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A B S T R A C T

The black soil thickness (BST) serves as a critical indicator for assessing soil quality in northeast China. 
Nevertheless, the spatial distribution and variability of BST in sloping farmland remain inadequately understood. 
Especially, after many years of cultivation and erosion, this spatial variability increased. The aim of this research 
is to examine the variations in the BST on sloping farmland over the past semi-century. Three slopes in 
150–200 m length with shapes of straight, convex, and concave in Bin County, Heilongjiang Province, were 
selected. The 137Cs nuclide tracing technology and ground-penetrating radar technology were utilized to analyze 
the distribution characteristics of soil erosion-deposition and BST on the three slopes, respectively. Furthermore, 
the distribution characteristics of BST on the three slopes over the past semi-century were reconstructed by using 
the historical soil erosion-deposition rates. The findings revealed that the soil erosion rate, arranged in 
descending order, are as follows: concave slope, convex slope, straight slope. The average BST in 2023 is as 
follows: convex slope > straight slope > concave slope, whereas in 1963 is as follows: concave slope > convex 
slope > straight slope. The reconstructed BST indicates notable variations in thickness across different shapes of 
slopes. In the past semi-century, the average soil erosion rate on three slopes were 0.17 cm a− 1. However, the 
processes of erosion and deposition occurring on concave and convex slopes resulted solely in alterations to the 
local slope gradient, without influencing the overall classification of the slope type. Consequently, this study 
provided a precise depiction of the spatial variation characteristics and thinning rate of the black soil in past 
years, that can furnish a scientific foundation for forecasting soil erosion and safeguarding black soil resources.

1. Introduction

Soil is a fundamental global resource and a critical component of 
natural ecosystems, with its thickness directly influencing productivity 
and hydrological functions (Meyer et al., 2007; Duan et al., 2011). The 
black soil region in northeast China, is one of the four major black soil 
distribution areas in the world (Sorokin et al., 2020), and serves as a 
critical foundation for grain production in China. Heilongjiang Province 
is located in the central zone of the black soil region, where occupied 
56.1 % of the total farmland in the typical black soil region of northeast 
China (General Office of the People’s Government of Heilongjiang 
Province, 2021). The most of soil in this region has been used for 

agricultural production over 50 years (Liu et al., 2012). Nevertheless, 
due to the lack of effective soil conservation strategies and the adoption 
of unsustainable agricultural techniques, there has been a marked 
decline in soil quality. This deterioration poses a significant threat to 
both national food security and ecological integrity (Ministry of Agri
culture and Rural Affairs of the People’s Republic of China, 2017).

Soil erosion represents a significant factor contributing to soil 
degradation in cultivated land. The application of 137Cs technology 
presents distinct benefits for investigating soil erosion-deposition pro
cesses. 137Cs is an artificial radionuclide (with a half-life of approxi
mately 30.17 years), which is a byproduct generated from atmospheric 
nuclear tests and nuclear leaks since the 20th century (Hedvall et al., 
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1996). After depositing on the ground surface, 137Cs is strongly adsorbed 
by clay particles in the soil, making it difficult to be leached downward 
by water, and thus only migrates with soil particles (Zhang et al., 1990). 
Therefore, it is regarded as a good tracer and has been widely used in 
studies on the multi-year average soil erosion rate. Fang et al. (2012)
employed 137Cs tracing technology to assess the spatial distribution of 
soil redistribution within the Heshan Farm watershed located in Hei
longjiang Province. Yang et al. (2011) conducted a quantitative assess
ment of soil erosion rates at field and small watershed scales by using 
137Cs and 210Pbex techniques, and indicated that the BST will be 
completely eroded within 70 years. Nevertheless, erosion-deposition 
processes directly affect the dynamic changes in BST (Liu et al., 2023). 
Topography serves as a key factor in soil erosion processes, with its in
fluence primarily manifested through slope gradient, slope length, and 
slope shape. Slope shape, essentially a spatial combination of gradient 
and length, jointly affects erosion through their synergistic interaction 
(Xie et al., 2023). Specifically, slope shape significantly alters 
micro-topographic characteristics, thereby modifying convergence 
pathways and flow velocity distribution of surface runoff. Studies have 
shown that erosion patterns along slopes are strongly influenced by 
slope shape: convex slopes exhibit the most severe erosion at the back of 
slope, whereas concave slopes experience peak erosion at the shoulder of 
slope (An et al., 2014). Furthermore, natural soil-forming processes 
constitute the foundation for black soil formation. Weathering products 
of parent rock provide the material basis, while vegetation anchors soil 
through root systems and accumulates organic matter, thereby pro
moting the gradual thickening of the black soil layer.

The variations in the BST serve as crucial indicators for evaluating 
the black soil degradation (Duan et al., 2011). Conventional soil thick
ness measurement techniques, such as soil drilling and profile methods 
(Emmet-Booth et al., 2019; Morse et al., 2012), exhibit significant lim
itations. Utilizing the profile method as a case study, it is common in 
practical field operations to select a restricted number of points for 
profile excavation across an extensive area. By systematically observing 
and measuring these profiles, one can extrapolate the BST throughout 
the entire region. However, due to the discontinuity of sampling points, 
it is impossible to comprehensively and accurately reflect areas with 
abrupt changes in thickness. In contrast, the determination of BST uti
lizing ground penetrating radar (GPR) technology demonstrates a de
gree of continuity and enhanced accuracy (Liu et al., 2021). GPR 
technology is a method that uses high-frequency electromagnetic pulse 
wave reflections (Morey, 1974). It detects the distribution patterns and 
characteristics of underground targets (Persico, 2014). Additionally, it 
can continuously detect soil stratigraphic structures. Currently, the 
characterization of black soil thickness varies considerably across 
studies. Zhang et al. (2007) undertook a comprehensive investigation of 
the northeast black soil region, revealing that the average BST in 1982 
was measured at 43.7 cm. By the year 2002, it was observed that the 
proportion of land exhibiting a BST of less than 30 cm constituted 40.9 % 
of the overall area. Furthermore, Yang et al. (2003) reported that in 
certain regions of northeast China, the mollic horizon has completely 
disappeared. The variability in the distribution of BST presents signifi
cant challenges to conventional techniques employed for measuring this 
parameter. Liu et al. (2022) conducted field drilling and profile mea
surements across 61 profiles from the second soil survey, revealing that 
the average thickness of the black soil in Heilongjiang Province has 
diminished by 6.83 cm over the course of nearly four decades. 
Furthermore, Yang et al. (2011) estimated the soil erosion rate on slopes 
in Jilin Province to be 1.99 mm a− 1, noting considerable variability 
across distinct slope positions. Concurrently, the integration of GPR with 
the 137Cs tracing technology enables us to make initial assessments 
regarding the alterations in the thickness of the black soil over the past 
semi-century, while also facilitating a more precise quantification of the 
erosion thickness of soil layer. Therefore, a systematic investigation of 
the spatial configuration of BST and quantification of black soil thinning 
rates are critically required.

The main objectives of this study were: (i) to investigate the spatial 
distribution characteristics of soil erosion-deposition rates on slopes 
with different shapes; (ii) to explore the characteristics of changes in the 
BST on different slopes from 1963 to 2023; (iii) to analyze the evolu
tionary process of the black soil on different slopes. This study estab
lishes a scientific foundation for black soil conservation and provides 
data essential for strategic soil and water conservation measures.

2. Materials and methods

2.1. Study areas

The study site is located in Bin County, which is part of Harbin City in 
Heilongjiang Province, in northeast China (45◦45′40″-45◦52′19″N, 
127◦24′24″-127◦28′56″E) (Fig. 1). This area belongs to a temperate 
continental monsoon climate, which is characterized by cold and dry 
winters and hot summers with significant precipitation. The mean 
annual temperature is 3.9◦C, with an annual accumulated temperature 
of 3200◦C. Furthermore, the average annual rainfall was 550 mm, with 
approximately 80 % of this rainfall concentrated between the months of 
May and September (Feng et al., 2018). The predominant topographical 
feature of the region consists of rolling hills. The soil texture in the study 
area is classified as silty clay loam. In this investigation, the black soil is 
categorized as Hapli–Udic Isohumosols under the Chinese Soil Taxon
omy (CST), classified as Mollisols (Agriboroll subgroup) within the 
USDA Soil Taxonomy, and designated as Haplic Phaeozems in the 
FAO-UNESCO soil classification system (National Soil Survey Office, 
1998; Gao et al., 2015; Feng et al., 2018). The typical soil profile is 
characterized by a distinct A-B-C horizon sequence. Specifically, the 
uppermost A horizon (surface layer), also termed the topsoil or mollic 
epipedon, is distinguished by its elevated organic matter content, which 
confers a darker coloration compared to the underlying horizons. In this 
study, the A horizon is defined as the black soil thickness (BST). The B 
horizon (subsoil) typically accumulates clay minerals and iron oxides 
leached from the overlying A horizon, resulting in a diagnostic dark gray 
to brownish hue. The C horizon, as the parent material, comprises pri
mary geological deposits such as Quaternary lacustrine/fluvial sand 
beds or loess sediments, serving as the foundational material from which 
the overlying soil horizons develop (Gao et al., 2015).

Within the study site, three distinct sloping farmlands were identi
fied, each exhibiting unique slope characteristics (Table 1). The straight 
slope was 200 m in length and 130 m in width, with an average slope 
gradient of 1.91◦. The convex slope was 168 m in length and 70 m in 
width, with an average slope gradient of 2.48◦. The concave slope was 
150 m in length and 60 m in width, with an average slope gradient of 
3.19◦. Their geographically proximate locations ensured consistent 
regional climate, agricultural policies, and technical extension back
grounds over recent decades. Field investigations and interviews with 
farmers indicated that the three slopes exhibit consistent historical 
management practices. Specifically, they have traditionally employed 
contour plowing and maintained a corn-soybean crop rotation system, 
with no major land use changes or special local soil and water conser
vation projects. Notably, all slope surfaces are natural terrains of the 
north-facing slope, preserving original topographic features without 
artificial modification.

2.2. Soil sample collection

This research involved the collection of two distinct sets of soil 
samples, all of which were obtained along the GPR survey lines. One set 
of samples was designated for the assessment of fundamental soil 
characteristics, including bulk density, soil texture, and organic matter 
content. The second set was utilized for the analysis of ¹ ³⁷Cs activity. In 
October 2023, soil samples for the assessment of fundamental soil 
properties were obtained using a soil auger at three distinct slope po
sitions: the top, middle slope, and toe of the slope. At each slope 
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position, three replicate sampling locations were established, with 
samples collected to a depth of 30 cm. Bulk density was determined 
using a volumetric ring sampler at a consistent sampling depth of 30 cm. 
Soil samples were obtained in stratified layers corresponding to depths 
of 0–10 cm, 10–20 cm, and 20–30 cm, with one sample collected from 
each respective layer. Three replicates were also set for each slope po
sition. Meanwhile, the slope gradient was measured at the top, middle 
slope, and base of the slope using a digital laser level (LS160, LAISAI 
Laser Technology Co., CN).

In July 2023, soil samples containing 137Cs were obtained by verti
cally inserting a soil auger with a diameter of 5 cm into the ground to a 

depth of 30 cm. As shown in Fig. 2, along the slope length, the distance 
between every two sampling points ranges from 19 to 25 m, with a total 
of 26 sampling points arranged on each slope. Background sampling 
points for 137Cs were obtained from a secondary forest located within 
the study area, where eight background sampling points were estab
lished. The topography of this site is characterized by a flat landscape. 
Survey data reveal that this secondary forest has experienced minimal 
human disturbance since the 1960s, preserving its natural condition 
with negligible erosion and sediment deposition processes. Conse
quently, this location was designated as the 137Cs background sampling 
site, and the measured background concentration of 137Cs was deter
mined to be 2379 Bq m− 2. The soil samples obtained from the experi
mental site were subjected to air-drying under ambient conditions. 
Following sun-drying, extraneous materials including stones, plant 
roots, and weeds were eliminated by sieving through a 2 mm sieve. The 
prepared samples were subsequently stored in the laboratory for sub
sequent analysis. Approximately 300 g of the processed sample were 
then accurately weighed by using a balance with a precision of 0.001 g, 
and subsequently transferred to a clean plastic container of comparable 
size. The sample should be uniformly distributed within the container 
through shaking, which will facilitate the attainment of a nearly level 
surface of the soil sample. The analytical procedure employs an ORTEC- 
manufactured (GMX-50220, AMETEK, USA) 8192-channel low- 
background γ-ray spectrometer to quantify the complete peak area of 
137Cs at 661.6 keV. The duration for data collection is set at 43200 s, and 

Fig. 1. Schematic diagram illustrating the distribution of three distinct slope shapes in Bin County of Heilongjiang Province, China. The county map is based on the 
standard map released by the Ministry of Natural Resources of the People’s Republic of China [No. GS(2019)1822].

Table 1 
The topographic and soil properties on three study slopes in Bin County of 
Heilongjiang Province, China.

Straight slope Convex slope Concave slope

Slope length (m) 200 168 150
Slope width (m) 132 70 60
Slope gradient (◦) 1.91 2.48 3.19
Clay % 33.89 ± 2.84 30.66 ± 1.54 28.85 ± 2.66
Silt % 59.13 ± 1.84 60.00 ± 0.46 59.47 ± 1.97
Sand % 6.98 ± 1.02 9.34 ± 1.91 11.68 ± 1.04
Bulk density (g cm− 3) 1.47 ± 0.17 1.56 ± 0.16 1.51 ± 0.59
Soil moisture (%) 24.01 ± 0.76 22.65 ± 0.52 23.94 ± 1.75
Organic matter (g kg− 1) 26.84 ± 2.25 21.39 ± 4.32 25.59 ± 5.78

Fig. 2. Schematic diagram illustrating the arrangement of sample points on a slope.
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the evaluation of the instrument’s repeatability assessment indicates an 
error of ≤ 5 % at a 95 % confidence interval.

2.3. Determination of soil thickness using GPR

In October 2023, the BST on the slope was assessed using GPR (SIR- 
4000, GSSI, USA), coinciding with the period of soil property sampling. 
On each slope, 5 GPR (SIR-4000, GSSI, USA) survey lines were deployed, 
and detection was conducted using a 400 MHz antenna with the 
detection direction from the top to the toe. The spacings between every 
two survey lines were 15–32.5 m (Fig. 2). Five GPR survey lines were 
systematically allocated across each slope in proportion to its width. And 
detection was conducted using a 400 MHz antenna with the detection 
direction from the top to the toe. The spacings between every two survey 
lines were 15–32.5 m (Fig. 2). Concurrently, soil profiles were excavated 
at three slope positions (slope top, middle slope, and slope toe) to 
document the precise BST. Furthermore, markers composed of steel 
pipes were installed at the boundary between the black soil and the loess 
parent material. These steel pipes, measuring 5 cm in diameter and 
60 cm in length, were embedded perpendicular to the GPR survey lines. 
Due to the significant difference in dielectric properties between steel 
pipes and the soil, distinct jump phenomena in the radar images, which 
are distinguishable from the signal characteristics associated with soil 
layers. The detection accuracy of GPR can be quantitatively assessed by 
comparing the depth measurements of markers observed in the radar 
images with their true burial depths.

The radar images obtained were processed utilizing RADAN7 soft
ware (GSSI, USA). The processing steps included time zero correction to 
eliminate air wave interference, background removal to reduce hori
zontal noise, and gain adjustment to amplify signals from greater depths. 
These procedures were implemented to ensure the accuracy and clarity 
of the resulting depth profiles. GPR operates on the principle that elec
tromagnetic waves are reflected upon encountering interfaces between 
different media. Consequently, the precision of the permittivity is of 
paramount importance, as it directly affects the accuracy of thickness 
measurements. Following the processing of the radar images as previ
ously outlined, the two-way travel time associated with the uppermost 
vertex of the steel pipe was initially determined. Utilizing the measured 
depth at the location of the steel pipe, the propagation velocity of the 
electromagnetic wave at that specific point was subsequently calculated. 
This propagation velocity was then employed to derive the soil dielectric 
constant, as described by Eqs. 4 and 5. Based on the calculated soil 

permittivity, the appropriate permittivity was incorporated into 
RADAN7 to transform the time-domain profile into a depth-domain 
profile, thereby enabling depth calibration. Additionally, by analyzing 
the signal characteristics of the marker layer on each survey line, we 
further examined the signal variation patterns of the black soil to 
determine the boundary of the BST (Fig. 3).

2.4. Data processing and analysis

This study employed the quality balance model to estimate the soil 
erosion rate by analyzing the 137Cs inventory in the soil (Zhang, 1990). 
The equation for the model is presented as follows: 

E = 103DB
(

1 −

(
A
A0

)) 1
t− 1963

(1) 

where E is the long-term average soil erosion rate (kg m− 2 a− 1); A is the 
surface activity of sample 137Cs (Bq m− 2); A0 is the baseline value of 
137Cs in the year of sampling (Bq m− 2); D is the average plow layer depth 
(m), 0.2 m in this study; t is the year of sampling (years), specified as 
2023 in this study; and B is the soil bulk density (kg m− 3).

The formula for calculating the average annual soil erosion depth h 
(m) is: 

h =
Ea
B

(2) 

where a is the period from 1963 to the sampling year, which is 60 years 
in this study; B is the annual average soil bulk density (kg m− 3).

The formula for calculating the BST is: 

H2 = H1 + h (3) 

where H2 is the BST in 1963 (m); H1 is the BST sampled in the year 2023 
(m).

Based on the propagation time and depth of electromagnetic waves, 
the propagation velocity of electromagnetic waves in the soil is calcu
lated using the following formula: 

v =
2h
t

(4) 

where v is the propagation velocity of electromagnetic waves in the 
medium (m ns− 1); h is the depth of the underground target (m); and t is 
the two-way travel time of the electromagnetic wave reflection signal in 

Fig. 3. Radar image of soil thickness on straight slopes. The location of the preburied iron pipe is marked with a red circle, and the boundary of black soil thickness is 
identified by white dots.
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the medium (ns).
The permittivity can be determined based on the propagation ve

locity of electromagnetic waves, calculated using the following formula: 

ε =
(c

v

)2
(5) 

where ε is the soil permittivity; v is the propagation velocity of elec
tromagnetic waves in the medium (m ns− 1); and c is the propagation 
velocity of electromagnetic waves in a vacuum (3 ×108 m s− 1).

In this study, Origin 2023 (OriginLab, USA) was employed to illus
trate the contour maps of spatial distribution of soil erosion-deposition 
rates and BST on slopes. The soil thickness was analyzed for normal 
distribution and subjected to an independent samples T-test (α<0.05) 
using SPSS 22.0 software. Using SPSS 22.0 software, the data were 
preprocessed by conducting normality tests and homogeneity of vari
ance tests, followed by a multi-factor analysis of variance (ANOVA) on 
BST across different years (α<0.05). Furthermore, a significance anal
ysis was performed to assess the differences in BST across various years.

3. Results

3.1. Variation of soil erosion rate and BST on slopes

The soil erosion-deposition rates exhibited significant variability 
across various slope shapes (Fig. 4). The average soil erosion rates were 
ranked as follows: concave slope (2537.71 km− 2 a− 1) > convex slope 
(2230.41 km− 2 a− 1) > straight slope (1773.30 km− 2 a− 1). Additionally, 
substantial sediment accumulation was noted at the base of both convex 
and concave slopes (Fig. 5). The concave slopes exhibited the greatest 
degree of variability in erosion rates, with a maximum variation of 78 %. 
For the straight slope, its erosion rate exhibits a “low-high-low” three- 
segment pattern with increasing slope length: in the 0–110 m slope 
length, the erosion rate is the lowest and concentrated in the middle of 
the slope (with higher values on both sides); when the slope length 

extends to 120–170 m, the erosion rate increases overall; while in the 
toe area (180–200 m), the erosion rate decreases again. The convex 
slope exhibited the highest average erosion rate within the slope lengths 
of 0–24 m and 64–96 m, reaching 2633.81 km− 2 a− 1. Erosion rates 
progressively decreased from 100 m along the slope to its base, with 
localized deposition observed in lower slope sections. On slopes with 
lengths ranging from 15 to 45 m and 75–100 m, the average erosion rate 
for concave slopes was notably high at 4172.78 km− 2 a− 1. However, as 
the slope length extended to 100 m, the erosion rate gradually decreased 
with an average deposition rate of 530.79 km− 2 a− 1.

The fundamental principle underlying the use of GPR for detecting 
soil thickness is the contrast in permittivity between the target layer and 
the surrounding medium, which produces discernible electromagnetic 
wave reflections at their boundary. Although both materials are 
macroscopically classified as soil, our previous study (Liu et al., 2021) 
systematically demonstrated, through controlled laboratory and field 
experiments, that these materials possess markedly different physical 
properties. These differences lead to variations in their dielectric char
acteristics, thereby enabling GPR to effectively identify the interface 
between black soil and loess parent material. The actual buried depth 
and GPR measured depth of iron pipe at the top, middle, and toe of the 
slope, were presented in Table 2. The results indicated that GPR ach
ieved an accuracy ranging from 87.05 % to 95.58 % in measuring BST, 
with no significant difference observed between the GPR measured 
depths and the actual burial depths.

Furthermore, our findings reveal that the BST on slopes exhibited 
uneven variation characteristics, a distribution pattern predominantly 
influenced by soil erosion and deposition mechanisms. Based on the 
measured data from 2023, the average BST values of the three slopes 
showed significant differences: convex slope (28.73 cm) > straight slope 
(28.09 cm) > concave slope (27.48 cm) (Fig. 5). It is noteworthy that 
there was an increase in the BST at the toe of all three slopes, exhibiting a 
relatively low degree of variability among the slopes. On straight slope 
at the length of 60–120 m, a notable disparity in the BST was observed, 

Fig. 4. Characteristics of soil erosion-deposition rate distribution on slopes with different shapes in 2023.
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with the left side exhibiting a greater depth than the right side. In the 
range of 150–170 m, the average BST was determined to be 25.36 cm, 
which subsequently increased to 28.08 cm at the foot of the slope. The 
BST on the convex slope changed steadily, with an average measure
ment of 28.98 cm observed across a slope length ranging from 24 m to 
96 m. Subsequently, there was a gradual reduction in thickness, while 
the average thickness increased to 31.72 cm at a slope length of 144 m. 
Within the span of 45–90 m along the slope, a decrease in the BST was 
observed on the concave slope, ultimately reaching a minimum thick
ness of 19.18 cm. However, as the distance from the top of the slope to 
the toe increased, the BST exhibited a gradual increase, culminating in a 
thickness of 36.25 cm.

3.2. Spatial distribution of BST on slopes in 1963

Based on the 2023 BST and erosion rate data, this study recon
structed the spatial distribution characteristics of BST in 1963 (Fig. 6). 
The average BST of the three slopes in 1963 were significantly higher 
than those in 2023: concave slope (38.61 cm) > convex slope 
(38.51 cm) > straight slope (35.86 cm). The variation in BST on three 

slopes exhibited a moderate degree of variability. Overall, the BST of the 
straight slope in 1963 showed a decreasing trend along the slope from 
top to toe, but thickening occurred in local areas: the BST at the 0–40 m 
slope length on the right side and the 60–140 m slope length on the left 
side were significantly higher (with an average thickness of 40.33 cm) 
than those in other regions. In contrast, the thickness on the convex 
slope exhibited considerable variability, ranging from 18.80 cm to 
54.29 cm. The average BST on the top (0–24 m) and middle sections 
(48–104 m) of the convex slope is measured at 40.45 cm, gradually 
decreasing to 35.84 cm toward the slope toe. Additionally, there is a 
notable variation in thickness on the concave slope, two thick zones of 
BST were observed at the slope top (10–45 m) and middle-lower slope 
(70–90 m), with an average thickness of 44.74 cm. Toward the slope toe 
(90–180 m), the BST gradually decreased to 33.68 cm.

3.3. The evolutionary process of black soil on slopes

Over the past semi-century (1963–2023), the average erosion rate of 
black soil on slopes with different shapes was 0.17 cm a− 1. A compar
ative analysis with data from 2023 reveals notable discrepancies in the 
reduction of thickness across different slope shapes in 1963 (Table 3): 
concave slopes (11.13 cm) > convex slopes (9.78 cm) > straight slopes 
(7.77 cm). The average erosion rate for straight slopes was determined 
to be 0.14 cm a− 1. A notable variation in thickness was observed within 
slope lengths of 10–30 m and 120–160 m, exhibiting reductions of 
25.34 % (9.86 cm) and 26.13 % (9.54 cm), respectively (Fig. 7). At 
slope toe of 170–200 m, the thickness experienced a decrease of 
7.51 cm, corresponding to a reduction of 21.52 %. As illustrated in 
Fig. 7, the decrease in the BST on straight slopes has exhibited a 
consistent and stable pattern, which corresponds with trends in slope 
gradient. This indicates that the erosion experienced over the past 60 
years has not significantly modified the topographical features of these 
slopes.

The average erosion rate observed on the convex slope was calcu
lated to be 0.18 cm a− 1. The most notable alterations in thickness were 
observed within the slope length of 40–104 m, with an average 

Fig. 5. Distribution characteristics of black soil thickness on slopes with different shapes in 2023.

Table 2 
Actual buried depth and GPR measured depth of iron pipe with different slope 
shapes.

Slope shape Actual depth 
(cm)

GPR measurement 
(cm)

Errors 
(%)

P

Straight slope 31 33.22 ± 0.29 7.16 0.744
22.5 23.72 ± 0.95 5.42
20 21.68 ± 0.43 8.40

Convex slope 19 21.46 ± 0.13 12.95 0.482
25 26.97 ± 0.52 7.88
29 32.36 ± 0.57 11.59

Concave 
slope

28.5 30.30 ± 0.26 6.32 0.683
26.5 27.67 ± 0.06 4.42
22.5 24.01 ± 0.37 6.71

Note: P > 0.05 indicates no significant difference.
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reduction of 12.71 cm was recorded, corresponding to a decrease of 
30.82 %. Additionally, the average slope gradient of 3.03◦ also showed 
an increasing trend. This indicates that topographical features of this 
section of the slope have not been changed. At the toe of the slope, there 
was a notable reduction in the rate of thickness decrease. Specifically, 
the BST at the toe of the slope in 2023 exhibited an increase of 1.48 cm 
relative to 1963, corresponding to soil deposition rates of 4.74 %. 
Nevertheless, as the length of the slope extended to 128 m, the gradient 
of the slope progressively increased, ultimately attaining a peak value of 
4.50◦. The trend in soil erosion thickness reversed with the increase in 
slope length, decreasing a significant reduction up to 128 m (Fig. 8).

The average rate of thickness reduction on concave slope was 
0.20 cm a− 1. Notably, within slope length of 10–50 m and 65–100 m, 
there was a significant decrease in thickness, with average reductions of 
39.50 % (17.40 cm) and 39.57 % (16.63 cm), respectively. Along slopes 
spanning 65–100 m, the slope gradient and the erosion thickness show 
opposite trends, similar to the pattern observed on convex slopes. 
However, as the slope length reached to 110 m, the rate of thickness 
reduction began to decline. Specifically, within the slope length range of 
140–150 m, the BST at the base of the slope in 2023 exhibited an 

increase of 2.33 cm when compared to 1963, resulting in a sedimenta
tion rate of 7.53 %. This suggests that, over the past 60 years, the 
gradient of the slope has diminished, resulting in the deposition of some 
eroded black soil from the upper section of the slope at its base.

4. Discussion

4.1. Influencing factors of variations in black soil thickness

The reduction in BST is predominantly attributable to prolonged soil 
erosion processes. The types of soil erosion observed in black soil regions 
exhibit a range of diversity and complexity, marked by the interaction of 
multiple erosive forces and the convergence of various processes (Wang 
et al., 2020). The utilization of 137Cs tracing technology serves as an 
effective approach for conducting long-term assessments of soil erosion 
and deposition (Wang et al., 2022). It reflects the average annual erosion 
rates, which directly illustrate the spatial variability of erosion rates as 
well as the cumulative effects of various landscape processes. These 
processes encompass water erosion, wind erosion, freeze-thaw cycles, 
and the impacts of tillage (Du and Walling, 2011). This study employed 

Fig. 6. Estimated distribution of black soil thickness on slopes with different shapes in 1963.

Table 3 
SEDR and BST on slopes with different shapes.

Slope shapes Parameters Minimum Maximum Mean value Standard deviation Coefficient of variation%

Straight SEDR (t km− 2 a− 1) -54.97 3477.56 1773.30c 849.59 48
BST (cm) 23.35 35.99 28.09 a 2.73 10
PBST (cm) 25.17 46.52 35.86 b 4.18 12

Convex SEDR (t km− 2 a− 1) -2603.30 5816.09 2230.41b 1311.01 59
BST (cm) 21.55 33.96 28.73 a 2.40 8
PBST (cm) 18.80 54.29 38.51 b 5.64 15

Concave SEDR (t km− 2 a− 1) -1912.20 6017.05 2537.71a 1972.70 78
BST (cm) 19.18 36.25 27.48 a 3.35 12
PBST (cm) 20.34 55.29 38.61 b 7.83 20

Note: SEDR is soil erosion-deposition rate, BST is the black soil thickness in 2023, PBST is the black soil thickness in 1963. Under different slope shape conditions, 
different letters in the average soil thickness in 2023 (BST) and the average soil thickness in 1963 (PBST) indicate significant difference at 0.05 level. Under different 
slope shape conditions, different letters in the soil erosion-deposition rate indicate significant difference at 0.05 level. “+ ”is erosion rate, “-” is deposition rate.
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the 137Cs tracing method and revealed that erosion rates exhibit 
considerable spatial variability across distinct slope morphologies 
(Fig. 4), thereby directly influencing the spatial variation in BST. Spe
cifically, in regions characterized by elevated erosion rates, the BST 
exhibits a more pronounced reduction. Conversely, in depositional 
zones or areas experiencing minimal erosion, the soil thickness tends to 
remain relatively stable or shows a slight increase. This spatial pattern 
suggests that the variability in BST primarily arises from the prolonged 
accumulation of spatial disparities in erosion rates (Liu et al., 2021).

The distinctive topographical features of the northeastern black soil 
region contribute to considerable erosion, which plays a crucial role in 
the depletion of the black soil (Liu et al., 2019). The erosion rate is 
concurrently influenced by both the slope topography and the charac
teristics of soil texture. From a topographic perspective, the findings of 
our study corroborate prior research (Bracken and Kirkby, 2005; Mor
eno de las Heras et al., 2010), indicating that the steepest concave 
slopes, characterized by a maximum gradient of 3.19◦, experienced the 
highest rates of erosion alongside the most pronounced reduction in 
BST. Increased slope steepness facilitates greater runoff convergence 
and enhances scouring potential, thereby directly contributing to 
elevated soil loss. In contrast, the straight slope, with a minimum 

gradient of 1.91◦, exhibited the lowest levels of erosion and the least 
diminution in BST. Regarding soil texture, concave slopes exhibit a 
greater proportion of sand compared to straight slopes. Elevated sand 
content frequently reduces soil aggregate stability and infiltration ca
pacity (Wei et al., 2015), which in turn enhances surface runoff and 
particle transport, thereby exacerbating erosion and the reduction of 
BST. The interaction between slope gradient and soil texture indicates 
that black soil thickness evolution is shaped by the synergistic effects of 
multiple factors (Xing et al., 2023; Xie et al., 2023).

Erosion processes also continuously reshape slope microtopography, 
thereby influencing the spatial variability of BST through feedback 
mechanisms. Our observations indicated that throughout the erosion 
process occurring between 1963 and 2023, the crests of convex slopes 
and the depressions of concave slopes exhibited downslope migration. 
During the erosion process, sediment on the slope undergoes transfer. 
Under the combined actions of runoff detachment, scouring, and 
transportation, soil particles are gradually moved from the top to the toe 
slope, thereby progressively altering the spatial distribution of micro
topography (Sun et al., 2021). Initial microtopography influences the 
runoff and sediment yield processes on the slope surface. Meanwhile, the 
development of runoff and erosion also alters the microtopographic 

Fig. 7. Comparison of the black soil layer thickness between 1963 and 2023 on three slopes with different shapes, (a) straight; (b) convex; (c) concave.
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structure of the slope. This ongoing dynamic process continues to evolve 
as erosion persists (Zhang et al., 2022). Although the general 
morphology of the slope has not undergone substantial alterations to 
date, ongoing erosion may promote the progressive displacement of 
microtopographic features. This process could ultimately result in 
notable modifications to slope morphology and consequently lead to a 
redistribution of the BST.

In addition to topographical features and soil characteristics, vege
tation cover and agricultural management practices constitute critical 
factors influencing erosion dynamics and the BST. Although the study 
area is a farmland ecosystem, the role of seasonal crop cover in safe
guarding the soil remains significant and should not be overlooked. 
During the rainy season, dense crop canopies, such as those of maize and 
soybeans, effectively intercept rainfall and diminish the splash energy of 
raindrops impacting the soil surface. Concurrently, extensive root sys
tems contribute to soil stabilization and improve its resistance to erosion 
(Lin et al., 2019). Within the study area, the soil remains completely 
bare after the autumn harvest due to the lack of vegetative residues 
being returned to the soil. This absence of organic inputs impedes the 
accumulation of soil organic matter (Blanco-Canqui and Lal, 2009). 

Spatially, upper slope locations are subject to increased erosion, which 
causes the removal of surface soil rich in organic matter, thereby 
reducing soil organic matter content (Ampontuah et al., 2006). In 
contrast, lower slope positions or depositional zones tend to accumulate 
soil organic matter transported from upslope areas (Berhe et al., 2012). 
The interval between post-harvest and the subsequent pre-sowing phase, 
characterized by exposed soil devoid of vegetative cover, renders the 
surface soil particularly vulnerable to erosion processes during the 
spring snowmelt period (Huang et al., 2022). Straw mulching and res
idue incorporation serve not only to directly shield the soil surface and 
reduce runoff during periods when the soil is exposed but also function 
as essential practices for replenishing soil organic matter and improving 
soil aggregation (Blanco-Canqui and Lal, 2009). Furthermore, the stra
tegic implementation of hedgerows or terraces on sloped agricultural 
land effectively reduces slope length, decreases runoff velocity, and 
improves sediment retention. In addition, the development of regional 
windbreak forests serves to lower wind speeds and regulate microcli
matic conditions, thereby alleviating the combined effects of wind and 
water erosion (Vacek et al., 2018). The lack of soil and water conser
vation interventions will substantially diminish the resilience of the 

Fig. 8. Changes of slope gradient and eroded black soil layer thickness from 1963 to 2023 on three slopes with different shapes, (a) straight; (b) convex; (c) concave.
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ecosystem to erosion, consequently expediting the depletion of BST.
Moreover, regional climate variations and anthropogenic activities 

serve as significant factors driving alterations in the BST (Wang et al., 
2013). Elevated temperatures enhance the microbial decomposition of 
soil organic matter (Zhang et al., 2019; Davidson and Janssens, 2006), 
consequently hindering the processes of black soil formation and 
renewal. Furthermore, prolonged continuous cropping adversely affects 
soil structure, enhancing its susceptibility to erosion and thereby facil
itating the progressive reduction in the BST (Van Oost et al., 2009).

4.2. Trends in thickness variation of black soil

In recent years, various researchers have investigated the rate of 
thinning of the black soil, arriving at divergent conclusions. Fang et al. 
(2006) report that the northeastern black soil region experiences an 
average annual loss of 0.1–0.5 cm of its surface mollic horizon. Han and 
Zou (2021) performed an extensive examination of long-term moni
toring data obtained from a fixed plot station in conjunction with 137Cs 
computational data (An et al., 2014), utilizing a natural small watershed 
as the fundamental unit of analysis. The researchers conducted an 
analysis of soil erosion and deposition, concluding that the rate of soil 
loss in cultivated slopes within the northeastern black soil region ranges 
from 0.05 to 0.15 cm a− 1. Yang et al. (2011) assessed the erosion rate of 
the black soil in Jilin Province utilizing the RUSLE model, finding a rate 
of 0.035–0.2 cm a− 1. The depletion of the thin layer of black soil in 
regions characterized by thin-layered black soil (less than 30 cm) may 
require an estimated duration of around 200 years. In our study, the 
average thinning rate of the black soil in Bin County was 0.14–0.2 cm 
a− 1, a finding that aligns with the results reported by Yang et al. (2011). 
It is important to note that variations in study locations and methodol
ogies may lead to discrepancies in the observed rates of black soil 
thinning. The majority of research employs the excavation profile 
method to assess the thickness of soil layers. Nonetheless, the consid
erable spatial variability in the distribution of BST often renders these 
sampling points unrepresentative, resulting in discrepancies in the sur
vey findings. Our study employs ground-penetrating radar technology, 
which effectively mitigates this issue and enhances the precision of the 
survey outcomes.

Our study analyzes the distribution characteristics of BST over the 
past semi-century by integrating ground-penetrating radar technology 
with nuclide tracing techniques. In 1963, the BST across three slopes in 
Bin County varied between 19 cm and 55 cm, with an average of 
37.66 cm. Simultaneously, we examined the variability in BST during 
this period. Despite extensive body of research on this subject, their 
conclusions exhibit significant discrepancies. In the 1950s, Zhu (1952)
conducted an examination of the region in eastern Heilongjiang Prov
ince, focusing on areas such as Harbin, Tieli, Wudalianchi, Keshan, and 
Lanxi. Their study determined that the BST ranged from 40 to 80 cm. 
The findings from the first national soil survey indicated that before 
cultivation, black soil primarily exhibited a moderate thickness ranging 
from 30 to 60 cm, whereas instances of thicker layers exceeding 60 cm 
were comparatively uncommon (Zhang, 2010). We believe that the 
reasons for these differences include several aspects. The soil-forming 
conditions in the northeast China are significantly different, leading to 
the development of black soil horizons of varying thicknesses contingent 
upon these distinct soil-forming conditions (He, 1992). Furthermore, the 
influence of differing positions, soil sampling point densities, and mea
surement methods on slopes may also contribute to the observed vari
ations in results.

In the assessment of alterations in BST over the past semi-century on 
the slopes, the analysis was limited to the impact of slope gradient on the 
BST. Subsequent investigations should incorporate other topographical 
variables, including slope length and aspect, to provide a more 
comprehensive understanding. According to our projections regarding 
the rate at which the black soil is being depleted, it is improbable that 
this layer will entirely vanish within the next 50 years. Nevertheless, 

without scientific and reasonable human management measures, the 
phenomenon of the black soil becoming increasingly thin and harder is 
likely to exacerbate, ultimately affecting grain production. Some studies 
demonstrated that the reasonable application of fertilizers (Ma et al., 
2022; Ding et al., 2020) and various agricultural practices (Jia et al., 
2019; Liu et al., 2012; Fang, 2021) can enhance soil fertility, reduce soil 
erosion, and increase crop yields to a certain degree. Furthermore, our 
research indicates that long-term erosion-deposition processes have the 
potential to modify the local topography on slopes. In the case of 
non-linear slopes, it is crucial to prioritize the management of steeper 
regions in order to mitigate the degradation of high-quality surface soil. 
This is crucial for the preservation of black soil, the assurance of food 
security, the maintenance of ecological security, and the advancement 
of sustainable agricultural development. These management strategies 
may also establish a scientific foundation for the future management of 
critical regions experiencing soil erosion.

This study employed GPR to estimate the BST due to its capability for 
continuous subsurface profiling, which offers advantages over tradi
tional methods like soil drilling (Liu et al., 2021). However, we 
acknowledge several limitations that may affect the accuracy and pre
cision of GPR measurements. Primary constraints stem from soil prop
erty variability, electromagnetic wave propagation is susceptible to 
fluctuations in texture, bulk density, and volumetric water content 
(Grote et al., 2010). Furthermore, the slope-scale approach, while 
detailed, cannot directly extrapolate to watershed or regional levels 
without additional spatial data. The reconstruction of BST changes over 
60 years is based on average erosion rates, which may smooth out 
short-term fluctuations caused by extreme weather events or anthro
pogenic interventions. Future research should prioritize multi-scale 
sampling to improve representativeness, incorporate high-resolution 
remote sensing for continuous monitoring, and develop models that 
integrate climate factors and human activities with soil erosion 
dynamics.

5. Conclusions

Diverse slope configurations demonstrate distinct rates of soil 
erosion and deposition. Specifically, concave slopes are associated with 
the highest rates of erosion, whereas straight slopes demonstrate the 
lowest erosion rates and do not facilitate deposition. Convex and 
concave slopes exhibit varying degrees of sediment deposition at their 
bases. By comparing the BST data from 1963 and 2023, we found that in 
1963, the concave slope had the thickest BST, while the straight slope 
had the thinnest. In 2023, the convex slope exhibited the thickest BST, 
whereas the concave slope showed the thinnest BST, with an overall 
non-uniform distribution pattern.

In the study area, the observed reduction in BST across three 
different slopes is recorded at 0.17 cm a− 1, with concave slopes 
declining the most. Although erosion and deposition altered local 
topography, the general slope forms remained unchanged. While 
erosion and deposition modified the local topography, the overall slope 
configurations remained consistent. These results contribute to the 
reconstruction of historical BST patterns and establish a scientific 
foundation for forecasting future developments, thereby providing sig
nificant theoretical and practical guidance for the conservation and 
sustainable management of black soil resources.
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