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Rapid formation of iron sulfides alters soil morphology 
and chemistry following simulated marsh restoration

A B S T R A C T

Many marshes show signs of degradation due to fragmentation, lack of sediment inputs, and erosion which may
be exacerbated by sea level rise and increasing storm frequency/intensity. As a result, resource managers seek to
restore marshes via introduction of sediment to increase elevation and stabilize the marsh platform. Recent field
observations suggest the rapid formation of iron sulfide (FeS) materials following restoration in several marshes.
To investigate, a laboratory microcosm study evaluated the formation of FeS following simulated restoration
activities under continually inundated, simulated drought, and simulated tidal conditions. Results indicate that
FeS horizon development initiated within 16 days, expanding to encompass> 30% of the soil profile after
120 days under continuously inundated and simulated tidal conditions. Continuously inundated conditions
supported higher FeS content compared to other treatments. Dissolved and total Fe and S measurements suggest
the movement and diffusion of chemical constituents from native marsh soil upwards into the overlying sedi-
ments, driving FeS precipitation. The study highlights the need to consider biogeochemical factors resulting in
FeS formation during salt marsh restoration activities. Additional field research is required to link laboratory
studies, which may represent a worst case scenario, with in-situ conditions.

1. Introduction

1.1. Coastal wetland degradation and restoration

Many coastal wetlands display degradation resulting from coastline
development, erosion, salinization, and a lack of sediment inputs
(Baumann et al., 1984; Barras et al., 2003). Coastal marsh conditions
may deteriorate further with projected sea level rise and increasing
storm frequency/intensity that accelerate ecological stressors (Hauser
et al., 2015). Conceptual models link coastal wetland degradation with
marsh drowning in which sea level rise outpaces soil accretion and
marsh edge retreat occurs via wave erosion (Mariotti, 2016). DeLaune
et al. (1994) described degradation processes as pond initiation, when
newly formed open water areas and a lack of available sediments lead
to collapse of the marsh platform. In response, wetland restoration
projects seek to stabilize and enhance marsh ecosystems (Warren et al.,
2002) utilizing techniques including erosion control, re-establishment
of natural tidal flow, and approaches designed to increase in sediment
accretion (GMCHRS, 2004; Jackson, 2009).

Dredged materials have been utilized for many years in wetland
creation and restoration projects (Cahoon and Cowan, 1988; Faulkner

and Poach, 1996; Craft et al., 1999) and the benefits of dredged ma-
terials as a potential resource for ecosystem enhancement have been
recognized (Yozzo et al., 2004; Berkowitz et al., 2016). Beginning in the
late 1970's practitioners began investigating potential benefits of thin
layer sediment applications designed to increase sediment input to
degraded wetlands, stabilize the marsh platform, and offset negative
implications of predicted sea level rise (Reimold et al., 1978; Berkowitz
et al., 2017). Several studies document the benefit of thin layer appli-
cations compared to other restoration techniques (Ray, 2007). For ex-
ample, thin layer sediment applications increase marsh elevation, im-
prove soil stability, and enhance wetland functions while maintaining
characteristic plant communities (DeLaune et al., 1990). Others report
the ability of common wetland plants (e.g., Spartina alterniflora) to ra-
pidly recover following 0–30 cm thin layer sediment applications
(Mendelssohn and Kuhn, 2003), with recently buried marsh soils pro-
viding an active seed source and a pool of labile plant nutrients sup-
porting post-restoration vegetation establishment (VanZomeren et al.,
2018).

T
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≥4.0 (i.e., hyposulfidic) and ≤4.0 (i.e., hypersulfidic; Payne and Stolt,
2017).

Iron sulfide materials form under saturated soil conditions common
in coastal wetlands, subaqueous soils, and marine environments where
microbial consumption of carbon sources by iron- and sulfur-reducing
bacteria induces anaerobic conditions leading to the development of
chemical reduced forms of iron (Fe2+) and sulfur (S2−). These soluble
constituents undergo rapid chemical complexation, forming insoluble
iron sulfide precipitates dominated by FeS and FeS2 (FeS herein;
Rabenhorst, 1990). These FeS compounds remain stable under satu-
rated, anaerobic environments and as a result are described as potential
acid sulfate soils. If potential acid sulfide materials are exposed to
aerobic conditions (i.e., drained or excavated) acid production ensues,
and the materials are labeled active acid sulfide materials due the
production of sulfuric acid (Eq. (1); Rabenhorst et al., 2002).

+ +

+

FeS 3.75 O 3.5 H O oxidizing conditions

H SO Fe(OH)
2 (s) 2 2

2 4 (aq) 3 (s) (1)

The presence of sulfuric acid (a strong acid) results in a rapid de-
crease in soil pH if sufficient buffering capacity is not present (Fanning,
2002) or if the marsh is not subject to adequate flushing from tides and
freshwater inputs. The subsequent hydrolysis of ferric (Fe3+) species
under aerobic conditions may produce additional acidity. The oxidi-
zation of FeS often drives soil pH values below 3.5, releasing high
concentrations of metals and metalloids and severely limiting vegeta-
tive establishment and growth (Kölbl et al., 2017). In some cases ef-
fected soils display pH values below 2.0 (Berkowitz and VanZomeren,
in press). Once established, acidic soil conditions may persist for ex-
tended periods (e.g.,> 5 years; Mosley et al., 2017) if sufficient tidal
flushing, alkalinity production, or labile organic matter sources are
absent. For example, a drought-induced die-off event in Louisiana was
associated with acidic conditions (among other factors)and while sig-
nificant vegetation recovery occurred over the course of three growing
seasons, some areas failed to completely recover (Michot et al., 2004).
The oxidation of iron sulfides can also impact the surrounding terres-
trial and aquatic environment, with potential negative implications for
benthic organisms, fish, and other ecological components (Melville and
White, 2002; Virtanen et al., 2017). Thus, the recent observation of iron
sulfides in soils undergoing marsh restoration requires further in-
vestigation to determine the effects on future restoration success.

The presence of FeS has been well documented in marsh soils and
coastal sediments (Vaughan et al., 2016), and the negative impacts of
FeS oxidation and soil acidity have been observed following improper

Fig. 1. Field observations documented the pre-
sence of a black FeS horizon following sediment
placement (top left panel) in several restoration
scenarios. At restoration field sites, FeS was ver-
ified using treatment 3% H2O2 resulting in oxi-
dation and removal of the black color (lower left
panel; soil ped on left is untreated, ped on right is
treated); rapid (< 1 h) precipitation of FeS on the
surface of Indicator of Reduction in Soil (IRIS)
tubes (center panel; after Vaughan et al., 2016);
and laboratory aerobic incubation of three re-
plicate soil samples resulting in a decrease of soil
pH below 4.0 (adapted from Berkowitz and
VanZomeren, in press). Note that these field ob-
servations led to the initiation of the current
study, which reports data from simulated re-
storation conditions occurring in laboratory mi-
crocosms.

1.2. Formation of iron sulfides

While interest in restoring coastal marshes using thin layer place-
ment has grown, few studies evaluate implications of the technique on 
soil morphology and biogeochemistry (Berk owitz et al., 2017; 
VanZomeren et al., 2018). For example, several recently implemented 
(2015–2017) thin layer placement marsh restoration projects reported 
the formation of distinct black horizons within the soil profile, 
prompting additional investigation. Field and laboratory measurements 
documented the presence of black iron sulfide ( FeS) materials within 
the recently restored marsh soils (Fig. 1; Fanning et al., 1993; Berkowitz 
and VanZomeren, in press).

Soils and sediments containing sulfidic materials occur naturally in 
many coastal environments, covering an estimated 12–15 Mha of land 
area (Andriesse and Van Mensvoort, 2006; Fanning, 2002). These soils, 
reported in the literature as early as 18th century and historically re-
ferred to as cat clay soils or poison earth soils, have the potential to ne-
gatively impact the growth of agricultural and native plant commu-
nities when coastal areas experience extended drought or undergo 
improper management activities that alter the marsh's iron and sulfur 
cycling pathways (e.g., drainage) (Rabenhorst and Fanning, 2002; 
McKee et al., 2004; Silliman et al., 2005). For example, in a recent 
mesocosm study Salisbury et al. (2017) demonstrated the onset of acid 
soil conditions (pH < 4.0) within two months of oxidation of iron 
sulfide c ontaining s oils u nder s imulated d redged m aterial disposal 
scenarios. In another experiment, Palomo et al. (2013) documented a 
drop in marsh soil porewater of 0.5 pH units after 36 days of simulated 
severe drought, demonstrating the potential for rapid acidification of 
natural salt marsh under aerobic conditions. Notably, many factors 
other than soil properties influence marsh r estoration t rajectories in-
cluding the presence of invasive species, herbivory, inappropriate hy-
drologic design or species selection, and adverse environmental con-
ditions after construction (Broome et al., 1988). As a result, the 
presence of FeS soils alone or in combination with other factors can lead 
to substantial land use limitations if oxidation occurs, adversely im-
pacting marsh restoration outcomes.

Operationally, soils containing sulfidic materials e xhibit t he capa-
city to produce sulfuric acid under certain circumstances (i.e., sulfur-
icization). Soil Taxonomy defines s ulfidic so ils as  ma terials having 
pH > 3.5 that decrease 0.5 or more pH units to a pH value of ≤4.0 
following eight weeks of aerobic incubation (Soil Survey Staff, 1999). 
Others, including the Australian and World Reference Base (WRB) soil 
classification systems utilize a  more inclusive definition encompassing 
soils containing oxidizable sulfides resulting in incubated soil pH values
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2. Methods

Laboratory studies utilized nine clear plastic reaction chambers
(20× 20×40 cm). Each chamber was filled with 10 cm of mucky peat
soils (Euic, mesic Typic Sulfihemists) obtained from a coastal salt marsh
located near Quincy, MA, USA. Marsh soils were maintained in a sa-
turated condition from the time of collection until initiation of the
study. In order to simulate the thin layer restoration process, a 10 cm
layer of saturated homogenized mineral soil was placed on the marsh
soil surface. Mineral soils consisted of the A horizon of a fine-silty,
mixed, active, thermic Typic Hapludalfs maintained in open air con-
tainers with 5 cm of surface water for more than one year prior to the
experiment.

Three of the chambers were inundated continuously throughout the
120 day study (i.e., continuously inundated treatment). Three chambers
were allowed to dry to simulate exposure of anaerobic sediments to
aerobic condition as would occur following drought (i.e., simulated
drought treatment). Notably direct drainage was not applied in the si-
mulated drought treatment; but no water was added to the saturated
soil following initiation of the study and water was removed via eva-
poration. Three chambers underwent simulated tidal conditions (i.e.,
simulated tidal treatment). The simulated tidal treatment maintained
surface water inundation 10 cm above the soil surface for four con-
secutive days, after which water was allowed to drain vertically by
gravity via activation of a 2 cm2 water control valve on the underside of
the reaction chamber. Drainage resulted in removal of surface water
within a period of 30min. After three consecutive days of drainage, the
water control valve closed and water was slowly reintroduced at the
chamber surface over a period of a 30min until inundation to 10 cm
above the soil surface was re-established. The 3–4 day inundation/
drainage pattern was maintained throughout the experiment. The si-
mulated tidal approach resulted in significantly fewer flushing cycles
than natural tidal regimes; however the intent of the simulated tidal

treatment was to provide an intermediate step between continuously
inundated and simulated drought treatments while providing some
insight into how fluctuating water tables may influence FeS formation.

Commercial sea salt (InstantOcean®) mixtures were utilized as the
simulated seawater in the continuously inundated and tidal treatments,
Atkinson and Bingman (1997) provide full elemental composition of the
sea salt mixture. Simulated sea water was monitored throughout the
experiment, displaying average (± one standard error) conductivity of
41.6 ± 1.0 mS/cm and salinity of 26.7 ± 0.8 ppt. All experiments
were conducted in a controlled laboratory where room temperature was
maintained at 23 °C.

Soil pH was monitored within the marsh soil and the overlying sedi-
ment layer at 2 to 12 day intervals using a laboratory bench top pH meter
calibrated with pH7.0 and 4.0 buffer solutions. Soil oxidation-reduction
potential measurements were conducted concurrent with pH analysis
using triplicate platinum (Pt) electrodes installed 5 cm below the surface
of the marsh soil and 5 cm below the surface of the overlying sediment
layer. This resulted in three electrodes per depth, six electrodes per in-
cubation, 18 electrode measurements per each treatment, and a total of
54 electrodes used in the study. Soil oxidation-reduction potential mea-
surements used Ag/AgCl reference electrodes (Faulkner et al., 1989) and
results underwent corrections for reference electrode potential. Prior to
installation each Pt electrode was calibrated in buffered quinhydrone
solution (Sparks, 1996). Soils were considered reduced with respect to Fe
and S species when the corrected redox value occurred below the level
depicted on the Eh-pH stability curves outlined Vepraskas et al. (2016).
The following thresholds were calculated by determining the slope and y-
intercept based on Fig. 4.1 in Vepraskas et al. (2016) and used to de-
termine chemical reduction: Fe(OH)3 < (1318–177*pH), FeOOH <
(1014–177*pH), Fe2O3 < (1002–177*pH), and S2− < (320–78*pH).
Notably these values represent approximations of chemical speciation
based upon thermodynamically derived endpoints that vary with che-
mical composition (e.g., redox pairs) and environmental conditions in-
cluding kinetic limitation, providing a relative estimate of the degree of
chemical reduction occurring across common Fe and S constituents
(Vepraskas et al., 2016).

Basic descriptions of soil horizon depth and color (using the Munsell
color notation) were repeated at days zero, 54, 89, and 110 during the
experiment in order to document the development of the black FeS
horizon as well as expansion of a gray layer comprising an iron depleted
matrix horizon (see below; Vasilas and Berkowitz, 2016). Observed
changes in soil horizon thickness were determined approximately
weekly using nine replicate 0.25 cm2 dot matrixes located on the ex-
terior of each experimental chambers, resulting in 27 measurements per
treatment, and 81 total measurements. Soil total Fe and S were ana-
lyzed at days zero and 90 using ICP-MS (EPA method #1610). Soil
collection used a laboratory micro-spatula inserted adjacent to the
chamber wall; soil horizons were sectioned according to horizon depths
and distinct morphological features. Additionally, soil pore water col-
lected within the marsh soil and overlying dredged material sediment
layers of continuously inundated and simulated tidal treatments. Se-
parate pore water samples were analyzed for S2− and Fe2+ on day 90 as
described above following pH adjustment to> 9.0 and< 2.0 to main-
tain S2− and Fe2+ respectively in their reduced and soluble states (EPA
methods #376 and #1610). Pore water samples were collected non-
destructively using a glass micro pipette inserted to the center-point of
each soil horizon to isolate conditions with each morphologically dis-
tinct layer. The amount of FeS formation present at the conclusion of
the experiment as well as the concentrations of soil and pore water Fe
and S were evaluated using one-way analysis of variance (ANOVA)
following testing for normality (Shapiro-Wilk test) and homogeneity of
variance (Levene's test). Conclusions regarding statistical significance
were determined at the α=0.05 level using SPSS version 24 (IBM,
Inc.).

management of acid bearing material (Demas et al., 2004). While the 
hazards associated with FeS are understood, relatively few studies in-
vestigate FeS initiation. For example, Rabenhorst (1990) buried iron 
rich materials in a marsh to study FeS micro-morphological develop-
ment and Kraal et al. (2013) investigated Fe and S cycling in regards to 
FeS formation. Further, several papers from Australia discuss re-
mediation of FeS soils once acidification h as o ccurred including 
Johnston et al. (2011) who reported on changes in geochemistry fol-
lowing restoration of tidal flooding t o a n a cidified we tland. Johnston 
et al. (2014) examined FeS dynamics following freshwater re-flooding 
of a wetland containing an active sulfuric horizon; suggesting that FeS 
formation may occur in response to some restoration activities. In a 
boreal system, Virtanen et al. (2014) evaluated the effects o f in-
tentionally increasing waterlogging on Al, Fe, and S concentrations 
suggesting that the positive benefits of raising pH values and decreasing 
free Al3+ may be offset by negative impacts of high F e2+ in soil solu-
tion and drainage waters.

Despite the work completed to date, no studies have reported the 
formation of FeS materials following ecological restoration activities in 
systems lack ing active sulfuric horizons. The only mention of acidic 
conditions resulting from sediment placement on salt marsh substrate 
was in a study on Spartina alterniflora smothering; thicker placement of 
clay-rich dredged material resulted in possible development of cat clays 
(Reimold et al., 1978) but no follow up research was conducted to 
confirm t he p resence o f a cid s ulfate s oils o r t o d etermine l ong term 
effects. In response, the potential for FeS formation following thin layer 
sediment applications was evaluated during a laboratory microcosm 
study. The study investigated 1) the formation of iron sulfides, 2 ) as-
sociated changes in soil morphology and 3) implications for soil and 
pore water chemistry following thin layer placement restoration under 
simulated continuous inundation, drought, and tidal hydropatterns.
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3. Results and discussion

3.1. Soil morphology

Changes in soil morphology occurred across the continuously in-
undated, simulated drought, and simulated tidal treatments following
initiation of the simulated restoration project via placement of sediment
on the marsh surface. Most notably, the presence of a prominent black
soil horizon consisting of FeS was observed in as few as 16 days and
occurred at the interface of the marsh and mineral soils (Fig. 2). The FeS
layer expanded throughout the study period in continuously inundated
and simulated tidal treatments, with the continuously inundated
treatment exhibiting significantly more FeS development at the con-
clusion of the experiment than the simulated tidal chambers
(P=0.004). Lesser amounts of FeS formed within the simulated
drought treatment, where formation was followed by subsequent FeS
oxidation. This result is not unexpected as the initially saturated soils
began to dry as water was removed via evaporation.

Interestingly, across all treatments the FeS layer initially developed
within the overlying sediment layers, followed by expansion into the
underlying marsh soil after a period of approximately 50 days. The FeS
occupied a maximum of 42% (84mm) and 35% (70mm) of the soil
profile under continuous inundation and tidal treatments, respectively,
after 110 days; while the drained treatment reached a maximum FeS
content of 8.6% (17.2mm) of the soil profile after 50 days.

A distinct gray horizon also became visible within the overlying soil
after approximately 50 days of incubation (Fig. 2e). The gray horizon

likely represented a zone in which Fe reduction and dissolution resulted
in the formation of an Fe3+ depleted matrix characterized by low
chroma, high value soils (Vasilas and Berkowitz, 2016; Vepraskas and
Vaughan, 2016). The Fe3+ depleted layer remained present throughout
the experiment within all three treatments, although the gray layer
decreased in extent within the simulated drought treatment after
reaching a maximum extent of 30% (60mm) of the soil profile after
80 days. No significant differences in the extent of Fe3+ depleted soil
horizons between treatments were detected at the conclusion of the
incubation experiment.

3.2. Soil chemistry

Changes in soil oxidation-reduction (redox) potential and chemistry
help to explain the observed alterations in soil profile morphology. With
regards to Fe, both the marsh soil and the overlying dredged material
largely remained reduced with respect to Fe(OH)3, suggesting Fe dis-
solution occurred during the experiment (Fig. 3a). The marsh soil also
displayed periods of FeOOH and Fe2O3 reduction for portions of the study
(Fig. 3b). The reduction of Fe species in both dredged materials and
marsh soil corresponds with the observed development of the gray de-
pleted matrix layer. Near the end of the incubation period, an increase in
redox status within the simulated drought treatment accompanied the
decrease in the depleted matrix thickness as Fe2+ likely underwent oxi-
dation and re-precipitation as Fe3+ (Fig. 2c; Vepraskas and Vaughan,
2016). Additionally, soil pore water Fe2+ was significantly higher
(P=0.000–0.023) in the gray layer (simulate tidal treatment=4.9 ±

Fig. 2. Soil horizon morphological change during the laboratory incubation. Note the FeS formation and development of a depleted matrix during the study period
within a) continuously inundated, b) simulated tidal, and c) simulated drought treatments (error bars represent one standard error); d) initial soil conditions prior to
the start of the experiment in which saturated dredged material (brown layer) was placed on top of the surface of marsh soil (dark material); e) soil morphology
displaying initiation of the dark black FeS layer at the contact between marsh soil and overlying material and the development of a gray Fe3+ depleted layer above
the FeS horizon (image captured after 40 days in the simulated tidal treatment).
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3.1mg L−1; continuously inundated average=41.7 ± 9.2mg L−1) than
in the other horizons which showed maximum values of<1.1mg L−1

and<10.1mg L−1 in simulated tidal and continuously inundated treat-
ments respectively. These data provide further evidence of an Fe3+ de-
pleted matrix within the soil profile (Fig. 4a, b). More Fe2+ was observed
in the FeS (range=1.1–7.2mg L−1) and dredged material
(range=0.8–10.1mg L−1) horizons than within the underlying marsh
soils (range=0.1–0.2mg L−1; P≤0.001). Examining Fe2+ dynamics
under the simulated restoration study remains important, as several stu-
dies suggest that Fe reduction represents the most important limiting step
in FeS formation; controlling the potential for subsequent FeS oxidation
and soil acidification (Jørgensen, 1978; King et al., 1982). Also, the Fe-
oxide soil particle coatings associated with the rapid formation of Fe3+

depleted horizons have been shown to provide reactive source materials
for FeS formation and sulfides themselves can induce Fe reduction and
precipitation of FeS on surfaces including Indicator of Reduction In Soils

(IRIS) tubes (Berner, 1985; Fig. 1).
Total soil Fe remained at or near pretreatment levels (~10 g kg−1)

within the applied dredged material, depleted, and FeS horizons despite
the observed changes in soil morphology resulting from Fe reduction
and FeS precipitation (Fig. 5). Conversely, the marsh soil contained
higher initial soil Fe (~27 g kg−1) and displayed significant decreases
(P=0.001–0.020) in soil Fe during the experiment with marsh soil Fe
decreasing by 35% and 45% in simulated drought (final concentra-
tion= 17.3 g kg−1) and inundated treatments (final concentra-
tion= 14.9 g kg−1), respectively. The tidal treatment showed a 50%
decrease in soil Fe (final concentration=13.6 g kg−1), which may re-
flect a combination of Fe transport within in the system and Fe removal
due to tidal simulation. These findings suggest that the marsh soils may
be contributing Fe to the overlying dredged material in the form of
Fe2+, with potential transport mechanisms including diffusion and
mass flow (Harmsen and Van Breemen, 1975; Berner, 1985). However,

Fig. 3. Oxidation-reduction potential data indicating
when experimental treatments were reduced with
respect to common Fe and S species. The data is
presented in several ways. First, reduction with re-
spect to Fe species is presented in a) dredged sedi-
ments and b) marsh soils with data adjusted to a
relative scale with the Fe(OOH)3 reduction threshold
at zero mV; this represents the most accurate de-
piction of Fe reduction potentials (which vary with
soil pH) in a time series. Second, in order to display
both Fe and S species in the same time series, data
was converted to pH 7 equivalent by adjusting
measurements 59mV per unit pH change (DeLaune
and Reddy, 2005) in c) dredged sediment and d)
marsh soil; this approach can result in conversion
errors due to differences in the slope of reduction
threshold values for various chemical species. Un-
adjusted oxidation-reduction potential source data
for the figures is provided in Supplemental Tables 1
and 2. Note that the dredged sediments generally
remained reduced with respect to Fe(OH)3, while
marsh soils displayed periods of Fe(OH)3, FeOOH,
Fe2O3, and SO4−2 reduction. Soil pH changes in e)
dredged sediments and f) marsh soils display the
effect of increasing redox within the simulated
drought treatment, which resulted in marsh soil pH
declines suggesting FeS oxidation and associated
acid production.
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the current study lacks data required to conduct a full mass balance for
each mesocosm and additional studies are required to identify the
specific fate and transport mechanisms effecting FeS forming con-
stituents.

Examining the S data, soil oxidation-reduction results suggest the
marsh soil displayed S-reducing conditions after 16–30 days of in-
cubation in all three treatments (Fig. 3b). The continuously inundated
treatment was reduced with respect to S throughout the majority of the
experiment. The simulated tidal treatment exhibited several redox
shifts near the S-reducing threshold, potentially accounting for the
lower degree of FeS formation compared to the continuously inundated
conditions. Additionally, the removal of dissolved Fe2+ and S2− during
simulated tidal drainage may also contribute to the lower amount of
FeS observed. In the simulated drought treatment, marsh soils shifted
from S-reducing to non-reducing conditions after 50 days, corre-
sponding to the period of maximum FeS development. The FeS layer
subsequently oxidized resulting in a sharp decline in soil pH, with
minimum values of 4.5 ± 0.12 observed after 100 days (Fig. 3d). The
rapid decline in soil pH is not unexpected, as the rate of FeS oxidation
(and acid production) occurs faster than S and Fe reduction and FeS
formation (Luther and Church, 1988).

The dredged material placed on the surface of the marsh soil

displayed similar patterns, with continuous inundated conditions re-
sulting in redox values<−125mV during much of the experiment; a
sharp increase within the simulated drought treatment redox values
after 50 days as water content was reduced via evaporation; and fluc-
tuating redox conditions under simulated tidal conditions (Fig. 3a).
However, the dredged material generally displayed higher redox levels
than the underlying marsh soils throughout the experiment, remaining
above the theoretical redox potentials required for S reduction in all
three treatments. The observance of FeS precipitation initiating at the
contact between soil layers then progressing into the dredged material
is of interest, as simultaneous FeS formation in the marsh soil would
also be expected given the reducing conditions with respect to both Fe
and S as well as available carbon substrate in the organic-rich hemic
soil material. The initiation of FeS precipitation at the horizon contact
and overlying sediments may be explained by the translocation of S2−

upwards from the organic rich, highly reduced marsh soils and the
presence reactive Fe2+ within the Fe3+ depleted soil layer (Berner,
1985). The direct reduction of Fe3+ by S2− and subsequent precipita-
tion of FeS may also explain the observed formation pattern at the
horizon contact. Further, the pattern of FeS formation may induce a
concentration driven diffusion gradient as additional S2− from the
underlying marsh soil precipitated as FeS within the dredged material

Fig. 4. Soil pore water Fe2+ (upper panels) and S2− (lower panels) under continuously inundated and simulated tidal treatments following 90 days of incubation.
Error bars represent one standard error. Note that the tidal treatment data may be effected by increases or decreases in dissolved constituent concentrations during
addition and drainage of simulated marine waters.
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situ neutralization capacity, the persistence of acidic conditions if oxi-
dation occurs, and other factors on the fate of FeS and potential soil
acidity formed after marsh restoration.

4. Conclusion

The simulated microcosm experiment resulted in rapid changes in
soil morphology and chemistry, including formation of FeS and Fe3+

depleted horizons not previously documented in a marsh restoration
context. The extent of FeS formation differed across hydrologic treat-
ments (inundated, tidal, drought), suggesting that hydrologic regime
plays a key role in FeS formation and fate. Study outcomes suggest the
possible upward diffusion of S2− from marsh soils to overlying sedi-
ments, resulting in initiation of a FeS horizon forming within dredged
materials. The observed oxidation of FeS under simulated drought
conditions led to soil acidification, highlighting the need to consider
potential FeS formation during marsh restoration design, implementa-
tion, and monitoring. Additional research will be required to account
for FeS constituent transformations using a mass balance approach.
Further studies are also needed to investigate the fate of FeS resulting
from restoration activities under real-world scenarios that incorporate
subaqueous sediment sources, better tidal flushing simulations and
address soil carbon availability, in-situ alkalinity, bioturbation, and
other factors influencing soil and water quality.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.geoderma.2019.05.028.
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