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ABSTRACT

The stability of soil aggregates in water is an important soil physical property for
evaluating the potentia! of agricultural soiis to erode and elucidating the mechanisms
of soil erosion. In this study we used aggregates from 15 surface soil samples in Italy
to evaluate the influence of intrinsic soil physical, chemical and mineralogical properties
on aggregate stability (AS). The aim was to develop a model for predicting AS from a
subset of these soil properties. The index of stability used is the mean-weight diameter of
water-stable aggregates (MWD). The model developed with soil physical properties alone
explained just 42% of variance in MWD and predicted AS in only 20% of the test soils.
The model developed with mineralogical properties alone explained 70% of variance in
MWD and predicted AS in 60% of the test soils. The chemical properties - based model
explained 90% of variance in MWD and predicted AS in 80% of the test soils. The best-fit
model was developed with soil properties from the physical, chemical and mineralogical
subsets. It explained 98% of variance in MWD and predicted AS in 100% of the test soils.
This model shows that the most important soil properties which influence the AS of these
soils include ratio of total sand to clay, concentrations of iron oxide, magnesium oxide,
organic matter, silica/alumina ratio, chlorite, feldspar and muscovite. This indicates that
fairly good estimates of the relative stability of these aggregates in water and hence of
their potential to erode, requires a knowledge of the physico-chemical and mineralogical
properties.
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1 Introduction

The stability of soil aggregates in water is one of the criteria used to assess the structural
status and productivity potential of agricultural soils. It determines the tendency of
soils to slake, disperse and erode in water (Miller and Baharuddin, 1986). For accurate
modelling of water erosion processes we need to improve our ability to measure and predict
the water-stability of aggregates. A prerequisite for achieving this is an understanding of
the intrinsic soil properties which influence aggregate stability (AS).

Several studies on soil aggregation reviewed by Harris et al. (1966) show that the
stability and size distribution of soil aggregates vary widely both spatially and temporally.
This is due to the fact that the properties whicli influence AS are more or less soil-specific;
hence not much generalizations can be made about their effect on AS. However, some soil
properties which are generally thought to influence AS are organic matter (OM) contents,
the concentrations and nature of the constituent aggregate-stabilizing agents (such as
amount and type of clay, amount of silica, polycations, free CaCO^ and oxides of iron and
aluminium). Some studies have shown, however, that although OM plays a major role
in aggregate stabilization, some components of OM may in fact act as aoil-disaggregating
materials (see for example, Visser and Caillier. 1988). Baldock et al. (1987) did not find
any significant correlations between the polysaccharide component of soil organic matter
(SOM) and the stability of aggregates. Mbagwu et al. (1993) reported increased clay
dispersion following the addition of humic acids components of OM to tropical Alfisol and
Ultisol. Gu and Donner (1993) suggested that in the absence of polycations (Fe, Al, Mg,
Ca), negatively charged humic substances may not contribute to stable soil aggregation.
The components more than the total amount of OM per 3f. appear to determine the
influence of OM on AS.

Also even though Oades (1984) and Goldberg et al. (1990) reported significant pos-
itive correlations between AS and the contents of Fe and Al oxides in soils, others (e.g.
Borggaard, 1983) have shown that these may not be involved in stabilizing soil aggre-
gates. Those conflicting reports in the literature emphasize the need for more studies on
the role of intrinsic soil properties on aggregate stability using soils with a wide variability
in properties.

Whether a soil is assessed to be structurally strong or weak depends on the type of
index used (Bazzoffi and Mbagwu, 1986'). Bryan (1968) found the mean-weight diameter
(MWD) of water-stable aggregates proposed by Van Bavel (1949) as one of the most
consistent in identifying structurally unstable soils. Egashira et al. (1983) and Elwell
(1986) also found this index reliable for predicting the erodibility of allophanic and red
tropical soils, respectively and Chisci et al. (1989) proposed it for characterizing the
structural status of Italian soils. The reliability of this index (which is used in this study)
is because it combines in a single value measures of the stability and size distribution of
aggregates when agitated in water.

Many soils in Italy are structurally weak and very susceptible to erosion (Chisci et
al. 1989). Early studies on the intrinsic properties influencing their AS focused mainly
on their contents of Fe and Al (Giovannini and Sequi, 1976). To the extent that the
aggregate stability of a soil at any space in time comprises a complex interrelationship of
the physical, chemical, mineralogical and biological properties, it is important to assess
the relative contributions of these properties to AS. This research becomes more impelling
now that studies aimed at developing a European soil erosion model are being carried out.

vwm

The objectives of this research are (i) to determine the main soil physical, chemical and
mineralogical properties which influence the water-stability of aggregates of some Italian
surface soils for possible inclusion in the European soil erosion model study, and (ii) to
develop a model for predicting aggregate stability of these and similar soils as influenced
by intrinsic soil properties.

2 Materials and Methods

2.1 Soils used in the study

Fifteen topsoil samples (0-20 cm) collected from different parts of the sub Appenine
region of north central Italy were used. They were chosen to represent the different
parent materials, geology vegetation, climate and dominant land use in the region and to
provide a wide variation in aggregate stability to water. The samples were air-dried at
room temperature (about 20°C), presieved through a 4 mm mesh and stored in plastic
containers before use. Properties of these soils were used to develop empirical models
between aggregate stability (AS) and intrinsic properties. Another set of ten topsoils
collected from other parts of Italy were used to test and validate the models. Some
characteristics of the test soils are given in Table 1.

2.2 Determination of mean-weight diameter
The procedure suggested by Kemper and Chepil (1965) was used. In this method 20 g of
the <4 mm air-dry aggregates were placed on the top of a nest of four sieves of diameters
2, 1, 0.5 and 0.25 mm and soaked in distilled water for 10 mn. The sieves and their
contents were then oscillated vertically in water for 20 times along a 4 cm stroke at the
rate of 1 oscillation per second. The aggregates retained on the sieves were oven-dried at
105°C and their masses recorded. The mass of the <0.25 mm fraction was obtained by
difference. The respective dry masses were used to compute MWD as,

(1)

where Xj is the arithmetic mean diameter of the j-1 and j sieve openings (mm), W(j) is
the proportion of the total sample weight (uncorrected for sand) occurring in the fraction
(dimensionless) and n is the number of size fractions (in this case 5). Three replicate
determinations were made on each sample.

2.3 Determination of physical, chemical and mineralogical prop-
erties

The >2 mm fractions of the <4 mm aggregates used were broken gently, throughly remixed
with the other aggregates and sieved to pass a 2 mm mesh. The <2 mm fraction was then
used for these determinations. Particle size analysis was done by the pipette method after
dispersing with sodium hexametaphosphate (Day, 1965). The liquid limit was determined
by the cone penetrometer technique (Queiroz, 1986; Sowers et al. 1960) using a standard



laboratory penetrometer (Seta Model, 1970). The plastic limit was obtained by the clas-
sical Casagrande method (Sowers, 1965) whereas the plasticity index was calculated as
the difference between the liquid limit and the plastic limit.

The metallic oxides were determined by X-ray fluorescence whereas the clay miner-
als were identified and quantified by a combination of peak intensity and use of internal
standards (Whining, 1965). The cation exchange capacity (CEC) was determined by
the sodium acetate displacement method. Organic carbon was by the dichroraate oxida-
tion procedure of Walkely and Black (1934) and converted to organic matter (OM) by
multiplying by a factor of 1.724.

2.4 Data analysis and model development
First, a correlation matrix of each of the physical, chemical and mineralogical properties
data sets and the MWD was produced so as to identify properties that are strongly
autoeorrelated. The correlation coefficients (r) between MWD and each property were
then extracted and evaluated in terms of their statistical significance. Using properties
that are not. autocorrelated, the MWD was thereafter fitted to a generalized linear model
of the form,

MWD = 0O + ftjf, + 02X2 + .. . + 0nXn + e (2)

where e is random error, Xt to Xn, the independent variables in each data set, and 0O to
A,, the empirical constants and analyzed using the step-wise multiple regression technique.
The relationship between MWD and soil properties was also fitted to other models (e.g.
exponential, polynomial and power function). The models with the highest coefficient of
determination (r2) and the smallest standard error (SE) were chosen as candidate models
(for each subset of properties) for validations using the ten test soils.

The performance of the candidate models was examined with the following statistical
tests on the predicted data set:

(i) A simple composite residual sum of squares (CRSS) given as

(3)CRSS = £ ( M H ' D p r d - MWDmea,)
2 ;

the smaller the CRSS the better the model,
(ii) Mean absolute error (MAB) given as,

MAB = Y,{\MWDpred - MWDn^W/N (4)

where Ar=number of observations; the smaller the MAB the better the model.
(iii) The intercept (a) of the regression line of the form: Y = a + 0X between the

predicted (Y) and measured (X) MWD values; the closer the value of a is to zero the
better the model.

(iv) The slope (/?) of the above regression line between the predicted and measured
values; the closer the value of $ is to unity the better the model.

(v) The correlation coefficient (r) between the predicted and measured values; the
closer the value of V is to unity the better the model.

3 Results and Discussion

3.1 Physical properties and aggregate stability
The results in Table 2 show that a number of the soil physical, chemical and mineralogical
properties correlated significantly with aggregate stability. The positive correlation ob-
served between clay content and MWD and the negative correlation between sand content
and MWD compare favourably with similar correlations found between these properties
and the potential of soil to erode by Wischmeier and Mannering (1964) and Roth et
al. (1974). From the V values between MWD and the fine sand and coarse sand frac-
tions (—0.520 vs. - 0.437), it is obvious that the fine sand component of total sand is
contributing more of the negative influence of total sand on MWD.

The positive correlation between the silt content and MWD is difficult to explain,
more so since it is known that the higher the fine sand+ silt content in soils, the greater
their soil erodibility factor, K (Wischmeier and Mannering, 1969). It is possible that
some aggregate-stabilizing substances (e.g. humic substances and metallic oxides which
are concentrated in the silt fraction gave this indication that the silt, fraction contributes
to stabilizing aggregates.

The highest correlation coefficient between MWD and soil physical properties was
obtained with the ratio of total sand (TS) to clay (CL). This ratio (identified as X9 in
Table 2) also provided the best-fit model relating MWD to physical properties given as

MWD =1.001 Exp(-0.269X,) (5)

This model, with a SE of 0.454, explained only 42% of variation in aggregate stability.
Earlier studies by Bouyoucos (1935) and Bruce-Okine and Lai (1975) showed that the
TS/CL in soils low in silt and OM could be used as an index for comparative assessment
of the potential of soils to erode following rainfall impacts. The low r2 value of Eq.{2),
however, makes the usefulness of TS/CL as a predictor of aggregate stability doubtful as
will be shown later.

3.2 Chemical properties and aggregate stability
Only four chemical properties correlated significantly with MWD (Table 2). These are
CaCOj, FeO and CaO with positive influence and SiO2 with negative influence. These
results agree with those of Harris et al. (1966) who reported that the stability of aggregates
requires the cementation of the flocculated finer soil particles by Fe and Al oxides, calcium
oxide and calcium carbonate. Working on some of these soils, Mbagwu and Bazzoffi (1989)
also observed that increasing stability of their aggregates in water was associated with
increasing clay and iron oxide contents and decreasing SiO2. The best-fit model which
related MWD to the chemical properties is:

MWD = - 3.03 (6)

where the independent variables (X terms) are identified in Table 2. This model, with SE
of 0.152 explained 90% of the variance in MWD. It shows that a fairly reliable assessment
of AS of these soils requires information on the contents of Fe and Al hydrous oxides,
MgO, OM and SiO2. Among these properties it was only the OM content that was used



by Wischmeier and Mannering (1969) to estimate the soil erodibility factor (K) used
in the Universal Soil Loss Equation and this appears to militate against the universal
application of this soil loss prediction model. Other workers (Singer et al. 1980; Roth
et al. 197; Romkens et al. 1977) have emphasized the need to include these chemical
properties as factors that influence soil erodibility.

The role of iron and aluminium oxides in the stability of aggregates of temperate zone
soils is still controversial. ES-Swaify and Emerson (1975) reported that the immediate
effect of precipitated hydrous oxides of Al and Fe is to increase the strength of bonds
between the negatively charged clay particles and the negatively charged organic matter.
This is the clay-polycations-OM models of aggregation proposed by Harris et al. (1966).
Oades (1984) showed that the polycations of Al were more effective than those of Fe in
strengthening the clay-OM bonds. This is contrary to the results in Table 2 where it is
shown that FeO is more effective than AI2O3 as an aggregate-stabilizing compound. Our
result agrees with those of Giovanntni and Sequi (1976), Mclntyre (1956) and Area and
Weed (1966) who showed that the main aggregate-stabilizing agents in temperate zone
soils arc iron polycations.

The contribution of OM to the stability of these aggregates is low even though positive
(Table 2). Organic matter can act as a soil-disaggregating material depending on its
composition in the soil and/or the relative contributions of other aggregate-stabilizing
substances (Goldberg et al. 1990). According to Oades (1990) where the concentration
of Fe and Al oxides in soils is low (<10%), OM is the dominant aggregate-stabilizing
substance. In this study however, the concentration of Fe and Al oxides is considerably
high (> 10%), a situation which diminishes the relative contribution of OM to AS and
possibly explains the observed low correlation between OM and MWD (r = 0.282).

In the case of CaCO3 and CaO, these function as sources of Ca2+ which help to
flocculate clay particles or inhibit their dispersion in water. They also promote AS by
neutralizing the clay-dispersing polycarboxylic and phenolic acids produced in soils by
decomposing plant and animal residues (Oades, 1990; Emerson 1983). Hence their positive
influence on AS as observed in this study. The negative effect of SiO2 on MWD (r =
-0.649) may be explained by the fact that SiO2 exists in the crystalline state in soils,
a structure or form that is chemically inactive. This renders it incapable of playing any
positive role in soil aggregation.

3.3 Mineralogical properties and aggregate stability

From Table 2 the clay-minerals which correlated significantly with MWD are chlorite
(r = 0.586) and feldspar (r = -0.627). Similar observations were made by Nwadialo
and Mbagwu (1991) at the colloidal level of aggregation. These results indicate that soils
dominated by feldspar and to a lesser extent, quartz and muscovite should be expected to
have lower stability in water than those dominated by chlorite and kaolinite irrespective
of the absolute amount of the clay particles present.

The best-fit model relating MWD to the mineralogica) properties is,

MWD = 7.03 - 0.069(*22) - 0.075(X20) - 0.068(X,9) + 0.024(*2i) + 0.079(^2;,) (7)

where the X terms are denned in Table 2. This mode!, with SE of 0.231, explained 70% of
the variance in MWD. The processes and acting mechanisms involved in the role played
by clay minerals in AS are not very well understood. Goldberg et al. (1988) and Stern

et al. (1991) reported that arid soils containing expanding minerals like smectite were
more erodible than those containing non-expanding minerals like illite and kaolinite. Also
Mbagwu et al. (1993) observed that humic acids disaggregated clay particles in soils with
high concentrations of kaohnite and Al and Fe polycations but flocculated ciay particles
in soils dominated by illite and smectite and low in Al and Fe oxides.

Authigenic growth in minerals like chlorite has been spectulated to lead to the forma-
tion of strong aggregates (Emerson, 1983), and this may account for the positive corre-
lation between MWD and chlorite {r = 0.586) observed here. The negative correlation
between quartz and MWD is not surprising since quartz is practically 100% SiO2 and
this has been shown already to have negative correlation MWD because of its chemically
inactive structure. Because of their peculiar structure, feldspars do not. display cation
exchange properties in aqueous solutions and are therefore, not easily linked to organic
matter via the bridging polycations (Brown, 1990), hence the negative correlation between
feldspar and aggregate stability observed here. In erosion studies therefore, the type and
concentration of clay minerals should be considered when evaluating the influence of clay
on aggregate stability of soils.

As can be seen from Table 2 none of the soil properties when considered alone was
a satisfactory predictor of MWD. Also since the processes involved in the formation and
stabilization of soil aggregates involves complex reactions between the physical, chemical
and mineratogical properties, step-wise multiple regression analysis was performed on the
data using all the X variables that are not autocorrelated.

The best-fit model from this analysis is,

MWD = \.20(Xl3) 12 + 0.03(X18) + 0.029(X21) - 0.665(X,)

- 1.72(XiT - 0.083(X22) - 0.093(X20) - 8.09 (8)

where the X terms are defined in Table 2. This model has a SE of 0.047 and explained
98% of variation in MWD. It shows that of the 23 soil properties given in Table 2, only
8 are needed to evaluate the structural stability of these soils. These are the amount of
clay in relation to sand particles, polycations of Fe and Mg, silica/alumina ratio, OM
and the types and concentrations of the clay minerals. Equation (8) shows that AS is
a complex phenomenon which is controlled by many soil properties. Hence evaluation
of the erodibility of these soils for use in erosion modelling will require determination of
these soil properties. This agrees with the findings by Roth et al. (1974) and Romkens
et al. (1977) on some temperate soils in the U.S.

3.4 Comparison of the predictive ability of the models

A comparison between the measured and model-predicted MWD of the 10 test soiis using
Eqs.(5) to (8) is given in Table 3. Model I developed from soil physical properties (Eq.5)
predicted MWD accurately in only 20% of the test soils. Model II based on chemical prop-
erties (Eq.6) predicted MWD accurately in 80% of the soils. The two soils where predicted
and measured values deviated widely are clay in texture with vertic (i.e. swelling) prop-
erties. Model III based on mineralogical properties (Eq.7) predicted MWD in 60% of the
soils. Again the four soils where the predicted and measured values did not agree (i.e.
soil nos. 16, 17, 19 and 23) are clay to siSty in texture with vertic properties. Wustamidin
and Douglas (1985) attributed similar observations to the swelling properties of the clays



when moist. The expansion during swelling appears to weaken the bonds linking the in-
dividual particles in the aggregates. The model IV developed from the physical, chemical
and mineralogical properties (Eq.8) predicted MWD accurately in all the 10 test soils.
Obviously this model which contains 8 soil properties is cumbersome, but it emphasizes
that a realistic evaluation of aggregate stability of these soils for elucidating the factors
and mechanisms controlling soil erosion by water requires information on the particle size
composition, oxides of the polycations, OM and the type and concentration of minerals
in the clay fraction.

The comparison of the four predictive models given in Table 4 shows that with each of
the 5 statistical tests the predictive ability of the model varied consistently in the order:
Model IV>Model II>Model III>Model I. Hence contrary to the finding of Bouyoucos
(1935) and Bruce-Okine and Lai (1975), the ratio of sand to ciay contents of these soils
(used in Model I) is not a reliable predictor of AS.

4 Conclusion
The results of this study suggest very strongly that the soil properties that must be
considered in evaluating aggregate stability of these soils are the amount of clay relative
to sand contents, iron and magnesium oxides, silica/alumina ratio, organic matter and
the concentrations of the expanding and non-expanding clay minerals. This study is
empirical. So these conclusions have to be verified with other soils that differ in physico-
chemical and mineralogical properties. Furthermore, the influence of the soil properties
given here on actual soil erosion processes need to be evaluated.
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Table 1. Some properties of the test soils

Soil
Nos.
16
17
18
19
20
21
22
23
24
25

Sand
(%)
12.5
12.1
26.2
26.4
41.0
51.5
67.9
12.5
53.4
49.7

Silt
(%)
31.4
32.3
46.5
36.7
37.5
30.2
22.5
40.9
28.7
30.3

Clay
(%)
56.1
55.6
27.3
36.9
21.5
18.3
9.6
46.6
17.9
20.0

Texture1

C
C
L
CL
L
SL
SL
C
SL
SL

OM
(%)
1.31
1.41
2.16
1.52
1.16
0.96
1.02
2.76
2.62
2.86

CEC
{me/100g)
33.7
33.7
19.6
20.7
22.8
21.4
22.6
29.1
23.4
22.7

PH
{H2O)

7.7
7.6
8.3
7.9
8.8
6.5
6.6
7.2
7.4
6.9

Classification
(Soil Taxonomy)

Vertic Xerochrept
Vertic Xerochrept

Fluventic Xerochrept
Vertic Xerochrept

Typic Psammaquent
Typic Psammaquent
Typic Psammaquent

Verttc Xerochrept
Typic Xerochrept

Aquic Xerofluvent

1. C=clay; L=loam; CL=rlay loam; SL=sandy loam.
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Table 2. Soil properties and their correlation with aggregate stability

Property

Xj total sand, %
X2 silt, %
Xs clay, %
X4 fine sand, %
Xn, coarse sand, %
Xf, liquid limit, %
XT plastic limit, %
A^ plasticity index, %
A'gtotal sand/clay, gg~l

Xl0 CEC, meq lOOg 1

Xu CaCOj, %
Xn MgO, %
A-,3 FeO, %

Xit CaO, %
Xw A12O3, %
XiS SiO2, %
JV17 SiO2/Al2O., gg"1

Xis organic matter, %
Xia quartz, %
X%) muscovite, %
X2\ chlorite, %
X-n feldspar, %
X'23 kaolinite, %

Range of values

12.1 66!
19.3 - 41.4
13.3 - 46.8
3.7-45.1
8.3-31.0
33.7-62.1
21.3 31.1
10.3 - 31.0
0.26 - 4.86
16.9-31.5
0.01 • 13.7
1.5 - 3.6
3.7 - 5.3

0.6 - 8.1
11.3- 15.6
51.7-71.6
3.31 - 6.33
0.91 - 2.95
14 41
10 - 2 2

6 - 16
10 23
10-31

Coefficient of
variation (CV%)
42.0
22.7
46,9
61.0
33.2
20.6
12.0
37.7
65.8
15.9
110.7
26.7
13.6

80.6
8.9
11.9
17.7
31.1
30.5
22.8
37.1
31. 7
0.393 NS

Correlation (r)
with MWD"
-0.578*
0.512*
0.568*
-0.520*
-0.437 NS
0.514*
0.110 NS
0.609**
-0.638**
-0.241 NS
0.651**
-0.132 NS
0.671**

0.635 **
0.090 NS
-0.649 **
-0.339 NS
0.282 NS
-0.348 NS
-0.480 NS
0.586*
-0.627 **
0.393 NS

Remarks

Physical and
Theological
properties

Chemical
properties

Mineralogical
properties

a. * significant at p < 0.05; ** significant at p < 0.01; NS = not significant.
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Table 3. Comparison of measured and model-predicted1

mean-weight diameter (MWD) of the test soils

Test soil
Nos.
16
17
18
19
20
21
22
23
24
25
% of soils

Measured
MWD2

0.57 (0.020)
0.37 (0.013)
0,96 (0,026)
0.37 (0.015)
1.15 (0.032)
1.21 (0.025)
0.18 (0.006)
0.75 (0.018)
1.09 (0.022)
0.53 (0.023)
predicted accurately

Mean-weight diameter predicted by3

Model
I

0.94
0.94
0.77
0-91
0.60
0.47

0.15*
0.93
0.45

0.51*
20

Model

II
0.76
0.82

1.00*
0.38*
1.16*
1.19*
0.18*
0.76*
1.08*
0.51*

80

Model
III

0.86
0.89

0.95*
0.62

1.08*
1,25*
0.14*

0.98
1.07*
0.57*

60

Model
IV

0.59*
0.36*
0.93*
0.37*
1,18*
1.24*
0.17*
0.75*
1,11*
0.50*

100

1. Model I: MWD = 1.001 Exp (-0.269SC),
r'1 = 0.416
Model II: MWD =1.27 (Fe0)+0.39(Al203)+0.21(Mg0)+0.09{OM)-0.25(Si02), r1 =
0.898
Model III: MWD=7.03 -0.069 (Feldspar) -0.075 (Muscovite) + 0.024(Chlorite)
-0.068 (Quartz) +0.079 (Kaolnite); r2 =0.696.
Model IV: MWD =1.20(FeO)+0.18(MgO)+0.03(OM)+0.029 (Chlorite)-0.665 (TS/CL)
-1.72 (SiO2/Al.jO3) - 0.083 (Feldspar)-0.093 (Muscovite)-8.09, r2 = 0.984.

2. Figurps in parentheses are standard errors of measured MWD values.

3. The starred figures ituiicate that predicted and measured values are not significantly
different at p < 0.05.
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Table 4. Statistical comparison of the predictive ability of the candidate models1

Models

I
11

III
IV

Composite residual
sum of squares
(CRSS)

2.082 (4)
0.2414(2)
0.4273(3)
0.0046(1)

Mean Absolute
Error (MAB)

0,383(4)
0.076(2)
0.129(3)
0.018(1)

Intercept
(a)

0.7175(4)
0.1745(2)
0.2882(3)
-0.0232(1)

Slope
(0)

0.0704(4)
0.8489(2)
0.7392(3)
1.0365(1)

Correlation
coefficient (r)

-0.0948(4)
0.9151(2)
0.8558(3)
0.9986(1)

1. Figures in parenthesis are the ranked positions of the models
with respect to each statistical test.
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