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ABSTRACT
The clay dispersivity and hydraulic conductivity (HC) properties

of three California soils were studied as a function of exchangeable
Na and electrolyte concentration in Na/Ca and Na/Mg systems.
Soils that are relatively stable chemically are concluded to be the
most sensitive to low levels of exchangeable Na and to the "specific"
effect of exchangeable Mg when leached with distilled water. The
results agree with the hypothesis that the susceptibility of soils to
HC decreases produced by exchangeable Na and exchangeable Mg
depends on their rates of mineral dissolution. Exchangeable Mg
reduces the dissolution rates of noncalcareous soils and increases
soil susceptibility to exchangeable Na under conditions of low elec-
trolyte concentrations.

Additional Index Words: clay dispersion, swelling, exchangeable
Na, sodic soils, salinity.
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THE EFFECT of low electrolyte concentration and
mineral weathering on clay dispersion and the

hydraulic conductivities (HC) of three sodic soils of
California were studied recently by Shainberg et al.
(198la, b). They found that low salt concentration (2-
3 mol m~3) in the leaching water prevented clay dis-
persion and reduction of HC caused by exchangeable
sodium percentage (ESP) levels below approximately
20. They postulated that such sodic soils containing
minerals that readily release soluble electrolytes
(CaCO3 and a few primary minerals such as plagio-
clase feldspars and hornblende) will not readily dis-
perse when leached with distilled water (simulating
rain water) because they will maintain a high enough
salt concentration in the soil solution to prevent clay
dispersion. Conversely, the concentration of salt in the
soil solution of soils that do not contain such readily
weatherable minerals will be sufficiently low that clay
dispersion will occur.

The cation exchange complex of soils may play an
important role in the weathering release of electrolytes
in soils containing CaCO3, Ca-feldspars, or other spar-
ingly soluble Ca minerals. By exchange between Ca
dissolved from such sources and adsorbed Mg, the
cation exchange complex effectively acts as a Ca sink
and seems to enhance further dissolution of Ca. The
soil solution in such a situation will support higher
soluble ion concentrations with Mg than with Ca on
the exchange complex. Thus, exchangeable Mg (com-
pared to exchangeable Ca) in such soils should coun-
teract some of the deleterious effects of exchangeable
Na on clay dispersion by increasing the electrolyte
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concentration in the soil solution (Alperovitch et al.,
1981). Conversely, in well weathered soils, in which
CaCO3 and primary minerals have been leached out,
most of the electrolytes in the soil solution, when the
soil is leached with distilled water, are derived from
the hydrolysis of the clay minerals. Exchangeable Mg
diminishes this hydrolysis (Kreit et al., 1982) and
causes the concentration of electrolytes to be lower
than in the presence of exchangeable Ca. Under these
conditions clay dispersion is enhanced and the HC of
such sodic soils should be lower when Mg rather than
Ca is the divalent counter-ion (Alperovitch et al.,
1981).

In this study we tested the hypothesis that the spe-
cific effects of exchangeable Mg on the HC and clay
dispersivity of soils with varying mineral weathering
rates and CaCO3 contents depends on the effect of Mg
on the extent of solid phase dissolution; only soils for
which adsorbed Mg slows the rate of electrolyte release
by the solid phase should be susceptible to the specific
effect of Mg on soil hydraulic conductivity.

MATERIALS AND METHODS
Some properties of the three soils used in this study

are given in Table 1. The mineral dissolution rates of
these soils were determined on <2-mm fractions by
extracting them (1:5; soil/water) twice with distilled
water to remove excess salt, subsequently shaking them
continuously, and periodically determining superna-
tant electrical conductivity (EC) after centrifugation.
The supernatant EC's after 4 h of reaction were 0.03,
0.075, and 0.240 dS or1, for Fallbrook, Pachappa,
and Gila soils, respectively. More information on the
rates of dissolution of these soils is given elsewhere
(Shainberg et al., 1981b).

Soil columns were prepared using the <2-mm frac-
tion of soil mixed with 25 to 35 mesh, acid-washed
quartz sand in a ratio of 1:2. The soil was mixed with
sand to produce relatively high flow rates, to minimize
the effect of clay swelling on HC, and to maximize
opportunity for clay dispersion and movement. Col-
umns of the "soils" were prepared by packing 240 g
of the soil-sand mixtures into 5-cm diam plastic cyl-
inders to a bulk density of 1.4 Mg m~3. The columns
were initially wetted from the bottom and subse-
quently kept saturated and leached with 0.5 M chlo-
ride solutions of NaCl/CaCl2 or NaCl/MgCl2 mixtures
of a specified sodium adsorption ratio [SAR = Na/
^(Ca + Mg), where all solute concentrations are given
in mol m~3] to achieve a desired exchangeable sodium
percentage (ESP). Saturated HC was determined by
leaching the column with a constant head device and
measuring the drainage rate. The hydraulic head for
the three soils was maintained at 10 cm and the steady
fluxes were 240, 300, and 170 cm br1 for the Fall-
brook, Pachappa, and Gila soil mixtures.

The HC values of the columns obtained for the 0.5
901
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Table 1. Some physical and chemical properties
of the soil used. ____

Dominant
Soil Sand Silt Clay CECT CaCO, clays}

cmol g kg-'

Fallbrook 71 13 16 13.6 ml M and K
(fine-loamy, mixed,
thermic Typic
Haploxeralfs)

Pachappa 69 20 11 9.0 nil M and mica
(coarse-loamy, mixed,
thermic Mollic-
Haploxeralfs)

Gila 74 16 10 10.0 60 M and mica
(coarse-loamy, mixed
[calcareous], thermic
Typic Torrifluvents ___________________

t Cation exchange capacity. } M = montmorillonite; K = kaolinite.

M Cl— solutions were taken as "base" values. Sub-
sequently, the columns were successively leached with
solutions of the same SAR, but of decreasing salt con-
centrations, until steady-state conditions of HC and
EC were achieved. The final solution used was dis-
tilled water. The clay concentration of each effluent
sample was determined gravimetrically and the ef-
fluent EC was determined using standard techniques
(U. S. Salinity Laboratory Staff, 1954).

The ESPs corresponding to the various SARs were
determined for the three soils, for both the Na/Ca and
Na/Mg systems, using batch equilibration techniques.
Five grams of soil were equilibrated with a solution
of known SAR and a total salt concentration of 0.5 M
Cl~. The suspension was centrifuged, the supernatant
decanted, and another solution of the same SAR and
same concentration was added. Following three such
washings with 0.5 M solutions, the soil was washed
three times with 0.05 M C\~ solutions of the same
SAR, following by three washings with 0.01 M Cl~
solutions of the same SAR. Finally the suspension was
centrifuged, the supernatant was analyzed for Na and
Ca or Mg, the wet soil was weighed and dried, and
the moisture content was determined. The cation ex-
change capacity (CEC), exchangeable sodium content
and the ESP were determined for each treatment using
standard methods (U.S. Salinity Laboratory Staff,
1954).

RESULTS AND DISCUSSION
The experimental SARs of the final 0.01 M CT

equilibrium solutions and the corresponding "ex-
changeable" cation compositions for the three soils in
the Na/Ca and Na/Mg systems are presented in Table
2. The SARs of the 0.01 M Cl" equilibrium solutions
of the calcareous Gila soil are lower than those of the
corresponding original reactant solutions. Also, the
sum of extractable cations of the Gila soil is much
higher than its CEC; this soil apparently releases K,
Mg, and Ca into solution during the extraction with
1.0 MNH4OAC solution. Release of nonexchangeable
cations to the extracting solution was also observed in
the Pachappa soil. It is evident that the Pachappa and
Gila soils contain minerals that release Ca, Mg, and
K during extraction and determination of exchange-

Table 2. Exchangeable ions of the three soils equilibrated
with 0.01 M Cr solutions of Na/Ca and Na/Mg ions.

Soil

Fallbrook
Pachappa
Gila
Fallbrook
Pachappa
Gila
Fallbrook
Pachappa
Gila
Fallbrook
Pachappa
Gila

Treat-
ment

SAR 10,
Na/Ca

SAR 10,
Na/Mg

SAR 20,
Na/Ca

SAR 20,
Na/Mg

Extractable cations, cmol(+)kg~'§

SAReqtESPJ

9.59
9.47
6.48
9.65
9.65
8.88

20.5
20.4
9.93

19.24
16.48
13.82

14.26
12.11
14.94
13.38
14.77
17.16
27.35
20.22
17.04
27.35
26.89
22.89

Na

1.94
1.09
2.35
1.82
1.33
2.70
3.72
1.82
2.68
3.72
2.42
3.60

K

0.03
0.12
0.31
0.03
0.12
0.31
0.02
0.01
0.23
0.02
0.10
0.23

Mg
_
_

1.40
11.87

7.44
8.99
„
_

1.59
10.37
6.98
9.07

Ca

11.42
9.06

36.53
0.39
1.47

24.85
11.05
8.38

30.81
0.26
1.30

23.12

Total

13.39
10.27
40.59
14.11
10.36
36.85
14.79
10.30
35.31
14.37
10.80
36.02

SAR of the equilibrium solution.
t Based on the CEC values given in Table 1.
§ As determined by extracting the salt free soils with 1.0 M

solution.

able cations with NH4OAC. (This phenomenon has been
observed before; Rhoades and Krueger, 1968.) The
potential of the calcareous Gila soil to release nonex-
changeable Ca + Mg is much greater than that of the
noncalcareous Pachappa and Fallbrook soils.

It is also evident from Table 2 that the affinity of
the Fallbrook soil for Na is similar in both the Na/Ca
and Na/Mg systems, since ESPs in equilibrium with
SAR 10 and 20 solutions are essentially the same for
both Na/Ca and Na/Mg systems. Thus, any difference
in the HC of the Fallbrook soil between Na/Ca and
Na/Mg systems cannot be attributed to differences in
exchangeable Na content. Conversely, in the Pa-
chappa and Gila soils, exchangeable Na is higher in
the Na/Mg systems compared with the corresponding
Na/Ca systems.

The HC and clay dispersion results for the three
soils, where distilled water displace the 0.01 M C\~
solutions, are summarized in Fig. 1 through 3. Dis-
placing the 0.5 M Cl~ solutions with 0.05 M Cl~ so-
lutions caused no reduction of the HC of the soil col-
umns independent of the SAR of the percolating
solution (<SAR 20; data not given). A concentration
of 0.05 M Cr is apparently sufficient to prevent any
adverse effect of exchangeable Na on the HC of these
soils. When the 0.05 M Cr solutions of SAR 20 to
10 were displaced with 0.01 M Cr solutions, only
slight reductions in the HC of the soils were observed,
as is shown by the reduced 7-axis intercept values in
Fig. 1 and 2.

The relative HC values of the Fallbrook soil in equi-
librium with 0.01 M Cr solutions of SAR 20 to 10
were 90 and 100% in both the Na/Ca and Na/Mg so-
lutions, respectively. The slight decrease in HC ob-
served in the Fallbrook soil between 0.05 and 0.01 M
Cl' with SAR 20 solutions is thought to be due to
some clay swelling, since clay dispersion is not ex-
pected at this electrolyte concentration (Oster et al.,
1980). No difference in HC was observed for the Fall-
brook soil between the Na/Ca and Na/Mg systems at
these conditions of ESP and electrolyte concentration.

The relative HC for the Gila soil in equilibrium
with SAR 20, 0.01 M Cr, Na/Ca solution was 1.0;
the corresponding value for the comparable Na/Mg
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Fig. 1. Relative HC and concentration of clay in effluents of three

Californian soils, during leaching with distilled water after equi-
libration with 0.01 M Cl Na/Ca and Na/Mg solutions of SAR
10. The EC's values correspond to the ECs of the effluents of the
soil after four pore volumes of leaching.

solution was 0.88. The higher ESP for Na/Mg Gila
soil (22.89 compared to 17.04 for the Na/Ca Gila soil;
see Table 2) likely explains its observed lower HC.
The same reasoning also explains the differences ob-
served in the HC of Na/Ca and Na/Mg Pachappa soil
in the 0.01 M Cl solutions (i.e., the ESP of the Na/
Mg Pachappa is higher than that of the corresponding
Na/Ca Pachappa; see Table 2).

Thus when compared at equal levels of exchange-
able Na, little specific effect of Mg (relative to Ca) is
evident for these soils for solutions >0.01 M Cl~, >20
SAR. However when the 0.01 M Cl~ solutions of SAR
10 were displaced with distilled water, differences in
HC response and amounts of clay dispersion occurred
between the soils and between the Na/Ca vs. Na/Mg
treatments (Fig. 1). In this regard the following points
should be noted.

1. The different Na/Ca soils varied in their relative
losses of NC. The Fallbrook soil was the most affected,
the Gila soil was the least affected, and the Pachappa
soil was intermediate in response to the leaching with
distilled water. The ECs of the SAR 10 effluents of the
Fallbrook, Pachappa, and Gila Na/Ca soil-sand mix-
tures following leaching with four pore volumes of
distilled water were 0.017, 0.032, and 0.11 dS m"1,
respectively. These results agree with previous find-
ings (Shainberg et al., 1981b), that differences among
sodic soils in their rates of mineral dissolution ac-
count, in part, for their differences in susceptibility to
decreases in HC when leached with distilled water.
The Gila soil that releases electrolytes at a rate suffi-
cient to maintain an EC of 0.11 dS m~' in the per-
colating solution is the least sensitive soil to the del-
eterious effect of exchangeable Na. Conversely, the
Fallbrook soil whose weathering rate is an order of
magnitude slower, maintains a very low concentration
of electrolytes in the percolating solution (0.017 dS
m~')> and is most sensitive to exchangeable Na and
loss of HC when leached with distilled water.

2. Exchangeable Mg most notably affects the HC of
the Fallbrook soil; its HC decreased much faster and

0 IOO 200 300 400 0 IOO 200 300 400 500
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Fig. 2. Relative HC and concentration of clay in effluents of three
California soils during leaching with distilled water after equili-
bration with 0.01 M Cl Na/Ca and Na/Mg solutions of SAR
20. The EC's values corresponds to the ECs of the effluents of
the soils after four pore volumes of leaching.

was substantially lower when leached with distilled
water in the Na/Mg system compared to the corre-
sponding Na/Ca system. The effluent of SAR 10, Na/
Mg-Fallbrook was also higher in dispersed clay (peak
concentration of 1.45%) compared to the correspond-
ing SAR 10, Na/Ca-Fallbrpok effluent (peak concen-
tration of 0.45%). These differences were obtained in
spite of the fact that the ESPs were essentially the same,
i.e., 14.26 and 13.38 for the Na/Ca and Na/Mg sys-
tems, respectively. The EC of the "distilled water" ef-
fluent of the Na/Mg-Fallbrook soil was 0.013 dS m"1;
whereas the EC of the Na/Ca-Fallbrook was 0.017 dS
m~'. The EC of the soil solution in the Na/Mg system
is apparently sufficiently lower to enhance the disper-
sivity of the clay in this soil. For these reasons the
greater reductions in HC and greater amounts of clay
dispersion in the SAR 10, Na/Mg system are attrib-
uted to the specific effect of exchangeable Mg in re-
ducing mineral dissolution.

3. The HCs of the Pachappa and Gila soils are also
lower in the SAR 10, Na/Mg systems compared to the
corresponding Na/Ca systems. However, the ESP lev-
els in equilibrium with the SAR 10, 0.01 M Cl~ Na/
Ca solutions, existing before leaching with distilled
water, were lower (12.11 and 14.94) compared to those
in equilibrium with the SAR 10, 0.01 M Cl~ Na/Mg
solutions (14.77 and 17.16 for the Pachappa and Gila
soils, respectively). Thus, the lower HC values ob-
tained at SAR 10 with these two soils, when Na/Mg
saturated, are attributed to their higher ESPs (com-
pared with Na/Ca saturation). The presence of ex-
changeable Mg enhanced the dissolution of CaCO? in
the Gila soil (Fig. 1). However, the higher electrical
conductivity of the effluent in Na/Mg system was ap-
parently not enough to counter the greater dispersive
effect of its higher level of exchangeable Na.

4. When the 0.01 M Cl~ SAR 20 (Na/Ca and Na/
Mg) solutions were displaced with distilled water, even
greater reductions of HC and greater amounts of clay
dispersion occurred in all the soils (see Fig. 2) com-
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Fig. 3. Relative HC and concentration of clay in effluents of the
Fallbrook soil during leaching with distilled water after equili-
bration with 0.01 M Cl Na/Ca and Na/Ca solutions of SAR 5.
The EC's values correspond to the ECs of the effluents of the soil
after four pore volumes of leaching.

pared to the SAR 10 systems. Otherwise, the same
phenomena observed in the SAR 10 systems were also
observed in the SAR 20 systems. The soils varied in
their response to sodic conditions. The Fallbrook soil,
which is the most weathered of the three soils, was
the most sensitive to the effects of exchangeable Na
and Mg. The specific effect of Mg is manifested in the
sharper drop in HC and in the higher concentration
of clay in the effluent. Dispersion of the clay from the
walls of the pores apparently caused the observed sub-
sequent increase in the HC of the Na/Mg Fallbrook
soil after 100 mL of leaching with distilled water. Sim-
ilar changes in HC were observed by Alperovitch et
al. (1981). The Pachappa and Gila soils, which release
more electrolytes when leached with distilled water,
were less sensitive to sodic conditions under these
conditions.

5. The specific effect of exchangeable Mg on the HC
and clay dispersion of the Fallbrook soil is most ev-
ident in the SAR 5 treatment (Fig. 3). Whereas the
relative HC of the Na/Mg Fallbrook soil decreased to
0.37, the relative HC of the corresponding Na/Ca sys-
tem only decreased to 0.72. The concentration of clay
in the effluent of the Na/Mg system was three times
that of the corresponding Na/Ca system effluent. The
lower EC of the effluent of the Na/Mg system com-
pared to the Na/Ca system effluent again explains why
the Fallbrook soil is more sensitive to exchangeable
Mg. Comparable data for the Pachappa and Gila soils
are not given because no changes in HC and clay dis-
persion were observed for those soils at SAR 5.

SUMMARY
The clay dispersivity and HC properties of three

California soils were studied as functions of exchange-
able Na and electrolyte concentration in Na/Ca and
Na/Mg systems. The relatively chemically stable Fall-
brook soil was the most sensitive of the three soils to
low levels of exchangeable Na and displayed specific
Mg effects when leached with distilled water. These
findings support the hypothesis that the response of
soils to exchangeable Na and Mg is highly dependent
upon the concentration of electrolyte maintained by
the solid phase of the soil. The dispersion, movement
and possible lodgement of clay in conducting pores
occur at low levels of electrolytes, even at low levels
of exchangeable Na; exchangeable Mg may signifi-
cantly enhance clay dispersion because, at a given SAR,
ESP is higher and electrolyte concentration is lower
in Na/Mg systems of some soils. The "specific" effect
of Mg is minimal at ESPs <20, for soils that contain
readily weatherable minerals and when the percolating
solution contains more than or equal to approxi-
mately 3 mmolc L~' of electrolytes. Exchangeable Mg
reduces the dissolution rate of the clay minerals. Thus,
when noncalcareous soils are leached with distilled
water, the electrolyte concentration of the soil solution
is lower in Na/Mg systems (compared with Na/Ca sys-
tems) and clay dispersion is enhanced. Conversely, in
calcareous soils exchangeable Mg enhances lime dis-
solution, which acts to minimize clay dispersion and
reduction in the soil's HC.

It is concluded that exchangeable Mg is most likely
to enhance sodicity problems of soils that are mod-
erately to highly weathered, which have exchangeable
Na percentages <ESP 20, and are leached with very
pure waters. It will have little deleterious effect on HC
and clay dispersion under other conditions.
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