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Abstract 22 

The Olsen method is widely used to determine bioavailable or extractable phosphate (P) 23 

in upland soils. It is also used in flooded soils, although different estimates of extractable P are 24 

obtained under anoxic conditions and oxic conditions. In the present study, variations in 25 

extractable P in three soils under different redox conditions were evaluated as a function of solid 26 

to solution ratio (SSR) (1:5-1:200) and bicarbonate concentration (0.1-1 M). The parameterized 27 

CD-MUSIC model was used to describe the data, with optimization of reactive surface area (RSA) 28 

and reversibly adsorbed P (R-PO4) only. The RSA may vary due to the reductive dissolution of iron 29 

minerals and/or the formation of new reactive surfaces upon the establishment of reducing 30 

conditions. Changes in SSR and bicarbonate concentration significantly affected extractable P 31 

under both oxic and anoxic conditions; more P was extracted under anoxic conditions than under 32 

oxic conditions. The difference was 1.5 to 2 times greater for the highest SSR considered. In the 33 

soil samples with higher organic carbon content, the effect of bicarbonate concentration on 34 

extractable P was remarkable. The large differences in extractable P under oxic and anoxic 35 

conditions were probably due to differences in iron (hydr)oxide content. The parameterized CD-36 

MUSIC model successfully predicted the effect of SSR on extractable P under oxic and anoxic 37 

conditions.  R-PO4 data were fitted for oxic conditions and assumed unchanged for anoxic 38 

samples, while RSA data were fitted for both conditions. The RSA value was lower in anoxic 39 

samples than in oxic samples. Overall, our experimental data and model calculations indicate that 40 

using wet soil samples obtained in situ for evaluation of Olsen-P in submerged soils leads to 41 

estimation of higher amounts of extractable P than estimated in oxic soils. If soil testing in the 42 

presence of target plants confirms the reliability of in-situ sampling for Olsen-P estimation, the P 43 
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fertilizer dose applied to submerged soils could be reduced, which is very important from 44 

environmental and economic perspectives. 45 

 Keywords: Anoxic conditions, Extractable phosphate, Iron (hydr)oxides, Organic carbon, Surface 46 

complexation modeling 47 

1. Introduction 48 

Phosphate (P) is an essential nutrient for living organisms. It is commonly applied to 49 

agricultural soils as a fertilizer to improve plant yields. A large fraction of the fertilizer applied is 50 

either precipitated or strongly bound to soil minerals. Thus, phosphate bioavailability is usually a 51 

limiting factor for growth of plants and microorganisms (Pant and Reddy 2001).    52 

In soils, P is present in four major pools: (i) (a small fraction) dissolved in the soil solution, 53 

(ii) adsorbed on soil minerals, (iii) precipitated as Al, Fe, and Ca phosphate minerals and (iv) as a 54 

constituent of organic matter (Wuenscher et al. 2015). A fraction of the adsorbed phosphate and 55 

all of the soluble phosphate are considered readily extractable forms. In calcareous soils, 56 

extractable P is often determined by the Olsen method, in which soil samples are placed in 57 

contact (non-equilibrium condition) with sodium bicarbonate under oxic conditions (Olsen et al. 58 

1954). This method has also been used in acidic and neutral soils (Barrow and Shaw 1976a, Horta 59 

and Torrent 2007, Hiemstra et al. 2010). In the Olsen method, a fraction of the adsorbed 60 

phosphate is released into the soil solution due to a competitive reaction with bicarbonate ions. 61 

Under the conditions of the Olsen method, dissolved Ca precipitate as CaCO3(s) and the 62 

dissolution of highly soluble calcium phosphate is promoted (Braun et al. 2019).  63 
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When an extractant releases P into the solution, the P tends to precipitate and/or become 64 

re-adsorbed on mineral surfaces. Therefore, the final estimate of the amount of P extracted is 65 

the sum of opposing processes. This explains why in experimental assessments, the amount of P 66 

extracted varies with pH, solid to solution ratio (SSR), equilibration time, shaking speed, and/or 67 

the concentration of the extractant solution (Sibbesen 1983). Because Olsen extraction is a non-68 

equilibrium process, in some studies (Barrow and Shaw 1976a, 1976b, McDowell and Sharpley 69 

2003, Hiemstra et al. 2010), the effects of various factors such as SSR, equilibration time and 70 

sodium bicarbonate concentration on the extractable P have been investigated. Results have 71 

shown that by increasing any of these factors, the concentration of extracted P increases.    72 

In many countries, the standard Olsen method (with air-dried sample) is widely used to 73 

evaluate extractable P in flooded soils, where anoxic conditions may dominantly affect the 74 

extractable P due to the dissolution of iron (hydr)oxides (Ponnamperuma 1972, Saeed et al. 2018, 75 

Herndon et al. 2020) and/or the formation of poorly crystalline iron oxides. In the latter process, 76 

dissolved iron diffuses upwards to the oxidized soil-water interface and is subsequently 77 

hydrolyzed and forms new active surfaces for re-adsorption of P (Sah et al. 1989, Shahandeh et 78 

al. 1994, Zhang et al. 2003, Tian et al. 2017). Phosphate extractability may also decrease due to 79 

the formation of Fe-phosphate minerals such as vivianite (Fe3(PO4)2.8H2O) (Loeb et al. 2008, 80 

Cosmidis et al. 2014). Therefore, it seems that applying the standard Olsen method to flooded 81 

soils results in different values of extractable P than when measured under oxic conditions, which 82 

may be related to changes in the soil solution chemistry, iron (hydr)oxide surfaces and dissolved 83 

organic matter concentration.  84 
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In the past two decades, surface complexation models (SCMs) have been widely used to 85 

describe oxyanion adsorption on (hydr)oxide minerals (Rahnemaie et al. 2007a, Rahnemaie et al. 86 

2007b, Antelo et al. 2010, Weng et al. 2012, Mendez and Hiemstra 2019) and their competition 87 

with the organic matter under both oxic (Weng et al. 2008, Hiemstra et al. 2013) and anoxic 88 

conditions (Amini et al. 2020). The thermodynamic constants derived from the relatively simple 89 

systems can be used to simulate reactions in complex media such as soil systems. These models 90 

have been successfully used to describe P interactions in oxic soils (Gustafsson 2001, Devau et al. 91 

2009, Hiemstra et al. 2010, Weng et al. 2011, Mendez et al. 2020a), but have not yet been tested 92 

in anoxic soils.  93 

In soils, P is dominantly adsorbed on iron and aluminum (hydr)oxides such as goethite, 94 

ferrihydrite and gibbsite, which can be used as proxies for modeling the soil system behavior.  An 95 

extensive database regarding ion adsorption interactions on ferrihydrite has been compiled in 96 

recent years (Antelo et al. 2010, Hiemstra and Zhao 2016, Mendez and Hiemstra 2019, 2020b). 97 

We, therefore, made use of these data and considered this mineral as representing soil 98 

(hydr)oxide minerals. 99 

Based on the aforementioned points, we believe that using air-dried soil samples for P 100 

extraction under anoxic conditions leads to incorrect estimation of P, and in-situ sampling is 101 

therefore needed for extraction of P under such conditions. To investigate this hypothesis, this 102 

study aimed to (i) compare the extraction of phosphate in oxic and anoxic soil samples using the 103 

Olsen method and (ii) simulate extractable P in both oxic and anoxic conditions using surface 104 

complexation models (SCMs). To attain these goals, extractable P was first measured as a 105 

function of SSR and sodium bicarbonate concentration. The experimental data were then 106 
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described by the state-of-the-art CD-MUSIC (Charge Distribution MUlti SIte Complexation) 107 

model. The model was parameterized by the ion (H, Na, CO3, PO4) adsorption parameters derived 108 

in the relatively simple systems.  109 

Ferrihydrite is a weakly crystalline iron oxide mineral and because of its ability to become 110 

adsorbed to surfaces, it plays an important role in determining phosphate concentration in soils. 111 

For simplification, we assumed that soil reactive minerals act in the same way as the ferrihydrite 112 

mineral. In particular, we examined the efficiency of the CD-MUSIC model to describe phosphate 113 

interactions in very complicated anoxic soil systems and compared the effect of SSR on 114 

extractable P in both oxic and anoxic soil samples.  115 

2. Materials and methods  116 

2.1. Soil sampling 117 

Three soil samples, mainly differing in organic carbon (OC) content, were collected from 118 

Mashatook (S0.5, contains 0.54 % OC: location 37° 16′ 44″ N 49° 27′ 51″ E), Sangar (S1.7, contains 119 

1.72 % OC: location 37° 9′ 0″ N 49° 44′ 17″ E) and Atashgah (S2.9, contains 2.87 % OC, location 37° 120 

16′ 3″ N 49° 30′ 12″ E), located in Guilan province, Iran, a region with an annual rainfall of 1243 121 

mm (average for the last five years). In order to have soil samples with low available phosphate, 122 

surface soil samples were selected from the soil adjacent to paddy fields. Samples were air-dried 123 

and passed through a 2 mm sieve.    124 

For experiments conducted under anoxic conditions, 1200 g aliquots of the sieved soil 125 

samples were placed in plastic buckets (18 cm in diameter) and potable water was gradually 126 

added until the height of water reached 8 cm above the soil (details of the water chemistry are 127 
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given in Table S1). The samples were mixed manually twice a day for four days until reaching a 128 

steady state. Reduced soil subsamples were then removed from the bottom of the buckets (≈ 8-129 

10 cm from the soil surface) with a sampling spoon, 65 to 75 days after submersion.  130 

2.2. Soil physical and chemical characteristics 131 

In air-dried samples, soil pH and soil EC (electrical conductivity) were measured at a 1:5 132 

soil to solution ratio (pH in 0.01 M CaCl2 and EC in deionized water). Soil texture was determined 133 

by the hydrometric method (Gee and Bauder 1986). Soil OC was measured by the Walkley-Black 134 

method (Allison 1965). Total phosphate was measured by the perchloric acid (HClO4) digestion 135 

method (Olsen and Dean 1965). The total concentration of iron oxide phases (such as ferrihydrite, 136 

goethite and schwertmannite) was extracted by the DCB (dithionite-citrate-bicarbonate) method 137 

(Janitzky 1986). The poorly crystalline iron and aluminum reactive phases (Feox and Alox) were 138 

extracted using ammonium oxalate solution, along with the phosphate associated with these 139 

phases (Walker 1986). DCB and oxalate extractions were carried out in air-dried soil samples for 140 

both oxic and anoxic soils. PO4(ox) was measured only for oxic soils. For the DCB and oxalate 141 

extractions, soil samples were passed through a 100-mesh sieve (0.149 mm). The concentration 142 

of extracted Feox and Alox was measured by ICP-MS, and the concentration of PO4(ox) by the 143 

molybdate blue method using a UV-visible spectrophotometer (Jenway UV/Vis 6505) at a 144 

wavelength of 882 nm (Murphy and Riley 1962). 145 

For in-situ measurement of soil pH and soil Eh (redox potential) in the representative soil 146 

solution, a plastic tube was placed in the flooded soil within the bucket. Before installation, some 147 

small holes were drilled at the bottom end (2 cm from the bottom) of the tube to enable the soil 148 

solution to enter the tube. The small holes were covered with a filter paper (MN640) to prevent 149 
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the entry of soil particles (Fig. 1). Before every measurement, the solution within the tube was 150 

removed by a syringe, allowing the fresh soil solution enters the tube from the small holes. Then, 151 

pH or Eh electrodes were inserted into the tube. A combined Ag-AgCl electrode was used for pH 152 

measurement and a single Pt-Ag and a reference AgCl electrodes (calibrated with ZoBell solution) 153 

were used for Eh measurement. The Eh value was recorded when the change in potential was 154 

less than 1 mV/min. Dissolved ferrous iron was also measured in the representative soil solution, 155 

which was collected with a syringe from the fresh soil solution within the tube, by the 1,10-156 

phenanthroline analytical method (Vogel 1989). The measurements of soil characteristics are 157 

presented in Table 1.  158 

2.3. Determination of Olsen-P under oxic and anoxic conditions 159 

For oxic soils, the standard Olsen extraction method (Olsen and Dean 1965) was used to 160 

determine soil extractable P. Briefly, 100 mL of 0.5 M sodium bicarbonate (buffered at pH=8.5) 161 

was added to 5 g of air-dried soil within a 250 ml Erlenmeyer flasks. The suspensions were then 162 

shaken for 30 min on an orbital shaker at 200 rpm to prevent soil particles abrasion that could 163 

alter the amount of phosphate extracted. After that, they were centrifuged at 2500 rpm for 10 164 

min and passed through filter paper (MN640). The experiments were conducted in duplicate. The 165 

concentration of phosphate in the filtered solutions was measured by the molybdate blue 166 

method using a UV-visible spectrophotometer (Jenway UV/Vis 6505) at 882 nm wavelength 167 

(Murphy and Riley 1962).   168 

Pre-washed activated carbon was added to the suspensions (0.2 g per 1 g of soil) before 169 

shaking, to prevent natural organic matter from competing with phosphate for the binding sites 170 

on the soil mineral surfaces. Commercial activated carbon contains a substantial amount of 171 
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phosphate; it was therefore washed several times with a sodium bicarbonate solution and 172 

deionized water before use. In every experiment, a blank sample of the pre-washed activated 173 

carbon was prepared to check for any possible contamination. 174 

For anoxic soils, it is recommended to extract P from wet samples rather than from air-175 

dried samples because air-drying alters the amount extracted (Richardson and Reddy 2013). 176 

Therefore, to measure extractable P under anoxic conditions, two wet subsamples were taken 177 

simultaneously from the bottom of each bucket. One wet subsample (8 to 10 g, depending on 178 

the moisture content, to maintain a final SSR of ~1:20) was placed in contact with 100 mL of 0.5 179 

M sodium bicarbonate to extract the phosphate. The phosphate concentration was then 180 

determined by the molybdenum blue method, in a similar way as for the oxic samples. At the 181 

same time, the other wet soil subsample (1 g) was oven-dried at 105 oC to measure the moisture 182 

content in the sample and allow for post-experimental correction for changes in the 183 

concentration of bicarbonate and the SSR. 184 

 2.4. Assessment of the factors affecting the Olsen-P extraction under oxic and 185 
anoxic conditions 186 

2.4.1. SSR effect  187 

To evaluate the effect of the SSR, the extractable P was measured at soil to solution (0.5 188 

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, 189 

1:100 and 1:200 kg/L. At the beginning of the experiments, 0.2 g pre-washed activated carbon 190 

was added per 1 g of soil.  191 

In the classical Olsen method, the solid to solution ratio is 1:20 and the extraction is done 192 

in 250 mL Erlenmeyer flask; while in this experiment, different SSRs should be used at the same 193 
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container. These conditions may affect differently the motion of the particles in the suspensions 194 

and consequently the amount of P extracted. Thus, to eliminate the effect of the container, 195 

suspensions were shaken for a longer time. This ensures that the amount of phosphate extracted 196 

would not be affected by the volume of the container, and the only variable would be the SSR. 197 

Preliminary kinetic experiments using 1:20 SSR and 0.5 M NaHCO3 showed that S0.5 and S2.9 reach 198 

equilibrium after 120 min of shaking, while S1.7 requires more time. Therefore, for the SSR 199 

experiments, the equilibration time was set at 180 min (Fig. S1). The suspensions were then 200 

centrifuged and filtered as previously stated. The phosphate concentration in the filtered solution 201 

was measured by the molybdenum blue method.  202 

2.4.2. Effect of sodium bicarbonate concentration  203 

The effect of sodium bicarbonate concentration (0.1, 0.2, 0.35, 0.5, 0.65, 0.8 and 1 M, all 204 

buffered at pH=8.5) on extractable P was investigated on soil samples taken from oxic and anoxic 205 

conditions. The suspensions (SSR 1:20) were shaken for 30 min, then centrifuged and filtered. In 206 

colorimetric measurements, appropriate blank and standard solutions were used for each 207 

sodium bicarbonate concentration to eliminate the possible effect of matrix composition on 208 

measured phosphate concentration.  209 

For the soil samples taken from anoxic conditions (in both considering the effect of SSR 210 

and NaHCO3), the moisture content of the wet soil samples, which may dilute the SSR and 211 

extractant, was measured and the changes in the concentration of sodium bicarbonate and SSR 212 

were corrected accordingly. Briefly, the final concentrations of NaHCO3 and SSR were calculated 213 

based on the amount of moisture added, and then the corrected data were used to make the 214 

figures and to use for further calculation/modeling.  215 



11 
 

2.5. Modeling calculations 216 

The phosphate concentration in the soil solution was predicted using the CD-MUSIC 217 

model, with ferrihydrite as a proxy for the (hydr)oxides minerals present in the soil samples. As 218 

using common methods (e.g. gas (BET) or organic probe-molecules (ethylene glycol monoethyl 219 

ether and humic acid)) to determine the reactive surface area (RSA) is not accurate in a complex 220 

system like soil, phosphate was selected as a test ion to assess the RSA in soils in equilibrium with 221 

NaHCO3 (0.5 M, pH=8.5) (Hiemstra et al. 2010, Mendez et al. 2020a). Based on Eq. 1, the pool of 222 

reversibly adsorbed PO4 (R-PO4), i.e. a sink of phosphate bound to the surface sites which can be 223 

released into the soil solution, was calculated as follows: 224 

 𝑅𝑅 − 𝑃𝑃𝑂𝑂4 = 𝑅𝑅𝑅𝑅𝑅𝑅 × 𝛤𝛤 + 𝑆𝑆𝑆𝑆𝑆𝑆−1× 𝑐𝑐                                                                                                    Eq. 1                   225 

where RSA is the reactive surface area (m2/kg), 𝛤𝛤 is the phosphate surface loading on the 226 

metal (hydr)oxide in soil (mol/m2), SSR is the solid to solution ratio (kg/L) and c is the 227 

concentration of phosphate in solution (mol/L). The CD-MUSIC model estimates the 228 

corresponding phosphate surface loading (Γi) for each measured PO4 concentration (Ci). The 229 

values of RSA and R-PO4 must then be determined iteratively by consecutive CD model 230 

simulations such as when the RSME between experimental and predicted phosphate 231 

concentration is minimized. Generally, when pseudo-equilibrium is reached and at least two pairs 232 

of data (i=2) are available for Ci and SSRi, the surface area can be calculated by Eq. 2 or optimized 233 

by the CD-MUSIC model (Mendez et al. 2020a).  234 

𝑅𝑅𝑅𝑅𝑅𝑅 = ∆(𝑆𝑆𝑆𝑆𝑆𝑆−1𝑖𝑖 × 𝑐𝑐𝑖𝑖) ∆Γ𝑖𝑖⁄                                                                                                             Eq. 235 

2                                               236 
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where Δ shows the change in the values of the particular parameters with index i = 1 and 237 

2. 238 

The affinity constants and charge distribution coefficients of proton, sodium, carbonate 239 

and phosphate, which are required to describe ion binding to the mineral surface were taken 240 

from (Mendez et al. 2020a) and are shown in Table S2. Two singly (≡FeOH0.5-(a), ≡FeOH0.5-(b)) and 241 

one triply (≡Fe3O0.5-) coordinated surface groups were defined as reactive sites with effective site 242 

densities of 3, 2.8 and 1.41 sites/nm2, respectively. The capacitances of the inner and outer Stern 243 

layers were taken from Hiemstra and Zhao (2016) and established at C1= 1.15 and C2= 0.9 F/m2. 244 

The reactive surface area (RSA) and the reversibly adsorbed PO4 (R-PO4) were the only 245 

parameters that were optimized in the modeling, assuming each soil has its own RSA. The RSA 246 

was fitted under both oxic and anoxic conditions while R-PO4 values were fitted for oxic 247 

conditions and assumed to be unchanged for anoxic conditions (Table 2). All of the parameters 248 

were defined in the CD-MUSIC model. The modeling calculations were carried out using ECOSAT 249 

(Keizer and Van Riemsdijk 1994) in combination with FIT (Kinniburgh and Tang 1993). 250 

Singly coordinated surface groups (≡FeOH0.5-(a), ≡FeOH0.5-(b)) were used to define the 251 

interactions between phosphate ions and ferrihydrite surface (Hiemstra and Zhao 2016). It was 252 

assumed that ≡FeOH0.5-(a) can only form mono- and di-protonated monodentate surface 253 

complexes with phosphate (Eq. 3 & 4).     254 

≡FeOH0.5-(a) + 2H+(aq) + PO4
3-(aq) ↔ ≡FeO(0.5-) + ΔZ

0 PO2(OH) ΔZ
1 + H2O (l)                              Eq. 3                   255 

≡FeOH0.5-(a) + 3H+(aq) + PO43-(aq) ↔ ≡FeO(0.5-) + ΔZ0 PO(OH)2 ΔZ1 + H2O (l)                              Eq. 4                  256 
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while ≡FeOH0.5-(b) can form both mono- and di-protonated monodentate and also non-257 

protonated and protonated bidentate phosphate complexes (Eq. 5 - 8). 258 

≡FeOH0.5-(b) + 2H+(aq) + PO43-(aq) ↔ ≡FeO(0.5-) + ΔZ0 PO2(OH) ΔZ1 + H2O (l)                              Eq. 5             259 

≡FeOH0.5-(b) + 3H+(aq) + PO43-(aq) ↔ ≡FeO(0.5-) + ΔZ0 PO(OH)2 ΔZ1 + H2O (l)                              Eq. 6               260 

2≡FeOH0.5-(b) + 2H+(aq) + PO43-(aq) ↔ ≡Fe2 O2(1-) + ΔZ0 PO2ΔZ1 + 2H2O (l)                                 Eq. 7           261 

2≡FeOH0.5-(b) + 3H+(aq) + PO43-(aq) ↔ ≡Fe2 O2(1-)+ΔZ0 POOHΔZ1 + 2H2O (l)                              Eq. 8             262 

To formulate the interaction between carbonate ion and the mineral surface, carbonate 263 

was assumed to form a bidentate surface complex with the ≡FeOH0.5-(b) surface group (Eq. 9). 264 

This surface complex can also interact with Na+ at high sodium concentrations (Eq. 10):   265 

2≡FeOH0.5-(b) + 2H+(aq) + CO32-(aq) ↔ ≡Fe2 O2(1-) + ΔZ0 COΔZ1 + 2H2O (l)                               Eq. 9       266 

2≡FeOH0.5-(b) + 2H+(aq) + CO32-(aq) + Na+(aq) ↔ ≡Fe2 O2(1-) + ΔZ0 CO-NaΔZ1 + 2H2O (l)        Eq. 10  267 

In addition, carbonate may form outer sphere surface complexes with ≡FeOH0.5-(a) and 268 

≡FeOH0.5-(b) surface groups (Eqs. 11 and 12), but no evidence has been found for the formation 269 

of HCO3
- outer sphere complex (Hiemstra and Zhao 2016, Mendez and Hiemstra 2019):   270 

≡FeOH0.5-(a) + H+(aq) + CO3
2-(aq) ↔ ≡FeO0.5+ ΔZ0 …. CO2

 ΔZ
1 + 1H2O (l)                                   Eq. 11                271 

≡FeOH0.5-(b) + H+(aq) + CO3
2-(aq) ↔ ≡FeO0.5+ ΔZ

0 …. CO2
 ΔZ

1 + 1H2O (l)                                   Eq. 12                 272 

It is noted that in the current study, the pH of the sodium bicarbonate extractant solution 273 

was set at 8.5. At this pH, organic matter is released into the solution due to the repulsive forces 274 

between organic matter and negatively charged surface groups. The released molecules can then 275 

be removed by the adsorption on activated carbon. Also, calcium ion in equilibrium with CaCO3(s) 276 
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may interact with the surface groups (similarly to the magnesium ion). Thus, these interactions 277 

were also considered; however, their effects were not significant. Therefore, in the final modeling 278 

scenario, the interactions between the mineral surface and organic carbon, calcium and 279 

magnesium were not considered.  280 

3. Results and discussion  281 

3.1. Soil physical and chemical characteristics  282 

The pH of soil samples S0.5 and S2.9 were acidic and S1.7 was almost neutral. The soils had 283 

a very low EC and the OC contents were 0.54, 1.72, and 2.87% for S0.5, S1.7 and S2.9 samples, 284 

respectively. Soil texture was clayey for S0.5 and S2.9 and silty clay for S1.7. The amount of FeDCB 285 

ranged from 172 to 460 mmol/kg, and the FeOX from 32 to 135 mmol/kg, i.e. 20-30% of total iron 286 

oxides were present in the form of poorly crystalline phases. By contrast, the amount of AlOX was 287 

very similar in all three samples, ranging between 66 and 78 mmol/kg. The amount of oxalate-P 288 

in the soil samples was very high (1.31 to 20.60 mmol/kg), relative to the amount of Olsen-P (i.e. 289 

the extractable fraction) (0.06 to 0.21 mmol/kg). Similarly, the Olsen-P represented less than 1% 290 

of the total phosphate (Table 1). The average amount of Olsen-P, pH and OC in agricultural paddy 291 

lands in the region where the samples were collected are approximately 0.39 mmol/kg, 7 and 292 

2%, respectively (Davatgar et al. 2015). 293 

During the flooding experiment, the pH and Eh values of the soil samples were monitored 294 

periodically until day 65, when both variables reached a steady state. The pH values in samples 295 

S0.5 and S2.9, which were initially acidic, increased to nearly neutral values, while in sample S1.7, 296 

which was initially almost neutral, did not vary significantly (Fig. 2a). The Eh value in all samples 297 
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decreased with the flooding time, indicating a change from oxic to anoxic conditions. The final Eh 298 

values were approximately +160, -60, and -75 mV in samples S0.5, S1.7, and S2.9, respectively (Fig. 299 

2b). The lower Eh values in S1.7 and S2.9 are possibly due to the higher OC content in these samples 300 

(Fageria et al. 2011). The correlation between delta Eh and %OC in samples S0.5, S1.7, and S2.9 is 301 

shown in Fig. S2. This figure shows that the difference between the initial and final Eh values 302 

increased with the amount of OC in the soil samples. After day 65, the soil samples can be 303 

considered anoxic, although the Eh of sample S0.5 ranged between suboxic and anoxic. 304 

The differences in the amount of crystalline iron (Fecrysl, calculated by subtracting Feox 305 

from FeDCB) and poorly crystalline iron, Feox, were measured in the submerged samples. The 306 

relative content of Fecrysl (Fig. 3a) indicates that as the flooding time increases, the amount of 307 

Fecrysl decreases in sample S2.9, while it barely changes in samples S0.5 and S1.7. The variation in the 308 

poorly crystalline iron with flooding time is consistent with these results, i.e. the amount of Feox 309 

increases for the S2.9, while no variation is found for samples S1.7 and S0.5 (Fig. 3b). This change 310 

can be attributed to the reductive dissolution of iron minerals into the soil solution in sample S2.9. 311 

In addition, in another two samples a sharp release of ferrous iron into the solution as a result of 312 

reductive dissolution is observed (Fig. 4). The significant increase in ferrous iron concentration in 313 

the samples specifically occurred in the first few weeks (20 days) after the flooding. The amounts 314 

of ferrous iron in the first measurement in the solutions (5 days after flooding) were 0.25, 2.8 and 315 

67 µmol/L and reached 80, 55 and 650 µmol/L (measurement on day 20) for samples S0.5, S1.7 and 316 

S2.9 respectively.  As the amount of dissolved iron in the solution was very low relative to the 317 

amount of iron in the solid phase, a small change in the Eh values can lead to a marked change 318 
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in ferrous iron in the solution. Therefore, the trends in the solid phases are not as clear as for iron 319 

in the solution.  320 

3.2 Desorption experiments 321 

3.2.1 Effect of SSR under oxic and anoxic conditions 322 

Under oxic conditions, the concentration of extracted P in the solution increases with the 323 

SSR (Fig. 5a), which is consistent with previous findings (Barrow and Shaw 1976a, Hiemstra et al. 324 

2010). The initial amount of phosphate was higher in sample S1.7 than in the other samples. Thus, 325 

the difference in extracted P among the soil samples can be attributed to the phosphate loading. 326 

As can be seen in Fig. 5a, at low SSR (1:100 and 1:200), due to the increase in the total amount 327 

of bicarbonate ions, the competitive bicarbonate-phosphate interaction and also the soil dilution 328 

condition led to the release of a larger fraction of the initially adsorbed phosphate. As the SSR 329 

increases gradually, the fraction of released phosphate from the reactive sites decreases. As such, 330 

at higher SSR, phosphate is mainly released from the external surfaces of mineral oxide 331 

aggregates (iron and aluminum (hydr)oxides) and edges of clay minerals, whereas at lower SSR, 332 

in addition to the external surfaces, phosphate is also slowly released from the internal aggregate 333 

surfaces (Hiemstra et al. 2010). The effect of the SSR on the extraction of phosphate from soil 334 

has generally been attributed to different factors, including the presence of colloids, interactions 335 

between particles, kinetic effects and heterogeneity (Lucero et al. 1998). 336 

In the present study, we observed that the concentration of phosphate released at low 337 

SSR is 3 to 7 times lower than that extracted by the standard Olsen method (Table 1), and the 338 

relationship was non-linear. In samples S0.5 and S2.9, the variation in the concentration of 339 

extracted phosphate was low (i.e. high phosphate buffering). This may be associated with a larger 340 
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reactive surface area in the soil samples (Table 2). A high iron (hydr)oxide content may also result 341 

in a lower effect of SSR on the extractable P. The variation in extracted P as a function of SSR is 342 

greater in sample S1.7 than in the other samples, possibly as a result of higher initial Olsen-P and 343 

lower content of iron (hydr)oxides. On the other hand, the initial pH value of this sample is higher 344 

than 7. Under these conditions, dissolved Ca precipitates as CaCO3(s) and promotes the 345 

dissolution of calcium phosphate (Braun et al. 2019). The slight slope in sample S2.9 can be 346 

attributed to the lower amount of extractable P than in sample S1.7, while in sample S0.5 it can be 347 

attributed to both the lower amount of extractable P and the lower OC content. Mendez et al. 348 

(2020a) also observed different trends in soil samples due to the different buffering capacities 349 

(Fig. S3).  350 

The effect of SSR in the anoxic condition was also investigated and the results are also 351 

shown in Fig 5a. Similar to the oxic conditions, the phosphate released into the solution under 352 

anoxic conditions increases with SSR. In sample S0.5, changing the SSR and Eh had a weak effect 353 

on the extractable P. This sample contains low OC and high iron (hydr)oxides (Table 1); thus, there 354 

is less competition for the reactive sites on iron (hydr)oxides, and the phosphate buffering 355 

capacity is high. The relatively high Eh value, +160 mV, also greatly reduces the effect of changing 356 

from oxic to anoxic conditions on the extracted phosphate for this sample (Figs. 5a and S4a). On 357 

the other hand, for samples S1.7 and S2.9 the effect of SSR is higher under anoxic conditions than 358 

under oxic conditions (Figs. 5a, S4b and S4c). For sample S2.9 this effect was higher at low SSR 359 

values (Figs. 5a and S4c). Under anoxic conditions, due to the lower redox potential in the soil 360 

system, reductive dissolution of iron (hydr)oxides surface may be occurring, resulting in the 361 

release of adsorbed phosphate (Hanke et al. 2014).   362 
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3.2.2 The effect of sodium bicarbonate concentration under oxic and anoxic conditions 363 

The results show that more phosphate is released to the solution phase as the 364 

concentration of sodium bicarbonate increases (Fig. 5b), which can be attributed to competition 365 

between bicarbonate and phosphate for the reactive sites on the soil mineral oxides (Rahnemaie 366 

et al. 2007a, Hiemstra et al. 2010, Mendez and Hiemstra 2019). In sample S0.5, the amount of 367 

phosphate released into the solution do not vary significantly upon increasing the concentration 368 

of NaHCO3. Because of the low OC content and relatively high content of iron (hydr)oxides in this 369 

sample, a high level of phosphate buffering is expected. The same is observed for sample S2.9, 370 

which contains greater amounts of poorly crystalline and crystalline iron (hydr)oxides (Table 1). 371 

If the specific surface area is relatively large, the mineral surface will have enough reactive sites 372 

available for both phosphate and bicarbonate ions to be adsorbed (Yan et al. 2016). The variation 373 

in phosphate as a function of bicarbonate concentration in sample S1.7 is greater than in the other 374 

samples, possibly due to the low content of iron (hydr)oxides. 375 

Changes in the extracted phosphate as a function of sodium bicarbonate concentration 376 

have been reported to be more marked at lower concentrations of sodium bicarbonate (<0.5 M) 377 

(Hiemstra et al. 2010), which was not observed in the current study. The difference in findings is 378 

probably due to the fact that in the present study the soil samples relatively contain lower 379 

concentration of phosphate than their arable topsoils. Different slopes indicate that phosphate 380 

may be bound to the sites with different surface adsorption energies. Therefore, by increasing 381 

the bicarbonate concentration, the phosphate bound to the low energy sites is released first and 382 

the ability of bicarbonate ions to outcompete and release phosphate bound to the high energy 383 

sites gradually decreases. In the present study, the change in the concentration of extracted 384 
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phosphate as a function of the bicarbonate concentration is linear for all three samples. When 385 

the concentration of phosphate is low, as in the case of these soil samples, high-energy sites are 386 

preferred. By increasing the concentration of bicarbonate, the phosphate bound to the high-387 

energy surface groups will be gradually released. The increase in the concentration of the 388 

extracted phosphate with the bicarbonate concentration is due to the decrease in the re-389 

adsorption process (Barrow and Shaw 1976b).  390 

The effect of sodium bicarbonate concentration on extractable P in the anoxic samples is 391 

also presented in Fig. 5b. Similar to the oxic samples, for the flooded soils a positive and linear 392 

relationship between the extracted phosphate and the concentration of bicarbonate was 393 

observed. However, for sample S0.5 the increase was less pronounced than for samples S1.7 and 394 

S2.9, which may indicate the higher phosphate buffering capacity of this soil sample.  As stated 395 

above, the phosphate-bicarbonate competition for the reactive sites at the soil mineral surfaces 396 

is the cause of the increase in the extracted phosphate with the sodium bicarbonate 397 

concentration (Mendez and Hiemstra 2019).  398 

The phosphate extracted from sample S0.5 collected from the flooded buckets was not 399 

remarkably different from that observed under oxic conditions. In this sample, the Eh value was 400 

relatively high, +160 mV, i.e. suboxic conditions, and the initially measured extractable P was 401 

lower than for the other samples. Because the ferric iron is not considered an electron acceptor 402 

at redox potentials above +150 mV (Amini et al. 2020), changing from oxic to suboxic conditions 403 

has only a small effect on the amount of extracted phosphate. On the other hand, for samples 404 

S1.7 and S2.9, the effect of bicarbonate concentration on the release of phosphate was greater 405 

under anoxic conditions than under oxic conditions. Due to the competition between 406 
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bicarbonate and phosphate, more phosphate is released as the concentration of HCO3- increases. 407 

The competition is more pronounced under anoxic conditions, possibly due to the lower Eh 408 

values in the systems. When the Eh value is relatively low, ferrous iron is released into the 409 

solution by reductive dissolution of the iron oxide minerals, and the phosphate bound to these 410 

surfaces will be readily released into the solution (Gu et al. 2019). The presence of bicarbonate 411 

ions prevents re-adsorption of the released phosphate onto the surfaces. 412 

3.3. Modeling calculations  413 

3.3.1. SSR 414 

The CD-MUSIC model reasonably described the experimental data and the effect of 415 

varying the SSR for all samples, under both oxic and anoxic conditions, as observed when the 416 

predictions and the experimental data are correlated (Fig. 6). The parameters fitted to the SSR 417 

data were used to simulate the effect of change in the bicarbonate concentration on the 418 

extractable P (see supplementary material, Fig. S5). As stated above, the only parameters fitted 419 

were the RSA and R-PO4 (Table 2); the surface complexation constants were taken from previous 420 

studies (Table S2). The fitted values for the R-PO4 were lower than the measured oxalate-421 

extractable phosphate (Table 1). The difference between measured oxalate-P and fitted R-PO4 is 422 

possibly due to a low initial amount of oxalate-P in the samples. Low initial oxalate-P values can 423 

lead to an error in the measurements. Oxalate can dissolve Fe and Al simultaneously, leading to 424 

a greater release of phosphate from the soil matrix and overestimation of the values (Hiemstra 425 

et al. 2010). On the other hand, oxalate-P was measured in the finer fraction of soil samples 426 

(0.149 mm sieve), while the fitted values are based on the phosphate extracted in <2 mm sized 427 

particles. When soil samples are passed through a finer sieve, the portion of iron oxides to the 428 
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weight of the soil sample will increase. In this case, greater amounts of P will be released into the 429 

solution as oxalate-P is bound to the mineral oxides.  430 

The fitted RSA values for S0.5, S1.7 and S2.9 samples were 7.50, 1.62 and 8.37 m2/g, 431 

respectively. Considering oxalate extractable iron and aluminum, the RSA values were converted 432 

to the specific surface area (SSA) values of the (hydr)oxide minerals, which were 560, 176 and 433 

445 m2/g (hydr)oxide. Except for sample S1.7, the values were approximately in the range of SSA 434 

obtained in the study of Mendez et al. (2020a) for agricultural soils, which ranged between 347 435 

and 1406 m2/g oxide.  The SSA values were calculated from RSA, using oxalate extractable 436 

fraction of Fe and Al and assuming the molar mass of 97 g/mol Fe (ferrihydrite) and 78 g/mol Al 437 

(gibbsite) (Hiemstra et al. 2010). The oxalate-extractable fraction of Fe was measured under both 438 

oxic and anoxic conditions, and therefore different values of Feox were used to calculate SSA 439 

under these conditions. On the other hand, as Al oxides are not reduced at the measured Eh 440 

values of all soil samples and the measured values of Alox in anoxic samples were not significantly 441 

different from those measured under oxic conditions, Alox was therefore assumed constant for 442 

SSA calculations under both oxic and anoxic conditions.   443 

Under anoxic conditions, the modeling parameters were initially set to those obtained 444 

under oxic conditions, but the model underestimated the phosphate concentration in the 445 

solution. The surface complexes of ferrous iron with the surface groups of ferrihydrite and 446 

ternary surface complexes of ferrous iron and phosphate with the surface sites were then 447 

considered in the modeling approach, as proposed by (Talebi Atouei (2016)), to consider possible 448 

re-adsorption of Fe and implications of this re-adsorption on the surface charge of the mineral 449 

that promotes P adsorption. The concentration of ferrous iron, which was defined as a model 450 
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component, was measured in the flooded soils (6<pH<7) and thus included in the model 451 

simulations. Nevertheless, even with the inclusion of ferrous iron, the model underestimated the 452 

experimentally measured data. This is possibly due to the pH (buffered to 8.5) of the soil samples 453 

for the bicarbonate extraction. The presence of carbonate in the soil solution and the low value 454 

of Eh can limit the solubility of ferrous iron because of the effect of carbonates on the pH of the 455 

solution and the low solubility of ferrous carbonate in case of its formation (Hem 1960).  456 

As previously stated, under anoxic conditions, the reductive dissolution of iron 457 

(hydr)oxide minerals may occur, and additional ferrous iron may then be released into the 458 

solution (Herndon et al. 2020). The dissolved ferrous iron can diffuse to the oxic layer, where it 459 

is easily oxidized and reprecipitated as poorly crystalline iron minerals (Tian et al. 2017). Both 460 

processes may affect the RSA. By defining surface complexes similar to those formed under oxic 461 

conditions and additional fitting of the surface area, the CD-MUSIC model can describe 462 

experimental data under anoxic conditions (Fig. 6 and Fig. S4). The fitted values for RSA and also 463 

calculated values of SSA were lower than those obtained for oxic conditions. The differences 464 

between the fitted values for the RSA under oxic and anoxic conditions for S0.5, S1.7, and S2.9 465 

samples were 26, 47 and 27 % respectively (Table 2). Although new iron minerals may be formed 466 

in sample S2.9, a net decrease in SSA, from 445 to 195 m2/g, was observed; this was not expected, 467 

based on the information in Fig. 3b. The decrease in SSA for samples S0.5 and S1.7 may be 468 

attributed to the reductive dissolution of Fe mineral phases, which cause preferential dissolution 469 

of mineral phases with higher SSA and larger solubility, leaving only the more stable Fe oxide 470 

minerals remaining in the solid phases (Fig. 3a & 4). 471 
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3.3.2. Bicarbonate 472 

To describe the effect of change in the bicarbonate concentration on the extractable 473 

phosphate, all the model parameters previously defined (section 3.3.1), including the RSA and R-474 

PO4, were used. Model predictions versus experimental observations were also shown in Fig S5. 475 

By using the same RSA and reactive phosphate pool as for the SSR experiments (i.e. under oxic 476 

conditions), the model could describe the experimental data reasonably well, although it 477 

overestimates the extractable phosphate in sample S1.7. This overestimation is most likely caused 478 

by the lower equilibration time in the sodium bicarbonate experiments (30 min) compared to the 479 

SSR experiments (180 min). As stated before, in the initial kinetic experiments (Fig. S1), data 480 

showed that samples S0.5 and S2.9 reached a pseudo-equilibrium within 30 min of shaking, but 481 

sample S1.7 did not. On the other hand, a low initial phosphate concentration may result in a 482 

larger error in the measurements, which may lead to a larger difference between the model 483 

output and the experimental data. 484 

The parameters obtained in the modeling of the SSR experimental data under anoxic 485 

conditions were also used to predict the effect of the bicarbonate-phosphate competition. The 486 

modeling predictions were well correlated with the experimental observations, although we 487 

observed some deviations at high bicarbonate concentration for sample S1.7. Sensitivity 488 

calculations were conducted to assess the effect of changing the Stern capacitance or considering 489 

the presence of ferrous iron and organic matter on the model predictions, but the predictions 490 

did not change significantly.  Nevertheless, it seems that the predictions for the anoxic samples 491 

are better than for the oxic samples, with less deviations between experimental observations 492 

and modeling predictions for the former. The amount of extractable phosphate increased in 493 
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comparison to that obtained under oxic conditions, reducing the possibility of errors in the 494 

measurements.  495 

4. Conclusions 496 

The effects of SSR (solid to solution ratio) and bicarbonate concentration on phosphate 497 

extractability under oxic and anoxic conditions were compared. By increasing the SSR and 498 

bicarbonate concentration, the concentration of phosphate in the solution was increased. The 499 

findings indicate that low Eh values intensify the effect of SSR and NaHCO3 concentration on 500 

phosphate extractability, possibly due to the reductive dissolution of iron oxide minerals. The 501 

differences between oxic and anoxic conditions are variable and depend on the Eh value, the 502 

amount of iron (hydr)oxides and the phosphate buffering capacity.  503 

The extractable P in the soil solution was simulated by the well parametrized CD-MUSIC 504 

model, allowing the RSA (reactive surface area) of the soil samples to be determined under both 505 

oxic and anoxic conditions. The SSA (specific surface area) of the soil samples decreased when 506 

anoxic conditions were established after flooding, possibly due to the reductive dissolution of 507 

iron (hydr)oxides and the formation of new solid phases with lower reactive surface area. The 508 

findings also demonstrate that, although an increase in soil SSA decreases phosphate 509 

extractability under both oxic and anoxic conditions, the effect is three times greater under 510 

anoxic conditions.  511 

Overall, our experimental data and model outputs shed further light on the complicated 512 

chemistry of phosphate extractability in flooded soils and other soil samples under anoxic 513 
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conditions. However, for a more general and universal picture, the present findings can be used 514 

in the future to better understand the effect of different variables in soil samples.  515 
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 649 

 650 

Table 1. Physical and chemical characteristics of S0.5, S1.7 and S2.9 soil samples 651 

Soil *pH 

 

**EC OC Clay ***oxFe ***oxAl ***4(ox)PO ***DCBFe 
T]4[PO Olsen]4[PO 

(Oxic) 

Olsen]4[PO 

(Anoxic) 

**** ]2+[Fe 

(Anoxic) 

  dS/m  ------ % ------ -----------------------------------------  mmol/kg  --------------------------------------- µM 

)0.5(S 4.80 0.07 0.54 41 84 67 1.31 329 22 0.063 0.069 163.7 

)1.7(S 7.15 0.08 1.72 44 32 78 20.60 172 45 0.213 0.442 45.3 

)2.9(S 5.20 0.10 2.87 42 134 74 2.50 457 23 0.176 0.187 265.8 

 * Soil pH was measured in 1:5 soil to solution (0.01 M CaCl2) ratio under oxic conditions 652 
** Soil EC was measured in 1:5 soil to solution (deionized water) ratio under oxic conditions 653 
*** For measuring these parameters under oxic conditions, soil samples were passed through a 0.149 mm sieve; ox stands for 654 
oxalate and DCB for Dithionite-Citrate-Bicarbonate  655 
**** Ferrous iron was measured in representative soil solutions taken from flooded soils in buckets under anoxic conditions 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 
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Table 2. Fitted reactive surface area (RSA) and reversibly adsorbed phosphate (R-PO4) by the CD-MUSIC 666 

model for S0.5, S1.7 and S2.9 soil samples used to describe the effect of SSR on extracted P  667 

Soil 
R-PO4* 

mmol/kg 
RSA** 

m2/g soil 

SSA*** 

m2/g 
oxide 

 R-PO4* 

mmol/kg 
RSA** 

m2/g soil 

SSA*** 

m2/g 
oxide 

 Oxic   Anoxic  

(S0.5) 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 

 668 
 669 
* Fitted reversibly adsorbed phosphate. R-PO4 values were assumed to be the same for oxic and anoxic conditions 670 
** Fitted reactive surface area, RSA fitted under both oxic and anoxic conditions 671 
*** Specific surface area, SSA values were calculated, according to the method described in the text, from RSA values 672 

 673 

 674 

 675 

 676 

Fig.1. Schematic figure of installed tube covered with filter paper in flooded pots for pH, Eh and Fe (II) 677 

measurements 678 

 679 
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 680 
 681 
 682 
Fig.2. Effect of flooding time (days) on a) pH and b) Eh (mV) in S0.5, S1.7 and S2.9 soil samples. 683 
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 686 
 687 
 688 
Fig.3. Effect of flooding time on the percentage (g/100g soil) of a) crystalline and b) poorly crystalline 689 

iron in S0.5, S1.7 and S2.9 soil samples under anoxic conditions 690 
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 692 

 693 

 694 

 695 

 696 

 697 

Fig. 4. Effect of flooding time on the concentration of ferrous iron (µmol/L) in S0.5, S1.7 and S2.9 soil 698 

samples under anoxic conditions  699 
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Fig 5.   a) Effect of SSR on extractable P in soil under oxic (empty symbols) and anoxic (solid symbols) 706 
conditions. The vertical dashed line corresponds to the SSR used in the standard Olsen-P method (i.e. SSR 707 
= 1:20). The equilibration time in these experiments was 180 min, rather than 30 min that is used in the 708 
standard Olsen method. b) Effect of sodium bicarbonate concentration on the concentration of extracted 709 
phosphate from soil under oxic (empty symbols) and anoxic (solid symbols) conditions. The vertical dashed 710 
line corresponds to the sodium bicarbonate concentration in the standard Olsen-P method (0.5 M).  711 
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 712 

  713 

Fig 6.   Model predictions vs experimental observations for the effect of SSR (1:5, 1:7.5, 1:10, 1:15, 1:20, 714 
1:30, 1:40, 1:50, 1:100 and 1:200 kg/L) on extractable P in soil under oxic (empty symbols) and anoxic 715 
(solid symbols) conditions. The predictions were calculated using the CD-MUSIC model, as described in 716 
section 2.5. The solid line represents the reference 1:1 line. All the data are within the two-times RMSE 717 
(equal to 6.06, which was calculated based on (Groenenberg et al. 2017). 718 
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