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A B S T R A C T   

Strong control of iron (Fe) and aluminum (Al) phases on soil phosphorus (P) dynamics is well established. How 
organic and inorganic P forms are associated with Fe and Al phases remains poorly understood, and sequential 
density fractionation thus allows one to assess the soil continuum from organic-rich particles (< 1.8 g cm− 3) to 
organo-mineral particles (1.8–2.25 g cm− 3), and finally to mineral rich particles (> 2.25 g cm− 3). We combined 
the density fractionation approach with wet extraction techniques, 31P NMR spectroscopy and X-ray absorption 
near-edge structure (XANES) spectroscopy to investigate the distribution and chemical species of P in relation to 
Fe and Al phases for two Andisols: an allophanic Andisol rich in short-range-order aluminosilicates (silandic) and 
a non-allophanic Andisol rich in organic matter (OM) and organo-aluminum complexes (aluandic). We frac
tionated the soils to the density classes of 1.6–1.8, 1.8–2.0, 2.0–2.25, 2.25–2.5, and > 2.5 g cm− 3 using the 
sodium polytungstate solutions. Across five density fractions, inorganic and total P were distributed in low to 
meso-density fractions (1.6–2.25 g cm− 3) where major portions of extractable Fe and Al were found. The major P 
pool was found in the NaOH extraction step for low- to meso-density ranges (< 2.25 g cm− 3), suggesting that Al 
and Fe (oxyhydr)oxides and aluminosilicates have significant roles in P sorption in allophanic and non- 
allophanic Andisols. In contrast, the residual P remaining after the sequential extraction was predominant in 
heavier-density fractions (> 2.25 g cm− 3). Molybdate-reactive and total P extracted by NaOH in the density 
fractions were positively correlated with oxalate extractable Al (Alox) in the allophanic Andisol (r > 0.91) and 
with pyrophosphate extractable Al (Alp) in the non-allophanic Andisol (r > 0.97), suggesting stronger control of 
Al phases to P over Fe phases. The non-destructive XANES analysis confirmed that P in both Andisols was 
associated primarily with Al, not Fe, and suggested the presence of P bound to organo-Al complexes in the non- 
allophanic Andisol (up to 76% of P in the 1.6–1.8 g cm− 3 fraction where Alp is enriched). Solution 31P NMR 
spectra of NaOH-EDTA soil extracts showed that the primary organic P group was phosphomonoesters that 
decreased with increasing density in allophanic and non-allophanic Andisols. Myo-inositol hexakisphosphate 
(IHP) and scyllo-IHP were identified in a density fraction between 1.8 and 2.25 g cm− 3 of non-allophanic Andisol. 
Our study highlights the importance of low- to meso-density fractions in organic and inorganic P reservoirs in 
Andisols.   

1. Introduction 

High phosphorus (P) retention capacity is a unique property of 
Andisols, setting a major agronomic challenge in volcanic regions of the 
world. Andisols are classified into two groups, namely allophanic and 
non-allophanic Andisols, based on the predominant clay minerals (Shoji 
et al., 1993). Allophanic Andisols (silandic Andosol in WRB 

classification) are characterized by the dominance of allophane, imo
golite, and proto-imogolite type minerals. In comparison, non- 
allophanic Andisols (aluandic) have lower pH, higher contents of 
organic matter (OM), organo-Al/Fe complexes, and 2:1 phyllosilicates 
(Shoji et al., 1993). The short-range-order Al/Fe phases and organo-Al/ 
Fe complexes contribute to P sorption capacity of allophanic and non- 
allophanic Andisols, respectively (Hashimoto et al., 2012). Statistically 
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and experimentally, P sorption capacity of allophanic and non- 
allophanic Andisols was associated directly with oxalate-extractable Al 
(Alox) and pyrophosphate-extractable Al (Alp), respectively (Gunjigake 
and Wada, 1981; Hashimoto et al., 2012). However, current knowledge 
of P studies in Andisols is limited to inorganic P from macroscopic 
viewpoints (e.g., extraction and adsorption isotherm), and the differ
ences in P fractionation along soil density gradients remain unclear 
between allophanic and non-allophanic Andisols. 

An effective approach to examine P accumulation and its linkage 
with soil organic and inorganic components is to sort them by density. 
The density of soil particles is determined by two factors; one is the 
absolute density of individual organic and mineral particles, and the 
other is the relative amounts of organic and mineral matter in the par
ticle as soil particles are largely present as organo-mineral particles or 
aggregates (Sollins et al., 1999; Turchenek and Oades, 1979; Wagai 
et al., 2020). In general, the absolute density of minerals ranges 2.3–2.8 
g cm− 3 in which allophane and imogolite are around 2.7–2.8 g cm− 3 

(Wada and Wada, 1977) and iron minerals can be 3.8–5.3 g cm− 3 

(Cornell and Schwertmann, 2006). On the other hand, the density of soil 
OM is much lower, typically 1.3–1.6 g cm− 3 (Kaiser and Guggenberger, 
2007; Mayer et al., 2004). Both individual minerals and organo-Al 
complexes play important roles in soil P sorption (e.g., Hashimoto 
et al., 2012), attesting to the advantage of density fractionation 
approach to study processes of soil P accumulation and distribution. The 
use of density fractionation method together with elemental analysis 
and P speciation contributes to elucidating the mechanisms and pro
cesses of P accumulation in soils. 

Little has been reported on soil P using density fractionation tech
niques (Pierzynski et al., 1990; Six et al., 2001). Pierzynski et al. (1990) 
separated soil’s clay fractions into < 2.2, 2.2–2.5, and > 2.5 g cm− 3 and 
found that total P distributed more in the < 2.2 g cm− 3 fraction than in 
the other fractions. Six et al. (2001) using 1H and 31P nuclear magnetic 
resonance (NMR) showed that aliphatic hydrocarbons and phospho
monoesters were major species in the density fraction between 2.0 and 
2.2 g cm− 3 of fine-silt particles (2–20 μm). In comparison, the density 
fractionation approach has been frequently used to characterize soil OM 
(Sollins et al., 2009, 2006). From low- to high-density fractions, a wide 
range of soils have shown a progressive decline in total C and N, C/N 
ratio, and lignin contents and concurrent increases in the degree of 
microbial processing of OM (enrichment in δ13C and δ15N) and in 14C- 
based stability of OM (Baisden et al., 2002; Crow et al., 2015; Jones and 
Singh, 2014; Sollins et al., 2009, 2006; Wagai et al., 2018). Biogeo
chemical reactions of C and N are closely associated with P in soils (Hou 
et al., 2012; Mori et al., 2017; Wang et al., 2010). Thus, characterization 
of soil P along soil particle density gradients would be a promising 
approach to better understand soil P cycling. 

This study aimed to examine the distribution and chemical species of 
P and its association with the metals (Al and Fe) extracted by pyro
phosphate and acid oxalate solutions across five density fractions 
separated from allophanic and non-allophanic Andisols. To achieve this, 
we used sequential P extraction, P K-edge X-ray absorption near-edge 
structure (XANES) spectroscopy, and solution 31P NMR spectroscopy 
for the density fractions relatively high in P concentrations. Short-range- 
order Al/Fe phases and organo-Al/Fe complexes were considered to be 
important for P sorption in allophanic and non-allophanic Andisols, 
respectively (Gunjigake and Wada, 1981; Hashimoto et al., 2012; Hir
adate and Uchida, 2004). We thus expected that the contrasting 
mineralogy and soil colloids between the allophanic and non-allophanic 
Andisols would allow us to identify the role of specific metal phases for 
the distribution and accumulation of soil P species along the density 
gradients. 

2. Material and method 

2.1. Soil characterization 

An allophanic Andisol sample (hereafter Tsukuba soil) was collected 
from the experimental field at Institute for Agro-Environmental Sci
ences, NARO in Tsukuba, Japan (36◦01′N, 140◦07′E, 21 m above sea 
level). The field has been cultivated with soybean/winter-wheat rota
tion under conventional tillage since the year 1983. The allophanic 
Andisols was classified as Hydric Hapludand (Soil Taxonomy) and 
Hydric-Silic Andosol (World Reference Base for Soil Resources). The soil 
was sampled from the entire plow layer (0–20 cm). A non-allophanic 
Andisol sample (hereafter Kawatabi soil) was collected from Kawatabi 
Field Science at Tohoku University, Japan (38◦44′N, 140◦45′E, 190 m 
above mean sea level). The soil was sampled in the Ap horizon (0–16 
cm) after harvest of potato and classified as Alic Hapludand (Soil Tax
onomy) and Melanic Aluandic Andosol (World Reference Base for Soil 
Resources). These soils are representative of allophanic and non- 
allophanic Andisols in Japan and well-characterized from physical, 
chemical, and agronomic standpoints (Asano and Wagai, 2014; Saigusa 
et al., 1994; Shoji and Fujiwara, 1984; Wagai et al., 2013). Further in
formation on the sampling site of allophanic and non-allophanic Andi
sols was described in detail by Wagai et al. (2018) and Ito and Saigusa 
(1996), respectively. The allophanic Andisols sample used in this study 
was the same as reported by Asano and Wagai (2014). The collected soils 
were air-dried and then passed through a 2 mm sieve. The basic soil 
chemical and mineralogical properties of the soils were determined by 
the standard procedures (Sparks et al., 1996) and summarized in Ta
bles 1 and S1. These analyses were performed in duplicate. 

2.2. Density fractionation 

We applied a sequential density fractionation method to the soils 
following the procedure of Wagai et al. (2018). Sodium polytungstate 
(hereafter SPT solution, SPT-O grade, Sometu, Germany) was dissolved 
in deionized water to adjust the solution density to 1.6, 1.8, 2.0, 2.25, 
and 2.5 g cm− 3. Ten (10) grams of the soil sample was weighed in a 50 
mL polypropylene tube and 35 mL of 1.6 g cm− 3 SPT solution was 
transferred to the tube. After the mixture of soil and SPT solution was 
shaken for 1 h at 120 rpm on a reciprocal shaker, the tube was centri
fuged with 3500 rpm for 20 min, and the material floating was collected 
on a 0.45 μm membrane filter (< 1.6 g cm− 3 fraction). These steps were 
repeated three times to collect all materials in the target density fraction. 
The soil materials from < 1.6 g cm− 3 fraction were rinsed with deionized 
water until the salt concentration reached < 50 mS cm− 1. Due to its 
insufficient recovery, this fraction (< 1.6 g cm− 3) was not included in 
this study. The residual soil materials after collecting < 1.6 g cm− 3 

fraction were mixed with 35 mL of 1.8 g cm− 3 SPT solution, shaken and 
centrifuged using the same conditions as above. Floating materials 
(1.6–1.8 g cm− 3 fraction, denoted as F1) were collected in the 250 mL 
centrifuge bottle and rinsed with deionized water until the salt con
centration reached < 50 mS cm− 1. Using the same procedure to separate 
the 1.6–1.8 g cm− 3 fraction, the remaining materials were fractionated 
to the density class of 1.8–2.0 (F2), 2.0–2.25 (F3), 2.25–2.5 (F4), and >
2.5 (F5) g cm− 3 using the SPT solutions with 2.0, 2.25, and 2.5 g cm− 3. 
The collected materials from each density fraction were oven-dried at 
40 ◦C and stored until further analysis. 

The concentration of total P, Al, and Fe in each density fraction of 
both Andisols were obtained using the digestion method with H2O2- 
HClO-HNO3-HF solution. The digestion was performed in duplicate. The 
concentration of Al, Fe, and Si extracted by pyrophosphate (Alp, Fep, Sip) 
and acid-ammonium oxalate (Alox, Feox, Siox) in each density fraction of 
non-allophanic Andisols were sequentially obtained following the pro
cedure of Asano and Wagai (2014). Elemental concentrations in the 
digests and extracts were analyzed using atomic absorption spectrom
etry (Z-5010, HITACHI High-Technologies, Japan) and ICP-AES 
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(SPECTRO ARCOS, HITACHI High-Technologies, Japan). 

2.3. Chemical and sequential P fractionation 

Phosphorus in the bulk soils and density fractions (except for < 1.6 g 
cm− 3 fraction) were chemically extracted by referring to the methods by 
Hedley et al. (1982) and Hashimoto et al. (2014). A 0.2 g of each soil 
sample was weighed in a 50 mL polypropylene tube (n = 3). Phosphorus 
in the soil samples was extracted sequentially by 30 mL of deionized 
water (H2O), 0.5 M NaHCO3, 0.1 M NaOH, and 1.0 M HCl solutions for 
16 h on a reciprocal shaker and supernatants were collected by centri
fugation at 9000 rpm for 10 min. Supernatants were collected using a 
pipet, filtered by a 0.45 μm-membrane filter, and stored at 4 ◦C until 
chemical analyses. The concentration of molybdate-reactive P (Pi) in all 
soil extracts was determined colorimetrically by the ascorbic acid- 
phosphomolybdenum blue method using a UV spectrometer (Shi
madzu Corporation, Japan). The concentration of total P (Pt) in each 
extract was determined by the same method used for Pi after the soil 
extracts were digested with a H2SO4-persulfate solution (Martin et al., 
1999). 

2.4. XANES spectroscopy 

Phosphorus K-edge XANES measurements for the bulk soils and 
density fraction samples were conducted at Aichi Synchrotron Radiation 
Center (Aichi, Japan) using Beamline BL6N1 equipped with an InSb 
(111) monochromator at ambient temperature under a He atmosphere. 
References for P compounds and mineral adsorbed phases were also 
analyzed and summarized in SI. The XANES spectra for the samples and 
reference P compounds were collected in fluorescent yield mode. The P 
concentration was diluted to about 1% with boron nitride, if necessary. 
The monochromator was calibrated at the white-line (2481.7 eV) of 
K2SO4

′s sulfur K-edge XANES spectrum. The background and baseline of 
all spectra were corrected and normalized using the Athena software 
(Ravel and Newville, 2005), and linear combination fitting (LCF) on the 
XANES spectra of samples was performed using all possible binary 
combinations of the P reference compounds with the best residual (R) 
value (see SI, Yamamoto and Hashimoto, 2017; Yamamoto et al., 2018). 
This fitting procedure can avoid a non-unique fitting solution because 
the use of a large number of standards inappropriately improve the R 
value (Hashimoto et al., 2014). Adding the third component to the LCF 
did not improve the R value. The P standard compounds used for LCF 
were P associated with Al [P adsorbed on gibbsite and allophane, and P 
associated with Al-OM data provided in Prietzel et al. (2016)], P asso
ciated with Fe (P adsorbed on ferrihydrite and goethite, and strengite), 
and P associated with Ca (hydroxyapatite and β-tri-calcium phosphate). 
The quality of LCF results was quantified through a residual R value, and 
the top three results of binary combinations of P standards were reported 
in SI. The LCF was performed in the relative energy range between − 5 
and 20 eV. 

2.5. Solution 31P NMR spectroscopy 

Phosphorus species in the bulk soil and density fractionated soil 

samples (allophanic soil: F2, F3, and F4 groups, non-allophanic soil: F1, 
F2, and F3 groups) were analyzed using solution 31P NMR in accordance 
with the method by Turner et al. (2003). One (1.00) gram of each sample 
was weighed in a 50 mL polypropylene tube (n = 2). Phosphorus in the 
soil samples was extracted by 20 mL of 0.25 M NaOH and 0.05 M EDTA 
mixture for 4 h on a reciprocal shaker and supernatants were collected 
by centrifugation at 9000 rpm for 30 min. Supernatants were collected 
using a pipet and filtered by a 0.45 μm-membrane filter. An aliquot of 3 
mL was reserved for Pi and Po determination. The remaining superna
tants were pooled, frozen at − 80 ◦C, and lyophilized for the NMR 
analysis. The lyophilized sample was ground with a mortar and pestle, 
and 100 mg was weighed in a 5 mL tube. The sample was dissolved in 
0.9 mL of 1.0 M NaOH and 0.1 mL of D2O, and the solution was trans
ferred to a NMR tube. The sample dissolution was done within 30 min 
before starting the NMR data acquisition. Solution 31P NMR spectra 
were obtained using JEOL ECA-500 spectrometer (JEOL Ltd., Japan). 
The NMR parameters were a 45◦ pulse (6 μs), a delay time of 1 s, an 
acquisition time of 2.58 s, and 6800–22000 scans at 22 ± 1 ◦C. The NMR 
data were processed using the JEOL software, Delta 5.0.4 (JEOL Ltd., 
Japan). All NMR spectra were processed with a line broadening of 2 Hz 
and the inorganic ortho-P signal was adjusted to 6.0 ppm. Signals of 
NMR spectra were grouped into P species including orthophosphate, 
mono- and diesters, and pyrophosphate following previous studies 
(Turner et al., 2003). 

3. Results 

3.1. Characterization of bulk soils 

The basic soil properties of Tsukuba (allophanic Andisols) and 
Kawatabi (non-allophanic Andisols) soils are shown in Table 1. The pH 
(H2O) value and total P in the Tsukuba soil were similar to Kawatabi soil. 
The total C in the Tsukuba soil was about half of the Kawatabi soil, and 
the total N in the former was also lower than that in the latter. The 
concentration of oxalate extractable Al (Alox) and Fe (Feox) in the Tsu
kuba soil was > 2 folds higher than the Kawatabi soil, whereas pyro
phosphate extractable Al (Alp) and Fe (Fep) in the former was less than 
half of the latter. The extraction efficiency of organo-Al/Fe complexes by 
pyrophosphate and short-range-order Al and Fe minerals by acid- 
ammonium oxalate was estimated to be between 80% and 100% 
(Wagai et al., 2013). The Tsukuba soil was enriched with short-range- 
order Al and Fe minerals (i.e., oxalate extractable phase) (Borggaard, 
1992; Parfitt and Childs, 1988), but was scarce in organo-Al/Fe- 
complexes (i.e., pyrophosphate extractable phase) (Loveland and 
Digby, 1984; Parfitt and Childs, 1988) relative to the Kawatabi soil 
(Hashimoto et al., 2012; Shoji and Fujiwara, 1984; Wagai et al., 2013). 

3.2. Characterization of density fractions 

Fig. 1 shows the mass distribution (% w/w) of each density fraction 
to the total soil mass. The soil mass recovery (i.e., the sum of the isolated 
fractions including < 1.6 g cm− 3 fraction) was 107% for the Tsukuba soil 
and 95% for the Kawatabi soil. In the Tsukuba soil, the 2.0–2.25 g cm− 3 

fraction (F3) contained the largest proportion of mass (44%), followed 

Table 1 
Soil pH and elemental concentrations of Tsukuba (allophanic) and Kawatabi (non-allophanic) soils.  

Soil pH (H2O) Total C Total N Total P Alp Ald Alox Fep Fed Feox   

g kg− 1 

Tsukuba  6.0  47.9  4.0  2.0  5.6  25.4  45.5  1.2  71.6  22.2 
Kawatabi  6.0  90.4  5.8  2.0  16.6  16.7  19.6  6.2  19.5  9.8 

pH: determind by a soil to solution ratio of 1:2.5. 
Alp and Fep: elements extracted by pyrophosphate solution extraction. 
Ald and Fed: elements extracted by dithionite solution extraction. 
Alox and Feox: elements extracted by oxalate solution extraction. 
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by the 2.25–2.5 g cm− 3 fraction (F4, 23%) and the > 2.5 g cm− 3 fraction 
(F5, 21%). These fractions accounted for 88% of the total soil mass. In 
the Kawatabi soil, the F4 (32%) accounted for the largest proportion, 
followed by F5 (22%) and F2 (1.8–2.0 g cm− 3, 21%). 

Fig. 2 shows the concentrations of total and extracted elements in the 
density fractions of Tsukuba and Kawatabi soils. The P concentration in 
density fractions of Tsukuba soil was mainly distributed from F2 to F3 
(1.8–2.25 g cm− 3) fractions, accounting for 55% of the sum of P from F1 
to F5 (Fig. 2b). In the Kawatabi soil, F1 and F2 (< 2.0 g cm− 3) were the 
primary sinks of P, accounting for 64% across the entire density ranege 
(Fig. 2b). Accumulation of P was less pronounced in the higher-density 
fractions (F4 and F5) of Kawatabi soil than those of Tsukuba soil 
(Fig. 2b). Overall, the distribution of P along the density fraction was 
different between the Tsukuba and Kawatabi soils where P accumulation 
occurred preferentially in the lower-density fractions for Kawatabi (non- 
allophanic) than Tsukuba (allophanic). By the multiplication of total P 
in each density fraction by the weight of each density fraction, the re
covery of P with the density fractionation was found to be 91% for 
Tsukuba and 93% for Kawatabi. Therefore, the high P recovery indi
cated that the SPT solution used for the density fractionation of soils did 
not significantly affect P loss. 

The pyrophosphate-extractable Fe and Al (Fep and Alp) concentra
tions in the Kawatabi soil also showed density-dependent trends with a 
greater concentration in the lower-density fractions (F1 and F2, < 2.0 g 
cm− 3) than the higher-density fractions (Fig. 2c, e). In contrast, these 
metal concentrations in the Tsukuba soil was relatively constant at 
around 5 g kg− 1 and 3 g kg− 1 along the density gradient, respectively. 
The concentrations of Feox in F1 and F2 were similar between the 
Tsukuba and Kawatabi soils (14–22 g kg− 1), whereas Feox in the higher- 
density fractions in the Kawatabi soil (F4 and F5, > 2.25 g cm− 3) was 
notably less than those of Tsukuba soil (Fig. 2d). The concentration of 
Alox increased with density and reached a maximum level of 67 g kg− 1 at 
F3 (2.0–2.25 g cm− 3) in the Tsukuba soil; contrastingly, Alox in the 
Kawatabi soil decreased from 42 g kg− 1 to 7.0 g kg− 1 with increasing 
density from F1 to F5 (Fig. 2f). The difference in the relative dominance 
of pyrophosphate and oxalate extractable metal phases between the 
Tsukuba (allophanic) and Kawatabi (non-allophanic) soils were clearly 
shown by comparing the ratio of Alp to Alox and Fep to Feox along the 
density gradient (Fig. S1). The ratios of Fep/Feox and Alp/Alox in the 
Tsukuba soil were constant around 0.3 and 0.07, respectively, whereas 
those ratios in the Kawatabi soil were remarkably higher around 0.8 in 
the lower-density fractions (1.6–2.25 g cm− 3). Regardless of density, Siox 
concentrations were consistently higher in the Tsukuba soil (4.4–29 g 
kg− 1) than the Kawatabi soil (0.8–2.1 g kg− 1) (Fig. 2h), indicating the 
abundance of allophane/imogolite type minerals in the former than the 
latter (Wagai et al., 2020). 

3.3. Sequentially extracted P 

Fig. 3 shows the concentration of molybdate-reactive P (Pi) and the 
sum of molybdate-reactive and unreactive P (Pt) in sequential extracts of 
bulk soils and density fraction samples. A large portion of Pt was 
determined in the NaOH extracts of the bulk soil of Tsukuba and 
Kawatabi (Fig. 3). Molybdate-reactive P in the bulk soil of Tsukuba and 
Kawatabi was mostly extracted by the NaOH fluid, accounting for 89% 
(1.1 g kg− 1) and 75% (0.9 g kg− 1) of the sum of Pi in sequential extracts, 
respectively. Phosphorus extracted by the NaOH fluid is considered as P 
associated with Al and Fe bearing minerals and (oxyhydr)oxides (Hedley 
et al., 1982), indicating that P in the Tsukuba and Kawatabi soils con
sisted mainly of Fe and Al-bound forms. The residual P was the second 
largest fraction in the bulk soils of Tsukuba (12%, 0.3 g kg− 1) and 
Kawatabi (17%, 0.4 g kg− 1) (Fig. 3). Phosphorus extracted by the HCl 
fluid, which is considered as apatite-like minerals, was minor in the 
Tsukuba and Kawatabi soils accounting for < 6% (< 0.2 g Pi kg− 1) of 
total P. A difference in Pt between the Tsukuba and Kawatabi soils was 
found in the NaHCO3 extract in which P in the latter (15%, 0.3 g kg− 1) 
was greater than the former (5%, 0.1 g kg− 1). Phosphorus extracted by 
the NaHCO3 fluid is considered readily soluble P (Hedley et al., 1982), 
suggesting that Kawatabi may contain more bioavailable P compared to 
Tsukuba. 

Similar to the bulk soils, Pi extracted by NaOH was the primary pool 
in all density fractions of the Tsukuba and Kawatabi soils. The NaOH-Pt 
was also the primary pool from F1 to F4 of Tsukuba soil and from F1 to 
F3 of Kawatabi soil (Fig. 3). However, the proportion of residual P to the 
total P was prominent in F5 of Tsukuba (0.4 g kg− 1, 52%) and F4 and F5 
of Kawatabi (0.6 g kg− 1, 66–83%). With increasing density from 1.6 to 
2.5 g cm− 3, the percentage of the residual P to the total P increased from 
0% to 52% in Tsukuba and from 12% to 83% in Kawatabi. The result 
indicated that the NaOH-P pool in the Tsukuba and Kawatabi soils was 
derived from the lower-density fractions (< 2.25 g cm− 3), whereas their 
residual P pools were derived from the higher-density fractions (> 2.25 
g cm− 3). The HCl-P pool in the bulk soils of Tsukuba and Kawatabi was 
distributed across the entire density range. The NaHCO3-P pool in the 
Kawatabi soil was mainly distributed from F1 to F3, but that in the 
Tsukuba soil was almost uniformly distributed across the density 
fractions. 

3.4. Phosphorus K-edge XANES spectroscopy 

Fig. 4 shows the P K-edge XANES spectra of bulk soils and selected 
density fractions for Tsukuba and Kawatabi together with the results of 
LCF with P standard spectra. All XANES spectra of bulk samples and 
density fractions for Tsukuba and Kawatabi were characterized by a 
distinct white-line peak at 2150 eV and were similar to the standard 
spectra of P associated with Al (e.g., P associated with allophane and 
gibbsite). There was no pre-edge feature around 2145 eV in all XANES 
spectra, indicating that P associated with Fe was minor in the bulk soils 
and density fractions (Hesterberg et al., 1999). In the bulk soil of 
Kawatabi, a feature indicating hydroxyapatite or P associated with Ca 
was found at the shoulder on the high-energy side of the white-line peak 
(Hashimoto et al., 2014; Yamamoto et al., 2018). The visual observation 
on the XANES spectra suggested therefore that P associated with Al were 
the primary P species in the bulk and density fractions of Tsukuba and 
Kawatabi. Because of high similarity in P K-edge XANES spectra be
tween minerals and adsorbed phases (e.g., variscite vs. P adsorbed on 
gibbsite and allophane), the LCF results were grouped and reported as P 
associated with Al (Al-P), Ca (Ca-P) and Fe (Fe-P) (Yamamoto and 
Hashimoto, 2017). Moreover, we used XANES data to determine inor
ganic phosphate species in the samples because P K-edge XANES is not 
always appropriate for organic P identification in soils (Hesterberg, 
2010; Yamamoto et al., 2018). 

The results of LCF demonstrated that the Tsukuba soil (bulk) con
tained 100% P associated with Al. The second- and third-best results of 
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LCF on the Tsukuba soil (Table S4) showed a minor contribution of Fe-P 
species (e.g., P associated with ferrihydrite, < 20%), suggesting that the 
presence of Fe-P cannot be completely ruled out, but P was mainly 
associated with Al in the Tsukuba soil. The Tsukuba density fractions 
with high P concentrations (F2, F3, and F4) were also analyzed for P K- 
edge XANES, which showed that P associated with Al was the primary 
species in the best-, second-best and third-best results of LCF (Table S4). 
In the bulk soil of Kawatabi, P associated with Al was the primary species 
(77%) and a lesser extent of P associated with Ca (23%). According to 
the second- and third-best results of LCF, P associated with Ca was 
determined as a secondary P species in the bulk soil of Kawatabi 
(Table S5). Calcium-bound P was probably derived from Ca phosphate 

fertilizer repeatedly applied in the field. The Kawatabi density fractions 
with high P concentrations (F1, F2, and F3) were also analyzed for P K- 
edge XANES and found that P associated with Al was the primary species 
in the best-, second-best and third-best results of LCF (Table S5). Phos
phate associated with Ca was very minor in F1, F2, and F3 samples of 
Kawatabi soil, although it occurred in the bulk soil. Phosphate associ
ated with Ca may be distributed in heavier fractions of Kawatabi soil 
since Ca-phosphate minerals (e.g., hydroxyapatite) generally have a 
high particle density with > 3 g cm− 3. Overall, P in the Tsukuba (allo
phanic) and Kawatabi (non-allophanic) soils and their density fractions 
was mainly associated with Al that was likely derived from gibbsite, 
allophane, and organo-Al complexes (discussed later). 
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g cm− 3. 

A. Takamoto et al.                                                                                                                                                                                                                              



Geoderma 395 (2021) 115080

6

3.5. Solution 31P NMR spectroscopy 

The results of solution 31P NMR were mainly focused on organic P 
species in the bulk soils and selected density fractions with high P 
concentrations (Fig. 5 and Table 2). The P recovery of NaOH-EDTA soil 
extracts from the bulk soils and density fraction samples used for the 
NMR measurement ranged from 27% to 71% for Tsukuba and from 45% 
to 87% for Kawatabi. The P recovery of NaOH-EDTA extracts were lower 
in the density fractions (40 ± 18%) than in the bulk soils (79 ± 11%). 
The low P recovery from NaOH-EDTA extracts of density fraction sam
ples suggests that the results from NMR should be carefully interpreted 
with an emphasis on qualitative viewpoints for organic P species. 

The proportions of inorganic orthophosphates (ortho-P) in Tsukuba 
soil (bulk, 83%) was higher than that in the Kawatabi soil (bulk, 72%) 
(Table 2). In the Tsukuba density fractions, the proportions of ortho-P 
increased from 69% to 88% with increasing density from F2 to F4 
(1.8–2.5 g cm− 3) (Table 2). A similar trend in ortho-P from F1 to F3 
(1.6–2.25 g cm− 3) was observed in the density fractions of Kawatabi 
(Table 2). The primary organic P group in the bulk soils was phospho
monoesters (P-monoesters), accounting for 13% in Tsukuba, and 28% in 
Kawatabi (Table 2). The proportions of P-monoesters in the density 
fractions decreased with increasing density in which P-monoesters 
decreased from 28% (F2) to 10% (F4) in Tsukuba and from 42% (F1) to 
35% (F3) in Kawatabi. This decreasing trend corresponded to the con
centration of organic P extracted by NaOH-EDTA (Table S6). In the 
Kawatabi bulk soil, F2 (1.8–2.0 g cm− 3) and F3 (2.0–2.25 g cm− 3), the 

signals indicative of myo-inositol hexakisphosphate (myo-IHP) were 
identified around 4.43, 4.55, 4.92, and 5.85 ppm in the P-monoester 
region of NMR spectra (Fig. 5). The signals associated with scyllo-IHP 
(4.02–4.2 ppm) were also identified in bulk, F1, F2, and F3 (1.6–2.25 g 
cm− 3) samples of Kawatabi soil (Fig. 5). Previous studies reported scyllo- 
IHP in a tundra area soil at Dovrefjell (Turner and Richardson, 2004), 
but it was less frequently found in soils relative to myo-IHP. Contrarily, 
the signals associated with myo-IHP and scyllo-IHP were not clearly 
exhibited in the bulk soil and density fractions of Tsukuba relative to 
those in Kawatabi. A signal associated with pyrophosphates (-4.3 ppm) 
were not identified in the bulk soil and density fractions of Kawatabi, 
whereas it was observed in the bulk soil and density fractions of Tsukuba 
around < 4% of the total P. Signals associated with polyphosphates 
(-3.9 ppm) and phosphodiesters (-3.0–2.5) were absent for the Tsukuba 
and Kawatabi samples. 

4. Discussion 

4.1. Distribution of P in relation to Al and Fe in density fractions 

Allophanic and non-allophanic Andisol samples used in this study 
were characterized by contrasting mineralogy in oxalate and pyro
phosphate extractable Al and Fe. The allophanic Andisols (Tsukuba) 
with high in Alox and Feox suggest that Al and Fe in the density fractions 
of Tsukuba soil were likely to be present as short-range-ordered or 
poorly-crystalline phases (Parfitt and Childs, 1988; Rennert, 2019). In 
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contrast, the non-allophanic Andisols (Kawatabi), especially in the 
lower-density fractions, were enriched with Alp and Fep, suggesting the 
abundance of organo-Al/Fe complexes (Bascomb, 1968; Takahashi and 
Dahlgren, 2016) with some inevitable inclusion of colloidal Al and Fe 
phases (Coward et al., 2018; Kaiser et al., 1996; Schuppli et al., 1983). 

The distribution of P across the density fractions was contrasting 
between allophanic (Tsukuba) and non-allophanic (Kawatabi) Andisols. 
We found that soil P in Tsukuba was most abundant in the meso-density 
fraction (F2 and F3, 1.8–2.25 g cm− 3) (Fig. 2b). The distribution pattern 
of P concentration along the density gradient (Fig. 2b) corresponded to 
that of Alox concentrations in the Tsukuba soil (Fig. 2f). The concen
tration of Alox in the Tsukuba soil positively correlated with Pi and Pt 
extracted by NaOH across the density fractions (r = 0.91–0.98; 
Table S3). Besides, the distribution of Siox closely followed that of Alox 
with an Al/Si ratio of 2–3. These results strongly suggest that short- 
range-order aluminosilicates (e.g., allophane) contributed to P 

distribution in density fractions of Tsukuba soil. In contrast, the lower- 
density fractions (F1 and F2, 1.6–2.0 g cm− 3) were the major pools of 
Pi and Pt in the Kawatabi soil (Fig. 2b). The Alp, instead of Alox, across 
the density fractions of Kawatabi soil (Fig. 2e) correlated strongly with 
NaOH extracted Pi and Pt (r > 0.97, Table S3), indicating the strong 
contribution of Alp phase to P distribution in each density fraction. The 
density of organo-Al coprecipitates experimentally synthesized is <2.0 
g cm− 3, and that of Al hydroxide is >2.0 g cm− 3, even with sorbed OM at 
maximum levels (Kaiser and Guggenberger, 2007). Furthermore, NaOH- 
Pi and -Pt in density fractions of Tsukuba and Kawatabi soils positively 
correlated with Feox (r = 0.68–0.90) and Fep (r = 0.79–0.97), but the 
NaOH-Pi and -Pt correlated more strongly with Alox (r > 0.98) and Alp (r 
> 0.94) (Table S3). These findings, therefore, suggest that a large pro
portion of P stored in < 2.0 g cm− 3 fractions of Kawatabi is likely to be 
bound to monomeric or polynuclear Al phases, some of which may be 
complexed with organic ligands. It should be noted however that 
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Fig. 5. Solution 31P NMR spectra of NaOH-EDTA extracts of bulk soils and selected density fractions for (a) Tsukuba (allophanic) and (b) Kawatabi (non-allophanic) 
soils. (a) bulk, 1.8–2.0 g cm− 3 (F2), 2.0–2.25 g cm− 3 (F3), 2.25–2.5 g cm− 3 (F4). (b) bulk, 1.6–1.8 g cm− 3 (F1), 1.8–2.0 g cm− 3 (F2), 2.0–2.25 g cm− 3 (F3). A 
magnified scale in the phosphomonoester region is shown in the boxes. 

Table 2 
Concentrations and relative percentage (in parentheses) of Pi and Po groups in NaOH-EDTA extracts of bulk and density fractions for Tsukuba (allophanic) and 
Kawatabi (non-allophanic) soils determined by solution 31P NMR spectroscopy.  

Density Pi Po 

fraction Orthophosphate Pyrophosphate Polyphosphate Monoester Diester  

g kg− 1 (%)  

Tsukuba 
F2 0.5 (69.0) 0.02 (3.1) 0 0.2 (28.0) 0 
F3 0.8 (80.4) 0.03 (2.8) 0 0.2 (16.8) 0 
F4 0.5 (87.6) 0.01 (2.0) 0 0.1 (10.4) 0 
Bulk 1.2 (83.1) 0.05 (3.8) 0 0.2 (13.1) 0  

Kawatabi 
F1 1.0 (57.2) 0 0 0.8 (42.8) 0 
F2 1.5 (66.8) 0 0 0.7 (33.2) 0 
F3 1.1 (64.6) 0 0 0.6 (35.4) 0 
Bulk 1.3 (71.7) 0 0 0.5 (28.3) 0 

Chemical shifts correspond to orthophosphate (6 ppm)pyrophosphate (-4.3 ppm), polyphosphate (-3.9 ppm), orthophosphate monoesters (6.4–7.7, 2.9–5.7 ppm), and 
orthophosphate diesters (-3–2.5 ppm). 
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evidence based on spectroscopy is necessary to conclude that either Al or 
Fe plays a primary role in P sorption and distribution in the density 
fractions of allophanic and non-allophanic Andisols (described later). 

Our results highlight the quantitative importance of residual P pool 
across density fractions of Andisols. This agrees with the fact that the 
residual pool remaining after the sequential extraction still contained a 
significant amount of P with up to 63% of total soil P (Velásquez et al., 
2016), some of which were available to plant uptake (Condron and 
Newman, 2011; Schubert et al., 2020). The combination uses of 
sequential extraction and density fractionation revealed that the per
centage of residual P to total P progressively increased with increasing 
density in which F4 and F5 fractions (> 2.25 g cm− 3) of both Andisols 
were the primary sink for the residual P (Fig. 3). The residual P reached a 
maximum level at F5 fraction (Tsukuba 52%, Kawatabi 83%). Compared 
to the rest of density fractions, F5 contained lower concentrations of 
oxalate and pyrophosphate extractable Al, Fe and Si (Fig. 2), and these 
parameters negatively correlated with residual P concentrations across 
density fractions of both Andisols (Table S3). In addition, the lower 
concentration of Alox and Feox in F4 and F5, relative to the lighter 
density fractions, suggests that soil P in the residual pool is not only 
associated with Al/Fe bearing minerals and oxides but also forms 
organo-Al/Fe complexes. The residual pool after HCl extraction con
tained occluded P with crystallized Al or Fe minerals (Gu et al., 2020; 
Smeck, 1985; Takamoto and Hashimoto, 2014), also suggesting the 
importance of crystalline Al and Fe minerals and oxides for stabilization 
of P in soils. It has been reported that residual P is distinctive of highly 
weathered soils or old soils (Turner and Laliberté, 2015; Velásquez et al., 
2016). Our results shed light on this mechanism that highly weathered 
soils are characterized by a large proportion of heavy density fractions 
(Sollins et al., 2009; Wagai et al., 2008), and therefore heavy density 
fractions serve as important sinks of soil residual P together with crys
talline Al and Fe minerals. 

4.2. Molecular-level characteristics of inorganic P 

The XANES spectroscopy revealed that P in the bulk soils and the 
density fractions of Tsukuba and Kawatabi soils was primarily associ
ated with Al rather than Fe or Ca (Fig. 4). A large number of studies on P 
in Andisols reported a significant positive correlation between extract
able P and oxalate and pyrophosphate extractable Al and Fe (Gunjigake 
and Wada, 1981; Hashimoto et al., 2012; Matsuyama, 1994; Nanzyo 
et al., 1993; Percival et al., 2000). Previous studies using wet chemical 
analyses have deduced that Al and Fe (oxy)hydroxides, allophane and 
organo-Al/Fe complexes play important roles in P sorption in various 
types of Andisols (Gunjigake and Wada, 1981; Hashimoto et al., 2012; 
Matsuyama, 1994; Nanzyo et al., 1993; Percival et al., 2000). However, 
it has long been unknown whether either Al or Fe has a primary role in P 
sorption and fractionation in Andisols. Our study using XANES spec
troscopy unambiguously determined that Al is more crucial than Fe for P 
sorption in allophanic and non-allophanic Andisols at bulk and density- 
fraction levels. While further studies with a larger number of samples are 
necessary, the nature of P accumulation revealed by the current study 
may be applicable to other Andisols for two reasons. First, the two soils 
studied here are considered as typical of Japanese allophanic and non- 
allophanic Andisols (Asano and Wagai, 2014; Saigusa et al., 1994; 
Shoji and Fujiwara, 1984; Wagai et al., 2013). Second, our finding based 
on XANES spectroscopy is in good agreement with the results from the 
multivariate analysis on extraction data across 650 Andisol samples, 
demonstrating that Alox and Alp are more critical than Feox to charac
terize soil P accumulation (Hashimoto et al., 2012). 

There has been a long debate on the significance of organo-Al com
plex on P accumulation in Andisols high in OM. The concentration of 
organo-Al complexes, assumed to be soluble in a sodium-pyrophosphate 
reagent (Nanzyo et al., 1993; Percival et al., 2000; Takahashi and 
Dahlgren, 2016), strongly correlated with P sorption capacity particu
larly in non-allophanic Andisols (Gunjigake and Wada, 1981; Hashimoto 

et al., 2012). Increased P sorption in organic-rich soils is often attributed 
to the formation of organo-Al complexes that may provide positively- 
charged reactive sites for P sorption (Giesler et al., 2005). A presumed 
mechanism of P binding in OM-rich soil or fraction is the formation of 
ternary complexes with Al (or Fe) where a bridging metal is centered 
between P and organic functional groups (Gerke, 2010; Hesterberg, 
2010). Previous studies using P K-edge XANES spectroscopy identified P 
associated with organo-Al in Cambisol samples (Giguet-Covex et al., 
2013; Werner et al., 2017). Our results demonstrated that the XANES 
standard spectra of P associated with organo-Al complexes differed in 
fine structure from those of P associated with gibbsite and allophane 
(Fig. S2). Such differences in P-XANES spectra yielded P associated with 
organo-Al as a primary or secondary component of P species in Tsukuba 
and Kawatabi soils (Tables S4, S5). A striking feature of Kawatabi soil 
was that P associated with organo-Al complex was consistently identi
fied as the primary component (> 62% of total P) in the best-, and 
second-best results of LCF in density fraction samples (Table S5). The 
proportion of P associated with organo-Al complex reached 76% in the 
lowest-density fraction of Kawatabi (F1, 1.6–1.8 g cm− 3) in which the 
highest P concentration was found across density fractions (Table S5). 
These findings highlight the probable presence of P associated with 
organo-Al complexes that have been conceptually presumed and 
considered to be critical components in the high P accumulation of 
Andisols. Further studies are needed, however, to clarify the entire 
picture of P associated with organo-Al complexes with complementary 
use of spectroscopic and wet chemical analyses. 

4.3. Organic phosphates in bulk soils and density fractions 

Phosphomonoester was most predominant in the low-density frac
tion of Tsukuba (F2, 28%) and Kawatabi (F1, 43%) and was illustrated 
by the broad signals of their 31P NMR spectra between 7.0 and 3.5 ppm 
(Fig. 5 and Table 2). The occurrence of the broad resonance in the 
phosphomonoester region of NMR is associated with i) the presence of 
multiple organic P species (Doolette et al., 2011), ii) concentrated 
paramagnetic metal ions in soil extracts (Cade-Menun and Liu, 2014), 
and iii) the presence of P bound to phosphomonoester linking with 
polymeric materials (McLaren et al., 2015). The P species consisting of 
the broad resonance in the phosphomonoester region are conceptualized 
as humic-P (Doolette et al., 2011) or organic P compounds with supra-/ 
macro-molecular structures (McLaren et al., 2015), although their mo
lecular structures remain unknown. McLaren et al. (2015) pointed out 
that phosphomonoesters with supra-/macro-molecular structures were 
the major soil organic P in various soils, and therefore suggested their 
significance for the elucidation of P cycles in terrestrial ecosystems. We 
found the preferential accumulation of these soil phosphomonoesters in 
the lower-density fractions where soil OM is less microbially altered and 
the mean residence time of C is much shorter compared to higher- 
density fractions (Sollins et al., 2009, 2006; Wagai et al., 2018). These 
results suggest the potential significance of relatively fresh, plant- 
derived OM in organic P accumulation and the importance of inter
preting soil P dynamics in relation to C and N. 

Myo-IHP and scyllo-IHP, which are categorized in the phosphomo
noester group, were identified in the bulk soil and density fractions of 
Kawatabi soil. The result of 31P NMR illustrated a remarkable accumu
lation of myo-IHP and scyllo-IHP in the meso-density fraction (F3, 
2.0–2.25 g cm− 3) relative to the lower-density fractions of Kawatabi. It 
has been known that IHP or phytic acid is strongly adsorbed to the 
surfaces of iron oxides (De Groot and Golterman, 1993), and non- 
crystalline Al or Fe precipitates (Shang et al., 1992). Borie et al. 
(1989) reported that significant amounts of IHP are associated with 
humic and fulvic acid fractions. IHP has been recognized as a stable 
organic P form with low biodegradability (Giaveno et al., 2010; Martin 
et al., 2004). Giaveno et al. (2010) reported that IHP associated with Fe 
and Al minerals retarded biological degradation due to the limited ac
tivity of phosphomonoesterases. More recently, Wagai et al. (2020) 
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showed that meso-density fractions (1.8–2.4 g cm− 3) were characterized 
by microaggregates that were held together by OM and reactive Fe and 
Al phases across soils including non-allophanic Andisols. Our results, 
therefore, suggest the preferential accumulation of IHP in the meso- 
density fraction of Kawatabi soil may be attributable to the protective 
role of extractable Al and Fe phases in chemical or physical means. 

5. Concluding remarks 

We investigated the density distribution and molecular character
ization of P in the bulk soil and density fractions for one allophanic and 
one non-allophanic Andisols. Dominant portions of P were found in the 
meso-density fraction (F2 and F3, 1.8–2.25 g cm− 3) for the allophanic 
Andisol and low-density fractions (F1 and F2, 1.6–2.0 g cm− 3) for the 
non-allophanic Andisol. The trend of P distribution along the density 
gradient corresponded to Alox and Feox for the allophanic Andisol 
(Tsukuba) and to Alp for the non-allophanic Andisol (Kawatabi). The 
XANES spectroscopy further revealed that P in both Andisols was asso
ciated mainly with Al phases (e.g., gibbsite and allophane) but the non- 
allophanic Andisols appeared to show phosphate-Al-OM linkages. 
Phosphomonoesters were the major group of organic P in both Andisols 
and increased their abundance with decreasing particle density. We also 
found a clear localization of myo-IHP and scyllo-IHP in the meso-density 
fraction of Kawatabi soil. Overall, low to meso-density fractions between 
1.6 and 2.25 g cm− 3 were the main P reservoirs in the allophanic and 
non-allophanic Andisoils used in this study. Using 23 soil samples from 
various pedons, Wagai et al. (2020) revealed that meso-density fractions 
were the primary sink of oxalate and pyrophosphate extractable Al and 
Fe. Besides Andisols, it is therefore suggested that the meso-density 
fractions of soils play a central role in accumulation of P in the other 
pedons, and the mechanisms involved in P dynamics and fractionation 
in soils may be revealed with a strong focus on the meso-density range. 

The novel combination of density fractionation, chemical extraction, 
and spectroscopy-based molecular-level characterization of P used here 
revealed new mechanistic insights on P forms in Andisols and possibly in 
other soils. The results suggest new evidence of the ternary association 
of P (i.e., phosphate-Al-OM linkages) in Andisols based on the combi
nation of selective metal extraction and XANES spectroscopy. The 
preferential stabilization of myo-IHP and scyllo-IHP in the meso-density 
fraction has not been reported previously. Whether these reactions are 
unique to non-allophanic Andisols or present in other systems rich in OM 
and reactive Al phases (e.g., spodic horizons, rhizosphere, sediments in 
water treatment plants) needs to be substantiated. We also found more 
significant roles of Al phases on soil P sorption and fractionation relative 
to Fe phases, whereas it remains unclear which soil chemical and 
pedogenic factors control the relative importance of Al over Fe on P 
sorption in allophanic and non-allophanic Andisols. Our Andisols also 
showed major storage of C (Fig. 2a) and N (data not shown) in the low- 
to meso-density fractions that occurred in concert with high P accumu
lation (Fig. 2b), highlighting the prominent role of the lower-density 
fractions in the cycling of C, N and P. The current approach revealed 
new insights on metal (esp. Al) controls on P and C-N-P interactions and 
therefore would be a promising approach for better understanding of 
biogeochemical cycling of P. 
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