Dear Dr. Neftel,

thank you for your decision and comments and flowahg us to submit a revised version of
our manuscript. We greatly appreciate the detailadiconstructive comments of the two
reviewers which helped us to improve the manuscript

Overall, we addressed all comments of the revieaedshope that we adequately solved the
requests.

With kind regards
Wolfram Eschenbach

(We attached a version of the manuscript with ckarigghlighted at the end of this pdf.)



Responsesto reviewer 1
Referee(s)' Comments to Author:

Predicting long-term denitrification capacity ohsly aquifers from incubation experiments
and sediment properties by W. Eschenbach and R. Wel

This paper addresses relevant scientific questigtiisn the scope of Biogeoscience. It
includes a rather large data set and analysistmtld be helpful to the scientific community
on aquifer denitrification. However, | have sevaranments and concerns:

1. 1.1 In the first three pages | noted two apparentdyaphical errors. On line 11 of the
abstract in indicates that the “long-term” denitation capacities ranged from 0.18...
However, in Table S2 it appears that this lowegeamalue should be 0.19.
Furthermore on page 8810, line 10 “amphiboles”isspelled as “amphibols.” |
encourage the authors to review the manuscripndgaierrors.

We have reviewed the manuscript thoroughly and htipéhave eliminated all
remaining errors.
At the end of the introduction we now provide a Biparagraph, which introduces the

limitations of this research. In this paragraphaiso refer to the sections 4.4 and 4.5

where the mentioned limitations are discussed irenetail.

2. 2.1 The stated goals of the research included (pagg, 8i®e 28) “to quantify
exhaustibility of long-term denitrification capacih aquifers.” What is “long-term”
in the authors’ view? As mentioned above, long-tseems to be until the
denitrification capacities of the sediment are exdbad. This idea is repeated in the
paragraph beginning on page 8811, line 16. Howélamrg-term” from the
methodology seems to mean 1 year incubation expetsrjpage 8812, line 4; page
8814, line 14, I, is the “cumulative amount of denitrification...the end of one
year of incubation (page 8817, line 26 and follay)JnAssuming that using data from
incubating sediment samples for one year will reisuleliable estimates for minimum
lifetimes of denitrification (page 8818, line 21dafollowing) of up to 66.5 years
(Table S2) is a big assumption. In my view, “loregrt” from the perspective of
aquifer denitrification needs to be > 10 years. iAghthink the data provided are
helpful, but the assumptions made and the relatathtions of this research need to
be more clearly stated.

We agree, long-term denitrification capacity is tapacity until the denitrification
capacity of the sediment is exhausted. Thereforehaaged the phrase denitrification

capacity Dcap to cumulative denitrification after one year atubation Dcun(365))

throughout the whole manuscript.

We rewrote section 4.4 and included following smwdiinto the manuscript in order to
make the underlying assumptions and limitationghef study more clearly. (see also

our response to question 2.2)



We added the following to section 4.4:

“Two key assumptions were made for the assessmte bifetime of denitrification
in both aquifers from our incubation experimenteeie are relations between (i) the
measured R{365) and the stock of reduced compounds (SRC)igruktween the
SRC and the denitrification capacity.

() The measured -{365) was a good predictor for the SRC for the whidta set
and GKA samples. The SRC was also predictable dgphslic and NQ -free
samples. Contrary, L{365) was a poor indicator of the SRC for aquifeatenial
from already oxidized parts of both aquifers witlatively low amounts of SRC
(Table 6). Since the conducted incubations wereaht# to exhaust the denitrification
capacity of the aquifer samples, the real fractiook the SRC available for
denitrification (aFsrg in the incubated samples and even more so thstunaFsgc

remained unknown.”

(see also our response to comment 1 of reviewer 2)

2.2 How do we know that all of the organic C and sulptrnesent in the sediments is
able to be oxidized?
We don’t know and we didn’t assumed this. We asslthat only 5 % of the stock of
reduced compounds (SRC) in the samples was aldde mxidized during microbial
denitrification. This value was estimated from thiensive incubations. We added the
following sentences to the beginning of section df4he manuscriptiSince the
conducted incubations were not able to exhaustdewmtrification capacity of the
aquifer samples the real fractions of the SRC awda for denitrification (akrg in
the incubated samples remained unknown...”

In sediments | am familiar with, we have organi;@he unsaturated zone (below the
soil zone), but little to no pyrite. Knowing thadth organic C and pyrite exists below
the water table suggests that the organic C ablm/evater table is resistant to
oxidation. Could it be that organic C below the evdgble is also resistant to
oxidation?

Surely, there are parts of organic carbon belowwheer table that are resistant to

oxidation. To make this point clearer we addedfttlewing to section 4.4:

“(ii) The low total-S values in the upper partstodth aquifers (Table S1) suggest that

most of the sulphides present in both aquifers ¢sstion 4.3.1) are not resistant to



oxidation. Moreover, sulphides are supposed tohgedominant reduced compound
supporting denitrification in the FFA (Kdlle et al983). Both aquifers (FFA and
GKA) still contain reduced compounds in form of arg matter in their oxidized
upper parts. So obviously, certain fractions of twbole SRC are resistant to
oxidation. But it is unknown how the ratio of oxahle to none-oxidazable,& may
change with depth in both aquifers. During thisdstwve found that the fCorq ratio
was higher for deeper (sulphidic) aquifer samplesnpared with non-sulphidic
samples from the upper region in both aquiferssThiggests that the proportion of
organic C which is recalcitrant is higher in ther@hdy oxidized zone (see section
4.3.1). A reason for this might be that the promortof mineral associated organic
carbon to total organic carbon is higher in thisneo

(Mineral association of organic matter is assumedincrease the recalcitrance
fraction of total organic matter (Eusterhues et, &@005). Eusterhues et al. (2005)
reported for a dystric cambisol and a haplic podfzoim northern Bavaria that 80 —
95 % of the total organic carbon content of thetmde size fraction (< 6.3 um) in the
C horizon is mineral associated organic matter &eloxides were identified as the
most relevant mineral phases for the formation rgfano-mineral associations.) Fe
oxides can form during autotrophic denitrificatinth pyrite and they are known to

exist frequently in oxidized aquifers.)”

. With the comments of #2 above, | recommend thatitte be changed to “Predicting
long-term denitrification capacity of sandy aqusf@om shorter-term incubation
experiments and sediment properties.

We followed this suggestion and changed the tttoedingly.

. 4.1 Sulphur was measured as total S (page 8815, Gjhar’l assumed to be pyrite
(page 8818, line 11). Is this a good assumption?

We believe this is as a sufficiently good assummpfimr both aquifers, especially for
the reduced parts. In these deeper parts the eco@rof sulphate minerals are not
reported. The total S values of aquifer samplesfiioe reduced parts of both aquifers
are at least 10 times higher than the ones measutbd upper oxidized region of the

FFA and GKA. See also our replies below.

4.2 Why not measure inorganic S instead of total S?

On this issue, we replied the following to onelod teviewer (during the first short

review process). Hopefully this answers the quadiidgficiently:



We used total-S as an inexpensive estimate fomgidpcontent. This is reasonable
because previous investigations in comparable ecpuiind the Fuhrberger Feld
aquifer showed that total-S values were to a lasgent identical with sulphides.

In Line 776 to 779 of the submitted manuscript (odescussion paper) we referred to
this:

“Bergmann (1999) and Konrad (2007) investigated disgribution of S species in
aquifer material from sandy aquifers in North RhiNestphalia and Lower Saxony,
Germany, respectively, and found that 80 to ove?o96f the total-S value is
represented by sulphide-S.”

Kolle et al. (1982) reported from 23 aquifer sarspiem different locations in the
Fuhrberger Feld Aquifer a mean lignin content d260% by weight and a pyrite
content of lignin of 5.6 % (chemical and x-ray &) giving 77.7 mg FeSS kg™.
The median total-S values of 72 mg S'kgf our Fuhrberg samples (Table S1,
supplementary material) are comparable to the gajueen by Kolle et al. (1983).

We assume that in the deeper parts of both aguafarainium hydroxide and
aluminium hydroxysulfates minerals are negligili/psum mineral are for different
reasons unlikely in the investigated sediments. & and Ca concentrations in the
groundwater of both aquifers are far below equilifor concentration with gypsum of
approximately 2 g L. Precipitation of gypsum minerals in the groundwais
therefore unlikely. Gypsum rock fragments are reyorted for both aquifers and
microcrystalline gypsum minerals if initially pregeshould have already dissolved
since deposition of the unconsolidated rock agsifBecause of this we are relatively

sure that the gypsum content is negligible.

4.3 On line 6 on this same page it mentions that desiple sulphate produced by
dissolution of sulphate minerals was accountedifor were the amounts significant?
We corrected for pore water $O0and possible dissolution of sulphate minerals. The
amounts were significant. We added the followingteeces at the relevant point at
the manuscript (section 2.5):

“For the aquifer samples from the BIOfree zone of both aquifers and for non-
sulphidic samples these initial $O-S concentrations accounted for 25,4 % and 90 %
of the final SGF-S concentrations in the batch solutions. Thes&alnBQ? -S

concentrations originated supposedly mainly fronrepovater SO4. The S©



concentrations of the groundwater at the origirtred samples reached 5to 60 mg S

1! in both aquifers (data not shown).”

. In section 3.6.1 (page 8824), the authors noteidDhgawas not predictable by the
seven-day denitrification rate (except for non-Budc samples) (see also page 8832,
line 11 and following); however, §3, was predicted well with the eighty-four-day
denitrification rate. If goal c (page 8812, linarid following) is to use push-pull tests
to check “long-term” denitrification this presemtproblem because push-pull tests
generally cannot be used for 84 days?

That is true and a result of this as well as amse@study to follow, were we conducted
push-pull test at the origin of the sampled aquifeterial. During this second study
we also tested push pull test with pre conditiorohghe aquifer material. These tests
resulted in a better agreement between measuredataby and in situ denitrification
rates.

In the conclusions we already referred to this |enob “In the deeper zones that had
not yet been in contact with NOQ D.(365) was poorly related to initial
denitrification rates. Only after prolonged incubmt of several weeks denitrification

rates could predict B{365) of these samplés.

. On page 8828 (line 8 and following) the authorgeyriThe ultimate goal of our
research is to predict long-term denitrificatiopaeity (D.ap from initial

denitrification rates.” But this assumes that a-gear long ., effectively predicts
“long-term” denitrification capacity (as in quanfifig its exhaustability).

To emphazise our assumptions and the limitationghisfresearch more clearly, we

changed the beginning of section 4.2 to:

“An important goal of denitrification research is fpredict long-term denitrification
capacity of aquifers from initial denitrificatiorates.

The conducted incubations showed that there arrifgignt quantitative relations
between R,{365) and the SRC of the incubated aquifer sanm@lable 6) and it can
be assumed that the SRC represents a maximum tstioia the long-term
denitrification capacity of aquifer material. Takyrthis into account it was tested if

initial denitrification rates can predict @{365).”



7. The question discussed in section 4.5 (page 88#)4land following) are very good.
However, | don’t find compelling the authors’ regges. The only way | know to
adequately answer these questions is to haveuistsities. And push-pull tests
Apparently won't help achieve the authors’ goak(sgy comment 5 above).
Apparently, the only long-term in situ tests thatud work appear to be like those
described by Korom et al. (2005). They could balusdest in situ some estimated
minimal lifetime of denitrification values given drable S2 (2-5+ years). They also
may help determine what electron donors take patte denitrification and for how
long.

To emphasize the limitations in drawing conclusiémsn laboratory incubations to
the in situ process, we rewrote the section 4.6.%larify the limitations of our
approach and addedL.itear regressions showed that there are quantigatelations
at least between J{365) and the SRC of the incubated aquifer samiptes the
reduced zone in both aquifers (Table 6) and it banassumed that the SRC in a
certain degree determines the long-term denitrtfara capacity of aquifer material.
From this, one- year incubations may give minimwtingates of the denitrification
capacity of aquifer sample. Furthermore one yeainotibation seems long enough to
overcome microbial adaptation processes encountaaedhe beginning of the
conducted incubations (see section 4.2).”

But we think the questions as well as the assatiatnclusions drawn from this

study, are nonetheless helpful for future studies.

Bergmann, A.: Hydrogeochemische Untersuchungeniscioar Redoxprozesse in tiefen
Porengrundwasserleitern der Niederrheiniscchen Buich Umfeld des Tagebaus Garzweiler
I, Bochumer geol. geotechn. Arb. 51, 59. Abb., Pab.; Bochum, Germany, 167, 1999.
Eusterhues, K., Rumpel, C., and Kogel-Knabnefilgano-mineral associations in sandy
acid forest soils: importance of specific surfacsaairon oxides and micropores, Eur. J. Soill
Sci., 56, 753-763, 10.1111/j.1365-2389.2005.007120L5.

Kdlle, W., Werner, P., Strebel, O., and BottcherDENITRIFICATION BY PYRITE IN A
REDUCING AQUIFER, Vom Wasser, 61, 125-147, 1983.

Konrad, C.: Methoden zur Bestimmung des UmsatzasStickstoff flr drei pleistozéne
Grundwasserleiter Norddeutschlands, 161, 2007.



Responses to reviewer 2

According to the reviewer 1 comment 2.1, we chartgedhrase denitrification capacity
(Dcap to cumulative amount of denitrification after oygar of incubation@cun(365))

throughout the whole manuscript.

Referee 2
Referee(s)' Comments to Author:

“Predicting long-term denitrification capacity arely aquifers from incubation experiments
and sediment properties”, by W. Eschenbach and &l W

This manuscript presents results from ex situ iatobs to determine the long-term
denitrification capacity of two sandy aquifers. Tiatatively large dataset and conclusions
have important implications for local water res@unmmanagement and pollution control.
Furthermore the manuscript provides a frameworkfdiother attempts to predict long-term
denitrification capacity with relatively small efto(short-term incubations and sediment
parameter analysis). | recommend its publicatioBimgeosciences. However, | have a few
guestions and concerns.

General concerns

1. Generally, the authors should make clear from thgiriming what the limitations in
their method are, e.g., ex situ incubations fordmteng in situ rates; one year
incubations for predicting several decades etc.ylddaalready in the title the
misleading “long-term” should be replaced.

We changed the title td"Predicting the denitrification capacity of sandy aters
from shorter-term incubation experiments and sedimepropertie§ (see also
reviewer 1 comment 3)

Now we provide a small paragraph, which introduttes limitations of this in the
material and method section. In this paragraph le® refer to the sections 4.4 and 4.5
where the mentioned limitations are discussed irendetail. (see also our response to

reviewer 1 comment 2.1 and response to reviewenent 3)

We added:

“ 2.7 Basic assumption and methodical limitationstbe presented approach

The underlying assumptions of the presented stueyttet there are quantitative

relations between the measured cumulative dewiétibn during one year of



incubation (Qu{(365)) and the stock of reduced compounds (SR&jufer material
and between the SRC and the denitrification capacit

The basic limitations of the presented approach @)en situ processes are estimated
from ex situ incubations, (ii) one year incubati@are used for predicting the lifetime
of denitrification in the investigated aquifers oveeveral decades and (iii)°N
labelling of NQ™ was used because denitrification was assumed tilvdelominant
process of N@ reduction, in the two aquifers. The limitations tbe presented
investigation are further discussed in section 4l 4.5. This work focuses on
organotrophic and sulphide depended denitrification both aquifers, this seems
appropriate taking into account previous investigas (Kolle et al. 1983, Kolle et al.
1985, Hansen 2005) and the evaluation Fe, Mn and NH the batch solutions
during incubation and in situ in both aquifers (s#® supplement: other possible

electron donors).”

We added also a small paragraph to section 4.5

“4.5.1 Limitations of the™NO;~ labelling approach

15N labelling of N@~ with subsequent analysis of producad labelled N and NO
did not exclude the possible contribution of dislsitary nitrate reduction to
ammonium (DNRA) sinceéN of NH,; was not checked. Moreover, our approach was
not suitable to identify a possible coupling of DNRvith anaerobic ammonium
oxidation (anammox) with subsequent formation’iif labelled N from the labelled
NO;~ during anaerobic incubations. Hence, despite thact fthat previous
investigations reported denitrification as the doamt process of N§ attenuation in
the FFA (Kdlle et al. 1983, Kdlle et al. 1985), artain contribution by DNRA-
annamox can not be excluded. DNRA is seldom reptotbe the dominant process of
NO;™ reduction in groundwater systems (Rivett et aD80To our knowledge there
are no studies about anaerobic ammonium oxidatianahmox) in fresh water
aquifers. The possible contribution of DNRA-anamnimoXNO;~ consumption during

incubation is discussed in more detail in the mdital part of the supplement.”

. 2.1 Another major concern is that the authors fomusrganotrophic and sulphide-
dependent denitrification only. However, there atber electron donors such as
Fe(ll), Mn(Il) or ammonium.



We added the following to the end of the introdwmiati

“This work focuses on organotrophic and sulphid@eleded denitrification in both
aquifers, this seems appropriate taking into acdéqumevious investigations (Kolle et
al. 1983, Kolle et al. 1985, Hansen 2005) and thalwation Fe, Mn and NH in the
batch solutions during incubation and in situ intlha@quifers (see the supplement:

other possible electron donors).”

We added the following to the supplement:

“ Other possible electron donors

During incubations Fe and Mn concentrations in tha&tch solution were always
mostly far) below 1 mg Fe'land 0,5 mg Mnt. Only some transition zone samples
showed Fe concentrations 4 and 7 mg Feduring incubation. The measured
concentrations of Fe(ll) and Mn(ll) in the groundwa at the origin of the samples
are below <0.5 mg Fe™l and < 0.1 mg MnT in the oxidized zone of both aquifers.
Only in the reduced N free zone of both aquifers the concentrations efilJFand
Mn(ll) are higher (1 to 7 mg FeYland <0,1 mg MnT in the GKA and 4 to 16 mg Fe
|7 and 0.1 to 1 mg Mn in the FFA). Therefore, only solids like e.g. pyrore are
possible sources for the electron donors forsN@duction in both aquifers and it is
assumed that pyrite is the major source for Fe(Recently Korom et al. (2012)
indicated that non-pyritic ferrous iron might plag more important role for
denitrification than considered up to now. They umss that ferrous iron from
amphiboles contributed to denitrification with 2943in a glaciofluvial shallow
aquifer in North Dakota.

The NH' concentrations in the groundwater at sample origie below detection
limit in the GKA and below 0.5 at multilevel wellNin the FFA, it is assumed that
NH;" is not a significant electron donor during BQeduction in both aquifers (see
also section 4.5.1 of the manuscript and below).”

The contribution of Fe(ll) coming from pyrite iscladed in our calculations. (see
section 2.5. To make this clearer, we change thiesee (section 2.5):
“Corg Was converted according to Eq. (4) given in Kof@®91) and total-S values (in

form of pyrite) according to Eqgs. (5) and (6) givarKoélle et al. (1983).”

to



“Corg Was converted according to Eg. (4) (electron dooaanic C) given in Korom
(1991) and total-S values (in form of pyrite) aatiog to Egs. (5) (electron donor)S
and (6) (electron donor F&) given in Kélle et al. (1983).

2.2How would for example anammox (the anaerobic ojietatof ammonium)
influence the results? What is the potential fas fbrocess in the two examined
aquifers? How can the authors predict how much aniwmo will be available in
the sediments in the future? E.g., coming from vi@enatter remineralisation?

We respond to 2.2 below (response to comment 3Welo

. Finally, the authors did not address the possjbilitat nitrate could be reduced to
ammonium (DNRA) by e.g. sulphide oxidation. Thighveay would result in partial
N recycling, and in a significant donor loss.

To address this possible turn over processes wedatthé following to the Supplement

and refer to this at the end of the introducticge(somment 1 above):

“Limitations of the®>NOs;~labelling approach

For the quantification of denitrification®N labelled N@~ was used during the
conducted anaerobic incubatior’SN labelling of nitrate can not completely exclude
the possible contribution of dissimilatory nitrateduction to ammonium (DNRA)
followed by anaerobic ammonium oxidation (anammimx)the formation of>N
labelled N from the labelled N@ during anaerobic incubations.

Under strict anaerobic conditions, DNRA is an atiative pathway for the reduction
of NG;™. But DNRA is seldom reported to be the dominaotess of N@ reduction

in groundwater systems (Rivett et al., 2008) andnubal modelling by van de
Leemput et al. (2011) suggested that DNRA is rattiemportance under low NO
concentrations and high C:NOratios. But denitrification was presumably not NO
limited since N@ concentrations were always above 1 mg N(Korom et al.,
2005;Morris et al.,, 1988;Wall et al., 2005) durinthe incubations. DNRA is
presumably not an important process during thisestigation because the batch
solutions contained only small amounts (< 0,5 mg'Nsamples from B2 in depth 8-
10 m=~ 1 mg N ™) of NH,". Also NH* accumulation was generally not observed

during the conducted experiments. Since the indom&twere anaerobic NH



accumulation should be expected if DNRA was a fsgnit contributing process,
except anammox consumed the possibly produced itthediately. If significant N
production via anammox occurred, this would haverbdifficult to observe since
NH;" and NG, the educts of this process, came from the sasmbelled NQ™ pool

in the batch solution. (At the beginning of incubatNG,” concentrations were below
detection and NE concentrations < 0,5 mg N7?| respectively.) If anammox
contributed significantly to N production than also DNRA must have been a
significant process with half the turnover rateabammox.

Contrary to marine environments, where high ratds amammox are reported
(Canfield et al., 2010), in freshwater systemsehsrmot much evidence for anammox
(van de Leemput et al., 2011;Burgin and HamiltodQ?2). To our knowledge, there
are no studies about anammox in fresh water agsiif@hereas it is reported to exist
in wastewater treatment systems, marine sediment$ lakes (Jetten et al.,
1998;Schubert et al., 2006;Dalsgaard et al., 2005).

To distinguish N@ consumption by denitrification from coupled DNR#&amox
during anaerobic incubation experimenits! labelled NG~ might be used.

The groundwater in both aquifers WHsometimes contains low concentrations of
NH;". In the GKA N concentrations are mostly below detection limitlan the
reduced zone at multilevel well N10 in the FFA teem 0,3 and 0,5 mg'l(own
measurements), since that, the possible occurrehd@NRA or anammox can not

strictly be excluded in both aquifers.

Specific questions and comments

4. Page 8808. Line 25. Are the authors that confitiesit Do, (= Denitrification capacity
during 1 year) can always be predicted by shomtémcubations and sediment
analyses? At least, the result presented in tadysdo NOT prove that the long-term
denitrification capacity can be predicted. The eeo¢ should be rephrased to e.g.,
“We use our results from short-term incubations andlysis of sediment parameters
to predict the long-term denitrification capacitysandy Pleistocene aquifer.” Or: “In
our study, R, of two sandy Pleistocene aquifers was predictabieg a combination
of short-term incubations and analysis of sedinpanameters.”

We agree with this and changed the respective sent&s suggested tdn“our study,
Dcun(365) of two sandy Pleistocene aquifers was prabllet using a combination of

short-term incubations and analysis of sedimenapaaters.



5. Page 8810. Lines 5, 17, 18. “organotrophic” insteftheterotrophic”.

We have changed as proposed, and accordinglyratbe whole manuscript.

6. Page 8810. Lines 6, 7, 13, 15. “lithotrophic” irsteof “autotrophic”. (The correct
scheme is: hetero- vs. auto- in terms of carbostsate used for growth; and organo-
vs. litho- in terms of electron donor.)

We have changed as proposed, and accordinglyratbe whole manuscript.

7. Page 8811. Line 19. “...calculated a maximum...” indteh“the”.

Corrected
8. Page 8812. Line 2. Write “...from actual in situ rateasurements using...”

Changed as proposed

9. Page 8812. Line 3. | don’'t understand. (c) was daal stated above) but is not
addressed in this study?

We will present the results to goal (c) in a secetutly. Since both studies are close
related to each other we refer already here tostitend study.
To make this clearer we inserted the following eeoé:“In a second study we will
present results to (c).”

10.Page 8812. Line 21. “is” instead of “has been ez’
Changed as proposed

11.Page 8812. Line 23. “Evidence for intense ongoiegjtdfication...”.

Corrected tofor....

12.Page 8812. Line 26. “organotrophic” instead of &netrophic” if you speak about
electron donor.

Corrected to “organotrophic”
13.Page 8813. Line 1. “lithotrophic” instead of “autgghic”.
Corrected to “lithotrophic”

14.Page 8813. How much time passed between samplidgthen start of incubation
experiments? Also state in what year and montlcohes were drilled.

We added the requested information into sectioroRtBe manuscript:



“FFA aquifer samples from depths between 2 to Setows soil surface were sampled
in April and Mai 2008 and deeper samples in the RRAlune 2007. GKA samples
were drilled in December 2008. GKA samples and $esnjpom depths up to 5 m in
the FFA were incubated within 4 week after samplibgeper FFA samples were

incubated 3 to 6 months after samplihg

15.Page 8814. Line 8. What is the natural range ftratei concentrations in the 2
aquifers?
We added the following at the respective pointhef inanuscript:
“The natural nitrate concentrations in both aquieare in the range of 0 to 250 mg
NO;™ I (Well et al., 2012) (see also section 4.5.1).”

16.Page 8814. Line 8. Does that mean 69%NO;~ and 40%"N-NOs;? And where
was the'®N material from?

That is correct 609%°N-NO;~ and 40%*“N-NOs". This'®N labelled KNQ was
obtained from

Chemotrade Chemiehandelsgesellschaft mbH

Marschallstr. 19
D-40477 Dusseldorf

But to our knowledge they didn’t tradéN labelled nitrate anymore. Maybe since 2
years.

We changed the respective sentence o\ “abelled KNQ with 60 atom%™N
(Chemotrade Chemiehandelsgesellschaft mbH, Dugs$eldermany) was dissolved
in deionized water (200 nigN labelled NG 1™%). 300 ml of this solution was”...

17.Page 8814. Line 9. How do you know it was airtigiitRat kind of rubber septa were
used? Were they made anoxic before use (as esgrilied in Canfield et al. 2010)?
Most stoppers are not completely oxygen-tight, whimight be significant if
incubations take as long as 1 year. Did you checloxygen contaminations in your
incubations?
We used natural rubber septa because of their gesealability properties after
multiple injections. These septa had a thicknessah.
We added to the manuscript... natural rubber septa of 2 cm thickness and
aluminium screw caps. These septa were used betaegekept good sealing after
multiple needle penetrations from repeated sampling
Small amounts of oxygen entering the transfusioottlds are difficult to detect,

because they will be reduced during incubation.a®icmally, we measured the



the sampled 12 ml sample vials but found it inrdomege of blank signals ¢Nnjected

into evacuated 12 ml sample vials).

We added to the supplement:

“Recommendations for future anaerobic incubations

Control of air contamination during incubation exipeents

Canfield et al. (2010) recommended to de-aeratdeulsepta by boiling them for 24
hour in water and store them in a He atmosphereredise.

An elegant way to check for possible air contamamats the measurement of Ar in
the headspace of the transfusion bottles duringubation. Increasing Ar

concentrations are indicator of air contaminatiodsring incubation. Unfortunately

we were not able to measure Ar during the inculmetjodue to instrumental

restrictions.”

18.Page 8814. Line 14. “...for up to one year...”

The duration of all incubations was one year. Tisaivhy we did not change the
respective sentence (=Samples were incubated &oyear in the dark at 10 °C.).

19.Page 8814. Line 22. 13 ml gas was transferredlidtml exetainers?

To make this point clearer, we changed the respesgntence to:
“For the gas sampling, 13 ml headspace gas werea@enl with a syringe and
transferred to evacuated 12 ml sample vials (Exet® Labco, High Wycombe, UK).

By doing so, the gas sample was slightly pressuini@¢hin the vial:

20.Page 8815. Line 15. “... to check for possible ddmation...”
Changed as suggested

21.Page 8815. | understand that the “intensive treatthexperiments were conducted to
speed up electron donor usage. Can you add ametevenhy and how much this is
faster at 20C? And please explain in a sentenceadting quarts sand.
| have no reference how much faster it is at 2@i@y 9 compared to 25°C (Well et
al., 2003). They report that, during anaerobic bations the 25 °C treatment yielded
denitrification rates which were between 1.4 argitBnes the rates at 9 °C

We added the following sentence at the respectwua pf the manuscript:



“Well et al. (2003) reported that during anaerobiccubations a raise of incubation

temperatures from 9 to 25°C resulted in 1.4 tol8dgher denitrification rates.”

We added the following two sentences at the resgepbint to the manuscript:
“The quartz sand was added to increase the perntigabf fine grained parts of the
incubated aquifer material. This was done to incedhe reactive surface area, i.e.

the contact area between tracer solution and redwmmpounds.”

22.Page 8815. Line 26. “were” instead of “where”
Changed as suggested

23.Page 8816. Line 11. Delete “to $O
Changed as suggested

24.Page 8816. Line 24. What masses were measuredeoliRMS? Although you cite
Well et al., please give a brief explanation of hgou determined total N2 production
in your incubations.
We added the following at the respective pointhef manuscript:
“A brief explanation, how total @NN,O) production was determined, is given in the

supplement.

We added the following to the supplement:

“ Quantification of total N-+N,O production

The molecular ion masses 28 and 24, °N,) were recorded for IRMS analysis of
denitrification derived™N labelled N and NO. The NO in the headspace samples
was reduced to Nin a reduction column prior to the mass spectr@nentrance. The
headspace samples were a mixture of unlabelednid denitrification denitrified™N
labelled N and NO. On condition that (i) th&N abundance of the denitrified NO
is known, (ii) denitrification is the sole gaseousogen forming process, and (iii) the
amount of N evolved from théN labelled NG pool is small compared with the
unlabelled N in the sample, the fraction of denitrified M a given mixture can be
determined by measuring onfyN,/*®N, ratios using the equations provided by

(Mulvaney, 1984) (see also discussion in: (Mulvari884) and (Eschenbach and



Well, 2011)). For the measurement of tf¥ abundance of the denitrified NOand

to check for the conditions mentioned above, rapdicsamples were measured as
described in detail in (Well et al., 1998).

The headspace samples represented a mixture ofbtmmmial N isotopologue
distributions according to thé°N abundances of the unlabelled End the ™N
labelled denitrification derived (NN2O), respectively. A high frequency discharge
unit was then used for online equilibration of iolecules prior to isotope analyses.
After equilibration the measured samples consisfeone binomial distribution of N
isotopologues according to the tofdN abundance of the mixture. Th&l abundance
of denitrified NQ  can then be calculated from the measurement of &N,

ratios of unequilibrated and equilibrated replicaaamples (Well et al., 1998).”

25.Page 8820. Line 15. What was the minimum nitrateceatration to be considered
“nitrate-bearing”?

We added the following to the manuscript in sec8dh
“(0.4 mg N@ -N It was the lowest measured NQ@oncentration above the limit of
detection of 0,2 mg NON It Therefore, 0,4 mg NON I'* was the lowest

concentration to be considered nitrate bearinghis study.)

26.Page 8820. Line 22. 1.5 mg O2 L is quite high feing called “sulfidic”...

We discussed this in section 4.1.: “Green et a@1(®@ modelled the apparent, O
threshold for denitrification in a heterogeneousieg and found that an apparerng O
threshold obtained from groundwater sample anabfsis40 G umol I* is consistent
with an intrinsic @ threshold of < 1Qmol I"*. This apparent threshold of 4énol O,
I™* corresponds well with the threshold of minimal amdhximal dissolved ©
concentrations at the origins of non-sulphidic asdphidic aquifer material,

respectively, in both aquifers.”

We added the following sentence in section 4.1 rafek now at the named point in
the manuscript to section 4.1.:

“The sulphides that occur in zones wherg i® still measurable in the groundwater
might represent residual sulphides from poorly psed micro areas within the

aquifer material’

27.Page 8820. Line 17. Spell “denitrification”.



Corrected
28.Page 8828. Line 20. Rephrase this sentence.

We rephrased this sentence t&y“and large, the measured range of Dcum(365)
values agreed well with previous incubations stsidigvhich investigated the
denitrification activity of aquifer material frontomparable Pleistocene sandy
aquifers’

29.Page 8832. Line 11. “were” instead of “where”.
Changed as suggested

30.Page 8833. Line 23. Remove brackets around ci&ation
Improved as suggested

31.Page 8835. Line 12. Delete “high to very high ar@’.do you mean by “high to very
high and highly significant™? The correlations gwst highly significant (no matter
whether p<0.001 or p<0.01).
We changed the respective sentence inWe “found strong and highly significant
correlations between s and D{365) of non-sulphidic material (Table 3) and
NO; -bearing samples {{R = 0.85 and R = 0.74, respectively, P < 0.001).

32.Page 8835. Line 20 to 23. | do not agree with thechusion, that the bioavailable
fraction of Gysis higher in upper part. The non- correlation lew Gs and Qapin
the sulfidic aquifer might simply be because dérsation and thus B is sulphide
dependent in this region.

We change the respective section to:

“The close correlation betweenpf and D.,{365) in the non-sulphidic aquifer
material and not for deeper sulphidic aquifer makers distinctive and but difficult to
interpret since Gus represents not an uniform pool of organic matfBne missing
correlation between gasand D.,{365) might indicate that denitrification in thisrze

is sulphide dependent.”

33.Page 8836. Line 23. “were” instead of “where”.
Changed as suggested
34.Page 8838. Line 20. “too short” instead of “to shor

Changed as suggested



35.Page 8840. Line 4. Change this title to e.qg., “lat®oratory incubation studies suitable
for predicting in situ processes?”

Changed as suggested
36.Page 8840. Line 15. “within the range” instead ludtiveen”.
Changed as suggested

37.Page 8841. Line 8. “Decreasing concentrations” eat of “A decreasing
concentrations”.

Changed as suggested

38.Page 8841. Line 17. Spell “investigated”.
Corrected

39.Page 8842. Line 25. “were” instead of “where”.
Corrected

40.Table 3. Is it necessary to distinguish between@3Dand p<0.01
We followed Weymann et al. 2010. They also distisgubetween p<0.001 and
p<0.01 in their correlation analysis between dédfdér parameters obtained during
similar incubations.

41.Figure 1. Please add a legend (open symbols, clegatols, crosses) to the figure.
Also consider using black as the fill color. As figure is now it is hard to distinguish
between open and closed symbols.
We changed this as suggested.

42.Figure 1 caption. “denitrified” instead of “denitied”.

Corrected

43.Figure 2. What does A, B, a, and b stand for?

In the figure caption of Figure 2 we rewrote thaetsace:

“Different uppercase letters above the box-plotdidate significant differences
between FFA and GKA material, different small Ieftehow significant differences
between nS, S and tZ (Kruskal-Wallis-Tdé3& 0.05).

To: “Different uppercase letters above the box-plotscet@ significant differences
between SRC and gkc values of FFA and GKA material and small letterow
significant differences of this two parameters lestwnS, S and tZ samples (Kruskal-
Wallis-Test, P < 0.05).

Hopefully this explains what A, B and a... stand fo



44.Supplemental material: A map indicating the sangplotations would be helpful.

We added a map to the supplemental material, ihdgahe sampling locations
within both Fuhrberger Feld and GrofRenkneten cagciign

45.Also show e.g., nitrate concentration decreasendusiour incubations. Does the
amount of nitrate consumed fit with, [droduction?

We added a figure showing the cumulative nitraterekse to the supplement. We
added the following to the supplement:

“The NQ decrease during incubations showed the same paterthe measured
production of (M+N,O) by GC-IRMS. The measurement of{{NLbO) production by
GC-IRMS was more precise and had a lower detectioit compared to the
measurement of NO consumption (compare Fig. 1a and Fig. S3a).

The N balance between the NQontent at the start of incubations and the sum of
NO; consumption and in the §MNN,O) during incubation was for most of the
incubated samples < 1 mg N / batch assay. The smmwith the highest measured
production of (M+N,0O) showed also the highest deviation between theuamof
NO; consumed and the measured production gffNO) (compare Fig. 1¢ and Fig.
S3c¢)!

References

D.E. Canfield et al. 2010. A cryptic sulphur cyateoxygen-minimum-zone waters off the
Chilean Coast. Science. 330: 1375-1378.

Burgin, A. J., and Hamilton, S. K.: Have we overdragized the role of denitrification in
aguatic ecosystems? A review of nitrate removahyways, Front. Ecol. Environ., 5, 89-96,
10.1890/1540-9295(2007)5[89:hwotro]2.0.co;2, 2007.

Canfield, D. E., Stewart, F. J., Thamdrup, B., Dal#ndere, L., Dalsgaard, T., Delong, E. F.,
Revsbech, N. P., and Ulloa, O.: A Cryptic Sulfurc@yin Oxygen-Minimum-Zone Waters off
the Chilean Coast, Science, 330, 1375-1378, 10/$¢i26ice.1196889, 2010.

Dalsgaard, T., Thamdrup, B., and Canfield, D. Enaé&obic ammonium oxidation
(anammox) in the marine environment, Res. Micrabiol156, 457-464,
10.1016/j.resmic.2005.01.011, 2005.

Eschenbach, W., and Well, R.: Online measuremedenitrification rates in aquifer samples
by an approach coupling an automated sampling afilration unit to a membrane inlet
mass spectrometry system, Rapid Commun. Mass $pectr 25, 1993-2006,
10.1002/rcm.5066, 2011.

Green, C. T., Bohlke, J. K., Bekins, B. A., andIlliggs, S. P.: Mixing effects on apparent
reaction rates and isotope fractionation duringitd@oation in a heterogeneous aquifer,
Water Resources Research, 46, 19, W08525

10.1029/2009wr008903, 2010.

Jetten, M. S. M., Strous, M., van de Pas-SchooKef,, Schalk, J., van Dongen, U., van de
Graaf, A. A., Logemann, S., Muyzer, G., van LoostiteM. C. M., and Kuenen, J. G.: The
anaerobic oxidation of ammonium, Fems Microbiol.vRe2, 421-437, 10.1111/}.1574-
6976.1998.tb00379.x, 1998.

Kdlle, W., Werner, P., Strebel, O., and Bottcher DENITRIFICATION BY PYRITE IN A
REDUCING AQUIFER, Vom Wasser, 61, 125-147, 1983.



Kolle, W., Strebel, O., and Boéttcher, J.: Formatadrsulfate by microbial denitrification in a
reducing aquifer, Water Supply, 3, 35-40, 1985.

Korom, S. F., Schlag, A. J., Schuh, W. M., and &ghlA. K.: In situ mesocosms:
Denitrification in the Elk Valley aquifer, Ground &&r Monit. Remediat., 25, 79-89, 2005.
Korom, S. F., Schuh, W. M., Tesfay, T., and Spen€ed.: Aquifer denitrification and in situ
mesocosms: modeling electron donor contributionsl aneasuring rates, Journal of
Hydrology (Amsterdam), 432/433, 112-126, 10.10j6/drol.2012.02.023, 2012.

Morris, J. T., Whiting, G. J., and Chapelle, F. POTENTIAL DENITRIFICATION RATES

IN DEEP SEDIMENTS FROM THE SOUTHEASTERN COASTAL-PIM, Environ. Sci.
Technol., 22, 832-836, 10.1021/es00172a014, 1988.

Mulvaney, R. L.. DETERMINATION OF N-15-LABELED DINTIROGEN AND
NITROUS-OXIDE WITH TRIPLE-COLLECTOR MASS SPECTROMERS, Soil Sci.
Soc. Am. J., 48, 690-692, 1984.

Rivett, M. O., Buss, S. R., Morgan, P., Smith, J. M/, and Bemment, C. D.: Nitrate
attenuation in groundwater: A review of biogeochsahicontrolling processes, Water Res.,
42, 4215-4232, 10.1016/j.watres.2008.07.020, 2008.

Schubert, C. J., Durisch-Kaiser, E., Wehrli, B.afdrup, B., Lam, P., and Kuypers, M. M.
M.: Anaerobic ammonium oxidation in a tropical tmester system (Lake Tanganyika),
Environ. Microbiol., 8, 1857-1863, 10.1111/j.146229.2006.001074.x, 2006.

van de Leemput, I. A., Veraart, A. J., Dakos, \é,Klein, J. J. M., Strous, M., and Scheffer,
M.: Predicting microbial nitrogen pathways from igaprinciples, Environ. Microbiol., 13,
1477-1487, 10.1111/j.1462-2920.2011.02450.x, 2011.

Wall, L. G., Tank, J. L., Royer, T. V., and BernM, J.: Spatial and temporal variability in
sediment denitrification within an agriculturallpfiuenced reservoir, Biogeochemistry, 76,
85-111, 10.1007/s10533-005-2199-6, 2005.

Well, R., Becker, K. W., Langel, R., Meyer, B., amkineking, A.: Continuous flow
equilibration for mass spectrometric analysis afitdbgen emissions, Soil Sci. Soc. Am. J.,
62, 906-910, 1998.

Well, R., Augustin, J., Meyer, K., and Myrold, D.:BComparison of field and laboratory
measurement of denitrification and N20O productinrthe saturated zone of hydromorphic
soils, Soil Biology & Biochemistry, 35, 783-799,.1016/s0038-0717(03)00106-8, 2003.
Well, R., Eschenbach, W., Flessa, H., von der Heideand Weymann, D.: Are dual isotope
and isotopomer ratios of N20 useful indicators RO turnover during denitrification in
nitrate-contaminated  aquifers?, = Geochim. = CosmochinActa, 90, 265-282,
10.1016/j.gca.2012.04.045, 2012.

Weymann, D., Geistlinger, H., Well, R., von derid¢e C., and Flessa, H.: Kinetics oM
production and reduction in a nitrate-contaminaaedifer inferred from laboratory
incubation experiments, Biogeosciences, 7, 19532,180i:10.5194/bg-7-1953-2010,
2010.



10

15

20

25

30

Predicting _the denitrification capacity of sandy aquifers from
shorter-term incubation experiments and sediment properties

W. Eschenbach™"22and R. Welf

!Soil Science of Temperate Ecosystems, Biisgen4testiBiisgenweg 2,

37077 Gottingen, Germany

ZJohann Heinrich von Thiinen-Institut, Federal Resetnstitute for Rural Areas,
Forestry and Fisheries, Institute of Agriculturdin@ate Research, Bundesallee 50,
38116 Braunschweig, Germany

Received: 29 March 2012 — Accepted: 4 June 2012blighed: 20 July 2012
Correspondence to: W. Eschenbacbl{ram eschebach@ti.obundde)

Published by Copernicus Publications on behalhefEuropean Geosciences Union.



35

40

45

50

55

60

65

Abstract

Knowledge about the spatial variability of denitdtion rates and the lifetime of
denitrification in nitrate-contaminated aquifers dsucial to predict the development of
groundwater quality. Therefore, regression modetsewderived to estimate the measured

cumulative denitrification of aquifer sedimentsafter one year of incubatiofrom initial

denitrification rates and several sediment pararsgteamely total sulphur, total organic
carbon, extractable sulphate, extractable dissobrgdnic carbon, hot water soluble organic
carbon and potassium permanganate labile orgarboca

For this purpose, we incubated aquifer materiamfrvo sandy Pleistocene aquifers in
Northern Germany under anaerobic conditions in leoratory using the"N tracer
technique. The measuredhount ofdenitrification ranged from 09 to 56.2 mg N kg* yr ™.
The laboratory incubations exhibited high differemdetween non-sulphidic and sulphidic
aquifer material in both aquifers with respect b iavestigated sediment parameters.
Denitrification rates and the estimated lifetimedehitrification were higher in the sulphidic

samplesFor these sample®..(365) exhibited distinct linear regressions witke 8tock of

reduced compounds in the investigated aquifer sssnplhe cumulative amitrification

measured during one year of incubatién,({365)) was predictable from sediment variables
within a range of uncertainty of 0.5 to 2 (calcathD.,(365YmeasuredD.,,{365)) for

aquifer material with @.,(365) > 20 mg N kg* yr*. Predictions were poor for samples
with lower Dcumzss) like samples from the NO bearing groundwater zone, which includes

the non-sulphidic samples, from the upper partaihlaquifers wherelenitrificationis not

sufficient to protect groundwater from anthropogeNO; input. Calculation oD.,(365)
from initial denitrification rates was only succkddor samples from the NO-bearing zone,
whereas a lag-phase of denitrification in samplesifdeeper zones of NOfree groundwater
caused imprecise predictiorn3,,(365) exhibited distinct

In_our study, Dcunr{365) of two sandy Pleistocene aquifers was praliet using a

combination of short-term incubations and analggisediment parameterMoreover, the

protective lifetime of denitrification sufficientotremove N@ from groundwater in the
investigated aquifers is limited which demonstrdtesneed to minimize anthropogenic NO

input.
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1 Introduction

Denitrification, the microbial mediated reductiofiretrate (NQ") and nitrite (NQ) to the
nitrogen gasses nitric oxide (NO), nitrous oxide@N and dinitrogen (B is important to
water quality and chemistry at landscape, regiamal global scales (Groffman et al., 2006).
Since 1860 the inputs of reactive nitrogen {No)terrestrial ecosystems have increased from
262 to 389 Tg N yi* (Galloway et al., 2004). The production of reaetivitrogen via the
Haber-Bosch process contributed approximately vif® Tg N yi' to this tremendous
increase. In the European Union diffuse emissidrisraange from 3 to >30 kg N Rayr™
from which 51 to 85% are derived from agricultuiograoui et al., 2009). Diffuse Nr
emissions from the agricultural sector are theeefitie dominant source of NOfluxes to
aguatic systems which leads to the questions, labe@s rof denitrification will respond to Nr
loading (Seitzinger et al., 2006) and where and homg denitrification in aquifers can
remediate the anthropogenic B@ollution of groundwater (Kélle et al., 1985).

NOs; pollution of groundwater has become a significardblem due to eutrophication of
water bodies (Vitousek et al., 1997) and poteritesith risks from N@ in drinking water.
The latter causes increasing costs for keepingsthadard for N@ in drinking water
(<50 mg T*, Drinking Water Directive 98/83/EC) (Dalton andaBd-Hardy, 2003; Defra,
2006). Therefore, knowledge about the denitrifmatcapacity of aquifers is highly needed.

The term denitrification capacity of aquifers oudgr material used in this study refers to the

amount of N@Q that can be denitrified per*haquifer or per kg of aquifer material until

significant denitrification activity stops becauseexhaustion of electron donors.

Denitrification in groundwater is mainly depending the amount and microbial
availability of reduced compounds in the aquifeegable to support denitrification and is of
a high spatial variability, ranging from 0 to 10@the NQ input (Seitzinger et al., 2006).
The main constituents of reduced compounds acsnelectron donor during denitrification
are organic carborofganotrophiaenitrification pathway), reduced iron and redusatphur
compounds lthotrophic denitrification pathway). Iron sulphides are knowm be an
important electron donor for autotrophic denit@tion (Kolle et al., 1985), recently Korom et
al. (2012) indicated that non-pyritic ferrous iromight play a more important role for
denitrification than considered up to now. Theyuass that ferrous iron from amphiboles

contributed to denitrification with 2—43% in a glaftuvial shallow aquifer in North Dakota.

! The term reactive nitrogen is used in this workagtordance to Galloway et al. (2004) and incluaks
biologically or chemically active N compounds likeluced forms (e.g., NHNH,"), oxidized forms (e.g., NQ

HNO;, N,O, NO;) and organic compounds (e.g., urea, amines, piotei. ).

3
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Denitrification in groundwater can be a very slaxfdst process. Frind et al. (1990)
reported thatitotrophic denitrification has a half-life of 1 to 2 yr indhdeeper zone (5 to
10 m below soil surface) of the well investigatathiberger Feld aquifer (FFA). Contrary to
the high denitrification rates in deeper reducedspaf this aquifer|{totrophic denitrification
zone) Weymann et al. (2010) reported very low diicition rates with values as low as
4ng N kgt d* in the surface near groundwaterdanotrophicdenitrification zone) of the
same aquifer. Denitrification rates in tleganotrophiczone were one to two orders of
magnitude lower than in its deeper parts and alkmgetoo low to remove N from
groundwater.

While there are numerous laboratory incubationisgidvaluating denitrification rates

of aquifer sediments, there are only few studigsoméng the amount of denitrification

measured over several months of incubaénd/or the stock of reactive compounds capable

to support denitrification in the investigated dquisediments (Kolle et al., 1985; Houben,
2000; Mehranfar, 2003; Weymann et al., 2010; Welhle 2005). Even less investigations
tried to develop stochastic models to estimatentkasuredlenitrification from independent

sediment variables (Konrad, 2007; Well et al., 2008ehranfar (2003) and Konrad (2007)
estimated the availability of a given stock of reed compounds within sediments during
incubation experimentthat lasted at least one yeshowing that approximately 5 to 50% of

sulphides were available for denitrification duringcubation. However, in both studies
incubation time was insufficient for complete exsi@on of reductants within the
experiments.

Since laboratory investigations of denitrificaticates in aquifer material are time consuming
and expensive, in situ measurements are helpfuhdmease knowledge about the spatial
distribution of denitrification in aquifers. In sitdenitrification rates can be derived from
concentration gradients (Tesoriero and Puckett,1R0ih situ mesocosms (Korom et al.,
2012) and from push-pull typeN tracer tests (Addy et al., 2002; Well and Myrol899).
Well et al. (2003) compared in situ and laboratorgasurements of denitrification rates in
water saturated hydromorphic soils and showed lloéth methods were over all in good
agreement. Konrad (2007) proposed to estimate temg-denitrification capacity of aquifers
from in situ push-pull tests as an alternative tstly drilling of aquifer samples with
subsequent incubations. A good correlation betwieesitu denitrification rates anthe

cumulative amount ofdenitrification during incubationbased on a small number of

comparisons was reported (Konrad, 2007), but the dat was too small to derive robust

transfer functions.
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Since the oxidation of reduced compounds in ageiiean irreversible process, the question
arises, how fast ongoing NOinput will exhaust denitrification capacity of afgrs and to
which extent this may lead to increasing N@oncentrations. Two studies attempted to
answer this. Kolle et al. (1985) calculat@dhaximum lifetime of autotrophic denitrification
in the FFA of about 1000 yr by a mass balance amproHouben (2000) modelled the depth
shift of the denitrification front in a sandy acerifin Western Germany giving a progress rate
of approximately 0.03 m yt.

Overall, there isvery limited information on long-term denitrification gacity of aquifer
sediments because there argually no direct measurement8ecauseof this predictions
based on stochastic models are hampered by the dhduitable data sets. Therefore,
knowledge about the spatial distribution of defidation rates is highly demanded (Rivett et
al., 2008).

To progress knowledge in this field, we combinalklshed methods with the testing of new
concepts. Our goals are (a)det estimates of thexhaustibility of denitrification capacity in

aquifers from incubation experimentg(b) to investigate controlling factors and derive

predictive models and (c) to checkldfboratory ex situ denitrification ratean be derived

from actual in situ rateneasurementasing push-pull tests at groundwater monitorindjsve

Here we presentiaapproacho tackle (a) and (b)n a second study we will present results to

(c). The specific objectives are (i) to measure ddiuation during one yearanaerobic
incubation of sediment material from two aquifdig,to estimate the total stock of reactive
compounds in these samples and their availabititydenitrification as well as influencing

sediment parameters, (iii) to develop regressiodetsoto estimatéhe measured cumulative

denitrification from initial denitrification rates and from sedinteproperties and (iv) to

estimatethe minimal lifetime of denitrification in the investged aquifer material.
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2 Materials and methods

2.1 Study sites

Aquifer material was collected in the FuhrbergeldFRequifer (FFA) and the Grol3enkneten

aquifer (GKA), two drinking water catchment areasNorthern GermanyFig. S1 in the
supplent) The FFA is situated about 30 km NE of the cityHainnover and the GKA about
30 km SW of the city of Bremen. Both aquifers cehsif carbonate free, Quaternary sands
and the GKA additionally of carbonate free marimads (Pliocene). The thickness of the
FFA and GKA is 20 to 40 m and 60 to 100 m, respebti Both aquifers are unconfined and
contain unevenly distributed amounts of microbiahikable sulphides and organic carbon.
Intense agricultural land use leads to consideralitate inputs to the groundwater of both
aquifers (Bottcher et al., 1990; van Berk et &00%). Groundwater rechargg250 mm yr*
in the FFA (Wessolek et al., 1985) and 200 to 3@ yn* in the GKA (Schuchert, 2007).
Evidencefor intense ongoing denitrification within the FFA gsven by nitrate and
redox gradients (Bottcher et al., 1992) as welexasess-N measurements (Weymann et al.,
2008). The FFA can be divided into two hydro-gemcizal zones, the zone ofganotrophic
denitrification near the groundwater surface withamic carbon@ g as electron donor and a
deeper zone of predominantlithotrophic denitrification with pyrite as electron donor
(Bottcher et al., 1991, 1992). Detailed informatimout the FFA is given by Strebel et al.
(1992), Frind et al. (1990) and von der Heide £(2008). Extended zones with oxidizing and
reducing conditions in the groundwater are alsal@wi in the GKA (van Berk et al., 2005)
but their distribution within this aquifer is momplex as in the FFA. The geological
structure of the GKA is described in Howar (20083 &Virth (1990). Intense denitrification
is known to occur in the zone of reduced groundwétan Berk et al., 2005). This was
proven by excess-Nmeasurements at monitoring wells within the GKAg(\\ét al., 2012).
But there are no studies on the type of denittiiicain this aquifer.

2.2 Sampling procedures

The aquifer material used in this study originafiein depths between 3-18 m and 8-68 m

below soil surface of the FFA and GKA, respectively

The aquifer material from the FFA was drilled wahollow stem auger (OD of 205 mm, ID

of 106 mm, WELLCO-DRILL, WD 500, Beedenbostel, Gamy) and the core samples were
6
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immediately transferred into 2 | glass bottles. Tamaining headspace within these bottles
was filled with deionised water until it overflowe@ihen the bottles were sealed airtight with
rubber covered steel lids. Aquifer material frone tGKA was drilled by percussion core
drilling. The aquifer samples were collected withable core barrel with an inner PVC liner
(OD 958 mm, ID 634 mm, HWL (HQ) Wireline core bdr COMPDRILL
Bohrausriistungen GmbH, Untereisesheim, Germanyr Aampling, the liner was removed
from the core barrel and sealed airtight at botisewith PVC lids. In the laboratory, the
aquifer material from the PVC liner was transferiio glass bottles as described above. The
aquifer samples were stored at 10 °C (approximatetymean groundwater temperature in
both aquifers) in the dark. After sampling of aquimaterial, groundwater monitoring wells

and multilevel wells were installed in the borin§&A aquifer samples from depths between

2 to 5 m below soil surface were sampled in Apnidl dai 2008 and deeper samples in the
FFA in June 2007. GKA samples were drilled in Delben?2008. GKA samples and samples

from depths up to 5 m in the FFA were incubatediwid week after sampling. Deeper FFA

samples were incubated 3 to 6 months after sampling

2.3 Laboratory incubations

2.3.1 Standard treatment

Anaerobic incubations were conducted to measurectimeulative denitrification and the
denitrification rates of the investigated aquifeaterial as described by Weymann et al.
(2010). In total, 41 samples from both aquiferdemtéd between 2 to 68 m below soil surface
were incubated. From each sample, 3 to 4 replicdt860 g fresh aquifer material were filled
in 1125 ml transfusion bottles™N labelled KNQ with 60 atom% >N (Chemotrade

Chemiehandelsgesellschaft mbH, Dusseldorf, Germamag dissolved in deionized water

(200 mg™N labelled NQ™ I™)). (The natural nitrate concentrations in both fgsiare in the
range of 0 to 250 mg NO ™ (Well et al. 2012) (see also section 4.5.2).) &@00of this

solution was added to each transfusion bottle &ed the bottles were sealed airtight with

naturalrubber septaf 2 cm thicknessind aluminium screw cap$hesesepta were used

because thekept goodseaing after multiple needle penetrations from repgaampling

The mixture of the labelled KNgXolution and pore water of the aquifer samplesfered to

as batch solution below. The headspace of eacbkftision bottle was evacuated for 5 min



235

240

245

250

255

260

265

and then flushed with pure;NThis procedure was repeated 5 times to ensurerinia
conditions within the bottles. Samples were incatldor one year in the dark at 10 °C.

The water content of the investigated aquifer niatevas determined gravimetrically using
parallels of the incubated material. The dry weighe volume of the incubated sediment
(assuming a particle density of 2.65 g &nthe liquid volume and the headspace volume
were calculated for each replicate independentymi8es of the headspace gas and the
supernatant batch solution were taken at days ¥, 84, 168 and 365 of incubation. The
transfusion bottles were shaken on a horizontakeshat 10 °C for 3 h prior to sampling to
equilibrate headspace gasses with the dissolvesegaa the batch solutions. For the gas
sampling, 13 ml headspace gas were extracted wayringe and transferred to evacuated
12 ml sample vials (Exetainer® Labco, High Wycomb&). By doing so, the gas sample

was slightly pressurized within the viSubsequently, 20 ml of the supernatant solutiorewe

sampled with a syringe and transferred into a PlEeband frozen until analysis. To maintain
atmospheric pressure within the transfusion bqtl&sml pure M und 20 ml of @ free >N
labelled KNQ solution were re-injected into every transfusiottle after sampling. ThHEN-
labelled KNQ solution was stored in a glass bottle, which weedexd air tight with a rubber
stopper. Prior to re-injection of the KN@olution into the transfusion bottles, the solutio
was purged with pure Nthrough a steel capillary for 1 h to remove digedl Q. The
headspace in the glass bottle was sampled to cBgckntamination and was always found
to be in the range of Osignals of blank samples {Nhjected into evacuated 12 ml sample

vials).

2.3.2 Intensive treatment

A modified incubation treatment was conducted fpuiter samples with high content Gfq
and sulphides, to increase the proportion of reduo@mpounds that are oxidized during
incubation. 30 g aquifer material and 270 g quaazd were filled in transfusion bottles and
prepared for anaerobic incubations as describedealimr the “standard” treatmenthe

quartz sand was added to increase the permeadbflifyne grained parts of the incubated

aquifer material. This was done to increase rimctive surfacearea, i.e. the contact area

betweentracer solution andeduced compound3he incubation temperature was 20 °C and

samples were permanently homogenized on a rotakeshn the darkWell et al. (2003)

reported that during anaerobic incubations a rafsacubation temperatures from 9 to 25°C

resulted in 1.4 to 3.8 higher denitrification raths total, 9 aquifer samples were selected
8
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from the FFA and GKA and incubated in 4 replicatioAdditionally, 4 transfusion bottles
were filled only with the pure quartz sand to chémkpossible denitrification activity of this

material, which was found to be negligible.
2.4 Analytical techniques

The particle sizes distribution in the aquifer seeints was determined by wet sieving. The
silt and clay fractions were determined by sedimgon following the Atterberg method
(Schlichting et al., 1995). Contents of total suipftotal-S), total nitrogen (total-N) and total
organic carbonCg) of the carbonate free aquifer sediments wereyaadlwith an elemental
analyser (vario EL Ill, ELEMENTAR ANALYSESYSTEME, &hau, Germany).

For hot water soluble organic carbd@(s) 10 g aquifer material and 50 ml deionized
water were boiled for 1 h and then filtrated (Bel®88). Cold water extracts were used for
the determination of extractable dissolved orgamidbon (DOGy,) and extractable sulphate
(SO ext). Crws and DOGyy in the extracts were measured with a total cadvalyser (TOC
5050, Shimadsu, Kyoto, Japan). To measure thadraof KMnQO, labile organic carbon()

15 g aquifer material and 25 ml 0.06M KMp€&blution were shaken on a rotating shaker for
24 h and then centrifuged by 865RCF (Konrad, 2007l of the supernatant was sampled
and diluted in 100 ml dionized watet; was then determined as the decolourization of the
KMnQO, solution by means of a photometer (SPECORD 40Jynalena, Jena, Germany).
NOs;, NO, and NH concentrations were determined photometricallg icontinuous flow
analyser (Skalar, Erkelenz, Germany). For the detetion of SG°~ concentrations in the
batch solutions and SO extracts, a defined amount of BaGblution was added in excess to
the samples and SO precipitated as BaSOThe original S&~ concentration was then
analysed by potentiometric back-titration of theeess B&™-ions remaining in the solution
using EDTA as titrant. Possible interfering metatians were removed from the samples
prior to this analysis by cation exchange.

The major cations in the batch solution {NK*, C&*, Mg?*, Mn*" , F€* and AF") were
measured by means of Inductively Coupled PlasmanftdEmission Spectrometer (ICP-
AES, Spectro Analytical Instruments, Kleve, Germaaiter stabilizing an aliquot of the
batch solution samples with 10% HRIO

N.O was measured using a gas chromatograph (FisoB9@CMilan, Italy equipped with

an electronic capture detector as described prelidoy Weymann et al. (2009).,Qvas
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analysed with a gas chromatograph equipped witteartal conductivity detector (Fractovap
400, CARLO ERBA, Milan, Italy) described in Weymaenal. (2010).

The *N analysis of denitrified (MN,O) was carried out by a gas chromatograph (GC)
coupled to an isotope ratio mass spectrometer (IREtSthe Centre for Stable Isotope
Research and Analysis in Gottingen, Germany withim weeks after sampling, following the
method described in Well et al. (2003). The conegioins of >N labelled denitrified B and
N2O in the gas samples were calculated in the sanyeawalescribed in detail by Well and
Myrold (1999) and Well et al. (2003} brief explanation, how total (NN,O) production

was determined, is given in the supplement.

From the obtained molar concentrations of denttiion derived N and NO in the gas
samples, which are equal to the molar concentrationthe headspace of the transfusion
bottles, the dissolved Nand NO concentrations in the batch solutions were catedl This
was done according to Henry’s law using the soitigdl for N, and NO at 10 °C given by
Weiss (1970) and Weiss and Price (1980). The detetimit of >N analysis was calculated
as the minimum amount dPN labelled denitrification derived @N,O) mixed with the
given background of headspace Nf natural *°N abundance necessary to increase the
measured®N,/*®N, ratio to fulfil the following equation:

Tsq — TstSt = 3 X s.d.1ge (1)

where g, and g are the’No/**N, ratios in sample and standard, respectively amd;ss the
standard deviation of repeategmeasurements. The values were analysed with IRMS by
measuring repeated air samples. Under the expdainsanditions, the detection limit for the
amount of denitrification derivedN labelled (N+N,0) was 15 to 2g N kg ™.

Dissolved oxygen, pH and electrical conductivityd(@xi 340i and pH/Cond 340i, WTW
Wissenschatftlich-Technische Werkstatten GmbH, Végith Germany) were measured in the

groundwater from the installed groundwater monitgnvells.

2.5 Calculated parameters

The following parameters describing the denitrifica dynamics during anaerobic incubation

were calculated from the measurements describedeali®enitrification rateD,(X) were

calculated as the cumulative amount of denitrifaratproducts formed until the day of

sampling divided by the duration of incubation Uséimpling (mg N kg d™%), with X as the

day of sampling. We calculated denitrification sater day 7, 84, 168 and 365 of incubation,
10
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D/(7), Di(84), D/(168) andD(365), respectivelyD(7) is also referred to as the initial
denitrification rateD.,{365) is the cumulative amount of denitrification produper kg dry
weight of incubated aquifer material at the encwé year of incubation (mg N Kgyr™).
D/(365) multiplied by 365 d equalB..,{365) so we refer only t®..{365) below. The
sulphate formation capacity (SFC) (Kolle et al.,.83P was derived from the measured
increase of S@~ concentrations in the batch solution between itls¢ $ampling (day 1) and
the end of incubation (day 365). To correct the S@&(lie for dissolution of possible $O
minerals and/or S§& from the pore water of the incubated aquifer niateve subtracted the
SQ,?” concentrations in the batch solution after twosdafyincubation from the finally S&

concentration after one ye&ior the aquifer samples from the pfldree zone of both aquifers

and for non-sulphidic samples these initial,5$65 concentrations accounted for 25,4% and
90% of the final SGF-S concentrations in the batch solutions. Thes&ainBQ”-S

concentrations _originated supposedly mainly fromrepowater SGf". The SQ*

concentrations of the groundwater at the origirthef samples reached 5 to 60 mq‘JSiri

both aquifers (data not shown).

The stock of reactive compounds (SRC) was estimétea total-S andC,y data. For
simplicity it was assumed th&l,gy corresponds to an organic substance with the flarmu
CH,O (Korom, 1991; Trudell et al., 1986) and thatsallphur was in the form of pyrite (F&S
(see section 4.3.1Cy4 and total-S values were converted into N equivalémg N kg"
according their potential ability to reduce N@o N,. Corqg Was converted according to Eq. (4)

(electron donor organic Jiven in Korom (1991) and total-S values (in forr pyrite)

according to Egs. (S)electron donor S and (6)(electron donor F&) given in Koélle et al.
(1983). The fraction of SRC which is available @nitrification during incubation (ako
(%) was calculated as the ratio of the measixgg(365)to the SRC of the incubated aquifer

material. The share of total-S values contributiogthe akgrc was calculated from the
measured SFC during incubation. The remaining @oif the akrc as assigned to microbial

availableCyg compounds in the aquifer samples.

The estimatedninimum lifetime of denitrification (emLoD) wasalculatedas follows:

A, X (SRC X aF. x 0.01
emLod = Aaw > ! _SRe ) [yr m™1] (2)
nitrate input

11
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where the dry weight of 1 fraquifer materialAq) (kg m ) is multiplied with the fraction of
its SRC (mg N kg") content available for denitrification during opear of incubation. This
value is then divided by the nitrate input (mg{N® m™2 yr?) giving the estimated minimal
lifetime of denitrification for one rhof aquifer material. To calcula, a porosity of 35%
and an average density of the solid phase of 2@% §of the aquifer material was assumed,
giving anAgy of 1722.5 kg rit’. Furthermore, an averagesaEof 5% was used to calculated
emLoD (see Sect. 4.4). The NQOnput to the aquifer coming with the groundwatecharge
was assumed from literature data on N leaching.le¢éét al. (2006) measured mean NO
concentrations in the groundwater recharge unddsl@isandy soils between 40 and 200 mg
NO; I™%. For a conservative estimate of emLoD we use theimum value 200 mg NO 1™,
This value gives a nitrate input of 11.3 g ;N m 2 yr * (= 6.6 mg N@-N kg™ yr'}) to the
aquifer under condition of a groundwater rechaege of about 250 mm Vras reported for
the GKA and FFA by Schuchert (2007) and Rengel. ¢1886), respectively.

2.6 Statistical analysis and modeling

Statistical analysis and modelling was performethwVinSTAT for MS Excel Version
2000.1 (R. Fitch Software, Bad Krozingen, Germamyjterences between partial data sets
were considered significant at tie< 0.05 level (Kruskal-Wallis test (kw), with theulh
hypothesis that both partial data sets belong ® shme population). Spearman rank
correlations (@ were used to determine significant correlatioesMeen sediment parameters
and D.,»{365) Simple and multiple linear regression analysisemgerformed to evaluate
quantitative relations betweeb.,(365) and the sediment parameters and to predict
Dcun(365) from these parameters. Simple linear regressiodsnauitiple linear regressions
are in the following referred to as simple regrmessand multiple regressions. Normal
distribution of the measured parameters within difeerent data sets was tested with the
Kolmogorov-Smirnov-Test, normal distribution wasased at thé > 0.05 level, with the
null hypothesis that the tested parameter was riatis@ibuted. The uniform distribution of
residuals of regressions were checked with scpltés of residuals vs. independent variables
of the respective regression analysis. This wase dion ensure homoscedasticity during
regression analysis, to ensure that the least-eguaethod yielded best linear estimators for

the modelled parameter.

12
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Experimental datax] was converted into Box-Cox transformed ddta“(x)) according to
Eq. (3) using different lambda coefficients) (to achieve a normal like distribution of

experimental data within the different data sets.
x* -1
fAe ==—5—

Box-Cox transformations were conducted with thetidia software STATISTICA 8
(StatSoft, Tulsa, USA). To use the regression fonstto modeD.,(365), input data have

to be transformed according to Eq. (3) with thelddmcoefficients given in Table S5 (see the

Supplement).

2.7 Basic assumption and methodical limitations dhe presented approach

The underlying assumptions of the presented stwdyttaat there are guantitative relations

between the measured cumulative denitrificationndupne year of incubation ({365))

and the stock of reduced compounds (SRC) of agmifgerial and between the SRC and the

denitrification capacity.

The basic limitations of the presented approach(8rim situ processes are estimated from ex

situ incubations, (ii) one year incubations aredu®e predicting the lifetime of denitrification

in_the investigated aquifers over several decades (&) N labelling of NQ~ was used

because denitrification was assumed to be the dorhjprocess of N reduction, in the two

aquifers. The limitations of the presented invedtan are further discussed in section 4.4 and

4.5. This work focuses on organotrophic and sukphittpended denitrification in both

aquifers, this seems appropriate taking into accpravious investigations (Kolle et al. 1983,
Kolle et al. 1985, Hansen 2005) and the evaluaienMn and N in the batch solutions

during incubation and in situ in both aquifers ($ke supplement: other possible electron

donors).

13
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3 Results

3.1 Incubations and independent variables: groupingf aquifer material

For data analysis, the aquifer material was groupgdocality (FFA and GKA aquifer
material). Moreover, chemical sediment propertrem{sulphidic and sulphidic samples) and
groundwater redox state at the sample origin (sesnfiom NQ  free and N@ bearing
groundwater zone of both aquifers were assignédQg -free and N@ -bearing sub-groups,

respectively) were taken into account for furthéfedentiation. (0.4 mg NQ -N |"* was the

lowest measured NO concentration above the limit of detection of @@ NO;-N 1%

Therefore, 0,4 mg N©-N I was the lowest concentration to be consideredtritvearing in
this study.)Finally, a transition zone sub-group was defined Samples from the region
where sulphides were present, but groundwater ctititained N@. Sulphidic and non-
sulphidic samples are distinguished using the suéformation capacity (SFC (mg Skg
yr%) of the incubated aquifer material. Samples VB&#C > 1 mg S@&-S kg™ yr* were
assigned sulphidic. The groundwater at the oridgisudphidic samples had always dissolved

O, concentrations below 1.5 mg @ (see section 4.1)The groundwater at the origin of

NOs -free samples was completely anoxic in both ingastid aquifers. In our data set,
subgroups of non-sulphidic and Bl&bearing as well as sulphidic and N@ree samples
were almost identical (Tables S1 and S2 in the Ruapgnt). Moreover, statistically
significant differences were only found ih,,(365) with higher values for N@-bearing in
comparison to non-sulphidic samples. N@ee and sulphidic samples differed only in their
total-S values significantly, with higher total-8ntents in N@ -free samples. Therefore, we
discussed the partial data sets ofsNfee and N@ -bearing samples only when significant

differences to subgroups according to sedimentgstigs occurred.

3.2 Time course of denitrification products, denitification rates and cumulative

denitrification at the end of incubations

The denitrification rates of non-sulphidic and N®earing samples where significantly
lower than those of sulphidic and N@ree samples (kwP <0.01) (Table 2 and Fig. 1).
Almost all of the transition zone samples exhibitedclear flattening of the slopes of
denitrification derived (B+N,O) concentration curves, i.e. showed decreasingrdigation
rates over time (Fig. 1b). Non-sulphidic samplesvgd a relative constant production of
14
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(N2+N20O) (Fig. 1a), but denitrification rates where higkignificant (kw:P < 0.001) lower
compared to sulphidic samples (Table 2, Fig. 1).

Both FFA and GKA aquifer material had nearly theneamedian initial denitrification rates
(D«(7)) with values of 33.8 and 31;@) N kg * d?, respectively, whereas the maxinta(7)
of GKA material was over 50% higher compared toRR& material (Table 2). At the end of
incubation, samples from the FFA and GKA had a camaple range 0D.,,{365) (up to
56 mg N kg* yr%). Sulphidic samples had significantly higher med(7) andDcu{365)
(35.6 ug N kg* d* and 15.6 mg N Kg yr?, respectively) than non-sulphidic samples
(11.5ug N kg* d* and 1.6mg N kg yr, respectively) (kwP < 0.001) (Table 2). Non-
sulphidic samples exhibited higher initial denitdtion rates (7)) than average
denitrification rates@;(365)), whereas this was vice versa for sulphidimgles. Transition
zone samples were similar By(7) compared to sulphidic material, g, (365) was about
25% lower.

After the intensive treatment incubated aquifer giasiwere 1 to 17 times higher Dy (7)
(data not shownand betweer3.6to 17 times higher iD.,{365) compared to the standard
treatment (Table S2 in the Supplementiltiplying the akrc from intensive treatment by the

SRC and 0.01 giveB¢,n(365) of intensive treatmentBut the intensive treatment did not

lead to a complete exhaustion of the stock of rematompounds during incubations, i.e.

samples still exhibited denitrification rates at #nd (Fig. 1d).

3.3 Sediment parameters

Corg €xhibited large ranges of similar magnitude inhbaiquifers (203-5955 and 76—
8972 mg C k@' in the FFA and GKA aquifer samples, respectivéljable 1). The same
applied for total-S, (29-603 and 36—-989 mg Skgnd SQ* ey (0 to 25 and from 0.3 to 20
mg S kg'). GKA samples contained significantly lower medi@®Ce,; values than FFA
material (9.2 and 6.1 mg C Kgrespectively). S& exr and DOG,, decreased with depth in
the FFA (s R =-0.83 and R = -0.86, respectivdds 0.001) and in the GKA{ R = -0.54
and R = -0.59, respectivel, < 0.05). The ranges @,s were comparable for FFA and
GKA material (Table 1)C, values of FFA and GKA samples were statistical aifferent
from each other, but maximum values in GKA samplese almost 3 times higher than in
FFA material (Table 1)ln median 17% and26% of theCoq in the GKA and FFA aquifer
material, respectively, belonged to the fractionCofStatistical significant differences (kw:
P < 0.05) occurred between the groups of non-suipladd sulphidic aquifer material with a
15
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‘ ratio of C; to Corg by 0.7 and 0.24, respectively. Similar differences antsaapplied for the

groups of N@ -bearing and N@-free samples (Table 1). Except for values of t&tand
DOCexir, the investigated sediment parameters exhibitegigiificant differences between
FFA and GKA aquifer material (Fig.23n the Supplement). All sediment variables showed
significant differences (kwP < 0.05) between the 3 groups of non-sulphidicplsidic and
transition zone samples (Fi§2in the Supplement). On average, transition zongksshad
lower ranges in all sediment parameters than stilpimaterial except iChys and DO Gy
Non-sulphidic samples exhibited lower average cotraéons in the independent sediment
variables compared to transition zone samples,pXoe SO e and DOG,y for which the
opposite was the case (Table 1, Hgdin the Supplement).

3.4 The stock of reactive compounds and its availdlly for denitrification during

incubation

3.4.1 Standard treatment

The stock of reduced compounds (SRC) of FFA and Gitaifer material differed not
significantly from each other (0.28 and 0.97-8.9 g N k3 respectively) (Table 2 and
Fig. 2a). In contrast, the median SRC of sulphédjaifer material (1.3 g N k§ was 2 and 5
times higher compared to the non-sulphidic (0.2# &g ™) and transition zone material
(0.67 g N kg%). The fraction of SRC available for denitrificatiduring incubation (afrd in

the FFA material ranged from 0.08 to 5.44% and sigsificantly higher than the range of
aFsrc of GKA material (0.36 to 1.74% ako) (Fig. 2b). Transition zone samples exhibited the
highest median ajrc values (1.65%), followed by sulphidic (1.16%) andn-sulphidic
aquifer material with the lowest gkc values (0.47%). Statistical significant differeacsgere

only found between non-sulphidic samples and tegipus two groups (Fig. 2b).

3.4.2 Intensive treatment

Since we used parallel samples for the intensivé standard treatments, the SRC was
identical for both treatments. Also the intensiveatment was not able to exhaust the
denitrification capacity of the incubated aquifeatarial during incubation (Fig. 1). The sk

derived from intensive incubations was$ 3o 17 times higher compared to the standard
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treatment (Table S2 in the Supplementsrggfvalues of the intensive treatment are given in
parentheses).

3.5 Relationship betweerthe cumulative denitrification and sediment parameters

Correlations betwee.,(365) and sediment parameters showed substantial diffesen
among the various partial data sets (Table 3)t@whole data seCyy exhibited the closest
correlation (s: R = 0.72,P < 0.001) withD¢,{365). In the FFA aquifer material, DQ and
SO exr Showed highly significant negative relationsg,.{365) (Table 3). The relation
between these parameters @ngd,(365) was only poor or not significant for the rest obsu
data setsChws exhibited the highest positive correlations with,(365) in the partial data
sets with samples containing relatively low concatians of sulphides (Table 1), i.e. the data
sets of non-sulphidic and transition zone samplesR = 0.85 and R = 0.60, respectively,
P <0.001).C, was in closest relation witD.,{365) in GKA and non-sulphidic samples
(r« R =0.87 and R = 0.73, respective®y< 0.01).Cws andC; were more closely related to
Dcun(365) compared toCyg within sub-groups of aquifer material with no only low
contents of total-S. In contrast to GKA, the FFAIéer material exhibited good correlations
betweenChws andDcun(365) (rs: R = 0.58,P < 0.01) (Table 3). In all data sets, the silt eont
was significantly positively correlated witb.,,{365) except for transition zone aquifer
material where this relation was not significantr Fhewhole data set and FFA and GKA
data sets, total contents @y and sulphur were in closest positive correlatioithw
Dcun{365) In the partial data sets which were differentataccording to chemical

parameters, these relations were less pronounaeet significant.

3.6 Regression models to predidd.,(365)

3.6.1 PredictingD.un(365) from intial denitrification rates

Initial denitrification rates derived after 7 dag$ incubation D,(7)) exhibited only good

linear relations withD.,(365) for non-sulphidic samples (with sub-sets of FFA &KA

non-sulphidic samples) and for the groupN@earing samples with correlation coefficients

> 0.86 (Table 4). For the other data sBts,{365)was not predictable b®,(7) (Table 4 and

Fig. 3). Moreover, especially sulphidic and N@ee samples, exhibited a considerable lag-
17
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phase at the beginning of incubation, which resitepoor predictions oD.,(365) from
D/(7). In contrast td(7), the average denitrification rate after 84 dafyscubation, i.e. at
the next sampling timé,(84), showed good to excellent regressions (R >8)0with
Dcun(365) for the whole and most of the partial data sets. An exceptioreviige transition
zones samples which showed declining denitrificatates during incubatiofirig. 1)

3.6.2 PredictingD¢,m(365) from sediment parameters

Simple regression and multiple regression anaklysis performed to predi@.,(365) from
independent sediment variables, i.e. the silt guN@y, total-S, SG extn DOCoxtr, Chws and
Ci. The goodness of fit between modelled and measbred365) is given by correlation
coefficients, the ratio of calculated to measured,{365) (Rem) and the average deviation of
Rem from the mean in the various sub data sets.
Simple regression models yielded a significant log@dness of fit than multiple regressions
(Table 5, Tables S3 and S4 in the Supplement). Bimggressions with individual sediment
parameters demonstrated tl@y, and C, yielded best predictions db.,(365) when the
whole data set was analysed (Table S3 in the Songply. Regression analysis of partial data
sets grouped according to chemical properties, greups including samples from both
aquifers, resulted in R values below 0.8 for atéd variables. For the sulphidic samp(@sg
or C; values were the best individual sediment parammeter model D ,(365) when
considering partial data sets including samplesifomth aquifers. For the individual aquifers,
some single sediment parameters were very goorhastis (R > 0.8) foD.,(365) e.qg.
total-S and DOG in the FFA data set ar@,, total-S andC, for GKA. Cyg Was clearly less
correlated withD.,-{365) in those sub-groups of aquifer material with lowtamts of SRC,
i.e. the non-sulphidic aquifer material.
Combinations of total-S an@.y did not substantially increase the goodness obffithe
regression models to predibt,,{365) in comparison to simple regressions with these two
variables (Table 5, selection | in comparison tbl&e&53 and S4 in the Supplement), in some
cases the goodness of fit even worsened. OnlyHerpartial data sets of non-sulphidic
samples a linear combination of these two variables slightly better than a simple
regression with one of the independent variables.
Table 5, selection Il lists the combinations indhgdCorg, total-S,Ci, and SG exr Which
revealed the highest correlation coefficient wiith,(365) for the corresponding data sets.
Compared to simple regressions these linear cormbitsaimproved correlation coefficients
18
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of regressions for most partial data sets. Also rdrege of deviations of calculated from
measured. (365) values Rym) was smaller (Table S4 in the Supplement). Forvthele
data set and the sulphidic samples for examplecdneelation coefficient R increased from
0.80 to 0.86 and from 0.66 to 0.79, respectivdlynstead of regressions betwe€gpy and
Dcun(365) the combination ofC,¢-C; was used to modéD.,(365) This combination was
also better than regressions wi@h alone (Table 5 in comparison to Table S4 in the
Supplement). The combination of total-S and,54; improved the correlation coefficient
with Dcun(365) in comparison to simple regression with total-Sadlefor all sub data sets
containing sulphidic aquifer material. For FFA sdaspthis combination raised R of the
simple regressions from 0.83 to 0.89.

For all data sets, except the sub data set of slitpimaterial, multiple regressions between
Dcun{365) and all 7 independent sediment parameters (diredtipie regression) yielded
correlation coefficients R > 0.92 (data not showrg, over 84% of the variance of the
measured.,{365) values could be explained with this regression. dphidic aquifer
material, R was 0.83. A stepwise multiple regrassiwhich gradually adds the sediment
parameters to the regression model according to glgmificance yielded results which were
almost identical to the results of direct multiplegression (Table 5, selection Ill). The
stepwise multiple regression model reduced the murabneeded regression coefficients (i.e.
the number of needed sediment variables) to modgl365)from 7 to 3 or 5. The goodness
of fit as indicated by meaR., values close to 1 and small rangeRgf, values was usually
the best with multiple regression analysis, esplgdiar samples wittD.,(365) values below
20 mg N kg* yr'* (Table S4 in the Supplement).

3.7 Predicting the stock of reduced compounds (SRC) fra D.ym(365) and estimation of

the minimal lifetime of denitrification (emLoD)

The mearD.{365) values of the 3 to 4 replications per aqusi@mple were used to predict

the SRC of the aquifer with samples simple reqoess{Table 6). For the whole data set the

measured,n(365) values exhibited good linear relations witle tSRC of the incubated

aquifer samples (R = 0.82).n{(365) of GKA samples showed good to excellent dadrty
better regressions with the SRC thanBhg(365) FFA samples. The prediction of SRC from

Dcun(365) was also clearly better for sulphidic andsNf@ee samples compared to samples

from already oxidized parts of both aquifers (Tab)le
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The minimal lifetime of denitrification (emLoD) ofhe incubated aquifer material was
estimated for a nitrate input of 11.3 g NO\ m™2 yr ! as described in Sect. 2.5. With this

nitrate input and amassumedfraction of the SRC available for denitrificatiorurthg

incubation &Fsra of 5% the calculated emLoD of oné of aquifer material ranged between
0.7-8 and 2.4—67 yr thfor non-sulphidic and sulphidic aquifer materigispectively (Tables

2 and S2 in the Supplement). The estimated medidoB of sulphidic material was 5 times
higher then the one of non-sulphidic samples. FR& @KA samples differed statistical not
significantly in their emLoD values (kwP < 0.05) (median emLoD values of NGiree
aquifer samples from the FFA and GKA are 19.8+18nat 10.5+20 yr, respectively; see also
Table S2 in the Supplement).

4 Discussion
4.1 Groundwater redox state and sample origin

The non-sulphidic aquifer material in this studyhieh exhibited low denitrification rates,
originated generally from aquifer regions with dised G concentrations > 1.5 mgl
(=42 umol O, I™Y) and is already largely oxidized. This aquifertparould be referred to as
aerobic (1-2 mg ©I™, Rivett et al., 2008). In laboratory experimentshuhomogeneous
material the intrinsic © threshold for the onset of denitrification is beam 0 and
10 umol G, I”* (Seitzinger et al., 2006). Reported apparenth@esholds for denitrification in
aquifers are between 40 to @énol I™* (Green et al., 2008, 2010; McMahon et al., 2004;
Tesoriero and Puckett, 2011). Green et al. (2016)lathed the apparent . Qhreshold for
denitrification in a heterogeneous aquifer and tbtimat an apparent,Qhreshold obtained
from groundwater sample analysis of < 4@ @nol I is consistent with an intrinsic ;O
threshold of < 1Qumol I™%. This apparent threshold of 4@nol O, I™* corresponds well with
the threshold of minimal and maximal dissolved @ncentrations at the origins of non-

sulphidic and sulphidic aquifer material, respeslyy in both aquifers.The sulphides that

occur_in zones where ,0s still measurable in the groundwater might reprg residual

sulphides from poorly perfused micro areas withim aquifer material.
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4.2 Predicting Doum(365) from initial denitrification rates and time course of

denitrification

An importantgoal ofdenitrificationresearch is to predict long-term denitrificatiopaeaity of
aquifersfrom initial denitrification rates.

The conducted incubations showed that there argfisignt quantitative relations between
Dcun(365) and the SRC of the incubated aquifer san{dlalle 6) and it can be assumed that

the SRCrepresents a maximum estimate tbfe long-term denitrification capacity of aquifer

material. Taking this into account it was testednifial denitrification rates can predict
Dcun(365). This was doneto facilitate determination ofD..,{365) since laboratory

measurements of initial denitrification ratd3,(/)) are more rapid and less laborious and
expensive compared tone-yearincubations to measur®.,(365) Moreover, initial
denitrification rates can also be measured in a&itgroundwater monitoring wells (Konrad,
2007; Well et al., 2003) and can thus be determimggkout expensive drilling for aquifer
material. Konrad (2007) tested this approach wigmall data set (13 in situ measurements)
and 26 pairs foiD(7) vs D(in situ) and only 5 pairs foD.(in situ) vs.D.{365) One
objective of this study is to develop transfer fiimes to predictDq,(365) from D(7). The
next stepwould beto compare in situ denitrification rate®.(in situ)) from push-pull
experiments at the location of the incubated agqsidenples with theiD.,(365) measured in
this study and to check how preci3g{365)can be derived fror®,(in situ).

By and large, the measured rangebgf{365) values agreed well with previous incubations

studies, which investigated the denitrificationinatt of aquifer material from comparable

Pleistocene sandy aquifeM/ell et al. (2005) and Konrad (2007) report totalges foDcum

of 9.5 to 133.6 mg N kg yr * and 0.99 to 288.1 mg N Kgyr *, respectively. Weymann et al.

(2010) conducted incubations with aquifer matefraim one location within the FFA,

reporting ranges dd.,(365) of heterotrophic¥ non-sulphidic) and autotrophis gulphidic)

aquifer material between 1-12.8 and 14.5-103.5 mkgN yr, respectively(calculated

from reported denitrification ratesAll of these denitrification capacities are comglide to

our findings (Table 2), indicating that the selestiof our sites and sampling location
represent the typical range of denitrification pdjes of this kind of Pleistocene sandy

aquifers.
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Two aspects have to be considered when usi(ig as an indicator foD.,(365) (aspect)
the availability of reactive compounds may changend) incubation andaiSpecii) different
microbial communities resulting from the availatyiliof different electron donors and
acceptors may be evident in samples from differaifer redox zones (Griebler and
Lueders, 2009; Kdlbelboelke et al., 1988; Santdral.e 2006) and possible shifts within the
microbial community during incubation have thudé&taken into account (Law et al., 2010).

With respect to dspecti), it is straightforward that the availability aleduced
compounds for denitrification in aquifer materialiredtly influences the measured
denitrification rates since denitrification is aamubially mediated process and the significant
majority of microbes in aquifers are attached toames and thin biofilms (Griebler and
Lueders, 2009; Kélbelboelke et al., 1988). Themftine area of reactive surfaces of reduced
compounds within the sediment might control the amboof active denitrifiers in an
incubated sample and thus the measured denitidicattes and vice versa. Therefore,
denitrification rates are an indirect measure @& #vailability of reduced compounds for
denitrification and the availability of reduced goounds may reduce due to oxidation during
incubation. On the contrary, growth of the micréliammunity may change the apparent
availability of reduced compounds due to the inseeaf the area of “colonised” reduced
compounds within the incubated aquifer material @ leading to increasing denitrification
rates during incubation.

The almost linear time-course of denitrificatiomion-sulphidic and sulphidic samples
(Fig. 1la, c¢) indicate minor changes of the avdliligbiof reduced compounds during
incubation. The linear-time-courses also suggesteaido-zero-order kinetic of denitrification
where denitrification rates are independent fromngfes of N@ or reduced compounds
during the incubations. N concentrations in the batch solution of incubagaohples were
always above 3.0 mg NON I during the whole incubation period and thus abthe
reported threshold of 1.0 mg NGN I, below which denitrificationis reported to
becomeN@ limited (Korom et al., 2005; Morris et al., 1988all et al., 2005).

The small denitrification rates measured in the-solphidic samples may then be the result

of only small amounts of organic carbon oxidizedimy denitrification. The consumed
fraction of available organic carbon might reledsesh surfaces which can further be
oxidized during denitrification. The relative stabtenitrification rates of non-sulphidic
samples may then reflect that the area of micraailable surface of reduced compounds

exhibits negligible change during incubation. Tisiplausible for the case that the surface of
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the organic matter is relatively small in companmiso its volume, which applies to the lignitic
pebbles in the FFA (Frind et al., 1990).
Most of the sulphidic aquifer samples from the zaieNO; -free groundwater in both
aquifers showed also relative constant linear smmeof denitrification products during
incubation (Fig. 1c). This aquifer material was get in contact with dissolved@nd NQ
from the groundwater. Hence, the reduced compouhdstially present in the solid phase,
are supposed to be not yet substantially deplelbd. relative constant linear increase of
denitrification products of these samples suggésas the denitrifying community had a
relative constant activity during incubation, imply a constant amount of denitrifying
microbes and thus constant areas of reactive ®sfdn contrast, almost all transition zone
samples exhibited clearly declining denitrificatiomtes during incubation (Fig. 1b). This
group represents aquifer material already depletegduced compounds (Table 1 and Fig.
2a) but still containing residual contents of rescsulphides and therefore showing a SFC >
1 mg SQ*-S kg' yrt. These residual sulphides might be relatively &adtausted during
incubation leading to a loss of reactive surfaced ia the following to a flattening of the
slope of measured denitrification products{N,0O).
The intensive incubation experiment gave up toihés higher denitrification rates than the
standard incubations (Table S2 in the Supplement)difered from the standard incubations
only in three points: (i) dilution of aquifer maiar with pure quartz sand, (ii) higher
incubation temperatures (20 °C instead of 10 °@)(@r continuous shaking of the incubated
sediments on a rotary shaker. The denitrificatictivity of the added pure quartz was found
to be negligible. Well et al. (2003) evaluated temperature effect on denitrification rates
measured during laboratory incubations. An increaiséncubation temperature from 9 to
25 °C resulted in 1.4 to 3.8 times higher dendatfion rates. In contrast to this the intensive
incubation experiment presented in this study ggvéo 17 times higher denitrification rates
than the standard incubations. This suggests thiabmly higher temperatures but also the
continuous shaking of the incubated aquifer mdtenay have led to higher denitrification
rates by the enlargement of the surfaces of reduoatpounds within the aquifer material
due to physical disruption of pyrite and/or orgacacbon particles. The latter was visible as
black colouring of the batch solution which was noticeable at the beginning of intensive
incubations and also not during the standard inoois But in contrast to our expectations,
the intensive treatment did not lead to a fastetlime of denitrification rates during
incubation (Fig. 1d). The reasons for this mighthe the loss of reactive surfaces of reduced
compounds due to consumption during denitrificatieass small compared to their amount.
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Also the shaking might have contributed to the woeaof reactive surfaces and thus may
have supported denitrification. A possible tempeeaeffect on the suit of active denitrifiers
during incubations and from this on the resultirepittification rates was not investigated
during this study, but should be considered inristudies.

With respect to the importance of changes in thailawility of electron acceptors for the
communities of active microbes present in aquifatenal (aspect ii), we assume that in the
sulphidic samples from the zone of N@ree groundwater, the population of denitrifieesdh
to adapt to the addition of NOas a new available electron donor, e.g. by growfth
denitrifying population and changes in the compaosibf the microbial community (Law et
al., 2010). This adaptation processes require &mgé might be a reason for the missing
correlation betweerD,(7) and D.u(365) during incubation of sulphidic samples in both
aquifers, wherea®(84) was a good predictor fdd.,+(365) (Fig. 3 and Table 4). This
explanation is in line with the fact that spatiatérogeneity of microbial diversity and activity
is strongly influenced by several chemical and pajdfactors including the availability of
electron donors and acceptors (Griebler and Lue@69; Kdlbelboelke et al., 1988; Santoro
et al., 2006). Santoro et al. (2006) investigabteddenitrifier community composition along a
nitrate and salinity gradient in a coastal aquif€hey conclude that for the bacterial
assemblage at a certain location, “steep gradiangsvironmental parameters can result in
steep gradients (i.e. shifts) in community compaoisit

The observed adaptation phase is in accordan@stdts given by Konrad (2007) who found
also only after 84 days of incubation good reladitm@tween mean denitrification rates and
Dourm(365), whereas the sampling after day 21 of incubatiamegpoor correlations. We
conclude that 7 days of incubation were not sudfitito get reliable estimates Bf,{365)
from D((7) for aquifer samples from deeper reduced aquigions in both investigated
aquifers, whereas there are good transfer functiormedictD.,(365) from D,(84) for all
partial data sets.

We conclude that prediction of denitrification franitial denitrification ratesd,(7))
during incubation experiments is possible for nalpiidic samples, which were already in
contact with groundwater NQ The denitrification capacity of these samples thase been
exhausted to some extent during previous dengtibo or oxidation and the laboratory
incubations reflect the residual stock of reductafontrary, the denitrification capacity of
sulphidic samples was not predictable fr@n{7). These samples were not yet depleted in
reduced compounds and therefore these samplesitexhsignificantly higher denitrification
rates during incubation. With respect to in situaseements of denitrification rates with
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push-pull tests in the reduced zones of aquifezsdlquired adaptation time of the microbial
community to tracer N® might lead to an underestimation of possible diication rates.

800
‘ 4.3 Predicting D.un(365) of aquifer sediments, correlation analysis and reggssion
models
‘ 4.3.1 Sediment parameters and their relation t®.,,(365)
805

Correlation analysis

Corgs SQ% ext, Chws @andC; exhibited no significant differences between baxhifers, whereas

the amount of total-S was significantly higher aD@C. values significantly lower for

GKA compared to FFA samples. But in contrast, tppasite groups of non-sulphidic to
810 sulphidic aquifer material differed significantly all of the analysed independent sediment

variables (kw:P < 0.05) (Table 1 and Fig2in the Supplement). The same applies also for

the opposite groups of NOfree and N@ -bearing aquifer material (data not shown).

The measured range of DQE (4.7 to 11.6 mg C Kd) for FFA and GKA aquifer

samples are in the range of recently reported sal\®eymann et al., 2010) for aquifer
815 samples from the same site at comparable deptlsDOC. values clearly decreased with
depth in both aquifers (Table S1 in the Supplemand) exhibitedbartly significant negative
correlations with theD.,(365) of the incubated aquifer material (Table 8y P < 0.05).
Similarly, von der Heide et al. (2010) reportedn#igant negative correlation between DOC

and the concentrations oL® as an intermediate dog reduction of N@ to N, in the upper

820 part of the FFA. From these findings we supposé tha reactive fraction of DOC is
increasingly decomposed or immobilized with deptiboth aquifers. Moreover, the negative
correlation between the DQg and the measurdd.,(365) suggests that the contribution of
DOC to denitrification capacity of the aquifers isa@lely small, which is consistent with
findings of Tesoriero and Puckett (2011) and Gretead. (2008).

825 The highest concentrations of $Q,; were measured in samples from the upper parts
of both aquifers (Table 1). The measured range@f S (Table 1) exhibited significant
negative correlations betweén,,{365) of FFA and GKA aquifer materiat{ R = -0.82 and
R = -0.49, respectivel\p < 0.05) (Table 3). S8 e values decreased with depths in both
aquifers (Table S1 in the Supplement) and thusbéea an inverse concentration gradient

830 compared with total-S values. The range 0£5Q), of FFA and GKA material is comparable
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to SQ% exr values (20.5+ 16.7mg SO-S kg?) of aquifer samples from North Bavaria, from
a deeply weathered granite with a sandy to loamtute (Manderscheid et al., 2000). All
measured S§ e values above 10 mg S Rgrom FFA and GKA samples (except for the
samples from 25.9-26.9 m and 27-28.3 m below seiifacthe GKA) originated from zones
within these two aquifers with pH values of thegrdwater between 4.39 and 5.6 (von der
Heide unpublished data and own measurements). dicgprto the pH values, the
groundwater from these locations is in the buffene of aluminium hydroxide and
aluminium hydroxysulphates (Hansen, 2005). It isn that hydroxysulphate minerals can
store S@ together with aluminium (Al) in acidic soils (Khaa et al., 1987; Nordstrom,
1982; Ulrich, 1986) and aquifers (Hansen, 2005)er&fore, dissolution of aluminium
hydroxysulphate minerals may have lead to the highkies of SGF e in samples from the
upper already oxidized parts of both aquifers.

KMnO, labile organic carbor) measured in the aquifer material was closelyteédl@oCorg
(r« R = 0.84,P < 0.001). GKA samples showed a much wider rang€, ofalues (0.9 to
2504.7 mg C k) than FFA aquifer material (2.7 to 887 mg CgTable 1). The total
average ofC)/Coq ratios of 0.24 for the whole data set is comparablthe mean ratio of 0.3
reported by Konrad (2007) for 3 comparable sandyfexs, showing that typically less than
half of Corg In Pleistocene aquifers is KMn@abile. The higheC/Cqq ratio in the sulphidic
samples might indicate that tl@ fraction of Coq in the upper non-sulphidic parts of both
aquifers is already oxidized to a larger extentb(&@al). Konrad (2007) assumes tiGt
represents the proportion Gy which might be available for microbial denitrifiaan. A
stoichiometric CHOcorg/NOs -N ratio of 1.25 (Korom, 1991) leads to the conidoghat the

amount ofC; was always higher than the measuzetbunt of denitrification after one year of

incubation (Dcunr(365) of the several aquifer samples. This shows thagmificant fraction

of C, did not support a fast denitrification. It can shhe assumed th@} represents rather an

upper limit for the bioavailable organic carbonthe incubated sediments. However, among

the sediment paramete@ was the best predictor @f.,,(365) for GKA samples and non-

sulphidic aquifer material and also a comparati\gdpd predictor with respect to théole

data set (Table 3).

The values of hot water extractS,{s) from FFA and GKA aquifer material with the ranges

of 0.01-42.6 and 14.9-58.5 mg C kgespectively, are comparable to the rang€f, of

6.2 to 141 mg C Kg given by Konrad (2007)Chws represents on average a proportion of

6.5% of the entir€€y4 pool in the aquifer material from FFA and GKA. $hialue is similar

to the proportion of 5%, of the entireCyg reported by Konrad (2007), with significantly
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(kw: P < 0.05) higher percentages in the non-sulphid5%) compared to the sulphidic
samples (3.7%). We foundtrong and highly significant correlations betweéh,s and
Dcun(365) of non-sulphidic material (Table 3) and fléhearing samples§ R = 0.85 and R

= 0.74, respectivelyp < 0.001). Studies 06, Stability in soil organic matter revealed that
Chws IS not completely bioavailable (Chodak et al., 208parling et al., 1998). Moreover,
these authors conclude that,s is not a better measure of the available soil mgaarbon
than totalCoq values. Balesdent (1996) concluded from nattiallabelling technique (long-
term field experiments with maize) that coldwatedtra&cts contain amounts of slowly
mineralizable “old”"C,y pools and this can also be expected for hot weateacts. The close
correlation betweerC,s and D¢,(365) in the non-sulphidic aquifer material and not for

deeper sulphidic aquifer material is distinctived dout difficult to interpret sinceCpus

represents not an uniform pool of organic mattére Tissing correlation betwe&h,s and

Dcun{365) might indicate that denitrification in thisrze is sulphide dependent.

The measure@,q4 values of FFA and GKA aquifer material (Table g aomparable

to ranges reported by Konrad (2007), Strebel et(H92) and Hartog et al. (2004)

(Pleistocene fluvial and fluvio-glacial sandy agus in Northern Germany and the eastern
part of The Netherlands). The total sulphur corsteft FFA and GKA aquifer samples are

also comparable to the ranges reported by thed®mutexcept Hartog et al. (2004) who

reported 4 to 5 times higher total-S contents. Bengn (1999) and Konrad (2007)

investigated the distribution of S species in aguihaterial from sandy aquifers in North

Rhine-Westphalia and Lower Saxony, Germany, regpdgt and found that 80 to over 95%

of the total-S value is represented by sulphide-S.

4.3.2 PredictingD.,m(365) from sediment variables

Single sediment parameters liKgg, C, or total-S are partly good to very good estimafors
the measured,(365) in our data set (Table S3 in the Supplement). Graupf aquifer
material according to hydro-geochemical zones gtyoincreases the predictive power of
single independent sediment parameters with respettte measured denitrificatiaiuring
incubation(S3 in the Supplement). For examply,, andC; values are very good parameters
to predict Do,1(365) for GKA aquifer material, which almost linearly meased with
measuredC,g andC; values. The predictability db..(365) with simple regressions, linear
combinations of two sediment parameters and maltigigressions was best when these
models were applied to partial data sets of ondf@guvhereas predictions were always
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worse when samples from both aquifers were inclydedtles 5 and S3 in the Supplement).
For example, total-S values exhibited good simptgessions (R > 0.8) with partial data sets
that contain only aquifer material from one aquif€@onversely, the linear correlation
coefficients between total-S and...(365) of sulphidic aquifer material and NOGfree
samples (both groups contain FFA and GKA aquifetenne) were relatively low with R of
0.4 and 0.32, respectively. The proportion of t&ah SRC of the GKA samples was 3 times
higher than in samples from the FFA, whereas ttaresiof sulphides contributing to the
measured denitrification capacity was almost themesén FFA and GKA material during
incubation (Fig. 2b). This shows that samples flmyth sites were distinct in the reactivity of
sulphides which may be related to the geologicaperties of the material including the
mineralogy of the sulphides and the origin of thgamic matter.

Corg and total-S can be seen as integral parametehsneitprimary information about the
fraction of reactive and non-reactive compoundghwegard to denitrification) represented
by these parameters. As already discussed aipwaght be an upper limit for the fraction of
microbial degradable organic carbon as part ofl totganic carbon @) in a sample of
aquifer material. In our data s€l, exhibited better regressions withu(365) than Coq for
aquifer material with relatively lowD.,(365), i.e. non-sulphidic aquifer material and
transition zone samples (Table S3 in the Supplembnthese two partial data sets it can be
assumed that the reduced compounds available fatrifleation are already depleted by
oxidation with N@Q and dissolved © The medianC,gy contents of non-sulphidic and

transition zone samples weoaly about 20% an®0% of the one of N@-free samples

(Table 1). HenceCyyqy in non-sulphidic and transition zone sampiesht represent less
reactive residualCoy compared to aquifer material which was not yetcontact with
groundwater N@ or dissolved @ This might be the reason for the comparatively lo
correlation of Corg and Deun365) in the depleted aquifer material of non-sulphidind a
transition zone samples. Similar to this findingel\ét al. (2005) reported poor correlations

betweenCyy andthe measured amount of denitrificatifor hydromorphic soil material with

low measuredlenitrification activityduring incubation.

Multiple regression analysis clearly enabled thsth@ediction ofD.,(365) Except for

sulphidic samples, correlation coefficients > Ov@dre achieved for all other partial data sets

(Table 5). But multiple regression models are ahited practical use because the

measurement of several sediment parameters itmiming and expensive.

The goodness of fit of the regression models wgklyivariable. Simple regressions, linear

combinations of two sediment variables and multiigigression analysis could predict the
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order of magnitude oD.,,{365) The uncertainty of calculated.,{365) as given by the
ratio of calculated.,{365)vs. measure®.,(365) (Rym) was within a range of Dto 2 for
aquifer material with a measuréi,,(365) > 20 mg N kg yr* when simple regressions
models and multiple regressions were applied (T&dlen the Supplement). In case of less
reactive aquifer materiaD(,{365)< 20 mg N kg* yr'%), only multiple regressions were able
to predictD.,(365) close tahis range of uncertainty, whereas simple regressiodels

yielded poor fits. Well et al. (2005) performed dptime anaerobic incubations with soil
material of the saturated zone of hydromorphicss@ibm Northern Germany in order to

measure and calcula@enitrification during incubationsThey used multiple regressions

models to modetumulative denitrificatiorfrom independent sediment variables. Similar to

our finding, they report that prediction afenitrification with regression models was

unsatisfactory for samples with low measured diicition rates(< 36.5 mg N kg* yr?, this
threshold fits also to our data) and they presuthatla considerable variability in the fraction
of reactive organic carbon in the measutigd is the reason for this observation.

4.4 From Dqum(365) and SRC to the ssessment of the lifetime of denitrification within

the investigated aquifers

As already defined above the denitrification capyacan be defined as the part of tBRC

capable to support denitrificatioimhe lifetime of denitrification in aquifer materidepends

on the combination ofht denitrification capacityj.e. the stock of available reduced

compoundsthe NG~ input and the kinetics of denitrification .

Two key assumptions were made for the assessmehe difetime of denitrification in both

aquifers fromour incubation experiments. There are relations baiw@e the measured
Dcun{365) and the stock of reduced compounds (SRC)(enttetween the SRC and the
denitrification capacity.

(i) The measure®.,{365 was a good predictor for the SRC for the whol@ dat and GKA

samples. The SRC was also predictable for sulphadid NQ -free samples. Contrary,

Dum(365) was a poor indicator of the SRC for aquifettenial from already oxidized parts of

both aquifers with relatively low amounts of SRG@GIe 6). Since the conducted incubations

were not able to exhaust the denitrification cayaai the aquifer sampleshe real fractions

of the SRC available for denitrification (&/) in the incubated samples and even more so the

in situ aksrc remained unknown.
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(ii) The low total-S values in the upper parts oftbaquifers (Table S1) suggest that most of

the sulphides present in both aquifers (see sectiBrl) are not resistant to oxidation

Moreover, sulphides are supposed to be the dominant reduoetpaund supporting
denitrification in the FFA (Kdlle et al. 1983Both aquifers (FFA and GKA) still contain

reduced compounds in form of organic matter inrtlogidized upper parts. So obviously,

certain fractions of the whole SRC are resistarmxidation.But it is unknown how the ratio

of oxidizable to noe-oxidazableC,, may change with depth in both aquifers. During thi

study we found that th€/C,y ratio was higher for deeper (sulphidic) aquifempées

compared with non-sulphidic samples from the upp@aion in both aquifers. This suggests

that the proportion of organic C which is recabkuitr is higher in the already oxidized zone

(see section 4.3.1). A reason for this might bdg tha proportion of mineral associated

organic carbon to total organic carbon is highehia zone.

(Mineral association of organic matter is assumaddmease the recalcitrance fraction of total

organic matter (Eusterhues et al. 2005). Eustermatesal. (2005) reported for a dystric

cambisol and a haplic podzol from northern Bavtra 80 — 95% of the total organic carbon

content of the particle size fraction (< 6.3 um}he C horizon is mineral associated organic

matter and Fe oxides were identified as the mdsvaat mineral phases for the formation of

organo-mineral associations. Fe oxides can forrmdwutotrophic denitrification with pyrite

and they are known to exist frequently in oxidizegiifers)

With regard to assumption (i@ further assumption for the assessment of theinifetof

denitrification is: The ratio of SRC tB.«{365) during incubations is a rough measure to

estimate the alrc capable to support denitrification in Situ.

Since the real value of gk remained unknownthe estimated minimal lifetime of

denitrification (emLoD) wasto calculated with amverage a§rc of 5% was assumed. This

value was assumed from intensive incubation witldiare alsrc of 6.4% and the fact that
denitrification did not stop during all incubatioiiBig. 1) and thus the real gk of the
incubated aquifer samples were higher than the uned®nes (Table S2 in the Supplement).
The data set provides spatial distribution @f,{365) and SRC values in both
aquifers From this datahe lifetime of denitrificationfEq. 2 as well as the the depth shift of

the denitrification front in both aquifersvere estimated The simplified approach of

calculating emLoD with Eq. 2 implicitly assumes ttiiae residence time of groundwater in

1 nm® aquifer material is sufficient to denitrify thetmasite input coming with groundwater

recharge, if the amount of microbial available SR®Gig enough to denitrify the nitrate input.
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If the residence time is doshort, NQ~ would reach the subsequent of aquifer material
with groundwater flow, even if the firsthstill posses an SRC available for denitrification.
This means the denitrification front would haveh&ckness of more than 1 m and the real
lifetime of denitrification within one thwould be longer then predicted by Eq. 2. This was
the case at multilevel wells B2 and N10 in the FHRAhe depths between 8-10 and 4.5—
8.6 m, respectively. At this depths the groundwatilrcontains N@, although theneasured

Dcun(365) of the aquifer materiaduring incubationwas higher than the nitrate input
(6.6 mg N kg* yr'). Two reasons might explain this, either the iétiaput is considerably
higher thanD.,,{365) of these aquifer material or there are flow patireugh the aquifer,
where reduced compounds are already exhausted.

All non-sulphidic samples were in the hbearing zone of both aquifers, i.e. thei,(365)
values were too low to remove the nitrate inputrdugroundwater passage. Therefore, the
protective lifetime of denitrification in the inviggated aquifers was estimated from the
thickness of the N©-free zone in both aquifers and the amount of nhielcavailable SRC
(Table S1 in the Supplement). The median emLoD O Nree aquifer samples from the
FFA and GKA are 19.8+15 and 10.5+20 yr'nrespectively. The high standard deviation of
the calculated emLoD values reflects the high loggemeity of the SRC distribution in both
aquifers. These median values of emLoD are equaldepth shift of the denitrification front
of 5 to 9.5 cm yr*, respectively, into the sulphidic zone, if grourader flow would only have

a vertical component. Since real groundwater flas &a vertical and horizontal component at
a given location, the real depth shift of the oximtafront should be lower, depending on the
relation of vertical to horizontal groundwater flaslocity.

With respect to the thickness of the N@ree zone at multilevel well N10 in the FFA and at
the investigated groundwater wells in the GKA, éf dnd 42 m, respectively, this gives a
protective lifetime of denitrification of approxiney 315 yr and 440 yr, respectively. These
values are conservative estimates, on conditioh dhly 5% of the SRC are available for
denitrification and the nitrate input is 11.3 g N nyr*. According to Eq. 2, emLoD is
inverse to nitrate input and thus would increasth wiecreasing nitrate input. From SFC
measurements and assuming a nitrate input of M3y yr * Kolle et al. (1985) estimated a
protective lifetime of denitrification of about 10@r summed up over the depth of the FFA
aquifer at one location, giving 50 yr lifetime oérdtrification per depth meter. Using the
same nitrate input as in our estimation (11.3 g NOm 2 yr %) the data given by Kolle et al.

(1985) would give a lifetime of denitrification about 20 yr per depth meter. With respect to
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the high spatial heterogeneity of SRC values tlakier fits well to our data for sulphidic
aquifer material (Table S2 in the Supplement).

Taking this into account the above stated limitagiof the assessment of the emLoD within

the investigated aquifers from shorter-term incidoest the calculated emLoD should be

validated by long-term in situ test as describedkbgom et al. (2005).

4.5 Are laboratory incubation studies suitable forpredicting in situ proceses?
In the following a few conclusions from the presehstudy are given, trying to contribute to
this question. Therefore, a couple of sub-problansng from this question are discussed in

the following.

4.5.1 Limitations of thé°NO5" labellingapproach

!N labelling of NQ~ with subsequent analysis pfoduced N labelledN, and NO did not

excludethe possible contribution of dissimilatory nitraeduction to ammonium (DNRA)

since™N of NH, was not checked Moreover,our approach was not suitable to identify a

possible coupling of DNRA witlhnaerobic ammonium oxidation (anammwith subsequent

formation of *°N labelled N from the labelled N@ during anaerobic incubationblence,

despite the fact thatr@vious investigations reped denitrificationas the dominant process of
NOs~ attenuation in the FFA (Kdlle et al. 1983, Kolieak 1985) a certain contribution by

DNRA-annamox can not be excludddNRA is seldom reported to be the dominant process

of NOs~ reduction in groundwater systems (Rivett et ab80To our knowledge there are no

studies about anaerobic ammonium oxidation (anamnioxfresh water aquifersThe

possible contributionof DNRA-ananmox to NO;~ consumption during incubation is

discussed in more detail in the methodical pathefsupplement.

4.52 Are the NO3;™ concentrations during incubation comparable to thge in situ and

what is their influence on the measured denitrificion rates?

The NQ~ concentrations in the FFA range from 0-43 (me@i&) mg N T* and in the GKA

from 0-57.6 (median 7.2) mg N*I(Well et al., 2012). The nitrate concentrationsthe

beginning of the batch experiments were in the eanfg35 to 43 mg N, depending on the

amount of pore water in the incubated sedimentgidd the added tracer solution. During the
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incubation experiments the measuredsNEbncentrations were alwaysgthin the ranges of
NOs concentrations found in both aquifers.
The almost linear time course of denitrificatioroghucts (see Sect. 4.2) accompanied by a
parallel decrease of NO concentrations in the batch solutions suggests tthea NQ~
concentrations were of no or only minor importamae the measured denitrification rates
during the conducted incubation experiments, he. kinetics of denitrification were zero-
oder. The presented experimental results are iardance to several workers who reported
that the kinetics of denitrifcation at NOconcentrations above 1 mg N &re zero-order, i.e.
independent of the nitrate concentration, whichgesg that the supply of electron donors
controls the denitrification rates (Rivett et &008). In a recent publication Korom et al.
(2012) stated that denitrification in aquifers agmseto be most often reported as zero-order.
This statement was based on Green et al. (2008)Kanoim (1992) and citations therein.
Similarly, Tesoriero and Puckett (2011) found tiratmost suboxic zones of 12 shallow
aquifers across the USA in situ denitrificatioresatould be described with zero-order rates.
In accordance to the cited studies, the experimeesalts indicate that the supply of
electron donors controlled the measured denittiboarates during the conducted incubation
experiments, rather than NQconcentrations. Presumably this can also be eggewctsitu in
both aquifers, if the observation period of rateaswgements is short enough, so that the
consumption of electron donors does not changestipply of denitrifiers with electron
donors significantly. Decreasing concentrations of reduced compounds Hipo
denitrification would lead to decreasing denit@fion rates, i.e. to first-order rates. From this
findings it might be concluded that the compar#pihif laboratory and in situ denitrification
rates is less affected by the concentration ok N&ds long as denitrification becomes not

NO; limited, i.e. at N@ concentrations > 1 mg N

4.53 Is one year incubation suitable to predict the deitrification capacity over many
decades in an aquifer?

Our experiments are an approach to narrow downréhe denitrification capacity of the
investpated aquifer. Longer incubation periods would hibgen better, but there are always
practical limits and incubation experiments coubd Ime conducted over several decades.

Linear regressions showed that there are quawmétagiations at least between,RH365) and

the SRC of the incubated aquifer samples from ¢ueiced zone in both aquifers (Table 6)

and it can be assumed that the SRC in a certaimededetermines the long-term
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denitrification capacity of aquifer material. Frothis, one- year incubations may give

minimum estimates of the denitrification capacifyaquifer sample. Furthermore one year of

incubation seems long enough to overcome micra@unlaptation processes encountered at the

beginning of the conducted incubations (see secti@). During the intensive incubation

1105 experiment 4.6 to 26.4% of the stock of reduced pmmumds (SRC) of the incubated aquifer
material was available for denitrification with nmaal values of 6.4% (Table S2 in the
Supplement). From the results of standard and siterincubations it was assumed that 5%
of the SRC is available for denitrification in thevestigated sediments. The SRC of aquifer
material from the zone of NObearing groundwater was only 40% compared to tRE S

1110 present in aquifer material from the zone of N@ee groundwater in both aquifers (Table 2),
suggesting that an availability of 5% of the SR@ dbt over estimated the denitrification

capacity of the investigated aquifeféonethelessquantitative relations betweddy,(365),

SRC and the long-term denitrification capacity gtiders can only be verified by long-term

in situ experiments, for example like those desdiby Korom et al. (2005).

1115

4.54 Did laboratory incubation studies really indicatewhat happens in situ?

They can not exactly retrace all processes contributinghi® rieduction of N@ to N, and

N2O and their interaction under in situ conditionsit Baboratory incubations might allow to
1120 get estimates of the amount of reduced compoureiept in the incubated aquifer material
that are able to support denitrification. And laddory incubations should be compared with

short-term _and long-terrmn situ measurements to check the meaningfulnedsbafratory

incubations for the in situ proceas well as the predictability of long-term in sprocesses

from short-term measurementikh a second study to follow we will compare ladtory

1125 incubations and in situ measurements at the oafythe incubated aquifer material.

5 Conclusions

We investigated the relationship betweiéie cumulative denitrification after one year of

1130 | anaerobic incubation D(,«{365)) and initial laboratory denitrification rates different

sediment parametessid the stock of reduced compounds (SBfGhcubatecaquifer samples

from two Pleistocene unconsolidated rock aquifefhis was done to characterize

denitrification capacityof sedimentsamples fronthe two aquifers and to further develop

approaches to prediekhaustion of denitrification capac@ndD¢,{365).
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Measured denitrification ratesd ranges of the investigated sediment parametimsided

with previous studies in comparable aquifers sutyggshat theeresults derived in this study
are transferable to other aquifers.

Dcun(365)appeared to be a good indicator for the long-teemitdfication capacity of aquifer

materialfrom the reduced zone of both aquifensce it was closely related tloe SRC

Dcur(365) could be estimated from actual denitrification saite samples that originated from
regions within both aquifers that were alreadyontact with NQ™ bearing groundwater, i.e.
where the microbial community is adapted to s;N@s an available electron acceptor for
respiratory denitrification. These regions are tHasourable for the determination of
Dcur(365) from short-term laboratory experiments. Basedhase findings, we expect that in
situ measurement of actual denitrification ratell be suitable to estimatB.,(365) in the
zone of N@Q bearing groundwater, if denitrification is not lted by dissolved @ In the
deeper zones that had not yet been in contact M@k, D..{365) was poorly related to
initial denitrification rates. Only after prolongadcubation of several weeks denitrification
rates could predidd...{365) of these samples.
Dcun{365) could also be estimated using transfer functions basedediment parameters.
Total organic carbonyg) and KMnQ-labile organic C @) yielded best transfer functions
for data sets containing aquifer material from bsites, suggesting that transfer functions
with these sediment parameters are more transgetabbther aquifers when compared to
regressions based on total-S valuBs.(365) could be predicted relatively well from
sediment parameters for aquifer material with higgntents of reductants. Conversely,
samples depleted in reductants exhibited poor gtieds of D.,(365) probably due to
higher microbial recalcitrance of the residual reduats.
We conclude that best predictions[@f,{365) of sandy Pleistocene aquifers results from a
combination of short-term incubation for the nompbidic, NO; -bearing zones and
analysing the stock of reduced compounds in suiphidnes which are to date not yet
depleted by denitrification processes.
During incubations only samples from the transiteone between the non-sulphidic and
NOjs -free zones showed clearly declining denitrificatrates and therefore it was difficult to
predict D.,n(365) of these samples. The declining denitrificationesabf theses aquifer
samples resulted possibly from the small contehtesidual reduced compounds that might
get available due to physical disruption during glmg and incubation. For non-sulphidic
aquifer material and all sulphidic aquifer samgiesn the zone of N@-free groundwater
denitrification rates could be described with zerder kinetics, suggesting that
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denitrification was independent from the NQCconcentration during incubation of these
samples. For the progressing exhaustion of redtgctardenitrifying aquifers we suspect that
the temporal dynamics is governed by the loss attree surfaces leading to reduced
microbial habitats in the incubated sediment andewuced denitrification rates, but this
needs to be confirmed.

The protective lifetime of denitrification is lin@tl in the investigated locations of the two

aquifers butis expected tolast for several generations where the 3Nftee anoxic
groundwater zone extends over several meters othd&ut where this zone is thin or
contains only small amounts of microbial availalégluced compounds it is needed to
minimize anthropogenic NQ input.

Supplementary material related to this article is &ailable online at:
http://www.biogeosciences-discuss.net/9/8807/2012/
bgd-9-8807-2012-supplement.pdf.
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Table 1.Sediment parameters of the incubated aquifer naa{@nedians with ranges
1405 in brackets).

Data set SG e DOCou’  Chus c Corg Total-S Ci/Corg
mg S kg* mg C kg* mg S kg*
FEA 5.36 9.21 29.4 172.5 715.8 72.3 0.165

(0-25.2)  (5.7-11.6) (0.1-42.6) (2.7-887) (203-5955) (28.8-603)  (0.011-0.42)

GKA 10.52 6.11 29.1 239.8 802.7 509.6 0.264
(0.3-20.2) (4.7-9.9) (14.9-59) (0.9-2505) (75.9-8972) (36.2-989)  (0.012-0.60)
on-sulbhidic 1446 8.96 21.6 91.2 236.7 46.1 0.165
P (0.3-25.3) (5.2-11.6) (14.9-59) (0.9-260)  (75.9-1047) (28.8-196)  (0.011-0.42)
subhidic 9 6.11 30.3 294.4 1114.0 463.7 0.239
P (0-20.2)  (4.7-10.8) (0-42.6) (38-2505) (232-8972) (44.8-988.8) (0.058-0.60)

transition zone 522 8.21 32.0 138.8 664.7 53.2 0.226
(0-12.8) (6.2-10.8) (22-42.5) (82.2-463) (311-1625) (47.1-175.7) (0.058-0.36)

NO.~-bearin 11.05 9.21 27.6 116.9 538.3 49.3 0.191
3 9 (0-25.3) (6.2-11.6) (14.9-44) (0.9-463) (75.9-1625) (28.8-175.7) (0.011-0.42)
- 491 5.69 31.1 377.4 1161.5 510.4 0.267
NO; -free

(0.3-20.2) (4.7-9.9) (0-59)  (37-2505) (232-8972) (44.8-988.8) (0.092-0.60)

 Extractable sulphate-S;

b extractable dissolved organic carbon;

¢ hot-water soluble organic carbon;
1410  9KMnO4 labile organic carbon;

© total organic carbon;

" total sulphur.

1415

1420

1425
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1430

1435

1440

1445

1450

Table 2.Initial denitrification rates, long-term denitriition capacity, stock of reduced
compounds, sulphate formation capacity and estoiaiaimal lifetime of enitrification

(medians with ranges in brackets).

Data set D(7 D.n(365f SRC  SRG' SRG®  aFgd SFC emLoD'
<1 <1
kg-% gl—l mgyl:l_lkg gN kg‘1 % yr‘1 mgyrs_lkg yr m*
FEA 33.8 15.1 0.70 0.67 50.50 1.5 5.3 5.3
(1.3-69.9) (0.19-56.2)(0.2-6.0) (0.2-5.6) (0.0-0.4) (0.1-5.4) (0-39.4) (1.6-45)
GKA 31.16 9.6 1.10 0.75 0.36 0.8 4.2 8.3
(0.7-109) (0.34-52.5)(0.1-8.9) (0.1-8.4) (0.0-0.7) (0.4-1.7) (0-30.0) (0.7-67)
non-sulbhidic 115 1.6 0.24 0.22 0.03 0.47 0.3 1.8
P (0.7-35.3) (0.19-8.2) (0.1-1.0) (0.1-1.0) (0.0-0.1) (0.1-1.7) (0-1.3) (0.7-8)
sulphidic 35.6 15.6 1.3 1.04 0.32 1.16 8.1 9.7
P (12.3-109) (4.09-56.2)(0.3-8.9) (0.2-8.4) (0.0-0.7) (0.4-5.4) (1.2-39) (2.4-67)
wransitions Zone 3648 11.6 0.67 0.62 0.04 1.65 2.9 5.05
(20.3-61) (7.8-17.2) (0.3-1.6) (0.3-1.5) (0.0-0.1) (0.6-4.6) (1.5-7) (2.5-12)
_ . 21.05 4.3 0.54 0.50 0.035  0.80 1.0 4.1
NO; -bearing
(0.7-61)  (0.19-17.2)(0.1-1.6) (0.1-1.5) (0.0-0.1) (0.1-4.6) (0-6.9) (0.7-12)
NO-free 3389 20.2 1.44 1.08 0.36 0.94 9.4 10.80
3 (12.3-109) (4.1-56.2) (0.3-8.9) (0.2-8.4) (0.0-0.7) (0.4-5.4) (0.7-39) (2.4-67)

& nitial denitrification rate after day 7;
® long-term denitrification capacity;
¢ stock of reactive compounds;

9 concentration of reduced compounds derived frorasueedC,;
€ concentration of reduced compounds derived fraal-® values;

" fraction of SRC available for denitrification dogi one year of incubation;

9 sulphate formation capacity;
h estimated minimal lifetime of denitrification.
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1455 | Table 3.Spearman rank correlation coefficients betwBen{365)and sediment parameters
for thewholedata set and partial data sets.

SO% ey  DOCor Chws G total-N Corg Total-S Sand Silt
Whole data set -0.6% -0.59 0.36' 0.6 0.55° 0.7% 0.64 -0.3¢ 0.6%
FFA -0.87 -0.87 0.5¢ 0.38n.s.  0.34n.s. 0.64 0.8% -0.44 0.64
GKA -0.49 -0.40n.s.  0.13n.s. 0.87 0.7¢ 0.8¢ 0.8¢ -0.4G 0.7%
non-sulphidic -0.38n.s. -053%  0.8% 0.79 0.32n.s.  0.43n.s. 0.65 08 072
sulphidic -0.458 -0.18n.s.  0.24n.s. 0.46' 0.5¢ 0.61° 0.33 -0.28n.s. 0.42
transition zone -052  -05¢  0.60 074  -05F  -06  0.13ns. -0.0lns. 0.52n.s.

& Correlation significant at the 0.05 probabilitydd;
® correlation significant at the 0.01 probabilitydé

1460  ©correlation significant at the 0.001 probabiligyél;
n.s. not significant.

| Table 4.Simple linear regressions betweRa{365)andD(t), f ® “(Deur(365) = A+B xf &

C

(Dr(1)).

1465
D(7) D/(84) D,(168)

Data set R R° A B R° A B R° A B
\:gt‘o'e data g5 059 1.075  1.969 0.95 0.361  0.962 0.96 0.065 .085L
FFA 86 057 2005 2705 0.94 -0.345  0.984 096 180 1.123
GKA 65 068 1.613  2.565 0.94 0452  1.503 094  ©.05 1.102
non- 44 0.88 -0.391  1.264 0.95 -0.867  0.792 0.85 -0.2161.160
sulphidic
tzrgrr]‘:"“on 28 001 -3.866 -0.025 078  -1556  1.156 069  -0.0201.963
sulphidic 107 010 -2521  0.304 0.82 0047  1.697 910. 1326 2514
’8'03'.‘ 64 086 0815 1818 0.98 1446  0.427 094  -0.771 .748
earing

NOsfree 87 015 -1.757  0.217 0.91 -0.613  0.750 094 18D  1.394
FFA non- 20 094 2125  0.239 0.97 22015  0.205 0.82  -1.5270.441
sulphidic

FFA 66  0.08 -1.928  0.880 0.82 0351  1.373 0.90  -0.4620.785
sulphidic

GKA non- 24 086 1.608  2.583 0.98 -0.546  0.926 0.87 1.007 8771
sulphidic

GKA 41 030 -1.684 1.028 0.86 2147  2.863 0.91 2.353 343,
sulphidic

figg NO; - 38 058 -0.340 0.613 0.95 0.754  0.675 0.89 0.027 279
fcr"g: NO; - 49 031 -1.423 0454 0.85 .0.462  0.808 0.93 0.125 374
& Sample number;

b correlation coefficient.

1470
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| Table 5. Results of multiple linear regression analysis etmvD.,{365) and various
selections of sediment parameters. To achieve nodhs#&ribution, all variables in the
different data sets were Box-Cox transformed. Rssyom coefficients are given for the
equationf ®%(D¢y(365) = C; + Cy x f 2% silt)+Caxf B%(Corg mg kg )+Cyxf ®(total-S m
g kg)+Coxf (SO e Mg S kg')+ Cs xf *(DOCexr Mg C kg')+Cy xf *(Chws Mg C
kg H)+Cg xf 2(C; mg C kg?).

1475 |

1480

Data set R R° F Regression coefficients

G G & Gy GCs &3 G G
Selection I.C,y and total-S
Whole data set 151 0.82 153.1 -9.739 * 2.008 0.302 * * * *
FFA 86 0.83 96.1 -17.950 * 1.366 5.565 * * * *
GKA 65 0.86 85.6 -0.431 * 0.015 0.027 * * * *
non-sulphidic 44 0.80 374 -204.2 * 0.586 247.877 * * * *
sulphidic 107 0.66 40.5 -3.229 * 1.328 -5.0E-5 * * * *
NO; -bearing 64 0.71 30.3 -205.28 * 0.302 236.599 * * * *
NO; -free 87 0.80 76.9 -7.192 * 2.018 -0.003 * * * *
transition zone 28 0.72 15.5 -446.52 * -5.474 718.7 * * * *
Selection II: Two sediment parameters giving thghbst correlation coefficient
Whole data set 111 0.86 1541 -8.529 * 1.849 * * * * 0.164
FFA 46 0.89 84.6 -18.935 * * 7.553 -0.044 * * *
GKA 65 0.93 204.7 -5.326 * 1.274 * * * * 0.204
non-sulphidic 44 0.80 374 -204.2 * 0.586 247.877 * * * *
sulphidic 67 0.79 53.9 -6.399 * 2.254 * * * * -0.36
NO; -bearing 56 0.80 51.2 -184.96 * * 216.915 -0.191 * * *
NO; -free 55 0.89 102.2 -9.437 * 2.963 * * * * -0.927
transition zone 20 0.74 12.8 193.30 * -2.692 * * * * -181.402
Selection llI: stepwise multiple regression withssdiment parameters
Whole data set 111 0.93 172.9 -0.090 * 1.415 * 50.1 -3.169 * 0.146
FFA 46 0.95 105.9 0.466 -0.350 * * * -0.309 0.299 .16b
GKA 65 0.97 188.4 -4.953 -0.545 * 0.014 -0.191 $.92 * 0.306
non sulphidic 44 0.96 122.7 -85.481 * -0.525 * * 419 127.635 0.032
sulphidic 67 0.84 31.5 -6.166 -0.211 2.333 0.001 .080 * * -0.522
NO;™ zone 56 0.93 112.0 2.589 * * * -0.167 -0.142 * 402
NO; -free 55 0.91 68.2 -8.581 * 2.581 0.003 -0.325 * *  -0.754
transition zone 20 0.91 23.1 72.50 0.756 -18.033 * -0.299 * -0.186 *

*. Variable not included in the regression model;
& number of included samples;
® correlation coefficient;
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1490

1495

1500

1505

1510

1515

¢ f -coefficient.

Table 6.Simple regression betwe€n,(365)and SRCf ®%(SRC) = A+ BX ®(Doun(365).

Dcun(365)is the mean of 3 to 4 replications per aquifergiam

Data set R R A B
Whole data set 40 0.82 5.186 0.302
FFA 22 0.76 3.560 0.064
GKA 18 0.95 5.635 0.785
non-sulphidic 11 0.36 4940.4 1618.2
sulphidic 29 0.73 9.006 2.292
NO3™-bearing 17 0.49 134.13 26.763
NO; -free 23 0.79 28.971 5.068
transition zone 8 0.58 5.034 -0.415

@ Sample number
b correlation coefficient
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| Figure captions:
1520
Fig. 1. Time courses of denitrification products »f,O) (average of 3 to 4 replicas per
depth) from different groups of aquifer materialridg standard g to ¢) and intensive
treatment(d). Open and closed symbols denote non-sulphidicsafghidic aquifer material,
respectively. Circuits and diamonds represent GIKA BFA material, respectively. Crosses
1525 indicate blanks of intensive treatment. nS, S, td &NG; -f indicate non-sulphidic and
sulphidic samples, transition zone material andsN@e samples, respectively. Error bars
were omitted for clarity, but were small in comgan to measured concentrations of
denitrivied (N+N20).

1530 Fig. 2. FFA, GKA, nS, S and tZ indicate Fuhrberger Feldrp®2nkneten-, non sulphidic-,
sulphidic- and transition zone aquifer materialspectively. White circular segments
represent fractions derived fro,q and black segments fractions derived from total-S
values. Different uppercase letters above the botsindicate significant differences SRC
and skgc valuesbetween FFA and GKA material, different small ledtshow significant

1535 differences between nS, S and tZ (Kruskal-WallistTe < 0.05).(a) The stock of reduced
compounds (SRC) and its composition in the varigosups of aquifer material. The
composition of SRC was calculated fraPsy and total-S values (Sect. 2.9)) Fraction of
SRC available for denitrification during incubati¢aFsgg). The akrc and its composition
was calculated as described in Sect. 2.5.

1540
Fig. 3. Relation between denitrification rates determinadrdy 7 0,(7)), 84 D.(84)) or 365
(D/(365)) days of incubatiorfa) D,(7) vs.D/(365) of FFA samplegb) D,(84) vs.D,(365) of
FFA samples(c) D/(7) vs.D/(365) of GKA sampleqd) D,(84) vs.D,(365) of GKA samples.
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Other possible electron donors

During incubations Fe and Mn concentrations inlih&ch solution were always mostly far)

below 1 mg Fe} and 0,5 mg Mn~t. Only some transition zone samples showed Fe

concentrations 4 and 7 mg Fé during incubation. The measured concentrationsegflF

and Mn(ll) in the groundwater at the origin of tkemples are below <0.5 mg Fé &nd

<0.1mg Mn I in the oxidized zone of both aquifers. Only in teduced N@ free zone of

both aquifers the concentrations of Fe(ll) and Mnére higher (1 to 7 mg Felland
<0,1mgMn I"* in the GKA and 4 to 16 mg F&'land 0.1 to 1 mg Mn'iin the FFA).
Therefore, only solids like e.g. pyrite ore aregiioke sources for the electron donors forgNO

reduction in both aquifers and it is assumed tlgeitepis the major source for Fe(ll). Recently

Korom et al.(2012)indicated that non-pyritic ferrous iron might playmore important role

for denitrification than considered up to now. Thessume that ferrous iron from amphiboles

contributed to denitrification with 2—43% in a dlaftuvial shallow aquifer in North Dakota.

The NH," concentrations in the groundwater at sample odginbelow detection limit
in the GKA and below 0.5 at multilevel well N10time FFA, it is assumed that IiyHs not a

significant electron donor during NOreduction in both aquifers (see also section 4H5the

manuscript and below).

Limitations of the *®NO4" labelling approach

For the quantification of denitrificatio’N labelled NG~ was used during the conducted

anaerobic_incubations®N labelling of nitrate can not completely excludee tpossible

contribution of dissimilatory nitrate reduction ammmonium (DNRA) followed by anaerobic

ammonium oxidation (anammox) to the formation"®f labelled N from the labelled N@

during anaerobic incubations.

Under strict anaerobic conditions, DNRA is an alégive pathway for the reduction of NO

But DNRA is seldom reported to be the dominant psscof N@ reduction in groundwater
systems (Rivett et al., 2008) and chemical modgllty van de Leemput et al. (2011)

suggested that DNRA is rather of importance undev NOs~ concentrations and high

C:NO; ratios. But denitrification was presumably not NOlimited since NG

concentrations were always above 1 mg'NKorom et al., 2005:Morris et al., 1988:Wall et

al., 2005) during the incubations. DNRA is presulpaimt an important process during this

investigation because the batch solutions contamm@y small amounts (< 0,5 mg N%J
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samples from B2 in depth 8-10 m1 mg N %) of NH,". Also NH," accumulation was

generally not observed during the conducted exmerism Since the incubations were

anaerobic N accumulation should be expected if DNRA was aifigant contributing

process, except anammox consumed the possibly geddNH,” immediately. If significant

N, production via anammox occurred, this would hagerbdifficult to observe since NH
and NG, the educts of this process, came from the saféabelled NG~ pool in the batch

solution. (At the beginning of incubation NQroncentrations were below detection and,NH

concentrations < 0,5 mg N*] respectively.) If anammox contributed signifidgnto N,

production than also DNRA must have been a sicarfiprocess with half the turnover rate

of anammox.

Contrary to marine environments, where high rafesnammox are reported (Canfield et al.,

2010), in freshwater systems there is not much evidenceriammox (van de Leemput et

al., 2011;Burgin_and Hamilton, 2007). To our knodgde, there are no studies about

anammox in fresh water aquifers, whereas it is ntegoto exist in wastewater treatment

systems, marine sediments and lakes (Jetten &98B;Schubert et al., 2006;Dalsgaard et al.,

2005).To distinguish anammox from denitrification duriagaerobic incubation experiments
!°N labelled NG~ might be used.

NH," concentrationsn the groundwateare mostly below detection limih the GKAand in
the reduced zone at multilevel well N10 in the Ffétween 0,3 and 0,5 mgH,* 1™ (own

measurements) herefore,the possible occurrence of DNRA BNRA-anammoxcan not

strictly be excluded in both aquifers

Quantification of total N,+N>O production

The molecular ion masses 28 and 28N{ *’N,) were recorded for IRMS analysis of

denitrification derivedN labelled N and NO. The NO in the headspace samples was

reduced to Min a reduction column prior to the mass spectrementrance. The headspace

samples were a mixture of unlabeleg hd denitrification denitrified®N labelled N and
N,O. On condition that (i) thé®N abundance of the denitrified NOis known, (ii)

denitrification is the sole gaseous nitrogen fomiprocess, and (iii) the amount of;, N

evolved from the™N labelled NQ~ pool is small compared with the unlabelled iN the

sample, the fraction of denitrified,Nh a given mixture can be determined by measuiny

N,/*®N, ratios using the equations provided by (Mulvark384) (see also discussion in:
(Mulvaney, 1984) and (Eschenbach and Well, 2018 the measurement of tH&N
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abundance of the denitrified NOand to check for the conditions mentioned abospglicate

samples were measured as described in detail ifl é\Vad., 1998).

The headspace samples represented a mixture dbihemial N> isotopologue distributions

according to the®N abundances of the unlabelled Bind the'N labelled denitrification

derived (N+N,O), respectively. A high frequency discharge ungtsvihen used for online

equilibration of N molecules prior to isotope analyses. After eqraliibn the measured

samples consisted of one binomial distribution gfigétopologues according to the totaM

abundance of the mixture. TH® abundance of denitrified NOcan then be calculated from

the measurement of tH&8N./**N, ratios of unequilibrated and equilibrated repicaamples
(Well et al., 1998).

Fit between NG~ consumption and (N+N>O) production

The NG~ decrease during incubations showed the same pat$ethe measured production of
(N>+N2O) by GC-IRMS. The measurement of,fNl,O) production by GC-IRMS was more

precise and had a lower detection limit comparethéomeasurement of NOconsumption

(compare Fig. 1a and Fig. S3a).
The N balance between the NGrontent at the start of incubations and the su©f"

consumption and in the gMNN,O) during incubation was for most of the incubasednples

<1 mg N / batch assay. The samples with the highestsured production of ¢WN,O)

showed also the highest deviation between the atrafudO; consumed and the measured

production of (N+N,O) (compare Fig. 1c and Fig. S3c).

Recommendations for future anaerobic incubations

Control of air contamination during incubation espents

Canfield et al. (2010) recommended to de-aeratbemubepta by boiling them for 24 hour in

water and store them in a He atmosphere beforeAmselegant way to check for possible air

contamination is the measurement of Ar in the heacks of the transfusion bottles during

incubation. Increasing Ar concentrations are iniicaof air contaminations during

incubation. Unfortunately we were not able to measdr during the incubations, due to

instrumental restrictions.
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Table S1. Sediment parameters and basic properties all incubated samples

Sample  Depth SG SO>® DOC® Cpud o Coy total-S tota-N Sand  Silt
location interval
[m] mg S kg* mg C kg 'Eg.ls o (%]
FFAB1 6.0-7.0 % 33 7.2 303 822 643 86 33 950 50
FFAB1  7.0-8.0 s 33 57 323 880 5955 603 94 948 5.2
FFAB2 2.0-30 n'% 10.2 115 20.0 2.7 237 29 26 989 0.2
FFAB2 3.040 n'% 253 102 172 2.7 203 38 23 989 0.2
FFAB2 4.0-50 n'% 195 89 216 2286 545 46 54 96.4 1.3
FFAB2 8.09.0 % 00 6.9 338 939 1625 176 31 404 59.6
FFAB2  9.0-100 % 09 6.2 400 1169 538 156 28 947 5.3
FFAB4  7.0-8.0 s nd' nd' nd! n.d? 483 220 21 973 2.7
FFAB4  8.0-9.0 s nd! nd! nd! nd! 1114 359 39 954 4.7
FFAB6  2.0-30 n'% 17.7 116 221 259.6 695 56 41 978 0.6
FFAB6  3.0-40 n% 233 103 216 1725 1047 59 46 978 0.4
FFAN10 4550 ' 54 92 222 4627 1291 50 87 94.9 1.0
FFAN10 5055 ' 38 96 276 2069 737 49 55 980 0.3
FFAN10 5560 ' 128 10.8 284 160.6 687 49 36 974 04
FFAN10 7.7-83 % nd! nd! 412 nd?! 311 57 10 96.3 3.8
FFAN10O 8.3-86 ' nd! nd! 425 n.d?! 320 47 11 97.9 2.2
FFAN10 10.0-104 s nd! nd! nd! nd?! 310 45 18 96.3 3.7
FFAN10 10.4-10.7 s nd! nd! nd! nd! 5627 464 113 964 3.6
FFAN10 12.0-130 s nd! nd! 0.0 nd! 2554 558 64 96.7 3.3
FFAN10 13.0-140 s nd! nd! 397 nd! 1848 588 53 951 4.9
FFAN10 16.0-17.0 s 11 57 426 2410 2608 448 51 97.2 2.8
FFAN10 17.0-180 s nd! nd! 411 nd! 2504 441 48 96.9 3.1
GKA 8.0-9.0 n¥ 145 8.1 183 1.8 102 54 9 96.8 1.4
GKA 9.0-10.0 n% 145 9.0 14.9 0.9 76 38 973 0.9
GKA  22.0-23.0 n% 111 8.6 438 221.3 176 42 15 95.4 12
GKA  23.0-240 n% 108 94 337 503 192 36 23 960 0.9
GKA  25.9-270 s 82 61 311 10212 2553 682 69 87.6 124
GKA  27.0-283 s 48 58 39.0 1531.1 6373 989 127 79.6 204
GKA  28.3-293 s 103 8.1 27.4 25049 4159 883 114 76.8 213
GKA  29.3-30.3 s 127 6.6 26.2 22058 4543 760 96 839 14.2
GKA  30.3-31.2 s 136 5.2 289 3477 784 509 14 976 2.2
GKA 313320 s 181 9.9 426 1920 834 494 27 965 3.2
GKA 329337 s 202 51 208 3774 821 630 23 96.9 2.8
GKA  33.7-347 s 156 5.3 29.2 1505 752 510 17 985 1.4
GKA  35.7-36.7 s 22 54 320 23911 8972 708 120 969 3.1
GKA  36.7-37.7 s 51 55 224 377 232 677 3 988 1.2
GKA  37.7-387 s 05 47 232 4474 1162 379 30 978 2.3
GKA  65.1-654 s 1.8 6.2 237 239.8 1009 716 39 894 107
GKA  67.1-675 ns 03 6.9 565 1321 358 196 21 921 7.9
GKA 675680 ns 35 52 585 nd! 377 194 44 947 5.3

2 sediment groug extractable sulfate-Sextractable dissolved organic carbbextractable hot-water soluble
carbon:® KMnO, labile organic carborf;n.d.: not determined; n s non-sulphidic; s sulghédjuifer material, n s
and s with the subscript n indicates N®earing samples.
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1 Table S2. Denitrification rates, long-term denitrification capacity, stock of reduced
2 compounds, sulphate formation capacity and estimateminimal lifetime of
3 | denitrification of all incubated samples.
Deum em
Sample Depth SG D¢7° (365) SRC SRG' SRG aRgd SFC LoD’
location interval d
HgN  mgN B ., mgs
[m] k(gj:]_l1 l;?_ll mg N kg % yr kg‘lgyr'l yr
FFA B1 6.0-70 % 5166 17.18 659.6 599.5  60.1 2.60 6.1 5.0
FFA B1 7.0-8.0 s 3389 56.24 59742 55527 4215 940. 394 448
FFA B2 2030 n% 127 0.19 240.8 220.7 201 0.08 0.1 1.8
| FFAB2 3.0-40 n% 212 037 215.4 189.2 26.3 0.17 0. 1.6
FFA B2 4.0-50 n% 3527 4.34 540.2 508.0 322 0.80 1.0 41
FFA B2 8.0-9.0 % 2105 1053 1638.2 15155 1227 G6'86% 35 123
FFA B2 9.0-10.0 5 41.41 12.68 610.7 502.0 108.7 28 2.2 4.6
FFA B4 7.0-8.0 s 4567 20.16 603.6 450.2 153.4 334 96 45
FFA B4 8.0-9.0 s 2524 3409 12895 10389 250.7 642. 220 9.7
FFA B6 2.0-30 n% 1153 2.64 687.0 648.9 39.1 0.38 0.3 5.2
FFA B6 3040 n% 693 146 10174 976.5 409 0.14 0.1 7.6
FFAN10 4550 %5 3597 869 1239.0 12041 3438 0.70 15 9.3
FFAN10 5055 % 6103 875 721.6 687.1 345 1.21 2.1 5.4
FFAN10O 5560 % 3699 7.82 674.6 640.3 34.3 1.16 5.2 5.1
| FFAN10 7783 % 3371 1504 3295 290.0 395 4.56 51. 25
FFAN10 8386 %5 20.25 15.17 3315 298.7 329 4.58 6.9 2.5
FFAN10 10.0-104 s 1234 17.45 320.6 289.3 31.3 445. 5.4 2.4
FFAN10 10.4-10.7 s 2375 50.07 5571.6 5247.7 323.9 0.90 94 418
FFAN10 12.0-130 s 26.47 5284 27713 23817 389.6 1.91 379 208
| FFAN10 13.0-140 s 3558 38.04 21341 17233 410.8 1.78 182  16.0
FFAN10 16.0-170 s 6990 46.65 27447 24315 31327(¢°% 236 206
FFAN10 17.0-180 s 3448 46.55 2642.7 23350 307B76°° 36.8 198
| GKA 8.0-90 n% 081 063 132.6 950 376 0.47 90. 1.0
GKA 9.0-100 n% 071 034 97.1 70.7 264 0.35 0.4 0.7
GKA 22.0-23.0 n% 1468 157 193.3 1642 29.1 0.81 0.2 15
GKA 23.0-240 n% 3177 2.83 204.5 179.2  25.3 1.38 0.0 15
GKA 25.9-27.0 s  26.36 15.63 2857.4 23810 4764 505 12 214
GKA 27.0-283 s 2943 4182 66340 5943.2 690.8 3% 83 498
|  GKA 28.3-29.3 s 46.38 37.82 44956 38785 617.2 40% 138 337
GKA 29.3-30.3 s 57.08 3549 4766.8 4236.0 530.8 4©% 81 358
GKA 30.3-31.2 s 2607 654 1086.9 731.4 355.4 0.60 3.8 8.2
| GKA 313320 s 1406 409 11224 777.7 3447 0.36 5.0 8.4
GKA 329337 s 3839 7.28 1206.0 765.6  440.4 0.60 10.2 9.1
GKA 33.7-347 s 6214 1225 10574 700.9 356.6 1.16 17.7 7.9
GKA 35.7-36.7 s 6430 5246 88613 8366.7 494.6 995 30.0 66.5
| GKA 36.7-37.7 s 8751 11.07 689.6 216.7 472.8 1.60 92 5.2
| GKA 377387 s 1092 1206 1347.7 1083.1 264.7 08¢ 46 10.1
GKA 65.1-65.4 s  33.12 1322 14412 941.3 499.9 092 13 108
|  GKA 67.1-675 ns 3054 8.18 471.0 333.8 1372 1.74 13 35
| GKA 67.5-68.0 ns 2362 811 487.1 3515 135.6 1.67 07 3.7
4 2sediment grougd initial denitrification rate’ average denitrification rate after one yéaneasurable

5 | denitrification capacity after one ye&depot of reactive compounds (SRQoncentration of reduced

6
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13

14
15
16

| compounds derived from measureg,C concentration of reduced compounds derived fraal-® values"

fraction of SRC available for denitrification dugione year of incubation, in parenthesiggafrom the
intensive treatment;sulphate formation capacity (SFCEstimated minimal lifetime of denitrification; men-
sulphidic; s sulphidic aquifer material, n s andlith the subscript n indicates NGbearing samples.

Table S3. Simple regression betwedd,,(365)and sediment parametersX),
f 2 Y(Deun(365) = A+ Bxf ®(X). Regressions with G, total-S are listed for each partial data set.
Regression with a third independent sediment variable are only @én, if correlation coefficient

were better compared to correlations with G or total-S.

Data set X NP R A B
whole data set & 151 0.80 -11.022 2.654

| whole datsset total-S 151 0.71 -2.397 0.805

| whole datsset c 111 0.83  -1.028 0.492
FFA Corg 86 0.72  -26.950 8.017
FFA total-S 86 0.83 -14.879 6.312
FFA DOC.y 46 0.84  10.503 -0.495
GKA Corg 65 0.93 -9.525 2.457
GKA total-S 65 0.86 -0.252 0.026
GKA C 65 0.93 -0.730 0.416
non-sulphidic G 44 0.52 -5.434 1.205
non-sulphidic total-S 44 0.77 -231.440 284.854
non-sulphidic Gws 44 0.77 -164.600 233.898
sulphidic Grg 107 0.66 -3.097 1.293
sulphidic total-S 107 0.40 2.747 0.001
sulphidic G 67 0.60 -0.119 0.638
NO;™-bearing Grg 64 0.58 -4.946 0.661
NO;™-bearing total-S 64 0.67 -268.670 312.977
NOs -bearing ¢ 56 0.73 -0.737 0.267
NO;-free Gorg 87 0.77 -5.862 1.623
NO;-free total-S 87 0.32 3.741 0.004
transition zone Gg 28 0.58 18.117 -4.020
transition zone total-S 28 0.20 -178.180  277.350
transition zone c 20 0.73 192.880 -190.340

#Independent sediment parameter
b Sample number
¢ Correlation coefficient

7
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Table: S4. Ratios of modellddl,(365)vs measure®..(365) (group means with standard
deviation, ranges in parentheses) for sampleshigth (> 20 mg N kg) and lowDu{365)
(<20 mg N kg).

ModelledDc,(365)Y Measurede,(365)

Data set Multiple regressions Simple regressions

Selectiond Selection It Selection IIf Corg Total-S Best

Deun(365)> 20 mg N kg* yr*

0.88 £0.33 0.890.28 0.8720.24 0.86 £0.32 0.68 20.25 0.83 £0.38
(033-1.67) (0.39-1.26) (0.55-1.30) (0.29-153) (0.42—154) (0.22-1.35)
0.86 +0.12 0.86 +0.50 0.84 20.07 0.7120.17 0.86 20.15 0.57 +0.06

Whole data set

FFA (071-126) (0.79-093) (0.74-094) (0.30—1.08) (0.68—1.29) (0.49 — 0.66)

KA 089033 114018 1084019 114019  0.84+030 1133026
(0.41-147) (0.78—138) (0.79-134) (0.88—146) (0.39-1.38) (0.67—-151)

sulphidic 0733022  078%016 1154038 074022 0334009  0.660.25

(0.44 — 1.35) (0.57 - 1.13) (0.81 —2.05) (0.43 - 1.36) (0.23 -0.68) (0.28 -1.19)
Deun(365)< 20 mg N kg yr*

2.29 £3.06 1.90 £2.27 1.38 £1.02 2.69 +4.40 3.03%3.85 1.72 +1.49
(0.20-18.28) (0.17-11.08) (0.34—6.23) (0.23—26.07) (0.20—18.32) (0.23—8.79)
2.52 +3.03 1.77 £1.44 1.14 +0.66 3.56 +4.90 2.63+3.39 2194253

Whole data set

FFA (0.23-12.41) (0.34-5.69) (0.26—3.41) (0.24—20.27) (0.25-13.64) (0.18—-11.82)
GKA 1.73 £1.29 1.35+0.71 1.19#0.43 1.39 +0.82 1.76 +1.38 1.35 +0.68
(031-551) (0.23-3.10) (0.30—2.16) (0.23-3.99) (0.34—6.02) (0.23—3.02)
non-sulphidic 1.36 +1.04 1.36 +1.04 1.09 +0.45 1.94 42,39 1.47 £1.00 1.55 +0.94
(018-523) (0.18-523) (0.52—-045) (0.21-10.45) (0.18—825) (0.24—7.26)
sulphidic 1.49 +0.84 1.29 +0.66 1.39 £0.60 1.48 +0.84 1.27 +0.61 1.46 +0.76
(051-433) (0.33-3.13) (043-3.19) (0.50-4.36) (0.69—3.69) (0.44 —3.49)
1.03 0.22 1.03 0.22 1.01#0.13 1.05 £0.27 1.07 +0.32 1.03 +0.24

transition zone (0.71-152) (0.67-156) (0.84—1.27) (0.64—1.77) (0.67—173) (0.72—1.58)

@ Cogand total-S;

® two sediment parameters giving highest correlatioefficient;

¢ stepwise multiple regression;

9 simple regression with the sediment parametengitie best correlations Wi, {365),

O oo~NOoO Ul

Table S5. Lambda values of the Box-Cox transformed sediment paramese

Data set Lambda values
D(7) D(84) D(169) %Lug) st Cyy  totalS  SQPey DOGwy  Chus SRC

\évgt(;liet 0.512 0.346 0.341 0.294 0.021 -0.056 0.132 0.700 -0.213 .04 0.171 -0.024
FFA 0.626  0.441 0.428 0370 0.007 -0.176 -0.196 4D.3 1.426 0.811 0.364 -0.185
GKA 0.503 0.345 0.259 0.208 -0.206 -0.080 0.750 70.6 -0.789 -0.133 0.170 0.039
QSITJ-hidiC 0.220 0.100 0.172 0.106 -0.069 -0.050 -1.217 0.784 0.732 -1.400 0.758 1.492
sulphidic 0.219 0.209 0.305 0_05;9 -0.067 -0.111 1.100 0.358 -2.02 0.635 -0.0590.229
:;l(?;lji-ng 0.408 0.134 0.221 0.235 -0.210 0.108 -1.145 0.650 .4011 -0.039 0.261 0.797

NO;-free  0.160  0.103 0.313 0.144 -0.337 -0.017 0.950 0.214 2.422 -0.335 0.230 0.492

13
14
15
16
17
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Fig. S2: Sampling locations within the Fuhrberger Feld @ndRenkneten catchment in

Lower Saxony (Germany).
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Fig. S2: Distribution of different sediment parasrst in the aquifer material from the
Fuhrberger Feld aquifer (FFA) and the GroRenknetguifer (GKA) and in the various
established groups of aquifer material: a) orgardcbon, b) total sulphur, c) extractable
sulphate, d) extractable dissolved organic carl&)nhot water soluble organic carbon, f)
potassium permanganate labile organic carbon. 1$ @nd tZ indicate non sulphidic -,

']

total-S [g S kg

DOCyr [mg C kg']

Ci [gCkg'l

FFA GKA nS S tz

sulphidic - and transition zone aquifer materiaspectively. Different uppercase letters above

the box-plots indicate significant differences betw FFA and GKA material, different small

letters show significant differences between n 8n&tZ (Kruskal-Wallis-Test (P < 0.05)).

100

P [ Formatiert: Rechts: 0,63 cm




O©o0O~NO UL WNE

WRRNNNMNNNNNNRRRERR R R R
COOXNONRAWNRPOOONOUAWNRO

-1
1

NO;" depleation [mg N kg

NO;" depleation [mg N kg'1]

0 50 100 150 200 250 300 350

d)
400 intensive treatment

intersection of: s and NO,-f

® GKAs
350 * FFAs
X blanks

250

200

150

100

50

0
400 0 50 100 150 200 250

days of incubation days of incubation

300

350

400

Fig. S3: Measured NO consumption during incubations. (The N@oncentrations at the

last sampling date of intensive incubations werenm@asured.)
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