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In shallow lakes, mobilization of legacy phosphorus (P) from the sediments can be the main cause for persisting
eutrophication after reduction of external P input. In-lake remediation measures can be applied to reduce
internal P loading and to achieve ecosystem recovery. The eutrophic shallow peat lake Terra Nova (The
Netherlands) was treated with iron (Fe) to enhance P retention in the sediment. This treatment, however,
intensified seasonal internal P loading. An earlier study suggested that Fe addition led to increased P binding
by easily-reducible Fe(in) associated with organic matter (OM), which readily releases P when bottom waters
turn hypoxic. In this complementary study, bulk and micro Fe K-edge and P K-edge X-ray absorption
spectroscopy and micro-focused X-ray fluorescence spectroscopy were applied to characterize the P hosting
Fe(n) pool. Combined with sequential extraction data, the synchrotron X-ray analyses revealed that
a continuum of co-precipitates of Fe(n) with calcium, phosphate, manganese and organic carbon within the
OM matrix constitutes the reducible Fe(i) pool. The complementary analyses also shed new light on the
interpretation of sequential extraction results, demonstrating that pyrite was not quantitatively extracted by

nitric acid (HNOs) and that most of the Fe(i) extracted by hydrochloric acid (HCl) originated from phyllosilicate
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Accepted 11th November 2024 minerals. Formation of an amorphous inorganic—organic co-precipitate upon Fe addition constitutes an

effective P sink in the studied peaty sediments. However, the high intrinsic reactivity of this nanoscale co-
precipitate and its fine distribution in the OM matrix makes it very susceptible to reductive dissolution, leading
to P remobilization under reducing conditions.
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Environmental significance

Impairment of surface water quality due to eutrophication is a global issue, causing ecosystem degradation and increasing greenhouse gas emissions. In many
lakes, reduction of internal phosphorus loading is needed for ecosystem recovery. Iron addition offers a cost-effective remediation strategy, but little is known
about its long-term effects in organic-rich systems. Our study shows that addition of Fe salts to peat lakes can induce the formation of nanoscale inorganic-
organic co-precipitates embedded within the organic matter matrix that are prone to reductive dissolution. These co-precipitates can effectively bind phos-
phorus, but in a form highly susceptible to remobilization under reducing conditions. In organic-rich lakes, iron remediation can thus have adversary effects
and potentially increase temporary internal P loading during bottom water hypoxia.

due to human activities such as fertilizer use or wastewater
disposal is one of the main causes for the eutrophication and
deterioration of freshwater ecosystems.* In industrialized
countries, decades of anthropogenic P input have caused P to

1 Introduction

Phosphorus (P) is an essential and often limiting or co-limiting
macro-nutrient in freshwater ecosystems.>* Increased P input
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accumulate in soils and freshwater sediments.>” This so-called
“legacy P” is a major water management challenge, since it can
sustain high surface water P concentrations by internal P
loading, even when external P sources have been significantly
reduced, thus delaying restoration efforts for decades.'**>

Methods to reduce internal P loading include iron (Fe)
amendment.*** This method is based on the classical model of
Fe and P diagenesis: the affinity of phosphate to Fe(ur)(oxyhydr)
oxides, which bind phosphate by adsorption or coprecipitation,
closely couples the cycling of P and Fe in environmental
systems."*"” Fe amendment thus can enhance the retention of P
in lake sediments by binding it to the solid phase and recycling
it as a passenger of the Fe redox cycle.'®*® The natural coupling
of the geochemical cycles of P and Fe makes Fe amendment less
invasive than treatments with other chemicals such as e.g
aluminium (Al)-compounds or lanthanum (La)-modified
bentonite. However, due to the redox sensitivity of Fe, the
success of the treatment is highly dependent on the geochem-
istry of the sediment. In their reviews of case studies, Bakker
et al.”® and Smolders et al.** concluded that the effect and
success of Fe amendment was dependent on the extent of
sulfate reduction and the presence of organic matter (OM) in
the sediments. Sulfate reduction produces sulfide which
precipitates with Fe*" forming Fe-sulfides (FeS,) and ultimately
pyrite (FeS,), stabilizing Fe(u) and burying it into deeper sedi-
ment layers.>®** OM influences the interaction of P with Fe by
competition for adsorption sites on the Fe(ur)(oxyhydr)oxide
surface, hindrance of crystallization of Fe(m) minerals,** the
formation of monomeric and oligomeric Fe-OM complexes*>’
and the association with and stabilization of Fe(m)-(hydr)oxide
colloids.”®** The OM-associated Fe can bind P with Fe acting as
the bridging ion between P and OM, a phenomenon which was
also reported involving other metal cations such as Al, calcium
(Ca), copper (Cu), zinc (Zn), magnesium (Mg) and manganese
(Mn).*** The resulting P-metal-OM associations account for
a substantial part of P in natural environments, as reported for
natural waters®?* and postulated for soils and
sediments'1,29,31,32,35,36

The effects of sulfate reduction and OM on the coupling of Fe
and P cycling in lake sediments is reflected by the speciation of
the two elements in the sediments. Hence, knowledge on the
solid phase P and Fe speciation is pivotal for the design of Fe-
based remediation measures in freshwater systems. Sequen-
tial extraction procedures (SEPs), i.e., extraction over multiple
sequential chemical extraction steps, are widely used to assess
the binding forms of solid-phase Fe and P. Widely used and
often adapted SEPs for P (P-SEP) from sediments were devel-
oped by Ruttenberg for marine sediments®*” and the one by
Psenner et al.*® for lake sediments and suspended matter.
Popular SEPs for Fe (Fe-SEP) from sediments include the
procedures developed by Claff et al.*® for acid sulfate soils, with
special focus on iron sulfide minerals, and by Poulton and
Canfield* for modern and ancient sediments.

SEPs are based on consecutive extraction steps of sediment
samples at increasing desorptive and/or proton-, ligand-, or
reduction-promoted extraction strength, targeting solid phase
Fe and P pools of increasing recalcitrance. This approach yields
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operationally defined Fe and P pools, which can be hypotheti-
cally assigned to distinct Fe and P phases based on the
extractability of pure minerals.*”** However, the interpretation
of SEPs can be challenging, especially also in very organic-rich
sediments like those of peat lakes. These sediments may
contain significant amounts of P-Fe-OM phases, which are not
specifically targeted in SEPs. Furthermore, the extractability of
autochthonous Fe and P phases could be different in sediments
of peat lakes where they form in an organic matrix.

To elucidate the nature of reactive Fe and P phases in sedi-
ments or soils, SEPs have been combined with other methods
such as *'P-NMR, XRD, Mossbauer or XAS.***>% To date,
however, studies that systematically relate chemical fraction-
ation to spectroscopic speciation results for P and Fe in lake
sediments are scarce, in particular for organic-rich sediments. A
recent study of a boreal peat lake®*® combined different P-SEP
approaches, with an extraction step for humic-acid-bound P*
added to the SEDEX procedure,*” and used the approach of
Poulton and Canfield* to fractionate Fe. From the combination
of these SEP with *'P-NMR, *’Fe-Mossbauer and Fe K-edge and
P K-edge XAS, they concluded that in spite of the anoxic
conditions, a large part of the sedimentary Fe was present as
Fe(m) in a continuum of ferrihydrite-like phases with a distri-
bution of crystallinity and variable amounts of associated P and
OM. They also showed that spectroscopic analyses can provide
complementary information on the interpretation of SEP
results. For example, SEP results indicated the presence of
carbonate-associated Fe, reducible but more crystalline
Fe(m)(oxyhydr)oxides and magnetite. In contrast ferrihydrite-
like phases and minor amounts of nano-goethite and Fe in
phyllosilicates were identified by Mossbauer spectroscopy but
no magnetite or Fe-carbonates.

This study focusses on the Fe and P speciation in sediments
from the shallow peat lake Terra Nova (NL), which was treated
with FeCl; in 2010 to reduce internal P loading." The Fe-
amendment efficiently lowered the surface water P concentra-
tions for 1.5 years before seasonal P release started again with
increasing intensity, resulting in the highest P concentrations
since the start of monitoring and renewed algae blooms. Our
investigation of the changes in sediment geochemistry due to
the Fe addition suggested that the pronounced seasonal release
of P was due to the high redox turnover of Fe associated with
OM."' The interpretation in this previous paper was based on
a combination of P-SEP (adapted from O'Connell et al.** and
Slomp et al.*’), Fe-SEP (adapted from Poulton and Canfield,*
Raiswell et al.** and Claff et al.*®), porewater analysis and sedi-
ment incubation experiments. The P-SEP and Fe-SEP results
suggested the presence of a reactive Fe-OM pool, which inter-
acts with P. The surface sediment, in the depth interval affected
by the Fe addition, was characterized by elevated contents of
sodium bicarbonate extract P (P-NaHCO3) and ascorbic acid
extractable Fe (Fe-Asc) with respect to the deeper sediment.
Sodium bicarbonate is conceived to extract P associated to
humic substances over metal cation bridges.***® Ascorbic acid,
a weak reducing agent, targets easily reducible Fe such as in
ferrihydrite.** Although the two extractions are considered to
dissolve different Fe phases and associated P, we hypothesize

This journal is © The Royal Society of Chemistry 2025
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that the extracted Fe and P originate from the same highly
reactive Fe pool. However, the nature of this postulated, highly
reactive Fe pool and the bound P remained elusive.

In the present study, we therefore aim at collecting
complementary information on the speciation of the corre-
sponding Fe and P pools and their occurrence in the lake
sediments. For this, we performed bulk and micro X-ray
absorption spectroscopy and X-ray fluorescence and correlated
the results to sediment geochemistry data, especially of Fe-SEP
and P-SEP, collected in our earlier study.

2 Methods
2.1 Study site

Terra Nova is a shallow, polymictic peat lake of the Loosdrecht
lake system in The Netherlands. The local water authority
categorizes it as eutrophic based on the EU Water Framework
Directive.* It formed due to peat extraction in the early modern
age, spanning an area of 0.85 km” with a maximum depth of 2 m
and a mean depth of 1 m. Starting in 2010 the lake was treated
with 40% FeCl; solution over a period of 1.5 years, with a total
average Fe dose of 0.5 mol Fe m > as a remediation measure to
reduce internal P loading.

2.2 Sediment sampling and analysis

Undisturbed sediment cores (length 60 cm, & 6 cm, min. 10 cm
overlying water) were collected at three positions in lake Terra
Nova in June 2020 using a gravity corer (UWITEC, Mondsee,
Austria). The cores were stored at bottom water temperature (15
°C) under preservation of bottom water oxygen conditions and
sliced in an N, purged glovebox within three days (sampling
resolution: 1 cm for top 10 cm, 2 cm for rest of the cores). The
solid phase was separated from the porewater by centrifugation
(10 minutes, 3000 rpm), freeze-dried anoxically (ventilation with
N,), homogenized in an N, purged glovebox using an agate
mortar and pestle, and stored in the glovebox at room
temperature.’

In this study we used depth-resolved solid-phase total
elemental contents, sequential extraction derived Fe and P
solid-phase speciation and porewater concentrations from
three sediment cores, each from its respective sampling site
(ESI Af). Details on the chemical analysis of the sediment
porewater and solid phase and the detailed data sets are re-
ported in the preceding study.' Total Fe, P, Ca, Al, S, and Mn
contents of the sediment solid phase were determined by HF
digestion; TOC (total organic carbon) and TON (total organic
nitrogen) were determined using an NCS analyzer as reported by
Helmond et al.*

Fe and the P speciation in the sediment solid phase was
determined by dedicated sequential extraction procedures
(SEP), conducted on samples across the entire depth of three
sediment cores (one per station A to C, ESI Af). Here, concise
information regarding the SEPs is listed. Details on the used
procedures and the corresponding detailed data sets are re-
ported in Miinch et al.' The sequential Fe extraction (Fe-SEP)
targeting different, operationally defined, Fe pools in

This journal is © The Royal Society of Chemistry 2025
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sediments included ascorbic acid extractable Fe (Fe-Asc;
0.057 M ascorbic acid, carbonate buffered, pH 7.5; easily
reducible Fe in ferrihydrite*'), HCl-soluble Fe(u) (Fe(u)-HCl; 1 M
HCI; FeS and FeCO; (ref. 48)), HCl-soluble Fe(u) (Fe(ur)-HCl; 1 M
HCl; amorphous Fe(oxyhydr)oxides*¥), dithionite-reducible Fe
(Fe-CDB; acetic acid-buffered citrate-dithionite solution, pH 4.8;
crystalline Fe (oxyhydr)oxides such as lepidocrocite, goethite
and hematite*®), oxalate-soluble Fe (Fe-Ox; 0.37 M oxalate, pH
3.2; magnetite®"*?), HNO;-soluble Fe (Fe-HNOj;, conc. HNO; at
room temperature for 2 hours; pyrite*®). All residual Fe (not-extr.
Fe) was regarded as non-reactive Fe, mainly Fe bound in clays.*
Our earlier study suggested, that Fe-Asc also included mono- or
oligomeric Fe associated with OM." As the extraction only yiel-
ded negligible amounts of Fe(i)-HCI and Fe-Ox, this data is not
shown here. The sequential P extraction (P-SEP) provided an
operational distinction of MgCl,-soluble P (P-MgCl,; 1 M MgCl,,
pH 8; adsorbed P*’), NaHCOjs-extractable P (P-NaHCO3; 1 M
NaHCO;, pH 8; P bound to OM over metal cation bridges such
as Fe, Al, Ca'*) citrate-dithionite-extractable P (P-CDB;
carbonate-buffered citrate-dithionite solution, pH 7.6; P
bound to Fe (oxyhydr)oxides and CaCOj; as well as Fe(u) phos-
phates*’), HCl-soluble P (P-HCl; 1 M HCI, room temperature, 24
hours; apatite*’), and P extractable by HCl after ashing (P-ashed/
HC]J; 550 °C for 2 hours, 1 M HCI at room temperature for 24
hours; organic P¥). As the extraction only yielded negligible
amounts of P-MgCl,, this data is not shown here. All solid-phase
P was extracted within the 10% error margin.

2.3 X-ray absorption spectroscopy (XAS) and micro X-ray
fluorescence (p-XRF)

Bulk Fe K-edge XAS measurements were performed at the SUL-X
beamline at the KIT Light Source (Karlsruhe Institute of Tech-
nology, Germany), at room temperature in transmissions mode.
A Si(111) double-crystal monochromator was used for X-ray
energy monochromatization. Bulk P K-edge XAS, p-XRF and
spatially resolved micro-focused XAS (u-XAS) at the P and Fe K-
edges were performed at the ID21 beamline at the European
Synchrotron Radiation Facility (ESRF; Grenoble, France; storage
ring energy: 6.03 GeV; Beamline design: Salomé et al., 2013;>*
Beamline configuration: Werner et al., 2017 (ref. 55)), at room
temperature in fluorescence mode. A Si(111) double-crystal
monochromator was used for X-ray energy selection and
a compact Kirkpatrick-Baez mirror system (KB), based on
elliptically shaped, fixed-focus Ni coated mirrors, was used for
X-ray focussing.

Photon energy was calibrated based on the first maximum of
the first derivative of the K-edges of reference compounds
(metallic Fe: 7112 eV; tricalcium phosphate: 2153 eV),
respectively.

2.3.1 Bulk Fe K-edge XAS measurements.
samples from fifteen depth intervals (1-36 cm) of one sediment
core from station B (ESI A,f Miinch et al.') were analyzed by Fe
K-edge X-ray absorption spectroscopy (XAS), including X-ray
absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopy. For analysis,
~35 mg of freeze-dried and ground sediment was thoroughly

Sediment
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mixed with ~65 mg cellulose and pressed into 7 mm diameter
pellets to achieve an Fe content of ~1 mg per pellet, equivalent
to an adsorption edge step of ~0.5-1. After preliminary tests
aimed at minimizing radiation exposure and damage, between
3 to 5 scans of 15 min each were collected at different locations
on each pellet, examined for spectral variations, and merged to
obtain an averaged sample spectrum.

2.3.2 Bulk P K-edge XAS measurements. XANES spectra at
the P K-edge were collected from sediment samples retrieved at
four depth intervals (2, 8, 38 and 40 cm depth) of one sediment
core from station A (ESI A, Miinch et al.?). For analysis, freeze-
dried and ground sediment was thoroughly mixed, pressed into
3 mm diameter pellets and mounted on aluminum sample
holders using sulfur-free tape (FLUXANA GmbH). The XAS data
was recorded in fluorescence mode with an unfocussed beam
(350 x 350 um beam size, no KB mirrors).

2.3.3 Scanning X-ray microscopy (SXM). Spatially resolved
u-XRF and p-XAS analyses were performed on two sediment
samples (2 and 40 cm depth) of one sediment core from station
A (ESI A, Minch et al.?). Freeze-dried and ground samples were
mounted on aluminum sample holders using sulfur-free tape
(FLUXANA GmbH) on the shadow side and XRF thin window
film (Spex SamplePrep 3525 Ultralene® window film, 4 pm
thick, Cole-Parmer) on the beam side. The samples were
handled and stored in a glovebox under N, atmosphere until
right before measurement. u-XRF maps were collected above
the Fe (7200 eV) and P (2400 eV) K-edge energies, with a beam
dwell time of 0.1 s and a beam size of (vertical x horizontal)
~500 x 1000 nm and ~500 x 1300 nm, respectively. Selected
points of interest were measured with spot XAS across the Fe K-
edge (7000-7650 eV) or across the P K-edge (2103-2400 eV) with
a resolution of 0.5 and 0.25 eV and a dwell time of 0.05 s and
0.1 s, respectively. All spectra were collected in fluorescence
mode.

Positions of the u-XRF maps and p-XAS point spectra were
selected to cover the largest possible variety of Fe and P phases.
Positions for lower resolution overview maps (step size 10 pm)
were chosen based on differences in material morphology as
assessed by optical microscopy on the mounted samples prior
to X-ray beam exposure. Positions for high-resolution maps
(step sizes 2 um or 0.5 pm) were chosen based on Fe and P
distributions (hotspots, occurrence of Fe and P in higher and
lower intensities) and elemental correlations (Fe, P, S, Ca, Si, Al)
observed in the low-resolution overview maps. Positions of p-
XAS point spectra (Fe and P K-edges) where selected per high-
resolution map based on the same criteria. p-XAS point
spectra were measured right after collection of the respective
high-resolution maps to guarantee position precision.

2.3.4 XAS data processing and analysis. All collected XAS
spectra were extracted and evaluated by linear combination
fitting (LCF) using the software Athena.>

2.3.4.1 Bulk Fe K-edge XAS. For the bulk Fe K-edge XAS
spectra, the pre-edge was fitted by a first-order polynomial for
background removal (—120 to —20 eV before E,y; with E, set to
7123 eV) and the post edge was fitted by a third-order poly-
nomial for normalization (50 to 500 eV after E,). The Autobk
algorithm (Rpg = 0.85; k-weight = 2; spline k-range 0-12.4 A™")
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was used to extract the EXAFS spectra, and a Kaiser-Bessel
window (dk = 2) was used to calculate the Fourier-transform of
the k*-weighted EXAFS spectra (k-range = 2-10 A™*). The XANES
spectra were analyzed by LCF over an energy-range of —20 to
180 eV and the EXFAS spectra over a k-range of 2 to 10 A™.
Individual fractions were constrained to values between 0 and 1,
whereas the sum of all fractions was not constrained.

Preliminary LCF analyses were performed on the EXAFS and
the XANES spectra separately, including an extended set of
reference spectra considered relevant for the studied samples.
References that were not included in significant fractions in
preliminary fits or did not improve the r-factor (normalized sum
of square residuals = 3 (data — fit)*/> data;®) of the fits by at
least 10%, were consecutively removed. Finally, six reference
spectra that allowed to reproduce all EXAFS and XANES spectra
were identified and used for LCF analysis: Fe(u)-HA, CaFeP,
Fe(n)aq., smectite, biotite and pyrite (Table 1, ESI B1, and B2%).

2.3.4.2 Bulk P K-edge XAS. Bulk P K-edge XAS spectra were
normalized by applying linear functions for the pre-edge (—22
to —5 eV before Ey, E, = 2152 eV, post edge 28 to 45 eV above Ej).
The corresponding energy ranges were optimized to give
consistent normalizations including spectra or references
collected in transmission mode or in previous experiments. The
spectra were analyzed by LCF over an energy-range of —10 to
30 eV (XANES), constraining individual fractions to values
between 0 and 1 and the sum of the fractions to 1.0.

Preliminary LCF analyses were performed using an extended
set of reference spectra considered relevant for the studied
samples, consecutively removing references that were not used
for the fits. Finally, all bulk P-XANES spectra could be described
using DNA and Mg inositol hexaphosphate (Mg-1P6) as refer-
ences (Table 2, ESI C}).

2.3.4.3 Fe and P K-edge u-XAS. For the Fe K-edge point
spectra, the pre-edge was fitted by a first order polynomial for
background removal (—100 to —10 eV before the edge) and the
post edge was fitted by a third order polynomial for normali-
zation (50 to 800 eV, edge step at 7120 eV). Per spot one spec-
trum was collected, as the first measurements with multiple
scans per spot showed indications of beam damage (ESI D1%).

The P K-edge n1-XAS spectra were extracted and normalized as
were the bulk P K-edge XAS spectra (Section 2.3.4.2). At each
spot, three scans were collected.

A total of 190 and 90 viable pu-XANES spectra were recorded
at the Fe and P K-edges, respectively. The spectra collected at
the respective K-edges were compared by eye after extraction
and normalization. All spectra that were identical within the
range of noise (variations within the small high frequency
features of the spectra) were merged using I, normalized
spectra to yield concentration weighed average spectra.
Average spectra of point spectra measured on different maps
from the same sample were classified to represent an abun-
dant type (Type 1 to n). Average spectra of point spectra all
located on the same map (distance larger than beam size) were
classified as regions (Region 1 to n). Unique single spectra
were classified as spots (Spot 1 to n). Numbering of the
classified spectra was done according to abundance with the
number 1 of one class being the one comprised of most

This journal is © The Royal Society of Chemistry 2025
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Table 1 Reference spectra used for LCF analysis of Fe K-edge XAS sample spectra

Name Material Reference
Fe(m)-HA Pahokee peat humic acid (International Humic Substances Society) loaded with 10 000 mg kg™ Fe(m) 23
CaFeP Amorphous Ca-Fe(m)-phosphate formed by the oxidation of 0.5 mM Fe(u) in synthetic bicarbonate-buffered 57
groundwater at pH 7.0 in presence of 4 mM Ca and 0.75 or 1 mM P, without/with 0.5 mM Si (average of four
identical spectra) (CaFeP¥)
Fe(u)aq. Aqueous solution of 50 mM FeSO, and 1 mM HCl This work
Smectite SWy-2 (Clay Minerals Society), Fe accounting for 15% of cations in octahedral sheet; 7% Fe(u) 58
Biotite Natural biotite (Fe accounting for 71% of cations in octahedral sheet, 87% Fe(r)) 58
Pyrite Natural pyrite (obtained from the mineral collection of ETH Zurich) 59
Greigite Greigite synthesized using the method of ref. 60 according to ref. 61. Unpublished spectrum recorded in This wok
fluorescence mode at room temperature kindly provided by ed. D. Burton (Southern Cross University, Australia)
Mackinawite Amorphous FeS synthesized using the method of ref. 62 59
Hematite Commercial synthetic hematite (Riedel-de-Haén) This work
Vivianite Synthetic vivianite, synthesized according to ref. 63, as reported in ref. 64 59

Table 2 Reference spectra used for linear combination fitting of the
collected P K-edge XAS spectra

Name Material Reference

Apatite
Mg-1P6

Commercial hydroxyapatite 65
Amorphous Mg inositol hexaphosphate This work
(phytate) synthesized using the method of ref.

66 according to ref. 67. Unpublished spectrum
kindly provided by Jorg Prietzel (Technical
University of Munich, Germany)

Amorphous Fe(ur) inositol hexaphosphate 67
(phytate) precipitates synthesized following the
procedure of:*® 100 ml of 0.2 M HCI was mixed

with 30 ml of 0.05 M phytic acid dodecasodium

salt (CeHgO,4P¢Na;,) — solution, to which

enough Fe(ur)Cl; - solution (pH 2) was added to

get a P/Fe ratio of 1. The resulting precipitate

was filtered and washed three times with boiling
deionized water to remove residual adsorbed Fe

ions

Commercial deoxyribonucleic acid sodium salt 68

Fe-IP6

DNA

individual spectra. The classified average u-XANES spectra are
listed in Table 3 for Fe and in Table 4 for P, including infor-
mation on how many spectra were merged and on how many
u-XRF maps those spectra were located. The identity of the
individual spectra are listed in ESI Table D2(1).}

Average Fe p-XANES spectra were analyzed by LCF over an
energy-range of —20 to 80 eV (XANES), constraining individual
fractions to values between 0 and 1 and leaving the sum of the
fractions unconstrained. As a first fit, the same six references
were used as for LCF of the bulk Fe XAS spectra (see Section
2.3.4.1). If the fit was not satisfying, additional references were
included to find the optimal fit. The quality of a fit was assessed
according to its r-factor and the visual match between sample
and LCF spectra. All fits with an rfactor within 20% of the
lowest r-factor were considered as statistically viable fits. All
references used are listed in Table 1 and shown in ESI
Fig. B1(1).} The LCF data is listed in ESI Table B4(1).}

Average P I-XANES spectra were analyzed by LCF in analogy
to the bulk P XANES spectra (Section 2.3.4.2). As for LCF of the

This journal is © The Royal Society of Chemistry 2025

bulk P K-edge XANES spectra, preliminary fits with the extended
set of reference spectra and consecutive removal of non-used
references were performed. Finally, all P p-XANES spectra
could be described using DNA, Mg inositol hexaphosphate (Mg-
IP6), Fe inositol hexaphosphate (Fe-IP6) and hydroxyapatite
(apatite) as references. All references used are listed in Table 2
and shown in ESI Fig. C1(1). The LCF data is listed in ESI Table
C4(1).1

2.3.5 p-XRF data processing and analysis. From the p-XRF
data, elemental distribution maps were obtained by deconvo-
lution of the p-XRF pixel spectra, after incoming flux and
detector deadtime correction, using the PyMCA software.® The
elemental maps were further processed in Fiji.”* The individual
element maps were scaled using a histogram-based thresh-
olding algorithm.” Subsequently, the scaled element distribu-
tion maps were merged with the color channels tool to generate
tri-element/tri-color RGB (red, green, blue) maps.

2.3.6 Statistical analyses. To obtain complementary infor-
mation on the nature of Fe and P pools in the sediment and to
further explore the relationship between SEP and XAS analyses,
Pearson correlation analysis was performed on the results from
solid phase analyses. To this end, rank correlation coefficient
matrices of total element contents, SEP-based P fractions and Fe
fractions, as well as LCF results from bulk Fe K-edge XAS
measurements were produced. For the latter, relative concen-
trations were multiplied with the respective total element
contents so that all variables are in units of umol per g dw. The
calculations were performed using the rcorr function of the
Hmisc package in R.”> For contrasting the sediment layers
affected by Fe treatment to those below, correlations were
computed separately for total elemental contents, Fe-SEP and P-
SEP contents of the top 10 cm of sediment (three sediment
cores, 1-10 cm depth, n = 30 samples) and of the investigated
sediment below 10 cm depth (three sediment cores, 12 — max.
44 cm depth, n = 44 samples). Due to the limited number of XAS
measurements, a separate correlation matrix was produced for
all the samples on which bulk XAS measurements had been
performed without depth separation (one sediment core, 1-
36 cm depth, n = 15 samples).
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Table 3 Classification of the merged Fe K-edge p-XANES spectra. The identities of the individual spectra are listed in ESI Tables D1 and 2

Top: 2 cm depth

Bottom: 40 cm depth

Merged spectra

Merged spectra

Number  Number % of Number  Number % of
Class Name Abbreviation of maps of spectra spectra ~ Name Abbreviation of maps of spectra spectra
Abundant  Type 1 t-T1-Fe 5 41 43 Type 1 b-T1-Fe 4 20 21
type Type 2 t-T2-Fe 4 25 26 Type 2 b-T2-Fe 3 19 20
Type 3 t-T3-Fe 4 8 8 Type 3 b-T3-Fe 2 7 7
Type 4 b-T4-Fe 3 6 6
Region Region1  t-R1-Fe 1 9 9 Region1  b-R1-Fe 1 9 9
Region 2 t-R2-Fe 1 7 7 Region 2 b-R2-Fe 1 8 8
Region 3 t-R3-Fe 1 2 2 Region 3  b-R3-Fe 1 6 6
Region 4 t-R4-Fe 1 3 3 Region 4 b-R4-Fe 1 6 6
Region 5  b-R5-Fe 1 5 5
Region 6  b-R6-Fe 1 3 3
Region 7 b-R7-Fe 1 3 3
Region 8 b-R8-Fe 1 2 2
Spot Spot 1 b-S1-Fe 1 1 1
Total 95 95

Table4 Classification of the merged P K-edge p-XANES spectra. All P u-XANES spectra were collected in triplicates. The total number of spectra
including triplicates is listed. The identities of the individual spectra are listed in ESI Tables D1 and 2

Top: 2 cm depth

Bottom: 40 cm depth

Merged spectra

Merged spectra

Number  Number % of Number  Number % of

Class Name Abbreviation of maps of spectra spectra Name Abbreviation of maps of spectra spectra
Abundant Type 1 t-T1-P 4 33 85 Type 1 b-T1-P 3 24 47
type Type 2 b-T2-P 3 18¢ 35
Region Region 1 b-R1-P 1 9 18
Spot Spot 1 t-S1-P 1 3 8

Spot 2 t-S2-P 1 3 8
Total 39 51

% Two scans showed compressed spectra, which were not included in the LCF. Thus, 12 spectra were used for LCF.

3 Results

3.1 Total elemental contents

Fig. 1 shows the averaged depth profiles of elemental contents
obtained from sampling the solid phase of three sediment cores
(one per station A to C, ESI Af). The enrichment of Fe in the top
5 cm with respect to the deeper sediment, reflected in increased
Fe/Al ratios, can be attributed to the Fe treatment." In the same
depth range, the contents of Ca and Mn were higher compared
to the deeper sediment. Sulfur (S) contents were maximum at
20 cm depth with ca. 0.8 mmol per g dw. The Al contents were
around 0.95 mmol per g dw in the upper 18 cm, below which
they increased to 1.1 mmol per g dw. At the sediment surface,
the P content was ca. 80 umol per g dw and decreased with
depth to ca. 25 pmol per g dw. Total organic carbon (TOC)
contents were constant with depth at ca. 37 wt%, corresponding
to a total organic matter content of approximately 75%.”* Total

568 | Environ. Sci.: Processes Impacts, 2025, 27, 563-585

organic nitrogen (TON) was at ca. 3 wt% in the top 10 cm of the
core and decreased with depth to 2 wt%.

3.2 Fe and P fractionation according to sequential extraction
(SEP) of the sediment solid phase

According to Fe-SEP (Fig. 2A and B) the largest extracted Fe pool
throughout the investigated sediment depth was Fe(u) extracted
by HCI (Fe(u)-HCI). On average, this step extracted ~32% of the
total Fe from the top 10 cm of sediment. Below 10 cm, Fe(u)-HCI
decreased to a minimum of 19% of total Fe between 18 and
28 cm depth and increased again to ~36% towards the lowest
probed sediment depth. The second largest Fe pool was ascor-
bic acid extractable Fe (Fe-Asc) with up to ~28% in the top
12 cm and up to ~26% of total Fe below 28 cm depth. Between
12 and 28 cm depth, Fe-Asc was the smallest extracted Fe pool,
while Fe-HNO; was second largest pool with up to ~8% of total
Fe at 16 cm depth. In the top 6 cm Fe-HNO; was the smallest

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Average total elemental contents of the sediment solid phase
(1-36cm:n=3,38cm:n=2,40-44 cm: n =1). Error bars denote the
standard deviation of the values obtained from 3 sediment cores for
the corresponding depth. Individual measurements are reported in
Munch et al.*

This journal is © The Royal Society of Chemistry 2025

View Article Online

Environmental Science: Processes & Impacts

extracted Fe pool, accounting for a constant ~4% of total Fe, as
it did below 40 cm depth. Fe-CDB did not show a clear trend
with depth, with slightly higher fractions of ~9% of total Fe in
the top 6 cm and oscillating around ~6% of total Fe in the
deeper sediment. While in the surface and the deeper sediment
more than 50% of Fe was extracted, between 14 and 28 cm
depth over 50% and up to ~64% of the present Fe was not
extracted by the SEP.

According to the P-SEP (Fig. 2C and D), organic P (P-ashed/
HCl) is the dominant P phase over the entire depth
accounting for up to ~69% of total P, except in the top 2 cm,
where it accounts for only ~40% of total P. In the top 6 cm the
two Fe-associated P pools P-NaHCO; and P-DCB are enriched
with respect to the deeper sediment, accounting for up to ~27%
and ~26% of total P, respectively. Apatite (P-HCI) is constant at
~16% of total P over the entire investigated sediment depth, but
nevertheless represents the second largest pool below 10 cm
depth.

3.3 Bulk XAS analyses

3.3.1 Fe speciation based on Fe K-edge XAS. Six reference
spectra were identified that allowed to obtain satisfying fits of
all EXAFS and XANES bulk spectra: Fe(ur)-HA, CaFeP, Fe(u)aq.,
smectite, biotite and pyrite (Table 1, ESI B1, and B2}). Whereas
smectite, biotite and pyrite represent minerals with defined
structure, CaFeP and Fe(m)-HA are synthetic samples from
laboratory experiments designed to study Fe precipitate and
complex formation in natural systems. The CaFeP reference
spectrum was collected on amorphous Ca-Fe(m)-phosphate
formed by the oxidation of 0.5 mM Fe(u) in synthetic
bicarbonate-buffered groundwater in the presence of 0.4 mM
Ca, 0.5 mM Si and 0.75 or 1 mM phosphate (initial P/Fe in
solution of 1.5 or 2.0) as reported in Senn et al.*” The Fe(m)-HA
spectrum was measured on oligomeric Fe(u) complexed within
humic acid, synthesized by Fe*" hydrolysis in presence of humic
acid at near neutral pH.* Inclusion of the Fe(u)aq. spectrum in
the LCF improved the quality of the fits both in the XANES and
EXAFS range, as evidenced in a systematic decrease in the r-
factor (averages (and standard deviations; n = 15) of —44%
(14%) for XANES and —15% (7%) for EXAFS). Small fractions of
Fe(m)aq. were mostly compensated by lower fractions of mostly
Fe(u)-containing biotite. In the EXAFS LCF, addition of the Fe(u)
aq. reference also increased the fraction of CaFeP mostly at the
expense of Fe(m)-HA. These effects can be explained by the
coordination of Fe in the respective reference materials.
Without Fe(u)aq., biotite was the only reference containing O-
coordinated Fe*' and its contribution to the fit, hence, was
determined mainly by the fraction of O-bound Fe® in the
sample. However, Fe(u) in the trioctahedral layers of biotite is
coordinated to up to six Fe in the second shell, resulting in
a pronounced second-shell Fe signal. The inclusion of Fe(u)aq.
at the expense of biotite thus implies that the Fe** coordination
in biotite is not a good representation of O-coordinated Fe**
with lower or no second-shell Fe coordination, e.g. in clay
minerals with lower Fe content or in the form of adsorbed or
complexed Fe**. In fits without the Fe(maq. reference, the
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depth were averaged and error bars denote their standard deviation. For the contribution to total contents, percentages of individual
measurements were averaged, and error bars denote their standard deviation (1-36 cm: n = 3; 38 cm: n = 2; 40-44 cm: n = 1). Individual

measurements are reported in Mlnch et al.*

overexposure of the second-shell Fe signal of biotite in the
EXAFS LCF could be partially compensated by fitting a higher
fraction of Fe(m)-HA at the expense of CaFeP, because the
Fe(m)-HA spectrum is characterized by a lower second-shell Fe
signal. These considerations allow rationalizing why inclusion
of Fe(un)aq. in the LCF occurs at the expense of the contribution
of biotite and is accompanied by a higher CaFeP fraction at the
expense of Fe(m)-HA. The small fractions of Fe(u)aq. included in
the fits may thus account for differences in the average oxida-
tion state and coordination of Fe in reference and sediment
phyllosilicates or for a minor share of Fe(u) complexed by
organic matter, adsorbed to other sediment constituents, or in
other minor Fe(u) phases.

The LCF analysis of the EXAFS spectra returned consistently
higher CaFeP and lower Fe(m)-HA, smectite, and pyrite frac-
tions than the LCF analysis of the corresponding XANES spectra
(data listed in ESI Table B3-11), but the deviation for individual
phases was typically below 10%. For further interpretation of
the XAS-derived Fe speciation, the results of the LCF analysis of

570 | Environ. Sci.. Processes Impacts, 2025, 27, 563-585

the EXAFS and XANES range were averaged to avoid bias
towards the similarity in local coordination environment or
similarity in redox state and coordination geometry (data listed
in ESI Table B3-21).

The LCF-derived fractions of Fe phases for sediment samples
from 1-36 cm depth are displayed in % of total Fe in Fig. 3A and
as absolute Fe contents (fractions times total Fe contents) in
Fig. 3B. Fe(ur)-HA contributed ~14% to total Fe in the top 3 cm
and decreased to below 1% of total Fe below 10 cm depth.
CaFeP represented ~29% of total Fe in the top 7 cm and
decreased to ~17% below 14 cm depth. Fe(i)aq. contribution to
total Fe was approximately constant at, on average, ~6% of total
Fe across the investigated sediment depth. The fraction of the
spectra from the clay minerals smectite and biotite steadily
increased from ~20% and ~11%, respectively, at 1 cm depth, to
~27% and ~14%, respectively, at 36 cm depth. The contribu-
tion of pyrite was lowest in the top 5 cm with a minimum of
~20% of total Fe at 2 cm depth, constant at around ~25% of
total Fe at 5-7 cm and increased to a maximum of ~46% of total

This journal is © The Royal Society of Chemistry 2025
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Fe at 20 cm depth. Below that, pyrite content decreased again,
but never contributed less than ~30% until the bottom of the
core. In the top 5 cm of sediment CaFeP contributed most to
total Fe, below 5 cm pyrite was the most abundant Fe phase.

3.3.2 Depth-resolved bulk XAS-measurements at the P K-
edge. Bulk P K-edge XANES spectra recorded on sediment
samples from 2, 8, 38 and 40 cm depth were virtually identical
and resembled reference spectra of Mg-IP6 and DNA represen-
tative for organic phosphate mono- and diesters. Mg-IP6
represents the salt of Mg and phytate, the six valent anion of
phytic acid (inositol hexaphosphate). Phytic acid is a plant-
derived phosphate monoester and with a contribution of up
to 60% the most abundant organic P species in soils.””* (ESI
Fig. C1(1) and C2(1)%).

3.4 Scanning X-ray microscopy

The ground sediment from both, 2 cm (Fig. 4A) and 40 cm
(Fig. 4B), depths, consisted of large fibrous aggregates,
hundreds of micrometers in size, with uniform distribution of
Fe, Ca and P. Al was also ubiquitously present in the aggregates
at both depths but showed more variation in intensity
compared to the other three elements (Fig. 4D, H, 5D, E(2), and
F(2)). Within or on these aggregates, spherical particles with
higher densities of Fe and S occurred, having a size of a few to
a few tens of micrometers (Fig. 4B, and F). These particles were
identified as framboidal pyrite based on morphology and
elemental content in earlier scanning electron microscopy
analyses.” At both depths, also particles were found with a size
of tens of micrometers and containing predominately Fe,
among the detectable elements (Fig. 4B-D, and F-H). At both
depths, hotspots with S as the only detectable element, with
sizes ranging from below ten to tens of micrometers (Fig. 4G, F,

This journal is © The Royal Society of Chemistry 2025

5B, C, G, and K), suggested the presence of elementary or
organic material locally enriched with S. Spherical particles with
high Ca content with a size of tens of micrometers were
encountered in material from 2 cm depth, while those particles
were less abundant at 40 cm depth and Ca predominately
occurred as part of the large aggregates (Fig. 4C, G, and 5). Next
to the occurrence in the large aggregates, Si-rich particles with
blurred contours, variable shapes and sizes ranging from tens
to hundreds of micrometers were found at both sediment
depths (Fig. 4D, H, 5D, E(2), and F(2)).

Based on the elemental maps Fe K-edge and P K-edge p-
XANES spectra were collected at spots representing the different
features described above. A selection of positions of -XANES
spectra are shown in Fig. 5.

3.4.1 Fe K-edge p-XANES data. None of the Fe 1-XANES
spectra from 2 cm depth (Table 3a, spectra in Fig. 6A, LCF
results in Fig. 7A and ESI Table B4(1)}) unequivocally matched
a single reference spectrum. Three different types of Fe spectra
were frequently encountered on multiple maps (t-T1-Fe to t-T3-
Fe). Type 1 (t-T1-Fe) was most abundant, representing 43% of
the Fe p-XANES spectra, which were found on 5 maps. Fe p-
XANES spectra of this type were mainly collected on the large
aggregates outside particles with distinct higher elemental
densities (Fig. 5A, and B). This also applied to Type 3 (t-T3-Fe,
Fig. 5A-C), even though Fe and S densities were generally
a bit higher at collection positions of t-T3-Fe compared to t-T1-
Fe. t-T3-Fe was found on 4 maps but represented only 8% of the
spectra. Using LCF, the spectra t-T1-Fe and t-T3-Fe could be
described using the same reference spectra as for the bulk Fe
XAS data, as a mix of CaFeP, Fe(u)aq., smectite, biotite and
pyrite: t-T1-Fe was described by the highest fractions of CaFeP
and Fe(m), and t-T3-Fe by a higher share of ~50% pyrite. Type 2
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Fig. 6 Classified Fe u-XANES spectra showing individual spectra (individual), the merged spectra (merged) and the LCF spectra (fit) for the
samples from 2 cm (A) and 40 cm (B) sediment depth. For the sample at 40 cm depth, the spectra of Region 4 (b-R4-Fe) are compressed, but
their shape clearly indicates pyrite and the spectrum of Spot 1 (b-S1-Fe) is almost identical to the greigite reference spectrum.

(t-T2-Fe), the second most abundant type of Fe u-XANES spectra
at 2 cm depth, accounted for 26% of the measured spectra and
was found on 4 maps, mainly on areas with high relative Fe and
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S densities and on spherical particles with high S density
(Fig. 5C). The spectrum t-T2-Fe closely resembles the spectrum
of pyrite, and was considered to mainly represent pyrite. Based
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Fig.7 Normalized LCF results for aggregated p-XANES type, region and spot spectra collected on sediment samples from 2 cm (A) and 40 cm (B)
depth. The derivation and occurrence of the aggregated spectra are listed in Table 3. Complete LCF results are listed in ESI B3.1

on LCF, the difference between the three type spectra can be
predominately assigned to a decrease in the contribution of
pyrite in the sequence Type 2 > Type 3 > Type 1, mostly on the
expense of Fe(ur)-containing components. All other spectra were
grouped into four regions (t-R1-Fe to t-R4-Fe), each located on
a different map and characterized by the same spectral signa-
ture at multiple points. For each region, additional reference
spectra were required for the LCF. Region 1 (t-R1-Fe) had
a distinct spectrum which can be attributed to the high
contributions of biotite and greigite (but one peak between 7160
and 7170 eV could not be fitted with any available reference).
Region 2 (t-R2-Fe) was represented by over 80% S-bound Fe
(46% pyrite; 39% greigite) in the LCF, and was found on an area
of high S density without distinct shape (Fig. 5D). Regions 3 and
4 (t-R3-Fe and t-R4-Fe) both yielded the best fits when using
~20% of vivianite and were both collected on areas with co-
occurrence of Fe and Ca (Fig. 5B, and D).

Although the same number of Fe p-XANES spectra were
recorded at both depths, the diversity of spectra was larger at
40 cm depth (Table 3b, spectra in Fig. 6B, LCF results in Fig. 7B
and ESI Table B4(1)}). Four types of Fe spectra were frequently
encountered on multiple maps (b-T1-Fe to b-T4-Fe). Type 1 (b-
T1-Fe) and Type 2 (b-T2-Fe) were most abundant, both
accounting for ~20% of the measured spectra and found on 4
and 3 maps respectively. Spectrum b-T1-Fe was, as t-T1-Fe at
2 cm depth, mainly found as part of the large aggregates where
no element showed pronounced relative densities (Fig. 5G(1), H,
and I), b-T2-Fe was both found as part of the aggregates and in
areas with slightly higher S abundance (Fig. 5G(1) and K). Type 3
(b-T3-Fe) and Type 4 (b-T4-Fe) were less abundant, accounting
for 7% and 6% of the measured spectra and found on 2 and 3
maps, respectively. While b-T3-Fe was mainly part of the matrix
of large aggregates (Fig. 5G(1)), b-T4-Fe was next to the large
aggregates (Fig. 5G(1)) also obtained from Fe and S hotspots
(Fig. 5H, and K). Based on LCF, the composition of the
frequently encountered Fe spectra is similar at 40 cm depth and
at 2 cm depth. The most abundant types of Fe spectra at both
depths (t-T1-Fe and b-T1-Fe) had the highest abundances of

This journal is © The Royal Society of Chemistry 2025

CaFeP, next to Fe(un)aq., smectite, biotite and pyrite. b-T1-Fe,
however, had higher clay content with in total 72% clays and
Fe(u)aq. and slightly less pyrite than t-T1-Fe. At both depths, the
LCF -results of Type 3 (t-T3-Fe and b-T3-Fe) were similar to Type
1 (t-T1-Fe and b-T1-Fe), but showed higher pyrite content,
mainly on the expense of CaFeP. At both depths, one of the
frequently encountered types of Fe spectra essentially repre-
sented pyrite (t-T2-Fe and b-T4-Fe). At 2 cm depth, this was the
second most abundant type, which was not the case at 40 cm. At
40 cm depth the second most abundant type, b-T2-Fe, was
described by ~66% S-bound Fe, of which ~23% were greigite,
next to pyrite, Fe(n)aq. and smectite. At 40 cm depth, there was
a high diversity of Fe spectra encountered on just one map (b-
R1-Fe to b-R8-Fe) and one unique Fe spectrum (b-S1-Fe).
Region 7 (b-R7-Fe) and Region 8 (b-R8-Fe) were variations of
b-T1-Fe, both containing CaFeP, but with considerably more
pyrite according to LCF. b-R8-Fe was indeed located on an area
of elevated relative densities of Fe and Ca (Fig. 5M). But b-R7-Fe,
even though having the highest CaFeP contribution (~18%)
measured by focused beam on both samples, was located on an
area with an agglomeration of ~10 micrometer-sized Fe and S
hotspots (Fig. 5F(1)). This agglomeration resembled clusters of
euhedral pyrite observed by SEM on the same sample in an
earlier study." Indeed, the other two groups of Fe p-XANES
spectra located on this area of Fe and S agglomerations
(Fig. 5F(1)), Region 3 (b-R3-Fe) and Spot 1 (b-S1-Fe), were
characterized by high abundance of iron sulfides according to
LCF. b-R3-Fe closely resembled the greigite reference spectrum,
but also required mackinawite, Fe(ur)-HA and vivianite for
a satisfying reproduction by LCF. b-S1-Fe was identical to the
greigite reference spectrum. Region 1 (b-R1-Fe) and Region 2 (b-
R2-Fe) showed the characteristic pre and post white line
shoulders of biotite. Accordingly, LCF indicated that most Fe in
those regions was associated to phyllosilicate minerals. Never-
theless, LCF of b-R1-Fe yielded the highest vivianite contribu-
tion of all spectra measured at 40 cm depth. While b-R1-Fe was
located on a rod-shaped particle of increased relative Fe density
(Fig. 5N), b-R2-Fe was part of the matrix of a large aggregate
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(Fig. 5M). LCF of Region 5 (b-R5-Fe) and Region 6 (b-R6-Fe)
indicated the presence of hematite, with b-R5-Fe being
composed of ~80% hematite and located on Fe hotspot without
occurrence of other detectable elements (Fig. 5I). The spectrum
at Region 4 (b-R4-Fe) showed the features of the pyrite reference
spectrum but the features were damped. b-R4-Fe was located on
a rod shaped area of high relative densities of Fe and S, indi-
cating that the features are damped due to self-absorption on
a spot with high Fe concentration (Fig. 5L).

3.4.2 P K-edge micro XANES data. In contrast to the bulk P
XANES spectra, some diversity was noticed among the P p-
XANES spectra. 85% of spectra of the sample from 2 cm depth
(Table 4a, spectra in Fig. 8A, LCF results in Fig. 9A and ESI Table
C4(1)i), were virtually identical. Classified as Type 1 (t-T1-P),
they could be found across 4 maps as part of the large aggre-
gates (Fig. 5E). LCF yielded 53% Mg-IP6 and 40% DNA, along
with 6% apatite. The spectra each belonged to a singular spot.
Spot 1 (t-S1-P) was characterized by a high fraction of Fe-
coordinated P and was located on a hotspot of high P density
(Fig. 5E). Spot 2 (t-S2-P) contained exclusively apatite. Spectra
resembling pure apatite were also collected at multiple loca-
tions in the sample from 40 cm depth (Table 4b, spectra in
Fig. 8B, LCF results in Fig. 9B and ESI Table C4(1)}). They
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Fig. 8 Classified P n-XANES spectra showing individual spectra (light
grey), the merged spectra (dark grey) and the LCF spectra (orange) for
the samples from 2 cm (A) and 40 cm (B) sediment depth.
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Fig. 9 Normalized LCF results of the sub-micron P phases detected
by p-XANES at 2 cm (A) and 40 cm (B) depth. Occurrence of each
phase is listed in Table 4. Values are listed in ESI C3.1

represented the second most abundant type of P spectra, Type 2
(b-T2-P), and were mostly found on hotspots of relatively high P
density (Fig. 5]). The most abundant type of spectra, Type 1 (b-
T1-P), was also part of the large aggregates (Fig. 5]) and LCF gave
fractions of 66% Mg-IP6, 32% DNA and 2% Fe-IP6. All the other
spectra collected at 40 cm depth were identical within the range
of noise and constituted Region 1 (b-R1-P). According to LCF, b-
R1-P was a mixture of organic and mineral P with 51% purely
organic P (Mg-IP6 and DNA), 35% apatite and 14% Fe-1P6.

3.5 Correlations of total element contents, results from
sequential extractions and X-ray spectroscopy

Correlation matrices between elemental contents and SEP
results for sediment samples above 10 cm show distinct
differences to those below 10 cm. In contrast to deeper sedi-
ment layers, Ca, Mn, Fe and P are stronger correlated with each
other and to SEP-derived contents in the top 10 cm of the
sediment. In the top 10 cm, Fe-Asc and Fe(u)-HCI are strongly
correlated with total Fe contents, indicating that the variability
in Fe content is connected to variations in these two SEP frac-
tions. Furthermore, the total Fe contents are correlated to Ca,
Mn and P, which is not the case for the latter two elements in
the deeper layers. Thus, the strong correlation between Mn and
P contents is an exclusive feature of the top 10 cm of the sedi-
ment. Another remarkable and differencing feature are the
correlations of P-NaHCO; and P-CDB with other variables in the
top 10 cm: P-NaHCOj; and P-CDB are strongly correlated with
the total P content, and they are stronger correlated with the Fe,
Ca and Mn contents compared to the deeper sediments. In the
deeper sediment layers, next to Ca, Fe is correlated with S and
the Fe-SEP fractions Fe-HNO; and not extractable Fe. The
stronger correlation between S with Fe-HNO; and not extract-
able Fe distinguishes the lower sediment layers from the top
10 cm. For P, the strong correlation with TON and the P-ashed/
HCI fraction is only observed in the lower sediment layer.

The correlation of LCF-based Fe species with element
contents as well as SEP-based Fe and P fractions can be found in
Fig. 10C. Of all LCF-based Fe species, Fe(ur)-HA and CaFeP
showed the most positive correlations with other variables and
they are also strongly correlated with each other. In particular,

This journal is © The Royal Society of Chemistry 2025
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Fe(mr)-HA and CaFeP strongly correlate with P, Mn and Fe-Asc.
Also all SEP-based P fractions are positively correlated with
Fe(m)-HA and CaFeP, but correlation is strongest with P-
NaHCO; and P-CDB. The LCF-derived pyrite-content is strongly
correlated with the S contents and shows strong and medium

correlations with the HNO; and not-extractable Fe pool,
respectively. The contents of smectite and biotite, obtained by
LCF, are strongly correlated with Al as well as to each other,
supporting their interpretation as proxies for phyllosilicate-Fe
in the sediment.
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Fig. 10 (A, and B) Pearson correlations of total elemental contents (black labels), Fe pools according to Fe-SEP (blue labels), P pools according to
P-SEP (orange labels) in (A) the top 10 cm of sediment (n = 30 samples) and (B) below 10 cm depth (n = 44 samples). (C) Pearson correlations
including the Fe species according to Fe K-edge bulk XAS LCF (green labels) across the entire investigated depth (n = 15 samples). Correlations
were calculated using contents in pmol per g dw and are significant with p-values < 0.001 (**%*), < 0.01 (**) and < 0.05 (*). Insignificant correlations
(p = 0.05) are not shown.
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4 Discussion
4.1 Reducible Fe(m) phases and associated P

The subject of this study is the shallow peat lake Terra Nova in
which Fe treatment induced seasonal peaks of internal P
loading. An earlier investigation of the system suggested that Fe
addition led to the build-up of a highly redox sensitive OM-
associated Fe pool, which can bind considerable amounts of P
but tends to release this P during periods of low O, concen-
trations in the bottom water. This reducible Fe pool, mainly
extracted by Fe-Asc is pivotal for the surface water quality of
Terra Nova,' and elucidating its nature was the main objective
of this study.

Correlations between Fe-Asc and CaFeP as well as with Ca,
Fe, P contents indicate that oxidation of Fe** in the top sedi-
ment results in the co-precipitation of these elements. The
correlation of Ca, Fe and P is reflected in concurrently
decreasing contents with depth in the top 10 cm of sediment.
Presence of dissolved Ca and Si and P/Fe ratios >0.5 in the
porewaters in the corresponding depth interval (ESI Fig. E(1)})
resemble solution compositions that lead to the precipitation of
CaFeP.”” This implies that Fe redox cycling in these sediments
does not lead to the precipitation of pure Fe (oxyhydr)oxides
such as ferrihydrite or lepidocrocite but to the formation of an
amorphous co-precipitate. Precipitation of Fe together with Ca
and P in aquatic sediments has been previously reported by
Hyacinthe and van Cappellen” in a heavily bioturbated fresh-
water site in the Scheldt estuary (Belgium/The Netherlands).
They found that on average 77% of Fe(ui) in the top 14 cm of
sediment was present in an authigenic amorphous Fe-Ca-Mn-
P phase, which was extractable by the same ascorbic acid
extraction we used in the Fe-SEP. This finding is in line with the
correlation of Ca, Fe, P as well as Fe-Asc and CaFeP with Mn
contents in the top 10 cm of the sediments from lake Terra Nova
(Fig. 10A). Hyacinthe and van Cappellen” further reported that
Mn-contents decreased from freshly formed Fe-Ca-Mn-P
precipitates to older precipitates at larger depth. Our results are
in line with those reported by Hyacinthe and van Cappellen™
and hence support the presence of authigenic CaFeP co-
precipitates in the surface sediment of Terra Nova, which
become Mn depleted when buried deeper in the sediment: in
sediments for Terra Nova the Fe and Mn contents were corre-
lated in sections of the fibrous aggregates without pronounced
enrichment of pyrite particles and the Mn/Fe ratio was larger in
2 cm depth compared to 40 cm depth (ESI Ff). Pearson corre-
lation further showed that Fe(m)-HA fractions were closely
correlated with CaFeP (LCF), Fe and P fractions mobilizable by
reduction (SEPs), and total Ca, Mn, and P contents across the
entire sediment depth (Fig. 10C). This offers additional
evidence for the presence of a Fe-Ca-Mn-P phase, but also
indicates that part of the reducible Fe(m) is coordinated with
functional groups of the OM. Formation of complexes between
Fe and functional groups of OM is key regarding the influence
of OM on the formation of Fe(m)-precipitates. Organic matter
can limit Fe(u) polymerization to monomeric or oligomeric Fe-
OM complexes or ferrihydrite, depending on the molar OC/Fe
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ratio and pH.>”””"”? In laboratory experiments on the oxidation
and precipitation of Fe in the presence of Leonardite humic
acid at pH 6.5 and at OC/Fe from ~10 to 50, Beauvois et al.*
observed the formation of oligomeric Fe(in) and ferrihydrite-like
Fe(mr) nanoparticles embedded in OM, with a decreasing share
of ferrihydrite at increasing OC/Fe. For OC/Fe from 50 to 500, at
neutral to acidic pH, Karlsson and Persson® reported a shift to
predominantly monomeric Fe(u) bound in chelate complexes.
At OC/Ca ratios <3.8, Beauvois et al® found Ca to act as
a coagulant promoting the formation of large, branched organic
networks in which Fe(u) nano-aggregates of ~6 nm size were
distributed. At higher OC/Ca, on the other hand, they observed
the development of smaller Fe-OM-Ca aggregates. Considering
contents of ~30 mol kg™" TOC, 0.5 mol kg~" Fe, and 0.6 mol
kg ' Ca in the sediments from Lake Nova, an overall OC/Ca
ratio of ~50 and an overall OC/Fe ratio of ~60 can be esti-
mated. Taking into account that CaFeP and Fe(m)-HA accoun-
ted for ~1/3 of the total Fe, an OC/Fe ratio of ~180, can be
estimated for the Fe(m) represented by these two LCF refer-
ences. Based on all aforementioned considerations, we there-
fore conclude that Fe(mr)-HA and CaFeP identified by LCF do
not constitute two distinctive Fe phases in our peat lake
samples, but that Fe(ur)-HA and CaFeP together describe a co-
precipitate of Ca, P, and mono- and oligomeric Fe(m) that is
also coordinated with OC. This mixed inorganic-organic co-
precipitate is finely distributed within the OM matrix of the
peat sediment.

Indeed, X-ray micro-microscopy supports the presence of Fe-
Ca-P oligomers and nanoparticles associated with the OM
matrix. At both investigated depths, the majority of the
measured p-XAS spectra (t-T1-Fe and b-T1-Fe) contained CaFeP
(Fig. 7), all of them found on large aggregates with uniform
distribution of Fe, Ca and P (Fig. 4 and 5). These spots exhibited
relatively low densities of these elements, in contrast to spots
with high local densities for which LCF pointed to high abun-
dance of Fe sulfides or apatite, respectively. That is, the inor-
ganic-organic precipitates occur finely dispersed within the OM
matrix. Consequently, it was not possible to discern and char-
acterize individual particles when analyzing the material with
a spatial resolution of several hundred nm. Notably, LCF of
most pu-XANES spectra returned higher fraction of Fe(u)aq. than
LCF analyses of bulk XANES and EXAFS spectra, but did not
include the Fe(ur)-HA reference. This could be due to lower
sensitivity in the microanalyses constrained to the XANES
region, but could indicate that the orders of magnitude higher
flux density of the focused X-ray beam induced photoreduction
of organically complexed Fe(m).

In contrast to what Fe K-edge XAS results suggest, the P K-
edge XAS data indicate that the majority of P in the Terra
Nova sediment is present as organic P esters. The bulk P K-edge
XAS is exclusively fitted by inositol phosphate and DNA in the
LCF with no indication of considerable contributions of an
inorganic P phase (ESI C2 and C3}). Organic P esters thus
constitute an important P pool in the Terra Nova sediment.
While according to P-SEP the majority of sediment P is indeed P
structurally bound in OM, extracted as P-ashed/HCI (Fig. 2C),
this pool accounts for at most 70% of the total P (Fig. 2D). In the

This journal is © The Royal Society of Chemistry 2025
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surface sediment, up to 51% of sediment P is extracted as P-
NaHCO; and P-CDB. According to the used P-SEP, P-NaHCO;
represents P bound to OM over metal cation bridges**** and P-
CDB represents P bound to Fe (oxyhydr)oxides, CaCO; and Fe-
phosphates.*>*”# Indeed, correlation analysis suggests that
NaHCO; and CDB extract P bound to the Fe-Ca-P-OM co-
precipitates. P-NaHCO; and P-CDB show almost identical
depth profiles (Fig. 2C), correlate to each other (Fig. 10A and B)
and to Fe(m)-HA, CaFeP and Fe-Asc (Fig. 10C) over the entire
investigated sediment depth. Further, P-concentrations in the
SEP-extracts where measured by colorimetry," which is exclu-
sively sensitive to ortho-phosphate. These findings suggest that
bulk P K-edge XAS underestimates inorganic P content. P K-
edge XANES analysis has previously been reported to have its
limitations for determining the P speciation in peat soils. Kruse
and Leinweber®” found that P-XANES spectra did not show
a pronounced change upon extractions targeting different P
phases. Successive removal of P pools was not reflected in
distinct spectral changes as all spectra were dominated by
organic P, which lacks marked pre- or post-edge features and
obscures the signal from other phases. Even distinguishing
organic and inorganic phosphate groups complexed to the
same solid phases is difficult by P K-edge,*” as the corre-
sponding XANES spectra differ only marginally. Even if inor-
ganic PO, features a higher white line intensity than inositol
phosphate,®” the intensity of the white line is particularly
sensitive to self-absorption and, consequently, the contribution
of inorganic P can be underestimated at the expense of organic
P when P XANES spectra are collected in fluorescence mode.
These methodological constraints can explain why inorganic P
was not included in the LCF of bulk sample spectra. Neverthe-
less, n-XAS analysis revealed local variations in P speciation.
The characteristic pre-edge feature of Fe-bound P was detected
on several spots (Fig. 5 and 8), and was reproduced by the Fe-IP6
reference in the LCF (Fig. 9, ESI C3]). Further, apatite particles
were unequivocally detected (Fig. 5, 8 and 9), in line with 14%
(on average) HCl-extractable P across the entire investigated
depth (Fig. 2C and D) that is interpreted as Ca-phosphate P.
Despite the limitations of distinguishing organic and inorganic
phosphate as delineated above, the results of P K-edge XAS thus
further point towards the presence of Fe-Ca-P-OM co-
precipitates, and also suggest that organic phosphate groups
in addition to carboxyl or phenolic groups might contribute to
Fe(m) binding by OM.

4.2 Other Fe pools

4.2.1 Fe sulfides. Sulfidation of Fe(ur) phases is pivotal in
the coupling of Fe and P cycling in aquatic sediments, as it
removes Fe from the redox cycle and makes it unavailable for P
binding in sediments.">* Presence of pyrite in the sediments
from Terra Nova, deduced from sequential extractions and SEM
analysis, is confirmed by XAS analyses. Pyrite dominates the
bulk Fe EXAFS signal over the entire sediment depth (ESI
Fig. B2(1)1), and accounts for 20% to 46% of total Fe according
to LCF (Fig. 3, ESI B31). These fractions exceed those estimated
from Fe-SEP as only a maximum ~7% of total Fe were extracted
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as Fe-HNO; (Fig. 2A and B). As the EXAFS spectrum of pyrite is
very distinctive, the fractions obtained by LCF can be consid-
ered to be reliable. Hence, it is more likely, that pyrite was not
completely extracted by HNO; during the extraction step, even
though HNO; has been reported to fully extract pyrite with high
selectivity.”** While there is strong correlation between LCF-
derived pyrite and S contents (Fig. 10C), LCF-derived pyrite
and S contents are not only correlated with Fe-HNO; but also
with not-extracted Fe (Fig. 10C), suggesting that part of pyrite
was not extracted by concentrated HNO; or preceding extrac-
tions steps and remained unextracted.

High abundance of organic matter and the embedding of
pyrite into the OM matrix might retard or prevent pyrite disso-
lution in HNO;. Most of the pu-XRF maps at both investigated
depths show areas of high density collocated Fe and S, often also
in the characteristic spherical shape of framboidal pyrite
(Fig. 10), which is confirmed by the dominance of pyrite in the
LCF of the corresponding spectra (t-T2-Fe, b-R4-Fe, Fig. 6, 5C, L,
and 7). However, also the LCF of two most abundant types of Fe p-
XANES spectra, t-T1-Fe and b-T1-Fe (Table 3, and Fig. 6) collected
from OM aggregates with low Fe density (Fig. 5), indicated up to
25% pyrite (Fig. 7). This suggests that an abundant part of pyrite
is embedded in the organic matrix in finely dispersed form.
Oxidative dissolution by HNO; can be conceived as an electro-
chemical reaction® whereby the cathodic reduction of nitrate
could be slowed down when pyrite is encapsulated by OM, in
analogy to the retarding effect of the formation of a passivating
layer.®* As the oxidation of pyrite is autocatalytic and formation of
Fe** ion accelerates the oxidation of pyrite® scavenging of Fe**
ions by organic matter via reduction or complexation can impede
the progress of pyrite dissolution. That is, two hours of HNO;
extraction might have been too short to completely extract pyrite
from the OM-rich sediments studied here.

Next to pyrite, mackinawite (FeS) and greigite (Fe;S,) were
detected in the sediment samples by 1-XANES analyses. The three
sulfide phases occurred in vicinity of each other, from a mix of
mainly mackinawite and greigite (b-R3-Fe), to pure greigite (b-S1-
Fe), to ~50% pyrite (b-R7-Fe) (spectra: Fig. 6B, LCF results:
Fig. 7B, ESI B4}) in the sample from 40 cm depth. The spectra
were collected from an area with elevated Fe and S densities
extending over tens of micrometers and looking like an assembly
of euhedral pyrite (Fig. 5F(1)). Also in the sample from 2 cm
depth, mackinawite and greigite were occasionally detected but
only in small areas with the size of few micrometers (region t-R4-
Fe containing ~40% mackinawite and ~25% pyrite, region t-R2-
Fe containing ~40% greigite and ~50% pyrite, spectra: Fig. 6A,
LCF results: Fig. 7A, ESI B4}). Mackinawite and greigite can be
conceived as intermediates in the formation of pyrite upon the
sulfidation of Fe(ur) phases. That is, initially FeS is formed as the
primary product of the reaction of dissolved sulfide with Fe(m)
(oxyhydr)oxides® and greigite can be the intermediate on the
polysulfide pathway of pyrite formation from mackinawite.’”
Hence, the presence of these two sulfides might bear witness to
the active formation of pyrite in the whole sediment of Terra
Nova, which is most pronounced in layers below 10 cm depth,
where pyrite contents increase and pyrite becomes the dominant
phase based on bulk LCF analysis (Fig. 3).
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4.2.2 Phyllosilicate minerals. LCF and Fe-SEP also yield
inconsistent results for the silicate-bound Fe contents in the
sediment. According to LCF of bulk Fe XAS spectra, about
a third of the total Fe occurs as phyllosilicate minerals (repre-
sented by ~10% Fe in biotite and ~20% Fe in smectite) over the
entire investigated sediment depth. In contrast, Fe, not extrac-
ted by Fe-SEP and conceived to represent non-reactive Fe in
silicates, accounts for up to 60% of total Fe and, hence, exceeds
the fraction of Fe based on SEP by a factor of about two. The
contribution of pyrite to the not-extracted Fe pool can partially
explain this discrepancy. However, the combined relative frac-
tions of Fe-HNO; and not extracted Fe give consistently lower
values compared to the sum of pyrite and clay-bound Fe frac-
tions based on LCF. A likely explanation for the remaining
discrepancy is that part of the silicate-bound Fe pool is included
in other extraction steps. Loss of up to 20% of Fe from smectite
by CDB extraction has been reported in literature® and has been
attributed to rearrangement of the silicate structure upon
reduction of present Fe(m).* Further, CDB was reported to
dissolve Fe from biotite, chlorite, muscovite and illite.”® Also
HCI can dissolve clays®* while dissolution rates increase for
smaller particles.” This suggests, that part of the HCI extracted
Fe(n) might originate from phyllosilicates and not from authi-
genic Fe(n) sulfides or carbonates. This also reconciles the
ubiquitous presence of Fe(u)-HCl, with contribution to total Fe
between 18% and 36% across the entire investigated sediment
depth (Fig. 2), while the corresponding Fe(u) phases could not
or only sparsely be detected by XAS analyses. This finding is
another illustration of the complementary value of spectro-
scopic analyses assisting the interpretation of sequential
extractions, in particular in samples with atypical matrix or
from exceptional environmental settings.

4.3 Implications for sediment P dynamics

Combining results from sequential extractions with elemental
and spectroscopic analyses leads to the conclusion that the
addition of Fe salts to lake Terra Nova has resulted in the
formation of multi-elemental co-precipitates containing Fe, Ca,
P and minor amounts of Mn, which form a continuum of
oligomers and nanoparticles embedded in the OM matrix and
involving inner-sphere complexes of Fe with functional groups
of the OM. These precipitates are likely authigenic and have
been formed as a consequence of redox cycling of Fe in the
sediments. During dosing of FeCl;, Fe** hydrolysis caused the
formation of large flocs in the water column, which settled on
top of the sediment in the form of Fe hydroxides.”® The trans-
formation of these primary products of Fe addition into multi-
elemental precipitates upon redox cycling in the sediment has
consequences for the P binding and release in the sediment.
The formation of co-precipitates can enhance the efficiency
of Fe addition for P binding in the sediment. Ratios between P
and Fe in the corresponding Fe pools obtained by sequential
extractions reached values up to about 0.3 in the top sediments
of Terra Nova.' Fe(i)-OM complexes and CaFeP can have P/Fe
ratios of up to 1.***” Hence, the formation of Fe-Ca-P-OM co-
precipitates can constitute an efficient sink for P in sediments
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of Fe treated lakes. However, a threshold P/Fe ratio of 0.12 was
reported, at which, in aquatic sediments, the retention of P via
adsorption is insufficient to prevent a significant increase in
benthic P fluxes during temporal bottom water anoxia.’**°
Consequently, the P/Fe ratios in Terra Nova sediment indicate
that the amount of P bound in Fe(u)-OM complexes and CaFeP
could further increase in the future. Nevertheless, the current
ratio already exceeds the threshold value beyond which release
of P into porewater upon Fe(m) reduction under summer low
oxygen conditions cannot be attenuated by adsorption to
remaining Fe(u) phases. Further, analyses of P XANES spectra
suggest that part of the Fe(m) is coordinated with organic P
groups. As organically-bound P, mostly in the form of phos-
phate mono- and diesters, constitutes the largest P pool in the
sediment, further research would be necessary to inquire
possible competition of organic P for inorganic P adsorption
and complexation with Fe in these sediments.

Although formation of co-precipitates is an efficient pathway
for P binding, these precipitates might be particularly sensitive to
P mobilization upon changes in redox conditions when bottom
water hypoxia emerge. Freshly precipitated Fe(ur) phosphates
exhibit a high reactivity towards microbial reduction and the
similarity of kinetic parameters with those obtained in estuarine
sediments containing Fe(m) phosphate precipitates suggests, that
those are the preferential electron acceptor for Fe reducing
bacteria in these sediments.”” Furthermore, linkage of Fe(um)
(oxyhydroxides) with OM enhances microbial and chemical Fe(ur)
reduction®®® and, in general, the small particle size and its wide
distribution is expected to increase the reactivity of the Fe(u)
containing co-precipitates in the sediment of Lake Terra Nova. In
conclusion, formation of co-precipitates with Fe and Ca in the
presence of OM presents an effective P sink in the sediments with
respect to P/Fe ratio, but the product is eminently prone to P
release under reducing conditions.

5 Conclusion

In organic-rich dynamic systems such as peat sediments, the
classical model of Fe and P diagenesis, based on oxidative
precipitation and reductive dissolution of Fe (oxyhydr)oxides
does not apply. Addition of Fe and its redox cycling in the peat
sediment of lake Terra Nova does not result in the formation of
distinctive Fe(m) (oxyhydr)oxides in the top part of the sedi-
ment. Instead, the presence of OM and Ca inhibits polymeri-
zation and particle growth leading to finely dispersed solids
intimately linked to the OM matter. Fe(um) produced by Fe(u)
oxidation forms a continuum of highly amorphous Fe-
Ca-(Mn-)P-OM co-precipitates, which are highly redox sensitive
and responsible for the rapid release of P upon emerging
bottom water hypoxia.

Methodologically, this study shows that X-ray spectroscopy
provides significant additional information next to SEPs, with
scanning X-ray microscopy as a valuable asset for qualitative
insights into the presence and spatial distribution of individual
species. Our results suggest that Fe-Asc represents a good esti-
mate of the most redox-sensitive amorphous Fe(m) pool in
organic-rich sediments and that P-NaHCO; and P-CDB together
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yield an estimate of P associated with nanoscale inorganic-
organic Ca-Fe-P-OM co-precipitates. On the other hand, the
study demonstrates that concentrated HNO; does not quanti-
tatively extract pyrite in the assigned reaction time and may
therefore lead to its underestimation. Furthermore, Fe release
from phyllosilicate minerals contributes to the HCl-extractable
Fe, and this fraction should therefore not be interpreted
exclusively as Fe(u) incorporated in authigenic phases. SEPs can
thus deliver an indication of Fe and P pool reactivities in
organic rich systems, but should be interpreted as such and not
as discrete phases.

In conclusion, our study shows that organic-rich systems
should not be approached using models and methods devel-
oped for organic poor systems, and that there is a need for new
models and more fundamental research on OM-associated Fe
phases to be able to reliably predict Fe and P dynamics in
organic rich sediments.
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