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ARTICLE INFO ABSTRACT

Editor: Jay Gan Permeable sandy sediments cover 50-60 % of the global continental shelf and are important bioreactors that regulate
organic matter (OM) turnover and nutrient cycling in the coastal ocean. In sands, the dynamic porewater advection can

Keywords: cause rapid mass transfer and variable redox conditions, thus affecting OM remineralization pathways, as well as the
Permeable sediments recycling of iron and phosphorus. In this study, North Sea sands were incubated in flow-through reactors (FTRS) to in-
::;Zitgzhng vestigate biogeochemical processes under porewater advection and changing redox conditions. We found that the av-
iron erage rate of anaerobic OM remineralization was 12 times lower than the aerobic pathway, and Fe(III) oxyhydroxides
Organic matter were found to be the major electron acceptors during 34 days of anoxic incubation. Reduced Fe accumulated in the
Phosphorus solid phase (expressed as Fe(II)) before significant release of Fe?* into the porewater, and most of the reduced Fe

(~96 %) remained in the solid phase throughout the anoxic incubation. Fe(II) retained in the solid phase, either
through the formation of authigenic Fe(II)-bearing minerals or adsorption, was easily re-oxidized upon exposure to
O,. Excessive P release (apart from OM remineralization) started at the beginning of the anoxic incubation and accel-
erated after the release of Fe** with a constant P/Fe®* ratio of 0.26. After 34 days of anoxic incubation, porewater was
re-oxygenated and > 99 % of released P was coprecipitated through Fe?* oxidation (so-called “Fe curtain”). Our re-
sults demonstrate that Fe(III)/Fe(Il) in the solid phase can serve as a relatively immobile and rechargeable “redox bat-
tery” under dynamic porewater advection. This Fe “redox battery” is characteristic for permeable sediments and
environments with variable redox conditions, making Fe an important player in OM turnover. We also suggest that
P liberated before Fe>* release can escape the “Fe curtain” in surface sediments, thus potentially increasing net benthic
P efflux from permeable sediments under variable redox conditions.
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1. Introduction

Permeable sandy sediments cover approximately half of the continental
shelves (Hall, 2002). Their high permeability makes advective porewater
flow dominate the mass transport and turnover in the surface sediments
(Huettel et al., 2014). The dynamic porewater flow facilitates a high effi-
ciency of organic matter (OM) decomposition, making sands not only a bio-
geochemical filter at the land-sea boundary, but also hot spots for OM
remineralization, carbon dioxide release, and nutrient cycling (Cook
et al., 2007; Gao et al., 2012).

The pressure gradients driving porewater advection in permeable sands
are mainly caused by the interplay of bottom water currents and small-scale
sediment topographies, such as ripples. Thus, variable bottom water cur-
rents due to waves, tides and residual currents induce variable porewater
flow on time scales ranging from seconds to hours to days. Further, bottom
water currents induce sediment transport, i.e. the formation and migration
of ripples which therefore cause a slow travelling of pressure gradients in
the horizontal plane (Precht and Huettel, 2004; Ahmerkamp et al., 2015).
In addition, bio-irrigation and bio-turbation caused by benthic infauna
can effectively ventilate deeper parts of the sandy sediment (Volkenborn
et al., 2010) on time scales depending on the respiratory and migratory be-
havior of the species. In summary, permeable sands are characterized by a
highly variable transport regime in space and time that leads to frequent
variations of redox conditions (Ahmerkamp et al., 2017). The constant
shift between oxic and anoxic conditions (redox oscillation) affects OM
turnover and the cycling of redox-sensitive elements and nutrients (Aller,
1994; Kristiansen et al., 2002; Cook et al., 2007).

During the transition of redox conditions, the main electron acceptors
for microbial OM remineralization can shift from O, to NO3 /NO5 , Mn
(IV), Fe(III), and SO% ~. While O, and SOAZC are suggested to represent the
main electron acceptors in marine sediments (e.g., Jorgensen and Kasten,
2006; Bowles et al., 2014), the intermediate electron acceptors, such as
Fe(Il) oxyhydroxides, can also have a significant role in sediment OM re-
mineralization due to their high abundance and repetitive redox cycling
(e.g., Canfield et al., 1993; Slomp et al., 1997; Haese, 2006; Wunder
et al., 2021; Peiffer et al., 2021). For sands that experience frequent varia-
tion of redox conditions in an expanded zone (Ahmerkamp et al., 2017),
the contribution of Fe(Ill) oxyhydroxides to OM remineralization, as well
as its role in phosphorus cycling may be of particular importance.

As electron acceptor for OM remineralization, Fe(III) oxyhydroxides are
reduced and either released as dissolved Fe?* into the porewater or
trapped in the solid-phase as Fe(II) (in the following we use the two expres-
sions to discriminate between reduced iron in dissolved and solid phase).
Under porewater advection, Fe?* can be transported away from the Fe-
reduction zone much faster than in cohesive sediments where molecular
diffusion is limiting the mass transport. Part of the dissolved Fe?* may be
advected towards the oxic sediment surface where it is oxidized and precip-
itates as Fe(III) oxyhydroxide, as shown in flume experiments under stable
flow conditions (Huettel et al., 1998). Another fraction of Fe?™ may be
advected to deeper sulfidic parts of the sediment, where it would form
solid iron sulfides (FeS, FeS,, etc.). The advective transport of dissolved
Fe? ™" and the accumulation of Fe in oxic or sulfidic sediments would rapidly
deplete less crystallized, easily reducible Fe(IIl) in the iron reduction zone.
Alternatively, Fe(III) oxyhydroxides can be transformed into secondary Fe
(I)-bearing minerals (e.g. FeCOs3, FeS,), which have a distinct potential
for re-oxidation (e.g., Canfield, 1989; Kappler et al., 2021). In this case,
no reallocation of Fe is involved because there is no change from solid to
dissolved phase. Thus, the occurrence of reduced Fe, either as mineral or
dissolved ion, strongly affects the repetitive use of Fe as electron acceptor
under variable flow and redox conditions. To better evaluate the contribu-
tion of Fe to OM remineralization in coastal sands, a closer look into the dis-
tribution of reduced Fe and its potential to re-oxidation during redox
transitions is needed.

In addition to OM remineralization, Fe redox cycling also plays a crucial
role in P retention and recycling during redox transitions both over depth in
the sediment and over time (e.g., Slomp etal., 1996; Reed et al., 2011; Marz
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et al., 2018; Anschutz et al., 2019). Under anoxic conditions, the sedimen-
tary P retention potential will be diminished, mainly due to the reductive
dissolution of Fe(III) oxides, thus leading to the releases of P and Fe?™
into the porewater (e.g., Krom and Berner, 1981; Rozan et al., 2002;
Kiister-Heins et al., 2010; Zhao et al., 2019). Authigenic Fe—P mineral for-
mation (e.g. vivianite) and P adsorption onto secondary minerals can retain
part of the liberated P (Kraal et al., 2015; Egger et al., 2015; Marz et al.,
2018). The released P can also be retained by the “Fe curtain” in the oxic
layer, where P can be adsorbed or coprecipitated with newly formed Fe ox-
ides, thus preventing excessive P escape into the overlying seawater
(Chambers and Odum, 1990; Slomp et al., 1996; Rozan et al., 2002; Gao
et al., 2020). In sands, the dynamic porewater flow leaves less time for
the adsorption of dissolved P compared to the diffusive transport in cohe-
sive sediments. Coprecipitation during Fe?* oxidation is therefore
regarded as the main mechanism to immobilize P in permeable sediments
(Kazmierczak et al., 2020). The Fe2* /P ratio in porewater becomes there-
fore very critical to determine the net P flux from sands. However, detailed
understanding and quantification of Fe?>* and P release from coastal sands
during the transition into reducing conditions are still missing.

Considering the high permeability of sands and the dominant role of ad-
vective flow, it is not appropriate to use bottle incubation experiments to
quantify the biogeochemical processes mentioned above. For permeable
sediments, flow-through-reactors (FTRs) have been used extensively to de-
termine reaction rates under advective flow conditions as previously de-
scribed by e.g. Rao et al. (2007), Santos et al. (2012) and Ahmerkamp
et al. (2020). In this study, we incubated natural North Sea sands in FTRs
under recirculating advective flow to simulate the redox transition from
oxic to reducing conditions. The biogeochemical processes related to OM
remineralization, Fe and P cycling were closely investigated and quantified.
Specifically, we tracked the concentrations of dissolved inorganic carbon
(DIC), dissolved O,, pH, NO3', NO; , NHJ, P, Fe?*, Mn?*, SO3 ™, and the
sum of sulfide species in the circulating porewater over time. The change
of element contents in the solid phase was determined using sequential Fe
and P extractions and visual microscopic inspection before and after the ex-
periment. To simulate the re-oxidation processes during redox variations,
the anoxically incubated sands and porewater were re-oxygenated and
the changes in the solid labile Fe and dissolved Fe**, P, Mn®", and Si
were tracked. The aim of this study was to improve our mechanistic under-
standing of Fe—P interactions and related fluxes in the highly relevant, but
so far understudied sandy sediments.

2. Materials and methods
2.1. Sediment sampling and experimental setup

Sampling was conducted around a subtidal location (55.03° N, 8.46° E,
7-15 m depth) off the island of Sylt, Germany, in August 2020. A Van Veen
grab was used to recover sediments, whereby we only collected the upper
1-2 cm of sands with yellowish color. From previous in situ O, penetration
measurements (e.g. Ahmerkamp et al., 2017), we know that this layer of
sediments is mostly oxic with occasional anoxia, thus most likely suscepti-
ble to redox oscillations. The collected sands were stored in the dark and
covered with seawater until further processing in the AWI laboratories of
Sylt on the same day. Natural seawater was also collected at the sampling
area and used in this study after filtration over a 0.45 pm filter.

Sands collected from three sites were named based on their average
grain size as “fine sand” (186 pm), “medium sand_1” (278 pm) and “me-
dium sand_2” (312 pm) (Table S1). The average grain size of investigated
sands encompassed the most abundant types of fine to medium sands
(approx. 50 % of the global sand areas). Sands were first sieved with a
mesh size of 1 mm to remove large shells and other debris. Afterward, the
sands were filled into flow-through reactors (FTRs) as described by
Ahmerkamp et al. (2020). Each FTR has an inner diameter of 9 cm and a
filled core length of 18 cm, which equals 1145 cm® or about 2289 g of
dry sand (sediment density ~ 2 g/mL), and about 430 ml porewater (the
porosities of three sands were close to 0.4). A plankton net (80 pm mesh)
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was placed into the inlet and outlet lid to prevent sediment discharge into
the tubing. Tubing with low gas permeability (Fluran™ HCA F-5500-A)
was used in this study to limit O, diffusion into the porewater. The
porewater flow was maintained using a peristaltic pump (ISMATEC
REGLO). Further, O,-optode flow-through cells (OXFTC connected to a 4-
channel Firesting O, meter, Pyroscience) were mounted in the inflow and
outflow tubing to measure the changes in the O, concentration at the begin-
ning of the experiment and to monitor potential O, intrusion during the an-
oxic phase.

The FTR incubations were conducted in a dark temperature-controlled
room at in-situ temperature of 20 °C (Fig. S1). FTRs filled with sands
were first continuously run with air-saturated seawater at a rate of 7 + 1
mL/min over one day (about 23.4 times of the volume of porewater in
FTR per day) until the difference between O, concentrations at the inlet
and the outlet was constant, indicating a steady uptake of O, for aerobic
OM remineralization. Afterwards, the outflow and inflow tubings were con-
nected to an air-tight water reservoir to initiate and sustain recirculating
flow. The retention time of water in the cores was 1.0 = 0.2 h. The water
reservoir was initially full of air-saturated seawater (610 mL) and was con-
tinuously mixed by magnetic stirring. To characterize the changes in the
aqueous phase over time, an 8 ml sample from the outflow was collected
at each time point. The sampling was conducted while flushing N, into
the emerging gas phase of the reservoir. Hence, the sample volume was re-
placed by N, in the reservoir. First samples were taken after O, at the outlet
was nearly depleted (<1.5 M) to avoid artificial changes in O, concentra-
tion due to gas-liquid re-equilibration. The sampled solution was divided
into different aliquots that were used for immediate analyses and preserved
for analysis in the AWI laboratories in Bremerhaven (Germany), respec-
tively. The dilution effect due to the water reservoir and the aqueous vol-
ume change due to sampling were considered in all of our calculations.
Specifically, the quantity of released species (e.g. Fe*>*, DIC, NH; ) was cal-
culated by multiplying the measured concentration with the current aque-
ous volume (after deduction of sampled volume).

In this study, we present the results of a short-term (5 days) and a long-
term (34 days) incubation under recirculation mode. For the short-term in-
cubation experiment, we used all three types of sands described above and
started the FTR experiments on the day of sediment collection. For the 34
days incubation experiment, we transported the fine sand to the AWI labo-
ratories in Bremerhaven (Germany). To keep the fine sand oxic and close to
in situ conditions, it was stored in the dark, with seawater covering and
manual mixing from time to time, and used within five days after collection.
The fine sands were collected at the same location as the fine sand used in
the short-term incubation, but in different batches. Triplicate FTRs filled
with fine sand were used for long-term incubation. To characterize the
changes in the solid phase, the FTR sediment columns were successively
sacrificed after 5, 13, 22, and 34 days in a glovebag filled with N5. To sim-
ulate the reoxygenation, the water reservoir and the incubated sands were
re-exposed to air after different periods of the anoxic incubation.

2.2. Porewater analysis

The dissolved oxygen in the in-flow and out-flow was continuously
measured with O,-optode flow-through cells, and calibrated with 0 % and
100 % air-saturated seawater. Dissolved Fe*>* was analyzed on-site by di-
rectly sampling 1 ml porewater from the outflow into cuvettes pre-filled
with 50 pl ferrozine solution, and measured photometrically at 565 nm
(Stookey, 1970). The porewater pH was measured immediately in a sepa-
rate vial with a calibrated portable pH meter. Dissolved inorganic carbon
(DIC) samples were stored at 4 °C after poisoning with HgCl,. Nutrient sam-
ples (NO;5', NO3 , NH; , and PO3 ) were immediately preserved at — 20 °C.
DIC and nutrient samples were measured with QuAAtro four-channel flow
injection Analyzer (Seal Analytical) and respective standard QuAAtro
methods (e.g. Q-067-05, Q-084-07). Samples for inductively coupled
plasma optical emission spectrometry (ICP-OES, iCAP7000, Thermo Ele-
mental) were acidified with double distilled HCI and stored at 4 °C until
measurement. Dissolved P, Si, Mn, and Fe were measured using Yttrium
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as an internal standard to correct for different ionic strengths of samples.
Please note that P measured with ICP-OES was consistent with PO3~ mea-
surements by the QuAAtro, and we only use the ICP-OES results in this man-
uscript. Sulfide (ZH,S = HoS + HS™ + $27) samples were stabilized with
zinc acetate and measured using the methylene blue method (Cline, 1969),
but there was no detectable free sulfide in all porewater samples. SOZ ~ and
Cl™ (1:50 dilution with ultra-pure water) were analyzed by ion chromatog-
raphy (Metrohm, Compact IC Flex 930). We used the C1~ concentrations
(no significant change expected during incubation) to correct for any vari-
ations of SO7~ due to sampling, treatment, or measurement and calculated
the SO3™ net consumption using Eq. (1) (Weston et al., 2006):

(80427 ) 40, = [(C1” ag)/ (Rew)] —S0:2 " oq @

ep
where Cl™ ,q and SO42_aq are the measured C1~ and SOZ~ concentrations
in the outflow, and R,, is the molar ratio of CI~ and SO~ of 19.99 mea-
sured in the initial seawater used in this study.

2.3. Solid-phase analyses

To determine the grain size distribution, sediments were analyzed with
alaser diffraction particle size analyzer (Beckman Coulter, LS 200). Further,
sediments were freeze-dried and ground before the measurement of total
organic carbon (TOC) with a CNS analyzer (Elementar Vario EL III). To
quantify the abundance of labile Fe fractions, as well as their redox state,
in the collected sands, we extracted them at the beginning of experiments
with 0.5 M HCl in the dark for 1 day (Voelz et al., 2019). After the anoxic
incubation, the FTR sediment columns were successively sacrificed at dif-
ferent time points, and solid samples from 5 layers between top and bottom
were taken in an anoxic glovebag. Each of those 5 samples was subject to
the same 0.5 M HCI extraction. Some additional incubated samples were
re-oxygenated by exposure to air over 5 days, and subjected to the same
0.5 M HCl extraction afterwards. A further extraction step with 6 M HCl
at 60 °C over 1 day was only applied to the five samples after 34 day incu-
bation. More crystalline Fe(III) oxyhydroxides, such as goethite and hema-
tite, were expected to be extracted (Voelz et al., 2019). The extraction
solutions were filtered through a 0.22 pm polyethersulfone membrane filter
and measured with an updated ferrozine method to get Fe(Il) and the total
extracted Fe in samples with low pH (Viollier et al., 2000). Extracted Fe(III)
was calculated by subtracting Fe(Il) from the total extracted Fe. The poten-
tial effects of FeS, on solid Fe(II) measurements are discussed in the Supple-
mentary Materials. ICP-OES was also applied to measure elements such as
Fe, Mn, P, and Si in the extracted solutions. A sequential P extraction was
conducted based on Ruttenberg (1992). About 300 mg of sediment was
used for the extraction. An in-house reference material (MMO91) and extrac-
tion blanks were included for quality control. The initial fine sand and those
incubated for 13 and 34 days were visually characterized using a stereomi-
croscope. °Fe Mossbauer spectroscopy was performed on those samples as
well, but was not successful due to the low Fe content and comparably large
grain sizes.

3. Results
3.1. Short-term incubation of fine to medium sands

The three sediments used in this study were classified as sand (=98 %),
with average grain sizes in fine sand, medium sand_1, and medium sand_2
ranging from 186 pm to 278 pm and 312 pm, respectively (Table S1). By
continuously pumping air-saturated seawater (250 = 1 pM O,) through
these sands over 1 day, the O, concentration in the outflow was stabilized
at 133 = 1 pM in fine sand, 159 = 1 pM in medium sand_1, and 175 *
1 uM in medium sand_2, indicating that a steady consumption of O, was
reached. The setup was then altered to recirculate the porewater in a closed
system (Fig. S1). The dissolved O, was depleted over 5 h in fine sand, 11 h
in medium sand_1, and 16 h in medium sand_2 (Fig. 1.a). To allow the com-
parison between changes in porewater and solid phase, we normalized all
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Fig. 1. The concentrations of (a) O, (b) NH, (c) DIC, (d) Mn?2", (e) Fe2*, and (f) P in the outflow of FTRs filled with different sands over 5 days incubation under

recirculation mode.

concentrations to per liter of bulk (wet) sands. Oxygen consumption rates
per liter sand during incubation under recirculation mode were 58.0
pumol/h in fine sand, 31.5 pmol/h in medium sand_1, and 23.8 pmol/h in
medium sand_2. After depletion, dissolved O, in all FTRs remained under
the sensor's detection limit (0.3 pM) over the following days, showing
that the systems were well maintained under anoxic conditions.

NO; was rapidly depleted in the fine sand within 9.5 h, whereas it
took 16 h in medium sand_1 and 22 h in medium sand_2 (data not
shown). NH; in the fine sand increased linearly, with 0.34 ymol/h pro-
duced per liter sand, much faster compared to 0.11 pmol/h in medium
sand_1 and 0.065 pmol/h in medium sand_2 (Fig. 1.b). As another indi-
cator for OM remineralization, DIC concentrations in fine sand rapidly
increased in the first two days, followed by a slower and steady increase.
The trend of increasing DIC concentrations was less pronounced in the
two medium sands (Fig. 1.c).

The release of Mn from the fine sand occurred earlier and at a higher
rate than from the two medium sand columns (Fig. 1.d). In contrast, the
start of Fe? " release was later in the fine sand (~4.5 days) where more la-
bile Fe was extracted by 0.5 M HCl (Table 1). After 5 days of anoxic incuba-
tion, the amount of Fe> " released into the circulating porewater was very
limited (<6 pM) in all sands (Fig. 1.e). However, in the solid phase, 3.8
and 2.8 mmol Fe(II) per liter sand were extracted from fine sand and me-
dium sands with 0.5 M HCl at this time point (Table 1), showing that exten-
sive net Fe reduction occurred before Fe>* was measured in the circulating
porewater, and most of the reduced Fe remained in the solid.

Based on the sequential P extraction, Fe-bound P (extracted with citrate-
dithionite-bicarbonate) accounted for 33-53 % of the total P in the initial
sands (Table 1), showing the importance of the Fe sink for P immobiliza-
tion/storage under oxic conditions. During the incubation under the recir-
culation mode, dissolved P in the porewater steadily increased over time
(Fig. 1.f). The ratio of released NH /P after 5 days was 9.3 in fine sand,
1.9 in medium sand_1, and 0.97 in medium sand_2, respectively. These
values are all lower than the Redfield ratio (16:1).

3.2. Long-term incubation of fine sand

Fine sand was first incubated with a constant air-saturated seawater
flow (250 + 1 uM Os), and the O, concentration in the outflow reached
a constant value of 92 + 10 pM overnight, slightly lower than we observed
in short-term incubation experiments. Based on the O, consumption mea-
sured here, we estimated the rate of aerobic OM remineralization in fine
sand to be about 1.07 mmol C (L sediment) ~* d ~'. After switching into re-
circulation mode, the dissolved O, was depleted after 4 h and the sands
were incubated at anoxic conditions over 34 days (Fig. 2.a). NO3 was
also rapidly depleted within 9 h (i.e. between first and second sampling
point), while NH; accumulated due to the anaerobic decomposition of
OM (Fig. 2.b). It is interesting to note that NO, emerged at 5 days and
steadily increased to 2.2 uM.

After the depletion of O, and NO3 ', the Mn concentration increased and
reached the plateau value of 304 + 18 pM at 11 days (Fig. 2.c.). Before Mn
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Table 1
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Results of solid-phase extractions and characterization of sands with different incubation times.

Sands Time 0.5 M HCI extraction® 6 M HCl extraction TOC P sequential extraction
@ pmol Fe(Il) /g mmol Fe(Il) /  pmol Fe/g Fe(ID) (umol Fe/g sand) % weight mmol OC /L Prepound” Pt Prebound /
sand L sediment sand /Feyor sediment (pmol/g sand)  (umol/gsand) Py
Fine 0 <DL <DL 13.20 0 - 0.057 = 0.004 73.53 £5.16 0.77 2.32 0.33
5 2.47 = 0.12 3.82 = 0.19 1323 £ 1.48 019 - 0.059 + 0.003 76.11 + 3.87 0.70 1.82 0.39
medium_1 0 <DL <DL 8.13 0 - 0.049 + 0.003 63.21 + 3.87 0.60 1.25 0.48
5 1.79 = 0.16 2.77 = 0.25 888 + 1.0 0.20 - 0.044 = 0.001 56.76 +1.29 0.62 1.65 0.38
medium 2 0 <DL <DL 8.11 0 - 0.047 = 0.007 60.63 +9.03 0.91 1.72 0.53
5 1.81 = 0.15 2.80 = 0.23 871 = 0.38 021 - 0.047 += 0.003 60.63 + 3.87 0.97 2.36 0.41
Fine? 0 <DL <DL 1194 £ 0.36 O 19.34 + 1.86 0.062 = 0.005 79.97 =645 0.76 211 0.36
13 4.10 = 1.07 6.33 = 1.65 11.92 + 0.86 0.40 18.70 = 0.54 0.058 = 0.001 74.82 +1.29 - - -
22 4.79 + 0.61 7.40 = 0.94 11.66 + 0.50 0.41 18.87 = 0.73 0.054 + 0.001 69.66 + 1.29 - - -
34 5.68 = 0.59 8.77 = 0.91 11.08 = 0.48 0.52  15.01 = 1.55 0.049 += 0.002 63.21 + 2.58 0.70 1.79 0.39

# Five samples from each sacrificed (incubated) reactor were measured and reported as average + standard deviation; <DL means below detection limit of ferrozine

method for Fe?" concentration (0.3 pM).
b Extraction with citrate-dithionite-bicarbonate.
¢ Total P extracted using the method present by Ruttenberg, 1992.

4 Sands were collected from the same location as fine sands mentioned above, but in different batches and incubated in different laboratories.

reached the plateau, Fe®>* release started and linearly increased to 410 +
57 pM at day 20 and stabilized thereafter. It was at the same time point
when a steady trend of net sulfate consumption was established (Fig. 2.e).
Sulfide was not detected in any of the samples taken throughout the anoxic
incubation. A continuous release of P and Si was observed during the anoxic
incubation (Fig. 2.d).

Based on the 0.5 M HCI extraction of the solid phase, we found that most
of the reduced Fe(Il) remained in the solid phase, and the amount of solid Fe
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(ID) kept increasing over the incubation even after no further aqueous Fe**
increase was observed (Table 1, Fig. 3). The color change of sand over the an-
oxic incubation was recorded under a stereomicroscope (Fig. S2). The yellow-
ish coatings in the initial sand were diminished over the time of the
incubation, whereas some blackish coatings were formed between day 22
and day 34, coinciding with the increase of net SO3~ consumption.

To evaluate the rate of OM remineralization, we also monitored DIC
over the 34 days of anoxic incubation. We observed a steady increase in
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Fig. 2. The concentrations of various parameters in the outflow of the FTRs filled with fine sand over 34 days incubation under recirculation mode. (a) Dissolved O, with an
inset figure of the first 0.2 day; (b) NO3 , NO; , and NH;; (¢) Mn2* and Fe? *; (d) P and Si; (e) SO2 ™ net consumption (f) DIC and pH;. Data points represent the mean value in
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Fig. 3. The distribution of reduced Fe over 34 days incubation under recirculation
mode. To make it comparable between solid and aqueous phases, we used the
unit of mmol Fe / L sediment here. Please note that the solid-phase Fe(II) data at
day 5 was based on the results of short-term incubation.

DIC accompanied by a decrease in pH (Fig. 2.f). Based on the DIC increase
and the changes of main electron acceptors, we estimated the average rate
of anaerobic OM remineralization as 0.09 + 0.03 mmolC- (L sediment) ~*
d~ . By cross-plotting the amount of DIC and NH; released over time,
we found a general fit with the Redfield ratio of C/N (6.6) (Fig. 4.a). The
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TOC content in the fine sands gradually decreased over the anoxic incuba-
tion (Table 1). Due to the low TOC contents in the sands (0.047-0.062 %
weight) and the limitation of measurement precision, we only used the
TOC data for qualitative analysis.

As depicted in Fig. 4.b, the release of P started earlier than that of Fe**.
With increasing Fe? ", there was a linear correlation between porewater P
and Fe?* with a ratio of 0.26. When net sulfate consumption rapidly in-
creased after 22 days, there was no further significant Fe®* release, while
P release continued (Figs. 2 and 4.b). The P/NH; ratio increased signifi-
cantly after the release of Fe?+ (Fig. 4.c); it resulted to be much higher
than the Redfield ratio of P/N (1:16). When focusing at the beginning of
the anoxic incubation (Fig. 4.d), the ratio of P/ NH; was also high in the
first 2.3 days, followed by a period (2.3 to 6.3 days) in which the ratio
was close to the Redfield ratio.

We further evaluated the contributions of the different electron accep-
tors for OM mineralization over the incubation under recirculation mode.
Based on the observed changes of the main electron acceptors, there was
about 1.8 times more organic carbon oxidized than reflected in the released
DIC (Fig. 5). Fe(Ill) oxyhydroxides represented the main electron acceptors
over 22 days of the anoxic incubation, and most of their contribution was
related to changes in the solid phase (Fig. 5). The contribution of SO~ rap-
idly increased between day 22 and 34. Please note that FeS formed during
SO3~ reduction might also be extracted by 0.5 M HCI. But at least in the
first 22 days of incubation, the respective amount of FeS (estimated based
on the net SO~ consumption) and the potential error it may cause in
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Fig. 4. Cross-plot of the progressive increases (in mmol/ L sediment) of (a) DIC / NHJ, (b) P / Fe?*, () P/ NHJ , and (d) P / NH; within the no aqueous Fe>* period. The

dashed lines shown in (a), (b), and (c) represent the Redfield ratio of C/N and P/N.
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0.5 M HCl extraction (excessive Fe(IIl) reduction by released sulfide) is <5
% of the measured Fe(I) (for details see Supplementary Material).

3.3. Re-oxidation of porewater and sands

To simulate redox oscillation as typically occurring in permeable sur-
face sediments, we re-oxygenated the water in the reservoir and the sands
after the anoxic incubation. As O, concentrations increased in the water,
we first observed the formation of white flocs in the solution before any
Fe?™" oxidation was detected (Fig. S3). At O, concentrations of ~78 uM,
Fe®* was no longer detected in the reservoir, and all Fe>" was oxidized
and precipitated. At the same time, we measured that >99 % of dissolved
P was removed, while 85 % of Si and 94 % of Mn remained in the aqueous
phase (Fig. 6). Please note that 96 % of Al, 86 % of As, and 42 % of Ba were
also removed from the solution during re-oxidation (data not shown). Solid
Fe(II) (extracted with 0.5 M HCI) was absent in the incubated sands after 5
days of re-oxidation.
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Fig. 6. The dissolved Fe, P, Mn, and Si in the circulated porewater (after 34 days of
anoxic incubation) before and after reoxygenation.
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4. Discussion
4.1. Rates of organic matter remineralization in sands

The rates of OM remineralization, as indicated by O, consumption dur-
ing oxic conditions and the production of DIC and NH, during anoxic con-
ditions, were both higher in the sand with smaller mean grain size (Fig. 1).
In fine sand, the TOC content was higher than in the medium sands
(Table 1), and the absolute amount of labile OM is expected to be also
higher (Keil et al., 1994). In addition, we identified a higher abundance
of labile Fe and Mn oxides in finer sands that could serve as electron accep-
tors for anaerobic OM remineralization (Table 1, Fig. 1.d). Furthermore,
fine sands are known to offer a larger surface area available for microbial
colonization compared to medium-sized sands, resulting in increased cell
numbers and respiration rates per volume (Ahmerkamp et al., 2020). All
of these factors are likely to have contributed to the observed higher rates
of microbial OM remineralization in the FTR column filled with fine sand.

Based on the O, consumption during pumping air-saturated seawater
through fine sand, we determined an aerobic OM remineralization rate of
1.07 = 0.12 mmol C (L sediment) ~'-d ~!. This was about 12 times faster
than the anaerobic OM remineralization (0.09 + 0.03 mmol-C (L
sediment) ~-d ~ 1) estimated based on 34 days of anoxic incubation. Our re-
sults are similar to a previous study of fine sands (from False Bay, US), using
a thin-layer incubation technique (Kristensen et al., 1995), in which the au-
thors reported that aerobic OM remineralization was ~10 times faster than
under anoxic conditions. Higher rate of OM remineralization under oxic
conditions compared to anoxic conditions is well known (e.g. Canfield
et al., 1993; Aller, 1994; Jorgensen, 2006), and the importance of aerobic
OM turnover in coastal sands is more significant than in coastal cohesive
sediments (Werner et al., 2006; Huettel et al., 2014). The extent of the
oxic zone in coastal cohesive sediments is in the range of a few hundred mi-
crometers to millimeters (Jorgensen, 2006) and can be temporally ex-
panded through bioturbation and bioirrigation (Aller, 1994). The oxygen
penetration depth in permeable sands is in the range of millimeters to cen-
timeters, favoring aerobic OM remineralization in a broader zone (Precht
etal., 2004; Ahmerkamp et al., 2017). The high efficiency of aerobic OM re-
mineralization in the expanded oxic zone accelerates the overall OM remin-
eralization rate and reduces OM burial efficiency in sands (de Beer et al.,
2005; Rusch et al., 2006), which is consistent with the observed low TOC
contents in the sands used in our experiments (Table 1). The study area
was estimated to have high OM input from primary productivity (~309
g:Cm~ 2y~ 1) and terrestrial sources (~110 g:C'm ™%y~ 1), and 10-20 %
of the remineralization may occur in the sediments (van Beusekom et al.,
1999). Coastal sands therefore can function as efficient sites for OM degra-
dation and CO, emission, and play a crucial role in carbon cycling in the
coastal ocean.

4.2. Iron as electron acceptor in sands

The significant role of microbial Fe(III) reduction in OM degradation
has been suggested by many researchers (e.g., Canfield et al., 1993; Van
Cappellen and Wang, 1996; Wunder et al., 2021; Baloza et al., 2022).
Here we focused on the less crystallized, easily reducible Fe(IIl) (extracted
with 0.5 M HCl) and explored its role as electron acceptor under advective
flow in coastal sands characterized by variable redox conditions.

In the initial fine sand, the fraction of 0.5 M HCI extractable Fe(III)
makes up 38 % of the total amount of extractable Fe(Ill) oxyhydroxides
(by 0.5 M and 6 M HCl, Table 1), suggesting a low crystallinity and possibly
high bioavailability of Fe(III) oxyhydroxides. Over 34 days of incubation
under recirculation mode, Fe(III) oxyhydroxides were found to serve as
the main electron acceptors during the transition of redox conditions
(Fig. 5), and most of the reduced Fe(Il) (~96 %) was retained in the solid
phase (Fig. 3). It was shown that reduced Fe(II) can be trapped in the
solid phase either through adsorption to grain surfaces or precipitation of
authigenic Fe(Il)-bearing minerals (e.g. Fe sulfides, siderite, vivianite)
(e.g., Coleman et al., 1993; Thamdrup et al., 1994; Kasten et al., 1998;
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Riedinger et al., 2005, 2017; Gorski and Scherer, 2011; Mérz et al., 2018;
Kamran et al., 2020).

In marine sediments, the formation of authigenic Fe sulfide minerals is
generally regarded as the most important process to retain Fe(Il) in the solid
phase (e.g., Coleman et al., 1993; Thamdrup et al., 1994; Kasten et al.,
1998; Riedinger et al., 2005, 2017). Sulfide formed through sulfate reduc-
tion can be re-oxidized to sulfate using Fe(Ill) as the terminal electron ac-
ceptor (the cryptic S cycling) (e.g. Riedinger et al., 2010; Michaud et al.,
2020), or precipitate with Fe>* to form blackish Fe sulfides resulting in
net sulfate consumption (e.g., Rickard and Luther, 2007; Riedinger et al.,
2017). Cryptic S cycling cannot be shown in this study, but the formation
of Fe sulfides is consistent with our observations between day 22 and day
34, when net sulfate consumption increased, but there was no detectable
sulfide and no further Fe?" release in the porewater (Fig. 2.c). At the
same time, Fe(Il) in the solid phase increased (Table 1), coincident with
the formation of blackish precipitates (e.g. mackinawite) (Fig. S2). We
note that the net sulfate consumption caused by the formation of authigenic
Fe sulfide minerals can lead to an overestimate of the contribution of Fe re-
duction to the OM remineralization. This may also partially explain the ob-
served imbalance between DIC and electron acceptors (Fig. 5).

The net sulfate consumption, however, was only about 0.17 mmol / L
sediment before day 22 (Fig. 2.e), suggesting that the formation of Fe sul-
fides is not the main mechanism to retain Fe(Il) in the solid phase
(~7.4 mmol / L sediment) during the first 22 days of the anoxic incubation.
Therefore, we speculate that microbial Fe(IIl) reduction and promoted car-
bonate precipitation (e.g. siderite) contribute to retaining Fe(II) in the solid
phase during the early period of anoxic incubation, and delay the release of
Fe>* into porewater. Previous studies showed that microenvironments
could be formed around the surface of microbes, with modified local pH,
ion concentrations/activities, and crystal nucleation sites, promoting min-
eral precipitates even without an oversaturation of ions in the bulk
porewater (Coleman et al., 1993; Zeng and Tice, 2014; Hoffmann et al.,
2021). The promoted Fe carbonate precipitation (e.g. siderite) is consistent
with our observation of the imbalance between DIC and estimated OM ox-
idation based on electron acceptor consumptions (Fig. 5). As part of carbon-
ate produced from OM remineralization was precipitated with Fe(II), the
release of DIC and Fe>* were both impeded. This speculation may look con-
tradictory to the ratio of DIC/NH, in the porewater, which is close to the
Redfield ratio (Fig. 4.a). However, it should be noted that the C/N ratio
of OM in surface sandy sediments can be much higher than the Redfield
ratio, amongst others the abundance of carbohydrate was reported nearly
10 times than that of amino acids (Fabiano et al., 1995). We also calculated
the saturation state of the porewater with respect to vivianite and siderite at
day 22, showing that the direct precipitation of these Fe(II)-bearing min-
erals from porewater could contribute to retaining Fe(Il) in the solid phase.

Our observation of impeded Fe** release as a consequence of the for-
mation of authigenic Fe(Il)-bearing minerals (e.g. Fe sulfides, siderite) im-
plies that the labile Fe phase in sands has limited mobility under in situ
conditions. Most of the reduced Fe is stationary and won't be flushed
away via porewater advection, which otherwise would diminish the labile
Fe in the zone with frequent redox oscillation. In addition, our results show
that the authigenic Fe(II) minerals in the solid phase were rapidly re-
oxidized, making Fe available again as electron acceptor. Based on these re-
sults, we suggest that the cycling of Fe(III)/Fe(Il) in the solid phase of sands
functions as an immobile and rechargeable “redox battery”, which can be
repetitively used for OM remineralization under frequent redox oscillation.

This Fe “redox battery” has broader implications for coastal sands than
for cohesive sediments. In contrast to cohesive sediments where diffusion-
dominated diagenesis often produces layered and mostly horizontally ar-
ranged redox zones (e.g. Canfield et al., 1993; Kasten et al., 1998; Henkel
et al., 2018), sands have a more complex three-dimensional geochemical
zonation generated by variable advective porewater flow, and experience
much more frequent redox oscillation in an expanded zone (Huettel et al.,
1998; Precht et al., 2004). Therefore, the Fe “redox battery” can be used
more frequently and in a wider zone in sands compared to cohesive sedi-
ments, where redox oscillations in surface sediments are mainly caused
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by occasional bioturbation and bioirrigation (e.g. Haese, 2006; Van De
Velde and Meysman, 2016). With the dynamic advective flow as well as
the faunal activities, the occasional O, flux into sands oxidizes Fe(II) in
the solid phase, at the same time reducing the direct contribution of O,
for OM remineralization. The authigenic Fe(III) oxyhydroxides produced
by re-oxidation in turn have increased importance for the decomposition
of OM in the following anoxic phase. These effects and contributions of
the Fe “redox battery” are not apparent in porewater profiles and its dy-
namic is easily overlooked in solid phase profiles. We highlight the impor-
tance of the Fe “redox battery” when interpreting field data or setting up
biogeochemical models, especially for permeable sediments.

4.3. The impact of iron on phosphorus cycling

Fe(III) oxyhydroxides were shown to function as an important sink for P
under oxic conditions and can turn into a source of P under anoxic condi-
tions, thus playing a significant role in the benthic cycling of P
(e.g., Slomp et al., 1996; Filippelli and Delaney, 1996; Dellwig et al.,
2010; Kiister-Heins et al., 2010). In our study, we found that >30 % of
the total P in the original coastal sands was bound to Fe (Table 1). During
the anoxic incubation, a continuous release of P was observed. The higher
ratio of released P/NH; compared to the Redfield ratio (1:16) suggested
the release of P in excess of OM remineralization. This excessive P release
was observed even before the extensive net Fe?' release (Fig. 1b+f,
Fig. 4b+c). It supports our finding that authigenic Fe(II) minerals that
have less affinity to P start to precipitate during the early phase of the an-
oxic incubation. During further reducing conditions, the central role of
organoclastic Fe reduction in the excessive P release was clearly shown
by the linear correlation of released P/Fe®" between day 4 and day 22
(Fig. 4d), followed by P release most likely driven by sulfide-induced Fe
(IID) reduction (e.g. Mérz et al., 2008; Wu et al., 2019; Zhao et al., 2019).

Detailed insights into the interplay of Fe mineralogy and P distribution
during Fe(III) reduction were given by previous studies (e.g. Roden and
Edmonds, 1997; Kiister-Heins et al., 2010; Kraal et al., 2015; Méarz et al.,
2018). Generally, microbial reduction and transformation of Fe(III)
oxyhydroxides reduces the surface area available for phosphorus adsorp-
tion and causes the release of P and Fe?* (e.g. Jensen et al., 1995; Kiister-
Heins et al., 2010). However, some secondary Fe(II)-bearing minerals
(e.g. siderite, magnetite, green rust) that form under anoxic but non-
sulfidic conditions can still absorb P, thus impeding the release of Fe**
and P (Roden and Edmonds, 1997; Kraal et al., 2015). In addition, high con-
centrations of Fe?* and PO3~ may induce the formation of authigenic Fe
(II) phosphates (e.g. vivianite) (Dellwig et al., 2010; Marz et al., 2018),
which could also happen in our long-term anoxic incubation (over satura-
tion for vivianite precipitation). These mechanisms alleviated P release
and retained a big fraction of Fe(Ill)-bound P in the solid phase under an-
oxic conditions. However, we note that if the anoxic incubation lasts even
longer and the FTR columns are transferred into more sulfidic conditions,
FeS, minerals that have minimal affinity for P will replace the reactive Fe
mineral pool, and induce the further release of P into the porewater
(Mérz et al., 2008; Reed et al., 2011; Pan et al., 2019).

Our study also shows the important role of Fe in benthic P cycling dur-
ing the transition from anoxic to oxic conditions. As more Fe(III)-bound P
was released with longer anoxic incubation, more Fe?* was also accumu-
lated in porewater. After re-oxygenating the porewater in the reservoir in-
cubated for 34 days, nearly all released P (>99 %) was retained, mainly
via Fe?* re-oxidation and coprecipitation (“Fe curtain”) (Fig. 6). Due to ad-
vective porewater flow and decreased adsorption time for P flux in the oxic
layer, the “Fe curtain” becomes a major barrier to net P efflux in sands (e.g.
Rozan et al., 2002; Smith et al., 2011; Kazmierczak et al., 2020). The net
Fe?* release under anoxic conditions, however, can be delayed with authi-
genic Fe(I) mineral formation that traps reduced Fe in the solid phase. Al-
though a limited amount of P (~0.013 mmol/L sediments) was liberated
before Fe** release (Fig. 4.d), it is still higher than P left in the aqueous
phase (~0.001 mmol/L sediments) after reoxygenation of FTR columns in-
cubated over 34 days. Therefore, we hypothesize that the particular
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geochemical conditions as found in the early stage of transition into anoxic
conditions, allow for P to escape the “Fe curtain” as long as Fe" is not yet
released into the porewater. Thus, the frequency of redox oscillation and
the duration of anoxic conditions may affect net benthic P efflux from
sands. We further hypothesize that variable redox conditions can generally
increase the mobility of Fe(Il[)-bound P, thus increasing the net benthic P
efflux from coastal surface sediments. The compromised “Fe curtain” in
permeable sediments, either due to reduced adsorption time under advec-
tive flow or impeded Fe®* release under frequent redox oscillation,
makes Fe phases less efficient to control the benthic P efflux into the
water column. Such an increase in P efflux from permeable sediments can
affect primary production in the water column, especially in regions with
severe P limitation as recently reported for the nearshore North Sea
(e.g., Burson et al., 2016).

5. Conclusions

This study focused on the role of Fe in OM remineralization and P cy-
cling in coastal permeable sediments that are characterized by advective
flow and variable redox conditions. Our results show the dominant contri-
bution of Fe(III) oxyhydroxides as electron acceptor for anaerobic OM re-
mineralization during the redox oscillations. Importantly, we found that
net Fe?* release was delayed during anoxic incubation under advective
flow, and most of the reduced Fe remained in the solid phase as easily re-
oxidizable authigenic Fe(II) minerals. Therefore, we suggest that solid-
phase Fe(Ill)/Fe(Il) can serve as an immobile and rechargeable “redox bat-

”

tery”.

Our results also demonstrate the strong correlation of Fe and P during
redox transitions in permeable sediments. Interestingly, we found that the
impeded Fe** release may facilitate P to escape from Fe?* oxidation and
co-precipitation (“Fe curtain”) under oxic conditions, thus potentially in-
creasing the net advective P efflux from permeable sediments. Therefore,
we suggest that the frequency of redox oscillation, which is affected by
tide and wave-driven hydrodynamics as well as by sediment morphody-
namics, can play an important role in benthic P cycling, and further affect
nutrient stoichiometry (e.g. N/P ratio) in the water column.

Our results qualitatively reflect the processes in the field and are realis-
tic for low-frequency redox oscillation in the order of hours to days (e.g.
caused by ripple migration). The performance of the iron “redox battery”
and P cycling under more frequent redox oscillation are still need further in-
vestigation. However, we speculate that high frequency redox oscillation
and more erratic conditions as found in situ may further increase the impor-
tance of iron in OM remineralization and P cycling.
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