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Abstract: [Objective] This study aimed to provide a scientific basis for rapid monitoring and regionalized
classification-based reclamation of salinized soils by constructing an inversion model for electrical conductivity
(EC1:5) of soil profile extracts in salinized areas of Northwest China. [Method] Typical saline-alkali farmland in
the Hetao Irrigation District was selected as the study area. Electrical resistivity tomography (ERT) was used to
obtain soil resistivity profiles with lengths of 35.5~71 m and depths of 0-6 m. Meanwhile, nine boreholes (3~5 m
deep) were sampled by layers to measure soil EC1:s, water content, and bulk density. Based on pedogenetic theory,
soil resistivity, depth, water content, and bulk density were selected as input variables. Random forest (RF), support
vector machine (SVM), extreme gradient boosting (XGBoost), and linear regression (LR) algorithms were applied
to perform EC1:s inversion at a field scale. [Result] The results indicate that soil resistivity and depth were the
dominant variables controlling ECi:s inversion, while water content and bulk density had relatively minor
contributions. Among the models, the RF model achieved the best performance, with an independent validation R?
of 0.65 and a root mean square error (RMSE) of 56.51 uS-cm™, effectively matching the vertical variation
characteristics of electrical conductivity measured in the nine boreholes. The inverted soil EC1:s exhibited significant
spatial heterogeneity on the two-dimensional profile, ranging from 170.58 to 441.01 uS-cm™', with a mean value of
275.48 +58.81 uS-cm™', which is opposite to the variation characteristics of soil resistivity. [Conclusion] The ERT-
based inversion method for soil profile ECi:s demonstrated good applicability and can effectively compensate for
the limited vertical resolution of electromagnetic induction (EMI) techniques. It provides reliable technology for the
rapid acquisition of high-resolution salinity information in soil profiles.
Key words: Saline-alkali land; Soil constraint; Soil information rapid acquisition; Machine learning model; High-
density electrical resistivity meter
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L and S denote survey lines with long (100 cm) and short (50 cm) electrode spacing, respectively.
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Fig. 1 Layout of electrical resistivity tomography survey lines and borehole locations in the study area

1.2 EBERER ARG ARIRIE
ERT HOARGE — il il v 85 [ 2 4kt N U7 105 3R A 3 e B A A (R 0 AR BRI

HRE A 20 tHaD 20 AR DY AR RA o 125 V00 5E I 7 A B DA HIAR (AL ML NL B,
Forpr el AR B JERRELUT AR IR AN FL AT, BB MORTN e s 22 R s 1 2
R, TR 04 P PR PE 22 3 2 33 ) S P L BEL 2R, B S _b A 30 0 R AE R 1R 3 R A ) |
BIAFAE A3 [8)AR 5 FT DADY F AR iR A5 110 P B % 2 M 00 X 1 35 i BH AR R 255 S, FRZ AR
WL R BE S o ZEUL F P A AR A 2k - 3 5 A TR AR R B RS A 5%, B IR BB/, ARG
R E R, S M. rIRAE (1) A1 (20 T8 353 0 H #1250,

Rho = K= (1)

K=4—F— -7 (2)

1aM1aN_ 1BMTIBN

A, RhoARMHEILZE, AV NIEHEHE M N Z P B2, T NRGMHERRE,
K NRE BRI Live Live e, ey A HS BB & HO A 2 [R] AR EE S

AT T IR IR 5 R T PRI —— I SR, VS IR
i, R FLBEJDBRER, AR R P FERC . B IR ECE AN B SR o SIABHE p 2 1H
FEEE B BIEOC R

3)

D

KX, o AL A S ml, p BIEAAN Qm.

T I b A 15 R B R R 1, [ B AR e FRA I R SRR % rARON 1 LA, Z2
P, AR R R PR A o A By 3Ryt S B AT AR, AT EE L N A
) LS H B Za A1, I L I PR S i R AR O R, PR AT g T FR e R
7 R A (R A3 AT AL -

1.3 HIEHRESHIERE

AR FAEH ERT (Syscal Pro, 7% IRIS A w]) HARM & PLO40 HIHL A4 for B 1) 1438
FIT R ML (& 1. 20 HIK4E 3 % ERT M2k, 4> 5hric A PL40-S1-50. PL40-S2-50-
PLA40-L-100, b HE SR FH ok 2 [7) BlURK Y Wenner %Y. B3 25 12535 72 AN H#) . PL40-SI1-50 Al
PLA40-S2-50 Wl £ () Al 3E (A1 B 50 cm, IZRKFEN 35.5 m, BRIIVREE N 5.97 m, HEHSHF
2K 26 cm. PL40-L-100 Wl £& 14 L ARIE [B]FE A 100 em, MIZRKFER 71 m, FRIITREEN 11.94
m, HEESHEREN 52 om. ERT IEEBEHOK, 250 PR, MEREBE; Rz, 1EE
PRI, A AR, DR TR B R Y

% ST - 35 ) T PR PR SR AR R (ECs) [ SRS, AW 7T R TR E 1) -1
PESREE SERALIEE R 04T . AWFFTAE 3 2% ERT MIZR EATYE T 9 A 3~5 m IR LI RREEL 1L
BALe SREESALT 71 m MZH 8 my 18 m (LA X AL). 28 m. 355 m. 56 m 4k, DLK
35.5m MEE) 8 m A1 28 m &b (K 1. FERFAME R TUPEA TEC-12 2 DyReBSHLAI {45 20
BHL, EESIREUFAR LA . SRR LIRS BRER A 1 m KW RE LM (PVO) Bk
1F, FEME NS AN 6.2em Fl 3.6 cm. BEREE 1 EFEM G, SLEIFE PVC & W i FH AN [ i
ORISR, AR S, DARIRTT M ORRERE S K. BT A il B S da 22 500 == Ak
. fESEIREN, 4 PVC B B8R 3% 20 om [RIFGIHEIT 702 . BEFERIE—D0 N
5 o — A B RS S, e IR S KR E; 5 — 5 AT, & HRT



WHEEFFIS 2 mm 075, $%EoKIE 125 WIERAE, FHTIE 158 ECs, HARE S LB n) %
PEERI &, VPO IR R TR FE I B R AR o R IR E Hh 1 ARG FLI IR R
(2000~50 pm)+ Fyki (50~2 um) MR (<2 um) FHE.

1.4 TP ERMBER SRR

T A4 B AR B I g T 00 H B 2R e v B S HL B 2R, AR SURI A Res2Dinv3.54
B, RN R AT A, B JE — R B AR D9 1T B ST M P 2 (1) 5 v FH 25,
F T 8 5 T R 0 O 2 Sl i 1 3R B 5 I s T R B A AE AN 78 A DR TR O, 515 93 s
FEAEBR R, B 90 R FH 22 B AN R A R T AN, b5 M ER AR IE T T A — BUER e,
HJE SR BERY BUSME S AR B, AR B 45 SR s e B o

NT L ECys, R RS THEIER (D« WRE (depth) « F7KE (we) .
RE (bd) , RAMINEES S FEEFEEMERIE (LR)  ZFFHENL (SVM) | BEFLARM
(RF) « R EFE T (XGBoost) . A8 & 8 Z M HE 7 K H B # 2P (Permutation
Importance) 7732, ZethmlHIE T2 1%, M ECus S NR BN LM 1E, il
FIE WG SH, H TR EAEX AR R RGBT A IR SR ENUR A Z R B A
AL S 3 i A 2 18], SRR T SEEL ECos TR, 7E/NREAS L AR 1) Bl b B 3,
A% RBOE RS S HOR BN 45 SRR . BEALARMROR A0 8 2 BRIV IR i 2% 2], i
Bootstrap A SHRFEBENLIE B, FRARIERLG KRS, XHELMC RS g8 & Pk ss, v
HHRFAE B o B o P S AR LABE FE ST Bkl 455 IR 5 AT T, & 2l & 28
SRR EAERR ARG, IR B .

N IFIOE T3 ECys R, RAHEKE 5 #ra8 XIIE (Repeated 5-fold Cross-
Validation) J7i2% BB E e HEAT SR GV o BT AR R IE T PLO40 HERL, FEALER 169
A, ONREEBTEN AR e M S TN, R 10 IREE 5 Prac WIRIERNE . Bk S, &
REG RN AT 169 MEAKI A 5 AT, RPERHF 1 NMFREENRIESE (4 34
NEEAR) , HA AANTHEERIGE (L4135 MEA) @it 10 IREEFENLRISY, LT
50 JARBINZR S I0E . 107 VERE A RURARBEN LIRS 1R 22, DDA B P4l 45 SR AR 1,
M B A Y 1 R VPN AR e . AR — IR XIRUEH, Al ke R (RP)  ¥TIR
w7 (RMSE) APFEZENTRZE (MAE) , JfLL 50 R8RS BT (E/E A v g
FIE AR Fe bR . R2ER$EIT 1, RMSE %I 0, MAE ML 0, FonH il GE /o kam, Fa
SEMEE, REMN . RS T 4% ECus RIH. % T Bk Z3ESH5H R A& K
ORI E SR, AT TT ARG FL SR R B BONKHE, 3% 20 em IRFE RIBGHEAT 70 2
(0~20cm. 20~40cm. 40~60cm %5) , FralitHE & EN RS KE S EERFHE, JF
g T N 4 0 T AR P X (], AR AR A A N AR e, 3R S 3% ECos RIE S E M. FET 10
REF 5 P8 IGUE, VAT RIS UESE B S0ME 5 TME, Zwl25a BBl S 9 AMEGFL
) U 5 S M Bl R B R 3 BB AARRAE, DR G Hb PPN AR AL P e

KA H A 58 (Duncan's multiple range test) X 22 AN ST REAS i M08 HE 4T 3 5 9 LU,
DA & BARFEAR Z (B2 AFAE G52 22 7o K Pearson AH2C 73 b 7 V2 AT - 438V S 2 [
MMM, G REMAMEAN P<0.05 (*) . P<0.01 (**) Fll P<0.001 (***) , ¥
P RO R 2

2 45 R

2.1 IR B PR ER =5 B 3 TR 4FE
I T PR AE 3 25 T2k 28 R IR 2 s 18] 5 s (&1 2D PLO40-L-100 #1 HLBH



R TG 58 (6.06~32.65 Q'm), ¥{E e (16.20£5.34 Q-m), BERFEHE N LI 56 (0~4
m). JEi (4~10m). FfE (10~12m) [T . PL040-S1-50 A PL040-S2-50 1|1 HiFH
LA TR 58 (9.51~27.28 Q'm. 8.70~31.34 Q-m), HIME ML (16.18+2.86 Q-m. 16.56+2.82
Qm), ZIVERGMIVRHRFE, BRI IMEIERE (0~1m). 53 (1~2m). FHE (24
m). B (4~6 m) HIZ{LHas,

BBEEI Distance/m
0 40

10 25 30

EBRE R Resistivity/(Q-m)
15 - 20
C!

HIERE Soil depth/m

a)PL040-L-100 14

BBEE Distance/m @Bﬁ]é@Resistivi% Q'm)

AR e
T

HHEBFRESoil depth/m
N N R W N - O

d)PL040-S1-50

¢)PL040-S1-50

3

10
T

f)PL040-S2-50

¢)PL040-S2-50

IR Soil depth/m
N N B W NN = O
~ (= W £ w o -_— (=]
;

15 25 35

E3PEZE R esistivity/(Q-m)

E: PLO40-L-100 %75 PLO40 FHEPIE A FE A 100 em M4 PLO40-S1-50 %75 L-100 A 50 cm
TERIEERIZE: PL040-S2-50 7~ 5 L-100 HE ELf) 50 cm J& [ FEMILE . [ AN F/NG S RER R AN 7 P2 i) - 33
HFH% %5 2% (Duncan's #£38, P<0.05). Note: PL040-L-100 denotes the survey line with 100 ¢cm electrode
spacing at plot PL040. PL040-S1-50 denotes the overlapping survey line with 50 cm electrode spacing. PL040-S2-
50 denotes the survey line perpendicular to L-100 with 50 cm electrode spacing. Different lowercase letters indicate
significant differences in soil electrical resistivity among different depths based on Duncan's multiple range test (P
<0.05).

2 338 T PR BEL AR 2 ) 23 A S AR SR ARRAE (AR IR D
Fig. 2 Spatial distribution of soil profile electrical resistivity and its variation
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Fig. 3 Changes of soil extract electrical conductivity (ECi:5), water content (wc), bulk density (bd), and
mechanical composition with depth
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Table 1 Correlation coefficients between soil extract electrical conductivity, resistivity, water content, and

bulk density
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A5 B Variables THER R TR o .
Resistivity ~ Water content Bulk density




Soil extract electrical
conductivity

TR R SR L
Soil extract electrical conductivity
i FH % Resistivity -0.648%** 1
& /K & Water content 0.126 -0.024 1
%% % Bulk density -0.227%* -0.126 -0.653*** 1

TE: o, R ] okl [ RIIROR P<0.05. P<0.01 fIT P<<0.001. Note: “*”, “**” and “***” indicate P<<0.05,
P<0.01 and P<<0.001, respectively.
2.3 TIEFERIRRBESEREIRBE

LSRR (o). WE (depth). F7KE (wo) KAE (bd) fERNMINERE, MWET
3% BC s OB . DR REEMSNGERE R, FHBEIER (o NEREENTNAE, F
JE (depth) &2, Mi&KE (we) 5HE (bd) MEEMEMNEC (B 4), XGLMEMRK
AHTIHISE RAR G

FT DU HLAR 5 ) B AN DU Fh AR S A S A T R IR T EC s SOHBAL . B RE 7 b7
T (3R 2), WIRLIZRAS B v 2 R AL (R AT 0.60~0.90 2 [], FSTIGIEREFE AT 0.58~0.65
Z ) o AN[AAR B 2H A5 KA ARG FE RIS A /0N, T AS [RIASE Y ) FRDRG 22 80K« XGBoost #1 RF
SRR ALY (I A5 FE TR A, 1T RF AR R B0 IE RS FE FE A1 . XGBoost 2 81 BH & 1 it 400 4 1
%, KGR R? N 0.84~0.90, KEFEE R N 0.58~0.61. RF #7 2 BUAR AT L& BLS:
WGHKEE R2 N 0.74~0.75, WAFHEE R2 9 0.64~0.65. SVM AT LR (191l 2545 B FIU6IEHS 1
BRI . SVM FRAIFIIZRAEE R2 N 0.64~0.65, FGIEREE R2 N 0.61~0.63. LR FE 1)1 25
K% RN 0.60~0.61, AFHKEE R2 N 0.60~0.62. MAK S, RF HEAUK R BiE. A %6
PHZE . FyKE SRS = Fh R s A DA A, 315 7 1458 EC..s TRIIME 5 Scl A mEURE, K
LR HLARARAE RS BE oM FafE (B 5). fEIERt b, R LR RF 8 i 1 35 BCys,
B 9 AL AT 138 ECy.s SEIME 5 TRIE BE IR B AR B A1 0L, RI & E A
BiE, AR IR BRGSO, 3P I0E T RF BT EENE (B 6).

" M Resistivity FEFEFEFEFEFEAT
pth

) [

uuuuu ] 0 100 150 200
iy WL 5 0 97 H e IneMSE. 1 75 L4 2250 DO 4 L%l MSE

B4 ST BIEELEERBIIAM (2) BORBIZIRTR (). CRARHL (. LB (@) SHE
TR A R B



Fig. 4 Variable importance ranking based on permutation importance and machine learning models of random
forest (a), extreme gradient boosting tree (b), support vector machine (c), and linear regression (d)
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Table 2 Performance evaluation of the inversion model for electrical conductivity of soil profile extracts on

the training and validation sets
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Dependent variable~Independent Data sets
) Model accuracy ~ RF XGBoost SVM LR
variables
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Training set
V2 L 52~ o PR R RMSE 48.51 37.37 57.54 59.97
ECi:5~r+depth R? 0.64 0.61 0.63 0.60
I UREE
MAE 43.89 45.49 44.10 47.27
Validation set
RMSE 57.69 60.54 58.99 60.66
R? 0.75 0.89 0.65 0.60
I
MAE 35.83 24.67 41.14 46.50
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BRI T~ LA PR RMSE 47.97 32.16 56.69 59.97
EKE .
R 0.65 0.61 0.62 0.60
ECi:s~r+depth+wc .
IOUEEE
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wc, soil water content; bd, soil bulk density; MAE, mean absolute error; RMSE, root mean square error.
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