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ABSTRACT: Sequential chemical extraction has been widely used
to study soil phosphorus (P) dynamics and inform nutrient
management, but its efficacy for assigning P into biologically
meaningful pools remains unknown. Here, we evaluated the
accuracy of the modified Hedley extraction scheme using P K-edge
X-ray absorption near-edge structure (XANES) spectroscopy for
nine carbonate-free soil samples with diverse chemical and
mineralogical properties resulting from different degrees of soil
development. For most samples, the extraction markedly over-
estimated the pool size of calcium-bound P (Ca-P, extracted by 1
M HCl) due to (1) P redistribution during the alkaline extractions
(0.5 M NaHCO3 and then 0.1 M NaOH), creating new Ca-P via
formation of Ca phosphates between NaOH-desorbed phosphate
and exchangeable Ca2+ and/or (2) dissolution of poorly crystalline Fe and Al oxides by 1 M HCl, releasing P occluded by these
oxides into solution. The first mechanism may occur in soils rich in well-crystallized minerals and exchangeable Ca2+ regardless of the
presence or absence of CaCO3, whereas the second mechanism likely operates in soils rich in poorly crystalline Fe and Al minerals.
The overestimation of Ca-P simultaneously caused underestimation of the pools extracted by the alkaline solutions. Our findings
identify key edaphic parameters that remarkably influenced the extractions, which will strengthen our understanding of soil P
dynamics using this widely accepted procedure.

■ INTRODUCTION

Phosphorus (P) is a critical nutrient element in soils, and its
availability affects terrestrial ecosystem properties, agricultural
productivity, and water quality.1,2 The speciation of soil P is
commonly assessed by sequential chemical extraction (SCE),
which provides fundamental data for understanding P
dynamics and risk of P loss.3−8 Sequential chemical extraction
operationally defines P pools of different chemical stability to
infer P bioavailability by using chemical reagents of increasing
strength to sequentially extract P from solid samples, such as
soils, sediments, and aeolian dust.6,9−11 Many SCE schemes
have been developed,12−16 typically using acidic and alkaline
extractants to separate iron and aluminum-bound P (Fe/Al-P)
and calcium-bound P (Ca-P).17−20 In particular, the modified
Hedley fractionation scheme is among the most widely used
for soils (Figure 1),3,4,6,15,21 with sufficient information
available to allow the creation of global maps of soil P
fractions.5

Despite their widespread use, SCE schemes suffer from a
number of uncertainties that can limit the insight obtained
from these procedures. The P fractionation derived from the
modified Hedley extraction scheme may be uncertain because
the chemical identity of each P pool remains ambiguous and

because P can redistribute among different solid phases during
extractions.22 For example, during the 0.1 M NaOH extraction
of CaCO3-bearing soils, P desorbed from mineral surfaces,
particularly Fe and Al oxide surfaces, can readsorb on CaCO3

surfaces, forming new Ca-P that is subsequently removed as
Ca-P by the following 1 M HCl extraction.23 Such
redistribution of P species leads to overestimation of Ca-P
and underestimation of NaOH-extractable Fe/Al-P.23 In
addition, Hedley et al. speculated that 1 M HCl can extract
some Fe/Al-P, causing overestimation of Ca-P as well.13

However, most subsequent studies have assumed that Fe/Al-P
was insoluble in 1 M HCl and thus define 1 M HCl extractable
P exclusively as Ca-P.15,19,24,25

Phosphorus K-edge X-ray absorption near-edge structure
(XANES) spectroscopy has been increasingly used to
determine soil P speciation.11,26−29 A few studies have
compared XANES spectroscopy to the modified Hedley SCE
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in characterizing soil P composition.26,28,30−32 Some XANES
studies found that for organic amendments, biosolid-amended
calcareous soils and peat soils, the Ca-P and organic P fractions
derived from the two methods were comparable and that the
identities of the P removed by 0.1 M NaOH and 1 M HCl
were consistent with the assignments of Hedley and its
modified protocol.30−32 However, others showed that the
modified Hedley extraction scheme significantly overestimated
Ca-P in volcanic soils in Arizona (61−65% by SCE versus 16−
37% by XANES spectroscopy) and Hawaii (11−28% by SCE
versus 0% by XANES spectroscopy).26,28 The different
conclusions of those previous studies may be caused by
different soil properties, although the specific soil properties
remain unknown.
The objectives of the present study were to identify the

mechanisms underlying potential misquantification associated
with the modified Hedley extractions and assess whether these
mechanisms depend on soil properties. We used P K-edge
XANES spectroscopy to characterize the speciation of P in the
extraction residues for soils from two 3 million year old
semiarid soil chronosequences. This analysis is meant to
determine whether P redistribution occurs during the
NaHCO3 and NaOH extractions. It also provides an
understanding of the speciation of P extracted by the major
extraction steps, such as dilute and concentrated HCl
extractions. Due to different developmental stages and aeolian
dust inputs,28 these soils varied widely in physiochemical and
mineralogical properties, providing an excellent study system
for evaluating how soil properties influence the accuracy of
SCE.

■ MATERIALS AND METHODS
Study Sites, Soil Sampling, Pretreatments, and

Properties. Two 3 million year old soil chronosequences,
the substrate age gradient of Arizona (SAGA) and the Merced
chronosequence, were located in the San Francisco volcanic
field in northern Arizona and Central Valley in California,
respectively. The substrate age ranged from 1000 years (1 ky)
to 3000 ky for SAGA and 0.1−3000 ky for Merced, while the
other four soil formation factors were similar within each
chronosequence.1,33 Both chronosequences were located in a

semiarid environment.1,33 The parent material at the Merced
sites was dioritic to granitic sand deposits from glacial
outwash34,35 and was microporphyritic basalt at the SAGA
sites.1 Surface soils (0−15 cm) were collected, air-dried,
homogenized, ground, and passed through 100 mesh and
preserved under dark and dry conditions. The same soil
samples were used in previous studies,28,32,34 and more
detailed information about the study sites, soil sampling, and
pretreatments can be found in previous publications.28,32,34

Some soil chemical properties are listed in the Supporting
Information (Table S1) to assist in data interpretation of the
present study, including exchangeable Ca2+ concentrations,
pH, bulk densities, and contents of poorly crystalline (Feox and
Alox) and well-crystallized (Aldi and Fedi) Fe/Al oxides. All of
these values were reported previously1,28,33 except for
pedogenic Fe/Al fractions of Merced chronosequence and
exchangeable Ca2+ of both chronosequences, which were
measured in the present study (Text S1). Carbonates were
absent in the surface soils of both chronosequences.1,33

Modified Hedley Sequential Chemical Extraction. Soil
P pools were quantified using the modified Hedley SCE
(Figure 1).15 Selmants and Hart1 previously conducted the
extractions on the same but field moist SAGA soil samples (<2
mm, unground). To be consistent with P K-edge XANES
analyses in the present study, we re-did the extractions with the
air-dried and ground soils.36

Each pretreated soil sample (∼0.5 g) was sequentially
extracted in triplicate with one anion exchange membrane strip
in deionized (DI) water, 0.5 M NaHCO3, 0.1 M NaOH, 1 M
HCl (D-HCl), and concentrated HCl (C-HCl). The detailed
procedures are provided in Text S2. In addition, the Fe, Al, and
Ca concentrations in the HCl extract were also measured using
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) to explore the correlations between P and these
major cations in the extract. The intermediately available
inorganic P (Pint), organic P (Po), Ca-P, and occluded P (Pocc)
pools were defined as the sum of NaHCO3−Pi and NaOH−Pi,
the sum of NaHCO3-Po and NaOH-Po, D-HCl-P, and P in the
D-HCl extraction residue, respectively.1,37−39 The Pi removed
by NaHCO3 and NaOH was of essentially similar chemical
nature and may be regarded as extractable Fe/Al−P.19 These
assignments, however, are rather arbitrary. For example, C-
HCl-P was also included as a part of Ca-P previously.1

Phosphorus K-Edge XANES Spectroscopy. The
XANES spectra of all extraction residues, which were prepared
in additional sequential extraction experiments, as well as of
the raw Merced soils, were collected in fluorescence mode at
the soft X-ray micro characterization beamline (SXRMB) at
the Canadian Light Source, Saskatoon, Canada. The NaOH
and HCl extraction residues were washed with DI water three
times and freeze-dried before the analysis. The results of P K-
edge XANES analysis of the raw SAGA soils were reported in
our previous study.28 Detailed information about data
collection is provided in Text S3.
The spectra of the extraction residues were processed in two

ways, depending on whether P redistribution occurred during
the extractions. In the first approach, the XANES spectra of the
residues were subject to the linear combination fitting (LCF)
analysis with a pool of P reference XANES spectra to
determine the P speciation. The difference in P speciation in
the residue soils before and after the extraction provided
information regarding whether and how the extraction altered
the P speciation of the residue soils (i.e., P redistribution). Any

Figure 1. Flow chart for modified Hedley fractionations combined
with phosphorus K-edge X-ray absorption near-edge structure
(XANES) spectroscopic analysis.
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redistribution could impact the P removed in the subsequent
step.
In a second approach, the difference spectra between the

spectra of a soil residue before and after the extraction were
obtained and then linear combination fitted to get the
speciation of the P removed by the extraction from the
soil.30 To obtain the difference spectra, the bulk spectra of the
residues were pre-edge background-removed without post-
edge normalization. Then, the whiteline peak height of each
residue spectrum was normalized based on the proportion of
the total residual P over the total P concentration of the raw
soil. The difference spectra were obtained by subtracting the
concentration-normalized spectra of two successive extraction
steps from each other. The obtained difference spectra were
further subject to background removal, post-edge normal-
ization, and the LCF analysis for P speciation characterization.
The adoption of difference spectra between two successive
residue spectra can directly show the speciation of P removed
by a given extraction. By doing this, we assumed that the
extraction only removed certain P species but did not change
the P species remaining in the solid. Thus, this approach did
not work for samples that had P redistribution during the
extractions, which would distort the difference spectra.

Five reference spectra were used in the LCF analysis,
including phytate, hydroxyapatite, calcium dihydrogen phos-
phate monohydrate [Ca(H2PO4)2·H2O], and phosphate
adsorbed on amorphous Al hydroxides and ferrihydrite (Figure
S1).28 Hydroxyapatite and Ca(H2PO4)2·H2O were combined
to approximately represent the entire Ca-P pool without
further distinguishing them in the results to avoid potential
overinterpretation. These P references can well represent the
major P species in the residues and the P removed by the
extractants. The goodness of LCF was indicated from the R-
factor that was reported along with the results. R-factors were
smaller than 0.01 for most of the samples, indicating good fits.
However, due to the low total P concentrations and the
increased quartz contents of C-HCl extraction residues for
some soils, their XANES spectra were too noisy to be fitted
reliably.
Phosphorus K-edge XANES analyses are subject to multiple

uncertainties caused by sample preparation and data analyses.
For example, the uncertainty of LCF-derived percentages was
about 10%,40 thus P species representing less than 10% is
doubtful.28 It might also be challenging to differentiate
adsorbed Po and Pi species due to their sometimes similar
spectra, and SCE could be more accurate than XANES

Figure 2. Comparisons between P K-edge XANES spectra of the residues before and after each major extraction step for SAGA (a-d) and Merced
(e-g) chronosequences. The spectra of hot concentrated HCl (C-HCl) residues for the Merced soils were not presented here due to their poor
spectral quality. D-HCl: 1 M HCl.
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spectroscopy for determining Po concentrations.41 Moreover,
the particle size (<0.15 mm) of 100-mesh ground soils was
larger than the X-ray penetration depth and thus XANES
spectra might not be able to reflect the speciation of the entire
P pool,42 while other studies used similar or even bigger
particles sizes of soils.31,43 However, P K-edge XANES
spectroscopy, used with cautiousness, is the most powerful
approach for soil P speciation analysis.

■ RESULTS
Soil Chemical Properties. These soils differed markedly

in chemistry and mineralogy, due principally to different parent
materials and degrees of chemical weathering. All soils were
weakly acidic (4.7−6.8), consistent with the absence of
carbonates (Table S1).1,33 SAGA soils contained relatively
high Feox (1.61−17.25 g/kg) and Alox (3.39−8.10 g/kg),28

particularly in the two younger soils, compared to Merced soils
(Feox: 1.25−3.74 g/kg; Alox: 0.54−1.04 g/kg). The concen-
tration of exchangeable Ca2+ differed up to 13-fold in SAGA
(0.38−5.02 g/kg) and Merced (1.17−4.04 g/kg) soils (Table
S1). Based on X-ray fluorescence (XRF) measurements, the
total P concentrations in the bulk soils were 502−1755 mg/kg
for SAGA and 513−1420 mg/kg for Merced (Table S2).
Hedley Fractionation. The concentration of P removed

by each extraction step is given in Table S2. The derived Pint,
Ca−P, Pocc, and Po pools contributed 3.7−14, 24.6−56.1, 0.7−
7.6, and 36.4−54.6%, respectively, to total P for SAGA soils
and 8.3−34.7, 25.7−62.1, 14.9−47.9, and 2.5−19.1%,
respectively, for Merced soils (Figure S2). The SCE recovered
87−112% of total soil P (Table S2). Our SCE results were
consistent with those in Selmants and Hart,1 which used the
same but field moist and unground soils.
Phosphorus Speciation by XANES Spectroscopy in

Raw Soils. The soil P speciation varied markedly for both
chronosequences. The XANES LCF analysis showed that Ca-
P, (Fe + Al)-P, and Po contributed 16−39, 48−82, and 1−23%,
respectively, to soil total P of SAGA and 66−85, 12−25, and
2−18%, respectively, to soil total P for Merced soils (Figure
S2). The relative proportions of Ca-P between samples were
consistent with the spectral features of Ca-P, in which higher
Ca-P corresponded to a lower energy position of the whiteline
peak, a stronger shoulder on the right side of the whiteline and

stronger splitting of the post-edge peak (Figure 2). The
proportions of Po from SCE were lower than (for SAGA) or
comparable to (for Merced) the XANES results. The lower Po
proportions were probably caused by the incomplete extraction
as indicated by the presence of Po in the Pocc pool (Table S2).
The uncertainties associated with the LCF analysis may also
have contributed to the lower values. In contrast, remarkable
differences in Ca−P proportions between SCE and XANES
were observed for SAGA and Merced soils, e.g., in the SAGA
soils, 25.7−62.1% from SCE versus 66−85% from XANES
spectroscopy. The LCF analysis on the D-HCl difference
spectra and the residue spectra below provided the
mechanisms for the discrepancies.

Phosphorus Speciation in Extraction Residues. A
comparison of P K-edge XANES spectra of the extraction
residues before and after each extraction step provided insights
into how the extraction might have changed the P speciation in
the residues. Due to the fact that a small portion of the total P
was removed by resin + DI water, the spectra of the residues
after the extraction were almost the same as those of the raw
soils (data not shown). Considering the uncertainty (∼10%) of
the XANES LCF analysis, the analysis was not conducted on
the spectra of the resin-extraction residues. All XANES spectra
of the residues after NaHCO3, NaOH, or HCl extractions were
linear combination fitted for most of SAGA and Merced soils
(Figures S3 and S4), except for those of low spectral quality
(Figure S5).

Phosphorus Speciation in NaHCO3 and NaOH Extraction
Residues. The concentration of Ca-P in each residue was
obtained by multiplying the P proportion by total P
concentration in the residue so that one can compare the
Ca-P concentration before and after each extraction. The
comparison provides information on whether the extraction
caused P redistribution, such as redistribution from the Al/Fe-
P pool to the Ca-P pool.
For each SAGA soil, the spectra of the NaHCO3 residue and

raw soils differ significantly only for 3000-ky soil (Figure 2).
After the NaHCO3 extraction, the XANES whiteline position
shifted toward lower energy, indicating increased Ca-P
proportion.28 Consistently, the LCF analysis showed that the
Ca-P proportion increased from 16% in the raw soil to 36% in
the extraction residue (Table S3), with corresponding changes

Table 1. XANES-Derived Changes in Ca-P Concentrations before and after the NaHCO3 and NaOH Extractions for SAGA and
Merced Soilsa

total Ca−P (mg/kg)

site (ky) raw soil (A) NaHCO3 residue (B) NaOH residue (C) B/A C/B C/A

SAGA
1 637 (72) 673 (13) 689 (24) 1.1 (0.1) 1.0 (0.02) 1.1 (0.1)
55 251 (62) 219 (4) 287 (6) 0.9 (0.2) 1.3 (0.05) 1.1 (0.2)
750 400 (34) 368 (20) 366 (8) 0.9 (0.0) 1.0 (0.03) 0.9 (0.1)
3000 78 (16) 144 (8) 110 (3) 1.9 (0.2) 0.80 (0.02) 1.4 (0.2)

Merced
0.1 209 (40) 463 (28) 517 (27) 2.2 (0.1) 1.1 (0.0) 2.5 (0.1)
3 133 (42) 378 (30) 432 (28) 2.9 (0.2) 1.1 (0.0) 3.3 (0.3)
35 76 (24) 189 (12) 180 (9) 2.5 (0.3) 0.95 (0.0) 2.4 (0.3)
300 114 (14) null 141 (9) − − 1.2 (0.6)
3000 141 (25) 202 (6) 226 (11) 1.4 (0.2) 1.1 (0.0) 1.6 (0.1)

aThe values in the parentheses were standard errors. “−” means that the LCF analysis was not conducted on these samples due to their poor
spectra. A, B, and C represent the Ca-P concentrations in the raw soils and the residues after NaHCO3 and NaOH extractions, respectively. The
Ca-P concentrations in the bulk soils and extraction residues were calculated by multiplying the total P concentration with the XANES-derived Ca-
P proportion in each sample (Table S4).
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of the Ca-P concentration from 78 to 144 mg/kg. Apparently,
the NaHCO3 extraction created an additional 90% Ca-P than
that of raw soils at the 3000-ky SAGA site (Table 1). Both
XANES whiteline peak position and LCF analyses showed that
NaOH extraction did not alter Ca-P for SAGA soils except the
3000 ky soil, for which Ca-P was increased by 40% relative to
that in the raw soil (Table 1).
The changes of the spectra after the NaHCO3 extraction for

Merced soils were more remarkable than for SAGA soils. The
whiteline peak of the NaHCO3 residues shifted to lower energy
for all Merced soils (Figure 2), indicating significant increases
in Ca-P proportion after the extraction. Consistently, the LCF
analysis showed that the NaHCO3 extraction created 50−
190% additional Ca-P in the residues relative to the raw soils
(Table 1).
The NaOH extraction further changed P speciation for 0.1-,

3-, and 3000-ky Merced soils. Compared to the spectra of the

NaHCO3-residues, the whiteline peak of the NaOH residues
shifted to lower energy and the typical shoulder peak of Ca-P
at 2155.5 eV became more pronounced (Figure 2). However,
the NaOH extraction only slightly increased Ca-P concen-
tration in the NaOH residues compared to NaHCO3 residues
for all Merced soils, although it created additional 60−230%
more Ca-P relative to the raw soils (Table 1).

Phosphorus Speciation of 1 M HCl Extraction Residues.
Remarkable changes in the XANES spectra of the extraction
residues occurred after D-HCl extraction. The whiteline peak
of the D-HCl residues shifted markedly to higher energy
relative to those of the NaOH residue (Figure 2c,g), and the
spectra became similar to those of Fe- and Al-P. The Pocc for
both SAGA and Merced soils was consistently dominated by
(Fe + Al)-P (66−95 and 68−90%, respectively; Table S3). Ca-
P was detected only for the 1-ky SAGA (14%) and 3000-ky
Merced (17%) soils. Considerable proportions of Po were

Figure 3. Phosphorus D-HCl difference XANES spectra, C-HCl difference spectra, and their linear combination fits for SAGA and Merced soils.
The spectra reflect the speciation of P removed by 1 M HCl (a, b) and hot concentrated HCl (c), respectively. The C-HCl difference spectrum of
the 1-ky SAGA site was not normalized and fitted due to the low spectral quality (c). The C-HCl difference spectra for the Merced sites were not
shown here due to their poor spectral quality. D-HCl: 1 M HCl; C-HCl: hot concentrated HCl.

Table 2. Speciation of the P Removed by Diluted HCl (D-HCl) and Hot Concentrated HCl (C-HCl) As Quantified by Linear
Combination Fitting of the Difference XANES Spectra of the SAGA and Merced Soilsa

difference spectra site age (ky) Ca-P (%) Fe-P (%) AlP (%) Po (%) R-factor

SAGA
NaOH − D-HCl 1 30 (1) 70 (4) 0 (0) 0 (0) 0.009

55 45 (3) 55 (9) 0 (0) 0 (0) 0.025
750 97 (0) 0 (0) 3 (0) 0 (0) 0.009
3000 100 (0) 0 (0) 0 (0) 0 (0) 0.018

D-HCl − C-HCl 1
55 0 (0) 100 (0) 0 (0) 0 (0) 0.018
750 9 (0) 91 (0) 0 (0) 0 (0) 0.016
3000 6 (0) 94 (0) 0 (0) 0 (0) 0.014

Merced
NaOH − D-HCl 0.1 92 (0) 0 (0) 0 (0) 9 (0) 0.034

3 43 (1) 28 (2) 17 (1) 12 (0) 0.006
35 87 (7) 13 (2) 0 (0) 0 (0) 0.038
300 89 (6) 11 (1) 0 (0) 0 (0) 0.040
3000 84 (1) 16 (0) 0 (0) 0 (0) 0.027

aThe standard errors of the linear combination fitting (LCF) analysis were included in the parentheses. R-factor is an indicator of the goodness for
the LCF analysis on the XANES spectra. Po: organic P.
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found in Pocc for 1-ky (19%) and 3000-ky (12%) SAGA soils
and 3000-ky Merced soil (15%; Table S3).
Phosphorus Speciation of Concentrated HCl Extraction

Residues. To improve our understanding of the nature of Pocc,
a C-HCl extraction was further conducted on the D-HCl
residue. Compared to the D-HCl residue P spectra, the spectra
of the C-HCl residue showed more pronounced Ca-P features
for the 1-ky SAGA soil (Figure 2d), consistent with increased
Ca-P proportion from 14 to 22% after C-HCl extraction
(Table S3). The spectra of D-HCl and C-HCl residues were
almost identical for the 55-ky SAGA soil (Figure 2d),
consistent with the slight change of the P speciation in these
residues (Table S3). The whiteline peak position of the D-HCl
residue spectra for the 750- and 3000-ky SAGA soils did not

change after the extraction; however, based on the relative
intensity of normalized reference spectra, the substantial
decrease of peak heights for both soils (Figure 2d) suggests
more Po in the C-HCl residues. This result is consistent with
the corresponding increase of Po from 6 to 22% for the 750-ky
soil and 12 to 19% for the 3000-ky soil (Table S3). As for
Merced soils, the low quality of C-HCl residue spectra (data
not shown) prevented a detailed analysis of the changes in P
speciation with extraction.

Speciation of the P Extracted by SCE. For the SAGA
soils, the LCF analysis was conducted on the D-HCl-difference
spectra (i.e., the difference in spectra of the residues before and
after D-HCl extraction) and not on the NaOH-difference
spectra due to their poor spectra quality (Figures 3a and S5a).

Figure 4. Comparisons between the modified Hedley sequential chemical extraction (SCE) and the P K-edge XANES spectroscopic results for the
intermediately available P (Pint, NaHCO3−Pi + NaOH−Pi) pool (a) and the Ca-P pool (b) for both SAGA and Merced chronosequence. The
corrected intermediately available P pool sizes (XANES Corr.) were also provided, which was obtained by adding the newly created Ca-P by
NaOH extraction derived from XANES spectroscopy (Table 2).

Figure 5. Possible processes (a−c) that can lead to overestimation of Ca-P by modified Hedley sequential fractionations. The forms of Fe- and Al-
P, i.e., adsorbed or occluded, by poorly crystalline or well-crystallized minerals, together with the presence of CaCO3 and exchangeable Ca2+ in
soils, likely determine the misquantification of P fractionated by the modified Hedley protocol. In (a), the overestimation of Ca-P is caused by
redistribution of mineral surface-adsorbed P (by either poorly crystalline or well-crystallized Fe/Al-bearing minerals) to Ca-P via reaction of
desorbed P with CaCO3 present in the soils, during NaOH extraction. In (b), the overestimation of Ca-P is caused by reaction between
exchangeable Ca2+ and desorbed P and ternary surface complexes, such as Fe-PO4-Ca may form as intermediates. In (c), P is occluded by poorly
crystalline minerals, which may not be dissolved by 0.1 M NaOH but dissolvable by 1 M HCl, leading to overestimation of Ca-P. In (d), P is
occluded by well-crystallized minerals and can be dissolved by neither NaOH nor 1 M HCl. The occluded P could be incorporated into the mineral
crystal structure or physically trapped by mineral particle aggregates.
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For the Merced soils, the NaOH-difference spectra had dips in
front of the whiteline peaks (Figure S5b). Such abnormal
features were due to the higher Ca-P concentration in the
NaOH residues than in the raw soils, presumably because of
the P redistribution during the NaHCO3 and NaOH
extractions. The distorted difference spectra also prevented
further LCF analyses of these spectra.
The D-HCl-difference spectra of the two older SAGA soils

strongly resembled that of apatite, while those of the two
younger soils were dominated by the Fe/Al-P spectral features
(Figure 3a). The D-HCl-extracted P is composed of almost
exclusively Ca-P (97−100%) for the two older soils. In
contrast, this fraction contained large proportions of Fe-P
(54−66%) for the two younger soils (Table 2). The D-HCl
difference spectra of Merced soils showed strong Ca-P spectral
characteristics (Figure 3b) and thus, the D-HCl extracted P
contained high proportions of Ca-P (84−92%), except for the
3-ky soil that contained only 43% Ca-P with significant (Fe +
Al)-P (45%) (Table 2).
The C-HCl difference spectra reflected the speciation of C-

HCl extracted P. For SAGA soils, the C-HCl-P was mainly (Fe
+ Al)-P (90−100%) with negligible Ca-P (Table 2), consistent
with their spectral features (Figure 3c). The C-HCl difference
spectra of the 1-ky SAGA soil and for the Merced soils were
too noisy to fit using LCF (Figure S5c).

■ DISCUSSION
Although the misquantification of Ca-P led to inaccurate
estimates of other P pools (e.g., intermediately available P
pool, Figure 4a), our comparison of the SCE and XANES
results is focused on Ca-P because the (Fe + Al)-P quantities
cannot be determined by the modified Hedley extractions. The
SCE-based Ca-P proportions are substantially higher than the
XANES-based results for all SAGA and Merced soils except for
the two older SAGA soils (Figure 4b). Note that the Ca-P pool
derived from SCE here only includes D-HCl-P and not C-HCl-
P because of the dominance of Fe/Al-P in the C-HCl-P
fraction (Table 2). Although the uncertainties of Po
quantification may affect the quantifications of other pools,20

the observed overestimations of Ca-P are caused mainly by
either P redistribution during NaOH extraction or dissolution
of Fe/Al oxides during D-HCl extraction, as discussed below.
Phosphorus Redistribution during Alkaline Extrac-

tions. Phosphorus redistribution during NaOH extraction was
found previously only for soils containing CaCO3 (Figure
5a).23,44 However, with P K-edge XANES spectroscopy, we
showed that P redistribution also occurred for soils free of
CaCO3, including all Merced soils and the 3000-ky SAGA soil.
The P redistribution is the major reason for the overestimation
of Ca-P by the extractions for these soils (Figure 4 and Table
1). One potential reason for the overestimation is formation of
CaCO3 precipitate from exchangeable Ca2+ and carbonate ion
during NaHCO3 extraction, on which phosphate adsorbs. To
test the possibility, we added 750 μg of Ca2+ (3 times the
averaged soil exchangeable Ca2+) to 30 mL of 0.5 M NaHCO3
but no precipitation was visually observed, suggesting that
CaCO3 did not form and thus P adsorption on CaCO3 can be
excluded. A previous study showed that high exchangeable
Ca2+ can decrease NaHCO3−Pi for lime (Ca(OH)2)-amended
soils due to formation of Ca phosphates.45 We hypothesized
that Ca phosphates also formed from precipitation between
exchanged Ca2+ and desorbed phosphate, leading to over-
estimation of Ca-P. To test this hypothesis, either Ca2+ or

phosphate, or both, were added during the NaHCO3
extractions of both 1-ky SAGA and 3-ky Merced soils. Results
showed that adding Ca2+ alone did not change P
concentrations during NaHCO3 extraction (Text S4 and
Table S4), indicating that the desorbed P was not precipitated
by dissolved Ca2+.
The high Ca-P proportion in the NaHCO3-extraction

residues may be explained by the following mechanisms. The
pH (pH 8.5) of the NaHCO3 solution was not high enough
and thus only able to remove phosphate weakly (likely
physically) adsorbed on mineral surfaces,19 leaving behind
strongly (or chemically) adsorbed phosphate (Figure 5b). The
exchangeable Ca2+ released into solution could possibly
readsorb onto the strongly surface-bound phosphate to form
>Fe/Al-PO4-Ca or >Fe/Al-PO4-Ca-PO4 surface complexes.
Their formation is suggested by the strong shifts of the
whiteline positions to the lower energy but weak Ca-P
shoulder feature of the NaHCO3-residues (Figure 2) because
phosphate is bound to only one or two Ca atoms in these
complexes, fewer than those in the structure of well-crystallized
Ca phosphates. Formation of such complexes was also
speculated to occur on Fe oxide surfaces at pH 8−14 in
recent studies.46,47

Upon the NaOH extraction, despite less new Ca-P formed,
these surface complexes likely transformed to more crystallized
Ca-P precipitates, supported by the strong Ca-−P shoulder
feature (Figure 2), consistent with favored formation of Ca
phosphates at high pH.47 The Ca phosphates were likely
poorly crystallized and might transform to nanohydroxyapatite
by physical mixing during NaOH extractions.47−49 The
processes described above could well explain how Ca-P was
overestimated by NaHCO3 and NaOH extractions for some of
the soil samples examined in the present study. According to
this mechanism, NaOH extraction alone (i.e., without the
preceding NaHCO3 extraction step) must also lead to
overestiamtion of Ca-P. In fact, McLaren et al.50 indicated
that 0.1 M NaOH treatment might result in more Ca-P in soil
based on the XANES spectral change after the treatment,
although the spectra were too poor to make a reliable
evaluation.

Dissolution of Fe/Al−P in the 1 M HCl Extraction. The
overestimation of Ca-P for the two younger SAGA soils is not
caused by P redistribution during the alkaline extractions but
by dissolution of Fe/Al-P by D-HCl. The extraction of Fe/Al-P
by D-HCl (Table 2) indicates that the preceding NaOH
extraction step did not remove these Fe/Al-P. Because
phosphate does not desorb from mineral surfaces under acidic
conditions,15 the removed Fe/Al-P can be ascribed to
dissolution of poorly crystallized Fe/Al oxides (e.g., ferrihy-
drite, nanogoethite, nanohematite, allophane, and imogolite),
releasing P that was occluded by these minerals (Figure 5c).
The phosphate should be occluded rather than surface-

adsorbed P because surface-adsorbed P would otherwise have
been removed by NaOH extraction. In addition, if the P
adsorbs on mineral surfaces, it would likely form >Fe/Al-PO4-
Ca ternary complexes during the alkaline extractions, like other
SAGA and Merced soils, which, however, were not observed by
XANES spectroscopy (Tables 1, 2 and Figure 2). A recent
laboratory study also found that phosphate can be occluded by
ferrihydrite aggregates.51 The Fe/Al oxides must be poorly
crystallized rather than well-crystallized because only the
former can be readily dissolved by D-HCl.52 Significant
correlations between D-HCl-Fe and Feox and D-HCl-Al and
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Alox (Table S5) also support the proposition of the dissolution
of poorly crystalline minerals during the D-HCl extraction.
Moreover, in the D-HCl extract, but not the C-HCl extract, P
is correlated to Fe, Al, and Ca (Table S5). However, the
changes of specific P species in the residues did not necessarily
correlate with the removed Al, Fe, and Ca because these
elements had much higher concentrations than P in the
extracts (Table S6) and the majority of them were not bound
to P in the soil.
Dependence of Misquantification on Soil Properties.

The present study demonstrates that the degree and cause of
the misquantification of Ca-P and other Pi pools by the
modified Hedley SCE are soil-specific (i.e., depending on
associated soil properties). Our results suggest that it is the
form of Fe- or Al-P, either surface-adsorbed by Fe/Al minerals
(poorly crystalline or well-crystallized) or occluded by poorly
crystalline Fe/Al minerals, that largely determines the accuracy
of the alkaline and D-HCl extractions. High concentrations of
well-crystallized Fe/Al minerals and low concentrations of
poorly crystalline ones in the Merced soil and 3000-ky SAGA
soil (Table S1) led to formation of surface-adsorbed phosphate
or occluded phosphate by the well-crystallized minerals. The
surface-adsorbed P could form Ca-P during the NaHCO3 and
NaOH extractions. By contrast, a high amount of poorly
crystalline Fe/Al minerals and a low amount of well-
crystallized ones, such as those occurring in the 1- and 55-ky
SAGA soils, favor the formation of occluded P by the poorly
crystalline minerals. They can neither be removed by NaOH
nor react with exchangeable Ca2+ to form ternary surface
complexes.
The differences in the Fe- and Al-P forms may be largely

caused by the variations in soil weathering degree and the
nature of the parent material. In poorly weathered soils (e.g., 1-
and 55-ky SAGA soils), especially developed on basalt (e.g.,
andisols), a large amount of poorly crystalline Fe/Al minerals
could occlude a portion of the associated P as a result of
diffusive penetration or within coatings and concretions of the
Fe/Al minerals.53,54 As soil continues to weather, poorly
crystalline Fe/Al minerals transform to well-crystallized ones
that cannot be dissolved readily by D-HCl and thus P becomes
strongly occluded (Figure 5d). However, these mechanisms
cannot explain the comparable Ca-P results of XANES and
extraction for 750-ky SAGA soil, suggesting that unknown soil
properties, other than discussed above, could also affect the
accuracies of SCE. A future study to examine a larger set of soil
samples with diverse properties is warranted.
Speciation of Occluded P. The occlusion of P by well-

crystallized minerals led to limited bioavailability in soils.55,56

Whether Pocc could become biologically available over long
time periods is partially controlled by its chemical nature.1,24

However, the chemical nature of Pocc had remained ambiguous
and long been speculated to be Fe-P, Al-P, or Po with varying
relative contributions based on SCE.24,53,57−59 Previously, by
using P K-edge XANES spectroscopy, the Pocc pool was found
to be Fe-P without Po

30 or both Fe-P and Ca-P54 in
agricultural soils. Our study verified the speculations of SCEs
and demonstrated that Pocc was dominated by Fe/Al-P (66−
90%) with less contribution from Po and Ca-P. The occlusion
of Ca-P, such as in 1-ky SAGA soil, was likely due to the
apatite occlusion by minerals of high weathering resistance,
such as hypersthene, magnetite, and ilmenite.1,56 Our study
highlights that the strategies for biota and nutrient manage-
ment to utilize Pocc are soil-specific. For example, Fe oxides,

but not Al oxides, can be reductively dissolved under reducing
conditions, releasing P associated with the oxides.60,61

Environmental Implications. As major P fractionation
techniques, SCE schemes have been widely used to assess P
dynamics in soils and inform soil nutrient management. Hence,
understanding the accuracy of SCE is crucial. Our study
showed that misquantification of the major soil P pools can
occur across a diverse suite of soils regardless of the presence
or absence of CaCO3. Although this study examined only the
modified Hedley extraction, the results may apply to other
SCE schemes as well because alkaline and acid extractions are
used in almost all extraction schemes.17−19 The misquantifi-
cation of Ca-P and other pools raises concerns for any further
analyses of extracted P and their data interpretation, such as for
phosphate oxygen isotope analyses on NaOH and HCl
extracted P.26,62−65 Our results suggest that the widely
accepted Walker and Syers model (Figure S6), which describes
P biogeochemical transformation during ecosystem develop-
ment,24,56 may not be quantitatively testable using SCE due to
the intrinsic uncertainties of SCE in quantifying P pools.
Overall, SCE should be used cautiously for studying soil P
dynamics and assessing potentials for P loss from soils to
aquatic ecosystems leading to eutrophication.66 Only a few
soils of a limited number of different properties were examined
in the present study, and other types of soils need to be tested
in the future. Future studies are also warranted to develop new
extraction schemes or modifying the existing ones. Our study
suggests that uncertainties of other widely used P extraction
techniques, such as the sequential extraction method for
aquatic sediments (i.e., SEDEX), need to be evaluated using
XANES spectroscopy and samples with diverse properties.11,67
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