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Abstract Recognition of the vertical and spatial distri-

bution characteristics of soil salinity and its influencing

factors have become a prerequisite for formulating strate-

gies for the utilization and sustainable development of soil

resources. The changes and characteristics of the particle

size distribution (PSD) and its relationship with soil

salinity were studied using the combined methods of laser

diffraction analysis, the textural triangle and fractal anal-

ysis in the lower reaches of Heihe River, Northwestern

China. The soil salinity showed clear surface accumulation

characteristics. Soil salinity profiles in the area were clas-

sified into four types: Equably distribution profiles, bottom

accumulation profiles, surface accumulation profiles, and

oscillation profiles. In the study area, moderate salinized

soil, heavy salinized soil and saline soil accounted for 5.71,

25.71, and 42.87 %, respectively. It was shown that soil

salinization in the lower reaches of Heihe River is severe.

Soil salinity and its spatial distribution is mainly controlled

by SO4
2-, Cl-, Na? ? K?, Mg2?, and Ca2?. The soil

texture of the topsoil can be classified as sand, sandy loam,

silt loam, and silt. The silt and sand occupied the majority

of the PDS at different soil depths. There was a decrease in

soil salinity and soil particle size with increasing soil depth.

The fractal dimension of PSD ranged from 2.503 to 2.555,

the higher the sand content, the lower the fractal dimen-

sion. A considerable linear relationship also exists between

the fractal dimension and the contents of soil clay, silt, sand

and the soil salinity. Results show that the soil texture

features dominated the soil salinity distribution.

Keywords Soil salinity � Soil particle size distribution �
Fractal dimension � Heihe River

Introduction

Soil salinization is a progressive process of soil degrada-

tion (Nawar et al. 2015), involving the accumulation of

water soluble salts in the soil weathering layer. If this

accumulation reaches 0.8 dS m-1, salt toxicity occurs,

which can damage agricultural production, economic

welfare, and environmental health (Kotuby-Amacher et al.

1997; Flowers 2004; Fang et al. 2005; Rengasamy 2006).

Soil salinization is one of the most important global envi-

ronmental problems, especially in arid and semiarid

regions (Chen et al. 2014). Information regarding the

extent and magnitude of soil salinity is essential for the

planning and implementation of effective soil reclamation

programs (Abdelfattah et al. 2009).

Soil salinization and secondary salinization in arid and

semi-arid regions are the result of natural conditions and

human factors. Wang et al. (2008) pointed out that soil

salinity increased gradually with decreasing of elevation

from south to north in the Sangong River catchment in

Xinjiang province, Northwest China. The results of this

study showed that terrain elevation controlled the vari-

ability of surface soil salinity. According to Zhang et al.

(2010), soil salinity differs from different physiognomy

types as follows: the lower part of alluvial fan[ the
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middle of alluvial fan[ the edge of the desert[ the upper

part of alluvial fan. This is related to the groundwater depth

and degree of groundwater mineralization of the different

physiognomy types. Fang et al. (2005) reported that salt

content in Salic Fluvisols was significantly higher than in

Gleyic Solonchaks in the Yellow River Delta. Zhang et al.

(2011) revealed the influence mechanism of human activ-

ities on soil salinity, which confirms that oil exploitation

and saline aquaculture contribute to salinization. However,

the most important factors for soil salinization are strong

evaporation and transpiration that cause the groundwater to

rise above a critical depth (Gu et al. 2002). Evapotranspi-

ration dries the upper soil relative to deeper layers, which

create a potential for an upward flow of water into the root

zone (Qadir et al. 2000).

Numerous studies have been conducted on soil salin-

ization in the lower reaches of Heihe River. These studies

have mainly focused on the regional distribution pattern of

saline soils and the occurrence and dynamic characteristics

of salinization (Zhong et al. 2002; Zhou et al. 2006; Liu

et al. 2008; Gao et al. 2012; Chen et al. 2014). Studies have

also been conducted into the relationship between soil

salinity and plant growth (Yu et al. 2012), and the funnel

distribution of soil salinity under the influence of ground-

water chemistry (Zhang et al. 2004; Liu et al. 2005).

However, few studies exist on the relationship between soil

salinity and the composition of soil particle size.

Different soil textures and their combination in the soil

vertical profile play an important role in governing the

movements of soil moisture, nutrients, salinity and heat, as

well as the secondary salinization of soil development

(Yang and Yanful 2002). Soil textural analysis is a key

component of any data set used for assessing soil quality

and sustainability of agricultural management practices

(Kettler et al. 2001). The application of fractal geometry

has become a useful tool to describe the dynamics of soil

degradation, for the purpose of explicitly quantifying the

performance of soil systems. The soil particle size distri-

bution (PSD) has an important influence on soil water

movement, soil erosion and soil solute migrations (Mon-

tero 2005; Hu et al. 2011). Particle size distribution (PSD)

is mainly used for soil classification and estimation of the

related soil properties (Hillel 1980). Knowledge of the

effects of PSD on soil salinity is essential for the complete

understanding of the extent and causes of soil degradation.

The fractal method can be used to describe the soil particle

size distribution, pore size distribution and aggregate size

distribution (Lipiec and Orellana 1998; Millan and Orel-

lana 2001; Filgueira et al. 2006).

Quantitative study of the vertical distribution charac-

teristics of soil salinity can accurately obtain information

into regional salinization and potential salinization, which

represents important information for use of agricultural

production, management and environmental governance

(Carter et al. 1993; Corwin et al. 2006). Therefore, we

investigated the volume fractal dimension of soil particles

and its relationship with soil salinity in order to reveal the

characteristics and influencing factors of soil salinity in the

lower reaches of Heihe River.

Materials and methods

Study area

The study area was located in the lower reaches of Heihe

River and covers an area of 3.4 9 104 km2 that extends

between latitudes 40�420–42�300N and longitudes 99�300–
102�000E (Guo et al. 2009). The region is surrounded by

the Badan Jaran desert to the east, Mazong Mountain to the

west, the Bei Mountain corridor to the south, and the

Mongolia border to the north (Fig. 1). The region has an

elevation between 890 and 1127 m above sea level (Wen

et al. 2005). As a result of its location in the hinterland of

the Asian continent, the study region has a continental

climate that is extremely hot in summer and severely cold

in winter. The average annual precipitation, evaporation,

and temperature recorded from 1957 to 2001 at Ejina

Meteorological Station was 38.5, 3599.4 mm, and 8.1 �C,
respectively (Su et al. 2007). The sunshine hours was

between 3325 and 3432 h. Relative humidity was between

32 and 36 % (Xi et al. 2009). Because of the scarce rainfall

and high precipitation variability, no perennial runoff

originates from the study area. The Heihe River is the only

runoff flow through the area (He and Zhao 2006; Su et al.

2008). Because of the overexploitation of the water

resources in the middle reaches of Heihe River, the dis-

charge of water resources to the lower reaches have

decreased significantly since the 1960s (Guo et al. 2009).

The predominant soils are gypsum gray brown desert soil

and grey brown desert soil in the lower reaches of Heihe

River. Extreme arid climate conditions and poor soil con-

ditions have limited the growth, development and distri-

bution of plants in the study area. There are 11 species of

vegetation in the lower reaches of Heihe River, which can

be divided into two types: one is desert vegetation, the

second is meadow vegetation and desert riparian forest.

The former includes Reaumuria soongorica (Pall.)

Maxim., Nitrria shaerocarpa Maxim., Ephedra equisetina

Bunge, Sarcozygium xanthoxylon Bunge, Sympegma

regelii Bunge, Anabasis brevifolia C.A.Mey., and Cal-

ligonum mongolicunl Turcz. The latter includes Populus

euphratica Oliv., Elaeagnus angustifolia L., Tamarix

ramosissma Ledeb., Haloxylon ammodendron (C.A.Mey.)

Bunge, Lycium ruthenicm Murr., Sophora alopecuroides

L., Phragmites communis (Cav.) Tein. Ex Steud.,
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Achnatherum splendens (Tein.) Nevski, and Peganum

harmala L. (Feng et al. 2015).

Data collecting and processing

The sites for soil sampling were chosen along the river. A

total of 35 soil sampling points were selected in the study

area to reflect the vertical variation of soil salinity (Fig. 1).

The soil was sampled in July 2011. Soil samples were

taken from the 0–10, 10–20, 20–40, 40–60, 60–80 and

80–100 cm depth. Soil samples from the different depths

were collected in triplicate.

Soil salinity measurement

Before the laboratory analysis, the soil samples were air-

dried and passed through a 2 mm sieve to remove coarse

fragments. Soil samples were used for the preparation of

the 1:5 soil–water suspensions to detect the soil salinities

(Yu and Wang 1988; Chi and Wang 2010). The following

ions were measured (Yidana and Yidana 2010): carbonate

(CO3
2-) and bicarbonate (HCO3

-) were titrated using the

double indicator method; chloride (Cl-) was measured by

AgNO3 liquor; sulfate (SO4
2-), calcium (Ca2?) and mag-

nesium (Mg2?) were measured with EDTA

complexometry; sodium and potassium (Na? ? K?) were

measured with subtraction method. Total dissolved salts

(TDS) was calculated via the sum of anions and cations.

Laser diffraction analysis

As pretreatment of the soil samples, H2O2 (30 %, w/w) was

first used to remove organic matter, then hexametaphos-

phate (NaHMP) was used to disperse the aggregates, and

samples were then subjected to sonication for 30 s (Jin

et al. 2013). In this study, we use a laser diffraction particle

size analyzer (Malvern Instruments 2000, Malvern, Eng-

land) to obtain the soil PSD. The range of particle sizes for

this instrument was 0.02–2000 lm, which provides a

continuous volume percentage of particle size.

Soil texture classification

In combination with the classification system of the United

States Department of Agriculture, we make use of the soil

texture automatic classification system (STAC) designed

by Zhang Yili, to classify the soil texture in the study area.

The theoretical basis of STAC is based on the fact that each

point in a textural triangle represents a unique combination

of clay, sand and silt content (Zhang et al. 2006).

Fig. 1 Depiction of study area
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Canonical correspondence analysis

To examine the relationship between the compositions of

soil ions and soil salinity, canonical correspondence anal-

ysis (CCA) was applied using the CANOCO program V5.0

(Braak and Verdonschot 1995). The soil salt content was

set as the research object, which is expressed by triangles,

and the base ions were set as environmental variables

expressed by arrows. Base ions included CO3
2-, HCO3

-,

Cl-, SO4
2-, Ca2?, Mg2?, and Na? ? K?. A CCA ordi-

nation diagram can intuitively provide both the relationship

between environmental variables and the relationship

between the research object and environmental variables

(Zhao et al. 2010). The CCA ordination diagrams show the

best fitting environmental variables in the community

composition and also indicate the proximate centers of

species distribution along each of the environmental vari-

ables (Rogel et al. 2000).

There is an inverse relationship between the relevance

and angle of two environmental variables, namely, the

smaller the angle, the greater the correlation. The rela-

tionship between research objects and environmental

variables is displayed by the angle between the research

object and the environmental variables (the arrows),

namely, the smaller the angle, the stranger the relationship.

The fractal analysis method for soil PSD

Fractal dimensions of PSD was estimated via the following

equations (Tyler and Wheatcraft 1992):

W d [ dið Þ=W0 ¼ 1� di=dmaxð Þ3�D ð1Þ

Or di=dmaxð Þ3�D¼ W d\ dið Þ=W0 ð2Þ

where di is the mean diameter of soil particles of two sieves

between di and di ?1;W (d[ di) is the accumulative weight

of soil particles with diameters greater than di; W (d\ di)

is the accumulative weight of soil particles with diameters

smaller than di; dmax is the largest diameter of soil parti-

cles; W0 is the total weight of samples; and D is the fractal

dimension.

Most previous studies have focused on the quality of the

fractal dimension of soil PSD calculation. However, in the

process of calculating the fractal dimension of soil mass,

some hypotheses are needed. The hypotheses of the same

density of soil particles with different particle size have

been criticized by some scholars. In addition, using the

traditional method to measure the distribution of soil par-

ticles is a large amount of work, and the results are more

easily influenced by human factors (Wang et al. 2005).

With the development and application of laser diffraction

technique, the volume distribution of PSD can be obtained

relatively easily and accurately.

The three-dimensional volume fractal dimension of PSD

based on the distribution of soil particle was estimated

using Eq. (3):

V r\Rið Þ=VT ¼ Ri=Rmaxð Þ3�DV ð3Þ

where r is the particle size; Ri is the particle size of grade

i in the particle size grading; V(r\Ri) is the volume of soil

particles with a diameter smaller than Ri; VT is the volume

of all of the soil particles; Rmax is the maximum diameter of

soil particles; and DV is the volume fractal dimension

(Yang et al. 1993; Martin and Montero 2002; Wang et al.

2005). Taking logarithms on both sides of Eq. (3), the DV

value can be derived from the slopes of the logarithmic

linear regression equation.

Results and discussion

Distribution characteristics of soil salinity

The descriptive statistics and the results of the normal

distribution test are shown in Table 1. The characteristic

parameters of soil salinity showed distinct differences at

different soil depths.

Average soil salinity decreased with the increase of soil

depth in the study area (Table 1). There were clear soil

salinity surface accumulation characteristics. A number of

scholars have confirmed the ubiquity of the surface accu-

mulation characteristics of soil salt (Zhang and Wang

Table 1 Statistical

characteristics and K–S test of

soil salinity at different soil

depths

Soil depth (cm) Mean (g/L) SD CV Skewness Kurtosis K–S value Sig.

0–10 41.12 66.89 1.63 2.47 6.49 1.69 0.007

10–20 18.48 33.04 1.79 3.40 13.43 1.81 0.003

20–40 6.84 6.64 0.97 1.15 0.29 1.19 0.115*

40–60 5.07 5.15 1.02 2.25 6.01 1.34 0.056*

60–80 4.34 4.21 0.97 1.53 1.15 1.49 0.024

80–100 3.85 4.30 1.12 2.61 7.09 1.50 0.023

SD standard deviation, CV coefficient of variation

* Correlation is significant at the 0.05 level (2-tailed)
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2001; Rengasamy 2006; Cunningham et al. 2007; Chi and

Wang 2010). This is due to the salt in the subsoil moving

upward and accumulating in the topsoil as a function of

evaporation (Yu et al. 2013). Liu et al. (2005) made use of

empirical formula to calculate phreatic water evaporation

and salt accumulation rate, which revealed that the surface

soil salt accumulation had a negative exponential relation

with groundwater depth.

If the Skewness and Kurtosis are close to 0 and 3,

respectively, then the data are said to follow a normal

distribution (Wu et al. 2014). The Skewness and Kurtosis

are positive, and the TDS in different soil depths all

exhibited non-normal distribution (Table 1).

The coefficients of variation (CV) represent the dispersion

of the soil salinity distribution. When CV\ 10 %, the soil

salinity manifests low-variability, when 10 %\CV\
100 %, the soil salinity demonstratesmedium-variability, and

when CV[ 100 %, the soil salinity is considered highly

variable (Wang et al. 2001). As shown in Table 1, the high

value for CV in the present analysis indicated a high vari-

ability of soil salinity of 0–10, 10–20, 40–60, and 80–100 cm

soil depth. The CV values of the soil salinity demonstrated

medium-variability at 20–40 and 60–80 cm soil depth.

The large SD and CV (mostly [1) indicate a large

variability in the soil salinity in the study area. This agrees

with the study of Jia et al. (2008), conducted in the lower

reaches of Heihe River in 2006, which concluded that the

CV of soil salinity was 1.65. The reasons for the strong

variation of soil salinity in the study are the changes of

hydrogeological conditions, soil structure, landscape type,

landform, rainfall and evaporation in different regions in

the lower reaches of Heihe River (Wang et al. 2009).

The one-sample Kolmogorov–Smirnov Test indicated

that soil salinity at 20–40 and 40–60 cm soil depth fol-

lowed a normal distribution (K–SSig [ 0.05), and the soil

salinity at others depths followed non-normal distributions.

The distribution characteristics of soil salinity profiles

are shown in Fig. 2. Based on the analysis, soil salinity

profiles in the area are classified into four types: oscillation

profiles, equably distribution profiles, bottom accumulation

profiles, and surface accumulation profiles. Equably dis-

tribution profiles were featured with the lowest and equal

distribution of salinity. Bottom accumulation profiles dis-

tributed in the East Juyan Lake. Surface accumulation

profiles were mainly distributed in the downstream of the

East River and Gobi area.

There was significant positive correlation between the

soil salinity at different soil depths, with the correlation

coefficients ranging from 0.168 to 0.809 (Table 2).

The correlation coefficient of soil salinity was 0.465,

0.364, 0.647, 0.762, and 0.809 for soil depths between 0–10

and 10–20 cm, between 10–20 and 20–40 cm, between

20–40 and 40–60 cm, between 40–60 and 60–80 cm, and

between 60–80 and 80–100 cm, respectively. This shows

that the soil salinity in a specific soil layer is determined by

the soil salinity of the adjacent subsoil.

The Eqs. 4a, 4b, 4c, 4d, 4e, 4f present the relationship

between soil salinity of different soil depths by multiple

linear regression. Analysis of variance and the significance

test of regression coefficient of the established equations

revealed that the regression equations are significant.

TDS0�10 ¼ 1:879TDS10�20 þ 0:671TDS20�40

þ 0:341TDS40�60 � 1:000TDS60�80

þ 0:722TDS80�100 þ 1:000;

R2 ¼ 0:904; F ¼ 52:879; Sig ¼ 0:000 ð4aÞ

TDS10�20 ¼ 0:462TDS0�10 � 0:270TDS20�40

� 0:095TDS40�60 þ 0:820TDS60�80

� 0:241TDS80�100 � 0:544;

R2 ¼ 0:903; F ¼ 52:253; Sig ¼ 0:000 ð4bÞ

TDS20�40 ¼ 0:035TDS0�10 � 0:057TDS10�20

þ 0:589TDS40�60 þ 0:742TDS60�80

� 0:512TDS80�100 þ 2:404;

R2 ¼ 0:488; F ¼ 5:334; Sig ¼ 0:001 ð4cÞ

TDS40�60 ¼ 0:007TDS0�10 � 0:008TDS10�20

þ 0:242TDS20�40 þ 0:590TDS60�80

þ 0:108TDS80�100 � 0:183;

R2 ¼ 0:648; F ¼ 10:292; Sig ¼ 0:000 ð4dÞ

TDS60�80 ¼ �0:008TDS0�10 þ 0:028TDS10�20

þ 0:120TDS20�40 þ 0:232TDS40�60

þ 0:518TDS80�100 þ 0:193;

R2 ¼ 0:795; F ¼ 21:752; Sig ¼ 0:000 ð4eÞ

TDS80�100 ¼ 0:010TDS0�10 � 0:013TDS10�20

� 0:137TDS20�40 þ 0:070TDS40�60

þ 0:858TDS60�80 þ 0:599;

R2 ¼ 0:675; F ¼ 11:62; Sig ¼ 0:000 ð4fÞ

where the subscripts of 0–10, 10–20, 20–40, 40–60, 60–80,

and 80–100 represents soil depths of 0–10, 10–20, 20–40,

40–60, 60–80, and 80–100 cm, respectively.

The distribution characteristics of anions and cations in

the soil profile are shown in Fig. 3. SO4
2- is the major

anion in the study area, which occupies the absolute

advantage in the total anions content in each soil depth

with a percentage C65 %. Cl- is another important anion

in the study area, at between 20 and 30 % of the total

anions content. The content of CO3
2- was almost the same

in each soil layer. The content of SO4
2-, Cl- and HCO3

-

decreased with the increase of soil depth. The CV values of
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Fig. 2 Classification of salinity profiles in the lower reaches of the Heihe River (a oscillation profiles; b equably distribution profiles; c bottom
accumulation profiles; d–f surface accumulation profiles)

Table 2 Relationships of soil

salinity between different soil

depths via the Pearson

correlation analysis

Soil depth (cm) 0–10 10–20 20–40 40–60 60–80 80–100

0–10 1

10–20 0.465** 1

20–40 0.395* 0.364* 1

40–60 0.355* 0.168 0.647** 1

60–80 0.431** 0.256 0.593** 0.762** 1

80–100 0.348* 0.168 0.371* 0.612** 0.809** 1

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)
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SO4
2- and CO3

2- exhibited an inverse ‘‘S’’ shaped curve

with the increase of soil depth. In addition, the CV values

of HCO3
- and Cl- decreased gradually and tended towards

stability with the increase of soil depth. SO4
2-, Cl- and

CO3
2- exhibited a high-variability, with a CV greater than

100 %. HCO3
- exhibited medium-variability, with a CV

between 10 and 100 %. Na? ? K? is the major cations in

the study area, with the percentage of total cations content

ranging from 57 to 64 %. The content of Na? ? K?, Ca2?

and Mg2? decreased with the increase of soil depth. The

CV value of Na? ? K? decreased gradually and tended

towards stability with increased soil depth. Variation of

Mg2? displayed an ‘‘S’’ shaped curve with increased soil

depth. In addition, variation of Ca2? increased with

increased soil depth. Ca2? and Mg2? exhibited high-vari-

ability, with CV values greater than 100 %. Na? ? K? at

20–40, 40–60, 60–80, and 80–100 cm soil depths exhibited

medium-variability, with the CV values ranging from 10 to

100 %. The distribution characteristics of anions and

cations in the soil vertical profile is consistent with the

results of Zhang et al. (2004). Meanwhile, Zhou et al.

(2006) reported that the concentrations of soluble ions and

soil salinity have a tendency to decrease with the increasing

soil depth in the lower reaches of Heihe River.

The regression equations between soil depth and soil

salinity and the ionic concentration are shown in Table 3.

All regression equations reached the 0.05 significance

level, which revealed that all regression equations are

significant.

Vertical variation law, seasonal variation characteris-

tics, and horizontal variation regularity are all important

aspects to characterize soil salinization characteristic.

Figure 4a shows the variety patterns of soil salinity in

different seasons (the spring of 2001 and the summer of

2011) in the lower reaches of Heihe River. Figure 4b–d

show the seasonal variation characteristic of soil salinity in

the Qaidam Basin (Jia et al. 2002), Keriya Oasis (Hal-

murat et al. 2008), and Ebinur Lake (Deng et al. 2013),

respectively. Characteristics of climate and soil saliniza-

tion are similar among the lower reaches of Heihe River,

Qaidam Basin, Keriya Oasis, and Ebinur Lake, which

embodied in few precipitation and strong evaporation,

surface accumulation of soil salt, and severe salinization.

Soil salt movement showed obvious seasonal variation,

and salt content in spring was higher than that in summer

in Qaidam Basin, and Keriya Oasis. Salt content in spring

of 2001 was less than that in summer of 2011 in the lower

reaches of Heihe River (Fig. 4a). From this we can know

that the salt content in summer of 2001 was less than that

in summer of 2011 in the studied area, which indicated

that the soil salinity showed an increasing trend in the

lower reaches of Heihe River over the past 10 years. The
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reason for seasonal changing characteristics of salt

movement is the duel rule of leaching and evaporation in

saline areas of north China. Soil salt accumulates under

the action of evaporation in spring and autumn. Soil salt

desalinate by eluviation in summer. Soil salt is relatively

stable in winter (Jia et al. 2002).

The predominant salt type is important because of the

effect of individual ions on the soil and possibility of

toxicity in plants (Cebas-Csic et al. 1997). Soil classifica-

tion by the Professional Committee of saline soil of Soil

Science Society of China is: when Cl-/SO4
2-[ 2, soil

belongs to chloride; when 1 B Cl-/SO4
2-\ 2, soil

belongs to sulfate–chloride; when 0.2 B Cl-/SO4
2-\ 1,

soil belongs to chloride–sulfate; when Cl-/SO4
2-\ 0.2,

soil belongs to sulfate. The main salt types are chloride–

sulfate and sulfate in different soil depths in the study area

(Table 4). Zhu et al. (2009) made use of piper plot of

chemical analysis to show that the majority of groundwater

samples were of sulfate type in the lower reaches of Heihe

River. The result indicates that soil salinity is related to

groundwater salinity. Table 4 showed the classification

standard of soil salinization under the salt types of chloride,
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Fig. 4 Variety patterns of soil salinity in different seasons (a the lower reaches of Heihe River; b Qaidam Basin; c Keriya Oasis; d Ebinur Lake)

Table 3 Relationship between

soil depth and soil ions and the

salinity

Item Regression equation

(Y = content/g L-1; X = depth/cm)

R2 F Sig.

TDS-depth YTDS = 163.08 X-0.862 0.975 158.124 0.000

CO3
2--depth YCO2�

3
= 0.018 X-0.336 0.761 12.714 0.023

HCO3
--depth YHCO�

3
= 0.065 X-0.268 0.789 14.975 0.018

Cl--depth YCl� = 4.032 X-0.979 0.994 663.515 0.000

SO4
2--depth YSO2�

4
= 7.685 X-0.855 0.963 105.517 0.001

Ca2?-depth YCa2þ = 0.584 X-0.670 0.978 174.981 0.000

Mg2?-depth YMg2þ = 0.839 X-0.909 0.944 67.714 0.001

Na? ? K?-depth YNaþþKþ = 3.990 X-0.929 0.981 205.673 0.000

In the regression equations, 5, 15, 30, 50, 70, and 90 cm represents the soil depth of 0–10, 10–20, 20–40,

40–60, 60–80, and 80–100 cm, respectively
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sulfate–chloride, chloride–sulfate, and sulfate. In the study

area, moderate salinized soil, heavy salinized soil and

saline soil accounted for 5.71, 25.71, and 42.87 %,

respectively. Results show that soil salinization in the

lower reaches of Heihe River is severe.

The correlation between soil salinity content and salt

base ions in the lower reaches of Heihe River are shown in

Table 5. The correlation coefficient between total soil

salinity and SO4
2- is the maximum at different soil depth.

There are significant positive correlation between soil

salinity and the content of Cl-/SO4
2-/Ca2?/Mg2?/

Na? ? K? with the vertical soil profile. In addition, a

significant positive correlation was found between soil

salinity and content of CO3
2-/HCO3

- in the 0–10 cm soil

depth. However, at other soil depths, soil salinity was not

related to the content of CO3
2-/HCO3

-.

Two-dimensional ordination diagrams for canonical

correspondence analysis of salts at various soil depths are

shown in Fig. 5. Cl- is highly positively correlated with

Na? ? K? at different soil depths. Additionally, SO4
2- is

highly correlated with Na? ? K? at different soil depths,

with a correlation coefficient less than the correlation

coefficient for Cl-, and Na? ? K? (Fig. 5).

Based on the angle from TDS to SO4
2-, Cl-,

Na? ? K?, Mg2?, and Ca2?, we know that the spatial

variability of soil salinity is similar to the environmental

factors SO4
2-, Cl-, Na? ? K?, Mg2?, and Ca2?. There-

fore, the soil salinity and its spatial distribution is mainly

controlled by SO4
2-, Cl-, Na? ? K?, Mg2?, and Ca2?.

The angles from TDS to CO3
2- and HCO3

- are larger at

soil depths of 0–10, 10–20, 20–40, 40–60, 60–80, and

80–100 cm, which indicates that CO3
2- and HCO3

- have

less effect on the soil salinity.

The spatial distribution maps of soil salinity and soil

ions in the soil depth of 0–10 cm were achieved using

Kriging interpolation (Fig. 6). Before the spatial inter-

polation analysis, the data was logarithmically trans-

formed. After transformation, all data sets followed the

normal distribution. Figure 6 shows that the spatial dis-

tribution characteristic of soil base ions is consistent with

soil salinity. Soil ions and soil salinity were scatted in the

study area. Overall, low soil ions and soil salinity were

Table 4 Salt type and soil salinization status in the lower reaches of Heihe River

Soil depth (cm) Chloride Sulfate–chloride Chloride–sulfate Sulfate

2 B Cl-/SO42- (%) 1 B Cl-/SO42-\ 2 (%) 0.2 B Cl-/SO42-\ 1 (%) Cl-/SO42-\ 0.2 (%)

0–10 2.86 5.71 82.86 8.57

10–20 0.00 8.57 77.14 14.29

20–40 0.00 2.85 82.86 14.29

40–60 0.00 8.57 62.86 28.57

60–80 2.86 0.00 80.00 17.14

80–100 0.00 5.72 71.43 22.85

Grading of soil salinization Chloride Sulfate–chloride Chloride–sulfate Sulfate

Non saline

Criteria TDS0–10\ 1.5 TDS0–10\ 2.0 TDS0–10\ 2.5 TDS0–10\ 3.0

Value 20.00 %

Light salinized

Criteria 1.5 B TDS0–10\ 3.0 2.0 B TDS0–10\ 3.0 2.5 B TDS0–10\ 4.0 3.0 B TDS0–10\ 6.0

Value 5.71 %

Moderate salinized

Criteria 3.0 B TDS0–10\ 5.0 3.0 B TDS0–10\ 6.0 4.0 B TDS0–10\ 7.0 6.0 B TDS0–10\ 10.0

Value 2.85 % 2.86 %

Heavy salinized

Criteria 5.0 B TDS0–10\ 8.0 6.0 B TDS0–10\ 10.0 7.0 B TDS0–10\ 12.0 10.0 B TDS0–10\ 20.0

Value 7.86 % 17.14 % 5.71 %

Salinized soil

Criteria TDS0–10 C 8.0 TDS0–10 C 10.0 TDS0–10 C 12.0 TDS0–10 C 20.0

Value 2.86 % 37.15 % 2.86 %

Percentage during the table is the ratio of the corresponding sampling points to the total sample points

TDS0–10 Total amount of salt in the soil depth of 0–10 cm (g/L)
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Table 5 Correlative matrices

of ions and soil salinity at

different soil depths

Soil depth (cm) Value

CO3
2- HCO3

- Cl- SO4
2- Ca2? Mg2? Na? ? K? TDS

0–10

CO3
2- 1

HCO3
- -0.11 1

Cl- 0.38* 0.21 1

SO4
2- 0.43** 0.50** 0.70** 1

Ca2? 0.71** 0.02 0.64** 0.63** 1

Mg2? 0.22 0.57** 0.56** 0.93** 0.36* 1

Na? ? K? 0.42* 0.29 0.98** 0.78** 0.66** 0.64** 1

TDS 0.38* 0.55** 0.57** 0.97** 0.53* 0.95** 0.67** 1

10–20

CO3
2- 1

HCO3
- -0.25 1

Cl- 0.25 0.19 1

SO4
2- 0.20 0.34* 0.64** 1

Ca2? 0.20 0.19 0.78** 0.74** 1

Mg2? 0.03 0.35* 0.66** 0.93** 0.66** 1

Na? ? K? 0.34* 0.30 0.79** 0.94** 0.74** 0.84** 1

TDS 0.24 0.33 0.79** 0.98** 0.81** 0.92** 0.98** 1

20–40

CO3
2- 1

HCO3
- -0.42* 1

Cl- 0.24 -0.22 1

SO4
2- 026 -0.17 0.67** 1

Ca2? 0.25 -0.24 0.55** 0.94** 1

Mg2? 0.20 -0.05 0.61** 0.79** 0.60** 1

Na? ? K? 0.32 -0.20 0.94** 0.77** 0.64** 0.57** 1

TDS 0.30 -0.20 0.84** 0.97** 0.88** 0.77** 0.90** 1

40–60

CO3
2- 1

HCO3
- -0.17 1

Cl- -0.20 -0.02 1

SO4
2- -0.18 -0.15 0.73** 1

Ca2? -0.12 -0.31 0.40* 0.77** 1

Mg2? -0.18 -0.03 0.70** 0.81** 0.30 1

Na? ? K? -0.08 0.31 0.92** 0.81** 0.51** 0.64** 1

TDS -0.16 -0.10 0.84** 0.98** 0.72** 0.81** 0.90** 1

60–80

CO3
2- 1

HCO3
- -0.30 1

Cl- -0.23 0.00 1

SO4
2- -0.27 -0.72 0.60** 1

Ca2? -0.19 -0.22 0.31 0.87** 1

Mg2? -0.25 0.38 0.79** 0.71** 0.35* 1

Na? ? K? -0.18 0.10 0.86** 0.78** 0.47** 0.69** 1

TDS -0.26 -0.35 0.75** 0.98** 0.79** 0.77** 0.88** 1

80–100

CO3
2- 1

HCO3
- -0.20 1
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distributed in the Ejina Oasis and along the river bed,

and high soils ions and salinity were distributed in West

Juyan Lake and Gurinai area. Wen et al. (2005) and Zhu

et al. (2009) investigated the hydrogeochemical process

in the groundwater environment of the lower reaches of

Heihe River, the results indicate that groundwater in the

area is brackish and the rock weathering and evapora-

tion deposition as well as dissolution of minerals, such

as halite, gypsum, dolomite, silicate and mirabilite in

the sediments are the dominant processes that determine

the major ionic composition in the study area. Evapo-

transpiration made chemical components concentrated in

the groundwater and resulted in the occurrence of salt

crust in the center of Ejina basin. The salt ion contents

and soil salinity did not show a trend of increasing

along the river, which is not entirely consistent with the

increase of groundwater salinity along the river. This

may be caused by the salt absorption by plants, which

occurred in the patch shaped green space in the lower

reaches of Heihe River in both sides and Ejina oasis (Yi

et al. 2007).

Soil particle size distributions and their relationship

with soil salinity

The PDS was divided into 3 levels; namely, clay (0–2 lm),

silt (2–50 lm) and sand (50–2000 lm). Soil texture was

distinguished by the mass of each soil grade. Table 6

presents the distribution of soil particle sizes at different

soil depths in the lower reaches of Heihe River.

The soil texture of topsoil can be classified as sand,

sandy loam, silt loam, and silt. At 0–10 cm soil depth, sand

was the most common category (58.49 %) followed by silt

(35.94 %), and clay (4.57 %). The silt and sand occupied

the majority of the soil particle distribution at the other

measured soil depths. The silt content ranged from 28.37 to

37.61 % at the other measured soil depths, and sand con-

tent ranged from 58.49 to 68.03 %. Figure 7 shows that

there is a positive relationship between clay and silt con-

tent, and there is a strong negative relationship between

clay and sand content. This result is consistent with the

results of Acosta et al. (2009), who showed a similar

relationship between clay content and silt/sand content in

Xinjiang of China.

Tables 1 and 6 together shows that the soil salinity and

soil particle size decreased with increasing soil depth. The

relationship between soil salinity and soil particle size is

consistent with the relationship between soil metal content

and soil particle size. Al-Rajahi et al. (1996) and Ljung

et al. (2006) showed that the concentration of metals in soil

increases with decreasing soil particle size. This is because

fine particles have a high specific area that retains high

amounts of metals (Acosta et al. 2009).

Table 7 contains the fractal dimension of PSD found

when Eq. (3) was applied to each soil data set. Fractal

dimensions of PSD (DV) varied between the vertical pro-

files of soil at different depths, ranging from 2.503 to

2.555. Fu et al. (2009) similarly showed that the fractal

dimension of PSD distribution ranged from 2.06 to 2.66

along an altitudinal gradient in the Alxa Rangeland of

western Inner Mongolia.

The fractal dimensions of soil clay, silt and sand were

calculated, and they were denoted DClay, DSilt, and DSand,

respectively. The value of DSilt ranged from 2.305 to 2.705

and the value of DSand ranged from 2.512 to 2.609. The

relationships between DClay, DSilt, and DSand are

DClay\DSilt\DSand (Table 7). The fractal dimensions of

soil particles increased with finer soil textures. The fractal

dimension of soil sand was significantly affected by silt

contents. The lowest value of DSand (2.512) corresponded

to the soil depth of 80–100 cm which had lowest clay and

silt contents (31.97 %), but highest sand content (68.03 %),

while the highest DSand (2.609) was found at 0–10 cm soil

depth, which had highest clay and silt contents (41.45 %),

but lowest sand content (58.49 %). The results indicate that

the removal of fine particles (clay and silt) resulted in

decreased DSand value (Su et al. 2004). Huang and Zhan

(2002) similarly showed that the fractal dimension of PSD

decreased with increasing sand content but increased with

increasing clay content.

Table 5 continued
Soil depth (cm) Value

CO3
2- HCO3

- Cl- SO4
2- Ca2? Mg2? Na? ? K? TDS

Cl- -0.20 0.03 1

SO4
2- -0.21 -0.13 0.84** 1

Ca2? -0.09 -0.24 0.62** 0.86** 1

Mg2? -0.24 -0.07 0.91** 0.89** 0.61** 1

Na? ? K? -0.18 0.06 0.91** 0.91** 0.62** 0.88** 1

TDS -0.19 -0.07 0.90** 0.99** 0.82** 0.91** 0.94** 1

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)
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A correlation analysis was carried out on the content of

soil ions/salinity and soil PSD to evaluate the relationship

between soil ions/salinity and soil texture at the different

soil depths (Table 8). Comparing the content of soil ions/

salinity and sand, all elements except CO3
2- showed a

negative correlation at different soil depths, although there

was a great variation in the strength of this relationship.

Positive correlations were found between content of soil

ions/salinity and clay/silt, except for CO3
2- and Ca2?. It

was shown that soil texture does not affect the content of

CO3
2- and Ca2?.

A simple linear regression analysis was applied to

establish the relationship between D and clay, silt, and clay

contents, and soil salinity (Fig. 8). Figure 8 shows that the
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Fig. 5 Two-dimensional ordination diagram for canonical correspondence analysis of salts at various soil depths
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Fig. 6 Spatial distribution of soil salinity and soil ions at the 0–10 cm soil depth
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fractal dimension of PSD had a highly significant negative

correlation with the sand content, and a very significant

positive correlation with the clay content, silt content, and

soil salinity. A similar study by Millán et al. (2003) on the

fractal nature of soils with variation textures showed that

the fractal dimension of PSD is significantly positively

correlated with clay content following a linear trend.

Conclusion

Excessive salt accumulation in soils is one of the most

important global environmental problems especially for arid

and semiarid regions. An understanding of vertical and

spatial distribution characteristics of soil salinity can help to

accurately obtain information about the salinization and

Fig. 6 continued
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Fig. 7 The relations between

clay content and silt/sand

content at the 0–10 cm soil

depth

Table 6 Soil particle size

distribution in the soil profile
Soil depth (cm) Soil particle content (%) Soil texture

\2 lm 2–50 lm 50–2000 lm
Clay Silt Sand

0–10 4.57 36.94 58.49 Sand, sandy loam, silt loam, silt

10–20 4.72 37.61 59.47 Sand, sandy loam, silt loam, silt

20–40 3.52 32.05 64.43 Sand, loamy sand, sandy loam, silt loam, silt

40–60 4.31 34.28 61.41 Sand, loamy sand, sandy loam, silt loam, silt

60–80 4.00 32.24 63.76 Sand, loamy sand, sandy loam, silt loam, silt

80–100 3.60 28.37 68.03 Sand, loamy sand, sandy loam, silt loam, silt
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Table 7 Volume fractal

dimensions of soil clay, silt and

sand

Soil depth (cm) D R DClay RClay DSilt RSilt DSand RSand

0–10 2.553 0.953 2.000 1.000 2.460 0.983 2.609 0.813

10–20 2.555 0.954 2.000 1.000 2.349 0.982 2.595 0.802

20–40 2.503 0.961 2.000 1.000 2.267 0.986 2.569 0.814

40–60 2.543 0.957 2.000 1.000 2.705 0.996 2.578 0.821

60–80 2.524 0.962 2.000 1.000 2.305 0.989 2.554 0.821

80–100 2.509 0.965 2.000 1.000 2.337 0.983 2.512 0.805

DClay, DSilt and DSand respectively represent the volume fractal dimension of soil clay, silt and sand, and

RClay, RSilt and RSand represent the corresponding correlation coefficient

Table 8 Spearman’s correlation coefficients from analysis of the associations between soil ions/salinity and soil texture in the study area

Soil depth (cm) Content (g/L) Clay (%) Silt (%) Sand (%)

R Sig. R Sig. R Sig.

0–10 CO3
2- 0.298 0.097 0.227 0.212 0.226 0.214

HCO3
- 0.008 0.965 0.137 0.454 -0.137 0.455

Cl- 0.239 0.187 0.251 0.165 -0.257 0.156

SO4
2- 0.365* 0.040 0.377* 0.034 -0.386* 0.029

Ca2? 0.346 0.052 0.338 0.059 -0.345 0.053

Mg2? 0.281 0.120 0.305 0.090 -0.319 0.075

Na? ? K? 0.243 0.181 0.258 0.154 -0.264 0.145

TDS 0.343 0.055 0.349* 0.050 -0.358* 0.044

10–20 CO3
2- -0.137 0.447 -0.021 0.907 0.037 0.836

HCO3
- 0.179 0.320 0.488** 0.004 -0.455** 0.008

Cl- 0.331 0.060 0.472** 0.006 -0.462** 0.007

SO4
2- 0.105 0.561 0.445** 0.009 -0.407** 0.019

Ca2? 0.161 0.372 0.415* 0.016 -0.388* 0.026

Mg2? 0.184 0.306 0.460** 0.007 -0.431* 0.012

Na? ? K? 0.135 0.455 0.464** 0.006 -0.428* 0.013

TDS 0.147 0.413 0.473** 0.005 -0.437** 0.011

20–40 CO3
2- -0.155 0.390 -0.130 0.472 0.147 0.413

HCO3
- 0.607** 0.000 0.574** 0.000 -0.594** 0.000

Cl- 0.312 0.077 0.335 0.057 -0.323 0.067

SO4
2- 0.324 0.066 0.332 0.059 -0.320 0.069

Ca2? 0.042 0.815 0.010 0.958 -0.007 0.969

Mg2? 0.391* 0.024 0.407* 0.019 -0.406* 0.019

Na? ? K? 0.443** 0.010 0.450** 0.009 -0.442* 0.010

TDS 0.330 0.061 0.335 0.057 -0.323 0.067

40–60 CO3
2- -0.101 0.568 -0.094 0.597 0.115 0.518

HCO3
- 0.459** 0.006 0.461** 0.006 -0.463** 0.006

Cl- 0.191 0.279 0.304 0.081 -0.278 0.112

SO4
2- 0.277 0.112 0.364* 0.034 -0.356* 0.039

Ca2? 0.146 0.409 -0.147 0.407 0.142 0.422

Mg2? 0.283 0.104 0.346* 0.045 -0.353* 0.040

Na? ? K? 0.330 0.057 0.428* 0.011 -0.381* 0.016

TDS 0.300 0.085 0.394* 0.021 -0.965** 0.026

60–80 CO3
2- -0.133 0.460 -0.125 0.487 0.119 0.511

HCO3
- 0.575** 0.000 0.604** 0.000 -0.610** 0.000

Cl- 0.405* 0.019 0.381* 0.029 -0.376* 0.031

SO4
2- 0.483** 0.004 0.439* 0.011 -0.435* 0.011

Ca2? 0.008 0.964 0.059 0.744 0.063 0.726

Mg2? 0.576** 0.000 0.507** 0.003 -0.519** 0.002
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potential salinization of river system. Using a series of data

from the study area, the vertical and spatial variations in soil

salinity and soil ions were analyzed using multiple methods.

Based on the ratio of Cl-/SO4
2-, the main salt types of

soil are chloride–sulfate and sulfate in different soil depths

in the lower reaches of Heihe River. In the study area,

moderate salinized soil, heavy salinized soil and saline soil

accounted for 5.71, 25.71, and 42.87 %, respectively. It

was shown that soil salinization in the study area is severe.

These results have important implications for land resour-

ces management in the lower reaches of Heihe River.

Given the alarming rates of soil salinization, the amelio-

ration options for saline soil are important for sustainable

utilization of land resources. The first point of action must

be the leaching of salts from upper to lower soil depths.

Different soil textures and their combination in the soil

vertical profile play an important role in governing the

changes in soil salinity. Concentration of salt in soil

Table 8 continued

Soil depth (cm) Content (g/L) Clay (%) Silt (%) Sand (%)

R Sig. R Sig. R Sig.

Na? ? K? 0.542** 0.001 0.521** 0.002 -0.517** 0.002

TDS 0.510** 0.002 0.469** 0.006 -0.464** 0.007

80–100 CO3
2- -0.088 0.619 -0.105 0.555 0.091 0.555

HCO3
- 0.412* 0.015 0.420* 0.013 -0.430* 0.013

Cl- 0.543** 0.001 0.532** 0.001 -0.529** 0.001

SO4
2- 0.576** 0.000 0.583** 0.604 -0.580** 0.000

Ca2? 0.113 0.523 0.092 0.000 -0.086 0.604

Mg2? 0.596** 0.000 0.589** 0.000 -0.588** 0.000

Na? ? K? 0.672** 0.000 0.679** 0.000 -0.675** 0.000

TDS 0.648** 0.000 0.640** 0.000 -0.637** 0.000

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)
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increases with the decrease of soil particle size. This is

because fine particles have high specific area that retains

high amounts of salts. The correlation coefficients between

soil ions/salinity and soil texture presented in the study area

provided a base for understanding of soil texture impacts

on concentration of soil ions and soil salinity. These results

would be beneficial for the regional planners and policy

makers to estimate the changes of soil salinity when soil

texture changes over time.
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