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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Andrew Margenot Drainage and cultivation of organic lowland peat soils have profoundly altered their hydrological and biogeo-
chemical functions, increasing greenhouse gas emissions and phosphorus (P) mobilization due to enhanced

Keywords: mineralization. Rewetting is increasingly promoted to mitigate these impacts. However, intensive agricultural

Peat soil

use has led to P accumulation, primarily bound to Fe(IlI)(oxyhydr)oxide minerals, raising the risk of P release
under anoxic conditions and challenging the restoration of these systems as nutrient sinks. Predicting P release
remains difficult due to complex interactions, including P re-sorption to metal oxides with remaining P binding
places and precipitation as Fe(I) or Ca phosphates such as vivianite and hydroxyapatite.

This study investigates Fe(IlI)(oxyhydr)oxide reduction extent and associated P mobilization in two con-
trasting Danish lowland peatlands over 24 months: the acidic Vejrumbro and neutral-alkaline Lgvenborg.
Oxalate-extractable Fe, Al, and P (Feyy, Aloy, Pox) differed substantially between sites. Lgvenborg exhibited higher
Feoy (198-241 mmol kg™1) and Alyy (41-49 mmol kg™?) than Vejrumbro (Feqy: 27-122 mmol kg™%; Alyy: 4.5-40
mmol kg™1), resulting in greater P sorption capacity (PSC: 239-287 vs. 44-155 mmol kg™ !). The degree of P
saturation (DPS) remained low at both sites (<10%).

Under winter or wet field conditions, Fe(III)(oxyhydr)oxide reduction extent reached up to 100%, indicating
complete dissolution of the Fe,x pool. Despite extensive reduction, soluble P (Pg,)) remained low in Lgvenborg
(<0.3 mg L’l), whereas Vejrumbro exhibited high Pg, concentrations (up to 4.7 mg L’l). Powder X-ray
diffraction and Mossbauer spectroscopy confirmed vivianite formation in Lgvenborg, demonstrating P immo-
bilization via precipitation. Moreover, in Lgvenborg, the saturation index calculated using the geochemical
model Minteq showed values between 2.5 and 4.2 with respect to vivianite supersaturation, while for Ca-P
precipitates such as hydroxyapatite, Lgvenborg soils show near equilibrium (0.09) to slight undersaturation
(—1.8). In contrast, P retention in Vejrumbro was mainly through adsorption onto residual Fe and Al oxide
minerals.

These results indicate that P release risk models must go beyond re-adsorption, and include precipitation
pathways, which depend on metal-oxide content, cation availability (e.g., Ca>", Fe?™), pH, alkalinity, and the
extent of Fe(IIl) reduction. Incorporating key geochemical indicators—such as pH, sorption capacity, calcium
content, Fe(IIl) reduction extent, and alkalinity may lead to better classification of peat soils and guide rewetting
strategies safeguarding minimal P release.

Anoxic phosphorus release
Iron(III) reduction kinetics
Phosphorus immobilization
Fe(II) phosphate minerals

Abbreviations: Mgr, Total magnesium (mmol kg’l); Car, Total calcium (mmol kg’l); pp, Soil density (kg m~3); 0C, Organic carbon (%); Aly, Oxalate extractable
Al (mmol kg ™1); Fe,,, Oxalate extractable Fe (mmol kg 1); P, Oxalate extractable P (mmol kg !, mg kg~ 1); Fer, Total Fe (mmol kg 1); Al, Total Al (mmol kg™ 1); Pr,
Total P (mmol kg’l); Alcpp, Bicarbonate-dithionite extractable Al (mmol kg’l); Fecpp, Bicarbonate-dithionite extractable Fe (mmol kg’l); Pcep, Bicarbonate-
dithionate extractable P (mmol kg’l); Pgo1, P released to soil solution (mg L™Y; Pop, P mobilized (mmol kg’l, mmol L™Y); Fe(IDyq, Hydrochloric acid extractable Fe
(I1) (mmol kg’l); DPS, Degree of P saturation in soils (%); PSC, P sorption capacity of the soils (mmol kg’l); RSC, Residual sorption capacity of the soils (mmol kg’l);
TN, total nitrogen; TC, total carbon.
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A.F. Florea et al.
1. Introduction

Organic lowland peat soil has been significantly altered by centuries
of drainage and cultivation, accelerating soil organic matter minerali-
zation and amplifying greenhouse-gas emissions (Leifeld & Menichetti,
2018; Tiemeyer et al., 2016). Rewetting of degraded agricultural peat-
lands is seen as a key climate mitigation tool, reducing emissions by up
to ~20 tons CO-eq. ha™! yr~! and reducing agricultural nitrogen losses
through denitrification (Kimmel and Mander, 2010; Lamers et al.,
2015). However, intensive agricultural use and fertilization have led to
mineralization of organic matter and accumulation of phosphorus (P),
mainly in the degraded surface soil layer (Shenker et al., 2005; Zak et al.,
2008). A significant part of this P is bound to Fe(IlI)(oxyhydr)oxides
(hereafter referred to as Fe(IIl)-oxides), or Al(hydr)oxide minerals
(hereafter Al-oxides), which is usually used for quantifying the P sorp-
tion capacity (PSC) of soils including organic-rich wetlands (Lamers
et al., 2015; Zak et al., 2010). Under anoxic conditions, reductive
dissolution of Fe(IIl)-oxides significantly reduces PSC and mobilizes P
(Heiberg et al., 2010; Prem et al., 2015; Zak et al., 2010). Consequently,
rewetting former intensively managed sites can trigger P mobilization
and eutrophication in nearby waters (Hoffmann et al., 2012; Wiegman
et al., 2022).

Lowland peat soils are estimated to be among the largest contributors
to diffuse P loss to surface waters (Kristensen et al., 2021; Smith et al.,
2021). Complex interaction of soil biogeochemistry and wetland hy-
drology may complicate the prediction of P loss from lowland peat soils
(Hattermann et al., 2006; Maassen and Balla, 2010). While anoxic
conditions can promote the reductive dissolution of Fe(IIl)-oxides and
subsequent P release, several mitigating processes may counteract this
mobilization. These include re-adsorption of P to non-reduced Fe(IIl)-
oxides and/or redox stable Al-oxides (Heiberg et al., 2010; Murray and
Hesterberg, 2006), precipitation of P as Fe(II)-phosphate (Fe(II)-P) or
Ca-phosphate (Ca-P) (Heiberg et al., 2012; Walpersdorf et al., 2013),
and biological P uptake by plants and microbial biomass (Zak et al.,
2022). Additionally, the availability of labile organic substrate can
regulate microbially driven reduction of Fe(Ill)-oxides, affecting the
extent of P release (Craft, 2010; Kjaergaard et al., 2012) (Fig. 1).

Previous studies have linked anoxic P release risk in lowland peat
soils to simple geochemical indicators such as total P (P7) and the degree
of P saturation (DPS) (Niirnberg, 1988; Hooda et al., 2000; Weigman
et al., 2022). These models suggest higher P release risk with increasing
DPS or P1. Others use Fe:P molar ratios (Fer:Pt) or oxalate-extractable

P mobilization
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Fe and P (FeoxPox) (Geurts et al., 2008; Surridge et al., 2012). In
Denmark, P risk screening commonly relies on bicarbonate-dithionite
(BD)-extractable Fe:P (Fepp:Ppp) (Forsmann and Kjaergaard, 2014).
These tools are useful but incomplete as they do not account for the fate
of P after Fe(Ill)-oxide dissolution including the potential re-adsorption
to sorbents such as clays, Al-oxides, or residual Fe(III)-oxides, nor do
they consider the precipitation of P with Fe(II) and Ca.

A recent model predicts anoxic P release caused by reductive Fe(III)-
oxide dissolution using oxalate-extractable Fe, Al, P and the extent of Fe
(I1D)-oxide reduction, with a ~100 mmol kg ! residual sorption-capacity
threshold separating low from high risk (Florea et al., 2024). Risk in-
creases with low PSC, high DPS, and low Al-oxide content. However, the
study of Florea et al. (2024) focused on mainly acid to slightly acid soils,
while in neutral to alkaline soils, mobilized P may be re-immobilized as
Fe(I)-P (e.g., vivianite (FesPO4), @ H20)) or Ca—P (e.g. hydroxyapatite
(Cay10(PO4)6(OH)3) precipitates, contributing to the long-term P immo-
bilization (Gachter and Miiller, 2003) (Fig. 1).

The aim of this study is to evaluate the extent of Fe(Il)-oxide
reduction in field conditions, quantifying the concomitant P mobiliza-
tion and identifying the P immobilization processes taking place in two
contrasting peat soils, differing with respect to pH, alkalinity and con-
tent of Fe- and Al-oxides. The two soils studied are representative of two
common classes of fen peat soils — strongly acid and neutral. We hy-
pothesize that P mobilization in peat soils is primarily driven by the
extent of Fe(Ill)-oxide reduction in the soils. However, the net release of
P into the aqueous phase is modulated by immobilization processes,
including re-adsorption onto remaining metal oxides in acidic soils, and
both re-adsorption and precipitation as Ca-P and Fe(II)-P in neutral soils.
The specific objectives of the study were to: (i) quantify the extent of Fe
(I11)-oxide reduction and associated P release under field conditions
during a 24-month period; (ii) evaluate the applicability of the
laboratory-based P release model developed by Florea et al. (2024) for P
release in field settings, and (iii) identify the dominant mechanisms
governing P immobilization.

2. Materials and methods
2.1. Soil sampling and sample preparation
The peat soil samples were collected from two field locations in

Denmark. One site is in Vejrumbro - Jutland (56°26'18.1'N
9°32'42.7'E), a part of the larger Ngrre A river valley, categorized as a

P immobilization

Fig. 1. Schematic illustration of the P mobilization and possible P immobilization processes. Resorption on remaining Fe(IIl)-oxides and Al-oxides, vivianite pre-
cipitation (3Fe*"(aq) + 2P0O3(aq) + 8H,0 = Fe3(PO,4), @ H,0 and Ca-P (3Ca%"(aq) + 2PO3 " (aq) = Cas(PO,); (s) + 2H,0) precipitation. P = bound phosphorus;

PO%‘ = released phosphorus; Fe?* = Fe(Il) in solution; Ca®>* = Ca in solution; @ = vivianite precipitation;

= Ca-P precipitation.
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rewetted riparian fen. The site was ditch drained in the 1950's and used
for grazing purposes. The grazing stopped at the establishment of
research infrastructures in the area in 2018. The region has a temperate
climate, the annual precipitation is on average 780 mm, and the annual
average temperature is 8.5°C. The second site is Located Lgvenborg —
Zealand (55°41'15.2"N 11°35'22.4"E), where the annual precipitation is
on average 700 mm, and annual average temperature is 9°C. The site
was historically a grazed meadow until 1975 and later used for pro-
duction of spring crops (wheat, carrots, potatoes) before being con-
verted to extensively grazed permanent grassland in 2009. Drainage
systems, in place since the 1940s, were disabled in 2009, and a dam was
established to manage and clean drainage water (e.g. nitrogen removal)
from surrounding areas.

The sites were selected based on existing information to cover a large
gradient in Alyy, Feox, Pox, differences between peat layer thickness and
contrasting pH values. The repetitive samples were taken in two soil
depths, 0-30 and 30-60 cm, as undisturbed soil cores, using an Eijkel-
kamp cylindrical, 45-mm diameter soil corer with a sampler liner tube,
except where sampling failed due to high groundwater level. A moisture
gradient transect was used for soil sampling on both sites. In Vejrumbro,
the moisture transect was established across three sampling points
(Fig. 2A). Points V1 and V3 represented the driest conditions, while
point V2 was identified as the wettest. Topsoil samples (0-30 cm) were
denoted as V1T, V2T and V3T, while subsoil samples (30-60 cm) were
denoted as V1S, V2S and V3S. The thickness of the peat layer in Vej-
rumbro field site is around 1.8 m. The distance between the sampling
points is 10 m. In Lgvenborg, the moisture transect has four collecting
points and starts from the wettest point L1 to the driest point L4
(Fig. 2B), with 10-meter distance between the sampling points. Soil
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samples were collected from a depth of 0-40 cm depth, corresponding to
the thickness of the peat layer at this site. Beneath the peat, the subsoil
consists of sand (Fig. 2B) (Table S1). Both sites were rewetted, with
water tables fluctuating slightly during the monitoring period, from near
to above the surface in winter to approximately 30 cm below the soil
surface in summer.

The monitoring period covered 24 months from November 2022 to
November 2024, with sampling frequency of every 3 months for Vej-
rumbro and every month for the Lgvenborg site, except when sampling
failed due to high groundwater level (September—October 2023 in Vej-
rumbro). Soil classification was done according to IUSS working Group
WRB (2022). At Lgvenborg, the soil is classified as a Histosol with a
sapric nature, based on its highly decomposed organic matter content,
with little recognizable plant structure remaining, and dark color. In
contrast, the Vejrumbro soil is classified as a Histosol with a fibric na-
ture, based on its slightly decomposed organic materials with recog-
nizable plant structures (Fig. 2).

In the field, samples were immediately packed airtight in plastic
bags, transported to the laboratory, and stored at 2°C until further
processing. In the laboratory, all work with the moist soil samples was
done at 20°C in a Coy anoxic chamber with an atmosphere of 95% ni-
trogen and 5% hydrogen to avoid oxidation of Fe(II) and other O3 sen-
sitive substances in the samples. Each moist soil sample was carefully
homogenized by hand inside the anoxic chamber. From each soil sam-
ple, a representative subsample of 20 g was removed and dried outside
the glovebox at 105°C for 24 h to determine soil water content. Another
subsample of 20 g was subsequently oven-dried at 40°C for six hours for
later oxalate and citrate-bicarbonate dithionite (CBD) soil extraction
and analysis. The remaining soil subsample was sealed int an airtight

A
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Fig. 2. Sampling transects, moisture gradients, soil profile and peat thickness from both study field sites. A) Vejrumbro, B) Lgvenborg.
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plastic zip bag and stored moist and anoxic at 2°C in a cooling room until
the following day, when analyses of soluble P and HCl-extractable Fe(II)
were conducted, if immediate processing on the day of sampling was not
feasible. Soil samples dried at 40°C were sieved <2 mm.

2.2. Soil characterization

Orthophosphate in solution was determined by collecting soil solu-
tion from the moist soil sample through centrifugation at a 2795 g force,
using Chrom-Tech 50 mL PVDF Maxi-Spin 0.45 pm filter tubes (SI —
section 2.2). P in solution was determined by spectrophotometry using
the molybdate-blue method (ISO, 2004). The P in soil solution was
analyzed quickly (within 12 h) after solution sampling to avoid hydro-
lysis of P bound in organic compounds during the molybdate analysis
(Jarvie et al., 2002; Denison et al., 1998). The Fe(Il) in solution was
analyzed by the 1,10-phenanthroline method of Fadrus and Maly (1975)
after appropriate dilutions. pH and electrical conductivity (EC) were
measured directly on soil solution, inside the glovebox, immediately
after extraction, using a Metrohm 914 portable pH/conductometer,
while alkalinity was determined using Gran titration (Gran, 1952).

The extent of Fe(III)-oxides reduction (Rpe(un) in field samples was
monitored by determining the content of Fe(Il) in soil samples and was
calculated as the ratio Fe(Il)yc): Feox (Eq. (1)) (SI - section 2.2). The Fe
(ID) in the supernatant determined by the 1,10 — phenanthroline method
of Fadrus and Maly (1975). The method is a milder method of Lovley
et al. (1987) and aims to extract sorbed and exchangeable Fe(II) as well
as Fe(Il) in easily soluble mineral phases, such as siderite and vivianite.
Moreover, the HCI extract was analyzed for P concentrations using the
above-described molybdenum method. The centrifugation method was
tested for Fe(Ill) oxidation during the sample centrifugation, by
measuring Fe(Il)yc on several samples, before and after centrifugation.
The results showed no significant oxidation of the soil sample during
solution extraction by centrifugation outside the glovebox.

Fe(Il
elg Jiat o, 100 'e))

0X

Reeqn) =

Oxalate-extractable Al, Fe and P were determined following Schou-
mans (2000), and Al, Fe and P in the extract quantified using ICP-OES
(Inductively Coupled Plasma Optical Emission Spectrometry) (SI — sec-
tion 2.2).

We performed a citrate bicarbonate-dithionite (CBD) extraction on
oven-dried soil samples (40°C) to quantify extractable Al, Fe, and P
(Fecap, Alcpp, and Pcpp). The extraction was carried out at 70°C in a
water bath, following the method outlined by Mehra and Jackson (1960)
(SI - section 2.2). All results are reported on a soil dry mass (DM) basis.

Total P content in soils was determined, after hot acid digestion (5
mL of 6 M HCI) of 0.5 g combusted soil at 520°C, by the blue-molybdate
colorimetric method. For total C and N, the dry soil samples were
analyzed on an Elementar Vario Macro Cube instrument. Total Fe, Al,
Ca, Mg elemental composition of the soil samples was done by X-Ray
fluorescence spectrometer (XRF) analysis. The dry and manually milled
fine particles soil samples using an agate mortar and pestle, were
pelletized using a hydraulic press and cellulose binder and were
analyzed on an Olympus Delta Premium DP-6000 XRF analyzer. For
determination of total cations and anions in soil solutions, the solution
was extracted from the soil samples using centrifugation as described
above. Total cations in the soil solution were determined using ICP-OES
while total anions were determined by ion chromatography using a 930
Compact IC Flex instrument.

The dissolved organic carbon (DOC) was measured in the soil solu-
tion collected as explained above and acidified using 20 uL of 2 M HCl
mL ! solution. DOC measurements were performed using Shimadzu
TOC-L CPH, ASI, TNM-ROHS instrument. Total cations, total anions,
DOC determination in soil solution, as well as alkalinity and EC
explained above, were measured in soil solution collected by centrifu-
gation from all soil samples collected in wintertime (November 2024).
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Geochemical equilibrium modeling was conducted using Visual
MINTEQ version 3.1 to simulate aqueous speciation and evaluate min-
eral saturation states relevant to P dynamics (Gustafsson 2014) (SI —
section 2.2). Saturation indices (SI) were calculated for key Fe- and Ca-
bearing P including vivianite (Fe3(PO4)2-8H20) (pKs, = —37.7) (Allison
et al. (1991), and hydroxyapatite (Cas(PO4)30H) (pKsp = —44.3).

2.3. Phosphorus sorption, re-sorption capacity and degree of P saturation

The P sorption capacity (PSC, Eq. 2) in soils was calculated by
summing the molar contents of Alyy and Feyy assuming that P binds
equally to the two metal fractions in the soils (van der Zee and van
Riemsdijk, 1988; Dari et al. 2018). Following Fe(III)-oxide dissolution,
the residual sorption capacity (RSC, Eq. 3) for a sample was determined
to assess the residual capacity of the soil to immobilize P by adsorption
and was estimated by correcting PSC for Fe(III)-oxide dissolution (=Fe
(I1) production)(Florea et al. 2024).

PSC = ALy + Feoy (mmol-kg ") 2

RSC = PSC — FE(II) y, (mmol-kg ™) 3)

The degree of P saturation (DPS) (Nair et al., 2004) was calculated as
molar ratio between P,y and the PSC (Eq. 4). The fraction of P associated

with Fe(IID)-oxides ( F;T”;‘) was calculated as molar ratio of Fegy

remaining in soil (Fe,x — Fe(Il)ycy) and the RSC at a timepoint multiplied

with Py corrected for P released to solution, Pge (Eq. (5)), and assuming
equal affinity of Al and Fe oxides for P bonding.

DPS = Py /PSC x 100 “
Fey — Fe(I)HCI -
Bt = e X (Pox = Pyot) (mmolkg ') 5

During reductive dissolution of Fe(Ill)-oxides, the associated P
mobilization (Pp,0p) may occur proportional to the extent of Fe(II)-oxide
dissolution and can be calculated as the product of Fe(II) production and
the initial P saturation of Fe(IlI)-oxides (Eq. 6). Hence, Py, represents a
theoretical maximum P release to solution. However, in practice, not all
mobilized P enters the solution due to retention by residual Fe and Al
oxides (RSC) or immobilization through precipitation products forma-
tion, and thus the P immobilized (Pimmob) can be estimated as the dif-
ference between Py and Pg) (Eq. (7).

P
Prop = Fe(Il) gy X =2

s (mmolkg™) 6)

Pinmob = Prmob — Psol (mmOl kgil) )]

2.4. X-ray diffraction and Mossbauer spectroscopy

We identified crystalline phases by powder X-ray diffraction (PXRD)
using a PANalytical X’Pert Pro MPD (Co-Ka, 40 kV, 40 mA). Field-moist
soils, collected in April 2024, were transferred to a glovebox, dried for
approximately 24 h, hand-milled (agate), packed and leveled in holders,
then scanned continuously from 5 to 90° 20 (0.02° steps, 10 s step™}). To
enhance detection of phases such as vivianite, we applied magnetic
separation using a Neodium block super-magnet coated with a triple-
layer of nickel-copper-nickel (Ni-Cu-Ni) and re-analyzed the magnet-
rich fraction (cf. Prot et al., 2019).

For iron phase speciation, > Fe Mossbauer spectra were collected on
four samples (L1, L2, V1T, V1S) (collected in April 2024), used also in
XRD analysis. Reduced, wet soils were dried and hand milled in the
glovebox, using a mortar and a pestle. Next, the milled and anoxic soil
samples were packed into air-tight glass vials to prevent oxidation, and
sent to Department of Geosciences, University of Tiibingen, Germany. In
the laboratory, 100 ug powder was loaded in 1 cm? Plexiglas holders and
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measured in transmission mode at 77 K and 5 K (WissEl drive; 57Co/Rh
source) in a He backflow cryostat. Spectra were calibrated to a->"Fe at
room temperature and fitted in Recoil using the Voigt-Based Fitting
routine (HWHM fixed at 0.124 mm s’l).

3. Results
3.1. Soil and solution properties

Soil properties measured for samples collected in the beginning of
the field monitoring period, differed markedly between sites (Table 1).
Lgvenborg had higher dry bulk density (305-546 kg m~3), neutral pH
(7.2), much greater Fe,x (198-241 mmol kg’l) and Alyx (41-49 mmol
kg™1), yielding higher PSC (239-287 mmol kg™!) and a narrow DPS
(5-7%). Ca and Mg were also higher at the Lgvenborg site (Ca
815-1098; Mg 26-37 mmol kg™1), consistent with its higher alkalinity.
Vejrumbro soil was lighter (86-311 kg m_s), acidic (pH 4.5), and with
less Feox (27-122) and Alyx (4.5-40), and thus lower PSC (44-155) and
broader range of DPS (1-7%).

The ratio between Feyx:Fecpp, which is a measure of the proportion
of poorly crystalline Fe(Ill)-oxides (Schwertmann, 1964), is ~1 in
Lgvenborg, except L4, where the Feqy:Fecgp was 1.2. This suggests that
poorly crystalline Fe(III)-oxides, such as ferrihydrite, represent almost
all of the Fe(IIl)-oxides in most of the soils (Table 1). Ratios higher than 1
may indicate the presence of Fe(Il) sulfides (Vodyanitskii et al., 2007). In
Vejrumbro, Feqx:Fecpp ranged between 0.62 and 1.03.

Soil solutions differed strongly between sites (Table 2). Lgvenborg
was near-neutral/alkaline (pH 6.8-7.2) with high EC (to 4.9 mS em™)
and alkalinity 830-930 uM HCO3; Cl~ was higher and Fe?" ranged be-
tween 274-380 uM, compared with Vejrumbro where the Fe?* varied
between 65-568 uM. Vejrumbro was strongly acidic (pH 4.3-4.6), with
lower EC (max 443 pS cm™!) and alkalinity 178-200 uM HCO3; SOF~
was higher and NO3 was generally low except at V1 (up to 195 pM).

Vejrumbro soils V2S and V3T had the highest Ca®* concentrations,
1210 and 1140 pM, respectively, exceeding the Lgvenborg Ca®" con-
centrations range of 582-732 pM.

Table 1
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3.2. Field monitoring

3.2.1. Iron reduction

The Fe(Il)yc) contents varied widely throughout the monitoring
period at both field study sites, and between collection points along the
moisture transects. At both study sites, the extent of Fe(Ill)-oxides
reduction reflects full reduction of the Feyy pool during the prolonged
wet and anoxic winter/spring seasons (Fig. 3). Moreover, in Lgvenborg,
almost 100% of the Fe(Il)ycy produced during these anoxic periods was
oxidized during the dry summer period, in all sampling points (Fig. 3A).
In contrast, in Vejrumbro, full oxidation of the Fe(II)yc produced only
occurred in V1T, V1S, V3T and V3S points of the transect, with no
oxidation of Fe(II) during summer observed at V2T and V2S, where the
water level was still above ground (Fig. 3B). At Lgvenborg, 100% Fe(III)
reduction was observed at the wettest sampling point (L1), whereas at
Vejrumbro, complete reduction occurred at both V1 and V2 sampling
points.

3.2.2. Phosphorus dynamics

During the monitoring period, P dissolved in soil solution (Pse))
concentrations varied substantially among the two sites and among the
sampling points in the transects. The Pg, concentrations were very low
in Lgvenborg, with values between 0.0 and 0.3 mg L™ (Fig. 3C),
compared with Vejrumbro where the Pg, concentrations ranged be-
tween 0.1 and 4.7 mg L! (Fig. 3D).

At the Lgvenborg field site a high variation in Pg, was observed over
the year, but the highest concentration of Pg,), seen during the winter-
time, was still low in contrast to the large extent of Fe(III)-oxide disso-
lution. Maximum observed Pgo concentrations during the monitoring
period in Lgvenborg comprised a small percentage, 0.3% of Py released.
The potential P release to solution, expressed as P mobilized (Pp,op) (Eq.
(6)) was consistently much higher than Pg, in Lgvenborg soils, sug-
gesting a P immobilization, rather than accumulation in the soil solution
(Fig. S1). Comparatively, in Vejrumbro, we observed higher Pg, con-
centration, and the Pg) values were more related to the extent of Fe(III)-
oxide dissolution (Fig. S2), and the maximum observed Ps, concentra-
tions during the monitoring period comprised of 8.6% of P, released.

Properties of all soil sampling points from Vejrumbro and Lgvenborg moisture transects.

Measurement Unit Lgvenborg collection depth 0-40 cm Vejrumbro: T - topsoil (0-30 cm) and S — Subsoil (30-60 cm)

L1 L2 L3 L4 VIT V1s V2T v2s V3T v3s
pH? in soil solution 7.1 7.2 6.9 6.8 4.3 4.5 4.4 4.6 4.5 4.4
Dry pp kgm~> 305 416 509 546 269 129 181 85 311 120
TC® mass % 28.4 27.4 27.6 28.1 33.9 39.2 25.1 44.4 44.4 47.1
TN mass % 2.3 1.9 2.2 2.1 1.5 1.7 2.0 1.1 1.7 1.9
Mg§ mmol kg71 26 28 30 37 17 23 11 17 13 11
Caf mmol kg71 1098 918 925 815 264 426 471 528 555 499
Alt mmol kg ! 565 763 666 599 443 106 330 154 187 127
Fef mmol kg™ 610 502 548 458 220 139 231 148 125 70
P$ mmol kg71 37.8 40.2 35.3 36.7 27.5 15.7 12.3 17.2 34.6 16.4
Algx mmol kg71 40.7 45.3 44.5 49.4 33.3 23 4.5 17.3 40.1 17
Fed, mmol kg™ 198.7 241 216.3 203.6 122 40.5 45.3 27.1 67.4 30.6
pd, mmol kg™ 16.5 19.8 13.5 18.5 10.3 2.8 1.7 2.3 10.7 2.1
Algpp mmol kg71 39.1 41.8 43.9 31.3 52.1 27.1 52 41.4 56.8 33.9
Felgpp mmol kg~ 198.1 211 221.7 169.1 130.8 64.4 73.5 37.8 58.8 37.6
PCap mmol kg~? 16.8 16.8 18.2 11.1 14 8.7 19.2 5 17.1 3
pscf mmol kg71 239.3 286 261.1 253.1 155.2 63.5 49.8 44.4 107.5 47.6
DPS® % 7 7 5 7 7 4 3 5 1 4
Feox: Pox 12.1 12.2 16.1 11 11.9 14.2 27.1 11.7 6.3 14.4
Feox: Fecpp 1 1.1 1 1.2 0.93 0.64 0.62 0.72 1.1 0.85

% — pH has been determined in soil solution.

b_ Bulk density.

¢~ Total C, N, Mg, Ca, Al, Fe and P.

d _ Oxalate extractable Al, Fe and P.

€ _ Citrate bicarbonate dithionite extractable Al, Fe and P.

f_ Phosphorus sorption capacity calculated according to Eq. 3.

8 _ Degree of phosphorus saturation calculated according to Eq. 4.
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Soil solution composition from all soil sampling points from both study sites (Vejrumbro and Lgvenborg). Samples were collected in wintertime, on 5th of November
2024 for Lgvenborg and 7th of November for Vejrumbro, for soil solution analysis.

Measurement Unit Lgvenborg collection depth 0-40 cm Vejrumbro: T - topsoil (0-30 cm) and S - Subsoil (30-60 cm)
L1 L2 L3 L4 VIT V1s V2T V2S V3T V3S
pH in soil solution 6.9 7 6.9 6.8 4.3 4.5 4.4 4.6 4.5 4.4
NO3 M 8.8 6.5 8.5 8.7 196 133 1.9 4.2 0.3 3.2
S0 M 29 32 49 167 161 190 692 703 16 3
cr M 1298 1382 1439 1354 790 485 779 731 544 561
HCO3 M 920 930 870 830 200 192 195 182 187 183
Ca?" M 582 732 681 641 569 613 756 1219 1141 787
Mgt uM 67 100 59 42
K" uM 25 25 24 19
Na M 204 250 297 292
Fe** M 380 310 376 274 79.6 64.5 293 568 299 285
DOC mgL~! 54 50 54 48 95 95 73 73 98 98
A -1 B " VT
® L2 100 o & % 5— & O VIS
100 mm e " " Al p 2 bl
u v L4 80/ #® YV v vas
80 u u & var
— [ = 60 \ < V3s
£ = 1 v v A 2
= 60 - n el 3 u
o ] ] x <
4ol e *% 40 h
[ ] L, oA A® g0 ., v : .
¢ A /1 <
20 ° AA_\g/V 201 @ &
Vv Yaum /b vvY ¢
0% h 4 oL a—@ ] '
N0 00X &N @ & &S0 S @O < . :
O 5@@@’%&@3\)05\»%&0 R VQ@%)(\VQ S $°4 Qeo RS \,00 & §Q§ S
1t Year 2" Year 3 Year 1% Year 2" Year 3" Year
0.35+
C LT
=, 0.301 * o LT i 5/D A
" VT
g’0.25 A il o ® Vis
c A - VoLt E 4 A V2T
2020 m Vv 5 v v2s
© v v A = 31 & V3T
< 0.15 ‘E - <4-V3S
9]
o o 21
£0.10 AY N\ 2 v
3] o) A
) | ) | v m/ |
0 005{ o™ o AT ey . *
0.00 ° S 2 x 0 M*L‘L T
TR N0 0 0 S A @ S 000 @ O L <
OB OND o U A RO SN TSRO N P @ E DS
SO EIROTHL AR T SRR S MRV R
18! Year 2" Year 3 Year 1% Year 2" Year 3 Year

Fig. 3. Extent of iron reduction and soluble phosphorus (Ps,)) concentrations at both field sites during the monitoring period. A) Extent of iron reduction (Rge(ur) in
Lgvenborg during monitoring period. B L1 is the wettest point in the sampling transect while ¥ L4 is the driest point in the transect (Fig. 2). B) Iron cycling in
Vejrumbro during wet and dry seasons. C) Pg,; concentration in mg L™ in field condition for Lgvenborg field site during monitoring period. L1 is the wettest point in

the sampling transect while ¥ L4 is the driest point in the transect (Fig. 2). D) Pg,; concentration in mg L ™! in field condition for the Vejrumbro field site. The

Gy

X"’ axis

represents the sampling time as month and year of soil sample collection. The connecting lines are used as a guide for the eyes to follow the data points.

We analyzed the oxalate extracts using both the molybdate blue method
(Wolf and Baker, 1990) and ICP-OES for the L1-L4 samples (Table S2).
The comparison shows a close agreement between soluble reactive
phosphorus (SRP) determined by the molybdate blue method and total
phosphorus measured by ICP-OES. The P, molybdate: P, ICP ratio
averaged 1.08 + 0.07 (mean =+ SD), with individual values ranging from
0.98 to 1.14 (Table S2). This suggests that the oxalate-extractable P pool
is predominantly composed of ortho-P, while indicating some sample-to-
sample variability.

3.3. Solid state analysis

3.3.1. Mineral analysis by X-ray diffraction (XRD)

XRD of the anoxic Lgvenborg soil sample L1 collected in April 2024
showed that the soil sample predominantly contained quartz and
goethite, and notably, vivianite was also detected in the anoxic soil
sample L1. However, in the initial XRD analysis of the untreated soil

samples only low-intensity vivianite peaks were detected (Fig. S3),
suggesting either a low concentration of vivianite or interference from
other soil components. Subsequently, all samples were magnetically
treated to preconcentrate vivianite (Nguyen et al., 2024). After magnetic
separation, the vivianite peaks became more pronounced and increased
in numbers (Fig. 4A). Even if XRD showed vivianite formation in all
Lgvenborg sampling points, the distribution of vivianite varied spatially
(Fig. 4A). L1 and L2 soil samples showed more intense vivianite signals,
suggesting more substantial formation of vivianite in these sampling
points, while the less wet L3 and L4 exhibited fewer and weaker viv-
ianite signals (Fig. 4A). To further confirm the presence of vivianite, the
magnetically separated soil sample L2 was treated with 0.1 M HCI,
following the Fe(Il) extraction method, and then re-analyzed with XRD.
After acid treatment, the vivianite peaks completely disappeared
(Fig. S4) supporting the XRD evidence of vivianite in the samples (Zhao
et al., 2024).

XRD analysis of soil samples collected from Lgvenborg during the
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Fig. 4. XRD traces of soil samples collected both in summer and winter. A)
anoxic dried and magnetically separated winter soil samples. B) oxic dried and
magnetically separated summer soil samples.

summer/dry season, showed that many of the vivianite reflections dis-
appeared, while the remaining vivianite reflections appeared with lower
intensity, suggesting a decrease in their overall abundance, or their
transformation into other iron minerals under oxidizing conditions.
Conversely, goethite peaks became more abundant and prominent
(Fig. 4B). Furthermore, in the L1 sampling point, the XRD pattern not
only confirmed the presence of goethite but also identified lepidocrocite
(y-FeOOH) (Fig. 4B). The detection of lepidocrocite is indicative of
conditions of alternating wetting and drying (Schulz et al., 2023).

The XRD analysis of the anoxic and magnetically treated Vejrumbro
soil samples (Fig. S5), showed reflections due to quartz, goethite and
lepidocrocite but not vivianite. The diffraction signals corresponding to
goethite were relatively broad, indicating a poorly crystalline nature of
this mineral. These findings suggest that the crystalline mineral phases
in Vejrumbro soil is dominated by quartz, with trace of goethite and
lepidocrocite.

3.3.2. Iron phase characterization by Mossbauer spectroscopy

Mossbauer spectroscopy revealed a mixture of Fe(III)- and Fe(II)-
bearing minerals in all analyzed samples (L1, L2, V1T and V1S), such
as poorly crystalline Fe(III)-oxides (L1, L2 and V1T) (Fig. S6; Table 3 and
Table S3), Fe(Ill) bound to silica or to organic matter (all samples)
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(Fig. S6; Table 3 and Table S3) and vivianite (L2) (Fig. 5A and Table 3).

Sample L2 (collected in April 2024) is taken as an example. The 85%
of Fe(Ill) in this sample can be subdivided into three phases. An Fe(III)
doublet still exists at 5 K pointing towards an unordered Fe(III) phase,
associated with organic matter or silica (Thompson et al., 2011) (25%).
Both the second and third Fe(III) phases are identified as poorly crys-
talline Fe(III)-oxides based on magnetically ordering of Fe(II) into a
defined sextet (Murad and Cashion, 2004) (48%), and Fe(IIl) ordering
into a collapsed feature but without completely magnetically ordering at
5 K (Murad and Cashion, 2004) (12%), respectively (Fig. 5B). The 15%
of Fe as Fe(Il) in the sample is attributed to vivianite as the two Fe(II)
doublets at 77 K have the typical hyperfine parameters for vivianite.
Vivianite typically orders into an octet at 5 K, which partly accounts to
the area of the collapsed phase (Dyar et al., 2014).

At 77 K, the Fe(Il):Fe(IlI) ratio in sample L1 was 0.87, while in soil
sample L2, Fe(III) dominated with an Fe(II):Fe(IIl) ratio of 0.17, indi-
cating more oxidized conditions in L2. Similarly, V1T showed a higher
Fe(II):Fe(Ill) ratio of 0.82, whereas V1S contained exclusively Fe(III)
(100%), confirming a fully oxidized environment (Table 3 and Table S3)
(SI). Comparatively, the Rgeqm was 100% for L1, 45% for L2 and 100%
for both V1T and V1S.

4. Discussion
4.1. Iron reduction

This study monitored the reduction of Fe(Ill)-oxides and concomi-
tant P release during 24 months of oxic and anoxic field conditions in
two contrasting lowland peat soil sites. The monitoring data highlighted
the influence of seasonal fluctuations on the extent of Fe(III) reduction,
Rre(in), with fluctuations spanning the whole range from 0 to 100% both
within and between the sites. This means that the full Fe,x pool is cycled
during the year, and large amounts of Fe is cycled. For instance, for site
L1 it is estimated that the annual cycling of Fe in the upper 40 cm
amounts to 13.5 tons ha~! year ™. All P associated with this Fe fraction
is subject to mobilization and immobilization processes. As an example,
under complete reduction of Fe(Il)-oxides in the upper 40 cm at sam-
pling point L1, the mobilized P, Pyp (Eq. 6), amounts to 13.7 mmol
kg~!, and hence leads to P mobilization of 500 kg ha™! year™! (SI —
section 4.1). Large amounts of P are being mobilized and subject to
potential transport if the P is not re-immobilized.

The Feyx:Fecpp ratio, which is a measure of the fraction of poorly
crystalline Fe(Ill)-oxides (Schwertmann, 1964), was always higher than
0.9 (Table 1), reflecting that the poorly crystalline Fe(III)-oxides make
up all the oxalate extractable Fe in these samples. This finding is further
validated by the XRD analysis of the summer/dry soil samples from
these samples, which did not identify crystalline iron minerals. How-
ever, we identified broad and low intensity goethite XRD signals, indi-
cating that poorly crystalline or nanocrystalline goethite was formed.
The exclusive presence of poorly crystalline goethite in these two sam-
ples aligns with the dynamic Fe cycling seen in peat soils, as it forms
under low temperature, wet and fluctuating redox conditions (Cornell &
Schwertmann, 2003; Hansel et al., 2005). Under these conditions, Fe is
repeatedly reduced and re-oxidized, preventing the full crystallization of
Fe(Il)-oxides and favoring the formation of highly reactive, nano-
crystalline goethite (Kappler & Straub, 2005). Moreover, due to its high
surface area and great reactivity, poorly crystalline goethite may play an
important role in P immobilization and iron cycling in peat soils
(Lalonde et al., 2012; Yang et al., 2017).

In contrast to our results, previous laboratory batch experiments
have shown that high amounts of soluble Fe(II) could slow down or
inhibit the reduction of Fe(IlI)-oxides, as sorbed or surface-precipitated
Fe(II) can limit the potential for enzymatic electron transfer (Roden
et al., 2000). However, the inhibiting effect of Fe(II) might be dimin-
ished by the subsequent precipitation of minerals like pyrite, vivianite,
siderite, or by Fe(II) complexation with organic ligands (Huang et al,
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Table 3
Parameters from Mossbauer spectroscopy analysis.

Sample code Phase 3¢S (mm/s) 4QS/ & (mm/s) SH (T) oy Relative area (%) 82

L1 (77 K) Fe(III) doublet 0.50 0.74 0.41 45.7 0.56
Fe(II) doublet 1.29 2.91 0.37 39.6
2Def. sextet 0.40 -0.07 46.3 5.53 14.7

L1 (5K Fe(I1I) doublet 0.65 0.51 0.23 9.4 0.73
Fe(II) doublet 1.34 2.89 0.43 33.9
Col. phase 0.60 0 16.09 16.09 33.3
2Def. sextet 0.50 0 48.46 4.79 23.4

L2 (77 K) Fe(I1I) doublet 0.47 0.79 0.39 85.5 0.65
Fe(II) doublet 1.32 2.60 0 2.3
Fe(1I) doublet 1.11 3.25 0.69 12.2

L2 (5K) Fe(III) doublet 0.42 0.82 0.49 25.3 0.75
ICol. phase 0.50 0 20.0 8.86 26.7
2Def. sextet 0.47 —0.04 46.95 4.74 48.0

V1T (77 K) Fe(I1I) doublet 0.51 0.94 0.60 55.1 0.61
Fe(II) doublet 1.17 2.72 1.44 44.9

V1T (5K) Fe(I1I) doublet 0.49 0.97 0.52 39.8 0.51
Fe(II) doublet 1.39 2.81 0.50 14.4
1Col. phase 0.40 0 28.49 28.49 34.2
2Def. sextet 0.49 —0.029 50.74 50.74 11.4

V1S (77 K) Fe(III) doublet 0.42 0.65 0.33 100.0 0.68

V1S (5 K) Fe(III) doublet 0.46 0.71 0.25 100.0 0.56

1 - Collapsed phase: describes a specific structural form of a material.

2 — Refers to a six-line splitting pattern in the spectrum that results from the magnetic hyperfine interaction between the nuclear magnetic moment and an internal

magnetic field at the iron nucleus.

3 — Center Shift: measures the difference in nuclear energy levels between the source and absorber; influenced by the s-electron density.
4 — Quadrupole Splitting: a key parameter used to interpret the electric field gradient at the nucleus of the Mossbauer isotope (typically >’ Fe).

5 — refers to the magnetic hyperfine field at the iron nucleus, measured in tesla (T).

6 — Full Width at Half Maximum (FWHM).

7 — Refers to the proportion of total absorption attributed to a specific spectral component (e.g., Fe* doublet, Fe>* sextet, etc.) in the fitted spectrum.
8 — chi-squared: a goodness-of-fit statistic used to evaluate how well the model (fit) matches the measured spectrum.

2021; Zak et al., 2010). Thus, dissolved Fe(II) concentrations were low,
with a maximum concentration of 380 uM (Table 2) which is unlikely to
influence or pose toxicity to microorganisms. The distribution coeffi-
cient (Kdpeqn)) calulated based on Fe(IDyc and Fe(II) measured in so-
lution (Fig. S7) reflects a very strong bonding of Fe(Il).

4.2. Phosphorus dynamics

4.2.1. Phosphorus mobilization and release

The soils’ PSC varied widely in our study but tended to be higher,
compared to PSC values typically measured in soils in Denmark (Mg¢ller
et al., 2023; Beucher et al. 2020). Previous studies have shown that Pg;
in rewetted wetlands can vary largely by one to two orders of magnitude
(Zak et al., 2010). During the monitoring period the Pg, concentrations
in our soil samples ranged between 0.0 mg L™ and 4.72 mg L%,
showing high variation between winter and summer seasons (Fig. 3).
Notably, much higher Pg, concentrations were measured during wet/
anoxic periods at the acidic Vejrumbro site, compared to the low con-
centrations measured at the neutral Lgvenborg site. These findings align
with previous studies, which concluded that acidic soils may pose a
greater risk of P release under anoxic conditions than neutral soils
(Amarawansha et al., 2016).

The potential P release to solution, expressed as P mobilized (Pp,p) is
generally much higher than Pgg. As only a small fraction of Py, was
measured as Pgg], during the field monitoring period (Fig. S1), a large
part of Ppop has undergone immobilization. This strongly suggests P

resorption onto Al-oxides, remaining Fe(IIl)-oxides, clays or precipita-
tion as Ca-P or Fe(II)-P minerals (Heiberg et al., 2012; O’Connell et al.,
2015; Rothe et al., 2016; Florea et al., 2024). Microbial uptake of P is
unlikely to contribute to low Pg, concentrations, as previous experi-
ments found that microbial P uptake generally decreased under anoxic
conditions (Gross et al., 2020). In fact, dying and lysis of microbes after
rewetting might even contribute to short-term P release (Turner and
Haygarth, 2001).

It was found that the relative release of P expressed as Pg,):Pox Versus
RSC followed the model by Florea et al. (2024) for Vejrumbro soil
samples, but not for Lgvenborg when extent of Fe(III) reduction is high
(Fig. 6). Thus, other P immobilization processes than re-adsorption is
active at the neutral Lgvenborg, and precipitation of P such as Fe(II) and
Ca phosphates should be considered.

4.2.2. Phosphorus immobilization

The good linear correlation (R? = 0.78) found between HCl
extractable P (Pyc)) and Fe(ID)yc (Fig. S8) during the entire monitoring
period in Lgvenborg suggests that the immobilization of Py is repre-
sented mainly by Fe(II)-P precipitation. Alternatively, Ca-P precipitates
might form when P is mobilized during Fe(III)-oxide reduction. How-
ever, such precipitates which are insensitive to pH should then persist
also under oxic conditions which however does not confer with the low
Pyc at low Fe(Il)yc. A third explanation is that the mobilized P re-
adsorbs to residual Fe(IlI)-oxides and mainly Al-oxides. But also, in
this case this is not supported by the relationship in Fig. S8, as under oxic
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Fig. 5. Example of Mossbauer spectra for Lgvenborg soil sample L2. A) This sample is measured at 77 K and was defined by a dominant @ Fe(III) doublet (CS 0.47
mm s’l, QS of 0.79 mm s~ 1) and two (@ and @) less dominant Fe(II) doublets (CS of 1.32 and 1.1 mm s’l, QS of 2.60 and 3.25 mm/s). B) The 5 K spectra is defined
by a dominant @ Fe(III) doublet (CS of 0.42 mm/s and QS of 0.82 mm/s), but also an ® Fe(III) sextet (CS of 0.47 mm s ! e of —0.04 mm s~ ! and H of 46.95 T) and an
@ Fe(IIl) collapsed feature (CS of 0.50 mm s !, & of 0 mm s~ %, H of 20.0 T). The black dots display the original measurement, and the black line is the overall fit.

conditions (low Fe(I)) P in the soils is not extractable by HCl. Hence, the (IDyq as seen in Lgvenborg. However, for this soil a reasonable linear

Puc-Fe(IDyc relationships are a strong indication that Fe(II)-P pre- correlation (R = 0.52) was seen between Pgo1 and Fe(IDyc (Fig. S1).

cipitates form. This is supported by both XRD and Mossbauer (Figs. 4 This suggests that a high amount of the P mobilized from the dissolved

and 5). Fe(Il)-oxide fraction is released to solution, while no P precipitates
For Vejrumbro there is no such correlation between Pyc and Fe formed in these samples during the anoxic conditions.



A.F. Florea et al.

A Vejrumbro
B Lovenborg

100 ‘
A 254 +
A
80 « 207 |
™ = |\ 4
\9 £ 15\
« 60- o ol s \ 4
é o’ \\ A
A
40 3 =3
8 . a Aa T AR A
o o
A A v 0 10 20 30 40 50
201TA i RSC (mmol kg™)

0 50

100 150
RSC (mmol kg™")

Fig. 6. Relative release of P to solution described as the ratio of soluble P (Ps,))
and oxalate extractable P (Pyy) (Pso:Pox (kg L™1) versus the residual sorption
capacity (RSC) plotted for all soils and all sampling times. The red line repre-
sents the non-linear curve fit in model proposed by Florea et al. (2024).
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Vivianite formation in anoxic peat soils is favored by high porewater
concentrations of orthophosphate and Fe>™ and low levels of sulfide
(Nriagu, 1972). The saturation index of the pore water with respect to
vivianite, calculated using Minteq and water chemistry values of the
measured soil solution, indicates a clear contrast between the two field
sites (Table 4). In Lgvenborg, the saturation index values between 2.5
and 4.2 reflect high supersaturation with respect to vivianite. For Ca-P
precipitates such as hydroxyapatite, Lgvenborg soils show weak satu-
ration (0.09) to slight undersaturation (—1.8), meaning hydroxyapatite
is marginally stable and could precipitate only under some specific local
hot-spot conditions. However, increasing the pH in the Minteq calcu-
lations results in increasing the saturation index with respect to both
vivianite and hydroxyapatite. A pH increase of 0.1 units will increase the
saturation index by 0.5 for hydroxyapatite and 0.2 for vivianite (Fig. S9).
Moreover, increasing the Py, concentration with 1 pmol L7! in the
calculation, results in an increase of the saturation index for hydroxy-
apatite by 33% while only 3% for vivianite. Thus, the equilibrium cal-
culations suggest that vivianite-bound P plays a crucial role in P
retention in Lgvenborg, but hydroxyapatite precipitation cannot be
ruled out, as small changes in the pH during the oxic-anoxic transition
may lead to Ca-P precipitation.

Vivianite and Ca-P minerals may not show the same precipitation
kinetics. Vivianite can precipitate rapidly under anoxic, Fe2*-POg4-rich,
near-neutral conditions (pH 6.5-7.5), often via a nonclassical pathway
in which Fe?* and P first produce an amorphous ferrous-phosphate
precursor (AFEP) that reorganizes into crystalline vivianite; nucleation
and growth rates scale with supersaturation, helping explain fast P
capture in suitable field and treatment settings (Paskin et al., 2023). In
contrast, hydroxyapatite follows multi-stage kinetics and nucleates
faster as pH and alkalinity rise (Reynaud et al., 2022). Thus, field sys-
tems may favor one mineral over the other on different timescales even
at similar P levels. High Fe>™:P with low sulfide favors vivianite; high
Ca?" activity and carbonate alkalinity favor Ca-P. In mixed systems,
Ca?* can inhibit or alter vivianite crystallization, shifting P into Ca—P at

Table 4
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certain Ca levels and pH. (Hao et al., 2022).

Comparatively, in Vejrumbro, the saturation index reveals strong
undersaturation with respect to both vivianite and Ca-P minerals
(Table 3) in agreement with no observations of these precipitates at this
site.

When exposed to oxygen, vivianite can transform into metavivianite
(Fe(IDFe(III)2(PO4)2(OH),-6H20), the amorphous ferric hydroxy phos-
phate santabarbaraite (Fe(III)3(PO4)2(OH)3-5H20), or Fe(IlI)-oxides like
lepidocrocite (Rothe et al., 2016; Chiba et al., 2020). This finding is
further supported by the solid-state analysis of the soil samples. Viv-
ianite is clearly present at the Lgvenborg site during anoxic conditions as
seen in XRD and Mossbauer (Figs. 4 and 5) while under oxic conditions
vivianite reflections are still visible but of low intensity for the wettest
sampling points L1 and L2 (Fig. 4B). This observation aligns with the
expectation that during drier, oxygen-rich conditions, vivianite becomes
unstable and oxidizes into Fe(III)-bearing minerals that strongly bind P.
Metz et al. (2024) showed that vivianite oxidation forms a core-shell
structure with an amorphous Fe(IlI)-phosphate surface, leading to
diffusion-controlled oxidation. They also showed that goethite may form
(Metz et al., 2024), or secondary amorphous Fe(II[)—POy4 at neutral to
alkaline pH in agreement with our observations (Figure, Table).

In summary, the solid-state analysis, solution extraction and HCI
extractions data of Lgvenborg soil samples clearly highlights the sea-
sonal dynamics of vivianite stability in the soils at the study sites, with
evidence of oxidation during the summer months leading to the for-
mation of Fe(Ill)-oxides. Vivianite precipitation may play a significant
role in P immobilization in rewetted soils, with some critical environ-
mental implications. First, P immobilization as vivianite reduces the
immediate leaching risk, but the mineral remains reactive within the Fe
redox cycle, and keeps P susceptible to seasonal redox fluctuations,
potentially resulting in a slow but long-term P release. In contrast,
precipitation as Ca—P minerals, such as hydroxyapatite, would likely
lead to more permanent P immobilization due to its redox insensitivity.
However, if land use transition from agriculture to wetland implies a
decrease in pH due to cessation of liming (Metz et al., 2024; Wang and
Nancollas, 2008), then both vivianite and Ca-P minerals will dissolve.
Thus, the long-term impact of land use changes may shift the system
from P retention to P release.

4.3. Towards a better P release risk assessment model

Our study evaluating Fe(Ill)-oxide reduction and associated P
mobilization under varying redox conditions in two contrasting lowland
peat soils showed that seasonal fluctuations may significantly influence
Fe cycling. Substantial Fe(II) production occurring during wet, anoxic
periods, followed by oxidation in drier, oxic periods, highlights the
potential for both P mobilization and immobilization.

Current P release models, including the Danish model based on Fepp:
Ppp ratio (Forsmann and Kjaergaard, 2014), and the recently proposed
framework by Florea et al. (2024), primarily focus on relationships be-
tween P release and sorption capacity. While our findings align with the
refined model by Florea et al. (2024) in the acidic Vejrumbro soils, the
clear deviations observed for the neutral Lgvenborg soils highlight its
limitations. This further highlight the need to integrate key geochemical
drivers including pH, Ca®" levels, Fe?' availability, residual sorption
capacity, and soil pH buffering capacity to accurately assess P release
risk during rewetting. Further, the influence of nitrate, sulfate and

Saturation index calculated for vivianite and hydroxyapatite for Lgvenborg and Vejrumbro sites using Minteq and the soil solution parameters given previously.

Saturation index Lgvenborg collection depth 0-40 cm

Vejrumbro: T - topsoil (0-30 cm) and S — Subsoil (30-60 cm)

L1 L2 L3 L4 V1T V1s V2T v2s V3T V3s
Vivianite 4.2 3.5 3.2 2.5 —5.6 —5.7 -13.3 -21 -4.7 —4.6
Ca-P (hydroxyapatite) 0.09 —0.1 -1.2 -1.8 —14.4 —13.6 -13 -11.3 —13.9 —13.7
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wetland vegetation should also be considered (Zak et al., 2025). A high
influx of nitrate helps to maintain Fe(IlI)-oxides, thereby suppressing P
mobilization (Cabezas et al., 2013). Conversely, microbial sulfate
reduction leads to formation of insoluble Fe sulfides (FeS) reducing the
potential for vivianite formation and potentially leading to P mobiliza-
tion (Wilfert et al., 2020). Additionally, wetland vegetation may
contribute to P retention both through P assimilation and through
localized oxidation in the rhizosphere and formation of Fe(III) plaques
on root surfaces, which act as strong sinks for P (Hupfer and Dollan,
2003).

Incorporating these drivers into a two-layer framework—screening
thresholds (e.g., RSC; Fe pool reactivity) followed by predictive terms
(pH, Ca®", Fe?*, SO /DOC, alkalinity, vegetation) — should improve P-
release risk modelling under dynamic redox. This approach captures
both mobilization and immobilization processes.

5. Conclusion

This study examined how seasonal changes affect Fe(III)-oxide
mineral reduction and P dynamics in two contrasting lowland peat
soils. Anoxic conditions during wet periods have triggered full Fe(III)-
oxide reduction, followed by re-oxidation of Fe(II) during dry periods,
influencing mobilization of P bound to Fe(Ill)-oxide fraction, and P
immobilization through resorption and precipitation processes. At the
neutral Lgvenborg site, low P release and vivianite formation indicated
strong P immobilization, while the acidic Vejrumbro site showed higher
P release and lacked vivianite, relying instead on residual Fe and Al
oxides for P retention.

In summary, these results highlight the need to consider not only
Fe-P dynamics but also pH, Ca contents, and redox variability when
assessing the long-term efficacy of wetland restoration strategies for P
retention.

The existing P risk model based on residual sorption capacity (RSC),
only partially explained these differences. A refined model incorpo-
rating soil pH, Ca, Fe(Il), alkalinity, and RSC is proposed to better pre-
dict P release risk, especially in wetland restoration. Soils could then be
classified into high (acidic, low RSC), intermediate (neutral/alkaline,
low RSC), and low (neutral/alkaline, high RSC) P release risk categories.
Overall, integrating key geochemical factors is crucial for accurate P risk
assessments in restored peatland systems.
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