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Chemical, spontaneous and mechanical dispersion
of clays in arid-zone soils
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Abstract

Surface sealing and crusting is a common feature in many irrigated soils that negatively affects their producti-
vity and sustainability. Soil crusting is provoked by the mechanical breakdown of aggregates and/or by the physi-
cal and chemical dispersion of soil clays. Our objectives were to examine the clay-dispersive behavior in 36 illitic
soils of the middle Ebro river basin (Spain) as affected by irrigation and rainwater quality, soil wetting and me-
chanical stress, and identify major soil properties affecting clay-dispersion behavior. The applicability to these soils
of the Sumner et al. (1998) flocculation-dispersion nomogram was also analyzed. Three laboratory tests (i.e., floc-
culation, spontaneous dispersion and mechanical dispersion of clays) were applied to the air-dry, ground and sie-
ved soil samples (0-20 cm depth). Based on their flocculation values, 10 and 32 soils will tend to chemically dis-
perse, respectively, when equilibrated with the electrolyte concentrations of the irrigation (4 mmol, L) and rain (1
mmol, L) waters. None of the studied soils were susceptible to spontaneous clay dispersion when wetted in the ab-
sence of mechanical stress, whereas nearly 75% of them were mechanically dispersive and thus potentially sensi-
tive to crusting by impacting raindrops or intensive cultivation. The Sumner et al. (1998) flocculation-dispersion
nomogram classified adequately the clay-dispersive behavior in 92% of the studied soils, demonstrating its appro-
priate predictive capability for these illitic soils. Various conceptually-consistent relationships were found
between some soil properties and the dispersive behavior of soil clays, but their statistical significances were in-
sufficient for predicting purposes.
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Resumen

Dispersion quimica, espontanea y mecénica de arcillas en suelos de zonas aridas

El encostramiento del suelo es un problema frecuente en muchos regadios, que afecta negativamente a su produc-
tividad/sostenibilidad. Es producido por la ruptura mecénica de agregados y/o por la dispersién fisica y quimica de
arcillas. Nuestros objetivos fueron analizar el comportamiento dispersivo de 36 suelos iliticos de la cuenca media del
Ebro (Espafia) frente a la calidad de las aguas de riego y lluvia, la humectacién y el estrés mecanico, e identificar las
principales caracteristicas del suelo responsables de dicho comportamiento. Asimismo se analizé la aplicabilidad a
estos suelos del nomograma de floculacién-dispersion de Sumner et al. (1998). El grado de dispersibilidad de los sue-
los se determind mediante tres pruebas de laboratorio (tests de floculacidn y de dispersién espontanea y mecanica de
arcillas) aplicadas a muestras de suelo (0-20 cm de profundidad) secas al aire y tamizadas. En base a los valores de
floculacion, 10 y 32 suelos fueron susceptibles de dispersion quimica cuando se equilibraron, respectivamente, con
las aguas de riego (4 mmol.L?) y lluvia (1 mmol.L?). Ningun suelo fue susceptible a dispersion espontanea de arci-
llas al humectarse en ausencia de estrés, mientras que el 75% de ellos fueron dispersados al ser sometidos a estrés me-
canico. El nomograma de floculacidn-dispersion de Sumner et al. (1998) clasificé adecuadamente el comportamien-
to dispersivo del 92% de los suelos, demostrando su capacidad predictiva para estos suelos iliticos. Se han encontrado
relaciones consistentes conceptualmente entre algunas propiedades de los suelos y su comportamiento dispersivo,
aunque su nivel de significacién fue insuficiente para fines predictivos.

Palabras clave: dispersion de arcillas, encostramiento, calidad del agua, humectacién, estrés mecanico, propieda-
des de los suelos.
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Introduction

Surface sealing of soils and its subsequent crusting
upon drying is a common feature in many irrigated
soils (Sumner and Stewart, 1992), including those of
the middle Ebro river basin (Spain). Crusting decrea-
ses seedling emergence, soil infiltration rate and crop
productivity, and may increase production costs, sur-
face runoff and soil erosion.

The formation of surface seals is the result of two
complementary mechanisms: physical disintegration of
surface soil aggregates, and physico-chemical disper-
sion of soil clays that migrate into the soil with the in-
filtrating water and clog the pores immediately beneath
the surface (Agassi et al., 1981; Sumner and Stewart,
1992). The first mechanism is mechanical in nature and
is basically caused by the impact energy of raindrops,
the slaking of aggregates and by intensive tillage ope-
rations. The second mechanism is mainly controlled by
the concentration and cation composition of the elec-
trolyte, although it also depends on the breakdown of
aggregates that render new exposed surfaces for clay
dispersion (Curtin et al., 1994; Barzegar et al., 1994b).

The relative importance of these two mechanisms
on seal formation is soil-dependent, so that the size of
the fragments resulting from aggregate breakdown is
most important in some soils whereas clay dispersion
is prevalent in others. Thus, Mullins et al. (1987) and
Le Bissonnais (1996) indicated that particle size dis-
tribution resulting from disaggregation determined the
susceptibility of soils to crusting and the hydraulic pro-
perties of the seals. On the other hand, Young and Mu-
Ilins (1991) concluded that in certain soils the <60 pum
size-fraction was more important than the <2 um si-
ze-fraction in determining soil structural stability.
Shainberg et al. (1997), however, suggested that seal
formation and its final permeability basically depen-
ded on clay dispersion.

The dispersion of clays and the subsequent poten-
tial sealing of soils are promoted by low concentra-
tions and high sodium adsorption ratio (SAR) and pH
values of the electrolyte (Shainberg y Letey, 1984).
Rengasamy et al. (1984) indicated that dispersion al-
so depended on the mechanical stress imposed on soils
upon wetting, and Sumner and Stewart (1992) found
that clay dispersion in non-sodic soils was only rele-
vant under the influence of mechanical stresses that
promoted the disruption of aggregates and the subse-
quent release of suspended clay particles. Rengasamy
et al. (1984) and Sumner (1993) highlighted the need

for analyzing the dispersive behavior of clays under
conditions prevalent at the soil surface, such as the ap-
plication of low-salinity waters, disaggregation by fast
wetting, the impact of raindrops and/or intensive cul-
tivation operations. Consequently, the quantification
of the chemical, spontaneous and mechanical disper-
sion of clay soils in the laboratory could be used to as-
certain the structural stability of soils and its suscep-
tibility to sealing and crusting (Rengasamy et al., 1984;
Barzegar et al., 1997).

Rengasamy et al. (1984) designed an scheme for des-
cribing the dispersive behavior of sodium-affected soils
and tried to predict clay dispersion from the total cation
concentration (TCCy.s) and SAR;.s measured in 1:5
(soil:water) extracts. However, when this method was
tested, they found a number of aberrant soils that de-
viated from the proposed dispersion- TCC,.5- SAR,.5 re-
lationships, and recommended that pH and organic mat-
ter content should also be determined in these soils.
Sumner et al. (1998) modified the previous scheme by
shifting the position of the lines separating dispersed
from flocculated soils. This new scheme was calibrated
in illitic-type soils with EC, 5 values ranging from zero
to 3 dS m*and SAR, ;5 values ranging from zero to higher
than 20. This method predicts soil dispersibility from
the ECy.sand SAR 5 soil solution parameters bearing in
mind that other soil properties may also affect clay dis-
persibility. These authors indicated that the applicabi-
lity of this classification scheme to other soils should
be tested and modifications be made when required.

The objectives of our study were to (i) analyze the
dispersive behavior and crusting susceptibility of thirty
six soils of the middle Ebro river basin (Spain) as af-
fected by irrigation and rain water quality (i.e., che-
mical dispersion), soil wetting (i.e., spontaneous dis-
persion), and mechanical stress (i.e., mechanical
dispersion), (ii) test in these soils the applicability of
the dispersion scheme proposed by Sumner et al.
(1998), and (iii) identify major soil properties affec-
ting soil dispersion.

Material and Methods

Thirty-six soils, located in the Bardenas and Mo-
negros irrigated areas (Ebro river basin, Spain), were
sampled at a depth of 0-20 cm, air-dried, ground and
sieved (<2 mm). The soils varied in cropping history,
management, and physical and chemical properties
(Table 1), except for their regular clay mineralogy, pre-
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dominant in hydrated micas (> 70% of total clay) and
absent in smectites. Chemical and physical properties
were analysed by standard methods (Carter, 1993).

Three dispersion tests were applied to the soil sam-
ples: (1) flocculation test (Amézketa and Aragiiés,
1995) that analyzes the effect of electrolyte concen-
tration on the chemical dispersion of clays, (2) spon-
taneous dispersion test (Rengasamy et al., 1984) that
analyzes the dispersion of clays induced by wetting of
the soil samples, and (3) mechanical dispersion test
(Rengasamy et al., 1984) that analyzes the dispersion
of clays provoked by wetting and mechanical stirring
of the soil samples.

In the flocculation test, triplicate 100-mg soil sam-
ples (<0.5 mm in diameter) were suspended in nine
30-ml CacCl, solutions with concentrations of 0.01 (i.e.,
deionized water), 0.4, 0.8, 1.2, 1.8, 3.0, 4.6, 6.0 and
8.0 mmol, L%. The SAR = 0 of these solutions simu-
lated the composition of the Bardenas and Monegros
canal irrigation waters, typically low in SAR (<0.4).
The soil suspensions were stirred on a reciprocal sha-
ker for one hour and settled for 24 hours. The top 10-
cm of the supernatant solutions were pipetted and the
turbidity (given in ntu or nephelometric turbidity units)
was measured at a wavelength of 550 nm on a Hach
turbidimeter (model 18900). The electrical conducti-
vity (EC), SAR and pH of the supernatant solutions
were also measured. Due to the low soil:solution ratio
of the soil suspensions, the EC, SAR and pH of the su-
pernatant and the applied solutions did not change ap-
preciably (data not given). The turbidity values, a me-
asure of clay dispersion, were regressed against the
electrolyte concentrations using a piecewise linear res-
ponse function. The flocculation value (FV) of each
soil, defined as the minimum or threshold electrolyte
concentrations without clay dispersion, was obtained
from the corresponding response function.

In the spontaneous dispersion test, quadruplicated
20-g soil samples (<2 mm in diameter) were placed in
test tubes (120 mm high and 38 mm in diameter) and
100-ml deionized water was slowly added down the si-
des of the tubes without disturbing the soil samples. Af-
ter 22 h of settling, the supernatants were gently stirred
without disturbing the soil and, after allowing for the
appropriate settling time of the > 2 um particles, the top
5-cm of the supernatant solutions were pipetted. The
spontaneously dispersed clay (SDC, given as percent of
total clay in the soil) was measured gravimetrically af-
ter drying of 20-ml aliquots in the oven at 105°C.
Corrections were made for the weight of dissolved salts.

The mechanical dispersion test is identical to the
spontaneous dispersion test described above, exceptin
that after the addition of deionized water the test tu-
bes were shaken for one hour on a reciprocal shaker.
The mechanically dispersed clay (MDC) was given as
percent of total clay in the soil.

The EC, SAR and pH values of the supernatant so-
lutions in the spontaneous and mechanical dispersion
tests were also measured. These values correspond to
the 1:5 soil:water extracts used in the dispersion sche-
mes proposed by Rengasamy et al. (1984) and Sum-
ner et al. (1998).

All the statistical analyses were performed using the
Statgraph Plus 2.1 software. One-way ANOVA was
carried out to compare the means of the dispersion indi-
ces among soils. When these analyses showed signifi-
cant differences at P <0.05, a Duncan’s multiple ran-
ge test was conducted to separate soils’ dispersibility.
Also, simple correlation analysis, a non-parametric
statistical test (Spearman rank correlation test) and
simple regressions were carried out when needed. The
statistical significances were reported at the 0.05 (%),
0.01 ("), and 0.001 (") probability levels.

Results

Dispersive behavior of soil clays
against irrigation and rain water quality

The results of the flocculation test were reliable, as
shown by the coefficients of variation (CV) of the
mean turbidity values for all soils and replications
(i.e., 108 turbidimetric readings for each electrolyte
concentration) which varied between 9 and 11% in the
five more diluted solutions. The CV in the four more
concentrated solutions were somewhat higher (between
11 and 15%) probably due to their very low turbidity
values, closer to the sensitivity (£ 2 ntu) of the turbi-
dimeter. Small differences among these low turbidity
values were irrelevant in fitting of the data to the
linear response functions. The average CV for all
treatments, soils and replications (i.e., a total of 972
ntu readings) was 11%, indicating the overall consis-
tency and reproducibility of the flocculation test. In
addition, the correlation coefficients of the linear res-
ponse functions (Fig. 1) were higher than 0.90 (i.e.,
all of them significant at P <0.001, except one signi-
ficant at P <0.01), indicating the excellent fitting of
the data to the regression model and the correspon-
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Figure 2. Flocculation values (FV) of the 36 studied soils. The solid and dashed lines represent, res-
pectively, the average electrolyte concentrations of rainwater and irrigation water.

ding low standard errors of the flocculation value (FV)
estimates.

The FVs of the 36 studied soils varied between 0.88
and 6.9 mmol. L (Fig. 2), and the mean FV was 3.36,
with a CV of 42%, reflecting the different chemical
dispersion behavior of the soils despite their similar
clay mineralogy.

Dispersive behavior of soil clays
against soil wetting

The results of the spontaneous dispersion test we-
re consistent and reproducible, as shown by the ge-
nerally small standard errors of the SDC means
(Fig. 3) and by the average CV of 13% for all soils
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Figure 3. Spontaneously dispersed clay (SDC) of the 36 studied soils. Vertical bars represent stan-

dard errors of the means of four replications.
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and replications (i.e., a total of 144 SDC measure-
ments).

The spontaneously dispersed clay was very small
(< 1% of total clay in all soils) (Fig. 3). The mean SDC
for the 36 soils was 0.12%, with a very high CV of
192%, a reflection of the different dispersive behavior
of the soils when subjected to wetting. The Duncan test
separated the soils into five groups according to their
SDC values (data not given). Thirty four soils had SDC
<0.31% (equivalent to around 0.7 g clay kg* soil) and
only two soils (Callen 1 and Fraella 2) had SDC values
of around 1% (equivalent to 1.83 and 5.6 g clay kg
soil respectively) (Fig. 3).

Dispersive behavior of soil clays
against soil wetting and mechanical stirring

The results of the mechanical dispersion test were
consistent and reproducible, as shown by the small
standard errors of the MDC means (Fig. 4). The ave-
rage CV for all soils and replications (i.e., a total of
144 MDC measurements) was 20%. This relatively
high CV was due to small variations in the MDC va-
lues measured in the non-dispersed soils. Thus, when
only the dispersive soils (i.e., soils with MDC > 1%)
were considered, the average CV of the mean MDC va-
lues was 6%, indicating the reliability of the test.
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The mechanically dispersed clay of the 36 studied
soils was generally high (Fig. 4). The mean MDC was
26%, with a high CV of 113%, reflecting the different
dispersive behavior of the wetted soils when subject to
mechanical stress. The Duncan test separated the soils
in 16 groups according to their MDC values (data not
given).

Finally, the EC values obtained in the mechani-
cal dispersion test were, on the average, 3.2 times
greater than those obtained in the spontaneous dis-
persion test.

Discussion

Dispersive behavior of soil clays
against irrigation and rain water quality

The FV obtained in this work, similar to those re-
ported by Amézketa and Araguiés (1995), were greater
than the values reported in the literature (i.e., values
generally lower than 0.5 mmol, Lt) for reference clays
or clays extracted from the soil system (van Olphen,
1977; Oster et al., 1980). Amézketa and Aragués
(1995) indicated that the dispersion behavior of soil
clays should be determined without previous extrac-
tion of the clays from the soil suspensions because ad-
ditional soil factors such as organic matter content, Al
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Figure 4. Mechanically dispersed clay (MDC) of the 36 studied soils. Vertical bars represent stan-

dard errors of the means of four replications.
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and Fe oxides and other minerals as CaCOs;may affect
the colloidal stability of soils.

Since the FV is defined as the minimum electroly-
te concentration without clay dispersion, it follows that
soils with high FVs should be more sensitive to the
chemical dispersion and the subsequent sealing/crus-
ting induced by low-salinity waters. Thus, the ten soils
with FVs above 4 mmol, L (Fig. 2) will tend to dis-
perse when irrigated with the Bardenas and Monegros
canal waters, and soils SA 21/1, SA 37/1 and Grafién
1 and T2 will be the most susceptible to clay disper-
sion, as they have the highest FVs. Based on the ave-
rage electrolyte concentration of 1 mmol, L for rain-
water, the conclusion is that all the soils, except
perhaps soils SA 20/5 and Fraella 2, will tend to dis-
perse upon raining, as they have FVs well above the
salinity of rainwater. The prevention of clay dispersion
and potential soil sealing/crusting in these soils will
therefore require the superficial addition of chemical
amendments such as gypsum.

Dispersive behavior of soil clays
against soil wetting

The spontaneously dispersed clay (SDC) values ob-
tained in this work were below the SDC values of 1.4
to 3.5% reported by Yousaf et al. (1987) to cause subs-
tantial reductions in the hydraulic conductivity of their
soils. The two soils with SDC values of around 1%
(Callen 1 and Fraella 2) have the highest SARe and
SARe/ECe values of all the studied soils (Table 1).
Rengasamy et al. (1984) measured the SDC of 138
soils and observed that only the 28 soils with SAR; s
values above 3 dispersed spontaneously. Barzegar et
al. (1997) showed that the amount of spontaneously
dispersed clay in two illitic soils (50% illite) was around
1% irrespective of SAR, whereas the amount in a 75%
smectite-rich randomly interstratified illite-smectite
soil was almost 15% at SAR 30.

According to Rengasamy et al. (1984), the sponta-
neously dispersed clay (i.e., clay dispersed when the
soils are wetted in the absence of imposed external for-
ces) will reflect the behavior during rainfall or irriga-
tion events of mulched soils (i.e., surface of the soils
effectively protected by plant materials such as stub-
ble, pasture or full-cover field crops) and with zero-
tillage cultivation. Emerson (1994) indicated that the
spontaneous dispersion of air-dry aggregates illustra-
tes the ease with which structural changes can occur

in the field. We therefore concluded that our studied
soils were not susceptible to clay dispersion when wet-
ted in the absence of mechanical stress (i.e., mulching
and zero-tillage operations).

Dispersive behavior of soil clays
against soil wetting and mechanical stirring

Twenty seven soils had MDC values greater than
1%, which is the threshold value proposed by Renga-
samy et al. (1984) for minimum soil aggregate
breakdown in the field. Similarly, the MDC reported
in g clay kg*soil was higher than four in the same 27
soils, a value reported by Yousaf et al. (1987) as suf-
ficient to reduce significantly the hydraulic conduc-
tivity of their studied soils. Based on these authors,
we concluded that only the nine soils with MDC va-
lues lower than 1% or around 4 g clay kg soil (Fig.
4) were not susceptible to the mechanical dispersion
of clays. In contrast, some soils presented extremely
high MDC values, as Callen 1 (100%), Grafién 1
(90%), Barbués 3/1 (76%) and Fraella 2 (74%).
Callen 1 had the highest SARe and SARe/ECe ratio
of all soils (Table 1). Nelson et al. (1998) also found
a sodic soil (ESP =26%) with all of the clay disper-
sed after one hour of shaking.

Rengasamy et al. (1984) indicated that the MDC
could be used as a qualitative index of dispersive be-
havior in the field when bare soils are subjected to rain-
drops impact or intensive cultivation. Furthermore,
Sumner (1993) suggested that MDC could also reflect
the clay behavior when the velocity of water in the soil
pores is high enough to cause clay particles to beco-
me dispersed. Our results would indicate that 75% of
the studied soils were potentially dispersive and sen-
sitive to soil sealing and crusting when mechanically
disturbed by impacting raindrops (i.e., bare soils sub-
ject to rainstorms or to high-intensity sprinkler irri-
gation) or intensive cultivation. It should be noted that
soils with SARe values well below the threshold
SARe levels defining a soil as sodic (SARe =13, USSL
Staff, 1954; SARe = 4, Mclntyre, 1979) exhibited lar-
ge mechanical dispersion of clays, suggesting that non-
sodic soils where also prone to mechanical dispersion
when subject to stress conditions.

Soil mulching and conservation tillage are recom-
mended practices for alleviating the potential sea-
ling/crusting in these soils highly susceptible to clay
mechanical dispersion.
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Relations between FV, SDC and MDC

The values of standardized skewness and standar-
dized kurtosis indicate that the indices SDC and MDC
departed from normality, therefore invalidating the li-
near regression analysis. For that reason we deleted the
two soils (Callen 1 and Fraella 2) with extreme values
in SDC or MDC and performed the FV-SDC-MDC re-
gression analysis on the 34 remaining soils. The re-
sults indicate that the only correlation coefficient close
to a P <0.05 significance level was between FV and
MDC (r =0.328). This correlation is conceptually con-
sistent, since both indices were obtained after stirring
of the soil samples. The positive correlation suggests
that the soils with the highest FV were also the most
susceptible to mechanical dispersion, although the co-
rrelation is too weak for predicting purposes.

The Spearman rank correlation (rs) test was perfor-
med for the 36 soils, since it does not require normality.
The results show that SDC and MDC were significantly
correlated (rs = 0.37*), although this significance di-
sappears when only the sodic soils (i.e., SAR;.5 > 3) we-
re included in the analysis. This result disagrees with the
high significance found by Barzegar et al. (1994a) bet-
ween these parameters for sodic (i.e., SAR;s > 3) soils.

Besides the amount of dispersed clay, its particle size
seems also to be important, although the results are still
controversial. Thus, Barzegar et al. (1995) found that the
size of the spontaneously dispersed clay particles was sma-
ller than that of the mechanically dispersed clay, whereas
Nelson et al. (1999) observed that the «easily dispersed
clay» (i.e., equivalent to the spontaneously dispersed clay)
had a larger particle size than the «difficult dispersed clay»
(i.e., clay requiring ultrasound energy to be dispersed).

Finally, the EC values obtained in the mechanical
dispersion test were, on the average, 3.2 times greater
than those obtained in the spontaneous dispersion test.
Rengasamy et al. (1984) also observed that the total
cation concentration (TCC) in solutions obtained af-
ter shaking were much higher than those of the undis-
turbed solutions, suggesting that the reason for this
difference was the rate of diffusion of salts from the
soil aggregates to the soil solution.

Applicability of the Sumner et al. (1998)
dispersion scheme to our studied soils

The scheme proposed by Sumner et al. (1998) esta-
blishes the dispersive behavior of soil clays (i.e., floc-

culated, mechanically dispersed and spontaneously dis-
persed clays) against the combination of the salinity
(EC) and the sodicity (SAR) values measured in the su-
pernatants of the mechanical dispersion test (i.e., 1:5
soil:water extracts) (Fig. 5). The upper solid line sepa-
rating flocculated and mechanically dispersive soils is
almost similar to the line proposed by Rhoades (1982)
for separating flocculated and dispersed soils.

On top of this scheme we plotted the average EC
and SAR values of the 36 studied soils measured in the
supernatants of the mechanical dispersion test. Six
soils (Violada 10, SA 20/5, SA 26/2, SA 42/1, SA 49/1
and SA 81/1) lied in the area of flocculated soils, three
soils (SA 31/1, SA 44/1 and Fraella 2) were in the li-
mit between flocculated and mechanically dispersed
soils, and two soils (Valfonda 1 and Flumen) were out-
side the Sumner et al. (1998) scheme, although the ex-
trapolation of the upper line will indicate that they we-
re also in the flocculated area. Finally, the 25 remaining
soils lied in the mechanically dispersive area. None of
the studied soils were located in the spontaneously dis-
persive area.

A comparison of the predicted (Fig. 5) and obser-
ved (Fig. 4) mechanically dispersive soils indicates
that: (i) the six soils predicted to be flocculated also
behaved as flocculated on the basis of the MDC index
(i.e., soils with MDC < 1%); (ii) of the three soils lying
in the limit between flocculated and mechanically dis-
persed, SA 31/1 behaved as flocculated, SA 44/1 had
a MDC value of 1.2% (i.e., close to the threshold va-
lue of 1%) and Fraella 2 was clearly dispersive (MDC
=74%); (iii) the two soils outside the area of the sche-
me, tentatively classified as flocculated, behaved as
flocculated (Flumen) or close to flocculation (Valfon-
dal, MDC =1.6%); and (iv) all the soils (except Mon-
tesusin 1B) predicted to be mechanically dispersive
behaved also as dispersive on the basis of their MDC
values. Finally, in agreement with the lack of obser-
ved spontaneously dispersed clays (Fig. 3), none of the
soils were predicted to be spontaneously dispersive on
the basis of the Sumner et al. (1998) scheme (Fig. 5).

In summary, only three (Fraella 2, SA 31/1 and
Montesusin 1B) out of the 36 soils were not correctly
predicted by the Sumner et al. (1998) flocculation-
dispersion nomogram. Fraella 2 was the soil with the
largest deviation between the flocculated-predicted
and the dispersed-observed clay behavior, probably
due to its high pH.s of 9 which could promote clay
dispersion irrespective of its salinity-sodicity combi-
nation. The negative effect of high pH values in re-
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Figure 5. Scheme proposed by Sumner et al. (1998) describing the salinity (EC,.5)-sodicity (SAR;.s)-
structural stability (flocculated-dispersed soils) relationships. EC,.s and SAR;.s were measured in
the supernatants of the mechanical dispersion test. The solid lines represent the threshold EC,.5-
SAR 5 values separating flocculated, mechanically dispersive and spontaneously dispersive soils.
On top of this scheme the 36 studied soils are plotted on the basis of the EC and SAR values mea-
sured in the supernatants of the mechanical dispersion test.

ducing the structural stability and the hydraulic con-
ductivity of soils is well documented (Suarez et al.,
1984; Chorom et al., 1994) and raises the need for in-
corporating soil pH in the Summer et al. (1998) dia-
gram. The other two soils that were predicted as me-
chanically dispersible were close (Montesusin 1B) or
very close (SA 31/1) to the upper flocculation line
(Fig. 5) and, therefore, did not deviate significantly
from their observed flocculation state (Fig. 4). We the-
refore concluded that the new scheme proposed by
Sumner et al. (1998) predicted satisfactorily the dis-
persive behavior of most of the illitic soils sampled in
the middle Ebro river basin (Spain).

Soil properties affecting clay dispersion

As previously indicated, all the studied soils were
predominant in illite which, according to Arora and
Coleman (1979), Oster et al. (1980) and Shainberg and
Letey (1984), is the most sensitive clay to dispersion.

However, in spite of their similar clay mineralogy, the
dispersive behavior of these soils was quite variable
(i.e., CV of the means = 42% for FV, 192% for SDC
and 113% for MDC), suggesting that other soil pro-
perties were also affecting clay dispersibility.

We analyzed potential relationships between the soil
properties summarized in Table 1 and the dispersive
behavior of clays (i.e., FV, SDC and MDC indices)
through the Spearman rank correlation test, which
does not require normality in the distribution of the
observations.

The FV was negatively correlated with ECe () and
SARe (™) (Table 2). However, these correlations were
not consistent, since they were not significant (P >0.05)
when the extreme soils were deleted from the sample
population. In any case, it should be noted that the FV
was determined in electrolytes of SAR =0, so that it is
not an appropriate index for ranking the susceptibility
to chemical dispersion of soils with SAR values higher
than zero. Thus, only in soils equilibrated with irriga-
tion waters of SAR values close to zero (as the Barde-
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Table 2. Spearman rank correlation coefficients among the indices FV (flocculation value), SDC (spontaneously dispersed
clay) and MDC (mechanically dispersed clay) and the soil properties presented in Table 1. Levels of significance: * P <0.05,

**P<0.01
Soil properties
Indices SARe/
ECe SARe CEe pHe Sand Silt Clay Fc¢!' Wp*> OM CaCO; CEC Mn Fe Al

FV (mmol. L) -0.40* -0.47**-0.33 -0.06 0.41* -0.08 -0.37* -0.24 -0.20 0.46* 0.17 -0.04 0.08 -0.23 -0.04
SDC (%) -0.33* -0.22 0.13  0.49* 0.23 -0.36* -0.04 -0.08 -0.31 0.02 -0.32 0.23 -0.07 -0.0 0.03
MDC (%) -0.29 -0.04 0.44* 037 0.36* -0.14 -0.42* -0.35 -0.34 -0.20 -0.35* -0.24 -0.57* -0.35 -0.62*
MDC (gkg?) -0.30 -0.0 0.37* 041* 032 -0.22 -031 -035 -0.26 -0.23 -0.36* -0.23 -0.53* -0.34 -0.57*

! Fc: field capacity. 2 Wp: wilting point.

nas and Monegros canal waters) the FV could be a sui-
table index for predicting clay dispersibility.

The FV was negatively correlated with the clay con-
tent (") and positively correlated with the sand (*) and
the organic matter (OM) (*) contents (Table 2). As no-
ted by Shainberg et al. (1992) and Le Bissonnais
(1996), the reactive clays act as binding structures and
promote aggregation (i.e., soils will have lower FV).
The positive correlation between FV and the chemi-
cally-inert sand could be a consequence of the clay-
sand autocorrelation (r =-0.72""). The positive corre-
lation between FV and OM is more controversial, since
it is generally accepted that OM enhances aggregate
stability (Tisdall and Oades, 1982) and, hence, high OM
soils should have lower rather than higher FV. Howe-
ver, Lebron and Suarez (1992) observed increases in
the critical coagulation concentrations (CCC) of the
studied Ebro river basin soils with increasing OM at
high pH and SAR values, and Kretzschmar et al. (1993)
found a positive correlation between OM and the CCC
of kaolinitic soils. The last authors suggested that the
humic substances increase clay dispersion through a
steric stabilization mechanism, which increased the ne-
gative charge of the clay particles, resulting in stron-
ger electrostatic repulsion forces.

The spontaneously dispersed clay (SDC) was nega-
tively correlated with ECe (%) and silt content (") and
positively correlated with pHe (*) (Table 2), reflecting
the well-established beneficial effect of high elec-
trolyte EC and detrimental effect of high pH and silt
content on clay dispersion (Shainberg and Letey,
1984). However, the Spearman rank correlation coef-
ficients (rs) were too low to establish a consistent ran-
king of spontaneous clay dispersion on the basis on
these soil properties.

The r; values between the mechanically dispersed
clay (MDC) (given as percent of total clay and g clay

kg soil) and the soil properties (Table 2) were con-
ceptually consistent, suggesting that the mechanical
dispersion of clays increased with an increase in the
SARe/ECe ratio and in the pHe, and a decrease in
CaCO3; Mn and Al contents. Thus, the adverse effects
of sodicity and pH (Quirk and Schofield, 1955; Shain-
berg and Letey, 1984; Suarez et al., 1984; Amézketa
and Aragiés, 1995) and the beneficial effects of EC,
calcite dissolution and Al oxides (Alperovitch et al.,
1981; Ben-Hur et al., 1985; Goldberg et al., 1990) on
clay dispersion are well established.

Although MDC given in percent of total clay was
significantly (*) correlated with the clay content of soils,
they were not correlated when MDC was given in ab-
solute terms (i.e., g clay kg soil) (Table 2), therefore
suggesting that other clay properties as its size and
arrangement could also play a significant role on the
amount of the mechanically dispersed clay. Kay and
Dexter (1990) showed that higher MDC values were
due to both larger exposed aggregate surface areas and
the higher dispersibility of the clays present in the ex-
posed surfaces. Barzegar et al. (1995) found that the
amounts of SDC and MDC were negatively correlated
with the average size of clay particles, suggesting that
the dispersibility of finer clay particles was greater. In
contrast, Nelson et al. (1999) found that clays with a
high charge density and a high surface area (i.e., finer
particles) were less dispersible because of increased in-
ter-particle interactions. These authors emphasized that
the clay-OM interactions had an important influence
on clay dispersion, so that «easily dispersible clay» (i.e.,
SDC) had lower organic C contents and high propor-
tions of amino acids, whereas «difficult dispersible
clay» (i.e., clays requiring ultrasound energy to dis-
perse) had higher organic C contents and high propor-
tions of aliphatic materials in the topsoil and carbohy-
drates in the subsoil. Based on these divergent results,
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additional research will be required to characterize (i)
the exposed surface area of aggregates before and af-
ter the mechanical treatment, (ii) the clay particle-size
distribution and charge, (iii) the size distribution and
the charge of SDC and MDC, (iv) the content and na-
ture of the organic matter in the clay fraction.

The Al-oxides were superior to the Fe-oxides in pre-
venting the mechanically dispersed clay, as shown by
the higher r values for Al than for Fe (Table 2). This
trend is consistent with that found by Seta and Kara-
thanasis (1996) in samples with diverse physicoche-
mical and mineralogical composition, where the
correlation coefficients relating Al-oxides to colloid
dispersibility (i.e., water-dispersible colloids and so-
dium-dispersible colloids) were greater than those for
Fe-oxides. The higher efficiency of the Al polymers
may be a result of their higher point of zero charge
(Goldberg and Glaubig, 1987) which lead to a higher
charge density and stronger clay-polymers attraction
forces, and the planar shape of the Al precipitates (con-
trary to spherical shape of the Fe polymers) which in-
creases the contacting surfaces and bindings with the
clay particles.

It should be noted that the OM content was not sig-
nificantly correlated with either SDC or MDC (Ta-
ble 2), suggesting that it did not influence the disper-
sive behavior of our soil clays. The role of OM on
dispersion remains controversial since it has been both
positively (Van den Broek, 1989; Heil and Sposito,
1995) and negatively related (Rasiah et al., 1992).

Finally, the potential relationships between MDC and
the chemical characteristics (i.e., EC, SAR, pH and
SAR/EC) of the supernatant solutions (i.e, 1:5 soil:wa-
ter extracts) were also analyzed by means of the Spe-
arman rank correlation test. Similar qualitative con-
clusions were obtained, but the r, values increased (data
not given) in comparison to those obtained in the satu-
ration extract (Table 2). Thus, the chemical properties
of the supernatants seemed to be more important in con-
trolling the mechanically dispersed clay than those in
the saturation extract. This is a consistent result, since
soil stirring ina 1:5 soil:water ratio is much higher than
soil stirring in the saturated paste method, where the
soil:water ratio is approximately ten times higher.
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