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Abstract: [ Objective] The black soil region of Northeast China is an important commodity grain production base in China.
However, long-term high-intensity reclamation and unprotected utilization have led to serious soil erosion and continuous

reduction of black soil thickness. In some areas, the low-nutrient loess parent material was exposed, resulting in decreased land
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productivity, and food production was seriously threatened. However, determination of the distribution of soil thickness on the
slope is challenging. The traditional soil thickness measurement methods, including the soil profile method, soil probes, and the
drilling method, are inefficient and cannot ensure continuity along the slope. Therefore, this study aims to apply a new method,
ground penetrating radar (GPR), to measure the continuous variation of black soil thickness on slopes. [ Method JIn this study, the
GPR was used to continuously measure the black soil thickness on three slopes (straight, convex, and concave) in northeast China.
Firstly, two types of soil, black soil and loess parent material were probed in a wood box to investigate the effect of soil moisture
and bulk density on the soil permittivity and to prove the feasibility of GPR determination for black soil thickness. Then, the
accuracy of the GPR in measuring black soil thickness was verified in conjunction with field trial excavation profiles and
pre-buried iron pipes. [Result] (1) The soil permittivity increased and decreased with the increasing bulk density and soil
moisture, respectively. The relationships among soil moisture, bulk density, and soil permittivity for both black soil and loess
parent material can be represented by logarithmic equations with an accuracy of 95.26%~99.66%. (2) Compared with the actual
thickness of the soil profile, the accuracy of GPR measurements for black soil thickness was 87.05%~95.58%. (3) The spatial
distribution of black soil thickness differed among the three slopes. However, the overall wave-like variation was observed.
Deposition occurred at the slope foot and the black soil thickness was thick, while the black soil thickness at the shoulder and
back of the slope was thin where soil erosion was more serious. [ Conclusion] Soil moisture content and bulk density had a
significant effect on soil permittivity and the soil permittivity decreased with the increasing clay content. Also, there were
differences in the permittivity of black soil and loess parent material. It was observed that electromagnetic waves could be
reflected at their interfaces, which means that GPR can be applied to detect the black soil thickness on loess parent material. Our
analysis revealed that topographic factors significantly affected the spatial variation of black soil thickness among the three slope
types studied. Based on these results, this study could provide an efficient and accurate method to investigate soil thickness for
further evaluation and conservation of black soil resources.

Key words: Ground penetrating radar; Soil permittivity; Soil thickness; Spatial variation
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Table 1 Topographic features of the different slope shapes in the study area

2353 Hifg Wk Beve Wz
¢ A Slope shape
Longitude Latitude Slope length/m Slope width/m  Slope gradient/®
E K Straight slope 127°28'51"E 45°52'17"N 200 130 1.91+0.39
M 7Y Convex slope 127°24"28"E 45°45'41"N 168 70 2.48+0.25
[M7434 Concave slope 127°27'03"E 45°46'04"N 150 60 3.19+1.13
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Fig. 4 (A) before and (B ) after calibration of the radar image for field test
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Table 2 Permittivity of black soil and loessial parent material
HAHT R H] 43T
+J= R AR EMUN[E) ERUINED WA
P-value P-value
Soil layer Sample name Actual value Predicted value Error rate /%
( within groups ) (inter-group )
R = ZBS I 5.72+0.06 5.83+0.05 1.92 0.05 0.005
Black soil layer ZBS 5.73+0.04 5.7840.06 0.87
ZBS T 5.76+0.31 5.76+0.04 0.00
TBS | 5.70+0.12 5.97+0.02 4.74
TBS 5.79+0.17 5.84+0.02 0.86
TBS T 5.71£0.06 5.97+0.09 4.55
ABS I 5.80+0.06 5.84+0.08 0.69
ABS 1 5.55+0.22 5.59+0.00 0.72
ABS T 5.81+0.21 5.89+0.03 1.38
LRSI ZL I+ 5.84+0.07 5.99+0.01 2.57 0.13
Loessial parent ZL 5.89+0.03 5.91£0.01 0.34
material layer ZL & 5.74+0.00 5.76+0.01 0.35
TL I 5.92+0.15 5.97+0.02 0.84
TL 6.04+0.13 6.18+0.07 232
TL 5.77+0.06 5.91+0.09 242
AL I 5.96+0.03 6.15+0.01 3.19
AL 6.19+0.05 6.24+0.02 0.81
AL & 5.80+0.03 6.04+0.05 4.14

e ZIREEAY, TRFOAY, ARFKMAY, BSAETE L, LARELT., L. . ToRMRIRFEAE DT, 3
AR . TR]—SRAE A B A R 5B R R A IR — )T N SR 4E o Z is the straight slope, T is the convex slope, and A is the

concave slope. BS is the black soil, and L is the loessial parent material. The upper, middle, and lower sampling positions respectively

represent the top, middle, and foot of the slope. The black soil and loessial parent material samples at the same position are from the same

profile on each slope.
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Table 3 Actual buried depth and GPR measured depth of iron pipe
with different slope shapes

PR FR R I TR

WAl Slope  SEPRIFE TRZEH

GPR P
shape  Actual depth/cm Errors/%

measurement/cm

IERiE 31 33.22+0.29 716 0.744
Straight 22.5 23.72+0.95 5.42
slope 20 21.68+0.43 8.40
pEY 19 21.46+0.13 12.95  0.482
Convex 25 26.97+0.52 7.88
slope 29 32.36+0.57 11.59
(]34 3 28.5 30.30+0.26 632 0.683
Concave 26.5 27.67+0.06 4.42
slope 22.5 24.01+£0.37 6.71

: P>0.05 R AHA BEMEES ., P>0.05 indicates no
significant difference.
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Table 4 The thickness of the black soil layer at different positions
on the slope

RS20
oA et AR
Average thickness
Slope shape Slope position BS thickness/cm

/ecm
HAY Ay 28.9+1.3a 28.3+0.7
Straight slope e JE 28.6+1.1a
Weis 29.3+1.8a
W 26.6+1.1b
g 28.0+1.4ab
(REIVE)2 Ay 29.0+0.4a 28.6+0.6
Convex slope YA 28.7+1.1a
Wiy 26.9+0.7b
b 28.8+0.6a
P 26.7+0.6b
LIpivE3 eI 28.0+0.7ab 27.2+0.7
Concave slope e JE 26.3+1.8b
Weis 25.3+0.6b
e 26.7+1.1b
Wi 30.7+1.3a

W I, YR T BEABR 0 5 Y 15%
15%~35%. 35%~60%. 60%~82%FHl 82%~100%. [F3I|A ]
FRRIR Al — Y B [ e o2 BAT B3 25 5+ ( P<0.05 ), Note: The
summit, shoulder, back, foot, and toe of the slope were 15%,
15%~ 35%, 35%~60%, 60%~82%, and 82%~100% of the
slope length, respectively. Different letters in the same column

meant that different slope positions of the same slope shape have
significant differences at 0.05 level.

3 1 ®©

TR N R AR Z, Hrp K
L A A R O R R Y
IR A, PRl e LR RO S KR 3
DRI/, 70 e S A B 084 5 0 9 LB E 0
6%, DT 75 L D A R i B TR, e A B IR
BT (5 ), AN, TEAH R AY 3 5K
EMAREFT, RESE RN
AIRES IR AT G, B R & R r 3
LA RO . BB B P FR
PTG A9 09 DO A0S 8 v [T A B9 41 v 1
Jit, AT B HLA K
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Fig. 6 The variation of black soil layer thickness and gradient along slopes with different shapes( a )Straight slope( b )Convex slope( ¢ )Concave
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M H I F T AW FEORICR L X B LREE R T
PR I W) Y R bt [ BN s u R
WU, 5 — O A 32 B R - s e
ABIFTE F AN [ S RS9 1 PR )2 V5 R A 25 ] AR AR AN )
(K 6), EZJEh T HIE M S B0 w2 ih-DiR A
FAAE2E 5+, Fang 00 3 1 32 il g R B 5 MY
AR EAT B S AR AL, DA T 2 35 4
I, PN A . An S5 EURF SR B B4 R
MRS i AR b R BEAFAE B 22 5, O AR Tl b ™

AL ERIETT, MI R ™ 7 BRI
T 5 A AR ) 2 I B - X R AR ek SR
e T AEAE W S0 R R AR AR . SR R — B R
v 4 057 R o e AT 25 57, (HIS7E s Ak %
AR, G 4R R AR . A2 DY
W R BB R |« e H AR e S i b
BB G . X5 ARBEST v 2 4 2 R AR AL
HA—F (F4).

RICBA XK 3R E, R L]
TGRS S BRI AL R D Y R
T RAZEEX FR R, 25RRIEK
FE bl 2 A R R s N R AIG, Hrp R)2
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25« P PR M A R 0 S 2R A 2 J2 B A5 1 ) 2 (] A2 Ak 961

PR R B IR X PR R AT ERR R E . H
P gt 4 )2 8 B2 I e 7 96 R 22 D | L FE T 2% 7, il
P 6 T3 4 2520l RIS i A [R) o7 B 2 4 8 I 22 5 4K
K, ARGETT 1 ME LI I 5 e J PR R Y0 39 T ) 2 (1]
AR AL o AR SO AR H 7R T8 BRI B A FT LI R j3
IR AR 2 IR B AR DL, DA BRI T i 25 O A
(4 8 2 R AR I — P R T i, N JT R
R GR PP PR A — s 1 BB

SR, XIEEARAIIRATAE—LE SR BRYE,  He
RS 5 DR 22 18] 19 2F Ji B i i ME LA ke . BB
TR BE RGN, LRGP R RE R RE , SRS E
B2 AR TR, DR AE b RS DX 7 AT
Mt — AR, FEA 2R SR EE RE A 1 6 R 0
TIREEAR BT . AN, TS
Jor s PG R TR 22 A TR DR . ARG AT i R
SRS AN PR 5] B— , [RLH R Ml 7 R 400 ) R
JE 5 SEBR NG R ATAE 1~3 em AYIRZE( K 3).

4 & ik

AT 5T R PP b 7 A B AR X ZR b SR+ R
T IREEE T RS . FEXT R A K R A
WA R AR T R, RIESOKE A RIS
H A A IR R BEE S KR Y
T, A B R I Y R, R A A
i, AEEECRR IR, Kb R E X
WA T R W BEAh, EHENL AL AT A
WRAAFAE—E R . bR, 7R R
IRERI A+ R R, AFAY X A H B FE A R A AR
AR ZN, BRI IAS 2 1 1 38 v H F
75 A5 T LAAR 3 B A S 4 oK B A A R
N+ BERR AR, ORI 95.26% ~
99.66% o 4 Hb i DRI A5 ) B 4 J2 R 5 N T IR T
DA 28 2R — 3%, K50 B2l 87.05%~95.58%.
3YEE R R R A R 22 S, PR A
UURY, MR JRRRERIR, YR A iy (2 ph ™,
M R DA, PR TR IR AR T LU TR S
FURE R B BB T 22 28 A 2 R B A A, AT A 2
J2 V5 B R e B A — o B = S T 1k
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