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Abstract 17 

Denitrification is a key microbial-mediated reaction buffering the impact of agriculturally-derived 18 

nitrate loads. Groundwater denitrification capacity is often assessed by measuring the magnitude 19 

and patterns of dinitrogen excess, although this method can be biased by dissolved gasses 20 

exsolution and ebullition. To address this issue, shallow groundwater was sampled in two field sites 21 

via nested mini-wells on a monthly basis over an entire hydrological year and analysed for 22 

dissolved gasses, nitrate and physical parameters. Both sites are located in lowland areas of the Po 23 

River basin (Italy) and are characterized by intensive agriculture. The GUA site, a freshwater paleo-24 

river environment, with a low content of organic matter (SOM) and oxic sub-oxic groundwater. The 25 
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BAN site, a reclaimed brackish swamp environment, with abundant SOM and sulphidic-26 

methanogenic groundwater. Groundwater samples evidenced a general deficit of dinitrogen and 27 

Argon concentrations, because of ebullition induced by a total dissolved gasses pressure exceeding 28 

the hydrostatic pressure. Ebullition was recorded only during winter at the reclaimed brackish soil 29 

and was triggered by methane exsolution. While in summer both sites were affected by ebullition 30 

because of the water table drawdown. Denitrification evaluated using dinitrogen excess via 31 

dinitrogen-Argon ratio technique, was not only affected by gas exsolution, but also by groundwater 32 

temperature fluctuations. In fact, the latter induced large biases in the calculated N2 excess even in 33 

the freshwater paleo-river environment. For these reasons, dinitrogen excess estimate with standard 34 

methods resulted to be unreliable in both lowland environments and a modified method is here 35 

presented to overcome this issue. 36 

 37 

Keywords 38 

Dissolved gasses, denitrification, exsolution, groundwater temperature, gas partial pressure. 39 

 40 

1. Introduction 41 

In terrestrial ecosystems, denitrification, the microbial anaerobic respiration leading to reduction of 42 

nitrate (NO3
-) or nitrite (NO2

-) to gaseous N oxides and molecular N2, is frequently occurring in 43 

water saturated soils rich in SOM (Taylor and Townsend, 2010) and in particular of labile organic 44 

substrates which provide electron donors (Castaldelli et al., 2019; Castaldelli et al., 2013). These 45 

soils are easily characterized by hypoxic conditions and are most typical of poorly drained lowland 46 

environments (Vepraskas, 2015). Where lowland areas are used for agriculture only extensive 47 

ditching allows to increase the drainage to the point of creating suitable conditions for root growth 48 

of crops (Ward et al., 2018). In hydric soils of agricultural lands, denitrification can be measured in 49 

relatively shallow groundwater at significant depths below the rooting zone (Anderson et al., 2014; 50 

Starr and Gillham, 1993; Tesoriero et al., 2000), although at higher depth the lower availability of 51 
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organic substrates might represent a limiting factor for denitrification activity (Chen et al., 2018; 52 

Mastrocicco et al., 2011b). At landscape level, the spatial and temporal variability of denitrification 53 

rates is mainly dependent on the soil texture, the agricultural practices and climatic factors 54 

(Aguilera et al., 2013; Barakat et al., 2016). However, where agricultural soils are characterized by 55 

shallow aquifers, the seasonal trend of denitrification activity and the key drivers of such trends are 56 

not yet accurately characterized.  57 

Reduced gaseous compounds like N2, CO2, H2S and CH4 are among the main products of anaerobic 58 

decomposition of organic matter, which is carried out by many different facultative and obliged 59 

anaerobic microorganisms, including denitrifiers (Anderson et al., 2014; Rivett et al., 2008). The 60 

general order of production in anaerobic conditions is generally following the Gibbs free energy 61 

(Chapelle et al., 1995): N2 from denitrification, CO2 from manganese and iron reduction, H2S from 62 

sulphate reduction, CH4 from CO2 reduction and/or acetate fermentation. These gasses usually 63 

accumulate in groundwater along the soil profile and might be degassed into the atmosphere at 64 

significant rates when the water table drops, as the reduction of in pore pressure lowers dissolved 65 

gasses solubility and results in exsolution (Fortuin and Willemsen, 2005).  Then, the total gas 66 

pressure may increase above the hydrostatic pressure and the vertical transport of gas bubbles 67 

driven by buoyancy forces may occur. This phenomenon, known as ebullition (Amos and Mayer, 68 

2006), can have important implications on gas transport to the atmosphere from aquifers and within 69 

the aquifer and the unsaturated zone. 70 

Denitrification capacity in groundwater is often assessed by measuring the magnitude and patterns 71 

of groundwater N2 excess, i.e. biogenic N2 water concentration, in excess of atmospheric 72 

equilibrium (Denver et al., 2014; Fox et al., 2014; Vogel et al., 1981; Weymann et al., 2008). Since 73 

now the approach followed to calculate N2 excess is to use a constant groundwater temperature, but 74 

this assumption is hardly verified when the water table is shallow (Colombani et al., 2016a; Kurylik 75 

et al., 2014). Moreover, there is not clear evidence if this approach can be considered reliable over 76 

an entire hydrological year or might pose problems of interpretation when the water table 77 
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fluctuations and the consequent changes in dissolved gas partial pressure alter the gas/groundwater 78 

equilibrium. 79 

To fill this knowledge gap, dissolved gasses were monitored monthly during a whole hydrological 80 

year in two areas characterized by soils with contrasting textures and content of SOM. The main 81 

objectives of the study were: i) to verify whether denitrification can be accurately estimated in 82 

shallow aquifers of agricultural soils by simply monitoring N2 excess; ii) to evaluate the influence 83 

of key environmental parameters like temperature, water table elevation, biogeochemical conditions 84 

and reactions, on the variability of dissolved gasses concentration in groundwater. 85 

 86 

2. Material and Methods 87 

2.1.  Study sites 88 

The two field sites are located in the Po Delta, the lowest territory of the Po River watershed (5 m to 89 

-3 m a.s.l.). The GUA site, located at 44°47”42’N and 11°42”22’ E (Fig. 1), pertains to a freshwater 90 

paleo-river environment characterized by a moderately alkaline silty-loam soil (Hypocalcic Haplic 91 

Calcisols), with upper horizons characterized by silty clay loamy texture and lower horizons by 92 

calcareous silty loamy texture. The BAN site, located at 44°39”32’N and 11°52”14’ E (Fig. 1), is 93 

part of a reclaimed brackish swamp area, characterized by a silty-clay soil (Calcaric Gleyic 94 

Cambisols), moderately alkaline, with silty clay or clay loamy textures and peaty lenses at depths of 95 

2.0-2.5 m below ground level (b.g.l.).  96 

Both sites are cultivated with a rotation of wheat and maize, while only occasionally with beetroot 97 

and sorghum. Each site receives a N fertilization based on NPK mineral fertilizers, NH4NO3 and/or 98 

synthetic urea, in different combinations and for a total amount of about 160 kg N/ha/y and 240 kg 99 

N/ha/y, for wheat and maize respectively. These rates are lower than most of the intensive 100 

agricultural cultivations in Northern Italy, since this area is classified as vulnerable to NO3
- 101 

following the enactment of the European Water Framework Directive (2000/60/CE). In November 102 

2016 both sites were equipped with a series (4 replicates) of multi-level samplers (MLS), i.e. three 103 
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PVC nested mini-wells with an internal diameter of 2 cm, filled in the last 20 cm with a 50 μm 104 

Nitex mesh, placed just below the maximum water table elevation and at -1 m and -2 m below the 105 

latter.  106 
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 107 
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Figure 1: The upper panel shows the location of the two field sites with their soil texture. The 108 

middle panel shows the satellite images of both sites with the location of MLSs. The lower panel 109 

shows the hydrogeological profiles along the MLSs’ location, the major lenses and the minimum 110 

and maximum water table position during the monitoring period (blue lines). 111 

 112 

The sites were selected since they are representative of the most common environments of the Po 113 

River lowland with more than 60% of the territory covered by these soil textures (Mastrocicco et 114 

al., 2010). The area, which accounts for more than 1000 km2, has been intensively cultivated since 115 

the last century because of its flat topography and the large surface water availability. Despite many 116 

information existing on the most important hydrogeological mechanisms regulating the aquifers and 117 

microbial processes affecting NO3
- fate and transport in groundwater (Caschetto et al., 2017; 118 

Mastrocicco et al., 2017; Mastrocicco et al., 2011a; Sacchi et al., 2013), there is still a limited 119 

comprehension of the role of denitrification in attenuating NO3
- pollution in these shallow aquifers. 120 

 121 

2.2.  Sampling and analytical methods 122 

Groundwater samples were collected from the MLS monthly, over an entire hydrological year 123 

starting from 10 January 2017. Groundwater sampling was performed with a low flow inertial pump 124 

to avoid dissolved gasses stripping. At all sampling events, temperature, electric conductivity (EC), 125 

dissolved oxygen, pH and oxygen reduction potential (ORP) were also measured using a portable 126 

HANNA Instr. Probes. 127 

To estimate the hydraulic conductivity (K) variability, slug tests were performed in all the 128 

piezometers with a pneumatic initiation system to instantaneously lower the static groundwater 129 

level of approximately 0.5 m. All the acquired slug test responses were analysed using the Bouwer 130 

and Rice method (Bouwer and Rice, 1976). The hydrostatic pressure at the screened depth of each 131 

piezometer was calculated from the pressure head (meters of water column above the piezometer 132 

screen, which was converted into barometric pressure).  133 
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A total of 185 samples were analysed for dissolved N2, Ar, CO2, H2S, CH4. Samples for Ar, N2 and 134 

CH4 determinations were collected by overflowing at least 3 times 12-mL gas-tight glass vials 135 

(Exetainer®, Labco, High Wycombe, UK) and preserved by adding 100 μL of 7M ZnCl2 solution. 136 

Water samples were analysed at the laboratory of Aquatic Ecology, University of Ferrara, by 137 

MIMS-Membrane Inlet Mass Spectrometry (Bay Instruments, USA; Kana et al., 1994), a 138 

PrismaPlus quadrupole mass spectrometer with an inline furnace operating at 600°C to allow for O2 139 

removal. The CH4, N2 and Ar concentrations were quantified by the ion current detected at m/z 140 

ratios of 15, 28, and 40, respectively. The primary standard for MIMS analyses is de-ionized water 141 

maintained at a constant temperature (20°C) in a circulating bath with headspace at 100% relative 142 

humidity and equilibrated to atmospheric gasses by low stirring. The ion currents were standardized 143 

by applying the gas solubility equations of Weiss (1970) and the instrument drift was corrected by 144 

measuring thermally equilibrated water every six samples. Due to the very low concentration in air, 145 

a separate standard procedure for CH4 was used following the headspace equilibration technique. 146 

Standards were prepared by injecting known amounts of pure gas (>99.0%, Sigma Aldrich) into the 147 

headspace of 12-mL gas-tight glass vials filled with de-ionized water. Prior to MIMS analyses, the 148 

vials were shaken vigorously for a minute and placed in a thermostatic bath for solubility 149 

equilibration.   150 

Total alkalinity was measured titrimetrically with 0.1 eq/L HCl (Anderson et al., 1986) in a 5 mL 151 

sub-aliquot of groundwater samples kept frozen until analysed. Dissolved CO2 concentrations were 152 

calculated via PHREEQC-3 (Parkhurst and Appelo, 2013) using measured alkalinity, ionic strength, 153 

pH and temperature of each groundwater sample. Dissolved HS- was measured 154 

spectrophotometrically on a double beam Jasco V-550 spectrophotometer (Cline, 1969) in a 5 mL 155 

sub-aliquot of groundwater samples kept frozen until analysed. 156 

The gas concentration (µmol/L) was transformed into partial pressure according to Henry’s law: 157 

             (1) 158 
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where px is the partial pressure of gas x (atm), Cx is the concentration of gas x (µmol/L) and Sx is the 159 

solubility of gas x when x is the only gas present, at 1 atm. total pressure. The Bunsen coefficient 160 

for each gas species was determined at any given temperature and salinity, following Colt (2012). 161 

 162 

2.3.  N2 excess calculation methods 163 

Dissolved N2 in groundwater consists of atmospheric N2 plus N2 from denitrification (excess N2) 164 

accumulated during the groundwater flow path (Böhlke, 2002) or from other processes like pyrite 165 

oxidation via NO3
- reduction and anammox-anaerobic NH4

+ oxidation (Rivett et al., 2008). N2 from 166 

denitrification or other NO3
-
 reduction processes can be calculated by subtracting atmospheric N2 167 

from total N2 (N2Tot). Atmospheric N2 in groundwater consists of equilibrium solubility of N2 and 168 

N2 from “excess air” (Aeschbach-Hertig et al., 2008). 169 

The first method to calculate excess N2 (N2ExcM1) uses the following equation (Weymann et al., 170 

2008): 171 

            (2) 172 

where N2Tot represents the measured molar concentration of the total dissolved N2 in groundwater 173 

and N2EQ is the molar concentration of dissolved N2 in equilibrium with the atmospheric 174 

concentration. For the equilibrium temperature, a constant value of 13°C was assumed which was 175 

the mean measured groundwater temperature over the monitoring period, N2EQ was thus obtained 176 

using N2 solubility data (Weiss, 1970). In addition to a constant temperature value, the equation 2 177 

was computed using temperatures recorded in the field for each groundwater sample. N2EA denotes 178 

N2 from excess air, which is the dissolved N2 gas component originating from the entrapment of air 179 

bubbles near the water table during recharge (Holocher et al., 2002). 180 

For a given recharge temperature, excess air is usually back calculated using several noble gas 181 

concentrations (Cey et al., 2009; Holocher et al., 2002). Although, data on dissolved noble gasses 182 

are usually difficult to obtain without extremely specialized analytical equipment (Klump et al., 183 

2008). In this study the procedure proposed by Weymann et alii (2008) was followed to calculate 184 
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the minimum and maximum values of N2EA using only Ar as noble gas. Thus, the lowest and upper 185 

estimates of N2EA were used to assess the uncertainty of our excess N2Exc estimates connected with 186 

excess air fractionation at each site. Ar was selected as tracer since is present in air at well 187 

measurable concentrations being the third-most abundant gas in the Earth’s atmosphere (about 0.9% 188 

v/v, after N2 and O2). It has approximately the same solubility in water as O2 and is more soluble in 189 

water than N2. Moreover, MIMS has maximum resolution at mass generally below 45 and thus Ar 190 

falls exactly where resolution is thehighest. A second method (M2), modified from Blicher-191 

Mathiesen et alii (1998) was also applied to have another estimate of the N2Exc. Briefly, the method 192 

allows to calculate the amount of N2 degassed (N2Deg) and the excess N2 (N2ExcM2) via the following 193 

equations: 194 

        (3) 195 

        (4) 196 

where ArAtm is the volumetric fraction of Ar in the atmosphere with saturated air and N2Atm is the 197 

volumetric fraction of N2 in the atmosphere with saturated air. ArEQ is the groundwater dissolved Ar 198 

concentration in equilibrium with the atmosphere at the sediment temperature at a given piezometer, 199 

ArTot is the measured groundwater dissolved Ar concentration at a given piezometer.  200 

 201 

3. Results and discussion 202 

3.1. Water table, temperature and electrical conductivity fluctuations 203 

The water table in both sites showed clear seasonal fluctuation with two recharging events 204 

occurring in winter and spring and a marked drawdown in summer (Fig. 2 upper panels). The latter 205 

was driven by evapotranspiration, that is quite pronounced in the area during the crop growing 206 

season (i.e. from April to September).  207 
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 208 

Figure 2: Piezometric heads (upper panels), temperature values (middle panels) and EC values 209 

(lower panels) recorded in the MLSs at the two sites. The error bars represent the standard deviation 210 

over 4 replicate plots. 211 
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 212 

In this period, characterized by high temperatures (max, min, average) which favour both crop 213 

transpiration and evaporation, the water table is near the ground surface and soils are characterized 214 

by an elevated capillary rise (Colombani et al., 2016b; Mastrocicco et al., 2010). 215 

Both GUA and BAN sites hosted an unconfined aquifer superimposed to a confined aquifer, indeed 216 

the piezometers showed different head values at different depths at a given date (Fig. 1, 2). This is 217 

due to the relatively thick and continuous clay and silt lens present at BAN at approximately -3.5 m 218 

a.s.l. and by a clay-loam lens at GUA located at approximately 0.0 m a.s.l. that also affect the 219 

vertical distribution of the hydraulic conductivity (Table 1). The clay and silt lens therefore, can be 220 

considered aquitards which locally impede vertical groundwater fluxes and gasses migration. 221 

 222 

Table 1. K values (± 1 st.dev, n=4) measured in the two sites at different depths.  223 

Piezometer depth (m b.g.l.) K value (m/s) 

-1 at BAN  6.3*10-7 (±4.1*10-7) 

-2 at BAN 2.2*10-7 (±1.0*10-7) 

-3 at BAN 3.1*10-6 (±1.7*10-6) 

-2 at GUA 8.9*10-6 (±1.2*10-6) 

-3 at GUA 2.7*10-7 (±5.2*10-7) 

-4 at GUA 3.6*10-5 (±3.1*10-6) 

 224 

It could be noticed that the degree of confinement is higher at BAN than at GUA since the thickness 225 

of the low permeability lens is higher at BAN and in addition at GUA the lens is also thinning over 226 

the right corner of the monitored transect (Fig. 1). The seasonal trend of the temperatures recorded 227 

at different depths in the MLS is similar in both sites (Fig. 2, middle panels) but in BAN the 228 

minimum and maximum values are lower and higher than in GUA, respectively. This might be 229 

explained by a shorter water table depth respect to the ground surface in BAN compared to GUA 230 
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(Fig. 1, lowest panels). The smaller standard deviation of the recorded temperatures respect to the 231 

standard deviation of the recorded piezometric heads, suggests a uniform redistribution of 232 

temperature’s gradients with respect to the depth from the ground surface. Finally, the EC is similar 233 

in both sites at the shallowest depth, while at deeper depth EC at BAN is much higher than at GUA 234 

(Fig. 2, lower panels). This could be explained by the brackish paleo-marshes present in BAN. 235 

These environments are quite widespread in the shallow coastal aquifers of the Po River lowland 236 

(Castaldelli et al., 2013; Greggio et al., 2018). In terms of temporal variability, there was no clear 237 

seasonal pattern in the EC values at both sites. Besides, the high EC standard deviation suggests a 238 

large heterogeneity of chemical composition of the infiltrating waters, affected by preferential flow 239 

paths and local changes of the hydraulic conductivity field (Mastrocicco et al., 2011b). 240 

 241 

3.2. Dissolved gasses in groundwater 242 

Figure 3 shows the observed dissolved Ar and N2 concentrations in groundwater compared to the 243 

theoretical gasses’ solubility in water in equilibrium with the atmosphere at a given salinity (0.5 to 244 

5.3 g/L) and temperature (from 5 to 25°C, covering the seasonal range detected in situ). Most of the 245 

groundwater samples collected in the lowest piezometer (-3 m b.g.l.) at BAN lie on the left side of 246 

the red line. A deficit in dissolved N2 and Ar concentrations with respect to the theoretical values 247 

predicted for water temperature higher than 25°C indicates a possible ebullition of groundwater 248 

samples. Differently, all other samples from BAN lie close on the equilibrium line but slightly on 249 

the right side. At GUA a less wide range of both Ar and N2 concentrations is found, with only a few 250 

samples lying on the left side of the red line, while most of the samples are slightly enriched in N2. 251 

This evidence could indicate denitrification processes acting in the middle piezometers (-3 m b.g.l.) 252 

and in some samples from the lower piezometers (-4 m b.g.l.). 253 

To better elucidate the role of CH4 in driving the dissolved N2 concentrations, a scatter diagram is 254 

shown in Figure 4 for both sites. A relationship is found linking the decrease of dissolved N2 255 

concentrations with the exponential increase of CH4 in groundwater sampled in the peaty layer (-3 256 
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m b.g.l. at BAN; Fig. 1, lower panel). Although the R2 is not elevated, it is undeniable that 257 

increasing CH4 in groundwater lead to a decrease of N2. As a comparison, the same exponential 258 

relationship was applied to data from GUA with extremely poor results (R2 close to 0; Fig. 4). In 259 

GUA, the concentration of CH4 was always extremely low, possibly due to the lack of SOM that 260 

did not support extremely reducing conditions favourable to methanogenesis (Table 2). On the 261 

contrary, the presence of a peat layer below the piezometer at -3 m b.g.l. in the BAN might have 262 

favoured methanogenesis and consequently CH4 exsolution leading to the occurrence of ebullition 263 

causing N2 degassing. At GUA these conditions were most probably never met and N2 potentially 264 

could accumulate. 265 

 266 

 267 

Figure 3: Dissolved Ar versus dissolved N2 in groundwater at BAN and GUA sites. The red line 268 

represents the Ar and N2 concentrations in air-saturated water at different temperatures (red 269 

numbers indicate the temperature values). 270 

 271 
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 272 

Figure 4: Dissolved N2 versus dissolved CH4 in BAN and GUA sites. The black line represents the 273 

best fit with an exponential law (p<0.05) and the grey shaded area is the 95% confidence interval.  274 

 275 

3.3. N2Exc calculation and comparison 276 

In figure 5 the comparison between the maximum and minimum expected N2Exc values using only 277 

Ar as noble gas to determine the excess air is shown. It can be noticed that at BAN the relationship 278 

between the two calculated N2Exc values is extremely poor, with a Pearson correlation coefficient (r) 279 

of -0.132. On the other hand, GUA shows a better relationship between the two calculated N2Exc, 280 

with a Pearson correlation coefficient of 0.642. Despite of this, the uncertainties connected with the 281 

calculated N2Exc values are still too elevated to be considered acceptable. In fact, Weymann et alii 282 

(2008) presented N2Exc data which were much closer to the 1:1 line than the ones presented here.  283 

 284 
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 285 

Figure 5: The left panel shows the N2ExcM1 calculated using the maximum physically based values 286 

at the mean temperature versus N2ExcM1 calculated using the minimum physically based values at 287 

the mean temperature in both BAN and GUA sites. The right panel shows the N2ExcM1 calculated 288 

using the maximum physically based values at the observed temperature versus N2ExcM2 calculated 289 

using the mean physically based values at the observed temperature. The black line represents the 290 

1:1 fit line for which the two methods M1 and M2 would attain a perfect agreement. 291 

 292 

The right panel of figure 5 shows that a very good r value (0.986) is found for GUA between the 293 

N2ExcM1 maximum values calculated using the observed temperatures and the N2ExcM2 values 294 

calculated with the modified Blicher-Mathiesen et alii (2002) method (M2). For BAN a lower r 295 

value is found (0.811), but it must be stressed that the samples which fall outside the 1:1 line are 296 

only the -3 m b.g.l. ones, which also have the highest CH4 dissolved concentrations leading to 297 

exsolution. In fact, excluding the -3 m b.g.l. samples an r value of 0.997 is found, which is even 298 

higher than the one found in GUA. The samples collected at -3 m b.g.l. have extremely high CH4 299 

concentrations, as shown in Figure 4. Thus, CH4 exsolution might cause the anomalous results of 300 

N2Exc at BAN -3 m b.g.l., as frequently reported in the literature (Amos and Mayer, 2006; Fortuin 301 

and Willemsen, 2005). Various attempts to compare the Weymann et alii (2008) method (M1) 302 
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calculated with observed temperatures instead of mean recharge temperature and M2 method failed 303 

to produce r values above 0.5, thus the results are not shown. 304 

A possible explanation of the good fit between the method M1 and M2 is that the assumption of 305 

local equilibrium between the water and gas phases is appropriate at both the investigated sites. In 306 

fact, the assumption at the base of the N2ExcM1 maximum values is that if excess air results from 307 

complete dissolution of gas bubbles in groundwater, the excess air gas composition is identical to 308 

atmospheric air composition (Aeschbach-Hertig et al., 2008). As pointed out by Klump et alii 309 

(2008), groundwater table fluctuations in temperate climate zones are usually within the range of a 310 

few meters, and the thickness of the quasi-saturated zone is therefore limited. Under these 311 

conditions, flow velocities of 10 m/d or larger would require a kinetic fractionation approach for gas 312 

dissolution, to accurately account for incomplete dissolution of entrapped gas bubbles. Whereas, 313 

kinetic fractionation could be neglected for velocities smaller than 1 m/d (Klump et al., 2008), and 314 

thus for low flow velocities sites as the investigated ones. Moreover, it must be remarked that the 315 

temperature effect is the major driver of gasses solubility in shallow groundwater, while salinity 316 

only slightly affect the effective gasses solubility in the studied environments that are freshwater or 317 

brackish (Colt, 2012; Fortuin and Willemsen, 2005). 318 

The modified method of Blicher-Mathiesen et alii (2002) seems a good approach to correctly 319 

evaluate the N2Exc in shallow aquifers pertaining to lowland agricultural environments when CH4 320 

dissolved concentrations are below 100 µmol/l. To further proof if this concept can be considered 321 

robust, the following section describes a comparison between hydrostatic head pressures and 322 

dissolved gasses partial pressures.  323 

 324 

3.4. Comparison between hydrostatic heads and dissolved gasses partial pressures 325 

Figure 6 depicts the comparison between the partial pressures of dissolved gasses and the 326 

hydrostatic pressures at BAN and GUA sites during the summer and winter sampling campaigns. 327 

Although, not measured in this study, dissolved N2O was considered to have a negligible effect on 328 
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gas pressure given that the concentrations found in these soils are very low (Castaldelli et al., 2019) 329 

and that in highly reducing conditions N2O tends to be reduced completely to N2. The hydrostatic 330 

pressures at BAN in winter were higher than the total pressure of dissolved gases in the upper and 331 

medium piezometers, while in the lower ones oversaturation with gasses was apparent and thus a 332 

significant gas loss would be expected in the lower part of the aquifer. The total gas pressure was 333 

prevalently formed by N2, but CH4 was the one that contributed chiefly to exceed the hydrostatic 334 

pressure at the peaty lenses’ location (-3 m b.g.l.). 335 

The hydrostatic pressures at GUA in winter were found to be higher than the total pressure of 336 

dissolved gasses in all the MLS, witnessing that groundwater was undersaturated with gasses and 337 

no significant gas loss would be expected. But if this is valid for the recharge season, it does not 338 

hold true during the summer season, where the water table drawdown drastically decreases the 339 

hydrostatic head pressure. In fact, at both BAN and GUA sites the total gas pressure highly 340 

exceeded the hydrostatic head pressure in all the MLS triggering ebullition processes. Although, the 341 

gasses responsible for such processes were different from site to site.  342 
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 344 

Figure 6: Partial pressure of dissolved gasses and hydrostatic pressure (atm) at BAN and GUA sites 345 

during summer (July 2017) and winter (January 2018). The error bars represent the standard 346 

deviation over 4 replicate plots. Relative gas composition is also shown using different colours in 347 

each bar. 348 

 349 

Figure 6 shows that the dissolved gasses composition changed in summer with a marked increase of 350 

total gas pressure in all sites due to increased groundwater temperatures and thus to a decrease of 351 

effective gas solubility (see Eq. 1), considering the Bunsen coefficients. More precisely, O2 partial 352 

pressure dropped drastically in GUA since the ORP became negative during summer (Table 2), 353 
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while CO2 increased due to a pH decrease that in turn changed the inorganic carbon equilibrium in 354 

groundwater (Table 2). The same trend for CO2 was also clear at BAN, but the partial pressure was 355 

always negligible since the ORP values were always extremely low, except for the months when 356 

active recharge took place. 357 

 358 

Table 2. ORP and pH values observed in the two sites at different depths during summer (July 359 

2017) and winter (January 2018). The standard deviation over 4 replicates is reported with the 360 

symbol ±. 361 

Piezometer  

depth (m b.g.l.) 

winter summer 

ORP (mV) pH (-) ORP (mV) pH (-) 

-1 at BAN 52±55 7.9±0.3   

-2 at BAN -43±83 7.5±0.2 -192±65 6.8±0.3 

-3 at BAN -176±98 7.2±0.1 -302±29 6.9±0.1 

-2 at GUA 140±50 7.0±0.7   

-3 at GUA 164±34 7.0±0.4 -105±61 7.2±0.4 

-4 at GUA 87±63 6.8±0.1 -93±52 6.8±0.3 

 362 

3.5. Dissolved gasses seasonal variations 363 

The seasonal variation of dissolved gasses composition is best shown by figure 7, where the gasses 364 

that most affect the total gas pressure, to the point of exceeding the hydrostatic pressure, are shown 365 

during the entire hydrological year. At BAN, CH4 shows the highest dissolved concentrations in 366 

spring at -3 m b.g.l., with concentrations more than one order of magnitude higher than at -2 m 367 

b.g.l.. The CH4 concentration rapidly diminish during summer and autumn, concomitantly with the 368 

water table drawdown, suggesting CH4 ebullition due to exsolution. The dissolved N2 at -3 m b.g.l. 369 
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has very low concentrations in late spring and summer due to ebullition, while it reaches 370 

atmospheric values during recharge events, as also suggested by Blicher-Mathiesen et al. (1998). 371 

 372 

 373 

Figure 7: Dissolved gasses responsible for exsolution from groundwater (CH4 and N2 at BAN and 374 

CO2 and N2 at GUA) recorded in the MLSs at the two sites. The error bars represent the standard 375 

deviation over 4 replicate plots. 376 

 377 

Instead, at GUA the dissolved CO2 is increasing in summer and autumn, while N2 is decreasing. The 378 

CO2 increase is due to SOM oxidation processes that in turn decreased the groundwater pH 379 

(Chapelle et al., 1995). While N2 decrease is due to lower N2 solubility because of groundwater 380 

temperature increase and water table drawdown (Colt, 2012). 381 
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 382 

3.6. Seasonal trends of N2Exc ORP and NO3
- at GUA site 383 

Finally, figure 8 shows the temporal evolution of N2Exc calculated with the modified method M2 and 384 

compared with ORP values measured at GUA. The NO3
- temporal evolution at GUA is also shown 385 

in figure 8 to assess if the increase of N2Exc could be imputable to NO3
- losses. The N2Exc is shown 386 

only for GUA, since BAN is affected by CH4 exsolution as previously discussed. It can be noticed 387 

that at GUA a baseline of approximately 70 µmol/l of N2Exc is present during the monitoring period, 388 

while during winter and spring the N2Exc reached peaks of 160 µmol/l. The ORP shows positive 389 

values indicating oxic conditions during winter, when recharge takes place. Then, it gradually 390 

decreases during spring attaining sub-oxic conditions in late summer. The ORP decrease during 391 

spring is compatible with the denitrification conditions highlighted by the N2Exc increase, although 392 

NO3
- concentrations at -3 m and -4 m b.g.l. were too low to explain the observed N2Exc increase. The 393 

ORP decrease is probably due to labile substrates coming from the upper horizons and transported 394 

downward by the recharge waters (Castaldelli et al. 2013), while the decrease of N2Exc after the 395 

spring peak is due to the lack of NO3
- to further sustain denitrification. Moreover, the N2Exc increase 396 

could have been generated by the denitrification at -2 m b.g.l. and transported downward by the 397 

water table drawdown (see Fig. 2). The N2Exc at -2 m b.g.l. is not plotted in figure 8 since its values 398 

were always near to zero or negative (see the right plot of Fig. 5) and the ORP was always positive, 399 

suggesting that denitrification was unlikely to occur at this depth or that ebullition could impair the 400 

calculated N2Exc. In fact, the hydrostatic pressure was close to the total gas pressure at -2 m b.g.l. in 401 

winter (Fig. 6). 402 

 403 
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  404 

Figure 8: Temporal evolution of N2ExcM2 and ORP at GUA recorded at -3 and -4 m b.g.l. (upper 405 

panels). Temporal evolution of NO3
-
 at GUA recorded at -2, -3 and -4 m b.g.l. (lower panel). The 406 

error bars represent the standard deviation over 4 replicate plots. 407 

 408 

In general, the N2Exc here calculated for GUA agreed with the hypothesized denitrification 409 

conditions, but the reacted N was low and the elevated standard deviations of both N2Exc and NO3
- 410 

concentrations do not allow a clear quantification of this processes. Other physical processes like 411 

mechanical dispersion and dilution with rain water poor in NO3
- could have substantially 412 

contributed to the low NO3
- concentrations found at GUA. MLS devices resulted to be key 413 
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monitoring tools in allowing to precisely locate the sources of gasses that could trigger exsolution. 414 

In fact, exsolution processes could start in zones located far below the water table and the upward 415 

migrating gasses could change the gasses’ partial pressures or even ORP and pH equilibria. All this 416 

information would be obliterated if integrated depth sampling in long screen monitoring wells were 417 

used instead of MLS devices. 418 

 419 

4. Conclusions 420 

This study, for the first time, reports the seasonal variations during an entire hydrological year of 421 

dissolved gasses in shallow groundwater below agricultural lands, induced by CO2, N2 and CH4 422 

exsolution. CH4 exsolution was active only at a site where SOM was abundant due to buried peat 423 

lenses, while CO2 and N2 were present in both sites due to SOM oxidation, excess air and 424 

denitrification processes. N2 was the main dissolved gas at both sites in term of partial pressure, thus 425 

small N2 changes in concentration could largely affect the ebullition process from groundwater. 426 

Seasonal monitoring was a key issue since the water table drawdown combined with pH changes 427 

and increased temperature during summer triggered gas ebullition even in the freshwater paleo-river 428 

environment. The above-mentioned behaviour could hamper the calculation of N2 excess also in 429 

sites where methanogenic conditions are not relevant. Besides, groundwater temperature 430 

fluctuations induced large biases in the calculated N2 excess assuming a constant recharge 431 

temperature. This was found to be relevant even in the freshwater paleo-river environment, 432 

relatively unaffected by ebullition processes during winter, when recharge increases the hydrostatic 433 

pressure which in turn becomes higher than the total gas pressure. For these reasons, N2 excess 434 

estimates were judged unreliable in both the investigated lowland environments using published 435 

approaches, while a modified method which accounts for the measured groundwater temperature 436 

was able to provide reliable estimates of N2 excess at least for non-methanogenic environments. 437 

This study indicates that NO3
- losses via denitrification estimated by N2 excess may be significantly 438 

biased in shallow aquifers pertaining to lowland agricultural areas, since gas ebullition is the rule 439 
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rather than the exception in these environments. Future studies should be more focused to resolve 440 

the spatial and temporal variability of denitrification processes in lowland shallow aquifers 441 

agricultural by using a combination of the available electron donors, acceptors, reaction products 442 

and possibly stable isotopes. 443 
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