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Abstract. Long-term Yellow River irrigation and the unique natural conditions in 
the Heitao Irrigation District (HID) Inner Mongolia, China, has led to serious 
environmental problems such as the shallower groundwater table and soil 
secondary salinization, etc. The conflicts among socio-economic development, 
water shortage and environmental degradation have become increasingly critical. 
By using the statistical methods, geo-statistical methods and ArcGIS9.0, we 
analyze the temporal and spatial variation of depth to water table (DWT) and 
groundwater salinity in the three different irrigation seasons in 2001, 2002 and 
2003 respectively. The results show that DWT and groundwater salinity has 
formed a ribbon distribution after the long-term Yellow River irrigation. DWT is 
medium spatial correlative and the average spatial autocorrelation distance is 
18.5km; the groundwater salinity is strong spatial correlative and the average 
spatial autocorrelation distance is 12.5km. The inter-annual distribution of DWT 
and groundwater salinity in 2001 is quite similar with it in 2002 and 2003. The 
DWT in western area, eastern area and a small part of middle area are shallower 
than other area in HID. The average DWT in March reached maximum and its 
minimum is in November each year. There are two high salinity degree zones  
(M>5000mg/l and even some other M>30000mg/l). The shallower groundwater 
salinity in the southeast and northwest are higher than that of in the middle part of 
HID. The shallower water table depth is, the higher the salinity of groundwater will 
be; the deeper water table depth is, the lower the salinity of groundwater will be.  

Keywords: Hetao Irrigation District, Depth water table, groundwater salinity, 
spatial and temporal variation. 

1   Introduction 

The HID (40°19′-41°18′ N, 106°20′-109°19′ E) is one of the three largest irrigation 
districts in China and be located the arid western part of Inner Mongolia Autonomous 
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Region, China (Fig.1). The total land area of the HID is about 1.1×104 km2, the irrigable 
land area is about 0.77×104 km2, but due to salinity problems, the currently irrigated 
land area is only about 0.57×104 km2. HID is in the mid-temperate zone with conti-
nental-monsoon arid climate. The weather is dry and hot during summer and severely 
cold with little snow in winter. From November to next March is a freeze-thaw period. 
Mean annual temperature is 6.3~7.7℃. During the winter the average air temperature 
are -10 °C and the soil freezing depths about 1.0 m. The average annual pan evapora-
tion is about 2164 mm. Across HID, the average annual precipitation 168 mm recently 
10 years. The the average ground slope is about 1/8000~1/4000 (from southwest to 
northeast). The ground elevation ranges from 1043 m to 1018 m. The main soil types 
are irrigation-warping soil and saline soil which was the non-zonal soils in HID. The 
average soil bulk density (0-100cm) is 1.45 g/cm3 (Yang Jingyu, 2006).  

 

Fig. 1.  Map of Irrigation District located and observation wells distribution 

The most common crops are sunflower, wheat, and corn. Flood irrigation is the most 
common irrigation method in the HID. The average depth of irrigation is 450 mm. 
Farmland is typically irrigated 7 times each year in 3 irrigating seasons. The 3 irrigation 
seasons are: summer irrigation (3 irrigation times, from April to June), the first-autumn 
irrigation (3 irrigation times, from July to September), and the second-autumn irriga-
tion (1 irrigation times, from October to November). The summer and first-autumn 
irrigation are during the growing season of the crop. The purpose of the second-autumn 
irrigation period is to “bank” soil water and leach salt. From 1989 to 2005, the average 
annual water diversion of irrigation from the Yellow River is 5.2×109 m3 by 1 main 
canal and 13 sub-main canals. Farmland recession water is drainage into the  
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Wuliangsuhai Lake (Fig.1) by 1 main ditch and 10 sub-main ditches (Wang et al., 
2004), and the average annual drainage amount was 0.5×109 m3. The water diversion of 
irrigation in 2001, 2002 and 2003 was 4.89×109 m3, 5.08×109 m3 and 4.1×109 m3 re-
spectively. The salts which are brought by the irrigation water onto the farmland soil 
averages annually 235.5×108 kg, but the average annual discharged salt from the entire 
district by drainage is only 75.0×108 kg (Wang et al.,2004). For the period from 1987 to 
1997, the average annual salt accumulation was estimated to be 3 mg/ha (Feng et al., 
2003). About half of the irrigated cropland is saline-alkali soil (Feng et al., 2005). DWT 
is typically 1.0~1.5 m during the growing season and about 0.5 m following the sec-
ond-autumn irrigation (from October to November) (Hao et al., 2008a).  

Due to the arid climate, the water diversion from Yellow River is critical for agri-
culture in the HID. There are significant negative effects from flood irrigation and canal 
seepage. The resulting shallower DWT combined with intensive evaporation has 
produced a very high threat of soil salinization. About 18.8% of the total land area in 
the irrigation district has been abandoned because of the salinization problem, and 
about 43.0% of the irrigated area is significantly impacted salinization problem of 
various degrees (Qu et al., 2007). Geological structure, geographical conditions, and 
climate factors determine the hydrological cycle and the resulting potential for salini-
zation. In HID, there are many factors affecting the salinity such as precipitation, 
evaporation, DWT, and water diversion irrigation from Yellow River (Wang et al., 
2007; Yue et al., 2009). The geological structure determines that the major hydrologic  
pathway for groundwater loss away from the HID is through the phreatic evaporation 
(Hao et al., 2008a). And the accumulated salt in the deeper soil were dragged into the 
surface soil in this process. So, the process of groundwater discharge is the dominated 
factors related to the production, development, and evolution of the soil salinization in 
HID. Irrigation (precipitation), infiltration, drainage, and groundwater evaporation, 
create the natural-artificial surface water system that is the most important factor in 
hydrological cycle for the HID (Hao et al., 2008a). 

A previous study showed that shallower groundwater had a significant effect on 
evaporation-transpiration and on soil water salinity. Evaporation exacerbated the sur-
face soil water salinity, while the transpiration reduced the soil water salinity in the 
growth period of vegetation (Zhang et al., 2004). Climate condition and groundwater 
level fluctuation were the major environmental factors on the salinization of soil (Chen 
et al., 1997). Some studies on the salinity and DWT in HID showed that DWT is in 
1.5m～2.0m contribute to the crops uptake the groundwater, but to minimize salin-
izion, DWT should be controlled below 2.0m from the soil surface (Kong, 2009). When 
the water diversions from the Yellow River to the HID were reduced by 30%, there was 
resulting higher of DWT and reduction in salinity soil, but there was greater potential 
for soil water deficit and crop water stress. (Qu et al., 2007). Other researchers have 
reported on the soil salinization issues in HID such as: saline land improvement, the 
relationship between the soil salinization and the DWT, the distribution of salt in the 
soil profile, the salt balance, and the water balance (Yang et a1.,2003; Kong, et 
a1.,2004;Wang et a1., 2004; Jia et a1.,2006; Gao et a1., 2008a,b).  But there are very 
few studies on the distribution of DWT and groundwater salinity in the entire HID. 
Therefore, this report is an analysis of the spatial and temporal variation of the DWT 
and groundwater salinity.  
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2   Materials and Methods 

2.1   DWT Measurement and Water Samples Analysis 

In this analysis, the HID was divided into 5 irrigated areas: Yigan, Jiefangzha, Yongji, 
Yichang and Wulate (Fig.1). There were 178 wells (Fig.2) distributed over the entire 
District. Seventy-five wells were used to observe the DWT, 42 wells were used to col-
lect groundwater samples, while 61 well were used for both DWT and water samples. 
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Fig. 2. The observation wells’ construction 

The water quality analysis was performed at the Bayannur Water Conser-
vancy-Science Institute Laboratory, Linhe, China. The constituent ions included: Na+ 

and K+ (determined by the flare photometer method), Ca2+ and Mg2+ (determined by 
EDTA titration), CO3

2- and HCO3- (determined by the acid titration), CL- (determined 
by AgNO3 titration method), SO4

2- (determined by EDTA indirect titration method). 
DWT was measured directly by a measuring tape with a detector at the end (Fig.2). 

The detector gave a signal when it reached the water surface and the length of the tape 
was recorded. Depth to groundwater table was calculated by subtracting the above 
ground wells’ body height (L1) from the recorded length of the tape. DWT calculate is 
given by: 

                                    DWT=L-L1                                                            (1) 

Where DWT is the distance from the ground surface to the groundwater table. L is the 
distance from the well mouth to the groundwater surface. L1 is the distance from the 
well mouth to the ground surface. DWT were measured once a week. Water samples 
for chemical analysis were collected at 15 in every month.  



 An Analysis on the Inter-annual Spatial and Temporal Variation 159 

 

2.2   Typical Years and Typical Irrigation Period  

Data from 2001, 2002 and 2003 years were analyzed to determine the inter-annual 
variation of DWT and groundwater salinity, which will continue in time and reflects the 
water diversion for irrigation into the HID. Also in this analysis, the March, July, and 
November was taken as typical period which was the fluctuation of DWT and the 
variation of the shallower groundwater salinity. 

2.3   Sampling Site Data and Processing 

The value of DWT and groundwater salinity of 178 observation wells were used to 
develop the point file with ArcGIS9.0 and project the coordinate transformation to 
produced the distribution map for the geo-statistical analysis (Fig.1).Then of DWT and 
groundwater salinity from corresponding sampling points were entered into Arc GIS9.0 
to form the attributive data to matched the geographic data of sampling points.  

2.4   Correlation Analysis  

SPSS13.0 was used to analyze the change and relationship between DWT and shal-
lower groundwater in March, July and November respectively. The data of DWT from 
7 wells which less affected by the groundwater exploration were selected to analyzed 
the annual change of DWT each year (Fig.4, 5, 6). The data of 61 wells’ DWT were as 
abscissa and with the corresponding salinity degree of groundwater as ordinate to make 
the relation curve to analyze the relationship between the groundwater salinity and 
DWT (Fig.25) in March, July, and November, respectively.  

2.5   Geo-statistical Method and Processing 

Geo-statistical methods and ArcGIS9.0 were used to analyze the temporal and spatial 
variation of DWT and groundwater salinity from 2001 to 2003. Geo-statistical methods 
can be used to describe the spatial variability of environment and reveal the spatial 
heterogeneity and spatial pattern of natural phenomena (Pebesma et al.，1997). The 
semi-variogram model and Kriging interpolation are the two main geo-statistical 
methods used in this analysis (Jin et al.,1999; Sousa et al., 1999; Desbarats et al., 2002; 
Vijendra et al., 2004; Tong et al., 2007; Wang et al., 2007; Yue et al., 2009; Hu  
et al.2001, 2009; Husam,2010). 

To get a better spatial estimation from sampling points, the variance of estimation 
error should be minimal. The Kriging method was used to obtain the variance of es-
timate. The advantage of Kriging is that it is the Best Linear Unbiased Estimator of the 
unknown fields (Journel and Huijbregts, 1992).The Kriging variance of estimate is 
independent of the actual measurements from the field. Ordinary Kriging interpolation 
at a point x0 is given by: 

                   ( ) ( )0
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i i
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Z x n Z xλ∗

=

=∑                                              (2)   
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Where Z*(x0) is the estimated value, n is the number of points, Z(xi) is the measured 

value at point xi, and iλ the Kriging weight. To calculate the Kriging variance, the 

semi-variogram is needed. The semi-variogram (usually called a variogram) is half  
the variance of measurement differences at all data pairs with the same distance (h). 
The Kriging variance is given by:  

2

1

1
( ) [ ( ) ( )]

2

hN

i i
ih

h Z x h Z x
N

γ
=

= + −∑                              （3)  

Where r(h) is semi-variogram, h is step length, namely the spatial interval of sampling 
points used for the classification to decrease the individual number of spatial distance 
of various sampling point assemblages, N(h) is the logarithm of sampling point when 
the spacing is h, and z(xi) and z(xi+h) are the values when the variable Z is at the xi and 
xi+h positions, respectively.  

 

Fig. 3. Experimental semi-variogram (dots) and fitted semi-variogram model 

When computing the semi-variance (h) for different values of h, and when h is 
plotted versus (h), an experimental semi-variogram was obtained (Fig. 3. Sousa et al., 
1999). However the experimental semi-variogram is not applicable in Kriging estima-
tion because it cannot be represented by an equation. A semi-variogram model must 
then be adjusted to the experimental one, as exemplified in Fig.3 by the fitting of the 
Spherical equation. The best-fitted semi-variogram model has been used to produce the 
Kriging variance map. Selection of the best-fitted model was based on the condition 
that the root-mean-square was close to “0”,the average standard error is minimum, the 
mean standardized was close to the standard error and the root-mean-square stan-
dardized was close to “1” (Tang, 2007).  Then GIS-Spatial Analyst tool in ArcGIS9.0 
was used to produce a priority map and the best-fitted mode. 

To obtain Kriging variance, construction of the variogram is needed. The variogram 
parameters are the sill, nugget, and the range. The nugget is the variogram value at the 
origin. Sometimes the nugget is different from zero due to measurement error. The  
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range is the distance at which the variogram reaches the sill value. Three modules 
included Spherical model (Eq.4), Exponential model (Eq.5) and Gaussian model (Eq.6) 
were used in this study.  

( ) ( )3

0 1( ) [1.5 / 0.5 / ]h C C h a h aγ = + −                                      (4) 

/
0 1( ) [1 ]h ah C C eγ −= + −                                             (5)  

2( / )
0 1( ) [1 ]h ah C C eγ −= + −                                            (6)  

Where 0C  is nugget, which represents the spatial heterogeneity of the stochastic 

component. The sill value, ( 0C C+ ), is the attribute of the system or the maximum 

variation of the regional variables. The higher the sill value is, the larger the degree of 
the total spatial heterogeneity will be. The value of a  is the range. Sill (C0+C) and 
nugget (C0) were used to describe the spatial heterogeneity. The ratio of nugget: sill 
(C0/ C0+C) reflected the total spatial heterogeneity (Li et al., 1995).  

In this study, “Histogram” and “Normal QQplot” were the geo-statistical modules 
used with ArcGIS9.0. These modules were applied to analyze the normality of the 178 
wells data of DWT and groundwater salinity each month. The results shown that the 
mean data comply with lognormal distribution. The ordinary Kriging interpolation 
method was applied to optimal mathematical model, and set the values of “Lag size” 
and “Number of lags” etc. to get the optimal predication map (Fig.7～24) and the 
best-fitted model (Eq.4～6).  Table 1～2 lists several models with their respective sill 
and nugget. 

3   Results and Discussion 

3.1   Analysis of the Spatial Structure of DWT and Groundwater Salinity  

The ratio of C0: (C0+C) reflected the total spatial heterogeneity. A higher ratio indicates 
that the stochastic component was the main factor caused the spatial heterogeneity. The 
ratio of C0: (C0+ C1) was in the range of 25%～75% of the spatial structure of DWT in 
the three years(Tab. 1). It shown that the spatial structure variation of DWT was not 
only affected by the structure factors but also by the random factors (the stochastic 
component). Due to the average annual precipitation is 168 mm and the irrigation water 
is the mainly recharge source of DWT. So the spatial structure variation of DWT was 
affected by the time and amount of the agricultural irrigation mainly during the irriga-
tion season. The structure factors such as the terrain, landform and climate would be 
responsible for the variation of the spatial structure of DWT when the total water di-
versions of irrigation were reduced. For example, although the water diversions of 
irrigation in 2003 were reduced to 80% of the average annual water diversions of ir-
rigation and the ratio of C0: (C0+ C1) of the spatial structure of DWT in July and No-
vember decreased to 34.3 and 37.5 respectively, the distribution of DWT in July and 
November 2003 were similar to that of 2001 and 2002(Fig. 8, 11 and 14. Fig. 10, 12 and  
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Table 1. The parameters of semi-variogram models for shallow groundwater table depth 

Ran Nug Par Sill C0/ (C0+ C1) Year month Model 

km C0 C1 C0+ C1 % 

Mar Sph 22.7 0.15 0.11 0.26 58.2 

July Exp 11.5 0.10 0.20 0.30 51.8 2001 

Nov Sph 13.4 0.24 0.09 0.33 73 

March Sph 28.4 0.04 0.01 0.05 72 

July Exp 19 0.05 0.06 0.11 46.6 2002 

Nov Sph 19 0.16 0.14 0.29 53.6 

Mar Sph 22.7 0.03 0.02 0.05 52.7 

Jul Gau 19 0.04 0.08 0.13 34.3 2003 

Nov Exp 10.7 0.14 0.24 0.38 37.5 

mean  18.5 0.09 0.09 0.19 47.8 

Table 2. The parameters of semi-variogram models for shallow groundwater salinity 

Ran Nug Par Sill C0/ (C0+ C1) year month Model 
km C0 C1 C0+ C1 % 

Mar Gau 11.1 0.05 0.68 0.72 6.4 

Jul Sph 12.3 0.11 0.64 0.74 14.3 2001 

Nov Gau 9.5 0.18 0.53 0.71 25 

Mar Sph 23 0.20 0.65 0.85 23.3 

Jul Sph 13.5 0.35 0.42 0.77 45.7 2002 

Nov Gau 11.8 0.35 0.46 0.81 43.4 

Mar Exp 7.9 0.04 0.79 0.83 4.7 

Jul Exp 11.5 0.11 0.68 0.79 13.8 2003 

Nov Exp 8.4 0.00 0.69 0.69 0.3 

mean  12.1 0.16 0.61 0.77 20.1 

15.). Therefore, the spatial structure of DWT was the moderate spatial correlation and 
the average corresponding distance was 18.5 km among the three years (Tab.1). These 
result shown that the co-working of the structure factors and random factors were the 
mainly factor of the variation of the spatial structure of DWT in HID.   
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The table 2 shown that the ratio of C0: (C0+ C1) of spatial structure of groundwater 
salinity varied from 0.3 to 45.7 in the three years. The spatial structure of groundwater 
salinity had the strong spatial correlation and the average corresponding distance was 
12.1km. Since the salt which in the irrigation water (the Yellow River water salt content 
was 480 mg/l) were the mainly recharge resource of the shallower groundwater salinity, 
the different water diversions of irrigation would cause the variation of the shallower 
groundwater salinity. Meanwhile, the waste discharge of industries and civil life also 
enhanced the variation of it. This result shown that the groundwater salinity was af-
fected by the random factors, such as irrigation water salt, field fertilization and waste 
discharge of industries and civil life in HID.  

3.2   Analysis of Temporal and Spatial Variation of the DWT 

3.2.1   Temporal Variation of DWT 

The variation of DWT of 7 wells which without the affects of groundwater exploitation 
were similar among the three years (Fig 4, 5 and 6). Namely, the average DWT value 
was 2.0 m in January and reached the maximum value (2.5 m) in March, and then 
decreased to 1.5 m in May after the summer irrigation. Since the agriculture irrigation 
was gradually decreased from August to September, DWT increased to 2.2 m in Sep-
tember. Following the late autumn irrigation which the irrigation water amount were 
thirty percent of the total water diversion, the average DWT value rapidly decreased to 
1.0 m in November. With the beginning of winter, the DWT gradually increased to 2.0 
m by next January. Then, the fluctuation of the DWT completes the annual cycle. These 
peaks and valleys demonstrated that the time and amount of agricultural irrigation were 
responsible for the fluctuation of the DWT without the effect of irrigation exploitation 
in HID. 

 

Fig. 4.  Map of DWT variety, 2001 
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Fig. 5.  Map of DWT variety, 2002 

 

Fig. 6.  Map of DWT variety, 2003 
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3.2.2   Spatial Variation of DWT in Typical Period 
Owing to the temperature difference between the upper and under boundary of the 
freezing soil layer, the high absorption energy makes groundwater in air containing 
zone move towards the freezing layer so that the DWT value of 95% area of HID were 
in the ranged of 2～3 m in March each year (Fig.7, 10, 13). 

 

Fig. 7. Distributing map of DWT in March, 2001 

 

Fig. 8. Distributing map of DWT in July, 2001  

Because the water diversions of irrigation were reduced to 80% of the average an-
nual water diversions of irrigation (52×109 m3) in 2003, and the irrigation water 
amount were reduced during the summer irrigation season. Therefore, the DWT value 
of 80% area of HID were in the range of 1.5～2.0 m, and the regions of DWT in the 
range of 2～3 m were continuously in July 2003(Fig.14). Although the DWT of 80% 
area of HID were also in the range of 1.5～2.0 m in July 2001, the regions of the DWT 
in the range of 2.0～3.0 m were scattered over the southwest in HID(Fig.11). In 2002, 
the total water diversions of irrigation were more than that of other two years. And the 
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DWT value of 50% areas of HID were in the range of 1.0～1.5 m in 2002(Fig.8). It can 
be drawn into conclusion that the distributional-variation of the water diversions of 
irrigation among years caused the distributional-variation of DWT in the entire HID. In 
other word, the more the water diversions of irrigation were, the shallower DWT in 
HID would be. 

In additional, the figure 8, 11 and 14 shown that the shallower DWT region dis-
tributed in Yigan, southwestern part of Jiefangzha, minor area of Yongji and Wulate 
irrigation region. These regions were the agricultural areas with little in groundwater 
exploitation and lower terrain. While the deeper DWT regions distributed in the 
northeastern part of Jiefangzha, major part of Yongji and Yichang irrigation region. 
These regions were the agricultural areas with the higher terrain and cities-towns. And 
an amount of the groundwater exploitation were used to meets the demand of the do-
mestic water, public facilities and urban greening in cities-towns.  

 

Fig. 9. Distributing map of DWT in November, 2001  

 

Fig. 10. Distributing map of DWT in March, 2002  
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Fig. 11. Distributing map of DWT in July, 2002 

 

Fig. 12. Distributing map of DWT in November, 2002  

 

Fig. 13. Distributing map of DWT in March, 2003  
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Fig. 14. Distributing map of DWT in July, 2003  

 

Fig. 15. Distributing map of DWT in November, 2003  

Take 310#, 223# and 305# well as example, the average annual DWT were 3.7 m, 3.5 
m and 3.5 m from 2001 to 2003, which were located around the city of Linhe, Wuyuan 
and Qianqi respectively. In second-autumn irrigation season, there was 1 irriga-
tion-time in HID, and the irrigation amount was 30% of the total water diversions of 
irrigation. And the terrain slopes gently, the average ground slope is about 
1/8000~1/4000 (from southwest to northeast). Therefore, the DWT of the entire HID 
were in the two ranges, namely, 0.5～1.0 m and 1.0-1.5 m in November. The range of 
0.5～1.0 m distributed in Yigan, Yongji and Wulate irrigation region, and the range of 
1.0～1.5 m distributed in Jiefangzha and Yichang irrigation region (Fig. 9, 12, 15).  

3.3   Analysis of Temporal and Spatial Distribution of the Groundwater Salinity  

The temporal and spatial distribution of the groundwater salinity was quite similar 
among the three years (Fig. 16～24). There were two salinity degree zones in the  
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Fig. 16. Distributing map of groundwater salinity  in March, 2001  

 

Fig. 17. Distributing map of groundwater salinity in July, 2001  

northern and southern of HID, which the salinity degree was more than 5000 mg/l (red 
regions) and even, in some local areas, the salinity degree was more than 10000 mg/l. 
The northern zone was from Dashuwan (west) to Fenzidi (east), the southern zone was 
from Xishanzui extended to Chengnan and Shulinzi. The groundwater salinity of the 
major area of Hetao in March and November was M<3000 mg/l and M>4000 mg/l, 
respectively. The reasons caused these results were followed: 

(1) Because the southwest elevation (1043 m) was higher than that of the northwest 
(1034 m) and the southeast (1018 m). The groundwater horizontal movement was from 
southwest toward the northwest and southeast. An amount of salt accumulated into the 
soil and penetrated into groundwater of the northwest and southeast area of HID. 
Therefore, the groundwater salinity in southeast and northwest were higher (M>5000 
mg/l) than that of (M<3000 mg/l) the middle area of HID. 
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(2) The soil water was in the cycle process of the irrigation recharge and evapora-
tion-transpiration in summer irrigation and first-autumn irrigation season. These  
resulted in soil salinization and high degree of groundwater salinity. Under the action of 
the high evaporation and transpiration, a large amount of the salt of which accumulated 
in deeper-soil and dissolved in groundwater were moved toward and accumulated into 
the surface later soil. But the accumulated salt in the surface later soil dissolved ade-
quately into the shallower groundwater again during the second-autumn irrigation 
period. So, the groundwater salinity of the major area of HID in November was 
M>4000 mg/l. With the lateral seepage of soil water and the horizontal movement of 
groundwater, a lot of salt of which dissolved into soil-water and shallower groundwater 
was moved away HID during the period from November to the next March. Then, the 
groundwater salinity of the major area of HID was M<3000 mg/l in March.  

 

Fig. 18. Distributing map of groundwater salinity in November, 2001  

 

Fig. 19. Distributing map of groundwater salinity in March, 2002 
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Fig. 20. Distributing map of groundwater salinity in July, 2002 

 

Fig. 21. Distributing map of groundwater salinity in November, 2002  

 

Fig. 22. Distributing map of groundwater salinity in March, 2003      
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Fig. 23. Distributing map of groundwater salinity in July, 2003  

 

Fig. 24. Distributing map of groundwater salinity in November, 2003  

3.4   Relationship between the Table Depth and Salinity of Groundwater  

Under arid or semi-arid conditions and regions of poor natural drainage, there was 
increasing potential for hazardous accumulation of salts in soils. The salinity was  
important index that reflected the degree of human activities on the water quality in-
fluence of the groundwater. Meanwhile the salinity also reflected the distributing 
characteristics and change trend of the chemical composition of the groundwater in 
some regions. DWT was important as it determines the distance that contaminants had 
to travel before reaching the groundwater. Deep groundwater was less vulnerable than 
shallow aquifers. In HID, due to the agricultural irrigation water resource was mainly 
Yellow River water, and the average annual salinity degree of the irrigation water was 
480mg/l. So, the agricultural irrigation time and amount was the mainly factors to 
affected the variation of the groundwater salinity. At the same time, the agricultural 
irrigation water were also the mainly resource to recharged the groundwater. Therefore, 
there was maybe certain correlation between DWT and groundwater salinity in a given 
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temporal and spatial range. Fig.25 (here was given the relation curve in March 2001 
only, since other years’ regression correlation results were similar to it.) shown that 
Linear regression between DWT and the groundwater salinity indicated that there were 
other factors than water table depth that influenced salinity of groundwater.   
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Fig. 25. Relationship between DWT and groundwater salinity in March, 2001 

The figure 7～24 shown that the special relationship between them in some special 
regions. The first relationship existed around the wetland and the lower terrain region. 
For example, the average annual DWT of wells 37＃ and 38＃ was 0.97 m and 1.01 m, 
and the corresponding salinity degree values were 14500 mg/l and 12800 mg/l respec-
tively. Both wells were installed nearby Dashuwan and Daxian Lake (saline lake), 
respectively. The average annual DWT of wells 106＃ was 0.89 m and the corre-
sponding salinity degree values were 8000 mg/l which was installed in nearby the 
wetland. The average annual DWT of wells 277＃ and 278＃ was 0.90 m and 0.87 m, 
respectively, and the corresponding salinity degree values was 31700 mg/l and 31000 
mg/l. Both of which were installed in nearby Xian Lake (saline lake). The second 
relationship was exists around the cities and towns. In the cities and towns regions, due 
to the recharge and exploration of groundwater balanced the fluctuation of DWT and 
slow down the salt accumulation in the shallower groundwater. For example, the well 
310＃(Linhe city), 223＃(Wuyuan city) and 305＃(Qianqi city) which the average annual 
DWT were 3.82 m, 3.76 m and 3.64 m and the corresponding salinity values was 1550 
mg/l, 1200 mg/l and 2900 mg/l, respectively.  

There were many factors which influence the variation of the table depth and sa-
linity of groundwater such as terrain, climate condition, soil types, quality and time of 
irrigation water and the terrain of HID, etc. Although the linear relationship between 
the DWT and groundwater salinity were not significant, the distribution of DWT could 
reflected the distribution of the groundwater salinity in the certain regions. Namely the 
shallower DWT was, the higher the salinity degree of groundwater would be. The 
deeper DWT was, the lower the salinity degree of groundwater would be. 
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4   Conclusions  

Due to insufficient data coverage, the shallower groundwater salinity studies often 
require interpolation or extrapolate from a few observation points into large areas. This 
was especially critical for groundwater aquifers with complex and extensive hy-
dro-geological heterogeneities at extremely varying scales. The geo-statistics methods 
and Arc GIS were very useful for DWT and groundwater salinity studies in HID Inner 
Mongolia, China. The spatial structure of DWT was controlled by the terrain, landform 
and climate more than the random factors such as the waste discharge of industries and 
civil life, the time and amount of the agricultural irrigation. Therefore, DWT was the 
medium spatial correlation and the average corresponding distance was 18.5km in three 
years. The variation of the spatial structural of the groundwater salinity was mainly 
affected by the random factors, and it is the strong spatial correlation and the average 
corresponding distance was 12.1km in three years. 

There were remarkable differences in the temporal and spatial variation of the re-
charge rate and salinity of groundwater in different irrigation regions, since their  
agricultural planting structure and water diversions of irrigation were different. 
Meanwhile, massive groundwater exploitation of living and industrial enhanced the 
disparity of temporal and spatial variation. However, the temporal and spatial distri-
bution of DWT and groundwater salinity was quite similar between years (from 2001 to 
2003) in HID Inner Mongolia. DWT in western, eastern area and a small part of middle 
area were shallower than other area in Hetao. The average annual DWT in March 
reached the maximum and that of in November reached its the minimum within one 
year. The shallower depth region of groundwater distributed in the agricultural area, 
and the deeper depth region of the groundwater distributed in cities and towns with 
higher terrain.  

Due to the geological structure and geographical conditions, a large of salt accu-
mulated into the soil and penetrated into groundwater of the northwest and southeast 
area of HID. In northwest and southeast area, the groundwater salinity were 
M>5000mg/l and even, in some local areas, M>10000mg/l. Meanwhile, the special 
irrigation seasons and climate made the maximum and minimum of groundwater of 
HID appeared in the specific period of September and March, respectively. The 
groundwater salinity of the major area of HID was more than 4000mg/l in November. 
With the lateral seepage of soil water and the horizontal movement of groundwater, 
some of the accumulated salt was drained away HID. The groundwater salinity of the 
major area of HID was less than 3000 mg/l except the northwest and southeast area in 
March.  

There were many factors which influence the variation of the table depth and sa-
linity of groundwater such as climate condition, soil types, quality and time of irriga-
tion water and the terrain of HID etc, and the temporal and spatial variation of these 
factors was high in the different area. Therefore, the linear relationship between DWT 
and groundwater salinity were not significant. In some special areas, however, the 
distribution of DWT could reflect the distribution of the groundwater salinity. Namely 
the shallower DWT was, the higher the groundwater salinity degree would be. The 
deeper DWT was, the lower the groundwater salinity would be. 

In this study, we get the characteristics of the temporal and spatial distribution of 
DWT and shallower groundwater salinity. We can make the rational agriculture 
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planting structure according with these characteristics. For example, planting the crop 
which are the salt-resistant and drought tolerant in the high salinity areas in order to 
reduced the amount of the salt which were brought by the irrigation water, and to in-
creased the amount of irrigation water in the second-autumn period to leach more soil 
salt. This is quite important to maintain the eco-environmental balance in HID. 
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