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AnsTrACT. Fractionation of micronutrients into 5 fractions was carried
out on ten selected soils in Saudi Arabia (Tessier etal. 1979). The ranges
for different micronutrient fractions were: 0 - 796, 0 - 105, 0-75 and 0
- 59942 ug g~' for Mn, Zn, Cu and Fe, respectively . The residual fraction
constitutes the absolute majority of all fractions and the order of the 5
fractions was: Residual > Fe-Mn Oxide bound > CO , bound > organic
bound > exchangeable. .

The DTPA extractable micronutrients ranged from 1.56 - 16.30 ug
g~ for Mn, 0.09 - 2.20 ug g~ for Zn, 1.51 - 17.7 ug g~' tor Fe and 0.07 -
2.73 ug g~ for Cu extraction of micronutrients with DTP A showed strong
relationship with micronutrients estimated by using dif ferent fractionation
schemes. Therefore, it is considered a good estimation for the availability
of rnicronutrients in the studied soils.

Deficiency of micronutrients is a problem worldwide and is more severe in calcareous
soils. In Saudi Arabia, calcareous soils represent a very significant proportion of
agricultural soils. The agricultural soils of SaudiArabia are generally coarse to medium
textured with low organic matter and a pH of 7.5 to 8.5 (Bashouret al. 1983).

Prasad et al. (1984) studied the availability of micronutrients in some selected
Saudi soils and concluded that available Fe and Zn are low in many of the soils studied
while Mn and Cu are present in adequate amounts. In another study, El-Fouly (1983)
indicated that Mn availability in arid soil was affected by oxidation-reduction conditions
in the soil. He suggested that Mn deficiency will occur in well aerated alkaline and
calcareous soils irrespective of texture, organic matter contents and electrical
conductivity of the saturation extract (EC). Similar views were also shared by other
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workers (Hagen and Tucker 1982, Sillanpaa 1982).

While the total concentration of micronutrients may not be a limiting factor the
availability of these micronutrients to plants islargely limited in calcareous and alkaline
soils. Knowledge of how the metal ions are bound to the complex soil structure is
important for understanding the mobility, solubility, uptake and the potential modes of
transport of metal ions.

Several fractionation schemes have been developed over recent years in order to
address this problem. One of the widely used procedures for the fractionation studies is
that developed by Tessier et al. (1979). This procedure fractionates soil metals into five
fractions viz: exchangeable, carbonate bound, Fe-Mn oxide bound,organic bound, and
residual. However, the review of literature indicated that many researchers have used
different fractionation schemes utilizing different extractants (McLaren and Crawford
1973, Wagemann et al. 1977, Shuman 1979, 1983, 1985).

Previous research on Saudi Arabian soils was mainly directed towards providing a
general framework for understanding the soils and their potentialities for micronutrients
status (Bashour ez al. 1983). The fractionation of Saudi soils using sequential extraction,
to our knowledge, has never been attempted. The objective of this study is to fractionate
some typical soils of Saudi Arabia and determine the distribution of micronutrients in
these fractions.

Materials and Methods

A total of 10 soil samples were taken from different regions representing various
soil types and covering important agricultural regions of the Kingdom. Placement of
the sampled profiles in family groups in Soil Taxonomy (Soil Survey Staff 1975) and
the Parent Material of each are given inTable 1. Soil samples were air dried, ground to
pass through a 2 mm sieve and stored for subsequent analyses.The electrical conductivity
(ECE), pH, carbonate content, soil texture and organiccarbon were determined (USDA,
Handbook No. 60, 1954) and presented inTable 2.

The fractionation scheme of Tessier et al. (1979) was used in this study. This
scheme involves a separate extraction step for the CO, bound fraction and is best suited
for our purpose. Plant available micronutrients were determined using DTEA extraction
procedure (Lindsay and Norwell 1978) for all soils.

All glassware used in this study was previously soaked in 8% (v/v) HNO, for 24
hours and rinsed several times with distilled deionized water The selective extractions
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Table 1. Family groups and parent material of the soil samples

Soil Location Family Group Parent Material
No.
1* Al-Qassim Typic Haplargid, Clayey, Medium-texture
Hyperthermic. Alluvium Sediment Originated
from Metaphoric Rock.
2 Al-Kharj Typic Torrifluvent, Fine-silty, | Medium-textured Alluvium
Hyperthermic (Sedimentary Rock)
3 Al-Kharj Typic Torrifluvent, Fine-silty, | Medium-textured Alluvium
Hyperthermic (Sedimentary Rock)
4*%* | Liyyah Typic Haplargid, Loamy, Medium-textured Alluvium
Thermic (Metamorphic Rock)
5*%* | Al-Hada Typic Torrifvent, Coarse Coarse-textured Alluvium
Loamy Thermic (Metamorphic Rock)
6 Haradh Typic Torrifuvent, Coarse Coarse-textured Alluvium, Derived
Loamy Thermic from (Sedimentary Rock)
7 Hail Typic Torrifuvent, Coarse Coarse-textured Alluvium, Derived
Loamy Thermic from (Sedimentary Rock)
8 Wadi Dawasir | Typic Torripsamment, Coarse-textured Alluvium, Derived
Sandy, Hyperthermic from (Sedimentary Rock)
9 Al-Kharj Typic Torripsamment, Coarse-textured Alluvium, Derived
Sandy, Hyperthermic from (Sedimentary Rock)
10 Haradh Typic Torripsamment, Coarse-textured Alluvium, Derived
Sandy, Hyperthermic from (Sedimentary Rock)

* Soil derived from sediments of metamorphic rock.,

** Soil derived from metamorphic rock.
All others derived from sedimentary rocks.
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Table 2. Some physical and chemical properties of the soils used for chemical fractionation studies

Soil | Location ECe | pH [CO,- Org-C Sand Silt Clay Textural
No. (dSm™) % %o %o Class
| Al-Qassim 6.93 762 |1 95 073 50 16 34 Sandy clay loam
2 Al-Kharj 247 7.48 [30.7- 0.1 57 18 25 Sandy clay loam
3 Al-Kharj 1.84 [7.63 | 357 0.1t 43 25 32 Clay loam
4 Liyyah 5.24 7.63 | 9.7 092 50 31 19 Loam
5 Al-Hada 1.30 | 7.56 | 5.0 1.05 58 31 11 Sandy loam
6 Haradh 322 | 7351248 0.10 79 10 11 Sandy loam
7 Hail 1.7 7.84 [ 140 0.12 81 8 i1 Loamy sand
8 Wadi Dawasir | 2.81 | 7.66 | 13.2 024 87 8 5 Sand
9 Al-Kharj 302 |7.56 (190 0.10 92 2 6 Sand
10 Haradh 1.22 | 772 | 1t.6 010 97 0 3 Sand

ECe = Electrical Conductivity of a Saturation Extract.

were conducted in polypropylene bottles of 250 ml capacity. Between consecutive
extractions, the soil and the extractant was centrifuged (Sorvall medel 101) at 10,000
rpm for 30 minutes. The supernatent solution was removed with an autopipette, filtered,
and analysed for micronutrients. The residue was washed with deionized water and
again centrifuged for 30 minutes. The supernatent solution was added to the
extraction solution after filtration.

The sequential fractionation scheme used in this study is outlined below:

(1) Exchangeable:— To a 5g soil sample, 40 ml of 1M magnesium chloride (MgClL)
at pH 7.0 was added and the contents were shaken continuously for 1 hour at room
temperature. After centrifuging, the supernatent solution was filtered and saved for
analysis. The residue was washed with 20 ml water and the washings discarded.

(2) Carbonate Bound:— The residue from (1) was agitated continuously for 5
hours with 40 ml of 1M sodium acetate (NaOAc/ACOH at pH 5.0).After agitation, the
supernatent solution was filtered and stored for analysis. After extraction, residue was
washed with 20 m] of water and the washings discarded.
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(3) Iron-Manganese Oxide Bound:— To the residue from (2), 100 ml of 0.04 M
hydroxylamine hydrochloride. (NH,OH.HCI) was added in 25% (v/v) HOAc and the
extraction was carried out at 95 + 2°C in a water bath with occasional agitation for 6
hours. After centrifuging, the residue was washed with the required amount of water
(20 ml) and the washings were combined with the original extract after filtration to
make up a total volume of 100 ml.

(4) Organic Bound:— The residue from (3) was first treated with 15 ml of 0.02M
nitric acid (HNO,) and 25 ml of 30% hydrogen peroxide (H,0,) (pH 2 with HNO,) for
24 hours at 85 + 2°C in a water bath. A second 15 ml aliquot of 30% H,O, was then
added and the contents heated again to 85°C for 3 hours with intermittent agitation.
After cooling, 25 ml of 3.2 M ammonium acetate (NH,OAC) in 20% (v/v) HNO, was
added and agitated continuously for 30 minutes. After centrifuging, the residue was
washed with 20 ml of water and the washings added to the extracted solution after
filtration to make up a final volume of 100 ml.

(5) Residual:—~ For this study, 1 g of sample was taken from (4) and treated with
2 ml of 70% perchloric acid (HCIO,) and 10 ml of hydrogen floride (70%HF) in a
platinum crucible. The contents were digested on a hot plate and when the residue
became paste, a second addition of | ml of HCIO, and 10 ml of HF was made. Again,
the contents were digested to near dryness. Finally 1 ml of HCIO, was added and
evaporated again until the appearance of white fumes.The contents were then dissolved
in 6N hydrochloric acid (HCI), filtered, and made up to 100 ml for analytical work.
The metal content in each fraction was analysed using a Perkin-Elmer Model 503
Atomic Absorption Spectrophotometer and the flameless atomic absorption (Varian
Specter AA 30). Each soil sample was analysed in triplicate.

Results and Discussion

Manganese concetrations in the various fractions are given in Table 3 and these
ranged from 0 to 0.5% for exchangeable, 3 to 29% for CO3 bound, 1 to 5% for the
organic bound, 10 to 38% for the Fe-Mn oxide bound and 49 to 81% for the residual
fractions. In general, coarse textured soils contained less Mn in almost all the fractions
than the medium or fine-textured soils (r values ranged from 0.154 to 0.754). Only 4
soils out of the 10 studied soils contained Mn in the exchangeable fraction and these 4
soils also had high proportion of Mn in the residual fraction. The amount of Mn in the
exchangeable fraction showed an increase with an increase in Mn concentration in the
Fe-Mn oxide fraction ( r = 0.681).

As expected, DTPA extractable Mn decreased with a corresponding decrease in
exchangeable Mn (r = 0.965). The poor correlation (r = 0.006) shows that the CO,
contents of soils had no relationship with the CO, - bound Mn contents of soils and the
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Table 3. Mn content (ug g~') of the different fractions in the soils

Soil Exchangeable CO,- Fe-Mn Oxide Organic Residual
No. Bound Bound Bound
| 34 355 228.9 324 353
0.5b 5.4 35.0 5.0 54
0.591c 0.64 1.58 1.124 5.46
2 N.D.a 36.8 153.1 10.2 205
0.0 9.1 37.8 2.5 50.7
0.0 1.06 5.77 0.00 10.11
3 N.D. 49.9 170.0 8.0 221.4
0.0 I1.1 37.8 |.8 493
0.0 1.248 0.363 0.00 49.3
4 1.0 329 129.7 24.2 796.5
1.0 33 13.2 2.5 80.9
0.080 1.05 0.153 0.208 18.23
5 1.8 73.0 206.7 20.3 964.2
0.1 5.8 16.3 1.6 76.2
0.630 1.27 577 0.611 16.62
6 N.D. 18.9 20.0 2.0 152.8
0.0 9.8 10.3 1.3 789
0.0 0.412 0.379 0.473 78.9
7 N.D. 11.2 126.2 10.2 202.4
0.0 32 36.1 2.0 57.8
0.0 0.03 5.294 0.379 2.19
8 0.54 19.2 71.6 5.6 222.8
0.2 6.0 22.4 1.8 69.7
0.046 0.00 2.94 0.600 9.38
9 N.D. 35.0 23:3 2.0 61.2
0.0 28.8 19.2 1.7 50.4
0.0 2.96 3.46 0.00 8.41
10 N.D. 9.8 9.2 1.0 48.2
0.0 14.4 13.4 1.5 70.7
0.0 0.98 0.60 0.379 5.66

a=N.D.: None detected.
b = Percentage of the total concentration.
¢ = Standard deviation (z) for each estimation.
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same is true for the other Mn fractions of soils. It is possible that Mn from MnQ, is
solubilized by a strong reducing agent, such as hydroxylamine hydrochloride (Jenne
1968).

The soils derived from metamorphic rocks were similar with respect to Mn contents.
Moreover, soils high in organic carbon had comparatively high Mn contents in the
organic bound fraction (r = 0.839). The residual Mn contents of soils derived from
metamorphic rock were found to be at least two to three times higher than the soils
derived from sedimentary rocks.

Table 4 shows the Zn contents in the various fractions of the soils studied. There
was no detectable zinc in the exchangeable fraction. Although CO, and pH are considered
to be important factors which determine the carbonate-bound contents of Zn in soils,
the poor correlation (r = 0.179) indicates that CO, - bound Zn was not related to CO,
and pH of the soils in the present study. The CO, - bound contents of Zn ranged from
0.3to 2.1 ug g™! in different soils. The results do not agree with the findings of Mustafa
et al. (1988) who found a strong relationship between CO, - bound Zn contents of soil
and the CaCO, contents of soil. This difference could be attributed to the difference in
Zn contents of soil and method of experimentation. The soils as studied here were low
in Zn contents.

The Fe-Mn oxide bound Zn was by far the largest among all the fractions, except
residual. This is expected because both Zn and Cu are preferentially adsorbed on Fe-
oxide surfaces in soils. The coarse-textured soils had a lower amount of Zn in the Fe-
Mn oxide bound fraction than the medium textured soils (r = 0.660). With exception of
soils, which are derived from metamorphic rocks,organic bound Zn could be related to
the organic carbon contents of the soils (r = 0.929).A similar finding was reported by
Mandal and Mandal 1986 who compared repeated HO, extraction of Zn with a single
extraction and reported that repeated extraction of Zn with H,O, did not show any
effect on single extracted Zn. Therefore, they suggested that a single H,O, extraction
was sufficient for solubilizing organic matter in the soils which they studied. Zinc in
the residual fraction was comparatively higher than in other fractions, compared to
other metals. The soils high in clay contained high amounts of residual Zn. This may
be due to the fact that Zn has a strong preference for adsorption on clay minerals
(Ghanem and Mikkelsen 1987). The order of occurrence of Zn in the various fractions
was Residual > Fe-Mn oxide > CO, > Organic > Exchangeable except for soils No. 1
and 4, where the order of occurrence is Residual > Fe-Mn oxide > Omanic > CO, »
Exchangeable.

No exchangeable Cu was detected in any of the soils (Table 5). A low value of
correlation coefficient indicates that the CO, contents of the soils were not strongly
related to the Cu contents of the soils. The values of correlation coefficients (r) were
0.438, 0.164, - 0.532, and 0.434 for CO,, Fe-Mn oxide, Organic bound and residual
fractions, respectively.
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Table 4. Zn content (ug g~') of the different fractions in the soils

Soil Exchangeable CO,- Fe-Mn Oxide Organic Residual
No. Bound Bound Bound
1 N.D.b 0.3 7.1 0.7 90.7
0.0a 0.3 7.2 0.7 91.8
0.0c 0.00 0.46 0.11 5.52
2 N.D. 0.6 59 0.4 67.1
0.0 0.8 8.0 0.5 90.7
0.0 0.00 0.125 0.00 13.01
3 N.D. 0.9 5.6 N.D 94.2
0.0 0.9 5.6 0.0 93.6
0.0 0.066 0.00 0.0 6.72
4 N.D. 0.4 6.1 1.0 105
0.0 04 5.4 0.9 934
0.0 0.046 0.12 0.0 4.52
5 N.D. 2.1 I1.5 1.6 101.9
0.0 1.8 9.8 1.4 87.0
0.0 0.046 0.12 0.00 7.42
6 N.D. 1.0 1.4 N.D. 49.6
0.0 1.9 2.7 0.0 95.4
0.0 0.006 0.00 0.0 11.03
7 N.D. 0.9 5.1 0.4 69.6
0.0 1.2 6.7 0.5 91.6
0.0 0.049 0.31 0.00 0.42
8 N.D. 0.8 38 0.3 59.9
0.0 1.2 5.9 0.5 92.4
0.0 0.00 0.00 0.115 3.55
9 N.D. 0.9 3.3 N.D. 54.1
0.0 1.5 5.7 0.0 92.8
0.0 0.046 0.42 0.0 2.05
10 N.D. 0.7 1.9 N.D. 40.7
0.0 1.6 4.4 0.0 94.0
0.0 0.044 0.12 0.0 2.05

a = N.D.: None detected.
b = Percentage of the total concentration.
¢ = Standard deviation () for each estimation.
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Soil Exchangeable Co,- Fe-Mn Oxide Organic Residual
No. Bound Bound Bound

1 N.D.a 0.6 23 0.7 383
0.0b 1.4 55 1.7 91.4

0.0c 0.043 0.115 0.100 2.06
2 N.D. 1.3 43 03 26.8
0.0 4.0 13.2 09 82.0

0.0 0.03 0.12 0.06 0.70
3 N.D. 1.5 4.9 N.D 275
0.0 4.4 14.5 0.0 81.1

0.0 0.05 0.14 0.0 0.57
4 N.D. 0.7 2.1 1.9 56.3
0.0 1.2 34 3.1 923

0.0 0.05 0.12 0.12 0.92
5 N.D. 0.8 6.0 6.9 75.0
0.0 0.9 6.8 7.8 48.6

0.0 0.05 0.40 0.31 0.64
6 N.D. 2.2 2.4 N.D. 204
0.0 8.8 9.6 0.0 81.6

0.0 0.05 0.20 0.0 0.46
7 N.D. 1.6 4.1 0.2 24.7
0.0 5.2 13.2 1.0 80.5

0.0 0.12 0.10 0.01 0.49
8 N.D. 1.4 33 0.3 18.3
0.0 6.0 14.2 1.3 78.5

0.0 0.00 0.12 0.12 2.29
9 N.D. 1.2 1.9 N.D. 7.5
0.0 11.3 17.9 0.0 70.8

0.0 0.075 0.14 0.14 0.71
10 N.D. 2.0 22 N.D. 85
0.0 15.8 17.3 0.0 66.9

0.0 0.06 0.12 0.0 0.71

a=N.D.: None detected.
b = Percentage of the total concentration.
¢ = Standard deviation (z) for each estimation.
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The order of different metals in Fe-Mn oxide fraction was Fe > Mn > Zn > Cu.
However the percentage of the ions in this fraction was Mn > Cu > Fe > Zn. It is
possible that part of the Fe and Mn extracted from this fraction could be derived from
the parent oxide minerals during extraction with Hydroxylamine hydrochloride (Jenne
1968). The order of the metals in the CO,bound fraction was Mn > Fe > Cu > Zn and
their percentage in the CO,fraction was Mn > Cu > Fe. The order of ions in the residual
fraction was the same as their order in the Fe-Mn oxide fraction Fe > Zn > Mn > Cu.
This fraction constitutes the absolute majority and ranged between 88 - 99% for Fe; 70
-93% for Cu; 87 - 94% for Zn and 49 - 81% for Mn.The presence of a higher percentage
of Mn in the Fe-Mn oxide fraction lowered the percentage of Mn in the residual fraction
if compared with the other 3 metals.

The data indicate that total contents of the metals under study was the highest in
the soils of metamorphic origin. Total contents of metals was in the following order Fe
> Mn > Zn > Cu. This is the same order of residual and Fe-Mn-oxide bound metals.
Copper in the organic bound fraction is related to the organic carbon contents of the
soils (r = 0.803) and residual Cu was higher in the fine-textured soils.

Exchangeable Fe was not detected in any of the soils (Table 6). In spite of the fact
that the Fe concentration was higher than that of the other metal ions, 88 - 89% of the
Fe was in the residual fraction. However, Fe was comparatively lower in the CO,-
bound fraction and was found in appreciable amounts in the Fe-Mn oxide fraction. It is
possible that Fe from the oxides in soils had been solubilized during extraction with
hydroxylamine hydrochloride. The poor correlation (r = 0.256) shows that CO, levels
of soils had no significant effect on the CO, bound Fe contents. The two soils with high
organic C content also had higher Fe content in the organic bound fraction than the
other soils.

DTPA - Extractable Micronutrients

Table 7 shows content of DTPA extractable micronutrients to range from 1.56 to
16.30 ug g™' for Mn, 0.09 to 2.20 ug g! for Zn, 0.07 t0 2.73 ug g*' for Cu and 1.51 to
17.70 ug g' for Fe in the soils. According to Lindsay and Norwell (1978) critical
levels, of the 10 soils studied, 7 soils were found deficient in Fe, 9 soils deficient in Zn,
one deficient in Cu and none deficient in Mn. Soils of similar nature to those used in
the present study, were reported to be adequate in Mn (Prasad et al. 1984). Organic-
bound Cu was related to DTPA-extractable Cu (r = 0.934). The correlation between
DTPA extractable Cu and Fe-Mn bound Cu was relatively poor (r = 0.240). DTPA
extractable Zn was highly correlated with the ZN amount of in the CO,- bound fraction
(r=0.819), the Fe-Mn oxide fraction (r = 0.854), and the organic-bound fraction (r =
0.836) which suggests that the 3 Zn fractions are readily available to plants. Whereas,
DTPA-extractable Zn was poorly correlated with the amount Zn in the residual fraction
(r=0.569). DTPA-extractable Mn was also highly correlated with the amount of Mn in
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Table 6. Fe content (ug g™') of the different fractions in the soils

Soil Exchangeable CO,- Fe-Mn Oxide Organic Residual
No. Bound Bound Bound

1 N.D.a 1.7 565.7 153 23704
0.0b 0.01 2.3 0.06 97.6

0.0c 0.13 21.88 1.10 630.16
2 N.D. 2.7 447.8 19.3 17173
0.0 0.02 2.7 0.11 97.2

0.0 0.20 15.10 2.85 28991
3 N.D. 43 522.3 N.D 19004
0.0 0.02 2.7 0.0 97.3

0.0 0.79 5.52 0.0 364.16
4 N.D. 1.4 566.4 51.9 43870
0.0 0.00 1.3 0.01 98.6

0.0 0.17 7.07 2.00 410.23
5 N.D. 3.5 1288.7 50.0 59942.5
0.0 0.1 2.1 0.08 97.8

0.0 0.09 15.95 14.49 593.26
6 N.D. 14.7 179.7 10.7 4003
0.0 0.4 43 0.3 95.1
0.0 0.17 6.13 2.38 95.1
7 N.D. 6.1 868.8 9.0 8324
0.0 0.1 9.4 0.1 90.4
0.0 0.38 25.16 0.55 90.4
8 N.D. 4.6 596.2 7.0 44Q1t
0.0 0.1 11.9 0.14 87.9

0.0 0.43 3.38 2.00 191.20
9 N.D. 13.0 668.7 9.0 13450
0.0 0.1 4.7 0.1 95.1

0.0 0.95 3.89 1.41 998.99
10 N.D. 6.1 286.7 9.8 3765
0.0 0.15 7.1 0.2 92.6
0.0 0.47 10.41 1.27 92.6

a = N.D.: None detected.
b = Percentage of the total concentration.
¢ = Standard deviation () for each estimation.
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Table 7. DTPA -extractable micronutrient contents of the soils

Soil Mn Zn Cu Fe
No: | e e s e e ey g B e e ey e o
| 16.30 0.48 1.26 8.70
2 1.98 0.25 0.63 2.85
3 3.07 0.36 0.60 3.05
4 10.20 0.39 1.45 4.50
S 11.60 2.20 2.73 17.70
6 1.85 0.17 0.17 1.51
7 3.84 0.26 0.43 3.40
8 5.10 0.31 0.36 3.35
9 2.68 0.23 0.36 2.90
10 1.56 0.09 0.07 2.00

The DTPA- extractable critical levels of micronutrients as reported by Lindsay and Norwell (1978) are 4.50 ug g~' for
Fe,0.80 ug g' or Zn, 1.00 ug g~' for Mn, and 0.20 ug g~ for Cu.

exchangeable (r = .965), organic bound (r = 0.944), and Fe-Mn oxide (r = 0.719)
fractions. The amount of Mn present in the CO, - bound (r = 0.453) and residual (r =
0.694) fractions were not closely correlated with the DTPA-extractable Mn contents of
soils. DTPA-extractable Fe was highly correlated with the amount of Fe determined in
the Fe-Mn oxide (r = 0.808) and organic-bound (r = 0.650) fractions. However, the Fe
contents found in the CO,- bound (r =0.391) and residual (r = 0.495) fractions showed
a poor relationship with the DTPA - extractable Fe contents of soils.

Therefore, it can be concluded that in the studied soils, extracting Fe, Zn, Mn, Cu
in DTPA solution as outlined by Lindsay and Norwell (1978) give a good estimation
for the availability of these elements to plants.
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