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Abstract

The nitrogen (N) stable isotopic composition of pore water nitrate and total dissolved
N (TDN) was measured in sediments of the St. Lawrence Estuary and the Gulf of
St. Lawrence. The study area is characterized by gradients in organic matter reac-
tivity, bottom water oxygen concentrations, as well as benthic respiration rates. Ben-5

thic N isotope exchange, as well as the nitrate and TDN isotope effects of benthic
nitrification-denitrification coupling on the water column, εapp and εsed, respectively,
were investigated. The sediments were a major sink for nitrate and a source of re-
duced dissolved N (RDN=DON+NH+

4 ). We observed that both the pore water nitrate
and RDN pools were enriched in 15N relative to the water column, with increasing10

δ15N downcore in the sediments. As in other marine environments, the biological ni-
trate isotope fractionation of net nitrate elimination was barely expressed at the scale
of sediment-water-exchange, with εapp values < 3 ‰. The strongest under-expression
of the biological N isotope fractionation was observed at the most oxygenated sites
with the least reactive organic matter, indicating that, through their control on the depth15

of the denitrification zone, bottom water oxygen concentrations and the organic matter
reactivity can modulate εapp. For the first time, actual measurements of δ15N of pore
water RDN were included in the calculations of εsed. We argue that large fractions
of the sea-floor-derived DON are reactive and, hence, involved in the development of
the δ15N of dissolved inorganic N (DIN) in the water column. In the St. Lawrence20

sediments, the combined benthic N transformations yield a flux of 15N-enriched RDN
that can significantly enhance εsed. Calculated εsed values were within the range of
4.6±2 ‰, and were related to organic matter reactivity and oxygen penetration depth
in the sediments. εsed reflects the δ15N of the N2 lost from marine sediments and thus
best describes the isotopic impact of N elimination on the oceanic fixed N pool. Our25

mean value for εsed is larger than assumed by earlier work, questioning current ideas
with regards to the state of balance of the modern N budget.
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1 Introduction

Nitrogen (N) plays a critical role as a nutrient in marine systems (Rabalais, 2002). N is
mainly removed from the ocean by conversion of fixed N to N2 by denitrification and/or
anammox (Strous et al., 1999; Zehr and Ward, 2002; Brandes and Devol, 2002; Hulth
et al., 2005). Loss by suboxic N2 production occurs in the absence of dissolved oxygen5

(DO), in the global ocean oxygen minimum zones, and, more importantly, in marine
sediments. Previous work has demonstrated that benthic denitrification in continental
shelf sediments is by far the largest sink of oceanic N, accounting for up to ∼ 70 % of
the total global denitrification (Middelburg et al., 1996; Codispoti et al., 2001; Bran-
des and Devol, 2002). However, benthic N elimination in pelagic sediments can also10

drive basin-wide nitrate deficits (Sigman et al., 2003; Lehmann et al., 2005). During
early sedimentary diagenesis, particulate organic N (PON) is hydrolyzed to dissolved
organic nitrogen (DON) by bacterial hydrolytic enzymes, and a large fraction of this
DON is ultimately remineralized to ammonium. Both the DON and NH+

4 can diffuse
to the overlying bottom water, but in the presence of O2, a portion of the regenerated15

NH+
4 is oxidized to NO−

3 (nitrification) before it can escape from the sediments. This
NO−

3 may, in turn, be used as a terminal electron acceptor by denitrifying bacteria pro-
ducing gaseous forms of N (coupled nitrification-denitrification). Rates and occurrence
of diagenetic N-cycle reactions are influenced by substrate availability, organic matter
reactivity, and redox conditions (Lehmann et al., 2007; Thibodeau et al., 2010).20

Given that the N-isotope effects of specific N-loss terms are known, the isotopic
composition of the marine fixed N pool can be used to constrain regional or global N
fluxes (Sigman et al., 2003; Brandes and Devol, 2002; Lehmann et al., 2005). The
preferential consumption of 14NO−

3 by denitrifying bacteria causes the remaining NO−
3

pool to become progressively enriched in 15N (Cline and Kaplan, 1975; Mariotti et al.,25

1981). Hence, around suboxic water masses, δ15N−NO−
3 is significantly elevated with

respect to the mean ocean value of 5 ‰ (Liu and Kaplan, 1989; Voss et al., 2001; Sig-
man et al., 2003). In agreement with higher estimates of the organism-level N isotope
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effect for denitrifiers in cultures (Granger et al., 2008), N isotope effects (εcell) observed
in natural environments range between 20 ‰ and 30 ‰. In contrast, the nitrate N iso-
tope effect of benthic denitrification at the scale of sediment–water exchange (εapp) has
been proposed to be significantly less than εcell if denitrification is limited by the rate of
diffusive nitrate supply to the active denitrification sites within the sediments (Brandes5

and Devol, 1997; Lehmann et al., 2004, 2007). Moreover, it has been shown that such
suppression of the biological N isotope effect of denitrification due to diffusion limitation
applies to both reactive coastal sediments and less reactive pelagic sediments (Bran-
des and Devol, 1997; Lehmann et al., 2004, 2007), yet possibly at different degrees.

The use of marine nitrate δ15N as tracer of sedimentary versus water column den-10

itrification is dependent on the knowledge of the total, or net, sedimentary N isotope
effect. Model simulations by Lehmann et al. (2007) suggest that differences in sedi-
ment reactivity and the oxygen concentration of the overlying water have a significant
effect on the geometry of the oxic layer and the denitrification zone, and thus on the
expression of the biological N-isotope effect of denitrification in the water column. An15

important point considered by previous work, but not directly addressed using mea-
sured data, is the potential contribution of dissolved N-forms other than nitrate (i.e.,
ammonium and DON) to the overall N isotope effect of benthic N-cycling. Thus far,
ammonium and DON fluxes out of the sediments have not been investigated in terms
of their N-isotopic composition. Based on model simulations, Lehmann et al. (2007)20

argued that partial nitrification may, while generating 15N-depleted nitrate within the
pore water DIN pool, produce pore water ammonium that is strongly enriched in 15N.
If this ammonium escapes to the water column, it can shunt significant amounts of
“heavy” fixed N to the water column, an aspect that has until today been neglected in
global or regional N isotope balances. Moreover, DON effluxing from sediments has25

a high potential to be remineralized in the overlying water, and as a result may impact
the isotopic composition of the DIN pool in the water column as well. It is important
to understand that ultimately it is the combined net flux of N, including the sediment
water exchange of reduced dissolved N species (RDN=NH+

4 +DON) that is pertinent

11692

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/11689/2011/bgd-8-11689-2011-print.pdf
http://www.biogeosciences-discuss.net/8/11689/2011/bgd-8-11689-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
8, 11689–11723, 2011

The isotope effect of
benthic N cycling

M. Alkhatib et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

to the understanding of the isotopic impact of benthic N elimination on the water col-
umn of a marine environment. This combined effect (referred to as εsed, as introduced
by Lehmann et al., 2007) has been posited to vary as a function of environmental
conditions and sediment characteristics.

Here we present high-resolution profiles of the concentration and N isotopic compo-5

sition of pore water nitrate and total dissolved nitrogen (TDN) from several locations
along the Laurentian Channel (LC). The objective of this study was to assess the
N isotope effect of benthic N cycling on the water column fixed N pool in the estu-
ary. Our study explores, for the first time based on observational data, the impact of
benthic-pelagic exchange of dissolved reduced N compounds (i.e., RDN). The Lauren-10

tian Channel of the St. Lawrence Estuary displays pronounced spatial gradients with
respect to benthic DIN fluxes, sediment organic matter (OM) reactivity, and degradation
state, as well as bottom water oxygenation (Lehmann et al., 2009; Thibodeau et al.,
2010; Alkhatib et al., 2011a). Hence, it is an interesting environment to study possi-
ble links between εapp, εsed, and these spatial geochemical changes, testing previous15

hypotheses on the environmental controls on benthic dissolved N isotope exchange.

2 Material and methods

2.1 Study site and sampling

The Laurentian Channel (Fig. 1) displays pronounced spatial variations in OM source,
water column depth, surface water productivity, and water column DO concentration20

(Alkhatib et al., 2011a, and references therein). DO concentration measurements
along the Laurentian Channel revealed the presence of year-round hypoxic bottom
waters covering approximately 1300 km2 of the Lower Estuary sea floor, with [DO] as
low as ∼ 50 µmol l−1 (Gilbert et al., 2005), while the bottom water [DO] in the Gulf is
> 150 µmol l−1. The sediment reactivity in the Lower Estuary and the Gulf, which we25

determined previously using amino acid and chlorin-based preservation indicators (DI
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and CI, respectively), shows a clear trend along the Laurentian Channel, with the high-
est organic matter reactivity (i.e., low CI and high DI; for definition see Table 1 caption)
at the head of the Lower Estuary (Sta. 25, 23 and 22 in Fig. 1) and significantly lower
OM reactivities at the Gulf stations (Alkhatib et al., 2011a).

Sediment multicores were recovered from nine stations along the Laurentian Chan-5

nel during two summer 2006 cruises (June and August) aboard the R/V Coriolis II
(Fig. 1) using a Bowers & Connelly multicorer (10 cm internal diameter). Immediately
upon corer recovery, cores were capped without headspace, and pore water samples
were collected from cores using shipboard whole core squeezing (WCS) (Bender et al.,
1987). WCS is a pore water sampling technique designed for millimeter depth reso-10

lution near the sediment-water interface. Cores were kept at in situ temperatures by
wrapping them with ice bags during WCS. Collected pore-waters were filtered through
a 0.45 µm Nylon membrane filter (with polypropylene housing), and stored frozen in
acid-washed polyethylene bottles. Previous work has shown that the WCS method
agrees well with other, lower-resolution, pore-water extraction techniques (i.e., cen-15

trifuging/sectioning, Rhizon-membrane sampling), for both inorganic and organic so-
lutes in the uppermost two cm (Lehmann et al., 2005; Thibodeau et al., 2010; Alkhatib
et al., 2011b). Nevertheless, WCS may have effects on the concentration of solutes
that are affected by adsorption or, as is probably the case with DON, which are liber-
ated due to cell fracturing at high pressures (Bender, 1987). Alkhatib et al. (2011b)20

have shown that below two cm depth, WCS-derived DON concentrations are artificially
elevated by the squeezing process and do not represent the natural pore water con-
dition. However, at and just below the sediment-water-interface (SWI), the agreement
between the different sampling methods is excellent, so that we can assume that WCS
data near the SWI provide reliable estimates on RDN concentrations and fluxes.25

Ex situ sediment incubation experiments were performed on intact multicores at sta-
tions 16 and 23 to assess nitrate concentration and nitrate N isotope changes in the
overlying water due to benthic N elimination. Immediately upon recovery, two cores
from each station were incubated in the dark at 4 ◦C as described by Hulth et al. (1994).
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A Plexiglas lid, equipped with a rubber O-ring, a magnetic stirring bar, and two Teflon
valves for sampling, was fitted on the top of each core liner, leaving about 11 cm of am-
bient bottom water between the lid and the sediment surface. Care was taken to avoid
trapping any air bubbles under the lid. At regular intervals, 10-ml water samples were
drawn into a plastic syringe and filtered through a Nalgene 0.2 mm cellulose acetate5

membrane filter. The water removed during sampling was replaced by an equivalent
volume of bottom water of known composition and oxygen concentration. Samples
were stored frozen in acid-washed polyethylene bottles.

2.2 Total and dissolved inorganic nitrogen concentrations

NOx (NO−
3 and NO−

2 ) concentrations from pore water samples were determined by re-10

duction to nitric oxide (NO) in a solution of acidic vanadium (III), followed by chemilumi-
nescent detection of the NO using an Antek Model 7020 Nitric Oxide Analyzer (ANTEK
Instruments, Houston, TX), with a precision of ±0.1 µmol l−1 (Braman and Hendrix,
1989). [NH+

4 ] from pore water samples was determined using standard colorimetric
autoanalyzer techniques using a Braan and Luebbe autoanalyzer, with a precision and15

a detection limit of ∼0.25 µmol l−1. TDN concentrations were determined by transform-
ing all N containing compounds to NO−

3 by persulfate oxidation (Solorzano and Sharp,
1980; Knapp et al., 2005), followed by chemiluminescent detection of the NO−

3 (Braman
and Hendrix, 1989). [TDN] was corrected for any blank contribution from the persulfate
oxidation reagent (on average < 3 µmol l−1), accounting for sample dilution. To test the20

oxidation efficiency of the persulfate reaction, we have measured a batch of urea and
ammonia standards (10 µmol l−1, n= 10), as well as mixed ammonia/urea standards
(10 µmol l−1, n= 10). The total yield was always in the range of 99 to 103 %. Am-
monium and dissolved organic N are treated together as reduced dissolved nitrogen
([RDN]), which we calculate here as the difference between [TDN] and [NOx].25
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2.3 Nitrogen isotope ratios

N isotope measurements of nitrate were performed using the denitrifier method of Sig-
man et al. (2001). Briefly, 20 nmoles of sample nitrate are quantitatively converted
to nitrous oxide (N2O) by denitrifying bacteria that lack active N2O reductase (Pseu-
domonas chlororaphis, ATCC 43928). N2O is stripped from the sample vial using5

helium as carrier gas, purified, and analyzed for its N isotopic composition with a Mi-
cromass Isoprime™ isotope ratio mass spectrometer in continuous flow mode. Blank
contribution was generally lower than 0.3 nmol (as compared to 20 nmol of sample
N). Isotope values were calibrated using IAEA-N3 and USGS-34, international KNO3

reference materials with assigned δ15N values of +4.7 ‰ and −1.8 ‰, respectively10

(Gonfiantini et al., 1995). N isotope ratios are reported in the conventional δ-notation
with respect to atmospheric dinitrogen:

δ15N= [Rsample/RStandard−1] ·1000 (1)

where R represents the 15N/14N ratio. On the basis of replicate measurements of labo-
ratory standards and samples, the analytical precision for δ15N was generally <±0.2 %15

(1 SD).
The δ15N of TDN was determined by peroxidation of the TDN to NO−

3 (see above),
followed by N isotope analysis with the denitrifier method (Knapp et al., 2005; Bourbon-
nais et al., 2009). TDN-δ15N was corrected for the blank contribution. IAEA-N1 (0.4 ‰)
and IAEA-N2 (20.3 ‰) ammonium standards were oxidized and analyzed with each20

denitrifier run as a quality control. Replicate measurements of the standards yielded
reproducible (±0.2 ‰) and accurate results (within 0.2 ‰ for IAEA-N1 and 0.7 ‰ for
IAEA-N2). A secondary “ammonium standard” correction has been applied accounting
for the slight N isotope scale compression. The δ15N of RDN was then approximated
according to the equation:25

δ15NRDN = (δ15NTDN · [TDN]−δ15NNO−
3
· [NO−

3 ])/[RDN]. (2)
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3 Results

3.1 Dissolved nitrogen concentration profiles

Pore water nitrate and nitrite (referred to as nitrate in the discussion of this paper; nitrite
in the upper portion of the profiles, near the SWI was always below detection levels)
and ammonium concentration profiles in the sediments along the Laurentian Channel5

are presented in Fig. 2. Pore water DIN concentrations and fluxes are discussed in
detail in Thibodeau et al. (2010). In brief, nitrate concentration profiles display sharp
negative gradients from the SWI down to 2–3 cm depth at most stations, except at
Sta. 16 where a subtle subsurface NO−

3 maximum can be discerned. In some cores,
nitrate concentration increased slightly at depth, but it is likely that these concentration10

changes were due to WCS artefacts at high pressures in the lower segments of the
WCS core (Lehmann et al., 2005). The negative nitrate concentration gradients indi-
cate that sediments were, in general, a net nitrate sink. Only at Sta. 16, did nitrate
production by nitrification exceed nitrate consumption. Diffusive fluxes of nitrate calcu-
lated by Thibodeau et al. (2010) (using the same concentration profiles) were highest in15

the Lower Estuary (130–190 µmol m−2 d−1), while lowest fluxes were found in the Gulf
(95–110 µmol m−2 d−1). Based on Thibodeau et al. (2010) and Crowe et al. (2011),
70–90 % of the nitrate that was reduced (either by denitrification or by anammox) orig-
inated from organic N remineralization and nitrification. Ammonium in pore water gen-
erally displayed an increasing concentration trend with depth, yet, the concentrations20

remained relatively low within the first 6 cm (< 25 µmol l−1). Pore water [NH+
4 ] dropped

to zero-levels in the oxic-suboxic transition zone, due to oxidation of ammonium to ni-
trate (nitrification). However, at some sites, incomplete nitrification within the suboxic-
oxic transition zone resulted in the efflux of ammonium from sediments (e.g., Sta. 20
and 21). Clear hydrochemical evidence for anaerobic ammonium oxidation (i.e., deple-25

tion of NH+
4 below the redox transition) was not observed, yet a recent study by Crowe

et al. (2011) suggests that potential anammox can contribute as much as one third to
the total DIN elimination in the Lower Estuary. TDN concentrations in the water column
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were ∼ 35 µM, with the dominant TDN fraction being NOx (∼ 25 µM). Just below the
SWI, the rapid decrease in [NO−

3 ] resulted in a TDN minimum of ∼ 25 µM. With depth
in the sediments, pore water [TDN] increased in a quasi-linear fashion to 80–160 µM at
4–6 cm depth. Below 2–3 cm, RDN comprises essentially all TDN. RDN, in turn, con-
sists to the larger part of DON (Figs. 2 and 4; DON concentrations are calculated as the5

difference between RDN and NH+
4 (not shown here); Alkhatib et al., 2011b). Compari-

son with pore water RDN data obtained using Rhizon sampling (Alkhatib et al., 2011b)
show that, in spite of a very good agreement in the uppermost sediment column, below
2 cm sediment depth, WCS-derived DON concentrations were up to three-fold higher
than concentrations derived using Rhizon membranes. This seems to be consistent10

with the liberation of DON during cell rupture at high WCS pressures, confirming previ-
ous studies that demonstrated that WCS has a biasing effect on DOM concentrations
(and likely on the N isotope ratios) below a certain depth (Martin and McCorkle, 1993).

3.2 Nitrate 15N/14N in bottom water and pore water

The δ15N of bottom water nitrate followed a decreasing trend from the Lower Estu-15

ary to the East. The δ15N was 7.2 ‰ and 6.3 ‰ at the hypoxic stations 25 and 23,
respectively, and decreased towards the more oxygenated locations (mean value of
5.9 ‰ at Sta. 22, 21 and 20), with lowest values (∼ 5 ‰) in the Gulf (Fig. 3, Table 2).
The observed trend seems to be representative not only for the near-bottom waters but
for the complete water masses below the thermocline, as indicated by water column20

nitrate δ15N profiles presented in Thibodeau et al. (2010). Hence, it provides putative
evidence for along-channel variations in the basin-scale impact of N isotope effects of
benthic N-cycle reactions on the deep-water column along the Laurentian Channel.

The distribution of nitrate 15N/14N in pore water was similar for all stations: at some
point below the SWI the δ15N−NO−

3 increases as [NO−
3 ] decreases with depth (see25

Fig. 3), with maximum δ15N−NO−
3 of ∼11 to 25 ‰ in the deeper sediments (between 2

and 3 cm). Nevertheless, the δ15N−NO−
3 gradients across the SWI varied significantly.
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While in the Lower Estuary (Sta. 25 to 20), the pore water δ15N−NO−
3 increased right

below the SWI, sediment pore water δ15N−NO−
3 profiles in the Gulf (Sta. 19, 18, 16)

did not show clear changes with depth in the uppermost few mm below the interface,
especially not at Sta. 16 (see Fig. 3), where nitrate production is evidenced by a [NO−

3 ]
maximum at 0.7 cm.5

3.3 Sediment-water nitrate 15N/14N flux and the apparent N isotopic effect (εεεapp)

Rather than discussing the hydrochemical and biological constraints on the biological
N isotope effects of denitrification, εcell, here we focus on the expression of the endo-
sedimentary N isotope fractionation in the above-lying water column, quantified as the
apparent nitrate N isotope effect of benthic nitrate elimination εapp. εapp can be directly10

derived from the δ15N−NO−
3 of the net nitrate flux. We have calculated the latter using

[NO−
3 ] and δ15N−NO−

3 pore water profiles, following Lehmann et al. (2007). We deter-

mined the net fluxes of 14NO−
3 and 15NO−

3 (F14NO−
3

and F15NO−
3
, respectively) from the

measured concentration gradients (∆C/∆z) across the SWI (first derivative at z= 0 of
the exponential or linear fits to the upper portion of profiles). Assuming same diffusion15

coefficients for 15NO−
3 and 14NO−

3 , the δ15N−NO−
3 of the nitrate flux is independent of

the molecular diffusivities and can be calculated as

δ15NFlux NO−
3
= [(∆15NO3/∆

14NO3)∆z/RAIR−1] ·1000, (3)

where ∆ refers to the concentration gradients and RAIR is the 15N/14N ratio of atmo-
spheric nitrogen (RAIR = 0.003677). The δ15N−NO−

3 of the nitrate flux relative to the20

diffusive-source δ15N−NO−
3 then corresponds to εapp (i.e., it is quantified as the differ-

ence between the bottom water nitrate δ15N and the δ15N of the benthic nitrate flux). At
all stations, the nitrate drained from the bottom water was only slightly more depleted
in 15N (i.e., lower δ15N−NO−

3 ) than the bottom water NO−
3 , and εapp ranged from 1.3 to

2.9 (Table 2). εapp was highest in the hypoxic portions of the Lower Estuary (Sta. 2525
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and 23) and at Sta. Anticosti in the Gulf, and decreased eastward along the LC (see Ta-
ble 2). The ex-situ incubation experiments confirm that the general under-expression
of the N isotope fractionation during benthic N-elimination observed in other coastal
and pelagic marine environments also applies to the sediments of the St. Lawrence
Estuary (Fig. 4). While a significant increase in δ15N−NO−

3 in association with decreas-5

ing [NO−
3 ] could be discerned at Sta. 23 (Fig. 4), the incubation-based εapp values for

replicate experiments were still < 2 ‰ (also confirming the validity of the pore water
profile-based approach to determine εapp). The increase in δ15N−NO−

3 in the core
incubations does not follow clear Rayleigh dynamics (i.e., no logarithmic increase of
the δ15N with decreasing nitrate concentrations), and at some time points, a decline in10

δ15N−NO−
3 could also be observed, suggesting the gross efflux of 15N-depleted DIN.

At Sta. 16, the net NO−
3 flux is close to zero and if at all, a negative N isotope effect was

observed (i.e. efflux of low- δ15N−NO3), at least towards the end of the incubations.

3.4 15N/14N of the total and reduced dissolved N fluxes (εεεsed)

δ15N-TDN in the bottom waters was dominated by the nitrate δ15N, and ranged be-15

tween 4 and 7 ‰, with the higher values at the hypoxic locations (∼ 7 ‰) and more
15N-depleted values in the Gulf stations (4.3–5 ‰) (Fig. 5, Table 2). Below the SWI, as
[NO−

3 ] decreased and [RDN] increased, the δ15N-TDN was dominated by the N isotopic

composition of ammonium and DON (i.e., RDN). The δ15N-RDN ranged between 2 ‰
and 6 ‰ in the bottom waters and generally increased with depth and concentration to20

values between 5 and 10 ‰ at 2 cm depth (Fig. 5). At Sta. 25 and to a lesser extent
at Sta. 23, Sta. 22, and Sta. 21 this change with depth was relatively minor. The dif-
ference between the δ15N-TDN in the bottom water column and that in the pore water
(which is the master factor in determining the overall N isotope exchange) seems to
increase eastwards along the LC. Using the RDN isotope data in the upper 2 cm of the25

sediments (i.e., down to a depth which is not affected by WCS artefacts), analogous
to the use of nitrate N isotope data above to calculate εapp, we calculated the RDN N
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isotope flux across the SWI. The RDN N isotope flux was then combined with the ni-
trate N isotope flux from above to yield estimates of εsed, the overall N isotope effect of
benthic DIN removal. We found that the εsed values were in the same range, or slightly
higher than, the εapp values for all the St. Lawrence Estuary and Gulf stations, yet all
of them were <7 ‰ (see Table 2).5

4 Discussion

4.1 The distribution of the nitrate and TDN 15N in sediment pore waters

The inverse correlation between nitrate δ15N and [NO−
3 ] suggests that nitrate consump-

tion within the sediments occurs with a significant intrinsic (or biologic) N isotope effect,
which results from the discrimination against 15N by nitrate-reducing bacteria. Although10

not completely adequate to describe nitrate N isotope fractionation within sediment
pore waters (Lehmann et al., 2007), the biological N isotope effect εcell of net nitrate
consumption can be approximated assuming Rayleigh model dynamics: the slope of
the linear regression between δ15N−NO−

3 vs. ln[NO−
3 ], yields estimates of the biolog-

ical N-isotope fractionation during nitrate consumption in the sediments (εcell Rayleigh)15

(Mariotti et al., 1981). εcell Rayleigh ranged between 3 ‰ and 7 ‰ in the St. Lawrence
estuarine and Gulf sediments (Fig. 6), within the lower range of the values reported for
deep-sea sediments in the Bering Sea (between 4 ‰ and 17 ‰). N elimination in St.
Lawrence Estuary sediments is dominated by nitrification-denitrification coupling (Thi-
bodeau et al., 2010; Crowe et al., 2011), and diffusive supply of water-column nitrate20

for denitrification plays a lesser role. While sediments in general violate one of basic
assumptions of a closed-system model, leading to underexpression of the biological N
isotope effect when calculating εcell Rayleigh (Lehmann et al., 2003, 2007), the produc-

tion of 15N-depleted nitrate from nitrification may be particularly efficient in dampening
the actual nitrate 15N enrichment with respect to a given nitrate deficit. Furthermore,25

physiological effects may play a certain role in keeping εcell at low levels (e.g., low
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substrate availability at the active denitrification site; Lehmann et al., 2007).
At most stations, we observed a decrease of the δ15N-RDN from ∼ 2 cm sediment

depth towards the SWI (see Fig. 5d). In accordance with observations by Prokopenko
et al. (2006) in marine sediments of the Eastern Subtropical North Pacific and the
Santa Barbara Basin, the δ15NRDN at the deeper end of this depth segment matches5

the δ15N of sediment POM (±0.5 ‰) (except at Sta. 23 where the average pore water
δ15N-RDN was significantly higher than δ15NPOM), suggesting the liberation of N during
POM remineralization without significant N isotope fractionation. The cause for the 15N
depletion of RDN in the subsurface pore water (and ultimately in the RDN/DON pool
in the water column) is unclear. The observed decrease in δ15NRDN implies a source10

of low-δ15N DON just below the SWI. A low-δ15N ammonium source is unlikely, as al-
most complete consumption of ammonium would produce RDN 15N-enrichment rather
than 15N-depletion. Urea can be a major nitrogen excretion product from bacteria in
marine sediments (Lomstein et al., 1989; Pedersen et al., 1993; Sloth et al., 1995),
which could, if depleted in 15N, contribute to the observed δ15N decrease in the pore15

water RDN just below the SWI where bacterial respiration rates are high. Alternatively,
bacterial uptake of DON could have caused the observed decrease in δ15NRDN, if pref-
erential incorporation of high-δ15N DON into bacterial biomass occurs. Given the work
of Macko and Estep (1984), the partitioning of DON during bacterial DON assimilation
into a “lighter” ammonium and a “heavier” PON pool is indeed plausible. While we can20

only speculate about the exact controls on the pore water δ15NRDN trend, it is evident
that the bulk pore water RDN pool in the upper two cm of the sediment column has still
a slightly higher δ15N than the RDN in the water column, implying that the sediments
are a source 15N-enriched RDN.

4.2 Controls on the nitrate N isotope εεεapp effect during nitrate removal25

As discussed in the previous section, net denitrification in the St. Lawrence estuar-
ine sediments was associated with a substantial biological N isotopic fractionation at
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the cell-level, leaving the residual pore water nitrate pool enriched in 15N. A signifi-
cant water column nitrate deficit (N∗ ∼−10 µmol l−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 attributed to benthic denitrification (see Table 1 for
rates), is not associated to any significant nitrate N isotope effect in the water col-5

umn. Hence, as has been described for other marine environments (Brandes and
Devol, 1997; Lehmann et al., 2004, 2007), the biological N isotope fractionation, as
evidenced by strong nitrate δ15N gradients within the sediment pore water, appears to
be suppressed at the scale of sediment water nitrate exchange also in these estuarine
sediments of the Laurentian Channel. The calculated εapp values quantify the degree10

of under-expression and, in agreement with reports from other marine benthic environ-
ments (Brandes and Devol, 1997; Sigman et al., 2003; Lehmann et al., 2004, 2007),
range between 1 and 3 ‰. That is, albeit extensive NO−

3 removal within the sediment

pore water pool (Thibodeau et al., 2010; Table 1), and in spite of the strong nitrate 15N
enrichment associated with the nitrate removal, the δ15N−NO−

3 in the bottom water15

barely increased. Based on previous work by Brandes and Devol (1997) and Lehmann
et al. (2004, 2007), we attribute the apparent suppression of the biological N isotope
effect to the limited diffusive NO−

3 supply to the site of denitrification in the sediment,

and/or the gross production of 15N depleted nitrate through incomplete nitrification of
pore water ammonium.20

Although the spatial changes in εapp are subtle, it appears that higher εapp values
were generally found in the Lower Estuary at stations that exhibit the highest sedimen-
tary OM reactivity and that are overlain by the least oxygenated (hypoxic) bottom water
along the LC (See Table 2; Alkhatib et al., 2011a). Relatively low εapp values were de-
termined for the Gulf sediments (e.g., Sta. 16), which are characterized by the least OM25

reactivity and high bottom water [O2]. The general under-expression of εcell along the
LC (εapp ≤ 3 ‰) appears to be related to the supply and consumption of nitrate within
the denitrification zone under diffusion limitation. In particular, the reactivity of the OM
and the bottom water oxygenation may both affect the oxygen penetration depth (OPD)
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and, hence, the nitrate gradient across the SWI, as well as the corresponding diffusive
nitrate flux. As the denitrification zone is forced deeper into sediments, the diffusive
transport of nitrate to the denitrification zone is decreased, and it is less likely that εcell
is expressed in the water column. As the denitrification zone shifts closer to the sed-
iment surface, due to a lowered OPD (e.g., in a more reactive benthic environment),5

denitrifiers will consume nitrate from a larger nitrate pool, enhancing the expression of
εcell at the scale of sediment-water solute exchange (Lehmann et al., 2007). OPD, and
hence the depth of the denitrification zone, has been identified as the main constraint
on εapp, thru its direct control on the nitrate pool size at the depth where denitrification
occurs (Lehmann et al., 2007). We found a good correlation between εapp and OPD10

(r2 = 0.66, n= 6; Fig. 7a), and a significant inverse correlation between the overlying
bottom water δ15N−NO−

3 and OPD (r2 =0.82, n=6; Tables 1 and 2). Hence our obser-
vational data seem to confirm previous model-based results by Lehmann et al. (2007),
which indicate close links between εapp, OPD, and the depth of denitrification.

The significant correlation between OM reactivity (quantified as Chlorin Index; data15

from Alkhatib et al., 2011a) and εapp along the LC (r2 = 0.52, n= 9; Fig. 7b) further
suggests that OM reactivity has a significant influence on εapp at low levels by mod-
ulating OPD, ammonium production, and thus nitrate availability. Rates of dissolved
oxygen consumption during ex situ whole-core incubations (Thibodeau et al., 2010;
see Table 1), indicate highest OM mineralisation at the most reactive Sta. 25 and Sta.20

23 (average ∼ 5400 µmol m−2 d−1), while lower values were reported for stations that
exhibit lower OM reactivity in the Gulf (average ∼ 4000 µmol m−2 d−1). Again, a higher
OM reactivity reduces the thickness of the oxic zone, which causes the nitrification-
denitrification zone to shallow. Under low OM reactivity conditions, the redox-transition
and the active denitrification zones are more distant from the SWI, and as a conse-25

quence, denitrification is strongly diffusion-limited leading to minimal εapp values. In
such a low-reactive environment it is also possible that nitrification rates can exceed net
denitrification (Berelson et al., 1990). For example, at Sta. 16 the sediments represent
a source of nitrate (Table 1). Partial nitrification of upward diffusing and regenerated
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ammonium produces 15N-depleted nitrate, which can compensate any nitrate 15N en-
richment to the point that the nitrate δ15N gradient across the SWI is significantly low-
ered or even reversed. That the LC sediments can in fact be a source of 15N depleted
NO−

3 is confirmed by the ex-situ incubation experiments (Fig. 4). Phases during the ex-

periments could be observed where the δ15N−NO−
3 in the supernatant decreases while5

the [NO−
3 ] increases, implying the efflux of low δ15N−NO−

3 from incomplete nitrification
close to the SWI.

4.3 The total sedimentary N isotopic effect εεεsed

Our results suggest that nitrate remineralization/nitrification can partially offset the 15N
enrichment by denitrification, by reducing or even reversing nitrate δ15N gradients at10

the SWI. Another more direct effect of remineralization on the N isotope composition
of the water column TDN can result from the actual NH+

4 and DON efflux from the
sediments into the bottom water. For example, as low δ15N−NO−

3 is produced from

partial nitrification, 15N-enriched ammonium is left behind and may escape to the wa-
ter column, increasing the overall N isotope effect of benthic N cycling (Lehmann et al.,15

2007). As a consequence, while the N-isotopic fractionation during nitrification may
reduce εapp it can increase εsed, and we suggest this is the case in our sites. At some
of the stations, the [NH+

4 ] was not zero at the SWI, and NH+
4 fluxes out of the sedi-

ments, propagating any N isotope signatures that result from partial nitrification into
the water column. Calculated εsed values from sediments along the LC varied between20

1.5 ‰ and 6.7 ‰, and εsed seemed to increase eastward along the LC (i.e., lower εsed
values were observed for the Lower Estuary, while rather high values were found in
the Gulf; see Table 2). The εsed values are, on average, higher than the εapp values.
The elevation of εsed over εapp at most LC stations (particularly to the east) can be
explained by the efflux of RDN into the water column, which has, at most stations,25

a higher δ15N than the water column RDN pool. One would expect that OM remineral-
ization (and associated N-isotope fractionation) and the δ15N of the source OM, as well
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as the degree to which nitrification of mineralized NH+
4 by bacteria is complete is a ma-

jor determinant of εsed. Indeed, εsed correlates significantly with both CI (r2 = 0.65,
n= 8; Fig. 7c) and DO in the bottom water (r2 = 0.76, n= 8; Tables 1 and 2). εsed also
correlates with the oxygen penetration depth in sediments (r2 = 0.76, n= 6; Fig. 7d),
as well as with the oxygen exposure time (r2 = 0.57, n= 5; Tables 1 and 2), suggest-5

ing that, as with εapp, OM reactivity and oxygen concentration play a significant role
in controlling the combined isotope effects of benthic N-cycle processes on the water
column TDN pool. As mentioned earlier, the efflux of high δ15N−NH+

4 , can by itself
raise εsed values. However, it is important to note that, as the NH+

4
15N-enrichment

in the pore water NH+
4 pool must be paralleled by the production of low-δ15N nitrate,10

isotope fractionation during nitrification only increases εsed if new, low δ15N−NO−
3 , is

directly denitrified (coupled nitrification-denitrification), and the NH+
4 is not completely

oxidized within the sediments. Granger et al. (2011) found a significant direct relation-
ship between the efflux of ammonium from Bering Sea Shelf sediments and the water
column δ15N−NO−

3 . Similarly, Brandes and Devol (1997) found that the δ15N−NH+
415

that diffused out of the sediments of Puget Sound was on average 4.5 ‰ heavier than
both that of source organic matter within the sediments and the overlying water NO−

3 .
It could be hypothesized that εsed is a function of the ammonium efflux ratio (i.e., the
ratio between NH+

4 remineralization and NH+
4 efflux; Lehmann et al., 2004) in the LC,

as was proposed for the Bering Sea shelf (Granger et al., 2011). However, at most of20

our sites, NH+
4 appeared to be quantitatively oxidized within the sediments, and where

NH+
4 flux was observed, εsed was not particularly high (e.g., Sta. 21). Hence, we argue

that it is the amount and N isotopic composition of the effluxing DON that represent
the most important constraints on εsed. Interestingly, εsed was highest where surface
sediment OM δ15N values were also highest (see Table 1).25

11706

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/11689/2011/bgd-8-11689-2011-print.pdf
http://www.biogeosciences-discuss.net/8/11689/2011/bgd-8-11689-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
8, 11689–11723, 2011

The isotope effect of
benthic N cycling

M. Alkhatib et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

4.4 Implications for the marine N-isotope budget

εsed approximates the difference between the δ15N of all reactive N in the water col-
umn and the δ15N of N lost by suboxic N2 production, and thus, understanding εsed,
more than εapp, is critical for N isotope budgets (Lehmann et al., 2007; Granger et al.,
2011). Lehmann et al. (2007) have simulated environmental scenarios where εsed can5

be up to 5 ‰ (when coupled nitrification-denitrification is associated with a flux of NH+
4

out of the sediments). While they did not include DON in their N isotope flux calcu-
lations, their scenario of intermediate OM reactivity and intermediate oxygenation of
bottom water reflects well the environmental conditions along the LC, and the agree-
ment between modelled and observed values of εsed and εapp is remarkably good (see10

Table 2). Moreover, using a different approach, Granger et al. (2011) estimated that the
N isotopic effects of sedimentary nitrification-denitrification coupling on the Bering Sea
Shelf water column (derived from the δ15N of surface sediments with respect to the
reactive N deficit in the water column) ranged between 6 ‰ and 8 ‰. The weak cou-
pling between nitrification and denitrification in the Bering Sea shelf allowed for large15

amounts of ammonium-N to escape consumption inside the sediments, which resulted
in such high εsed values. From the global N-isotope balance perspective, the degree
to which N isotope fractionation due to benthic N elimination, the main N sink in the
oceanic N cycle, finds its expression in the water column is of fundamental importance.
Our data reveal that the biological N isotope effect of estuarine benthic N elimination is20

highly suppressed, confirming observations from other benthic environments (Brandes
and Devol, 2007; Lehmann et al., 2004, 2007; Granger et al., 2011). However, both
εsed and εapp can be significantly different from zero, and can vary as a function of
the sediment reactivity and bottom water oxygenation. The conditions along the LC,
especially in the Gulf of St. Lawrence can be considered representative of coastal and25

continental shelf environments where most of the global sedimentary denitrification oc-
curs. Given the mean ocean DIN δ15N of approximately 5.5 ‰ and an the input of N
through N2 fixation with a δ15N of −2–0 ‰, a globally applicable εsed value of 5 ‰ (as
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calculated using our field data) or even higher (Granger et al., 2011) would indicate that
essentially all denitrification occurs within the benthic environment, leaving little space
for water column denitrification with a significantly higher N isotope effect (according to
the approach by Brandes and Devol, 2002). Such a large attribution of benthic deni-
trification to the global N loss is not considered in current observations (Brandes and5

Devol, 1997; Fennel et al., 2006), and would imply that global N loss by far exceeds
global N inputs, yielding a completely imbalanced N budget. While our observational
data now confirm that εsed values of 5 ‰ and greater are possible, benthic denitrifica-
tion must occur to large parts with a lower εsed, for example in deep see sediments,
where the average εsed is assumed to be ∼2 ‰ (Lehmann et al., 2007).10

5 Conclusions

Independent of the sedimentary OM reactivity and bottom water [O2] regimes, the bio-
logical nitrate N isotope effect is significantly under-expressed at the scale of sediment-
water nitrate exchange. This observation, for the first time made in an estuary, is in
agreement with findings from other marine environments (Brandes and Devol, 1997;15

Lehmann et al., 2004, 2007), underscoring that a low εapp applies to a wide spec-
trum of environmental conditions. We conclude that sediment OM reactivity and [DO]
in bottom water interact to yield a low nitrate supply to the denitrification zone inside
the sediment, so that diffusion limitation will keep the εapp < 3 ‰. Nevertheless, subtle
but consistent changes in εapp were discerned along the LC, with putative links to bot-20

tom water oxygenation and sediment OM reactivity. Hence, our observational data are
consistent with recent model results that point to OM reactivity and the O2 penetration
depth as important controls of the nitrate N isotope exchange between the sediments
and the overlying water column (Lehmann et al., 2007).
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We have analyzed the patterns in εsed for the first time in the context of N isotopic
measurements of reduced dissolved N species (DON+NH+

4 ). The values of εsed ap-
proximate the difference between the δ15N of reactive N in the water column that is
ultimately lost in sediments through suboxic N2 production and the δ15N of the lost
N2. Thereby, they consider the coupling between remineralization, nitrification, and5

denitrification (and other N transformations not explicitly addressed here; e.g., anam-
mox). Previous work has not included the DON flux from the benthic environment in
εsed calculations, on the basis that DON remineralization does not add substantially to
the reactive water column N pool. While we agree that the mean oceanic N pool con-
sists of DON that is of rather refractory nature (Knapp et al., 2005; Bourbonnais et al.,10

2009), we argue that the inert character of the water column DON pool does not pre-
clude that a dominant fraction of DON that fluxes out of marine sediments undergoes
rapid oxidation and adds to the oceanic DIN pool. As a consequence, we emphasize
here that DON fluxes need to be included in εsed calculations and conclude that OM
remineralization can modulate the overall N isotope effect of benthic N elimination. As15

we did not distinguish between NH+
4 and DON, we can only speculate on the reason for

a generally low δ15N of the RDN in both the water column and the sediment porewa-
ters, as well as processes that determine the RDN efflux. Future work should directly
address the N isotopic impact of sediment/water ammonium versus DON fluxes. Our
data clearly show that the flux of RDN out of the sediments is consistently enriched in20
15N with respect to the water column RDN pool, most often elevating εsed over εapp. In
agreement with previous model simulations (Lehmann et al., 2007), our observational
data indicate that the degree of under-expression of the biological N isotope effect
of sedimentary N-elimination seems to be a function of the environmental conditions
(bottom water oxygenation and oxygen penetration depth in particular), and also of the25

reactivity and δ15N of the sedimenting OM. These parameters all modulate the amount
and the δ15N of the regenerated N that is ultimately denitrified. The variability in εsed
within a range of 4.6±2.5 ‰ observed for the St. Lawrence system is consistent with
previous projections of a mean global εsed value on the order of 4 ‰ (Lehmann et al.,
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2007). Nevertheless, these values of εsed are larger than previously assumed, and
result in inconsistencies with current N isotope budgets, because they imply a greater
sediment-to-water column denitrification ratio and, thus a greater overall imbalance in
the global N budget than currently considered.

Acknowledgements. We thank the captain and crew of the RV Coriolis II. S. Ringuet and5

G. Chaillou are thanked for their help with on-board core incubations M. Alkhatib acknowl-
edges financial support through a GEOTOP research center scholarship. Discovery and ship-
time grants from the Natural Sciences and Engineering Research Council of Canada (NSERC)
to M. F. L. made this study possible.

References10

Alkhatib, M., Schubert, C. J., del Giorgio, P., Gelinas, Y., and Lehmann, M. F.: Organic matter
reactivity indicators in sediments of the St. Lawrence Estuary, Est. Coast. Shelf S., submitted,
2011a.

Alkhatib, M., del Giorgio, P., Gelinas, Y., and Lehmann, M. F.: Benthic dissolved nitrogen and
carbon fluxes and selective organic matter degradation in the St. Lawrence Estuary, Est.15

Coast. Shelf S., Geochem. J., in prep., 2011b.
An, S. and Gardner, W. S.: Dissimilatory nitrate reduction to ammonium (DNRA) as a nitrogen

link, versus denitrification as a sink in a shallow estuary (Laguna Madre/Baffin Bay, Texas),
Mar. Ecol.-Prog. Ser., 237, 41–50, 2002.

Bender, M., Martin, W., Hess, J., Sayles, R., Ball, L., and Lambert, C.: A whole–core squeezer20

for interfacial pore–water sampling, Limnol. Oceanogr., 32, 1214–1225, 1987.
Berelson, W. M., Hammond, D. E., O’Neill, D., Xu, X.-M., Chin, C., and Zukin, J.: Benthic fluxes

and pore water studies from sediments of the central equatorial North Pacific – nutrient
diagenesis, Geochim. Cosmochim. Ac., 54, 3001–3012, 1990.

Bourbonnais, A., Lehmann, M. F., Waniek, J. J., and Schulz–Bull, D. E.: Nitrate isotope anoma-25

lies reflect N2 fixation in the Azores Front region (subtropical NE Atlantic), J. Geophys. Res.,
114, C03003, doi:10.1029/2007JC004617, 2009.

Braman, R. S. and Hendrix, S. A.: Nanogram nitrite and nitrate determination in environmen-

11710

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/11689/2011/bgd-8-11689-2011-print.pdf
http://www.biogeosciences-discuss.net/8/11689/2011/bgd-8-11689-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007JC004617


BGD
8, 11689–11723, 2011

The isotope effect of
benthic N cycling

M. Alkhatib et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

tal and biological materials by vanadium (III) reduction with chemoluminescence detection,
Anal. Chem., 61, 2715–2718, 1989.

Brandes, J. A. and Devol, A. H.: Isotopic fractionation of oxygen and nitrogen in coastal marine
sediments, Geochim. Cosmochim. Ac., 61, 1793–1801, 1997.

Brandes, J. A. and Devol, A. H.: A global marine-fixed nitrogen isotopic budget: implications for5

Holocene nitrogen cycling, Global Biogeochem. Cy., 16, 1120, doi:10.1029/2001GB001856,
2002.

Burgin, A. J. and Hamilton, S. K.: Have we overemphasized the role of denitrification in aquatic
ecosystems? A review of nitrate removal pathways, Front. Ecol. Environ., 5, 89–96, 2007.

Cline, J. D. and Kaplan, I. R.: Isotopic fractionation of dissolved nitrate during denitrification in10

the eastern tropical North Pacific Ocean, Mar. Chem., 3, 271–299, 1975.
Codispoti, L. A., Brandes, J. A., Christensen, J. P., Devol, A. H., Naqvi, S. W. A., Paerl, H. W.,

and Yoshinari, T.: The oceanic fixed nitrogen and nitrous oxide budgets: Moving targets as
we enter the anthropocene?, Sci. Mar., 65, 85–105, 2001.

Crowe, S. A., Canfield, D. E., Mucci, A., Sundby, B., and Maranger, R.: Anammox, denitrification15

and fixed-nitrogen removal in sediments of the Lower St. Lawrence Estuary, Biogeosciences
Discuss., 8, 9503–9534, doi:10.5194/bgd-8-9503-2011, 2011.

Fennel, K., Wilkin, J., Levin, J., Moisan, J., O’Reilly, J., and Haidvogel, D.: Nitrogen cy-
cling in the Middle Atlantic Bight: results from a three-dimensional model and impli-
cations for the North Atlantic nitrogen budget, Global Biogeochem. Cy., 20, GB3007,20

doi:10.1029/2005GB002456, 2006.
Feuerstein, T. P., Ostrom, P. H., and Ostrom, N. E.: Isotopic biogeochemistry of dissolved

organic nitrogen: a new technique and application, Org. Geochem., 27, 363–370, 1997.
Gilbert, D., Sundby, B., Gobeil, C., Mucci, A., and Tremblay, G.: A seventy two year record of di-

minishing deep water oxygen in the St. Lawrence Estuary: the northwest Atlantic connection,25

Limnol. Oceanogr., 50, 1654–1666. 2005.
Gonfiantini, R., Stichler, W., and Rosanski, K.: Standards and intercomparison materials dis-

tributed by the IAEA for stable isotope measurements, IAEA–TECDOC–825, IAEA, Vienna,
1995.

Granger, J., Sigman, D. M., Lehmann, M. F., and Tortell, P. D.: Nitrogen and oxygen isotope30

fractionation during dissimilatory nitrate reduction by denitrifying bacteria, Limnol. Oceanogr.,
53, 2533–2545, 2008.

Granger, J., Prokopenko, M. G., Sigman, D. M., Mordy, C.W., Morse, Z. M., Morales, L. V.,

11711

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/11689/2011/bgd-8-11689-2011-print.pdf
http://www.biogeosciences-discuss.net/8/11689/2011/bgd-8-11689-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2001GB001856
http://dx.doi.org/10.5194/bgd-8-9503-2011
http://dx.doi.org/10. 1029/2005GB002456


BGD
8, 11689–11723, 2011

The isotope effect of
benthic N cycling

M. Alkhatib et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Sambrotto, R. N., and Plessen, B.: Coupled nitrification-denitrification in sediment of the
Eastern Bering Sea Shelf leads to 15N enrichment of fixed N in shelf waters, J. Geophys.
Res., 116, C11006, doi:10.1029/2010JC006751, 2011.

Hulth, S., Blackburn, T. H., and Hall, P. O. J.: Arctic sediments (Svalbard): consumption and
microdistribution of oxygen, Mar. Chem., 46, 239–316, 1994.5

Hulth, S., Aller, R. C., Canfield, D. E., Dalsgaard, T., Engström, P., Gilbert, F., Sundbäck, K.,
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Table 1. Sampling site characteristics along the Laurentian Channel: depth, oxygen concen-
tration in bottom water, oxygen penetration depth (OPD), and benthic fluxes of O2 and nitrate.

Sta. I.D. Depth Bottom water [O2]a OPDb O2 fluxa NO−
3 benthic fluxa NO−

3 diff. fluxa

(m) (µmol l−1) (cm) (µmol m−2 d−1) (µmol m−2 d−1)∗ (µmol m−2 d−1)†

25 290 65 1.15 −6410 −450 −130
23 350 63 1.66 −4300 −580 −140
22 321 70 N.D. N.D. N.D. −140
21 330 75 2.62 −3220 −250 −140
20 330 97 N.D. N.D. N.D. −130
19 370 108 3.26 −3750 N.D. −110
18 370 123 2.79 −4950 −130 −100
Anticosti 283 106 2.74 −4360 N.D. −130
16 420 197 N.D. N.D. N.D. 25

∗ from ex situ incubations
† based on concentration gradients
a from Thibodeau et al. (2010)
b from Alkhatib et al. (2011a)
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Table 2. Sedimentary bulk particulate OM characteristics, bottom water TDN and NO−
3δ

15N,
and benthic N isotope effects (εapp and εsed) along the Laurentian Channel.

Sediment POMa Bottom water
Sta. I.D. δ15N %N %Corg CN Chlorin δ15N-TDN δ15N−NO−

3 εapp εsed
Index (CI)∗

25 5.52 0.13 1.31 11.66 0.63 6.99 7.25 2.65 1.45
23 6.11 0.17 1.62 11.07 0.66 7.44 6.23 2.87 3.60
22 6.18 0.15 1.57 11.95 0.69 5.92 5.87 1.22 2.98
21 6.35 0.18 1.63 10.64 0.65 5.51 5.86 2.27 3.42
20 7.28 0.18 1.56 9.84 0.70 4.89 6.00 1.20 5.91
19 7.02 0.19 1.52 9.33 0.74 4.33 5.06 1.52 6.58
18 7.08 0.20 1.59 9.49 0.77 4.41 5.09 1.04 5.75
Anticosti 6.88 0.26 2.19 9.70 0.71 4.40 4.69 1.74 6.68
16 7.01 0.25 1.85 8.72 0.82 4.95 5.23 1.34 N.D.

∗ CI indicates OM reactivity (Schubert et al., 2005). The CI scale ranges from 0.2 for pure chlorophyll to approximately
1 for highly degraded OM.
a from Alkhatib et al. (2011a)
N.D.: not determined
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Fig. 1. 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 concentra-
tions. For absolute values of bottom water DO see Table 1.
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Fig. 2. Porewater nitrate and ammonium concentration profiles from locations in the
St. Lawrence Estuary and the Gulf of St. Lawrence.
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Fig. 4. NH+
4 and NO−

3 concentration and stable nitrate δ15N changes in the supernatant water
of ex situ whole-core incubations at Sta. 23 and Sta. 16.
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Fig. 5. Depth distribution of total dissolved nitrogen (TDN) (upper panels) and reduced dis-
solved nitrogen (RDN) (lower panels), and δ15N of TDN and RDN in porewater from sediments
in the St. Lawrence Estuary and the Gulf of St. Lawrence.
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Fig. 6. Change of the nitrate δ15N as function of the natural logarithm of the porewater nitrate
concentration. The slopes of the linear regression lines correspond to the nitrate N isotope ef-
fects of net nitrate consumption within the sediments (εRayleigh). For the St. Lawrence sediments
εRayleigh ranged between +3 ‰ and +7 ‰.
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Fig. 7. Correlation between εapp and (a) the Chlorin Index (CI) and (b) the oxygen penetration
depth (OPD), as well as between εsed and (c) CI and (d) oxygen penetration depth (OPD).
CI indicates OM reactivity (Schubert et al., 2005). The CI scale ranges from 0.2 for pure
chlorophyll to approximately 1 for highly degraded OM.
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