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ARTICLE INFO ABSTRACT

Associate editor: Mariette Wolthers Vivianite, a ferrous phosphate mineral, can be a significant phosphorus (P) burial phase in non-sulfidic, reducing
coastal sediments. Expected sea level rise may increase sulfide production in currently non-sulfidic sediments
containing vivianite, leading to conditions under which vivianite is thermodynamically unstable. Here, we
compared the mineral transformation processes of two different vivianites: unsubstituted vivianite and a vivianite
substituted with Mn and Mg (Mn/Mg/Fe=0.30/0.14/0.56), two cations that frequently substitute for Fe in the
crystal structure of vivianite. Further, we investigated the potential role of calcium carbonate as a sorption
site for phosphate, which is released during vivianite dissolution. The vivianites were mixed with sea sand
(quartz) and with or without calcium carbonate. The mixes were filled in mesh bags and installed at 15 to 20
cm sediment depth at two adjacent field plots with contrasting dissolved sulfide concentrations in an intertidal
flat in the Wadden Sea. The low sulfide plot had sulfide concentrations <50 uM, while concentrations at the
high sulfide plot ranged from 0.6 to 6.7 mM. Porewater chemistry was regularly monitored during the field
experiment. After 56 days of field incubation, the reacted solid phase was assessed by acid digestion for total
elemental composition and Fe, P, and S speciation by X-ray absorption spectroscopy. Both vivianites with and
without calcium carbonate and at both field plots dissolved partially, resulting in a net loss of Fe, Mn, Mg, and P
from the mesh bags (elemental losses ranged from ~ 10 to 35%), while solid-phase S accumulated, particularly
at the high sulfide plot. Green rust minerals were the major transformation product at the low sulfide plot to
which some released phosphate could likely readsorb. Mackinawite formation, which dominated at the high
sulfide plot, is less efficient at adsorbing P and thus resulted in an enhanced P loss from the mesh bags. On
average, there was ~ 27% P loss at the high sulfide plot, compared to ~ 20% at the low sulfide plot. Mn-
Mg-substituted vivianite dissolved more at both field plots, likely due to changes in mineral reactivity due to
isomorphic substitution. The presence of calcium carbonate slightly lowered P loss, suggesting that its presence
may positively impact P retention during vivianite transformation. Overall, P availability was enhanced under
euxinic conditions, indicating that vivianite-containing sediments may become sources of bioavailable P under
changing environmental conditions.

1. Introduction (Froelich, 1988; Bouwman et al., 2013; Asmala et al., 2017). Thus, the
efficiency of retaining and burying P in coastal sediments plays an es-

Oversupply of phosphorus (P) in the coastal ocean is often identi- sential role in maintaining overall water quality. In P and iron (Fe)-rich,
fied as a substantial driver for coastal eutrophication (Conley et al., non-sulfidic, reducing sediments, the ferrous phosphate mineral vivian-
2009). Coastal sediments play an important role as nutrient filters by ite (Fe,(PO,),-8H,0) can be an important P burial phase (Egger et al.,
retaining and permanently removing nutrients such as P via burial 2015; Dijkstra et al., 2018; Kubeneck et al., 2021). For instance, Eg-
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ger et al. (2015) calculated that vivianite accounts for 40-50% of total
P burial below the sulfate-methane transition zone (SMTZ) in Bothnian
Sea sediments.

The P bound in the crystal lattice of vivianite is considered to be
unavailable for organisms under non-sulfidic, reducing conditions due
to the low solubility of vivianite at circumneutral pH (e.g., Heinrich
et al., 2021; Brady et al., 2022). However, vivianite is thermodynam-
ically unstable in the presence of hydrogen sulfide (denoted here as
HS~ as it is the dominant species at seawater pH, Nriagu, 1972). Due
to expected sea level rises, changes in bottom water salinity may en-
hance sulfide formation via sulfate reduction in currently non-sulfidic
coastal sediments containing vivianite (Lenstra et al., 2018; Kubeneck
et al., 2021). The switch from ferruginous to euxinic conditions could
result in vivianite dissolution and ultimately an increase in phosphate
bioavailability (Duverger et al., 2020; Bronner et al., 2023). Vivianite
sulfidation could fuel future coastal eutrophication via enhanced ben-
thic efflux of phosphate, as secondary minerals such as mackinawite
are not efficient sorption phases for phosphate (Krom and Berner, 1980,
1981).

Despite the importance of understanding the destabilization of vi-
vianite as a P burial sink for nutrient cycling, as well as potential future
nutrient fluxes, vivianite transformation processes under sulfidic con-
ditions in-situ remain unclear. However, vivianite found in some envi-
ronmental samples exhibited post-depositional changes (pitting and/or
dissolution of crystals) due to the presence of HS™ (Murphy et al,,
2001; O’Connell et al., 2015; Dijkstra et al., 2018) and subsequently
vivianite dissolution was considered as a potential cause for increas-
ing benthic P fluxes (Murphy et al., 2001). Until now, the dissolution
of vivianite upon exposure to HS™ has only been studied in labora-
tory slurry systems, which showed the complete dissolution of vivianite
in the presence of HS~ within 100 h (Dijkstra et al., 2018; Wilfert et
al., 2020). However, in natural sediments, vivianite is part of a com-
plex sediment matrix compromising other minerals and organic matter,
which likely leads to diffusion limitations and higher solid-to-solution
ratios compared to model systems. Consequently, vivianite dissolution
dynamics observed in model systems might not be transferable to nat-
ural systems, and questions remain about which secondary minerals
may form upon vivianite transformation. As seen in model studies,
we hypothesize that in a sulfidic environment, dissolution-precipitation
processes likely dominate the transformation of vivianite and result in
the formation of Fe-sulfide minerals, including mackinawite, greigite,
and pyrite (Rickard, 1969; Berner, 1981), and FeS_, which is defined as
a metastable Fe-sulfide mineral with x > 1 (Wan et al., 2017; Thiel et
al., 2019). The extent of the reaction will likely depend on the dissolved
HS~ concentration. While Fe-sulfide minerals can retain the released Fe
upon vivianite dissolution, they do not co-precipitate with or adsorb
P (Krom and Berner, 1980, 1981). Subsequently, phosphate can either
accumulate in the porewater or readsorb to other particles upon vi-
vianite dissolution. Besides Fe-minerals, P adsorbed or co-precipitated
with calcium (Ca)-minerals such calcium carbonate (CaCOs), amor-
phous calcium-phosphates and carbonate fluorapatite can be important
P burial and retention phases (Kraal et al., 2017). The transfer from
one P reservoir to another, such as from P associated with Fe miner-
als to P associated with Ca minerals during early diagenesis in natural
sediments, is known as sink-switching and plays an important role in
retaining P in sediments (Ruttenberg and Berner, 1993). Thus, we hy-
pothesize that the presence of CaCO, could lead to the (partial) reten-
tion of the released phosphate during vivianite dissolution by sorption
to CaCO, and/or amorphous calcium-phosphate formation, which over
long time periods might transform to carbonate fluorapatite (Gunnars
et al., 2004).

Authigenic vivianite in the environment frequently contains other
divalent cations, such as manganese (Mn) and magnesium (Mg), which
substitute for Fe in the crystal structure (Egger et al., 2015; Dijkstra
et al.,, 2018; Kubeneck et al., 2023). The crystal structure of vivian-
ite has two unique Fe atom positions. One-third of the Fe atoms are

174

Geochimica et Cosmochimica Acta 370 (2024) 173-187

present in isolated octahedral positions. The other Fe atoms are located
in edge-sharing, double octahedral positions with a short interatomic
Fe-Fe distance, allowing intervalence electron sharing (Mori and Ito,
1950). Isomorphic substitution of Fe by Mn or Mg occurs preferen-
tially in the double octahedral positions (Kubeneck et al., 2023), which
may thus have implications for the redox stability of vivianite. Addi-
tionally, substituting Fe by Mn and Mg results in changes in crystal
structure and morphology by, for instance, increasing crystal roughness
and decreasing crystallite size (Kubeneck et al., 2023), which may po-
tentially impact the mineral’s reactivity. [somorphic substitution of Fe
by other cations in various ferric and ferrous minerals has been linked
to changes in solubility (Alvarez et al., 2006; Liu et al., 2018), and rates
of proton-promoted, sulfidation and reductive dissolution rates (Torrent
et al., 1987; Poulton et al., 2004; Ekstrom et al., 2010). For vivianite, it
remains unknown how the substitution of Fe by Mn, Mg, or other diva-
lent cations affects in-situ sulfidation and, thus, its stability as a P burial
sink.

To investigate conditions leading to vivianite as a P source in sul-
fidic sediments, we incubated unsubstituted vivianite (Viv) and Mn-Mg-
substituted vivianite (Viv_sub) mixed with or without calcium carbon-
ate (CaCOg) and with quartz sand, imitating a natural sediment matrix,
at two field plots with contrasting aqueous HS™ concentrations in an
intertidal flat in the Wadden Sea (Northern Germany) for 56 days. The
comparison between Viv and Viv_sub provided information about how
cation substitution influences mineral reactivity and mineral transfor-
mation products. In addition, the presence or absence of CaCO, in the
mineral-sand mixes provided insights into how CaCO, alters the reten-
tion of the released phosphate upon vivianite dissolution. The incubated
mineral-sand mixes were analyzed for their total elemental composition
and speciation of Fe, P, and sulfur (S) by X-ray absorption spectroscopy
(XAS) at the end of the field experiment. Our results provide new in-
sights into the transformation of vivianite which will help to better
predict and manage future P fluxes in coastal environments prone to
eutrophication.

2. Materials and methods
2.1. Preparation of materials for the field experiment

2.1.1. Vivianite synthesis

The synthesis of the unsubstituted and substituted vivianite was
described in Kubeneck et al. (2023). Briefly, for the synthesis of the min-
erals, all solutions were prepared using analytical grade chemicals with
de-oxygenated and CO,-free ultra-pure water (UPW, Milli-Q, Millipore,
>18.2 MQ -cm). All glassware used for vivianite synthesis was acid-
washed (10% hydrochloric acid (HCl), v/v) for 24 h and then rinsed
thoroughly with UPW before use. Both vivianites were synthesized in
an anoxic chamber (MBraun, UNIlab Plus, N, atmosphere, <1 ppm v/v
0,) at room temperature by precipitation. For the unsubstituted vivian-
ite (Viv), 250 mL of 0.1 M FeSO 4~7H20 stock solution was added to
650 mL UPW. Under continuous stirring (300 rpm), 150 mL of 391 mM
Na,HPO, stock solution was added. The pH was 7.0 + 0.1 upon solu-
tion mixing and remained stable thereafter.

To synthesize the Mn-Mg-substituted vivianite (Viv_sub; final com-
position Mn/Mg/Fe=0.30/0.14/0.56) at 9 psu, 250 mL of 0.1 M
FeSO,7H,0, 100 mL of 137 mM MnC12'4H20 and 262 mL of artificial
seawater (35 psu, prepared after Kester et al., 1967) were added to 238
mL of UPW. Under continuous stirring (300 rpm), 150 mL of 391 mM
Na,HPO, stock solution was added. The Fe**, Mn** and Mg?* con-
centrations in the precipitation solution were 25.0 mM, 13.7, and 13.7
mM, respectively. Mn-Mg-substituted vivianite formation led to slightly
acidic pH conditions. The pH was readjusted to 7.0 + 0.1 within the first
5 minutes by the addition of 2 M NaOH and thereafter, pH remained
stable.

A white-grayish precipitate appeared immediately for both vivianite
syntheses and the suspensions were continuously stirred at 300 rpm for
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Table 1
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Overview of the initial mesh bags’ content for each treatment. Details on the characterization of
the sea sand and CaCO, can be found in Section S2.1.

e . Sea sand Viv Viv_sub CaCo.
Treatment Abbreviation 3
[mg] [mg] [mg] [mg]
Unsubstituted vivianite Viv 700 280
Unsubstituted vivianite with CaCO, Viv+CC 490 280 210
Mn-Mg-substituted vivianite Viv_sub 700 280
Mn-Mg-substituted vivianite with CaCO, Viv_sub+CC 490 280 210

Table 2

Elemental content in mesh bags prior to the field experiment calculated from the
composition of initial vivianites and calcite.

Treatment Ca Fe
[mmol/g] [mmol/g]
Viv 1.79
Viv+CC 2.10 1.79
Viv_sub 1.04
Viv_sub+CC 2.10 1.04

Mg Mn P
[mmol/g] [mmol/g] [mmol/g]
1.08
1.08
0.27 0.56 1.18
0.27 0.56 1.18

24 h. Both synthesis solutions were supersaturated with respect to vi-
vianite (saturation index ~ 13). The vivianite suspensions were filtered
(0.45 pum, nylon) after 24 h reaction time. The recovered vivianites (4
to 6 g) were washed with 1 L UPW and dried, homogenized with agate
mortar and pestle, and stored under dark and anoxic conditions. The
elemental composition and mineralogy of both vivianites was character-
ized by acid dissolution followed by inductively coupled plasma optical
emission spectrometry (ICP-OES, Agilent 5100) analysis, X-ray diffrac-
tion (XRD), ’Fe-Méssbauer spectroscopy, electron microscopy, and Fe
K-edge XAS (see Kubeneck et al., 2023, for detailed information).

2.1.2. Preparation of in-situ samplers

For the field experiment, four different treatments of mineral-sand
mixes were prepared (Viv, Viv+calcium carbonate (CC), Viv_sub, and
Viv_sub+CC). The composition and elemental content of the four dif-
ferent treatments are presented in Tables 1 and 2. The minerals (Viv
and Viv_sub, respectively) were mixed with sea sand (Sigma Aldrich,
extra pure, 0.1-0.315 mm grain size) to simulate a more natural sedi-
ment matrix. The sea sand mainly consisted of quartz (see Section S2.1
for further information). Prior to use, the sand was acid-washed (10%
HCl v/v) for 24 h and then rinsed thoroughly with UPW to remove
trace contamination. The sand was dried under ambient conditions at
40 °C in an oven. The mineral-sand mixes (1 g, Table 1) were filled into
polyethylene terephthalate (PETE) mesh bags (1.5 cm x 5 cm, 51 um
pore size, SEFAR, Switzerland, Fig. S6A) inside an anoxic chamber. To
minimize solid phase material loss through the mesh, mesh bags con-
sisted of three mesh layers. The mesh bags were heat sealed, and the
filled mesh bags were inserted into in-house designed 3D-printed sam-
ple holders (Clear Photopolymer Resin, Formlabs) with an opening of 5
cm matching the mesh bag dimensions (Fig. S6B). A threaded, labeled
nylon rod was screwed onto the sample holder to allow easy insertion of
the sample holder in the sediments. The insertion depth was marked on
the nylon rod to ensure that the opening window of the sample holder
was buried at a depth of 15 to 20 cm. The prepared sample holders, in-
cluding attached nylon rods, were double-sealed in air-tight Al-bags for
0,-free transportation to the field.

2.2. Field experiment

2.2.1. Sample installation

Samples were installed for 56 days (August to October 2021) at two
field plots with contrasting dissolved HS~ concentrations (see Section
S1.1 for further information). Both field plots were located in the in-
tertidal flat of Friedrichskoog (Fig. S1), Schleswig-Holstein Wadden Sea
National Park, Northern Germany. The low-sulfide plot was an inter-
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tidal flat and characterized by low aqueous HS~ concentrations (< 50
uM, Fig. 1I). While located only 5 m away, the high sulfide plot was sit-
uated in the transition zone between the salt marsh and the intertidal
zone (Fig. S2) and had dissolved HS™ concentrations of up to 6.7 mM
(Fig. 1J).

A metal rod (diameter ~ 1 ¢cm) was used to make a hole (15 cm
deep) in the sediment for sample installation during low tide. A 30 cm
long PVC core-liner (UWITEC, 8.6 cm diameter) was then pushed into
the sediment (3 cm deep) around the hole. The inner volume of the PVC
core-liner was flushed with N, for several minutes. Subsequently, the
sample was removed from the air-tight double-sealed Al-bag and im-
mediately pushed into the sediment under constant N, flow to avoid
oxidation of the vivianite. Immediately after sample installation, no
gap between the sediment and the nylon rod connected to the sample
was visible (Fig. S4A, S5A). Four treatments in triplicate were deployed
within each field plot (Fig. S4, S5).

2.2.2. Porewater monitoring

Approximately every 7 to 10 days during the field experiment, sedi-
ment temperature (at ~ 10 cm depth) and oxidation-reduction potential
(ORP) were measured at both field plots during low tide (+ 3 h). Sed-
iment temperature was recorded in the center of the field plots. ORP
was determined with a custom-made ORP probe with Pt electrodes at
depths of 0, 4, 9, 14, 19, 24, 29, and 34 cm and an AgCl-reference elec-
trode (supersaturated KCl, Paleo Terra, The Netherlands). At the high
sulfide plot, ORP was also recorded in the center of the field plot, while
at the low sulfide plot, the electrode was installed ~ 2 m from the cen-
ter of the sample assembly. After 1 h of stabilization time, ORP values
were measured and converted to redox potentials (Eh) relative to the
standard hydrogen electrode (+204 mV at 20 °C, Striggow, 2017).

We also collected pore water samples for chemical characteriza-
tion on days of temperature and Eh monitoring. MacroRhizons (Rhizo-
sphere, The Netherlands) with a 5 cm long porous tip (outer diameter
4.5 mm, 0.15 pm pore size) were inserted into the sediment in the cen-
ter of a set of four samples (total three MacroRhizons per field plot, Fig.
S4) to collect porewater from a sediment depth of 15 to 20 cm, matching
the burial depth of the samples. The first 2 mL of porewater was dis-
carded to clean the MacroRhizons and remove any O, from the tubing.
Afterward, porewater was collected for major element and anion analy-
sis, HS™, pH, and alkalinity. First, for major elemental analysis, ~ 3 mL
of porewater was collected directly into pre-acidified (30 pL ultra-high
purity, concentrated nitric acid), N,-flushed and pre-vacuumed crimp
vials to avoid oxidation of oxygen-sensitive species. The samples were
stored at 4 °C until analysis. Secondly, N,-flushed and pre-vacuumed
crimp vials containing 2 mL of 2% zinc acetate solution were connected
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Fig. 1. Temporal changes in Eh (AB), pH (CD), dissolved Fe (EF), dissolved P
(GH), and HS™ (1J) at the low and high sulfide field plot during the experimental
period. Eh (AB) was measured in-situ at 15 and 20 cm depth at both field plots.
Porewater samples were collected at 17.5 cm sediment depth at three different
locations within the experimental plot represented by the three different lines in
panels C to J. A re-scaled figure of panel I showing the low HS™ concentrations
is illustrated in Fig. S12.

to collect ~ 0.5 mL of porewater for HS™ analysis. The samples were
also stored at 4 °C until analysis. Exact porewater volumes were deter-
mined gravimetrically after sample collection. For major anion, pH, and
alkalinity analyses, porewater was directly collected into a N,-flushed,
pre-vacuumed crimp vial. The crimp vials were opened and pH mea-
sured (double-junction electrode, 3 M KCI, Metrohm AG, Switzerland)
less than 6 h after porewater extraction. A 2 mL aliquot of the porewater
sample was taken for alkalinity titration using 0.01 M HCI via a two-
step titration (Titrimetric test kit, VISOCOLOR HE Carbonate hardness,
Macherey-Nagel). Another subsample (0.5 mL) was taken for major an-
ion analysis and frozen (-20 °C) until further analysis. Porewater depth
profiles were collected for additional plot characterization at the end
of the field experiment (see Section S1.5). Additionally, passive DGT
samplers for dissolved sulfide species (binding layer of Agl, DGT® Re-
search) were installed at three time points across the duration of the
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field experiment to gain insights into the temporal and (micro)spatial
heterogeneity regarding dissolved HS™ content at the two field plots
(see Section S1.5).

2.2.3. Processing of samples

After 56 days, all samplers were still in place at the field plots, and
there were no signs of erosion of sediment (Fig. S4, S5). Sample holders
were pulled out and cut from the nylon rods and were immediately
vacuum sealed (Fosa Vacuum bags, Malaga series) and stored on ice.
Wet sediment covered the retrieved sample holders, which additionally
likely helped to prevent oxidation of the samples (Fig. S7). A sediment
sample (~ 50 g) at each field plot was taken from a depth of 15 to 20 cm
for solid-phase characterization of the field plots (further information in
Section S1.3).

In less than 3 h, recovered sample holders and sediment samples
were additionally sealed in air-tight, N,-flushed double-sealed Al-bags
containing O, adsorbers and frozen at -20 °C. Samples were transported
in sealed bags, on ice, back to the laboratory at ETH Ziirich, where they
were dried under N, atmosphere and further processed in an anoxic
chamber. Drying was achieved in less than 3 days. After drying, the
surrounding sediment was removed from the sample holders, and the
mesh bags were carefully recovered. The content of the mesh bags (~
1 g) was gently homogenized by hand with an agate mortar and pestle.
A sub-sample (~ 200 mg) was further milled by hand with mortar and
pestle to a grain size of less than ~ 100 um. The homogenized and
milled samples were stored in air-tight, amber glass vials in the anoxic
chamber until further processing.

2.3. Porewater analysis

Pre-acidified samples were analyzed by ICP-OES for major dissolved
elements (Ca, Mg, Fe, Mn, K, Na, Si, P, S). Dissolved sulfides were
determined spectrophotometrically using the methylene blue protocol
(Cline, 1969). Frozen samples for major anion analysis were thawed
and analyzed for Cl~, Br~, F~, and SO 42‘ using ion chromatography
(IC, Metrohm 940 Professional IC Vario). Elemental porewater concen-
trations, Eh, pH, alkalinity, and temperature were used to calculate
mineral saturation indices for the porewater using Visual MINTEQ (Ver-
sion 3.1, Section S1.6).

2.4. Solid phase analysis

2.4.1. Sediment samples

The sediment collected from each field plot was analyzed for its to-
tal elemental contents. For this, a representative sub-sample of each
field plot was milled with a vibratory disc mill (Retsch). Subsequently,
the total element contents were measured by X-ray fluorescence (XRF,
XEPOS, Spectro, Germany) using pressed pellets of milled samples. To
gain further information on the Fe-speciation of the two field plots, ~
100 mg of homogenized, dried sediment samples were subjected to a
six-step sequential extraction based on a combination of Poulton and
Canfield (2005) and Claff et al. (2010) (see Section S1.4 for further in-
formation). In addition to carrying out Fe sequential extraction on the
sediment samples, for both sediment samples 5’Fe-Mossbauer spectra
were collected using a 5’Co/Rhy-radiation source in constant acceler-
ation mode in transmission setup (WissEl, Wissenschaftliche Elektronik
GmbH). >’Fe-Mossbauer spectra were collected at 77 and 5 K inside a
closed-cycle exchange gas (He) cryostat (SHI-850, Janis Research Co.;
further information on sample preparation and analysis can be found in
Section S1.4).

2.4.2. Elemental composition and changes in reacted samples

The reacted samples changed color from white-grayish to dark blue,
dark green, and black, pointing towards a change in mineralogy. The
mineral phases in a subsample of the homogenized, dried, non-milled
reacted mineral-sand mixes (~ 50 mg, in duplicate) were dissolved in
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10 mL of 6 M HCI overnight to determine the bulk elemental compo-
sition. After acid addition, the remaining solid phase looked like the
initial sea sand. To prevent the escape of volatilized hydrogen sulfide,
samples were immediately capped after acid addition, and no smell of
hydrogen sulfide was detected. Nevertheless, some undetected escape
of volatilized hydrogen sulfide could have still occurred, potentially
leading to slight underestimations of the determined solid-phase S con-
centrations. To minimize losses, samples were immediately analyzed
and only decapped directly prior to analysis. The supernatants (filtered,
0.22 pm nylon) were analyzed by ICP-OES for Fe, Mn, Mg, Ca, P, and S.

The results of the bulk elemental analysis were used to derive
changes in elemental composition (in mmol/g) during the field exper-
iment compared to the nominal initial concentrations. Using the abso-
lute changes in comparison to the initial concentrations, we calculated
% losses of Fe, Mg, Mg, Ca, and P, assuming that changes were caused
by mineral dissolution rather than mechanical loss. We performed the
Mann-Whitney U test in MATLAB to assess whether elemental losses
and gains in the reacted samples were significantly different between
treatments and field plots (further information in Supplementary Mate-
rial, Section S1.7). We chose the Mann-Whitney U test because it does
not assume a normal distribution and remains robust with small sample
sizes.

2.4.3. Fe, P, and S speciation

Bulk Fe K-edge XAS spectra were collected at the Balder beamline
of MAX IV synchrotron (Lund, Sweden), and P and S K-edge X-ray
absorption near edge structure (XANES) spectra were collected at the
PHOENIX beamline of the Swiss Light Source (PSI, Switzerland) for re-
acted samples.

All Fe, P, and S K-edge XAS spectra were energy calibrated, pre-edge
subtracted, and post-edge normalized in Athena (Ravel and Newville,
2005). For Fe and P, the edge energy, E, was defined as the maximum
peak in the first XANES derivative. Sulfur spectra were normalized to
the absorption at 2490 eV. Normalized Fe K-edge extended X-ray ab-
sorption fine structure (EXAFS) spectra and P K-edge XANES spectra
were analyzed by linear combination fitting (LCF; further details on
sample preparation and data analysis are presented in Sections S1.8 and
§1.10). Bulk Fe K-edge XAS spectra were measured and analyzed for
each replicate sample from each treatment and field plot individually.
Averaged fitted mineral fractions and associated standard deviations
were then calculated for each treatment and field plot. In addition to Fe
K-edge XAS analysis, solid-phase Fe speciation was also investigated by
57Fe-Mossbauer spectroscopy for reacted samples (Supplementary Ma-
terial, Section S1.9).

Normalized S K-edge XANES spectra were deconvoluted using
WinXAS V4.0 (Ressler, 1998). Deconvolution included a set of up to
eight Gaussians for the S s->p transition peaks and one arctangent at
~ 2475 eV representing the post-edge absorption of ‘reduced’ S species
and a second arctangent at >2489 eV representing the post-edge ab-
sorption of ‘oxidized’ S species. The peak energy of the white lines of
the S K-edge XANES spectrum shows a linear relationship with the ox-
idation state of the S atom. Hence, each fitted Gaussian line represents
another oxidation state of the S atom (Manceau and Nagy, 2012). The
areas of the fitted Gaussians were calculated and subsequently corrected
for the oxidation state-dependent change in absorption cross-section,
following a linear increase with the oxidation state of the S atom, based
on the generic curve presented by Manceau and Nagy (2012). To sub-
sequently determine the relative contribution of every S species to the
total S in the sample, the corrected peak area for each S species was
normalized to the peak-area sum of all identified S species (see Section
S1.11 for further information).

2.4.4. Synchrotron based p-XRF mapping

u-XRF maps were collected at the PHOENIX beamline of the Swiss
Light Source (PSI, Switzerland). Maps were collected for one sample
of each treatment incubated at the high sulfide field plot to gain in-
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formation on the spatial elemental distribution. The samples used for
the collection of the p-XRF maps were identical to the samples used for
the collection of the bulk P K-edge XANES spectra. XRF spectra were
collected at room temperature using a mono-element detector (Silicon
drift diode). A focused beam with a diameter size of 5 um at an en-
ergy of 7250 eV was used. Mapping was conducted over an area of 200
x 160 pm with a step size of 5 um and a dwell time of 2 s. The col-
lected spectra were processed and converted to elemental maps using
PyMCA Toolkit (Solé et al., 2007), and Pearson elemental correlation
coefficients were calculated in MATLAB.

3. Results
3.1. Geochemistry of the two field plots

The sediments sampled at 15 to 20 cm depth at both field plots ex-
hibited similar solid phase composition (Table S4). However, despite
only a 5 m distance between the two field plots, certain differences ex-
isted, particularly regarding solid phase S content and solid phase Fe
speciation. Solid phase S content was lower at the low sulfide plot in
comparison to the high sulfide plot (108 versus 183 umol/g, respec-
tively). Both field plots had comparable total Fe contents (181 to 194
umol/g, Table S4) at 15 to 20 cm depth. However, the sum of sequen-
tially extracted Fe varied among the sediment samples (Sections S1.4,
Table S4, S5, Fig. S9). Additionally, the percentage contribution of Fe
extracted from each fraction differed for the two sediment samples (Fig.
S9), suggesting different mineralogy across the two field plots.

At the low sulfide plot, 30% (~ 50 pumol/g) of the solid-phase Fe
was extractable by the six-step sequential Fe extraction. Most of the Fe
was extracted by sodium acetate (Step 2), hydroxylamine hydrochlo-
ride (Step 3) and citrate dithionite bicarbonate (Step 4; Fig. S9, see
Section S1.4), suggesting the presence of reactive Fe-mineral phases
and iron(oxyhydr)oxides (Poulton et al., 2004). The fitted hyperfine
parameters of a present sextet in the 5’Fe-M&ssbauer spectra at 77 K
and 5 K (Fig. S10, Table S6) matched a mix of iron(oxyhydr)oxides
such as goethite, lepidocrocite, and ferrihydrite (Notini et al., 2022,
2023). Due to noise, it was not possible to identify unambiguously the
present iron(oxyhydr)oxide mineral. Collectively, the sequential Fe ex-
traction and 5’Fe-Mossbauer spectroscopy both indicate the presence of
iron(oxyhydr)oxides at the low sulfide plot.

At the high sulfide plot, 41% (~ 60 umol/g) of the solid-phase Fe
was extractable by the six-step sequential Fe extraction. Nearly 60%
of the extractable Fe was extracted by HNO, (Step 6), targeting pyrite
and thus suggesting the presence of pyrite at the high sulfide plot (Fig.
S9). This result matched the darker color of the sediment (Fig. S3) and
the high dissolved HS~ concentration. In addition, the >’Fe-Méssbauer
spectrum of the sediment collected at 77 K was fitted with two doublets
and one sextet (Fig. S10, Table S6). One doublet (Fe(II)D1) was com-
patible with various phyllosilicate clays (Vandenberghe and De Grave,
2012), adsorbed Fe(II) (ThomasArrigo et al., 2017), and other reduced
Fe-minerals such as ferrous oxide and green rust (Mackey and Collins,
1967; Génin et al., 1998; Kukkadapu et al., 2004). The second doublet
had a quadrupole splitting value of 0.55 mm s~!, aligning with Fe(III)
bound in green rust and/or pyrite (Kukkadapu et al., 2004; Thiel et
al., 2019). The hyperfine parameters of the sextet (FeSx) matched val-
ues reported for Fe-sulfide minerals (Thiel et al., 2019). Collectively,
the results of the sequential Fe extraction and >’Fe-M&ssbauer spec-
troscopy indicate the presence of pyrite and Fe-sulfide minerals at the
high sulfide plot.

The low sulfide plot was characterized by positive Eh values (40 to
200 mV, Fig. 1) at 15 to 20 cm depth during low tide and pH values
varied between 7.5 and 8.0 during the field experiment. Dissolved Fe
in the porewater was low with concentrations not exceeding 20 uM.
Dissolved P concentrations were generally higher than dissolved Fe with
values ranging around 25 to 50 pM. Concentrations of HS~ exhibited
high spatial variability and ranged from 0 to 50 uM.
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Fig. 2. Changes in solid-phase Fe (AB), Mn (CD), and Mg (EF) content in the mesh bags during the field experiment determined by 6M HCl acid digestion followed by
ICP-OES measurements. No Mn or Mg was detected in samples of Viv and Viv+CC after the field experiment as indicated by — in Panels C-F. Changes are presented
in % losses and error bars indicate the standard deviation derived from the incubated triplicates per treatment and plot. Absolute changes [in mmol/g] are presented

in Table S11.

In contrast to the low sulfide plot, the high sulfide plot was charac-
terized by more negative Eh values (-200 to 0 mV, Fig. 1) at 15 to 20 cm
depth for the duration of the experiment. While Eh differed strongly,
pH, dissolved Fe and P concentrations were comparable between the
two field plots. However, HS™ concentrations ranged between 0.6 to
6.7 mM at the high sulfide plot and were thus ~ 100 times higher at the
high sulfide plot than at the low sulfide plot.

The porewater composition was used to perform chemical equilib-
rium calculations to investigate the saturation state of the porewater
with respect to various mineral phases (Tables S7 to S10). The porewa-
ter at 15 to 20 cm depth at both field plots was undersaturated with
respect to vivianite (range of saturation indices: -11.2 to -1.7). Satura-
tion indices for mackinawite varied with time and sampling location
between -0.6 to 0.4 at 15 to 20 cm depth at the low sulfide plot, while
the porewater at the high sulfide plot was mainly oversaturated with re-
spect to mackinawite (range of saturation indices: 0 to 0.9, two outliers
below 0).

3.2. Changes in metal content and speciation of reacted samples

Our thermodynamic calculations predict that vivianite was unsta-
ble in both field plots at 15 to 20 cm sediment depth (Table S7-S10).
This agrees well with an overall loss of solid-phase Fe through mineral
dissolution from the mesh bags for all treatments and both field plots
(Fig. 2AB, Table S11). At the low sulfide plot, between ~ 10 and 31%
of solid-phase Fe was lost. Losses in solid-phase Fe were significantly
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lower (p=0.009) for Viv+CC and Viv treatments than for Viv_sub+CC
and Viv_sub treatments (10 to 13% versus 28 to 31% loss, respectively)
at the low sulfide plot (Table S11). The presence of CaCO3 tended to
slightly lower solid-phase Fe loss (Table S12). However, the standard
deviation among samples with CaCO, was larger than the differences
among treatments.

At the high sulfide plot, losses in solid-phase Fe ranged from ~ 10 to
22% across all treatments (Fig. 2B, Table S11) and were thus slightly but
not significantly lower than at the low sulfide plot (p=0.589, p=0.180;
Table S16). Similarly to the low sulfide plot, substitution in the vi-
vianite (treatments Viv_sub and Viv_sub+CC) resulted in a moderately
higher solid-phase Fe loss, which, however, was not statistically signifi-
cant (p=0.240). The presence of CaCO3 lowered Fe loss for Viv+CC in
comparison to Viv treatment (p=0.1), while no effect was detectable
for treatments containing Viv_sub (p=0.7).

Incubation of Viv_sub and Viv_sub+CC also resulted in a loss of solid-
phase Mn and Mg (Fig. 2C-F, Table S11). Losses in solid-phase Mn and
Mg ranged between 25 to 36% (Fig. 2CD) and were generally slightly
higher than solid-phase Fe losses for the same treatment and field plot.
Losses of Mg were significantly higher (p=0.065) than losses in Fe from
Viv_sub and Viv_sub+CC at the high sulfide plot, respectively (Table
S14).

Changes in Fe speciation in the samples after the field experiment
were assessed by LCF of the k3-weighted Fe K-edge EXAFS spectra, as
well as by >’Fe-Mossbauer spectroscopy (see Section S2.5). Fe K-edge
EXAFS spectra were collected for each replicate individually and the
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results, respectively.

fitted fractions were then averaged per treatment and field plot. At the
low sulfide plot, most of the remaining Fe was identified as vivianite
based on LCF analysis (Fig. 3AC). For Viv and Viv+CC treatments, on
average ~ 85% of Fe was fitted as vivianite. The remaining Fe was
present as green rust (a carbonate green rust was used as a reference,
see Section S1.8) and goethite (on average ~ 9 and ~ 4%, respectively).
Less Fe was fitted as vivianite for Viv_sub and Viv_sub+CC treatments
(on average ~ 74%), while the contribution of green rust and siderite
was enhanced (on average ~ 17 and ~ 8%, respectively). Interestingly,
siderite was only detected for treatments containing Mn and Mg.

Results of the LCF of the k3-weighted Fe K-edge EXAFS spectra at the
high sulfide plot showed similar trends among all treatments (Fig. 3BD).
No goethite or siderite was fitted, while mackinawite was present in all
samples. In the case of the Viv and Viv+CC treatments, on average ~
75% of Fe was fitted as vivianite, followed by ~ 19% bound in the
form of mackinawite and ~ 5% as green rust. Similar to the low sul-
fide plot, the fraction of Fe bound in the form of vivianite for Viv_sub
and Viv_sub+CC was smaller with an average ~ 68% than for the Viv
and Viv+CC treatments. Mackinawite was the second most abundant Fe
phase (on average ~ 19%), followed by green rust (on average ~ 12%).
Results of 5’Fe-Mossbauer spectroscopy at 77 K additionally suggested
the presence of a disordered FeS, phase at the high sulfide plot (Thiel
et al., 2019, Section S2.5).

3.3. Changes in P content and speciation

Similar to solid-phase Fe, Mn, and Mg losses, solid-phase P was
lost from the reacted samples for all treatments and both field plots
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(Fig. 4AB). Between ~ 9 and 33% of solid-phase P was lost at the
low sulfide plot. Losses were significantly higher for Viv_sub+CC and
Viv_sub treatments than for Viv+CC and Viv treatments at the low sul-
fide plot (p=0.002; 27 to 33% loss versus 9 to 12% loss, respectively,
Table S15). The presence of CaCO, tended to lower the loss of P; how-
ever, this effect was not statistically significant (Table S12).

At the high sulfide plot, losses of solid-phase P were significantly
higher than at the low sulfide plot for Viv and Viv+CC treatment
(p=0.026; 32% and 18% loss), while the loss was only moderately
higher for Viv_sub and Viv_sub+CC treatments (p=0.669; 28% and
31% loss, Table S16). The reacted samples had a greater molar ratio
of (Fe+Mn+Mg)/P than the initial samples (increases up to 1.94, ini-
tial ratio 1.66 for Viv, Table S11), indicating a preferential loss of P
over Fe from the reacted samples (Table S14), likely related to mineral
transformations which retained Fe but not P. At the high sulfide plot,
the presence of CaCO, lowered the solid-phase P losses, particularly for
Viv treatments (p=0.1; Table S12). Smaller increases in molar ratios
of (Fe+Mn+Mg)/P for treatments with CaCO, at the high sulfide plot
suggest further that solid-phase P was better retained in those samples
(Table S11).

P K-edge XANES spectra were fitted by LCF to determine the specia-
tion of the remaining solid-phase P in field-reacted samples (Fig. 4C-F,
S27, Table S24). While differences in P loss were detected depending on
the field plot, the P speciation was similar between the same treatments
incubated at the different field plots. The majority of the solid-phase P
for Viv and Viv+CC treatments was fitted as vivianite (~ 70 to ~ 85%)).
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Fig. 4. Changes in solid-phase P content (AB) in the mesh bags during the field experiment determined by acid digestion followed by ICP-OES measurements.
Changes are presented in losses and error bars indicate the standard deviation derived from the incubated triplicates per treatment and plot. The error bar for Viv
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and LCF results are presented in Fig. S27, S28 and Table S24. Mineral fractions (EF) determined by LCF of the P K-edge XANES spectra.

The remaining P was associated with ferric iron minerals (modeled by
P adsorbed to ferrihydrite (P-Fh)).

In the case of Viv_sub and Viv_sub+CC treatments, most of the P was
fitted as Mn-Mg-substituted vivianite (~ 85 to ~ 88%) after incubation
at both field plots. The remaining P was mainly present as P associated
with Mn-oxide phases (adsorbed or co-precipitated with), highlighting
a change of P secondary mineral formation due to the initial cation sub-
stitution in vivianite. However, it should be noted that using P-Fh in the
LCF instead of P-MnOx only slightly decreased the fit quality (compare
Table S24 with S25). As it is difficult to differentiate between P associ-
ated with ferric minerals and Mn-oxides based on P K-edge XANES, we
hypothesize that P was potentially associated with a mixture of both
(see Section S1.10 for further information). This hypothesis is further
supported by a positive correlation between the spatial distribution of P,
Fe and Mn based on uXRF maps collected for samples from the high sul-
fide plot (Fig. S36, S38). Fe and Mn were strongly positively correlated
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for Viv_sub and Viv_sub+CC treatments (Pearson correlation coefficient
= 0.8 and 0.7, respectively, Table S30, S31). The correlation between
P and Mn (Pearson correlation coefficient = 0.5 and 0.4) was generally
stronger than for P and Fe (0.4 and 0.2) for Viv_sub and Viv_sub+CC
treatments, respectively, suggesting that P was likely associated with a
Mn- and Fe-phase. While LCF of the P K-edge XANES did not indicate
the presence of P associated with Ca even in the presence of CaCO,,
uXRF maps collected on the incubated samples showed a weak positive
correlation between P and Ca (0.2 for Viv and 0.13 for Viv_sub, Table
$29, S31), pointing towards the association of P with Ca.

3.4. Changes in S content and speciation
In contrast to the solid-phase loss of Fe, Mn, Mg, and P from the

reacted samples, S accumulated in the solid-phase during the field ex-
periment, indicating the formation of a mineral phase containing S
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Fig. 5. Changes in solid-phase S content (AB) in the mesh bags during the field experiment determined by acid digestion followed by ICP-OES measurements. Note
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(Fig. 5). Only very little solid-phase S was gained at the low sulfide
plot (less than 0.2 mmol/g, Fig. 5A). In contrast, substantial amounts of
solid-phase S accumulated in the samples at the high sulfide plot (0.8 to
2.3 mmol/g, Fig. 5B, Table S11). Significant differences between treat-
ments were present (Table S17). For example, the gain in solid-phase
S was twice as high in Viv and Viv+CC treatments compared to the
Viv_sub and Viv_sub+CC treatments (up to ~ 2.3 vs. ~ 0.9 mmol/g,
respectively), indicating that S better accumulated in treatments con-
taining Viv than Viv_sub, possibly due to increased secondary mineral
formation. Solid-phase S was generally homogeneously distributed in
the solid-phase as indicated by synchrotron-based pXRF-mapping (Fig.
S31 to S37), with only minor hot spots present.

Deconvolution of S K-edge XANES spectra was used to gain informa-
tion on the oxidation state of the present solid-phase S in the reacted
samples. For all treatments, seven to eight Gaussian functions and two
arctangent functions (background for reduced and oxidized species)
were fitted per S K-edge XANES spectra (Fig. 5CD, S26). For all treat-
ments at the low sulfide plot, the dominant S species was inorganic
sulfide (54 to 66%, Fig. 5E, Table S21), followed by exocyclic/elemen-
tal S, heterocyclic S, and sulfonate. The reduced to oxidized species
ratio ranged from 2.4 to 5.8 (Table S23). Reduced S species were con-
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sidered to be inorganic sulfide, exocyclic/elemental S, and heterocyclic
S, while the remaining S species were defined as oxidized.

Similar to the low sulfide plot, inorganic sulfide was the dominant
S species (~ 67%, Fig. S5F, Table S22) for all treatments at the high sul-
fide plot, followed by exocyclic/elemental S and heterocyclic S. Ratios
of reduced to oxidized S species ranged from 6.2 to 8.0 and were thus
elevated at the high sulfide plot compared to the low sulfide plot, high-
lighting the presence of more reduced S species at the high sulfide plot
(Table S23).

4. Discussion
4.1. Geochemical conditions drive differences in transformation products

The overall loss of elements associated with the initial vivianites
(Fe, Mn, Mg, and P) matches our thermodynamic calculations, predict-
ing that vivianite was unstable in both field plots. Elemental loss points
towards the dissolution of vivianite with subsequent diffusive and ad-
vective transport of elements out of the mesh bags into the surrounding
environment. An overall loss of solid-phase elements further suggests
that secondary mineral formation could not retain all elements released
upon vivianite dissolution. We do not expect that substantial vivianite
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was lost due to particle loss into the surrounding environment, as parti-
cle aggregation is favored at high ionic strength (Gunnars et al., 2002).

For all treatments and both field plots, most of the remaining solid-
phase Fe was fitted as vivianite based on LCF of the Fe K-edge EXAFS
spectra. This result differs from laboratory studies showing a complete
dissolution and transformation of vivianite under oxidizing conditions
within 28 to 53 days under air or COZ—free o, conditions (Roldan et al.,
2002) and sulfidic conditions (1 to 500 mM) within 4 to 100 h (Dijkstra
et al., 2018; Wilfert et al., 2020). Hence, our results suggest that either
vivianite dissolution kinetics are slower under field conditions or com-
plete dissolution is inhibited. We speculate that multiple mechanisms
may be responsible for this, which we elaborate on in the following
section. The formed secondary minerals might have potentially devel-
oped as a protective layer around the vivianite crystals, protecting the
inner core of the crystal from further dissolution. For instance, macki-
nawite oxidation at neutral to basic pH, as present at both of our field
plots, may result in the development of an iron(oxyhydr)oxide coating
on the mackinawite surface, which could inhibit further solid-phase ox-
idation (Jeong et al., 2010). Similarly, the precipitation of mackinawite
or FeS,_on the surface of iron(oxyhydr)oxides can slow down sulfidation
(Poulton et al., 2004). In addition to a positive correlation between S
and P, the homogeneous distribution of solid-phase S, as determined by
synchrotron-based uXRF-mapping, likely supports the hypothesis of the
formation of Fe-sulfide minerals as a protective layer around vivianite
crystals (Fig. S31 to S38, Table S28 to S31). Thus, we hypothesize that
the precipitation of secondary minerals upon vivianite dissolution on
the crystal’s surface may protect vivianite from further reaction. Further
investigation by, for instance, electron microscopy would be needed to
identify such a protective layer unambiguously.

Moreover, in natural sediments, vivianite is present in a sediment
matrix with higher solid-to-solution ratios compared to model systems.
We imitated such a system by mixing the vivianites with sea sand. Thus,
our set-up was likely diffusion-limited in comparison to laboratory ex-
periments with mixed suspensions. Thus, vivianite dissolution caused
by the diffusion of dissolved HS~ into the mesh bags, followed by
secondary mineral formation, could have been slowed down. Overall,
our results indicate slower in-situ dissolution and transformation kinet-
ics of vivianite than observed in well-mixed slurry experiments. This
result suggests that vivianite crystals in the environment can persist
for some time period prior to complete dissolution and transformation
and, thus, might not act as a source of bioavailable phosphate during
short-term environmental perturbations. Additionally, our results pro-
vide novel insights into the transformation products of partial vivianite
transformation under contrasting geochemical conditions, which will
be discussed in detail in the following.

4.1.1. Transformation products at low sulfide plot

The low sulfide plot was characterized by lower dissolved HS™
concentrations and positive Eh values during porewater monitoring
(Fig. 1). Eh values of 40 to a maximum of 200 mV represent anoxic to
suboxic conditions under which ferric iron reduction may occur (Grundl
et al., 2011). Despite moderately reducing conditions during low tide
and likely more reducing conditions during high tide, the bulk porewa-
ter was undersaturated with respect to vivianite (Table S7, S8) due to
low dissolved Fe and P concentrations (Fig. 1). Thus, the undersatura-
tion of the porewater with respect to vivianite resulted in the dissolution
of vivianite, with subsequent partial formation of secondary miner-
als. Using an anion exchange resin to remove any released phosphate,
Roldan et al. (2002) showed that the oxidation through the addition of
air or CO,-free O, through bubbling resulted in the formation of lep-
idocrocite from an initial vivianite suspension with calcite sand. We
did not observe the formation of lepidocrocite at the low sulfide plot.
Instead, green rust and minor amounts of goethite and siderite were
formed. Siderite was only detected in treatments containing Viv_sub
and its formation is further discussed in Section 4.2. Green rust, an
Fe(II-III) layered double hydroxide, is an intermediate transformation
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product during the partial oxidation of dissolved ferrous iron at cir-
cumneutral pH before crystalline iron(oxyhydr)oxide formation (e.g.,
Schwertmann and Fechter, 1994). Thus, the formation of green rust
suggests that vivianite dissolution followed by oxidation of the released
Fe(II) was the dominant transformation pathway at the low sulfide plot.
The formed green rust could either be a sulfate or carbonate green rust.
We hypothesize that a carbonate green rust formed, as carbonate usu-
ally outcompetes sulfate for green rust formation (Refait et al., 1997).
However, using Fe K-edge XAS data alone, we cannot distinguish be-
tween the two different types of green rust (Refait et al., 2001). Low
ferric iron contents (determined by 57Fe-Mossbauer spectroscopy, Fig.
$21, S22) indicate inhibited oxidation and transformation rates of green
rust to more stable iron(oxyhydr)oxide minerals. High local phosphate
concentrations and subsequent phosphate sorption to green rust might
have stabilized the mineral (Benali et al., 2001; Refait et al., 2007; Sa-
hoo et al., 2011; Xiong et al., 2023). Phosphate adsorbed on the lateral
faces of carbonate green rust has been shown to slow down carbonate
release and thus green rust transformation (Bocher et al., 2004). Over-
all, suboxic conditions dominating at the low sulfide plot, coupled with
high local phosphate concentration resulting from vivianite dissolution,
may have stabilized the formed green rust from further transformation
and could explain the absence of more crystalline iron(oxyhydr)oxides.

Results of LCF of P K-edge XANES suggest that up to 20% of solid-
phase P was associated with ferric or manganese oxides or a mixture
of both (see Section S1.10 for further information). Within these cate-
gories, we cannot specify the specific sorbent phase based on P K-edge
XANES analysis. However, it would be plausible that P was associated
with other iron(oxyhydr)oxides, as well as the formed green rust. Addi-
tionally, it is likely that amorphous Fe(OH), precursors with adsorbed
phosphate formed upon vivianite dissolution with similar Fe to P ratios
as in vivianite (Xiong et al., 2023), which was not detected by Fe K-
edge XAS. Those Fe(OH), precursors would be very transient and easily
oxidized, resulting potentially in the formation of green rust (Xiong et
al., 2023). This formation mechanism would also explain the nearly un-
changed molar ratios of (Fe+Mn+Mg)/P of the field-reacted samples at
the low sulfide plot. Thus, overall, the secondary minerals formed upon
vivianite dissolution under slightly reducing conditions were able to
retain some of the released phosphates, implying that under those con-
ditions, not all P released upon vivianite dissolution directly becomes
bioavailable.

Sulfide-mediated dissolution of vivianite likely only played a minor
role at the low sulfide plot. Only minor amounts of solid-phase S were
gained inside the mesh bags during the field experiment (Fig. 5A). The
presence of reduced sulfur species determined by S K-edge XANES anal-
ysis (Fig. 5CE) suggests the presence of minor amounts of FeS, minerals.
However, due to the low solid-phase S content, the fraction of solid-
phase Fe present in FeS_ was below the detection limit of Fe K-edge
XAS analysis (based on stoichiometric calculations FeS, contributed not
more than 7% to total Fe pool).

4.1.2. Transformation products at high sulfide plot

High dissolved HS~ concentrations and negative Eh values at the
high sulfide plot suggest that sulfide-mediated vivianite dissolution was
the major transformation pathway in this field plot. Sulfide-mediated vi-
vianite dissolution is a surface-controlled reaction that does not involve
changes in the oxidation state of the involved reactants (Equation (1)).

Fe,(PO,), + 2HS™ —— 2FeS + 2HPO,>~ + Fe* (Bronner et al., 2023)
@

The sulfide-mediated vivianite dissolution results in the formation of
mackinawite, as has also been suggested by previous studies (Wilfert
et al., 2020; Bronner et al., 2023). The LCF of the Fe K-edge analysis
confirms that after 56 days of incubation, up to 20% of the solid-
phase Fe was bound in the form of mackinawite. Additionally, S K-edge
XANES indicated that up to 67% of the solid-phase S was present in
the form of reduced inorganic sulfide. The fitted hyperfine parameters
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of 57Fe-Mossbauer spectra collected at 77 K suggest that reduced inor-
ganic sulfide was present as a disordered FeS_ phase (see Section §2.5).
Thus, LCF of the Fe K-edge analysis and >’Fe-Mossbauer spectroscopy
combined indicate the presence of mackinawite and/or disordered FeS_
phase. Overall, our results match previous observations showing that
the reaction of ferrous iron and dissolved sulfide at low-temperature
conditions results in poorly crystalline Fe-sulfide minerals such as mack-
inawite (Rickard et al., 1995; Rickard and Luther, 2007; Son et al.,
2022). Despite the metastable nature of mackinawite, it can persist for
long periods in reduced environments before transforming into more
stable Fe-sulfide minerals such as greigite and pyrite (Berner, 1981;
Benning et al., 2000; Rickard and Luther, 2007), which were not de-
tected in our reacted samples.

The formation and presence of green rust in addition to FeS_ min-
erals inside the mesh bags suggest the occurrence of partial oxidation
of either vivianite or the freshly formed FeSX minerals (Jeong et al.,
2010). However, the determined fraction of solid-phase Fe associated
with green rust by LCF of the Fe K-edge EXAFS varied strongly between
triplicates (Table S26, S27), indicating a strong spatial heterogeneity.
The porewater at the high sulfide plot showed spatial and temporal
variability as well, which could influence the transformation of vivian-
ite in the mesh bags (Fig. 1, S14, S19). The high spatial variability might
be related to the presence of rooted plants at the high sulfide field plot
(Fig. S3, S5), which could result in a localized influx of minor amounts
of o, (Howes and Teal, 1994).

The switch from ferruginous to euxinic conditions should increase
the bioavailability of phosphate (Duverger et al., 2020; Alcott et al.,
2022), as Fe-sulfide minerals are less efficient in adsorbing or co-
precipitating P (Krom and Berner, 1980, 1981). The generally more ex-
tensive solid-phase P loss from the mesh bags incubated at the high sul-
fide plot than at the low sulfide plot supports this observation (Fig. 4AB)
and indicates that vivianite dissolution under high sulfide conditions
could weaken the sedimentary P retention capacity and may result in
enhanced benthic P fluxes.

Most of the accumulated solid-phase S was present in a reduced
phase (Fig. 5), while only minor amounts of oxidized solid-phase S were
present at the high sulfide plot. Vivianite sulfidation does not result in
changes in oxidation state of the involved reactants and thus does not
lead to the formation of elemental sulfur or oxidized sulfur species as
the sulfidation of iron(oxyhydr)oxides does (Pyzik and Sommer, 1981;
Poulton et al., 2004). This likely explains the absence of a major oxi-
dized solid-phase S pool. The minor amounts of oxidized solid-phase S
could result from sample handling or could have diffused into the mesh
bag from the surrounding environment, where abiotic sulfide oxidation
is likely coupled to Fe and Mn reduction, resulting in the formation of
polysulfides as well as oxidized sulfur species such as sulfate (Pyzik and
Sommer, 1981; Schippers and Jgrgensen, 2001).

4.2. Effect of cation substitution on vivianite transformation

Substitution of Fe by other cations may impact the sulfidation rates
of various ferric and ferrous iron minerals and is likely dependent on the
mineral and the incorporated cation. For instance, Wu et al. (2023) ob-
served a slight hindering of the transformation of goethite to Fe-sulfides
in the presence of Ni. In contrast, Poulton et al. (2004) showed an
increase in sulfidation rate, expressed in terms of ferric content, of lepi-
docrocite with Al substitution. The increase was linked to a decrease in
crystal size and, thus, an increase in surface area. Results of a laboratory
suspension experiment by Dijkstra et al. (2018) suggested no difference
in sulfide-induced dissolution kinetics between unsubstituted and Mn-
Mg-substituted vivianite. However, the substituted vivianite contained
a large fraction of struvite ((NH3)Mg(PO 4)-6 HZO). Thus, it remained
unclear how this second phase altered the results, and it was unknown
how Mn and Mg substitution impacts in-situ vivianite transformation.

At the low sulfide plot, the oxidative transformation of vivianite
dominated, evidenced by the presence of green rust. Substitution of Fe
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by Mn and/or Mg occurs preferentially in the double octahedron Fe po-
sition (Kubeneck et al., 2023). Redox-active atoms such as Mn and Fe
can conduct homonuclear or heteronuclear intervalence electron trans-
fer at this position (Allen and Hush, 1967), stabilizing vivianite against
oxidative transformation (McCammon and Burns, 1980; Rouzies and
Millet, 1993). With the incorporation of Mn and especially Mg, which
does not participate in electron transfer with the Fe, this stabilization
effect is likely altered and thus could impact the reactivity of vivian-
ite in the presence of O, as hypothesized by Kubeneck et al. (2023).
Significantly more P and Fe were lost upon vivianite dissolution from
samples of the Viv_sub treatments than the Viv treatments at the low
sulfide plot (Fig. 2, 4, Table S16, S15), suggesting that Viv_sub is more
soluble under low sulfide conditions.

At high sulfide conditions, vivianite dissolution is controlled by sul-
fidation, a surface-controlled mechanism. Thus, decreases in crystal
size and crystallinity, coupled with increases in crystal roughness as
observed due to the incorporation of Mn and Mg in vivianite (Kube-
neck et al., 2023), might enhance vivianite sulfidation, similar to trends
observed by Poulton et al. (2004). However, on the other hand, Mn-
sulfides are more soluble compared to Fe-sulfide minerals (Maynard,
2003); for instance, MnS has a pKy, of 10.2 and FeS of 18.7 (Ball and
Nordstrom, 1991). Thus, substituting Fe by Mn and Mg might stabilize
vivianite in the presence of HS™ due to a lower reactivity of the incorpo-
rated cations towards HS™ than Fe. Our results suggest that substitution
slightly enhanced dissolution rates due to changes in crystal size and
roughness, as elemental loss indicative for minerals’ dissolution was
moderately larger for the Viv_sub treatments than for Viv treatments
(Fig. 2, 4AB). However, variability among samples of the same treat-
ment, likely due to strong spatial heterogeneity in the field (Fig. S19),
makes it challenging to draw an unambiguous conclusion. Nevertheless,
substitution significantly lowered the gain of solid-phase S (Fig. 5B, Ta-
ble S17). In the Viv_sub treatments, the initial Fe content was lower
(Table 2), resulting in a lower S binding capacity. A similar Fe to S ratio
across all treatments at the high sulfide plot (Table S11) indicates that
the Fe content controlled solid-phase S gain, which is further supported
by a better retention capacity of Fe than Mn and Mg at the high sulfide
plot. Overall, the incorporation of Mn and Mg appears to affect mineral
reactivity and destabilizes the vivianite crystal structure at low and high
sulfide conditions. This suggests that authigenic vivianite, in which Fe
is frequently substituted by other cations, might be more reactive and
less efficient in binding P under changing environmental conditions.

In addition, our data suggest that the presence of other cations
changed transformation pathways. At low Eh, Mn geochemistry is con-
trolled by carbonate minerals rather than sulfides (Maynard, 2003),
which could explain some differences in transformation products. For
instance, siderite formation was only detected in Viv_sub treatments at
the low sulfide plot based on Fe K-edge EXAFS LCF analysis. The pres-
ence of siderite was surprising as chemical calculations indicated that
the porewater was undersaturated with respect to siderite at both field
plots (Table S7, S8). However, at the low sulfide plot, the porewater
was oversaturated with respect to rhodochrosite, a manganese carbon-
ate (MnCO,). Siderite and rhodochrosite form frequently solid-solution
series (Huebner, 1969; Postma, 1980). Thus, we hypothesize that the
presence of Mn in the Viv_sub treatments triggered rhodochrosite for-
mation. The formed rhodochrosite likely had a high Fe content, due
to localized high Fe concentrations and was thus identified as siderite
by Fe K-edge EXAFS. Furthermore, Mn and Mg are likely to be incor-
porated in the formed green rust phases (Refait et al., 2001; Wang et
al., 2022). A strong correlation between Mn and P (Table S30, S31)
and the identification of P associated with Mn-oxides by P K-edge
XANES (Fig. 4CD) suggest further that the presence of other divalent
cations was important for P retention. The importance of Mn-minerals
(P-bearing rhodochrosite and hureaulite) as a P retention phase has also
been shown in natural settings (Hermans et al., 2019). Thus, the pres-
ence of other divalent cations might result in the formation of minerals,
which can (partially) retain the released phosphate upon vivianite dis-
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solution, and further research could expand on the investigation on the
role of Mn as a P retention phase in coastal sediments.

4.3. Effect of the presence of CaCO, on P retention and speciation

In natural systems, the presence of HS™ can result in a sink-switch
of P associated with Fe minerals to P associated with Ca minerals
during early diagenesis (Ruttenberg and Berner, 1993; Millero et al.,
2001). Phosphorus associated with Ca can include P sorbed to CaCO,
(aragonite, calcite, Millero et al., 2001; Sg et al., 2011) or apatite min-
erals such as carbonate fluorapatite or hydroxyapatite (Ruttenberg and
Berner, 1993; Schenau et al., 2000; Kraal et al., 2017). Due to the link
of P with Ca, we investigated the effect of the presence of CaCO, inside
the mesh bags on the P release upon vivianite dissolution.

Overall, the presence of CaCO, slightly lowered P loss (Fig. 4AB).
However, the variability among samples within the treatment was
greater than differences between treatments. Therefore, further re-
search is needed to unambiguously determine the effect of CaCO, on
P loss. Nevertheless, our results may provide some indications, as dis-
cussed in the following.

LCF of the P K-edge XANES did not detect P associated with Ca-
minerals (sorbed, crystalline, or amorphous). We determined a sorption
capacity of 13.7 umol P/g for the used CaCO, (data not shown, sorption
conducted at pH 7.7 in pre-equilibrated seawater). This sorption capac-
ity aligns with previous results (Kraal et al., 2017). However, with only
0.21 g of CaCO, added per mesh bag, P adsorbed to CaCO, would con-
tribute a maximum of 1% to the total P pool, falling below the detection
limit of P K-edge XANES (Gustafsson et al., 2020). To detect P associated
with Ca-minerals by P K-edge XANES, the formation of amorphous or
crystalline Ca-minerals with a lower Ca:P ratio than P sorbed to CaCO,
would have been required. Given the slow formation kinetics of crys-
talline Ca-minerals such as apatite (Griffin and Jurinak, 1973; Schenau
et al., 2000), the formation of amorphous or meta-stable crystalline Ca-
P phases may be more likely in our system. Although the porewater was
supersaturated with respect to various crystalline and amorphous Ca-P
phases (Table S7 to S10), the nucleation and crystal growth of all these
phases may be retarded due to the presence of inhibitory cations and
anions such as Mg2" and carbonate alkalinity (Cao and Harris, 2008).
Thus, the absence of detectable Ca-P phases in our LCF fits suggests
that if Ca-P phases formed their contribution was below the detection
limit of P K-edge XANES (~10%, Eriksson et al., 2016; Gustafsson et al.,
2020).

In contrast to the LCF fits, synchrotron-based uXRF maps showed a
weak positive correlation between Ca and P (Pearson correlation coef-
ficient, ~ 0.2, Table S29, S31), suggesting that some P may have been
retained by the present CaCO, or newly formed Ca-P phases, possibly
explaining the slightly lower P loss observed in mesh bags containing
CaCO,. Another potential explanation for the decrease in P loss could
be a reduction in advective and diffusive flow rates resulting from the
addition of CaCO,. In natural sediments, measurements of soluble reac-
tive phosphate in pore waters of CaCO,-rich sediments are much lower
than in sediments with low or no CaCO, (Morse et al., 1985; Millero et
al., 2001), indicating the importance of CaCO, for phosphate retention.
Under environmental settings, the ratio of vivianite to other sediment
components such as clay minerals and CaCO, would be substantially
lower than in our studied mesh bags, which were strongly enriched
in vivianite. Adjusting the ratio of vivianite to sediment matrix could
enhance P retention further, helping in a clearer determination of the
effect of CaCO, on P loss upon vivianite dissolution. This aspect is worth
further investigation.

4.4. Environmental implications
Our experimental setup allowed us to gain information on the trans-

formation pathways of vivianite under two contrasting conditions: (i)
low sulfide, suboxic to anoxic conditions and (ii) high sulfide, euxinic
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conditions. To our knowledge, our results are the first study assessing
vivianite transformation in-situ. In contrast to previous findings based
on laboratory experiments, we found that vivianite was not completely
dissolved during the 56-day-long field experiment highlighting slower
transformation kinetics. Nevertheless, a substantial proportion of vi-
vianite dissolved (at least 10% to 32% based on total Fe loss), followed
partially by the precipitation of secondary minerals.

Under low sulfide conditions, at which vivianite was thermodynam-
ically unstable, vivianite dissolution resulted in the release of Fe, Mn,
Mg, and P and the formation of green rust. A nearly unchanged molar
ratio of (Fe+Mn+Mg)/P in the solid phase highlighted the importance
of green rust as a phosphate sorbent, supporting the findings of Xiong
et al. (2023). Our results are of importance as the formation and sta-
bility of green rust and vivianite likely impacted P cycling in ancient
anoxic oceans, with important implications for Earth’s biogeochemical
evolution (Swanner et al., 2020; Alcott et al., 2022).

Our results concerning vivianite transformation at high sulfidic con-
ditions might explain why vivianite and Fe-sulfide minerals co-exist
in natural sediments as complete vivianite dissolution may be inhib-
ited under natural conditions (Dijkstra et al., 2014; Hsu et al., 2014).
Nevertheless, we show that sulfide-mediated vivianite dissolution in-
creased phosphate availability, as indicated by elevated solid-phase P
losses from the mesh bags and increased (Fe+Mn+Mg)/P molar ratios in
the remaining solid phase. Furthermore, vivianite containing impurities
(Viv_sub), representative of authigenic vivianite, dissolved substantially
more than unsubstituted vivianite (Viv). This finding suggests that sub-
stitution influences mineral reactivity and thus needs to be considered
when studying the reactivity and stability of vivianite as a permanent P
burial sink in the environment.

Overall, our findings show that upon changes in environmental con-
ditions, such as reducing to euxinic conditions, vivianite-containing
sediment could become a source of bioavailable P. This is important
when considering past, current and future coastal systems. For instance,
great parts of the Wadden Sea and the Elbe estuary are classified as eu-
trophic (OSPAR, 2023). Vivianite is present in sediments within the
oligohaline section of the Elbe estuary (Konig et al., 1988; Van Put et
al., 1994). Anticipated alterations in river discharge patterns and sea
level-induced increases in mean high tide levels are expected to shift
salinity levels upstream in the Elbe estuary (von Storch and Claussen,
2012). This increase in salinity will result in enhanced sulfate availabil-
ity in the estuary’s upstream region, potentially leading to increased
sulfide production by sulfate reduction. Our results suggest that this
process could lead to the dissolution and transformation of vivianite
present in the sediments. Similar environmental changes can also be ex-
pected in other coastal regions. For instance, vivianite has been found
at 1 cm sediment depth in the Chesapeake Bay (Li et al., 2015), one
of the most well-studied estuaries in the world. Strong summer strati-
fication in the Chesapeake Bay results in bottom water hypoxia, which
induces sulfate reaction and thus HS~ production (Testa and Kemp,
2012). In the future, sea level rise is expected to enhance this by in-
creasing salinity and thus sulfate availability in the Chesapeake Bay
(Hong and Shen, 2012). Thus, vivianite present in coastal sediments,
such as those found in the Elbe estuary and the Chesapeake Bay, repre-
sents a legacy of sedimentary P that could be destabilized, potentially
enhancing coastal eutrophication.

Similar processes may have affected phosphate bioavailability dur-
ing past geological periods characterized by glacial-interglacial sea level
changes (Filippelli et al., 2007; Sundby et al., 2022). For instance, in
continental margin sediments, vivianite can be an important P sink
below the sulfate-methane transition zone (Burns, 1997; Mérz et al.,
2018). However, the position of the SMTZ is not static; it migrates
within the sediment on glacial timescales (Henkel et al., 2012; Méarz
et al., 2018). For instance, Sundby et al. (2022) proposed a shallowing
of the SMTZ during glacial time periods due to the destabilization of
methane hydrates. This movement implies that vivianite formed below
the shallow SMTZ during glacial periods might be destabilized when
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the SMTZ moves downward. Thus, the potential dissolution of vivianite
as a source of bioavailable phosphate due to the movement of the SMTZ
and, thus position of high sulfide concentrations should be considered
when assessing internal processes altering nutrient variations on glacial
timescales.

Finally, our results indicate that post-depositional dissolution of vi-
vianite due to changes in biogeochemistry could alter vivianite content
in sediments. This is important to consider when vivianite is used to
obtain information on paleo-environmental conditions (Taldenkova et
al., 2010; Vuillemin et al., 2013; Dijkstra et al., 2018). Additionally, we
show that sulfide-mediated vivianite dissolution enhances P bioavail-
ability, results which may impact our understanding of primary pro-
duction and Earth’s biogeochemical evolution (Derry, 2015; Hao et al.,
2020; Alcott et al., 2022).

5. Conclusions

We presented the first in-situ study investigating the transforma-
tion of unsubstituted and Mn-Mg-substituted vivianite with and without
CaCO, in an intertidal sediment with low and high dissolved sulfide
concentration. We identified transformation products and assessed the
effect of substitution on mineral dissolution and secondary mineral for-
mation. In addition, we determined how the presence of CaCO, alters
phosphate retention upon vivianite dissolution. Under the studied con-
ditions, vivianite dissolution resulted in a release of Fe, Mn, Mg, and
P. We hypothesize that a protective layer of secondary minerals may
have inhibited complete dissolution. Green rust minerals were the ma-
jor transformation products at the low sulfide plot, while mackinawite
formation dominated at the high sulfide plot, indicating the dominance
of oxidative transformation and sulfidation, respectively. Formed green
rust likely retained some of the released phosphate, while the low affin-
ity of mackinawite towards phosphate resulted in an enhanced P loss at
the high sulfidic plot. Substituted vivianite dissolved faster, likely due
to smaller crystal size and enhanced crystal roughness. The presence of
CaCO, slightly enhanced P retention and indicates that the presence of
CaCO, may positively impact P retention during vivianite dissolution,
which deserves further investigation to draw unambiguous conclusions.
Overall, our findings are of significance for understanding Earth’s past
biogeochemical evolution and assessing future nutrient fluxes.
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