al.
2004). It is still unclear whether organic
matter (OM) is derived from decomposition
of peat layers or from seasonal water-level
fluctuations of agricultural and other organic

NH,* (mg/L)

o f‘ r,= "

0 5 10 15 20 25

n, =0.82

r, =051 =077

wastes from near-surface environments.
However, low organic content in the red and
off-white sediments can be attributed to
weathering of these sediments and
subsequent flushing during Late
Pleistocence age.

6.2.5. Relationships between hydrochemical
parametets
6.2.5.1 Correlations among the redox drivers

Bicarbonate (HCO,) concentrations in
water samples derived from black sediments
show strong positive correlation (r,=0.74)
with DOC, while in this case, cortelation
coefficients for water samples collected
from white (r, =0.11), off-white (r,,=0.17),
and red (r,= —0.12) sediments are very low
or negative (Figure 35a). Thus, the process
of generation of high DOC due to
biodegradation of OM and their microbial
oxidation leading to the production of HCO;
in ageous phases. Other redox reactions e.g.
iron reduction (eqn. 2), sulfate reduction
(eqn. 3) is mainly confined to the recent
Holocene black sediments; in other wotds,
the young black sediments are rich in OM
(Nickson et al. 2000, Bhattacharya et al.
2002a, Ahmed et al. 2004, McArthur et al.

2004).
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Figure 35. Bivatiate plots showing relationship of groundwater DOC in the four sediment
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Likewise, water samples from black
sediments display moderate to very strong
correlation between DOC and other redox
sensitive parameters; e.g. NH," (r,= 0.77),
PO,” (1,=0.72), As,, (r,=0.82), and Pe,,
(r,=0.55); which suggests that microbial
degradation of OM is the main mechanism
behind the release of all these elements in
the  highly anoxic black  sediment
environment (Figure 35b-e). On the other
hand, moderate to negative correlations
between DOC and the parameters NH,’,
PO,”, As,, and Fe,, in white (r,= 0.51, 0.60,
0.61, and 0.52 respectively), off-white (r,,=
0.54, 0.34, 0.38, and 0.33 respectively) and

tot
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red (r= 023, -0.19, 0.10, and 0.28
respectively) sediment water samples suggest
that the redox status in white sediments is
close to that of black sediment and
insignificant OM was preserved in the red
and off-white sediments due to weathering
of these sediments during the Late
Pleistocene time and subsequent flushing.

6.2.5.2 Correlation _among _the critical _redox
sensitive parameters

A moderately strong correlation between
As,, and HCO,; in the black sediment water
samples (r, = 0.64) further validate that
highly reducing environment in the black
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sediments triggers the release of As (Figure
35a) and low As aquifers representing less
reducing  environments  with  poor
correlation coefficients (r,= 0.37, r, ,=0.43,
and r,=0.20). Similar trend can be observed
from the correlation between As,, and NH,
amongst the color-classified water samples;
eg. r, = 047, r,= 028, r =0.03, and
r,=0.08 (Figure 36b).

Because water samples from the black
sediment show a moderately strong
correlation (r,= 0.66) between Fe,, and As
(Figure 36c¢), but negative correlation (r,= —
0.17) between Mn and As (Figure 36e); the
major mechanism behind As release can be
attributed to reductive dissolution of Fe-
(oxy)hydroxides (eqn. 1), rather than
dissolution of Mn-(oxy)hydroxides. Though
water samples derived from white and red
sediments exhibit negative (r,= — 0.03) to
poor (r,= 0.25) correlation between As,, and
Fe,, a moderate correlation (r,,= 0.55)
exists in the case of off-white sediment
water samples as seen in Figure 36c¢.

The correlation between As,, and PO,”
(r,= 0.47, r,= 0.40) in black and white
groups of samples, is rather poor compared
to the off-white (r,,= 0.78) and red (1=
0.60) groups (Figure 36d). Thus, high PO,>
concentrations in the black sediments is not
solely due to the release of PO,” during
reduction of iron oxy-hydroxides. Use of
soil amendments like phosphate fertilizers

and other anthropogenic activities can be an

tot

additional ~ source  of  high  PO,”
concentrations in the black group of
samples. The Bengal basin sediments are
generally sulfur deficient and SO,*
concentrations are generally low
Bhattacharya et al. 1997, 2002b). Negative to
poor cortrelation between As, and SO,”
(Figure 36f) within all the color-classified
samples (r, = -0.23, r,= -0.11, r_ = 0.13, and
r,=0.07) suggests that As mobilization can’t
be ascribed to oxidation of sulfide minerals;
e.g. pyrite, arsenopyrite, etc. (Harvey et al.
2005).

6.2.6. Speciation modeling
6.2.6.1 General characteristics

The salient speciation modeling results are
presented in Figure 37. The major findings
from the speciation studies as detailed in
Mozumder (2011). are highlighted below:

e For the black group of samples,
Saturation Index (SI) ~ 0 (Figure 37)
with respect to carbonate phases; e.g.
calcite (CaCOy), dolomite
[CaMg(CO;),|, and aragonite (CaCO,)
suggests that high HCO;,
concentrations in the black sediments is
not only due to carbonate dissolution
(eqn 2), but also due to oxidation of
OM (Ahmed et al. 2004). However, red,
white and off-white groups of samples
are under-saturated may be due to less
OM content.
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Figure 37. Saturation index (SI) median values for all the four groups of samples.
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sediments. which is followed by the

e For all groups of samples, no
noteworthy complexation of Fe with white (near equilibrium), off-white and
other inorganic anions was detected. red groups (undersaturated) of samples
Fe** was found as the major aqueous respectively (Figure 37)
species of Fe and thus, groundwater is e No significant varation can be
supetsatut.ated Wlth respect to Fe (III) observed in P, values within the four
phases like ferrihydrite  [Fe(OH),], groups of samples (Figure 37). High
gocthite (FeOOH), hemante (Fe,0,) Pco, values suggesting generation of
(Figure 36) and magnetite (Fe,0,) (not CO, in redox reactions (eqn 1-7).
shown); in  other words, the .
. . . e All groups of samples are slightly
environment  is conducive to .
precipitation of Fe(II) minerals undersaturated ~ with  respect  to
' thodochrocite (MnCO,) and highly
® The black group of samplgs are undersaturated with respect to Mn-
supersaturated W1th respect to siderite oxides and hydroxides; e.g. pyrolusite
(FeCO;)  and ~ Vivianite [Ees@o4)z (MnQO,), birnessite (MnQO,), bixbyite
8H,0], suggesting that precipitation of (Mn,O,), manganite (MnOOH), and
Fe(I) phases is favorable in black nsutite (MnO,) (Figure 37).
2
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Figure 38. a) Bivatiate plots showing the dependency of modelled SI values for a)
Fe(OH)(a) vs Fe, b) sidetite vs Fe, c) vivianite vs Fe, d) hydroxyapatite vs PO,”, e)
MnHPO, vs Mn, and f) rhodochrosite vs Mn.
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e  Precipitation of rhodocrocite might
have played a significant role in removal
of Mn from the solution (Mukherjee et
al. 2008). However, groundwater is
supersaturated with respect to the phase

MnHPO, and hydroxyapatite
[Cas(PO,);OH] in all groups of samples.
In the case of hydroxapatite,

supersaturation reaches maximum for
the black group of samples followed by
the white, off-white, and red groups.

6.2.6.2 Sensitivity analyses

The sensitivity analysis of the simulations of
SI values shows that mineral phases
including Fe(III), e.g. Fe(III)-oxyhydroxides,
are sensitive to an alteration of Eh. The
other mineral phases discussed in this paper,

e.g. siderite and vivianite are not sensitive to
the alteration of Eh.

ST calculations reveal that groundwater in
both reducing (black samples) and oxidizing
aquifers (white, off-white and red sediments)
is near saturation with respect to Fe(II)-
oxyhydroxides. ~When performing the
sensitivity analysis with lower Eh wvalues,
groundwater was unsaturated with respect to
Fe(I1I)-oxyhydroxides. Groundwater in the
reducing unit is slightly supersaturated with
respect to siderite (FeCO,) and vivianite
(Fe,(PO),8(H,0)  (SL.~1 and 3,
respectively) but undersaturated in the
oxidized unit. SI values for siderite and
vivianite correlate well with concentration of
dissolved Fe.
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Figure 39. Lithological log with the diagnostic sedimentological charactetistics of the

aquifer sequence in Matlab study area.
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Groundwater in both reduced and the
oxidized aquifer units indicated saturation
with respect to rhodochrosite (MnCO;) and
supersaturated with respect to MnHPO,.
Groundwater from the reducing unit is near
saturation with respect to hydroxyapatite
(Cas(PO,);(OH)), but it is undersaturated
with respect to the mineral phase in the
oxidized unit (Figure 38).

6.3. Sediment characteristics

6.3 1 Sequence of aquifer sediments

The colour of the sediments from the
uppermost sequence is black to greyish
while the sediments from the lower
sequence are reddish, yellowish to whitish
(Figure 9). The lithological log prepared
from the core samples with the diagnostic
sedimentological characteristics of the major
units are presented in Figure 39.

The wuppermost sequence (Unit 1)
comprises a partly oxidized topsoil upto a
depth 2 m b.g.l. The surface clay is underlain
by a dark coloured clay unit ranging with a
thickness of 5 m and further by a thick
fining upward sequence of sand, silt and clay
down to a depth of 35 m below the surface.
Cross beddings and trough cross beddings
identified in the core samples indicate that
the sedimentation occurred in fluvial
environment and represented the channel
sand facies and tide influenced flood plain
environment (Figure 39).

This uppermost sequence is of Holocene
age and has not undergone any extensive
weathering or oxidation and represents
reducing aquifer conditions. Biotite and
other dark coloured ferromagnesian and
opaque minerals are responsible for the dark
colours. These minerals are found in bands
and together with organic matters at depths
of 15-20 m.

The two major sand units are separated
by 5 m thick bioturbated hard clay
represented as Unit 2A (Figure 39). This
hard clay is grey in colour and indicate
shallow marine depositional environment.
"C-analysis on the plant matter (root)
incorporated in the clay (Figure 40),
indicated an age of ca. 8 ka BP which
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suggest that the marine transgression took
place around that time which is consistent
with other published studies (Goodbred et
al. 2003). During 7-9.8 ka BP, a basin wide
bioturbated sediments are reported in the
Bengal basin. An unconformity has been
identified between the shale and the

uppermost reduced sequence confirming
that the underlying sediments were eroded
and exposed to weathering and oxidation.
Thus, the two major units correspond to
two interglacial periods. However, no dating
could be done for the undetlying sequence
due to the lack of organic matter.

Figure 40. Close-up view of bioturbated
clay at depth of 36 m, the circle mark the
plant material for *C-dating.

Investigations of the core samples
derived from the lower oxidized unit
(Figure 39, Unit 2B) show that these
sediments were also exposed to weathering
and oxidation. They have lower abundance
of biotite. Fe(IlI)-oxyhydroxides coatings on
quartz, feldspars and other mineral grains
impart reddish colour to the sediments. This
unit was also deposited in a fluvial and flood
plain environment and is represented by
fining upward sequences of sand, silt and
clay. Clay balls incorporated in the sand
(from core 54, Figure 9) indicate that these
sediments were deposited in river channels.

6.32. Mineralogical charactetistics
6.3.2.1 XRD studies on aguifer sediments

XRD analysis shows that the mineralogy of
the sands is dominated by quartz, K-feldspar
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Table 17. Mineralogical composition of sediment samples investigated from the sediment
cores

18 1 Black

21 1 Black Anortite Albite Orthoclase Magnetite Biotite Ferrohornblend
23 1 Black Anortite Albite Orthoclase Rutile Biotite Ferrohornblend
33 1 Black Anortite Albite Orthoclase

40 2B Red Anortite Albite Orthoclase Rutile

44 2B Red Rutile

19 2B Off-white Anortite Albite Orthoclase Magnetite

51 2B White Rutile

52 2B White

54 2B Off-white
Main phasc
Minor phase
Accessorics

* The number of Unit refer to the position of the sediment samples in the lithological log in Figure 38.

Figure 41. SEM images showing: a) iron oxide (goethite, FeOOH) on biotite grain in the
yellowish grey surface sediments, b) amozphous iron oxide with traces of As on a biotite
grain in the grey mica-tich reduced sediments, c) octahedral authigenic pyrite; and d)
ftamboidal pyrite on the mica flakes within the reduced sediments.

(orthoclase) and plagioclase (anorthite and magnetite and rutile were also identified in
albite) with a substantial content of biotite this sequence (Table 17). Biotite identified at
and ferro-hornblende in the reducing the depth of 21 and 23 m corresponds to the
Holocene sediments. Heavy minerals such as dark bands found in the core samples
and ferro-hornblende in the reducing (Figure 38). The weathered and oxidized
Holocene sediments. Heavy minerals such as sediments in the lower part of the sequence
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contains relatively lower quantities of
feldspars. In this sequence neither biotite
nor ferro-hornblende were identified,
however both rutile and magnetite were
found.

6.3.2.2 SEM studies on reduced aquifer sediments

Scanning electron microscopic  studies
revealed the presence of acicular iron oxide,
most  likely  goethite ~ (FeOOH), as
overgrowths on biotite grain from the upper
surficial sediments (Figure 41a).
Amorphous iron oxide were common on
biotite flakes within the grey to dark grey
organic matter and mica-rich sediments in
the reduced sediments within depths of 20
m (Figure 41b). Authigenic growths of
octrahedral and framboidal pyrite (FeS,)
were observed on the biotite flakes in the
reduced aquifer sediments within depths of
20 m (Figure 41c,d) which indicates
sulphate reduction under strong reducing
conditions in the aquifer which is consistent
with the groundwater chemical data
presented above.

6.33 Sedimentgeochemistry
6.3.3.1 Major element chemistry

Major element chemistry of the selected
sediments from the oxidized and the
reduced units from Matlab is presented in
Figure 42. The results indicate that Al is the
most abundant element followed by Fe, Ti,
and Mn, respectively.

The average value for Fe (recalculated as
Fe,O,) is approximately 65 times higher than
Mn content (MnO) in both reducing and
oxidised  sediments. Relatively  higher
contents of Fe,O, and MnO coincide with
the reducing sediments, particularly the dark
banded core samples at the depth of 21m
and 23m, and the red samples from the
depth of 40 and 44 m.

The samples from the oxidized sequence
were characterized by low contents of CaO,
MgO and P,O.. The red oxidized sediments
from a depth of 44 m reveal distinctively
lower content of Na,O, MgO and CaO. The
SiO, content is relatively lower in the
reducing sequence, ranging from 63 to 82
wt. %o.
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Figure 42. Major element composition

(calculated as oxide wt%) of the
sediments from the oxidized and

reduced sedimentary units based on the
XRF analyses. a) Fe, Mn, Al and Ti, b)
Si, Ca, K Na, Mg and P.

6.3.3.2. Sequential extractions

The total extractable As concentration in
Matlab sediments indicated considerable
variation in different sediments, both in the
reduced and the oxidized units. In general,
total As concentration were found to be less
than 1.5 mg/kg except for the reduced
sediments encountered at depth of 21 m
where 3.5 mg/kg was extracted (Figure
43a). The total extractable Fe and Mn were
generally high in the reduced units.

The fractions of DIW- and NaHCO;-
extractable As, Fe and Mn were
conspicuously low and below the limits of
instrumental detection in all the sediments.
The highest fractions of Asy,,., Asy, and
Asoan were found in  the reducing
sediment at 21 m with corresponding high
NaAc, oxalate and oxalate+AA extractable
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Figure 43. Histograms showing the solid phase associations of As, Fe and Mn in the 10
sediment core samples ftom Matlab, extracted sequentially by DIW, NaHCO, Na-
acetate, oxalate, oxalate+ascorbic acid and 7 M HNO, (as the residual ftaction)the

disttibution of of extractable phases of As, Fe and Mn. Note: DIW and NaHCO,
fractions are not shown as those concentrations were conspicuously low and below the

limits of instrumental detection.

fractions of Fe and Mn (Figure 43a-c). The
highest content of As (1900 pg/kg) was
found in the Ox,,-fraction of reducing
sample 21 and As,,, fraction holds most of
the As in 50% of the samples.

It is also intriguing that the sediments
from a depth of 40 m identified as the
oxidized unit reveal significant contents of
oxalate and  oxalatetAA  extractable
fractions of As (fractions 4 and 5) and
corresponding high oxalate-AA extractable
and residual fractions Fe (Fe ., and
Feynos) as well as significant proportions of
oxalate, oxalate-AA and residual extractable
fractions of Mn (Mn,, Mn,,,, and
Mnyno3) (Figure 43a-c). Ther proportion of
As,, is almost correlated with the oxalate
extractable fraction of Mn in the sediments
at this depth. Additionally, the sediment also
indicates the possible presence of acetate
extractable Mn which is partly contributed
due to the dissolution of rhodochrosite in
the solid phases. The As The extractable
fraction 4 (Asy,) and fraction 5 (Asoaa)
seem to be bound to the crystalline Fe(I1I)-
oxyhydroxide phases as indicated by the
content of Feg .
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In general, Fe, and Mn,_ were positively
correlated in sediments of both groups, and
exhibit stronger correlation for the reduced
sediments (R*=0.81) as compared to the
oxidized sediments (R*=0.66) (Figure 44a).
Feo,./Mn, ratio also vatied distinctly among
the group of reducing sediments (mean
Fe,,/Mn,, =107+24) and oxidized
sediments (mean Fe, /Mn,=35+19). A
very strong correlation is also noted
amongst As,, and Fe, (R*=0.95) for the
reduced group of sediments (Figure 44d).

The total extractable concentrations of
Fe (Fe,.) and Mn (Mn,,) added from all
fractions were generally high in the reducing
sequence as compared to the oxidized
sediments represented by the white, off-
white and red sediments. The maximum
concentrations of Fe_, and Mn,_,, were
32800 and 300 mg/kg respectively, with
respective minimum concentrations of 1580
and 14 mg/kg. The total sequentally
extractable concentrations Fe , and Mn,,
indicated a strong correlation (R*=0.98)
(Figure 44b) and similar Fe,/Mn_, ratios
(mean Fe,,/Mn,,=112+35) among all the
samples. It is also interesting to note that
Feoyian/Feg, ratio is consistently lower for

total



Bhattacharya, Thunvik, Jacks and von Bromssen

TRITA LWR Report 2015: 01

160 350
1404 300 /
R* =098
120
250
G )
= 100 { v
~~
g 200 .
< 804 \E/ /
x —
3 B150 "
g o 2 S
o) c
1 O
40-? = 100 / e
C - R’ =0.70
R = 06631 P -
201l 1 50 o
-~ O
0 0 ©
0 2000 4000 6000 8000 10000 12000 14000 0 5000 10000 15000 20000 25000 30000 3501

Feox (Mg/kg)

4000

® Reducing sediments
o Oxidised sediments

I:etotal (m g/kg)

3500

3000

[yl
wm
[=]
(=]

2000

1500

AStotal (“g/kg)

1000

500

Asoy (Hg/kg)

ol o
0 5000
Fetotar (MA/kg)

; ; y ‘ ; 04
10000 15000 20000 25000 30000 35000 go

1200

d

R'=095 @
1000+ !

o«
[=1
[=]

10000 12000 140

Feox (Mg/kg)

4000 6000 800D

2000

Figure 44. Bivariate plots of fractions extracted during sequential extraction of the
reduced and oxidized groups of sediments ftom Matlab. a) Mn,, vs Fe,, b) Ma,,,, vs

F Crotab C) Astom! vs F Crotab d) ASOX vs F €ox

the reducing sediments (average
Feoan/Feo,=3) as compared to the
oxidized  counterparts  with  average

Feqan/Fep,=26). In the oxidised unit Fe,,
is much lower than in the reducing unit,
varying by a factor of 10 to 20. While
performing the sequential extraction, it was
noted that the colour of the red sediments
changed from red to whitish during the
Ox+AA extraction step.

The blank concentration for respective
fractions of Fe and Mn relative to the
extraction concentration was 2% and 1%
respectively with standard deviation of 6%
and 1% respectively, while those for As the
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standard deviations were higher due to the
lower concentrations of the extractable As in
the sediments.

6.3.2.3. Surface complexation modelling

The surface complexation modelling of
As(III) adsorption in the reducing aquifer
unit suggests that adsorption of As(III) is
mainly controlled by the amount of Hfp in
solid phase. pH is considered to be of less
importance within the pH-interval found in
the aquifer units of the study area. Inclusion
of PO,”-tot as competing ion in the system
during simulations resulted in reasonable
concentrations of dissolved and adsorbed
As(ID). If PO,>-tot is excluded, all As(IIT)
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Figure 45, Simulation of adsorbed and dissolved As™ for the system with hydrous ferric
oxides (Hfo), As™ and PO, using the Diffuse Layer Model. a) results based on
maximum amount of As (as As(IIl)) in the sediments (104 uM), and b) with minimum
amount of As (as As(1Il)) in the sediments (28 uM). The shaded polygon demarcates the

fields of actual concentrations encountered in the reducing aquifers.

were readily found to be adsorbed onto the
Hfo. The modelling results suggest that
PO, is a minor species, and under the
prevailing  aquifer conditions H,PO,"
represents the major aqueous specie of P
with an activity higher than HPO,” by a
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factor of 2 to 4. Figure 45 presents the
simulated dissolved concentrations of
As(IIT) and PO,>-tot concentrations, and an
overlay of the plots of the actual
groundwater concentrations in the reducing
aquifers (grey filled circles) and demarcated
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Table 18. Results of extraction treatments of the three oxidized sediment samples.

Oxalate extraction

HNO; extraction

Sample  As Fe Mn As Fe Mn
(mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)

#1 <13 134.4 9.6 2.1 6940 116

#2 <13 118.8 31.2 1.3 5300 153

#3 <13 93.6 4.8 2.4 5070 73

by the shaded polygons (Figure 45a,b). The
plots also show a positive correlation
between As and PO,”-tot with a R* value of
0.48 observed for the groundwater samples
within the reduced aquifer units.

Modelling  surface complexation of
As(Il) onto Hfos in the high As- and
reducing aquifer unit thus suggests that
As(III) adsorption was mainly controlled by
the amount of Hfp in solid phase. The
results also emphasize that a competing ion
was needed to obtain high dissolved As
concentrations as compared to cases where
no competing ion was added, all As was
adsorbed onto the Hfs. Thus dissolved

concentrations of PO,>-tot is of importance
for the high dissolved concentrations of As,
as commonly encountered under field
conditions.

6.4. Arsenic adsorption dynamics

6.4.1 Extraction data

Oxalate and HNOj extractions performed
on the three oxidized sediment samples
(Samples #1, #2 and #3) indicate that the
content of As associated with the solid
phase is relatively low. The As content was
measured to be <1.3 mg/kg and between
1.3 and 2.4 mg/kg by the oxalate and HNO,
extractions, respectively (Table 18).

Table 19. Input parameters for surface complexation model (Dzombak and Morel 1990)
implemented in PHREEQC (Patkhurst and Appelo 1999).

Parameters Sample #1 ~ Sample #2

Sample #3 Comments

Input data for simulations of aquifer conditions (using 2006 field water chemistry and Feox)

Hfo (g/L) 0.9 0.79 0.66 Calculated from oxalate extraction.

Weak sites 2x10° 1.8x10* 1.4x10° Used Dzombak and Morel (1990) site

(sites/L) density of 0.2 sites/mol Hfo and molecular
weight Hfo = 88.8 g/mol.

Strong sites 5x10° 45x10° 35x10° Used Dzombak and Morel (1990) site

(sites/L) density of 0.005 sites/mol Hfo. and
molecular weight Hfo = 88.8 g/mol.

L/S (L/kg) 0.238 0.238 0.238 To convert between aquifer and experiment

conditions. Based on porosity = 0.3 and bulk
sediment density = 1.8 kg/L

Input data for simulations of experimental adsorption isotherms

Hfo (g/L) 0.18 0.16 0.15
Weak sites (sites/L) 4x10*  3.6x10®

Strong sites 1x10°  9x10°

(sites/L)

L/S (L/kg) 15 15 15

3.4x10*

8.5x10°

Calibrated to match adsorption isotherms.

Used Dzombak and Morel site density
(1990).
Used Dzombak and Morel site density
(1990).

To convert between aquifer and batch
experiment conditions.
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Figure 46. Distribution of adsorbed species based on oxalate extraction data and
simulated using PHREEQC surface complexation model (Table 3) in: a) Sample #1, b)

Sample #2, and c) Sample #3.

The oxalate extractions indicate that the
content of Fe associated with the
amorphous fraction (Fe ) is between 94 and
134 mg/kg, and that associated with the
crystalline fraction is considerably higher
(5070—6940 mg/kg). This result is in
agreement with the sequential extraction
results presented above, that the fractions of
amorphous Fe and Mn phases are low
compared to the crystalline fractions for the
oxidized sediments (see Section 6.3.3.2
above and von Bromssen et al. 2008). Based
on the observations on the changes in
sediment colour during extractions, it was
concluded that the reddish colour of the
oxidized sediment is primarily associated
with the crystalline minerals (von Bromssen
et al. 2008). The surface composition of the
oxidized sediments was simulated in
PHREEQC using the mean water chemistry
data for November 2006 from tubewells
installed in the oxidized sediments (see
Table 2). The Hfo mass and surface site
concentrations were derived from Fe
(Table 19). The model gives a good match
between the predicted concentration of
adsorbed species and those extracted from
the amorphous minerals (Figure 46).

The adsorption of As relative to other
ions that compete for adsorption sites is also
consistent. For all samples the quantity of
adsorbed As is predicted to be ~1 mg/kg.
The model assumes As(V) as the only
species and the relative quantity of adsorbed
As predicted is similar regardless of whether
AsII) or As(V) is considered. The
discrepancy between the simulated and
measured surface composition may be

attributed to varying water chemistry at the
specific location from where the sediment
was collected and/or influence of other
amorphous adsorbent phases including
AlIII) and Mn(IV) oxides which are not
considered in the model. The reasonable
match between the experimental and
simulated data suggests that the competitive
adsorption of As with Ca, Si, CO;* and
PO,” ions is well represented by the surface
reactions and parameter values adopted (see
Table 1). Calculated saturation indices
indicate that the groundwater in the
oxidizing sediments is supersaturated with
respect to Fe(IIl) and Al(IIl) oxide minerals
including ferrihydrite (Fe(OH);), geothite
(FeOOH), magnetite (Fe;O,) and gibbsite
(AI(OH),). This suggests potential for the
precipitation of these minerals and therefore
increased availability of adsorption sites. The
groundwater is also slightly supersaturated
with respect to MnHPO, (81 = 1.72). von
Bromssen et al. (2008) suggest that the
solubility of MnHPO, may control the
availability of dissolved PO,” that competes
with As for adsorption sites

6.42. Adsorption isotherms

The sustainability of targeting the oxidized
sediments as a source of As-safe drinking
water is influenced by the capacity of these
sediments to attenuate As in groundwater
that may flow in from As-rich reduced
aquifer sediments. The pattern of adsorption
characteristics were understood by batch
tests and adsorption isotherms were
prepared for the three oxidized sediment
samples by combining the sediments with
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Figure 47. Measured As adsotption isotherms for Sample #1 ( & Sample #2 ( B, and
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As(V) solutions with low (0.2 - 1 mg/L) and
high (5 - 100 mg/L) concentrations. The
amount of adsorbed As(V) was quantified as
the difference between the initial and final
dissolved As(V). For all experiments with
the low As(V) solutions more than 95% of
the initial As(V) was adsorbed. Experiments
conducted with high As(V) solutions
produced similar isotherms for the three
sediment samples (Figure 47).

The results indicate that the oxidized
sediments have a high capacity to adsorb
As(V) (>400-500 mg/kg). The sediments
continued to adsorb As(V) even for the
highest As(V) solutions, suggesting that the
adsorption sites were not yet saturated.
Although the experiments were performed
only for As(V), aqueous As(IIl) if present in
water flowing into the oxidized sediments,
would give similar results the adsorption
behaviour of As(III) and As(V) onto Fe(III)
oxide minerals is similar at pH 6.5-8 (Dixit
and Hering 2003). While the adsorption of
As(V) to amorphous Fe(Ill) oxide minerals
is higher than As(III) at low pH (below 5-06),
the adsorption of As (III) is greater at a pH
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higher than 7-8 (Dixit and Hering 2003;
Manning and Goldberg 1997, Goldberg
2002). Therefore, at the near-neutral
groundwater pH conditions, the oxidized
sediments is also expected to have
significant capacity to adsorb aqueous
As(III). For confirmation it is recommended
that the adsorption isotherms for As(III)
also be investigated in future studies.

Simulation of the adsorption isotherm
experiments with the surface complexation
model gave a poor match with the observed
data. For all sediment samples, the model
under-predicts the adsorption of As (V). For
the maximum As(V) solution used, 100
mg/L, the model under-predicts the amount
of adsorbed As by a factor of 12-14. The
model adopted accounted only for
adsorption to amorphous Fe(IIl) oxides
(Hfo) and does not consider adsorption sites
on AI(III) and Mn(IV) oxides, crystalline
Fe(I1I) oxides nor clay minerals.

The poor match indicates that the
number of active adsorption sites is greater
than that associated with the amorphous
Fe(III) oxides and these other minerals may
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play an important role in the adsorption
dynamics. The HNO3 extractions show that
there is a much higher abundance of
crystalline compared with amorphous
Fe(Il) oxides in the sediment (i.e., Fe,, =
0.09 - 0.13 g/kg compared to Fejos = 5.1 -
0.9 g/kg). Although the specific surface atea
and adsorption site density of crystalline
Fe(III) oxides is typically lower than for
amorphous Fe(Ill) oxides, this higher
abundance may account for the significant
number of adsorption sites associated with
the crystalline minerals. The model
developed has adopted the Hfo surface area
and density of weak and strong adsorption
sites recommended by Dzombak and Morel
(1990). However, these characteristics could
be site specific and may vary for the

600
— l a —— Sample #1
—
S 500 —=— Sample #2
= —— Sample #3
.S 400
©
= 300
c
S |
S 200 4
o |
(&S]
n 100 A
< _MWW\O

Adsorbed As (mg/kg)

(IJ 5 1'0 1I5
Time (weeks)

As concentration (pg/L)

Adsorbed As (mg/kg)

sediments on a spatial scale. It is therefore
recommended that more detailed sediment
characterization should be carried out in
future including estimation of mineral
surface areas and adsorption site density for
assessing adsorption behaviour.

6.4.3. Column breakthrough study

The column experiments further illustrate
the high capacity of the oxidized sediments
to adsorb As (Figure 48). Over the 13 week
period experimental runs, 90-99% of the
influent As adsorbed to the sediments. The
concentration of As in the influent water
was  approximately 1900 npg/L, and
throughout the experiment the effluent As
concentration ranged from 20-200 pg/L
(Figure 48a).
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Figure 48. Plots showing the concentrations of As in the effluents and the calculated
amount of As adsorbed to the oxidized sediment in the columns without lactose (2,c) as
well with added lactose (b,d) over a 13 week experimental petiod.
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The calculated adsorption of As with
time is linear suggesting that the adsorption
sites were not close to saturation (Figure
48c). The presence of As in the effluent
despite the continued availability of
adsorption sites may be associated with flow
short-circuiting combined with kinetic
constraints on the adsorption process The
addition of lactose to the replicate columns
demonstrates that the availability of an
electron donor decreases the capacity of the
oxidized sediments to adsorb As (Figure
48b). All sediment samples showed a lower
adsorption capacity when lactose was
present with the adsorption sites for Sample

#2 reaching saturation after 9 weeks
(Figure 48d).
The corresponding plots for the

concentration of Fe, Mn, Ca and Si in the
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effluents from the columns with and
without lactose additions are presented in
Figure 49a-d. High dissolved Fe and Mn
concentrations in the effluent indicate that
the observed decrease in the adsorption
capacity of the sediments was due to the
reductive dissolution of Fe(Ill) and Mn(IV)
oxides (Figure 49a,b).

In the columns with added lactose, the
effluent concentrations of Fe and Mn were
more than three orders of magnitude higher
than for the columns without added lactose
(Figure 49a,b). The maximum
concentrations of Fe and Mn in Sample #2
indicate that the reductive dissolution of the
oxide minerals was highest in this column.
This corresponds with the saturation of
adsorption sites observed for this column

0 g 10 15
Time (weeks)

Figure 49. Plots showing the concentrations of a) Fe, b) Mn, c¢) Ca, and d) Si in the
effluents from the columns over a 13 week expetimental period.
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Figure 50. Box plots showing the temporal vatiations in major water chemistty
parameters (pH, total As, total Mu, total Fe, DOC and PO,”) in the oxidized sediments
(left) and reduced sediments (tight). Each tube-well water sample was classified as from
oxidized or reduced sediment based on the sediment colour at the screened depth (see

Table 3).
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(see  Figure  49b). The  effluent
concentrations of Ca and Si were also
greater for the columns with lactose added,
particularly for Sample #2. This suggests
that these ions were released as Mn(IV) and
Fe(II) oxides were reduced (Figure 49c,d).
Reductive dissolution of Mn(IV) oxides
should occur in preference to Fe(III) oxides
in the sequence of  redox reactions
(Bhattacharya et al. 2002a, Appelo and
Postma, 2005).

While the effluent concentrations indicate
that this did occur for Sample #2, these
reactions and the microbially mediated
biogeochemical processes were perhaps
common for all columns. The rates of
reaction are however affected by the
complex consortia of reducing microbes in
the sediment as well as the relative stability
of the specific Fe(IlI) and Mn(IV) oxide
specie present. Although the reduction of
Fe(Il) and Mn(IV) oxides adds alkalinity
(HCOy) to the solution, the oxidation of
lactose adds acidity (H"). This leads to the
effluent pH dropping to around 5 as
compared to near-neutral for columns
without lactose addition. While decreasing
pH has been shown to reduce the
adsorption of As(III) to Fe(Ill) oxides (Dixit
and Hering, 2003, 2006), the effluent pH
decrease does not account for the significant
reduction in the observed adsorption
capacity of the sediments.

6.44 Linking adsorption dynamics of
arsenic with aquifer environments

Analysis  of  the  tube-well  water
demonstrated that DOC concentrations are
higher in the reduced sediments compared
to the oxidized sediments (Figure 50, see
also Figure 32). Infiltrating surface waters
would also typically also have a much higher
organic content (Harvey et al. 2006). As a
result, these experiments show that if
groundwater from reduced sediments, or
alternatively surface waters, flows into the
oxidized  sediments, increased DOC
availability will enhance the reductive
dissolution of oxide minerals triggering the
mobilization of As (Bhattacharya et al.
2002b, 2006a). The type and reactivity of C
used in this column study is different to the
complex organic matter that exists in natural
aquifer systems. In natural aquifers the
reductive dissolution of Fe(III) and Mn(IV)
oxides by DOC will be strongly controlled
by kinetics of the microbial processes. These
kinetics and the type and reactivity of the
organic matter available in the sediments
needs to be further investigated to more
accurately predict: i) the capacity of the
oxidized sediments to attenuate dissolved As
in the infiltrating water and, ii) the potential
for the dissolution of Fe(Ill) and Mn(IV)
oxides and subsequent release of sediment-
bound As, in cases of cross-contamination.

Table 20. Disttibution of microbial population in the sediments

Depth (m) Sediment Color Gram stain Growth in As-media  Microbial species
127 Black -ve +ve Acinetobacter spp.
254 Black -ve +ve Rhbodococcus spp.
254 Black -ve -ve Psendomonas spp.
254 Black -ve +ve Acinetobacter spp.
254 Black +ve -ve Bacillus spp.

424 Off-white/red +ve +ve Arthrobacter spp.

459 Off-white/red -ve +ve Burkholderia spp.
51.0 Off-white/red +ve +ve Exignobacterium spp.
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6.5. Microbial characterization

6.5.1 Characterization of microorganisms

The colonies grown on Nutrient agar plates
were analyzed for biochemical
characterization. The colonies were grown
on MacConkey agar and EMB agar media.
The isolated colonies were mainly gram
negative, facultative aerobes, rod shaped,
oxidase negative and catalase positive. Most
of the isolated colonies were grown in the
presence of As. Some of the microbial
isolates are Pseudomonas spp., Acine-tobacter

spp.,  Rhodococcus  spp.,  Bacillus — spp.,
Arthrobacter  spp.,  Exiguobacterinm  spp.,
Burcholderia  spp.  The gram  negative

organisms are in the upper sediments except
Bacillus spp. (Table 20). Similar microbial
species were identified and reported by Cai
et al. (2009) from different As-contaminated
sediments. Moreover, they have reported the
presence of As resistant genes in the
identified species.

In the lower sediments we found most of
the gram positive organisms below 25.4 m.
On the other hand in 45.9 m sediments
gram negative organisms were dominant.
There could be a difference in the sediment
properties or other chemical redox cycling
might be influencing the difference in the
microbial distribution. Islam et al. (2005),
reported microbial reduction of Fe (III)
leading to the formation of different Fe (II)
bearing minerals such as siderite, vivianite
and magnetite which could be accompanied
by the removal of As in solution. Further
study is needed to characterize the microbial
distribution immediately after the sample
collection.

6.5.2. Potential relevance

The microbiological studies reveal presence
of a variety of microbial species in the
shallow Holocene aquifers of Matlab
Upazila. Microbial distribution varies in the
sediments with aquifer depths. Further work
is required for understanding their role in
the stability of the Fe- and Mn-oxyhyroxides
and other biogeochemical interactions in the
sediments, identification of the As-resistant
genes and the specific role of the microbial
population  for  bioremediation  for
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compliance with the drinking water quality
in accordance with the Water Safety Plan.

7. CONCEPT FOR TARGETING
SAFE AQUIFER IN HIGH
ARSENIC REGIONS

Although  tubewell  technology  was
introduced by  governmental,  non-
governmental and international donor

agencies, an estimated more than 10 million
tubewells in Bangladesh and nearly 90% of
these wells are installed privately by local
drillers. In general, exploitation groundwater
will increase for drinking purposes both in
rural areas of Bangladesh as the practice of
using tubewells is deep-rooted in the rural
peoples’ mind, and if local drillers could
target safe aquifers, it would be a very viable
option for As mitigation. The awareness of
local drillers on elevated Fe and As
concentrations in tubewell water at shallow
depths have made them change their
practice of tubewell installation. Using the
visual colour attribute of the shallow
sediments (<100 m) and content of
dissolved iron, generally associated with high
As concentrations, the local drillers presently
install community tubewells at depths
targeting red/brownish and/or off-white
sediments (Figure 51).

Figure 51. Community initiative of the
local driller for tatgeting safe sediments
for tubewell installation in Bangladesh —
the emergence of the “sediment colour
concept”.

The practice of installation of safe
tubewells with local technique has already
reached the affluent class of rural
population. In order to develop and
intensify this practice we are proposing a
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strategy for the local drillers to target safe
aquifers in  regions with high As
groundwater.

In order to identify safe aquifers and their
sustainability and the risk for cross-
contamination, comprehensive hydrogeo-
logical  investigation, and  sediment
characteristics, prevailing biogeochemical
processes responsible for mobilization and
immobilization of As has been discussed in
the light of the various outcomes and results
of the research project TASA.

7.1. Perception of sediment color by
local drillers

The boreholes drilled in Matlab using the
traditional hand percussion technique (hand-
flapping) confirmed the drillers’ perception
of the texture and colour of the sediments as
well as identification of two separate
lithological units. The local driller describe
the aquifers in the region to comprise layers
of black to grey sediments overlying a
sequence of sediments with yellowish-grey
to reddish-brown colour. A clay layer at
depth between approximately 30-40 m
demarcates these to aquifer units. A
comparison between the drillers perception
of the sediments and the Munsel colour
code resulted in the four major colour
groups; black, white, off-white and red as
shown in Figure 52. Beside these four
colours, the local drillers mention yellow,

blue and green sediment, although the two
later were uncommon according to them.
Many drillers are not only aware of the As
problem but they also target certain
sediment for avoiding high Fe, which can be
identified in field, and As based on the
sediment colour. In an interview of 10
drillers Jonsson and Lundell (2004) found a
consensus among the drillers that the black
sediments were unsafe with respect to As
while the other sediment colours were safe.

Undoubtedly ground-water exploitation will
increase for drinking purposes both in rural
and urban areas of Bangladesh and if local
drillers could target safe aquifers, it would be
a very viable option for As mitigation as the
practice of using tubewells is deep-rooted in
the rural peoples’ mind. The awareness of
local drillers on elevated Fe and As
concentrations in tubewell water at shallow

depth.

7.2.Relation  between  sediment
colours and groundwater chemistry

Groundwater abstracted from the black
sediments of the shallow Holocene aquifer is
characterized by high concentrations of Fe,
As, PO, -tot, NH,", DOC and low SO,”,
whereas the oxidized low-As aquifers are
characterized by high Mn, low NH," , DOC,
Fe, and PO, -tot. Reductive dissolution of
Fe (III)-oxyhydroxides in the reduced black
to grey sediments mobilizes As in ground-

Drillers description

and colour class Black Off-white Red/Yellow
Olive black Dark greyish yellow  Yellowish brown
Munsell description = =2 =3
Dark greyish yellow Yellowish grey Olive yellow Reddish brown
5Y 31 2.5Y 4/2 2.5Y 5/4
Munsell code < = &
25512 2.25Y 53 oY 63 2YR 3/4

Figure 52. Representative photographs of the field moist aquifer sediments and their
colour desctibed by local dtillets as black, white, off-white and red and their Munsell
colour cdesctiption and Munsell code representing each group.
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Figure 53. Conceptualization of the scenarios for the risk of arsenic in groundwater and
the redox status of the aquifers based on the local dtillets perception of sedimeant colouts.

water. However, the present study also
reveals high PO,’ -tot concentrations seems
also to be an competing ion for adsorption
sites thus facilitate the process of As
mobilization.

Groundwater  chemical —composition
correlated well with the colour of the aquifer
sediments. Generally the groundwater is
anoxic but redox conditions in the shallow
aquifers (down to 100 m b.gl) follows a
trend from very reducing conditions for
black (as described by the drillers) sediments
with increasing redox potential in sequence
through white, off-white to red sediments.
The scenarios for the risk of As in
groundwater and the redox status of the
aquifers based on the local drillers
perception  of  sediment colours is
conceptualized in Figure 53. Furthermore,
the heterogenic distribution of elevated
concentration of As has also been explained
through the observed relationship between
aqueous and solid phase geochemistry of the
sediments in the study area.

The oxalate extractions showed that the
Fe,./Mn -ratio for the reducing black-
greyish sediments were distinctively higher
than for the oxidized unit. This
demonstrates that amorphous Fe(II)-

oxyhydroxides are more inclined to
weathering and reduction than amorphous
Mn oxides and hydroxides. Geochemical
modelling revealed that Fe, Mn and PO,”
are influenced by formation of secondary
minerals in addition to redox processes.

Elevated concentrations of dissolved Fe and
Mn is prone to be generated through
reductive dissolution of solid oxide- and
hydroxide phases of Fe(Illl) and Mn(IV).
High dissolved concentrations of both these
elements would be expected in groundwater
from the reducing aquifer unit as redox-
conditions are sufficiently low and
distinctively higher contents of amorphous
Fe and Mn (Fe, and Mn,,) are found in the
reduced unit. However, dissolved Fe is
higher in groundwater of the reduced unit
while Mn concentration is relatively higher
in the oxidized wunit even though
groundwater  redox  conditions  and
extractions of amorphous phases of Fe and
Mn (Fe,, Mn,,) suggests otherwise. Using
geochemical models demonstrated that
secondary  phases e.g. rhodochrosite,
siderite, vivianite, and possibly MnHPO,,
hydroxyapatite and Fe(Il)-oxyhydroxides
control the concentrations of these elements
as well as PO, -tot in the aquifers. A
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plausible behavior of Fe, Mn, As, PO, >-tot,
pH and HCOj; and their interactions at the
solid-aqueous phase interface within the
sediments could be explained through the
results of  geochemical = modelling.
Geochemical ~ modelling  based  on
experimental data demonstrated that the
mobility of As is largely influenced by Hfo,
pH and competing ions. In addition to
reductive dissolution of Fe(I1I)-
oxyhydroxides it is expected that relatively
high PO, -tot concentrations compete for
adsorption  sites is  stimulating = As
mobilization.

Decomposition of organic matter induce
reductive dissolution of Fe(I1I)-
oxyhydroxides and mobilization of As into
the groundwater. Active reduction in the
grey to dark grey aquifer is also indicated by
the depletion of dissolved SO,” and
formation of authigenic pyrite. In the
yellowish grey oxidized topsoil dominance
of crystalline iron oxides and hydroxides like
magnetite, hematite and  goethite.
Weathering of biotite seems to plays a
crucial role for generation of Fe(IID)-
oxyhydroxide. The presence of amorphous
Fe(III)-oxyhydroxides in the mica rich dark
grey reduced sediment, mostly as grain
coatings were revealed by SEM and XRD
studies.

7.3. Adsorption dynamics of arsenic
in oxidized sediments

Laboratory investigations on As adsorption
dynamics demonstrates that the oxidized
sediments have a high capacity to absorb As.
For batch isotherm experiments As(V) was
used because sampling of tube-wells indicate
this is the dominant aqueous redox species
in the oxidized sediments. It is suggested
that the adsorption of As(Ill) is examined as
well.  Simulations of the experimental
isotherms underpredict the adsorption
capacity. This may indicate that that
crystalline Fe(III) oxides, Mn(IV) oxides,
Al(II) oxides and clay minerals may also
contribute to the adsorption capacity of the
sediment.

Column  experiments on  oxidized
sediments with As(III) and lactose added to
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the influent water showed that the
adsorption capacity may be reduced by high
levels of DOC or other electron donors.
The column experiments demonstrated that
the decreased adsorption capacity was due to
the reductive dissolution of Fe(Ill)-
oxyhydroxides and Mn(IV)-oxides due to
the microbial interactions induced by the
addition of lactose. However, in natural
aquifers with present DOC the reactions are
expected to be much slower as DOC is a
much more complex and may be refractive
in character. The complex processes of

adsorption however need turther
investigations on mineralogy, laboratory
experiments together with geochemical

modelling for accurate site  specific
prediction of the fate and dynamics of As in
aquifers with high influx of DOC in
groundwater.

7.4.Risks for
between aquifers

7.4.1 Risks from hydrological perspectives
and groundwater flow modelling

cross-contamination

The groundwater models developed proved
to be useful as a tool for enhancing the
understating of the groundwater flow system
when combined with field observations of
seasonal hydraulic head monitoring in
piezometer nests and '“C analysis with
subsequent dating of groundwater.

Hydrogeological field investigations and
groundwater flow modelling demonstrated
that Matlab acts essentially as a recharge area
even though the area is adjacent to river
Meghna. The groundwater simulations could
identify at least two flow-systems; 1) a deeper
regional horizontal flow system with
recharge areas at the Tripura Hills in the east
and ii) small local flow systems driven by
local topography and with local groundwater
recharge. The local flow systems reach a
depth of approximately 30 m b.g.l. in Matlab
for calibrated groundwater models and is
consistent with analyzed 'C ages that
indicate that young groundwater should be
expected down to a depth of approximately
25 m b.gl while being older below
(>1,000 yr). This demonstrates that the
groundwater flow at depth (below local flow
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—
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groundwater
flow

-

Risks of contamination of oxidized sediment?

- Groundwater flow through confining layer?

- As immobilization/mobilization mechanisms?
-Attenuation of infiltrating As
-Sediment adsorption capacity
-Redox buffering processes
-Increased availiability of reduced species (e.g., DOC)
-Competitive sorption by co-ions (e.g., PO, Si)

Figure 54. Conceptualized risk scenatio for contamination of the oxidized aquifers in

Matlab, southeastern Bangladesh.

system) for a natural and undisturbed system
is very slow.

It has been estimated that about 85% of
the groundwater abstraction is for the
purpose of irrigation to support agricultural
productivity especially for the cultivation of
rice (Abedin et al. 2002, Halder et al. 2012).
Irrigation pumps placed in clusters have
implications on local flow dynamics and risk
for cross-contamination. Although the
aquifer system was fully recharged during
and after the monsoon season, the effects of
pumping during irrigation season were
observed in the measured groundwater
levels in piezometer nests. The observed
downward vertical gradient in piezometer
nests were consistent with modelling results.
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As deep irrigation wells are rarely installed,
the vertical gradient appears to be controlled
by the hydraulic characteristics of the
aquifers. However the model demonstrated
that the local flow patterns as well as induces
substantial vertical flow due to continuous
abstraction from the clusters of irrigation
wells. The vertical flow and risk for cross-
contamination will be concurrent to the
abstraction rate. The cause of hydraulic head
of certain deep piezometers being below the
mean sea water level during the end of the
heavy irrigation period are still unanswered
but can only be a result of groundwater
abstraction. In Matlab, a high yield three
aquifer model to a depth of 250 m b.g.1. best
fit field-observations.
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7.4.2. Risks of cross-contamination of the
oxidized aquifers based on adsotption
modelling

The results through our studies as well as a

series of other studies have shown that

redox conditions and dissolved As
concentration are related to the colour of
the aquifer sediments (Bhattacharya et al.

2010, Bundschuh et al. 2010, Jonsson and

Lundell 2004, von Bromssen et al. 2007,

2008).  Overlying  black—gray  aquifer

sediments tend to be reducing with high

dissolved As levels. Off-white, yellowish and
reddish sediments are oxidized at shallow
depths (<100 m) with low risk of elevated

As concentrations. However, there is

concern that tube-wells installed in As-safe

sediments may become enriched in As over
time. Water abstraction from the As-safe
sediments may induce flow of reduced
groundwater from surrounding sediments
with high As concentration or surface water
that is rich in electron donors such as DOC
to the As-safe aquifer zones (Polya and
Charlet 2009) to the safe aquifer zones as
conceptualized in Figure 54).

While the oxidized sediments may
initially have a high capacity to adsorb As,
this capacity may be reduced by the
increased availability of electron donors that
stimulate the reduction of Fe(Ill) and
Mn(V) oxides (Bhattacharya et al. 2009,
Sharif et al. 2008, Stollenwerk et al. 2007).
The reduction of these minerals may lead to
the transfer of sediment-bound As to the
groundwater. An increased availability of
ions that compete with As for adsorption
sites (e.g., PO,”, Si, Ca, HCO,) may also
stimulate the release of sediment-bound As
(Nath et al. 2009, Polya and Charlet, 2009).
Understanding of the adsorption behaviour
of the oxidized sediments and their ability to
attenuate As if cross contamination occurs
is, therefore, needed to evaluate the
sustainability of targeting the shallow As-
safe sediments. Although prior studies have
examined the processes leading to As
mobilization in the reduced sediments, there
is limited understanding of the adsorption
processes in the oxidized sediments.
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This study has shown that the oxidized
sediments in Matlab Region, have a high
capacity to absorb As, although they
currently have a relatively low sediment-
bound As content (below 2.5 mg/kg). This
suggests targeting these sediments for
installation of tube-wells may be a simple
sustainable solution for delivering safe
drinking water to the rural communities in
areas where these oxidized sediments exist at
shallow depth. The As adsorption processes
however are complex and require further
investigation to more accurately assess the
risks  of  cross-contamination.  This
assessment needs to be coupled with
rigorous long-term monitoring of the water
chemistry in tube-wells installed in the
oxidized sediments. Discrepancy in the
amount of solid phase Fe estimated from
oxalate extractions and calibrated based on
measured As(V) adsorption isotherms
indicate that a significant portion of the
adsorption sites in the oxidized sediments
are assoclated with solid phase crystalline,
rather than amorphous, Fe. The good match
between the shape of the simulated and
experimental adsorption isotherms, and the
ability of the model to predict the amounts
of As and other adsorbing species bound to
the amorphous Fe minerals, indicate that the
model and parameter values adopted was
able to adequately represent the adsorption
behaviour in the oxidized sediments. The
capacity of the oxidized sediments to
attenuate As may be decreased by high levels
of DOC (or other electron donors) in water
infiltrating the safe aquifer layers and this
may lead to the reductive dissolution of
FeIl) and Mn(IV) oxides and the
subsequent release of As. The reactivity and
rate of degradation of the DOC present in
the aquifer layers at Matlab requires further
investigation.

8. TESTING THE IDEA FOR
WORLDWIDE IMPLICATION

8.1. Replication study in West Bengal

For the validation of the ongoing indigenous
drilling practice by local drillers in other
parts of the Bengal Basin, this replication
study was carried out in Chakdaha Block of
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the Nadia district in West Bengal, India. A
number of studies in West Bengal, India
(McArthur et al. 2004, 2011, Pal and
Mukherjee, 2008, 2009, Biswas et al. 2014a)
have attempted to link the color of aquifer
sediments with the occurrence of As in
groundwater. It has been reported that grey
sand  aquifers  (GSA) are  mostly
contaminated with dissolved As (>10 pg/L),
whereas brown sand aquifers (BSA) may be
safe (<10 pg/L). The classification of the
aquifers as shallow grey sand aquifers (GSA)
and the brown sand aquifers (BSA) within
shallow depth (< 70 m) have shown all
possible variability in the colour shades and
analogous to the reducing and the oxidized
sequences as delineated aquifers based on
the sediment color as perceived by the local
driller in Matlab. (von Bromssen et al. 2007).
The BSA sediments analogous to the
sequence of oxidized unit with red sand
colours within shallow depth in Matlab
study area has been suggested to be targeted
for safe drinking water supply in Bangladesh
(von Bromssen et al. 2007, Bundschuh et al.
2010). However, so far no attempt has been
made to validate the redox status of these
two aquifers, which could be extremely
important for assessing the long term
sustainability of BSA for safe drinking water

supply.
8.2. Location of the study area

In order to wvalidate the local drillers
approach to target safe aquifers based on
sediment colour, a detailed hydro-
geochemical investigation was carried out to
assess the redox status of groundwater
abstracted from BSA and GSA aquifers
within shallow depth (~70 m) within an area
(100 km* 23.02-23.14°N, 88.49—88.62°F) is
located approximately60 km north of
Kolkata city, in the Chakdaha Block of
Nadia district, West Bengal. The area is.
bounded on the west by river Hooghly
(distributaries of river Ganges) and by the
river Ichamati to the east (Figure 55).

8.3. Groundwater and

analysis

sampling

Samples of groundwater were collected from
57 wells (35 from GSA and 22 from BSA)
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from the existing TWs at shallow depth
(~70 m, except for 3 wells installed in BSA)
close to 29 drilled borehole locations
(Figure 55). Prior to groundwater sampling
the TWs were purged continuously until pH,
electrical conductivity (EC) temperature (T)
and oxidation reduction potential (ORP,
latter corrected with respect to standard
hydrogen electrode for Eh) were stabilized.
The pH, EC, T, ORP and dissolved oxygen
(DO) were measured in a flow cell fitted
with electrodes for ORP and DO (Biswas et
al. 2012, 2014b) and the alkalinity (HCO5)
was measured by titrating with 0.02 N
H,SO, on site prior to groundwater
sampling. From each TW four sets of
groundwater samples were preserved after
filtering  through 045 pm  Axiva®
membrane filters for Fe(Il), DOC, anion,
major cation, trace elements and As(III)
analyses. As(III) and (V) were separated in
the field through a Disposable Cartridge®
packed with an ion exchanger, at a flow rate
of 5 mL/min (Metal Soft Centre, Highland
Park, USA, Meng et al. (2001). The samples
for quantification of As(III), major cations
and trace elements were acidified with 14N,
Suprapur HNO; (Merck). In the field all
samples were stored in ice box and finally
after return to the laboratory, samples were
stored in refrigerator at 4°C prior to
analyses.

To minimize redox alteration, Fe(Il),
NH," and anions were analyzed overnight
after sampling following the procedure
outlined APHA, 1998 and detailed in
Biswas et al. (2012). The analysis of DOC
was carried out on a Shimadzu 5000 TOC
analyser at the KTH Royal Institute of
Technology. Anions and NH," were
analyzed in the same sample by Metrohm
Ion Chromatography (model 761 Compact
IC) at the University of Kalyani, West
Bengal. Major cations and trace elements
were analyzed by inductively coupled plasma
optical emission spectrometer (ICP-OES,
Varian Vista-PRO) at the Stockholm
University. Ten percent of the samples
(n=06) were randomly analyzed to test the
precision of analysis by ICP-OES. For all
the elements the precision of the analysis
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was >97%. Total As as well as As(IlI) were
also re-analyzed by hydride generation
atomic absorption spectrometer (HG-AAS,
Varian AA240, detection limit ~1 pg/L)
following the procedure described by APHA
(1998). The mutual agreement between As
concentrations measured by ICP-OES and
HG-AAS was >99% (p~0.01).

8.4. Sediment and

characterization

Based on drilling of 29 boreholes by locally
available hand suction drilling technology
The distribution of different aquifers (in
terms of aquifer sediment color) within
shallow depth of the investigated area
(Figure 55). Though local drillers are very
efficient to classify different colors of the
sediment, there is still risk of
misidentification (von Bromssen et al. 2007).
In order to minimize this risk, aquifers
within  shallow depth were classified
according to two major sediment color

sampling

categories: viz grey and brown. Soon after
their recovery from the borehole, prior to
atmospheric oxidation, sediment form each
1.5 m interval was assigned either grey or
brown color in the field by looking into the
washed sediment in consultation with the
local driller.

8.5. Hydrochemical characteristics

The physico-chemical characteristics, major
ion composition and the water types of the
groundwater samples collected from GSA
and BSA are presented in Table 21.

85.1 Physicochemical charactetistics

In both aquifers groundwater has circum-
neutral pH (6.87-7.48) with similar
temperature range (26.3-28.2 °C). The
ranges of electrical conductivity (BSA: 501—
935 uS/cm, median: 663 pS/cm; GSA: 356—
1177 pS/cm, median: 715 pS/cm) suggest
roughly similar extents of water-sediment
interactions in both aquifers.

23.08 ¢

Latitude

23.04
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@ Borehole Location Long |tude Sampling Point

Figure 55. Map of the study area in Chakdaha Block, Nadia District. West Bengal, India
(a-c) showing the disttibution of GSA and BSA aquifers demarcated by white dashed
line. The area with in the blue dashed line represents, where GSA ovetlies the BSA. The
satellite image (c) was acquired from Google Earth 6.0.2.
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Table 21 Salient physico-chemical characteristics and major ion compositions of
groundwater samples collected from grey sand aquifer (GSA) and brown sand aquifer
(BSA) of Chakdaha Block Nadia District, West Bengal, India.

Sample ID Latitude Longitude Depth pH Eh EC T HCO3 cl S0.% PO ca?* Mg?* Na* K" Water Type

(m) (mV) (@S/cm) C€) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Grey sand aquifers (GSA)
HGO6 23.0336 88.5546 43 7.14 129 659 274 400 593 0.06 158 106 20.0 274 253 Ca-Mg-HCOs
HGO7 23.0332 885541 16 7.06 115 816 265 424 46.1 191 3.74 112 19.3 49.6 517 Ca-Na-HCO;
HG10 23.0283 88.5933 28 711 91.8 775 26.9 466 47.8 0.14 583 134 334 225 6.19 Ca-Mg-HCO;
HG11 23.0285 88.5945 22 7.16 103 715 272 450 177 0.13 4.75 125 289 16.2 442 Ca-Mg-HCO;
HG12 23.0463 885917 19 7.26 133 838 263 500 356 371 4.60 118 316 50.7 438 Ca-Mg-Na-HCO;
HG13 23.0456 88.5917 22 7.19 114 887 26.6 514 47.8 4.68 578 140 39.5 316 391 Ca-Mg-HCO;
HG14 23.0477 88.5691 52 7.39 169 571 276 364 4.07 0.06 0.09 86.2 266 16.8 390 Ca-Mg-HCOs
HG18 23.0516 88.5547 22 7.24 124 582 270 326 242 120 218 814 204 26.6 183 Ca-Mg-HCOs
HG19 23.0524 88.5542 30 6.96 134 829 274 470 40.8 316 2.07 132 28.7 327 258 Ca-Mg-HCO;
HG20 23.055 88.5434 46 717 154 588 271 374 371 0.08 0.76 91.3 202 224 217 Ca-Mg-HCOs
HG21 23.0577 88.542 46 7.10 164 685 272 400 184 0.09 322 98.5 294 227 183 Ca-Mg-HCOs
HG22 23.0776 88.5453 22 721 358 687 26.3 378 289 9.57 1.30 107 252 224 224 Ca-Mg-HCOs
HG28 23.0667 88.5905 22 7.05 133 1062 274 528 85.8 131 4.66 135 345 56.8 101 Ca-Mg-Na-HCO;
HG29 23.0638 88.5915 22 7.07 133 672 274 370 245 0.26 6.75 885 17.9 236 920 Ca-Mg-HCO;
HG30 23.0649 88.5884 28 7.24 135 658 271 370 200 120 371 90.8 236 15.2 101 Ca-Mg-HCOs
HG32 23.0731 885715 22 714 163 691 272 420 6.98 0.14 227 96.9 264 26.7 267 Ca-Mg-HCOs
HG33 23.1053 88.5896 28 7.26 110 607 26.4 350 145 BDL 533 86.6 243 137 6.17 Ca-Mg-HCO;
HG34 231051 88.5896 52 7.26 108 633 268 380 9.57 0.08 6.12 93.1 251 145 429 Ca-Mg-HCO;
HG35 23.1061 88.5898 22 7.28 111 813 264 460 295 0.06 433 131 314 17.0 758 Ca-Mg-HCOs
HG36 23.0893 88.5875 61 7.17 124 909 270 438 82.6 0.41 572 130 33.0 289 591 Ca-Mg-HCOs-Cl
HG37 23.0892 88.5874 22 711 132 978 271 490 90.3 0.30 5.07 139 325 386 455 Ca-Mg-HCO;3-Cl
HG38 231078 88.5758 46 7.34 222 548 271 340 113 0.05 134 88.2 195 105 535 Ca-Mg-HCOs
HG39 23.1076 88.5771 34 7.46 173 502 272 310 3.01 0.08 185 87.6 16.2 6.83 3.06 Ca-Mg-HCOs
HG40 231073 885763 40 7.46 193 356 275 214 126 0.06 216 536 11.9 6.07 364 Ca-Mg-HCOs
HG44 23.087 88.5638 22 6.87 184 922 270 594 4.94 0.37 6.29 112 333 50.0 416 Ca-Mg-Na-HCO;
HG46 23.0916 88.5466 25 7.15 175 873 274 492 40.8 0.13 544 138 34.0 175 3.07 Ca-Mg-HCOs
HG48 23.1047 88.5617 14 7.10 170 839 268 506 217 0.80 6.18 117 387 19.7 445 Ca-Mg-HCO;
HG49 23.1101 88.5462 22 7.42 150 647 26.6 348 212 211 119 104 219 189 420 Ca-Mg-HCO3
HG50 23.1105 88.5471 22 7.38 175 634 272 368 121 10.2 i1 98.0 244 141 491 Ca-Mg-HCO;
HG51 23112 88.5296 14 727 134 963 270 448 94.6 26.2 0.89 152 322 294 599 Ca-Mg-HCOs-Cl
HG52 23.1126 88.5293 22 7.48 136 654 270 392 6.33 822 134 112 22.1 14.8 473 Ca-Mg-HCO3
HG53 23.0908 88.5233 22 7.07 136 1177 276 576 95.8 26.2 3.87 153 505 50.7 564 Ca-Mg-HCO;
HG54 23.0909 88.5242 30 7.18 102 960 272 498 134 26.2 4.92 142 36.4 310 483 Ca-Mg-HCO;
HG55 23.0782 88.5134 27 7.20 100 764 271 468 340 0.05 454 108 29.1 215 471 Ca-Mg-HCO3
HG56 23.0786 88.5137 30 7.26 100 727 273 456 3.15 0.05 3.61 106 277 203 3.97 Ca-Mg-HCOs
Min 6.87 91.8 356 26.3 214 1.26 BDL 0.09 53.6 119 6.07 183
Median 7.19 134 715 271 424 20.0 0.30 374 108 27.7 224 4.42
Max 7.48 358 1177 276 594 95.8 26.2 6.75 153 50.5 56.8 10.1
Brown sand aquifers (GSA)
HGO1 23.0446  88.50058 75 7.00 131 704 282 414 7.14 6.14 0.26 107 249 38.8 434 Ca-Mg-Na-HCO3
HG02 23.0453  88.49925 82 721 128 711 280 442 5.50 0.52 0.20 94.1 248 49.9 434 Ca-Mg-Na-HCO;
HGO3 23.0368 8851119 72 711 141 769 217 480 6.45 0.32 0.07 118 28.0 39.6 475 Ca-Mg-HCO;
HG04 23.0336  88.53647 50 7.10 208 700 217 418 10.1 0.07 012 103 254 34.6 295 Ca-Mg-HCO;
HGO5 23.0338  88.53614 37 7.07 234 746 274 452 131 0.08 0.19 104 2715 43.8 299 Ca-Mg-Na-HCO;
HG08 23.0328  88.57067 40 7.02 268 547 270 400 7.76 0.07 0.05 103 259 26.7 230 Ca-Mg-HCOs
HG09 23.0332  88.56933 46 7.09 244 559 276 392 9.09 0.06 BDL* 105 272 16.7 254 Ca-Mg-HCO;
HG15 23.0472  88.56939 46 7.25 210 535 270 326 3.97 0.18 BDL 80.2 19.6 233 217 Ca-Mg-HCOs
HG16 23.0567  88.52044 46 7.18 248 600 272 380 6.24 011 0.05 95.2 227 211 224 Ca-Mg-HCOs
HGL17 23.0569  88.51964 46 713 255 669 27.0 420 113 0.52 0.13 102 26.3 249 211 Ca-Mg-HCO;
HG23 230761  88.54689 52 721 251 896 26.8 556 176 0.07 0.14 152 293 35.1 264 Ca-Mg-HCOs
HG24 23.0654  88.56206 49 7.14 222 601 276 378 847 0.09 BDL 874 240 216 227 Ca-Mg-HCOs
HG25 230659  88.56225 40 7.20 237 586 217 360 4.65 0.12 BDL 884 238 175 215 Ca-Mg-HCOs
HG26 23.0585  88.57661 55 714 260 722 28.1 440 6.53 0.06 0.49 106 25.7 30.6 243 Ca-Mg-HCO;
HG27 230586  88.57719 50 7.19 259 935 2715 598 6.64 0.09 0.49 149 36.2 370 258 Ca-Mg-HCOs
HG31 230736  88.57206 46 7.39 315 501 273 298 335 0.06 0.32 746 19.1 16.1 168 Ca-Mg-HCO;
HG4L 23.0876  88.57431 46 7.23 262 657 273 406 458 0.06 0.15 103 211 217 173 Ca-Mg-HCO;
HG42 23.0886  88.57381 37 7.24 276 653 274 410 4.42 0.05 BDL 106 212 237 170 Ca-Mg-HCO;
HG&43 23.0877  88.56419 46 7.20 273 728 274 468 3.88 0.13 0.15 103 211 453 156 Ca-Na-Mg-HCOj3
HG45 23.0911  88.54631 46 7.23 271 657 276 420 2.68 0.19 BDL 916 276 29.4 234 Ca-Mg-HCO;
HGA7 231058  88.56269 52 7.24 284 589 278 372 298 0.05 0.10 95.5 233 12.2 158 Ca-Mg-HCO3
HG57 23.0681  88.53100 34 7.24 174 776 26.7 480 19.7 12.3 0.24 105 44.4 12.7 3.96 Ca-Mg-HCOs
Min 7.00 128 501 26.7 298 2.68 0.05 BDL 746 19.1 12.2 1.56
Median 7.20 249 663 215 416 6.49 0.09 0.12 103 25.2 272 2.32
Max 7.39 315 935 282 598 19.7 12.3 0.49 152 44.4 49.9 4.75
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The DO concentration was consistently
below detection Ilimit (BDL) in all
groundwaters from BSA and GSA. The
comparison of observed pe  values
(calculated from measured Eh), and the pe
values calculated from corresponding
Fe(Il)/Fe(Il) and As(V)/As(Il) redox
couples reveals that the observed pe values
for the samples of BSA and GSA fall
respectively along the upper and lower end
of calculated pe range of the Fe(IIl)/Fe(II)
redox couple (Biswas et al. 2012).

8.5.2. Majorion chemistry and
hydrochemical facies

The groundwater in both GSA and BSA
aquifers is predominantly of Ca—Mg—HCO,
type. However, other hydrochemical facies
such as Ca-Mg-HCO,-Cl, Ca-Mg-Na-HCO;,
and Ca-Na-Mg-HCO; are also sometimes
present due to the local enrichment of
particular ion species. Thee major ion
concentrations in groundwater in the two
GSA and BSA aquifers did not show any
significant difference, except for enrichment
of K" with respective median values of 4.42
mg/L and 2.32 mg/L in GSA and BSA
groundwaters. Though in Bangladesh, von
Bromssen et al. (2007) have reported the
enrichments of HCO; in groundwater of
GSA, this study the concentrations are
similar in both aquifers (Figure 56a).The
level of CI" in the GSA groundwater was
elevated by a factor more than 2.5 with
median value of 18.4 mg/L to the median
value of 6.49 mg/L in BSA samples. The
enrichment of CI' in GSA is also consistent
with relatively higher EC in this aquifer. The
concentration of SO,*” in GSA varies from
below detection levels to 26.2 mg/L and a
median value of 0.30mg/L (Figure 56b).
Strong pungent odor of hydrogen sulphide
(H,S) in few wells from GSA was noticed
during sampling. The levels of SO, in the
BSA aquifers were consistently low in the
range 0.05 to 12.1 mg/L (median: 0.09
mg/L, Table 22) and consistent with the
absence of the odor of H,S noted during
sampling of the BSA wells. Although SO,*
reduction is not entirely responsible for low
SO, concentration in groundwater of the
study area, the presence of sulphide minerals
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in the aquifer sediment might also limit
initial  concentration of  SO,”  in
groundwater (Mukherjee and Fryar 2008).

85.3. Disttibution of redox sensitive species

Data on the distribution of the redox
sensitive species and Si in groundwaters
from wells screened in from GSA and BSA
are presented in Table 22.

8.5.3.1. Arsenic (As)

In nearly 32 (91%) and 19 (54%) (n=35)
groundwater samples collected from the
GSA wells, As concentration above the
WHO safe drinking water guideline value of
10 pg/L and Indian national drinking water
standard of 50 pg/L respectively (Figute . 4).
The median value (54.3 pg/L) is higher than
both WHO guideline and national standard.
However, in only 1 of 22 samples collected

from BSA, the dissolved As concentration
exceeds 10 pg/L (Figure 56h).

In GSA, As is predominantly present as
As(III) accounting for 75-100% of total As
in the water samples (median 95.6%),
whereas for samples collected from BSA,
when As concentration exceeds instrumental
detection limit is mostly present as As(V)
(Table 22).

8.5.3.2. Iron (Fe) and manganese (Mn)

Following the same trend the groundwater
of GSA is also more enriched with dissolved
Fe ranging between 0.82 and 11.3 mg/L
(median: 5.31 mg/L) as compared to the
BSA wells where the concentration levels in
groundwater are distinctly low and vary
between 0.24 and 2.87 mg/L an a median
value of 0.44 mg/L) (Figure 56f). Though,
in both aquifers the total Fe (Fe,) is
predominantly present as Fe(Il) species in
the GSA water samples (range: 84.1-100%,
median: 94.5%), in BSA the range is lower
(36.6-97.2%, median: 71.2%, see Table 22).

The concentration levels of dissolved Mn
in groundwater follows the opposite trends
as compared to As and Fe. Out of the 35
samples only 17% (n=6) and 20% (n=7)
GSA wells, Mn concentration was found to
be above former WHO guideline value of
400 pg/L and Indian national drinking water
standard of 300 pg/L respectively. However
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Table 22. Distribution of the redox sensitive species and Si in groundwater from wells
screened in grey sand aquifer (GSA) and brown sand aquifer (BSA) of Chakdaha Block
Nadia District, West Bengal, India.

Sample ID Latitude Longitude Depth ~ As  As(ll) Fe Fe(ll) Mn Al DOC  NH,*  si*
(m (o) (%) (mo/L) (%) (Mg/L) (Mg/L) (mg/lL) (mg/L) (mg/L)

Grey sand aquifers (GSA)

HGO6 23.0336 88.5546 43 535 99.3 3.47 916 119 17.7 155 0.35 14.0
HGO7 230332 885541 16 307 98.4 6.81 97.7 113 16.6 326 430 10.0
HG10 23.0283 88.5933 28 137 99.3 9.19 98.4 231 147 3.99 443 11.0
HG11 230285 ~ 88.5945 22 104 911 830 937 156 139 2.59 4.04 105
HG12 23.0463 88.5917 19 381 96.6 481 929 107 132 1.67 248 9.65
HG13 23.0456 88.5917 22 49.6 99.6 6.24 97.3 113 12.3 3.00 316 10.8
HG14 230477 885691 52 451 96.7 0.82 98.8 123 14.1 1.32 043 149
HG18 23.0516 88.5547 22 269 985 171 95.3 115 257 0.27 183 842
HG19 23.0524 88.5542 30 46.7 90.8 4.09 84.1 278 30.2 243 162 9.20
HG20 23055 88.5434 46 703 94.0 252 94.8 177 217 054 0.82 9.90
HG21 23.0577 88.542 46 4.40 75.0 4.57 89.3 124 38.6 0.91 178 9.28
HG22 230776 885453 22 9.16 94.3 267 884 438 253 081 097 7.78
HG28 23.0667 88.5905 22 67.7 86.0 109 100 255 276 5.87 3.46 103
HG29 23.0638 88.5915 22 832 82.0 10.0 100 404 292 222 6.26 112
HG30 230649 885884 28 54.3 86.4 6.41 94.9 436 219 1.40 0.70 8.06
HG32 23.0731 88.5715 22 101 88.6 3.06 915 90.8 259 7.10 3.20 10.7
HG33 23.1053 88.5896 28 834 95.6 5.27 88.8 97.6 241 0.39 222 10.7
HG34 231051 88589 52 113 83.6 6.01 95.0 123 238 0.34 345 111
HG35 23.1061 88.5898 22 49.0 86.7 6.00 94.8 203 228 129 0.94 10.2
HG36 230893 885875 61 66.0 97.7 6.75 923 155 285 194 3.60 10.8
HG37 23.0892 88.5874 22 56.9 96.8 722 99.3 191 222 2.06 4.36 105
HG38 23.1078 88.5758 46 199 96.5 292 90.4 295 223 BDL 0.99 9.04
HG39 231076 885771 34 243 938 2.20 89.5 246 144 BDL BDL 8.17
HG40 23.1073 88.5763 40 291 911 1.68 845 149 236 461 0.57 8.85
HG44 23.087 88.5638 22 925 99.2 531 96.2 111 232 371 6.26 12.4
HG46 23.0916 88.5466 25 71.6 97.3 9.76 99.8 167 214 191 3.72 11.3
HG48 23.1047 88.5617 14 147 100 6.02 92.9 121 16.4 0.55 5.93 10.2
HG49 231101 885462 22 16.6 91.0 420 91.9 426 26.6 BDL 0.32 6.54
HG50 23.1105 88.5471 22 8.46 92.9 3.06 94.1 239 14.7 BDL 0.23 5.88
HG51 23112 88.5296 14 201 86.6 4.78 92.9 550 285 0.22 0.42 7.60
HG52 23.1126 88.5293 22 40.8 9.4 2.23 89.7 511 231 BDL 0.33 8.23
HG53 230908 885233 22 719 97.8 11.3 98.2 383 281 0.79 157 9.59
HG54 23.0909 88.5242 30 85.8 96.6 9.63 98.8 256 145 0.34 2.74 10.4
HG55 23.0782 88.5134 27 308 99.7 109 945 152 256 0.70 4.96 9.86
HG56 230786  88.5137 30 293 98.0 10.6 97.2 193 278 1.33 2.97 9.72
Min 4.40 75.0 0.82 84.1 90.8 12.3 BDL BDL 5.88
Median 54.3 95.6 531 945 177 231 1.32 2.22 10.0
Max 308 100 11.3 100 550 38.6 7.10 6.26 14.9
Brown sand aquifers (GSA)

HGO1 23.0446  88.50058 75 BDL - 119 824 985 38.6 471 BDL 134
HG02 23.0453  88.49925 82 BDL - 112 89.3 1030 222 153 0.90 137
HG03 230368 8851119 72 BDL - 1.07 97.2 830 176 2.56 043 147
HGO4 23.0336  88.53647 50 BDL - 0.24 833 1504 133 179 0.75 116
HG05 23.0338 8853614 37 BDL - 0.24 917 754 139 222 0.81 112
HG08 23.0328  88.57067 40 BDL - 0.28 53.6 691 136 2.02 BDL 115
HG09 230332  88.56933 46 BDL - 0.30 76.7 593 137 183 BDL 117
HG15 23.0472  88.56939 46 BDL - 041 829 183 19.7 0.61 BDL 105
HG16 23.0567  88.52044 46 BDL - 0.72 736 1073 26.8 1.06 0.60 117
HG17 230569  88.51964 46 740 0.0 0.53 774 1782 232 0.79 0.53 119
HG23 230761  88.54689 52 BDL - 0.49 57.1 2082 14.8 1.86 0.48 9.39
HG24 23.0654  88.56206 49 BDL - 0.50 76.0 351 26.0 0.66 0.40 10.5
HG25 23.0659 8856225 40 BDL - 0.49 59.2 323 329 0.58 0.36 10.4
HG26 230585 8857661 55 8.69 94.6 0.32 688 1960 284 159 0.82 119
HG27 230586 8857719 50 3.68 0.0 0.40 55.0 2337 264 197 0.77 111
HG31 230736 8857206 46 224 0.0 0.42 619 870 259 BDL BDL 10.5
HGAL 23.0876 8857431 46 BDL - 0.62 67.7 886 1838 0.12 BDL 104
HG42 23.0886 8857381 37 BDL - 0.45 444 541 195 378 BDL 10.7
HG43 23.0877 8856419 46 BDL - 0.41 36.6 1050 219 0.15 BDL 10.1
HG45 230911 8854631 46 BDL - 0.39 66.7 402 16.6 0.46 BDL 10.9
H&47 231058 8856269 52 0.35 0.0 031 51.6 769 22.6 0.08 0.23 105
HG57 23.0681 8853100 34 15.1 87.4 2.87 93.4 346 22.9 0.27 BDL 9.94
Min BDL BDL 0.24 36.6 183 133 BDL BDL Cjzfe)
Median BDL BDL 0.44 71.2 850 221 130 0.30 11.0
Max 15.1 94.6 2.87 972 2337 386 471 0.90 14.7
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Figure 56. Box and Wiskers plot showing the distribution of major anion, DOC and redox

species in groundwater of BSA and GSA.

out of 22 samples of BSA, in 18 (82%) and
21 (95%)  samples  dissolved  Mn
concentration exceeds 400 pg/L and 300
ng/L respectively (Figure 56g).

8.5.3.2. Ammoninm (NH,”). phosphate (PO,”)
and nitrate (NO ;)

Ammonium  (NH,") concentrations in
groundwater show considerable variability in
the GSA aquifers from below detection level
to about 6.3 mg/L (median: 2.2 mg/L, Table
22). In the groundwaters of the BSA wells
the levels of NH," are consistently low and
seldom exceed 1 mg/L (median: 0.3 mg/L).
Similarly, the concentration of PO,” in the
GSA wells reach up to 6.75 mg/L with a
median value of 3.7 mg/L (Table 22). This
implies that GSA groundwater being more
reduced show significant enrichment with
species such as NH," and PO,” compared to
groundwater in BSA (Figure 56d,e).
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8.6. Speciation modelling

Speciation modeling was performed by using
the geochemical software package of
PHREEQC (version 2.8) with Wateq4f
database (Parkhurst and Appelo 1999) to
calculate the value of P.,, and saturation
indices (SI = log [IAP/KT], where IAP and
KT are ion activity product and equilibrium
solubility constant at ambient temperature
respectively) of major mineral phases that
may control the chemistry of groundwater in
two groups of aquifers. Using the
PHREEQC code, the values of pe were
further computed from measured Eh, using
the relation:

pe =169 X Eh at 25°C...............
corresponding to Eh, Fe(Il)/Fe(Ill) and
As(III)/As(V) redox couples were calculated
from the measured concentration of the
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Figure 57. Box and Wiskers plot showing the calculated mineral saturation indices (SI)
for groundwater samples from BSA and GSA in the Chakdaha study area in West Bengal,
India The highlighted differences in the median SI values indicate that the solubility of
Fe Is the ptincipal indicator of the redox status and strongly controlled by sidetite and

vivianite in the GSA groundwater.

Fe(Il)/Fe(I1l) and As(III)/As(V) redox pairs
respectively to assess the key redox
processes regulating the prevailing redox
potential in the aquifers.

The calculated P.,, ranged between
107* to 107" atm, (median: 107" atm) and
107% to 107" atm (median: 107 atm) in
the groundwater samples from BSA and
GSA  respectively. The SI calculation
indicated that mosts groundwaters were
nearly at equilibrium with and
dolomite (Figure 57a,b).

calcite

The distribution of SI for the major
mineral phases, which may regulate the
concentration of Fe(l) and Mn(l) in
groundwater reveals that groundwater in
BSA are mostly at equilibrium with respect
to  rhodochrosite ~ (MnCO;), whereas
equilibriums ~ with respect to siderite
(FeCO3) and vivianite [Fe,(PO,),:8H,0] are
prevailing in groundwater of GSA (Figure
57c,e,f). Saturation Indices values further
indicate that MnHPO, and Fe(IIl) mineral
phases such as ferric hydroxide [Fe(OH),],
goethite (FeOOH), hematite (Fe,O;) and
magnetite (Fe,O,) are stable in both aquifers
of the study area.
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The differences in the median SI values
between the BSA and GSA highlighted in
Figure 56a-f, demonstrates that among the
redox sensitive species, Mn and Fe, there is a
wide difference in the SI wvalues of Fe
minerals, siderite and vivianite in the BSA
and GSA and the solubility of Fe is strongly
controlled by siderite and vivianite in the
GSA groundwater (Figure 57e,f). On the
other hand, although rhodochrosite exerts
control on the solubility of Mn both in the
BSA and GSA, the bandwidth is a narrow
which perhaps could be explained through a
narrow range of variability in the SI values
of MnHPO, and exerts a greater control on
the solubility of Mn in the GSA as
compared to the BSA. (Figure 57 c,d).

8.7. Aquifer characterization

The BSA was distributed along central
(north—south transect) and southwestern
region, whereas the distribution of GSA was
limited to northwest (beside Hooghly river)
and eastern region (parallel to north—south
transact of BSA) of the investigated area
(Figure 56). In most of the boreholes,
drilling revealed recovery of sand with a
diverse range of sediment color and texture
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Figure 58. Photographs of few representative sediment samples collected during drilling

over the study area. Hand written letters represent depth in feet from where samples were

collected. a) BH-17: represents typical channel deposits, where a thick Iayer of sand
extended from just below of surface sandy clay unit to the depth, where drilling was

stopped (aquifer-1), b) BH-22: representing the interfluvial sequence between 50 — 70 fi,

(aquifer-2), c) BH-17 (depth: light brown sutface sandy clay layer with mottles of Fe and
Mn oxyhydroxides at 3.03 m bgl, d) BH-2 black peaty matetials at 10.6 m bgl, ¢) BH-13
black peaty sediments at 25.8 m bgl, ) BH-4 black peaty clay with shell fragments at
depth of 24.5 m bgl, g) BH-4 typical datk grey colored sand representing aquifer-1and 2
at depth of 27.3 m bgl, h) BH-22 pale blue colored clay layer at 28.9 m depth bgl, i) BH-

22 olive colored clay layer (30.3 m bgl), j) BH-13 brown colored clay layer with mottles of
Fe and Mn oxyhydroxides (31.8 m bgl), and k) BH-13 (37.9 m bgl): brown colored coarse

sand of representing aquifer-3 (see Biswas et al. 2014b for detalls).

(Figure 58) which were remarkably similar The depth to the BSA was maximum in
to the observed set of sediment color and southwestern part. Drilling of two boreholes
textures from the borehole cuttings in the (BH-11 and 12) at the southwestern region
Matlab region. was stopped at 50 m even before reaching
Over the entire study area the thickness any aquifer. However, the driller confirmed
of surface aquitard, which caps the BSA, was the presence of BSA at the base of red clay
higher than that caps the GSA. Only at layer around the depth of 70-80 m.
central northern part of the study area the Using the lithologs from 29 driling sites
GSA was overlying the BSA In most of (Figure 60), a 3D lithologic model for the
these boreholes, the BSA was separated area was developed by the visualizing
from the GSA by a red clay layer (Figure software RockWorks ver. 15 (RockWare,
59). Golden, CO, USA). The lithological data
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Figure 59. Litholog of individual boreholes ftom the 29 drilling sites showing the
disposition of the grey sand aquifers (GSA) and brown sand aquifers (BSA).
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Figure 60. Location of 29 boreholes and 6 west — east traverses along which lithologic
cross-section has been prepared (shown in Figure 53). The satellite image was acquired

from Google Earth 6.0.2.

from each borehole were interpolated three
dimensionally by the algorithm  of
lithoblending (detailed in Biswas et al
2014b). Along 6 designated transects in the
study area (Figure 60), 2D lithologic E-W
cross-sections were prepared based on the
borehole sediment information in the study
area (Figure 61).

Additionally, plan-view maps were
prepared to visualize the distribution of
aquifers and aquitards at different specific
depths over the study area (see Figure A2 in
Biswas et al. 2014b, for details). These cross
sections and plan view maps represent the
distribution of a very complex aquifer
aquitard framework within the drilling
depth. The surface sandy clay layer is
extended over the entire study area and the
thickness varies spatially between 2 — 9 m,
becoming thin along the east margin of the
study area (BH-4, BH-7, BH-16) (Figure
61). In the upper portion of the surface
sandy clay layer the presence of plant debris
was common and the sediment was mostly
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light brown in color (Figure 61). The
mottles of brown to black colored Fe and
Mn oxyhydroxides were visible in the water
table fluctuation zone (2 — 5 m bgl) (Figure
57). According to the type of formation,
three types of aquifer can be distinguished
within the drilling depth. Aquifer-1 is
unconfined, extending continuously just
underneath the surface sandy clay layer to
the depth of 50 m bgl, where drilling was
stopped. Aerially the aquifer-1 is distributed
along the northwest and east margin of the
study area, parallel to the River Hooghly and
Ichamati respectively (Figure 61). Very fine
to medium sized sand of dark grey color
with a very little portion of silt are prevailing
in the aquifer-1 (Figure 61), representing the
palaco-channel sequences (McArthur et al.
2008), deposited by River Hooghly and
Ichamati. Occasionally, very thin films of
organic carbon rich clay layers are inter-
bedded within the aquifer-1, particularly
along the east margin of the study area (BH-
6, BH-7, BH-228 16) (Figure 61).
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Figure 61. Six W - E lithological cross-sections along the traverses (Figure 59), showing
the disposition of the GSA and the BSA based on the colour of the aquifer sediments.
Note: Aqu-1, 2 and 3 represents Aquifer-1, 2 and 3 respectively.

8.8. Consequences of safe drinking
water supply from BSA

The present study indicates that the
concentration of  dissolved As in
groundwater of BSA is very low and can be
considered for mass scale exploitation for
safe  drinking  water  supplies.  The
concentration of Mn is significantly higher
in the BSA aquifers. than previous WHO
drinking water guideline as well as Indian
national drinking water standard. Recently,
the elevated concentration of Mn in drinking
water has also been identified as potential
threat to human health worldwide (e.g.
Buschmann et al. 2007, Ljung and Vahter
2007, Bundschuh et al. 2010, Nath et al.
2011). However, severity of Mn exposure is
comparatively lower than As exposure (Hug
et al. 2011), prolonged consumption of
drinking water with elevated Mn may
decrease the intellectuality (IQ) among
children and also causes neurotoxic effect
(Wasserman et al. 2006, Bouchard et al.
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2011). The recent withdrawal of the drinking
water guideline for Mn (WHO 2011) has
been based on the argument that the
commonly observed concentrations of Mn
in drinking water sources worldwide are well
below the health based guideline value of
400 pg/L.  However, Mn levels in
groundwaters from the sedimentary aquifers,
are by and large exceed the former WHO
drinking water standard for Mn. This also
leads to the question for re-evaluation of
drinking water guideline for Mn in near
future.

The underlying health risk of Mn in
drinking water needs to be addressed more
rigorously before considering for mass scale
exploitation of BSA as safe drinking water
from the perspectives of the overall drinking
water safety plan (WHO, 2004). Moreover,
the sustainability of the BSA in terms of
advective flow of groundwater in both
natural and pumping conditions is highly
suspected and deserves future study to
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assess the risk of cross contamination
(Mukherjee et al.  2011). However,
considering the severity of As health risk in
rural Bengal due to limited availability of As
safe drinking water sources, the BSA can be
targeted by the local drillers for drinking
water supplies for As safe drinking water
with the with regular monitoring program in
rural areas of West Bengal. However, further
exploration of safe aquifers must be initiated
to identify aquifers with low As and Mn safe
water and target them for the installation of
safe drinking water wells to the affected
population.

9. CONCLUDING REMARKS

Distinct relationship of sediment colour and
corresponding As concentrations in water
has been documented through a number of
recent studies. Local drillers follow the
practice of installing shallow tubewells in red
sediments with low concentrations of As,
with average and median values below the
WHO drinking water guideline (10 pg/L).
The levels of As in the off-white sediments
are also similar, however, targeting off-white
sands could be limited due to uncertainty of
proper identification of colour, specifically
when day-light is a factor. In most of the

shallow wells (> 90%) installed in aquifers
comprising black or grey sands, As
concentration was high with an average of
239 pg/L and therefore installation of wells
in shallow black sand aquifers must be
avoided. Based on these findings a simple
colour tool for targeting shallow aquifers for
the installation of As safe community
tubewells can be developed for the local
drillers through more careful evaluation of
the sensitivity of the hydrogeochemical
results with respect to the color of the
sediments (Figure 62). The low As wells
installed in red coloured sediments comply
with the drinking water standards for As,
although elevated Mn concentration in both
red and off-white sands above national
drinking water standards, has emerged as a
concern, although drinking water guideline
for Mn has recently been withdrawn by
WHO (WHO 2011). Installation of safe
tubewells by the current approaches, and
warrants a better understanding of the
impacts of elevated Mn on human health.
Given the proven toxic effects of As, this
approach would prove to be a major relief in
securing safe drinking water for reducing the
exposure of As for the affected population.

Easily recognisable
 geological features
iment colors)

Correlating sediment- and
groundwater chemistry
ST hIL = /

groundwater

Figure 62. Conceptual framework for targeting safe aquifers by local drillers for tubewell

Installation.
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Local driller target low-As aquifers as a
viable option for providing people water for
safe drinking. If low As aquifers can be
delineated by features local drillers can use
for installation of safe drinking water
tubewells, this option should be promoted
on national as well as local scale. Even so,
this study has highlighted that risk for cross-
contamination may occur locally. Installing
irrigation or production wells for heavy
abstraction at depth without proper
management on the aquifers sustainability is
strongly discouraged (Michael and Voss
2008, Burgess et al. 2010). Improved
monitoring of tube wells is strongly
encouraged (van Geen et al. 2007, Polya and
Charlet 2009, Bhattacharya et al. 2011).

Targeting safe aquifers can thus be based
on sediment colour and may prove to be a
simple solution for delivering safe drinking
water not only this region and but also in
other regions with similar geological
conditions. Understanding hydrogeological
suitability of an area is of prime importance
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for tubewell installation. The assessment of
targeting the safe aquifers may vary from a
detailed  investigation  of  subsurface
hydrogeological system to a more simple
installation of multi-level piezometer nests
for monitoring of groundwater quality. For
selecting the sites for monitoring wells it
would be recommended to discuss with the
local drillers to incorporate their knowledge
about the local distribution of the target
aquifers. In addition, mapping of large
capacity water supply wells and clusters of
irrigation wells is preferred to be done in
order to identify the risks for cross
contamination which could be induced due
to multiple abstractions.

The results from this and similar studies
can further contribute to develop a
pragmatic management and mitigation
policy with a holistic approach for the future
use of the groundwater resources for
drinking water supplies where sustainability
of low As aquifers in regions with elevated
concentrations remain a main concern.
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Han letar efter
arsenikfritt grundvatten

Arsenik av naturligt ursprung férekommer i grundvatten i bland

annat Bangladesh och Argentina. Ett av Mistras idéstodsprojekt gar ut

pa att utprova metoder for att hitta arsenikfritt grundvatten.

Amsenikfirorenat grundvatten 4r

ett utbrett problem i flera delar av
virlden, bland annat i Bangladesh,
Indien, Sydostasien, Centralamerika
och Arpentina. Samtidigt vixer beho-
ver av rent dricksvarten i takt med ate
befolkningarna vixer. Ett billigt sitt
att fi vatten har hittills varit att instal-
lera brunnar som ofta utfors av lokala
brunnsborrare.

ARSENIK STORSTA RISKEN

Den stijrsta risken i nimnda omriden
ir att jorden/sedimenten innehaller
arsenik som sedan lises ut i vattnet
som dirmed utgsr en hilsorisk.

I idéstidsprojekret "Tarpering safe
aquifers in regions with high arsenic
groundwater and its worldwide impli-
cations” arbetar forskarna dirfir med
att ta fram en vetenskaplig grund for
art verifiera utprivade metoder fér an
avpdra var det dr sikerr arr borra efter
varten i framférallt Bangladesh och
Argentina.

— Ett problem ir att prundvatten
med liga arsenikhalter ofta forekom-
mer i ndra ansluming till grundvarten
med hilsovidliga halter. Der giller
drfor att hitta tillfaritliga och enkla
metoder fiir att ta reda pd var det ir
sikert att borra efter vatten, siger
Prosun Bhattacharya, projektledare
och docent pi instirutionen for mark-
och vamenteknik vid KTH.

En kartligpning av brunnarna i

Bangladesh visar att 25 procent av
brunnama har vatten som innehiller
50 mikrogram arsenik per liter vilket
ar mer in det tillitna grinsvirdet och
ungefir hilften av brunnarna har arse-
nikhalrer pd mindre in tio mikrogram
per liter vilket r hisgsta tillitna virde.

— Hittills har man provat flera olika
metoder for att filtrera bort arseniken
men ute i byarna har man inte for-
troende fir metoderna utan vill hellre
komma 4t rent grundvatten, darfor
miste vi hitta metoder som giir det
enkelt att hitta fram till arsenikfrite
grundvatten, siper han.

Forskarna har underséke bland an-
nat om djupet pa brunnarna spelar in
eller om det ir kvalitén pi sedimenten
som spelar in.

— Men vi har inte kunnat faststilla
art djupet pd brunnarna ir avpiirande,
smarare handlar det om kvalitén pi det
omgivande sedimentet, siger han.

FARGEN PA SEDIMENTEN

1 Bangladesh har det visat sig att
sedimentens firg, som varierar i en
vid skala frin svart via rér till orange,
aterspeplar arsenikhalten i grundvart-
net.

— Genom att jimfira firgen pa
sedimentet och halten av arsenik i
grundvattnet har vi kunnat visa ate det
finns en korrelation mellan sedimen-
tens firg och halten av arsenik, siger
Prosun Bharttacharya.
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Forskarna undersiiker dven de me-
kanismer som paverkar bindningen av
arsenik i sedimenten.

— Viundersdker nu de processer
som eventuellt styrs av vissa mikroor-
ganismer och i si fall vilka, eller om

Prosun
Ehattacharya

Under aren 2001 — 2008 har Mistra
finansierat sammanlagt 30 53 kall-
lade idéstddsprojekt med cirka 160
miljoner krenor. Syftet med Mistras
idéstdd har varit att bidra till att for-
verkliga nyskapande forskningspro-
jekt med stor potential f6r en battre
milj&. Ett idéstadsprojekt ska ha
starka inslag av djarvhet. originalitet
ach kreativitet. Forskningen ska vara
upptickande, nytankande ochfeller
omprévande. Forskningen kan ocksa
uttryckligen utmana eller ifragasatta
etablerade symsatt.
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29 Det giller att hitta tillférlitliga och

enkla metoder for att ta reda pa var det

ir sikert att borra efter vatten.”

B det ir halten av jamoxid i sedimentet

som ir avpirande, siger han.

Projektet har inte bara undersiikt
hur man ska hitta arsenildrit grund-
vatten utan dven hur man uppnar et
héllbart vattensystem.

— O'm man tar grundvatten till
jordbruleer si dlkar vartenflodena i
det hydrologiska systemet, om man

diremot enbart anvinder det «ill
dricksvatten 6kar inte vartenflodena i
samma takt.

Idéstidsprojektet har lett will yi-
terligare forskningsprojeke, bland
annat i Indien dir forskarna uivecklar
metoder for hur man hitear sikra vai-
tenomriden.

— Genom projektet har vi ocksa

kunnat inleda ett omfattande samar-
bete med flera andra linder. Problemet
med arsenikfiirorenar grundvarten
finns pa ménga hill i virlden. Var
forhoppning ir att den kunskap vi

tar fram ska komma till anvindning i
andra omriden dir sedimenten liknar
dem i Bangladesh, siper Prosun Bhat-
tacharya. =

- Brumnar med arsenikfdrgiftat vatten kan ligga i samma omride som brunnar med rent vatten, men det finns 3nnu inte nagra vetenskapligt utprovade
metoder far att faststalla var efler pa villkka djup man kan borra efter friskt vatten, siger Prosun Bhattacharya.
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Rod sand har blivit
symbol for sakert
dricksvatten

Projektlagare: Prosun Bhat-
tacharya

organisatione Kungliga tekniska
higskalan

Projekttid: 20062010

Anslag: 3,6 miljoner kronor

| Bangladesh dr forhillandana
sadana att fargen pa ollka
geologiska sadiment Kan Knytas
il hattan arsenik | grundvattnet.
Syftet med projektet var att ge
brunnsborrare ett enkealt verktyg
att avglira ndr de natt etk grund-
vattenmagasin med acceptabla
arseniknaltar.

VID BORRNING efter dricks-
vatten féljer sand med upp till
ytan., Genom att studera fir-
gen pd sanden fir brunnsbor-
rare | Bangladesh ett snabbt
besked om vattnet dr sikert

att dricka.

Svart, vit, beige eller réd? En enkel
fargskala har blivit ett viktigt red-
skap fdr brunnsborrare | Bangla-
desh att borra till ratt djup och
hitta arsenikfritt vatten. |ldéstéds-
projektet har bidragit till act fler
manniskor idag har tillgang till ett
sikert dricksvatten.

Arsenikfrgifiningarnal Bangladesh har

L kallats en av vir tids stirsta miljdkata-
strofer. Miljontals ménniskor pi landsbygden
riskerar att forgiftas av naturligt forekomman-
de arsenik | grundvatten frin sin egen brunn.

— Jag har sjilv mitt upp brunnar med 975
mikrogram arsenik per liter, det vill siga hund-
ra ginger hiigre in WHO:s grinsvirde, siger
Prosun Bhattacharya, professor vid Institu-
tionen fér mark- och vattenteknik vid KTH.

Olika insatser har gjorts, bland annat far
att rena arsenik med filter. Sidana tekniska
metoder fungerar sillan lika bra efter nigra
ar, konstaterar Prosun Bhattacharya, som
med sina gedigna kunskaper inom grundvat-
tenkemi, istillet sig en annan, langsiktig 16s-
ning. Efter att ha jobbat manga ir [ Indien,
som har liknande geologiska forutsittningar
som Bangladesh, visste han att grundvatten
med hiiga arsenikhalter endast firekommer
pd vissa djup I marken. Omkring tre fjirdede-
lar av alla grundvattenreservoarer, akvifirer,
hade dock betydligt ligre arsenikhalter.

- Di kom frigan upp om vi inte istillet
kunde tavatten frin de hir sikra akvifirerna.

En dialog inleddes med lokala brunnsbor-
rare | regionen Matlab | syd@stra Bangladesh.
Det visade sig att nir de [bland borrade dju-
pare, forbi akvifirer med higa halter arse-
nik, stéitte de pd en annan typ av sand.

Genom att utnyttja borrarnas erfarenhe-
ter, och I samarbete med Sida dven stirka
deras kunskaper, har forskarna inom ide-
stiidsprojektet etablerat en firgskala, dir
exempelvis riid, vit och svart sand signalerar
en viss typ av grundvatten.

— Fir man upp rid sand ir det med 95 pro-
cents sikerhet ett sikert vatten att dricka,
siger Prosun Bhattacharya.

Forskningen | projektet har handlat myck-
et om att klassificera de olika jordlagren och
att karaktirisera grundvatinets samman-
sittning. En komplikation dr att grundvatten
fran akvifirer med rid sand visat sig inne-
hélla relativt higa manganhalter. Hilsofaran
med mangan | dricksvatten dr dock Inte klar-
lagd, enligt Prosun Bhattacharya, och WHO
har I dagsldget inget gransvirde.

En viktig friga har varit att 8ka kunskapen
om hur grundvattnets nivier varierar, efter-
som det pd skt kan fordndra arsenikhalten i
olika akvifarer. Projektet har bidragit till att
byggaut ett nationellt system av mitstatio-
ner med si kallade piezometrar, som konti-
nuerligh miter grundvattennivier.

— Mitndtverket ska sikerstilla lingsiktigt
sikert vatten. Det har gjorts med medel frin
béde Mistra och Sida, siger Prosun Bhattacharya.

Viktigaste resultat

Utvecklat ett praktiskt verktyg fir brunns-

borrare, som utlfrdn en fargskala pd sand
Kan avetra om grundvattan har acoeptabel
arsenlkhalt. Fler manniskor | Bangladesh far
ddrmed tillgang till giftfritt dricksvatten.

Uppbyggnad av ett ndtverk av mitstationar
mad 53 kallade plezometrar, som kontinu-
erllgt mater grundvattennivier.

Resultaten har spridits pi flera konferensar

och projektets deltagare har diskuterat
strategler med Bangladeshs regering fiir att
hantera arsenikproblematiken.
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Naturally occurring arsenic (As) in groundwater has undermined the success of
supplying safe drinking water in Bangladesh. Arsenic is mobilized in groundwater
through reductive dissolution of Fe(lll)-oxyhydroxide especially in the younger
(Holocene) sediments leading to severe public health consequences. Many of
the mitigation options provided during the last two decades have not been well
accepted by the people and instead, local well drillers target aquifers for abstrac-
tion of arsenic-safe groundwater on the basis of the colour of the sediments.
This MISTRA Idea Support Grant project report incorporates the results of the
studies carried out to validate the local drillers” strategy in Bangladesh to low
arsenic groundwater by assessing the colour of the sediments through system-
atic groundwater and sediment sampling, detailed chemical analysis of water,
sediment extractions, mineralogical investigations and hydrogeochemical- and
groundwater flow modelling.

The studies carried out in Matlab in Chandpur District of Bangladesh indicate
that the idea on targeting low-arsenic groundwater is facilitated through identifi-
cation of the colour of the sediments with decreasing levels of As concentrations
in black, off-white, white and red as perceived by the local drillers. Each of the
sediment colour category is characterized by a set of unique hydrochemical char-
acteristics that can be used to conceptualize a “sediment colour strategy” that
would enable the local drillers to identify arsenic-safe aquifers. Thus, linking the
colour of the sediments with groundwater chemistry would be useful to develop
asimple sediment colour-based tool for targeting shallow aquifers for the instal-
lation of As safe community tubewells for the local drillers through more careful
evaluation of the sensitivity of the hydrogeochemical results with respect to the
colour of the sediments. The results based on the studies in Matlab, was also rep-
licated in Chakdaha Block in West Bengal, India, where identical set of grey sand
and brown sand aquifers were identified with similar sediment and hydrochem-
ical characteristics of aquifers and the approach for finding arsenic-safe drinking
water sources through the initiatives of the local drillers in a sustainable manner.
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