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FHIX HM A9 P22 CHENG %521 figi, " E A HM 1, Hg, Cd Ml Se 1544 ™# . i 33.54% A
FHHLAN 44.65% B3 H3EZ 5] Cd y5Ye®), L1 2R 5 1o e v [ g O FNAL 7 A — B i M fe S s il 2
By, X Ew LA HM 53T T AT . HU 2529 9945 T 8 fh 133 HM 5LERTS YUK, ES
JRUBG AT R XUS: , At FRiB R A PG LB 2 55 A R s AR B KU . ST A el s rh 2 15 g )+
SRR HM X LEEFA A RS 28 GBS, 2554 HM ARSI KU Y E R T, Cd 238N
SRR AU AR B E 5 Y A U R Zn T RE R AR IR SIS A, R, S
ARLIFE, KHAN S {758 HM AHALT S Qe rxt s e ie L, AR A0 RS xsEY
B o 2 D TV IS S T 32 2 Pb A Zn S EETS Y, H TR A AR — 2% e i A 4 0 B T LR v
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ZEELIEST, 24AT SHMs TFFERFAE—SERN i, BN, KEMFFEES TRIBRURRIX, SEMES
Mg/ bBY; s+ ORI L, 2R IR AT D; By IR is, Risye 1t
FERD s SRR H RIS S, AR BRI RIS Kb IR BE AR A SCERE R sl S bR
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TR, BRI RAR R DN, B RS YA AR AR R 2014 4F, BLZ s, 1eAh, oF
FRNISHI SHMs 8 £ BRI a5 JanilE B AL, Sk, AR EERES
i, BT RHERRTG Y, IRAE R R RFNEBRVNELES S, GG R A REAR ST AR A
G, WERAESTEREHLN et EEes, RS, EE 525 8EF. KR AR
6 S E e U BB 0 AN & DU AR BRI, % SHMs (U5 @RI . A AR te
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1.1 BusELESESRESEMANES

1) FRIEAEASHNE

(DRFFE XU FE . HIEREACRAE A DURCRRIBIZEI, A5G 372 IMTTIEIFEAS . 46 1~ 2 FHE R
FEAR | 86 A HI HIEEEARN 59 AMETEHIS T UDEREAS FVDBREA, FEARRECH 563 1~ TEESFEAERE—
KL 30 cm AT 80 em KAERAEXIR, HISTRA TS 5~10 NFREARIG HIEREA, SRAE DRI FwiE
i 300 mo A H PRI IE R X 2 (R (3B R A, RAE S RIBRAELT 200 m. A& FRIE N RS 0 &
15 cm B, 0 2 20 cm M9R)Z LIEFEAR, U AHEAREE B XUTD 0~5 cm I93R)Z . FEARMIERTRAF. TG
K. TCREARITEIK A 0T R4E

QRS AR . SCBG A N R A P SR B R LI S A T S T LR AR LR
W THACEE, RIS TS Magix (PW2403) # X S0 EIRE SO RE R0 T8 SEIR AR RUNT
a ¥ 20 g JIAREAR A SR T, ARSI TPIHEE 30's, fEIA 200 HFRMERIGTEhE, g moREA RE
Y EHESATIRFRIC s b RS B F P RERRIAITES 5 BREAR 4.0 g A EAENLI AN b AR, FEH
IRHNBEUINAGE S OIER IR, il ANER AR5 S s ERENL; ¢ 46 Sz R AR R e fe, BCR AR I Tk
rbric, BT HAIOK OB TS dF X-HE0O SO &

2) WA SRR B

PR SEHIRAE PR RARA, WX FR E L3R HM SR A IR SOkt T T iR, ek s a
4 EVERESS SHMs & BBk, LiF1 10~20 cm R 3R T e 4, HIRA S H +
BRI, HEPRER—2 SHMs siBFEAEARIS A SCik, SRS S EAUIE, ¥ 856 FSH kIS
BANE AW I EIANT . 2, X 31 DMEBATEIX. (RS E) i Cu, Pb. Zn, Cd. Cr. As. Ni,
Hg It 8 # SHMs #4717 Hdismn G, ik 1 pos.
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1 Construction method of SHMs fusion datasets

PIARE P4 (NEMI) & —FiFI B 15 Yede 8 (SFPY) R LR G TS 8507, nT LITE A TH M PP A
SHMs HJ{5947K-F- . NEMI AU TE T & M2 S~ is ekl , i@l 15 ™ m A7, WX

(1) #1(2)-

G
SFPL, = —
S

’ 2 2
NEMI, — (Pl) +2(Pimax)

X Pl SFPL AT Pre IR SFPL; CORTSHMIRISEINE, mgkg's S5 i Fham i 1 aesrss
Fitafatn, HAEm (TIEREEFTRTRE) (GB15618-1955) HfiE"".
SFPI I NEMI H)M bR 1 FR.

%<1 SFPI 1 NEMI S RirtE

Table 1 SFPI and NEMI grading standards

(M

2

V5K P e 5L TG YK BRI PR AR
L4 () <0.7 _
R (MBI 0.7<I<1 E[RE2S I<l1
BISYe (5 Y TS Y ) 1<I<2 LAYEE 1<1<2
s g (CEHERITEYTS B ) 2<I<3 s 2<Is<3
FIGY (HIEAEYTS Y ) >3 FV5 Y >3

1.3 AFREREETHMERE

RGBS P A BN . FARE-BS . BRER P RIXURSERAES" S SRl i i — il
BB PEANM, 2= 28, K, R BRIl . ARSI EIBMAEAR T ORI
AT RREERY, B8 TR LA R e, SO AR £ AZRSCBRA st AT A Tk

B, MR AR E R, K,

B, AR, WP, EZEMIZESE 6 A BRI B IR
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Fig.2 The health risk assessment model of SHMs

14 FREFIEFEBRXKEEE

1) ZEE A

JEsuiEtE SHMs AY-F-344 H 2482557 (ADD) FEuUiETE: SHMs 224 H 27557 (LADD) 254
A HM RS k. BRI E AR S, T8— SHMs AIESURR0Y , 8% 8 ANMATE
JLEINRERfEE, X H— SHMs MSURR0 W2 e T LI M\ B 2 fE . THEARARLN

= (3) & (13) .
W A\3842 (inh) -
Cooi X PM o X InhR. X ED, X PIAF X (fspo X EFO, + fspi X EFI, _
ADD,, = —a X0 X0 (fspo SPL ) 107 3)
BW, x AT,.
LADD,, = InhR, x ED. X (fspo x EFO, + fspi x EFI,) N InhR, X ED, X (fspo x EFO, + fspi x EFI,) y
BW, BW, @
Coii XPM  xPIAF
x 10
AT,
B RAEf&AE (der) :
Cooi XSA, X AF, x ABS XE, X EF. X ED, _
ADD,,, = =2 X107 (5)
BW, x AT,.
SA. X AF,xEF.xED., SA,xAF,xEF,xED,\ C.ixABSXE,
LADD,,, = XA X BT X B | DM X AT X BT X x X X 100 (6)
BW, BW, AT,
SA. =239 x H.**" x BW_**"" x SER, 7
SA, = 239xH,"*"" x BW,**"" x SER, ®)
BYHRAIELE (ing) :
Cinake X IngR X EF, X ED, X B B
ADD,,, = ke ™ 18 % % 107 ©9)
BW, X AT,
IngR_xEF, xED, IngR XxEF,xED, oake X B .
LADD,, = [ —£=« + 28  Cmare XBaC 5 (10)
BW, BW, AT,

KA Corh HM 8, mekg's SANRMIIRE I, cm?s AFyHHEslybare Bk EARER 7,
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mg-cm 5 ABS S KRN 7, TCEAY; BN H B RIE SR, d T BFOY AR B ERIR,
da’'; ED MR, a; BW ARG AMCFSRE, ke; AT NBRERERENRAFI, d; IngRAXT
PEEPIRERE AR (B (P RS SRR ) X EP2Enlg ERRIE, g-d™s InhR 4 H 2P,
m*d™'; PM,, Fa S HIERRI R, mgom”; PIAF WA H3EORIYIZE AR N A B8 LU, T ;
AT, 1 AT, 73 CRARBUE /BP0, d; - Cowe EFEA BT SHMS (975
i, mg-kg's Bac AEYIH HM FEANKR AP rTFIHEER, 90, 225 0h HABS B SCRIEL AN 2
J7R.

*2 RESHHEXMEE

Table 2 the meaning and value of the exposure calculation parameters

28 e LX) i
A () JLE (¢)

PM,, 23R AT A SOk ) e R kg'm™ 1.5x107

Cyi TIEE SR ST E mg-kg! BN e

ED 25 a 24 6

EF e SRS da’! 350

EFI EXRES LIRS da’ 262.5

EFO HHNRFEIR da’ 87.5

BW TFHRTE kg 56.8 159

H RRCE e cm 156.3 99.4
InhR B H &= SR i m’d’ 14.5 7.5
IngR fHREBALR gd” T

E, (a3ENid RS ENID TES w-d 1

fspi FE AR A AR L B TCiE 0.8

fspo A SOk [ - HE BUREY) L) T4 0.5

SAF FREET TR S H RSB L ) N 0.2

SER 5 B FT AR R R L e 0.32 0.36
AF B R T LSRG P 2R A mg-em> 0.07 0.2
PIAF W LSRR WA P i 7 L 191 T 0.75
ABS B R B P 0.001

AT P-4 2 8 ] d 20280 (AT

2190 (AT,)

ARG Crare TR RAEY Y | SO RL PRI, Ho: MY RIEY ) SHMs & it (11)
iy
Cintake-plant = Cson X TF an
K Cintarepan I CFAEDAIEY)H SHMS 1755, mg-kg'; TF (soil-to-plant Transfer Factors) J& 31—
BYsEh HM D\ HIERIEY R T, I, TF J2& Ciakeplani -3 Coon I FUAEL,  EFE T ZE Y FIN N HBIX
SHMs S B THER 7,
SR SHMs i Cinie-anima THHAT AN (12) P

I feed I soil
Cimake—animal = (Cfeed X + Csoil X X BAFfeed—animal (12)
Ifccd + Isoi] feed T Isoi]
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:Tit':':' Cimake—animal%zjjwllﬁz/g%qj HM gﬁ, mg'kgfl; Cfeed%/fﬁj*/:l’qj HM E"J/Ei\ﬁ , mg'kg’l; BAFeed—animal
(bioaccumulation factor) J& T3 REEEWHET HM MEYIRI I EHERZEG 1 HBAL, ke

T HM 15 R FAEARRFHER A ek b E I R gt n 2= =2, = (12) fifkal (13).

Cinake-animal = (Cyeg + Cora) X BAF eeq—animal (13)

K EEHF T BAF e anima ME T4 E H HM B & EBRLUREH HM 18 5. AR S5k
SRR T ISR B Y IR B A, O A B EIEAELL Y 12 1, RS kb ESEE TS
2 HM S Cy, (mg-kg ™) FIHZE HM #HEC,e, (mg-kg ) Z A2 HM B Coen (mg-kg ™) FOEUE, B1E
'f%:HJIBAFfeed—anima] o

2) fHERE AU ZRAE

&G YW A R EE AU AEHEETREA0Y, AFEUREE R (HQ) . JFEUREFH4 (HI) FBURX
K (CR) . BUmXEGHEE (CRY) AR RIS (14)~(19) FR.

ADD,

HQ = —— ' _ 14

Q RfD, x SAF (14)

HI = ZHQ,- (15)

CRI = ZCR, (17)
HO.

PHQ, = %’I' % 100% (18)
CR,

PCR, = o0 X 100% (19)

A RIDJERFESHH, mgkg'-d"', FORTEEALE] LA I A2 AR RS 54)
R RPRREL (SF) Fn AMARER T— @ M M5 et AR EURO i R s HI b BAEEUE X
W, 4 HQ 2 HI<1 B, BAAEBURAL, 4 HQ B HI>1 i, A& MAEZ0R XK ; CRI 80w KUK ,
4 CRI 5 CR APBRZRT 107 1, UCHAA E A RERRI B0, /v 107° Al 107 ZEjif, HA—
SEBUBNE, BHEEIGE, N 107 ARSEUENXE .. PHQ, . PCR; 7 AR XU T XU ik
R, %,

2 ZERANTL

21 ZEHEEEETESHIER

FRTEOLT , HIErICR A& sl i G EAS ™ Sy 7 09w & e il B B S I SebR o3 A
AHIFGT I il A s SE T R 856 i [ PN A SCHik, DAk e vl 4 R B i SRR, A Web of
Science ) ISI, Science Direct, Google Scholar, ResearchGate, PubMed ., H[E [EFRFRFELAE B . HETT
5 A [ A S SCHRESAE 2 P EA TR 2RI, HERR 3SR — | A BSOS A BB A B RE AR
), BESEEE 4751 5%, JFPAEA M IIPTR G R TEAT . [FEF, 390 563 DML AN, HEih
FVHURE ST . FIUAL FRFNAL 2 o3 A o R 48 AR 4 B IR M RS ) AR #EAT . it Origin
2021 X E 31 M8 X SHMs FH1& 7 #E1T Shapiro-Wilk IEA/MkG L, 4558858, 78 0.01 BEHKF
T, Bk Pb oCEAL, HAth SHMs M E ¥k A IE RS RHA, BEVIABISU 0 1 185 4 i il & R A b
PERAE, SRFEE ARG . RS Po TR nTREZ BN THLRR, S8 m T e AR A - |
g, FIEF] Cd M Hg & B SHMESBAR -MEHR, DHTEARFRBIRZH T Cu, Pb, Zn,
Cr. As. Ni fil Cd. Hg M2 FE&E XV ERAFLE, K 3 PR, Zn SR FAAIRE, 25 E53 A%
e, Frim EEAETE 72.76 mgkg '~116.31 mg-kg™ I, 1T As BORSIAERT, SRR,

MRS, 4 SHMs &R 2: 40k, el Zn (84.35 mg-kg™) & Hg (0.12 mg-kg ™) AY 702 1%,
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Fig. 3 Box plot of average concentration of SHMs in all provinces of China

S ERIAEHERT =753 . Zn (150.82 mg-kg™") . Cr (109.66 mg-kg™') . Pb (94.54 mg-kg™") , Efli+
BITE = ot AR R HLIX . B 8 i SHMs A9 & it =y b7, s SRR sl Tl AR IX ¢
HREERGHP, I ER] +1Erd HM (75 SeEITREA I HRAUREY, [RIET SHMs 2200 7= 58 . TallAn
NZEEShsEm, nTRERY IR U E R XA B IRANGHR . S mERE HM 198 pi e A+
5, MIMERTs Yy, X —25R SHAMBI A 3L, i, ZHENG 5% W5 T Ssp X ) HM V54, &
PUFTA IR T HM & f A T el LS SRR, ALK 86% MFEIAZE] Cd 15%Y; Hg M
Cd XF TR N R AR PR A A S R AR EA S AU,
22 IESEEEMESHENRR

ANFHLIX 8 Fh SHMs JLE 1Y SFPLARAREILN 4(a) i, x fIFOR 8 1~ SHMs MYEREFI5Yudadt, y Hnft
FKARRE G, BRI E R R &4 1 SHMs (RN Ri5 38 B0/, AT AEH, 0 IX
SHMs &t T s i bril, 296 96.8% . 87.1% 1 87.1% WIRFE S/ HIA IR Cr. As F1 Ni #8
FRo KL 90% HIRFESAFAE Cd bR, HWEE S5 YA AR /RAYE A E, Xl iS5 Tl
et HM 38 inA o, Pt NEMI #5518 Flt SHMs V5 4L, WKl 4(b) FR, 43 kTCis
geo By tpEETSYLRIE S RO R WL, 8 i SHMs 1Y NEMI X £ 4 Cd>Hg>Pb>Zn>Cu>
Ni>As>Cr, Cd V5448, NEMI Hid 3, Pb Al Hg RrEisyy, Hit, Cd & HM AR 2R,
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Fig. 4 The single-factor pollution index for each provinces and Nemero index of eight kinds of SHMs
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PUdbh X AR TS gy, TP E PR AR i A TP RS G, X A R 5 LN I B A AR
(FIMURLR) AEFARSE ., BT, Ao el S8 HM 7+ B BN R, TEAFELIES"
HOEBIERANEEEEY | sS@HE T AU, N, ATRgm TR S s, AJSEsh (s
AVEAFCRR ) 1R N5 Y A X 3k
2.3 AN BMERE SRR EIT

LT Pl AR B £ 3 XU ITAG A R RN 4 [ SHMs BRI & 8dE , T4 T 8 FhAEE0i SHMs F1 5 Ry
SHMs [ RE R, KT T SHMs I AR AR, W Sa) FE 6(a) s, X T H—REERE,
8 F' SHMs (151 ADD I LADD [HFEAFERI N YA BRI A . X TFH— SHM, fEZfaizis
#2F Zn. Cu, Pb. Cr. As, Cd. Ni fl Hg /5. ADD il LADD #yisi, Horp zn i8S FSum R i
5 (3.78x10° mg-kg -d™") , Cr M REUERHER S (1.42x10° mg-kg™-d™") , Hg MRS FIBURH 2
FIE AR, 7900 5.24x10° mgkg'-d Fl 1.41x10° mg-kg'-d ™. [RIBFPEAL T80 — BRI T 8 A
SHMs FE HQ F1 5 FhEUs SHMs B4 CR, & 5(b) FE 6(b) fias, &M HQ Fl CR HyBAKaHI
YHEAS BRI, o, e AR AR A ES0E XS HE £ (HI) AR XUSHE%L (CRI) 1YDTRkS
FEE T 88% F1 86%. VEAl H.— SHMs 7£ 2 Fh 2 B 12 T 1Y SVl e A 5 XUz, HI HEZ 1T — 19530k
As(4.97x107"), Cr(2.02x107") Al Cd(1.16x107"), CRI HE4 Fi =AY 54 Cd(3.77x107°), Cr(1.24x107) I
As(1.20x107),

= 1x107 = ADDinh sADDder = ADDing 1x10° =HQinh =HQder =HQing =HI
o -3
T 1x10 1x10"!
& 1x107* )
vy 2|
s 1x10°9 g 10
£ 1x10 = 1x107
H 1x107 1 1x10
x 1x10°% ﬁ 1x1079
B 5107 =
= Ix10 1x10°9
%"3 1x10°1! Ix107
4L 1x10712 1x10°*
Cu Pb Zn Cd Cr As Ni Hg Cu Pb Zn Cd Cr As Ni Hg
(a) FEBUmHEE R (ADD) (b) EBUEAEER (HQ) MIAEBUEAFFEEL (HI)

5 AEEINZET SHMs #9 ADD. HQ 1 HI #EiK[E
Fig. 5 Bar graphs of ADD, HQ and HI input the human body through different pathways

~ Ix10°* *LADDinh "LADDder *LADDing Ix107* *CRinh =CRder =CRing =CRI
;p 1x10°3 1x10°5
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g 1x107 & 1x107
ETEH/ 1x10°® E&é{ h
4 , = 1x10°%
% 1x10° »
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% 1x101 1x10719
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Cd Cr As Ni Hg Cd Cr As Ni Hg
(a) BUfE #F& M (LADD) (b) BUEXE (CR) FIEUEKUEHEE (CRI)

6 TEHMNZET SHMs #J LADD . CR #1 CRI #H{K[E]
Fig. 6 Bar graphs of LADD, CR and CRI input the human body through different pathways
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Abstract  Soil heavy metals (SHMs) contamination has been widely concerned owing to its high toxicity,
concealment, persistence, and bioaccumulation. Therefore, accurately quantifying the human input pathways and
their harm risks of SHMs is crucial to safeguarding people's lives and health. This study reconstructed a multi-
category hybrid soil HM (Cu, Pb, Zn, Cd, Cr, As, Ni, and Hg) concentration fusion dataset at the national scale
through a combination of multiple sample measurements and literature retrieval, selected 856 references and 563
measurement samples collected in the past three years, and improved a health risk assessment model based on
the localized and refined soil-dietary food chain enrichment model. Through three channels of food intake, skin
contact, and inhalation, six fine food chains of meat, eggs, grains, vegetables, fruits, and fish, the non-
carcinogenic and carcinogenic health risks of SHM were accurately quantified, and the main human input
pathways were identified. The results showed that the average concentration of SHM in southern China was
generally higher than that in northern China, Zn (84.35 mg-kg ') was 702 times higher than Hg (0.12 mg-kg ') in
soil. Cd was the most common pollutant in China soil, about 90% of total Cd of sampling sites exceeded the
latest risk screening values. Food ingestion is the most common pathway for SHMs to enter the human body,
followed by skin contact. Among them, food intake contributes 88% and 86% to the Non-carcinogenic Hazard
index (HI) and Carcinogenic Risk index (CRI) of human exposure, respectively. It is worth noting that the HI of
Cu, Pb, Zn, Cd, Cr, Ni, and Hg did not exceed 1, except for some non-carcinogenic risks of As in Hunan, and
Cd, Cr, As, and Ni had acceptable carcinogenic risk for CRI was within the range of threshold values (10™* to
10°%). Among the six fine food chains studied herein, meat and grains are the animal and plant food chains that
result in the highest exposure of SHMs to the human body. Overall, the health risks caused by HM-contaminated
soil on humans are within acceptable limits. This study will be of value in developing accurate SHMs health risk
management strategies and protecting the environment.

Keywords soil; heavy metal; fine pathway; human input; health hazard; risk assessment
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