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AVAILABILITY INDICES,
PHYSICO-CHEMICAL
ASPECTS
I — Available Molybdenum

in some Alentejo Soils

Available molybdenum was determined in 7 soils of the Evora

region using the Lowe and Massey and the Grigg extraction

methods. Some likely pertinent soil parameters were also deter-

mined. A discussion of the correlation analysis of the data is pre-

sented and a tentative description of the experimental results in

terms of a physico-chemical model is put forward. The precision

of the analytical methods is evaluated and discussed.
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INTRODUCTION

Since the creation of Agricultural Chemistry by Lie-
big in the eighteen forties, chemists and agrono-
mists have attempted to define and to determine the
availability of 'nutrients in soils by using analytical
chemistry procedures. This is an ambitious task as it
amounts to quantifying the driving force involved
in the transfer of chemical species from a polypha-
sed system (the soil) to another polyphased system
(the plant) through an interphase where active
transport may be operating. Furthermore, some
feed-back may occur owing to the complexing
action of the plant exudates, and prevailing con-
ditions may be those of non-equilibrium. Avai-
lability indices are generally determined by extrac-
tion procedures and that makes the situation more
difficult, from the conceptual point of view at least,
because measurement alters the very variables
which are supposed to be measured. Experience
shows, however, that this is no sufficient reason for
abandonning chemical availability indices but, cer-
tainly, there is a strong case for trying to understand
the chemistry underlying their definitions.
The time scale of such chemistry may range from
the century, for the weathering of the parent-rock
materials, to that of some minutes for the kinetics
of the extraction procedures used in measuring a
particular availability index. Involved are: (i), a
non -mobile form of the nutrient (consisting e.g. of
minerals of the parent-rock materials, precipitates
and oclusions) whose level changes slowly over the
years or the centuries; (ii), a mobile form (compri-
sing complexes, either labile or more or less inert,
with colloidal organic matter, and adsorbates on
clay minerals), whose level can change in a month-
-to-years time scale; and (iii), the available form
whose level is quickly adjusted (say, at the hour-to-
-days time scale) to a steady state equilibrium, with
the mobile form on the one hand, and the plant or
other source of uptake, on the other hand. This is
summarised in fig. 1 where the parallel between
available and extractable forms of a micronutrient
is also indicated. The proposed scheme is in agree-
ment with the translocation process advanced by
ZUNINO and MARTIN [1] but emphasis is given here
to mobility rather than to possible mechanisms.
Knowledge of the mechanisms of the mobile
form — available form conversion is fundamen-
tal, both from the standpoint of the agronomist
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Fig. 1
A simple model for relating nutrient mobility and metrology

who may want to improve the level of available
nutrients in a given soil, and from the standpoint of
the chemist who seeks good chemical indices of
availability. However, such mechanisms are diffi-
cult to investigate because, for the systems concer-
ned, it is not possible to fix all variables but one in
order to study its influence. Thus, statistical analy-
sis of the data is often resorted to, generally using a
linear model which may prove justified for interpo-
lation purposes but less so for the elucidation of
mechanisms.
It is important to realize that extraction procedures
introduce a distribution equilibrium completely
alien to the natural system, which is nevertheless
supposed to simulate the distribution equilibrium
between available nutrient and plant. Now, if one
keeps in mind that transfer of a nutrient from soil to
plant involves an acceptor, an interphase and a don-
nor, it is surprising that chemically defined availabi-
lity indices work at all. Indeed, (i), extractant and
plant are altogether different acceptors; (ii) the
interphase is drastically modified when soil is put
into contact with extractants; and (iii) soil donnor
properties change as its composition is altered by
the extraction procedure itself. Ideally, the transfer-
-to-plant ability of the available form species should
be measured using a standard donnor, and the don-
nor capacity of the soil should be measured against
a standard acceptor; and the chemical potential of
the species should be evaluated without distubing it.
As they stand, availability indices are crude estima-

tions which have to be — and actually are — tested
against the real behaviour of groups of plants and
soils.
Molybdenum is one of the most important micronu-
trients, being a determining factor in the natural
process of atmospheric nitrogen fixation by mi-
croorganisms as well as in nitrogen metabolism,
where it plays a role comparable to that of the first
transition elements iron, copper and manganese in
the metabolism of oxygen. The literature on molyb-
denum in soils is very extensive and has been re-
cently reviewed [2]. However, data concerning the
mobility and the availability of molybdenum and
the relevant controlling factors are fragmentary and
often conflicting [2]. There is in this field a large
scope for the chemist, both from the fundamental
point of view and from that of potential appli-
cations.
In the present preliminary investigation, we report
some results concerning availability indices for
molybdenum deficient soils of the region of Evora.
The analytical experience we gathered is used in dis-
cussing precision and sensitivity of methods, and
the statistical analysis of data is tentatively and criti-
cally exploited as a tool for obtaing hints about pos-
sible physico-chemical interactions.

EXPERIMENTAL

Seven soils of the Evora region were studied. All
were reputedly deficient in molybdenum and
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though proceeding from neighbouring areas they
corresponded to different geomorphological cha-
racteristics (Cf. Table 1).
Four ca 3 kg field samples of each soil were taken
with the usual precautions, down to a depth of 15-
-20 cm. The samples were air dried, gently ground
and screened to 2 mm, then finely ground and sie-
ved to 0.2 mm [3]. The samples were kept in appro-
priate stoppered bottles. From each sample aliquots
of adequate size were taken for the analyses.
The following parameters were evaluated: humi-
dity; total molybdenum content; available molybde-
num; free iron; organic matter; pH; clay fraction;
and qualitative mineral composition of the clay
fraction.

Table I
Nature of the soils investigated in this work

Classification

Entisol. Typic xerofluvent

Entisol. Lithic xerofluvent

Alfisol. Typic haploxeralf

Entisol. Typic xerorthent (granite)

Alfisol. Lithic rhodoxeralf

Alfisol. Aquic haploxeralf

Entisol. Typic xerorthent (gneiss)

Humidity was determined by loss of weight of a 10 g
sample at 105 ° C ±3 ° C until constant weight.
Analytical results are reported on a dry weight
basis. Total molybdenum determinations were car-
ried out with 2 g soil samples which were melted
with sodium carbonate (10 g), followed by the usual
classical treatment [4]. Available molybdenum was
determined by two methods: (i), the Lowe and Mas-
sey method [5] — continuous extraction by boiling
water in a Soxhlet apparatus (soil, 50 g; water 250
ml; 16 hours): and (ii), the Grigg method [6] — ex-
traction with an oxalate buffer solution of pH = 3.3
(soil, 40 g; 0.2M oxalic acid plus 0.1m ammonium
oxalate, 250 ml; 16 hours with stirring). In all cases
molybdenum was estimated spectrophotometrically
by the thiocyanate-stannous chloride method which
is the most widely used owing to its sensitivity and
general freedom from interference [7]. Butyl acetate

[8], amyl alcohol plus carbon tetrachloride (1:1) [9],
and isopropyl ether [4] were tested as organic
extractants for stability of colour and easy separa-
tion of phases; the later was found to be the most
convenient.
Free iron was determined in the TAMM'S extract [10]
(soil, 10 g; 0.2M oxalic acid plus 0.1m ammonium
oxalate, 100 ml; 16 hours with stirring) by spectro-
photometry of the 1,2-dihydroxybenzene 3,5-
-disulphonate (tiron) complex [11].
Organic matter was estimated volumetrically accor-
ding to ANNE'S method [12].
The pH of soils was measured with the glass electro-
de in water (soil, 20 g; water 20 ml; 30 minutes stir-
ring; 1 hour decantation) and in calcium chloride
0.01m medium (soil, 10 g; solution 20 ml; 30 minu-
tes stirring, 30 minutes decantation) [13].
The clay fraction in the soils was determined as
usual by the pipette sampling method [13]. The qua-
litative mineral composition of the clay fraction was
established by x-ray diffraction.

RESULTS AND DISCUSSION

1 — RESULTS AND PRECISION OF THE
ANALYTICAL PROCEDURES

The results of the evaluation of molybdenum levels
as well as those of some potentially determining fac-
tors are presented in Table 2. Both total and availa-
ble molybdenum levels are considerably lower than
the normal values which are 1-2 ppm and 0.2-0.4
ppm respectively [14]. For a total molybdenum level
of 0.5-0.8 ppm, the Lowe and Massey extraction
method seems to be more discriminative than Grigg
method for defining available levels, in agreement
with LOWE and MASSEY [5]. Indeed, availability
indices span a single to double interval the first
case, whereas in the second one, values cluster wi-
thin 20% (at most) around the average, fluctuations
being thus rather small, though analytically signi-
ficant.
Independently from difficulties associated with sig-
nificant soil sampling and adequate soil extraction
procedures, molybdenum determination in soil at
the ppb-ppm level is a delicate analytical problem.
Therefore, assessments of its precision are desira-
ble. Variance in molybdenum determinations (in a
given soil sample, by a given extraction procedure,
and by a given colorimetric method) arises from

Soil number

1

2

3

4

5

6

7
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Table 2

Molybdenum levels and likely correlated parameters of soils of the Évora region

Soil	 Total Mo Available Molybdenum
	

Free
	

Organic	 pH
	

Clay
	

Clay

	

(Grigg) (Lowe & Massey)
	

iron	 matter	 water CaC12 	fraction	 minerals

(PPb)	 (PPb)
	

(PPm)
	

(%)
	

( 01o)

1	 698	 55	 14

2	 510	 55	 15

3	 651	 54	 28

4	 768	 56	 28

5	 719	 43	 26

6	 730	 59	 25

7	 545	 51	 24

1177

2364

1566

2113

1443

1644

1667

0.79

1.52

0.88

3.25

1.80

1.65

5.0	 4.1

6.6	 5.3

6.6	 5.4

6.7	 5.5

7.1	 6.3

7.6	 7.0

8.3	 7.6

5.3	 illite+
kaolinite

11.9	 kaolinite

16.1	 kaolinite+
montmorillonite

13.0	 kaolinite+
montmorillonite

13.6	 illite+
kaolinite

11.3	 illite+
kaolinite

19.4	 illite +
kaolinite

three sources: (i), the instrumental uncertainty of
the absorbance reading; (ii), variance associated
with the preparation of the colorimetric solution;
and, (iii), variance due to the soil extraction pro-
cedure.
Uncertainty due to instrument reading is negligible,
not more than 0.001 at any point in the absorbance
scale. The standard deviation of an absorbance
measurement is therefore essentially due to variance
of colour development. A direct estimation based
on replicate measurements with Mo standards -
which were perfomed for establishing the colorime-
tric calibration curve - yielded 0.003; this value
was corroborated by the external estimation, resul-
ting from the fitting of the calibration curve.
Molybdenum concentration c (ppm) in a soil sample
of mass M(g) is given as a function of the absorban-
ce measurement, A, by c = 1.112 x 104 A/M where
the factor 1.112 x 10 4 is derived from the calibration
curve and the appropriate dilution factors. Therefo-
re, the standard deviation of c arising from the colo-
rimetry is a c = 0.003 x 1.112 x 10 4/M = 33.36/M
(Table 3, column 3a).
On the other hand, for each type of determination
(total Mo, Grigg available Mo and Lowe and Mas-
sey available Mo) we have 7 averages and' variances,
one foreach soil. CHOCHRAN test [15] showed that
the variances were not significantly different from

soil to soil, as it could be antecipated from the fact
that the same analytical procedure was used for all
soils. The combined estimation of variance compri-
sing thus 28 results is presented for each type of
determination on Table 3, column 3b.
Clearly, the variance of the molybdenum determi-
nations is not mainly associated with the soil extrac-
tion method; colorimetry itself contributes to
roughly 50% of the standard deviation. Precision of
the determinations is 3-6% down to the 40 ppb level
and 7-14% at the 15 ppb level. Detection limits are
of the order of 50 ppb for total molybdenum and
5 ppb for available molybdenum determinations.
As to free iron, when 10 g samples are used, preci-
sion is 1-4% at the 1000-3000 ppm level. Variance is
practically entirely due to the extraction procedure.
The detection limit is 80 ppm.
Organic matter can be estimated at the 1-3% level in
1-2 g samples with a precision of 1-3%; the detec-
tion limit is 0.06%.

2 - THE CORRELATION ANALYSIS
OF THE DATA

The correlation matrix for our data is presented in
Table 4. Except for a significant positive correlation
between pH in water and pH in 0.01 M CaC1 2 , which
is trivial, and the correlation between pH and clay
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Table 3
Precision of molybdenum, iron and organic matter determination

MOLYBDENUM

Determination Weight of sample

(g)

Standard deviation	 Concentration

(PPb)	 level (ppb)
error
(%)

Detection limit

(PPb)

Total Mo

Available Mo
(Grigg)

Available Mo
(Lowe & Massey)

2

40

50

17(a)	 30(b)	 500 —	 800

0.8	 2	 40—	 60

0.7	 2	 15—	 30

4 — 6

3— 4

7-14

60

4

4

IRON

Free Fe 10 0(a)	 40 ppm(b)	 1000 — 3000 ppm I — 4 80 ppm

ORGANIC MATTER

Organic matter 1-2 0.03 %	 1-3'o 1-3% 0.06%

(a) Standard deviation for colorimetry alone
(b) Standard deviation for the whole procedure, including extraction from soil

Table 4
Simple correlation coefficient between pairs of variables

Moi MOO MOLA MO pHl pH2 MA Fe

MoT 1 0.050 0.450 0.146 —0.245 —0.171 —0.381 —0.377

MoG 1 —0.186 —0.787* —0.162 —0.216 —0.323 0.296

MOL.M 1 0.426 0.566 0.513 0.637 —0.008

MO 1 0.442 0.527 0.343 —0.309

pHl 1 0.978 *** 0.813 ** 0.255

pH2 1 0.724* 0.082

MA 1 0.248

Fe I

* Significant at the 10% level
** Significant at the 5% level

*** Significant at the 1% level

fraction, MA (probably not pertinent in the present
context), the only significant correlation is between
Grigg available molybdenum (Mo p) and organic
matter. In particular, Lowe and Massey available
molybdenum (Mo LM) levels, which definitely vary

from soil to soil, do not seem to be correlated with
any of the factors we have considered.
Since the influence of each one of these might be
obscured by the variations of the others, the partial
correlation coefficients were evaluated according to
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the general equation r e , ... , p = —C u /C u C u , where
[C u] is the inverse of the simple correlation matrix
[16]. The results are presented in Tables 5 and 6. At
this stage, only organic matter, pH in 0.01 M CaC1 2 ,
clay fraction and free iron were taken into account
as potentially determining factors for Mo p and
MOLM levels. (The reasons for eliminating one of the
pH indices are obvious, and those for not conside-
ring total molybdenum content will be apparent
later). Again, only Grigg available molybdenum
and organic matter are significantly correlated (at
the 10% level).
These results call for some comments as the plots of
MoG and Mo LM against the potentially pertinent

Table 5

Third order partial correlation coefficients

(excluded variables: Mor, MoL ,y and pH])

MoG 	MO pH2 MA Fe

MoG 	—	 —0.826 * 0.605 —0.530 0.138

MO	 — 0.685 —0.411 —0.118

pH2 — 0.753 —0.044

MA — 0.301

Fe

* Significant at the 10% level.

Table 6

Third order partial correlation coefficients

(excluded variables: Mor, MoG and pHt)

MoLM 	MO pH2 MA Fe

MoLM 	—	 0.208 —0.024 0.483 —0.112

MO	 — 0.407 —0.058 —0.379

pH2 0.573 0.046

MA — 0.291

Fe

variables do not rule out some trends, though not
linear, especially for Mo LM (figs. 2 and 3).
It can be argued that, for our data, the number of
fixed variables is high compared to the number of
samples and in fact we even had to leave out some
variables in order to dispose of at least 2 degrees of
freedom for the significance tests concerning the
partial correlation matrices. A more relevant point
however is that calculation of correlation coeffi-
cients is based on a covariance/variance ratio defi-
nition. Now, this implies a linear model which may
be inadequate. Indeed a linear model cannot be jus-
tified on mechanism grounds: even a single chemi-
cal reaction or ion exchange equilibrium would
rather lead to linear log-log relationships between
variables, and several coupled equilibria would
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Fig. 2

Plots of Grigg's molybdenum against potentially pertinent variables
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Plots of Lowe and Massey's molybdenum against pertinent variables

result in more complicated relationships. It is not
surprising therefore that we also failed to find signi-
ficant linear simple and partial correlations between
the logarithms of variables.
Single and multiple linear regressions are not repor-
ted here since the data interpolation aspects are not
pertinent in the present context. On the contrary,
principal component analysis may offer some inte-
rest and was therefore carried out [17], in spite of
the limited number of OTU's, in order to assess
their degree of similarity or otherwise (fig. 4):

IV 46%
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	 V 25%

-1.6	 -12 	 -as	 -a4	 0
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•08
	

.1.2
	

• 1 . 6

Fig. 4
Ordination plot from principal component analysis

points are fairly scattered in the plane of the princi-
pal components as we hoped, though three soils
tend to form a cluster.

3 — PHYSICO-CHEMICAL ASPECTS

Within the framework we put forward in the intro-
duction, our results for Grigg available molybde-
num, Mo p , are easily understood on the assumption
that mobile molybdenum levels are about the same
for all the soils we investigated and that Moo is
nearly equal to the sum of mobile plus available
molybdenum. (This is likely since oxalate ion is a
fairly strong complexant for Mo (VI)). In this view,
the negative correlation between Mo G and organic
matter then merely reflects the competition between
insoluble organic matter and oxalate ion for
Mo(VI). A predominant role is thus implicitly attri-
buted to organic matter; this seems to be justified in
the present case, considering the relatively low levels
of clay fraction (5-20%) and its nature (little or no
montmorillonite and low ferric oxide content, 0.2-
-0.3%). This is not in contradition with JONES [18]
results for a krasnozem soil from Wollongbar
(South Wales Australia) which indicated ferric oxi-
de as the chief factor controlling molybdenum
mobility: Wollongbar soil contains 72% clay frac-
tion and 15% ferric oxide.
As to Lowe and Massey available molybdenum
levels, Mo LM , they correspond, in our view, to the
partial dissociation of the complex Mo(VI)-soil
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organic matter, the Mo(VI) concentrations in the
extract being lower than in the case of a Grigg
extract because the amount of competitive comple-
xant in solution is now nearly zero. Actually, since
some organic matter and other potentially comple-
xing species may be solubilized by hot water, the
final concentration of complexing agent in the
solution is not only low but also ill-defined. This is a
drawback of Lowe and Massey method (unbuffered
extractant medium) and can explain the apparently
advantageous descriminative character of the index.
0.01 M CaCl 2 might prove a more rational non com-
plexing extractant.
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RESUMO

Determinou-se o teor em molibdénio assimilável em sete solos da

região de Évora pelos métodos de extracção de Lowe e Massey e

Grigg. Alguns parâmetros susceptíveis de condicionar os níveis

de molibdénio assimilável foram igualmente determinados.

Apresenta-se uma discussào da análise de correlação dos resul-

tados e sugere-se uma descrição destes em termos de um modelo

físico-químico. Apresenta-se também uma avaliação da precisão

dos métodos empregados.
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