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Abstract: In recent years, the problem of soil pollution has become more and more serious. The problem of soil heavy metal pollution
and its related human health risks has become a hot spot at home and abroad. Carya cathayensis is a unique high-grade woody nut and
oil tree from China, and there are few reports on heavy metal pollution in Carya cathayensis plantation soils. Therefore, in order to
study the spatial variability of heavy metals and the risk of pollution in Carya cathayensis soil and to promote the sustainable
development of the Carya cathayensis industry, Lin’an, a typical Carya cathayensis plantation area, was selected for this study. A total
of 188 soil samples were collected from the study area. We systematically studied the spatial heterogeneity of soil heavy metal content in
the study area based on GIS technology, geostatistics, Moran’s I, and other spatial analysis methods. The single factor pollution index
method, the Nemerow comprehensive pollution index method, and the potential ecological risk assessment method were used to evaluate
the heavy metal pollution in the study area. The results indicated that the mean content of soil cadmium (Cd), copper (Cu), zinc
(Zn), lead (Pb), nickel (Ni), and chromium (Cr) were 0. 37, 40.76, 87.61, 30. 10, 28. 33, 56. 57 mg-kg ™", respectively. The
average values of Cd and Cu were 1. 33 and 2. 87 times of the background values, respectively, and the average content of other heavy
metals did not exceed the background values. The results of the single factor Nemerow pollution index and potential ecological risk
assessment methods showed that heavy metals in the study area exceeded the soil background values in some samples, and the second
grade standard of soil environmental quality was exceed for Cd, Cu, Zn, Pb, and Ni in 31.38% , 31.38%, 2.65% , 0.53% , and
17.02% of the samples, respectively. This indicated that the soils in the study area had different accumulation characteristics for Cd,
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Cu, Zn, Pb, Ni, and Cr, and the local soil had reached pollution levels for Cd, Cu, Zn, Pb, and Ni. Among them, Cd was the most
serious, reaching the degree of strong ecological damage, followed by Cu. In general, the heavy metal contents indicated a moderate
degree of ecological damage. Based on the analysis of the semi-variance function, the Cd, Cu, and Ni in the soil were best fit with
exponential models, the Zn and Pb were better fit with the Gaussian model, and Cr was consistent with the spherical model. Cd, Cu,
Pb, Ni, and Cr had the strong spatial autocorrelation, with Nugget/Sill ratios of 12. 1% , 4.6% , 14.9% , 2. 6% , and 11.2% ,
respectively, while the Nugget/Sill ratio of Zn was 48.8% , indicating a medium spatial autocorrelation. Moran’s I and Kriging
interpolation results found that the heavy metals Cd, Cu, Zn, Pb, Ni, and Cr all had obvious spatial distribution patterns and local
spatial aggregation phenomena. The high values of heavy metals in soils were mainly found in Taiyang, Daoshi, Qingliangfeng,
Heqiao, and Tuankou, and the probability of the risk for contamination by Cd and Cu was higher in the study area. The high values of
Cd, Cu, Zn, Ni, and Cr were mainly related to mining, while Pb was closely related to the application of potassium.

Key words: Carya cathayensis stands; heavy metals in soils; spatial distribution characteristics ; pollution risk ; geostatistics; Moran’s 1
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BB B IER A3 (P >0.05) (£ 1).

Rl ITEESEREEIUREENMEE

Table 1 ~ Abnormal value of soil heavy metals, skewness, and kurtosis

- T B T R R
LAl £ ALy
TR ARETH T Wi K-S(P) T Wi K-S(P)
Cd 1 8.29 90.92 0.00 0. 47 -0.57 0.12
Cu 3 2.50 12.76 0. 06 0.74 0.24 0.11
Zn 2 7.70 79. 80 0.00 0.39 0.18 0.35
Ph 3 6.92 57.16 0.00 -0.28 0.99 0.27
Ni 1 -0.25 -0.03 0.33 — — —
Cr 1 0. 80 0.18 0.11 — — —
) EESR Cu ‘& E SR X HRE =E, 232N
Zi = WTEe
B %ﬁM1%ﬂms7ﬁ SRENE. Cd, Cu.
2.1 +HEESESESIT O . Pb Ni, Cr &8 RKME 0 5E M 27. 33,

mnz6ﬁ$AEﬁ§W%2Cdmlm
Pb, Ni, Cr & F¥{H 2500 0. 37, 40. 76, 87. 61
30. 10 28.33,56.57 mg-kg~'. H, E4JE Cd

&9\1%\9M\2w\Lmﬁhﬁ%ﬁ%ﬁ?ﬁ
TE I e SRR G | 1k 5 A WIS N B 5T 4
R y—2P ) R X 28N NGS5
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e T Sk 3% 4 )8 2. Cd, Cu, Zn, Pb, Ni, Cr
A R B N 186.49% | 76.57% . 76.84% .
95.42% . 50.94% . 39.61% , H:*h Cu, Zn. Cr, Ni
X 4 FocRYE TS, M Pb, Cd J& T JE
ARG LR Ph, Cd JCE &R KA S f/ME 2
e

FHOEME T (2 3) R, 14 pH (HS Pb 777
BEFHELR(P<0.05), SHAEAS HELEE
W EBFEAHLEREZR (P <0.01). HIHEMMES Cd.
Pb, Ni fAAEM B IEAHECR, 5 Cu, Zn 2B F

K

3T

IEARRR R, B pH ., Blff A Z A, LAV, A
A5l L R A5 R 0 T 4 S A7 A — o R )
X R+ 48 5 % 1 pH S5 Fh B R T Y
AU

+3 Cd, Cu, Zn, Ni, Cr Z[I¥fFLEMN B35 1E
MXKFR, HHXCREKT 0.5, #F—2L0EM T 5
PR 48 nl B0 2L AR IE™) (P <0.01), Pb
5k Cr Z AN H Ay 4 FPEE 4 J8 A7 760 8 3% 1EAH 6
KA, BIEM KRB/, TaEk A RFE MG
YLUR.

R2 ITEESEAERERMSRITSN

Table 2 Descriptive statistics for heavy metals in soil

S P fE brifi 2 5PN fe/MAE TS HRE FRE(E
/mg-kg ! /mg-kg ! /mg-kg ! /mg-kg ! /% /mg-kg ! /mg-kg ™!
Cd 0.37 0.69 8.20 0.02 186. 49 0.13 0.30
Cu 40.76 31.21 256. 25 0.19 76. 57 30.54 50. 00
Zn 87. 61 67.32 828. 34 28.05 76. 84 107. 79 200,00
Ph 30. 10 28.72 296. 59 5.72 95.42 ¢ 30. 46 7350000 [
Ni 28.33 14.43 101. 62 2.26 50.94 | 36. 48 %3000,
Cr 56. 57 22.41 134.06 6.37 39761 95.91 150. 00
' | # | I| jj.-"'
3 THESESHREAEROEEESF) | AV
Table 3 [Correlation:betwéen soil heavy metals and soil proi;.erliesl F -
o S AR miE e o o ) gl P Ni e
“pH iy | YV ’
bR, Ay _ ' ¢ I .
WAL 0.2557 L0774 I Y j g | =
AT —  0.150"  o0.1607] | 1 ‘ '
AL — — 0.193*  0.828* 1 J
cd " bleadr | 04977 0.3307 @169 ==
Cut 170556 — 0.156*  0.161" = 0.704" 1
Zn 0.486 — 0.167* — — 0.620*  0.639* 1
Pb 0.165 — 0.216™ — 0.159"  0.255*  0.218*  0.419™ 1
Ni 0.555 — 0. 188 ** — — 0.656™  0.861* 0.688*  0.218* 1
Cr 0.500 — — — — 0.376™  0.690™  0.567 ** — 0.816™ 1

1)“* *’v\u*

2.2 HHEESE KM

T A SE 38 pH “F¥ME R 5. 23, J& Tt
8, IR WA 575 S DL R RS
JEHPRIEY (GB 15618-1995) — 2k Arifi pH <6. 5
1) B BRAELAE R 15 YL AT B (£ 2)

M 4 nl g, DLWTVEAs 8 Sl o RN bR
WFFEIX L3 Cd ., Cu B 715 Y45 B E Y R T
1, YW+ Cd, Cu ZEMFSE XN RBU™H. 6 Fhoc
Zi#FRE Cu>Cd >Pb >Ni>Zn>Cr, HA Cu, Cd
HFRFIEF] 59. 57% 1 57.45% , FABFFEX 1 4%
4RO HA AR BBURE. DIER Z%ir
HERSHARIENT, Cd IS RAEEBCFHE R T 1, R

7= BIFRAE 0. 01 KR BERISE | 0.05 KT EBEMR MRAMARY

WF5E X Cd 75 T3 i SR 52 2] LA 2
4 i Cd, Cu, Zn, Pb, Ni YA RE S
R _HbrfE, LLCd Fl Cu AR H i %, HbRRY
H31.38% , Ni PR FAIEE] 17.02% , KA
FXJFHERAIEEZH T Cd, Cu, Zn, Pb, Ni j53,
JeHSE Cd, Cu, NiiX 3 FhE4 )R

5 AR IX L 8T 4 Jm D 255 15 YR L
TEMEs 3. TS s E N PR AR e, 34% M RE i 8
TEREETG Y, 9% WIFE S R BEG 4L ) 21% [ FE b
RBIF IS, DIER RN br e, R IX E 4
JE TG YRR R B AT T A W I, R
i SV 67% , HUCHRETS Gy, 5 S8 20% |
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F4 IEESEARTHERBEHINER
Table 4  Evaluated results of single factor pollution index for soil heavy metals
iz AW - 35 Sl N 2% IEZR —Bbrh 5%
B A NIt w/ME R/ % RRe k! NIt w/ME EBRE/ %

Cd 2.85 63.56 0.15 57.45 1.23 27.33 0. 06 31.38

Cu 1.33 8.39 0.01 59.57 0.82 5.12 0. 003 31.38

Zn 0. 81 7.68 0.26 21. 80 0.44 4.14 0.14 2.65

Pb 0.99 9.74 0.19 34.57 0.12 1.19 0.02 0.53

Ni 0.78 2.79 0. 06 24.47 0.71 2.54 0. 06 17.02

Cr 0.59 1. 40 0.07 1. 06 0. 38 0. 89 0. 04 0.00
%5 FRRLRESESETRER /% T R Cd T B S e R AL N
Table 5 Overall evaluation results of soil heavy 85.51, iiu g%iﬁﬁ%*%g , iMi Cu _Zn. Pb. Ni.

metals in the study area/% . p P o . \
e MR i BT LM e, N Cr AR
— ERE = IER S-S RG] FREES - e .

brife 1<0.7 0.7<I<1 1<I<2 2<I<3 >3 i@)ﬁﬂ:%fﬂﬁ%, ii’%% Cu. Pb %Mﬁ%ﬁﬁﬁttﬁﬂ
el 12 24 34 9 21 SR 99.5% . 99% . THFGY X 13 Cd #26L, H
HE-% 53 14 20 7 6 SR, AR R G EE R AT O L) )
54% 18% . 14% . 10% . 4% , JLF-—>F ik B 25
(54 SR IR T T TS e, 5P A R, WA bk A

ARG 7% F1 6% , TTILBTS MY KB 4 REOO T R Cd R G B SRR X il L Cd
IERCE Jaec e ” TETERBORA K. 6Wiéﬁﬁ?‘?§.ﬁ%ﬁ%
2.3 LHESBEEESNRITN- HRHCRT R (RI =103 ), WFHE X - (AL 2o 24
PPN G R VETE R S G BB, (K o, EEREL SIPR
- A [ HeEEESRmETRER ) L of 4 _
-I Table 6 ‘E\‘;‘a}ﬂion’ -;gtsuhs of potential ecological sisk index / -
7 e ¥ i ik AV . 7 T i BB B % —
) F1yft moAf | BME 7 e e TR B
“ Cd 85.51 1906. 73 J"I "4, ?4" i 54 18 14 10 44
g Cuf 6.67 41.95 Coof03 J 995 0.5 0 0 0
| zZa 5 0.8 7. 68 0.26 |~ 100 0 0 0 0
{ Pbg= & 4.94 48. 68 0.94 e 99 1 0 0 0
Ni' ©3.88 13.93 0.31 100 0 0 0 0
Cr 1.18 2.79 0.13 100 0 0 0 0

2.4 FIEH G RS A

SERPEIN R (e g |+ | B, R
1555 ) FNBENLMEIN R (AR AL . BRAE | AP . L+
) FH 55 JBE 25 4% N R T35 8 ) 2 R I SRR A 1]

ARSEIORRE N R . AR L GE T2 05 5 %) 13

AR SR RSP TH T, Gl R 6 FlE 4

JE AT T ARG, A58 LR AR 25 R
BOERIS AR KA S L. T AT Cd, Cu, Ni £
BIERA ) Zn Ph B U MR A R T RL T Cr
WU A BRODR AR,

Begfa b AR s sh 45k B AR R 5 Y28
5, BTN S; REEERRENBAS;
I C/(Cy +C) ] R LIRS R 25 M 7 itk
FERE, JEFRRENLN R BI R AY 25 R AR S AE R G074 S
JIT e B O3], R S X sk A A et ) 4 S PR AR B )

s

Hos

FEFERR. 24[C,/(Cy+C)] <25% I, FA &
FLATSF 7 ] R, B0 3 2 B4 H b S S 1
B 4o/ (Cy + C) IR T 25% ~75% Z IR,

o

i R TSRS B HAE; MC/(Cy+C)]

>75% , ARt as A A AOCRERE R 55, R R B2 AL
PRI 2 AR R 2 ) AR S PR 5T 1 S

PR Z—, RN RAE—E N b 25 W) A48 7 13
Fl. #7710, Cd, Cu, Pb, Ni, Cr BREEHI/NT
25% , HARGRMAS R A ARG, RUTIX 5 ME 4R
R BRI R, e | BERT, Bk
. RGP RAERT AR, H)& Cd, Cu, Ni,
Cr 728 FE AR B/, 43 %) 11,01, 12,93, 15.12,
12.51 km, BE/NFESEE Pb 197482 (138. 67 km) ,
ATLUE 32 N TG s iy s2 ), Hoas [ AHCH 2 gk
KHI55. Pb SRR R, W Pb 323 -3 RE T4 45
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FPED R

MR, Zn WIERIELL N 48.8% , v T
25% ~T75% , J& THaEfE =S a] g Ao, HANRE Ry

®7 ITEESEYFEIPEBRRBARHBEXSH

Table 7 Theoretical semi variance model and its related parameters for soil heavy metals

39.94 km, UiLH Zn N]RESZ EILE AT RIBENLIE R 2 10
SEEAEA], Fb Ph @A 2SS,

_ . Hesfd HEHE HeE

cd RG] 0.024 0. 198 12.1 11.01 0. 869
Cu TR ER A 33.000 712. 400 4.6 12.93 0.945
Zn [y i) 0. 020 0.041 48.8 39.94 0. 936
Pb feriiy i) 0.030 0.202 14.9 138. 67 0. 909
Ni FRBUEAY 5. 600 213. 800 2.6 15. 12 0. 947
Cr ERCRAL Y 64. 000 570. 900 11.2 12.51 0.933

2.5 THEE GRS ]SS SR AR R AU
P 2 S ] e e LS 222 il ) F 7 X+ S T

A A
(gL P
Cd/mg-kg™! Cu/mg-kg™!
Il 0.02-0.06 B 0.19-10.46
B 0.06-0.09 Bl 10.46-17.92
B 0.09-0.10 Bl 17.92-23.34
0 0.10~0.13 B 23.34-27.28
0.13~0.17 27.28~32.69
0.17-0.25 32.69-40.16
e 0.25-0.39 I 40.16~50.43
B 0.39-0.62 B 50.43-64.57
Hl 0.62-1.04 W 64.57-84.05
I 1.04-1.77 I 84.05~110.86)
A A
(ER] Pl
Znimgkg™! Pb/mg kg™
I 28.05~44.66 B 5.72-13.06
<, B 44.66~55.15 N 13.06-18.08
" W 55.15-61.77 I 18.08~21.52
N 61.77~65.95 I 21.52~23.87
65.95-72.58 23.87~27.31
72.58~-83.06 27.31~32.33
I 83.06-99.67 I 32.33-39.68
Hl 99.67-125.98 I 39.68-50.42
I 125.98-167.63 I 50.42-66.11
Bl 167.63~233.60 I 66.11-89.06
A A
P Pl ]
Ni/mg-kg™! Cr/imgkg™!
I 2.26-11.13 . 6.37-25.32
B 11.13~17.57 I 25.32-38.80
I 17.57-22.25 N 38.80-48.41
I 22.25-25.65 N 48.41-55.24
25.65~28.12 55.24~60.11
28.12-31.52 60.11~63.57
N 31.52~36.19 [0 63.57-68.44
I 36.19~42.63 N 68.44~75.28
I 42.63~51.50 I 75.28-84.88
I 51.50-63.71 I 54.88-98.37

Fig. 2

B2 tEESESETEASS

Spatial distribution of the heavy metal concentrations in soil

GIBASE A, 6 Ff e B K HAT B g A5 ]
SePE, HE R . AR IR 2 AR R

R
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&)@z m AR A —E M, 158 Cu, Ni F1Cr i1
25 (A A AR AR AL, S0 S S HOIRARZE &
()2 (B A3 AT FUEE. A PO . TR b B ik sc A HAA
ABA S8 I DX 3, T e X R B R R A
T . R PHAEES | G A8 SR A X .

HE Cd 1 Zn WS (RIS JRACARTL, SRR U Bz
[E1 i 5/IKE N = e e v e 1 v o S )
B LA B —at, R R, S i,
TR EL DX I A AR AE K BH T L i | T BRI A
AL Cu, Zn, Cd, Ni, Cr fEKPFH . THEE ., 5

Moran’s 1=0.11

Cu
Moran’s 1 =028

Moran’s 1 =0.32

x

Moran’s 1 = 0,49

x AE¥K

® PH{IREK

A EAURK

O pE % S
FANE i3l A L BT g

0 6 IIka

B3 +iEd Cd, Cu, Zn, Ni, Cr 28 LISA B =B HHEXER

Fig. 3 Local indicators of spatial association in terms of Cd, Cu, Zn, Ni, and Cr values in soil
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A E L RS R R A A X, R
AUEEZR AN, T Phb Y 23 (8] 43 A ¢ AE B A [A] T
th\m\wﬂcnhﬁﬁﬁw%fﬁmu&m
W 55 P A LI B B v, T A R
ﬁ%z?@@%kﬁm S (6] 73 A RHAE.
%E Moran’s 1 $5 %0 3R B B% Pb 4, 1 Cd,

Cu, . Cr #REAT 23 6] ARG, BRI R B
{ET Iﬂii?%qﬁﬂ‘ﬁ H¥HE#H(P<

0.01), 1M Pb %A BB EEMKEER, 2HK
AN, B Ph 97 1) 43 A HE M 4

JRy#k Moran’s 1 25 [B] 534 40l 3 s, HIEE 4
J& Cu., Ni, Cr B S HAE R X F 8 T R HEILES,
b Cu, Cr 43 W 7E P AL 00 5 47 B P R 0 1 35
BRI LA R A E B i S (HAE R IX. Cd i Zn 1Y
TR (B2 B X 0 A 7E W 5% X RS BB A0 it 4. Cu, Ni,
Cr A B 42 3 K2 F-0F 58 X A AL, 107 Cd I Zn
VAT W 3 (AR R SR X

PRA R L), B Wi ORI,
R LA T I ZETE R i A B0 BB | 4R LA I
WS 2 ERY, SR 5T 4 & K A
Ypr. WA RS TR VS e ﬁ%ﬁ%ﬁa%ﬁmﬂ
iﬁﬁﬁﬁa %mLmMi@ ﬂﬁjﬁ'
boN Nl AT £%ﬂé%'#mﬁ
ﬂ@%W%mm@x%%mmﬁ @erﬁﬂ
ﬁﬁ?iﬂ‘”F&mﬂﬁﬁéﬁﬁﬁ T

SR, A ST Kk B it P AR IR LA B A LR A — 2
FEPE b 2ol o H e 4 BAE 2 2 B Bk
SIARTRLT, Z2 R s, REMAR A A2
RN 7 A E R 22 5. AR 507
/%, B4R Cu, Zn, Cd, Ni fl Cr 5 pH, HHLFR,
WAR L, AN AR B A E G R, 5 lAL
BRICHICC R, T Ph 5 U AR B A OC G R,
A UL AT it FH T SH 2 40 TS 2 6 Bl F 9% IX. 4= 48 Pb
SRR B R
2.6 HHETE SR ISR AT

FIF GIS ARG /R 7 HLAR 7 ik 2l 15T X
T Cd, Cu RS R S ME (K 4). IEZK
IR T e b o TR 1) i R AE A AR
8 Cd B KU X A2 TR IX A T ol i 11 DA R
PUALER A A, XU R 0. 77 ~ 1.1l Cu £
mﬂ&EuTF%ﬁﬁﬂﬁAEﬁ ﬁﬁ%%ﬁz

Hhﬁ&Eiﬂh%EﬁO%,Tﬁ%

lehlaql 33]%@]%6@“%%& J—U&MK%L
40% ﬁﬁn#ﬂﬁu, 60% +80% jyiﬁmJXLfB 0% 1
100% iR, FFRBIGEIE &I Cd. ¢ $%ﬂ

L&uimaﬁfﬁﬁxraﬁﬁ G I
2T ﬁwﬁWﬁCdG#Mﬂﬁmiﬁﬁ'ﬁﬁ
o 0 S 5 T T
%%$4@ﬂM(H%HVE%HEﬁﬁu§%

ARG SR BT X e B BRI

" il
Pl R e TR T O R (s R S . *
Cd> 03 mgke™! N Cu > 50 mg-kg™! N
: A A
B L2
. 0-0.09 . 0-0.09
. 0.09-0.16 B 0.09-0.16
- 0.16~0.22 . 0.16-0.21
0.22~0.25 0.21~0.24
0.25-0.31 0.24~0.29
0.31-0.38 0.29~0.36
0.38~047 10.36~0.45
. 0.47-0.60 B 0.45-0.58
. 0.60-0.77 B (.58-0.76
. 0.77-1.00 N 0.76~1.00
0 12

B4 13 Cd# Cu fhitHEE
Fig. 4 Estimated probability map of Cd and Cu in soil

(WX +3EFE 48 Cd, Cu, Zn, Pb, Ni,
Cr B & 84N 0.37, 40.76 . 87.61 . 30. 10,

28.33,56.57 mg-kg™', HA KA A2 SEHA
27.33.8.39.9.74 .7.68 .2.79 . 1.40 1%, Hr cd,

Cu PSR 5E, RPN E.
(2) BFFEIX e B 4 Jeg 5 1 A [ 7 2 e 1 038
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