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ARTICLE INFO ABSTRACT

Frequent and unexplained iron enrichments have been localized in buried, Holocene, marine sediments in
coastal areas. These buried sediments are nowadays often part of groundwater systems in densely populated
deltas. Here, the Krabbenkreek intertidal/supratidal area in the Netherlands is considered as a present analogue
for diagenetic processes in these near-shore sediments. We evaluate the role of tidally driven groundwater flow
alternations on the transport and speciation of Fe in deep tidal sediments. This was achieved by examining
geochemical sediment and porewater data in the context of 3-D geohydrological modelling results of the
groundwater system. The Krabbenkreek area presents clear hydrologic and geochemical zonations across the
supratidal/intertidal area. Due to the low hydraulic conductivity, groundwater flow and infiltration of rain water
is limited in the mud-rich upper sediments of the supratidal flat. Despite tidal fluctuations of the hydraulic heads
up to 1.5m, the corresponding alternating groundwater flow is relatively minor in comparison to the net
groundwater flow. Tidal variations in the groundwater force field alone did not lead to pronounced local en-
richments in reactive Fe. Differences in reactive Fe contents in deep sediments can be related to textural dif-
ferences, implying that no indications for local, diagenetic Fe enrichments were found in the sediments down to
5m depth. Contents of FeS and amorphous Fe(IIl) are remarkably low indicating little current dynamics in Fe
redox cycling in these deep sediments, while the porewater chemistry indicates that pyrite oxidation prevails.
Long-term oxidation of pyrite is reflected by the presence of Fe(IIl) oxides in the high marsh sediments while
pyrite still dominates in the middle marsh and the intertidal sediments. Absence of active Fe redox cycling can be
attributed to low respiratory activity in the sediments. Previous studies reported that sedimentary organic matter
in the vicinity of the investigated area can be predominately refractory, which can probably explain the low
respiratory activity in the Krabbenkreek sediments.
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and understanding the role of groundwater flow on their dynamics in
estuarine settings can provide insight in the fate of these contaminants
in rivers and estuaries (Zwolsman et al., 1993; Passos et al., 2010).

1. Introduction

Tidal flats in coastal areas are highly dynamic zones subject to daily

flood and ebb currents. These have an impact on physical and geo-
chemical processes in both the sediment and the porewater. The sedi-
ments in these areas are typically redox stratified and the alternating
flow can accentuate concentration profiles of redox sensitive elements
at the transition from oxic to anoxic conditions (Froelich et al., 1979;
Thullner et al., 2007). Some contaminants are redox sensitive elements
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The impact of the tidal currents on the groundwater movement has
been explored through both numerical simulations (e.g. Harvey et al.,
1987; Gardner, 2005; Wilson and Gardner, 2006; Gibbes et al., 2008b;
Xia and Li, 2012) and field measurements (e.g. Robinson et al., 1998;
Hughes et al., 1998; Gibbes et al., 2008a; Rgy et al., 2008; Xia and Li,
2012). These studies considered the groundwater flow in sandy tidal
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flats and salt marsh soils at different scales that vary from cm to m. The
aforementioned studies concluded that a variety of parameters play an
important role determining the groundwater flow in tidally influenced
areas. Such parameters include the geometry of the flats, extreme tidal
events, salinity fluctuations, porosity and seasonal variations in rainfall.
In the case of salt marshes, the composition of the top soil, its hydraulic
properties, vegetation and evapotranspiration are also of importance in
controlling the groundwater flow. The number of variables influencing
the hydrodynamics of a particular tidal zone makes the groundwater
flow patterns highly variable.

The biogeochemical cycles in these settings are often promoted by
the large input of degradable organic matter (OM) (Lord and Church,
1983; Oenema, 1990a; Koch et al., 1992; Kostka et al., 2002; Pallud and
van Cappellen, 2006; Gittel et al., 2008; Lemke et al., 2009). In these
studies, the mineralisation of OM and nutrient cycling were in-
vestigated in the salt marsh soils (top 50 cm). The biogeochemical cy-
cles of redox sensitive elements have been studied in both sediments
(e.g. Suttill et al., 1982; Luther et al., 1982; Cutter and Velinsky, 1988;
Baeyens et al., 1991; Kostka and Luther, 1994; Charette and Sholkovitz,
2002; Burton et al., 2006; Johnston et al., 2011; Kolditz et al., 2012)
and porewater (e.g.; Burton et al., 2006; Beck et al., 2008a; Beck et al.,
2008b; Morford et al., 2009; Beck et al., 2009; Kolditz et al., 2009;
Kowalski et al., 2009; Beck & Brumsack, 2012). These studies also re-
port intense Fe redox cycling in diverse tidal areas (e.g. Wadden Sea,
Wagquoit Bay, East Trinity) where the topography and the tides exert
major controls on the redox zonations and related Fe speciation. As in
tidal flats, oscillations in the hydrologic regime are the driving force in
the development of concentration profiles of Fe in soils and aquifers. In
gleysols, the zone of variable groundwater tables is indicated by pro-
nounced local enrichments of Fe (oxy)(hydr)oxides (in the following
collectively referred to as Fe oxides). Vertical movements of the redox
boundary between reducing groundwater, containing dissolved ferrous
iron (Fe(I)), and the oxygen containing unsaturated zone results in Fe
(II) oxidation and Fe oxide precipitation in the affected soil horizon
(Stoops and Eswaran, 1985; Appelo et al., 1999). Also, the formation of
bog iron deposits in low relief areas near stream banks, small lakes and
swamps is the consequence of Fe enrichments in the form of various Fe
oxides including ferrihydrite and goethite (Stoops, 1983; Kaczorek and
Sommer, 2003). These Fe oxides are the product of groundwater rich in
dissolved Fe(II) flowing vertically and horizontally towards the aerated
surfaces. Often, the oxidation of Fe is catalysed by bacteria (Crerar
et al., 1979).

During the Holocene, surficial coastal sediments were buried in
floodplains due to transgressive and regressive cycles, both in the
Netherlands and elsewhere (Allen, 2000). These sediments are com-
posed of estuarine, tidal and coastal deposits and features pronounced
and unexplained pyrite enrichments (Vermooten et al., 2011; Griffioen
et al.,, 2012). These buried floodplain sediments are nowadays often
part of groundwater systems in densely populated deltas and the in-
ventory of reactive minerals in the aquifers is of pivotal relevance for
the groundwater quality. A representative of buried, coastal sediments
from the Holocene is the Naaldwijk Formation in the Netherlands. This
formation has elevated pyrite contents that reach up to 3% in sandy
sediments and up to 6% in clay-rich ones (van Gaans et al., 2011;
Griffioen et al., 2012). These contents are considerably higher than
those found in soil profiles of Dutch supratidal flats, where contents
usually vary around 1% with a maximum of 3% in clay-rich sediments
(Oenema, 1988, 1990a).

The hydrology and Fe chemistry from the deep sediments from the
Krabbenkreek intertidal/supratidal area were studied as present ana-
logue for diagenetic processes in the near-shore sediments of the
Naaldwijk Formation. We investigated the groundwater dynamics at
the Krabbenkreek and geochemically characterized the deep sediments
and porewater by focussing on processes controlling the transport and
speciation of Fe. Here, the top soil (top 50 cm) from the Krabbenkreek
was not geochemically characterized, as it was already extensively
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Fig. 1. Location of Krabbenkreek supratidal/intertidal area in the Eastern
Scheldt, the Netherlands. Sampling transects and piezometer location in the
supratidal zone (middle marsh and high marsh areas) and intertidal zones.

studied by Oenema (1988, 1990a,b), Oenema and DeLaune (1988), Ma
et al. (2014), among others.

2. Materials and methods
2.1. Study area

The study site, Krabbenkreek, is located near the village of Sint
Annaland, in the Eastern Scheldt estuary in the province of Zeeland, the
Netherlands (Fig. 1). This region has a temperate maritime climate with
a mean annual rainfall of c. 900 mm (Royal Netherlands Meteorological
Institute (KNMI) a) and an annual potential evaporation of
500-650 mm (KNMI b). The Eastern Scheldt is limited by man-made
dikes on three sides (Supplementary Fig. S1). After completing the
construction of the Strom Surge Barrier and Compartment dams in
1986-1987 the tidal amplitude in the Scheldt estuary was reduced and
some channels were abandoned (Oenema and DeLaune, 1988; Louters
et al., 1998). The Krabbenkreek is located in a dead ending side arm of
the Scheldt estuary. According to the Executive Agency of the Ministry
of Infrastructure and Water Management of the Netherlands, this area
presents a sinusoidal tide with average ~1.5m amplitude and a 12h
period. Krabbenkreek is an area formed by intertidal and supratidal
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flats. The supratidal flat comprises a marsh area (high marsh and
middle marsh) which is part of a nature reserve (Fig. 1).

The vegetation at the Krabbenkreek area is dominated by Halimione
portulacoides, Festuca Rubra, Elytrigia atherica (van Maldegem and de
Jong, 2004). These vegetation types are characterized for having the
majority of root mass within the top 30-40 cm below soil surface
(Redelstein et al., 2018).

The coastal landscape of the southwestern Netherlands formed
during the Holocene. The major driving forces for the coastal genesis in
this area have been the rise in sea level, morphology during the early
Holocene, availability and supply of sediments and human interference
(Vos and van Heeringen, 1997; Vos et al., 2002). The construction of
dikes contributed to the embankments of the adjacent polders (re-
claimed lands) and formation of numerous marsh areas (Oenema and
DeLaune, 1988; Ma et al., 2014) (Fig. S1).

The intertidal flats of the Eastern Scheldt are dynamic sedimento-
logical areas, characterized by constant topographic changes. The tidal
influence of the estuary drives a dynamic sedimentary regime with
accumulation and erosion of sediment in different areas of the tidal flat
(van den Berg, 1986; Louters et al., 1998). The intertidal area neigh-
bouring the investigated salt marshes has been experiencing a net
erosion of 1-3 cm year ! over the past 23 years. In contrast, the areas
adjacent to the intertidal channel have been affected by an accumula-
tion rate of 2-4 cm year ! in the same period (Fig. S2).

The supratidal flat section of the study area has a top aquitard
formed by Holocene, marine clay sediments of nearly 1 m thickness.
Below this clay-rich layer, a marine, Holocene layer of c. 22 m thickness
with predominantly fine sand to clay-rich sand is present across the
study area. This layer is followed by a fluvial, Early Pleistocene unit of
c. 45 m formed by sand and clay layers. A minor sandy, Late Pleistocene
periglacial layer may be present in between. At the bottom, this se-
quence is limited by an Early Pleistocene, marine clay-rich layer of
1-3m of thickness, a 20 m thick aquifer below and another 10 m thick
Pliocene, marine clay layer (Fig. 2). The supratidal flats in the Eastern
Scheldt estuary usually have marsh soils of variable thickness (Oenema
and DeLaune, 1988). The accretion rates at the Krabbenkreek salt
marsh were measured by Ma et al. (2014). They observed accretion
rates that vary between 1.22 and 10.74 mm year ™ '. The highest ac-
cumulation rates were observed at the creek levees (5.80-10.74 mm

500 m

2 m+NAP

-50 m+NAP

1 Supratidal zone

2 Main supratidal creek
3 Intertidal zone

4 Permanent channel
5 Sand and clay layers
6 Coarse sand

52 m

Fig. 2. The sub-environments modelled in this study and their dimensions
(where m + NAP refers to the Dutch Ordnance Datum, similar to Mean Sea
Level). Dashed lines correspond to the lateral and perpendicular profiles of the
model domain. The domain was composed by no flow boundary conditions at
the bottom and east and west boundaries, a permanent channel at the north
boundary and a general head boundary (GHB) in the south. The top 1 m of the
supratidal zone (1) corresponds to the aquitard.
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year '), while mean accretion rates in the middle marsh were slightly
higher than those in the high marsh areas.

2.2. Field campaigns

2.2.1. Sediment sample collection

Sediment samples from the supratidal and intertidal flats were
collected from 13 drilling locations along several transects perpendi-
cular to the creeks. These drillings were located in the middle and high
marsh areas of the supratidal flat and at the boundary between the
intertidal and supratidal flat (Fig. 1). The transects in the marsh area
started next to creeks while the transect on the intertidal flat started
near the cliff of the supratidal flat and ended next to a draining creek
coming from the supratidal flat. The drillings were carried out with an
Eijkelkamp hand auger and samples were collected every 0.5 or 1 m
with a 25 cm long Akkerman core sampler tube (Eijkelkamp) starting at
0.5m depth. The drillings reached depths that varied between 3 and
5m below ground surface (m.b.g.s). The Akkerman tubes were sealed
with metal cylinders and plastic lids. Later, the samples were stored
under anoxic conditions after sampling completion and transportation
to the laboratory (24-48 h after sample collection).

2.2.2. Piezometer construction and installation

Eleven piezometers were installed in the intertidal and supratidal
flats to monitor the groundwater levels during 7 days. The piezometers
were placed in two different transects to follow the groundwater pat-
terns in different sections of the study site (Fig. 1) in response to os-
cillating seawater levels. The first transect was located at the high
marsh area of the supratidal flat. This transect focused on investigating
the temporal variations of the groundwater head and the vertical ranges
with respect to the distance from the creek. The second transect was
located along the intertidal to supratidal flat (Fig. 1). This transect fo-
cused on constraining the hydraulic potentials along the transition from
the intertidal to supratidal flats.

The borehole drilling for the piezometer installation was carried out
with an Eijkelkamp hand auger for the upper meter and continued with
an Eijkelkamp bailer boring auger in the deeper water-saturated sec-
tions. The piezometers consisted of 4 cm diameter PVC pipes, covered
with a nylon sock at the screen. All the piezometer screens were located
at the bottom of the borehole. The depth of the boreholes varied with
respect to the location. The borehole installed in the creek at the high
marsh part of the supratidal flat was 0.5m depth, while the adjacent
boreholes ranged between 2.5 and 5 m depth. At the intertidal area, the
borehole depths were 4 m and near the cliff of the supratidal area the
depth varied between 4 and 5m. All piezometers were installed in
October, 2013. In the piezometers, conductivity, temperature and
groundwater levels were measured every 5min using an Eijkelkamp
microdiver data logger with a pressure sensor. An extra diver was in-
stalled for air pressure correction.

2.3. Sample characterization

Wet sediment samples were collected from the central part of the
Akkerman tubes in an Ar-filled glove box. Porewater was extracted by
centrifuge separation using 50 ml maxi-spin tubes with a 0.45 um maxi-
spin nylon centrifugal filter of 25 ml. Afterwards, the centrifuge tubes
were returned into the glove box and the porewater was retrieved. The
pH and conductivity were measured inside the glove box and the
samples were subsequently split into two subsamples. The first sub-
sample was used to determine SO, and Cl concentrations with ion
chromatography (IC) and for isotope (8D and 8'®0) analysis. The de-
tection limits for NO3, SO, and Cl were 84, 51 and 32 mg/1 for saline
water, respectively. The coefficients of variation of triplicate measure-
ments of 8D and 8'%0 isotopes were <2%o and =0.1%o, respectively.
The averaged fresh water 8'0 and 8D isotopes from rain in Zeeland
(8'%0 = —6.7%0; 8D = —43.6%0) and the Rhine river
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(80 = —9.2%0; 8D = —65.8%0) were provided by the Centre for
Isotope Research of Groningen University. The second series of sub-
samples was acidified with 32% HCI to pH below 2, stored at 4 °C and
later analysed for major and trace elements with ICP-OES and ICP-MS,
respectively. Porewater chemistry was compared to data of stations in
the Eastern Scheldt from the Executive Agency of the Ministry of
Infrastructure and Water Management of the Netherlands (live.wa-
terbase.nl).

The remaining sediment was freeze dried and elemental composi-
tion was determined by total digestion in a mixture of 2.5 ml HF and
2.5ml 3:2 HCIO4:HNO;3 and later analysed by ICP-OES. Total carbon
and total sulphur contents were determined by CS analysis (LECO CS-
632). Detection limits for total carbon and sulphur are 0.005% and
0.001%, respectively. The CS analyses have a relative standard devia-
tion (RSD) of 1% for both total carbon and total sulphur. The C,z Was
determined by CN analyses (Fisons NA 1500 NCS) using decalcified
yields. The detection limit for the Corg is 0.001% with a typical preci-
sion of 0.5%, when the contents are below 0.01% the standard devia-
tion can reach up to 10%. The inorganic carbon (Cinorganic) Was calcu-
lated from the difference between the total and C,,. The mineralogical
composition of several samples was analysed by X-ray diffraction (XRD)
using a Bruker D2 instrument equipped with a Co tube. Mineralogical
identification and quantification of both bulk and clay phases was done
on a sample by XRD Rietveld refinement at Qmineral laboratory.

For grain size distribution analysis of the sediments, freeze dried
samples were pre-treated with 15% H,0, and 0.5% HCI solutions for
the removal of OM and carbonates and then suspended in 1%
Na4P>0,10H,0. Subsequently, the particle size distribution was de-
termined with a particle size analyser based on static laser diffraction
Helos KR (Sympatec). The sediments of the supratidal and intertidal
flats were classified according to their grain size distribution based on
the textural classification proposed by Flemming (2000).

Iron speciation was determined based on the method developed by
Claff et al. (2010) and Mehra and Jackson (1958). Here, 5 extraction
steps (Fepci, Feorg, Fecpp, Fennos and Fe,es) were performed (Table S1).
The Fe(Il) fraction from the HCl step was determined colorimetrically
using ferrozine according to the protocol described by Viollier et al.
(2000). The reactive Fe (Fereactive) Pool is formed by the sum of the
extracted Fe in the first four steps (Feycy, Feorg, Fecps and Feynos). The
reactive Fe(II) phases correspond to the sum of Fe(Il)yc and Feynos,
while the reactive Fe(II) pool is represented by the combination of Fe
(IIDgc and Fecpp. Molybdenum (Mo) content from pyrite was obtained
by evaporating 5ml of the extracted concentrated nitric acid (fourth
step) at 120 °C in a hot plate until it was almost dried and then added
10ml of 0.1 M ultra pure HNO3 and later diluted tenfold.

Acid volatile sulphide (AVS) was determined based on the method
described by Burton et al. (2008). The deviations between duplicates
for Fe and AVS extractions were <5 and < 8%, respectively. For
samples with S contents below 0.01%, the maximum deviation reached
10%. The actual pyrite content was calculated by correcting the Feynos
extraction results for the dissolution of clay minerals. This was done
based on the measured Al concentration by assuming a molar Fe:Al
ratio of 1:4, based on the work of Huisman and Kiden (1998), Dellwig
et al. (2002) and Rudnick and Gao (2003).

2.4. Hydrogeological modelling

A conceptual model was applied to study the influence of tidal
fluctuations on the groundwater flow in the supratidal/intertidal flat. A
schematic diagram representing the conceptual model is presented in
Fig. 2 (for domain grid details see Table S2). The model was built using
the three-dimensional (3D) finite-difference groundwater model
MODFLOW under transient flow conditions (for model parameters see
Supplementary Table S3). The northern boundary of the domain cor-
responded to a permanent water channel (Fig. 2). The model had no-
flow boundaries at the sides and at the bottom of the domain, and a

375

Estuarine, Coastal and Shelf Science 219 (2019) 372-383

general head boundary (GHB) at the south of the domain to simulate
the groundwater level at the polder area. The creek and the surface of
the intertidal flat were considered river surfaces and their riverbed
hydraulic conductance (C,;,) was estimated. The aquifer medium was
assumed to be heterogeneous and 18 layers were defined based on field
observations and data from the national hydrogeological model sche-
matisation REGIS II (www.dinoloket.nl).

The model consisted of an upper clay layer of 1 m thickness (layers 1
and 2) for the zone with the supratidal flats. Based on the REGIS II
database, the underlying layers had an increasing sand content with
depth. Precipitation and incidental seawater flooding by storms were
not considered in this model. The impact of both events and their in-
terplay on infiltration in the swampy supratidal flats are hard to foresee
and would require a separate field and model study (Andersen et al.,
2005; Bear and Cheng, 2010; Jun et al., 2013). Thus, the related model
assumption is that both rain and incidental flood water disappear as
overland flow out of the model domain. This seems a reasonable as-
sumption considering the poor permeability of the clay-rich top layer in
the supratidal flats would result in perching and horizontal flow to a
surface drain (Sophocleous, 2004) and therefore in negligible recharge.
Before introducing the tide oscillations, the initial heads were equili-
brated (stabilised in MODFLOW jargon) for 100 years, represented in
one time step including 20 subsequent stress periods. Later, the tide
fluctuations were investigated for 3 days, represented in 24 time steps
of 3h each.

The model fitting involved parameters such as the horizontal hy-
draulic conductivity (ky), vertical hydraulic conductivity (k,) and ef-
fective porosity (Table S3). The optimized k;, values are in the same
order of magnitude as the permeability test results and in the ranges
suggested by REGIS II. The assigned k;, and effective porosity values are
comparable with those values reported for other marsh areas (e.g.
Gardner, 2005; Wilson and Gardner (2006); Xia and Li, 2012).

The model was assessed by comparing simulated heads and tide-to-
tide head gradients with those observed in the field area (Fig. S3). After
calibration, the maximum difference between modelled heads and
averaged field heads during high and low tides was less than 20 cm.

3. Results
3.1. Groundwater flow patterns

The semi-diurnal tides with a tidal range of nearly 3 m were trans-
lated into a wide range of hydraulic head fluctuations, which are well
reproduced by the calibrated model (Fig. S3). At ebb tide, hydraulic
gradients steepened in the study area, as the amplitude of the oscil-
lating hydraulic heads decreased with increasing distance from the
permanent channel. In the marsh areas, hydraulic head fluctuations
were ~0.5m, with the exception of the area near the cliff (0.9 m). The
highest oscillations were present in the intertidal area (~1.5m). High
tide hydraulic heads were nearly similar in all piezometers (Fig. S3),
leading to a difference in hydraulic head between high marsh and in-
tertidal flat of only 0.3 m.

Groundwater velocities were 1-2 orders of magnitude larger at low
tide than at high tide (Fig. 3). The predominant groundwater flow oc-
curs during low tide from south to north in the supratidal flat and
upwards in the intertidal flat (Fig. 3). High tide periods are character-
ized by seawater infiltration, while during low tide groundwater see-
page is observed. This groundwater flow pattern is consistent with
those reported by Gardner (2005), Wilson and Gardner (2006) and Xia
and Li (2012) in similar tidal environments.

The upper section of the model domain comprises the soil of the
supratidal marsh, which includes a 1 m clay layer at the top that acts as
an aquitard. This layer exerts a major influence on the hydrodynamics
of the whole system. In this aquitard, flow velocities are very low
(Fig. 3). Here, the flow velocities vary between 10~ ' at high tide to
10~ 2m s~ ! at low tide (in the cliff area) (Fig. 3A and B). In contrast, the
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flow velocities in the underlying sandier sediments (1-2 m) range be-
tween 107 '° (at high tide) and 10 " ms~! (at low tide, cliff area)
(Fig. 3A and B).

The flow velocities the middle section of the domain (0 to
—37 m + NAP (which corresponds to the Dutch Ordnance Datum, si-
milar to Mean Sea Level, positive values are above the standard re-
ference point and negative values are below)) (Fig. 3A and B) vary from
107° to 10 ®ms~! between tide ends (considers lateral variations).
Flow velocities are higher in the intertidal flat compared to the supra-
tidal flat. Furthermore, groundwater flow velocities are enhanced in the
vicinity of the permanent channel due to convergence of flow (Fig. 3A
and B). This is consistent with findings by Wilson and Gardner (2006),
who report considerable groundwater flow towards intertidal creeks
during low tide. Gardner (2005) also found that the intensity of the flow
towards the channel depends on the slope of the creek banks and in-
creases with higher slope.

Due to the vertical differences in hydraulic conductivity, the
groundwater flow velocity is considerably higher in the deeper part
(=37 to =50 m + NAP) of the domain (Fig. 3A and B), with velocities
that vary between 10~ ° (near the permanent channel) and 10 °ms~!
(supratidal/intertidal zone) during high and low tides, respectively.

The supratidal creeks have a major impact on the groundwater flow
in the supratidal flat by enhancing the infiltration and drainage through
the bottom and sides of the creek (Fig. 3C and D). The presence of the
supratidal creeks induces a flow component that is perpendicular to the
creek and vertical flow component at the bottom of the creek. The
groundwater flow velocities close to the bottom of the supratidal creek
vary between 10° to 10”7 ms ™! (Fig. 3C and D). The groundwater
velocities in the sandy sediments that underlay the aquitard usually
vary between 10 *?m s~ at high tide (in the edges of the domain) to
10~ 7ms ™! at low tide (in the vicinities of the creek), with the highest
flow velocities present in the immediate surroundings of the supratidal
creek (10° to 10" ms~ ') (Fig. 3C and D).

The observed low groundwater flow velocities are translated into
travel times for a few meters that vary between centuries (aquitard and
sands below aquitard) to several years (intertidal zone, near the per-
manent channel) (Table S4).

3.2. Sediment

3.2.1. Particle size distribution: textural differences
The sediments are in four textural groups: sandy muds (50-75%
mud; n = 3), muddy sands (25-50% mud; n = 13), slightly muddy
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Fig. 3. Flow velocities (in m/s) in the in-
tertidal/supratidal area transect during (A)
high tide and (B) low tide with flow velo-
cities (in m/s) at the perpendicular section
of the supratidal area during high tide (C)
and low tide (D). The colour contours re-
present the magnitude of flow velocity (m/
s) and the related travel distance in half a
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tide time, i.e., in 6 h. The arrows show the
flow vectors and the dashed line represents
the surface water level. The roman num-
bers indicate the locations for travel time
calculations presented in Table S4. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)

100 200 300 400 500
Distance (m)
2E7 2E6 2ES 2E42E?2E22E"2  mm

[ rerrer eI rrere]
IEEEZEMEES 1EC 1E7 ms”

sands (5-25% mud; n = 38) and sands (< 5% mud; n = 17), where
mud is defined as the clay plus silt fraction. For practical purposes, the
sediments were divided into two main groups, based on mud content: 1)
mud-rich sediments (> 25% mud) and 2) sand-rich sediments (< 25%
mud). This classification reflects the major local textural trends in the
supratidal and intertidal flats (Fig. 4A).

The supratidal flat as represented by the high and middle marsh
transects (Fig. 4A), contain mud-rich upper sediments near the surface
that are overlaying sand-rich sediments. According to the textural
classification, 65% of the upper sediment samples from the supratidal
area correspond to mud-rich sediments (Fig. 4A). The mud content in
the upper sediments varies laterally (Fig. 4A): the mud content in-
creases with increasing distance from the creek in the high marsh area
(B1 in Fig. 4) while in the middle marsh area the upper sediments are
either mud-rich (B2 in Fig. 4) or sand-rich (B3 in Fig. 4). The mud-rich
sediments in the levees (L1 and L2 flats Fig. 4) comprise 1-1.5m of
thickness. In this area, the levees have higher accretion rates (2.9-8.8
times) when compared to the back marsh areas (Oenema and DeLaune,
1988; Ma et al., 2014) which explains the formation of thicker mud-rich
layers near the creeks.

The intertidal flat is dominated by sand-rich sediments with
common occurrence of mud-rich sediments in the upper section at the
upslope and downslope areas (Fig. 4A). The upslope area (I1 in Fig. 4)
has the highest mud content (34%) closest to the cliff of the supratidal
flat. According to de Jong et al. (1994), the supratidal edges of the
Eastern Scheldt estuary are under constant erosion. This suggests that
the erosion could lead to the accumulation of mud in the intertidal
sediments located near the cliff of the supratidal flat.

3.2.2. Organic carbon and total sulphur content

In the supratidal flat, the mud-rich samples of the middle marsh
transect have nearly 2 times higher total sulphur (Sota)) contents than
the related sand-rich sediments (Fig. 5A), while the sediments of the
high marsh transect have comparable Sy contents (~0.03 mmol g~ %)
in both the mud-rich and sand-rich sediments (Fig. 5A). The Gy con-
tent is higher in the middle marsh transect (0.11-1.12 mmol g~ 1y when
compared to the high marsh transect (0.07-0.83 mmol g_l) (Fig. 5A).
The mud-rich sediments in the levees (L1 and L2 flats Fig. 4) are
characterized by high C,, (0.39-0.68 mmol g~ 1) contents when com-
pared to the surrounding mud-rich supratidal sediments. In the inter-
tidal flat, the Corg and Siora1 contents in the upper mud-rich sediments
are nearly 6 and 4 times higher than in the sand-rich sediments, re-
spectively (Fig. 5A).
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3.2.3. Iron speciation

3.2.3.1. Intertidal and middle marsh sediments. Iron contents and their
distribution over different Fe fractions are similar in the corresponding
mud-rich and sand-rich sediments of the intertidal flat and middle
marsh transect. In the Fe,eacrive pool, Fe(Il) is generally more abundant
than Fe(III). In the sand-rich sediments, the contribution of Fe(III) tends
to be larger than in the mud-rich sediments, although the mud-rich
sediments are generally located closer to the sediment/water and
sediment/atmosphere interfaces. These reactive Fe(IlI) phases are

mainly in the form of crystalline iron oxides (Fig. 5C). Most of the Fe
(II) containing Fe,eactive is in the form of pyrite (Feynos) which is also
the largest Feieactive poOl in these sediments. The pyrite contents in
these sediments vary between 0.02 and 0.47%, which is translated into
34-58% of the Fereqctive- Molybdenum extracted with the concentrated
HNOj; correlates with the Fe from pyrite (Fig. S4), which suggest that
pyrite is an important source of Mo.

AVS was only detected in few samples with contents below
4umol g~ . The lack of AVS in these sediments, as well as the positive
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Fig. 5. Average sediment composition for the distinguished sample types: A) organic carbon and sulphur contents and B) Fe contents and C) distribution of reactive

Fe.
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sediment samples (HM is high marsh, MM is middle marsh and Int. is intertidal
flat).

correlation of Fe(Il)yc with calcium carbonates (Fig. 6), suggests that
Fe-bearing carbonates are the second most important reactive Fe(II)
phase. The presence of ankerites was confirmed by XRD analysis, which
reported 0.8% of ankerites in a sample from the middle marsh area
(data not shown).

3.2.3.2. High marsh sediments. The sediments in the high marsh
transect are characterized by a higher content of Fe(III) phases than
in the middle marsh transect or the intertidal flat. In contrast to the
middle marsh and intertidal sediments, the Fe eactive pool of the mud-
rich upper sediments in the high marsh sediments are predominantly
formed by Fe(IIl) phases (82 = 4% of the Fe cactive) (Fig. 5C), while the
underlying sand-rich sediments have an Fe(IIl) fraction that is around
25 = 8% of the Fe eacrive pool (Fig. 5C).

3.3. Groundwater chemistry

The groundwater of the supratidal and intertidal flats is mainly
saline according to the classification criteria of the Venice system
(1958). Chloride concentrations in the porewater of intertidal and su-
pratidal sediments vary between 360 and 515 mM (Fig. 7A), where the
Cl concentrations are usually above 420 mM. The mean Cl concentra-
tion in the Eastern Scheldt estuary is 500 + 20 mM (live.waterbase.nl).
Areas with low Cl concentrations are found near the creeks of the su-
pratidal flat and in the downslope part of the intertidal flat. The dif-
ferences in 8'0 and 8D of the rain water and Rhine river water provide
a possibility to distinguish between the two potential fresh water
sources. However, the seawater component in all waters is high and,
consequently, the difference between the mixing lines is too small,
when compared to the bulk data, to allow an unequivocal identification
of the dominant fresh water source (Fig. S5).

The SO4 to Cl molar ratios in most groundwater samples exceed
those in the Eastern Scheldt estuary (0.045 * 0.005) (live.waterba-
se.nl) (Fig. 7B). In the supratidal flat, high sulphate enrichments (SO, to
Cl ratios of 0.07-0.10) are observed in the deeper, sand-rich sediments
of the high and middle marsh areas (Figs. 4A and 7B). The B3 area of
the middle marsh area has SO, to Cl ratios that reach 0.12 (Fig. 7B). The
high SO, concentrations in this transect are found from shallow
(~1.5m + NAP) to deep (~ —2 m + NAP) depths. In the intertidal
flat, high SO, to Cl ratios (=0.07) are mostly observed at shallow
depths. Nitrate concentrations were below detection limit.

High Ca concentrations coincide with elevated SO, to Cl ratios in
the middle marsh and the intertidal transects (Fig. 7B). The highest Ca
concentrations (17-27 mM) are present in the B3 area of the middle
marsh transect (B3 flat, Fig. 7C). Despite the high Ca and SO, con-
centrations, solutions are undersaturated with respect to gypsum.
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The Mo concentrations in the groundwater of the deeper sediments
of transect HM and of the B3 section of transect MM exceed those in
local seawater (0.11 uM) (live.waterbase.nl). The groundwater at these
locations is also characterized by generally elevated SO4 to Cl molar
ratios. A hot spot with Mo concentrations that reach 9.89 uM is located
adjacent to the creek (L1, Fig. 7D) in the high marsh transect. The
maximum concentrations are found at the transition from sediments
with relatively high Fe(III) content to those with elevated Fe(II) (Fig. 4).

Dissolved Fe concentrations only exceed the detection limit in a few
samples (Fig. 7E). The detected Fe concentrations range between 0.99
and 1.75uM while the Eastern Scheldt estuary water has a filtered
average Fe concentration of 4.78 + 4.43 uM (live.waterbase.nl).

Groundwater concentrations of Mn exceed the average concentra-
tion of the estuarine water (0.27 = 0.14uM) (live.waterbase.nl)
(Fig. 7E). The high marsh area has the lowest Mn concentrations, which
vary between 0.16 and 6.49 uM with one outlier of 7.93 uM (Fig. 7E). In
contrast, the porewater in the middle marsh area reaches up to 52 uM.
The highest Mn concentration is located in the deep section of the B3
flat (Fig. 7E). In the intertidal flat, Mn concentrations decrease down-
slope, reaching a maximum concentration of 16 pM.

4. Discussion
4.1. Groundwater flow

Analysis of the flow patterns, obtained from the groundwater
model, indicates that water flows predominately horizontally below the
supratidal flat and vertical water movement only occurred below the
intertidal flat. Although the groundwater flow patterns are consistent
with those reported in similar tidal environments, the flow velocities at
both high and low tides are lower. Consequently, the slow groundwater
flow observed in the deep sediments of the supratidal and intertidal
flats at the Krabbenkreek is translated into a very limited convective
transport of dissolved constituents.

In general, marshes and intertidal flats are characterized by vertical
redox gradients. The observed groundwater flow, in turn, suggests that
there is no significant convective transport of dissolved Fe and other
elements with redox sensitive mobility across redox boundaries below
the supratidal flat and deep sediments of the intertidal flat at
Krabbenkreek.

Pronounced oscillating groundwater flow can lead to mixing zones
in subterranean estuaries and the development of strong Fe enrich-
ments (Robinson et al., 2007). The groundwater model suggests that
this driving force for enrichment of Fe at subsurface redox boundaries is
relatively weak at the Krabbenkreek.

4.2. Redox dynamics of Fe

The Krabbenkreek tidal flat presents absent to negligible dissolved
Fe concentrations in the interstitial porewater of deep sediments. In this
type of setting, elevated concentrations of dissolved Fe in porewater is
usually the product of pyrite oxidation (Oenema, 1990a) or Fe oxide
reduction driven by OM mineralisation (Oenema, 1988). At the Krab-
benkreek, none of these two processes appears to cause substantial
mobilization of Fe in the groundwater-saturated zone.

4.2.1. Preservation of Fe oxides

Presence of bioavailable Fe oxides is a prerequisite for Fe mobili-
zation by microbial Fe reduction (Hacherl et al., 2001). At the high
marsh, poorly crystalline Fe oxides are the dominant form of reactive Fe
in the mud-rich layer down to 1.5 m.b.g.s. Poorly crystalline Fe oxides
are suitable substrates for microbial Fe reduction, implying that the
respiratory activity in the mud-rich part of the high marsh is not high
enough to induce Fe reduction.

The absence of Fe reduction in this part of the marsh might be ex-
plained by a combination of two factors. First, sufficient supply of



A. Morera-Chavarria, et al.

2.0

High marsh transect
L1 B1

I'LII_A_\

2.0

Middle marsh transect
L2 B2 B3

m

Estuarine, Coastal and Shelf Science 219 (2019) 372-383

Intertidal transect

1.5
1.0
0.5
0.0
-0.5
-1.0

Depth (m+NAP)

0 10

20

30 40 50

2.0
1.5
1.0
0.5
0.0
-0.5

Depth (m+NAP)

-1.0

2.0
15
1.0
0.5
0.0
-0.5

-1.0
0

Depth (m+NAP)

2.0
1.5
1.0
0.5
0.0
-0.5
-1.0

Depth (m+NAP)

2.0
1.5
1.0
0.5
0.0
-0.5
-1.0

Depth (m+NAP)

10 20 30 40
Distance (m)

40

Distance (m)

i

-4
5

=
0 50 100 150 200 .

Distance (m)

0
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centrations, D) molybdenum concentrations and E) manganese concentrations. Circles show the position of sampling points; open circles in (E) indicate sampling

points at which dissolved Fe was above detection limit.

electron acceptors with higher redox potential than Fe oxides can be
reason for limited Fe reduction. Measured nitrate concentrations were
below detection limit and molecular diffusion of oxygen is not a very
effective transport mechanism. However, aeration of the sediments in
the high march can be caused by episodic events such as desiccation of
the salt marsh soils and strong burrowing activities of mice and rabbits
(de Jong et al., 1994) and by this keeping the Fe oxides in their oxidized
state.

Second, the long term preservation of Fe oxides might only be
possible when microbial respiration is also limited by the availability of
OM. The measured C,; contents in the mud-rich sediments are low
compared to other areas in the Scheldt. Also, Oenema (1988) found that
the OM in subrecent sediments is mainly refractory. He concluded that
this deposited refractory OM is the remnant of OM which has been
subjected to 3-4 centuries of mineralisation during transport, involving
repeated cycles or resuspension and deposition. Also, reworking of

sediment can lead to repeated exposure of the sedimentary OM to
dissolved oxygen and its progressive degradation (Hartog et al., 2004,
2005; Middelburg and Herman, 2007). The low conductivity of the
surficial layer can account for the restricted supply of fresh, reactive
dissolved Cog, produced by the decay of plant and root material at the
supratidal marsh, to the underlying sediments. Due to the lacking
provision of fresh OM, the availability of electron donors is too low to
reverse the periodic oxidation of Fe(Il) leading to a long term conver-
sion of reactive Fe(Il) into reactive Fe(III) phases in the high marsh,
even when water saturation prevails. This conclusion is an outcome of
the hydraulic model and is supported by the small freshwater fraction
in the analysed groundwaters. This means that infiltration of water,
which could percolate through the soil and could leach dissolved OM
into deeper parts of the sediment, is very low. Hence, the sediments
most likely contain predominantly refractory OM with low potential to
drive early diagenesis in the sediments.
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4.2.2. Origin of Fe oxides

Fe oxides in the marsh can be of authigenic or allochthonous origin.
Poorly crystalline Fe oxides are only metastable and tend to convert
into crystalline Fe oxides (Drits et al., 1993; Schwertmann et al., 1999;
Cornell & Schwertmann, 2003). Hence, the prevalence of poorly crys-
talline Fe oxides indicates that the Fe(IlI) phases have relatively re-
cently been formed (Jambor and Dutrizac, 1998; Cornell &
Schwertmann, 2003) and are consequently a product of diagenetic
processes. A likely pathway for the formation of Fe oxides in these se-
diments is the oxidation of Fe(II) containing phases, in particular pyrite.

Oenema (1988) reported that the release of oxygen in the rhizo-
sphere can cause oxidation of pyrite and can lead to the concomitant
formation of Fe oxides. Oxidation of pyrite in sediments is accompanied
by an enrichment of the porewater in SO4 (Oenema, 1990a). The re-
latively low SO, to Cl ratios in the groundwater of the mud-rich layer of
the high marsh (Fig. 7B) indicate that oxidation of pyrite is not a cur-
rent process in these sediments. In general, the excess SO, in the
groundwater was not translated into a detectable increase in Fe oxide
content (Fig. 8) as the Fe(Il) content was considerably higher than the
recent formation of Fe oxides by pyrite oxidation.

In the high marsh area, temporary pyrite oxidation can be explained
by episodic aeration periods. Another possibility is the formation of Fe
oxides when allochthonous pyrite is deposited on the high marsh. The
low sedimentation rates and incidental flooding events (Oenema and
DeLaune, 1988; Ma et al., 2014) allow the sediments to become oxi-
dized as they accrete in this area. In summary, the observed high Fe
oxide contents in these sediments are likely the result of pyrite oxida-
tion during accretion of the suspended matter and episodic dry periods
in which aeration of the subsurface sediments was enabled. These
events can also explain the preservation of the buried Fe oxides in
combination with low rates of OM mineralisation.

4.2.3. Pyrite oxidation

Porewater chemistry indicates ongoing pyrite oxidation in the sand-
rich sediments. Excess of SO4, Ca and Mo in the porewater points to
oxidation of Mo-bearing pyrite in the supratidal and intertidal flats.
This is in agreement with porewater chemistry reported in other tidal
flats, where high SO4 concentrations related to sulphide oxidation were
reported (Kolditz et al., 2009). The concurrence of excess SO, with
elevated Mo concentrations in groundwater supports the interpretation
that pyrite oxidation is an ongoing process in the sand-rich sediments.
Iron sulphides and ultimately pyrite are major sinks for Mo in marine
settings (Kuroda and Sandell, 1954; Vorlicek et al., 2004; Bostick et al.,
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2003). Hence, oxidation from Mo-bearing pyrites in salt marsh areas
results in increasing Mo concentrations in porewater (Wang et al.,
2011). Sulphur isotopes may be useful in identifying the definite source
for the excess sulphate in the groundwater of the sand-rich sediments.

The correlation between excess concentrations of SO4 and Ca in-
dicates that the production of protons from the oxidation is buffered by
calcium carbonate dissolution. Despite pyrite oxidation, the porewaters
remains slightly alkaline due to Ca carbonate buffering the pH (Fig. S6).
The increase in SO4 and Ca in the porewater can induce gypsum for-
mation which has been reported as a product of pyrite oxidation as-
sociated with carbonate weathering (Ritsema and Groenenberg, 1993).
Thermodynamic calculations show that all groundwater samples are
undersaturated with gypsum and XRD results do not provide evidence
for the presence of gypsum in the sediments (data not shown). At low
pH, Fe(Il) released from pyrite during oxidation can be metastable due
to low abiotic oxidation kinetics (Rimstidt and Vaughan, 2003). At
neutral and slightly alkaline pH, Fe(II) oxidation proceeds very fast and
is followed by instantaneous precipitation of Fe oxides. In other words,
oxidation causes an in situ transformation of pyrite into Fe oxides and
does not contribute to Fe transport and enrichment in these sediments.

4.2.4. Origin of pyrite
The absence of AVS suggests that there is little or no ongoing au-

thigenic formation of iron sulphides in the sediments; as sulphidisation
of iron oxides is the most common process for AVS formation (Rickard
and Luther, 2007). This suggest that pyrite in these sediments is pre-
dominately of allochthonous origin. Pyrite has been reported to be
present in the suspended matter of the Eastern Scheldt estuary. The
suspended matter is the result from erosion of sediments exposed
elsewhere in the Eastern Scheldt (Oenema, 1989). Harmsen (1954)
found 0.78% bisulphidic sulphur in suspended marine detritus in Zee-
land, while Oenema (1990a) reported 0.5-1% of detrital pyrite in
suspended matter filtered from flood currents. This pyrite is commonly
fixed to the suspended OM in the estuary system (Kooistra, 1981) and
can therefore explain the correlation between C,; and pyrite content.
This conclusion implies that also the pyrite in the Krabbenkreek sedi-
ments is predominately of allochthonous origin. The pyrite contents
present in the intertidal and deep supratidal sediments (0.02-0.47 dw
%) are in agreement with the detrital pyrite content of suspended
material in tidal currents and do not represent the enrichments (3-6 dw
%) present in the Naaldwijk formation (van Gaans et al., 2011;
Griffioen et al., 2012).

4.3. Comparison of the Krabbenkreek tidal flat with other tidal flats

The biogeochemical dynamics of Fe in the deep sediments of the
Krabbenkreek tidal flat is unusual and deviates from most other in-
vestigated tidal wetlands. Deep sediments in tidal wetlands are often
characterized by high biogeochemical Fe dynamics driven by tidally
induced water exchange between sediments and surface water
(Billerbeck et al., 2006; Wilson and Gardner, 2006), high input of re-
active OM (Postma, 1981; Kowalski et al., 2009) and presence of high
amounts of reactive Fe (Cutter and Velinsky, 1988; Charette and
Sholkovitz, 2002; Johnston et al., 2011). Typically, microbial sulphate
reduction promotes formation of iron sulphides in the deeper parts of
tidal sediments (Beck et al., 2008b; Johnston et al., 2009; Beck &
Brumsak, 2012). Deviating from this general pattern, indications for
ongoing oxidation of iron sulphides is a common feature in the Krab-
benkreek. Main reasons for this deviating behaviour might be the low
reactivity of the OM (Oenema, 1988) and the limited water exchange
due to the low permeability of the surficial layer of the supratidal se-
diments.

This study demonstrates that the enhanced biogeochemical activity
in coastal wetlands, as reported in many studies (eg. Charette and
Sholkovitz, 2002; Beck et al., 2008a; Johnston et al., 2011; Mazumdar
etal., 2012) is not a general feature of these environments. The sluggish
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redox cycling of the Fe in the Krabbenkreek tidal flat highly contrasts
with that in other tidal flats such as Spiekeroog Island and Waquoit Bay
where the hydrodynamics act as a trigger for active redox transforma-
tions of Fe. In the Wadden Sea, advective groundwater flow maintains
the nutrient supply for enhanced mineralisation of OM (Beck &
Brumsak, 2012) that often results in the formation of pyrite (Beck et al.,
2011). In another example, the tidal sediments from the Waquoit Bay
show enrichments of iron oxides in the deep sands (Charette and
Sholkovitz, 2002) due to the mixing of Fe®>* -bearing groundwater with
oxygenated seawater (Charette et al., 2005).

5. Conclusions

The Krabbenkreek tidal flat presents clear hydrologic and geo-
chemical zonations across the supratidal/intertidal area. Groundwater
Cl concentrations are in general somewhat lower than seawater con-
centration indicating limited infiltration of rain or river water. The Fe
geochemistry indicates that the Fe contents follow similar trends as the
Corg and St contents where mud-rich sediments of the intertidal flat
contain 3 - 4 times higher contents than the sand-rich sediments. In the
supratidal flat, the mud-rich sediments have nearly 2-3.5 times more Fe
than the sand-rich sediments. The variability of the speciation of re-
active Fe is limited between the investigated areas: Fe(IIl) oxides are
prevalent in the high marsh sediments while pyrite prevails in the
middle marsh and the intertidal sediments. Iron oxides in the mud-rich
sediments of the high marsh area are likely formed upon oxidation of
allochtonous pyrite throughout the accretion phase of during periodic
oxidation events. AVS-associated Fe(II) is remarkably low and the
preservation of Fe oxides in the high marsh sediments indicate low rates
of OM mineralisation coupled to Fe and SO, reduction. The respiratory
activity in the sediments is probably limited by the refractory character
of the sedimentary OM and limited transport of fresh OM into deeper
sediments. The indications for ongoing pyrite oxidation in sand-rich
sediments were obtained based on excess SO4, Ca, and Mo concentra-
tions in the groundwater. Against expectation, we could not find evi-
dence for a significant spatial redistribution of reactive Fe within the
investigated area which would be driven by tidally induced oscillating
groundwater flow along redox gradients. This implies that tidal varia-
tions in the groundwater force field alone do not lead to pronounced
local enrichments in reactive Fe, as found, for example, in the
Naaldwijk Formation. We suggest that, additionally, sufficient high
hydraulic permeability of the sediments at the transition between sur-
face and groundwater plus the input of reactive OM to drive early di-
agenetic processes are prerequisites to establish an effective sequence of
Fe mobilization, transport, and immobilization and to cause local ac-
cumulation of reactive Fe.
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