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Dissolved silicate (DSi), NHf, NO3 and PO3 ~ susceptibility to be exchanged between sediment pore waters and
overlying waters was evaluated in Jurujuba Sound (JS station) and Coroa Grande Sound (CGS station), southeast-
ern Brazil. Sedimentary elemental (C, N and P) and isotopic (6'>C and §'°N) compositions evidenced stronger an-
thropogenic fertilization in JS station. Net NO3" influxes from overlying waters occurred, which was two orders of
magnitude higher under the more fertilized condition. This condition resulted in 6-13-times higher net effluxes
of NHZ, DSi and PO3 ~ to overlying waters. Vertical alternation between production and consumption processes

{)(?r,:v‘(,)\,rizr in pore waters contributed for a more limited regeneration in CGS station. This was associated with diagenetic
Nutrients responses to sedimentary grain size variability in deeper layers and biological disturbance in upper layers. Nearly
Eutrophication continuous production of NHZ, DSi and PO3 ~ in pore waters implied in intensified susceptibility to remobiliza-
Diagenesis tion under the eutrophic condition of JS station.

Remobilization modeling

© 2016 Elsevier Ltd. All rights reserved.

The cycling of nutrients in coastal systems has been frequently af-
fected by anthropogenic fertilization, implying in coastal primary pro-
duction fueling (Fisher et al., 2006; Carstensen et al., 2011) and
elevated nutrient accumulation within sediments (Church et al., 2006;
Borges et al., 2009). Nutrient regeneration to surface water from under-
lying sediments has been postulated as a factor that influence the coast-
al primary production if these elements are not efficiently removed
from pore waters by sorption and precipitation processes in the upper
sediment layers (Rozan et al., 2002; Ogrinc and Faganeli, 2006). This ev-
idences the importance of elucidating the nutrient behavior near the
sediment-water interface under different degrees of anthropogenic in-
fluences (Metzger et al., 2007; Warnken et al., 2008). In addition, the
modeling of nutrient production rates within pore water and exchange
rates with overlying water is an interesting tool to improve our capacity
to predict the nutrient regeneration responses to different environmen-
tal conditions (Glud et al,, 2009; Rigaud et al., 2013). Therefore, the nu-
trient release potential by diffusion from pore water to overlying water
for a discrete sampling time (or sequence of samplings), hereafter called
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as nutrient regeneration susceptibility, can be evaluated as modeled ef-
fluxes from pore waters.

This study evaluates the nutrient (N, P and silicate) net production
rates and effluxes from sediment pore waters in two areas with differ-
ent degrees of anthropogenic impact, located in the Rio de Janeiro
coast, southeastern Brazil. The Jurujuba Sound (JS) is located on the
eastern margin of Guanabara Bay (Fig. 1) and receives urban effluents
conveyed from a heavily urbanized drainage basin (Kjerfve et al.,
1997; Aguiar et al.,, 2013). In addition, there is a mussel (Perna perna)
cultivation area in this sampling site, which may contribute to the or-
ganic matter input to the sediments. This condition contrasts with that
observed in Coroa Grande Sound (CGS), Sepetiba Bay (Fig. 1), in
which lower nutrient loading occurs due to smaller urbanization of
the drainage basin than that affecting Guanabara Bay. CGS sampling sta-
tion is located in front of the mouth from a small river that is colonized
by a mangrove forest, as it is typical in Sepetiba Bay (Fig. 1). These sites
were chosen for a preliminary test of the hypothesis that the nutrient
regeneration susceptibility is affected by contrasting nutrient loadings.

The accentuated water quality degradation observed in the
Guanabara Bay is mainly due to emissions of sewage and industrial ef-
fluents (Kjerfve et al,, 1997; Aguiar et al., 2011). This resulted in govern-
mental initiatives to improve water quality (Kjerfve et al., 1997),
although this improvement may be partly dependent on the intensity
of nutrient regeneration from Guanabara Bay bottom sediments
(Rebello et al., 1988). For Sepetiba Bay, enhancements of the sewage
loading derived from current expansions of harboring and industrial
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Fig. 1. Location of sampling stations within Coroa Grande Sound (CGS) and Jurujuba Sound (JS). The cities seen on the picture are Itaguai (CGS station) and Niter6i (]S station), Rio de
Janeiro State, southeastern Brazil. The main mangrove area (CGS station) and mussel cultivation area (JS station) cited in the text are highlighted.

activities in the drainage basin are expected for the next decades, in ad-
dition to historical concerns on metal pollution from industrial sources
(Molisani et al., 2004; Gomes et al., 2009). This work provides a compar-
ison of the nutrient susceptibility to undergo regeneration to overlying
water under the contrasting water quality and sedimentary conditions
from these bays, also allowing comparisons with future conditions of
nutrient loading.

Two replicate cores were collected from each site by diving at a
water column depth of ~2.5 m, using acrylic tubes (8 cm diameter,
50 cm length), between June (JS station) and July (CGS station), 2014.
These cores were transported to the laboratory under refrigeration
and processed within 2 h. Pore waters were sampled from one of the
replicate cores with a resolution of 1-cm depth intervals for the upper
5 cm and 2-cm depth intervals for deeper layers. The overlying waters
covering the sampled sediments and pore waters were retrieved using
Rhyzon® collectors (7 cm length, with an average pore diameter of
0.1 pm), inserted directly into the sediment through pre-drilled holes
along the acrylic tubes (Seeberg-Elverfeldt et al., 2005). The pre-
drilled holes used for overlying water sampling were ~5 cm above the
sediment-water interface. In order to prevent oxidation during
handling, all pore water samples were processed within a N,-filled
glove bag. The overlying and pore water samples were analyzed for
total alkalinity (TA) and dissolved NO3, NHZ, PO3 ™, sulfides (SH.S),
SO%~ and silica (DSi). In the glove-bag, 2 mL of each water sample
were placed in 5 mL amber vials for alkalinity analyses. Another sub-
sample of 1 mL was stored in a 2 mL Eppendorf tube containing
100 pL of a 5% Zn-acetate solution (Merck PA) for 3H,S analysis. Another
sub-sample of 1 mL was stored in 5 mL vials with 10 pL HCI for phos-
phate analysis. For sulfate and silica analyses, 1 mL sample was stored
in 2 mL Eppendorf tubes. All samples were stored at 4 °C. For NO3°

and NHjZ analyses, 4 mL sub-samples were kept frozen into 5 mL
amber vials.

Sediment solid phase characterization was performed using the sec-
ond replicate core, after slicing at a 1-cm resolution and storing in poly-
ethylene bags at 4 °C until processing. Determinations of grain size, total
organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and
stable isotopes signatures of TOC (6'3C) and TN (8'°N) were performed.
Sediment grain size was determined using a CILAS model 1064 particle
size meter, after calcium carbonate and organic matter removal, and
dispersion in sodium hexametaphosphate 4% (Loring and Rantala,
1992). TOC, TN, 8'3C and §'°N were determined using a PDZ Europa
ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope
ratio mass spectrometer, at the Davis Stable Isotope Facility, University
of California, USA. Total P contents in the sediments were determined
by colorimetry, according to Grasshoff et al. (1999), following the ex-
traction procedure from Aspila et al. (1976). Overlying water and pore
water TA was measured from a 2 mL sample by potentiometric Gran ti-
tration with 0.01 mol L~ HCl immediately after removal of vials from
the glove-bag. The NO3, NHZ, PO3 ~ and DSi concentrations were deter-
mined within 1 week by standard colorimetric methods (Gieskes et al.,
1991). 3H,S contents were determined by using the colorimetric meth-
od from Cline (1969), while SO~ concentrations were determined by
ion chromatography.

Kinetic modeling was performed to evaluate the nutrient suscepti-
bility to re-mobilization using the diffusion-based computer code
PROFILE (Berg et al., 1998). For this evaluation, the molar concentra-
tions of the studied chemical species in the overlying water and the mo-
lecular diffusion coefficients obtained from Li and Gregory (1974) were
used. Zero-order rates of pore water concentration production or con-
sumption (R,;) were estimated, which may range from negative values
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(meaning consumption) to positive values (meaning production). This
approach divides the results into discrete vertical zones, assuming the
absence of significant advective flux and considering that the system
is, at least, in a quasi-steady-state. The PROFILE output data include es-
timates of effluxes or influxes across the sediment-water interface and
depth-integrated R, estimates per sediment area. Although steady-
state assumptions may not be strictly valid for the shallow coastal
environments studied (e.g., due to biological disturbances — see
below), the use of this approach contributes for dimensioning nutrient
re-mobilization processes (Rigaud et al., 2013; Kleeberg and Herzog,
2014). The stated hypothesis on the nutrient loading influence was test-
ed applying the modeled nutrient effluxes data as regeneration suscep-
tibility estimates.

Sediment grain size and geochemical properties are presented in
Fig. 2. The ]S core was composed of fine-grained sediments, with negli-
gible sand contents (<1.1%) and silt content predominance (>80%). This
pattern of grain size composition occurred in the upper 16 cm depth of
the CGS core, but sand content had a higher importance below this
depth (up to 44%) for this core. Mean concentrations of TOC (5.07 vs.
1.26 mmol g~ '), TN (0.53 vs. 0.11 mmol g~') and TP (56.8 vs.
15.7 umol g~ ') were nearly 4-5-times higher in ]S station. The more
elevated nutrient concentrations observed for sediments from JS station
are within the ranges observed in previous studies in eutrophic sites at a
regional scale (Carreira and Wagener, 1998; Borges et al., 2009;
Monteiro et al., 2011). These sediments presented upward decreases
in TOC contents and C/N ratios, without clear depth variability for TN
and TP. Concurrent enhancements of TOC, TN and TP concentrations
were observed in the CGS station above the phase of coarser particles
accumulation, which were associated with upward accumulation of
more degradable organic matter, as inferred from lower C/N ratios.
The recent changes in the nutrient loading to Coroa Grande Sound sed-
iments may be attributed to anthropogenic input of sewage (Marinho
et al,, 2012), though at a comparatively low extent in relation to that
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The sediments from JS station had lower C/N ratios (averages =
9.5 vs. 12.2) and heavier signatures of !3C (averages = —20.5%
vs. —23.8%.), while lighter 6'°N signals were also observed in CGS
station (averages = 7.4%. vs. 6.5%.), with the exception of the two
deeper layers. This indicates higher accumulation of algal-derived
TOC and TN in JS station, as implied from phytoplankton primary
production stimulation in Guanabara Bay due to sewage input, be-
sides the possible contribution from organic matter derived from di-
rect sewage inputs (Kalas et al., 2009; Monteiro et al., 2011). These
effects of anthropogenic fertilization may explain the significant pos-
itive correlation of 8'3C with both 8'°N (r = 0.64; p <0.01) and C/N
ratios (r = 0.82; p < 0.001) observed for |S station. Under the less-
fertilized condition of CGS station, 6'3C values were negatively corre-
lated with both 8'°N (r = —0.49; p = 0.03) and C/N data
(r=—0.93; p<0.001), while higher sand contents were associated
with lighter 5'3C values and higher C/N ratios. These results suggest
higher contributions of terrestrial TOC (Meyers, 1994) during the
phase of coarser particles accumulation. An influence from the close-
ly located mangroves (Fig. 1) is expected for determining the organic
matter quality in CGS station, considering the typical large capacity
of mangrove systems to produce and export organic matter
(Marinho et al., 2012; Sanders et al., 2010). This can contribute to ex-
plain the simultaneous subsurface increases in sand content and ter-
restrial organic matter isotopic signature (below 16 cm depth),
probably corresponding to a period of stronger hydrodynamics.

The JS station presented variations in pore water NO3™ concentra-
tions (13.7 to 47 umol L~ 1), while large and nearly continuous NHJ en-
richments (from 430 to 1960 pumol L™ ') occurred with depth increase
(Fig. 3). The observed NOs3 variations may be explained by the depth
variability in the intensity of N diagenetic processes, such as organic
matter oxidation by NO3™ (i.e., denitrification; Berner, 1980). However,
the dissimilatory NO3™ reduction to NHF (DNRA) is a competing NO3
reduction process that is dominant in many tropical estuaries (Dong

observed in Jurujuba Sound. et al, 2011). Since high sulfide concentrations may inhibit
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Fig. 2. Sediment grain size and geochemical properties of Jurujuba Sound core (a) and Coroa Grande Sound core (b).
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Fig. 3. Overlying and pore water concentrations of NO3, NH{, SO, 3H,S, PO3 ~, DSi and TA in Jurujuba Sound station. PROFILE fits and net reaction rates (Rye) are also given.

denitrification and enhance DNRA, this latter process can be intensified
with increasing >H,S accumulation (An and Gardner, 2002). Concur-
rently, the NO3 input derived from organic matter degradation
employing electron acceptors other than NO3™ contributes for the pore
water NO3™ production (Berner, 1980). In JS station, SO3 ~ reduction
was intensified below the upper zone of NO3™ consumption (Fig. 3).
The ratios between ATA (i.e., the difference between TA from each con-
sidered layer and the uppermost layer TA; 14.4 to 22 mmol L™ ') and
ASO3 ™ (i.e., the difference in SO3~ contents between the uppermost
layer and in each considered layer; 8.2 to 14.2 mmol L~ ') below this
upper zone of NO3™ consumption ranged from 1.5 to 2.2. These ratios
are near the 2:1 stoichiometry that corresponds to organic matter oxi-
dation by SO7 ™ reduction (Berner, 1980), evidencing the importance
of this organic matter oxidation pathway. Benthic fauna activity was ob-
served in the upper centimeters of CGS and ]S sediment cores
(i.e., burrowing activity occurred before core slicing and while pore
water was extracted). However, the potential oxidizing effect of
burrowing activity was not sufficient to avoid SO3~ consumption in JS
station.

Table 1

Depth-integrated net reaction rates (Rpe) and net fluxes across the sediment-water inter-
face obtained with the PROFILE code for the Jurujuba Sound (JS) and Coroa Grande Sound
(CGS) stations.

“2g-1y

Ruet (Mol cm™2 s 2571

Flux (molcm™*s

Js CGS Js CGS
NO3;  —249x107"% —277x10"1° 117 x 10712 621 x 1071
NHF 125 x 10712 505x107"% —142x107"2 —247x107 13
PO;~ 9.01x 1071 112x107"  —782x10"" —686x10"1°
DSi 321x10°13 398x10°  —278x10"1® —217x10"™

Note: Rt Negative values mean consumption and positive values mean production in pore
waters, while negative flux values mean net efflux to overlying water and positive flux
values mean influx to pore water.

Pore water TA, NHZ, PO3 ~, 3H,S and DSi were highly correlated (r =
0.84 to 0.95; p < 0.001) in JS station (Fig. 3). Dissolved NHZ and PO3~
depth variability was associated to organic matter decomposition, en-
hancing TA with depth and involving the sulfate-reduction pathway,
while amorphous silica dissolution probably occurred concurrently, con-
trolling DSi production (Lyons et al., 1996; Souchu et al., 1998). There is
no inherent reason for a coupling between oxidation of organic matter
decomposition and biogenic silica dissolution (Berelson et al., 2005).
However, marine bacteria attack to dead and living diatoms and bacteri-
al degradation of the organic matter matrix that protects diatom frus-
tules from dissolution may occur (Bidle and Azam, 1999), which may
possibly contribute for a concurrent increase in TA and DSi. The order
of depth-integrated net productions of these nutrients in JS station was
NHZ > DSi > PO3~, with a depth-integrated net consumption observed
for NO3™ in this station (Table 1). The same trend was observed for the
estimated net exchanges across the sediment-water interface for these
nutrients (Table 1). This indicates that the intensity of the nearly contin-
uous net production of NHZ, DSi and PO3 ~ within pore waters contrib-
uted for larger effluxes, as fueled by organic matter consumption.

Fig. 4 presents pore water data from CGS station. Although NO3™ con-
centrations also had variations, only consumption was implied from the
PROFILE fit, and the absence of detectable 3H,S (<0.5 umol L™ 1) sug-
gests a lower importance of DNRA (An and Gardner, 2002). A less in-
tense sulfur diagenesis was also inferred (maximum ASOZ~
5.0 mmol L™1; Fig. 4). However, the observed SO ~ production within
the upper layers (Fig. 4) indicates that sulfide oxidation occurs (Aller
and Rude, 1988; Diaz et al., 2012). Pore water SO3 ~ production was
also observed within upper sediment layers from the Berre Lagoon,
France, where 3H,S oxidation occurred (Rigaud et al., 2013). The ab-
sence of detectable pore water sulfide while net SO~ consumption is
observed in deeper layers from CGS station (Fig. 4) may be also due to
sulfide oxidation. In addition, pore water sulfide removal in reaction
with organic matter (Francois, 1987) may contribute for the absence
of detectable 3H,S concentrations.
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Fig. 4. Overlying and pore water concentrations of NO3', NHZ,

The NHZ concentrations also followed the TA trend in CGS station
(r = 0.88; p <0.001), whereas PO3 ~ and DSi presented similar depth
variability, did not follow TA and showed alternations between produc-
tion and consumption zones (Fig. 4). A zone of sharp elevation in the
NHZ production occurred near the 25 cm depth, while consumption oc-
curred below (Fig. 4). An upper zone of SOz~ production (with POz~
and DSi variations) and a lower zone of concurrent enhancements of
S03~ reduction and production of PO3 ~ and DSi also occurred. This lat-
ter zone corresponds to the layers of coarse particles accumulation and
organic matter quality change (Fig. 2). Coarser sediments may favor the
transition between these zones, since sediment permeability can affect
the organic matter diagenesis and the dynamics of nutrients in pore wa-
ters (e.g., due to advective transport facilitation; Huettel et al., 1998;
Rusch et al.,, 2000). These results were interpreted as a pulse of nutrient
production within the phase of coarser sediments accumulation, which
was associated with the diagenesis of organic matter derived from
mixed (marine and terrestrial) sources, as revealed by the carbon isoto-
pic signatures (Fig. 2).

Depth-integrated net productions in CGS station were also in the
order NH > DSi > PO3~, while NO3 showed net consumption
(Table 1). The NO3™ influx was two orders of magnitude lower than in
the JS station, which presented 6-13-times higher net effluxes of
NHZ, DSi and POZ . The C/N ratio of top sediment layers may affect
the NHZ and PO3 ~ effluxes from pore waters, since this ratio is related
with organic matter degradability (Lerat et al., 1990). Considering that
the lower C/N ratio observed in JS station (Fig. 2) suggests higher de-
gradability, this may contribute to explain the observed effluxes con-
trasts. The results evidenced that the alternations in diagenetic
processes observed for all nutrients in CGS station and for NO3™ in JS sta-
tion can limit the upward migration, with a probable negative effect of
the pore water zones of concentration depletion on the nutrient
regeneration susceptibility. The occurrence of “diagenetic hotspots”
with intensified microbial activity in variable depth interval has been

3

Rpet (107 mol cm=2 s~1)

SO%~, SH,S, PO3~, DSi and TA in Coroa Grande Sound station. PROFILE fits and net reaction rates (Ry.) are also given.

reported in the literature (Glud, 2008), which may contribute for the
variability in consumption and production processes.

In conclusion, the pore water geochemistry revealed intensive mi-
crobial degradation of organic matter in sediments from the eutrophic
JS station, with pore water ATA:ASOz ™~ ratios predominantly close to
the sulfate-reduction stoichiometry. Sulfate-reduction was evidenced
as a driver for the nearly continuous pore water production of nutrients
with increasing depth in JS station. This trend seems to contribute for
the larger nutrient regeneration susceptibilities estimated. A concur-
rently larger net NO3™ influx was also inferred in this station in response
to NOs3 reduction processes (i.e., denitrification and DNRA). Pore water
concentrations of NHZ, DSi and PO3 ~ from the less-fertilized CGS sta-
tion were affected by vertical alternations between consumption and
production processes. These alternations were associated with diage-
netic responses to bioturbation in upper layers and sediment grain
size variability in deeper layers. DSi production was clearly coupled
with the recycling of N and P in JS station, while less-clear associations
between the nutrient cycles were found under the CGS station condi-
tions. A general intensification of the similar trends of nutrient suscep-
tibility to be regenerated to overlying water (NH > DSi > PO3 ) or to
undergo influx to pore water (NO3) occurred under the more-
fertilized condition.
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