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Abstract

The Olsen method is widely used to determine bioavailable or extractable phosphate (P)
in upland soils. It is also used in flooded soils, although different estimates of extractable P are
obtained under anoxic conditions and oxic conditions. In the present study, variations in
extractable P in three soils under different redox conditions were evaluated as a function of solid
to solution ratio (SSR) (1:5-1:200) and bicarbonate concentration (0.1-1 M). The parameterized
CD-MUSIC model was used to describe the data, with optimization of reactive surface area (RSA)
and reversibly adsorbed P (R-PO4) only. The RSA may vary due to the reductive dissolution of iron
minerals and/or the formation of new reactive surfaces upon the establishment of reducing
conditions. Changes in SSR and bicarbonate concentration significantly affected extractable P
under both oxic and anoxic conditions; more P was extracted under anoxic conditions than under
oxic conditions. The difference was 1.5 to 2 times greater for the highest SSR considered. In the
soil samples with higher organic carbon content, the effect of bicarbonate concentration on
extractable P was remarkable. The large differences in extractable P under oxic and anoxic
conditions were probably due to differences in iron (hydr)oxide content. The parameterized CD-
MUSIC model successfully predicted the effect of SSR on extractable P under oxic and anoxic
conditions. R-PO4 data were fitted for oxic conditions and assumed unchanged for anoxic
samples, while RSA data were fitted for both conditions. The RSA value was lower in anoxic
samples than in oxic samples. Overall, our experimental data and model calculations indicate that
using wet soil samples obtained in situ for evaluation of Olsen-P in submerged soils leads to
estimation of higher amounts of extractable P than estimated in oxic soils. If soil testing in the

presence of target plants confirms the reliability of in-situ sampling for Olsen-P estimation, the P
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fertilizer dose applied to submerged soils could be reduced, which is very important from

environmental and economic perspectives.

Keywords: Anoxic conditions, Extractable phosphate, Iron (hydr)oxides, Organic carbon, Surface

complexation modeling

1. Introduction

Phosphate (P) is an essential nutrient for living organisms. It is commonly applied to
agricultural soils as a fertilizer to improve plant yields. A large fraction of the fertilizer applied is
either precipitated or strongly bound to soil minerals. Thus, phosphate bioavailability is usually a

limiting factor for growth of plants and microorganisms (Pant and Reddy 2001).

In soils, P is present in four major pools: (i) (a small fraction) dissolved in the soil solution,
(i) adsorbed on soil minerals, (iii) precipitated as Al, Fe, and Ca phosphate minerals and (iv) as a
constituent of organic matter (Wuenscher et al. 2015). A fraction of the adsorbed phosphate and
all of the soluble phosphate are considered readily extractable forms. In calcareous soils,
extractable P is often determined by the Olsen method, in which soil samples are placed in
contact (non-equilibrium condition) with sodium bicarbonate under oxic conditions (Olsen et al.
1954). This method has also been used in acidic and neutral soils (Barrow and Shaw 1976a, Horta
and Torrent 2007, Hiemstra et al. 2010). In the Olsen method, a fraction of the adsorbed
phosphate is released into the soil solution due to a competitive reaction with bicarbonate ions.
Under the conditions of the Olsen method, dissolved Ca precipitate as CaCOs(s) and the

dissolution of highly soluble calcium phosphate is promoted (Braun et al. 2019).
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When an extractant releases P into the solution, the P tends to precipitate and/or become
re-adsorbed on mineral surfaces. Therefore, the final estimate of the amount of P extracted is
the sum of opposing processes. This explains why in experimental assessments, the amount of P
extracted varies with pH, solid to solution ratio (SSR), equilibration time, shaking speed, and/or
the concentration of the extractant solution (Sibbesen 1983). Because Olsen extraction is a non-
equilibrium process, in some studies (Barrow and Shaw 1976a, 1976b, McDowell and Sharpley
2003, Hiemstra et al. 2010), the effects of various factors such as SSR, equilibration time and
sodium bicarbonate concentration on the extractable P have been investigated. Results have

shown that by increasing any of these factors, the concentration of extracted P increases.

In many countries, the standard Olsen method (with air-dried sample) is widely used to
evaluate extractable P in flooded soils, where anoxic conditions may dominantly affect the
extractable P due to the dissolution of iron (hydr)oxides (Ponnamperuma 1972, Saeed et al. 2018,
Herndon et al. 2020) and/or the formation of poorly crystalline iron oxides. In the latter process,
dissolved iron diffuses upwards to the oxidized soil-water interface and is subsequently
hydrolyzed and forms new active surfaces for re-adsorption of P (Sah et al. 1989, Shahandeh et
al. 1994, Zhang et al. 2003, Tian et al. 2017). Phosphate extractability may also decrease due to
the formation of Fe-phosphate minerals such as vivianite (Fes(PQa),.8H,0) (Loeb et al. 2008,
Cosmidis et al. 2014). Therefore, it seems that applying the standard Olsen method to flooded
soils results in different values of extractable P than when measured under oxic conditions, which
may be related to changes in the soil solution chemistry, iron (hydr)oxide surfaces and dissolved

organic matter concentration.
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In the past two decades, surface complexation models (SCMs) have been widely used to
describe oxyanion adsorption on (hydr)oxide minerals (Rahnemaie et al. 2007a, Rahnemaie et al.
2007b, Antelo et al. 2010, Weng et al. 2012, Mendez and Hiemstra 2019) and their competition
with the organic matter under both oxic (Weng et al. 2008, Hiemstra et al. 2013) and anoxic
conditions (Amini et al. 2020). The thermodynamic constants derived from the relatively simple
systems can be used to simulate reactions in complex media such as soil systems. These models
have been successfully used to describe P interactions in oxic soils (Gustafsson 2001, Devau et al.
2009, Hiemstra et al. 2010, Weng et al. 2011, Mendez et al. 2020a), but have not yet been tested

in anoxic soils.

In soils, P is dominantly adsorbed on iron and aluminum (hydr)oxides such as goethite,
ferrihydrite and gibbsite, which can be used as proxies for modeling the soil system behavior. An
extensive database regarding ion adsorption interactions on ferrihydrite has been compiled in
recent years (Antelo et al. 2010, Hiemstra and Zhao 2016, Mendez and Hiemstra 2019, 2020b).
We, therefore, made use of these data and considered this mineral as representing soil

(hydr)oxide minerals.

Based on the aforementioned points, we believe that using air-dried soil samples for P
extraction under anoxic conditions leads to incorrect estimation of P, and in-situ sampling is
therefore needed for extraction of P under such conditions. To investigate this hypothesis, this
study aimed to (i) compare the extraction of phosphate in oxic and anoxic soil samples using the
Olsen method and (ii) simulate extractable P in both oxic and anoxic conditions using surface
complexation models (SCMs). To attain these goals, extractable P was first measured as a

function of SSR and sodium bicarbonate concentration. The experimental data were then
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described by the state-of-the-art CD-MUSIC (Charge Distribution MUIti Slte Complexation)
model. The model was parameterized by the ion (H, Na, COs, PO4) adsorption parameters derived

in the relatively simple systems.

Ferrihydrite is a weakly crystalline iron oxide mineral and because of its ability to become
adsorbed to surfaces, it plays an important role in determining phosphate concentration in soils.
For simplification, we assumed that soil reactive minerals act in the same way as the ferrihydrite
mineral. In particular, we examined the efficiency of the CD-MUSIC model to describe phosphate
interactions in very complicated anoxic soil systems and compared the effect of SSR on

extractable P in both oxic and anoxic soil samples.

2. Materials and methods

2.1. Soil sampling

Three soil samples, mainly differing in organic carbon (OC) content, were collected from
Mashatook (So.s, contains 0.54 % OC: location 37° 16" 44" N 49° 27' 51" E), Sangar (S1.7, contains
1.72 % OC: location 37° 9’ 0” N 49° 44’ 17" E) and Atashgah (S,.9, contains 2.87 % OC, location 37°
16" 3” N 49° 30’ 12" E), located in Guilan province, Iran, a region with an annual rainfall of 1243
mm (average for the last five years). In order to have soil samples with low available phosphate,
surface soil samples were selected from the soil adjacent to paddy fields. Samples were air-dried

and passed through a 2 mm sieve.

For experiments conducted under anoxic conditions, 1200 g aliquots of the sieved soil
samples were placed in plastic buckets (18 cm in diameter) and potable water was gradually

added until the height of water reached 8 cm above the soil (details of the water chemistry are
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given in Table S1). The samples were mixed manually twice a day for four days until reaching a
steady state. Reduced soil subsamples were then removed from the bottom of the buckets (= 8-

10 cm from the soil surface) with a sampling spoon, 65 to 75 days after submersion.

2.2. Soil physical and chemical characteristics

In air-dried samples, soil pH and soil EC (electrical conductivity) were measured at a 1:5
soil to solution ratio (pH in 0.01 M CaCl, and EC in deionized water). Soil texture was determined
by the hydrometric method (Gee and Bauder 1986). Soil OC was measured by the Walkley-Black
method (Allison 1965). Total phosphate was measured by the perchloric acid (HCIO4) digestion
method (Olsen and Dean 1965). The total concentration of iron oxide phases (such as ferrihydrite,
goethite and schwertmannite) was extracted by the DCB (dithionite-citrate-bicarbonate) method
(Janitzky 1986). The poorly crystalline iron and aluminum reactive phases (Feox and Alo) were
extracted using ammonium oxalate solution, along with the phosphate associated with these
phases (Walker 1986). DCB and oxalate extractions were carried out in air-dried soil samples for
both oxic and anoxic soils. POsox) Wwas measured only for oxic soils. For the DCB and oxalate
extractions, soil samples were passed through a 100-mesh sieve (0.149 mm). The concentration
of extracted Feox and Alox was measured by ICP-MS, and the concentration of POasox) by the
molybdate blue method using a UV-visible spectrophotometer (Jenway UV/Vis 6505) at a

wavelength of 882 nm (Murphy and Riley 1962).

For in-situ measurement of soil pH and soil Eh (redox potential) in the representative soil
solution, a plastic tube was placed in the flooded soil within the bucket. Before installation, some
small holes were drilled at the bottom end (2 cm from the bottom) of the tube to enable the soil

solution to enter the tube. The small holes were covered with a filter paper (MN640) to prevent

7
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the entry of soil particles (Fig. 1). Before every measurement, the solution within the tube was
removed by a syringe, allowing the fresh soil solution enters the tube from the small holes. Then,
pH or Eh electrodes were inserted into the tube. A combined Ag-AgCl electrode was used for pH
measurement and a single Pt-Ag and a reference AgCl electrodes (calibrated with ZoBell solution)
were used for Eh measurement. The Eh value was recorded when the change in potential was
less than 1 mV/min. Dissolved ferrous iron was also measured in the representative soil solution,
which was collected with a syringe from the fresh soil solution within the tube, by the 1,10-
phenanthroline analytical method (Vogel 1989). The measurements of soil characteristics are

presented in Table 1.

2.3. Determination of Olsen-P under oxic and anoxic conditions

For oxic soils, the standard Olsen extraction method (Olsen and Dean 1965) was used to
determine soil extractable P. Briefly, 100 mL of 0.5 M sodium bicarbonate (buffered at pH=8.5)
was added to 5 g of air-dried soil within a 250 ml Erlenmeyer flasks. The suspensions were then
shaken for 30 min on an orbital shaker at 200 rpm to prevent soil particles abrasion that could
alter the amount of phosphate extracted. After that, they were centrifuged at 2500 rpm for 10
min and passed through filter paper (MN640). The experiments were conducted in duplicate. The
concentration of phosphate in the filtered solutions was measured by the molybdate blue
method using a UV-visible spectrophotometer (Jenway UV/Vis 6505) at 882 nm wavelength

(Murphy and Riley 1962).

Pre-washed activated carbon was added to the suspensions (0.2 g per 1 g of soil) before
shaking, to prevent natural organic matter from competing with phosphate for the binding sites

on the soil mineral surfaces. Commercial activated carbon contains a substantial amount of

8
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phosphate; it was therefore washed several times with a sodium bicarbonate solution and
deionized water before use. In every experiment, a blank sample of the pre-washed activated

carbon was prepared to check for any possible contamination.

For anoxic sails, it is recommended to extract P from wet samples rather than from air-
dried samples because air-drying alters the amount extracted (Richardson and Reddy 2013).
Therefore, to measure extractable P under anoxic conditions, two wet subsamples were taken
simultaneously from the bottom of each bucket. One wet subsample (8 to 10 g, depending on
the moisture content, to maintain a final SSR of ~1:20) was placed in contact with 100 mL of 0.5
M sodium bicarbonate to extract the phosphate. The phosphate concentration was then
determined by the molybdenum blue method, in a similar way as for the oxic samples. At the
same time, the other wet soil subsample (1 g) was oven-dried at 105 °C to measure the moisture
content in the sample and allow for post-experimental correction for changes in the
concentration of bicarbonate and the SSR.

2.4. Assessment of the factors affecting the Olsen-P extraction under oxic and
anoxic conditions

2.4.1. SSR effect

To evaluate the effect of the SSR, the extractable P was measured at soil to solution (0.5
M sodium bicarbonate, buffered at pH=8.5) ratios of 1:5, 1:7.5, 1:10, 1:15, 1:20, 1:30, 1:40, 1:50,
1:100 and 1:200 kg/L. At the beginning of the experiments, 0.2 g pre-washed activated carbon

was added per 1 g of soil.

In the classical Olsen method, the solid to solution ratio is 1:20 and the extraction is done

in 250 mL Erlenmeyer flask; while in this experiment, different SSRs should be used at the same
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container. These conditions may affect differently the motion of the particles in the suspensions
and consequently the amount of P extracted. Thus, to eliminate the effect of the container,
suspensions were shaken for a longer time. This ensures that the amount of phosphate extracted
would not be affected by the volume of the container, and the only variable would be the SSR.
Preliminary kinetic experiments using 1:20 SSR and 0.5 M NaHCOsz showed that Sos and S,.9 reach
equilibrium after 120 min of shaking, while S17 requires more time. Therefore, for the SSR
experiments, the equilibration time was set at 180 min (Fig. S1). The suspensions were then
centrifuged and filtered as previously stated. The phosphate concentration in the filtered solution

was measured by the molybdenum blue method.

2.4.2. Effect of sodium bicarbonate concentration

The effect of sodium bicarbonate concentration (0.1, 0.2, 0.35, 0.5, 0.65, 0.8 and 1 M, all
buffered at pH=8.5) on extractable P was investigated on soil samples taken from oxic and anoxic
conditions. The suspensions (SSR 1:20) were shaken for 30 min, then centrifuged and filtered. In
colorimetric measurements, appropriate blank and standard solutions were used for each
sodium bicarbonate concentration to eliminate the possible effect of matrix composition on

measured phosphate concentration.

For the soil samples taken from anoxic conditions (in both considering the effect of SSR
and NaHCOs), the moisture content of the wet soil samples, which may dilute the SSR and
extractant, was measured and the changes in the concentration of sodium bicarbonate and SSR
were corrected accordingly. Briefly, the final concentrations of NaHCO3 and SSR were calculated
based on the amount of moisture added, and then the corrected data were used to make the

figures and to use for further calculation/modeling.
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2.5. Modeling calculations

The phosphate concentration in the soil solution was predicted using the CD-MUSIC
model, with ferrihydrite as a proxy for the (hydr)oxides minerals present in the soil samples. As
using common methods (e.g. gas (BET) or organic probe-molecules (ethylene glycol monoethyl
ether and humic acid)) to determine the reactive surface area (RSA) is not accurate in a complex
system like soil, phosphate was selected as a test ion to assess the RSA in soils in equilibrium with
NaHCOs (0.5 M, pH=8.5) (Hiemstra et al. 2010, Mendez et al. 2020a). Based on Eq. 1, the pool of
reversibly adsorbed PO4 (R-PQ4), i.e. a sink of phosphate bound to the surface sites which can be

released into the soil solution, was calculated as follows:

R— PO, =RSAxT +SSR™'x ¢ Eq. 1

where RSA is the reactive surface area (m?/kg), I is the phosphate surface loading on the
metal (hydr)oxide in soil (mol/m?), SSR is the solid to solution ratio (kg/L) and c is the
concentration of phosphate in solution (mol/L). The CD-MUSIC model estimates the
corresponding phosphate surface loading (/7) for each measured PO4 concentration (C). The
values of RSA and R-PO; must then be determined iteratively by consecutive CD model
simulations such as when the RSME between experimental and predicted phosphate
concentration is minimized. Generally, when pseudo-equilibrium is reached and at least two pairs
of data (i=2) are available for C;and SSR;, the surface area can be calculated by Eq. 2 or optimized

by the CD-MUSIC model (Mendez et al. 2020a).

RSA = A(SSR™Y; x ¢;)/AT; Eq.

11
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where A shows the change in the values of the particular parameters with indexi=1 and

The affinity constants and charge distribution coefficients of proton, sodium, carbonate
and phosphate, which are required to describe ion binding to the mineral surface were taken
from (Mendez et al. 2020a) and are shown in Table S2. Two singly (=FeOH%>(a), =FeOH%> (b)) and
one triply (Fe30°%>) coordinated surface groups were defined as reactive sites with effective site
densities of 3, 2.8 and 1.41 sites/nm?, respectively. The capacitances of the inner and outer Stern
layers were taken from Hiemstra and Zhao (2016) and established at C;= 1.15 and C,= 0.9 F/m?.
The reactive surface area (RSA) and the reversibly adsorbed PO; (R-POs) were the only
parameters that were optimized in the modeling, assuming each soil has its own RSA. The RSA
was fitted under both oxic and anoxic conditions while R-PO4 values were fitted for oxic
conditions and assumed to be unchanged for anoxic conditions (Table 2). All of the parameters
were defined in the CD-MUSIC model. The modeling calculations were carried out using ECOSAT

(Keizer and Van Riemsdijk 1994) in combination with FIT (Kinniburgh and Tang 1993).

Singly coordinated surface groups (=FeOH%>(a), =FeOH%*'(b)) were used to define the
interactions between phosphate ions and ferrihydrite surface (Hiemstra and Zhao 2016). It was
assumed that =FeOH%>(a) can only form mono- and di-protonated monodentate surface

complexes with phosphate (Eq. 3 & 4).

=FeOH%>(a) + 2H*(aq) + POs*(aq) <> =Fe0%->)*+22; PO,(OH) 2%, + H,0 (1) Eq. 3

=FeOH%> (a) + 3H*(aq) + PO4>(aq) ¢<> =Fe0©>)+22, PO(OH), 2% + H,0 (l) Eq. 4

12



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

while =FeOH%>(b) can form both mono- and di-protonated monodentate and also non-

protonated and protonated bidentate phosphate complexes (Eq. 5 - 8).

=FeOH%>(b) + 2H*(aq) + PO4*(aq) ¢> =Fe0Q(®>)+22, pO,(OH) 241 + H,0 (l) Eq.5
=FeOH%>(b) + 3H*(aq) + PO4*(aq) <> =Fe0(®>)+542, PO(OH), 2%, + H,0 (l) Eq. 6
2=FeOH%>(b) + 2H*(aq) + PO4*(aq) €> =Fe; 0,122, PO,%%; + 2H,0 (1) Eq.7
2=FeOH%>(b) + 3H*(aq) + PO4*(aq) €> =Fe; 0,1*44, POOH2Z; + 2H,0 (1) Eq. 8

To formulate the interaction between carbonate ion and the mineral surface, carbonate
was assumed to form a bidentate surface complex with the =FeOH%>(b) surface group (Eq. 9).

This surface complex can also interact with Na* at high sodium concentrations (Eqg. 10):
2=FeOH">(b) + 2H*(aq) + COs%(aq) €> =Fe, 0,*) 52, CO*%; + 2H,0 (l) Eq.9
2=FeOH%>(b) + 2H*(aq) + CO3%(aq) + Na*(aq) <> =Fe, 0,1 *22; CO-Na??; + 2H,0 (I) Eq. 10

In addition, carbonate may form outer sphere surface complexes with =FeOH%>*(a) and

=FeOH%>(b) surface groups (Egs. 11 and 12), but no evidence has been found for the formation

of HCO3 outer sphere complex (Hiemstra and Zhao 2016, Mendez and Hiemstra 2019):

=FeOH%>(a) + H*(aqg) + CO3%*(aq) <> =FeQ%>*2%; .... CO2 %%, + 1H,0 (1) Eq. 11

=FeOH%>(b) + H*(aq) + COs%(aq) €> =Fe0%>*2%; ... CO, %41 + 1H,0 (1) Eq. 12

It is noted that in the current study, the pH of the sodium bicarbonate extractant solution
was set at 8.5. At this pH, organic matter is released into the solution due to the repulsive forces
between organic matter and negatively charged surface groups. The released molecules can then

be removed by the adsorption on activated carbon. Also, calcium ion in equilibrium with CaCOs(s)

13
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may interact with the surface groups (similarly to the magnesium ion). Thus, these interactions
were also considered; however, their effects were not significant. Therefore, in the final modeling
scenario, the interactions between the mineral surface and organic carbon, calcium and

magnesium were not considered.

3. Results and discussion

3.1. Soil physical and chemical characteristics

The pH of soil samples So.s and S0 were acidic and S1.7 was almost neutral. The soils had
a very low EC and the OC contents were 0.54, 1.72, and 2.87% for Sos, S1.7 and Sz.9 samples,
respectively. Soil texture was clayey for Sos and Sz.9 and silty clay for Si17. The amount of Fepcs
ranged from 172 to 460 mmol/kg, and the Feox from 32 to 135 mmol/kg, i.e. 20-30% of total iron
oxides were present in the form of poorly crystalline phases. By contrast, the amount of Alox was
very similar in all three samples, ranging between 66 and 78 mmol/kg. The amount of oxalate-P
in the soil samples was very high (1.31 to 20.60 mmol/kg), relative to the amount of Olsen-P (i.e.
the extractable fraction) (0.06 to 0.21 mmol/kg). Similarly, the Olsen-P represented less than 1%
of the total phosphate (Table 1). The average amount of Olsen-P, pH and OC in agricultural paddy
lands in the region where the samples were collected are approximately 0.39 mmol/kg, 7 and

2%, respectively (Davatgar et al. 2015).

During the flooding experiment, the pH and Eh values of the soil samples were monitored
periodically until day 65, when both variables reached a steady state. The pH values in samples
So.s and Sz, which were initially acidic, increased to nearly neutral values, while in sample S17,

which was initially almost neutral, did not vary significantly (Fig. 2a). The Eh value in all samples

14
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decreased with the flooding time, indicating a change from oxic to anoxic conditions. The final Eh
values were approximately +160, -60, and -75 mV in samples Sos, S1.7, and Sz, respectively (Fig.
2b). The lower Eh values in S1.7 and Sz.gare possibly due to the higher OC content in these samples
(Fageria et al. 2011). The correlation between delta Eh and %OC in samples Sos, S1.7, and Sz is
shown in Fig. S2. This figure shows that the difference between the initial and final Eh values
increased with the amount of OC in the soil samples. After day 65, the soil samples can be

considered anoxic, although the Eh of sample Sos ranged between suboxic and anoxic.

The differences in the amount of crystalline iron (Fecys), calculated by subtracting Feox
from Fepcs) and poorly crystalline iron, Feox, were measured in the submerged samples. The
relative content of Feuys (Fig. 3a) indicates that as the flooding time increases, the amount of
Fecrysi decreases in sample Sy.9, while it barely changes in samples Sosand S1.7. The variation in the
poorly crystalline iron with flooding time is consistent with these results, i.e. the amount of Fex
increases for the S,.5, while no variation is found for samples Si1.7 and Sos (Fig. 3b). This change
can be attributed to the reductive dissolution of iron minerals into the soil solution in sample S;.9.
In addition, in another two samples a sharp release of ferrous iron into the solution as a result of
reductive dissolution is observed (Fig. 4). The significant increase in ferrous iron concentration in
the samples specifically occurred in the first few weeks (20 days) after the flooding. The amounts
of ferrous iron in the first measurement in the solutions (5 days after flooding) were 0.25, 2.8 and
67 umol/L and reached 80, 55 and 650 umol/L (measurement on day 20) for samples Sos, S1.7and
S, respectively. As the amount of dissolved iron in the solution was very low relative to the

amount of iron in the solid phase, a small change in the Eh values can lead to a marked change
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in ferrous iron in the solution. Therefore, the trends in the solid phases are not as clear as for iron

in the solution.

3.2 Desorption experiments
3.2.1 Effect of SSR under oxic and anoxic conditions

Under oxic conditions, the concentration of extracted P in the solution increases with the
SSR (Fig. 5a), which is consistent with previous findings (Barrow and Shaw 1976a, Hiemstra et al.
2010). The initial amount of phosphate was higher in sample Si1.7than in the other samples. Thus,
the difference in extracted P among the soil samples can be attributed to the phosphate loading.
As can be seen in Fig. 5a, at low SSR (1:100 and 1:200), due to the increase in the total amount
of bicarbonate ions, the competitive bicarbonate-phosphate interaction and also the soil dilution
condition led to the release of a larger fraction of the initially adsorbed phosphate. As the SSR
increases gradually, the fraction of released phosphate from the reactive sites decreases. As such,
at higher SSR, phosphate is mainly released from the external surfaces of mineral oxide
aggregates (iron and aluminum (hydr)oxides) and edges of clay minerals, whereas at lower SSR,
in addition to the external surfaces, phosphate is also slowly released from the internal aggregate
surfaces (Hiemstra et al. 2010). The effect of the SSR on the extraction of phosphate from soil
has generally been attributed to different factors, including the presence of colloids, interactions

between particles, kinetic effects and heterogeneity (Lucero et al. 1998).

In the present study, we observed that the concentration of phosphate released at low
SSR is 3 to 7 times lower than that extracted by the standard Olsen method (Table 1), and the
relationship was non-linear. In samples Sos and S.o, the variation in the concentration of

extracted phosphate was low (i.e. high phosphate buffering). This may be associated with a larger
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reactive surface area in the soil samples (Table 2). A high iron (hydr)oxide content may also result
in a lower effect of SSR on the extractable P. The variation in extracted P as a function of SSR is
greater in sample S1.7 than in the other samples, possibly as a result of higher initial Olsen-P and
lower content of iron (hydr)oxides. On the other hand, the initial pH value of this sample is higher
than 7. Under these conditions, dissolved Ca precipitates as CaCOs(s) and promotes the
dissolution of calcium phosphate (Braun et al. 2019). The slight slope in sample S,9 can be
attributed to the lower amount of extractable P than in sample S1.7, while in sample Sos it can be
attributed to both the lower amount of extractable P and the lower OC content. Mendez et al.
(2020a) also observed different trends in soil samples due to the different buffering capacities

(Fig. S3).

The effect of SSR in the anoxic condition was also investigated and the results are also
shown in Fig 5a. Similar to the oxic conditions, the phosphate released into the solution under
anoxic conditions increases with SSR. In sample Sps, changing the SSR and Eh had a weak effect
on the extractable P. This sample contains low OC and high iron (hydr)oxides (Table 1); thus, there
is less competition for the reactive sites on iron (hydr)oxides, and the phosphate buffering
capacity is high. The relatively high Eh value, +160 mV, also greatly reduces the effect of changing
from oxic to anoxic conditions on the extracted phosphate for this sample (Figs. 5a and S4a). On
the other hand, for samples S1.7 and S5 the effect of SSR is higher under anoxic conditions than
under oxic conditions (Figs. 5a, S4b and S4c). For sample S, this effect was higher at low SSR
values (Figs. 5a and S4c). Under anoxic conditions, due to the lower redox potential in the soil
system, reductive dissolution of iron (hydr)oxides surface may be occurring, resulting in the

release of adsorbed phosphate (Hanke et al. 2014).
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3.2.2 The effect of sodium bicarbonate concentration under oxic and anoxic conditions

The results show that more phosphate is released to the solution phase as the
concentration of sodium bicarbonate increases (Fig. 5b), which can be attributed to competition
between bicarbonate and phosphate for the reactive sites on the soil mineral oxides (Rahnemaie
et al. 2007a, Hiemstra et al. 2010, Mendez and Hiemstra 2019). In sample Sos, the amount of
phosphate released into the solution do not vary significantly upon increasing the concentration
of NaHCOs. Because of the low OC content and relatively high content of iron (hydr)oxides in this
sample, a high level of phosphate buffering is expected. The same is observed for sample S;.,
which contains greater amounts of poorly crystalline and crystalline iron (hydr)oxides (Table 1).
If the specific surface area is relatively large, the mineral surface will have enough reactive sites
available for both phosphate and bicarbonate ions to be adsorbed (Yan et al. 2016). The variation
in phosphate as a function of bicarbonate concentration in sample S1.7 is greater than in the other

samples, possibly due to the low content of iron (hydr)oxides.

Changes in the extracted phosphate as a function of sodium bicarbonate concentration
have been reported to be more marked at lower concentrations of sodium bicarbonate (<0.5 M)
(Hiemstra et al. 2010), which was not observed in the current study. The difference in findings is
probably due to the fact that in the present study the soil samples relatively contain lower
concentration of phosphate than their arable topsoils. Different slopes indicate that phosphate
may be bound to the sites with different surface adsorption energies. Therefore, by increasing
the bicarbonate concentration, the phosphate bound to the low energy sites is released first and
the ability of bicarbonate ions to outcompete and release phosphate bound to the high energy

sites gradually decreases. In the present study, the change in the concentration of extracted
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phosphate as a function of the bicarbonate concentration is linear for all three samples. When
the concentration of phosphate is low, as in the case of these soil samples, high-energy sites are
preferred. By increasing the concentration of bicarbonate, the phosphate bound to the high-
energy surface groups will be gradually released. The increase in the concentration of the
extracted phosphate with the bicarbonate concentration is due to the decrease in the re-

adsorption process (Barrow and Shaw 1976b).

The effect of sodium bicarbonate concentration on extractable P in the anoxic samples is
also presented in Fig. 5b. Similar to the oxic samples, for the flooded soils a positive and linear
relationship between the extracted phosphate and the concentration of bicarbonate was
observed. However, for sample Sos the increase was less pronounced than for samples S17 and
S,.9, which may indicate the higher phosphate buffering capacity of this soil sample. As stated
above, the phosphate-bicarbonate competition for the reactive sites at the soil mineral surfaces
is the cause of the increase in the extracted phosphate with the sodium bicarbonate

concentration (Mendez and Hiemstra 2019).

The phosphate extracted from sample Sos collected from the flooded buckets was not
remarkably different from that observed under oxic conditions. In this sample, the Eh value was
relatively high, +160 mV, i.e. suboxic conditions, and the initially measured extractable P was
lower than for the other samples. Because the ferric iron is not considered an electron acceptor
at redox potentials above +150 mV (Amini et al. 2020), changing from oxic to suboxic conditions
has only a small effect on the amount of extracted phosphate. On the other hand, for samples
S17 and Sy, the effect of bicarbonate concentration on the release of phosphate was greater
under anoxic conditions than under oxic conditions. Due to the competition between

19



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

bicarbonate and phosphate, more phosphate is released as the concentration of HCOs™ increases.
The competition is more pronounced under anoxic conditions, possibly due to the lower Eh
values in the systems. When the Eh value is relatively low, ferrous iron is released into the
solution by reductive dissolution of the iron oxide minerals, and the phosphate bound to these
surfaces will be readily released into the solution (Gu et al. 2019). The presence of bicarbonate

ions prevents re-adsorption of the released phosphate onto the surfaces.

3.3. Modeling calculations
3.3.1. SSR

The CD-MUSIC model reasonably described the experimental data and the effect of
varying the SSR for all samples, under both oxic and anoxic conditions, as observed when the
predictions and the experimental data are correlated (Fig. 6). The parameters fitted to the SSR
data were used to simulate the effect of change in the bicarbonate concentration on the
extractable P (see supplementary material, Fig. S5). As stated above, the only parameters fitted
were the RSA and R-PO4 (Table 2); the surface complexation constants were taken from previous
studies (Table S2). The fitted values for the R-PO; were lower than the measured oxalate-
extractable phosphate (Table 1). The difference between measured oxalate-P and fitted R-PO4 is
possibly due to a low initial amount of oxalate-P in the samples. Low initial oxalate-P values can
lead to an error in the measurements. Oxalate can dissolve Fe and Al simultaneously, leading to
a greater release of phosphate from the soil matrix and overestimation of the values (Hiemstra
et al. 2010). On the other hand, oxalate-P was measured in the finer fraction of soil samples
(0.149 mm sieve), while the fitted values are based on the phosphate extracted in <2 mm sized

particles. When soil samples are passed through a finer sieve, the portion of iron oxides to the
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weight of the soil sample will increase. In this case, greater amounts of P will be released into the

solution as oxalate-P is bound to the mineral oxides.

The fitted RSA values for Sos, Si7 and Sz samples were 7.50, 1.62 and 8.37 m?/g,
respectively. Considering oxalate extractable iron and aluminum, the RSA values were converted
to the specific surface area (SSA) values of the (hydr)oxide minerals, which were 560, 176 and
445 m?/g (hydr)oxide. Except for sample S1 7, the values were approximately in the range of SSA
obtained in the study of Mendez et al. (2020a) for agricultural soils, which ranged between 347
and 1406 m?/g oxide. The SSA values were calculated from RSA, using oxalate extractable
fraction of Fe and Al and assuming the molar mass of 97 g/mol Fe (ferrihydrite) and 78 g/mol Al
(gibbsite) (Hiemstra et al. 2010). The oxalate-extractable fraction of Fe was measured under both
oxic and anoxic conditions, and therefore different values of Feox were used to calculate SSA
under these conditions. On the other hand, as Al oxides are not reduced at the measured Eh
values of all soil samples and the measured values of Alox in anoxic samples were not significantly
different from those measured under oxic conditions, Alox was therefore assumed constant for

SSA calculations under both oxic and anoxic conditions.

Under anoxic conditions, the modeling parameters were initially set to those obtained
under oxic conditions, but the model underestimated the phosphate concentration in the
solution. The surface complexes of ferrous iron with the surface groups of ferrihydrite and
ternary surface complexes of ferrous iron and phosphate with the surface sites were then
considered in the modeling approach, as proposed by (Talebi Atouei (2016)), to consider possible
re-adsorption of Fe and implications of this re-adsorption on the surface charge of the mineral
that promotes P adsorption. The concentration of ferrous iron, which was defined as a model

21



451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

component, was measured in the flooded soils (6<pH<7) and thus included in the model
simulations. Nevertheless, even with the inclusion of ferrous iron, the model underestimated the
experimentally measured data. This is possibly due to the pH (buffered to 8.5) of the soil samples
for the bicarbonate extraction. The presence of carbonate in the soil solution and the low value
of Eh can limit the solubility of ferrous iron because of the effect of carbonates on the pH of the

solution and the low solubility of ferrous carbonate in case of its formation (Hem 1960).

As previously stated, under anoxic conditions, the reductive dissolution of iron
(hydr)oxide minerals may occur, and additional ferrous iron may then be released into the
solution (Herndon et al. 2020). The dissolved ferrous iron can diffuse to the oxic layer, where it
is easily oxidized and reprecipitated as poorly crystalline iron minerals (Tian et al. 2017). Both
processes may affect the RSA. By defining surface complexes similar to those formed under oxic
conditions and additional fitting of the surface area, the CD-MUSIC model can describe
experimental data under anoxic conditions (Fig. 6 and Fig. S4). The fitted values for RSA and also
calculated values of SSA were lower than those obtained for oxic conditions. The differences
between the fitted values for the RSA under oxic and anoxic conditions for Sos, S1.7, and Sz
samples were 26, 47 and 27 % respectively (Table 2). Although new iron minerals may be formed
in sample S29, a net decrease in SSA, from 445 to 195 m?/g, was observed; this was not expected,
based on the information in Fig. 3b. The decrease in SSA for samples Sos and Si7 may be
attributed to the reductive dissolution of Fe mineral phases, which cause preferential dissolution
of mineral phases with higher SSA and larger solubility, leaving only the more stable Fe oxide

minerals remaining in the solid phases (Fig. 3a & 4).
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3.3.2. Bicarbonate

To describe the effect of change in the bicarbonate concentration on the extractable
phosphate, all the model parameters previously defined (section 3.3.1), including the RSA and R-
PO4, were used. Model predictions versus experimental observations were also shown in Fig S5.
By using the same RSA and reactive phosphate pool as for the SSR experiments (i.e. under oxic
conditions), the model could describe the experimental data reasonably well, although it
overestimates the extractable phosphate in sample S1 7. This overestimation is most likely caused
by the lower equilibration time in the sodium bicarbonate experiments (30 min) compared to the
SSR experiments (180 min). As stated before, in the initial kinetic experiments (Fig. S1), data
showed that samples Sos and S;9 reached a pseudo-equilibrium within 30 min of shaking, but
sample Si17did not. On the other hand, a low initial phosphate concentration may result in a
larger error in the measurements, which may lead to a larger difference between the model

output and the experimental data.

The parameters obtained in the modeling of the SSR experimental data under anoxic
conditions were also used to predict the effect of the bicarbonate-phosphate competition. The
modeling predictions were well correlated with the experimental observations, although we
observed some deviations at high bicarbonate concentration for sample Si7. Sensitivity
calculations were conducted to assess the effect of changing the Stern capacitance or considering
the presence of ferrous iron and organic matter on the model predictions, but the predictions
did not change significantly. Nevertheless, it seems that the predictions for the anoxic samples
are better than for the oxic samples, with less deviations between experimental observations

and modeling predictions for the former. The amount of extractable phosphate increased in
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comparison to that obtained under oxic conditions, reducing the possibility of errors in the

measurements.

4. Conclusions

The effects of SSR (solid to solution ratio) and bicarbonate concentration on phosphate
extractability under oxic and anoxic conditions were compared. By increasing the SSR and
bicarbonate concentration, the concentration of phosphate in the solution was increased. The
findings indicate that low Eh values intensify the effect of SSR and NaHCOs; concentration on
phosphate extractability, possibly due to the reductive dissolution of iron oxide minerals. The
differences between oxic and anoxic conditions are variable and depend on the Eh value, the

amount of iron (hydr)oxides and the phosphate buffering capacity.

The extractable P in the soil solution was simulated by the well parametrized CD-MUSIC
model, allowing the RSA (reactive surface area) of the soil samples to be determined under both
oxic and anoxic conditions. The SSA (specific surface area) of the soil samples decreased when
anoxic conditions were established after flooding, possibly due to the reductive dissolution of
iron (hydr)oxides and the formation of new solid phases with lower reactive surface area. The
findings also demonstrate that, although an increase in soil SSA decreases phosphate
extractability under both oxic and anoxic conditions, the effect is three times greater under

anoxic conditions.

Overall, our experimental data and model outputs shed further light on the complicated

chemistry of phosphate extractability in flooded soils and other soil samples under anoxic
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conditions. However, for a more general and universal picture, the present findings can be used

in the future to better understand the effect of different variables in soil samples.
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651  Table 1. Physical and chemical characteristics of Sos, S1.7 and S;.950il samples
Soil pH" EC™ oC Clay Feonx™ Alx™ POson™  Fepcs™  [PO4lr [POsloisen  [PO4loisen  [Fe?*] ™

(Oxic) (Anoxic) (Anoxic)
dS/m - 7 y—— mmol/kg M

(So.5) 4.80 0.07 0.54 41 84 67 1.31 329 22 0.063 0.069 163.7
(S1.7) 7.15 0.08 1.72 44 32 78 20.60 172 45 0.213 0.442 453
(S2.9) 5.20 0.10 2.87 42 134 74 2.50 457 23 0.176 0.187 265.8

652 * Soil pH was measured in 1:5 soil to solution (0.01 M CaCl) ratio under oxic conditions

653 ™ Soil EC was measured in 1:5 soil to solution (deionized water) ratio under oxic conditions

654 ***For measuring these parameters under oxic conditions, soil samples were passed through a 0.149 mm sieve; ox stands for

655 oxalate and DCB for Dithionite-Citrate-Bicarbonate

656 **** Ferrous iron was measured in representative soil solutions taken from flooded soils in buckets under anoxic conditions
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Table 2. Fitted reactive surface area (RSA) and reversibly adsorbed phosphate (R-PO.) by the CD-MUSIC

model for Sg s, S1.7 and S,9s0il samples used to describe the effect of SSR on extracted P

oy RPOS RSA” SS‘:‘M R-PO’ RSA™ SS‘:‘M
mmol/kg m?¥g soil (:I;iflge mmol/kg m?/g soil (:I;iflge
Oxic Anoxic
(So.5) 0.31 7.50 560 0.31 5.56 363
(S1.7) 0.58 1.62 176 0.58 0.85 74
(S2.9) 0.80 8.37 445 0.80 6.11 195

* Fitted reversibly adsorbed phosphate. R-PO4 values were assumed to be the same for oxic and anoxic conditions
** Fitted reactive surface area, RSA fitted under both oxic and anoxic conditions

sk

Specific surface area, SSA values were calculated, according to the method described in the text, from RSA values

Installing the tube in the pot

10cm S

0600 ‘50“"00'
0 A
2cm ll;, b KETA

Covering with filter paper

Fig.1. Schematic figure of installed tube covered with filter paper in flooded pots for pH, Eh and Fe (1I)

measurements
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683  Fig.2. Effect of flooding time (days) on a) pH and b) Eh (mV) in S¢s, S1.7 and S, ¢ soil samples.
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689  Fig.3. Effect of flooding time on the percentage (g/100g soil) of a) crystalline and b) poorly crystalline

690  iron in Sos, Si.7 and Sy soil samples under anoxic conditions
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698  Fig. 4. Effect of flooding time on the concentration of ferrous iron (umol/L) in Sos, S17 and Sy soil

699  samples under anoxic conditions
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Fig 5. a) Effect of SSR on extractable P in soil under oxic (empty symbols) and anoxic (solid symbols)
conditions. The vertical dashed line corresponds to the SSR used in the standard Olsen-P method (i.e. SSR
= 1:20). The equilibration time in these experiments was 180 min, rather than 30 min that is used in the
standard Olsen method. b) Effect of sodium bicarbonate concentration on the concentration of extracted
phosphate from soil under oxic (empty symbols) and anoxic (solid symbols) conditions. The vertical dashed
line corresponds to the sodium bicarbonate concentration in the standard Olsen-P method (0.5 M).
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Fig 6. Model predictions vs experimental observations for the effect of SSR (1:5, 1:7.5, 1:10, 1:15, 1:20,
1:30, 1:40, 1:50, 1:100 and 1:200 kg/L) on extractable P in soil under oxic (empty symbols) and anoxic
(solid symbols) conditions. The predictions were calculated using the CD-MUSIC model, as described in
section 2.5. The solid line represents the reference 1:1 line. All the data are within the two-times RMSE
(equal to 6.06, which was calculated based on (Groenenberg et al. 2017).
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