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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• To evaluate MAR suitability in urban 
area 2 cores were drilled.

• High permeability layers are present 
and good recharge rates can be 
achieved.

• Kinetic batch experiments at different 
depths ensured good groundwater 
quality.

• Sequential extractions quantified low 
mobility of heavy metal(oids) by 
recharge water.
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A B S T R A C T

Like other highly populated alluvial plains, the Po plain (Italy) is suffering from groundwater reserves' decline 
and widespread pollution since the last two decades. Managed aquifer recharge (MAR) is often used for aquifer 
replenishment and to mitigate groundwater contamination. Brescia, located in the middle of the Po plain, with its 
200 k inhabitants and a wide industrial area exerts large pressures on the groundwater quality and could benefit 
of MAR. To evaluate the interactions among MAR water and aquifer matrix, two cores were drilled in an urban/ 
industrial area to capture the lithological variability of the unconfined aquifer and to delineate redox gradients. 
To this purpose, vertical profiles of soil cores were collected via Rhizon samplers and analysed for grain size, 
TDS, pH, Eh, DOC, major ions, and trace elements. In addition, 3 batches with 160 g of sediment and 800 mL of 
deionized water were set-up in an inert atmosphere (N2) and monitored for 3 months. Stratigraphical cores 
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results were used to locate the most permeable layers to maximize MAR injection efficiency. The porewater 
composition of depth profiles revealed that possible pollution sources could be untreated wastewaters from 
leaking sewers or overflows rather than industrial contamination. The batches and sequential extraction 
demonstrated that no significant release of heavy-metal(loid)s was induced by MAR water and the already 
present contaminants were diluted below admissible limits. Pre- and post-experimental characterization of Fe- 
mineral phases via sequential extraction, suggested a >50 % ± 25 increase of crystalline Fe-oxides at shallow 
depths that can further decrease heavy-metal(loid)s mobility. The proposed framework could be employed in 
other environments to assess the feasibility of MAR prior to perform a full-scale trial and to assist tailored design 
solutions.

1. Introduction

The Po plain and its aquifers are under stressed conditions by intense 
anthropogenic activities like: widespread urbanization (Vittori Antisari 
et al., 2010), agriculture (Lasagna et al., 2016; Martinelli et al., 2018; 
Pinardi et al., 2022), and industrial facilities (Tiwari et al., 2017), as 
many other alluvial aquifers around the world. Given the water scarcity 
of recent years and that medium and long-term forecasts do not 
contemplate significant water surpluses in the Po plain (Musolino et al., 
2018), but rather an extremization of weather and climate phenomena, 
this will necessarily increase surface runoff and decrease effective 
infiltration (Montanari, 2012). The decreased groundwater recharge is 
already threatening the groundwater dependent ecosystem of the 
“Fontanili” (Balestrini et al., 2021), which are semi-natural lowland 
springs located along the transition zone between the high and low in 
the Po plain (Giuliano, 1995). This springs' belt is also known to be 
affected by widespread nitrate contamination (Sacchi et al., 2013), that 
will be exacerbated by the intensification of summer droughts due to 
climate changes (Rotiroti et al., 2023). To contrast the groundwater 
resources depletion and groundwater quality deterioration, an adapta
tion strategy might be the implementation of managed aquifer recharge 
(MAR) techniques (Dillon et al., 2019).

MAR could be implemented using different techniques, like infil
tration ponds and basins (Pokhrel et al., 2023; Racz et al., 2012), 
recharge wells and infiltration trenches, gravity driven or with pump 
injection (Martinez et al., 2022). Agricultural MAR can be set up through 
a variety of irrigation techniques (Levintal et al., 2022) but must avoid 
agrochemicals leaching, like pesticides residues (Zhou et al., 2024) and 
nutrients (Levintal et al., 2023) that are often persistent in the envi
ronment. Other possible drawbacks of MAR are the unwanted intro
duction of mobile and persistent contaminants of emerging concern, like 
PFAS or personal care products (Mumberg et al., 2024). Finally, oxic 
waters used in MAR often provoke large changes in reducing environ
ments, like the release of potentially toxic trace elements (Riedel et al., 
2022) via amorphous and crystalline phases dissolution or surface 
complexation reactions (Vergara-Sáez et al., 2024). While field-based 
studies can capture the overall redox status or redox environments 
shifts, laboratory-based studies allow to unravel biogeochemical pro
cesses more in detail despite the simplified conditions of constant tem
perature, pressure, and solutes exchange (Zhang & Furman, 2021). In 
this study, both field observations and laboratory experiments were 
employed to envisage the possibility of infiltrating high purity water 
(here deionized water), often used as proxy of reclaimed water from 
quaternary wastewater treatment plants (Schafer et al., 2021). The MAR 
scheme using vertical injection wells, could help to contrast the un
confined aquifer depletion that already affected this area over the last 
two decades and could help to dilute the presence of anthropogenic 
contaminants (Pili et al., 2017). To assess whether the proposed MAR 
could promote biogeochemical reactions that may alter the groundwater 
quality (Guo et al., 2023), it is necessary to characterize the solid matrix 
of the aquifer and its vertical variability (presence of fine-grained lenses) 
near the recharge point, the major inorganic contaminants of geogenic 
origin in the Po plain sediments (Zanchi et al., 2022; Schiavo et al., 
2024), and the eventual presence of contamination of anthropogenic 

origin (Zanotti et al., 2022).
The evaluation of the presence of heavy metals and metalloids within 

the solid matrix of the aquifer and their effective mobility was estimated 
using the sequential extraction technique proposed by Sun et al. (2016)
and modified by Sbarbati et al. (2020). The target inorganic contami
nants were Al, As, Cd, Cr, Fe, Mn, Ni, Pb, V, and Zn. Among these, As is 
by far the most reactive and the one that can potentially be brought into 
solution by aquifer recharge interventions (Fakhreddine et al., 2021). 
The stable forms of As dissolved in natural waters are mostly oxyanions 
of As(V) and As(III), respectively in oxidizing and reducing conditions 
(Sadiq, 1990). pH and redox conditions are the two factors that most 
influence the geochemistry of As in the environment and therefore its 
mobility. In general, As(III), more toxic than As(V), is more mobile since 
it is absorbed in smaller quantities (Colombani et al., 2015; Pena et al., 
2005). Studies conducted on the As absorption mechanisms indicate that 
the dissolved concentrations of As(V) and As(III) vary mainly as a 
function of the quantity of Fe-oxides, Al-oxides, and clays present in the 
solid matrix (Suda and Makino, 2016). Since MAR techniques are 
evolving fast with the improvements in water treatment technologies, 
site specific planning is required to holistically consider future water 
availability and quality to anticipate potential geochemical interactions 
and protect groundwater quality (Fakhreddine et al., 2021). To date, 
laboratory experiments like batch and column experiments have been 
conducted in tailored MAR solutions to evaluate the potential removal of 
organic (Maeng et al., 2011; Regnery et al., 2016) and inorganic pol
lutants like bromate (Wang et al., 2018), to quantify As mobility trig
gered by high purity water injection (Fakhreddine et al., 2015), or to 
delineate major ions geochemical changes (Ronen-Eliraz et al., 2017); 
but so far kinetic batch experiments that concomitantly evaluate the 
major and trace elements geochemistry are still rare.

This paper aims to present a novel framework to characterize the 
possible hydrogeochemical impacts of high purity waters employed by 
MAR in alluvial aquifers, with special reference to redox sensitive spe
cies and heavy-metal(loids)s, like As. The major novelty of this work 
consists in the combination of field-based data (stratigraphic and 
hydrogeological information coupled with undisturbed porewater pro
files) with laboratory-based data (kinetic batch experiments and 
sequential extraction) to gain a comprehensive understanding of the 
possible interactions among injected high purity oxic waters and aquifer 
matrix induced by MAR, to screen and forecast possible pitfalls prior to 
implement a full scale trial.

2. Materials and methods

The framework consists of 5 stages: (i) literature study on hydro
geological settings to locate the drilling site, (ii) drilling at test boreholes 
to collect sediment samples and preserve them in an inert environment, 
(iii) porewater profiles extraction and analysis to reconstruct the main 
redox zones and reactions, (iv) kinetic batch tests with infiltrating water 
to quantify eventual metal release and other relevant reactions, and (v) 
pre and post batches sequential extraction to elucidate possible shift in 
reactive mineral phases, such as Fe-oxides. In the following sections 
each stage will be further explained and examined using the Brescia 
suburban area as a case study representative of the upper Po plain 
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stratigraphical architecture.

2.1. Study area hydrogeological setting

The upper Po plain is filled with Plio-Quaternary sediments with a 
gradual thinning northward (Castaldini et al., 2019). The sedimentary 
infill exhibits a shallowing upward trend, transitioning from deep- 
marine Pliocene deposits to shallow-marine and continental Quater
nary deposits (Ori, 1993). The region is characterized by extensive al
luvial fans, composed of Late Pleistocene fluvioglacial deposits, and a 
cyclic change in fluvial-channel stacking pattern, reflecting glacial- 
interglacial periods during the Middle-Late Pleistocene.

The flat areas of Brescia are characterized by alluvial and fluvio- 
glacial deposits for a thickness that can locally exceed 250 m. The 
area owes its genesis to the intense depositional activity carried out by 
the Mella river during the Quaternary and to the significant erosive 
phenomena that affected the mountainous reliefs behind it (Fig. 1).

In the pre-Quaternary era, the Mella river flowed inside a deep val
ley, then filled by Villafranchian deposits consisting of grey and grey- 
blue clays and silty clays constituting the bottom aquiclude. Above 
this confining layer, two hydrogeological units can be distinguished: i) a 
conglomeratic unit formed by ancient alluvial deposits that can be 
related to the ferralitic deposits of the Middle Pleistocene (Marchetti 
et al., 2001), with a thickness ranging from 30 to 200 m that progres
sively decreases from N to S and moving away from the axis of the Mella 
river. This unit hosts the first confined aquifer, sometimes locally sem
iconfined; ii) a sandy gravel unit represented by coarse gravelly-sandy 
lithologies corresponding to alluvial deposits of the Upper Pleistocene 
and Holocene with a thickness of 30–50 m. This unit hosts the uncon
fined aquifer that shows a groundwater flow direction towards South, 
influenced by surface water interactions and groundwater pumping 
(Zanotti et al., 2023). The boundaries between the two units are not well 

defined since there are neither morphological, nor lithological or 
pedological elements allowing a clear distinction. The lateral boundaries 
occur mainly with erosive surfaces, while the vertical ones show the 
superposition of both positive and negative depositional sequences.

At the top of the sequence, soils are deep to moderately deep, with 
common skeleton on the surface and frequent in depth, with medium to 
fine texture, neutral to alkaline pH and good drainage. The permeability 
of the vadose zone is high (Zanotti et al., 2022) thus allowing rainfall 
infiltration except for the paved urban environment. The permeability 
map of the unconfined aquifer retrieved from the Lombardy Region 
Technical Map web portal (https://www.geoportale.regione.lombardia. 
it/) also indicates an elevated permeability of the sandy gravel unit. The 
mean hydraulic conductivity value, retrieved from the analysis of 6 
pumping tests in wells located near the tests site (ISPRA national bore
holes database, 2024) and tapping the sandy gravel unit, was 3.1*10− 4 

m/s with a standard deviation of 3.8*10− 4 m/s; indicating a good 
permeability of the unconfined aquifer, but also a high degree of het
erogeneity. Much less information is available on the permeability of the 
conglomeratic unit, although it is considered a productive unit when the 
degree of cementations is poor (Bonomi et al., 2014). The mean hy
draulic conductivity value retrieved from the analysis of 4 wells tapping 
the conglomeratic unit (ISPRA national boreholes database, 2024) was 
6.4*10− 5 m/s with a standard deviation of 7.0*10− 5 m/s. This indicates 
a moderate permeability of the confined aquifer and again a high degree 
of heterogeneity. Thus, the test site has good potential for MAR given the 
high capacity of the aquifer system to infiltrate water.

2.2. Climatic data and hydrological water budget

The climate retrieved from Copernicus Interactive Climate Atlas 
using the ERA5-Land Climatology - Historical - 1961-1990 - Annual 
dataset (https://atlas.climate.copernicus.eu/atlas) is moderately 

Fig. 1. Upper panel: Landsat image of the study area in December 2020 (source Google Earth) with the location of the test site (white cross), the piezometric map in 
m a.s.l. (cyan lines), the main and secondary rivers (blue lines), and the hydrogeological cross section (red line); lower panel: 2D sketch of the hydrogeological units 
and the water table (cyan line), the vertical exaggeration is 1:125.
The piezometric map was redrawn from the Brescia Municipality Environmental Report (2022), while the 2D sketch was drawn using the ISPRA (2024) national 
boreholes database.
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continental, with a mean annual total precipitation of 1143 mm. The 
latter has slightly decreased (towards 1113 mm/y) in the last 3 decades 
(change from 1995–2014 to 1991–2020). The historical (1961–1990) 
mean annual temperature is 10.24 ◦C and had a positive decadal 
anomaly of +0.47 ◦C in the last 3 decades (change from 1995 to 2014 to 
1991–2020), while the mean annual evaporation passed from 624 mm/y 
in the 1961–1990 period to 675 mm/y in the 1991–2020 period.

These climatic anomalies, produced an exponential increase of the 
soil water deficit in the Lombardy region and an exponential decrease of 
groundwater recharge (Fig. 2) as calculated via the Nationwide GIS- 
based regular gridded hydrological water budget procedure BigBang 
8.0 (https://www.isprambiente.gov.it/pre_meteo/idro/BIGBANG_I 
SPRA.html) for the 1951–2023 period. Detailed information on the 
procedure employed to compute the water balance can be found in 
Braca et al. (2022).

Both climatic data and the hydrological water budget highlight the 
urgent need for MAR implementation to augment the groundwater re
sources in this area.

2.3. Core logs drilling at the test site

To assess the effective capability to inject excess water near the fa
cilities of the A2A multiutility company located in Brescia were selected 
as a source of infiltration water for MAR operation. Here, two cores were 
drilled 100 m apart, named S1 and S2 down to a depth of 32 m below 
ground level (b.g.l.). A continuous coring technique without the use of 
detergents or lubricants was employed, and the core barrels were 
cleaned with deionized water at the end of each log to avoid external 
contamination and “cross-contamination”. Subsequently, the boreholes 
were screened in the main aquifer from 10 to 30 m b.g.l. to be potentially 
employed as vertical infiltration wells with a nominal injection rate of 
1.0 l/s each, this would ensure a relatively small groundwater mounding 
around the wells to avoid any possible back surge. A total of 30 sediment 
samples per core log were retrieved, approximately one per meter. The 
sediments samples were divided into aliquots of 4–5 kg and immediately 
placed in vacuum bags to minimize the contact with the oxidizing 

atmosphere, transported to the laboratory the same day of collection and 
stored at 4 ◦C.

2.4. Analytical methods

Once in the lab, the sediment samples were inserted into a Glove-Bag 
(Cole-Parmer, USA) filled with ultrapure nitrogen gas (Airliquid N2, 
Italy) and the porewater was sampled using Rhizon MOM samplers 
(Rhizosphere Research Products, The Netherlands). Rhizon MOM sam
plers, which have a glass fibre wire as strengthener, are suitable for the 
extraction of fluids from unsaturated porous media for environmental 
purposes. Rhizon MOM samplers were used instead of sampling 
groundwater in a post drilling stage via multi-level samplers, since they 
collected directly the groundwater present within each single core 
sample, thus providing unbiased high resolution chemical gradients of 
the dissolved species present in each log. The samples, from which an 
aliquot of at least 10 mL was retrieved, were 9 for S1 and 9 for S2. Then 
the sediments particle-size distribution was determined by dry sieving 
and the pipette method (Miller and Miller, 1987) for all the collected 
samples.

Three sediment samples were selected (S1–10, S1–20, and S1–29.5) 
to represent the vertical physical-chemical heterogeneities recorded on 
site, and were also considered as replicates of the saturated portion of 
the unconfined aquifer. In fact, this would be the vertical section 
interested by the MAR injection, thus their analyses could deepen the 
understanding on the leachable fraction. To quantify the possible re
actions between the injected deionized water (18 MΩ) and the aquifer 
matrix, batches were set up in 1000 mL glass containers with 160 g of 
equivalent dry sediment and 800 mL of oxic deionized water (see Sup
plementary materials for composition). The containers were sealed with 
a headspace cap and Viton rubber for the sampling of 2 aliquots per 
week for a period of 3 months. The batches were incubated in the dark at 
constant temperature. TDS, pH, ORP, dissolved O2, and temperature 
were measured using a portable multiparameter probe Hi9829 (Hanna 
Instruments™). Extracts from the samples were filtered through a 0.45 
μm membrane filter (MF-Millipore, USA), stored in low density poly
ethylene vials (10 mL), and kept in a refrigerator until further analysis.

Porewater concentration Cpw was derived according to Appelo and 
Postma (2005): 

Cpw = Cw*
Vw

S
*
ρb

n
(1) 

where Vw is the volume of water used (mL) in the batches, Cw (mg/L) is 
the concentration of the analysed dissolved species, S is the sediment dry 
weight (g), ρb is the dry bulk density (g/cm3) and n is the sediment 
porosity (mL/mL).

The major anions (including F− , Cl− , Br− , NO3
− , NO2

− , PO4
3− , SO4

2− ) 
were determined by isocratic ion chromatography (DIONEX, ICS-1000) 
equipped with an AS-14 column and a guard column, an electrolytic 
suppressor ASRS-500 and an AS-40 autosampler. The detection limit for 
each ion was 10 μg/L, and the analyses were within a relative standard 
deviation of ±3 % over three replicas per sample. Cations (Na+, K+, 
Mg2+, Ca2+) and trace elements (Al, Li, Sr, As, Cd, Cu, Mn, Ni, Be, Cr, Fe, 
Pb, Se, Si, V, Zn) were determined by inductively coupled plasma–op
tical emission spectroscopy (ICP-OES, 8300) using a combination of Ar 
and N2 as carrier gases. A hydride generation sample introduction sys
tem was employed to lower As and Se detection limits. The detection 
limit for major ions was 10 μg/L and for trace elements was 1.0 μg/L, 
while the relative standard deviation for cations was ±5 % and for trace 
elements ±4 %, over three replicas per sample. DOC was analysed with a 
Pharmacia Biotech Ultrospec 2000 UV/VIS spectrophotometer 
following the procedure of Cook et al. (2017), with a detection limit of 
100 μg/L. Alkalinity was determine titrimetrically, with a detection 
limit of 100 μg/L.

Fig. 2. Trends for the period 1951–2023 for the Lombardy region of calculated 
yearly groundwater recharge rate (thin blue line) and soil water deficit rate 
(thin red line). Fitted exponential laws (thick lines and formulas) and their 95 % 
confidence intervals (shaded areas within dashed lines) are also depicted.
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2.5. Sequential extraction from sediments

Three replicates for each sample employed for the batches (S1-10, 
S1-20, and S1-29.5) were collected before starting the batch experi
ments and at day 80 (at the end of incubations) to perform the sequential 
extraction. The sediment aliquots were subsequently re-divided in an 
inert environment into sub-aliquots using a hacksaw, and the sediments 
that have come into contact with the hacksaw were removed with a 
Teflon spatula. Each sub-aliquot was placed in a 50 mL polycarbonate 
centrifuge vial. Sequential extractions of As adsorbed on sediments were 
performed on core samples using published methods (Keon et al., 2001; 
Sun et al., 2016; Sbarbati et al., 2020), in the sequence highlighted in 
Table 1. Individual aliquots of sediment (4 g dry weight) were treated 
sequentially with each extracting solution (solid:solution = 0.01 by 
mass), the suspensions centrifuged (25 min at 8500 rpm), and the su
pernatant decanted and filtered (0.45 μm nylon membrane filters). Be
tween each extraction step, the sediments were washed with 40 mL of 
deionized water (18.2 MΩ), centrifuged, and the supernatant decanted. 
One-way analysis of variance test (ANOVA) was performed in Microsoft 
Excel 365 to investigate interrelationships between parameters. ANOVA 
was employed to examine if there were statistically significant differ
ences in the extraction steps. Statistical significance was specified by a 
threshold of *P ≤ 0.05. Analyses of variance were performed on un
transformed data and mean separation was accomplished using Tukey's 
HSD test.

3. Results and discussion

3.1. Detailed stratigraphic logs

The stratigraphy of the S1 log fits very well into the Brescia hydro
geological context (Bonomi et al., 2014), with the unconfined aquifer 
characterized by a high permeability, as it is formed by unconsolidated 
gravelly and pebbly debris in a sandy silty matrix. At the bottom of both 
the log S1 and S2 a compact clay layer was identified as the basal 
aquitard of the unconfined aquifer, since the other 6 wells with stra
tigraphy near the test site (ISPRA, 2024) displayed at the same depth a 
layer from 2.5 to 6.0 m of compact reddish clay.

As can be appreciated from Fig. 3, the vertical variability is elevated, 
with the presence of low permeability horizons, which possibly limit the 
vertical mixing of groundwater at a local scale, but contemporary 
increasing the recharge volume (Wu et al., 2021). These horizons are 
also much more reactive than gravelly layers as they are characterized 

by larger specific surface area and therefore by a greater capacity to 
adsorb and desorb any contaminant of anthropogenic or geogenic 
origin. For example, they could release As via arsenate desorption from 
Fe-(hydr)oxides in oxic environments or via oxidative dissolution of As- 
bearing pyrite from reducing environments (Fakhreddine et al., 2020).

The grain size results show that S1 log has a greater vertical vari
ability compared to S2 log, confirming the notable facies heteropy 
present in the Holocene hydrogeological unit composing the unconfined 
aquifer. As shown in Fig. 3, fairly homogeneous sandy gravels layers are 
interbedded with silty-clay and silty-sand lenses in heterotopic ratio. 
These lenses have horizontal and vertically variable extensions and are 
characterized by “flute beak” pinch out (Pili et al., 2017). Overall, the 
sandy gravel layers encountered in the S1 and S2 logs are on average 
very permeable and would allow the injection of significant volumes of 
water, besides the absence of underground infrastructures and the 
relatively thick vadose zone, makes this area located at the outskirts of 
the urban environment and in proximity of the A2A facilities a good 
place to infiltrate large quantities of water. Although, to accurately 
quantify the possible reactions triggered by the injection of deionized 
water and the aquifer matrix, additional experiments are needed, as 
reported in the following sections.

3.2. Porewater depth profiles of major ions and trace elements

Fig. 4 shows that TDS in borehole S1 was higher near the water table 
with a minimum at 15 m depth, increasing towards the base of the 
aquifer. The same behaviour occurs for the less reactive dissolved spe
cies, such as Cl− , Br− , and SO4

2− , often considered environmental tracers 
in oxidizing environments (Fetter, 2004). Conversely in S2, TDS was 
higher in the centre of the aquifer with a maximum at 20 m depth, 
decreasing towards the base of the aquifer. Cations such as Na+ and 
Mg2+ mimic the conservative species in both S1 and S2, thus cation 
exchange reactions or carbonate dissolution/precipitation seem not to 
play a key role. K+ in S2 shows an anomalous high peak, probably linked 
to areas affected by leakage from the sewerage system or to the presence 
of sewerage system overflow outlets that discharge water into the sur
face watercourse network, which subsequently reinfiltrate wastewaters 
in the unconfined aquifer. This was also highlighted by the Cl− and Br−

molar ratio (approximately 1200) which was typical of urban waste
waters (Alcalá and Custodio, 2008) and by the presence of trace ele
ments showing vertical trends similar to the major ions. In fact in S2, Zn, 
Si, and V concentration profiles were similar to Cl− and K+, thus prob
ably coming from the same urban wastewater sources that are often 
enriched in these elements (Vittori Antisari et al., 2010).

NO3
− tends to increase towards the base of the aquifer in S1, while is 

lower in S2 indicating complex groundwater pathways. In fact, NO3
−

concentration from rainfall recharge in the area should be around the 
average value and standard deviation of 4.7 ± 5.7 mg/L, as recorded in 
Lombardy urban areas precipitation (Stevenazzi et al., 2020). Thus, 
higher values could be considered symptoms of urban leakage, given the 
lack of agricultural activities in the upgradient area (ESA, 2019). In any 
case, NO3

− concentrations did not exceed the regulatory value of 50 mg/ 
L, while NO2

− exceed it locally, most probably because of incomplete 
heterotrophic denitrification phenomena due to the lack of labile DOC 
(Castaldelli et al., 2019; Mastrocicco et al., 2019; Robertson and Schiff, 
2008) allowing NO3

− and NO2
− to be transported downstream even for 

long distances. DOC also shows a slight positive peak in the centre of the 
aquifer, but the concentrations were very low (less than 0.5 mg/L) and 
in line with the DOC expected in an upland detrital aquifer (Appelo and 
Postma, 2005). Fe and Mn concentration profiles indicate that reduction 
processes developed in micro niches hosted within the low permeability 
lenses (Jakobsen, 2007) or more probably transported along the flow
path from upgradient leaking sewers (Christensen et al., 2000). Never
theless, in both cores oxic or sub-oxic conditions were prevailing as 
defined by Christensen et al. (2000), given that both Fe and Mn never 
reached 0.2 mg/L and NO3

− was always present in both cores.

Table 1 
As sequential extraction procedure modified from Sbarbati et al. (2020).

Step Extractant and time Target Fe phase Target As phase

1 1 mol/L MgCl2, pH 7, 2 h, one 
repetition

Exchangeable Fe Loosely bound As

2 1 mol/L CH3COONa adjusted 
to pH 4.5 with CH3COOH, 24 
h, one repetition

Fe carbonates 
(siderite)

As associated with 
carbonates, 
weakly bound As

3 1 mol/L NH2OH⋅HCl in 25 % 
v/v CH3COOH, 48 h, one 
repetition

Amorphous Fe(III) 
oxides (ferrihydrite)

As associated with 
amorphous Fe 
oxides

4 50 g/L Na2S2O4, pH 4.8 with 
CH3COOH/ 
C6H5Na3O7⋅2H2O, 2 h, one 
repetition

Crystalline Fe(III) 
oxides (goethite and 
hematite)

As associated with 
crystalline Fe 
oxides

5 1 mol/L Na3PO4, pH 5, 16 h 
& 24 h, one repetition for 
each period

– As adsorbed on 
recalcitrant Fe 
oxides

6 0.2 mol/L [NH4]2C2O4/0.17 
mol/L C2H2O4, 6 h, one 
repetition

Recalcitrant Fe 
oxides (magnetite)

As co-precipitated 
in recalcitrant Fe 
oxides

7 16 mol/L HNO3, 2 h, one 
repetition

Fe(II) sulphides 
(mackinawite and 
pyrite)

As-bearing 
sulphides
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Fig. 4 also shows the most significant trace elements for the S1 and S2 
cores, where the absence of total As and very low concentrations of total 
Cr can be noted, in fact these trace elements can be mobilized only in 
reducing environments (Davis et al., 1994). Al and Zn were found at very 
low concentrations since their mobility at neutral pH is limited 
(Edmunds and Smedley, 1996), albeit Zn peak in S2 was probably im
putable to sewers leakage as previously postulated.

3.3. Batch experiments results

Fig. 5 shows the dissolution kinetics of TDS and the most relevant 
physical parameters and chemical species in solution like TDS, alka
linity, Ca2+, ORP, dissolved O2, and pH. As can be seen from the graph, 
TDS was very low at the beginning and increased asymptotically to
wards the equilibrium between solids and liquid phases. Equilibrium 
was reached only in the last weeks of testing in all the batches.

To help visualizing the dissolution trends throughout the unconfined 
aquifer, a fit with exponential line is drawn in Fig. 5 with a green line; 
only dissolved species with a Pearson coefficient (R) greater than 0.60 
and a p-value lower than 0.005 have been plotted along with their 
equations with statistical indicators. The exponential coefficient pro
vides the bulk first order kinetic dissolution and desorption rate k 
(day− 1) from aquifer material. It can be noticed that the k value of TDS is 
very similar to the one of alkalinity, this implies that the kinetic disso
lution of carbonates to the water mineralization over short periods is 
pivotal as found in other batch experiments with aquifer material 
(Bearup et al., 2012). On the contrary, the pH (apart some peaks), 

tended to vary much more rapidly and stabilized after 60 days. The pH 
changes were mainly due to the dissolution of carbonates, although the k 
value of Ca2+ was higher, implying a probable contribution also from 
the cation exchange capacity of the matrix. In any case, the k values 
were within one order of magnitude with literature values of dolomite 
and calcite in similar batch experiments (Descourvieres et al., 2010) and 
field modelling (Herold et al., 2011). The ORP increased during time 
indicating prevailing oxic conditions, while dissolved O2 initially 
decrease from the deionized water concentration (5.0 mg/L) to stabilize 
at approximately 3.0 mg/L after 40 days without further changes. This is 
an indication that biological activity was very limited at the end of the 
batch experiments due to the lack of organic substrates (Christensen 
et al., 2000).

Fig. 6 shows the dissolution kinetics of major ions and trace elements 
present in solution in the batches. While Na+ and SO4

2− show lower k 
values implying that equilibrium conditions were reached faster than for 
Mg2+ and Ca2+, Cl− and K+ were characterized by less homogeneous 
trends. In any case, no exceedances of any parameter or species in so
lution with respect to the WHO drinking water limits (WHO, 2022) were 
detected. From the graphs it can be noted that As concentrations never 
exceed 1.0 μg/L, and Fe and Pb remained at low concentrations. This 
was imputable to the oxic conditions, and the slightly alkaline pH 
maintained throughout the duration of the experiment; while to signif
icantly mobilize trace elements reducing and acidic conditions are 
necessary (Bearup et al., 2012). Sr, a vicariant of Ca2+ and Mg2+ in 
carbonates, behaved similarly to the previously described alkalis. The 
dissolution of the sedimentary organic matter present in the aquifer 

Fig. 3. Stratigraphic logs of S1 and S2 cores with description and grain size distribution. The water table position is also shown (blue line and triangle).
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Fig. 4. Depth profiles of TDS, DOC and selected ions and trace elements for S1 (blue lines and dots) and for S2 (red lines and dots) cores. Their stratigraphic logs are 
also reported.
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matrix induced DOC to remain constant, albeit at very low concentra
tions. This confirmed that no electron donors were available to promote 
reducing conditions (Descourvieres et al., 2010). The organic N present 
in sedimentary organic matter was slightly mineralize firstly in NH4

+, 
given the lack of NH4

+ in the deionized water. The latter was in turn 
converted into NO2

− and NO3
− by nitrification. This is congruent with the 

disappearance of the initially available dissolved O2, although this hy
pothesis should be confirmed by stable isotopes (Böhlke et al., 2006; 
Zhang et al., 2024). The other trace elements, being below detection 
limit, have not been graphed but the concentrations are reported in the 
Supplementary materials.

3.4. Sequential extraction results

From the graphs in Fig. 7, the distribution of As was homogeneous in 
the three sediment samples and in general characterized by very low 
concentrations in the first two extraction steps, in which As can usually 
be easily mobilized during MAR operations (Fakhreddine et al., 2021). 
In particular, the highest concentrations of As were found in step 5, the 
one that associates adsorbed As with recalcitrant Fe hydroxides, like 
magnetite (Sbarbati et al., 2020). Magnetite and siderite are found in the 
upstream rocks of the Early Triassic Servino formation, which is 
outcropping in Val Trompia along the Mella river course (De Donatis and 
Falletti, 1999). Locally the Servino formation hosts “strata-bound” 
mineralization rich in Mn-siderite and subordinate barite, with rare 
traces of Fe-sulphides with As inclusions (Martin et al., 2017). As was 
detected in solution only at very low concentrations (Fig. 6) and the 
prolonged exposure of the sediments to deionized water did not modify 
the As content in the different pools investigated by sequential 
extraction.

The pre- and post-batch experiments analyses did not statistically 

differ considering the experimental uncertainty of the measurements, 
represented by the error bars in Fig. 7. The only notable exception is Fe 
at step 4 in the upper part of the aquifer (S1-10m), where crystalline 
hydroxides, such as goethite and hematite, significantly increased after 
the batch experiments. This was possibly due to Fe leached by mineral 
phases (e.g., biotite) not targeted by the sequential extraction, that 
subsequently precipitated as hematite in oxic conditions. This finding 
highlights that mineral reactivity and secondary phases formation 
occurred even in these relatively short-term batch experiments, at least 
near the water table. If Fe-(oxyhydr)oxide recrystallization can occur 
during batch tests, the long-term stability of As bound to these phases 
under repeated MAR-induced redox/saturation cycles remains uncertain 
and still deserves more research.

In fact, even if the results of the sequential extraction showed that As 
was not remobilized by a single injection of deionized water, column 
experiments should be implemented in future studies to quantify As and 
other trace elements mobility with repeated cycles. In particular, the 
redox conditions in this shallow unconfined aquifer are not expected to 
change abruptly due to background oxic and sub-oxic conditions com
bined with limited DOC availability, but ionic strength and pH shifts 
induced by high purity water injection cycles should be better elucidated 
in future studies. Finally, the timescale of injections in full scale MAR via 
pumping wells for aquifer storage and recovery is often of months 
(Fakhreddine et al., 2021), thus the batch experiments here performed 
are representative only of a single cycle; but if the wells are operated in 
continuous injection mode, the attainment of hydrochemical equilib
rium in batches could be considered representative of longer timescales.

4. Conclusions

The stratigraphic logs of S1 and S2 cores showed very permeable 

Fig. 5. Temporal trends of physical-chemical parameters, alkalinity and Ca2+ for the batch experiments with their exponential fit (green line).
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Fig. 6. Temporal trends of selected major ions, trace elements, and DOC for the batch experiments and their exponential fit (green line).
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gravel layers that will allow considerable volumes to be injected into the 
aquifer. The site, whose closeness to A2A facilities could favour logistics 
during design, construction, and operation phases, is therefore optimal 
for the possible water injection plant. Profile analyses by porewater 
extraction from S1 and S2 cores were pivotal in delineating the relevant 
redox processes and conditions within the target aquifer, as well as 
urban sources of pollution and their heterogeneities. Batch results 
demonstrated that MAR could help to decrease (via dilution by high 
purity waters) the potential inorganic contaminants coming from 
upgradient sources. Sequential extraction results for As showed that it 
was included in stable solid phases in oxidizing environments, therefore 
injections of high purity water is unlikely to mobilize this and other trace 
elements present at the site. Nevertheless, the finding that Fe-(oxyhydr) 
oxides recrystallized during the batch experiments highlighted the need 
of additional studies to proof the concept of As stability over repeated 
injection cycles.

This research is a first step, to be confirmed in the future with a small- 
scale injection of water to proof the concepts here drafted. The proposed 
characterization framework could be adopted in similar environments to 
estimate the potential release of heavy-metals(loid)s and biogeochem
ical reactions triggered by MAR, tailoring the design of pilot or full-scale 
implementation plants.
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Böhlke, J.K., Smith, R.L., Miller, D.N., 2006. Ammonium transport and reaction in 
contaminated groundwater: application of isotope tracers and isotope fractionation 
studies. Water Resour. Res. 42 (5), W05411. https://doi.org/10.1029/ 
2005WR004349.

Bonomi, T., Fumagalli, L., Rotiroti, M., Bellani, A., Cavallin, A., 2014. The 
hydrogeological well database TANGRAM©: a tool for data processing to support 
groundwater assessment. Acque Sotterranee Ital. J. Groundwater 3 (2). https://doi. 
org/10.7343/as-072-14-0098.
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