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Abstract

In southwestern Bangladesh, clean drinking water is scarce, since rainwater is only available during the monsoon, pond water is
often bacteriologically polluted, and groundwater may exhibit high salinity and arsenic levels. Managed aquifer recharge (MAR)
might potentially provide safe drinking water by storing abundant freshwater from the wet season in aquifers for year-round use.
Regional potential for MAR was determined by combining assessments of (1) social necessity for MAR by mapping areas with
insufficient drinking water of acceptable quality; (2) regional technical suitability by determining the (a) impact of density-driven
flow on freshwater recovery efficiency, and (b) vulnerability of recovered water to mixing with contaminated groundwater. These
assessments were based on the largest groundwater quality dataset compiled to date in southwestern Bangladesh, which contains
3,716 salinity and 827 arsenic measurements. The results show there is some mismatch between social necessity and technical
suitability. In some northern areas, necessity is low because good quality groundwater is present and hence, despite the high
technical suitability, potential for MAR is reduced. In other northern areas, groundwater with unsafe arsenic levels or brackish
groundwater is likely used for drinking. There, MAR is a technically suitable and safer option. In southern areas, where saline
groundwater is widespread and people consume bacterially unsafe pond water, the high groundwater salinity calls for careful
evaluation of MAR design, for which this study presents practical guidelines. The approach developed may be useful for
mapping MAR potential based on social necessity and technical suitability in other saline deltas worldwide.
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Introduction

In southwestern Bangladesh, the provision of safe drinking
water is not guaranteed, leading to the consumption of bacte-
rially contaminated pond water (Knappett et al. 2011) and of
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shallow groundwater with potentially high levels of arsenic
and salinity (Ayers et al. 2016; Harvey et al. 2002; Naus
et al. 2019a; b; Nickson et al. 1998; Flanagan et al. 2012;
Khan et al. 2014). Overcoming consumption from these un-
safe drinking water sources is directly linked to achieving
Sustainable Development Goal 6 (SDG6), to ‘Ensure avail-
ability and sustainable management of water and sanitation for
all’ (UN 2015).

One valuable technology for the provision of drinking wa-
ter is managed aquifer recharge (MAR). It has been applied in
different areas of the world to provide year-round drinking
water access and to improve the drinking water quality
(Dillon 2005; Maliva et al. 2006; Sprenger et al. 2017,
Stefan and Ansems 2018). MAR stores water in the subsur-
face in times of abundant availability (e.g. the Monsoon) and
retrieves it in times of need (e.g. the dry season). During the
underground storage, the water is protected from surface pol-
lution, for example due to tropical cyclones. Efforts to achieve
SDG6 in southwestern Bangladesh (Satkhira, Khulna and
Bagerhat districts; Fig. 1) have been made by piloting MAR
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Fig. 1 The physiography of the
study area in southwestern
Bangladesh
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in the form of 99 small-scale community-run systems that use
sand-filtered pond water as source. However, an evaluation of
the initial 13 MAR sites showed that they do not always per-
form well technically. While recovery of freshwater was
achieved at 11 sites, recovery efficiencies ranged from 5 to
40%, and arsenic concentrations in recovered water was
>50 png/L at six sites (Sultana et al. 2015). Further, it is sim-
plistic to assume that MAR is necessary throughout south-
western Bangladesh (Peters et al. 2019; Naus et al. 2020).
People may prefer the drinking water options already avail-
able (like rainwater harvesting, pond sand filters, and tube
wells) rather than new MAR systems, even though the
existing options have some limitations (they are not always
available throughout the year or throughout the region). To
determine the necessity for MAR it is thus essential to assess
its benefits compared to existing water options. As a result of
the aforementioned reasons, an ex-ante evaluation of the po-
tential for MAR throughout the region is required in order to
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develop an implementation strategy for MAR in southwestern
Bangladesh.

MAR suitability mapping or MAR site selection has previ-
ously been performed in various regions in the world with a
focus on assessing the technical suitability of locations
(Rahman et al. 2012; Ghayoumian et al. 2007; Kallali et al.
2007; Brown et al. 2005; Chowdhury et al. 2009; Russo et al.
2015; Zuurbier et al. 2013). Most of these studies assessed the
potential applicability of MAR in terms of potential for aquifer
recharge via spreading basins by examining natural condi-
tions, including surface characteristics such as soil permeabil-
ity, land cover and surface slope, as well as subsurface condi-
tions such as aquifer transmissivity and storage capacity, and
the quality of the native groundwater (Rahman et al. 2012;
Ghayoumian et al. 2007; Brown et al. 2005; Chowdhury
et al. 2009; Kallali et al. 2007; Russo et al. 2015). In some
cases, other parameters were included: for example, parame-
ters related to economic viability such as distance to the water
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source (Kallali et al. 2007). Standard practice for the site se-
lection is to use expert judgement to interpret and combine the
chosen parameters for an estimation of the site’s suitability for
MAR (Rahman et al. 2012; Ghayoumian et al. 2007; Kallali
et al. 2007; Brown et al. 2005; Chowdhury et al. 2009; Russo
et al. 2015).

In southwestern Bangladesh, the subsurface is
characterised by a clayey confining top layer overlying sandy
aquifers (Mukherjee et al. 2009). As a consequence, MAR
systems must use injection wells, and though surface condi-
tions limit where MAR systems can be sited, they do not
necessarily control their performance. Instead, the perfor-
mance is mostly determined by hydrogeological conditions
such as groundwater quality and groundwater flow velocity.
Technical suitability mapping for MAR systems that utilise
injection and extraction wells calls for an assessment based
on these aforementioned hydrogeological conditions.
However, such assessments have only rarely been conducted,
or been validated by comparing the assessment results with
actual results of implemented MAR systems (Zuurbier et al.
2013).

The sites for the 99 pilot MAR systems in southwestern
Bangladesh (Fig. 1) were selected on a case-by-case basis,
based on prerequisites such as a suitable source for infiltration
water, the lack of nearby tube wells tapping fresh groundwa-
ter, and the presence of a suitable aquifer confirmed by test
drillings (Acacia Water 2014a; Hasan et al. 2018). On a re-
gional scale, potential for MAR systems remains largely un-
known. This study, therefore, sets out to comprehensively
evaluate the MAR potential at a regional scale in southwestern
Bangladesh by combining (1) an assessment of the spatially
varying necessity for MAR, and (2) an assessment of the spa-
tially varying technical suitability for MAR.

Study area

The study area consists of Satkhira, Khulna and Bagerhat
districts (Fig. 1) and is characterized by tidal deltaic deposits
and marsh deposits of clay and peat. Rainfall in the region is
around 2,500 mm a year, with most rain falling in the mon-
soon season from July to October. The monsoon season is
followed by a dry winter from October—March and a hot sum-
mer from March—June. There are many tidal rivers throughout
the region that are fresh in the wet season but become saline in
the dry season (Bhuiyan and Dutta 2012). The salinity of the
tidal rivers is expected to increase under climate change sce-
narios (Zaman et al. 2017), and seawater flooding is expected
to increase due to an increase in tropical storms with associ-
ated storm surges.

The region is predominantly rural, with about 80% of the
5.8 million people living in rural areas (Bangladesh Bureau of
Statistics 2011). People mostly live in villages with trees

usually on slightly higher elevated land than the surrounding
areas and located in between the agricultural fields and aqua-
culture ponds. The livelihoods of the people are vulnerable to
multiple stressors that may impact food and water security
(Shameem et al. 2014). Borgomeo et al. (2018) speaks of a
poverty trap, due to the interaction of flooding, salinity, agri-
cultural gains and income.

Methodology

The approach of this study to determine MAR potential com-
prises the combination of two assessments. Figure 2 shows the
approach schematically. The first assessment focussed on the
spatially varying social necessity for MAR by examining lim-
itations to the currently available drinking water options
throughout the region, including the lack of good quality
groundwater. The second assessment focussed on the techni-
cal suitability of the region for MAR systems, investigating
(1) constraints for the construction of MAR systems and (2)
using data on hydrological conditions to calculate the expect-
ed technical performance of the MAR systems. These two
assessments were combined using GIS overlays to reveal the
potential for MAR systems throughout the southwestern re-
gion of Bangladesh (Fig. 1). In both assessments, groundwater
quality information regarding salinity and arsenic concentra-
tions played an important role (Fig. 2). Therefore, the meth-
odology starts with a description of how the regional ground-
water quality was characterised.

Regional characterisation of groundwater quality

Groundwater was introduced as drinking water source in
Bangladesh in the 1960s to prevent pond water being used
as drinking water. However, it was found in the 1990s that
in large parts of Bangladesh, including the southwest, ground-
water is contaminated with arsenic to a depth of approximate-
ly 100 m (Nickson et al. 1998; Harvey et al. 2002; BGS and
DPHE 2001; Fendorf et al. 2010). In southwestern
Bangladesh, both the shallow and deep groundwater can ad-
ditionally be brackish or saline (Ayers et al. 2016; Rahman
et al. 2018; Naus et al. 2019a; b). Recently, local arcas were
found where hydrogeological conditions result in occurrences
of fresh groundwater (Naus et al. 2019a; b).

Data collection and data mining

To characterise the groundwater quality in terms of salinity, a
comprehensive database was compiled from data from previ-
ous studies and unpublished data collected during multiple
fieldwork campaigns between November 2015 and
September 2018 further described in Naus et al. (2019a, b).
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Fig. 2 Methodological
framework to determine potential
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This database can be found in the electronic supplementary
material (ESM).

For salinity, 2,440 shallow (<60 m deep) electrical conduc-
tivity (EC) measurements from the database of Naus et al.
(2019b) were used, supplemented with 183 intermediate deep
(60—100 m) and 715 deep (>100 m) previously unpublished
groundwater EC measurements, and with 106 intermediate
deep (60—100 m) and 72 deep (>100 m) groundwater EC
measurements from the Bangladesh Water Development
Board (BWDB) (2013) and from a dataset received from
Vanderbilt University. Additionally, sodium (Na) data from
the British Geological Survey (BGS) and Department of
Public Health Engineering (DPHE) (BGS and DPHE 2001)
were converted into EC values, mainly to fill in the areas with
a few EC measurements in the northern parts of the region.
For the conversion, the concentration of Na was first assumed
to be about equal to Cl on a molar basis, and then converted to
EC based on the correlations from Naus et al. (2019b), i.e. EC
(mS/cm) = 0.0022 x Cl (mg/L) + 1.134 (R*=0.84). This
yielded an additional 146 shallow, 14 intermediate deep and
40 deep data points for salinity in the region, resulting in totals
0f' 2586 shallow, 303 intermediate deep and 827 deep ground-
water data points.

For arsenic, the database was constructed from data from
previous studies (Ayers et al. 2016; BGS and DPHE 2001;
BWDB 2013) and from data collected during the fieldwork
campaigns described in Naus et al. (2019a, b). During the
fieldwork campaigns, groundwater arsenic was measured with
Hach field test kits (Hach company, USA) at 136 locations,
and at 295 locations by taking samples after filtering through a
0.45-pum membrane and storing them in 15-ml polyethylene
tubes for analysis in the lab with an ICP-MS. In total, the
arsenic database consisted of 812 shallow (<60 m) and 52
intermediate deep (60—100 m) measurements.

Spatial mapping of salinity and arsenic
To arrive at continuous regional groundwater quality maps,

the salinity and arsenic data were interpolated using ordinary
Kriging. For the Kriging, a spherical variogram model was
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used that took the eight nearest measurements into account,
which, after trial and error, provided a good balance between
sensitivity to local variation and sensitivity to data further
away. The resulting grid consisted of cells of 30 x 30 m.
The Kriging maps have as an advantage that they provide a
regional overview of the water quality data, but a disadvantage
in that they do not yield accurate predictions of the local var-
iation in groundwater quality. For the technical suitability as-
sessment, only groundwater within manual drilling range was
considered (Acacia Water 2014a), so Kriging for arsenic and
salinity was applied on the data for shallow groundwater (0—
60 m).

For the necessity assessment, the intermediate deep (60—
100 m deep) and deep groundwater (>100 m) are also relevant
in addition to the shallow groundwater, as both shallow and
deep tube wells may be employed for drinking water supply.
Therefore, additional Kriging was applied to the salinity data
for intermediate deep groundwater (60—100 m) and separately
for deep groundwater (>100 m). Unfortunately, there were not
enough data for arsenic to be able to apply Kriging for the
shallow groundwater separately from intermediate deep
groundwater, so for the necessity assessment Kriging was
applied for arsenic across the whole 0—100 m depth range.
There were no large spatial differences between the arsenic
Kriging maps over these two depth ranges. As few data were
available on the arsenic content of the deep groundwater,
Kriging for arsenic was not possible. Although arsenic may
rarely occur in groundwater deeper than 100 m, it is mostly
absent in deep groundwater (BGS and DPHE 2001; Fendorf
et al. 2010). Therefore, use of deep (>100 m) groundwater for
drinking water was assumed to not be limited by arsenic.

Assessment of the social necessity for MAR

A necessity for MAR is deemed when the currently used
drinking water options are unsafe according to drinking water
standards or are temporally insufficiently available or are spa-
tially unavailable. The study focused on the three most fre-
quently used drinking water sources in the region, namely
rainwater, pond water and groundwater, though there may
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also be other less frequently used safe drinking water options.
Rules for mapping the necessity for MAR were formulated by
reviewing the existing literature.

Rainwater is generally accepted to be of good quality
(Peters et al. 2019; Naus et al. 2020). It can be collected ev-
erywhere in the region; however, the seasonality of rainfall
causes it to only be temporally available (Benneyworth et al.
2016; Chowdhury 2010; Peters et al. 2019; Sharma et al.
2010). Consequently, most people who use rainwater in the
monsoon season resort to a different option in the dry season
such as pond water (Naus et al. 2020). Larger storage tanks
could help overcome the seasonality of rainwater as a drinking
water source, but storing rainwater is challenging, as the stor-
age tanks can be bulky and costly, and the quality of the stored
rainwater can deteriorate over time and can be contaminated
during monsoon flooding (Islam et al. 2010; Despins et al.
2009; Dobrowsky et al. 2014). It was therefore assumed that
the current usage of rainwater is only feasible for the local
population in the wet season, and that there is still a need for
MAR in the dry season.

Pond water is the traditional drinking water option in
Bangladesh and is available throughout the region (Krénzlin
2000). The ponds are recharged by rainwater during the mon-
soon, and the use of pond water is seasonally limited for those
ponds that run dry during the dry season. Pond water is how-
ever considered to be unsafe as it is very prone to bacterial and
pathogenic contamination (Knappett et al. 2011) and com-
monly also contains high arsenic (Ayers etal. 2017). The pond
water is sometimes filtered through a pond sand filter (PSF)
with a typical length of 2.7 m (Yokota et al. 2001), but this
filtering has been found to reduce faecal coliforms and E. coli
by only 75% (Islam et al. 2011). Users of pond water gener-
ally do not perceive their drinking water option very
favourably (Naus et al. 2020). Consumption of pond water
was considered to bring a large risk of health problems, so
when pond water is used as a source for drinking water, the
necessity for MAR is deemed to be high.

Groundwater is considered to constitute a safe drinking
water option throughout the year when the quality is within
the Bangladesh drinking water standards (EC <2 mS/cm, As
<0.05 mg/L; Ayers et al. 2016).

Based on the foregoing, as part of this study, rainwater and
pond water were considered unreliable and/or unsafe as drink-
ing water sources, and three social necessity classes for MAR
were distinguished based on groundwater quality:

1 High necessity, with short-term health problems for MAR
when groundwater is saline (EC >5 mS/cm). Saline
groundwater is not palatable and people are expected to
likely resort to consumption of pond water, which is high-
ly undesirable.

2 High necessity, with long-term health problems for MAR
when shallow groundwater is brackish (2<EC <5 mS/

cm) or is fresh but contains arsenic (As > 0.05 mg/L).
The long-term effects of brackish and arsenic-rich water
(Flanagan et al. 2012; Khan et al. 2014) were considered to
carry less of an immediate health risk than switching to
pond water, as drinking pond water will likely result in
more immediate health problems such as diarrhoea
(Islam et al. 2011; Knappett et al. 2011). Nevertheless,
these health problems are severe and cannot be treated,
so one still considers the necessity to be high.

3 Low necessity for MAR when either shallow or deep
groundwater is of good quality with respect to salinity
and arsenic according to the Bangladesh drinking water
standards. Deep tube wells are predominately placed on
acommunal level, so they were assumed to meet the drink-
ing water standards.

To map the necessity for MAR in southwestern
Bangladesh, the aforementioned criteria for the three necessity
classes were applied to the Kriging maps of the groundwater
quality, using a GIS overlay to obtain the three social neces-
sity classes for MAR in southwestern Bangladesh. As de-
scribed in section ‘Regional characterisation of groundwater
quality’, both the EC and arsenic were used for the shallow to
intermediate—deep (0—100 m) groundwater quality, but for the
deep (>100 m) groundwater quality only the EC was
considered.

Assessment of the technical suitability
Constraint mapping

As a first step in assessing the technical suitability, constraints
in the region that rule out the placement and operation of
MAR systems were filtered out. This was done using
Boolean logic, similar to the approaches by Kallali et al.
(2007) and Rahman et al. (2012). The prerequisites are
summarised in Table 1. For placement, MAR requires suitable
land where infiltration and abstraction wells can be installed
and operated continuously (Brown et al. 2005; Ghayoumian
et al. 2007). Therefore, the protected Sundarbans mangrove
area and the often-inundated aquaculture ponds and tidal river
floodplains were filtered out, using a landcover map con-
structed from supervised classification of Landsat imagery
(Naus et al. 2019b).

For operation, MAR requires a sandy aquifer where water
can be injected and stored, with the storage capacity, the in-
filtration capacity and the transmissivity of the aquifer primar-
ily controlling the potential capacity of MAR systems
(Ghayoumian et al. 2007; Brown et al. 2005; Chowdhury
et al. 2009). The target aquifer was stipulated to have to be
present within manual drilling range of up to 60 m deep, to
keep the costs of installation acceptable (Acacia Water
2014a).
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Table 1 Criteria and associated data used for the constraint mapping

Constraint criteria Data Corresponding value

Study area Administrative boundaries Satkhira, Khulna, Bagerhat districts: 1.

Inundation likely or
protected land

Aquifer

Supervised classification of cloudless imagery
from Landsat 8 (17 and 24 March 2015,
paths 137 and 138, row 44), calibrated with
observations from aerial images and field observations

Thickness greater than 9.1 m (30 ft) within the first 60 m

Other districts: 0

Treed village, one season rice, multiple
season rice: 1.

Water, (tidal) rivers, aquaculture,
Sundarbans: 0

Thickness greater than 9.1 m (30 ft): 1.
Thickness less than 9.1 m (30 ft): 0

For the geological constraints, 875 borehole descriptions
from the DPHE, BWDB, the UNICEF MAR project, Naus
et al. (2019a, b) and Ayers et al. (2016) were collected. Many
of the borehole descriptions were collected by drilling using
the ‘sludger’ or ‘hand-flapper’ method (Horneman et al. 2004)
and therefore lack details on storage capacity, infiltration ca-
pacity or aquifer transmissivity. To determine whether a suf-
ficiently thick aquifer is present, any material described as
sand was assumed to be suitable for the MAR systems, but
that such a layer had to be thicker than 9.1 m (30 ft) to obtain
sufficient storage, corresponding to the thickness used as a
requirement for the pilot MAR systems (Acacia Water
2014a). The thickness of the aquifer was determined within
the first 60 m for each borehole log, subsequently followed by
spatial interpolation using Kriging, for which the same con-
figuration as for the water quality data was used.

Technical performance

The performance of an MAR system that uses injection and
abstraction wells is commonly assessed using the recovery
efficiency (RE), defined as the percentage of infiltrated water
that can be recovered while maintaining sufficient water qual-
ity (Bakker 2010; Maliva et al. 2006; Ward et al. 2009). The
RE can be limited when the quality of the stored water is
deteriorated by ambient water, which can occur due to lateral
flow, diffusive/dispersive mixing and density-driven flow
(Bakker 2010; Lowry and Anderson 2006; Maliva et al.
2006; Ward et al. 2009; Zuurbier et al. 2013).

Lateral flow is caused by the natural hydraulic gradient and
leads to the infiltrated freshwater flowing away from the ab-
straction well. In southwestern Bangladesh, lateral flow was
anticipated to be negligible at this time scale (Worland et al.
2015), as the hydraulic gradient in the region was expected to
be low because elevation differences are small, and the infil-
tration rates are low due to the very thick confining clay layer
(Naus et al. 2019a; Ayers et al. 2016). Diffusive/dispersive
mixing occurs whenever there is a concentration gradient
and due to aquifer anisotropy and heterogeneity during lateral
flow, density-driven flow and enhanced flow from the

@ Springer

injection wells towards the abstraction wells (Ward et al.
2009). In practice, it is difficult to predict diffusive/
dispersive mixing (Ward et al. 2009), especially in southwest-
ern Bangladesh, where data on the anisotropy or heterogeneity
of the lithology are sparse. Density-driven flow is caused by
density differences between the injected water and the native
groundwater. The more saline the surrounding groundwater,
the larger the difference in density is, and the larger the buoy-
ant force is from the saline water on the freshwater. The inter-
face between fresh and saline water will consequently be lo-
cated higher in the aquifer, closer to the filter, making it more
likely that upconing of native, saline groundwater will reach
the bottom of the abstraction well. Additionally, a larger buoy-
ant force causes injected freshwater to be pushed to the top of
the aquifer and consequently to flow away laterally from the
abstraction well (Bakker 2010; Ward et al. 2009).

Whenever native groundwater ends up in the well by any of
the aforementioned processes or any unforeseen processes,
the quality of the abstracted water will decrease, as the prima-
ry reason for installing an MAR system in southwestern
Bangladesh is that the native groundwater present is not suit-
able for drinking. Groundwater salinity and arsenic concentra-
tion are the two dominant concerns and the vulnerability of an
MAR system has been assessed using the groundwater salin-
ity and arsenic database.

The expected technical performance of MAR was assessed
by estimating the expected effect of density-driven flow and
by estimating the vulnerability to any of the mixing processes.
These two variables were combined into one technical suit-
ability index.

The spatial varying magnitude of density-driven flow on
the performance of MAR systems was estimated using the
method of Bakker (2010). Bakker (2010) describes that the
effect of density-driven flow on the RE for an MAR system,
typically composed of one joint injection and abstraction well,
depends on the duration of the injection period relative to the
duration of the storage and abstraction period, and on a di-
mensionless parameter D which governs the flow in the MAR
system. There are some important differences between the
MAR systems for which the D value was developed and the
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MAR systems in southwestern Bangladesh in terms of their
design and operation. Firstly, a single well that penetrates the
entire aquifer is used for injection and abstraction in the MAR
systems of Bakker (2010), whereas the MAR systems in
Bangladesh typically have 4—6 infiltration wells with a screen
length 0f 9.1 m (30 ft) situated around one separate abstraction
well with 3 m (10 ft) screen length of which the lower ends are
placed approximately 3 m (10 ft) higher in the aquifer (Acacia
Water 2014a). Secondly, the MAR systems in Bangladesh do
not have clearly demarcated injection and abstraction periods.
Their continuous injection and abstraction could lead to some
of the water having a relatively short storage time, although on
average there is a higher injection rate in the wet season and
there is a higher abstraction rate in the water-stressed dry
season, resulting in net storage from the wet season into the
dry season. Despite these differences, the ‘D value’ developed
by Bakker (2010), as previously used for MAR site selection
by Zuurbier et al. (2013), was used as a best estimate of the
spatially varying magnitude of density-driven flow on the per-
formance of MAR systems throughout the region:

_ 9
kaH?

(1)

with D being the D value, O being the infiltration and abstrac-
tion rate during the days that infiltration or abstraction occurs
(m*/day), k being the hydraulic conductivity, H being the
thickness of the aquifer and « being the density difference
ratio, calculated by:

o = (Ppr) 2)

Pt
with p being the density of the native saline groundwater and
pr being the density of the injected freshwater. The higher the
D value is, the higher the RE. The density of the native
groundwater varies spatially and was calculated based on the
electrical conductivity of the shallow groundwater (<60 m),
using the 1980 UNESCO state equation typically used for
ocean water (for the full documentation, see Fofonoff and
Millard 1983). Post (2012) showed these equations to be use-
able for calculating the density of coastal groundwater. Exact
information on the hydraulic conductivity (k) was not avail-
able throughout the region, so the value of k was based on the
median value of 10.9 m/day (o: 5.68) obtained from 10
pumping tests performed by Acacia Water (2014b). The other
parameters, H and Q, are based on the design and capacity of
the pilot MAR. H was put at 9.1 m (30 ft), similar to the length
of the filter of the injection wells used in the pilot MAR sys-
tems (Acacia Water 2014a), and similar to the minimum re-
quired thickness of the aquifer, although the total thickness of
the aquifer can be different than H. O was given a value of 5
m®/day, which is slightly less than the median injection

capacity (5.9 m*/8 h) of the pilot MAR systems but higher
than the median of the averaged actual infiltration rates per
day (3.1 m*/day; Acacia Water 2014b).

To interpret an associated RE from the D value, the design,
injection, storage, and recovery periods, and the amount of
cycles are important (Bakker 2010). Bakker formulated how
to translate D into RE for his typical design in which the
injection period is of similar duration to the recovery period.
Zuurbier et al. (2013), who also applied Bakker’s method to
assess MAR suitability, used a D value of 14.3 as criterion for
well-functioning MAR systems with injection, storage and
recovery periods of equal durations, related to an RE of 60%
after five cycles. Due to the aforementioned differences in
design and operation between the pilot MAR systems and
the MAR systems of Bakker (2010) and Zuurbier et al.
(2013), the same criterion could not be used. The
Bangladesh MAR systems are likely to be less susceptible to
density-driven flow than the MAR systems of Bakker (2010)
and Zuurbier et al. (2013) because more upconing is needed
for the native groundwater to reach the bottom of the separate-
ly installed abstraction well with a screen at shallower depth
than the screens for the injection wells (Maliva et al. 2006;
Zuurbier et al. 2014). Additionally, the simultaneous injection
and abstraction in the MAR systems is likely to result in much
shorter average storage times than in the MAR systems of
Zuurbier et al. (2013), which will result in less time for
density-driven flow and an associated higher RE for similar
D values.

In view of the foregoing, the design and operation dif-
ferences were expected to likely lead to a higher RE for
similar D values. As a best guess, a D value of 5 was
chosen as the approximate criterion for well-functioning
MAR systems, corresponding with an approximate EC of
3.1 mS/cm. In areas with a lower D value, density-driven
flow is interpreted to noticeably reduce the efficiency of
the MAR system. The D value instead of an associated
RE value was decided to be reported, as the associated RE
value is subject to MAR design choices and interpretation
whereas the D value is closer to a subsurface property.
For guidance, a D value above 5 is expected to likely lead
to an RE higher than 60% and a D value below 1 is
expected to likely lead to an RE of approximately 25%
in the unmodified pilot MAR design.

The vulnerability to water quality deterioration due to
mixing was expressed by calculating the fraction of native
water that would result in the water quality being below the
water quality standards of the Bangladesh government (Ayers
et al. 2016). The maximum fraction of native water (f;) in the
abstracted water before a certain compound 7 deteriorates the
abstracted water was calculated as follows:

e

i (3)

In~l;
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with i, being the concentration criterion according the
drinking-water-quality standards, i; being the concentration
of the compound in the injected water, and #, being the con-
centration of the compound in the native groundwater. The
smaller the fraction, the less water is needed to deteriorate the
water quality of the extracted water and the higher the vulner-
ability to any of the aforementioned processes. Vulnerability
to deterioration was calculated for EC and arsenic, with the
lowest value for these two determining when the water quality
would be considered as deteriorated. For the quality of the
native groundwater, data points for groundwater down to ap-
proximately 60 m deep from the water quality database were
used, as described earlier.

To summarise the technical suitability of the region for
MAR, the expected density-driven flow in the form of the
calculated D value and the vulnerability to the mixing process-
es were combined in one technical suitability index. For this, a
weighted linear combination (WLC) was used, similarly to
Saraf and Choudhury (1998) and Rahman et al. (2012):

VVLC7 S(xi) = Zwi 'Si(xi) (4)

in which wj; is the weight of each criterion, the sum of the
weights is 1, and s; (x;) are the standardised criteria. Equal
weights were used for the expected density-driven flow and
for the permitted fraction of native groundwater, i.e., w;=0.5.

The D value and the permitted fraction of native ground-
water were standardised so that they both had the same scale
of 0 (no suitability) to 1 (high suitability). For standardisation
of the D value, areas with a D value below 5 were interpreted
as likely to be influenced by density-driven flow, correspond-
ing to a standardised value of 1, which decreases linearly to 0
when the D value is 0. For the permitted mixing fraction, the
standardisation was based on the scenarios described by Ward
et al. (2009), which regularly have mixing of up to 20% native
water. The vulnerability was standardised linearly from 0 at
0% native water needed to deteriorate the water quality, to a
vulnerability of 1 when more than 30% native water is needed
to deteriorate the water quality. The resulting technical suit-
ability index is not absolute but relative. Areas with a high
index are more likely to have a technical well-functioning
MAR system, but areas with a low index are not guaranteed
to have nonfunctional MAR systems.

Results

Social necessity for MAR

Figure 3 shows the spatial distribution of the necessity for
MAR systems as inferred from groundwater quality. Note that

the necessity applies particularly to the dry season, as rainwa-
ter is abundant during the monsoon. Larger areas in the
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middle/north and in the west, and smaller areas in the south-
west and northeast, have groundwater of adequate quality
available, indicating MAR systems are not necessary. Note
that these areas mostly have safe deep groundwater available
for use. Shallow groundwater is suitable for use as drinking
water in only a few locations in the middle/north. The rest of
the area has groundwater of inadequate quality because of its
arsenic content and/or salinity. Although the groundwater
quality in eastern Sathkira and in northern Bagerhat is mostly
limited by arsenic, it is nonetheless probably consumed,
stressing the high necessity for safer water sources, albeit at
a longer time scale. In the southern part of the region, salinity
renders the groundwater unusable. Here, consumption of bac-
teriologically unsafe pond water was presumed to occur fre-
quently and, therefore, there is great need for better water
options at a short time scale.

Technical suitability
Constraint mapping

The protected Sundarbans and the frequently inundated areas
(containing aquaculture and (tidal) river floodplains) largely
limit the areas where MAR systems can be installed (Fig. 4).
The Sundarbans in the south do not contain any permanent
settlements, so local scale MAR systems would not be needed.
The aquaculture is located in the west and southeast of the
region. In the narrow bands with small villages on dry land
between the inundated areas with aquaculture, MAR can be
installed, although the land available will be limited and care
should be taken to prevent lateral inflow of infiltrated saline
aquaculture water.

The Kriging results of 875 borehole logs indicate that
throughout the region, aquifers thicker than the formulated
minimum requirement of 9.1 m (30 ft) occur within the first
60 m (Acacia Water 2014a), so aquifer thickness is no signif-
icant constraint for MAR implementation (see Appendix;
Fig. 10). Nonetheless, 48 borehole logs (approximately 5%)
indicate that local aquifer thickness may be less than 9.1 m.
Since variation in lithology is large, this reveals that aquifer
thickness cannot be accurately predicted on a regional scale,
indicating the need for a test drilling when selecting sites for
MAR.

Density-driven flow

The expected influence of density-driven flow, expressed in D
values, varies with the groundwater salinity patterns in the
region (compare Fig. 5 with the Appendix; Fig. 11). In the
northwest and northeast, the D values exceed 10, indicating
that density-driven flow is not expected to be an issue for the
functioning of MAR systems. In large areas of the region,
mainly the middle and south, the D values are below 5,
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Fig. 3 Spatial distribution of
necessity for MAR as a function
of observed groundwater quality,
using the Bangladesh drinking
water standards for salinity (EC)
and arsenic (As) as indicators

Legend )
- A 0 5 10 20 Kilometres
® Pilot MAR systems =22 Sundarbans
Necessity for MAR |Shallow and intermediate deep Dee|
EC (mS/cm) As (ug/l) EC (mS/cm) As (ug/l; assumed)
Low <2 <50 <2 <50
Low >2 >50 <2 <50
Low <2 <50 > <50
High, long term <2 > 50 >2 <50
High, long term >2,<5 <50 >2 <50
High, long term >2 <5 > 50 >2 <50
- High, short term <50 >2 <50
- High, short term > 50 >2 <50

indicating that the effect of density-driven flow is expected to
reduce RE, potentially affecting the feasibility of MAR. In the
southwest and southeast of the region, the D values are lower
than 1, which is interpreted to lead to an RE below approxi-
mately 25%. This indicates significant influences of density-
driven flow, compromising the practical application of the
technology.

Since the D values were calculated using Q and H from the
pilot MAR sites, they are generally relevant for predicting the
effect of density-driven flow on MAR systems having the
same design and infiltration regime as the pilot systems. The
relatively low infiltration and abstraction rates (Q =5) of the
pilot MAR sites cause density-driven flow to be already rele-
vant (D values < 5) in areas with a relatively low salinity
(EC>3.1 mS/cm). Indeed, the D value is lower than 5 at
almost all locations where brackish groundwater is present.

This indicates that either the MAR users should be satisfied
with lower REs, or that improvements in the operational and
design aspects should be considered.

Vulnerability map

Figure 6 shows the percentage at which mixing of infiltrated
freshwater with native groundwater causes abstracted MAR
water to fail to comply with the drinking water standards for
salinity or arsenic. In this assessment, the data on shallow (0—
60 m) groundwater quality were used (as shown in the
Appendix; Fig. 11) and potential hydrogeochemical processes
affecting arsenic were ignored. Mixing is caused by dispersion
and imperfect design: for example, when the abstraction well
starts to tap native groundwater while there is still artificially
infiltrated water in the system. Several patterns are clearly
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Fig. 4 Areas potentially suitable
for MAR, based on excluding
areas with inundation likelihood
and protected area status

Legend

o  Pilot MAR systems
ey Sundarbans
Constraint mapping

20 Kilometres

[ ] Land frequently inundated - unsuitable for MAR

I Dty land - suitable for MAR

visible: areas in the northwest and northeast are more sensitive
to arsenic than to salinity, while areas in the southwest and
southeast and in the middle of the region are more sensitive to
salinity than to arsenic. The lower the maximum fraction of
native groundwater (Eq. 3), the higher the sensitivity to
mixing, as mixing with less native groundwater would already
exceed a drinking water standard (for salinity or arsenic) of the
recovered water. This means that when any unforeseen
mixing occurs, or when the mixing zone reaches the abstrac-
tion well filter, abstraction has to be stopped sooner, which
will reduce the average RE. The susceptibility to mixing is the
largest in the saline southwest and southeast, where mixing
with less than 15% native groundwater will already cause the
salinity standard for drinking water to be exceeded. In the
northwest and the northeast, the mixing risk is still quite large
even though salinity is low, because arsenic concentrations are
high: 15-30% native groundwater will already cause the ar-
senic standard to be exceeded.
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Technical suitability index

Figure 7 presents a map of the technical suitability index, for
which the constraint mapping, the density-driven flow effect
assessment and the vulnerability to mixing assessment were
combined. There are clear differences in the technical suitabil-
ity for MAR systems over the study region. The spatial pat-
terns are largely dictated by the groundwater salinity patterns,
due to the two-fold influence of groundwater salinity on the
technical suitability: it impacts both the likelihood of density-
driven flow and the negative effect of mixing. This results in
the overall pattern showing a decrease in technical suitability
index towards the south, with the southeast having the lowest
technical suitability index. However, note that areas having
high groundwater arsenic concentrations such as the northeast
also have a technical suitability index below 1, due to the risk
for mixing with native arsenic-contaminated native
groundwater.
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Fig. 5 Relative influence of
density-driven flow on the effi-
ciency of MAR systems for re-
covering infiltrated freshwater in
brackish aquifers based on the D
value, which is a dimensionless
indicator for the impact of
density-driven flow (Bakker
2010). The lower the calculated D
value, the higher the relative in-
fluence of density-driven flow

Unsuitable areas
D values
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B 201-5

B s501-10
I o+

MAR potential combining social necessity and
technical suitability

The outcome of combining the necessity assessment (Fig. 3)
and the technical suitability assessment (Fig. 7), is presented
in Fig. 8. This combination determines the potential for MAR
in the region. This potential is highest in areas where necessity
and technical suitability are both high. The combined map
shows that these high potential areas are mostly located in
the northern part of the region, where the technical suitability
index is high, and the high necessity is caused by arsenic-rich
groundwater.

There are few areas with good potential for MAR to over-
come the short-term health effects of drinking surface water,
for which MAR was originally designed. There appears to be
a mismatch between the technical suitability and the short-

o Pilot MAR systems

20 Kilometres

term high necessity for MAR. The technical suitability index
is often below 0.75 or even below 0.5 in the areas with a high
short-term necessity for MAR. These areas are mostly in the
south of the region, near the Sundarbans.

Discussion
Evaluation of the regional MAR potential

The potential for MAR throughout the region is controlled by
both the necessity and technical suitability for MAR. The
results of the necessity assessment (Fig. 3) provide the first
clear and comprehensive spatial overview of drinking-water-
quality problems in the region, based on the most exhaustive
groundwater quality database for the region to date. This
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Fig. 6 Vulnerability map of
MAR water to mixing with native
groundwater either due to arsenic
(green) or salinity (blue). The
percentage of native groundwater
mixing is shown that would cause
MAR water quality to exceed the
Bangladesh drinking water stan-
dards. The lower the percentage,
the more vulnerable the MAR
system is (the lighter the colours)

Legend

o  Pilot MAR systems
“Fr%| Sundarbans

20 Kilometres

I salinity, 50.1 - 100% native groundwater

Parameter and contamination percentage B salinity, 30.1 - 50% native groundwater
I Arsenic, 50.1 - 100% native groundwater [Jlll Salinity, 15.1 - 30% native groundwater

[ Arsenic, 30.1 - 50% native groundwater
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[ ] salinity, 0 - 15% native groundwater
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reveals the areas where MAR may be applied to establish safe
drinking water supply and could be used to develop a regional
water-resource-management strategy. The technical suitabili-
ty map provides valuable insights into the likelihood that
MAR will function well and efficiently from a
hydrogeological point of view.

In areas without a necessity for MAR, installing MAR sys-
tems may not be effective to solve current drinking water prob-
lems as the local people are not expected to be sufficiently mo-
tivated to pay for or adopt the MAR systems. Therefore, the
potential for MAR in these parts was interpreted to be low, even
though MAR systems would be unlikely to face technical issues.
However, MAR could still become relevant in the future as a
sustainable water option, especially when abstraction of ground-
water becomes unsustainable, as has been shown in other parts of
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Bangladesh (Shahid and Hazarika 2010; Hoque et al. 2007) and
to enlarge the water availability in dry periods.

In the areas with a high necessity with long-term health
problems and high technical suitability, MAR systems have
potential to solve the current drinking water problems related
to consumption of groundwater with unacceptable levels of
arsenic or salinity. In these areas, technical complications are
not expected, but the acceptance and adoption of community-
run MAR systems could be problematic, as it has been found
that people are attached to using their shallow tube wells as
source of drinking water (Naus et al. 2020), even though ar-
senic concentration is high.

In areas with both a high necessity with short-term health
problems and a low technical suitability, it is likely that
community-run MAR systems will be accepted and adopted,
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Fig. 7 Technical suitability index
for MAR throughout the study
region. The lower the index value,
the lower the expected technical
performance of the MAR systems
given the local hydrogeological
conditions, with a higher chance
of insufficient MAR water quality

kez4 Sundarbans
[__]Unsuitable areas

Technical suitability index
[ Jo-025

[ o25-05

B 05-075

B o75-1

L

as it has been found that people are less attached to drinking
pond water (Naus et al. 2020). However, MAR systems are
unlikely to function optimally because of high groundwater
salinity and associated mixing with native saline groundwater.
Nevertheless, MAR systems could still provide a valuable
bacterially safe drinking water source, especially when sys-
tems with a larger capacity are constructed to increase the RE
(see section ‘Enhancing MAR capacity to improve perfor-
mance’). It is therefore expected that there is potential for
MAR in these areas, but to achieve and maintain efficient
systems in this part of the region, it is recommendable to
carefully, a priori, assess technical MAR functioning together
with a targeted extracted water-quality-monitoring strategy.
Below recommendations for better monitoring and perfor-
mance of MAR systems are discussed.

o Pilot MAR systems

20 Kilometres

Recommendations for the monitoring of MAR
systems

While the MAR systems are operating, the chemical water
quality of the abstracted water should be monitored so abstrac-
tion can be stopped when the abstracted water is no longer safe
for use. The monitoring of the pilot MAR sites stopped after a
few years and should be restarted. It should be noted that
MAR water can also be of insufficient quality if pathogens
remain in the water: Sultana et al. (2015) and Kabir et al.
(2016) showed that E. coli was not fully removed in some of
the pilot MAR sites, so monitoring of microbial water quality
is also required.

The vulnerability map (Fig. 6) is useful for developing
strategies for monitoring chemical water quality. Firstly, the
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Fig. 8 Potential for MAR based
on the combination of the
necessity for MAR and the
technical suitability index. The
higher the necessity and technical
suitability index, the higher the
potential for MAR
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map reveals which water quality parameter (salinity or arse-
nic) will likely exceed the drinking water standard first, so the
map can be used to decide which parameter has monitoring
priority during operation of the MAR systems. In the south
and middle of the region, salinity monitoring with EC mea-
surements will suffice to detect the abstraction of unsafe water
(on the condition that arsenic is not mobilised under site-
specific conditions), while in the northwest and northeast, ar-
senic monitoring should have priority. Possibly sensor mea-
surements (EC, pH) are still useful on site-specific basis to
identify mixing with native groundwater and thus increased
risk for As contamination. It should be noted that during MAR
operation geochemical processes may occur with conse-
quences for arsenic concentrations. Arsenic and iron may be-
come immobilised when infiltrated aerobic water causes iron
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oxides to form (van Halem et al. 2010; Rahman et al. 2015),
but the reverse process may occur when organic matter re-
mains in the infiltrated water and becomes oxidised by iron
oxides, resulting in arsenic and iron mobilisation (Ravenscroft
et al. 2005).

Secondly, the calculated mixing fraction is also a useful
parameter to determine the frequency of monitoring: the lower
the percentage of native groundwater needed to compromise
the quality of the abstracted water, the more frequent the mon-
itoring should be, especially towards the end of the dry season
when little freshwater is stored underground. In the areas vul-
nerable to mixing with native groundwater containing arsenic,
it is recommended that monitoring is frequent, since arsenic is
not detected by taste, whereas salinity is, and to account for
the aforementioned geochemical processes.
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Fig. 9 Required average infiltration (and abstraction rate) per day (capacity MAR system) to achieve a D value of 5, corresponding with a recovery

efficiency of approximately 60%

Enhancing MAR capacity to improve performance

One may note that the D value follows from both given
hydrogeological conditions (hydraulic conductivity, aquifer
thickness, density contrast with native groundwater) and the ap-
plied infiltration/abstraction rate. D values are low over much of
the region but would increase if the applied infiltration/
abstraction rate is enhanced. Larger infiltration and abstraction
rates (Q) are directly related to a higher D value (Eq. 1). Thus,
when more water is infiltrated (and abstracted) and the capacity

of MAR systems is increased, the technical performance of the
MAR will also be better. Consequently, the relative loss of water
due to density-driven flow can be reduced by primarily increas-
ing the infiltration (and the abstraction) rate of the MAR systems.
The calculated D value can be translated into a practical guideline
for the approximate MAR capacity required to achieve sufficient-
ly high recovery efficiencies. The Q required to limit the impact
of density-driven flow and make MAR technically feasible
throughout the region was calculated. To this end, the D value
was fixed in Eq. (1) at 5 (interpreted to correspond to an expected
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Table 2
of dry season’

MAR technical suitability classes compared to the performances of the pilot MAR sites judged by ‘Best performance’ and ‘Performance at end

Technical suitability classes Number of pilot MAR sites Best performance®

Performance at end of dry season (20
June 2016)°

At least once produced

Never produced water Sufficient quality Insufficient quality

water of sufficient quality of sufficient quality ~ on 20 June 2016  on 20 June 2016
<05 20 15 (75%) 5 (25%) 7 (35%) 13 (65%)
0.5-0.75 33 26 (79%) 7 (21%) 10 (30%) 23 (70%)
0.75-1 27 22 (82%) 5 (19%) 10 (37%) 17 (63%)
1 6 5(83%) 1 (17%) 3 (50%) 3 (50%)
Grand total 86 68 (79%) 18 (21%) 30 (35%) 56 (65%)

*The best produced water quality

° The produced water quality after prolonged operation (on 20 June 2016, towards the end of dry season)

RE of 60%), and the equation was subsequently solved for O,
similar to Zuurbier et al. (2013). The resulting QO values was used
as a guideline for the approximate target capacity of the MAR
systems required to achieve proper technical functioning (Fig. 9).
In most of the region, a D value of 5 is achieved when the present
median infiltration and abstraction rates are doubled from 5 to 10
m’/day. In the saline south of the region, however, higher infil-
tration and abstraction rates are required to achieve a D value of
5: up to a maximum of 30 m*/day. To assess the feasibility of
achieving these capacities, they were compared to the infiltration
rate of the current pilot MAR systems. The assessed capacity of
the infiltration rate of the current MAR systems varies between 1
and 19.4 m3/day, with 5.9 m3/day as median value, based on 8 h
of infiltration (a value of 5.0 m’/day was used in this study’s
assessment). This median value is lower than the O required in
a large part of the region, revealing that the current pilot MAR
systems will probably not achieve a high RE. It is possible to
increase the infiltration rate of the systems by increasing the
hours of infiltration per day, by decreasing the resistance for
infiltration (the wells are presently filled with gravel), or by
installing more or larger sand filtration chambers and infiltration
wells. For example, doubling or tripling the infiltration time per
day and the number of infiltration wells would result in a 4-9
times increase in infiltration capacity, making the MAR systems
feasible in almost the entire region. The relatively thin aquifers
expected in the south (Appendix; Fig. 10) may limit the possi-
bility of applying long infiltration wells.

An increase in infiltration capacity may be limited by the
amount of source water available. The current MAR systems
take most of their water from ponds. Data on the surface sizes
of these ponds next to the MAR sites provided by the staff of
the UNICEF MAR project revealed that pond size varies
greatly: between 575 to 8,261 m* with a median size of
1,486 m>. If only the net direct rainfall (here taken to be
2,000 mm/year) to the ponds is assumed to be usable for
infiltration (and not also inflow from surrounding areas), the
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available source water is as little as 1,150 m*/year for the
smallest ponds, and 16,722 m*/year for the largest ponds, with
a median of 2,972 m3/year, which would allow for a infiltra-
tion rate between 6.4 and 92.9 m*/day during the wet season
(180 days), with a median of 16.5 m*/day. MAR systems with
an infiltration rate at the lower end of the estimate would
therefore be unsuitable in the southern part of the area, but
the low estimates are still higher than the assumed value of 5
m°/day. This large range underlines the importance of taking
the size of the pond (as key rainfall harvesting structure) into
consideration during site selection. For MAR sites to have
sufficient capacity to function well in the south, it is thus
essential to have a large pond or to incorporate additional
ways of collecting water, for example, from large roofs.

Reflection on uncertainties

The results were not intended to provide the definite locations
where MAR should be applied but rather to assist in develop-
ing a strategy for the implementation of MAR throughout the
region. They should, therefore, be seen as providing regional
indications for the potential for MAR. In the following, un-
certainties in the results arising from the methodology, local
hydrogeological variation and locally available alternative
drinking water options are discussed which should be taken
into consideration when developing regional MAR imple-
mentation strategies.

Methodological uncertainty

The technical suitability and required infiltration rate are only
indicative, as the D value was not specifically developed for
the design and operational conditions of these specific MAR
systems and required interpretation (section ‘Technical perfor-
mance’). The effective storage time of the water in the MAR
systems might be much shorter than assumed, which would
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allow for less time for density-driven flow and an associated
higher RE for similar D values. Similarly, the interpretation
that the smaller susceptibility to density-driven flow due to
infiltration and abstraction at different depths leads to a more
efficient system may not hold true for these small MAR sites;
Barker et al. (2016), who modelled a pilot MAR system (albeit
with different assumptions), found that the design is more
efficient when both infiltration and abstraction are applied
along the entire depth of the aquifer than at present with a
much shorter abstraction well (10 versus 30 ft; 3.048 versus
9.144 m).

An additional uncertainty is introduced by the value used
for the hydraulic conductivity when calculating the D value,
namely the median value of 10.9 m/day (o is 5.68) from 10
pumping tests performed by Acacia Water (2014b). The hy-
draulic conductivity of the aquifer has a direct effect on the
assessed effect of density-driven flow: when the hydraulic
conductivity is twice as low, the D value is also twice as
low. The effect of hydraulic conductivity is clear when the
results are compared with those of Barker et al. (2016), who
modelled a pilot MAR system using an aquifer hydraulic con-
ductivity of 0.2 m/day. Their 50 times lower hydraulic con-
ductivity results in D value that is 50 times higher.
Consequently, their model predicted limited influence of
density-driven flow, despite the native groundwater being rel-
atively saline.

Another uncertainty is introduced because hydrogeo-
chemical processes were ignored, due to their large com-
plexity. There are uncertainties regarding both the exact
chemical substances in the water and the soils, and the
redox and pH states in the water-sediment system.
Therefore, it is uncertain which processes would occur
and it is uncertain how much impact the processes would
have. While this simple mixing process of the vulnerabil-
ity mapping does provide an important first indication of
the risks, subsequent work could aim to take these hydro-
geochemical processes into account.

Local hydrogeological variation

The results reveal the main patterns at a regional scale but
there may be deviations at local scale because the local
hydrogeological variation is large and may not be fully cap-
tured by the datasets, and is also partly smoothed due to
Kriging interpolation. Even though the most exhaustive
groundwater quality databases available were used, the area
is known for its large local hydrogeological variation (Ayers
etal. 2016; Naus et al. 2019a, b). As mentioned in the results,
the Kriged aquifer thickness predicts the aquifer to be thicker
than 9.1 m throughout the region, despite 48 out of 875 bore-
hole logs indicating a thinner aquifer. Similarly, the hydraulic
conductivity of the aquifer is likely to have large local varia-
tion, suggesting a local K value should be estimated during

local site assessment. For the water quality, it is also likely that
some of the local variation is smoothed during Kriging. As a
consequence, the necessity and technical suitability for MAR
at a local scale may be different than inferred from the regional
overview.

In addition, the assumption that the lateral groundwater
flow is negligible might not hold true in some local circum-
stances. At a local scale, it is possible that lateral flow (e.g.
caused by pumping nearby) can affect the functioning of the
MAR systems. For these reasons, MAR implementation
should always be preceded by assessing the local
hydrogeological situation at the site of interest.

Local alternative water options

Another uncertainty concerning the applicability at the local
scale involves the assessed drinking water options that deter-
mine the necessity for MAR. While the main water options in
the region (rainwater, pond water, groundwater) were consid-
ered, it should be noted that MAR was found to still experi-
ence competition of these main water options: the more main
options people have available, the less interested they are in
MAR (Hasan et al. 2019). MAR was found to be the least
preferred alternative compared to these other options by lo-
cals, nongovernmental organizations, and environmental sci-
ence academics (Peters et al. 2019; Nizame et al. 2020). Most
notably, Peters et al. (2019) indicate that MAR scores low for
the social criteria, due to misunderstanding concerning own-
ership and responsibility of maintenance, which indicates the
importance of evaluating and tackling these social issues be-
fore new MAR systems are implemented. Additionally, this
reveals that, whenever the other main options can feasibly
provide good quality water, they are likely a better option than
MAR; however, as discussed in the methods, there are areas
where these options currently cannot provide good quality
water year-round.

Aside from the main options, there are some other less
used alternative drinking water options, although adequate
information on their presence is not available—for exam-
ple, reverse osmosis (RO) systems have been implement-
ed recently in the region. These systems can remove bac-
teria, salinity and arsenic from water (Islam et al. 2018;
Ning 2002); however, the construction costs, maintenance
costs, and energy demand of these RO systems are all
high and their robustness over longer time periods is not
yet known: RO systems in southwestern Bangladesh are
reported to not always succeed in lowering the salinity of
the water (Islam et al. 2018). Nevertheless, the presence
of a well-maintained and operated RO system could be an
alternative to MAR. Pipeline systems which distribute
good quality groundwater to nearby areas are another al-
ternative drinking water option being increasingly
invested in (Hoque et al. 2019). These systems are
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generally well accepted by the local population (Inauen
et al. 2013). A well-functioning piped water supply sys-
tem could be an alternative safe drinking water option,
although installation and maintenance of piped systems
is expensive, with costs increasing and quality decreasing
with water transported over larger distances; furthermore,
the provision of good quality deep groundwater through
the pipelines may not be sustainable if the source is fossil
groundwater pockets. Here it should be mentioned that the
socio-economic diversity in the region was not consid-
ered, which was shown to vary (Johnson and Hutton
2018). In some parts, more expensive options could be
feasible options; likewise, in poorer areas, MAR may be
too expensive an option.

Comparison of assessment with pilot MARs

To assess the predictive value of the technical suitability map,
it was compared with the observed performance of the pilot
MAR sites. As the RE of the pilot MAR systems is not known
because usually less is abstracted than was infiltrated, the
quality of the abstracted water from the pilot MAR systems
was used as an indicator of technical suitability.
Unfortunately, this comparison is not without complications.
An MAR system with an intrinsically low RE could be pro-
ducing water of sufficient quality because much more water
has been infiltrated than was abstracted. Similarly, an MAR
system with a high RE could still produce water of insufficient
quality at some moment if abstraction exceeds recharge.
Nevertheless, this comparison was made, due to a lack of an
alternative. There are 86 pilot MAR sites for which sufficient
water quality data were available. The pilot sites are relatively
evenly distributed across the first three technical suitability
classes (Table 2): 20 in the class with a technical suitability
lower than 0.5, 33 in the class with a technical suitability
between 0.5 and 0.75, and 27 in the class with a technical
suitability between 0.75 and 1; however, there are only six
pilot MAR sites in the class with a technical suitability of 1.
For the comparison, it was first determined whether the
MAR sites have ever been capable of producing water with
an arsenic concentration and salinity within the Bangladesh
drinking water standards. This was the case for 68 of the 86
MAR sites (Table 2). By comparison with the suitability clas-
ses, there is a slight tendency for observed performance to
improve concomitantly with technical suitability (rising from
75 to 83%) but the differences are not clearly visible. This
reveals that the MAR sites have the potential to produce water
of sufficient quality even in areas having a low technical suit-
ability. However, this only reveals the initial performance of
the MAR systems. The best water quality was typically
reached at the onset of the dry season, when net abstraction
starts to occur. Therefore, a second comparison was made
with the status of the MAR sites after they had been in
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operation for a longer time period and after the dry season.
Here, it was determined whether the MAR systems were still
producing water of sufficient quality at 20 June 2016 (towards
the end of the dry season in 2016). The results show that only
30 of the 86 pilot MAR sites still delivered water of sufficient
quality, indicating that producing water of sufficient quality
over longer time and throughout the dry season is more chal-
lenging for the pilot MAR sites. There are no clear differences
between the technical suitability classes, as MAR sites in all
classes perform worse than before, except the MAR sites with
a technical suitability score of 1. The latter score may be an
indication of the predictive value of at least the class of best
hydrogeological suitability.

The general lack of a clear relationship between the suit-
ability index and the recorded performance of the pilot MAR
sites suggests there are other factors that control the quality of
the produced pilot MAR water. A more detailed assessment of
the performance of the pilot MAR sites is recommended by
determining the RE of the different pilot MAR sites. For a
proper comparison, sites that have not operated continuously
should be excluded.

Conclusion

This study aimed to reveal the potential for MAR in a region
with brackish/saline and arsenic contaminated groundwater.
The regional spatial distributions of the social necessity and
technical suitability for MAR were combined, using the larg-
est compiled groundwater quality dataset of southwestern
Bangladesh to date, containing 3,716 salinity measurements
and 827 arsenic data points.

The protected Sundarbans and the often-inundated areas
(containing aquaculture and (tidal) river floodplains) largely
limit areas where MAR systems can be installed. In areas with
brackish groundwater or arsenic content above drinking water
standards, MAR systems are expected to function technically
well, but for implementation, it is recommended to evaluate
centrally run instead of community-run MAR systems. In the
saline southern parts of the region, where pond water is likely to
be consumed, the community-run MAR systems are more like-
ly to be adopted, but for implementation it is recommended to
evaluate the MAR design and to construct MAR systems with a
high infiltration rate to limit impacts of density-driven flow and
MAR water quality deterioration. The calculated density-driven
flow can be translated into a practical guideline for infiltration
rate needed to achieve the approximate MAR infiltration rate
that ensures sufficiently high recovery efficiencies.

Compared to the commonly used expert judgement
methods, the approach of this study has advantages: (1) it is
transparent and verifiable and (2) it provides practical insight
into where MAR is needed and how successful implementation
of MAR systems could be facilitated. Therefore, the results are
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valuable for designing a regional strategy for MAR implemen-
tation in southwestern Bangladesh. The approach may be useful
for mapping MAR potential based on social necessity and tech-
nical suitability in other deltas worldwide having poor water
quality with respect to salinity and/or arsenic.
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