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Abstract. The nitrogen (N) stable isotopic composition of St. Lawrence sediments, the combined benthic N transforma-
pore water nitrate and total dissolved N (TDN) was mea-tions yield a flux of'°N-enriched RDN that can significantly
sured in sediments of the St. Lawrence Estuary and thelevatesseq abovesapp Calculatedsseq values were within
Gulf of St. Lawrence. The study area is characterized bythe range of 4.6 2 %0 and were related to organic matter re-
gradients in organic matter reactivity, bottom water oxygenactivity and oxygen penetration depth in the sedimesis;
concentrations, as well as benthic respiration rates. N isoreflects thes15N of the N, lost from marine sediments and
tope effects on the water column associated with the benthus best describes the isotopic impact of fixed N loss from
thic exchange of nitratesfpp) and TDN €sed) during benthic  sediments on the oceanic fixed N pool. Our mean value for
nitrification-denitrification coupling were investigated. The eseqis larger than assumed by earlier work, questioning cur-
sediments were a major sink for nitrate and a source of refent ideas with regards to the state of balance of the modern
duced dissolved N (RDN =DON + I\EH We observed that N budget.
both the pore water nitrate and RDN pools were enriched in
15N relative to the water column, with increasiétPN down-
core in the sediments. As in other marine environments, the
biological nitrate isotope fractionation of net fixed Nlosswas 1 Introduction
barely expressed at the scale of sediment-water exchange,
with eapp Values<3 %.. The strongest under-expression (i.e. Nitrogen (N) plays a critical role as a nutrient in marine
lowesteapp) of the biological N isotope fractionation was ob- systems (Rabalais et al., 2002). Fixed N is mainly removed
served at the most oxygenated sites with the least reactivéfom the ocean by conversion tgMy denitrification and/or
organic matter, indicating that, through their control on the anammox (Strous et al., 1999; Zehr and Ward, 2002; Bran-
depth of the denitrification zone, bottom water oxygen con-des and Devol, 2002; Hulth et al., 2005). Loss by suboxic N
centrations and the organic matter reactivity can modulatgproduction occurs in the absence of dissolved oxygen (DO),
eapp For the first time, actual measurementsbN of pore  in the global ocean oxygen-deficient zones, and, more im-
water RDN were included in the calculationseaéq We ar- portantly, in marine sediments. Previous work has demon-
gue that large fractions of the sea-floor-derived DON are re-strated that benthic denitrification in continental shelf sed-
active and, hence, involved in the development of &l iments is by far the largest sink of oceanic N, accounting
of dissolved inorganic N (DIN) in the water column. In the for up to~70% of the total global denitrification (Middel-
burg et al., 1996; Codispoti et al., 2001; Brandes and Devol,
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2002). However, benthic N elimination in pelagic sedimentsN isotope effect of benthic N-cycling. Thus far, ammonium
can also drive basin-wide nitrate deficits (Sigman et al., 2003and DON fluxes out of the sediments have not been inves-
Lehmann et al., 2005). During early sedimentary diagenesistigated in terms of their N-isotopic composition. Based on
particulate organic N (PON) is hydrolyzed to dissolved or- model simulations, Lehmann et al. (2007) argued that par-
ganic nitrogen (DON) by bacterial hydrolytic enzymes, and tial nitrification may, while generating®N-depleted nitrate
a large fraction of this DON is ultimately remineralized to within the pore water DIN pool, produce pore water ammo-
ammonium (Fig. 1). Both the DON and l\chan diffuse  nium that is strongly enriched #PN. If this ammonium es-
to the overlying bottom water, but in the presence of ®  capes to the water column, it can shunt significant amounts of
portion of the regenerated I\IHS oxidized to N@ (nitrifi- “heavy” fixed N to the water column, an aspect that has un-
cation) before it can escape from the sediments. Thig NO til today been neglected in global or regional N isotope bal-
may, in turn, be used as a terminal electron acceptor by denances. Moreover, DON effluxing from sediments has a high
itrifying bacteria producing gaseous forms of N (coupled potential to be remineralized in the overlying water, and as a
nitrification-denitrification). Rates and occurrence of diage-result may impact the isotopic composition of the DIN pool
netic N-cycle reactions are influenced by substrate availabilin the water column as well. Itis important to understand that
ity, organic matter reactivity, and redox conditions (Lehmannultimately it is the combined net flux of N, including the sed-
et al., 2007; Thibodeau et al., 2010). iment water exchange of reduced dissolved N species (i.e.,
Given that the N-isotope effects of specific N-loss termsRDN = NHI +DON) that is pertinent to the understanding
are known, the isotopic composition of the marine fixed N of the isotopic impact of benthic N elimination on the water
pool can be used to constrain regional or global N fluxescolumn of a marine environment. This combined effect (re-
(Sigman et al., 2003; Brandes and Devol, 2002; Lehmann eterred to agseq as introduced by Lehmann et al., 2007) has

al., 2005). The preferential consumption’8NO; by deni-  been posited to vary as a function of environmental condi-
trifying bacteria causes the remaining §i@ool to become  tions and sediment characteristics.

progressively enriched PN (Cline and Kaplan, 1975; Mar- Here we present high-resolution profiles of the concentra-
iotti et al., 1981). Hence, around suboxic water masgea!- tion and N isotopic composition of pore water nitrate and to-

NOj is significantly elevated with respect to the mean oceart@l dissolved nitrogen (TDN =N+ RDN) from several lo-
value of 5% (Liu and Kaplan, 1989; Voss et al., 2001; Sig- cations along the Laurentlan_ChanneI. The objectlw_a of this
man et al., 2003). In agreement with higher estimates of theftudy was to assess the N isotope effect of benthic N cy-
organism-level N isotope effect for denitrifiers in cultures €ling on the water column fixed N pool in the estuary. Our
(Granger et al., 2008), N isotope effectse{) observed in stud_y explores, for t_he first t.|me based on opservatlonal data,
natural environments range between 20 %o and 30 %o (Fig. 1)the impact of benthic-pelagic exchange of dissolved reduced
In contrast, the nitrate N isotope effect of benthic denitri- N compounds (i.e. RDN). The Laurentian Channel of the
fication at the scale of sediment-water exchanggy( has SF. Lawrence Estuary_dlsplays pronounged spatial g_rad|ents
been proposed to be significantly less thag if denitri- with respect t(_) _benth|c DIN ﬂux_es, sediment organic mat-
fication is limited by the rate of diffusive nitrate supply to t€" (OM) reactivity, and degradation state, as well as bottom
the active denitrification sites within the sediments (BrandesVater oxygenation (Lehmann et al., 2009; Thibodeau et al.,
and Devol, 1997: Lehmann et al., 2004, 2007; see illustra-2010; Alkhatib et al., 2012a). Hence, it is an interesting envi-
tion in Fig. 1). Moreover, it has been shown that such sup-fonment to study possible links betwesgp, eseq and these
pression of the biological N isotope effect of denitrification SPatial geochemical changes, testing previous hypotheses on
due to diffusion limitation applies to both reactive coastal the environmental controls on benthic dissolved N isotope
sediments and less reactive pelagic sediments (Brandes arfdfects:
Devol, 1997; Lehmann et al., 2004, 2007), yet possibly at
different degrees.

The use of marine nitraté!>N as tracer of sedimen- 2 Material and methods
tary versus water column denitrification is dependent on the
knowledge of the total, or net, sedimentary N isotope effect.2-1 ~Study site and sampling
Model simulations by Lehmann et al. (2007) suggest that dif- ) i )
ferences in sediment reactivity and the oxygen concentratior] "€ Laurentian Channel (Fig. 2) displays pronounced spa-
of the overlying water have a significant effect on the geom_t|al varlatlons_|r_1 OM source, water column depth, _surface
etry of the oxic layer and the denitrification zone, and thusWater productivity, and water column DO concentration (Ta-

on the expression of the biological N-isotope effect of den-Ple 1; Alkhatib et al., 2012a, and references therein). DO

itrification in the water column. An important point consid- concentration measurements along the Laurentian Channel
ered by previous work, but not directly addressed using mea’€vealed the presence of year-round hypoxic bottom wa-

sured data, is the potential contribution of dissolved N-formsl€rS covering approximately 1300 Rnof the Lower Estu-

. 1 .
other than nitrate (i.e. ammonium and DON) to the overall 2"y Sea floor, with [DO] as low as-50 umol ™ (Gilbert
et al., 2005), while the bottom water [DO] in the Gulf is
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Fig. 1. Schematic overview depicting the most important processes that control benthic DIN/RDN exchange and associated N isotope effects.
ecell refers to the biological N isotope effects of denitrificatiegsp refers to the apparent nitrate N isotope effect of benthic nitrate reduction

in the above-lying water column, amgggrefers to the N isotope effect of total dissolved nitrogen benthic exchange, considering both nitrate
and RDN fluxes (see text for details).

Table 1. Sampling site characteristics along the Laurentian Channel: depth, oxygen concentration in bottom water, oxygen penetration depth
(OPD), and benthic fluxes of £and nitrate.

Sta. 1D Depth  Bottom water [§]2 OPDP 0, flux® NO3 benthic fli®  NO3 diff. flux®
T (m) (umol -1 (cm)  (umoln2d=1)  (umolm2d=1¢  (umolm2d-1)d

25 290 65 0.64 —6410 —450 —130

23 350 63 0.92 —4300 —580 —140

22 321 70 N.D. N.D. N.D. —140

21 330 75 1.64 —3220 —250 —140

20 330 97 N.D. N.D. N.D. —-130

19 370 108 1.82 —-3750 N.D. —-110

18 370 123 1.56 —4950 —-130 —100

Anticosti 283 106 1.53 —4360 N.D. —-130

16 420 197 N.D. N.D. N.D. 25

2 From Thibodeau et al. (201d).From Alkhatib et al. (2012a§. From ex situ incubationd! Based on concentration gradients.

>150 pymol 'L, The sediment reactivity in the Lower Estuary without headspace, and pore water samples were collected
and the Gulf, which we determined previously using aminofrom cores using shipboard whole core squeezing (WCS)
acid and chlorin-based preservation indicators (DI and Cl,(Bender et al., 1987). WCS is a pore water sampling tech-
respectively), shows a clear trend along the Laurentian Chanrique designed for millimeter depth resolution near the
nel, with the highest OM reactivity (i.e. low Cl and high DI; sediment-water interface. Cores were kept at in situ temper-
for definition see Table 2 caption) at the head of the Lowerature by wrapping them with ice bags during WCS. Col-
Estuary (Sta. 25, 23 and 22 in Fig. 2) and significantly lowerlected pore-waters were filtered through a 0.45pum Nylon
OM reactivities at the Gulf stations (Alkhatib et al., 2012a). membrane filter (with polypropylene housing), and stored
Sediment multicores were recovered from nine stationsfrozen in acid-washed polyethylene bottles. Previous work
along the Laurentian Channel during two summer 2006has shown that the WCS method agrees well with other,
cruises (June and August) aboard the Rtiolis 11 (Fig. 2) lower-resolution, pore-water extraction techniques (i.e. cen-
using a Bowers & Connelly multicorer (10 cm internal diam- trifuging/sectioning, Rhizon-membrane sampling), for both
eter). Immediately upon corer recovery, cores were cappeéorganic and organic solutes in the uppermost centimeters
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Fig. 2. Map showing the sampling locations in the St. Lawrence Estuary and the Gulf of St. Lawrence. Bathymetric contours outline the
Laurentian Channel along the 300 and 400 m isobaths. The size of shadowed circles around study sites denotes the relative DO concentration
For absolute values of bottom water DO see Table 1.

(Lehmann et al., 2005; Thibodeau et al., 2010; Alkhatib etby transforming all N containing compounds to Ny

al., 2012b). Nevertheless, WCS may have effects on the conpersulfate oxidation (Knapp et al., 2005), followed by chemi-
centration of solutes that are affected by adsorption or, as isuminescent detection of the NO(Braman and Hendrix,
probably the case with DON, which are liberated due to cell1989). [TDN] was corrected for any blank contribution from
fracturing at high pressures (Bender et al., 1987). Alkhatibthe persulfate oxidation reagent (on averaggumol 1),

et al. (2012b) have shown that below two cm depth, WCS-accounting for sample dilution. To test the oxidation effi-
derived DON concentrations are artificially elevated by theciency of the persulfate reaction, we have measured a batch
squeezing process and do not represent the natural conddf urea and ammonia standards (10 prmé| k = 10), as well

tion. However, at and just below the sediment-water interfaceas mixed ammonia/urea standards (10 umblt = 10). The
(SWI), the agreement between the different sampling meth+total yield was always in the range of 99 to 103 %. Ammo-
ods is excellent, so that we can assume that WCS data neaium and dissolved organic N are treated together as reduced
the SWI provide reliable estimates on RDN concentrationsdissolved nitrogen ([RDN]), which we calculate here as the

and fluxes. difference between [TDN] and [NG.
2.2 Total and dissolved inorganic nitrogen 2.3 Nitrogen isotope ratios
concentrations

N isotope measurements of nitrate were performed using the
NOx (NO3 and NG) concentrations from pore water sam- denitrifier method of Sigman et al. (2001). Briefly, 20 nmoles
ples were determined by reduction to nitric oxide (NO) in a of sample nitrate are quantitatively converted to nitrous ox-
solution of acidic vanadium (111), followed by chemilumines- ide (N2O) by denitrifying bacteria that lack active;® re-
cent detection of the NO using an Antek Model 7020 Nitric ductase (Pseudomonas chlororaphis, ATCC 43928] ¥
Oxide Analyzer (ANTEK Instruments, Houston, TX), with stripped from the sample vial using helium as carrier gas, pu-

a precision of+0.1 pmol 1 (Braman and Hendrix, 1989). rified, and analyzed for its N isotopic composition with a Mi-

[NH; ] from pore water samples was determined using stancromass Isoprlme isotope ratio mass spectrometer in con-
dard colorimetric autoanalyzer techniques using a Braan antinuous flow mode. Blank contribution was generally lower
Luebbe autoanalyzer, with a precision and a detection limitthan 0.3 nmol (as compared to 20 nmol of sample N). Iso-
of ~0.25umoltL. TDN concentrations were determined tope values were calibrated using IAEA-N3 and USGS-34,

Biogeosciences, 9, 1633646 2012 www.biogeosciences.net/9/1633/2012/
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Table 2. Sedimentary bulk particulate OM characteristics, bottom water TDN angl BON, benthic N isotope effectg4ppandsseq), and
the s1°N of the benthic nitrate flux along the Laurentian Channel.

Sediment POM Bottom water
15
Chlorinindex  65N-TDN  815N-NOT  eapp  cceq o OF
Sta.l.D. 85N %N  %Cog CIN P %) (%) 3 (%S')“ Gy NO flux
(%0)
25 552 0.13 131 11.66 0.63 6.99 7.25 27 15 4.6
23 6.11 0.17 162 11.07 0.66 7.44 6.23 29 36 44
22 6.18 0.15 157 11.95 0.69 5.92 5.87 12 3 47
21 635 0.18 1.63 10.64 0.65 5.51 5.86 23 34 3.6
20 728 0.18 156 9.84 0.70 4.89 6.00 12 59 4.8
19 702 019 152 933 0.74 4.33 5.06 15 6.6 35
18 708 020 159  9.49 0.77 4.41 5.09 1.0 58 4.1
Anticosti 6.88 0.26 219  9.70 0.71 4.40 4.69 1.7 6.7 4.0
16 701 025 185 872 0.82 4.95 5.23 1.3 N.D. 4.1

2 From Alkhatib et al. (2012a?.C| indicates OM reactivity (Schubert et al., 2005). The Cl scale ranges from 0.2 for pure chlorophyll to approximately 1 for highly
degraded OM. N.D. — Not determined.

international KNQ reference materials with assign&tPN profiles, near the SWI was always below detection levels)
values of +4.7 %0 and-1.8 %o, respectively (Gonfiantini et and ammonium concentration profiles in the sediments along
al., 1995). N isotope ratios are reported in the conventionathe Laurentian Channel are presented in Fig. 3. Pore wa-

§-notation with respect to atmospheric dinitrogen: ter DIN concentrations and fluxes are discussed in detail in
- Thibodeau et al. (2010). In brief, nitrate concentration pro-
87N = [Rsampl¢/ Rstandard— 1] - 1000 (1) files display sharp negative gradients from the SWI down

) . _ to 2-3cm depth at most stations, except at Sta. 16 where a
whereR represents th&N/*N ratio. On the basis of repli- g htle subsurface NPmaximum can be discerned. In some
cate measurements of Iabl%ratory standards and samplegyres, nitrate concentration increased slightly at depth, but it
the analytical precision fo§ N was generally< +0.2% s |ikely that these concentration changes were due to WCS
(1SD). ) o artefacts at high pressures in the lower segments of the WCS

The §*°N of TDN was determined by peroxidation of the ¢ore (Lehmann et al., 2005). The negative nitrate concentra-
TDN to NO; (see above), followed by N isotope analysis tjon, gradients indicate that sediments were, in general, a net
with the denitrifier method (Knapp et al., 2005; Bourbonnais pjirate sink. Only at Sta. 16 did nitrate production by nitri-
et al., 2009). TDNs*N was corrected for the blank con-  fication exceed nitrate consumption. Diffusive fluxes of ni-
tribution. IAEA-N1 (0.4 %o) and IAEA-N2 (20.3 %0) ammo- (1516 calculated by Thibodeau et al. (2010) (using the same
nium standards were oxidized and analyzed with each denggncentration profiles) were highest in the Lower Estuary
itrifier run as a quality control. Replicate measurements of(130_190 umol m2d-1), while lowest fluxes were found
the standards yielded reproducibeQ.2 %0) and accurate re- i the Gulf (95-110 pmol m? d-1). Based on Thibodeau et
sults (within 0.2 %o fOI" IAEA-N1 and 0.7 %o fOI’ IAEA-N2). al. (2010) and Crowe et al. (2011), 70-90 % of the nitrate
A secondary “ammonium standard” correction has been apa was reduced (either by denitrification or by anammox)
plied i_)ccountmg for the slight N isotope scale compressioniginated from organic N remineralization and nitrification.
The §™N of RDN was then approximated according to the Ammonium in pore water generally displayed an increasing
equation: concentration trend with depth, yet, the concentrations re-
515NRpN = (8¥NTpN - [TDN] mained relatively low within the first 6c_m<(25 umol 1. _

15 B Pore water [N Ij] dropped to zero-levels in the oxic-suboxic
-8 NNO; -[NO31)/[RDN]. ) transition zone, due to oxidation of ammonium to nitrate
(nitrification). However, at some sites, incomplete nitrifica-
tion within the suboxic-oxic transition zone resulted in the

3 Results efflux of ammonium from sediments (e.g. Sta. 20 and 21).
Clear hydrochemical evidence for anaerobic ammonium ox-
3.1 Dissolved nitrogen concentration profiles idation (i.e. depletion of NEﬂ below the redox transition)

was not observed, yet a recent study by Crowe et al. (2011)
Pore water nitrate and nitrite (referred to as nitrate in thesuggests that potential anammox can contribute as much as
discussion of this paper; nitrite in the upper portion of the

www.biogeosciences.net/9/1633/2012/ Biogeosciences, 9, 18385-2012
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Fig. 3. Pore water nitrate and ammonium concentration profiles from locations in the St. Lawrence Estuary and the Gulf of St. Lawrence.

one third to the total DIN elimination in the Lower Estuary. DON during cell rupture at high WCS pressures, confirming
TDN concentrations in the water column wer85 pmol I-1, previous studies that demonstrated that WCS has a biasing
with the dominant TDN fraction being NQ(~25 pmol I1). effect on DOM concentrations (and likely on the N isotope
Just below the SWI, the rapid decrease in [N@esulted in  ratios) below a certain depth (Martin and McCorkle, 1993).

a TDN minimum of~25 pmol 1. With depth in the sedi-

ments, pore water [TDN] increased in a quasi-linear fashion3.2  Nitrate 1°N/1*N in bottom water and pore water

to 80-160 umolt! at 4-6cm depth. Below 2-3cm, RDN

comprises essentially all TDN. RDN, in turn, consists to Thes'°N of bottom water nitrate followed a decreasing trend
the larger part of DON (Figs. 3 and 5; DON concentrations from the Lower Estuary to the East. TBN was 7.2 %o and

are calculated as the difference between RDN andiNH 6.3 %o at the hypoxic stations 25 and 23, respectively, and de-
not shown here; Alkhatib et al., 2012b). Comparison with creased towards the more oxygenated locations (mean value
pore water RDN data obtained using Rhizon membranesf 5.9 %, at Sta. 22, 21 and 20), with lowest values o)
(Alkhatib et al., 2012b) show that, in spite of a very good in the Gulf (Fig. 4, Table 2). The observed trend seems to be
agreement in the uppermost sediment column, below 2 cnepresentative not only for the near-bottom waters but for the
sediment depth, WCS-derived DON concentrations were ugomplete water masses below the thermocline, as indicated

to three-fold higher than concentrations derived using Rhizorby water column nitraté'°N profiles presented in Thibodeau
membranes. This seems to be consistent with the liberation oét al. (2010).

Biogeosciences, 9, 1633646 2012 www.biogeosciences.net/9/1633/2012/
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whereA refers to the concentration gradients, &gk is the

8°N-NO; (% : N
; (%) I5N/14N ratio of atmospheric nitrogenRar = 0.003677).

0 5 10 15 20 25 30 Thes™N of the nitrate flux relative to the sour6&°N-NO3
-4 L L L L L then corresponds teapyp (i.€. it is quantified as the differ-
- -A--Sta.25 ence between the bottom water nitrat€N and thes°N of
34 ia TV T Sta.23 the benthic nitrate flux). At all stations, the nitrate removed
E ; e a2 from the bottom water was only slightly more depleted in
2 4 65 | - - - -Sta. 20 15N (i.e. lowers'>N-NO3) than the bottom water ND and
_ %ﬁﬁ A - f<'>f g:: iz eappranged from 1.3 to 2.9 (Table 2).ppwas highest in the
£ -1 T% ¢ O — 3w 16 hypoxic portions of the Lower Estuary (Sta. 25 and 23) and
g b3 f ——® Sta. Anticosti at Sta. Anticosti in the Gulf, and decreased eastward along
é&* 0 4----- %@v **************************** the Laurentian Channel (see Table 2).
ONE T
1 §!€,‘{;§§»~E~;~jﬁ: 3.4 1N/N of the total and reduced dissolved N
8 S, B e fluxes €sed
2 - % L %
LN % 81°N-TDN in the bottom waters was dominated by the nitrate
3 A q R 819N, and ranged between +4 and +7 %o, with the higher val-
— ues at the hypoxic locations-¢7 %o) and moré°N-depleted
4 values in the Gulf stations (+4.3 to +5 %o) (Fig. 5, Table 2).

Below the SWI, as [NQ] decreased and [RDN] increased,
thes°N-TDN was dominated by the N isotopic composition
of ammonium and DON (i.e. RDN). Th#®N-RDN ranged
between 2 %o, and 6 %o in the bottom waters and generally
The distribution of nitraté>N/*4N in pore water was sim-  increased with depth and concentration to values between 5
ilar for all stations: at some point below the SWI th®N-  and 10 %0 at 2cm depth (Fig. 5). At Sta. 25 and to a lesser ex-
NOj increases as [N{] decreases with depth (see Fig. 4), tentat Sta. 23, Sta. 22, and Sta. 21, the changé&N-RDN
with maximum815N-NO§ of ~11 to 25 %o in the deeper sed- with depth was relatively minor. The difference petween the
iments (between 2 and 3cm). Nevertheless, sI-NO; 81°N-TDN in the bottom water column and that in the pore

gradients across the SWI varied significantly. While in the water' (which is the ma;ter factor in determining 'the over-
Lower Estuary (Sta. 25 to 20), the pore waséPN-NO all N isotope effect during the exchange of the different N
' ' 3 species across the SWI) seems to increase eastwards along

the Laurentian Channel. Using the RDN isotope data in the
upper 2 cm of the sediments (i.e. down to a depth which is
not affected by WCS artefacts), analogous to the use of ni-
GErate N isotope data above to calculaigy, we calculated the
RDN N isotope flux across the SWI. However, RDN profiles
were clearly not linear in the vicinity of the SWI, and the first
derivative at; = 0 of the exponential fits was used to calculate
nitrate isotope concentration gradients. The RDN N isotope

eappguantifies the apparent nitrate N isotope effect of benthicflux was then combined with the nitrate N isotope flux from
nitrate reduction to b} that is, the degree, to which the bio- above to yield estimates efeq the overall N isotope effect
logical N isotope effects of denitrificationge, is expressed ~ Of benthic DIN removal. We found that thigeqvalues were

in the above-lying water column nitrate poekyp was de- N the same range, or slightly higher than., thg, values for
rived from the [NQJ] and §15N-NO; pore water profiles by all the St. Lawrence Estuary and Gulf stations, yet all of them
calculating the ne¥!NO; andSNO; fluxes across the SWI,  Were<7%o (see Table 2).

The latter (i.eFlayo; andFisyo; , respectively) were deter-

mined from the measured concentration gradientS/(Az) 4 Discussion

across the SWI (i.e. the slope of the linear fits to the upper

portion of profiles). Assuming the same diffusion coefficients 4.1  Distribution of the nitrate and TDN °N in sediment

Fig. 4. Pore water nitrates1®N profiles from locations in the
St. Lawrence Estuary and the Gulf of St. Lawrence.

increased right below the SWI, sediment pore wateN-
NOj profiles in the Gulf (Sta. 19, 18, 16) did not show clear
changes with depth in the uppermost few mm below the in-
terface, especially not at Sta. 16 (see Fig. 4), where nitrat
production is evidenced by a [N maximum at 0.7 cm.

3.3 Sediment-water nitrate!®N/**N flux and the
apparent N isotopic effect €app)

for 1SNO; and“NO3, the s1°N-NO3 of the nitrate flux is pore waters
independent of the molecular diffusivities and can be calcu-
lated as The inverse correlation between nitratéN and [NG;]sug-

gests that nitrate consumption within the sediments occurs
315NF|U>LN03— = [(A™NOs/ANOs)/Rur —11-100Q (3)  with a significant intrinsic (or biologic) N isotope effect,
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Fig. 5. Depth distribution of total dissolved nitrogen (TDN) (upper panels) and reduced dissolved nitrogen (RDN) (lower panét$\and
of TDN and RDN in pore water from sediments in the St. Lawrence Estuary and the Gulf of St. Lawrence.

which results from the discrimination agaif8N by nitrate-  nitrification-denitrification coupling (Thibodeau et al., 2010;
reducing bacteria. Although not completely adequate to deCrowe et al., 2011), and diffusive supply of water-column ni-
scribe nitrate N isotope fractionation within sediment poretrate for denitrification plays a lesser role. While sediments
waters (Lehmann et al., 2007), the biological N isotope ef-in general violate one of the basic assumptions of a closed-
fect ecei Of net nitrate consumption can be approximated system model, leading to underexpression of the biological
assuming Rayleigh model dynamics: the slope of the lin-N isotope effect when calculatinge_rayleigh (Lehmann et
ear regression betweeﬂ5N-NO§ vs. In[NG;], yields es-  al., 2007), the production dPN-depleted nitrate from nitri-
timates of the biological N-isotope fractionation during ni- fication may be particularly efficient in dampening the actual
trate consumption in the sedimenige| Rayleigh (Mariotti et nitrate’>N enrichment with respect to a given nitrate deficit.
al., 1981).ecelrayleigh ranged between 3 %. and 7 %o in the Furthermore, physiological effects may play a certain role in
St. Lawrence estuarine and Gulf sediments (Fig. 6), withinkeepingece) at low levels (e.g. low substrate availability at
the lower range of the values reported for deep-sea sedithe active denitrification site; Lehmann et al., 2007).

ments in the Bering Sea (between 4 %o and 17 %o). N elim- At most stations, we observed a decrease ostfi-RDN
ination in St. Lawrence Estuary sediments is dominated byfrom ~2 cm sediment depth towards the SWI (see Fig. 5d).
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25 the sediment column has still a slightly higléPN than the
- -k --Sta. 25 RDN in the water column, implying that the sediments are a
-~V — Sta. 23 source oft°>N-enriched RDN.
— Sta. 22
N - - A- -Sta. 21 ) ) i
20 ~ " - ~H - -Sta. 20 4.2 Controls on the nitrate N isotopeeapp effect during
3 --¥--Sta. 19 nitrate removal
- N - -O- -Sta. 18
s Vo “a & — Sta. 16 . . . . o
o Sl | As discussed in the previous section, net denitrification
z 15 4 *\\:V& A in the St. Lawrence estuarine sediments was associated
h= B“v‘y\;\ | with a substantial biological N isotopic fractionation at the
e i cell-level, leaving the residual pore water nitrate pool en-
riched in 1°N. A significant water column nitrate deficit
10 1 (N* ~ —10 umol 1) has been identified by Thibodeau et
al. (2010) in the hypoxic bottom water column in the Lower
Estuary, yet this nitrate deficit, which can exclusively be at-
5 tributed to benthic denitrification (see Table 1 for rates), is
I I not associated with any significant nitrate N isotope effect
0 0.5 1

in the water column. Hence, as has been described for other
In [Nos_] marine environments (Brandes and Devol, 1997; Lehmann
et al., 2004, 2007), the biological N isotope fractionation, as
Fig. 6. Change of the nitrat¢'5N as function of the natural log- €videnced by strong nitra®°N gradients within the sed-
arithm of the pore water nitrate concentration. The slopes of thelMent pore water, appears to be suppressed at the scale of
linear regression lines correspond to the nitrate N isotope effect$ediment water nitrate exchange also in the estuarine sedi-
of net nitrate consumption within the sedimentgdyieign. For the  ments of the Laurentian Channel. In agreement with reports
St. Lawrence sedimeniRayeighranged between +3 %0 and +7 %..  from other marine benthic environments (Brandes and Devol,
1997; Sigman et al., 2003; Lehmann et al., 2004), the calcu-
latedeappvalues between 1 and 3 %0 confirmed a large degree
In accordance with observations by Prokopenko et al. (2006pf under-expression of the biological N isotope fractionation
in marine sediments of the Eastern Subtropical North Pacificduring nitrate consumption from the bottom waters. Despite
and the Santa Barbara Basin, #1®N-RDN at the deeper extensive NQ removal within the sediment pore water pool
end of this depth segment matches €N of sediment (Thibodeau et al., 2010; Table 1), and in spite of the strong
POM (+£0.5%o0) (except at Sta. 23 where the average porenitrate 1°N enrichment associated with the nitrate removal,
waters°N-RDN was significantly higher thas'®N-POM),  the §1°N-NOj3 in the bottom water barely increased. Based
suggesting the liberation of N during POM remineraliza- on previous work by Brandes and Devol (1997) and Lehmann
tion without significant N isotope fractionation. The cause et al. (2004, 2007), we attribute the apparent suppression of
for the 1°N depletion of RDN in the subsurface pore water the biological N isotope effect to the limited diffusive NO
(and ultimately in the RDN pool in the water column) is un- supply to the site of denitrification in the sediment, and/or the
clear. The observed decreases#iN-RDN implies a source  gross production of°N depleted nitrate through incomplete
of low-81°N DON just below the SWI. A lows'>N ammo- nitrification of pore water ammonium.
nium source is unlikely, as almost complete consumption of Although the spatial changes égpp are subtle, it appears
ammonium would produce RDNN-enrichment rather than  that highereapp values were generally found in the Lower
15N-depletion. Urea can be a major nitrogen excretion prod-Estuary at stations that exhibit the highest sedimentary OM
uct from bacteria in marine sediments (Lomstein et al., 1989yeactivity and that are overlain by the least oxygenated (hy-
Pedersen et al., 1993; Sloth et al., 1995), which could, if de{poxic) bottom water along the Laurentian Channel (see Ta-
pleted in'™N, contribute to the observed®N decrease inthe  ble 2; Alkhatib et al., 2012a). Relatively losypp values were
pore water RDN just below the SWI where bacterial respira-determined for the Gulf sediments (e.g. Sta. 16), which are
tion rates are high. Alternatively, bacterial uptake of DON characterized by the lowest OM reactivity and high bottom
could have caused the observed decreas#IN-RDN, if water []. The general under-expression £f along the
preferential incorporation of high!®N-DON into bacterial  Laurentian Channekfpp < 3 %0) appears to be related to the
biomass occurs. Given the work of Macko and Estep (1984)supply and consumption of nitrate within the denitrification
the partitioning of DON during bacterial DON assimilation zone under diffusion limitation. In particular, the reactivity
into a “lighter” ammonium and a “heavier” PON pool is in- of the OM and the bottom water oxygenation may both af-
deed plausible. While we can only speculate about the exfect the oxygen penetration depth (OPD) and, hence, the ni-
act controls on the pore wat&t°N-RDN trend, it is evident  trate gradient across the SWI, as well as the corresponding
that the bulk pore water RDN pool in the upper two cm of diffusive nitrate flux.
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We found a good correlation betweeny, and OPD  likely that partial ammonification of nitrate most probably
(r2=0.66,n=6; Fig. 7a), and a significant inverse corre- producest®N depleted ammonium (Lehmann et al., 2007).
lation between the overlying bottom wat&lfsN—Nog and Through15NO§ label ex-situ core incubations, Thibodeau et
OPD (2=0.82,n=6; Tables 1 and 2). Hence our obser- al. (2010) demonstrated that DNRA contributes to total ni-
vational data seem to confirm previous model-based result§ate reduction at Sta. 18. However, the relatively hig?N
by Lehmann et al. (2007), which indicate close links be-values for porewater RDN at essentially all stations argue
tweeneapp, OPD, and the depth of denitrification. There is against an important effect of DNRA on the reduced nitro-
also a significant correlation between OM reactivity (quanti- gen pool, in agreement with Crowe et al. (2011), who found
fied as Chlorin Index; data from Alkhatib et al., 2012a) and that the rate of DNRA is three orders of magnitude lower than
eappalong the Laurentian Channef(=0.52,n=9; Fig. 7b),  denitrification and anammox and is therefore insignificant to
which further suggests that OM reactivity has a significant in-N-cycling in the St. Lawrence Estuary.
fluence oreappat low levels by modulating OPD, ammonium ~ Calculatedeseq values from sediments along the Lauren-
production, and thus nitrate availability. As the denitrification tian Channel varied between 1.5%. and 6.7 %o, amgh
zone is forced deeper into sediments, the diffusive transporseemed to increase eastward along the Laurentian Channel
of nitrate to the denitrification zone is decreased, and it is lesgi-e. lowereseq values were observed for the Lower Estuary,
likely thatecey is expressed in the water column. As the den- While rather high values were found in the Gulf; see Table 2).
itrification zone shifts closer to the sediment surface, due to alhe eseq values are, on average, higher than i values.
lowered OPD (e.g. in a more reactive benthic environment),The elevation okseq OVer eapp at most Laurentian Channel
denitrifiers will consume nitrate from a larger nitrate pool, stations (particularly to the east) can be explained by the
enhancing the expression efg at the scale of sediment- efflux of RDN into the water column, which has, at most
water solute exchange (Lehmann et al., 2007). OPD, andtations, a highes!°N than the water column RDN pool.
hence the depth of the denitrification zone, seems to be th&ne would expect that OM remineralization (and associated
main constraint omapp, through its direct control on the ni- N-isotope fractionation) and the5N of the source OM, as
trate pool size at the depth where denitrification occurs. Atwell as the degree to which nitrification of mineralized NH
the same time, in particular in low-reactivity environments, by bacteria is complete is a major determinantgfy In-
it is also possible that nitrification rates can exceed net denideed, eseq correlates significantly with both Ci-§=0.65,
trification (Berelson et al., 1990). For example, at Sta. 16 then =8; Fig. 7d) and DO in the bottom water=0.76,n = 8;
sediments represent a source of nitrate (Table 1). Partial nitrifables 1 and 2)eseq also correlates with the oxygen pene-
fication of upward diffusing and regenerated ammonium pro-tration depth in sediments3=0.76,n =6; Fig. 7c), as well
duces!SN-depleted nitrate (e.g. Sigman et al., 2001; Wankelas with the oxygen exposure time?€ 0.57,n =5; Tables 1
et al., 2009), which can compensate any nitf&té enrich- and 2), suggesting that, as witkp,, OM reactivity and oxy-
ment to the point that the nitra®®°N gradient across the gen concentration play a significant role in controlling the

SWI is significantly lowered or even reversed. combined isotope effects of benthic N-cycle processes on the
water column TDN pool. As mentioned earlier, the efflux of
4.3 The total sedimentary N isotopic effectseq high §1°N-NH; can by itself raisesseq values. However, it

is important to note that, as the §H°N-enrichment in the

As mentioned in the last section, nitrate produced from in—pore water N'i’ pool must be paralleled by the production
conl[glete rgmineralization/.ni_tr_ificqtion can partially o.ffset of low-81°N nitrate, isotope fractionation during nitrification
the *°N enrichment by denitrification. Another more direct only increasessed if new, low 615N-NO; is directly den-

effect of remineralization on the N isotope composition of itrified (coupled nitrification-denitrification), and the NH
the water column TDN can result from the actuall\lbind : - o .
i . is not completely oxidized within the sediments. Granger et
DON efflux from the sediments into the bottom water. For S . ) :
15 . ... al (2011) found a significant direct relationship between the
example, as lows=°N-NOj is produced from partial nitri- . . .
fication. 15N iched i ic left behind and efflux of ammonium from Bering Sea Shelf sediments and
|cat|on,t thenncte arlnmomgm IS left tﬁ n an" lilnfiy the water columns*®N-NO3. Similarly, Brandes and De-
escape 1o the water colimn, Increasing the overar & 19301 (1997) found that thé*SN-NH; that diffused out of the
tope effect of benthic N cycling (Lehmann et al., 2007). : 0 :
. . : . . sediments of Puget Sound was on average 4.5 %o heavier than
As a consequence, while the N-isotopic fractionation dur- : - .
both that of source organic matter within the sediments and

N9 n|tr|f|cat|on may reduceapy it can increaseiseq an_d tpe overlying water N@. It could be hypothesized thageq
we suggest this is the case at least at some of our sites. A . - o >
IS a function of the ammonium efflux ratio (i.e. the ratio be-

stations where [NE‘” was not zero at the SWI, and '\IH ween NI—I{ remineralization and Nfﬂ efflux; Lehmann et

fluxes OUF of t.h? _se@ments, N isotope S|.gnatures that resuIal., 2004) in the Laurentian Channel, as was proposed for the
from partial nitrification are propagated into the water col-

umn. In the same vein, under suboxic conditions, nitrate canBerlng Sea shelf (Granger et al., 2011). However, at most of

be converted into ammonium via DNRA. Although the iso- ?hur Sltg.s’ Nh{ appzarehd to bthlquantltatlvEIy oxidized within
topic effect of DNRA has not yet been investigated, it is e sediments, and where [jHlux was observed:seqwas
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Fig. 7. Correlation betweenapp and(a) the oxygen penetration depth (OPD), &l the Chlorin Index (ClI), as well as betweeg.qand
(c) OPD and(d) CI. Cl indicates OM reactivity (Schubert et al., 2005). The CI scale ranges from 0.2 for pure chlorophyll to approximately
1 for highly degraded OM.

not particularly high (e.g. Sta. 21). Hence, we argue that itright below the SWI, and increasing the.q At the same
is the amount and N isotopic composition of the effluxing time, oxygen is supplied to anoxic regions within the sed-

DON that represent the most important constraint g iments, pushing down the active denitrification zone, and
Interestingly,sseq Was highest where surface sediment OM reducing the porewater nitrate concentration gradient. This
815N values were also highest (see Table 2). deepening of the oxic layer can, on the one hand, enhance

Finally, bioturbation/bioirrigation is yet another aspect nitrate diffusion limitation and thus redueg.q (see above),
that may have contributed to the observed trendssiy it may also stimulate nitrification at greater sediment depths
(andeapp along the Lower Estuary and the Gulf. Belley et and may thus act to remedy nitrate diffusion limitation on
al. (2010) found that the macrobenthos surface-trace densitthe other hand. Lehmann et al. (2004) have argued that even
was highest at the head of the channel (Sta. 25 and Sta. 23) strongly bioirrigated environments the N isotope effect of
and that it decreased noticeably eastward along the LC. Thigenthic microbial denitrification is essentially not expressed.
observation was explained by the fact that the hypoxic area oDur study attests to this notion, as none of the obsesygd
the LC is now in a transition phase, where suspension feedis greater than 3 %o, and lowestqco-occur with the highest
ers, non-tolerant to hypoxia, are progressively replaced bydensity of surface traces.
low-oxygen tolerant deposit feeders that are mainly respon-
sible for surficial benthos traces (e@phiurasp.). The pos- 4.4 Implications for the marine N-isotope budget
sible effect of bioturbation/bioirrigation ofyeqremains un-
certain. Bioirrigation in general facilitates the DIN and RDN ¢, approximates the difference between 84N of all re-
exchange between the bottom and porewaters, and thus majttive N in the water column and th&5N of N lost by
allow “deeper” RDN with highe™N to escape the sed- suboxic N production, and thus, understandings more
iments, by-passing the diagenetically active reaction zonghan e,pp, is critical for N isotope budgets (Lehmann et al.,

www.biogeosciences.net/9/1633/2012/ Biogeosciences, 9, 18385-2012



1644 M. Alkhatib et al.: The isotope effect of benthic N cycling

2007; Granger et al., 2011). Lehmann et al. (2007) have sim5 Conclusions

ulated environmental scenarios whegggcan be up to 5 %o

(when coupled nitrification-denitrification is associated with

a flux of NH} out of the sediments). While they did not in- Independent of the sedimentary OM reactivity and bottom
clude DON in their N isotope flux calculations, their scenario Water [Q] regimes, the biological nitrate N isotope effect is
of intermediate OM reactivity and intermediate oxygenation Significantly under-expressed at the scale of sediment-water
of bottom water reflects well the environmental conditions hitrate exchange. This observation, for the first time made
along the Laurentian Channel, and the agreement betweel an estuary, is in agreement with findings from other ma-
modelled and observed valuessgfgandeappis remarkably rine environments (Brandes and Devol, 1997; Lehmann et
good (see Tables 1 and 2). Moreover, using a different ap@l., 2004, 2007), underscoring that a lewp applies to a
proach, Granger et al. (2011) estimated that the N isotope efwide spectrum of environmental conditions. We conclude
fects of sedimentary nitrification-denitrification coupling on that sediment OM reactivity and [DQ] in bottom water in-
the Bering Sea Shelf water column (derived from &heN teract to yield a low nitrate supply to the denitrification zone
of surface sediments with respect to the reactive N deficiinside the sediment, so that diffusion limitation will keep the
in the water column) ranged between 6 %o and 8%o.. Thefapp< 3 %o. Nevertheless, subtle but consistent changes in
weak coupling between nitrification and denitrification in the €app Were discerned along the Laurentian Channel, with pu-
Bering Sea shelf allowed for large amounts of ammonium-Ntative links to bottom water oxygenation and sediment OM
to escape consumption inside the sediments, which resulteteactivity. Hence, our observational data are consistent with
in such higheseg values. From the global N-isotope balance recent model results that point to OM reactivity and the O
perspective, the degree to which N isotope fractionation dugenetration depth as important controls of the N isotope ef-
to benthic N elimination, the main N sink in the oceanic fect during nitrate exchange between the sediments and the
N cycle, finds its expression in the water column is of fun- overlying water column (Lehmann et al., 2007).

damental importance. Our data reveal that the biological N We have analyzed the patternseiiaq for the first time in
isotope effect of estuarine benthic N elimination is highly the context of N isotopic measurements of reduced dissolved
suppressed, confirming observations from other benthic enN species (DON + NE). The values ofseq approximate
vironments (Brandes and Devol, 2007; Lehmann et al., 2004the difference between thi#°N of reactive N in the water
2007; Granger et al., 2011). However, bethgandsappcan  column that is ultimately lost in sediments through suboxic
be significantly different from zero, and can vary as a func-N2 production and thé*N of the lost N. Thereby, they
tion of the sediment reactivity and bottom water oxygenation.consider the coupling between remineralization, nitrification,
The conditions along the Laurentian Channel, especially inand denitrification (and other N transformations not explic-
the Gulf of St. Lawrence can be considered representativélly addressed here; e.g. anammox). Previous work has not
of coastal and continental shelf environments where mosincluded the DON flux from the benthic environmentigq

of the global sedimentary denitrification occurs. Given the calculations, on the basis that DON remineralization does not
mean ocean DINI°N of approximately 5.5 %o and an input add substantially to the reactive water column N pool. While
of N through N fixation with as®N of —2—-0%o, a globally ~ we agree that the mean oceanic N pool consists of DON that
applicablesseq value of 5% (as calculated using our field is of rather refractory nature (Knapp et al., 2005; Bourbon-
data) or even higher (Granger et al., 2011) would indicatenais et al., 2009), we argue that the inert character of the wa-
that essentially all denitrification occurs within the benthic ter column DON pool does not preclude that a dominant frac-
environment, leaving little space for water column denitrifi- tion of DON that fluxes out of marine sediments undergoes
cation with a significantly higher N isotope effect (according rapid oxidation and adds to the oceanic DIN pool. Other-
to the approach by Brandes and Devol, 2002). Such a larg&vise, it would be difficult to explain the discrepancy between
attribution of benthic denitrification to the global N loss is the relatively large estuarine and coastal benthic DON fluxes
not considered in current observations (Brandes and Devol(Alkhatib et al., 2012b) and the low DON concentrations in
1997; Fennel et al., 2006), and would imply that global N lossthe ocean water column (e.g. Knapp et al., 2005; Bourbon-
by far exceeds global N inputs, yielding a completely imbal- nais et al., 2009). As a consequence, we emphasize here that
anced N budget. While our observational data now confirmDON fluxes need to be included igeqcalculations and con-
thateseqvalues of 5% and greater are possible, benthic den<lude that OM remineralization can modulate the overall N

itrification must occur to large parts with a lowegeq for isotope effect of benthic N elimination. As we did not dis-
example in deep sea sediments, where the averagis as-  tinguish between Nﬁ1 and DON, we can only speculate on
sumed to be-2 %, (Lehmann et al., 2007). the reason for a generally 1084°N of the RDN in both the

water column and the sediment pore waters, as well as pro-
cesses that determine the RDN efflux. Future work should
directly address the N isotopic impact of sediment/water am-
monium versus DON fluxes. Our data clearly show that the
flux of RDN out of the sediments is consistently enriched in
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15N with respect to the water column RDN pool, most often  dium (l1l) reduction with chemoluminescence detection, Anal.
elevatingeseq OVer eapp IN agreement with previous model ~ Chem., 61, 2715-2718, 1989.
simulations (Lehmann et al., 2007), our observational dateBrandes, J. A. and Devol, A. H.: Isotopic fractionation of oxygen
indicate that the degree of under-expression of the biologi- and nitrogen in coastal marine sediments, Geochim. Cosmochim.
cal N isotope effect of sedimentary N-elimination seems toB Aca’ 6131;93_3?301’ 1|927|'_| - A alobal marine-fixed ni _
be a function of the environmental conditions (bottom wa- Srandes, J. A. and Devol, A. H.: A global marine-fixed nitrogen 1So-

. . . . topic budget: implications for Holocene nitrogen cycling, Global
ter oxygenation and oxygen penetration depth in particular),

- . . Biogeochem. Cy., 16, 112@pi:10.1029/2001GB001858002.
5
and also of the reactivity angtN of the sedimenting OM. Cline, J. D. and Kaplan, I. R.: Isotopic fractionation of dissolved

These parameters all modulate the amount andtPié of nitrate during denitrification in the eastern tropical North Pacific
the regenerated N that is ultimately denitrified. The vari-  ocean, Mar. Chem., 3, 271-299, 1975.

ability in eseq Within a range of 4.6 2.5 %o observed for  Codispoti, L. A., Brandes, J. A., Christensen, J. P., Devol, A. H.,
the St. Lawrence system is consistent with previous pro- Nagqvi, S. W. A., Paerl, H. W., and Yoshinari, T.. The oceanic
jections of a mean globalseg value on the order of 4 %o fixed nitrogen and nitrous oxide budgets: Moving targets as we
(Lehmann et al., 2007). Nevertheless, these valuessdf enter the anthropocene?, Sci. Mar., 65, 85-105, 2001.

are larger than previously assumed, and result in inconsisCrowe, S. A., Canfield, D. E., Mucci, A., Sundby, B., and Maranger,
tencies with current N isotope budgets, because they imply R Anammox, denitrification and flxed-nltrogt_an remo_val in sed_-
a greater sediment-to-water column denitrification ratio and, 'Ments of the Lower St. Lawrence Estuary, Biogeosciences Dis-
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