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Abstract
Sequential phosphorus (P) extraction (SPE) is a well-established and widely applied method for quantitatively and

qualitatively determining the critical nutrient P in freshwater sediments. It allows the estimation of P bioavailability
and facilitates the evaluation of the long-term effects of eutrophication mitigation measures. Most current protocols do
not differentiate between redox-sensitive Fe(III)-P and more stable reduced Fe(II)-P minerals, such as vivianite. In this
study, we tested a modified SPE protocol designed to quantify Fe(II)-P (vivianite-P) as a separate phase through the
complexation of Fe(II) with 2,20-bipyridine (Bipy). Seven lakes were selected as study sites with different sedimentary Fe
and P contents and restoration histories. We validated the Bipy extraction step through direct comparison with results
from the conventional protocol and the application of direct mineral detection methods, including x-ray absorption
near-edge structure at the Fe and P K-edges, x-ray diffraction, optical microscopy, and scanning electron microscopy
with energy dispersive x-ray spectroscopy. The Bipy fraction was primarily extracting P that was conventionally
extracted in the bicarbonate-dithionite (redox-sensitive Fe/Mn-bound) and NaOH (metal-[Fe/Al-]bound) fractions. The
results from the direct detection methods indicated that the extracted Fe(II)-P was predominantly vivianite. The effi-
ciency of the Bipy extraction was decreased in samples with high crystallinity, but excessive Fe(II) or high organic con-
tent had minimal impact. Hence, it is highly recommended to use x-ray diffraction and x-ray absorption near edge
structure in combination with the modified extraction protocol. Overall, the method tested with different freshwater
sediments provides robust results when quantification of Fe(II)-P including vivianite is an important objective.

Eutrophication of freshwater systems due to excessive
nutrient inputs, primarily nitrogen (N), and phosphorus (P) is
an ongoing global issue (Akinnawo 2023; Conley et al. 2009;
Dillon and Molot 2024; Smith 2003; Smith and Schin-
dler 2009). Run-off from excessive fertilization and the histori-
cal discharge of insufficiently treated wastewater has led to
significant accumulation of P in aquatic environments, the so-
called legacy sedimentary P (Dillon and Molot 2024; Tu
et al. 2023). The seasonal release of this legacy P, that is,
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internal loading, often sustains eutrophication, especially in
shallow lakes (Kiani et al. 2020; Søndergaard et al. 1999;
Søndergaard et al. 2007; Welch and Cooke 2005; Yin
et al. 2022), leading to phytoplankton dominance, turbidity,
and anoxic conditions (Ansari et al. 2010; Lürling et al. 2017;
Waajen et al. 2014). Concurrently, P remains a critical and
non-substitutable nutrient in the agricultural sector where it is
essential for plant growth, and thus, continues to be a key
component of fertilizers globally (Smith et al. 2015). However,
the accessibility of the primary resource phosphate rock is lim-
ited to only a few countries worldwide, which has led to geo-
political conflicts and turned P into a limited, critical resource
vulnerable to price fluctuations (Cordell et al. 2009; Crespi
et al. 2022; Ibendahl 2022).

Consequently, the reuse of eutrophic sediments in agricul-
ture (Braga et al. 2019; Canfield et al. 2024; Kiani et al. 2023)
or the recovery of sedimentary legacy P from aquatic systems
(Cakmak et al. 2022) is recently gaining more attention to
expand circular economy principles on freshwater remedia-
tion and thereby foster more sustainable lake restoration
(Tammeorg et al. 2024). The definite P removal from a eutro-
phic system can ensure long-term restoration of ecosystem
balance (Kiani et al. 2020) while P recycling from the pre-
sumptive waste product, that is, dredged sediment, follows the
principles of circular economy (Haasler et al. 2024; Kiani
et al. 2021).

Eutrophication mitigation, that is, lake restoration, often
aims at internal nutrient immobilization, such as capping via
metal salts (Copetti et al. 2016; Huser et al. 2016) or oxygena-
tion. If Fe salts or artificial oxygenation in a naturally Fe-rich
system are applied (Boers et al. 1992; Copetti et al. 2016;
Hupfer et al. 2016; Kleeberg et al. 2013), it consequently leads
to an increase of redox-sensitive Fe(III)-bound P (Fe(III)-P),
which is often described as a temporary P sink but also a
source for internal P loading (Kiani et al. 2020; Reitzel 2005;
Sondergaard et al. 2001; Yuan et al. 2020). Meanwhile, there is
increasing recognition that the more stable redox-insensitive
Fe(II)-bound P (Fe(II)-P) can play a significant role in the long-
term burial or as a potential recovery phase of P in freshwater
sediments (Heinrich et al. 2022; O’Connell et al. 2015; Reitzel
et al. 2005; Rothe et al. 2014; Vuillemin et al. 2020).

Vivianite [Fe3(PO4)2�8H2O] is often described as one of the
most stable naturally occurring Fe(II)-P minerals in marine
and freshwater sediments, as well as waterlogged terrestrial
environments (Lenstra et al. 2018; Nriagu 1972; Rothe
et al. 2016). Vivianite formation is favored in a reduced envi-
ronment, at neutral pH, and under high Fe2+ and P but low
free sulfide availability (Liu et al. 2018; Nriagu 1972; Rothe
et al. 2015; Zhang et al. 2022). In the environment, vivianite
is often defined as a group of minerals including its pure form,
Mn, Mg, or Ca Fe-substituted phases, and various oxidation
products as it rapidly oxidizes upon oxygen exposure
(Kubeneck et al. 2023; Nriagu and Dell 1974; Nriagu 1972;
Rothe 2016). Such oxidation products can be metavivianite

[Fe2+Fe3+2(PO4)(OH)2�6H2O] (Rothe et al. 2014) or
santabarbaraite [Fe3+3(PO4)2(OH)3�5H2O] (Fagel et al. 2005),
which were formerly summarized as a group of hydrated Fe(II,
III) orthophosphates named kertschenite (Nriagu 1972). Para-
magnetic properties of vivianite have led to the development
of magnetic extraction technologies from sewage sludge (Prot
et al. 2019; Wijdeveld et al. 2022). Based on such technolo-
gies, mineral mining from freshwater sediments—particularly
the magnetic extraction of vivianite from dredged sediment
and reuse as, for example, fertilizer—could potentially pro-
mote more sustainable lake restoration and a circular economy
as mentioned above. Hence, induced vivianite formation
could facilitate long-term P burial and potentially recovery
simultaneously.

In fact, the Fe speciation or Fe(III)/Fe(II) distribution in lake
sediments can vary significantly depending on abiotic and
biotic environmental factors, such as changing redox condi-
tions, pH, or microbial activity, and variations in catchment
or background geology (Beckler et al. 2015; Evans et al. 2004;
Parsons et al. 2017). Additionally, sulfur (S) controls the avail-
ability and reactivity of Fe in aquatic systems (Heinrich
et al. 2022; Kleeberg 1997; Rothe et al. 2015). Consequently,
the sedimentary Fe-P speciation can be highly heterogeneous,
with differences in P-binding strength among the phases and,
therefore, P bioavailability for crop (Haasler et al. 2024). Well-
known ferric specimens are amorphous or poorly crystalline
ferric Fe(oxy)hydroxides, for example, goethite, ferrihydrite,
hematite (Weng et al. 2012) which can adsorb or surface-
complex P. In freshwater sediments, the most common fer-
rous minerals in which P is incorporated in the mineral lattice
are vivianite and its various transformation and oxidation
products (Nriagu and Dell 1974; Rothe 2016). However, vari-
ous non-P bearing Fe(II) minerals, such as siderite [FeCO3], or
ankerite [Ca(Fe2+,Mg)(CO3)2], as well as mixed-valent Fe-
oxides exist, such as magnetite [Fe2+Fe3+2O4] or green rust
[Fe2+4Fe

3+
2(OH�)12] (Nriagu and Dell 1974).

Hence, detailed and reliable knowledge about the Fe-bound
P species distribution is crucial (1) to understand internal P
dynamics in lakes, (2) to evaluate the success or failure of
eutrophication mitigation approaches aiming at nutrient
immobilization, and (3) to develop P recovery strategies. In
particular, vivianite quantification remains rather difficult and
often relies on expensive and hardly accessible technologies,
such as Moessbauer spectroscopy or synchrotron-based x-ray
technologies including XAS or x-ray diffraction (XRD).
Sequential P extraction (SPE) is a well-known and established
method for quantifying operationally defined P pools in fresh-
water sediments with several protocols available (Paludan and
Jensen 1995; Reitzel 2005; Wang et al. 2013). Moreover, SPE is
a cheaper and more easily accessible alternative to other direct
detection or characterization methods. However, most of the
common SPE protocols do not distinguish between Fe(III)-
and Fe(II)-P, even though the high importance of both phases
is well-known and multiple Fe extraction protocols exist to
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determine Fe(III) and Fe(II) separately (Heron et al. 1994; Phil-
lips and Lovley 1987; Wallmann et al. 1993).

The chemical quantification of Fe(II)-P, primarily vivianite,
as a separate phase from Fe(III)-P was originally proposed by Li
et al. (2012) and optimized by Gu et al. (2016) using the
Fe(II) complexation agent 2,20-bipyridine (Bipy). Bipyridine is
an organic compound and strong Fe(II) chelator (Smith
et al. 2021). The release of vivianite-P by Bipy is facilitated
through the complexation of aqueous Fe(II) (Eq. 1) thereby
shifting the equilibrium equation toward vivianite dissolu-
tion (Eq. 2):

Fe2þ aqð Þ þ3Bipy aqð Þà Fe Bipyð Þ3
� �2þ

aqð Þ ð1Þ

Fe3 PO4ð Þ2 �8H2O solidð Þ $ 3Fe2þ aqð Þ þ2PO4
3�

aqð Þ þ8H2O ð2Þ

In Gu et al. (2016), the selectivity for vivianite-P and effec-
tivity of the Bipy extraction step was tested and optimized by
extracting a range of Fe mineral references and homogenized sur-
face sediment samples (upper 10 cm) from one lake (< 4 m deep).
Finally, the Bipy extraction step was inserted in the SEDEX pro-
tocol designed for marine sediment based on (Ruttenberg 1992).
More recently, a SPE protocol incorporating the Bipy extraction
step into a freshwater sediment protocol based on Reitzel (2005)
was established and validated; however, for use with sewage
sludge (Wang et al. 2021). In both studies, the 0.2% Bipy in
0.1 M KCl extractant was found to be selective for Fe(II)-P
assigned to vivianite and to deliver robust results when inserted
in the SPE protocols without the use of a glovebox.

The aim of the present study was to test whether the Bipy
extraction step is a suitable tool for identifying and quantify-
ing vivianite in a range of freshwater sediments with different
compositions. Therefore, seven freshwater sediments from
three European countries (Denmark, Germany, The
Netherlands) with varying total sedimentary Fe and P content
as well as restoration histories (Table 1) were extracted using
the Bipy modified SPE by Wang et al. (2021) and the conven-
tional SPE protocol based on Reitzel (2005) in parallel. For
vivianite detection and to further support the extraction
results, a range of direct, primarily qualitative, mineral detec-
tion methods was applied. These included the spectroscopic
methods x-ray absorption near edge structure (XANES) at the
Fe and P K-edge, XRD, as well as optical microscopy (Opt-Mic)
and scanning electron microscopy with energy dispersive
x-ray spectroscopy (SEM–EDX).

Materials and procedures
Study lakes

The seven study lakes were selected based on differences in
sedimentary Fe and P contents, resulting in a range of Fe : P
molar ratios, as well as varying restoration histories. A sum-
mary of the lakes’ characteristics and histories is shown in
Table 1 and as supplementary material (Section A).

Sediment sampling and characterization
Sediment was obtained as intact cores (n = 3 for Lake Ørn

and Lyng; the rest n = 1) using a gravity core sampler and
Kayak tubes from the deepest part of each lake. The intact sed-
iment cores were either stored at 4�C until further use (Lakes
Ørn, Lyng, Almind, and De Kuil) or sectioned directly in the
field (Lakes Ouderkerkerplas, Groß Glienicker, Arendsee). Sam-
pling dates, sectioning patterns, and respective motivations can
be found as supplementary material (Section B). The samples
were processed quickly and stored in airtight, dark conditions to
minimize oxygen exposure. Airtight storage conditions were
achieved by filling the storage vials completely with the fresh
sediment and leaving no airspace. In the case of plastic zipper
bags, the air was removed from the bag before closing. The dry
matter content (DM%) was determined by weight loss after
� 24 h at 105�C, followed by the determination of organic mat-
ter content as loss of weight after ignition (LOI%) at 520�C
(450�C for Arendsee and Groβ Glienicker) for 5 h. The elemental
composition of the sediment was determined after hot acid
digestion (8 mL 1 M HCl, 1 h, 120�C) of � 0.1 g combusted sedi-
ment (520�C, 5 h). Contents of Fe, P, Al, Ca, Mg, and Mn were
analyzed in the digestates using inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES; Optima 2100 DV, Perkin
Elmer). Sediment depth profiles of determined elemental compo-
sitions, molar Fe : P ratios, and LOI% can be found as supple-
mentary material (Figs. S1 and S2).

Sequential P extraction
The fresh, sectioned sediment samples were subjected to

both the conventional (Con) protocol by Reitzel (2005) and
modified (Mod) protocol by Wang et al. (2021) in parallel. An
overview of the extraction conditions and the corresponding P
fractions can be found in Table 2 and as SI (Section C). For a
detailed description of both SPE protocols, refer to Paludan and
Jensen (1995), Reitzel (2005), and Wang et al. (2021). Briefly,
25 mL of extractant solution of varying strength and specificity
were sequentially added to � 1 g fresh sediment in 50 mL cen-
trifuge tubes (solid : liquid ratio 1 : 25), shaken horizontally on
a table shaker (100 rpm, 1–24 h), and centrifuged (3000 rcf,
10 min) for solid–liquid separation. After each extraction step,
the sediment residue was washed (shaking for 10 min, 100 rpm)
at least once with the extractant solution and at least once with
Milli-Q water. The supernatants from the extraction and wash-
ing steps were collected and combined per extractant for analy-
sis, while the pellet remained in the centrifuge tube for the
next extraction step. Soluble reactive phosphorus (SRP)
(or inorganic P, hereafter iP) was measured spectrophotometri-
cally using the standard molybdenum blue method (Murphy
and Riley 1962). Total dissolved P (TP) in all fractions, and total
dissolved Fe in the Bipy and BD fractions were determined via
ICP-OES. The difference between TP and iP in the extractions
was referred to as non-reactive P (NRP), which was interpreted
as released labile organic P. Sum NRP represents the sum of
NRP in the H2O, Bipy, BD, and NaOH fractions, except for
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Lakes Arendsee and Groβ Glienicker, where NRP was only deter-
mined in the NaOH fraction (NaOH-NRP). The sum of
extracted P pools (Sumex) was calculated as follows (Eq. 3):

Sumex ¼
X

TP content of all extracted fractions ð3Þ

Changes in the P fractions in response to the Bipy-step
insertion were analyzed by normalizing the content of the
fractions with Sumex and subsequently calculating the differ-
ence between the results of Mod and Con (ΔFraction in % of
Sumex; Eq. 4):

ΔFraction %of Sumexð Þ¼ FractionMod μmolP g�1DW
� �

Sumex Mod μmolP g�1DWð Þ
�

� FractionCon μmolP g�1DW
� �

Sumex Con μmolP g�1DWð Þ ��100

ð4Þ

Hence, a negative value indicates loss, while a positive
value indicates gain of the respective fraction. The H2O frac-
tion was excluded from ΔFraction analyses, as it was assumed
to be unaffected due to its extraction prior to the Bipy step.

Note that due to discrepancies in protocol routines, the
extracts from Lakes Groβ Glienicker and Arendsee were filtered
(0.45 μm syringe filter) and digested using wet oxidation (5%
K2O8S2) before P measurements. Hence, these values represent
dissolved total P (DTP) but are labeled as iP for simplification. It
should be noted, however, that wet oxidation hydrolyzes dis-
solved organic P (NRP) to iP, which may slightly overestimate iP
in the extracts from these two lakes. Further, Humic-P was deter-
mined in all lake sediments except Arendsee and Groβ
Glienicker, and Residual-P only in Lakes Almind, Lyng, and Ørn.

Direct detection methods
To validate the extraction results, confirm the presence or

absence of vivianite-P, and better distinguish between

Table 1. Lake characteristics (name, location, depth, surface area), history, and data on vivianite occurrence and detection if available
in the seven lakes. For sedimentary molar Fe : P ratios please refer to SI, Fig. S2.

Lake characteristics History Vivianite occurrence Reference(s)

Ørn
Silkeborg, Denmark (56.154818, 9.519001)

Mean depth 4 m; max. depth 10.5 m; 0.42 km2

Catchment area mainly old forest (peat),

very Fe-rich sediment, stratifying

Authigenic vivianite formation

with homogenous depth

distribution

O’Connell et al. (2015)

Lyng
Silkeborg, Denmark (56.158597, 9.543975)

Mean depth 2.4 m; max. depth 7.6 m; 0.1 km2

Eutrophic, stratifying, received untreated

sewage from Silkeborg until the 50s,

nitrate [Ca(NO3)2] treatment in 1995

(dissolved), and 1996 (granulated)

No data Søndergaard et al. (2000)

Almind

Silkeborg, Denmark (56.148635, 9.543953)

Max. depth 20.5 m; 0.52 km2

Oligotrophic, stratifying No data Jørgensen et al. (2011)

Robertson and

Thamdrup (2017)

Groß Glienicker

Berlin, Germany (52.465807, 13.110804)

Mean depth: 6.8 m; max. depth: 11 m; 0.67 km2

Formerly highly eutrophic, now

mesotrophic; combined 50% FeCl3
(dissolved) and 50% Fe(OH)3 (solid)

treatment 1992/1993 (500 g Fe m�2),

aeration

On average 20% of TP in upper

20 cm of sediment; increasing

crystallinity with depth

Wolter (2010)

Rothe et al. (2014)

Heinrich et al. (2022)

Arendsee
Altmark, Germany (52.890374, 11.475896)

Mean depth: 29 m; max. depth 49 m; 5.14 km2

Highly eutrophic; stratifying, hard water

lake, groundwater-fed; hypolimnetic

withdrawal, calcareous littoral mud

was spread in profundal zone for P

trapping (1995)

Present in sediment layers

> 26 cm (Mn-rich), richest

layers 30–36 cm

Findlay et al. (1998)

Rothe et al. (2015)

Hupfer et al. (2016)

De Kuil

Breda, Netherlands (51.622351, 4.706393)

Max. depth 9 m; 0.067 km2

Eutrophic, shallow, stratifying, sand

mining lake from the 50s, one-third

filled with desalinated sea sand

(2000), Flock (FeCl3), and Lock

(Phoslock®) treatment (May 2009)

No data Waajen et al. (2016)

Ouderkerkerplas

Amsterdam, Netherlands (52.290723, 4.930541)

Max. depth 43 m; 0.073 km2

Sand mining lake, cooling water

discharge from hypolimnion since

2011, installed continuous bottom

oxygenation system; peat and clay

No data Stroom et al. (2010)
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amorphous and crystalline phases, one sediment depth with
the highest Bipy-iP content determined using SPE was selected
for each lake and further characterized using XANES at the Fe
and P K-edge and XRD (Fig. 1). Hereafter, these selected sedi-
ment samples are referred to as follows: DK (De Kuil 0–1 cm),
OKKP (Ouderkerkerplas 0–1 cm), AL (Almind 12–13 cm), AS
(Arendsee 36–37 cm), GG (Groß Glienicker 0–1 cm), ØN (Ørn
19–20 cm), and LY (Lyng 0–1 cm). An additional sample from
Lake Ørn sediment (0–2 cm pooled) was analyzed using Fe
XANES before (Ørn B) and after (Ørn A) the Bipy extraction.
Lake Ørn is known to contain a significant amount of
vivianite from an earlier study (O’Connell et al. 2015). The
samples AL, AS, GG, ØN, and LY were also visualized using
Opt-Mic and SEM–EDX. Note that, due to a lack of material,
XRD analysis for Lake De Kuil was conducted on a deeper sedi-
ment layer where the second highest Bipy-iP concentration
was detected (14–15 cm). To prepare sediment for the various
analytical methods, fresh sediment was placed at �20�C over-
night and subsequently freeze-dried (2–3 d, 0.2 mbar, �50�C).
Freeze-drying is common practice to preserve samples for, for
example, XAS analysis (Herzog et al. 2024; Karlsson
et al. 2008). The freeze-dried sediment was then stored in dry,
airtight, and dark conditions until further analysis.

X-ray absorption near edge structure at the Fe and
P K edge

To identify the overall Fe speciation before and after Bipy
extraction and in the selected sediment samples, XANES spec-
tra at the Fe Kα1-edge were obtained at the Canadian Light
Source (CLS) in Saskatoon, Saskatchewan, Canada, using the
Soft X-ray Micro Characterization Beamline (SXRMB). Refer-
ence materials and samples were thinly spread on double
adhesive carbon tape attached to a Cu sample holder. Each

spectrum was collected in both total electron and fluorescence
yield modes in at least duplicates. The detector distance was
set to 100 mm. The step size was 2 eV in the pre-edge region
(7076–7106 eV), 0.35 eV at the edge step (7106–7152 eV), and
0.75 eV in the post-edge region (7152–7262 eV). Dwell time
was set to 1 s for all three regions.

To identify the overall P speciation, bulk XANES spectra at
the P Kα1-edge were obtained at the Synchrotron Light
Research Institute (SLRI) in Nakhon Ratchasima, Thailand, at
the X-ray Absorption Spectroscopy Beamline end station BL8
(DK, OKKP, AL), and the CLS in Canada (AS, GG, ØN, LY). At
the SLRI, all references and samples were diluted to 0.2 wt%
(2 g P kg�1 DW) with silicon dioxide (SiO2, form: sand, CAS:
60676-86-0, Sigma-Aldrich), following Prietzel et al. (2016),
and homogenized using a ZrO2 ball mill (Fritsch, pulverisette
23, 30 s�1 frequency, 5–10 min). Reference materials and sam-
ples were thinly spread on a metal frame sterilized with etha-
nol and sealed on one side with sticky Nitto tape. All spectra
scans were collected in fluorescence mode in an He gas envi-
ronment in duplicates. The detector distance was set to
220 mm. The step size was 5 eV in the pre-edge region
(2145.5–2132.5 eV), 0.2 eV at the edge step (2132.5–
2195.5 eV), and 5 eV in the post-edge region (2195.5–
2295.5 eV), with a dwell time of 3, 6, and 3 s, respectively. At
the CLS, sample preparation, handling, and measurement of P
XANES were the same as described for Fe XANES, except that
the detector distance was set to 40 mm for reference and
5 mm for samples. The step size was 1 eV in the pre-edge
region (2112.5–2139.5 eV), 0.15 eV at the edge step (2139.5–
2170.5 eV), and 0.75 eV in the post-edge region (2170.5–
2210.5 eV), with a dwell time of 1 s each.

The Fe and P XANES spectra were energy calibrated by set-
ting the first inflection point of Fe(0) to 7111.08 eV (Wilke

Table 2. Summary and description of the extraction steps used in this study, including the Bipy step inserted between H2O and BD
highlighted by dashed lines. RT denotes room temperature. A full schematic of the protocol can be found as SI (Fig. S3).

Extractant solution Extraction conditions Washing step Assigned P fraction

N2-purged milli-Q 1 h, RT 1� milli-Q H2O-iP

Porewater/exchangeable

0.2%-2,20-bipyridine +0.1 M KCl 24 h, 50�C 1� 0.2% Bipy in 0.1 M KCl,

2� 0.1 M KCl, 1� milli-Q

Bipy-iP

Fe(II)-bound / vivianite

0.11 M bicarbonate-dithionite (BD) 1 h, RT 2� 0.11 M BD, 1� milli-Q BD-iP

Redox-sensitive Fe/Mn bound

0.1 M NaOH 16 h, RT 1� 0.1 M NaOH, 1� milli-Q NaOH-iP

Metal Fe/Al bound

1 M HCl Filtration of NaOH,

digestion of filter 1 h, 120�C
None Humic-P

Humic acids bound

0.5 M HCl 1 h, RT 1� milli-Q HCl-P

Ca-bound

1 M HCl Digestion (1 h, 120�C) of
520�C—5 h ignited pellet

None Residual-P

Refractory
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et al. 2001) and to 2145.5 eV for elemental P powder (Prietzel
et al. 2016). The spectra were averaged using the Sixpack soft-
ware (Webb 2005). Subsequently, spectra were background-
corrected using a linear regression fit through the pre-edge
region and normalized to a one-unit edge jump of the total
K-edge intensity. A linear combination fitting (LCF) analysis
was employed to estimate the proportions of various Fe or P
phases in the samples. Linear combination fitting was per-
formed at �10 to +30 eV around the absorption edge using
SixPack, allowing the E0 to float and applying non-negative
boundary conditions. The sum of the weights of the standards
used was not forced to equal 1. Components with a contribu-
tion of <5 wt% were excluded from the results. Chi-squared
values were used to assess the goodness-of-fit.

To qualitatively compare the XANES region from the before
and after scan of Lake Ørn B and A, SixPack (Webb 2005) and
FityK (Wojdyr 2010) were used. Pre-edge centroid energy was
determined according to the method outlined by Wilke et al.
(2001). In summary, the energy-calibrated spectra were
baseline-corrected and normalized. To extract the centroid
position, a spline baseline was manually adjusted around the
pre-edge region, following Wilke et al. (2001). The baseline-
corrected pre-edge was then fitted using two pseudo-Voigt
functions (comprising 50% Gaussian and 50% Lorentzian
components), and the centroid was calculated based on the
resulting peak areas and positions.

For the LCF fitting of Fe, the following reference materials
were used: ankerite [Ca2MgFe(CO3)4], crystalline Fe(III)-P
[Fe3+PO4 • 2H2O] (strengite; Sigma-Aldrich, CAS No.:
13463-10-0), amorphous Fe(III)-P [Fe3+PO4] (in vitro synthe-
sized; SI Section D, Fig. S4), Fe complexed to Suwannee Rives
fulvic acid (OM-Fe), ferrihydrite [(Fe3+)2O3�0.5H2O] (Karlsson
and Persson 2012), FeS, pyrite [FeS2], lazulite [(Mg,Fe2+)
Al2(PO4)2(OH)2], and vivianite [Fe2+3(PO4) • 8H2O] (in vitro
synthesized; SI Section D).

The reference material used for P included monazite
[(Ce,La,Y,Th)PO4], crystalline and amorphous Fe(III)-P as
described for Fe XANES (spectral contributions of the crystal-
line and amorphous Fe(III)-P were combined as Fe(III)P), the
synthetic vivianite (vivianite-P), hydroxyapatite [Ca10(P-
O4)6(OH)2] (HAp; Macron™ Chemicals, CAS No.: 1306-06-5),

tricalcium phosphate [Ca3O8P2] (CaOP; Sigma-Aldrich, CAS
No.: 7758-87-4), AlPO4 (AlP; RDH Laborchemikalien GmbH &
Co KG, CAS No.: 7784-30-7), and phytic acid bound P
[C6H18O24P6] (Sigma-Aldrich; CAS No.: 83-86-3).

X-ray diffraction
To identify crystalline mineral phases, powder XRD

diffractograms were collected using Cu Kα radiation at 40 kV
and 15 mA with a step size of 0.02 and a scanning rate of 10�/
min in a 2θ range from 5� to 70� (Rigaku Miniflex 600, Japan).
Before loading into the sample holder, samples were homoge-
nized using an agate mortar and pestle. Sample holders were
sterilized with ethanol before filling.

Optical microscopy and scanning electron microscopy
with energy dispersive x-ray spectroscopy

Vivianite turns blue upon surface oxidation (Nriagu 1972).
For visualization and preparation for SEM–EDX analysis, a few
sediment particles were placed on a sample holder with car-
bon tape to secure them in place. These were screened for
blue-colored particles using the light microscope Leica MZ95
equipped with a Leica DFC320 camera. Once the area of inter-
est was located, the sample holder was placed in a vacuum
chamber and coated with a 10 nm layer of gold using a JEOL
JFC-1200 fine coater to make the sample surface electrically
conductive. Subsequently, SEM–EDX analysis was conducted
using a JEOL JSM-6480 LV scanning electron microscope
(SEM) equipped with an Oxford Instruments x-act SDD
energy-dispersive x-ray (EDX) spectrometer. The accelerating
voltage was set to 15.00 kV, and the working distance was
10 mm. The software JEOL SEM Control User Interface for the
SEM and Oxford Instruments Aztec for the EDX data
processing were used.

Assessment
Fe x-ray absorption near edge structure before and after the
bipyridine extraction

The pre-edge analysis of the Fe XANES spectra following
the procedure of Wilke et al. (2001) indicated that the surface
sediment from Lake Ørn (0–2 cm) contained both Fe(II) and
Fe(III). A more accurate determination of the Fe(II) : (III) ratio

Fig. 1. Schematic of experimental set up and workflow.
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was hindered by the uncertainty surrounding the coordination
chemistry in these samples. However, the Bipy extraction
resulted in a shift of the centroid position from 7112.5 to
7112.7 eV, indicating predominant removal of Fe(II) containing
Fe minerals (Fig. 2). The LCF analysis revealed that primarily
vivianite but also a partially Fe-OM was removed from the matrix
by the Bipy extraction (Table 3).

Comparison of extraction results
The overall extraction results from the Con and Mod SPE

protocols are presented in comparison for each lake in Fig. 3.
The sum of extracted P pools (Sumex) did not differ signifi-
cantly between the two protocols, which was evaluated by
using linear regression analysis on the correlation between the
Sumex obtained from Con and Mod (R2 = 0.99, p < 0.001;
Fig. S5). The differences between Sumex using Con and Mod
ranged from 0.06 to 36% of sedimentary TP, of which 10 out
of 57 data points were > 10%. Hence, there was no substantial
loss of extraction efficiency after the insertion of the
Bipy step.

According to the results of the Mod protocol, the BD frac-
tion, representing redox-sensitive Fe(III)/Mn(IV) bound P, was
the most important fraction in Lakes Ørn, Lyng, Almind, Groβ
Glienicker, and Arendsee (21–83% of Sumex). Contrastingly,
in Lakes Ouderkerkerplas and De Kuil, the HCl fraction (Ca-
bound P) was predominant throughout depth (11–91% of
Sumex). Further, the NaOH fraction, representing metal (Fe/Al)
bound P, played an important role in Lakes Ørn, Lyng, and
Groβ Glienicker (3–26% of Sumex), but less in Lakes Almind,

Ouderkerkerplas, De Kuil, and Arendsee (< 2–10% of Sumex).
The labile organic P fractions, Humic-P and Sum NRP,
accounted for 1–21% and 0.8–27% of Sumex, respectively. The
H2O fraction and Residual-P were of minor importance for
the sedimentary P speciation (both on average 2% of Sumex).

Among all lakes, most Bipy-iP was extracted in Lake Ørn
(19–33% of Sumex) and Lyng (28–43% of Sumex), with a
homogeneous depth distribution, peaking at 19.5 cm and
0.5 cm sediment depth, respectively. Lakes Arendsee and Groβ
Glienicker contained moderate Bipy-iP concentrations (9–29%
and 20–38% of Sumex, respectively). In Lake Arendsee, Bipy-iP
showed a sharp increase with depth, peaking at 36.5 cm sedi-
ment depth, whereas in Lake Groβ Glienicker, Bipy-iP peaked
near the surface at 0.5 cm and decreased with depth. The low-
est Bipy-iP concentrations were found in Lakes De Kuil <
Ouderkerkerplas < Almind (0–4%, 0–18%, and 13–33% of
Sumex, respectively), with peaks at 0.5, 0.5, and 12.5 cm sedi-
ment depth, respectively.

Changes in the different P fractions
The extent of ΔFraction generally matched well with the

determined Bipy contents with few exceptions (Figs. 4 and
S6). Thus, the loss of a pool when using Mod primarily indi-
cated a shift into the Bipy extract. In ØN, the NaOH pool
mainly contributed to the Bipy extract, while in OKKP, AS,
and LY it was primarily the BD pool. In AL and GG, a combi-
nation of contributions from the BD and NaOH pools was
detected. Overall, the observed changes in Humic- and
Residual-P were marginal and negligible. However, Sum NRP
slightly increased in 4 out of 5 samples, and NaOH-NRP
decreased in GG and AS, indicating a minor shift of labile
organic P (Fig. S10). These observations are in line with the
predominant removal of Fe(II) minerals, primarily vivianite,
and the partial reduction of Fe-OM in lake Ørn (0–2 cm) as
recorded with Fe XANES (Fig. 2; Table 3).

While the BD fraction is generally interpreted as redox-
sensitive Fe(III)/Mn(IV) bound P, NaOH quantifies more
strongly bound metal phases, such as Fe- and Al-bound P
(Gu et al. 2020; Paludan and Jensen 1995; Reitzel 2005).

Fig. 2. Fe K-edge XANES scans of Lake Ørn sediment (0–2 cm) before
(Ørn B; black) and after (Ørn A; pink) the Bipy extraction, and the
vivianite reference (blue). The insert shows a close up of the pre-edge
region, and the dashed line at 7112 eV indicates Fe(II).

Table 3. LCF analysis of the Fe XANES spectra collected from
Lake Ørn sediment (0–2 cm) before (Ørn B) and after (Ørn A)
Bipy extraction. Results presented as spectral contributions
(wt%).

Spectral contribution (wt%) Ørn B Ørn A

Vivianite 29 –

Fe-OM 39 16

Crystalline Fe(III)P 5 33

Ferrihydrite 28 36

Goethite – 10

Pyrite – 5

Chi-squared 0.16 0.04
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Fig. 3. SPE extraction results from the conventional (Con) and modified (Mod) protocol: Lakes (a) Ørn, Lyng, Almind, (b) Ouderkerkerplas, De Kuil, and
(c) Groβ Glienicker and Arendsee. Note the differences in x- and y-scales, and legend. Asterisks indicate the sediment depth chosen for characterization
with direct detection methods.
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However, due to a low sedimentary Al and Mn content com-
pared to Fe (Fig. S1), it can be assumed that both the BD and
NaOH fractions were primarily Fe-bound P. Vivianite can exist in
various levels of crystallinity and oxidative states, often described
as a group of oxidative products, that is, mixed Fe(II)/Fe(III)-P
phases named kertschenite (Palache et al. 1952), or metavivianite
and santabarbaraite (Fagel et al. 2005; Rothe et al. 2014) as
described in the introduction. Bipy appeared to also capture
these P species well, as it mobilized both P, P which would have
been extracted by BD and NaOH using the conventional
protocol.

Fe and P release by bipyridine
The Bipy-extractable total Fe and P contents and the

resulting molar Fe : P ratio in the Bipy extract can be found in
Tables 4 and 5. Only two out of seven lakes, Lake Almind and
Lyng, showed a significant positive linear correlation between
Fe and P release. Additionally, the reported molar Fe : P ratios
in the Bipy extract ranged from 2.4 to 32.4, which deviate
from the theoretical molar Fe : P ratio of 1.5 reported for pure
vivianite (Al-Borno and Tomson 1994; Nriagu 1972).

This indicates that there are other Fe(II) sources than pure
vivianite during the Bipy extraction, and that also non-
P-bearing Fe(II) phases were extracted. Possible Fe(II)-P phases could
be oxidation products of vivianite, such as hydrated Fe(II, III)
orthophosphates summarized as kertschenite (Palache et al. 1952),
as well as amorphous ferric phosphate and strengite [Fe2+-

PO4�2H2O], or metavivianite [Fe2+Fe3+2(PO4)(OH)2�6H2O] (ref) and
santabarbaraite [Fe3+3(PO4)2(OH)3�5H2O] (Fagel et al. 2005).

Other non-P-bearing Fe(II) specimens known to occur in sedi-
ments could be ankerite [Ca(Fe2+,Mg)(CO3)2], siderite [Fe2+CO3],
magnetite [Fe2+,Fe3+2O4], or humic-complexed Fe(II) (Catrouillet
et al. 2014). In addition, impurities in the vivianite crystal lattice
are very common in environmental samples, for instance, Mn2+

or Mg2+ (baricite [(Mg2+,Fe2+)3(PO4)2�8H2O]) may substitute for
Fe2+ to a minor extent. Fe-substitution with Mn or Mg can, in
turn, influence the crystal structure and size, as well as the mor-
phology of vivianite (Kubeneck et al. 2023) which might impair
its direct detection. For further discussion of the non-linearity
and disproportional Fe and P release by Bipy, see Non-linearity
between Fe and P release in the Bipy extraction section later in
this article.

Fe and P x-ray absorption near edge structure on selected
sediment depths

The LCF analysis of the Fe XANES spectra (Figs. S7 and S8)
revealed a high contribution of vivianite in AS (55 wt%) and
GG (20 wt%), and a moderate contribution in LY (15 wt%)
and ØN (11 wt%) to the overall Fe speciation (Fig. 5A). Over-
all, AS, GG, ØN, and LY showed relatively high heterogeneity
in Fe speciation. The most dominant Fe phase was ferrihydrite
in all four sediments, except for AS, where the spectral contri-
bution of vivianite outweighed that of other phases.

Fig. 4. Change of the individual P fractions (ΔFraction) in % of Sumex

after application of the modified sequential P extraction protocol includ-
ing the Bipy extraction. Only one sample per study lake is presented at
the sediment depth with the highest Bipy-iP content detected. Negative
values represent loss, positive gain of the respective fraction. *Note: Sum
NRP and NaOH-NRP are the same color, since both fractions represent
labile organic P. However, Sum NRP summarizes NRP in the H2O, Bipy,
BD, and NaOH fraction except for AS and GG, for which only NaOH-NRP
was determined.

Table 4. Mean Bipy-extractable Fe and P contents � SD as well
as molar Fe : P ratios in the Bipy extract of selected sediment sam-
ples. NA = not available.

Sample (n)

μmol g�1 DW Molar ratio

Fe P Fe : P

DK (2) 124.9 � 14.4 3.9 � 0.03 32.4

OKKP (2) 39.4 � 2.1 12.8 � 0.95 3.1

AL (3) 270.4 � 5.9 22.4 � 0.77 12.1

AS (2) 100.5 � 0.8 42.3 � 0.96 2.4

GG (2) 174.8 � 5.2 69.0 � NA 2.5

ØN (1) 477.7 � NA 145.9 � NA 3.3

LY (1) 445.2 � NA 126.7 � NA 4.1

Table 5. Linear regression analysis of the Fe and P release in the
Bipy extracts from all extracted sediment depths per lake.

R2 (p value)

Lake (n) P vs. Fe

De Kuil (7) 0.47 (0.089)

Ouderkerkerplas (8) 0.18 (0.303)

Almind (8) 0.92 (< 0.001)

Arendsee (5) 0.59 (0.129)

Groß Glienicker (5) 0.73 (0.065)

Ørn (12) 0.03 (0.568)

Lyng (12) 0.94 (< 0.001)
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Contrarily, DK, OKKP, and AL appeared less heterogeneous,
with the most dominant contributions from amorphous
Fe(III)-P, followed by FeS and Fe-OM, and no contribution of
vivianite. Crystalline Fe(III)-P was detected in LY, ØN, AS, and
GG, but not in DK, OKKP, and AL.

The LCF analysis of the P XANES spectra (Figs. S7 and S8)
confirmed the presence of vivianite in AL (62 wt%), AS (61 wt
%), OKKP (26 wt%), ØN (16 wt%), and GG (13 wt%) but not
in DK (Fig. 5B). Note, LCF of P XANES data could not be per-
formed for LY due to poor spectra quality. While AL, AS, GG,
and ØN primarily consisted of vivianite-P and Fe(III)-P, DK
and OKKP showed a more heterogeneous P speciation. The

DK sample mainly consisted of HAp, Fe(III)-P, with minor con-
tributions of CaOP and monazite. In OKKP, the main species
were Fe(III)-P, vivianite-P, AlP, and HAp. A minor fraction of
phytic acid P was detected in OKKP and AL. In AS and GG,
some contribution of HAp was found.

The relative contributions of Bipy-iP and -Fe (% of total P
and Fe) were compared to the LCF results of both Fe and
P XANES for the importance of vivianite (Table 6). Generally,
both showed similar trends for the importance of vivianite.
However, some discrepancies were found. In AL, vivianite was
not detected by Fe XANES, but high importance was found
with P XANES and Bipy-iP, although the extraction result was

Fig. 5. Linear combination fitting (LCF) results in spectral contribution (wt%) of the Fe (a) and P (b) XANES spectra collected from the sediment layer
with the highest Bipy-iP content (one sample per lake). Reduced Χ2 for goodness of fit from left to right: (A) 0.27, 0.22, 0.44, 0.02, 0.03, 0.05, 0.01, and
(B) 0.01, 0.01, 0.02, 0.04, 0.10, 0.02. NA = Not available.

Table 6. Fe and P extracted with Bipy in % of the total sedimentary Fe and P contents in comparison to LCF spectral contribution of
vivianite determined with Fe and P XANES (wt%). NA = not available.

Sample Bipy-Fe (% of TFe) Fe XANES vivianite (wt%) Bipy-P (% of TP) P XANES vivianite (wt%)

DK 3 0 15 0

OKKP 7 5 17 26

AL 15 0 35 62

AS 16 55 16 61

GG 23 20 37 13

ØN 20 11 37 16

LY 58 15 43 NA
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slightly lower than the spectral contribution. In AS, both Fe
and P XANES reported a much higher share of vivianite com-
pared to the Bipy extraction, indicating underestimation of
vivianite using Bipy. On the contrary, in LY and ØN, Bipy-Fe
reported a much higher importance than Fe XANES, and in
ØN Bipy-iP was almost twofold the P XANES results. In GG, a
similar trend was found for the P estimates (Bipy-iP threefold
the XANES P estimate), while the Fe estimates matched well.

X-ray diffraction, optical microscopy, and scanning
electron microscopy with energy dispersive x-ray
spectroscopy

Important crystalline phases in the sediment samples were
mostly quartz, Fe phosphates, calcite, bentonite, and zeolite
(Table 7; SI Section H). X-ray diffraction signals for crystalline
vivianite were detected only in AS (Table 7; SI Section H).
Other crystalline Fe(II) phosphate minerals were detected only
in AL (mixed valent Fe phosphate oxide, scorzalite). In LY, the
predominance of pyrite reflections was noted.

According to the Opt-Mic and SEM–EDX analysis, blue-
colored vivianite crystallites were observed in AS, GG, and
ØN. The largest particle diameter was found in AS (150 μm)—
which coincided with crystalline vivianite detection using
XRD; followed by GG (100 μm), and finally ØN (50 μm)
(Fig. 6; Table 7). Since Bipy-iP was present at notable levels in
LY and AL (Figs. 3 and 5), these samples were also examined
via Opt-Mic and SEM–EDX. However, no evidence of blue-
colored vivianite particles was found (Fig. S9). The analyzed
particles were � 40 μm in diameter and contained Fe, Al, and
P. In AL, it may be identified as scorzalite in combination with
the XRD results, while in LY the phase of the particle remains
unidentified.

Discussion
Vivianite detection and quantification with the bipyridine
extraction

According to our Bipy extraction results, noteworthy
vivianite-P contents were found in Lakes Lyng > Ørn > Groβ
Glienicker > Arendsee (Fig. 2). Vivianite was confirmed to be
present in these sediments by solid-state analysis with Fe and
P XANES and SEM–EDX (Figs. 5 and 6); crystalline vivianite
was only found in AS using XRD (Table 6). Vivianite was
expected to be an important phase in these sediments since
the underlying sedimentary elemental composition and resto-
ration histories create favorable conditions for its formation
(see Table 1). All four lakes are deep and stratifying and have
either suffered from eutrophic conditions and high P loadings
in the past or are currently experiencing them. Further, sedi-
mentary Fe was high to excessive (Fig. S1). Both high P and Fe
availability are important criteria for increased vivianite
formation, as are a neutral to alkaline pH and a reducing,
non-sulfidic environment (Liu et al. 2018; Nriagu 1972;
Rosenqvist 1970; Rothe et al. 2015). Anoxic bottom water and
thus reducing conditions are quite common in eutrophic or
deep, stratifying lakes due to seasonal summer stratification,
which results in a temporary anoxic water column above the
sediment. This, in turn, can boost authigenic vivianite
formation.

In Lake Ørn, significant authigenic vivianite formation dur-
ing early diagenesis within the upper 10 cm of the sediment
was reported by O’Connell et al. (2015). Below 10 cm,
vivianite underwent crystallization processes during burial. In
our study, Bipy-iP was homogenously high throughout the
upper 20 cm, but slightly higher at 14.5 and 19.5 cm (Fig. 3).
Further, O’Connell et al. (2015) estimated vivianite to account

Table 7. The main crystalline phases in selected sediment layers of the seven lakes detected via XRD, as well as qualitative analysis via
SEM–EDX (particle diameter [μm], atomic weight % Fe : P ratio of the selected particle). The respective XRD diffractograms can be
found as supplementary material (Section H).

Sample XRD

SEM–EDX

Vivianite detected Particle diameter (μm) Fe : P (atomic weight%)

DK* Quartz, gypsum, calcite, zeolite, bentonite – – –

OKKP Quartz, calcite, bentonite, iron hydrogen phosphate

[Fe2(HPO3)3]

– – –

AL Quartz, mixed valent iron phosphate oxide [Fe(II),Fe(III)

PO5], scorzalite [Fe2+Al2(PO4)2(OH)2]

No – –

AS Calcite, vivianite, joosteite [Mn2+(Mn3+, Fe3+)(PO4)O],

quartz

Yes 150 3.0

GG Quartz, bavenite [Ca4Be2Al2Si9O26(OH)2], piemontite

[Ca4Be2Al2Si9O26(OH)2], calcite

Yes 100 3.1

ØN Quartz, β-FePO4 Yes 50 3.1

LY Quartz, pyrite, muscovite [KAl2(OH,F)2jAlSi3O10] No – –

*XRD analysis performed at 14–15 cm sediment depth.
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for 3–5% of TFe and � 26% of TP in the upper 10 cm. Like-
wise, in our study, Bipy-iP averaged � 35% of TP in the upper
10 cm of the sediment, while Bipy-Fe accounted for � 21% of
TFe. The much higher Bipy-Fe can be attributed to the release
of non-P-bearing Fe(II) species in the Fe-rich sediment, which
explains the lack of correlation between the Fe and P release
in the Bipy extract in Lake Ørn (Tables 4 and 5).

In Lake Groβ Glienicker, Bipy-iP was dominant in the upper
10 cm of sediment, decreasing with depth, and SEM–EDX
analysis confirmed the presence of 100 μm sized vivianite crys-
tallites at 0.5 cm sediment depth. Likewise, long-term P reten-
tion through ongoing authigenic vivianite formation and the
presence of crystalline vivianite were reported by Rothe et al.
(2014) and Heinrich et al. (2022) in this lake. Rothe et al.
(2014) reported that � 20% of TP was vivianite-P within the
upper 20 cm of sediment, with low to absent vivianite-P con-
tribution > 23 cm depth. According to our extraction results,
vivianite-P was on average 26.6% of TP in the upper 20 cm,
while still around 16% and 18% of TP was attributed to
vivianite-P at 27.5 and 36.5 cm sediment depths, respectively.
Quantitative XRD analysis in Heinrich et al. (2022) confirms
the presence of crystalline vivianite in deeper sediment layers
(9–11 and 19–21 cm) with increasing intensity of the vivianite
signal with depth. Accordingly, a vivianite crystallite was
detected in this sediment in our study by SEM–EDX analy-
sis (Fig. 6).

Settlement and subsequent transformation during burial of
amorphous Fe(III)-P is another prerequisite for vivianite for-
mation in deeper, anoxic sediments (Heinrich et al. 2021;
Scholtysik et al. 2022). In Lake Lyng, reduced hypolimnetic
accumulation of Fe and P was observed in response to
hypolimnetic nitrate dosing in the form of Ca(NO3)2 in 1995
and 1996. This suggests increased sedimentary P retention due
to Fe(oxy)hydroxides-P precipitation (Søndergaard et al. 2000),
followed by reductive dissolution and reprecipitation of
vivianite-P in deeper, anoxic sediment layers. When using Fe
XANES, the Fe speciation was revealed to be very heteroge-
neous in this sediment, while XRD analysis revealed no signif-
icant crystalline Fe-P phases. Moreover, Bipy extracted
primarily BD-P (Fig. 3) and the Fe and P release in the Bipy
extraction was significantly linearly correlated (Table 5). This
indicates that the Fe-P binding forms in Lake Lyng sediment,
including vivianite, are present as mixed valent, amorphous
transformation and oxidation products as described before.

In Lake Arendsee, there was a sharp transition from non-
vivianite-bearing sediment in the upper 20 cm to vivianite-
rich sediment layers below. These depth profiles align with
the observations made by Rothe et al. (2014) and Rothe et al.
(2015), respectively. Also in Scholtysik et al. (2022) this sharp
transition is described and was explained by changes in sulfide
formation. Simultaneously, the Bipy extraction results rev-
ealed a similar depth profile. However, Bipy, predominantly

Fig. 6. Optical microscopy (a), SEM (b), and layered EDX images (c) from Lake Ørn (19.5 cm), Groβ Glienicker (0.5 cm), and Arendsee (36.5 cm) for Fe
and P elemental mapping. The P signals are presented in blue and Fe signals in yellow. The areas with Fe and P overlapping appear thus in blue and are
identified as vivianite. The atomic weight% Fe : P ratios were 3.1 in ØN, 3.1 in GG, and 3.0 in AS. For pure vivianite, the theoretical atomic weight% Fe :
P ratio is 2.7.
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derived from the BD pool (Fig. 3), appeared to underestimate
the vivianite content compared to the XANES LCF analysis
(Table 6), while XRD and SEM–EDX analysis confirmed the
presence of crystalline vivianite. This indicates that high crys-
tallinity impaired the Bipy extraction efficiency and is dis-
cussed in more detail in the section Impact of level of
crystallinity Bipy extraction efficiency.

Finally, Lakes Almind, Ouderkerkerplas, and De Kuil (in a
descending order) were found to have low to absent sedimen-
tary vivianite contents, that is, < 30 μmol g�1 DW (Fig. 2). All
three lakes had very low total sedimentary P contents, ranging
from <32 to 129 μmol g�1 DW (< 1 to 4 mg g�1 DW) and com-
paratively high molar Fe : P ratios (Figs. S1 and S2), which can-
not result in significant vivianite contents. The relatively high
importance of FeS and Fe-OM in these lakes, as detected via Fe
XANES (Fig. 5A), suggests that P-Fe binding is outcompeted by
S/OM-Fe binding, a phenomenon also suggested for other
sulfide- or organic-rich freshwater systems (Heinrich
et al. 2022; Kleeberg et al. 2013; Rothe et al. 2015).

Furthermore, the lakes’ restoration histories (Table 1)
alongside Fe(II)-consuming or -scavenging processes in the
sediment can reduce the Fe(II) availability for vivianite forma-
tion. For example, the addition of the P-binding metal La in
the form of a Flock (Fe(III)Cl) & Lock (La-modified bentonite;
LMB) treatment in Lake De Kuil competes with Fe for
P-binding. Accordingly, a large HCl-P pool was detected in our
P fractionation analysis (Fig. 2) which can extract La-P
(Dithmer et al. 2016; Reitzel et al. 2013), and P XANES
analysis confirmed high contribution of HAp and the mineral
monazite but not vivianite (Fig. 5B). In Lake Almind,
microbial-driven denitrification coupled with Fe(II) oxidation,
as described in Robertson and Thamdrup (2017) reduces direct
Fe(II) availability but increases the probability for Fe(III)-P pre-
cipitation in the upper sediment. However, in the deeper
anoxic sediment, vivianite was present, as confirmed by Bipy
extraction and P XANES analysis (Figs. 2, 5B), likely a result of
the transformation of buried Fe(III)-P phases. In Lake
Ouderkerkerplas, oxygenation at the sediment surface
prevented reducing conditions, which lowers the extent of
Fe(II)-P precipitation and, thus, vivianite formation in the sur-
face sediment. Finally, it should be noted that the applied
Bipy extraction solution in KCl will always extract some Fe
and P, since KCl is an electrolyte that can partially dissolve
particle surface attached, ion exchangeable P (Li et al. 2012).

Impact of level of crystallinity on bipyridine extraction
efficiency

In Lake Arendsee, the presence of highly crystalline
vivianite was confirmed by XANES, XRD, and SEM–EDX at
36.5 cm sediment depth in our study (Fig. 6; Table 7; SI
Sections G–I). Rothe et al. (2015) estimated that vivianite-P
accounted for 45% of TP in deep sediment layers (26–48 cm
depth) and reported predominant extraction in the NaOH
fraction. In contrast, our Bipy results show a maximum of

16% vivianite-P at 36.5 cm sediment depth, with mostly the
BD pool contributing to the Bipy extraction (Fig. 3). Given
that our Fe and P XANES results better align with the esti-
mates from Rothe et al. (2015) (Table 6), it suggests that Bipy
only extracted approximately 26% of the total vivianite-P
present.

Although the extraction behavior of vivianite is largely
unknown, there are indications that the general extraction
efficiency of minerals depends on their level of crystallinity
and oxidative state (Rothe et al. 2014; Thompson et al. 2019).
For instance, Rothe et al. (2015) found that a BD extraction
almost fully dissolved freshly precipitated, amorphous
vivianite, while only 14% of crystalline synthetic and natural
vivianite was dissolved during the BD extraction and � 84%
in the NaOH fraction as stronger metal bound P. In Lake
Arendsee, in our study, mostly the BD pool contributed to
Bipy, indicating that only the more amorphous vivianite-P
was extracted by Bipy. Further, the sum of BD- and NaOH-iP
in Lake Arendsee sediment was generally lower in our study
compared to the findings of Rothe et al. (2015), even when
using the Con protocol. It should be noted that we used 0.1 M
instead of 1 M NaOH as used by Rothe et al. (2015) for the
SPE, which could have affected the extraction efficiency.

On the other hand, smaller mineral crystal size can compli-
cate direct mineral detection (Wang et al. (2021) and refer-
ences therein). For example, crystalline vivianite was not
found in GG using XRD, but SEM–EDX confirmed the pres-
ence of vivianite particles; however, they were smaller
(100 μm) than in AS (150 μm), in which XRD confirmed the
presence of crystalline vivianite. Similarly, in Lake Ørn, Bipy-
iP concentrations were high throughout sediment depth (60–
146 μmol P g�1 DW), while mainly the NaOH pool contrib-
uted to Bipy in this sediment (Figs. 4 and S5), suggesting that
vivianite-P was present in a more crystalline form. Accord-
ingly, small-sized (50 μm), blue-colored vivianite crystallites
were identified at 19.5 cm sediment depth using SEM–EDX,
but they were not visible in the XRD diffractogram (Fig. 6;
Table 7; SI Section H). Additionally, LCF of P XANES spectra
revealed a lower relative importance of vivianite-P compared
to the extraction results (Fig. 5B; Table 6). This suggests that
vivianite of smaller crystal size or more amorphous form can
be extracted using Bipy, while successful direct spectroscopic
mineral detection is impaired.

Hence, if the sample is highly crystalline, as found in AS,
the Bipy extraction efficiency might be impaired and requires
optimization of the extraction step, such as prolonged extrac-
tion time, higher extractant concentration, or additional
extraction steps. Further research and validation are needed to
confirm the potential negative effect of high crystallinity on
the Bipy extraction efficiency and the effectiveness of
suggested protocol optimizations. Moreover, it is strongly rec-
ommended that the Mod SPE protocol be combined with
direct mineral detection methods, such as XRD and XANES
and vice versa, as applied in this study. It helps to reveal and
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address the potential limitations of each method with regard
to the level of crystallinity.

Effect of sample oxidation, high OM and Fe content on
bipyridine extraction efficiency, x-ray diffraction, and
x-ray absorption near edge structure

Crystallinity is not the only factor influencing direct min-
eral detection. The sectioning and extraction were performed
without a glovebox. Hence, sample oxidation during
processing and analysis cannot be excluded. Since the study
aimed to test the suitability of the Bipy modified protocol for
routine applications and not all labs might be equipped with a
glovebox, its use was suspended. During the extraction proto-
col, the first extraction step was performed with N2-purged
milli-Q to lower the oxygen exposure of the sample, while
complexation of Fe(II) with Bipy was assumed to prevent further
oxidation (Gu et al. 2016). Moreover, it was assumed that high
organic matter content of the sample protects phases sensitive to
oxidation. This has been reported for sulfur-associated with
humic matter (Catrouillet et al. 2014). However, the Bipy extrac-
tion results seemed to be less affected by sample oxidation. In
Rothe et al. 2016 it was stated that vivianite oxidation stabilizes
around 50% Fe3+ of total Fe. It can be assumed that the outer
Fe(III) shell protects the inner oriented remaining Fe(II) from oxi-
dation. In the samples GG and ØN, SEM–EDX analysis con-
firmed the presence of surface-oxidized vivianite particles, but no
crystalline vivianite was found using XRD. If the ratio between
XANES estimates and Bipy is calculated from Table 6, it appears
that the vivianite-P XANES results are approximately 35% and
43% of Bipy-P in these samples, respectively. Hence, sample oxi-
dation impairs direct detection using XRD and XANES through
changes in the mineral’s structure and crystallinity, while the
Bipy extraction efficiency appeared to be unaffected.

High OM% or excessive elemental contents (i.e., excessive
Fe) can also complicate direct detection (Prietzel et al. 2016;
Prietzel et al. 2007; Sjöström et al. 2019). In both Lakes Lyng
and Ørn, a homogeneous depth distribution of Bipy-P with
relatively high importance (33–51% and 22–37% of TP,
respectively) throughout the upper 20 cm was found (Fig. 2).
In contrast, comparatively low relative contributions of
vivianite were found in LY and ØN by XANES (Fig. 5; Table 6)
and vivianite was not detected using XRD. Likely, the high
OM% (� 60% in Lake Lyng, � 25% in Lake Ørn, both
with homogeneous depth distribution; Fig. S1), combined
with high heterogeneity in Fe (Fe(II)/(III) proportion) and P
speciation (Fig. 5), complicated direct mineral detection via
XRD, XANES, Opt-Mic, or SEM–EDX. Similar observations
were made for GG. Likewise, without pretreatment, for exam-
ple, heavy-liquid separation, Rothe et al. (2014) could not
detect crystalline vivianite via XRD in Lake Groβ
Glienicker (OM � 35%).

Although the Bipy extraction efficiency was seemingly not
impaired by high OM%, indications were found that Bipy also
partially mobilized labile organic phases (Figs. 2, 4, and S10).

Changes in NRP and Humic-P, which are associated with
labile organic P (Heinrich et al. 2022; Reitzel et al. 2007) were
observed, while Fe XANES analysis confirmed minor removal
of Fe-OM from the sample due to the Bipy extraction. Fe(II) in
freshwater sediment can complex with humic substances,
such as humic or fulvic acids, via (bidentate) interactions
(Catrouillet et al. 2014; Daugherty et al. 2017). Daugherty
et al. (2017) found that Bipy-like functional groups complexed
5–20% of the total Fe(II) in a solution with natural OM. Thus,
OM-associated Fe(II) might be partially released during Bipy
extraction, potentially mobilizing labile organic P, also
resulting in overestimation of Bipy-Fe as reported in Table 6 or
the minor mobilization of NRP and humic-P. However, the
overall extent to which labile organic P was mobilized by Bipy
in this study was generally < 10% of Sumex from the Mod pro-
tocol results and, thus, negligible. Nevertheless, we advise
against applying wet oxidation on Bipy extractions before SRP
analysis, as done in Lake Arendsee and Groβ Glienicker, to pre-
vent the oxidation of potentially released labile organic
P. Filtration of the extraction prior to P analysis can be
considered.

Saturation of the Bipy compound due to the excessive
Fe(II) contents in these sediments could be excluded based on
the following calculations. According to Eq. 1 (see Introduc-
tion), 3 mol of Bipy are needed to complex with 1 mol of
Fe(II). Hence, 0.2% Bipy would correspond to � 320 μmol in
25 mL extractant solution, and thus, the maximum amount
of complexed Fe(II) would be � 107 μmol. Bipy-Fe in ØN cor-
responded to � 64.5 μmol, which is only 60% of the maxi-
mum Fe(II) extraction capacity. Similarly, Bipy-Fe in LY was
� 39.3 μmol, which is only � 37% of the maximum
Fe(II) extraction capacity, indicating that Bipy was not satu-
rated, even in these very Fe-rich sediments (Fig. S1). It should,
however, be noted that the complexation of Bipy with diva-
lent ions other than Fe2+, such as Ca2+, cannot be fully
excluded. However, Li et al. 2012 and Gu et al. 2016 both
exposed Ca-bound P reference materials to the Bipy extraction
and found the extent of Ca-P mobilization to be negligible.
Nevertheless, it can be recommended to investigate the release
of other divalent metal ions during the Bipy extraction by
component analysis of the extractions, especially in a highly
heterogeneous sample such as freshwater sediment. For exam-
ple, vivianite was absent in AL according to the LCF analysis
of the Fe XANES, but P XANES reported rather high relative
contributions of vivianite, and Bipy-iP levels were noticeable
(Table 6). The high Fe content compared to the low P content
(Figs. S1 and S2) could explain the lack of information for Fe-P
speciation when using Fe XANES in this sediment and empha-
sizes the sensitivity of the XANES analysis to elemental con-
tents. However, scorzalite was detected in this sample,
indicating the release of both Fe(II) and Al by Bipy in this
sediment.

These observations emphasize the complementary and
quantitative power of the Bipy extraction in combination with
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spectroscopic and x-ray absorption-based semi-quantitative
methods in a highly heterogeneous, organic-rich sample. Con-
clusively, while the Bipy extraction seems to be impaired by
high crystallinity, XRD analysis could exclude or confirm high
crystallinity in a sample, while XANES is a helpful tool to get
reliable information on the presence or absence of specific
binding forms. In turn, while XRD and XANES are sensitive to
sample oxidation, the content of the phase of interest, as well
as high OM%, the Bipy extraction could compensate for those
limitations and provide a reasonable estimate for vivianite-
associated P also in organic- and Fe-rich freshwater sediments
without oxygen exposure preventive measures. Alternatively,
to improve solid-state analysis by XRD and XANES, a glovebox
could be used to prevent oxygen exposure, or samples could
be pretreated. For instance, organic matter could be removed
by H2O2 treatment, or sample density separation may be
applied to separate phases, as suggested in Rothe
et al. (2014, 2015).

Non-linearity between Fe and P release in the bipyridine
extraction

The observed molar Fe : P ratios in the Bipy extract
(Table 4) were generally higher than the theoretical value of
1.5 reported for pure, crystalline vivianite (Al-Borno and Tom-
son 1994; Nriagu 1972). Additionally, Fe and P release in the
Bipy extract was weakly correlated in most of the lakes
(Table 5). This discrepancy could be attributed to: (1) the sur-
face oxidation of vivianite (Rold�an et al. 2002) during extraction,
or (2) the release of Fe(II) species from Fe(II)-minerals other than
vivianite present in the sediment, such as Fe(II) bound to clay
minerals, siderite (FeCO3), green rust ([Fe2+4Fe

3+
2(OH�)12] �

[SO2�
4�2H2O]), magnetite (Fe2+Fe3+2O4), mixed Fe(II)-Ca-Mg car-

bonates, or humic substances as identified by Wallmann
et al. (1993).

First, it cannot be ruled out that the vivianite in our sam-
ples was surface-oxidized, since no further oxygen exposure
prevention measures were taken during sediment sampling,
processing, and extraction. The presence of surface-oxidized
vivianite was confirmed in the samples using SEM–EDX
(Fig. 6; Table 7). Second, Gu et al. (2016) argued that most
non-vivianite associated sedimentary Fe(II) was resistant to
Bipy complexation. In our study, however, it appears that
Bipy fully extracts vivianite-like bound P but probably extracts
additional Fe(II) not associated with vivianite. For example, Fe
concentrations in the Bipy extract from vivianite-poor sedi-
ments (AL and DK) were comparable to or higher than in
vivianite-rich sediments (GG and AS) (Table 4) and Fe and P
release were disproportional (Table 5). In Lake Ørn, especially
the release of Fe(II)-OM might have caused this non-linearity
(Table 3). In AL, the crystalline Fe(II)-Al-P phase scorzalite
(Fe2+Al2(PO4)2(OH)2) was identified using XRD in combina-
tion with SEM–EDX (Table 7; Fig. S9). Assuming that high
crystallinity hinders P extraction by complexation (Thompson
et al. 2019)—in LY, Bipy-iP was high despite the dominant

presence of crystalline FeS—and that Fe(II)-P minerals other
than vivianite account for only a small fraction of sedimentary
TP, their contribution to Bipy-iP cannot be fully excluded but
is likely minor.

Comments and recommendations
In this study, we demonstrate the suitability and reliability

of the Bipy extraction inserted in a sequential P extraction
protocol for estimating the importance of vivianite-like bound
P in a range of freshwater sediments. The sum of extracted P
pools was not affected by the insertion of the Bipy step
(Figs. 3 and S5) and pre-edge analysis and LCF of Fe XANES
spectra before and after the Bipy extraction confirmed the pre-
dominant removal of vivianite from the sediment (Fig. 2;
Table 3). However, an underestimation of vivianite-P using
Bipy was indicated in a sample with high crystallinity
(AS) (Tables 6 and 7). On the contrary, in more heterogeneous
samples with high Fe or OM content (ØN, LY, GG) the direct
detection methods such as XRD and XANES were impaired
and reported lower relative importance, while the Bipy extrac-
tion efficiency was not affected (Tables 6 and 7; Figs. 5
and S7).

Conclusively, it is strongly recommended to use the chemi-
cal extraction method in combination with direct detection
methods whenever possible to guarantee reliable estimations
and complementarity of methods. Moreover, it is rec-
ommended to further investigate the effect of crystallinity on
the Bipy extraction efficiency, and to validate suggested proto-
col optimization strategies, such as extended extraction time,
higher Bipy concentration, or additional extraction steps.

Finally, the non-linearity of the Fe and P release in the Bipy
extract (Table 5) can be explained by the partial release of
non-P bearing Fe(II) phases or ferrous P minerals other than
vivianite, which include transformation and oxidation prod-
ucts such as metavivianite or other mixed valent Fe-P phases
such as scorzalite as detected in AL. However, the environ-
mental relevance of such Fe-P phases is rather low compared
to vivianite in freshwater sediments. Further, the release of
non-P bearing Fe(II) was found to be of minor concern since
the Bipy extractant solution did not seem to be saturated even
in Fe-rich samples and usually only P is quantified in the
extractions to estimate the importance of the specific binding
forms. It is, however, certainly of great interest to further
investigate to what extent Bipy may complex with other diva-
lent cations than Fe in freshwater sediment. For instance, by
component analysis of the extraction solution.

In summary, the modified sequential P extraction protocol
with a Bipy step inserted was found to deliver robust results if
the separate quantification of Fe(II)-P and Fe(III)-P is an objec-
tive in a range of freshwater sediments with a focus on
vivianite. The combination of the modified extraction proto-
col with the direct detection methods such as microscopy,
XRD, and XANES is highly recommended, while the results of
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the latter two could be improved using a glovebox or sample
pretreatments.

Supporting information: (A) Depth profiles of total sedimen-
tary Fe, P, Ca, Al, Mg, Mn, and organic matter (LOI %).
(B) Patterns and motivations for sectioning of sediment cores.
(C) Full schematic of the conventional and modified sequen-
tial P extraction protocol. (D) Synthesis protocol for reference
materials (Fe(III)P & Vivianite). (E) Comparison of sum of
extracted P pools between protocols. (F) Change of different P
fractions (ΔFraction) in absolute concentration. (G) Fe and
P XANES spectra of selected sediment samples and LCF.
(H) XRD diffractograms. (I) Light microscopy and SEM–EDX
(layered) images. (J) Change of NRP per fraction.
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