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Abstract
Background, aim, and scope Changes in bioavailability of
phosphorus (P) during pedogenesis and ecosystem devel-
opment have been shown for geogenic calcium phosphate
(Ca-P). However, very little is known about long-term
changes of biogenic Ca-P in soil.
Materials and methods Long-term transformation charac-
teristics of biogenic Ca-P were examined using anthropo-
genic soils along a chronosequence from centennial to
millennial time scales.
Results and discussion Phosphorus fractionation of Anthro-
sols resulted in overall consistency with the Walker and
Syers model of geogenic Ca-P transformation during
pedogenesis. The biogenic Ca-P (e.g., animal and fish
bones) disappeared to 3% of total P within the first ca.
2,000 years of soil development. This change concurred
with increases in P adsorbed on metal-oxides surfaces,
organic P, and occluded P at different pedogenic time.
Phosphorus K-edge X-ray absorption near-edge structure

(XANES) spectroscopy revealed that the crystalline and
therefore thermodynamically most stable biogenic Ca-P
was transformed into more soluble forms of Ca-P over
time. While crystalline hydroxyapatite (34% of total P)
dominated Ca-P species after about 600–1,000 years,
β-tricalcium phosphate increased to 16% of total P after
900–1,100 years, after which both Ca-P species disap-
peared. Iron-associated P was observable concurrently with
Ca-P disappearance. Soluble P and organic P determined by
XANES maintained relatively constant (58–65%) across
the time scale studied.
Conclusions Disappearance of crystalline biogenic Ca-P on
a time scale of a few thousand years appears to be ten times
faster than that of geogenic Ca-P.

Keywords Adsorption . Amazonian Dark Earths .

Anthrosols . Dissolution . Organic phosphorus . Oxisols .

Phosphorus transformation . Speciation . Terra Preta de
Índio . XANES (X-ray absorption near-edge structure)

1 Background, aim, and scope

Phosphorus (P) is one of the most limiting nutrients to plants
grown in soils worldwide, especially in highly weathered,
acid soils in the tropics (Vitousek and Sanford 1986). Not
only is P a minor constituent in soils as phosphate minerals
(Lindsay et al. 1989), but also the biological availability of P
is extremely limited when P is naturally or deliberately
introduced to the soil system (Holford 1997). The soil P
cycles that affect its bioavailability include dissolution–
precipitation (mineral equilibrium), sorption–desorption
(equilibrium between soil solution and solid phases),
and mineralization–immobilization (transformations of P
between inorganic and organic forms; Sims and Pierzynski
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2005). Moreover, different soil reactions play important roles
in determining P bioavailability during different stages of
pedogenesis (Walker and Syers 1976; Tiessen et al. 1984).

Chronological influences on soil’s physical, chemical,
and morphological changes during pedogenesis vary
depending on geology, geography, and ecosystem in which
soils develop (Stevens and Walker 1970). Yet, several
trends have been generally identified during soil develop-
ment, which include pH decline, organic matter accumula-
tion, carbonate loss, basic cation removal, clay formation,
and clay mineralogical transformation. Walker and Syers
(1976) introduced a conceptual model of soil development
and its ecological implications by analyzing transforma-
tions in soil P, vegetation, and other ecosystem properties
during pedogenesis, based on studies involving a range of
soil sequences (0 to 130,000 years) in New Zealand. The
validity of this model has been confirmed for the most part
for Hawaiian soils from six different sites ranging in age
from 300 to 4.1 million years (Crews et al. 1995) and in a
group of 168 soil samples from all regions of the US
representing eight soil orders of the Soil Taxonomy in
different pedogenesis phases (Tiessen et al. 1984). Accord-
ing to the Walker and Syers model and others (Tiessen and
Stewart 1985), the initial form of soil P is that of primary
minerals (predominantly calcium phosphate, Ca-P as apatite
minerals) at the beginning of soil development. During
weathering of the primary and secondary minerals, metal
ions such as aluminum (Al3+) and iron (Fe3+) are released
from the minerals, then Al- and Fe-oxyhydroxides are
formed. Dissolved inorganic P (Pi) is adsorbed to the metal-
oxyhydroxide surfaces to form Al- and Fe-phosphate (Al-P
and Fe-P) compounds. Adsorbed Pi can desorb in response
to plant uptake of solution P or in exchange with other anions
in solution or exuded from roots. Over long periods of time,
P will become more occluded by Al- and Fe-oxyhydroxides
during soil development. Phosphorus desorbed from the
metal-oxides surfaces and/or dissolved from the mineral
compounds is also taken up by soil organisms, thus trans-
forming into organic P (Po), but may be cycled back to the
inorganic pool by mineralization of Po (Crews et al. 1995).

However, in addition to this geogenic Ca-P, soils and
sediments may also contain or be enriched with biogenic
sources of P (Pattan et al. 1995; Lima et al. 2002; Lehmann
et al. 2004; Tarawneh and Moumani 2006). Amazonian
Dark Earths (ADEs; i.e., Anthrosols, locally known as Terra
Preta de Índio), patchily distributed throughout the Ama-
zon Basin in Brazil, were found to contain microfragments
of biogenic apatite in the form of animal bone and fish
spine particles of varying morphologies, which were
attributed to high P and Ca contents in soils (Lima et al.
2002; Schaefer et al. 2004). The main biogenic components
in sedimentary phosphorite concretions found in Umm
Rijam Chert Limestone Formation in the Ma’an area,

southern Jordan were fragments of macrofossils (bivalves)
and microfossils (planktonic foraminifera) in different
proportions (Tarawneh and Moumani 2006). Chemical
analyses of surface sediments in the Wharton Basin in the
Indian Ocean suggested accumulation of biogenic apatite
(fish bone debris) from high biological productivity waters
(Pattan et al. 1995). While the long-term dynamics of
geogenic Ca-P are relatively well quantified (Walker and
Syers 1976; Crews et al. 1995; Vitousek and Farrington
1997; Hedin et al. 2003), limited information is available on
the time required for transformation of biogenic Ca-P. Since
biogenic Ca-P structurally differs from geogenic Ca-P
(Rao et al. 2000; Tang et al., 2003a), different dynamics
can be expected.

This study has, as objectives, to determine the transfor-
mation characteristics of biogenic Ca-P over a long period
of time stretching from centennial to millennial time scales
and to compare the transformation dynamics between
biogenic Ca-P from this study and geogenic Ca-P as
modeled by Walker and Syers (1976).

2 Materials and methods

2.1 Site and soil descriptions and soil analyses

Soil material was collected from four different archaeolog-
ical sites near Manaus, Brazil (3°8' S, 59°52' W, 40–50 m
above sea level): Hatahara (HAT), Lago Grande (LG),
Açutuba (ACU), and Dona Stella (DS). The mean annual
precipitation is about 2,088 mm with the maximum
between December and May (204–298 mm per month,
73% of annual rainfall), air temperature of 26.6°C, and
atmospheric humidity of around 84% (Vose et al. 1992).
The natural vegetation is a tropical lowland rainforest. The
studied soils were Anthrosols (Kern et al. 2003) and their
adjacent soils developed on Oxisols and Spodosols (USDA
1999). Among many different additions, these Anthrosols
also received large amounts of biogenic Ca-P in form of
fish bones (Lima et al. 2002; Lehmann et al. 2004; Schaefer
et al. 2004). The selected sites were occupied at different
times in the past (Table 1, modified from Neves et al. 2003,
EG Neves, unpublished data), which allowed the investi-
gation of effects of pedogenic time on P species and
transformation of biogenic Ca-P. Samples were taken from
the entire soil profile according to genetic horizons, mostly
(except for LG) from subsurface horizons below a layer of
potsherds to exclude recent anthropogenic additions. Samples
from adjacent soils were taken from the A horizon at locations
approximately double the distance from sites for counterpart
Anthrosols with maximum color difference to ensure minimal
anthropogenic effects. All samples were air-dried and large
plant debris was removed. In addition, A horizon soil samples
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(Oxisols) from a primary forest site in the central Amazon
with the minimum or no anthropogenic influences were used
for comparison purpose with the Anthrosols (Lehmann et al.
2001). Selected properties of the forest soil were: pH4.1,
21.4% sand, 59.0% clay, 40.6 g kg–1 total organic carbon
(C), 4.2 mg kg–1 Mehlich-3 extractable P, and 220 mg kg–1

total P (Lehmann et al. 2004).
Soil samples from each site were sieved to 2 mm,

homogenized, and finely ground for combustion analyses.
Organic C and total nitrogen (N) were determined using a
Europa ANCA GSL sample combustion unit (PDZEuropa,
Crewe, England). Soil pH was determined in 1:2.5 soil/
water ratio using a SP20 glass electrode (Thermo Orion,
Cambridge, MA, USA). Soil texture was determined using
the pipette method (Gee and Or 2002). Total elemental P,
Ca, magnesium (Mg), potassium (K), sodium (Na), Al, and
Fe were determined according to procedure EPA 3052
(USEPA 1995) using nitric and hydrofluoric acid, and
quantified by inductively coupled plasma atomic emission
spectrometry (ICP-AES, Spectro CIROS, CCD, Germany).
Soil potential cation exchange capacity (CEC) was deter-
mined with ammonium acetate (1 M, 2.5 g soil, total of
25 mL) at pH7.0 using soil samples with and without
peroxide digestion to remove non-black carbon (BC).
Twenty grams of soil were treated with 30% (w/w) peroxide
(initially 10 mL with daily additions up to a total of 30–
35 mL until no further bubbles appeared) and heated on a
hot plate at 90°C to ensure maximum non-BC removal.

2.2 Phosphorus sequential fractionation

Phosphorus fractions were determined by a sequential
extraction following a modified procedure of Tiessen and
Moir (1993). A half gram of soil was weighed into a 50-mL
centrifuge tube, then 25 mL of deionized water and two
strips of anion-exchange resin (1×6 cm; Ionac MA-7500,
Sybron Chemicals, Birmingham, NJ, USA) were added to
the tubes. The tubes were shaken for 16 h on a horizontal
shaker. After the resin strips were removed, the tubes were
centrifuged for 20 min at 0°C at 25,000×g, and water was
discarded. The resin strips were placed in a clean 50-mL
tube with 20 mL of 0.5 M HCl, and shaken for 16 h.
Inorganic P in the 0.5 M HCl solution was determined as
described below. Then, 25 mL of 0.5 M NaHCO3 (pH8.5)
was added to each tube (by weight), vortexed, shaken for
16 h, and centrifuged as above. The supernatant was
filtered through a 0.45-µm filter (Millipore, Billerica, MA,
USA). Inorganic and total P (Pt) in the bicarbonate extract
were determined as below. The extraction process was
repeated using 25 mL of 0.1 M NaOH and 1 M HCl as
above; and Pi and Pt in the hydroxide extract, and Pi in the
dilute acid extract were determined as below. Then, the soil
residue was heated with 10 mL of concentrated HCl in aT
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water bath at 80°C for 20 min. After being removed from
the hot bath, a further 5 mL of concentrated HCl was added
to each tube, vortexed, and allowed to stand at room
temperature for 1 h. The tubes were centrifuged and filtered
into a 50-mL volumetric flask. Ten milliliters of deionized
water was added to each tube to wash the soil residue,
vortexed, centrifuged as above, and decanted into a flask
twice. The flask was made up to the volume with deionized
water and Pi and Pt in the HCl solution were determined.
Then, soil residue was transferred into a 75-mL digestion
tube using deionized water, then 5 mL of concentrated
H2SO4 was added, and digested on a heating block at 360°
C by treating the solution with hydrogen peroxide follow-
ing the method of Thomas et al. (1967). The digested
solution was filtered and Pi in solution was determined.

Inorganic P, as soluble reactive P, was determined by the
method of Murphy and Riley (1962) on a spectrophotom-
eter at 880 nm. The bicarbonate and hydroxide extracts
were acidified by adding 0.9 M H2SO4 to precipitate
organic matter prior to Pi determination as above. Total P
was digested by adding ammonium persulfate and 0.9 M
H2SO4 following USEPA method 365.1 (USEPA 1983).
Organic P in the bicarbonate and hydroxide extracts was
determined as the difference between Pt and Pi in the
respective extract.

The interpretation of P in each extract is based on an
understanding of the action of individual extractants, their
sequence, and their relationship to the chemical and
biological properties of the soil (Tiessen and Moir 1993).
Resin-P is reasonably well-defined as freely exchangeable
and bioavailable Pi. The bicarbonate-extract presumably
removes labile Pi and Po sorbed on soil minerals and a
small amount of microbial P. The hydroxide-P would
represent Al- and Fe-associated Pi and Po that are strongly
held to soil surfaces by chemisorption. The dilute acid-Pi is
clearly defined as Ca-bound Pi, and there is rarely any Po in
this extract. The concentrated acid extract is useful for
distinguishing Pi and Po in very stable residual pools. The
acid-digested P is unlikely to contain anything but highly
recalcitrant Pi (Cross and Schlesinger 1995).

2.3 X-ray absorption near-edge structure spectroscopy
analysis

Solid-state characterization of P from the soil, P standards,
and fish bones was carried out using P K-edge X-ray
absorption near-edge structure (XANES) spectroscopy at
beamline X-19A of the National Synchrotron Light Source
at Brookhaven National Laboratory. The P-XANES spectra
were collected from air-dried silt and clay fractions (by dry
sieving to <50µm) of soil samples and P standards and fish
bones that had been passed through a 125-µm sieve prior to
analysis. The finely ground materials were uniformly

spread on Scotch tape, which was pre-tested for its P level
and exhibited a much lower P level than the amount
detected from Mylar X-ray film (commonly used for
covering samples; Complex Industries, New York, USA)
and mounted at the back of a center-through hollow (1.3 cm
diameter) 0.5-mm thick acrylic sample holder. The meas-
urements were conducted under standard operating con-
ditions; i.e., after calibrating the X-ray energy to the K-edge
of P using variscite (VAR) as a standard, the spectrum was
assigned a reference energy (E0) value of 2,149 eV and
scans ranging from 40 eV below to 100 eV above the
absorption edge of P. Technical limitations of the beamline
prohibited going further below the P K-edge, which may
make background subtraction in the case of more dilute
samples a challenge (Peak et al. 2002). Low total P
concentrations in the material, as seen in some of soil
samples studied particularly from adjacent sites, can result
in spectra with low quality and high noise. For these
reasons, the materials were not diluted in boron nitride
(BN3). The XANES data were collected with varying step
sizes (0.5 eV during 2,109–2,139 eV, 0.08 eV 2,139–
2,155 eV, 0.2 eV 2,155–2,179 eV, and 1.0 eV 2,179–
2,249 eV). Each XANES spectrum was composed of an
average of three scans. A monochromator consisting of
double crystal Si (III) with an entrance slit of 0.5 mm,
electron beam energy of 2.5 GeV and maximum beam
current of 300 mA was used. The spectra were recorded in
fluorescence mode using a passivated implanted planar
silicon (PIPS) detector (Canberra Industries, Meriden, CT,
USA). The beam path from the incident ion chamber to the
sample chamber was purged with He gas. The P-XANES
data analysis was done using WinXas version 3.1 (WinXas
Software, Hamburg, Germany). The energy scale was
calibrated to E0 of 2,149 eV as the maximum energy of
the first peak in the first derivative spectrum for VAR
standard. The background was corrected by fitting a first-
order polynomial to the pre-edge region from 2,119 to
2,139 eV and the spectra were normalized over the
reference energy of 2,149 eV.

Linear combination fitting (LCF) analysis of P-XANES
spectra for the soil samples was conducted over the spectral
region from 2,142 to 2,162 eV using Kaleidagraph (version
3.6, Synergy Software, Reading, PA, USA; Hutchison et al.
2001). This spectral region was selected because the LCF
analysis using the whole spectral range was difficult to
obtain reliable results particularly from soil samples with
low P concentrations, and it covers all of the spectral
features for P species of interest for our study (Sato et al.
2005). The following materials were used as P standards for
comparison with the sample spectra (Sato et al. 2005): fish
bones, dibasic calcium phosphate (DCP), dibasic calcium
phosphate dehydrate (DCPD), β-tricalcium phosphate
(TCP), amorphous calcium phosphate phase 1 (ACP1),
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octacalcium phosphate (OCP), synthesized hydroxyapatite
(HAP), strengite (STR), VAR, and such aqueous ortho-
phosphate species as H2PO4

– (Aq-PO4). All possible
ternary combinations of the ten available standards were
fitted without energy shift parameters and the best fitting
results were judged according to their chi-square values.
The fitting results were rejected when at least one of the
best fit coefficients for the standard spectra were negative.
Quantitatively distinguishing P-XANES spectra between
Aq-PO4, very weakly bound P associated with organic
matter, and Po (e.g., aqueous phytic acid) is very difficult
lacking distinctive spectral features (Peak et al. 2002),
therefore Aq-PO4 in the LCF results may indicate a
combination of soluble P and Po, since no Po species were
measured in XANES analysis in our study. Furthermore, a
spectral feature indicative of the presence of Fe-associated
P in the material increases in intensity with increasing
mineral crystallinity (e.g., P adsorbed on ferrihydrite<P
adsorbed on goethite<non-crystalline Fe-P<crystalline Fe-P,
STR; Beauchemin et al. 2003). Since none of the Fe-associated
P other than STR were used for the LCF analysis in our study,
it is possible that the LCF analysis results as STR, although the
peak is small, which may in fact indicate the presence of P
adsorbed on Fe-oxyhydroxides.

2.4 Statistical analyses

Linear regressions and t tests were performed using
STATISTICA 6 (StatSoft, Tulsa, OK, USA).

3 Results

3.1 Soil properties

The pH values were significantly greater in Anthrosols than
adjacent soils with averages of 5.7 and 4.4, respectively (p=
0.007, Table 1). To eliminate inherent differences among
sites, total P, and total Ca contents in adjacent soils were
subtracted from respective contents in the Anthrosols for
each site, then the adjusted total P and total Ca contents
exponentially decreased over time (Fig. 1). Proportions of
total Ca in the total cations (sum of total elemental Ca, Mg,
K, Na, Al, and Fe) in Anthrosols, after subtracting those in
adjacent soils for each site, steadily decreased over time from
113% to 22%, 2%, and –7% for HAT, LG, ACU, and DS,
respectively. On the other hand, the proportions of the sum
of total Al and Fe in the total cations in Anthrosols
progressively increased over time from –37% to 75%,
96%, and 108% for the sites listed above. Potential CEC
was distinctly higher only in HAT and LG Anthrosols than
those in any other soils. Organic C in Anthrosols was
slightly higher in some sites (1–2% in HAT and ACU) and

greatly higher in other sites (62–80% in DS and LG)
compared with that in respective adjacent soil, but there
was no effect of time found on organic C in Anthrosols.
Total N was not necessarily higher in Anthrosols compared
to adjacent soils and no significant trend was found in total N
in Anthrosols relative to site ages. The C/N ratio slightly
decreased over time in Anthrosols from 22 to 15, while those
of ACU and DS adjacent soil were slightly higher than those
of HAT and LG. Both C/Po and N/Po ratios (total Po fractions
as sum of bicarbonate-Po and hydroxide-Po in the P
fractionation results below) in Anthrosols continuously
increased over time, reaching levels comparable with those
in adjacent soils except for that in DS.

3.2 Phosphorus fractions

Changes of different P fractions in Anthrosols in the
chronosequence are presented in the same format as
presented by Walker and Syers (1976), as fractions of total
P (Fig. 2, Table 2). It is assumed that all P was present as
Ca-bound Pi at time zero when fish and animal bones
would have been deposited to Anthrosols as one of the
major sources of human debris (Schaefer et al. 2004). It is
noted that soils already contained P before the anthropo-
genic deposition as shown by the total P values found in
adjacent soils (51–273 mg kg–1). However, the amounts
present in soils were small compared to the Ca-P additions
as total P in the HAT adjacent soil was only 3% of that
found in the corresponding Anthrosol with an age of 600–
1,000 years (see Table 1).

The fraction of freely exchangeable Pi (resin-Pi) to
total P increased at the beginning of soil formation and
steadily declined afterwards, but consisted only to 6–9%
of total P at all ages. Labile Pi and Pi adsorbed on soil
surfaces, especially on metal surfaces of Al- and Fe-oxides

Fig. 1 Total phosphorus (P) and total calcium (Ca) in the studied
Anthrosols as a function of time. Total P and total Ca contents in
adjacent soils are subtracted from respective contents in Anthrosols for
each site. Time is the average of age range of each Anthrosol
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(bicarbonate-Pi and hydroxide-Pi, respectively) dramati-
cally increased as a fraction of total P from the deposition
of P until 2,150 years of soil formation (up to 43%), then
showed a slow increase until 7,700 years (49%). These
values were still greater than the values for adsorbed Pi
found in uninfluenced forest soil (see Fig. 2). Organic P
(sum of bicarbonate-Po and hydroxide-Po) continued to be
small fractions of total P (4–8%) until 1,000 years, then
increased to 20–25% by 7,700 years. In the forest soil, Po
was the major fraction of total P (61%). Calcium-bound Pi
(dilute acid-Pi), deposited by human actions as animal
residues, almost disappeared after the first 2,150 years of
soil formation, then remained in small fractions (1–3%) at
later stages. Highly stable and recalcitrant (occluded) Pi
(sum of concentrated acid-P and acid-digested P) in-
creased its proportion of total P up to 26% over time until
2,150 years and remained at 17% after 7,700 years.

Distribution of P in fractions of adjacent soils was
remarkably different from that in the Anthrosols, and
relatively similar among adjacent soils (Fig. 3). The
majority of P was found in occluded Pi, ranging from
45% in DS to 70% in LG. On the other hand, Ca-bound Pi

was almost non-existent in any of the adjacent soils (0.2–
1.6%). Organic P was consistently present in all adjacent
soils with 17–23% of total P. Small differences in fractions
of adsorbed Pi and freely exchangeable Pi were observed
among adjacent soils: 20%, 9%, 13%, and 13% adsorbed
Pi, and 10%, 4%, 3%, and 20% freely exchangeable Pi of
total P in HAT, LG, ACU, and DS soils, respectively.

3.3 Phosphorus species from XANES analyses

Nine standards of inorganic P species and fine bones were
measured using XANES for comparison with spectra
obtained from the investigated soils, but only those spectra
for the P standards that are relevant for quantification
analysis and for fish bones are shown (Fig. 4). The XANES
spectra for the complete set of P standards investigated
including spectral features and interpretation of chemical
differences of P standard species are provided by Sato et al.
(2005), therefore it is not presented here. A spectrum of fish
bones closely resembled an overall shape of HAP spectrum
except that a shoulder at 2,151–2,152 eV (Fig. 4 (c and d);
hereafter spectral features are indicated by the figure

Table 2 Phosphorus (P) fractionation of the studied Anthrosols and adjacent soils (concentration in mg kg–1±standard deviations)

Site Type Resin-Pi Bicarbonate-Pi Bicarbonate-Po Hydroxide-Pi Hydroxide-Po Dilute acid-Pi Acid-P Digested P
mg kg–1

Hatahara Anthrosol 578±44 335±47 309±56 1,001±105 100±11 6,994±25 485±13 99±5

Adj. soil 30±22 8±2 18±0 48±19 43±8 4±3 83±9 55±1

Lago Grande Anthrosol 397±11 219±1 228±19 1,275±92 198±53 2,141±67 584±0 193±10

Adj. soil 9±1 3±0 6±2 17±0 31±1 0±0 73±33 85±1

Açutuba Anthrosol 59±5 84±5 64±4 218±5 72±10 21±1 141±13 38±3

Adj. soil 6±1 5±0 8±1 18±2 35±0 2±1 68±4 46±0

Dona Stella Anthrosol 11±2 53±10 28±4 20±5 9±1 2±1 21±3 5±1

Adj. soil 8±6 4±0 2±1 1±1 7±1 1±0 10±0 8±1

Pi inorganic P, Po organic P

Fig. 2 Changes in phosphorus
(P) fractions as percentage of
total P in chronosequence in the
studied Anthrosols. Phosphorus
fractions of the background for-
est soils were taken from a
primary forest with no signs of
habitation from Lehmann et al.
(2004). Freely exchangeable in-
organic P (Pi)=resin-Pi,
adsorbed Pi=bicarbonate-Pi+
hydroxide-Pi, organic P (Po)=
bicarbonate-Po+hydroxide-Po,
calcium-bound Pi=dilute acid-P,
and occluded Pi=concentrated
acid- and acid-digested P
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number and spectral feature letter) appeared slightly less
pronounced than that of HAP but slightly better defined
than that of OCP (OCP spectrum from Sato et al. 2005).

The heterogeneity of the soil samples, especially those
with low total P, affects the quality of spectra and
consequently presents a challenge for the interpretation of
P-XANES spectra. However, several spectral features can
be assigned to chemical P forms in spectra for Anthrosols
and adjacent soils (Fig. 5). Beside the white line (4b) and
oxygen oscillation (4f), the peak at 2,159 eV (5a (e)) and
the shoulder at 2,151–2,152 eV (5a (c and d)) were seen in
all Anthrosol spectra. Both spectral features indicate the
presence of Ca-P species in those soils. It appears that the
shoulder (5a (c and d)) was better defined in the following
order: DS<ACU<LG<HAT, although a small feature
which may be considered as spectral noise appeared
towards the high energy end of the shoulder in the DS
spectrum. In fact, the LCF analysis resulted in decreasing
proportions of more stable Ca-P species and increasing
proportions of more soluble species over time (Table 3).
While the proportion of HAP (the most stable Ca-P, 34%)
was found only in HAT (the youngest soil), the proportion
of TCP (less stable than HAP) significantly increased from
5% in HAT to 16% in LG, then eventually disappeared in
ACU and DS (the oldest soil). Also, 17% of ACP1 (even
less stable than TCP) appeared in the oldest soil (DS). The
pronounced peak at 2,146 eV (4a), indicative of the
presence of STR, was not seen in any spectra from
Anthrosols, although a broadened peak at around 2,146 eV
appeared to be more pronounced in the order of HAT<LG<
ACU<DS. While the proportion of STR by the LCF
increased from 0% (HAT) to 27% (LG) and 34% (ACU)
then decreased to 20% in DS, the proportion of Aq-PO4

maintained relatively constant levels at 58–65% regardless
of the soil age (Table 3).

Phosphorus-XANES spectra for adjacent soils, due to
overall low total P concentrations, were not well-defined,
showing many spectral noises, especially in ACU and DS,
compared to those for Anthrosols (Fig. 5b). The pre-white
line peak (5b (a)) indicative of Fe-P was identifiable in
HAT and LG spectra, but not pronounced in ACU and DS
spectra. It appears that the Ca-P-specific peak at 2,159 eV
(5b (e)) was shown in HAT, LG, and ACU spectra, but it
was shifted towards the high energy side and difficult to
distinguish from spectral noise. However, it appears that the
shoulder indicative of the presence of Ca-P species (5b (c
and d)) was also detected in all spectra for adjacent soils.
The shoulder seemed to be more distinctive in the order of
HAT<LG<ACU<DS. A seemingly small peak at around
2,142 eV (in HAT and LG) could not be concluded as
spectral noises caused by low total P concentrations or
identifiable peak since none of the P standards investigated

Fig. 3 Phosphorus (P) fractions as percentage of total P in adjacent
soils. Definitions of P fractions follow those in Fig. 2. HAT Hatahara,
LG Lago Grande, ACU Açutuba, DS Dona Stella

Fig. 4 Phosphorus (P) K-edge XANES spectra for selected inorganic
P standard species and fish bone. Only those standard spectra relevant
to quantification analysis are shown. The dashed lines show energy
levels of importance to indicate unique spectral features for different P
species: (a) strengite (STR), (b) absorption edge (white line); (c)–(d)
calcium-P (Ca-P) species related to their solubility, (e) Ca-P, (f)
oxygen oscillation. These spectra, including those of all other standard
species studied, are a reproduction from Sato et al. (2005). ACP1
amorphous calcium phosphate phase 1, TCP β-tricalcium phosphate,
HAP hydroxyapatite, Aq-PO4 orthophosphate in aqueous solution
(50 mM P in a 0.1 M NaCl background solution at pH4.7)
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in our study could match the peak, although it appeared
more widened in ACU spectrum and more pronounced in
DS spectrum compared with those in HAT and LG. The
LCF analysis was performed on spectra for adjacent soils;
however, the accuracy of the analysis was questionable
based on the chi-sq values and overall spectral noise so that
the data were not presented here.

4 Discussion

Phosphorus is one of the key elements in soil development
because of its ecological significance, and the soils are
subject to strong weathering of primary P minerals (Walker
and Syers 1976; Hedin et al. 2003). Total P derived from
geogenic Ca-P across a four-million-year substrate age
gradient of Hawaiian tropical forest soils showed a steep
reduction between 2,000 and 20,000 years of pedogenesis
as a result of weathering, as evidenced by the trend in silica
(Si) loss during the same period of time (Hedin et al. 2003).
For biogenic Ca-P in our study, over 90% of total losses of
total P and total Ca occurred during the first ca. 2,000 years
(see Fig. 1), which coincides with the rapid decrease of the
Ca-bound Pi fraction from the P fractionation results (see
Fig. 2). The LCF results of XANES spectra on Anthrosols

suggest that the rapid decrease in Ca-P was endorsed by
concurrent transformation of more stable Ca-P species to
more soluble species with the decrease in the proportion of
HAP in the youngest soil and the increase in the
proportions of TCP and ACP1 in older soils within a few
hundred years (see Table 3).

Rates of loss of Ca-P compounds in soil were shown to
greatly vary among different ecosystems and climates. Over
99% of Ca-bound P in carbonates was lost within 500 years

Table 3 Relative proportions of phosphorus (P) standards that best fit
the XANES spectra of the studied Anthrosols in linear combination
fitting (percentage after normalization to sum=100%±standard errors
for the linear coefficients)

Site HAP TCP ACP1 STR Aq-PO4 Chi-sq
%

Hatahara 34±5 5±4 0 0 61±1 0.091

Lago Grande 0 16±2 0 27±4 58±2 0.142

Açutuba 0 1±3 0 34±5 65±4 0.298

Dona Stella 0 0 17±4 20±7 63±5 0.601

HAP hydroxyapatite, TCP β-tricalcium phosphate, ACP1 amorphous
calcium phosphate phase 1, STR strengite, Aq-PO4 orthophosphate in
aqueous solution (50 mM P in a 0.1 M NaCl background solution at
pH4.7)

Fig. 5 Phosphorus (P) K-edge XANES spectra for Anthrosols (a) and
adjacent soils (b). The dashed lines correspond to those in Fig. 4 and
only those relevant to quantification analysis are shown. The dotted

lines in (a) represent the best fitted result to respective spectra by
linear combination fitting using an energy range of 2,142–2,162 eV
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of soil development in dune sands on Vancouver Island,
British Columbia (Singleton and Lavkulich 1987). In com-
parison, desert soils in The Jornada Basin, New Mexico still
contained 54% Ca-bound P of its total P after more than
25,000 years (Lajtha and Schlesinger 1988). Furthermore, it
has been shown that dissolution of sedimentary phosphate
rocks (PRs; e.g., Ca9.53Na0.34 Mg0.13(PO4)4.77(CO3)1.23F2.49,
from North Carolina, USA) is enhanced by soil properties
such as low soil pH with high pH-buffering capacity, low Ca
and P concentrations in soil solution, high soil P sorption
capacity, high soil moisture content, and high organic matter
content (Sale and Mokwunye 1993; Chien and Menon
1995). Therefore, highly weathered, acid soils of the humid
tropical environment in the central Amazon may have
accelerated dissolution and weathering rates of Ca-P in soil.

Dissolution rates of Ca-P compounds also depend on
species, source, or crystal structure of the compound itself
(Tang et al. 2003a). Comparing different phosphorites from
western India, Rao et al. (2000) found that constituents and
porosity of the initial substrate and physio-chemical
conditions at the time of their formation were responsible
for differences in macroscopic characteristics of phosphor-
ites. The authors also found that a phosphorite that was
formed involving fish excrement as the initial substrate was
more friable and less dense than those involving parts of
sediment, although both phosphorites contained apatite
microparticles similar to fossilized microbes.

Tang et al. (2003b) listed the solubility activity product
(Ksp) of several Ca-P species (e.g., DCPD, 2.32×10–7mol2 l–2;
TCP, 2.83×10–30mol5 l–5; and OCP, 2.51×10–99mol16 l–16),
and showed that the carbonated apatite (CAP; e.g., fish bones,
PRs, and bone and dental hard tissues) had significantly
greater Ksp than HAP (CAP, 2.88×10–112mol18 l–18 and HAP,
5.52×10–118mol18 l–18). The authors also found that CAP
dissolution rate was relatively insensitive to changes in Ca and
P concentrations at higher undersaturations, suggesting the
importance of the carbonate component under these condi-
tions. The degree to which isomorphic substitution of
phosphate by carbonate occurs within the apatite crystal
structure is a key factor in determining the chemical reactivity
of the apatite compound (Chien and Menon 1995). The
XANES spectra in our study confirmed the relative solubility
between CAP (or fish bones) and HAP based on how well-
defined the shoulder at 2,151–2,152 eV was (indicative of
Ca-P solubility; the better defined the shoulder, the more
stable the Ca-P species; Sato et al. 2005). The order of
definition of the shoulder for various Ca-P species also
matches with their Ksp values listed above (DCPD<TCP<<
OCP<CAP<HAP). This could explain relatively rapid
dissolution and exhaustion of biogenic Ca-P in the studied
Anthrosols (mostly derived from fish residues) compared with
geogenic Ca-P in the Hawaiian soils (mostly derived from
mineral phosphates; Crews et al. 1995), although the solubility

of CAP and HAP appears almost indistinguishable (far
smaller) compared with those of TCP and DCPD.

Changes in different P fractions over time as a result of
dissolution of biogenic Ca-P were generally supported by
the Walker and Syers (1976) model developed for geogenic
Ca-P. According to the model, as Ca-bound Pi fraction
declines during early soil formation, all other P fractions
increase. Freely exchangeable and adsorbed Pi fractions
(termed as non-occluded Pi in the model) increase at the
beginning, but decline to minimum levels at approximately
the same time as the Ca-bound Pi fraction disappears. On
the other hand, occluded Pi increases and eventually
predominates at later stages of soil development. Organic
P also increases as Ca-P declines, then becomes one of the
major fractions. While the dynamics were also observed for
biogenic Ca-P in our study, an increase in occluded Pi and
decreases in freely exchangeable and adsorbed Pi were not
observed due to changes in texture and mineralogy between
different ages of the Anthrosols studied (Liang et al. 2006),
which were not related to the chronosequence, and
therefore not tested with the soils studied here.

Soil weathering causes Al- and Fe-oxyhydroxides to be
formed as bases and Si are lost from the system, allowing
the formation of secondary Al- and Fe-P (Hsu 1977). As
described by Walker and Syers (1976), most of the P
released from biogenic Ca-P in our study was adsorbed on
soil surfaces, especially on the metal surfaces of Al- and
Fe-oxyhydroxides. This transformation was well-illustrated
by the P fractionation with continued increase in the
adsorbed Pi fraction over time (see Fig. 2). Furthermore,
significant decreases in Ca-P namely HAP and concurrently
significant increases in STR proportion over time (except
for DS soil) seen in the LCF results of XANES spectra
indicate the transformation of P from Ca-P species into Al-
and Fe-associated P which may have included P adsorbed
on the metal surfaces of Al- and Fe-oxyhydroxides and P
precipitated as Al- and Fe-P (see Table 3). An increase of
NaOH-extractable P (representing Al- and Fe-associated P)
with increasing soil age has also been observed in other
tropical soils (Crews et al. 1995; Schlesinger et al. 1998),
and is expected to occur significantly where ecosystems
favor a formation of highly weathered soils such as in the
central Amazon. In contrast, Al- and Fe-associated P
constituted low proportions of total P in Pakistan’s
calcareous soils (ageing from <100 and 20,000 years; Ryan
and Zghard 1979), in New Mexico desert soils (ageing
from>3,000 and >25,000 years; Lajtha and Schlesinger
1988), and among eight USDA soil orders from all regions
of the US (Tiessen et al. 1984).

Another major change in P forms was the increase in Po
fraction, which continued to increase beyond the period of
dissolution of biogenic Ca-P and was dominant in the forest
soil. This complemented mostly the Walker and Syers
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(1976) model and findings in other tropical soils such as in
Hawaii (Crews et al. 1995) and Indonesia (Schlesinger et al.
1998; Lawrence and Schlesinger 2001), and in temperate
rain forest soils of New Zealand (Parfitt et al. 2005). The
Hawaiian soils, however, exhibited a decrease in Po from
150,000 to 4.1 million years following the increase that was
also seen at our sites. Although its age is not precisely
known, the Po pool in the forest soil in our study was
expected to show a declining trend. It is likely that during
the 7,700 years of the Anthrosol studied, Po has not reached
its maximum, which was shown to exceed 150,000 years in
the Hawaiian example (Crews et al. 1995).

Organic P plays an important role in defining long-term
P bioavailability (Wardle et al. 2004), which depends on
physical, chemical, and biological properties of soil during
pedogenesis. Of the Po species detected in New Zealand top
soils under native vegetation (forest or scrub) by 31P
nuclear magnetic resonance (NMR) spectroscopy, both
orthophosphate and orthophosphate monoesters initially
increased in young soils (16,000 years old) and then
declined in the oldest soils (130,000 years old) with time
(McDowell et al. 2007). Concomitantly, labile P species
(diesters and pyrophosphate) proportionally increased sug-
gesting continued P cycling in the labile Po fraction and in
the microbial biomass. The authors suggested that the Po
cycling was still very active in soil at least for 130,000 years.
The high P availability as a proportion of total P may in part
be explained by a likely active cycling of Po even after Ca-P
disappeared in our study.

According to Syers andWalker (1969), both C/Po and N/Po
ratios should decline during the aggrading phase (character-
ized by organic matter accumulation over time up to
500 years) as C and N accumulation rates slow more than
Po accumulation rate, then increase during the degrading or
climax phase of the sequence (data available up to
10,000 years) as C and N retain longer than Po in the system.
The Anthrosols in the central Amazon showed the same trend
being in the degrading system; both C/Po and N/Po ratios of
the Anthrosols studied increased over time reaching to the
climax of the system represented by the adjacent soil studies.
This trend is in accordance with those in other ecosystems
reviewed by McGill and Cole (1981).

Following the Walker and Syers (1976) model, occluded
Pi increases during pedogenesis and becomes predominant
with increasing time. Although occluded Pi increased until
2,150 years in the Anthrosols studied, it decreased
thereafter and was only 17% of total P in the forest soil,
which was a smaller fraction than in either adsorbed Pi and
Po fractions. To a certain degree, this can be explained by
differences in soil texture and mineralogy between sites
representing different times as mentioned above. However,
occluded Pi was even dominant compared to other
fractions in all adjacent Oxisols and Spodosol (45–70%).

Inorganic P adsorbed on the metal surfaces of Al- and
Fe-oxyhydroxides is known to experience an “ageing”
effect becoming more difficult to desorb from the mineral
surfaces over time (Martin et al. 2002). Mechanisms of this
ageing of adsorbed Pi includes diffusion into microsites on
oxide surfaces (interparticle diffusion), into the interior of
oxide particles (intraparticle diffusion; Bolan et al. 1985),
and transformation to stronger bonding between P and the
oxide surfaces (inner-sphere complexation; i.e., from
monodentate to bidentate complexes; Arai and Sparks
2001). It is neither possible nor one of the objectives to
determine the ageing mechanism of P sorption in our
study, and therefore further investigations are encouraged.

Nevertheless, the results from the P fractionation and the
LCF analysis of XANES spectra on the Anthrosols studied
generally agreed on the transformation of P in soil during
pedogenesis on a long time scale. While the fractionation
results only showed the exhaustion of Ca-bound Pi in the
first ca. 2,000 years, the LCF results illustrated the
transition of more stable Ca-P species (HAP) into more
soluble species (TCP) and eventual exhaustion of both
species within the same time scale. The presence of ACP1
(17%) in the DS sample is doubtful since its spectral quality
was poor and the particular shoulder at 2,151–2,152 eV
could not be unambiguously interpreted as either a spectral
noise or a Ca-P feature (see Fig. 5a). The fractionation
results showed, as the Ca-P disappeared, that the adsorbed
Pi fraction increased to almost one half of the total P in the
DS Anthrosol, which the LCF analysis could partially
explain by the increase of the STR proportion which could
represent the combined proportions of P adsorbed on
Fe-oxyhydroxides and crystalline STR. However, while
the LCF analysis showed the relatively constant and high
proportion of Aq-PO4 (58–65% of the total P) across the
time scale studied, the fractionation results showed that the
combined proportions of freely exchangeable Pi and Po had
a relatively small fraction (10–33% of the total P) with an
increasing trend with increasing age of the Anthrosols.

5 Conclusions

Long-term transformation of biogenic Ca-P revealed overall
consistent results with the Walker and Syers model for
geogenic Ca-P transformation during pedogenesis. It
appears that biogenic Ca-P (as CAP mostly derived from
fish residues) deposited to soil transformed into more
soluble Ca-P such as TCP at later stages. However, the
rate of disappearance of biogenic Ca-P was ten times faster
than that reported for geogenic Ca-P even at tropical sites.
Phosphorus released from Ca-P was effectively adsorbed to
Al- and Fe-oxyhydroxides, transformed into organic form,
and/or converted to occluded fraction by 2,150 years of soil
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formation. This concurs with observations of long-term
transformation of geogenic Ca-P with P limitation devel-
oping over time (Vitousek and Farrington 1997). Compared
to inorganic P sources, the studied biogenic Ca-P showed a
comparatively long persistence and significantly increased
P bioavailability for several hundred to a few thousand
years. These results encourage further studies on the
dissolution of biogenic Ca-P in soils and their interactions
with mineral surfaces over shorter periods of time.
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