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Abstract: Saline—alkaline soil is a severe threat to Sustainable Development Goals (SDGs), but it can
also be a precious land resource if properly utilized according to its properties. This research takes
the Songnen Plain as the study area. The aim is to figure out the saline—alkaline status and mecha-
nisms for its scientific utilization. Sentinel-2 multispectral imagery is used, and a 3D spectral space
optimization method is proposed according to the restrictive relationships among the surface soil
salinity index (SSSI), vegetation index (VI), and surface soil wetness index (SSWI) to construct a
surface soil salinization—alkalization index (SSSAI) for estimation of the surface soil salinity (SSS). It
is testified that SSS can be precisely estimated using the SSSAI (R? = 0.74) with field verification of
50 surface salinized soil samples. Surface water and groundwater investigations, as well as deep soil
exploration, indicate that the salt ions come from groundwater, and alkalinization is a primary prob-
lem in the deep soils. Fine-textured clay soils act as interrupted aquifers to prevent salt ions from
penetrating and diluting downward with water, which is the cause of the salinization-alkalization
problem in the study area. Finally, a sustainable solution for the saline-alkaline land resource is
proposed according to the deep soil properties.

Keywords: soil salinity; 3D spectral space optimization; deep soil properties; SDGs

1. Introduction

Soil salinity (including soil salinization and alkalization) may not be as serious and
damaging as earthquakes or other large-scale natural disasters, but it is absolutely a se-
vere environmental hazard and a major global issue due to its adverse impact on agricul-
tural production and sustainable development [1,2]. It is built up by water-soluble salts
accumulating at or near the soil surface. Saline—alkaline ions prevent plant cells from ab-
sorbing water and seriously harm plant growth when they exceed a threshold level [3-7].
Interactions between climate change and anthropogenic alteration of the hydrological cy-
cle and associated drainage problems are likely to further increase the severity [7,8]. The
Songnen Plain in northeastern China is characterized as one of three major sodic-salinized
soil concentration regions in the world and the main grain-producing region of black soils
in China [9], where soil salinization has caused serious land degradation problems, which
negatively affect local economies and decrease yields.

Many technologies and methods have been used to explore surface soil salinity (SSS)
and underground soil salinization-alkalization mechanisms. The most commonly used
methods for evaluating the state of soil salinization are field investigation and laboratory
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measurement of aqueous extracts of soil samples. However, these methods are too labor-
and cost-intensive and time- and money-consuming to be practical, particularly when
large numbers of samples are involved. Additionally, the sampling procedure is a destruc-
tive process, so it cannot be repeated at the same locations. Fortunately, remote sensing
(RS) provides a non-contact way of detecting Earth’s surface and segregating salinized
soils from normal soils, as the spectral characteristics of salinized soils are very distinctive
compared with non-salinized soils, usually exhibiting higher reflectance in visible and
near-infrared spectra than those of other land-cover types [4,8,10-19]. For this reason, the
use of RS as a rapid, non-contact, and low-cost technique was shown to be valuable for
detecting SSS either directly on bare soils with efflorescence and white-crust or indirectly
on covered soils through the biophysical characteristics of vegetation or soil moisture
[4,20,21]. Some indirect environmental factors, such as terrain, hydrology, climate, and the
like, could also be incorporated to characterize soil salinity [22-25], as they are mutually
associated with one another. The commonly used RS inversion method is to choose a sig-
nificant band or combine some sensitive bands to form different kinds of salinity indices
to invert soil salinity. Multispectral satellite images (such as MODIS, Landsat, and Senti-
nel) are frequently used because the multi bands of visible spectra (0.38~0.76 pum) and
near-infrared spectra (0.76~3 pm) can provide the highest separability between salinized
and non-salinized soils for distinguishing saline—alkaline soil regions [11,26-31]. The Sen-
tinel-2 multispectral sensor has a higher spatial resolution (10 m) in the red, green, blue,
and near-infrared spectrum than MODIS or Landsat, in which the bands can be combined
in different ways to obtain various salinity indices to invert SSS [24]. Overall, previous
studies using RS mainly focused on SSS mapping, while saline-alkaline problems have
extended far beyond surface soils and also affect deep soils. The vertical distribution of
salinized soils should be considered. In this case, the necessity of using other sources of
data and techniques in combination with RS to achieve vertical soil salinity mapping is
highlighted [32]. Modeling of salinity status vertically can present important information
for understanding the mechanism of salinization, assessing its properties in different con-
ditions, and extracting significant information from it as a 3D soil body; e.g., especially
where salts accumulate in deep soils [32-36]. As the saline-alkaline mechanisms of deep
soils in the study area remain unclear to scientists, it is critical to conduct in-depth research
into these mechanisms.

The aim of this study is to provide a solution for soil salinity estimation using Senti-
nel-2 multispectral images, to find the cause and its status in deep soils, and to propose
scientific suggestions for the utilization of saline-alkaline land resources. The specific ob-
jectives are: (1) to construct an optimal 3D spectral model using Sentinel-2 images to invert
soil salinity; (2) to show the deep soil salinization—alkalization state and its cause; and (3)
to recommend a solution for the utilization of saline-alkaline land resources or cultivation
usage according to their properties, especially deep soil properties.

2. Materials and Methods
2.1. Study Area

The study area is in the center of the main distribution area of salinized soils in the
Songnen Plain, which is one of three major areas of saline-sodic soils in the world and
also the most severely salinized area and a black soil region in China (Figure 1). It is lo-
cated between 123°04'~125°20" and 43°58'~45°30’, covering an area of 11,736 km?2. The Nen
river and Song Hua river are in the north and the Liao river is in the south. According to
the Harmonized World Soil Database (HWSD v1.2) of the Food and Agriculture Organi-
zation (FAO) of the United Nations [37], in which the data for the Chinese territory were
provided by the Office for the Second National Soil Survey of China during 1979~1985 at
a scale of 1:1 million at a 30 arc-second resolution, the soils in the study area are developed
on loess sediments and are mainly characterized by calcic chernozems, calcaric arenosols,
gleyic phaiozems, gleyic solonchaks, gleyic solonetz, haplic solonchaks, and mollic
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solonchaks. The total area of the saline—alkaline soils is 731.26 km? in Figure 1. Most of the
soils covering the study area are sandy or loamy soils that have poor water retention ca-
pacity, and the moisture in them is easily evaporated to leave salt ions in the soils. Physi-
ographically and hydrographically, the elevation of the study area is 109~315 m and the
water table is generally less than 70 m. The western region has low relief and high under-
ground water, most of which is lower than 5 m, while the eastern region has high relief
and a low water table (Figure 2). It has a typical warm temperate continental monsoon
climate [9], which is dry with little rainfall during the winter-spring seasons, so the
groundwater has to be pumped for agricultural irrigation, especially in the east of the
study area where the aquifer is deep. It is also so cold during this time that the depth of
the frozen soils can reach 2 m [38]. In contrast, it is warm and rainy during the summer—
autumn seasons. The annual average precipitation is 400~500 mm, but the annual average
sunshine time is 3000 h, and the annual evaporation discharge is more than 1200 mm
[39,40]. These special geographical and climate conditions (flat terrain, low precipitation,
intense evaporation, high groundwater level, and freeze—thaw action) lead to the enriched
accumulation of soil salinity, and anthropogenic activities seem to make it worse.
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Figure 1. Location, elevation, and saline—-alkaline soil distribution of the study area. (The DEM data
at 12.5 m spatial resolution were downloaded from https://search.asf.alaska.edu (accessed on 27
February 2024).
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Figure 2. Water-table map of the study area. (The data were provided by The Water Resources Bu-
reau of Songyuan city).

2.2. Field Sampling of the Soils and Waters and Laboratory Analysis

Field survey and sampling of the soils and waters were conducted between 20 Sep-
tember and 20 October 2022 under fine and cloudless weather, and there was no rainfall
during the sampling period. The locations of the samples are shown in Figure 3, and the
data sources are listed in Table 1.

Table 1. Field sampling data sources used in this study.

Data Source Type Quantity Depth
TWSS and salt ions of surface salinized soil samples 50 20 cm
. 1955 2m
pH, SOC, and texture of deep soil samples 407 5m
TDS and salt ions of surface water samples 25 surface

TDS and salt ions of groundwater samples 25 underground
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Figure 3. Locations of the soil samples obtained during field investigation.

Fifty surface salinized soil samples were collected, considering the land-use types,
salinization degree, and accessibility of sampling sites. The triangular sampling method
was used to collect three portions of soil within a depth of 20 cm, and the soil samples
from the sampling point were blended at a ratio of 1:1:1. Deep soil investigation was car-
ried out using Luoyang shovel holes within a depth of 2 m and a Rhino HDP drilling
machine within a depth of 5 m. The grid distance of the soil samples was about 4 km. The
vertical soils in the drilling holes were layered according to their textures. A total of 2362
underground soil samples were collected within a depth of 5 m (with 407 at 2 m depth
and 1955 at 5 m depth). At each sampling site, a 2 kg soil sample was collected and labeled.
All the sampling points and their surrounding natural environment were recorded using
a Digital Geological Survey System (DGSS) that was developed by the Chinese Geological
Survey (CGS) and integrated into a tablet personal computer (Qpad X5) made by the Hi-
Target company in Guangzhou, China. The Chinese Beidou Satellite Positioning System,
Russia Global Navigation Satellite System, American Global Positioning System, and As-
sisted Global Positioning System were embedded in it and can be switched freely. The soil
samples were analyzed in the laboratory after being air-dried, ground into fine particles,
and sieved using a mesh of 2 mm. The surface salinized soil samples’ total water-soluble
salt (TWSS) was measured using the residue drying method [41], calcium ions (Ca?), mag-
nesium ions (Mg?), and sulfate ions (SO4") were determined using the EDTA complexo-
metric titration method [41-43], and sodium ions (Na*) and potassium ions (K*) by flame
photometry [41-44], carbonate ions (COs?") and bicarbonate ions (HCOs-) by double indi-
cator neutralization titration [41,45], chloride ions (CIl") by silver nitrate titration [41,45],
and soil suspension with a soil-water ratio of 1:5 was used to determine the pH of the
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surface and underground soil samples using the electric potential method [41,45,46]. Soil
textures and soil organic carbon (SOC) contents of the underground soils were measured
using the hydrometer method [47,48] and the combustion oxidation-non-dispersive infra-
red absorption method [49], respectively.

In total, 25 surface water samples and 25 groundwater samples were collected near
the salinized soil samples. The surface water samples were collected from lakes and
ponds, and the groundwater samples were collected from artesian wells. Total dissolved
solids (TDS), pH, and salt ions (K*, Na*, Ca?", Mg, HCOs", COs?, CI-, SOs*, NOs") were
measured in the laboratory within 24 h. TDS were measured using the gravimetric method
[50] and pH by glass electrode analysis [46]. Ca?", Mg?, and K* were measured using in-
ductively coupled plasma atomic emission spectrometry (ICP-AES) [51], Na* and CI- us-
ing flame atomic absorption spectrometry (FAAS) and silver nitrate titration [41,44,45,52],
SO+ ions and NO:s- using ion chromatography [53], and COs*> and HCOs~ using double
indicator neutralization titration [44].

2.3. Satellite Imagery and Preprocessing

Satellite imagery from Sentinel-2-MSI Level-2A data was downloaded from the Eu-
ropean Space Agency (ESA) Copernicus Open Access Hub (https://scihub.copernicus.eu/,
accessed on 21 October 2022) within the same period of time as the field soil sampling (i.e.,
between 20 September 2022 and 20 October 2022) and was corrected using Sen2cor for
radiometric calibration and atmosphere correction. There are 13 spectral bands in it: four
VIS-NIR bands of 10 m spatial resolution, six red-edge and SWIR bands of 20 m spatial
resolution, and three bands (Coastal aerosol, Water Vapor, and Cirrus) of 60 m spatial
resolution. The specified parameters are provided in Table 2.

Table 2. Spectral bands of the Sentinel-2 MSI sensor.

Band Number Central Wavelength (um) Spatial Resolution(m)
Band1 Coastal Aerosol 0.443 60
Band?2 Blue 0.490 10
Band3 Green 0.560 10
Band4 Red 0.665 10
Band5 Vegetation Red Edgel 0.705 20
Band6 Vegetation Red Edge2 0.740 20
Band7 Vegetation Red Edge3 0.783 20
Band8 NIR 0.842 10
Band8A Vegetation Red Edge 0.865 20
Band9 Water Vapor 0.945 60
Band10 SWIR Cirrus 1.375 60
Band11 SWIR1 1.610 20
Band12 SWIR2 2.190 20

The imagery used in this study had no ice, snow, or cloud and a small amount of
vegetation coverage. The imagery was processed by ESA SNAP 7.0 into GeoTIFF single
bands and resampled into the same spatial resolution as 10 m to retain as much infor-
mation as possible for calculating the spectral indices, including the surface soil salinity
index (SSSI), vegetation index (VI), and surface soil wetness index (SSWI). Then they were
applied to sift the optimized model for soil salinity inversion by programming in
MATLAB 2022b.

2.4. Methods

In this study, RS inversion of the SSS was verified by field survey of surface salinized
soils and deep soil investigation. The flowchart is shown in Figure 4.
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The first step is to find the best 3D spectral model for soil salinity inversion. The most
commonly used way of identifying features of interest in soil salinity is with the designa-
tion of combining two or more spectral bands to form different kinds of indices for salini-
zation recognition [12]. Herein lies the principle that the density and growth of vegetation
and its spectral reflectance are negatively affected by different levels of salinity stress
[6,31,54]. Soil moisture is helpful for the growth of vegetation, but salts in soils tend to
accumulate in the root zone with the evaporation of moisture if there is not enough pre-
cipitation to trigger deep percolation to leach the salt ions downward [20,21]. According
to former researchers, various types of SSSI, SSWI, and VI were applied in soil salinity—
alkalinity inversion. As listed below in Table 3 of the commonly used SSS indices using
multi-spectral RS of Sentinel-2 MSI imagery (Bwavelength is its band wavelength), a significant
band was chosen or sensitive bands were combined to form different kinds of salinity
indices for inversion. Some surface soil wetness indices in Table 4 and vegetation indices
in Table 5 were also taken as concurrent indicators to detect soil salinity indirectly. How-
ever, some indices performed best for estimating the soil salinity [12,31,55], while others
did not. The results of [14,54] indicated that the NDSI index was not a good indicator for
concentrated salt estimation. In [29], the SAVI was only accurate for low salinity where
the areas were dominated by salt-sensitive plants. The ESI was especially suitable for as-
sessing soil salinity with low soil moisture on the condition that the reflectance of blue,
red, and NIR bands was higher for salinized soils [18]. The Normalized Difference Water
Index (NDWI) was more sensitive to drought stress than the NDVI [56]. Therefore, differ-
ent indices have their own applicable conditions. In addition, there is an objective corre-
lation among the multispectral RS bands and among these indices, which is also known
as information redundancy or aliasing. It is usually hard to get a precise inversion result
when only directly using a single band or a simple combination of feature bands accord-
ing to their relative importance. Indices combined by NIR-SWIR bands should also be
considered for inversion, as they were shown to be significant in separating saline and
non-saline soils [14,17]. That is to say, the 3D spectral model for SSS inversion should be
decided based on the objective restricted relationships between SSSI, SSWI, and VI. To
find the biggest correlation coefficient between SSSI and 1-SSWI, SSSI and 1-VI, and 1-
SSWI and 1-VI requires ergodic screening of these indicators. Then, an optimal model can
be constructed to estimate the degree of soil salinity and reveal its distribution. In this
study, SSSI, SSWI, and VI are standardized in Equations (1)-(3) to 0~1, and the surface soil
salinization—alkalization index (SSSAI) is also normalized to 0~1 in Equation (4). SSSInax,
SSSImin, SSWlnax, SSWlnin, VInax and Vimx are the maximum and minimum values of the
three indicators, respectively.

Secondly, field verification, deep soil investigation, and laboratory analysis were con-
ducted. In total, 50 surface salinized soil samples, 1955 deep soil samples within 2 m
depth, and 407 deep soil samples within a depth of 5 m were collected and analyzed for
TWSS, salt ions, pH, SOC, and texture.
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Table 3. The SSSI commonly used for Sentinel-2 MSI imagery.

(about 2m)

pH, SOC, texture

-

: Deep soil salinization-alkalization status

(about Sm)

pH, SOC, texture i

Number Name Formula References
1 NDSI (Bred — BNIR)/(Bred + BNig) [12,16,19,54]
2 NSI (Bswirt — Bswirz)/(Bswir1 + BNIr) [17]

3 ASTER_SI (Bswirt — Bswirz)/(Bswiri + Bswirz) [4,14-16]
4 ESI 2.5 x (Bred — BNIR)/(BNIR+ 6 % Bred — 7.5 [18]

x Bbiue + 1)
5 Intensity Indices (BGreen + Bred + BNir)/3 [13,15]
6 Intensity Indices sqrt(Bcreen? + Bred? + BNir?) [13,15,16,21]
7 Intensity Indices sqrt(Bred? + Bareen?) [13,15,16,21]
8 Brightness Index sqrt(Bred? + Bnir?) [12,13,16]
9 Brightness Index sqrt(Bcreen? + BNIR?) [15,16]
10 Brightness Index sqrt(Bred? + Bred_edges?) [14]
11 Ratio salt index (BBiue — Bswirz)/(Bsiue + Bswirz) [8]
12 Band Ratio SI BBiue/Bareen [16]
13 Band Ratio SI BBiue/Bred [13,16,31,57,58]
14 Band Ratio SI Bsiue/BNir [16]
15 Band Ratio SI Bareen/Bred [16]
16 Band Ratio SI BGreen/BNir [16]
17 Band Ratio SI Bred/BNir [16]
18 Band Ratio SI (BGreen % Bred)/Bbiue [31,57,58]
19 Band Ratio SI (BBiue X Bred)/Bareen [16,31,57]
20 Band Ratio SI (Bred x BNIR)/BGreen [15,27]
21 SI-T (Bred/BNir) x 100 [55]
22 SI-2 (BBiue — Bred)/(BBiue + Bred) [31,57]
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23 SI-4 (Bswirt x Bred)/BGreen [8]
24 SI (BGreen + Bred)/2 [13,15]
25 SI Bswiri/Bswirz [14-16]
26 SI (Bred — Bswirt)/(Bred + Bswir1) [14]
27 SI sqrt(Bsiue x Bred) [12,14,16,31,57,58]
28 SI sqrt(Bcreen X Brea) [12,13,15,16,31,40,59]
29 SI sqrt(Bred x Bnir) [16]
30 SSSI-1 Bswiri — Bswirz [14]
31 SSSI-2 (Bswirt x Bswirz — Bswir2 x Bswirz)/Bswiri [14]
Table 4. The SSWI commonly used for Sentinel-2 MSI imagery.
Number Name Formula References
1 Tasseled cap wet-  0.1509 x Bgiue+0.1973 x Bgreen+0.3273 x Bred + [60,61]
ness 0.3406 x Bnwr — 0.7112 x Bswirt — 0.4573 x Bswirz !
2 NDWI (Bnir — Bswirt)/(BNir + Bswiri) [18]
3 STR 0.5 x (1 — Bswir22)/Bswirz [62]
4 NMDI Bnir — (Bswirt — Bswirz)/Bnir + Bswirt — Bswirz [63]
5 SRWI Bvegetation RedEdge/Bswir1 [64]
6 LSWI (Bvegetation RedEdge — Bswir1)/(Bvegetation RedEdge + Bswirt) [65]
Table 5. The VI commonly used for Sentinel-2 MSI imagery.
Number Name Formula References
1 NDVI (BNiR — Bred)/(Bred + BNir) [13,15,40,58,59]
2 EVI 2.5 x (BNIR — Bred)/(BNIR+6 X Bred = 7.5 x Bpiue +1) [15,40,59]
3 SAVI 1.5 x (BNIR = Bred)/(Bred + Bnir +0.5) [13,15,31,40,60,66]
4 RVI BNir/Bred [67]
5 DVI BNir — Bred [13,40]
6 PVI (BNR — (a x Brea+b))/sqrt(1 + a?) [13,68]
a x (BN — (@ % Bred+b))/(Brea+a x (BN — b) +
7 TSAVI 0.08 x (1 + a2)) [13,69]
—0.0635 x Bcoastal = 0.1128 x Baiue — 0.1680 x Bareen —
Tasseled cap 0.3480 x Bred — 0.3303 x Brededge1 +0.0852 x
Bredrdge2 +0.3302 x Brededges+0.3165 x Bnir+0.3625 [70]
BICCTMNESS B egetation Redbdze + 0.0467 X Buatervapor — 0.4578 x
Bswirt — 0.4064 x Bswirz
9 CRSI sqrt((BNR X Bred = Bred X BBiue)/(BNIR X Bred + BRred ¥ [16,59]

BBlue))

The third step is grading of the soil’s saline-alkaline intensity and 3D integration

with the deep soil properties (pH, texture, and SOC) of the study area. Th
according to the classification standard of the Chinese Third National

is is decided
Soil Survey

(CTNSS) that was initiated in 2022 [71] and divided into four classes (slight, moderate,
severe, and soda-saline-alkaline soil) when the salinity values are 1 g/kg~3 g/kg, 3 g/kg~5
g/kg, 5 g/kg~7 g/kg, and >7 g/kg, respectively. The surface soil samples” TWSS is used to
fit with the inversion result. The surface water and groundwater samples are applied to
analyze their interactions with the salinized soils. The deep soil pH, SOC, and texture are
used to reveal the underground salinization-alkalization state by 3D visualization.

SSSI — SSSLynin

SSSI = ,
SSSImax — SSSImin

)
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SSWI = SSWI — SSWipin 9
SSWimax — SSWipin” @)
= V= Vimin
VI - Vimax — VImin/ (3)
SSSAI = %Jsssﬂ +(1-SSWD2+ (1 -VI)?, 4)

3. Results
3.1. Prediction of SSS by the 3D Spectral Model and Its Accuracy

The optimal model that has the highest correlation among SSSI, 1-SSWI, and 1-VI is
the combination of the ratio salt index numbered 11 in Table 3, the NDWI numbered 2 in
Table 4, and the TSAVI numbered 7 in Table 5, respectively. The inversion result of SSSAI
is obtained using Equation (4). The accuracy of the model is verified by the TWSS values
of the 50 surface salinized soil samples within a depth of 20 cm to fit with SSSAI using
weighted least-squares method, as shown in Figure 5. The fitting line shows an approxi-
mately linear relationship, and the determination coefficient of the regression model is
0.74, showing the best prediction of performance.

Yy
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Surface soil salinization-alkalization index (SSSAI) by the proposed approach

Figure 5. Model verification by the TWSS values of the surface salinized soil samples.

The inverted result obtained by the proposed approach is shown in Figure 6. Saline-
alkaline regions are mainly distributed in the southwest of the study area, around puddles
and rivers in the low-lying terrain. The areas of slight, moderate, severe, and soda—saline—
alkaline soil with TWSS of 1~3 g/kg, 3~5 g/kg, 5~7 g/kg, and >7 g/kg, respectively, are 209
km? (51%), 116 km? (29%), 71 km? (17%), and 12 km? (3%). The Piper diagram of the 50-
surface saline-alkaline soil samples in Figure 7 shows that the cations are mainly of ka-
lium and sodium, with low percentages of magnesium and a wide range of calcium. The
anions are mainly of carbonate and bicarbonate but with low percentages of sulfate and
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chlorate. The TWSS value is between 0.15 g/kg and 9.99 g/kg. The pH values are between

5.44 and 9.23, with a mean value of 7.85, and most values are >8.5.
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Figure 6. Salinization—alkalization grading of the study area according to the proposed approach.
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Figure 7. Piper diagram of the surface saline-alkaline soils.

In other words, the surface soil of the study area is characterized by saline-sodic al-
kalinization, mainly controlled by chemical compositions of Na* + K* + Ca?* and HCOs +
COs?-. This inversion method can be applied in SSS estimation and monitoring for scien-
tific policymaking according to the dynamics of saline—alkaline regions and for sustaina-
ble management of saline—alkaline land resources.

3.2. Soil Salinization—Alkalization Genesis of the Study Area
3.2.1. Origin of Salt Ions and the Deep Soil Saline-Alkaline Status

The surface water and groundwater samples were collected near the surface saline—
alkaline soil samples. The cations (Ca?, Mg?, Na*, K*), anions (COs?;, HCOs-, CI-, SO),
TDS, and pH values of these water samples were measured. The surface water Piper dia-
gram in Figure 8 (left) shows that the cations are mainly K* and Na*, with low percentages
of Ca?* and Mg?". The anions are mainly COs>~ and HCO:s-, with low percentages of SO+*-
and 0~60% CI-. The groundwater Piper diagram in Figure 8 (right) shows that the cations
are also mainly K* and Na*, with low percentages of Mg, and a wide range of Ca?. The
anions are also mainly COs?- and HCOs-, with low percentages of Cl- and SO#. The TDS
values of the surface water and groundwater are 560 mg-L-'~6520 mg-L' and 220
mg-L1~1995 mg-L-, and their pH values are 7.65~9.64 and 7.11~9.08, respectively. All the
TDS values of the surface water are greater than 500 mg-L-, and this is also the case for
most of the groundwater. Furthermore, most of the pH values of the surface water and
groundwater are higher than 8.5. This means that the water near the surface saline-alka-
line soils is unsuitable for use as drinking water. The Gibbs diagram in Figure 9 shows
that the cations and anions of the samples are all dominated by evaporation and rock—
water interaction [72]. The difference is that the latter has more calcium ions (Ca?"). In
addition, the groundwater level in most of the study area is less than 5 m, so the calcium
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ions are brought to the surface soils, emerging as white efflorescence or crust. From the
above, it can be suggested that the surface soil salt ions are carried by surface water via
runoff and by groundwater via capillary rise and fluctuations. They are deposited by
evaporation and aggregated in surface and subsurface soils. Alkalization mainly con-
trolled by chemical compositions of Na*+ K*+ Ca?* and HCOs-+ COs*" is a significant char-
acteristic of surface water and groundwater.

Surface water
Groundwater
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pH
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Figure 8. Piper diagrams of the surface water (left) and the groundwater (right).
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Figure 9. Gibbs diagrams of the surface water (left) and the groundwater (right) (The grey dotted
lines are overall trends of the data).

The pH data of the 2326 deep soil samples obtained by drilling exploration were in-
terpolated using the ordinary kriging method and classified according to the USSL (US
Salinity Laboratory Staff Classification), and pH > 8.5 can be categorized as alkalization
[6,23]. The data are layered and arranged vertically in Figure 10, in which pH > 8.5 is
shown in yellow-red. The surface saline-alkaline areas are shown in black, and the soils
under them are shown as vertical columns.
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Figure 10. Alkalization distribution of the deep soil.

Thus, it can be concluded that the deep soil in the study area is mainly affected by
alkalization and that the ions in the surface soda—saline-alkaline soils (including cations
of Ca?, Na*, and K* and anions of COs?- and HCOs-) are from surface water and ground-
water. Alkalization is the main characteristic of surface and deep soils in the study area.
Its process is dominated by evaporation and soil-water interaction. This alkaline mecha-
nism would inhibit the activity of soil microorganisms and crop growth and development
and generate all kinds of toxic substances. Thus, in the farmlands of the alkaline regions,
acidic fertilizers can be used as manure to decrease the alkaline intensity, especially where
the pH is much higher than 8.5.

3.2.2. Surface and Deep Soil Texture Characteristics

Field survey by surface and deep soil drilling exploration have shown that saliniza-
tion and alkalization are commonly distributed in the surface soils in Figure 11a and
within a depth of 5 m in a drilling hole sample in the saline-alkaline areas in Figure 11b.
The whitish crust or crystallization is a common phenomenon in the study area. As shown
in Figure 11c, the saline-alkaline crystallization usually appears as white mesh veins or
linear structures distributed along cracks in the deep soil. As the Rhino HDP adopts a
hammer drilling technique to collect soil samples, each round trip of a drilling footage of
one meter has its own compressibility. Thus, the actual length or depth of the soil sample
is calculated using Equation (5).
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Figure 11. Surface and deep soil saline—alkaline investigation by drilling exploration ((a) UAV aerial
photography of the saline-alkaline regions, (b) deep soil sample of a drilling hole of 5 m, A is the
length of the layered sample, B is the corresponding whole length of a drilling footage round trip,
(c) the saline-alkaline phenomenon in deep soil of the drilling hole).

Actual length = %, )

Ais the length of the layered sample, B is the corresponding whole length of a drilling
footage round trip, and the units are meters. White saline-alkaline crystals can be seen in
the sandy soil at depths of 0~2.12 m, whereas they become weak or disappear in the clay soil
between 2.12 m and 4.29 m and cannot be seen in the sandy soil between 4.29 m and 5 m.

The texture types of the surface saline-alkaline samples and deep soil samples within
a depth of 5 m during drilling exploration are classified according to the USDA-NRCS soil
taxonomy [73]. Herein, the percentages of clay, silt, and sand can be calculated when the
weight percent of the soil particles are less than 0.002 g/kg, 0.002 g/kg~0.02 g/kg, and 0.02
g/kg~2 g/kg, respectively. Then, the types of soil textures can be classified into 12 classes,
as statistically shown in Figure 12, in which the 50 types of surface saline-alkaline soil
samples are mainly sandy soils (e.g., sand, loamy sand, and sandy loam) in red, while the
deep soil types in saline—alkaline regions tend to be clay soils (e.g., sandy clay loam and
sandy clay) in blue. The overall texture classes of the surface and deep soils (0~5 m) of the
study area also consist largely of sandy—loamy soils, with a small percentage of clay soils
shown in green in Figure 12. Then, the surface and deep soil textures are integrated with
the surface saline-alkaline areas that are inverted using the proposed approach and spa-
tially visualized in Figure 13. The surface saline-alkaline areas are in black on the top of
the model, the soil textures of the overall study area are shown as three layers (surface, 2
m deep, and 5 m deep), and the soil textures under the surface saline-alkaline areas are
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shown as vertical columns. It can be clearly seen that the surface or subsurface soils are
mainly sandy—loamy soils in yellow—green, while the types of deep soil textures under the
surface saline—alkaline areas are mainly characterized as sandy or loamy soils interbedded
with clay soils in cyan-blue. The sandy soils are conducive to the infiltration of water and
the corresponding downward migration—dilution of salt ions, in which the moisture evap-
orates easily to leave the salt ions on the soil surface and subsurface. The multi-layer clay
soils (in cyan—blue) have a hindering effect on the infiltration and migration action, where
significant white crusts are usually fostered above them, and minimal or no whitish efflo-
rescence can be seen below them. Therefore, the clay layers serve as interrupted aquifers,
and such vertical distribution of the soil textures provides a good environment for the
accumulation of salt ions to form saline-alkaline soils in the study area. In the multilayer
clay soil regions where the terrain is low and the surface—subsurface soil is sandy, the soils
become easily waterlogged, and they are used for water-absorbent crops (e.g., paddy rice,
maize, and the like).
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Figure 12. Soil texture classes of the surface saline-alkaline soils and other soil samples from 0~5 m
in the study area.
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Figure 13. Deep soil textures of the study area and in the surface saline-alkaline areas.

3.3. Changes in the Saline—Alkaline Status from the 1980s to 2022 and Land-Use Management
Suggestions for the Alkaline Soils

The FAO HWSD v1.2 soil database provided the detailed soil types of the study area
and was obtained from the Office for the Second National Soil Survey of China in the 1980s
(from 1979 to 1985) at a scale of 1:1 million and a resolution of 30 arc-seconds, in which
the total area of the saline-alkaline soils in Figure 1 was 731.26 km? (i.e., gleyic solonetz
528.16 km?, gleyic solonchaks 15.74 km?, haplic solonchaks 37.82 km?, and mollic solon-
chaks 149.55 km?). The saline-alkaline region in 2022 in Figure 6, inverted using the pro-
posed 3D spectral space optimization method in this research, was 390.14 km? (i.e., slight
200.93 km?, moderate 108.98 km?, severe 68.08 km?2, and soda—saline-alkaline soil 12.15 km?2).
The changes between the 1980s and 2022 are shown as a Sankey diagram in Figure 14. It can
be estimated that the saline-alkaline area decreased by about 341.12 km? during these
forty years, during which a large portion of the gleyic solonetz and mollic solonchaks be-
came non-salinized, and the saline-alkaline status in 2022 was mainly descended from
other types of soils (e.g., calcaric arenosols, calcaric cambisols, calcaric fluvisols, calcaric
phaeozems, calcic chernozems, and the like). These saline—alkaline soils were mainly used
as cultivated land, grassland, waterbodies, or water conservancy facilities in 2022.

According to the FAO World reference base (WRB) for soil resources, which was up-
dated in 2015 [74], soil can be considered a mollic horizon that is conducive to crop culti-
vation when the SOC content at 20 cm depth is greater than 2.5%. Furthermore, it was
proven that saline-alkaline soils show better productivity and are more capable of pro-
ducing rice and wheat crops compared with non-salinized soils if they are properly man-
aged according to their properties [75,76]. In this way, we found an area of about 0.95 km?
of mollic horizon in the saline-alkaline regions, as shown in Figure 15a. The correspond-
ing deep soil SOC distribution is shown in Figure 15b, from which it can be seen that the
SOC content was higher in the surface-subsurface soil within 2 m than in the deeper soils
at 2~5 m, and in which 0.75 km? is state-owned unused land. The inverted saline-alkaline
status of its deep soil SOC and pH is statistically shown in Figure 16, in which most of the
pH values are higher than 8.5 when the SOC < 2.5%. Thus, this unutilized region is of
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weak alkalinization and high SOC (>2.5%), and it is suggested to be used for cultivation
(e.g., paddy rice, wheat crops, and the like). Regions of saline—alkaline unused land, where
the surface SOC is much lower than 2.5% but the deep soil SOC is much higher than 2.5%,
can be used for deep-rooted plants (e.g., grapevines, apple trees, and the like). The regions
of low SOC of the entire soil profile are suggested to be less tilled or no-tillage. This
method of utilization of the salinized unused land is significant because the saline-alkali
land is also a kind of important land resource, especially for China with its large popula-
tion and little available farmland per capita.

Salinization status in 2022 Corresponding land-use types in 2022
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Figure 14. Sankey diagram of changes from the 1980s to 2022 and their land-use types (The sali-
nized soils in the 1980s are in red and the non-salinized are in gray, salinization status in 2022 is in
green, and the land-use types in 2022 are in blue, the color of the shades from lighter to darker and
the size of it correspond to their areas).
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Figure 15. Saline-alkaline regions with surface SOC > 2.5% ((a) Map of the saline-alkaline regions
with surface SOC > 2.5%, (b) corresponding underground SOC distribution within 5 m).
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Figure 16. Plot of the relationship between pH and soil organic carbon.

4. Discussions

4.1. Uncertainty of Predicting SSS using the Proposed Method and Grading of the Soil Salinity
of the Study Area

The 3D spectral Model is based on the correlation between the indicators SSSI-SSWI
and SSSI-VI being negative, while SSWI-V1 s positive. This is because increasing soil wet-
ness can decrease soil salinity and increasing soil salinity can restrain the growth of vege-
tation. The more moisture the soil has, the more beneficial it is to vegetation growth. How-
ever, these relations are sometimes weak, especially in the following cases. Firstly, when
the study area is covered by vegetation or dominated by salt-tolerant plants, the relation-
ship between SSSI and VImay be unclear because soils covered by thick vegetation cannot
be detected using multispectral satellite imagery. Salt-tolerant plants are immune to sa-
linity and can flourish regardless of salinization-alkalization [8]. Secondly, when the in-
dices for soil salinity inversion are composited by visible bands, it may be hard to find the
optimal model using this method and it may be inaccurate. As the visible-band reflectance
characteristics of saline soils are extremely dependent on moisture conditions, the increase
in soil moisture will reduce the soil surface reflectance. This can dilute the salts and make
the white crusts of salinized soils darker in true color imagery, which reduces the overall
surface reflectance [77]. On the other hand, the drier the soils, the more salts are crystal-
lized and precipitation on their surfaces. Therefore, the indices used by this model are
usually the ones composited by the NIR-SWIR bands because they are less affected by soil
wetness and it is easier to distinguish soil salinity from vegetation and soil wetness.
Thirdly, the masking of water bodies is also a necessary step because the proposed 3D
spectral model cannot leave the water bodies out. In addition, timescale and spatial
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resolution have to be considered during soil salinity inversion and investigation because
it is a dynamic process [39]. The distribution and intensity may vary significantly at dif-
ferent times or during winter or summer, strong rainfall, or sunny weather, and the like.
In this regard, different inversion results could be obtained for different periods of time
and spatial scales.

According to the definition of saline-alkaline soils, a soil in which the amounts of
soluble salts in the root-zone are sufficiently high enough to impair the growth of crop
plants is considered to be saline—alkaline soil [3-8]. However, because salt injuries depend
heavily on species, variety, plant growth stage, environmental factors, and the type of salt,
there are many ways to classify it, and it is very difficult to precisely define [6]. The con-
ventional methods used to quantify soil salinity and sodicity were conducted through the
measurement of electrical conductivity (EC) and pH and calculation of the exchangeable
sodium percentage (ESP) using Equation (6) [6,23], which was first suggested by the
United States Salinity Laboratory Staff in 1954 (USSL Staff), as in Table 6. But it was time-
energy consuming and inconvenient to obtain EC, ESP, and pH data within the same short
period of time. As a result, the commonly used taxonomy for soil salinity and sodicity
grading was via EC, as proposed by [78] of the Food and Agriculture Organization (FAO)
classification system in 1988 and by [79] of the United States Department of Agriculture
(USDA) classification method in 2002.

100—(~0.0126+0.01475XSAR)] . . Na*
( )l ,in which SAR =

[1+(=0.0126+0.01475XSAR)] Jo.5x(Ca2t+Mg2t)’ (®)

In this study, the grading method by CTNSS standard is applied, which was enacted
according to the different regions’ climate and the different saline-alkaline types in China.
In a subhumid climate where the salinization is soda-based (COs* + HCOs-> Cl-+ SO4?),
grading of TWSS can be carried out by CTNSS 2022, as listed in Table 6. Samples for meas-
uring TWSS should be collected within depths of 0~20 cm. In arid regions and coastal
areas, the grading of salinity varies greatly in response to saline-alkaline soil type and
depth, and samples of the former should be taken at depths of 0~30 cm and the latter at a
depth of 1 m.

However, these taxonomies do not make it clear how the thresholds were decided
and how the different levels of saline-alkaline soils affect the growth of plants and crea-
tures on them (such as the height and stem diameter of the crop plants, their the total
organic carbon contents, and their grain yield). But a linear relationship was commonly
recognized between soil salinity and crop yield, whereby the output would decrease lin-
early with increasing salinity beyond threshold levels [80]. Our field survey also found
that the growth of local crops and vegetation was negatively affected by the salinization-
alkalization mechanism when the length (or height) was low, the leaves were burnt, the
fruits were shriveled and not full, and the like. The method of grading of the salinity using
CTNSS 2022 is dependent upon the objective difference of climates and salinization—alka-
lization types. TWSS measured by field survey and laboratory analysis is incorporated
with RS inversion using the proposed 3D spectral space optimization method, which
makes it practical to conduct RS saline-alkaline mapping at a national scale in China and
provides an approach for assessing the degree of salinization—alkalization for the green
and sustainable development of saline—alkaline land resources.

Esp =

Table 6. The frequently used taxonomies for soil salinity—sodicity classification.

Taxonomies  Indicators Saline-Alkaline Classification/Grading
USSL Staff EC* >4, ESP <15%, pH <8.5 saline
1954 a EC* ESP, pH EC*24, ESP >15%, pH >8.5 saline-sodic
EC* <4, ESP >15%, pH >8.5 sodic
FAO 1988 EC* 0<EC*<2 non-saline

2<EC*<4 slightly saline
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4<EC*<8 moderately saline
8<EC*<16 strongly saline
16 <EC* very strongly saline
0<EC*<2 non-saline
2<EC*<4 very slightly saline
USDA 2002 EC* 4<EC*<8 slightly saline
8<EC*<16 moderately saline
16 <EC* strongly saline
1 k'kg1<TWSS <3 kkg™ slightly saline
CTNSS 2022 TWSS 3 kkg1<TWSS <5 k-kg? moderately s:ftline
5k-kg?'<TWSS <7 k-kg! strongly saline
7 k-kg' < TWSS sodic saline

EC* is measured at 25 °C and its unit is Deci Siemens per meter (dS-m™) [42].

4.2. The Depth of Soil Salinization and Alkalization of the Study Area

Salinity is usually closely related to groundwater depth, and it is also dynamic. Some
researchers proposed that salinization or alkalization occurred when the groundwater
depth was less than 2.0 m and the salinity was higher than 0.48 dS-m™. For groundwater
with lower salinity, the groundwater table should not be shallower than 1.5 m [81,82]. It
was found that soil salinization continued and was aggravated when the water table
reached 5 m, and the shallow groundwater level has already exceeded the critical water
level (2-3 m) in the study area [83]. The most recent FAO Global Map of Salt-Affected Soils
(GSASmap) mapped the global soil salinity at two intervals of topsoil (0-30 cm) and sub-
soil (30-100 cm), with measurements covering 118 countries and 424 million hectares of
topsoil and 833 million hectares of subsoil [84]. This study conducted the field investiga-
tion and developed the deep soil saline-alkaline model using a depth of 5 m because we
thought that the crop plants (like shallow-rooted annual crops or deep-rooted trees) have
different root depths in saline-alkaline areas, according to the definition of soil saliniza-
tion and alkalization. In shallow water-table regions, the roots of plants are often also
shallow, and vice versa. In this way, salinization and alkalization in shallow water-table
regions will also be concentrated on the surface and in the shallow subsurface, while in
deep water-table regions, they cannot reach that deep because of the interrupted aquifers,
strong evaporation, and the like. Therefore, the depth of 5 m for soil salinity investigation
was adopted and pH data were applied to build the 3D alkalization model. The plot in
Figure 16 of the pH-SOC relationship of the samples under the inverted saline-alkaline
regions displays a weak descending trend (or an inverse relationship) and shows that
many of the samples are concentrated in the region (pH > 8.5 and SOC < 2.5%), which
means that the salinization—alkalization mechanism affects the accumulation of SOC in
the soils within a depth of 5 m. Thus, usage of the saline-alkaline land resources should
be decided upon, and different land-use policies should be applied according to depth for
scientific and sustainable development.

4.3. Genesis of Soil Salinization and Alkalization of the Study Area

It was acknowledged that soil salinization—alkalization was usually induced by many
factors, which included soil types and land use types, topography and landforms, climate
conditions (such as annual mean temperature, annual mean precipitation, etc.), surface
evaporation and plant transpiration, brackish and saline irrigation water, restricted drain-
age and a rising water-table, and other anthropogenic activities (like overuse of fertilizers,
use of sewage sludge or treated sewage effluent, and dumping of industrial brine) [2-8,85].
The soil salinization—alkalization problem of the study area is also affected by these fac-
tors. However, according to the field investigation and results obtained by this study, the
saline—alkaline problem is mainly induced by the conditions that the annual mean
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evaporation is higher than the annual mean precipitation, the groundwater level rises in
the summer—autumn seasons and brings the salt ions to the surface-subsurface soils, and
the clay soils as interrupted aquifers prevent salt ions from leaching or infiltrating into the
deep underground. Meanwhile, the freeze-thaw action in the winter-spring seasons and
irrigation by groundwater (especially in the east of the study area with high terrain and a
deep water-table) from anthropogenic activities make it worse. A schematic diagram of
this process is illustrated in Figure 17.
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Figure 17. Schematic diagram of the salinization—alkalization process in the study area.

In general, utilization of the saline-alkaline soils or land resources should be decided
based on their degree and properties (pH, SOC, textures, depth, terrain, water table, and
so on). In the west of the study area, low-lying terrains that are usually dominated by the
twin menace of waterlogging and salinization instead of a single effect, the adoption of
salt- and waterlogging-tolerate crops is suggested in the meantime to bring down the wa-
ter table to a safe limit and prevent further increase. Installation of a drainage system could
also be considered to facilitate agricultural activities. In the east of the study area, which
has a high terrain and deep water-table level and salinization—alkalization is mainly in-
duced by human factors (or secondary salinization) in this region, reducing saline water
irrigation and the overuse of saline-alkaline-vulnerable fertilizers would be a better option.

5. Conclusions

This study proposed an SSSI-SSWI-VI 3D spectral space optimization method for SSS
inversion, combined with field verification and deep soil investigation. The results are as
follows: (1) The optimization method using the SSSI-SSWI-VI 3D spectral model is effec-
tive in SSS inversion, with a determination coefficient R? of 0.74. It can be applied to esti-
mate soil salinity, whether the soils are bare and dry or wet and covered by vegetation to
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an extent. (2) Sodic alkalization of Na*+ K*+ Ca?* and HCOs- + COs? is identified as the
main problem in the surface and deep soils in the study area. (3) The deep clay soils inhibit
the water and salt ions from penetrating them and restrain the associated infiltration and
dilution action. This is the cause of deep soil salinization—alkalization in the study area.
(4) The saline—alkaline mechanism has an inverse effect on deep soil SOC accumulation,
but saline-alkaline land resources could be utilized sustainably and effectively according
to their properties. There is an alkaline region with SOC content greater than 2.5%, and
this may be suitable for future cultivation.

Regarding the limitations of the study, our future work will clarify the basis and
principles of the relationship between the thresholds of grading and the associated effect
on crop plants and creatures, provide detailed evidence of the deep soil saline-alkaline
penetration depth, and investigate the multifactor operation mechanism of saline-alkaline
induction.
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