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Summary 
 

Phosphorus (P) is an indispensable nutrient element for all organisms but at the same time 

contributes significantly to excessive eutrophication in aquatic ecosystems. Knowledge about 

the chemical P speciation is essential to assess possible risks of P transport towards vulnerable 

aquatic ecosystems. To date, this knowledge, especially for transects including soil and 

sediment samples from terrestrial to aquatic ecosystems, is still insufficient. Thus, the general 

objective of the present work was to characterize the P speciation and to detect transformation 

processes along transport pathways at the fluent boundaries between land and sea including 

terrestrial soils, semiterrestrial wetlands and aquatic sediments. Besides analyses of elemental 

concentrations and water contents, terrestrial/semiterrestrial soils and aquatic sediments from 

micro-, meso- and macroscale ecosystems were analyzed by a multi-method approach 

including sequential P fractionation, P K-edge X-ray absoprtion near edge structure (XANES) 

spectroscopy and 
31

P nuclear magnetic resonance (NMR) spectroscopy. The detection of 

specific organic P species with terrestrial origin in arable soils as well as in adjacent sediments 

supported the assumption of P transport processes from terrestrial towards aquatic ecosystems. 

The complementary results confirmed a transition from labile and moderately labile Fe- and 

Al-associated P and great variety of organic P species in terrestrial soils towards more stable 

Ca- and Mg-P and less differrent organic P species in aquatic sediments. Kettle hole sediments, 

coastal wetland soils and Baltic Sea lagoon sediments acted as sinks for accumulations of 

especially stable P and complex organically bound P species. Some of the stable P species in 

aquatic sediments at the bottom of lake or sea waters can originate from Ca-P dominated fish 

fecal matter. To protect vulnerable aquatic ecosystems from further P inputs, kettle holes, 

coastal wetland buffer strips and deeper areas in shallow Baltic Sea lagoons have to be 

preserved and maintained or created in areas where they have not been available so far. 

Forthcoming studies have to focus on possible P recycling from terrestrial as well as aquatic 

sinks to contribute to closing P cycles in agricultural fertilization and adjacent ecosystems. 
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Zusammenfassung 
 

Phosphor (P) ist ein unverzichtbares Nährelement für die Landwirtschaft, aber trägt gleichzeitig 

erheblich zur Eutrophierung aquatischer Ökosysteme bei. Das Wissen über die P-Speziierung 

ist unerlässlich, um ein mögliches Risiko des P-Transports in gefährdete aquatische 

Ökosysteme abzuschätzen. Vorkommen chemischer P-Verbindungen in Böden und 

Sedimenten entlang von Feuchtigkeitsgradienten von terrestrischen zu aquatischen 

Ökosystemen sind bisher unzulänglich bekannt. Um eine Charakterisierung der P-Speziierung 

zu ermöglichen, wurden terrestrische/semiterrestrische Böden und aquatische Sedimente aus 

Ökosystemen verschiedener Größen mithilfe eines multimethodischen Ansatzes untersucht. 

Dieser Ansatz umfasste unter anderem die Methoden sequentielle P-Fraktionierung, P-K-

Kanten-Röntgenabsorptionsspektroskopie (XANES) und 
31

P Kernmagnetresonanz (NMR) 

Spektroskopie. Der Nachweis spezifischer organischer P-Spezies terrestrischen Ursprungs in 

Ackerböden sowie in angrenzenden aquatischen Sedimenten bekräftigte die Annahme vom P-

Transport von terrestrischen zu aquatischen Ökosystemen. Die Ergebnisse der 

komplementären Methoden bestätigten eine Transformation von labilen und moderat labilen Fe- 

und Al-P-Verbindungen und einer großen Vielfalt organischer P-Spezies in terrestrischen Böden 

zu stabileren Ca- und Mg-P-Verbindungen und weniger verschiedenen organischen P-Spezies 

in aquatischen Sedimenten. Anreicherungen von stabilen P-Verbindungen und komplexen 

organisch gebundenen P-Spezies in Sollsedimenten, Böden in Küstenfeuchtgebieten und 

Boddensedimenten deuten auf Senkenfunktionen hin. Stabile P-Verbindungen in Sedimenten 

am Grund von Seen oder Meeren können aus Fischfäkalien stammen, in welchen Ca-P als 

Hauptbindungsform von P auftrat. Um gefährdete aquatische Ökosysteme vor weiteren P-

Einträgen schützen zu können, müssen besonders Sölle, Küstenfeuchtgebiete und tiefere 

Boddenbereiche erhalten und gepflegt oder neu angelegt werden. Weitere Studien sollten in 

Zukunft Möglichkeiten zum P-Recycling aus terrestrischen und aquatischen Senken 

untersuchen, um P-Kreisläufe in der Landwirtschaft und angrenzenden Ökosystemen zu 

schließen. 
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Introduction 
 

 

 

1.1. Justification of the research 

 

Phosphorus (P) is essential to all living organisms and in the form of fertilizer an integral part of 

the current intensive agriculture. Rock phosphate is the basis for the production of mineral P 

fertilizers, which are used in agriculture next to organic amendments such as manure or slurry. 

Rock phosphate is a non-renewable resource requiring a responsible economic use. Once 

applied to arable fields, translocation and leaching of P from the soils is possible. However, 

inputs of P to aquatic environments can cause severe problems all over the world. Next to 

nitrogen (N), P has long been identified as main contributor to eutrophication of aquatic 

ecosystems and even small quantities can cause serious consequences such as excessive 

algae blooming, release of toxins, reduced water transparency, oxygen depletion, and a general 

deterioration of the water quality (Bonsdorff et al., 1997). 

The need for comprehensive regulation of nutrient inputs to aquatic ecosystems was already 

established in the 1970s and progress has been reported in the reduction of discharges from 

major point sources such as wastewater treatment plants since then (Lewis et al., 2011; Withers 

et al., 2014). Especially in Europe, there were made many political efforts for the protection and 

management of marine environments resulting in marine conventions such as the Helsinki 

Convention (HELCOM) for the protection of the Baltic Sea area, the Oslo-Paris Convention 

(OSPAR) to protect the marine environment of the North-East Atlantic, the United Nations 

Environment Programme Mediterranean Action Plan (UNEP/MAP) to protect the marine 

environment and coastal region of the Mediterranean or the Mediterranean Sea pollution (MED 

POL) to monitor the Mediterranean Sea region. Nonetheless, non-point nutrient sources such 

as diffuse inputs especially from P fertilizers applied to arable crops, remain a serious threat to 

many surface waters, which are still in poor ecological condition (Withers et al., 2014). 

Phosphorus can be present in many inorganic (Pi) and organic (Po) chemical forms in different 

ecosystems (Cade-Menun et al., 2019). Soil Pi can appear as orthophosphate anions in 
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solution, orthophosphate minerals or orthophosphate sorbed to minerals surfaces and organic 

matter (OM), while Po occurs in forms where P atoms are bonded to carbon (C), such as 

phosphomonoesters or phosphodiesters. Furthermore, there are condensed forms of P, such as 

pyrophosphate or polyphosphates with origins in living organisms (McLaren et al., 2020). The 

chemical form of P is one of the major factors influencing the risk of P mobilization and 

transportation from arable soil to aquatic environments (Kerr et al., 2011). The P speciation in 

terrestrial soils and aquatic sediments depends on various biological and chemical 

transformation processes such as sorption, reduction/oxidation, precipitation and mineralization. 

Thus, many current studies addressed the research topic of chemical P speciation in 

agricultural soils (e.g. Koch et al., 2018; Turner et al., 2008; Schmieder et al., 2020), sediments 

(e.g. Frankowski et al., 2002; Łukawska-Matuszewska and Bolałek, 2008; Kraal and Slomp, 

2014) and biogenic materials such as organic fertilizers or biological soil crusts (Ajiboye et al., 

2007; Baumann et al., 2017). The presence of Fe and Al (oxyhydr)oxides has been identified as 

important controlling factor among solid phases for P solubility in soils by having high affinities 

for oxyanions like phosphate (Gypser et al., 2021). Humic substances can also strongly affect P 

adsorptions by binding with metal hydroxides and blocking the adsorption site for P and 

inhibiting the crystallization of Fe and Al hydroxides (Chen and Arai, 2020). Among organic P 

species in soils, myo-inositol hexaphosphate (myo-IHP) was determined to be the most 

abundant as a result of preferential adsoprtion to soil colloids (Chen and Arai, 2020). 

Furthermore, changes of the oxidation-reduction (redox) status greatly affect sorption and 

desorption processes of P in soils and sediments (Patrick and Khalid, 1974). Anaerobic 

conditions, present in deeper sediments or caused by flooding of soils induce a lower redox 

potential because of decreased oxygen concentrations, can increase pH in acidic soils and 

decrease it in alkaline soils. Higher soil pH can enhance hydrolysis of Al and Fe phosphates 

and processes of P desorption by anion exchange. A decreased pH in calcareous soils can lead 

to a higher dissolution of Ca-P minerals. Reducing conditions slowly dissolve Fe
3+

-P minerals, 

releasing Fe
2+

 and phosphate into solution and can alter the surface activity of Fe oxides for P, 

resulting in decreased P sorption capacities and bonding strength for P (Sims and Pierzynski, 

2005). 

However, it is not only important to investigate the P speciation in individual samples such as 

soil, water or sediment, but also to reveal functional relations between P from different 
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environmental compartments to derive knowledge about transformation processes along 

transport pathways of P in terrestrial and aquatic ecosystems. Investigations about the P 

speciation and their transformation processes along transects for example from arable soil to 

aquatic sediments are scarce, not least because of methodological limitations within P research. 

Concentrations of P in the environment are much lower than those of carbon (C) and N, and P 

has no significant gaseous forms on earth and only one stable isotope (
31

P) (Cade-Menun et al., 

2019). Nonetheless, Audette et al. (2018) analyzed transects from polder agricultural muck soils 

to river and lake sediments in Ontario, Canada with regard to characterization of P in sediments 

affected by agricultural land use. Along these transects of muck soils to river and lake 

sediments Audette et al. (2018) reported that recalcitrant Po tends to accumulate in the 

terrestrial soils whereas the sediments were dominated by fractions of redox-sensitive Pi, 

extracted by borate dithionite. Another investigation of soils and sediments along a continuum 

from arable fields to nearshore lake sediments in the area of New York, USA revealed a 

significant shift from Al-P and OM associated P to Ca-P compounds dominating lake sediments 

(Noll et al., 2009). Significant amounts of P were lost from field soils, transported to the adjacent 

lake system and either became available to biota or were deposited in deeper portions of the 

lake (Noll et al. 2009). The export of P along its transport pathway into the aquatic environment 

and the changes in P composition had also great impacts on the macrophyte biomass in the 

stream water entering the lake (Noll et al., 2009). 

Thus, it is necessary to ascertain if similar mechanisms and transport processes such as Po 

accumulations in distinct areas, shifts from Al-P to Ca associated P forms and general links 

between soil and sediment P speciation are universal in different environmental compartments. 

Therefore, we selected three investigation areas with various sizes including soil and sediment 

samples along sequences from terrestrial to aquatic conditions (Figure 1-1). The first 

investigation area, rather small in size, is represented by samples along a transect from arable 

soil to sediments from a kettle hole with a maximum distance of about 70 m between all 

samples. The second sampling set of soils and sediments along a sequence starting at arable 

soils leading to sediments from a small lagoon of the Baltic Sea, called ‘Bodden’, within 

about 700 m illustrates a mesoscale ecosystem. Finally, the largest investigated area 

representing a macroscale transect, includes soils and sediments from coastal areas up to the 

central Baltic Sea with distances up to 600,000 m between the samples. 
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1.2. Methodological approach 

 

Methods to determine total P (Pt) and operationally defined P pools in soils and sediments have 

a long and well-established history. Nowadays, advances have been made in soil and sediment 

P research because the need for methods providing structural information across spatial and 

temporal scales had been recognised. Thus, over recent years, numerous innovative and 

advanced methods for soil and sediment P research were developed. There are bulk and 

spatially resolved spectroscopic and spectrometric P speciation methods such as 1 and 2D 

nuclear magnetic resonance (NMR) spectroscopy, Raman spectroscopy, infrared (IR) 

spectrometry, high resolution-mass spectrometry (MS), nano-scale secondary ion mass 

spectrometry (NanoSIMS) or X-ray fluorescence (XRF) spectroscopy, X-ray absorption 

spectroscopy (XAS), and X-ray photoelectron spectroscopy (XPS) as well as methods focussing 

on P reactions such as sorption isotherms, quantum-chemical modeling, microbial biomass P, 

enzyme activity or 
33

P isotopic exchange (Kruse et al., 2015). 

To gain a comprehensive picture of the P speciation in soil and sediment samples from different 

environments, a combination of traditional methods in P research, such as chemical 

fractionations with advanced state-of-the-art methods, such as X-ray absoprtion near edge 

structure (XANES) spectroscopy and 
31

P NMR spectroscopy is reasonable. These methods 

detect P pools and single P compounds based on different physical and chemical principles 

enabling complementary results and a profound evaluation of P speciation. In the following, 

fundamental principles, advantages and disadvantages of these three methods in P research 

are explained. 

The sequential P fractionation established by Hedley et al. (1982), modified by Tiessen and 

Moir (1993), is one of the most widely used wet chemical methods to characterize pools of P in 

different environmental samples (Condron and Newman, 2011; Kruse et al., 2010; Negassa and 

Leinweber, 2009). In this fractionation scheme, a series of reagents with increasing extraction 

strengths is used to successively extract P pools on the basis of interactions between P 

moieties and other components of the soil matrix (Condron and Newman, 2011). The sequential 

fractionation method by Hedley et al. (1982) was originally developed for soils, but it was also 

used to investigate the P speciation of sediments, aeolian dust and biological soil crusts 

(Baumann et al., 2017; Eger et al., 2013; Li et al., 2015; Zhang et al., 2018). To separate the 
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occurring P compounds, the differently extracted P forms are assigned to operationally defined 

P pools. We distinguished the following P fractions: 1) resin-P, representing soil solution P and 

very readily desorbable P; 2) inorganic (NaHCO3-Pi) and organic (NaHCO3-Po) bicarbonate P, 

representing labile Pi and Po, including readily desorbable P and very labile pools of Ca 

phosphates, microbial P, and an unknown portion of the soil Po; 3) inorganic (NaOH-Pi) and 

organic (NaOH-Po) hydroxide P, representing moderately labile Pi, including moderately 

desorbable P, and Al- and Fe-phosphates and Po associated with the soil OM and IPs, and; 4) 

the H2SO4-P fraction, which represents pools of more stable Ca-phosphates (e.g., 

hydroxylapatite). Recently, Barrow et al. (2020) criticized the accuracy of fractionation 

procedures designed to measure chemically specified phosphate fractions in soil extracts. They 

falsely detected Fe-P, Al-P and Ca-P in sequential extraction solutions of synthesized P-bearing 

minerals (Barrow et al., 2020). Although there is a certain risk of false detection in the common 

interpretation of extractable P fractions, many studies demonstrated the value of P 

fractionations especially in combination with other analytical P characterization techniques such 

as isotope analyses or XANES spectroscopy (Bromfield, 1967; Gu et al., 2020; Gu and 

Margenot, 2021; Guppy, 2021; Prüter et al., 2022; Williams and Walker, 1969). 

The P K-edge XANES spectroscopy is an element-specific method to describe the P speciation 

in terrestrial soils as well as aquatic sediments (e.g. Acksel et al., 2016; Koch et al., 2018; Li et 

al., 2015; Prietzel et al., 2013). In contrast to sequential fractionation procedures, XANES 

spectroscopy has the advantage of direct sample usage without further extraction or destruction 

(Kruse et al., 2010; Prüter et al., 2020). Within the linear combination fitting (LCF) of P XANES 

spectroscopy, distinct reference P compounds are used to estimate proportions of atomic P that 

has similar local coordination environment as in the environmental samples (Gu and Margenot, 

2021). However, XANES spectroscopy is not able to differentiate reliably between Po and Pi 

species under certain soil conditions (Prietzel et al., 2016), but results of Po concentrations from 

sequential fractionation or 
31

P NMR spectroscopy can be used to complement the XANES 

spectroscopy (Gu and Margenot, 2021). 

31
P NMR spectroscopy can be used to detect P species in both solid and liquid samples. Even if 

solid-state 
31

P NMR spectroscopy has the advantage of direct measurements of unaltered 

samples such as soil without extraction or complex pretreatments, it is not widley used in soil 

science to date because of insufficient spectral resolutions caused by paramagnetic metal 
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cations such as Mn and Fe in soil (Kruse et al., 2015). Solution 
31

P NMR spectroscopy on soil 

extracts has been used for over 40 years to detect simultaneously all forms of Po that could be 

brought into solution (McLaren et al., 2021). The biggest advantage of solution- over solid-state 

31
P NMR spectroscopy is the much higher spectral resolution. Prior to analysis with solution 

31
P 

NMR spectrsocopy, P needs to be extracted from soil or other environmental samples such as 

sediments or organic amendments, with NaOH-EDTA by shaking the sample together with the 

extractant for several hours (Kruse et al., 2015). Most signals in NMR spectra of soil extracts 

were found in the orthophosphate and phosphomonoester region but there were also signals 

detected in the regions of phosphodiesters, pyrophosphates, polyphosphates and 

phosphonates (Turner et al., 2002; Cade-Menun, 2005; McLaren et al., 2020). An addition of 

known P species to extracted samples, called “spiking”, enables an assignment of unknown 

peaks especially within the phosphomonoester region of NMR spectra. Another possibility to 

identify unknown peaks is a comparison of chemical shifts of known Po forms from different 

chemical matrices with the observable NMR signal in the sample extract (McLaren et al., 2020). 

Due to many overlapping singals in the phosphomonoester region of NMR spectra, spectral 

deconvolution fitting (SDF) is needed to obtain a partition of the NMR signal and enable a 

quantification of distinct Po compounds (Reusser et al., 2020). Peak areas within the NMR 

spectrum can be calculated by expressing them as a proportion of the total net peak area of the 

NMR spectrum and multiplying them by the Pt concentration of the samples extract (McLaren et 

al., 2020). Nonetheless, the method of solution 
31

P NMR spectroscopy has also some 

limitations such as the risk of sample alteration by alkaline extraction or the presence of P 

compounds that are not extractable by NaOH-EDTA and thus cannot be determined using 
31

P 

NMR spectroscopy (Kruse et al., 2015; McLaren et al., 2020). 

As many analytical methods for the characterization of P in soils and sediments carry 

advantages and disadvantages, comprehensive studies should never be based on one single 

method for P characterization. Thus, we decided on the application of the complementary 

techniques sequential P fractionation, XANES spectroscopy and 
31

P NMR spectroscopy to gain 

a profound picture of P speciation and to ensure the quality of results. 
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1.3. General and specific objectives 

 

The general objective of the present work was to uncover the P speciation and to detect 

functional interactions between single chemical P compounds and transformation processes of 

P along transport pathways from terrestrial to aquatic environments including terrestrial, arable 

soils, semiterrestrial wetlands and aquatic sediments along sequences in different sized 

ecosystems. 

In this context, the specific objectives were: 

 to determine the influence of common sample pretreatment on P speciation and to 

confirm the applicability of P fractionation procedures to detect and quantify P pools in 

soil and sediment samples from the investigated environments 

 to characterize the P speciation in terrestrial and semiterrestrial soils and aquatic 

sediments and to reveal major differences between them by a multi-method approach 

 to detect transformations within the P composition along transport pathways from 

terrestrial soils towards aquatic sediments in three ecosystems of different size 

 to uncover possible sinks in the environment where P can be trapped and conserved 

 to identify alternative origins of P in aquatic sediments by investigating the possible 

contribution of P from solid fish waste to the P speciation of aquatic sediments 
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Figure 1-1 Sampling strategy in three different environments: I. soil and sediment samples from an arable field to a kettle hole (microscale) II. soil and sediment 
samples along a transect from arable soil to Bodden sediments (mesoscale), III. soil and sediment samples from coastal areas up to the central Baltic Sea 
(macroscale). 
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2.1. Abstract 

 

Sequential phosphorus (P) fractionation procedures are one of the most widely used wet 

chemical methods for characterizing P pools in soils and sediments, but have also been 

criticized repeatedly for their lack of accuracy to measure chemically specified phosphate 

fractions. In the recent investigation, sediments from two different sample locations with the 

same pretreatments were analyzed with sequential P fractionation. To verify traditional 

assignments of P fractionation results, P K-edge X-ray absorption near edge structure (XANES) 

spectroscopy was applied on the sediments and especially on the residues after the sequential 

extraction steps. Results of both methods indicated that the influence of sample pretreatment on 

the distribution of P pools was much lower compared to the effects of different sample origins. 

Kettle hole sediments were dominated by moderately labile iron (Fe) and aluminum (Al) 

associated P species, whereas Bodden sediments contained more stable calcium (Ca)-P 

species. Sample pretreatment of sediments can be similar to traditional soil sample 

pretreatment without causing fundamental changes in P speciation. The P K-edge XANES 

spectroscopy confirmed most assumptions of sequential P fractionation. 

Keywords: Phosphorus • P fractionation • pretreatment • P XANES • sediment 

2.2. Introduction 

 

Phosphorus (P), as an indispensable element for all organisms and a limiting key factor in 

various ecosystems, has been intensively studied in past and present (e.g. Addiscott et al. 

2000; Baumann et al. 2020; Condron and Newman 2011; Cordell and White 2011; Elser et al. 

2007; Kruse et al. 2015). In unchanged and modified terrestrial as well as aquatic environments, 

P plays an essential role for, inter alia, ecosystem productivity and the general environmental 

constitution (Bonsdorff et al. 1997; Condron and Newman 2011). There is an enormous variety 

of different P species in matrices such as soils, sediments, manures and other wastes. A 

combination of proven and innovative reliable P research methods is required in order to 

characterize the P pools, reveal the transfer of P compounds from terrestrial to aquatic 

environments and to gain an overall better insight into the complexity of interactions between 

inorganic, organic and microbial P (Condron and Newman 2011; Kruse et al. 2010; 2015). 

Until today, the sequential P fractionation established by Hedley, Stewart, and Chauhan (1982), 

eventually with modifications by Tiessen and Moir (1993), is one of the most widely used wet 

chemical methods to characterize forms of P in different biological and geological materials 

(Condron and Newman 2011; Kruse et al. 2010; Negassa and Leinweber 2009). This 

fractionation scheme uses a series of reagents with different extraction strengths to 

successively extract various forms of P on the basis of interactions between P moieties and 

other components of the soil matrix (Condron and Newman 2011). The sequential fractionation 

method by Hedley, Stewart, and Chauhan (1982) was originally developed for soils, but was 

also applied on sediments, aeolian dust and biological soil crusts (Baumann et al. 2017; Eger, 

Almond, and Condron 2013; Li et al. 2015; Zhang et al. 2018). The necessary separation of 
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different P forms is achieved by assignment to operationally defined P pools but not inevitably 

chemically defined P species in the sequential fractionation (Cross and Schlesinger 1995). 

Heavy criticism was drawn about the accuracy of fractionation procedures designed to measure 

chemically specified phosphate fractions in soil in a recent investigation by Barrow et al. (2020). 

They showed a false assignment of iron (Fe)-P, aluminum (Al)-P and calcium (Ca)-P in extracts 

from two types of synthesized P-bearing goethite and Al oxide extracted with the fractionation 

method of Chang and Jackson (1957). Although there is no doubt about a certain risk of false 

assignment of specific P forms to distinct fractions confirmed by several investigations 

(Bromfield 1967; Gu et al. 2020; Williams and Walker 1969), very recently Gu and Margenot 

(2021) and Guppy (2021) demonstrated the value of fractionations under certain conditions. 

Results of existing fractionation procedures should be interpreted with caution and 

comprehensive studies should never be based on one single analytical soil P characterization 

technique as many of them have advantages and disadvantages (Gu and Margenot 2021). The 

necessity of a combination of fractionation measurements with P K-edge X-ray absorption near 

edge structure (XANES) spectroscopy to constrain uncertainties and increase the accuracy of 

fractionation procedures has been emphasized by both Gu and Margenot (2021) and Guppy 

(2021). 

Generally, P K-edge XANES spectroscopy is a promising method to describe P speciation of 

soils and sediments (e.g. Acksel et al. 2016; Hesterberg et al. 1999; Koch et al. 2018; Kraal et 

al. 2015; Li et al. 2015; Morshedizad et al. 2018; Prietzel et al. 2013). Although P XANES 

spectroscopy is an expensive and time consuming method in P research and can be applied 

only to a limited number of samples, its element-specific approach and chemical sensitivity to P-

species can help to validate and improve interpretation of results from P fractionation (Kruse et 

al. 2010). Furthermore, and contrasting to the fractionation method by Hedley, Stewart, and 

Chauhan (1982), it has the advantage of direct sample usage without further extraction or 

destruction (Kruse et al. 2010; Prüter et al. 2020). Condron and Newman (2011) suggested the 

use of XANES spectroscopy to evaluate the structural attributes of P compounds in sediment 

and soil. Baumann et al. (2017) revealed the suitability of P K-edge XANES spectroscopy for at 

least a rough classification of P species into organic (Po) and inorganic (Pi) P compounds in soil. 

Investigations of sequentially extracted fen peat soils and agro-industrial by-products with P 

XANES spectroscopy could confirm the stepwise removal of single P pools during sequential 

fractionation by peak intensity of XANES spectra (Kruse and Leinweber 2008; Kruse et al. 

2010). Especially the interpretation of sulfuric acid (H2SO4)-extracted P fraction was validated 

by P K-edge XANES in post-extraction solid residues from sugarcane and niger seed filter 

cakes (Kruse et al. 2010). Kar et al. (2011) also ascertained a correlation of the quantity of P 

removed by extraction steps from soils amended with different fertilizers with results from 

XANES spectroscopy, although they emphasize that some assumptions in sequential chemical 

extractions may be incorrect and strongly depend on fertilizer type and soil characteristics. Gu 

et al. (2020) evaluated the accuracy of sequential P extraction of soils with different chemical 

properties with XANES spectroscopy and found an overestimation of Ca-bound P of sequential 

extraction. Thus, they suggest ongoing research on sequential extraction schemes of other 
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types of soils and aquatic sediments to reduce uncertainties in quantifying P pools. To the best 

of our knowledge, verification of P fractionation by P K-edge XANES spectroscopy has been 

done for soils, organic amendments or synthesized samples (Ajiboye at al. 2007; Barrow et al. 

2020; Gu et al. 2020; Kar et al. 2011; Kruse and Leinweber 2008, Kruse et al. 2010), but never 

for sediments to date. 

To further facilitate research of P transformation processes especially at the fluent boundaries 

of terrestrial/semiterrestrial soils towards sediments in aquatic environments, it is beneficial to 

treat samples of the various different origins the same way prior to analyses in order to exclude 

the factor “sample pretreatments” and enable disclosing the real environmental influences on 

the P species. However, several investigations revealed a considerable influence of drying, 

grinding and storage on the extractability of P from soil (Schlichting and Leinweber 2002; Turner 

and Haygarth 2001; Turner et al. 2005). To date, there are only a few publications examining 

especially the effects of sediment handling and pretreatment on the determination and 

interpretation of P fractionation results (Condron and Newman 2011; Psenner, Pucsko, and 

Sager 1984). Condron and Newman (2011) suggested different extraction schemes and sample 

handlings to evaluate the P speciation of distinct groups of sediments and soils like organic 

samples, inorganic sediments, calcareous sediments or samples from highly reduced 

environments. Freeze-drying has been discovered to transform labile P compounds (Martin, 

Nirel, and Thomas 1987) as well as reduce the total extractability of P compared to non-freeze-

dried sediments (Goedkoop and Pettersson 2000). Until now, it is not clear to what extent the 

traditional sample pretreatments in soil sciences such as drying, sieving and grinding affect the 

results of P fractionation of sediments.  

Thus, the objectives of this study were (1) to characterize differences in P speciation of 

sediments induced by sample pretreatment with the help of sequential P fractionation and (2) to 

validate the interpretation and assignment of the single P fractionation extraction steps by P K-

edge XANES spectroscopy. 

 

2.3. Material and methods 

 

2.3.1. Sampling area and sediment collection 

 

Sampling was conducted in January 2020 from two different ecosystems. The first sample set 

was collected from a kettle hole surrounded by an arable field near the village Huckstorf, about 

10 km south of the city of Rostock in Mecklenburg-Western Pomerania in northeast Germany. 

This kettle hole has been water-filled for many years but became dry for the past three years 

due to summer draughts. The sampling area is located in an arable field situated in Weichselian 

Pleistocene lowland. Kettle hole sediments were taken by a soil corer from depths of 0-10 cm 

(samples K1) and 10-20 cm (samples K2) in five replicates from one square meter. These five 

subsamples were each merged to one mixed sample per depth to minimize effects of small-

scale heterogeneity.  
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The sampling location of the second sample set was near Dabitz on the Darss-Zingst Bodden 

Chain, a shallow lagoon system connected to the Baltic Sea in Mecklenburg-Western 

Pomerania in northeast Germany (further site description in Karstens, Buczko, and Glatzel 

2015). Triplicate samples of Bodden sediment were collected 300 m from shore in a water 

depth of 80 cm using a 10-cm-plastic tube. The three replicates were merged to one sample to 

obtain a representative mixed sample. 

To study the influence of sample pretreatment, subsamples of the mixed kettle hole and Bodden 

sediments were treated in four different ways before P analyses. Samples K-f and B-f were kept 

completely fresh, wet and untreated; K-s and B-s were dried at 40°C and sieved < 2 mm; 

samples K-m and B-m were dried at 40°C, sieved (< 2 mm) and finely ground in a mortar mill 

and samples named K-l and B-l were lyophilized directly from fresh condition. 

 

2.3.2. Particle size distribution and elemental concentrations 

 

Sediment particle size distribution was determined after chemical and physical disaggregation 

of 20 g sample with 50 mL of 0.1 M sodium diphosphate (Na4P2O7) solution and ultrasonic 

treatment (Vibra-Cell™, Sonics & Materials, Inc., Newtown) for 9 minutes by wet sieving of the 

sand fraction (2 mm to 0.063 mm) and automated sedimentation analysis (Sedimat 4-12, UGT 

GmbH, Müncheberg, Germany) of the silt (< 63 μm to 2 μm) and clay fraction (< 2 μm).  

Elemental concentrations of P, Ca, magnesium (Mg), Al, Fe and zinc (Zn) were determined with 

an inductively coupled plasma-optical emission spectrometer (ICP-OES) after microwave-

assisted digestion (Mars Xpress CEM GmbH Kamp-Linfort, Germany) of about 50 mg sediment 

with aqua regia consisting of 2 mL nitric acid (HNO3) and 6 mL hydrochloric acid (HCl) (ISO 

standard 11466) in duplicates. Elemental concentrations in mg kg
-1

 were calculated referring to 

the dry matter content of every sample. 

 

2.3.3. Sequential P frationation 

 

A sequential fractionation method according to Hedley, Stewart, and Chauhan (1982), modified 

by Tiessen and Moir (1993) was used to extract different P fractions from sediment. About 0.42 

g dry sediment was weighed into 50 mL centrifuge tubes in duplicates. For the fresh sediments, 

weights were adjusted for the water content in order to also obtain about 0.42 g dry matter in 

the centrifuge tubes. This resulted in about 0.70 g sample for the fresh kettle hole sediment K2-

f, and 0.55 g for the fresh Bodden sediment B-f. Calculations of P in mg kg
-1

 in the different 

fractions were referred to individual dry matter contents of the samples. In each fractionation 

step, samples were shaken for 18 h followed by centrifugation at 4000 g for 20 min, and 

decanted. The chemical P fractionation included the following extraction steps: (1) anion 

exchange resin strips (6 × 2 cm resin membrane, 551642S, BDH Laboratory Supplies, Poole, 

England), (2) 0.5 M sodium hydrogen carbonate (NaHCO3), (3) 0.1 M sodium hydroxide (NaOH) 

and (4) 1 M H2SO4, which were all conducted under ambient air temperature. In the fraction of 

anion exchange resin, P was removed from the resin using 1 M hydrochloric acid (HCl). H2SO4 
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was used instead of HCl because Tiessen, Stewart, and Moir (1983) reported Po losses by the 

use of hot HCl. Solid residues after the last fractionation step were digested in microwave (Mars 

Xpress CEM GmbH Kamp-Linfort, Germany) with aqua regia solution (3:1 hydrochloric acid – 

nitric acid; ISO standard 11466) and concentrations of residual-P were measured in these 

extracts. 

The P concentrations in different extracts were determined in the supernatants using an 

ICP-OES while the remaining sediment pellet was used for the next extraction step. 

Concentrations of Pi in the extracts were determined colorimetrically with the molybdate-blue 

method as described by Murphy and Riley (1962). The concentration of Po was estimated by 

subtracting Pi from P determined with ICP-OES. To enable an additional analysis of P speciation 

with XANES spectroscopy after the single extraction steps, replicate sediment pellets of the 

extraction steps with NaHCO3, NaOH and H2SO4 were removed and dried at 40°C. 

 

2.3.4. P K-edge X-ray absorption near edge structure (XANES) spectroscopy 

 

The P K-edge XANES spectra for characterizing P species in the samples were recorded at the 

Canadian Light Source (CLS) in Saskatoon, Saskatchewan, Canada on the soft X-ray micro-

characterization beamline (SXRMB) (Hu et al. 2010) covering an energy range of 1.7 to 10 keV. 

The XANES data were collected from dry sediment samples with different pretreatments thinly 

spread on P-free carbon tape. Sample spectra were collected in fluorescence yield mode by 

using a 7-element silicon drift detector (SDD) and reference standards in total electron yield 

mode at photon energies between 2130 and 2200 eV for the P K-edge. The step size was 1 eV 

in the pre-edge region (2130 to 2140 eV), 0.15 eV at the edge step (2140 to 2180 eV), and 0.5 

eV in the post-edge region (2180 to 2200 eV) with a dwell time of 4 s for the samples and 1 s for 

reference standards. Two to three scans were collected and averaged for each sample. The 

position of the sample holder was changed after each scan. 

All P K-edge XANES spectra were background corrected, normalized, and the replicates were 

merged. Linear combination fitting (LCF) was performed using the ATHENA software package 

(Ravel and Newville 2005) in the energy range between -20 eV and +30 eV of E0. The same 

ranges were used for the reference P K-edge XANES spectra. To achieve the best compatible 

set of references with each specified sample spectrum, LCF analysis was performed using the 

combinatorics function of ATHENA software to attain all possible binary to quaternary 

combinations between all P reference spectra in which the share of each compound was ≥ 

10%. The following set of 15 reference P K-edge XANES spectra was used for fitting and 

calculations: phytic acid sodium salt hydrate (C6H18O24P6・xNa
+
・yH2O), calcium 

hydrogenphosphate dihydrate (CaHPO4・2H2O), hydroxyapatite (Ca10(PO4)6(OH)2), iron(III)-

phosphate dihydrate (FePO4・2H2O), iron(III)-phosphate tetrahydrate (FePO4・4H2O), vivianite 

(Fe
3+

(PO4)2・8H2O), P adsorbed on goethite (P-FeOOH), P adsorbed on ferrihydrite (P-Fe2O3), 

aluminium phosphate hydrate (AlPO4・xH2O), aluminum metaphosphate (Al(PO3)3), P 

adsorbed on gibbsite (P-(Al(OH)3)), P adsorbed on boehmite (P-AlOOH), magnesium 
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hydrogenphosphate trihydrate (MgHPO4・3H2O), struvite ((NH4)MgPO4・6H2O), and zinc 

phosphate (Zn3(PO4)2). The R-factor values were used as goodness-of-fit criteria and significant 

differences between fits were evaluated using the Hamilton test (p < 0.05) (Calvin, 2013) with 

the number of independent data points calculated by ATHENA, estimated as data range divided 

by core-hole lifetime broadening. Best fits were chosen according to the lowest R factor of P 

reference compound combinations and considered as the most probable P species in the 

material. If R factors of fits with the same number of reference compounds were not significantly 

different from each other according to the Hamilton test, fit proportions were averaged. R factors 

were smaller than 0.009 for most unfractionated kettle hole and Bodden samples, smaller than 

0.01 for most kettle hole residues and smaller than 0.07 for most Bodden residues of sequential 

fractionation, indicating good fits. 

 

2.3.5. Statistical analyses 

 

Data analysis was performed using the open-source statistical software R (version 3.6.3). R 

package agricolae was used for Tukey’s honest significant difference (HSD) test, which enables 

multiple comparisons. The significance level was 0.05 (https://cran.r-

project.org/web/packages/agricolae/index.html). The Tukey’s HSD test was used to find 

differences in the elemental concentrations and the results of P fractionation between the 

sediments with different pretreatments and origins. 

 

2.4. Results and discussion 

 

2.4.1. Basic physical and chemical properties 

 

Analyses of grain size distribution showed much higher proportions of silt and clay in the kettle 

hole sediments from both depths compared to the Bodden sediment, clearly dominated by 

coarser sand particles (Table 1). 

On average K1 contained about 2064 mg kg
-1

 P almost without significant differences among 

the pretreatments (Table 1). There were slight, but insignificant differences in Ca, Mg, Al, and 

Zn concentrations according to the pretreatments of K1. Exclusively the Fe concentration was 

significantly higher in the fresh K1 sediment, followed by the lyophilized subsample and even 

lower amounts in the sieved and milled kettle hole sediment. Among the pretreatments of K2, 

the average P concentration was 1917 mg kg
-1

. The amount of P in the fresh sediment of K2 

was considerably lower than in the sieved, milled and lyophilized subsamples. Concentrations 

of Ca, Mg, Al, and Zn were not significantly different among the pretreatments of K2. Again, 

there were significant differences of Fe concentrations. The lyophilized, the sieved and the 

milled K2 sediments contained significantly more Fe than the fresh sample variant. The average 

P concentration of Bodden sediment samples was 172 mg kg
-1

 with no significant differences 

among the pretreatments. Elemental concentrations of Ca, Mg, Al, Fe and Zn in the 

pretreatments of Bodden sediment were also not significantly different from each other. 

Coefficients of variation (data not shown for reasons of clarity) appear in a range from 0.0004 to 
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0.0510 for all determined elements in the kettle hole sediments and from 0.0023 to 0.2149 in 

the Bodden sediments. 

There were considerably higher concentrations of all analyzed elements in the kettle hole 

sediments compared to the Bodden sediments as displayed in Table 1. The P concentrations in 

the kettle hole samples were about 12 times higher compared to the Bodden sediments. 

Calculated ratios of P to the other possible P binding partner elements (Table 1) showed similar 

results as the elemental concentrations. There were slight differences in one sample set of 

kettle hole and Bodden sediments between the distinct pretreatments but there was no clear, 

directed influence of a certain sample treatment on an element concentration and P-to-element 

ratio. Overall, the elemental ratios of P/Mg, P/Al, P/Fe and P/Zn were much lower in the kettle 

hole compared to the Bodden sediment. The P/Ca ratio was about three times higher in the 

kettle hole samples than in the Bodden sediments, which indicated lower relative Ca contents in 

the kettle hole samples compared to Bodden sediments. 
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Table 2-1 Grain size distribution of kettle hole (K1, K2) and Bodden (B) sediments, mean elemental concentrations of phosphorus (P), calcium (Ca), 
magnesium (Mg), aluminum (Al), iron (Fe) and zinc (Zn) in mg kg

-1 
determined by ICP-OES (n = 2), and ratios of P to the other elements in K1, K2, and B with 

different pretreatments (f = fresh, s = sieved, m = milled, l = lyophilized). Significant differences at 5% probability level between samples are designated by 
different letters (a, b, c, d, e, f). 

Sample Sand Silt Clay P Ca P/Ca Mg P/Mg Al P/Al Fe P/Fe Zn P/Zn 

 
% mg kg

-1
 mg kg

-1
 

 
mg kg

-1
 

 
mg kg

-1
 

 
mg kg

-1
 

 
mg kg

-1
 

 
K1-f 

1 50 49 

2079
a
 2798

a
 0.74 5901

ax
 0.35 30143

a
 0.07 32834

axx
 0.06 141

ab
 14.79 

K1-s 2040
a
 2631

a
 0.78 5467

ab
 0.37 28603

a
 0.07 29802

cde
 0.07 135

bx
 15.15 

K1-m 2080
a
 2533

a
 0.82 5404

ab
 0.38 28082

a
 0.07 29470

dex
 0.07 133

bx
 15.59 

K1-l 2056
a
 2591

a
 0.79 5698

ab
 0.36 29805

a
 0.07 30944

bcx
 0.07 143

ax
 14.42 

K2-f 

1 54 45 

1742
b
 2545

a
 0.68 5322

bx
 0.33 25814

a
 0.07 29221

exx
 0.06 133

bx
 13.08 

K2-s 1970
a
 2739

a
 0.72 5740

ab
 0.34 29289

a
 0.07 31320

bxx
 0.06 140

ab
 14.08 

K2-m 1999
a
 2981

a
 0.67 5624

ab
 0.36 27735

a
 0.07 30600

bcd
 0.07 138

ab
 14.44 

K2-l 1959
a
 2748

a
 0.71 5774

ab
 0.34 28868

a
 0.07 31888

abx
 0.06 141

ab
 13.94 

B-f 

93 2 5 

175
c
 894

b
 0.20 408

cx
 0.43 738

b
 0.24 1231

fxx
 0.14 8

cx
 20.69 

B-s 186
c
 743

b
 0.25 376

cx
 0.49 607

b
 0.31 1076

fxx
 0.17 5

cx
 40.62 

B-m 164
c
 920

b
 0.18 403

cx
 0.41 879

b
 0.19 1203

fxx
 0.14 5

cx
 30.89 

B-l 162
c
 800

b
 0.20 424

cx
 0.38 1049

b
 0.15 1527

fxx
 0.11 5

cx
 30.60 
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The P contents in the kettle hole sediments of both depths agree with an investigation of two 

different kettle holes in Northeast Germany, where a maximum of 2000 mg kg
-1

 P was 

determined at the sediment surface (Kleeberg et al. 2016). The much lower P concentration of 

Bodden sediment coincides with P contents of about 118 - 435 mg kg
-1

 measured in 0-2 cm and 

2-10 cm depth of sediment from the fringe zone of Darss-Zingst Bodden Chain (Karstens et al. 

2016). 

The significantly higher amounts of all examined elements at both depths in the kettle hole 

compared to the Bodden sediments can be due to several reasons. Main factors influencing 

elemental contents of sediments were sample position and surrounding environment. Plausibly, 

much more nutritional elements for plants such as P, Ca and Mg likely have been introduced 

from the surrounding highly fertilized arable fields into the kettle hole sediments as compared to 

Bodden sediments, which is 300 m off the coast. These sites received freshwater and matter 

inputs most likely from the rivers Recknitz and Barthe but not from the Baltic Sea due to the 

small opening (Karstens, Buczko, and Glatzel 2015; Selig et al. 2007). Furthermore, erosion 

can introduce soil particles together with elements from mineral weathering such as Al, Fe and 

Zn especially into kettle holes. For example, Frielinghaus and Vahrson (1998) and Nitzsche et 

al. (2017) reported significant amounts of soil and nutrient translocation from agricultural 

cropland into different kettle holes in Northern Germany. Another influencing factor concerning 

elemental contents is the sediment texture. Generally, fine sediments are able to keep more P 

than coarser ones (Łukawska-Matuszewska and Bolałek 2008). As grain sizes of kettle hole 

sediments were much lower compared to the Bodden sediments in this investigation, this is an 

additional explanation for the higher concentrations of P and other elements in the kettle hole 

sediments. 

The slight, insignificant differences in elemental concentrations among the pretreatments of one 

sample position can be explained by small-scale heterogeneity at the sampling positions in 

combination with a possibly better homogenization of the sieved, milled and lyophilized 

compared to the fresh samples. The lower P/Ca ratio and thus higher relative amount of Ca in 

the Bodden sediments compared to the kettle hole sediments agreed with a previous study, 

where even more Ca-bound P compounds were determined in sediments with an increasing 

aquatic influence compared to more terrestrially influenced sediments near the coast of 

Northern Germany (Prüter et al. 2020). The up to four times lower P/Al and P/Fe ratios and 

thereby higher relative Al and Fe contents of the kettle hole compared to the Bodden sediments 

also accord with a previous investigation, where coastal sediments of the northeastern Baltic 

Sea, influenced by high inputs from clayey soils rich in poorly crystallized Fe and Al oxides, had 

the biggest Fe and Al contents (Lukkari et al. 2009). 

Generally, differences in elemental concentrations among sample pretreatments were small in 

this study whereas the sample position and environmental conditions had greater impact on the 

available amount of nutritional elements. 
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2.4.2. Sequential P fractionation 

 

The kettle hole sediments were dominated by the P pools of NaOH-Pi (28%), NaOH-Po (20 – 

23%) and NaHCO3-Pi (14 – 16%). There was a rather similar distribution of P pools within the 

different pretreatments of kettle hole and Bodden sediments, respectively. As displayed in 

Table 2, significant differences of P concentrations between the pretreatments of kettle hole 

sediment only appeared in the fractions of resin-P and NaOH-P. The fresh kettle hole sediment 

contained significantly less resin-Pi, resin-Po and NaOH-Pi compared to the sieved and milled 

samples. The concentration of NaOH-Po was significantly higher in the fresh kettle hole sample 

than in the milled and sieved variants. Proportions of Po were highest in NaOH fraction (20 –

 23%), but at least small proportions of Po were determined in all fractions of kettle hole 

sediments. Equally as determined with aqua regia (Table 1), the sum of the single P fractions 

was significantly lower in the fresh kettle hole sample compared to the sieved and milled 

sediments.  

The largest P pools in all Bodden pretreatment samples were H2SO4-Pi (42 - 55%) and 

NaHCO3-Pi (25 - 36%). There were some differences in P concentrations among the 

pretreatments of Bodden sediment, but they were insignificant in most cases. The milled 

Bodden sediment contained significantly more NaHCO3-Pi than the fresh and sieved samples. 

Po could be determined exclusively in the H2SO4 fraction in small proportions of 4 – 5%. The 

sum of all P fractions in the fresh Bodden sediment was slightly lower than in the sieved and 

milled samples but this difference was not significant. Overall, the P-extractability of kettle hole 

and Bodden sediments was high because proportions of not extractable, residual P were very 

low (1 – 6%). 

A comparison of the sequential P fractionation results of kettle hole and Bodden sediments 

showed considerably higher P concentrations in all fractions of kettle hole sediment. 

Furthermore, proportions of Po were higher in most sequential fractions in the kettle hole 

sediments compared to the Bodden sediments. Percentages of resin-P were similar in kettle 

hole and Bodden samples, whereas the average proportion of NaHCO3-Pi was nearly two times 

lower in kettle hole sediments compared to Bodden sediments. Percentages of residual-P are 

low in both kettle hole and Bodden sediments, but the concentration of P in mg kg
-1

 is many 

times higher in the kettle hole sediment (122 - 132 mg P kg
-1

) compared to the Bodden 

sediment (2 - 9 mg P kg
-1

). Sum of P extracted with sequential fractions was slightly higher 

compared to the amount of P determined with aqua regia (Table 1) in both the kettle hole and 

Bodden sediments with different pretreatments.  
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Table 2-2 Mean concentrations (mg kg
-1

) (n = 2) and percentages (%) of the sequentially 
extracted inorganic (Pi) and organic (Po) P fractions resin-P, NaHCO3-P, NaOH-P, H2SO4-P, 
and residual-P from the sum of all fractions determined in the fresh (K2-f), sieved (K2-s) and 
milled (K2-m) kettle hole sediment (depth: 10-20 cm) and in the fresh (B-f), sieved (B-s) and 
milled (B-m) Bodden sediment. Significant differences at 5% probability level between samples 
are designated by different letters (a, b, c). 

Sample Resin-Pi Resin-Po NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po 

  mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) 

K2-f 102
b
 (5) 22

bx
 (1) 323

a
 (16) 165

a
 (8) 567

b
 (28) 469

a
 (23) 

K2-s 222
a
 (10) 42

ax
 (2) 343

a
 (15) 149

a
 (7) 632

a
 (28) 443

b
 (20) 

K2-m 241
a
 (11) 33

ab
 (2) 322

a
 (14) 159

a
 (7) 635

a
 (28) 442

b
 (20) 

B-f 21
c
 (10) 1

cx
 (0) 56

c
 (27) 0

b
 (0) 23

c
 (11) 0

c
 (0) 

B-s 16
c
 (6) 0

cx
 (0) 63

c
 (25) 0

b
 (0) 18

c
 (7) 0

c
 (0) 

B-m 20
c
 (7) 0

cx
 (0) 99

b
 (36) 0

b
 (0) 28

c
 (10) 0

c
 (0) 

 

Sample H2SO4-Pi H2SO4-Po Residual-P Sum 

  mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 

K2-f 203
a
 (10) 57

a
 (3) 132

a
 (6) 2040

b
 

K2-s 218
a
 (10) 59

a
 (3) 131

a
 (6) 2239

a
 

K2-m 215
a
 (10) 60

a
 (3) 122

a
 (5) 2229

a
 

B-f 90
b
 (44) 11

b
 (5) 2

b
 (1) 204

c
 

B-s 140
b
 (55) 11

b
 (4) 9

b
 (3) 257

c
 

B-m 117
b
 (42) 10

b
 (4) 5

b
 (2) 279

c
 

 

The significantly lower and slightly lower concentrations of resin-Pi and NaHCO3-Pi 

concentrations in the fresh compared to the dried and sieved kettle hole samples, respectively, 

agreed with an investigation of a constructed wetland, where air-drying resulted in an increase 

of bioavailable inorganic P at the expense of labile organic P (Olila, Reddy, and Stites 1997). 

Although some proportions of labile organic P, especially resin-Po were even higher in the dry 

kettle hole samples, slight reductions of NaHCO3-Po and NaOH-Po were determined after drying 

in the sieved and milled kettle hole sediments in the recent study. Decreases in NaHCO3-Po and 

NaOH-Po caused by drying were also reported for peat soils (Schlichting and Leinweber 2002). 

This shift in labile P fractions from Po to Pi caused by drying can be explained by microbial 

activity. Sparling, Whale, and Ramsay (1985) reported high contributions of microbial P from 

killed soil organisms to NaHCO3-P in air-dried soils. Cell material of soil microorganisms can be 

destroyed by drying or freezing (Shields et al. 1973) and, therefore, can release P (Olila, Reddy, 

and Stites 1997). An enhanced P turnover of dry peat soils during re-wetting and extraction was 
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also confirmed by Brake, Höper, and Joergensen (1999). Effects of drying on Po in the NaHCO3 

and NaOH fractions did not occur in the Bodden sediments, because nearly no Po was 

determined in the first three extracted fractions. The only significant difference among the 

pretreatments of Bodden sediment was the higher amount of NaHCO3-Pi in the milled sample 

compared to the fresh and sieved one (Table 2). Although grinding is known to increase the 

surface area of soil samples and thereby makes more P available for adsorption by resin (Potter 

et al. 1991), as detected in the kettle hole sediment, this is not visible in the Bodden sediment 

(Table 2). On the one hand, the generally very low P concentrations in all fractions of Bodden 

sediment could be responsible for the disappearance of this effect in the resin fraction. On the 

other hand, the same effect could explain the higher amount of NaHCO3-Pi in the milled Bodden 

sediment compared to the fresh and sieved samples. The high proportions of 42-55% H2SO4-Pi 

in the Bodden sediment coincide with the results of a sequential P extraction of sediments from 

the shallow coastal zone of the Gulf of Gdańsk (Poland), where up to 43% Ca-bound P was 

extracted with HCl (Łukawska-Matuszewska and Bolałek 2008). Although residual-P of the 

Hedley fractionation can constitute a significant proportion of total P (Pt) in soils (Condron and 

Newman 2011), percentages were small in the kettle hole and Bodden sediments. This 

indicates a good applicability and efficacy of this fractionation method for the present sediments. 

Contrarily to Schlichting and Leinweber (2002), who detected a greater P extractability from 

moist than dry peat soils, extractability of Pt was slightly lower in the fresh Bodden sediments 

and significantly lower in the fresh kettle hole sediments compared to the respective dry 

samples determined with both aqua regia digestion and the sequential fractionation (Tables 1 

and 2). Turner et al. (2007) also detected significant changes in P fractions following 

pretreatment, especially drying, in wetland soils from the Florida Everglades, but there was no 

consistent influence of sample pretreatment on chemical characteristics. 

Summarizing the recent findings so far, sample alterations by drying were present but caused 

inconsistent changes of P concentrations in the two different sediment types from the kettle hole 

and Bodden environment. 

2.4.3. P K-edge XANES spectra of unfractionated samples and residues of sequential 

fractionation 

 

In Figure 1 stacked XANES spectra of milled unfractionated Bodden and kettle hole sediment 

and respective solid residues after extraction steps of P fractionation are displayed (spectra of 

fresh and sieved Bodden and kettle hole sediment and respective solid residues are available in 

Figures S1 and S2 of supplementary material). All spectra were characterized by an intense 

white line peak at around 2152 eV and a second broader peak at around 2170 eV. Due to much 

greater P concentrations in the unfractionated kettle hole sediment (2229 mg kg
-1

), the signal-to-

noise ratio is better for kettle hole sample compared to the unfractionated Bodden sediment 

(279 mg kg
-1

). Removal of NaOH-P especially increased the noise in the spectrum of kettle hole 

sediment. The final extraction step with H2SO4 had considerably effects on both, the kettle hole 

and Bodden sediments. Intensities of noise increased in the spectra of kettle hole and Bodden 

sample due to the very low P concentrations after H2SO4 extraction especially in the Bodden 
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sediment (5 mg kg
-1

). Furthermore, the small “bump” on the lower energy side of the broad 

peak, prominently appearing in the first three spectra of Bodden sediment, disappeared after 

H2SO4 extraction of the Bodden sediment. The same “bump” became weakly visible in the kettle 

hole residue after H2SO4 extraction. It is remarkable that although the concentration of 5 mg kg
-1

 

P of the final Bodden sediment residue is extremely low, the new detector at the SXRMB was 

able to generate reasonable P XANES spectra. This higher sensibility now allows comparisons 

of P K-edge XANES measurements to extraction data of many different types of samples even 

if they have with very low P concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The good spectral quality of kettle hole extraction residues is due to the higher P concentrations 

compared to the Bodden sediment extraction residues with poorer spectra and low P 

concentrations, especially in the Bodden sediment residue after H2SO4 extraction (Figure 1). 

The spectrum of unfractionated kettle hole sample shows the unique pre-edge peak for spectra 

of Fe phosphate reference standards at around 2148 eV (Kruse and Leinweber 2008). This 

Figure 2-1 Stacked P K-edge XANES spectra of unfractionated, milled kettle hole and Bodden 
sediment and the respective solid extraction residues after the extractions steps with resin and 
NaHCO3, NaOH, and H2SO4. Concentrations of P (mg kg

-1
) were calculated as the sum of 

concentrations of all sequentially extracted fractions minus concentrations of fractions that 
resulted in the respective residue. 
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feature disappears during the following extraction steps of the kettle hole sediment and recurs 

weakly after the final H2SO4 extraction. This is in accordance with the common assumption of 

sequential P fractionation where Fe- and Al-P species are extracted predominantly with NaOH 

(Hedley, Stewart, and Chauhan 1982) and with Schlichting et al. (2002) who characterized P in 

the residual fraction as very stable complexes with metal ions or pedogenic oxides. Since no 

good quality P K-edge spectra have been reported for extracted samples to date, it was not 

possible to compare the recent spectra to other extraction data. 

Spectra of the unfractionated Bodden sediment and corresponding residues after NaHCO3 and 

NaOH extraction show a shoulder at the high-energy side of the white line peak as well as a 

feature on the left of the broad peak at around 2162.75 eV in Figure 1, which are characteristic 

for Ca associated P compounds (Kruse and Leinweber 2008). The disappearance of the small 

“bump” on the left of the broad peak, characteristic for Ca associated P species and especially 

apatite-group minerals (Ingall et al. 2010), in the residual fraction of Bodden sediment suggests 

that Ca-P species were especially extracted with H2SO4. This result agrees with the common 

assignment of P fractionation that acid extractable P is mainly associated with Ca- and Mg-P 

species (Hedley, Stewart, and Chauhan 1982). The slight appearance of this “bump” of Ca 

associated P species in the kettle hole residue after H2SO4 extraction could indicate the 

occurrence of non-extractable Ca- or sodium (Na)-P compounds. However, these P species 

could not be assigned by LCF of this sample (Figure 3). 

Generally, visual assessment of P K-edge XANES spectra confirmed the outcomes of 

sequential extraction to some extent. Kettle hole samples were basically dominated by P 

extracted with NaOH, commonly interpreted as moderately labile P adsorbed to Al and Fe oxide 

minerals, whereas Bodden sediments contained more P extracted with H2SO4, interpreted as 

relatively stable P associated with Ca and Mg minerals and apatite (Cross and Schlesinger 

1995; Sims and Pierzynski 2005; Tiessen and Moir 1993). This difference determined by P 

fractionation (Table 2) is clearly reflected by the overview of the XANES spectra of both sample 

sets (Figure 1). 

 

2.4.4. Linear combination fitting of XANES spectra of unfractionated samples 

 

The results of LCF of spectra obtained by P K-edge XANES of the unfractionated kettle hole 

and Bodden sediments with different pretreatments are displayed in Figure 2 (corresponding P 

K-edge XANES spectra are available in the Figures S3, S4, and S5 of supplementary material). 

Proportions of Fe-P species ranged between 84 and 100% in the kettle hole and between 39 

and 57% in the Bodden sediments. In the upper 10 cm of kettle hole sediment (K1), exclusively 

Fe-bound P was assigned irrespective of the pretreatment. The same was true for the milled 

version of kettle hole samples from a depth of 10-20 cm (K2) whereas in the sieved and 

lyophilized subsamples additionally 6 and 16% Al-bound P species, respectively, were 

assigned. In contrast to the kettle hole samples, Ca-P species were present in all Bodden 

sediments and represented 28 to 48% of Pt. The sieved Bodden sediment consisted of 39% Fe-

P, 26% Al-P and 36% Ca-P compounds and the milled version contained 52% Fe-P and 48% 
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Ca-P. The lyophilized Bodden sediment consisted of 57% Fe-P and 28% Ca-P and it was the 

only sample among all unfractionated sediments in which the LCF assigned a considerable 

amount of Po species (15%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clear differences in the P speciation were visible between the kettle hole and Bodden 

sediments, whereas the differences among the pretreatment variants of the individual sampling 

position are rather small. Furthermore, the results of LCF confirm the visual inspection of 

XANES spectra of unfractionated kettle hole and Bodden sediment (Figure 1), where kettle hole 

sediments were dominated by Fe-P species and Bodden sediments additionally contained 

prominent proportions of Ca associated P species. The fact that XANES spectroscopy 

determined exclusively Fe associated P in the upper 10 cm of kettle hole sediment coincides 

with the results of other studies using P XANES spectroscopy to investigate different soils and 

sediments. For example, Prüter et al. (2020) found much higher amounts of Fe associated P in 

sediments near the coast of Northern Germany compared to sediments more distant from the 

shoreline. Li et al. (2015) identified Fe-bound P as the dominant P form in sediments from the 

Figure 2-2 Proportions of P (% of total P determined with aqua regia digestion) as obtained by 
linear combination fitting (LCF) on P K-edge XANES spectra of three different pretreatments (s 
= sieved, m = milled, l = lyophilized) of kettle hole (K1 = 0-10 cm depth, K2 = 10–20 cm depth) 
and Bodden (B) sediments. Standards and spectra were recorded at the CLS-SXRMB 
beamline, Canada. 
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Chesapeake Bay in the United States. A possible explanation for this can be the fact that Fe 

oxides have excellent binding capacities for P (Ganta et al. 2021). In soil, several studies 

detected P associated with Fe also as dominating P component. Koch et al. (2018) reported the 

predominance of Fe-P compounds in Stagnic Cambisol profiles of an experiment with different 

P fertilizer applications. The kettle hole sediments likely originated largely from the surrounding 

arable topsoils with P already attached to Fe oxides, so the similarity of this sediment to soil 

samples is not surprising. 

The small proportions of Al-bound P next to the dominating amounts of Fe associated P 

compounds in the sieved and lyophilized kettle hole sediments from a depth of 10-20 cm may 

partly also be assigned to Po compounds. The spectral features of the selected Al-P XANES 

standards are not sufficiently different from the phytic acid reference standard, and XANES 

spectroscopy is in some cases apparently unable to differentiate whether Pi or Po is sorbed on 

Al and Fe (Kruse et al. 2015). 

The occurrence of considerable amounts of Ca associated P in all three pretreatment variants 

of the Bodden sediment can be associated to the generally higher relative amounts of Ca in the 

Bodden than in the kettle hole samples (Table 1). Furthermore, high proportions of Ca-P can be 

related to the sediment texture, where primary Ca minerals are usually present in the silt to 

sand fraction (Saunders 1959). The proportion of sand in the Bodden sediments is distinctly 

higher compared to the kettle hole sediments (Table 1), so this can explain the higher relative 

amounts of Ca and Ca-P species in the Bodden sediments. Furthermore, the high amount of 

sand could contribute to some pre-edge features in the spectra of Bodden sediment leading to 

an overestimation of Fe associated P compounds by LCF. The silicon K-edge, e.g. prominent in 

quartz sand, is around 1840 eV (Gilbert et al. 2003), which could appear as background in P K-

edge spectra, especially in the near edge region. Larger percentages of Ca associated P in the 

Bodden sediments compared to the kettle hole sediments agree with a study of sediments near 

the coast of Northern Germany where more Ca-bound P was detected in marine sediments 

compared to sediments under stronger terrestrial influence (Prüter et al. 2020). The highest 

percentage of Ca-P in the milled sample variant of Bodden sediment is visually reflected by the 

XANES spectrum (Figure S5, supplementary material) and might be initiated due to a release of 

Ca from the crush of small Ca-rich particles as for example seashells. 

Although results of XANES spectroscopy concerning Po concentrations should be considered 

with caution (Gu et al. 2020), the lyophilized Bodden sediment was the only sample where Po 

compounds were assigned. A possible explanation is that lyophilization could be more gentle for 

Po compounds compared to drying, sieving and milling for this sample type. Other studies also 

found inconsistent variations of organic P in stream sediments and wetland soils due to 

lyophilization, indicating that pretreatment effects may be sample specific (Simpson, McDowell, 

and Condron 2018; Turner et al. 2007). 

Overall, the XANES analysis of the unfractionated kettle hole and Bodden sediments confirmed 

the results of P fractionation. The identification of mainly Fe associated P species in the kettle 

hole sediments by LCF of XANES spectra agrees with the high proportions of NaOH-P 

determined by sequential P fractionation and its common assignment to P adsorbed by Al- and 
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Fe oxide minerals. Considerable proportions of Ca associated P species in the unfractionated 

Bodden sediments assigned by LCF of XANES spectra also reflected the high proportions of P 

extracted with H2SO4 from the Bodden sediments in the sequential P fractionation and its 

interpretation as stable P associated with Ca and Mg minerals and apatite. 

2.4.5. Linear combination fitting of XANES spectra of residues of sequential fractionation 

 

Figure 3 shows the LCF results of P XANES spectra from the kettle hole and Bodden solid 

residues after the extraction steps of sequential P fractionation. After the first two extraction 

steps with resin and NaHCO3, proportions of Fe associated P species declined distinctly in all 

pretreatment variants of kettle hole sediment compared to the unfractionated samples (Figure 

2). Different from the unfractionated samples, Al associated P (29 – 55%) and Po species (8 – 

31%) were assigned in the fresh, sieved and milled solid kettle hole residues after resin and 

NaHCO3 extraction. The next extraction step with NaOH further reduced proportions of Al-P 

species in the kettle hole residues. Proportions of Po species declined after NaOH extraction in 

the fresh and milled residues and remained roughly the same in the sieved sample. In the milled 

residue, no Fe-P compounds or Po species has been assigned in the LCF after NaOH 

extraction. Furthermore, the extraction step with NaOH revealed 18 – 20% Ca associated P 

species in the fresh, sieved and milled kettle hole residues. Extraction with H2SO4 clearly 

changed the P speciation results of LCF in the solid kettle hole sediment residues. In all three 

sample pretreatments, Al-, Ca-, and Po associated compounds from the previous residues 

disappeared and exclusively Fe associated P species remained in the samples (Figure 3). 

The solid sequential P fractionation residues of Bodden sediments show a different distribution 

of P species compared to those of the kettle hole sediments. The residues of Bodden sediments 

after the first two extraction steps with resin and NaHCO3 were dominated by Mg and Ca 

associated P species (Figure 3). Compared to the LCF of unfractionated Bodden sediments as 

displayed in Figure 2, proportions of Fe associated P decreased clearly, proportions of Ca 

associated P declined slightly after resin and NaHCO3 extraction but remained predominant. 

Percentages of Mg-P increased in the fresh and sieved Bodden sediment residues and the 

proportion of Al-P compounds increased in the milled residue compared to the unfractionated 

Bodden sediments. After the subsequent extraction with NaOH, proportions of Mg associated P 

species declined in the fresh and sieved residues and the percentage of Ca-P species remained 

roughly at the same level in all three pretreatment variants. Furthermore, proportions of Fe and 

Al associated P species (13 - 35%) were determined in the samples after the NaOH extraction, 

which were not detected before in the fresh and sieved residues. After the last extraction with 

H2SO4, Ca- and Mg-associated P species disappeared almost completely in the Bodden 

sediment residues, and Fe- and Al associated P species remained in the samples. Exclusively 

in the residue of milled Bodden sediment small proportions of Ca-P (11%) and Po (4%) were 

detected additionally. 
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Figure 2-3 Proportions of P (% of total P determined with aqua regia digestion) as obtained by 
linear combination fitting (LCF) on P K-edge XANES spectra of solid residues of kettle hole (K2) 
and Bodden (B) sediments with three different pretreatments (f = fresh, s = sieved, m = milled) 
after the extraction steps with resin and NaHCO3 (NaHCO3), NaOH and H2SO4 of sequential P 
fractionation. Standards and spectra were recorded at the CLS-SXRMB beamline, Canada. 
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The fresh and the milled kettle hole sediments after the first two extraction steps with resin and 

NaHCO3 showed a very similar P speciation (Figure 3), indicating a small influence of 

pretreatment in this case. This is also reflected in the results of the P fractionation, where no 

significant differences according to sample pretreatment were determined in the fraction of 

NaHCO3-P of kettle hole sediment (Table 2). The higher amounts of Fe- and Al-bound P in the 

sieved compared to the fresh and milled kettle hole sediments can be related to the separation 

of grain sizes by pretreatment. While in the fresh and milled sediment all particle size fractions 

were present originally, the sieved sample contains exclusively particles < 2 mm. Lukkari et al. 

(2009) reported that the fine particulate fraction of sediments is enriched with poorly crystalline 

Fe and Al oxides. In accordance with that, more Fe and Al associated P species were assigned 

by LCF in the sieved than in the fresh and milled kettle hole samples in the present 

investigation. After the next fractionation step with NaOH, results of XANES spectroscopy again 

were basically similar for the three different pretreatments of kettle hole sediment. Proportions 

of Fe-P species and labile Po compounds decreased and some Ca-P compounds became 

visible compared to the previous residues, confirming the assumption that the P fractionation 

adsorbed to Al and Fe oxide minerals and P in humic and fulvic acids is predominantly 

extracted by NaOH (Tiessen and Moir 1993). However, the significantly lower amount of NaOH-

Pi in the fresh compared to the sieved and milled kettle hole sediments determined with P 

fractionation (Table 2) is not reflected by the results of XANES spectroscopy. Since Po is still 

present in the fresh and sieved sample in small proportions, its absence in the milled kettle hole 

sediment can be correlated to the difficulty in distinguishing Al-bound P and the phytic acid 

standard by this method (Kruse et al. 2015). Among all kettle hole and Bodden sediments, Zn 

associated P has been assigned exclusively in the fresh samples after the extractions with 

NaHCO3 and NaOH. Koopmans and Groenenberg (2011) found evidence for small decreases 

of Zn due to oven-drying of soil solution extracts of sandy soils, so Zn-P compounds could be 

sensitive to drying pretreatment and thus, they only appeared in fresh and wet sediments. The 

abundance of exclusively Fe associated P in all three pretreatment variants of the kettle hole 

sediment after the last extraction step with H2SO4 agrees with the common interpretation of P 

fractionation, where Ca and Mg minerals and apatite are considered to be extracted with H2SO4. 

Schlichting et al. (2002) also ascertained the residual fraction after the last step of sequential 

fractionation of peat-derived soils to contain mainly very stable complexes of organic matter with 

multivalent metal ions or pedogenic oxides.  

Contrasting to the kettle hole samples that were dominated by Fe-P and Al-P, LCF of the 

XANES spectra of the Bodden sediment residues indicated mostly Ca and Mg associated P 

(Figure 3). Lower proportions of Fe associated P compounds in favor of more Ca-P were 

already found by LCF of the spectra of unfractionated Bodden sediment samples. Unlike the 

kettle hole samples, milled residue of Bodden sediment after the first two extraction steps with 

resin and NaHCO3, was the sample with highest amounts of Fe-P and Al-P. The amount of Fe- 

and Al-P could be so low in the Bodden sediments that grinding is needed to detect 

considerable proportions of Fe- and Al associated P compounds with XANES spectroscopy. Fe 

and Al particles could have been destroyed and finely spread during the grinding process by 
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contrast to the fresh and sieved sample. After extraction with NaOH, the proportions of Po 

compounds and Mg-P species decreased (Figure 3). A decrease in Po proportions agrees with 

the assumption of P fractionation that considerable amounts of humic substances and Po are 

extracted by NaOH, whereas proportions of Ca- and Mg-P are predominantly assigned to the 

H2SO4-extracted fraction (Hedley, Stewart, and Chauhan 1982) and, thus, should not be 

decreased until the last extraction step. All three Bodden sediment residues were dominated by 

Fe- and Al-associated P and proportions of Ca- and Mg-P compounds were clearly reduced 

after H2SO4 extraction compared to the previous extraction step. As this was disclosed similarly 

for the kettle hole samples by LCF of XANES spectroscopy, the common assignment of H2SO4 

extracts of P fractionation to stable P associated with Ca and Mg minerals and apatite is 

confirmed. Since the fraction of residual P contained very low P contents of 2 - 9 mg kg
-1

 in the 

Bodden sediments (Table 2), sequential P fractionation was more effective in extracting P from 

the Bodden sediments compared to the kettle hole samples. Even if previous studies assigned 

mainly Po as residual P in soil and sediment (Dobermann, George, and Thevs 2002; Koch, 

Benz, and Rudnick 2001), this assignment largely depends on the distinct sample type. The low 

proportions of Po in the residual fraction of the recent sediments (Figure 3) strongly agree with a 

study about Bermuda carbonate sediments, where Po in the residual fraction accounted for 

< 2% of Pt (Jensen et al. 1998) and with Schlichting et al. (2002) who described the P in the 

residual fraction as very stable complexes of organic matter with metal ions or pedogenic 

oxides. However, it remains unclear to some extent if small amounts of occluded P can be re-

adsorbed by crystalline iron oxides or if these are natural residual P species (Kar et al. 2011). 

It can be emphasized that most differences in results of XANES LCF appeared between sample 

origin instead of pretreatments, indicating a stronger influence of the sediment origin and 

surrounding environment on the sediment P composition than due to the sample pretreatments 

such as drying, sieving and grinding. However, there were differences in one sample set of 

kettle hole and Bodden sediments between the pretreatments but there was no clear, directed 

effect of a certain sample treatment. Furthermore, the general assignments of sequential P 

fractionation of resin-P to easily exchangeable and mobile P, bicarbonate P (NaHCO3-P) to 

labile P weakly adsorbed by mineral surfaces, NaOH-P to moderately labile P adsorbed to Al- 

and Fe oxide minerals and P in humic and fulvic acids, H2SO4-P to relatively stable P 

associated with Ca and Mg minerals and apatite and residual-P to not extractable P, occluded P 

or stable forms of organic P compounds can be confirmed for most fractions by XANES 

analyses of the kettle hole and Bodden sediment residues after different extraction steps. 

 

2.5. Conclusions 

 

The methodological approach of using sequential P fractionation and P XANES spectroscopy to 

determine the P speciation of sediments with different pretreatments was appropriate for the 

selected samples in this study. Both methods provided compliant results and revealed that the 

kettle hole sediments were dominated by moderately labile, Fe- and Al-associated P species 
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and contained more Po compared to the Bodden sediments, in which stable Ca-P species were 

most abundant. 

Thanks to the extremely sensitive 7-element SDD, the P K-edge XANES at the SXRMB was 

able to detect very low P concentrations in extraction residues of sequential P fractionation. 

Consequently, the P K-edge XANES spectra of single sequential P fractionation steps 

confirmed the common assignment of different P forms to operationally defined P pools in the 

fractionation scheme for both investigated sediment types, confirming the value of these 

methods, especially if applied in conjunction. 

Any effect of the sediment sample pretreatment on the distribution of P pools and occurrence of 

distinct P species was much lower than the influence of the sample origins from kettle hole and 

Bodden. Significant differences in the P composition of one sediment type appeared exclusively 

in the fractions of easily exchangeable, mobile P and moderately labile P of sequential 

fractionation due to sample drying in the present investigation. Therefore, it is possible to apply 

traditional soil sample pretreatments such as drying, sieving and grinding on sediments without 

fundamentally changing the composition of P speciation. This similar pretreatment can facilitate 

research of P transformation processes especially at the fluent boundaries of 

terrestrial/semiterrestrial soils and sediments in aquatic environments. 

Furthermore, various samples with great differences in genesis such as terrestrial and wetland 

soils, peat and sediments seem to show different sensitivities to sample pretreatments 

concerning P extractability and results of sequential extractions. If research is directed to 

disclose the differences in P species between such widely different samples, systematic tests 

for pretreatment effects or application of different pretreatments are recommended. 

Furthermore, additional complementary analyses, such as liquid-state or solid-state 
31

P nuclear 

magnetic resonance (NMR) spectroscopy could be done prior to extraction steps with NaOH in 

order to identify the Po compounds in greater detail. 
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3.1. Abstract 

Phosphorus (P) is an essential element for all living organisms but can also be an important 

factor in the eutrophication of aquatic/marine ecosystems. Kettle holes are often situated in 

regions under intense agricultural land use where there is a high risk of nutrient transfer to 

larger waterbodies. The chemical speciation of soil P influences its rate of transfer from arable 

fields to aquatic environments. However, there is a paucity of information on the P speciation in 

kettle holes and their effect on the P cycle. Thus, we investigated the P composition of arable 

soils and kettle hole sediments in surface and subsurface layers along a transect of an 

agricultural field. Multiple P analyses were carried out including modified sequential Hedley P 

fractionation, P K-edge X-ray absorption near edge structure (XANES) spectroscopy, and 
31

P 

nuclear magnetic resonance (NMR) spectroscopy. The total P (Pt) concentrations ranged from 

680 to 1123 mg kg
-1

 in the soils and 797 to 2591 mg kg
-1

 in the sediments. A predominance of 

the residual-P fraction, characterized as not extractable P, occluded P or stable forms of organic 

P (Po) was determined by sequential fractionation, ranging from 37 to 67% followed by 3 to 38% 

H2SO4-Pi and 3 to 16% NaOH-Po of Pt in the soils and sediments. Analyses with P K-edge 

XANES spectroscopy assigned 61 to 100% Fe- and Al-P, 0 to 14% Ca-P, and 0 to 39% Po in 

the arable soils and 46 to 74% Fe- and Al-P, 14 to 43% Ca-P, and 0 to 38% Po in the adjoining 

kettle hole sediments. Solution 
31

P NMR spectra on alkaline extracts revealed a broad signal in 

the phosphomonoester region which was the most abundant form of organic P across all 

samples. Besides, the proportion of ‘complex’ phosphomonesters (broad signal) to that of total 

extractable P was about 2-fold greater in the kettle hole sediments than in soils. Complex forms 

of organic P are known to be strongly associated with organic matter (OM) and appear to 

accumulate on a decadel timeframe. Therefore, it is desirable that kettle hole sediments are 

conserving P (and carbon), which will help reduce the transfer of P from agricultural fields to 

other, more vulnerable aquatic/marine ecosystems. 

Keywords: arable soil, sediment, kettle hole, sequential fractionation, XANES, 
31

P NMR 

 

3.2. Introduction 

Inland aquatic systems play an important role in biogeochemical cycles (Downing, 2010; 

Raymond et al. 2013). Worldwide, small lentic waterbodies (with an area <0.1 km
2
) account for 

up to 20% of the global lake surface area (Holgerson & Raymond, 2016). An important 

waterbody type is that of ‘kettle holes’ (also called ‘praire potholes’ in North America), which are 

defined as glacially created ponds less than 1 ha in size (Lischeid and Kalettka, 2012). In 

Mecklenburg-Western Pomerania in northern Germany, there are around 40,000 kettle holes 

(Klafs & Lippert, 2000). Kettle holes originated glacially by delayed melting of ice blocks creating 

depressions in the moraine landscape about 10,000 to 12,000 years ago and often become 

obvious via anthropogenic clearing of forests and tillage practices (Kalettka et al., 2001). 

Consequently, kettle holes are now generally located in intensively used arable fields of late 

Pleistocene landscapes. Kettle holes contribute to several ecosystem functions, including 
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species richness and diversity (Oertli et al., 2002; Williams et al., 2003; Vasić et al., 2020), they 

provide habitats (Frielinghaus and Vahrson, 1998), and play an important role in nutrient cycling 

and water retention (Fiener et al., 2005). Ecologically relevant processes, such as carbon (C), 

nitrogen (N) and phosphorus (P) turnover, occur simultaneously in the sediments of kettle holes 

(Reverey et al., 2016). The availability of P is known to greatly affect the primary production of 

lakes and enhance OM sedimentation and mineralization (Gudasz et al., 2012; Serrano et al., 

2017). Furthermore, P has been identified as one of the major factors contributing to 

eutrophication and a general deterioration of the quality of aquatic ecosystems (Correll 1998; 

Reddy et al. 1999). Besides the environmental importance in aquatic ecosystems, in agriculture 

the P is an essential macronutrient fertilizer element for field crops, often limiting the 

crop/pasture productivity. The chemical composition of P plays a crucial role in its availability in 

soil for crops (e.g. Richardson et al., 2009) and the potential to be mobilized and/or transported 

from arable soil to aquatic environments (e.g. Favaretto et al., 2012).  

However, knowledge is limited on the nutrient cycling and the chemical composition of P in 

kettle hole sediments, especially in agricultural landscapes, where there is a high risk of nutrient 

transfer to larger waterbodies and eutrophication as a possible consequence (Reddy et al., 

1999; Søndergaard et al., 2001; Zak et al., 2004; Hupfer and Lewandowski, 2008; 

Schönbrunner et al., 2012). 

Several studies have investigated the chemical composition of P in agricultural soils (e.g. Koch 

et al., 2018; Turner et al., 2008; Schmieder et al., 2020) and sediments (e.g. Frankowski et al., 

2002; Łukawska-Matuszewska and Bolałek, 2008; Kraal and Slomp, 2014). Little information is 

available on the P speciation and transformation of P along transects covering soils and 

sediments, i.e. along terrestrial to aquatic gradients. There is a study of arable soils in northern 

Germany towards sediments in the central Baltic Sea where increasing proportions of stable P 

fractions (i.e., H2SO4-P and residual-P) compared to iron-associated P were detected with 

increasing distance from the coastline (Prüter et al., 2020). Furthermore, an accumulation of 

organic P (Po) in soils compared to sediments dominated by fractions of inorganic P (Pi) has 

been ascertained in polder agricultural muck soils and river/lake sediments in Ontario, Canada 

(Audette et al., 2018), similarly to the above Baltic Sea transect. A limitation of the 

aforementioned studies is that there was no direct comparison of soils and sediments along a 

transect in agricultural fields, especially at a small scale area around a kettle hole. 

Solution 
31

P nuclear magnetic resonance (NMR) spectroscopy has been widley used to identify 

the chemical compostion of Po in environmental samples, including soils (Turner et al., 2008), 

manures (Giles et al., 2011), organic amendments (Ajiboye et al., 2008), biological soil crusts 

(Baumann et al., 2017), agro-industrial byproducts (Negassa et al., 2010), and constructed 

wetlands (Alewell et al., 2020). Several studies have investigated the chemical composition of 

Po using NMR in marine sediments (Ingall et al., 1990; Carman et al., 2000), sediments from 

estuaries (Li et al., 2015; Watson et al., 2018), river sediments (Zhang et al., 2013; Watson et 

al., 2019) and lake sediments (e.g. Hupfer et al., 2004; Ahlgren et al., 2005; Reitzel et al., 2007; 

Zhang et al., 2017). In summary, these studies reported that orthophosphate, 

phosphomonoesters, and pyrophosphates were the most abundant P species in sediments.  
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The methods of sequential P fractionation and P K-edge X-ray absorption near edge structure 

(XANES) spectroscopy often have been used in conjuction with 
31

P NMR spectroscopy to 

provide a comprehensive assessment of P speciation in environmental samples (e.g. Ajiboye et 

al., 2008; Negassa et al., 2010; Li et al., 2015; Baumann et al., 2017; Koch et al., 2018; Prüter 

et al., 2020). In response to Barrow et al. (2020), who critized the accuracy of fractionation 

procedures to measure chemically specified phosphate fractions in soil, Gu and Margenot 

(2021) and Guppy (2021) emphasized the value of fractionations. If results are interpreted with 

caution and comprehensive studies are based on a combination of fractionation measurements 

with XANES spectroscopy, uncertainties in data interpretation can be overcome and the value 

of sequential fractionation results can be increased (Gu and Margenot, 2021; Guppy, 2021). 

Thus, in our view sequential P fractionation has its value as a simple method to provide an 

overview of the occurring P pools and the distribution of P contents in individual fractions of 

complex environmental samples (e.g. Kruse et al., 2010).  

Phosphorus chemistry can be affected by sample pretreatment, as for example He et al. (2007) 

determined an increase of orthophosphate up to 8.4% of Pt in dairy manure through P 

mineralization. Although Turner et al. (2007) also identified differences in P extraction efficiency 

of different wetland soils and sediments caused by sample pretreatment (fresh, air dried, frozen 

and lyophilized), changes were inconsistent and mostly within the range of error associated with 

replicate analyses. Pezzolesi et al. (2000) revealed a significant influence of freezing and air-

drying on EDTA-extractable Pi in seasonally flooded wetland soil from Texas for subsurface 

samples only. Extractable P showed statistical significance with respect to the sample treatment 

but there is no ‘one true answer’ for the best treatment of wetland soils (Pezzolesi et al., 2000). 

Furthermore, a previous study about the influence of sample pretreatment on the P speciation 

of different sediments from a kettle hole and the ‘Bodden’ lagoon system at the Baltic Sea 

concluded that soil sample pretreatments such as drying, sieving and grinding can be applied to 

sediments without fundamentally changing the composition of P speciation (Prüter et al., 2022). 

Although those results may have some site-specifity, the investigation of kettle hole sediments 

makes the outcomes applicable for the current study of kettle hole sediments and adjacent soil 

samples. 

The main objective of the present study was to identify the chemical composition of P in soils 

and sediments along a transect from an arable field to a kettle hole for the first time. To the best 

of our knowledge such soil-to-kettle hole transect study has not yet been undertaken by a multi 

methods-approach using 
31

P NMR and P XANES spectroscopy and sequential P fractionation. 

We hypothesize that the inorganic (e.g., Fe-P and Ca-P proportions) and organic P speciation 

(e.g. mono- and diester P proportions) differs between arable soil samples and kettle hole 

sediments. The expected new insight on the P composition of arable soils and kettle hole 

sediments along a transect can contribute to improve the risk assessment of possible drivers 

causing eutrophication and P translocation towards aquatic ecosystems. 
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3.3. Material and methods 

3.3.1. Sampling area, soil and sediment collection 

Soil samples and sediment cores were collected along a transect from an arable site towards 

the kettle hole ‘Rittgarten’, both situated in the Uckermark region in the federal state of 

Brandenburg in Northeastern Germany. The arable land around the kettle hole is dominated by 

calcareous sandy soils (Kleeberg et al., 2016). Mineral fertilizers were used since the second 

half of the 19th century and manure applications intensified since 1970 (Nitzsche et al. 2017). 

Overall, the P supply in this part of Germany has been above plant uptake and removal from 

fields in the time period between the 1970ies and 1990ies (Harenz 1991) so that considerable 

enrichment of legacy P in soil can be assumed. The general setup of experimental region, a 

kettle hole basin with a total size of 1459 m
2
 and maximum depth of 2.34 m, surrounded by 

sandy to loamy Cambisols and Luvisols, is typical for large agricultural areas in the Late 

Pleistocene landscape in Northeastern Germany (Kleeberg et al., 2016). Two to three single 

subsamples were merged to one mixed sample for each soil and sediment sample location and 

depth to minimize effects of small-scale heterogeneity. 

Sediment sampling was carried out in October 2015 at two depths: 0 - 5 cm and 5 - 10 cm, as 

described in Reverey et al. (2018). Sediment samples included: (1) a location 7 m southwest of 

the deepest point of the kettle hole, frequently exposed to drying-wetting cycles and exposed to 

atmosphere for 5 months prior to sampling (Reverey et al. 2018), which is a direct extension of 

the transect of soil samples (W1); (2) the deepest point of the kettle hole, permanently 

submerged for at least the last five years, exposed to the atmosphere for one month before 

sampling (Reverey et al., 2018) (W2), and; (3) at the opposite position of W1, 12 m northeast of 

the deepest point of the kettle hole, constituting the end of the transect, also frequently exposed 

to drying-wetting cycles and exposed to the atmosphere for 5 months prior to sampling (W3). 

Subsamples of sediment were deeply frozen and stored until provided for the present study. 

Soil sampling was carried out in October 2018 at two depths: 0 – 30 cm and 30 – 50 cm using a 

soil corer. Soil samples include an arable field (IIS1 and S1), a marginal grassland strip (S2) 

and a reed belt (S3) around the kettle hole (Table 1). The samples IIS1 are not located on the 

transect, but about 70 m apart (see Table 1). They were taken to have additional samples from 

a temporarily flooded agricultural area. The remaining samples S1, S2, S3 and S4 are situated 

on a straight transect with decreasing distances towards the kettle hole. The last soil sample on 

the transect was taken directly from the edge of the reed belt near the water surface of the 

kettle hole (S4). This sample was available only from a depth of 0 – 30 cm, because samples 

from greater depths were saturated with water that prevented further sampling. Coordinates of 

precise sample positions are compiled in Table 1.  

The above stored sediment and recently taken soil samples were dried at 40°C, sieved with a 2 

mm mesh and finely ground to a particle size of < 0.1 mm using a mortar mill (Laboratory Mortar 

Grinder Pulverisette 2, FRITSCH GmbH, Idar-Oberstein, Germany) prior to further analyses. 
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Table 3-1 Label, sample type, origin, depth, distance and compass direction from the center of 
the kettle hole, and coordinates of all collected samples. Subscript letter „a“ declares the 
surface sample and „b“ the subsurface sample of one sample spot, respectively. 

Label 
Sample 

type 
Origin 

Depth in 
cm 

Distance and 
direction from center 

of kettle hole 
Coordinates 

IIS1a soil arable field 0 - 30 68 m SE 
N 53° 23' 2.34613''  
E 13° 42' 28.85194'' 

IIS1b soil 30 - 50 

S1a soil arable field 0 - 30 24 m SW 
N 53° 23' 2.283746'' 
E 13° 42' 24.09032'' 

S1b soil 30 - 50 

S2a soil marginal 
grassland strip 

0 - 30 
21 m SW 

N 53° 23' 2.329288'' 
E 13° 42' 24.20221'' 

S2b soil 30 - 50 

S3a soil 
reed belt 

0 - 30 
16 m SW 

N 53° 23' 2.432927'' 
E 13° 42' 24.47010'' 

S3b soil 30 - 50 

S4a soil edge soil - water 0 - 30 9 m SW 
N 53° 23' 2.456321'' 
E 13° 42' 24.90761'' 

W1a sediment marginal kettle 
hole 

0 - 5 
7 m SW 

N 53° 23' 2.693559'' 
E 13° 42' 25.16554'' 

W1b sediment 5 - 10 

W2a sediment deepest point of 
kettle hole 

0 - 5 
no distance 

N 53° 23' 2.713872'' 
E 13° 42' 25.19336'' 

W2b sediment 5 - 10 

W3a 
sediment marginal kettle 

hole, opposite of 
W1 

0 - 5 
12 m NE 

N 53° 23' 2.739634'' 
E 13° 42' 25.22107'' W3b sediment 5 - 10 

 

3.3.2. Determination of total C, N, S, P, Ca, Mg, Al, Fe and Zn 

Concentrations of total C, N and sulfur (S) were obtained by dry combustion on ground soil and 

sediment material using an elemental analyzer (VARIO EL, Elementar Analysensysteme 

GmbH, Hanau, Germany). Concentrations of total P (Pt), calcium (Ca), magnesium (Mg), 

aluminium (Al), iron (Fe) and zinc (Zn) were determined on ground soil and sediment using 

microwave-assisted (Mars Xpress CEM GmbH Kamp-Linfort, Germany) aqua regia digestion 

(ISO standard 11466) followed by inductively coupled plasma-optical emission spectrometry 

(ICP-OES) at 214.941 nm wavelength using a Perkin-Elmer Optima 8300 DV instrument. 

 

3.3.3. Sequential P fractionation 

A slightly modified sequential fractionation method according to Hedley et al. (1982) and 

Tiessen and Moir (1993) was used to extract different P fractions from soil and sediment. About 

0.42 g finely-ground sediment was weighed into 50 mL centrifuge tubes. Tubes with extractant-

sample-suspensions were generally shaken for 18 h followed by centrifugation at 4000 g for 20 

min, and decanted after each extraction step. Chemical P fractionation included the following 

extraction steps: 1) anion-exchange resin strips; 2) 0.5 M NaHCO3; 3) 0.1 M NaOH, and; 4) 1 M 

H2SO4. In the fraction of anion exchange resin, P was removed from the resin using 1 M HCl. 
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The P fractions were interpreted as: 1) resin P (Resin-P) representing soil solution P and very 

readily desorbable P; 2) inorganic (NaHCO3-Pi) and organic (NaHCO3-Po) bicarbonate P. The 

former represents readily labile Pi, including readily desorbable P and very labile pools of Ca 

phosphates. The latter represents Po that is readily desorbable, microbial P, and an unknown 

portion of the soil Po; 3) inorganic (NaOH-Pi) and organic (NaOH-Po) hydroxide P. The former 

represents moderately labile Pi, including moderately desorbable P, and Al- and Fe-phosphates. 

The latter represents Po associated with the soil OM and IPs, and; 4) the H2SO4-P fraction, 

which represents pools of more stable Ca-phosphates (e.g., hydroxylapatite) (Walker and 

Syers, 1976; Hedley et al., 1982; Tiessen and Moir, 1993; Guo et al., 2000; Wu et al., 2014; 

Koch et al., 2018; Morshedizad et al., 2018). Concentrations of Pt in the supernatants were 

determined by ICP-OES. Concentrations of molybdate reactive P, which is largely considered to 

be Pi, were determined in the supernatents using the molybdate blue method of Murphy and 

Riley (1962). Concentrations of molybdate unreactive P, which is largely considered to be Po, 

were calculated as the difference between Pt and Pi. The concentration of non-extractable P 

(termed ‘residual-P’) was calculated as the difference of cumulative extractable P and the 

concentration of Pt in soil using aqua regia digestion and ICP-OES. 

 

3.3.4. P K-edge XANES analysis 

Bulk P K-edge XANES spectra were acquired on soils and sediments at the Canadian Light 

Source (CLS) in Saskatoon, Saskatchewan, Canada, at the Soft X-Ray Microcharacterization 

Beamline (SXRMB, Hu et al., 2010). Photon energy from 2 to 10 KeV was covered with a 

Si(111) double-crystal monochromator with a 7-element Si(Li) drift detector for flourescence 

measurements (Baumann et al., 2017). Energy calibration was done with Al phosphate (AlPO4) 

and the main peak position was around 2152.9 eV. XANES data were collected from dry and 

finely-ground samples, thinly spread on P-free double adhesive C tape attached to a Cu sample 

holder. Every spectrum was based on at least two replicate samples with 2 to 5 scans per 

sample. Sample spectra were recorded in fluorescence yield mode and reference standards in 

total electron yield mode at photon energies between 2130 and 2200 eV for the P K-edge. The 

step size was 1 eV in the pre-edge region (2130 to 2140 eV), 0.15 eV at the edge step (2140 to 

2180 eV), and 0.5 eV in the post-edge region (2180 to 2200 eV) with a dwell time of 1 s for the 

samples and reference standards. 

All P K-edge XANES spectra were background corrected, normalized, and replicates were 

merged to obtain better spectral quality. Linear combination fitting (LCF) was performed using 

the ATHENA software package (Ravel and Newville 2005) in the energy range between -10 eV 

and +30 eV of E0. LCF analysis was performed using the combinatorics function of ATHENA 

software to attain all possible binary to quaternary combinations among all 18 P reference 

spectra in which the share of each compound was ≥ 10%. The following set of reference P K-

edge XANES spectra were used for fitting and calculations: ammonium-P: (NH4)H2PO4, Zn-P: 

Zn3(PO4)2, K-P: KH2PO4, K2HPO4・3H2O, K4P2O7, Al-P: AlPO4・xH2O, Al(PO3)3, P-(Al(OH)3) (P 

adsorbed on gibbsite), P adsorbed on boehmite (P-AlOOH), Ca-P: Ca(H2PO4)2・2H2O, 
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Ca10(PO4)6(OH)2 (hydroxylapatite), Mg-P: MgHPO4・3H2O, Fe-P: vivianite (Fe2+
3[PO4]2・8H2O), 

FePO4・4H2O, FePO4・2H2O, P-FeOOH (P adsorbed on goethite), P-Fe2O3 (P adsorbed on 

ferrihydrite) and phytic acid sodium salt hydrate (C6H18O24P6・xNa
+
・yH2O). The R-factor 

values were used as goodness-of-fit criteria and significant differences between fits were 

evaluated using the Hamilton test (p < 0.05) (Calvin, 2013) with the number of independent data 

points calculated by ATHENA, estimated as data range divided by core-hole lifetime 

broadening. Best fits were chosen according to the lowest R factor of P reference compound 

combinations and considered as the most probable P species in the material. If R factors of fits 

with the same number of reference compounds were not significantly different from each other 

according to the Hamilton test, fit proportions were averaged. For this reason, averaged 

proportions of some reference compounds can be ≤ 10%.  

To facilitate the presentation of the LCF results of P K-edge XANES analyses, proportions of 

individual Fe-, Al- and Ca-P compounds were summed so that the soil samples contained the 

compound groups of Fe-P, Al-P, Ca-P, and Po and the sediments Fe-P, Al-P, Ca-P, Po, and 

NH4-P (Figure 1). 

3.3.5. Extraction and solution preparation for solution 
31

P NMR spectroscopy 

Extraction of Po from soil and sediment samples was carried out based on the method of Cade-

Menun et al. (2002). Briefly, 2 g of dry sample was extracted with 20 mL of 0.25 M NaOH + 

0.05 M Na2EDTA. Extracts were shaken on a horizontal shaker for 16 h, centrifuged for 20 min 

at 5000 rpm, and the supernatant passed through a Whatman no. 42 filter paper. A 10 mL 

aliquot of the filtrate was then frozen and lyophilized. This resulted in 272 to 539 mg of 

lyophilized material across all samples. Concentrations of Pt, Pi and Po in the remaining filtrate 

were measured as described above. The NaOH-EDTA filtrates were diluted considerably before 

measurement by ICP-OES and the molybdate blue method of Murphy and Riley (1962), which 

are routinely used to measure concentrations of Pt and Pi in NaOH-EDTA filtrates, respectively 

(Turner et al., 2005). Furthermore, studies have shown that concentrations of ‘inorganic’ P as 

measured by the molybdate blue method of Murphy and Riley (1962) in NaOH-EDTA filtrates 

are similar to that of orthophosphate as determined by solution 
31

P NMR spectroscopy (Doolette 

et al., 2011; McLaren et al., 2014). 

Lyophilized material was prepared for solution 
31

P NMR spectroscopy based on a modification 

of the methods described in Vincent et al. (2013) and Spain et al. (2018). Briefly, 120 mg of 

lyophilized material was weighed into 1.5 mL microcentrifuge tubes and 600 μL aliquot of 0.25 

M NaOH + 0.05 M Na2EDTA solution was added. However, spectral quality for the sediment 

samples was poor due to high sample viscosity and these were repeated using a wider ratio (30 

mg of lyophilized material and 600 μL of 0.25 M NaOH + 0.05 M Na2EDTA), which solved the 

issue. The solution was vortexed for 2 min and then left to stand several hours to allow for 

complete hydrolysis of RNA and phospholipids (Makarov et al., 2002; Turner et al., 2003a; 

Doolette et al., 2009; Vestergren et al., 2012). The microcentrifuge tubes were then centrifuged 

at 10,000 rpm for 20 min, and a 500 μL aliquot of the supernatant was transferred to another 
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1.5 mL microcentrifuge tube, which then received 25 μL of a 0.03 M methylenediphosphonic 

acid (MDP) standard in D2O (Sigma-Aldrich, product no. M9508) and 25 μL of sodium 

deuteroxide (NaOD) at 40% (w/w) in D2O (Sigma-Aldrich, product no. 372072). The solution 

was vortexed and then transferred into a 5 mm NMR tubes for analysis. 

3.3.6. Characterisation of organic P using solution 
31

P NMR spectroscopy 

All NMR analyses were carried out with a Bruker Avance IIIHD 500 MHz NMR spectrometer 

equipped with a 5 mm liquid-state Prodigy™ CryoProbe (Bruker Corporation; Billerica, MA) at 

the NMR facility of the Laboratory of Inorganic Chemistry (Hönggerberg, ETH Zürich). Solution 

31
P NMR spectra were acquired using a 

31
P frequency of 202.5 MHz, with inverse gated 

broadband proton decoupling and 90° pulses (duration of 12 μs) for excitation. Shimming of the 

samples resulted in a spectral resolution of <0.1 Hz. The recycle delay of each sample was 

based on preliminary inversion recovery experiments (Vold et al., 1968), as described in 

McLaren et al. (2021). The recycle delay for each sample was calculated by multiplying the 

longest T1 value from the inversion recovery experiment by five, which ranged from 3.6 s to 32.4 

s across all samples. The number of scans per sample ranged from 3607 to 4096. 

Spectra were processed with TopSpin® software (Bruker Corporation, Billerica, MA). Spectral 

processing involved Fourier transformation, phase and baseline correction. The known 

concentration of added MDP standard enabled quantification of all P species in the NMR 

spectra. As the net peak area of MDP is directly proportional to the other NMR signals, 

quantification was based on integral ranges according to the presence of 
31

P NMR signals 

(Turner, 2008; Doolette et al., 2011). Integration of 
31

P NMR signals was carried out for the soil 

samples in the regions of phosphonates (δ 19.8 to 17.4 ppm), the added MDP (δ 17.1 to 

16.3 ppm) including its two 
13

C satellite peaks, combined orthophosphate and 

phosphomonoesters (δ ~ 6.0 to 3.0 ppm), phosphodiesters (δ -0.8 to -1.5 ppm), and 

polyphosphates (δ -4.9 to -5.0 ppm). For the sediment samples, integral regions included 

phosphonates (δ 19.8 to 17.4 ppm), the added MDP (δ 17.3 to 15.8 ppm) including its two 
13

C 

satellite peaks, unknown P species (δ ~ 9.0 ppm), combined orthophosphate and 

phosphomonoesters (δ ~ 6.0 to 3.0 ppm), unknown phosphoesters (δ 2.7 to 1.3 ppm), 

phosphodiesters (δ 1.2 to -1.6 ppm) and polyphosphates (δ -4.9 to -5.5 ppm). Due to the 

occurrence of several overlapping NMR signals in the combined orthophosphate and 

phosphomonoester region, spectral deconvolution fitting was carried out using Matlab (The 

MathWorks Inc., Natick, MA), as described in Reusser et al. (2020a). 

Peak assignments were largely based on comparing previously spiked soil extracts which were 

overlayed with NMR spectra of the current study (Reusser et al., 2020b; Neal et al., 2021). 

Differences in chemical shifts were minor, but the presence of myo-inositol pentakisphosphate 

(IP5) of the (1,2,4,5,6) enantiomer in a soil extract was confirmed via spiking with an authentic 

standard: 10 μl of 2 mg/L of myo-IP5 standard in D2O (Cayman Chemical, product no. CAY-

10008452-1) was added to one soil extract (Figure S2 of supplementary material). 

Some studies report a ‘corrected’ value for phosphodiesters based on the known alkaline 

hydrolysis of phospholipids and RNA to that of phosphomonoesters under alkaline conditions, 
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i.e., α- and β-glycerophosphate and mononucleotides (e.g., see Cade-Menun et al. (2021)). 

These corrections often assume that 100% of the NMR signals assigned to α- and β-

glycerophosphate and RNA mononucleotides are exclusively due to the alkaline hydrolysis of 

phospholipids and RNA (i.e., phosphodiesters). In the present study, no corrections have been 

made to the concentration of phosphodiesters because it is unknown how much of the α- and β-

glycerophosphate and RNA mononucleotides were originally present in the soil, and how much 

were derived from the alkaline hydrolysis of phospholipids and RNA by the NaOH-EDTA 

extractant. There is some evidence to suggest this varies widely among soils (e.g., 6% to 84%), 

and that the relative importance of alkaline hydrolysis of phospholipids and RNA appears to be 

low in mineral soils (Wang et al., 2021).  

There are several reasons why the approach as described above was taken. The decision on 

no corrections of the concentration of phosphodiesters during spectra processing was made 

because the alkaline hydrolysis of phospholipids and RNA to glycerophosphates and RNA 

mononucleotides, respectively, is a known pathway with clearly identified end products in the 

phosphomonoester region (Turner et al., 2003a; Doolette et al., 2009). The reason for standing 

times of several hours of the soil and sediment extracts before further analysis was enabling all 

NMR spectra to be processed in a consistent manner whereby differences in analysis duration 

will not artificially affect the resultant NMR spectra of some soil samples compared to that of 

others for quantitative purposes (Doolette et al., 2009). Differences in recycles delays among 

soil samples vary widely (e.g., < 5 s to > 60 s), which can result in short (e.g., < 6 hours) to long 

(e.g., > 24 hours) analysis times (Jarosch et al., 2015; McLaren et al., 2015a; Reusser et al., 

2020a). 

 

3.3.7. Statistical analysis 

Data analysis was performend using open-source statisical software R (version 3.6.3). 

Calculation of correlations and regression functions for Po contents of the NaOH-EDTA extracts 

and C proportions was conducted with the help of linear models from the R package vegan. 

Significances were tested by the Student t test (*P <0.05, **P < 0.01, ***P < 0.001).  

 

3.4. Results 

3.4.1. Sediment characteristics 

Concentrations of total C ranged from 6.3 to 68.5 g kg
-1

 in the soils and from 18.1 to 213.9 g kg
-1

 

in the sediment samples, among which the latter were on average 6.3 times higher than the 

former (Table 2). Generally, concentrations of C and N were greater in the surface horizons 

than in subsurface horizons. Furthermore, concentrations of N (ranging between 0.49 and 

20.81 g kg
-1

) and S (ranging between 0.25 and 20.41 g kg
-1

) were also greater in the sediments 

than in the soil samples. The average C/N ratio of the surface soils and sediments was 11.4 and 

of the subsurface samples 11.5. The C and N concentrations increased along the soil transect 

towards the kettle hole starting from soil S1 in the surface and in the subsurface horizons. 
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Within the transect of kettle hole sediments from W1 over W2 in the middle to W3 the 

conentrations of C, N and S and all other elements were comparably low at the marginal zone, 

clearly increased towards the middle of the kettle hole and decreased towards the end of the 

transect but not to such a great extent as in the first marginal zone. In general, concentrations of 

total P, Ca, Mg, Al, Fe and Zn were higher in the sediments compared to the soil samples 

(Table 2). Most notably, concentrations of Pt ranged from 680 to 1123 mg kg
-1

 in the surface 

soils and from 797 to 2591 mg kg
-1

 in the surface sediments. The average concentration of Ca 

and Zn was about 3.2 times higher in the sediments than in the soils. The mean P/Ca ratio in 

the sediments (0.11) was about half of it in the soils (0.23). 
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Table 3-2 verage proportions of carbon (C), nitrogen (N) and sulphur (S) determined by an elemental analyzer and elemental concentrations of phosphorus 
(P), calcium (Ca), magnesium (Mg), aluminum (Al), iron (Fe), and zinc (Zn) in mg kg

-1
 and their ratios (P/Ca, P/Mg, P/Al, P/Fe, P/Zn) determined by ICP-OES 

in the surface and subsurface soil and sediment samples. 

Depth Sample type Label C N S P Ca P/Ca Mg P/Mg Al P/Al Fe P/Fe Zn P/Zn 

cm 
  

mg kg
-1

 mg kg
-1

 mg kg
-1

 mg kg
-1

 mg kg
-1

 
 

mg kg
-1

 
 

mg kg
-1

 
 

mg kg
-1

 
 

mg kg
-1

 
 

0 - 30 soil IIS1a 15933 1407 417 844 3358 0.25 2519 0.34 14405 0.06 12103 0.07 61 13.76 

  
S1a 8900 770 350 964 3330 0.29 2299 0.42 8994 0.11 10122 0.10 53 18.28 

  
S2a 12233 1047 307 949 4591 0.21 2805 0.34 8854 0.11 10930 0.09 57 16.60 

  
S3a 15700 1403 353 680 3208 0.21 1707 0.40 9899 0.07 8916 0.08 56 12.09 

  
S4a 68500 5753 2153 1123 10660 0.11 2847 0.39 18523 0.06 13248 0.08 93 12.12 

0 - 5 sediment W1a 95133 8243 2930 797 8497 0.09 1435 0.56 7277 0.11 8468 0.09 79 10.05 

  
W2a 213900 20807 20413 2591 26378 0.10 4770 0.54 23231 0.11 46554 0.06 284 9.12 

  
W3a 130700 11133 3883 1555 12196 0.13 2953 0.53 15839 0.10 17291 0.09 184 8.46 

                 
30 - 50 soil IIS1b 14367 1250 437 817 3487 0.23 2372 0.34 15095 0.05 11822 0.07 57 14.37 

  
S1b 6333 490 257 686 2558 0.27 1881 0.36 8888 0.08 8644 0.08 48 14.31 

  
S2b 9667 850 253 983 2913 0.34 1968 0.50 9939 0.10 11604 0.08 54 18.28 

  
S3b 10900 933 260 625 3119 0.20 1806 0.35 11321 0.06 9460 0.07 46 13.55 

5 - 10 sediment W1b 18100 1500 667 225 3254 0.07 955 0.24 4555 0.05 4045 0.06 26 8.65 

  
W2b 173200 16643 12920 2211 18655 0.12 4998 0.44 30212 0.07 37668 0.06 426 5.19 

    W3b 53067 4660 1553 1043 8277 0.13 3049 0.34 16720 0.06 13811 0.08 123 8.46 
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3.4.2. Sequentially extracted P fractions 

Sequential chemical fractionation extracted on average 47% of Pt from microwave digestion 

across all samples (Table 3). Pools of residual-P were generally the largest fraction ranging 

from 45% to 61% of Pt in the soils and from 37% to 67% in the sediments. Pools of Pi were the 

predominant form of P in most fractions except that of the NaOH fraction (all samples) and the 

NaHCO3 fraction (W2), which contained 3% to 16% of Pt as Po. Pools of resin-P were generally 

large for most samples, particularly in W3b (25% of Pt). Pools of ‘plant-available’ P (i.e., resin-P 

+ NaHCO3-P) were very high in most samples ranging from 10% to 35% of Pt. Concentrations 

of P were also quantitatively important in the fractions of NaOH-Po (3% to 16% of Pt) and 

H2SO4-Pi (3% to 38% of Pt). Especially along the transect within the kettle hole, concentrations 

of NaHCO3-Po, NaOH-Po and H2SO4-Po in the sediments of the surface and subsurface layers 

clearly increased towards the middle of the kettle hole and decreased towards the end of the 

transect but not to such a great extent as in the frist marginal zone. Along the transect of soils 

towards the kettle hole there was no clear change in P concentrations. Generally, pools of 

extractable P in surface layers were higher than in the subsurface layers. 
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Table 3-3 Concentrations (mg kg
-1

) and percentages (%) of total P (Pt) and the sequentially extracted inorganic (Pi) and organic (Po) P fractions resin-P, 

NaHCO3-P, NaOH-P, H2SO4-P, and residual-P determined in the surface and subsurface soil and sediment samples. 

Depth 
Sample 

type 
Label Pt Resin-Pi Resin-Po NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po H2SO4-Pi H2SO4-Po 

Residual-
P 

cm 
  

mg kg
-1

 
mg 
kg

-1
 

(%) 
mg 
kg

-1
 

(%) 
mg 
kg

-1
 

(%) 
mg 
kg

-1
 

(%) 
mg 
kg

-1
 

(%) 
mg 
kg

-1
 

(%) 
mg 
kg

-1
 

(%) 
mg 
kg

-1
 

(%) 
mg 
kg

-1
 

(%) 

0 - 30 soil IIS1a 844 53 (6) 12 (1) 91 (11) 46 (5) 65 (8) 96 (11) 58 (7) 15 (2) 409 (48) 

  
S1a 964 83 (9) 2 (0) 108 (11) 58 (6) 67 (7) 25 (3) 111 (11) 0 (0) 510 (53) 

  
S2a 949 79 (8) 7 (1) 114 (12) 43 (5) 13 (1) 127 (13) 111 (12) 9 (1) 446 (47) 

  
S3a 680 46 (7) 0 (0) 94 (14) 33 (5) 2 (0) 103 (15) 47 (7) 12 (2) 344 (51) 

  
S4a 1123 36 (3) 20 (2) 32 (3) 78 (7) 35 (3) 139 (12) 99 (9) 41 (4) 641 (57) 

0 - 5 sediment W1a 797 23 (3) 11 (1) 106 (13) 12 (2) 29 (4) 96 (12) 52 (7) 0 (0) 467 (59) 

  
W2a 2591 8 (0) 0 (0) 23 (1) 225 (9) 46 (2) 353 (14) 98 (4) 108 (4) 1729 (67) 

  
W3a 1555 99 (6) 3 (0) 2 (0) 175 (11) 19 (1) 202 (13) 89 (6) 51 (3) 915 (59) 

                      
30 - 50 soil IIS1b 817 68 (8) 9 (1) 51 (6) 61 (7) 68 (8) 127 (16) 52 (6) 15 (2) 365 (45) 

  
S1b 686 46 (7) 1 (0) 57 (8) 40 (6) 2 (0) 78 (11) 105 (15) 0 (0) 357 (52) 

  
S2b 983 69 (7) 2 (0) 103 (10) 48 (5) 18 (2) 117 (12) 86 (9) 15 (2) 524 (53) 

  
S3b 625 40 (6) 1 (0) 41 (7) 0 (0) 32 (5) 51 (8) 68 (11) 8 (1) 383 (61) 

5 - 10 sediment W1b 225 2 (1) 8 (4) 11 (5) 1 (0) 12 (5) 22 (10) 84 (38) 0 (0) 86 (38) 

  
W2b 2211 29 (1) 9 (0) 50 (2) 220 (10) 48 (2) 318 (14) 71 (3) 79 (4) 1385 (63) 

    W3b 1043 263 (25) 0 (0) 2 (0) 102 (10) 37 (4) 97 (9) 123 (12) 37 (4) 382 (37) 
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3.4.3. Bulk P K-edge XANES spectra 

All XANES spectra were characterized by an intense white line peak at around 2152 eV and 

varying pre- and post-edge features. The R factors from LCF were 0.0012 to 0.0030 for the soil 

samples and 0.0019 to 0.0324 for the sediment samples but sample W3b had an R factor of 

0.1101 (Table S1 of supplementary material). The P speciations of all samples based on 

XANES spectra and LCF are diplayed in Figure 1 (corresponding XANES spectra can be found 

in Figure S1 of supplementary material). 

The average proportion of Fe-P compounds was higher in the soil samples (53%) than in the 

sediments (46%) although the spectra of W1b, W2a show an intense pre-edge feature. The 

average proportion of Ca-P compounds was lower in the soils (7%) compared to the sediments 

(25%). Proportions of Po compounds ranged from 0% to 39% of Pt in the surface layers and 

from 0% to 23% in the subsurface layers. Al-P compounds were present in all soil samples with 

proportions of 16% to 46%, whereas they were assigned in only two of the subsurface 

sediments (49% and 24%). Along the transect towards the kettle hole, the surface soils S1a, 

S2a and S3a showed a decrease of proportions of Al-P in favor of more Fe-P compounds. This 

increase of Fe-P compounds continues along the transect within the kettle hole in the surface 

sediments, with the difference being that in these sediments no Al-P species were assigned but 

more Ca-P compounds. 

In the P-XANES, proportions of Po were assigned in the soils IIS1b, S1a, S3a and S4a and 

sediments W1a, W1b and W3a, ranging from 12% to 39% of Pt, whereas P fractionation yielded 

summed proportions of 9% to 28% Po in the other samples. Nonetheless, there is a very good 

agreement of 23% XANES Po and 25% Po from fractionation in the sample S4a and an equal 

proportion of 28% Po determined by both methods in the sample W3a. In the soils IIS1b and 

S3a proportions of Po from XANES were about 10% lower than Po from fractionation and in the 

samples S1a, W1a and W1b XANES assigned clearly higher percentages of Po compared to P 

fractionation. 
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Figure 3-1 Proportions of P (% of total P determined with aqua regia digestion) as obtained by 
linear combination fitting (LCF) on P K-edge XANES spectra of soil (S) and sediment (W) 
samples in different depths. Standards and spectra were recorded at the CLS-SXRMB beamline, 
Canada. 
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3.4.4. NaOH-EDTA extracts 

Pools of NaOH-EDTA extractable Pt were on average 40% of the Pt as determined by aqua 

regia digestion across all samples (Table 4). Pools of NaOH-EDTA extractable Po ranged from 

133 – 313 mg P kg
-1

 in the soils and 277 – 971 mg P kg
-1

 in the sediments, which comprised on 

average 48% and 86% of NaOH-EDTA extractable P, respectively. Pools of NaOH-EDTA 

extractable Po were strongly correlated with that of the cumulative pool of alkali soluble Po (i.e. 

resin-Po, NaHCO3-Po, and NaOH-Po) as part of the sequential chemical fractionation across all 

samples (y = 1.3x – 6.7, r
2
=83, P<0.05). The recovery of the NaOH-EDTA extractable Po 

compared to the summed pool of alkali soluble Po from the sequential fractionation was on 

average 109% and 163% for the surface soils and sediments, respectively. Furthermore, pools 

of NaOH-EDTA extractable Po were also strongly correlated with that of total C across all 

samples (Table 2) (EDTA-Po = 33.06 C + 82.17; r
2 

= 0.88***). Along the transect of soils towards 

the kettle hole starting with S1 in the surface as well as subsurface soils, Po concentrations 

increased, although this trend was not reflected by PtNaOH-EDTA. 

Table 3-4 Concentrations (mg kg
-1

) of total P (PtNaOH-EDTA), inorganic P (Pi), and organic P (Po) in 

the surface and subsurface soil and sediment samples extracted with NaOH-EDTA. 

Depth Sample type Label 
PtNaOH-

EDTA 
Pi Po 

cm 
  

mg/kg 

0 - 30 soil IIS1a 362 205 157 

  
S1a 399 267 133 

  
S2a 406 261 145 

  
S3a 292 133 159 

  
S4a 426 113 313 

0 - 5 sediment W1a 310 33 277 

  
W2a 1112 141 971 

  
W3a 609 112 497 

   
 

  
30 - 50 soil IIS1b 358 174 184 

  
S1b 282 168 114 

  
S2b 406 266 140 

  
S3b 254 118 136 

5 - 10 sediment W1b 74 22 52 

  
W2b 927 421 505 

    W3b 365 118 248 

 

3.4.5. Solution 
31

P NMR spectroscopy 

Solution 
31

P NMR spectra of the soil and sediment extracts were highly resolved and included a 

large number of different Po species (Figures 2 and 3). The analyses showed a predominance 

of orthophosphate in all investigated soil and sediment spectra, which comprised 56 - 78% of Pt 

in the NaOH-EDTA extracts of all soil and 46 - 82% of Pt in the NaOH-EDTA extracts of the 
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sediment samples. Phosphomonoesters were the most abundant form of Po and comprised 21 

– 40% of Pt (75 – 150 mg P kg
-1

) in the soil extracts and of 16 – 45% of Pt (10 – 297 mg P kg
-1

) 

in the sediments. 

In general, the most abundant forms of phosphomonoesters were indicated by a broad signal, 

followed by IPs, glycerophosphate and RNA mononucleotides. The myo stereoisomer of IP6 

was most dominant, which comprised 60% of total IP6 in the soils and 53% of total IP6 in the 

sediments. Furthermore, two enantiomers of myo-, and the stereoisomer of scyllo-inositol 

pentakisphosphate (IP5) could be identified in the soil extracts at low concentrations, but these 

were absent in the sediments. 

Phosphonates, phosphodiesters and polyphosphates were also detected but comprised a minor 

fraction of NaOH-EDTA extractable P (generally less than 4% of Pt), whereas phosphodiesters 

were relatively more abundant (up to 7% of Pt) in the sediment extracts. The variety of P 

species was lower in the sediments extracts compared to the soils (Figures 2 and 3), 

particularly in the phosphomonoester region which the former contained about half the number 

of compounds than the latter. Pyrophosphate was detected across all samples, but at low 

concentrations (Table 5). 
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Figure 3-2 Orthophosphate and phosphomonoester regions (δ 6.2 to 2.8 ppm) of the solution 
31

P NMR spectrum from the extract of soil sample S2a. 
Identified P species in these regions include: A1 – neo-IP6 in the 4-equatorial/2-axial conformation (δ 5.94 and 3.78 ppm), A2 - neo-IP6 in the 2-equatorial/4-
axial conformation (δ 4.17 ppm), B – chiro-IP6 in the 2-equatorial/4-axial conformation (δ 5.71, 4.31 and 3.88 ppm), C – Orthophosphate (δ 5.39 ppm), D – 
myo-IP6 (δ 5.01, 4.11, 3.73 and 3.62 ppm), E1- myo-IP5 of the (1,2,4,5,6) enantiomers (δ 4.52, 4.02, 3.73, 3.42 and 3.31 ppm), E2 – myo-IP5 of the (1,3,4,5,6) 
enantiomers (δ 4.22, 3.62 and 3.31 ppm), F – other sharp signal of high molecular weight (δ 4.44 ppm), G1 – alpha-Glycerophosphate (δ 4.35 ppm), G2 – 
beta-Glycerophosphate (δ 4.03 ppm), H – RNA mononucleotides (δ 4.00, 3.99, 3.97 and 3.96 ppm), I – scyllo-IP5 (δ 3.89, 3.32 and 3.16 ppm), J – scyllo-IP6 

(δ 3.26 ppm) and K – a broad signal (centered around δ 4.09 ppm). 
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Figure 3-3 Orthophosphate and phosphomonoester regions (δ 6.2 to 2.8 ppm) of the solution 
31

P NMR spectrum from the extract of sediment sample W3a. 
Identified P species in these regions include: A1 – neo-IP6 in the 4-equatorial/2-axial conformation (δ 5.93 and 3.78 ppm), C – Orthophosphate (δ 5.32 ppm), D – 
myo-IP6 (δ 5.05, 4.10, 3.73 and 3.62 ppm), F – other sharp signal of high molecular weight (δ 4.40 ppm), G1 – alpha-Glycerophosphate (δ 4.34 ppm), G2 – 
beta-Glycerophosphate (δ 4.00 ppm), H – RNA mononucleotide (δ 3.95 ppm), J – scyllo-IP6 (δ 3.26 ppm) and K – a broad signal (centered around δ 4.04 ppm). 
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Table 3-5 Concentrations (mg kg
-1

) of P species in NaOH-EDTA extracts of the surface and subsurface soil and sediment samples as determined from solution 
31

P NMR 

spectroscopy. 

 
Soil Sediment 

 
Soil Sediment 

P species IIS1a S1a S2a S3a S4 W1a W2a W3a  
IIS1b S1b S2b S3b W1b W2b W3b 

Phosphonates 
                

2-AEP 0.7 0.5 0.7 0.9 1.3 0.0 0.0 2.7 
 

1.6 0.8 0.5 0.9 0.0 2.5 2.0 

Other
1
 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 
0.7 0.3 0.2 0.4 0.0 0.0 1.0 

Orthophosphate 245.5 301.6 289.7 164.8 209.7 112.7 433.2 246.2 
 

213.1 191.9 293.0 146.8 51.9 431.5 185.1 

Phosphomonoesters 
                

Broad signal 34.7 27.4 29.4 44.5 96.7 79.9 184.1 142.4 
 

50.4 31.5 30.2 47.2 0.0 160.2 75.4 

scyllo-IP6 7.2 10.8 13.2 10.1 5.4 1.9 0.0 10.3 
 

10.1 8.9 11.4 7.9 1.5 0.0 8.2 

myo-IP6 22.0 27.9 23.5 18.0 22.6 0.0 59.7 18.4 
 

30.6 19.4 23.8 16.8 0.0 21.7 13.7 

chiro-IP6 1.8 1.7 1.6 1.8 1.5 0.0 0.0 0.0 
 

2.8 1.5 1.4 1.4 0.0 0.0 0.0 

neo-IP6 4.0 3.3 3.1 3.3 4.4 0.0 0.0 1.6 
 

5.3 3.0 3.5 2.9 0.0 0.0 2.1 

myo-IP5
2
 2.5 2.6 2.5 2.1 0.0 0.0 0.0 0.0 

 
3.9 2.7 2.6 2.2 0.0 0.0 0.0 

scyllo-IP5 1.3 1.3 1.3 1.4 0.0 0.0 0.0 0.0 
 

1.7 1.5 1.6 1.3 0.0 0.0 0.0 

RNA mononucleotides 2.2 1.0 1.1 1.7 4.3 6.5 10.3 10.1 
 

1.5 0.4 1.2 0.5 0.0 3.2 3.7 

Glycerophosphate 3.4 1.6 2.7 1.1 7.4 10.9 36.5 20.8 
 

1.5 0.6 0.7 0.7 0.0 30.1 4.7 

HMW sharp 2.0 1.2 1.1 3.0 3.7 0.0 0.0 2.6 
 

4.2 3.0 3.0 2.1 0.0 0.0 2.2 

Other
1
 5.1 2.8 3.6 3.9 3.9 9.8 6.3 9.0 

 
5.1 2.7 5.0 3.1 8.5 3.4 5.3 

Phosphodiesters 
                

DNA 1.9 1.8 1.9 2.7 12.8 14.3 55.3 29.7 
 

1.4 0.0 1.0 0.9 0.0 35.7 5.7 

Other
1
 0.0 0.0 0.0 0.0 0.0 0.0 48.8 0.0 

 
0.0 0.0 0.0 0.0 0.0 16.1 0.0 

Polyphosphates 
                

Pyrophosphate 1.9 1.2 1.7 1.6 2.6 7.5 8.2 10.6 
 

0.6 0.3 1.3 0.7 1.1 4.3 3.3 

                 
Inorganic P 247.4 302.8 291.3 166.5 212.3 120.2 441.4 256.8 

 
213.8 192.2 294.3 147.5 53.0 435.8 188.4 

Organic P 88.8 83.9 85.7 94.7 164.1 123.4 401.0 247.7 
 

120.6 76.3 86.1 88.3 10.0 273.0 124.0 

Total P 336.2 386.6 377.1 261.2 376.3 243.5 842.4 504.5   334.4 268.6 380.3 235.7 62.9 708.8 312.4 
1
Sum of all unknown sharp signals within phosphonates, phosphomonoesters, and phosphodiesters. 

2
Sum of myo-IP5 (1,2,3,5,6) and (1,3,4,5,6) enantiomers 
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3.5. Discussion 

3.5.1. Phosphorus speciation 

Concentrations of most elements were higher in the kettle hole sediments compared to the 

adjacent arable soils (Table 2) because kettle holes are known to often act as sinks for nutrients 

and metals from eroded soils around them and are affected by agricultural pollution (Bilotta et 

al., 2007; Kleeberg et al., 2016). Most detected elements are typical components of common 

mineral fertilizers, thus, it is likely that the elevated elemental concentrations in the kettle hole 

sediments were a result of emissions from agriculture. This explanation is supported by the fact 

that the soils around the kettle hole are intensively used for arable cropping at large fields up to 

200 ha in size, without erosion-inhibiting structures making soils in this area especially 

susceptible to erosion by water and wind (Kleeberg et al., 2016). The about two times higher 

concentrations of C and N in IIS1a compared to S1a from the same arable field could be 

caused by the sloping terrain and previous flooding at the sampling position of IIS1. In Late 

Pleistocene ground moraines, the soils in depressions are closer to groundwater that restricts 

the aerobic decomposition of litter and enriches soil organic matter in the topsoil. From other 

landscapes, it has been reported that temporarily flooded soils, often located in lowlands are 

receiving eroded fine particles, leading to accumulation of clay, OM and nutrients (Berhongaray 

et al., 2013). Concentrations of Pt in the arable soils were similar to that of unfertilized soils 

(Stagnic Cambisol) from a long-term field experiment under cultivation (Koch et al., 2018). At 

the current arable field and that of Koch et al. (2018), soils were developed on similar parent 

material and experienced similar weather conditions (Kleeberg et al., 2016). An approximately 

two-fold higher P concentration of kettle hole sediments compared to soils is likely due to their 

position in the agricultural field. Concentrations of Pt in the kettle hole sediments of a previous 

investigation were in a similar range (~ 2000 mg kg
-1

 P) as in sediments from a kettle hole 

surrounded by an arable field near Rostock/Mecklenburg-Western Pomerania in northeast 

Germany. The occasional exposure to air can be one factor explaining the by far highest P t 

concentrations (Table 2) especially in the surface sediment W2. Whereas W1 and W3 from drier 

zones of the kettle hole may have been enriched with oxygen even in deeper layers, sediment 

W2 from the moister centre of the kettle hole was only exposed to the atmosphere one month 

prior sampling (Reverey et al., 2018). Consequently, the redox potential was increased only at 

sediment surfaces in the moist centre of the kettle hole (Reverey et al., 2018). As sorption 

processes of P are known to be redox-sensitive and a low redox potential can promote 

remobilization of bound P (Braskerud et al., 2005), P could be conserved especially in the 

surface sediments W2 with a higher redox potential. Furthermore, silt, clay and fine OM 

particles accumulated in the center of the kettle hole (W2) compared to the outer zones due to 

transport processes during heavy rain events (Reverey et al., 2018). It is already known for soils 

that greatest amounts of Pt are closely associated to the clay fraction (Bates and Baker, 1960; 

Hanley and Murphy, 1966; Lekwa and Whiteside, 1986). Thus, the lower sand and higher silt, 

clay and OM content at the position of W2 compared to W1 and W3 results in highest Pt 

concentrations in the surface sediment W2. 



Chapter 3 – P speciation along a soil to kettle hole transect 

 

57 
 

The slightly lower elemental concentrations in the subsoil and subsurface sediments compared 

to the surface samples (Table 2) agreed with an earlier study of kettle hole sediments, where 

concentrations of P, Ca, Mg, Al and Fe were lower in a depth of 10-20 cm compared to surface 

sediments (Prüter et al., 2022). This can be explained by fewer inputs of nutrients and OM to 

the deeper soil and sediment layers (e.g. Schrumpf et al., 2013; Heinze et al., 2018; Koch et al., 

2018; Liang et al., 2018). Similarly as in the present soils and sediments (Table 2), Koch et al. 

(2018) reported significantly smaller stocks of C and N in deeper soil samples compared to 

topsoils from an agricultural site with different fertilization treatments. Furthermore, Kleeberg et 

al. (2016) reported less OM and N with increasing sediment depth in sediments from the kettle 

hole Rittgarten. The very high proportion of 25% resin-Pi in the 5-10 cm layer at W3 (Table 3) 

compared to the other sediments could be related to the clear differences in biogeochemistry 

between the hydrological zones of the kettle hole caused by varying patterns of previous dry-

wet cycles as revealed by Revery et al. (2018). The inner, moister zone of the kettle hole differs 

from outer, drier zones in physicochemical parameters such as water content, sediment texture 

and organic matter (OM) contents (Revery et al., 2018). For example, fine sediment particles 

can accumulate in the kettle hole center, whereas wind can deposit fine sediment particles from 

dry areas, reflected by higher sand and lower silt, clay and OM contents in the outer, drier kettle 

hole zones (Reverey et al. 2018). Furthermore, in contrast to sediments from drier zones, 

sediments from the deepest point of the kettle hole (W2) were water-saturated, even when they 

were exposed to the atmosphere accompanied by an increase of the redox potential Revery et 

al. (2018). 

The extractability of P from sediments and soils with sequential fractionation in the present 

study was similar to that reported in the reviewed literature (Negassa and Leinweber, 2009). 

Residual-P in soils and sediments is often a large fraction of Pt (Condron and Newman 2011). A 

similar proportion of residual-P to Pt between soil samples and kettle hole sediments in the 

present study indicates that there were no fundamental differences in the general distribution of 

P fractions between the soils and sediments.  

The clear dominance of Fe- and Al-P species especially in the soil samples derived from 

XANES spectroscopy (Figure 1) agreed with, e.g., Luo et al. (2017), Koch et al. (2018) and 

Schmieder et al. (2018) who also identified Fe-P and Al-P as predominant P species in different 

soils. Proportions of Po determined by XANES spectroscopy roughly agreed with Po results from 

P fractionation (Figure 1 and Table 3). The fact that P fractionation detected small percentages 

of Po in samples where there was no Po from the XANES analyses can be attributed to the use 

of phytic acid sodium salt hydrate as Po reference compound in the P-XANES. An 

underestimation of Po compounds by XANES spectroscopy is likely because some Po can be 

associated with Fe and Al oxides (Prietzel et al. 2015) and XANES spectra of phytic acid are 

known to be lack of strong and distinguishing features (Ajiboye et al 2008). Furthermore, a 

recent investigation revealed that phytates can also be described with a combination of Fe- and 

Al-associated P to some extend due to a change of the white-line energy and intensity 

(Gustafsson et al., 2020). In the light of these limitations, the contribution of Po to soil P derived 

from LCF of XANES spectra is reliable. Higher proportions of Ca-P compounds were 
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determined by XANES analyses in the soils IIS1a, S2a, S3b, S4a and most sediments 

compared to percentages of H2SO4-P fraction of sequential fractionation, representing P 

associated with Ca and Mg minerals and apatite (Walker and Syers, 1976; Hedely et al., 1982; 

Tiessen and Moir, 1993) in most soil and sediment samples. 

In the 
31

P NMR spectra, a broad signal in the phosphomonoester region was most abundant 

(Figures 2 and 3). Average concentrations of assigned P compounds within the broad signal 

were more than two times higher in the sediments compared to the soil samples (Table 5). 

Compounds forming this broad signal were previously assigned to complex forms of Po in 

apparent high molecular weight material especially present in macro-molecular structures and 

associated with the soil OM (McLaren et al., 2015b; McLaren et al., 2019; Reusser et al., 2020a; 

Alewell et al., 2021). The predominance of phosphomonoesters in the soil as well as sediment 

extracts (Table 5) coincides with several investigations of soils, where phosphomonoesters also 

made up major proportions of Po in NaOH-EDTA extracts (e.g. Turner et al., 2003b; Alewell et 

al., 2020; McLaren et al., 2020). The predominance of myo-IP6 among the different 

stereoisomers of IP6 in the soils and sediments (Table 5) with 
31

P NMR spectroscopy agreed 

with findings from four contrasting soils (Irving and Cosgrove, 1982) and extracts of constructed 

wetlands (Alewell et al., 2020), where it comprised about 64% of total IP6. There were higher 

concentrations of RNA mononucleotides and glycerophopshates in the sediments compared to 

soils. These compounds are known to be formed by the alkaline hydrolysis of RNA and 

phospholipids (Makarov et al., 2002), but it is unclear what portions of them are naturally 

present in soil (Wang et al., 2021). Based on potentially higher amounts of microbial mass in the 

sediments, more RNA, DNA and their degradation products are present and can be detected 

via 
31

P NMR spectroscopy in the sediments compared to the soils. The very small amounts of 

phosphonates in the soil as well as in the sediments agreed with other studies, where also low 

concentrations of these compounds were detected in mineral soils with 
31

P NMR spectroscopy 

(Jarosch et al., 2015; McLaren et al., 2015b). 

 

3.5.2. Implications to environmental processes and the P cycle 

Bioavailable (labile) P is represented by the sum of resin-P and NaHCO3-P in sequential 

fractionation procedures (Cross and Schlesinger, 1995). The high concentrations of this 

bioavailable P pool, especially in the kettle hole sediments (Table 3), can be explained by 

several reasons. The decomposition of submerged macrophytes supported the release of easily 

bioavailable P followed by an increase of phytoplankton biomass (Onandia et al., 2018). The 

generally high sediment surface to water volume ratio in kettle holes can enhance water-

sediment interactions and nutrient turnover (Meerhoff and Jeppesen, 2009). Furthermore, the 

higher concentrations of bioavailable P in the kettle hole sediments compared to the soils can 

be related to the higher C concentrations in the sediments than in the soils (Table 2). In this line, 

an earlier investigation of the Rittgarten kettle hole sediments reported a peak in OM at a 

distinct depth together with high P concentrations at the same depth (Kleeberg et al., 2016). 

Additionally, one of the main nutrient sources in the kettle hole sediments can be plant material 
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which is transferred into the kettle hole from neighbouring areas. In particular, kettle holes are a 

sink of high nutrient inputs (e.g., fertilizer) and soil translocation from surrounding arable fields 

(Frielinghaus and Vahrson, 1998; Lischeid and Kalettka, 2012; Kleeberg et al., 2016). These 

nutrients cannot be as highly consumed by natural vegetation in the kettle hole as from crop 

plants at the agricultural field and are also not removed via the harvested products, often 

leading to high trophic states of kettle holes (Lischeid and Kalettka, 2012). This has also been 

supported by earlier studies at this site that show a large transfer of plant debris and crop plants 

on the soil surface from adjacent areas to kettle hole soil in the catchment (Onandia et al., 

2018). Plant material contains largely orthophosphate that can be leached out into the soil 

and/or sediment and be adsorbed onto sediment surfaces or remains in solution (Noack et al., 

2014). Kerr et al. (2011) also detected differences in P sorption between soils and sediments of 

a subtropical river catchment. There were hints for more reactive surfaces (clay, soil OM, Al- 

and Fe-oxyhydroxides) to be present for orthophosphate to adsorb onto in sediments rather 

than soils (Kerr et al., 2011).  

Sequential P fractionation determined nearly two times higher average concentrations of NaOH-

P (sum of NaOH-Pi and NaOH-Po) in the surface kettle hole sediments compared to the surface 

soils (Table 3). Proportions of NaOH-Po were clearly higher than NaOH-Pi proportions in all soils 

and sediments with the exception of S1a. Pools of extractable NaOH-P, considered as 

moderately labile Fe- and Al-P species and P adsorbed to reactive surfaces (e.g., Al- and Fe-

oxyhydroxides, clay and soil OM) (Hedley et al., 1982), contain great amounts of Po, which will 

be largely associated with the soil OM or complex forms of phosphomonoesters (McLaren et al., 

2016). On the one hand, the particularly high NaOH-Po concentrations in the kettle hole 

sediments compared to the soils were related to the greater Pt concentrations in the sediments 

than in the soils and, on the other hand, this can be associated with the differing hydrological 

conditions between the sediments and adjacent soils explained by the enrichment of OM under 

mostly anaerobic conditions in the kettle hole sediments. Under reducing conditions, the pH of 

sediments can decrease, leading to an increased dissolution of P from occluded P within 

aggregates (Baumann et al., 2020). Especially during longer periods of inundation there is a 

certain risk for the development of reducing conditions in kettle hole sediments. This promotes 

the release of P from the sediment into the overlying water column by a reduction of Fe-oxides 

that bind P (Onandia et al., 2018). As the proportions of Fe-P in the kettle hole sediments were 

gernerally high (Figure 1) compared to other sediments from environments such as the Baltic 

Sea (Prüter et al., 2020), this mobilization of P and its subsequent upward transport has been 

described as one of the major P release pathways in an approximate equilibrium between P 

sources and sinks over a year within the sediments of this kettle hole (Onandia et al., 2018). 

Thus, this kettle hole contributes importantly to a retention of nutrients and contaminants in the 

landscape with intense agricultural land use, due to accumulation processes within the kettle 

hole sediment. 

In the soil samples IIS1a and S1a, more distant from the kettle hole, proportions of the NaOH-Pi 

fraction were even higher compared to the surface kettle hole sediments (Table 3). The XANES 

spectroscopy confirmed this result of sequential fractionation by an assignment of 61 - 88% Fe- 
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and Al-bound P species in these soils and 47 – 58% in the surface kettle hole sediments 

(Figure 1). Analyses with P K-edge XANES spectroscopy assigned generally higher proportions 

of Fe bound P species and lower percentages of Ca-P compounds in the arable soil compared 

to the kettle hole sediments (Figure 1) and thereby agreed with the determined elemental 

concentrations and with sequential fractionation results of these samples (Table 2). The H2SO4-

P fraction of sequential fractionation is known to represent insoluble P associated with Ca and 

Mg minerals and apatite (Walker and Syers, 1976; Hedely et al., 1982; Tiessen and Moir, 1993). 

Maximum H2SO4-P (H2SO4-Pi + H2SO4-Po) concentrations of 140 mg kg
-1

 were determined in 

the surface soils and up to 206 mg kg
-1

 in the surface kettle hole sediments (Table 3). In 

accordance with that, XANES spectroscopy assigned proportions of 0 – 14% Ca-associated P 

compounds in the surface soils and up to 43% in the surface sediments (Figure 1). Even if it can 

be difficult to distinguish different P species, especially Po with XANES, results of LCF are more 

accurate for Ca phosphates due to their richness in unique spectral features (Gustafsson et al., 

2020). As the pH of the inundated kettle hole sediments was 6.1 at W1 and W3, the starting and 

ending point of the transect of kettle hole sediments, and 6.4 at W2, the deepest point in the 

middle of the kettle hole (Reverey et al., 2018), these were conditions supporting the formation 

of Ca-phosphates (e.g. Agbenin 1996). Frankowski et al. (2002) detected Ca bound P to be the 

most dominant form of P species in sediments from the Baltic Sea and Kraal et al. (2015) even 

found a transition with depth of Fe-associated P to Ca-P in sediments from the Arabian Sea. 

However, such a decline of Fe-P in favour of Ca-P with depth occurred in the current 

investigation in the kettle hole sediment pair of W3 (Figure 1). A possible explanation for the 

transition with depth of Fe-associated P to Ca-P in the kettle hole sediment pair of W3 could be 

a change of the availability of oxygen in this area. Iron-associated P compounds are likely to be 

dissolved under anoxic conditions, typically occurring at greater depths in sediments, as a result 

of reductive dissolution-precipitation reactions in contrast to Ca-P compounds (Kraal et al., 

2015). 

Pools of NaOH-EDTA extractable Po were overall consistent with that of chemical fractionation 

(Tables 3 and 4), confirming the connection of total Po with soil OM and thus with total (organic) 

C in soil as suggested by Kirkby et al. (2011). The higher amounts of P extracted with NaOH-

EDTA compared to the results of sequential P fractionation until the extraction step with NaOH 

(Tables 3 and 4) can be explained by the effect of EDTA, which is known to improve the 

extraction efficiency of Po in NaOH for soils and aquatic sediments (Harrap, 1963; Turner, 

2008). Even if EDTA is able to increase phosphate solution due to metal chelation and thus can 

improve also the extraction efficiency of Pi (Bowman and Moir, 1993), in most of the current 

samples the greater extraction efficiency of NaOH-EDTA compared to the results of sequential 

P fractionation can be attributed to higher concentrations of Pi. 

Accumulations of phosphomonoesters contributing to the broad 
31

P NMR signal were 

associated with the degradation of plant and microbial material and a following stabilization with 

metals and other C-containing molecules (Alewell et al., 2021). Due to higher C concentrations 

measured in the kettle hole sediments compared to the soil samples (Table 2), this relationship 

could explain the higher spectral proportions of the broad signal in the sediments than soils. 
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These differences in the spectral proportions of the broad signal between the soil and kettle 

hole sediment extracts can be related on the one hand to the additional crop plant and soil 

translocation inputs into the kettle hole (Frielinghaus and Vahrson, 1998; Lischeid and Kalettka, 

2012) and on the other hand to the higher amounts of phytoplankton biomass and greater 

activities of microbial communities in the kettle hole sediments compared to soils (Reverey et 

al., 2018). The slightly higher percentages of myo-IP6 in the soil extracts compared to the 

sediments (Table 5) could represent higher direct inputs of plant tissue from field crops to the 

soils than to the sediments, because myo-IP6 is known to act as P storage in plants for 

developing seeds (Negassa et al., 2010; Noack et al., 2014; Alewell et al., 2020).  

While it is known that most P in arable and primarily mineral soils occurs as Pi associated with 

Al, Fe and Ca (Sims and Pierzynski, 2005), the current results suggest that kettle hole 

sediments appear to contain higher concentrations and a greater diversity of Po compounds. 

Especially the determination of greater spectral proportions of the broad signal with 
31

P NMR 

spectroscopy must be emphasized. This finding can be linked to the previously reported nature 

of kettle hole sediments which have a high potential to act as C sink and thereby also contain 

high amounts of OM (Reverey et al., 2016). Complex forms of Po, strongly associated with the 

soil (or sediment) OM, are more resilient than other forms of Po, such as diesters, to microbial 

degradation (Reusser et al., 2022).  

This investigation discovered different risks of mobilization or transformation processes of P to 

aquatic/marine ecosystems from kettle hole sediments and adjacent arable soil samples. The P 

XANES spectroscopy detected Fe-P compounds in the soil samples to be dominant and 

simultaneously higher average proportions of Ca-P compounds in the sediments compared to 

the soils (Figure 1). As the probability of P leaching in subsurface flow can be decreased by Ca 

(Favaretto et al., 2012), high concentrations of Ca and Ca-associated P in soils or sediments 

potentially contribute to avoiding water pollution by P entries. Reflecting this, the kettle hole 

sediments may pose a lower risk of leaching P to aquatic ecosystems compared to the 

investigated arable soil samples. Similar to an investigation of sediments from a transect in the 

Baltic Sea (Prüter et al., 2020), XANES spectroscopy revealed an increase of Ca-associated P 

compounds compared to Fe-P species with an increasing aquatic influence. Furthermore, we 

determined significantly higher spectral proportions of the broad signal in 
31

P NMR spectra in 

the kettle hole sediments compared to the soil samples. These more complex forms of Po in 

apparent high molecular weight material have not been quantified in the transect of Baltic Sea 

sediments, where 
31

P NMR spectroscopy detected less variety of mono- and diester P 

compounds with increasing distance from the coast (Prüter et al., 2020).  

We conclude that the combination of the complementary methods of sequential P fractionation, 

P XANES spectroscopy and 
31

P NMR spectroscopy was well-suited for tracing the fate of P 

along the terrestrial-to-aquatic transect and, for the first time, described a combined C- and P 

sink function of kettle holes. That sink function for C and P is derived from enrichments in 

H2SO4-P, Ca-P compounds and complex organically bound P compared to surrounding soils, 

therefore kettle holes need to be preserved and protected from undesired inputs of soil material, 

contaminants or even waste. Since kettle holes in northeastern Germany are hydrologically 
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connected with pipe drainages and drainage ditches, trapping P in sediments by complex 

organic substances and Ca phosphates may prevent larger regional freshwater resources such 

as rivers, lakes and the Baltic Sea from further eutrophication. 
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4.1. Abstract 

Phosphorus (P) is an indispensable nutrient for arable crops but at the same time contributes to 

excessive eutrophication in aquatic ecosystems. Knowledge about P is essential to assess 

possible risks of P transport towards vulnerable aquatic ecosystems. Our objective was to 

characterize P along a catena from arable and wetland soils towards aquatic sediments of a 

shallow lagoon of the Baltic Sea. Characterization of P in soil and sediment samples included a 

modified sequential P fractionation and P K-edge X-ray absorption near edge structure 

(XANES) spectroscopy. Concentrations of total P ranged from 390 to 430 mg kg
-1

 in the arable 

soils, from 728 to 2258 mg kg
-1

 in wetland soils and from 132 to 602 mg kg
-1

 in lagoon 

sediments. Generally, two sinks for P were revealed along the catena. The wetland soil trapped 

especially moderately stable P, Al-P and molybdate-unreactive P (MUP), most likely organically 

bound phosphates. Sediments at the deepest position of the catena acted as sink for, 

especially, MUP compounds among the lagoon sediments. Thus, wetlands formed by reed belts 

can help to prevent direct transfer of P from arable soils to adjacent waters and deeper basins, 

and help to avoid excessive eutrophication in shallow aquatic ecosystems. 

 

Keywords: phosphorus; gradient; sequential fractionation; XANES spectroscopy 

4.2. Introduction 

Coastal wetlands, as open systems, link terrestrial and aquatic ecosystems and play an 

important role in the environment as habitats for fish and birds, for erosion protection and 

especially nutrient regulation and biogeochemical cycling of nutrients in nearby coastal sites or 

adjacent land (Andreu et al. 2016; Perillo et al. 2009; Reddy et al. 1999). Phosphorus (P) is an 

essential element for all living organisms, in coastal wetlands as well as in terrestrial 

ecosystems, as it contributes in arable farming to crop yields, but at the same time it has been 

identified as one of the major factors responsible for eutrophication in wetlands and aquatic 

ecosystems (Reddy et al. 1999; Correll 1998). Eutrophication causes various negative 

environmental impacts such as excessive algal blooms, water oxygen depletion and the release 

of hazardous toxins (Corell 1998; Bonsdorff et al. 1997). Since P from agricultural fertilization is 

primarily conserved in soils and can be transported from terrestrial to aquatic ecosystems, it is 

important to develop sustainable agricultural practices and similarly ensure the protection of the 

environment (Sims and Pierzynski 2005). 

The German coast of the Baltic Sea is characterized by large coastal wetlands adjoining arable 

soils on the one side and aquatic lagoon systems on the other side (Karstens et al. 2015). Thus, 

there is a high probability of nutrients and especially P from fertilized arable soils to be 

transported into the adjacent wetland soils, water bodies and sediments, but these expected 

transfer processes have not been disclosed in detail. Generally, the speciation of P affects the 

risk of P transportation to surface waters (Weyers et al. 2016) as well as P availability for plant 

uptake. Thus, knowledge about the P speciation in soils and transformation processes towards 
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the coast are essential to assess possible risks of P transport into aquatic ecosystems and to 

develop measures preventing excessive P inputs to vulnerable water bodies. 

Many previous studies have investigated chemical P composition in agricultural soils (e.g. Koch 

et al. 2018; Schmieder et al. 2020; Turner 2008) sediments (e.g. Frankowski et al. 2002; Kraal 

and Slomp 2014; Łukawska-Matuszewska and Bolałek 2008]) and P in the water column (e.g. 

Gunnars and Blomqvist 1997; Xie et al. 2003; Zwolsman 1994). Nonetheless, in-depth 

knowledge about P speciation and its transport from soils to sediments is scarce (Iglesias et al. 

2011). Furthermore, few studies investigated the P speciation of samples at the fluent 

boundaries between terrestrial soils and sediments in aquatic environments along sequences. 

For instance, there were reported accumulations of organic P (Po) in muck soils and fractions of 

inorganic P (Pi) in adjacent river/lake sediments in Ontario, Canada (Audette et al. 2018). 

Another investigation of a transect from arable soils in northern Germany towards sediments of 

the central Baltic Sea revealed a similar distribution of Pi and Po fractions in the soils and 

sediments (Prüter et al. 2020). Furthermore, an increase in the proportion of stable P fractions 

(i.e., H2SO4-P and residual-P) compared to iron-associated P was reported in the same study 

with increasing distance from the coastline along a transect of Baltic Sea sediments with a 

length of about 600.000 m (Prüter et al. 2020). However, it is unknown if similar, or generally 

which P transformation processes occur at a smaller scale from coastal arable and wetland 

soils to adjacent sediments from a shallow Bodden of the Baltic Sea with a transect length of 

about 700 m. 

The aim of this study was to characterize the P compounds along a sequence from arable and 

wetland soils towards aquatic sediments from a shallow lagoon of the Baltic Sea to fill in the 

knowledge the gap in the course of this mid-scale spatial expansion. We want to confirm or 

question the already disclosed transition of labile Al- and Fe-associated P species in terrestrial 

soils to more stable and Ca-bound P in aquatic sediments for this specific geomorphological 

setting. 

4.3. Material and Methods 

4.3.1. Sampling area, soil and sediment collection 

Sampling of the soils and sediments took place in summer 2018 near the village Dabitz in 

Mecklenburg-Western Pomerania in the area of Darss-Zingst Bodden Chain, a lagoon system 

at the Southern Baltic Sea in Germany. The transect expands from N54°22'08.00'' 

E12°48'08.00'' to N54°22'09.31'' E12°48'33.50''. The study site includes an arable field cropped 

with barley, an adjoining coastal wetland covered by Phragmites australis and a shallow water 

body with a mean water depth of 2 m. For more details, such as a description of vegetation, 

water and sediment characteristics of the wetland see an earlier investigation (Karstens et al. 

2016). 

The soil samples and sediment cores were taken each at two depths along a transect from an 

arable field (A1, A2) continued to the directly bordering wetland (W1, W2) and the adjacent 

Bodden sediments at three different water depths (S1, S2; S3, S4; and S5, S6). The sample 
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description and labeling is compiled in Table 1, and Figure 1 shows a schematic drawing of the 

sampling strategy. The total distance between the first and terminal sample of the transect is 

about 700 m. Two to three single subsamples were taken at an area of approximately one m
2
 

and merged to one mixed sample for each soil and sediment sample location and depth. 

Afterwards, we merged samples with similar results for basic parameters such as water content, 

pH, and C, N and S contents and thus, we reduced effects of small-scale heterogeneity. 

Furthermore, in a recent study, examining sample pretreatments of soils and sediments, we 

concluded that an identical pretreatment of the soils and sediments resulted in no fundamental 

changes of their P speciation (Prüter et al. 2022). For this reason, all soil and sediment samples 

of the present investigation were dried at 40°C, sieved < 2 mm and finely ground in a mortar mill 

prior to further analyses.  

The soil texture of the cropland at the study site was characterized as loamy sand (Karstens et 

al. 2016) and the sediment textures of the adjacent Bodden sediments were fine to medium 

sands (Bitschofsky et al. 2015). 

 

Table 4-1 Label, sample type, origin, sampling depth and coordinates of the collected soil and 

sediment samples. 

Label Sample type Origin Samling depth in cm Coordinates 

A1 soil arable field 0 - 30 N 54° 22' 08.00''  

A2 soil arable field 30 - 60 E 12° 48' 08.00'' 

W1 soil wetland 0 - 10 N 54° 22' 08.30''  

W2 soil wetland 30 - 50 E 12° 48' 12.60'' 

S1 sediment water depth 52 cm 0 - 5 N 54° 22' 09.00'' 

S2 sediment water depth 52 cm 5 - 10 E 12° 48' 17.60'' 

S3 sediment water depth 63 cm 0 - 5 N 54° 22' 09.20'' 

S4 sediment water depth 63 cm 5 - 10 E 12° 48' 20.00'' 

S5 sediment water depth 230 cm 0 - 5 N 54° 22' 09.31''  

S6 sediment water depth 230 cm 5 - 10 E 12° 48' 33.50'' 
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4.3.2. Determination of water content and the total concentrations of C, N, S, CaCO3, P, Ca, Mg, 

Al, Fe 

Water contents were determined by sample weighing before and after drying at 105°C. The 

contents of total carbon (C), nitrogen (N) and sulphur (S) were obtained by dry combustion of 

finely ground soil and sediment material using an elemental analyzer (VARIO EL, Elementar 

Analysensysteme GmbH, Hanau, Germany). Percentages of soil and sediment calcium 

carbonate (CaCO3) were determined using a Scheibler calcimeter by calculating the carbon 

dioxide (CO2) volume resulting from the reaction of hydrochloric acid (HCl) with sample CaCO3. 

Elemental concentrations of total P (Pt), calcium (Ca), magnesium (Mg), aluminum (Al), iron 

(Fe) and zinc (Zn) were determined by microwave-assisted digestion (Mars Xpress CEM GmbH 

Kamp-Linfort, Germany) of ≤ 50 mg soil or sediment with aqua regia consisting of 2 mL nitric 

acid (HNO3) and 6 mL HCl (ISO standard 11466). Element concentrations in digests were 

determined with an inductively coupled plasma-optical emission spectrometer (ICP-OES) at 

wavelengths of 214,914 nm for P, 317.933 nm for Ca, 258,213 nm for Mg, 396,153 nm for Al 

and 238.204 nm for Fe.  

 

4.3.3. Sequential P fractionation 

A slightly modified sequential P-fractionation method was used to extract different P fractions 

from soil and sediment (Hedley et al. 1982; Tiessen and Moir 1993). About 0.42 g finely-ground 

soil or sediment was weighed into 50 mL centrifuge tubes. Samples were shaken for 18 h at 

room temperature followed by centrifugation at 4.000 g for 20 min, and decanted. Chemical P 

fractionation included the following extraction steps: (1) H2O, (2) anion resin strips (55164 2S, 

BDH Laboratory Supplies, Poole, England), (3) 0.5 M NaHCO3, (4) 0.1 M NaOH and (5) 1 M 

H2SO4. In the 2
nd

 extraction step, P was removed from the resin using 1 M HCl. The P fractions 

Figure 4-1 Schematic illustration of the soil and sediment sampling spots at the study site in 
Dabitz. 
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were interpreted as follows: water (H2O-P) and resin P (resin-P) representing the easily 

exchangeable and mobile P, molybdate-reactive (NaHCO3-Pmr) and molybdate-unreactive 

(NaHCO3-Pmu) bicarbonate P representing labile Pmr and Pmu weakly adsorbed to mineral 

surfaces as well as microbial P, molybdate-reactive (NaOH-Pmr) and molybdate-unreactive 

(NaOH-Pmu) sodium hydroxide P representing moderately labile Pmr and Pmu adsorbed to Al- 

and Fe-oxide minerals and P in humic substances. The H2SO4-P fraction represents insoluble P 

associated with Ca and Mg minerals and apatite [24]. Pt in the different extracts was measured 

in the decanted supernatants using an ICP-OES while the remaining sediment pellet was used 

for the next extraction step. Molybdate-reactive P (Pmr) concentrations in the extracts were 

determined colorimetrically with the molybdate blue method (Murphy and Riley 1962). The 

concentration of molybdate-unreactive P (Pmu) was estimated by subtracting Pmr from Pt. The 

concentration of non-extracted P (Residual-P) was calculated as the difference between the 

sum of the P fractions and the Pt concentration determined after digestion with aqua regia. 

The application of the fractionation scheme, which originally has been developed for estimating 

the plant availability of P in amended soils, to sediments is a challenge, since different 

fractionation schemes have been developed and applied for sediments (e.g. Psenner 1988). In 

the sediment method, samples are sequentially extracted with NH4Cl, dithionite-bicarbonate, 

NaOH and HCl. It is similar to the soil fractionation in starting with mild extractant to remove 

loosely sorbed P (NH4Cl vs. H2O and anion exchange resin), P bound in humic substances 

(NaOH) and finalizing with the removal of relatively stable Ca-bound P by strong mineral acid 

(concentrated HCl or H2SO4). The major difference is the reduction of Fe-oxides by dithionite-

citrate-bicarbonate in the sediment fractionation which is not involved in the soil fractionation. 

Thus, the latter fractionation does not allow estimating the amount of Fe-bound P, which, 

however, can be derived from P K-edge XANES in a multimethod approach. Thus, in summary, 

the P fractionation schemes for soils and sediments are expected to yield similar results for the 

proportions of the most labile and most stable P fractions, and may be replaced by each other in 

this respect. 

4.3.4. P K-edge XANES analysis 

The P K-edge XANES spectra were recorded at the Synchrotron Light Research Institute (SLRI) 

in Nakhon 65 Ratchasima, Thailand on the beamline 8 (BL8) of the electron storage ring with a 

covering photon energy from 1.25 to 10 KeV, electron energy operated at 1.2 GeV and a beam 

current of 80-150 mA (Klysubun et al. 2012). The XANES data were collected from dry and 

finely-ground samples thinly spread on P-free kapton tape (Lanmar Inc. Northbrook, IL, USA) 

attached to a plastic sample holder. Data collection was operated in standard conditions with 

energy calibration by standard elemental P and allocating the reference energy (E0) at 2145.5 

eV using the maximum peak of the first derivative spectrum. All spectra were recorded at 

photon energies between 2045.5 and 2495.5 eV in step sizes of 5 eV (2045.5 to 2105.5 eV and 

2245.5 to 2495.5 eV), 1 eV (2105.5 to 2135.5 eV and 2195.5 to 2245.5 eV) and 0.25 eV (2135.5 

to 2195.5 eV) with a 13-channel germanium detector in fluorescence mode. Two to four scans 

were collected and averaged for each sample. 
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All P K-edge XANES spectra were normalized, and the replicates were merged. Linear 

combination fitting (LCF) was performed using the ATHENA software package (Ravel and 

Newville 2005) in the energy range between -20 eV and +30 eV of E0. The XANES spectral 

data were baseline corrected in the pre-edge region between 2115 and 2145 eV and 

normalized in the post-edge region of 2190-2215 eV. The same ranges were used for the 

reference P K-edge XANES spectra to achieve consistency in the following fitting analysis 

(Prietzel et al. 2016). To achieve the best compatible set of references with each specified 

sample spectrum, LCF analysis was performed using the combinatorics function of ATHENA 

software to attain all possible binary to quaternary combinations between all 19 P reference 

spectra in which the share of each compound was ≥ 10%. The following set of reference P K-

edge XANES spectra, all recorded in SLRI under the same adjustments (Prietzel et al. 2016; 

Werner and Prietzel 2015), were used for fitting and calculations: Ca, Al and Fe phytate, 

noncrystalline and crystalline AlPO4, noncrystalline and crystalline FePO4・2H2O, Ca 5-

hydroxyapatite (Ca5(OH)(PO4)3), inositol hexakisphosphate/phytate (IHP), ferrihydrite–IHP, 

montmorillonite–Al–IHP, soil organic matter (OM) Al–IHP (SOM–Al–IHP), ferrihydrite–

orthophosphate, montmorillonite–Al–orthophosphate, SOM–Al–orthophosphate, boehmite–IHP, 

boehmite–10 orthophosphate, CaHPO4, Ca(H2PO4)2 and MgHPO4. The R-factor values were 

used as goodness-of-fit criteria and significant differences between fits were evaluated using 

the Hamilton test (p < 0.05) (Calvin 2013) with the number of independent data points 

calculated by ATHENA, estimated as data range divided by core-hole lifetime broadening. The 

best fits of P reference compound combinations were considered as the most probable P 

species in the material. If R factors of fits with the same number of reference compounds were 

not significantly different from each other according to the Hamilton test, fit proportions were 

averaged. For this reason, averaged proportions of some reference compounds can be ≤ 10%. 

4.3.5. Statistical analysis 

Data analysis was performed using open-source statistical software R (version 3.6.3). Data of 

elemental concentrations and sequential P fractionation were tested for significant differences 

by the Student t test (*P <0.05, **P < 0.01, ***P < 0.001).  

 

4.4. Results 

4.4.1. Soil and sediment characteristics 

The water contents of the arable and wetland soils and of the sediments differed greatly. The 

arable soil samples A1 and A2 contained less than 10% (w/w) water while the wetland soils W1 

and W2 contained up to 62% (w/w) water. The sediments S1 to S4 had about 20% (w/w) water 

and maximum water contents of up to 75% were measured in the sediments S5 and S6 

(Table 2). CaCO3 has been found in the arable soil samples A1 (6%) and A2 (14%). The 

wetland soil and the sediments did not contain measurable amounts of CaCO3. 

Concentrations of total C ranged from 14 500 to 136 900 mg kg
-1

 in the soil and from 2 500 to 

67 000 mg kg
-1

 in the sediment samples (Table 2). Whereas the C contents were extremely low 
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in the sediments S1 to S4, they were much higher contents in the sediments S5 and S6 from a 

water depth of 230 cm. Average C percentages were more than two times higher in the arable 

and wetland soils compared to the sediments. Maximum N concentrations were determined in 

the soil W1 (12 500 mg kg
-1

) and in the sediments S5 (7 500 mg kg
-1

) and S6 (6 200 mg kg
-1

). 

Average N concentrations again were about two times higher in the soils compared to the 

sediments. Highest S concentrations were present in the sediments S5 (15 600 mg kg
-1

) and S6 

(14 700 mg kg
-1

) while all other sediment and soil samples had < 4 000 mg kg
-1

 S. 

The order of concentrations of P agreed with C and N concentrations of the soils and sediments 

(Table 2). The soil W1 had the maximum concentration of 2258 mg P kg
-1

. Minimum 

concentrations of 130 to 140 mg P kg
-1

 were present in the sediments S1 to S4 with no 

significant differences, whereas sediments S5 and S6 again had higher P concentrations of 602 

and 551 mg kg
-1

. On the average, P concentrations were more than three times higher in the 

arable and wetland soils than in the sediments. The highest Ca concentration was present in 

the soil A2 and, overall, the average Ca concentrations were about 14 times higher in the soils 

compared to the sediments. For the concentrations of the elements Mg, Al and Fe there were 

also differences between the soils and sediments but not as clear as for Ca. The arable and 

wetland soils contained averagely about 1.8 to 3.3 times more Mg, Al and Fe than the 

sediments. 
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Table 4-2 Average proportions of water in %  and elemental concentrations of carbon (C), nitrogen (N) and sulphur (S); n = 2 and of phosphorus (P), calcium 
(Ca), magnesium (Mg), aluminum (Al), and iron (Fe) in mg kg

-1
 and their ratios (C/P, P/Ca, P/Mg, P/Al, P/Fe) determined by ICP-OES; n = 3 in the upper and 

lower soil and sediment samples. Significant differences at 5% probability level between samples are designated by different letters (a, b, c, d, e, f). 

Sample Water content CaCO3 C N S P Ca P/Ca Mg P/Mg Al P/Al Fe P/Fe 

 
% % mg kg

-1
 mg kg

-1
 

 
mg kg

-1
 

 
mg kg

-1
 

 
mg kg

-1
 

 

A1 05 6 14583 842 375 430
e
 27835

b
 0.02 2974

c
 0.14 10982

bx
 0.04 13738

e
 0.03 

A2 09 14 24400 272 327 390
e
 72935

a
 0.01 4134

b
 0.09 10768

bc
 0.04 13603

e
 0.03 

W1 62 0 136917 12580 3648 2258
a
 6944

c
 0.33 4869

a
 0.46 18380

ax
 0.12 34382

a
 0.07 

W2 46 0 48683 4578 1963 728
b
 3589

d
 0.20 3002

c
 0.24 11344

bx
 0.06 15056

d
 0.05 

S1 20 0 2600 345 525 140
f
 909

e
 0.15 325

d
 0.43 737

dx
 0.19 861

f
 0.16 

S2 20 0 2900 375 560 137
f
 1173

e
 0.12 404

d
 0.34 913

dx
 0.15 1104

f
 0.12 

S3 21 0 2550 340 475 132
f
 639

e
 0.21 289

d
 0.46 681

dx
 0.19 847

f
 0.16 

S4 20 0 2450 315 450 135
f
 445

e
 0.30 285

d
 0.47 750

dx
 0.18 1018

f
 0.13 

S5 65 0 67050 7475 15650 602
c
 4839

d
 0.12 4830

a
 0.12 9940

cx
 0.06 17637

c
 0.03 

S6 75 0 59550 6190 14740 551
d
 3652

d
 0.15 4751

a
 0.12 10489

bc
 0.05 18452

b
 0.03 
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4.4.2. Sequentially extracted P fractions 

The sequential chemical fractionation extracted on average 89% of Pt across all samples 

(Table 3). With the exception of W1, H2SO4-Pmr was generally the largest fraction, ranging from 

25% to 67% of Pt in the soil and sediment samples. The maximum amount of P in the wetland 

soil W1 was present in the fraction of residual-P. In most sequentially extracted fractions, 

proportions of Pmr were higher than Pmu except for the sediments S5 and S6 in the fractions of 

NaHCO3 and NaOH, and for the soil W2 in the fraction of NaOH, where Pmu was predominant. 

Furthermore, it is noticeable that although the absolute concentrations of P in the easily 

exchangeable and plant-available fractions of H2O-P and resin-P were rather low in the 

sediments S1 to S4, their relative amounts of 7% to 24% of Pt were higher than in the soils and 

deeper sediments. There were no significant differences among the concentrations of 

NaHCO3-Pmr among the soils and sediments except for W1, in which the maximum 

concentration of 275 mg P kg
-1

 was determined. In the fraction of NaOH-Pmr there were also few 

significant differences between the samples. Exclusively the upper and lower wetland soil 

samples W1 and W2 contained significantly more NaOH-Pmr than the other soils and sediments. 
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Table 4-3 Concentrations (mg kg
-1

) and percentages (%) of the sequentially extracted molybdate-reactive (Pmr) and molybdate-unreactive (Pmu) P fractions 
H2O-P, resin-P, NaHCO3-P, NaOH-P, H2SO4-P, and residual-P, of total P (Pt) and the sums of Pmr and Pmu determined in the soil and sediment samples. 
Significant differences at 5% probability level between samples are designated by different letters (a, b, c, d, e, f), n = 3. 

Sample H2O-Pmr H2O-Pmu Resin-Pmr Resin-Pmu NaHCO3-Pmr NaHCO3-Pmu NaOH-Pmr NaOH-Pmu H2SO4-Pmr H2SO4-Pmu Residual-P 

 
mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) mg kg

-1
 (%) 

A1 13
c
 (3) 2

cx
 (0) 18

dex
 (4) 1

a
 (0) 15

b
 (3) 13

de
 (3) 12

c
 (3) 14

bx
 (3) 222

bx
 (52) 37

ab
 (9) 83

bcd
 (19) 

A2 9
c
 (2) 0

cx
 (0) 11

exx
 (3) 0

a
 (0) 47

b
 (12) 2

ex
 (1) 9

c
 (2) 0

bx
 (0) 261

bx
 (67) 29

ab
 (7) 22

cdx
 (6) 

W1 26
a
 (1) 23

ax
 (1) 143

axx
 (6) 6

a
 (0) 275

a
 (12) 162

ax
 (7) 443

a
 (20) 156

ax
 (7) 401

ax
 (18) 116

ax
 (5) 505

axx
 (22) 

W2 26
a
 (4) 8

bc
 (1) 40

bcd
 (5) 0

a
 (0) 50

b
 (7) 51

bx
 (7) 75

b
 (10) 92

ab
 (13) 183

bc
 (25) 55

ab
 (8) 149

bxx
 (20) 

S1 14
c
 (10) 7

bc
 (5) 26

cde
 (18) 6

a
 (4) 20

b
 (14) 1

ex
 (1) 9

c
 (6) 0

bx
 (0) 49

cd
 (35) 14

bx
 (10) 0

dxx
 (0) 

S2 13
c
 (9) 10

bc
 (7) 33

cde
 (24) 4

a
 (3) 15

b
 (11) 1

ex
 (1) 9

c
 (6) 0

bx
 (0) 53

cd
 (39) 15

bx
 (11) 0

dxx
 (0) 

S3 27
a
 (21) 16

ab
 (12) 18

dex
 (14) 0

a
 (0) 7

b
 (5) 1

ex
 (1) 9

c
 (7) 0

bx
 (0) 44

dx
 (34) 10

bx
 (8) 0

dxx
 (0) 

S4 19
b
 (14) 10

bc
 (7) 17

dex
 (13) 0

a
 (0) 15

b
 (11) 1

ex
 (1) 11

c
 (8) 0

bx
 (0) 60

cd
 (45) 11

bx
 (8) 0

dxx
 (0) 

S5 20
b
 (3) 15

ab
 (2) 57

bxx
 (9) 4

a
 (1) 8

b
 (1) 42

bc
 (7) 18

c
 (3) 57

ab
 (9) 265

bx
 (44) 0

bx
 (0) 115

bcx
 (19) 

S6 20
b
 (4) 17

ab
 (3) 47

bcx
 (9) 3

a
 (1) 3

b
 (1) 27

cd
 (5) 12

c
 (2) 35

bx
 (6) 199

bx
 (36) 77

ab
 (14) 111

bcd
 (20) 

 

Sample Pt Sum Pmr Sum Pmu 

 
mg kg

-1
 mg kg

-1
 (%) mg kg

-1
 (%) 

A1 430
e
 280 (65) 67 (16) 

A2 390
e
 337 (86) 31 (8) 

W1 2258
a
 1288 (57) 464 (21) 

W2 728
b
 374 (51) 206 (28) 

S1 140
f
 118 (81) 28 (19) 

S2 137
f
 122 (81) 29 (19) 

S3 132
f
 105 (79) 28 (21) 

S4 135
f
 123 (85) 22 (15) 

S5 602
c
 368 (61) 119 (20) 

S6 551
d
 282 (51) 158 (29) 
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4.4.3. Bulk P K.edge XANES spectra 

All XANES spectra were characterized by an intense white line peak at around 2152 eV and 

varying pre- and post-edge features. The R factors from LCF were 0.0033 to 0.0161 for the soil 

samples and 0.0022 to 0.0095 for the sediment samples (all R factors are compiled in Table A1 

of supplementary data). The P speciations of all samples based on XANES spectra and LCF 

are displayed in Figure 2 (corresponding XANES spectra in Figure A1 of supplementary data). 

Proportions of single Fe-, Al- and Ca-P compounds were summed to compound groups of Fe-P, 

Al-P, Ca-P, Mg-P and Po. Average proportions of summed Ca-P compounds were lower in the 

arable and wetland soils (38%) compared to the sediments (89%). All arable soil and sediment 

samples were dominated by Ca-associated P compounds. In the upper wetland soil W1 

exclusively Al-P compounds were assigned by XANES spectroscopy and in the corresponding 

subsoil sample W2, Al-, Fe-P and Po compounds were predominant. Proportions of Po 

compounds were exclusively present in A1, W2 and S5 in considerable amounts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2 Proportions of P compounds as obtained by linear combination fitting (LCF) on P 
K-edge XANES spectra of upper and lower arable soil (A), wetland soil (W) and sediment 
samples (S). 
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4.5. Discussion 

4.5.1. Elemental characteristics 

The wetland is located near the ground- and surface water, whereas the arable soil is situated 

at higher altitude, further away from these water sources, and simultaneously located on a 

slope, that is affected by runoff at surface, erosion and subsurface drainage (Figure 1). 

Furthermore, sampling took place in early summer after a long dry period so that the arable soil 

had not received any precipitation for several weeks. The origin of the 6% CaCO3 in A1 and 

14% in A2 most likely originates from the underlying parent material glacial till at the arable field, 

which partially may have been incorporated into soil profile by tillage. As the arable field has a 

relatively high elevation and a sloping relief towards the coast (Figure 1), erosion during rain fall 

events can transport solid matter into the wetland (Karstens et al. 2016). Thus, topsoil material 

may have been transported away from the slope by erosion and, thus, the CaCO3-containing 

underlying parent material may have been incorporated into the remaining topsoil by agricultural 

tillage. This explains the higher proportion of CaCO3 at a depth of 30-60 cm compared to 0-30 

cm of the arable soil (Table 2), although regular liming may have been added some CaCO3 to 

the tilled soil layer.  

Except for Ca, the hypothesized effect of erosion is reflected by concentrations of all elements 

determined. We measured higher concentrations of P, Mg, Al and Fe in W1, the upper sample 

of wetland soil, than in the arable soil samples A1 and A2 (Table 2). The amount of Ca is 

significantly higher in the arable soil compared to the wetland soil because of the entry of 

CaCO3 from the underlying parent material into the tilled soil as already mentioned above. 

The concentrations of Pt, significantly higher in the topsoil of the wetland (2258 mg kg
-1

) 

compared to the topsoil at the arable site (430 mg kg
-1

) (Table 2), indicate an accumulation of P 

compounds in the wetland. While P can be consumed by crops on the agricultural soil and 

transported away from the location by harvested crops and by erosion due to the sloping relief, 

there is no cultivation with harvest and less sloping at the wetland soil, and restricted organic 

matter oxidation. These factors together facilitate an accumulation of organic matter as peat and 

of P stored in that substrate. The arable field was used for farming since about 1945 (Karstens 

et al. 2016). Nowadays, the field crops oil seed rape, wheat and barley with high fertilizer 

demands are cultivated (Karstens et al. 2016). Thus, it is likely that especially fertilizer P is 

present in the arable soil and transported towards the wetland soil, although since 2000 only 

cow manure was applied instead of mineral P fertilizers (Karstens et al. 2016). This fertilizer P 

seems not to be transported beyond the wetland soil into the directly adjacent Bodden 

sediments, because P concentrations in S1 to S4 were in a very low range from 132 to 140 mg 

kg 
-1 

(Table 2). Thus, most nutrients and especially P were transported from the arable soil 

towards the wetland soil and seem to be accumulated there for a longer time period. Similar 

relationships between the samples have been observed for the sediments S1 to S6. The 

amounts of P, Ca, Mg, Al and Fe were significantly higher in the sediments S5 and S6 from a 

greater water depth compared to most sediments from more shallow areas (S1 to S4) (Table 2).  
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4.5.2. Sequential chemical P fractionation 

Concentrations of Pt in the soils and sediments were in a similar range of Pt contents in 

sediments from shallow lakes in the Yangtze River area in China (Wang et al. 2006) and except 

from W1 and W2 below Pt contents from 740 to 1230 mg P kg
-1

 in bottom sediments of 

eutrophic lakes in central and western Poland (Bryl and Sobczyński 2019). Mean concentrations 

of Pt were higher in the investigated soils compared to the adjacent sediments agreeing with a 

study of transitional agricultural ecotones, where concentrations of Pt of the site average also 

were significantly higher than in corresponding streambed sediment (Neidhardt et al. 2019). As 

summed amounts of Pmu were clearly higher in W1 and W2 compared to A1 and A2 (Table 2), 

this accumulation of especially Pmu in the wetland soil can be attributed to an uptake of mainly 

Pmr by the Phragmites plants, transformation to Pmu, likely mostly bound in organic matter, and 

its disposal in the wetland peat (Negassa at al. 2020). Furthermore, some Pmu can have been 

transported from the arable site into the wetland, accumulating there. Although organic soils are 

known to have lower capacities for retaining excess P from fertilization and thus pose an 

increased risk of P loss to aquatic environments (Daly et al. 2001; Gonzáles Jiménez et al. 

2019), amounts of P were not particularly high in the directly adjacent sediments S1 to S4 

(Table 3). This can be due to high concentrations of stable fractions of H2SO4-P and residual-P 

in the wetland, restricting processes of P mobilization at this site. Furthermore, a dilution of 

transported P within the Bodden water and/or sediments is possible or transferred P can have 

been mobilized immediately and accumulated by aquatic plant and animal organisms. 

The proportions of H2O-P and resin-P, characterized as labile P in soils (Tiessen and Moir 

1993) and P immediately available for uptake by phytoplankton (Zhu et al. 2013a), were lower in 

the arable and wetland soils (0 – 4%) compared to the sediments (0 - 24%) (Table 3). This pool 

of loosely bound P is known to be seasonally variable in sediments, affected by enhanced 

sedimentation and intensive degradation of OM during high summer temperatures (Wang et al. 

2006; Kisand 2005). Therefore, the comparably large proportions in sediments are not 

implausible. The fraction of NH4Cl-P, also characterized as mobile, exchangeable P but 

determined with a sediment P fractionation method (Psenner 1988) included 1 to 20% of Pt in 

different sediments from eutrophic lakes in Poland [34] and thereby this fraction was in a similar 

range as the proportions of H2O-P and resin-P fractions of the present study. 

Within the soil P fractionation scheme, P extracted by NaOH is interpreted as predominantly 

associated with Al and Fe oxide minerals, eventually combined with humic substances [24,25] 

whereas Fe-P compounds are separately estimated in the sediment-P-methods (Psenner 

1988).  Especially in the fractions of NaOH-Pmr and NaOH-Pmu, higher P concentrations were 

measured in the wetland soil W1 and W2 than in the arable soil A1 and A2, and in the 

sediments S5 and S6 than in the other sediments from the Bodden (Table 3). Thus, the wetland 

soil and the sediments at the end of the transect at a water depth of 230 cm seem to be sinks 

especially for metal bound P and P in humic substances, which likely are combined with each 

other (Gerke 2015).  
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Acid extractable Pmr accounted for the greatest proportion of Pt in the sediments (up to 45%) in 

agreement with an investigation of lake sediments from (Zhu et al. 2013a). This P fraction is 

known as stable, Ca-bound P (Tiessen and Moir 1993), not readily available to phytoplankton 

(Zhu et al. 2013b). An investigation of sediments from several eutrophic lakes in Poland also 

resulted in up to 45% acid extractable P (HCl-P) of Pt (Bryl and Sobczyński 2019) and in surface 

sediments of the Mediterranean Sea 37% P of Pt were determined in the fraction of Ca-bound P 

(Akçay and Yücel 2023) with sediment fractionation methods (Psenner 1988). Relative 

proportions of H2SO4-P were also very high in the arable soil compared to the wetland soil 

(Table 3). The available amounts of CaCO3 in A1 and A2 (Table 2) can facilitate the formation of 

Ca-bound P at the location of the eroded arable slope compared to the wetland soil. 

The statement that residual-P can constitute a significant proportion of Pt from P fractionation in 

soils (Condron and Newman 2011) is supported by the present study as up to 22% of Pt in the 

soil samples was residual-P (Table 3). However, in the sediments, no residual-P was 

determined in S1 to S4 and about 20% in the last two sediments S5 and S6. Phosphorus in the 

residual fraction was characterized as stable complexes with metal ions, pedogenic oxides or 

organic materials such as lignin (Gonzáles Jiménez et al. 2019; Schlichting et al. 2002). 

Sediments from more shallow areas contained more labile P and sediments from a water depth 

of 230 cm at the end of the transect under study contained higher amounts of stable P 

associated with Ca instead of metal ions, pedogenic oxides or complex organic materials 

(Table 3). In contrast to labile P fractions such as resin-P and NaHCO3-P, the very stable P 

compounds within the fraction of residual-P pose a lower risk of P loss to the aquatic 

environment (Negassa and Leinweber 2009). Thus, P can accumulate and be conserved in 

deep sediments at the end of the investigated transect. 

 

4.5.3. P XANES spectroscopy 

Most results of P XANES spectroscopy agree with the determined sequential P fractions. 

Especially both arable soils A1 and A2 and the sediments S1 to S4 were clearly dominated by 

Ca-P compounds according to XANES spectroscopy (Figure 2). In compliance with that, in 

these samples H2SO4-Pmr accounted for the greatest proportion of Pt in sequential fractionation 

and this P fraction earlier has been characterized as stable, Ca-bound P (Tiessen and Moir 

1993). The dominant occurrence of Ca-P in sediments from the Baltic Sea (Prüter et al. 2020) 

or nearshore sediments (Noll et al. 2009) is not uncommon. Percentages of Ca-P compounds in 

agricultural soils with different fertilization treatments ranged from 0% to 21% (Koch et al. 2018), 

but due to the elevated amounts of CaCO3 in A1 and A2 (Table 2) most likely from liming and 

the underlying glacial till, the formation of Ca-bound P in these soils can have been promoted, 

reaching proportions up to 92% (Figure 2). 

Organic P compounds were assigned in A1, W2 and S5 in significant proportions by XANES 

spectroscopy (Figure 2). Summed proportions of Pmu from sequential fractionation were also 

high in A1 and W2 among the soil samples and thereby agreed with the results of XANES 

spectroscopy (Table 3 and Figure 2). Recently, the importance of Po compounds for sustainable 
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agriculture has been emphasized (Sulieman and Mühling 2021). Absolute Pmu concentrations 

were highest in S5 and S6 among the sediments determined with sequential fractionation 

(Table 3), but this could be confirmed only for S5 by XANES spectroscopy because it 

ascertained 46% Po compounds in S5 and 0% Po in S6. An underestimation of Po compounds 

by XANES spectroscopy is likely because XANES spectra of phytic acid are known to lack 

strong and distinguishing features (Ajiboye et al. 2008). 

The wetland soils act as sinks for P compounds, especially Al- and Fe-P and Po compounds 

(Figure 2) in the first part of the transect including the arable and wetland soils. In agreement 

with an earlier study about P forms along a continuum from agricultural fields to lake sediments 

which reported significant P losses from field soils but only small amounts of P in the nearshore 

lake sediment (Noll et al. 2009), the samples S5 and S6 at the end of the investigated transect 

at a water depth of 230 cm can also accomplish a sink function for especially Po compounds 

(Figure 2 and Table 3) among the Bodden sediments. This also agrees with an earlier study, 

where lost P from agriculture has either become available to biota or was deposited in deeper 

portions of a lake system (Noll et al. 2009). 

Thus, both, the wetland soil as well as the sediments S5 and S6 at the end of the transect, can 

act as sinks for P with a lower probability of P mobilization into the above water column. 

Generally, the investigated transect of soils and sediments can be divided into two separated 

systems. The first system consists of arable soils followed by wetland soil. Phosphorus 

compounds are transported from agricultural fields into the wetland by processes such as runoff 

and soil erosion, accumulate and can be conserved in the latter. The second system comprises 

the Bodden sediments with a similar sink function for P compounds in deeper sediments at the 

end of the investigated transect. Results from sequential P fractionation and XANES 

spectroscopy suggest no great transfer processes of P species from the first system towards 

the second. 

 

4.6. Conclusions 

In a sample set along a transect from arable and wetland soils to aquatic sediments, the 

methods sequential P fractionation and P XANES spectroscopy similarly determined a 

dominance of Ca associated P at the arable soils and Bodden sediments, and high proportions 

of Pmu/Po at the surface arable soil (A1) and subsurface wetland soil (W2). Thus, both methods 

complemented each other in delivering comprehensive results concerning the P speciation and 

sink functions of sample locations along this transect. 

The investigation revealed two sinks along the transect from arable land to adjacent aquatic 

lagoon sediments. As the wetland soil performs as a semiterrestrial trap for especially 

moderately stable P, Al-P and Pmu/Po compounds, it can help to prevent direct transfer of P, 

e.g., by leaching or runoff during erosion events from agricultural field to the adjacent Bodden. 

An intact Phragmites wetland therefore can protect the aquatic ecosystem from further 

eutrophication. Consequently, it is reasonable to preserve existing buffer strips such as 

Phragmites stands along water bodies or to potentially create new ones in areas where they are 
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not yet abundant. Among the aquatic sediments, we detected also especially Pmu/Po compounds 

and stable P fractions accumulating at the deepest sample location compared to sediments 

from more shallow positions close to the coast. Thus, it is likely that deeper basins in the 

investigated Bodden system act as sinks for especially stable P forms which are not directly 

consumed by aquatic organisms. If this concept can also be applied to aquatic ecosystems 

different from coastal lagoons in the Baltic Sea, it has to be investigated, if measures such as 

deepening of shallow aquatic areas can help to reduce pollution and eutrophication by trapping 

P in the sediment of deeper basins. 
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5.1. Abstract 

 

Purpose Phosphorus (P) is a crucial element for living organisms at both land and sea, but 

simultaneously, it can cause environmental problems especially in marine ecosystems. The 

pathway of P from soils through riverine and coastal systems to sea sediments has not been 

clarified to date. Thus, the main aim of this study was to characterize P species in sediments 

along a gradient from the coast of Northern Germany to the Baltic Proper. 

Materials and methods Six sediment samples along a transect from river outlets into the Baltic 

Sea in northeastern Germany to the deep basins at the Baltic Proper were analyzed. Four 

complementary methods were applied to explore the different sedimentary P compounds: (i) the 

sequential P fractionation to extract P from sediment pools of different solubility; (ii) P K-edge X-

ray absorption near edge structure (XANES) spectroscopy as an element-specific method for 

speciation analyses of complex environmental samples; (iii) 
31

P nuclear magnetic resonance 

(
31

P NMR) spectroscopy as a capable technique distinguishing especially different organic P 

compounds based on their characteristic resonance frequencies and (iv) scanning electron 

microscopy (SEM) combined with energy-dispersive X-ray microanalyses (EDX) to identify 

certain solid particles and their elemental composition. 

Results and discussion Sequential P fractionation revealed a decrease in labile P pools 

(resin-P; NaHCO3-P) along with an increase in more stable P fractions (H2SO4-P; residual-P) 

from near-coastal sediments towards the Baltic Proper with increasing water depths of sediment 

deposits. In comparison, XANES analysis indicated a decline of Fe-associated P compounds in 

favor of Ca-bound P with increasing distance of sediments from the coastline into the Baltic 

Sea. Results of 
31

P NMR spectroscopy showed that the variety of different mono- and diester P 

compounds decreased with increasing distance from the coast and that high proportions of 

orthophosphate (ortho-P) were present especially in greater water depths. The SEM-EDX 

analysis supported most of these results by retriving Fe phosphate particles especially in the 

sediments near the coast. 

Conclusions The integration of several P-specific methods enabled improved insights into P 

speciation. A trend towards more stable Ca-P compounds towards the Gotland basin was found 

with sequential fractionation and P-XANES. In the future, different types of sediments will be 

analyzed with respect to their interactions with adjacent soils to find out a common principle of 

P-transformations and derive approaches for capturing P before entering susceptible marine 

systems. 

Keywords: 31
P NMR • Electron microscopy • Sediment • Sequential fractionation • XANES 

5.2. Introduction 

Phosphorus (P), as a crucial element for organism growth, is identified as one of the major 

factors responsible for eutrophication of freshwater and marine ecosystems. Eutrophication 

leads to several negative environmental impacts, for instance excessive algae blooming, 

release of toxins hazardous to livestock and humans, reduced water transparency, oxygen 
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depletion and a deterioration of drinking water and the general water quality (Bonsdorff et al. 

1997; Meissner and Leinweber 2004). The two major pathways of P entering aquatic 

ecosystems are external inputs and P release from sediments (Bai et al. 2009). Since the first 

Helsinki Convention (HELCOM) in 1974, the adjacent countries agreed to reduce their nitrogen 

(N) and P inputs to the Baltic Sea. Although the original target of reducing loads by 50% was 

never met, progress has been made in the reduction of external P input from municipal and 

industrial wastewater treatment plants since the early 1970s, for instance in the Finnish and 

Swedish archipelago in the Northern Baltic Sea (Bonsdorff et al. 1997; Walve et al. 2018). Thus, 

after reducing external P inputs, P released by sediments remains as a major source of a 

general water quality deterioration, especially in shallow eutrophic lakes (Xie et al. 2003). The 

potential release of sediment-based P to the water column can reach rates comparable to 

external inputs (Bai et al. 2009). Sedimentary P exchange depends on speciation and 

abundance of the distinct P forms and the actual environmental conditions such as redox and 

pH (Ahlgren et al. 2005; Hupfer and Lewandowski 2008; Shinohara et al. 2012). A large number 

of investigations about P compounds and their speciation in the water column (e.g. Zwolsman 

1994; Gunnars and Blomqvist 1997; Xie et al. 2003) and in sediments from the Baltic Sea (e.g. 

Jensen et al. 1995; Kleeberg and Dudel 1997; Aigars 2001, Murphy et al. 2001; Frankowski et 

al. 2002; Łukawska-Matuszewska and Bolałek 2008; Kraal and Slomp 2014) addressed distinct 

topics, such as seasonal variations in P species, connections between specific P species and 

physical and chemical properties of the environment and processes related to diagenesis. 

Information about P transport pathways from soils to sediments is scarce (Iglesias et al. 2011). 

In the Baltic Sea basins like Arkona, Bornholm and Gdańsk are depositional areas for material 

transport (Leipe et al. 2000; Emeis et al. 2002). A lot of material deposited in Baltic Sea basins 

comes from lateral transport, controlled by wind and bottom topography (Leipe et al. 2000; 

Emeis et al. 2002). To the best of our knowledge, no publications about the alteration and 

composition of P compounds along a gradient from coastal sediments to sediments of the deep 

Baltic Proper determined with a multi-method approach are available. 

Sequential P fractionation is a commonly applied method of distribution and mobility analysis of 

diverse P forms in soils and sediments (e.g., Hupfer et al. 1995; Zhang et al. 2008; Kruse et al. 

2010; Koch et al. 2018). A differentiation of labile, increasingly stable and stable organic and 

inorganic P fractions in soils has been introduced by Hedley et al. (1982). The different 

extractants remove either parts or combinations of P species (Shober et al. 2006a), so the 

sequentially extracted fractions do not exactly match chemically defined compounds (Kar et al. 

2011). Thus, to get a comprehensive view of the various P forms and their distribution, 

additional spectroscopic techniques are applied. The P K-edge X-ray absorption near edge 

structure (XANES) spectroscopy, as an element-specific method for speciation analyses of 

complex environmental samples such as soils, animal wastes, organic amendments or 

sediments (Hesterberg et al. 1999a; Beauchemin et al. 2003; Sato et al. 2005; Ajiboye et al. 

2008a; Kar et al. 2011) has the ability to identify primarily inorganic P compounds more directly 

(Ajiboye et al. 2008a; Kruse et al. 2015). One drawback of XANES analysis is the limited ability 

in differentiating between several types of organic P compounds (Peak et al. 2002), whereas 
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the possibility of direct sample usage without further extraction or destruction for analyses is 

advantageous. 
31

P nuclear magnetic resonance (
31

P NMR) spectroscopy is a technique capable 

of distinguishing especially different organic P compounds such as orthophosphate monoesters 

and diesters based on their characteristic resonance frequencies in environmental samples, and 

so, it can be used as a complementary method together with the chemical fractionation and 

XANES analysis (Ahlgren et al. 2005; Turner et al. 2005; Reitzel et al. 2007). 
31

P NMR 

spectroscopy enables direct molecular and structural characterization of organic and inorganic 

P in alkaline solution. 

Scanning electron microscopy (SEM) and energy-dispersive X-ray microanalyses (EDX) 

inspection of solid particles is usually applied on water samples for investigation of the 

mineralogical and geochemical composition of suspended particulate matter (Leipe et al. 2000). 

In some studies, SEM-EDX was already used to characterize especially P-bearing particles in 

water samples from different regions (e.g. Ernstberger et al. 2004; Nausch et al. 2017). SEM-

EDX enables direct visual evaluation and thereby gives a representative overview about the 

morphologies of single particles in the samples (Dellwig et al. 2010) combined with elemental 

analyses and, thus, a speciation at the single particle level. To the best of our knowledge, the 

methods SEM-EDX, sequential fractionation, XANES spectroscopy, and 
31

P NMR spectroscopy 

never have been applied in this combination to sediment samples on a transect towards the 

Baltic Proper. 

The aim of this study is (i) to characterize occurring P species in sediments from the Baltic Sea 

along a gradient from river estuaries into central parts of the Baltic Sea, and (ii) to observe 

changes in the composition of the sediments along their transport pathway from the coast of 

northern Germany to the Gotland Basin in the Baltic Proper. 

 

5.3. Material and methods 

 

5.3.1. Sampling area and sediment collection 

 

Six sediment samples were selected from the stock of Leibniz Institute for Baltic Research 

Warnemünde (IOW). The samples were collected in the years 1982, 2013 and 2016 at different 

locations from the coastal land of northern Germany to the deep Baltic Proper at the River 

Recknitz (RE), Saaler Bodden (SB), Mecklenburg Bight (MB), Arkona Basin (AB1, AB2) and 

Gotland Basin (GB) as shown in Figure 1 (coordinates in Table 1). The samples RE and SB 

were taken manually with an UWITEC tube, MB and A2 with a Van Veen grab and AB1 and GB 

with a multi-corer, equipped with polycarbonate tubes. After collection, samples were dried and 

homogenized by grinding. These pretreatments possibly do not reflect the P speciation in situ 

(e.g. Condron and Newman 2011 and references therein) but all samples archivated for 

subsequent special analyses had been pretreated in this way. Along the transect from land to 

sea, the water depths at which the sediments were taken, increase from 2 m to 247 m in the 

order RE<SB<MB<AB1<AB2<GB. According to literature, the sediment samples RE and SB 

from 2 m depth may contain a few cm of oxic conditions in uppermost layers (Karstens et al. 
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2015) whereas the others from greater depth can be considered to derive from hypoxic and 

anoxic zones (Mort et al. 2010). The sampling depths in the sediments range from 0 to 30 cm, 

with exception of the sample AB1, where sediment was exclusively available in a depth of 18 to 

21 cm.  

 

Figure 5-1 Location map of the six sampling sites at the coast of Mecklenburg-Western 
Pomerania and the Baltic Sea. 

 

5.3.2. Determination of total P, Ca, Mg, Al, Fe and water content 

 

Elemental concentrations of total P (Pt), calcium (Ca), magnesium (Mg), aluminium (Al) and iron 

(Fe) were determined with an inductively coupled plasma-optical emission spectrometer (ICP-

OES) after microwave-assisted digestion of ≤ 50 mg sediment with aqua regia consisting of 2 

mL nitric acid (HNO3) and 6 mL hydrochloric acid (HCl) and are displayed in Table 2. Absolute 

water contents of the samples were obtained from IOW (Table 1). 
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Table 5-1 Sample codes, origins, coordinates, sampling years and methods, water and 

sediment depths and water content of the sediment samples. 

Sample 
code 

Origin 
 

Coordinates 
 

Year of 
sampling 

Sampling 
method 

Water 
depth  

(m) 

Sediment 
depth (cm) 

Water 
content 

(%) 

RE 
River 

Recknitz 
54° 14.85 N; 
12° 28.02 E 

2016 
UWITEC 

tube 
2 0-10 85.2 

SB 
Saaler 

Bodden 
54° 15.18 N; 
12° 25.24 E 

2016 
UWITEC 

tube 
2 0-6 87.8 

MB 
Mecklenbur

g Bight 
54° 14.40 N; 
11° 29.40 E 

1982 
Van Veen 

grab 
24 0-30 66.8 

AB1 
Arkona 
Basin 

54° 55.30 N; 
13° 44.10 E 

2013 multi-corer 46 18-21 73.2 

AB2 
Arkona 
Basin 

54° 55.50 N; 
13° 30.00 E 

1982 
Van Veen 

grab 
48 0-30 70.3 

GB 
Gotland 
Basin 

57° 19.20 N; 
20° 03.00 E 

2013 multi-corer 247 0-20 84.8 

 

5.3.3. Sequential P fractionation 

 

A sequential fractionation method according to Hedley et al. (1982), modified by Tiessen and 

Moir (1993) was used to extract different P fractions from sediment. About 0.42 g finely ground 

sediment was weighed into 50-mL centrifuge tubes. Samples were shaken for 18 h followed by 

centrifugation at 4000g for 20 min, and decanted. Chemical P fractionation included the 

following extraction steps: (1) resin strips, (2) 0.5 M NaHCO3, (3) 0.1 M NaOH and (4) 1 M 

H2SO4, which were all conducted under ambient air temperature. In the fraction of anion 

exchange resin, P was removed from the resin using 1 M HCl. The P fractions were interpreted 

as suggested by Hedley et al. (1982): resin P (resin-P) representing the easily exchangeable 

and mobile P; inorganic (NaHCO3-Pi) and organic (NaHCO3-Po) bicarbonate P representing 

labile inorganic and organic P weakly adsorbed to mineral surfaces as well as microbial P; 

inorganic (NaOH-Pi) and organic (NaOH-Po) hydroxide P representing moderately labile 

inorganic and organic P adsorbed to aluminium- and iron oxide minerals and P in humic and 

fulvic acids. The H2SO4-P fraction represents insoluble P associated with Ca and Mg minerals 

and apatite (Walker and Syers 1976; Hedley et al. 1982; Tiessen and Moir 1993; Guo et al. 

2000; Wu et al. 2014; Koch et al. 2018; Morshedizad et al. 2018). H2SO4 was used instead of 

HCl (Hedley et al. 1982) because Tiessen et al. (1983) criticized hot HCl as proposed by Hedley 

et al. (1982) for organic P losses. Total P (Pt) in the different extraction fractions was measured 

in the supernatants using an ICP-OES while the remaining sediment pellet was used for the 

next extraction step. The inorganic P (Pi) concentrations in the extracts were determined 

colorimetrically with the molybdate-blue method as described by Murphy and Riley (1962). The 

concentration of Po was estimated by subtracting Pi from Pt. The concentration of not 

extractable P (Residual-Pc) was calculated as the difference between the sum of the P fractions 

and the Pt concentration determined after digestion with aqua regia. To compare these 

calculated Residual-Pc concentrations with the actual residual P in the samples, the solid 
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sample residue of each sample was also digested with aqua regia after completion of the 

sequential P fractionation and the concentration of Residual-Pm was measured in these extracts. 

5.3.4. P K-edge XANES analysis 

 

The P K-edge XANES spectra for characterizing P species in the sediment samples were 

recorded at the Synchrotron Light Research Institute (SLRI) in Nakhon 65 Ratchasima, Thailand 

on the beamline 8 (BL8). The electron storage ring covered photon energy from 1.25 to 10 keV, 

operated at 1.2 GeV electron energy, and the beam current was 80–150 mA (Klysubun et al. 

2012). The XANES data were collected from dry and fine-ground sediment samples thinly 

spread on P-free kapton tape (Lanmar Inc. Northbrook, IL, USA) attached to a plastic sample 

holder. Samples AB1 and RE were diluted to P concentrations < 2 mg P kg
-1

 with SiO2 powder 

(to eliminate self-absorption effects; Prietzel et al. 2013) and again ground and homogenized in 

a mini mill (Pulverisette 23, Fritsch GmbH Milling and Sizing, 55743 Idar-Oberstein, Germany). 

Data collection was operated in standard conditions with energy calibration by standard pure 

elemental P and allocating the reference energy (E0) at 2145.5 eV using the maximum peak of 

the first derivative spectrum. All spectra were recorded at photon energies between 2045.5 and 

2495.5 eV in step sizes of 5 eV (2045.5 to 2105.5 eV and 2245.5 to 2495.5 eV), 1 eV (2105.5 to 

2135.5 eV and 2195.5 to 2245.5 eV) and 0.25 eV (2135.5 to 2195.5 eV) with a 13-channel 

germanium detector in fluorescence mode. The fluorescence mode is used because of its high 

sensitivity (Klysubun et al. 2012) and because the standard set of P-compounds was already 

measured in fluorescence mode. Three scans were collected and averaged for each sample. 

All P K-edge XANES spectra were normalized, and the replicates were merged. Linear 

combination fitting (LCF) was performed using the ATHENA software package (Ravel and 

Newville 2005) in the energy range between -20 eV and +30 eV of E0. The XANES spectral 

data were baseline corrected in the pre-edge region between 2115 and 2145 eV and 

normalized in the post-edge region of 2190-2215 eV. The same ranges were used for the 

reference P K-edge XANES spectra to achieve consistency in the following fitting analysis 

(Prietzel et al. 2016). To achieve the best compatible set of references with each specified 

sample spectrum, LCF analysis was performed using the combinatorics function of ATHENA 

software to attain all possible binary to quaternary combinations between all 19 P reference 

spectra in which the share of each compound was ≥ 10%. The following set of reference P K-

edge XANES spectra, all recorded in SLRI in fluorescence mode under the same adjustments 

by Werner and Prietzel (2015) and Prietzel et al. (2016), were used for fitting and calculations; 

Ca, Al and Fe phytate, noncrystalline and crystalline AlPO4, noncrystalline and crystalline 

FePO4・2H2O, Ca 5 hydroxyapatite (Ca5(OH)(PO4)3), inositol hexakisphosphate (IHP), 

ferrihydrite–IHP, montmorillonite–Al–IHP, soil organic matter Al–IHP (SOM–Al–IHP), 

ferrihydrite–orthophosphate, montmorillonite–Al–orthophosphate, SOM–Al–orthophosphate, 

boehmite–IHP, boehmite–10 orthophosphate, CaHPO4, Ca(H2PO4)2 and MgHPO4. The R-factor 

values were used as goodness-of-fit criteria and significant differences between fits were 

evaluated using the Hamilton test (p < 0.05) (Calvin 2013) with the number of independent data 
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points calculated by ATHENA, estimated as data range divided by core-hole lifetime 

broadening. The best fits of P reference compound combinations were considered as the most 

probable P species in the material. If R factors of fits with the same number of reference 

compounds were not significantly different from each other according to the Hamilton test, fit 

proportions were averaged. 

5.3.5. Solution 
31

P NMR spectroscopy 

 

Phosphorus was extracted for solution 
31

P NMR analysis using a commonly applied procedure 

(Doolette et al. 2009; Doolette and Smernik 2011; Vestergren et al. 2012; Vincent et al. 2013). 

Although there is a risk of sample alteration caused by strongly alkaline conditions and thus an 

overestimation of the orthophosphate pool may occur, the most commonly used extraction 

protocol includes shaking the sample for 16 h with a mixture of NaOH and Na2EDTA and a 

subsequent lyophilization (Kruse et al. 2015). Furthermore, line broadening in 
31

P NMR spectra 

induced by paramagnetic Fe and Mn co-extracted by NaOH and EDTA mixtures remains a 

challenging issue (Cade-Menun 2005). The sulfide precipitation as a possible post-extraction 

treatment to reduce line broadening caused by high contents of metal ions and to improve the 

resolution of spectra was introduced by Vestergren et al. (2012). After lyophilization, Na2S 

creating reductive conditions by large sulfide excess is added to the NaOH/Na2EDTA extracts 

and as a consequence Fe
3+

 is reduced to Fe
2+

 with a lower affinity for phosphate groups, and 

thus, less P is eliminated from the solution (Vestergren et al. 2012). 

About 1.5 g dry and milled sediment was shaken at ambient temperature for 16 h in 30 mL of 

extraction solution containing 0.25 M NaOH and 0.05 M Na2EDTA (soil-to-solution-mass-ratio 

1:20). Then the samples were centrifuged for 30 min at 9900g. The supernatants were filtered 

through P-free filters, and 2 mL of the extracts were taken to measure Pt in these EDTA extracts 

using an ICP-OES. The remaining supernatants were frozen at -80 °C and subsequently 

lyophilized, yielding in approximately 0.7 to 0.9 g solid material, respectively. After lyophilization, 

a Na2S treatment was implemented to remove paramagnetic ions from NaOH/Na2EDTA 

sediment extracts (Vestergren et al. 2012; Wang et al. 2017). About 0.1 g of lyophilized material 

was dissolved in 0.6 mL of a mixture of 0.1 mL 30% NaOD and 7.4 mL D2O in an Eppendorf 

vial. To this solution, 0.5 g of Na2S･9H2O powder was added and samples were mixed by 

vortex briefly. After shaking for 16 h at a horizontal mixer at ambient temperature, the samples 

were centrifuged at 20,160g at 4 °C for 45 min and 0.4 mL of the supernatant was transferred to 

a 5-mm-diameter NMR tube and 0.013 mL MDPA (methylenediphosphonic acid sodium salt) 

were added as an internal standard. This Na2S treatment uncovered some peaks which were 

not present after the analysis using the single extraction with NaOH/Na2EDTA of the sediment 

samples. The differences between these two sample preparations are shown in Fig S1 

(Electronic Supplementary Material – ESM). In the sulfide-treated spectra peaks at the 

monoester and diester region become visible which were not present before. 

The solution 
31

P NMR spectra were recorded using an inverse gated decoupled (IG) pulse 

sequence on a Bruker Avance 500 spectrometer with a pulse width of 30° (3.3 µs), 0.41 s 
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aquisition time, 5.0 s pulse delay, 10,000 scans and a temperature of 300 K. Spectra were 

processed using standard Bruker software (TopSpin 3.5pl7) and plotted with a line-broadening 

of 1 Hz. The chemical shift scale was referenced to the resonance of the dominant 

orthophosphate peak at 6.0 ppm. To confirm the assignment of peaks in 
31

P NMR spectra, 

spiking was performed on all other P compounds (compounds and chemical shifts in all 

samples can be found in Table S1 and Table S2 - ESM). Considering an adjustment of the 

chemical shift of orthophosphate to 6.0 ppm, the peak library of P compounds in 
31

P NMR 

spectroscopy by Cade-Menun (2015) could be used as a rough indication for peak identification. 

P compounds generally appeared close to the resonances given by Cade-Menun (2015) and 

own spiking experiments have been conducted, confirming the correct allocation of P 

compounds. The P compound at 5.24 ppm could not be identified. D-Glucose-6-phosphate 

sodium salt, phytic acid sodium salt hydrate and D-myo-inositol-1,4,5-trisphosphate trisodium 

salt were spiked to match this unknown compound to one of these standards, but there was no 

agreement, so they could be excluded. β-Glycerophosphate and AMP appeared as one peak 

due to their close positions at 4.529 ppm and 4.405 ppm according to Cade-Menun (2015). 

Thus, their concentrations are given as a sum. 

The spectra were integrated and signal intensities were expressed as portion of the sum of area 

integrals. The contents of the single P compounds were indicated converting their proportions 

into mg P kg
-1

 sediment from the measured EDTA extracts. 

 

5.3.6. Scanning electron microscopy (SEM) and energy dispersive X-ray micro analysis (EDX) 

 

Particle analysis was done by SEM (Zeiss Merlin Compact) and EDX (Oxford Instruments; 

Aztec and Inca software). Suspended particulate matter (SPM) preparation was conducted by 

filtration of the sample onto poly-carbonate nucleopore filters (0.4 µm HTTP), rinsed with 

distilled water, and dried at room temperature. Later, the samples were covered (vacuum 

sputter) with elemental carbon for electric conductivity. This preparation prevents carbon 

analysis of the sample material, but it is the best compromise for analyzing all other elements. A 

thin coverage of particles on the filter surface is necessary to avoid overlapping of particles for 

point EDX analysis. The used automated particle analysis procedure allowed the investigation 

of about 1500 single particles for each sample. This high number ensures the quantification of 

the found composition by identification of minerals and particle groups. Each single particle was 

analyzed for standard list of major elements (O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Mn, Fe, Ba). 

The chemical composition of the particles is the base for a mineral/particle identification 

program (INCA feature 5:04, Oxford Instruments) which allows assigning the particle to minerals 

and particle groups. 

EDX in general is a major element analysis method. Modern detectors allow reliable 

determination of element concentrations down to 1%. Lower values (<0.5%) are critical and 

detection limit normally is reached at 0.1%, especially if the element peak disappears in the 

background noise of the spectra. However, this method is favored for findings of element 

enrichments or binding in minerals and particle groups on single particle level in micrometer 
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scale. Photographs and control spectra of particles of special interest were taken immediately 

after the automated particle analysis. The coordinates (x, y, z) of all analyzed particles were 

stored and can be followed back as long as the samples stay in the SEM desk position. 

The identification of common minerals or particle groups parallel to the automated particle 

analyses is based on threshold values of characteristic elements. These threshold values were 

defined by analyses of standard minerals specifically used in the development of the SEM-EDX 

method and modified by analyses of samples with known mineral compositions (Leipe et al. 

1999). However, besides the additional information about the abundant minerals or particle 

groups, the whole dataset for each sample can be reworked by statistic software (xls; 

DataDesk) to check the found clusters of particles in the multi element “space”. 

 

5.3.7. Statistical analysis 
 

Data analysis was performed using open-source statistical software R (version 3.4.3). R 

package agricolae was used for Tukey’s HSD (honest significant difference) test, which enables 

multiple comparisons. The significance level was 0.05 (https://cran.r-project.org/web/packages/ 

agricolae/index.html). The Tukey’s HSD test was used to find differences in the elemental 

concentrations between the sediments from various sampling sites. Differences between the P 

concentrations measured with sequential P fractionation and 
31

P NMR spectroscopy were 

tested for significance (*P < 0.05, **P < 0.01, ***P < 0.001) by the Student t test. 

Calculation of correlations and regression functions for P contents of the NaOH/Na2EDTA 

extracts and different sums of sequential P fractionation was conducted with the help of linear 

models from the R package vegan. Residuals were distributed normally, and thus, prerequisites 

for regressions were met. 

Data of the sediment samples and, additionally, of a set of four soil samples from a study of 

Koch et al. (2018) were analyzed by nonmetric multidimensional scaling (NMDS). The results of 

sequential P fractionation, XANES and 
31

P NMR spectroscopy are presented in the NMDS to 

give an overview of possible relationships. NMDS was calculated using a function from the 

vegan package in R. Results of the different methods were converted into relative proportions 

and used as input for calculating NMDS. The shown NMDS analysis was performed using 

Euclidean distance measure. The stress value is 0.06 and thereby indicates a reliable test 

performance. 

5.4. Results and discussion 

 

5.4.1. Sediment characteristics 

 

Sediment characteristics and elemental concentrations are shown in Tables 1 and 2. Sample 

RE had the highest Pt contents (3973 mg kg
-1

) followed by AB1 (3531 mg kg
-1

) (Table 2). 

Among all samples, MB had the lowest Pt content (775 mg kg
-1

). The Pt contents of SB, AB2 

and GB ranged between 912 mg kg
-1 

and 1000 mg kg
-1

 and thereby were between the highest 

and lowest contents of Pt (Table 2). 
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Amounts of Pt were higher than in offshore sediments from the southeast coast of India and in 

estuary sediments from US Pacific northwest coast, but the general magnitude is comparable. 

Mohanty et al. (2018) found Pt contents of 470 to 1220 mg kg
-1 

in sediments from the Bay of 

Bengal and Watson et al. (2018) Pt contents of 601 to 1366 mg kg
-1 

in sediments from the 

Columbia River (both determined P by ignition followed by extraction with H2SO4), whereas the 

present sediments had between 775 and 3973 mg Pt kg
-1

 (Table 2). 

Relatively high Ca contents indicated by low P/Ca ratios characterized SB (0.01), GB (0.07) and 

RE (0.08), comparably lower Ca contents and higher P/Ca ratios were found in MB, AB2 and 

AB1 (Table 2). The highest contents of Mg and Al, also with regard to their ratios of P/Mg and 

P/Al, were present in GB. Samples AB1, AB2 and MB also contained high Mg (> 8000 mg kg
-1

) 

and Al contents (> 16000 mg kg
-1

), but the ratios of P/Mg and P/Al for AB1 did not reflect this 

due to the high Pt contents. The samples RE and SB had the lowest contents of Mg and Al 

compared to the other samples. The highest concentrations of Fe were present in RE (49,608 

mg kg
-1

), whereas the smallest P/Fe ratio was analyzed for GB. The samples RE, AB1 and GB 

with the largest Pt contents simultaneously had the third highest contents of Fe. Considering the 

P/Fe ratio, the samples GB, AB2, and MB had the highest Fe amounts in relation to their Pt 

contents. The smallest amount of Fe was present in SB with the lowest average sediment 

depth, and AB1 with the greatest sediment depth had the second-highest content of Fe. For Al, 

samples SB and RE contained the smallest concentration with no significant difference. The Ca 

amount of our samples decreased with sediment depth in the order SB > RE > GB > MB > AB2 

> AB1 (Table 2). 

 

Table 5-2 Elemental concentrations of total P (Pt) Ca, Mg, Al and Fe in mg kg
-1

 and their ratios 
(P/Ca, P/Mg, P/Al, P/Fe). Significant differences at 5% probability level between samples are 
designated by different letters (a, b, c, d, e), n = 3. 

Sample Pt Ca P/Ca Mg P/Mg Al P/Al Fe P/Fe 

  mg kg
-1

 mg kg
-1

   mg kg
-1

   mg kg
-1

   mg kg
-1

   

RE 3973
a
 49185

b
 0.08 3127

e
 1.27 6321

dx
 0.63 49608

a
 0.08 

SB 912
c
 93568

a
 0.01 6139

d
 0.15 7220

dx
 0.13 21495

e
 0.04 

MB 775
d
 6783

d
 0.11 8185

c
 0.09 16897

cx
 0.05 29311

d
 0.03 

AB1 3531
b
 5959

c
 0.59 10453

b
 0.34 19208

bc
 0.18 42555

b
 0.08 

AB2 930
c
 6378

c
 0.15 9971

b
 0.09 21665

ab
 0.04 33687

c
 0.03 

GB 1000
c
 13476

c
 0.07 11749

a
 0.09 25877

ax
 0.04 41886

b
 0.02 

 

Sediment depth is considered as one important reason for changing elemental concentrations 

of sediments in many studies (e.g. Jensen and Thamdrup 1993; Leipe et al. 2000; Lukkari et al. 

2008; Lukkari et al. 2009). Conditions of oxygen depletion, sediment accumulation rates, pH, 

and particle sizes vary among different sediment depths and thereby influence the presence of 

elements and especially P (Lukkari et al. 2008; Lukkari et al. 2009). If the present sediments are 

arranged vertically from low to high depths, it results in the order SB < RE < GB < MB < AB2 < 

AB1 whereas SB has an average sediment depth of 3 cm and AB1 of 19.5 cm (Table 1). 
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Lukkari et al. (2009) completely digested sediment samples and determined elemental 

compositions by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). They 

observed mainly an increase of Fe, Al and Ca and a decrease of Pt with rising depths in 

sediments from the Gulf of Finland in the northeastern Baltic Sea. The decrease in Pt with depth 

has been explained by P release from sediment based on the patchy bottom topography and 

limitations in mixing of water in the Baltic Sea in this area (Lukkari et al. 2009). Such a trend is 

not that clear in our samples, but goes in a similar direction (Table 2). The Ca contents in the 

present investigation (Table 2) showed a reversed order compared to Lukkari et al. (2009). 

However, these samples were taken along the Northern Gulf of Finland characterized by a low 

mean water depth of 37 m and low salinity (Alenius et al. 1998). In contrast, the present 

sediments originate from different topographic backgrounds with inhomogeneous depths and 

salinities. The sample span ranges from a lowland river and a shallow brackish water estuary 

with water depths of 2 m to Baltic Sea sediments with a maximum of 247 m water depth. 

Different studies emphasized the importance of seafloor water oxygen conditions for nutrient 

concentrations in the water column (Hille et al. 2005) and, especially, on P release from 

sediments (Walve et al. 2018).  Lukkari et al. (2009) suggest that an accumulation of organic 

matter and Po and related intensified oxygen reduction in coastal basins increases the potential 

for P release from sediment and thereby causes low P contents in sediments from these areas. 

This indication agrees with the result of the present samples, where MB, SB and AB2 had the 

lowest Pt contents (Table 2). 

Another reason for the wide variation of the Pt contents of the sediments may be the different 

sampling years of the sediments. The oxygen ventilation of the Baltic Sea is closely connected 

with the inflow of saltwater from the North Sea (Schinke and Matthäus 1998). Time spans with 

major inflows and periods of stagnation without inflows of large volumes can have very different 

lengths (Hille et al. 2005). For example, there was a low inflow activity to the Baltic Sea in the 

time between the mid-1970s and 2003 (Hille et al. 2005). Due to different inflow activities over 

the years and, thereby, varying oxygen conditions, the comparability of the Pt contents of the 

sediment samples remains questionable. Another possible explanation for the heterogeneity of 

the Pt contents in the sediments could be the fact that in fine sediments there is more P than in 

coarser ones (Łukawska-Matuszewska and Bolałek 2008). 

Although there is no clear increase or decrease of Pt with increasing distance from the coast in 

all samples, there is a possible ranking of MB < AB2 < GB from lower to higher Pt contents. If 

the samples RE and SB are excluded due to their riverine and inland water origin and AB1 

because of its different sediment depth, the samples MB, AB2 and GB represent a gradient of 

sediment-Pt in the Baltic Sea with an increasing distance from the coast. Due to an intensive 

sea floor transport, the absence of oxygen and the limited mixing of bottom water, the 

conditions for organic matter and P accumulation are favorable in deep basins of the Baltic Sea 

(Łukawska-Matuszewska and Bolałek 2008). This ranking agrees with an investigation of 

Łukawska-Matuszewska and Bolałek (2008) where maximum P concentrations were found in 

clays and silts from deep-water, stratified parts of the Gulf of Gdańsk and lower P 

concentrations in sediments from the coastal zone. 
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5.4.2. Merging of results from all P-methods  

 

The NMDS in Fig. 2 merges the results of the P-specific methods sequential P fractionation, P-

XANES and 
31

P NMR spectroscopy. NMDS is a qualified ordination method for ecological data 

because it does not require normal distribution or linear relationships between variables 

(McCune et al. 2002). Thus, this NMDS analysis enables a quick overview of the sediments 

analyzed by the different methods and indicates relationships, which subsequently can be 

investigated more precisely by two-dimensional comparisons. Additional primary data of P 

fractionation, XANES and 
31

P NMR spectroscopy of four soil samples from an agricultural long-

term experiment at the University of Rostock were taken from Koch et al. (2018) and integrated 

in this statistical evaluation to expand the terrestrial-aquatic gradient towards the land. The 

closer together objects are located in this NMDS the more accordance they show in their results 

from the three different methods and inversely. 

The soils are closely located to each other in the NMDS and distant from the sediments, 

illustrating more similarities in P speciation among the soils than between soils and sediments. 

The sediment RE from the River Recknitz at the coast of Northern Germany is close to the soils 

and, thereby, shows the greatest similarity with the soils. From the P-methods, proportions of 

resin-P, NaHCO3-Pi and NaOH-Pi from sequential P fractionation and monoester-P from 
31

P 

NMR spectroscopy cluster with the soils and the sediment RE. Apart from that, GB and AB2 

from the Gotland and Arkona Basin in the central Baltic Sea are situated closer to the H2SO4-P 

fraction in the NMDS. Moreover, GB and AB2 seem to contain higher amounts of the inorganic 

ortho-P determined with 
31

P NMR spectroscopy in comparison to the other sediments and soils. 

Inorganic pyro-P and organic diester P compounds obtained from 
31

P NMR spectroscopy are 

located further away in the lower center of NMDS figure indicating little influence on differences 

within the whole sample set. Results from XANES analyses show overall a separation between 

the left side of the NMDS including Al-P and Fe-P compounds, clustering with the soils and RE, 

and the right side representing Ca-P and Mg-P compounds, somehow grouping with the other 

sediment samples. 
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Figure 5-2 Nonmetric multidimensional scaling (NMDS) of sediments (RE, SB, MB, AB1, AB2, 
GB) and soil samples (from Koch et al. (2018); Soil 1= control, Soil 2 = compost, Soil 3 = TSP, 
Soil 4 = compost+TSP) with results of sequential P fractionation (fractions: Resin-P, NaHCO3-
Pi, NaHCO3-Po, NaOH-Pi, NaOH-Po and H2SO4-P), XANES analysis (Fe-P, Al-P, Ca-P, Mg-P), 
and 

31
P NMR spectroscopy (Monoester, Diester, Ortho-P, Pyro-P). 

5.4.3. Sequentially extracted P fractions 

 

The proportions of individual P fractions of Pt were calculated to compare samples with different 

Pt contents (Table 2). The average P extractability of the samples was 89% of Pt and differed in 

a range from 77% for GB to 97% for AB1. The proportions of labile P fractions (resin-P; 

NaHCO3-Pi and NaHCO3-Po) in the sediment samples were ≤ 9% except for the resin-P of SB 

(14%) and the NaHCO3-Pi fraction of AB1 (26%) (Table 3). The highest P proportions of all 

fractions occurred either in the moderately labile NaOH-Pi fraction for RE and AB1 or in the 

stable H2SO4-P fraction of the samples SB, MB, AB2 and GB. Proportions of calculated residual 

P were between 3 and 23% for all samples and their concentrations lie below the measured 

residual P values in the solid residues after completion of the sequential P fractionation. 

Generally, there was a decrease in the proportions of the labile P-fractions resin-P, NaHCO3-Pi, 

and NaHCO3-Po with increasing distance from the coast, whereas the proportions of the stable 

P fractions H2SO4-P and residual P increased from land to sea. In the samples RE and SB, the 

sum of labile P fractions was 14 – 25% and declined to 7 – 17% in AB2 and GB. The summed 
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proportions of stable P in RE and SB made up 27 – 49% and rose to 61 – 68% in AB2 and GB. 

The sums of the organic and inorganic moderately labile NaOH-P fractions are 27 – 60% for RE 

and SB, and dropped to 23 – 25% in AB2 and GB. Opposed to the other samples, AB1 showed 

higher proportions of labile and moderately labile P fractions and low proportions of stable P. 

This difference could be explained by the fact that the sampling depth of the sediment AB1 was 

18 – 21 cm, whereas all other sampling depths started at the top of the sediment. The 

sequential P fractionation estimates organic P in sediments as the difference between Pt and Pi 

determined colorimetrically with the molybdate blue method. The percentage of Po was highest 

in SB (30% as sum of NaHCO3-Po and NaOH-Po, Table 3), followed by AB2 (26%). The lowest 

percentages of Po were in RE (11%) and AB1 (9%). 

The decrease of labile P fractions with increasing water depth and distance from the coast can 

be explained by lower oxygen concentrations in the near-bottom water in deep regions of the 

Baltic Sea. Łukawska-Matuszewska and Bolałek (2008) found that low oxygen concentrations in 

deep parts of the Gulf of Gdańsk lowered the percentages of loosely bound P in sediments 

determined with the sequential extraction method described by Jensen and Thamdrup (1993). 

In contrast, a gradual increase of loosely bound P in sediments from near shore to offshore 

occurred on three transects at the southeast coast of India (Mohanty et al. 2018). It is explained 

by the assumption that high water mixing effects are more present near the coast as in offshore 

regions, and thus, there are more exchange processes of loosely bound P between sediment 

and water column (Mohanty et al. 2018). Hence, the different amounts of labile P components 

developed from a complex interaction of different conditions like regional and climatic 

characteristics. The reduced proportions of NaOH-P, representing moderately labile P adsorbed 

to Al- and Fe-oxide minerals, with increasing coastal distance again agree with Łukawska-

Matuszewska and Bolałek (2008), who found a decline of Fe-bound P determined with 

sequential extraction in sediments from the Gulf of Gdańsk with increasing seaward distance 

from the Vistula River mouth. Coelho et al. (2004) also determined a dominance of Al- and Fe-

bound P in sediments from the Mondego estuary at the Atlantic coast of Portugal with high 

freshwater influence and a decrease of Al-P and Fe-P with increasing salinity and coastal 

distance. The higher amounts of the stable P fractions H2SO4-P and residual P, representing 

insoluble P associated with Ca and Mg minerals (Hedley et al. 1982), in sediments from the 

Baltic Proper far away from the coast of Northern Germany agree with the observations that the 

CaCO3-bound P fraction dominated sediments in the outer area of the Mondego estuary 

(Coelho et al. 2004) and the increase of Ca-P contents in sediments from near shore to offshore 

region at the southeast coast of India (Mohanty et al. 2018). The missing trend in the 

proportions of sediment Po agrees with (Paytan et al. 2003) who described a considerable 

transformation from Po to Pi in the water column and the decrease of the Po pool with depth by 

microbial consumption as reviewed by Defforey and Paytan (2018). Furthermore, results of the 

Hedley fractionation may have been affected by the different drying/grinding pretreatments 

(Condron and Newman 2011). 
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Table 5-3 Concentrations (mg kg
-1

) and percentages (%) of each sequentially exctracted P fraction from total P (Pt), of inorganic P (Pi) and organic P (Po) in 

the different P pools Resin-P, NaHCO3-P, NaOH-P, H2SO4-P and Residual-P (Residual-Pc = calculated P as the difference between Pt and the sum of all 
fractions; Residual-Pm = measured residual P in the solid residue after sequential P fractionation) in the sediment samples. Deviations from 100% are caused 
by rounding errors. 

Sample Resin-P NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po H2SO4-P Residual-Pc Resdiual-Pm Pt 

  mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 mg kg
-1

 

RE 64 (2) 349 (9) 120 (3) 2049 (52) 298 (8) 881 (22) 212 (5) 334 3973 

SB 126 (14) 51 (6) 50 (5) 14 (2) 228 (25) 280 (31) 163 (18) 322 912 

MB 41 (5) 29 (4) 65 (8) 23 (3) 103 (13) 437 (56) 77 (10) 204 775 

AB1 31 (1) 901 (26) 175 (5) 1676 (47) 146 (4) 501 (14) 101 (3) 428 3531 

AB2 34 (4) 44 (5) 72 (8) 42 (5) 171 (18) 485 (52) 82 (9) 231 930 

GB 4 (0) 25 (3) 42 (4) 102 (10) 150 (15) 450 (45) 227 (23) 517 1000 
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5.4.4. P K-edge XANES analysis 

 

The XANES spectra where characterized by an intense white line peak at around 2152 eV 

(spectra are shown in Fig. S2 - ESM). Differences in the post-edge region and in single peak 

intensities were obvious between most samples. The linear combination fitting (LCF) of spectra 

using 19 spectra of P reference compounds indicated that the P composition of all sediment 

samples can be described by Ca compounds such as Ca-phytate, Ca-hydrogenphosphate 

(CaHPO4), Ca-dihydrogenphosphate (Ca(H2PO4)2), Ca-5-hydroxyapatite, and other inorganic 

and organic P compounds such as Mg-hydrogenphosphate (MgHPO4), inositol-

hexakisphosphate (IHP), amorphous Al-phosphate (AlPO4 amorphous), and ferrihydrite–

orthophosphate (ferrihydrite PO4) (Table 4). Calcium-associated P species were summed for 

interpretation because quantitative XANES cannot detect one chemical species certainly in the 

presence of high proportions of a different species of the same element (Pickering et al. 1995). 

Summed Ca-associated P compounds reflect the most dominant proportion (53 to 100%) in the 

samples SB, MB, AB1, AB2 and GB (Table 4). In RE the proportion of Ca-associated P (34%) is 

between the percentages of P associated with Al (29%) and Fe (37%). Significant proportions of 

the Po compound IHP were determined in SB (13%) and MB (11%). Phosphorus associated 

with Mg was found in SB (13%) and in AB1 (47%) (Table 4). The samples RE, SB, MB and AB1 

contained P compounds associated with several elements, whereas AB2 and GB contained 

exclusively Ca-bound P. 

 

Table 5-4 Proportions of Ca-phytate, Ca-hydrogenphosphate (CaHPO4), Ca-
dihydrogenphosphate (Ca(H2PO4)2, Ca-hydroxyapatite, Mg-hydrogenphosphate (MgHPO4), 
inositol hexakisphosphate (IHP), Al-phosphate (AlPO4 amorphous) and ferrihydrite phosphate 
(ferrihydrite PO4) in % in the samples determined with K-edge XANES analysis, including R 

factor as a goodness-of-fit criterion. 

Sam-

ple 

 

Ca 

phytate 

 

Ca 

HPO4 

 

Ca 

(H2PO4)2 

 

Ca hydroxy 

apatite 
MgHPO4 IHP 

AlPO4 

amor-

phous 

Ferri-

hydrit

e PO4 

R 

factor 

 in %  

RE 34      29 37 0.0050 

SB 74    13 13   0.0020 

MB 47   15  11   0.0043 

AB1 24 29   47    0.0050 

AB2 41 31 28      0.0072 

GB 58 12  30     0.0061 

 

Although XANES is able to divide inorganic P into distinct chemical forms (Kruse and Leinweber 

2008), it cannot distinguish P adsorbed by certain minerals and by organic matter (Ajiboye et al. 

2008a) because of similar energy spectra (Peak et al. 2002). Hence, the proportions of IHP 

found in the sediments have to be taken with caution. RE from the river Recknitz, located at the 

coast of Northern Germany, was the only sample containing Fe-associated P. Koch et al. (2018) 

derived from similar P-XANES that Fe-associated P was always the most dominant proportion 

in a Stagnic Cambisol soil located at Rostock, Germany (near the Baltic Sea coast). Since Fe-P 
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components are abundant in soils in Northern Germany, it is conceivable that such terrestrial 

influence explains the occurrence of Fe-bound P exclusively in the sediment RE with the 

shortest distance to the coast and the shallowest water depth and, thus, the most terrestrial 

influence. Kraal et al. (2015) discovered a continuous decrease of Fe-associated P with depth 

as determined by XANES in sediments from 855 to 1013 m below sea surface at the Murray 

Ridge in the Northern Arabian Sea. The Fe-P contents analyzed with XANES in the sediments 

from the Arabian Sea ranged from 63% in the shallowest sample to 0% in the deepest (Kraal et 

al. 2015a). Due to the fact that the sediments of the Arabian Sea come from the oxygen 

minimum zone, Kraal et al. (2015) explained the presence of Fe-P as a result of reductive 

dissolution-precipitation reactions under anoxic and non-sulfidic conditions. The content of Fe-

associated P in RE is 37% and between the percentages of the sediments from the Arabian 

Sea. This occurrence can be attributed to an active adsorption onto precipitated Fe rather than 

reductive P diagenesis reactions because of the shallow sampling depth of RE and the 

availability of oxygen (Kraal et al. 2015a). Li et al. (2015) also detected predominantly Fe-bound 

P components in a terrestrial influenced region with chemical extraction, 
31

P NMR spectroscopy, 

XANES and EXAFS in sediments from the Chesapeake Bay at the east coast of North America. 

The increase of Ca-bound P from 34% in RE to 100% in AB2 and GB with growing distance 

from the coast and increasing sampling depths again agreed with Kraal et al. (2015) who 

discovered by P-XANES increasing Ca-P contents with increasing depth in sediments from the 

Arabian Sea. The amount of Ca-associated P in the shallowest sediment from the Arabian Sea 

was 17% and in the deepest sediment 50% (Kraal et al. 2015a). These authors called this 

development „a transition with depth of Fe-associated P to Ca-P“. Frankowski et al. (2002) 

stated that a rise in Ca-P in sediments of Pomeranian Bay in the Baltic Sea went hand in hand 

with a decline in Fe-P and inversely; however, these results were exclusively determined by a 

sequential extraction scheme adapted for bottom sediments and not confirmed by other 

methods. In line with these outcomes, small proportions of Fe- and loosely bound P were found 

in deep parts of the Gulf of Gdańsk associated with lower oxygen concentrations (Łukawska-

Matuszewska and Bolałek 2008). Even at locations like the Pomeranian Bay of the Baltic Sea, 

Ca-bound P is the dominant form of P in sediments (Frankowski et al. 2002). Less Fe-bound P 

compounds can also be found with increasing seaward distance from river mouths in the area of 

the Gulf of Gdańsk (Łukawska-Matuszewska and Bolałek 2008). The authors explain this 

finding by the correlation that fine sediments contain more P than coarse sediments and by the 

fact that P in rivers is mainly transported adsorbed onto Fe oxides and the studied river had 

high percentages of Fe oxides.  

 

5.4.5. Solution 
31

P NMR spectroscopy 

 

The average proportion of P extracted with NaOH/Na2EDTA was 59% Pt, and it ranged from 

41% in MB to 88% in RE (Table 5). Results from 
31

P NMR spectroscopy showed that 

orthophosphate was the most dominant P compound in all samples. Furthermore, the following 

P compounds occurred in the sediments: α-glycerophosphate (α-glycerol), β-glycerophosphate 
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(β-glycerol), adenosine 5‘ monophosphate (AMP), a nonassigned P compound belonging to the 

orthophosphate monoester region between 5.5 and 3.3 ppm, deoxyribonucleic acid (DNA) and 

inorganic pyrophosphate (pyro-P) (Cade-Menun 2015) (spectra given in Fig. S3 - ESM). β-

Glycerophosphate and AMP were identified in all samples except for MB. DNA, which signals 

appear in the diester region, was present in only small proportions in RE and AB1 and a 

comparably high amount in SB (17%). Pyro-P appeared at -4.1 ppm in RE and SB. This 

resonance lies in the region of polyphosphates determined by Cade-Menun (2015). Organic P 

was summarized from orthophosphate monoesters and orthophosphate diesters. The 

percentage of Po determined with 
31

P NMR spectroscopy was highest in AB2 (51%, sum 

β-glycerol/AMP and unknown P compound), followed by SB (43%, sum of α-glycerol, 

β-glycerol/AMP and DNA). Furthermore, there were no Po compounds detected by 
31

P NMR 

spectroscopy in MB and very small portions in AB1 (6%) and GB (8%). 

The predominance of ortho-P in all samples coincides with an investigation of estuary 

sediments from the Columbia River, USA, where ortho-P made up 71 to 84% of Pt determined 

with 
31

P NMR spectroscopy (Watson et al. 2018). Orthophosphate diesters can be rapidly 

degraded to orthophosphate monoesters during sample preparation and extraction (Turner et 

al. 2003). For this reason, the absence or low proportions of diesters in the sediments can be 

explained, at least partly, by the extraction time of 16 h used in the present study. The 

compounds α- and β-glycerol, mainly present in RB and SB, are commonly known diester 

hydrolysis products (Cade-Menun and Liu 2014) and could originate from small quantities of 

diesters existing before sample extraction (Koch et al. 2018). Pyrophosphates and some 

orthophosphate may be also breakdown products of polyphosphates in the NaOH extract 

(Hupfer et al. 1995). Nevertheless, the quantities of hydrolysis products should be very small 

and will not have major consequences on the results (Koch et al. 2018). Pyro-P was exclusively 

present in RE and SB which were taken from 0 - 10 cm and 0 - 6 cm depths of sediment, 

agreeing with Ahlgren et al. (2005) who found pyro-P only in the upper centimeters of sediment 

cores from a lake in Sweden. Although MB, AB2 and GB were also taken in sediment depths 

starting at 0 cm, they reach up to 30 cm and so the share of the upper centimeters is small 

compared to RE and SB. According to Condron et al. (1985), pyrophosphates contribute to 

biological P cycling performed by microorganisms in surface sediments and soils. The variety of 

different mono- and diester P compounds decreased with increasing distance from the coast. In 

RE and SB, two orthophosphate monoesters and one orthophosphate diester were present, 

whereas in AB1 one monoester and one diester P compound, in AB2 two orthophosphate 

monoesters and in GB only one P monoester were found. Ahlgren et al. (2005) stated a general 

decrease of mono-, diester- and pyro-P with increasing sediment depth which goes along with 

the decline of different P compounds in our samples with increasing water and sediment depths. 

This could be explained by ongoing degradation processes over time (Ahlgren et al. 2005). 
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Table 5-5 P contents from NaOH/Na2EDTA extracts (PEDTA) in mg kg
-1

, proportions of NaOH/Na2EDTA extracted P of total P (% Pt) of the sediment samples 
and contents of the compounds orthophosphate (ortho-P), α-glycerophosphate (α-glycerol), β-glycerophosphate and adenosine-5‘-monophosphate (β-
glycerol/AMP), deoxyribonucleic acid (DNA), pyrophosphate (Pyro-P) and unknown compounds in mg kg

-1
 and % determined with 

31
P nuclear magnetic 

resonance spectroscopy (
31

P NMR). 

Sample PEDTA % Pt ortho-P α-glycerol β-glycerol/AMP DNA Pyro-P unknown 

  mg kg
-1

 % mg kg
-1

   (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) mg kg
-1

 (%) 

RE 3505 88 2753 (79) 120 (3) 176 (5) 295 (8) 160 (5)  

SB 464 51 155 (33) 40 (9) 80 (17) 78 (17) 111 (24)  

MB 314 41 314 (100) 
        

 

AB1 2937 83 2752 (94) 
  

90 (3) 96 (3) 
  

 

AB2 399 43 194 (49) 
  

107 (27) 
    

97 (24) 

GB 504 50 465 (92)     39 (8)          
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5.4.6. Particle composition analyzed with SEM-EDX 

 

The numbers of identified particles of each particle group in the sediments and a soil sample 

are shown in Table S4 (ESM). Approximately 1500 particles were analyzed in each sample. The 

percentage of classified particles ranged from 55% in RE to 90% in SB. The sample RE 

contained 215 Fe-phosphate particles and, thereby, the highest number of particles classified 

as Fe-phosphates among all samples. In the soil and the other sediment samples, 0 to 8 Fe-

phosphate particles were found. In SB the number of calcite particles (601) was very high 

compared to the other samples (1 to 8 calcite particles). The particle number of Ca phosphates 

was comparably low in all samples and ranged from 1 in the soil sample to 7 in GB. About 12 

poly-phosphate particles were detected in RE. In the other samples, this number ranged from 0 

to 3 poly-PO4 particles. Poly-P particles are organic or inorganic P compounds containing too 

little percentages of one distinct element beside P to allow an assignment to any other specific 

particle group. Most likely these poly-phosphate particles resulted from microbiological activity 

(Kulakova et al. 2011). In RE and SB, more poly-PO4 particles existed than in MB, AB2 and GB; 

thus, the microbiological activity may be higher in sediments near the coast compared to deeper 

zones of the Baltic Sea. Particles assigned to the class of organic matter/chitin appeared in all 

sediments except AB2. The number ranged from one organic matter/chitin particle in MB to 115 

particles in RE. These particles contain between 4 and 14% P and, thereby, form an important 

group of P containing particles in the examined sediments. Other frequently occurring particle 

classes in the sediments and soil were SiO2 (opal and quartz), illite minerals, potash feldspar 

and albite with P contents of 0 to a maximum of 13%. Authigenic pyrite was abundant in all 

samples with exception of the soil and contained small P contents of 0 to 5%. Pyrite is typically 

formed in anoxic sediments in the Baltic Sea and can be found suspended in the water column 

as well (Leipe et al. 2000). 

Figure 3 displays four exemplary micrographs of different particles found in the sediments. The 

Fe-phosphate particle from RE (Fig. 3a) had an elemental composition of 41% O, 37% Fe and 

17% P (elemental proportions in Table S3 - ESM). The P content of all Fe phosphates in the 

sediments ranged from 5 to 18%. The displayed calcite particle from SB (Fig. 3b) is nearly P-

free, but the P content of other calcite particles ranged from 0 to 19% in all samples (Table S4 - 

ESM), and thus, calcite can play a role for P-binding and transport by endogenous P removal 

from the water body via co-precipitation of P with CaCO3 (Avilés et al. 2006). An organic poly-P 

particle from the sample RE is displayed in Fig. 3c. This polyphopsphate, as hint for 

microbiological activity, contains about 47% O and 30% P. The P content of poly-P particles in 

all sediments ranged from 20 to 30%, and thereby, this is the most P-rich particle class among 

all identified particles. Figure 3d shows a Ca-phosphate, more precisely a fluorapatite, from AB1 

with 39% O, 34% Ca, 17% P, and 6% F. A small number of Ca-phosphates was present in each 

sample, and their P contents ranged from 11 to 20%, and thus, Ca-phosphate was the second 

most P-rich particle class. Ca-phosphates can have their origin from detritus minerals, fertilizers, 

and soils parent materials in Mecklenburg-West Pomerania such as glacial till (Nausch et al. 

2017). 
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5.4.7. Summarizing discussion  
 

Although the proportions of Po from the sequential P fractionation (seq-P) (summed 

percentages from Table 3) can be calculated only indirectly, the Po sums can be compared with 

the results of 
31

P NMR spectroscopy (percentage data not shown), and this revealed 

reasonable results. Both methods showed highest Po percentages from Pt contents for SB (seq-

Po: 30% and NMR-Po: 43%) and AB2 (seq-Po: 26% and NMR-Po: 27%). The regression function 

for Po contents of sequential P fractionation and 
31

P NMR spectroscopy in mg kg
-1

 (seq-Po = 

0.41 NMR-Po + 193.65; r
2 

= 0.88**) justifies this relationship. The sequential extraction may 

underestimate Po because of hydrolytic breakdowns due to the acid and alkaline extractants 

used during the fractionation (Golterman 1982). For MB, 
31

P NMR spectroscopy did not detect 

Po although the sequential P fractionation found some Po even though in low contents (Table 3). 

The detection limit of 
31

P NMR spectroscopy is affected by the concentration of Pt relative to the 

concentration of paramagnetic ions of the sample as well as by the number of scans which were 

collected (McDowell and Stewart 2005). The lower Pt content of MB compared to the other 

samples may explain the absence of Po components determined with 
31

P NMR spectroscopy. 

There was a significant correlation between the P contents of the NaOH/Na2EDTA extracts for 

31
P NMR spectroscopy (NMR-P) and the sum of the fractions resin-P, NaHCO3-Pi, NaHCO3-Po, 

NaOH-Pi, and NaOH-Po from the sequential P fractionation, which corresponds to the extraction 

a
) 

b
) 

c
) 

d
) 

Figure 5-3 Electron micrographs of the particels Fe phosphate (a), calacite (b), poly phosphate 
(c) and Ca phosphate (d) determined in the sediments RE, SB, and AB1 with SEM-EDX. The 
given scale in each picture represents the length of 1 µm. 
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power of NaOH/Na2EDTA (seq-P = 0.89 NMR-P – 7.39; r
2 

= 0.97***). A comparison of the 

amount of inorganic P from the NaOH/Na2EDTA extracts for 
31

P NMR spectroscopy (sum of 

ortho-P and pyro-P = NMR-Pi) and the inorganic P fractions resin-P, NaHCO3-Pi, and NaOH-Pi 

(seq-Pi) of the sequential P fractionation showed a significant correlation with a slope close to 

unity (seq-Pi = 0.94 NMR-Pi – 152.57; r
2
 = 0.99***). The sequential fractionation extracted on 

average 89% Pt (sums from Table 3) from the sediments, and this proportion was above the 

average extractability of 59% using the NaOH/Na2EDTA for 
31

P NMR (Table 5). Nonetheless, 

the strong correlations between results of both methods show that NaOH/Na2EDTA was well 

suited as extractant for 
31

P NMR spectroscopy. As these NMR measurements require liquid 

samples, the NaOH/Na2EDTA extract has been approved to be the ideal extractant also in the 

majority of other studies (Cade-Menun and Liu 2014). 

Results of XANES analysis and sequential P fractionation in the present study generally agreed 

for most samples. Sample RE showed high proportions in the fraction of NaOH-Pi (Table 3), 

representing inorganic P sorbed and fixed by aluminum- and iron (hydr)oxides and according to 

XANES analysis, AlPO4 and ferrihydrite PO4 occurred in this sample (Table 4). Looking at all 

sediment and soil samples, no significant correlation could be identified between Fe-P, Al-P 

compounds determined with XANES and the corresponding fraction of NaOH-Pi from sequential 

P fractionation. This could be due to the fact that Fe-P and Al-P compounds determined with 

XANES occurred exclusively in RE among all sediments. The high proportions of Ca-associated 

P determined with XANES in GB, AB2, MB, and SB correspond with the great percentages in 

the fractions of H2SO4-P and residual P in the sequential fractionation although there was no 

significant correlation between the percentages of Ca-P determined with XANES (Table 4) and 

the sum of the portions of H2SO4-P and residual-Pc from sequential P fractionation (r
2
 = 0.47).  

The application of SEM-EDX with single particles as a method complementary to sequential P 

fractionation, XANES and 
31

P NMR spectroscopy of bulk or extracted samples revealed a 

greater diversity in P-containing mineral phases, which could not be detected by any of the 

other methods. For instance, n = 24 mineral phases contained P and were detected in at least 

in one of the samples (Table S4 - ESM). Even if not all elements and P compounds determined 

with sequential P fractionation, XANES and 
31

P NMR spectroscopy can be discovered with 

SEM-EDX at the single particle level, the general increase of more stable P compounds towards 

the Baltic Proper is supported. The high number of Fe-P particles found with SEM-EDX in RE 

(Table S4 - ESM) coincides (1) with the high Fe concentration determined by microwave-

assisted digestion with aqua regia in this sample (Table 2), (2) with 52% of P in the NaOH-Pi 

fraction (commonly interpreted as Al- and Fe-bound P) (Table 3), and (3) with XANES that 

showed RE as the only sample containing Fe-P (Table 4). This confirms the abundance of Fe 

phosphates that are transported in waterways of nearby catchments in the lowlands of 

northeastern Germany (Nausch et al. 2017). Thus, it seems reasonable that the highest number 

of Fe-P particles present in RE has a riverine origin. The maximum of Ca-P analyzed with SEM-

EDX in GB corresponds with the H2SO4-P in sequential fraction and Ca-P in XANES, both very 

high in GB. The exemplary electron micrograph of the Ca phosphate (Fig. 2d) from AB1 has a 
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crystalline structure with sharp edges which indicates an authigenic development of these 

particles without long transport pathways. 

The larger abundance of Fe-bound P compounds in soils and the coastal sediment RE agrees 

with a transect from Vistula river mouth into the Gdańsk Bay (Poland) in which the Fe 

concentration in suspended particulate matter in water decreased by factor 5.2 over about 70 

km from shore towards the sea (Pempkowiak et al. 2000). This decrease in pedogenic Fe as 

binding partner for P, contrary to the Ca-P-rich sediment GB, most distant from the coast, 

corresponds to the finding that water saturation with respect to calcite and aragonite is highest 

in the Gotland Sea of the Baltic Sea (Tyrell et al. 2008) indicating favourable conditions for the 

precipitation of Ca-P-minerals. In this context Ready et al. (1999) reviewed that Fe-P is 

unstable, whereas Ca-bound P compounds are relatively stable and not readily available. Such 

a hypothetic transition of Fe-associated P (coastal-near, subjected to oxic/anoxic fluctuations) to 

Ca-associated P with rising influence of sea and simultaneously increasing water depths 

(constant hypoxic or anoxic conditions), agrees with a sediment investigation along a depth 

transect in the Arabian Sea (Kraal et al. 2015a). Thus, in general, our data set partly reflects this 

concept of Fe-P to Ca-P transitions although there was no perfect gradient, possibly due to the 

confounding effects of different sediment depths sampled, sampling years, sample 

pretreatments, etc. Furthermore, discussing the importance of source region, 

suspension/sediment transport and within-sediment processes for the P speciation would 

require simultaneous determination of environmental conditions such as texture, redox, salinity, 

and pH. 

 

5.5. Conclusions 

 

1. Since the sequential P fractionation and 
31

P NMR spectroscopy agreed in the proportions of 

Po and Pi, and sequential P fractionation and XANES spectroscopy yielded similar 

proportions of Al-P, Fe-P and Ca-P in some samples and the latter was confirmed by SEM-

EDX at the single-particle level, overall, these methods are considered as complementary, 

even though they assessed different physical and chemical sample properties. Therefore, 

this approach appears straightforward in environmental P research. 

2. Each method indicated differences among samples in their P species that might point to 

transformations from relatively labile towards more stable P compounds with an increasing 

aquatic influence from the coast of Northern Germany to the open Baltic Sea. Although P 

speciation in sediments results from initial P speciation at the source region and P dynamics 

during transport and at the given location, we draw the preliminary cautious conclusion that 

redox cycles and changes in ion concentrations, e.g., due to the impact of saltwater, are 

important factors in the fate of P at terrestrial-aquatic boundaries. 

3. To establish the importance of redox conditions and ion concentrations in forming stable P 

compounds, additional sediments from diverse aquatic systems and sample transects from 

soil over coastal areas to sediments need to be investigated by complementary P-

speciation methods along with the pertinent environmental conditions. If the reductive loss 
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of Fe-P in favor of Ca-P with increasing aquatic influence is a common principle, eventually 

technical solutions can be developed to capture P along its transport pathways from land to 

sea to reduce P inputs to the Baltic Sea according to the HELCOM agreement. 
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6.1. Abstract 
 

Recycling of phosphorus (P) from feed input in aquaculture systems gains increasing 

importance, especially relating to sustainable agriculture and food production. In order to find 

possible areas of application of African catfish solid waste, the purpose of this study was to 

characterize the elemental and organic matter composition and P speciation in the aquaculture 

fish waste. Pyrolysis-field ionization mass spectrometry (Py-FIMS) was used to investigate the 

composition of organic matter and P K-edge X-ray absorption near edge structure (XANES) 

spectroscopy to describe the occurring P-containing compounds in African catfish solid waste 

from an intensive recirculation aquaculture system (RAS). The solid fish waste was mainly 

composed of sterols, free fatty acids and alkylaromatics, as it is common for digestive systems 

of animals. Ingredients such as the phytosterol beta-sitosterin confirm plant-based feed 

ingredients and some recalcitrance against digestion in the African catfish gut. The P in the 

solid fish waste was exclusively bound as calcium-phosphates. These calcium-phosphate 

minerals as major constituents of African catfish waste may have beneficial effects when 

applied to soils, suggesting the use of this waste as possible soil amendment in the future. 

 

Keywords: African catfish • RAS • Py-FIMS • XANES spectroscopy • aquaculture fish waste • 

soil amendment 

 

6.2. Introduction 

 

Phosphorus (P) is one essential element for organism growth and a key factor limiting the 

primary production of plants in various ecosystems (Elser et al. 2007). Developing circular flows 

of P in agriculture can enhance the environmental sustainability of P use (Leinweber et al. 2018; 

Withers et al. 2018). Recycling P from biological waste materials contributes to a sustainable P 

management (Schröder 2005; Le Corre et al. 2009). Intensive recirculation aquaculture systems 

(RAS) have the potential to become one of the most sustainable animal protein production 

systems (Martins et al. 2010). Nevertheless, up to 80% of carbon (C), 76% of nitrogen (N) and 

82% of P from total feed input in aquaculture can be lost to the environment (Hall et al. 1992; 

Holby and Hall 1991). Thus, to assess possible environmental impacts and to enable nutrient 

reuse, it is highly relevant to identify the composition of aquaculture fish waste (Galasso et al. 

2017). 

The characteristics of traditional agricultural waste, such as compost (Gómez-Brandón et al. 

2016), farmyard manure from animal production systems for pigs, poultry and cattle (Case et al. 

2017), slurry (Köster et al. 2015), sewage sludge (Adani and Tambone 2005) and digestates 

from biogas plants (Hupfauf et al. 2016) have been intensively researched, and these materials 

are widely used as organic amendments and P fertilizers in arable soils. Solid waste from 

modern aquaculture systems, especially intensive African catfish RAS, has scarcely been 

investigated to date. A recent investigation demonstrated that the reuse of nutrients from 

commercial African catfish RAS in aquaponics can reduce the demand for mineral fertilizer in 
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plant production because it contains substantial amounts of P and organic matter (Strauch et al. 

2018). However, the chemical composition of that organic matter is completely unknown. 

Pyrolysis-field ionization mass spectrometry (Py-FIMS) has been used to characterize the 

composition of organic matter in complex matrices, such as fertilized soils (Eshetu et al. 2012), 

municipal solid waste leachates (Franke et al. 2006), agro-industrial byproducts (Negassa et al. 

2011a), biochars (Jegajeevagan et al. 2016), pig slurry (Aust et al. 2009) or chicken manure 

(Kazi et al. 2011), but not yet applied to solid waste from African catfish RAS. 

The P K-edge X-ray absorption near edge structure (XANES) spectroscopy is a promising 

method to describe the P speciation of different environmental materials. Several studies used 

this technique to disclose the P speciation, for example, in soils of different genesis (Hesterberg 

et al. 1999; Prietzel et al. 2013; Acksel et al. 2016; Koch et al. 2018; Morshedizad et al. 2018), 

fertilized and organically amended soils (Ajiboye et al. 2008), soils treated with biosolids (Kar et 

al. 2011), poultry litter (Peak et al. 2002), in poultry manure (Sato et al. 2005) and in sediments 

(Kraal et al. 2015; Li et al. 2015; Prüter et al. 2020). Fish fecal matter has not yet been 

investigated by this P speciation method leaving the P speciation of solid RAS waste almost 

unknown. Furthermore, this material can be transported over long distances and contribute to 

the composition of sediments at sea bottoms (Zhang and Kitazawa 2015). For the above 

knowledge gaps concerning P in fish fecal matter there is no indication whether distinct P 

compounds occurring at the bottom of aquatic environments can have their origin in fish fecal 

matter. Furthermore, to support the idea of closed nutrient cycles and to estimate the suitability 

of solid waste from African catfish RAS as possible soil amendment, data on P speciation and 

the specific organic matter composition are urgently needed. 

Thus, the aims of this study were (1) to characterize the organic matter composition of African 

catfish RAS solid waste with Py-FIMS and (2) to disclose the P speciation of this waste with 

XANES spectroscopy. 

 

6.3. Material and methods 

 

6.3.1. Solid Waste Samples 

 

Sampling was conducted on 8 May 2017 at the research facilities of the FishGlassHouse at the 

University of Rostock (Faculty of Agricultural and Environmental Sciences), Germany. Within 

the scope of sampling, settled solids from three semi-commercial African catfish (Clarias 

gariepinus) RAS were collected. The fish were fed with Skretting ME-4.5 Meerval Top, the 

specified feed ingredients were poultry meal, wheat, fish meal, soy extract feed from peeled 

seeds, corn gluten feed, poultry fat, wheat glue and fish oil resulting in 42% crude protein, 13% 

crude fat, 1.8% crude fibre and 8.5% ash. Combined with nitrogen (N) free substances and 

water (6%–8%), the feed included 2% calcium (Ca), 0.4% sodium (Na) and 1.2% P. The three 

RAS consisted of nine fish tanks (FT) with 1.2 m
3 

water
 
volume each, one clarifier with lamella 

inserts for solid separation (point of sampling), one nitrifying trickling filter for biological oxidation 

of ammonia to nitrite and further to nitrate and a sump with two pumps. For further 
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specifications see (Palm et al. 2018). The systems differed in the size of biofilters and clarifiers, 

resulting in total RAS water volumes for extensive aquaculture system (EAS) of 13.9 m
3
, semi-

intensive aquaculture system (SIAS) of 15.1 m
3
, and intensive aquaculture system (IAS) of 16.9 

m
3
 and allowing the different stocking densities of EAS with 35 fish FT

−1
, SIAS with 70 fish FT

−1
 

and IAS with 140 fish FT
−1

. Due to differences in stocking densities, the feed inputs also 

differed. Every six days during the regular maintenance, the clarifiers were temporarily set from 

flow through to bypass to be able to clean them by emptying the supernatant via an integrated 

pump while the solid wastes deposited in the lamella inserts were removed with a high-pressure 

cleaner and the slurry was then collected in the clarifier. Sampling took place six days after 

cleaning the clarifier and a total feed input of 7.28 kg in EAS, 14.59 kg in SIAS and 28.78 kg in 

IAS during this time period. At the time of sampling, EAS had a total fish biomass of 147 kg 

RAS
−1

 (13.6 kg m
−3

), SIAS of 287 kg RAS
−1

 (26.6 kg m
−3

) and IAS of 551 kg RAS
−1

 

(51.0 kg m
−3

). 

 

6.3.2. Determination of elemental concentrations 

 

To determine the concentrations of the elements N, sulphur (S), P, aluminium (Al), iron (Fe), 

Ca, magnesium (Mg) and potassium (K) in the deposited solids, from the slurry samples that 

were collected in the clarifiers the supernatants were decanted and the remaining, concentrated 

slurry was transferred into glass trays and oven dried at 60 °C until weight constancy, what was 

reached after 24 h. The dried samples were then homogenized and acid-digested with 

concentrated HNO3 and HClO4 as preparation for the following analyses of S, P, Al, Fe, Ca, Mg 

and K with an inductively coupled plasma-emission spectrometer (ICP-OES) and N by 

combustion in an elemental analyzer (for methodological details see Strauch et al. (2018)). 

 

6.3.3. Pyrolysis-field ionization mass spectrometry (Py-FIMS) 

 

About 5 mg of finely ground and homogenized samples were thermally degraded by pyrolysis in 

the ion source (emitter: 4.7 kV, counter electrode −5.5 kV) of a double-focusing Finnigan MAT 

95 mass spectrometer. The samples were heated in a vacuum of 10
−4

 Pa from ambient 

temperature to 700 °C, in temperature steps of 10 K over a time period of 15 minutes. Between 

magnetic scans the emitter was flash heated to avoid residues of pyrolysis products. About 60 

spectra were recorded for the mass range m/z 15 to 900 for each of the three replicates per 

sample. Ion intensities were referred to 1 mg of the sample. Volatile matter was calculated as 

mass loss in percentage of sample weight. For spectra interpretation marker signals (m/z) 

according to different studies (Hempfling et al. 1988; Schnitzer and Schulten 1992; Schulten 

and Leinweber 1996; Leinweber et al. 2009; Leinweber et al. 2013) were assigned to important 

compound classes. 
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6.3.4. P K-edge X-ray absorption near edge (XANES) spectroscopy 

 

The P K-edge XANES spectra for characterizing P species in the samples were recorded at the 

Synchrotron Light Research Institute (SLRI) in Nakhon Ratchasima, Thailand on the beamline 8 

(BL8) (Klysubun et al. 2020). The electron storage ring with a covering photon energy from 1 to 

13 KeV operated at 1.2 GeV electron energy and a beam current of 80–150 mA (Klysubun et al. 

2012). The XANES data were collected from dry and finely-ground samples thinly spread on P-

free kapton tape (Lanmar Inc. Northbrook, IL, USA) attached to a plastic sample holder. The 

samples were diluted to P concentrations < 2 mgPkg
−1

 with SiO2 powder (to eliminate self-

absorption effects (Prietzel et al. 2013)) and again ground and homogenized in a mini mill 

(Pulverisette 23, Fritsch GmbH Milling and Sizing, 55743 Idar-Oberstein, Germany). Data 

collection operated in standard conditions with energy calibration by standard pure elemental P 

and allocating the reference energy (E0) at 2145.5 eV using the maximum peak of the first 

derivative spectrum. All spectra were recorded at photon energies between 2045.5 and 2495.5 

eV in step sizes of 5 eV (2045.5 to 2105.5 eV and 2245.5 to 2495.5 eV), 1 eV (2105.5 to 2135.5 

eV and 2195.5 to 2245.5 eV) and 0.25 eV (2135.5 to 2195.5 eV) with a 13-channel germanium 

detector in fluorescence mode. Three scans were collected and averaged for each sample. 

All P K-edge XANES spectra were normalized and the replicates were merged. Linear 

combination fitting (LCF) was performed using the ATHENA software package (Ravel and 

Newville 2005) in the energy range between −20 eV and +30 eV of E0. The XANES spectral 

data were baseline corrected in the pre-edge region between 2115 and 2145 eV and 

normalized in the post-edge region of 2190-2215 eV. The same ranges were used for the 

reference P K-edge XANES spectra to achieve consistency in the following fitting analysis 

(Prietzel et al. 2016). To achieve the best compatible set of references with each specified 

sample spectrum, LCF analysis was performed using the combinatorics function of ATHENA 

software to attain all possible binary to quaternary combinations between all 19 P reference 

spectra in which the share of each compound was ≥ 10%. The following set of reference P K-

edge XANES spectra, all recorded in SLRI under the same adjustments (Werner and Prietzel 

2015; Prietzel et al. 2016), were used for fitting and calculations: Ca-, Al- and Fe-phytate, 

noncrystalline and crystalline AlPO4, noncrystalline and crystalline FePO4・2H2O, Ca-5-

hydroxyapatite (Ca5(OH)(PO4)3), inositol hexakisphosphate (IHP), ferrihydrite–IHP, 

montmorillonite–Al–IHP, soil organic matter Al–IHP (SOM–Al–IHP), ferrihydrite–

orthophosphate, montmorillonite–Al–orthophosphate, SOM–Al–orthophosphate, boehmite–IHP, 

boehmite–10 orthophosphate, CaHPO4, Ca(H2PO4)2 and MgHPO4. The R-factor values were 

used as goodness-of-fit criteria and significant differences between fits were evaluated using 

the Hamilton test (p < 0.05) (Calvin 2013) with the number of independent data points 

calculated by ATHENA, estimated as data range divided by core-hole lifetime broadening. The 

best fits of P reference compound combinations were considered as the most probable P 

species in the material. If R-factors of fits with the same number of reference compounds were 

not significantly different from each other according to the Hamilton test, fit proportions were 

averaged. 
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6.3.5. Statistical analyses 

 

Data analysis was performed using the open-source statistical software R (version 3.4.3, R 

Core Team 2019, Vienna, Austria). R package agricolae was used and significance level was 

0.05. Differences in compound classes between the stocking densities EAS, SIAS and IAS 

determined with Py-FIMS were tested for significance (*P < 0.05, **P < 0.01, ***P < 0.001) by 

the Welch’s T-test. The precondition of normal distribution was proven using the Shapiro-Wilk 

normality test previously. 

 

6.4. Results 

 

6.4.1. Elemental composition 

 

The average chemical compositions of solid fish waste from different stocking densities EAS, 

SIAS and IAS are presented in Table 1. The total dry matter contents (in g kg
−1

) of the slurry 

samples before drying were EAS = 24.9, SIAS = 29.9 and IAS = 18.8. There are minor 

differences in elemental contents between the individual stocking densities. Percentages of 

nitrogen (N) and sulphur (S) are quite similar in EAS, SIAS and IAS. Percentages of P and 

calcium (Ca) were highest in SIAS (1.7% P, 4.2% Ca) and lowest in EAS (1.4% P, 3.4% Ca). 

The contents of aluminum (Al), iron (Fe), magnesium (Mg) and potassium (K) all were very low 

in a range of 0.0% to 0.5% in all stocking densities. 

 

Table 6-1 Chemical characterization of solid African catfish waste. Nitrogen (N), sulphur (S), 
C:N ratio (C:N), phosphorus (P), aluminium (Al), iron (Fe), calcium (Ca), magnesium (Mg) and 
potassium (K) were averaged (± standard deviation) from three measurements in each of the 
stocking densities EAS, SIAS and IAS. 

Parameter Unit EAS SIAS IAS 

N % 5.2 ± 0.2 5.4 ± 0.2 5.1 ± 0.3 

S % 0.9 ± 0.0 0.9 ± 0.0 1.0 ± 0.1 

C:N ratio 7.9 ± 0.2 7.4 ± 0.2 7.8 ± 0.2 

P % 1.4 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 

Al % 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 

Fe % 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 

Ca % 3.4 ± 0.1 4.2 ± 0.2 3.9 ± 0.1 

Mg % 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 

K % 0.2 ± 0.0 0.3 ± 0.0 0.5 ± 0.0 

EAS = extensive aquaculture system, SIAS = semi-intensive 

aquaculture system, IAS = intensive aquaculture system 
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6.4.2. Pyrolysis-field ionization mass spectrometry (Py-FIMS) 

 

Py-FI mass spectra of all three stocking densities (Figure 1) were dominated by cholesterol (m/z 

386) and beta-sitosterin (m/z 414). The compound at m/z 426 could be the triterpenoids 

lupeol/taraxerol or the marine sterol gorgosterol. The fatty acid palmitic acid C16H32O2 at m/z 

256 occurs in EAS, SIAS and IAS together with the fatty acids n-C18:3, n-C18:2, n-C18:1 and n-C18:0 

at m/z 278 to 284 and n-C15:0 at m/z 254. Compounds at m/z 61 and m/z 126 represent sugars 

and were also present in all samples. The lignin monomer sinapylic aldehyde (m/z 208) was 

visible in EAS but not in SIAS or IAS. All samples showed low contents of elemental S at m/z 

255.7 but the largest concentration was present in IAS. 

Similar proportions of volatile matter (VM) were revealed for EAS (79%) and SIAS (77%), 

whereas for IAS (86%) it was significantly higher compared to EAS (*P = 0.0288) and SIAS (*P 

= 0.0169) (Table 2). Total ion intensity (TII) was larger by factor 1.5 (*P = 0.0113) in SIAS (1468 

× 10
6
 counts mg

-1
) than in EAS (959 × 10

6
 counts mg

-1
) but there was no significant difference in 

TII of SIAS compared to IAS (1396 × 10
6
 counts mg

-1
). Proportions of carbohydrates, phenols 

and lignin monomers, lipids, alkylaromatics, sterols and amino acids, peptides and amino 

sugars revealed no significant differences among the stocking densities EAS, SIAS and IAS but 

the proportions of lignin dimers were significantly different. The proportion of lignin dimers was 

significantly lower in EAS (0.8%) than in IAS (1.0%; **P = 0.0068) and it was highest in SIAS 

(1.2%) and thereby significantly different compared to IAS (**P = 0.0013). The percentage of 

heterocyclic nitrogen (N) containing compounds was significantly lower in EAS (1.1%) 

compared to SIAS (1.3%) (**P = 0.0055) and IAS (1.4%). Similar proportions of suberin were 

determined in SIAS and IAS (0.8%) but in EAS (0.7%) the amount was significantly lower (**P = 

0.0036). The highest amount of free fatty acids was present in EAS (12.2%) and thereby 

significantly different from SIAS (7.4%; **P = 0.0014) and IAS (7.2%; **P = 0.0020). 
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Table 6-2 Averaged volatile matter (VM), total ion intensity and relative abundance of 10 
important compound classes (% of total ion intensity (TII)) from three measurements in each of 
the stocking densities EAS, SIAS and IAS determined with pyrolysis-field ionization mass 
spectrometry (Py-FIMS). Different superscripted letters in one line represent significant 
differences among the stocking densities. 

Sam-
ple 

VM TII %TII From Compound Classes 

 

(%) 
(10

6
 counts 

mg
−1

) 
CHYDR PHLM LDIM LIPID ALKYL NCOMP STEROL AMID SUBER FATTY 

EAS 78.5 
a 

958.5 
a 

2.3 
a 

2.3 
a 

0.8 
a 

3.6 
a 

6.1 
a 

1.1 
a 

14.4 
a 

2.6 
a 

0.7 
a 

12.2 
a 

SIAS 77.2 
a 

1467.8 
b 

2.5 
a 

2.5 
a 

1.2 
c 

3.7 
a 

6.2 
a 

1.3 
b 

14.1 
a 

2.8 
a 

0.8 
b 

7.4 
b 

IAS 85.8 
b 

1396.3 
b 

2.7 
a 

2.4 
a 

1.0 
b 

3.7 
a 

6.0 
a 

1.4 
b 

14.2 
a 

2.9 
a 

0.8 
b 

7.2 
b 

CHYDR = carbohydrates; PHLM = phenols and lignin monomers; LDIM = lignin dimers; LIPID = lipids; 
ALKYL = alkylaromatics; NCOMP = heterocyclic N containing compounds; STEROL = sterols; AMID = 
amino acids, peptides, amino sugars; SUBER = suberin; FATTY = free fatty acids 

Thermal volatilization curves for the compound classes phenols and lignin monomers, lignin 

dimers, amides (amino acids, peptides, amino sugars) and free fatty acids (n-C16:0 to n-C34:0) of 

all samples are displayed in Figure 2. Graphs for the individual stocking densities show clear 

differences in the thermal volatilization curves. The thermogram for phenols and lignin 

monomers (Figure 2a) shows that EAS, SIAS and IAS contained almost similar amounts of 

these compounds which, however, differed in their thermal volatilization. The volatilization of 

phenols and lignin monomers occurred at a slightly lower temperature in EAS than in IAS and 

1

2

3

4

20

40

60

80

100

0 100 200 300 400 500 600 700 800 900

0 200 400 600
Temperature in °C

In
te

n
s
it
y

m / z

29

43

61 126

242

208

256

282

310 369

368

414

426

1

2

3

4

20

40

60

80

100

0 100 200 300 400 500 600 700 800 900

0 200 400 600
Temperature in °C

In
te

n
s
it
y

m / z

29

43

61 126

256

242

282

386

414

426

368

1

2

3

4

20

40

60

80

100

0 100 200 300 400 500 600 700 800 900

0 200 400 600
Temperature in °C

In
te

n
s
it
y

m / z

29

43

61

126
242

256

282

369

386

414

426

EAS SIAS 

IAS 

m/z 

Figure 6-1 Pyrolysis-field ionization mass spectra and thermograms of the stocking densities 
extensive aquaculture system (EAS), semi-intensive aquaculture system (SIAS) and intensive 
aquaculture system (IAS). 
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SIAS. The thermograms for lignin dimers (Figure 2b) display the highest thermal volatilization of 

these compounds in EAS at the first maximum at lower temperatures and in SIAS at the second 

maximum at higher temperatures. Figure 2c shows a higher thermal volatilization of amides 

(amino acids, peptides and amino sugars) in EAS at slightly lower temperatures compared to 

SIAS and IAS, although the total proportion of amides was marginally higher in SIAS and IAS 

than in EAS (Table 2). The content of free fatty acids (n-C16:0 to n-C34:0) (Figure 2 d) in all 

samples was much larger than the proportions of the other compound classes (by factor 10). 

Again, the thermogram of EAS differs from SIAS and IAS (Figure 2d). The amount of free fatty 

acids in EAS is nearly two times higher compared to SIAS and IAS and all free fatty acids are 

volatilized at about 200 °C. 
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Figure 6-2 Thermograms of the substance classes a) phenols and lignin monomers, b) lignin 

dimers, c) amides (amino acids, peptides, amino sugars) and d) free fatty acids (n-C16:0 to n-C34:0) 

of the different stocking density samples: EAS (graph in green), SIAS (graph in blue) and IAS 

(graph in red). For reasons of clearness, the scale of the graph of free fatty acids is 10 times 

higher than the graphs of the other substance classes. 
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6.4.3. P K-edge X-ray absorption near edge (XANES) spectroscopy 

 

The XANES spectra where characterized by an intense white line peak at around 2152 eV 

(Figure 3). The linear combination fitting (LCF) of spectra using 19 spectra of P reference 

compounds indicated that the P composition of all samples can be described by Ca-P-

compounds like Ca-phytate, Ca-hydrogen phosphate (CaHPO4) and Ca-5-hydroxyapatite (Table 

3). Within these compounds Ca-phytate was most abundant in EAS (87%), whereas CaHPO4 

predominated in SIAS (47%). Ca-hydroxyapatite exclusively occurred in EAS and constituted 

7% of all P compounds in this sample as determined by XANES spectroscopy. 

 

2135 2145 2155 2165 2175 2185 2195

Energy (eV) 

EAS 

SIAS 

IAS 

Figure 6-3 Stacked and normalized P K-edge X-ray absorption near edge structure (XANES) 
spectra of fish waste samples with the different stocking densities EAS, SIAS and IAS. 
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Table 6-3 Proportions of Ca phytate, Ca hydrogen phosphate (CaHPO4) and Ca hydroxyapatite in % in 

the samples EAS, SIAS and IAS determined with K‑edge XANES analysis, including R-factor as a 

goodness-of-fit criterion. 

Sample Ca Phytate CaHPO4 Ca Hydroxyapatite R-Factor 

 
in % 

EAS 87 6 7 0.0094 

SIAS 53 47 
 

0.0267 

IAS 76 24 
 

0.0102 

 

6.5. Discussion 

 

6.5.1. Organic matter composition 

 

Organic compounds of solid waste from African catfish RAS were mainly composed of sterols, 

free fatty acids and alkylaromatics (Table 2). The dominant occurrence of cholesterol (m/z 386) 

and beta-sitosterin (m/z 414) in the samples of all stocking densities coincided with the highest 

relative abundance of the compound class of sterols (14.1% to 14.4%) compared to the other 

compound classes of the samples (Table 2). Similarly, high proportions of sterols have been 

observed by Py-FIMS in samples from penguin excrement-rich gelic histosols from Antarctica 

and from Podzol subsoils (Leinweber et al. 2009), and in samples from pig slurry (Aust et al. 

2009). Thus, high sterol proportions indicate an origin from the digestive system of animals 

which may be valid also for the sediment from the present RAS. Furthermore, this composition 

agreed with those of effluents from an Atlantic cod aquaculture facility, where sterols are also 

one of the major classes present in the organic matter (Both et al. 2013). 

A different investigation associated high sterol proportions up to 10.2% in an arable gleyic 

podzol, analysed by Py-FIMS with an inhibitory effect on the mineralizability of soil organic N 

(Heumann et al. 2011). This effect has been as well reported in other studies (Leite et al. 2006; 

Negassa et al. 2011a). The phytosterol beta-sitosterin likely originates from the plant-based 

feed ingredients of the African catfish RAS and its occurrence in the solid waste indicates some 

recalcitrance against digestion in the fish gut. 

A comparison of the amount of free fatty acids shows higher proportions in the solid waste from 

African catfish RAS than in different soils and agro-industrial byproducts (Table 2). For instance, 

the highest reported amounts of free fatty acids determined with Py-FIMS were 6.6% of total ion 

intensity in wet-processed coffee byproducts and filter cakes (Negassa et al. 2011). These 

proportions of fatty acids were near to those measured by Py-FIMS in SIAS (7.4%) and IAS 

(7.2%). In sandy arable soils, the highest proportions of free fatty acids were determined in two 

gleyic podzols (10.6% and 11.8% of Py-FIMS TII) (Heumann et al. 2011), which are still slightly 

lower than the amount of fatty acids determined in EAS (12.2%) in the present study. Next to 

lipids, the compound class of free fatty acids was the dominating class determined with Py-

FIMS in the higher-mass range in different agro-industrial byproducts reported by Negassa et al. 
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(2011). Free fatty acids are one of the major compounds in effluents of an Atlantic cod 

aquaculture facility as well (Both et al. 2013). Furthermore, long-chain fatty acids (n-C12:0 to n-

C34:0) were identified as abundant components of higher plant waxes (Stevenson 1994). Thus, 

we suppose the plant-based ingredients of the African catfish feed to be the origin of the free 

fatty acids in the solid waste samples, indicating that portions of the fatty acids were not 

digested by the fish. Free fatty acids could have positive effects on soil because evidence was 

found that especially n-C21:0 to n-C34:0 helps to stabilize aggregates in soil (Jandl et al. 2004). 

The third highest amount of Py-FIMS from solid African catfish RAS waste was the compound 

class of alkylaromatics (Table 2). Proportions of alkylaromatics in the solid waste (6.0% to 

6.2%) were in the range of those reported for different agro-industrial byproducts, e.g. 4.8% in 

sisal factory byproducts and 8.3% in dry-processed coffee byproducts (Negassa et al. 2011). 

Wheat straw had about 14% TII alkylaromatics, and this proportion decreased to a minimum of 

11% TII when the straw was incubated with saprotrophic fungi for some weeks (Wiedow et al. 

2007). Alkylaromatics in pig slurry accounted from 7% to 16% of TII, depending on the size of 

the slurry separates (Aust et al. 2009), but generally confirming that excrement can contain this 

compound class. By comparison, soils treated with mineral fertilizer or compost over many 

years showed clearly higher amounts of alkylaromatics (10.3% to 13.4%) compared to the solid 

fish waste (Eshetu et al. 2012). Alkylaromatic compounds in soil can have their origin in inputs 

from plant roots (Leue et al. 2016), they can be formed by pyrolysis of lignin (Sleutel et al. 2008) 

and they can originate from transformation processes by earthworms (Leue et al. 2016). In the 

solid fish waste, plant-derived lignin from fish feed could be the origin of alkylaromatics but a 

formation during digestion in the fish, or subsequently in the clarifiers and biofilters cannot be 

excluded. Alkylaromatic compounds were characterized as backbone of humified substances 

(Schulten and Schnitzer 1993; Negassa et al. 2019) and thereby play a substantial role in soil 

fertility and possible plant growth. 

A comparison of spectral patterns (Figure 1) and proportions of compound classes (Table 2) of 

the three samples show that the organic matter composition slightly differed between samples 

from the different stocking densities. Generally, the lowest stocking density EAS differed more 

from SIAS and IAS than the latter among each other. The higher proportion of free fatty acids 

on total ion intensity in EAS (12.2%) compared to SIAS and IAS (7.4% and 7.2%) (Table 2) 

coincides with the visual impression from Py-FI mass spectra (Figure 1), where the palmitic acid 

C16H32O2 signal at m/z 256 was most prominent in EAS. Furthermore the proportion of free fatty 

acids not only was 10 times higher than proportions of the other compound classes displayed in 

Figure 2, it was also nearly two times higher in EAS compared to SIAS and IAS in the thermal 

volatilization curves for the compound class of free fatty acids (n-C16:0 to n-C34:0) (Figure 2d). It 

seems that the lower the stocking density of African catfish RAS, the higher the proportions of 

fatty acids in the samples. In summary, the compound classes of sterols, free fatty acids and 

alkylaromatics show evidence for plant origin of several compounds in solid African catfish RAS 

waste. Especially the first maximum in the thermal volatilization curve of the compound class of 

lignin dimers (Figure 2b) confirms that the samples contain plant material, supporting previous 

findings on fibre analysis (Strauch et al. 2018). 
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It must be stated that the relatively long collection period of six days in combination with high 

feed input and certainly reduced oxygen availability inside the sludge layer in the clarifiers likely 

provided anaerobic conditions. These may have supported fermentative breakdown processes, 

resulting in the production of long chain fatty acids and volatile fatty acids by acid forming 

bacteria, explaining the observed differences in fatty acid composition (Comeau 2008). This 

acid production may also explain the absence of hydroxyapatite in SIAS and IAS. 

A lower amount of P inside the sediments of EAS also relates to less feed input and reduced 

availability of dissolved P inside the process water (Strauch et al. 2018). This differs to similar 

proportions of N, S, Al, Fe, Mg and K, where the elementary S, also present in all samples, 

likely has been formed during degradation of biomass by putrefaction, other digestive processes 

in the fish, or by reductive decomposition processes in the clarifier. 

 

6.5.2. P XANES spectroscopy 

 

The fish waste from the stocking density SIAS contained 47% CaHPO4 (Table 3) determined 

with XANES spectroscopy, and thereby the greatest proportion among the three stocking 

densities, what coincides with highest elemental percentage of Ca in SIAS (4.2%, Table 1). EAS 

showed the lowest amount of CaHPO4 (6%) determined with XANES, again in accordance with 

the smallest elemental proportion of Ca (3.4%) in this sample. Additionally, EAS contained 7% 

of Ca hydroxyapatite but this has to be taken with caution, because XANES spectroscopy is not 

able to detect one chemical species certainly in the presence of great proportions of a different 

species of the same element (Pickering et al. 1995). Two studies reported a high correlation of 

XANES spectra of many P standards due to very similar spectral features (Beauchemin et al. 

2003; Gustafsson et al. 2020). Furthermore, P XANES spectroscopy is capable to distinguish 

various chemical inorganic P forms (Kruse and Leinweber 2008) but it is limited in differentiating 

P adsorbed by organic matter and certain minerals (Ajiboye et al. 2008) because of very similar 

spectral features (Peak et al. 2002). In consequence, also the calculated proportions of organic 

Ca phytate in the solid African catfish RAS waste have to be considered with caution. To avoid 

misinterpretations of LCF results of XANES spectroscopy, some authors recommended sorting 

of standards into different groups such as Ca- or Fe-phosphates (Beauchemin et al. 2003; 

Eriksson et al. 2016). A previous study on semi-commercial African catfish RAS suggested 

chemical precipitation of phosphates with the binding partners Ca and Mg, resulting in lower 

availability of dissolved nutrients for plant production in aquaponics (Palm et al. 2018). The 

present study demonstrates the relatively confident occurrence of almost all P compounds in 

bonds with Ca in the solid fraction of African catfish RAS waste, regardless of stocking density 

(Table 3). This plausibly can be explained by the lower concentrations of other possible 

elemental P binding partners in the slurry. For instance, the elemental contents of Al, Fe, Mg 

and K all were very low in EAS, SIAS and IAS (< 0.1% to 0.5%, Table 1). In addition, while a 

related investigation reported mean pH values between 5.2 and 6.3 (Palm et al. 2018), pH of 

water in the current study was much lower (pH 4.5–4.9) (Strauch et al. 2018). Formation of Ca-

phosphates occurs under more acidic conditions (pH ~ 5–6.5) compared with Mg-phosphates 
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(pH > 6.5) (Darn et al. 2006). These effects of pH on the formation of either Mg- or Ca-

phosphates may therefore explain the absence of Mg-phosphates in the slurry of the present 

study. 

We also found that the concentration of total P and Ca, largely bound as Ca-phosphates, were 

higher in SIAS than in EAS and IAS. It is important to note that no alkaline substances were 

added to the RAS to increase the pH of water. Consequently, the only input pathways for Ca 

were feed and tap water (Strauch et al. 2018). As a consequence of maintenance works on the 

RAS before the start of this study, SIAS experienced the highest and EAS the lowest water 

exchange over the run of the experiment (EAS = 1.6 m³, SIAS = 3.5 m³, IAS = 2.5 m³). This 

additional water input of freshwater in SIAS increased the input of Ca that obviously directly 

combines with dissolved P resulting from fish feed and possibly increasing the Ca-phosphate 

abundance in the slurry recovered from SIAS when compared with EAS and IAS. 

Freshwater aquaculture systems that utilize groundwater sources with hard water conditions 

therefore might release significant amounts of Ca-phosphates to the environment. Ca-

phosphates were also the most abundant P form determined in bottom sediments from the 

Baltic Sea (Frankowski et al. 2002). In sediments from the Arabian Sea, increasing amounts of 

Ca-associated P with depth were investigated (Kraal et al. 2015). It was confirmed that fecal 

matter from fish cultured in sea cages can contribute up to 80% to particulate organic waste in 

the direct aquatic environment (Zhang and Kitazawa 2015). Since the solid African catfish RAS 

waste exclusively contains Ca-bound P compounds, it seems reasonable to assume that such 

waste can also contribute to high amounts of Ca-associated P in marine sediments. However, 

African catfish live in freshwater and the chemical composition of solid waste especially with 

regard to P speciation originating from mariculture systems or fish species naturally occurring in 

marine environments yet have to be examined. 

Similar to the results in Table 3, Ca-bound P was detected as the dominant form of P in 

potential alternative P fertilizers such as biochar from wetland reed and animal bone chips with 

XANES spectroscopy (Robinson et al. 2018). XANES spectroscopy of dairy manures, poultry 

litters and biosolids revealed up to 71% of total P as hydroxyapatite (Shober et al. 2006). In 

another study, CaO has been added to poultry waste to improve pathogenic characteristics and 

to avoid P losses via runoff (Maguire et al. 2006). The CaO addition increased the proportion of 

hydroxyapatite in the manure to a maximum of 86% (determined with XANES spectroscopy), 

contributing to a reduced water solubility of P (Maguire et al. 2006). Thus, Ca-phosphate 

minerals play a substantial and advantageous role in P fertilizers. Next to traditional organic 

fertilizers, such as green waste compost, solid African catfish RAS waste, especially those from 

intensive RAS systems with the absence of hydroxyapatite, can be considered as potential P 

fertilizer in agriculture based on its Ca-bound dominated P speciation. 

 

6.6. Conclusions 

 

1. The methodological approach of using Py-FIMS and XANES spectroscopy as methods 

to determine organic matter composition and P speciation of solid African catfish RAS 
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waste samples was appropriate. It revealed insight into the distribution of organic matter 

compound classes in solid waste of three different fish stocking densities and provided 

evidence for the occurrence of exclusively Ca-bound P compounds in African catfish 

RAS waste. 

2. The high amounts of sterols, fatty acids and alkylaromatics in the solid waste of all three 

stocking densities of African catfish RAS determined by Py-FIMS reflect the plant-based 

feed of the fish. To assess the suitability of African catfish RAS solid waste as organic 

soil amendment and to prevent possible negative effects of sterols on the N-cycle in 

soil, further research is needed, especially on soils that have been amended by solid 

waste from African catfish RAS. Alternatively to direct land application of this waste, 

some pretreatments such as anaerobic digestion for biogas production or vermifiltration, 

should be tested. 

3. The stocking density had an influence on feed input, water exchange rates and total 

oxygen concentrations in the tested African catfish RAS systems. These three factors, 

alone and in combination, alter solid waste composition, and its applicability as soil 

amendment if originating from extensive or (semi)intensive catfish aquaculture. 

4. XANES spectroscopy detected exclusively Ca-associated P compounds in solid African 

catfish RAS waste of three different fish stocking densities. Ca-phosphate minerals as a 

major constituent of many bio-waste material P fertilizers have beneficial properties 

when applied on soils. Thus, solid African catfish RAS waste can be considered as 

possible addition to traditional organic P fertilizers. However, this first investigation of 

African catfish RAS waste with P XANES spectroscopy would benefit from the 

application of more different complementary techniques, such as solution 
31

P nuclear 

magnetic resonance (NMR) spectroscopy and sequential P fractionation to get a more 

comprehensive view on P speciation. 
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7.1. Introduction 

This thesis aimed at revealing the P speciation and detecting functional interactions between 

single chemical P compounds and transformation processes of P along transport pathways in 

test areas of different size including transects from terrestrial and wetland soils to aquatic 

sediments. For this purpose, the soil and sediment samples were analyzed by the 

complementary methodologies of sequential P fractionation, XANES spectroscopy, liquid 
31

P 

NMR spectroscopy and SEM-EDX analysis. In this chapter, the findings of Chapters 2 to 6 are 

combined and previous discussions are joined in order to derive conclusions for future research. 

The term “soil” is used for terrestrial, agricultural used Cambisols and Luvisols, “wetland” for 

semiterrestrial gley soils and “sediment” for inundated, aquatic sediments in the following 

discussion. 

 

7.2. Phosphorus species along different sequences from terrestrial soils to aquatic 

sediments 

A fundamental basis to enable comparisons of the P speciation in soil and sediment samples is, 

next to the application of the same P research methods, a similar way of sample pretreatment. 

The common pretreatment procedures of soil samples includes drying, sieving and in some 

cases grinding prior to various chemical P laboratory analyses. Although sediments can be 

especially vulnerable to chemical changes due to drying and other pretreaments, we did not 

detect fundamental changes in the P speciation (Chapter 2). Effects of sample pretreament 

were much lower compared to the influence of sample origin. Thus, we carried out the following 

investigations on this basis and applied the same pretreatments on all samples prior to analyses 

with sequential P fractionation, XANES spectroscopy, liquid 
31

P NMR spectroscopy and SEM-

EDX. 

Our general findings confirmed previous research results that agricultural soils were dominated 

by labile and moderatly labile P fractions such as resin-P, NaHCO3-P and NaOH-P, whereas 

most aquatic sediments contained more stable fractions such as H2SO4-P and residual-P 

determined by sequential P fractionation. As shown in Chapter 3, terrestrial, arable soils from 

the direct surrounding area of a kettle hole contained about 127 mg kg
-1

 NaOH-Po and 

114 mg kg
-1

 NaHCO3-Pi. Sediments from the kettle hole were clearly dominated by residual-P 

(maximum of 1729 mg kg
-1

). Soils from the coast of northern Germany from an experimental 
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site at the University of Rostock contained up to 137 mg kg
-1

 NaOH-Pi, while sediments from the 

Baltic Sea had concentrations of about 500 mg kg
-1

 H2SO4-P (Chapter 5). Different from that, 

terrestrial soils from an agricultural site near a shallow lagoon (Bodden) of the Baltic Sea were 

dominated by the fraction of H2SO4-P (261 mg kg
-1

) similarly as the corresponding sediments 

from the Bodden with a maximum of 265 mg kg
-1

 H2SO4-P (Chapter 4). This was the only 

exception of high concentrations of stable P fractions in terrestrial soils within our investigations. 

It can be explained by the elevated location and sloping relief of the arable field. Topsoil 

material was transported away from the slope by erosion and, thus, CaCO3-containing 

underlying parent material entered the remaining topsoil by agricultural tillage. The direct 

comparison of P concentrations between terrestrial/semiterrestrial soils and aquatic sediments 

was enabled by a similar sample pretreatment of the soils and sediments including drying, 

sieving and grinding (Chapter 2). Although water contents of aquatic sediments are naturally 

different from terrestrial soils (e.g. Chapter 4; water content arable soils: 5 to 9%, water content 

aquatic sediments: 20 to 75%) and thereby the soils and sediments also differ in density, P 

concentrations were reffered to dried samples and thus comparable at a standardized scale. 

Results from XANES spectroscopy were similar for most soils but different from the sediments. 

We determined about 61 to 100% Fe-P and Al-P in terrestrial soils around a kettle hole. The 

aquatic sediments from the kettle hole still contained maxima of 74% Fe-P but also up to 43% 

Ca-P (Chapter 3). Terrestrial soils from an experimental site in Rostock were dominated by 

maxima of 92% Fe-P and Al-P, whereas up to 100% of Ca-P was present in aquatic sediments 

from the Baltic Sea (Chapter 5). In arable soils from an agricultural site near a shallow lagoon of 

the Baltic Sea we determined a maximum of 92% Ca-P and in the corresponding aquatic 

sediments 54 to 100% Ca-P (Chapter 4). The high proportions of Ca-P in the soil can be 

explained by elevated concentrations of CaCO3 in the terrestrial soil from the underlying parent 

material, promoting the formation of Ca-associated P compounds, whereas the dominance of 

Ca-P species in the aquatic lagoon sediments agreed with the results from other aquatic 

environments of the present investigations. 

The results of sequential P fractionation and XANES spectroscopy were generally consistent 

among the three different scales of investigations of a kettle hole environment, soils and 

sediments around a shallow lagoon of the Baltic Sea and the total Baltic Sea. Although these 

investigated microscale, mesoscale and macroscale ecosystems differed not only in size but 



Chapter 7 – Summarizing discussion, conclusions, and outlook 
 

 

139 
 

also in their biogeochemical basic conditions such as influence of agricultural land use, climate 

and weather or local flora and fauna, these factors did not fundamentally affect their P 

speciation. The general trend of transitions from labile and moderatly labile P fractions and Fe 

and Al associated P species in terrestrial soils towards more stable P fractions and higher 

proportions of Ca-P in aquatic sediments was approved along different sequences for the first 

time. This transition appeared for the microscale kettle hole environment, as well as for the 

mesoscale Bodden test area with some exceptions within the soils due to erosion and the 

macroscale Baltic Sea investigation. Since we recorded data of P fractionation and XANES 

spectroscopy from all terrestrial/semiterrestrial soils and aquatic sediments from these three 

different test areas, a principle component analysis (PCA, Figure 7-1) visualizes the similarities 

and differences among the samples. The distribution of samples was mainly influenced by Fe-P, 

Al-P and Ca-P compounds from XANES spectroscopy and the H2SO4-P fraction from sequential 

fractionation. All remaining P compound groups from XANES spectroscopy and P fractionation 

accumulated in the middle of the PCA and thereby represent minor influence on the 

differentiation of the soils and sediments from various environments. A rough split of Fe and Al 

associated P on the one side and Ca-P and H2SO4-P on the other side appeared along the axis 

of principle component 1 (PC1), explaining 66% of variance. The occurrence of Ca-P and 

H2SO4-P on one side of the PCA confirmed the common assignment of P fractionation that acid 

extractable P is mainly associated with Ca-P species (Hedley et al., 1982) by analyses of soils 

and sediments from three different test areas. Most kettle hole samples were located on the 

side of Fe-P and Al-P species, many Baltic Sea lagoon soils, wetland soils and sediments on 

the opposite side of Ca-P and H2SO4-P, while samples from the total Baltic Sea were distributed 

on both sides. Thus, we confirm that the P speciation of kettle hole sediments was more similar 

to terrestrial, arable soils, whereas sediments from a Bodden and the Baltic Sea had greater 

agreements with P species reflecting aquatic influences. The Baltic Sea lagoon soil sample at 

the left bottom of the PCA is the topsoil of a wetland covered by Phragmites australis (W1, 

Chapter 4). In this sample, XANES spectroscopy determined considerably more Al-P species 

than in all other samples and for this reason it was separated from all other samples in the PCA. 
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In addition to the results from sequential P fractionation and XANES spectroscopy, kettle hole 

soils and sediments and the Baltic Sea soils and sediments were analyzed with the method of 

31
P NMR spectroscopy and the Baltic Sea sediments with SEM-EDX (Chapters 3 and 5). The 

analysis of Baltic Sea sediments with SEM-EDX resulted in high numbers of Fe-phosphate 

particles near the coast and thereby supported the findings of sequential fractionation and 

XANES spectroscopy on the single-particle level. 
31

P NMR spectroscopy determined a 

decrease of the variety of mono- and diester P compounds and an increase of ortho-P with 

growing distance from the coast in the Baltic Sea sample set. Also in the kettle hole sediments, 

a lower variety of Po species was found compared to the surrounding soils, particularly in the 

phosphomonoester region. Similarly as in the Baltic Sea samples, ortho-P was the most 

abundant P compound in the NaOH-EDTA extracts of the kettle hole soils and sediments. In 

short, results of solution 
31

P NMR spectroscopy also confirmed an alteration of especially Po 

species from terrestrial soils to aquatic sediments in different test areas. 

Figure 7-1 Principal component analysis (PCA) of sediment and soil samples from the 
investigations of the Chapters 3, 4, and 5. Results of sequential P fractionation (fractions: 
Resin-P, NaHCO3-Pi, NaHCO3-Po, NaOH-Pi, NaOH-Po, and H2SO4-P) and P XANES analysis 
(Fe-P, Al-P, Ca-P, Mg-P, and phytic acid) are presented and were calculated as percentages. 
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In addition to P transformation on its transport pathways from land to sea, our investigations 

detected accumulations of stable Ca-P species and complex forms of Po in kettle hole 

sediments compared to surrounding soils and especially moderately stable P, Al-P and Po 

compounds in wetland soils between agricultural soils and natural aquatic sediments. Thus, 

kettle hole sediments as well as wetland soils act as sinks for P-containing particles and thereby 

can help to prevent direct transfer of various P species, e.g., by leaching or runoff during 

erosion events from agricultural soils to adjacent freshwater and/or marine resources protecting 

vulnerable aquatic ecosystems from further eutrophication. 

Origins of P compounds in aquatic sediments can be diverse, depending on several factors 

such as evolution, geographical location and geological history of the respective water system. 

Phosphorus in river sediments frequently originates from urban runoff, municipal sewage or 

agricultural fertilization (Huanxin et al., 1997). Phosphorus in sediments off the coast of 

Northwest Africa was derived from erosion of phosphatic rocks during Pleistocene 

(Summerhayes et al., 1972) and possible sources of sedimentary P in the central Pacific Ocean 

were identified to be eolian atmospheric inputs of terrestrial particles entering the ocean by 

heavy events of rainfall (Ni et al., 2015). To discover, if P in sediments can also originate from 

aquatic organisms such as fish naturally occurring in fresh- and saltwater ecosystems, we 

investigated the P speciation of fish fecal matter. The solid waste from African Catfish in a 

recirculation aquaculture system (RAS) exclusively contained Ca-bound P compounds as 

determined by XANES spectroscopy (Chapter 6). Thus, this waste can contribute to high 

amounts of Ca-associated P in aquatic sediments. Zhang and Kitazawa (2015) confirmed that 

fecal matter from fish cultured in cages can contribute as much as 80% to particulate organic 

waste in the direct aquatic environment. Furthermore, the deposition of this waste near the sea 

bottom occurs not only beneath the fish cages but they can also be transported towards the sea 

coastlines depending on current conditions during different seasons (Zhang and Kitazawa, 

2015). The contribution of fish fecal matter can be an additional influencing factor on the Ca 

dominated and stable P species in aquatic sediments of the present investigations, even if 

further research about naturally occurring fish is needed next to studies about fish cultured in 

cages and from RAS. 
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7.3. Summarizing discussion 

A visual summary of determined P species and transformation processes in the different 

investigated environments is displayed in Figure 7-2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 7-2 Summarizing scheme of determined P species and transformation processes from 
the investigations of Chapters 3 to 6. 
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The general transition from moderately labile Fe- and Al- associated P and the great variety of 

Po in terrestrial soils over peripheral semiterrestrial areas with sink and buffer functions towards 

more stable and Ca dominated P species in aquatic sediments is illustrated by the red arrows in 

the upper part of the figure. The investigated micro-, meso- and macroscale transects of 

terrestrial and semiterrestrial soils and aquatic sediments are displayed below and at the bottom 

of Figure 7-2, the changing environmental conditions and consequences are summarized. The 

elevated concentrations of stable P fractions in terrestrial soils from an agricultural site near a 

shallow lagoon of the Baltic Sea (Chapter 4) were not included in the figure because they were 

considered to be an exception of the investigated environments (see dicussion above). 

Movement of P can occur in dissolved or particulate forms and it already has been identified a 

long time ago that 75 to 90% of P in agricultural land is transported by soil erosion (Sharpley et 

al., 1993). The present investigation confirmed transport pathways of P from arable soils to 

kettle hole sediments, Baltic Sea lagoon sediments and Baltic Sea sediments. Although the 

general P speciation changed from soil to sediment in all investigated test areas, specific P 

compounds within the sediments suggested their terrestrial origin. The Po compound of IP6 has 

been indentified abundantly in terrestrial soils because it is known to act as P storage 

compound in plants, especially in developing seeds and has strong sorption properties to clays 

and soil OM (e.g. Turner et al., 2002; Negassa et al., 2010; Noack et al., 2014; Alewell et al., 

2020). In aquatic sediments, IPs have been detected in substantial quantities, although only few 

aquatic organisms are able to synthesize them (Turner et al., 2002). Thus, most of the IPs 

present in aquatic sediments are suggested to be derived from terrestrial environments. We 

were able to determine scyllo-IP6, myo-IP6 and neo-IP6 in arable soils as well as in adjacent 

kettle hole sediments (Chapter 3) confirming transport processes of IP6 from terrestrial soil to 

aquatic sediments. Furthermore, the entry of soil aggregates to fluvial systems was also 

confirmed earlier by differentiating parameters such as density, porosity and settling velocity 

between soil aggregates and fluvial sediments (Droppo et al., 2004). 

Phosphorus compounds entering aquatic evironments are either released to the water column 

and consumed by aquatic organisms such as algae and macrophytes or accumulated within the 

sediment. Soil particles, containing high concentrations of Fe-associated P, can be transported 

towards aquatic ecosystems with sediments under anaerobic reducing conditions. The lack of 

oxygen in sediments results in a reduction of ferric (Fe
3+

) to ferrous (Fe
2+

) phosphates of which 
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the latter are more soluble in water (Thomas, 1970). Our investigation of kettle hole sediments 

and adjacent soils (Chapter 3) and Baltic Sea lagoon sediments (Chapter 4) confirmed that 

especially stable P fractions such as H2SO4-P and P associated with Ca and/or Mg can be 

accumulated and conserved in deeper sediments lowering the probability of P mobilization into 

the above water column. The input of P from agriculture to adjacent waters can also be 

significantly reduced by wetland soils along shore areas. We identified accumulations of 

especially moderately stable P, Al-P and Po compounds in Phragmites wetland soils (Chapter 4) 

saving adjacent aquatic ecosystems from direct inputs of these P species. Thus, it is one of the 

most important tasks of the future to create new, or to preserve and maintain existing buffer 

strips and coastal wetlands by removing P with harvests of the plant cover such as reeds or to 

find ways to regain P from the terrestrial as well as aquatic sinks to enable nutrient recycling. 

This is the only way we can slow down the progressive eutrophication of waterbodies around 

the world including associated problems such as biodiversity losses, ecosystem degradation, 

harmful algae blooms and oxygen deficiency (Oliveira and Machado, 2013). At the same time 

we can contribute to P recycling in agricultural areas in order to be able to use the limited 

reserves of rock phosphate more economically and environmentally friendly to answer global 

food necessities. 
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7.4. Conclusions and future research directions 

 

The metholodogical combination of sequential P fractionation, P K-edge XANES spectroscopy 

and 
31

P NMR spectroscopy was complementary and suitable for creating a 

comprehensive picture of inorganic and organic P species in transects including 

terrestrial/semiterrestrial soils and aquatic sediments. 

The transition from labile and moderately labile Fe- and Al- associated P and great variety of Po 

species in terrestrial soils over peripheral semiterrestrial areas with sink and buffer 

functions towards more stable Ca- and Mg-P and less differrent Po species in aquatic 

sediments has been demonstrated for three different micro-, meso- and macroscaled 

evrionmental transects. 

Kettle hole sediments, coastal wetland soils and Baltic Sea lagoon sediments acted as sinks for 

especially acid-extractable, Ca-associated and complex organically bound P species 

protecting adjacent environments from excess P inputs from agriculture. 

The discovery of scyllo-IP6, myo-IP6 and neo-IP6 not only in arable soils but as well in adjacent 

aquatic sediments supported the assumption of a terrestrial origin and thereby transport 

processes of these P species from soil to sediment. 

Fish fecal matter can contribute to high amounts of stable P species in aquatic sediments 

because waste from an African Catfish RAS contained exclusively P compounds of 

Ca-phytate, Ca-hydrogen phosphate and Ca-5-hydroxyapatite. 

Forthcoming investigations for the protection of aquatic ecosystems from excess P should either 

focus on possibilities and measures to avoid P emissions from arable areas or have to 

focus on how to regain P from terrestrial as well as aquatic sinks to recycle it and enable 

a closing of nutrient element circles in agriculture. 
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8.1. Supplemental material of the manuscript: Influence of sample pretreatment on P 

speciation in sediments evaluated with sequential fractionation and P K-edge 

XANES spectroscopy (Chapter 2) 
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Figure 8-1-1 Stacked P K-edge XANES spectra of fresh kettle hole (K2-f) and Bodden (B-f) 
sediment solid extraction residues after the extractions steps with resin and NaHCO3, NaOH, and 
H2SO4. Concentrations of P (mg kg

-1
) were calculated as the sum of fractions from sequential P 

fractionation. 
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Figure 8-1-2 Stacked P K-edge XANES spectra of unfractionated, sieved kettle hole (K2-s) and 
Bodden (B-s) sediment and the respective solid extraction residues after the extractions steps 
with resin and NaHCO3, NaOH, and H2SO4. Concentrations of P (mg kg

-1
) were calculated as 

the sum of fractions from sequential P fractionation. 
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Figure 8-1-3 Stacked P K-edge XANES spectra of unfractionated kettle hole 
sediment (0-10 cm depth) of three different pretreatments sieved, milled, and 
lyophilized. Concentrations of P (mg kg

-1
) were determined by ICP-OES. 
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Figure 8-1-4 Stacked P K-edge XANES spectra of unfractionated kettle hole 
sediment (10-20 cm depth) of three different pretreatments sieved, milled, 
and lyophilized. Concentrations of P (mg kg

-1
) were determined by ICP-OES. 
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Figure 8-1-5 Stacked P K-edge XANES spectra of unfractionated Bodden 
sediment of three different pretreatments sieved, milled, and lyophilized. 
Concentrations of P (mg kg

-1
) were determined by ICP-OES. 
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31

P NMR spectrsocopy 

(Chapter 3) 

 

Journal: Geoderma 

Authors: Julia Prüter
1
, Timothy I. McLaren

2
, Marlene Pätzig

3
, Yongfeng Hu

4
, Peter 

Leinweber
1 

 

1
University of Rostock, Soil Science, Justus-von-Liebig Weg 6, 18051 Rostock, 

Germany 

2
University of Queensland, School of Agriculture and Food Sciences, St Lucia, 

Queensland 4072, Australia 

3
Leibniz Centre for Agricultural Landscape Research, Eberswalder Straße 84, 

15373 Müncheberg, Germany 

4
Canadian Light Source, Inc., University of Saskatchewan, 44 Innovation 

Boulevard, Saskatoon, Saskatchewan S7N 2V3, Canada 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8-2-1 P K-edge XANES spectra of soil (S) and sediment (W) samples. 
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33.544.5

Chemical shift (δ ppm) 

Table 8-2-1 R factors of the results of linear combination fitting from P K-edge XANES analyses 
of soil (S) and sediment (W) samples. If fits were averaged, the best R factor is given. 

Sample R factor 

IIS1a 0.0013 

IIS1b 0.0025 

S1a 0.0012 

S1b 0.0021 

S2a 0.0028 

S2b 0.0015 

S3a 0.0022 

S3b 0.0019 

S4a 0.0030 

W1a 0.0030 

W1b 0.0312 

W2a 0.0324 

W2b 0.0060 

W3a 0.0019 

W3b 0.1101 

 

 

 

 

 

  

Figure 8-2-2 Solution 
31

P NMR spectra of NaOH-EDTA soil extract S1b (black) and the same 
sample after spiking with an authentic standard of 10 μl of 2 mg/L of myo-IP5 in D2O (red). 
Presence of the (1,2,4,5,6) enantiomer of myo-IP5 in the soil extract was confirmed at chemical 

shifts of δ 4.51 ppm, 4.01 ppm, 3.73 ppm, 3.42 ppm and 3.31 ppm (arrows). 
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8.3. Supplemental material of the manuscript: Characterization of phosphate compounds 

along a catena from arable and wetland soil to sediments in a Baltic Sea lagoon 
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Figure 8-3-1 P K-edge XANES spectra of soil (A, W) and sediment (S) samples. 
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Table 8-3-1 R factors of the results of linear combination fitting from P K-edge XANES analyses 
of soil (A, W) and sediment (S) samples. If fits were averaged, the best R factor is given. 

Sample R factor 

A1 0.0033 

A2 0.0033 

W1 0.0073 

W2 0.0161 

S1 0.0095 

S2 0.0059 

S3 0.0090 

S4 0.0070 

S5 0.0022 

S6 0.0066 
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8.4. Supplemental material of the manuscript: Phosphorus speciation in sediments from 
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Figure 8-4-1 
31

P NMR spectra of sample RE. a) Traditional sample treatment with single 
extraction step with NaOH/Na2EDTA and b) shows the additional sulfide treatment to remove 
paramagnetic ions from NaOH/Na2EDTA sediment extracts. Note the orthophosphate peak at 6 
ppm is not shown in its full height. 
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Figure 8-4-2 Stacked and normalized P K-edge XANES spectra of the sediments 
RE, SB, MB, AB1, AB2 and GB. 
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Table 8-4-1 List of all compounds used for spiking and associated sigma numbers in 
31

P nuclear magnetic resonance spectroscopy (
31

P NMR). 

Full name of spiking compound Sigma-Aldrich catalogue number 

Phytic acid sodium salt hydrate P8810 

D-myo-Inositol 1,4,5 trisphosphate I9766 

D-Glucose 6-phosphate sodium salt G7879 

DL-α-Glycerol 6-phosphate magnesium salt hydrate 17766 

β-Glycerophosphate disodium salt hydrate G5422 

Adenosine 5' monophosphate disodium salt 01930 

Deoxyribonucleic acid sodium salt (salmon testes) D1626 

Calcium pyrophosphate 401552 
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Table 8-4-2 Occurring P compounds (orthophosphate (ortho-P), α-glycerophosphate (α-glycerol), β-glycerophosphate and adenosine 5‘ monophosphate 
(β-glycerol/AMP), deoxyribonucleic acid (DNA), pyrophosphate (Pyro-P) and unknown compound) in the sediments with their chemical shifts in ppm in each 
sample (ortho-P was set to 6.00 ppm) and their amounts in mg kg

-1
 determined with 

31
P nuclear magnetic resonance spectroscopy (

31
P NMR). 

P compound RE SB MB AB1 AB2 GB 

  
chemical 
shift [ppm] 

P [mg kg
-1

] 
chemical 
shift [ppm] 

P [mg kg
-1

] 
chemical 
shift [ppm] 

P [mg kg
-1

] 
chemical 
shift [ppm] 

P [mg kg
-1

] 
chemical 
shift [ppm] 

P [mg kg
-1

] 
chemical 
shift [ppm] 

P [mg kg
-1

] 

ortho-P 6.00 2753 6.00 155 6.00 314 6.00 2752 6.00 194 6.00 465 

unknown 
        

5.24 97 
  

α-glycerol 4.70 120 4.70 40 
        

β-glycerol/AMP 4.35 176 4.34 80 
  

4.35 90 4.36 107 4.39 39 

D N A -1.00 295 -1.00 78 
  

-1.00 96 
    

pyro-P -4.08 160 -4.09 111         
    

 

 

Table 8-4-3 Elemental composition and size of the displayed particles in Figure 2  
determined with scanning electron microscopy (SEM) and energy dispersive 
X-ray microanalyses (EDX) in the sediments RE, SB and AB1. 

particle sample figure width length perimeter O F Na Al Si P Ca Fe 

      [µm] [%] 

Fe PO4 RE 3 a) 5.4 9.1 35.3 40.9 
 

3.0 
 

1.2 17.3 1.0 36.6 

calcite SB 3 b) 1.9 3.3 13.6 30.1 
    

2.5 67.3 
 poly-P RE 3 c) 4.7 5.5 47.8 46.8 

 
23.2 

  
30.0 

  Ca PO4 AB1 3 d) 2.8 3.5 12.7 39.0 6.1 1.2 1.3 1.8 17.0 33.6   
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Figure 8-4-3 
31

P nuclear magnetic resonance spectra of the sediments SB, MB, RE, AB1, GB 
and AB2 in the region of 10 to -6 ppm. Note the orthophosphate peak at 6 ppm is not shown in 
its full height. 
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Table 8-4-4 Number of particles determined and assigned to different particle groups with scanning electron microscopy (SEM) and energy dispersive X-ray 
microanalyses (EDX) and range of P content of the individual particles of each group (in %) in the sediments RE, SB, MB, AB1, AB2, GB and one soil sample 
(Soil from Koch et al. 2018). 

  
RE P content 

[%] 
SB P content 

[%] 
MB P content 

[%] 
AB1 P content 

[%] 
AB 2 P content 

[%] 
GB P content 

[%] 
Soil P content 

[%] 

biogenic phases                             
SiO2 (opal) 44 0 - 6 58 0 - 6 237 0 - 5 153 0 - 9 199 0 - 3 261 0 - 3 256 0 - 3 
calcite 2 0 - 2 601 0 - 11 3 0 - 1 2 3 - 19 8 0 - 3 1 1 3 0 
organik matter/chitin 115 4 - 14 3 4 - 6 1 10 10 4 - 12 0 0 6 4 - 5 0 0 
Ca PO4 4 14 - 20 4 11 - 18 2 14 - 17 5 14 - 18 2 18 - 19 7 14 - 18 1 14 
poly-PO4 12 20 - 30 3 28 - 29 0 0 2 21 - 22 0 0 1 20 0 0 

redox-sensitive phases                             
Fe oxides 8 0 - 5 4 0 - 4 0 0 1 2 1 0 2 0 6 0 - 3 
Mn oxides 0 0 0 0 0 0 0 0 1 0 17 1 - 3 0 0 
Fe PO4 215 5 - 18 3 5 - 6 0 0 8 9 - 16 1 6 0 0 0 0 
Fe/Mn mixed PO4 1 8 0 0 0 0 0 0 0 0 0 0 1 0 
pyrite 139 0 - 5 259 0 - 3 113 0 - 1 120 0 - 4 41 0 - 1 64 0 - 2 1 0 
sulphur 2 0 10 0 0 0 0 0 4 0 - 5 0 0 0 0 

clay minerals                             
chlorite 10 0 - 4 9 0 - 4 31 0 - 2 31 0 - 9 46 0 - 2 40 0 - 1 32 0 - 2 
kaolinite 1 0 14 0 - 5 4 0 - 1 14 0 - 8 9 0 - 1 23 0 - 1 10 0 
illite 6 0 - 4 30 0 - 6 83 0 - 2 114 0 - 13 93 0 - 2 85 0 - 2 65 0 - 1 
illite-mixed layer 47 0 - 9 40 0 - 5 602 0 - 3 244 0 - 12 681 0 - 4 393 0 - 3 398 0 - 4 
smectite 0 0 0 0 5 0 - 1 0 0 0 0 3 0 1 0 
saponite 1 0 3 0 5 0 - 1 8 0 - 3 6 0 12 0 - 1 3 0 

feldspar minerals/ 
tectosilicates                             
potash feldspar 23 0 - 5 23 0 - 3 52 0 - 1 113 0 - 11 52 0 - 1 148 0 - 1 108 0 - 1 
albite 40 0 - 10 54 0 - 7 57 0 - 1 86 0 - 11 58 0 - 1 169 0 - 2 58 0 - 1 
plagioclase 3 0 - 6 13 0 - 4 17 0 - 4 11 0 - 7 21 0 - 3 26 0 - 7 21 0 - 3 
pyroxene 0 0 2 0 3 0 2 0 - 5 0 0 2 0 2 0 

other minerals                             
SiO2 (quartz) 143 0 - 10 197 0 - 8 62 0 - 2 147 0 - 10 30 0 - 2 6 0 - 1 27 0 - 1 
bauxite 0 0 0 0 0 0 0 0 2 0 - 2 0 0 0 0 
dolomite 1 0 1 0 5 0 - 1 1 2 9 0 - 3 0 0 0 0 
titanium minerals 5 0 - 16 18 0 - 4 7 0 - 1 10 1 - 5 15 0 - 1 10 0 - 1 16 0 - 1 
not classified 664 0 - 44 157 0 - 19 219 0 - 3 377 0 - 20 229 0 - 12 232 0 - 13 441 0 - 5 

sum classified 822 
 

1349 
 

1289 
 

1082 
 

1279 
 

1276 
 

1009 
 sum all 1486   1506   1508   1459   1508   1508   1450   
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Phosphorus speciation in soil and sediment indicating 

tranformation processes from terrestrial to aquatic ecosystems 

 
presented by Julia Prüter 

 

I Motivation and objectives of the research 

Phosphorus is indispensable in agricultural production and a scarce, non-renewable resource 

but simultaneously it can cause severe problems entering aquatic environments by runoff 

or leaching from arable soils. Therefore, exemplary pathways of P from terrestrial soils 

towards aquatic sediments have to be verified including analyses of soil and sediment 

samples along transects. 

Since the chemical speciation of P is one of the major factors influencing the risk of P transfer 

from arable soils to aquatic environments it is necessary to characterize the P speciation 

in agricultural soils and adjacent aquatic sediments and to reveal major differences 

between them. 

Phosphorus concentrations in the environment are often close to the limit of detection of 

analytical methods. To overcome the resulting methodological limitations and to enable a 

justified characterization of P speciation in different environmental samples, a reasonable 

selection of established as well as innovative P research methods is required. 

It needs to be examined if P sinks in the environment also occur within transects of P transport 

pathways from terrestrial soils towards aquatic sediments to uncover accumulations of P 

and possibly enable P recycling. 
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Since fish fecal matter can contribute to particulate organic waste in the aquatic environment, it 

needs to be investigated which P species occur in fish waste to assess the probability of 

contributions of P from fish fecal matter to the P speciation of sediments at the bottom of 

waterbodies. 

II Main research results 

The application of traditional soil sample pretreatments such as drying, sieving and grinding did 

not fundamentally change the occurrence and distribution of P species in sediment 

samples from different environments. Thus, similar pretreatment procedures of soils and 

sediments were possible in subsequent investigations. 

The common assignment of P species to operationally defined P pools of sequential 

fractionation has been confirmed for sediments from different ecosystems with the help of 

P K-edge XANES spectroscopy, which detected even very low P concentrations in 

extraction residues of sequential P fractionation. 

The complementary results of sequential P fractionation, P K-edge XANES spectroscopy and 

31
P NMR spectroscopy revealed a transition from labile and moderately labile Fe- and 

Al-associated P and great variety of organic P species in terrestrial soils towards more 

stable Ca- and Mg-P and less differrent organic P species in aquatic sediments along 

transects from land to sea. 

Kettle hole sediments, coastal wetland soils and Baltic Sea lagoon sediments acted as sinks for 

especially acid-extractable, Ca-associated and complex organically bound P species with 

the chance to preserve adjacent environments by a protection from further P inputs. 

The detection of some organic P species with terrestrial origin in arable soils as well as in 

adjacent sediments confirmed transport of these P species from soil to sediment. 

The method of P K-edge XANES spectroscopy especially detected Ca-P species in solid waste 

of African catfish from an intensive recirculation aquaculture system indicating a possible 

contribution of P from fish fecal matter to high amounts of Ca-P species in aquatic 

sediments. 
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III Conclusions and outlook 

The results obtained by the complementary methods of sequential P fractionation, P K-edge 

XANES spectroscopy and 
31

P NMR spectroscopy compiled in the present work confirmed 

transport of P from terrestrial towards aquatic ecosystems. 

The transition from labile and moderately labile P in terrestrial soils towards more stable P 

species in aquatic sediments were in general agreement and independent of transect 

length in the investigated micro-, meso- and macroscale ecosystems. 

Future challenges are the preservation and maintenance or the construction of new kettle holes, 

coastal wetland buffer strips and deeper areas in shallow Baltic Sea lagoons to create P 

sinks and thereby protect more vulnerable environments from excess P inputs. 

Forthcoming studies have to focus on possibilities how to regain and recycle P from terrestrial 

as well as aquatic sinks to contribute to the closure of P cycles in agricultural systems. 
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