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Abstract

Cultivated organic soils make a significant contribution to phosphorus (P) leaching losses from
agricultural land, despite occupying a small proportion of cultivated area. However, less is known
about P mobilisation processes and the P forms present in peat soils compared with mineral
soils. In this study, P forms and their distribution with depth were investigated in two cultivated
Histosol profiles, using a combination of wet chemical extraction and P K-edge X-ray absorption
near-edge structure (XANES) spectroscopy.
Both profiles had elevated P content in the topsoil, amounting to around 40 mmol kg–1, and P
speciation in both profiles was strongly dominated by organic P. Topsoils were particularly rich in
organic P (P-org), with relative proportions of up to 80%. Inorganic P in the profiles was almost
exclusively adsorbed to surface reactive aluminium (Al) and iron (Fe) minerals. In one of the pro-
files, small contributions of Ca-phosphates were detected.
A commonly used P saturation index (PSI) based on ammonium-oxalate extraction indicated a
low to moderate risk of P leaching from both profiles. However, the capacity of soil Al and Fe to
retain P in organic soils could be reduced by high competition from organic compounds for sorp-
tion sites. This is not directly accounted for in PSI and similar indices.
Accumulation of P-org in the topsoil may be attributable by microbial peat decomposition and
transformation of mineral fertiliser P by both microbiota and crops. Moreover, high carbon–phos-
phorus ratio in the surface peat material in both profiles suggests reduced net mineralisation of
P-org in the two soils. However, advancing microbial peat decomposition will eventually lead to
complete loss of peat horizons and to mineralisation of P-org. Hence, P-org in both profiles rep-
resents a huge potentially mobilised P pool.
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1 Introduction

Drainage and agricultural use of peatlands is increasing
world-wide (Oleszczuk et al., 2008). While profitable, cultiva-
tion of organic soil for crop production can have several nega-
tive environmental effects. Soil subsidence, ultimately leading
to loss of soil, and emissions of greenhouse gases are two
examples (Oleszczuk et al., 2008; Berglund and Berglund,
2010; Knox et al., 2015). Another significant environmental
concern is export of phosphorus (P) from cultivated Histosols.
Phosphorus losses play a key role in eutrophication of sur-
face waters (Schindler, 1977).

Up to 30 kg P per hectare can annually be leached from culti-
vated Histosols (Duxbury and Peverly, 1978; Miller, 1979).
Losses of this magnitude can contribute significantly to over-
all P export from arable land, despite a low proportion of peat

soils in total arable land area (Oleszczuk et al., 2008). For
instance, according to Longabucco and Rafferty (1989), P
losses from cultivated Histosols account for an estimated
86% of the total annual P load from a watershed in New York
State (USA), even though cultivated Histosols represent only
27% of arable land in the watershed. In Sweden, Histosols
occupy 10% of the total area of cultivated land. The annual P
losses from mineral soils in Sweden rarely exceed 2 kg ha–1

(Ulén and Jakobsson, 2005; Berglund and Berglund, 2010).

The development of adequate strategies to minimise P losses
from cultivated Histosols requires detailed knowledge of the
processes leading to P mobilisation in these soils. However,
advances in understanding these processes have been ham-
pered, partly because analytical P speciation in organic soils
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is methodologically challenging (Kruse and Leinweber,
2008). Histosols are naturally rich in organic P and this P frac-
tion has been the focus of many previous studies, in which
liquid-state 31P nuclear magnetic resonance (NMR) spectro-
scopy has been applied (Bedrock et al., 1994; Robinson
et al., 1998; Li et al., 2013). Robinson et al. (1998) found
monoester phosphate to be the dominant P species in NaOH-
EDTA extracts of Histosols. Bedrock et al. (1994) identified
among other phosphonates and pyrophosphate in Histosols.

However, P in leachate from cultivated Histosols has primarily
been found to be inorganic (Duxbury and Peverly, 1978;
Miller, 1979; Reddy, 1983). Moreover, leaching losses have
been related to fertilisation rates and content of Fe and Al
mineral phases (Miller, 1979). Hence, knowledge of binding
forms of mineral P may be crucial in understanding P leaching
from cultivated Histosols (Miller, 1979). This includes the
environmentally problematic increases in soil solution P fre-
quently observed in recently restored cultivated wetlands
(Jensen et al., 1998; Zak and Gelbrecht, 2007). Phosphorus
mobilisation from restored wetlands has frequently been
attributed to reductive dissolution of Fe3+-(hydr)oxide miner-
als, whereby adsorbed P is released after cessation of drain-
age (Jensen et al., 1998; Zak and Gelbrecht, 2007; Emsens
et al., 2016).

Many previous studies on characterisation of mineral P in His-
tosols have relied on chemical fractionation schemes (e.g.,
Hedley et al., 1982; Robinson et al., 1998; McCray et al.,
2012). However, these merely describe the distribution of P
into operationally defined fractions, leaving uncertainty as
regards the real chemical nature of P in soils (Condron and
Newman, 2011). In addition, application of extraction
schemes to Histosols tends to result in high proportions of
poorly defined residue P (Schlichting, 2004; Kruse and Lein-
weber, 2008). It would therefore be preferable to study P spe-
ciation in Histosols using more direct approaches, such as P
K-edge X-ray absorption near-edge structure (XANES) spec-
troscopy (Hesterberg et al., 1999). This technique allows
direct identification of P species in soils without the need for
an extraction step that could potentially alter the chemical
state of P in the sample (Kizewski et al., 2011). Identification
of P species and relative quantification in a mixed sample
such as soil can be done using least square fitting
approaches (e.g., linear combination fitting, LCF). It is thereby
crucially important that the XANES spectra of P species con-
tained in a sample have unique spectral features that allow
identification (Hesterberg, 2010). Examples are the pre-edge
feature typical for Fe3+-associated P and the post-edge
shoulder in calcium phosphate spectra (Hesterberg, 2010).
Organic P species are in turn often considered problematic
as their XANES spectra usually lack unique and distinguish-
able spectral features (Kruse and Leinweber, 2008). Phos-
phorus L-edge XANES could be an alternative to circumvent
this problem since L-edge spectra of organic compounds
tend to feature more specifically distinguishable characteristic
(Kruse et al., 2015). However one important limitation regard-
ing P L-edge XANES is the high P concentration of at least 5
to 10 g P kg–1, which substantially exceeds P concentration in
most pristine and agricultural soils (Kruse et al., 2015).

Some P K-edge XANES studies have been conducted on
Histosols and organic soil layers (Kruse and Leinweber,
2008; Prietzel et al., 2010). For example, Kruse and Leinweb-
er (2008) collected XANES spectra from the residues after
each fractionation step and concluded from their data that the
Hedley scheme may not be sufficiently selective in organic
soils. Changes in the spectra often did not reflect removal of
P species targeted with a specific extraction step. Based on
LCF results, Prietzel et al. (2010) found organic layers in for-
est soil to be dominated by inorganic P.

Thus, P K-edge XANES spectroscopy can provide valuable
information on P speciation in Histosols and thereby help to
reduce the uncertainty in results obtained with chemical frac-
tionation methods. The aim of this study was thus to charac-
terise P in cultivated Histosol profiles. An extensive library of
reference spectra of both organic and inorganic P species
was used in LCF analysis to obtain information on the P spe-
ciation in these soils. Moreover, a thorough characterisation
of relevant physical and chemical properties of the soil profil-
es was made, to complement the XANES results. Both topsoil
and subsoil layers were studied to account for the potential
importance of subsoil properties on P leaching losses to
drainage systems (Andersson et al., 2013).

2 Material and methods

2.1 Soil sampling and characterisation

Two cultivated organic fen-peat soils were sampled, both
located near Lake Hjälmaren in Örebro County, Sweden.
Both soil profiles were classified as Typic Haplosaprists
(USDA-NRCS classification) and both had a layer of underly-
ing mineral soil at 90–100 cm depth, which was included in
sampling. One of the sample sites, both being commercially
cultivated, hereafter referred to as H1, had received mineral P
fertiliser at a rate of approximately 20 kg ha–1 y–1 for the pre-
vious nine years. The other soil (H2) had received, on aver-
age, annual P fertiliser at a rate of 18 kg ha–1 y–1 for the pre-
vious 10 years. Commonly cultivated crops on H1 were spring
wheat (Triticum aestivum L.), spring barley (Hordeum vulgare
L.), and potatoes (Solanum tuberosum L.). Crops grown on
H2 included wheat, potatoes, and carrots (Daucus carota L.).
Tile drains were installed in both soils to about 80–100 cm
depth back in the 1940s.

In both profiles, soil samples were taken from the top layer
(20 cm depth), which was homogeneous due to soil tillage.
Below this layer, sampling was carried out at 10 cm intervals
down to 100 cm in the case of H1 and 90 cm in the case of
H2, including samples of the mineral layers underlying the or-
ganic material in both cases. All soil samples were air-dried,
homogenised, and stored at 5�C until further analysis. Particle
size distribution was determined according to ISO 11277
(2009). This included removal of organic material with heated
hydrogen peroxide. The pH of dried samples was determined
in deionised water at a ratio (w/v) of 1:5. Total carbon (C-tot)
and nitrogen (N-tot) were determined using a Leco Tru-Mac
analyser (LECO, St. Joseph, MI) following ISO 13878 (1998).
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2.2 Wet chemical analyses

Acid digestion of soil samples before element analysis was
carried out with concentrated HNO3 at three temperature
stages (60�C to 130�C) over 5 h according to a modified ISO
11885 (2007) standard. Concentrations in the digestate of Fe
(Fe-pstot), Al (Al-pstot), calcium (Ca-pstot), and P (P-pstot)
were determined using inductively coupled plasma atomic
emission spectroscopy [ICP-OES (Optima 7300 DV, Perki-
nElmer, MA, USA)], where the term (-pstot) refers to ‘‘pseudo-
total’’ following international standards (ISO 11074, 2015), as
the acid digestion procedure may not be strong enough to
completely recover the total element content from a sample.
A wet-chemical estimate of organic P was obtained according
the Ignition method (Kuo, 1996).

Surface-reactive, poorly crystalline Fe and Al and associated
P (Fe-ox, Al-ox, and P-ox) was estimated by extraction with
0.2 M ammonium oxalate-oxalic acid (pH 3), carried out in
darkness for 4 h at a soil:solution ratio of 1:100 according to
Schwertmann (1964). Phosphorus saturation index (PSI), a
widely used empirical index for P leaching risk assessment,
was then calculated as (Lookman et al., 1995):

PSI ¼ P-ox
0:5· Fe-ox þ Al-oxð Þ : (1)

To obtain an estimate of Fe and Al associated with organic
matter in the two soils, pyrophosphate extraction (Fe-pyr, Al-
pyr) was carried out according to McKeague (1967). Samples
were suspended in 0.1 M sodium pyrophosphate at a soil:so-
lution ratio of 1:100 and extracted for 16 h. The extract solu-
tion was subsequently filtered through general-purpose filter
paper. Citrate-dithionite extraction (Fe-dith, Al-dith), a repre-
sentation of more crystalline forms of Fe and Al, was carried
out following Holmgren (1967). A suspension containing 2 g
of solid sodium dithionite, 1 g sample soil and 100 mL of a
sodium citrate/sodium bicarbonate solution was shaken for
16 h. The concentrations of Al and Fe in the extract were
determined using ICP-OES as described above.

2.3 P K-edge XANES analysis

Both sample and standard P K-edge XANES spectra were
collected at beamline 8 of the Synchrotron Light Research
Institute (SLRI) in Nakhon Ratchasima, Thailand (Klysubun
et al., 2012). At the facility, a 1.3 GeV beam storage ring with
a beam current of 80–150 mA was used. The beamline was
equipped with an InSb(111) double crystal monochromator,
resulting in a 17.7 · 0.9 mm2 beam with a flux of 1.3 · 109 to
6 · 1010 photons s–1 (100 mA)–1. Measurements were car-
ried out in fluorescence mode.

Sample preparation included air-drying, milling and sieving to
obtain a maximum particle size of 0.05 mm. A thin layer of
sample material was applied onto P-free Kapton tape in a
sample holder, which was sealed on the upper side with poly-
propylene X-ray film. Before the experiments, it was ascer-
tained that none of the materials used for sample preparation
was contaminated with P. The sample compartment was filled
with helium (He) gas. The intensity of the incoming beam was

determined with a N2 gas-filled ion chamber. Fluorescence
measurements were carried out with a solid-state 13-element
Ge detector. The measured fluorescence energy interval was
2100–2320 eV. The energy steps were smallest (0.2 eV)
close to the absorption edge (E0) between 2140 and 2155 eV.
In other energy ranges, the energy steps were up to 0.5 eV.
The number of scans varied between 3 and 10, depending on
the sample P concentration.

Prior to the experiment, the beam energy was calibrated by
setting the maximum of the first derivative of the spectrum
(E0) for elemental P powder (red phosphorus) to 2145.5 eV.
In addition, XANES spectra of a variscite standard sample
(E0 = 2154.05 eV) were regularly collected during the beam
sessions. This was done to detect unwanted energy shifts.
Energy differences between E0 observed for the variscite
spectra were used to correct E0 in sample spectra collected
around the same time (Eriksson et al., 2016). These energy
corrections and all other data processing were carried out
with the Athena software package version 0.9.024 (Ravel and
Newville, 2005). This included energy calibration, merging/
normalisation of sample scans and LCF analysis. Care was
taken to keep the normalisation of sample and reference
spectra as consistent as possible. In a few cases, however,
the normalisation energy range had to be slightly adjusted to
deal with inconsistencies in baseline and background trends.
Generally, baseline correction was done by subtracting a lin-
ear function from the pre-edge region at –30 eV to –10 eV rel-
ative to E0 from the spectra. The edge step used for the nor-
malisation was determined with a linear function across the
post-edge region between 30 eV and 45 eV relative to E0.

Linear combination fitting to determine the P speciation in
samples followed a procedure from Tannazi and Bunker
(2005). The reference library used for LCF was established
and used previously by Eriksson et al. (2016). Included were
organic P compounds, Fe, Ca and Al phosphate minerals,
and phosphate adsorbed on Fe and Al (hydr)oxides (Fig.1).
All reference spectra were collected at the same beamline.
Merged sample scans were fitted with the complete library of
reference spectra. However, a maximum of only four referen-
ces was allowed in the final fits to avoid overfitting. Fitting was
carried out over an energy range of 2144 eV to +2184 eV, i.e.,
from –10 to 30 eV relative to the E0 of variscite.

A precondition for the LCF fits to be acceptable was that the
sum of the relative proportions of the references included in
the fits was within the range 90–110%. Accepted fits were
then re-normalised to match a summed proportion of 100%.
The ranking of the accepted fits was based on the R factor
(Ravel and Newville, 2005; Ravel, 2009), as an indicator of
the goodness-of-fit.

3 Results

3.1 Wet chemical analyses

The organic horizon in profiles H1 and H2 was 90 and 80 cm
thick, respectively. Physical and chemical properties, includ-
ing those for the underlying mineral soil layers, are presented
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in Tab. 1. The soil pH in both profiles was acidic, ranging
between 4 and 6. The profiles were free of inorganic carbo-
nate. Organic C content (C-org) and total N contend (TOT-N)
tended to decrease with soil depth in the two profiles. The nu-
trient ratios C:N and C:P were in turn higher in the organic
subsoil layers of both profiles in comparison to upper soil
layers.

Common in both profiles was a clear enrichment with Fe-pstot
in the organic sub soil layers directly overlying the mineral soil
layers. With 726 mmol kg–1 and 696 mmol kg–1 in H1 and H2,
respectively, the Fe-pstot content in these layers exceeded
the content in the remainder of the profiles at least by a factor
of 2 (Tab. 2).

The extractability of Fe with ammonium-oxalate (Fe-ox) rela-
tive to Fe-pstot content was highest in the top soil of both
profiles. Up to 90% and 60%-of top soil Fe-pstot, was ammo-
nium-oxalate extractable in H1 and H2, respectively. The cor-
responding top soil Fe-ox content in H2 (70 mmol kg–1) was

nevertheless lower than in the sub soil, while Fe-ox content
throughout most of the H1 profile ranged around 120 mmol kg–1.

Dithionite-extractable Fe followed a vertical pattern similar to
the Fe-ox content in both profiles. The content of both was
very similar as well; with Fe-dith tending to be slightly lower
(Tab. 2).The results of pyrophosphate extraction suggested
that a considerable proportion of Fe in both profiles was asso-
ciated with organic matter. Relative to the corresponding
Fe-pstot content, recovery as pyrophosphate extractable
Fe (Fe-pyr) was high in the topsoil of both profiles, corre-
sponding to a Fe-pyr content of 102 mmol kg–1 in H1(60%)
and 55 mmol kg–1 in H2 (36%).

In both profiles, Al-pstot content was lowest in the upper
20 cm. In the H2 profile, the content increased from around
150 mmol kg–1 to a maximum of 660 mmol kg–1 at 60–70 cm
soil depth. In H1, the highest content (> 1000 mmol kg–1) was
observed in the 30–50 cm soil layer with its elevated ash and
clay content.

The method for determination of the particle size distribution
had primarily been developed for mineral soils and it proofed
difficult to yield enough mineral material for analysis from the
peat samples. Nevertheless clay content was strongly and
significantly correlated with AL-pstot in the H1 profile
(R2 = 0.92; p < 0.0005). Content of Al-ox in the profiles fol-
lowed the vertical pattern seen for Al-pstot, but the relative
recovery of Al-ox decreased with depth. The highest content
in the H1 soil (up to 415 mmol kg–1) was found at 30–60 cm
depth. The content of Al-ox in soil H2 was considerably lower
and did not exceed 122 mmol kg–1 (40–50 cm later). Similarly,
to Fe-dith, the Al-dith content was consistently lower than the
Al-ox content. A considerable proportion of Al-pstot in the two
profiles was extractable with pyrophosphate as well.

The pseudo-total P content was clearly elevated in the top-
soils of both profiles and ranged between 30 and 45 mmol
kg–1, with slightly higher contents observed in H2. In the
subsoil of both profiles, P-pstot content remained below
20 mmol kg–1. It was found that the P-pstot content of the
high ash content layers at 30–60 cm depth H1 were entirely
extractable with oxalate, to a maximum of 31 mmol kg–1.
Recovery of P-ox relative to P-pstot was otherwise lower,
amounting to 50% P-pstot in the top 20 cm and declining to
around 30% in the subsoil. In the H2 profile, relative recovery
was less variable and remained at around 40%, which corre-
sponded to a P-ox content decreasing from a maximum of
19 mmol kg–1 in the topsoil to 7.5 mmol kg–1 in the subsoil. In
the mineral layers of both profiles, around 80% of P-pstot was
ammonium-oxalate extractable.

Mean P-ox content was similar in the two profiles (13.4 and
12.6 mmol kg–1 in H1 and H2, respectively). However, due to
the higher content of Al-ox in H1, the PSI values were consis-
tently lower in this profile, with a maximum of 0.17 in the top-
soil in comparison with 0.29 in H2.

Organic P content in H1, determined according to the ignition
method, ranged between 7 and 12 mmol kg–1. In the upper
40 cm, this corresponded to relative proportion of P-org lost
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Figure 1: Normalised reference phosphorus K-edge X-ray absorption
near-edge structure (P K-edge XANES) spectra used in linear combi-
nation fitting (LCF).
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on ignition (P-org-ig) of about 30% of P-pstot. This percent-
age increased to a maximum of 65% in deeper soil layers. In
the H2 profile, P-org-ig content tended to be higher, up to
19 mmol kg–1 at 20–30 cm depth. As observed for H1, the
proportion of organic P relative to P-pstot also increased with
soil depth in H2.

3.2 XANES analysis

Figure 2 presents sample spectra collected for the two profil-
es, including the best fits from the LCF analysis. All collected
spectra were of very good quality, with high signal to noise
ratio. Sample spectra for the uppermost 20 cm in both soils
visibly resembled organic P standard spectra such as lecithin.
This resemblance included a shift of the absorption edge
position (E0) towards lower energy in comparison with E0 of
the variscite standard used for the energy calibration
(2154.05 eV) and other mineral P reference spectra. Figure 3
illustrates this for the example of the H1 spectrum at
0–20 cm, comparing the edge position (E0) of this sample at
2153.2 with that of relevant reference spectra. Edge energy
positions of sample spectra of the two profiles and selected
reference spectra are also presented Tab. 3. In general, E0 of

all sample spectra was lower than in relevant reference spec-
tra for mineral P. However, the lowest E0 values were
observed in sample spectra for the top 20 cm of both profiles.

Despite a generally very high fitting quality in LCF analysis,
visual comparison revealed an obvious mismatch between
sample and fitted spectra in the post-edge region for some
sample spectra of the H1 and H2 profiles. This is shown for
the example of the H1 sample spectrum at 30–40 cm soil
depth in Fig. 4a, b. Sample spectra that were affected by this
were particularly those collected for subsoil layers with rela-
tively elevated extractable Al and ash content. These spectra
featured a visible indication of mineral P presence in the post-
edge region. As illustrated in Fig. 4b, the fitted spectrum did
not adequately represent the ‘trough’ between absorption
edge and the post-edge peak in an energy range between
approximately 2158 eV and 2163 eV. Reflecting a P-org
weight of 64%, the post-edge region of the fitted spectrum re-
sembled more closely the sample spectrum for the top 20 cm.
Eveborn et al. (2009) complemented LCF analysis by specifi-
cally fitting the sample spectra in the pre-edge region in order
to increase the sensitivity for Fe-associated P. In a similar
approach, LCF was carried out over the post-edge region
from approximately +1 eV to +30 eV relative to E0 for the H1
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Table 1: Selected physical and chemical properties of the two Histosol soil profiles, H1 and H2.

Profile Soil layer pHa Clayad Siltad C-orgab Loss on
ignitiona

Tot-Nab C:Nab C:Pac

(cm) (–) (%) (–)

Histosol 1 0–20 5.3 3.9 11.0 49.3 84.2 3.1 16 1077

20–30 5.7 7.3 11.4 48.0 80.7 2.9 17 1061

30–40 6.0 27.5 16.4 33.9 53.7 1.8 19 844

40–50 5.9 31.4 21.7 27.6 44.3 1.4 20 1127

50- 60 5.6 20.1 17.7 36.2 57.1 1.5 23 1873

60–70 5.3 8.1 7.2 48.8 80.7 2.1 23 2259

70–80 4.5 16.0 19.7 35.5 61.4 1.8 20 1960

80–90 4.3 18.3 22.9 34.1 56.2 1.7 20 1834

90–100 4.1 48.4 47.4 1.8 0.6 0.2 10 100

Histosol 2 0–20 5.1 3.5 11.8 45.8 81.2 3.3 14 875

20–30 5.3 12.4 14.9 40.4 67.7 2.9 14 1034

30–40 5.5 23.6 19.3 31.4 53.5 2.4 13 803

40–50 5.7 22.1 20.1 33.5 54.1 1.9 18 1366

50–60 5.6 25.2 18.6 32.3 52.0 1.8 18 1423

60–70 5.5 33.2 18.9 26.9 43.8 1.6 17 1382

70–80 5.4 21.7 20.2 32.1 52.1 1.6 21 1701

80–90 5.7 49.6 45.5 1.1 0.0 0.1 8 50

aValues presented are mean of duplicate samples.
bTot-C = total carbon content (ISO 13878); Tot-N = total nitrogen content (ISO 13878); C:N = ratio of total carbon to total nitrogen.
cC/P = ratio of total carbon content and pseudo-total P content (modified ISO 11885:2007).
dClay and silt content are related to bulk soil mass.
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and H2 sample spectra. The composition of these fits differed
from those carried out over the whole XANES energy region.
The major difference was a reduced contribution of P-org
references in favour of an increased weight of phosphate
adsorbed to Fe/Al mineral phases. For instance, the P-org
weight in the post-edge fit for the H1 sample at 30–40 cm
depth decreased from 64% to 23%. As can be seen in
Fig. 4b, post-edge fits resembled the sample spectra in the
post-edge region considerably more than the original fit over
the complete XANES energy region. However, this came at
the cost of a poorly fitted absorption edge in comparison with
the sample spectrum (Fig. 4c).

Nevertheless, post-edge fitting results regarding adsorbed
mineral P for H1 were overall better correlated with extract-
able Fe, Al, and P content. For instance, R2 for the correlation
between pooled weights of Fe–P and AL-P and Al-pstot con-
tent increased from 0.7 to 0.9 (p < 0.0005). Moreover, an
improved correlation (R2 = 0.8; p < 0.005) with Al-ox content
was observed. A slight improvement in the correlation
between the calculated content of adsorbed P and P-ox was
achieved when using post-edge LCF results, with R2 increas-
ing from 0.8 to 0.9 (p < 0.0005). For the H2 profile, a similar
improvement in correlation between LCF results and results
of wet chemical analyses was not observed. However, for this
profile, differences between original and post-edge LCF
results were less pronounced.

A pre-edge shoulder situated at around 2149 to 2152 eV, indi-
cative of Fe-associated P (Hesterberg et al., 1999), was not
visible in the spectra. The spectra collected for the mineral
soil layer in both profiles featured a shoulder at around
2157.5 eV. Additionally, two post-edge peaks at 2164.7 eV
and 2171.3 eV were present which in combination with the
pre-edge shoulder indicated the presence of calcium phos-
phates (Zuo et al., 2015). Values of the goodness-of-fit factor
R from the LCF analysis were in the lower range of those
reported in previous studies (Eveborn et al., 2014; Eriksson
et al., 2016) (Tab. 4). The weights listed refer to the best fits,
i.e., those to which the lowest R-value was assigned. Refer-
ence spectra included in the best fits were categorized into
groups, whose relative contribution to the final fits are shown
in Tab. 4. The number of occurrences (count) of representa-
tives of a specific P group in the 10 best fits is also presented
in the table. Generally, the fitting quality did not decline sub-
stantially within the 10 best fits for a particular sample spec-
trum. Moreover, the relative contribution of P groups re-
mained similar within the 10 best fits.

Results from LCF generally reflected the presence of P spe-
cies that were visually observable in the sample spectra. The
dominant P form in both profiles according to LCF was P-org,
which at most comprised around 80% in the top 20 cm of both
profiles. In deeper organic layers of H1, P-org weight
decreased to 60%. In the H2 soil, the lowest P-org weights
(50%) were observed in fits for two subsoil layers that in-
cluded references for calcium phosphates. The latter were
otherwise absent in organic layers of H1 and H2. Correspond-
ing weights of Ca–P in these fits amounted at most to 17%.
Expectedly, the mineral soil underlying both profiles contained
substantially less P-org, with LCF weights of less than 13%.

Apart from the mentioned occurrences of Ca–P, inorganic P
references included in LCF fits for the organic layers almost
exclusively represented P adsorbed to Al and Fe mineral sur-
faces, particularly reference spectra for phosphate adsorbed
to gibbsite (Al–P) and goethite (Fe–P).

In the H1 soil, the weight of Al-bound P reached a maximum
of 35% in the 40–50 cm layer. Below this depth Al–P contribu-
tion declined to about 6% at 80–90 cm. Topsoil Al–P contribu-
tion did not exceed 10%. According to the LCF results, Fe–P
was concentrated in the subsoil of the H1 profile, contributing
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Energy (eV)

Figure 2: Phosphorus (P) K-edge X-ray absorption near-edge struc-
ture (XANES) sample spectra and best fita from linear combination
fitting for Histosol profile (left) H1 and (right) H2. ’’a’’ assigned the low-
est R factor (Ravel and Newville, 2005).
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up to 25% (80–90 cm). In contrast, there
was no contribution of Fe–P in best fits for
the subsoil layers of H2. Instead, LCF
resulted in high Al–P weights in these
layers of up to 37% (70–80 cm).

Figure 5 presents P content corresponding
to the weights of the P groups in relation to
P-pstot content. As can be seen, LCF
results corresponded to an increase in
P-org content towards the topsoil in both
profiles. In the top 20 cm, LCF-based con-
tent amounted to as much as 30 mmol kg–1

of P-org, exceeding subsoil P-org content
by up to threefold. Pooled content of P
adsorbed to Fe and Al surfaces also tended
to be higher in upper soil layers, but did not
exceed 12 mmol kg–1. The weight of Ca–P
in the sub soil of H2 corresponded to a con-
tent of 2–3 mmol P kg–1. In the mineral soil
layers of both profiles, Ca–P was dominant,
amounting to 10 mmol kg–1 in both.

Results from LCF were significantly corre-
lated with relevant results from the comple-
mentary chemical and physical analysis.
For instance, in both profiles the pooled
LCF weight of inorganic P adsorbed to Fe
and Al was significantly correlated with the
Al-pstot content (H1: R2 = 0.67, p < 0.05;
H2: R2 = 0.73; p < 0.05). Moreover, Al–P
content in the H1 profile, calculated from
LCF weight and corresponding P-pstot con-
tent, was significantly correlated with P-ox
(R2 =0.65; p < 0.05). Pooling Al–P content
with Fe–P content led to significant
correlations with P-ox in both profiles (H1:
R2 = 0.82, p < 0.05; H2: R2 = 0.7, p < 0.05)

4 Discussion

4.1 Wet chemical analyses

With ash content consistently exceeding
5% in both profiles, soils H1 and H2 can be
referred to as minerogenic peat soils (Tolo-
nen, 1984; Steinmann and Shotyk, 1997).
Decreasing C:N and C:P ratios indicated a
higher degree of decomposition of the top-
soil peat material as compared to sub soil
layers. Accumulation of nutrients relative to
C-org content is commonly observed dur-
ing organic matter decomposition (Biester
et al., 2014; Drzymulska, 2016).

It may appear contradictory that C-org con-
tent in both profiles was highest in the top-
soil, as the mineral content is generally
expected to increase in topsoil of drained
organic soils (Kasimir-Klemedtsson et al.,
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Table 3: Absorption edge position (E0) for phosphorus K-edge X-ray absorption near-
edge structure (P K-edge XANES) sample spectra for the Histosols H1 and H2 and
selected reference spectra (defined as the maximum in first derivative of the spectra).

Soil depth E0 (eV)

(cm) H1 H2 Reference
spectra

0–10 2153.2 2153.2

10–20

20–30 2153.4 2153.4

30–40 2153.3 2153.5

40–50 2153.4 2153.4

50–60 2153.4 2153.5

60–70 2153.4 2153.4

70–80 2153.3 2153.5

80–90 2153.4 2153.4

90–100 2153.4

P adsorbed to ferrihydrite 2153.9

P adsorbed to gibbsite 2153.9

Hydroxyapatite 2153.4

Lecithin 2153

Energy (eV)
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Figure 3: Normalised phosphorus (P) K-edge X-ray absorption near-edge structure
(XANES) spectra for the H1 sample from 0–20 cm and reference spectra of P adsorbed to
aluminium hydroxide (P_Ads_AlOH3), hydroxyapatite, and lecithin (organic P-diester).
Energy positions of the absorption edge (E0), marked in the diagram with ‘‘+’’, are defined
as first maximum of the second derivative of the spectra. aEnergy position of the variscite
reference used for the energy calibration of sample and reference spectra.
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1997; Leifeld et al., 2011). However, temporally and locally
varying input of mineral material via surface runoff or ground-
water flow, which is typical for fens, may overshadow this pat-
tern (Smieja-Król and Fial /kiewicz-Koziel /, 2014).

Pseudo-total Fe content in both profiles was in the lower
range of values reported for fen peats in previous studies
(Zak et al., 2010). Exceptions to this were the organic layers
lying above the mineral soil in both profiles. Similar peaks in
soil Fe in peat soils have been reported previously (Hill and
Siegel, 1991; Steinmann and Shotyk, 1997). Hill and Siegel
(1991) attributed such accumulation of Fe in the mineral soil
peat interphase to groundwater discharge and organic com-
plexation of dissolved Fe upon contact with the peat layer.

The similarity between Fe-dith and Fe-ox results
in the profiles indicates a low content of crystal-
line Fe-oxide phases. This may be explained by
the relatively short time of 70 years since drain-
age of the peat, which may have been too short
a period for significant formation of crystalline
Fe3+ minerals (Stoppe et al., 2015). Recurring
periods of reducing conditions may have further
inhibited crystallisation of mineral oxides (Oene-
ma, 1990).

In both profiles, the extractability of Fe with oxalate
tended to be slightly higher in comparison with
Fe-dith. By definition, Fe-ox should be included in
the iron pool extracted with dithionite (Mehra and
Jackson, 1960). The differences between Fe-dith
and Fe-ox in the profiles were generally low and
may reflect uncertainty in the measurements. An
excess of Fe-ox content relative to Fe-dith content
has been observed in coastal sediments and was
attributed to dissolution of magnetite (Stoppe
et al., 2015). In comparison with the present study,
Fe-ox : Fe-dith ratios, observed in Stoppe et al.
(2015), were, however, with up to 2.2 higher. Gen-
erally, determining the specific reason for possible
excess Fe-ox in the H1 and H2 profiles was
beyond the scope of the present study.

The Al content in the H1 profile can be considered
high for an organic soil. For instance, Schlichting (2004)
found a maximum Al-ox content of 166 mmol kg–1 in topsoil
samples of different European fen peats, whereas Al-ox
amounted to 400 mmol kg–1 in H1. The strong correlation of
Al-pstot with clay content suggests the particle size distribu-
tion was reasonable despite the method used being devel-
oped primarily for mineral soils. Moreover, it indicates most Al
has been deposited with mineral particles during the forma-
tion of the peat profiles.

Pyrophosphate extraction results suggested a high proportion
of organically complexed Al and Fe. Considering the high
organic matter content in the two profiles, a high percentage
of pyrophosphate extractable Fe and Al could be expected,

ª 2020 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.plant-soil.com

Energy (eV) Energy (eV)

N
or

m
al

is
ed

 fl
uo

re
sc

en
ce

 (–
)

Figure 4: Post-edge oscillation of Histosol profile H1 sample spectra collected at
(left) 0–20 cm and (right) 30–40 cm depth in Histosol profile H1, in comparison
with reference spectra for lecithin (organic P) and phosphorus (P) adsorbed to
amorphous aluminium hydroxide [Al (OH)3]4.
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Figure 5: Phosphorus (P)
speciation in Histosol profile
(left) H1 and (right) H2
according to linear combina-
tion fitting (LCF) results. The
content was calculated as
the product of LCF best fit
weights for iron-associated
phosphorus (Fe–P), alumi-
nium-associated P (AL–P),
calcium phosphates (Ca–P)
and organic P (P-org), and
corresponding HNO3 extract-
able phosphorus (P-pstot)
content.
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even though the selectivity of pyrophosphate for soil organi-
cally complexed Al has been questioned (Kaiser and Zech,
1996). As was the case for Fe, Al-ox content exceeded
Al-dith content consistently in the two profiles. However, the
dithionite-extractable fraction of Al is less well-defined
(McKeague et al., 1971)

4.2 Phosphorus speciation

The elevated top soil P content in in the two profiles was in
agreement with results from previous studies (Schlichting,
2004; Kruse and Leinweber, 2008). Such P enrichment in cul-
tivated Histosols has been attributed to P fertilisation (Kaila
and Missilä, 1956; Sundström et al., 2000). For mineral soils,
fertiliser-related P enrichment over time is well known
(Silveira et al., 2006; Annaheim et al., 2015; Schmieder et al.,
2018). However, in contrast to findings for cultivated mineral
soils (Silveira et al., 2006; Annaheim et al., 2015), topsoil P
speciation in both soils, according to LCF, was dominated by
organic P. The results obtained with the ignition method were
in direct contrast to this, as P-org-ig content increased with
soil depth. However, we deem the LCF results to be more
realistic. The vertical distribution of P-org in the LCF results
for both soils was visibly corroborated by spectral features of
the sample spectra. Furthermore, there were significant corre-
lations between LCF results for mineral P and extractable Fe
and Al in the profiles, supporting the P speciation and hence
the distribution of P-org according to LCF. Ignition method
results were not supported by complementary analysis.

Inaccuracies with the ignition method have previously been
documented (Williams et al., 1970; Turner et al., 2005). Possi-
ble mechanisms of an overestimation of P-org include hydro-
lysis of organic P during acid extraction and/or incomplete
extraction of P released during ignition (Turner et al., 2005).

Increasing P-org content in topsoil of cultivated Histosols has
been observed in previous studies and attributed to accumu-
lation of crop residues and inorganic P uptake in soil microbial
biomass (Kaila and Missilä, 1956; Schlichting, 2004; Pizze-
ghello et al., 2014). Such accumulation of P-org requires that
these processes are not compensated for by microbial P-org
mineralisation, as is commonly the case in mineral soils. High
C:P-org ratio in H1 and H2, amounting to1000 in the topsoil,
indicated that microbial net P-org mineralisation is indeed
very low in these soils.

Substrate nutrient stoichiometry in relation to decomposer
biomass is an important indicator of organic matter decompo-
sition and nutrient mineralisation (Bosatta and Berendse,
1984). Net P mineralisation should not occur unless the
substrate C:P ratio falls below a critical ratio determined pre-
dominantly by the decomposer biomass stoichiometry (Moos-
hammer et al., 2012; Spohn, 2016). Despite high taxonomic
diversity, the C:P ratio in soil microorganisms has been found
to be well restrained at around 60 (Richardson and Marshall,
1986; Cleveland and Liptzin, 2007; Spohn, 2016). Significant
net mineralisation of P-org in the H1 and H2 profiles is hence
unlikely, since topsoil C:P ratios exceeded this ratio by a
factor of 15. Microbial decomposition of substrate with unfav-
ourable nutrient stoichiometry requires a reduction in decom-

poser carbon use efficiency, leading to a relative increase in
mineralisation of organic carbon (Manzoni et al., 2010; Sinsa-
baugh et al., 2013). Hence, the substrate C:P ratio decreases
with time until it approaches the critical C:P ratio allowing for
net P mineralisation. This is probably reflected in the
decrease in C:P ratio towards the topsoil of both profiles.

Average subsidence rate for Nordic peat soil is reported to be
around 20 mm per year (Stephens et al., 1984). The time
span of 70 years since drainage of the two profiles would
hence correspond to a peat loss of more than 1 m. Much of
the observed P accumulation would therefore be attributable
to this soil subsidence. Transformation of inorganic fertiliser P
into the organic P pool, as proposed by Kaila and Missilä
(1956), could also have contributed to the observed P-org
accumulation in the profiles. Qualls and Richardson (2000)
report that topsoil microbial biomass increases up to nine-fold
in Everglades’s peat soils upon P fertilisation.

Throughout both profiles, P-org was represented by a lecithin
reference and soil organic P reference spectra obtained for a
peat soil horizon with extremely low ash content. However,
the general potential of XANES LCF for organic P speciation
is limited by the lack of specific spectral features in the
XANES spectra of many organic P compounds (Kruse and
Leinweber, 2008; see also Fig. 1). Generally, phytic acid has
been found to be the predominant organic P form in soils,
which is explained by its tendency to strongly bind to solid
surfaces (Gerke, 2015).

Problems with a distinction between Al- and Fe-associated P
based on XANES data have been reported previously (Beau-
chemin et al., 2003). The pre-edge shoulder, indicative of
Fe–P, tends to be less pronounced in spectra of adsorbed
forms of Fe–P than in those of Fe-phosphates (Hesterberg
et al., 1999). Hence, in spectra of samples with relatively low
concentrations of adsorbed Fe–P, identification and quantifi-
cation of Fe–P is difficult, as post-edge oscillations are similar
in spectra of both groups (Fig. 1). This may be further compli-
cated by the energy shift in spectra of samples rich in P-org,
such as the peat samples in this study, since the shifted
absorption edge may superimpose part of the pre-edge
shoulder.

However, while LCF weights and calculated contents of Fe–P
were not meaningfully correlated with extractable Fe, pooling
LCF results for Fe–P and Al–P increased the significance of
the correlation with extractable Al. These observations could
suggest a dominance of Al associated P over Fe–P in the
profiles. In case of H1 this would be also supported by a con-
siderably greater content of surface reactive Al in comparison
with Fe-ox content.

Results from LCF in comparison with post-edge LCF for the
organic soils could indicate the presence of P species that
were not represented in the standard library. A hypothetical
reference spectrum combining post edge features similar to
mineral P spectra with an absorption edge shifted towards
lower energy, typical for P-org species, could theoretically
improve LCF performance for the sample spectra in ques-
tion.
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Phosphorus species that could reasonably be expected in
organic soils and of which specific reference spectra were not
included in the standard library are organic P forms associ-
ated with Fe or Al mineral surfaces. Phytate, the presumably
most abundant form of organic P in soils is known to bind
strongly to mineral surfaces (Gerke, 2015; Prietzel et al.,
2016).

Prietzel et al. (2016) compared XANES spectra of phytate
adsorbed to different Al and Fe mineral surfaces and Al and
Fe saturated organic matter with spectra collected for ortho-
phosphate adsorbed to the corresponding minerals. Particu-
larly a spectrum for phytate sorbed to Al saturated organic
matter featured indeed an absorption edge being slightly
shifted towards lower energy in comparison with its ortho-
phosphate counterpart, while at the same time featuring a
similarly shaped post edge oscillation. A spectrum with such
characteristics could have theoretically improved the fitting
quality for sample spectra in which discrepancies between fit
and sample in the post-edge region occurred. Even though
there is no conclusive evidence, the presence of associations
between P-org and mineral phases seems probable in these
minerogenous fen peat soils. According to Prietzel and Klysu-
bun (2018), spectra of phytate adsorbed to goethite tend to
feature a clearly less pronounced pre-edge shoulder than cor-
responding orthophosphate spectra. Hence, the presence of
such P species could also explain the lack of a correlation
between Fe–P according to LCF and extractable Fe. The con-
tribution of Fe–P could be expected to be underestimated by
LCF if such spectra are not included in the reference library
(Prietzel and Klysubun, 2018).

Self-absorption is known to limit the potential of soft XAS data
obtained in fluorescence mode for quantitative P speciation.
Using an approach devised by Tröger et al. (1992), Hester-
berg et al. (1999) calculated self-absorption effects in mineral
P samples of 800 mmol kg–1 to be around 8%, which was
deemed acceptable for P speciation in soils samples. Stand-
ard P compounds in this thesis were prepared with the criteri-
on of keeping the P concentration below 800 mmol kg–1. If
necessary, the samples were diluted using boron nitride, as
widely done in previous studies (Kelly et al., 2008; Kruse
et al., 2015).

Phosphorus K-edge XANES is a direct non-destructive ana-
lytical method requiring minimal sample pre-treatment, hence
uncertainty regarding a potential chemical alteration of P in
the sample can widely be avoided. However, the interpreta-
tion of XANES data based on LCF analysis is associated with
uncertainty inherent to this merely statistical approach
(Ajiboye et al., 2007). Ajiboye et al. (2007) studied the per-
formance of LCF for binary mixtures of P compounds and
observed the highest relative error on fitting a binary mixture
of Fe–P (75%) and Ca–P (15%). In the final fit, the Fe–P
weight amounted to 90% instead of the actual Fe–P propor-
tion of 75% in the standard mixture. The potential for such
error needs to be considered even higher in soils samples,
likely containing several unknown P species. Ajiboye et al.
(2007) did also show that the error in LCF fits tended to be
higher for compound mixtures containing high proportions of
P species whose XANES spectra lack clearly distinguishable

spectral features. The latter is particularly valid for P-org rich
samples, due to the lack of unique spectral features in
XANES spectra of many organic P forms (Kruse and Lein-
weber, 2008). Quantitative P speciation based on linear fitting
of sample XANES spectra of peat soils needs thus to be com-
plemented with data from additional analytical techniques as
was done in the present study. The meaningful and strong
correlation observed between results from XANES LCF and
wet chemical extractions do strongly support that the P speci-
ation obtained for the sample soils is reasonable and realistic.

4.3 Implications for leaching

The phosphate sorption capacity of organic soils is known to
depend primarily on Al- and Fe-minerals accumulated during
formation of peat bodies (Miller, 1979; Giesler et al., 2005).
Presence of Al- and Fe-minerals in different layers of the H1
profile showed that assessment of the potential to retain P in
cultivated Histosols should include subsoil layers, as pro-
posed for mineral soils (Andersson et al., 2013). Despite simi-
lar Fe-ox and Al-ox content in the topsoil of both profiles, the
risk of mobilised P reaching drainpipes is lower in H1 due to
substantially increased content of Al-ox in subsoil horizons.
The majority of leaching studies carried out on organic soil
report that P in leachate is predominantly in inorganic form
(Miller, 1979; Reddy, 1983).

For mineral soils, a PSI above 0.3 indicates a high risk of P
leaching losses (De Smet et al., 1995). However, risk assess-
ment for leaching developed using the PSI of mineral soils
may not be applicable to soils with high organic matter con-
tent, such as Histosols. Some studies report that organic mat-
ter forms metal complexes acting as sorbents for P (Bloom,
1981; Gerke, 2015), whereas others report increased mobility
of P in soils with increasing organic matter content (Guppy
et al., 2005; Antelo et al., 2007; Lindegren and Persson,
2009). Possible mechanisms for increased P mobility through
organic matter can be competition of low-molecular weight
organic anions with P for sorption sites, a shift in charge of
mineral surfaces due to sorbed organic matter, and formation
of soluble Al- and Fe-complexes (Guppy et al., 2005; Sund-
man et al., 2016). The presence of sorption sites available for
P in organic soils may hence be lower than in mineral soils,
despite similar Fe-ox and Al-ox content. Accordingly, critical
PSI values indicating a high risk for leaching can be lower for
organic than mineral soils.

P loss from organic soils may not exclusively occur in form of
dissolved P. Missong et al. (2018), for instance, found colloi-
dal P leaching a significant contribution to P loss from organic
matter rich forest top soils. Also a potential impact of soil
structure on P loss form peat soils needs to be mentioned.
Shrinkage dynamics after peat reclamation are known to pro-
mote the formation of vertical cracks in drained peat soils
providing potential flow paths for preferential P transport in
form of colloidal and particulate P (Schwärzel et al., 2002;
Jarvis, 2007)

Ferric Fe associated P can be of special importance in
wetland soils, due to redox sensitivity of Fe3+ minerals and P
release when reduced to Fe2+. Reductive dissolution of Fe3+
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is frequently proposed to explain high P mobilisation in
restored wetlands (Jensen et al., 1998; Zak and Gelbrecht,
2007; Kjaergaard et al., 2012). Our study showed that that
the greater proportion of P in the profiles was associated with
Al according to LCF. However, the smaller portion of soil P
associated with Fe3+ can be more reactive and therefore be
of a higher relevance for P losses under reducing conditions.

5 Conclusions

Phosphorus P-K-edge XANES, in combination with comple-
mentary analysis, revealed a dominance of organic P forms
in two cultivated and fertilised fen peat profiles. Organic P
was also dominating in the topsoil of the two profiles, where P
levels were clearly elevated in comparison with subsoil
layers. This enrichment of P-org in the upper soil despite
large applications of inorganic fertilizer P over time is probably
partly the result of inorganic P being transformed by soil
microbiota of crop residues into organic forms. Moreover, the
high C:P ratio in topsoil peat material indicated that net miner-
alisation of P-org is low. Only a minor fraction of P was bound
to Al and even less to Fe minerals. In the mineral layer below
the peat, calcium phosphate was the dominant P fraction in
both profiles.

An important finding related to leaching of inorganic P from
these soils was the accumulation of mineral particles in the
organic layers. Content of mineral particles providing sorption
sites for inorganic P varied between profile layers and were
explained by the formation history. However, more abundant
organic anions in organic soils and competition between
these ions and phosphate entails that the capacity of Al and
Fe sites to retain P in organic soils is probably lower than in
mineral soils.

Continued cultivation of drained peat soils leads to subsis-
tence. Over time, the large pools of organic P in both profiles
can be completely mineralised and the risk of P leaching from
these soils can be similar to that of ‘legacy P’ from mineral
soils. On the other hand, reversal of drainage and re-estab-
lishment of persistent anaerobic conditions may prevent sub-
sistence, but could instead lead to reductive dissolution of
Fe-associated P.

Considering the high heterogeneity of Histosols and possible
accumulation of mineral particles in organic layers, leaching
risks based on the two organic soils studied cannot be gener-
alized.
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