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2 Soil samples were obtained by taking a core to a depth 1 
I 

3 of 320 cm with a hydraulically-operated Gidding soil sampler. I 

4 Two undisturbed s w r t k f h 1 t d th 1 
core e e a en rom eac po an e cores

1

. 

5 divided into 13 layers. The 52 soil samples were air dried 

6 and crushed to pass through a 2 mm screen. 

7 

8 

Soil \iA_nalyses 

Fractionating of soil phosphorus--Total phosphorus was 

9 determined by digesting 1.0 gm of soil with 15 ml of 72 

1o pe rcent HClO4 in a 50 ml digestion tube on an aluminum heating 

11 block for 2 to 3 hours (2). After cooling and filtering the 

12 solution was made to a total volume of 100 ml with distilled 

13 water. The total phosphorus in solution was determined by 

lLJ: the acid-free vanadate-molybdate method developed by Tandon., I 
I 

15 Ce seas, and Tyner ( 21). Inorganic phosphorus was determined! 

lG by digesting one gram of soil with 10 ml of concentrated HCl 

17 for 1 hour. After cooling and filtering the solution was 

18 mad e to a total volume of 50 ml with distilled water. The 

J9 phosphorus was determined by Method II of Jackson (9). 

20 Available phosphorus was determined with the 0.1 N HCl and 

21 0.03 N NH4F extracting solution (3) as outlined by Graham 

22 ( 5) • 

23 Phosphorus sorption study--One gm of soil was shaken 

24 for 36 hours in 20 ml of CaHPO4 solutions of 2, 4., 8 , 16., or 

25 50 ppm Pat 25 ± O.5°C. The solutions were adjusted to pH 

26 7.0 initially. Aliquots of the supernatant liquid were 

2'/ 
L---------------------------------··-·-· 
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2 centrifuged at 3000 rpm for 1 hour. Phosphorus was determined 
~ 
\ 

3 using the procedure described by Alexander and Robertson (1) ; 

4 except a wavelength 700 mu was used instead of 882 mu. 
i 
( 

The i 

' i 
5 calcium content of the solution was determined with a Jarrel + 

6 Ash atomic absorption spectrometer. . l The pH of the solutions ' 

7 was measured with a Corning model 12 pH-meter with glass 

8 calomel electrodes. 

• , 
i 

and I 

I 
9 

i 
Phosphate ion product study--Five gm of soil was placed 1 

I 

10 in a 50 ml Nalgene centrifuge tube. The samples were shaken ) 

11 with 31 ml of 1) 0.01 M CaC12 ., 0.01 N HCl., or 2) 0.,01 M CaCli, 

12 0.1 HCl for 16 days at 25°C, centrifuged and the solution 

13 stored in Nalgene bottle prior to chemical analyses. Phos-

14 phorus content was determined by the procedure described by 

15 Alexander and Robertson (1). Aluminum was determined using 

16 the method developed by Lindsay, Peech, and Clark (12). 

17 was determined with the orthophenanthroline method (10). 

) 
• Iron 
! 
i 

The 
' 
\ 

18 pH was measured. The Eh was measured with the same 

19 with a button type platinum electrode and a calomel 

pH-meter ! 

20 

21 

Calculation of Ion Activities 

i 
electrode. 

i 

The activities of A1+3, Fe+3, Po4-3 and H2Po4- ions 

22 were computed from concentrations of aluminum., iron, and 

23 phosphorus and the measured pH and Eh of the equilibrium I 
24 solutions. Activity coefficients were determined from ionic 1 

25 strength estimated from molalities of calcium, cijloride, and ! 

26 hydrogen ions using the extended form of the Debye-Huckel 

27 equation. Dissociation and equilibrium constants of _the ____ , 
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2 ionic species considered were computed from the following· 

3 Standard Free Energies of Formation: H20 (-56688), 0H-

4 (-37594), Fe+2 (-21800), Fe(OH)+ (-67168), Fe+3· (-4020), 

5 Fe(OH)+2 (-57358), Fe(0H) 2+ (-107635), Fe(0H)3°aqueous 

6 (-155595), and Fe(0H)4- (-200920) from Langmuir (11), Al+3 

7 (-116000) and H+ (0) from Robie and Waldbaum (17), Al(OH)+2 , 

8 (-165000) from Hem (7), Al(OH)2+ (-215200) from Raupach (15) j 

91 Al(0H)4-(-311700) from Hem and Robertson (8), and H3Po4 
10 I ( -273085) , H2Po 4 - ( -270155) , HPO 4 -

2 ( -260339) , and Po4 -3 

11 1(-243393) calories/mole from Wagman et al. (24). A pK of 

12 136.0 was used for Al5(0H)15+3 as i?dicated by Richburg and 

13 iAdams (16). Computations were cairied out by an IBM 360/65 

141 computer. 
I 
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RESULTS AND DISCUSSION 

Distribution of Phosphorus with Depth of Soil: 

The two plots selected for this study were separated 

5 plot 32 with a width of 10 meters. The P-treated plot was I 

6 loca~ed higher on a sloping grade than the P-untreated plot. I 

'/ From •Observations of the soil profile during sampling and 

s later supported by the laboratory analysis of particle size 

9 distribution and cation exchange capacity the Ap horizon of 

10 the P-treated plot was shown to be immediately above the B 

11 horizon with a transitional A and B horizon while the P-

12 untreated plot had an A1 and A2 horizon (Table 1). It 

13 appeared that the A1 and A2 horizons of the P-treated plot 

14 had been gradually mixed by plowing with the Ap horizon. 

15 Therefore, comparisons between these two plots were based 
, · 

16 on the corresponding horizon of each plot, not on the depth 

17 of a selected layer. 

18 The total phosphorus content with depth of the P-un-

! 

19 treated plot (Table 1) revealed the natural distribution of 

20phosphorus in a Mexico silt loam soil which had received no 

21added phosphorus. In the Ap horizon the total phosphorus 

22content was at a maximum value which might be explained by 

23the upward movement of phosphorus activated by the plant 

24 rowth and the returning of crop residues. A minimum value : 

25 1Fof total phosphorus content was found in the A2 horizon. j 

26 is result was in agreement with those of Winters and Sim- l 
z7pnson (26), Vogt (23), and Runge and Riecken ( 12.)_._ ~~tw~en l 



TABLE l 

Chemical Characteristics and Phosphorus Forms in an 
Albaqualf Soil Fertilized for 82 Years with Phosphorus 

and One Not Fertilized with Phosphorus 

Horizon Depth pH Clay C.E.C. Phosphorus 
cm % ml/lOOg Tota.J Inorganic Organic Available 

Plus Phos:12horus Plot ppmP 

Ap 0-23 6.05 22 15.4 700 468 232 57 
A and B 23-36 4.21 34 23.3 463 275 188 9 

B2 36-43 3.80 46 30.6 478 258 220 8 
B2 43-61 3 , 94 48 32.4 455 250 205 7 
B3 61-86 4 . 54 40 27.0 578 405 173 39 
C1 86-107 5 . 38 36 24.o 700 575 125 67 
C 107-137 5 .68 32 21.2 500 400 100 43 02 137-168 5 , 80 28 17,3 285 203 82 31 
c~ 168-198 5 , 77 30 17.4 308 208 100 27 
C 198-229 5 . 70 32 18.9 288 173 115 8 cg 229-259 5 .67 32 19.5 195 93 102 3 
C7 259-290 5 , 69 36 23.0 208 73 135 1 
Cg 290-320 5 ,74 42 25.3 193 68 125 2 

Minus Phos;ehorus Plot \' 

Ap 0-23 6 . 46 18 13.6 418 238 180 9 
A1 23-36 6.05 20 13.3 375 220 155 6 
A2 36-43 4.41. 22 12.9 333 195 138 5 

A and B 43-61 .65 28 16.7 368 193 175 3 
B2 61-86 4.00 48 28.7 388 190 198 3 
B3 86-107 4.27 44- 28.2 383 253 130 7 
C1 107-137 5.00 38 23.9 388 280 108 31 
c2 137-168 5.48 34 20.9 335 258 77 40 
C3 168-198 5 . 54 34 20.0 290 218 72 28 
C;_I- 198-229 5 , 50 36 22.2 295 190 105 10 
C5 229-259 5 . 52 38 22.6 353 188 165 3 
C5 259-290 5 , 61 38 20.8 365 140 225 2 
C7 290-320 5 , 78 38 19.6 178 60 118 2 
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2 the B2 and c2 horizons there was an accumulation of phos-

3 phorus. This may be due to the downward movement of phos-

4 phorus resulting from the illuviation of phosphorus in soil 

5 water. l 
The total phosphorus was uniformly distributed below I 

6 the C horizon, except it decreased sharply at 3 meters to a 1 2 

7 level characteristic of the underlying materials. (Table 1). i 
f 

8 The relationship between phosphorus distribution in soil 

9 fertilized with phosphorus and soil not fertilized with 

10 phosphate is shown in Figure 1. Total, inorganic, and 

11 available phosphorus measurements indicated similar distri-

12 butions of added phosphorus. The added phosphorus accumu-

13 lated in two zones represented by Ap horizon or B
3

, c1 , and 

14 c
2 

horizons (Figure 1). These data indicated that a large 

15 portion of the phosphorus added over the 82 year period had 

16 accumulated in a zone 61 to 137 cm below the soil surface. 

17 Measurements of total, inorganic, and available phosphorus 

18 indicated that added fertilizer phosphorus accumulates in 

19 zones of the soil profile which have high natural phosphorus ; 

20 contents (Figure 1). These data suggest that long-term dis-

21 tribution of added phosphorus with depth may be predicted I 
I 
I 

22 from the natural distribution of phosphorus originally I 
23 present in the soil. This result was not in agreement with I 
24 that of Roscoe (18) who showed a restricted movement of 

25 superphosphate added to a permanent pasture soil. 

26 

27 
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Effect of Fertilization on P Adsorption Capacity: 

Based on the previous soil phosphorus data, soils of Ap 1 
I 

, (0-23 cm), B (61-86 cm), and C(l37-168 cm) horizons of both : 
j 

r- plots were chosen for a phosphorus sorption study. The data ! 

u in Figure 2 showed that soil which had received phosphorus 

7 treatments for 82 years in general retained about the same 

H amount of phosphorus as the untreated soil. The phosphorus 

0 sorption maximum of the P-treated soil and untreated soils 

o in the Ap horizon was the same with a value of 285 ug P/g 

!! soil. In the B horizon the values of the treated soil and 

1i untreated soil were 335 and 332 ugP/g soil, respectively, 

: while in the C horizon the values were 199 and 184 ug P/g 

4 soil for treated and untreated soils, respectively. This 

15 indicated that treatment of the soil for 82 years with phos­

lC phorus fertilizer did not decrease the capacity of the soil j 
I 

17 to adsorb added phosphorus. Harter (6) determined the phos- 1 

18 phorus sorption capacity of lake sediment. He found that 

. n P-free sediment adsorbed nearly as much phosphorus as the 

20 untreated sediment. It seems that the phosphorus sorption 

capacity of soil or sediment may be independent of the pre­

vious phosphorus treat ments. 

?.3 

21 

26 

27 
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Interpretation of Phosphorus Sorption 

Data from Ion Products: 

It is possible that precipitation and dissolution reac~ 

5 tions may occur simultaneously between the phosphorus ions 
I 

G and the constituents of the soil. • If this is the case, then . 

7 the phosphorus concentration in soil solution may be pre­

s dieted by the ion products of the predominant phosphorus 

9 compounds which were assumed to have been formed at the 

10 surface of soil particles. 

11 In the phosphorus so~ption study the calcium concentra- : 
I 

12 tion and pH values remained relatively constant as the added 1 

13 phosphorus increased from 2 to 50 ppmP. 
I 

The calculated mean 
l 

14 pK values of a composition similar to octocalcium phosphate 

15 for both P-treated and untreated soils were in the range of 

lG 56.11 to 47.79. Moreno, Brown, and Osborn (13) reported that 

t 1 b . ·t d t f t 1 · h h - 46 -91 
l'l -he so u 1. l 1. y pro uc o oc oca c 1.um p osp ate 

1
was 10 

Hl The solution equilibrated with the soil during the .sorption , 

19 study was undersaturated with respect to octocalcium phosphate. 

20 The calculated mean pK values of hydroxyapatite were 

21 compared with the value of 58.2 found by Wier, Chien, and 

! 
I 
I 

22 Black ( 25). At 2 ppm added phosphorus concentration the mean 

23 pK value of hydroxyapatite was 60.45, and at other higher 

24 added phosphorus concentrations the values were less than 

25 58. 2. Although the solubility product data indicated that 
l 
I 
t 

2G hydroxyapatite should be precipitated at the higher phosphorus 
I 

I 
27 concentrations) it is known that the rate of precipitation i~ 
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2 very slow. 

3 

4 pFe(OH)3, and pFe(OH)2(H2P04) in soils equilibrated with Cac~2 
I 

s and HCl solutions. The calculated mean pK values of pFe + 
I 

I 

6 2pOH + 2pH2Po4 of soils equilibrated with 0.01 and 0.1 N Hc1: 

7 solutions are 33.0 and 32,6, respectively. Chang and Jackso& 

8 (4) found the solubility of strengtite varied from 33. O 

8 35,1 with an average value of 33.5. The calculated mean 

I 

' to I 
pK I 

10 value of (pFe + 3pOH) from soils equilibrated with 0.01 N HC:\-

11 solution was 38.6. This value is close to 38. 7, the value of' 
i 
i 

12 Fe(OH)3 (amorphous) reported by Stumm and Morgan ( 20). 

_, <) 
.l0 The value reported by Langmuir (11) was 37.7 for amorphous 

14 iron oxide. It is thought that the Fe+3 activity in the soq. 

15 solution was controlled by the solubility of amorphous 

compounds. This indicated that strengite was the 

17 most probable phosphate compound controlling the phosphorus 

18 level in the soil solution. Due to the pH dependence of 

19 gibbsite and variscite ion products, it was not possible to 

20 estimate if these materials were or were not controlling 

21 aluminum and phosphate ion levels in these soil samples 

22 (Table 2). 

23 If one assumes that strengite-goethite equilibrium 

24 controls iron phosphate solubilityj then the amount of phos-

25 phorus in the soil solution is a predictable function of pH 

2G and Eh. Values presented in Table 2 were used to estimate 
j 

27 if phosphorus levels obtained in the phosphorus sorptio~- __ ._: 



TABLE 2 

Ion Products in Soil Equilibrated with 
CaC12 and HCl Solutions 

Equilibration Phosphorus Horizon pH Value of pK 
solution treatment pA1+2pOH pFe+2pOH 

pA1+3pOH +pH2P04 pFe+3pOH +pH2Po4 

Ap 4.82 34.6 29.6 37,7 32.8 

Fertilized B 3,89 34.9 29.1 38.8 33,1 

C 3.62 ' '35. 4 29.0 39.5 33.0 
0,01 M CaClf 
+ 0.01 N HC. 

Ap 4.60 34.7 29.6 37.5 32.5 

Unfertilized B 3.69 35.1 29.8 38,9 33,5 

C 3.74 35.2 28.9 39,0 32.8 

Ave. 35.0 29.3 38.6 33,0 

Ap 1.62 40.1 31.8 40.6 32,3 

Fertilized B 1.84 39.5 31.8 40.5 32.7 

C 
0.01 M CaCl2 

1.51 40.5 32.0 \ 41.0 32.5 

+ 0.1 N HCl 

Ap 1.61 40.1 32.4 40.5 32.7 

Unfertilized B 1.87 39.4 32.0 4o.4 33.0 

C 1.66 40.3 31.8 40.9 32.6 

Ave. 40.0 32.0 40.6 32.6 
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2 study were controlled by this equilibria. It was 

·- ------, 
j 
I 

found that i 
I 

3 the soil solution was undersaturated with respect to strengi~e. 
i 

4 However, solubility studies indicated that there was strengi~e 
I 
I 

5 in the soil. The adjustment of the pH of the originally acid 
I 
I 

6 soil solution (pH 5) to the value of pH 7 used in the adsorp ~ 
; 

7 tion study would cause strengite to be more soluble. This 
i 

8 may be a good reason for measuring phosphorus sorption at the 

9 soil pH so that forms of phosphate which are stable under th~ 
I 

10 pH conditions of the soil would be stable during the sorptiori 

1J study. These observations suggest that phosphate sorption 

12 studies may better reflect soil conditions if carried out at ! 

13 the pH of the soil in question, rather than at an arbitrary 

14, selected pH or 7. 
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SOIL BRIEF 

Eighty-two years of phosphorus fertilization in a Mex-

4 ico silt loam soil incr~ased the phosphorus content of the 

5 upper 137 cm soil profile. No added phosphorus was found 
I 
I 

G below 137 cm. The distribution of added phosphorus was sim- 1 

I 

7 ilar to that of the original phosphorus in the soil profile. I 

8 ~he phosphorus adsorption capacities of fertilized and unferL 

9 tilized soils were similar. An evaluation of ion products I 
I 

10 indicat~d that the phosphorus level in the soil solution was 

11 controlled by the S)lubility of strengite. 

12 

13 C. W. Kao and R. W. Blanchar, Univ. of Missouri, Columbia. 

14 
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4 The effect of 82 years of phosphorus fertilization on total, 

5 inorganic, organic, and available phosphorus in various 
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Figure 2 

4 Phosphorus sorption of fertilized and unfertilized soil hor- ' 

5 izons of Albaqualf soil. 
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