
SOILS, SEC 3 • REMEDIATION AND MANAGEMENT OF CONTAMINATED OR DEGRADED LANDS •

RESEARCH ARTICLE

Phosphorus pools in sulfuric acid sulfate soils: influence of water
content, pH increase and P addition

Sonia Mayakaduwage1
& Md Alamgir2 & Luke Mosley3 & Petra Marschner1

Received: 15 July 2019 /Accepted: 5 November 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Purpose Acid soils often have low P availability limiting plant growth, which is addressed by application of inorganic fertilizers
and neutralizing agents. However, little is known about the effect of addition of inorganic P and neutralizing agents on P pools in
acid sulfate soils under submerged or moist conditions.
Materials and methods Sulfuric acid sulfate soil (pH < 4) was amended with two neutralizing agents (NaOH or Ca(OH)2) to
achieve soil pH 4 or 5.5, without or with addition of inorganic P equivalent to 20 kg ha−1. Soils were incubated at 25 °C in either
submerged or moist conditions (100% of maximum water holding capacity). After 2 weeks, soil P pools (labile P, moderately
labile P, non-labile P and residual P) and Fe and Al oxides were determined.
Results and discussion Adjustment of pH had little effect on the measured parameters. Labile, moderately labile and non-labile P
pools were higher with P addition than without P addition. With P addition, labile and non-labile P pools were up to twofold
higher in submerged incubation than in moist incubation. Labile P, non-labile P and residual P represented 70%, 15% and 15% in
submerged incubation and 40%, 40% and 30% inmoist incubation, respectively. In submerged incubation, Fe oxides were higher
in soils amended with neutralizing agents than in the original soil which can be explained by the higher pH.
Conclusions A high proportion of added P was available after 2 weeks of application particularly in submerged incubation. The
pH increase had little effect on P availability.

Keywords Acid sulfate soil . Neutralizing agent . Phosphorus addition . Phosphorus pools .Water content

1 Introduction

Acid sulfate soils (ASS) are defined as soils in which sulfuric
acid may be produced, is being produced or has been pro-
duced in amounts that have a lasting effect on main soil char-
acteristics (Fanning et al. 2017). Acid sulfate soils are com-
monly found where conditions are conducive for sulfate re-
duction such as water logged, sulfate and organic matter–rich

coastal and inland wetlands or floodplain areas, and rivers or
lakes (Fitzpatrick et al. 2008). In Australia, it has been esti-
mated that ASS occupy about 4 million ha in coastal areas and
1.5 million ha in inland areas (Fitzpatrick et al. 2008). Areas
containing ASS are often used for paddy rice cultivation
where they may be under oxidized and reduced conditions
(Fanning et al. 2010). ASS materials typically contain iron
sulfides such as FeS or pyrite (FeS2) formed in reactions of
hydrogen sulfide with dissolved Fe2+ under anaerobic condi-
tions (Blunden 2000). Acid sulfate soils are chemically stable
under reducing conditions. However, entry of air such as upon
drainage can lead to pyrite oxidation which can result in for-
mation of sulfuric acid and pH < 4 or less in soil and leachate
(Andriesse and Van Mensvoort 2006).

As a macronutrient, phosphorus (P) plays a critical role in
plants for processes such as photosynthesis, respiration and
carbohydrate metabolism (Hawkesford and Barraclough
2011). In soil, P is often poorly available to plants because
only a very small proportion (< 1%) of total soil P is
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immediately available in the soil solution. The majority of soil
P is in the form of poorly available inorganic (e.g. precipitated
with Al, Fe or Ca) or organic compounds. In ASS, a large
proportion of soil P is likely to be bound with Fe or Al hy-
droxides (Iuliano et al. 2007). Fe and Al minerals are sensitive
to changes in redox potential and soil pH. Changes in redox
potential during flooding and draining/oxidation influence Fe
forms and may therefore also affect P availability. When less
soluble ferric (FeIII) compounds are reduced to more soluble
Fe2+ under anaerobic/submerged conditions, P associated
with ferric compounds is released into the soil solution
(Peretyazhko and Sposito 2005). Under oxidizing/dry condi-
tions on the other hand, Fe2+ is converted to hydrated ferric
oxide minerals (or in acid sulfate soils, Fe oxyhydroxy sulfate
minerals) which can occlude P (Ponnamperuma 1972;
Fitzpatrick et al. 2017).

P availability in acid soils can be enhanced by application
of P fertilizer or pH increase (Antoniadis et al. 2015).
However, due to the binding of P on Fe minerals in acid soils,
even soluble P fertilizer can become insoluble and less avail-
able to plants shortly after application (Ryan et al. 1985). It has
been suggested that neutralizing agents (e.g. NaOH or
Ca(OH)2) increase P availability by exchange of OH− with
PO4

3− from Fe hydroxide compounds and by reducing the
positive surface charge of Fe minerals, thereby weakening P
retention (Oburger et al. 2011).

However, the pH increase induced by neutralizing agents in
acid soils can also influence Fe forms. At pH > 3.5, hydrolysis
of Fe3+ results in precipitation of hydroxyl-iron species such
as Fe(OH)2+, which bind P in the soil solution (Penn and
Camberato 2019). In addition, it has been reported that
Ca(OH)2 may limit P availability by precipitation of relatively
insoluble calcium phosphates (Curtin and Syers 2001). Van
Mensvoort et al. (1985) suggested that liming of flooded ASS
could reduce P availability by formation of insoluble Al phos-
phate compounds.

Although low P availability in acid soils is commonly ad-
dressed by adding neutralizing agents (e.g. lime) and applica-
tion of inorganic P, little is known about the interactions be-
tween neutralizing agents and P availability in sulfuric soils
under submerged or drained conditions. This limits the ability
to understand how to promote plant growth in sulfuric soils
which may provide benefits to remediation (Gardner et al.
2018). Further, due to the high amounts of Fe and dramatic
changes in pH in submerged and moist ASS, P availability in
ASS may be affected by soil water content to a greater extent
than in other acid soils. This study aimed to (i) determine the
influence of pH increase by two different neutralizing agents
(NaOH and Ca(OH)2) on P pools and Fe oxides in ASS under
submerged and moist conditions and to (ii) investigate the
effect of inorganic P addition on P pools and Fe oxides with
or without pH adjustment. We hypothesized that (i) the effect
of pH increase on soluble P and Fe will be greater in soil

amended with inorganic P thanwithout P addition; (ii) without
P addition, available P will be lower in moist incubation than
in submerged incubation, due to oxidation and precipitation of
Fe3+; and (iii) P availability will be lower in soils amended
with Ca(OH)2 compared to NaOH due to formation of calci-
um phosphate minerals.

2 Materials and methods

Sulfuric acid sulfate soil (pH < 4) was collected from Gillman
in the Barker Inlet, South Australia (34° 49′ 47.25″ S; 138° 32′
40.24″ E). Properties of the soil were as follows: pH 3.16 (1:1
soil:water), EC1 5123 mS cm−1, sand 89%, silt 7%, clay 4%,
total P 0.30 mg g−1, total Fe 21.9 mg g−1, total organic carbon
18.9 mg g−1 and maximum water holding capacity (WHC)
140 mg g−1. The soil had the following properties used for
acid sulfate soil characterization: acid neutralizing capacity
0% CaCO3, actual acidity 51 mmol H+ kg−1, HCl-soluble
sulfur 11.5 mg g−1 and chromium reducible sulfur
17 mg g−1 (for further details and methods, see Thomas
2011). The soil was stored at room temperature (water content
0.01 g g−1) before starting the experiment. For details of the
site and soil classification, see Kölbl et al. (2019).

2.1 Experimental design

The soil was sieved to < 2 mm and mixed with reverse osmo-
sis (RO) water at a 1:2 ratio to form a slurry. There were two
incubation conditions: submerged or 100% WHC, referred to
as submerged and moist, respectively. The ten amendment
treatments differed in soil pH (4 or 5.5), neutralizing agent
(NaOH or Ca(OH)2) and the addition of inorganic P equiva-
lent to 20 kg P ha−1. This P rate was used because it is com-
monly applied in cropped soil. The amendment treatments
were as follows (Table 1): control without or with P addition
(ControlP0, Control+P), pH increase to 4 with NaOH without
or with P addition (Na4P0, Na4+P), pH increase to 5.5 with

Table 1 Amendment treatments

Treatment name pH adjustment to Neutralizing agent P addition

ControlP0 – – –

Control+P – – –

Na4P0 4 NaOH –

Na4+P 4 NaOH +

Na5.5P0 5.5 NaOH –

Na5.5+P 5.5 NaOH +

Ca4P0 4 Ca(OH)2 –

Ca4+P 4 Ca(OH)2 +

Ca5.5P0 5.5 Ca(OH)2 –

Ca5.5+P 5.5 Ca(OH)2 +
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NaOH without or with P addition (Na5.5P0, Na5.5+P) (pH
increase to 5.5 with NaOH, P added), pH increase to 4 with
Ca(OH)2 without P or with P addition (Ca4P0, Ca4+P) and
pH increase to 5.5 with Ca(OH)2 without P or with P addition
(Ca5.5P0, Ca5.5+P). Soil pH was increased to 4.0 ± 0.5 or
5.5 ± 0.5 by drop-wise addition of 0.5 N NaOH or Ca(OH)2
and thorough mixing. Soil pH was measured 24 h after adjust-
ment, and if the target pHwas not reached, NaOH or Ca(OH)2
was added again. After reaching the target pH, soils were dried
in a fan-forced oven at 30 °C for 36 h until the water content
was 100% WHC. Then, soil pH was measured again in a 1:1
soil:water slurry. Final pH values were 4.0 ± 0.1 or 5.5 ± 0.1.
Soil equivalent to 20 g dry weight was placed in 70-mL plastic
containers. In treatments with P addition, inorganic P (as
KH2PO4) was thoroughly mixed at 20 kg P ha−1 (equivalent
to 769 mg P kg−1 soil−1). Soil was incubated at 25 °C in the
dark for 2 weeks, at two different water contents. The 2-week
incubation was chosen because in a preliminary experiment
with this soil which was conducted over 10 weeks, P pools
changed little after 2 weeks. For submerged incubation, RO
water was added so that the soil surface was covered by a 2-
cm layer of water which was maintained by adding water
throughout the following 2 weeks. The vials were closed tight-
ly to minimize entry of air. For moist incubation, soil was
incubated at 100% WHC. This water content was selected
based on Jayalath et al. (2016) who found that oxidation/
acidification in ASS was maximal at 100% WHC.
Throughout the moist incubation, 100% WHC was main-
tained by checking the water content by weight regularly
and adding water if required. All treatments were sampled
after 2 weeks. There were four replicates per treatment.

2.2 Analyses

Soil pH was measured in a 1:1 soil:water slurry. Soil maxi-
mum water holding capacity was measured using a sintered
glass funnel connected to a 1-m water column (Wilke 2005).
Soil texture was determined by the hydrometer method (Gee
and Or 2002). To determine total P, soil was digested with
nitric acid-perchloric acid at a 4:1 ratio and total P in the digest
was determined by the phosphovanado-molybdate method

(Hanson 1950). Total Fe was determined after concentrated
nitric acid dissolution (Zarcinas et al. 1996). The extracts were
filtered and analysed for Fe by inductively coupled plasma
optical emission spectroscopy (ICP-OES; Agilent,
Mulgrave, Australia). In the submerged treatment, soil pH
and redox potential were measured by inserting the probes
into the soil. In the moist treatments, the electrode was inserted
into the soil to measure redox potential; soil pH was deter-
mined in a 1:1 soil:water slurry ratio. A chemical fractionation
scheme developed by Ivanoff et al. (1998) was used to deter-
mine soil P pools, with a few modifications. Briefly, soil (1 g
dry soil equivalent) was sequentially extracted with 0.5 M
NaHCO3, 1 M HCl and 0.5 M NaOH to separate labile, mod-
erately labile P (MLP) and non-labile P (NLP) pools, respec-
tively. After shaking (16 h, 4 h and 16 h with 0.5 M NaHCO3,
1 M HCl and 0.5 M NaOH, respectively), centrifugation and
filtration, P in the extracts was determined by the malachite
green method (Ohno and Zibilske 1991). To determine resid-
ual P, the remaining soil pellet was digested with nitric acid-
perchloric acid at a 4:1 ratio and residual P in the digest was
determined by the phosphovanado-molybdate method
(Hanson 1950). The Fe and Al oxides in soil were determined
using the extraction procedure of Holmgren (1967). To 0.5 g
dry soil equivalent, 0.5 g sodium dithionite and 25 mL of
0.75 M sodium citrate solution was added and shaken for
16 h at 25 °C. After shaking, 25 ml RO water containing three
drops of Superfloc solution was added. Then, the mixture was
shaken vigorously for 5 s and centrifuged to obtain extracts
free of soil particles. The supernatant was filtered and diluted
10-fold and acidified with 0.2% v/v nitric acid. Then, Fe, Ca,
Al and Na concentrations in the extracts were determined
using ICP-OES.

2.3 Data analysis

There were four replicates per treatment. Before conducting
analysis of variance (ANOVA), the data was checked for nor-
mality (W test) and was log-transformed to achieve normal
distribution. Data of submerged and moist treatments was
analysed separately by two-way ANOVA with P addition
and pH adjustment as factors (GenStat 15th edition; VSN

Table 2 Parameters at 0 week of sampling in treatments with different soil amendments (for treatment names, see Table 1) (n = 4, ± standard error)

ControlP0 Control+P Na4P0 Na4+P Na5.5P0 Na5.5+P Ca4 P0 Ca4+P Ca5.5P0 Ca5.5+P

Soil pH 3.2 ± 0.03 3.2 ± 0.03 4.6 ± 0.04 4.3 ± 0.03 5.7 ± 0.02 5.6 ± 0.01 4.5 ± 0.02 4.1 ± 0.01 6.0 ± 0.04 5.9 ± 0.03

Redo× potential (mV) 644 ± 2.4 588 ± 3.6 468 ± 4.3 466 ± 2.5 403 ± 5.2 419 ± 4.0 504 ± 3.8 506 ± 2.7 435 ± 3.7 447 ± 3.4

Labile P (mg kg−1) 4 ± 0.1 284 ± 2.6 7 ± 0.2 380 ± 5.8 6 ± 0.1 324 ± 5.0 6 ± 0.2 308 ± 6.0 5 ± 0.3 307 ± 4.5

MBP (mg kg−1) 6 ± 0.2 14 ± 1.6 3 ± 0.3 6 ± 0.4 4 ± 0.2 146 ± 13.7 4 ± 0.2 16 ± 6.8 2 ± 0.1 260 ± 3.4

MLP (mg kg−1) 5 ± 0.2 34 ± 0.9 6 ± 0.0 21 ± 1.7 8 ± 0.2 28 ± 0.6 8 ± 0.8 31 ± 2.4 13 ± 0.4 40 ± 2.0

NLP (mg kg−1) 25 ± 0.7 120 ± 0.7 28 ± 0.5 109 ± 4.3 32 ± 0.7 125 ± 1.8 40 ± 0.7 114 ± 1.4 28 ± 0.7 110 ± 0.9

RP (mg kg−1) 67 ± 0.4 58 ± 2.3 108 ± 1.5 9 ± 0.5 136 ± 2.2 133 ± 2.0 64 ± 0.4 46 ± 0.8 59 ± 0.4 68 ± 1.0
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Int., Ltd., UK). Tukey’s multiple comparison tests at 95%
confidence interval were used to determine significant differ-
ences among treatments (P addition × pH adjustment) sepa-
rately for submerged and moist incubations. To compare sub-
merged and moist treatments, paired t test was carried out for
each amendment treatment separately (GenStat 15th edition;
VSN Int., Ltd., UK).

3 Results

The initial soil pH of ControlP0 was < 3.3, indicating pyrite
oxidation had occurred leading to production of sulfuric (pH
< 4) materials (Table 2). Redox potential values ranged from
400 mV to around 650 mV in all samples at the start of the
incubation. Labile P, MLP and NLP were higher with P addi-
tion than without P addition.

After 2 weeks, soil pH or redox potential values were not or
only slightly influenced by incubation water content (Table 3).
Labile P was 10- to 100-fold higher in +P treatments than 0P
treatments, and it was higher in submerged than in moist in-
cubation except in Ca5.5P0 where it was 20% higher in moist
incubation (Fig. 1a, b). In submerged incubation, labile P in
0P treatments was 30% higher than ControlP0 in Na4P0 and
Ca4P0. In +P treatments, labile P was higher than Control+P
only in Ca4+P and Ca5.5+P where it was about 70% higher.
In moist incubation, labile P differed little among 0P treat-
ments except in Ca5.5P0 where it was about 40% higher than
ControlP0. With P addition, labile P was about 30% lower
than Control+P in Na5.5+P, Ca4+P and Ca5.5+P.

MLP in submerged incubation (Fig. 1c) was four to seven-
fold higher in +P treatments than in 0P treatments with the
greatest difference in Ca5.5. It differed little among 0P treat-
ments. Compared to Control+P, MLP was 30% lower in Na4+
P and 20% higher in Ca5.5+P. MLP was not detectable in
moist incubation treatments.

NLP in submerged incubation was about fourfold higher in
+P than in 0P treatments (Fig. 2a). In general, NLP differed a
little between pH-adjusted treatments and their respective con-
trol. In +P treatments, NLP was about twofold higher in sub-
merged than in moist incubation (Fig. 2b).Without P addition,
NLP was not affected by incubation water content except in
ControlP0 and Ca5.5P0 where it was higher in moist than in
submerged incubation. In moist incubation, NLP was higher
than ControlP0 only in Ca5.5P0 where it was 30% higher.
NLP differed a little among +P treatments.

Residual P (RP) in submerged incubation without P addi-
tion compared to ControlP0 was about 20% higher in pH-
adjusted treatments, except in Ca4P0 where it was twofold
higher (Fig. 2c). Compared to 0P treatments, RP with P addi-
tion was lower in Na4P+ and Ca4P+, but higher in Na5.5P+
and Ca5.5P+. With P addition, RP was about 30% higher in
Na5.5P+, Ca4P+ and Ca5.5P+ than in Control+P. Incubation Ta
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water content had an effect on RP only in Ca treatments where
it was higher in submerged than in moist incubation in Ca4,
but lower in Ca5.5. In moist incubation, RP differed a little
between pH-adjusted treatments and the respective controls in
except in Ca5.5P0 where it was 30–80% higher (Fig. 2d).

Iron oxides were up to threefold higher in submerged than
in moist incubation except in ControlP0 where it was twofold
higher in moist than in submerged incubation (Fig. 3a, b). P
addition had little effect on Fe oxides. Only in submerged
incubation compared to the respective treatment without P,
Fe oxides were twofold higher in Na4+P and 50% lower in
Ca4+P. In submerged incubation, compared to the controls, Fe
oxides were about threefold higher in pH-adjusted treatments.
In moist incubation, there was no consistent treatment effect
on Fe oxides. Al oxide concentration was not affected by
incubation water content, pH adjustment or P addition
(Fig. 3c, d). There was no correlation between P pools and
Fe/Al oxides.

In submerged incubation without P addition, RP was the
largest percentage of P pools (around 70% of measured P),
followed by NLP (about 20%) (Table 4). Only about 5% of
measured P was in labile P (LP). With P addition on the other
hand, LP was the largest pool (about 70%) whereas RP and

NLP together were only about 30%.Moderately labile P was a
small pool irrespective of P addition, less than 10% of mea-
sured P. In moist incubation without P addition, the proportion
of RP, NLP and LP was similar as in submerged incubation
(70%, 20% and 5% of measured P, respectively). With P
added in moist incubation, about 40% of measured P was
LP, 20–30% NLP and 30–40% RP. However, in submerged
incubation, about 65% of measured P was LP, 15% NLP and
less than 10% RP.

4 Discussion

This experiment showed that in sulfuric ASS, a large propor-
tion of the added soluble P remained in available form, for at
least over 2 weeks. Labile P, MLP and NLP were generally
higher with P added than without P addition. P addition re-
sulted in a 10-fold increase in the proportion of LP in total P
detected, particularly in submerged incubation. Some of the
added P was converted into NLP, likely through binding to Fe/
Al oxides on soil particles. The lack of increase in RP with P
addition suggests that the 2-week incubation was not long
enough to convert P into very stable P forms. In general, P

Fig. 1 Labile P (a, b) and moderately labile P (c) pools in treatments with
different amendments (for treatment names, see Table 1) after 2 weeks of
submerged (a, c) or moist incubation (b). Columns with different letters

are significantly different (n = 4, ± standard error, P ≤ 0.05). Means with
asterisk are significantly higher than the incubation with the other water
content. Moderately labile P was detected only in submerged incubation
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pools were influenced by P addition and incubation water
content (submerged or moist) whereas pH adjustment had
little effect.

Without P addition, P pools differed little between sub-
merged and moist incubations. Therefore, the second hypoth-
esis (without P addition, available P will be lower in moist
incubation compared to submerged incubation, due to oxida-
tion and precipitation of Fe3+) has to be declined. Labile P was
slightly higher in submerged incubation than in moist incuba-
tion, and MLP was detectable only in submerged incubation.
This suggests that submerged incubation enhanced mobiliza-
tion of native soil P, possibly through reduction of Fe oxides to
which P was bound (Zhang et al. 2003). However, Fe oxides
were lower in submerged than in moist incubation only in
ControlP0. Native soil P may have been mobilized by organic
acid anions produced from decomposition of native OM at
low oxygen concentrations which replaced P from binding
sites (Ponnamperuma 1972). Redox potentials measured in
the soil were not low, but low oxygen concentrations could
occur in microsites, e.g. close to the bottom of the containers.

Labile P can be transformed into MLP or NLP by adsorp-
tion to soil minerals such as clays and Fe and Al oxides or by
formation of salts with Ca, Fe or Al (Smeck 1985). With P
added, LP and NLP in submerged incubation were up to two-
fold higher than those in moist incubation and MLP was

detected only in submerged incubation. Thus, in submerged
incubation, a greater proportion of the added P remained sol-
uble than in moist incubation, although a greater proportion
was also immobilized as NLP than in moist incubation. This
apparent contradiction can be explained by the different sizes
of the three pools in submerged incubation. Labile P was
about fivefold greater than NLP and 10-fold greater than
MLP. Thus, the increase in MLP and NLP had little impact
on LP concentration. The higher MLP and NLP in submerged
incubation than in moist incubation with added P may be due
to greater diffusion of the added P throughout the soil which
increased the likelihood of contact with soil particles and for-
mation of stable P pools.

Increasing soil pH had no consistent effect on P pools
without P addition. With P added in submerged incubation,
LP was about 50% higher with Ca addition than the control
which is in agreement with the first hypothesis (the effect of
pH increase on soluble P and Fe will be greater in soil
amended with inorganic P than without P addition).
Although labile P was slightly lower in moist incubation than
in submerged incubation, Fe oxides were higher in submerged
than in moist incubation (except in ControlP0). Therefore, the
lower labile P in moist incubation cannot be explained by
enhanced formation of Fe oxides and thus greater surface area
for P binding. Ca addition can result in formation of Ca

Fig. 2 Non labile P (a, b) and residual P (c, d) pools in treatments with
different amendments (for treatment names, see Table 1) after 2 weeks of
submerged (a, c) or moist incubation (b, c). Columns with different letters

are significantly different (n = 4, ± standard error, P ≤ 0.05). Means with
asterisk are significantly higher than the incubation with the other water
content
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phosphates (Curtin and Syers 2001), but this apparently did
not happen in this soil because LPwas higher with Ca addition
than with Na addition or without pH adjustment. Thus, the
third hypothesis (P availability will be lower in soils limed with
Ca(OH)2 compared to NaOH due to formation of calcium phos-
phate minerals) has to be declined. The higher LP with Ca
addition may be due to replacement of sorbed P by OH−

(McDowell et al. 2003). This did not occur with NaOH addition,
likely because less OH− was added with the latter. In moist
incubation, pH adjustment to 5.5 with Ca(OH)2 increased RP
compared to the control which indicates formation of very stable
P forms. However, the higher RP did not affect NLP or LP,
because the increase in RP was quite small (about 40 mg kg−1).

In submerged incubation, Fe oxides were about threefold
higher in pH-adjusted treatments compared to the controls.
This can be explained by the lower solubility of Fe oxides at
pH > 4 and the redox potential between 400 and 600 mV
which reduces Fe solubility compared to lower redox poten-
tials (Cook and Olive 2012). Iron oxides were higher in sub-
merged incubation than in moist incubation which indicates
that Fe reduction was not enhanced in submerged conditions,
possibly because the redox potential was similar as in moist
incubation. In moist incubation, sulfate ions could have been
released by pyrite by oxidation (Johnson and Hallberg 2005).
Sulfate ions may react with Na or Ca added with the neutral-
izing agents and enhance the formation of Ca/Na hydrous

Fig. 3 Fe oxides (a, b) and Al oxides (c, d) in treatments with different
amendments (for treatment names, see Table 1) after 2 weeks of sub-
merged (a, c) or moist incubation (b, d). Columns with different letters

are significantly different (n = 4, ± standard error, P ≤ 0.05). Means with
asterisk are significantly higher than the incubation with the other water
contents

Table 4 Percentage of P pools in total extracted P with different amendment treatments incubated under submerged andmoist conditions (for treatment
names, see Table 1)

Incubation P pool ControlP0 Control+P Na4P0 Na4+P Na5.5P0 Na5.5+P Ca4P0 Ca4+P Ca5.5P0 Ca5.5+P

Submerged LP 5.7 abc 64.8 e 6.4 bc 62.9 d 5.2 ab 62.4 d 4.2 a 73.5 f 6.8 c 74.2 f

MLP 5.9 c 7.2 f 4 a 5.9 c 6.8 ef 6 cd 5 b 5.1 b 6.5 de 6.3 cd

NLP 21.3 d 17.5 bc 18.2 c 18.9 c 16 b 16 b 15.9 b 11.5 a 18.7 c 9.7 a

RP 67.1 d 10.5 a 71.4 e 12.3 b 72 e 15.6 c 74.9 f 9.9 a 68 d 9.8 a

Moist LP 3.6 a 43 d 5.1 ab 42.5 d 4.3 ab 35.2 c 5.9 b 34.1 c 3.5 a 35.1 c

MLP 0 0 0 0 0 0 0 0 0 0

NLP 22 bcde 22.6 bcde 18.7 ab 21.5 bcd 16.5 a 29.3 f 25.9 ef 25.6 def 23.4 cde 20.0 abc

RP 74.4 e 34.4 a 76.2 ef 36 a 79.2 f 35.5 a 68.2 d 40.3 b 73.1 e 44.9 c

Different letters indicate significant differences between treatments (n = 4, ± standard error, P ≤ 0.05)
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sulfate coatings on soil particles. These coatings can reduce
the rate of oxygen diffusion and thereby limit oxidation of Fe
minerals (Blowes et al. 1991).

5 Conclusions

This study showed that added soluble P remained available
2 weeks after addition and little had entered the more stable P
pools. This suggests that added P was not quickly bound on Fe
minerals in the acid sulfate soil used in this study. Soil water
content influenced P pools only with P addition where a great-
er proportion of the added P remained soluble in submerged
compared to moist incubation. Increasing the pH had little
effect on P pools. The results suggest P amendment to acid
sulfate soils could be an effective strategy to increase available
P and promote plant growth. However, high rates of P fertil-
izer additionmay also increase P loss via runoff or seepage. To
further assess the effect of P addition and water content on P
pools in ASS, studies with a range of P concentrations over
longer periods (several months) are needed.
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