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Abstract 14 

Nitrate and ammonium are common inorganic contaminants of anthropogenic origin in many shallow 15 

aquifers around the world, while nitrite is less common, but it is most harmful than nitrate and 16 

ammonium due to its high reactivity. This paper presents evidence of nitrite accumulation after 17 

intense rainfalls in soil samples collected in an agricultural field characterized by organic matter 18 

chronic depletion. Moreover, an intact core from the same site was also collected to perform an 19 

unsaturated column experiment (60 cm long and 20 cm outer diameter) mimicking heavy rainfalls 20 

(230 mm in 2 days). Results from the field site showed nitrite accumulation (up to 0.45 mmol/kg) at 21 

50-70 cm depth, just below the plough layer. The column experiment showed very high initial 22 

concentrations of nitrate and nitrite in the leachate and a progressive decrease of nitrate due to 23 

denitrification. The numerical flow model was calibrated versus the observed volumetric water 24 



2 
 

contents and leachate flow rates. The numerical reactive transport model was calibrated versus the 25 

leachate concentrations of six dissolved species (ammonium, nitrate, nitrite, dissolved organic carbon, 26 

chloride and bromide). The optimized model resulted to be robustly calibrated providing insights on 27 

the kinetic rates driving the production, accumulation and leakage of nitrite, showing that incomplete 28 

denitrification is the source of nitrite. As far as the authors are aware, this is the first study reporting 29 

a clear link between high nitrite leaching rates and extreme rainfall events in lowland agricultural 30 

soils depleted in organic matter. The proposed methodology could be applied to quantify nitrite 31 

cycling processes in many other agricultural areas of the world affected by extreme rainfall events. 32 

 33 

Keywords: recharge; fertilizer leaching; soluble salts; agricultural soils; numerical modelling. 34 

 35 

1. INTRODUCTION 36 

 37 

Fertilizers are the major source of nitrate (NO3
-) and ammonium (NH4

+) contamination in both soils 38 

and groundwater in agricultural landscapes (Erisman et al. 2008; Tilman et al. 2001), and for this 39 

reason they are the most studied inorganic contaminants around the world (Nkoa 2014; Rivett et al. 40 

2008; van Grinsven et al. 2015). In comparison, much less attention has been paid to nitrite (NO2
-), 41 

since usually its concentrations are found to be by far lower than the first two inorganic nitrogen (N) 42 

species (Riley et al. 2001; Van Cleemput and Samater 1995). NO2
- is an intermediate product of many 43 

bacterial processes such as nitrification, i.e. the oxidation of NH4
+ to NO3

-, denitrification, i.e. the 44 

heterotrophic stepwise conversion of NO3
- to dinitrogen gas, and the dissimilatory NO3

- reduction to 45 

NH4
+ (Philips et al. 2002; Rivett et al. 2008). Recent studies have highlighted that elevated NO2

- 46 

concentrations can be found in soils and porewaters if some environmental conditions occur 47 

(Castaldelli et al. 2019; Su et al. 2011), like alkaline conditions (Castaldelli et al. 2019; Shen et al. 48 

2003), soil’s water saturation state (Gelfand and Yakir 2008), presence of nitrification inhibitors 49 

(Giguere et al. 2017; Venterea et al. 2015) and lack of readily available organic substrates (Castaldelli 50 
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et al. 2013a; Kramer et al. 2006). These conditions might concur to partially inhibit nitrification and 51 

denitrification processes, thus allowing the accumulation of NO2
- in the subsurface. To date, the best 52 

practices in use in vulnerable zones aim to prevent NO3
- to exceed threshold limits in both surface 53 

(Haas et al. 2017) and groundwater (Di and Cameron 2002), but NO2
- has a much lower threshold 54 

limit (1 mg/l). Besides, NO2
- accumulation in soils can trigger greenhouse gasses production, like 55 

N2O (Giguere et al. 2017; Maharjan and Venterea 2013) and nitrous acid (Su et al. 2011). Thus, it is 56 

important to understand the mechanisms that could lead to NO2
- accumulation, transformation and 57 

leaching from agricultural soils. 58 

Laboratory experiments (Lim et al. 2018; Tierling and Kuhlmann 2018) and particularly those 59 

performed on undisturbed soil columns under controlled conditions are an invaluable tool to grasp 60 

the main biogeochemical processes occurring in the field, such as NO2
- production and leaching in 61 

agricultural soils (Jiao et al. 2004). While the best way to quantify flow and transport dynamics in 62 

undisturbed soil column experiments is to use physically based models, which have been developed 63 

to analyse the impact of preferential water flow and physical non-equilibrium solute transport effects 64 

on soil and water resources (Köhne et al. 2009); one of the best methods for estimating parameters of 65 

the physical non-equilibrium is parameters fitting via inverse modelling under optimized 66 

experimental conditions (Colombani et al. 2014; Lee et al. 2002). Nevertheless, field data are needed 67 

to unravel the combined effects of crops rotation and climate variability. For example, the absence of 68 

cover crops combined with the increase, in the last decade, of extreme precipitation events after 69 

prolonged dry periods, have changed and will continue to change the leaching of nutrients from 70 

agricultural soils (Borken and Matzner 2009). In fact, evapotranspiration processes often lead to 71 

inorganic salts accumulation in the vadose zone during the dry season (Colombani et al. 2016; Costa 72 

et al. 2002). Besides, evapoconcentration processes accumulate inorganic pollutants, while labile 73 

organic substrates are usually oxidized (Maggi and Daly 2013), leading to C:N stoichiometrically 74 

imbalances in the unsaturated zone (Taylor and Townsend 2010). When extreme rainfall events take 75 

place, pulses of soluble salt such as NO3
- salts accumulated in the unsaturated zone over the dry 76 
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season might be leached down, while denitrification might be limited or stopped by the lack of labile 77 

organic substrates (Castaldelli et al. 2019). For the above-mentioned reasons, NO2
- could become a 78 

water pollutant of concern in the next years and not only a catalyst for atmospheric pollution (Su et 79 

al. 2010) or greenhouse gasses release (Ma et al. 2015; Tierling and Kuhlmann 2018).  80 

A series of soil samples were collected in the field to monitor inorganic N species evolution after 81 

extreme rainfall events and an intact core column experiment was performed in the laboratory 82 

mimicking the environmental conditions to quantify the processes affecting NO2
- processing and 83 

leaching from agricultural soils. The column experiment outcomes were modelled with the variable 84 

saturated-unsaturated flow and transport model HYDRUS-1D (Šimůnek et al. 2009) accounting for 85 

chain reactions of N species, organic carbon degradation and tracers, like chloride and bromide. As 86 

far as the authors are aware, this is the first study reporting a clear link between high rates of NO2
- 87 

leaching and extreme rainfall events in lowland agricultural landscapes. 88 

 89 

2. MATERIALS AND METHODS 90 

 91 

2.1. Soil collection and analysis 92 

 93 

An assessment of mineral N species (NH4
+, NO3

- and NO2
-) presence in soils was performed in an 94 

agricultural site (44°47’41’’N and 11°42’20’’E), located in the Po River Plain near the city of Ferrara 95 

(Northern Italy). These soils pertain to freshwater paleo-river environments (Hypocalcic Haplic 96 

Calcisols) and are cultivated with a rotation of wheat and maize with a N fertilization based on NPK 97 

mineral fertilizers, NH4NO3 and synthetic urea with a total average rate of 170 kg N ha-1 y-1, since 98 

this area has been declared vulnerable to NO3
- following the European Water Framework Directive 99 

(2000/60/CE). A series of 5 soil samples (1 cm diameter and 20 cm long cores) were collected using 100 

a hand driven auger corer. Core samples were taken randomly in the field 10 m from each other at 101 
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depth of 0-20, 50-70 and 90-110 cm below ground level (b.g.l.) to assess the horizontal and vertical 102 

variance of soil’s physical properties and mineral N species concentrations.  103 

The field was cultivated with winter wheat seeded the 30th of October 2016. Fertilization was done as 104 

follow: a pre-seedling fertilization the 13th of October 2016 (40 kg N ha-1 of NH4NO3) incorporated 105 

by mouldboard ploughing, an after-seedling fertilization the 23rd of February 2017 (85 kg N ha-1 of 106 

NH4NO3) by broadcast spreading and a pre-emergence fertilization the 3rd of April 2017 (46 kg N ha-107 

1 of synthetic urea) by broadcast spreading. 108 

Figure 1 depicts the meteorological conditions recorded during the study period, using data from a 109 

meteorological station located approximately 250 m from the field site. The reference potential 110 

evapotranspiration rate (Et0) was calculated using the Penman-Monteith equation (Allen et al. 1998). 111 

The first sampling round was performed the 21st of January 2017 after an anomalously dry period for 112 

this climatic zone (68 mm fallen from 01/11/2016 to 21/01/2017), where usually more than 150 mm 113 

fall during winter (Antolini et al. 2016). The second sampling round was performed the 22nd of 114 

February 2017 after evenly distributed rain events (52 mm fallen from 01/02/2017 to 21/02/2017). 115 

The third sampling round was performed the 26th of July 2017 one month after the wheat harvest with 116 

bare soil, after a prolonged summer dry period (30 mm fallen from 26/06/2017 to 26/07/2017). The 117 

forth sampling round was performed the 23rd of March 2018 after a prolonged wet period with bare 118 

soil (127 mm fallen from 23/02/2018 to 23/03/2018, with 63 mm fallen from 12/03/2018 to 119 

21/03/2018). The collected soil samples were stored in polyethylene (PE) bottles and immediately 120 

frozen at -18 °C until analysed. Soil samples were homogenized at room temperature and a physical 121 

characterization was performed (Table 1). 122 

 123 
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 124 

Figure 1. Rainfall events (black lines), air temperature (red line) and reference evapotranspiration 125 

(blue line) observed in a meteorological station located near the field site. 126 

 127 

2.2 Column experiments  128 

 129 

The leaching test was conducted at laboratory conditions (25±0.5 °C) using a plexiglass column with 130 

an internal diameter of 19.6 cm and a length of 60.0 cm, equipped with polyethylene post-chamber 131 

consisting of a 2.5 mm porous disc and a 2 cm layer of quartz sand, to avoid material loss. The intact 132 

soil column was collected the 18th of April 2018. First, the portion of soil adjacent to the column to 133 

be collected was excavated down to 60 cm, to allow the installation of 5TE Decagon probes inside 134 

the intact core at 5, 30 and 45 cm b.g.l., to monitor volumetric water content (VWC), temperature and 135 

soil bulk electrical conductivity (ECb). The probes’ wires were inserted into the plexiglass tube before 136 

gently pushing it through the soil profile down to 55 cm b.g.l.. While the tube was pushed down, the 137 

soil around the column was carefully removed with a shovel to allow removing the column without 138 

altering its internal structure by pushing and pulling too much. The intact core column was then 139 

transported to the laboratory and equipped at the bottom with the post-chamber.  140 
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The elution experiment started the 28th of May 2018 by irrigating the column with synthetic rainwater 141 

using a peristaltic pump equipped with 8 tubes providing a homogeneous rainfall pattern distribution 142 

on the topsoil. A total amount of 230 mm of rain was applied to the column for two days to mimic 143 

the recorded rainfall pattern during an extreme rainfall event occurred in October 2017, which 144 

delivered one third of the average annual precipitations usually recorded in this area (Fig. 2).  145 

 146 

 147 

Figure 2. Scheme of the experimental setup used in the intact soil column leaching experiment (left 148 

picture). Rainfall events observed in the field (upper plot) and simulated during the laboratory 149 

experiment (lower plot) are represented in the right panels. 150 
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 151 

An effluent tube was fixed to a Pharmacia Lab fraction collector using 15 ml vials; collected samples 152 

were divided into two aliquots for the analysis of anions, DOC and NH4
+ and for pH and EC 153 

measurement. Comparing the EC of the column outflow samples and their ionic strength with the 154 

porewater EC derived from the ECb according to the model of Vogeler et al. (1996), a linear 155 

relationship (with a slope of 0.739 and R2 of 0.968) was found which allow the conversion of the EC 156 

data to salinity data. 157 

Sample volume was chosen to be “minimal” to avoid dilution and cross contamination between 158 

successive samples. Extra column volume was considered when the experimental elution curves were 159 

constructed by correcting the arrival volumes of the effluent.  160 

In the first rainfall event (Fig. 1), the synthetic rainwater composition consisted of a solution of 0.1 161 

mmol/l NaBr, 0.5 mmol/l NaNO3 and of 0.01 mmol/l of CaCl2 dissolved into double deionized water. 162 

A solution of 0.01 mmol/l of CaCl2 dissolved into double deionized water was injected in the other 163 

rainfall events. The first rainfall event served to mimic the possible NO3
- dry and wet deposition 164 

deriving from air pollution which is quite frequent in these zones (Castaldelli et al. 2013b; Ventura 165 

et al. 2008). The experimental break-through curves (BTCs) were corrected by subtracting the 166 

measured extra-column volumes of the tubing (10 ml) and of the post-chamber (200 ml). 167 

 168 

2.3 Analytical Techniques 169 

 170 

Core samples were split in different aliquots for mineral N species extraction, grain size distribution 171 

analysis and other relevant parameters described below. Mineral N species were extracted in 2 N KCl 172 

(1:10 w/v) on a rotary shaker for 1 h. NH4
+ and NO2

- were analysed using a double beam Jasco V-173 

550 UV/VIS spectrophotometer, NO3
- was analysed with a Technicon Autoanalyzer II. 174 

Particle size curves were obtained using mechanical sieves for the sand and the hydrometer technique 175 

for the silt and clay fractions. Carbonate content in soil was determined with a Chittick gasometrical 176 
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apparatus. Soil and porewater pH were measured using a Hanna Instrument meter equipped with a 177 

glass-body pH probe and a temperature probe for compensation. CEC data were sourced from the 178 

soil online database of Emilia-Romagna region (https://agri.regione.emiliaromagna.it/Suoli). 179 

Constant pressure head tests were used to infer the average saturated hydraulic conductivity (Ks) of 180 

the column, while dry bulk density and soil moisture were determined using the gravimetric method 181 

(ASTM 2010). The saturated water content (θs) was measured at saturated condition, the residual 182 

water content (θr) was measured gravimetrically on air-dried sediments after heating for 24 hours at 183 

105 °C. Soil organic matter (SOM) was measured gravimetrically on air-dried sediments after heating 184 

for 24 hours at 360 °C. 185 

 186 

Table 1. Sediment parameters and their standard deviation from quintuplicate samples. 187 

Parameter 0-20 (cm b.g.l.) 50-70 (cm b.g.l.) 90-110 (cm b.g.l.) 

Grain size (%) 

Fine Sand (0.63-2 mm) 

Silt (2-63 μm) 

Clay (<2 μm) 

Dry bulk density (kg/dm3) 

Residual water content (%) 

Saturated water content (%) 

 

10.1±1.8 

55.8±2.5 

34.1±3.0 

1.01±0.05 

0.03±0.015 

44.6±0.4 

 

8.1±0.8 

56.9±3.5 

35.0±2.4 

1.31±0.11 

0.04±0.012 

55.3±0.4 

 

9.0±1.3 

47.5±4.1 

43.5±3.1 

1.57±0.20 

0.04±0.031 

55.0±0.3 

Soil pH (-) 

SOM (%) 

7.7±0.1 

1.8±0.4 

7.8±0.1 

0.5±0.1 

7.9±0.1 

0.4±0.1 

Carbonates (%) 9.1±0.6 11.5±0.4 4.0±0.3 

 188 

Online parameters on the leaching solutions were determined with an electrode conductivity cell for 189 

EC measurements (Hanna Instrument). Major ions (Cl-, NO2
-, Br-, NO3

- and SO4
2-) were determined 190 

by a 930 Metrohm ion chromatography system equipped with an ion exchange column and 191 
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conductivity suppressor with a detection limit of 10 μmol/l. The NH4
+ and DOC concentration in 192 

water were analysed using a Pharmacia 300 UV/VIS spectrophotometer with a detection limit of 1.0 193 

μmol/l. Total fatty acids (TFA) were determined on a double beam Jasco V-550 spectrophotometer 194 

after esterification with ethylene glycol and subsequent reduction with Fe(III) salts, with a detection 195 

limit of 100 μmol/l. 196 

 197 

3. MODELING APPROACH 198 

 199 

3.1 Flow and transport modelling 200 

 201 

The finite element model HYDRUS-1D (Šimůnek et al. 2009) was selected for simulating the one-202 

dimensional movement of water in variably saturated media. The program numerically solves the 203 

Richards’ equation for saturated-unsaturated water flow, under the assumptions that the air phase is 204 

negligible and thermal gradients can be ignored in the water flow process. The van Genuchten (1980) 205 

parametric functions were initially chosen to solve the Richards’ equation. 206 

Since the intact soil column is affected by stagnant zones and preferential pathways, the single 207 

porosity approach was considered inappropriate (Larsonn and Jarvis 1999) and the dual porosity 208 

approach proposed by Durner (1994) was selected. This approach divides the porous medium into 209 

two overlapping regions and for each of these regions a van Genuchten-Mualem type function (van 210 

Genuchten 1980) of the soil hydraulic properties is used. 211 

In addition to the standard advection-dispersion equation (ADE) for the solute movement, HYDRUS-212 

1D also implements a dual domain formulation that accounts for physical non-equilibrium processes. 213 

In this formulation, the pore space is conceptually divided into two distinct domains, mobile and 214 

immobile (MIM) domains. In the mobile domain, transport is assumed to be governed by advection 215 

and hydrodynamic dispersion. Within the immobile domain, no advective transport is assumed to 216 

occur. This approach was also initially evaluated, but then discarded since for the principle of 217 



11 
 

parsimony (minimum number of parameters which lead to an effective model calibration) should be 218 

always preferred in groundwater modelling to more complex approaches if they do not substantially 219 

improve the model calibration (Hill 2006). 220 

 221 

3.2 Flow and transport boundary conditions 222 

 223 

The numerical grid was discretized in 101 nodes of 0.55 mm each to form a regular grid 55 cm long. 224 

At the soil surface, a variable pressure head/flux boundary condition was selected to reproduce 225 

changes in infiltration rate due to different rainfall intensity. As lower boundary condition, a zero-226 

gradient boundary was specified to simulate a freely draining soil profile, since capillary rise from 227 

the water table is negligible in this area, being the groundwater depth from surface usually more than 228 

2 m. 229 

In the transport model, a third-type (Cauchy) concentration flux boundary condition, with user 230 

specified liquid phase concentration of the infiltrating water, was selected as upper boundary, to 231 

simulate the synthetic rainwater concentration. A zero-concentration gradient (free drainage) was 232 

applied as lower boundary at the bottom of the column to simulate the outflow of the chemical species 233 

towards the saturated zone. 234 

The reactive network model used to simulate the sequential transformations of the N species (from 235 

urea to NH4
+, NO2

- and NO3
-) was the one proposed by van Genuchten (1985), coupled with linear 236 

sorption for NH4
+ and ammonia volatilization via a first order reaction (Šimůnek et al. 2009). The 237 

original model formulation (Eq. 1-3) was changed to account also for heterotrophic denitrification 238 

(Eq. 6 and 7) via DOC (CH2O) oxidation. Dissolution of SOM was accounted for using a zero-order 239 

dissolution rate. While, NO2
- formation through partial denitrification into NO2

- (Eq. 6), 240 

denitrification to dinitrogen (Eq. 7) and CH2O bulk oxidation via oxygen and NO3
- were all modelled 241 

using first-order rate constants (Eq. 5, 6 and 7). 242 

(𝑁𝐻2)2𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2(𝑔) + 2𝑁𝐻3(𝑔)        (1) 243 
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𝑁𝐻3(𝑔) + 𝐻2𝑂 → 𝑁𝐻4
+ + 𝑂𝐻−         (2) 244 

𝑁𝐻4
+ + 2𝑂2 → 𝑁𝑂2

− + 2𝐻2𝑂         (3) 245 

𝑁𝑂2
− + 0.5𝑂2 → 𝑁𝑂3

−          (4) 246 

𝐶𝐻2𝑂 + 0.5𝑂2 → 𝐻𝐶𝑂3
− + 0.5𝐻2𝑂         (5) 247 

𝐶𝐻2𝑂 + 2.33𝑁𝑂3
− → 𝐻𝐶𝑂3

− + 0.33𝐻+ + 2.33𝑁𝑂2
−+0.33𝐻2𝑂     (6) 248 

𝐶𝐻2𝑂 + 1.2𝑁𝑂2
− → 𝐻𝐶𝑂3

− + 0.2𝐻+ + 0.6𝑁2 + 0.4𝐻2𝑂      (7) 249 

The initial species concentrations were linearly interpolated throughout the model profile using the 250 

observed concentrations collected and analysed in the 3 soil horizons in which the column was 251 

subdivided (See supplementary information).  252 

 253 

 254 

 255 

The linear sorption coefficients were estimated using CEC of each soil (Erskine 2000), while first 256 

order volatilization rates were estimated from laboratory experiments on ammonia volatilisation 257 

conducted in nearby fields (Castaldelli et al. 2018). Diffusion values, like molecular diffusion in water 258 

(1.80e-5 m/h) and in air and Henry coefficient for ammonia (4.16e-3 m/h) were kept constant in all the 259 

horizons. 260 

Every single species was also simulated moving through the soil as non-sorbing non-degrading 261 

species to compare the non-reactive model results with the reactive model results to derive the 262 

deviation from their theoretical conservative behaviour.   263 

 264 

3.3 Model calibration 265 

 266 

The model calibration target was to minimize the differences between observed and calculated 267 

outflow and tracer concentrations from the columns. The flow and transport parameters were assumed 268 

to be homogeneous throughout the soils columns, thus they were kept constant within each model. 269 
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The flow and transport model parameters were calibrated using the inverse modelling procedure 270 

present in HYDRUS-1D, which uses a Marquardt-Levenberg type algorithm for parameter 271 

optimization. The optimized flow parameters were α and n of the van Genuchten (1980) parametric 272 

functions in the 3 horizons constituting the intact soil column, for a total of 6 parameters which 273 

became 12 optimized parameters for both the two overlapping regions of the Durner (1994) approach. 274 

The optimized transport parameters were: vertical dispersivity λv (cm), partial denitrification rate 275 

(1/d), denitrification rate (1/d), SOM dissolution rate (1/d) and CH2O oxidation rate (1/d). All these 276 

parameters were kept constant throughout the 3 horizons constituting the intact soil column, to 277 

minimize the number of parameters to optimize following the parsimony principle cited above. Other 278 

reaction parameters listed in table 3 were sourced by a similar model previously developed for these 279 

soils (Castaldelli et al. 2018). 280 

The degree of model calibration was assessed by calculating and comparing the modelling efficiency 281 

(EF) calculated according to Nash and Sutcliffe (1970): 282 
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          (8) 283 

where Pj is the calculated value corresponding to the observed Oj, and O is the mean value of the 284 

observed data. 285 

 286 

3.4 Reactive modelling for saturation indices calculation 287 

 288 

The geochemical model PHREEQC-3 (Parkhurst and Appelo 2013) was employed to calculate the 289 

equilibrium water speciation and the saturation indices (SI) for various mineral phases such calcite, 290 

dolomite, CO2 partial pressure and pe of the solution to evaluate the redox conditions. SI is an index 291 

indicating whether the water phase will dissolve or precipitate a mineral phase based on its 292 

thermodynamic stability. SI is negative when the mineral may dissolve, positive when it may 293 
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precipitate, and zero when the water and mineral phases are at thermodynamic equilibrium. The input 294 

values are reported in Supplementary Information. 295 

 296 

4. RESULTS AND DISCUSSION 297 

 298 

4.1 Field mineral N species temporal evolution 299 

 300 

The first sampling campaign highlighted a residual NO3
- content in the upper soil horizon of 4.5 301 

mmol/kg which is typical for this agricultural landscape in winter time (Castaldelli et al. 2013b), with 302 

a decreasing concentration trend towards the deep soil horizons. NH4
+ and NO2

- show low 303 

concentrations in the upper ploughed layer, while their concentrations increase slightly with depth; 304 

although, the maximum concentrations found are below 0.5 mmol/kg (Fig. 3). 305 

 306 
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 307 

Figure 3. Depth profiles of mineral N species extracted from soils in four sampling campaigns. Error 308 

bars denote standard deviations calculated on five replicate samples. 309 

 310 

In the second campaign, the NH4
+ concentration increases in the topsoil showing a large spatial 311 

variability, denoted by the high samples’ standard deviation. Since no fertilizer was applied between 312 
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the first and second campaign, the NH4
+ increase could be due to organic N mineralization processes 313 

and to the establishment of reducing conditions in micro-niches favouring DNRA (Chen et al. 2015; 314 

Friedl et al. 2018). NO3
- decrease in the topsoil was most probably due to leaching towards the deeper 315 

soil horizons, and only partially due to crops, fungi and bacteria assimilation processes. NO2
- 316 

concentrations were low along the whole soil profile since the period was characterized by evenly 317 

distributed rainfall events (Fig. 1), providing optimal conditions for reactive N transformation. In the 318 

third campaign NH4
+ concentrations were lower than in the previous campaign in all the investigated 319 

soil horizons; NO3
- concentrations were very high only in the topsoil, due to the fertilizer’s leftover 320 

after the harvest. Again, NO2
- concentrations were low since the period was characterized by scarce 321 

rainfall, mainly summer storms events (Fig. 1) and the low soil water content inhibited microbial 322 

activities. The last field campaign showed NH4
+ concentrations similar to the concentrations of the 323 

second campaign, while NO3
- and NO2

- concentrations were among the highest recorded in the four 324 

campaigns, with relatively high concentrations also in the lower soil horizon. The increase of all the 325 

mineral N species could be due to organic N mineralization, since after harvest the soil was left bare 326 

and no fertilizer was applied. Besides, atmospheric deposition could have played a role, although only 327 

of minor entity since the measured yearly deposition in these areas is approximately 14 kg N/ha/y 328 

(Castaldelli et al. 2013b; Ventura et al. 2008).  329 

Considering an average dry bulk density of 1.01±0.05 kg/dm3 in the investigated topsoil of 20 cm, 330 

this can be converted into 0.34±0.02 mmol/kg of reactive N deposited between the third and fourth 331 

sampling campaign. The above-mentioned reactive N atmospheric load is maybe enough to explain 332 

the topsoil mineral N species variations, but surely not enough to explain the NO3
- variations observed 333 

in the deeper soil horizons, which passed from 3 mmol/kg in the third campaign to 5-6 mmol/kg in 334 

the fourth campaign. The field monitoring highlighted the predominance of NO3
- over NH4

+ and NO2
- 335 

as main mineral N species in the investigated soils but was unable to give insights on NO2
- 336 

accumulation, which was already shown in soil batch experiments using similar soils (Mastrocicco et 337 

al. 2011; Mastrocicco et al. 2019). 338 
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Thus, even though mineral N soil extraction could be cheaper and less time consuming with respect 339 

to column experiments, they do not provide solutes concentration changes over time. Therefore, 340 

ultimately, column experiments are unavoidable to describe solutes fate’s in soils in a realistic manner 341 

(Köhne et al. 2009). 342 

 343 

4.2 Column experiments  344 

 345 

4.2.1 Numerical flow model results 346 

 347 

The flow model was calibrated versus the continuous monitoring of VWC via TDR probes and the 348 

observed outflow fluxes (Fig. 4). The obtained soil retention curve parameters (Tab. 2) are typical of 349 

the silty clay soil constituting the intact soil column and are also realistic estimates since the statistical 350 

indicator of the model fit is very good (EF = 0.911). The undisturbed soil column showed a very slow 351 

outflow rate, given its low Ks values (Tab. 2). For this reason, the column elution experiment took 352 

more than 200 hours, with a very low total cumulative leachate amount, only 27.4 mm versus 233 353 

mm of cumulative rainfall. The dual domain approach employed to simulate the flow was 354 

indispensable to avoid an unrealistic water accumulation on the soil surface, which would instead be 355 

formed with the single porosity approach, given the low Ks values and the extremely elevated 356 

precipitation rate (Larsson and Jarvis 1999); nevertheless, this complex approach can be skipped for 357 

evenly distributed rainfalls, even in the low Ks soils typical of this area (Colombani et al. 2014). 358 

Column outflow rate was accurately reproduced by the flow model, although some uncertainties on 359 

the uniqueness of the parameters cannot be excluded (Zhang et al. 2006). 360 

 361 
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 362 

Figure 4. Comparison of observed and calculated VWC and cumulative outflow flux in the column 363 

experiment. 364 

 365 

Table 2. Flow parameters obtained by inverse modelling for the intact soil column experiment. 366 

Parameter Horizon 1 Horizon 2 Horizon 3 

n (-) 1.71 1.71 1.71 

α (1/m) 0.25 0.25 0.25 

Ks (m/d) 0.096 0.094 0.048 

n-2 (-) 1.5 1.5 1.5 

α-2 (1/m) 0.20 0.20 0.20 
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 367 

4.2.2 Soil salinity monitoring 368 

 369 

Figure 6 shows the evolution of porewater salinity in the intact soil column exposed to extreme 370 

rainfall events. A small peak of 1.1 g/l was detected by the upper TDR probe during the first rainfall 371 

event, followed by a stabilized salinity around 0.9 g/l in the first 20 hours of the experiment. Then, 372 

the two in line rainfall events (Fig. 2) induced two negative salinity peaks due to a dilution effect, the 373 

same apply for the last rainfall event. After that, salinity stabilized to a concentration of approximately 374 

0.84 g/l. The TDR probe located in the middle of the soil column, showed a sharp salinity jump when 375 

the water front breakthrough, with a maximum concentration of 3.6 g/l, followed by a dilution front 376 

and a slow recovery towards a stable concentration of 1.0 g/l. The lower TDR probe showed the same 377 

salinity jump with a peak of 4.6 g/l, then a dilution front and a second smoothed peak of 1.7 g/l 378 

followed by a decreasing trend towards a nearly stable concentration of approximately 1.4 g/l. The 379 

observed outflow water salinity displayed a pattern similar to the lower TDR probe, with a very high 380 

initial salinity followed by rapid fluctuations between 2.7 to 1.8 g/l and reaching a stable 381 

concentration near 2 g/l at the end of the experiment. The observed increasing salinity with depth and 382 

the sharp increase once the water front migrates downward is typical of rapidly dissolving salts that 383 

are taken into solution by the advancing water front (Colombani et al. 2014). This is frequent in 384 

desiccated soils, where soluble salts tend to precipitate in the interconnected pore space of the soil 385 

matrix (Hillel 1998). 386 

 387 
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 388 

Figure 5. Continuous salinity monitoring within the soil column using TDR probes (see Fig. 2 for 389 

location) and observed salinities in the outflow samples. 390 

 391 

4.2.3 Numerical reactive transport model results 392 

 393 

The elution of both Cl- and Br- could be well fitted using the standard ADE equation (Tab. 3), since 394 

the EF (-) equal to 0.871. Thus, for the principle of parsimony, there was no need to use the more 395 

complex MIM approach. The obtained λv value was relatively large, indicating a great soil 396 

heterogeneity, also confirmed by the grain size analysis (Tab. 1). Nevertheless, this value is within 397 

the range of the observed λv values for undisturbed soil columns (Perfect et al. 2002), with a small 398 

95% confidence interval indicating little uncertainty in the parameter identification. 399 

 400 
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Table 3. Transport parameters obtained by inverse modelling for the BTCs simulations in the intact 401 

soil column. The symbol ± denotes the 95% confidence interval of the obtained parameter value. 402 

Parameter name Optimized value  Equation 

λv (cm) 2.03±0.05   

*Kd-NH4
+ (m3/mol) 4.14x10-7±1.3x10-8   

*Kd-DOC (m3/mol) 1.03x10-6±1.0x10-7   

*NH4
+→ NO2

- (1/h) 0.05±0.01  Eq. 3 

*NO2
-→ NO3

- (1/h) 0.011±1.9x10-3  Eq. 4 

NO3
-→ NO2

- (1/h) 1.0x10-3±3.1x10-4  Eq. 6 

NO2
-→ N2 (1/h) 1.93x10-3±4.0x10-4  Eq. 7 

SOM→DOC (mol/m3/h) 2.02x10-9±3.3x10-10   

CH2O→ HCO3
- (1/h) 5.11x10-3±4x10-4  Eq. 5, 6 and 7 

* from Castaldelli et al. (2018) 403 

 404 

From figure 6, the elution of conservative species like Cl- was well reproduced by the numerical 405 

model, while Br- was less well reproduced especially after the first arrival, due to a dilution effect 406 

followed by a rebound effect, most probably imputable to back diffusion from stagnant zones (here 407 

not modelled). As previously shown in figure 6, the soluble salts were dissolved and carried by the 408 

water phase at the wetting front, thus producing extremely high concentrations at the very beginning 409 

of the elution phase in all the ionic and non-ionic species (Supplementary Information). NH4
+ was 410 

retained by the soil and showed very low concentrations in the aqueous phase, as shown by the 411 

comparison between the reactive simulation and the conservative one (Fig. 7). Nevertheless, the 412 

nitrification process produced a positive cumulative NO2
- mass flux of +12.1 mmol/m2 (Eq. 4), while 413 

the denitrification process produced a cumulative NO2
- mass flux of +25.9 mmol/m2 (Eq. 5).  414 

 415 
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 416 

Figure 6. Observed and calculated dissolved species concentrations eluted from the intact soil column. 417 

Dashed black lines show non-reactive solute transport model results. 418 
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Both processes produced a transient NO2
- accumulation in the soil profile, but the prevailing process 419 

was the denitrification one. In fact, for the simulated extreme rainfall event, the NO2
- mass produced 420 

by denitrification was approximately twice respect to the NO2
- mass produced by nitrification. 421 

The denitrification process tends to diminish NO2
- mass in the soil (Eq. 7), with a cumulative NO2

- 422 

mass flux of -4.42 mmol/m2 (negative values indicate mass removal from the simulated domain). 423 

This amount is much less than the NO2
- mass produced by partial nitrification and denitrification 424 

processes (Eq. 3 and 6), explaining the slightly increasing trend of NO2
- concentrations in the outflow 425 

samples with time, compared with the conservative simulation (Fig. 6). DOC was produced by 426 

leaching of the more soluble SOM fraction, retained by the soil, and oxidized by both dissolved 427 

oxygen in rainwater and denitrification reactions. Accordingly, since oxygen concentration in 428 

equilibrium with the atmosphere at 25 °C is approximately 0.125 mmol/l, DOC oxidation rate has 429 

been set higher than the mineralization rate of NO3
- and NO2

- (Eq. 6 and 7) to account for both electron 430 

acceptors used by bulk DOC mineralization rate. The SOM dissolution into DOC produced a positive 431 

cumulative DOC mass flux of +261.0 mmol/m2 in the intact soil column. The DOC mineralization 432 

produced a negative cumulative DOC mass flux of -103.8 mmol/m2 (Eq. 5, 6 and 7). This amount is 433 

much less than the DOC mass produced by SOM dissolution, explaining the linear increasing trend 434 

of DOC concentration during the wetting stage, compared with the conservative simulation (Fig. 6). 435 

The calibrated model shows an overall good performance (EF = 0.871) and a good match between 436 

observed and calculated concentrations (Fig. 6). Thus, the quantified cumulative mass fluxes can be 437 

considered reliable estimates of the field processes that could occur during extreme rainfall events 438 

after dry periods in lowland agricultural soil depleted in organic matter. 439 

Namely, a negligible NH4
+ cumulative mass flux is calculated by the model, the net NO2

- mass flux 440 

derived from nitrification is 2.35 mmol/m2 and the one derived from denitrification is 5.65 mmol/m2 441 

(for a total amount of 8.0 mmol/m2), the net cumulative NO3
- mass flux is 54.6 mmol/m2, and the net 442 

cumulative DOC mass flux is 25.0 mmol/m2, with a net imbalance between electron acceptors (NO3
- 443 

and NO2
-) and electron donors (DOC) due to fast leaching of the electron acceptors respect to the 444 
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DOC, which is retarded by adsorption processes. The presence of oxidizing conditions is also 445 

confirmed by the PHREEQC-3 calculated pe values, which increased rapidly from 7.0 at the 446 

beginning of the elution to 8.0, stabilized around this value, and descended towards 7.5 at the end of 447 

the experiment (Fig. 7). In addition, the fraction of TFA is very low compared with DOC 448 

(Supplementary Information), further limiting the denitrification capacity of these soils during 449 

extreme rainfall events (Oh and Silverstein 1999). On the other hand, the pH range was limited by 450 

the carbonates buffering effect (6.7<pH>7.3), thus not affecting the nitrification and denitrification 451 

rates. As a proof of this, calcite displays an initial oversaturation and a gradual tendency to under-452 

saturation values (Fig. 8). 453 

 454 

 455 

Figure 7. pH, pe, Calcite saturation index and CO2 fugacity as calculated by PHREEQC-3 456 

geochemical model. 457 

 458 
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The dolomite mimicked the behaviour of calcite (not shown). This highlights the presence of calcium 459 

and magnesium salts that have been rapidly dissolved by the incoming rainwater, while more stable 460 

carbonates, abundant in these soils (Tab. 1), are less prone to be readily dissolved. A clear inverse 461 

relationship between CO2 partial pressure and pH is also visible from Figure 8. This is due to the pH 462 

decrease, which in turn drives the speciation of DIC in natural waters from HCO3
- dominated to CO2 463 

dominated (Parkhurst and Appelo 2013). 464 

Finally, the Cl- cumulative mass flux is estimated to be 200.1 mmol/m2, which is an elevated value 465 

for a freshwater agricultural environment in a temperate climate. This aspect should be further studied 466 

in relation with climate changes, since recently it has been shown that Cl- mass balance and heat flux 467 

modelling provide insights on climate effects on aquifer recharge (Irvine et al. 2018). 468 

The present results highlight the need to study in detail the impact that climate change can induce on 469 

local and site-specific mechanisms such as the percolation of dissolved species towards groundwater 470 

resources and the processes that regulate nitrogen cycle in agricultural soils. To do so, downscaling 471 

of “Global Drivers” outcomes to the watershed scale is urgently needed. For the Po river basin, recent 472 

literature has shown that temperature is expected to increase in the whole basin and in all the seasons 473 

(Dell’Aquila et al. 2012; Vezzoli et al. 2015). The most significant changes in precipitations and 474 

discharges are expected to occur in summer when the reduction of precipitation will lead to low flow 475 

persistence; and in autumn-winter time where concentrated precipitation events will increase the high 476 

flows frequency (Vezzoli et al. 2015). Thus, not only climate change will affect rainfalls and 477 

discharge pattern in this watershed, but the increase of droughts periods followed by extreme 478 

precipitations events will probably trigger increased solutes concentration in recharge water, together 479 

with the so far unaccounted NO2
- leaching. The main limitation of the proposed approach is that only 480 

a single extreme rainfall event was simulated, while the effect of different rainfall intensity should be 481 

explored in the future. For example, Wu et al. (2018) have recently investigated the reactive N losses 482 

in run-off waters with different rainfall intensities and terrain slopes, although they did not investigate 483 

the fate of reactive N within the soil. In addition, future studies should also evaluate the use of 484 
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different soils or different fertilization timing and rates in combination with extreme rainfall events. 485 

Besides, considering that extreme events will possibly trigger nitrite leaching and not only nitrate, 486 

this could influence the existing management and protection plans of shallow aquifers that are mainly 487 

focused on monitoring the latter contaminant (Haas et al. 2017). Moreover, the existing vulnerability 488 

methods (Stigter et al., 2006; Busico et al., 2017), should be further modified to include partial 489 

denitrification effects in presence of shallow aquifers. Finally, studies on N2O soils productions 490 

(Giguere et al. 2017) and nitrous acid (Su et al. 2011) release in atmosphere should also take into 491 

account the effects of extreme rainfall events.  492 

 493 

5. CONCLUSIONS 494 

 495 

This paper describes and quantifies the NO2
- leaching behaviour from agricultural soils depleted in 496 

organic matter subjected to extreme rainfall events. The study was developed by means of soil 497 

sampling in the field and unsaturated/saturated intact soil column experiment. Soil extraction showed 498 

that accumulated NO2
- could be significantly leached by extreme rainfall events from these soils. The 499 

soil column experiment highlighted elevated NO3
- and NO2

- concentrations in the leachate, and the 500 

reactive flow and transport model well simulated the behaviour of the tracers and reactive species 501 

allowing the quantification of cumulative mass fluxes. NO2
- production was mainly due to incomplete 502 

denitrification and much less due to incomplete nitrification processes. The incomplete denitrification 503 

was caused by lack of available labile organic substrates and not by other inhibitory effects, like for 504 

example changes in pH. 505 

This study, for the first time, put on evidence that the mechanism for NO2
- accumulation in soils is 506 

related to the lack of available labile organic substrates, suggesting that leaching of NO2
- towards the 507 

saturated zone in the event of extreme rainfalls could arise from agricultural soils depleted in labile 508 

fraction of organic carbon due to incomplete denitrification. This process could be exacerbated in the 509 

Mediterranean region, where climate changes already have created the conditions for the recurrence 510 
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of alternating of prolonged dry periods favouring salts accumulation and extreme rainfall events 511 

favouring saturated water conditions and salts leaching. Finally, the results of the column experiment 512 

highlight the relevance of closely spaced sampling intervals to “capture” the effect of extreme rainfall 513 

events on the fate of reactive N in agricultural soils. Thus, new approaches to continuously monitor 514 

pore-water and groundwater reactive N species are needed in field applications. The results found in 515 

this study cannot be directly transferred to other soil types, but the approach here proposed could be 516 

used to quantify if NO2
- accumulation and leaching could be relevant or not. 517 
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