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Abstract
Background and Aims Phosphorus (P) is an essential
nutrient for plants but its low availability often necessi-
tates amendments for agronomical issues. Objectives
were to determine P spatial distribution and speciation
that remain poorly understood in cultivated soils.
Methods Aquic Argiudoll soil samples developed on a
calcareous loam glacial till were collected from experi-
mental plots submitted to contrasting crop rotations and
amendments. Micro-X-ray fluorescence (μ-XRF) maps
were collected on undisturbed samples. X-ray absorp-
tion near edge structure (XANES) spectra were collect-
ed on bulk samples and on fractions thereof, and on
points of interests selected from μ-XRF maps. Results

were compared with chemical analyses and extraction
techniques results.
Results Chemical analyses show variations in total and
exchangeable P contents depending on the samples but
no significant difference is observed in terms of P
distribution and speciation. P distribution is dominated
by a low-concentration diffuse background with a minor
contribution from minute hot spots. P speciation is
dominated by phosphate groups bound to clay-humic
complexes. No modification of P distribution and
speciation is observed close to roots.
Conclusions This study evidenced minor effect of
cropping and fertilizing practices on P speciation in
cultivated soils. Despite analytical challenges, the
combined use of μ-XRF and XANES provides relevant
information on P speciation in heterogeneous soil media.
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NOM natural organic matter
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NMR nuclear magnetic resonance
NPK nitrogen phosphorus potassium amended

plot
POI point of interest
SNR signal-to-noise ratio
U unamended plot
U-NPK NPK amended plot since 1955 (unamended

between 1904 and 1955)
XANES X-ray absorption near-edge structure
XRD X-ray diffraction
XRF X-ray fluorescence
μ-
XANES

micro-X-ray absorption near-edge structure

μ-XRF micro-X-ray fluorescence

Introduction

As an essential plant nutrient, Phosphorus (P) plays a
pivotal role in plant root development and in their resis-
tance to exterior stresses. Despite its ubiquity in soils at
levels typically ranging 500–1000 ppm, P often appears
as a limiting factor for plant growth owing to its low
availability. Concentration of P in soil solution (mainly
as H2PO4

− and HPO4
2− anions, that are hereafter

referred to as phosphate together with PO4
3− anions),

which is readily available for plant uptake, is indeed 4–5
orders of magnitude lower than in bulk soil. Most of soil
P is either included in the structure of organic and
inorganic (minerals) compounds or bound (as phosphate
groups) at the surface thereof. Dissolution and desorp-
tion rates thus exert a strong control on the release of the
plant-available P pool, which is commonly assessed
with a variety of tests and represents a few percents of
the bulk soil P. Low availability of P present in soils
often requires supplementary application of P, either as
chemical fertilizers or as animal manure, to agricultural
land, and especially to acidic soils in an effort to im-
prove crop growth and yield. In chemical fertilizers, P is
present mostly as moderately soluble Ca-, NH4-,
urea- or K-phosphate minerals (Hesterberg 2010). As a
counterpart to the beneficial effect on soil fertility and
crop production, excessive P inputs are detrimental to
the environment (e.g., destabilization and eutrophication
of natural aquatic environments). A detailed understand-
ing of P distribution and speciation in soils and of the
fate of fertilizers is therefore key to optimizing P-supply

levels and forms and thus to the sustainable manage-
ment of P in agricultural lands.

A variety of chemical methods is commonly used on
powdered soil samples to determine total- and plant-
available- (extractible-) P levels: Mehlich, Ca-chloride,
Egner, Bray, and Olsen extraction methods, and their
contrasting relative efficiencies have been amply
compared as a function of soil characteristics such as
pH or calcium abundance (Irving and McLaughlin
1990; Matejovic and Durackova 1994). To assess the
different P pools several protocols of sequential
fractionation have been developed and refined (e.g.,
Hedley et al. 1982), usually from the initial protocol of
Chang and Jackson (1957), and their selectivity and
e f f i c i ency compa red (Ruban e t a l . 1999 ;
Tiyapongpattana et al. 2004; Wang et al. 2013).
Additional extraction techniques were specifically
designed to investigate inorganic P pools (Oxmann
et al. 2008). All the above techniques require powdered
samples for efficiency, thus intrinsically losing spatial
information. In addition these techniques systematically
rely on an indirect estimate of the different pools and
results may be strongly biased by reactant efficiency and
selectivity. Solid-state 31P nuclear magnetic resonance
(NMR) spectroscopy, can been used to overcome the
latter limitation (Lookman et al. 1996; McDowell et al.
2002). Minimization of sample heterogeneity requires
grinding the sample, however (Doolette and Smernik
2011) and analysis is limited to Fe-poor soils
(Cade-Menun 2005).

More recently, synchrotron techniques and in partic-
ular X-ray Absorption Near-Edge Structure (XANES)
spectroscopy have been used to gain direct insight into P
speciation in soils, sediments, or manures (Hesterberg
et al. 1999; Peak et al. 2002, 2012; Beauchemin et al.
2003; Sato et al. 2005; Lombi et al. 2006; Shober et al.
2006; Brandes et al. 2007; Güngör et al. 2007; Kruse
and Leinweber 2008; Lombi and Susini 2009; Negassa
et al. 2010; Kar et al. 2012; Giguet-Covex et al. 2013;
Liu et al. 2013; Prietzel et al. 2013; Abdala et al. 2015;
Eriksson et al. 2015; Kruse et al. 2015). P K-edge
XANES spectra can be collected on a variety of
samples, with only minor limitations as to their bulk
composition. The pre-edge, edge, and post-edge
features are characteristic of the local environment of
the element (Lombi and Susini 2009). XANES
spectra are thus specific to elementary P-bearing
components, or at least to a group of chemically and
structurally similar components, allowing in particular
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differentiation of inorganic and organic P species.
Identification of species usually relies on the compari-
son of experimental spectra with those obtained on
P-bearing references, and relative proportions of the
P-bearing phases can be determined from linear combi-
nation fit to the data. Over the last few years, the
development of micro-focused beamlines (with X-ray
beams <1 μm in diameter) has allowed development of
spatially resolved P XANES spectroscopy (Lombi et al.
2006; Brandes et al. 2007; Giguet-Covex et al. 2013).
Despite early technical difficulties, combination of
micro X-ray fluorescence (μ-XRF) to determine
co-localization of P with other elements with
μ-XANES spectroscopy proved extremely useful to
identify P-bearing species present in a heterogeneous
sample, including minor ones. In addition, achievable
detection limits allow investigations on representative
agricultural soils.

In the present study we propose to take advantage of
the few hundreds ppm detection limits currently
achievable with micro-focused setups to determine P
distribution and speciation in a set of agricultural soils
samples, by combining XRF mapping and XANES
spectroscopy techniques using both unfocused
(200 μm) and focused (<1 μm) beams. Soil samples
were selected from the experimental Morrow Plots
(Univ. of Illinois, Urbana-Champaign campus) whose
cropping practices have been recorded for ~150
years. Plots with two crop rotations and four types of
fertilizer inputs were selected to assess the influence of
both cropping and fertilizing practices. Results from
X-ray spectroscopic analyses (μ-XRF and XANES)
are compared with those from chemical analyses, ex-
traction techniques, and sample fractionation in an effort
to determine the average speciation of soil P, its
distribution between organic and mineral soil compo-
nents, and its spatial distribution. Additional informa-
tion relative to the fate of fertilizer inputs is also sought.

Material and methods

Soil sample collection

Soil samples were collected from the Morrow Plots that
are located on the Urbana-Champaign campus of the
University of Illinois. Climate is typically continental

with cold winters (1981–2014 average low temperatures
ranging −7.9 to −5.3 °C in Dec–Feb1), warm summers
(1981–2014 average high temperatures ranging 28.2 to
29.7 °C in Jun-Aug), and frequent short fluctuations in
temperature, humidity, cloudiness, and wind direction.
Annual precipitations average ~1035 mm (1981–2014)
with ~610 mm snowfalls essentially from Dec-Feb. Soil
is an Aquic Argiudoll developed on a calcareous loam
glacial till under prairie vegetation. Basic physical and
chemical data are reported in Table 1. The Morrow plots
are the oldest agricultural experimental plots in the
United States (Aref and Wander 1998) and have been
cultivated since 1876 with a continuous record of the
type of crops, crop rotations, and fertilizer inputs. Out of
the ten initial plots, three are still active with 1)
continuous-corn crop (plot #3, hereafter referred to as
CC plot), 2) a 2-year corn and soybean rotation (not
studied here), and 3) a 3 year corn, oats, and hay rotation
(plot #5, hereafter referred to as C-O-H plot). Samples
were selected from CC and C-O-H plots for the present
study. Each of the main plots is divided in eight subplots
corresponding to different amendments, essentially
manure and NPK at different input levels since 1955
(Aref and Wander 1998). Specifically, four subplots
were sampled: the first one (U) was left unamended
since 1876, a second one has been fertilized with
manure since 1904 (MPS), whereas the other two have
been fertilized with NPK since 1955. U-NPK subplot
had not been amended before 1955, whereas M-NPK
was fertilized with manure, prior to NPK, from 1904 to
1954 (Aref andWander 1998). Since 1955, seed density
is higher in fertilized subplots compared to unamended
ones (Aref andWander 1998). Soil pHwas measured on
1:1 soil:water samples with a glass electrode. Mean
values obtained from samples collected annually from
1969 to 1995 are significantly lower in unamended
subplots compared to amended ones [5.40 and 5.55 for
CC/U and C-O-H/U, respectively, compared to 6.19–
6.50 for fertilized subplots – Aref and Wander (1998)].

Samples were collected from both CC and C-O-H
plots in late September 2012 after corn harvest. To
preserve soil texture, mottles of undisturbed soils were
cored (9 cm diameter, 3 cm height) at 15–20 cm depth
close to maize roots, and capped after sampling in
addition to bulk soil sampling at similar depths. Two
unamended soil samples from 1904 were also obtained,
as slightly ground powders, from the soil library of the
Department of Agriculture. Sample names and origins
are detailed in Table 2.1 http://www.weather.gov/climate/xmacis.php?wfo=ilx
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Soil sample preparation

Soil cores were impregnated under vacuum with
high-purity polyester resin to prepare micro-polished
petrographic thin sections ~30 μm thick. The use of
Canada balsam allowed removal of the supporting
glass slide and preparation of self-supporting thin
sections that were used for μ-XRF and μ-XANES
analyses.

Bulk soil samples and remnants from core samples
were used both to prepare samples for bulk analyses and

to extract various clay-size fractions. Bulk soil samples
were first freeze-dried, ground roughly for homogeniza-
tion, and finely for further analysis. Bulk soil samples
were used for X-ray diffraction (XRD), chemical
analyses and bulk XANES analyses. Clay-size fractions
(<2, 0.2–0.05, and <0.05 μm) were obtained by centri-
fugation from Na-saturated aliquots of initial soil sam-
ples. Initial Na-saturation was performed by shaking
bulk samples in a 1 M NaCl solution for 24 h. This
initial treatment aimed at enhancing the extraction of the
clay-sized fraction and allowed for example recovering
~37 % of sample 3NB in the <2 μm fraction compared
to ~29 % when starting from an untreated sample.
Aliquots of the clay-size fractions were then treated with
a Na-citrate-bicarbonate-dithionite solution (CBD) to
remove iron oxides and subsequently with hydrogen
peroxide to oxidize organic matter. Both treatments
were performed according to the protocols of Jackson
(1985). Original and treated clay-size fractions were
used for chemical and macro-XANES analyses.

Mineralogical and chemical characterization

XRD analyses of randomly oriented powders prepared
from bulk soil samples were performed with a
Panalytical X’pert Pro diffractometer equipped with an
X’celerator detector using Cu Kα radiat ion
(λ=0.154178 nm) at room humidity (~35 % relative
humidity). Diffraction data were recorded from 3 to
64°2θ in a scanning mode and converted to step-scan
patterns, with a step of 0.017°2θ and 3 s counting times
per step.

Table 1 Physical and chemical properties of a soil profile on the Morrow Plots [unamended plot with continuous corn crop – adapted from
Odell et al. (1982)]

Horizon Depth
(cm)

Granulometry Organic
C (%)

pH Base saturation
(%)

CEC
(meq / 100 g soil)

Exchangeable cations
(meq / 100 g soil)

Sand (%) Silt (%) Clay (%) Ca Mg K Na

Ap 0–23 9.0 66.8 24.2 1.32 5.1 65 17.6 8.8 2.3 0.2 0.1

A12 23–30 8.4 64.8 26.8 1.49 5.3 71 18.0 9.7 2.7 0.2 0.1

B1 30–38 5.6 58.7 35.7 1.20 6.0 83 23.1 13.4 5.5 0.1 0.1

B21t 38–56 5.2 54.8 40.0 0.62 6.2 90 26.0 15.8 7.5 0.1 0.1

B22t 56–76 7.6 57.6 34.8 0.54 6.7 92 22.7 13.6 7.1 0.1 0.1

B3 76–124 12.7 60.9 26.4 0.24 7.5 100 16.8 11.2 5.8 0.1 0.1

IIC1 124–147 26.7 57.1 16.2 0.21 8.1 – – – – – –

IIC2 147–183 26.4 55.6 18.0 0.13 8.3 – – – – – –

Table 2 Soil sample nomenclature

Crop rotations Sampling year, amendment Name

Continuous corn 2012, unamended CC/U

2012, manure CC/MPS

2012, unamended
before 1954, NPK
since 1955

CC/U-NPK

2012, manure
before 1954, NPK
since 1955

CC/M-NPK

1904, unamended CC/U-1904

Corn-oats-hay 2012, unamended C-O-H/U

2012, manure C-O-H/MPS

2012, unamended
before 1954, NPK
since 1955

C-O-H/U-NPK

2012, manure
before 1954, NPK
since 1955

C-O-H/M-NPK

1904, unamended C-O-H/U-1904
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Elemental composition (Na, Mg, Al, Si, K, Ca, Ti,
Mn, and Fe) was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) on
a Thermo Elemental IRIS instrument after alkali fu-
sion of soils in LiBO2. P concentrations were obtained
by ICP-OES on a Agilent 720ES instrument on both
bulk soil samples and clay separates following their
microwave-assisted digestion in HNO3/HCl/HF acid
(~100 mg samples in 5 mL HNO3, 2 mL HCl, and
1 mL HF at 200 °C for 18 min). Finally, extractible P
was determined using the Bray P1 test (Bray and
Kurtz 1945).

Determination of P distribution and speciation using
synchrotron radiation

A variety of P-bearing standards was prepared to allow
building a limited and specific database for XANES
data analysis (Table 3). In particular, NPK fertilizer
which is presently applied to the Morrow Plots
(13-13-13 Garden Fertilizer Plus Sulfur) was obtained
from Estate, P being present as diammonium hydrogen
phosphate ((NH4)2HPO4). In addition, dissolved
organic matter (DOM) was extracted from both
Sphagnum and Carex peats, together with their fulvic

Table 3 Standard phosphorus
compounds Inorganic standards

Name Formula Source

Hydroxyapatite Ca5(PO4)3(OH) Sigma-Aldrich

Na-hexametaphosphate (NaPO3)n Sigma-Aldrich

Hydrated iron phosphate Fe(III)PO4, 2H2O Sigma-Aldrich

Variscite AlPO4, 2H2O Muséum National d’Histoire
Naturelle (MNHN,
Paris), unknown locality
(Giguet-Covex et al. 2013)

NPK fertilizer 13-13-13 Garden
Ferlilizer Plus
Sulfur

Estate

Organic standards

Name Formula Source

Inositol hexakisphosphate (phytic
acid Na-salt hydrate)

C6H18O24P6, xNa
+,

yH2O
Sigma-Aldrich

Adenosine Tri-phosphate (ATP) C10H16N5O13P3 Sigma-Aldrich

Dissolved OrganicMatter (DOM),
fulvic and humic acid fractions

Extracted from Spagnum
and Carex peats. Extraction
protocols are described in
ESM.pdf Online Resource

Sorbed phosphate standards

Name Sorption protocol Source

Phosphate bound to DOM In ESM.pdf Online
Resource

in ESM.pdf Online Resource

Phosphate sorbed onto clay In ESM.pdf Online
Resource

SWy-2 smectite reference
from the Source Clay
repository was purified as
described by Michot et al.
(2004)

Phosphate sorbed onto
δ-MnO2

In ESM.pdf Online
Resource

δ-MnO2 was synthesized as
described by Villalobos et al.
(2003)

Phosphate sorbed onto goethite
Phosphate sorbed onto Al oxide

Giguet-Covex et al. (2013)

Phosphate sorbed onto ferrihydrite Kim et al. (2015)

Plant Soil (2016) 401:7–22 11



and humic acid components (Table 3 and ESM.pdf
Online Resource for the protocols). Additional
standards were prepared by sorbing P, as phosphate
anions, onto mineral soil components (goethite,
ferrihydrite, Mn oxide – vernadite, Al oxide, and clays)
and by binding these species onto organic soil
components (DOM – Table 3 and ESM.pdf Online
Resource for the protocols). All samples were finely
ground and pressed as pure pellets (P-sorbed soil
components, P-bound DOM, bulk soil samples, and fine
fractions) or prepared as homogeneous thin films on a
P-free adhesive tape (phosphate minerals and
commercial organic references).

μ-XRF maps and XANES spectra were collected on
the ID21 X-ray microscopy beamline (Salomé et al.
2013) at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The microscope was operated
under vacuum to minimize absorption and scattering by
air. The X-ray beamwasmonochromatized using a fixed-
exit double-crystal Si(111) monochromator (0.4 eV reso-
lution). Monochromator energy was calibrated against
the first derivative maximum of hydroxyapatite at
2152.0 eV. Flux variations of the incoming beam were
corrected by measuring with a photodiode the XRF from
a Si3N4 (P K-edge) or Ti (Fe K-edge) substrate upstream
of the sample. Beam size was reduced using a pinhole
(200 μm diameter) for macro-XANES or focused to
0.65×0.25 (h×v) μm2 with a Kirkpatrick-Baez mirror
for μ-XRF and μ-XANES. XRF signal was collected
using a 10 mm2 Röntec or a 80 mm2 Bruker Si drift
diode placed at a 49° angle with respect to sample sur-
face. For standards with high P concentration prepared as
thin films on adhesive tape, XANES spectra were col-
lected in transmission mode using a Si diode downstream
of the sample. Two-dimensional μ-XRF elemental maps
were collected at 2.25 and 7.4 keV (above P and Fe K-
edges, respectively), by raster scanning the sample with
respect to the X-ray beam. Maps were collected using
100–350 ms data collection times per 0.5–2.0 μm step,
depending on P concentration and on the size of P Bhot
spots^. To optimize discrimination of the various XRF
line contributions, and specifically to remove Si contri-
bution (originating from quartz and clays) to the P signal,
XRF spectra were batch fitted at eachmap pixel using the
PyMCA software (Solé et al. 2007). Spectra fitting relies
on Levenberg–Marquardt algorithm and constrained ex-
perimental (detectors characteristics, detection geometry,
exCitation energy, etc.) and sample (matrix composition)
parameters.

P K-edge XANES spectra were collected from 2.13
to 2.20 keV with 0.2 eVenergy steps in continuous scan
mode. Depending on P concentration andmatrix, 2 to 90
quick scan spectra of 0.1 s per energy stepwere recorded
and averaged to optimize signal-to-noise ratio (SNR). No
radiation damage was observed during successive data
collections. In the present study, self-absorption that can
occur during collection of P-rich reference spectra in
XRF mode was precluded by collecting data in trans-
mission mode on very thin layers of homogeneous
powders. P concentration in sorbed phosphate
references and in natural soil samples was low enough
not to induce self-absorption effects. XANES spectra
were reduced using the standard normalization
procedure of the Athena package in Demeter 0.9.20
system (Newville 2001; Ravel and Newville 2005). E0

edge energy was chosen as the maximum of the data
first derivative. Spectra were background corrected
using a linear regression fit through the pre-edge region
[E0−22 eV; E0−8 eV] and a polynomial regression fit
through the post-edge region [E0+28 (+/−3) eV; E0+
42 eV], aiming at a horizontal post-edge signal. Linear
combination fittings were performed with Athena over
the [E0−10 eV, E0+30 eV] range on normalized bulk
soil XANES spectra; relative proportions of the
components, whose numberwas limited to four andwhose
nature was constrained by μ-XANES identification,
were forced to sum to 100 %. A precision of ±10 %
on the relative proportion of the different contributions is
expected from the method (Kelly et al. 2008).

Results

Soil mineralogy and elemental composition

XRD data collected on randomly oriented powders of
bulk samples (Fig. ESM1 in ESM.pdf Online Resource)
show the common presence of quartz, feldspars (both
K-spars and plagioclases), and clay minerals (illite/mus-
covite, smectite, illite-smectite, kaolinite, and chlorite).
P-bearing species are not detected most likely owing to
the overall low concentration of P (<0.1 % – Table 4), in
addition to a possible crystallinity effect. Relative min-
eral abundances are similar in the different samples.

Consistent with the prevalence of silicate minerals,
soils are dominated by Si (32.7–34.3 wt%; Table 4). Si
concentration is higher in non-fertilized soils (U) than in
fertilized ones (U-NPK, M-NPK, and MPS),
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independent of cropping practices (Table 4). In contrast,
Fe concentrations are slightly lower in non-fertilized
soils (U) than in fertilized ones (U-NPK, M-NPK, and
MPS), but all values remain in a narrow range
(2.5–2.8 wt% – Table 4). Consistent with the low pH
values [5.4 to 6.5 – Aref and Wander (1998)], low Ca
concentrations are measured in soil samples
(0.43–0.61 wt%; Table 4), lower concentrations being
measured in non-fertilized plots compared to fertilized
ones. Concentrations determined for other major
elements (Na, Mg, Al, K Ti, and Mn) are essentially
independent of fertilizing and cropping practices (Table 4).

As anticipated, fertilizer inputs increase the concen-
trations of both total and exchangeable P compared to
non-fertilized soils (U – Table 4). Specifically, total P
concentrations are significantly increased by manure
amendments (569–591 mg/kg in M-NPK and MPS
subplots compared to 451–455 mg/kg in U-1904
samples). A significant increase of total P concentration
is observed for NPK fertilized soils (U-NPK subplots)
when compared to present concentrations in unamended
subplots (U – Table 4), these concentrations being much
lower in CC/U subplot than in C-O-H/U, the latter being
similar to total P concentrations in U-1904 samples
(Table 4). Among the different fertilizing practices,

manure amendments lead to lower concentrations of
exchangeable P (4.7–7.5 mg/kg in M-NPK and MPS
plots) compared toU-NPK amendments (22–24mg/kg),
however. Reduced P availability in manure-amended
soils is consistent with the crystallization of
Ca-phosphates from soluble species reported by Sato
et al. (2005) for long-term (>25 years) manure
application. Available P concentrations are also
similar whatever the cropping practices. Finally, P
concentrations are increased in the <2 μm clay fraction
compared to the bulk sample, independent of amend-
ments (Table 4), the clay fraction, which represents
~35 % of the sample (Odell et al. 1982), accounting
for ~65 % of total P.

XANES of bulk samples

XANES spectra of reference compounds As shown in
Fig. 1, the energy position of the white line does not
vary by more than 1 eV for P species (Brandes et al.
2007; Hesterberg 2010), their differentiation relies
mainly on pre-edge features, modulations after the white
line, position and shape of the oscillations between 2160
and 2200 eV, and intensity of post-edge features relative
to the white line. Sodium hexametaphosphate

Table 4 Elemental composition of Morrow plots soil samples (in mg/kg)

Bulk Continuous Corn (CC) Corn-Oats-Hay (C-O-H)

U U-NPK M-NPK MPS U-1904 U U-NPK M-NPK MPS U-1904

Na 6344 6165 6240 6410 n.a. 6388 6158 6069 6180 n.a.

Mg 4607 4963 4902 4649 n.a. 4559 4938 5011 4776 n.a.

Al 52,396 54,688 53,328 50,940 n.a. 51,554 53,052 53,772 52,195 n.a.

Si 342,250 336,966 337,761 340,940 n.a. 343,325 331,309 329,345 326,587 n.a.

K 17,284 16,977 16,885 17,375 n.a. 17,134 16,894 16,918 16,885 n.a.

Ca 4332 5275 5683 5540 n.a. 4761 5354 5618 6097 n.a.

Ti 4400 4406 4442 4346 n.a. 4358 4412 4400 4316 n.a.

Mn 1060 1062 1127 1141 n.a. 1082 1021 965 1065 n.a.

Fe 25,844 27,893 26,942 25,348 n.a. 25,558 26,767 27,578 26,725 n.a.

Total P 354 438 579 589 451 433 591 569 591 455

P in <2 μm fraction 619 749 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

P in <2 μm + CBD 225 294 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

P in <2 μm + CBD + H2O2 102 150 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Exch. P 1.7 24.2 7.4 4.7 n.a. 2.5 22.1 7.3 6.8 n.a.

Note: Exchangeable P (Exch. P) was determined with Bray 1 test. n.a. not analyzed. P in <2 μm fraction of CC/U and CC/U-NPK represent
65 and 64 % of total P, respectively. Standard error on elemental analysis is <2 % for Si and Al, and <5 % for all other elements analysed
(<10 % for P concentrations lower than 500 mg/kg)
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[Na6(PO3)6] presents a broad white line, compared to
other species, and two oscillations, a minor one at
2158 eVand a major one centered at 2171 eV. Contrast-
ingly, XANES spectra of calcium phosphates
[hydroxy-apatite – Ca5(PO4)3(OH)] display three
characteristic features: a post-white line shoulder at
~2153 eV and two oscillations at 2161 and 2170 eV
(Fig. 1). Although all Ca-phosphate minerals exhibit
similar features, the position of the first oscillation and
the intensity of the post-white line shoulder and/or of the
two oscillations compared to that of the white line may
vary as a function of the actual nature of the mineral
species (Hesterberg et al. 1999; Beauchemin et al. 2003;
Shober et al. 2006; Toor et al. 2006; Ajiboye et al.
2008). This variability can be used to differentiate
Ca-phosphate species (Oxmann 2014). In particular,
the intensity of the two oscillations is increased
compared to that of the white line and the post-white
line shoulder is more pronounced and better defined for
well-crystallized species [hydroxy-apatite and

octacalcium phosphate – Ca8H2(PO4)6.5H2O]
compared to amorphous phosphate varieties (Sato
et al. 2005; Güngör et al. 2007; Ingall et al. 2011;
Eveborn et al. 2012).When phosphate groups are bound
to Fe(III) atoms, such as in [FePO4, 2H2O], XANES
spectra are characterized by a pre-edge peak at
2149.5 eV (Fig. 1) whose intensity increases with the
increasing number of Fe3+-O-P bonds (Khare et al.
2007; Liu and Hesterberg 2011). The systematic
presence of this pre-edge peak precludes differentiation
of ferric phosphates from phosphates sorbed onto Fe
(oxyhydr)oxides, or from Fe-PO4 co-precipitates (see
for example the XANES spectra of [FePO4, 2H2O]
and of phosphate sorbed onto ferrihydrite – Fig. 1) from
their sole XANES fingerprint. Sorption of phosphates
onto crystalline iron oxyhydroxides such as goethite
[α-FeOOH] induces however a better defined oscilla-
tion centered at 2170 eV compared to other Fe-bearing
phosphate species (Fig. 1). A pre-edge peak is observed
also at ~2148 eV when phosphate groups are bound to
Mn(IV) atoms (phosphates sorbed onto vernadite
[δ-MnO2] – Fig. 1).

XANES spectra from phosphate sorbed onto
calcite [CaCO3] or co-precipitated with calcite are
alike those of poorly crystalline Ca-phosphates,
whereas those of phosphate sorbed onto Al oxides
resemble those of variscite [AlPO4, 2H2O] (Fig. 1)
with a constant XRF signal from 2156 to 2164 eVand
a broad oscillation centered on 2170.5 eV. Spectra of
phosphate sorbed onto clays present also a broad
oscillation centered on 2170 eV (Fig. 1), as those of
humic-Al-phosphate and humic-montmorillonite-
phosphate complexes (Giguet-Covex et al. 2013;
Oxmann 2014) and of aqueous phosphate (Güngör
et al. 2007; Khare et al. 2007).

XANES spectra of commercial organic phosphates,
such as inositol hexakisphosphate and ATP, exhibit no
specific fingerprint with a white line at 2152.8 eVand a
broad oscillation, whose position and shape depends on
the nature of the organic compound (2169 and 2171 eV
for inositol phosphate and ATP, respectively – Fig. 1).
The spectrum of inositol hexakisphosphate resembles
that of P present in natural organic matter (NOM),
despite a minor shift of the white line from 2152.8 to
2152.5 eV (Fig. 1). The actual position of the white line
depends strongly however both on the origin of the
NOM and on the considered fraction (e.g., humic and
fulvic acids - Fig. ESM2 in ESM.pdf Online Resource).
Additional variability of the white line position is

Fig. 1 P K-edge XANES spectra of a selection of reference P
minerals, phosphate groups bound to a variety of soil components,
and organic species
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observed when phosphate is bound to NOM, with a shift
of both the white line and the large post-edge oscillation
towards higher energies compared to NOM
(Fig. ESM2). It should be noted however that the white
line is systematically located at lower energy for P
bound to NOM than for P sorbed onto soil mineral
components (Fig. 1), variation of the white line position
being minimal in the latter case. Additional spectra of P-
bearing mineral references are available the literature
(Franke and Hormes 1995; Brandes et al. 2007; Ingall
et al. 2011), whereas more inorganic references can be
found in Brandes et al. (2007) and Giguet-Covex et al.
(2013).

XANES spectra of bulk soil samples As shown in Fig. 2,
XANES spectra collected on soil powders with an

unfocused beam systematically show a white line at
2153.2 eV and a broad oscillation at ~2170.5 eV, with
no significant variation of the SNR for a similar
counting time, consistent with the similar total P con-
centrations in all samples investigated (Table 4). These
spectra strongly differ from that of the NPK fertilizer
which exhibits a post-edge shoulder at ~2157 eV and
two oscillations at 2162 and 2169 eV (Fig. 2). Rather, the
shape of soil spectra closely resembles that of spectra from
phosphate bound to NOM or sorbed onto clay minerals,
the white line energy position observed on soil samples
being intermediate between those of the two reference
spectra (inset Fig. 2). When averaging all the XANES
spectra collected for the different soil samples in an effort
to optimize the SNR and uncover faint features, a minor
pre-edge peak is visible at ~2149 eV that is most likely due
to phosphate groups bound to Fe atoms.

Owing to the increased concentrations of P in the
fine size fractions (Table 4), macro-XANES spectra
were collected on different clay-size fractions (<2,
0.2–0.05, and <0.05 μm) of CC/U using the same
experimental conditions (Fig. 3a). All spectra are
alike and resemble those collected on the bulk soil
samples with the white line at an intermediate position
between phosphate bound to NOM and phosphate
sorbed onto clay minerals. The SNR is improved for
the <2 μm size fraction compared to the bulk sample,
consistent with the higher P concentration in the for-
mer sample (Fig. 3a, Table 4). The SNR increases
further in 0.2–0.05 and <0.05 μm size fractions
(Fig. 3a). On the contrary, this ratio significantly
decreases when the <2 μm size fraction is treated with
CBD (Fig. 3b), thus supporting bounding of a signif-
icant fraction of P to iron (oxyhydr)oxides consistent
with the faint pre-edge peak observed on the average
bulk soil spectrum. Subsequent removal of organic
matter with H2O2 decreases further the SNR (Fig. 3b),
suggesting that part of the remaining P is bound to the
organic fraction either as organic P species or as
phosphate bound to organic matter. In both cases,
decrease of the SNR is consistent with the lower P
concentrations measured in the CBD treated and fur-
ther in the CBD-H2O2-treated fractions compared to
the untreated <2 μm fraction (Table 4). Finally, it
should be noted that the position of the white line
appears, within error due to low counting statistics,
as independent of the considered size fraction and
does not vary either upon subsequent treatments of
the clay-size fractions.

Fig. 2 P K-edge XANES spectra of bulk soil samples from the
Morrow plots compared to selected reference spectra. Subscripts
following sample names correspond to the number of quick-scan
spectra collected and averaged. The inset shows the white line
position of the average soil sample spectrum (solid black line)
compared to that of phosphate groups bound to DOM and sorbed
onto clays (dotted gray and black lines, respectively)
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Fig. 3 P K-edge XANES spectra of the soil clay-size fraction. a)
Comparison of the XANES spectra collected on the <2, 0.2–0.05,
and <0.05 μm fractions of CC/U with that obtained on the bulk
soil (systematic collections of 50 quick-scan spectra). b)

Comparison of the XANES spectra collected on the <2 μm
fractions of CC/U-NPK (top, 50 quick-scan spectra) and CC/U
(bottom, 40 quick-scan spectra) before and after CBD and H2O2

treatments

Fig. 4 μ-XRFmaps of CC/U (a and b) and CC/MPS (c) collected
at 2.25 (a and c) and 7.4 (b) keV showing P, Si, Al, Na, Mg, K, Ca
and Fe distributions as gray-scale images (light represents high
counts, dark low counts). The areas mapped are 300 × 120 and 400
× 120 µm2 for CC/U and CC/MPS, respectively. The P-rich area at

the bottom right of CC/MPS map is a root section. Ellipses and
dotted line delimit areas where the X-ray detector saturates due to
high concentration of Ca and Fe, respectively. As a result, the
concentration of P is artificially increased in these areas. Color
figure is available in ESM.pdf online resource (Fig. ESM3)
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Laterally-resolved XRF and XANES

Distribution of P in soils at the micrometer scale μ-
XRF maps were collected on thin sections of CC/U
(Fig. 4 left, Fig. ESM3 in ESM.pdf Online Resource),
CC/U-NPK, CC/MPS (Fig. 4 right, Fig. ESM3), C-O-
H/U, and C-O-H/U-NPK above P K-edge and on thin
sections of CC/U (Fig. 4 middle), CC/U-NPK, and C-O-
H/U-NPK above Fe K-edge to determine elemental
distribution in undisturbed soil samples. The P maps
systematically show the presence of minute (~2 to
50 μm) hot spots disseminated in a low-concentration
diffuse background (bright spots and gray back-
ground, respectively, in Fig. 4 top). Within this back-
ground, areas devoid of quartz grains (bottom left of
Si map in Fig. 4a) appear enriched in P compared to
the rest of the map, possibly as the result of a reduced
dilution by unreactive quartz grains. No significant
difference is observed between the P distributions
from different samples or as a function of cropping
and fertilizing practices. Correlation of P hot spots
with Ca is observed occasionally whereas no significant
correlation with lighter element (Si, Al, Mg, or Na) is
evidenced (Fig. 4, Fig. ESM3, R2=5 % on selected
hotspots). Similarly, no significant correlation is ob-
served between Al and P concentrations in areas devoid
of quartz grains (e.g., lower left corner of Fig. 4a,
Fig. ESM3, R2=2 %) but a correlation is observed
between P and Fe in these areas (RGB P-Fe-Ca map in
Fig. ESM3). Finally, P fluorescence yield and thus
concentration appears unchanged in areas vicinal to
roots (lower right corner of maps in Fig. 4c).

μ-XANES spectra at selected points of interest 10–25
XANES spectra were collected at specific points of
interest (POIs) on thin sections of CC/U, CC/U-NPK,
CC/MPS, C-O-H/U, and C-O-H/U-NPK to assess the
heterogeneity of P speciation (Fig. 5). One to three of
these spectra originate from apatitic species in CC/U-
NPK, C-O-H/U and C-O-H/U-NPK, corresponding
POIs being systematically P hot spots whose size varies
from <5 to ~50 μm. Other spectra collected at hot spots
in CC/U evidenced a slight shift of their white line
towards lower energy compared to spectra of phosphate
sorbed onto Al- and Fe-phosphates and broad oscilla-
tions at ~2158 and ~2171 eV (Fig. 5, non attributed
spectrum). These hot spots do not evidence any
correlation with elements mapped at the P K-edge but
local correlations with Ca are noticeable (Fig. 4 and

Fig. ESM3). Corresponding XANES spectra do not
match those of mineral references from or outside the
apatite group (Ingall et al. 2011) and actual nature of
these species remains uncertain. Spectra corresponding
to phosphate sorbed onto goethite and on unidentified
iron (oxyhydr)oxides are observed in CC/U, CC/MPS
and C-O-H/U-NPK. These spectra were collected at
high-Fe and low-P POIs (lower intensity than apatite
hot-spots) or as part of the low-P concentration
background,inconsistent with structural P in Fe-phos-
phates, despite spectral similarities. Most other spectra
were similar to the bulk spectra (Fig. 5), with a slight
shift of the white line by up to 0.2 eV compared to the
bulk spectra. The white line remains systematically
located at an energy intermediate between those of
phosphate bound to natural organic matter and
phosphate sorbed onto clay minerals, however, thus
pleading for an intimate association of P with
clay-humus complexes.

Fig. 5 Selection of P K-edge μ-XANES spectra collected at
specific points of interest on CC/U, CC/U-NPK, CC/MPS,
C-O-H/U, and C-O-H/U-NPK and comparison with CC/U bulk
spectrum
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Discussion

P speciation in agricultural soils from the Morrow plots

In addition to the white line, XANES spectra collected
at the P K-edge on bulk soil samples systematically
exhibit a unique broad modulation centered at
~2170 eV (Fig. 2). Such XANES spectra differ signifi-
cantly from the XANES fingerprint of NPK fertilizers
that are presently used to amend the Morrow Plots. The
low persistence of the initial P form [diammonium
hydrogen phosphate, (NH4)2HPO4] is consistent with
the high solubility of the P input required by its
short-term availability and this compound is not detect-
ed when fitting the average spectrum obtained by
summing up all spectra collected on bulk soil samples
from individual plots (Fig. 6). Three major standard
contributions are used to fit this average spectrum:
phosphate bound to DOM from sphagnum peat repre-
sents 33–44% of total P, whereas phosphate sorbed onto
Fe-oxides and P present in DOM from sphagnum peat
account for 37–44 and 15–23 % of total P, respectively
(Fig. 6). The best fit to the XANES data includes the
presence of P sorbed onto both ferrihydrite (31 %) and
goethite (13 % – Fig. 6a). A fit of similar quality
(R-factor = 0.0023 in both cases) is obtained with
ferrihydrite as the sole Fe-oxide sorbent (37 %) and a
minor hydroxyapatite contribution (4 % of total
P – Fig. 6b), the latter contribution being lower than
the precision expected from the method, however
[~10 % – Kelly et al. (2008)]. The best fit that includes
a contribution of phosphate sorbed onto Al oxide is
slightly degraded compared to the two optimum fits
(R-factor 0.0024 – Fig. ESM4 in ESM.pdf Online

Resource). In addition, the contribution of phosphate
sorbed onto Al oxide (6 % of total P) remains below
the actual sensitivity of the method whereas other con-
tributions are akin those in the optimum fits (phosphate
bound to DOM: 35 %, phosphate sorbed onto Fe-oxide:
37%, and DOM: 22%). XANES data may be fitted also
assuming a contribution of phosphate sorbed onto clays
but significant discrepancies are visible over the pre-
edge region (R-factor = 0.0026 – Fig. ESM4) owing to
specific spectral fingerprint of phosphate bound to
Fe(III) or Mn(IV) (not included in the fit owing to the
low Mn content) atoms. P speciation is thus dominated
by phosphate bound to fine-grained soil components,
consistent with previous reports (Ajiboye et al. 2008).
Relative proportions of organic (~60 %) and mineral
(~40 %) sorbents depend primarily on the actual posi-
tion of the white line which differs significantly for the
two main contributions. The actual nature of phosphate
groups involved (e.g. their protonation state and charge)
remains poorly constrained however, together with the
actual binding configuration to the different soil com-
ponents. Influence of soil pH and base cation composi-
tion on P binding configuration and more globally on P
speciation also remains to be determined.

In addition to the main P-bearing components
identified from macro-XANES analysis of bulk
samples, analyses performed with a sub-micron beam
on thin sections indicate the presence of Bhot spots^
mainly composed of apatitic species. Despite their
spectral similarity with polyphosphates and previous
reports of their presence in agricultural soils
(Beauchemin et al. 2003; Eriksson et al. 2015), no Al
phosphate or phosphate sorbed onto Al (oxyhydr)oxides
were identified in the sample as no Al was detected by

Fig. 6 Average P K-edge XANES spectrum of the Morrow plots bulk soil (dots) and best (a) and second best (b) linear combination fits
(solid gray line) with four components. Insets zoom on the pre-edge regions of the two fits. DOM is the bulk DOM from Sphagnum peat
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μ-XRF at P hot spots, thus excluding association of
phosphate to Al–rich minerals. Despite their high-
intensity XRF signal, phases detected at P Bhot spots^
remain extremely localized and their contribution to the
overall P speciation is insignificant. Bulk P XANES
signal thus comes essentially from the low and diffuse
background observed on the μ-XRF maps of P and not
from the hot spots. No significant modification of this
average signal or of P XRF signal (Fig. 4c) is observed
in the vicinity of roots, despite previous reports in the
literature. Hinsinger (2001) describes for example
modifications of P concentration and availability in the
rhizosphere as the result of local pH modification or of
organic acids/anions exudation.

The association of P with soil fined grained
components is consistent with its enrichment in the
clay-size fraction (Table 4) which accounts for ~65 %
of total P, although it represents ~35 % of the soil (Odell
et al. 1982), and with previous reports (Williams and
Saunders 1956; Pierzynski et al. 1990). After CBD
treatment of the clay-size fraction, P concentration is
reduced by ~2/3, thus suggesting prevalence of P bound
to finely divided Fe oxides, although XANES spectra
exhibit only a weak pre-edge peak and ~40 % contribu-
tion of P sorbed onto Fe oxides. This discrepancy may
be concealed by considering the role of Fe oxides as a
cement of the organo-mineral complexes, in addition to
the limited selectivity of CBD for Fe oxides (Jackson
1985; Varadachari et al. 2006). As a consequence of the
complex breakdown, removal of Fe oxides releases into
solution P actually bound to Fe oxides but also P bound
to extremely fine grained material, and more especially
to clays and organic matter, which contain most of P
either as bound complexes or within its own structure
(DOM). Further decrease of P concentration upon H2O2

treatment supports further the association of P with
organo-mineral complexes, in agreement with previous
reports on soils and young sediments (Giguet-Covex
et al. 2013). This association is consistent also with the
constant spectral signature observed both at the macro
and sub-micron scales, with no incidence of elementary
spectra corresponding to pure end-member contribu-
tions. Further support to this association arises from
the similarity of P XANES spectra recorded on different
clay-size fractions (Fig. 3a) and on the <2 μm fraction
both untreated and after the different chemical treat-
ments (Fig. 3b). The actual nature of natural organic
matter controls both its intrinsic P K-edge XANES
spectral fingerprint, and more especially the position of

the white line, and the spectral fingerprint of bound
phosphate groups (Fig. ESM2 in ESM.pdf Online Re-
source). Although limited, this sensitivity stresses the
need for appropriate organic references in the determi-
nation of P speciation in soils and sediments and thus for
a large database of references based on natural organic
matter. Solid-state 31P NMR thus appears as an interest-
ing complementary method owing to its enhanced sen-
sitivity to subtle differences in the organic matter com-
pared to XANES (Doolette and Smernik 2011).

Finally, spectra collected on samples from the differ-
ent plots are all alike (Fig. 2), thus pleading for a minor
effect of both cropping and fertilizing practices on P
speciation. P distribution (Fig. 4c) and speciation (not
shown) is similar also in root vicinity, bringing addition-
al support to a limited effect of cropping practices. On a
longer perspective, the similarity of XANES spectra
collected at the P K-edge on present day samples and
on samples fromU-1904 pleads also for a limited impact
of cropping and fertilizing practices on P speciation. If
the status of soil P appears constant, the total concentra-
tion of P depends on cropping and fertilizing practices
(Table 4) with increases by ~30% of the total P reservoir
in CC/M-NPK, CC/MPS and C-O-H/NPK, C-O-H/M-
NPK, and C-O-H/MPS compared to their U-1904
equivalents (CC/U-1904 and C-O-H/U-1904, respec-
tively). Total soil P concentration decreases only in
CC/U (by ~20 %), whereas concentrations similar to
those in U-1904 samples were determined in plots CC/
U-NPK and C-O-H/U.

Distribution of P-bearing species in undisturbed soil
samples with μ-XRF and μ-XANES

Although P distribution in soils is dominated by a low-
concentration diffuse background, the presence of min-
ute hot spots requires using a high-resolution and high-
sensitivity mapping to uncover a complete description
of P speciation in heterogeneous systems such as soils
and fine-grained sediments. The X-ray microscope
available at ID21 allows collecting XRF maps and
XANES spectra at a sub-micron resolution (0.65×
0.25μm2) for P concentrations as low as a few hundreds
ppm. Lateral resolution allows probing specific areas
such soil-root interfaces, in terms of elemental distribu-
tion and speciation.

The counterpart of observations performed at the
sub-micron scale on large heterogeneous samples is
their limited representativity, especially as limited
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access to well-suited synchrotron beamlines may im-
pede acquisition of multiple μ-XRF maps and of μ-
XANES spectra on multiple low-concentration POIs.
In addition, human eye is intuitively attracted by hot
spots brightness and data is likely collected preferential-
ly at these points, compared to low-intensity back-
ground. As a consequence, the number of elementary
spectra collected for each specific type is most likely
biased, especially when the number of μ-XANES
spectra collected for a given sample is low. The infor-
mation obtained fom μ-XRF and μ-XANES can be key
to uncover minor contributions to the bulk XANES
signature of the element considered. In addition, and
despite the limited representativity, μ-XRF analyses
can provide information on the size distribution of P-
bearing particles and their spatial distribution in undis-
turbed samples.

The low number of synchrotron beamlines optimized
to work at the P K-edge (~2.15 keV) dramatically
reduces the present feasibility of such investigations, in
addition to limitations in terms of data collection and
processing (Hesterberg 2010). In addition, the limited
contrast of XANES spectra at the P K-edge remains a
key issue for investigating P speciation as shown by the
similar spectra obtained from a variety of reference
spectra: amorphous apatite and phosphate sorbed onto
calcite, iron phosphate and phosphate sorbed onto iron
oxides. In such cases, XRF and XANES data collection
at other edges (Fe, Ca, Mn, or Al K-edges) can efficient-
ly eliminate ambiguity. Finally, P in a variety of organic
compounds (ATP, inositol,…) exhibit spectra similar to
those from phosphate groups bound to a variety of
sorbents (organic matter, clays, e.g.). In this case, the
position of the white line varies by less than 1 eV. The
theoretical resolution (0.4 eVat 2.15 keV), stability, and
reproducibility of ID21 monochromator allows differ-
entiating reference spectra with such limited contrast,
and represents a major improvement compared to pre-
vious studies (Brandes et al. 2007). The white line of
organic P and of phosphate groups bound to organic
matter consistently occurs at 2152.8–2152.9 eV, where-
as phosphate groups sorbed onto mineral references
occurs at 2153.4–2153.6 eV, when no post-edge shoul-
der is present. In the present study, P white line was
systematically located at a constant intermediate posi-
tion between those of phosphate bound to natural or-
ganic matter and of phosphate sorbed onto clay minerals
(Fig. 2, inset), thus pleading for the systematic associa-
tion of P with clay-humic complexes. Subtle but

significant differences in the position and shape of
XANES spectra of phosphate bound to different natural
organic matter standards (Fig. ESM2b in ESM.pdf On-
line Resource) stress however the need for a careful
characterization of the organic sorbent.
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