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ARTICLE INFO ABSTRACT
Keywords: Study region: Patna is located on the southern bank of the River Ganges in Bihar, India. Rapid
Groundwater population growth over the past few decades has driven an increase in groundwater abstraction
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from aquifers under the city.

Study focus: This study exeplores the pumping-induced water exchange between the River Ganges
and groundwater under transient conditions between 2009 and 2015, using a numerical simu-
lation. The deterministic water exchange model within an uncertainty quantification was used to
reveal the controlling factors affecting river water infiltration.

New hydrological insights for the region: Modelling reveals that under baseline (eno pumping)
conditions, the dominant (~ 91% of the year) flow direction is from the aquifer to the river,
which reverses (~ 9% of the year) when the river stage is high. When a municipal pumping well is
implemented, river water infiltration into the aquifer increases to 68% of the year. The
groundwater pumping rate is found to be the most important factor affecting the river water
infiltration, whilst the groundwater table level is most sensitive to the well distance from the
river, followed by pumping rate. Optimizing the location, depth and pumping rate of new wells in
the area could mitigate fluvial contamination of the aquifer and help maintain groundwater
levels.
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1. Introduction

Climate change and population growth are causing an increasing reliance on groundwater across the globe. Groundwater is often
assumed to be less susceptible to contamination from surface-derived contamination including pathogens and anthropogenic con-
taminants, although the potential risks associated with geogenic groundwater contaminants are often significant, like the dangerous
concentrations of geogenic arsenic in groundwater because of changes of redox conditions etc. (Charlet and Polya, 2006; Ravenscroft
et al., 2009; Richards et al., 2021, 2022; Smedley and Kinniburgh, 2002). The Ganges alluvial plain in India has a rapidly increasing
population and a growing dependence on groundwater (Chatterjee et al., 2020; Duttagupta et al., 2020; Kumar et al., 2017; Saha et al.,
2011). Increasing abstraction for agriculture and municipal water supplies can lower the groundwater level, which potentially changes
geochemical conditions in the aquifer and the nature and extent of water exchange with the Ganges River (Brikowski et al., 2014; Das
et al., 2021a, 2021b; de Graaf et al., 2019; Mukherjee et al., 2018). Beside the importance of managing geogenic contaminant risks
related to intensive groundwater abstraction from interacting groundwater-river aquifers like the one at Patna, there is also an
increased potential for groundwater contamination from anthropogenic contaminant sources in surface water through
groundwater-surface water interactions, leading to groundwater quality deterioration (Duttagupta et al., 2020; Joekar-Niasar and
Ataie-Ashtiani, 2009; Richards et al., 2021, 2022). Much research exists on flow of surface water to groundwater in response to
municipal-scale groundwater abstraction (Goldschneider et al., 2007; Hubbs, 2006; Ray et al., 2003; Rosenberry and Healy, 2012;
Schubert, 2006; Ulrich et al., 2015; Zhang et al., 2011), however, there is a lack of and need for this type of work in the context of the
major river basins in the Indian subcontinent (van Geen et al., 2013; Wu et al., 2018; Das et al., 2021a, 2021b, 2018). Especially the
groundwater table change, and the induced water exchange will affect the arsenic releasement in the aquifer, which is a major concern
for the safe drinking water supply in Patna area (Richards et al., 2021, 2022).

The interactions between groundwater and rivers are of great importance in many growing cites in India that are situated on major
rivers, e.g., Delhi, Kanpur, Varanasi and Patna, amongst others (Sandhu et al., 2011; Duttagupta et al., 2020). In such areas, most of the
year the dominant groundwater flow direction is towards the river, contributing to baseflow. However, the dominant flow direction
frequently reverses during the monsoon season when river water infiltrates into aquifers due to a higher river stage relative to hy-
draulic heads in adjacent groundwater systems (Chatterjee et al., 2020; Das et al., 2021a, 2021b; Shamsudduha et al., 2011).

Water exchange between river and groundwater is of key interest for understanding the potential implications of pumping on
surface water infiltration and associated impacts on groundwater quality. Hydraulic head gradients along the river-alluvium boundary
drive the exchange between river and groundwater (Boano et al., 2010, 2014, Cardenas, 2009a,b; Gomez-Velez et al., 2012;
Gomez-Velez and Harvey, 2014; Jasechko et al., 2021; Kiel and Cardenas, 2014; Krause et al., 2011; Magliozzi et al., 2018; Munz et al.,
2011; Song et al., 2020; Wu et al., 2018). As surface water infiltrates the groundwater system, it interacts with minerals and microbes
of the ambient sediment. This can cause changes to the redox conditions, dissolution/precipitation processes and other biogeochemical
reactions, leading to changes in both water chemistry and biological activity in the aquifer (Battin et al., 2008; Boano et al., 2010,
2014; Gomez-Velez and Harvey, 2014; Johannesson et al., 2019; Mulholland et al., 2008; Saunders et al., 2005; Wallis et al., 2020).
Some of this infiltrated water may eventually return to the river, particularly in non-monsoonal seasons when the directions of hy-
draulic head gradients in the aquifer tend to reverse (Wroblicky et al., 1998).

Quantifying the extent of groundwater-river water exchange and residence time is very important for understanding how
groundwater quality and quantity may change along dominant groundwater flow paths (Ascott et al., 2021; Boano et al., 2014;
Goldschneider et al., 2007; Hubbs, 2006; Kiel and Cardenas, 2014; Krause et al., 2011; Mehmood et al., 2022; Ray et al., 2003;
Rosenberry and Healy, 2012; Schubert, 2006; Song et al., 2020; Trauth et al., 2018; Ulrich et al., 2015). The water flow between a river
and the aquifer is a dynamic process not only because of changing river levels and potentially changing groundwater levels, but also
potentially changing groundwater abstraction and pumping regimes (Chow et al., 2020; Rizzo et al., 2020; Song et al., 2020). The
residence times for river water entering the aquifer can span a broad range, from days to decades (Boano et al., 2014; Song et al., 2020;
Worman et al., 2007). There are many factors controlling the water exchange and the distribution of infiltrated water, including the
depth to the groundwater table and the irregular planform morphology of the river (Wroblicky et al., 1998), the sinuosity of the
planform (Cardenas, 2009b), management of surface water flow using barrages built across the river (Lapworth et al., 2021), spatial
patterns of permeability in riverbed sediments (Boano et al., 2007; Cardenas et al., 2004; Chow et al., 2020; Jasechko et al., 2021;
Marion et al., 2008; Mehmood et al., 2022; Salehin et al., 2004; Sawyer and Cardenas, 2009; Stonedahl et al., 2018; Vaux, 1968) and
temporal evolution driven by a single-peak discharge event (Ascott et al., 2016; Singh et al., 2020; Wu et al., 2018, 2020). However,
some of these studies have not considered the influence of groundwater abstraction by pumping on these interactions. Some studies
considered this effect, but the groundwater abstraction is generally treated simplistically as a sink/source term in the system causing
water drawdown in the dry season for irrigation or municipal purposes (Boano et al., 2014; Zhang et al., 2011, 2017).

Numerical models have been applied successfully across different spatial and temporal scales to quantify lateral exchange fluxes
between groundwater and rivers (Cardenas, 2009a,b; Kiel and Cardenas, 2014; Mehmood et al., 2022; Munz et al., 2011; Rosenberry
and Healy, 2012; Sawyer and Cardenas, 2009; Su et al., 2007). Chow et al. (2020) developed a highly-parameterized model to evaluate
the trade-offs between intrinsic and epistemic model errors when choosing between homogeneous and highly complex subsurface
parameter structures to simulate hyporheic exchange in the Steinlach River test site in Germany. Numerical models have been shown
to be a fast and efficient way to quantify the uncertainty of controlling factors for water exchange in complex regimes (Boano et al.,
2007, 2010, 2013, 2017; Marzadri et al., 2016; Mehmood et al., 2022; Song et al., 2020; Trauth and Fleckenstein, 2017; Ward et al.,
2017; Wu et al., 2018).

Here, we develop a 2D numerical model for quantifying River Ganges - groundwater interactions in the growing city of Patna, Bihar
(India). Observations made along a river-groundwater transect in the study area enable a detailed assessment of the impacts of rapidly
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growing urban water demand on river-groundwater interactions to be made. The focus of our study is to determine to what extent
groundwater pumping, from modelled municipal drinking water supply boreholes, can impact river-groundwater interactions. After
calibrating the model with data from CGWB (2015) and evaluating the model with the available groundwater level observations, we
consider several plausible scenarios of groundwater abstraction regimes under transient conditions (for both river water level and
rainfall in the region) to: (1) quantify the extent of expected water exchange between the River Ganges and groundwater under
transient conditions, (2) estimate the spatial distribution and residence time of river water infiltration in the shallow aquifers un-
derlying Patna; (3) characterize the impact of monsoon on the water exchange; and (4) identify the critical factors influencing the
river-groundwater exchange due to pumping with a global sensitivity analysis. The findings of this study can contribute to baseline
understanding to potentially inform groundwater management practice in Patna and other similar rapidly expanding urban areas,
where the groundwater quality may be deteriorated by surface water sources through natural or anthropogenic groundwater-surface
water interactions (Duttagupta et al., 2020; Joekar-Niasar and Ataie-Ashtiani, 2009; Richards et al., 2021).

2. Methodology
2.1. Case study

Patna is located on the southern bank of the River Ganges in Bihar, India (Fig. 1). Over the past three decades, there has been a
substantial growth of the urban population as well as an expansion of industrial/commercial activities with a concomitant increasing
demand for water, resulting in increased groundwater abstraction (Alakshendra, 2019; Saha et al., 2014). The area has a sub-tropical
to sub-humid climate with a monsoon season from June to September, which accounts ~ 82% of average annual rainfall (CGWB,
2015). July and August are the wettest months and in the past decade accounted for ~ 51% of mean annual rainfall (Saha et al., 2014).

The Middle Ganges Plain in Patna is underlain by two major Quaternary aquifers within a depth of 300 m below ground level,
separated by a 15— 32 m thick clay/sandy clay layer (Fig. 1) (Saha et al., 2014). A pervasive layer of clay mixed sand constitutes the top
aquitard of the succession. The presence of Kankar nodules (concretions of lime) and fine sand makes this clay layer semi-permeable.
Underneath and near the Ganges, this clay/sand clay layer consists of several thinner clay lens with sand. The Ganges is the
groundwater outflow boundary according to the local hydrogeological conditions (CGWB, 2015; Das, 2021a, 2021b), with the net flow
of groundwater from the south west to north east towards the Ganges in Patna (CGWB, 2015).
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Fig. 1. Study area (a, b) with false colour normalized difference vegetation index (NDVI) for land use (b). In the land use map (b), blue represents
water bodies, green - trees and crops, grey - urban buildings and brown - bare land cover. The USGS Landsat 8 OLI/TIRS surface reflectance data for
zone (140 042) in December 2019 is used to classify the land use type in the study area (https://earthexplorer.usgs.gov/). Inset figure (c) shows the
2D hydraulic conductivity (m/s) distribution, based on CGWB (2015), along the cross section (black line in the map). The red point close to the cross
section is where the observation data will be used for validation of the numerical base model.
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2.2. Hydrological parameterization

Subsurface layers were parameterized for the purposes of numerical modelling (the modelling framework is described in Section
2.3). The layer stratification and thickness were interpolated on the basis of previous geophysical logging reports (CGWB, 2015) in
some locations near a cross section running roughly perpendicular from the Ganges inland from Patna (Fig. 1b). Pumping test data of
CGWB wells (CGWB, 2015) indicate that the transmissivity of the aquifers ranges between ~ 4900 and 16000 m?/ day with a mean of
~ 8300 m?/day. The specific capacity of the wells ranges from ~ 56 — 100 m®/hr/m and the mean hydraulic conductivity (K) has been
reported ~ 87 m/day, corresponding to that of coarse sand and coarse sand mixed with gravel. Hydraulic conductivity data obtained
from pumping tests conducted by CGWB (2015) was utilized through interpolation. In terms of hydraulic conductivity anisotropy,
vertical hydraulic conductivity was assumed to be 10% of the horizontal hydraulic conductivity (CGWB, 2015). The hydraulic con-
ductivity of the top aquitard layer (thickness 28 — 60 m) has been estimated through grain size analysis (CGWB, 2015). The range of
hydraulic conductivity for this layer varies from 5 m/day to 20 m/day. The hydraulic conductivity of the first aquifer (Aquifer 1, lying
between 40 and 110 m) has been estimated to between ~ 60 and 120 m/day; and the hydraulic conductivity of the deeper aquifer
system (Aquifer 2, lying below ~ 120 —130 m depth) has been estimated to be between ~ 82 and 92 m/day (CGWB, 2015).
Groundwater in the deeper aquifer occurs under semi-confined to confined conditions due to the relatively poor hydraulic conductivity
of the middle clay between Aquifer 1 and Aquifer 2 (5 m/day). Below Aquifer 2 it is assumed to be impermeable (hydraulic con-
ductivity ~ 7.2 x10° - 4.7 x102 m/day) (CGWB, 2015).

The porosity of various major layers has been estimated using the equation given by Vukovic and Soro (1992):

d
n = 0.255(1 +0.837) )

where dgg is the 40% retained grain size and d;g is the 90% retained grain size. The calculated porosities are as follows: 0.01 for clay
layer, top 0.35 for aquitard layer (with range 0.34 — 0.37), 0.38 for the middle aquifer (Aquifer 1) (with range 0.36 —0.4), and 0.35 for
the deep aquifer (Aquifer 2) (with range 0.33 — 0.40) (CGWB, 2015). Porosity estimates could be improved in future models if direct
corresponding measurements were systematically made with depth across the modelled transect, however this data was not available
at this time of this study. The assumed structure of the subsurface may not capture local heterogeneity such as the existence of un-
known clay lenses or high permeable lenses, especially as the detailed 3D substructure of the modelled transect and wider study area is
not available (CGWB, 2015; Saha et al., 2014).

2.3. Modelling framework

A two-dimensional domain was established to represent the ~ 27 km cross section oriented approximately perpendicular to the
river along expected dominant groundwater flow paths (Fig. 1b). This cross section starts from the river and goes in the direction of
southwest. It passes through the east Patna urban area and crosses the south farming land until 27 km faraway from Ganges, in which
the river is the outflow boundary and the location around 27 km is near the local surface water divide based on the GIS data analysis. It
was selected because of the available geophysical survey profile, which was nearby and parallel to this cross section (CGWB, 2015). It is
also because that groundwater geochemical measurement was performed in several locations at this cross section, along which the
current work findings will be used for next step geogenic contamination numerical simulation (Richards et al., 2021). We used this
cross section to estimate the extent of groundwater-river water exchange under natural transient conditions (e.g., as influenced by
seasonally variable river water levels and precipitation). The 27-km-longcross section is 250 m deep and 50 m wide, which covers the
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Fig. 2. Average monthly (blue line) and daily (green points) precipitation in Patna (left Y-axis) (Worldweatheronline, 2021) and Ganges River water
level near Patna (Coss et al., 2020) (right Y-axis) from January 2009 to December 2014.
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effect radius of the pumping wells. It was discretized into 4988 grid cells with variable horizontal discretization length ranging from
0.625 m (near the river) to 1000 m (in the south boundary) and variable vertical discretization length ranging from 0.625 m near the
surface to 10 m at the bottom depths. In total there are 172 columns and 29 layers for the discretization.

The River package in Modflow 6 (Hughes et al., 2017) is used for the Gangetic model. The conductance of the river boundary is
1000 m?/day assuming that the hydraulic conductivity of the riverbed is 0.1 m/day, with a thickness of 0.5 m. To establish boundary
conditions for the river, a time series of Ganges water level data was provided by NASA, viz. Pre SWOT Hydrology GRRATS Virtual
Station River Heights (Coss et al., 2020). The rainfall is the major water source term in the area. Average precipitation values for Patna
for the January 2009 to December 2014 period were used to establish the groundwater flow model as this represents a recent
continuous record (Worldweatheronline, 2021) (Fig. 2). The ground surface elevation analysis also shows that the surface water runoff
accumulates and flows mostly in direction to east and into the downstream of Ganges in Patna (https://earthexplorer.usgs.gov/), only
the surface runoff in a small area at north-west part of Patna will flows directly to the Ganges at Patna. The rainfall infiltration ratio was
calibrated to fit the groundwater head distribution map of Patna (CGWB, 2015). Both of the rainfall rate and infiltration rate were
assumed to be universal along the cross section.

The Processing Modflow platform (Chiang and Kinzelbach, 2003) was used to simulate water flow through Modflow (Hughes et al.,
2017) and conservative tracer transport in the aquifer through MT3D (Bedekar et al., 2016), and exchange with river water. A transient
model was set up for 6 years using existing rainfall and river level data. This 6-year time period was restricted by availability of river
water level data (Coss et al., 2020). We also ran a steady state model for the initial groundwater distribution. Conservative tracers were
virtually added in the river to track water exchange between the river and aquifer, using a molecular diffusion coefficient of
8.64 x 10 m?%/day and a horizontal dispersivity of 5 mm, based on the reported aquifer grain size distribution (CGWB, 2015). The
ratio between tracer concentration in the pumping well and initial concentration in the river (C/Cy = 0.1 and 0.01 respectively) were
used to identify the modelled proportion of river source water in the pumped water.

The transient model without introducing pumping schemes was performed as an initial base run to determine the extent of
groundwater-surface water exchange, including the effect of the annual monsoon. This base model was validated with the groundwater
table data observed at Kankerbagh, Patna. Two models considering the impact of pumping scenarios for municipal (typically targeting
deeper groundwater from Aquifer 2 with depth > 100 m) and agricultural purposes (typically targeting shallow groundwater in
aquitard with depth < 50 m) were then run. In the first scenario, a new planned municipal purpose pumping well is located 1 km from
the river with a depth of 175 m (in Aquifer 2), and a high pumping rate of 2000 m3/day (the pumping rate of the municipal purpose
well in Patna is between 1875 and 2500 m3/day) (CGWG, 2015). In the second scenario, a new planned irrigation purpose pumping
well is located 1 km from the river with a depth of 45 m (in aquitard) and a pumping rate of 1000 m>/day. Together with the base
simulation, the changes in residence time of water from the river were assessed. Two alternative models were run to estimate the effect
of multiple wells on river and aquifer water exchange. The pumping rates of two pumping wells were given as half of the rate of the
single well scenario. There was one well located also 1 km from the river, and another well located at 2 km and 0.5 km from the river in
the different two well scenarios, respectively. Finally, to investigate the sensitivity of well parameters affecting the water exchange
dynamics, we used the PSUADE (Problem Solving environment for Uncertainty Analysis and Design Exploration) code (Tong, 2017)
with the PMWIN to conduct the uncertainty quantification (UQ) analyses. PSUADE is a software package for various UQ activities, such
as uncertainty assessment, global sensitivity analysis, risk analysis, design optimization and parameter identification.

Three major factors were considered to simulate the effect of groundwater pumping on the water exchange between the aquifer and
river: pumping rate, well distance from the river and well depth. The daily pumping rate of the wells for drinking water supply in Patna
are typically between 1875 and 2500 m®/day (calculated using estimated pumping rates and daily hours of usage) (CGWB, 2015). The
following ranges were used for sensitivity analysis: 1800 — 2500 m®/day for pumping rates; 2 — 3000 m perpendicular distance from
the river for well locations; and 15 — 225 m for well depth. One pumping well was implemented for the sensitivity analysis given that
total pumping rate is a more influential parameter on water exchange in comparison to well location or number of wells. A Latin
hypercube method (Tong, 2017) was used to produce 200 simulations with these different factors randomly distributed within the
ranges indicated above. The sensitivity of infiltrated river water extent area and the groundwater drawdown to the 3 factors were
assessed. In order to prevent the observation point from being close to the well in one model and far from the well in the other model,
the water drawdown at 25 km, which is far from the pumping well in all models, was selected for the final sensitivity analysis.

To determine the modelled destination and the travel times of the infiltrated river water, individual conservative particles, which
will transport together with water, were considered. Particles were released virtually into the river. They were traced on their way into
the aquifer, when the river water level was relatively high, and then out of the aquifer, when the hydraulic head in the aquifer was
relatively higher than that of the river. The pathway of a particle was observed with time from a starting point.

Particle transport velocities were described as & = v(x(t) ), with the position of the particle x(t) at a specific time t given by the
equation:

(1) = x0+ /0 (@) )dE @

where X is the initial position of the particle and v(x(t)) is the seepage velocity at a particular location x(t).
The seepage velocity was used to determine the travel time, 7 of a particle. This was integrated (Eq. 3) over the travel path of a
particle, beginning at its starting point x, and ending at an observation point x:
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A Matlab code was developed to simulate the particle tracking process. The seepage velocity was updated every time step based on
the time-dependent hydraulic head distribution.

7(x) = 3)

3. Results and discussion
3.1. Model validation

For the base scenario model, the rainfall infiltration ratio was calibrated with the groundwater hydraulic head distribution data in
CGWB (2015). Therefore, the initial hydraulic head distribution is consistent to those reported in CGWB (2015). CGWB (2015) re-
ported also water table depth observation data collected monthly from November of 2011 to June of 2014 in Patna area, in which the
well in Kankerbagh (around 3 km from the river) is 500 m away from the modelled cross section (Fig. 1b). We used these data for the
model validation (Fig. 3) and the comparison show that the results of basic scenario model match the seasonal variability in observed
groundwater levels.

The differences between the simulated and observed water table depth are in reasonable range (Fig. 3a). The mean error between
calculated and observed values is 0.03, and the root mean squared error is 0.85 (Fig. 3b). The numerical model captured the observed
water table depth evolution trend: it increases during pre-monsoon season, decreases after the onset of the monsoon and then increases
again in the post-monsoon season. The difference is relatively bigger at maxima and minima of the evolution curve (Fig. 3a); this is
likely because a uniform precipitation rate and rainfall infiltration rate were used along the whole cross section. The heterogeneity of
the aquifer’s physical properties is another possible reason for the smooth numerical evolution curve. A slow infiltration of rainfall at
the observation location will delay the groundwater table response to rainwater, whilst also reducing variability exhibited in the water
table evolution curve. Therefore, detailed measurements of the heterogeneous distribution of porosity would improve future simu-
lations. The variable precipitation rate and rainfall infiltration rate in different parts of the cross section, depending on in situ mea-
surement and observation data, would improve the delineation of the source term in the model. Seasonal tracer tests near the river
would help also in model validation and identifying target areas for more detailed modelling.

3.2. Surface water-groundwater interactions under transient conditions

Generally, the Ganges gains flow from groundwater in Patna (Fig. 4), because the alluvial plain has a higher piezometric head
compared to the river water level. The groundwater flows northward, from the south of Patna to the river (Fig. S1). When the monsoon
season starts, typically in July, precipitation increases, as well as the water level in the Ganges River. Near the river, the hydraulic head
in the aquifer responds to the river water quickly and has a similar temporal pattern to that of the river water level (Fig. 4 and Fig. S1).
The largest increases in hydraulic head in the river drive water flow from the river into the aquifer (Fig. S1 and the yellow-colored zone
in Fig. 4).

The numerical simulation shows that if river water infiltration occurs, this mostly happens in late July, August and early September,
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Fig. 3. Depth to water level comparison between simulation results at location 3 km from the river and observation data (monthly data from
November of 2011 to June of 2014) at Kankerbagh, Patna (500 m away from the cross section and 3 km from the river): (a) depth to water table
evolution from 2011 to 2014; (b) simulated depth to water table versus observation data (CGWB, 2015).
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depending on the annually-dependent onset of the monsoon period and river water level (Fig. 4). During the monsoonal period, the
groundwater hydraulic head in the aquifer increases near the river and the location of the minimum head values moves to 2 - 5 km
away from the river, extending to the south side of the urban area of Patna city. In late September, even though the river water level is
still high, the accumulation of rainwater since June causes the accumulated hydraulic head in the south zone to become higher, so the
direction of groundwater flow changes back to from south to north (i.e., towards the river) again in September (see Fig. S1). On
average, the Ganges River becomes a source term for the groundwater just 9% of the year (around 33 days with range 0 — 68 days) for
the selected cross section.

For the simulation period from 2009 to 2014, when the river water levels in 2010 and 2013 were still higher in August and
September because of the relative high rainfall in the upstream region of Ganges, the rainfall in Patna were lower, so the river water
moved into the aquifer for longer periods in those years (Fig. 2 and Fig. 4). For example, there were ~ 68 days in 2013 with river water
infiltration, starting relatively early at the beginning of July. However, in 2009, the river water level was relatively low, and the
rainfall was higher than average; in this year there was no river water movement into the aquifer. The river water level in 2011 was
relatively high, but the precipitation in 2011 at Patna was the highest in 6 years. since most of the surface water runoff at Patna region
goes to the east direction and it flows finally to the downstream of Ganges, so the local rainfall would result in greater recharge to
groundwater, but less amount direct to the Ganges in the north of Patna. Then, comparing with other year, the river infiltration time
was short (~ 28 days starting mid-July) and the rate is lower compared to that in years of 2010 and 2013. The effect of high and
prolonged precipitation in 2011, causing river infiltration in 2012 to have a very short duration (~ 22 days, starting at the beginning of
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Fig. 5. Modelled spread of a conservative tracer plume, defined based on two threshold values: C/Cy > 0.01 (a), C/Cq > 0.1 (b). The black solid line
shows the plume maximum distance from river, and green dash line shows the maximum depth of the plume.



C. Lu et al. Journal of Hydrology: Regional Studies 42 (2022) 101133

August) and a lower rate of flow. In 2014, both the water level and rainfall in monsoon are low, the river water infiltration started on
middle of August and only lasted ~ 19 days (Fig. 4).

The CGWB (2015) reports have shown that the groundwater table reached a minimum before the monsoon in 2014 due to low
precipitation and continuing groundwater abstraction, especially in urban areas, which may cause river water inflow in some part of
Patna, noting the river water level is also relatively low pre-monsoon (CGWB, 2015). Das et al. (2021a) showed that contribution of
groundwater in Ganges baseflow is estimated to be the highest during dry season whereas during monsoon the flow direction also
reverses in Varanasi.

River water and hence tracer infiltration varies considerably between years with the volumes particularly small in 2011, 2012 and
2014 (Fig. 5). There is a clear plume of the conservative tracer distributed in the shallow depth (< 75 m) for short time (~ 28, 22 and
18 days for 2011, 2012 and 2014 respectively). The plume of the tracer extends horizontally and vertically with time. The maximum
distance and maximum depth of tracer plume are larger when the infiltration rate of river water is highest (years 2010 and 2013 in
Fig. 5). The tracer plume reaches the maximum extent at the middle of September. Thereafter, because the water flux direction re-
verses, the infiltrated tracers are transported towards the river and the plume shrinks. When the flow from the river to aquifer is small
(2011, 2012 and 2014), the infiltrated tracer leaves the aquifer earlier and almost completely disappears at the end of the year. When
the flow of water from the river is high in the monsoon season, the tracer needs a longer time to transport out of the aquifer and some
tracer lasts until the following year (Fig. 5a with C/Cy > 0.01 in year 2013). The maximum residence time of the tracers in aquifer
varied between 1 and 7 months. A similar pattern of tracer transport is repeated every year with a different plume extent due to the
variation of rainfall and river water level. The maximum lateral extent of the plume is small, reaching 75 m in years with higher rates of
river water to aquifer flow, whilst the maximum modelled depth of the plume in the aquifer was 45 m (Fig. 5a with C/Cy > 0.01 in year
2013).

If the plume extent is instead estimated using the cut-off concentration C/Cy > 0.1, the modelled plume dissipates faster and moves
out of the aquifer around 1.5 — 3 months after the start of the monsoon (Fig. 5b and Fig. S2). As a result, the majority of tracer moves in
and out with the water exchange between river and aquifer, but there is still a small proportion of the tracer that remains in the aquifer
for a much longer time.

3.3. Effect of pumping on the river-aquifer water exchange

When there is a pumping well located 1 km from the river, it significantly effects the water exchange between the river and aquifer
(Fig. 6), the maximum flux rate towards river decreases around 80% for the scenario with municipal purpose well, and around 40% for
the scenario with irrigation purpose well. The decrease of flux rate towards river in scenario with municipal purpose well is around
double of that in scenario with irrigation purpose well. Pumping reduces the rate of groundwater transport to river, with higher
pumping rates, steeper decreases of water exchange rate and an earlier reversal of water exchange direction. In the scenario with
shallow irrigation purpose pumping well (lower pumping rate), the rate of groundwater flow to the river decreases, and the river water
infiltration occurs in the first year, which is not seen in the base simulation. The rate of river water infiltration increases compared to
base simulation. However, during most of the time in the year, the water exchange direction is still from aquifer into river. The river
water infiltration rate is around 1.5, 1.7, 3.4, 0.94 and 2.5 times of that of base model in year 2010, 2011, 2012, 2013 and 2014,
respectively. And on average, the time of river water infiltration increases to 23% of the year (around 84 days with range 62 —110
days). In the scenario with the municipal purpose well (higher pumping rate), the river water infiltration lasts for a much longer period
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Fig. 6. Comparison of water exchange between river and aquifer with different pumping scheme: base run (green line) without planned pumping
well, the run with the planned deep well (blue line, 1 km from the river, depth 175 m, pumping rate 2000 m>/day) and the run with the planned
shallow well (red line, 1 km from the river, depth 45 m, pumping rate 1000 m>/day).
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of time and at a higher rate (blue line in Fig. 6). The increment of river water infiltration rate, compared to the base model, is double of
that of scenario with irrigation purpose well. The river water infiltration continues for most of the year and there even was no apparent
groundwater flow towards the river in the last year. The time of river water infiltration increases to 68% of the year (around 253 days
with range 140 — 365 days). However, the evolution pattern of the river water plume is still affected by the transient conditions.

Since there is less groundwater flowing to the river in the scenario with municipal pumping well, there is more tracer continuing
into the aquifer, and the tracer plume expands in distance and depth (Figs. 7 and 8). After 6 years, the plume extends more than 500 m
from the river, reaches 180 m depth and reaches a state where the plume does not recede further. For the scenario with irrigation
pumping well, the maximum depth reaches to 110 m, which is caused by the vertical flow downward close to the river, but most of the
plume stays not beyond depth 60 m. This demonstrates that if a new pumping well is installed, the abstraction rate and location should
be selected carefully to avoid contamination from river water.

3.4. Transport time of water from the river to the aquifer

Fig. 9 shows the transport time of a particle to the maximum distance in the aquifer and the total transport time of the particle in the
aquifer for the base simulation and scenario with a shallow irrigation well. In the base run, there was no river water infiltration in
2009, and so there are no data shown. In 2010 and 2013, the river water infiltration lasted a longer time with relatively high rates
(Fig. 6), the particle transports for a longer time to the maximum distance (56 and 68 days for 2010 and 2013, respectively). The travel
times to the maximum distance are less than 1 month (28, 22 and 22 days) in 2011, 2012 and 2014, respectively. In the scenario with
the shallow irrigation well, in which the river water infiltration time is longer and the rate is higher (Fig. 6), the particle travels for a
much longer time. After more than 2 months, the particle reaches the maximum distance in each year (62, 68, 89 and 83 days in 2009,
2011, 2012 and 2014, respectively). In 2010 and 2013, the particle travels for more than 3 months to the maximum distance (95 and
110 days, respectively). When the flow direction of groundwater changes, the particle starts moving back towards the river. For the
base simulation, the particles travel for a shorter time leaving the aquifer because of the higher flow rates into the river (34, 21, 15, 42
and 14 days, respectively from 2010 to 2014). In terms of total travel time in the aquifer, the maximum particle residence times in the
aquifer are 90, 49, 37, 110 and 36 days, in 2010 — 2014, respectively.

In the scenario with the shallow irrigation well, in contrast, the particle starts moving back to the river relatively slowly because the
water flow rates are lower compared to those during the infiltration period in 2010 and 2013 (Fig. 6). Thereafter, the particle travel
time to leave the aquifer is much longer (109 and 248 days in 2010 and 2013, respectively), remaining in the aquifer through the year.
In 2009, 2011 and 2012, the flow rates to the river are still lower than those in the infiltration period, but the difference is not
substantial. It takes 52, 50 and 74 days for the particle to leave the aquifer. In 2013, the maximum residence time in the aquifer is about
one year (358 days). The particle transported into the aquifer in 2014 stayed in the aquifer until the end of the year (end of the
simulation), and so the total transport time is not shown here. Therefore, the pollutants carried by the river water plume will be
transported deeper and for a longer distance into the aquifer when a new pumping well is made operational. Additionally, the plume
will stay a longer time in the aquifer and may not ultimately be transported out of the aquifer (Figs. 7, 9 and Fig. S3).
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Fig. 7. Comparison of characteristics of a modelled conservative tracer plume (C/Co > 0.01) of the two pumping scenarios with the base simulation:
The plume covered area (a); the maximum plume extent from the river (b); the maximum depth of plume in aquifer (c). Green line represents the
base simulation (no well), blue line represents the scenario with a deep municipal pumping well (rate of 2000 m>/day; depth of 175 m) and the red
line represents the scenario with a shallow irrigation pumping well (rate of 1000 m®/day; depth of 45 m).
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Fig. 8. Modelled distribution and evolution of conservative tracers (C/Co > 0.1) at 2014. Top (a, b and c): base simulation (no well); middle (d, e
and f): simulation with a shallow well (rate of 1000 m3/day; depth of 45 m); bottom (g, h and i): simulation with a deep well (rate of 2000 m3/day;
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3.5. Effect of multiple pumping wells on the river-aquifer water exchange

The effects of multiple pumping wells on the river-aquifer water exchange and water drawdown were evaluated before a sensitivity
analysis based on the single pumping well was carried out. The scenario with deep municipal well was used for comparison. Well
locations at 0.5, 1 and 2 km were selected because these locations are close to the river and in the sub urban area, the groundwater
abstraction is needed. The comparison shows that, there are very small differences (< 0.4 m®/day/m) for the water exchange between
river and aquifer after the groundwater abstraction commences, but the three models have the similar water exchange rate after six
months (Fig. 10a). The comparison of hydraulic head indicates the differences are obvious when the water head is high during
monsoon season and low before the monsoon arrives (Fig. 10b). The total pumping rate of multiple pumping wells is important for the
water exchange between river and aquifer, whilst the effect of well location is insignificant. The well location does affect the
groundwater head distribution.

3.6. Sensitivity analysis

The results (the river infiltration flux area, and the water drawdown observation at location 25 km from the river) from the 200
successful realizations (Fig. 11) with different pumping rate and well location setups were used for a Sobol sensitivity analysis, a form
of global sensitivity analysis (Sobol, 2001), to then identify, using PSUADE, which parameters are most important (Fig. 12).

The pumping rate is the dominant factor controlling the extent of the conservative tracer plume (Figs. 11 and 12). When the
pumping rate is high, there is more water infiltration from the river, and this is widely dispersed into the aquifer (Fig. 11a). The flux
area of river infiltration shows a clear relationship with the pumping rate (except the wells very close to the river). The flux area
increases from around 2.8 x 10* m? to around 6 x 10* m? when the pumping rate increases from 1800 to 2400 m®/day, the area
doubles which the pumping rate increases only one third. However, the groundwater table change at ~ 25 km shows a relationship
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Fig. 9. Estimated travel time (days) of water from river in the aquifer (starts with the beginning of river water infiltration) for the basic simulation
(solid line) and the scenario with a shallow irrigation well (dashed line). Red lines indicate the transport time to the maximum distance from the
river, blue lines indicate the total transport time in the aquifer (i.e. the travel time between entering and leaving the aquifer). There is no river water
infiltration in 2009 for the basic simulation (Figs. 4, 5, 6, 7).
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Fig. 10. Comparison of modelled water exchange between the river and aquifer (Fig. 10a: the unit means m®/day along 1 m length of the river) and
hydraulic heads at location with depth 45 m and distance 3 km from the river (Fig. 10b) from 2009 to 2015 for different (with depth 175 m)
pumping well setups: 1 pumping well with pumping rate 2000 m®/day and 1 km from the river (blue solid line); 2 pumping wells both with
pumping rate 1000 m>/day, one is 1 km and another is 2 km from the river (red dash line); 2 pumping wells both with pumping rate 1000 m®/day,
one is 1 km and another is 0.5 km from the river (green dash line). Positive values indicate groundwater flow to the river, negative values indicate
water flow from the river into aquifer.

with the well distance from the river clearly, with the water table decreasing more when the well is far from the river (Fig. 11e). When
the well is located far away from the river in the southern part of the cross section, pumping will have a greater effect on the water table
as most of the abstracted water is derived from aquifer storage (contains no river source water anymore). Both the tracer plume and
ground water table show less sensitivity to the well depth, compared to the pumping rate and well distance from river (Figs. 11 and 12).
Only when the well is very close to the river does the flux area increase with the deeper well depth (Fig. 11c). If the well is located close
to the river, this will limit the spatial extent of river water incursion and spread because the pumping will induce flow from the river
towards the well (Fig. 11b).

The data for 2014 was analyzed to check the sensitivity of plume area and drawdown in pre- and post-monsoon to the different
factors. For the infiltrated tracer plume area, the pumping rate is always the dominant parameter for the whole year (Fig. 12a). The
Sobol sensitivity indices are slightly higher during the pre-monsoon (January to June). As there is less rainfall during the pre-monsoon,
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Fig. 11. Sensitivity analysis of modelled tracer plume area (a, b and c) and water drawdown at 25 km from river (d, e and f) as a function of
pumping rate (a, d), well distance to the river (b, e) and well depth (c, f) for August 31, 2014.

the increase of pumping rate will cause more river water infiltration, thus increasing the tracer plume area. Higher pumping rates for
municipal wells are commonly used in Patna to meet demands of increasing population and industrial usage. However, as the river
water infiltration and groundwater table are sensitive to pumping rates, potential implementation of new wells and/or increasing
pumping rates must be carefully considered, especially in pre-monsoon time. The plume area is relatively less sensitive to the pumping
rate in monsoon and post-monsoon seasons (July to December). In contrast, the well distance is a secondary dominant parameter for
plume area all the time, and the plume area is relatively more sensitive to the well distance in the monsoon and post-monsoon. The
plume area is not sensitive to the well depth, even in July when the rainfall is heavy (Fig. 12a).

Well distance is the dominant parameter for water drawdown at 25 km for the whole year, and pumping rate the second-most
dominant parameter (Fig. 12b). Water drawdown shows a similar sensitivity pattern in pre- and post-monsoon seasons.

Based on the 200 simulation results, triangulation-based cubic interpolation was used to interpolate more data points to analyze the
relationship between the controlling factors and water drawdown and tracer concentration in the test well. With this analysis, the
confidence level of well location and pumping rate characteristics can be estimated for water resource protection. When the pumping
rate is high and the well distance is far away from the river, the water drawdown (at 25 km) is relatively high (Fig. 13a, c and Fig. S4).
The drawdown shows a quasi-linear positive relationship with the pumping rate and the well distance from the river (Fig. 13a). This
indicates that the pumping rate and location of new planned wells must be limited and optimized for the purpose of water resource
protection. CGWB (2015) also showed that a modelled 12 m groundwater drawdown was reached in the highly urbanized part of Patna
for even just a 2% increase in annual groundwater withdraw. Therefore, the groundwater table is very sensitive to the rate of well
water abstraction as the precipitation is the major source term for the groundwater in Patna area.

When the pumping well is near to the river (< 500 m), there is a high possibility for the pumped water to contain water from the
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river (C/Cop up to a maximum of 0.8). For locations greater than 1 km distance from the river, there is almost no river source water in
the pumping well (C/Cy < 0.1; Fig. 13b, d and Fig. S5). Generally, the pumped water contains more water from the river when the well
depth is relatively shallow. The relative tracer concentration in the pumped water is less than 0.2 if the well depth is deeper than
200 m. However, it will be more than 0.5 if the depth is shallower than 150 m (when the well is located close to the river). The effect of
pumping rate on the portion of river source water in pumped water is not substantial for the range of pumping rates considered
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(Fig. 13d and Fig. S5). Therefore, the simulation results suggest that deep pumping wells at a distance greater than 1 km from the river
could supply water less impacted by river water, and hence of higher quality, although importantly only to the extent that is deter-
mined by the proportion of river water in the produced water. Other factors, including local pollutant sources and in-aquifer geogenic
biogeochemical contamination processes (Islam et al., 2004) might also affect the produced water quality.

4. Conclusions

For the majority of the year, groundwater under Patna flows from the aquifer into the River Ganges. River water starts infiltrating
into the aquifer when the monsoon season starts. On average, the Ganges River becomes a source term for the groundwater for just 9%
of the year (around 33 days with range 0 — 68 days) for the selected cross section. Installing new pumping water supply wells will result
in more river water being transported into the aquifer. With a new implemented municipal purpose pumping well (pumping rate
2000 m®/day), the time of river water infiltration increases to 68% of the year (around 253 days with range 140 — 365 days). A global
sensitivity analysis shows that well pumping rate is the dominant factor controlling river plume extent, and that distance of the
pumping well from the river is the second-most important factor. The horizontal location of well plays an important role for changes in
groundwater table at a given location. The sensitivity of water drawdown shows a near-linear positive relation with the pumping rate
and well distance from the river. Abstracted groundwater is expected to contain < 10% river water when wells are located > 1 km
from the river.

The results suggest that uncertainty quantification of aquifer-river water exchange under transient conditions with pumping water
should be conducted before installing municipal pumping wells or high pumping rate irrigation wells. The location of wells, their depth
and pumping rate should be optimized to protect groundwater levels and to prevent contaminants being transported from the river to
the abstracted groundwater.

In this study, we present a first-generation water exchange profile approach that can provide valuable input to models and related
risk-assessment studies, water resources management and the biogeochemical analysis in the aquifer. It provides a system of research
workflow for the assessment of water exchange trends between rivers and aquifers in other pumping impacted sites along Ganges. In
future, a three-dimensional aquifer model with heterogeneous aquifer parameters and multiple wells considering variable pump rates
and pump times may be necessary to provide more robust assessments of groundwater-river exchange along the Ganges.
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