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Abstract

Knowledge about the spatial variability of in situ denitrification rates (D(in situ)) and their
relation to the denitrification capacity in nitrate-contaminated aquifers is crucial to predict the
development of groundwater quality. Therefore, 28 push-pull °N tracer tests for the
measurement of in situ denitrification rates were conducted in two sandy Pleistocene aquifers
in Northern Germany.

The ®N analysis of denitrification derived *°N labelled N, and N,O dissolved in water
samples collected during the push-pull N tracer tests was performed by isotope ratio mass
spectrometry (IRMS) in the lab and additionally for some tracer tests online in the field with a
quadrupole membrane inlet mass spectrometer (MIMS), in order to test the feasibility of on-
site real-time *°N analysis. Aquifer material from the same locations and depths as the push-
pull injection points was incubated and the initial and cumulative denitrification after one year
of incubation (D.ym(365)) as well as the stock of reduced compounds (SRC) was compared
with in situ measurements of denitrification. This was done to derive transfer functions
suitable to predict Dgym(365) and SRC from D(in situ).

Di(in situ) ranged from 0 to 51.5 pg Nk g* d™. Denitrification rates derived from onsite
isotope analysis using membrane-inlet mass spectrometry satisfactorily coincided with
laboratory analysis by conventional isotope ratio mass spectrometry, thus proving the
feasibility of in situ analysis. D,(in situ) was significantly higher in the sulphidic zone of both
aquifers compared to the zone of non-sulphidic aquifer material. Overall, regressions between
the Deum(365) and SRC of the tested aquifer material with D(in situ) exhibited only a modest
linear correlation for the full data set. But the predictability of D;m(365) and SRC from D,(in
situ) data clearly increased for aquifer samples from the zone of NOj3 -bearing groundwater.

In the NO3'-free aquifer zone a lag phase of denitrification after NO3 -injections was
observed, which confounded the relationship between reactive compounds and in situ
denitrification activity. This finding was attributed to adaptation processes in the microbial
community after NOs -injections. It was also demonstrated that the microbial community in
the NO3'-free zone just below the NO3 -bearing zone can be adapted to denitrification by NO3
-injections into wells for an extended period. In situ denitrification rates were 30 to 65%
higher after pre-conditioning with NOs. Results from this study suggest that such pre-
conditioning is crucial for the measurement of D,(in situ) in deeper aquifer material from the
NOgs-free groundwater zone and thus for the prediction of D¢,m(365) and SRC from D(in
situ).
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1 Introduction

Denitrification, the microbial mediated reduction of nitrate (NOj3") and nitrite (NO3) to the
nitrogen gasses nitric oxide (NO), nitrous oxide (N.O) and dinitrogen (N_) is important to
water quality and chemistry at landscape, regional and global scales (Groffman et al., 2006).
NOs is quantitatively the most abundant reactive nitrogen (Nr') species. Diffuse NOs
emissions from the agricultural sector are the dominant source of Nr fluxes to aquifers.
Denitrification in aquifers, reviewed e.g. by Korom (1992), Hiscock et al. (1991), Burgin and
Hamilton, (2007) and Rivett et al. (2008), ranges from 0 to 100% of total NO3" input with a
high spatial variability (Seitzinger et al., 2006). This leads to the question of how individual
aquifers will respond to the anthropogenic NO3™ pollution in groundwater. This problem not
only depends on how rates of denitrification will respond to Nr loading (Seitzinger et al.,
2006) but also on where and how long denitrification in aquifers can remediate NO3 pollution
(Kolle et al., 1985). Continuous NOgs” input via seepage water leads to ongoing exhaustion of
the reductive capacity of aquifers. This can be a problem for keeping NO3 in drinking water
below the limit of 50 mg L ™ (Drinking Water Directive 98/83/EC) and also be problematic
due to possible eutrophication of surface waters (Vitousek et al., 1997). But NO3™ can also
mobilise deposits of uranium (U) in aquifers, which can be mobilised if NO3™ reaches reduced
aquifer zones (Senko et al., 2002; Istok et al., 2004). Therefore, knowledge about the
denitrification capacity of aquifers is needed to predict the possible development of
groundwater quality.

The presented study continues previous research on denitrification rates measured in two
sandy Pleistocene aquifers in Northern Germany (Fuhrberger Feld aquifer (FFA) and the
aquifer of Grollenkneten (GKA)). Frind et al. (1990) reported that due to lithotrophic
denitrification, NO3™ has a half-life of 1 to 2 years in the deeper zone (below 5 to 10 m) of the
well investigated Fuhrberger Feld aquifer. Weymann et al. (2010) reported very low
denitrification rates with values as low as 4 ug N kg™ d™ in the uppermost groundwater, in
the organotrophic denitrification zone of the same aquifer. In a recent study, Eschenbach and
Well (2013) measured median denitrification rates of 15.1 and 9.6 mg N kg™ yr™ during one
year of anaerobic incubations of FFA and GKA aquifer samples, with significantly higher
denitrification rates in the deeper parts of both aquifers. This study showed that the
cumulative denitrification after prolonged incubation of aquifer samples is correlated to the
stock of reduced compounds (SRC). Similar results had been obtained earlier for other

aquifers in Northern Germany (Konrad, 2007). While we found close correlations between
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initial laboratory denitrification rates and the SRC in aquifer zones where NO3" is present in
groundwater, samples from NO3'-free groundwater zone showed a lag time of denitrification
of several weeks during incubations (Eschenbach and Well, 2013) possibly due to the initial
absence of denitrifying enzymes. These findings demonstrate, that the SRC can be estimated
from denitrification rates in case the microbial community is adapted to denitrification
(Eschenbach and Well, 2013).

In situ denitrification rates can be measured using single well push-pull tests where a test
solution containing solutes of interest is rapidly injected into a well (push-phase) and process
information is obtained from analysing groundwater collected during the subsequent pull-
phase. These tests, perhaps first used for in situ measurement of denitrification rates by
Trudell et al. (1986), have proven to be a relatively low-cost technique to obtain quantitative
information about several aquifer properties. This method was applied in a variety of studies
to derive in situ denitrification rates indirectly by the measurement of NO3™ depletion during
push-pull tests (Trudell et al., 1986; Istok et al., 1997, 2004; Schroth et al., 2001; McGuire et
al., 2002; Harris et al., 2006). In comparison only a limited number of studies directly
measured denitrification rates from the gaseous denitrification products (Sanchez-Perez et al.,
2003; Kneeshaw et al., 2007; Well and Myrold, 2002, 1999; Addy et al., 2002; Well et al.,
2003; Addy et al., 2005; Kellogg et al., 2005; Konrad, 2007). Aside from Konrad (2007),
these push-pull tests were only conducted in uppermost groundwater.

Well et al. (2005) showed that in situ denitrification rates measured with the push-pull **N
tracer method in the saturated zone of hydromorphic soils agreed relatively well with
denitrification rates measured in parallel soil samples. Konrad (2007) reported a close
correlation between in situ denitrification rates and the cumulative denitrification after at least
one year of incubation based on a small number of only 5 comparisons, so only a relatively
small data set was used to derive transfer functions.

Since denitrification is a microbially mediated reaction, the composition, activity and amount
of microbes in aquifers should directly influence the measured denitrification rates during
single well push-pull tests. It is known that steep gradients in the composition of microbial
communities occur in aquifers resulting from the distribution and availability of electron
donors and acceptors in aquifers (Kolbelboelke et al., 1988; Griebler and Lueders, 2009;
Santoro et al.,, 2006). Law et al. (2010) reported substantial changes in the microbial
community composition after the initiation of denitrification and the transition from
denitrification to Fe(lll)-reduction within incubated aquifer material. Higher microbial

activities after biostimulation of indigenous microorganisms by the injection of electron
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donors into aquifers was reported by Istok et al. (2004), Kim et al. (2005) and Kim et al.
(2004). Compared with preceding push-pull tests at the same groundwater monitoring wells,
the multiple injection of electron donors increased the reduction rates of NOg3', pertechnetate
(Tc(VIl)) and U(VI) measured during subsequent push-pull tests in a shallow unconfined
silty-clayey aquifer (Istok et al., 2004). Trudell et al. (1986) found increasing denitrification
rates during a 12 day push-pull test in NO3-free groundwater suggesting that the microbial
community needed a certain time to adapt to the electron acceptor NO3™ before denitrification
could proceed at a rate equivalent to the availability of reduced compounds. So far, the effect
of different ambient redox conditions, i.e. the presence or absence of NO3” in groundwater, on
the outcome of push-pull tests, has been insufficiently considered.

Overall, the performance of previous push-pull studies suggests that this approach may be
suitable to deliver in situ denitrification data that reflect the reduction capacity of the aquifer,
i.e. it might be used to estimate SRC without the need for collecting aquifer material.
Nevertheless, individual aquifer samples should always be analysed to verify these estimates
repeatedly.

To test if >N push-pull tests could be evaluated during the course of experiments directly in
the field, a membrane inlet mass spectrometer (MIMS) was used during 5 push-pull tests at
two monitoring wells for direct field measurements of >N labelled denitrification products
(see Supplement). The main advantages of MIMS with respect to the conventional IRMS
approach is that MIMS is low-priced compared to IRMS and results can be obtained during
experiments directly in the field. Sampling intervals can thus be adapted to get more precise
rates. Moreover, the length of the pull-phase can be limited to the duration of clearly
increasing (N2+N,O)q4en concentrations to save hours of labour. Finally, the relatively low cost
and simple handling of the MIMS system are favourable to enable extensive application of the
>N push-pull approach to explore denitrification capacities of aquifers.

This study is the second part of a combined approach (a) to quantify exhaustibility of the
denitrification capacity in aquifers, (b) to investigate controlling factors and derive predictive
models during incubation experiments, and (c) to check if the cumulative denitrification
measured after one year of incubation (Dqm(365)) (Eschenbach and Well, 2013) can be
derived from in situ denitrification rates measured with push-pull tracer tests. Here a study on
objective (c) is presented. The specific objectives of this study are (i) to measure in situ
denitrification rates with push-pull >N tracer tests at groundwater monitoring wells, (ii) to
develop regression models to predict D.;m(365) as well as the stock of reduced compounds

from in situ denitrification rates, and (iii) to test an approach to adapt the microbial
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community in NO3'-free aquifer zones to NO3™ as a newly available electron donor during
experiments as a means of conditioning prior to subsequent push-pull N tracer tests.
Additionally (iv) the suitability of MIMS for online field analysis during °N tracer tests was
tested (Supplement).

2 Materials and methods
2.1 Study sites

In situ measurements of denitrification were conducted in the Fuhrberger Feld aquifer (FFA)
and the GroRenkneten aquifer (GKA). Both aquifers are located in drinking water catchment
areas in the north of Germany. The FFA is situated about 30 km NE of the city of Hanover
and the GKA about 30 km SW of the city of Bremen. Both aquifers consist of carbonate free,
quaternary sands and the deeper parts of the GKA additionally of carbonate free marine sands
(Pliocene). The thickness of the FFA and GKA is 20 to 40 and 60 to 100 m, respectively.
Both aquifers are unconfined and contain unevenly distributed amounts of microbially
available sulphides and organic carbon. Intensive agricultural land use leads to considerable
NOs inputs to the groundwater of both aquifers (Bottcher et al., 1989; van Berk et al., 2005;
Schuchert, 2007). Groundwater recharge is 250 mm yr in the FFA (Wessolek et al., 1985)
and 200 to 300 mm yr™* in the GKA (Schuchert, 2007).

Evidence of an intense ongoing denitrification within the FFA is given by NO3™ and redox
gradients (Bottcher et al., 1992) as well as excess-N, measurements (Weymann et al., 2008).
The FFA can be divided into two hydro-geochemical zones, the zone of organotrophic
denitrification near the groundwater surface with organic carbon (C,g) as electron donor and a
deeper zone of predominantly lithotrophic denitrification with pyrite as electron donor
(Bottcher et al., 1991, 1992). Detailed information about the FFA is given by Strebel et al.
(1992), Frind et al. (1990) and von der Heide et al. (2008). The geological structure of the
GKA is described in Howar (2005) and Wirth (1990). Extended zones with oxidizing and
reducing conditions in the groundwater are evident in the GKA (van Berk et al., 2005) but
their distribution within the aquifer is more complex than in the FFA and denitrification is
known to occur in the zone of reduced groundwater (van Berk et al., 2005). Own excess-N,
measurements (Well et al., 2012) at monitoring wells prove intense denitrification within the

GKA. But there are no studies on the type of denitrification in this aquifer.
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2.2 Single well push-pull °N tracer tests

2.2.1 Well types and sampling procedure

To quantify in situ denitrification rates (Di(in situ)), a total of 28 single well push-pull **N
tracer tests, afterwards referred to as push-pull tests, were performed in the FFA and GKA
(Table 1) by injecting **N labelled NO3" tracer solution into groundwater monitoring wells. In
the FFA, push-pull tests were conducted at multilevel wells consisting of PE tubings (4 mm
ID) (Bottcher et al., 1985). Each of these tubes were connected to a filter element at the
respective depth. In the GKA, two types were used, (i) conventional groundwater monitoring
wells (101 mm ID) with 1 to 4 m long filter screens and (ii) multilevel wells (CMT multilevel
system, Soilinst, Georgetown, Canada) consisting of PE pipes with 3 individual channels (13
mm ID) with 25 cm long filter screens at the end. Each channel ended in a different depth. To
allow a direct comparison with a previous laboratory incubation study (Eschenbach and Well,
2013), wells from the same locations and with filter screens at the same depth where the
aquifer samples had been collected were selected in the FFA and GKA. In situ experiments
were conducted principally as described in previous studies (Addy et al., 2002; Trudell et al.,
1986; Well et al., 2003).

For sampling multilevel wells, groundwater and tracer solution were extracted with a
peristaltic pump (Masterflex COLE-PARMER, Vernon Hills, USA). A submersible pump
(GRUNDFOS MP1, Bjerringbro, Denmark) was used for common groundwater monitoring
wells. During sampling, an outflow tube with the extracted groundwater or tracer solution was
placed at the bottom of 26 or 120 ml serum bottles (multilevel wells and common
groundwater monitoring wells, respectively). After an overflow of at least three times the
volume of these bottles, the tubing was removed and the bottles were immediately sealed air
tight with grey butyl rubber septa (ALTMANN, Holzkirchen, Germany) and aluminium
crimp caps. Four replications were collected per sampling. Groundwater was sampled from

the injection depth prior to each push-pull test.
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2.2.2 Push-pull tests

A single well push-pull test consists of the injection of a tracer solution into a monitoring well
(push-phase) and the extraction of the mixture of test solution and groundwater from the same

well (pull-phase).
Push-phase

To prepare the tracer solution, 50 L of groundwater were extracted from multilevel wells
(FFA and GKA) or 220 L at common groundwater monitoring wells (GKA) for each push-
pull test (Fig. 1). The groundwater was pumped to a stainless steel storage container (Type
BO 220 L, SPEIDEL, Ofterdingen, Germany), which was equipped with a floating lid to
avoid gas exchange with the atmosphere and thus maintain the dissolved gas composition of
the extracted groundwater. After extraction, a stock solution of deionised water (100 ml) with
dissolved N labelled potassium nitrate (KNO3 with 60 atom % *°>N) and potassium bromide
(KBr) was added to attain a concentration of 10 mg *N labelled NOs” -N L™ and 10 mg Br L°
! respectively. The mixture of the stock solution and the extracted groundwater is hereinafter
referred to as tracer solution. The tracer solution was mixed for 1 h with a submersible pump
(Gigant, Eijkelkamp, Giesbeek, Netherlands) within the stainless steel storage container. The
extracted groundwater from the NOs bearing groundwater zone (NOj'-bearing zone)
contained varying concentrations of NO3z™ (Table 2). Consequently, the NO3™ in the tracer
solution of these push-pull tests was a mixture of natural and >N enriched NOs™ and NOs5"
concentrations in these tracer solutions were > 10 mg NOs-N L™ (see discussion about
influence of NO3™ concentrations on denitrification rates in Sect. 4.2 and in Eschenbach and
Well, 2013).

During injection, the outflow of the stainless steel storage container was connected with
Tygon® tubings to the selected depths of the multilevel wells. For common groundwater
monitoring wells the submersible pump was connected with a pump riser pipe and an
inflatable packer (Packer set, UIT Umwelt- und Ingenieurtechnik GmbH, Dresden, Germany).
The packer was installed within the groundwater monitoring well to prevent mixing of the
injected tracer solution with the water column in the groundwater monitoring well (Fig. 1).
The packer was inflated with air to a pressure of 1 bar above the pressure of the overlying
water column. The inflated packer and the pump riser pipe remained during the entire tracer

test within the groundwater monitoring well. The pump riser pipe was connected with a PVC
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hose (13 mm ID) to the stainless steel container. For both types of monitoring wells, the tracer
solution was injected gravimetrically. For common wells injections took 30-45 min, for the
CMT multilevel system 45-80 min and for the multilevel wells in the FFA 150-240 min.

Pull-phase

The common groundwater monitoring wells in the GKA were constantly sampled at 12 h
intervals. The multilevel wells in the FFA were sampled every 12 h during night and every 3
to 4 h during day to investigate more detailed temporal patterns. The multilevel wells were
more suitable for this, due to their smaller dead volumes and lower extraction rates. The pull
phases of the conducted tracer tests lasted a maximum of 72 h. The first sampling was
performed immediately after injection. Prior to each sampling, an amount of tracer solution
sufficient to replace the dead volume of the groundwater monitoring well was extracted. In
total, 4 and 30 to 60 L were extracted per sample from multilevel and groundwater monitoring
wells, respectively. For common groundwater monitoring wells the sampling volume differed
because of different lengths of filter screens and resulting different dead volumes. During
extraction, groundwater temperature, dissolved oxygen, pH and electrical conductivity were
measured with sensors (pH/Oxi 340i and pH/Cond 340i, WTW Wissenschaftlich-Technische

Werkstatten GmbH, Weilheim, Germany) installed in a flow-through chamber.

2.3 Incubation of aquifer material

Laboratory experiments were performed to compare denitrification rates measured during
laboratory anaerobic incubation (D,(365)) with in situ denitrification rates. The incubated
aquifer material originated from the same location and depths as the filter screens of the push-
pull test injection points. The aquifer material was sampled and incubated as described in
detail in Eschenbach and Well (2013).

Briefly, aquifer material from both aquifers was collected between 2 to 68 m below ground
surface. The aquifer samples were incubated in transfusion bottles, in 3 to 4 replications. *°N
labelled KNO3 solution was added and the transfusion bottles were sealed airtight. To ensure
anaerobic conditions during incubation, the headspaces of the transfusion bottles were
evacuated and flushed with pure N,. Afterwards, the samples were incubated for one year in
the dark at 10 °C, which is approximately the groundwater temperature in both aquifers. The

transfusion bottles were shaken manually two times a week to mix sediment and batch
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solution. The headspace and the supernatant batch solution in the transfusion bottles were
sampled at days 1, 2, 7, 84, 168 and 365 of incubation.

2.4 Pre-conditioning of wells in the NOg3-free zone of the FFA

To stimulate denitrification in the NO3 -free zone with suspected lack of active denitrifiers
(Eschenbach and Well, 2013) groundwater monitoring wells were amended by repeated
injections of groundwater with added NOjz of natural ®N abundance. Injections were
designed to maintain elevated NOj3™ levels in the vicinity of the filter screens during a period
of several weeks. This was done to test if in situ denitrification rates measured in these wells
after pre-conditioning would reflect the average denitrification rates measured during one year
of incubation of corresponding aquifer samples (Eschenbach and Well, 2013).

Pre-conditioning was performed at 4 depths in the NO3-free groundwater zone at multilevel
well B4 in the FFA, which had been previously tested without pre-conditioning. Therefore
800 L of NO3™-free reduced groundwater were extracted from a groundwater monitoring well,
with a filter screen at 7 to 8m depth below ground surface, which is located 30 m west of
multilevel well B4, into a 800 L tank (IBC Tank Wassertank Container 800 L, Barrel Trading
GmbH & Co. KG, Gaildorf, Germany) using a drill pump (Wolfcraft Bohrmaschinenpumpe 8
mm Schaft, Wolfcraft GmbH, Kempenich, Germany). The drill pump was connected with a
PVC hose (13 mm ID) to the groundwater monitoring well and to the 800 L tank. The
extracted groundwater was supplemented with KNO;s; of natural N abundance to a
concentration of 10 mg NOs-N L. Approximately 40 L of this mixture were injected weekly
into each of the depths 7, 8, 9 and 10 m below ground surface, respectively, at multilevel well
B4. The injection rate was approx. 1 L min™. For 7 and 8m depth the peristaltic pump and for
9 and 10 m depth the drill pump were used for injection and both pumps were connected with
Tygon® tubings to the selected depths of the multilevel well. The first injection took place on
22 February 2011 and the last on 22 March 2011. In total, 5 pre-conditioning injections were
conducted at the 4 depths. Subsequently, 4 push-pull tests were performed in the previously

pre-conditioned injection depths as described above between 29 March and 1 April 2011.
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2.5 Analytical techniques

2.5.1 Isotope analysis of dissolved N, and N,O

Water samples sampled during push-pull tests were adjusted to 25 °C and a headspace was
generated within the serum bottles by the injection of 15 or 40 ml of ambient air into the 26
and 115 ml serum bottles, respectively, replacing the same volume of sample solution. The
replaced solution was directly transferred into 20 ml PE vials and frozen for later NO3™ and
SO,* analysis. After headspace generation the serum bottles were agitated for 3 h on a
horizontal shaker at a constant temperature of 25 °C to equilibrate the dissolved gases with
the headspace gas. Finally, 13 ml of the headspace 10 gas of each serum bottle were extracted
with a plastic syringe and then transferred to an evacuated 12 ml sampling vial (Exetainer®
Labco, High Wycombe, UK), giving a slight positive pressure within the sampling vial. The
sampled nitrogen gases in the 12 ml vials were then a mixture of N, and N,O gained from
atmosphere and from denitrification, respectively.

The N analysis of gas samples was performed by isotope ratio mass spectrometry (IRMS) at
the Centre for Stable Isotope Research and Analysis in Gottingen, Germany using a Delta V
advantage IRMS (Thermo Scientific, Bremen, Germany) following the method described in
Well et al. (2003). Analysis included reduction of N,O to N, prior to IRMS entrance. The sum
of N, and N,O isotopologues was thus detected as N, in the mass spectrometer. In the
following, the sum of denitrification derived N, and N,O is referred to as (N,+N2O)gen. The
>N abundance of (N2+N20) was derived from the measured 29/28 molecular ion mass ratio.
We analysed replicate samples, one was equilibrated by electrodeless discharge and the other
untreated (Well et al., 1998). This allowed calculating (N2+N;O)gen as well as the °N
abundance in NO3™ undergoing denitrification. N,O was measured using a gas chromatograph
(Fisons GC 8000, Milan Italy) equipped with a split-injector and an electron capture detector
and a HP-Plot Q column (50 m length x 0.32mm ID; Agilent Technologies, Santa Clara,
USA) kept at 38 °C. Gas analysis was completed within two weeks after the respective push-
pull tests. The concentrations of denitrification derived °N labelled N, and N,O in the gas
samples were calculated as described by Well and Myrold (1999) and Well et al. (2003),
respectively. The concentration of N,O in the added atmospheric air was taken into account
when calculating denitrification derived N,O in the sample. The measured molar
concentrations of N, and N,O in the headspace samples were converted into dissolved gas

concentrations using gas solubilities given by Weiss (1970) and Weiss and Price (1980) and
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taking into account the temperature, headspace pressure and the liquid-to-headspace volume

ratio during equilibration of dissolved gases with the headspace gases in the serum bottles.
Additionally to the standard IRMS analysis of (No+N,O)¢en °N labelled denitrification

products were measured with a membrane inlet mass spectrometer (MIMS) during 5 push-

pull tracer tests directly in the field (see Supplement).
2.5.2 Analysis of NOs’, SO,* and Br’

NOj3 concentrations in the water samples were determined photometrically with a continuous
flow analyser (Skalar, Erkelenz, Germany). SO,” concentrations were analysed by
potentiometric back-titration of excess Ba®* ions remaining in the solution after addition of a
defined amount of BaCl, in excess to SO,**. SO,* precipitated as BaSO,. The original SO4*
concentration was then analysed by potentiometric back-titration of the excess Ba?* ions
remaining in the solution using EDTA as titrant. Possible interfering metal cations were
removed from the samples prior to this analysis by cation exchange. Bromide (Br) was
analysed with an Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES,
Spectro Analytical Instruments, Kleve, Germany) after stabilizing the aliquot of the analysed

water samples with 10% HNO:s.
2.6 Calculations of denitrification rates

Measured concentrations of (N+N;0)gen were converted from the unit (ug N L) to (ug N kg’
1) under the following assumptions: (i) the average density of the solid aquifer material is 2.65
g cm™ and (ii) the effective porosity of the aquifer material was estimated to be 0.3 from
literature values for sediments of similar grain size distribution (Kollmann, 1986), with a
range of uncertainty of 0.2 to 0.4, respectively.

The concentrations of (N2+N2O)qen measured during the push-pull tests were corrected for
dilution caused by dispersion, diffusion and the tortuosity of the pores. To do this the dilution
factor (Fgi(ti )) (Eq. 1) was derived from the concentration changes of the conservative tracer

Br™ during the push-pull tests as proposed by Sanches-Perez et al. (2003):

. [Brilo
Fau (i) = —[Br_]ti 1)

where Bry and Br are the Br™ concentrations of the injected tracer solution and the sampled

tracer solution at sampling time ti, respectively. The encountered dilution factors ranged from
12
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1 to 20 and were below 5 in 18 push-pull tests. Only during 4 push-pull tests the dilution
factors were between 5-10 and during 2 in the range of 10 to 20. The conventional wells
(GKA) showed on average higher dilution factors compared with the CMT multilevel system
and the multilevel wells in the FFA. Dilution factors were near 1 for most of the push-pull
tests in the FFA, i.e. the injected tracer solution interfered little with the surrounding ambient
groundwater.

The corrected concentrations of (N,+N,O)qen are then obtained by multiplying the uncorrected
concentrations of (N2+N2O)qen at time ti with Fg(ti ). Denitrification rates were calculated
from the tangent of dilution corrected time courses of (N,+N,O)qen COncentrations at time
intervals with the steepest increase during the respective push-pull test (Sanchez-Perez et al.,
2003; Istok et al., 2004). This method was used because we suppose that the section of the
steepest increase of measured denitrification products during a push-pull test is the best
approximation of the maximal denitrification rate possible in the aquifer at the very location
of the respective push-pull test. The rationale behind this is: We suppose that the maximal
possible denitrification rate measurable at a certain point in an aquifer is dependent on the
amount of reduced compounds in the aquifer material capable of supporting denitrification.
Also the measured denitrification rate during a push-pull test is dependent on the state of the
microbial community in the aquifer material at the location of the conducted push-pull test.
For example, if in situ denitrification rates are measured in the zone of NO3 free groundwater,
microbes might need time to express the appropriate enzymes to start to denitrify after
injection of the NO3 containing tracer solution. Since it is unknown how long this adaption
time might be, the highest measurable denitrification rate during a push-pull test should give
an approximation for the maximal possible denitrification rate at the very point of the push-
pull test (see also Sect.4.1.2 and 4.2).

2.7 Detection limit and precision of (N2 +N2O)gen measurements
The detection limit of N analysis was calculated as the minimum amount of N labelled
(N2+N20)gen mixed with the given background of headspace N, of natural *N abundance

necessary to increase the measured *’N,/?®N; ratio to fulfil the following equation:

loa — It > 3% Sdrst (2)
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where rg, and rg are the 2’No/N; ratios in sample and standard, respectively and sdry is the
standard deviation (SD) of repeated ry measurements. The rg values were analysed with
IRMS by measuring repeated air samples. Under the experimental conditions, the detection
limit for the amount of (N2+N20)gen was 5 and 1 ug N L™ for samples in 26 and 115 ml serum
bottles, respectively, depending on the different ratio of liquid sample to headspace in the
respective serum bottles.

The mean coefficient of variation (CV) of concentration measurements of (N2+N20)gen
(ug N L™ in 3 replicates per sampling event during all push-pull tests was 0.18. The
conversion of concentration data from the unit (ng N L™) to (ug N kg™) increased the mean
CV significantly to 0.49. (The mean CV after conversion to (ug N kg™) was calculated from

the 3 concentrations resulting from the range of effective porosity values (see Supplement).)
2.8 Statistical analysis and modelling

Statistical analysis and regression modelling was conducted with WIinSTAT for MS Excel
Version 2000.1 (R. Fitch Software, Bad Krozingen, Germany). Experimental data (x) was
converted into Box—Cox transformed data (f B-C(x)) according to Eq. (3) using different
lambda coefficients (1) to achieve a normal like distribution of experimental data within the

different data sets.

(x* -1)

f B-C (X) — l

©)

Box—Cox transformations were performed with the statistic software STATISTICA 8
(StatSoft, Tulsa, USA). Simple linear regression analysis was conducted to evaluate
quantitative relations between in situ denitrification rates (D(in situ)) and various sediment
parameters of corresponding aquifer material measured in the laboratory (Eschenbach and
Well, 2013). Normal distribution of the measured parameters within the different data sets
and the residuals of linear regressions were tested with the Kolmogorov—Smirnov-Test,
normal distribution was assumed at the P > 0.05 level, with the null hypothesis that the tested
parameter was normal distributed. The uniform distribution of residuals of regressions was
checked with scatter plots of residuals vs. independent variables of the respective regression
analysis. This was done to ensure homoscedasticity during regression analysis, i.e. to ensure

that the least-squares method yielded best linear estimators for the modelled parameter. To
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use the regression functions given in the result section with own data, the experimental values
have to be transformed according to Eq. (3) with the lambda coefficients given in Table S2 in
the Supplement.

Differences between partial data sets were considered significant at the P < 0.05 level
(Kruskal-Wallis test (kw) with the null hypothesis that both partial data sets belong to the

same population).
2.9 Model sediment properties using regression functions with D.(in situ)

In situ denitrification rates (D(in situ)) measured during push-pull tests were used to model
parameters of the investigated aquifer samples measured in the laboratory. These parameters
were: (i) the cumulative denitrification after one year of incubation (D¢ m(365)), (ii) the stock
of reduced compounds (SRC) and (iii) several sediment parameters like water soluble organic
carbon (Chws), the fraction of KMnO, labile organic carbon (C,), total sulphur (total-S) and
total organic carbon (Corg). Deum(365) is the cumulative amount of denitrification products per
kg dry weight of incubated aquifer material at the end of one year of anaerobic incubation
(mg N kg™*). The SRC is the amount of sulphides and Corg converted into N equivalents (mg N
kg™) according to their potential ability to reduce NO3 to N, (Eschenbach and Well, 2013).
These sediment parameters and denitrification rates were analysed during a laboratory
incubation study with aquifer samples from the FFA and GKA (Eschenbach and Well, 2013).

The aquifer samples were collected from drilled material obtained during well construction of
groundwater monitoring and multilevel wells in the FFA and GKA. The analysed aquifer
samples originated from depth intervals of approximately 1 m above to 1 m below filter
screens or filter elements of respective groundwater monitoring or multilevel wells, used for

push-pull tests (Table 1).

3 Results

3.1 Grouping of push-pull test measuring points

Push-pull tests were grouped into data subsets according to the redox state of groundwater

and chemical properties of the aquifer material from the vicinity of the filter screens of

groundwater monitoring wells used for the respective push-pull tests (aquifer material was
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collected during well construction) (see also Eschenbach and Well (2013) Sect. 3.1). These
data subsets consist of data from wells with filter screens in the NO3-bearing and NO;3'-free
groundwater zone (NOs-bearing and NO3'-free zone, respectively) and wells in the zone of
non-sulphidic, sulphidic, and transition zone aquifer material (Tables 1 and 2).

0.4 mg NOz-N L™ was the lowest measured NO3™ concentration above the limit of detection
of 0.2 mg NOs-N L™ in the various monitoring wells (Table 2). Therefore, 0.4 mg NO3-N
L was the lowest NO5™ concentration of groundwater to be considered nitrate bearing in this
study. Sulphidic and non-sulphidic aquifer material was distinguished using the sulphate
formation capacity (SFC (mg S kg™ yr)) of incubated aquifer material from the vicinity of
the respective filter screen of the used monitoring wells (Eschenbach and Well, 2013).
Aquifer samples with a SFC > 1 mg SO,*-S kg yr? during incubation were assigned
sulphidic and push-pull tests conducted at wells with filter screens in this zone were
accordingly assigned to the sulphidic zone. The transition zone was defined as zone within the
aquifer where aquifer material still contains sulphides, but groundwater still contained NOs. It
follows, that the NOgs-bearing groundwater zone comprises the zone of sulphidic aquifer

material and the transition zone.

3.2 In situ denitrification rates and time courses of denitrification products

Di(in situ) ranged from 0.0 to 51.5 ug N kg™ d™*. Mean Di(in situ) in the FFA (9.1 ug N kg™ d"
1) were almost 4 to 5 times higher than in the GKA, but differences between aquifers were not
significant (Figs. 2 and 3, Tables 3 and 4).

The non-sulphidic zone of both aquifers exhibited the lowest mean Dy(in situ) (1.04 pg N kg™
d™) of all partial data sets (Table 4) and statistical significant differences (kw: P < 0.05)
occurred with the full and all partial data sets except D,(in situ) measured in the GKA and in
the NO3™-bearing zone of both aquifers. The other partial data sets exhibited no significant
differences between one another. Mean Di(in situ) of the transition zone (9.32 pg N kg™ d*)
was slightly higher than in the sulphidic zone of both aquifers.

Except for the multilevel well B6 in 6 m depth, all push-pull injection points with O,
concentrations above 1 mg O, L™ in the groundwater exhibited Di(in situ) below 0.75 pg N
kg d* (Tables 2 and 3) and aquifer material from this locations were assigned to non-

sulphidic aquifer material during laboratory incubations (Eschenbach and Well, 2013).
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D((in situ) measured after pre-conditioning of push-pull injection points at multiple well B4
(FFA) (67.83 to 152.70 pg N kg™ d™*) were 30 to 65 times higher than D,(in situ) measured
one year before without pre-conditioning (2.76 and 2.28 pg N kg™ d™) (Table 3).

Among the total of 28 push-pull tests, 24 were conducted without pre-conditioning from
which twelve were located in the NOs™-bearing and twelve in the NO3'-free zone of both
aquifers, respectively. Among the 12 push-pull tests in the NO3-free zone all of the 5 FFA
locations showed an exponential increase of (N,+N,O)gen during push-pull tests, whereas in
the GKA this was only the case in two to three of the 7 GKA locations. In contrast to this,
only 2 out of 12 push-pull tests in the NOs-bearing zone of both aquifers exhibited
exponential increases and these push-pull tests were located in the transition zone of
multilevel well B2. The two push-pull tests at multilevel well B4 (NOs -free zone of the FFA)
showed an exponential increase of (N2+N2O)gen. All other push-pull tests in the NO3™-bearing
zone exhibited almost linear trends. After preconditioning at the same depths of multilevel
well B4 in the NOs'-free zone, the time course of denitrification products was drastically

different compared to the initial tests with a much steeper and initially almost linear trend
(Fig. 4).

3.3 Relationship between D.(in situ), D,ym(365) and aquifer parameters
3.3.1 Comparison of D(in situ) and D¢ym(365)

D((in situ) was compared with mean denitrification rates during 365 days of laboratory
incubation (D,(365)) (Eschenbach and Well, 2013) with aquifer material collected from the
locations of the monitoring wells (see Sect. 2.3). D,(365) was obtained by dividing cumulative
(N2+N20)gen production (D¢ym(365)) by incubation time (365 d). D.(in situ) was generally
lower than D,(365) (Fig. 3 and Table S1 Supplement). The means of the D.(in situ)-to-D;(365)
ratio were calculated for the different partial data sets giving a range of 0.05 to 0.47, with the
lowest and highest ratios for the data sets of GKA and transition zone push-pull tests,
respectively (Table 4). In the transition zone, D.(in situ)-to-D,(365) ratios were significantly
higher compared to the other data sets (kw: P < 0.05). D,(in situ) of FFA aquifer material was
statistical significant closer related to D/(365) than D.(in situ) measured in the GKA. The
mean D(in situ)-to-D,(365) ratio from the NOs™-bearing zone of both aquifers (0.23) was
significantly larger than in the NO3 -free zone of both aquifers (0.1) (Table 4).
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D'(in situ) after pre-conditioning (well B4, FFA) was comparable or higher than D,(365) with
D.(in situ)-to-D,(365) ratios of 0.73 to 2.76 (Fig. 3 and Table 4). D.(in situ) was 30 to 65 times
higher compared to values obtained without pre-conditioning at the same wells (Fig. 5 and
Table 3).

3.3.2 Regression models to predict D¢,n(365), SRC and denitrification relevant aquifer

parameters from D.(in situ)

Simple linear regression analysis was applied to obtain regression models for the prediction of
Dcum(365) from D((in situ) for the full and partial data sets. The correlation coefficient (R) and
the average ratio the average ratio of calculated D¢,m(365) to measured D¢,m(365) are used to
evaluate the goodness of fit of the regression models.

The goodness of fit of regression models to predict D¢eyn(365) by Di(in situ) varied for the
various data subsets from no fit in the sulphidic zone to a good approximation of D¢;m(365)
by Di(in situ) in the NO3z™-bearing zone (R = 0.04 and R = 0.84, respectively, Table 5). For the
full data set, the quality of the fit was modest (R = 0.62) resulting in a wide range of
deviations between calculated and measured D¢m(365) from -49.1 to 18.1 mg N kg™ in the
different data subsets. Linear relationships between D.(in situ) and D¢,m(365) were better for
GKA in comparison to FFA aquifer material. Aquifer material which was not yet in contact
with NOgs-bearing groundwater (NOjz-free zone and most of sulphidic zone material)
exhibited D(in situ) values which were clearly less correlated with D¢,m(365) than aquifer
material which was already in contact with NOs-bearing groundwater (non-sulphidic zone,
transition zone and NO3™-bearing zone) (Table 5).

The goodness of the fit of regression models to calculate the SRC from D.(in situ) was on
average slightly worse than the one of regression models to predict Dcym(365) from Di(in
situ). As for the prediction of D.m(365) the best goodness of fit of regression models was
obtained from the GKA data sets, the transition zone and the NOj'-bearing zone with
coefficients of determination of R = 0.75, 0.77 and 0.50 (Table 5). Like D¢m(365) also for
SRC the prediction was best for zones of both aquifers where the aquifer material had already
been in contact with NO3 -bearing groundwater in situ prior to the push-pull tests. Contrary to
other partial data sets, the data subset of D(in situ) measured in sulphidic aquifer material
exhibited a clearly better goodness of fit between D,(in situ) and SRC than between D¢,m(365)
and D((in situ), R = 0.41 and R = 0.04, respectively.
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As already mentioned above pre-conditioning of multilevel well B4 strongly increased the
measured D.(in situ). Here, regressions between D.(in situ) and D¢,m(365) and between D.(in
situ) and SRC exhibited a modest goodness of fit (R = 0.54 and R =0.53, respectively) (Table
5).

Regression analysis between several denitrification relevant parameters of aquifer material
(Eschenbach and Well, 2013) and D(in situ) revealed that for some partial data sets, the linear
regressions between some of these parameters and D.(in situ) were even better than the
regression between Dy(in situ) and D¢m(365) (Table S3 Supplement in comparison to Table
5). For GKA aquifer material, Deym(365) was in closest linear correlation with D.(in situ).
Contrary to this, for FFA aquifer material D,(in situ) was closer related to SO4%exr and Chus
than to D¢m(365) or SRC. For data subsetsgrouped according to the sulphate formation
capacity of the incubated aquifer material, several parameters had better or at least equal
linear correlation to D,(in situ) than D¢,m(365). These parameters were Corq and total-S in the
non-sulphidic zone, SO4% e and total-S in the sulphidic zone, Corg and total-S in the transition

zone, Coyrg and SO4Z e in the NOgs-bearing zone, and SO4% ey and C; in the NO3 -free zone.

4 Discussion
4.1 Quantifying D(in situ) with push-pull tests
4.1.1 Ranges of D.(in situ) and comparison with previous studies

To compare previous D(in situ) data with our measurements, all denitrification rates were
converted to the dimension pg N kg™ d* assuming an effective pore space of 0.3 and an
average density of dry aquifer solids of 2.65 g cm™. D,(in situ) values measured in the FFA
and GKA (Table 3) are comparable with D,(in situ) (2.3-27.1 pg N kg™ d™) measured by
Konrad (2007) in two Pleistocene sandy aquifers in Northern Germany (aquifers of
Thulsfelde and Sulingen, about 40 km west and 30 km south of the city of Bremen,
respectively). Also D.(in situ) reported by Addy et al., (2002) and Addy et al., (2005) show a
similar range of denitrification rates with 2.1-121.2 and 0.5-87.9 ug N kg™ d, respectively.
Those values were measured in two riparian sites and a site with marsh sediments in Rhode
Island USA. Somewhat larger spans of D.(in situ) were reported by Well et al. (2003) for

water-saturated mineral sub-soils from various locations in Northern Germany and by Konrad
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(2007) for the sandy to silty aquifer of Wehnsen (about 30 km southeast of the FFA) with
Di(in situ) from 0-300 and 45-339 pg N kg™ d™, respectively. These larger spans also cover
the full range of D(in situ) values measured at multilevel well B4 in the FFA after pre-
conditioning (Table 3). Sanches-Perez (2003) measured D((in situ) from 22.1 to 7646.4 ug N
kg™ d™ with the acetylene inhibition method in 2 shallow sandy aquifers in France and Spain.
Overall, there is a wide range of reported D,(in situ) in aquifers.

Denitrification rates can also be derived from the analysis of groundwater samples from
monitoring-well transects along hypothesized groundwater flow paths. Therefore, Tesoriero
and Puckett (2011) selected 12 study sites with monitoring- well transects within the U.S. The
study areas represented a wide range of sedimentary environments and climatic conditions.
Tesoriero and Puckett (2011) generalized the determined denitrification rates broadly into
three categories: low rates (< 0,02 ug N kg™ d*), medium rates (0,02-0,06 pg N kg™ d) and
high rates (> 0,6 pg N kg™ d™). Low to were found in areas with elevated O, concentrations
in the groundwater, medium rates in the presence of low O, concentrations and high
denitrification rates when changes in the lithology resulted in a sharp increase in the supply of
electron (Tesoriero and Puckett (2011), p. 13). Overall, the denitrification rates obtained from
theses monitoring-well transects are below the mean D.(in situ) of the various data subsets in
this study (Table 4). For example the mean D (in situ) of non-sulphidic aquifer material was 1
ug N kg™ d* (Table 4) and thus even higher than the high denitrification rates reported by
Tesoriero and Puckett (2011). The O, concentrations in the ambient groundwater at these
push-pull locations were mostly clearly above 1 mg L™, which is near the reported apparent
threshold for the onset of denitrification in aquifers (Green et al., 2008, 2010; McMahon et
al., 2004; Tesoriero and Puckett, 2011) (see Sect. 4.3). Mean D,(in situ) of data subsets of
push-pull test at locations with low O, concentrations (transition-zone and NOj3'-free zone)
(Table 2) were 9 and 8 ug N kg™ d™, respectively, and thus by the factor of 10 higher as the
high rates reported by Tesoriero and Puckett (2011).

Green et al. (2010) showed that groundwater mixing due to advection and mechanical
dispersion can strongly influence the derived apparent denitrification rates along flow paths in
a way that these transport processes tend “to create the appearance of lower reaction rates and
fractionation parameters when measured at larger scales and longer flow paths” (Green et al.
2010, p 12). Green et al. (2010) showed that mixing effects increase with the mean travel
distances of groundwater and they conclude “that effects of transport and scale should be
considered when comparing reaction rates in different aquifer systems, or when comparing

reaction rates in different parts of the same system”.
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In contrast, Korom et al. (2005) reported a clearly higher zero-order denitrification rate of
35.6 pg N kg™ d™ measured by an aquifer mesocosm, this rate is comparable with the highest
D((in situ) measured in this study (Table 2). Korom et al. (2012) argued that, contrary to
monitoring-well transects, such transport depending mixing processes would not influence
denitrification rates measured by aquifer mesocosms, since advection and mechanical
dispersion are negligible. The influence of advection and mechanical dispersion on the
measured apparent denitrification rates by push-pull test should be higher compared to in situ
mesocosms. On the contrary during push-pull tests, mixing processes by advection and
mechanical dispersion should be significantly lower in comparison to monitoring-well
transects, since the flow path of the injected tracer solution in the aquifer is in a decimeter or
maximum meter range during a push-pull test, which is very short compared to flow-paths of
hundreds of meters or several kilometres in case of monitoring-well transects. (Additionally
the mixing of the injected tracer solution with ambient groundwater was taken into account by
the addition of Br™ as conservative tracer to the tracer solution (see Sect. 2.6) to minimise the
influence of mixing effects.)

The observed differences in denitrification rates measured in this study with denitrification
rates derived from monitoring-well transects (Tesoriero and Puckett 2011) might thus be
attributed to effects of transport along long flow paths. We think that these effects should also
be considered when denitrification rates are compared that have been derived with different

methods.

4.1.2 Temporal and spatial variability of in situ denitrification rates

In addition to possible systematic differences between different methods with respect to the
derived denitrification rates, it has to take into account that D.(in situ) can show a
considerable temporal variability during push-pull tests itself. This was evident during the 12
day long pull-phase of a push-pull test conducted by Trudell et al. (1986) in the O, and NO3'-
free groundwater zone of a shallow sandy aquifer in south western Ontario Canada, where
Di(in situ) increased from 30.3 to 504.6 ug N kg™* d™* (Trudell et al., 1986).

Comparable to the results of Trudell et al. (1986), in this study most of the push-pull tests in
the NOj3'-free zone showed an exponential increase of (N2+N2O)qen With time, i.e. increasing
denitrification rates. Periods of an exponential increase of dilution corrected denitrification
products during tracer tests were also previously reported (Eschenbach and Well, 2011;
Konrad, 2007). In the study of Konrad (2007), 5 out of 13 push-pull tests showed an
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exponential increase of dilution corrected denitrification products. 4 of these 5 push-pull tests
were located in the NO3'-free groundwater zone. Contrarily, push-pull tests in the NO3 -free
zone (consisting of the data subsets of non-sulphidic aquifer material and the transition zone)
showed approximately constant denitrification rates during the push-pull tests. The non-
sulphidic aquifer material exhibited very low denitrification rates during the push-pull tests
presumably because the aquifer material was depleted in the reduced compounds capable of
supporting (Table S1 in the Supplement and Eschenbach and Well (2013) Sect. 4.2) and
dissolved O, in groundwater inhibited NOs reduction. Dissolved O, concentrations in the
ambient groundwater and therefore also in the injected test solutions were > 1 mg O, L™ at 6
out of 8 injection points in the non-sulphidic zone of both aquifers (Table 2) which is near or
above the apparent threshold for the onset of denitrification in aquifers (see Sect. 4.3 below)
whereas in the transition zone O, concentrations were far below this threshold. In relation to
the amount of reduced compounds of transition zone aquifer material (Table S1 in the
Supplement and Fig.2 in Eschenbach and Well (2013)), which was almost as low the one of
non-sulphidic aquifer material, the measured in situ denitrification rates were comparatively
high (Table 3). Despite the clearly lower SRC content in situ denitrification rates in the
transition zone were on average higher than in the NO3'-free zone (Table 3). We suspect that
the clearly different activity of denitrification in relation to the SRC in both data subsets is
because the microbial community in the NO3™-free zone is not ready to denitrify since it needs
time to adapt to NOj3™ as possible electron acceptor.

Therefore, it is concluded, that the exponential increase of denitrification products observed
during push-pull tests in our study and previous studies can probably be attributed to growth
and stimulation of denitrifiers by the injection of NOjs™ into aquifer zones that have previously
not been in contact with NO3". Trudell et al. (1986) found an increase of denitrifying bacteria
species during the 12 day long tracer test which was accompanied by a 17-fold increase of
measured denitrification rates. Several other investigations showed increasing microbial
activity after bio stimulation of aquifer sediments by the injection of electron donors to
monitoring wells (Istok et al., 2004; Kim et al., 2004, 2005). Istok et al. (2004) reported that
the viable biomass on solid samplers installed in monitoring wells more than doubled
compared with samplers installed in monitoring wells without electron donor addition.

To establish an active denitrifying microbial community in the strict anaerobic zone of an
aquifer we injected NO3 as newly available electron acceptor in the NO3; -free zone at
Multilevel well B4 in the FFA. To our knowledge, pre-conditioning of aquifer material prior

to a push-pull °N tracer test by the injection of only NO3™ was firstly used in this study. Pre-
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conditioning at multilevel well B4 (see Sect. 2.4) resulted in a 30- to 65-fold increase in
measured in situ denitrification rates compared with push-pull tests without pre-conditioning
at the same depths of multilevel well B4 (Table 3 and Fig. 5). It can be concluded that pre-
conditioning in the NOjs-free zone of the FFA led to growth of the community of active
denitrifiers in the aquifer material in the vicinity of the respective injection points. The
increase of D(in situ) due to pre-conditioning might be a combined effect from the increase
of active denitrifiers and a higher denitrification rate per microbial cell due to synthesis of
enzymes for denitrification. Pre-conditioning lead not only to higher denitrification rates but
also the time course of (N2+N,O)q4en did not show a period of a distinct exponential increase
compared with prior measurements without pre-conditioning (Fig. 4). This might show that
denitrifiers in the tested aquifer material after pre-conditioning were ready to denitrify and
that there was a stable denitrifying community, see also Sect. 4.2.

Pre-conditioning also improved the comparability of in situ and laboratory denitrification
rates. All in all the measured denitrification rates during one year of incubation (D(365))
were on average higher in comparison to denitrification rates derived with normal push pull
tests (D((in situ)). This may have resulted from several factors including the stimulation of
denitrification in the lab due to disturbance of aquifer material, establishment of strictly
anaerobic conditions and the adaptation of the microbial community over time. The ratio
between D(in situ) and D,(365) was highly variable within the data set. Interestingly, it was
lowest in the non-sulphidic and NO3'-free zones of both aquifers (Table 4). In case of non-
sulphidic aquifer material dissolved O, (Table 2) might have inhibited NO3™ reduction and in
the zone of NO;3 free groundwater. D,(365) of non-sulphidic aquifer material measured
during anaerobic incubation in the laboratory (Eschenbach and Well, 2013) can therefore be
seen as a potential activity which is only partly effective under in situ conditions due to a low
reduction rate of dissolved O, in groundwater. This is also reflected by the low D(in situ) to
D((365) ratio in the non-sulphidic wells (Table 4).

The mean D(in situ)-to-D,(365) ratio in the NO3-bearing zone were twice as high compared
to the NOgs-free zone (Table 4 and Fig. 3). This probably reflects the need for microbial
adaptation to NOj3 discussed in the previous section. Mean D,(in situ) and the ratio of D,(in
situ)-to-D,(365) of 0.47 were highest in the transition zone, showing that in the transition zone
D.(in situ) and D,(365) were in closer agreement compared with other zones. During the push-
pull tests in the transition zone the ambient concentration of dissolved O, was always below
0.13 mg L™ and NOs was always detectable in the ambient groundwater at the 5 injection

points in the transition zone (Table 2). Denitrification was therefore presumably not inhibited
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by dissolved O, and the microbial population had already adapted to NO3 as an available
electron acceptor. Hence, denitrifying conditions during push-pull tests and during laboratory

incubation were similar, resulting in closer agreement in denitrification rates.

4.2 Interpretation of observed time courses of produced (N2+N20)gen

Figure 6 sums up our interpretation of the results from push-pull tests in the NO3'-free zone.
Immediately after the injection of the N tracer in the NO5 -free zone of both aquifers there
seems to follow a time interval with little to no production of **N labelled (No+N0)gen (=lag-
phase) (compare with Figs. 2 and 4). During this time, denitrifiers might still have to
synthesise enzymes for denitrification and are not yet ready to denitrify.

After the lag-phase follows a phase of exponential increase of (N2+N2O)gen during which the
amount of active denitrifiers and or their activity might adapt to the newly available electron
acceptor NO3™. The growth of denitrifiers might depend on the microbially available stock of
reduced compounds (SRC), i.e. on the surface area of reduced compounds (saRC) present in
the aquifer material. If the denitrifying community is adapted to NO3 and had colonized the
saRC, denitrification rates should be relatively constant. Hence a zero order reaction model
should fit the measured data during the relatively short duration of a push-pull test (Fig. 6,
linear response phase). It is suspected that these conditions apply to the NO3 -bearing zone but
not to the NOgs-free zone. After preconditioning at multilevel well B4, (N2+N2O)gen Was
initially high and there was no subsequent exponential increase, while the opposite was the
case during previous tests at the same well without pre-conditioning (Fig. 4). This probably
reflects the more constant activity of denitrifiers during the push-pull tests after pre-
conditioning (Fig. 6, linear response phase). Similar adaptation effects have been reported
previously, where bio-stimulation by injecting electron donors like ethanol, glucose, propane
or fumarate resulted in constant activity, thus allowing the use of zero-order reaction models
to derive reduction rates during push-pull tests (Istok et al., 2004; Kim et al., 2004, 2005).
This supports our interpretation that pre-conditioning leads to a kind of equilibrium between
the denitrifying community, the injected NO3 and the saRC present in the aquifer material,
ultimately resulting in relatively constant reaction rates while NOs™ is not limiting (Fig. 6,
linear response phase). In our experiments, the latter condition was fulfilled, because NO3’
concentrations during the pull-phase were always clearly above 1.0 mg NOs-N L™, which is
assumed to be the threshold of NO3™ concentrations limiting denitrification rates reported by
Wall et al. (2005).
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From the dynamics of microbial adaptation outlined above it follows, that preconditioning
prior to push-pull tests in the zone of NO3” free groundwater is needed to allow estimating the

stock of reduced compounds from in situ denitrification rates.

4.3 Predicting Dym(365) and SRC of aquifer sediments from D(in situ)

The main objective of this study is to predict the cumulative denitrification measured during
one year of laboratory incubation of aquifer samples (D.um(365)) and the stock of reduced
compounds (SRC) from in situ denitrification rates (D(in situ)). In comparison to costly
drilling of aquifer material and laboratory measurement of D¢,m(365) and SRC, D(in situ) can
be measured with relatively low cost push-pull tests at existing groundwater monitoring wells,
which would thus allow spatial mapping of denitrification activity within aquifers.

There are only scarce data comparing the stock of reduced compounds (SRC) or longer-term
denitrification rates (e.g. D((365)) with D(in situ)). Well et al. (2003) showed for
denitrification in the saturated zone of hydromorphic soils that laboratory derived
denitrification rates after 24 h of anaerobic incubation were in good agreement with in situ
denitrification rates, but the study was limited to near-surface groundwater. Konrad (2007)
tested this approach in deeper aquifer zones with a small data set of pairs of D(in situ) vs.
Deum(4 push-pull N tracer tests and incubations of corresponding aquifer material) and found
that both quantities were related (spearman rank correlation coefficients of R > 0.8).

In this study, transfer functions were developed to predict Dgym(365) from D.(in situ)
measurements with a larger data set in different redox zones typically present in aquifers.
Moreover, pre-conditioning was evaluated by addition of NO3™ to aquifer material and the
subsequent measurement of in situ denitrification rates.

Only a modest goodness of fit (R = 0.62) was found using linear regression between D(in
situ) and D¢ym(365) for the full data set (Table 5). Without Box—Cox transformations of input
data the correlation coefficient was even lower (R = 0.1). This shows that it was necessary to
transform the input data to approach normal distribution and homoscedasticity for regression
analysis. Otherwise the ordinary least squares method did not find the best or efficient linear
estimators for regression coefficients.

Like in the previous laboratory study (Eschenbach and Well, 2013) grouping of D.(in situ)
measuring points by locality or according to hydro-geochemical zones increased the
predictive power of D.(in situ) with respect to the measured D.,m(365) and SRC of aquifer

material for some partial data sets. Altogether, D(in situ) was the best predictor for D¢ m(365)
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and SRC of the partial data set of GKA aquifer material with correlation coefficients of 0.82
and 0.75, respectively. For the FFA the predictive power of D(in situ) for D¢,m(365) and SRC
was significantly lower compared to the GKA (Table 5). This finding mirrors results of
laboratory incubations with FFA and GKA material reported by Eschenbach and Well (2013)
(Table 4 of the cited study), in which initial denitrification rates (D,(7)) of GKA material were
a better predictor of D¢ym(365) than in case of FFA material. Contrary to the GKA aquifer
samples, the SRC of the FFA samples was not predictable by D,(in situ). One reason might be
a different microbial availability of organic carbon (Corg), Which is one major constituent of
SRC in both aquifers (Eschenbach and Well, 2013). The ratio of KMnO4 labile organic
carbon (Cj) to Coy was almost twice as high in the GKA material compared to the FFA
material (Eschenbach and Well, 2013), suggesting that the proportion of Cyyq available for
microbes is higher in the GKA aquifer material and on the other hand that a significant
proportion of Coq is unavailable for denitrification in the FFA.
Grouping of aquifer material according to hydro-geochemical zones or sediment parameters
resulted in better regressions between D,(in situ) and D¢m(365) and SRC for partial data sets
where NOj" is still present in the groundwater, i.e. in the transition and NO3z-bearing zone
(Table 5). Konrad (2007) reported similar relationship between D.(in situ) and D¢yn(365)
under comparable conditions. Relatively weak fits were obtained for data sets with push-pull
measuring points located completely or mostly in the zone of NO3™ free groundwater (NOs -
free zone and sulphidic aquifer material, respectively) and in the non-sulphidic zone (Table
5). For the NOjs-free zone this is attributed to a missing adaptation of the microbial
community to NO3™ as electron acceptor as discussed above. In the study of Trudell et al.
(1986) it took at least 8 days until measured denitrification rates stopped to increase during
the push-pull test. In our study, such long pull-periods were not possible because of
comparatively higher groundwater velocities in both aquifers. At some injection points in the
FFA, the tracer plume had already moved away with groundwater within 35 h of the injection.
The goodness of fit in the modelling of D.m(365) and SRC using linear regression
functions was highly variable among partial data-sets. The mean ratios of calculated
Dcum(365) to measured D¢ym(365) and calculated SRC and measured SRC were best for the
transition zone with ratios near 1. . We suppose the reasons for this might be (i) that residual
reduced compounds, that could support denitrification were still present in the aquifer
material, (ii) the O, concentrations in the ambient groundwater (Table 2) were far below the
reported apparent threshold of < 40 - 60 pmol L™ (= 1.5 — 2.3 mg O, L™) for the onset of
denitrification in aquifers (Green et al., 2008, 2010; McMahon et al., 2004; Tesoriero and
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Puckett, 2011) (see also Sect. 4.1 in Eschenbach and Well (2013)) and (iii) NO3 was present
in the ambient groundwater of the transition zone. Therefore we expect that the microbial
community was already adapted to NOg’, i.e. ready to denitrify, and denitrification was not
inhibited by dissolved O,. Conversely, in the non-sulphdic zone higher O, concentrations
might have inhibited denitrification and this might have been limiting for D(in situ) than the
limited content of reduced compounds. This might explain the poor fit between calculated and
measured values (Table 5) in the non-sulphidic zone. In the NO3'-free zone the groundwater
was almost O, free and, in comparison to the other zones, the aquifer material had a larger
stock of reduced compounds (Table S1 in the Supplement). But nonetheless the correlation
coefficients between D(in situ) and D¢,m(365) and D(in situ) and the SRC were very low and
the developed regression functions underestimated especially D¢m(365) and SRC of deeper
aquifer samples with high values of D¢m(365) and SRC to a large extent (Table 5). We
suppose the reason for this is the lack of adaptation of the microbial community to NO3’, as
already discussed above.

Pre-conditioning at multilevel well B4 led to a clearly better fit of D(in situ) and D,(365)
(Table 4). This indicates that pre-conditioning should increase the predictability of D¢ym(365)

and probably also of SRC from Dr(in situ) measurements in the NO3 -free zone.

5 Conclusions

The possibility to predict the capacity of aquifer zones to remove NOj3™ inputs over extended
time periods based on in situ measurement of denitrification rates was evaluated in two
Pleistocene aquifers in Northern Germany. This was done by comparison of D(in situ) with
denitrification parameters determined in aquifer material samples, i.e. the stock of reduced
compounds (SRC) and the cumulative denitrification measured during one year of incubation
in the laboratory (Dcym(365)).

Prediction of D¢m(365) and SRC from D((in situ) for data sets containing data from both
aquifers was only satisfactory in the aquifer zones where NO3™ was present. This type of in
situ tests might thus be suitable for mapping D.m(365) and SRC in NO3™ bearing zones of
Pleistocene sandy aquifers using existing monitoring wells. It is thus a promising and low-
cost method to estimate D¢,m(365) of aquifer material from aquifer zones where NOj" is still
present in the groundwater. Our results also indicate that the push-pull technique (without pre-

conditioning) is not suited to derive the SRC or D¢m(365) of aquifer samples from in situ
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denitrification rates under conditions where the groundwater is nitrate-free. Moreover, future
routine applications of this approach could be facilitated by online field analysis using
membrane inlet mass spectrometry, which we demonstrated to be feasible and precise. Still,
the correction for dilution of the injected tracer solution with ambient groundwater is
necessary when using membrane inlet mass spectrometry in the field (see Sect. 2.6 and the
Supplement).

In the NOj'-free aquifer zone increasing denitrification rates were observed during the
conducted push-pull tests, which were interpreted as the result of adaptation processes of the
denitrifying communities following NO3" injections. Also D,(in situ) without pre-conditioning
was generally lower than average denitrification rates after one year of incubation (D,(365)) in
the laboratory. This was especially the case for D,(in situ) measurements in the NO3 free
groundwater zone. In this study it was demonstrated exemplarily that the microbial
community in the NOjs-free zone just below the NOjz-bearing zone can be adapted to
denitrification by amending wells with NOgs injections for an extended period. In situ
denitrification rates measured after this pre-conditioning reflected the D¢,m(365) and SRC
more satisfactorily. From this findings it is assumed that microbial adaptation after NO3
injection confounded the relationship between reactive compounds present in the tested
aquifer material and D.(in situ) measured during push-pull tests, which resulted in poor
prediction of Dgym(365) and SRC from D(in situ). Therefore we assume that pre-conditioning
is a prerequisite for the measurement of in situ denitrification rates using push-pull tracer tests
in the NOjs™ free groundwater zone. Further research is needed to check if this microbial
adaptation would also work in deeper layers far below the NO3™-bearing zone.
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Tables:

Table 1. Overview of the conducted push-pull **N tracer tests, the used wells and the depth range of

the respective filter screens in both aquifers. Push-pull test with and without pre-conditioning were

conducted at multilevel well B4.

GroBenkneten

Fuhrberg

(conventional monitoring and multilevel

(multilevel wells)

wells)
Monitoring B1 B2 B4 B6 N10 Gro Gro S1 S2 CMT CMT2
well 1
326 327
filter screen m below ground surface
non-sulphidic 2.95- 8.0- 8.15-
3
zone 3.05 10.0 8.40
(NO3™-bearing 4.15- 22.65-
6
zone) 4.25 22.90
""""""""""""""" 795
Transition zone 5
8.05
(NO3™-bearing 8.95-
zone) 9.05
9.95-
8
10.05
S 6.95-  13.95- 695 350-  66.0- 260- | 26.65-
Sulphidic zone
7.05 14-05 7.05% 39.0 67.0 27.0 26.90
7.95- 8.75- 29.15-
(NO3™-free zone)
8.05 8.85% 29.40
9.85- 31.15-
9.95% 31.40
9.95- 33.35-
10.05* 33.60

* Push-pull tests with pre-conditioning.
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Table 2. Background conditions of the groundwater from the injection depths of the push-pull **N

tracer tests.
inj.
Location aquifer zone 0, NO;~ N,O SO42' pH redox con®
depth®
, mgN pug N mgsS uS
m mgL” n N N mV »
L L L cm

FFA B1 6.95-7.05 sulphidic 0.67 <0.25 n.d. 27.64 6.00 -171 473
FFA B1 7.95-8.05 sulphidic 0.76 <0.25 n.d. 24.73 6.04 -175 440
FFA B2 2.95-3.05 non-sulphidic 3.66 41.47 1.59 15.07 4.66 273 563
FFA B2 4.15-4.25 non-sulphidic 0.96 2759 6831 36.94 4.83 209 564
FFA B2 7.95-8.05 transition zone 0.16 12.58 0.03 32.52 4.48 341 553
FFA B2 8.95-9.05 transition zone 0.13 7.09 0.05 38.41 4.65 367 488
FFA B2 9.9510.05 transition zone 0.06 1.0 n.d. 43.30 4.75 374 458
FFA B2 13.95-14.05 sulphidic 0.40 0.63 n.d. 42.51 6.75 117 453
FFA B4 7.95-8.05 sulphidic 0.22 <025 1.14 42.30 5.28 -38 432
FFA B4 8.95-9.05 sulphidic 0.12 <0.25 0.70 51.19 5.43 - -
FFA B6 2.95-3.05 non-sulphidic 9.51 6.10 0.02 13.95 5.70 365 255
FFA B6 5.95-6.05 non-sulphidic 1.28 19.55 10.66 22.45 5.18 349 441
FFAN10 4.95-5.05 transition zone 0.12 13.12 184.8 59.87 4.61 341 660
FFAN10 7.95-8.05 transition zone 0.16 04 1.03 52.03 5.60 3 463
GKA 326 8.0-10.0 non-sulphidic 6.30 3.06 0.12 4.67 4.10 374 105
GKA CMT2 8.15-8.40 non-sulphidic 6.10 3.14 0.12 5.06 4.40 387 100
GKA CMT2 22.65-22.90 non-sulphidic 5.70 3.98 0.56 12.09 5.10 276 163
GKA CMT2 26.65-26.90 sulphidic 0.10 <0.25 0.01 18.57 5.40 30 221
GKA S2 26.0-27.0 sulphidic 0.30 <0.25 n.d. 17.85 5.30 161 217
GKA CMT1 29.15-29.40 sulphidic 0.20 <0.25 n.d. 18.16 5.50 -24 240
GKA CMT1 31.15-31.40 sulphidic 0.14 <0.25 n.d. 17.91 5.20 134 195
GKA CMT1 33.35-33.60 sulphidic 0.20 <0.25 n.d. 18.60 5.10 122 272
GKA 327 35.0-39.0 sulphidic 0.10 <0.25 0.13 10.85 5.30 26 275
GKA S1 66.0-67.0 non-sulphidic 0.13 <0.25 0.02 5.10 5.72 -54 103

FFA Fuhrberger Feld aquifer;

GKA GroRenkneten aquifer;

% injection depth (the absolute depth can vary by a few cm);

b conductivity.
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Table 3. In situ denitrification rates (D,(in situ)) and minimum and maximum values of D(in situ) in
dependence of the range of estimated effective porosities (0.2 to 0.4). D,(in situ) were calculated from
a regression line through the (N>+N,O)qen CONcentrations at time intervals with the steepest increase of
(N2+N20)qen during the respective push-pull test. Tracer tests after pre-conditioning are marked with *.

Location Injection Aquifer zone D.(in situ) D,(in situ) D,(in situ) R
depth” Max min
m pg N kg'1 d?
FFA B1 6.95-7.05 sulphidicd 17.59 27.361 10.261 0.94
FFA B1 7.95-8.05 sulphidicd 1.512 2.352 0.882 0.92
FFA B2 2.95-3.05 non-sulphidic” 0.120 0.186 0.070 0.14
FFA B2 4.15-4.25 non-sulphidic” 0.065 0.102 0.038 0.01
FFA B2 7.95-8.05 transition zone® 0.429 0.667 0.250 0.95
FFA B2 8.95-9.05 transition zone® 1.415 2.201 0.825 0.90
FFA B2 9.95-10.05 transition zone® 8.650 13.456 5.046 0.99
FFA B2 13.95-14.05 sulphidicd 51.47 80.078 30.029 0.82
FFA B4 7.95-8.05 sulphidicd 2.755 4.286 1.607 0.98
FFA B4 8.95-9.05 sulphidicd 2.278 3.544 1.329 0.86
FFA B6 2.95-3.05 non-sulphidic’ 0.057 0.089 0.033 0.02
FFA B6 5.95-6.05 non-sulphidic” 4.998 7.774 2.915 0.96
FFAN10 4.95-5.05 transition zone® 12.89 20.052 7.520 0.95
FFAN10 7.95-8.05 transition zone® 23.19 36.074 13.528 0.99
FFA B4* 6.95-7.05 sulphidicd 152.6 237.527 89.073 0.94
FFA B4* 7.95-8.05 sulphidicd 67.83 105.514 39.568 0.99
FFA B4* 8.95-9.05 sulphidicd 145.5 226.481 84.930 0.98
FFA B4* 9.95-10.05 sulphidicd 150.7 234.530 87.949 1.00
GKA 326 8.0-10.0 non-sulphidicb 0.747 1.162 0.436 0.96
GKA CMT2 8.15-8.40 non-sulphidicb 0.051 0.079 0.030 0.02
GKACMT2  22.65-22.90 non-sulphidicb 0.009 0.013 0.005 0.00
GKACMT2  26.65-26.90 sulphidicd 1.233 1.918 0.719 0.70
GKA S2 26.0-27.0 sulphidicd 0.860 1.338 0.502 0.99
GKACMT1  29.15-29.40 sulphidicd 4.427 6.886 2.582 0.78
GKACMT1  31.15-31.40 sulphidicd 0.504 0.784 0.294 0.63
GKACMT1  33.35-33.60 sulphidicd 2.002 3.114 1.168 0.77
GKA 327 35.0-39.0 sulphidicd 6.192 9.632 3.612 0.99
GKA S1 66.0-67.0 non-sulphidicd 2.271 3.533 1.325 1.00

FFA Fuhrberger Feld aquifer; GKA GroRenkneten aquifer; *(the absolute depth can vary by a few cm),

1150 ® correlation coefficient of the regression line; © NO; -bearing zone; d NO;™-free zone.
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Table 4. Means, standard deviation and ranges of D(in situ) of the data sets. Statistical significant
differences (kw: P < 0.05) between D,(in situ) values measured in the various data subsets occurred
only between D,(in situ) measured in the non-sulphidic zone and some other partial data sets.

Dy(in situ)®
D,(in situ) / D,(365)"
(ug kg ' Nd™)

non-

B4 pre-conditioned 4 128.1+43.4 67.8-152.7 - 4 1.87+0.84 0.72-2.76

B4 un-conditioned 2 2.52+0.34 2.28-2.76 - 2 0.04+0.02 0.02-0.05

Data set N° means range o N® means Range
sulphidic

Whole data set 24 6.07£11.36 0.00-51.48 s 34 0.15+0.20 0.00-0.60
FFA 14 9.10+14.20 0.06-51.48 st 16 0.26+0.24 0.01-0.60
GKA 10 1.83+2.02 0.00-6.19 Ns 18 0.06+0.06 0.00-0.20
non-sulphidic zone 8 1.04+1.78 0.00-5.00 - 11 0.05+0.08 0.00-0.23
sulphidic zone 14 8.59+13.67 0.43-51.48 s’ 23 0.20+0.22 0.01-0.60
transition zone 5 9.32+#9.32 0.43-23.19 s' 8 0.47+0.14 0.25-0.60
NO; -bearing zone 12 4.38+7.24 0.00-23.19 Ns 17 0.23+0.24 0.00-0.60
NO; -free zone 16 7.76x14.53 0.50-51.48 s' 17 0.10+0.10 0.01-0.37

% all D(in situ) measurements, b only D(in situ) measurements with corresponding incubated aquifer samples © number of
D,(in situ) measurements; ¢ statistical differences between non-sulphidic and other data sets (s significant differences; ns
not significant differences; ! differences significant at the 0.05 probability level; ? differences significant at the probability
level; ® differences significant at the 0.001 probability level); ® number of comparisons between D/(in situ) and

corresponding incubated aquifer samples.
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Table 5. Simple regressions between D,(in situ) and D.,»(365) and SRC from anaerobic incubations

with corresponding aquifer material. f ®°(X) = A+ B x f *(D(in situ)).

Xa

calculated/measured

Deviation

(mg N kg™t yr™)

Data set N A B mean range mean range

Whole data set Deym(365) 34 2.878 0.603 0.62 2.29+4.19 0.16 - 22.96 -3.07+14.67 -47.2-12.8
Whole data set SRC 34 6.123 0.152  0.40 1.51+1.31 0.12-5.19  -671.2£2091 -7734-1379
FFA Deym(365) 16 2.640 0.578 0.52 2.83+4.90 0.13-19.18 -3.08+14.71 -49.1-7.0
FFA SRC 16 3.772 0.006 0.07 1.22+0.82 0.11-2.92 -377.8+1375  -5317-413.7
GKA Deym(365) 18 3.046 0.818 0.82 1.34+0.92 0.26-3.85 -2.25+12.28 -30.8-15.5
GKA SRC 18 8.024 0.613 0.75 1.43+1.23 0.178 -4.47 -617.0+2179  -5780-2390
non-sulphidic Deum(365) 11 1.050 0.156 0.40 2.25%3.20 0.26 —10.65 -0.10+2.41 -5.2-1.8
non-sulphidic SRC 11 8407 752.8 0.43 1.50+0.84 0.46-3.19 31.54+240.7 -553-272.6
sulphidic Deum(365) 23 4.185 -0.033 0.04 1.33+0.90 0.30-4.19 -3.32+15.13 -39.4-13.1
sulphidic SRC 23 21.40 -1.372 041 0.30+0.18 0.03-0.61 -1823+2313 -8564 —-144
transition zone Dcum(365) 8 1.109 0.581 0.53 1.03+0.26 0.74- 1.43 -0.3612.84 -45-3.3
transition zone SRC 8 5.349 -0.602 0.77 1.05+0.41 0.58-1.92 -50.11+340.6 -518.7 -561
NO;™-bearing Dcum(365) 17 2132 0.454 0.84 2.21#3.76  0.13-15.17 -0.67£2.52 -6.3-2.7
NO;™-bearing SRC 17 193.3 16.32 0.55 1.36+0.75 0.41-2.76 -19.35%#365.2 -929 - 462.6
NOs™-free Deym(365) 17 7.774 2.036 0.36 1.47+0.88 0.31-3.00 -1.69+16.23 -38.7-18.1
NO; -free SRC 17 77.61 8.421 0.21 1.78+1.46 0.27-4.47 -485.4+2494  -6077 — 2095
pre-conditioned1 Deym(365) 4 14.402 0.099 0.54 1.06+0.35 0.62-1.47 0.1249.49.79 -12.95-941
pre-conditioned”  SRC 4 319.5 4895 0.53 1.12+0.52 0.51-1.77 5.5+462 -638.0 - 464

! experimental data of pre-conditioned push-pull tracer tests was not Box-Cox transformed before regression analysis,

because of the small number of data pairs. For these data pairs the following equation applies: X = A + B x D,(in situ).

® Independent sediment parameter

b
number of samples

¢ correlation coefficient.
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Figure captions:

Fig. 1. Schematic of push-pull N tracer tests at groundwater monitoring and multilevel wells.

Fig. 2. Time courses of denitrification derived (N,+N;0)gen and dissolved O, during >N push-pull tests
in the FFA (A and C) and GKA (B and D). FFA = Fuhrberger Feld aquifer; GKA = Grol3enkneten
aquifer; ns non-sulphidic; s sulphidic and tZ transition zone aquifer material.

Fig. 3. Relation between in situ denitrification rates determined by **N push-pull tracer tests and
average denitrification rates during one year of incubation (Eschenbach and Well, 2013). FFA
Fuhrberger Feld aquifer; GKA GroRenkneten aquifer; ns non-sulphidic; s sulphidic and tZ transition

zone aquifer material.

Fig. 4. Time courses of (N,+N,O)gen during push-pull tests without pre-conditioning (A) (grey
diamonds) and with pre-conditioning B (black diamonds) at multilevel well B4 in the FFA. The push-
pull tests without pre-conditioning at B4 was conducted in April 2010. One year later in April 2011 the
aquifer material of the respective depths was conditioned over 5 weeks with NOs; amended

groundwater of natural >N abundance prior to the **N push-pull tests.

Fig. 5. Di(in situ) after 5 weeks of pre-conditioning of aquifer material (black diamonds) in
comparison to D(in situ) without pre-conditioning. The small diagram shows the difference between

D(in situ) after pre-conditioning and unconditioned D,(in situ) at multilevel well B4 in the FFA.

Fig. 6. Schematic time courses of denitrification during push-pull tests in the NO;-free groundwater
zone. (D, = measured in situ denitrification rates, saRC = surface area of reduced compounds present

in the investigated aquifer.)
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Fig. 5.
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