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ABSTRACT

The irregular hydrological regime in Patos Lagoon estuary has been suggested as having a distinctive influence on sulfur
speciation in sediments. We performed an investigation for different prolonged hydrological conditions focusing on
the distribution of sulfides (acid volatile sulfide (AVS), chromium reducible sulfide (CRS), and Free-S*) in sediment cores
from salt marsh and non-vegetated shallow zone. Significant differences in sulfides content and distribution between
the different hydrological periods were found. The predominance of more reducing conditions was observed during
the freshwater period. It reflects a higher total reducible inorganic sulfur (TRIS) content in this period, with a great
accumulation of AVS in sediments (> 100 mg kg™). In the maximum salinity period, more oxidizing conditions prevailed,
which significantly decreased the concentrations of metastable sulfides. The intense bioirrigation process exerts control
over sulfide formation and distribution, which is as important as that exerted by the variations of the hydrological regime.

Descriptors: Sulfides formation, Saltmarsh sediment, Hydrological regime, River dominated estuary.

INTRODUCTION

The diagenetic transformations of sulfur (S) play
a major role in coastal and estuarine sediments
chemistry, with significant influence on carbon (Hyun et
al,, 2007), metals (Otero et al., 2009; Hernandez-Crespo
and Martin, 2013; Yang et al.,, 2013), and oxygen cycles
(Briichert et al.,, 2003). The oxidation of organic matter
by sulfate-reducing bacteria during early diagenesis is
the initial step for all those transformations. The redox
vertical zonation and the rate of sulfate reduction in
sediments are controlled by several environmental
conditions, such as the availability of dissolved oxygen
(DO) and other electron acceptors (i.e. Mn(IV), NO, and
Fe(lll), content and reactivity of sedimentary organic
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carbon (OC), sedimentation rate, grain size, and sulfate
availability (Stumm and Morgan, 1996; Jergensen and
Kasten, 2005).

The products of bacterial sulfate reduction are the
free sulfides (i.e., H,S, HS,, 5*), which determine the main
transformation paths of sedimentary sulfur as well as
iron under anaerobic conditions (Vairavamurthy et al,,
1995). Iron sulfides are the main components of the
Total Reduced Inorganic Sulfur (TRIS) pool in marine
and estuarine sediments (Jergensen and Kasten, 2005;
Bianchi, 2007). Operationally, these insoluble sulfides
tend to be divided into two groups according to their
reactivity and stability in the system: Acid Volatile
Sulfides (AVS), which consist mainly of metastable
species of insoluble iron sulfides such as Mackinawite
(FeS) and Greigite (Fe,S,) (Morse and Cornwell, 1987;
Rickard and Morse, 2005) and Chromium Reducible
Sulfur (CRS), which includes the most stable forms of
reduced sedimentary sulfur, such as elemental sulfur
(8°) and pyrite (FeS,).
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Berner (1970) suggested that pyrite formation
in sediments is limited by three main processes:
(1) organic matter input, (2) sulfate concentration,
and (3) availability of reactive iron. In general, these
processes can be defined as factors that limit the
formation of all iron sulfide species. The author
also describes that the relative importance of those
factors will depend on the environment. In non-
euxinic marine environments, the content of organic
matter controls the formation of iron sulfides,
whereas in freshwater environments, the low sulfate
concentration acts as the main limiting factor to the
formation of iron sulfides (Berner, 1970).

In euxinic marine environments, where the sulfate
reduction rates are high, the formation of iron sulfides
is mainly controlled by the availability of reactive
iron (Berner, 1970). However, none of those limiting
factors tend to be observed in estuarine areas, which
are known as transitional environments where mixing
of marine and continental waters occurs (Windom et
al, 1999). Those factors lead to an increase of metals,
sulfate ion, and organic matter, which facilitates
sulfate reduction and, consequently, metal sulfide
formation in bottom sediments (Jergensen and
Kasten, 2005). Under such conditions, other variables
such as temperature and bioturbation/bioirrigation
must be included to better understand the sulfate
reduction intensity and zonation, as well as local and
temporal variations of sulfides in sediments (Marvin-
DiPasquale and Capone, 1998; Panutrakul et al., 2001;
Marvin-DiPasquale et al., 2003; Koretsky et al., 2008;
Yang et al., 2013; Wang et al., 2015).

Temperature, which may increase bacterial
metabolism, and bioturbation are parameters that
initially affect the oxygen availability in sediments,
thus indirectly conditioning diagenetic processes
(Kristensen et al., 1992; Sundby, 2006; Ferreira, 2010;
Zhang et al, 2013). In the Patos Lagoon estuary,
Southern Brazil, oxygen availability in sediments
is strongly associated with local hydrodynamics.
This river-dominated microtidal estuary presents
an irregular hydrological regime throughout the
year, which is mainly controlled by the wind and
river discharge (Costa et al, 2003; Moller et al.,
2009). On average, maximum salinity conditions
are observed in the estuarine waters during austral
summer and fall; and low salinity conditions
during winter and spring (Marques et al., 2010).
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Dissolved oxygen varies from saturated (under low
salinities) to supersaturated (under maximum salinities)
in this estuary (Windom et al., 1999). More specifically,
DO in the estuary is close to 100% saturation during
maximum salinity conditions and, values can decrease
to 70% rarely, during low salinity periods (Niencheski
et al, 1999). Hydrological regimes also affect the water
level in the estuary, which leads to flooding of some
parts of the saltmarshes in the estuary (Costa et al.,
2003; Vaz et al., 2006; Méller et al., 2009).

Other studies demonstrated that the change
between freshwater and maximum salinity periods
exerts a long-term impact on arsenic (As) distribution
in sediments of Patos Lagoon estuary (Costa et al.,
2017) and salt-marsh vegetation dieback due to
drastic changes of geochemical characteristics (e.g.,
pH, TRIS) of surface sediment (Mirlean and Costa,
2017). We hypothesize that since the variations in the
hydrological regime influence the water level and the
DO availability in the estuary, it may also influence the
redox zonation in the sediments that would directly
affect the sulfides distribution through the sediment
profiles. However, research on the spatial-temporal
distribution of sulfides in estuaries with an irregular
hydrologic regime (e.g., Patos Estuary) is still rare.

This study aims to investigate the distribution
of different forms of sulfides in sediment profiles
during distinct hydro-chemical conditions in the
Patos Lagoon estuary (i.e., long-term freshwater and
maximum salinity periods). We chose to conduct this
research in two different environmental settings — a
salt marsh and a non-vegetated zone —, making it
possible to identify important processes related to
water level variations and bioturbation that locally
contribute to the temporal variation of sulfide forms
in sediments.

MATERIALS AND METHODS

DESCRIPTION OF THE STUDY AREA

Patos Lagoon is considered the largest “choked”
coastal lagoon in the world (Kjerfve, 1994). Its
southern portion includes an estuarine zone
(~ 900 km?) that discharges directly into the Atlantic
Ocean (Figure 1). The cities of Rio Grande and
Séo José do Norte are located on the margins of
this estuary as well as the Rio Grande Harbor, the
second largest harbor in cargo movements in Brazil.
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Figure 1. Patos Lagoon estuary showing our sampling locations.
SM: Salt Marsh; NV: Non-Vegetated zone.

The main contributing rivers are Taquari and Jacui,
which flow through the Guaiba River and Camaqua
River into the lagoon (Marques et al., 2009).

The study was conducted at two sites located
in the center of the estuary, at a distance of about
25 km from its mouth: a salt marsh (SM) located
on Pélvora Island and a non-vegetated zone (NV)
located between Pélvora Island and Marinheiros
Island (Rio Grande, Brazil, 32°01'S, 52°06'W;
Figure 1). The estuarine region is characterized by
a humid subtropical to temperate climate and a
microtidal regime (i.e,, tidal range < 0.5 m). The
local hydrodynamics is mainly controlled by the
combination of three effects (Moller et al., 1996): the
wind effect on the water surface of the estuary (local
wind effect); the wind effect on the entire coastal
region (non-local wind effect); and the river discharge
in the northern region of the lagoon, whose intensity
is directly associated with the amount of atmospheric
precipitation on the watershed (200,000 km?).
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The estuary tends to present maximum
salinity conditions during austral summer and fall,
associated with a lower river flow (i.e., dry season)
and low salinity conditions during austral winter
and spring when - despite the dominance of
southern winds - high river flow (i.e., rainy season)
makes salt intrusion difficult (Marques et al., 2010).
The Patos Lagoon is located between two large
Lagoon-Barrier depositional systems formed as
a consequence of sea-level variations during the
Pleistocene and Holocene, respectively (lvanoff
et al., 2020). The bottom sediments from Patos
Lagoon estuary are mainly siliciclastic with grain
size ranging from silt to sand and, in total, ten local
sedimentary facies were previously identified: silt,
sandy silt, silty clay, silty sand, mixed, clayed silt,
sand, clayed sand, sandy clay and clay (Antiqueira
and Calliari, 2005).

SAMPLING

Sampling was performed during two periods:
i) September 2016, when the estuary was dominated
by river discharge (i.e., freshwater period, with salinity
of 0-5 PSU), and ii) April 2017, corresponding to the
period of maximum salinity waters in the estuary
(i.e., 10 — 20 PSU). The salinity conditions for each
period described above had prevailed in the region
for about a month before sampling according to
the oceanographic monitoring system network
(SiMCosta) of Federal University of Rio Grande.
During each sampling period, one sediment core
was collected from each site (Figure 1), using pre-
cleaned PVC tubes (8 cm in diameter and 60-66 cm
long). The sediment cores were collected manually,
by two scientists on foot, using simple tools (i.e.,
sledgehammer, hacksaw, and adhesive tape).

After sampling, the sediment cores were
hermetically sealed and transported in an upright
position to the laboratory and stored at 4 °C. Within
24 hours after sampling, the sediment cores were
longitudinally opened and each part wasimmediately
sealed with plastic film, being divided into
subsamples. One half was used for electrochemical
(i.e., pH, conductivity, Eh, and Free-S2-) and OC
analyses, whereas the other half was sliced every
2 cm and each cut was rapidly hermetically sealed
and frozen for subsequent sulfides (i.e., AVS and CRS)
distillation.

Ocean and Coastal Research 2020, v68:20321 3



The sediment core in the SM location was
sampled on the edge of a ring-shaped structure
of Spartina densiflora. The SM area is subjected
to random variations of water level within the
estuary (Costa et al., 2003; Mirlean and Costa, 2017).
During sampling, SM sediments from the freshwater
period were underwater (i.e, about 10 cm of water
column). On the other hand, they were sporadically
exposed to subaerial conditions during the maximum
salinity period. In both periods, burrowing crabs
(Neohelice granulata) were observed in the SM site. The
sediment core from the NV site was sampled in shallow
(i.e., about 1T m of water column) non-vegetated
marginal zone. The shallow zone was permanently
underwater during both sampling periods. The NV and
SM locations were marked by poles and the distance
between the cores collected at the sampling points
in September and April was about 0.5 m.

ANALYTICAL PROCEDURES

The redox potential (Eh) was directly measured
every 2 cm in the sediments, at room temperature,
with a combined Pt-electrode Analion®. Conductivity
and pH were measured in filtered (0.45 um Milipore®
membrane) superficial (0-20 cm depth) interstitial
waters extracted from the sediment subsamples by
centrifugation (3000 rpm).The analyses of free sulfides
(Free-S2-) in the pore water were also performed in
intervals of 2 cm using a Hanna® 9616 BNC lonplus
silver/sulfide electrode coupled to ISE/pH/mV/Eh/
temperature Orion™ 2902 meter (model 209a; Brooks,
2001). The electrode has a concentration range
that varies from 0.0 to 19.9 mol L (S*) and relative
precision of + 0.5%. A basic antioxidant solution for
sulfides (Sulfide Antioxidant Buffer - SAOB, Hanna
Intruments®) and a sulfide standard (Na,S.9H,0) were
previously made and used for calibration of the ion-
selective electrode. The electrode was calibrated
from a three-point calibration curve (100, 1000,
10000 pmol.L") (Brooks, 2001). Measurement was
performed in a solution containing 2g of sediment
subsamples and 5 mL of SAOB.

After that, the same half of the core was sectioned
into 4-cm thick slices to perform the analysis of OC
content in the sediments. Specifically, 30 mg of powdered
dry sediment sample was employed in OC analysis
using a TOC - VCPH, model SSM - 5000A, SHIMADZU®.
This device performs organic carbon determination
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following the 680° C combustion catalytic oxidation
method, developed by SHIMADZU®. The CO,
generated by the OC combustion is detected
using an infrared gas analyzer (NDIR). This method
has a detection limit of 4 mg.kg™" and, the results are
presented in percentage of organic carbon of dried
sediment, and the relative standard deviation (%RSD)
was less than 5% for triplicate analyses.

The AVS and CRS analyses were performed in 2-cm
thick subsamples throughout the sediment core. The
AVS content was determined according to the standard
USEPA 821-R-100 methodology (USEPA, 1991) using
still-frozen samples. The content of free sulfides was
subtracted from the AVS content. The TRIS determination
followed the CRS analytical protocol according to
the methodology described in the literature (Fossing
and Jergensen, 1989). CRS concentrations reported
in this study were subtracted by the AVS and Free-S*
concentrations; thus, the CRS term here only refers to
the stable forms of insoluble sulfides, in contrast to
the AVS term, which refers to the metastable species
(Rickard and Morse, 2005). The quantification of AVS and
CRS content was via iodometry. The relative standard
deviation (RSD%) for the duplicate analyses in 20% of
the analyzed samples was ~ 5% and ~ 10% for CRS and
AVS, respectively.

Thesedimentgrainsizeanalysiswasperformedat4
cm intervals using the standard method (ABNT, 1987).
Sediment grain size and OC content were analyzed
only for the freshwater period samples, since those
parameters may not vary significantly between each
period of sampling.

STATISTICAL ANALYSES

The correlation between the target variables were
based on the Pearson correlation with a significant level
defined in p < 0.01. Analysis of variance (ANOVA) and
post hoc test (Fisher LSD, p < 0.05) were applied to reveal
the statistical difference between mean concentrations
of the studied parameters.The analyses were performed
using the Statistica® 10.0 software.

RESULTS

VERTICAL DISTRIBUTION OF GRAIN SIZE AND ORGANIC
CARBON CONTENT

The percentage of fine grain sediment (i.e,, < 63
pm) varied from 20.84 to 61.17 % in core SM, and

Ocean and Coastal Research 2020, v68:20321 4



from 12.42 to 36.80 % in core NV (Table 1; Figure 2).
Mean percentage of fine grain was 38.70 + 12.54 the salt
marsh core (SM) and 21.12 £+ 9.93 in the non-vegetated
shallow zone core (NV) (Table 1). At the NV site, the
level of fine-grained fractions slightly increased with
depth, presenting the highest values at the bottom
of the profile (28-38 cm) (Figure 2). At the SM site, the
highest levels of fine-grained sediments occurred in the
middle of the core, with a peak (61.17 %) between 20-24
cm (Figure 2).

As expected, the SM sediments showed much
higher mean OC content (1.63 = 1.70 % of OC) than
the NV sediments (0.36 + 0.10 % of OC) (Table 1).
The OC content decreased with depth in the SM core
(Figure 2), with highest values in the uppermost few
centimeters (up to 5.13 %), and getting as low as 0.33
% at the bottom. In the NV core, the OC content is
relatively low (<1 %) and remained almost constant
throughout the profile (Figure 2), with a subtle
increase at the bottom.

CoNbpucTIVITY AND PH OF SUPERFICIAL PORE WATER

The mean conductivity values in SM superficial
pore water (0-20 cm depth) was greater during the

Table 1. Percentages of Fine Grains and OC for SM and NV
locations. The upper values are the percentage range, and
the mean + SD is presented within parentheses.

Parameter SM NV
Fine Grain (o) <2084 =6L17_ 12.42—36.80
ineGraint®) (3870 + 12.54) (21.12 + 9.93)
0.33—5.13 0.26 — 0.61
Oc (%) 1.63+£1.70) (0.36£0.10)
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maximum salinity period (27.32+1mScm™; Table 2)
in comparison to that of the freshwater period
(10.76 £ 1.46 mS cm™; Table 2), corroborating the
influence of the irregular regime of Patos Lagoon
estuary. In general, pH values in pore water at
SM location during the maximum salinity period
(6.1 to 7; Table 2) were lower than those found
during the freshwater period (7 to 7.75; Table 2).
The mean conductivity of superficial pore water
at NV was much higher for the maximum salinity
period (41.1 = 6.7 mS cm™'; Table 3) in comparison
to that of the freshwater period (12.1 £ 1.47 mS
cm™; Table 3). The pH values were slightly lower
during the freshwater period, ranging from 6.8 to
7.6 in comparison to the maximum salinity period
(7.4 to 7.6; Table 3; Figure 3).

VERTICAL DISTRIBUTION AND TEMPORAL VARIATION OF
EH AND SULFIDES IN THE SALTMARSH SEDIMENTS

Redox potential (Eh) varied from -252.0 to -69.0
mV for sediments from core SM during the freshwater
period, and from -181.0 to 82.0 mV during the
maximum salinity period (Table 2; Figure 4). The mean
Eh values for the freshwater period (-118.0 + 64.0
mV) indicate that the sediments are more reducing,
whereas sediments from the maximum salinity period
presented more oxic conditions (-61.1 + 84.4 mV; Table
2).TheEh profile with depth (Figure 4) pointsto greater
variations in the uppermost layers. For the freshwater
period, the uppermost portion of the profile (0-10
cm) presented highly reducing conditions (Figure 4),
and below 10 cm the Eh remained relatively stable.
For the maximum salinity period, the first 10 cm of the
profile presented oxidizing conditions with Eh values

Figure 2. Fine grain (%) and organic carbon (%) as a function of depth for sediment cores collected from the SM (A) and NV (B) sites.
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Table 2. Geochemical parameters (Free-S*; AVS, CRS,
Eh, pH and conductivity) for SM location. The upper
values are the concentration range, and the mean + SD
is presented within parentheses.

Parameter Freshwater period Maximum salinity
period
“Free-S* 4.87—35.18 4.46 —18.09
(pmol L) (14.10 £ 9.43) (9.94 £3.97)
AV 38.20—145.18  12.24—206.16
(mgkg™) (75.45 + 35.32) (81.25 + 81.87)

*CRS 534.35—3858.53  421.47 —1126.06

(mgkg™) (194877 +1428.99) (715.26 + 210.31)
“Eh(mV)  —952.0-—69.0  —181.0—82.0
(—118.0+64.0) (—61.1+84.4)
**pH 7T—17.75 6.1—7
(7.41+0.25) (6.58 +£0.35)
**Conductivity 8.63—13.11 25.9 —28.6
(mScm™) (10.76 + 1.46) (27.32+1)

*0-40 cm depth; ** 0-20 cm

Table 3. Geochemical parameters (Free-S?; AVS, CRS, Eh, pH
and conductivity) for NV location. The upper numbers are
the concentration range, and the mean £ SD is presented
within parentheses.

Parameter Freshwater period Maximum salinity
period
*Ffee-sj' 9.98 — 387.87 3.73 —187.81
(umoll”) (9549 + 116.17)  (65.50 + 42.99)
*AVS 3.60 — 299.65 1.61 — 24.90
(mgkg™)  (62.27 + 99.95) (11.52 £ 7.54)
*CRS 95.90 — 4554.79 12.46 — 3290.38
(mgkg™)  (1235.89+1641.70) (809.48 + 1103.38)
*Eh (mV) —301.0 — 45.0 —280.0 —21.0
(—1347+£91.3) (—139.9+71.52)
*pH 6.8—17.6 74—176
(7.2£0.3) (748 £0.05)
**Conductivity 10.31—14 33.43—51.9
(mScm™) (12.1 £ 1.47) (41.1+6.7)

* 0-40 cm depth; ** 0-20 cm

reaching 82.0 mV (Figure 4). Between 10-20 cm, Eh
showed values similar to the ones observed in the
freshwater period. Below 20 cm, the redox potential
in the sediment indicated more reducing conditions
respect to the freshwater period (Figure 4).
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Free sulfide concentrations were higher for the
freshwater period (i.e., between 4.87 and 35.18 umol
L"; Table 2), whereas Free-S* concentrations for the
maximum salinity period ranged between 4.46 and
18.09 umol L' (Table 2). The Free-S* variations were
more significant in the uppermost layers (0-10 cm;
Figure 4) for both sampling periods. A considerable
decrease of free sulfide levels starting from 10 cm of
depth was observed for the freshwater period, while
a relatively constant distribution throughout the
profile is noticed in the maximum salinity period
(Figure 4).

In contrast, AVS mean contents were slightly
higher for the maximum salinity period (81.25 + 81.87),
with concentrations between 1224 and 206.16
mg kg™ (Table 2), whereas AVS mean contents for
the freshwater period were (75.32 = 35.32), with
concentrations ranging between 38.20 to 145.18 mg
kg™ (Table 2). In the uppermost layers of the profiles
(0-10 cm), the AVS distribution showed a similar
pattern when compared to Free-S*, with higher
concentrations in the freshwater period in comparison
to the maximum salinity period (Figure 4). Below 20
cm of depth, a large increase in the AVS content (> 200
mg kg') was observed in the maximum salinity period
(Figure 4) whereas freshwater period concentrations
in the same section of the profile were lower and
relatively stable (up to 93 mg kg™).

The CRS showed mean concentrations much
higher in the freshwater period (1948.77 £ 1428.99 mg
kg') in comparison to the maximum salinity period
(715.26 + 210.31 mg kg™; Table 2). However, in the
first 5 cm of the core, the variation in concentrations
was minimal, presenting CRS concentrations slightly
higher in the maximum salinity period (Figure 4).
For the interval of 5-30 cm, a large enrichment of
CRS was observed in the freshwater period, with
concentrations higher than 3500 mg kg”' and with
remarkable oscillatory distribution (Figure 4). On
the other hand, the CRS concentration did not
exceed 1126.06 mg kg™ for the same interval in the
maximum salinity period, showing relatively constant
distribution (Figure 4). In fact, between 5 -30 cm
depth, the CRS levels were about four times lower in
the maximum salinity period than in the freshwater
period (Figure 4). The CRS contents corresponded

Ocean and Coastal Research 2020, v68:20321 6



Figure 3. Vertical distribution (0-20 cm) of pH in SM (A) and NV (B) sites.
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Figure 4. Sulfides distribution (Free-S2-; AVS and CRS) and redox potential (Eh) as a function of depth from the SM site in Pélvora Island salt marsh.

to around 93% of the TRIS pool in the freshwater
period, while this value decreased to near 83% in the
maximum salinity period.

VERTICAL DISTRIBUTION AND TEMPORAL VARIATION OF
EH AND SULFIDES IN THE NON-VEGETATED ZONE SEDI-
MENTS

The overall mean percentages of Eh were similar
for both sampling periods (Table 3), with a mean of
-134.7 £ 91.3 mV for the freshwater period and -139.9
+ 71.52 mV for the maximum salinity period. In both
periods, the redox potential for sediments from
the NV site presented a decreasing tendency with

depth; reaching values lower than -250 mV in the last
centimeters of the profiles (Figure 5).

The highest concentrations for the free sulfides,
AVS, and CRS were observed in sediments from the
freshwater period, where these parameters attain
values of 387.87 umol L7, 299.65 mg kg, and 4554.79
mg kg, respectively (Table 3). Some patterns
deserve attention when considering the vertical
distribution of these variables. For example, between
10-25 ¢cm higher Free-S* levels were noticed in the
maximum salinity period, probably due to a more
intense sulfate reduction process, which reflects
a lower Eh in this same interval for this period.
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Figure 5. Sulfides distribution (Free-S?; AVS and CRS) and redox potential (Eh) as a function of depth from the NV site.

In the lowest layer (25-40 cm) Free-S* showed a large
increase with depth, which was 60 umol L' of
magnitude for every 2 cm in the freshwater period.
Similar conditions were observed in depths higher
than 30 cm during the maximum salinity period
(Figure 5).

The AVS distribution was distinct between the two
hydrological regimes in the uppermost portion of the
profiles for the NV site (Figure 5). There was a significant
decreasein AVS contentin theinterval of 0-10 cm between
the freshwater (> 100 mg kg') and maximum salinity (<
20 mg kg) periods. From 10 to 40 cm, no variations were
observed with AVS average concentrations of 11 + 8 mg
kg™ in both periods (Figure 5).

The CRS concentrations showed a similar pattern
of distribution during the two periods, with low
concentrations in the uppermost layers and a large
increase with depth. Considering the freshwater
period, the CRS concentrations were lower than
those of the AVS in the uppermost layers for the
NV profile. In fact, in the 0-5 cm interval, the CRS
corresponded to about 40% and 60% of the TRIS
pool during the freshwater and maximum salinity

periods, respectively. In deeper layers, a large
CRS accumulation was observed in both periods
with values higher than 3000 mg kg’ (Figure 5).
On average, the CRS content in NV sediments
corresponded to approximately 83% and 91% of TRIS
for the freshwater and maximum salinity periods,
respectively.

DISCUSSION

ORGANIC MATTER CONTRIBUTION TO SULFATE REDUCTION
IN ESTUARINE SEDIMENTS

The OC vertical distribution was significantly
distinct between the two sampling sites (Figure 2).
The main source of organic matter in uppermost salt
marsh sediments consists of the local vegetation
itself. In shallow estuarine non-vegetated zones,
OC tends to be from different sources, such as by
river discharge and primary productivity in the
water column (Huerta-Diaz and Reimer, 2010). The
OC decline with depth at the SM core is probably a
direct reflection of post-burial processes (Figure 2).
On the other hand, OC contents in NV core were lower
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in comparison to those found in SM (Figure 2; Table 1),
most likely due to the absence of vegetation and
animals. Vertical distribution of OC and fine grain
at NV core presented a downward increase trend
(Figure 2) and a correlation (r =0.835; n = 10; Table 4),
indicating the grain size effect over OC distribution
(Rojas and Silva, 2005; Li et al., 2016). However, an
increase in the OC levels with depth may also indicate
the presence of refractory organic matter (Alvarez-
Iglesias and Rubio, 2012).

Silt and clay size particles have larger specific surface
areas in comparison to sandy sediments because the
area/volume ratio of fine grain sediments is much
larger than that of these coarser grain materials (Rojas
and Silva, 2005; Alvarez-Iglesias and Rubio, 2012). The
surfaces of fine grain sediment tend to be coated by a
layer of organic material (Winfrey, 1988). Hence, fine
grained sediments (i.e., silt and clay size) commonly
have larger contents of associated organic matter than
coarser grained sediments like sands (Winfrey, 1988;
Rojas and Silva, 2005; Alvarez-Iglesias and Rubio, 2012;
Quintana et. al, 2020). The organic coating of such
fine sediments is an important substrate for bacterial
activity, stimulating oxygen and sulfate consumption,
favoring the decrease of the redox potential, and
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enhancing the production of dissolved sulfide (Berner,
1970; Jergensen and Kasten, 2005; Bianchi, 2007).

The relatively low OC levels at NV did not appear
to be a limiting factor for sulfate reduction, which
is indicated by the high levels of free and insoluble
forms of sulfides observed at this core. The significant
correlation of OC with Eh indicated by Pearson
coeficient (r= -0.816; n= 11), and Free-S* (r= 0.840;
n = 11) during the freshwater period (Table 4) and
with <63um (r= 0.835) could be explain the by the
increase of sulfate reduction rate as function of the
fine sediment distribution (Figure 5). In the maximum
salinity period at both sites, OC did not show an
expressive correlation with any other parameter
(Table 4 and 5). However, fine sediment distribution
probably plays a major role in sulfate reduction and
sulfide formation processes at NV even during the
maximum salinity period.

CoNDucTIVITY AND PH OF SUPERFICIAL PORE WATER

The mean conductivity in SM pore water was lower
than that found at NV, especially during the maximum
salinity period (Table 2, 3), which is a probable
consequence of the hypsometric level of these
sampling points. The salt marsh from Pélvora Island can
be eventually exposed to subaerial conditions during

Table 4. Pearson correlation coefficient values (significant correlations in bold for p < 0.01, using TOC, Eh, Free-S%, CRS,
AVS and Fine Grain (< 63 pm) results from NV during the freshwater and maximum salinity periods.

Freshwater Period

TOC <63 um Free-S* CRS AVS
n=11 n=10 n=20 n=20 n=8 n=10
TOC 1 0,835 -0,816 0,927 0,794 0,105
<63 um 1 -0,946 0,903 0,975 -0,383
Eh -0,940 -0,985 0,407
Free-S* 1 0,918 -0,206
CRS 1 -0,363
AVS 1
Maximum salinity Period
TOC <63 um Free-S* CRS AVS
n=11 n=10 n=20 n=20 n=8 n=12
TOC 1 0,835 -0,567 0,680 0,823 -0,593
<63 pm 1 -0,608 0,827 0,930 -0,389
Eh -0,901 -0,877 0,143
Free-S* 1 0,984 -0,238
CRS 1 -0,248
AVS 1
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Table 5. Pearson correlation coefficient values (significant correlations in bold for p < 0.01), using TOC, Eh, Free-S%,
CRS, AVS and Fine Grain (< 63 pm) results from SM during the freshwater and maximum salinity periods.

Freshwater Period

TOC <63 pm Free-S* CRS AVS
(n=11) n=10 n=20 n=10 n=11
TOC 1 -0,632 -0,922 0,840 -0,443 0,803
<63 pm 1 -0,578 0,647 -0,512
Eh -0,718 0,254 -0,642
Free-S* 1 -0,703 0,857
CRS 1 -0,513
AVS 1
Maximum salinity Period
TOC <63 pm Free-S* CRS AVS
n=11 n=10 n=20 n=9 n=11
TOC 1 -0,632 -0,522 0,404 -0,619
<63 pm 1 0,562 0,067 0,282
Eh -0,583 0,596 -0,608
Free-S* 1 -0,312 0,731
CRS 1 -0,537
AVS 1

the maximum salinity periods (i.e., dry season) since
it is located on an intertidal mudflat 15 - 25 cm below
the mean water level of Patos Estuary, hampering
the continuous diffusion of water to the sediments
(Mirlean and Costa, 2017). The salt marsh superficial
sediment can also be exposed to rainwater during
subaerial exposure periods, contributing to the
lower conductivity found in this sampling point since
the mean atmospheric precipitation in Rio Grande
during March 2017 (i.e., the month before sampling)
was 169.2 mm, higher than the annual mean for the
same year (i.e., 91.93 mm), according to the center of
meteorological studies from Federal University of Rio
Grande.

The pH vertical distribution in superficial pore
water was similar in SM during both sampling
periods (Figure 3), presenting a remarkable decrease
in the first 15 cm of the profile. However, the mean
pH values were lower during the maximum salinity
period (Table 2; Figure 3) for SM location. The
acidification of superficial pore waters from Pdlvora
Island was previously related to the oxidation of
iron sulfides due to the combined effect of oxygen-
enriched underlaying water diffusion to sediment,
biological disturbances and/or eventual exposure to

subaerial conditions, releasing dissolved sulfides to
pore water and enabling the subsequent formation
of sulfuric acid (Mirlean and Costa, 2017). Similar
acidification was described for salt marsh sediments
as a consequence of the oxidation of both iron
sulfides and amines, enabling the formation of
sulfuric and nitric acids, respectively (Liu et al.,
2008). Such processes are probably accountable
for the acidification of superficial pore waters at
SM, especially during the maximum salinity period
associated to formation of carbonic acid as a
byproduct of organic matter oxidation (Figure 3).

The conductivity of pore water from NV directly
reflected the irregular regime of Patos Estuary, since
the values from this sampling point were much
higher during the maximum salinity period (Table 3).
Strong pH variations of pore water occurred in the first 20
cm depth of the profile. During the freshwater period, the
pH of superficial pore water was lower than that found
during the maximum salinity period (Figure 3). This was a
probable consequence of alkaline marine water diffusion
to the sediments during the maximum salinity period
and, in contrast, the diffusion of freshwater of continental
origin led to a decrease of the pH of superficial pore water
during the freshwater period.
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THE HYDROLOGICAL REGIME AND BIOIRRIGATION AS MAIN
DRIVERS OF SULFIDES DISTRIBUTION IN SIM SEDIMENT

Evidence of intense sulfate reduction accompanied
by an important decline in the redox potential in the
uppermost layers of SM sediments was found during
the high-water level and low salinity phase (Figure 4).
We hypothesize that the high content of organic matter
at SM (Figure 2), together with the presence of less
oxidizing conditions in the salt marsh sediments induce
an intense sulfate reduction process. As a result, a high
AVS concentration in the first 10 cm of the profile during
the freshwater period was observed (Figure 4). The
freshwater environment at the Patos Lagoon estuary
is formed during austral winter and spring, i.e. when
the salt marsh vegetation shows minimal growth and
a great contribution of vegetal debris to the sediments
happens (Peixoto and Costa, 2004). This leads to an
increase in oxygen consumption in the uppermost
sedimentary layers at SM, leading to a decrease in the
redox potential at the top of the SM profile (Figure 4).

During the period of low-water level and maximum
salinity, oxidizing conditions are predominant in the
uppermost SM sediments, which significantly decreases
the AVS levels (Figure 4). This re-oxidation of sulfides
(Free S, AVS, and CRS) and decrease of sulfate reduction
in the superficial sedimentary layers of salt marshes
within Patos Lagoon estuary were previously related to
the occasional sediment exposure to aerial conditions
due to the hypsometric levels at such locations (Mirlean
and Costa, 2017). SM site is located in a higher ground
(15 - 25 cm below the mean water level of the estuary)
in comparison to NV (100 — 150 cm below the mean
water level). Therefore, its superficial sediments can be
eventually exposed to subaerial conditions during the
maximum salinity periods, when the water level is low,
contributing to Eh increase and a subsequent decrease of
sulfide contents in superficial sediment layers (Figure 4).

Water level variations were already claimed to be
an important factor by inducing temporal variation
on the redox zonation in salt marshes (Feijtel et al.,
1988; Oenema, 1990; Xin et al., 2013). For a microtidal
estuary (~ 0.5 m of tidal range), as it is the case
with the Patos Lagoon estuary, tides are an almost
negligible factor for local hydrodynamics (Barros et
al, 2014). Water level variations in this estuary are
mainly controlled by the wind and river discharge
(Vaz et al., 2006; Moller et al., 2009; Barros et al., 2014).
The changes in water levels lead to irregular flooding
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in the salt marshes within the estuary (Costa et al.,
2003; Mirlean and Costa, 2017) and contribute to a
significant temporal variation (up to 3-4 months) in
the redox conditions, as indicated here by the SM
redox potential profile (Figure 4). For the freshwater
period, despite the highly reducing conditions on the
surface, the Eh values indicated sub-oxic conditions
below 20 cm of depth at the SM site (Figure 4). In
the maximum salinity period, oxidizing conditions
were identified in the uppermost sedimentary layers.
However, in the 20-25 c¢cm interval, more reducing
conditions than in the freshwater period were
observed (Figure 4). This suggests that the oxygen
penetration into deeper layers of SM sediments is not
constant and probably happens through different
pathways that are independent of the hydrological
regime (i.e.,, pumping by the plants'roots, penetration
through crab channels, etc.).

It is estimated that 7000 ha of the southern Patos
Lagoon estuary are occupied by salt marshes where S.
alterniflora and S. densiflora constitute the dominant
native vegetation. The burrowing crab (Neohelice
granulata) is the main animal species that lives in the
salt marshes from the SM site (Costa et al., 2003). The
activities of these crustaceans promote significant
alterations in the physicochemical aspects of the
sediments (Costa et al, 2019). These animals can
excavate semi-permanent vertical tunnels of about 10
cm diameter and 1 m depth (Angeletti and Cervellini,
2015), removing and redistributing considerable
amounts of sediment (Iribarne et al., 2000). Previous
studies in salt marshes from southwestern Atlantic
revealed that Neohelice Granulata population density
varies from 15 to 77 individuals per m? (Alberti et al.,
2007; Martinetto et al., 2016).

The redox oscillations in the highly disturbed
sediment profile of the SM site influenced the
distribution of the different forms of sulfides
(Table 5). However, below 10 cm depth, ANOVA
analysis demonstrated that AVS, CRS, and Free-S2
mean concentrations were not significantly different
during both sampling periods (Table 6). Despite the
much larger organic load at SM (Table 1), the average
Free-S* levels in the pore water were much lower than
those found in the NV sediment profile, even during
the freshwater period (Table 2, 3). The formation of
insoluble iron sulfides tends to be the main process
accountable for the removal of free sulfides from
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Table 6. ANOVA analysis and Fisher LSD post hoc test (n=
10; p < 0.05) using Eh, Free-S2-, CRS and AVS results from
SM sediments (below 10 cm depth) during the freshwater
(FWP) and the maximum salinity periods (MSP).

AVS FWP = MSP
CRS FWP > MSP
Free-S* FWP = MSP
Eh FWP = MSP

solution (Panutrakul et al., 2001). However, these low
Free-S* contents at SM sediments probably are caused
by re-oxidizing processes induced by bioturbation
(Ferreira, 2010). The biological disturbances caused
by native vegetation roots and burrow crabs are
capable of facilitating the penetration of oxygen up
to 25 - 35 cm depth in the sediment column of the
salt marshes from Patos Lagoon estuary (Costa et al.,
2017; Costa et al., 2019). Such oxidizing conditions
could affect the sulfate reduction process, hampering
the formation of sulfides.

A previous study has demonstrated that
vegetation roots in salt marshes can catalyze
sulfide oxidation at depth by pumping oxygen
to the rhizosphere (Lee, 1999). Costa et al. (2017)
has already reported that the O, penetration into
deeper sedimentary zones via vegetation roots
and crab channels exert a strong influence on
geochemical processes in this same salt marsh. Our
data suggested that re-oxidation processes induced
by both bioturbation and eventual exposure to
subaerial conditions possibly contributed to the low
levels of free sulfides observed at SM sediments.
The varied disturbances in SM sediments may have
also favored the H_S loss to the atmosphere, which is
another important destination for free sulfides in salt
marshes (Luther et al.,, 1991).

ANOVA analysis may show that the sum of the
influence exerted by bioturbation/bioirrigation and
the irregular flooding dynamics in this salt marsh
significantly affected the CRS distribution in deeper
layers during both sampling periods (Table 6). Below
20 cm of depth, CRS levels are strongly reduced
between the freshwater and maximum salinity
periods whereas the AVS levels showed a large
increase (Figure 4). Theoretically, if we assigned the
decrease in CRS levels to re-oxidation processes, the
same should happen to AVS and in a more intense
way, because AVS concentrations in sediments tend

Mirlean et al.: Sulfides in sediments of irregular estuary

to be strongly controlled by the redox potential.
The establishment of oxidizing conditions in a layer
containing AVS will tend to rapidly re-oxidize these
metastable sulfides to sulfate. Therefore, what is
expected here is a strong depletion in AVS levels
between the two hydrological regimes. That can
be noticed in the uppermost layers of the profile
(0-5 cm). However, in deeper layers (20-40 cm), AVS
contents increase (Figure 4).

This peculiar pattern in the distribution of different
sulfide forms can be explained by the oscillatory
redox nature of this environment and by the AVS
highly reactive nature. As previously discussed, the
bioturbation and irregular flooding processes in SM
may induce strong redox variation in the sedimentsin
short periods. In persistent oxidizing conditions (i.e.,
during subaerial exposition), the AVS and partial CRS
oxidation could initially lead to a large decrease in
the concentration of these sulfides in the sediments,
with AVS practically disappearing. However, although
the oxidative destruction of AVS happens faster than
that of CRS during the subaerial exposition, the AVS
formation also comes about more rapidly under
anaerobic conditions that tend to be caused by the
submersion of SM sediments during flooding events
(Rickard and Morse, 2005).

HYDRO-CHEMICAL VARIATIONS IN ESTUARINE WATERS AND
DISTRIBUTION OF SULFIDES AT THE NON-VEGETATE ZONE

For the NV site, the Eh distribution in the
uppermost layers showed a slight variation between
the two periods (Figure 5), presenting milder reducing
conditions during the maximum salinity period
(Table 3). At greater depths, however, ANOVA analysis
indicated no significant differences for Eh mean
values between both sampling periods (Table 7).
The NV sediments are practically undisturbed with
feebly-marked bioturbation processes. The influence
of oxidizing water diffusion during maximum
salinity period appears to be restricted to the first
centimeters of the sedimentary column. With the
increase in depth, the Eh distribution indicated the
establishment of increasingly reducing conditions
(< -250mV; Figure 5), characteristic of sulfidic media
(Mansfeldt, 2004; Du Laing et al., 2009).

A significant anti-correlation between Eh and
Free-S* (r =-0.94 during freshwater period; r =-0.90 in
maximum salinity period; n = 20) and with CRS (r =-0.99
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Table 7. ANOVA analysis and Fisher LSD post hoc test
(n=8; p < 0.05) using Eh, Free-S%, CRS and AVS results from
NV sediments (below 10 cm depth) during the freshwater
(FWP) and the maximum salinity periods (MSP).

AVS FWP = MSP
CRS FWP = MSP
Free-S* FWP = MSP
Eh FWP = MSP

during freshwater period; r = -0.88 during maximum
salinity period; n = 8) can be observed, as well as
between CRS and Free-S? (r = 0.92 during freshwater
period; r = 0.98 during maximum salinity period; n =
8) in both sampling periods (Table 4). During early
diagenesis, free sulfides will tend to undergo three
major processes: oxidation, precipitation of metallic
sulfides, and formation of organic compounds
(Vairavamurthy et al., 1995). For layers below 10 cm
of depth (free from the influence of water diffusion),
our data suggest that the distribution of free sulfides
at the NV core is mainly controlled by pyrite formation,
furthermore ANOVA analysis indicated no significant
variations between both sampling periods (Table 7).
The Free-S* and CRS accumulation with depth, as well
as the low AVS levels, suggest that the pyrite is formed
by the H,S mechanism, in which H_S directly reacts with
iron (Il) monosulfide to form pyrite under reducing
conditions (Rickard and Luther, 1997, 2007; Rickard
and Morse, 2005). This conversion from AVS into CRS
probably contributes to the low AVS levels noticed
below 10 cm of depth in the sediment cores at NV.
The high Free-5* concentrations for the same interval
(< 10 cm) may be indicating low availability of
reactive iron to react with and remove Free-S* from
solution. This process would also explain the low AVS
concentrations in these deeper layers and would
indicate that the CRS is the product of accumulation
over time.

In the uppermost layers (0-10 cm) of the NV
profile, the distribution of AVS and CRS suggests
that the long-term hydrochemical variations in the
estuarine waters control the distribution of these
sulfides in each sampling period (Figure 5). During the
freshwater period, the first 10 cm of the sedimentary
pile showed anomalous AVS concentration, where AVS
is much higher than CRS. This indicates that the redox
conditions that prevailed in the sediments of this
period favored the preservation of metastable forms
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of sulfides. The AVS concentration in sediments is
determined both by the rate at which AVS is produced
and the rate at which it is lost through oxidation or
conversion into pyrite (Rickard and Morse, 2005).

In general, CRS tends to predominate over
AVS with some exceptions. For example, high
sedimentation rates and a temperature increase
favor the accumulation of metastable sulfides by
inducing persistent reducing conditions over time
(Oenema, 1990). Gagnon et al. (1995) demonstrated
that elevated reactive iron concentrations and high
sulfate reduction rates facilitate an accumulation
of AVS over pyrite. These authors argue that the
conversion of AVS into pyrite tends to be slow and
depends on the presence of oxidant agents (mainly
H,S) that lead to the formation of intermediate by-
products, such as elemental sulfur and polysulfides,
where the conversion of AVS into pyrite subsequently
takes place. This process of formation of pyrite from
AVS with H.S serving as an oxidant agent concerning
FeS under reducing conditions is also referred to
as the polysulfide mechanism (Rickard and Morse,
2005; Rickard and Luther, 2007). If those AVS
oxidative processes are slow or nonexistent, then
AVS tends to accumulate and can reach anomalous
concentrations (Gagnon et al, 1995; Rickard and
Morse, 2005). This process is probably accountable
for the AVS increase in the 0-10 cm interval at NV
site during the freshwater period when the Eh of this
sedimentary layer was more reducing in comparison
to the maximum salinity period (Figure 5).

The diffusions of water less enriched in oxygen into
the sediments during the freshwater period (Windom
et al,, 1999) probably favor a greater persistence of
reducing conditions overtime, facilitating the AVS
preservation in sediments from superficial layers at
NV site. AVS accumulation in uppermost sedimentary
layers suggests that there was not enough time for the
conversion from AVS to CRS through the polysulfide
mechanism since this process is slow (Gagnon et al,
1995). However, below 10 cm depth, AVS concentration
was low and similar during both sampling periods
(Table 7), most probably due to the conversion from
FeS to pyrite with H,S serving as oxidant agent of FeS
under persistent reducing conditions.

Lower O, levels in the overlying water imply a lower
availability of this electron acceptor in the sediments
and, hence, the O, diffusion tends to be confined to
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the first millimeters of the sedimentary pile. With the
intrusion of more oxic saltwater, higher O, availability
in the overlying water led to a deepening of the oxic
layer. Consequently, during the maximum salinity
period, AVS was re-oxidized and this resulted in its
low levels observed in the uppermost sediment
(Figure 5). This hypothesis of AVS oxidation due to
DO increase in the overlying water has already been
suggested by Hernandez-Crespo and Martin (2013).
CRS also showed a slight decrease in its levels from
the freshwater to the maximum salinity period in NV
core uppermost layers. This indicates that the redox
conditions that prevailed in the uppermost sediment
during the maximum salinity period prevented the
accumulation and the conversion of AVS into pyrite
and even allowed the oxidation of a CRS portion that
was present in the freshwater period (Figure 5).

CONCLUSIONS

In sediments of an estuary with a strong irregular
hydrological regime, TRIS concentrations increased
during the freshwater period and decreased during
the maximum salinity period. The most significant
seasonal variations for Eh and sulfides were noticed
in the uppermost sediments. The most reactive
forms of sulfides (i.e. Free-S2- and AVS) have shown
the greatest temporal variation between the two
hydrological regimes. In the non-vegetated area,
AVS represented the predominant form in the TRIS
pool within the uppermost 5 cm of the sediment
core during the freshwater period, which drastically
decreased for the maximum salinity period. In the
salt marsh, temporal variations in the distribution
of sulfides were also observed. There, the decrease
in the mean water level of the estuary during the
maximum salinity period led to the oxidation of most
AVS present in the uppermost layers (0-10 cm). In the
non-vegetated zone, the ANOVA analysis allowed us
to presume that no significant seasonal variations
occurred in deeper sedimentary layers (below 10
cm). However, considering the same interval (< 10
cm depth) for salt marsh sediments, CRS contents
were higher during the freshwater period in contrast
to those found in the maximum salinity period.
High Free-S2- concentrations in the lower part
of the sediment core in the non-vegetated area
indicated elevated rates of sulfate reduction and/or
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reduced availability of reactive iron. In the salt marsh,
bioturbation/bioirrigation processes contributed in
controlling the temporal variation of AVS and CRS
distribution. The high degree of disturbance in the
sediments probably contributed to the low Free-S2-
concentrations in the salt marsh.
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