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ABSTRACT

Managed Aquifer Recharge (MAR) systems have supplied drinking water to rural communities in southwestern
Bangladesh since 2009. Although MAR enhances water availability, there are concerns about the potential
mobilization of iron (Fe), manganese (Mn), and arsenic (As) during storage. Fourteen push-pull tests (PPTs) were
performed under oxidative and reductive conditions at four MAR sites. These tests involved injecting filtered and
Oy-saturated pond water for oxidative conditions, and sucrose-amended anoxic stored MAR water for reductive
conditions, via a well in the stored MAR water. During oxidative PPTs, repeated aeration, injection, and
abstraction cycles resulted in rapid consumption of dissolved oxygen (DO) with first-order rate constants of ~52
to 72 day! across all sites. DO was mainly consumed by adsorbed and dissolved Fe, with no apparent signs of
pyrite and organic matter (OM) oxidation. The consistently high rate constant across the cycles suggests that
heterogeneous Fe oxidation dominates. DO oxidizes Fe(II) to form Fe-(oxyhydr)oxides, resulting in the temporary
removal of dissolved Fe (~98 %), Mn (~70-80 %), and As (60-70 %) at sites GMF11 and JJS91 due to sorption
onto newly formed Fe-(oxyhydr)oxides. At sites MGS and MFO5, increased As concentrations were noted due to
the desorption of As from the Fe-(oxyhydr)oxides surface during abstraction. During reductive PPTs, the sucrose
degraded over time, resulting in increased bicarbonate (HCOs) and acetate concentrations and decreased pH and
(sucrose-derived) DOC in abstracted water. These conditions led to the reductive dissolution of Fe-(oxyhydr)
oxides, mobilizing Fe, Mn, and As, resulting in concentration peaks up to 70 mg/L Fe, 3.5 mg/L Mn, and 120 pg/L
As. At MGS and MFO5, similar trends for Fe and Mn were observed, while As levels did not increase. Peak
concentrations were observed after about one day at JJS91, and two days at the other sites. Regular infiltration of
Oy-saturated water may limit mobilization of Fe, Mn, and As, while the occurrence of reduced conditions should
be prevented, as they could result in mobilization of these geogenic metals and endanger the provision of safe

drinking water.

1. Introduction

The United Nations Sustainable Development Goal (SDG) 6 aims to
increase access to clean, safe water and proper sanitation (Ho et al.,
2020; Kiifeoglu, 2022). This is particularly important in the Khulna, the
Satkhira, and the Bagerhat districts in southwestern (SW) Bangladesh,
where drinking water sources are scarce and often unsafe (Naus et al.,
2021). In these regions, communities face a shortage of fresh drinking
water due to saline surface and groundwater (Naus et al., 2019).
Regrettably, water availability is further deteriorated by contamination
of fresh pond water with pathogens and bacteria (Alam et al., 2006;
Bhuiyan et al., 2011), reduced infiltration due to urbanization (Abedin
et al., 2019; Khan et al., 2014), rise in seawater levels due to climate
change (Sarker et al., 2021, 2018), and contamination of shallow
groundwater with arsenic (Ayers et al., 2016; Harvey et al., 2002; Naus
et al., 2021). Recently, steps have been taken towards achieving SDG 6
to enhance freshwater availability by implementing Managed Aquifer
Recharge (MAR) systems in this region (Sultana et al., 2015).

MAR is a freshwater management system that stores surplus fresh
water in a shallow aquifer during the wet season, which can then be
abstracted during the dry season to meet the community’s water de-
mands (Missimer and Maliva, 2010; Pyne, 2017). From 2009 to 2014, 99
MAR systems were constructed to provide fresh and safe drinking water
in the Khulna, the Satkhira, and the Bagerhat districts of SW Bangladesh
(Naus et al., 2021). MAR systems can operate through either injection or
infiltration methods; however, in SW Bangladesh, they are predomi-
nantly infiltration-based. At these MAR systems, fresh water is collected
from surface water (pond) and rooftops, treated for turbidity in a sand
filtration tank and subsequently infiltrated into brackish to saline
confined aquifers (background EC ranging 1.0 to 19 mS/cm) using
several infiltration wells (Barker et al., 2016; Hasan et al., 2018). The
stored water is abstracted year-round using a hand-operated tube well
for drinking water purposes, without further treatment, only when its
quality, particularly salinity and arsenic levels, meets safe and accept-
able standards, as monitored monthly (Hasan et al., 2018).

MAR systems offer a sustainable solution for ensuring a consistent
potable water supply (Naus et al., 2021), and they can naturally purify
water through filtration, sorption, and biodegradation processes due to
sediment-water interactions (Antoniou et al., 2012; Kruisdijk et al.,
2022). However, the potential mobilization of arsenic (As) from the
arsenic-rich aquifers in Bangladesh should be studied carefully to ensure

that safe drinking water is provided. Pyrite and arsenopyrite are primary
host minerals for As in the Bengal basin sediments (Chakraborty et al.,
2015; Lowers et al., 2007; Zheng et al., 2004). Introducing oxygenated
water into the aquifer due to excessive groundwater pumping promotes
the oxidative dissolution of arsenic-bearing sulfide minerals, leading to
elevated As concentrations in the shallow groundwater of the Bengal
basin (Das et al., 1995). However, other studies indicate that released As
can be adsorbed onto Fe-(oxyhydr)oxides during pyrite oxidation,
thereby limiting groundwater As concentrations (McArthur et al., 2001;
Savage et al., 2000). Moreover, the Holocene sediments of the Bengal
basin are generally rich in organic matter (Anawar et al., 2010), and
microbial reductive dissolution of Fe-(oxyhydr)oxides, is the predomi-
nant and accepted hypothesis for As mobilization in shallow ground-
water for this region (Biswas et al., 2014; Chapelle, 2000; McArthur
et al., 2004; Nickson et al., 2000). Therefore, pyrite minerals still play a
critical role in releasing As and facilitating its repartitioning onto
Fe-(oxyhydr)oxides, while microbial reductive dissolution of Fe-(ox-
yhydr)oxides mobilizes As into the groundwater of the Bengal Basin.

At the MAR systems in SW Bangladesh, fresh infiltration water in-
troduces both dissolved oxygen (DO; ~8.0 mg/L) and dissolved organic
matter (OM; ~9.5 mg/L as dissolved organic carbon) into anoxic
brackish aquifers. DO can oxidize dissolved Fe(Il) in native groundwater
to form Fe-(oxyhydr)oxides, which are well-known adsorbents for As
and manganese (Mn) (Annaduzzaman et al., 2020; Rahman et al., 2014;
van Halem et al., 2010). However, water quality can also deteriorate
during storage as DO becomes fully consumed by reductants, such as
organic matter (OM) and pyrite (Antoniou et al., 2013; Kruisdijk and van
Breukelen, 2021; Zuurbier et al., 2016). OM oxidation can result in
increased ammonia (NH4) and phosphate (PO4) concentrations, while,
more importantly, pyrite oxidation often results in increased As con-
centrations in the recovered water. Furthermore, the infiltration of
DO-rich water prevents reduced conditions, which could trigger the
reductive dissolution of Fe-(oxyhydr)oxides, leading to the mobilization
of Fe, Mn, and As in the recovered water (Antoniou et al., 2012; Fakh-
reddine et al., 2021; Neil et al., 2012). Prolonged storage periods
without infiltration might, however, lead to these conditions, with
consequently substantial deterioration of the recovered water. A recent
study by Rafiq et al. (2022) observed that As desorption and siderite
dissolution led to the mobilization of Fe, Mn, and As at these sites.
Desorption occurred when the pond water with low As concentrations
was infiltrated, and the native groundwater was displaced.
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Research on As mobilization in shallow aquifers of Bangladesh has
been extensive to ensure safe drinking water (Ahmed et al., 2004; Aziz
et al., 2017; Bhattacharya et al., 2009; Hasan et al., 2007; Mladenov
et al.,, 2010; Ravenscroft et al., 2005). While mobilization of As,
including the impact of DO and dissolved organic carbon (DOC), has
been studied in both natural aquifers and MAR systems around the world
(Fakhreddine et al., 2020; Kruisdijk and van Breukelen, 2021), little is
known about how these processes occur in anoxic and brackish to saline
aquifers, particularly in Bangladesh. The conditions and processes in a
MAR system differ significantly from those of fresh groundwater
abstraction, notably in the introduction of DO and OM in anoxic and
brackish to saline aquifers. Therefore, further study is needed under field
conditions, explicitly addressing the potential for Fe, Mn, and As (im)
mobilization under oxidative and reductive conditions in the MAR sys-
tems of Bangladesh.

Push-pull tests (PPTs) are a well-known method for obtaining
quantitative information on in-situ biogeochemical processes (Kruisdijk
et al., 2022; Kruisdijk and van Breukelen, 2021). During a typical PPT, a
solution with known composition is injected into the subsurface via an
existing groundwater well. Subsequently, the mixture of injected water
and groundwater is extracted from the same well, and water quality
changes during abstraction are analyzed (Istok, 2012; Istok et al., 1997).
Numerous studies have demonstrated that PPTs can be applied to
quantify rates of microbial processes, including aerobic respiration,
denitrification (Kim et al., 2005; Kruisdijk et al., 2022; Schroth and
Istok, 2006; Vandenbohede et al., 2008), and sulfate reduction (Schroth
et al., 2001). The advantages of PPTs over lab and column experiments
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include the minimal disturbance of the analyzed sediments and the
ability to investigate larger aquifer volumes under in-situ conditions
(Istok, 2012; Vandenbohede et al., 2008). Moreover, PPTs resemble
small aquifer storage and recovery (ASR) systems in which different
reactants, such as DO and OM, are introduced to assess the reactivity of
the aquifer (Kruisdijk and van Breukelen, 2021; Neidhardt et al., 2014;
Radloff et al., 2017). To date, this method has rarely been applied at
MAR sites, with the recent exception of the research by Kruisdijk et al.
(2022); Kruisdijk and van Breukelen (2021), who used a reactive
transport model to interpret and simulate the PPT data in an aquifer
storage and recovery system in the Netherlands.

In this study, we applied PPTs at four MAR sites, with varying
background As concentrations in native groundwater, to determine
hydrogeochemical processes influencing the mobilization of Fe, Mn, and
As under oxidative and reductive conditions in the MAR systems of SW
Bangladesh. The study aimed to test three hypotheses. First, MAR in
aquifers with As-containing pyrite may lead to the oxidative dissolution
of pyrite. Second, DO consumption under oxidative conditions results in
the oxidation of dissolved and (de)sorbed Fe(II) and consequent Fe, Mn,
and As sorption onto the formed Fe-(oxyhydr)oxides. Third, longer pe-
riods without infiltration can result in reduced conditions and mobili-
zation of Fe, Mn, and As due to the microbial reductive dissolution of Fe-
(oxyhydr)oxides. We performed oxidative PPTs (injecting fully aerated
filtered pond water) in successive cycles with the aim to assess the
occurrence of pyrite oxidation. Furthermore, reductive PPTs (injecting
sucrose-mixed anoxic MAR water) were performed with the aim to
assess the occurrence of microbial reductive dissolution of Fe-(oxyhydr)
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Fig. 1. Map prepared with QGIS (version 2.18.4) showing the locations of the four MAR sites (indicated with yellow stars) in the Bagerhat and the Khulna districts of
SW Bangladesh (A-B). Among these MAR sites, JJS91 and MGS are in the Morrelganj upazila, GMF11 is in the Kachua upazila of Bagerhat, whereas MFO5 is in the

Paikgacha upazila of Khulna (C).



M.R. Rdfiq et al.

oxides.
2. Methods
2.1. Location of push-pull test sites

Oxidative and reductive push-pull tests (PPTs) were conducted at
four MAR sites from October to November 2018: site GMF11 (22.622,
89.836), JJS91 (22.442, 89.804), and MGS (22.579, 89.919) are in the
Bagerhat district, whereas MFO05 (22.617, 89.278) is in the Khulna dis-
trict of Bangladesh (Fig. 1). Arsenic (As) concentrations in the stored
MAR water varied among these sites. At GMF11, concentrations (~ 72
ug/L) were observed above the Bangladesh drinking water standard of
50 ug/L, while JJS91 (~ 14 pg/L), MF05 (~ 8.5 pg/L), and MGS (~ 7.5
ug/L) were below this standard. The As concentrations reported herein
were measured in the water sample collected during the PPTs. Before
MAR operation, GMF11, JJS91, MGS, and MFO5 all had higher As
concentrations of 500 ug/L, 100 pg/L, 30 pg/L, and 50 pg/L, respec-
tively. Table S4 in the supplementary document summarizes the oper-
ational and hydrochemical information of these MAR sites before this
study. These sites were selected for their road accessibility, power
availability, and logistical support compared to other MAR sites that
showed comparable As levels.

We conducted PPTs at each site in the abstraction well, and in one
monitoring well about 3.5 m from the abstraction well to replicate the
results and evaluate aquifer heterogeneity. Table 1 shows the depth of
the wells, additives used, and required volume for the push and pull
phases during the PPTs at the selected MAR sites. The MAR system did
not operate during the PPTs. At each site, we started with the oxidative
(cyclic) PPT and followed with the reductive PPT.

2.2. MAR site layout

Freshwater from the local pond was the source of infiltration water at
the four researched MAR sites. This water was treated with a sand filter
for turbidity at approximately 2 m above ground level and then infil-
trated under gravity into the anoxic and brackish sandy aquifers beneath
clay layers of about 17 m thickness for MF05, 14 m for MGS, 12 m for
GMF11, and 6 m for JJS91 (Fig. 2). Six large-diameter infiltration wells
(diameter of ~0.25 m) were used for GMF11 and MF05, while JJS91 and
MGS utilized four infiltration wells (diameter of ~0.30 m), all arranged
in a circle with a radius of 1.8 m (Fig. 2). This array of four or six
infiltration wells is primarily based on the required volume of water and
the depth of the target aquifer. For the shallower aquifer systems, six
wells were installed, whereas four wells were installed for the deeper
systems for two main reasons: (a) the deeper aquifers possess relatively
higher hydraulic conductivity than the shallower ones, allowing a
higher volume of water to be injected through fewer wells; and (b)
drilling wells at greater depth required higher expenses. The diameter of
the infiltration wells varies in casing and screen dimensions at each site.
For GMF11, each infiltration well has a depth of 24.4 m with a 12.2 m
long screen; for JJS91, the depth is 22.3 m with a 15.2 m long screen; for
MGS, the depth is 26 m with a 12.2 m long screen, and for MFO05, the
depth is 32 m with a 12.2 m long screen (see Fig. 2). At each site, an
abstraction well (diameter: 0.05 m; screen length: 3.05 m) was centrally

Table 1
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positioned in the system. This well was used to abstract stored fresh-
water using a hand-operated tube well for drinking water purposes, with
depths ranging from 12.2 to 21.4 m for GMF11, 6.1 to 16.8 m for JJS91,
14 to 23 m for MGS, and 17 to 29 m for MFO5 (Fig. 2). Each site
maintains five monitoring wells with diameters and screen lengths like
the abstraction wells at the respective sites. Additionally, one deep
centre well (referred to as deep monitoring well) was installed at a depth
of about 26 m for GMF11, 21 m for JJS91, 26 m for MGS, and 30.4 m for
MFO05. The other four observation wells (referred to as shallow moni-
toring wells 3-6) were positioned outside the circle of infiltration wells
in a 3.66 m radius circle from the abstraction well, measured using a
measuring tape, with screens at the same depth as the abstraction wells
at four sites (see Fig. 2). The 1.8 m radius for the infiltration well array
and the 3.66 m radius for the observation wells were established based
on the preliminary conductivity survey and field constraints. However,
no tracer test was conducted, and no regulatory guidelines or reference
values from previous studies were available, as these MAR sites repre-
sented the first experiments in coastal Bangladesh. Closer well spacing
was found to enhance aquifer freshening, while wider spacing produced
isolated freshwater zones. Considering the low hydraulic gradient,
limited land availability, and safety requirements for installing large-
diameter (~0.3 m) wells, a compact circular layout was adopted.

2.3. Push-pull test (PPT)

Fig. 3 shows a schematic layout of a PPT where the water of known
chemical composition is injected into the subsurface using an existing
well, followed by the gradual abstraction of the mixture of injected
water and groundwater from the same well (Istok et al., 1997; Kruisdijk
and van Breukelen, 2021). In this study, we used filtered pond water
(oxidative PPT) and stored MAR water (reductive PPT) as the injected
water, which was stored in a 300 L tank before injection. The volume of
injected water (push volume) during PPTs varied among the selected
MAR sites, ranging from 210 to 300 L (Table 1). The water tank with a
maximum capacity of 300 L was used at all sites due to its commercial
availability, ease of transport, and comparability with previous studies
of Kruisdijk and van Breukelen (2021). The push volume was calculated
based on the volume of the PPT well, the volume of the gravel pack
surrounding the well, and the number of water samples collected during
each PPT. The combined volumes of the well and gravel pack were
defined as the total dead volume, and the injected volume was calcu-
lated by multiplying the number of samples collected during PPT by the
total dead volume. The injected water (push) volume was set to exceed
this dead volume, ensuring that collected samples represented
aquifer-resident water rather than water retained within the well or in
the gravel pack. Conservative tracers, Br as NaBr, concentrations
ranging from 0.01 to 0.08 mmol/L and Cl as NaCl, concentrations
ranging from 0 to 1.4 mmol/L, as well as reactants, e.g., dissolved O,
(DO), concentrations of ~8 mg/L and sucrose (C;2H22011), concentra-
tions of ~5 mmol/L), were added in injected water (Table 1). The su-
crose dosage was considered based on previous studies in which reactive
organic carbon was added to observe arsenic mobilization in the Bengal
Delta aquifer (Neidhardt et al., 2014; Rawson et al., 2017). NaCl was
only added if the difference in electrical conductivity (EC) between
injected and stored MAR water was <100 uS/cm.

Overview of PPTs conducted at MAR sites showing the depth of wells, types of condition, additives and volume of water used.

Site Depth (m) Mode of PPTs Push water type Additives Dead volume (L) Sample volume (L) Push volume (L) Pull Volume (L)
GMF11 22.0 Oxidative cyclic Filtered pond water 0,, NaBr 35 50 300 600
22.0 Reductive Anoxic SMW Sucrose, NaCl and NaBr - 50 300 300
JJS91 15.3 Oxidative cyclic Filtered pond water 05, NaBr 25.5 40 240 480
15.3 Reductive Anoxic SMW Sucrose, NaCl and NaBr 50 300 300
MGS 26.0 Oxidative cyclic Filtered pond water 0,, NaBr 22.5 35 210 420
MF05* 27.0 Oxidative cyclic Filtered pond water 05, NaBr 43 50 300 600

" During PPTs, the abstraction well was used for all sites except MFO5, where the (deep) monitoring well was used instead of the abstraction well.
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Fig. 2. Map (left) and cross-sectional (right) view of the wells of selected MAR sites (GMF11, JJS91, MGS, and MF05) where push-pull tests were conducted. Each
cross-sectional (right) view shows the position and screen length of the infiltration, abstraction, and monitoring wells in each MAR system of the selected sites.
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Fig. 3. Schematic layout of a push-pull test (PPT) under oxidative (A) and reductive conditions (B) to observe hydrogeochemical processes in aquifer. Filtered (fresh)
pond water (A) and sucrose-mixed stored MAR water (B) are injected using existing abstraction or monitoring wells as part of the MAR systems (push phase, left
panels) through the screen of the respective wells into the stored MAR water (green colour in all panels). The injected water (pink arrow in the left panel) is dispersed
radially through the well screen into the stored MAR water. Subsequently, the mixture of the injected and the stored MAR water in the aquifer (pink arrow) is
gradually abstracted from the same well (pull phase, right panel) and collected water samples are analysed for hydrochemical composition.
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After thoroughly mixing the tracers and reactants using an aerator
pump (~1.4 kW) in oxidative and a clean material (wooden stick) in
reductive PPTs, the water was injected at a steady flow rate of approx-
imately 9.5 L/min using a submersible pump (Eijkelkamp Gigant®).
During the injection (push-phase), water samples were collected at three
stages- beginning, middle, and end of injection following the standard
water sampling procedures (Rafiq et al., 2022; Rahman et al., 2014),
ensuring that the additives were thoroughly mixed and that the collected
water samples represented the entire injection process. Moreover, onsite
parameters were continuously recorded at 30-second intervals during
the injection, indicating homogeneous mixing of the added chemicals
(discussed in the Results section).

After a resting period of approximately 5 min, 12 water samples
during oxidative PPTs and 6 during reductive PPTs were collected each
time by abstracting 1.25 times the dead volume of the PPT well,
ensuring that the sampled water volume came from the aquifer and not
from the water inside the well (Kruisdijk and van Breukelen, 2021). Due
to dispersion, the injected water was mixed with the existing stored MAR
during the push phase. Therefore, even after abstracting the same vol-
ume of water that was injected, some of the injected water may remain
in the aquifer. Therefore, twice the volume of injected water was
abstracted in oxidative PPTs. In reductive PPTs, the abstracted water
volume was equal to the injected volume (Table 1).

2.3.1. Oxidative (cyclic) PPTs

Filtered pond water was stored in a 300 L tank and was aerated with
an aerator pump (~1.4 kW) until full DO saturation (~ 8 mg/L). Tracers
and reactants were added during aeration when required (dosage
mentioned before) and thoroughly mixed before injection (push phase of
cycle 1). Injected water was collected during cycle 1 and indicated as IW
1. After the injection of cycle 1, four water samples were collected each
time by abstracting 1.25 times the dead volume of the respective PPT
well during the pull-phase. Approximately 20 mL of water was required
during each sampling, and the rest was stored in the tank instead of
being discarded. Around 80 % of the injected water was abstracted and
stored in the same tank for aeration and injection in cycle 2. These
aeration, injection, and abstraction phases were iterated twice (cycles 1
and 2), and in the final phase (cycle 3), twice the amount of injected
volume was abstracted. During cycles 1 and 2, four water samples were
collected in each cycle, while in cycle 3, 12 samples were collected with
twice the volume being abstracted as injected. These successive cycles of
aeration and injection allowed the introduction of sufficient DO in the
aquifer to better observe the potential processes concerning the con-
sumption of DO (Fig. 3A).

2.3.2. Reductive PPTs

During the reductive PPTs (Fig. 3B), stored MAR water from the
selected PPT well was used as injected water instead of filtered pond
water, and ~5 mmol/L sucrose (C12H32011, as reactive carbon) was
added to the injected water to assess the reductive dissolution of Fe-
(oxyhydr)oxides and the mobilization of As (Neidhardt et al., 2014;
Rawson et al., 2017). Stored MAR water was abstracted using a sub-
mersible pump (Eijkelkamp Gigant®) and stored in a 300 L tank. The
storage tank was kept closed to maintain anoxic conditions while the
necessary procedures were performed quickly, likely resulting in slight
increases in DO. The 300 L of sucrose-amended (Ci3H220711, ~5
mmol/L) water was injected under gravity into the PPT well (push--
phase). The sucrose concentration of 5 mmol/L was adopted from the
earlier and comparable studies of Rawson et al. (2017) and Neidhardt
et al. (2014). With an incubation period of approximately 15 h, water
samples were collected after abstracting 50 L of water, and 6 samples
were collected during the pull phase. These samples were collected with
a peristaltic pump (Solinst®410) twice a day, maintaining an interval of
approximately 7 h until the total injected volume was abstracted. An
incubation period of approximately 15 h was adopted to provide
adequate time for the occurrence of microbially mediated reductive
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dissolution of Fe-(oxyhydr)oxides as reported in the comparable studies
of Rawson et al. (2017) and Neidhardt et al. (2014). In addition, sam-
pling at approximately 7-hour intervals also offered sufficient temporal
resolution to monitor short-term fluctuations in Fe, Mn, and As
mobilization.

2.4. Collection and analysis of aqueous and sediment samples

Water sampling and analysis: During the PPTs, water samples were
collected from stored MAR water, injected water, and abstracted water
following standard water sampling procedures (Rafiq et al., 2022;
Rahman et al., 2014). Stored MAR water samples were collected from
the abstraction and the monitoring well with a submersible pump (Eij-
kelkamp Gigant®) after purging triple the standing volume of the
respective well, injected water samples were collected directly from a
300 L tank after adding additives, and abstracted water samples were
collected with a peristaltic pump (Solinst®410) during the pull phase.
Electrical conductivity (EC), temperature, pH/redox, and DO were
measured directly on the field site and recorded using a PONSEL
ODEON® multi-parameter meter throughout the experiment. The de-
tails of the PONSEL ODEON® multi-parameter probes for onsite mea-
surement were described in Rafiq et al. (2022). During injection, these
parameters (EC, temperature, pH/redox, and DO) were recorded
continuously at 30-sec intervals by immersing individual PONSEL
ODEON® multi-parameter probes in the 300 L tank. These parameters
were also recorded every minute by immersing individual probes in a
flow cell during the abstraction of water samples. Besides these pa-
rameters, alkalinity and turbidity were measured in the field using a
digital titrator (HACH Method 10244) and a portable turbidity meter
(HANNA HI 93703), respectively.

Collected water samples for laboratory analysis were stored in 15 mL
plastic vials (SARSTEDT®) after filtration using a 0.45 um filter. Water
samples for major cations and trace elements (Na, K, Ca, Mg, Fe, Mn, As)
were acidified 1/100 with 69 % HNO3 (ACS, Merck®) and analyzed with
inductivity coupled plasma mass spectrometry (ICP-MS; Analytik Jena
model PlasmaQuant MS) after diluting the samples with acidified ul-
trapure water (1 % v/v). Water samples for anions (Cl, Br, F, SO4, NO3,
NO,, and acetate) were analyzed with a Metrohm® 818 ion chromato-
graph equipped with a Metrosep A supp 5-150/4.0 column. In addition,
filtered water samples were collected for dissolved organic carbon
(DOC) in 30 mL plastic vials (SARSTEDT®) and preserved with a 1 %
concentrated HCl. These samples were analyzed using a Shimadzu®
TOC analyzer (NPOC: non-purgeable organic carbon) after removing
dissolved CO, by placing the samples in a vortex for 60 s (van Breukelen
et al., 2003).

Sediment sampling and analysis: Ten sediment samples were collected
from the aquifer at sites GMF11 and JJS91 with a modified split-spoon
method (von Bromssen et al., 2008), where hand-flapper and hammer
techniques were combined to perform the core drilling (Horneman et al.,
2004). Detailed information on the depth and the method for sediment
collection can be found in Rafiq et al. (2022). Grain size distribution and
clay fraction were analyzed using Sympatec HELOS KR laser-diffraction
(ranging from 0.15-2000 pm). The content of organic matter and cal-
cium carbonate (CaCO3) was measured using LECO thermogravimetric
analysis (TGA; at 550 and 615-1000 °C). Bulk elemental concentrations
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.

2.5. Calculation (and formulation) used in data interpretation

Sedimentary mineral content: The content of pyrite (FeSy), pyrite
bounded Fe, reactive Fe, and non-pyrite reactive Fe were estimated from
the bulk elemental composition of S, FexO3, and Al,O3 according to the
following equations (Griffioen et al., 2012; Kruisdijk and van Breukelen,
2021; Zuurbier et al., 2016):
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FeSy = (0.5Mis, /M,S) (€Y

Fe,y = (0.5Mp,/M;S) )
MFe

FeTR = (Fezog — 0225A1203) (3)
Fe;03

where Mg, , Mg, and M; are the molecular weight of pyrite (g/mol), iron
(g/mol), and sulfur (g/mol); and S is the 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 (Fe,,) and total reactive Fe (Fergr) were
calculated using Eq. (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:

meq

CEC <k_g> =7 x (%clay) + 35 x (%C) )

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

Conservative mixing lines of solutes during PPTs: Conservative con-
centrations (i.e., not influenced by processes besides advection and
dispersion) of various solutes in abstracted water during PPTs were
calculated using Eq. (7) based on mixing fractions of injected and stored
MAR water, calculated using Cl concentrations, shown in Eq. (6), and
the endmember concentrations of injected water and stored MAR water
(Appelo and Postma, 2005). The conservative tracer Br (as NaBr) was
added to the injected water to monitor mixing with native groundwater.
The required amount of NaBr was determined by the molar ratio of Cl:
Br. However, after processing and visualizing lab-analyzed data, it
became apparent that Cl showed a clearer dispersion fit than Br due to
the higher concentration difference. Therefore, Cl data was used instead
of Br. The conservative mixing line can be compared to the concentra-
tions of reactive constituents to highlight consumption (e.g., precipita-
tion, sorption, degradation) or production (e.g., dissolution, desorption)
of solutes.

mCl,sample — Mcrw
fa=—"""—"—=—"+ (6)
Mcismw — Merw

where the Cl-based fraction of injected water in abstracted water is
denoted as f¢;, and measured concentrations of Cl in injected water,
stored MAR water, and abstracted water are denoted as mc; rw, Mcismws
and My sample, respectively.

Mymie = for X Misnw + (1 —far) X miw )

where the conservative mixing between injected water and stored MAR
water is denoted by mjm, the Cl-based fraction of injected water in
abstracted water is denoted as f;, the concentrations of a particular ion
(i) for stored MAR water and injected water are denoted as m; syw, and
mi w.

Reaction time and DO consumption rate: The plug-flow reactor model
proposed by Schroth and Istok (2006) was used to determine the resi-
dence (i.e. reaction) time and the DO consumption rate, assuming a
first-order reaction process. The residence time of each sample (j)
collected during PPTs was calculated using the following formula of
Schroth and Istok (2006):

S QuaCa()dt

ty =t/ + M, Tin (€]
where the residence time of each sample j is denoted as l';pf, the time
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elapsed since the end of injection as t, the duration of injection phase as
Ty, the extraction rate during pull phase is denoted as Q., the time
since extraction as t,y, and the total mass of tracer (electrical conduc-
tivity, EC) as M.

Schroth and Istok (2006) assumed that the tracer concentrations
(denoted as C, in Eq. (8)) range from 1 in the injected water concen-
tration to O in native groundwater. However, in this study, the EC values
were used as a conservative tracer, and EC values were higher in stored
MAR water than in the injected water. Therefore, we normalized the
tracer concentrations using the following Eq. (9):

Csample - CSM w

Co = ©)

Crw — Csmw
where the normalized tracer is denoted as C, EC values of each sample

during abstraction (pull-phase), injected and stored MAR water are
represented as Cygmple, Csmw, and Crw.

Mrr = CInj(norm) X Vlnj (10)

where the normalized tracer mass (total) is denoted as My, the
normalized EC of injected water is designated as Cij(norm), and the total
volume of injected water per cycle is denoted as Vi;.

The DO consumption rate constants were estimated using the equa-
tion following from Schroth and Istok (2006).

Ce) _
ln(c;,(t*)) = M an

where the reactant (DO) and tracer values are denoted as C, and Cg,
respectively.
The first-order rate constant was determined from the slope of a best-

fitted line after plotting the data as In <EL(”) vs. .. The y-intercept of

) Tof*
the fitted line in this linear regression was set to zero and the slope of this
line was considered the DO consumption rate (Schroth and Istok, 2006).

Saturation index (SI) of minerals: The geochemical model PHREEQC
interactive 3.0 for Windows (Parkhurst and Appelo, 1999) with the
phreeqc.dat database was used to determine the saturation indices (SIs)
of the following minerals: calcite (CaCOs), dolomite (CaMg(COs3)2), and
siderite (FeCOs3) in the analyzed water samples.

3. Results and discussion
3.1. Initial composition of injected and stored MAR water during PPTs

Table 2 presents the composition of the injected water and the stored
MAR water during the oxidative (cyclic) PPTs at the four researched
MAR sites and the composition of native groundwater (before MAR
operation) when available. Generally, the stored MAR water appears
relatively fresh (EC: 0.6-1.06 mS/cm) and anoxic (DO: ~ 0.0 mg/L) with
a neutral pH (6.8-7.6). The Mn level in the stored MAR water was
relatively higher (86-450 ug/L) compared to As at all sites, while Fe and
As concentrations were highest at site GMF11 (Fe: 6.7 mg/L compared to
0.4-0.7 mg/L and As: 71 ug/L compared to ~8-14 ug/L). The saturation
indices (SIs) for calcite and dolomite in stored MAR water at locations
GMF11, JJS91, and MGS were below zero (SI < 0), indicating that the
groundwater was undersaturated to these minerals during storage,
whereas they were in equilibrium or slightly supersaturated in native
groundwater. This suggests a potential for dissolution of calcite and
dolomite during storage, which could consequently elevate the con-
centrations of Ca, Mg, and alkalinity. Similarly, the undersaturated
siderite (SI < 0) in stored MAR water at JJS91 and MGS suggests its
potential dissolution and contributes to increased levels of Fe and
alkalinity. In contrast, the saturation index of siderite (SI > 0) at GMF11
implies that siderite is likely to precipitate and subsequently reduce the
concentrations of Fe and alkalinity. During the push-pull test (PPT)
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Table 2

Composition of injected water (IW; i.e. filtered fresh pond water), stored MAR water (SMW), and native groundwater (NGW) during oxidative (cyclic) PPTs.
Parameters/concentrations of ions GMF11 JJS91 MGS MFO05*

w SMW NGW W SMW NGW W SMW w NGW

EC (mS/cm) 0.26 1.06 4.4 0.59 0.93 7.49 0.26 0.6 0.6 0.5
Temp ( °C) 27.4 27.2 27.0 30.8 28.8 27.1 28 27.1 25.6 27.7
DO (mg/L) 8.4 0 0.0 7.9 0 0 8.5 0 8.8 0
pH (-) 8.3 7.04 7.0 8.2 6.8 6.7 8.4 7.6 8.4 7.8
Alkalinity (mg/L) 106 212 318 130 204 614 130 188 134 138
Cl (mg/L) 35.8 244 1367 115 232 1897 26.4 106 74.2 41.3
SO4 (mg/L) 2.32 0 0.1 20.4 14.4 2.6 10.3 9.75 3.8 6.38
Na (mg/L) 16.2 140 742 69.3 136 1138 25.7 103 78.5 46.1
Ca (mg/L) 41 115 171 62.4 75 357 23.8 31.3 29.4 33.2
Mg (mg/L) 5.74 21.5 66.2 19.1 22.1 126 9.22 18.1 8.43 7.66
K (mg/L) 2.93 4.11 9.4 4.57 4.38 12.4 5.38 8.49 15.7 15
Fe (mg/L) 0.01 6.7 6.0 0.01 0.42 14.5 0.01 0.67 0.23 0.38
Mn (ug/L) 3.84 450 398 41.5 246 638 10.7 86.4 401 112
As (pg/L) 1.9 71.2 139 1.05 141 37.8 3.2 7.7 25.2 9.83
Slcalcite 0.54 -0.07 0.1 0.7 —0.45 0.26 0.51 —0.12 0.53 0.03
SIpolomite 0.59 —0.51 0.1 1.3 -1.05 0.48 0.97 —0.12 0.88 —-0.22
Slsiderite —0.81 0.89 0.9 -0.97 —0.51 1.03 —-0.89 0.38 0.51 0.27

" An abstraction well was used for all sites except MFO5, where the (deep) monitoring well was used instead of the abstraction well. Approximately 1.4 mmol/L of
NaCl was added to the injection water and injected into NGW instead of SMW.

experiment at site MFO5, the abstraction well was non-functional. MAR water after the addition of sucrose and NaCl.
Consequently, a (deep) monitoring well was used at this site, and
filtered pond water was injected into the native groundwater instead of

the stored MAR water.

The data presented in Table 2 indicate that the water used for the
push-phase of the PPTs was fresh and completely saturated with O, at all
four MAR sites, as evidenced by the lower EC values, major ion con-
centrations, and higher DO levels compared to stored MAR water, while
pH was considerably higher due to CO stripping during aeration. Fe
(0.01-0.23 mg/L), Mn (~4-11 ug/L), and As (~1-25 pg/L) concentra-
tions in the injected water were low at each site, except for site JJS91,
where the Mn concentration was 41.5 pg/L, and for MFO5, where the As
concentrations was ~400 ug/L. The positive SIs values for calcite and
dolomite (0.5-1.3) show that the injected water, likely due to COy
stripping, was supersaturated to these minerals and thus had the po-
tential to precipitate. Conversely, the negative SIs values for siderite
(—0.8 to —0.97) indicate undersaturation, meaning siderite might
dissolve. Table 3 presents the composition of the stored MAR and
injected water, where the injected water is the prior abstracted stored

3.2. Hydrogeochemical processes during oxidative PPT at GMF11

We selected site GMF11 as a reference for comprehensive interpre-
tation because (i) it represents the data and hydrogeochemical processes
clearly, making it easier for the reader to understand (Fig. 4); and (ii) it
effectively highlights the key processes, enabling a comprehensive
comparison with the other three sites.

Figure S1 (in the supplement) displays the continuously measured
onsite parameters of injected water, including EC, temperature, pH, and
DO, during the three injection phases (cycles). During each cycle, it took
approximately 30 min to inject aerated water at an average rate of 9.7 L/
min. The sensed parameters remained nearly stable (EC and DO) except
for temperature and pH. The temperature increased by 0.7 °C from cycle
1 to 3 due to increased air temperatures during the day. Similarly, the
pH increased by 1.4 units compared to stored MAR water, due to CO»
stripping that occurred during aeration (Appelo and Postma, 2005). The
nearly stable sensed parameters in Figure S1 (supplement) and Table 4

Table 3
Composition of stored MAR water (SMW) and injected water (IW: sucrose and required additives added to SMW) during reductive PPTs.

Parameters/concentrations of ions GMF11 JJS91 MGS MFO05

SMW w SMW w SMW w SMW w
EC (mS/cm) 1.05 117 1.59 1.70 0.49 0.73 0.41 0.56
Temp ( °C) 27.2 27.6 28.75 28.78 26.55 26.44 27.46 27.47
pH (- 6.8 7.1 7.0 7.3 8.8 8.6 7.7 7.8
ORP (mV) 34.9 -111.7 —-36.4 5.43 127.7 90.7 3.5 —0.98
DOC (mg/L) 7.88 755 7.3 758 6.8 713.4 10.2 778.5
Alkalinity (mg/L) 216 252 236 256 208 204 134 134
Cl (mg/L) 257 279 305 329 60.6 108 42 73
SO4 (mg/L) 0.0 0.0 13.7 14.4 121 3.1 6.4 5.4
Na (mg/L) 153 192 242 279 62 111 46.2 83.2
Ca (mg/L) 117 115 87.6 88.4 38.6 42.8 32.6 33.9
Mg (mg/L) 22.2 21.4 27.9 28.2 21.4 23.9 8.2 8.3
K (mg/L) 5.1 5.3 5.0 5.0 10.6 11.3 15.2 16.2
Fe (mg/L) 1.7 2.3 0.2 0.2 0.03 0.02 0.04 0.04
Mn (ug/L) 545 539 272 287 36.9 48.7 112 929
As (ug/L) 72.9 86.8 15.4 16.6 15.2 15.2 27.3 16.0
Slcalcite —-0.25 0.05 -0.15 0.11 1.18 0.97 —0.02 0.03
SIbolomite —0.86 —0.26 —0.43 0.09 2.47 2.06 —0.29 —0.20
Slgiderite 0.10 0.53 —0.67 -0.37 —0.04 —0.49 —0.74 -0.71

*The abstraction well was used at sites GMF11 and JJS91 and the monitoring well was used at sites MGS and MF05. Approximately 5 mmol/L of sucrose was added to
SMW at each site. Additionally, at sites GMF11 and MGS, approximately 1.1 mmol/L of NaCl was added to SMW, while at sites JJS91 and MF05, 2 mmol/L and 1.4

mmol/L of NaCl were added, respectively.
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Fig. 4. Result of the oxidative (cyclic) push-pull test (PPT) at the abstraction well (OW 2) of site GMF11 (N 22° 37' 18.05", E 89° 50’ 9.72") performed on 14/10/
2018. Observations (cyan triangle, blue square, and purple dots as cycles 1,2 and 3, respectively), injected water composition (broken horizontal lines of cyan, blue,
and purple as cycles 1,2 and 3, respectively), stored MAR water composition (horizontal green line), the calculated fraction of injected water based on Cl as con-
servative tracer measurements (lime green dashed line in Cl plot), and the calculated conservative concentrations of the various parameters based on conservative
mixing calculations (lime green lines in rest of the panels) are shown against the abstracted divided by injected volume (V,ps/Vinj; Vinj = 300 L). In addition, the
saturation indices of calcite, dolomite, and siderite are also shown in the last panel, plotted against the same axis. The solid red line indicates the line of saturation for
the minerals shown in the plot. Enlarged insets for the initial observations are added to each panel to enhance the visibility of the slight changes during the successive

cycles (Vaps/Vinj=0-0.8).

Table 4

Summary of measured onsite parameters in injected water during the push phase of oxidative PPTs as conducted at abstraction and/or monitoring wells at all sites
based on the Figures S1-S4 and S8-11 in the supplement.

Parameters ~ GMF11 GMF11 JJS91 JJS91 MGS MGS MF05 MFO05
Abstr. Well. Mon. Well Abstr. Well. Mon. Well Abstr. Well. Mon. (deep) Mon. Well ~ Mon. Well
Well
EC stable stable stable stable stable stable stable
Temp increased by 0.7 °C in stable stable stable increased in 2nd & stable stable stable
final cycle 3rd cycles
pH increased by 1.4 units stable stable stable stable stable stable stable
in final cycle
DO fluctuates among cycles  fluctuates among  fluctuates among fluctuates among decreased in 2nd & stable fluctuates among  decreased in

cycles cycles

cycles 3rd cycles

cycles cycles

indicate that the injected water composition remained constant

throughout the injection.

Fig. 4 shows the sensed parameters, solute concentrations and

saturation indices against the volume of abstracted water, normalized

versus the volume of injection (i.e. Vaps/Vinj, Where Vipj=300 L) during

the oxidative (cyclic) PPT, which was performed at site GMF11 in the
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abstraction well. Cl acted as a conservative tracer and showed dispersive
mixing of injected water (cyan, blue, and purple broken lines for each
cycle, respectively) with stored MAR water (solid green line). In addi-
tion, conservative mixing lines (based on cycle 1) were plotted as a
dashed lime-green line in Fig. 4. To clarify: if only physical mixing
processes would occur without any biogeochemical reactions during the
PPT, then observed solute concentrations would be plotted on the con-
servative mixing line. Fig. 4 shows that at Vups/Vipj= 1, the mixing
fraction is 0.5, indicating the abstracted water is a 1:1 mixture of
injected water and stored MAR water. The deviations between observed
As, DO, Fe, or SO4 concentrations and the conservative mixing line
indicate the occurrence of hydrogeochemical reactions (Fig. 3A)
affecting their concentrations.

The lower observed DO concentrations indicate a rapid consumption
of DO in the aquifer compared to the conservative mixing line (Fig. 4).
The DO level in the initial abstracted samples per cycle shows a rise due
to the aeration before each injection cycle. Injected water became anoxic
at Vaps/Vin; = 0.8. This rapid consumption of DO is most likely coupled
to the oxidation of dissolved Fe, organic matter (OM), and/or pyrite
(Antoniou et al., 2013; Kruisdijk and van Breukelen, 2021). Fig. 4 shows
a slight rise in the concentration of SO4 over the sequential cycles
compared to the conservative mixing line: 1.5 + 1.8 mg/L in cycle 1, 1.7

+ 2.4 mg/L in cycle 2, and 2.0 + 3.4 mg/L in cycle 3. Antoniou et al.
(2013); Kruisdijk and van Breukelen (2021); Zuurbier et al. (2016)
found that the increased SO4 concentrations may result from pyrite
oxidation. During this oxidative PPT, not all O2 is used for pyrite
oxidation. This is because if all the O, were used, concentrations of SO4
would have increased by about 13 mg/L based on the consumption of
DO and pyrite oxidation stoichiometry as follows:

7
FeS, + 502 +H,0— Fe¥ +2S0,%> +2H" 12)

4Fe*" + O, + 10H,0— 4Fe(OH), + 8H' as)

Despite the injection of low-As pond water (cycle 1 = 2 ug/L, cycle 2
= 10.5 pg/L, and cycle 3 = 12.7 pg/L), Fig. 4 shows an almost instant
increase in As in cycle 1 (average of 12.8 pug/L), in cycle 2 and 3 (average
of 12.9 ug/L) until Vaps/Vip; = 0.7, similar to that of SO4. This almost
instantaneous rise in As is attributed to the competitive desorption of As
from Fe-(oxyhydr)oxides when low-As containing water was injected
and the injected water replaced the stored MAR water with higher As
concentrations (Rafig et al., 2022). However, the slightly elevated
concentrations of SO4 and As compared to the mixing line at Vaps/Vigj <
1 indicate that As mobilization by the oxidation of arsenic-containing
pyrite might also occur during this PPT. Table S2 in the supplement
presents the geochemical characteristics of the sediment samples
collected from two MAR sites: GMF11 and JJS91. Pyrite content in the
sediment at this site was relatively low (0.04 % d.w.) compared to
previously reported average values for the Bengal Delta basins (Nickson
et al., 2000; Seddique et al., 2008). Relatively lower sedimentary pyrite
content, the muted response of SO4, and desorption of As due to the
injection of low-As pond water suggest that pyrite oxidation does occur,
but as a minor process in this aquifer, which is consistent with a previous
study of Rafiq et al. (2022).

Another potential explanation for the consumption of DO is the
oxidation of OM, which can be inferred from the increase in HCOj3
concentrations according to the following equations:

CH,0 + 0,—~HCO;~ +H" a14)

A subtle increase (from 1.7 to 2.4 £ 4.1 mg/L in cycle 3) in the
concentrations of HCO3 was observed from Vps/Vinj = 1.5 onwards.
However, in case OM was the only reductant, a HCO3 concentration
increase of around 15 mg/L would have been expected based on the
stoichiometry of OM oxidation in Eq. (14). Organic matter (OM) could
be present in the aquifer as sedimentary OM (SOM) or, more likely, be

10
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introduced as dissolved organic carbon (DOC) during the injection of
filtered pond water. During year-round monitoring at this site, the
filtered pond and stored MAR water had an equal average DOC value of
9.5 mg/L, and native groundwater had a higher DOC level of 13.6 + 1.2
mg/L (Rafiq et al., 2022). Because infiltration water is mixed with native
groundwater (based on Cl values), a higher DOC would be expected
compared to the measured value in stored water, which indicates the
occurrence of DOC degradation (Rafiq et al., 2022). This suggests that
the oxidation of SOM plays an insignificant role in DO consumption
during oxidative PPT at this site. This could be different at other loca-
tions, as a relatively low SOM content (0.14 % d.w.) was observed at this
site compared to the 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 injection of fully aerated filtered pond water led to the oxidation
of dissolved and (de)sorbed Fe, resulting in the formation of Fe-(oxy-
hydr)oxides. These newly formed Fe-(oxyhydr)oxides provide surface
sites for sorption of dissolved Fe, Mn, and As. Consequently, decreased
Fe, Mn, and As concentrations were observed compared to the conser-
vative mixing line from Vaps/Vinj= 1.0 onwards (Fig. 4). This suggests
the partial removal of Fe, Mn, and As by sorption onto newly formed Fe-
(oxyhydr)oxides. Before conducting PPTs, Fe concentrations in the
stored MAR water and native groundwater were 6.7 mg/L and 7.0 mg/L,
respectively. When the MAR system was inactive at this site, the stored
MAR water became depleted of O, resulting in anoxic conditions (Rafiq
et al., 2022). Under these reducing conditions, Fe can be mobilized
through the reductive dissolution of Fe-(oxyhydr)oxides. Furthermore,
Fe can be released from aquifer sediments via cation exchange and
surface complexation processes (Rahman et al., 2015; van Halem et al.,
2009). Fig. 4 also shows a slight but noticeable decrease in pH values
until Vaps/Vipj = 1.0 compared to the mixing line (pH decline ~ 0.5 pH
units), which can be expected due to the oxidation of dissolved Fe in the
aquifer during abstraction until Vaps/Vin; = 1.0 (Eq. (13)). However, the
drop in pH levels could also be related to pyrite and OM oxidation (Eq.
(12)—(14)). The observed partial removal of Fe, Mn, and As during this
experiment closely resembles previously studied subsurface Fe and As
removal techniques (SIR and SAR). These methods involve the periodic
injection of Oy-rich water into an anoxic aquifer through tubewells. This
process facilitates the oxidation of dissolved Fe, which consequently
leads to the formation of Fe-(oxyhydr)oxides. These neoformed Fe-(ox-
yhydr)oxides then effectively sorb dissolved Fe and As on their surface,
and low Fe and As water is abstracted from that well (Rahman et al.,
2014, 2015; van Halem et al., 2010).

The injection of freshwater into the aquifer, which was filled with
stored MAR water having a relatively higher salinity (EC = 0.26 versus
1.06 mS/cm, respectively), was expected to induce cation-exchange
processes, reflecting the freshening of saline aquifers (Appelo and
Postma, 2005). Fig. 4 shows a slight increase in Na (~0.21 meq/L) and a
decrease in Ca (~0.24 meq/L) and Mg concentrations (~0.06 meq/L)
compared to conservative mixing concentrations (grey portion, Vaps/Vin
< 1). For Vaps/Vinj > 1, an increase of Ca, Mg, and Na concentrations was
observed compared to the mixing line, indicating no exchange between
these cations. During abstraction, dissolved Fe was adsorbed on newly
formed Fe-(oxyhydr)oxides. This might have resulted in the desorption
of Ca and Na through cation exchange processes according to Egs. (15)
and (16). Note that it was difficult to comprehend any significant cation
exchange processes during this PPT, as MAR operation before the PPT
already resulted in fresher water compared to the native groundwater.

CaX + Fe?* »XFe + Ca** (15)

2NaX + Fe?* —X,Fe + 2Na* (16)

At this site, DO was rapidly consumed upon injecting aerated filtered
pond water into the aquifer filled with stored MAR water. Only subtle
increases in SO4 and alkalinity were observed, suggesting that pyrite and
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sedimentary OM oxidation were insignificant. Instead, it is more likely
that the majority of introduced Oy was consumed by dissolved and (de)
sorbed Fe. The adsorption of Fe>" onto Fe-(oxyhydr)oxides caused a
drop in pH (Appelo and Postma, 2005) and resulted in the removal of Fe
(~99 %), Mn (~73 %), and As (~55 %) during the abstraction. How-
ever, when low-arsenic water was injected, As and some Mn were des-
orbed from the surface sites of Fe-(oxyhydr)oxides during the
displacement of stored MAR water, initially resulting in elevated As
levels in abstracted water.

3.3. Summary of the oxidative PPTs findings at JJS91, MGS and MF05
compared to GMF11

Besides at site GMF11, oxidative (cyclic) PPTs were also performed
at sites JJS91, MF05, and MGS. In total, eight PPTs were conducted at
four sites in the abstraction well and the monitoring well. The compo-
sition of injected water (EC, pH, DO, Temperature) during all PPTs was
generally constant and only minor fluctuations were observed, as sum-
marized in Table 4, based on the observations shown in Figures S2-S4;
$8-S11. With successive cycles, the pH of injection water increased due
to repeated aeration and CO; stripping (Appelo and Postma, 2005).

Table 5 summarizes the main results of the oxidative (cyclic) PPTs at
all sites based on Fig. 4, Figures S5-S7 (PPTs conducted in abstraction
wells), and Figures S12-15 (PPTs conducted in monitoring wells) in the
supplement. The following section describes the key findings from this
table for the other three sites compared to GMF11.

JJS91: The consumption of DO, decreased concentrations of Fe, Mn,
and As, and cation exchange processes (Table 5 and Figure S5) were
analogous to those observed at GMF11 (Fig. 4). However, SO4 concen-
trations in the injected and stored MAR water were an order of magni-
tude higher than at GMF11 and consistently remained above the
conservative mixing line throughout the third cycle (Figure S5). The
initially elevated As (Figure S5) and concurrent SO+ production suggest
that pyrite oxidation may occur, in addition to desorption, thereby
contributing to the initial mobilization of As. Hydrogeochemical pro-
cesses observed during oxidative PPTs between the abstraction
(Figure S5) and monitoring wells (Figure S13) were predominantly
comparable, except for SO+ and pH. Specifically, SO4 concentrations in
the abstraction well increased consistently throughout the PPTs
(Figure S5), while in the monitoring well they decreased following an
initial rise (Figure S13). Similarly, As concentrations in the abstraction
well exhibited an early increase (Figure S5), whereas concentrations in
the monitoring well remained below the conservative mixing line for
most samples, apart from the first (Figure S13).

Table 5
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MGS: The consumption of DO and the reduction of Fe and Mn con-
centrations followed trends like those observed at sites GMF11 (Fig. 4)
and JJS91 (Table 5 and Figure S6). The variation in SO4 concentrations
was observed differently depending on the well: in the abstraction well,
they initially increased and subsequently decreased relative to the
mixing line (Figure S6), whereas in the monitoring well, they continu-
ally decreased, suggesting that pyrite oxidation may occur but is not the
predominant process (Figure S14). The injection of low-As water
induced arsenic mobilization in both wells through desorption
(Figure S6 and S14). Compared to the other two sites (Table 5), HCOs
concentrations increased relative to the conservative mixing line
throughout the pull phase (Figure S6). The concurrent increase in HCOs
and pH indicates organic matter oxidation, with COz production driving
CaCOs dissolution and further elevating HCOs and pH (Figure S6).
Overall, the hydrogeochemical processes during oxidative PPTs were
consistent between the two wells (Figure S6 and S14), with only minor
variations in SO4 concentrations.

MFO05: At site MFO05, the abstraction well was non-functional, so a
deep monitoring well was used to inject filtered pond water into the
native groundwater instead of stored MAR water. Due to limited
daylight, only two successive cycles were carried out. Unlike the other
three sites (Table 5), decreased SO4 and HCO3 concentrations were
observed compared to the conservative mixing line (Figure S7), indi-
cating that oxidation of pyrite and organic matter was likely insignifi-
cant. Elevated As concentrations were observed relative to the mixing
line (Figure S7), suggesting its mobilization; however, this can be
attributed to the injected pond water, which contained higher As con-
centrations than the native groundwater. Overall, no significant differ-
ences in hydrogeochemical processes were observed between the
oxidative PPTs conducted in the central deep monitoring well
(Figure S7) and those in the other monitoring well (Figure S15).

3.4. Discussion on hydrogeochemical processes during oxidative PPTs at
four MAR sites

Across all four sites, the DO was consumed rapidly upon the intro-
duction of fully aerated filtered pond water. Most of the introduced DO
was likely consumed by both dissolved and (de)sorbed Fe, resulting in
the formation of fresh Fe-(oxyhydr)oxides. Consequently, the adsorption
of dissolved Fe onto Fe-(oxyhydr)oxides significantly decreased Fe and
Mn during abstraction across all sites and wells. Besides for Fe and Mn,
decreased As levels were also observed at sites GMF11 and JJS91. The
partial removal of these metals is consistent with subsurface Fe and As
removal (SIR and SAR) techniques that rely on periodic injection of O--

Overview of the main results of the oxidative PPTs at all sites based on Fig. 4, Figures S5-S7 (PPTs done in abstraction wells) and Figures S12-15 (PPTs done in
monitoring wells) in the supplement. The change in water quality parameters (compared to conservative mixing) is expressed with an up-arrow (1) and down-arrow (J)
for increasing and decreasing trends, while the size of the arrows signifies the magnitude of the change. A crossed marker (x) indicates the absence of any reactions.
The division within certain cells suggests the changes in water quality parameters, where Vp,s/Vinj( 1 is shown in the left cell and Vqaps/Vigj) 1 in the right cell.

Parameters GMF11 GMF11 JJS91 JJS91 MGS MGS MFO05 MFO05
Abstr. Well. Mon. Abstr. Mon. Abstr. Well Mon. (deep) Mon. Well
Well Well Well Well Mon.
Well
pH Slight decrease (1) in pH until Vaps/Vinj = 1 | t 1 | 1 1 1 | 1 1
DO Rapidly consumed and reached zero before Vaps/ Vi = 1, l 1 1 1 1 l l
became anoxic in <2 hrs (])
SO, slight rise over sequential cycles until Vabs/Vinj =0.7 (1), then 1 | 1 1 1 1 1 1 | 1
decreases (1)
As a cyclic increase like that of SO4 (1), then decreased () Tl Tl | ) T ) )
HCO3 Subtle increase from Vaps/Vin; = 1.5, onwards (1) 1ot 1 x 1 Tl 1 l
Fe & Mn significantly decreased from Vabs/Vinj = 1.0, onwards (}) I3 1 | I3 | 1 1
Na, Ca & slight increase of Na (1) and a decrease of Ca and Mg (}) till Na (1/1) Na (1) Na (1) Na (1) Na (1) Na (1) Na (1)
Mg Vabs/Vinj = 1 Ca (1/1) Ca(l/1)  Cal/D Ca (1) Ca (1) Ca(l) Ca (1)
Mg (1) Mg (/1) Mg (1) Mg (1) Mg (x) Mg (1) Mg (1)
SIs CaCOs precipitated (]) and FeCOs3 dissolved (1) Ca/ CaCO3(]) Ca/ Ca/ CaCOs(l)  Ca- Ca-
minerals MgCO3(l)  FeCO3(1)  MgCOs(1)  MgCOs(1) FeCO3(1)  MgCOs(1)  MgCOs(l)
FeCO3(1) FeCO3 (1)  FeCO3(1) FeCO3 (1)  FeCOs (1)
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rich water to precipitate Fe-(oxyhydr)oxides and sorb trace metals, like
Fe, Mn, and As on their surfaces (Rahman et al., 2014, 2015; van Halem
et al., 2010). Overall results of all sites confirm that Fe, Mn, and As
concentrations decreased compared to the conservative mixing during
the pull phases (from Vgaps/Vi; > 1.0), indicating sorption and/or
co-precipitation onto the newly formed Fe-(oxyhydr)oxides.

The initial rise in As concentrations during the pull phase (till Vaps/
Vinj < 1.0) is mainly explained by desorption when low-As injected
water displaced relatively higher-As stored MAR water at sites GMF11
and JJS91. In contrast, at site MGS, elevated As concentrations were
observed throughout the pull phase for both the abstraction and the
monitoring wells. At this site, the higher pH in the injected water results
in desorption from Fe-(oxyhydr)oxide surfaces during the entire pull
phase, thereby increasing the probability of As mobilization (Rafiq et al.,
2022). Note that the As concentrations in the injected and stored MAR
water were relatively low compared to those at other sites and remained
below the WHO guideline value of 10 ug/L. At site MF05, elevated As
concentrations were also observed, similar to those at MGS, during
oxidative PPT in the deep and other monitoring wells. However, unlike
the other sites, higher As levels in the injected water (As ~ 25-29 ug/L;
Figures S7 and S15) were observed and the mobilization of As during the
pull phase (Vabs/Vinj > 1.0) might also have occurred due to the
desorption processes. At these two sites (MGS and MFO05), sediment
heterogeneity may have also influenced similar desorption processes,
with varying injected water compositions. However, we did not collect
any sediment samples from these two sites, and additional sediment
samples are needed to demonstrate the geochemical heterogeneity be-
tween them.

Pyrite oxidation was minimal and varied depending on the aquifer
condition across the four MAR sites. The initial slight increase in SOa
concentrations at GMF11 and MGS and a more evident production of
SO. at JJS91 suggest that some pyrite oxidation did occur during the
oxidative PPTs. However, the low pyrite content at GMF11 and high
background SO4 concentrations at the other sites indicate that it was not
the predominant process compared to oxidation of dissolved and (de)
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sorbed Fe. The oxidation of organic matter across the sites was generally
limited. For example, a subtle increase in HCOs was observed at GMF11,
which was much less than what we would expect if SOM were the main
source of DO reduction. In contrast, a steady increase in bicarbonate
concentrations and pH was observed at MGS, suggesting OM oxidation
might have occurred, which was buffered by carbonate dissolution.

3.5. Rate constants for DO consumption during oxidative PPTs

Rapid DO consumption was observed during the oxidative PPTs at all
four MAR sites. Fig. 5 presents the calculated first-order rate constants
for DO consumption, with the associated errors per sequential cycle at
the sites (A-D for GMF11, JJS91, MF05, and MGS) using the abstraction
wells. These rate constants were derived from the slope of a best-fit line,
where the logarithmic ratio of reactant concentrations (DO) to tracer
concentrations (EC) was plotted against the residence time in the aquifer
in minutes (Haggerty et al., 1998). Note that in this analysis, continuous
DO sensor readings were used, obtained during the pull phases, as
opposed to the DO levels measured in the grab samples collected during
the PPTs.

The DO consumption curves did not originate from residence time =
0 at all PPT sites (Fig. 5) due to the time correction applied for the dead
volume factor. This dead volume factor represents the minimum resi-
dence time when the injected water remains in the PPT well without
reacting with the stored MAR water. Table 6 presents the determined
first-order rate constants at each site and all cycles. The average first-
order DO consumption rate constant ranges from ~53 day ! at MGS to
~73 day! at JJS91. The first-order rate constant remained nearly stable
with successive cycles, except at GMF11 and MGS. At site GMF11
(Fig. 5A), the DO rate constant increased by ~40 %, whereas at MGS
(Fig. 5D), it somewhat decreased by ~5 % in the final cycle. Note that
sites GMF11 and JJS91 (Fig. 5A and 5B) indicate a fast and consistent
DO consumption rate with a good linear fit, whereas the model fit at sites
MFO05 and MGS (Fig. 5C and 5D) was poor. DO consumption kinetics was
apparently more complex than the first-order model at those latter sites

N A) GMF11 ""q,"_ B) JJS91
-1.0- -1.0- 8 3
2.0 2.0
§-3.0- 5 -3.0
9: 4.0 (‘): 4.0
£ R*(C1) 708778 . £ R2(cy)=0.8874 .
50 y (Cy) =-0.0432x SN 50 y(C1) =-0.0514x A e
F R (Gp)=09737 N T R2(C)=0941 .
60 y(Cz) =-0.0452x oo \\ '.. 60- Y (C2) =-0.049x .
7 R%(C3)=0.8816 MR 7 R%(C3)=0.8542 .
70 y (C3) =-0.0601x 70 y(C3) =-0.0513x
0.0- 0.0- D) MGS
-1.0- -1.0-
2.0 2.0-
§-30- 530
o o
T -4.0- RL(Cy) ~.40- K
£ y (C1) £ R2 (Cy) = 0.5094 Je
R2(C;) y (C1) =-0.0386x .
-5.0- 2 -5.0
y(€2) RZ (C;) = 0.4654 o
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Fig. 5. The natural logarithm of the ratio of reactant concentrations (DO) to tracer concentrations (conductivity) is plotted against residence time in the aquifer (in
minutes) at four MAR sites: (A) GMF11, (B) JJS91, (C) MF05, and (D) MGS using abstraction well, where the residence time is only considered until the DO levels in
the abstracted samples reach zero. The best-fitted trendlines with a 95 % interval area are also drawn to determine the first-order rate constant, considering that these

lines are constrained to (0,0).
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Table 6
Comparison of the first-order DO consumption rate constants at the four (4)
MAR sites.

Sites/Well Cycles k (min™) k (day™) R? values
GMF11 1 0.043 62.2 0.88
2 0.045 65.1 0.97
3 0.060 86.5 0.88
71.3 (mean)
JJS91 1 0.051 74.0 0.89
2 0.049 70.6 0.94
3 0.051 73.9 0.85
72.8 (mean)
MFO05 (deep) Mon. Well 1 0.046 66.1 0.41
2 0.048 69.6 0.55
67.8 (mean)
MGS 1 0.039 55.6 0.51
2 0.039 56.3 0.47
3 0.032 45.9 0.48
52.6 (mean)

(Fig. 5C and 5D). The DO data show initially none or slow consumption,
and rapid consumption at later residence times and thus further away
from the well into the aquifer. This suggests that the aquifer’s reducing
reactivity is high and constant at GMF11 and JJS91, whereas it is rela-
tively low near the well and increases strongly away from the well,
further into the aquifer at sites MFO5 and MGS.

Table 7 compares the rate constants for DO consumption calculated
with PPTs at our study sites with those reported in previous studies.
Remarkably, the rate constants at our study sites are considerably higher
than those reported in previous studies. The observed variation in the
first-order rate constant for DO consumption is likely related to the
geochemical properties of the aquifer and the availability and reactivity
of reactants such as pyrite, organic matter, and dissolved or (de)sorbed
Fe (Kruisdijk and van Breukelen, 2021). Given the subtle changes in SO
and alkalinity observed during oxidative PPTs (Sections 3.2 and 3.3), DO
consumption by pyrite oxidation and organic matter is likely minimal.
Instead, DO is consumed mostly through the oxidation of dissolved and
(de)sorbed Fe, which proceeds through either homogeneous or hetero-
geneous oxidation mechanisms. Homogeneous Fe oxidation dominates
when Fe is present primarily in the dissolved phase, and it proceeds at a
very slow rate. In contrast, heterogeneous Fe oxidation occurs at the
interface between the aqueous phase and solid surfaces, particularly in
the presence of Fe-(oxyhydr)oxide minerals, and can be kinetically

Table 7
Literature overview of first-order rate constants for DO consumption (aerobic
respiration) determined with PPTs.

DO SOM ( Pyrite (% Aquifer materials
consumption % d.w.) d.w.)
rate constant
(/day)
GMF11 (this 71.3 (mean) 0.14 0.04 Very fine sand
study)
JJS91 (this study) 72.8 (mean) 0.24 0.04 Very fine sand
MGS (this study) 52.6 (mean) - - -
MEFO5 (this study)  67.8 (mean) - - -
Kruisdijk and 2.5-3.8 0.4-1.0 0.05-0.53 Fine to coarse
van Breukelen sands
(2021)
2021
Schroth et al. 3.6-40.0 Clayey silt and
(1998) silt; petroleum
contaminated
McGuire et al. 14.4 Sand
(2002) contaminated
with BTEX and
chlorinated
solvents
Vandenbohede 8.8 Fine sand

et al. (2008)
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several orders of magnitude faster than homogeneous Fe oxidation.
During the push phase of oxidative PPTs, the injected DO oxidized both
dissolved and (de)sorbed Fe while displacing stored MAR water con-
taining Fe?*. This led to the formation of Fe-(oxyhydr)oxides and the
generation of new sorption sites for available Fe>™ during abstraction.
The presence of adsorbed Fe?™ on newly formed Fe-(oxyhydr)oxides
rapidly accelerated DO consumption during the pull phase, as indicated
by noticeably higher 1st order DO rate constants. This suggests that
heterogeneous Fe oxidation is more likely to be the dominant process for
DO consumption during oxidative PPTs at the researched MAR sites,
which has been recognized as a key process in subsurface iron and
arsenic removal technologies such as Subsurface Iron Removal (SIR) and
Subsurface Arsenic Removal (SAR)(Rahman et al., 2014, 2015; van
Halem et al., 2010).

3.6. Hydrogeochemical processes during reductive PPTs

Fig. 6 shows the results of the reductive PPTs performed at the same
sites and wells as the oxidative PPTs. At sites GMF11 and JJS91, the
abstraction and the monitoring well were used for reductive PPTs,
whereas only the monitoring well was used at MGS and MF05. Sensor
parameters and solute concentrations, including Cl, pH, Eh, DOC, HCOs,
acetate, Fe, Mn, As, Na, Ca, and SO4 are shown against time since su-
crose injection for all 6 PPTs in Fig. 6. The identical and stable con-
centrations of Cl and Na over time, as shown in Fig. 6, suggest that only
the injected water was abstracted during the experiment, without sig-
nificant dispersive mixing. The addition of sucrose to injection water
leads to a sharp initial rise in DOC, followed by a gradual decrease over
time at all PPT sites. HCO3 concentrations increased by 2-3 times and
gradually decreased over time (Fig. 6). Similarly, an initial rise in ace-
tate concentrations was observed in Fig. 6, followed by a downward
trend, except at GMF11 (abstraction well). Initially substantial decreases
in pH and Eh were observed (Fig. 6). Furthermore, concentrations of Fe,
Mn, and As increased considerably over time at all PPT sites, rising
several-fold compared to the stored MAR water quality, followed by
gradual to stronger declines over time. Fe concentrations increased the
most (up to 590 times), followed by Mn (up to 40 times) and As (up to 3
times). The time required to reach peak concentrations for HCOs, Fe,
Mn, As, Ca, and Mg varied across sites, ranging from 30 to 60 h following
sucrose injection. The concentrations of Fe, Mn, and As reached their
highest levels approximately 40 h after sucrose injection, except for
JJS91, where this occurred at ~25 and ~47 h in the abstraction and in
the monitoring wells, respectively. Notably, As concentrations did not
increase at sites MGS and MFO5 (Fig. 6). A significant drop in pH and Eh
occurred approximately 20 h after the sucrose injection. Fig. 6 also
shows that the SO concentrations decreased at all sites and wells during
reductive PPTs, except at GMF11, where both the abstraction and the
monitoring wells showed minimal change. The saturation indices (SIs)
for calcite and dolomite in the abstracted water samples were below zero
(SI < 0) at all sites, indicating undersaturation with respect to these
minerals during reductive PPTs, except MGS, where the abstracted
water samples were saturated. In contrast, SI for siderite was saturated
to supersaturated at all sites except at MF0O5, where it was undersatu-
rated to supersaturated.

The observed increase in HCO3 and acetate concentrations can be
attributed to the injection of sucrose-amended water following Egs.
(17)-(19). Sucrose, an easily degradable carbon source, decomposes
into acetic acid (as acetate) and HCO3 (Neidhardt et al., 2014; Rawson
et al., 2017). Thus, the elevated concentrations of HCO3 and acetate, and
the drop in pH and DOC during the pull phase at all sites, suggest that
sucrose degraded over time (eq. (17)-(19)). Additionally, acetate for-
mation and its subsequent degradation resulted in a significant drop in
pH values in the abstracted samples at all sites and wells (Fig. 6). The
slightly acidic conditions during reductive PPTs likely induce the
dissolution of calcite and/or dolomite, as indicated by saturation indices
(SIs) below zero (SI < 0) for both minerals (Fig. 6), which explains the
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Fig. 6. Results of reductive PPTs performed during October-November 2018 at four MAR sites: GMF11, JJS91, MGS, and MF05. A different colour and marker
represent each site. At sites GMF11 and JJS91, reductive PPTs were conducted using both abstraction (filled markers) and monitoring wells (unfilled markers),
whereas only the monitoring wells were used at sites MFO5 and MGS. In addition, the composition of the stored MAR water (SMW) prior to the PPTs is shown in the
grey-coloured zone, where the same marker (without line) represents observations for each site. At each site, 300 L of stored MAR water was injected after adding
sucrose and the same volume of the injected water was abstracted. The observed water quality parameters of abstracted water were plotted against time since the end

of the push phase.

increased Ca concentrations during the pull phase.

Ci12H32017 + H,0—2C6H;206 a7)
Ce¢H1,06 + 2H,0—2CH3COO™ + 2HCO3™ + 2H" + 4H, (18)
2CH;COO™ + 8H,0—4HCO;™ + 18H" + 16e™ (19)

The decomposition of sucrose into acetate, and the further degra-
dation of acetate induced the reductive dissolution of Fe-(oxyhydr)ox-
ides at PPT sites, leading to Fe, Mn, and As mobilization (Cai et al., 2021;
Chapelle, 2000; Wu et al., 2018). The extremely low negative Eh values
in Fig. 6 suggest that these metals were mobilized under strongly
reduced conditions (Jurgens et al., 2009). Besides, the observed decline
in SO4 and substantial rise in Fe concentrations at most sites suggests the
occurrence of microbial SO4 reduction during reductive PPTs, except
GMF11, where reductive dissolution of Fe-(oxyhydr)oxides seems the
dominant process. However, despite a significant rise in Fe and Mn
concentrations, As concentrations at sites MGS and MFO5 did not in-
crease substantially. The addition and degradation of sucrose leads to

14

higher concentrations of Fe and HCOs, promoting the formation of
Fe-carbonate minerals such as siderite, which was previously observed
in shallow groundwater of the Bengal Basin (Reza et al., 2013; Saha
et al., 2020). The positive saturation indices (SIs) for siderite during the
reductive PPTs support the potential for siderite precipitation at most
sites. Arsenic could potentially been resorbed and/or coprecipitated on
these newly formed Fe-carbonate minerals suggesting this minimal in-
crease in As at sites MGS and MF0O5 (Neidhardt et al., 2014; Rawson
et al., 2017). However, precipitation of FeS minerals due to the SO4
reduction might have lower As levels through of co-precipitation.
Additionally, the availability of Fe-associated As might have been
limited at these sites (Neidhardt et al., 2014).

3.7. Insights from PPTs: how to improve MAR water quality?

During oxidative PPTs, Op-saturated filtered pond water was injected
into stored MAR water, resulting in rapid consumption of DO. The DO
was primarily consumed by dissolved and (de)sorbed Fe, leading to the
formation of Fe-(oxyhydr)oxides, while the oxidation of pyrite and
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organic matter (OM) was insignificant to minor at all sites over suc-
cessive cycles of oxidative PPTs. These Fe-(oxyhydr)oxides subsequently
sorbed dissolved Fe, Mn, and As onto their surfaces, thereby immobi-
lizing these elements in the abstracted water. The determined first-order
rate constants for DO consumption were extremely high at all four MAR
sites, and remained high with subsequent infiltration and abstraction
cycles, indicating that heterogeneous Fe oxidation is likely the dominant
mechanism driving DO consumption.

DO consumption through the oxidation of aquifer matrix materials
has been widely observed in various aquifer recharge techniques
worldwide. However, numerous studies have reported differing domi-
nant reductants responsible for DO consumption, including pyrite,
sedimentary organic matter (OM), and dissolved Fe(Antoniou et al.,
2012; Fakhreddine et al., 2015, 2020; Wallis et al., 2010; Zuurbier et al.,
2016, 2014). For instance, a recent study by Rafiq et al. (2022) observed
that DO consumption during MAR was primarily coupled to the oxida-
tion of dissolved and (de)sorbed Fe, with As mobilization resulting from
its desorption from Fe (oxyhydr)oxides. However, Rafiq et al. (2022) did
not quantify the DO consumption rate, which is addressed in the present
work. In contrast, other studies have attributed DO consumption pre-
dominantly to pyrite oxidation, leading to As mobilization through the
oxidative dissolution of As-bearing pyrite (Antoniou et al., 2013, 2012;
Zuurbier et al., 2016, 2014). Similarly, recent work on PPTs in an
aquifer storage and recovery (ASR) system in the Netherlands indicated
that the reduction in Oz and NOs concentrations was primarily driven by
oxidation of sedimentary OM and pyrite (Kruisdijk and van Breukelen,
2021). Conversely, in this current study, the oxidation of OM and pyrite
appeared to be minimal to insignificant compared to heterogeneous Fe
oxidation. This difference may reflect the aquifer condition, where an
anoxic, brackish aquifer has been recharged repeatedly with oxic source
water. Consequently, reactive pyrite may already have been depleted,
and the processes observed here may not entirely exemplify “fresh” MAR
sites that have not experienced prior recharge but rather processes that
can be expected in these MAR sites in the longer term.

In the reductive PPTs, a reactive carbon source (sucrose) was intro-
duced into the stored MAR water, leading to increased concentrations of
HCOs and acetate, and a decreased Eh and pH. These changes suggest
that sucrose degraded over time, triggering excessive microbial reduc-
tive dissolution of Fe-(oxyhydr)oxides and mobilizing Fe, Mn, and As in
the abstracted water. Therefore, the quality of the abstracted water
deteriorated due to the elevated concentrations of these metals.
Consistent with these findings, Neidhardt et al. (2014); Rawson et al.
(2017) also observed the microbial reductive dissolution of Fe, Mn, and
As due to the sucrose addition in the Bengal Delta Plain. Furthermore,
numerous studies at MAR sites across South Asia support the claim that
As mobilization frequently occurs due to the reductive dissolution of
Fe-(oxyhydr)oxides under reduced conditions (Fakhreddine et al., 2021;
Mailloux et al., 2013; Polizzotto et al., 2005).

The results of the reductive PPTs demonstrate the potential risk of Fe,
Mn, and As mobilization due to intense microbial activity under
reducing conditions. This poses a threat to drinking water safety, as the
concentrations of these metals may exceed WHO guidelines. However,
the reductive PPTs represent a worst-case scenario, with high concen-
trations of a highly reactive organic carbon source. In contrast, the study
by Rafiq et al. (2022) indicates that the actual risk for Fe, Mn, and As
mobilization is significantly lower during MAR operations, where the
introduction of organic matter is limited both in terms of concentration
and reactivity. This apparent inconsistency reflects disparities between
short-term experimental perturbations (such as sucrose addition and
rapid injection) and long-term infiltration processes (during MAR).
Thus, while PPTs provide insight into mobilization mechanisms, the
broader evidence indicates that MAR, as currently practiced at these
sites, observed significantly lower As in stored MAR water compared to
native groundwater and delivers a net positive impact to drinking water
quality. To further lower this risk, it is recommended to ensure that
concentrations of organic matter in injection water remain low. Further
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improvements to the sand filter, intended to remove suspended solids,
may aid in this.

The findings of the oxidative PPTs suggest that oxic conditions favor
the immobilization of Fe, Mn, and As, leading to improved water quality.
The first-order rate constants for DO consumption show that infiltrated
DO is rapidly consumed. Maintaining oxic conditions for the stored MAR
water, therefore, appears challenging, particularly given the consider-
able distance (~3 m) between the infiltration wells and the abstraction
well used for drinking water supply. To improve the quality of MAR
water, it is recommended to maintain both infiltration and abstraction at
high rates, such that the stored water bubble between infiltration and
abstraction wells is replenished as frequently as possible, and the
occurrence of anoxic conditions is prevented over time. In addition,
flushing the water bubble in between infiltration and the central
abstraction well several times with a strong oxidant like permanganate
could be considered to completely oxidize this part of the aquifer in a
limited amount of time (Antoniou et al., 2014).

4. Conclusions

This research was conducted on a total of 14 PPTs under oxidative
and reductive conditions to study the hydrogeochemical processes
affecting the (im)mobilization of Fe, Mn, and As at four (4) MAR sites in
southwestern Bangladesh. The findings of the oxidative PPTs revealed
extremely rapid consumption of dissolved oxygen (DO) with consecutive
injection-abstraction cycles at all sites, suggesting that heterogeneous Fe
oxidation is the key mechanism coupled to the rapid DO consumption.
Despite slight increases and inconsistent changes in SO4 and HCOg3
concentrations, the oxidation of pyrite and organic matter (OM)
appeared to be insignificant to minor at all sites. Heterogeneous Fe
oxidation, and subsequent formation of Fe-(oxyhydr)oxides, lead to the
removal of Fe, Mn, and As through their sorption onto newly formed
sorption sites. In contrast, the injection of low-As water led to the
desorption of As from Fe-(oxyhydr)oxides at sites MGS and MFO05.
However, the As concentrations remained below the local drinking
water standard of 50 pg/L at those sites. The reductive PPTs showed the
degradation of the added sucrose in the stored MAR water. As a result, a
sudden increase in alkalinity and acetate concentrations, accompanied
by a drop in pH and Eh were observed in the abstracted water. This
process induced the microbially mediated reductive dissolution of Fe-
(oxyhydr)oxides, resulting in elevated Fe (~ 70 mg/L), Mn (~3.5 mg/L),
and As (~120 pg/L) concentrations in the most extreme case, except at
sites MGS and MFO05, where the rise in As was minimal and likely due to
co-precipitation of As on newly formed Fe-carbonate minerals. The key
hydrogeochemical processes driving the mobilization of Fe, Mn, and As
during the PPTs under oxidative and reductive conditions were similar
between the PPTs conducted at the abstraction and the monitoring wells
at the researched MAR sites, and differences were mostly observed
among sites. The results indicate that MAR water quality can be
improved through frequent flushing of the stored MAR water, which can
be enhanced by the infiltration of Oa-rich water and increased abstrac-
tion. Furthermore, minimizing the input of organic matter in the infil-
tration water will aid in the prevention of reducing conditions which
could trigger Fe, Mn, and As mobilization.
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