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Abstract
The Po River (Italy) floodplain is a fragile environment extremely vulnerable to pollution 
and salinization risk. Here, freshwater availability for agricultural needs has become of 
concern and farmers are facing crops production decline due to droughts, increasing soil 
and groundwater salinity. To address salinization problems in complex systems, density 
dependent numerical flow and transport models are key tools. This study explored the role 
of stagnant zones, sorption and salt release from peats in modelling salinity dynamics in 
a coastal shallow aquifer. SEAWAT 4.2 was used to reproduce groundwater heads and 
salinity dynamics in two adjacent agricultural fields: a cultivated plot where groundwater 
and soil salinity are not yet reducing crop yields (model A1); and second field plot al-
ready unsuitable for cultivation (model A2). Both models were successful in grasping the 
magnitude and timing of groundwater level and salinity fluctuations over time. Transport 
models set-up with stagnant zones, sorption and salt release from peats best reproduced 
the observed trends in comparison to classical advection-dispersion equation simulations 
that overestimated salinity distribution within both plots. Sorption resulted to be crucial 
in representing the underlying processes of buffering and delaying salinity pulses, to-
gether with additional salt mass accounting for long-term source of salinity within peaty 
horizons. Mass budget calculations revealed high quantity of salt released from both the 
domains confirming the low efficiency of subirrigation in freshening these organic-rich 
peaty environments. This study improves the understanding of key phenomena driving 
salinization in these fragile lowlands, adding process realism and management relevance.
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1  Introduction

Salinization of water resources is becoming a major threat to agricultural sustainability in 
irrigated lowlands worldwide (Hussain et al. 2020; Khondoker et al. 2023; Sanga et al. 
2024). In coastal and deltaic plains, groundwater and soil salinity are often associated with 
paleo seawater trapped into low-permeability lenses acting as long-term diffusion of salts 
and other contaminants (Dang et al. 2020; Seibert et al. 2023; Habakaramo Macumu et al. 
2024). Moreover, in intensively cultivated and drained environments pre-existing brackish 
or saline conditions are often worsened by evapoconcentration of salts, relative sea-level 
rise and overexploitation of freshwater resources (Erostate et al. 2020).

In this context historical reclamation, together with hydrogeological and geomorphologi-
cal changes within the Po River delta (Italy) made the entire floodplain extremely vulnerable 
to flooding and salinization risk (Colombani et al. 2017; Bonaldo et al. 2023). In addition, 
warmer and dryer summers during the crops growing seasons with reducing freshwater 
availability has become a concern for agricultural water managers (Gervasio et al. 2022) 
that are facing a decline in crop yields due to increasing soil and groundwater salinity (Zörb 
et al. 2019; Majeed and Muhammad 2019).

To address these problems, understanding and quantifying salinity dynamics is essential 
to protect agricultural productivity and guide long-term management of these fragile envi-
ronments. Over the years numerical models have represented a key tool to clarify ground-
water-related problems such as salinization in complex systems. Widely used numerical 
models like SEAWAT (Langevin 2009), SUTRA (Voss 1984) and FEFLOW (Diersch 2005) 
were successfully employed to simulate salinization processes in agricultural lowlands 
(Meyer et al. 2019; Yang et al. 2023; Gaiolini et al. 2025a). Despite their wide use, most 
applications of SEAWAT and related models simulate solute transport as a single domain 
process described by the classical advection-dispersion equation (ADE). This approach rep-
resents solute transport within a single mobile domain and does not explicitly account for 
mass transfer between mobile and immobile pore domain. As a result, ADE formulations 
may have difficulties reproducing transport behavior in highly heterogeneous media where 
diffusion-driven exchange between mobile and immobile can influence solute migration 
(Berkowitz et al. 2006). Several studies have shown that such Dual-Domain (DD) mass 
transfer processes can significantly influence breakthrough curves, solute storage, retarda-
tion and long-term release in heterogeneous subsurface systems (Lu et al. 2016; Foster et 
al. 2021; Li et al. 2022). Besides, soil matrix that hosts peaty horizons enriched with plant 
fragments (like the one under study) are particularly predisposed for DD approach due to 
the presence of immobile pore spaces and internal sorption processes that can further delay 
salt mobilization acting as long-term salt diffusion and other pollutants from these deposits 
(Ofori et al. 2025). Since the application of DD transport models is often constrained by 
the need for additional parameters describing mobile-immobile mass exchange, which may 
be difficult to quantify under limited data availability, ADE formulations are frequently 
adopted in practical groundwater modeling studies (Berkowitz et al. 2006). Despite their 
potential to provide a more realistic representation of solute transport in heterogeneous 
porous media, DD applications at field scale remain challenging because the parameters 
describing mobile-immobile mass exchange required additional measurements (Berkowitz 
et al. 2006; Lu et al. 2016; Foster et al. 2021; Li et al. 2022).
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To fill this knowledge gap, in this study, different SEAWAT simulation scenarios were 
run to assess salinity dynamics in a reclaimed agricultural field of the Po River lowland, 
calibrated via a continuous field monitoring network. Specifically, the study aims (i) to build 
up two 2D density dependent models able to assess the role of DD, sorption and peat-related 
salt mass release in affecting spatial and temporal groundwater salinity distribution by testing 
multiple scenarios, and (ii) provide a useful tool for a quantitative assessment of the major 
processes driving agricultural fields salinization in complex heterogeneous environments.

2  Materials and Methods

2.1  Study Area and Monitoring Network

The study area falls within the Po River lowland (Italy), approximately 24 km from the 
Adriatic Sea (Fig. 1). This depressed, flat region is characterized by an intensive agricul-
tural activity and is facing salinization problems as a legacy of the last marine transgression 
(Amorosi et al. 2008; Habakaramo Macumu et al. 2024). The coastal area presents a quite 
heterogeneous sediment origin, groundwater geochemistry and composition (Colombani 
et al. 2017) with freshwater swamps of fine organic sediments and brackish back barrier 
interbasins crossed by paleochannels (Bruno et al. 2022). Humid temperate climate charac-
terizes the region with yearly average precipitation (2011–2040) of approximately 600 mm 
and a yearly average temperature (2011–2040) of 15  °C (Nistor and Mîndrescu 2019.). 
The shallow unconfined aquifer is hosted in heterogeneous alluvial sediments including 
silty-clay sediments, peat layers and sandy paleochannel bodies. Groundwater depth gen-
erally ranges between 1 and 0.5 m below ground level with very low hydraulic gradients 
and groundwater flows directed towards the drainage ditches and tile drains (Gaiolini et al. 
2025b). The vadose zone is generally thin and composed of fine-grained organic-rich sedi-
ment. Moreover, the area underwent a series of hydrological and morphological changes 
during the Holocene paleoenvironmental evolution and the reclamation of inland deposits 
from the 15th to the 19th century (Bruno et al. 2022), leading to increased risk of flooding 
and groundwater salinization (Viero et al. 2019). For this study, two agricultural field plots 
were selected for hydrogeological investigations and monitoring. Specifically, in the field 
plot A1, groundwater and soil salinity are already reducing crop yields, whereas paleo-
seawater trapped in the pore space of low permeability lenses together with salt release from 
halophytic fragments within the peaty horizons have rendered field plot A2 unsuitable for 
cultivation (Fig. 1).

To counteract salinization problems, avoid water-logging conditions and provide sub-
irrigation, stainless steel tile drains of 5 cm diameter and with an interspacing of 10 m were 
installed in 2018 to drain away excess water and supply water to crops. Subirrigation was 
performed by opening the inlet valve from the main irrigation channel and placing remov-
able weirs at the end of DR1 and DR2 ditches.

To investigate and track agricultural field conditions a monitoring network was set up 
including piezometers equipped with CTD Diver® datalogger measuring groundwater lev-
els, temperature (T), electrical conductivity (EC) and converted salinity. CTD Diver® data-
loggers were also placed in the main canals (DR1 and DR2) draining water from the field to 
track DR parameters (Fig. 1). Different piezometer installation depths below ground level 
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among the monitoring network revealed the heterogeneity and complexity of the whole 
floodplain system. This comprehensive dataset was crucial to retrieve accurate data and 
build up physical based numerical models of groundwater flow and salt transport.

2.2  Model Setup and Boundary Conditions

The flow and transport simulations were performed by means of SEAWAT 4.2 (Langevin 
2009) within the new graphical user interface PMWIN 11.0.6 (Chiang, 2025). SEAWAT 4.2 
simulates variable-density groundwater flow and transport using the same finite-difference 
method to solve the groundwater flow equation (Guo and Langevin 2002):
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Fig. 1  Monitoring setup and model areas: (upper maps) plan view map of the two field plots and the 
tile drains (A1, cultivated maize and A2, uncultivated, saline, salt-tolerant weeds), showing tile drains, 
piezometers, ditches (DR1 and DR2); (lower profiles) discretization of 2D model domains and horizontal 
hydraulic conductivity distributions
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where ρ is the fluid density [ML− 3]; ρ0 is the fluid density at the reference concentration and 
reference temperature [ML− 3]; µ is the dynamic viscosity [ML− 1 T− 1]; µ0 is the dynamic 
viscosity at the reference concentration and reference temperature [ML− 1 T− 1]; K0 is the 
hydraulic conductivity tensor of material saturated with the reference fluid [-]; h0 is the 
hydraulic head measured in terms of the reference fluid of a specific concentration and 
temperature [L]; z is the upward coordinate direction aligned with gravity; t is time [T]; Ss,0 
is the specific storage [L− 1]; θ is the porosity [-]; C is the salt concentration [ML− 3]; q’s is a 
source or sink of fluid with density ρs [T− 1].

A DD transport approach (with sorption) was used to account for the extreme heteroge-
neity of the aquifer system, which is characterized by permeable sandy paleo-channels and 
low permeability peat and sandy-clay deposits. This approach considers the pore space parti-
tioned into mobile and immobile domains and explicitly accounts for diffusive mass exchange 
between them, allowing simulation of delayed solute release from low-permeability horizons.

The exchange of the dissolved mass between the mobile and immobile domains is 
defined by the equation:

	
nim · ∂ Cim

∂ t
= ζ · (Cm − Cim)

 
� (2)

where nim [-] is the porosity of the immobile domain; Cim [ML-3] is the solute concentra-
tion in the immobile domain; Cm [ML-3] is the solute concentration in the mobile domain; 
and ζ [T-1] is the first-order mass transfer rate between the mobile and immobile domains. 
Linear sorption was included to account for retardation of salt transport using the following 
equation:

	 C ⃝ − = C · Kd � (3)

and assumes that the sorbed concentration C [ML-3] is directly proportional to the dissolved 
concentration C [ML-3]. The retardation factor R, is therefore independent of the concentra-
tion values and is calculated only once for each cell at the beginning of the simulation:

	
R = 1 + ρ b · Kd

θ
� (4)

where Kd [L3M-1] is the distribution coefficient and ρb [ML-3] is the bulk density of the 
porous medium of the cell.

Two 2D vertical cross-sections were developed to represent dominant groundwater flow 
towards the drainage channels DR1 and DR2, neglecting lateral fluxes perpendicular to the 
sections. This approach (supported by the availability of monitoring data) was adopted to 
facilitate the simulation and focus on the vertical exchange processes between peaty hori-
zons, paleochannels and drainage channels. The model domains extend 30 m each along the 
main flow lines and are discretized into 50 rows, and 10 layers with variable dimensions 
and thickness. The first layer was thicker than the others, to contain the water table varia-
tions and avoid dry cells that lead to convergence problem (Brunner et al. 2010). The grids 
were refined near drainage channels DR1 and DR2 to better capture their geomorphological 
features and surface-groundwater exchanges (Fig. 1b).
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The top of the grids ranges from − 2.9 to -1.9 m above sea level (asl), according to the 
Lidar 5 × 5 m DTM of the Emilia-Romagna Region. Horizontal hydraulic conductivity (HK) 
values found via rising head slug tests (Bouwer and Rice 1976) and infiltrometer tests, 
range between 1 × 10− 8 m/s in silty clay-peaty horizons, to 1.48 × 10− 5 m/s in paleochannel 
portions of the domains, consistent with values reported for fine alluvial sediments within 
the Po River floodplain (De Caro et al. 2017). Vertical hydraulic conductivity (VK) was set 
half of the horizontal component to account for internal layering. Effective porosity (ne) and 
specific yield (Sy) were set between 0.05 (peaty horizons) and 0.2 (sandy paleochannel), 
while specific storage (Ss) was set 5 × 10− 6 m− 1 in the paleochannel and up to 1 × 10− 3 m− 1 
in the peaty horizons (Bear and Braester 1972).

8-day average evapotranspiration rates were derived from the Moderate Resolution 
Imaging Spectroradiometer (MODIS) dataset (Running et al. 2019). The algorithm used is 
based on the logic of the Penman–Monteith equation, which includes inputs of daily meteo-
rological reanalysis data and MODIS remotely sensed data products, such as vegetation 
property dynamics, albedo, and land cover (Mu et al. 2011). Data were downloaded from 
the MOD16A2GF model (Running et al. 2019) using the AppEEARS interface (AppEE-
ARS, 2020). Recharge rates were estimated via Thornthwaite–Mather method ​(​​​h​t​t​p​s​:​/​/​t​h​o​
r​n​w​a​t​e​r​b​a​l​a​n​c​e​.​c​o​m​/​​​​​) within WaterbalANce online app (Mammoliti et al. 2021) and ​s​u​b​s​
e​q​u​e​n​t​l​y manually adjusted according to continuous soil moisture content data nearby the 
water table (Gaiolini et al. 2025b); neglecting recharge when no soil moisture changes were 
recorded after a given rainfall event, or proportionally increasing the recharge rate with the 
soil moisture increase after a rainfall event. Temperature (Tm, degrees Celsius), and pre-
cipitation (P, millimeters) data used as inputs were derived from the on-site meteorological 
station. QGIS 3.36 software (http://www.qgis.org) was used to process the data by trimming 
the files, change coordinates and format to simulate them within the Recharge and Evapo-
transpiration Package (RCH and EVT), respectively.

Subirrigation during summer (June 12, 2024 - July 29, 2024) was simulated by injection 
wells (WEL package) in each cell representing a tile drain. Tile drains were modelled within 
the Drain Package (DRN), assuming an average depth of channels of -0.80 m below ground 
level. Surface drainage channels DR1 and DR2 were simulated within the Time-Variant 
Specified Head (CHB) using the corresponding 8-day averaged water levels monitoring data.

For transport, longitudinal dispersivity, vertical dispersivity and molecular diffusion were 
set 0.5 m, 0.05 m and 1 × 10− 9 m2/s, respectively. To recharge and evapotranspiration fluxes 
were assigned concentrations between 3.5 and 15 g/L according to the field plots halophyte 
vegetation cover found in literature (Ohrtman and Lair 2013), while the concentrations of 
the subirrigation flux were set consistently with measured values within the drainage chan-
nels (DR1 and DR2). Salinity was modelled as Total Dissolved Solids (TDS) reflecting the 
study objectives, which focus on comparing different modelling approach to simulate salin-
ity dynamics, rather than represent geochemical action of different ionic species.

DD exchange coefficients including 𝑛𝑖𝑚 (0.253), ζ (2 × 10− 9), distribution coefficient 
(2.4 × 10−4–4.5 × 10− 4 m3/kg) were set according to the values found by Ofori et al. (2025) 
in column experiments carried out in these sediments, while Kd values for dissolved salts 
in organic soils were derived from Li et al. 2022. Particular attention was given to the mass 
loading rate (MLR) within the peaty horizons, where different possible release rates were 
tested to account for different reactivity of the osmotic membranes constituting the variety 
of vegetation fragments present in the peaty horizons. In Model A2 higher values were 

https://thornwaterbalance.com/
https://thornwaterbalance.com/
http://www.qgis.org
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applied to account for the higher salt release observed in the vegetation-rich peat deposits 
(Habakaramo Macumu et al. 2024; Ofori et al. 2025).

A sensitivity analysis was performed using single perturbation tests (± 50% of the 
employed parameter values) on MLR, mass transfer rate, immobile porosity and distribu-
tion coefficient to ensure the resilience of the model’s performance to changes in key trans-
port parameters. To maintain model parsimony and avoid over-parametrization given the 
availability of data, spatial uniform DD and Kd parameters were adopted. The available data 
were insufficient to reliably constrain their spatial variability which would have introduced 
additional calibration uncertainty (Hill and Tiedeman 2007).

All the model parameters after the calibration procedure were reported in Table 1. 

2.3  Numerical Simulations and Scenarios

Initially a quasi-steady state simulation was performed for one year under average recharge 
and evapotranspiration conditions to fully develop the salinity distribution throughout both 
the model domains. The final heads and concentrations were then imported as initial condi-
tions for the subsequent transient run. The transient simulation covers the period from April 
16, 2024 to May 5, 2025 discretized into 48 stress periods of 8-days each to capture varia-
tions in groundwater flow and salinity.

The flow models were calibrated via PEST (Doherty 2010) to match the observed 
groundwater levels recorded by the piezometers for the same period, optimizing hydraulic 
conductivity, recharge, drain conductance, subirrigation rate, specific storage and specific 
yield. Solute transport calibration was achieved manually adjusting transport coefficients 
and the MLR values to find the best compromised among multiple piezometers.

To assess the influence of DD exchange coefficient, sorption and MLR on salinity dynam-
ics, several scenarios were tested. The three main simulations considered are: (i) DD trans-

Parameters Values (range)
Model A1 Model A2

HK (m/s) 1 × 10− 7a 
– 1.48 × 10− 5a

1 × 10− 8a 
– 1.48 × 10− 5a

VK (m/s) HK/2 HK/2
Ne (-) 0.1b – 0.20b 0.05b – 0.20b

Sy (-) 0.1b – 0.20b 0.05b – 0.20b

Ss (m− 1) 5 × 10− 6b – 1 × 10− 3b 5 × 10− 6b 
– 1 × 10− 3b

Subirrigation rate (m3/s) 5 × 10− 7 5 × 10− 7

Tile drain conductance (m2/s) 2.5 × 10− 8 2.5 × 10− 8

Longitudinal dispersivity (m) 0.5 0.5
Vertical dispersivity (m) 0.05 0.05
Diffusion coefficient (m2/s) 1 × 10− 9 1 × 10− 9

RCH concentration (g/L) 3.5 5
EVT concentration (g/L) 5 15
Mass loading rate 2 × 10− 8 – 2 × 10− 7 7.5 × 10− 8 

– 3 × 10− 7

Distribution coefficient (m3/kg) 4.5 × 10− 4 2.4 × 10− 4

Mass transfer coefficient 2 × 10− 9a 2 × 10− 9a

Table 1  Models’ flow and trans-
port parameters after validation

aOptimized values with 
PEST;bValues from Zheng et 
al. 2012

 



1 3

   42   Page 8 of 17 M. Gaiolini et al.

port with sorption, (ii) DD transport without sorption and (iii) ADE transport. Each of these 
simulations was run with and without additional MLR resulting in six model scenarios.

The models’ performances were evaluated via classical statistical parameters (Moriasi et 
al. 2015), like: the determination coefficient (R2), the Nash-Sutcliffe Efficiency (NSE), the 
Root Mean Square Error (RMSE) and the Percentage of Bias (PB).

Furthermore, Akaike Information Criteria (AIC) was used to penalize the inclusion of 
additional parameters and demonstrate that added complexity is justified (Poeter and Hill, 
2007). The differences between the best model (AIC ∆j) instead of the absolute values 
(AIC) were used to compare model scenarios (see Eqs. 1 and 2 in S1).

This approach allowed to infer how the inclusion of DD, sorption and salt release from 
peaty horizons affect the model performance metrics and the groundwater salinity patterns.

3  Results

3.1  Model Performances and Calculated Trends

Given the high degree of heterogeneity of sediments, both models were able to grasp the 
magnitude of groundwater levels over both the field plots (Fig. 2). In fact, good calibra-
tion performances were achieved with R2 of 0.69, NSE of 0.62, RMSE values of 0.08 m 

Fig. 2  Observed vs. simulated groundwater levels in the piezometers P1, P2, PP0, PP1 and PP2 together 
with the head scatter diagram and correlation coefficients
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and a PB of 0.47% (Fig. 2a) providing a robust basis for subsequent transport simulations 
(Moriasi et al. 2015). Model A1 captured the water table rise induced by subirrigation (June 
12, 2024 - July 29, 2024) and its later gradual decline (red lines in Fig. 2b-c). P1 and P2 
quickly responded to rainfall input and direct connection to subsurface flow were not accu-
rately simulated, but amplitudes and timing were well represented. On the other hand, in 
Model A2, the consistent presence of peaty horizons and vegetation fragments over the 
uncultivated field plot complicated groundwater responses. Despite this, general seasonal 
dynamics and hydrological processes (e.g., subirrigation, precipitation events) were well 
reproduced with varying accuracy across the piezometers (blue lines in Fig. 2d-e-f).

Figure 3 shows the calibration results of calculated versus measured salinity values, 
together with salinity trends in all the piezometers. Good performance metrics were com-
puted (R2 = 0.96, NSE = 0.95, RMSE = 0.28 g/L, PB = 0.35%, Fig. 3a) effectively assessing 
salinity dynamics throughout the system with relatively low error considering the presence 
of brackish to saline groundwater.

All the piezometers show quite stable salinity trends with variations from 0.2 to 1.5 g/L 
over the simulation. Like the calibration procedure for heads, the model accuracy dimin-
ished for the Model A2 (Fig. 3d-e-f) respect to Model A1 (Fig. 3b-c) due to the high hetero-
geneity of the subsurface media highlighted by different piezometers depths (PP0 > PP2> 

Fig. 3  Observed vs. simulated groundwater salinities in the piezometers P1, P2, PP0, PP1 and PP2 to-
gether with the concentration scatter diagram and correlation coefficients
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PP1). Because of this, higher range of salinities values and fluctuations were not perfectly 
simulated with constant DD exchange parameters, but the calculated salinity generally 
mimicked the observed one capturing the overall magnitude and trend.

It must be underlined that the simplified 2D approach, together with the spatial uniform 
DD and sorption transport parameters, have limited the representation of short-term flow 
and salinity peaks neglecting lateral fluxes and concentration gradients among different lay-
ers of the subsurface system affecting the calibration results.

The sensitivity analysis shows that the models are robust to moderate perturbations of 
DD transport parameters (Table 2). However, model performances were clearly affected by 
changes in MLR, particularly in Model A2. A 50% reduction in MLR decreased NSE from 
0.972 to 0.646 and increased RMSE from 0.436 to 1.553 g/L, highlighting the dominant 
role of peat-derived salt release in controlling groundwater salinity dynamics. The influence 
of the distribution coefficient (kd) was intermediate implying the contribution of sorption 
processes to salinity buffering. In contrast, variations of the mass transfer coefficient and 
immobile porosity produced comparatively smaller changes in performance metrics, sug-
gesting lower model sensitivity to these parameters.

3.2  Multiple Scenarios Testing

The challenges of simulating local vertical heterogeneities in field-scale models underscore 
the need for exploring different simulation approaches to understand salinity dynamics of 
peaty environments. To test this modeling approach, observed and simulated salinity trends 
were compared under the six different scenarios including: (i) DD transport with sorption, 
(ii) DD transport without sorption, (iii) ADE transport and the same three without consider-
ing additional MLR from peats (Fig. 4).

Across all piezometers within the two field plots the observed trends (dotted red lines) 
were best reproduced by the calibrated DD transport models with both sorption and MLR 
(solid red lines).

Not considering sorption leaded to higher salinity concentrations (purple lines) in shal-
lower piezometers (P1, PP1, PP2 Fig. 4a-d-e) affected by higher rate of salt mobilization 
due to subirrigation and recharge events, whereas in deeper piezometers (P2, PP0 Fig. 4b-c) 
salinity trends are closer to observed values.

Table 2  Single parameter sensitivity analysis
R2 NSE RMSE (g/L) PB (%)
Model 
A1

Model 
A2

Model 
A1

Model 
A2

Model 
A1

Model 
A2

Model 
A1

Model 
A2

DD with sorption (validated) 0.939 0.975 0.927 0.972 0.111 0.436 -1.057 0.347
+ 50% mass loading rate 0.954 0.903 0.913 0.811 0.120 1.136 2.823 10.869
-50% mass loading rate 0.898 0.923 0.794 0.646 0.190 1.553 -4.354 -18.592
+ 50% mass transfer rate 0.922 0.960 0.879 0.932 0.143 0.683 -2.951 -4.575
-50% mass transfer rate 0.951 0.974 0.933 0.944 0.106 0.618 1.122 6.104
+ 50% immobile porosity 0.946 0.970 0.945 0.965 0.096 0.485 -0.600 0.427
-50% immobile porosity 0.923 0.977 0.884 0.977 0.140 0.395 -1.487 -0.447
+ 50% distribution coefficient 0.913 0.974 0.856 0.973 0.156 0.431 -1.901 -1.299
-50% distribution coefficient 0.942 0.961 0.937 0.950 0.102 0.582 -0.053 1.917
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In contrast, ADE transport simulations (blue line) overestimated salinity accumulation 
over time across all piezometers predicting salinity values way higher than observed (e.g., 
above 16 g/L in PP0, Fig. 4c).

Scenarios without MLR simulate declining salinity trends over time not supported by 
observed data, underlining the role of including additional salt mass stocked within peaty 
horizons acting as a long-term source of salinity. It is worth noting that ADE scenario without 
MLR produced a concentration at piezometer PP0 that resemble the calibrated model. This 
is a clear example of how, in lack of sufficient observed data, an oversimplified approach 
seems to perform well while misrepresenting the underlying processes.

To gain a wider view of salinity dynamics of the lowland, salinity distribution maps at 
the end of each transport configurations were compared accounting for the same scenarios. 
The calibrated transport models resemble observed salinity data with concentrations in the 
range of 5–10 g/L across most of the profiles. Slightly higher values are within the deeper 
layers and peaty deposits, with lower values within paleochannel sandy horizons. Values up 
to 25 g/L were observed within the discharge zone of the domain at the groundwater-surface 
water interface. In contrast, DD transport without sorption and ADE approaches overesti-
mate salinity in both model domains, displaying unrealistic salt accumulation and reflecting 
their inability to capture delayed release mechanisms particularly relevant in peaty horizons. 
MLR was confirmed as a key driver of salinity persistence across both the profiles and when 
deactivated salinity progressively declined. Particularly, the Model A2 (Fig. 5 right panels) 

Fig. 4  Observed and simulated groundwater salinities in the piezometers P1, P2, PP0, PP1 and PP2 over 
multiple simulation scenarios
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enriched with peaty horizons and higher organic matter exhibits a stronger sensitivity to dif-
ferent approaches (Please refer to Supplementary Material).

Comparing model performance metrics quantified how the calibrated models better 
resembled observed data showing lower errors and bias, with higher correlation coefficients 
respect to other model approaches (see S1). Moreover, DD transport models including sorp-
tion and MLR show lower AIC values compared to other model scenarios demonstrating 
that improved performances are not related to the higher number of parameters compared 
with the ADE approach.

4  Discussion

The models allowed for an estimation of the salinity dynamics in both time and space, 
producing a comparison between trends (Fig. 4) and maps (Fig. 5) to quantify the key role 
of DD exchanges, sorption and peat-related salt mass on affecting salt mobilization and 
fluxes in these lowland environments. Salt mass budget calculations (Fig. 6a-b) confirmed 
that, in shallow coastal saline groundwater systems under subirrigation, the mobilization of 
salt stored within peaty horizons poses a high salinization risk for surface water resources 
(Gaiolini et al. 2025a; Habakaramo Macumu et al. 2024). High amounts of salt were released 
from both domains (544 and 1629 kg for the calibrated Model A1 and A2, respectively).

Fig. 5  Groundwater salinity distribution maps at the end of the simulations over multiple scenarios, eleva-
tion is in m asl
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In both areas, ADE approaches estimate the highest cumulative salt mass outflow due to 
the lack of mobile-immobile domain diffusive transport preventing the models to reproduce 
the buffered salt release. In comparison, DD simulations show minor salt release highlight-
ing the buffering and delaying role of immobile domain and sorption. This buffering capac-
ity of the soil matrix was previously recognised (Ofori et al. 2025; Lu et al. 2016; Foster et 
al. 2021; Li et al. 2022), without any real application to salinization in peaty lowlands. It is 
interesting to notice that in field plot A2 (Fig. 6b) the calibrated model (red line) simulated 
a faster salt release than the no-sorption case scenario (purple line).

This can be explained by the stronger presence of peaty horizons in this field plot, 
where sorbed salts can be rapidly mobilized under changing concentration gradients due 
to recharge events and subirrigation, which was confirmed to be inefficient in freshening 
the system according to previous research (Su et al. 2005; Gaiolini et al. 2025b). Scenarios 
without MLR simulate consistently lower salt mass outflow underlining the significance of 
additional salt sources stored within peaty horizons enriched with vegetation fragments as 
previously postulated by Habakaramo Macumu et al. (2024).

These findings were crucial to understand how DD solute exchanges and sorption 
dynamics affect efficiency and timing of salt mobilization, not only improving the realism 
of the simulation, but also providing information on both groundwater and surface water 
quality. Most of the field-scale models did not account for the persistence of salts from peaty 
horizons by neglecting DD solutes exchanges and sorption mechanisms. This is due to the 
inherent difficulty to evaluate such parameters, which are rarely quantified in field condi-
tions without a continuous monitoring network or elevated amount of spatially distributed 
data (Cao and Han 2024). However, incorporating these processes is particularly relevant in 
peaty cultivated environments prone to salinization like the Po River lowland, to improve 
irrigation management and support a sustainable agricultural production.

4.1  Assumptions and Limitations

Due to the availability of monitoring data and to facilitate the model comparative frame-
work, several assumptions were adopted in the study. The 2D modelling approach, together 

Fig. 6  Cumulative salt mass outflow over time from both the models A1 and A2 under the six tested scenarios
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with the spatial uniformity of the DD and sorption parameters, limits the models to repro-
duce short-term flow and salinity fluctuations related to lateral fluxes and concentration gra-
dients among different layers. Nonetheless, the distribution of the tile drains perpendicular 
to the drainage ditches in both fields exert a strong influence on the groundwater flow field 
making the assumption of 2D flow and transport along the selected transects plausible. This 
assumption was supported by complex 3D models performed in similar agricultural field 
that confirmed the strong influence of tile drains on the groundwater flow field (De Schepper 
et al. 2015; Rozemeijer et al. 2010). In addition, linear isotherm sorption was considered 
within the simulations, while soil matrix often present non-linear sorption behaviours (Wen 
et al. 2012) which should be explored in future studies. Therefore, even if the models were 
constrained by field and laboratory measured data, the 2D mass balance calculation should 
be interpreted with caution when considering water managing strategies.

Future research should account for this subsurface spatial heterogeneity and geochemical 
complexity (Habakaramo Macumu et al. 2024) and explore 3D specific transport simula-
tions using multicomponent reactive transport models, to better delineate the influence of 
pyrite oxidation and other relevant biogeochemical processes active at the site (Ofori et al. 
2025). Moreover, the sensitivity analysis indicate that the model performances were consid-
erably more sensitive to changes in MLR, particularly in the peat-rich Model A2. Therefore, 
future investigations should also prioritize improved characterization of salt storage and 
release mechanism within peat deposits to reduce uncertainties.

Since the same assumptions were applied to all the tested scenarios, this modelling 
approach identified the best formulation to reproduce groundwater dynamics and salinity 
persistence under identical conditions (as supported by statistical analysis and information 
criteria). This approach improved the representation of salt transport processes, better cap-
turing key phenomena driving salinization and adding management relevance.

5  Conclusions

This study demonstrated the importance of including DD solutes transport, sorption processes, 
and additional salt mass stocked in peaty horizons to improve simulations realism and agricul-
tural management relevance. The continuous field monitoring allowed for a proper setting and 
calibration of two density-dependent solute transport models that captured groundwater flow 
and salinization processes, despite the assumption of 2D groundwater flow and solute transport 
along the tile drain transects. The DD models better reproduced observed groundwater heads 
and salinity variations in comparison to ADE simulations, which overestimated salinity accu-
mulation. The same happened without considering sorption, which introduced an additional 
buffering mechanism to capture the salt release rate during subirrigation. In contrast, simula-
tions without additional salt mass simulated a declining salinity, not supported by the observed 
data. The MLR was found a key parameter accounting for salinity persistence and underlining 
the role of salt mass stocked within peaty horizons acting as a long-term source of salinity. The 
salt mass budget calculations confirmed that subirrigation was inefficient in freshening peaty 
groundwater systems. The scenario modelling found important salt export differences among 
the simulated approaches; underlining the importance of including DD, sorption and MLR to 
quantify salinization patterns in these environments and their expected freshening timeframe to 
guide proper decision-making towards a sustainable water resources management.
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