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ARTICLE INFO ABSTRACT

Keywords: Salinity from reclaimed lands in coastal deltaic areas is of upcoming concern throughout the world due to the
C°1‘_mm l_ead_ﬁ“g experiments ongoing climatic change and the associated water resources overexploitation. Sub-irrigation in salinized deltaic
Pyrite oxidation soils can promote the transport of major and trace elements (TE) in groundwater. In this study, experiments on

Trace elements mobility
Sequential extraction
Groundwater freshening

flow interruption in columns have been conducted for salinized peaty aquitard from the Po Delta using synthetic
rainwater to replicate sub-irrigation practices and their effect on TE leaching. Non-equilibrium transport and
cation exchange phenomena were assessed using a NaCl tracer test. This latter was also simulated via CXTFIT 2.0
to quantify sorption and physical non-equilibrium processes. Pre and post experiment sequential extraction
allowed for the evaluation of geochemical alterations caused by the injection of the synthetic rainwater and the
tracer solution into the reducing sediments. Results from the flow interruptions showed peaks of As, Mn, Pb, and
Ni exceeding the World Health Organization standards for drinking water, indicating that irrigation periods are
marked by the diffusion of trace elements hosted in exchange sites and solid phases. The employment of NaCl as a
tracer resulted in a significant elution of trace elements due to Na* exchange from clays and organic matter and
retardation of Cl~ due to diffusion into the osmotic membranes of organic fragments. The partial oxidation of
pyrite and arsenopyrite to Fe(III) oxides contributes to the prolonged release of TE. These results highlight how
alternating sub-irrigation in a peaty reducing environment can trigger the mobilization of TE in deltaic contexts.
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The findings of this study are of relevance, as similar hydrogeological settings are widespread globally. Indeed, in
real-world scenarios, such as agricultural systems with intermittent irrigation or aquifer restoration strategies,
flow interruptions are commonly utilized worldwide.

1. Introduction

In the modern Delta plains, it is known that saline conditions may
mobilize the trace elements (TE) naturally present in the soils and sed-
iments (Du Laing et al., 2009; Gantayat and Elumalai, 2024) or
anthropogenically introduced (Gu et al., 2013; Qian et al., 2015). Many
are the examples around the world where this process is reported to
occur: the Pearl River Delta (Wang et al., 2016) and the Yellow River
Delta (Li et al., 2020) in China, the Sacramento-San Joaquin Delta in
California, USA (Pasternack and Brown, 2006), the Bengal Delta in India
(Farooq et al., 2010), the Nile Delta in Egypt (Said et al., 2022), and the
Po River Delta in Italy (Di Giuseppe et al., 2014; Giambastiani et al.,
2024). TE mobility in soils and waters (surface and groundwater) is
controlled by ionic strength, surface complexation, oxidation-reduction,
and precipitation-dissolution reactions (Caporale and Violante, 2016),
and their presence among sediments comprises: water-soluble,
exchangeable, carbonate-bound, reducible, oxidizable, and residual
fractions (Sarkar et al., 2014). Redox potential, temperature, pH, and
concentrations of organic ligands are some environmental variables that
can change and release TE from the solid to the liquid phase, eventually
contaminating nearby surface waters and groundwater (Sahuquillo
et al., 2003). Soil water fluctuations are often the driver of redox and pH
shifts, inducing sedimentary organic matter (SOM) mineralization and
pedogenic oxides precipitation/dissolution (Schulz-Zunkel and Krueger,
2009), which in turn can immobilize or mobilize TE (Pelfrene et al.,
2009). Nevertheless, only few studies have tackled the influence of soil
water fluctuations on TE mobility in synthetic numerical experiments
(Jacques et al., 2008) or field-based experiments (Li et al., 2022a,
2022b).

Some TE, like most of heavy metals or Arsenic (As), are recognized as
carcinogenic and toxic. A particular concern arises when elevated TE
concentrations are detected in ground and surface water due to natural
background levels and anthropogenic activities such as mining (Rahman
and Singh, 2019; Shams et al., 2022). For instance, As is naturally
sourced from the oxidation of sulphide minerals, particularly arseno-
pyrite (FeAsS) (Corkhill and Vaughan, 2009), or even arsenian pyrite
that typically contains up to 10.0 wt% of As, since it can randomly
substitute for S in the crystalline lattice (Blanchard et al., 2007).
Generally, an increase in pH along with the presence of Fe>*, bacteria, or
both, results in enhanced oxidation rates of As-bearing sulphides; except
for FeAsS, whose oxidation by dissolved oxygen (DO) is pH independent
and accelerates with rising DO levels (Lengke et al., 2009). The oxida-
tion rate of pyrite is observed to be complexly dependent on the surface
area and extent of the reaction (Appelo et al., 1998). Pyrite oxidation in
sediments can be represented by the following stoichiometric reaction:

FeSy5) + %Oz(g) + gHZO(mJ) —>Fe(OH)3(s) + ZSOE@Q) + 4H(+aq) (@]
and it may exhibit spatial heterogeneity, potentially driven by local pH
fluctuations (McKibben and Barnes, 1986). Additionally, as the reaction
progresses, the Fe-oxide layers may inhibit the oxidation rate (Wang
et al., 2019). For instance, the oxidation of framboidal pyrite leads to a
drop in pH, resulting in the release of an acidic solution, then As is
simultaneously released as an impurity of framboidal pyrite (Chandra
and Gerson, 2010), with redox reactions reportedly being the main
driver for the release of As, Cd, Ni, Cu, Zn, and Mn from rock, sediment,
and soil (Frohne et al., 2011).

The subsurface transport of TE is governed by a suite of geochemical
processes such as adsorption, desorption, precipitation, and complexa-
tion with coexisting ions. Low ionic strength of the leaching water tends

to hinder the mobility of dissolved TE by enhancing competitive
adsorption and complexation, whereas high ionic strength conditions
facilitate TE transport, primarily in colloid-bound forms
(Wikiniyadhanee et al., 2015). As a result, flow experiments involving
TE are typically characterized by nonequilibrium conditions (Tran et al.,
1998). A simple and robust method for probing nonequilibrium pro-
cesses during a flow experiment is the flow interruption method (Wehrer
and Totsche, 2008). The flow interruption in column experiments aims
to provide the solute with sufficient time to be adsorbed on the sorption
sites and characterized as a diffusion-dominated process (Tran et al.,
1998). Whether the flow is interrupted during an arrival, or an elution
breakthrough determines if the concentrations following a stop flow will
increase or decrease when flow is restarted (Wehrer and Totsche, 2008).
TE mobility can be changed by microbial and plant growth through pH
and Eh alteration (Husson, 2013). Under oxidizing conditions, TE
mobility is limited since they often co-precipitate within metal oxides or
are adsorbed/complexed on metal oxides or clay surfaces (Bao et al.,
2022). Pristine peatlands serve as sinks for atmospheric carbon due to
the slowed decomposition caused by a prolonged absence of oxygen
(Freeman et al., 2001), as reducing conditions result in decreasing dis-
solved organic carbon (DOC) (Holl et al., 2009), making peaty soils the
largest pool of terrestrial organic carbon (Gorham, 1991). Therefore, in
soils and sediments rich in sedimentary organic matter (SOM), reducing
conditions commonly prevail, promoting the dissolution of Fe and Mn-
(hydr)oxides, mobilizing also the co-precipitated and adsorbed TE (Li
et al., 2022a, 2022b). Conversely, when SOM degradation progresses
and sulphate reduction is the dominating electron accepting process, TE
immobilization is again induced by the precipitation of TE sulphides
(Vink et al., 2010). Besides, TE can be mobilized by saltwater
(Backstrom et al., 2004) as ionic strength variations affect TE mobility in
sediments and subsequently their bioavailability (Li et al., 2016), as well
as DOC due to aqueous complexes formation (Pérez-Esteban et al., 2013;
Seuntjens et al., 2004). Interestingly, salinity induced by NaCl and other
Cl™ salts ignites high TE release from soils (Acosta et al., 2011). In this
pursuit, NaCl as a tracer in flow experiments has been widely employed
in literature since Cl~ acts as a natural tracer due to its resistance to
microbial degradation and its negligible tendency to form ionic com-
plexes (Botter et al., 2008; Mastrocicco et al., 2011; Tran et al., 1998). In
addition to aqueous complexation, the cation exchange capacity (CEC)
of soils and sediments is also implicated in TE mobilization/immobili-
zation via exchange sites present in both clays and SOM (Fontes and dos
Santos, 2010). Indeed, Na™ may be exchanged with other cations such as
Ca?* and Mg?", as commonly reported in aquifers with clay minerals
(Capuano and Jones, 2020; Eeman et al., 2017) and may mobilize other
TE on the mineral surface into solution due to cation exchanges (Mora
et al., 2020).

One dimensional numerical and analytical models are widely used
for solute transport in porous media (Feinstein and Guo, 2004; Mas-
trocicco et al., 2011; Saaltink and Rodriguez-Escales, 2022). CXTFIT 2.1,
included in the graphical user interface STANMOD, is one of the most
robust analytical codes supporting deterministic runs of one-
dimensional advection-dispersion equations and associated inverse
models (Toride et al., 1995). It solves the inverse problem by optimizing
the fit between computed and observed concentrations at specified lo-
cations and times (Feinstein and Guo, 2004). CXTFIT 2.1 is widely
employed in column experiments in the analysis of solute transport in
groundwater and porous media to delineate salinization, contaminants
flow, and redox processes in nature (Kiecak et al., 2019; Tiemeyer et al.,
2017). Thus, this study aimed i) to quantify the leaching behaviour of
major ions and TE in a silty-clay aquitard rich in SOM subjected to sub-
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irrigation, ii) to evaluate the influence of flow interruptions coupled
with saltwater input on the cumulative leaching of selected TE, and iii)
to quantify the solute transport behaviour of these shallow saline aqui-
tard sediments using different modelling approaches. To this end, col-
umn experiments were performed and modelled in saturated conditions,
and chemical sequential extraction from the solid phases was employed
to quantify the relative pools mobility of selected TE.

2. Materials and methods
2.1. Site information and soil sampling

Sediment sampling was conducted in an agricultural field in the Po
lowland (Northern Italy) near Berra village, 24 km from the Adriatic Sea
(44°56/'52.37"N and 12°01'37.44'E) at an elevation of approximately —3
m above sea level (asl). Indeed, the area has been completely reclaimed
at the end of 19th century and is now drained by an extensive system of
canals and reclamation ditches, managed by pumping stations that
regulate the shallow groundwater table (Gaiolini et al., 2025). This site
was chosen because it is representative of the geomorphological char-
acteristics of the Po delta lowland and of the anthropo-geological evo-
lution of the region, which is nearly totally below sea level due to the
massive land reclamation efforts for agricultural purposes (Simeoni and
Corbau, 2009). Tile drains, with a diameter of 5 cm, made of steel and
spaced 10 m apart, have been installed, with depths ranging from 0.90 m
near the ditches to 0.70 m below ground level at the end of the field. This
system has been operational since 2018 to prevent waterlogging and to
remove excess saline water, as the area is characterized by paleo salinity
trapped in pore spaces of low permeability lenses and SOM
(Habakaramo Macumu et al., 2024). The tile drains facilitate sub-
irrigation when the inlet valve from the main irrigation channel is
opened, and weirs are positioned at the ends of the nearby ditches.

Duplicate soil samples were collected in two locations named Col-
umn 1 and Column 2, placed 3 m apart from each other. Soil samples
exuded with an Eijkelkamp auger corer for minimum disturbance of soft
soils, between the depths of 0.75 to 1.00 m below ground level where the
water table usually fluctuates due to tile drains location, and were kept
in a vacuum sealed plastic bag and refrigerated at 4 °C. SOM was
measured gravimetrically after combustion at 350 °C for 24 h (Table 1),
the pH (1:5 in water) was measured from a sub sample aliquot of 10 g in
each column. The CEC was determined by ammonium acetate extraction
(pH 7.0), while carbonate content was measured titrimetrically after
digestion with excess acid (HCl 1 N). The soil particle-size distribution
was determined by the pipette method. The saturated hydraulic con-
ductivity (ksq) was measured via a constant head test at the end of the
leaching experiment in each column.

2.2. Saturated column experiments design and set up

For the saturated leaching experiments, HDPE columns were used.
Columns' dimensions were 15.0 cm in length and 3.0 cm in internal
diameter (Fig. 1). To simulate the layering found in alluvial environ-
ments, the column was filled in 1-2 cm increments in a Ny atmosphere
within a glove bag to prevent redox alteration of the soil, each packed
using a Teflon piston; while soil was not sterilized to minimize the
alteration of its characteristics (Alessandrino et al., 2023; Lewis and
Sjostrom, 2010).

Columns were flushed via a peristaltic pump for at least 100 pore
volumes to eliminate possible unwanted contaminants before each
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Fig. 1. Experimental set up of the upward saturated column apparatus.

experiment was performed. At the top and bottom of the columns, high
density polyethylene (HDPE) chambers were installed to uniform the
flux and to prevent washing of finer grains. The chambers contained a
HDPE pierced disc and a 50 pm NITEX mesh in contact with the soil. The
flow direction was upward to eliminate the eventual formation of
trapped gas bubbles. The porewater flow rate was set at 100 ml/h and
was produced by a peristaltic pump (Gilson MINIPLUS 3) connected to
the bottom of the column. Samples were taken using 10 ml PE vials at
constant time intervals and filtered with a 0.45 pm polypropylene filter.
Pore volumes of water in the column were defined as the volume of the
column (excluding the inflow and outflow chambers) multiplied by the
soil porosity, and more in detail, V is the volume of water required to
reach a pore volume, while V is the volume of water injected at a given
time. Effluents were drained from the columns via a 2 mm internal
diameter tube through a flow cell equipped with temperature, EC, TDS,
pH, and ORP probes for continuous monitoring with a portable high-
resolution professional multiparametric probe (HANNA 50110742 XS
PC 7 Vio Multiparameter Portable Meter). The probes were calibrated
using standard solutions at the beginning of each experiment. In column
1, two flow interruptions were made: the first flow interruption for this

Table 1

Soil physical-chemical characterization.
Sample SOM (%) pH(-) CEC (meq/100 g) Carbonates (%) Clay (%) Silt (%) Sand (%) Ko (m/s)
Column 1 15.4 5.5 53.3 0.12 23.4 50.8 25.8 7.3e7°
Column 2 25.6 5.4 61.8 0.15 25.1 48.9 26.0 3.7¢
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experiment was made for 14 h, whereas the second flow interruption
was made for 115 h, to enable sufficient solute diffusion (Tran et al.,
1998). The design of the two distinct stop flow was chosen following the
methods described by Kim and Hyun (2015). In addition, two different
time intervals for the flow interruptions were chosen to capture both
short-term and extended stagnation effects on solute mobilization.
Indeed, different contact times can influence the leaching behaviour of
certain solutes (Lopez Meza et al., 2010) and using dual time scales has
proven valuable outcomes from column leaching experiments as
described by Tang et al. (2020). In column 2, a single flow interruption
of 115 h was done. In column 2, 10 ml of NaCl with an EC of 11.4 mS/cm
was used as a tracer, the flow was made to run with the synthetic
rainwater after the NaCl dosage for 4 h until the effluent EC was
constantly <100 pS/cm, with sampling made at 15 min intervals.

The cumulative mass of each dissolved species was calculated via
temporal moment analysis, calculating the zero-order moment (Vincent
et al., 2007).

2.3. Solute transport model

To quantify the dispersive solute transport in the packed columns,
the transport behaviour of a conservative tracer (Cl~) was simulated
using the graphical user interface STANMOD (Van Genuchten et al.,
2012) that is including CXTFIT 2.1, a one-dimensional solute transport
model. The transport behaviour of solutes was described using the dual
domain (DD) form of the advection dispersion equation (ADE) with
linear retardation and constant production term (Egs. (2)-(4)):

0Cp #Cpn . 0Cp
(Om + ppKa) T amDmW - Jwg = (Cn — Cim) + Oy (X) + pyrs(X)
(2)
0Ci
gimT - (Z(Cm - sz) (3)
R=1 +% )

where subscripts , and j;, pertain to the mobile (liquid phase) and
immobile (stagnant zones) region, respectively. C (ML’3) denotes solute
concentrations as a function of distance x (L) and time t (T). D, @t
is the hydrodynamic dispersion coefficient for the mobile region, J,,
(LT 1) the volumetric water flux density, and the volumes 6 (L3L’3), Oms
L3L73), and Oim (L3L73) are the total, mobile and immobile water con-
tent. yp, ML3 T™Y) and s ML~3 T~ ) are the zero order production
terms for the liquid and sorbed phases, respectively. For 0, = 0, Eq. (2)
reduces to the single-domain ADE. The solute-mass transfer between
mobile and immobile regions is limited by the first-order rate coefficient
a (T™Y). R is the linear retardation factor, pp (ML™3) is the dry bulk
density, and Kgq (L3M’1) is the solid liquid distribution coefficient. The
ADE was solved by the code CXTFIT 2.1 in estimation mode to fit
observed Cl™ concentrations. The inverse problem is solved in CXTFIT
2.1 by minimizing an objective function that consists of the sum of the
squared differences between observed and fitted concentrations. The
objective function is minimized using a nonlinear least-squares inver-
sion method to constrain the estimates of the upper and lower parameter
values. The inverse model output provides useful model performance
parameters like the coefficient of determination (R?) from the regression
of observed and calculated values, as well as the mean standard error
(MSE) coefficient among observed and calculated values.

2.4. Analytical methods

Anions and cations were analysed with an ICS-1000 Dionex-Thermo
Scientific chromatography system equipped with an isocratic dual
pump. An IonPac AS14A 4 x 250 mm column and pre-column AG14A 4
x 50mm, and an ASRS-Ultra 4-mm self-suppressor were used for anions,
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while an IonPac CS12A 4 x 250 mm column and pre-column CS12A 4 x
50 mm CRS-500 4 mm self-suppressor were used for cations. The AS-40
Dionex auto-sampler was employed to run the analysis, while quality
control (QC) samples were run every 10 samples. Detection limits were
50 pg/l for Ca?* and Mg?", and 10 pg/1 for the other ions. DOC was
analysed with a Pharmacia Biotech Ultrospec 2000 UV/VIS spectro-
photometer following the procedure of Cook et al. (2017), with a
detection limit of 100 pg/l. DIC was determined titrimetrically (Huang
et al., 2012; Dickson, 1981), with a detection limit of 100 pg/1. TE (Al
Li, Sr, Co, Cd, Cu, Mn, Mo, Ni, Be, Cr, Fe, Se, Si, V, and Zn) were analysed
with an ICP-OES (PerkinElmer, USA) to quantify their concentration in
water samples after acidification with ultrapure 1 M nitric acid, pre-
ceded by filtering on 0.45 pm. As was quantified also in ICP-OES, but in a
second subsample with a hydride generator to avoid interference with
other elements. All the equipment was correctly acid washed, and
method blanks were carried out. Indeed, to successfully determine TE,
such as As, Se, and Te, with the ICP-OES, hydride generation is required
due to their low detection (Wiltsche et al., 2008; Wickstrgm et al., 1995).
The addition of a reducing agent, such as sodium borohydride, converts
these elements (As, Se, and Te) into their volatile hydrides, thereby
boosting their sensitivities and lower detection limits below the low-pg/1
range for easy detection by the ICP-OES (Yousefi and Zolfonoun, 2020).
Nonetheless, hydride generation of these elements (As, Se, and Te) is
subjected to interferences from other elements, such as Ni, Co, Cu, and
Fe, and therefore requires a separate analysis, masking the interferents
to minimize their effects, or fast separation of the hydride from the
liquid phase, preceded by a rapid hydride generation (Ding and Stur-
geon, 1997; Thangavel et al., 2015; Wickstrgm et al., 1995). Similarly, as
‘labile’ DOC affects the immobilization of TE and their biochemical
cycles (Chakraborty and Chakrabarti, 2006), so is its quantification in
water (surface and groundwater) analysis, as a filtration via 0.45 pm is
adequate for its analysis by ISO 20236 protocols (Tisserand et al., 2024).

However, the ICP-OES is a versatile, effective, powerful, and
advanced analytical technique with excellent detection properties in
parts per million (ppm) and parts per billion (ppb) levels (Douvris et al.,
2023) widely used for the analysis of various chemical elements,
involving environmental monitoring, food analysis, and medical di-
agnostics (Khan et al., 2022). With remarkable success, the ICP-OES has
been employed in the precise detection of TE in edible oils (Bakircioglu
et al.,, 2013), plant extracts (D'Archivio et al., 2019), soil extracts
(Kelepertzis and Stathopoulou, 2013; Nenova et al., 2018), and Rare
Earth Elements in geological samples (Pradhan and Ambade, 2020).
Finally, in water (surface and groundwater) analysis with the ICP-OES,
samples are filtered with 0.45 pm membrane filters to remove particu-
lates and colloids that would potentially clog nebulizers and skew the
“dissolved” definition; followed by acidification with nitric acid (typi-
cally 1 % v/v HNOs) to keep the pH <2, keeping metal ions in true so-
lution, preventing precipitation and adsorption onto container walls
(Khan et al., 2022; Standard Committee of Analysts, 2018; US EPA,
1996).

2.5. Sequential extraction from sediments

Three replicates for each sample employed for the column experi-
ments were collected at the beginning and at the end of the experiment
to perform the sequential extraction. The sediment of both columns was
homogenized and subsequently re-divided in an inert environment into
sub-aliquots. Each sub-aliquot was placed in a 50 ml polycarbonate
centrifuge vial. Sequential extractions of TE adsorbed or co-precipitated
in different pools of the sediments were performed using published
methods (Sbarbati et al., 2020) in the sequence highlighted in Table 2.
Individual aliquots of sediment (4 g dry weight) were treated sequen-
tially with each extracting solution (solid:solution = 0.01 by mass), the
suspensions centrifuged (25 min at 8500 rpm), and the supernatant
decanted and filtered (0.45 pm nylon membrane filters). Between each
extraction step, the sediments were washed with 40 ml of deionized
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Table 2
TE sequential extraction procedure modified from Sbarbati et al. (2020).

Step  Extractant and time Target Fe phase Target TE

1 mol/1 MgCl,, pH 7, 2 h, one Loosely bound

1 Exchangeable TE

repetition TE
. TE in
1 mol/l NH,OH-HCl in 25 % v/v Amorphous Fe
2 - . amorphous Fe-
CH3COOH, 48 h, one repetition (I11) oxides oxides

50 g/1 NayS,04, pH 4.8 with

3 CH3COOH/CeHsNaz0,-2H,0, 2 h,  Crystalline Fe

TE in crystalline

- (III) oxides Fe-oxides
one repetition
. . TE-bearing
4 16 mol/l HNOs, 2 h, one repetition Fe(II) sulphides .
sulphides

water (18.2 MQ), centrifuged, and the supernatant decanted. To suc-
cessfully quantify TE in sediments, sequential extraction procedures
were chosen since they are mostly employed as proposed by the Euro-
pean Community Bureau of Reference (BCR) (Davidson et al., 1994; de
Andrade Passos et al., 2010; Kryc et al., 2003). Sequential extraction
approaches facilitate the partitioning of trace elements into operation-
ally defined categories such as the exchangeable, the carbonate-bound,
the reducible (Fe-Mn oxides), the oxidizable (organic/sulphide), and the
residual, hence improving their accurate quantification in soils.
(Salomons and Forstner, 1980; Tessier et al., 1979). The outcomes of
sequential extractions facilitate the forecasting of a specific TE's release
by identifying the predominant fraction influenced by soil pH, redox
potential, or organic matter changes as a result of flooding, drying, and
acidification (Carrillo-Gonzalez et al., 2006; Mensah and Amoakwah,
2024; Rao et al., 2008; Tessier et al., 1979). Thus, quantifying these
“labile” pools of TE refines risk assessments far better than total metal
concentration alone, determining whether a contaminated site poses a
threat to the environment and thereby informing management strategies
and remediation approaches (Bacon and Davidson, 2008; Tack and
Verloo, 1995). Significantly, sequential extraction data facilitate the
tracking of the transformation routes of sulphate oxidation in releasing
As or immobilizing Pb and Zn by iron oxides (Gomez-Ariza et al., 1999;
Keon et al., 2001).

3. Results
3.1. Saturated columns leaching experiments

In both experiments (Figs. 2 and 3), due to the preferential flow in
macropores, Cl~ dropped rapidly during the elution, and then progres-
sively increased because of the micropores' contribution (Colombani
et al., 2020), combined with the diffusion from osmotic membranes
constituted by the halophytic plants' residues present in the SOM
(Habakaramo Macumu et al., 2024). In column 1, after approximately
18 porewater of flushing, an increase of Si and Fe was detected, most
likely due to the acid-promoted weathering of Fe-silicate phases in an
oxidative environment (Santelli et al., 2001). Column 2 exhibited an
overall higher concentration of TE in the leachate, likely due to a greater
abundance of SOM (Table 1), which can act as an additional source of TE
(Habakaramo Macumu et al., 2024). The potential presence of higher
amounts of pyrite may have further contributed to the release of these
elements under oxidative conditions. Indeed, after approximately 40
pore volumes of continuous flushing with synthetic rainwater, a marked
drop in pH accompanied by an increase in ORP, SO3~, DIC, and Ca®* was
observed, indicating the oxidation of more crystalline pyrite or coated
by passivation layers (Fan et al., 2022). In both column experiments, As
concentrations exhibited a notable decline, dropping well below the
WHO threshold after approximately 18 pore volumes, followed by a
subsequent increase between 30 and 40 pore volumes. The pH drops due
to pyrite oxidation, triggered a slight increase in Mn and Al concentra-
tion in the leaching water since these two species are known to have a
pH-dependent solubility (Sposito, 1995). However, Mn concentrations
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dropped below the provisional WHO limit (0.08 mg/1) in both experi-
ments after approximately 35-40 pore volumes. The sediments of the Po
River are naturally enriched in Ni due to the weathering of Ophiolite
rocks, while Pb is relatively low (Bianchini et al., 2012). Consequently,
in these experiments, the initial Ni concentration was an order of
magnitude greater than that of Pb. Despite this, Ni concentration in the
leachate was exceeding the WHO threshold (0.07 mg/1) only in the first
step of the experiments, decreasing below the limit after approximately
10 pore volumes in both columns. However, Pb concentration in the
leachate sample from column 2 initially exceeded the WHO threshold
(0.01 mg/1), whereas in column 1, Pb concentrations were very close to
this threshold, again indicating elevated heterogeneity of TE distribu-
tion within these aquitards. After approximately 20-25 pore volumes,
Pb concentration decreased significantly below the WHO limit and
remained consistently low for the remainder of the experiments. Over-
all, exceedances of the WHO limits were observed for most TE during the
initial phase of both columns, indicating that continuous irrigation can
leach these TE that may end up in the groundwater and surface water
through the tile drainage systems and might negatively affect environ-
mental conditions (Dahmouni et al., 2018). After approximately 20 pore
volumes, all the analysed species decreased to concentrations below
their respective WHO thresholds, meaning that many cycles of sub-
irrigation are needed to completely flush TE. Each stop flow event
triggered a renewed increase in concentration, leading to the exceed-
ance of the WHO limits for As, Mn, Pb, and Ni.

3.2. NaCl tracer test

The tracer test was conducted on column 2 at the end of the leaching
experiment. Prior to the test, the column was flushed again with syn-
thetic rainwater for approximately 100 pore volumes, until the EC of the
effluent stabilized <100 pS/cm and the concentrations of TE fell below
their respective detection limits. NaCl solution was used to mimic the
effect of brackish groundwater upward flow that could be further
evapoconcentrated in soils. Indeed, in coastal areas, salt can be present
in groundwater or be delivered through wet and dry deposition of sea
spray and salinized irrigation water and then can be evapoconcentrated
by plant roots (Ma et al., 2023). As showed in Fig. 4, even the low ionic
strength associated with the NaCl tracer solution mobilized several
major and TE. It must be stressed that As and Pb concentrations, with
peaks of 0.022 mg/1 and 0.034 mg/] respectively, exceeded the WHO
threshold limits, although no TE were detected during the previous
flushing.

3.2.1. CXTFIT results using different modelling approaches

Among the tested models, the Cl™ breakthrough curve obtained with
DD + R + y provided the best agreement with experimental data, out-
performing both DD and ADE models (Fig. 5). This is also pointed out by
the elevated R? obtained for DD + R + y (Table 3). The ADE model, the
most basic among those tested, accounts solely for solute transport via
advection and dispersion, assuming negligible solute-soil interactions.
The failure of the ADE approach is not a surprise, because a percentage
of the overall porosity was found to be immobile (Table 3), as it can be
expected for silty clay sediments (Mastrocicco et al., 2011; Zhang et al.,
2022). On the other hand, the DD model incorporates the dual-porosity
behaviour, which allows for partially reproducing the tailing observed
in the CI™ breakthrough curve. However, it still falls short of accurately
capturing the full range of physical-chemical interactions with the soil
matrix, particularly because it did not account for the potential contri-
bution of SOM acting as an additional source of C1I”. DD + R + y model
included the effects of dual-porosity, equilibrium retention processes,
and kinetic sorption/desorption, which enables a more realistic repre-
sentation of the transport mechanisms occurring within the system and
the gradual release of additional Cl~ from the plant-derived SOM.
Indeed, the estimated values of zero-production terms y; and ys provide
valuable insights into the differential role of the two phases (liquid and
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Fig. 5. Modelled Cl™ breakthrough curves with standard ADE, DD, and DD + R
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Table 3

Performance indicators (R? and MSE) and parameters for the ADE, DD, and DD
+ R + y models quantified via inverse modelling using Cl~ as a tracer in column
2. The + symbol denote the parameter's standard errors.

ADE DD DD +R+7y
R (-) 0.845 0.771 0.989
MSE ((mg/l)z) 936.9 1550 77.65
v (cm/min) 0.21 £+ 0.02 0.24 £+ 0.03 0.30 £ 0.33
D (em?) 0.994 + 0.10 0.374 + 0.73 0.496 + 0.62
Oim (=) - 0.285 + 0.26 0.253 + 0.06
R(-) - - 1.90 + 0.22
a (1/min) - 0.015 + 0.016 0.014 + 0.017
1 (mgem?®/min) - - 0.90%
7 (mgem®/min) - - 2.0%

) y1 and ys were adjusted manually.

solid) governing the solute dynamics. On this pursuit, y; is nearly half of
s, suggesting a greater solute availability in the solid phase compared to
the liquid phase. This may reflect the presence of the halophytic plant
residuals embedded within the soil matrix, which can act as a persistent
Cl™ source (Volik et al., 2018).

3.3. Sequential extraction results for selected TE

The comparison of sequential extraction results for pre and post
experiment (Fig. 6) revealed minimal changes in the distribution of TE
across the major geochemical fractions. However, two significant vari-
ations emerged: i) an increase in TE concentrations in the post experi-
ment extraction, specifically in the crystalline Fe(IlI)-oxides fraction,
and ii) a decrease in both As and Fe concentrations in the Fe(II)-
sulphides fraction after the experiment.

4. Discussion

Usually, the reduced dissolution of Fe-(oxy)hydroxides and the
anoxic SOM mineralization are the major drivers of As release in
groundwater (Schiavo et al., 2024). In this study, because the ORP never
became negative, the As increase in the leachate was likely attributable
to FeAsS (or arsenian pyrite) oxidation, coupled with the desorption of
As previously adsorbed onto the pyrite surface in the peat-bearing de-
posit (Amorosi and Sammartino, 2024). Moreover, As is known to be
structurally incorporated in FeS, pyrite at significant proportions (up to
10 % wt) (Blanchard et al., 2007), and pyrite with As impurities oxidizes
even faster than pyrite with very low impurity concentration (Lehner
and Savage, 2008). Indeed, SOM-rich, sulphur-bearing lowland
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environments can function as effective geochemical traps for As under
reducing conditions (Stuckey et al., 2015). Moreover, the chemical
composition of the leaching water in the last stages of the experiments is
an indirect proof that pyrite is ubiquitously present in SOM rich Holo-
cene sediments constituting the aquifer/aquitard continuum in the Po
deltaic area (Amorosi et al., 2002; Di Giuseppe et al., 2014) and could be
oxidized at different stages during flushing with oxic waters. Despite
this, no corresponding increase in dissolved Fe was detected, likely due
to its precipitation as crystalline Fe(III)-oxides such as goethite and
hematite. Indeed, the decrease in both As and Fe concentrations in the Fe
(ID-sulphides fraction detected in the sequential extraction is consistent
with the mobilization of As and Fe during the column experiment as a
result of pyrite and FeAsS (or arsenian pyrite) oxidation. On the other
hand, the observed increase in the fraction of crystalline Fe(II)-oxides
can be explained by secondary precipitation processes (Heron et al.,
1994). Particularly, Fe released during pyrite oxidation underwent hy-
drolysis, subsequently forming more crystalline Fe(Ill)-oxides
(Guimaraes et al., 2007; Zhao et al., 2024). This mineralogical trans-
formation acted as a sink for Fe and the other TE, favouring their
incorporation into the newly formed crystalline Fe(IlI)-oxides, high-
lighting their role as effective scavengers for TE under oxidizing con-
ditions (Frierdich et al., 2011).

The following concentration increase of major and TEs after each
flow interruption was probably due to the combination between the
formation of anoxic microsites and the intra-particle diffusion. Indeed,
in peaty environments, the fast organic matter degradation can lead to
the formation of reducing micro-zones even in the presence of high ORP
at column scale (Lacroix et al., 2023). In such anoxic microsites, the
dissolution of Fe-oxides can act as a temporary source of TEs (Wehrer
et al., 2017) that continued to diffuse within the soil matrix during the
interruption period, following the intra-particle concentration gradi-
ents, followed by back-diffusion into the mobile zone when the flow
restarts (Carstens et al., 2017). It should be stressed that the peaks
observed immediately after the flow interruption phases are not merely
artefacts of the column setup but rather reflect the dynamic geochemical
processes that may also occur under field conditions and are evidence of
the availability of these TE in the Po Delta aquitards/aquifers system
(Habakaramo Macumu et al., 2024). In real-world scenarios, such as
agricultural systems with intermittent irrigation or aquifer restoration
strategies, flow interruptions are common (Addab and Bailey, 2022; El-
Ghannam et al., 2021). These transient phases can promote the leaching
of undesirable TE, as shown in this study. Therefore, the observed re-
sponses to the flow interruptions underscore the importance of ac-
counting for this behaviour when designing and managing field-scale
remediation or groundwater management interventions.

Regarding the experiment with the NaCl tracer test, the slightly
augmented ionic strength of the flushing water carried into solution
several major and TE. Tan et al. (2022) observed a similar pattern of TE
leaching in a column experiment simulating the freshwater-seawater
interface, characterized by distinct peaks in TE concentration during
the seawater elution phase. This phenomenon was attributed to the
competitive exchange between Na' and the TE strongly adsorbed onto
colloidal surfaces, resulting in an enhanced mobilization of TE in the
solution. Indeed, as proof of this mechanism, the observed Na® con-
centration after the peak was almost one quarter less than the corre-
sponding Cl~ converted in meq/l, indicating active ion exchange. This
behaviour poses a further challenge for aquifer remediation via fresh-
water flushing, particularly in regions where salt accumulation in the
vadose zone through evapoconcentration processes may promote the
downward migration of solute-enriched water (Li et al., 2014). In
addition, the cross comparison between the pre-experiment exchange-
able fraction and the column 2 cumulative leaching (Table 4) demon-
strated that the combination of flow interruption and the NaCl tracer
flushing led to a greater TE mobilization exceeding the concentrations
observed in the exchangeable fraction for As, Fe, Ni and Pb, thus
sourcing them from less available pools like amorphous and mineral
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Fig. 6. Sequential extraction of selected TE, pre and post column experiments. Error bars denote standard deviations calculated on three replicas.

Table 4

Cross-comparison among the exchangeable fraction from the sequential
extraction (pre-experiment) and the cumulative leaching from column 2 for
selected TE.

Parameter (ppm) Al As Fe Mn Ni Pb

Cumulative leaching from 224 031 274 728 0.08 0.03
rainwater

Cumulative leaching from NaCl 0.34 0.02 015 0.38 0.08 0.03

Total cumulative leaching 258 033 28 766 016 0.06

Exch. fraction from TE 1.14 - 0.47 152  0.09 -

phases; while Mn was entirely attributable to the exchangeable pool.
However, it is important to note that in field conditions, irrigation
alternating with periods of no irrigation, along with the leaching of
evapoconcentrated salts, could further exacerbate the mobilization of
TE.

5. Conclusions

Column experiments were conducted on a salinized peaty soil from
the Po Delta. Results indicate that periodic irrigation can potentially
leach salts into the shallow groundwater or into the surface waters via
tile drains. The initial concentrations of TE exceeded the acceptable
WHO threshold for domestic use, but after elution beyond 20 pore
volumes, concentrations fell below the permissible levels, confirming
the leaching of TE towards groundwater and/or surface water, raising
concerns about potential water pollution. During periodic flow in-
terruptions, the concentrations of TE rose again above the permissible
WHO threshold, implying that the first irrigation events may be marked
by the elution of elevated TE concentrations due to back diffusion from

10

the immobile porosity fraction. Similarly, the dosage of NaCl to replicate
evapoconcentrated solutes flushed from the topsoil was characterized by
significant TE releases due to Na™ cation exchanges with other major
ions and TE. Additionally, relatively high concentrations of TE were
observed in samples with abundant SOM fragments, which aligns with
the findings of Habakaramo Macumu et al. (2024), alongside symptoms
of pyrite and FeAsS (or arsenian pyrite) oxidation, leading to significant
TE releases in the crystalline Fe(IlI)-oxides. The model results high-
lighted the critical influence of mobile-immobile porosity and desorp-
tion from SOM on solute transport, emphasizing the role of the
halophytic SOM residues as a persistent source of additional salinity and
TE. To the best of the authors' knowledge, this is the first study to couple
flow interruptions with saline water flushing to simulate the enhanced
TE release due to alternating sub-irrigation and evapoconcentration
processes. The findings of this study are of particular relevance as similar
hydrogeological settings are widespread globally. In light of these re-
sults, there is a compelling need for future research aimed at improving
the understanding of the release of TE into shallow aquifers and aqui-
tards characterized by elevated SOM and peaty layers.
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