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Sea-level rise coupled with land subsidence from wetland drainage exposes increasingly

large areas of coastal peatlands to seawater intrusion. Seawater contains high

concentrations of sulfate (SO4
2−), which can alter the decomposition of organic matter

thereby releasing organic and inorganic solutes from peat. In this study, a flow-through

reactor system was used in order to examine the transport of SO4
2− through peat as

well as its effect on solute release. Moderately-decomposed fen peat samples received

input solutions with SO4
2− concentrations of 0, 100, 700, and 2,700mg L−1; sample

effluent was analyzed for a variety of geochemical parameters including dissolved organic

carbon (DOC), dissolved inorganic carbon (DIC) and total dissolved nitrogen (TDN) as

well as the concentrations of major cations and anions. The input solution remained

anoxic throughout the experiment; however, no signs of a pronounced SO4
2− reduction

were detected in the effluent. SO4
2− transport in the fen peat resembled non-reactive

bromide (Br−) transport, indicating that in the absence of SO4
2− reduction the anion

may be considered a conservative tracer. However, slightly elevated concentrations of

DOC and TDN, associated with raised SO4
2− levels, suggest the minor desorption of

organic acids through anion exchange. An increased solute release due to stimulated

decomposition processes, including SO4
2− reduction, was observed for samples with

acetate as an additional marine carbon source included in their input solution. The

solute release of peats with different degrees of decomposition differed greatly under

SO4
2−-enriched conditions where strongly-decomposed fen peat samples released the

highest concentrations of DOC, DIC and TDN.

Keywords: fen peat, sulfate, solute transport, solute release, coastal zone

INTRODUCTION

Over the millennia, large quantities of partly-decomposed organic matter have accumulated in
waterlogged peatlands. The hydrological and biogeochemical conditions in a peatland determine
whether it may serve as a sink or a source for carbon- and nitrogen-containing compounds. It is well
known that the drainage of peatlands for agricultural purposes initiates the aerobic decomposition
of organic matter in the top layer, resulting in the enhanced emission of greenhouse gases, including
carbon dioxide (CO2) and nitrous oxide (N2O) (Kasimir-Klemedtsson et al., 1997) as well as a
mobilization of dissolved organic matter (generally measured as dissolved organic carbon, DOC)
and other nutrients such as ammonium (NH+

4 ) (Zak and Gelbrecht, 2007). Hence, the drainage of
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peatlands has ramifications in the exacerbation of global
warming, land subsidence and nutrient loads for adjacent
aquatic ecosystems.

Under anoxic conditions, the decomposition of organic
matter is controlled by the presence of electron acceptors
such as sulfate (SO4

2−), an inorganic and highly mobile
form of sulfur, which is used in the metabolism of sulfate-
reducing bacteria (SRB). While SO4

2− concentrations in
terrestrial ecosystems are generally low, marine ecosystems
are SO4

2−-enriched as seawater contains approximately
2700mg L−1 (∼29mM, Algeo et al., 2015). Infiltration of
seawater into peatlands can therefore drastically increase
SO4

2− concentrations, altering the biogeochemistry of the
peat thereby implicating the mineralization of organic matter.
Due to climate change and predicted sea level rise, sea water
intrusion and the impact on the quality of groundwater resources
will be relevant for larger areas of peatlands in the future
(Sherif and Singh, 1999; Ardón et al., 2016).

However, when formerly drained peatlands are rewetted (i.e.,
the water level in the peatland is raised), increased SO4

2−

concentrations may aid climate protection by reducing emissions
of the greenhouse gasmethane (CH4). The rewetting often results
in water levels higher than in the initial state, as the land has
subsided, which may result in an emission of a large quantity
of CH4 (Wen et al., 2018). When SO4

2− is present, the SRB,
although tending to be low-abundant even under favorable redox
conditions, generally outcompete the methanogens in the peat
and therefore impede the formation of CH4 (Hausmann et al.,
2016). Coastal peatlands are therefore considered well suited for
rewetting projects associated with dyke removal (Koebsch et al.,
2019), although under certain circumstances (e.g., abundance of
suitable electron donors, Weston et al., 2011) methanogenesis
and SO4

2− reduction can occur at the same time (Oremland et al.,
1982; Hahn et al., 2015).

While the impact of water salinity and SO4
2− on greenhouse

gas emissions in peatlands has aroused scientific interest, there
are hardly any studies focusing on themechanistic understanding
of SO4

2− mobility in peat and its impact on the release of solutes
from peat. Solute release from peat is known to be affected
by a wide range of environmental variables, with water table
fluctuations and the associated change of redox conditions being
the most prominent one (Borch et al., 2010). In particular, factors
prompting the DOC release from peatlands have been studied
previously, since DOC concentrations in surface water in Europe
have increased in the last decades (Roulet and Moore, 2006),
which is for example problematic for drinking water treatment
(Ritson et al., 2014). Factors influencing DOC release from peat
include ionic strength [and its proxy, electrical conductivity
(EC)] and pH of the pore water. When EC increases and pH
decreases, amounts of DOC released typically decline as a result
of decreased charge density, limiting the solubility of the DOC
(Münch et al., 2002; Clark et al., 2011; Ardón et al., 2016;
Tiemeyer et al., 2017). Increases in EC have also been observed
to impact other geochemical processes in peat, including the
desorption of NH+

4 by salt ions (Ardón et al., 2013), an increase
of hydraulic conductivity due to a pore dilation (Ours et al.,
1997) and a decrease in plant uptake of nutrients as a result of

salt stress (Hanin et al., 2016). The explicit impact of changing
SO4

2− concentrations on solute release has been studied mostly
for moderately increased concentrations simulating atmospheric
deposits (Blodau et al., 2007; up to 10mg L−1), discharge of river
water to a wetland (Lamers et al., 1998; up to 400mg L−1) or
intrusion of highly diluted seawater into a wetland (Ardón et al.,
2016; up to 300mg L−1). In an extensive mesocosm experiment,
Lamers et al. (1998) observed an increase in alkalinity due to
the consumption of hydrogen ions during SO4

2− reduction, a
reduced uptake of nutrients, such as potassium (K+), due to the
toxicity of sulfide (HS−) and an increased release of NH+

4 due to
the increase of organicmatter decomposition. They also observed
that increased SO4

2− concentrations can turn peat into a source
for phosphate, similar as observed for other aquatic sediments
(Caraco et al., 1989). The underlying process is the formation
of iron sulfide, which reduces the availability of iron (Fe) as
binding partner for P both in the reduced form of vivianite or as
oxidized Fe(III)-P binding forms (Zak et al., 2010). However, the
sulfur cycle in peatlands is complex as sulfur can occur in various
organic and inorganic forms and can be recycled multiple times
(i.e., reduced and reoxidized) as stated for bogs (Wieder and
Lang, 1988; Blodau et al., 2007), forested wetlands (Mandernack
et al., 2000) and salt marshes (Gardner, 1990). To the author’s
knowledge, there has been no comprehensive study on SO4

2−

dynamics and mobility within fen peat with respect to release of
solutes from peat induced by SO4

2−-related processes. The main
objective of this study was to gain an improved understanding
of the processes determining the mobility of SO4

2− of varying
concentrations in fen peat samples and their short-term impact
on the solute release from the peat.

MATERIALS AND METHODS

Field Sampling and Peat Properties
Fifteen undisturbed core samples of moderately-decomposed
reed-sedge fen peat (referred to as “MD-Peat”) were collected
in May 2018 horizontally at a depth of 50 cm below surface
from a drained fen in northwestern Germany (“Pölchow”,
54◦00′20.3′′N, 12◦06′58.8′′E). The acrylic glass sampling tubes
(Ø = 4.2 cm, L = 10 cm, V = 139 cm3) were incorporated
into a sharpened shuttle corer which was pushed manually
into the peat. The groundwater level was 75 cm below surface
so that the taken peat samples were wet but not completely
water-saturated. The peatland has not been affected by Baltic
seawater intrusion [SO4

2− concentrations in the groundwater
accumulated in the profile pit were low (3.7mg L−1)]. For
comparison reasons additional samples (n = 3) of two fen peats
with a different degree of decomposition were collected: firstly
a degraded highly-decomposed peat (referred to as “HD-Peat”)
taken horizontally from the dried top soil in Pölchow in a depth
of 20 cm, secondly a SO4

2−-affected and water-saturated slightly-
decomposed peat (referred to as “SD-Peat”) taken vertically in
a depth of 10 cm in the shallow water of the Baltic Sea adjacent
to the coastal fen “Hütelmoor” (54◦13′19.38′′N, 12◦10′7.02′′E).
The coastline on the latter site has transformed over time to
constantly expose parts of the peat layer to seawater (Kreuzburg
et al., 2018). Additional disturbed samples of each peat were
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TABLE 1 | Basic properties of peat material.

Parameter SD-Peat MD-Peat HD-Peat

Sampling location Beach of the Baltic Sea in front of the

Hütelmoor

Grassland in Pölchow Grassland in Pölchow

Sampling depth (cm bsf) 10 50 20

Number of samples 3 15 3

Peat type Sea-exposed, slightly-decomposed

reed-sedge fen peat

Moderately-decomposed

reed-sedge fen peat

Degraded, highly-decomposed

fen peat

Degree of decomposition (von Post) H4-5 H6 H9

Organic matter content (% dwt) 83.7 (n = 2) 83.3 (n = 2) 39.8 (n = 2)

Corg (% dwt) 41.6 39.9 22.0

Cinorg (% dwt) 0.05 0.45 0.11

N (% dwt) 1.6 3.1 2.0

S (% dwt) 3.4 0.5 0.3

Fe (mg kg−1 ) 1173 22730 61600

ρb (g cm−3) 0.17 (n = 3) 0.19 (n = 15) 0.49 (n = 3)

8 (−) 0.90 (n = 3) 0.89 (n = 15) 0.78 (n = 3)

Bulk density (ρb) and porosity (8) of the samples were determined for each of the undisturbed peat samples after the experiment, all other parameters were determined on the basis of

untreated, disturbed peat material. In case of average values, the number of replicates (n) is indicated in parentheses.

collected to determine the organic matter content as well
as the solid-phase total carbon, nitrogen and sulfur (C/N/S)
contents. After collection, all peat samples were refrigerated
and transported to the Ecohydrology Research Group at the
University of Waterloo (Canada) for the laboratory experiments.
The basic physicochemical properties of the peat material used
in this study are shown in Table 1. The C/N/S contents were
measured for homogenized and freeze-dried samples on a
CHNS Carbo Erba analyzer (method detection limit: 0.1% dwt)
without any pre-treatment of the freeze-dried samples. The Fe
content was determined by Inductively-Coupled Plasma Optical
Emission Spectrometry (ICP-OES) after an aqua regia digestion
according to HFA (2014). The bulk density (ρb) was determined
gravimetrically based on the sample volume and the oven-dried
(3 days at 80◦C) sample mass. Subsequently, the peat samples
were ignited at 550◦C to determine the loss on ignition (LOI)
as a proxy for the organic matter content (DIN EN 15935,
2012), which was used to calculate the particle density (ρs) of
the peat samples with standard values for organic (1.4 g cm−3)
and mineral (2.65 g cm−3) components [ρs = (1.4 × LOI + 2.65
× (100–LOI))/100]. The total porosity was then calculated from
bulk and particle densities (8 = 1− ρb / ρs).

Flow-Through Reactor Experiment
A one-month SO4

2− displacement experiment was carried out
using a flow-through reactor (FTR) set-up (Figure 1). These
reactors are designed to measure biogeochemical reaction rates
on undisturbed soils or sediments and yield kinetic parameters
and information on reaction pathways that can be extrapolated
to natural conditions (Pallud et al., 2007). They have been
used to study solute transport in peat (Kleimeier et al., 2017)
as well as SO4

2− and nitrate (NO3
−) reduction in sediments

(Pallud and Van Cappellen, 2006; Stam et al., 2010; Laverman
et al., 2012). In addition to information on SO4

2− transport, the
1-month monitoring of this experiment also provided insight

into the short-term effects of increased SO4
2− concentrations

on the release of solutes. The FTRs (21 reactors in total)
consisted of the peat core contained within an acrylic glass tube
attached to two PVC plate end-caps with an opening for tubing
connection. Between each plate end-cap and the soil column an
O-ring, a glass fiber filter (pore size 1µm) and a hydrophilic
polypropylene membrane filter (pore size 0.2µm) were inserted
to avoid leakage, uniformize inflow and reduce the filtration
effort for the effluent sampling. The bottom end-cap of the
FTRs was connected to a peristaltic pump (GilsonMINIPULSE R©

3) and served as an inflow channel while the top end-cap
connected to the outflow channel allowed the effluent to collect
in polyethylene sampling bottles (125mL). Inflow and outflow
channel consisted of viton tubing (ID = 1.59mm). During the
entire experiment duration of 1 month, the pump rate (PR) was
set to 4mL h−1 (corresponding to a Darcy flux of 7 cm d−1) with
slight differences between the pump channels (range of 3.4 to
4.5 mL h−1).

Triplicates of MD-peat samples were assigned to different
SO4

2− treatments corresponding to SO4
2− milieus in terrestrial

(0 and 100mg L−1), brackish (700mg L−1) andmarine (2,700mg
L−1) ecosystems (see Table 2). The latter treatment was also
applied to the SD-peat and HD-peat samples. Furthermore,
another treatment of the MD-peat containing 2,700mg SO4

2−

L−1 and 590mg acetate (CH3COO−) L−1 (concentration
inspired by Schmaljohann, 1996) simulating a potential input of
marine dissolved organic matter (DOM) was added to guarantee
an excess of electron donors, as the peat consists of rather
persistent plant residues. Acetate is generally considered as the
most relevant electron donor for anaerobic decomposition of
organic matter by SRB in the marine environment (Boschker
et al., 2001). In the following, the different treatments are referred
to with the labels shown in Table 2 (e.g., SULF0), the addition
of acetate to a treatment is indicated within the label with
a “+A.”
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FIGURE 1 | Schematic diagram of the experimental set-up. The reactors were placed in an environmental chamber at constant temperature of 15◦C. The

sulfate-enriched water was depleted in oxygen via sparging with argon (Ar), flowed with a pump rate of 4mL h−1 through the peat samples and was subsequently

collected and sampled.

The artificial brackish input solution was prepared by diluting
the quantitatively most important seawater salts according to
Kester et al. (1967) (NaCl, KCl, MgCl2 · 6H2O, CaCl2 · 2H2O,
NaHCO3) in 20-fold dilution in ultra-pure water (Milli-Q) and
then adding Na2SO4 to adjust the different SO4

2− treatments
and NaCH3COO for the treatment SULF2700+A. The EC of
the five different input solutions was between 2.5 and 6.6mS
cm−1 (measured with a Horiba LAQUA B-213 Twin EC meter),
representing seawater diluted by freshwater in the mixing
zone (observed in the Hütelmoor field site, but see also e.g.,
Jørgensen et al., 2008). To induce the development of anoxic
conditions the input solutions to the FTRs were continuously
sparged with argon gas reducing oxygen concentrations to
levels between 0.2 and 0.9mg L−1 (measured with a Thermo
Scientific Orion 5 Star multifunction meter). The continuous
sparging with argon also led to an increase in the pH of the
input solution (up to 8.8, measured with a Horiba LAQUA
B-213 Twin pH meter) due to degassing of carbon dioxide,
which was adjusted to values between 7 and 7.5 through
addition of minor amount of hydrochlorid acid. However, as
the pH of seawater (∼8.1) is generally higher than freshwater,
variations of pH may also occur under natural field conditions.
As the SO4

2− reduction rate is sensitive to the temperature
(Stam et al., 2010), the FTR experiment was conducted in
an environmental chamber (Percival Scientific CTH-118) at a
constant temperature of 15◦C representing common summer
temperatures in peatland groundwater at the Hütelmoor field site
(M. Ibenthal, University of Rostock, personal communication).
The placement of the experimental set-up in the chamber also
ensured dark conditions to prevent algae growth in the acrylic
glass tubes.

Prior to the SO4
2− treatments, a control solution (SULF0)

containing 0mg SO4
2− L−1 was pumped (4mL h−1) into the

FTRs for 3 days to purge the cores of gas bubbles that may block
water flow as well as to flush out the pre-existing SO4

2− and

equilibrate the peat cores with the salt solution. Only for the
marine SD-peat a solution with 700mg SO4

2− L−1 was used
to maintain the natural SO4

2− milieu in those three samples.
The outflow of the first and the last 50mL of the flushing phase
was analyzed to determine the initial and stabilized chemical
concentrations. During the SO4

2− treatment phase (1 month),
the outflow samples were collected every 24 h for the first 3 days
and afterwards every 48 to 72 h. During the first 5 days of the
SO4

2− treatment, an additional bromide (Br−) concentration of
100mg Br− L−1 was added into the input solutions in form
of 149mg KBr L−1 as a step input to obtain a non-reactive
tracer breakthrough curve (BTC). During the Br− injection
outflow water samples were collected every 2 h on the first
day, every 4 h on the second day, every 8 h on the third day,
every 12 h on the fourth day and every 24 h on the fifth day
and the samples were analyzed for Br− concentration with ion
chromatography (see below).

Pore Water Geochemistry Analyses
During the SO4

2− treatments, water samples were collected from
the outflow of the FTRs and were sub-sampled into separate
vials. One milliliter of pore water was refiltered (to protect
the measurement device) through a 0.2µm membrane filter
(Thermo Scientific Polysulfone filter) for analysis of major anions
including Cl−, NO3

− and SO4
2− using ion chromatography

(IC, Dionex ICS-5000 with a capillary IonPac R© AS18 column).
A volume of 7ml of pore water sample was acidified with 3
drops of 1M HCl and was analyzed for DOC and total dissolved
nitrogen (TDN) using the non-purgeable organic carbon method
on a total organic carbon analyzer (Shimadzu TOC-LCPH/CPN).
Another volume of 7mL pore water sample was subsampled
for concentrations of dissolved inorganic carbon (DIC) that was
measured using the same TOC analyzer. For the SULF2700+A
treatment, an additional 1mL sample was treated with 20 µL
of a 500 ppm CrO4

2− solution and analyzed for organic acids
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TABLE 2 | Overview of the different applied SO4
2− concentrations and associated number of peat samples.

Label of

treatment

Simulated SO4
2− milieu SO4

2− (mg L−1)

and (mmol L−1)

CH3COO− (mg L−1)

and (mmol L−1)

EC (mS cm−1) Number of samples of

SD-Peat MD-Peat HD-Peat

SULF0 Control 0

0.0

0

0.0

2.5 3

SULF100 Fresh water 100

1.0

0

0.0

2.6 3

SULF700 Brackish water 700

7.3

0

0.0

3.6 3

SULF2700 Ocean water 2700

28.1

0

0.0

6.3 3 3 3

SULF2700+A Ocean water with marine DOM in

form of acetate (A)

2700

28.1

590

10.0

6.6 3

The number in the label of the treatments refers to the SO4
2− concentration (mg L−1) and “+A” indicates the additional addition of acetate (CH3COO

−) in form of sodium acetate.

using IC to assess acetate concentrations (method detection
limit: 0.017mg L−1) and subtract them from the measured DOC
concentrations to get the “acetate-free” DOC release, accepting
inaccuracies due to a potential acetogenesis in the peat. For
one FTR per treatment, 10mL of the water samples were
filtered through a 0.45µm membrane filter (Thermo Scientific
Polysulfone filter) and were acidified with 2% ultrapure HNO3

for analysis of major cations and trace metals including Fe
and manganese (Mn) using Inductively-Coupled Plasma Optical
Emission Spectrometry (Thermo iCAP 6200 Duo ICP-OES).
Once or twice a week a volume of 1.5mL was collected into
vials containing 50 µL of a 5% zinc acetate solution and the
concentration of HS− was measured colorimetrically according
to Cline (1969) and using an UV-Visible spectrophotometer
(Thermo Scientific Evolution 260 Bio) measuring the absorbance
at 670 nm.

Modeling of Breakthrough Curves
For the evaluation of the BTCs the software “STANMOD”
(available for download from www.pc-progress.com) with the
incorporated model CTXFIT (Toride et al., 1999) was used
to determine solute transport parameters by fitting a modeled
BTC to the measured data with a least-square fitting procedure.
As previous studies have shown that peat acts as a dual
porosity medium (e.g., Rezanezhad et al., 2012, 2016), a
physical non-equilibriummodel was used. The mobile-immobile
model (MIM) solves the convection-dispersion equation for
a mobile pore region, which exchanges solutes via diffusion
with an immobile pore region. The dispersion coefficient D
(cm² h−1) and the two dimensionless parameters β (equivalent
to the mobile water content for non-sorbing solutes) and ω

(mass transfer coefficient) served as calibration parameters. The
retardation factor R was set to 1 (meaning no adsorption occurs),
as a pronounced anion adsorption to organic compounds
is generally only expected under acidic conditions (Ottow,
2011) and high organic matter contents adversely affect SO4

2−

adsorption (Johnson and Todd, 1983). The average pore water
velocity v (cm h−1) was also set to a fixed calculated value
[v= PR/(sample cross section× 8)].

RESULTS AND DISCUSSION

Sulfate Transport
The SO4

2− BTCs for the different treatments showed slightly
different shapes and reached a similar relative concentration
(C/C0) after approximately three pore volumes, as shown in
Figure 2A. However, the differences in their shape are not
due to differences in the SO4

2− input concentration, they are
instead a result of differences in the soil pore distribution for
the individual peat samples. This effect is verified by non-
reactive Br− BTCs (which were always performed for the same
Br− concentration) which show a very similar shape to the
SO4

2− BTCs, as exemplified in Figure 2B for a breakthrough
of 100mg Br− L−1 and 100mg SO4

2− L−1. These results
suggest that no SO4

2− reduction occurred and SO4
2− behaved

as a conservative anion (such as Br−) during solute transport
in the studied fen peat samples. The Br− and SO4

2− BTCs
for all tested peats (Figure 2C) showed an early breakthrough
characterized by a C/C0 > 0.5 at one pore volume (Rezanezhad
et al., 2016). This is indicative of non-equilibrium flow, meaning
that the MIM serves as an appropriate simulation model in
this scenario. The obtained solute transport parameters for the
different peats contrasted for Br− and SO4

2− (Table 3) are
similar and in the same range as in comparable studies on
fen peat (Kleimeier et al., 2017; Liu et al., 2017; McCarter
et al., 2018). Generally, the parameters D, β and ω are
considered soil sample-specific and should not depend on the
applied solute, which also was supported in this study with
Wilcoxon signed-rank tests (α = 0.05), that did not reveal
any significant differences between Br− and SO4

2− parameters.
Yet, the variations between the parameters of the different
peats were also minor suggesting that the effect of degree of
decomposition and organic matter content on the shape of the
BTC is less pronounced than what has been shown in previous
studies (Liu et al., 2017).

SO4
2− and sodium (Na+) concentrations in the outflow of

the peat samples reached the input concentration after 5 days for
SO4

2− and 10 days for Na+ and remained stable throughout the
experiment. Only during the final phase of the experiment a slight
difference in SO4

2− concentration was observed between the
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FIGURE 2 | Average (n = 3) breakthrough curves for (A) all applied SO4
2−

concentrations for the moderately-decomposed peat, (B) SO4
2− and Br− for

the treatment SULF100 for the moderately-decomposed peat and (C) SO4
2−

for the treatment SULF2700 for slightly, moderately, and

highly-decomposed peat.

input and output concentrations of the SULF2700+A treatment
implying that SO4

2− reduction occurred only in the latter
case. This is consistent with the results of the measurement
of HS−, which was only detected in higher concentrations (up
to 2.4mg L−1, other treatments of MD-peat: 0.03 to 0.13mg
L−1) for the SULF2700+A treatment in the later phase of
the experiment—although a non-detection of HS− can also be
related to reactions of HS− with other compounds such as ferrous
iron (Fe2+) (see effect of acetate). The SD- and HD-peat samples
produced HS− concentrations between 0.06 and 0.2mg L−1

with only a slight increase in effluent concentration occurring
over time, indicating a very weak background SO4

2− reduction.
Results from all treatments imply that more SO4

2− reduction
could have been detected if the experiment was run for a longer

TABLE 3 | Average solute transport parameters (± standard deviation)

(v = average pore water velocity, D = dispersion coefficient, β = mobile water

content, ω = exchange coefficient between mobile and immobile regions)

determined with CTXFIT for the slightly, moderately and highly-decomposed peat

for SO4
2− and Br− breakthrough.

Parameter SD-Peat MD-Peat HD-Peat

Br− v (cm h−1) (fixed) 0.32 0.32 0.37

D (cm² h−1) 1.17 ± 1.72 0.66 ± 0.43 1.32 ± 0.46

λ (cm) 3.66 ± 5.36 2.06 ± 1.35 3.56 ± 1.25

β (−) 0.65 ± 0.14 0.57 ± 0.22 0.62 ± 0.22

Θmobile (cm
3 cm−3) 0.58 ± 0.12 0.51 ± 0.20 0.49 ± 0.17

ω (−) 0.99 ± 0.61 1.41 ± 2.22 0.38 ± 0.45

α (d−1) 0.69 ± 0.42 0.98 ± 1.54 0.26 ± 0.31

SO4
2− v (cm h−1) (fixed) 0.32 0.32 0.37

D (cm² h−1) 0.99 ± 1.32 0.93 ± 0.70 0.91 ± 1.01

λ (cm) 3.10 ± 4.13 2.90 ± 2.20 2.45 ± 2.73

β (−) 0.60 ± 0.10 0.54 ± 0.22 0.35 ± 0.09

Θmobile (cm
3 cm−3) 0.54 ± 0.09 0.48 ± 0.19 0.27 ± 0.07

ω (−) 0.70 ± 0.36 1.06 ± 1.09 0.89 ± 0.45

α (d−1) 0.49 ± 0.25 0.74 ± 0.75 0.62 ± 0.31

For a better comparability with other studies the parameters λ = dispersivity, θmobile =

mobile water content and α = exchange rate coefficient were calculated from the fitted

parameters [λ = D / v; θmobile = β × 8; α = ω × q / L with q as the Darcy flux (cm h−1 )].

duration. For the Fe-rich peat samples, MD-peat and HD-peat,
the delayed stimulation of SO4

2− reduction can be attributed
to an initial period of Fe(III) reduction. The predominance of
Fe(III) reduction over SO4

2− reduction has been observed by
Küsel et al. (2008), who found that in an upper peat horizon
in a lowland fen with a similar Fe content (33 g kg−1), the
Fe(III) reduction made up 72% of the anaerobic organic carbon
mineralization. Conversely, for the SO4

2−-affected SD-peat with
lower Fe content, it can be postulated that the microbially
available carbon pool was depleted due to previous pronounced
SO4

2− reduction occurring under field conditions.

Solute Release
Initial Flushing
Containing 40% organic carbon and 3% nitrogen (Table 1), the
MD-peat represents a potential source for nutrients. During the
equilibration period with SO4

2−-free water (3 days = 2.3 PV),
the substances which had accumulated in the pore water in the
peat were flushed and the concentrations of DOC, DIC and TDN
decreased, on average, from 9 to 4mg DOC L−1, from 16 to
3mg DIC L−1 and from 0.7 to 0.4mg TDN L−1. The initial
values measured for DOC are lower than in previous studies
using flow-through experiments with peat [32mg DOC L−1 in
Gosch et al. (2018), 11mg DOC L−1 in Tiemeyer et al. (2017)],
which can be explained by a larger sample volume of 50mL
in this study causing a dilution of the peak concentration as
well as a sample filtration using 0.2µm filters rather than the
commonly used 0.45µm filters. However, in the cases of this
experiment as well as the aforementioned previous studies, the
DOC concentrations stabilized in a range of 30 to 40% of the
initial concentration. Field concentrations of DOC and TDN
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from the sampling site were measured to be 16mg DOC L−1

and 3.6mg TDN L−1. The apparent discrepancy between the
field values and laboratory column experiments has already been
observed in other studies (Stutter et al., 2007; Tiemeyer et al.,
2017), and is generally explained by longer residence times and
limited dilution in the field. The initial values for the HD-peat
were higher than for the MD-peat with a decrease from 13 to
6mg DOC L−1, 17 to 6 DIC mg L−1 and 6.6 to 0.5mg TDN L−1.
Formerly drained and degraded peat is known to release more
solutes than less decomposed peat, due to the formation of more
mobile compounds through aerobic mineralization (Zak et al.,
2010). Therefore for rewetting purposes the degraded top soil of
formerly drained peatlands is sometimes removed to reduce the
leaching of nutrients and emission of greenhouse gases (Zak et al.,
2018). In this study, the initial release of 22mg NO3

− L−1 from
theHD-peat was 440 times higher than that of 0.05mgNO3

− L−1

release occurring from the underlying MD-peat. For the marine
SD-peat, which was initially flushed with a 700mg L−1 SO4

2−

solution, the concentrations changed from 28 to 25mgDOC L−1,
12 to 1mg DIC L−1 and 3 to 1mg TDN L−1, and no NO3

− was
detected in the effluent. The relatively lower decrease in DOC
concentrations observed for the MD-peat sample group might
be related to the effects of changes in EC wherein the antecedent
EC from the marine field conditions was closer to the artificial
seawater than in the terrestrial peat.

Effect of Sulfate Concentration
During the SO4

2− application in the FTRs, the solute release
evolved differently for the various SO4

2− treatments of the MD-
peat (Figures 3A–C). For most of the samples DOC and TDN
concentrations decreased continuously. However, the higher the
SO4

2− concentration in the input solution the lower the average
slope of the linear trend for DOC and the higher the average DOC
concentration at which the values seemed to stabilize (for SULF0
and SULF100 ∼ 2mg L−1, for SULF700 ∼3mg L−1 and for
SULF2700∼5mg L−1). These results imply a positive correlation
between EC and DOC and do not confirm observations by
previous studies on DOC fluctuations, who observed a negative
correlation between EC and DOC release (Münch et al., 2002;
Clark et al., 2011; Tiemeyer et al., 2017). For example, in Tiemeyer
et al. (2017) an increase in EC from ∼100 to 1,000 µS cm−1

caused a decrease of DOC from∼10 to 1mg DOC L−1. However,
the results in this study are consistent with a previous study by
Gosch et al. (2018), who observed a positive relation between
EC and DOC for peat material from the same field site from
which samples were collected for this study. The non-validity of
the negative correlation between EC and DOC relation for the
MD-peat might be attributed to the peat (pore water) chemistry
(see effect of peat decomposition degree). The existence of
interfering impact factors is also indicated by contradicting
effects comparing laboratory and field data (Tiemeyer et al.,
2017) or surface water and pore water geochemistry (Knorr,
2013).

This result also does not confirm previous findings by Ardón
et al. (2016), who observed a decreasing DOC release with higher
SO4

2− concentrations (range of 100 to 300mg SO4
2− L−1).

Ardón et al. (2016) concluded that the consumption of DOC

via SO4
2− reduction was responsible for this decline. However,

peat samples undergoing the SULF0, SULF100, SULF700, and
SULF2700 treatment exhibited no pronounced SO4

2− reduction,
hence Ardón et al. (2016) conclusion cannot be considered as the
cause for the observed differences in DOC/DIC/TDN between
the treatments. Instead, minor differences observed in DOC
release from the different SO4

2− treatments may be attributed
to anion exchange of DOM anions by SO4

2− (Brouns et al.,
2014). An increased dispersion of organic matter caused by a
replacement of calcium (Ca2+) by Na+ (e.g., Edelstein et al.,
2010) is considered unlikely as increased Ca2+ concentrations
were observed in effluent immediately after the start of the SO4

2−

treatments (see segment about cation-related processes below).
In contrast, DOC release in the different treatments differedmore
toward the end of the experiment.

The release of TDN over time resembled the release of
DOC, which is reflected by a correlation coefficient calculated
between 0.5 and 0.9, indicating a strong relationship between
these two parameters. This result suggests that the majority of
the nitrogen released derived from DOM rather than from NH+

4 .
This is consistent with observations made in a shrub-dominated
peatland by Wang et al. (2016) who found that 68% of nitrogen
compounds released from peat monoliths were dissolved organic
nitrogen (DON), while NH+

4 and NO3
−/ NO−

2 made up only 8
and 24%, respectively. In this study, NO3

− (method detection
limit: 0.05mg L−1) was detected only irregularly and in a low
concentration between 0 to 0.13mg L−1 in the effluent of
MD-peat samples.

The release of DIC as an indicator for decomposition of
organic matter showed less treatment-dependent tendencies than
DOC and TDN. The SULF0, SULF100, and SULF700 treatments
caused similar releases of DIC. Only peat samples treated with
SULF2700 led to slightly higher DIC concentrations. However,
DIC concentrations in the effluent of all samples first decreased
before stabilizing at values between 0 and 1mg L−1. This
supports the assumption that none of the SO4

2− concentrations
led to a pronounced SO4

2− reduction in the time frame of
this experiment. As the decrease also occurred for the SULF0
treatment, it can be assumed that the decrease is the continuation
of the initial leaching of DIC.

Increased Na+ concentrations from the input solution
resulted in cation exchange leading to variable increases in
different cation concentrations throughout the experiment (data
not shown). For the MD-peat, the concentrations of Ca2+ and
K+ increased shortly after the treatment commenced with the
highest Ca2+/K+ peak occurring in samples treated with the
greatest Na+ concentrations (SULF2700 and SULF2700+A) and
subsequently decreased toward the value of the input solution.
It stands to reason that Ca2+ and K+ were exchanged by Na+,
although Ca2+ is generally bound more strongly to the peat
than Na+ as a result of its bivalence (Succow and Joosten,
2001). Magnesium (Mg2+) concentrations increased very slowly
over time and had not reached the input concentration
value after 31 days, indicating that the displacement of other
cations by Mg2+ took longer than the experimental duration.
Total dissolved manganese (TDMn) (showing a peak right
after the start of the treatment and then stabilizing at a
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FIGURE 3 | Average concentrations (n = 3) for DOC, DIC, and TDN in the effluent of the flow-through reactors during the SO4
2− applications (A–C) for the different

SO4
2− treatments and (D–F) for the different degrees of decomposition for the SULF2700 treatment and for the MD-peat for the SULF2700+A treatment. Note the

scaling differences.

value between 0.12 and 0.28mg L−1) and total dissolved
aluminum (TDAl) (stable value, but graduated from SULF0 with
0.01mg L−1 to SULF2700+A with 0.05mg L−1) concentrations
were lowest for the SULF0 treatment and highest for the
SULF2700+A treatment suggesting that, for the corresponding
ions (Mn2+, Al3+), the Na+ concentrations determined the
release of these solutes. However, the evaluation is less clear
for Fe and Mn as they may potentially be involved in the
anaerobic decomposition processes and are present in different
oxidation states that ICP measurements cannot distinguish.
Increased concentrations of total dissolved iron (TDFe) were
observed in all treatments compared to SULF0. Although,
the order of magnitude of the measured peaks varied greatly
(between 0.8 and 17mg L−1) and did not correlate with the
SO4

2− treatments.

Effect of Acetate
In contrast to the SO4

2−-only treatments, a pronounced
increase of DIC release accompanied by an increase in HS−

was observed for the acetate-enriched SULF2700+A treatment
(Figure 4), providing evidence for SO4

2− reduction (with
hydrogen carbonate and sulfide as end-products). The duration
of the experiment covered only the initial phase of SO4

2−

reduction as the concentrations of HS− and DIC were still
increasing after 31 days. A pronounced SO4

2− reduction
appeared to begin after ∼ 17 days (= ∼ 15 pore volumes). This
time period represents a lag time during which redox conditions
favorable for SO4

2− reduction established in the samples. The
SRB are generally outcompeted by microorganisms active at
higher redox potentials that get energy via aerobic respiration,
denitrification or Fe(III) and Mn(IV) reduction. As major HS−
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FIGURE 4 | Release of HS−, DIC, and TDFe as well as TDMn, total dissolved phosphorus (TDP) and TDN measured in the effluent of the flow-through reactor from an

individual peat sample during (A,B) SULF2700+A and (C,D) SULF2700 treatment.

concentrations and DIC increase were only observed in acetate
addition treatment (SULF2700+A), it can be assumed that the
peat in this study did not represent a suitable carbon source for
the SRB under the prevailing laboratory conditions, to which also
the non-increase of SO4

2− reduction rate for SO4
2−-treated bog

peat has been attributed (Vile et al., 2003). These findings confirm
recent results of isotopic measurement of DIC in the pore water
of sea-exposed fen peat of theHütelmoor field site, which indicate
that the detected DIC concentrations do not originate from the
submerged peat itself, but from easily degradable marine DOM
(personal communication with J. Westphal, Leibniz Institute
for Baltic Sea Research Warnemünde). The measured HS−

concentrations were considerably lower than the measured
DIC concentrations (comparison in molar concentrations see
Figure 5). This means that either not all HS− was detected due to
its chemical reactivity or other processes than SO4

2− reduction
co-drove the DIC production. It is possible that a part of the
released HS− was bound to the DOM (Heitmann and Blodau,
2006) or precipitated as iron sulfide (van der Welle et al., 2007)
and was, therefore, not detected with the applied method in this
study. Other mineralization processes such as Fe(III) reduction
could have driven the DIC production as an increase of DOC and
TDN in the SULF2700+A treatment was observed indicating a
general stimulation of decomposition processes. Concentrations
of TDFe were highly elevated in the SULF2700+A treatment
(peak concentration of 28mg L−1) compared to the acetate-
free SULF2700 treatment (peak concentration of 2mg L−1).
These results imply that Fe(III) reduction had occurred, during
which Fe2+ is released; yet, the time curve of HS− indicates
that DIC production was mainly controlled by SO4

2− reduction

FIGURE 5 | Release of end products of sulfate reduction (HS−, DIC) and of

TDFe as interfering substance in molar concentration measured in the effluent

of the flow-through reactor from an individual peat sample during

SULF2700+A treatment.

(Figure 4A). This also applies to other parameters—overall, the
release of DOC, DIC, TDN and total dissolved phosphorus
(TDP) was stimulated by SO4

2− reduction. Conversely, the
release of TDMn in the SULF2700+A treatment resembled its
counterpart (SULF2700) and experienced only a slightly lower
peak concentration. This suggests that TDMn-release was mainly
affected by cation exchange and not Mn(IV) reduction, which is
consistent with the gradations in TDMn-concentrations for the
acetate-free treatments following Na+ input concentrations (see
effect of sulfate concentration).
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Effect of Peat Decomposition Degree
The observed differences of solute release between the peats
of varying degrees of decomposition were more pronounced
and clearer than between the different SO4

2− concentrations
applied to one peat material (Figure 3 for DOC/DIC/TDN,
Figure 6 for TDFe). The substance release of the SD-peat
matched the expectations that the DOC would decrease abruptly
after an EC increase (see effect of sulfate concentration).
Following an increase in EC from 3.6mS cm−1 (SULF700)
to 6.3mS cm−1 (SULF2700), DOC and TDN concentrations
decreased on average by 51 and 22%, respectively. In contrast,
DOC and TDN concentrations varied only slightly for the
MD-peat and responded immediately with an increase to
the SULF2700 treatment for the HD-peat (Figure 3D). The
observed differences in the time curve of DOC and TDN
between the three peats could be related to the large differences
in Fe content (Table 1), where the HD-peat contains 50 times
more Fe than the SD-peat. As previously discussed (see initial
flushing), the long-term drained and degraded peat generally
has a different composition than less decomposed peat. While
the percentage of organic carbon decreases with decomposition,
the percentage of phosphorus (P), Fe and Al increases (Zeitz
and Velty, 2002; Litaor et al., 2004). Knorr (2013) observed that
DOC and TDFe concentrations had a clear positive correlation
in pore and surface water while the impact of water salinity
was not consistent for the two types of water. Iron salts such
as ferric sulfate are well known to induce flocculation of
fine organic and inorganic particles from the production of
cationic hydrolysis products and are generally used to clean
drinking water from DOM (Sharp et al., 2006). However,
during Fe(III) reduction Fe2+ is released thereby co-mobilizing
the previously flocculated DOM with other formerly bound
solutes like phosphate. The correlation coefficient R² between
TDFe and DOC concentrations in the effluent of this study
ranged between 0.36 (SULF2700) and 0.95 (SULF100) for the
pure SO4

2− treatments of the MD-peat. The Fe-rich HD-peat
samples have a calculated R² value of 0.58, demonstrating
Fe-related interference is an important impact factor
for DOC.

The observed differences between the SD-, MD-, and HD-
peat in solute release could also be related to their pore-related
parameters, such as porosity and proportion of the immobile
pore regions detected via BTC analysis. Immobile zones provide
an opposing effect on DOC concentrations where stagnant pore
water zones may serve as hot spots for DOM production, as
they represent the preferred habitat for microorganisms (Nunes
et al., 2015; Rezanezhad et al., 2016). Immobile pore regions also
increase the average pore water velocity and preferential flow
thereby reducing the residence time of the water in the mobile
pore regions and the potential for solute exchange between liquid
and solid phase (Tiemeyer et al., 2017). However, as the release
of DOC/TDN from SD-peat and MD-peat reached comparable
values during the experiment, physical differences—whose effect
should be long-lasting—may only be relevant to the HD-peat.
Generally, the greater the degree of decomposition in peat
the more pronounced the preferential flow occurs (Liu et al.,

FIGURE 6 | Release of TDFe from SD-, MD-, and HD-peat measured in the

effluent of the flow-through reactors.

2017) and the immobile pore region fraction increases. In
case of the HD-peat the greater proportion of immobile pore
water might have contributed to the higher constant release
of DOC/TDN.

CONCLUSIONS

In this flow-through experiment peat samples treated with sulfate
(SO4

2−)-enriched water did not produce pronounced SO4
2−

reduction within 1 month’s time. SO4
2− and bromide (Br−)

breakthrough curves were similar indicating that SO4
2− behaved

as a conservative tracer within the experiment and that the
SO4

2− penetration was dependent on the physical properties
of the peat samples. The addition of acetate, a major electron
donor in marine sediments, initiated SO4

2− reduction after
∼17 days and led to a strong increase of release of solutes
such as dissolved organic carbon (DOC) and inorganic carbon
(DIC). This suggests that under these experimental conditions
the composition and decomposability of the organic matter
was more important to enabling decomposing processes than
the presence of terminal electron acceptors. This was also
demonstrated by the increased solute concentrations for peat
with a higher degree of decomposition. However, increased
SO4

2− concentrations did result in slightly elevated levels of
DOC and total dissolved nitrogen (TDN). These results are
attributed to the potential desorption of negatively charged
organic molecules via anion exchange with SO4

2−. For the
different tested peats, the short-term release of DOC was
presumably affected not only by the ionic strength of the
inflowing water but also by the iron (Fe) content of the
peat, as DOC bound to Fe compounds can get mobilized
during Fe(III) reduction. Overall, the main short-term effects
of SO4

2−-rich seawater inflow in peatlands seem to be
desorption processes, whose characteristics are controlled by
the ionic composition and strength of the seawater, and peat
chemistry, particularly Fe content and degree of decomposition.
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Decomposition-related solute release may develop in the long-
term, when anoxic, stagnant conditions prevail. This may
be accelerated if marine, easily degradable organic matter is
flushed in the peatland during seawater flooding even though
concentrations of bioavailable DOC might be lower than the
applied acetate concentrations in this study. The onset of
SO4

2− reduction may reduce the gaseous emissions of carbon-
containing methane (CH4) from the peatland, but may also
increase the load of dissolved carbon compounds in the
peatland’s outflow.
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