
1Scientific Reports |         (2019) 9:14719  | https://doi.org/10.1038/s41598-019-51257-y

www.nature.com/scientificreports

Improving water retention capacity 
of an aeolian sandy soil with 
feldspathic sandstone
Lu Zhang1,2,3,4 & Jichang Han1,2,3,4

The Mu Us sandy land in China’s Shaanxi Province faces a critical water shortage, with its aeolian 
sandy soil endangering the regional eco-environment. Here we investigated the effects of feldspathic 
sandstone on water retention in an aeolian sandy soil from the Mu Us sandy land. Feldspathic sandstone 
and aeolian sandy soil samples were mixed at different mass ratios of 0:1 (control), 1:5 (T1), 1:2 (T2), 
and 1:1 (T3). Soil-water characteristic curves were determined over low- to medium-suction (1–1000 
kPa) and high-suction (1000–140 000 kPa) ranges, by centrifuge and water vapor equilibrium methods, 
respectively. Results showed that the addition of feldspathic sandstone modified the loose structure 
of the aeolian sandy soil mainly consisting of sand grains. The van Genuchten model described well 
the soil-water characteristic curves of all four experimental soils (R2-values > 0.97). Soil water content 
by treatment was ranked as T2 > T3 > T1 > control at the same low matric suction (1–5 kPa), but this 
shifted to T2 > T1 > T3 > control at the same medium- to high-suction (5–140 000 kPa). T2 soil had 
the largest saturated water content, with a relatively high water supply capacity. This soil (T2) also 
had the largest field capacity, total available water content, and permanent wilting coefficient, which 
were respectively 17.82%, 11.64%, and 23.11% higher than those of the control (P-values < 0.05). In 
conclusion, adding the feldspathic sandstone in an appropriate proportion (e.g., 33%) can considerably 
improve the water retention capacity of aeolian sandy soil in the study area.

Soil water shortage is often a key factor that limits crop production and agricultural development in desert. This 
factor constrains the selection and restoration of regional native vegetation, while it also determines soil produc-
tivity1,2. To solve the problem of soil water shortage in sandy lands, it is critical to improve soil infiltration and 
water retention capacity. Currently, efforts to implement sandy land improvement worldwide mainly involve 
sand blocking and sand control activities3–5. Great achievements are often realized through mechanical sand bar-
riers6,7, chemical bonding8–12, and various biological sand-fixing techniques13–15. Yet, surprisingly little research 
has used local materials primarily for sand fixation to implement sandy land improvement via eco-environmental 
conservation.

The Mu Us sandy land encompasses those sandy land areas in the southeastern part of Ordos Plateau and 
along the Great Wall in northern Shaanxi Province, China16, bound by the geographical coordinates 37°30′–
39°20′N and 107°20′–111°30′E. After the Yellow River channel was basically formed (100 000 to 10 000 years ago), 
a river paleolake formed a tableland via the alluvial and alluvial effects of flowing water; then, aeolian activity 
since the middle and late Quaternary created the present geomorphologic landscape of this sandy land17. In this 
region, feldspathic sandstone occurs across a wide area of ~16 700 km2. This soft rock is commonly found world-
wide in deserts formed by marine, lacustrine, and continental deposits. So far, considerable reserves of feldspathic 
sandstone have been found at both the center and edge of sandy lands18.

In the Yellow River, feldspathic sandstone is the main source of coarse sand, sometimes called Earth’s “ecologi-
cal cancer”. This material is characterized by easy weathering and poor water permeability, given its low diagenetic 
degree and structural strength along with its poor inter-particle cementation. Meanwhile, feldspathic sandstone 
also features high water retention and conservation capacity. Hence, a certain amount of water can be stored 
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in a rock formation consisting of feldspathic sandstone, resulting in a rich water-bearing layer19. The abundant 
secondary clay minerals contained in feldspathic sandstone provide a rare yet ideal material for “water retention” 
in sandy lands20–22. These features point to a new idea for how to compensate for the poor water properties of 
aeolian sandy soil using feldspathic sandstone. In this context, investigating the benefits of feldspathic sandstone 
is of great significance to soil consolidation, ecological restoration, and agricultural development in sandy lands.

The soil-water characteristic curve (SWCC) can be used to describe the relationship between the water con-
tent and the matric suction of unsaturated soil23. Many mathematical models are used by soil physicists to fit the 
SWCC24. Those widely accepted and commonly applied include the Brooks-Corey model25, Gardner model26,27, 
Gardner-Russo model28, and van Genuchten model29. Because the Brooks-Corey, Gardner, and Gardner-Russo 
models are applicable to simulation of gradual change in soil water content, their applications are restricted by 
soil type. By contrast, the van Genuchten model has a wider range of application and is broadly used to the fit the 
data obtained from soils differing in their properties30–36.

In this study, the van Genuchten model was adopted to fit the SWCCs of an aeolian sandy soil modified by 
feldspathic sandstone at different mass ratios. Then soil water availability parameters were calculated to evaluate 
the effects of sandstone addition on water retention in the sandy soil. The optimal scheme for modifying aeolian 
sandy soil with feldspathic sandstone was discussed from the perspective of agricultural production. The results 
could inform and guide future sandy land improvement and production practices in the study region.

Methods
Study area.  The study area is located in the Dajihan Village (109°28′E, 38°38′N), which is in the Yuyang 
District of Yulin, in northern Shaanxi Province, China (Fig. 1). This region has an altitude of 1000–1600 m. It fea-
tures typical aeolian sandy grassland that is part of the Mu Us sandy land, where the annual average temperature 
is 6.0–8.5 °C. The coldest month is January with an average temperature of −9.5 to 12 °C, while July is the hottest 
with an average temperature of 22–24 °C. The annual accumulated temperature of ≥10 °C is 3000 °C. Annual pre-
cipitation is between 250 and 440 mm, concentrated primarily in summer and autumn (July–September account 
for 60–75% of total annual precipitation). However, the precipitation also shows considerable inter-annual vari-
ation, as it can be 2–4-fold higher in a wet than dry year. The maximum daily precipitation is 100–200 mm, while 
the air dryness is 1.0–2.5. Sand-blowing winds at speeds >5 m·s−1 occur 220 to 580 times per year, and the height 
of sand dunes does not exceed 10 m. In addition to aeolian sandy soil, both Jurassic sandstone and mudstone are 
also widely found in this region.

Soil sampling and experimental treatments.  We chose typical areas of aeolian sandy soil and feld-
spathic sandstone (purplish red) found in the study area, respectively. Five points, spaced 160 m apart, were 
selected in each 500-m × 400-m plot (n = 2 plots; Fig. 1). The sandy soil and sandstone samples were collected 
from a depth of 0–20 cm; their main physicochemical properties are shown in Table 1. For each material, samples 
from the five random points were mixed to form a composite sample per plot, then air-dried and passed through 
a 2-mm sieve. The sieved samples were mixed thoroughly at different mass ratios, feldspathic sandstone: aeolian 
sandy soil = 0:1 (control, CK), 1:5 (T1), 1:2 (T2), and 1:1 (T3).

Grain-size distribution analysis.  Grain size of the experimental soils was analyzed by laser diffraction 
using the Mastersizer 2000 laser particle size analyzer (Malvern, Worcestershire, UK). The range of grain-size 
distribution was determined based on the Chinese system of grain size fractionation23, and soil mechanical com-
position was analyzed based on the USDA soil texture ternary diagram23.

SWCC determination.  The centrifuge method was used to determine the SWCC at low to medium matric 
suctions (up to 1000 kPa). With increasing speed of centrifugation (i.e., suction), the water and air in the soil were 
gradually expelled, leading to the decrease in soil volume and simultaneous increase in bulk density. Such changes 
could affect water retention in the soil and thus result in inaccurate measurements37. To address this issue, we 
immediately took the soil sample (contained in a centrifuge tube) from the centrifuge and weight it before chang-
ing the centrifugation speed each time. The shrinkage of the soil sample was measured using a vernier caliper in 

 

Study area 

Figure 1.  Remote sensing image of the study area generated using Google Earth Pro 7.1.8.3036 (https://earth.
google.com/web/), and photo of feldspathic sandstone sampling site (photographed by L. Z.).
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order to calculate the actual bulk density at each equilibrium point. The corresponding bulk density was then 
used to calculate the volumetric water content at each equilibrium point. The soil sample was immediately placed 
back into the centrifuge for the next step of centrifugation. Additionally, the water vapor equilibrium method was 
used for determining the SWCC at high matric suctions (up to 140,000 kPa)38. Finally, data from different suction 
ranges were fitted using the van Genuchten model.

(1) Low to medium matric suction (i.e., 1–1000 kPa): Each experimental soil sample was loaded into a 100-cm3 
cutting ring at a fixed density of 1.35 g/cm3, with three replicates per treatment. After equilibrium was reached 
for water absorption and desorption (8–12 h), a dehydration test was performed using the CR21G III high-speed 
refrigerated centrifuge (Hitachi, Tokyo, Japan). The principle of the centrifuge method is expressed in Eq. (1):

= + + − .–pF N h r h2log log log( /2) 4 95 (1)1

where pF is the matric suction, namely the logarithm of the absolute value of centimeter water for soil matric 
potential ϕ, as shown in Eq. (2), N is the speed of centrifugation, =

. × −− ( )
N h

h r1 18 10 h5
1 2

, r/S; h/2 is the 

half-height of soil sample, cm; and r1 is the radius of the centrifuge rotor, cm37. By using this method, a one-to-one 
correspondence can be established between water content and matric suction.

ϕ= ×pF lg( 1020) (2)

where ϕ is the matric potential (bar).
The matric suction was set to 1, 3, 5, 7, 10, 30, 50, 70, 100, 200, 300, 500, 700, and 1000 kPa. The gravimetric 

water content of soil samples during the corresponding dehydration processes was measured by the centrifuge 
method and then converted to volumetric water content using the measured bulk density of the experimental 
soil39,40.

(2) High matric suction (i.e., 1000–140 000 kPa): Each experimental soil sample was placed inside a 20-mL 
weighing bottle and tested by the water vapor equilibrium method. The principle of the method is that the water 
vapor pressure varies with different concentrations of saline solutions38. Five saturated saline solutions (K2SO4, 
KCl, NaCl, Ca[NO3]2, and CaCl2·6H2O) were respectively placed into five desiccators to create microenviron-
ments differing in their relative air humidity. The edge of the desiccator was sealed with Vaseline to ensure 
vacuum-like conditions. The weighing bottles were kept in such an environment to reach equilibrium of water 
vapor adsorption–desorption. All five desiccators were kept at a constant temperature of 20 °C, maintained by a 
water bath (i.e., continually filling water into a large metal box). Once the equilibrium was reached, the soil water 
content under different matric potential conditions was measured.

The relative air humidity and matric suction in the space of different saturated saline solutions at 20 °C were 
calculated using Eq. (3) 38.

= . + −pF RH6 5 lg(2 lg(100 )) (3)

where pF is the matric suction and RH is the relative humidity of the equilibrium air (%).
The matric suction pF was also calculated for the saturated saline solutions of K2SO4, KCl, NaCl, Ca(NO3)2, 

and CaCl2·6H2O using Eq. (1), i.e., 4.44, 5.32, 5.60, 5.91, and 6.16.

Van genuchten model fitting.  The van Genuchten model was applied to mathematically fit soil water 
content values measured over the two different suction ranges, alongside their matric suction values. Model fit-
ting was implemented using the RETention Curve software (Salinity Laboratory, Agricultural Research Service, 
United States Department of Agriculture) with Eq. (4) 29, which gave the SWCC.
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where θr and θs are the residual (surplus) water content and saturated water content, respectively (%V); θr is the 
soil water content at θ ϕd d( )/ m  = 0 (ϕm → ∞) (%V); ϕm is the soil matric potential (cm H2O); α and n are two 
shape parameters (empirically fitted parameters) of the curve, where α is the reciprocal of soil matric potential at 
the inflection point of air inflow on the curve when θ ϕd d( )/ m  reaches its maximum (cm−1), and it is related to 

Material Aeolian sandy soil
Feldspathic sandstone 
(Fuchsia)

Bulk density (g·cm−3) 1.48 ± 0.0785 1.31 ± 0.0205

pH 7.6 ± 0.4784 8.2 ± 0.1700

Cation exchange capacity (cmol kg−1) 4.25 ± 0.1445 53.86 ± 1.2302

Organic matter (g·kg−1) 2.74 ± 0.3354 3.28 ± 0.4152

Total N (g·kg−1) 0.06 ± 0.0135 0.05 ± 0.0531

Total P (g·kg−1) 0.54 ± 0.0531 1.16 ± 0.0910

Total K (g·kg−1) 12.73 ± 1.1088 15.03 ± 0.7907

Table 1.  Physicochemical properties of the aeolian sandy soil and feldspathic sandstone used in this study. 
Values are the mean ± standard deviation (n = 3).
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the volume of air inflow; n reflects the rate of the curve as it approaches the y axis, namely the curve’s slope; m is 
another shape parameter of the curve (m = 1–1/n); both n and m are related to soil structure as well as grain-size 
distribution and composition, reflecting the water retain capacity of the soil.

Calculating water availability parameters.  Field capacity is defined as the upper limit of soil water 
availability, and it is equivalent to the soil water content at a suction of 33 kPa. By contrast, the permanent wilting 
coefficient (i.e., unavailable water content) is the lower limit of soil water availability, and it is equivalent to the soil 
water content at a suction of 1500 kPa. When soil water content is below the permanent wilting coefficient, plant 
crops are difficult to grow and even wither to death. The water content between the field capacity and permanent 
wilting coefficient is considered to be available to plants for uptake, while the field capacity minus the permanent 
wilting coefficient conveys the maximum available water content, namely the total available water content in 
soil41,42.

Based on the difficulty of absorption, total available water content may be divided into quick available water 
(easily accessible water) and slow available water (hardly accessible water). The former is field capacity minus 
soil water content at a suction of 600 kPa, while the latter is soil water content at a suction of 600 kPa minus the 
permanent wilting coefficient43. The absolute content of soil available water is thus the ratio of quick available 
water to total available water content, and this parameter is typically used to characterize soil water availability 
for crops44.

Data analysis.  Data are expressed as the mean ± standard deviation (n = 3). Grain size data were analyzed 
and plotted using SigmaPlot 12.5 (Systat Software Inc., San Jose, USA). The SWCCs were drawn using Microsoft 
Excel 2016 (Microsoft Corp., Redmond, USA) and significant differences in soil water content between treatment 
groups were determined by paired-sample t-test. Water availability parameters were compared using one-way 
analysis of variance followed by Duncan’s new multiple range test. All statistical analyses were performed using 
SPSS Statistics 18.0 (SPSS Inc., Chicago, USA), with a P-value < 0.5 considered a priori to indicate statistical 
significance.

Results
Grain-size distribution.  Figure 2 shows the grain-size frequency distribution curves of feldspathic sand-
stone, aeolian sandy soil (CK), and the mixture of the two materials (T1, T2, and T3). The grain size of feldspathic 
sandstone had a wide range of distribution (0.001–0.25 mm), with no sharp peak on the frequency distribution 
curve (clay content = 14.26%). The grain size of aeolian sandy soil was mainly distributed between 0.05 and 
1 mm. Generally, the sandy soil grains were coarse, with a narrow peak on the frequency distribution curve (clay 
content = 0.3%). After the addition of feldspathic sandstone to the aeolian sandy soil, the frequency distribution 
curves of T1 to T3 soils could be divided into two parts, with the grain size of 0.05 mm as the boundary. When 
grain size <0.05 mm, the content of fine-sized grains increased with increasing addition of feldspathic sandstone; 
however, when grain size >0.05 mm, the content of coarse-sized grains gradually decreased with increasing addi-
tion of feldspathic sandstone. T1, T2, and T3 soils had the clay content of 1.7%, 4.2%, and 5.1%, respectively.

SWCC characteristics and fitting parameters.  The SWCCs for the experimental soils are shown in 
Fig. 3. The van Genuchten model described well the SWCCs of all four soils (R2-values > 0.97); in other words, 
the predicted values closely matched the observed ones. Comparing the four curves, the soil water content by 
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Figure 2.  Grain-size frequency distribution curves of feldspathic sandstone, aeolian sandy soil (control, CK), 
and the mixture of the two materials (T1 = 1:5; T2 = 1:2; and T3 = 1:1).
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treatment were ranked as T2 > T3 > T1 > CK (P-values < 0.05) at the same low matric suction (1–5 kPa), whereas 
this order changed to T2 > T1 > T3 > CK (P-values < 0.05) at the same medium to high matric suction (5–140 
000 kPa). Table 2 gives the van Genuchten model parameters for the SWCCs of the experimental soils. The 
θr clearly differed among the treatments, with T2 generating the largest θs value. T2 soil also had lowest shape 
parameter (m) value for the SWCC.

Soil water availability.  The field capacity, permanent wilting coefficient, and available water content of the 
experimental soils are shown in Fig. 4. Differences among treatments were detected in soil water availability, i.e., 
T2 > T1 > T3 > CK. Both field capacity and permanent wilting coefficient increased significantly in the aeolian 
sandy soil after adding the feldspathic sandstone. The field capacity of T1, T2, and T3 soils was respectively 
13.43% (P < 0.05), 17.82% (P < 0.05), and 10.44% higher relative to CK. In terms of total available water con-
tent, values of T1, T2, and T3 soils were respectively 4.18% (P < 0.05), 11.64% (P < 0.05), and 3.31% higher over 
those of CK. Among these parameters, slow available water showed the least changes across the different treat-
ments. Further calculations revealed that the water availability of the experimental soils was ranked as follows: 
T2 > T1 > T3 > CK.

Discussion
In the present study, we chose feldspathic sandstone from the Mu Us sandy land as a local sand-fixing material 
and mixed it with the aeolian sandy soil at different mass ratios. We found that adding the feldspathic sandstone 
in an appropriate proportion could reduce water percolation in the aeolian sandy soil while mitigating the hard-
ening of the feldspathic sandstone per se45. Hence, by using this local sand-fixing material, our proposed strategy 
could improve the water retention capacity of aeolian sandy soil in the Mu Us sandy land in order to create 
favorable soil water conditions for crop growth. Our work therefore provides a baseline reference for sandy land 
management.

Mechanisms of water retention in aeolian sandy soil added with feldspathic sand-
stone.  Feldspathic sandstone is a soft rock composed of thick sandstone, sandy shale, and argillaceous sand-
stone46, which is rich in colloids. Studies have shown that soil colloidal particles contribute up to 80% of a soil’s 
surface charge47,48. Here our grain-size analysis revealed that the homogeneous grain-size composition of the 
aeolian sandy soil was modified after the addition of feldspathic sandstone. The grain-size composition of the 
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Figure 3.  Soil-water characteristic curves of aeolian sandy soil modified by feldspathic sandstone at mass ratios 
(CK = 0:1, control; T1 = 1:5; T2 = 1:2; and T3 = 1:1).

Mass ratio 
(F:S)

Saturated water 
content (θs, %)

Residual water 
content (θr, %)

Shape parameter 
(α, cm−1)

Shape 
parameter (n)

Shape parameter 
(m)

0:1 
(Control, 
CK)

33.77 ± 0.5191b 4.5 ± 0.0816c 0.015 ± 0.0050b 1.226 ± 0.0155a 0.184 ± 0.0142a

1:5 (T1) 35.08 ± 0.6864b 5.7 ± 0.1700b 0.0089 ± 0.0031b 1.229 ± 0.0077a 0.186 ± 0.0079a

1:2 (T2) 39.85 ± 0.5717b 6.7 ± 0.1700a 0.024 ± 0.0031a 1.191 ± 0.0083a 0.160 ± 0.0045b

1:1 (T3) 38.99 ± 0.7736a 6.5 ± 0.1247a 0.027 ± 0.0019a 1.206 ± 0.0335a 0.171 ± 0.0087ab

Table 2.  The van Genuchten model parameters of aeolian sandy soil (S) modified by feldspathic sandstone (F). 
Values are the mean ± standard deviation (n = 3). Means with different lowercase letters within a column are 
significantly different at P < 0.05.
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modified soils (T1, T2, and T3) appeared to be a mixture of fine and coarse grains, with an expanded range of 
grain-size distribution. Considering the results obtained over the high- and low-suction ranges, the T2 treatment 
resulted in the best water condition at a given matric suction level. Hence, adding the feldspathic sandstone to 
an aeolian sandy soil at the mass ratio of 1:2 could improve soil water retention capacity and foster conditions 
suitable for enhanced soil water storage. According to the derived van Genuchten model parameters (θs and θr), 
adding the feldspathic sandstone change the overall grain-size composition of aeolian sandy soil, thus affecting 
key soil attributes such as texture and structure. In particular, 33% of feldspathic sandstone (T2) in the aeolian 
sandy soil was most effective at forming an aggregate structure.

The T2 treatment also resulted in the lowest n and m values, which are shape parameters of the SWCC. This 
result indicates that the T2 soil had the lowest rate to approach the residual water content during dehydration, 
which also confirms the high water retention capacity of this soil. By contrast, the aggregation of regular aeolian 
sandy soil (CK) was extremely poor and its saturated water content was very low, with severe percolation of both 
water and nutrients. Corroborating this result was T2 having a relatively high water retention capacity, which 
may be related to the claying effect of feldspathic sandstone. Furthermore, it follows that this T2 treatment could 
provide better water support for crops. For engineering applications to the Mu Us sandy land, we recommend 
adding a small proportion (e.g., 1:2, by mass) of feldspathic sandstone to aeolian sandy soil. This strategy could 
ensure the highly efficient use of water by crops while saving on engineering costs.

Practical implications of adding feldspathic sandstone into aeolian sandy soil for agricultural 
production.  Generally, crops with a short growing period are suitable for cultivation in sandy soils, since 
these plants are at less risk of withering during later growth stages. Similarly, drought-tolerant (e.g., watermelon, 
sesame, and sorghum) and early-maturing crops also perform better in a sandy soil environment, and some 
tuberous crops (e.g., potatoes and sweet potatoes) produce higher yields in sandy soils23. The better growth of 
some crops in sandy soil has been verified by crop planting experiments, in which aeolian sandy soil was modified 
by feldspathic sandstone.

For example, in our land consolidation protect in the Dajihan Village (Yulin, Shaanxi Province), we mechani-
cally mixed the feldspathic sandstone with aeolian sandy soil at the optimal mass ratio (i.e., feldspathic sandstone: 
aeolian sandy soil = 1:2) based on our experimental results. We then compacted the mixed soil to construct a till-
age layer, which achieved the best water retention effects. Additionally, the yield of potato could reach 156.68 kg 
per ha when planted in a modified soil composed of the feldspathic sandstone and aeolian sandy soil at a 1:2 mass 
ratio (sandy loam)49. Moreover, vegetable crops often require the soil to have good drainage and loose texture 
conditions, such as that provided by sandy soil and loam50. Together with our results, we consider the modified 
soil composed of feldspathic sandstone and aeolian sandy soil at a 1:2 mass ratio (loamy sand) is also suitable for 
planting vegetables.

Prospects for quantitative simulation of water characteristics in aeolian sandy soil added with 
feldspathic sandstone.  From the perspective of analyzed water characteristics, we added a locally abundant 
material from the Mu Us sandy land (i.e., natural, non-polluting and colloid-rich feldspathic sandstone) to the 
aeolian sandy soil. This addition markedly compensated for the poor structure of aeolian sandy soil and improved 
its water retention. However, as our results demonstrated, the water retention capacity of modified soils did not 
necessarily increase with increasing ratio of the feldspathic sandstone added.

It is worth noting that the SWCCs of T1 and T3 soils intersect at pF = 4.44 and 1.85 (Fig. 3). When pF < 1.85 
or pF > 4.44, the water retention capacity of T3 was higher than that of T1; however, when 1.85 < pF < 4.44, 
the water retention capacity of T1 was higher than that of T3. This contradictory result was due to the distinct 
water conservation effects of different mass ratio between the aeolian sandy soil and feldspathic sandstone. In the 
low-suction range of pF < 1.85, the change in soil water content was mainly caused by the variation in structural 
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porosity. Within the high suction range of pF > 4.44, the change in soil water content was mainly due to the var-
iation in water retention by molecules on the surface of soil grains51. Different ratios between the aeolian sand 
soil and feldspathic sandstone have varied effects for water conservation in the mixed soil; thus, more feldspathic 
sandstone is not necessarily better for water conservation in the sandy soil. Here we only simulated the effects of 
feldspathic sandstone which was less than or equal to aeolian sandy soil in mass. Further quantitative simulation 
is needed to verify whether the situation of water conservation differs when the amount of feldspathic sandstone 
added is higher than aeolian sandy soil.

Conclusions
In this study, we modified an aeolian sandy soil by adding feldspathic sandstone at different mass ratios. This 
addition of feldspathic sandstone compensated for the poor water retention of the aeolian sandy soil, and the 
modified soils showed increased water retention capacity when compared with the control. Therefore, we propose 
that feldspathic sandstone can be used for soil improvement in the Mu Us sandy land, in order to improve water 
use efficiency and the ecological environment. However, the soil improvement gained by adding more feldspathic 
sandstone does increase with its proportion. By taking into account soil water availability, we recommend a mass 
ratio of 1:2 for adding feldspathic sandstone to the aeolian sandy soil. This strategy could strengthen the water 
retention capacity of aeolian sandy soil and meet the water demand of crop growth in the study area.

References
	 1.	 Chen, L. D. et al. Effect of land use conversion on soil organic carbon sequestration in the loess hilly area, loess plateau of China. 

Ecol. Res. 22(4), 641–648 (2007).
	 2.	 Zhou, P., Wen, A. B., Zhang, X. B. & He, X. B. Soil conservation and sustainable eco-environment in the Loess Plateau of China. 

Environ. Earth. Sci. 68(3), 633–639 (2013).
	 3.	 Ma, G. F., Ran, F. T., Feng, E. K., Dong, Z. B. & Lei, Z. Q. Effectiveness of an eco-friendly polymer composite sand-fixing agent on 

sand fixation. Water Air Soil Poll. 226(7), 221(1–12) (2015).
	 4.	 Wang, T. Chinese Sand Control Project. (Beijing, Science Press, 2011). (in Chinese).
	 5.	 Huang, N., Xia, X. P. & Ding, T. Numerical simulation of wind sand movement in straw checkerboard barriers. Eur. Phys. J. E. 36(9), 

1–7 (2013).
	 6.	 Liu, H. J. et al. Windbreak efficiency of two types of simulated shrub forest equally planted in field. Journal of Desert Research. 35(1), 

8–13 (2015). (in Chinese).
	 7.	 Bo, L. T., Ma, P. & Zheng, X. J. Numerical study on the effect of semi-buried straw checkerboard sand barriers belt on the wind speed. 

Aeolian Res. 16(16), 101–107 (2015).
	 8.	 Han, Z., Wang, T., Dong, Z., Hu, Y. & Yao, Z. Chemical stabilization of mobile dunefields along a highway in the Taklimakan Desert 

of China. J. Arid Environ. 68(2), 260–270 (2007).
	 9.	 Gao, W. M., Wu, Z. R. & Wu, Z. S. Study of mechanism of the W-OH sand fixation. J. Environ. Prot. 3(9), 1025–1033 (2012).
	10.	 Meng, X., Liang, L. P. & Liu, B. L. Synthesis and sand-fixing properties of cationic poly (vinyl acetate-butyl acrylate-2-hydroxyethyl 

acrylate-DMC) copolymer emulsions. J. Polym. Environ. 25(2), 487–498 (2017).
	11.	 Tian, L. H., Wu, W. Y., Zhang, D. S., Lu, R. J. & Wang, X. Q. Characteristics of erosion and deposition of straw checkerboard barriers 

in alpine sandy land. Environ. Earth. Sci. 74(1), 573–584 (2015).
	12.	 Zang, Y. X., Gong, W., Xie, H., Liu, B. L. & Chen, H. L. Chemical sand stabilization: a review of material, mechanism, and problems. 

Environ. Technol. Rev. 4(1), 119–132 (2015).
	13.	 Bowker, M. A., Maestre, F. T. & Escolar, C. Biological crusts as a model system for examining the biodiversity ecosystem function 

relationship in soils. Soil Biol. Biochem. 42(3), 405–417 (2010).
	14.	 Wu, Y. W. et al. Development of artificially induced biological soil crusts in fields and their effects on top soil. Plant Soil. 370(1), 

115–124 (2013).
	15.	 Lan, S. B. et al. Artificially accelerating the reversal of desertification: cyanobacterial inoculation facilitates the succession of 

vegetation communities. Environ. Sci. Technol. 48(1), 307–315 (2014).
	16.	 Zhu, J. F. & Zhu, Z. D. Chinese Desertification Prevention. (Beijing, China Forestry Publishing House, 1999). (in Chinese).
	17.	 He, T. H. Study on environmental changes in the historical period of Mu Us Sandland. Lanzhou, Lanzhou University. (2008). (in 

Chinese).
	18.	 Han, J. C. Sand-fixing Effect of Feldspathic Sandstone. 1-30 (Xi’an: Shaanxi Science and Technology Press, 2014). (in Chinese).
	19.	 Wang, Y. C. et al. Definition of arsenic rock zone borderline and its classification. Science of Soil and Water Conservation. 5(1), 14–18 

(2007). (in Chinese).
	20.	 Dekker, L. W. & Ritsema, C. J. How water moves in a water repellent sandy soil: 1. Potential and actual water repellency. Water 

Resour. Res. 30(9), 2 507–2 517 (1994).
	21.	 Bi, C. F. & Wang, F. G. Research on soil erosion mechanism in soft rock regions. Journal of Sediment Research. (in Chinese) 29(1), 

70–73 (2008).
	22.	 Han, J. C., Xie, J. C. & Zhang, Y. Potential role of feldspathic sandstone as a natural water retaining agent in Mu Us Sandy Land, 

Northwest China. Chinese Geogr. Sci. 22(5), 550–555 (2012).
	23.	 Huang, C. Y. Soil Science. (Beijing, China Agricultural Press, 2001). (in Chinese).
	24.	 Глобус, А. М. Почвенно-гидрофизическое обеспечение агроэкологических математических моделей. Л. Гидрометеоиздат, 

184-196 (1987).
	25.	 Milly, P. C. D. Estimation of the brooks-corey parameters from water retention data. Water Resour. Res. 23(6), 1085–1089 (1987).
	26.	 Gardner, W. R., Hillel, D. & Benyamini, Y. Post-irrigation movement of soil water: 1, redistribution. Water Resour. Res. 6(3), 851–861 

(1970a).
	27.	 Gardner, W. R., Hillel, D. & Benyamini, Y. Post-irrigation movement of soil water: 2. Simultaneous redistribution and evaporation. 

Water Resour. Res. 6(4), 1148–1153 (1970b).
	28.	 Russo, D. Determining soil hydraulic properties by parameter: On the selection of model for the hydraulic properties. Water Resour. 

Res. 24(3), 453–459 (1988).
	29.	 van Genuchten, M. T. V. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 

44(44), 892–898 (1980).
	30.	 Jensen, N. H., Balstrøm, T. & Breuning-Madsen, H. The relations between soil water retention characteristics, particle size 

distributions, bulk densities and calcium carbonate contents for Danish soils. Hydrol. Res. 36(3), 235–244 (2005).
	31.	 Saxton, K. E. & Rawls, W. J. Soil water characteristic estimates by texture and organic matter for hydrologic solutions. Soil Sci. Soc. 

Am. J. 70(5), 1 569–1 578 (2006).
	32.	 Huang, G. H., Zhang, R. D. & Huang, Q. Z. Modeling soil water retention curve with a fractal method. Pedosphere. 16(2), 137–146 

(2006).

https://doi.org/10.1038/s41598-019-51257-y


8Scientific Reports |         (2019) 9:14719  | https://doi.org/10.1038/s41598-019-51257-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

	33.	 Han, X. W., Shao, M. A. & Horton, R. Estimating van Genuchten model parameters of undisturbed soils using an integral method. 
Pedosphere. 20(1), 55–62 (2010).

	34.	 Ottoni, M., Assad, M. L. L. & Monteiro, A. E. Evaluation of the performance of the van Genuchten equation using a large database 
on soil water retention of tropical soils in Brazil. Agu. Fall Meeting (2014).

	35.	 Lin, L. R. & Chen, J. Z. The effect of conservation practices in sloped cropland on soil hydraulic properties and root-zone moisture 
dynamics. Hydrol. Process. 29(9), 2079–2088 (2015).

	36.	 Ren, Z. P., Zhu, L. J., Wang, B. & Cheng, S. D. Soil hydraulic conductivity as affected by vegetation restoration age on the Loess 
Plateau, China. J. Arid Land. 8(4), 546–555 (2016).

	37.	 Klute, A., Cassel, D. K. & Klute, A. Water potential: tensiometry. Methods of Soil Analysis: Part 1—Physical and Mineralogical 
Methods. Agron. J. 146(2), 562–596 (1986).

	38.	 Вазонина, A. Ф. & очагина, B. А. Soil and Soil Physical Properties. (Translated Cheng, Y. S. & Yao, X. L) (Beijing, Science Press, 
1965).

	39.	 Wu, T. N., Wang, Y. Q., Lv, J. W. & Zhang, B. Soil water characteristics of middle pleistocence paleosol layers on the Loess Planteau. 
Afr. J. Biotechnol. 10(53), 10856–10863 (2011).

	40.	 Satyanaga, A., Rahardjo, H. & Zhai, Q. Estimation of unimodal water characteristic curve for gap-graded soil. Soils Found. 57(5), 
789–801 (2017).

	41.	 Li, Z. Simulated experiment on effects of soil mechanical composition and soil bulk density on soil water characteristic parameters. 
Yangling, Shaanxi, Northwest A& F University (2009). (in Chinese).

	42.	 Thomasson, A. J. Towards an objective classification of soil structure. Eur. J. Soil Sci. 29(1), 38–46 (1978).
	43.	 Song, G. L., Han, L. B. & Li, D. Y. Effect of different sand/soil ratio on soil water-holding characteristic of sports turf root zone. 

Chinese Journal of Soil Science. 39(2), 233–237 (2008). (in Chinese).
	44.	 Li, X. L., Hou, X. Y., Liu, Z. Y. & Guo, F. H. Long-term overgrazing-induced changes in topsoil water-retaining capacity in a typical 

steppe. Rangeland Ecol. Manag. 70(3), 324–330 (2017).
	45.	 Li, X. L., Ya, S., Hua, Q. X. & Wen, L. The experimental analysis study of soft sandstone soil properties in the plateau hilly region. 

Journal of Inner Mongolia Agricultural Uninversity. 32(1), 315–318 (2011). (in Chinese).
	46.	 Jia, J. C., Zhang, P. P., Yang, X. F. & Zhang, X. C. Feldspathic sandstone addition and its impact on hydraulic properties of sandy soil. 

Can. J. Soil Sci. 98(3), 399–406 (2018).
	47.	 Xiong, Y., Xu, Y. Q. & Chen, J. F. Soil Colloid: The Material Basis of Soil Colloid. (Beijing, Science Press, 1983). (in Chinese).
	48.	 Liu, Z. D., Hong, Z. N., Li, J. Y., Jiang, J. & Xu, R. Q. Interactions between Escherchia coli and the colloids of three variable charge soils 

and their effects on soil surface charge properties. Geomicrobiol. J. 32(6), 511–520 (2015).
	49.	 Cai, M. M., Han, J. C., Luo, L. T., Wang, H. Y. & Ma, Z. H. Effect of soft rock and sand mixing ratios and crop planting frequencey on 

soil and crop yield. Journal of Northwest A & F University (Nat. Sci. Ed.) 41(10): 179–192 (2013). (in Chinese).
	50.	 Riley, H. C. F., Bleken, M. A., Abrahamsen, S., Bergjord, A. K. & Bakken, A. K. Effects of alternative tillage systems on soil quality 

and yield of spring cereals on silty clay loam and sandy loam soils in the cool, wet climate of central Norway. Soil Till. Res. 80(1–2), 
79–93 (2005).

	51.	 Sposito, G. & Prost, R. Structure of water adsorbed on smectites. Chem. Rev. 82(6), 553–573 (1982).

Acknowledgements
This study was financially supported by the Public Welfare Industry Research Project of the Ministry of Land and 
Resources of the People’s Republic of China (No. 201411008).

Author Contributions
L.Z. wrote the main manuscript. L.Z. and J.H. conceived the study, experimentation and analyzed the data. All the 
authors revised the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-51257-y
http://creativecommons.org/licenses/by/4.0/

	Improving water retention capacity of an aeolian sandy soil with feldspathic sandstone

	Methods

	Study area. 
	Soil sampling and experimental treatments. 
	Grain-size distribution analysis. 
	SWCC determination. 
	Van genuchten model fitting. 
	Calculating water availability parameters. 
	Data analysis. 

	Results

	Grain-size distribution. 
	SWCC characteristics and fitting parameters. 
	Soil water availability. 

	Discussion

	Mechanisms of water retention in aeolian sandy soil added with feldspathic sandstone. 
	Practical implications of adding feldspathic sandstone into aeolian sandy soil for agricultural production. 
	Prospects for quantitative simulation of water characteristics in aeolian sandy soil added with feldspathic sandstone. 

	Conclusions

	Acknowledgements

	Figure 1 Remote sensing image of the study area generated using Google Earth Pro 7.
	Figure 2 Grain-size frequency distribution curves of feldspathic sandstone, aeolian sandy soil (control, CK), and the mixture of the two materials (T1 = 1:5 T2 = 1:2 and T3 = 1:1).
	Figure 3 Soil-water characteristic curves of aeolian sandy soil modified by feldspathic sandstone at mass ratios (CK = 0:1, control T1 = 1:5 T2 = 1:2 and T3 = 1:1).
	Figure 4 Water availability parameters of aeolian sandy soil modified by feldspathic sandstone and at different mass ratios (CK = 0:1, control T1 = 1:5 T2 = 1:2 and T3 = 1:1).
	Table 1 Physicochemical properties of the aeolian sandy soil and feldspathic sandstone used in this study.
	Table 2 The van Genuchten model parameters of aeolian sandy soil (S) modified by feldspathic sandstone (F).




