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Abstract
Groundwater in alluvial terrain, supporting much of the global requirement for irrigation and domestic
water, is at risk of sustained water level decline and/or contamination over large areas. In southern
Bangladesh excessive arsenic (As) in shallow groundwater has led to deeper groundwater becoming the
preferred alternative source of potable water. The vulnerability of deeper tube-wells to As breakthrough
from shallow levels can be assessed using groundwater modelling, but representation of alluvial aquifer
heterogeneities in large-scale groundwater models presents a challenge; what level of complexity is
required? To assess the optimum level of complexity necessary in models of groundwater flow and solute
transport in the Bengal Aquifer System (BAS), we explore a range of representations of the lithological
heterogeneity using a multi-modelling approach. We use an array of geological information including
drillers’ logs (n=589) and hydrocarbon exploration data (n=11) across an area of 5000 km2 as a basis for
alternative representations of upscaled aquifer heterogeneity, characterising hydrogeological structure in a
series of five groundwater models at increasing levels of complexity. We rank the models by comparing
model outcomes of travel time with available data on groundwater age based on

C. The results
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demonstrate the importance of spatial heterogeneity and suggest the significance of incorporating vertical
heterogeneity in model representations of the Bengal Aquifer System and similar spatially extensive fluviodeltaic aquifers.
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Introduction

Groundwater from sedimentary aquifers worldwide sustains irrigation-based agriculture, and provides
much of the world’s supply of drinking water (Richts et al., 2011; Wada et al., 2014). Groundwater for food
production is taken from relatively shallow levels (<100 mbgl, metre below ground level), commonly at a
rate higher than it is replenished by recharge (Tiwari et al., 2009), hence secular depletion of shallow
groundwater levels is widely observed (Konikow and Kendy, 2005; Scanlon et al., 2018). Shallow
groundwater in alluvial aquifers is also vulnerable to pollution, and there are widespread occurrences of
geogenic contamination of shallow groundwater which have enormous consequences for public health,
affecting many millions of people (Fendorf et al., 2010; Hoque et al., 2017; Jia et al., 2018; Ravenscroft et
al., 2009). Therefore deep groundwater (>100 mbgl), where available, is increasingly seen as an alternative
source of water for enabling food security and access to safe domestic supplies. Despite deep groundwater
generally being part of a regional flow system (Michael and Voss, 2009a), rates of replenishment may be
low, and limited knowledge of the hydrogeology of deep alluvial aquifer systems compromises the
understanding and assessment of their groundwater resources. In contrast, basic lithological data is often
available in quantity (e.g., Fogg, 1986). In this context, modelling makes a potentially valuable contribution
to assessment, but questions arise regarding plausible alternative representations of the aquifer system
(Timani and Peralta, 2015) and the level of lithological complexity that should be incorporated to achieve
optimum modelling results (Zhou and Herath, 2017). Here we address this question for the extensive and
deep Bengal Aquifer System (BAS), applying a range of models with alternative representations of the
hydrostratigraphy at increasing levels of complexity achieved through variations in upscaled horizontal and
vertical hydraulic conductivity. We then evaluate the success of the models in simulating groundwater ages,
generally a more discriminating test than heads and fluxes (Sanford, 2011; Troldborg et al., 2007) to identify
the optimum level of complexity in the models in relation to questions of solute transport. In turn, the results
shed light on aspects of sustainability of deep groundwater abstraction in this large transboundary aquifer
system.
Across the Bengal Basin, prolific Holocene-Pleistocene, fluvio-deltaic aquifers provide abundant quantities
of groundwater (Burgess et al., 2010; Ravenscroft, 2003; Ravenscroft et al., 2018). Across the extensive
floodplains of rural Bangladesh, hand-pumped tube-wells (HTWs) are used for domestic water supply and
motorised pumps abstract groundwater for dry-season irrigation. Groundwater meets almost the entire
national water-demand for domestic and industrial water supply and for irrigation, mostly from shallow
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depths (30 to 90 m) below ground surface. The discovery of excessive dissolved arsenic in the shallow
groundwater (Dhar et al., 1997) in the 1990s raised serious concerns against the exploitation of this
resource. However, evidence of the insignificant presence of arsenic below ca 150 to 200 m (Bhattacharya
et al., 1997; DPHE/BGS, 2001) has suggested deep groundwater as a source of ‘arsenic-safe’ groundwater
in the region. Therefore, attention has turned to the potential for this deeper groundwater to provide an
arsenic-safe supply in the rural areas (Burgess et al., 2010; Hoque et al., 2011; Michael and Voss, 2008;
Mukherjee et al., 2007b; Ravenscroft et al., 2018; Sikdar et al., 2018; Zahid et al., 2015; Zahid et al., 2018).
The term ‘arsenic-safe’ here is defined as water containing <50 µg/l arsenic, the Bangladesh-India drinkingwater standard. Socio-economic conditions and resource constraints lead this deep groundwater to be the
principal and widely-accepted alternative for arsenic-safe water for millions of people in the area (Ahmed
et al., 2006). Simultaneously, the provincial towns, also mostly developed on the floodplain areas, have
started to develop the deeper groundwater to satisfy the growing demands of urban water supply (Burgess
et al., 2010).
Therefore, ‘deeper’ groundwater has become the principal target for ‘arsenic-safe’ water supplies
throughout southern Bangladesh (Ravenscroft et al., 2009) but the short term sustainability and the longer
term security of the resource against invasion of arsenic from shallower depth remain poorly understood.
Motivated by the basin-wide approach of Michael and Voss (2008), our aim is to explore the value of
regionally-specific data in elaborating regional descriptions of the aquifer to enable sub-basin scale
assessments of the sustainability of deep groundwater abstraction. We address the question, to what level
of detail can regional, and smaller-scale, hydrogeological information justifiably be represented in models
to improve simulations of groundwater flow to deep wells?
Here we consider those characteristics of the aquifer system (i.e., aquifer lithology and hydro-stratigraphy,
and the sources of groundwater recharge) which may ultimately determine the security of supply of ‘deeper’
groundwater against invasion by arsenic. We have assembled data for a component part of the Bengal Basin
in south-eastern Bangladesh, interpreted the data in terms of hydrogeological structure, and developed a
series of model representations of the aquifer system, sequentially incorporating additional detail in relation
to lithological heterogeneities. We use the models to evaluate how the simulated recharge provenance and
groundwater travel times vary with alternative representations of the hydrostratigraphy. In the absence of
suitable data on deep groundwater heads, we have tested the models against independent indications of
groundwater ‘age’ at selected locations. The purpose is to assess the optimum level of complexity necessary
in models of groundwater flow and solute transport in this environment. The relative success of alternative
aquifer representations is the key interest, rather than to achieve sequential improvements through
calibration. Therefore, comparison of the ability of each model, uncalibrated, to represent groundwater age
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is used to judge the value of incorporating data at sequentially increasing levels of detail, an approach to
multi-model testing (Poeter and Anderson, 2005; Troldborg et al., 2007; Zhou and Herath, 2017) which
enables the most parsimonious representation to be identified for application to questions of solute transport
to depth in the BAS. For this purpose, we focus on average travel times under different deterministic
representations, rather than preferential flow under a range of stochastically-generated flow fields (Michael
and Khan, 2016), and we have used advective particle tracking to simulate average travel times, The
implications for arsenic-safe water supply in the region are subsequently discussed.
2

Bengal Aquifer System – an overview

The Bengal basin, a vast trans-boundary sedimentary basin spanning almost all of Bangladesh and the
Indian state West Bengal, incorporates the Bengal Aquifer System (Burgess et al., 2010). Before the
discovery of groundwater arsenic in the basin, hydrogeological investigations were mostly limited to depths
of 100 to 150 mbgl (BADC/MMI/HTS, 1992). Under the current scenario of groundwater exploitation, the
term ‘deep groundwater’ refers to depths >150 mbgl (e.g., DPHE/BGS/MML, 1999) in the BAS which are
essentially arsenic–safe, but which are not continuously separated by an aquitard from the shallower levels
of the aquifer (Hoque et al., 2017; Mukherjee et al., 2007b; Ravenscroft et al., 2018).
A shallow marine environment prevailed in the area during the Mio-Pliocene time (Gani and Alam, 1999).
At the onset of the Himalayan orogeny, the marine clay (Upper Marine Shale - UMS) was subject to uplift,
and the depositional regime changed to a fluvio-deltaic setting. The impervious nature of the UMS clay is
indicated by its role as a hydrocarbon seal for the gas-fields of the region (Reimann, 1993). Sediments
overlying the UMS form what may be best described as an interconnected aquifer system, locally
manifested as a series of multi-aquifers due to the ubiquitous distribution of low permeability strata within
the predominantly sandy sequence. The entire aquifer system is composed of horizontal to sub-horizontal
discontinuous layers of sand, silt, clay, and their mixtures, with the occasional presence of gravel (Hoque
et al., 2017). In addition, channel sand bodies associated with river channel migration or avulsion make the
aquifer fabric complex and heterogeneous.
With the exception of northwest Bangladesh where depth to the basement is within 200 m of the ground
surface in places, the upper 2000 metres of the sedimentary sequence has the potential to be used as an
aquifer system in most parts of the Bengal Basin (Burgess et al., 2010). In terms of economic feasibility
and development practices, the uppermost 400 m is the exploitable aquifer. Although at a local scale,
lithostratigraphic detail in the fluvio-deltaic terrain indicates a multi-aquifer system, the lateral continuity
of lithological units is limited (Hoque et al., 2017). This lateral discontinuity makes traditional
hydrostratigraphical classification (identification of individual aquifers and aquitards, usually layered)
contentious in this terrain. A number of hydrostratigraphical models have been proposed by earlier workers
in the Bengal Basin. Jones (1985) proposed six separate aquifers to a depth of ca. 1500 m bgl by analysing
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petroleum drilling log data from the eastern part of the country. UNDP (1982) described the aquifer as
having three layers in the upper ca. 100 m, a classification later adopted by MPO (1987), while EPC/MMP
(1991) considered the same as a four-layered system in modelling studies of central Bangladesh. These
early views of the hydrogeology of Bangladesh were summarised by Ravenscroft (2003), who proposed a
stratigraphically-based hydrostratigraphical classification. Due to a lack of data on the extent of the
stratigraphical units, their hydraulic continuity, and subtle differences in their hydraulic characteristics, all
these recommendations have limitation however.
The concept of a discrete deeper aquifer was based on the evidence for fresh deep groundwater, widely
utilized in the coastal regions, which is largely protected from salinity at shallow levels by a silt-clay
aquitard at about 100-200 m (DPHE/DANIDA, 2001). BGS/DPHE (2001) adopted the UNDP (1982)
classification for the upper ca. 150 m with the ‘upper shallow aquifer’ and ‘lower shallow aquifer’
nomenclature, and added a ‘deep aquifer’ to the classification for depths greater than 150 m bgl. A
chronostratigraphical classification of the aquifer system: Upper Holocene aquifer, Middle Holocene
aquifer, Late Pleistocene-Early Holocene aquifer, and Pleistocene aquifer, has also been proposed (Ahmed,
2003; GWTF, 2002). DPHE/DFID/JICA (2006) supported the view of a discrete arsenic-safe deep aquifer,
where the presence of a clay layer at least 10 m thick separates it from the shallower aquifer but with no
consideration for its lateral extent. Distinct differences in hydraulic head (e. g., BWDB, 2005; Harvey et
al., 2006; Ravenscroft et al., 2018; Zahid et al., 2018; Zheng et al., 2005), geochemical nature (BWDB,
2005; DPHE/DFID/JICA, 2006; Mukherjee and Fryar, 2008; Ravenscroft et al., 2018; Zheng et al., 2005)
and the ages of groundwater (e. g., Aggarwal et al., 2000; Harvey et al., 2002; Hoque and Burgess, 2012;
Stute et al., 2007; Zheng et al., 2005) in the shallower and deeper part of the BAS aquifer system might
also be used to support the notion of discrete shallow and deeper aquifers. However, a recent study (Hoque
et al., 2017) showed that the interleaved pattern of laterally discontinuous layers of silt-clay provides
hydraulic separation without the necessity for the deeper (>100 m bgl) part of the aquifer to be physically
separated by an aquitard layer from the shallower part.
Some studies have described the whole system as a single aquifer (Michael and Voss, 2009a; Mukherjee et
al., 2007b), some as a sequence of discrete aquifers (Shibasaki et al., 2007; Zahid et al., 2015), and some
even as laterally distinctive deep aquifer zones (Ravenscroft et al., 2018) but in each case the lack of data
has made the interpretation uncertain and/or locally restricted. Lithological discontinuity supports the
notion of a single aquifer system on a regional scale with aquifer zones locally distinguished by the
regionally discontinuous finer-grained sediment layers (Hoque et al., 2017). Deterministic basin-scale
modelling approaches have been applied to simulate average groundwater travel times (Michael and Voss,
2008), and multiple, stochastically-generated representations of the hydraulic conductivity field have been
embedded at sub-basin scale, with a focus on the preferential flow components (Michael and Khan, 2016).
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Geological complexities of the Bengal Aquifer System evolved through incisions, erosion, and deposition
by the rivers in channel-interfluve settings during the Plio-Quaternary cyclicity in sea-level (Goodbred et
al., 2003; Hoque et al., 2014a; McArthur et al., 2008; Umitsu, 1993; Wilson and Goodbred Jr., 2015). These
depositional elements, often arranged linearly, are spatially discontinuous but may be vertically stacked.
Although typical of any alluvial aquifer, none of these form a laterally continuous layered sequence, but
rather they are the primary source of the lithological heterogeneities in the BAS.
The Bengal basin is bounded by hilly areas all around and includes tracts of Plio-Pleistocene sediments
surrounded by the Holocene-Recent floodplains of the Ganges, Brahmaputra and Megna rivers, their
tributaries and dis-tributaries. The coupling of land surface topography and the aquifer heterogeneities
generate a hierarchy of groundwater flow systems (Hoque et al., 2017; Khan et al., 2019; Michael and Voss,
2009a; Ravenscroft et al., 2005; Tóth, 2009) in the basin. Groundwater at shallower depths is younger (a
few centuries old) and often contains excessive dissolved arsenic except at the shallowest depth (~5 mbgl),
while deeper groundwater is a few thousand years old and generally arsenic free (Hoque and Burgess, 2012;
Hoque et al., 2017).
The BAS, shared by West Bengal of India and Bangladesh, has a tropical monsoon climate with dry winters
and wet summers with 2 - 4 m rainfall. Summer rain replenishes the aquifer. Groundwater abstraction for
irrigation, domestic and industrial uses since the 1960s has significantly influenced the aquifer hydrology
across the region (Harvey et al., 2006; Shamsudduha et al., 2015). The dry-season irrigation abstraction is
significantly higher than the domestic abstraction, leading to the Bengal basin being one of the top riceproducing regions in the world. Withdrawal of groundwater for irrigation is from 30 to 90 m below the
ground surface while domestic abstractions come principally from the shallower depths (<100 mbgl) with
an increasing proportion from a depth up to 350 m below the ground.
3

Methods and Materials

The modelling focused on a multi-model approach (Poeter and Anderson, 2005) with progressive
incorporation of lithological detail first as variable hydraulic conductivity anisotropy in the horizontal
direction, and then in the horizontal and vertical directions. An alternative approach would be to develop
and compare a set of homogeneous simulations with the same upscaled, anisotropic hydraulic conductivity
(K) as each heterogeneous model. The selected approach acknowledges the value in considering alternative
plausible models of reality prior to a calibration step (Poeter and Andersen, 2005); these may even be based
on alternative conceptual models, although in this case all the models have a common conceptual basis.
The models were tested against a set of independently-determined groundwater ages (Aggarwal et al., 2000;
Hoque and Burgess, 2012) to identify the most parsimonious representation for application to questions of
solute transport (Poeter and Gaylord, 1990) in the BAS, within a transient groundwater flow model. Here
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we outline the data sets, the treatment of lithological data used to derive a range of justifiable hydraulic
conductivity fields as the basis for a sequence of hydrogeological models of increasing complexity, and the
modelling approach.
3.1

Study area and data sets

The study area lies east of the confluence of the River Meghna with the River Ganges in southeast
Bangladesh, extending to the coast and bounded by the rugged hilly terrain (in Tripura State of India) in
the east (Figure 1, Supplementary Information, hereafter SI, Figure SI1). Here, 589 drillers’ logs were
collated for a 5000 km2 area (DPHE/DFID/JICA, 2006). Each log contains information on the dominant
grain size of the sediments, i.e., clay, fine sand, medium sand etc. The logs vary in depth from 87 to 375 m
below ground surface, with a median depth of 227 m; 75% of the logs contain lithological data to a depth
of ≥258 m (Figure SI2). The logs were augmented with 11 petroleum exploration lithological logs from the
anticlinal crests of subsurface folds in the region (MPO, 1987), which provide a structurally biased data-set
for depth to the UMS across the region.
Independently-derived, 14C-based, corrected groundwater ages for 19 wells throughout the area, of which
18 are from Hoque and Burgess (2012), and 1 from Aggarwal et al., (2000) were used for comparison with
travel times from the groundwater flow model. Among the groundwater ages, 4 relate to groundwater at
less than 100 m depth and the remainder to groundwater deeper than 100 m.
3.2

Hydrostratigraphical analysis

Distinction between clay-silt (low permeability material) and sand (high permeability material) is the most
important use of the logs, because of the significance for groundwater flow. The logs were coded into 10
lithofacies to generate a consistent dataset based on grain-size (e.g., clay, silty clay to gravel with sand)
(Table 1). For the petroleum exploration logs, consideration was given to the dipping angle of strata in the
subsurface folds (as of HU/NPD, 2001; Reimann, 1993) before interpolating between points to derive a
map of depth to the top of UMS (Figure SI 2).
Two hydrofacies were determined, i.e finer (non-aquifer materials) and coarser (aquifer materials) on the
basis of the grain-size coding. The term ‘hydrofacies’ was originally introduced for relatively homogeneous
but anisotropic units that are hydrogeologically meaningful (Poeter and Gaylord, 1990). Here, ‘hydrofacies’
are designed to indicate the internal heterogeneity arising from lithological variation by introducing a binary
distinction between the finer and coarser lithofacies (Figure SI3).
The logs, translated as described into lithofacies and hydrofacies, were interpolated in 3D environment
within Rockworks® programme on a grid of 1000 m x 1000 m x 2 m. Spatio-vertical variability within the
aquifer, in terms of the layering of finer materials potentially separating the shallow and deeper part of the
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aquifer system, was described using the sand to silt-clay ratio to depict palaeo-channel and palaeointerfluvial regions because of their respective sand and clay-silt dominance. Lithological detail was then
translated to a description of the hydraulic conductivity, the dominant parameter by which geological
variability is represented in models of groundwater flow and solute transport, as described in the following
section.

Fig. 1. Geographical boundary of the model study area along with the main area of interest over a digital
elevation model (EROS 2002) of the area. The inset map indicates the location of the area on a subcontinental scale.
3.3

Hydraulic conductivity field

Hydraulic conductivity can be estimated by various means, in the field by pump-testing aquifers, in the
laboratory from core tests, and from lithological data (e. g., Freeze and Cherry, 1979). In the case of
regional-scale studies, estimation of hydraulic conductivity using empirical relationships to grain size has
been found to reduce uncertainty many times more than other approaches (Nilsson et al., 2007). In the
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current study, the lithological attributes derived from drillers’ logs were used to estimate the effective
hydraulic conductivity as a means of representing geological variability in the groundwater models.
Hydraulic conductivity (K) values for all lithofacies were selected from previous literature on the area
(BGS/DPHE, 2001; GWTF, 2002; Michael and Voss, 2009b; Rahman and Ravenscroft, 2003), (Table 1).
In a layered system of strata with constant thickness and infinite extent, the direction of highest equivalent
hydraulic conductivity (µα) is parallel to layering, and the direction of lowest conductivity (µh) is
perpendicular to layering, with bulk values given by the arithmetic mean (Eq. 1) and harmonic mean (Eq.
2) of the conductivity of the layers respectively (Freeze and Cherry, 1979). These are known as the Wiener
bounds, the maximum and minimum possible values of effective hydraulic conductivity (Renard and de
Marsily, 1997).

µ h ≤ K eff ≤ µα
µα =

∑ K.b
∑b

............................................................................ 1

µh =

∑b
∑bK

............................................................................ 2

Where, K = hydraulic conductivity of a particular lithological unit, and b = thickness of the lithological
unit.
In fluvio-deltaic settings, where lithological layers have a limited extent, these idealised relationships may
not be valid. Ababou (1996) derived alternative relationships, also applied by Michael and Voss (2009b),
describing the effect of low permeability layers of limited extent, assuming the aquifer to be a statistically
homogeneous medium:
The effective hydraulic conductivity in any direction (Keff) is

K eff = µ aα µ h1−α
α=

D−

lh

D

..................................................................... 3

li

.................................................................................. 4

Where, µα and µh are defined in equation 1 and 2; α is a coefficient as defined by equation 4, which depends
on the dimension of the medium and parameters of the statistically homogeneous log-Gaussian-distributed
field of hydraulic conductivity (Michael and Voss, 2009b). Here,
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D = space dimension (value 3 for 3D problems)
li = correlation length, and
lh = harmonic mean of ℓi in the principal directions of anisotropy
Even with the large number of drillers’ logs, spatial mapping of the distribution of the lithologies carries
much uncertainty because of the wide spacing of data points. This limits the capacity of the statistical
variogram to be predictive, therefore we assumed the system to be log-Gaussian and used the above
equations to estimate the effective hydraulic conductivity.
Table 1: Hydraulic conductivity values for different lithofacies are used to estimate the effective
hydraulic conductivity (see text).
Lithofacies
Hydraulic conductivity (m/d)
Gravel with sand (gs)
120
Coarse sand (cs)
95
Medium to coarse sand (mcs)
72
Medium sand (ms)
50
Fine to medium sand (fms)
38
Fine sand (fs)
25
Very fine to fine sand (vffs)
20
Very fine sand (vfs)
12
Silt/ clayee sand / sandy clay (scs)
0.397
Clay (c)
6.05e-5
Poor data coverage leads to uncertainty in the lateral extent of the lithological units, which could range
from a few 10s of metres to a few kilometres as is normal in fluvio-deltaic deposits. To overcome this and
encompass all likely extents of lithological units, values for the correlation length, li were taken to range
from 50, 100, 500, and 1000 m. For simplicity, li was taken as isotropic in the X and Y planes, when in
reality there may variability in the horizontal. Effective hydraulic conductivity values were calculated for
the entire depth of each individual log record, first assuming a single slab (of thickness the total log depth),
and second assuming depth-wise slabs (0-100 m, 100-200 m, and 200-300 m). The depth-wise slab
thicknesses were considered consistent with the delta development, where the topmost ca. 100 m of
sediments is associated with late Quaternary evolution of the delta (e.g., Burgess et al., 2010; Goodbred et
al., 2003). The four values of effective hydraulic conductivity at each log location (associated with li values
of 50, 100, 500, and 1000 m) were interpolated using the IDWA interpolator in order to derive a range of
hydraulic conductivity fields incorporating increasing detail of hydrostratigraphic complexity (Section 4.2).
3.4

Groundwater model development

Groundwater modelling was carried out using the USGS modelling code MODFLOW (Harbaugh et al.,
2000), MODPATH (Pollock, 1994), and ZoneBudget (Harbaugh, 1990). A range of transient groundwater
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flow models was developed using the hydraulic conductivity fields described above. All the model
representations therefore share common features i.e. model domain, overall geometry, recharge
distribution, stresses and also certain hydraulic parameters (specific yield [Sy], specific storage [Ss], porosity
[n]). These common features are briefly described first, followed by the hydraulic conductivity fields which
vary in the models.
3.4.1

Model domain

The model region is extensive, about 28,000 km2, much larger than the area in which interest is focussed,
to facilitate the consistency with plausible natural boundaries for the deep groundwater flow system (Figure
1). The eastern boundary follows the north-south aligned hills in the Tripura state of India (Figure SI1),
while the western and northern boundaries follow alignment of major rivers. The model region is elevated
in the eastern part, and slopes westward towards the bounding rivers and the coast. The southern boundary
of the model is set around 50 km offshore from the coast in the Bay of Bengal.
3.4.2

Boundary condition

Lateral boundaries in all the models are set as no-flow. The eastern boundary, set at >50 km east of the area
of interest, coincides with a surface water-divide, considered also to be a groundwater divide as the UMS
is reported to be exposed along the fold-crest (Reimann, 1993). The boundaries in the west and north follow
major rivers. The model region overlying the Bay of Bengal was defined as a prescribed head above the
seafloor, set to the equivalent freshwater head calculated as ‘1.025 x bathymetry’, with a no-flow boundary
at the southernmost edge of the model. The sea-floor of the Bay of Bengal has low permeability sediments
and to constrain the impact of the sub-Bay boundary on the interior of the model we assigned a very low
hydraulic conductivity (1×10−12 m/s) to the sediments in the Bay region as previously applied by Michael
and Voss (2009a).
The base of the model is taken as the top of the low-permeability UMS, which occurs at variable depth
across the region and is realistically defined as a no-flow boundary. The top boundary is assigned a
prescribed head equal to ground surface elevation averaged across each model grid (Al-Salek, 1998; EROS,
2002; Rahman et al., 2004), in order to allow recharge and

topographically-driven gravitational

groundwater flow as proposed by Sanford (2002) and as previously applied in a basin-scale model of the
Bengal basin (Michael and Voss, 2009a).
3.4.3

Discretisation

The model contains a principal area of interest ca.10,000 km2 in extent (Figure 1) and up to ca. 350 m in
depth. For the ease of input of 3D attributes (e.g., pumping, hydraulic properties) the models were
discretised spatially and vertically. To minimise computational cost lateral grid discretisation was set to
1000 m in the area of interest, and 5000 m in areas beyond (Figure 2). In a transition zone a grid smoothing
factor of 1.5 (Harbaugh et al., 2000) is maintained for computational stability. Vertically, eight model units
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of varying thickness and vertical discretisation (Table 2) facilitate adequate representation of the depthdependent attributes, but lithological variability is maintained as a 4-layer system (i.e., 0-100, 100-200,
200-300 and >300 mbgl).
The modelling covers a long duration of time, 48045 BC to 2008, in order to derive the backward travel
time of deep groundwater from its recharge origin, with groundwater reported to be 10 to 20 ka years old
in places (Aggarwal et al., 2000). The end time of the models was set to 2008 to comply with the
groundwater age data (Hoque and Burgess, 2012). It is assumed for the purposes of the modelling that the
geological structure remains fixed throughout this time; the validity and implications of this assumption are
considered in the Discussion. To incorporate increasing quantities of groundwater abstraction from the
1960s, and seasonal variations in groundwater pumping rates, the model incorporates 1960 to 2008 as a
period of groundwater development using 53 stress periods ranging in length from 5 years up to 1980, to
one third of a year from 1980 to 2008 (Table SI 1).
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Table 2: Vertical discretisation of the models’ unit along with specific yield (Sy), specific storage (Ss) and effective porosity (n) values used in the
models. Note that all the layers in the model are simulated as ‘convertible’ aquifers, therefore the code assigns Sy or Ss depending on the hydraulic
context i.e. unconfined or confined conditions respectively.
Unit
1
2
3
4
5
6
7
8

3.4.4

Hydrostratigraphy/ Maximum
hydraulic layer
thickness
(m)
Layer 1
1
49
50
Layer 2
100
Layer 3
100
Layer 4
100
100
2000

Number
of vertical
cells
1
4
5
10
10
10
10
20

Specified
yield (Sy)
0.06
0.06
0.06
0.06
0.1
0.1
0.1
0.1

Specific
storage
(Ss) m-1
1E-3
1E-4
1E-4
1E-4
1E-5
1E-5
1E-5
1E-5

Effective
porosity
(n)
0.30
0.25
0.25
0.25
0.20
0.20
0.20
0.20

Stresses

Stresses represent the addition or removal of water from the model domain. Under natural conditions, water
enters the groundwater system as recharge, and discharges to rivers, lakes and sea, and by
evapotranspiration. The natural setting is disrupted by groundwater abstraction at wells. Natural recharge
and discharge are allowed from the model by reference to the prescribed heads at the top boundary of the
model, which is considered to be appropriate given the widespread availability of water near the surface
throughout the year and as the principal interest of the modelling lies in the deeper levels of the aquifer.
Groundwater abstraction at water wells is estimated and represented in following ways:
Irrigation abstractions: Spatial data on the irrigation well locations and the amount of pumping is not
detailed, and the very large numbers of wells located over the model domain make it impossible to represent
wells individually. Data on the extent of irrigated land area were compiled from BADC (2003) for
individual upazila (sub-districts) in the model domain, and were projected backward and forward in time
to estimate trends in irrigation abstraction (Figure 3) using generalised trends (Figure SI 5) , (BADC, 2003;
Bhuiyan, 1984; Rahman and Ravenscroft, 2003; Wahid et al., 2007). It is assumed that the spatial pattern
of irrigated land was similar (as of 2003) throughout this time and only the amounts of abstraction have
changed over time (Figure SI4). The irrigation abstraction rate is set at 1 m/year equivalent depth of water
per season of abstraction (e.g., Wahid et al., 2007; WARPO, 2000). The depth of the irrigation-well
abstractions varies spatially in the model, to represent the field situation. No irrigation abstraction from
groundwater was applied in Tripura of India (the eastern side of the model domain, Figure 1) as agriculture
in that region relies on surface water (WWF and DoA, 2007).
Household and industrial abstraction: Household abstractions were estimated based on per-capita
consumption using population data extracted from the global population model LandScan 2006 (ORNL,
2008) (Figure 3), assumed to be the true distribution of population in 2006. Information on the growth of
population (BBS, 2004) was used to estimate the total household, industrial, and drinking water abstractions
over time.
In the model area, nearly 100% of the population rely on groundwater for their drinking water, at a rate
taken as 5 l/day/person. The dependency on groundwater started in the 1960s and by the 1990s had reached
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100%. Domestic use (70 l/day/person), is <30% from groundwater (http://faostat.fao.org/ accessed on 21
July 2008), met from shallow hand-pumped tubewells (<100 m) bgl. The estimated per-capita abstraction
was used to calculate the total abstraction of water for 2006, extrapolated to other years and stress periods
by reference to that year.
Abstraction by high-yielding wells (Figure 3) at the provincial towns (DPHE, personal communication)
was estimated using average operation time (ca. 10 hours) multiplied by the discharge capacity (20 l/s) of
the well. Similarly, 600 deep hand-pumped wells in the model area (DPHE/DFID/JICA, 2006) are included
as abstraction points in the model to simulate deep household abstraction. As the number of wells increases
with time, the rate of abstraction for these wells was increased to accommodate the increased withdrawal.
It is assumed that each deep tube-well meets the demand of drinking water for 30 families with 5 members
in each i.e. totalling 750 l/day as a conservative estimate; for comparison, in a densely populated area in
central Bangladesh deep tube-wells were found to provide ca. 2500 l/day (van Geen et al., 2003). In the
models, the abstraction amount equivalent of 1600 wells is considered to start operation during 1996 (K.
M. Ahmed, Personal Communication), with year on year increase of 10% up to 2008. Abstraction in Tripura
is confined to shallower depths (<50 mbgl) and in some cases people depend on dug wells (WWF and DoA,
2007).

3.4.5

Hydrogeological parameterization

Five representations of the heterogeneity of hydraulic conductivity were developed (W1-W5),
incorporating increasing detail of hydrostratigraphic complexity (section 4.2). Values of specific storage
(Ss) generally range from 10-5 m-1 (sandy gravel) to 10-2 m-1 (tight clay) (Domenico and Schwartz, 1998).
Pumping tests in the study region have found confined storativity (S), the product of aquifer thickness and
Ss, to be in the range of 8.7E-4 to 1.9E-3 at depths greater than 200 m (BWDB, 2005). Specific yield (Sy)
values range from 0.02–0.05 over much of the Basin (MPO, 1987). The spatial variation of Sy and Ss in this
sand-dominated terrain is not expected to be great (Domenico and Schwartz, 1998). Therefore, single values
of Sy and Ss are used for individual model layers (Table 2). Similarly, single values of effective porosity,
required for estimation of groundwater velocity and travel-times, are assigned for each layer (Table 2).

3.4.6

Multi-model comparison

The models were first applied, uncalibrated, to simulate the shallow head data available for the region. They
were then ranked using linear regression to measure their success in replicating the groundwater age data
available, which are concentrated in the deeper parts of the aquifer. For this purpose, groundwater travel
times were established, from points in the aquifer system with groundwater age determinations to the source
of recharge, by backward particle tracking using MODPATH in all the model representations.
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Fig. 3. Estimated a) irrigation abstraction (mm/day) for the stress period 47 (peak irrigation time of the year
2005–2006), and b) LandScan global population-model derived population distribution in the area used for
estimation of groundwater abstraction from shallower depth of the aquifer; c) Points of abstraction used in
the model, and d) depth of the wells as included in the models.
4
4.1

Results
Hydrostratigraphy

Lithofacies and hydrofacies modelling to a depth of 250 m illustrates the distribution of lithologies in 3D
(Figure 4) and indicates the overall dominance of sand (ca. 60%) over silt-clay (ca. 40%). The distribution
of lithologies is patchy and neither regional nor sub-regional layers are formed, suggesting instead a single
aquifer which is physically connected throughout the model domain. The finer lithologies are dominant in
the northwest and southwest of the area, however, between the shallower and deeper parts of the aquifer.
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Coarser lithologies dominate the sequence, particularly in the mid-north part and at deeper levels throughout
the area; in places, stacking of the coarser sand bodies is evident (Figure SI5). The concept of discrete
regional aquifers, largely separated by a silt-clay aquitard (e.g., DPHE/DANIDA, 2001; UNDP, 1982), is
not apparent in the hydrostratigraphical analysis.

Fig. 4. Fence diagrams based on litho-facies modelling – using RockWorks 2002 with IDWA algorithm
with a grid size 1000 m × 1000 m × 2 m. The pie chart indicates the modelled volume (%) of different
lithologies. Fence faces are shown in the inset map; ‘1′ in hydrofacies code indicates coarser sand while
‘0.1′ indicates for clay.
The base of the Bengal Aquifer System, taken as the top of the marine clay, the UMS, is exposed along the
hills in the Tripura region of India. Across the model domain, it varies in elevation from 200 m above sea
level (masl, metre above sea level) to 2600 m below sea level (Figure 5).
The entire sequence above the UMS is composed of clay, silt, sand, and their mixture, assembled through
fluvio-deltaic deposition. The sequence is spatially and vertically heterogeneous (Figure 5). In some areas
low permeability materials are more widely extensive and may confine discrete aquifers locally; in other
areas, sand bodies are locally embedded within the low-permeability materials, and form, bounded, leaky
aquifers. The analysis of sand to silt-clay ratio demonstrates the occurrence of curvilinear features of
relatively thin clay and silty-clay sediments, their number and direction being variable with depth (Figure
SI6). On this basis, hydraulic conductivity fields (section 4.2) were generated for three slabs of 100 m
thickness to a cumulative depth of 300 m to capture the lithological variation for use in the models.
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Fig. 5. Lithological variability; a) (top panel) the sections indicate the spatial variability in lithofacies; b)
depth to the top (reference, relative to sea-level) of the UMS, the hydraulic basement of the aquifer system
in the area and the cumulative thicknesses of silt–clay layers over 0 to 300 m depth. c); Cumulative silt–
clay thickness between 100 and 200 mbgl and the conversion of lithological heterogeneity into hydraulic
anisotropy (Kh/Kz) showing the comparable spatial variation of the two.
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4.2

Hydraulic conductivity

Hydraulic conductivity is a means of representing geological variability and thereby aquifer heterogeneity
in groundwater models (de Marsily, et al., 2005). The data could be assembled in many different ways.
Here, building on the hydraulic conductivity variability inferred from the lithological logs, values for
effective hydraulic conductivity were calculated using equations 3 and 4 over four depth intervals (the entire
log thickness and 0-100 m, 100-200 m and 200-300 m) and applying a range of correlation lengths (i.e.
length scale of statistical homogeneity), li (50, 100, 500, 1000 m) at each model grid. The following
different but plausible representations of the BAS hydraulic conductivity fields (W1-5) incorporate
lithological heterogeneity at increasing levels of complexity (Figure 6) for use in the groundwater flow
models.
Representation W1: A single homogeneous anisotropic aquifer with Kh/Kz of 104 as determined by the
lithological analysis. Note that this regional value of median anisotropy is the same as found by Michael
and Voss (2009b) at whole-basin scale, whereas Khan et al (2019) have identified a lower value in the

south-west of the basin.
Representation W2: A single layer (vertically homogeneous), heterogeneous aquifer with spatially varying
anisotropy in hydraulic conductivity as determined by lithological analysis, and with correlation length,
li=500 m following Michael and Voss (2009b).
Representation W3: A multi-layer, heterogeneous aquifer with spatially and vertically varying anisotropy
in hydraulic conductivity as determined by lithological analysis, and with a minimum correlation length,
li=100 m for each layer.
Representation W4: As for W3, with correlation length, li=500 m for each layer.
Representation W5: As for W3, with correlation length, li=100 m (upper layer), 500 m (middle layer) and
1000 m (lower layer) respectively, to reflect increasing drainage density and hence decreasing lateral
continuity from the Pleistocene to the Holocene (e.g., Hoque et al., 2017).
Effective hydraulic conductivity values are greatly influenced by the presence of low permeability materials
and the spatial extent, i.e. the correlation length (li), of the low permeability materials is more significant
than the thickness (Michael and Voss, 2009b). It is seen that for reasonable correlation lengths, spatial
patterns of effective hydraulic conductivity bear a similarity to spatial patterns of lithological heterogeneity
expressed as cumulative silt-clay thickness (Figure 5c).
In all the models, layer-4, lying >300 m below the surface, is taken to be homogeneous in hydraulic
conductivity with Kh/Kz anisotropy of 104.
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Fig. 6. Alternating hydrogeological representations of the aquifer (to 300 m bgl) in terms of hydraulic
conductivity (right colour bar, m/s). Left panel represents study area in 3-D and shows sample area, which
is used for depiction of different representations.
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4.3

Model outcomes and comparison

The objective of the current research requires evaluation of the large-scale regional models (with grid
volume no less than 1000×1000×10 m3) against limited head data and independently-derived estimates of
groundwater age, both measured at point locations (with screen volume ~0.03 m3), to enable ranking of the
models according to their performance. Because of the large discrepancies between simulation and field
data representation, a large range of error was allowed in the model performance analysis. We rationalise
this further in Discussion section.

Fig. 7. Comparison of spatial patterns of observed and simulated hydraulic heads: (a) Elevation of
groundwater table (GWE) (BADC measurement depth between 30 and-90 mbgl) in reference to MSL
calculated for the model area based on water-table configuration, and SRTM elevation (EROS 2002). A
water-table depression in the central part of the model area can be observed. Sample location for 14C used
for location reference. Simulated head fields: (b) Model representation W1 (single layer homogeneous
anisotropic aquifer), (c) Model representation W2 (single layer heterogeneous anisotropic aquifer), (d)
Model representation W5 (4-layer heterogeneous anisotropic aquifer).
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4.3.1

Head

Hydraulic heads are conventionally used for groundwater model calibration (e. g., Freeze and Cherry, 1979;
Kresic, 2007). Head data over the study area is largely restricted to measurements by the Bangladesh Water
Development Board (BWDB) at shallow depths (median depth <30 m), and the Bangladesh Agricultural
Development Corporation (BADC) has a limited number of wells to monitor groundwater head at the depths
of irrigation abstraction, 30 to 90 mbgl, still in the shallower part of the aquifer system (BADC, 2004). All
the models adequately reproduce the spatial pattern of shallow head distribution (Figure 7). The W1
homogeneous aquifer reproduction of shallow heads is uniformly low, but no further differentiation of the
model performances was made on the basis of head, given that the main interest is in flow to the deeper
levels of the aquifer, where head data is not available. Instead, groundwater travel times have been used as
the primary basis for judgement of model performance, by comparison against independently-derived
groundwater ages from the aquifer to depths up to 336 m.
4.3.2

Travel time versus groundwater ages

It is known that a groundwater model may be acceptable by reference to heads but inadequate by reference
to travel times and flow paths (e.g., Harrar et al., 2003; Troldborg et al., 2007; Zyvoloski et al., 2003). All
the models, W1-W5, were used here to calculate travel time from points of recharge to 19 grid-blocks within
the model domain (of which four are <100 m deep), corresponding to locations of available 14C groundwater
age determinations.
A Pearson correlation analysis has been carried out to establish the extent of a linear relationship between
the groundwater age and the modelled travel-times. All the models give a significant correlation, r ≥0.5
(Figures 8, 9), except W3 (the 4-layer, anisotropic and heterogeneous aquifer with a correlation length,
li=100 m applied to each layer) for which r is 0.32. Model representation W5 (the 4-layer anisotropic and
heterogeneous aquifer, with correlation length, li=100 m (upper layer), 500 m (middle layer) and 1000 m
(lower layer) respectively) gives the best correlation between groundwater age and modelled travel time
(r=0.66, p<0.05), followed by model representation W2 (the single layer anisotropic and spatially
heterogeneous aquifer) for which r=0.61, p<0.05.
In all model representations, the best-fit line was also compared with the 1:1 line. It is seen that model
representations W1 (the single layer anisotropic and homogeneous aquifer) and W2 (the single layer
anisotropic and heterogeneous aquifer) have good agreement on this basis (slope, m>0.9), and are parallel
to but non-coincident with the 1:1 line.
For all model representations the 19 groundwater age determinations were divided by the respective model
estimated travel time and the median values of the age/model ratios were identified as an indicator of overall
accuracy (Figure 8). A median value close to or equal to unity is expected. A median value greater than
unity indicates a general under-estimation of travel time, while a value less than unity represents a general
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over-estimation. By this method it is apparent that model representations with higher values of anisotropy
(W1) over-estimate the travel time, while representations incorporating extreme heterogeneity with
spatially varied anisotropy (W4) under-estimate the travel-time.

Fig. 8. Summary of comparison of groundwater age and travel time simulated by different model
representations: a) Correlation between groundwater age and travel time, b) Median value of (groundwater
age /travel time), c) Number of travel time equal to groundwater age. Cartoons of hydraulic conductivity
fields are illustrated for easy visualisation.
A close look at the individual results, however, reveals that the models do not reproduce individual 14C ages
correctly. The plots of groundwater ages vs. the simulated travel-time show a great amount of scatter about
the 1:1 line (Figure 9). Discrepancies can be compounded by the fact that travel-time to a point in space is
an integration of the entire upstream velocity field, so that errors in calculated velocities can accumulate
along a modelled flow path (Sanford et al., 2004). Comparisons have, however been made according to
which model representation gives the greatest number of travel-time estimates within ± 25% of the
groundwater age determination. This large range was allowed as a compensation of the effects of the
aforesaid errors, and other considerations considered in the Discussion below. For this analysis a value of
100 years has been assigned to the ‘modern’ groundwater (in terms of 14C activity). It is found that model
representation W5 (vertically and spatially heterogeneous, anisotropic aquifer) successfully simulates travel
times most frequently (Figure 8).
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Fig. 9. Scatter plot of groundwater age vs travel time. In the graphs best fit lines and 1:1 lines are shown.
Note the ±25% error bar in the travel-time axis. There are some travel times in some representations greater
than 30 ka and they are not shown on the graph but are included in the analysis.
5
5.1

Discussion
Hydrostratigraphy and representation of heterogeneity

Analysis of the lithological framework of the aquifer (Figure 4) indicates that there is no regional separation
by low-permeability material between a shallower and a deeper part of the aquifer, a similar observation to
that recorded for the western part of the basin in West Bengal, India (Mukherjee et al., 2007b) by which the
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aquifer was classified as a single interconnected aquifer system trending to a multi-aquifer in the coastal
areas. This concept was also supported by Burgess et al. (2010) at the basin scale. The hydraulic anisotropy
due to the ubiquitous presence of interleaved low-permeability layers (i.e., finer hydrofacies) can lead to
separate flow systems of a hierarchical nature (Hoque et al., 2017), by which deep groundwater is a part of
the regional flow system (Burgess et al., 2010; Hoque et al., 2017; Khan et al., 2019; Michael and Voss,
2009b; Sikdar et al., 2018) separated from the shallow groundwater circulation. The distinctions drawn in
vertical profile between hydraulic head (Khan et al., 2016; Ravenscroft et al., 2018; Zheng et al., 2005),
groundwater age (Hoque and Burgess, 2012) and groundwater chemistry (Halim et al., 2010; Hoque and
Burgess, 2012; Mukherjee et al., 2007a; Ravenscroft et al., 2018) may be the result of these distinct flow
systems.
The entire sequence overlying the UMS is made of fluvio-deltaic sediments, deposited in channel-interfluve
settings (McArthur et al., 2008) and with associated heterogeneity. The topography on the UMS surface is
a result of geological folding in the region leading to change in depositional environment. In such a setting,
deposits are characterised by channel-fill sands and floodplain deposits leading to curvilinear stacked sand
bodies (i.e., channel-fill sands) which extend all the way to the surface in some areas. Equivalent channelfill sands were previously documented on seismic sections at greater depths between ca. 800 and 2000 m
(Alam et al., 2003; Lindsay et al., 1991). The position of the sand-dominant channel-fill features changes
over the depth slices, e.g., N-S palaeo-channels apparent in the 200-300 m interval change orientation to EW at shallower levels, possibly indicating a response to eustatic changes over the Quaternary (Figure SI6).
In some areas, stacking of channel sands produces a direct connection between shallower and deeper levels
of the aquifer system. At the Holocene high–stand, fine deposits overlie incised channel-fill sand deposits
of the previous low stand because during the Holocene, channel migration, avulsion and crevasse splay
continuously modified the inter-channel floodplain environment (Goodbred et al., 2003).
Hydraulically, sedimentary strata are conventionally grouped into multiple layers and designated as aquifers
or aquitards according to their hydraulic conductivity (Freeze and Cherry, 1979), and a generalised
numerical conversion may be applied for modelling purposes to achieve the effective hydraulic
representation. However, in a fluvial-deltaic terrain such as in the Bengal Basin, heterogeneity and spatial
discontinuity of the layers complicate the procedure. In this case, the hydraulic conductivity of a depth slice
can vary spatially over several orders of magnitude, so heterogeneity is a major control on the bulk aquifer
‘effective’ properties on a regional scale. The major problem in modelling groundwater flow in this
heterogeneous system is the scale of characterisation of the low-permeability layers as their number,
frequency and arrangement control the hydraulic circulation (e.g., as shallow and deep flow systems); the
strength of this circulation is unknown but is vulnerable to disruption by pumping as the physical barrier
between the flow systems is not continuous (Hoque et al., 2017). Hydraulic short-circuiting could
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potentially lead to invasion of arsenic or other pollutants from the shallow flow systems to the deeper.
Improved understanding and characterisation of the silt-clay layers will strengthen assessment of the
sustainable pumping regimes.

Fig. 10. Flow-paths tracked backward from the grid-location marked on the left figure at 210 to 250 m
depth for the best model representations W2 and W5. Colour bar indicates the travel-time in years.
5.2

Groundwater age and travel time

The comparison of modelled groundwater travel time and groundwater ages based on 14C dating highlighted
significant differences in the performance of the different aquifer representations (Figures 8 and 9). Factors
that could contribute to discrepancy between the simulated travel-times and groundwater age
determinations may include:
• Groundwater ages were determined for samples collected from a tube-well with screened volume 0.03
m3, while simulated travel time is the mean-travel time of no less than a 1.00E7 (1000×1000×10) m3
model grid volume. Groundwater age in an alluvial aquifer is found to vary over the length of a well
screen (Sanford et al., 2004; Weissmann et al., 2002), however studies on the travel-time variation on
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the scale of a model grid are rare. Sanford and Buapeng (1996) discussed the importance of model
discretisation to include individual sand and clay layers for capturing travel-time variability, though this
is not possible in complex alluvial aquifers and in a sub-regional model
• Although δl3C data were used by Hoque and Burgess (2012) in a simple correction of the 14C ages,
alternative corrections could give age variations of a few to several thousand years (Plummer et al.,
1994). Another potential source of error is the loss of 14C along the flow path by diffusion into clay
layers, which may lead to a significant over-estimation of groundwater age in a multi-layered alluvial
aquifer (Sanford, 1997; Sanford and Buapeng, 1996).
• Ages of groundwater at depth in the study area, which range between 3,000 and 8,000 years, indicate
that these would have been affected by changes in the flow regime over this time. In this study sea-level
is considered constant at its present day level throughout, but it has mostly been above the current level
in the recent past. A detailed paleo-flow simulation would be required to capture the effect of sea-level
changes. It has however been shown that sea-level-induced gradient changes affect deep flow much less
than shallow flow systems due to delay in readjustment determined by the effective aquifer diffusivity
(see Tóth, 1995; 2009).
Such uncertainties contribute to concerns in calibrating groundwater models, or comparing them, against
groundwater age. However, keeping in mind these difficulties, we support the view suggested by Poeter
and Anderson (2005) that a range of equally plausible models are needed to evaluate certain management
strategies , and comparison with groundwater age can provide a useful framework against which to judge
the performance of different aquifer representations.
5.3

Parsimonious representation

The performance of each model representation W1-W5 against the criteria for groundwater age and travel
time is illustrated in (Figures 8 and 9). W5, the layered aquifer representation with variable correlation
length, returns the greatest number (n=8) of groundwater ages as travel times within the ±25% acceptance
level, with a median of the groundwater age to travel time ratio close to 1. W2 also consistently outperforms the homogeneous representation W1 in reproduction of groundwater ages. Representation W2 is
based on lithological analysis specifically from the study region, whereas representations W3-W5
incorporate vertical heterogeneity experimentally, applying values for the characteristic length parameter
drawn from the range in literature analogues. Therefore W3-W5 carry less significance than W2 in their
comparison with W1. These findings taken together emphasise heterogeneity as a critical feature in
consideration of flow path details in groundwater models, and specifically for models addressing
contaminant transport in the Bengal Basin. Spatial heterogeneity is clearly advantageous over a
homogeneous representation, and vertical heterogeneity appears capable of providing additional
improvement. A higher density of data is required to calculate effective hydraulic conductivity
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values for smaller measurement volumes (Schulze-Makuch et al., 1999). Groundwater flow, in
reality, responds to individual silt-clay layers. In the case of multi-layer representations, W3 – W5,
a higher density of lithological data may enable improved parameterisation in comparison to the
single-layer representation W2. In the present case however, spatial heterogeneity within a single
layer aquifer system in which vertical lithological variation is incorporated as Kh/Kv anisotropy
is identified as the most parsimonious representation (e.g., Voss, 2011). A homogeneous isotropic
representation is insufficient to return observed heads successfully, and incorporation of
heterogeneities in a more complex manner than in W2 is not justified by the model performances.
5.4

Groundwater source provenance and transboundary nature

The balance of recharge origin, from local to distant, varies between the different aquifer representations
(Figures 10 and SI7, S1.1), yet all the models indicate that shallow (<100 m deep) groundwater is
dominantly derived from local recharge and a local origin of deep groundwater occurs when the surface
topography and the model structure allows (W5 in Figures 10 and W3 in SI7).
For the model representations W2, and W5, the more successful representations with respect to groundwater
age simulation, flow-paths from many points between 210 to 250 m depths in a high resolution grid were
simulated back towards their recharge location. Both models show water at depth coming predominantly
from hilly areas along the eastern margin of the basin, in Indian Territory (Figure 10). Management of the
deep groundwater in this transboundary context provides additional challenges (Eckstein, 2011).
5.5

Future groundwater development and resource security

The high lithological variability of the BAS makes direct representation of heterogeneities in the models
impossible, therefore representation of the effective hydraulic properties by upscaling is necessary (Michael
and Voss, 2009b). The multi-model approach presented here can be applied to selecting the most effective
and parsimonious approach to incorporating aquifer heterogeneity, for applications relating to groundwater
development. For this purpose the models could be calibrated explicitly with respect to

C dates, and
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improved by consideration of additional groundwater age determinations. However, preferential flow and
optimising a fully calibrated model was beyond the scope of the study. An alternative approach to represent
heterogeneity in the Bengal Basin using geostatistics (Khan et al., 2016; Michael and Khan, 2016)
successfully captures the effects of preferential vertical flow paths, of great significance in assessments of
vulnerability of the deep groundwater to contamination from shallow regions of the aquifer.
Note that the analysis presented here demonstrates that groundwater at depth in the study area has always,
under pre-development conditions, been recharged from the basin margin (Hoque et al., 2017); this is an
advantageous basis supporting the security of the deep groundwater resource. There are some locations in
the south of the study area where groundwater at depth is simulated as originating in part from a shallower
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depth in the local area. This finding may be an error associated with poor representation of the geology due
to a low density of data, but the possibility remains that locally-induced recharge might transport arsenic
and/or salinity from the shallow depth and ultimately compromise the security of deep groundwater
abstraction at these points.
There is a need for monitoring of deep groundwater abstractions. Precursors of arsenic breakthrough to
deep wells can be expected, for instance salinity where this occurs at an intermediate depth. Salinity would
be expected to precede arsenic for two reasons, its intermediate depth of origin and its greater mobility in
comparison to arsenic, for which retardation by sorption might be substantial (Radloff et al., 2011). Note
that salinity is only patchily present, at intermediate depth, in the study area (Hoque et al., 2003), and is
also present as isolated pockets in deeper parts (BWDB, 2005; Zahid et al., 2018). Therefore, the
mobilisation of salinity from low permeability zones at depth in the aquifer may complicate its use as a
monitoring precursor. Monitoring of Cl/Br ratios (Hoque et al., 2014b; McArthur et al., 2012) and
tritium/CFCs (Lapworth et al., 2018) on a decadal scale may also be indicative of a contribution to deep
groundwater abstraction from shallow regions of the flow system.
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