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A B S T R A C T

Phosphorus (P) bioavailability is crucial for the productivity of natural and agricultural ecosystems, and soil P 
speciation plays a major role therein. Better understanding of P forms present in soil is thus essential to predict 
bioavailability. However, P speciation studies are only as powerful as the reference spectra used to interpret 
them, and most studies rely on a limited set of reference spectra. Most studies on soil P forms differentiate be
tween Ca-bound P (e.g. apatite), organic P, Fe-bound P, and Al-bound P. In our analysis of a Ca, Al, and P rich soil 
from the Kohala region of Hawaii, we identified the mineral crandallite, CaAl3(PO4)2(OH)5⋅H2O, a mineral 
previously not considered to play a significant role in soils. Crandallite was first identified with powder X-ray 
diffraction. Subsequently reference spectra were collected, and the presence of crandallite was confirmed using 
micro-focused P K-edge X-ray absorption near edge structure (XANES) spectroscopy, micro-infrared spectros
copy, and solid-state 31P nuclear magnetic resonance (NMR) spectroscopy. Crandallite XANES spectra were 
distinct from other common XANES spectra due to the presence of features in the post-edge region of the 
spectrum. Linear combination fitting of bulk P K-edge XANES spectra allowed the determination of the pro
portion of crandallite to the total P content, indicating that crandallite comprises up to half, possibly even more 
of the soil P in the samples. Crandallite is therefore an important and potentially overlooked component of soil P, 
which pedogenically forms in soils with high P, Al, and Ca contents, where it could play an important role in P 
bioavailability.

1. Introduction

Phosphorus (P) is an essential plant nutrient, and as such its 
bioavailability directly affects ecosystem functions relevant for crop 
yields, water quality, and carbon sequestration (Helfenstein et al., 
2024). Soil phosphorus undergoes numerous transformations that 
impact its bioavailability, including dissolution/precipitation, adsorp
tion/desorption, biological uptake, and mineralization of organic P 
(Frossard et al., 2000; Helfenstein et al., 2024). The magnitude of these 

fluxes between geochemical and organic pools depends largely on the P 
forms present in the soil.

Phosphorus forms in soils are commonly classified into organic P, 
calcium-bound P (Ca-P), iron-bound P (Fe-P), and aluminum-bound P 
(Al-P). Walker and Syers (1976) described a pedogenic trend in which 
the dominant P forms shift from apatite (Ca-P) in young soils to organic 
P and Fe- or Al-associated P—either adsorbed or occluded—in highly 
weathered soils. Although it has been recognized since at least the 1980s 
that soils and sediments contain a wide array of specific P species 
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(Nriagu, 1984), the majority of studies continue to broadly categorize 
soil P into apatite, organic P, Fe-bound P, and Al-bound P. For instance, 
the widely used Hedley sequential fractionation method (Hedley et al., 
1982) is still commonly interpreted such that NaOH-extractable P rep
resents Fe- and Al-associated forms, and HCl-extractable P corresponds 
to apatite and other Ca-associated forms, despite increasing criticism of 
these assumptions (Gu and Margenot, 2021; Klotzbücher et al., 2019). 
Likewise, synchrotron-based P speciation techniques frequently group 
inorganic soil P into Ca-, Al-, and Fe-associated forms (Eriksson et al., 
2016; Koch et al., 2018; Prietzel et al., 2013).

Our previous analysis of soils from the Kohala climosequence in 
Hawaii, X-ray diffraction (XRD) revealed the presence of crandallite, a 
Ca-Al-phosphate with the chemical formula CaAl3(PO4)2(OH)5⋅H2O, in 
several soils (Vogel et al., 2021). Crandallite is not commonly consid
ered a relevant soil P species, and this finding challenged the paradigm 
that inorganic soil P can be split into Ca, Al or Fe associated P, since P in 
crandallite is associated with both Ca and Al. While crandallite has been 
documented in environmental samples using earlier methods such as 
XRD and 31P solid-state nuclear magnetic resonance (NMR) spectros
copy (Adams et al., 1973; Bleam et al., 1989; Frossard et al., 1995; 
Young et al., 2019), these methods are not frequently used to study P 
speciation in soils due to relatively low detection and quantification 
limits and poor spectral resolution (Kruse et al., 2015). Still, crandallite 
has been detected in soils developed on coral atolls (Borggaard et al., 
2012; Fieldes et al., 1960) and in places receiving long-term (centuries 
to millennia) application of animal bones, wastes, and plant residues 
(Costa et al., 2004; Frost et al., 2011; Goldberg and Nathan, 1975). In
vestigators such as Garrett et al. (2010) and Batista et al. (2017) inferred 
the presence of crandallite in soil samples based on visual examination 
with scanning electron microscopy, along with elemental ratios from 
energy dispersive spectroscopy (SEM-EDS). Newer, more sensitive 
techniques such as infrared (IR) or X-ray absorption near-edge structure 
(XANES) spectroscopy have not reported crandallite, likely because no 
reference spectra have been available (Prietzel et al., 2016; Vogel et al., 
2016). Though XRD and 31P solid-state NMR spectroscopy can be used to 
identify the presence of crandallite in soils with exceptionally high 
crandallite content, the availability of reference spectra for micro- 
spectroscopic techniques would open the door to identification of 
crandallite in other soils.

The objectives of the present work were to 1) measure reference 
spectra for crandallite for multiple P speciation methods, 2) apply 
additional P speciation techniques in order to consolidate whether the 
presence of crandallite could be confirmed in the Hawaiian samples, and 
3) to quantify the contribution of crandallite to soil P. We selected three 
methods to complement the X-ray diffraction: P K-edge XANES spec
troscopy, micro-Fourier transform infrared spectroscopy (micro-FT-IR) 
spectroscopy, and solid state 31P NMR. Our hypotheses were that 
measuring reference spectra of crandallite with these methods would 
allow identification of crandallite in the soil samples, supporting the 
results reported in Vogel et al. (2021). Furthermore, we hypothesized 
that crandallite constitutes a major soil P form in these tropical soils 
developed on alkalic basalt. In the discussion we discuss agronomic and 
environmental implications of crandallite.

2. Materials and methods

2.1. Crandallite acquisition, sampling, and characterization

A mixed mineral of crandallite, variscite, and wardite was acquired 
from a commercial source. The specimen was from the Little Green 
Monster claim in Clay Canyon, Fairfield, Utah, United States of America. 
The mixed specimen was composed of relatively large portions of each 
mineral, whereby the crandallite minerals had the characteristic light 
yellow color (Nriagu, 1984), surrounding the green variscite. Our ana
lyses also found apatite and quartz in the specimen, which were not 
mentioned in the commercial description likely because they were 

minor components. As the bulk sample was a heterogeneous assemblage 
of different minerals, a small portion that appeared rich in thin layers of 
yellow crandallite was broken off the bulk sample and subsampled to 
obtain a powdered sample of comparatively homogeneous (but not 
pure) crandallite. Pieces of light yellow crandallite of this specimen were 
separated by visual assessment, followed by careful hand-picking of 
crandallite fragments. Larger fragments were used for micro-focused X- 
ray analysis. A small quantity (~30 mg) of crandallite was selected and 
powdered for XRD, FT-IR spectroscopy, and bulk P K-edge XANES 
spectroscopic analyses.

2.2. Soil sampling

Samples of A and B horizons were taken from two soils on 150,000 
years Hawi lava flows on Kohala Volcano, Hawaii. The soils were 
sampled as part of a larger study designed to understand the influence of 
climate on the sources and transformations of P in volcanic soils 
(Helfenstein et al., 2018; Vogel et al., 2021). Here Site 1 is the same as 
Site 4 and Site 2 is the same as Site 3 in those previous papers. The two 
sites straddle the udic – ustic moisture regime transition with Site 1 
receiving 1578 mm of mean annual precipitation (MAP) and Site 2 
receiving 1340 mm of MAP (Giambelluca et al., 2013). Each site is 
subject to wet – dry cycles annually (Hsieh et al., 1998). Site 1 was 
sampled in the Palapalai Soil Series (Hydrous, ferrihydritic, isothermic 
Eutric Hydrudands) and Site 2 was sampled in the Waimea Soil Series 
(Medial, amorphic, isothermic Humic Haplustands). The A horizon 
sampling depths were 30 (Ap1 and Ap2 horizons combined) for Site 1 
and 15 cm (A1 and A2 horizons combined) for Site 2 with the thicker A 
horizons in the Palapalai soil reflecting more positive water balance 
(MAP-Potential Evapotranspiration; Table S1) compared with the drier 
Waimea soil. The B horizon sampling depths were 30–50 cm and 15–40 
cm, for Sites 1 and 2 respectively. Further details on sampling protocols 
can be found in Helfenstein et al. (2018). The soils are strongly weath
ered, but retain a substantial supply of nutrients (non-hydrolyzing cat
ions and phosphorus) (Bullen and Chadwick, 2016; Chadwick et al., 
2007; Vitousek and Chadwick, 2013) and lie in the kinetically-limited 
soil process domain as described by Chadwick et al. (2022). Hawi lava 
flows have alkalic chemistry with relatively high levels of total P which 
is inherited by the soil profiles (Bullen and Chadwick, 2016; Spengler 
and Garcia, 1988). Site and soil chemical data are summarized in 
Table S1 and S2. Crandallite was first identified in these soils using XRD 
(Vogel et al., 2021). Here we conduct a detailed analysis of Crandallite 
in the < 2-mm fraction of the sampled horizons using XRD, micro- 
focused FT-IR spectroscopy, bulk XANES, micro-focused XRF in combi
nation with micro-XANES and solid-state 31P NMR spectroscopy. P 
cycling in these soils has been described in previous studies (Helfenstein 
et al., 2021; Helfenstein et al., 2018; Siegenthaler et al., 2020; Vogel 
et al., 2021). In brief, both chemical extraction and isotope exchange 
kinetic experiments confirmed that these soils have extremely high 
amounts of available P due to high total P levels from the basaltic parent 
material, and most P is in adsorbed forms with varying turnover rates 
(Helfenstein et al., 2018). The high P values are explained by a combi
nation of high inputs and low P losses. The main input is from rock 
weathering, and these nutrients accumulate in the topsoil through the 
process of biological uplift, with dust input playing a secondary role 
(Vitousek and Chadwick, 2013). Losses are minimal at this site because 
constant soil cover limits erosion and high sorption capacity and only 
moderate levels of rainfall limit P leaching (Helfenstein et al., 2018).

2.3. Powder X-ray diffraction and Rietveld analysis

X-ray diffractograms from the Little Green Monster crandallite 
powder were collected using a Rigaku MiniFlex 600 in transmission 
geometry, using a Cu Kα X-ray source and a D/teX 0D strip detector. For 
the Kohala soils, XRD patterns were collected using a Bruker D8 Advance 
diffractometer using Cu Kα1,2 radiation and a high-resolution energy- 
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dispersive 1D detector (Bruker AXS GmbH, Karlsruhe, Germany). The 
data were collected in Bragg-Brentano geometry from 4◦ to 70◦ 2θ with 
0.02◦ 2θ steps and 10 sec acquisition time per step. For the determina
tion of “amorphous” matter contents, X-ray diffractograms were also 
collected after mixing powdered samples with 33% w/w crystalline 
corundum powder (Al2O3) as an internal standard. The diffractograms 
were analyzed with Rietveld quantitative-phase analysis using TOPAS 
Version 5 (Bruker DIFFRAC.SUITE). While XRD was already applied to 
the soil samples in the Vogel et al. (2021) study, these results are pre
sented in more detail here, together with diffractograms and spectra of 
the reference crandallite sample.

2.4. Micro-focused FT-IR spectroscopy

Synchrotron IR chemical mapping was performed with a Thermo 
Continuµm IR microscope coupled to a Thermo Nicolet Nexus 870 
spectrometer at the IRIS beamline of the synchrotron BESSYII, Berlin, 
Germany (Energie, 2016). The soil samples were mapped in trans
mission mode after compression between two diamond windows (Vogel 
et al., 2013). An aperture of 10 × 10 μm2 and a step size of 10 µm were 
used for mapping (spectral resolution 8 cm− 1; 128 scans were co-added 
per spectrum).

2.5. Bulk X-ray absorption near edge structure (XANES) analysis

In order to obtain X-ray spectroscopic estimates of P speciation, bulk 
P K-edge XANES spectra of crandallite and soils were collected on 
Beamline 14–3 at the Stanford Synchrotron Radiation Lightsource 
(SSRL) at SLAC National Accelerator Laboratory in Menlo Park, Cali
fornia. Crandallite was diluted 20:1 with confectioner’s sugar prior to 
analysis, and all samples were ground and homogenized by hand using 
an agate mortar and pestle. A small quantity of powder from each finely 
ground, homogenized sample was painted on ultra-low impurity carbon 
tape (Ted Pella, Inc.) using a synthetic-bristle paintbrush to avoid P 
contamination. Incident beam energy was selected using a Si(111) 
double crystal monochromator in the phi = 90◦ position, and the beam 
path was continuously purged with helium. Energy calibration was 
achieved by setting the top of the primary K-edge peak of the lazulite 
XANES spectrum to 2153.5 eV.

After data collection, multiple spectra were averaged using the Six
Pack software package (Webb, 2005). Data normalization and analysis 
of the bulk P K-edge XANES spectra were conducted using Athena (Ravel 
and Newville, 2005). Linear combination fitting of the normalized P K- 
edge XANES spectra was performed to quantify P speciation in the 
materials. Standard spectra used for linear combination fitting included 
crandallite (collected in this study), and an Al oxide-humic P complex 
(Giguet-Covex et al., 2013). P K-edge XANES fits used the least number 
of reference spectra required to describe the data (usually 1–2 reference 
spectra), and reference spectra that did not significantly contribute to 
the fits were not included in the final analysis.

2.6. Micro-focused X-ray fluorescence and micro-XANES analysis

Micro-focused X-ray fluorescence mapping (micro-XRF) and micro- 
focused P K-edge XANES (micro-XANES) were also carried out at SSRL 
Beamline 14–3. Sample preparation, data collection, and data analysis 
for micro-XRF and P micro-XANES were similar to the procedures 
described in Massey (2019). Samples were encased in optical epoxy 
(Epotek 301-2FL), cut to expose soil grains, and lightly polished prior to 
analysis. Micro-XRF maps were analyzed using the SMAK software 
package, and micro-XANES spectra were analyzed in a manner similar to 
the bulk XANES analysis, described above.

2.7. Solid state MAS 31P NMR spectroscopy

Solid-state 31P DPMAS-NMR spectra of Site 1A and additionally of 

the A horizons of a arid (275 mm rainfall) and a humid site (3123 mm 
rainfall) from the Kohala site were recorded on a Bruker AvanceIIIHD 
500 spectrometer equipped with a 11.75 Tesla Magnet and operating at 
a 31P Larmor frequency of 202.5 MHz. The samples were measured 
using a Magic Angle Spinning Double Resonance Probehead and were 
packed in 2.5 mm o.d. rotors. The rate of rotation was 24 kHz. The 31P 
chemical shift scale is referenced to H3PO4 (85%) using the 31P signal of 
(NH4)H2PO4 at 2.5 ppm as a secondary reference. Spectra were acquired 
with a pulse width of 1.4 µ s (corresponding to a pulse flip angle of 45◦), 
an acquisition time of 0.00328 s, a spectral width of 1543 ppm, a recycle 
delay of 0.7 s and 16,384 scans. The P species observed in the spectra 
were derived from the isotropic chemical shift values provided by Young 
et al. (2019) for reference minerals.

3. Results

3.1. XRD analysis of crandallite and Kohala soil

Rietveld analysis of XRD patterns revealed that the powdered sample 
of the yellow crandallite part of the Little Green Monster that was used 
to obtain the bulk P K-edge XANES and FT-IR reference spectra con
tained ~ 78% crandallite and ~ 22% quartz, with the possibility of 
additional minor trace constituents. Rietveld analysis of XRD patterns 
from the Kohala soils also found crandallite in the A and B horizon, in 
addition to major minerals such as quartz (see also Vogel et al. (2021)). 
XRD patterns and Rietveld fits are depicted in Fig. 1.

3.2. Micro-focused FT-IR spectroscopic investigation of Kohala soil

Two out of 736 micro-FT-IR spectra from the A horizon of site 2 soil 
showed absorption bands that are very similar to that of the Little Green 
Monster crandallite reference (Fig. 2). The intense bands at 1034 cm− 1 

(arrow 1) and 1099 cm− 1 (arrow 2) are assigned to the symmetric 
stretching modes of the PO4

3- units (Breitinger et al., 2006; Frost et al., 
2011). The IR bands at 1066, 1109, 1140 and 1182 cm− 1 are assigned to 
the antisymmetric stretching modes of the PO4

3- and HPO4
2− units (Frost 

et al., 2011; Grey et al., 2011). Moreover, there are several other spectra 
that are close to crandallite but have a slightly shifted bands that are 
probably mixed mineral with other Al-phosphates. Furthermore, for 
aluminum phosphates the τ(P–O) and v(O3P–O) bands between 
900–700 cm− 1 are characteristic for their mineral form and can also 
distinguish between the berlinite, phosphotridymite and cristobalite 
forms (Farmer, 1974). For our sample these IR bands are at 780 and 802 
cm− 1 (arrow 3), which comes very close to our reference (779 and 799 
cm− 1). However, in the literature there is not a clear assignment for 
these bands (Breitinger et al., 2006; Frost et al., 2011).

3.3. Phosphorus K-edge XANES and micro-XRF map of Little Green 
Monster crandallite

Micro-XRF mapping (Fig. 3, top) and P K-edge micro-XANES (Fig. 3, 
bottom) of the Little Green Monster reference specimen revealed a 
dominant P form with a previously undescribed spectra, which we 
assumed to be crandallite, as well as some mineralogical heterogeneity. 
The micro-XANES spectrum of wardite was similar to previously pub
lished spectra (Ingall et al., 2011).

The bulk and micro-focused P K-edge XANES spectra of crandallite 
(Fig. 3 bottom) had a relatively narrow whiteline at ~ 2153.3 eV, with a 
peak position and shape similar to that of P adsorbed to Al oxides. The 
primary peak lacked the characteristic “shoulder” feature associated 
with XANES spectra from other Ca-phosphates, and also did not exhibit 
peak broadening in a manner similar to P adsorbed on calcite (Giguet- 
Covex et al., 2013). The spectrum was also distinct from other Al- 
phosphates, however, in that it exhibited a post-edge bump that 
extended to about 2162.5 eV. After the bump a unique and distinct 
“valley” (local minimum) feature occurred, centered at ~ 2165 eV. As a 

C. Vogel et al.                                                                                                                                                                                                                                    Geoderma 467 (2026) 117712 

3 



result of these post-edge features, the diffuse post-edge “mound-shaped” 
peak typically found in most P K-edge XANES spectra was considerably 
narrower and sharper in the crandallite spectra. The combination of 
these post-edge features distinguished the crandallite P K-edge XANES 
spectra from that of other Ca- and Al-phosphate species.

3.4. Phosphorus K-edge XANES and micro-XRF map of Kohala soil

Micro-XRF mapping (Fig. 4 left) and P K-edge micro-XANES (Fig. 4
right) showed considerable heterogeneity in the speciation of P in the 
Kohala soil 2A at the micro-scale. Crandallite was found at the micro
scale, as were spectra with the characteristic apatite-like post-edge 
“shoulder,” spectra with a pre-edge feature indicating Fe-associated P (e. 
g., Beauchemin et al. (2003)), and relatively featureless spectra indi
cating Al-associated P (Fig. 4, right).

Linear combination fitting of bulk P K-edge XANES spectra of both 
soils (Fig. 5a) indicated that crandallite accounts for 41–57% of total P in 
three of the four studied Kohala soils (Table 1).

The bulk spectrum from the A horizon of Site 1 could be fit with only 
one component, an Al-humic P complex, but the fit of the spectrum from 

the B horizon of Site 1 suggested ~ 43% of total P was crandallite. Visual 
inspection of the spectrum and fit (Fig. 5a) left open the possibility that 
the crandallite contribution to the spectrum was over-estimated, due to 
the absence of the characteristic post-edge “shelf” and “valley” features. 
However, the broad post-edge “mound” feature is perhaps slightly 
sharper in the B horizon spectrum from Site 1. Note that the total un
certainty in the fits is approximately ± 15%, as discussed extensively 
elsewhere (e.g., Massey et al. (2018), Massey (2019)).

The linear combination fits of spectra from Site 2 were considerably 
less ambiguous: crandallite was ~ 57% of total P in the A horizon of Site 
2, and ~ 41% of total P in the B horizon of the same site. The post-edge 
features were associated with crandallite and clearly visible in both bulk 
spectra from Site 2, suggesting that crandallite did indeed contribute 
significantly to the bulk spectrum of this soil. For comparison, other 
common spectra such as apatite P, Al- and Fe-associated adsorbed P, and 
organic matter P are shown in Fig. 5b, and generally bear little resem
blance to the bulk spectra from these Kohala soils. Despite the micro- 
scale heterogeneity depicted in Fig. 4, crandallite appeared to be a 
major portion of soil P, at least at Site 2, and potentially in the B horizon 
of Site 1.

Fig. 1. X-ray diffractograms and simplified, partial Rietveld fitting results from a) the yellow crandallite part of the Little Green Monster (78% crandallite, 22% 
quartz), and b) the Kohala 2A soil. Data are shown as dots, while fits are shown as lines (blue = quartz, purple = crandallite, bright red = hematite, dark red =
halloysite, brown = anorthoclase), and the fit residual is shown underneath each diffraction pattern.
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3.5. Solid-state 31P NMR spectroscopy

Fig. 6 shows the solid-state 31P NMR spectra of the sub-humid Site 1A 
as well as the arid and humid sites of the Hawi flow, respectively. The 
position of the major 31P NMR signal of sample 1A (Fig. 6 top) refers to 
crandallite (see arrow 2 at approx. − 5.2 ppm; (Bleam et al., 1989)), but 
the sample also contains some apatite, as seen by the small peak at 
approx. 4 ppm (arrow 1). The apatite signal of site 1A is also in agree
ment to the apatite signal of the arid site of the Kohala climosequence 
(Fig. 6 middle), where apatite is the dominant soil P species (Helfenstein 
et al., 2018). The shoulder located at the right of the main apatite peak 
in this arid site also suggests the presence of crandallite as a secondary P 
mineral. The humid site (Fig. 6 bottom) on the other hand shows only 
minimal or no apatite signal, but a broad signal which mostly is a 
combination of crandallite (arrow 2) and wavellite (arrow 3; − 11.2 
ppm). The width of the mean peak at half height might also suggest 
differences in P mineral crystallinity with apatite at the drier site having 
a high level of crystallinity, while the P forms found in the other sites 
being less well organized.

4. Discussion

Collection of reference spectra for crandallite and application of four 
spectroscopic techniques confirmed the presence of crandallite in the 
soil samples from the Hawi lava flow on the Kohala climatic gradient on 
Hawaii. Furthermore, crandallite was determined to be a dominant soil 
P form in three out of four of the samples, constituting around half of 
total soil P. Below, we discuss the environmental and agronomic im
plications, namely how the identification of crandallite in the studied 
soils relates to the geochemical and ecological processes described at 
this site. This enables conclusions to be drawn about the conditions 
under which crandallite might be expected to play an important role in 
soil P cycling in other soils around the world. Second, we discuss the 
methodological considerations arising from this work and implications 
for future studies.

4.1. Environmental and agronomic implications

Crandallite forms according to the following reaction:
Ca(OH)2(s) + 2 AlPO4⋅2H2O(s) +Al(OH)3(s) → CaAl3(PO4)2(OH)5⋅H2O(s) 

+ 3 H2O(l).
Hence, high Ca, Al, and P availability are necessary to precipitate 

crandallite (Nriagu, 1976). Several observations on soil properties and 
processes from previous work on the studied soils support the hypothesis 
that crandallite is formed in-situ in these soils. In the studied soils 
developed on alkaline basalt in a tropical climate, Al concentrations 
extractable with pyrophosphate, oxalate ammonium, or dithionite- 
citrate-bicarbonate are all > 10 g kg− 1, indicating high presence of Al- 
oxides in various amorphous to crystalline phases (Helfenstein et al., 
2021). Similarly, total Ca (> 5000 mg kg-1) and P (> 2000 mg kg-1) 
concentrations are very high in these soils (Vitousek and Chadwick, 
2013). The exceptionally high Ca and P concentrations have been 
explained by the weathering of apatite in the subsoil and subsequent 
“pumping” and accumulation of Ca and P into upper soil horizons by 
biological uplift (Bullen and Chadwick, 2016; Helfenstein et al., 2018; 
Porder and Chadwick, 2009; Vitousek and Chadwick, 2013). Rainfall 
drives weathering, the loss of base cations such as Ca, and a subsequent 
decline in pH on the subhumid site (Vitousek and Chadwick, 2013). The 
drop in pH might then lead to increased dissolution of apatite (Ca-P) in 
the subsoil, as well as the deepening of the weathering front in the 
parent material, exposing more apatite from parent material for disso
lution (Chadwick et al., 2003). The documented translocation of 
released Ca and P ions by plants from the subsurface to the topsoil (the 
“biological nutrient pump”) leads to the accumulation of increased 
amounts of exchangeable P and Ca in surface soil horizons (Bullen and 
Chadwick, 2016; Helfenstein et al., 2018; Porder and Chadwick, 2009; 
Vitousek and Chadwick, 2013). These processes thus create an envi
ronment that we interpret to be conducive to crandallite precipitation.

The detection of crandallite also helps to further our understanding 
of pedogenesis and P biogeochemistry in these soils. Crandallite, due to 
its low solubility, could accumulate in the soil and protect Ca and P from 
losses via leaching at intermediate weathering stages where pH starts to 
decline (unfavorable for apatite) but some Ca continues to remain in the 
soil profile. This could explain why we find crandallite at subhumid 
sites, corresponding to intermediate weathering stages, and which had 
pH in the range of 5.9 and 6.6 (Vogel et al., 2021), but not at the arid 
sites. At acidic pH, crandallite is only considered to be meta-stable 
(Nriagu, 1976), despite being detected in soils with a pH as low as pH 5 
(Fischer et al., 2018). Thus, in these sites, crandallite might precipitate 
and re-dissolve readily, explaining the high P exchange fluxes measured 
(Helfenstein et al. 2018). With further weathering, as is the case for the 
humid sites along the climate gradient, leaching losses of Ca and further 
drop in pH create unfavorable conditions for crandallite conditions, 
explaining why no crandallite is found at wetter sites.

Notably, detection of crandallite now enables more robust inter
pretation of sequential extractions and isotope incorporation across 
these pools, clarifying results that had remained unresolved in earlier 
studies (Helfenstein et al., 2021; Helfenstein et al., 2018). Stable oxygen 
isotopic signature of phosphate on the subhumid Kohala sites revealed 
that both the sodium hydroxide-extractable inorganic P (NaOH-Pi) and 
the hydrochloric acid-extractable inorganic P (HCl-Pi) pools were in 
equilibrium with the stable oxygen isotope composition of resin-P 
(Helfenstein et al., 2018), indicating significant exchange between 
these pools of inorganic P. In addition, tracing of P exchange in these 
Hawaiian soils with radioisotopic methods showed that the majority of P 
was cycling in a timescales of weeks to months, suggesting dominance of 
adsorbed and or meta-stable P precipitates (Siegenthaler et al., 2020). 
However, 25–33% of added radioisotope was not recovered in the 
Hedley sequential extraction (Helfenstein et al., 2021). Sequential 
extraction of crandallite has shown that crandallite P is partially 
extractable by HCl and partially by NaOH, with a large amount 
remaining as residual P (Williams et al., 1980). This explains our pre
vious observation that in the Hawaiian soils NaOH and HCl extractable P 
had surprisingly similar dynamics in terms of tracer uptake and ex
change, and a large part of the radioisotopic tracer was not recoverable, 
since it was likely in residual crandallite P precipitates.

Fig. 2. Comparison of micro-FT-IR spectrum of soil from site 2A (bottom) and 
crandallite standard (isolated crandallite from Little Green Monster, top). The 
bands arrow 1 and arrow 2 are assigned to the symmetric stretching modes of 
the PO4

3- units. Arrow 3 are the aluminum phosphates the τ(P–O) and 
ν(O3P–O) bands.
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The possible favorable nutrient availability from crandallite was 
previously discussed in the literature, as crandallite from coral atolls and 
Brazilian phosphate deposits were applied as fertilizer on agricultural 
land (Bolland and Allen, 1987; Bolland and Gilkes, 1990; Doak et al., 
1965; Francisco et al., 2008). Furthermore, earlier studies had docu
mented crandallite in heavily fertilized sites, such as areas receiving 
household waste (Costa et al., 2004; Fischer et al., 2018; Frost et al., 
2011; Goldberg and Nathan, 1975). While Goldberg and Nathan (1975)
identified crandallite with XRD, Frost et al. (2011) used XRD and Raman 
spectroscopy, and Fischer et al. (2018) FT-IR spectroscopy. We speculate 
that practices of liming and P fertilizer application, which are wide
spread in agricultural soils, could also create conditions favorable to 
crandallite formation. For example, it has been reported that crandallite 
forms in Brazilian Oxisols after P fertilizer application, binding P and 

reducing risk of P losses (Fischer et al., 2018). This would imply that 
crandallite might be an overlooked P form in agricultural soils world
wide, especially in areas with high Al, P, and Ca availability and soil pH 
in the range of circa pH 5 to pH 6.5.

4.2. Methodological considerations

Soil P species have been analyzed with a broad set of methods, e.g. 
XRD, NMR, XANES, infrared and Raman spectroscopy (Helfenstein 
et al., 2024; Kruse et al., 2015; Vogel et al., 2016). On the subhumid sites 
of the Hawi lava flow on the Kohala volcano, four independent spec
troscopic analytical techniques found crandallite to be a predominant or 
co-dominant form of soil P despite substantial microscale heterogeneity.

To analyze soil transformation processes, X-ray crystallographic 

Fig. 3. Micro-focused X-ray spectroscopic analyses of a larger fragment consisting of crandallite, wardite, and apatite from the Little Green Monster claim. Micro-XRF 
map showing P fluorescence (red = high concentration, blue = low concentration) and micro-XANES spectroscopy analysis points (top) speciated with XANES linear 
combination fitting; selected micro-focused and bulk P K-edge XANES spectra of apatite, wardite and crandallite (bottom).

C. Vogel et al.                                                                                                                                                                                                                                    Geoderma 467 (2026) 117712 

6 



methods such as XRD have long been used to interrogate soil miner
alogy, but generally only crystalline solids are “visible” in powder X-ray 
diffractograms (Kizewski et al., 2011). Additionally, minor mineral 
constituents might not be identifiable via XRD, though they can be found 
by other methods such as electron microscopy (Batista et al., 2017). 
According to XRD analytical results, 0.7% and 4.9% of the dry mass in A 
horizon of site 1 and 2 (Vogel et al., 2021) from the Hawi soils, 

respectively, was crandallite. By comparing this to total P concentra
tions as determined by XRF (see Table S2), we calculate that 17% and 
41% of soil P was in the form of crandallite. The same approach yields 
44% and 49% P as crandallite in the B horizons of the same sites.

31P solid-state nuclear magnetic resonance (NMR) spectroscopy was 
previously applied to directly analyze soil P; however, applications of 
this technique are limited due to the low concentration of P in most soils 

Fig. 4. Micro-focused X-ray spectroscopic analyses of the 2A soil from Kohala, Hawaii: Micro-XRF map showing P fluorescence (green = high concentration, purple 
= low concentration) and micro-XANES spectroscopy analysis points (left) speciated with XANES linear combination fitting; selected micro-focused and bulk P K- 
edge XANES spectra of crandallite, apatite, and adsorbed P species (right).

Fig. 5. Bulk P K-edge XANES spectra: (a) XANES spectra (solid lines) and linear combination fits (dashed lines) from the A and B horizons of Kohala soils at two 
different sites; (b) XANES spectra of known materials, including crandallite, apatite, and several types of adsorbed and organic P.
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relative to the sensitivity of the technique (Bleam et al., 1989; McDowell 
et al., 2002). Thus, this is one of the few studies in which we could 
successfully apply solid state 31P NMR on soils. The NMR results confirm 
the presence of crandallite in the bulk soil of site 1A and suggest that this 
mineral was not strongly crystallized. The NMR results are also coherent 
with the current knowledge on apatite weathering in Al-rich tropical 
systems. In these systems, P in apatite observed here in the drier site is 
yields first millisite (not observed here), then crandallite, and then 
wavellite which is probably present in the wetter site (Borggaard et al., 
2012; Hewawasam, 2013; Tercinier, 1972; Vieillard et al., 1979).

Recent years have given rise to analytical methods that have enabled 

new perspectives on soil phosphorus (Kizewski et al., 2011; Kruse et al., 
2015; van der Bom et al., 2022; Vogel et al., 2016). Rather than inferring 
soil P speciation and sorption processes from bulk chemical data and 
XRD patterns, methods such as micro-XANES and infrared spectroscopy 
have enabled more precise detection of P forms at the microscale, as well 
as their spatial distribution. Bulk FT-IR spectroscopy was already suc
cessfully applied for fertilizer/soil mixtures, but in the past only with 
amounts of P fertilizers added to soils that were well above realistic 
application rates (Beaton et al., 1963). However, using micro-focused 
FT-IR spectroscopy, the detection limits can be significantly decreased 
in comparison to bulk IR spectroscopy (Vogel et al., 2013; Vogel et al., 
2016), because during mapping areas of concentrated P at the micro
meter scale can be analyzed (Martin et al., 2010). However, no quan
tification of the share of P species relative to total P can be carried out 
with this approach because individual measurements are not represen
tative. For IR spectroscopy, reference spectra of crandallite were pre
viously published. Micro-FT-IR spectroscopy corroborated the presence 
of crandallite at site 2A, circumventing the limitations inherent in bulk 
FT-IR spectroscopic analytical techniques. However, we detected also 
several spectra that are close to our crandallite reference, these are 
probably a mixed mineral with other Al-phosphates. The literature 
(Breitinger et al., 2006; Frost et al., 2011; Grey et al., 2011) shows that, 
depending on the sampling spot, the crandallite references have shifts in 
their bands, because of lattice defects and foreign atoms the lattice.

Phosphorus K-edge XANES spectroscopy is increasingly used to 
elucidate soil P biogeochemistry, and to augment information provided 
by a suite of complementary methods (e.g., Giguet-Covex et al., 2013; 
Gu et al., 2020; Helfenstein et al., 2018; Prietzel et al., 2013; Prietzel 
et al., 2016; Vogel et al., 2021). Evaluation of XANES data with linear 
combination fitting (Calvin and Furst, 2013; Gustafsson et al., 2020) can 
determine the major P associations in the soil, if appropriate P reference 
spectra are used (Eriksson et al., 2016; Werner and Prietzel, 2015). 
Moreover, the combination of micro-focused X-ray fluorescence (XRF) 
spectrometry to determine co-localization of P with other elements, and 
micro-focused XANES spectroscopy can identify P-bearing species pre
sent in a heterogeneous sample, including minor species that might not 
be apparent in bulk spectra (Adediran et al., 2020; Rivard et al., 2016; 
Vogel et al., 2016). Since no crandallite reference spectra were available 
from the literature for P K-edge XANES, we obtained samples of cran
dallite and compared the spectra of the mineral sample to soil spectra. 
Micro-XRF mapping and micro-XANES analysis of site 2 showed that 
crandallite occurred widely in this soil, in both areas of high P con
centration, and in areas of lower P concentration. Furthermore, de
viations from the reference spectra suggest that the soils likely contained 
different variants of Ca-Al-phosphates and not only crandallite in its 
pure form. The provided spectra can be used by future studies to test for 
the presence of crandallite in environmental samples.

5. Conclusions

Soil P speciation methods based on “fingerprinting” analyses are only 
as powerful as the set of P references available for consideration. Due to 
the fact that crandallite has previously not been considered a major soil 
P mineral, it has not been used as a reference spectrum in various 
analysis techniques. Hence, crandallite might have remained undetected 
in soil P analyses with P K-edge XANES, FT-IR, and solid-state NMR 
spectroscopy. Our approach of coupling various bulk- and micro- 
spectroscopic techniques for soil P characterization led to the identifi
cation of crandallite as an important soil P mineral in the subhumid soils 
of the Hawaiian climate gradient. Crandallite formation requires avail
able Ca, Al and P, conditions which are favored by neutral to moderately 
acidic conditions in soils that are not too strongly weathered. In addi
tion, liming and P fertilizer application, which are widespread in agri
cultural soils, could also create conditions favorable to crandallite 
formation even in soils which would otherwise not be favorable for 
crandallite. Including crandallite reference spectra in future 

Table 1 
Bulk phosphorus K-edge XANES linear combination fitting results for the two 
Kohala soils from the subhumid sites (Fig. 5a). Sums of components in the linear 
combination fits were normalized to 100%. R-factor, Х2, and reduced Х2 values 
were calculated by the Athena software package. Uncertainty, in parentheses, is 
statistical uncertainty calculated by Athena; total uncertainty was approxi
mately ± 15%.

Soil 
Horizon

Al- 
humic. 
P

Crandallite 
P

R-factor Х 2 Red. Х2

​ ​ − —— P % − ——
Site 

1
A 100% 

(†)
​ 0.009118 3.32637 0.022176

​ B 57% 
(±6%)

43% 
(±8%)‡

0.009145 3.43036 0.022869

Site 
2

A 43% 
(±4%)

57% (±5%) 0.006110 1.90703 0.012629

​ B 59% 
(±3%)

41% (±4%) 0.002702 1.07684 0.007131

† Uncertainty in cases where the fit required only one component are approxi
mately equal to the total uncertainty.
‡ The fit suggests that this result overestimates the contribution from crandallite.

Fig. 6. Solid-state MAS 31P NMR of the A horizon of soils from the three soil 
process domains (arid – middle; subhumid (Site 1A) – top and humid – bottom) 
of the Kohala climosequence, Hawaii with mean annual precipitation (in mm y- 

1); The arrows show the position of 1) apatite, 2) crandallite and 3) wavellite; 
Reference spectra are shown by Young et al. (2019).
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spectroscopic studies is likely to lead to the detection and quantification 
of more crandallite in soils. Evaluating the global significance of this P 
mineral will only be possible after more studies consider the potential 
occurrence of crandallite in soil, and attempt to quantify its prevalence.
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Fischer, P., Pöthig, R., Gücker, B., Venohr, M., 2018. Phosphorus saturation and 

superficial fertilizer application as key parameters to assess the risk of diffuse 
phosphorus losses from agricultural soils in Brazil. Sci. Total Environ. 630, 
1515–1527.

Francisco, E.A.B., Prochnow, L.I., Motta de Toledo, M.C., Pereira, J.P., 2008. Agronomic 
Evaluation of Calcined Crandallite from three Brazilian Phosphate Deposits. 
Commun. Soil Sci. Plant Anal. 39 (3–4), 559–573.

Frossard, E., Brossard, M., Hedley, M.J., Metherell, A.K., 1995. Reactions controlling the 
cycling of P in soils. In: Tiessen, H. (Ed.), Phosphorus in the Global Environment: 
Transfers, Cycles and Management. John Wiley, New York, pp. 107–137.

Frossard, E., Condron, L.M., Oberson, A., Sinaj, S., Fardeau, J.C., 2000. Processes 
Governing Phosphorus Availability in Temperate Soils. J. Environ. Qual. 29 (1), 
15–23.

Frost, R.L., Xi, Y., Palmer, S.J., Pogson, R., 2011. Vibrational spectroscopic analysis of the 
mineral crandallite CaAl3(PO4)2(OH)5⋅(H2O) from the Jenolan Caves, Australia. 
Spectrochim. Acta A Mol. Biomol. Spectrosc. 82 (1), 461–466.

Garrett, R.G., Porter, A.R.D., Hunt, P.A., 2010. An occurrence of cadmiferous 
phosphorite soil concretions in Jamaica. Appl. Geochem. 25 (7), 1047–1055.

Giambelluca, T.W., Chen, Q., Frazier, A.G., Price, J.P., Chen, Y.-L., Chu, P.-S., Eischeid, J. 
K., Delparte, D.M., 2013. Online Rainfall Atlas of Hawai‘i. Bull. Am. Meteorol. Soc. 
94 (3), 313–316.

Giguet-Covex, C., Poulenard, J., Chalmin, E., Arnaud, F., Rivard, C., Jenny, J.P., 
Dorioz, J.M., 2013. XANES spectroscopy as a tool to trace phosphorus 
transformation during soil genesis and mountain ecosystem development from lake 
sediments. Geochim. Cosmochim. Acta 118, 129–147.

Goldberg, P., Nathan, Y., 1975. The Phosphate Mineralogy of et-Tabun Cave, Mount 
Carmel, Israel. Mineral. Mag. 40, 253–258.

Grey, I.E., Shanks, F.L., Wilson, N.C., Mumme, W.G., Birch, W.D., 2011. Carbon 
incorporation in plumbogummite-group minerals. Mineral. Mag. 75 (1), 145–158.

Gu, C., Dam, T., Hart, S.C., Turner, B.L., Chadwick, O.A., Berhe, A.A., Hu, Y., Zhu, M., 
2020. Quantifying Uncertainties in Sequential Chemical Extraction of Soil 
Phosphorus using XANES Spectroscopy. Environ. Sci. Technol. 54 (4), 2257–2267.

Gu, C., Margenot, A.J., 2021. Navigating limitations and opportunities of soil phosphorus 
fractionation. Plant and Soil 459 (1), 13–17.

Gustafsson, J.P., Braun, S., Tuyishime, J.R.M., Adediran, G.A., Warrinnier, R., 
Hesterberg, D., 2020. A Probabilistic Approach to Phosphorus Speciation of Soils 
Using P K-edge XANES Spectroscopy with Linear Combination Fitting. Soil Sys. 4 (2), 
26.

Hedley, M.J., Stewart, J.W.B., Chauhan, B.S., 1982. Changes in Inorganic and Organic 
Soil Phosphorus Fractions Induced by Cultivation Practices and by Laboratory 
Incubations. Soil Sci. Soc. Am. J. 46 (5), 970–976.

Helfenstein, J., Frossard, E., Pistocchi, C., Chadwick, O., Vitousek, P., Tamburini, F., 
2021. Soil Phosphorus Exchange as Affected by Drying-Rewetting of three Soils from 
a hawaiian Climatic Gradient. Frontiers in Soil Science 1.

Helfenstein, J., Ringeval, B., Tamburini, F., Mulder, V.L., Goll, D.S., He, X., Alblas, E., 
Wang, Y., Mollier, A., Frossard, E., 2024. Understanding soil phosphorus cycling for 
sustainable development: a review. One Earth 7 (10), 1727–1740.

C. Vogel et al.                                                                                                                                                                                                                                    Geoderma 467 (2026) 117712 

9 

https://doi.org/10.1016/j.geoderma.2026.117712
https://doi.org/10.1016/j.geoderma.2026.117712
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0005
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0005
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0010
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0010
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0010
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0015
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0015
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0015
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0020
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0020
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0020
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0025
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0025
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0025
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0025
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0030
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0030
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0035
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0035
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0035
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0040
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0040
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0045
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0045
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0045
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0050
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0050
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0050
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0050
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0055
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0055
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0060
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0065
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0065
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0065
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0065
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0065
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0070
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0070
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0070
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0075
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0075
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0075
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0080
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0080
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0080
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0085
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0085
https://doi.org/10.17815/jlsrf-2-95
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0095
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0095
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0095
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0100
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0105
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0105
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0110
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0110
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0110
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0110
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0115
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0115
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0115
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0120
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0120
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0120
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0125
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0125
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0125
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0130
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0130
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0130
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0135
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0135
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0140
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0140
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0140
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0145
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0145
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0145
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0145
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0150
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0150
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0155
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0155
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0160
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0160
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0160
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0165
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0165
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0170
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0170
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0170
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0170
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0175
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0175
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0175
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0180
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0180
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0180
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0185
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0185
http://refhub.elsevier.com/S0016-7061(26)00040-6/h0185


Helfenstein, J., Tamburini, F., von Sperber, C., Massey, M.S., Pistocchi, C., Chadwick, O. 
A., Vitousek, P.M., Kretzschmar, R., Frossard, E., 2018. Combining spectroscopic and 
isotopic techniques gives a dynamic view of phosphorus cycling in soil. Nat. 
Commun. 9 (1), 3226.

Hewawasam, T., 2013. Behaviour of major elements and mineralogical changes under 
tropical weathering in two apatite-bearing parent rocks of Sri Lanka. Journal of 
Geological Society of Sri Lanka 15, 33–49.

Hsieh, J.C.C., Chadwick, O.A., Kelly, E.F., Savin, S.M., 1998. Oxygen isotopic 
composition of soil water: Quantifying evaporation and transpiration. Geoderma 82 
(1), 269–293.

Ingall, E.D., Brandes, J.A., Diaz, J.M., de Jonge, M.D., Paterson, D., McNulty, I., 
Elliott, W.C., Northrup, P., 2011. Phosphorus K-edge XANES spectroscopy of mineral 
standards. J. Synchrotron Radiat. 18 (2), 189–197.

Kizewski, F., Liu, Y.-T., Morris, A., Hesterberg, D., 2011. Spectroscopic Approaches for 
Phosphorus Speciation in Soils and Other Environmental Systems. J. Environ. Qual. 
40 (3), 751–766.

Klotzbücher, A., Kaiser, K., Klotzbücher, T., Wolff, M., Mikutta, R., 2019. Testing 
mechanisms underlying the Hedley sequential phosphorus extraction of soils. 
J. Plant Nutr. Soil Sci. 182 (4), 570–577.
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