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Abstract
Although the majority of coastal sediments consist of sandy material, in some areas marine ingression

caused the submergence of terrestrial carbon-rich peat soils. This affects the coastal carbon balance, as peat
represents a potential carbon source. We performed a column experiment to better understand the coupled
flow and biogeochemical processes governing carbon transformations in submerged peat under coastal fresh
groundwater (GW) discharge and brackish water intrusion. The columns contained naturally layered sedi-
ments with and without peat (organic carbon content in peat 39 � 14 wt%), alternately supplied with
oxygen-rich brackish water from above and oxygen-poor, low-saline GW from below. The low-saline GW dis-
charge through the peat significantly increased the release and ascent of dissolved organic carbon (DOC) from
the peat (δ13CDOC − 26.9‰ to − 27.7‰), which was accompanied by the production of dissolved inorganic
carbon (DIC) and emission of carbon dioxide (CO2), implying DOC mineralization. Oxygen respiration, sul-

fate (SO2−
4 ) reduction, and methane (CH4) formation were differently pronounced in the sediments and were

accompanied with higher microbial abundances in peat compared to sand with SO2−
4 -reducing bacteria clearly

dominating methanogens. With decreasing salinity and SO2−
4 concentrations, CH4 emission rates increased

from 16.5 to 77.3 μmolm−2 d−1 during a 14-day, low-saline GW discharge phase. In contrast, oxygenated brack-
ish water intrusion resulted in lower DOC and DIC pore water concentrations and significantly lower CH4 and
CO2 emissions. Our study illustrates the strong dependence of carbon cycling in shallow coastal areas with
submerged peat deposits on the flow and mixing dynamics within the subterranean estuary.

Sea-level rise is considered to be one of the main impacts of
climate change, with significant implications for mineraliza-
tion processes within coastal wetlands (Nicholls and
Cazenave 2010; Neubauer 2013; Plag and Jules-Plag 2013;
Hahn et al. 2015; Wang et al. 2016). In particular, coastline
retreat may cause submergence of terrestrial, organic carbon-
rich peat sediments. The extent of submarine peat and the

process-based impacts on carbon transformation processes
and exchange of trace gases in shallow coastal areas have been
poorly addressed. Sediment column experiments are powerful
tools to investigate subprocesses and simulate changes of envi-
ronmental and hydrological conditions. These changes are
accelerated by land subsidence of peatland caused by their
large-scale drainage for agricultural use. Land subsidence alters
the hydrologic exchange processes across the land–sea inter-
face (Nieuwenhuis and Schokking 1997; Hooijer et al. 2012)
including changes in surficial runoff, subsurface mixing, and
submarine groundwater discharge (SGD).

SGD is comprised of all flow of water from the seabed into
the coastal ocean, predominantly recirculated seawater (SW),
driven by wave action, density gradients, and sea-level dynam-
ics (Robinson et al. 2007; Moore 2010; Cyberski 2011; Santos
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et al. 2012). SW-derived solutes, such as dissolved oxygen (O2)

and SO2−
4 , affect the mineralization of organic matter in the

seabed (Mulholland 1981; Weston et al. 2011; Chambers
et al. 2014; Rezanezhad et al. 2016). The minor fraction
of freshwater SGD, typically in the order of 4–10%
(Li et al. 1999; Burnett et al. 2006; Moore 2010), is mainly
controlled by the hydraulic gradients and is often O2 depleted
and enriched in methane (CH4) and free hydrogen (H2)
(Bugna et al. 1996; Slomp and Van Cappellen 2004; Andersen
et al. 2005). Because coastal peatlands mostly exhibit low
topographic relief, their hydraulic gradients and freshwater
discharge into coastal areas tend to be relatively low (Barlow
and Reichard 2010). Nonetheless, even in coastal regions of
low elevation, SGD can reach values of up to 200 cm d−1

(Rapaglia 2005) and can, therefore, result in high fluxes of
chemical compounds to the coastal environment. For
instance, SGD-borne nitrogen fluxes can be of the same order
of magnitude as those delivered by rivers (Seitzinger and Harri-
son 2008; Knee et al. 2010; Knee and Paytan 2012). This may
be one factor, driving coastal productivity toward phosphorus
limitation (Slomp and Van Cappellen 2004). In addition, SGD
has been identified as a carbon source to nearshore marine
environments (Bugna et al. 1996; Bussmann and Suess 1998;
Schlüter et al. 2004; Porubsky et al. 2013).

Peatlands cover only 3% of the earth’s surface, but they store
about 20–25% of the global soil organic carbon (Corg)
(Gorham 1995; Limpens et al. 2008; Strack 2008). Uptake and
release of Corg are strongly controlled by the prevailing hydrologi-
cal conditions (Roulet et al. 1992; Moore and Dalva 1993; Sirin
and Laine 2008; Zauft et al. 2010; Wang et al. 2016). When dra-
ined, peatlands can switch from being a carbon sink to a source,
emitting greenhouse gases such as carbon dioxide (CO2)
(Strack 2008). In contrast, flooded peatlands usually represent a
source of atmosphericCH4 (Gatland et al. 2014;Hahn et al. 2015),
which has the second largest radiative forcing after CO2

(Ramaswamy et al. 2001). On a global scale, the atmospheric CH4

concentration has increased bymore than 250% since 1750, con-
tributing ~ 32% of the anthropogenic radiative forcing (Stocker
et al. 2013). Global methane emissions from wetlands, coastal
zones, and estuaries into the atmosphere have recently been
assessed at 117.2 � 49.7, 13, and 7 Tg CH4 yr−1, respectively
(Borges et al. 2016; Zhang et al. 2017), but coastal estimates of
CH4 emissions remain highly uncertain due to a small number of
studies and may indicate strong variations (Weber et al. 2019).
Together, coastal zones were estimated to generate approximately
75% of the total marine CH4 emissions to the atmosphere (Bange
et al. 1994). In-field studies, CH4 emissions of 126–134 μmol m−2

d−1 were associatedwith gassy sediments containing high organic
carbon (Borges et al. 2016). Themost abundant process of marine
CH4 production is microbial methanogenesis (Cicerone and
Oremland 1988), a form of anaerobic respiration using, for exam-
ple, CO2 instead of O2 as an electron acceptor (e.g., CO2 + 4H2 !

CH4 + 2H2O) to degrade dissolved organic carbon (DOC). Other
pathways ofmethane production results fromacetate degradation
(e.g., CH3COOH! CO2 + CH4) (Deppenmeier 2002). The pro-

duction of CH4, however, is closely related to SO2−
4 reduction,

which is the dominating metabolic process of DOC minerali-
zation in anoxic marine sediments (Zehnder and Mitch-
ell 1978; Gosch et al. 2019). Sulfate-reducing bacteria (SRB) are
generally able to successfully outcompete methanogens during

organic matter degradation (Whiticar 2002). High SO2−
4 con-

centrations also sustain anaerobic CH4 oxidation, which pro-
vides an effective barrier, limiting the amount of sedimentary
CH4 that reaches the water column (Iversen and Black-
burn 1981; Reeburgh and Alperin 1988; Jørgensen et al. 2001;
Dale et al. 2008). Nevertheless, in near-coastal shallow regions,
sediment-derived CH4 may still represent a significant source
of dissolved CH4 in the water column. In 2010–2011, Borges
et al. (2016) recorded an average CH4 concentration in Belgian
coastal surface water (< 15 km offshore) of 139nmol L−1, with
values as high as 1128nmol L−1, presumably caused by out-
gassing from Pleistocene peat-containing sediments.

Peatlands along the coastal margins are also a major source
of DOC to coastal and shelf areas (Freeman et al. 2001; Mul-
holland 2003). Currently, the majority of experimental studies
considering carbon transformation processes from wetland
soil focus on onshore processes (Kalbitz et al. 2000; Chambers
et al. 2011; Wen et al. 2018; Säurich et al. 2019). A number of
experimental approaches have identified the ionic strength of
the advective pore water as an important factor controlling
DOC concentrations and mobilization, where increasing ionic
strength results in decreasing DOC release from organic soils
and vice versa (Tipping and Hurley 1988; Limpens et al. 2008;
Tiemeyer et al. 2017). Furthermore, Tiemeyer et al. (2017)
reported that the production of DOC is dependent on the resi-
dence time of the pore water, showing a negative correlation
between the DOC concentration and the pump rate-
controlled advective pore water velocity. Previously observed
positive correlations between the release of DOC from sub-
sedimentary sources (e.g., buried peat) and CH4 concentra-
tions in the water column suggested a common carbon source
(Aravena and Wassenaar 1993; Liu et al. 2011). Submerged
organic-rich peat sediments can be found in shallow coastal
waters offshore of adjoining peatlands (Delaune et al. 1994;
Taffs et al. 2012; Kreuzburg et al. 2018), where marine micro-
bial communities can be supplied by peat-derived DOC and

SW-derived electron acceptors (e.g., O2, SO2−
4 , NO−

3 ). How
these submerged peat deposits in the offshore areas contribute
to coastal carbon cycling, however, are currently not well
constrained.

In this study, we investigate the mobilization of peat-
derived DOC and biogeochemical processes that control car-
bon transformations using a novel flow-through column
experiment with natural sediments. During the experiment,
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we imposed alternating cycles of upward flowing oxygen-
depleted groundwater (GW) and downward flowing oxygen-
rich brackish water. The main goal of the study was to moni-
tor the biogeochemical processes governing carbon transfor-
mations in submerged coastal peat in the mixing zone of low-
saline GW and brackish water. To the best of our knowledge,
this is the first experimental study investigating DOC mobili-
zation and mineralization processes in submerged coastal peat
soil, in conjunction with the production of climate relevant
trace gases, under dynamic (bidirectional) flow conditions
mimicking freshwater–SW mixing in the so-termed “subterra-
nean estuary” (Moore 1999).

Study site
The coastal peatland and nature reserve “Heiligensee and

Hütelmoor” (Fig. 1) northeast of Rostock-Warnemünde (exten-
ding roughly 1.6 km in the north–south direction and 1.4 km in
the east–west direction) experienced large anthropogenic distur-
bances. The site was drained for agricultural purposes until the
1970s (Dahms 1991; Voigtländer et al. 1996), and subsequently
rewetted by freshwater for restoration of the biodiversity in the
1990s (Hübner and Gräff 2013; Hahn et al. 2015; Miegel
et al. 2016). Until today, the peatland drains through an exten-
sive channel system towards the south. In the last decades, the
onshore area has been subject to a wide range of investigations,
including gas emissions and the investigations of landside bio-
geochemical processes, hydrology monitoring programs as well
as geologic surveys (Voigtländer et al. 1996; Lasak et al. 2010;
Koch et al. 2014; Koebsch et al. 2015; Miegel et al. 2016;
Jurasinski et al. 2018; Strehse et al. 2018; Wen et al. 2018). The
beach area has been subject to beach nourishments, wooden
groynes were installed to retain the sand and a dyke was con-
structed after several wash-over events (Kolp 1957; Voigtländer
et al. 1996). The shoreline is covered bypermeable heterogeneous

sediments except for areas with peat deposits (Hübner and
Gräff 2013; Kreuzburg et al. 2018), which are only low-permeable
substratum (Gosch et al. 2019).

In a recent geological assessment of the development of the
seabed (Kreuzburg et al. 2018), Holocene peat deposits with
Corg contents of 37–53% and C/N ratios of 21.3–36.4 were
found more than 90 m (areal extent: 0.16–0.2 km2) in front of
the coastline (Fig. 1). The isotopic signature of the lowermost
offshore peat seems to be purely terrestrial (δ13C –28.9‰) and
thus no fractionation processes or contamination with marine
organic carbon were detected. The outer boundary of the peat
deposits roughly coincides with the offshore limit of a
dynamic coast-parallel longshore bar (Kreuzburg et al. 2018).
The location of shallower outcropping peat deposits in the
northern coastal area coincides with temperature, salinity and
bottom water CH4 anomalies most likely originating from
SGD (Jurasinski et al. 2018).

Materials and methods
Sediment sampling

Sediment cores were collected, in ~ 20 cm water depth, off
the coastal nature reserve “Heiligensee and Hütelmoor” on
25 August 2017 using PVC liners measuring 60 cm in length
and 7.5 cm in width. The sampling site of the cores P1, P2,
and P3 (54.222139�N/12.168361�E) was characterized by sub-
marine outcropping peat layers and was covered with ~ 20 cm
of marine sand. The degree of decomposition of the peat,
which according to von Post (1922) is defined by the color of
the extracted pore water, was H 3–4.

The sand cores S1, S2, and S3 were collected in the south of
the study site (54.2108�N/ 12.1582�E), where the coastline
was covered with permeable marine sediments and peat
deposits were absent along the coastline. Details of the geol-
ogy have been presented in Fig. 2 in Kreuzburg et al. (2018).

Fig. 1. Location of the study site showing (a) Germany with the state of Mecklenburg–Vorpommern shaded gray; the black rectangle indicates the
close-up of the right side, and (b) location of the coastal area near Rostock-Warnemünde where sediment cores were collected in front of the nature
reserve “Heiligensee and Hütelmoor” and a rough position and shape of a coast parallel longshore bar.
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One core from each site was kept as a reference to compare
geochemical parameters of initial and altered conditions. In
order to ensure similarity of the four replicates, cores were
taken within an area of < 0.25 m2. Immediately after sam-
pling, the cores were sealed at the top and bottom with gas-
tight and watertight endcaps and transported to the
laboratory, where they were stored at 4�C with supernatant
water. Within 9 d of extraction the cores where drained,
packed in a cryobox and transported via airfreight to the Uni-
versity of Waterloo, Canada. Visual inspection showed that
the sediment sequence of the cores remained intact, but slight
changes in sediment deposition could not be excluded. In the
laboratory at the University of Waterloo, Canada, the sedi-
ment cores were unsealed to prevent complete anoxia and
stored at 4�C for additional 16 d until the cores were installed
in the experimental setup. Modifications in microbial commu-
nities and abundances, as well as redox conditions, likely
occurred after transportation and storage. However, the initial
microbial and redox conditions were not recorded, therefore
comparison to natural conditions is limited.

Column experiment setup and instrumentation
The experiment setup included eight columns (six for sedi-

ment cores and two for water storage) made of transparent
acrylic glass and matching the sediment core size. The water
flow velocity through all cores was controlled by a computer-
controlled pump (CAT-Multichannel-Pump Tower II, Fig. 2,

Supporting Information Fig. S1). A mostly similar column sys-
tem was formerly described by (Rezanezhad et al. 2014), but has
been specifically refined for the variable water flow regimes in
this study. In contrast to Rezanezhad et al. (2014), water of dif-
ferent salinities (GW, SW) was pumped through themarine sed-
iment cores in two directions (alternating upward and
downward) and discharged at the opposing end. Furthermore,
the water level was kept constant and sediments were fully
water saturated. The water level above all sediment columns
was ~ 10 cm to approximate shallow water conditions. The
lower half of three of the six 40-cm long columns was filled with
naturally layered submerged peat sediments, which were over-
lain by marine sand. The other three cores only contained
marine sand. For both sediment types, one column (P1/S1) was
used to sample pore water for solute analysis, one column
(P2/S2) was used for monitoring of the vertical aqueous oxygen
distribution, and one column was used as a control for addi-
tional measurements of the gas fluxes and to compare pore
water solute concentrations (P3/S3). The emissions of CH4 and
CO2weremeasured in all six cores.

The columns were filled from the bottom by a custom-
made lifting jack and wrapped in tinfoil to prevent sub-
sedimentary photosynthetic activity. Three of the columns
were filled with 40 cm peat–sand cores containing ~ 20 cm of
sand at the top. The other three columns were filled with
40-cm sand cores. The top and bottom of the columns were
closed with acrylic endcaps that had O-rings lining the inner

Fig. 2. Schematic diagram of the controlled flow regime column system. The six sediment columns were simultaneously and alternatingly exposed to
advective flow with artificial SW from the top (outflow at the bottom) and artificial GW from the bottom (outflow near the top). Intrusive measuring
devices were installed for pore water sampling (P1/S1) and optical oxygen monitoring (P2/S2). See also Fig. S1.
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rims to form tight seals. A filter membrane (Soil Measurement
Systems, LLC, bubbling pressure: 600 mbar) closed off the bot-
tom of the column and a nylon mesh (Soil Measurement Sys-
tems, LLC, bubbling pressure: 32 mbar) was placed on top of
the filter membrane. For each column, three steel rods con-
nected the acrylic top and bottom endcaps and were secured
with bolts. The sediment columns were connected to the
water storage columns with chemically resistant polyurethane
tubing. In order to completely replace the air-filled pore space
with water, the initial filling was conducted from the bottom
with artificially produced GW (see “Chlorinity and conductiv-
ity” section) for 3 d at a rate of 0.3 mL min−1. The total head-
spaces above the sediment surface were partly filled with
water in the amount of ~ 888 cm3 in Columns P1, P2, and P3
and ~ 1002 cm3 in Columns S1, S2 and S3, respectively. All
columns contained an air-filled headspace volume of
~ 478 � 57 cm3 (mean � SD) above the water.

The storage columns were filled with artificial SW and fresh
GW, which were continuously sparged with air and argon gas,
respectively, with the latter intended to ensure oxygen-depleted
conditions (details of the GW and SW compositions are given in
“Chlorinity and conductivity” section). The columns were incu-
bated at 24 � 2�C during the entire course of the experiment.
Each sediment column had 18 lateral ports (1/8

00
NPT compres-

sion fittings) equally spaced every 3 cm for pore water sampling.
The ports were airtight and fitted with Teflon tape. In the follow-
ing text, all depths are referencedwith respect to the depth below
the sediment surface. The ports of four columns (P1, P3, S1, S3)
were equipped with ceramic samplers, 5 cm in length and
0.25 cm in diameter, with a filter pore size of 0.15 μm (CSS5
MicroRhizon™ samplers, #19.21.23F) (Seeberg-Elverfeldt
et al. 2005). The samplers were introduced horizontally into the
sediment matrix, below the sediment surface, to extract pore
water samples for pore water chemical and dissolved gas analyses
(Fig. 2). A vacuum pump (Soil Measurement Systems, LLC, #CL-
042) set at − 100 mbar was used to extract pore water through
the samplers. The headspace above the stable water surface in the
columns was periodically closed in order to measure sediment-
derived trace gas accumulation.

Water flow regime
The upward flowing GW and downward flowing SW were set

to simulate discharge and recirculation regimes through perme-
able coastal sediment impacted by submerged peat. The pore
water flow velocities were adapted from the column experiment
conducted by Tiemeyer et al. (2017), who identified a relation
between DOC solution properties from organic soils, pore water
velocity and composition. The height of the water table in the
sediment columns was imposed using a computer-controlled,
multichannel pump connected to the water storage reservoirs.
The total volume of the storage columns was ~ 3.3 Liters, but the
quantity of water contained varied according to flow conditions
and was refilled for continuous flow. The constant ponding of
the water above sediment surfaces ensured complete water

saturation in the sediments and resulted from the equilibrium
between the programmed pump rate and the water outflow,
whereby the water in the sediment column was continuously
exchanged. The GW upward flow was pump controlled at rates
of 2.5 cm d−1 and the water-level height was limited by the water
outlet ~ 10 cm above the sediment surface. The SW downward
flowwas controlled by the valve settings and rates weremeasured
at 10.3 � 2 cm d−1 through peat–sand cores and 13.4 � 3.7 cm
d−1 through sand cores. The flow ratio and flow rate were chosen
to produce visible effects and changes in dissolved concentra-
tions and volumes of the sediment column with the 50-day
experiment. The ratio of GW to SW innatural shallowwater con-
ditions is typically > 1 : 10 (Li et al. 1999; Burnett et al. 2006).

During the different flow regimes, the water was discharged
on the opposite side of the inflow. Flow direction and water
type were adjusted using valves settings. The level of the water
table in the soil columns fluctuated between 7.5 and 10 cm
above the soil surface, respectively.

Coastal aquifers can be strongly depleted in oxygen (Bugna
et al. 1996; Andersen et al. 2005), while shallow water along the
shoreline is saturated with oxygen due to constant mixing with
the atmosphere. To imitate similar conditions, argon gas was used
to deoxygenate the GW and air from the laboratory was used to
saturate the SWwith oxygen. The artificial GW salinity was set at
S ≈ 1.6, which is slightly lower than measured values in the field
(S ≈ 3), but chosen in order to achieve a better differentiation of
the end-member concentrations. The salinity of artificial SW is
based onhighest salinitymeasured (S ≈ 18) along the shoreline of
the study site (all observations from 2017). The salinity-based
chloride (Cl−) concentrations were 882 � 66 mg L−1 (range:
806–1015) for GW and 8666 � 407.1 mg L−1 (range: 7987–9577)
for SW. Chloride was used as a conservative tracer to describe
physical transport behavior and as a measure of salinity with
S = 0.00180665 × Cl−mgL−1 (Lyman 1969). The ratio of the other
elements to chloride was based on SGD surveys in Kiel Bay, Baltic
Sea in 2015 (unpublished data). Although the salinity of the Baltic
Sea is largely described, there are lack of stoichiometric data on
shallow shorelines and coastal aquifers. For ionic composition, see
Table 1. All six columnswere fedwith SWandGW, from identical
water reservoirs for the 50 d-period of the experiment.

Analytical methods
CH4 and CO2 flux at the water–headspace interface

The water/headspace gas flux, Fgas, of each column was
obtained by measuring the change in gas concentration over
time in the headspace after closure from the laboratory atmo-
sphere, according to Eq. 1:

Fgas =
dCgas

dt
V
A

P
RT

, ð1Þ

where dCgas/dt describes the changing gas concentration
(ppm) over time, V (m3) is the volume of the headspace, and
A (m2) is the exposed water surface area. P is the atmospheric
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pressure (Pa), R is the gas constant (8.314 Pa m3 K−1 mol−1),
and T is the absolute temperature (�K). To avoid uncontrolled
gas accumulation and to minimize evaporative losses from the
sediments over time, the air-filled headspaces of the sediment
columns were continuously flushed with water-saturated air
by passing the air through a water-filled vial. In order to deter-
mine the gas emissions from the aqueous phase into the head-
space, the air ventilation was stopped. Fluctuations of the
headspace volumes were taken into account in every gas flux
measurement.

The fluxes of CH4 (μmol m−2 d−1) were monitored two to
three times a week from all six cores. The concentrations were
determined at the beginning (t0) and end (tN) of incubation
(24 � 6 h) by sampling 10 mL of headspace gas using glass
syringes and were measured by gas chromatography (GC;
Shimadzu Gas Chromatograph, Model GC-2014), equipped
with an advanced flame ionization detector technology and
helium used as an inert carrier gas. To ensure equipment accu-
racy, calibration standards were measured before measurement
of the samples. The concentrations of the samples were within
the range of calibration. For standards, a three-point calibra-
tion was used with the following certified standard gases:
Level 3 = “Praxair Canada” Certified Standard, carbon dioxide
900 ppm, � 2%, methane 95 ppm, � 2%; Level 2 = “Praxair
Canada,” carbon dioxide 100 ppm, � 2%, methane 9.8 ppm,
� 2%; and Level 1 = Air Liquide America Specialty Gases LLC
(formerly Scott Specialty Gases)—Scotty analyzed gas, analysis
by moles, � 5%, carbon dioxide 600 ppm, methane 5 ppm.
For CH4 measurements with a standard deviation < 1% were
conducted following a linear calibration through zero. In
total, 6 mL of gaseous sample was injected into the gas chro-
matograph, 5 mL of which were used for flushing the system
and the 1-mL sample loop.

The pore water samples for dissolved CH4 were extracted in
peat–sand columns from the sediment at depths of − 1
(i.e., above the sediment), 2, 5, 8, 17, 20, 23, 26, 38 cm and
from the sand column at sediment depths of − 4.5, − 1.5, 1.5,
10.5 19.5, and 34.5 cm. Before sampling, 0.5 mL of water was
extracted for flushing and eliminate the air-filled void in the
syringe. Pore water samples of 1 mL were collected with
10-mL watertight, pretreated (HgCl = 25 μL) glass syringes
(MICRO-Mate®) by connecting to the MicroRhizon water sam-
plers. The sample volume of the pore water was determined
by the weight (scale precision: 0.1 mg). Eight milliliters of
helium was then added to form a headspace for gas equaliza-
tion. After 2 h of equilibration time, by carefully shaking the

syringe, which has been shown to strip at least 95% of CH4

from the solution (Dillon et al., 1999) into the headspace, all
samples were analyzed by GC on the same day of collection.

The water-headspace CO2 fluxes were sampled daily by an
automated multiplexer CO2 flux measurement system (LI-
8100, LI-COR Biosciences) via two lateral ports (Fig. 2). Air
from the headspace above the water surface was then circu-
lated through the infrared gas analyzer of the LI-8100 and
back to the column. The CO2 fluxes were calculated according
to Eq. 1, whereas the rate (dCCO2=dt ) was estimated from six
consecutive 180-s observation windows spanning a 15-min
time interval. Volume (m3) is a combination of the headspace
volume, tubing, and the sampling loop through which the
headspace gas circulates. This method has been previously
described by Rezanezhad et al. (2014). The CO2 concentra-
tions of LI-COR and GC were tested for comparability before
the experiment (data not shown).

Pore water geochemistry
Pore water samples (8 mL per depth; peat–sand n = 134,

sand n = 97 in total) were extracted from cores P1 and S1 with
MicroRhizon™ samplers (Cabrera 1998; Knight et al. 1998;
Seeberg-Elverfeldt et al. 2005) and were subsampled into sepa-
rate vials. One milliliter of each water sample was filtered
through a 0.2-μm membrane filter (polysulfone filter, Thermo

Scientific) for the analysis of Cl−, SO2−
4 , NO−

3 , and acetate
(C2H3O−

2 ) by ion chromatography (Dionex ICS-5000 with a
capillary IonPac® AS18 column). To measure dissolved inor-
ganic carbon (DIC) and DOC concentrations by using the
nonpurgeable organic carbon method on a total organic car-
bon analyzer (Shimadzu TOC-LCPH/CPN, method detection
limit (MDL) = 0.011mM), 1 mL each was used. The DIC ana-
lyses were run on 7 mL samples by diluting the 1 mL samples
and accounting the dilution factor in the final DIC results.
DIC was sampled using open test tubes made of glass and were
immediately sealed with parafilm and cooled until analyza-
tion. This was the same for DOC analysis. The samples for
DOC analyses were acidified with 20 μL of 1 M HCl. The range
of reproducibility of the measurements for DIC and DOC were
�5 and �12 μmol L−1, respectively. Filtered pore water
(< 1 mL) was analyzed for electrical conductivity (EC) using a
WTW EC Meter (three-point calibration at 99.1,
999, 9976 μS cm−1). The EC analyses were run on 15mL sam-
ples by diluting 0.75mL of pore water samples and accounting
the dilution factor in the final results. Carbon isotopes of
DOC were investigated at Day 50 in the pore water of the

Table 1. Composition of artificial GW and artificial SW used in the experiment.

Component (mmol L−1) SO2−
4 Cl− Na+ Ca2+ Mg2+ K+ HCO−

3 PO3−
4 NH4 NO−

3 SiO2 Salinity

SW 13.2 259 223 5.2 25 4.6 2.5 0.0005 0.002 0.004 0.009 17.8

GW 0.2 29 17.4 4.2 1.6 0.37 0.37 0.02 0.0002 0.007 0.07 1.6
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peat–sand core (P1). For the analyses of δ13CDoc, a portion of
sample equivalent to 0.2 mg carbonate was removed from the
sample aliquot and was injected in a 12-mL flat bottom
Exetainer vial (Labco #739W), where it was treated with
orthophosphoric acid and potassium persulfate. The phospho-
ric acid addition converts inorganic carbonates present in the
sample to CO2 which is removed by bubbling with a helium
gas stream for about 10 min (EPA SOP for DOC 2002;
IsoPrime 2014). The sample was then sealed in the vial and
microwaved. During heating, the persulfate oxidizes any DOC
in the sample to CO2. The CO2 in the headspace of the sample
vial was analyzed. Standards ranged from −12‰ (EIL-36—
cane sugar) to −26.5‰ (EIL-35—beet sugar). Delta values
obtained by dual inlet mass spectrometry (MS) calibrated with
International Atomic Energy Agency (IAEA) carbonate stan-
dards and verified by Elemental Analyzer/Isotope Ratio Mass
Spectrometry (EA-IRMS) analysis normalized with IAEA-CH3
(cellulose) + IAEA-CH6 (sugar), USGS-40, and USGS-41 (L-
glutamic acid) (Stainton et al. 1977; St-Jean 2003). The results
of the samples and all standard runs were statistically evalu-
ated and were within the specification of ≤0.2‰.

Dissolved oxygen concentration monitoring
The sediment cores P2 and S2 were fitted with multifiber

optode (MuFO) oxygen sensors to measure the dissolved O2

concentration at regular depth intervals. The sensing ends
were installed into the sediment columns. Eight were installed
in the peat–sand column at 2, 5, 8, 14, 17, 20, 38 cm and
above the sediment (− 1 cm), and eight were installed in the
sand column, at 1.5, 4.5, 7.5, 10.5, 16.5, 31.5 cm and above
the sediment (− 4.5, − 1.5 cm). The MuFO is a luminescence-
based optode technique that uses optical sensors made of fiber
optic cables, where each cable has one sensing tip and one
imaging tip (Larsen et al. 2011). The sensor was built in-house
using a sensing solution containing Pt(II) mesoTetra (pen-
taflourophenyl)–porphine as the lumniophore (Badocco
et al. 2012). The uncoated ends were placed in front of a DSLR
camera and blue LED light (447.5 nm wavelength) in a similar
setup as described by Larsen et al. (2011). The emitted light
was photographed every 2 h for the duration of the experi-
ment and, following image processing using ImageJ software
(Rasband 2015), the light intensity was related to the O2 con-
centration through the Stern–Volmer relationship. The sen-
sors were calibrated in water of the same composition as used
in the experiment, in order to obtain the correct relation
between light intensity and O2 concentration. To evaluate
optode light intensity responses as a function of salinity, cali-
brations for each sensor were conducted at a range of different
salinities prior to the experiment.

Statistical analysis and data visualization
Statistical data analysis was performed to identify significant

levels among the water flow regime under changing salinities
and DOC and DIC production. Moreover, the relationship

between salinity and O2 as well as between SO2−
4 concentrations

and CH4 and CO2 fluxes were statistically analyzed. Signifi-
cant differences were accepted when the p value was smaller
than significance level α = 0.05. Gridding of pore water con-
centrations was performed in R-3.4.0 (R Foundation for Statis-
tical Computing) within RStudio-1.0.143.

Quantification of methanogenic archaea and SRB
Genomic DNA was extracted from 0.2 to 0.3 g of duplicates

of sediment or peat sample retrieved from Column P2 at the
end of the experiment using a EURx GeneMatrix Soil DNA
Purification Kit (Roboklon, #E3570). DNA concentrations were
quantified with a Nanophotometer P360 (Implen GmbH) and
Qubit 2.0 Fluorometer (Thermo Fisher Scientific). Quantitative
polymerase chain reaction (qPCR) for the determination of
functional gene copy numbers of methanogenic archaea and
SRB was performed via SybrGreen assays on a Bio-Rad CFX
instrument (Bio-Rad) as described elsewhere (Vuillemin
et al. 2018; Wen et al. 2018) with slight modifications. In
detail, the methyl coenzyme M reductase alpha subunit (mcrA)
as the functional methanogenic gene was amplified with the
primer combination mlas-F/mcra-R (ggT gTM ggD TTC ACM
CAR TA/CgT TCA TBg CgT AgT TVg gRT AgT) with primer
annealing at 60�C. The dissimilatory sulfite reductase beta sub-
unit (dsrB) as a functional gene for SRB was quantified with
the primers dsrB2060-F/dsrB4-R (CAA CAT CgT YCA YAC CCA
ggg/gTg Tag CAG TTA CCg CA) with annealing at 62�C. Differ-
ent DNA template dilutions (1 : 10, 1 : 50, 1 : 100) were tested
prior to the qPCR runs to determine optimal template concen-
tration without inhibitions through co-extracts. The 25 μL
reactions contained 12.5 μL of KAPA SYBR® FAST mastermix
(Life Technologies, San Francisco, CA), 0.25 μM concentra-
tions of the primers, and 5 μL of DNA template. Data acquisi-
tion was done at 80�C to avoid quantification of primer
dimers. The specificity of each run was verified through melt-
curve analysis and gel electrophoresis. Only runs with efficien-
cies between 80% and 105% were used for further analysis.
Measurements were performed in triplicate. Equimolar DNA
mixtures of Methanosarcina barkeri, Methanobacterium lacus,
and Methanosarcina soligelidi SMA21 were used for plasmid
standards of mcrA and of Desulfovibrio vulgaris for dsrB.

Solid-phase geochemistry
At the end of the experimental period, all peat–sand and

sand cores were drained overnight, extruded and sliced every
3 cm. The sediment slices from each depth were homogenized
and separate aliquots were taken for geochemical characteriza-
tion. For the latter, the samples were freeze-dried and stored at
room temperature. Organic carbon contents (Corg) were mea-
sured after removal of carbonates with 10% HCl. The stable iso-
topic ratio of solid organic carbon (δ13C) were determined on
the initial (kept as a reference) and postexperimental sediment
cores. The samples were ground in an agate motor mill. Splits
of 10–20 mg powdered, homogenized sample were weighed in
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tin and silver containers (Nieuwenhuize et al. 1994). Stable iso-
tope analyses on δ13C were performed using an IRMS (Thermo
Fisher Scientific), connected to an elemental analyzer via an
open split interface (Multi EA 2000 CS). The reference gas was
ultrapure CO2 from a bottle calibrated against international
standards (IAEA-C3, IAEA-C6, NBS 22) at the Leibniz-Institute
for Baltic Sea Research (IOW). Calibration for carbon quantities
was done with acetanilide reagent. The lab internal standard
was peptone (Merck) with a standard deviation of < 0.2‰.
Considering the 3-cm slice thickness, the depth data were inter-
preted and compared with the initial cores.

Results
Solid-phase geochemistry

Results from C, N, and δ13C isotope analyses (Fig. 3) identi-
fied strong variations in elemental concentrations with depth
within both the experimental cores (end) and the initial (init.)
core. The experimental cores were exposed to the 50-day flow-
through treatments, whereas the initial cores were kept as a
reference until geochemical analysis at the end of the experi-
ment. The stable isotope values (δ13C) in the peat layers were
in the range of − 27.9‰ to − 26.8‰, with mean values of
− 27.3‰ � 0.3‰, and exhibited higher values in the upper
20-cm sand layer (in the range of − 25.3‰ to − 22.6‰, with

a mean value of − 24.6‰ � 1.5‰). In peat–sand columns,
the mean concentration of Corg in the peat layers (depth
below 30 cm sediment depth) was 44.2% � 5.3% compared to
15.9% � 20.2% in the transition layer between the peat and
sand (sediment depth of 30–21 cm) and 0.04% � 0.02% in the
upper sand layer (Fig. 3). Total nitrogen was only detectable in
the peat layers (a mean value of 1.5% � 0.6%) and followed
the depth distribution of Corg (r

2 = 0.85, p = 0.007). Here C : N
ratios decreased from 29.5 � 1.7 in the peat layer to 10.9 � 0.2
in the transition layer (20–30 cm). In contrast, in the sand col-
umns, the mean concentrations of Corg, Cinorg, and TN were
very low or not detectable and a greater variance was observed
for δ13C (Fig. 3). The concentration of Cinorg in the peat layer
and the sand on top in the peat–sand core (end.) was 6.5% �
5.3% and 0.04% � 0.03%, respectively, with significant differ-
ences to the peat–sand core (init.).

Aqueous-phase geochemistry
Chlorinity and conductivity

A high correlation for the salinity calculated with Cl− and
the salinity resulting from the EC was observed for peat–sand
columns (r2 = 0.79, p < 0.001, n = 134) and sand cores
(r2 = 0.90, p < 0.001, n = 97) (Fig. S2). Because Cl− is known
not to be affected by sorption processes, it was chosen as a
measure of salinity (S). The highest salinities (S > 12) were

Fig. 3. Depth distribution of organic carbon contents (Corg %), total nitrogen (TN %), inorganic carbon (Cinorg %), stable isotopic signature of organic
carbon (δ13C‰) and carbon/nitrogen ratios (C : N) in the peat-sand and sand columns from the cores after the 50 d treatment (end) and from cores in
their initial state (init). Shown are mean values and standard deviation of cores of the same sediment type and represent a sediment slice of 3 cm thick-
ness. The gray box shading indicates peat layers for the peat-sand columns. All measurements were made after the end of the experiment.
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Fig. 4. The fluxes of CO2 and CH4 (upper graphs) derived from concentration change rates in the headspace of all columns for peat-sand (left) and sand
(right). Depth distributions of aqueous concentrations of salinity, O2, DOC, DIC and SO2−

4 are presented for each column set, over the 50d of the experi-
ment period and under GW and SW flow regimes. The white arrows show the flow direction, the white lines indicate the advective flow rates with nega-
tive values indicating downward SW flow and positive values show upward GW flow. The black dots represent the pore water sampling depths and time
of sampling. The gray bracket left of the peat-sand data indicates the peat layer in the lower section (20–40 cm) of the core.
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measured during the three SW cycles in the entire depths of
the peat–sand and sand columns. During the GW cycles, the
salinity along the column depth decreased to 6.7–9.5, and the
lowest salinity (S < 5) was measured at the bottom of the peat–
sand column during the upward GW flow after 14 d at the
end of the experiment (Fig. 4).

Pore water chemistry
The dissolved oxygen (O2) concentration in both peat–sand

and sand columns varied following the SW andGW flow regimes
and increasedwith SW intrusion phases (Fig. 4). In the peat–sand
column, sediment depths > 15 cm showed oxygen concentra-
tions of 42 � 10.9 μmol L−1, but were 70 � 50 μmol L−1 in sedi-
ments above and 121 � 29 μmol L−1 at the uppermost sensor in
the water column. In comparison, the sand columns were
entirely penetrated with oxygen. The highest O2 concentrations
(240.5 � 67 μmol L−1; range: 103–374 μmol L−1) were observed
at Day 7 in the upper part of the sand columns (Fig. 4) during SW
downwardflow regime (Fig. 4).

In both the peat–sand and the sand columns, the aqueous

concentration of SO2−
4 showed a positive correlation (Fig. S3)

with the SW downward flow events (peat–sand: r2 = 0.85;

sand: r2 = 0.92), identifying the SW as the source of SO2−
4 , but

showed increasing deviation with depth (Fig. 4). During the
GW upward flow a significant increase in concentrations of
DOC (r2 = 0.81, p<0.001) was detected with decreasing salin-
ities in the peat–sand column. Furthermore, the increased pro-
duction of DOC with advective GW upflow resulted in ascent
and enrichment of DOC in the sand sediment above the peat
layer (Fig. 4) and revealed acetate concentrations of 6�1.2
mLL−1 (GW1), 8.4�1.4 mLL−1 (GW2), and 4.6�1.3 mLL−1

(GW3) (data not shown). With increasing salinities during SW
downward flow, a significant decrease of DOC concentration
in the pore water was observed. During the downward flowing
SW2 phase (Day 18, Fig. 4), the O2 concentrations strongly
increased in the surface sediments. The following GW2
upward flow showed highest pore water DIC concentrations
and occurred together with highest CO2 emissions (Fig. 4) in
the peat–sand cores. The final GW3 upward flow event lasted
for 14d, and strongly lowered the salinity and substantially
increased the concentrations of DOC (~18mmol L−1) over the
entire sediment core length (Fig. 4).

Stable isotopic composition of DOC
The isotopic signatures of δ13CDOC in P1 were 26.7‰ �

4.5‰ with lowest values of − 26.9‰ to − 27.7‰ at salinities
of S ≤ 5. Slightly heavier δ13CDOC − 26.7‰ to −25.6‰ were
detected at salinities S > 5. A linear multiple regression
between δ13CDOC, DOC, and salinity indicate a moderate
adjusted determination coefficient (r2 = 0.72) with lighter
values found with higher DOC concentration and decreasing
salinities (Supporting Information Figs. S4 and S5).

CO2 and CH4 fluxes
DuringGWupward flow regimes, average CO2 fluxeswere sig-

nificantly higher in peat–sand (11.4 � 5.8 mmol m−2 d−1) and
sand (6.9 � 5.7 mmol m−2 d−1) compared to SW downward flow
regimes with 4.6 � 3.4 mmol m−2 d−1 (peat–sand) and 3.7 � 3.4
mmol m−2 d−1 (sand) (Fig. 4). The lowest average CO2 fluxes of
0.5 mmol m−2 d−1 were observed in the sand cores during the
SW1 down flow regime. In both sediment cores, the highest
fluxes occurred during GW2 (15.7 � 1.2 mmol m−2 d−1 in peat–
sand and 12.9 � 0.9 mmol m−2 d−1 in sand). Likewise, CH4

fluxes reacted to the flow dynamics showing significantly higher
average CH4 fluxes during GW upward flow regimes with
35.7 � 26.3 μmol m−2 d−1 in the peat–sand cores and 21.2 � 16
μmol m−2 d−1 in the sand cores, compared to the SW downward
flow regimes with average CH4 fluxes of 1.5 � 26.6 μmol m−2 d−1

peat–sand and 8 � 15.4 μmol m−2 d−1 in the sand cores. The
highest average CH4 fluxes (32.9 � 16.8 μmol m−2 d−1) in the
sand core weremeasured duringGW2 and in the peat–sand cores
during GW3 (48.5 � 25.1 μmol m−2 d−1). The longer the GW
flow condition persisted, the more CH4 was emitted (from 16.5
to 77.3 μmol m−2 d−1 during GW3) in the peat–sand cores
(Fig. 4). During several SW intrusion regimes (SW1 and SW3), a
reduction of the CH4 concentrations indicate negativefluxes.

Fig. 5. Microbial abundances of methanogens and sulfate reducers. Rep-
licates (a,b) of gene copy numbers (mcrA, dsrB) were measured in sedi-
ments of the peat-sand column (P2) after the experiment. The line
indicates the peat–sand interface.
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Abundances of methanogenic archaea and SRB
The results of the qPCR in the peat–sand column reveal signifi-

cantly lower abundances of methanogens (mcrA) and sulfate
reducers (dsrB) in the upper 20 cm of sand sediment (mcrA:
1.2 × 103 � 1 × 103 copies g−1; dsrB: 1.4 × 104 � 1.2 × 104

copies g−1) compared to the lower peat section (mcrA:
5.6 × 105 � 2.1 × 105 copies g−1; dsrB: 6.7 copies g−1) (Fig. 5).
The highest copy numbers of dsrB (1.9 × 107 copies g−1) are
detected in the transition zone (see Fig. 4) of highly degraded
peat, whereas mcrA reveal highest abundances (1.02 × 106

copies g−1) in the lowermost sample where peat is least
decomposed. The abundances of dsrB are overall dominating
those of the mcrA, while the abundance of dsrB declined toward
the bottom section.

Discussion
Solid-phase geochemistry

A distinct shift from a terrestrial, freshwater environment
(peat) to a marine saltwater environment (sand) is indicated
by a sudden vertical change of the substrate at 20 cm sedi-
ment depth in the peat–sand cores (Fig. 3, Supporting Infor-
mation Fig. S1). The peat layer is characterized by low C : N
ratios of ~ 30 and light δ13C values of approximately − 27‰.
A typical enrichment in the isotopic signatures of the organic
carbon toward the sand confirms a change into marine
deposit conditions (Bickert 2000) and is supported by lower
C : N ratios of the organic carbon source (Meyers 1997). Sedi-
ment cores without peat (S1, S2, S3) and the sandy part of the
peat–sand cores have higher δ13C values of − 24.3 (� 1)‰
typical for marine origin (Stein 1991). The close proximity of
marine sandy sediments with peat layers induces a high
downcore gradient of organic carbon of different composition
and origin. Moreover, the degree of decomposition of the

peat, changed from being less decomposed (H 3–4) in depths
> 30 cm to moderately decomposed (H 7–8) toward the peat–
sand interface (i.e., within the transition layer), coinciding
with a Corg decrease of 99.9% (Fig. 3). These findings indicate
that peat soil covered with permeable sediments is subject to
decomposition, progressing from the sand–peat interface. In
contrast, coastal peat deposits in > 30 cm sediment depth
remained largely unaffected by SW circulation-related decom-
position. This can be assumed on the basis of the content
(44.2% � 5.3%; range: 31–50%) and the isotope signature
(− 27.9‰ to − 26.8‰) of Corg and can be explained by the
low permeability of the degraded peat surface. As a result of
the high Corg and Cinorg concentrations detected in the lower
peat layers (> 30 cm, Fig. 3), an enhanced mineralization rate
is assumed.

Advective flow regime and solute transport
Geochemical variables and fluxes in the peat–sand core and

the homogenous sand core were very different. Although it
was possible to generate comparable flow regimes in the two
types of sediment cores by gravity driven, valve-controlled
downward flow and pump-controlled upward flow, the
mixing of the two salinity end-members showed clear differ-
ences assumed to be caused by the different permeabilities
between the peat–sand and the sand cores. The sand cores had
less constrained internal mixing compared to the peat–sand
cores (Fig. 4, salinity). The mixing of GW and SW in the sand
cores extended over the entire profile, resulting in a smooth
vertical salinity gradient. The formation of low-saline pore
water reservoirs in sediment depths > 20 cm was mostly
inhibited and only formed during GW3 during Days 43–50
(S ≈ 1.6, Fig. 4). The higher density of saline SW compared to
the low-saline GW underneath may have caused density-

Fig. 6. Concentrations of DIC, DOC, SO2−
4 , CH4 in pore water profiles of peat–sand column (P1) at the last day of the experiment (Day 50). The black

line at 20 cm sediment depth indicates the peat/sand interface.
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driven convection currents as described for permeable coastal
sands (Robinson et al. 2007; Santos et al. 2012). In contrast,
peat soils are highly complex porous media that include open
and connected, dead-end, and isolated pores, where flow and
convergence of GW and SW is restricted to the hydrologically
active pore space (Rezanezhad et al. 2016). The solution capac-
ity of DOC increases with decreasing conductivity (Tipping
and Hurley 1988; Kalbitz et al. 2000), which has also been
shown to affect the hydraulic conductivity of peat substrate
(Plaut et al. 2013). In the Baltic Sea, where peat deposits and
the discharge of low-saline GW are frequently observed along
the coastal zones (Peltonen 2002; Schlüter et al. 2004;
Kotwicki et al. 2014; Sergeev et al. 2015; Kreuzburg et al. 2018),
these processes can have potential implications on the marine
carbon balance. Coastal hydrodynamics in the Baltic Sea are
predominantly controlled by wind conditions, and the water
circulation in coastal sediments depends on the wave setup,
water level, and GW recharge. Apart from a highly complex
circulation pattern under in situ conditions, being, for exam-
ple, not limited by vertical flow directions as in the experi-
ment, the SW properties of the Baltic Sea (salinity,
temperature, nutrient concentration) can be subject to large
variations.

Carbon mineralization processes
Mobilization and transformation of DOC

Downcore concentration profiles of DIC, DOC, salinity,

and SO2−
4 in the pore waters clearly show different slopes

above and below the peat layer, indicating different processes
in these substrates. Throughout the cores, salinity steadily
decreases in the downcore direction (Fig. 6), while the other

substances undergo production, consumption, and conversion
processes. Within the organic-rich peat soil (> 30 cm), pore

waters were depleted in SO2−
4 , which indicates SO2−

4 reduction
in the sediments above and favors CH4 production in deeper
peat layers (Figs. 6, 7, Supporting Information Fig. S2). The
rate of DOC production from Corg appears to be primarily con-
trolled by the conductivity of the pore water and indicates
that the source of DOC is of low-saline water, resulting in an
inverse relation between the concentrations of Cl− and DOC
(Fig. S4). The impact of pore water flow velocities, different
flow regimes, and temperature can be relevant for DOC pro-
duction from organic carbon (Tipping and Hurley 1988;
Kalbitz et al. 2000; Koehler et al. 2009; Evans et al. 2012;
Tiemeyer et al. 2017). In contrast to most studies, Gosch
et al. (2018) observed an increase of DOC release with increas-
ing salinities, which was explained by the specific geochemical
properties of the investigated peat substrate. However, in our
study, elevated concentrations of DOC and a stronger confor-
mity of δ13C values between DOC and Corg were observed at
salinities < 5, confirming peat as the carbon source for DOC in
low-salinity conditions (Fig. S5). Heavier δ13CDOC values were
observed with increasing salinity conditions, likely a result of

organic carbon degradation by SO2−
4 reduction (Anderson and

Arthur 1983; Boutton 1991).
The upward convection of DOCwith advective fluxes is obvi-

ous during GW flow regimes and is mostly pronounced during
GW3 showing high concentrations (DOC ≈ 6.5 mmol L−1)
even in discharging surface water (Figs. 3, 5) at Day 50, which is
caused by leaching of solid Corg. According to other studies, the
effects of ionic strength on DOC release are not consistent and
varies with substrate and physicochemical factors (Tipping and

Fig. 7. Depth distribution of O2 and SO2−
4 deviating from the initial end-member concentration, ΔO2 and ΔSO2−

4 , presented for each column set (col-
umn P1 and S1), over 50d of the experiment period. The gray bracket left of the peat–sand data indicates the peat layer in the lower section (20–40 cm)
of the core.

Kreuzburg et al. Coastal submarine peat-related carbon release

1127



Hurley 1988; Berry et al. 1990; Tiemeyer et al. 2017; Gosch
et al. 2018), but the mobilization of DOC from organic sedi-
ments is apparently reduced by increasing ionic strength due to

flocculation processes (Kalbitz et al. 2000). SO2−
4 reduction and

oxic respiration are responsible for the major share of DOC
oxidation in marine endobenthic environments (Bender and
Heggie 1984; Henrichs and Reeburgh 1987) and we assume
that this is also true for the peat-derived DOC in our experi-
ment. Highly decomposed peat has only small quantities of
organic carbon that can still be turned into decomposable
DOC (Strehse et al. 2018). The peat in deeper layers exhibits
significantly lower degrees of decomposition and higher Corg

contents, thus we assume this peat may still contain signifi-
cant amounts of decomposable DOC. The fate of this DOC in
pore or surface waters containing mineralization-relevant sub-

stances (e.g., electron acceptors such as SO2−
4 , O2) leads to the

oxidation of DOC and transformation into DIC. Our results
from the pore water analysis indicate the occurrence of these
processes, in particular at the end of the experiment, where an
increase in DIC at the peat–sand interface coincides with a

decrease in DOC and a deviation between SO2−
4 and salin-

ity (Fig. 6).
Previous studies have shown that with salinities S > 10,

SO2−
4 -derived DOC mineralization is the preferred metabolic

process, causing increased CO2 production due to DOC miner-
alization (Weston et al. 2011; Chambers et al. 2014). In con-
trast to O2, which is depleted in the surface sediments in our
experiment (< 10 cm, Figs. 4 and 7), there is a moderate corre-

lation between Cl− and SO2−
4 (see “Solid-phase geochemistry”

section and Fig. S3). Without any metabolic processes, the

concentration of the main electron acceptors, O2 and SO2−
4 in

our experiment is predefined by the mixture of the two end
members (SW and GW, for composition, see Table 1). Under
the assumption that the concentration within the GW end
member is negligible, used electron acceptors (ΔEA) can be
directly derived from the salinity content using Eq. 2:

EAmax

Salmax
Salsample

� �
−EAsample =ΔEA: ð2Þ

This allows calculating the loss of electron acceptors (ΔEA)
by calculating the difference between this “preformed” avail-
able electron acceptors (AESW–GW) and the observed AESample at

any point of the experiment for O2 and SO2−
4 (Fig. 7). The data

clearly indicate the higher use of electron acceptors in the
peat–sand cores in comparison with the sand cores, indicating

SO2−
4 -fueled oxidation driven by penetration of SO2−

4 into the
decomposable peat layer. The upward advection of DOC and
DIC during the GW stages leads to the increase of both param-
eters in the peat-overlying sands, where further oxic DOC
decomposition might be partially responsible for oxygen
demand and DIC increase. During phases of SW intrusion,

SO2−
4 entering the decomposable DOC pool apparently

enhances anaerobic DOC oxidation in the sediments at

depth>20 cm. Terminal electron acceptors (O2, SO2−
4 ) have

been constantly added during SW phases of the experiment,
while the solution was free of iron (Fe3+) or manganese (Mn4+).
However, these terminal electron acceptors can be present in
peat soils and fuel mineralization processes (Küsel et al. 2008;
Burdige 2011). Amajor depletion of the terminal electron accep-
tors in organic-rich sediments can facilitatemethanogenesis.

Depth profiling of microbial abundances (Fig. 5) supports the
suggested electron acceptor utilization along the sediment col-
umn. The ratio of gene copy numbers of dsrB andmcrA increases
in the peat in an upward direction, indicating SRB to be more

abundant in the transition zone in which SO2−
4 and DOC are

easily available (Fig. 5). Although gene copy numbers of dsrB
dominate overall, the copy numbers of mcrA are stable across
the whole peat section, suggesting their abundance does not
depend on the peat characteristics nor on the increasing abun-
dance of the sulfate reducers in an upward direction. Instead,
this could be evidence that the high availability of peat-generated
dissolved DOC enables the coexistence of both methanogenic
and sulfate-reducingmicrobial communities and that their activ-
ity is subject to the changing environmental conditions. How-
ever, it cannot be excluded that the detected overlap of both
groupswas at least to some degree triggered by advective fluxes in
the peat–sand core. The molecular data are mostly dependent on
the choice of primers. Although the primers used in this study are
well evaluated and have been applied for estimating the abun-
dance of methanogens (Wen et al. 2018) and sulfate reducers
(Vuillemin et al. 2018), the primers used are covering only a small
diversity of microorganisms involved in the complex biogeo-
chemical processes. However, the total abundance of microor-
ganisms across the sediment columns has identified the peat as
the favorable habitat.

Gas formation, transport, and emissions
The upward flowing GW regularly decreases the pore water

salinity and thus displaces required oxidants (SO2−
4 ) for SRB.

This likely promotes anoxic DOC mineralization by met-
hanogensis and CH4 formation, which can be the result of fer-
mentation of acetate (Stadtman and Barker 1949; Whiticar
et al. 1986). It is further notable that in the peat–sand cores
CO2 emissions during GW1, GW2, and GW3 reached similar
and constant flux rates. This may indicate a limit of minerali-
zation activity controlled by the amount and composition of
solutes present and additional, the result of anaerobic CH4

oxidation (Reeburgh 1980).
Most pathways of microbial organic carbon oxidation,

except for SO2−
4 reduction, are less active with increased Cl− or

HS− concentrations (Joye and Hollibaugh 1995; Chambers
et al. 2011; Luo et al. 2017). However, microbial DOC oxida-
tion by SRB and methanogens can also coexist (Fig. 5) and
may depend on availability and quality of the substrate
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(Holmer and Kristensen 1994; Dar et al. 2008; Sela-Adler
et al. 2017) and species-dependent metabolic traits (Ozuolmez
et al. 2015). The emissions of CH4 have been described as the
residual of CH4 production (e.g., methanogenesis) and CH4

oxidation (e.g., aerobic and anaerobic CH4 oxidation), and the
magnitudes of CH4 emissions can be controlled by advective
transport processes (Heyer and Berger 2000). Assuming that
CH4 formation increases with DOC concentration in the

absence of O2 and SO2−
4 , this process is likely more relevant in

peat-containing coastal sediments, where DOC production is
not limited due to the solid organic carbon source. The trans-
fer and extrapolation of CH4 emissions observed during the
experiment to the coastal area of peat-containing sediments
have to be treated with caution, as coastal processes are diffi-
cult to assess and the microbial and physicochemical proper-
ties change during sampling, transport, and construction of
the column setup. Although the main driver of air–water CH4

transfer in experimental approaches is often assumed to be
driven by molecular diffusion (Moore and Dalva 1993; van
Winden et al. 2012), the emissions of CH4 in shallow water
can also be the result from ebullition (Ostrovsky 2003) and
can be enhanced by wind and wave action interacting with
coastal sediments as well as temperature and may display large
spatial and temporal variabilities (Bange 2006; Upstill-God-
dard 2006; Aben et al. 2017). In the case of our experiment,
the advective transport of dissolved methane, forced by alter-
nating phases of advective inflow and outflow, has a strong
control on the gas flux into the water column (Fig. 4). Our
mean experimental CH4 fluxes during GW discharge
(35.7�26.3 μmolm−2 d−1 peat–sand core; 21.2�16 μmolm−2

d−1 sand core) were in the range of the field-based study
reported by Bange et al. (1994), where they estimated an aver-
age CH4 flux of 22–37 μmolm−2 d−1 from the continental
shelves of the Baltic Sea and the North Sea with total emissions
ranging from 0.35 to 0.75TgCyr−1 (Bange 2006; Upstill-God-
dard 2006). However, a direct comparison to the literature is only
possible with more information about the experimental and in
situ conditions (e.g., hydrodynamics, gas transfer velocity).
Strongly increasing CH4 fluxes were detected during the last GW
phase, GW3 (from16.5 to 77.3 μmolm−2 d−1) indicating anunre-
ached maximum of the CH4 fluxes. On a global scale, enhanced
hydrodynamic exchange with organic-rich sediments, such as
those found in coastal wetlands and thawing coastal and subsea
permafrost (especially in the northern hemisphere), might thus
modulate coastal carbon dynamics in the framework of climate
change and sea-level rise scenarios. Coastal erosion caused by
sea-level rise can cause not only the loss of ecosystems, but also a
shift in the carbon reservoir balance.

Conclusions and limitation
Coastal wetlands and carbon-rich deposits are found along a

majority of the German Baltic Sea coast (Sterr 2008) and are
abundant on every continent (Strack 2008). Thus, submerging

of peatlands due to sea-level rise, subsidence as well as rewetting
of drained coastal peatlands has potential to reshape the near-
shore coastal fluxes of various environmentally important com-
pounds in the future, creating a pressing need to understand the
biogeochemical processes in these settings.

Specific to this study, we aimed to better understand the
effect of salt water intrusion in the near-coast peat environ-
ments. We ran a controlled column experiment, which,
although the method may have limited transferability to natu-
ral conditions, it is to date the most appropriate technique for
the purposes of this research and reliable and field-comparable
results can still be obtained. The experimental setup simulated
coastal circulation conditions and represented a fragment of the
complex in situ conditions along the study site. The 3-km-long
coastline of the adjacent wetland of the study site is exposed to
changing conditions leading to large variations in sediments
and physicochemical conditions. However, the sediment cores
investigated represent a larger area of the sedimentary condi-
tions along the coastline (Kreuzburg et al. 2018).

The aims of the column experiment have been summarized in
Fig. 8. The implications of our results for coastal zones illustrate:

(1) the intrusion of SO2−
4 -containing SW through Corg-rich sedi-

ments of terrestrial origin (peat deposits), results in SO2−
4

reduction, with DIC as the end product. (2) The discharge of
O2-depleted GW triggered enhanced DOC release from the
sediments and facilitated methanogenesis. The resulting
release of CO2 and CH4 may represent a so far unnoticed
source of coastal greenhouse gas emissions. Our results pro-
vide clear evidence of bioavailable DOC being produced from

Fig. 8. Conceptual extraction of the carbon exchange processes in the subma-
rine,peat-containingestuaryalong the shorelineofour study sitewith (1) elevated
sea-level situation and wave setup. The blue arrow visualizes the intrusion of SW
into carbon-rich sediments, the red arrows showing themineralization pathway.
Theprocess includesDOCmineralization via SO2−

4 reduction resulting in a dis-
charge of DIC. (2) Low sea-level situation and calm surface water condi-
tions. The discharge of GW displaces methane oxidants (O2, SO2−

4 ),
increases DOC release and facilitates CH4 production and emission.
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solid-phase Corg (of that peat) that had already been sub-
merged for considerable lengths of time. The results also show
that substrate, transport processes, redox conditions and salin-
ity control peat degradation, DOC mobilization, and CO2 and
CH4 release. Regarding the distribution of microbial, key
players, we found that the abundance of the methanogens
increased with increasing depth in the peat sediments and
was not dependent on the abundance of the SRB. Thus, we
conclude that the microbial activity is closely coupled with
biodegradable organic carbon.

The experimental findings (particularly with the high spatial
and temporal resolution of measurements) improve the under-
standing of biogeochemical processes of peat-derived carbon
cycling and transformation. Sediments containing peat deposits
can be hot spots of increased release of and mineralization of
DOC andmay play an important role in the release of climate rel-
evant gases (CH4, CO2) in coastal zones. Ongoing coastal erosion
and suspension of peat deposits and wetland loss due to sea-level
rise and the frequency of storm events might promote the pro-
cesses that have been investigated in this study. However, more
detailed information about the hydrological cycles, geochemical
properties, and solute concentrations is fundamental for process
balancing and to justify comparisonswith the field.
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