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4+ 5+ 7+ 
Al7 (0H) 17 , Al 13 (0H) 34 and Al 13 (0HJ 32 , pKn values 

only for 40° C and varying ionic strengths (1M, 2M or 3M 

NaCl04 ) are available. Therefore , for these four poly­

nuclear hydroxy-Al species, the available pKn values 

(first set) were corrected to low ionic strength, on 

theoretical basis, to get a secend set of pKn values. 

Both these sets of values were used in the computer model 

to predict the concentration of polynuclear hydroxy-Al 

species in the solution in equilibrium with a naturally 

occurring gibbsite. The concentration of polynuclear Al 

species was also determined experimentally by the 

8-hydroxy quinoline method on the assumption that the 

solution contains only H+, Al 3+ and hydroxy-Al species. 

By iterative comparison of the experimental and theore-

tical values, a new set (third set) of pKn values was 

computed for the four species. These values are: pK( 6 , 15 ) 

44.17, pK( 7 , 17 ) 45.18, pK 113 , 34 ) = 91.05 and 

pK
113

, 32 ) = 98.65, where the first subscript denotes the 

number of Al ions and the second, the number of OH ions 

of the hydroxy-Al species. The validity of these values 

was tested by using them in the computer model for deter­

mining the percentage of polynuclear Al species in an 

equilibrium system of a laboratory-prepared sample of 

gibbsite; there was good agreement between the theore-

tical and experimental values. This set (third set) of 

pKn values was used in further studies. 

The solubility product (pKspl values of a naturally 

occurring sample of gibbsite was. determined as 33.95 at 

25° c, and that of the . laboratory-prepared sample as 34 . 14. 
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For these calculations, the contribution of Al 3+, 

Al(OH) 2+, 4+ + 0 -Al 2 (0H) 2 , Al(OH) 2 , Al(OH) 3 , Al(OH) 4 and 

of the polynuclear hydroxy-Al 
4+ 5+ Al 7 (0HJ 17 , Al 13 (0H) 34 and 

3+ species Al6 (0HJ 15 , 

7+ Al 13 COH) 32 to the total 

Al concentration was considered. 

In the equilibrium solution of the naturally occurring 

3+ 2+ + 0 4+ gibbsite, Al , Al(OH) , Al(OHl 2 , · Al(OH) 3 , Al7 (0Hl 17 
5+ and Al 13 COHJ 34 were predicted tobe present, their 

relative concentrations being dependent on the experimental 

conditions of initial pH of the suspension and size of the 

particles. 

It was observed that during the dissolution of the 

naturally occurring gibbsites, a considerable time (of the 

order of a few weeks) was necessary for establishing 

equilibrium between gibbsite and its constituent ions. 

However, during the equilibration process between the 

4+ 5+ polynuclear species (Al 7 (0Hl 17 and Al13 (0HJ 34 ) which 

starts after a few days of the initiation of dissolution 

of the sample, the pA1 3+ + 3 pOH- values of the solution 

are close to the solubility product of gibbsite. 

Using the computer model, the nature of Al species 

likely to occur in soil solutions at the range of values 

of pH, total Al concentration and 1
0 

expected in the soil 

solutions was predicted. It showed that when other con­

ditions are identical, the relative amounts of Al species 

are dependent on the total Al concentration also in 
4+ 5+ addition to pH. The species Al7 (0HJ 17 and Al13 COHl 34 

are found to be the only polynuclear species in solution 

in the pH range 3-6, particularly at relatively higher 
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concentrations of total Al (pAl <4.5). The species 

3+ 7+ Al 6 (0Hl 15 and Al 13 (0H) 32 do not seem tobe present 

under the Situations studied. In dilute concentrations 

of total Al (pAl >4 . 5), the neutral species Al(OH)
3
° 

is present in relatively large amounts. At pH<: 3, all 

the Al a t the total Al concentration range f o und i n soil 

solutions i s predicted to exist as Al 3+. 

More than 40% of the total Al in the e quilibrium 

solutions of montmorillonite was experiment ally d e termined 

to be i n the polynuclear forms, the amount o f which in-

creased with pH and dec reased with increase i n the total 

Al concentrat i on. For the vermiculite samples, the poly-

nuclear Al species accounted for more t han 60% o f the 

total Al concentration; at pH 5 to 5 .5 and a total Al c on­

centration of 11 x 10-4 mol/1, almost al l a l umin ium 

existing in the polynuclear forms. 

The studies were then extende d t o s o i l solutions. The 

soil samples representing various depths from the Sol ling 

and Lüss areas were equilibrated with wa ter for 24 h a nd 

the equilibrium so i l solutions were analysed fo r H and Al, 

as well as for the ions that are expected to contribute 

to the ionic strength (Na, K, Ca, NH 4 , Mg, Fe, Mn, Cl, 

N0 3 , P04 and so4). The concentration of polynuclear Al 

species was determined experimentally and predicted using 

the computer model. The theoretically predicted values of 

polynuclea r hydroxy-Al in 24 h-equilibrated soil solutions 

did not agree with the experimental values, especially 

when the C content of the soil was high. As the experi-

mental method used to determine polynuc l ear Al is a measure 
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of all slow reacting Al species, the alumino-complexes 

(involving sulphates, phosphates, organo complexes etc.) 

in soil solutions are likely to be estimated as 'poly­

nuclear' Al species by this method. 

The influence of C, total Al and the pH on the 

amount of polynuclear Al (experimental values) was analysed 

using such of the soil samples where the influence of 

other factors except the one under study was expected to 

be a minimum. When a few samples of low C content were 

equilibrated for 20 days, there was better agreement 

between the theoretical and experimental values suggesting 

that 24 h equilibration was not sufficient to bring all 

the polynuclear Al into solution. 

The percentage of polynuclear Al in soil solutions 

increased with C content of soils for both the soils. For 

the Solling soils, the percentage was maximum at about 

9% C, this maximum value being dependent on the total Al 

concentration. For the Lüss soils, which had relatively 

lower content of C, there was no such maximum value of C 

beyend which the amount of polynuclear Al was independent 

of c content. For both the soils, the percentage of poly­

nuclear Al decreased with increase in the concentration of 

total Al. The pH did not seem to have much effect on the 

percentage of polynuclear Al for the Solling soils, but 

for the Lüss soils, polynuclear Al was found to increase 

with increase in pH. 

The concentration of polynuclear Al was determined . 

theoretically and experimentally from the lysimeter 

solutions collected for 6 months (April-September 1977) 
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from the Beech and Spruce fo~est research sites of the 

IBP in Solling. There was lack of agreement between the 

theoretical and experimental values. One of the reasons 

for this difference could be the errors in pH measure-

ments of these unbuffered solutions because a small 

change in the pH of the solution has been found to have 

considerable influence on the theoretically predicted 

value of polynuclear Al concentration. Moreover, the 

lysimeter solutions may not be in equilibrium with 

respect to polynuclear Al species particularly in these 

permeable soils with relatively rapid vertical movement 

of water. 

The pA1 3+ + 3 pOH- values of the equilibrium solutions 

for Solling and Lliss soils and for a population (55) of 

soils from different parts of Germany were calculated. 

The values were dependent on pH up to about pH 4. Above 

pH 4, the values were almest constant and equal to the 

pKsp value (33.95) of naturally occurring gibbsites. In 

spite of this, gibbsite is not formed in these soils 

probably as a consequence of the non-equilibration with 

respect to polynuclear Al species. 
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7. APPENDICES 

APPENDIX I 

The mononuclear polynuclear aluminium species model 

Let An denote a hydroxy-aluminium species in solution: 

Consider as a physico-chemical system, 

an aqueous solution of N different such species (H 2o, 

H+, OH , A
1

, ••• , AN). 

Let A1 be the aluminium ion Al 3+ (i 1 1,j 1 =0). 

The charge of the aluminium species is given by zn = 

3in- jn. The charge can be zero, i.e. Al(OH) 3°. All 

concentrations are given in moles/litre: 

cn = [An] . The total analytical alumini um concentration 

is denoted by c. 

N 

c= L ( 1) 

n = 1 

Let an be the activity and fn the activity coefficient of 

the aluminium species An: 

(2) 

Let Kn be the equilibrium constant for the format.ion of 

An from Al 3+ and water 

(3) 

(4) 
equilibrium 
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The problern rnay be stated as follows: 

Given a pH and a total alurniniurn concentration c, 

what are the equilibriurn concentrationscn of N alurniniurn 

species for which N - 1 equilibriurn constants Kn are 

specified? The values of pH and c rnay be analytically 

deterrnined. If they are set arbitarily, they rnay refer 

to a non-equilibriurn state with respect to the forrnation 

of precipitates. In this calculation, a precipitate 

(i.e. a solid phasel is not considered. The systern is 

assurned to be at standard ternperature and pressure 

throughout (25° C, 1 atrn). 

As a first approxirnation, we disr.egard the activity 

coefficients so that an= cn for values of n ~ 1, •••• , 

N. We have to search for N unknown concentrations for 

which N - 1 equilibriurn equations are available (4). 

jn 

Kn 
cn aH 

2, N, i n = .... , 
c1 

n 

c1 = [Al)+] and aH = 10-pH (5) 

The specification of c with equation (1) yields a further 

equation, and we have a systern of N equations with N 

unknown pararneters. Introduction of (5) in (1) gives: 

c - c1 - 0 (6) 

n = 2 
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Writing x instead of c 1 in (6), we get a polynomial in x, 

f (x) , with f (c 1 l = 0, Wehave f (0) = c and f (c) < 0. 

Therefore f as s umes the value zero in [ o,c] , which is 

t he only p hy s ically meaningful range for c
1

• Wehave 

f
1 

(x) <. o . f o r x ;> 0 and therefore in [ o,c J , f is 

mono t onically d ecreasing and the root is unique. This 

root wa s a ppr ox i ma ted by Newton's technique. 

Given c 1 , a l l cn-v alues can be c alcu l ated from (5). 

In the next step, the activity coef ficients were 

i n trod uced. Sub stituting equation ( 2 ) in equation (4) 

give s : 

N 

0 c - c1 -2 
"---- -

n = 2 

inste ad o f (6). 

The ac t i vity coefficients fn were calculated using the 

e x t ended Debye-Hü c kel equatio n (Bo lt and Bruggenwert, 

1976 p . 1 7 ) 

0.51 zn 2 /-I-

(7) 

(8) 

whe r e ~n i s an ion-si z e parameter of the alumin i um s pec ies, 

An' a nd I is the i onic strength. 

I 

N 

Io + ~ (aH / fH + ~ cn 

n = 1 

(9) 

whe r e I
0 

i s t h e basic i onic strength of ions present in the 

system but not involved in r e actions under study. For any 
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given I, equation (7) can be solved as easily as (6). But 

I, in turn, depends on the Al concentration cn to be 

calculated from equation (7). We have to solve, therefore, 

another implicit function I fi(I). In this case, the 

existence and uniqueness of the Solution were not studied. 

The usual iteration procedure (Bolt and Bruggenwert, 1976, 

p. 28) was used: 

The m-th value of I, Im' was used to calculate cn-values 

using equations (7) and (8). The cn values were used to 

calculate Im+ 1 by using equation (9). The results were 

accepted, if Im+ 1 differed from Im by less than 0.2%. 

Using these equations, a computer programme was 

prepared, which, at a given pH and total aluminium 

concentration, c, calculates the equilibrium concentrations 

cn for as many hydroxy-aluminium species as required, 

provided their equilibrium constants Kn are specified. 

If the Debye-HUckel activity corrections are to be used, 

the programme requires the ionic diameters Rn and an 

ionic strength, I
0

, in addition. 



APPENDIX II 

Experimental and theoretical value s of the conce ntration of polynuclear aluminium and 

the pA1 3+ + 3 pOH values of the equilibrium (24 h) solutions of Solling soi ls 

I Io Total Al Polynuclear Al 

DescriEtion of soil (ionic (addl 
conc. concentration 

pA1 3+ + so 2- stren- (10- 4 mol/1) 
Profile & Depth C% 4 pH gth) I ) ( 10 - 4 3 pOH 
Sample Horizon (cm) (mg S/1) -3 mol/1) Exptl Theore ti-

No. ( 10 mol/1 cal 

1 2 3 4 5 6 7 8 9 10 11 12 
Solling 1 

2228 Ah Sw 0-6 4.00 6. 41 3.77 1.279 1.007 o. 541 0.156 0 35.28 ö __, 

2229 Sw 6-23 0 .79 7.85 3.80 1.670 1.304 0.830 0. 300 0 34.88 

2230 Sw Sd 23-30 0.43 7.48 3.86 1.490 1 • 1 51 1.038 0.445 0 34.61 

2231 Sd 30-40 0.18 6.41 4.12 1. 256 1. 192 0.148 O.o52 0 34.02 

Solling 2 

2232 Ah 0-2 17.28 5. 44 3. 81 1.554 1. 138 0.830 0.430 0 34.84 

2233 Aeh 2-4 5.89 4.49 3.86 1. 31 4 1.000 o. 717 0.296 0 34.75 

2234 Bv 4-40 1. 63 8.99 4.08 1. 354 0.993 1.008 0. 119 0.143 34.06 

2235 Cv 40-70 0.46 5.68 4.03 1.1 60 0.786 0.889 0.474 0.158 34. 19 

Solling 3 

2236 Ah 0-1 21.76 6.38 3.57 2.359 1. 805 0.919 0.474 0 35.53 

2237 Ah 1-2 6.84 5.49 3.53 2.520 2. 011 1.097 0 .371 0 36.59 

2238 Aeh Bv 2-18 2.87 5.34 3.96 o. 967 0.708 0.519 0. 119 0 34.59 



2 3 4 5 6 7 8 9 10 11 12 

2239 Bv 18-54 1. 31 4.81 4.06 0.760 0.636 0.556 0.141 0.066 34.29 

2240 II Cv 54-75 0.35 4.26 4.00 o. 727 0. 529 0.660 o. 141 0.024 34.39 

2241 111 Cv 75-90 0.10 4.10 3.96 o. 718 o. 548 0.563 o. 126 0 34.54 

Solling 4 

2242 Aeh 0-2 13.45 9.62 3.38 2.644 1.929 1.119 o. 593 0 36.02 

2243 Aeh Bv 2-7 4.14 11.22 3.23 3.028 2.238 1.423 0.054 0 36.38 

2244 Bv 1 7-30 1. 99 17.79 3.84 3.139 2.067 2.758 o. 445 0.083 34.65 

2245 II Bv 2 30-59 o. 34 10.44 4.28 1. 591 1.492 0.711 0.148 0.288 33.92 

2246 II S Bv 59-78 0.09 9.26 4.02 1.678 1.236 1.138 0.122 0.069 34.14 0 
CXl 

2247 II CV 78-90 o. 19 8.02 4.06 1. 556 1.211 0.778 0.170 0.025 34.19 

Solling 5 

2248 Ah Sw 0-10 9. 72 7.12 3.83 1.431 1.042 0.756 0.415 0 34.82 

2249 Sw 1 10-22 1. 93 5.93 3.88 1. 234 0.685 0.845 o. 237 0 34.61 

2250 Sw 2 22-50 0.47 5.77 4.03 1.002 o. 599 0.786 0.156 0.015 34.22 

Solling 6 

2251 Ah Sw 22-32 11.62 5.13 3.84 1.080 0.742 0.668 0. 319 0 34.83 

2252 Sw 32-46 1.19 4.81 3.96 0.821 0.505 0.667 0.185 0 34.47 

2253 II Sd 1 46-65 0.80 6.73 4. 18 0.983 0. 727 0.563 o. 119 0.072 34.04 

2254 II Sd 2 65-80 o. 34 4.65 4.20 0.743 o. 523 0.178 0.059 0 34.42 



2 3 4 5 6 7 8 9 10 11 12 
-

Solling 7 

2255 Ah Sw 0-4 8 . 27 6 . 09 3.36 2. 134 1. 30 9 1 . 119 0 . 378 0 37.06 

2257 Sw 10-80 3.83 5. 19 3. 50 1.472 0.877 0.986 0 . 256 0 35.67 

2258 Sd 80-100 0. 71 7.82 3.96 1.399 o. 851 1. 290 o . 1o4 0.031 34.23 

Solling 8 

2256 Sw BSv 34-45 0.50 7.44 3 . 94 1.393 0 . 842 1. 216 0. 111 0. 112 34 . 30 

2259 Ahe 0-5 5.37 6.96 3 .77 1. 533 1.108 1.008 0 .304 0 34.87 

2260 Ae Bv 5-8 3.37 8.22 3.68 1.535 1.037 1.052 0.326 0 35 . 12 

2261 Bvs 8-34 2.64 8.98 3.85 1. 802 1.074 1 .394 0.163 0 34.51 
0 

2262 Sw Bsv 45-57 1. 59 9.84 4.00 1.943 1.089 1.80 9 0 .089 0. 331 34.06 \0 

2263 Sw Sd 57-70 0.41 6.32 4.01 1.363 0.816 1.245 0.148 0.097 34.12 

2264 Sd 70-90 0.25 5.29 3.98 1.337 0.757 1. 230 0.133 0.044 34.20 

Solling 9 

2265 Ah 0-1 5.26 10.58 3.77 1 . 763 1.567 0. 889 0.267 0 34.95 

2266 Aeh 1-5 3 . 57 9.46 3 . 68 2. 126 1.36 5 1. 245 0.208 0 35.06 

2267 Ah Bv 5-8 1. 90 7.69 3.87 2. 186 1. 143 1.239 0.371 0.040 34.27 

2268 Bv 8-47 1. 41 7.92 4.04 1 . 725 0 .957 1. 586 0.133 o. 373 34.03 

2269 Sw Bv 47-60 o . 30 5.45 4.15 1.093 0 . 651 0.904 0 .534 0.244 33.98 

2 2 70 c 60-80 0.1 5 4.49 4.84 0 .917 0.832 0.222 0.133 0.029 33.73 



2 3 4 5 6 7 8 9 10 11 12 

Solling 10 

2271 Ah 0-2 11.38 17.31 3.36 3.315 2.197 1. 542 0.534 0 33.95 

2272 Ahe 2-9 5.20 13.63 3.45 2. 770 1. 949 1.423 0.326 0 35.71 

2273 Bsv 9-17 2.80 8.81 3.74 2.422 1. 540 1.912 0. 31 1 0 34.72 

2274 Bv 17-47 0.92 10.42 3.99 1.841 1. 165 1.586 0.230 0.165 34.11 

2275 Sw Bv 47-56 0. 38 11 .06 4.15 1.764 1.244 1. 394 0.208 0.609 33.94 

2276 Sd 56-70 o. 15 9.30 4.04 1.409 0.936 1.053 0.341 0 34.05 

Solling 11 

2277 Ah 0-2 13.08 16.67 3.37 3.262 2. 525 1.216 0.534 0 36.03 

2278 Ahe 2-8 5.22 16.73 3.33 2.738 2.149 1. 3 51 0.348 0 36.10 0 

2279 Ae 8-10 3.80 17.31 3.47 2.704 2.123 1.091 0.215 0 35.76 

2280 Bs 10-13 2.54 18.50 3.66 3.229 2.180 2.224 0,341 0 34.91 

2281 Bv 13-41 1. 31 1 8. 1 1 3.94 3.252 1. 861 3.076 0.435 0.692 34.07 

2282 Bv Sw 41-59 0.44 14.33 4.23 2.446 1. 779 1.483 o. 163 0.878 33.88 

2283 Sw Sd 59-80 0.25 15.39 3.90 2.680 1.629 2.068 o. 237 0.236 34.23 

Solling 12 

2284 Ah 0-4 15.47 14.43 3.66 2.5o4 1. 843 0.919 0.489 0 35.26 

2285 Ae 4-17 3.83 9.07 3.70 1.838 1. 215 0.934 0.460 0 35.12 

2286 Sw Bs 17-26 2.87 4.58 4.21 1.021 0.793 o. 519 o. 156 0.078 34.02 

2287 Sd Sw 26-40 1.37 3.93 4.77 0.753 0.707 0.208 0.119 0.026 33.78 

2288 Sd 40-60 0.35 5.05 4.26 0.673 0.608 0.296 0.044 0.014 34.09 



2 3 4 5 6 7 8 9 10 11 12 

Solling 13 

2289 Ah 0-4 15.76 19.56 3.67 3. 161 2.552 1 . 3 71 0.511 0 35 . 09 

2290 Aeh 4-6 10.35 18.27 3 . 68 2.852 2.292 1.275 0.489 0 35.08 

2291 Bvs 6-11 4.68 6.61 4.43 1. 323 1.005 0. 756 0.371 0.454 33.80 

2292 Sw 1 11-30 1. 94 5.93 4.28 1.121 0.887 0.556 0.170 o. 171 33.93 

2293 Sw 2 30-52 2.53 4.42 4.13 0.917 0.640 o. 571 0.170 0.032 34. 12 

2294 Sw Sd 52-65 0.83 6.03 4.22 1 .047 0.760 0.830 0.030 0.314 33.93 

2295 Sd 65-90 o. 25 7.12 4.08 1.067 0.755 o. 682 0.074 0.025 34.17 

Solling 14 

2296 Ah 0-2 5.58 14.75 3.61 2.480 1.882 1.572 0.474 0 35.19 

2298 Aeh 2-16 2.34 9.78 3.83 1.805 1.206 1.334 0.237 0 34.59 

2299 Bsv 16-35 0.80 14. 11 4.05 2.149 1. 279 1. 824 0.385 0. 569 34.00 

2300 Bv Sw 40-55 o. 31 14.17 4 . 01 2.192 1.357 1. 601 0.148 0. 240 34.08 

2301 Sd 55-70 o. 11 8.94 4.07 1. 429 1.053 0.838 0.178 0.051 34. 13 



1\PPE:JDIX III 

Experimental and theoretical values of the concentration of poly nuclear aluminium 

and pA1 3+ + 3 pOH- values of the equilibrium (24 h) s o lutions of Lüss soils 

Description of 
I I Total Polynuclear Al 

so 2 -
0 

soil (ionic (Addl Al concn concentration pA1 3+ + 
C% 4 pH strength) I ) ( 10-4 (10- 4 rnol/1) 

Sample Depth (mg S/1) (10- 3 mol/1) 3 pOH 
-

No. (cm) 
mol/1) 

Exptl Theoret. 

2 3 4 5 6 7 8 9 10 11 
I 

..... 

..... 
N 

2721 0-4 3.21 10.7 4.84 1. 688 1. S10 o. 126 0.067 0.001 33.92 

2722 4-10 3.48 S8.9 3.7S 7.98S 7.213 1.838 0.764 0 34.83 

2723 10-20 3.02 15.9 4.39 4. 414 3.297 2.981 1. S34 2.S06 33.7S 

2724 20-30 1.92 10.8 4.29 1. 704 1 . . 189 1 .049 0.308 0.600 33.86 

272S 30-40 0.80 10.8 4.22 1.660 1.092 1 . 1 31 0.28S O.SS8 33.90 

2726 40-SO 0.48 12.0 4.23 1.822 1. 291 1.049 0.219 O.S01 33.90 

2727 0-4 9.26 7.4 3.93 1.718 1.223 1.038 O.S93 0.023 34.41 

2728 4-10 4. 14 10.6 8.78 1.918 1.399 o. 927 0.496 0 34.89 

2729 10-20 4. 1S 9.8 4.09 1.7S9 1. 209 1.049 0.441 0. 181 34.04 

2730 20-30 2.60 10. s 4.20 1.706 1. 1S9 1. 112 0. 319 0.449 33.92 

2731 30-40 0.7S 11.7 4.30 1. 809 1 .094 1.872 0.337 1. 112 33.81 

2732 40-SO 0.38 13.3 4. 1S 1.99S 1.224 1. SOS 0.2S9 0.704 33.93 



2 3 4 5 6 7 8 9 10 11 

2733 0-4 5.79 13. 5 6.45 2.074 2.049 0.178 0.089 0 

2734 4-10 3.37 39.8 3.85 5.783 5.278 1. 112 0.429 0 34.71 

2735 10-20 3.36 30.5 4.22 5.099 4.558 1. 205 0.478 0.555 33.93 

2736 20-30 1. 67 30.7 4.16 5.153 4.545 1. 208 0.245 0.401 33.98 

2737 30-40 o. 61 30. 1 4.40 4.537 4.109 0.908 0.226 o. 561 33.83 
273~8 40-50 o. 18 28.1 4.23 4.154 3.728 0.853 0.126 0.295 33.96 

2739 0-4 7.18 5.0 4.54 1.223 o. 981 o. 341 0.163 0.122 33.81 

2740 4-10 5.76 5.6 4.17 1. 925 1.468 0.945 0.559 0.291 33.97 

2741 10-20 3.55 19.2 3.99 2.801 2.220 1.538 0.471 0.012 33.93 w 

2742 20-30 2.55 21.4 4.06 3.084 1.944 2.280 o. 322 0.946 33.97 

2743 30-40 0.64 16.9 4.11 2.434 1. 562 1.798 0.256 o. 799 33.95 

2744 40-50 0.27 10.7 4.23 1.626 1.449 1.075 0.215 o. 520 33.90 

2745 0-4 o. 85 38.4 3.82 4.784 4.370 0.927 0.300 0 34.89 

2746 4-10 3.50 40.8 3.39 5.432 4.635 1. 501 0.612 0 35.94 

2747 10-20 3.27 9.8 4.04 2.102 1.333 1. 501 0.611 0.299 34.05 

2748 20-30 1. 63 11. 2 4.07 2.138 1. 283 1.761 0.426 0.613 33.98 

2749 30-40 0.82 14.3 4.04 2.508 1.445 2. 131 0.308 0.744 33.99 

2750 40-50 0.46 14.0 4. 13 2.209 1.365 1. 761 0.308 o. 852 33.93 



2 3 4 5 6 7 8 9 10 11 

2751 0-4 7.87 4.0 3.99 1.017 0.750 o. 519 0.289 0 34. 51 

2752 4-10 5.51 4.5 3.88 0.955 0.667 0. 482 0.215 0 34.51 

2753 10-20 3.39 15.4 4.03 2.444 1.620 1. 761 0.456 0.410 34.03 

2754 20-30 1. 91 18.2 4. 11 2.885 1.733 2. 372 0.415 1.293 33.92 

2755 30-40 0.84 18.9 4.06 3.097 1.763 2.817 0.297 1 • 414 33.95 

2756 40-50 0.35 19.6 4.05 3.260 1.852 2.669 0.356 1. 382 33.96 

2757 0-4 4.24 17.6 3.89 3.309 2.141 2.539 0.789 0.114 34.20 

2758 4-10 3.35 20.3 4.06 3. 773 2.309 3. 372 1. 119 1. 872 33.93 

2759 10-20 2.86 14.3 4.74 3.692 3.188 2.279 1.182 1.997 33.60 ... 
2760 20-30 3.25 16.9 4.4 2.645 2. 116 1.160 0.329 0.095 33.04 

2761 30-40 0.75 20.3 4.23 2.809 2.277 1. 112 0.222 0.535 33.91 

2762 40-50 1. 41 16.7 4.39 2.313 1.974 0. 734 0.659 0. 406 33.84 

2763 0-4 4.54 14.7 4.08 2.586 2.035 1. 371 0.274 0. 331 34.02 

2764 4-10 4. 14 10.9 4.76 1.674 1:380 0.686 0.315 0.437 33.64 

2765 10-20 3.00 11. 1 4.24 1.720 1. 219 1.056 0.411 0.527 33.90 

2766 20-30 1. 17 16.9 4.48 2.278 1.903 o. 815 0.245 0.531 33.77 

2767 30-40 0.46 18.9 4.39 2.579 2.183 0.815 0.237 0.479 33.83 

2768 40-50 0.23 16.7 4.52 2.619 2.175 1 .038 0. 208 0.575 33.74 



APPENDIX IV 

Experimental and theoretical values of the concentration of polynuclear aluminium and 
3+ -

the pAl + 3 pOH values of the equilibrium (20 days) solutions of Solling soils 

Ionic Addl ionic Total Al Polynuclear Al 
Sarnple strength strength concn concentration 3+ -

No. pH (I) (Io) (1o- 4mol/l) (10- 4 mol/1) pAl + 3 pOH 

(10- 3mol/l) Exptl Theoret. 

2231 4.29 1. 186 1 . 127 0.085 0.044 0 34.58 

2235 4.35 1.642 1.429 o. 330 0.182 0.057 33.97 

2240 4. 16 1.383 1.159 o. 434 o. 185 0.012 34.17 
~ 

2241 4.14 1.040 0.880 o. 512 0.297 0.021 34.15 l.11 

2246 4. 10 1.627 1.392 o. 489 0. 119 0.004 34.28 

2247 4.06 1.829 1. 527 0.600 0.104 0.004 34.30 

2250 4. 15 1. 380 0.978 1.342 0.441 o. 576 33.94 

2253 4. 17 1 • 141 0.993 o. 760 0.289 0.170 34.00 

2254 4.29 1. 351 1.239 0. 356 0.026 0.044 34.02 

2256 4. 19 1.552 1.206 o. 626 0.159 0.110 34.02 

2258 4.10 1.647 1. 224 1. 701 0.482 0.695 33.96 

2282 4.14 2.609 2.067 0.986 0.215 0.238 34.01 

2295 4. 18 1. 4 68 1. 194 o. 549 0.156 0.058 34.07 

2301 4.08 1. 425 1. 153 0.552 0.159 0.056 34.27 



APPENDIX V 

Experimental and theoretical values of the concentration of polynuclear aluminium and 
3+ -the pAl + 3 pOH values of the equilibrium (20 days) solutions of Lüss soils 

Ionic Addl ionic Total Al Polynuclear Al 
Sample strength ionic concentration 

pH (I) (Io) 
concn 

(10- 4molL:ll pA1 3+ + 3 pOH-No. (10- 4mol/l) 
(10- 3 mol/1) Exptl Theoret. 

2725 4.24 1.332 0.859 0.901 0.348 0.402 33.91 

2726 4.19 1.442 0.996 0.871 0.345 0.287 33.96 

2731 4.21 1. 835 1.239 1. 212 0.411 0.606 33.91 

2732 4. 15 1. 634 1 .039 1.089 0. 374 0. 369 33.97 "' 
2737 4.23 3.756 3.296 0.989 0.463 0.413 33.93 

2738 4.24 3.172 1. 804 o. 741 o. 252 0. 252 33.95 

2743 4.14 2.174 1.583 1.612 0.534 0.751 33.94 

2744 4.13 1. 250 0.783 0.960 0.337 0.235 34.00 

2749 4.21 2.287 1.505 2.613 1.067 1. 893 33.85 

2750 4. 13 2.006 1.313 1.649 0.589 0.759 33.94 

2755 4.13 2.492 1. 674 2.090 0.423 1.128 33.92 

2756 4.03 2.359 1. 551 1. 572 0.319 0.293 34.06 

2761 4.26 2. 104 1.642 0.856 0.241 0.378 33.91 

2762 4.30 2.340 1.855 0.960 0.389 0.522 33.87 

2767 4.27 1.968 1.546 0.856 0.315 0.394 33.90 

2768 4 . 22 1.460 1. 101 0. 558 o. 222 0.107 34.00 



APPENDIX VI 

Experimental and theoretical values of the concentration of polynuclear aluminium 

in the lysimeter solutions from the Beech forest sites 

Ionic Addl ionic Total Al Polynuclear Al 

Sample pH strength strength concn concentration 
(I) (Io) (10- 4mol/l) (10- 4 mol/1) 

(10- 3 mol/1) Exptl Theoretical 

Apr. 77 1515 3.93 1. 672 0.927 1. 423 o. 137 0.021 

1516 3.89 1. 4 91 0.805 1.287 o. 271 0.028 

1517 3.99 1. 209 0. 503 1.460 0. 166 0.144 

May 77 1901 3.99 1. 549 0.856 1.382 0.182 0. 181 

1902 3.97 1. 704 0.944 1. 516 0.152 0.094 
..... 

1903 3.95 1. 620 0.897 1. 360 0.285 0.030 

June 77 2523 3.98 1 . 511 0.848 1. 364 0.164 0.042 

2524 3.93 1. 631 0.911 1.537 0.192 0.033 

2525 3.95 1.581 0.895 1.434 0.259 0.062 

July 77 3983 3.97 1. 524 0.867 1.382 0.159 0.060 

3984 4.04 1.645 1.009 1.305 0.134 0.197 

3985 4.00 1. 42 0.789 1.305 0. 114 0.098 

Aug. 77 5318 3.97 1 . 621 0.936 1.4o9 o. 175 0.065 

5319 3.99 1. 794 1 .017 1. 6 51 0.239 0.206 

5320 4.01 1 .095 1.162 1. 361 0.190 0.130 

Sep. 77 5732 3.90 1.872 1. 111 1.598 0.171 0.014 

5733 3.90 2. 142 1. 279 1. 675 0.183 0.018 

5734 3.87 1.704 1. 105 1. 166 0.221 0 



APPENDIX VII 

Experimental and theoretical values of the concentration of polynuclear alurninium 

in the lysimeter solutions frorn the Spruce forest site 

Ionic Addl ionic Total Al Polynuclear Al 

Sample pH strength strength concn concentration 
(I) (Io) (10- 4rnol/l) -4 (10 rnol/1) 

(10- 3 mol/1) Exptl Theoretical 

Apr. 77 1545 3.86 5.619 2.491 7.461 0.504 2.697 

1546 3.85 6.114 3.064 7.234 0.84'5 2.230 

1547 3.92 4.875 2.799 5.129 0.122 1. 922 

May 77 1931 3.88 6.691 3.411 7.080 0.483 2.689 

1932 3.90 5.965 3.027 6.530 0.314 2.206 
(X) 

1933 4.01 5.192 2.669 5.388 0.518 1.551 

June 77 2553 3.85 5.565 2.815 6.702 0.798 1.877 

2554 3.88 4.929 2.278 5.07 0.536 1.922 

2555 3.91 5.612 2.914 5.838 0.727 2.291 

July 77 4013 3.86 6.195 3.118 6.546 0.875 1. 924 

4014 3.85 5.666 2.939 6.252 0.766 1. 549 

4015 3.92 5.651 2.932 5.233 0.267 1. 958 

Aug. 77 5348 3.86 6.437 3.221 6.719 1.048 2.037 

5349 3.77 6.010 3.139 5. 872 0.535 0.235 

5350 3.81 4.609 2.418 4.335 0.376 0. 181 

Sep. 77 5762 3.85 6.944 3.216 6.563 0.707 1. 730 

5763 3.83 6.293 3.166 6.304 0.559 1.195 

5764 3.85 5.656 2.789 5.855 o. 703 1. 306 



APPENDIX VIII 

3+ -pAl + 3 pOH values of various equilibrium soil solutions 

I I 
Description of soil Al conc. 0 

pA1 3+ + (ionic (Addl I) -Place & Depth pH (10-4 strength) 3 pOH 

Number (cm) 
mol/1) (10-2 mol/1) 

Eschrode (1966) 

972 20-30 3.85 1.2075 0.9632 o. 9018 34.74 

977 20-30 3.85 2.3282 1. 1136 1.0017 35.47 

1022 20-30 3.90 1.4572 0.2933 0. 2214 35.39 

Sprakensehl (1966) 
"' 1191 10-20 4.08 1.6068 0.6689 0. 5924 34.04 

1192 20-30 3.72 1.4946 0.6016 0.5248 34.97 

1193 30-40 3.93 1.3178 0. 5778 0.4630 34.43 

1227 10-20 4.00 o. 5091 0. 1823 0.1543 34.53 

1228 20-30 3.84 0.6613 o. 1367 0.0977 34.85 

1229 30-40 4.21 0.2753 O.o822 0.0667 34.63 

Syke/Westermark (1966) 

1389 0-10 5.05 0.2229 0.4795 0.4690 33.68 

1391 0-10 3.85 1.1487 0.3107 0.2519 34.64 

1392 0-10 4. 18 0.6827 0.3487 0.3147 34.05 

1393 0-10 5.05 0.1286 0.7443 0.7380 33.89 



1466 10-20 4. 18 0.3240 0.6852 0.6673 34.37 

1467 20-30 4.48 0.2250 1.4798 1.4680 34.02 

1468 30-40 4.12 0.3181 0.2708 0.2526 34.44 

1469 40-50 4.18 0.6714 0.4487 0.4151 34.07 

Walsrode (1967) 

1157 0-10 4.27 o. 5260 o. 5034 o. 4770 34.01 

1158 10-20 4.17 o. 9060 1.0627 1.0185 34.06 

1159 20-30 4.31 0.2566 0.4755 0.4615 34. 15 

1160 30-40 4.21 0.2291 0.6480 0.6346 34.43 

1163 0-10 4.00 1.2545 0.7148 0.6578 34.27 

1164 10-20 4.33 1.3841 1.0127 0.9481 33.87 

1165 20-30 4.50 1.2688 0.7635 0.7048 33.77 
1\) 

1166 30-40 4.35 1. 1766 0.9512 0.8960 33.87 0 

Lüß (1967) 

1683 10-20 3.62 4.9343 0.6467 0.4126 34.76 

1684 20-30 3.92 1.9849 0.8149 0.7196 34.31 

1685 30-40 4.08 1. 5265 o. 5670 0.4941 34.04 

1686 40-60 4.00 2. 1091 0.5273 0.4274 34.08 

1691 10-20 3.68 11.8336 1.9530 1.4100 34.65 

1692 20-30 3.98 3.3501 1. 5105 1. 3545 34.09 

1693 30-40 3.98 4.4820 . 1. 4564 1.0080 34.03 

1694 40-60 3.75 9.8463 2.0309 1.5789 35.25 



Radolfhausen (1971) 

907 0-10 3.50 1. 2221 0.5318 0.4609 35.69 

908 10-20 3.62 1. 7263 0.5064 0.4167 35.19 

909 20-30 3.70 3.0542 0.6940 0.5466 34.74 

910 30-40 3.65 4.2748 0.9971 0.7935 35.79 

911 40-50 3.77 2.8013 1.2605 1. 12 59 35.65 

Radolfhausen (1972) 

618 0-10 3.87 1.2601 0.4576 o. 3941 34.58 

619 10-20 3.64 1.2231 0.7486 o. 6821 35. 32 . 

620 20-30 3.79 4.1509 1.5879 1. 3930 34.45 

621 30-40 3.69 8.5242 2.0816 1.6878 34.49 
~ 

622 40-50 3.72 2.9920 1 .0935 0.9493 34.75 

Jembke (1974) 

2033 0-10 4.40 2.6536 0.6482 0.5268 33.77 

2034 10-20 4.05 1.8271 0.6188 o. 5321 34.05 

2035 20-40 3.95 2.2793 0.4935 0.3853 34.14 

2036 40-60 3.98 2.6054 0.5469 0.4244 34.07 

2037 60-80 4.00 1.8271 0.4089 o. 3217 34.10 

Eschwege ( 19 74) 

3746 0-05 3.85 0.9340 0.3330 0.2839 34.74 

3747 05-1() 3.95 0.9636 0.4133 o. 3639 34.54 



3748 10-20 4.08 0.7931 

3749 20-30 4.10 0.9340 

3750 30-50 4.58 0.0815 

3751 50-70 4.00 1. 59 37 

3752 70-100 4.02 0.3113 

0.5334 0.4917 

0.5386 0.4936 

0.3582 0.3532 

o. 5072 0.4355 

0.4219 0.4031 

34.22 

34. 12 

34.24 

34.15 

34.07 

1\J 
1\J 




