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A B S T R A C T   

Managed Aquifer Recharge (MAR) has been applied as Aquifer Storage, Transfer, and Recovery (ASTR) to 
provide fresh drinking water for local communities at 99 locations in southwest Bangladesh since 2009. Aerobic 
freshwater from ponds is filtered and subsequently infiltrated into anaerobic shallow brackish aquifers. At 
approximately 45% of these sites, relatively higher levels of Fe and As were observed in recovered water, which 
requires a better understanding of the hydrogeochemical processes that govern the Fe, Mn, and As levels in these 
MAR systems. Therefore, two representative sites with As above (74 ± 11 μg/L at site GMF11) and below (19 ±
6 μg/L at site JJS91), the Bangladesh drinking water standard of 50 μg/L were weekly monitored on hydro-
chemical changes from Dec 2017 to Dec 2018. Hydrogeochemical processes occurring during storage were 
quantified with inverse and forward geochemical mass balance models developed with PHREEQC. The following 
processes explained the changes in water quality: 1) mixing of infiltration water with native groundwater 
(~90%:~10%); 2) consumption of O2 by a) dissolved Fe2+ that subsequently precipitated as Fe(OH)3 at GMF11 
and by b) dissolved and sedimentary organic matter (OM) at site JJS91; 3) reduction of SO4 coupled to the 
oxidation of OM at both sites; and 4) mixing corrosion and freshening induced cation-exchange (Ca sorption; Na 
desorption) triggering calcite and siderite dissolution at GMF11. Dissolution of these carbonate minerals 
occurred to a lesser extent at JJS91, while cation exchange (Na sorption; Ca desorption) suggested that the 
freshwater was displaced by brackish groundwater because of inadequate infiltration at JJS91. Distinct pH values 
in recovered water reflected the dominance of Fe2+ versus OM oxidation. Siderite dissolution led to 4.3 ± 3.1 
and 1.0 ± 0.5 mg/L Fe in recovered water at GMF11 and JJS91, respectively. Elevated As and Mn levels in 
recovered water were caused for max. 20% by mixing with native groundwater and for min. 80% by mobilization 
processes, mainly by desorption of As from Fe-oxides and by the dissolution of Mn-bearing siderite. Recom-
mendations are provided to improve recovered water quality.   

1. Introduction 

Communities living in the coastal areas of the Khulna, the Satkhira, 
and the Bagerhat districts in southwest Bangladesh are confronted with 
a lack of accessible, safe drinking water. Anthropogenic surface water 
contamination (Alam et al., 2006; Bhuiyan et al., 2011), rapid popula-
tion growth (Abedin et al., 2019; Khan et al., 2014), groundwater 
salinity (Naus et al., 2019a, 2019b), and arsenic (As) contamination 
(Ayers et al., 2016; Harvey et al., 2002; Nickson et al., 1998) are 
considered to be the main constraints for safe drinking water 

availability. Among various available solutions, managed aquifer 
recharge (MAR) is regarded as a promising water supply option for this 
region (Barker et al., 2016; Naus et al., 2021; Sultana et al., 2015). MAR 
is based on the principle of infiltrating surplus (wet season) fresh water 
in a shallow aquifer for storage and withdrawal during periods of water 
deficit (dry season) (Missimer and Maliva, 2010; Zuurbier et al., 2017). 
Local resources are used, making the approach cost-effective and 
user-friendly (Dillon et al., 2010, 2019; Page et al., 2018; Pyne, 2017). 
Diverse MAR systems are practiced internationally depending on local 
hydrogeological conditions (Dillon et al., 2019). Dillon et al. (2019) 
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reported that these MAR applications are broadly divided into the 
following categories: streambed channel modifications, bank filtration, 
water spreading, rainwater harvesting, and recharge wells. Among 
these, the recharge well technique, which includes both aquifer storage 
and recovery (ASR) and aquifer storage, transfer, and recovery (ASTR), 
has largely been used for the improvement of drinking water in coastal 
regions where aquifers occur beneath sealed clay layers (Dillon et al., 
2010). ASTR uses separate wells for injection and recovery, whereas 
ASR uses the same well for both injection and recovery (Dillon et al., 
2010; Pyne, 2005, 2017). 

At the MAR sites in Bangladesh, fresh surface water is collected from 
ponds and harvested rooftop rainwater, and stored in confined aquifers 
using relatively large diameter infiltration wells (Barker et al., 2016; 
Hasan et al., 2018). The water is stored in shallow brackish to saline 
aquifers and extracted for drinking purposes on a daily basis when the 
quality is found suitable as low salinity and As (Hasan et al., 2018). The 
recovered water has shown improvement in salinity, turbidity, and 
reduction in E. Coli (counts) compared to the pond water and native 
groundwater (Sultana et al., 2015). However, changes in Fe and As 
concentrations have been observed at several MAR systems, and the 
levels have occasionally exceeded the drinking water regulations (Sul-
tana et al., 2015). This calls for research to understand better the pro-
cesses controlling As levels in these MAR systems and the potential 
solutions to prevent the deterioration of water quality by these metals. 

MAR systems take advantage of natural water purification processes, 
e.g., filtration, sorption, and biodegradation during sediment-water in-
teractions in the aquifers (Antoniou et al., 2012; Pyne, 2005). When 
water is stored in an anoxic aquifer, dissolved oxygen (DO) from the 
infiltrated surface water oxidizes Fe(II) in native groundwater and 
converts it into Fe-hydroxides, which are well-known adsorbents for As 
and Mn removal (Annaduzzaman et al., 2020; Rahman et al., 2014, 
2015; van Halem et al., 2010). Appelo et al. (1999) claimed that the 
adsorption of these metals can also take place on the sedimentary 
organic matter and clay minerals in addition to Fe-hydroxides. Antoniou 
et al. (2012) argued that the water quality might deteriorate due to DO 
consumption by Fe sulfides, Fe, Mn, and sedimentary organic matter. 
Moreover, the oxidative dissolution of As-containing Fe sulfides can 
promote the mobilization of Fe, Mn, and As in the recovered water 
(Fakhreddine et al., 2020; Neil et al., 2012; Wallis et al., 2011). In 
addition, these metals can also mobilize due to the reductive dissolution 
of the Fe hydroxides (Neil et al., 2012; Stuyfzand, 1998; Wallis et al., 
2010). These processes can alter the water quality during MAR and 
restrict safe water production by elevated concentrations of Fe, Mn, and 
As (Antoniou et al., 2012; Fakhreddine et al., 2021; Neil et al., 2012). 

Models are often required to deduce the governing hydro-
geochemical processes controlling water quality changes in MAR sys-
tems because of the high dynamics in water fluxes and the potential 
temporal changes in infiltration water quality. To this end, reactive 
transport models enable the simulation and prediction of water quality 
changes in the MAR systems (Antoniou et al., 2013; Fakhreddine et al., 
2020; Greskowiak et al., 2005; Wallis et al., 2011). Alternatively, 
simpler chemical (inverse) mass balance models can be applied to pro-
vide fundamental insights into key hydrogeochemical processes 
affecting groundwater quality changes (Ibrahim and El-Naqa, 2018; 
Morán-Ramírez et al., 2016; Poetra et al., 2020; van Breukelen et al., 
2003). This simpler model has rarely been applied at MAR sites, with the 
exception of research by Antoniou et al. (2012), who used a spreadsheet 
mass balance model to determine hydrogeochemical processes at an ASR 
site in the Netherlands. 

Despite the intensive application of MAR in many countries world-
wide (Antoniou et al., 2013; Fakhreddine et al., 2021; Wallis et al., 2010; 
Zuurbier et al., 2016), the number of studies conducted on these ASTR 
systems in Bangladesh is limited (Naus et al., 2021; Sultana et al., 2015). 
The mobilization of Fe and As in MAR systems was site-specific and has 
mostly been studied in moderate climatic areas (Neil et al., 2012). 
Therefore, the various hydrogeochemical processes that control 

abstracted water quality were investigated at two representative MAR 
sites in the coastal area of southwest Bangladesh. The two sites exhibited 
distinct As levels: GMF11 had As levels above the Bangladesh drinking 
water standard of 50 mg/L, whereas site JJS91 had As levels below this 
drinking water standard. These sites were preferred among other MAR 
sites with comparable As levels after considering the road accessibility, 
the availability of electricity or power, and the logistical assistance 
needed for field experiments. To this end, weekly monitoring was con-
ducted on various hydrochemical parameters of pond water, infiltration 
water (after sand filtration), native groundwater, and abstracted 
(drinking) water at both sites for one full year. Sediment samples of the 
aquifers were obtained and analyzed on geochemical properties. Inverse 
and forward geochemical mass balance models were developed in 
PHREEQC to simulate the hydrochemical composition of the abstracted 
water and to determine the key hydrogeochemical processes to explain 
water quality changes at both sites. Based on the obtained insights, 
recommendations were formulated for the operation and design of the 
MAR sites to improve the drinking water quality at these sites. 

2. Methods 

2.1. Site descriptions 

Fig. 1 shows the locations of the two MAR sites named GMF11 (N 
22◦37′18.05′′, E 89◦50′09.67′′) and JJS91 (N 22◦26′30.01′′, E 
89◦48′14.54′′) in the coastal area of SW Bangladesh. Both MAR sites use 
a freshwater pond with a surface area of 7000 m2 for GMF11 and 3345 
m2 for JJS91 as a source of infiltration water. Both ponds occupy an 
average depth of approximately 5 m. The ponds used at these two lo-
cations (as for most of the other MAR sites in the region) are dug out to 
an approximate depth of 3–5 m in a confining clay layer having a 
thickness ranging between 6 and 15 m. As at every site, several meters of 
clay layer separate the pond water from the aquifer; the hydrological 
connection between the pond and aquifer is therefore limited. Besides, 
we did not find any indication of decreasing salinity in shallow aquifers 
due to the lateral recharge of pondwater, also confirming the limited 
connection between surface and groundwater. Pond water is pumped to 
a double-chambered sand filtration tank at about 2 m elevations, fil-
trated, and subsequently infiltrated by gravity in an anoxic and brackish 
sandy aquifer, beneath a clay layer of about 12 m thickness for GMF11 
and 6 m for JJS91. Six (GMF11) and four (JJS91) large-diameter infil-
tration wells were used, which were positioned in a circle of 1.8 m radius 
(Fig. 2 and Fig. S3 in Supplement). The diameter of the infiltration wells 
varies in casing and screen dimensions for both sites. At site GMF11, the 
diameter of the PVC casing is 0.25 m and 0.30 m of the screen, whereas, 
at site JJS91, the diameter of the PVC casing is 0.30 m and 0.45 m of the 
screen (Fig. 2 and Fig. S3 in Supplement). The depth of each infiltration 
well is 24.4 m for GMF11 and 22.3 m for JJS91, having 12.2 and 15.2 m 
long screens, respectively (Fig. 2 and Fig. S3 in Supplement). At both 
sites, an abstraction well (diameter: 0.05 m; screen length: 3.05 m) was 
positioned in the system’s center. This well is used to abstract the stored 
freshwater using a hand-operated tube well, occurring at a depth below 
the surface of 12.2–21.4 m for GMF11 and 6.1–16.8 m for JJS91 (Fig. 2 
and Fig. S3 in Supplement). Both sites keep five monitoring wells with 
diameters and screen lengths similar to the abstraction well. One deep 
well (center deep well) was installed at a depth of about 26 m for GMF11 
and 21 m for JJS91. The other four observation wells (outer shallow 
wells 3–6) were placed outside the circle of infiltration wells in a 3.66 m 
radius circle with screens at the same depth as the abstraction well 
(Fig. 2 and Fig. S3 in Supplement). 

2.2. Water sample collection and analyses 

Both MAR sites were monitored weekly for a full year starting on 
December 5, 2017. Samples were collected from the infiltration water 
(filtered pond water), the aquifer from the outer shallow observation 
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well number 6, the center deep well, and the abstraction well (Fig. 2 and 
Fig. S3 in Supplement). In addition, the other outer observation wells 
(Fig. 2 and Fig. S3 in Supplement) and the pond water were sampled 
monthly. Water samples were collected using a submersible pump 
(Eijkelkamp Gigant®). Before sampling, each well was purged with 
triple the standing volume of the respective well. Electrical conductivity 

(EC), temperature, pH/redox, and DO were measured in situ using a 
PONSEL ODEON® multi-parameter meter (Fig. S4 in Supplement). In-
dividual PONSEL ODEON® sensors were applied for measuring these 
onsite parameters. For instance, PC4EA was used to measure EC/tem-
perature with graphite and platinum-type electrodes, PPHRA was 
applied to measure pH/redox/temperature using an Ag/AgCl reference 

Fig. 1. QGIS (version 2.18.4) prepared map showing the locations of the two MAR sites in the Kachua (GMF11, A) and Morrelganj (JJS91, B) upazilla of Bagerhat, 
SW Bangladesh (C–E). Two recent satellite photos were used to show the surroundings of the two sites (A–B), including the surface water reservoir (freshwater pond) 
used as source water. These ponds can be identified from their dark hue and rectangular form, and are indicated by a yellow (GMF11, A) and a blue (JJS91, B) dot 
from where the water was collected to recharge MAR systems. Site GMF11(A) is surrounded by agricultural lands, while site JJS91(B) is located on the premises of a 
primary school. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Schematic layout of site GMF11 in map view 
(left), and in cross-sectional view depicting the 
hydrogeological situation (right). The positions and 
screen lengths of the various wells as well as the 
depth of collected sediment samples are shown. In 
addition, schematic of the inverse geochemical model 
showing abstracted water (C) quality is considered a 
result of mixing of filtered pond water (A) with native 
brackish groundwater (B), and additional reactions/ 
processes (R) such as dissolution/precipitation, O2 
consumption, SO4 reduction, and cation exchange.   
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electrode in a PLASTOGEL® KCl-saturated plasticized electrolyte, and 
the OPTOD sensor was used to measure DO applying the principle of 
luminescence-based optical measurement. Besides these parameters, 
Alkalinity and turbidity were measured using a digital titrator (HACH 
Method 10244) and a portable turbidity meter (HANNA HI 93703), 
respectively. These sensors were always calibrated before use with the 
standard calibration solutions (EC = 12.88 mS/cm; pH = 4.01, 7.0, and 
9.0; redox = 240 mV; turbidity = 0, 20, and 100 FTU). 

Water samples were collected for the major cations; namely, Na, K, 
Ca, Mg, as well as Fe, Mn, and As in 15 mL plastic vials (SARSTEDT®), 
after measuring the onsite parameters using a standard sampling pro-
tocol (Bhattacharya et al., 2002; Hasan et al., 2007; Rahman et al., 2014; 
van Breukelen et al., 2003; von Brömssen et al., 2008). The water was 
filtered using a 0.45 μm filter and preserved in the 15 mL plastic vial 
using 1% concentrated HNO3 (69%ACS, Merck®). Likewise, water 
samples were collected for major anions, specifically Cl, Br, F, SO4, NO3, 
and NO2, and stored in a 15 mL plastic vial after filtration. Cations 
alongside Fe, Mn, and As were analyzed with inductively coupled 
plasma (ICP) mass spectrometry (Analytik Jena model PlasmaQuant 
MS) after diluting the samples with acidified ultrapure water (1% v/v) to 
decrease conductivity to below 100 μS/cm. A standard reference ma-
terial tagged SRM 1640a (National Institute of Standard & Technology) 
was run at the start and end of each batch analysis exerting blank 
samples. An internal standard mix of Li 6; Sc, Y, Ln, Tb (20 ppb) was 
added to correct any fluctuations during the ICP-MS analyses. Anions 
were analyzed with a Metrohm® 818 ion chromatograph equipped with 
a Metrosep A supp 5–150/4.0 column. Accuracy and precision were 
tested by measuring both standard and blank samples following a run of 
every ten samples. In addition, three filtered water samples were 
collected for dissolved organic carbon (DOC) in 30 mL plastic vials 
(SARSTEDT®) and preserved with a 1% concentrated HCl (van Breu-
kelen et al., 2003). These samples were analyzed using a Shimadzu® 
TOC analyzer (NPOC: non-purgeable organic carbon) after the removal 
of dissolved CO2 by placing the samples in a vortex for 60 s (van Breu-
kelen et al., 2003). All chemical water analyses were performed at the 
water lab of Delft University of Technology, the Netherlands. 

2.3. Sediment collection and geochemical analyses 

Ten sediment samples were collected from the aquifer at site GMF11 
every 1.5 m between 12.2 and 30.8 m below surface level (Fig. 2 and 
Table S1 in Supplement), whereas at site JJS91, samples were collected 
every 1.5 m between 6.5 and 27.0 m below surface level (Fig. S3 and 
Table S2 in Supplement). The modified split spoon method (von 
Brömssen et al., 2008) was used to collect these samples, whereby a 
length of 0.45 m and a diameter of 2.54 cm PVC pipes were used as a 
liner in the split spoon at the end of the drilling pipe. The hand-flapper 
and hammer technique were combined to perform the core drilling 
(Fig. S5 in Supplement). In this method, a 5 cm diameter hole was drilled 
by repeatedly lowering and raising the drilling pipes (Horneman et al., 
2004). For collecting sediment cores at 1.5 m intervals, a split spoon was 
attached to the end of the pipe instead of a drilling cutter (von Brömssen 
et al., 2008). These core samples were sealed with wax at both ends 
immediately after collection from the drill holes to maintain anoxic 
conditions (Fig. S5 in Supplement). In addition to wax, these samples 
were secured with caps and plastic tapes at both ends (Fig. S5 in Sup-
plement). After sealing, the samples were transferred to the laboratory 
of the Geology Department, University of Dhaka, and refrigerated at 
4 ◦C. In the laboratory, the sediment cores were trimmed at both ends 
(~5 cm) to avoid the influence of the wax and potential oxidation ef-
fects. Afterwards, these cores were split into halves using a core cutter to 
retrieve sediments from the PVC pipes (Fig. S5 in Supplement). From the 
middle of the cores, approximately 450 g of sediment was taken and 
transferred into a glass beaker. These samples were weighed and placed 
in an oven to dry at 105 ◦C for 24 h. After drying, sediment samples were 
weighed again and preserved in airtight bottles for geochemical 

analyses. 
The core samples were transferred for analyzing grain size distribu-

tion and total carbonates (TGA) to the Sediment Research laboratory at 
VU University Amsterdam, the Netherlands. In addition, the samples 
were transferred for determining the organic matter content, bulk, and 
trace elemental composition (e.g., S, Fe2O3, Al2O3, As) to the Bureau 
Veritas laboratories in Vancouver, Canada. Grain size distribution and 
clay fraction were analyzed to obtain information about the physical 
characteristics of the aquifer using Sympatec HELOS KR laser-diffraction 
(ranging from 0.15 to 2000 μm). The content of organic matter and 
calcium carbonate (CaCO3) were measured using LECO thermogravi-
metric analysis (TGA; at 550 and 615–1000 ◦C). Bulk elemental con-
centrations were measured in XRF, and trace metals were measured in 
the ICP-MS by digestion utilizing Lithium Borate Fusion. The LECOC/S 
was used to determine the content of inorganic carbon and sulfur. 

2.4. Calculation of geochemical parameters and mixing fractions 

The content of pyrite (FeS2), pyrite bounded Fe, reactive Fe, and non- 
pyrite reactive Fe were estimated from the bulk elemental composition 
of S, Fe2O3, and Al2O3 according to following equations (Griffioen et al., 
2012; Kruisdijk and van Breukelen, 2021; Zuurbier et al., 2016): 

FeS2 =

(

0.5MFeS2/MsS

)

(1)  

Fepy =
(

0.5MFe/MsS

)

(2)  

FeTR =
2MFe

MFe2O3

(Fe2O3 − 0.225Al2O3) (3)  

where MFeS2 , MFe and Ms are the molecular weight of pyrite (g/mol), iron 
(g/mol), and sulfur (g/mol); and S is content of sulfur in % d.w. 

The following equation determined the content of Fe-oxides which 
related to the calculated non-pyrite reactive Fe: 

Fereac =
(
FeTR − Fepy

)
(4)  

where the pyrite bounded Fe (Fepy) and total reactive Fe (FeTR) were 
calculated using equations (2) and (3). 

The cation exchange capacity (CEC) was estimated based on the clay 
fractions and organic matter percentage (Appelo and Postma, 2005). 
The formula used to calculate CEC is as follows: 

CEC
(
meq
kg

)

= 7×(%clay)+ 35 × (%C) (5)  

where the fraction of clay (% d.w.) and content of organic carbon (% d. 
w.) are denoted as %clay and %C, respectively. 

Conservative concentrations (i.e., not influenced by processes be-
sides mixing) of various solutes in abstracted water were calculated 
using equation (7) based on mixing fractions of infiltration water and 
native groundwater (calculated using Cl concentrations, shown in 
equation (6)), and the endmember concentrations of infiltration water 
and native groundwater (Appelo and Postma, 2005). For every moment, 
the actual end-member concentrations were used in the calculations. 
Differences between calculated conservative concentrations and the 
actual observed concentrations indicate either consumption (e.g., pre-
cipitation, sorption, degradation) or production (e.g., dissolution, 
desorption) of specific constituents and aid in the interpretation of the 
hydrochemical data. 

fCl =
mCl,abstracted − mCl,infiltration

mCl,NGW − mCl,infiltration
(6)  

where the Cl-based fraction of infiltration water in abstracted water is 
denoted as fCl, measured concentrations of Cl in infiltration, native 
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groundwater, and abstracted water are denoted as mCl,infiltration, mCl,NGW, 
and mCl,abstracted, respectively. 

mi,mix = fCl ×mi,NGW +(1 − fCl) × mi,infiltration (7)  

where the conservative mixing between infiltration and native groundwater is 
denoted by mmix, the Cl-based fraction of infiltration water in abstracted 
water is denoted as fCl, the concentrations of a particular ion (i) for native 
groundwater and infiltration water are denoted as mi,NGW, and mi,infiltration. 

2.5. Data validation and outliers 

During data processing, part of the onsite measurements (~<2%) 
and lab analyzed data (~<10%) showed results that were visually out of 
range compared to the general trends observed during the monitoring 
period (indicated with unfilled markers in Fig. S6). These data were 
considered outliers (~10%) due to non-identified artifacts and were 
removed, as shown in Figs. 3 and 4. These outliers might indicate either 
contamination during field sampling or interferences during laboratory 
analyses. 

2.6. Geochemical modelling 

For hydrochemical data processing, recorded onsite parameters and 
laboratory analyzed data were stored in excel files. Stored data were 
processed using python pandas scripts for visualization and data 
interpretation. 

2.6.1. Inverse geochemical and mass balance modelling 
Inverse geochemical modelling was performed using the USGS pro-

gramme PHREEQC interactive 3.0 for Windows (Parkhurst and Appelo, 
1999) to identify the governing hydrogeochemical processes at each 
MAR site (Fig. 1). An inverse geochemical model aims to determine 
which set(s) of hydrogeochemical reactions and to what extent (in terms 
of moles of reaction) can explain observed changes in water composition 
in a system, including optional mixing of different water types. Inverse 
geochemical models have been applied to determine, for example, 
processes, explaining water quality changes in landfill leachate plumes 
(Amirbahman et al., 1998; van Breukelen et al., 2003), and has been 
applied as well as to an ASR system (Antoniou et al., 2012). In this study, 
specifically, the inverse model was used to calculate the degree of 
mixing between infiltration water with native groundwater and subse-
quently to explain which reactions could identify the further changes in 
water composition, as observed in abstracted water (see Fig. 2). 

In our inverse model, we chose to represent the abovementioned 
water types based on their median concentration levels. We considered 
the following reaction equations in the inverse models: oxidation of 
organic matter; oxidation of Fe (II); reduction of DO; reduction of SO4; 
dissolution of the carbonate minerals: calcite, and siderite; precipitation 
of FeS; and cation-exchange of Ca and Na. Inverse models usually have 
difficulties finding a solution to the problem when concentrations of 
some constituents are not allowed to be adjusted to some degree in the 
model. The inverse models in this study could be obtained while 
allowing individual concentrations to be adjusted within max. 8% (for 
Cl, SO4, and Na). 

A simple mass balance was calculated for Mn and As to determine 
their (im)mobilization during storage because of the limitation of the 
inverse model. In this simple approach, the fractions of infiltrated and 
native groundwater in the abstracted water were calculated based on the 
concentrations of conservatively behaving Cl (Appelo and Postma, 
2005). From there, the concentrations of all other solutes were calcu-
lated based on the assumption of conservative mixing, i.e., without re-
actions (equations (6) and (7)). The differences between the measured 
concentrations and these calculated conservative mixing concentrations 
were considered because of reactive processes in the aquifer. 

2.6.2. Forward geochemical modelling 
So-called forward batch models were developed using the same 

PHREEQC software to study the impact of individual hydrogeochemical 
processes on the chemical composition of the abstracted water and, 
specifically, its pH as a process parameter. In this model, the infiltration 
water and the native groundwater were first mixed in the proportions as 
calculated by the inverse model without the occurrence of any chemical 
reaction. Subsequently, one or more of the individual processes, in the 
amounts as calculated by the inverse model, were added to this mixture 
to assess the influence of those individual processes on the abstracted 
water quality. 

3. Results and discussion 

3.1. Geochemical characterization of aquifer sediments 

Table 1 and Tables S1–2 in the supplement present the geochemical 
properties of the aquifer sediments at sites GMF11 and JJS91. The 
aquifer at site GMF11 is composed of unconsolidated and grey-colored 
fine sands and silts with a clay fraction of 2–3% (Table S1 in the sup-
plement). These sediments were deposited during the Holocene 
(Goodbred and Kuehl, 2000). The contents of organic matter (0.25 ±
0.1% d.w.), total carbon (0.6 ± 0.1% d.w.), and sulfur (0.02 ± 0.0% d. 
w.) were similar to and within the range of previously reported values 
for Holocene sediments in the Bengal delta basin (Anawar et al., 2010; 
McArthur et al., 2004; Nickson et al., 2000; Seddique et al., 2008). The 
carbonate content (mean of 6.0 ± 1.2% d.w.) was relatively high for this 
region (Naus et al., 2019b). The As content ranged from 2.5 to 4.5 ppm. 
The average content (3.8 ± 0.8 ppm) was slightly lower than the 
average As content (4.7 ± 3.2 ppm) of the Bengal delta sediments 
(Anawar et al., 2003; Chakraborty et al., 2015). The average pyrite 
content (0.04 ± 0.1% d.w.) was relatively low compared to previously 
reported values (0.28 ± 0.06% d.w.) for the Bengal delta basins (Nick-
son et al., 2000). Average contents of Fe and Al oxides (Table 1) were 
observed within the range of previously reported values for this region 
(Bibi et al., 2006; Seddique et al., 2008). The calculated CEC ranged 
from 20.9 to 27.4 meq/kg throughout this sandy aquifer, and these 
values agree with the CEC values of finer sands (Lupker et al., 2016). The 
contents of geochemical properties at JJS91 were similar to those at 
GMF11, considering the variations in depth (Table 1). Average As con-
tent was relatively lower, and average pyrite content was comparatively 
higher at JJS91, while contents of Fe-oxides (1 ± 0.23 versus 0.9 ±
0.07) were similar (Table 1). 

3.2. Year-round monitoring at site GMF11 

Fig. 3 shows the weekly and monthly measured onsite parameters, 
particularly, daily infiltration/abstraction flow rate (a-a’), temperature 
(b-b’), turbidity (c-c’), EC (d-d’), pH (e-e’), DO (f-f’), and Alkalinity (j-j’) 
for the various sampling points at GMF11, which are plotted against the 
entire monitoring period (December 5, 2017 to December 7, 2018). 
Furthermore, the concentrations of Cl (g-g’), Na (h-h’), Ca (i-i’), SO4 (k- 
k’), Fe (l-l’), Mn (m-m’), and As (n-n’) are also shown in Fig. 3. The grey 
shading in Fig. 3 indicates the monsoon period (June–October). Note 
that EC, Cl, Na, Ca, Fe, Mn, and As in pond and infiltration water are 
plotted on the secondary y-axes in Figs. 3 and 4. This was done to present 
better their lower concentration levels and variations over time. 

3.2.1. Pond (source) water quality 
At site GMF11, fresh surface water from the pond is used as source 

water after sand filtration and injected into the brackish, anoxic aquifer. 
During the monsoon, abundant rainfall and runoff from the neighboring 
surface areas mostly replenish this pond. Fig. 3 (d-d’) shows that the 
pond contained fresh water, as indicated by the low EC values 
throughout the year. The EC even decreased slightly, but steadily, from 
0.39 to 0.31 mS/cm during the monsoon (June–October). During the 
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Fig. 3. (Columns 1 and 3) Measured onsite parameters daily infiltration/abstraction water volume (a), temperature (b), turbidity (c), electrical conductivity (EC, d), 
pH (e), DO (f) and concentrations of Cl (g), Na (h), Ca (i), Alkalinity (j), SO4 (k), Fe (l), Mn (m), and As (n) during the monitoring period from 2017/12/05 to 2018/ 
12/07 at site GMF11. (Columns 2 and 4) Box plots for the entire monitoring period illustrating the differences in levels for pond water, infiltration water, abstracted 
(recovered) water, and groundwater at the outer shallow and the deep monitoring wells (indicated by similar color used in column 1 and 3, and the same alphabet 
with the prime symbol used for each panel). Note that EC, Cl, Na, Ca, Fe, Mn, and As in pond and in infiltration water are plotted on the secondary y-axes. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. (Columns 1 and 3) Measured onsite parameters daily infiltration/abstraction water volume (a), temperature (b), turbidity (c), electrical conductivity (EC, d), 
pH (e), DO (f), and the concentrations of Cl (g), Na (h), Ca (i), Alkalinity (j), SO4 (k), Fe (l), Mn (m), and As (n) during the monitoring period from 2017/12/05 to 
2018/12/06 at site JJS911. (Columns 2 and 4) Box plots for the entire monitoring period illustrating the differences in levels for pond water, infiltration water, 
abstracted (recovered) water, and groundwater at the outer shallow and the deep monitoring wells (indicated by similar color used in column 1 and 3, and the same 
alphabet with the prime symbol used for each panel). Note that EC, Cl, Na, Ca, Fe, Mn, and As in pond and in infiltration water are plotted on the secondary y-axes. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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monsoon, additional rainfall usually dilutes pre-existing pond water, 
which can explain the observed change in EC (Ayers et al., 2017). The 
major ions Na (19 ± 1.7 mg/L), Cl (59.6 ± 3.6 mg/L), Ca (50.3 ± 9 
mg/L), SO4 (4.6 ± 1.1 mg/L), and Mg (7.1 ± 0.6 mg/L) followed this 
seasonal variation of EC. The concentrations of NO3 and PO4 were 
steady and low (Table S3 in Supplement), which were similar to the 
reported concentrations of rainwater harvesting systems in the region 
(Ghosh et al., 2015). The mean concentrations of Fe (0.1 ± 0.05 mg/L), 
Mn (5.3 ± 2.5 μg/L), and As (3 ± 2.8 μg/L) remained nearly stable 
during the entire year (Table S3 in Supplement), except for the period of 
May–July 2018 ((Fig. 3l-n’). Some studies in SW Bangladesh have found 
similar and relatively higher As concentrations in freshwater ponds 
(Ayers et al., 2017; Islam et al., 2000, 2014). The pH was 8.0 ± 0.5 and 
remained steady throughout the period (Fig. 3e-e’, Table S3 in Supple-
ment). The pond water was turbid with a mean value of 12.4 ± 8.5 FTU 
and increased during the monsoon to 16 ± 10.1 FTU (Fig. 3c-c’). During 
the monsoon, direct rainfall in the pond is expected to lower turbidity. 
However, surface runoff carries suspended solids toward the pond, 
increasing turbidity, which has been observed in these areas (Islam 
et al., 2011, 2014). DOC was measured three times during the moni-
toring period, and the mean concentration (11.2 ± 1.4 mg/L) was 
within the measured range across the region (Ayers et al., 2017). The 
water was nearly saturated with DO throughout the monitoring period 
(7.5 ± 1.3 mg/L, ~91% of saturation concentration). However, it was 
somewhat lower during the monsoon (7.0 ± 0.9 mg/L; 92% of the 
saturation concentration). The comparatively higher turbidity and 
temperature in the monsoon (32.0 ± 1.9 ◦C) might have caused 
decreased DO levels in the surface water (Elbana et al., 2012). 

3.2.2. Infiltration water quality 
A sand filter was used to treat the pond water before injection, 

termed “infiltration water,” in the following. EC values and concentra-
tions of major ions remained almost identical for infiltration water 
throughout the year (Fig. 3d-d’). Therefore, it can be inferred that the 
pretreatment process has no impact on the major ion chemistry (Fig. 3g- 
k’), which is expected since conventional sand filters do not usually 
remove inert salts. However, the impact of the sand filter was noticeable 
for turbidity and DO (Fig. 3c-c’, f-f’). The turbidity of pond water (mean 
value of 12.4 ± 8.5 FTU) decreased to 2.2 ± 3.2 FTU (~82% reduction) 
in the infiltration water (Table S3 in Supplement) as a consequence of 
suspended solids removal in the sand filter, in line with other conven-
tional filters that remove suspended solids between 60 and 85% (Elbana 
et al., 2012). In addition, DO decreased from 7.5 ± 1.3 mg/L to 6.8 ±

1.4 mg/L, possibly due to the oxidation of biodegradable organic matter 
(Table S3 in Supplement). However, it is not feasible to make a direct 
comparison between pond and infiltration water as pond water samples 
were collected from the surface at the embankment, while the MAR 
system collects pond water (as a source of infiltration water) near the 
bottom of the pond (depth ~5 m) to ensure water availability 
throughout the year. As the pond’s surface is exposed to atmospheric O2 
and sunlight during the daytime, algae growth is stimulated, enhancing 
DO levels. The lower DO levels in infiltration water could, therefore, also 
simply reflect the lower DO levels at the bottom compared to the surface 
of the pond. Low concentrations of NO3 and PO4 indicate low levels of 
human or animal pollution in both pond and infiltration water (Table S3 
in Supplement). 

3.2.3. Native (brackish) groundwater quality 
The native groundwater pumped from the center deep well (depth of 

filter = 24.5–27.5 mbgl, Fig. 2) showed a steady increase in EC from 
3.88 ± 0.6 to 4.77 ± 0.6 mS/cm during the monsoon (Fig. 3d-d’). The 
major ions Na (Fig. 3h-h’), Cl (Fig. 3g-g’), Ca (Fig. 3i-i’), HCO3 (Fig. 3j- 
j’), Mg (Table S3 in Supplement), and K (Table S3 in Supplement) fol-
lowed this change in EC. The increasing trend in EC over time suggests 
the occurrence of an upward flow of deeper saline groundwater, which 
may vary seasonally at this specific depth in the aquifer. The mean pH 
was 7.0 ± 0.3 and remained steady throughout the year (Fig. 3e-e’). The 
consistent concentrations of DO (Fig. 3f-f’), NO3 (Table S3 in Supple-
ment), and SO4 (Fig. 3k-k’) below the detection limit suggest that the 
native groundwater remained anaerobic with reducing conditions 
throughout the entire monitoring period. The temperature was stable 
with a mean value of 27.0 ± 0.3 ◦C (Fig. 3b-b’). The steady and low 
turbidity values (mean = 0.5 ± 1.0 FTU) indicate the water as clear 
upon abstraction (Sultana et al., 2015). DOC concentrations (13.6 ± 1.2 
mg/L) were within the range but comparatively lower than the 
measured mean value (~25 mg/L) for the region (Ayers et al., 2017). 
The concentrations of Fe (6.0 ± 2.9 mg/L), Mn (0.40 ± 0.14 mg/L), and 
As (139 ± 28 μg/L) were relatively high (Islam et al., 2014). These el-
ements showed higher concentration levels from the middle up to the 
end of the monitoring period than at the beginning (Fig. 3l–n’). The 
changes may relate to the earlier discussed possible inflow of deeper 
groundwater. The deeper groundwater may contain elevated levels of 
Fe, Mn, and As, explaining these increases over time. 

3.2.4. Processes affecting abstracted (recovered) water quality 
The infiltration of the filtered, aerobic freshwater that contained low 

concentrations of As and nutrients, e.g., NO3 and PO4, into the anaerobic 
brackish groundwater resulted in a freshwater bubble and triggered 
hydrogeochemical reactions, as discussed in the following. The fresh-
water bubble was abstracted afterwards using a hand-operated tube well 
(depth of screen = 18.0–21.5 mbgl, Fig. 2) for domestic purposes. The 
water was, however, restricted for drinking as the As concentration 
exceeded the Bangladesh drinking water standard of 50 μg/L, albeit As 
in infiltration water did not exceed a few μg/L. In the following, the 
governing processes are described and attempted to explain the water 
quality changes during storage and transfer.  

(a) Mixing: The mean EC value of the abstracted water was 0.93 ±
0.23 mS/cm. The EC of the infiltration water (0.34 ± 0.06 mS/ 
cm) thus increased by a factor of 2.7, but the EC of the abstracted 
water was still a factor 4.7 lower than the EC of native ground-
water (Table S3 in Supplement). The systematic increase in EC of 
abstracted water compared to infiltration water suggests the 
occurrence of mixing with native brackish groundwater in the 
MAR system. Based on the EC values of infiltration water, 
abstracted water, and native groundwater, the proportion (i.e., 
the mixing fraction) of native groundwater and infiltration water 
composing the abstracted water was calculated and plotted in 
Fig. S7 in Supplementary material (Appelo and Postma, 2005). 

Table 1 
Comparison between the geochemical characteristics (mean values) of the 
aquifer materials at site GMF11 and JJS911.  

Parameters Units GMF11 (n = 4) JJS91 (n = 4) 

Clay fraction (<8 μm) % d.w. 2.9 ± 0.5 3.0 ± 0.11 
Very Fine Silt (8–16 μm) % d.w. 16.2 ± 11.4 12.1 ± 7.5 
Fine Silt (16–32 μm) % d.w. 2.5 ± 1.5 3.2 ± 2.3 
Silt (8–63 μm) % d.w. 3.8 ± 2.0 5.3 ± 3.4 
Very Fine Sand (63–125 μm) % d.w. 78 ± 12.6 82.6 ± 10.8 
Fine Sand (125–250 μm) % d.w. 29.3 ± 6.7 23.2 ± 3.6 
Sand (63–2000 μm) % d.w. 9.6 ± 7.1 5.1 ± 2.5 
SOM % d.w. 0.25 ± 0.1 0.29 ± 0.12 
CaCO3 % d.w. 6.0 ± 1.2 4.7 ± 0.79 
TOT/C % d.w. 0.6 ± 0.1 0.5 ± 0.12 
TOT/S % d.w. 0.02 ± 0.0 0.04 ± 0.02 
C/ORG % d.w. 0.1 ± 0.04 0.15 ± 0.06 
SiO2 % d.w. 73 ± 2 74.5 ± 1.9 
Al2O3 % d.w. 10 ± 0.7 10 ± 0.59 
Fe2O3 % d.w. 3.8 ± 0.5 3.5 ± 0.21 
As ppm 3.8 ± 0.8 3.1 ± 0.56 

CEC (calculated) meq/kg 24 ± 2.8 26.2 ± 2.4 
Pyrite (calculated) % d.w. 0.04 ± 0.01 0.07 ± 0.03 
Ferric Oxides (calculated) % d.w. 1 ± 0.23 0.9 ± 0.07  
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Fig. S7 (in the supplement) shows that the fraction of native 
groundwater composing abstract water tends to increase from 
approximately 10%–20% over time. Because the salinity of the 
native groundwater increased by a factor of ~1.4 over the same 
period, and the salinity of abstraction water increased by a factor 
of ~1.3 at the end of the monitoring period compared to the 
beginning of the monitoring period. Thus, although steady infil-
tration (Fig. 3a-a’) and absence of abstraction occurred in this 
MAR system, the salinity of the recovered water deteriorated. 
Based on the calculated conservative (mixing only) concentra-
tions of abstracted water shown in Fig. 3 (green lines), SO4 
showed lower concentrations as would have been the result when 
only mixing occurred, whereas Alkalinity, Fe, Mn, and As dis-
played enhanced concentrations.  

(b) Consumption of O2 in aquifer: Fig. 3f-f’ shows DO concentrations 
below the detection limit in the abstracted water, center deep 
well, and observation wells number 3–6, which indicates its 
consumption from the infiltration water (Table S3 in Supple-
ment). Potential reductants causing DO consumption could be: 
pyrite, organic matter either as infiltrated from the pond (DOC) 
or as sedimentary organic matter (SOM) and dissolved as well as 
desorbed Fe2+ (Antoniou et al., 2012; Jin et al., 2016; Vander-
zalm et al., 2011; Zuurbier et al., 2016). 

Pyrite oxidation would result in increased SO4 and Fe concentrations 
and can mobilize As in abstracted water (Antoniou et al., 2012; 
Zuurbier et al., 2016). Released Fe2+ can further react with DO and 
precipitates as Fe(OH)3. These neo-formed Fe-oxides might create 
sorption sites for As and, as a result, immobilize the previously 
mobilized As (Wallis et al., 2011). However, comparatively low SO4 
concentrations (Fig. 3k-k’) and low pyrite content were observed in 
aquifer sediments (Table 1) that rarely support the occurrence of 
pyrite oxidation and can be considered a minor process. 

FeS2 +
7
2
O2 + H2O→ Fe2+ + +2SO4

2− + 2H+ (8)  

4Fe2+ + O2 + 10H2O→4Fe(OH)3 + 8H+ (9) 

In addition to pyrite, the oxidation of organic matter may explain the 
DO consumption, which can be expected in shallow aquifers of the 
Bengal basin (Anawar et al., 2013; Hasan et al., 2007; McArthur 
et al., 2004). Organic matter is available as both DOC (9.5 ± 1.1 
mg/L) in infiltration water and SOM (0.25 ± 0.1% d.w.) in the 
aquifer. The oxidation of organic matter would cause an increase in 
Alkalinity, which would agree with higher measured Alkalinity 
concentrations than its conservative mixing line (Fig. 3j-j’). How-
ever, the DOC concentration (9.5 ± 1.2 mg/L) in abstracted water 
was similar to DOC levels in infiltration water. Besides the SOM 
oxidation in the aquifer (which is the most likely to occur), the higher 
DOC levels in native groundwater and the mixing factor could still 
point to some DOC oxidation. It should be noted that (part of) the 
increased Alkalinity might also occur due to a drop in pH during the 
oxidation of organic matter and subsequent dissolution of the CaCO3 
(Appelo and Postma, 2005). 

CH2O+ O2→CO2 + H2O (10a)  

CO2 +H2O→ HCO−
3 + H+ (10b)  

CO2 +H2O+CaCO3→Ca2++2HCO−
3 (11) 

The oxidation of dissolved Fe (in native groundwater) can also 
support the DO consumption at this site that subsequently pre-
cipitates as Fe(OH)3 (Antoniou et al., 2012). This newly formed Fe 
(OH)3 might adsorb dissolved As, Mn, and Fe, and as a result, con-
centrations of these elements are likely to be decreased. However, 

based on these monitoring data, the process of Fe(OH)3 formation 
and change of the concentrations of Fe, Mn, and As in Fig. 3l–n’ seem 
inconclusive.  
(c) pH as process indicator: Fig. 3e-e’ shows that pH (7.0 ± 0.3) 

fluctuates and is lower than its mixing line suggesting the 
occurrence of hydrogeochemical processes during storage. 
Several processes can change the pH either in a downward or 
upward direction. The pH may decrease due to the oxidation of 
DOC/SOM and Fe2+, which precipitates as Fe(OH)3. Further-
more, the produced CO2 from DOC/SOM oxidation may react 
with CaCO3, which upon dissolution, increases Alkalinity (equa-
tions (10) and (11)) and increases the pH (Appelo and Postma, 
2005). Conversely, SO4 reduction coupled to DOC/SOM oxida-
tion would result in a subsequent pH drop (Appelo and Postma, 
2005; McAllister et al., 2015; Sun et al., 2016). The changes in pH 
and associated processes likely influence the abstracted water 
quality, as will be further discussed in Section 3.4.  

(d) Mobilization of Fe, Mn, and As: Fig. 3l–n’ displays increased 
concentrations of Fe (4.3 ± 3.1 mg/L), Mn (370 ± 126 μg/L), and 
As (72 ± 11 μg/L) in the abstracted water, compared to their 
mixing lines that suggest the potential mobilization processes. 
The hydrogeochemical processes involved in DO consumption 
may have played a role in these mobilization processes. More-
over, the increased Alkalinity due to either SOM/NOM oxidation 
or CaCO3 dissolution might induce the competitive desorption of 
As, Mn, and Fe from metal oxides surfaces (Appelo and de Vet, 
2003; Rahman et al., 2014; Wallis et al., 2011). It should be noted 
that the Alkalinity in abstracted water is lower than in native 
groundwater, making competitive desorption by produced 
Alkalinity less likely. However, the decreased pH in the 
abstracted water suggests that Fe(OH)3 precipitation was likely to 
occur and, to some extent, may have counteracted the mobili-
zation of these elements. 

3.3. Year-round monitoring data at JJS91 

Pond and infiltration water: Compared to GMF11, a similar pond 
water quality was observed at JJS91 (Fig. 4a-n’), except for EC 
(comparatively higher: 0.70 ± 0.05 versus 0.33 ± 0.1 mS/cm), pH 
(slightly more alkaline: 8.2 ± 0.4 versus 8.0 ± 0.5), Fe (higher: 0.1 ±
0.04 versus 0.07 ± 0.05 mg/L), Mn (lower: 2.9 ± 2.2 versus 5.3 ± 2.5 
μg/L), and As (lower: 1.8 ± 0.5 versus 2.9 ± 2.8 μg/L). Furthermore, 
SO4 in the pond water was several times higher than at the other site (18 
± 14.3 versus 4.6 ± 1.1 mg/L), while it further increased during and 
after the monsoon (Fig. 4k-k’ and Table S6 in supplement). 

While the water quality of infiltration water was almost comparable 
to pond water (Fig. 4a-n’), the most distinct differences were observed 
for pH (decreased to 7.9 ± 0.4), DO (decreased to 6.7 ± 1.1 mg/L, 
~12%), and turbidity (reduced to 4.2 ± 7.7 FTU, ~81%). 

Native groundwater: The native groundwater at site JJS91 was 
similar to GMF11 in the sense that both were brackish and anaerobic. 
Comparatively, a higher EC (7.49 ± 0.92 versus 4.39 ± 0.77 mS/cm) 
was observed at this site, which, opposite to the other location, 
decreased over time, particularly after the monsoon. The major ions 
followed the EC trend of the native groundwater (Fig. 4a-n’). Compared 
to GMF11, a lower concentration of DOC (10.9 ± 0.1 versus 13.6 ± 1.2 
mg/L) and a slightly acidic pH (6.7 ± 0.3 versus 7.0 ± 0.3) were 
observed at this site. In addition, comparatively higher concentrations 
were observed for Fe (14.5 ± 1.6 mg/L) and Mn (0.64 ± 0.11 mg/L), 
while relatively lower concentrations were observed for As (37.8 ± 7.1 
μg/L) at this site. In addition, the concentrations of Fe, Mn, and As 
decreased (instead of increased) over time (Fig. 4i-n’). 

Abstracted water: Similar to GMF11, the stored freshwater was 
abstracted (depth of screen = 13.7–16.8 mbgl) and used for domestic as 
well as drinking water purposes at site JJS91. The mean value of EC was 
1.5 ± 0.37 mS/cm, and the EC value of the infiltration water (0.71 ±
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0.07 mS/cm) increased with a factor of 2.1 but was still a factor 5.1 
lower than native groundwater (Table S5 in Supplement). The mixing 
fraction of native groundwater decreased from about 13% to about 5% 
during the monitoring period (Fig. S7 in Supplement). Therefore, this 
decreased mixing fraction and reduced levels of salinity and Fe, Mn, and 
As in native groundwater (Fig. 4i-n’) positively affected the abstracted 
water quality (Fig. 4 and Fig. S7 in Supplement). 

The changes of major ions and Fe, Mn, and As in relation to their 
mixing lines (Fig. 4a-n’) were similar to those at the other site, except for 
Mg (Table S5 in Supplement) and Fe (Fig. 4l-l’). These elements showed 
decreased values compared to their mixing lines (Fig. 4l–l’, Table S5 in 
Supplement). The other parameters were similar except for the pH. In 
contrast to GMF11, an increased pH (compared to native GW) was 
observed at this site (Fig. 4e-e’). The associated process/or processes for 
this pH change could not be comprehended directly from the monitoring 
data at this site and will be further discussed in section 3.5. 

3.4. Geochemical modelling of site GMF11 

Inverse and forward geochemical models of site GMF11 were made 
applying PHREEQC, based on the median concentration values of 
selected parameters of the infiltration water, the (deep) native ground-
water, and the abstracted water, as shown in Table 2. The models 
simulated the abstracted water composition developed due to the mix-
ing of infiltration water with native groundwater and additional 
hydrogeochemical processes. 

Cl was used in the geochemical models as a key parameter to 
determine the degree of mixing between infiltration water and native 
groundwater. The Cl concentration in the abstracted water was between 
the infiltration and the native groundwater, agreeing with a mixing ratio 
of 89.5% infiltration water with 10.5% native groundwater. The satu-
ration indices (SI) of calcite, dolomite, and siderite were calculated with 
PHREEQC after mixing infiltration water and native groundwater. 
Because of the presence of DO in the mixture, the redox potential was 
high, and therefore, in the model, it is assumed that Fe dominantly 
occurred as Fe(III). Thus, the calculated SI value for siderite was high in 
native groundwater. The calculated mineral saturation indices (SIs) 
show that both the infiltration and native groundwater were (super) 
saturated with respect to calcite (CaCO3), while the native groundwater 
was also (super)saturated with respect to dolomite (Table 2). Mixing of 

these calcite-saturated waters with different partial pressures of carbon 
dioxide (pCO2 values) (Table 2: 0.001 versus 0.03) is known to induce 
dissolution of CaCO3, i.e., “mixing corrosion” (Appelo and Postma, 
2005). The abstracted water was indeed sub-saturated with respect to 
CaCO3 and dolomite, indicating that carbonate minerals may have dis-
solved during storage (Table 2). Siderite (FeCO3) was supersaturated in 
both the native and the abstracted water, suggesting the potential 
occurrence of siderite in the aquifer. The following parameters showed 
lower concentrations in the abstracted water than expected based on 
conservative mixing: DO (dropped to zero), SO4 (dropped to zero), K, 
and Mg; whereas Alkalinity, Ca, Na, Fe, Mn, and As showed higher 
concentrations (Table 2). 

Table 3 shows the set of reactive processes with the calculated extent 
of reactions from the inverse model. The inverse model deduced that 1) 
DO consumption was coupled to dissolved Fe2+ oxidation with subse-
quent Fe(OH)3 precipitation, while the model pointed to siderite as the 
source of Fe(II); 2) sulfate-reduction was coupled to both SOM and DOC 

Table 2 
Measured median concentrations with standard deviations of the infiltration water, the abstracted water, and the deep native groundwater at site GMF11. The 
saturation index (SI) is shown as well. All values are expressed as mmol/L except manganese and arsenic which are expressed as μmol/L.  

Parameters Infiltration water Deep native GW Conservative Mixing (Model) Abstracted water Reacted (Calculated) 

pH 7.9 ± 0.4 7.0 ± 0.3 7.5 6.9 ± 0.3 − 0.6 
Alkalinity 1.8 ± 0.5 5.2 ± 0.9 2.2 3.2 ± 0.5 1.0 
O2 0.2 ± 0.04 0.0 ± 0.0 0.19 0.0 ± 0.0 − 0.19 
DOCa 0.79 ± 0.09 1.1 ± 0.1 0.83 0.79 ± 0.10 − 0.04 
Cl 1.7 ± 0.8 36.0 ± 9.3 5.3 5.3 ± 1.8 0.0 
SO4 0.04 ± 0.01 0.0 ± 0.0 0.04 0.0 ± 0.0 − 0.04 
Na 0.8 ± 0.1 31.4 ± 9.6 4.03 4.4 ± 1.5 0.37 
Ka 0.1 ± 0.02 0.24 ± 0.04 0.11 0.1 ± 0.01 − 0.01 
Ca 1.1 ± 0.2 4.1 ± 0.04 1.4 1.8 ± 0.5 0.40 
Mg 0.3 ± 0.04 2.8 ± 0.6 0.55 0.5 ± 0.2 − 0.05 
Fe 0.0 ± 0.0 0.12 ± 0.05 0.01 0.05 ± 0.1 0.04 
Mna 0.07 ± 0.1 7.7 ± 2.5 0.88 8.0 ± 2.3 7.1 
Asa 0.03 ± 0.04 2.0 ± 0.4 0.24 0.99 ± 0.1 0.75 

SICalcite 0.2 0.07 − 0.10 − 0.35  
SIDolomite − 0.04 0.12 − 0.47 − 1.12  
SISiderite

b na 0.86 0.26c 0.42  
pCO2 0.001 0.03 0.00 0.02   

a Values were considered with the simple mass balance. 
b Fe is considered to occur as Fe(II) in groundwater under anaerobic and pH neutral condition(Jensen et al., 1998; Lofts et al., 2008). SIs of siderite were calculated 

for groundwater where DO was below detection limit (<0.5 mg/L) and therefore Fe was assumed to occur as Fe(II). 
c DO and pe in the input solutions of the geochemical models were set to zero and -4, respectively, with the goal that all Fe becomes Fe(II), and the SI of siderite can be 

calculated. 

Table 3 
Inverse geochemical model simulating the abstracted water composition at site 
GMF11, where the listed processes were added to a ~90%:10% mixture of 
infiltration water and native groundwater, respectively.  

Reaction Equation Change (mmol/ 
L) 

Redox processes 
O2 consumption O2 + 4H+ + 4e− →2 H2O 0.197 
SO4 reduction SO2−

4 + 9H+ + 8e− →HS− +

4H2O 
0.036 

Organic matter oxidation CH2O+ H2O→CO2 + 4H+ + 4e− 0.072 
DOC oxidation (Table 2) CH2O+ H2O→CO2 + 4H+ + 4e− 0.030 
SOM oxidation 

(calculated) 
CH2O+ H2O→CO2 + 4H+ + 4e− 0.042 

Fe(II) oxidation Fe2+→Fe3+ + e−

Fe3+ + 3H2O→Fe(OH)3 + 3H+ 0.788 

Mineral reactions 
Siderite dissolution FeCO3→Fe2+ + CO2−

3 0.861 
Calcite dissolution CaCO3→Ca2+ + CO2−

3 
0.534 

FeS precipitation Fe2+ + HS− →FeS+ H+ 0.036 

Cation Exchange 
Na desorption NaX→Na+ + X− 0.283 
Ca sorption Ca2+ + 2X− →CaX2 0.141  
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oxidation while producing H2S that precipitated subsequently to FeS 
minerals; 3) freshening induced cation-exchange as reflected by Ca 
sorption and Na desorption, and 4) CaCO3 dissolution induced by Ca 
sorption and the aforementioned mixing corrosion. The dissolution of 
CaCO3 and siderite noticeably increased the Alkalinity of the abstraction 
water. Note that the inverse geochemical model calculated the total OM 
that oxidized. We assumed DOC oxidation as equal to calculated in 
Table 2, and the difference between OM and DOC oxidation as SOM 
oxidation. 

Table 3 presents the set of hydrogeochemical processes that might 
have changed the composition and affected the pH of the abstracted 
water. We expected that the DO consumption and the reduction of Fe- 
hydroxides by DOC and/or SOM might cause enhanced Fe2+ levels 
during storage. However, those processes would have led to a much 
higher pH than the one observed. The model in Table 3 shows that the 
oxidation of dissolved Fe2+ and subsequent precipitation as Fe(OH)3 
resulted in a drop in pH (see reaction equations in Table 3). Further-
more, precipitation of FeS due to the sulfate-reduction can lead to a pH 
drop in the abstracted water (reaction equations in Table 3). Either the 
oxidation of DOC and/or SOM (Table 3) or the dissolution of carbonate 
minerals can result in increased Alkalinity in the abstracted water. 
Moreover, this process, in its turn, might increase the pH (Appelo and 
Postma, 2005). Desorption of Na (Table 4: 4.32 mM predicted, while 
4.03 mM would result from mixing only) agreed with cation exchange 
processes, possibly triggered when freshwater was injected into brackish 
groundwater. 

The inverse model simulated all parameters according to the 
observed pH change; however, Alkalinity was still too high (Table 4: 
3.41 mM versus 3.18 mM). The simulated set of hydro-geochemical 
processes led to a lower pH (7.24; see Table 4) than the conservative 
mixing (7.46; Table 4) but still exceeded the observed pH (6.95). 
Therefore, a forward reaction model was made using PHREEQC to assess 
the impact of individual processes on the simulated water composition. 
When the forward model simulated less calcite dissolution (~20%) than 
the inverse model did, the pH (6.97; Table 4) was closer to the one 
observed, while the simulated Ca (1.59 mM) and Alkalinity (2.94 mM) 
were slightly lower than measured (Table 4). 

The uncertainty in the spatial and temporal composition of the native 
groundwater influenced the obtained results. The fate of As and Mn were 
not simulated with these models. Instead, a mass balance calculation 
indicated that As and Mn concentrations in the abstracted water were 
higher than expected in the case of only mixing processes (Table 2). This 
suggests that As and Mn were mobilized during the freshwater storage. 

The PHREEQC model did not imply the reduction of Fe-hydroxides, 
whereas sulfate-reduction and subsequent FeS precipitation might 
have lowered As levels by co-precipitation. In the abstracted water, the 
increased Alkalinity (compared to mixing) could have induced the 
competitive desorption of As and PO4 from metal-oxides (Fig. 3 and 
Table S3 in Supplement). This could lead to net mobilization of As in the 
abstracted water (Appelo and de Vet, 2003; Rahman et al., 2014; Stol-
lenwerk et al., 2007; Wallis et al., 2011). However, the Alkalinity is 
lower in abstracted water than in native groundwater, making this 
competitive desorption less probable. Table 2 indicates that Mn and As 
might have dissolved due to siderite dissolution besides Fe (Bhatta-
charya et al., 2009; Nath et al., 2011; Nickson et al., 2000; Reza et al., 
2013). In shallow aquifers of Bangladesh, reductive dissolution of Fe 
hydro-oxides led to elevated levels of Fe, Mn, and As. In addition, 
oxidation of organic matter resulted in raised levels of HCO3. Carbonate 
minerals, e.g., siderite, were precipitated due to the elevated levels of Fe, 
Mn, HCO3, and adsorbed (dissolved) As on the surface of the siderite 
(Reza et al., 2013; Saha et al., 2020). However, As might have dissolved 
and mobilized during the dissolution of previously precipitated siderite 
at this site. The main reason for the As mobilization, though, seems 
simply to be the desorption of As sorbed to Fe-oxides in the aquifer after 
low-As infiltration water enters the aquifer (see section S2 and Table S9 
in Supplementary material for details on the adjusted forward model). 

3.5. Geochemical modelling at JJS91 

The inverse and forward geochemical models of site JJS91 are pre-
sented in Tables 6 and 7, respectively, based on the median values of 
selected parameters listed in Table 5. The inverse model calculated from 
Cl concentrations in the water types that abstracted water is a mixture of 
about 90% infiltration water and 10% native brackish groundwater at 
this site, which is similar to site GMF11. In addition, the calculated 
saturation indices (SIs) showed that the infiltration, native, and 
abstracted water were saturated to slightly supersaturated with respect 
to calcite, dolomite, and siderite (except for infiltration water) (Table 5). 

Table 6 provides the set of reactive processes and their extent of 
reaction from the inverse model of JJS91. With respect to GMF11, Fe(II) 
oxidation was not included in the model for JJS91. Furthermore, the 
direction (cation exchange) and the magnitude of the other processes 
differed (Tables 3 and 6): organic matter oxidation and sulfate reduction 
were observed at ~5 and ~2.5 times higher extent, respectively, 
whereas the sum of siderite and calcite dissolution was observed at ~3 
times lower extent. The geochemical properties at both sites did not 
differ considerably and could not explain the varying sets of reactions as 
also observed in other studies (Kruisdijk and van Breukelen, 2021). 
However, the higher extent of sulfate reduction and organic matter 
oxidation was caused by the higher sulfate levels in the infiltration water 
used at site JJS91. The inverse model calculated a reaction of 0.37 
mmol/L organic matter oxidation (Table 6), which could be attributed to 
0.11 mmol/L DOC oxidation (as calculated from mixing in Table 5) and 
0.26 mmol/L SOM oxidation as the difference between OM (calculated 
from the inverse model) and DOC oxidation (mixing calculation). SOM 
vs. DOC oxidation was dominant at site JJS91, whereas at site GMF11 
SOM and DOC oxidation were both lower and of the same magnitude. 
Possibly after balancing the electron-transfers between electron-donors 
(DOC and SOM) and electron-acceptors (O2 and SO4), it can be inferred 
that half of the DOC was likely oxidized with DO and the remainder of 
DOC plus SOM with SO4 (Table 6). In contrast to site GMF11, the cation 
exchange process at this site was observed in reverse between Na 
(sorption) and Ca (desorption) (Table 6). The observed rise in pH (as 
opposed to the decline at GMF11) in the abstracted water (compared to 
mixing only) seems related to the absence of Fe2+ oxidation and the 
higher oxidation of organic matter at this site (reaction equations in 
Table 6). 

Table 7 shows the result of the forward model to assess the impact of 
individual processes (Table 6) on the pH change at site JJS91. The 

Table 4 
Forward simulation of the abstracted water composition based on the mixture of 
infiltration water and native groundwater at site GMF11. Model results are 
shown, where values are expressed as mmol/L.  

Parameters Observed Model 
(Mixing 
only) 

Model (Final 
inverse model) 

Model (Less CaCO3 

dissolution) 

Cl 5.34 5.31 5.31 5.31 
pH 6.95 7.46 7.24 6.97 
Alkalinity 3.18 2.18 3.41 2.94 
O2 0.00 0.19 0.01 0.00 
Fe 0.05 0.01 0.05 0.05 
SO4 0.00 0.04 0.00 0.00 
Na 4.40 4.03 4.32 4.32 
Ca 1.82 1.43 1.83 1.59 
Mg 0.52 0.55 0.55 0.55 
SICalcite − 0.35 − 0.09 − 0.03 − 0.41 
SIDolomite − 1.12 − 0.47 − 0.46 − 1.16 
SISiderite 0.42 0.26a 0.84a 0.49 
pCO2 0.02 0.00 0.01 0.02  

a DO and pe in the input solutions of the geochemical models were set to zero 
and -4, respectively, with the goal that all Fe becomes Fe(II), and the SI of 
siderite can be calculated. 
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simulated set of hydrogeochemical processes (Table 6) was more likely 
to cause a higher pH (7.39; see Table 7) than the conservative mixture 
(7.11; Table 7) and slightly exceeded the observed pH (7.30). The for-
ward model very well simulated other parameters, including Alkalinity. 
Desorption of Ca (Table 7: 2.32 mM predicted, while 2.15 mM would 
result from mixing only) agrees with cation exchange processes that 
occur when freshwater is displaced by brackish groundwater at this site. 
Insufficient infiltration versus abstraction may have led to some salini-
zation at this site. In contrast to GMF11, fresh water was infiltrated 
throughout the monitoring period, and abstraction was not executed 
because of high As levels that led to the freshening of the brackish 
aquifer, as reflected by the outcome of the inverse model of that site. 

Similar to GMF11, the simple mass balance calculation in Table 5 
suggests that As and Mn were mobilized during storage for the same 
reasons as elaborated at GMF11. 

3.6. Discussion on the research approach and literature comparison of the 
key findings 

A combined approach of weekly monitoring and geochemical 
modelling was applied to quantify the hydrogeochemical processes at 
the selected MAR sites. Collected water samples from all key locations 
(pond,infiltration water,native groundwater,abstracted water) in the 
MAR systems were analyzed weekly to observe the temporal and sea-
sonal changes (monsoon). While interpreting this weekly monitored 
data, we closely observed the changes in water chemistry in each sam-
pling location at each site. Although we could assume the occurrence of 
some hydrogeochemical processes with this interpretation, it was 
inconclusive to define the key hydrogeochemical processes during MAR 
with this approach. To this end, geochemical models were applied based 
on the median parameter values of the monitored period to determine 
and quantify the governing hydrogeochemical processes. The weekly 
monitored data brought insights into the systems’ seasonal water quality 
variations. In contrast, the geochemical models allowed us to quanti-
tatively determine the hydrogeochemical processes and make a stronger 
connection with the observed data. 

Table 5 
Measured median concentrations with standard deviations of the infiltration water, the abstracted water, and the deep native groundwater at site JJS91. The saturation 
index (SI) is shown as well. All values are expressed as mmol/L except manganese and arsenic which are expressed as μmol/L.  

Parameters Infiltration Deep native GW Conservative Mixing (Model) Abstracted water Reacted (Calculated) 

pH 7.8 6.7 7.1 7.30 0.19 
Alkalinity 1.9 10.0 2.7 3.6 0.9 
O2 0.2 0.0 0.18 0.00 − 0.18 
DOCa 0.8 0.9 0.8 0.72 − 0.11 
Cl 4.9 67.3 10.96 10.97 0.01 
SO4 0.2 0.02 0.18 0.09 − 0.09 
Na 3.0 49.8 7.5 7.9 0.4 
Ka 0.1 0.32 0.14 0.12 − 0.02 
Ca 1.5 8.6 2.2 2.3 0.19 
Mg 0.75 5.4 1.2 1.2 − 0.05 
Fea 0.0 0.26 0.03 0.01 − 0.02 
Mna 0.1 12.3 1.3 6.5 5.2 
Asa 0.02 0.5 0.07 0.25 0.18 

SICalcite 0.2 0.26 − 0.24 0.10  
SIDolomite 0.28 0.48 − 0.56 0.06  
SISiderite

b Na 1.03 0.24c 0.06  
pCO2 0.002 0.10 0.01 0.01   

a Values were considered with the simple mass balance. 
b Fe is considered to occur as Fe(II) in groundwater under anaerobic and pH neutral condition(Jensen et al., 1998; Lofts et al., 2008). SIs of siderite were calculated 

for groundwater where DO was below detection limit (<0.5 mg/L) and therefore Fe was assumed to occur as Fe(II). 
c DO and pe in the input solutions of the geochemical models were set to zero and -4, respectively, with the goal that all Fe becomes Fe(II), and the SI of siderite can be 

calculated. 

Table 6 
Inverse geochemical model simulating the abstracted water composition at site 
JJS91, where the listed processes where added to a ~90%:10% mixture of 
infiltration water and native groundwater, respectively.  

Reaction Equation Change (mmol/ 
L) 

Redox processes 
O2 consumption O2 + 4H+ + 4e− →2 H2O 0.185 
SO4 reduction SO2−

4 + 9H+ + 8e− →HS− +

4H2O 
0.093 

Organic matter oxidation CH2O+ H2O→CO2 + 4H+ + 4e− 0.370 
DOC oxidation (Table 5) CH2O+ H2O→CO2 + 4H+ + 4e− 0.110 
SOM oxidation 

(calculated) 
CH2O+ H2O→CO2 + 4H+ + 4e− 0.260 

Mineral reactions 
Siderite dissolution FeCO3→Fe2+ + CO2−

3 0.077 
Calcite dissolution CaCO3→Ca2+ + CO2−

3 
0.376 

FeS precipitation Fe2+ + HS− →FeS+ H+ 0.093 

Cation Exchange 
Na sorption Na+ + X− →NaX 0.403 
Ca desorption CaX2→Ca2+ + 2X− 0.201  

Table 7 
Forward simulation of the abstracted water composition based on the mixture of 
infiltration water and native groundwater at site JJS91. Model results are 
shown, where values are expressed as mmol/L.  

Parameters Observed Model (Mixing only) Model (Final inverse model) 

Cl 10.97 10.96 10.96 
pH 7.30 7.11 7.39 
Alkalinity 3.61 2.68 3.61 
O2 0.00 0.18 0.00 
Fe 0.01 0.03 0.01 
SO4 0.09 0.18 0.09 
Na 7.94 7.53 7.94 
Ca 2.34 2.15 2.32 
Mg 1.15 1.20 1.20 
SICalcite 0.10 − 0.24 0.20 
SIDolomite 0.06 − 0.56 0.28 
SISiderite 0.06 0.24a 0.07a 

pCO2 0.01 0.01 0.01  

a DO and pe in the input solutions of the geochemical models were set to zero 
and -4, respectively, with the goal that all Fe becomes Fe(II), and the SI of 
siderite can be calculated. 
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The hydrogeochemical processes, such as oxygen consumption, 
oxidation of Fe and OM, reduction of SO4, dissolution of carbonate 
minerals, and cation exchange that occurred at the studied locations 
were comparable to other ASR sites around the world (Antoniou et al., 
2012; Fakhreddine et al., 2020, 2021; Naus et al., 2019b; Wallis et al., 
2010, 2011; Zuurbier et al., 2016, 2017). In this study, DO from the fresh 
surface water was consumed during the infiltration and storage in the 
anaerobic aquifers. However, unlike ASR sites in the Netherlands 
(Antoniou et al., 2012, 2013; Zuurbier et al., 2014, 2016), where pyrite 
oxidation was most important, DO at the MAR sites in Bangladesh was 
(probably) primarily consumed by OM and, to a lesser extent, by dis-
solved Fe. During infiltration and storage, mixing of infiltration and 
native groundwater and geochemical reactions occurred that affect the 
water quality of abstracted water, as was previously observed (Fakh-
reddine et al., 2015, 2021). Freshening of brackish aquifers, and disso-
lution of minerals like calcite and siderite were observed similarly at 
other ASR sites across the world (Antoniou et al., 2012; Vanderzalm 
et al., 2010; Zuurbier et al., 2016). 

The mobilization of As during MAR occurs as a result of the disso-
lution of As-bearing pyrite minerals due to the infiltration of aerobic 
water at many ASR sites around the world (Antoniou et al., 2012; 
Fakhreddine et al., 2015, 2021; Vanderzalm et al., 2011; Wallis et al., 
2011; Zuurbier et al., 2016). During injection of DO into the underlying 
aquifers, introduced O2 is consumed by the reductants like pyrite and 
can mobilize As and Fe. Under more oxidized conditions, dissolved Fe 
can further oxidize and limit the levels of As and Fe as they absorb on the 
newly precipitated Fe(OH)3. However, at many MAR sites across South 
Asia (Fakhreddine et al., 2021; Mailloux et al., 2013; Polizzotto et al., 
2005), As mobilizes under reducing conditions in the aquifer due to 
reductive dissolution of Fe-oxyhydroxides. During the storage and re-
covery phase, redox conditions shift towards more reduced conditions 
because of the depletion of DO. Subsequently, microbial-mediated 
reductive dissolution of Fe-oxyhydroxides can mobilize As and Fe in 
the recovered water. During infiltration and storage, the introduced DO 
was consumed by OM, which caused a pH drop, and in response, calcite 
dissolution occurred. Therefore, Alkalinity increased, and thus, higher 
concentrations of bicarbonate ions exchanged with Fe, Mn, and As on 
sorption sites of the iron oxides. However, this effect is probably limited 
as overall Alkalinity decreased in the aquifer because of freshwater 
infiltration. As might alternatively have dissolved and mobilized during 
siderite dissolution at both sites as explained before. Most likely, how-
ever, is that As is desorbed from the Fe-oxides in the aquifer in response 
to the inflow of low-As infiltration water, triggering re-equilibration 
with the surface sites and a net As desorption effect. 

4. Implications of findings for abstracted water quality 

The abstracted water quality depends on both hydrogeochemical 
processes and the mixing of infiltration water with native groundwater 
at both MAR sites. MAR design and operation should, in principle, 
enable abstraction of most of the infiltrated water without mixing with 
native groundwater. However, about 10% of the abstracted water 
originated from native groundwater, enhancing salinity and arsenic 
levels in abstracted water. The contributions of infiltration water, native 
groundwater, and hydrogeochemical processes to the levels of As and 
Mn in abstracted water were calculated based on the known mixing 
fractions and measured concentrations in Tables 2 and 5 (see also 
Tables S7–S8 in Supplement). With respect to As, roughly 20% origi-
nated due to mixing, while approximately 80% was caused by mobili-
zation processes at both sites. With respect to Mn, these percentages 
contributed 20% and 80%, respectively at JJS91, and about 10% and 
90%, at site GMF11. The occurrence of hydrogeochemical reactions, 
therefore, causes elevated As and Mn levels in the abstracted water. 
However, the raised levels of As and Mn can also be partially produced 
by mixing, whereas mixing itself had a minor but still relevant contri-
bution. As a result, GMF11 did not comply with local drinking water 

standards. 
The consumption of DO influenced water quality during storage. 

Limited infiltration (and abstraction) led to long residence times, 
allowing oxygen depletion that may negatively affect the precipitation 
of Fe(OH)3. Re-equilibration of sorbed arsenic with the low arsenic 
infiltration water resulted in higher levels of As at both sites (compared 
to infiltration water), and water was not abstracted from GMF11 as the 
local guideline value was exceeded. Without abstraction, this situation 
can remain sustained for a long time as water is infiltrated around this 
pocket of stagnant poor-quality groundwater. A more enhanced and 
regular inflow of infiltration water and concurrent abstraction would 1) 
shorten the residence time of the stored water, possibly keeping condi-
tions (sub)oxic; and 2) grow the size of the stored freshwater body 
limiting mixing with native groundwater in drinking water abstracted 
from its core. The regular inflow of DO from infiltration water can create 
new sorption sites for dissolved Fe, Mn, and As, which would lower their 
concentrations. Moreover, preventing mixing also excludes mixing 
corrosion and limits the dissolution of CaCO3 and formation of Alka-
linity, which possibly plays some role in As mobilization due to 
competitive desorption at these MAR sites. Despite similar contents of 
geochemical parameters such as SOM and carbonate content (Table 1), 
the hydrogeochemical responses were strikingly different at both sites 
because of the varied water chemistry of infiltration water and native 
groundwater, specifically with respect to the oxidation of dissolved Fe 
and organic matter (Tables 3 and 6). Aquifer geochemistry did not turn 
out as decisive in predicting abstracted water quality at these two 
locations. 

5. Conclusion 

The changes in water quality and the key hydrogeochemical pro-
cesses were studied at two MAR sites in SW Bangladesh. During storage 
of infiltrated water, DO was consumed rapidly by dissolved Fe at GMF11 
and by DOC/SOM at both sites. Moreover, DO consumption induced SO4 
reduction that was coupled to both DOC and SOM oxidation. The change 
of pH in the abstracted water at GMF11 (decreased) and at JJS91 
(increased) suggests the occurrence of different hydrogeochemical re-
actions. At GMF11, precipitation of Fe(OH)3 and FeS resulted in a pH 
drop, while siderite dissolution was considered as a source of dissolved 
Fe. At JJS91, the increase in pH occurred due to the increased Alkalinity 
and the absence of Fe(II) oxidation and subsequent precipitation of Fe 
(OH)3. Alkalinity at this site increased because of DOC/SOM oxidation 
and CaCO3 dissolution. Cation exchange between Ca (sorption) and Na 
(desorption) indicated that freshening of the brackish aquifer occurred 
due to steady freshwater infiltration at GMF11. In contrast, due to the 
inadequate infiltration compared to abstraction at JJS91, reversed 
cation exchange was observed between Ca (desorption) and Na (sorp-
tion). The mobilization of As occurred at both sites most likely due to 
desorption from Fe-oxides in response to the inflow of the low-As infil-
tration water. Furthermore, dissolution of As containing siderite may 
have played a role. Besides, the mixing of infiltration water with native 
groundwater resulted in increased salinity (EC) and levels of As and Mn 
in the abstracted water. When this mixing would be limited, the level of 
As and Mn in the abstracted water would lower and could further limit 
the dissolution of CaCO3 (formation of Alkalinity) that may have 
contributed to As desorption. The regular inflow of fresh filtered pond 
water can enhance the size of the bubble and prevent the mixing with 
native groundwater, which can be achieved by maintaining a higher rate 
of infiltration and abstraction. This regular inflow of fresh aerobic water 
may curb the elevated levels of Fe, Mn, and As in the abstracted water 
due to the sorption on neo-formed Fe-oxides. Thus, the drinking water 
quality is expected to improve at these MAR systems in Bangladesh 
when these systems are differently designed and operated. 
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Breukelen, B.M., 2015. Reactive transport modeling of subsurface arsenic removal 
systems in rural Bangladesh. Sci. Total Environ. 537, 277–293. 

Reza, A.H.M.S., Jean, J.-S., Bundschuh, J., Liu, C.-C., Yang, H.-J., Lee, C.-Y., 2013. 
Vertical geochemical variations and arsenic mobilization in the shallow alluvial 
aquifers of the Chapai-Nawabganj District, northwestern Bangladesh: implication of 
siderite precipitation. Environ. Earth Sci. 68, 1255–1270. 

Saha, N., Bodrud-Doza, M., Islam, A.R.M.T., Begum, B.A., Rahman, M.S., 2020. 
Hydrogeochemical evolution of shallow and deeper aquifers in central Bangladesh: 
arsenic mobilization process and health risk implications from the potable use of 
groundwater. Environ. Earth Sci. 79, 477. 

Seddique, A.A., Masuda, H., Mitamura, M., Shinoda, K., Yamanaka, T., Itai, T., 
Maruoka, T., Uesugi, K., Ahmed, K.M., Biswas, D.K., 2008. Arsenic release from 
biotite into a Holocene groundwater aquifer in Bangladesh. Appl. Geochem. 23, 
2236–2248. 

Stollenwerk, K.G., Breit, G.N., Welch, A.H., Yount, J.C., Whitney, J.W., Foster, A.L., 
Uddin, M.N., Majumder, R.K., Ahmed, N., 2007. Arsenic attenuation by oxidized 
aquifer sediments in Bangladesh. Sci. Total Environ. 379, 133–150. 

Stuyfzand, P.J., 1998. Quality Changes upon Injection into Anoxic Aquifers in the 
Netherlands: Evaluation of 1 1 Experirnents: Attificial Recharge of Groundwate, 
pp. 283–291. 

Sultana, S., Ahmed, K.M., Mahtab-Ul-Alam, S.M., Hasan, M., Tuinhof, A., Ghosh, S.K., 
Rahman, M.S., Ravenscroft, P., Zheng, Y., 2015. Low-Cost Aquifer Storage and 
Recovery: Implications for Improving Drinking Water Access for Rural Communities 
in Coastal Bangladesh, vol. 20, p. B5014007. 

Sun, J., Quicksall, A.N., Chillrud, S.N., Mailloux, B.J., Bostick, B.C., 2016. Arsenic 
mobilization from sediments in microcosms under sulfate reduction. Chemosphere 
153, 254–261. 
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