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Loss of tidal wetlands is a world-wide phenomenon. Many factors may contribute to
such loss, but among them are geochemical stressors such as exposure of the marsh
plants to elevated levels on hydrogen sulfide in the pore water of the marsh peat. Here
we report the results of a study of the geochemistry of iron and sulfide at different
seasons in unrestored (JoCo) and partially restored (Big Egg) salt marshes in Jamaica
Bay, a highly urbanized estuary in New York City where the loss of salt marsh area
has accelerated in recent years. The spatial and temporal 2-dimensional distribution
patterns of dissolved Fe2* and H,S in salt marshes were in situ mapped with high
resolution planar sensors for the first time. The vertical profiles of Fe?+ and hydrogen
sulfide, as well as related solutes and redox potentials in marsh were also evaluated by
sampling the pore water at discrete depths. Sediment cores were collected at various
seasons and the solid phase Fe, S, N, C, and chromium reducible sulfide in marsh peat
at discrete depths were further investigated in order to study Fe and S cycles, and their
relationship to the organic matter cycling at different seasons. Our results revealed that
the redox sensitive elements Fe? and S2~ showed significantly heterogeneous and
complex three dimensional distribution patterns in salt marsh, over mm to cm scales,
directly associated with the plant roots due to the oxygen leakage from roots and
redox diagenetic reactions. We hypothesize that the oxic layers with low/undetected
HoS and Fe’* formed around roots help marsh plants to survive in the high levels of
H.S by reducing sulfide absorption. The overall concentrations of Fe?* and H,S and
distribution patterns also seasonally varied with temperature change. H»S level in JoCo
sampling site could change from <0.02 mM in spring to >5 mM in fall season, reflecting
significantly seasonal variation in the rates of bacterial oxidation of organic matter at this
marsh site. Solid phase Fe and S showed that very high fractions of the diagenetically
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reactive iron at JoCo and Big Egg were associated with pyrite that can persist for long
periods in anoxic sediments. This implies that there is insufficient diagenetically reactive
iron to buffer the pore water hydrogen sulfide through formation of iron sulfides at JoCo

and Big Egg.

Keywords: salt marsh geochemistry, planar optical sensors, Jamaica Bay, 2-D distributions, Fe2* and H,S

INTRODUCTION

The worldwide loss of salt marsh wetlands has been linked
to many factors, including sea level rise, coastal development,
coastal eutrophication and geochemical stressors. Salt marshes
need to accrete to keep pace as sea level rises. Marsh accretion is
affected by growth of the plants, accumulation of organic matter
and lithogenic particles and formation of authigenic phases (e.g.,
Fe,;S) in marsh peat. Cycling of iron compounds, hydrogen
sulfide (H,S) and nutrients N and P could provide stress on salt
marsh plants. Hydrogen sulfide is known as a toxin to marsh
plants (Kolker, 2005; Lamers et al., 2013; Alldred et al., 2020),
and addition of nutrients and organic matter to marshes may
enhance hydrogen sulfide production (Kolker, 2005). The input
of iron particles on marsh may increase marsh accretion by
reducing dissolved H,S and forming the mineral pyrite in the
marsh. But previous results also imply that the marsh biomass
could be degraded if iron in marsh is too high and causes removal
of the nutrient phosphorus (Cochran et al., 2018). Therefore,
understanding the distribution patterns and seasonal variations
of iron and sulfide in salt marshes, as well as possible geochemical
constraints on salt marsh loss, is critical for the study of marsh
health and resiliency.

Iron (Fe) and sulfur (S) are two important redox-sensitive
elements in salt marshes, their distribution patterns with depth
reflect multiple biogeochemical reactions and processes in the
deposits, for example, organic matter decomposition, sulfate
reduction/sulfide oxidation, availability of reactive Fe, and
accumulation rate of authigenic pyrite minerals (Berner, 1984;
Canfield et al., 1992; Goldhaber, 2003; Jorgensen and Nelson,
2004; Jorgensen and Kasten, 2006; Aller et al., 2010; Luther et al.,
2011). All these biogeochemical processes are closely coupled to
the environment and ecosystem of salt marshes, including marsh
peat degradation, accretion, biomass growth/decline, and species
diversities (Luther and Church, 1988; Kostka and Luther, 1995;
Sundby et al., 2003; Luo et al., 2017).

Particulate Fe is typically input to coastal marshes through
wind-blown dust, river run-off, and tidal flooding. The oxidized
Fe-containing mineral particles directly deposit on the marsh
surface, and subsequently become involved in early diagenetic
reactions in marsh peat. One important pathway for Fe cycling
in marsh is microbial iron reduction, a common pathway of
Fe>T-oxides reduction to Fe?* by organic matters mediated by
Fe3+-reducing microorganisms (Weiss et al.,, 2005; Luo et al.,
2015, 2016, 2017). In sulfidic zones, Fe3*-oxide minerals can
also abiotically react with sulfide to produce dissolved Fe?™,
which subsequently react with sulfide, generating the authigenic
minerals FeS and pyrite (FeS;) (Berner, 1970; Canfield, 1989;
Kostka and Luther, 1995). Hydrogen sulfide in marsh pore water

is generally produced from the reduction of sulfate by bacteria as
organic matter is oxidized. Because of the large amount of labile
organic matter in marshes (e.g., from marsh plants or combined
sewer overflows), the active electron acceptors Oy, nitrate/nitrite,
Mn/Fe-oxide could be completely consumed by organic matter
within a very thin surficial layer of the marsh peat, resulting in an
anoxic sulfidic environment in most salt marshes. Under anoxic
conditions, sulfate-reducing bacteria use SO42~ as an electron
acceptor for organic matter remineralization, generating H,S as
one of the end products (Goldhaber, 2003; Jorgensen and Nelson,
2004). This anaerobic respiration process often dominates in
organic matter-rich salt marshes, resulting in high concentrations
of dissolved sulfide at millimolar (mM) levels (Bagarinao, 1992).
H,S, one specie of the total dissolved sulfide (XH,S = [H,S] +
[HS™] + [S%7]), is harmful to marsh plants such as Spartina
alterniflora. Long-term exposures to levels greater than ~4 mM
H,S in marsh pore water can cause plant die-off, and subsequent
peat degradation and subsidence (Kolker, 2005; Cochran et al,,
2013; Lamers et al., 2013).

Typically,  the  intense  redox  reactions  and
precipitation/dissolution reactions in the surficial marsh
peat generate sharp gradients of Fe?™ and H,S in marsh
pore water. The H,S concentrations can increase from 0 to
several mM over depths of millimeters to centimeters, with the
concentrations of Fe?* changing by several hundred micromolar
(wM). The compositional changes with depth in deposits are
usually assumed steady and to occur in an overall average vertical
progression. However, the growth of marsh plants and the
activities of dwelling fauna can generate significant heterogeneity
and complex three dimensional reaction patterns of Fe and S over
millimeter to meter scales due to plant rhizosphere development,
oxygen transport through roots, burrow construction, and
bioirrigation (Aller, 1982, 2001; Sundby et al., 2003; Weiss et al.,
2005). The seasonal cycling of Fe and S in salt marsh sediments
have been reported (Luther et al., 1986; Kostka and Luther,
1995; Luo et al., 2017), and 2-D distributions of dissolved Fe?*
and H,S in coastal marine sediments have also been discussed
elsewhere (Zhu and Aller, 2012, 2013; Yin et al., 2017). However,
the small scale 2-D distribution patterns of dissolved Fe?* and
H,S associated with the plant rhizosphere in salt marshes have
not been investigated so far. In situ measurements of real-time,
high-resolution 2-D distributions of H,S and Fe?* around plant
roots may provide insight into the nature of interactions between
the oxygen, iron, and sulfur cycles in marsh plant rhizosphere.

Jamaica Bay, New York has suffered considerable loss of salt
marsh acreage over the past ~50 years. A large unrestored marsh
island JoCo and a partially restored marsh island Big Egg were
selected as study sites in this work. We noted that the H,S levels
at JoCo marsh could be elevated to >6 mM in summer and
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FIGURE 1 | Location of Jamaica Bay and the sampling sites at Big Egg (BE) and JoCo (JC). The GPS coordinates of sampling sites are BE1 (40.59604N,
73.82637W; restored in 2003), BE2 (40.59586N, 40.59586W), BES (40.59607N, 73.82812W), JC1 (40.61241N, 73.78779W), JC2 (40.61212N, 73.78724W), and
JC3 (40.61173N, 73.78591W), respectively. Modified from Tamborski et al. (2017). Service Layer Credits: Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics,
CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.

fall, but marsh plants grow well and its still considered as a
“healthy” marsh. On the other hand, marsh in the unrestored part
of Big Egg seems to be worse, even the H,S level is lower than
JoCo. We hypothesize: (1) a complicated and time-dependent
3-D distribution pattern of low level dissolved H,S and Fe?*
(cold-spots) around individual plant roots can be generated by
oxygen transport/leakage from roots, and (2) the cold-spots/oxic
layers formed around roots help marsh plants to survive in the
high levels of H,S by reducing sulfide absorption. Accordingly,
we collected pore water samples with “sippers”- short tubes that
are emplaced to various depths in the peat and through which
pore water is drawn into an evacuated syringe, complemented
this approach with chemical sensors that provide in situ high-
resolution mapping linking the structure of marsh peat with
spatial and temporal patterns of H,S and Fe?*t concentrations,
and collected marsh peat cores to study the distributions of Fe, S,
N, C, and chromium reducible sulfur (CRS) in marsh peat solid
phase. Our goal is to characterize the significant geochemical
heterogeneities of Fe and S in marsh pore water and peat, seasonal

variation and the interactions of these solutes in marsh pore
water, the characterization of elevated pore water levels of the
phytotoxin H,S, and the effects of the redox cycles of Fe and S
on the solid phase reservoirs of these elements.

MATERIALS AND METHODS
Sample Sites

Jamaica Bay is a heavily urbanized estuary (~80 km?) located
primarily between the New York City boroughs of Brooklyn
and Queens, with a connection to the Atlantic Ocean through
Rockaway Inlet (Figure 1). The Bay, consisting of over a dozen
isolated marsh islands and a labyrinth of waterways, has been
characterized as a eutrophic estuary with water salinity in
the range of 20-26 PSU, temperature 1-26°C, and pH 6.8-9,
respectively [USFWS (U.S. Fish and Wildlife Service), 1997].
Some of the marsh islands are natural, but many of them have
been restored through engineering efforts. The dominant plant
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species in the low salt marsh is saltmarsh cordgrass, S. alterniflora,
and in the high salt marsh is salt meadow cordgrass, Spartina
patens. These salt marshes provide critical ecological services,
including habitat and food sources for wildlife, shoreline erosion
control, and water column filtration, as well as serve as a buffer
against storm tides and waves (New York City Department
of Environmental Protection, 2007a,b; Marsooli et al., 2017).
However, Jamaica Bay’s salt marsh losses have been severe;
about 60% of the Bay’s salt marsh has converted into mudflats
since 1951, with smaller islands losing up to 78% of their
vegetation cover, due to a combination of factors including
sediment load reduction, dredging, boat traffic, sea level rise,
nutrient enrichment and H,S concentration increase (Rafferty
et al, 2010; Campbell et al., 2017). The nutrient load of
the Bay from sewage treatment plant effluent and combined
sewer overflows is thought to be an important factor that
may contribute to this high rate of marsh loss in recent years
(Deegan et al., 2012).

Jamaica Bay has a mean semi-diurnal tidal range of
approximately 1.5 m, the investigated marsh sites are all
inundated during high tide. Two marsh sites were studied in
the present work: one is a natural salt marsh, JoCo (JC), which
is considered a “healthy” marsh, and the other is a partially
restored salt marsh, Big Egg (BE). Three sampling sites were
established in each marsh. One of the three sites at Big Egg (BE1)
was previously restored by spraying sandy sediment from the
adjacent channel onto the marsh surface as part of a restoration
effort in 2003 (Frame et al., 2006), but the remaining two sites
(BE2 and BE3) have not yet been restored. The two marshes
are dominated by S. alterniflora, while JoCo has a mixture
of marsh grasses that includes Spartina patens, a high marsh
species. JoCo experienced a marsh loss of approximately 7%
between 1974 and 1999, while losses at Big Egg were up to 38%
(NYSDEC, 2006).

Pore water samples, solid marsh cores, and sensor deployment
in JoCo were taken on October 10, 2014, May 1, 2015 and
September 9, 2015 and April 22, 2016, respectively. In Big
Egg sites, they were taken on October 8, 2014, April 13, 2015,
September 25, 2015, and April 15, 2016, respectively.

Discrete Pore Water Sampling and

Measurements

Discrete pore water samples were taken using pore water
“sippers” at depths of 5, 10, 15, and 25 cm in the marsh peat. The
sippers are hollow acrylic rods that end in a small opening. Each
sipper is connected to Tygon tubing which can be connected to
a 50 ml plastic syringe. A valve connected to the Tygon tubing
between the syringe and the sipper facilitates purging of the
syringe. Pore water samples of ~50 ml were slowly drawn into the
syringe through the sipper, and immediately filtered in the field
through 0.45 pum filters. Aliquots for dissolved sulfide, nutrients,
and trace elements were collected. The sulfide aliquots were fixed
in the field by adding 0.5 ml of 0.05 M Zn(C;H30;)2.2H,0 to
each sample, the Fe?* aliquots were stabilized by acidification.
The concentrations of dissolved sulfide, nutrients (NH4+ and

HPO42~) and dissolved Fe?* in these discrete pore water samples
were subsequently measured in lab.

Total dissolved sulfide (as TH,S = [H,S] + [HS™] + [S*7])
and ammonium were measured using techniques described by
Kolker (2005) and Cochran et al. (2013). Briefly, total sulfide
was measured by spectrometric method (Cline, 1969; Reese
et al,, 2011) with relative standard deviation (RSD) < 5%.
Ammonium and phosphate were measured using a Lachat
Nutrient Autoanalyzer with RSD #+ 5%, and dissolved Fe?*
was determined by spectrometric method described by Stookey
(1970). Pore water pH and Ej (ORP; Oxidation-Reduction
Potential) were measured in the field with a YSI 1009-1 09C
multi-parameter probe that measured pH on the total H scale
and used a Pt electrode for Ej. Salinity values were determined
in the laboratory through measurement of chloride or with
a refractometer.

In situ Measurements of 2-D Pore Water
HS and Fe?*+ Using Optical Planar
Sensors

2-D distributions of dissolved Fe?* in pore water were measured
in situ by deploying optical planar Fe?* sensors in salt marsh.
The irreversible planar sensor of dissolved Fe>*+ was fabricated
with ferrizone as the optical indicator that was immobilized
in polyurethane hydrogel (D4) membrane, modified from our
previous publication (Zhu and Aller, 2012). The blank Fe?™
sensor film was colorless and transparent, and it rapidly
converted to a violet-red color with maximum absorption
wavelength at 562 nm after the sensor film was exposed to
dissolved Fe?* solution. The sensor response range depends on
the sensor deployment time in Fe?* solution, and the sensor
showed a good linear response in the range of 0-200 pmol/L
of Fe>T with the limit of detection of 5 wmol/L when a 10 min
deployment time was applied. A short sensor deployment time
was used when Fe? T concentration was higher than 200 pumol/L,
and the sensor could respond to dissolved Fe’' as high as
1 mmol/L when it was deployed in the sample for 1 min.
In this work, 1-10 min Fe?* sensor deployment time in salt
marsh was used, depending on the Fe?* concentration in the
marsh pore water.

The sensor film sheet (14 cm x 20 c¢cm) was cut into five
sensor film stripes with dimension of 2.8 cm x 20 cm, four strips
were used for in situ deployment and one for calibration. The
sensor film strip was mounted on a 5 cm x 40 cm x 1 cm
(width x length x thickness) polycarbonate plastic sheet with a
beveled end. In situ measurements were performed at low tide
by inserting/punching the plastic sheet with attached sensor strip
vertically into the salt marsh peat (Figure 2) and allowing it
to react with dissolved Fe?>* in pore water for 1-10 min. After
the reaction, the sensor film was pulled out of the marsh and
rinsed with seawater. The color-developed Fe?* sensing film
was then wrapped with a paper towel and brought back to the
laboratory for imaging. In situ measurements were duplicated at
each marsh sample site. After return to the laboratory, the sensor
films were calibrated with identical response time by using Fe?*
standards prepared in seawater which was collected from the

Frontiers in Earth Science | www.frontiersin.org

April 2021 | Volume 9 | Article 653698


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Zhu et al.

Small-Scale Geochemical Heterogeneities

FIGURE 2 | (A) In situ deployment of planar optical sensors of Fe2* and HoS
in salt marshes. The sensor sheet strip was mounted on a polycarbonate
plastic sheet with a beveled end and inserted into the marsh for a certain time.
(B) The 2-dimensional sensing image associated with calibration strips was
recorded with a flat scanner (Canon). Reprinted from Encyclopedia of Ocean
Sciences, 3rd edition, vol. 4. Zhu Q., In situ Planar Optical Sensors for
Sediment Diagenesis Study, pp. 147-156, Copyright 2019, with permission
from Elsevier.

same sample site. The colored Fe?™ sensor strips were imaged by
a flat scanner (Canon), and all color images were analyzed with
Maxim DL image processing software version 2.0X (Diffraction
Limited) and Image-Pro plus version 4.1 for Windows (Media
Cybernetics). The isolated green bands of the color images were
used to calculate the absorbance within individual pixels. In situ
measurements of 2-D Fe?* distributions in pore water were
conducted at October 2014, April 2015, and September 2015.
2-D distributions of dissolved H,S in salt marshes were
measured by two different optical planar H,S sensors. The 2-D
H,S distributions in the October 2014 samples were measured by
a fluorescence planar sensor in box cores which were collected
from each site and incubated/re-equilibrated with seawater
(collected from the same site) in the laboratory for 24 h at room
temperature (22°C) with constant aeration of overlying water.
The fluorescence H,S planar sensor sheet was prepared by non-
covalently immobilizing H,S fluorescence indicator pyronin in
an ethyl cellulose polymer membrane on a transparent polyester
sheet, and coating with a layer of gas permeable silicone (Zhu and
Aller, 2013). The fluorescence sensor responded well to dissolved
H,S in the range of non-detectable to 3.15 mmol/L with detection
limit 40 pmol/L dissolved H,S. The sensor response time was

about 60 s, and it was very suitable for H,S quantification in
highly sulfidic salt marshes. However, it was only a moderately
reversible fluorescence sensor, losing its response after 5-6
measurement cycles (Zhu and Aller, 2013). The sensor film was
cut into the strips of 3 cm x 15 c¢cm for the following 2-D
measurement: an H,S sensor strip was installed on the inside of
the front face of the box corer and sensing membrane contacted
to the marsh sediment. The bottom of the box core was tightly
sealed. After 24 h incubation, the fluorescence image of the H,S
sensor strip was taken at 577 nm (+10 nm) with excitation
wavelength at 554 nm by using our home-made imaging system
(Zhu and Aller, 2013). Image analysis and data calculations were
performed with Maxim DL image processing software version
2.0X (Diffraction Limited) and Image-Pro plus version 4.1 for
Windows (Media Cybernetics). Images were split into blue, green
and red bands and the red band was used to calculate the
intensities of individual pixels.

2-D H,S distributions in other seasons, April 2015 (spring)
and September 2015 (late summer), were obtained by in situ
deployments using an irreversible H,S colorimetric planar sensor
that was prepared from diphenylcarbazone-Zn?* complex in
polyurethane hydrogel (D4) on a transparent polyester sheet,
covered by a gas permeable silicone membrane to eliminate
possible interfering hydrated ions. The blank sensor film
showed a dark purple color with a maximum absorbance at
530 nm, and the sensor absorbance was inversely correlated with
dissolved H,S concentration in the range of 5-4,000 pmol/L
(Yin et al, 2017). A 3.5 cm x 20 cm H,S sensor film
was mounted on one side of a 5 cm x 40 cm X 1 cm
(width x length x thickness) polycarbonate plastic sheet with
a beveled end, and the deployment method was the same as 2-
D Fe?t in situ measurement as described above. Response time
of the H,S sensor in marsh was 1-10 min (depend on the H,S
concentration in the marsh). After the reaction, the sensor film
was pulled out of the sediment and rinsed with seawater. The
color-changed sensing film was scanned within 20 min in the
field by using a flat scanner (Canon). After return to the lab, the
H,S sensor responses were calibrated for identical response times
by using H,S standard solutions prepared from sodium sulfide
in pH < 4 solutions. All color images, including sample sensing
images, were analyzed with Maxim DL image processing software
version 2.0X (Diffraction Limited) and Image-Pro plus version
4.1 for Windows (Media Cybernetics). The isolated green bands
of the color images were used to calculate the absorbance within
individual pixels.

Solid Phase Geochemistry

Cores for solid phase geochemistry (sulfur and iron) were taken
by carefully inserting an aluminum tube (i.d., 7 cm) into the
marsh peat. After the tube was positioned on the marsh surface,
vertical cuts were made around the perimeter to minimize
compaction as the core was inserted. Immediately after return to
the laboratory, the cores were frozen. They were later defrosted
only enough to permit the sediment to be extruded and then
were sectioned into 1-2 cm intervals. The JoCo sediment cores
had more peat and roots whereas the Big Egg sediment cores had
fewer large roots and more mud. Small aliquots of sediment were
removed from each section for solid phase geochemistry and the
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FIGURE 3 | HyS and dissolved Fe?* distribution patterns in the pore water of Big Egg (BE) marsh peats in fall 2014. (A) 2-D H,S distribution patterns in the
sediments, which were incubated 1 day in lab before HoS imaging. The green panels are physical image of sediments and the color panels (pseudo color) are
corresponding 2-D H,S distributions. (B) Vertical H»S profiles averaged from each 2-D H,S distribution in panel (A). (C) 2-D Fe?* distribution patterns which were
obtained by in situ deployments; dotted line marks the peat surface. (D) Vertical Fe2* profiles averaged from each 2-D Fe2* distributions in panel (C).
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remainder was weighed, dried, weighed again to determine water
content and then ground to a powder. Solid phase reactive iron
was measured by leaching ~50 mg of dried sediment in 1 N HCl
for 24 h at room temperature. Total Fe in the leach solution was
measured colorimetrically using the ferrozine method (Stookey,
1970). Sulfur was measured in two pools—chromium reducible
sulfides (CRS, dominantly pyrite, and FeS;) and total sulfur, as
described in Kolker (2005) and Cochran et al. (2013).

RESULTS

The high resolution 2-D Fe?* and 2-D H,S distribution patterns
revealed by optical sensors in the six sampling sites in Big Egg
(BE) and JoCo (JC) are shown in Figures 3-8. Vertical profiles of
dissolved H,S and Fe?* at each site were calculated by averaging
the data across each horizontal pixel layer.

The results of H,S and Fe?™ distributions in the early fall
sampling (October 2014) obtained by optical sensors are given
in Figures 3, 4. The green panels in Figures 3A, 4A are visible
images of the side views of marsh cores from Big Egg and
JoCo, respectively. The root interweaving patterns can be clearly

seen and are directly associated with the 2-D H,S distribution
patterns. The H,S in all sampling sites showed a gradient in
the top 10 cm depth. H,S level in the surficial sediment of BE1
increased with depth and formed a maximum concentration
band from 2 to 5 cm depth, with H,S 0.5 mM, then sharply
decreased to almost 0 below 6 cm. H, S in BE2 also increased with
depth but reached a maximum concentration ~1 mM H;S below
12 cm. Higher H, S concentration was observed in BE3 where H,S
sharply increase from 0 to 2 mM in top 2 cm marsh and then
reached maximum H;S concentration below this depth. The 2-D
H,S distribution patterns in the BE sites showed significant lateral
and vertical heterogeneities even though site BE2 was very close
to BE3. Many “hot spots” of H,S in the marsh were also elevated.
However, the dissolved Fe?™ in the three sites BE1-3 showed a
similar distribution pattern (Figures 3C,D). Fe>* concentration
sharply increased just below the water-sediment interface and
reached Fe?™ maximum zone at 1-2 cm deep and then quickly
dropped to non-detectable level. The maximum Fe?* concretions
in all BE sites were between comparable, with values of 20-30 uM
Fe?* in pore water (Figure 3D).

Figure 4 shows the H,S and Fe?T distributions in JoCo in
the early fall season. Compared with their distributions in Big
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FIGURE 4 | H,S and dissolved Fe?™ distribution patterns in the pore water of JoCo (JC) marsh peats in fall 2014. (A) 2-D H,S distribution patterns in the sediments
which were incubated for 24 h in lab before H,S imaging. The green panels are physical image of sediments and the color panels (pseudo color) are corresponding
2-D H,S distributions. (B) Vertical HoS profiles averaged from each 2-D H,S distribution in panel (A). (C) In situ 2-D Fe?+ distribution patterns which were obtained
by in situ deployments; white line marks the peat surface. (D) Vertical Fe?* profiles averaged from each 2-D Fe?* distributions in panel (C).
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Egg, H,S concentrations in JoCo, 3-6 mM, are much higher
than those in Big Egg. H,S concentration in JC1 immediately
reached a maximum of 6 mM just below the sediment surface
and gradually decreased to 1 mM at 12 cm (Figures 4A,B).
Accordingly, no Fe?* was found in JC1 and JC2 sites except
some Fe?" hot spots due to the high and constant level of
H,S. The 2-D Fe2t distribution pattern in JC3 is similar to that
in the BE sites, but reached the maximum zone at 4 cm with
Fe’t concentration around 40 WM. It should be emphasized
that the 2-D H,S distributions in the fall 2014 season were
measured in the laboratory with a box core incubation for
24 h at room temperature, using a fluorescence H,S sensor
(see section “Materials and Methods,” Zhu and Aller, 2013).
2-D H,S distributions in all other seasons were measured
in situ with optical sensor sheets, as done for the 2-D Fe?*
distribution patterns.

2-D H,S and Fe?* distributions in the spring season at the
site of JoCo and Big Egg were measured in situ on 05/01/2015

and 04/13/2015 (Figures 5, 6), respectively. The concentrations of
H,S were generally <20 uM or non-detectable in the top 15 cm
of marsh in JoCo (Figure 5), however, higher levels of H,S (1-
3 mM) were found at the sites of BE1-3 associated with root
distribution patterns (Figure 6). Dissolved Fe?* concentrations
were non-detectable at JC1 in the top 15 cm, meanwhile dissolved
Fe?T was high (20-30 uM) in a very thin 0.5-2 cm layer at
JC2, BE2, and BE3. Relatively higher Fe?* levels were observed
at JC2 and BE1, particularly at BE1, where dissolved Fe?* was
present from the sediment surface to 15 cm deep (Fe?* was not
measured deeper than 15 cm in any sampling) with a maximum
concentration of 100 WM at 2 cm. The results showed that both
dissolved H,S and Fe?’T concentrations in Big Egg site were
higher than those at JoCo in the spring season.

2-D distribution patterns of H,S and Fe?T in marsh pore
water were mapped in a late summer sampling in September
2015, and the results from are summarized in Figures 7, 8,
respectively. H,S concentrations were almost non-detectable in
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FIGURE 5 | Hy,S and dissolved Fe?* distribution patterns in the pore water of JoCo (JC) marsh peats in spring 2015. (A) 2-D H,S distribution patterns (pseudo
color) obtained by in situ measurements in sediments; white line marks the peat surface. (B) Vertical HoS profiles averaged from each 2-D HoS distribution in the
panel (A). (C) 2-D Fe?* distribution patterns obtained by in situ deployments; white line marks the peat surface. (D) Vertical Fe?+ profiles averaged from each 2-D
Fe2* distributions in the panel (C).

the top 2 cm of marsh but started to significantly increase below
this depth and reached maximum concentrations of 2-3 mM
at about 10 cm at the JC1 and JC2 sites. H,S concentrations at
sites of JC3, BE1, and BE2 were in the range of 1-1.5 mM below
8 cm which was smaller than that in JCI and JC2, and no H,S
was observed in the top 8 cm. At BE3, H,S was immediately

elevated under marsh surface and increased to >2 mM H,S below
4 cm depth. Similarly to the 2-D H,S distributions obtained
in the lab (Figures 3A, 4A), complicated and heterogeneous
H,S distributions in the marsh can be seen associated with
rhizospheres structures (Figures 7A, 8A). 2-D Fe?" vertical
distributions in all JoCo sites in summer showed very large
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FIGURE 6 | HyS and dissolved Fe?* distribution patterns in the pore water of Big Egg (BE) marsh peats in spring 2015. (A) 2-D H,S distribution patterns (pseudo
color) obtained by in situ measurements in sediments; white line marks the peat surface. (B) Vertical HoS profiles averaged from each 2-D Ho S distribution in the
panel (A). (C) 2-D Fe?* distribution patterns obtained by in situ deployments, white line marks the peat surface. (D) Vertical Fe?* profiles averaged from each 2-D
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variations and many “hot spots” and “cold spots” from the marsh
surface down to 14 cm depth. Fe?* concentrations at the hot
spots may have reached as high as >200 wM (Figure 7C),
but may have sharply dropped to non-detectable levels in cold
spots. In general, the average Fe>* concentrations in JoCo were
smaller than those at the Big Egg sites, where Fe?T showed a

maximum zone from 0 to 4 c¢m, with concentrations of 50-
200 wM, and sharp decreases to <50 WM or non-detectable below
4 cm (Figure 8C).

The pH, redox potentials (Ey,) and salinity of the discrete pore
water samples collected at 5, 10, 15, and 25 cm depth at the marsh
sites during different seasons are summarized in Table 1. The pH
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FIGURE 7 | H,S and dissolved Fe?* distribution patterns in the pore water of JoCo (JC) marsh peats in summer 2015. (A) 2-D H,S distribution patterns (pseudo
color) obtained by in situ measurements in sediments; white line marks the peat surface. (B) Vertical HoS profiles averaged from each 2-D HoS distribution in the
panel (A). (C) 2-D Fe?* distribution patterns obtained by in situ deployments; white line marks the peat surface. (D) Vertical Fe?* profiles averaged from each 2-D
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values of all sites and seasons were mostly <7, and the vertical pH
data showed slight increases with depth below 5 cm. No obvious
pH seasonal variation was observed at all depths. However, the
pH at JoCo was likely lower than pH of Big Egg at the same depth
in the same season.

Redox potential (E},) obtained from each marsh site below
5 cm was negative. It decreased with depth at most sites and also

showed a significant seasonal and spatial variation for both Big
Egg and JoCo marsh sites. At JoCo, the Ej, of summer and fall
ranged from ~ —200 to ~ —350 mV, and it increased to —40
~ —170 mV in spring. The Ey values at Big Egg were in the
range of —12 to about —380 mV in summer and fall, but showed
high spatial and temporal variance. In the spring season, the Ej,
values of Big Egg were in the range of —200 ~ —250 mV at all
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FIGURE 8 | HyS and dissolved Fe?* distribution patterns in the pore water of Big Egg (BE) marsh peats in summer 2015. (A) 2-D H,S distribution patterns (pseudo
color) obtained by in situ measurements in sediments; white line marks the peat surface. (B) Vertical H»>S profiles averaged from each 2-D H, S distribution in the
panel (A). (C) 2-D Fe?* distribution patterns obtained by in situ deployments; white line marks the peat surface. (D) Vertical Fe?+ profiles averaged from each 2-D
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depth, but this was consistent with the high H,S values found in
spring in this marsh (Figures 6A,B). The salinities of all sampling
sites did not show obvious changes either with depth or season,
ranging from 27 to 30.

The concentrations of Fe2t, total hydrogen sulfide (XH,S),
phosphate and ammonium in pore water were also determined

by traditional methods via “sipper” sample collection method
at discrete depths of 5, 10, 15, and 25 cm. The results are
summarized in Table 2. Fe?™ in pore water of JoCo and Big Egg
were generally very low (<10 M) and no obvious changes with
depth except the spring data of JC2 which increased from 77 to
141 WM from 5 to 16 cm. The relative high Fe?™ concentration of
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TABLE 1 | Pore water pH, redox potential and salinity data obtained in situ in Big Egg and JoCo marshes, Jamaica Bay, NY.

pH Redox potential Ej,(mV) Salinity (PSU)
Marsh Site  Depth (cm) Fall'14 Spring’15  Summer’15 Fall’14 Spring’15  Summer 15 Fall'14 Spring’15  Summer’15
JoCo 10/10/14 5/1/15 9/9/15 10/10/14 5/1/156 9/9/15 10/10/14 5/1/15 9/9/15
JC1 5 6.45 4.88 6.2 —230 —41 —325 28 32 ND
10 6.41 6.08 6.15 —2783 —60 -325 29 27 ND
15 6.50 6.04 6.35 —270 -90 —350 29 28 ND
25 6.55 6.25 6.23 —290 -210 —350 29 27 ND
Jc2 5 6.30 5.40 6.82 -185 -39 —-198 28 28 ND
10 6.55 5.70 6.15 —220 —113 =277 28 26 ND
15 6.35 5.62 6.13 —230 -98 —307 28 25 ND
25 6.60 6.30 5.77 —250 —-160 —321 28 24 ND
JC3 5 6.13 5.87 6.64 —220 —86 —234 29 35 ND
10 6.42 6.04 6.06 —270 —106 —247 30 31 ND
15 6.53 6.67 6.12 —275 -128 -320 32 27 ND
25 6.64 6.32 5.95 —285 —-164 —235 32 28 ND
Big Egg 10/8/14 4/13/15 9/25/15 10/8/14 4/13/15 9/25/15 10/8/14 4/13/15 9/25/15
BET 5 6.12 7.01 vV —125 —190 v 27 28 ND
10 5.74 7.09 6.79 -75 —233 —345 27 27 ND
15 6.36 712 \% —190 —186 \% 27 28 ND
25 6.45 6.84 6.85 —133 —186 —367 27 28 ND
BE2 5 6.70 NS 7.15 -27 NS —371 28 NS ND
10 710 7.08 7.02 —12 217 —374 28 29 ND
15 % 6.52 vV v —230 v 30 29 ND
25 6.50 6.65 6.67 —240 -195 —383 29 29 ND
BES3 5 6.00 NS NS -130 NS NS 28 NS NS
10 6.46 6.88 NS —200 —250 NS 28 30 NS
15 6.50 7.26 NS —150 —187 NS 29 30 NS
25 6.34 7.09 NS —230 -186 NS 29 30 NS

ND, not determined; IV, insufficient volume for electrode; NS, no sample.

JC2 in spring was also observed by the optical sensor (Figure 5C),
but no spatial and seasonal variances of Fe’* concentrations
were observed by the traditional lab methods. XH,S measured
in the fall and summer seasons was typically higher than in
the spring season, and the average XH,S concentrations at the
JoCo sites were higher than those at Big Egg. However, the BE
sites showed much higher XH,S than JC in the spring season,
which was consistent with the dissolved H,S level obtained by
in situ sensing (Figures 5A, 6A). Ammonium concentrations
also varied with season and location in Jamaica Bay. The NH4 "
concentrations at sites in BE were as high as 100-900 pM in
spring and summer, but decreased to <158 wM in fall. The
NH, T concentrations of JC in spring and summer were much
lower than those of BE, but they were higher than BE in fall.
Similar to ammonium, phosphate also showed relative higher
concentrations at the site of BE, and the phosphate concentration
sequence at different seasons were summer > spring > fall in
both BE and JC sites.

The solid phase organic carbon, total sulfur (S), CRS acid
leaching Fe and degree of pyritization (DOP) at different sites and
seasons are summarized in Table 3. Total sulfur concentrations in
JC were slightly higher in fall season, but its distribution at BE2

was different from other sites and higher sulfur was observed in
spring at BE2. CRS showed higher concentrations at each depth
in the spring than that in summer. It was typically increased
with depth but a decreasing pattern was found at site BE2. The
distribution patterns of acid-leachable iron in JC and BE were
also different- all three JoCo sites showed higher solid phase Fe
in summer than in spring, but in contrast, Big Egg marsh had
much higher solid phase Fe in spring than summer. CRS and acid
leachable Fe in the fall season were not analyzed.

DISCUSSION

Heterogeneities of Fe2t and H,S
Distributions in Salt Marsh Pore Water

Salt marshes are sites of intense biogeochemical reactions
involving anoxic organic matter remineralization, which typically
result in dramatic changes in the concentration of H¥, Fe?*,
H,S, and other pore water species in the upper layer of
marsh sediments (Morse et al., 1987; Canfield et al., 1992;
Brendel and Luther, 1995; Bull and Taillefert, 2001; Zhu and
Aller, 2013; Yin et al., 2017; Koop-Jakobsen et al., 2018).
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TABLE 2 | Pore water solute data obtained from Big Egg and JoCo marshes, Jamaica Bay, NY.

NH,* (M) HPO,43~ (WM) TH,S (kM) Fe2* (uM)
Marsh Depth Fall’14 Spring’15 Summer’15 Fall’14 Spring’15 Summer’15 Fall’14 Spring’15 Summer’15 Fall’14 Spring’15 Summer’15
Site (cm)
JC1 5 2.0 57 4.9 0.2 3.6 14 2,876 4.5 2,314 3 8 5
10 23 157 41 0.2 7.9 20 6,095 17 4,301 3 3 NS
15 28 193 134 0.2 8.7 20 5,587 43 4,658 7 6 NS
25 77 224 96 0.3 9.2 24 6,697 660 4,275 2 7 NS
Jc2 5 36 1.6 0.0 0.4 0.0 4.3 846 5.4 NS 2 77 15
10 71 2.6 0.0 0.5 0.0 1.0 1,594 4.5 133 3 96 15
15 2.6 7.3 0.0 0.3 0.0 1.1 1,973 133 588 3 141 NS
25 198 41 2.0 1.0 7.2 4.7 3,487 343 1,800 4 11 NS
JC3 5 10 26 31 0.2 1.1 11 3,470 2.1 282 4 6 15
10 71 181 35 0.5 4.5 11 5,406 4.9 480 6 4 15
15 102 291 11 0.1 6.4 22 9,416 24 4,056 4 3 NS
25 170 248 23 0.4 7 22 8,539 390 2,891 20 6 NS
BET 5 14 240 111 0.1 11 90 1,234 272 1,200 5 2 11
10 4.2 340 207 0.0 40 161 252 882 3,015 5 2 5
15 59 265 344 0.4 28 44 17 413 1,370 6 4 0
25 1.0 245 445 0.1 20 91 85 509 5,381 6 3 1
BE2 5 18 882 589 0.2 85 115 17 2,476 2,962 2 3 0
10 28 336 752 0.2 26 130 9 926 4,022 3 3 2
15 NS 160 522 NS 24 111 4,965 2,576 3,178 4 4 5
25 1568 73 637 0.9 i 100 4,436 1,431 5,491 3 2 2
BE3 5 5.8 NS 582 0.3 NS 164 273 1,846 2,143 4 NS 3
10 4.8 610 759 0.4 72 212 840 226 4,164 4 1 4
15 6.5 207 NS 21 13 NS 2,116 368 3,916 3 2 NS
25 14 238 762 1.0 15 85 2,366 NS 6,722 3 1 6

NS, no sample.

Compositional changes of Fe?Tand H,S with depth in sediment
pore water are usually assumed to occur in an overall average
vertical progression. Significant heterogeneity and complex three
dimensional reaction patterns over mm to cm scales can result,
however, from bioturbation activity (Zhu and Aller, 2013; Yin
et al,, 2017). In salt marshes, the growth of wetland plants and
oxygen transport through the aerenchyma lacunae of plants
from aboveground sources to rhizosphere can also create a
complicated thin layer of aerobic environment around roots
through the radial oxygen loss (ROL) from roots (Armstrong,
1979; Howes and Teal, 1994; Colmer, 2003; Han et al., 2016;
Koop-Jakobsen et al., 2018). Most of the selected study sites in
Jamaica Bay are dominated by saltmarsh cordgrass S. alterniflora,
in which the roots extensively intergrow into a dense network
over at least the top 30 cm of the peat. Thus, it is expected
that the 2-D distribution patterns of Fe’ and H,S in marsh
peat are influenced by the plant root growth patterns. We
hypothesize that the oxygen transport through plant rhizosphere
and the radial oxygen loss can generate a time-dependent 3-
D distribution pattern of low level dissolved H,S and Fe?*
(cold-spots) associated with individual plant roots in marsh peat.

In order to test this hypothesis and study Fe?* and H,S
distributions and the associated biogeochemical processes in
marsh peat with a high density of living plants, box cores
made of clear acrylic plastic were collected from each site in

October 2014 and the H,S sensor deployments were conducted
in the laboratory so that the plant root features and sensor
foil deployment position can be directly seen from side of the
core. The 2-D H,S distribution measured by a reversible H,S
fluorescence planar sensor was compared to the visible image
of peat core (side view). The green color of the visual images
(Figures 3A, 4A) was from the visual light source (white is not
available in the image system used). The corresponding 2-D H,S
images in Figures 3A, 4A (shown as pseudo-color, reflecting
concentrations) revealed that the concentration distribution
patterns were directly associated with the plant root structures
in marsh peat. The H,S concentrations around the roots were
<1 mM which was five times less than in the surrounding peat.
The results in Figures 3A, 4A were measured in the laboratory
in incubated box cores with aeration of overlying seawater for
24 h at room temperature without drainage, the changes of
environmental conditions could alter oxygen transport and radial
oxygen loss in marsh (Howes and Teal, 1994; Colmer, 2003),
as well as H,S and Fe?t distributions around the roots. In
order to avoid these possible artifacts, the real-time 2-D H,S
and Fe?T distribution patterns in salt marshes were studied by
deploying the irreversible H,S (Yin et al.,, 2017) and dissolved
Fe2t (Zhu and Aller, 2012) colorimetric planar sensors in situ at
different seasons. The real-time data in Figures 5-8A,C showed
that the distribution patterns of H,S and Fe2? in sulfidic marsh
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TABLE 3 | Solid phase organic carbon, total sulfur, chromium reducible sulfide (CRS), acid leachable iron and degree of pyritization (DOP) in the marsh sediments of

JoCo and Big Egg, Jamaica Bay, NY.

C (mmol/g) S (wmol/g)

CRS (npmol/g) Fe (wmol/g) DOP=

Marsh Depth Fall Spring Summer Spring

Fall Spring Summer Spring Fall Spring Summer Spring Fall Spring Summer Spring Summer Spring

Site (cm) ’14 15 15 16 14 15 "15 16’14 15 15 16 14 15 "15 16 15 16
JC1 5 - 262 28.4 22.5 - 432 1,040 773 - - 136 222 - 136 12.6 8.0 0.84 0.93
10 - 248 25.8 24.3 - 354 615 907 - - 121 264 - 91 34.1 8.9 0.64 0.94
15 - 238 251 27.4 - 344 649 829 - - 84 154 - 48 43.5 5.2 0.49 0.94
25 - 242 20.6 24.7 - 379 715 836 - - 17 178 - 1566 43.6 4.4 0.57 0.95
Jc2 5 0.36 1561 23.9 182 514 202 660 425 - - 48 86 - 420 126 25.4 0.16 0.63
10 051 17.4 16.0 18.7 496 266 452 694 - - 127 571 - 248 100 10.8 0.39 0.96
15 027 13.6 16.3 11.2 5412 220 517 464 - - 194 81 - 337 124 441 0.44 0.48
25 103 98 17.2 16.7 850 209 806 609 - - 252 333 - 398 163 31.9 0.44 0.84
JC3 5 0.24 241 23.9 222 749 365 724 522 - - 63 20 - 95 19.4 71 0.62 0.59
10 047 2541 22.5 26.9 602 318 647 824 - - 27 179 - 33 13.8 6.1 0.49 0.94
15 011 207 25.6 21.8 668 330 530 747 - - 83 179 - 58 9.6 6.8 0.81 0.93
25 0.39 258 - 222 752 377 - 720 - - - 109 - 115 8.3 - 0.87
BE1 5 . 7.6 0.27 2.48 - 372 31 504 - - 8 212 - 789 13.5 76.7 0.23 0.58
10 - - 0.05 3.10 - 15 520 - - 18 242 - 1211 5.5 73.6 0.62 0.62
15 - 5.4 2.3 8.6 - 584 427 711 - - 166 722 - 1566.5 70.7 81.6 0.54 0.82
25 - - 5.1 121 - 1,029 1970 - - 418 590 - - 7.7 - - -
BE2 5 1.70 10.0 3.3 123 119 350 170 1,080 - - 157 343 - 676 29.7 98.4 0.73 0.64
10 591 158 3.5 8.0 402 853 264 418 - - 193 160 - 1986 220 60.0 0.81 0.57
15 7 11.0 2.3 6.8 525 668 149 791 - - 82 461 - 1684 220 93.4 0.65 0.71
25 - - 1.1 2.7 - 100 290 - - 73 85 - - 19.9 30.0 - -
BES3 5 825 11.0 8.4 7.7 654 436 647 819 - - 355 383 - 683 104 127 0.63 0.60
10 6.30 6.0 8.4 6.9 728 256 475 894 - - 244 396 - 494 49.5 78.3 0.71 0.72
15 595 6.1 4.4 70 620 150 252 831 - - 192 577 - 453 43.9 93.6 0.69 0.76
25 467 4.0 3.2 5.6 560 69 272 693 - - 150 226 - 212 44.6 92.8 0.63 0.55

— Indiicates not analyzed.

pore water were significantly complicated by belowground radial
oxygen loss from roots into the surrounding marsh peat. The
oxygen leaked from the roots formed a thin oxic layer in which
the dissolved H,S and Fe?t were oxidized to sulfate and Fe-
oxide (e.g., iron plaque), resulting in a thin zone of low levels
of H,S and Fe?t surrounding the roots in the sulfidic peat.
Furthermore, oxygen and/or nitrate, rather than sulfate, served
as the electron acceptors for organic matter remineralization in
the thin oxic layers. Such an interface of oxic-anoxic sediment
around the roots can be seen in both visible peat images and 2-D
H,S images, indicating heterogeneous remineralization patterns.
The low and/or undetectable spots/tracks (cold spots) of H,S and
Fe? ™ associated with root structures in Figures 3-8A,C was a
direct evidence for our hypothesis, and the cold spots of H,S and
Fe?" surrounding individual roots became more pronounced
(Figures 7, 8) when more oxygen transport and high oxygen
leakage occurred in the summer season (Colmer, 2003; Soana and
Bartoli, 2013).

H,S is a phytotoxin to marsh plants, with a the threshold
that can be harmful to S. alterniflora of about 2 mM [see
Kolker (2005) and references therein]. Long-term exposure of
the marsh plants to high levels of H,S can cause plant die-
off and marsh peat collapse. We noted that the average H,S
levels at JoCo marsh could be >4 mM just below the marsh
surface (Figures 4A,B) or in deep peat (Figure 7A, JC1) in the

fall and summer seasons, but JoCo is considered as a “healthy”
marsh and plants grow well. We hypothesize that the oxic layers
formed around roots of S. alterniflora help the plants survive
in the high levels of H,S by reducing sulfide absorption. We
tested this hypothesis at the National Synchrotron Light Source-
IT (Brookhaven National Laboratory; Feng et al., 2018). We used
the Hard X-ray Nanoprobe Beamline to obtain nanometer-scale
measurements of trace elements in S. alterniflora root tissue.
The results showed that when iron concentrations in pore water
and root epidermis were high, the root epidermis showed lower
concentrations of S and P even though sulfide and phosphate in
the pore water were high in late summer (Feng et al., 2018). At the
same time, pore water Fe was lower than in the spring sampling,
but Fe in the root epidermis was high. This pattern is consistent
with the roots producing an oxic microenvironment with oxygen
transported into the peat through the roots, such that Fe?* in the
pore water is oxidized, producing iron “plaque” (i.e. FeFOOH) on
the root epidermis. This plaque prevents sulfide from entering the
root tissue. Phosphate may also be excluded via adsorption onto
the FeOOH or formation of an iron phosphate phase.

There are also many “hot spots” on the 2-D Fe?T and
H,S images, reflecting the heterogeneous distributions of labile
organic matter and the microniches of exoenzymes and microbes
on sediment particles (Cao et al., 2013). We also noted that large
variation of H,S and/or Fe?™ distributions may occur in same

Frontiers in Earth Science | www.frontiersin.org

14 April 2021 | Volume 9 | Article 653698


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Zhu et al.

Small-Scale Geochemical Heterogeneities

site in duplicate in situ measurements over distances of <1 m
between two deployed sensor sheets.

In addition to the microscale heterogeneities of Fe?™ and
H,S distributions around plant roots, the 2-D H,S and Fe2t
images also showed clear vertically and laterally heterogeneous
distribution patterns. Note that no infaunal burrows were found
in the measurements, suggesting that bioturbation is not a factor
in these sediments. H,S concentrations near the surface of the Big
Egg sediment were relatively low but sharply increased below the
water-sediment interface and reached maxima at ~2 cm in the
fall sampling at BE1 and BE3. The H,S levels at JoCo marsh were
elevated to 4-6 mM just below the marsh surface (Figures 4A,B).
It should be pointed out that the 2-D H,S distributions in the fall
2014 season (Figures 3A, 4A) were incubated and measured in
laboratory with the box core incubation without water drainage,
but in all other sampling seasons, the H,S measurements were
performed in situ in the field. The real-time 2-D H,S distributions
(Figures 5A, 6A, 7A, 8A) showed that H,S levels in top 4 cm
were low even in the summer season, and gradually increased to
higher concentrations at depth. The high H,S levels elevated just
below the water-peat interface in Figure 3A (BE3) and Figure 4A
(JC) were not found in the 2-D in situ measurements in the field.
This phenomenon is likely caused by the pore water drainage
in the marshes. The marshes of Jamaica Bay are periodically
(tidally) submerged by seawater. An important pathway by which
this water drains from marsh islands such as Big Egg and JoCo
is vertically, and the two sites have distinctly different drainage
velocities of 7.9 and 25.9 cm/d, respectively, as determined by
Ra isotopes (Tamborski et al., 2017). Thus the concentrations of
H,S (and other solutes) in marsh peat pore water result from
a balance between the rates of biogeochemical processes that
produce or consume them and drainage. In summer and fall
seasons, higher H,S concentrations in JC marsh were produced
due to the high sulfate-reduction bacteria activities and the
relative high organic carbon concentration in this site (Table 3),
but the more rapid drainage there produced high flow-through
fluxes of H,S through the marsh peat (Tamborski et al., 2017).
As well, the effects of roots on the 2-D H,S distribution
patterns, are especially evident at JC in the summer, a time
when marsh plant growth is dense and bacterial activity is
high (Figure 7A).

2-D Fe?* distributions were measured only by in situ sensor
deployments, so visible images of the sensing marsh peat were
not available. The spatially heterogeneous 2-D Fe?™ distributions
also showed sharp vertical gradients that were closely correlated
to the H,S vertical distributions, especially in the low drainage
BE marsh peats. Fe?™ concentration sharply increased just below
the water-sediment interface and reached Fe?™ maximum zone
at 1-2 cm deep. At depths below which the reactive particulate
Fe-oxide had been depleted, sulfate reduction dominated the
metabolism, producing dissolved sulfide species (H,S, HS™, and
§27), and an increase of H,S with depth in pore water below
the Fe?t maximum zone (Bull and Taillefert, 2001; Jorgensen
and Kasten, 2006; Johnston, 2011). The free sulfide subsequently
scavenged the dissolved Fe? ™ to form the reactive solid phase FeS,
resulting in a Fe?* maximum above the H,S maximum zone in
pore water (Bull and Taillefert, 2001). FeS is unstable and converts

to the more stable form pyrite (FeS;) by a variety of pathways
(Howarth, 1979; Berner, 1984).

The in situ zonations of 2-D Fe?t and H,S distributions in
Figures 3-8 clearly showed this sequence: the maximum zones
of Fe?* were generally produced at 2-4 cm, and the H,S levels
increased to maxima below 4 cm. The in situ heterogeneous
2-D Fe’t and H,S distributions are useful for determining
redox zonation and understanding the dominant biogeochemical
processes occurring within the marsh peat. Both dissolved Fe?™
and H5S can be efficiently removed by FeS, precipitation from
pore water. When millimolar levels of H,S occurred in marsh
pore water, the dissolved Fe?* concentrations were generally
<20 wM at the same depths. On the other hand, the high pore
water concentrations of Fe?t were linked to low H,S levels in
all seasons. There were some Fe?* “cold spots” co-distributed
with low levels of H;S, as seen in Figures 7A,C. As noted above,
these cold spots are likely produced in the oxic and suboxic
layers around roots and caused by O, transport down to the
deep sediment through the rhizosphere. Unfortunately, H,S and
Fe?* concentrations could not be simultaneously measured by
optical sensor in the present study. Fe?*t concentrations at JC
and BE were in the range of 10-100 wM, which is typical of
coastal marsh pore water. High levels of Fe?* in pore water may
be harmful to plants because it may co-precipitate or adsorb the
nutrients ammonium and phosphate in the marsh, preventing
their uptake by the roots.

Seasonal Variation of H,S and Fe2+
Distributions in Marsh Pore Water

H,S distributions in marsh pore water at all sites varied
seasonally, generally with higher H,S levels in summer and
fall, and lower or undetectable levels in spring (Table 2 and
Figures 3-8). At the JoCo marsh sites, dissolved H,S in pore
water was <0.02 mM found by sensors in the spring sensor
deployments but it was elevated to as high as 3-6 mM in summer
and fall at the same sampling sites. Thus was likely due to
loadings of labile organic matter on the marshes produced in
the summer in the eutrophic Bay, coupled with the temperature-
dependent variation of the rate of microbial decomposition of
organic matter. The discrete pore water samples showed the
redox potential at JoCo from 5 to 15 cm was in the range of —41
to —200 mV in spring while it was lower, —180 to —350 mV, in
summer and fall seasons, indicating less “reducing” environments
in the marsh peat in the spring (Table 1). Our previous study
showed that the exoenzymes and microbes in marine sediments
have high activities in the summer and fall, but very low in
winter and early spring (Cao et al., 2013). Thus, the temperature
dependence of H,S distributions was a direct reflection of the
change in sulfate-reduction microbial activity with temperature.
However, data in Table 1 also showed a clear spatial heterogeneity
of the redox potential at different marsh sites in the spring
season. Relative lower redox potentials were found at Big Egg
marsh sites in the spring compared to fall, the reason for this
unusual phenomenon was not clear, but the stronger “reducing”
conditions at BE resulted in high H,S levels in the late spring
(April-May) (Figure 6A), and as a consequence, likely caused
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more plant die-off and marsh loss. H,S distributions at BE sites
in winter and early spring were not measured.

Typically, the high concentration of H,S (or £H,S) in
anaerobic salt marshes comes from the reduction of sulfate
during organic matter decomposition, generating a decreasing
redox potential with depth (Hambrick III, DeLaune and Patrick,
1980), and a complicated 3-D pattern associated with the roots of
plants due to oxygen transport and radial oxygen loss through
roots. The redox potential can be used as an indicator of the
degree of oxidation of marsh peat. The results in Table 1 showed
that the redox potentials of all sites generally decreased from 5 to
25 cm depth, but exhibited a clear seasonal variation. The redox
potential in spring was much higher than that in summer and
fall in JC, indicating the lower organic matter oxidation rate by
sulfate in spring. The pH values of all sites and depths in summer
and fall seasons are in the range of pH 6-7 with vague seasonal
variations, implying that the intense oxidation of organic matter
by various electron acceptors at warm temperature tend to buffer
sediment pore water close to 6-7. Interestingly, the pH values
of pore water at JC in spring are in the range of 5-6.5 which
are lower than the pH values in other seasons. By integrating
other geochemical parameters found at this site in spring, for
example the high redox potentials (Table 1), extreme low total
sulfide (Table 2) and non-detectable (<0.02 mM) dissolved
H,S (Figure 5A), we conclude that the rate of organic matter
decomposition in JC in late spring (April-May) is still high, but
oxidants with high redox potentials (such as O, nitrate, and
Mn/Fe-oxides), rather than sulfate, dominate the redox reactions
with organic matter at JC. This might be attributed to the healthy
and high-density biomass of S. alterniflora and fast pore water
drainage velocity in JC. The intertidal nature and fast drainage
of the JC salt marsh could result in surface gas exchange playing
a more important role in the sediment oxygen transports than
in low drainage marshes like BE, resulting in a relatively higher
redox potential in JC than BE in the spring season.

Fe?™ concentrations in marsh pore water also show seasonal
changes (Table 2 and Figures 3C-8C), but the seasonal changes
are not very significant compared to the H,S distribution
variations, partially due to the low Fe?* concentrations in the
marsh pore water. But, the distribution patterns of Fe?T are
closely associated with H,S distribution patterns in marsh pore
water, as discussed above. It seems that Fe?* concentrations in
pore water at most sites of JoCo and Big Egg were relatively high
in summer than in spring and fall.

The seasonal variation of H,S and Fe?' in marsh pore
water should also be tightly linked to the plant life cycle.
The previous studies have shown that the temporal changes in
belowground biogeochemical processes, such as oxygen leakages
from roots, sulfate reduction, sulfide oxidation, Fe?™ oxidation
and precipitation etc., were well correlated with the changes in
plant physiology (Hines et al.,, 1989; Soana and Bartoli, 2013;
LaFond-Hudson et al., 2018). We did not measure directly the
oxygen leakage from roots in this study, but the microscale “cold
spots” of HyS and Fe? ™ in the 2-D distribution patterns associated
with individual roots (Figures 3-8A,C) clearly indicated radial
oxygen loss from roots. In the spring season, low temperatures
decreased oxygen consumption in plant rhizosphere by slowing

respiration in roots (Armstrong, 1979), resulting in more “excess”
oxygen leakage into surrounding marsh peat and the increase
of redox potential in sediment. This could be another possible
explanation as to why the redox potential in JC marsh is higher
in spring than other seasons (Table 1). In the summer season,
dissolved organic matter could be released from the roots during
active growth of S. alterniflora and rapidly enhance the sulfate
reduction rate (Hines et al., 1989). We believe that any additional
dissolved organic matter released from roots would also fuel the
rate of Fe-oxide reduction, resulting in a relative high dissolved
Fe?* in marsh pore water (Figures 7C, 8C). As a consequence,
more active FeS was formed and accumulated in summer season
in JC (Table 3).

Interaction of H,S and Fe?* as Seen in

the Solid Phase: Degree of Pyritization

The precipitation of the solid phases FeS and FeS, (pyrite)
as a result of elevated concentrations of H,S and Fe?T in
the pore water effectively removes H,S from solution, and is
thus a geochemical means of controlling H,S concentrations
(Howarth, 1979; Berner, 1984). The pore water data described in
sections “Heterogeneities of Fe?™ and H,S Distributions in Salt
Marsh Pore Water” and “Seasonal Variation of H,S and Fe?™
Distributions in Marsh Pore Water” are essentially snapshots
of conditions at the time of sampling. The composition of the
solid phase can integrate the redox reactions occurring in the
sediments over longer periods. We measured fractions of the
solid phase S and Fe pools in the peat at all the sites (Table 3).
For sulfur, the important pools include Acid Volatile Sulfide
(AVS), CRS, and Total Sulfur. AVS is a measure of FeS-associated
sulfur, CRS of the pyrite-associated sulfur and total S of the AVS,
CRS, and all other forms, including organosulfur compounds.
For iron, we measured a fraction termed “reactive” Fe, i.e. that
obtained by a 1 N HCI cold leach of the dried sediment. This
procedure extracts the portion of Fe that is diagenetically mobile
and readily able to react with sulfide to produce the iron sulfide
phases. Our prior experience in JoCo (Cochran et al, 2013)
suggests that AVS < CRS < Total S. The AVS pool is labile
and converts to pyrite, which is a longer term sink for Fe and
especially S in the marsh peat. In effect, the formation of pyrite
removes dissolved sulfide from the pore water and stores it,
lowering the exposure of the plants to this phytotoxin. The solid
phase measurements enable calculation of a parameter termed
the “Degree of Pyritization” (DOP), that is, the degree to which
reactive Fe in the solid phase is associated with pyrite and is thus
unable to further remove dissolved sulfide from pore water. DOP
is defined as:

F Epyrite
FeP)/rite + Fereactive

DOP = (1)

where Fepyyire is calculated as CRS/2 (i.e. one mole of Fe per two
moles of S in FeS,), and Fe,euctive is the acid leachable Fe. Table 3
gives the solid phase DOP results.

The results in Table 3 show that the total sulfur at JoCo
is generally higher than that at Big Egg, but the CRS-sulfur
concentrations are comparable at these two sites and the fraction
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FIGURE 9 | Temporal variation of average total dissolved inorganic sulfide (£H»S) in pore water of JoCo and Big Egg salt marsh at Jamaica Bay. BE1 is the restored
marsh, BE2 and BES are the unrestored marsh. Data were averaged from £H»S concentrations measured on samples taken at 4-5 discrete depths from 5 to
30 cm. Vertical lines demote 16 uncertainties of the mean of several sites sampled in each marsh from 2014 to 2016.
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of CRS in the total sulfur pool is much smaller in JoCo. To
the extent that total sulfur includes diagenetically produced
organosulfur compounds and sulfur associated with the marsh
plants, this difference can be explainable by the higher organic
content of the marsh sediments at JoCo. Both total sulfur and
CRS-sulfur show vertical variations at different depths from
surface to deep marsh peat, but the pattern at each site is
not consistent even in the same season, implying significant
heterogeneities of both organosulfur and pyrite-associated sulfur
in the solid marsh peat, probably caused by the plant growth.
Similar to dissolved H,S and Fe?* in pore water, the total sulfur,
CRS-sulfur and acid leachable Fe in the peat also show seasonal
differences between the summer 2015 and spring 2016 samplings.
These reflect the redox cycling of the various pools of Fe and
S over the year.

The DOP at JoCo is higher than that at Big Egg. Indeed, the
DOP values at JoCo can approach 1, indicating that 100% of the
reactive iron is associated with pyrite. These high values suggest
that the biogeochemical control of pore water H,S via FeS,
precipitation is close to a limit and that high sulfide but low Fe?*
concentrations in the pore water can be expected, as observed.

Time Series of XH5S in JoCo and Big
Egg Marshes: 2014-2016

Our group has studied Jamaica Bay marshes since 2004 (Cochran
et al., 2013, 2018). In particular, we have pore water LH,S
concentrations measured by “sipper” at the two marshes studied
here. All samples were taken in the upper 25-30 cm and analyzed
for £H,S as described above. Analytical techniques were the
same throughout and thus the values are comparable within and

between the marshes. However, although sampling sites were in
the same general area of each marsh, they were not identical over
time. In addition, not all marsh sites were sampled in each year.
The record of sampling includes: Big Egg- 2004/05, 2014-2016;
JoCo- 2005-2007, 2014-2016. These time series of samples permit
us to examine changes in the average concentration of £H,S in
pore water of the marsh peat in a depth zone in which root density
is high and the plants can be considered susceptible to exposure
to elevated levels of his phytotoxin. To do this, we calculated
the average X H,S value of the pore water analyses from sippers
deployed from ~5 to 30 cm. Generally, 4-5 sample depths were
involved (e.g., 5, 10, 15, and 25 cm). All sites sampled in each
marsh at a given time were averaged to produce a single ZH,S
value, presumed to be representative of that marsh at that time.
The results are shown in Figure 9, and the patterns in each marsh
are as follows:

Big Egg: a portion of this marsh (BE1) was restored in 2003
by spraying sandy sediment from the adjacent subtidal bottom
onto the marsh surface (Frame et al., 2006). The unrestored
portion of the marsh was sampled in 2004/05 and again in our
recent sampling. We also sampled the restored portion of the
marsh in the present study (BE1). The effects of the sediment
spray are well documented in the 2!°Pb profile in the core
taken in this area of the marsh (Cochran et al.,, 2018; data not
shown). Concentrations of XH,S in the unrestored portion of
the marsh are as high as 3.5-4 mM in the summer and are quite
similar between 2004/05 and 2014-16, with comparable values
in comparable seasons (Figure 9). Samples from the restored
portion of the marsh appear to have lower XH,S in the pore
water, and the offset is especially clear in the fall 2014, and spring
2015 and 2016 samplings.
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JoCo: JoCo presents a conundrum in that it is considered
a “healthy” marsh in Jamaica Bay, yet over the period 2005-
2016, average X H,S levels were >2 mM in summer and fall,
2006 and summer, 2015 and exceeded 4 mM in fall, 2005 and
2014. Offsetting these high concentrations is the fact that levels
of XH,S were low (<0.5 mM) at other sampling times, including
in the spring, summer and fall, 2007, and were exceptionally low
(~0 mM) in spring, 2015 and 2016. Several factors controlling
Y H,S are likely in play at JoCo. The large variations in £H,S
from sampling to sampling may in part be due to the fact that
most of the reactive iron in the JoCo peat is associated with FeS;
and is thus not able to readily react with H,S produced via sulfate
reduction. Secondly, although temperature is a strong control
on bacterial activity and hence the production of H,S, there is
no clear relationship between mean air temperature during the
month or week of sampling and mean pore water £H,S (data
not shown). As noted above, drainage rates in JoCo are the fastest
seen of the marshes examined in this study (Tamborski et al.,
2017). These rates may vary with time as a function of tides (neap
vs. spring) and season (warm vs. cold; variation in precipitation).
It is possible that at least the portion of JoCo studied is at or near
a “tripping point” for degradation.

CONCLUSION

Pore water H,S and Fe?* distributions were measured at Big
Egg and JoCo marshes in Jamaica Bay using in situ optical
sensors that produced 2-D images of concentrations. Both H;S
and Fe?* distributions showed significant vertical and horizontal
heterogeneities, as well as seasonal variations. The complicated
2-D distribution patterns associated with the effects of roots (e.g.,
oxygen transport) were also revealed. The sensor measurements
were generally in good agreement with the dissolved H,S values
obtained from discrete pore water samples (calculated from
Y H,S and pH). However, the dissolved Fe?* data obtained
from the discrete pore water samples were somewhat less than
those from in situ sensor measurements. In particular, the
traditional discrete method missed the Fe?* maximum zones
and spatial resolution of Fe?* in the marsh pore water. The
H,S concentrations measured by in situ sensors at JoCo and
Big Egg were elevated (2-6 mM) in late summer and early
fall, but show a clear seasonal difference. The elevated H,S
levels were higher than the threshold at which adverse effects
on marsh plants may occur (~2 mM). On the other hand,
oxic zones formed around roots likely protect the plants from
absorbing H»S in an extreme sulfidic environment. Dissolved
Fe?t concentrations in pore water measured with sensors at
Big Egg and JoCo are generally low, largely due to the removal
by pyrizitation. The data of solid phase S and Fe at Big
Egg and JoCo showed that significant amounts (>50%) of
diagenetically reactive Fe were associated with the pyrite and
thus not readily able to react as pore water H,S increases.
Indeed, at JoCo, virtually all of the reactive Fe was associated
with pyrite in the spring, 2016 sampling, suggesting that the
negative feedback on pore water H,S concentrations associated
with the coupled Fe and S redox cycles is weak and that the ability

of Fe to control pore water sulfide through pyrite formation
is limited there.

The present study, together with those conducted by our
group since 2004, has permitted us to document the pore water
geochemistry of the Big Egg and JoCo. The large change is seen in
the significant reduction of the phytotoxin H,S in the pore water
in the restored portion of Big Egg marsh, while the unrestored
portions there continue to display high pore water H,S, especially
in summer samplings. At JoCo, sampling in fall, 2005, and
summer and fall, 2006 showed high (2-4 mM) average values
of H,S in the pore water. In contrast values in spring, summer
and fall, 2007 were <0.5 mM. The recent sampling in 2014-16
shows strong seasonality, with high values in fall, 2014 (>4 mM)
and summer, 2015, but low values (<0.2 mM) in the two spring
samplings (2015, 2016). Although the marsh plants at JoCo are
exposed to occasional high levels of H,S that might be considered
toxic, the marsh is relatively elevated compared with mean sea
level, and drainage through the marsh peat is more rapid at JoCo
than at Big Egg. This may help explain why JoCo continues to
be a “healthy” marsh. Relatively healthy marshes such as JoCo
should especially be the subject of continued monitoring, for both
geochemical and biological parameters.
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