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Abstract
This work aims to (1) identify the most conductive conditions for the generation of greenhouses gases (GHGs) in groundwater (e.g., hydrogeological contexts and geochemical processes) and (2) evaluate the indirect emissions of GHGs from groundwater at a regional scale in Wallonia (Belgium). To this end, nitrous oxide (N2O), methane (CH4) and carbon dioxide (CO2) concentrations and the stable isotopes of nitrate (NO3−) and sulphate were monitored in 12 aquifers of the Walloon Region (Belgium). The concentrations of GHGs range from 0.05 µg/L to 1631.2 µg/L for N2O, 0 µg/L to 17.1 µg/L for CH4, and 1769 to 100,514 ppm for the partial pressure of CO2 (pCO2). The highest average concentrations of N2O and pCO2 are found in a chalky aquifer. The coupled use of statistical techniques and stable isotopes is a useful approach to identify the geochemical conditions that control the occurrence of GHGs in the aquifers of the Walloon Region. The accumulation of N2O is most likely due to nitrification (high concentrations of dissolved oxygen and NO3− and null concentrations of ammonium) and, to a lesser extent, initial denitrification in a few sampling locations (medium concentrations of dissolved oxygen and NO3−). The oxic character found in groundwater is not prone to the accumulation of CH4 in Walloon aquifers. Nevertheless, groundwater is oversaturated with GHGs with respect to atmospheric equilibrium (especially for N2O and pCO2); the fluxes of N2O (0.32 kg N2O-N Ha-1 y-1) and CO2 (27 kg CO2 Ha-1 y-1) from groundwater are much lower than the direct emissions of N2O from agricultural soils and fossil-fuel-related CO2 emissions. Thus, indirect GHG emissions from the aquifers of the Walloon Region are likely to be a minor contributor to atmospheric GHG emissions, but their quantification would help to better constrain the nitrogen and carbon budgets.
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1. Introduction


Greenhouse gases (GHGs) are needed for life because they contribute to the maintenance of heat in the atmosphere (e.g., the greenhouse effect). However, their concentrations in the atmosphere have shown large increases since 1750 (e.g., 40% for carbon dioxide (CO2), 150% for methane (CH4) and 20% for nitrous oxide (N2O)) (Hartmann et al., 2013), leading to undesirable effects such as global warming (IPCC, 2014). Among these GHGs, N2O is currently also a major anthropogenic ozone-depleting substance (Ravishankara et al., 2009). Groundwater has been recently recognised as a potential indirect source of GHGs to the atmosphere because the dissolved concentrations of CO2, CH4 and N2O in aquifers are generally oversaturated with respect to the atmosphere (Bell et al., 2017; McAleer et al., 2017; Macpherson, 2009). 
Dissolved GHGs are emitted through groundwater discharges to surface water bodies (e.g., streams, rivers, lakes and wetlands), transferring nitrogen (N) and carbon (C) from terrestrial ecosystems to the atmosphere (e.g., Jahangir et al., 2012). Recently, groundwater has been recognised as an important source of CO2 in riverine systems, especially in small streams and headwaters (Johnson et al., 2008; Hotchkiss et al., 2015). In addition, Anderson et al. (2014) concluded that more than 20% of total N loss in a riparian area was due to N2O emissions from shallow groundwater via denitrification in an agricultural landscape. However, understanding the role of groundwater as an indirect source of GHGs is not an easy task because their dynamics in groundwater are complex, as GHGs are simultaneously consumed and produced by several processes in aquifers (Minamikawa et al., 2010). For instance, N2O is consumed and/or produced by two microbial mediated processes: a by-product of nitrification and an intermediate product of denitrification. Additionally, N2O production yields from these processes are highly variable as a function of the dissolved oxygen (DO) content (Knowles, 2000). Similarly, CO2 is also produced and consumed by several processes in groundwater, such as plant root respiration, oxidation of organic matter and carbonate rock dissolution and/or precipitation (Macpherson, 2009). On the other hand, GHGs are transported in groundwater via diffusive, dispersive and convective fluxes (Schutte et al., 2015; Vilain et al., 2012) and therefore are not necessarily produced or consumed at the sampling location.
Several studies have investigated the occurrence, dynamics and emissions of GHGs in groundwater. Regarding N2O, research efforts have been mainly devoted to analysing the impact of different environmental factors on the transport, production and consumption of N2O, mainly in aquifers impacted by agricultural activities (e.g., Jahangir et al., 2013; McAleer et al., 2017; von der Heide et al., 2009) but also in those impacted by wastewater contamination plumes (Li et al., 2014; Smith and Yoshinari, 2008). For instance, Jahangir et al. (2013) concluded that the dynamics of N2O in Irish agricultural landscapes were driven by the geochemical conditions and hydrologic characteristics (e.g., aquifer permeability and aquifer recharge) rather than by biological factors. Some studies provided catchment-scale estimates of indirect groundwater emissions of N2O in different watersheds using hydrogeological data and upscaling the N2O in groundwater (e.g., Hiscock et al., 2003; Jahangir et al., 2013; McMahon et al., 2000; Vilain et al., 2012). Moreover, CO2 and CH4 are also emitted via indirect pathways (Minamikawa et al., 2010). Recent studies found high CH4 concentrations in groundwater, such as 4720 µg/L in the main supply aquifers of Great Britain (Bell et al., 2017) and higher than 45,000 µg/L in water wells located in the Appalachian basin (USA) (Molofsky et al., 2016), suggesting that dissolved CH4 can be a significant source of emission to the atmosphere. Some authors have stated that CO2 and CH4 fluxes from groundwater should be further investigated and incorporated into regional C budgets (Crawford et al., 2013; Oviedo-Vargas et al., 2015). 
To date, the studies that have simultaneously investigated the occurrence of N2O, CH4 and CO2 in groundwater at a catchment scale are scarce (e.g., Jahangir et al., 2012; Laini et al., 2011). In addition, the quantification of dissolved GHGs in groundwater is the first step to understand their dynamics and to better constrain GHG budgets. The objective of this paper is to investigate the occurrence of GHGs from groundwater at a regional scale to: (1) assess the hydrogeological contexts and geochemical processes that are most conductive for the generation of GHGs and (2) evaluate the indirect emissions of GHGs from groundwater. To this end, GHGs, major and minor ions and stable isotopes were sampled in the aquifers of the Walloon Region (Belgium). 

2. Materials and methods

2.1 Study area

The Walloon Region is located in the southern part of Belgium (northwest Europe) and has an extension of 16,844 km2 (Fig. 1, cross-hatching area). Approximately half of the territory is covered by agricultural areas (52.1%), 29.4% by forests, 15.4% by urban areas and the remaining 3.1% by non-urbanised areas such as surface waters, wetlands and semi-natural environments (ICEW, 2014). This region has an oceanic climate; the mean annual rainfall is 850 mm per year, and the mean temperature is 10 ºC.


There are many aquifers in the Walloon Region that can be classified by their geological age (Fig. 1): (1) The Palaeozoic schistose-sandstone formations include the Devonian schistose-sandstones of the Ardennes, the Dinant synclinorium, the Namur synclinorium, the Vesdre basin and the Cambro-Silurian basement that outcrops on the Ardennes and the Brabant massif (grey). In terms of production, the schistose-sandstone formation of the Ardennes (phyllite, shale, sandstone and quartzite) has a relatively low permeability, but local captive aquifers are located in the fractured sandstone and quartzite horizons. The Dinant synclinorium contains the Famennian sandstones that constitute an important fractured aquifer. (2) The Palaeozoic limestones include the Carboniferous and Devonian limestones of the Namur and of the Dinant synclinoriums and of the Vesdre massif (blue). These limestones are made up of fractured and karstified carbonate rocks (limestones and/or dolomites) that contain networks of channels and cavities of large dimensions. (3) The Jurassic and Triassic formations are located in the south of the region (pink). Alternations of permeable (limestone and sandstone sands) and impermeable layers (marls or schistose sands) resulted in several independent superposed aquifer layers. The most important aquifers lay in sands and sandstones (e.g., Luxembourg and Mortinsart formations), and they are the only source of drinking water for the settlements in the south of the Walloon Region. (4) The Cretaceous chalks are in the Mons, Brabant, Hesbaye and Pays de Herve regions (green). These formations are characterised to have a double porosity (i.e., the porosity of the rock matrix and the porosity of the fractures). (5) The Tertiary sands of the Yperian-Thanetian, the Brusselian and the Landenian (yellow). The most productive formation is the Brusselian sands, which consist of unconsolidated rocks (quartz sand, limestone concretions and calcareous sands and sandstones). (6) The Quaternary gravels of the Meuse River and its tributaries are also important in terms of groundwater resources (orange).


All these aquifers are valuable water resources because the mean annual groundwater abstraction represents 3.7 × 108 m3, where 78.1% is used for water supply purposes in the Walloon Region (SPW-DGO3, 2016). The most productive aquifers in terms of groundwater abstraction are the limestone aquifers of the Namur and Dinant basins and the chalk aquifer of the Mons basin (Table 1). However, other less productive aquifer formations (e.g., Jurassic formation and the schistose-sandstone formation of the Ardennes) are also important local groundwater resources for local settlements or more isolated regions (e.g., Ardennes) (Orban et al., 2006).
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Figure 1. Location and main aquifers of the Walloon Region (Belgium). NL=Netherlands, LU=Luxemburg, DE=Germany, FR=France.
2.2 Groundwater sampling 
A total of 111 groundwater samples were collected for the analysis of the GHGs, major and minor ions, metals and stable isotopes in three different sampling periods from September 2014 to June 2016 (autumn 2014, spring-summer 2015 and spring 2016). These sampling points were distributed throughout 12 aquifers of the Walloon Region, with samples collected from wells (n=79), piezometers (n=2), springs (n=27) and galleries (n=3) located mainly in agricultural landscapes (80%). The groundwater samples from wells and piezometers were collected after purging three well volumes or after stabilisation of the field parameters. The physico-chemical parameters measured in situ inside a closed flow cell were pH, electrical conductivity (EC, μS/cm), temperature (°C) and DO (mg/L). The samples were stored in a field refrigerator and taken to the laboratory at the end of the sampling day. 
Groundwater samples for general chemistry were collected in polypropylene bottles of 180 mL for major and minor ions and 125 mL for metals (iron (Fe) and manganese (Mn)). Metal samples were filtered through a 0.45 μm polyethersulphone and microquartz fibre filter and acidified with 1 mL of 12 N HCl for sample preservation. Stable isotope samples were collected in a high-density polyethylene bottle of 500 mL for the sulphate (SO42−) isotopes and in a polypropylene bottle of 60 mL for the nitrate (NO3−) isotopes. The latter were filtered through a 0.22 μm nylon filter. Stable isotope samples were only collected in spring 2016 (n=61). Some precautions were taken when collecting the GHG samples. To obtain an accurate concentration measurement, groundwater samples were collected through tubing avoiding any contact with the air so that no gas could exchange with the atmosphere. Four 60 mL polypropylene syringes for measurements of pCO2 were filled from each sampling point. Samples for the analysis of N2O and CH4 were collected using 50 mL borosilicate serum bottles that were poisoned with a saturated solution of HgCl2 (200 µL).

2.3 Analytical methods
Groundwater samples analyses for major and minor ions and metals were performed at the Hydrogeology Laboratory of the University of Liège (Belgium). Major ions (Na+, Mg2+, K+, Cl−, SO42− and NO3−) and minor (NO2− and NH4+) ions were analysed by ion chromatography via a specific ion exchange resin and a conductivity detector. Calcium concentrations and alkalinity were obtained by potentiometric titration in the laboratory. Fe and Mn concentrations were obtained by atomic absorption spectrometry. The concentration of GHGs in groundwater samples were measured at the laboratory of the Chemical Oceanography Unit of the University of Liège. The pCO2 was measured in the field using an infrared gas analyser (Li-Cor Li-840) a few minutes after sampling with a headspace equilibration technique (Abril et al., 2015) by creating a headspace with ambient air in the polypropylene syringes (1:1 ratio of air and water). The Li-840 was calibrated with a suite of CO2:N2 mixtures (Air Liquide Belgium) with mixing ratios of 388, 813, 3788, 8300 and 19,150 ppm CO2. The concentrations of N2O and CH4 were determined with the headspace equilibration technique (25 mL of N2 headspace in 50 mL serum bottles) and measured by gas chromatography (GC) fitted with electron capture detection (ECD, SRI 8610C) for N2O and flame ionization detection (FID) for CH4 (Weiss, 1981). The SRI 8610C GC-ECD-FID was calibrated with certified CH4:CO2:N2O:N2 mixtures (Air Liquide Belgium) of 0.2, 2 and 6 ppm N2O and of 1, 10 and 30 ppm CH4 (Borges et al., 2015). The reproducibility of the measurements was ±3.2%, ±3.9% and ±2.0% for N2O, CH4 and pCO2, respectively. The stable isotope analyses were performed at the Helmholtz Centre for Environmental Research (Department of Catchment Hydrology, Halle, Germany). Nitrogen (δ15NNO3) and oxygen (δ18ONO3) isotope analyses of NO3− were determined by a mass DELTA V plus spectrometer plus a GasBench II from Thermo using a denitrifier method that converts all sampled NO3−to N2O (Sigman et al., 2001; Casciotti et al., 2002). Concerning the analyses of the isotopes of SO42− (δ34SSO4 and δ18OSO4), the first step was to precipitate the dissolved SO42− in groundwater samples to BaSO4 by adding 0.5 M BaCl2. Afterwards, the δ34SSO4 compositions were measured after conversion of BaSO4 to SO2 using an elemental analyser (continuous flow flash combustion technique) coupled with an isotope ratio mass spectrometer (delta S, ThermoFinnigan, Bremen, Germany). The analysis of δ18OSO4 on BaSO4 was carried out by high temperature pyrolysis at 1450 °C in a TC/EA connected to a delta plus XL mass spectrometer (ThermoFinnigan, Bremen, Germany). The notation was expressed in terms of the delta (δ) per mil relative to the international standards for all the stable isotopes (V-SMOW for δ18O of NO3−, AIR-N2 for δ15N of NO3−, V-CDT for δ34S of SO42− and V-PDB for δ18O of SO42−). The reproducibility of the samples was ±0.4‰ for δ15N and ±1.6‰ for δ18O of NO3− and ±0.3‰ for δ34S and ±0.5‰ for δ18O of SO42−. The isotope results represent the mean value of the true double measurements of each sample.
2.4 Self-organising maps
Self-organising maps (SOMs) were used to identify the geochemical processes that can control the occurrence of GHGs in the Walloon aquifers. The SOM is a non-linear multivariate statistical method useful for visualising multidimensional data (Kohonen, 2001). This method allows the transformation of high-dimensional data to low-dimensional data and preserves the main characteristics of the input data (Simula et al., 1999). The results generated by the SOM algorithm are a two-dimensional regularly arranged map in proportion to the degree of similarity (Jin et al., 2011) represented through the matrix (m × n). Two types of maps are used to visualise the final results composed by SOMs: the unified distance matrix (U-matrix) and individual component planes (Vesanto et al., 1999). The U-matrix is useful to group groundwater data with similar compositions as well as to identify possible outliers (samples with a distant chemical composition). The component planes are equal to the number of variables, and they show the concentrations of each variable on two-dimensional matrices. By a visual comparison of those maps, variables with similar distributions can be detected, which helps in visually finding correlations between variables (Peeters et al., 2007). Thus, this method is an effective tool to visualise and explore data properties as it allows separating the data set into clusters of similar geochemical characteristics (Nguyen et al., 2015).

2.5 Indirect greenhouse gas emissions from groundwater


Indirect N2O emissions from groundwater were evaluated in aquifers located below agricultural lands using the Intergovernmental Panel on Climate Change (IPCC) methodology. This method computes the indirect N2O emissions resulting from N leaching in agricultural area called EF5 (IPCC, 2006). EF5 is divided into three subcategories:

EF5= EF5g (0.0025) + EF5r (0.0025) + EF5e (0.0025) = 0.0075 kg N2O-N kg-1 of N leach
   (1)

where EF5g, EF5r and EF5e are the emission factors for groundwater, rivers and estuarine coastal areas, respectively. EF5g is defined as the mass ratio of dissolved N2O-N and NO3−-N in groundwater, and the default value of N leach is 0.3 (i.e., 30% of fertiliser and manure N applied to soils in agricultural areas). As a result, indirect N2O emissions from groundwater in agricultural areas (EN2O GW-A) can be evaluated as:
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Similarly, indirect N2O emissions due to groundwater abstraction (EN2OGW-P) were evaluated using hydrogeological data (i.e., average pumping records), and the N2O concentrations measured in the aquifers of the Walloon Region as follows:
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where Qabs is the average groundwater abstraction rate (Table 1), cN2Oobs is the concentration measured at the sampling points and cN2Oeq is the N2O air-equilibrated water concentration.

These estimates (Eq. (2) and Eq. (3)) were useful to obtain an idea of the magnitude of N2O emissions from groundwater but present some limitations because it is assumed that all the N2O measured in the groundwater is directly released into the atmosphere. However, N2O can be simultaneously produced and consumed by geochemical processes such as denitrification and nitrification (Jurado et al., 2017 and references therein). 

Finally, the indirect CO2 emissions due to groundwater abstraction (ECO2GW-P, Eq. (4)) were evaluated using hydrogeological data (i.e., average pumping rate records) and the geochemical program PHREEQC (Parkhurst and Appelo, 2013). PHREEQC was used to calculate the amount of CO2 released to the atmosphere (cCO2 expressed as mol/L) when the oversaturated groundwater was aerated and reached equilibrium with an atmospheric partial pressure of CO2 (pCO2eq). The chemical composition of each groundwater sample was introduced in PHREEQC, which computed the complete geochemical speciation. Afterwards, equilibrium with atmospheric pCO2eq (10-3.5 or 350 ppm) was imposed and calcite precipitation was allowed because the aeration of groundwater may lead to the precipitation of carbonates.
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3. Results and discussion

3.1 Hydrochemistry of the aquifers of the Walloon Region
3.1.1 General hydrochemistry 
The hydrochemical conditions of the aquifers of the Walloon Region are described using the in situ parameters measured in the field (Table 1) and major ions (Fig. A and Table A of the Supplementary Material). Table 1 summarises the average ranges of pH, DO, EC and temperature in each aquifer of the Walloon Region. Average pH values range from 7 (the primary limestones of the Vesdre massif aquifer) to 7.6 (the Devonian schistose-sandstone massif of the Dinant basin). The average temperatures vary from 10.7 °C to 13.2 °C. EC and DO present a broader range of values. The less mineralised aquifers (low EC) are the Devonian schistose-sandstone of the Ardennes massif followed by the primary limestone of the Vesdre massif, both with EC values lower than 500 µS/cm. Conversely, the chalk aquifers of Mons and Hesbaye present EC values of approximately 850 µS/cm. Finally, the average DO concentrations range from suboxic (Meuse gravels, 1.1 mg/L) to oxic environments (Cretaceous chalks of Mons, 8.8 mg/L), but most of the DO concentrations range from 4 mg/L to 6.5 mg/L. 

The average major ion concentrations analysed in the aquifers of the Walloon Region are summarised in Table A of the Supplementary Material. The major ion composition shows that most of the groundwater samples collected in the aquifers of the Walloon Region are of HCO3-Ca type (see Piper diagram, Fig. A of the Supplementary Material) (Simler, 2009), and only few samples display different chemical compositions. For example, one sample of the Devonian schistose-sandstone of the Ardennes massif presents a Cl-SO4-Ca-Mg composition. In addition, one sample from the chalk aquifer of the Mons basin has a high concentration of potassium. Note that the average concentrations of the major ions do not exceed the limits set by the World Health Organization (WHO) for drinking water guidelines (WHO, 2008). 
	
	
	Concentration of GHGs
	In situ parameters
	Groundwater abstraction        (Qabs, million m3/y)

	
	
	
	
	

	Aquifer formation
	Aquifer ID
	N2O (µg/L)
	CH4 (µg/L)
	pCO2 (ppm)
	pH
	DO (mg/L)
	EC (µs/cm)
	T (oC)
	

	Devonian schisto-sandstone massifs
	Aq01. Ardennes Massif
	20.2
	0.18
	27,726
	7.1
	4.2
	430.2
	11.3
	10.6

	
	Aq02. Dinant Basin
	27.7
	1.3
	17,051
	7.6
	5.4
	564.1
	11.8
	9.7

	Primary limestone
	Aq03. Namur Basin
	3.1
	3.5
	20,238
	7.2
	3.4
	758.3
	13.2
	99.3

	
	Aq04. Dev. Dinant Basin
	95.9
	0.08
	16,103
	7.2
	5.2
	635.3
	10.8
	6.7

	
	Aq05. Carb. Dinant Basin
	46.1
	0.24
	21,419
	7.2
	6.6
	714.3
	11.2
	78.5

	
	Aq06. Vesdre Massif
	23.8
	1.1
	6843
	7.0
	4.1
	498.0
	11.1
	2.3

	Jurassic Formations
	Aq07. Formations Sud-Luxembourg
	7.9
	1.8
	10,743
	7.5
	3.8
	547.3
	10.7
	12.6

	Cretaceous Chalks
	Aq08. Chalks of Mons
	458.3
	0.37
	34,832
	7.1
	8.8
	844.8
	12.8
	50.9

	
	Aq09. Chalks of Hesbaye
	30.3
	0.16
	24,312
	7.2
	6.5
	856.6
	12.8
	23.6

	
	Aq10. Chalks Pays de Herve
	32.5
	0.15
	22,737
	7.2
	6.4
	685.5
	11.8
	0.2

	Tertiary Sands
	Aq11. Bruxellian and Landenian Sands
	20.3
	2.9
	33,770
	7.1
	5.4
	758.4
	11.8
	23.8

	Quaternary Deposits
	Aq12. Meuse gravels
	1.2
	0.06
	na
	7.3
	1.1
	754.7
	10.7
	22.8


Table 1. Average concentration of GHGs, average in situ parameters (pH, DO, EC and T) and average groundwater abstraction (period of 2006-2014) in the aquifers of the Walloon Region. Data from the groundwater abstraction are from the Public Service of Wallonia (SPW-DGO3, 2016). na= non analysed
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Figure 2. Box-plot of dissolved GHG concentrations in the aquifers of the Walloon Region. Possible outliers (black dotes) are 25th and 75th percentile times +/− 1.5 the interquartile range (IQR). 
3.1.2 Occurrence of greenhouse gases

Figure 2 is a box-plot of the N2O, CH4 and pCO2 concentrations in the aquifers of the Walloon Region (note the log scale on the y-axis and the possible outliers displayed as black dots for each GHG). The dissolved N2O concentrations range from 0.05 to 1631.2 µg/L (average 55.8 µg/L and median 18.2 µg/L, see Fig. B of the Supplementary Material), the dissolved CH4 concentrations ranged from 0 to 17.1 µg/L (average 0.9 µg/L and median 0.12 µg/L, see Fig. B of the Supplementary Material) and the pCO2 concentrations ranged from 1768.9 to 100,514 ppm (average 20,003 ppm and median 18,733 ppm, see Fig. B of the Supplementary Material). Figure B (Supplementary Material) shows the cumulative distribution function plots for the concentrations of GHGs. Most groundwater samples are oversaturated with respect to the concentrations of the GHGs in the atmosphere (0.51 µg/L for N2O, 0.057 µg/L for CH4 and 350 ppm for CO2). 
The spatial distributions of N2O, CH4 and pCO2 concentrations in the aquifers of the Walloon Region are displayed in Figure 3 (note that the three ranges of concentrations are displayed by different colours). Dissolved N2O is frequently detected at concentrations below 150 µg/L (i.e., 94% of the samples). The highest concentrations of this GHG are detected in the Cretaceous chalk aquifer of Mons (maximum concentration: 1,631.2 µg/L), in the Hesbaye chalk aquifer (maximum concentration: 248.1 µg/L) and in the Carboniferous and Devonian limestones of the Dinant basin (maximum concentrations: 242.1 µg/L and 228.5 µg/L, respectively) (red dots, Fig. 3). The average concentrations of N2O vary from 1.2 µg/L (Meuse gravels aquifer) to 458.3 µg/L (Cretaceous chalk aquifer of Mons) and most of the aquifers have average concentrations that range from 20 µg/L to 30 µg/L. CH4 dissolved concentrations are detected at low concentrations, with only 5 sampling points showing concentrations higher than 8 µg/L (red dots, Fig. 3), and the average concentrations range from 0.06 µg/L (Meuse gravels aquifer) to 3.5 µg/L (Carboniferous and Devonian limestones of the Namur basin) in the aquifers of the Walloon Region (Table 1). Approximately 90% of the pCO2 concentrations yield values below 40,000 ppm, while 29% have values below 15,000 ppm. Values of pCO2 above 40,000 ppm are found in the Cretaceous chalk aquifers of Mons and Hesbaye, the Carboniferous limestone and the schistose-sandstone massifs of the Dinant basin and the Tertiary sands. The average pCO2 values usually range from 20,000 ppm to 30,000 ppm.
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Figure 3. Spatial distributions of the concentrations of N2O, CH4 and pCO2 in the main aquifers of the Walloon Region.

3.1.3 Stable isotopes

Figure 4 shows δ15NNO3 – δ18ONO3 and δ34SSO4 – δ18OSO4 compositions for the groundwater samples of the aquifers of the Walloon Region and boxes representing the isotopic compositions of NO3− and SO42− sources (Kendall, 1998, Mayer, 2005). The isotopic compositions of groundwater samples for δ15NNO3 range from −3.5‰ to +16.2‰ and the δ18ONO3 range from −2.5‰ to +14.5‰. Most groundwater samples are in agreement with the isotopic values of organic N from soil and from manure or sewage water, and a few of them also fell in the ammonium (NH4+) fertiliser box (Fig. 4a). 
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Figure 4. (a) δ15N versus δ18O values of nitrate for groundwater samples. The isotopic composition for the nitrate sources are taken from Kendall (1998) and Mayer (2005). (b) δ34S versus δ18O values of sulphate for groundwater samples. The isotopic composition for the sulphate sources are taken from Mayer (2005). 
Regarding dissolved SO42− isotope values, δ34SSO4 presents a wide array of values ranging from −23.4‰ to +5.7‰ and δ18OSO4 ranges from −0.4‰ to +8.1‰. Figure 4b shows that several sulphate sources, including atmospheric deposition, chemical fertilisers and mineralisation, could influence sulphates in the aquifers of Wallonia. In addition, some negative isotopic values of δ34SSO4 indicate that the oxidation of sulphide minerals can be a potential SO42− source. This finding suggests that the occurrence of denitrification at some sampling points can be coupled with pyrite oxidation (i.e., autotrophic denitrification). 
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Figure 5. (a) Classification of groundwater samples in three clusters and (b) the matrix of components, both resulting from the SOM methodology.
3.2 Fate of greenhouse gases in the aquifers of the Walloon Region

The fate of GHGs is strongly dependent on the geochemical conditions (e.g., supply of electron donors and acceptors and redox conditions) because they control their production/consumption in groundwater. For instance, DO is a good indicator for insight into which processes affect N2O and CH4 because nitrification occurs under aerobic conditions, while denitrification and methanogenesis need anaerobic conditions (Rivett et al., 2008; Stenstrom and Poduska, 1980). However, high N2O concentrations (ranging from 200 to 250 µg/L) are observed in some sampling points where DO concentrations can be suitable for the occurrence of both processes (from 1.8 mg/L to 4.8 mg/L). Thus, the SOM methodology coupled with stable isotopes are applied to shed light on the geochemical conditions that control the occurrence of these GHGs in the aquifers of the Walloon Region. 
3.2.1 Self-organising map analysis

The SOM technique is applied considering the tracers N2O, CH4, DO, NO3− and Fe. The pCO2 is not taken into account in the SOM approach because we do not have sufficient data (e.g., 13C of inorganic carbon and/or organic carbon) to infer the processes that might affect pCO2 in groundwater (e.g., redox processes, dissolution/precipitation of carbonates, etc.) 

Figure 5 shows the results from the SOM analysis that considers three different clusters (I, II, III) with a similar chemical composition and the matrix of components. The latter allows establishing a visual correlation among the variables. Note that low concentrations are associated with the blue colour whilst high ones are represented in a red colour (Fig. 5b). A clear correlation is found between Fe and CH4 and these two tracers are negatively correlated with the DO. This finding provides an idea of the redox state of the aquifer (i.e., high concentrations of Fe and CH4 and low or null levels of DO reflect a reducing groundwater environment). Patterns among N2O, DO and NO3− are complex because high concentrations of N2O are found at high and low levels of DO and NO3−. These different patterns can be explained from SOM cluster analysis (Fig. 5a). Cluster I (in green) consists of approximately 31% of the sampling points and it represents groundwater samples with the highest average concentrations of Fe and CH4 and the lowest average concentrations of N2O and NO3−. In addition, most of the points present low DO concentrations with semi-oxic and anoxic concentrations. This group represents less favourable conditions for the accumulation of N2O in groundwater. The sampling points with low DO concentrations (<1.65 mg/L) present low levels of N2O (on average <6 µg/L), suggesting that denitrification could be the main process that removes N2O. In such conditions, some early methanogenesis could occur, leading to the accumulation of CH4 in groundwater. There are few sampling points that present high DO concentrations (from 5.5 mg/L to 8.9 mg/L) but relatively low levels of both NO3− (approximately 9.4 mg/L) and N2O (9.2 µg/L). Concerning Cluster II (blue), it comprises 44% of the sampling points. This cluster presents the highest concentrations of DO (8.3 mg/L), high concentrations of NO3− (40 mg/L) and low concentrations of Fe and CH4. It is important to notice that the average concentration of N2O decreases from 83 µg/L to 28 µg/L, excluding the two sampling points where the highest concentration of N2O are found (Fig. 3; chalk aquifer of Mons). This cluster might indicate that nitrification in the oxygenated zone of the soil is the principal process that produces N2O. Finally, Cluster III (red) represents the remaining 25% of the sampling points. The groundwater samples present moderate average oxygen concentrations (4.30 mg/L), high average concentrations of NO3− and N2O (42.3 mg/L and 71.4 µg/L, respectively) and low Fe and CH4 concentrations. Most of the groundwater samples displayed oxygen concentrations (3-6 mg/L of DO) that are favourable to nitrification and incomplete denitrification (i.e., N2O is not further reduced to N2). The difference between these sampling points and those from the Cluster I with similar DO concentrations is the concentrations of NO3−, which are much higher in groundwater samples of Cluster III (12 mg/L vs. 42.3 mg/L). In fact, most of the points from Cluster I with such a geochemical composition are springs with low N2O concentrations. This result might indicate that the recharging area would be located far from the springs and thus N2O and NO3− might be partially depleted due long groundwater residence times or that the recharging water sources have a low content of NO3−.
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Figure 6. (a) δ15N versus δ18O values of nitrate including the three clusters obtained by SOMs and typical enrichment ratios of εN/εO from 1.3 (Fukada et al., 2003) to 2.1 (Böttcher et al., 1990) from the denitrification process. Note that the black crosses represent observation points where denitrification could have occurred (n=12). (b) δ15N of nitrate versus δ34S of sulphate for sampling points where denitrification might have taken place. The dashed red line represents the upper threshold of the δ18O (+3‰) of sulphate that might indicate the occurrence of sulphur oxidation (Mayer, 2005).
3.2.2 Stable isotopes coupled with self-organising map analysis
Stable isotope signatures of NO3− and of SO42− are also used to identify the geochemical processes that might affect N2O in groundwater. Figure 6a shows the δ15N versus δ18O values of NO3− including the three clusters obtained by SOMs and typical enrichment ratios for denitrification processes. It is important to mention that this figure only includes the sampling points collected in 2016 (n=61). Most of the groundwater samples fall in the box of soil N, suggesting that nitrification is the main process that contributes to N2O production (high concentrations of DO and NO3− and null concentrations of NH4+). Some studies carried out in other aquifers have also concluded that nitrification was the main source of N2O. For example, the positive relationship found between dissolved N2O and NO3− suggested that nitrification that occurred in the oxygenated unsaturated zone was the mechanism of N2O production in the groundwater of the Orgeval catchment (France, Vilain et al., 2012) and in a chalk aquifer of eastern England (UK, Hiscock et al., 2003). Similarly, McMahon et al. (2000) found that N2O was produced primarily by nitrification in the central High Plains aquifer (USA) because of the high concentrations of DO and NO3− and the low concentrations of NH4+ and dissolved organic carbon in groundwater. 
There are few groundwater samples where denitrification could have occurred and they belonged to Clusters I and II from the SOM analysis (black crosses, Fig. 6a). During the denitrification process, as the NO3− concentration progressively decreases, residual NO3− is enriched in the heavy isotopes 15N and 18O with an enrichment ratio of εN/εO that varies from 1.3 (Fukada et al., 2003) to 2.1 (Böttcher et al., 1990). These samples generally have δ15N>10‰ and δ18O>6‰ and a wide range of concentrations for DO (0.2-9 mg/L), NO3− (0.03-48.2 mg/L) and N2O (0.08-60.76 µg/L). Interestingly, in the δ15N of NO3− versus δ34S of SO42− diagram (Fig. 6b), some samples where denitrification might have occurred display low δ34S values. This observation might indicate a link between sulphide oxidation and denitrification (i.e., autotrophic denitrification). Note that only two of these points are displayed because the values of δ15N of NO3− were not analysed due to the low concentrations of NO3− (<0.13 mg/L). The occurrence of autotrophic denitrification is supported by the negative values of δ34SSO4 (from −10.71‰ to −7.41‰), the high SO42− concentrations (>115 mg/L), the low concentrations of NO3− and DO concentrations that range from anoxic (0.2 mg/L) to oxic conditions (8.7 mg/L). Although oxic conditions are not the most favourable conditions for denitrification, there are some field studies that have also described the occurrence of this process at relatively high DO levels as in this study. For example, Otero et al. (2009) reported the occurrence of denitrification in an aquifer impacted by pig farming activities (Osona, Spain) at DO concentrations of 5 mg/L. More recently, the extent of the denitrification processes was evaluated in terms of the reaction progress (RP is the ratio between excess N2+N2O−N over excess N2+N2O−N+NO3−−N+NO2−−N+NH4+−N+organic N in the aquifer) in a sandstone aquifer located in an agricultural catchment in Ireland (McAleer et al., 2017). Some initial denitrification (RP approximately 15-20%) was reported at DO levels that range from 5.1 mg/L to 7.5 mg/L. 


In summary, coupling SOM analysis and the stable isotopes help to shed light on the complex dynamics of N2O in the aquifers of the Walloon Region and allow the identification of the most suitable geochemical conditions for the accumulation of GHGs. The accumulation of N2O in the aquifers of the Walloon region is more likely to be produced by nitrification and to lesser extent by denitrification. The most suitable conditions for the accumulation of N2O are the presence of DO (>4 mg/L) and NO3−. The aquifers more prone to the accumulation of N2O are the chalks of Mons where N2O could come from nitrification that occurred in the unsaturated zone. Significant levels of N2O are also found in the Devonian and Carboniferous limestones of the Dinant basin where N2O could be produced either by nitrification and denitrification. For the latter aquifers, nitrification of NH4+ produced NO3− that would be leached to the aquifer, and afterwards, part of the resulting NO3− could be affected by denitrification but it would not have been completed because of the presence of DO and N2O. For instance, there are some sampling points in the Carboniferous limestone where initial denitrification could have occurred. This finding is supported by the presence of DO and NO3− and the isotopic values of NO3− (δ18O= 8.6‰ and δ15N=13.1‰). In contrast, there are some aquifers where N2O does not accumulate. This is the case for the limestone aquifer of the Namur basin, the Jurassic formations and the Meuse gravels aquifer. Such aquifers have low concentrations of N2O (<10 µg/L), NO3− (<18.5 mg/L) and DO levels from semi-oxic (approximately 3.5 mg/L for the limestone of Namur and the Jurassic formations) to almost anoxic (1.1 mg/L in the Meuse gravels). Concerning CH4, very low concentrations are found in all the aquifers of the Walloon Region. The highest concentrations are found in reducing groundwater conditions evidenced by the low DO (<1.4 mg/L), NO3− (<0.06 mg/L) and N2O (0.16 µg/L) concentrations. In a parallel study of CO2, CH4 and N2O concentrations in the surface waters of the Meuse basin, higher CH4 concentrations were observed, suggesting that groundwater did not significantly contribute to riverine CH4, although it might have stronger contribution for CO2 and N2O (Borges et al., 2018).
3.3 Evaluation of greenhouse gas emissions from groundwater

Indirect GHG emissions from groundwater occur via indirect discharge to surface water bodies or through pumping. Aquifers located below agricultural lands cover more than half of the Wallonia area, and the significance of groundwater N2O emissions were evaluated using the IPCC approach. Emissions from groundwater are considered a part of indirect emissions from N used in agriculture (Eq. (1) and Eq. (2)). This methodology considers that 30% of the N applied to agricultural land is leached. Then, for an annual application rate of 200 kg N Ha-1 in Wallonia (ICEW, 2014), 60 kg N Ha-1 would reach the aquifer. For the estimation of the EF5g coefficient, we only used N2O concentrations from sampling points located in agricultural areas (n=88). An average mass ratio of N2O-N/NO3-N of 0.0053±0.012 (median 0.002) is obtained for aquifers located below agricultural areas. The EF5g coefficient evaluated in this study is in the range of other EF5g values found in aquifers impacted by agricultural activities (Table 2) and two times higher than the current value of 0.0025 given by IPCC (IPCC, 2006). The resulting N2O emissions from groundwater in agricultural areas are 0.32 kg N2O-N Ha-1 y-1. This flux is one order of magnitude higher than the amount of N2O released to the atmosphere through abstraction wells. The latter indirect N2O emissions were evaluated using Eq. (3). Assuming that all N2O in the groundwater is released to the atmosphere, the estimated flux of N2O emerging from the abstraction wells is 1.9 × 104 kg N2O-N y-1, which is equal to 1.1 × 10-2 kg N2O-N Ha-1 y-1, for an area of 16,844 km2. The aquifers that most contribute to this flux are the chalks of Mons (1.48 × 104 kg N2O-N y-1) followed by the Carboniferous limestone of Dinant (2.27 × 103 kg N2O-N y-1), the Hesbaye chalk aquifer (4.47 × 102 kg N2O-N y-1) and the Devonian limestone of Dinant (4.1 × 102 kg N2O-N y-1). The remaining aquifers represent less than 2% of the total N2O flux. Similarly, CH4 emissions from groundwater abstraction were evaluated as N2O emissions (Eq. (3)) and result in 3 × 10-4 kg CH4 Ha-1 y-1.  
The indirect fluxes of N2O evaluated in the aquifers of the Walloon Region are similar to other N2O fluxes reported at regional scales. Regarding groundwater N2O emissions from aquifers beneath agricultural areas, Hiscock et al. (2003) evaluated the flux of N2O using hydrogeological data and the IPCC methodology resulting in 0.07 kg N2O-N Ha-1 y-1 and 0.04 kg N2O-N Ha-1 y-1 in a chalk aquifer of UK, respectively. Similarly, indirect N2O fluxes from groundwater were evaluated in the Orgeval catchment (France) and in four aquifers in Ireland (Jahangir et al., 2012), resulting in 0.035 kg N2O-N Ha-1 y-1 and from 0.01 kg N2O-N Ha-1 y-1 to 0.34 kg N2O-N Ha-1 y-1, respectively. For groundwater N2O emissions from abstraction wells, McMahon et al. (2000) calculated an average N2O emission rate of 0.005 kg N2O-N Ha-1 y-1 from groundwater pumping in the central High Plains aquifer (USA). A somewhat high contribution was reported at the Fuhrberger Feld aquifer (northern Germany), resulting in 0.17 kg N2O-N Ha-1 y-1 (von der Heide et al., 2009). The authors considered that all N2O was emitted into the atmosphere during the groundwater extraction process.
	EF5g
	Reference

	Range
	Mean
	 

	0.0002-0.04
	-
	Deurer et al., 2008

	0-0.2
	-
	Hinshaw and Dahlgren, 2016

	0.0002-0.0045
	0.0019
	Hiscock et al., 2003

	0.0031-0.06
	0.0044-0.029
	Jahangir et al., 2013

	~0.0015-0.025
	-
	McAleer et al., 2017

	0.00041-0.0026
	-
	Vilain et al., 2012

	0.00002-0.015
	0.00079a
	Well et al., 2005

	0.00005-0.51
	0.0021-0.047
	Weymann et al 2008

	0.00012-0.077
	0.0053
	This study


Table 2. Range and mean emission factor rates (EF5g). EF5g is the ratio between the dissolved concentration of N2O (N2O-N) over NO3− (NO3−-N). a median.
The indirect groundwater N2O fluxes evaluated from aquifers beneath the agricultural areas in the Walloon Region and from well abstraction are much lower (3.3% and 0.11%, respectively) than direct mean annual N2O emissions measured from the agricultural soils of Belgium 8.6 × 106 kg N2O–N y−1 (Roelandt et al., 2007), which is equal to 9.8 kg N2O-N Ha-1 y-1 for an agricultural area of 8,776 km2. Similar ratios were reported in the literature in which groundwater indirect emissions were a minor source of N2O fluxes to the atmosphere because they represented less than 2% of the direct emissions from agricultural soils (e.g., 0.07 over 5.8 kg N2O-N Ha-1 y-1 (Hiscock et al., 2003) and 0.035 over 2.3 kg N2O–N Ha−1 year−1 (Vilain et al., 2012)). 

CO2 emissions from groundwater abstraction were evaluated using Eq. (4) and result in 4.5 × 107 kg CO2 y-1 (or 27 kg CO2 Ha-1 y-1). The aquifers that most contribute to these emissions are the limestones of Namur (30%), followed by the Carboniferous limestones of Dinant (23%) and the chalks of Mons (18%). CO2 emissions from groundwater abstraction are very low compared to the C stored in the forests of the Walloon Region in 2014 (3 × 1011 kg CO2, UNFCCC, 2016). Groundwater has rarely been considered part of the global C cycle (Macpherson, 2009). Estimates of global groundwater production release to the atmosphere varied between 5.1 × 1010 kg CO2 y-1 to 1 × 1011 kg CO2 y-1 (Macpherson, 2009). This range of emissions is further below other anthropogenic sources. According to the IPCC (IPCC, 2014), global fossil-fuel-related CO2 emissions reached 32 Gt CO2 y-1 (or 3.2 × 1013 kg CO2 y-1) in 2010, accounting for 76% of total anthropogenic GHG emissions. 

The global warming impact due to groundwater indirect emissions of each gas is compared using the global warming potential (GWP). The larger the GWP, the more that the gas heats the Earth compared to CO2 over a given period (e.g., 100 y). The GWP values are 34 for CH4 and 298 for N2O for a period of 100 y (IPCC, 2013). The resulting indirect groundwater emissions are 1 × 10-2 kg eqCO2 Ha-1 y-1 for CH4 and 150 kg eqCO2 Ha−1 year−1 for N2O. Thus, the indirect CH4 emissions from groundwater could be negligible, but N2O emissions are 5 times higher than the indirect CO2 emissions. The GHG that most contributes to indirect emissions via groundwater is N2O followed by CO2 in the aquifers of the Walloon Region. To conclude, the aquifers of the Walloon Region are likely to be a minor source of GHGs to the atmosphere but their quantification would help to better constrain the N and C budgets.
4. Conclusions and perspectives

This work reports the occurrence of GHGs in the aquifers of Wallonia (Belgium). Most of the groundwater samples are oversaturated with respect to concentrations of GHGs in the atmosphere (especially for N2O and pCO2), suggesting that groundwater can be an indirect source of GHGs to the atmosphere. The highest average concentrations of N2O (458.3 µg/L) and pCO2 (34,832 ppm) are found in the chalky aquifer of Mons. High pCO2 values are also found in a sandy aquifer (33,770 ppm), and significant levels of N2O are found in the Devonian limestone aquifer of Dinant (95.9 µg/L). The coupled use of SOMs and stable isotopes has been a useful approach to identify the most favourable conditions for the generation of GHGs in the aquifers of the Walloon Region. The accumulation of N2O is mainly due to nitrification (high concentrations of DO and NO3− and null concentrations of NH4+) in these aquifers. A minor pathway is the initial denitrification at a few sampling locations (medium concentrations of DO, the presence of NO3−and N2O), where part of resultant NO3− produced due to nitrification could be affected by denitrification but it is likely to be not completed because of the presence of DO and N2O. CH4 is rarely accumulated in the groundwater of the Walloon Region because the oxic conditions prevail in most of the aquifers. The indirect groundwater emissions of N2O (0.32 kg N2O-N Ha-1 y-1) and of CO2 (27 kg CO2 Ha-1 y-1) are much less significant than direct emissions of N2O from agricultural soils and fossil-fuel-related CO2 emissions. Therefore, indirect GHG emissions from groundwater seem to be a minor source of GHGs to the atmosphere in Wallonia but their quantification would help to better constrain the N and C budgets. 

We suggest that future research efforts should investigate the temporal evolution of GHGs and the effect that hydrogeological conditions have on their occurrence in individual catchments (e.g., local aquifers), especially in aquifers impacted by agricultural activities (e.g., chalk aquifer of Hesbaye; Hakoun et al., 2017). Moreover, it is necessary to better understand the dynamics of GHGs in the aquifers of the Walloon Region trying to identify the sources of NO3− and the processes that affect the N species in groundwater. This can be achieved by analysing boron isotopes and dissolved organic carbon in groundwater. Moreover, N2O emissions from groundwater in agricultural areas have to be evaluated more precisely because the EF5g proposed by IPCC (IPCC, 2006) does not consider that N2O and NO3− can be consumed and/or produced by denitrification and nitrification. Finally, it would be interesting to better understand the dynamics of CO2 in riparian areas and streams and to quantify the contribution of CO2 from groundwater to surface waters since high concentrations of pCO2 have been found in the aquifers of Wallonia compared to the surface waters (Borges et al., 2018). 
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