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Abstract
In order to make clear the distribution characteristics of

period, the soil moisture content decreased with the

soil, water and salt in a saline–alkali wheat field under

increase of soil depth in 0-40 cm soil layer, and then

freeze–thaw conditions, field experiment was conducted

increased with the increase of soil depth. The minimum

in Cangzhou during 2015 to 2018. The experiment were

moisture content was found in the 30–40 cm soil layer.

selected three key periods, early stage (December 13)

Soil electrical conductivity (EC) in the 20–30 cm soil

and late stage (March 3) of freeze–thaw period, and salt

layer was higher than that in other soil layers.

accumulation stage (April 1). The distribution of soil

Meanwhile, soil pH value increased with the increase in

salt ions prior to sowing was regarded as the

soil depth. SO42–, Ca2+, Cl– and Mg2+ all aggregated to

background. Results showed that the spatial distribution

the surface. After freezing and thawing, the moisture

of soil moisture in the 0–100 cm soil layer varied in the

content in the 0–60 cm soil layer increased with the

different periods. In the early stage of the freeze–thaw

increase in soil depth. The moisture content dropped
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precipitously in the 60–80 cm soil layer, and then the

particles (Zhang et al., 2016). During the seasonal

moisture content quickly rebounded to the soil layer

freeze–thaw process, soil aggregates destroy and change

below 80 cm. Soil EC increased with the increase of soil

the soil structure, resulting in the soil pore space to

depth. With increase depth of soil layer, the pH value

shrink and expand during water phase transition (Li et

appeared peak in the 10-30 cm soil layer and then

al., 2014); thus, soil porosity improved remarkably

decreases. The pH value of the soil below 40 cm

(Chen et al., 2010). The physical properties of soil, such

gradually increased with the increase of soil depth.

as compactness, bulk density, saturated hydraulic

2–

2+

SO4 , Ca , Mg

2+

+

and Na showed a trend of large at

conductivity and infiltration rate, were altered due to the

surface and deep soil layers, and samll in the middle soil

changes in soil structure (Asare et al., 1999; Fouli et al.,

–

–

layer. HCO3 accumulates at 0-30 cm soil layer. Cl was

2013). The seasonal freeze–thaw cycle could reduce the

increase with the increase of soil layer. During the salt

compaction of farmland saline soil, improve soil

accumulation period, the moisture content in the 0–20

aeration and retain soil moisture (Wang et al., 2020).

cm soil layer was significantly lower than that in the soil

Asarea et al. (1999) found that saturation degree was

layer below 20 cm. Various ions accumulated in the 0–

negatively correlated with soil electrical conductivity

20 cm soil layer, and the soil EC was also significantly

(EC) values after multiple freeze–thaw cycles on three

higher than that in the soil layer below 20 cm. At this

different soil types—silty loam, clay loam and loam

period, roots of wheat were densely distributed in the 0-

sand. The freeze–thaw process could considerably

20 cm soil layer. Therefore, timely irrigation could

change the soil carbon and nitrogen cycle and reduce

alleviate the dual stress of drought and salt damage on

microbial nitrogen- and microbial carbon-to-nitrogen

winter wheat. The redistribution characteristics of water

ratio. An increase in the content of dissolved organic

and salt ions before and after the freeze–thaw period

carbon and nitrogen in soil and in the concentration of

could be used as the theoretical basis for the prevention

NH4+, NO3− and soluble inorganic nitrogen (Song et al.,

and improvement of salinised soil.

2017; Claudia et al., 2017) and a large part of the
emissions can occur during the freeze–thaw cycle

Keywords: Saline–alkali wheat field; Freezing and

(Wertz et al., 2016). Nitrogen deposition delays peak

thawing; Soil moisture; Salt ion

soil respiration during the spring freeze–thaw period
and weakens soil respiration (Yan et al., 2016).

1. Introduction
For decades, research had shown that the freeze–thaw
cycle was a process of energy input and output in soil.
Such cycle had a crucial effect on the pore water of
seasonal frozen soil (Ren et al., 2019). Soil water
expanded under the action of crystallisation and
promotes the formation of soil structure through the
movement of water and salt via thermal gradient. Soil
structure changed greatly after a freeze–thaw cycle;
such change was caused by the mechanical breaking of
coarse mineral particles and the aggregation of fine

Soil salinisation was one of the obstacles to the
sustainable development of society, economy and
environment (Tilman et al., 2002; Spiess et al., et al.;
2008; Bryan et al., 2018). The law of water and salt
migration was the theoretical basis for studying the
mechanism of salt soil development and utilisation
(Zhang et al., 2017). Factors that affected the properties
of saline soil include water, heat, salt and force. Water
movement was a dominant factor. In addition to water
potential gradient, temperature gradient was another
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driving force of water and salt movement in winter. The

salinity, land surface temperature and other factors (Yi

amount of water and salt migration depended on the

et al., 2014; Wu et al., 2015; Miao et al., 2017).

total soil water content. In winter, groundwater was

However, the distribution of water and salt and the

buried shallowly. The surface water carried salt rising

freeze–thaw mechanism in a vertical soil profile when

under capillary force or freezing action, and the salt

soil texture changes with time were not clear. Therefore,

remains on the surface after evaporation (Warren et al.,

the distribution of water and salt ions was observed for

2016). In the natural environment, when the temperature

three years before and after the seasonal freeze–thaw

droped below negative temperature, water and salt

process in Nanpi County, Hebei Province, China, which

gather towards the surface (Chapra et al., 1997). Soil

had a typical salinised soil. This study aimed to explore

water and salt moved twice as fast during the freeze–

the water and salt transport mechanism during the

thaw period (Edwards et al., 1992). The characteristics

freeze–thaw process, and provided a theoretical basis

varied at different stages. During the freeze–thaw

for salinisation prevention, development and utilisation.

period, salt ions migrate to the frozen zone with the
increased in the matrix potential at the frozen edge
(Angela et al., 2016). During thawing, unmelted ice
blocked the upper melted water, which carried salt
downwards for infiltration. The retained water and salt
migrate to the surface and evaporate under the influence
of temperature, thus increasing the surface salt (He et
al., 2015) in areas with latitudes higher than 24°. In
China, more than half of the national land was covered
by seasonal frozen soil (Xu et al., 2010). Northwest
China had many arid irrigation areas, e.g. the North
China Plain. Hebei Province is located northeast of the
North China Plain. Its saline soil area was 4.96×105
hm2, accounting for 8.43% of the total cultivated area of
the entire province (Guo et al., 2012). Many scholars
had conducted substantial research on the improvement,
development and utilisation of saline soil in the North
China Plain (Scott et al., 1997; Ma et al., 2008; Shi et
al., 2019); however, reports on the mechanism of water
and salt migration in a salinised wheat field under
freezing and thawing conditions were rarely reported.

The influence of the freeze–thaw process on soil
structure was determined by soil water content, soil
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2. Materials and methods
2.1 Condition of the test area

Figure 1: Location of the test area

The field experiment was conducted at Musanbo Farm

The depth of groundwater was 3.89–6.71 m from 2015

in Nanpi County, Hebei Province, China (38° 06′ N,

to 2018. The planting system in this area is two crops

116° 77′ E; 9.5 m above sea level) during 2015 to

per year, that is, wheat in winter and corn in summer.

2018. The test area is located in the low coastal plain

We analysed the salinity and nutrient status of the

near the southeast of Hebei Province, belonging to the

cultivated soil layer before sowing winter wheat

alluvial plain of the Yellow and Haihe Rivers (Figure.

(October 3, 2015). Data are as follows: soil salinity of

1). The climate belongs to the warm temperate

1.2–2.8 g·kg−1, soil organic matter of 1.19–1.30 g·kg−1

semihumid continental monsoon. The annual average

at the 0–20 cm soil layer, total nitrogen of 79–86

temperature, rainfall, evaporation and frost-free period

mg·kg−1, available nitrogen of 49–53 mg·kg−1,

are 12.3℃, 550 mm, 1865 mm and 180 days,

available phosphorus of 6.2–6.9 mg·kg−1 and available

respectively (meteorological data of Nanpi County for

potassium of 125–130 mg·kg−1. The soil is alluvial,

60 consecutive years from 1956 to 2015 [Table 1]).

and its characteristics are shown in Table 2.

Seasons

Rainfall (mm)
October

November

December

January

February

March

Total

2015/2016

25.8

55.5

0.3

2.4

27.7

0

111.7

2016/2017

72.6

22.4

18.2

0

7.8

18.8

139.8

2017/2018

80.4

0

0.2

1.8

0

2.6

85.0

Average of 1967–2015

28.8

11.8

4.2

3.3

7.1

9.4

64.6

Table 1: Monthly precipitation for the experimental periods of winter wheat in 2015–2018 and the long-term
average.
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Soil
depth

pH

Texture

(cm)
Light

FC

WP

(vol

(vol

%)

%)

1.40

34.2

9.9

1.40

34.2

9.9

1.46

34.4

11.6

1.46

34.4

11.6

1.46

34.4

11.6

1.46

34.4

11.6

BD
(g/cm3)

EC1:5

Ion composition (g/kg)

(ds/m)

HCO3–

Cl–

SO42–

Ca2+

Mg2+

Na+

3.05

0.480

0.230

0.310

0.060

0.060

0.310

3.25

0.480

0.260

0.330

0.050

0.050

0.350

3.35

0.500

0.266

0.432

0.055

0.062

0.385

3.50

0.480

0.300

0.468

0.055

0.067

0.414

3.45

0.480

0.260

0.432

0.060

0.062

0.385

3.75

0.440

0.330

0.492

0.050

0.050

0.466

0–10

8.50

10–20

8.55

20–30

8.60

30–40

8.55

40–50

8.60

50–60

8.65

60–70

8.65

Silt clay

1.49

37.8

13.9

4.30

0.450

0.360

0.384

0.055

0.056

0.443

70–80

8.60

Silt clay

1.49

37.8

13.9

5.50

0.440

0.390

0.528

0.075

0.062

0.500

80–90

8.65

Silt clay

1.49

37.8

13.9

5.90

0.420

0.440

0.612

0.075

0.068

0.506

90–100

8.75

Silt clay

1.49

37.8

13.9

5.90

0.440

0.410

0.600

0.075

0.078

0.431

loam
Light
loam
Medium
loam
Medium
loam
Medium
loam
Medium
loam

BD: bulky density; FC: field capacity; WP: wilting point
Table 2: Background value of soil characteristics at the test area

2.2 Sample collection
The sampling periods were as follows: before wheat

2.3 Measurement index and calculation method

sowing (October 3), the early (December 13) and late

The volume moisture content was calculated in

(March 3 of the following year) stages of the freeze–

accordance with the following formula:

thaw period and the salt accumulation period (April

𝜃𝑔 =

𝑀−𝑀𝑎
𝑀𝑎

1); these periods were denoted as BS, EFT, LFT and

𝜃𝑣 =

SA, respectively. The experimental area was 120×30

𝜌𝑑
𝜌𝑤

× 100%

× 𝜃𝑔

(Eq. 1)
(Eq. 2)

m. The S-shaped equidistant sampling method was
used, with three samples taken at each time. The
sampling depths were 0–10, 10–20, 20–30, 30–40, 40–
50, 50–60, 60–80 and 80–100 cm. The samples for
analysis were placed in the shade dry naturally after
retrieval from soil and then placed in a self–sealing
bag after electric grinding using a 1 mm sieve.

where 𝜃𝑔 is soil mass moisture content, %; M is
original soil weight, g; 𝑀𝑎 is dry soil weight, g; 𝜃𝑣 is
volume moisture content of soil, %; 𝜌𝑤 is water
density, g∙cm-3; 𝜌𝑑 is soil dry bulk density, g∙cm-3. The
dry bulk density of different soil layers is shown in
Table 2.
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The pH value of soil was determined using a pH meter.

improvement. The SAR described in this study was

The total water-soluble salt content was determined via

based on an extract with a soil-to-water ratio of 5:1. The

conductometry (soil-to-water ratio of 5:1). Bicarbonate

calculation formula is as follows (Mohsen et al., 2009):

was titrated using a double-indicator neutralisation
method. The chloride ions were titrated with silver

SAR=[𝑁𝑎+ ]/√([𝐶𝑎2+ ] + [𝑀𝑔2+ ])/2

(Eq. 3)

nitrate. Indirect complexometric titration with Ethylene
Diamine Tetraacetic Acid complexometric method

where SAR is sodium adsorption ratio, (cmol∙kg-1)5;

(EDTA) was used for sulphuric acid. Calcium and

Na+, Ca2+ and Mg2+ are measured exchangeable Na+,

magnesium were titrated with EDTA. Sodium and

Ca2+ and Mg2+, respectively, cmol∙kg-1.

potassium ions were determined via flame photometry.
The concentration of potassium ions is low in water;

2.4 Data statistics and analysis

thus, it was calculated as sodium ions. The value of Cl–

Excel 2010, SigmaPlot 12.5 and SPSS 19.0 were used

–

2–

2–

/SO4 is the molar equivalent ratio of Cl to SO4 (Bao,

for data entry and analysis, scientific plotting and

2000).

significant difference analysis, respectively.

Sodium adsorption ratio (SAR) is an index reflecting the
change in soil quality during saline–alkali land

3. Result and Analysis
3.1 Characteristics of soil water distribution

Figure 2: Change of soil moisture in the 0–100 cm soil profile in 2015–2018
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The abscissa represents the sampling period. 0- BS

than that in the lower layer. The volumetric moisture

(October 3); 1- EFT (December 3); 2- LFT (March 3

content of other soil layers ranged from 30.48% to

of the following year); 3- SA (April 1 of the following

39.06%. The moisture content of LFT increased with

year). The same was shown below. Figure.1 showed

soil depth in the 0–60 cm soil layer, and the volume

the volume moisture content of each period from 2015

moisture content of the 60–80 cm soil layer decreased

to 2018. The volume moisture content of BS increased

rapidly. Compared different soil layers under same

with the depth of soil layer, and the variation range

time , the average moisture content of the 60–80 cm

was 14.85%–28.85%. The water content of the soil

soil layer lower than 60–80 cm 14.16%, and the 80–

volume of EFT was distributed in an upward direction

100 cm higher than 60-80 cm soil layer 14.62%. The

with the 30–40 cm soil layer as the dividing line; this

volumetric moisture content of SA increased with soil

distribution showed a trend of large at surface and

depth. The moisture content in the 0–20 cm soil layer

deep soil layers and small in the middle, and the water

was significantly lower than that in the soil layer

content was significantly higher than that of BS. The

below 20 cm, varying between 12.93% and 15.15%.

volumetric water content in the 30–40 cm soil layer

Comparing between years, the moisture content of

varied from 29.25% to 31.96%, which was 5.88%

EFT showed the order 2018﹥2017﹥2016 in the 0–

lower than that in the upper layer and 7.73% lower

100 cm soil layer.

3.2 Characteristics of soil EC distribution
The change of soil EC can directly reflect the change
of soil salinity (Figure 3). The EC average of BS was
lower (3.7–6.1 ds·m-1) in the 0–100 cm soil layer. It
reached the maximum value (4.7–6.1 ds·m-1) in EFT
or LFT and decreased in SA (4.4–5.0 ds·m-1). The EC
of BS increased with the increase in soil depth (2.5–
6.1 ds·m-1). The EC of EFT in the 20–30 cm soil layer
was the largest (5.5–8.3 ds·m-1), and the soil layer
below 40 cm increased with the increase in soil depth
(3.6–6.5 ds·m-1). The EC of LFT increased with the
increase in soil depth (3.3–6.0 ds·m-1). The EC values
of SA were relatively high in the 0–20 cm (4.5–6.9
ds·m-1) and below 60 cm (4.6–5.6 ds·m-1) soil layers.
Comparing the average EC values of the 0–100 cm
soil layer each year revealed the following orders:
2016﹤2017﹤2018 in BS, 2018﹤2017﹤2016 in
EFT, 2017﹤2018﹤2016 in LFT and 2017﹤2016﹤
2018 in SA.
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Figure 3: Soil EC in the 0–100 cm soil profile in 2015–2018

3.3 pH change at the 0–100 cm soil layer
The pH value in the 0–100 cm soil layer during 2015–

8.70) was higher than that of other soil layers in the

2018 varied in different periods, as shown in Figure.3.

10–30 cm soil layer, and the pH value increased with

The pH value of BS was the smallest (8.52–8.59),

soil depth in the soil layer below 30 cm. The pH value

increased in EFT (8.60–8.66), decreased in LFT

of SA was high in the 20–30 cm or 30–40 cm soil

(8.55–8.60) and increased again in SA (8.63–8.65).

layers (8.70–8.74), indicating that the mean pH value

The pH value increased with the increase in soil depth

of the entire section decreased with the age compared

in BS and EFT (the variation range was 8.50–8.90 and

between years.

8.50–8.70, respectively). The pH value of LFT (8.64–

Figure 4: Changes of pH value in the 0–100 cm soil profile in 2015–2018
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3.4 Characteristics of soil anion distribution

3.4.3 SO42− distribution: Figure.4(a3), (b3) and (c3)

3.4.1 HCO3− distribution: HCO3– distribution in the 0–

show the SO42− content in the 0–100 cm soil layer from

100 cm soil layer from 2015 to 2018 is shown in

2015 to 2018. In general, sulphates were significantly

Figure.5 (a1), (b1) and (c1). The HCO3– content of BS

affected by water movement because they were easily

was relatively evenly distributed in the 0–100 cm soil

soluble in water. The SO42– content of BS increased with

layer. The HCO3– content of EFT accumulated in the

soil depth (0.164–0.528 g·kg-1). The SO42– content of

50–80 cm soil layer (0.457–0.505 g·kg-1). Meanwhile,

EFT accumulated in the 10–30 (0.504–0.696 g·kg-1) and

that of LFT was high and concentrated (0.366–0.583

50–60 cm (0.504–0.552 g·kg-1) soil layers. The SO42–

g·kg-1) in the 0–30 cm soil layer, and that of SA

content of LFT accumulated in the 20–40 (0.399–0.648

accumulated in the 20–60 cm soil layer (0.406–0.518

g·kg-1) and 80–100 cm (0.528–0.580 g·kg-1) soil layers.

g·kg-1). A comparison amongst the three years showed

The SO42– content of SA accumulated in the 0–20 cm

that the HCO3– content was the highest in the 0–100 cm

soil layer (0.336–0.528 g·kg-1). The SO42– content in the

soil layer in 2016-2017 during the sowing period. It was

0–100 cm soil layer decreased every year.

the highest among three years that the

HCO3–

content of

LFT in the 0-100 cm soil layer in 2017-2018 and so did
SA. All were due to HCO3– easily dissolved in water
and migrates with water movement. The varying
precipitation distribution from September to April of the
next year leads to different contents in the 0–100 cm
soil layer. This difference was due to the different
precipitation distribution (Table 1) in each experimental
period.
3.4.2 Cl− distribution: Cl– distribution in the 0–100 cm
soil layer from 2015 to 2018 is shown in Figure.4 (a2),
(b2) and (c2). The Cl– distribution of each treatment
changes were different in the 0-100cm profile The Cl–
content of BS increased with the increase in soil depth
in the 0–100 cm soil layer. The Cl– content of EFT was
high in the 10–40 (0.319–0.780 g·kg-1) and 80–100 cm
(0.354–0.602 g·kg-1) soil layers. The Cl– content of LFT
increased with soil depth in the 0–100 cm soil layer. The
Cl– content of SA accumulated in the 0–20 cm (0.348–
0.571 g·kg-1) and below 60 cm (0.392–0.460 g·kg-1) soil
layers.
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Figure 5: Distribution of anions in the 0–100 cm soil profile in 2015–2018
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3.4.4 Change in Cl−/SO42− ratio: In this study, 2015-

respectively. Cl– and SO42– were redistributed after the

2016 was selected as the representative year to analyse

freeze–thaw cycle and reached the highest in SA after

–

in the 0–100 cm soil layer

soil thaw. The Cl–/ SO42– ratio of SA was relatively

(Table 3). Cl–/SO42– ratios had significant differences

large in the 40–80 cm soil layer because the increase

(P < 0.05) in the 10–20, 20–30, 50–60 and 60–80 cm

in Cl– amplitude was much higher than that of SO42–

soil layers. Cl–/SO42– ratios of BS, EFT, LFT and SA

when Cl– and SO42– increased in this soil layer.

the changes of Cl /SO4

2–

were 0.61–1.24, 1.24–2.04, 0.81–1.81 and 1.06–2.54,

Soil depth (cm)

BS

EFT

LFT

SA

SD

Sig. (2)

t

0-10

1.24

1.57

1.94

1.06

0.37059

0.820

-0.234

10-20

0.73

1.24

1.67

1.34

0.43090

0.253

-1.206

20-30

0.61

1.57

0.81

1.15

0.51448

0.124

-1.666

30-40

0.61

1.57

1.81

1.15

0.58075

0.674

-0.432

40-50

0.72

1.30

1.30

2.00

0.63293

0.901

-0.128

50-60

1.06

2.04

1.63

2.54

0.67028

0.227

1.279

60-80

0.90

1.86

1.55

2.28

0.59494

0.357

0.961

80-100

1.04

1.79

1.23

1.86

0.42617

0.516

0.671

BS: Before winter wheat sowing EFT: The early of freeze-thaw stage; LFT: The late of freeze-thaw stage; SA: the
salt accumulation period; SD: Standard deviation; Sig. (2): Probability of two–sided test; t: The statistics of the test.
Table 3: Changes of Cl–/SO42– ratio and its difference significance test in different soil layers
3.5 Soil cation distribution characteristics
3.5.1 Ca2+ distribution: Calcium ions could promote

2016 and 2016-2017 in EFT (0.084 and 0.089 g·kg-1,

soil colloid condensation, which was conducive to the

respectively). However, the peak value appeared in the

aggregate formation. These ions could also supply the

LFT period (0.079 g·kg-1) in 2017-2018.

required calcium elements and thus were conducive to
crop growth. Figure.5 (a1), (b1) and (c1) showed the

3.5.2 Mg2+ distribution: Mg2+ distribution in the 0–

Ca2+ content distribution in each period from 2015 to

100 cm soil layer from 2015 to 2018 was shown in

2+

2018. The Ca content of EFT accumulated in the 20–

Figure.5 (a2), (b2) and (c2). The Mg2+ content of BS

30 cm soil layer (0.090–0.150 g·kg-1); that of LFT

accumulated in the 30–40 (0.042–0.066 g·kg-1) and

accumulated in the 20–40 (0.070–0.096 g·kg-1) and

60–100 cm (0.039–0.070 g·kg-1) soil layers. In EFT,

80–100 cm (0.070–0.100 g·kg-1) soil layers; that of SA

deep layers accumulation (0.054–0.100 g·kg-1) in the

accumulated in the 0–20 cm soil layer (0.0800–0.114

soil layer below 50 cm and surface accumulation

g·kg-1). This result showed that the average Ca2+

(0.052–0.121 g·kg-1) in the 0–20 cm soil layer

content in the 0–100 cm soil layer peaked in 2015-

occurred. In LFT, Mg2+ accumulated in the 20–40 cm

International Journal of Plant, Animal and Environmental Sciences

Vol. 10 No. 1 – March 2020

045

Int J Plant Anim Environ Sci 2020; 10 (1): 035-053

soil layer (0.060–0.115 g·kg-1). The average annual

layers. In LFT, surface and deep layer accumulation

varied from year to year in the 0–100

occurred in the 30–40 (0.402–0.483 g·kg-1) and 60–

cm soil layer; in 2017-2018, it reached the peak in SA.

100 cm (0.368–0.498 g·kg-1) soil layers, respectively.

3.5.3 Na+ distribution: Na+ distribution in the 0–100

The surface accumulation of SA occurred in the 0–20

cm soil layer from 2015 to 2018 was shown in

cm soil layer (0.421–0.511 g·kg-1), whereas deep layer

Figure.5 (a3), (b3) and (c3). In EFT, medium

accumulation occurred in the 60–100 cm soil layer

aggregates were found in the 20–40 (0.383–0.575

(0.402–0.434 g·kg-1).

value of Mg

2+

g·kg-1) and 80–100 cm (0.402–0.494 g·kg-1) soil
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Figure 6: Distribution of cations in the 0–100 cm soil profile in 2015–2018

3.6 Changes (water:soil = 5:1) of SAR in the profile:
This study selected 2015-2016 as representative in the

SAR of SA was larger in the 0–10 cm soil layer

SAR analysis of the changes in the 0–100 cm soil

because Ca2+, Mg2+ and Na+ content all increased,

layer (Table 4). SAR had significant differences (P <

amongst which Na+ considerably increased.

0.05) in the 0–10, 10–20, 50–60 and 80–100 cm soil
layers. In the 0–100 cm soil layer, SAR for BS, EFT,
LFT and SA was 8.96–14.75, 10.01–13.61, 8.49–
12.34 and 9.33–13.79 (cmol∙kg-1)0.5, respectively.
Thus, the Ca2+, Mg2+ and Na+ contents of BS were
redistributed in the 0–60 cm soil layer, thereby causing
corresponding changes in SAR. The SAR of EFT was
highest in the 20–30 cm soil layer. The SAR value of
LFT increased with the increase in soil depth in the 0–
40 cm soil layer, decreased and then increased in the
40–50 cm soil layer and decreased again in the 80–100
cm soil layer. The SAR of SA was higher [12.00
(cmol∙kg-1)0.5] in the 0–10 cm soil layer and
significantly lower [9.34 (cmol∙kg-1)0.5] in the 10–30
cm soil layer. Subsequently, the SAR value increased
with the increase in soil depth, reaching the maximum
in the 80–100 cm soil layer [13.79 (cmol∙kg-1)0.5]. The
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Soil depth (cm)

BS

EFT

LFT

SA

SD

Sig.(2)

t

0-10

8.96

10.01

8.49

12.00

1.932

0.053

-2.167

10-20

11.44

12.42

9.01

9.34

2.114

0.041

-2.308

20-30

10.96

13.61

10.83

9.33

1.866

0.885

0.148

30-40

10.62

12.69

12.13

11.70

1.847

0.515

0.673

40-50

12.48

12.34

11.09

11.59

1.488

0.628

-0.498

50-60

14.75

11.22

12.03

12.35

1.999

0.182

1.424

60-80

11.11

10.81

12.34

13.15

2.325

0.526

0.654

80-100

12.17

13.28

11.77

13.79

1.176

0.012

2.994

BS: Before winter wheat sowing EFT: The early of freeze-thaw stage; LFT: The late of freeze-thaw stage; SA: the
salt accumulation period; SD: Standard deviation; Sig. (2): Probability of two–sided test; t: The statistics of the test.

Table 4: Changes of SAR and its difference significance test in different soil layers in 2015-2016

4. Discussion
4.1 Effect of the freeze–thaw cycle on water

goes up and down at the same time. The unmelted soil

movement

layer in the middle blocks water and salt infiltration.

After a freeze–thaw cycle, the soil structure changes

Some of the soil water remaining in the upper layer

greatly due to the mechanical breaking of coarse

moves to the surface layer under evaporation, whilst

particles and the aggregation of fine particles. In

some continues to infiltrate with the melting soil layer.

addition, soil particles condense and crystallise.

In the LFT stage, the 60–80 cm soil layer was taken as

Changing the particle size composition of mineral

the boundary. The water content increased with soil

particles and structure in the soil strengthens particle

depth in the 0–60 cm soil layer, whereas the water

adhesion and improves soil aggregate stability (Zhang

content in the soil layer below 80 cm increased

et al., 2016). During the destruction–reconstruction

compared with that in the 60–80 cm soil layer. The

process, the pore water migrates from the warm end to

lower water content was due to the continued

the cold end under the driving of mass (Jambhekar et

infiltration of water in the 60–80 cm soil layer, and the

al., 2015), momentum and energy exchange of soil

water above the 60 cm soil layer was not added in time

and accumulates in the freezing front (Gray et al.,

because it was blocked by the unmelted soil layer. Soil

1986). Under the conditions of this study, soil

water and salt movement were continuous and

moisture migrates from the deep warm end to the cold

dynamic. However, the water and salt distribution

surface in the EFT period. Accordingly, the spatial

obtained by sampling was static in this study, that was,

distribution of water shows a trend of large at both

only a fragment of water and salt movement under

ends and small in the middle in the soil profile, that is,

freezing–thawing conditions was intercepted. These

the 30–40 cm soil layer is divided and distributed up

soil layers were the middle layer of water conveyance,

and down diversely. As temperatures rise, the thawing

that was, 30–40 cm soil layer in the early stage of
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freezing and 60–80cm soil layer in the late stage of

with soil depth. During the spring SA period, Cl-,

freezing. The water content of the soil layer is lower

SO42-, Ca2+ and Mg2+ all accumulate in the 0–20 cm

than that of the adjacent upper and lower layers

soil layer, leading to the increase in soil EC in these

because the water transported upwards or to the lower

layers. However, in terms of the entire soil layer, EC

layer has been exported, whereas the water supplied

decreases due to the increase in the dispersion degree

from the deep layer or from the upper layer is not yet

of soil and the decrease in hydraulic conductivity with

in place. During the spring SA period, water was

the increase in SAR (Yadav et al., 1981).

released into the atmosphere in the 0–20 cm soil layer,
which was significantly lower than that below 20 cm

Stählia and Stadlerb (1997) found that soil salt

soil layer. At this time, winter wheat roots were mostly

undergoes freezing-induced redistribution. Firstly, the

concentrated in this soil layer, and spring irrigation

salt flows from the warm end to the cold end through

should be implemented in time in accordance with the

convection. Secondly, the diffusion direction of salt is

precipitation situation.

opposite to the development of concentration gradient.
On the contrary, during the freeze–thaw process, salt

4.2 Effect of the freeze–thaw cycle on salt ion

moves vertically with water from surface to deep layer

migration

or vice versa (Gray et al., 1986). However, the

Salt movement during the freeze–thaw cycle in soil

migration process of each ion was restricted by its

was complicated. Such movement is affected by soil

solubility, temperature, channel connectivity and

type, initial water content and salt content and type

continuity (Fu et al., 2016). Cl- solubility was not

(Zhang et al., 2005). Especially under field conditions,

affected by temperature; thus, it migrated to the cold

many influencing factors were considered (Li et al.,

end with water. The location of the lowest Cl- content

2007). Increased salt content decreased thermal

was in the 40–60 cm soil layer, which was determined

conductivity (Nidal et al., 2000). Soil conductivity

by the largest frozen soil layer (61 cm) in the history

(EC) was directly related to these factors, that was,

of this region. The content of SO42- increases further

soil moisture content and the amount of dissolved salt

when it was near the cold end layer. In the EFT stage,

in the soil. During the freezing process of soil, salt ion

the cooling property of SO42- causes surface

crystals reduce liquid water content and soil porosity,

accumulation in the 10–30 cm soil layer. In the LFT

resulting in an upward pore blockage (Zhang et al.,

period, the migration of SO42- showed a distribution

2005). Under the conditions of this study, salt ions

trend of large at both ends and small in the middle,

-

(except HCO3 ) accumulate above the 40 cm soil layer

that was, SO42- accumulates in the top (20-40 cm) and

in the EFT stage, leading to the maximum soil EC

deep layer (below 80 cm) layers. Cl- and SO42-

appearing in the 20–30 cm soil layer. In the LFT

migration leads to a chain change in the Cl-/SO42-

period, all ions accumulate above the 40 cm or below

ratio. In the EFT stage, the maximum ratio of Cl-/SO42-

the 60 cm soil layers. These comprehensive factors

is in the 50–60 cm soil layer, whereas in the LFT

cause an inconsistency between the soil EC and the

stage, it is in the 30–40 cm soil layer.

previous aggregation results in the surface layer
(Wang et al., 2009); however, these factors increased
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In the EFT, SA and LFT periods, Na+ showed a trend

layer boundary and shows a trend in which two ends

of large and small at both ends, that was, surface and

are big, and the middle is small. In the LFT stage, soil

deep layer accumulation coexist. In the EFT and LFT

water content increases with soil depth in the 0–60 cm

stages, Mg2+ shows a trend of large at both ends and

soil layer; water content increases in the soil layer

2+

below 80 cm; and soil moisture content is lowest in

small in the middle. In the EFT stage, Mg

accumulates at the surface (0–20 cm and below 60 cm

the 60–80 cm soil layer.

soil layers). In the LFT stage, Mg2+ accumulates in the
cm

(2) In the EFT stage, SO42-, Cl-, Mg2+ and Na+

simultaneously. Soil calcium content was an important

accumulate and coexist in the surface and deep layers;

parameter to evaluate soil properties (Yadav et al.,

HCO3- accumulates in the 50–80 cm soil layer; and

soil

layer

below

cm and

at

30–40

and

Ca2+ accumulates in the 20–30 cm soil layer. In the

accumulates in the 20–30 cm soil layer in the EFT

LFT period, SO42-, Ca2+, Mg2+ and Na+ all show a

period. In the LFT stage, surface and deep layer

trend in which two ends are big, and the middle is

accumulation occur in the 10–40 and 80–100 cm soil

small; Cl- accumulates in the soil layer below 60 cm,

layers, respectively. The sodium absorption ratio of

whereas HCO3- accumulates in the 0–30 cm soil layer.

1981).

Ca2+

80

moved

upward

with

water

soil was also considered to be an important chemical
characteristic (Moasheri et al., 2013), and it was a

(3) During the accumulation period in Spring, the

good

management,

moisture in the 0-20 cm soil layer was significantly

particularly in quantifying the amount of amendments

lower than that in other soil layers. At the same time,

(Zia et al., 2006). During the SA period, SAR

various ions are concentrated in 0-20 cm soil layer.

decreased significantly (9.34) in the 10–30 cm soil

Therefore,

layer, and then the SAR increased with the increase in

conducted to alleviate the dual stress of drought and

soil depth, reaching the maximum in the 80–100 cm

salt on crops.

indicator

for

practical

soil

spring

irrigation

should

be

timely

soil layer (13.79). Water and salt redistribution were
beneficial to soil desalination in saline soil under the

In addition, soil water and salt movement are

infiltration of salt in ice-melted water. This finding

continuous and dynamic. This study used samples

was consistent with the research results of Li et al.

during critical periods to obtain the characteristic data

(2008). However, sodium could potentially cause soil

of water and salt movement under freeze–thaw

structure deterioration and water infiltration problems

conditions.

(Abdulwahed et al., 2016). Therefore, there should

movement law of water and salt under freeze–thaw

take some measure to reduce surface SA damage

conditions must be conducted.

Further

studies

on

the

continuous

during the accumulation period in spring.
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