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Spatial heterogeneity of heavy metals and influencing factors in the surface cultivated soil of the loess hilly—
gully region, China

ZHANG Min, CHEN Hai’, SHI Qin—qin, ZHANG Hang, LIU Di, ZHAO Yan

(College of Urban and Environmental Science, Northwest University, Xi’an 710127, China)

Abstract: The spatial differentiation and influencing factors of heavy metals in the soil layer of the loess hilly and gully region of China
were evaluated in Gaoqu Township, Mizhi County, Shaanxi Province. Using a geostatistical method, the spatial differentiation of the heavy
metals Pb, As, Cu, Cr, Ni, and Zn were analyzed on the surface layer of cultivated soil. Geo—detector and statistical methods were combined
to analyze the factors influencing the spatial heterogeneity of heavy metals. The content of As, Cu, Ni, and Cr was 23%, 100%, 100%, and
100% higher than the background value of the loess soil, respectively. The variability of As and Cu contents was moderate, and that of Pb,
Cr, Ni, and Zn was weak. The nugget coefficient of Ni was the largest (0.59) and that of Pb was the smallest (0.12). Pb and Zn levels
showed a strong spatial correlation, mainly based on structural variation. As, Cu, Cr, and Ni showed moderate spatial correlations, which
were affected by structural factors and were also greatly affected by random factors. From the perspective of spatial distribution patterns,
spatial agglomeration was observed with local high—value areas and low-value areas. The spatial differentiation of heavy metals was affect-
ed by the combination of topography and planting methods. The influence of topography on the distribution of heavy metals was greater than

that of planting. The interaction between slope direction and planting type had the greatest influence on the distribution of heavy metals.
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Previous studies hade demonstrated that the content of Ni in the soil layer of Gaoqu Township was generally high, which may pose a poten-

tial threat to the soil environment and the safety of agricultural production. Moreover, different heavy metals were affected by the interaction

of complex terrain and planting methods, and the spatial difference was evident. These findings provide a scientific basis for the spatial dif-

ferentiation of heavy metals in cultivated soils, and for evaluation of soil environmental quality and ecological environment management.

Keywords: soil heavy metals; spatial distribution; geographic detector; loess hilly—gully region
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Figure 1 Distribution of sampling points in the study area
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Table 2 Descriptive statistics of heavy metals in farmland soil of

Gaoqu Township(n=90)

HRm/ILR

Heavy metals

Pb As Cu Cr Ni Zn

I KB /mg - kg™ 19.70  14.17 42.62 122.93 72.30 63.91
e/ ME/mg - kg 1333 7.13 21.53 78.61 46.87 47.80
FEE/mg kg 16.33  10.52 30.41 101.61 57.99 55.23
FrifE2/mg kg™ 140 133 402 873 554 3.8l
A 5 Z B %% 857 12.64 1322 859 955 6.90
K-S B[ Pis)] 020 020 020 020 020 020
WA+ 5l /mg-kg" 19.80 11.40 18.90 65.10 27.60 65.60
A b - S YL KU i 170.00 25.00 100.00 250.00 190.00 300.00

P/ mg - kg™
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BB Y RS i B (LK 1 € L S 0 it o JT e 905 e XU A s ofe
(I17))(GB 15618—2018) .

Note: The background value of loessial soil comes from the Soil
Geochemistry of the Loess Plateau. Risk screening values for soil
contamination of agricultural land come from the Soil Environmental
Quality Risk Control Standard for Soil Contamination of Agricultural Land
(GB 15618—2018).
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Table 3 Semi-variogram function theoretical model , relevant parameters and verification results of heavy metals

Element Col (Co+C) Range/m model determination squares MSE 7% RMSSE
Ph 5.20x107 4.34x107 0.12 485 [ kv 0.541 2.051E-04 3.6x10° 1.023
As 3.70x10° 3.77x107 0.25 450 BRI BR%L 0.559 2.018E-04 -2.7%107 1.010
Cu 1.79x107 3.59x107 0.45 910 BRI FR%L 0.699 1.223E-04 -1.0x107 1.006
Cr 1.52x107 4.52x107 0.34 675 (SR 0.832 1.881E-04 7.2x107 0.994
Ni 2.64x107 4.52x102 0.59 780 TREeR KL 0.542 1.544E-04 9.7x10™ 1.018
Zn 4.84x107 2.69x107 0.18 600 BR 1T PRI 0.582 5.778E-05 6.7x107 1.032

Cu 5 it/mg-kg!
26.459~29.981

I 29.981~33.503

I 33.503~37.024

Ph /g kg

As & fit/mg- kg
9.441~10.273

I 10.273~11.106

M (1.106-11.938

14.107~15.622
B 15.622~17.137
I (7.137~18.652

Ni & dit/mg kg
55.096~57.190

B 57.190~59.283

I 59.283~61.377

Cr i ht/mg kg™
85.271~95.709
B 95.709~106.147
I 106.147~116.585
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Figure 2 Spatial distribution of heavy metals’ content in farmland soil of Gaoqu Township
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Table 4 Interpretation ¢ of the spatial distribution of soil heavy metals by topographic factors

W K F Terrain factors

At J7 5 Planting methods

Hi_‘?ﬁtd o W i WBRIE o ey T MR YR
Elevation Slope Slope direction Terrain relief Planting types Distance from road ~ Plot area

Pb 0.020 8 0.0153 0.095 7 0.034 7 0.0064  0.029 4 0.0209 0.0356 0.006 6

As 0.001 9 0.042 9 0.129 2% 0.013 6 0.0003  0.027 5 0.070 6 0.058 4 0.0357

Cu 0.012 8 0.036 0 0.064 6 0.0119 0.000 1 0.003 5 0.0577 0.0115 0.026 3

Cr 0.034 6* 0.014 2 0.084 4 0.0318 0.0845 0.0161 0.067 2* 0.0126 0.030 8

Ni 0.008 9 0.007 4 0.065 2 0.002 6 0.0404 0.0162 0.062 0 0.044 1% 0.061 1

Zn 0.040 4 0.001 5 0.193 7% 0.006 8 0.0272  0.029 4 0.086 6* 0.022 6 0.0399

T 430 R SN DR T 3 0.1 71 0.05 /K- R 35 AR 8

Note: * and ** indicate that the impact factor passes the 0.1 and 0.05 level significance test respectively.
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Table 5 Average value of soil heavy metal content under different topographic conditions (mg-kg™)
HoJE R F Terrain factors Ff 2544 Sample number Ph As Cu Cr Ni Zn
it m 901~1015 34 16.18+1.22a  10.44+1.17a  30.81+3.99a  101.8649.70a 58.19+5.92a  54.61+4.08a
1015~1074 40 16.59+1.46a  10.56x1.38a  30.57+4.19a  102.80+8.06a 57.34+5.43a  55.81+3.96a
>1074 16 16.01+1.21a  10.23+1.57a  29.17+3.62a  98.10+7.65b  59.19+5.06a  55.10+2.59a
YeEE/() 0~5 7 15.93+0.66a  10.73x1.4la  31.56+3.88a 103.59+5.63a 56.70+5.58a  56.09+2.79a
5~15 61 16.28+1.37a  10.66+1.35a  30.74+3.81a  102.40+8.92a 57.76+5.35a  55.28+4.10a
>15 22 16.62+1.38a  10.06+1.17a  29.84+4.65a  99.79+8.97a  59.02+6.13a  54.80+3.28a
B Rk 7 16.89+1.43a  10.77+1.74a  30.76+3.16a  96.86+6.94b  56.25+4.62a  57.53+3.01a
BB 23 16.56+1.54a  10.76x1.23a  30.21+4.64a  99.78+6.54b  58.94+7.48a  53.55+3.09a
BB 26 16.09+1.16a  10.40£1.43a  30.97+3.84a  104.22+47.75a 58.64+4.14a  55.19+3.42a
PR 28 16.23+1.34a  10.44+1.43a  29.83+4.25a 101.85%9.65ab 57.88+5.13a  55.09+4.66a
HJE AR i /m 0~19 36 16.02+1.20b  10.43+1.23a  29.88+7.59a  99.74+7.59a  57.53+5.76a  54.79+3.43a
19~30 43 16.61+1.37a  10.63+1.36a  30.67+8.90a  102.83+8.90a 58.43+5.22a  55.70%4.15a
30~65 11 16.32+1.49a  10.42+1.57a  31.14211.02a 102.97#9.62a 57.76+6.38a  54.81%3.72a
TWI 1~5 39 16.19+1.50a  10.53+1.04a  30.63+4.45a  101.19+9.52b  58.24+6.51b  54.562.92a
5~10 46 16.46+1.24a  10.51£1.57a  30.24+3.87a  100.89+7.59b  57.33+4.65b  55.65+4.53a
10~22 5 16.33+0.82a  10.61+0.95a  30.26+1.76a  111.47+7.40a 62.04+3.35a  56.52+1.22a
TPI 4 (<1) 17 16.77#1.32a  10.52+1.70a  29.89+3.57a  101.62#9.89a 56.40+5.28a  55.85+3.96a
i (-1~1) 68 16.20+1.34a  10.57+1.22a  30.68+4.15a  101.92+8.48a 58.31%5.55a  55.21%3.82a
P (>1) 5 16.67+1.21a  9.82+1.27a  28.48+3.64a  97.4248.56a  58.92+6.38a  53.3923.03a
T RPBUE R AR T B RR 25 7 B 3% (P<0.1), N,
Note : Different letters after the values in the table meant significant difference at 0.1 level. The same below.
Fo6 AEAMEARTLEELENTENEERRAZE (mg-kg')
Table 6 Average content of heavy metals in soil under different planting conditions (mg-kg™)
FitE J7 X Planting methods £ £ 54 Sample number Ph As Cu Cr Ni Zn
R A ES 26 16.21+1.55a  10.26+1.12b  31.65+4.33a  103.69+9.31a  58.99+5.65a  55.56+4.91a
A 16 16.30+1.25a  10.71=1.11ab  31.7124.13a  102.83+9.65a 54.87+4.54b  56.73+3.84a
LI 12 15.86+1.38h  9.90+1.24c  28.90+3.48b 102.27+8.26a  58.41+591a  53.94+2.75h
o 12 16.33+1.46a  11.07+1.67a  29.75+2.88ab 103.98+9.96a  59.14+2.89a  54.40+3.48a
AR 24 16.74£1.02a  10.71x1.43ab  29.29+3.95b  97.90+5.12a  58.19+6.41a  54.93+2.80a
Hu P E AR <0.2 34 16.30+1.36a  10.81+4.33a  30.95+4.60a  100.48+8.29a 58.53+5.88a  56.20+4.21a
hm? 0.2~0.66 43 16.4121.20a  10.3424.13a  29.7423.77a  101.59+8.30a 56.74+5.28b  54.69+3.49h
>0.66 13 16.16+1.35a  10.3823.48a  31.22+2.95a 104.6329.76a  60.68+4.54a  54.46+3.42b
I I 0~150 40 16.40+1.36a  11.9621.20a  29.93x4.23a  102.5328.60a 60.97+4.13a  55.16+4.30a
m 150~300 28 15.96+1.20b  10.88+1.39a  30.57+3.44a 101.88+9.59a 58.79+6.13b  54.80+3.73a
>300 22 16.77¢1.35a  9.90x1.46a  31.40x4.41a  98.74x7.71a  56.10£6.02¢  56.11+2.86a

SUHRTC RS S {5 Y RN o

2.3.4 B ARy 200 1 58 H 4 e o0 A Y 52 H R
X 3l PR -5 R TR 5 A T S8 EL AR, KR4 A Ao

DR~ 22 18] 58 EL A P X - 338 <33 i 2 1) A ) e R

/NN W, AR B 5, 4 TR 19 52 B S TR ) 3 6

oSSR SR A UPIE RS ISP (57

DRl % 2% B 4 Je 5 LA g B4R TR AR s s 58 L

FZM 7, 15 B M TR X6 4% T 4 25 [R] 43 A 15 KT
FlAE )y 2022 SRS I L 1% 4516 5 23 1AM S P2y e 45
AR Hp T FHIE R T 30 SRR
XF Pb Fl Ni JTER 9238 B2 K (0.272 9.0.303 6)
ARSI X As Cu 1 Zn BAE H 520 18 K (0.336
9.0.341 1.,0.373 7) , 3 ] F1 b JE 857 XF Cr B9 28 B 5%
e 345 K (0.320 1) , Foas [a] g g g YR S His JE A
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TR T3 IN . X TRy =, Rk R e R 2
551538 B B X Ph A8 B2 ) e K (0.119 9) , F
AT 5 He AT As . Cu Cr Ni Fl1 Zn FYAE H 5800 77
% K(0.2373.0.199 6.0.262 6.0.214 4.0.271 4) , H:as ]
8 2B N e R O Y =P R 0] 1% B 1B L S
J7 S B ARMAE R R 3% o) SRR 2SR 4 28 B 52
X5 B4 JE I A5 (RS A e ik, HHIE S8 =
(i) D]~ 149 A PR A8 B 35 K B TR [R5 e g = g 3
K58 BAE R, Ud B bR R 5 =X 0 58 B4R F
REFR /R 5 X A 198 4 9 2 (R 3 A1 1 O, ASRE ) A
FhAE 2RI Y 22 B R0 R B R 5
3 itig

HiTE A Ak 5 M) - 358 42 1l R - 38 Y S A K R
HE TS 00 4 e B RS A Ak . SR THIHBE T 1
A AN ] B AR 2O R AN [R] it FH AR IE 5 e 24
AR 3, HAR AR S Hb 1 B SR FREE X R AR S 7Y
HEAT PR, T 4 Jm A R R I AR A R 2 R
R PR R0 235 R N A8 TN 25 3, H P 5 R Dy =X
()58 520 LB — R R e i 2, B
2 SRR 1 5 T AN BB 4 T s X - 3 4 A 1
25 [0 435, HoI® Aok 7 =X AR B R 29 % L3R

G JE S T AR Sk

S 1) 5 R S R X T 4% T < R s ) 2 S 14 A R
Ty fat , 45 il 1) sl R S AN RIVEABH 3 A 1), %6f
FUA [ Ff A S 0 (4 B0 M b 2% B R R 22 5 (3R
8) o Hor B A L3 As  Cu SR HR, AT RE
L5 SRR IBEI 55 As AR 28 KR TR R R 20 K515
MAEVE A L3P Cu Zn SR E0R , T RE S ik P
I BT T it PR AE F1A MLAEAT 5B Croo R 2%
KT NGHE -2 2 MENESFAR N, P21
SRR K B L3 Cr & i 80, AT AR S R it
RHAEARR

AR 0K 18 DX SA 451, % 23 Ar AN [R]85 1 45 2
GIETHER (R Ho, As T RAEA R 1
R BFE S AP As FRRT YL, %458 56
PRSI — B B 2 2w A R R B AR
T T 52 0 - 38 9 7K AR ER 5T, DA T 52 0 il 40 114 2 O
U, W] As 52 - K PRI BE R MR B, b 2 k™
=, X As AW R RE 378 22 o T Cr G R AE B3 1
INT R, 5 As 52 T K IAFRE AR AL AR I o

b BRI 4% AT LU A (6] £ B2 20 M ST R S
HIE IR - AR s SR 25 R AR S, O 28 0 M A 48
Gt M A A ) T LR E SR
255, NS I GE T MIZRPESE TR R, 45 R A — 2K
Pt A 22, B I S MAE )y AR TR EE )

R TEESENRSEMAOEFRERN

Table 7 The highest influence factor and explanatory power of heavy metals in soil

R T

Fof e B 71 IR RS 7 1) Tl A 511 IR 52 7 1) 22 E.
o o A& H 5 LREUSER SEH 5 ) N A
Heavy Topographical . . . . .
. Interactive influence of Planting factors of Interactive influence  Factors of highest Interactive
metals factors of highest . . . . . .
. terrain factors highest impact of Planting factors impact influence
influence
Ph DRSNS 0.2729 Folvr S 70 P 1 2 B 0.1199 et Tk 26 7 0.383 0
As - 0.336 9 Tt 2 - b e AR 0.2373 et Tk 2 7 0.494 9
Cu PRI 1) 0.341 1 it 2 - e i AR 0.199 6 e rin TR 2 7 0.345 1
Cr B -TP1 0.320 1 Tl 2SR - Hb i B 0.262 6 VAR el 0.463 7
Ni AR NS 0.303 6 FilRE 80— it B 1 AR 0.2144 et~ 26 7 0.3511
Zn e -3 1) 0.3737 P2 2 — b e 1 7 0.2714 el i S T 0.498 6
R AEMELRBENTIEIEEECEFHEE (ng-kg)
Table 8 Differences in heavy metal contents in soils of different planting types(mg-kg™)
Weimy AP R i B . .
Slope direction Planting types Sample number Pb As Cu tr Ni Zn
FH 3% BN 13 16.05+1.40a 10.40+1.02b  27.52+5.50b 101.16+9.64a 57.53+5.08a 52.78+5.81ab
e 3 15.17£0.30a  10.67+0.79b  32.71+4.73a  94.67+8.73b  57.40+3.16a  60.39+4.58a
AW 5 16.64+1.67a  9.25+1.42b  28.39+3.16b 109.83+8.89a 60.26+5.49a  51.24+2.67b
A 3 17.28+0.94a  12.59+1.19a  33.16+3.54a 107.84x9.97a 60.18=1.08a 56.83+1.47ab
FSis 4 16.84+1.53a  10.76+1.25b  29.52+1.30b  96.97+2.53b  55.51+3.62b  52.45+2.89b
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RO AEFEEHTIEPRECEFHIEE (ng-kg)
Table 9 Average content of heavy metals in soils with different slope directions (mg-kg™)
N g
FH A A R Ph As Cu Cr Ni Zn
Planting types Slope direction Sample number

E5P/N A3 2 15.91+0.29a 11.45+0.45b  31.76+2.53a 92.21+2.58b 60.39+3.42a 56.61+0.52a
EaE 4 15.36+2.49a  12.10+0.43a  31.41+3.53a  93.87+4.67b 63.66+8.36a 51.61+2.15a
PRI 6 16.45+1.07a  10.53+0.54¢  34.15+1.55a 106.35+5.34a 57.75+5.02a 57.11+4.76a
PR3 13 16.42+1.40a  9.82+1.02d  30.54+3.55a 108.20+8.45a 56.51+2.08a 53.93+5.81a

8 52 M L 25 [R)AR Sk SR B0 A 3%, DI, 70 #r 438
453 Jig 23 0] 25 5 B ) DR R I ORI ZR M Gt i
JEFTTATAY , k= A5 ()AL B AR A 5 R T R 20—

ASCE ARSI HT R R Bt 1 4 o 4 45 ) 43 A
AL, LA K A 23 B 3 2858 mi DY - 22 1) ) 52 A
F, 9 T A v e e Y AR IX A <G A 18] 20 A AL
PR TSR S X F ST X L S BRI B P AR AT 4R
S R L R A 2 LB PRI HAT IS T SRS A (EL
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R KA PRI AL, S T (2 BE 3 4 B Y BRIX
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S 08 B i g 7 AR X SR i ) 4 (] A AL
(IR , R S AR IS 1) BT ) 22—
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