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ABSTRACT
Representative samples were collected from the surface horizon of

an Entisol in field plots that had received applied waters of differing
quality over a 5-yr period while cropped with cotton (Gossypium sp.),
wheat (Triticum sp.), and sugarbeets (Beta vulgaris L.). Irrigation
was either with California Aqueduct water, saline well water, or a
1:1 mixture of the two. The soil samples were analyzed for saturation
extract electrolytic conductivity (ECe); soluble and exchangeable cat-
ions; and carbonate and gypsum content. Both salinity and sodicity
increased in the soil samples with decreasing applied water quality,
and all o[ the samples were more saline and sodic and contained
more calci~e than at the initiation of the field experiment. The sam-
ples from’plots receiving well water had developed values of ECe and
sodium adsorption ratio (SAR,), as well as an exchangeable sodium
percentage-SARe relationship, identical to those observed after 1 yr
in a companion soil column experiment. The samples from plots
receiving aqueduct water were more saline and sodic than in the
correspohd!ng soil column experiment, however, probably because
of less effective leaching in the field experiment. These results con-
firmed the hypothesis that the chemical properties of the field soils
would be determined by the interplay between the applied water and
evaporative capillary rise from the shallow aquifer. Since the in-
creased salinity of the soil samples compensated for their increased
sodicity, no permeability problems were expected, and irrigation with
saline water should be successful for salt-tolerant crops if leaching
were adequate.

SALINE drainage waters have been proposed for
reuse as supplemental sources of irrigation water

in California as a means of decreasing both the volume
of drainage water and that of imported, good quality
water (Rhoades, 1977). Experiments on the use of sa-
line drainage waters over periods of up to 4 or 5 yr
for the irrigation of salt-tolerant crops (e.g., cotton,
sugarbeets, or wheat) have shown favorable results
with respect to yield response (Rhoades et al., 1980,
1988a,b; Rolston et al., 1986). Less is known, however,
about the long-term development of salinity and
exchangeable Na in soils receiving saline applied
waters. Rhoades et al. (1988b) have shown in one field
study that these problems could be avoided by em-
ploying a dual-rotation (water and crop) management
strategy. Accurate models of the root zone are required
to employ this kind of strategy effectively to prevent
the ultimate transformation of productive soils into
salt-affected soils. These models will depend on a com-
prehensive understanding of the chemical reactions
that occur between soluble salts and soil when saline
waters are applied.

A glasshouse soil column experiment was carried
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out by Thellier et al. (1990) to characterize the tem-
poral and vertical spatial variability of soil salinity and
sodicity developed from applied waters of differing
composition. The experiment lasted 1 yr, during which
time an Entisol from the western San Joaquin Valley,
CA, was leached, uncropped, either with synthetic,
nonsaline "California Aqueduct water" or saline "well
water," following a schedule comparable to that used
by Rhoades et al. (1980) in a field experiment on the
same soil. A simulated saline "aquifer" was arranged
beneath the soil columns during the first 60 d, after
which time they drained freely and effluent was col-
lected. When the columns were influenced by the sim-
ulated aquifer, leaching with aqueduct water did not
increase soil salinity, but soluble salts did accumulate
in the soil leached with well water, and a zone near
the soil surface became sodic. After the aquifer was
withdrawn, a chemical steady state was established in
the soils after 120 to 300 more days, irrespective of
applied water quality. For the soil receiving aqueduct
water, both the saturation extract and the drainage
effluent became more dilute, producing calcite disso-
lution, increased exchangeable Ca, and decreased sod-
icity. Soluble and exchangeable Na increased, how-
ever, in the columns irrigated with well water. But in
this latter case, the permeability of the soil was not
expected to be reduced since the increased soil salinity
was sufficient to overcome sodicity (Thellier et al.,
1990). Thus, the use of saline water for irrigation was
concluded to be feasible from the point of view of soil
chemistry.

As a related part of this research program, the sur-
face horizon was sampled from soil plots in a corre-
sponding field experiment, in which saline water had
been used for the irrigation of cotton, wheat, and su-
garbeet for 5 yr (Rhoades et al., 1980). This article
discusses the composition of the soil saturation extract
and the exchange complex in these field soil samples,
with reference to the composition of the applied
waters. The objectives of the study were (i) to ascertain
changes in salinity and sodicity of the field surface soil
as a response to applied water quality and (ii) to com-
pare these changes with the results obtained for the
same soil by Thellier et al. (1990) in their glasshouse
column experiment.

MATERIALS AND METHODS

A field experiment on the use of saline water for irrigation,
conducted near Lost Hills in the San Joaquin Valley, CA,
has been described in detail by Rhoades et al. (1980). Ap-
proximately 3 ha was divided into 60 plots (0.122 m by 0.305
m) and flood-irrigated in level basins with either low-salinity
California Aqueduct water, saline well water, or a 1:1 mix-
ture of the two (Table 1). The soil was irrigated only during
the growing season (0.5 yr). The soil was cropped from 1979
to 1982 with cotton in rotation with wheat (1982-1983) and
sugarbeet (1983-1984). During the second year of the field
experiment, a shallow, saline water table appeared because
of poor drainage. Its depth fluctuated between 0.45 (spring)
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Table 1. Chemical composition of irrigation waters and of the soil at the initiation of the field experiment.
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Water pH EC Na K Ca Mg SUM HCO3 Cl SO,~ NO3 SUM B SAR

dS m-l mole m-3 g m-3 mole~/2 m-3/2

Aqueduct 8.0 0.67 3.72 0.15 1.35 1.20 6.42 1.38 3.22 2.17 0.39 7.16 0.4 3.3
Mixed 7.4 4.80 29.05 0.25 13.72 7.59 50.61 2.21 26.98 20.71 0.74 50.64 3.0 8.9
Well 7.5 7.96 53.51 0.18 25.92 14.64 94.25 2.96 46.97 42.21 1.04 94.18 5.5 12.0

Soluble ions (saturation extract)

Soil pile EC~ Na Ca Mg HCO3 CI SO4 NO3 B CEC CaCO3 SARe ESP

dS m-I tool, m-~ g m-~ mol~ kg-t g kg-:~ molev: m-~’~ %
7.6 5.2 29.3 28.9 7.8 2.8 6.4 57.3 0.8 7.5 0.201 18 6.9 7.5

(+_0.1)(+_0.9) (+_11.5)(+_1.5) (+_0.7) (+_0.2) (+_2.3) (+_8.6) (+_0.016)(+_5) (+_2.8) (+_2.5)

and 1.2 m (fall) below the soil surface. The field experiment
had been under way for 5 yr prior to the soil sampling for
the present study.

Representative soil samples were collected in November
1983 as composites of cores from the upper 0.305 m of the
soil profile, following three preirrigations of a sugarbeet crop
with aqueduct water. The soil, Twisselman silty clay [fine,
mixed (calcareous) thermic Typic Torriorthents], is formed
on alluvium derived from sedimentary rocks. Chemical
properties of the soil prior to the field study are reported in
Table 1. Until 1982, preirrigation and irrigation water qual-
ities varied among the plots where the soil samples were
collected, as indicated in Table 2. In 1982, all the plots re-
ceived aqueduct water for preirrigation, and the plots were
sampled after such a preirrigation in 1983. Some of the soil
samples, collected in alleyways between plots, received un-
known amounts of water by subsurface transfer from adja-
cent plots.

Electrolytic conductivity (EC,), pH, and soluble cation
concentrations were determined in saturation extracts of a
composited subsample of each field soil sample, as described
by Rhoades (1982). The cation exchange capacity (CEC) 
measured in duplicate using the method of Polemio and
Rhoades (1977) for calcareous soils, whereas exchangeable
Na and Mg were determined in duplicate as surface excesses,
either after extraction with 1 mol kg-I ammonium acetate
solution (Na) or according to the extraction procedure 
Holtzclaw et al. (1986) for dolomitic soils (Mg). Exchange-
able Ca was calculated as the difference between the CEC
and the sum of exchangeable Na and Mg. All cation con-
centrations were determined by atomic absorption spectro-
metry (Perkin Elmer Model 5000). The content of calcite,
dolomite, and gypsum were also measured in duplicate for
each sample as described by Thellier et al. (1990).

The sodium adsorption ratio (SARa) of the soil extracts
was calculated for each sample with the equation:

SAR =
[Na]

[([Ca] + [Mg])/2]’/2

where [Na], [Ca], and [Mg] are the total concentrations of
the soluble cations in mole m-3. The exchangeable sodium
percentage (ESP) was calculated as:

ESP = 100~a [2]

where qNa and Q are, respectively, the exchangeable Na con-
tent and the cation exchange capacity, both in mole kg-L
Charge fractions of.Mg relative to the total bivalent cation
charge in solution (EMs) or adsorbed Eug) were calculated 
follows:

_ [Mg] EMg = q~tg [3]]~Mg [Ca] + [Mg]’ qca + qrag

Table 2. Plot location and irrigation treatments.

Soil sample Location of the plots Preirrigation Irrigation

1 30.5 m north of field Not irrigatedsite
2 9.15 m east of field Commercial field irrigated with AW~"site
3 Plot 42 AW AW
4 Alleyway, plots 42 Received unknown amounts of AW

and 44 and WW’[" from adjacent plots
5 Plot 20 AW AW (1979-1982),

WW (1982, 1983)
6 Plot 31 AW WW
7 South alleyway Received unknown amounts of AW

of plot 44 and WW from adjacent plots
8 Plot 44 WW(1979-1982), WW

AW(1982-1983)
9 Plot 33 AW MW~"

10 Plot 29 MW(1979-1982), MW
AW (1982-1983)

"~ AW, MW, and WW denote, respectively, aqueduct, mixed, and well water.

where qca or qMS is moles of adsorbed Ca or Mg charge per
kilogram, respectively.

RESULTS
Chemical composition data for the field soil samples

at the end of the experiment are given in Table 3.
(Where standard deviations are not shown, the pre-
cision of the data is indicated by the number of sig-
nificant figures.) The CEC (0.18 +_ 0.01 molc -~) and
pH (7.7 _+ 0.2) values did not vary significantly among
the soil samples. The ECe values and the soluble cation
composition in the saturation extracts, however, ap-
peared to vary with the quality of irrigation water. For
example, ECe and soluble Na in the plots receiving
aqueduct water (Samples 2 and 3) were lower than 
the plots receiving well water (Samples 5 and 6). This
trend is reflected in an increase of exchangeable Na at
the expense of exchangeable Ca for these plots (Table
3). Overall, the saturation extracts of soils from the
irrigated plots were more concentrated than before the
field experiment by a factor of 1.5 to 2. These differ-
ences were observed despite the fact that every plot
had received three preirrigations with aqueduct water
before soil sampling.

The concentration of the soil saturation extract from
soil Sample 1, which was under the influence of rainfall
and groundwater evaporation only (Table 2), in-
creased remarkably during the 5-yr period following
the establishment of the field experiment. The values
of ECe and the concentrations of soluble Na, Mg, and
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Table 3. Saturation extract and exchangeable cation composition of the soil samples.

Soluble cations

Soil sample pile EC, cr~a Cca cMg Water content~" qNa

Exchangeable cations

qMg qca:~ CEC

dS m-~
kg H20-- mole m-3 X 100

kg moist soil

1 7.4 20.2 156 71 31 9.35 ± 0.05 43 ± 1
2 7.7 7.6 46 41 12 10.04 +_ 0.05 23.0 ± 0.6
3 7.7 6.8 46 32 11 18.13 ± 0.04 28.2 ± 0.3
4 7.7 7.9 47 42 13 15.9 ± 0.3 25.9 _+ 0.6
5 7.8 9.9 83 34 17 18.7 ± 0.2 41.4 ± 0.4
6 7.6 10.1 87 31 19 17.41 _+ 0.2 45 _-_ 1
7 7.7 9.1 67 40 18 16.75 _+ 0.07 31.8 ± 0.9
8 7.9 8.4 69 29 15 21.4 _+ 0.2 40.2 ,+ 0.4
9 7.6 10.4 83 37 20 17.8 ± 0.2 37 ± 1

10 7.4 7.5 58 23 15 18.0 ± 0.2 34.3 ± 0.5

mmolc kg-~

46 ± 2 96 +_ 5 185 ± 4
44 -+ 1 129 ± 5 196 ± 5
45.3 -+ 0.8 100 +_ 8 174 -+ 8
42.9 ± 0.7 105 ± 5 174 -+ 5
46 ± 3 98 ,+ 4 185 -+ 2
47.7 .+ 0.3 85 ± 5 179 ± 4
45 _+ 2 88 -+ 8 165 +- 7
50 ± 2 75 ± 6 166 + 6
59 ,+ 2 81 _+ 8 177 -+ 7
48 _+ 1 83 ± 6 165 ± 6

Water content at the time of sampling.
Obtained by difference: Q - (qNa + qM~) = qca-

Ca were, respectively, 5.3, 4, and 2.4 times higher than
in the soil originally (Table 1), and even two to three
times greater than in the applied well water, which has
a composition similar to the shallow gr~oundwater.

Table 4 lists ESP, SARe, E~t,, and E~ag calculated
from the data in Table 3 accor~ling to Eq. [1] to [3].
In all of the soil samples, there was an increase in both
ESP and SARe relative to the initial soil values (Table
1), and SARe was larger than SAR of the applied water
for the plots receiving either mixed or well water. Soils
in these latter plots, become sodic (i.e., SARe > 11),
whereas those in the plots receiving aqueduct water
became nearly sodic (SAR~ ~ 9). However, EC~ tended
to increase with SARe. When plotted on a Quirk-Scho-
field diagram showing the threshold values of SAR~
and ECe tO maintain good soil permeability (Sposito,
1989), the data in Table 4 all fall into the domain of
unlikely permeability hazard (Sposito et al., 1987, Fig.
IV.2). An anomalous ESP-SAR~ pair was observed for
the soil that received no applied water. If this pair is
excluded, the ESP-SARe relationship characterizing
the remaining data in Table 4 can be expressed sta-
tistically in the linear form:

ESP = 2.61 + 1.3 SAR~ r2 = 0.932** [4]

The slope and intercept in Eq. [4] do not differ sig-
nificantly from those in the ESP-SARe relationship ob-
tained by Thellier et al. (1990) in their soil column
studies.

At the initiation of the field experiment,~-~Mg = 0.21
(Table 1), and this value was unaffected by irrigation
with aqueduct water (Samples 2 and 3 in Table 4),

Table 4. Exchangeable sodium percentage, SAR, and bivalent Mg
charge fractions in the soil samples.

Soil sample ESP SAR~ EMs ~Ms

1 23.3 21.9 0.33 0.30
2 11.7 8.9 0.26 0.23
3 16.2 9.8 0.31 0.26
4 14.9 9.0 0.29 0.23
5 22.4 16.5 0.32 0.33
6 25.2 17.3 0.36 0.37
7 19.3 12.6 0.34 0.30
8 24.3 14.7 0.40 0.34
9 20.9 15.5 0.42 0.34

10 20.8 13.2 0.37 0.39

even though the latter had ~ = 0.47. On the oLher
hand, irrigation with either mixed or well water (Eug
= 0.36) led to ~u~ values ranging from 0.30 to 0.39.
This resulted from an increase in soluble M,g whereas
soluble Ca remained nearly constant. The Eug values
were found to be proportional to the Eug values, and
the data fell reasonably close to a line of unit slope
(Sposito et al., 1987, Fig. IV.10). Thus, Mg increased
in the soil exchange complex as it increased in the soil
solution, but no significant selectivity difference in re-
spect to exchangeable Ca or Mg apparently exists in
the soil. Nonpreference between exchangeable Ca and
Mg is expected for soils like the Twisselman series,
which are high in smectite (Sposito et al., 1983).

The calcite, dolomite, and gypsum content of the
soil samples is given in Table 5. The gypsum content
did not vary significantly among the samples regard-
less of the quality of water applied, with the average
value being 28 _+ 3 g kg-~. Because the Twisselman
soil is reported to contain small amounts of dolomite
(D. L. Suarez, 1984, personal communication), the sol-
uble cation data for the soil samples were tested for
consistency with the solubility product constant of
CaMg(CO3)2. This was done by calculating the activity
of soluble Ca2÷ and Mg2÷, then estimating the activity
of soluble CO~- under the assumption that calcite was
present in the soil (Table 5). The average log solubility
product constant calculated for dolomite in this way
was 17.3 _+ 0.5, which compared favorably with a
literature value of 17.1 _+ 0.5 (Robie et al., 1978). 
this basis, the sensitive extraction method of Holtz-
claw et al. (1986) was applied to determine the content
of dolomite in the soil samples (1.2 _+ 0.3 g kg-~). The

Table 5. Gypsum, calcite, and dolomite content of the soil samples.

Soil sample Gypsum Calcite Dolomite

gkgt

1 27.2 ± 0.5 42.7 ± 0.9 1.2 ,+ 0.1
2 33.7 ± 0.5 15.2 -+ 0.7 0.9 -+ 0.1
3 29.2 ± 0.3 38 +_ 1 1.2 -+ 0.1
4 29.2 ± 0.1 41.4 ± 0.4 1.1 +- 0.1
5 29.1 ± 0.1 27.3 ± 0.8 1.1 _+ 0.1
6 25.7 -+ 0.5 30 _+ 2 1.1 - 0.1
7 29.3 .+ 0.5 27 ± 2 1.2 ± 0.1
8 23 ,+ I 44.7 -+ 0.9 !.5 -+ 0.1
9 25.3 .+ 0.2 27.2 ± 0.8 1.1 ± 0.1

10 25.1 ± 0.1 33 _+ 3 1.2 -+ 0.1
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calcite content showed significant variability among
the soil samples, but not with applied water quality
(Table 5). The average content of calcite was 33 ± 9
g kg"1, which is about twice the content in the soil
initially (Table 1).

DISCUSSION AND CONCLUSIONS
The accompanying soil column study of Thellier et

al. (1990) indicated that both the applied water quality
and the salinity induced by evaporative capillary rise
from the shallow aquifer should influence the soils in
plots in the Rhoades field study. When the water table
is near the soil surface, high concentrations of soluble
and exchangeable Na are expected to develop unless
low-salinity applied water retards Na accumulation in
the soil from evaporative capillary rise. When the
water table drops more than 0.5 m below the soil sur-
face (i.e., during the growing season), the soil should
equilibrate chemically with the applied water in the
surface horizon, although the rate will depend on the
quality of the applied water. According to the results
of Thellier et al. (1990), the equilibrated soil should
not exhibit ECe and SARe values that lead to low
permeability, even when well water is applied.

These expectations were confirmed in the present
study. The uncropped surface soil that was exclusively
under the influence of the small annual rainfall (1 GO-
180 mm) and, more importantly, evaporation from
the shallow aquifer, became highly saline and sodic,
whereas in the soil in plots that were cropped, preir-
rigation and irrigation waters leached some of the salt
that had been brought near the soil surface by evap-
orative capillary rise, and these plots did not become
as saline and sodic. Soil salinity development was,
therefore, primarily governed by the interplay between
irrigation water and evaporation from the saline, shal-
low aquifer.

Equilibration with the applied waters in the field soil
samples also was evident. In the plots receiving aq-
ueduct water, 14% of the CEC was accounted for by
Na, whereas Na accounted for around 23% when either
mixed or well water was applied. The value of ECe
also increased as the quality of applied water de-
creased. This change was accompanied by increases in
soluble Na and Mg, with a slight decrease in soluble
Ca. The result was a near doubling of ESP, a small
increase in EMS, and large decrease in exchangeable Ca
as the irrigation scheme shifted from aqueduct water
to well water.

The development of salinity and sodicity was quan-
titatively similar in the field soils and the soil columns
receiving well water. The mean values of ECe and
SARe in the former were 9.5 ± 0.9 dS rir1 and 16.1
± 1.3 molc'/2 nv3/2, respectively, whereas in the soil
columns leached for 1 yr, the values were 9.3 ± 1.1
dS m-1 and 15.3 ± 0.7 molc

l/2 rcr3'2. For the soils
receiving aqueduct water, however, ECe was about
seven times larger and SARe about four times larger
in the field samples than in the soil columns after 1
yr of leaching. The decline in calcite content observed
in these soil columns (Thellier et al., 1990) also was
not apparent in the field soils (except for Sample 2,
Table 5); indeed the calcite content increased. These

results likely reflect the much larger leaching fraction
in the soil columns than in the field soils, as well as
the absence of any influence of saline groundwater on
the former after 1 yr of leaching. In fact, the shallow
aquifer played an important role in the developing
chemistry of the field soils irrespective of applied water
quality.

The similarity of the field soils and soil columns
irrigated with well water indicates that the principal
mechanisms governing the effects of saline irrigation
water on the Twisselman soil evolved within a rela-
tively short period. The fact that the ESP-SARe rela-
tionship for field and column soils were indistinguish-
able is evidence also that the column behavior
simulated the natural equilibration process when sa-
line water was applied. The most dramatic deterio-
ration of soil chemical properties was observed when
the field soil was subjected only to saline groundwater
evaporation, whereas irrigation with water of any qual-
ity tended to diminish the deleterious effect of evap-
orative capillary rise. Therefore, successful irrigation
with saline waters would require the water table to
remain deep in the soil profile and a large enough
leaching fraction to prevent salt accumulation within
the root zone.
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