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Abstract Due to the lack of freshwater, highly saline
groundwater was the main irrigation source in the last few
decades in the Mingin Basin, which is in northwest China.
The study evaluates the effects of salt accumulation on the
soil physical-chemicals properties. Undisturbed and dis-
turbed soil samples were taken from the experiment site,
which was irrigated with saline water at a concentration
of 0.8, 2 and 5 g L™! (coded later as Cyg, C, and Cs).
Undisturbed soil samples, at depths of 0—45 and 45-60 cm
were taken to determine the water retention curve (WRC).
Moreover, in the same place, another set of undisturbed
soil samples were taken to determine the porosity and pore-
size distribution (PoSD). From the WRC, the water-holding
capacity of the soil was estimated. Disturbed soil samples
at depths of 0-20, 045, 45-60 and 80—-100 cm were taken
to determine the index of aggregates stability in water (IC).
The electrical conductivity of the saturated paste (EC.) was
determined at depths of 0-30, 30-60 and 60-90 cm, during
the irrigation season on Cyg, C, and Cs treatments. The
results show that the total porosity and the index of
aggregates stability in water decrease with the increasing
salinity of irrigation water, and the EC, increases with the
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increasing salinity of irrigation water especially in the
surface soil. The water-holding capacity (WHC) of soil
also increases with the increasing salinity of irrigation
water.
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Introduction

Saline water is used to irrigate croplands in different parts
of the world, especially in arid and semi-arid regions,
which occupy 41% of the global land surface (UNDP
1997), with poor water quantity and quality. In these
regions, the limited rainfall (<400 mm/year) is not suffi-
cient to leach out salts from the root zone, which leads salt
from the irrigation water to accumulate in the soil and
affect the soil properties. Literature shows that the con-
centration of sodium, calcium and magnesium ions in soil
layers can affect the dispersion of clay particles, the
soil hydraulic conductivity (Shainberg and Letey 1983),
soil aggregate stability and the formation of soil crusts
(Varallyay 1977a, b; Tedeschi and Dell’ Aquila 2005).
Dispersion of soil particles may cause clogging of soil
pores, which reduces the soil permeability, soil porosity
and soil hydraulic conductivity (Felhendler et al. 1974;
Frenkel et al. 1978; Pupisky and Shainberg 1979; Shain-
berg et al. 1981a, b; Shainberg and Levy 1992; Amézketa
1999). Therefore, drought and salinization are two main
factors affecting the arid irrigated agriculture (Tedeschi
et al. 2007). In addition, irrational human activities, such as
poor agricultural management, flood irrigation and so on,
also aggravate salinization, due to ineffective control of the
accumulation of salts in soil. Therefore, salinity increases
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in extensive portions of irrigated lands, which become
degraded by salinization (Ghassemi et al. 1995).

Saline water is not beneficial to irrigated agriculture, but
it may still be the major irrigation water source in extensive
arid regions, especially in developing countries where
extreme shortage of freshwater and the rapidly increasing
population require more water. For example, in Minqin
Basin of northwest China, the local population increased
from 20.8 x 10*in 1950 t0 30.2 x 10*in 2004, the area of
croplands increased from 3.0 x 10* ha in the 1950s to
53 x 10*ha in 2001, and yearly freshwater supply
decreased from 5.14 x 10®* m® in 1956 to 0.65 x 10° m*
in 2004. For sustaining the existing croplands and guar-
anteeing subsistence, local farmers have to exploit the
groundwater with high salinity to irrigate croplands, which
leads to salt accumulation in the soil under strong evapo-
ration. Soil salinization results in the dry out of vegetation,
desertification, land encroachment and environmental
degradation (Wang and Cui 2004).

The negative impact of saline irrigation water can be
mitigated by implementing appropriate management of
saline water and soil, which requires a better understanding
of how soil properties are affected by the irrigation system,
water management strategies, irrigation frequency, etc.,
and when to use saline water to irrigate arid croplands. The
aim of this work was to study the effects of saline water
irrigation on soil properties.

Materials and methods
Study area

The study area, Minqgin Basin, which spreads in the lower
reach of Shiyang River in northwest China, is an alluvial
plain affected by soil and groundwater salinity throughout
the basin, with the geographical position of 103°02'E-
104°02'E and 38°05'N-39°06'N (Fig. 1). The Shiyang
River originates from Qilian Mountain with an altitude of
2,000-5,000 m above sea level and an alpine climate. The
middle reach of Shiyang River flows through the Liangzhou
Oasis and Jinchang Oasis with an altitude of 1,400-2,000 m
and a semi-arid temperate climate. The downstream reach
of the Shiyang River flows into the Mingin Oasis at an
altitude of 1,000-1,400 m and with an arid temperate cli-
mate (Ma et al. 2005), and then disappears into the desert.

Climate change and overuse of water sources in the
upper and middle reaches of Shiyang River result in the
rapid reduction of water flowing into the lower reach,
which forces the local farmers to overexploit the ground-
water in the Minqgin Basin. The annual runoff flowing into
the Mingin Basin was 5.73 x 10° m’ during the 1950s
(Zhu et al. 2007) and <1 x 10® m® at present. The annual
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average exploitation amount of groundwater in the Mingin
Basin was <1.0 x 10* m® before 1970s and reached
6.65 x 108 m® in 2003; the mean increasing rate was
0.2 x 10® m*/year (GSWRB 2007). Based on the research
of Chang and Zhao (2006), the groundwater table of the
experiment site and the surrounding area was 1-3 m in the
1950s and reached 16.4-22.2 m by the end of 2004. In the
north of Mingin Basin, adjacent to the Tenger desert
(Fig. 1), the groundwater quality is poor because of the
overuse of groundwater, strong evaporation and lack of
surface freshwater recharge; the total dissolved solids
(TDS) of groundwater can reach 10 g L! (GSWRB 2007).

Flood and/or furrow irrigation are dominant irrigation
methods in study area; both of them are widely used water
irrigation methods and can accelerate soil salinization and
degradation. As a result of irrigation with alkali-saline
groundwater and poor agricultural management, the phe-
nomena of soil salinization have increased significantly in
recent decades (Ma and Wei 2003). In Mingin Basin, the
average salt content of the soil is up to 16.7 g kg~' and
most farmlands can no longer be used for cultivation due to
salinization.

Experiment site

The study was conducted in Mingin Desert Control Station,
which is in the Mingin Basin of northwest China, with a
geographical position of 103°59'E and 38°34'N. In the
study area, solar resources are abundant and average sun-
shine hours is 3,021. Mean annual precipitation is 115 mm
and almost 74% of that is recorded from June to Septem-
ber. Mean annual evaporation reaches 2,593 mm. Mean
daily temperature is 7.7°C. Mean wind speed is 2.4 m s~
and the maximum wind speed reaches 23.0 m s~ '. Average
air humidity is 49% and aridity is 5.3 (Zhao et al. 2003).
The average frost-free period is 173 days and the longest
one is 202 days. The soil is silty loam, as reported in
Table 1. The complete composition of the ion exchange
complex in different layers of the experimental field is
given in Table 2.

In the experiment site, there was a control treatment
(Cog, 0.8 g LY and two salinity treatments, C, and Cs,
respectively, with water concentrations of 2 and 5 g L™".
Table 3 shows the ionic compositions of the irrigation
water for which all the treatments were replicated four
times.

Soil sampling

To evaluate the effects that salt accumulation has on the
change of the soil physical and chemical properties, dis-
turbed and undisturbed soil samples were taken in 2007 to
determine the following: porosity and pore-size-distribution
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Table 1 Soil texture of Cos, C; and Cs (PoSD); water retention curve (WRC); the aggregate sta-
Treatments Clay (%) Silt (%) Sand (%)  bility in water (IC) and the electrical conductivity of the
Cos 13.07 41.14 45.80 saturated paste (ECe).
C, 21.16 59.11 19.75 Undisturbed I
Cs 15.25 50.43 34.33 naisturoed samptes
Porosity and pore-size-distribution (PoSD) Undisturbed
Table 2 Exchangeable cations of experimental farm soil samples from the top layer were taken to determine the
- - — total porosity and the PoSD. Two samples for each area
Soil layer depth (cm) Exchangeable cations (g kg™ ) . .. . . .
were collected using aluminium cylinders, 12 c¢cm in height
Total  Ca®*  Mg® K"  Na'  and with a diameter of 10 cm. The undisturbed samples
0-20 039 0.06 0.07 008 006 Were then impregnated with a polyester resin in which a
20-40 041 0.07 0.08 009 004 ﬂ;lorescent dye was afidij[i i’mdzthe; samples' W}elre tregted
40-60 041 0.07 0.08 010 0.02 afl te.rwards as re.p'ofted 1{}h Z 'e ( (1)0 ) to obt;urll1 tl f sec;wns
60-80 0.39 0.06 0.07 012 0.02 (;r 1m2}11ge acq;nsmon. ] .1g$tat1mageslo 't e ;)u3ro aclfj
40-100 036 0.06 0.06 o011 o0y °f each sample were acquired at a resolution o %

pixel. Each dimension of the four faces of the samples, on
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Table 3 Chemical composition and sodium absorption rate (SAR) of
irrigation water for Cpg, C, and Cs

Ions (mg L™ Cos C, Cs
cl- 120 323 890
S04~ 225 739 1,640
HCO;~ 296 307 360
CO;>~ 0 14 0
Ca** 87 126 280
Mg>* 44 192 190
K* 5 2297 1,000?
Na*t 52

TDS 0.8 2.0 5.0
SAR (mmol'? L1 1.6 42 15.9
pH 8.0 8.0 75
Ec (dS m™h) 1.16 2.64 7.03

* The value reported in the table for Na and K for the treatment C,
and Cs is the sum of the two cations

which 2D image analysis was carried out, was
11 cm x 5.5 cm. The image analysis was performed
according to the procedure described by Moreau (1997)
and Mele et al. (1999). The image analysis was used to
determine the following measurements:

(1) Vertical profiles of porosity, i.e. porosity plotted
against the soil depth up to 12 cm. This measure
enabled the evaluation of the possible presence and
degree of soil compaction;

(2) PoSD evaluated by mathematical morphology algo-
rithms (Serra 1982; Horgan 1998) with the aim to
obtain more detailed quantitative information on the
soil structure changes due to the specific treatments
considered.

Water retention curve (WRC) Undisturbed soil samples
were taken at 0—45 and 45-60 cm with aluminium cyl-
inders (¢ = 8.6 cm, h = 13.0 cm), to determine the
(WRC) h(0) in the laboratory according to the procedure
suggested by Tamari et al. (1993). The soil water reten-
tion characteristics have been parameterized using the
relationship proposed by Van Genuchten (1980) and by
Ross and Smettem (1993). The parameters of the reten-
tion functions were obtained by a least squares optimi-
sation technique and were used to calculate available
water retention capacity at prescribed pressure head
values.

From (WRC) h(0), the wilting point and the field
capacity were estimated to evaluate the soil water-holding
capacity (WHC). The WHC can be a support to describe
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and assess the soil water balance such as partition between
infiltration, runoff and evaporation, and therefore to
improve irrigation management especially under drought
and salinity conditions.

Disturbed samples

Aggregate stability in water Disturbed soil samples at a
depth of 0-20 cm and another set with intervals of 045,
45-60 and 80-100 cm for each treatment were taken and
the aggregate stability in water was measured, replicated
twice and the average value was considered.

The soil samples were air dried and mashed at two
diameters range. One part of soil samples was mashed and
sieved in aggregates with diameters in the 4.75-2 mm
range, and the other in aggregates with diameters in the
2-1 mm range. The aggregate stability in water was mea-
sured by an apparatus developed at the Institute for Agri-
cultural and Forest Systems in the Mediterranean
(Ercolano, Naples) (Tedeschi and Dell’ Aquila 2005;
Dell’ Aquila 2007), which works by vertical oscillation.
The measurements were performed on 10 g of soil aggre-
gates with a diameter in the range of 2—-1 and 4.75-2 mm.
According to Tedeschi (1999) aggregates were non-wetted
and shaken at a speed of 30 cycles/min with a sieve stroke
length of 3 cm. The index of aggregate stability was
expressed by the following IC equation (Pagliai 1997),
which is more suitable to soil in which a high sand fraction
is present.

C-CS
IC =100 x <DCS)

C means aggregates not dispersed after 30 min and CS
means coarse sand; D means quantity of soil sample used
for the determination.

Electrical  conductivity of the saturated paste
(EC,) During the irrigation season, soil samples at a
depth of 0-30, 30-60 and 60-90 cm on each of the four
repetitions were taken to determine the electrical conduc-
tivity of the saturated paste (EC.) according to Rhoades
(1996). Due to the large amount of soil to be analysed, the
determination of EC;.,s was carried out because the
preparation of a solution in which 10 g of soil is mixed
with 250 ml of water is less time consuming than for
water-saturated samples. For a limited number of samples,
the EC. was also determined. Then, a linear regression
EC. =a + b (ECy.,5) for each layer was established,
significant at p < 0.01. The EC, was finally estimated for
all layers using this regression equation.
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Fig. 2 Image of vertical
sections of soil pores, 0-11 cm
deep
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Fig. 3 Porosity calculated from image analysis for Cpg, C, and Cs

Results and discussion
Porosity and pore-size distribution (PoSD)

Figure 2 shows the images of vertical sections of undis-
turbed samples from the upper 11 cm of soils in the three
treatments of Cyg, C, and Cs separately. The black part is
soil pore; the white part is the solid phase. Averaged values
of eight images (two samples) for each soil are reported in
Figs. 3, 4 and 5. These results refer only to the pores larger
than 30 pm due to the limited image resolution. Figure 3
shows that porosity is closely related to water salinity, and
decreases from 13.17% for Cyg to 7.23% for Cs. The ver-
tical porosity profile of the upper 11 cm in Fig. 4 shows
that the porosity reduction has occurred mainly in the upper
5 cm on the treatments C, and Cs. Comparison of PoSD
demonstrates that except for Cpg, a reduction of pores
larger than 240 um (Fig. 5) occurred at increasing soil
salinity level. The different behaviour of PoSD for Cyg is
strictly related to the completely different pore architecture

Porosity(%)
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Fig. 4 Porosity comparison of Cyg, C, and Cs for the upper 11 cm

found in the analysed sample, which shows an abundance
of small homogeneous pores in the upper 5 cm and a
compact layer under that depth (Figs. 2, 4).

The observed difference in porosity and PoSD confirms
that, at least in the upper 11 cm and in the largest pore-size
spectrum, the soil structure was affected by the saline
water.

Soil aggregation stability in water
Table 4 reports the aggregate stability in water, for both the
aggregates classes, i.e. in the range 4.75-2 and 2-1 mm,

expressed by the IC (%) index for the top soil layer
(0-20 cm). The IC for both aggregate sizes decreases as
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3.50 + Table 5 Water-holding capacity (WHC) in the root zone (0—-60 cm)
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Fig. 5 Pore size distribution for Cypg, C, and Cs

Table 4 Aggregate stability index (IC) for the soil treatments of Cog,
C, and Cs at surface soil

Treatment Depth  Aggregate 4.75-2 mm  Aggregate 2—1 mm
(cm) IC (%) IC (%)

Cos 0-20 16.6 6.75

C, 0-20 12.6 6.4

Cs 0-20 7.5 2.3

salinity increases. The trend is the same for the different
classes of aggregates considered. In Fig. 6, the index of
aggregate stability in water (IC) is reported for aggregates
of 4.75-2 mm and is significantly lower for Cs at all depths
and higher for Cyg. IC of C, is between those of Cyg and Cs
at all layers. It is interesting to note that the IC of Cyg for all
layers has the highest aggregate stability even if it
decreases at a depth of 55 cm. This trend is observed also
in the other treatments even if they are small. The 55 cm is
the tillage layer, and soil compaction occurred in all soils
considered, but it is important to maintain the trend.

The results are in agreement with that of Tedeschi and
Dell’ Aquila 2005, who found a decrease in the index of
aggregate soil stability in water at increasing soil salinity.

IC(%)
0 5 10 15 20
0 1 1 1 1
20 A
E
% 40
B ®#Cog *C,; ~Cs \
A 60 S
80
100

Fig. 6 Aggregates stability indexes of Cog, C; and Cs
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The observed increase (Table 5) of WHC (range between
field capacity and wilting point) is apparently in agreement
with the trend observed in the soil structure (PoSD and IC).
The fraction of pore space at smaller pore diameters
decreases, whilst the contribution of larger pores increases.
This change in WHC is most relevant to irrigation man-
agement under saline condition, as better knowledge of the
water-holding capacity (WHC) helps to decide when and
how much irrigation water should be applied. Such results
can have an important impact on the quantity of water
distributed by irrigation, because due to the higher storage
capacity it would be possible to apply water at longer
irrigation intervals, e.g. to deal with long and regular
rotational intervals.

Electrical conductivity (EC,)

The leaching irrigation applied before sowing determined
an EC, around 4.0 dS m™! (Fig. 7) for all the treatments
and for the first 60 cm (0-30 and 30-60 cm), whilst for
the deepest layer and for all the treatments the EC,
was <3.5 dS m~ L.
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Fig. 7 EC, of Cyg, C, and Cs in the whole growing season
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The EC, values measured after each irrigation show how
salt accumulation occurred especially in the layers 0-30
and 30-60 cm. The EC, values increase with increasing
concentration of the applied saline irrigation water. At the
end of the irrigation season, a progressive increase of EC,
occurred especially for the C, (EC. = 5 dS m~ ') and Cs
(EC. = 7.6 dS m™") treatments for the layers 0-30 and
30-60 cm (respectively, EC, = 4.3 and 6.34 dS m~" for
C, and Cs). The EC, for the treatment Cpg was almost
around the same value throughout the season in the layer
0-30 cm (EC., = 3.2 dS mfl). In the layer 30-60 cm and
for the Cpg, a slight decrease of EC. values occurred
(EC. =3.0dS mfl). In the deepest layer, 60-90 cm, a
slight increase of EC, for the C, and Cs treatments was
observed compared with the EC. observed in the Cpg
treatment. Nevertheless, the salt accumulation in this layer
was lower than that observed in the layers above. This
confirms that irrigation management did not determine a
large salt leaching to the deepest layer, thus reducing the
risk of leaching a significant salt amount into the ground-
water. However, the risk that the winter rainfall and the
irrigation applied before the next sowing can leach the salt
at later stage remains.

The soil layer most affected by salinity is the 60 cm
deep layer, where most roots are located, i.e. with a
significant risk of lower crop production.

Conclusions

It can be concluded that the results of the present study of
the soil physical changes due to the effects of saline irri-
gation have determined a salt accumulation (EC,) in the
soil profile, with higher EC, in the first 60 cm soil depth for
the C, and Cs treatments. The accumulation increases with
time during the application of saline water.

Several studies (Shainberg and Levy 2004; Rengasamy
et al. 1996; Shainberg and Letey 1983; Minhas and Sharma
1986) have reported how salt accumulation causes the
deterioration and deflocculation of the clay colloids with
destruction in aggregates and soil structure and clogging of
macro pores, accompanied by unfavourable consequences
on the soil hydrological properties. In this study, the soil
structure expressed by IC, which decreases with increasing
salinity, showed deterioration along the whole soil profile,
clearly as a result of the deflocculation of clay colloids
induced by the salt.

According to Quirk (1986) and Quirk and Schofield
(1955), the clay flocculation due to the salt concentration
can cause a reduction in porosity. High levels of salinity,
therefore, induce a replacement of pores of larger diame-
ters with pores of smaller diameters that explain the
increase of total porosity captured in this study.

In the context of irrigation water management, observed
changes in WHC are particularly relevant, as a better
knowledge of WHC leads to more accurate irrigation
schedules optimised on the basis of WHC and the water
retention characteristics. The latter helps to reduce water
and salinity stress by keeping soil water content closer to
field capacity for longer periods of time.
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