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Abstract

Aquifers under agricultural areas are considered to be an indirect source of nitrous oxide
emission (N,O) to the atmosphere, which is the greenhouse gas (GHGs) characterized with the
highest global warning potential and acts as a stratospheric ozone depletion agent. Previous
investigations performed in the Cretaceous Hesbaye chalk aquifer in Eastern Belgium suggested
that the dynamics of N,O in the aquifer is controlled by overlapping biochemical processes such
as nitrification and denitrification. The current study aims to obtain better insight concerning the
factors controlling the distribution of N,O concentration along a vertical dimension in the aquifer,
and to capture and quantify the occurrence of nitrification and denitrification processes in the
groundwater system. Low-flow groundwater sampling technique was undertaken at different
depths in the aquifer to collect groundwater samples aiming at obtaining information about
ambient aquifer hydrogeochemical conditions and their effect on the accumulation of GHGs.
Afterwards, laboratory stable isotope experiments, using NO3” and NH;* compounds labeled with
heavy °N isotope, were applied to quantify the rates of nitrification and denitrification processes.
Ambient studies suggest that the occurrence of N transformation was related to denitrification
while laboratory incubation experiments did not detect it. Such controversial results might be
explained by the discrepancy between real aquifer conditions and lab design studies. Thus,
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additional in situ tracer experiments should be carried out in areas where natural groundwater
fluxes do not flush the injected tracer too rapidly. In addition, it would be useful to conduct

microbiological studies to obtain better insight into the nature of subsurface biofilm biotope.

1. Introduction

One of the major challenges of this century is to find the balance between intensive
agricultural production and related environmental damages such as the contribution to
anthropogenic GHGs emissions and climate change, or the deterioration of water resources and
soil (Fisher et al., 2018). Inorganic and organic N fertilizers, intensively used for decades to
increase annual harvest, have contributed to changes in the N biogeochemical cycle (Davidson,
2009). In particular, this change has led to increased atmospheric concentrations of nitrous oxide
(N20) by ~122% in comparison to the preindustrial period with a continuous annual raise by 0.2—
0.3 % (Anderson et al., 2010; World Meteorological Organization, 2018). N,O is a greenhouse
gas (GHGs) which is characterized by a warming potential 298 times higher than carbon dioxide
(COy) and an average atmospheric longevity of 114 years (IPCC, 2016).

Pollution of groundwater under agricultural landscapes with N species makes aquifers a
potential source of N,O emission to the atmosphere in areas of groundwater discharge or through
pumping activities (Fox et al., 2014; Gardner et al., 2016; Jurado et al., 2018). There is still large
uncertainty regarding the quantification of N,O emission from aquifer systems since most
approaches, used for the calculation the emission factor from groundwater, assume that they act
only as a transport media without any internal N transformation processes (Zhou et al., 2019).
That is why it is important to improve our understanding of the dynamics of N in groundwater,
which is highly variable in space and time and might lead to the accumulation of N,O in the
subsurface (Hinkle & Tesoriero, 2014) and indirectly in the atmosphere. Differentiating the
specific contribution of different biogeochemical pathways to N,O production at local to regional
scales can help to introduce process-oriented mitigation measures that will contribute to decrease
global N,O emission (Guo et al., 2018).

This study attempts to characterize the dynamics of N,O in one of the largest chalk

aquifer located under agricultural areas in the Walloon Region (Belgium). Based on regional



investigations in this groundwater body, it was assumed that the availability of N,O in the chalk
aquifer was governed by both nitrification and denitrification processes (Nikolenko et al., 2019).
In order to test this hypothesis, further explorations here focus on upper and lower parts of the
aquifer assuming that they were presumably different in terms of physical-chemical and/or
biochemical conditions. Those differences may actually explain the mixed origin of NO.
Therefore, the objectives of this study are: 1) to obtain better insight related to the distribution of
N compounds and their isotopes with depth in the chalk aquifer; 2) to characterize in details the
effect of changing hydrogeochemical conditions on N,O production/consumption processes and

3) to estimate of the rates of nitrification and denitrification processes in the aquifer.

2. Materials and methods

2.1. Study site

The studied aquifer is located in Cretaceous chalky geological formations in the Eastern
Belgium (Brouyere et al., 2004; Orban et al., 2010; Goderniaux et al., 2015). Two sites
(Bovenistier and SGB), allowing access to different aquifer depths, were selected for the studies.
Both are equipped with multilevel piezometers, which characteristics and investigated depth
intervals are shown in Fig. 1. During the investigations, upper and lower groundwater layers were
examined in each piezometer. For the sake of convenience in further discussion, all of the
sampling points (i.e., depth intervals which were sampled) are numbered from 1 to 10, as

indicated in Fig. 1 along the left side of each piezometer.
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Fig. 1. Piezometers and sampling depths at the Bovenistier (left) and SGB (right) sites.

Sampling points are numbered from 1 to 10, as indicated in bold and italics on the left side of

each piezometer. The groundwater level value is not indicated, since it was not stable between

summer and winter campaigns.

2.2. Sampling procedure

Information regarding the hydrochemical conditions, concentrations of N compounds and

their isotopic and isotopomer signals, used to describe the nature of N,O dynamics, was obtained

by chemical and isotope analyses of groundwater samples. Those were collected using a low-

flow sampling technique during the summer (June 2019) and winter (November 2019)

campaigns. Samples were collected at the end of a low flow pumping (240 mi/min) stage

performed at each location until the stabilization of electrical conductivity (EC) and pH, using a

Solinst bladder pump model 407 SS 1.66 " Dia. It was assumed that stabilization occurred when

five consecutive measurements for EC and pH did not differ by £ 2% and + 0.1 units,

respectively.



2.3. Exploration of the variability of N compounds and their isotopes with depth

The results of isotopic and chemical analyses of groundwater samples consist of:

1) total nitrate (NO3’) and boron (B) dual isotope plots for both SGB and Bovenistier

sites;

2) comparative vertical distribution profiles of NO3z, N,O and N isotopes, for the

summer and winter campaigns and for each of the studied sites individually.

Dual isotope plots help to address the question whether changes in N isotope and
isotopomer values along the profiles are related to the ongoing N,O production/consumption
processes or are due to differences in the isotopic signatures of the initial substrate sources. The
analysis of !B was performed only for groundwater samples collected in summer. Consequently,
the conclusions regarding the origin of N in winter samples will be made both by examining NO3’
dual isotope plots and considering the corresponding results of &'B analyses from summer
samples. Comparative vertical distribution profiles are used to examine covariations between N
compounds and their isotopes with depth which helps to understand N,O dynamics in the aquifer.

2.4. Estimation of the rates of nitrification and denitrification processes

Two N stable isotope labeled experiments were conducted in order to estimate the rates of
nitrification and denitrification processes in groundwater. For this purpose, groundwater was
collected at different depths of the aquifer at Bovenistier and SGB sites (see sampling points on
Fig. 1 section 2.1.) during the winter campaign. From each sampling point, 4 water samples of 50
mL each were collected and stored in borosilicate serum vials sealed without headspace using a
butyl rubber stopper and an aluminum seal. Half of them were used for nitrification incubation
experiment and another half for denitrification incubation experiment by addition of *°N labeled
compounds. It should be emphasized that this experiment provides the information about the
potential rates of nitrification and denitrification because the addition of the N labeled
compounds (substrates for denitrification and nitrification processes) increases their
concentrations relative to its in situ values.

Nitrification rates were determined in headspace-free serum vials spiked with *°N-labelled
NH,CI (99 atom% °N) by measuring the changes in §°N-NO;5 values resulting from the
oxidation of the NH," which is a substrate for nitrification. Since the results of chemical

analysis showed the ambient concentration of NH4" in groundwater was below the detection



limit, it was decided to amend water samples with an excess of *°N-NH," in order to reach the
final concentration of ~ 2 mg/L of NH,". Similarly, denitrification rates were determined in
headspace-free serum vials amended with *N-labelled KNO3 (25 atom% *°N) by observing the
changes in **N-N,O and °N-N, isotopic signatures expecting the consumption of added
isotopically enriched '°N-NOs;™ (25 atom% '°N) which is a substrate for denitrification.
Considering that the background concentration of NO3™ in groundwater vary from 0 to 52.5 mg/L
(based on the results obtained from summer campaign), the amount of injected °N-NO3 was
defined aiming to double the concentration of NOj3™ at each location. Amendments were made by
injecting the tracer solutions through the septa of borosilicate glass vials.

The magnitudes of nitrification and denitrification processes were measured during 24 h
and 48 h long experiments, respectively, each of which consisted of four time spans with 2 vials
used for each time span (duplicates). The vials were incubated in the dark under 10 °C which
corresponds to the mean in situ temperature of groundwater at the time of sampling. Both
incubations started just after tracer injections. At the beginning of the incubation experiments, an
addition of 200 pL of a saturated solution of HgCl, in two vials was performed to inhibit
microbiological activity in order to have reference values of initial To *N-NO3’, *N-N,O and
>N-N; isotopic values. For nitrification, further inhibitions of microbiological activity took place
in 2 subsequent vials in the time course after 6 h, 12 h, 18 h and 24 h intervals. For
denitrification, the intervals after which inhibition was performed in the respective vials were
established at 6 h, 12 h, 24 h and 48 h.

The magnitude of nitrification and denitrification were estimated based on the formula
provided by Hama et al. (1983) and adapted for the quantification of NO3; or N,O and N,
production rates:

— Cx(ais—aop)
(tx(as—ao)) (3)

where P is the production rate of a particular compound (nmol/L/h), C is the initial (background)
concentration of this compound (nmol), a;s is the atom% of °N in this compound in incubated
samples at the end of each incubation interval, ao is the atom% of *°N in the studied compound at

the beginning of incubation experiment (To) just after the addition of a tracer, asis the atom%



of °N in a substrate for nitrification (**NH,") or denitrification (**NO3) after the addition of a
tracer at the beginning of incubation and t is incubation time (h).

2.5. Analytical methods

The analyses of groundwater samples for NOs', NO,” and NH," was performed at the
Hydrogeology Laboratory of the University of Liege (Belgium) by means of agueous phase ion
chromatography via specific ion exchange resin and a conductivity detector.

The concentrations of dissolved N,O was measured at the Chemical Oceanography Unit
of the University of Liege (Belgium) with the headspace equilibration technique (20 ml of N,
headspace in 50 ml serum bottles) and a gas chromatograph equipped with electron capture and
flame ionization detectors (SRI 8610 GC-ECD-FID), as described in detail by Borges et al.
(2015). The SR1 8610 GC-ECD-FID was calibrated with CH4:CO,:N20:N, mixtures (Air Liquide
Belgium) of 0.2, 2.0 and 6.0 ppm N,O and of 1, 10 and 30 ppm CH,. The reproducibility of
measurements was +3.2% for N,O concentration analysis.

The stable isotope analyses of N,O present in ambient groundwater samples were
conducted using an off-axis cavity ringdown spectroscopy (OA-ICOS) (Los Gatos Research)
instrument for the measurements of 5°N%, §"°NP, §'%0 of N,O at the Chemical Oceanography
Unit of the University of Liége (Belgium), and the **N-site preference (SP, in %o) was calculated
as the difference between central (6*°N®) and peripheral (5'°N") **N enrichment of the linear N,O
molecule (5°N* - §*°NP). A 20 ml helium (He) headspace was created in the 250 ml bottles ~24h
before the analysis in order to assure equilibration between gas and dissolved N,O. Headspace
samples were injected into a custom-built purge and trap device (He flow : 120 ml min-1)
consisting of a CO, trap (soda lime), a water trap (magnesium perchlorate) and a stainless steel
loop immersed in liquid nitrogen to trap N,O. Volume of headspace injection was adapted as
function of the N,O concentration in every sample in order to minimize concentration-dependent
effect as much as possible (Wassenaar et al., 2018). Data was calibrated against calibration
curves obtained with several injection at increasing concentration (typically 8) of an international
reference material (USGS52, §"°N%ir = 13.52 %o, 8"°NP5i; = -12.64 %o, 8"®Ogmow = 40.14 %o) and
an in-house N;O standard provided by Air Liquide Belgium (8"°N%i = 0.47 %o, 5Ny, = 1.41
%o, 5"°Osmow = 37.63 %o) and previously calibrated by the Tokyo Institute of Technology. Data



calibration was performed as described in Wassenaar et al. (2018). Analytical precision was 0.5
%o, 1.2 %o and 1.2 %o for 8°N%r, 8"°NPi;, and 6 Ogmow, respectively.

The °N-NO5™ and 8'®0-NOj3 isotopes analyses were conducted using an off-axis cavity
ringdown spectroscopy (OA-ICOS) (Los Gatos Research) instrument (University of Liege,
Belgium) applying Cd-Azide reduction method to quantitatively converts NOz™ to N,O (Mcllvin
& Altabet, 2005; Ryabenko et al., 2009, Wassenaar et al., 2018). After chemical conversion of
NOs to N2O, the resulting gas was analyzed with the above mentioned laser isotope analyzer
using the same analytical setup as for N,O isotopes analysis. Samples and standards (IAEA-NO3,
8"°N-NO3 = 4.7%o, **0-NO3 =25.6%0) were normalized to the same concentration (20 pmol L-
1) before the initiation of the Cd-azide reduction protocol following the recommendation of
Wassenaar et al. 2018. Typical precision for "°N-NO3" was better than 0.6 %o and for §'°0-NO5"
was better than 1.8 %o. The &'B measurements in groundwater samples was performed using
sector field-inductively coupled plasma-mass spectrometry (SF-ICP-MS) according to the
procedure described by Tirez et al., 2010. The precision on the quality control sample (NBS 951)
that was measured along in this run amounts + 2.6%eo.

Groundwater dissolved gases (N,O and N,) from incubation samples were extracted using
the headspace equilibration technique with helium (He) filling the headspace (20 ml of He
headspace in 50 ml serum bottles). The §°N-N,O values were determined on a dual-inlet isotope
ratio mass spectrometer (Stable Isotope Facility, UC Davis, Davis, CA) as described by Mosier
and Schimel (1993). Note that only the samples from 5 locations out of 9 (Pz 13 (1), Pz12 (3 and
5) and SGB (4 and 6)) were sent for the *>N-N,O isotope analyses. The §*°N-N, was estimated by
isotope ratio mass spectrometer (delta V' plus, ThermoScientific) (volume injected in the mass
spectrometer: 50 pL). Typical precision for 8*°N-N, analysis with the IRMS was better than 0.2
%o.

3. Results

3.1. Sources of N compounds in groundwater
According to the obtained results, the origin of N in groundwater samples at the

Bovenistier site during the summer period (Fig. 2) was attributed to 2 major sources: manure, the
isotope signal of which was dominant at the shallowest sampling point 5 (PzCs), and NH,"
fertilizers identified at the deeper studied points 4 (PzCs), 3 and 2 (both in Pz12) (Fig. 2).
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Fig. 2. NO3 and B dual isotope plots of groundwater samples collected at Bovenistier site. Graph
A includes the data from summer and winter and graph B includes the data from summer only.
The letter “w” next to the number of sampling location means that the sample was collected in

the winter. Green circles of different size indicate different concentrations of NOs™ in
groundwater samples. The ranges of isotopic compositions for NO3™ and B sources (boxes drawn
in the graphs) are derived from Michener & Lajtha (2008), Xue et al. (2009) and Widory et al.

(2004). Ratios of 8*°N and &0 of NO; used to draw denitrification lines are taken from Koba et

al., 20009.



In the absence of &'B samples for the winter campaign, it was more difficult to
distinguish the N sources in this dataset. For example, the sample 5w indicates NO3™ isotopic
values typical for both fertilizers and sewage. The sample 4w exhibits NO3 isotopic signals
typical for denitrification process as 4 and 4w are located along the denitrifying line with a slope
1:1. Though the small enrichment factor (2.15%o), which is not typical for denitrification under
natural conditions, is observed here, the denitrification cannot be excluded in case the studied
system is substrate limited and high microbiological activity is present (Clark, 2015). The
presence of the first condition can be supported by the two fold decrease in the concentration of
NOj3 between 4 and 4w. As for the second one, additional microbiological studies are required in
order to detect the activity of denitrifiers. Nevertheless, according to Jahangir et al. (2013)
denitrifier functional genes are ubiquitous in groundwater systems. Despite the fact that 3 and 3w
are located along the denitrifying line with a slope 2:1, denitrification cannot be claimed in this
case. It is related to the fact that two points are located too far away from each other which gives
extremely high enrichment factor taking into account the absolute absence of change in the
concentration of NO3™ (Fig. 2). At point 1 (Pz13) NOgs’ is detected only in the winter, and its
isotope signature fall out of the ranges typically attributed to the considered N sources.

At the SGB site (Fig. 3) samples 8 and 9 (SGB3) that belong to the shallower part of the
aquifer show isotopic values that can be attributed to different N sources, while the samples 6 and
7 (SGB1) that belong to the deeper part of the aquifer fall in the sewage interval. During the
summer campaign, samples 8 and 9 can be associated with household sewage and manure,
respectively. In winter, the same samples fall into the ranges typical for household sewage and
NH," fertilizers. Samples 7 show NO3™ and B isotope values typical for both NH4" fertilizers and
household sewage during summer and winter periods. Sample 6w demonstrates N isotopic
signatures which can be associated with denitrification processes as 6 and 6w fall along the
denitrifying line with slope 2:1. The occurrence of denitrification is supported by the drastic
decrease in the concentration of NO3™ between 6 and 6w (Fig. 3) and the reasons described in the
above paragraph for points 4 and 4w.
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Fig. 3. NOs and B dual isotope plots of groundwater samples collected at SGB site. Graph
A includes the data from summer and winter and graph B includes the data from summer only.

The letter “w” next to the number of sampling location means that the sample was collected in

the winter. Green circles of different size indicate different concentrations of NO3 in

groundwater samples. The ranges of isotopic compositions for NO3™ and B sources (boxes drawn
in the graphs) are derived from Michener & Lajtha (2008), Xue et al. (2009) and Widory et al.
(2004). Ratios of 8*°N and &0 of NO; used to draw denitrification lines are taken from Koba et

al., 20009.
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3.2. Depth specific distribution of N compounds and their isotopes

In this section changes in vertical variations of the concentrations of N compounds, N
isotopic signatures and dissolved oxygen (DO) at the SGB and Bovenistier sites for the summer
and winter periods are discussed.

Groundwater samples from the SGB site show concentrations of N-N,O which exceed the
equilibrium with the atmosphere concentration (0.3 pg N/L) (Hasegawa et al., 2000). In winter
N,O concentrations were higher (12.6 £ 2.9 pg N/L) in comparison to the summer (8.2 = 1.5
MgN/L). The SGB1 piezometer showed that the concentration of N-N,O was higher in the
deepest part of the piezometer (point 6 — 9.9 ug N/L and 14.5 pg N/L ) than in its upper part
(point 7 — 6.4 ugN/L and 11.6 pug N/L) in the summer and winter campaigns, respectively. The
SGB3 piezometer did not indicate any significant difference in N-N,O concentration with depth
for the summer campaign. However, for the winter campaign the upper sampling location
(sample 9) showed a concentration almost two times higher (15.5 pg N/L versus 8.6 pug N/L)
compared to the deeper sampling location (sample 8).

At the SGB site the concentrations of NOj3 decreased with depth, but they showed
significant variations between the summer and winter sampling campaigns. The shallower
sampling points 8 and 9 showed concentrations of 28.7 mg/L and 47.9 mg/L mg/L in the summer
and 21.5 mg/L and 38.3 mg/L, in the winter. The deeper samples 6 and 7 showed NOj’
concentrations 23.5 mg/L and 18.3 mg/L in the summer, and of 48.7 mg/L and 1.56 mg/L in the
winter. The concentrations of DO were in a range between 7.0 mg/L to 9.6 mg/L, decreasing with

depth during both sampling periods.
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Fig. 4. Vertical distributions of N compounds, N isotopes and DO at the SGB site during

summer and winter periods. Colorful circles highlight distributions of parameters compared in the

section 3.2.

The SP and N-NO results (red circles, Fig. 4 A and C) changed in the same direction

along the depth profile both in the summer and winter campaigns, with the exception of location

7 for N-N2O. This indicates the absence of N,O reduction processes (Ostrom et al. 2007). The
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similarity between N-N,O and 8*°N-N.O evolutions (blue circle, Fig. 4 B) in the winter campaign
also indicates that N,O is not reduced. Such a similarity is not observed for the summer sampling
campaign, which in this case might evidence N,O reduction.

Moreover, data from the summer campaign show a strong covariation with depth between
of 8"°N-N,O and 8"°NP-N,O (green circle, Fig. 4 C) which suggests close dependence between
these two parameters. The 615N“-N20 enrichment increased with depth, while the 8180-N20
(green circles, Fig. 4 C) decreased slightly.

The winter campaign data show that §*°N-N,O, §°N*N.,0, §15NP-N,O and 5'®0-N,0O
(green circles, Fig. 4 C) parameters exhibited similar vertical distribution patterns, along the
vertical profile with more pronounced increase of 5°N-N,O with depth. This observation
suggests that 8"°N-N,O signature might be either influenced by production processes solely or
influenced to the same extent with both N,O production and reduction processes.

All samples collected at Bovenistier showed N-N,O concentrations exceeding the
equilibrium with the atmosphere. Similarly to the SGB site, the concentration of this gas was
higher in the winter (10.5 pg N/L £ 1.7 pg N/L) than in the summer (8.6 pg N/L + 1.3 pg N/L).
For the summer campaign, samples 4 and 5 (PzCs) showed higher concentrations of N-N,O
10.16 pg N/L and 9.26 pg N/L, respectively, in comparison to 3 and 2 (Pz12) where its
concentrations were nearly the same (around 7 pg N/L). During the winter campaign, N-N,O
concentrations varied vary between 10.7 pg N/L and 12.4 pg N/L at all of the sampling points
with higher concentrations observed at the bottom parts of piezometers — sampling points 4 and
2. During the winter campaign N,O was detected at a concentration of 7.7 pug N/L at the deepest
sampling location 1 (Pz13) but in the summer campaign the concentration there was below the
detection limit.

During the summer campaign, the concentration of NO3z did not change noticeably
between point 4 and 5 (PzCs) (> 40 mg/L), but it varied between samples 3 and 5 (47.8 mg/L vs
37.0 mg/L) located respectively in the shallow and deep part of Pz12. During this period, NO3’
was not detected in the sample collected at location 1 in Pz13. In the winter, the NOj3
concentration was almost two times lower at location 5 (24.2 mg/L) than at location 4 (46.2

mg/L). At the same period, there was no significant difference in NO3™ between locations 2 and 3
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(> 40 mg/L) and the concentration of NO3 was 47.9 mg/L at point 1 in Pz13. The concentration
of DO varied from 1.5 mg/L to 9.9 mg/L.

At Bovenistier, variations with depth of N-N,O and SP (red circles, Fig. 5 A and C) were
different for both winter and summer periods. However, these differences are not significant
enough to conclude on the possible occurrence of N,O reduction. At the same time, the similarity
observed between N-N,O and §*°N-N,O (blue circle, Fig. 5 B) profiles for winter (except for the
deepest sampling point at Pz12 and Pz13) indicates the absence of N,O reduction in the shallower
part of the aquifer and its occurrence in the deepest part. N,O reduction processes at the bottom
part of the aquifer are also supported by the positive value of 8°N-N,O (9.2 %o) and the high
8'80-N,0 value (66.0 %o). During the summer campaign, differences in N-N,O and §°N-N,O
patterns can be attributed to N,O reduction.

Summer period shows nearly the same distributions of 5°N-N,0, §°N%N,0, §°NP-N,O
and §'0-N,O (green circles, Fig. 5 C), except the slight decrease in °0-N,O at the interval
which corresponds to sampling locations 5 and 4.

In winter the patterns between 815N-N20, 615N“-N20, 615NB-N20 and 61BO-N20 (green
circles, Fig. 5 C) are identical with the obvious increase at the deeper aquifer layers which
corresponds to sampling point 1 (Pz13). This indicates that N,O reduction dominates N,O
production in the deeper part of the aquifer. At the same time, N,O production exceeds its
consumption or occurs to the same extent at the upper part of the aquifer.
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Fig. 5. Vertical distributions of N compounds, N isotopes and DO at the Bovenistier site during

summer and winter periods. Colorful circles highlight distributions of parameters compared in the

section 3.2.

3.5. Potential rates of nitrification and denitrification processes obtained from laboratory

incubation experiment

The results of the isotope analyses of **N-NO3, **N-N,0O and **N-N, have not highlighted
any considerable enrichment of respective compounds between different time spans. This
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indicates that nitrification or denitrification processes did not occur at significant rates in the
bottles during the incubation experiments. The maximal analytical errors of the *°N-NO5’, °N-
N,O, and *N-N, analyses were + 2 %o, + 0.14%o and + 0.1 %o. The detection limits were: 1) for
nitrification — 2.7 nmol/L/h and 2) for denitrification — 2.7 nmol/L/h for N, and 0.0002 nmol/L/h
for N,O.

4. Discussion

4.1. Evidence of N,O production and consumption processes obtained from the analyses
of ambient groundwater samples

According to the results, both N,O production and consumptions processes occur in the
chalk aquifer. The fact that N as an initial substrate originates from different sources at different
depths complicates the distinction between nitrification and denitrification as well as between
N0 production and consumption mechanisms.

At SGB, the similarity between §°N-N,O and §"°NP-N,O in the summer campaign means
that the isotopic signature of N,O is not determined by N,O reduction. In the winter campaign,
simultaneous increase in N,O isotopomers values (with more pronounced increase in **N®) and
880-N,O at levels 7 and 6 indicates (Park et al., 2011) the occurrence of N,O reduction
processes at the bottom part of the aquifer. This is also supported by the drastic decrease in the
concentration of NO3™ at sampling point 6 in comparison to 7. The opposite patterns of NO3™ and
N,O concentrations in the deep part of the aquifer both in summer and winter periods provide
additional evidence of reduction processes (Minamikawa et al., 2011).

At Bovenistier, it could be concluded that N,O production processes dominate over its
consumption based on the similarities in the distributions of N isotopes, isotopomers, and N-N,O
concentrations along the vertical profile. Intensive N,O consumption is revealed only in the deep
part of the aquifer (Pz13) during the winter campaign. This observation is probably related to
significant NO3™ input which stimulated denitrification process and allowed to detect N,O at
measureable levels.

As a first conclusion, despite of the occurrence of aerobic conditions at SGB and
Bovenistier, both production and consumption processes govern the dynamics of N,O, with the

reduction processes being more pronounced in the deeper part of the aquifer. Such conclusions
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are supported by the fact that there is more and more evidence of denitrifiers being capable of
using both DO and NOj3  as electron acceptors (Zhu et al., 2019). Moreover, there are studies
which suggest the presence of micro anaerobic hotspots in total aerobic environments capable of
supporting denitrification processes (Well et al., 2012).

4.2. Evidence of N,O production and consumption processes from laboratory incubation
experiments

The results show that our previous hypothesis about the simultaneous occurrence of both
nitrification and denitrification processes in the aquifer might not explain the SP values of N,O
measured in groundwater samples collected during the regional and local investigations.
Consequently, on the one hand the availability of N,O in the aquifer might be explained by the
infiltration of N,O produced by nitrification and denitrification processes occurring within the
other parts of the aquifer. Alternatively, there might exist a discrepancy between real aquifer
conditions and laboratory experiments. In particular, in the aquifer, groundwater is in permanent
contact with biofilms attached to the rocks materials, while groundwater samples collected in
piezometers for incubation might not represent the real complexity of the subsurface
environment. To investigate this, it would be needed to collect large volumes of groundwater to
extract the available bacterial biomass and analyze it in order to determine the expression of
nitrifying and denitrifying genes, which might help to obtain better insight into the qualitative
diversity of biofilm biotope, since it is expected that there exists a constant flux of bacteria
between biofilm and water layers.

5. Conclusions

This study applied stable isotope analyses and laboratory design tracer experiments in
order to clarify the origin of N,O in groundwater. The results of measurements of N isotope
parameters in ambient groundwater samples and laboratory incubations are controversial.

It is difficult to differentiate between the roles of nitrification and denitrification in N,O
production because N isotopic signatures and SP values measured in collected groundwater are
overlapping. At the same time, N,O reduction, which is related solely to denitrification, could be
identified based on positive values of 8°N-N,O, high values of §'0-N,O (> 35 %o) and

enrichment in *®N%N,O. In particular, at one of the examined locations (Pz 13) SP, §°N-N,O
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and §%0-N,0 values of ambient groundwater showed ranges typical for complete denitrification
(with N2O reduction) which coincide with the lower DO levels measured at this location.

Since direct measurement of the magnitude of nitrification and denitrification processes
within the aquifer is not possible at the majority of selected locations due to the high groundwater
fluxes, it was decided to conduct laboratory bottle incubation experiments to determine the
potential rates of respective processes. Those results did not detect nitrification and denitrification
in the bottles and this might be related to the fact that N,O availability in groundwater is
determined by nitrification and denitrification processes in the unsaturated zone. However, the
results draw our attention since at Pz 13 the SP and 8*°N-N.O values were significantly different
from values obtained at other locations as they showed ranges typical for N,O reduction which
coincide with low DO levels in groundwater at this location.

Those three facts suggest that the best explanation might be the discrepancy between real
aquifer conditions and lab design studies. Laboratory studies were conducted under controlled
conditions but the aquifer conditions are more complex. Not only the amount of bacteria in the
collected samples could differ, but reaction rates during the experiments and in the aquifer
actually differ. Therefore, the isotopic signatures of N,O in the aquifer might indicate that
denitrification occurs in the aquifer but the responsible bacteria were not present in sufficient
quantity in the collected groundwater samples because they mostly reside in biofilms attached to
the surface of the rocks materials.

To sum up, the solitary application of isotope and isotopomer analyses together with
hydrochemical evidence can provide the information only about production or consumption of
N2O in the subsurface. Under the heterogeneous conditions prevailing in the subsurface, the SP
values and N isotope signatures are the result of mixing between continuous transformation and
transport processes of N compounds driven from different sources. Consequently, it is difficult to
draw definitive conclusions about the location and extent of key functional zones in N cycle
dynamics based only on the isotope and isotopomer datasets.

Evidences from laboratory incubation experiments should be verified by additional in situ
tracer experiments at locations that are characterized by low groundwater fluxes that allows
leaving a tracer in subsurface for at least several hours. In addition, it will be useful to conduct

microbiological studies of the biomass extracted from groundwater which will allow having
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better understanding about activity of subsurface biofilm biotope. Finally, it is important to
emphasize that microbiological findings should not be focused on the evidence of abundance of
certain organisms or enzymes, which might be misleading, but rather on determining their actual

activity based on mRNAs or protein.
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