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Long periods of surface water irrigation and water and salt movement have slow and
continuous influence on the evolution of sail salinization in a closed hydrogeological unit of
arid irrigation areas. It is of more application value to study the evolution process of soil
salinization from the perspective of regional medium and long terms in the regional scale for
the sustainable development of irrigated areas. In this study, the spatial-temporal evolution
of sail salinization and dominant factors for soil salination, and the relationship between soil
salination and the groundwater buried depth were studied through spatial interpolation and
statistical analysis with long-time observed data of a closed hydrogeological unit in the
Jingtaichuan Electric-Lifting Irrigation Area in Gansu Province, China. The results showed
that from 2001 to 2016, the soil salt content, the groundwater mineralization, and the surface
irrigated water amount in the study area enhanced slowly, while the groundwater buried
depth decreased; the salinization degree in the study area was increasing slowly; there was
a positive correlation between the soil salt content and the groundwater mineralization, while
a negative correlation existed between the soil salt content and either the surface irrigated
water amount or the groundwater buried depth; the groundwater buried depth had the
strongest impact on the spatial distribution of the soil salt content; the increase rate of the soil
salt content lowered as the groundwater buried depth increased, which met the logarithmic
relationship; soil salination was actively developed in regions with a low groundwater buried
depth below 2.5m, and soil salinization became evident in regions with a groundwater
buried depth below 5m; 15.0 m was a critical groundwater buried depth that caused the
increase or the decrease in the soil salt content. The research results provide a new way to
predict the development trend of soil salinization in the medium and long terms and provide a
theoretical basis for the development of salinization prevention and control measures in
irrigated areas, which is of great significance to maintaining a harmonious soil and water
environment in irrigated areas.

Keywords: soil salination, soil salt content, groundwater buried depth, groundwater mineralization, irrigation water
amount
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INTRODUCTION

Affected by global climate change and human activities, soil
salination is one of the main problems hindering the
sustainable development of agriculture in irrigation areas
nowadays (Wang et al.,, 2012; Cassel et al, 2015; Bless et al,
2018; Su et al,, 2020; Chen et al., 2021). In arid and semiarid
irrigation areas in particular, little rainfall and strong evaporation,
high groundwater mineralization, and long-term poor irrigation
cause the decrease in the groundwater buried depth and the
continuous development of soil salination, which becomes the
main factor limiting crop growth (Khan et al., 2005; Wang et al,,
2018; Zhang et al, 2019). According to statistics, the global
saline-alkaline soil area is about 830 million hm? and it is
still in a growing trend (Letey et al., 2011; Bless et al., 2018).
Salination poses a major threat to the sustainable utilization of
land resources and agricultural production; meanwhile, it causes
continuous deterioration of the regional ecological environment
(Bouksila et al., 2013; Ren et al., 2019; Semendyaeva et al., 2019).
The long-term monitoring of soil salination is of great
significance for agricultural development and the improvement
of water and the soil environment in irrigation areas. For closed
hydrogeological units in arid areas, the spatial and temporal
distribution of regional water and salt elements varies slowly
due to the specific long-term hydrological cycles and soil water
and salt differentiation processes, during which groundwater
plays an extremely important role (Wu et al., 2014; Haj-Amor
etal.,, 2017; Nieetal., 2021). To understand in time the spatial and
temporal distribution characteristics of regional soil water and
salt elements, analyzing the impact of the groundwater buried
depth on the soil salt content and identifying the development of
soil salination can provide an important scientific basis for
regional soil salinization control.

Scholars have conducted many research studies and achieved
many research results on the relationship between soil moisture
and salinity (Zhao et al., 2020; Zhao T. et al., 2021). It mainly
includes the movement of water and salt in different irrigation
modes (Li et al., 2019), the movement process of water and salt in
different irrigation systems (Zeng et al., 2014; Ning et al., 2021),
and numerical simulation analysis of the movement of water and
salt in the soil during the irrigation cycle (Lu et al., 2019). These
achievements have basically clarified the law and characteristics
of water and salt migration in the soil at the microscale and field
scale. The distribution of soil water and salt is highly spatially
variable, and the spatial-temporal evolution of regional soil water
and salt is more complex (Zalibekov et al., 2010; Yang et al,
2011). Limited by the number of sampling sites, it is usually
difficult to represent regional or long-term soil salt characteristics.
Scholars often use geostatistical methods to study the spatial and
temporal distribution of regional soil water and salt elements and
soil salinization evolution, and many achievements have been
made in terms of explaining and predicting the change of soil salt
and analyzing soil salination risks (Yu et al., 2013; Xu et al., 2019;
Shaddad et al., 2020). However, there are also disadvantages, such
as poor universality, poor time effectiveness, and low accuracy
(Lobell et al., 2010; Guo et al., 2018; Wang B. et al., 2021). In
particular, the study on the evolution process of soil water and salt
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elements at the regional scale and long-time cycle needs to be
further strengthened.

The formation and evolution of soil salination in irrigation
areas are affected by natural conditions, such as terrains, climate,
and hydrological conditions. Human activities like land farming,
irrigation, and drainage aggravate the development of soil
salination (Kaman et al., 2017; Mastrocicco et al., 2020). Most
of the studies on influencing factors for soil salination are
qualitative; there is a positive correlation between the soil salt
content and the groundwater mineralization, and a negative
correlation exists between the groundwater buried depth and
either the soil salt content or the groundwater mineralization
(Seeboonruang, 2013; Ren et al., 2019). But the correlation may
change under different soil depths, regions, or scales, so there are
few quantitative studies on the relationship between soil
salinization and groundwater depth. The groundwater buried
depth and the groundwater mineralization are the key factors for
soil salt accumulation. At the same soil depth, the soil salt content
decreases as the groundwater buried depth increases, and the
quantitative relationship between them is complicated (Zhou and
Li, 2013; Wang G. et al., 2020; Liu et al., 2020; Li et al., 2021). It is
complicated to influence soil salinization by controlling the
groundwater buried depth because crops, the soil matrix,
climate, and other factors must be considered at the same
time. Scholars have obtained different critical groundwater
buried depths (Fan et al., 2011; Zhou and Li, 2013), but
further study on the regional scale is needed.

Studies on the relationship between soil water and soil salt
mostly focus on changes in terms of soil water, the groundwater
buried depth, and the soil salt content during the growth cycle of
field-scale crops, but these studies fail to take the effect of the
dynamic change of the groundwater buried depth and the
groundwater mineralization on regional or long-term soil
salination into full consideration. Few studies have analyzed
the changed rules and the relationship between the soil salt
content and the groundwater buried depth or the groundwater
mineralization with large-scale data (Du et al, 2010; Zhao X.
et al, 2021; Ma et al.,, 2021; Miao et al., 2022). In this study, the
spatial and temporal distribution characteristics and dominant
factors for soil salination and the relationship between soil
salination and the groundwater buried depth were studied
through spatial interpolation, statistical analysis, and
regression analysis with the long-time observed data of a
closed hydrogeological unit in the Jingtaichuan Electric-Lifting
Irrigation Area in Gansu Province, China, so as to provide a
theoretical basis for soil salinization control and sustainable
development in arid and semiarid irrigation areas.

MATERIALS AND METHODS

Overview of the Study Area

Jingtaichuan Electric-Lifting Irrigation Area (Phase I) is located in
the central part of Jingtai County, Gansu Province, China (between
103°20'~104°04'E and 37°26’~38°41'N). Surrounded by Laohu
Mountain in the southwest, Qingshidong Mountain in the
northwest, Machang Mountain in the southeast, and Mijia
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FIGURE 1 | Geographical location diagrams of the study area.
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Mountain in the east, the area terrain of low mountains and hills
slopes from west to east with three intermontane basins, that is,
Caowotan Basin, Luyang Basin, and Xingquan Basin. Agricultural
production in the area relies on water lifting irrigation from the
Yellow River. Affected by the arid climate, the low-lying closed
terrain, poor irrigation, and drainage, soil salination shows a
continuously increasing trend. In 2015, the total area of the
saline-alkaline land distributed in the closed hydrogeological
units in the irrigation area was 4,500 hm?, accounting for 21.75%
of the total area of cultivated land. The study area, located in the
eastern part of the irrigation area, is a closed hydrogeological unit
consisting of three intermontane basins: Caowotan Basin, Luyang
Basin, and Xingquan Basin. The terrain is high in the northwest and
low in the southeast with a slope of 1/50-1/200. The study area is
about 32 km long from south to north, 20 km wide from east to
west, covering an area of about 32,000 hm® The geographical
location of the study area is shown in Figure 1.

The study area has a typical temperate continental climate
with little rainfall and strong evaporation (Li J. et al., 2020). The
annual average precipitation is 185.7 mm, and the annual average
evaporation is 2,433.7 mm, with most precipitation during June-
September. The annual sunshine duration is 2,714 h, the frost-
free season lasts for 190 days, and the annual average temperature
is 8.5°C, with a large temperature difference of (37.3°C ~ -27.3°C)
between summer and winter. The soil surface in the study area is
cracked and porous with strong decomposition of organic matter.
The soluble salt in the soil matrix is prone to be transported to the
surface and is accumulated on the surface due to the strong
evaporation, which forms surface salt accumulation and
saline-alkaline soil.

Data Acquisition
The main influencing factors for the soil salt content in the study
area which reflects the degree of soil salinization include the

groundwater buried depth, the groundwater mineralization, and
the surface irrigated water amount. The monitoring data of the
soil salt content, the groundwater mineralization, the
groundwater buried depth, and the surface irrigated water
amount from different spatial points in 2001, 2006, 2011, and
2016 were selected. The sampling sites were scattered in the study
area, and different types of land were selected for collection and
monitoring to ensure the representation of distribution
characteristics of water and salt in the study area. Figure 2
shows the distribution of each monitoring point.

The data in 2001 and 2006 were derived from the Jingtaichuan
Electric-Lifting Irrigation Area Authority of Gansu Province,
including the Technical Design Report for Jingtaichuan
Electric-Lifting Irrigation Project Phase I (1971), Land Survey
Report for Jingtaichuan Electric-Lifting Irrigation Area
(1971-2016), Report on Wasteland Resources and the
Exploitation and Utilization in Jingtai County of Gansu
Province (1971-2016), Statistics of Water Consumption in
Water Diversion for Jingtaichuan Electric-Lifting Irrigation
Project Phase I (1972-2016), and Hexi Corridor
Hydrogeological Survey/Census Report (2015). The data in
2011 and 2016 were collected by the research group in mid-
October. Soil salt content: soil samples at 0-20 cm, 20-40 cm,
40-60 cm, 60-80 cm, and 80-100 cm below the ground were
collected by soil drill. After natural air drying, the soil samples
were selected with a 2-mm sieve, and then the solution with a soil-
to-water mass ratio of 1:5 was prepared according to the soil layer.
After ultrasonic treatment, oscillation, centrifugation, and
filtration, the filtrate was extracted as the sample. The soluble
ion content of the filtrate was tested using an ion chromatograph.
The ion content of each soil layer was superposing to obtain the
soil salt content of 0-100 cm soil layers which was required for the
study. Groundwater mineralization: Groundwater samples were
extracted from the sampling sites of the groundwater monitoring
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FIGURE 2 | Distribution map of interpolation points of each element [(A) soil salt content; (B) groundwater mineralization; (C) groundwater buried depth; (D) surface

level of the groundwater monitoring well in the irrigation area,

wells in the study area. After ultrasonic treatment, centrifugation,
and filtration, the groundwater samples were extracted, and the

mineralization was tested using an ion chromatograph.
Electric-Lifting

depth:

The

Groundwater Jingtaichuan
Irrigation Area Authority takes monthly records of the water

and the annual average groundwater buried depth was used in

this study. Surface irrigated water amount: The surface irrigated
water amount was obtained from the measurement equipment at
the canal head of each branch canal in the irrigation area. In order
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TABLE 1 | Characteristic values of monitoring data of water and salt elements from 2001 to 2016.

Index Unit 2001 2006
MAX MIN AVG MAX MIN AVG
Soil salt content % 2.595 0.058 1127 2.738 0.057 1.193
Groundwater buried depth m 26.98 2.71 12.83 26.53 1.42 124
Groundwater mineralization g/l 6.896 1.643 3.256 7.296 1.655 3.398
Surface irrigated water amount (entrance of the lateral canal) 10* m® 1241.12 98.30 672.63 1417.02 112.24 767.95
Index Unit 2011 2016
MAX MIN AVG MAX MIN AVG
Soil salt content % 2.982 0.057 1.295 3.292 0.056 1.435
Groundwater buried depth m 26.35 0.56 11.96 26.02 0.16 11.26
Groundwater mineralization g/L 7.76 1.626 3.706 8.366 1.564 4.126
Surface irrigated water amount (entrance of the lateral canal) 10%m® 1536.55 121.70 832.73 1618.52 128.20 877.16
TABLE 2 | Evaluation table of interpolation accuracy for different spatial interpolation methods.
Spatial interpolation methods Index Interpolation accuracy (%) Kappa value
Inverse distance weight method Soil salt content 69.00 0.6528
Groundwater buried depth 67.00 0.6233
Groundwater mineralization 64.00 0.5860
Surface irrigated water amount 66.00 0.6189
Spline function method Soil salt content / /
Groundwater buried depth 68.00 0.6385
Groundwater mineralization / /
Surface irrigated water amount 69.00 0.6846
Kriging method Soil salt content 74.00 0.7016
Groundwater buried depth 72.00 0.6683
Groundwater mineralization 68.00 0.6456
Surface irrigated water amount 71.00 0.6911

Note: /" means that there is a negative value in the interpolation process, which is obviously not consistent with the actual situation.

to facilitate the interpolation and ensure accuracy, 10 points were
evenly selected on each branch canal, and the water amount of
each point was 1/10 of the surface irrigated water amount of the
canal head. Table 1 shows the characteristic values of monitoring
data of water and salt elements.

Research Methods
The study of the spatial and temporal distribution of soil water
and salt elements in the irrigation area required the continuously
changing spatial distribution of various regional soil water and
salt elements. It was impossible to collect detailed data on
countless points in the study area by field measurement. The
collected points were arranged irregularly; thus, appropriate
spatial interpolation method was necessary to calculate the
values of other unknown points according to the values of the
existing points. The inverse distance weight method, spline
function method, and the Kriging method are common spatial
interpolation methods. The interpolation accuracy of different
spatial interpolation methods has been compared. According to
Table 2, the Kriging interpolation method has a high precision
difference and can simultaneously take into account the soil salt
content, groundwater mineralization, groundwater buried depth,
and other indicators.

Kriging interpolation performs optimal unbiased estimations
of unknown attribute points by means of finite variable variation
features, which has a strong spatial trend effect (Huang et al,

2016). The characteristic attribute quantity of the unknown point
Z is obtained by the weighted sum of the attribute quantity of its
neighboring known feature points, and the weight certainty rule is
obtained according to the spatial variation characteristics of the
variable:

Q(z0) = Y MQ(z),
= (1)

n

ZA,‘ = 1,

i=1

where Q(zp) is the characteristic attribute values of predicted
points in a particular region; Q(z;) is the attribute value of the
reference point of the nearest neighbor feature around the
predicted point; and A; is the key part of the algorithm, that is,
the weight to be estimated.

The interpolation results of the soil water and salt elements
were evaluated by cross-validation to evaluate their accuracy. The
accuracy of the interpolation results was evaluated through MAE
(mean absolute error), MRE (mean relative error), and RMSE
(root mean squared error). The fitting degree of the regression
results was evaluated by R? (coefficient of determination). The
closer MAE, MRE, and RMSE were to 0, the higher the accuracy
of the interpolation results would be. The closer R* was to 1, the
better the model (function) could capture the change of the
measured values. The water and salt elements were analyzed
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TABLE 3 | Analysis table of interpolation accuracy of different water and salt
elements.

Index Unit MAE MRE RMSE
Soil salt content % 0.102 0.023 0.028
Groundwater mineralization g/L 0.256 0.046 0.055
Surface irrigated water amount 10* m® 0.531 0.054 0.061
Groundwater buried depth m 0.362 0.035 0.047

by SPSS and R, and the relationship between the soil salt content
and the groundwater buried depth was fitted by Origin.

1n

MAE:*Z|Pei_Pai|’ (2)
ni3
1 < Pei_Pai

MRE =—- ) |———|, 3
) e 3)

i=1

1 n
RMSE = 1|- ) (P, — P.)?, 4
\/n;< ) )

2
2.00-9)6.-7)]
R =_- S (5)
Y=y XL (i-7)
where P,; is the interpolation result of the No. i monitoring point;
P,; is the attribute value of the No. i monitoring point; # is the
number of the monitoring points; y; is the measured value of the
No. i monitoring point; y is the average value of the measured
values; J; is the predicted value of the No. i monitoring point; and
¥ is the average value of the predicted values.

RESULTS AND ANALYSIS

Distribution Characteristics of Water and

Salt Elements of Soil Salinization
Cross-Validation of the Interpolation Accuracy
Considering the point and the application of spatial interpolation
of water and salt elements in the study area, the interpolation was
performed with the data in 2016, and cross-validation of the
interpolation results was conducted. The analysis results of
interpolation error are shown in Table 3. The MAE, MRE,
and RMSE of the interpolation results of water and salt
elements in the 4years were low, and the accuracy of the
interpolation results met the research requirements. Therefore,
the Kriging interpolation can be used for data processing and
study on the development trend of regional soil salinization.

Distribution of Water and Salt Elements
The spatial interpolation of water and salt elements in 2001, 2006,
2011, and 2016 was conducted, respectively, and the spatial
interpolation diagrams of the soil salt content, the
groundwater mineralization, the groundwater buried depth,
and the surface irrigated water amount in the study area were
obtained as shown in Figure 3.

According to Figure 3A, on the spatial distribution, a large
area mainly in the southwest, northwest, and central regions of

Hydrogeological Unit in Irrigation Area

the study area had a soil salt content less than 1.5%. The soil salt
content increased from southwest to northeast, and regions of a
soil salt content greater than 1.5%, especially greater than 2.5%,
expanded to the surrounding areas. From 2001 to 2016, the soil
salt content in the southwest regions was less than 0.5%; the
western regions with a low soil salt content did not change
significantly in area, but these areas’ soil salt contents
decreased; by extracting the eigenvalues of each year, it was
found that the minimum soil salt content lowered from
0.051% in 2001 to 0.043% in 2016, which showed a slightly
desalting trend; the soil salt content in the central part of the
northeast regions increased and exceeded 3.0% in 2016; the area
with a high soil salt content increased year by year; the soil salt
gradually concentrated in the central part of the northeast regions
over time which was in a state of salt accumulation; the average
value of the soil salt content increased from 0.972 to 1.205%.
There is a large amount of surface water irrigation in the
southwest, irrigation water has a certain leaching effect on soil
salt, and part of soil salt infiltrates into groundwater. Affected by
topography, groundwater continues to move toward the
northeast, and salt accumulates in the region along with the
movement of groundwater. In addition, the shallow depth of
groundwater causes salt migration to the soil, leading to the
desalting trend in the southwest and salt accumulation in the
northeast of the study area. This process also indicates that the
change of soil salinity is driven by water movement in soil and
groundwater.

According to Figure 3B, in the spatial distribution, the
groundwater mineralization in the study area increased from
west to east, and it was low in the central and western regions,
while high in the southeast and northeast regions. The northeast
and southeast regions with groundwater mineralization over 6 g/
L expanded to the surrounding areas. From 2001 to 2016, the area
with groundwater mineralization of 1-3g/L remained
unchanged; the minimum degree of groundwater
mineralization kept changing, and it showed a trend of
increasing  first and then decreasing; groundwater
mineralization in the north and southeast regions continued to
intensify and gradually expanded from the central part to the
surrounding areas; influenced by closed hydrogeological units,
groundwater in southwest moves to the east as a whole, and the
migration rate of salt with groundwater movement is faster than
that of soil salt in this area, so the groundwater mineralization in
the southwest has a decreasing trend. As the groundwater moves
to the north and southeast, salt is enriched with the stay of
groundwater due to poor drainage channels in the irrigated area.
The groundwater with high salinity is stored here, and the
groundwater mineralization has an increasing trend. By
extracting the eigenvalues of each year, it was found that the
groundwater mineralization in both the north regions with
groundwater mineralization of 4-6g/L and the southeast
regions with groundwater mineralization of 5-7 g/L increased
by 2-3g/L, and the maximum degree of groundwater
mineralization increased from 6.876g/L to 8.327 g/L; the
average degree of groundwater mineralization increased from
3.913 g/L to 5.213 g/L over time.
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buried depth (unit: m); (D) surface irrigated water amount (unit: 10% m3)
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TABLE 4 | Proportion of soil area with different degrees of salinization from 2001 to 2016 (unit: %).

Year Non-alkali soil Saline-alkaline soil Mild saline-alkaline

soil
2001 26.028 41.403 32.569
2006 26.142 38.067 35.791
2011 26.242 35.179 38.579
2016 26.212 33.212 39.395

According to Figure 3C, in the spatial distribution, the
groundwater buried depth in the study area decreased from
west to east, and it was above 25m in the southwest regions,
while below 5m in the eastern regions. By extracting the
eigenvalues of each year, it was found that from 2001 to 2016,
the northeast regions with a groundwater buried depth of 0-5m
constantly shifted to the southwest, with the minimum
groundwater buried depth decreasing from 2.541 m in 2001 to
0.163m in 2016; for the central regions with a groundwater
buried depth of 5-20 m, the depth decreased by different degrees;
for the western regions with a groundwater buried depth over
20 m, the depth decreased significantly between 2001 and 2011,
and it tended to be stable thereafter with the maximum
groundwater depth decreasing from 26.904 to 25.874 m; the
average groundwater depth decreased from 8.783 to 7.565m
over time.

According to Figure 3D, the surface irrigated water amount in
the study area spread along the branches to their two flanks in
strips, and the surface irrigated water mostly concentrated in the
southwest and northwest regions. From 2001 to 2016, the surface
irrigated water amount in the southwest and northwest regions
constantly increased with the maximum surface irrigated water
amount increasing from 1,275,410 m?® in 2001 to 1,663,230 m3;
regions with a surface irrigated water amount above 1 million m*
slowly expanded to the central part as the surface irrigated water
amount increased; the eastern regions with a surface irrigated
water amount below 600,000 m® constantly decreased with the
minimum surface irrigated water amount increasing from
76,470 m®> to 100,020 m* the south regions with a surface
irrigated water amount of 0.8-1 million m® increased
significantly and expanded to the surrounding areas; the
average surface irrigated water amount constantly increased
from 644,370 m® to 853,350 m® over time.

Distribution of Soil Salinization

Some scholars take the actual situation into consideration and
divide the saline-alkaline soil into six categories (Wang, 2017):
non-alkali soil (soil salt content less than 0.4%), saline-alkaline
soil (soil salt content of 0.4-1.5%), mild saline-alkaline soil (soil
salt content of 1.5-3.0%), medium saline-alkaline soil (soil salt
content of 3.0-6.0%), heavy saline-alkaline soil (soil salt
content of 6.0-12.0%), and extra-heavy saline-alkaline soil
(soil salt content greater than 12.0%). According to the
aforementioned classification standards for saline soil,
samples of different types of saline soil in the study area in
each year were extracted, and the area proportions and
distributions were obtained, as shown in Table 4; Figure 4.

Medium saline-alkaline

Heavy saline-alkaline Extra-heavy saline-alkaline

soil soil soil
0 0 0
0 0 0
0 0 0
1.181 0 0

From 2001 to 2016, the area of non-alkali soil remained
unchanged, which was about 26%; the area of saline-alkaline
soil decreased by 8.191%, the area of mild saline-alkaline soil
continued to expand to the surrounding areas and increased
from 32.569 to 39.395%; the area of medium saline-alkaline soil
which appeared in the central area of the northeast regions in
2016 accounted for 1.181% of the total study area. Although the
area of soil salinization in the study area did not expand, the
degree of soil salinization aggravated from the central part to
the periphery over time.

Dominant Factors of Soil Salinization

With point contrast, the data of water and salt elements at 33 test
points evenly distributed in the study area in 2001, 2006, 2011,
and 2016 were obtained on the interpolation results, and the
Pearson coefficient, the Spearman coefficient, and the Kendall
coefficient were calculated, respectively, as shown in Figure 5.
There was a positive correlation between the soil salt content and
the groundwater mineralization, and a negative correlation
existed between the soil salt content and either the surface
irrigated water amount or the groundwater buried depth. In
particular, there was a significant negative correlation between
the soil salt content and the groundwater buried depth, with a
Pearson coefficient of —0.798, a Spearman coefficient of —0.855,
and a Kendall coefficient of —0.700 (p < 0.01). There was a
significant negative correlation between the groundwater buried
depth and the groundwater mineralization, with a Pearson
coefficient of —0.702, the Kendall coefficient of —0.622, and the
Spearman coefficient of —0.807; there was a weak correlation
between the soil salt content and other factors. Therefore, the
groundwater buried depth was the dominant factor for the
regional soil salination.

Relationship Between the Soil Salt Content

and the Groundwater Buried Depth

Affected by the topographic and geological conditions, long-
term artificial irrigation, and water and salt transport, the
unique distribution and increased rules for the soil salt
content of hydrogeological developed. The
correlation analysis showed that there was a significant
correlation between the soil salt content and the groundwater
buried depth. To find out the specific relationship between the
increased rate of the soil salt content and the groundwater
buried depth was of great significance to predict the evolution of
soil salination in the future study area. Data of the soil salt
content and the corresponding groundwater buried depth at 33

unit were
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FIGURE 4 | Spatial distribution of saline-alkaline soil in different years [(A) 2001; (B) 2006; (C) 2011; (D) 2016].
test points in 2001, 2006, 2011, and 2016 were extracted and Ten-year interval:
fitted, and it was found that there was a logarithmic negative |
correlation between the increased rate of the soil salt content in y = =7.2341n(x) +20.166. )
different intervals of years and the CCC Figure 6. EqFormulas Fifteen-year interval:
6ormulas -Formulas 8 were used for the specific function
relationships. y =-10.05In(x) +28.48, (8)
Five-year interval:

y = —3.6721n(x) + 10.187. (6)

where y is the increase rate of the soil salt content indicated by %; x was
the average groundwater depth in the current year, and its unit is m.
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FIGURE 6 | Relationship between the increase rate of the soil salt
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yeas interval; (B) ten years interval; (C) fifteen years interval].

To verify the relationship between the increase rate of the soil
salt content and the groundwater buried depth obtained by fitting,
the values of groundwater buried depths at the measured points in
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TABLE 5 | Error analysis table of the relationship between increase rate of the soil salt content and the groundwater buried depth.

Interval Formulas Base year

of years (years)

5 y = =3.672In(x)+10.187 2001
2006
2011

10 y = =7.234In(x)+20.166 2001
2006

15 y = —10.05In(x)+28.48 2001

the study area were substituted into Formulas 6ormulas
-Formulas 8 to obtain the increase rates of the soil salt
contents at the measured points, which were then compared
with the increasing rates of the soil salt contents of the
corresponding periods. MAE, MRE, RMSE, and R® were
calculated, respectively, as shown in Table 5. The results
showed that R* was above 0.8 by calculating the increase rate of
the soil salt content by the formula obtained by fitting, suggesting a
reasonable relationship between the increase rate of the soil salt
content and the groundwater buried depth. If the groundwater
buried depth in the future study area is known, the increase rate of
the soil salt content can be obtained by formula, which can then be
used to estimate the future soil salt content in different intervals of
years so as to realize the prediction of soil salinization.

DISCUSSION

Impact of Water Distribution on Soil

Salination
Accurate results were obtained on the spatial distribution of
regional water and salt elements through the Kriging
interpolation, which showed that the Kriging interpolation
could well predict the distribution of regional soil water and salt
elements (Fu et al,, 2021). The salinization degree in the study area
was low, and the salinization regions were mainly saline-alkaline
soil and mild saline-alkaline soil with saline-alkaline soil evolving
to mild saline-alkaline soil, which showed a ladder-like increase
trend from southwest to northeast. This is consistent with the
previous research conclusions in the irrigation area based on the
cloud theory and remote sensing interpretation (Xu et al., 2017).
The spatial distribution of the soil salt content in the irrigation area
was significantly affected by the groundwater buried depth. As it is
shown in Figures 3A,C, regions with big groundwater buried
depth had a low soil salt content and a low degree of
salinization, while regions with small groundwater buried depth
(e.g., below 5 m) had a high soil salt content and a high degree of
salinization. The results were slightly higher than those found in
other irrigation areas (Qureshi and Al-Falahi, 2015; Li X. et al,
2020; Wang Y. et al,, 2020). This may be caused by a large study
area, the strong variability in the groundwater buried depth, and a
big average groundwater buried depth. However, the results are
consistent with the conclusion that the regions with a small
groundwater buried depth had a high degree of salinization.

The southwest regions with low groundwater mineralization
which were mostly non-alkaline soil had a low soil salt content and

Forecast year MAE MRE RMSE R?
2006 1.381 3.973 1.836 0.8156
2011 1.644 1,194 1.876 0.8812
2016 1.783 0.621 2.271 0.8280
2011 2.724 1171 3.284 0.8947
2016 4.034 0.738 4.97 0.8347
2016 4373 1.536 5.264 0.8988

a low degree of salinization; the southeast regions with
groundwater mineralization above 7g/L did not have the
highest soil salt content, which occurred in the northeast
regions. This suggested the impact of groundwater
mineralization on the soil salt content weakened with the
increase in the groundwater buried depth, which showed a
dynamic correlation and a nonlinear interaction (Su et al,
2020). The spatial distribution of water in the closed
hydrogeological unit was affected by the topographic and
geological conditions. The irrigation water was converted into
groundwater through infiltration, and the increase in the
irrigation water amount year by year caused the growth of the
groundwater buried depth, leading to a gradual movement of
groundwater towards low-lying basins. As it is shown in
Figures 3A,D, an increase in the soil salt content in the
northeast regions may be related to poor irrigation and
drainage. The infiltration of irrigation water could wash salt to
maintain the soil salt content at a low level, but an excessively large
amount of irrigation water caused the decrease in the groundwater
buried depth. In oasis irrigation areas that mainly rely on long-term
irrigation, an appropriate irrigation and drainage ratio have a
significant impact on the soil salt content (Wang D. et al., 2021).

Impact of Groundwater Buried Depth on

Soil Salination

As it is shown in Figure 6, when the groundwater depth was
0-2.5 m, the growth rate of the soil salt content increased rapidly
with the decrease in the groundwater buried depth. This indicated
that soil salination was more actively developed in regions with a
low groundwater buried depth, which may be related to salt being
transported from the lower soil layer to the upper soil layer by
shallow groundwater (Zhou and Li, 2013). According to the curve
of the increase rate of the soil salt content in different intervals of
years in Figure 6, the annual soil salt content in regions with a
groundwater buried depth over 5.0 m increased by less than 1%,
and these regions had slow soil salination; eastern regions with a
groundwater buried depth below 5.0 m had a large increase rate in
the soil salt content and fast soil salination because of the terrain
and poor irrigation and drainage (Xu et al, 2017). It was
recommended that the groundwater buried depth should be
controlled below 5.0 m by irrigation. When the groundwater
buried depth was below 15.0m, the soil salt content had a
positive increase rate, which continued to increase; when the
groundwater buried depth was above 15.0 m, the soil salt content
had a negative increase rate and the soil was in a desalting state.
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According to the distribution of groundwater buried depth in
Figure 3C, soil salt contents in the southeast and northeast
regions continued to increase over the years, while those in
the western regions decreased. Therefore, a groundwater
buried depth of 15.0 m may be the critical groundwater depth
that caused soil salt content to increase or decrease in the area,
and more research is needed (Guan et al., 2012).

As it is shown in Figure 6, as the groundwater buried depth
increased, there was a logarithmic relationship between the
increased rate of the soil salt content and the groundwater
buried depth. According to the study on the Inner Mongolia
autonomous region, there was an exponential relationship
between the increase rate of the soil salt content of the cultivated
land and the groundwater buried depth, and a linear relationship
existed between the increase rate of the soil salt content of wasteland
and the groundwater buried depth (Dou et al., 2019). The long-term
dynamic evolution of groundwater buried depth slowly influenced
the development trend of regional soil salinization. The soil salt
content increased as a result of the groundwater buried depth
maintained at a certain level for a long time. The exponential
relationship reflected the spatial distribution changes of the soil salt
content as the groundwater buried depth varied. The logarithmic
relationship in this study reflected the dynamic development trend
of soil salinization over time. The change of groundwater buried
depth was closely related to the long-term agricultural irrigation and
drainage in the irrigation area, and there was a slow change process.
Therefore, irrigation area managers should pay attention to the
long-term development trend of the groundwater buried depth in
the irrigation area and improve irrigation and drainage to ensure
the sustainable development of the irrigation area.

CONCLUSION

Based on long-time observed data of a closed hydrogeological
unit in the Jingtaichuan Electric-Lifting Irrigation Area in Gansu
Province, China, spatial and temporal distribution characteristics
and their interaction relationship of regional soil water and salt
were studied through spatial interpolation and statistical analysis.
The results showed that from 2001 to 2016, the area of soil
salinization in the study area did not increase significantly, and
the salinization regions were mainly saline-alkaline soil and mild
saline-alkaline soil, but the degree of salinization tends to
increase, which showed a ladder-like increase from southwest
to northeast. In the closed hydrogeological unit, long-term
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