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Abstract: [ Objective] Guangdong is a major province of vegetable production and consumption in China, and is
also an important vegetable production base for Hong Kong, Macao, and the "Southern Vegetables and Northern
Transportation”. Therefore, rapid diagnosis and assessment of soil heavy metal pollution is the premise of soil
pollution prevention and control and risk management. This study aimed to investigate the applicability of in situ
and ex situ portable X-ray fluorescence spectroscopy (PXRF) for rapid detection of heavy metals in greenhouse
vegetable production soils of Guangdong Province and to diagnose and evaluate heavy metal pollution in
greenhouse vegetable production soils based on portable X-ray fluorescence spectroscopy. [ Method] A total of
110 greenhouse vegetable production soil sampling sites and 26 open-field soil sampling sites were set up in the
study area. PXRF was used in situ to rapidly detect soil heavy metal contents (Cd, Cu, Cr, Pb, Zn, As, Ni and Hg).
The accuracy of the PXRF method was verified by analyzing the correlation between the values of soil heavy
metals measured by the PXRF and the traditional laboratory analysis and based on this, the soil heavy metal
pollution status was quickly diagnosed. The risk of soil heavy metal pollution was evaluated by the single factor
pollution index and the Nemerow composite pollution index method. [Result] The results indicated that: (1) the
concentrations of Cd, Cu, Cr, Pb, Zn, As and Ni detected by the ex situ PXRF method were significantly correlated
with those determined by traditional laboratory methods (P < 0.01), and the R? were 0.69, 0.50, 0.56, 0.58, 0.47,
0.54 and 0.62, respectively. Also, the results of in situ determination of Pb and As in soil by the PXRF method
were significantly correlated with those by traditional laboratory methods (P < 0.01), and the R? were 0.73 and
0.74, respectively. (2) When the soil moisture content was 150 g-kg-200 g-kg?, the results of in situ
determination of Cr, Pb, Zn and As in soil by the PXRF method were significantly correlated with those by
traditional laboratory methods (P < 0.01), and the R? were 0.77, 0.94, 0.72 and 0.93, respectively. (3) Soil Cd and
Cu pollutions were prominent in greenhouse vegetable production soils of Guangdong Province. The point
exceeding rates were 20.9% and 10.0%, respectively, according to the Soil Environmental Quality Risk Control
Standard for Soil Contamination of Agricultural Land (GB 15618-2018). In addition, the average content of Cd in
greenhouse vegetable production soil was 0.21 mg-kg™, which was 1.2 times greater than that in open-field soil.
The contents of Cd, Cu, Cr, Pb, Zn, As and Ni in the greenhouse vegetable production soil in the Pearl River Delta
were generally higher than those in other areas. (4) The single pollution index of Cd, Cu, Cr, Pb, Zn, As, Ni and
Hg were all less than 1, and the order was Cd > Cu > Pb > Zn > Cr > As > Ni > Hg. The mean value of the
Nemerow comprehensive pollution index was 0.69. From the overall average, the degree of soil heavy metal
pollution was at a clean level. [ Conclusion] In summary, PXRF is an effective method for the rapid diagnosis of
heavy metal pollution in greenhouse vegetable production soils in Guangdong Province. Furthermore, Cd and Cu
can be quickly identified as the primary pollution elements with high risk in greenhouse vegetable production soils
of Guangdong Province. The results of this study will serve as a reference for the evaluation of soil environmental
quality and sustainable development of greenhouse agriculture.

Key words: Portable X-ray fluorescence spectroscopy (PXRF); Greenhouse agriculture; Rapid detection; Spatial

distribution; Risk assessment
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Fig. 1 Spatial distribution of soil sampling sites in the study area
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Fig. 2 Correlations between concentrations of heavy metals measured by in situ PXRF, ex situ PXRF and laboratory analysis
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Table 1 The correlation between the heavy metals measured by in situ PXRF and laboratory analysis under different soil

moisture (coefficient of determination, R?)

<150 g-kg* 150~200 g-kg* 200~250 g-kg* >250 g-kg*
(N=12) (N=41) (N=14) (N=14)
Cu -0.031 0.168 0.148 0.272
Cr 0.075 0.767" 0.106 0.928"
Pb 0.816™ 0.939" 0.883" 0.854"
Zn 0.340 0.719" 0.765" 0.049
As 0.948" 0.933" 0.886" 0.917"

VE: TR P<0.01. Note: ™ indicates P <0.01.

2.3 RiERHIESEBHBERS HHIFE

JUIRAE WS AR RN R S R R WK 2 P . Wit RIERE PR (OM) I N
24.71+11.65 g-kg™, pH A 6.06+1.01. S «iiﬁﬂwﬁiﬁﬂ%ﬂﬁﬂ%@ KBS EFErRE G
7)) (GB5618—2018)M8 i 5 ) A4 FH Hh 439835 e MUK % e {5, Cd. Cu. Cr. Pb. Zn. As A
Ni ) A7 kR 20519 20.90%. 10.00%. 4.55%. 4.55%. 3.64%. 2.73%7#1 2.00%, f7fEE 4/
FEFR I AL 36 . HoHt Cd (bR i R, HolAR s 234, 295 HE @R s A1)
64%. LA 8 FliELE E’J%w%%zi’]jﬁ 36%, SIEEL TN,

B AR M X B S I R Zn SRR EE R A H I SR A e 24.00%, Cd. Cu. Cr.
Pb. As. Ni. Hg FIGHLR & &5 i R A H L3R -5 & A 2. B PaH X 1t -4 Cd.
Cr Hg KA BT & &5 i 55 R AR H 338 v (1) 7 & 51 55.56%- 219.54%. 20.00%F1 32.83%. ¥k
A X B 3% Cuy Zn BN 2 2 0 B e R R 33 v ) 5 ) 34.60% . 10.85% A1
21.63%, Cr. Pb. As. Hg fIEHLE & 5%%%:@&3@:9@@%@%55 B IR b X A 1 48
HZn il Hg & b X mr, B v X i L3 Cr S8 s, HA TR EEE =KX
B 1) 22 AN B R

HIF 9 DX 58 it - 49 55 4 J 1) 25 ) 23 A7 0 P 3 i o Bl S - 358 b As 5 B34/ T- 20 mg-kg ™
BR= A X ABOEAL (RTE. bl 3 As SR NRE, A% T 40 mg-kgt. Pb &Rk
ANTF 70 mg-kgh, AR AR S As AR, fiE A A T 120 mg kg, 123% Cu £ AT 50 mg kg™
(R P 2 B0 AT T Bk = A1 AT 2 3 [X o Bk = A R 2 4 [X it st 35 b Zn S B b X
e S RS 316 mg-kg™, A7 T AR AR EAINISK T » 20 5 3% Cd WK E/N T 0.30 mg-kg?,
BR=A MBI Cd H & AT 0.3 mg-kg™ (URESEEE, {0 Cd & &t 1 s 7E B 23 IX gl sk
W, H&EmEE 1.03mg-kgt. JARE R 1EH Niv Cr fl Hg )& B BAR AL, HEERmER

R A SR DX AR M T 0l Sk T RN P R X A T, Hdr AR B2 il 78.10. 6.00 A1 0.38

mg-kg o FEEME, BR=MAMIXEMELIEFS Cu. Zn. Ni. Cr. Cd. As fl Pb & &8 AE m, &
HRHIX [ Cus Zn. Ni SrEH &, MHEILHX K Cd FIE FEHbIX ) Cr & 2B F
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Table 2 Characteristics of soil properties and heavy metals in greenhouse vegetable production soils of the study area

pH OM/(g-kg™) Cd/(mg-kg™) Cu/(mg-kg™) Cr/(mg-kg™)
WF7CIX The study area — — —
Wi FERY Wi FERY aii wR” Bt AR e TR
i X Eastern Guangdong 6.31+1.06 6.57+0.85 2401+648  23.96+11.25 0204027  0.16+0.15 31.23+26.84 32.54+24.37 5528+48.10  63.73+50.58
74 Western Guangdong 6.124+1.06 5.4040.21 27.47+9.16 20.68+3.10 0.14+0.08  0.09+0.02 2429+12.41 19.69+12.24 164.47+203.40 51.47421.21
FRUL = #4M Pearl River Delta  5.98+0.99 6.0441.01 2535+1457  20.07+6.83 0214013  021+0.12 30.11£2533 22.37+1155 4867+2554  46.34116.35
Sk Total 6.061.01 6.12+0.97 247141165  21.214+823 0214018  0.1840.13 291742357 24.90+16.88 63.04+79.09  51.67+31.24
Pb/(mg-kg™) Zn/(mg-kg™) As/(mg-kg™) Ni/(mg-kg™) Hg/(mg-kg™)
WFFEIX The study area — — — — — —— - — — —
Bt R Bt R Bt R it FR” Wit R
H 7 Eastern Guangdong 27.09+19.67 32.43+14.08 125.13+70.32 100.91+67.71 6.59+4.17  8.56+4.49 18.68+22.86 22.55+13.83 0.16+0.12 0.1940.14
H P Western Guangdong 25.49+10.74  30.34+7.93 53.72+2148  59.97+572 7.05+3.46  10.37+9.82 15.06+7.29  16.00+6.80 0.1240.008 0.1040.02
PRIL =719 Pearl River Delta  39.53+-30.93  38.84+15.87 80.63+4257  72.74+26.75 1264+9.10 13.31+7.28 20.92+1429 17.20+10.16 0.1140.05 0.1140.04
Sk Total 342542577  36.19+15.14 88.63+5351  79.19+43.66 10.85+8.13 11.69+7.28 19.83+16.06 18.56+11.31 0.13+0.08 0.1340.09

e RPBUE SRR TR EhRHEE” . OM, HHLRA.
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Note: Each value in the table is the mean + standard deviation of each indicator. OM, organic matter. (DGreenhouse, @Open-filed.
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Fig. 3 Spatial distribution of heavy metals in greenhouse vegetable production soils of the study area

2.4 gHEkith T IEE S BITERNETEN

T 71X - 48 8 it S 1 B 4 S ) B 5 AR B SR il 4 BroR, 3% Cd. Cu. Cr. Pb. Zn,
As. Ni J Hg ¥ G35 4070 58 0.67+£0.52. 0.49+0.39. 0.38+0.52. 0.46+0.27. 0.41+
0.26. 0.36+0.28. 0.23+0.16 Al 0.08+0.06. 8 FH & J& [ B 10¥5 Yo g B R AR IR A
Cd>Cu>Pb>Zn>Cr>As>Ni>Hg, BEAFHMEINT S, HEBI5RREEYE T IE oK. 157
£ Cd. Cu. Cr. Pb. Zn Hil As £ FE {5 YL FE s L1 7373 4 18.18%. 9.09%. 1.82%. 4.55%. 3.64%
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Fig. 4 Frequency distribution of single factor pollution index of heavy metals in greenhouse vegetable production soils of the

study area
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Fig. 5 Spatial distribution of Nemerow composite pollution index(NCPI) of heavy metals in greenhouse

vegetable production soils of the study area
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3.1PXRF FFZEMERAMRTIERSKEMNESBENEENZMN

FELR SIS = IVEFEAL A PXRF VERTHIF 7 X 1438 5 4> J8 W i 25 SR A G AT B =
f7 PXRF J5#E%f 34 Cd. Cu. Cr. Pb. Zn. As Al Ni FIRII45 58 B4F, JRA7 PXRF J7ithn]
WX T Pb. Zn A As 5 G LIPS B R . 38 S SR R g g S O - s kR vE )
itk Cd. Cr. Pb. Zn. As Hil Ni (1) PXRF il 2 {5 -5 b5 B A S HERIE FU B 15 T AR 46 ik
{2 PXRF X} Cd. Ni fil Hg MURIBR & 0 50 X8 o IR R & &, 1 H Cu 195 AL PXRF
K INAE 5 52 FRik B2 FR AR S PEAN B35 L 3% R DR g PXRI K I 3438 v 2 4 Ja 0k 2 32 0380 DRiAR
Fr KB FE B EE L V5 I P e AR 1R 25 TR 3R 1 4 B2 e 3 K B B PXRF
F RS P B BRI R, R R S BERT A% B (K Al X SR BE i KR, BER TR
RFAE X 56 2 BE 2 B 7K 43 FRSE nm B A IRk, BEAERE M SR E N, VREUH I X 5
LRBRFE LI, X PR HLE S T JCRAFAE X SR R 0 AR R D, AT S BRI A
PR, AW R PXRF {200 398 55 42 8 ) 5 (07 00 2 AP -5 A 48 S 56 = 00 4 (0 M O ek o
UF (E2) , IXZFH PXRF A58 HT 2 B 3R Sk AT 16— R A TA 3 2 2 2 05 3K
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RIS 50 P 25 - 9 R o7 A0 7 o 00 2 s P (i (22290, 3 gt — IR S 7 IS KX T PXRF K45
S E B

AT G B A0SR AR 1 3R S h 207 5191 T 3RE 5 A KB E 150 g-kg?~200 g-kgt 2 1],
T HAE BTG FE N PXRF Xf 3% Cr. Py Zn F1 As [ J5A7 I 5 48 15 4% 48 9256 25 I 5 18 AR ek
B, BB R PXRE BIRINSE RfetE (% 1) o JHES/KEMT 150 g-kg™ i, VA As
(¥ PXRF 52 85 28 2 e (A e 2 (2 1) ¢ &/KEFE 150 g-kg™'~200 g-kg B, Zn 1)
MR EE (1D . Ran PV IY LA KB KT 200 g-kg™ I 1T S 8058 63 1% 76 B4R
EHIRZE, B PXRF JFALIE I 2 ) 38 5K B e 250 g-kg™ DAY . — RS R, g K E
FRAK, PXRF B JE AL e R FE st 2 . AT TR PXRF I (¥ 5 ££ (17K 43 JE B A 150
g-kg™~200 g-kgt, Tt E AN E AL E i AR b B S AN F A K R R SE PR R A R
DR, 754 J5 A rp ] 38 ik e 37 e - S84 () FH ) 25 7K B (0L & B AL gk — S5 A 342 = PXRF &
R B
32 I'AARERIMTIESE S B RINGEE R TENG

J7HRE Wit L3 Cd\ Cu. Cr.Zn FT Ni 1985 540 7 5 8 R AR FH 4 b 1) 4 i v 16.67%.
17.15%. 22.00%. 11.92%716.84% (£ 2) , BLHI A& Wik R = L E 48 R EH
5o W E SN RE TR SR A AR TR SE S, BN Hu 5PE i STk gr ik
St E A R IR E SRS YORGUEATII AR I, T RERESRERRTENE R —, R
JZ 3% Cdy Pb. Zn 1 As EAEHE R RIHIX 2 —. Cai P R4 17 2 R0 35 1
HE BTG YHATHIFC &I, Cd. Pb. Zn. Ni. Cu M Hg HISF K S8 e T 448 LIS 5HE,
TS QAR RO B SR D TR e, E W) Cdy Pb. Zn Fll Hg 58 &R 76 H 3% b B 2R

A ATV o SR A B R B R T R BIAE R N Bk [ Bt b 3% rb Cd. Zn A
Cu ZH &8 BMMEER K., W7 X SiEei £ 25 e, KA. WIAEREE I,
MAHLAEH Cdy Cu fl Zn HEHKED, A fedid & g &R KRN FRESBAE LR PR
WA 22 o AT 720V R IR YT 35 38 Pl 25 85 4% R 40 A B S5 5% KA AR X I P 17 P A
DAL L T HE T AE 7 X AR TR R A0 T8 RS Bk 28BS = 26 1 Asy Pby NiJE I K
RYUEH T RAEN T 3 AVERSEPUR R G IR E &R IR AT R B3 Cr ot REAN
S NNAEF B s 5o 8 S BAEBR YT = A I BT SR A SR A3 H T R 4538, Rk
WEFE X L4 rh Cr m] B 32 2 52 3 Hh i 1 S5 (1 2

WEFEIX 8 Folt 2 4 o 0 BRI S Y AR A A P MBS /N T 1, {5 RE )8 T 754, B 2R
A Cd>Cu>Pb>Zn>Cr>As>Ni>Hg (B 4) o WHEE 45475 Yo e BU I E N 0.69, | 7R Wity
WE R IR E S BIT AL R T R 4K T, H CdisRfEERo Rl (E4) . #EHA%E
X AR VLI 398 T 6 S ¥ e XU 1) B Rl T AR BN 25 R R T YK o a5 4%, I B0 45 Fa L
PR G S RTS Y MR A TET5 et R S e, 15 T SAT ARS8 . Jia SRR O
100 4EJF B[R] FE 1 o 5 R I 38 p N A EE 48 (Cd. Cry Niv Cu. Zn Al Ph) 75 e KUk
VP IS R, 3% Cr. Niv Cu. Zn 1 Pb V5 YA N R E B TGS, Cd T5 4L
BE.

A FAFET 110 A A 55 5 A o B pth T3 A b B 6 a8 I & Bl AT b, S IR AR e 4
RFT REB U IR ES BTG IR T B 5 LR g Rxt e, aTUEI RE &
iz 22 2 A3 i 4 B MRS AR R, (HEIE Cd BBETS UG BB S ey E. 1A,
AW BER A B 4R A R R E 4R RAURRIE K5 P AT AT, (H i, EA R
AR AR AEY AT R P . ARIEAROCHT T, B AR A HUE AL AR K =
it FH 2 18 o 4 R A RS B R A B AN SR AR R RS, A AR T e E 4 SR T G (R AR
B AN, BRIk, R RO Bt Hh - 3 4 R AT RS S T R AR B B S S Ik
RMFLER, VLD 0 Hr A e 5 48 R R 3 A SR RO AR e A R
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AR Wt SRk EAR A R 43 X B AU AR AE R Cd 55 & @ AR R L, (R R IA BB 5L
RIRERE o VBN B A P i A P 5 BAE IR, AR 2GS5OV i, D Bt S 3t - 3P 8552
AR i R, R AR I R AR M MRS R AR B A, S5 S AR E IR IR
B S G, DRI B S 15 2 R FH RS 22 A 77

4 75 B

Ff7 PXRF ¥£l5%E 13 Cd. Cu. Cr. Pb. Zn. As F1 Ni VR AR B BE LT, i
A PXRF &I 1 L5 Pby Zn F1 As & &2 5 5e80 = e (A AR i) — 8ot LR
JKEAE 150 g-kg™~200 g-kg™t Z [A]F Cr. Pb. Zn I As f¥] PXRF 57l 2 1 5 5256 2 0 5 48
W5 F A (P<0.01). WAL IX Wjitisith+3%EH Cd. Cu. Cr. Pb. Zn. As K Ni {JSfihs
FRI3 N 20.9%. 10%. 4.55%-. 4.55%. 3.64%F1 2%. Biibise s S8 T %2 1t Cd.
Cu. Cr. Zn I Ni 5 E L B H AR R, Bk =M X B2t 3% F Cd. Cu. Cr. Pb. Zn.
As I Ni (8 S BRI IX & BF 701X 10t S 4 338 B 45 g i Ak YA FE T v /K
{H+3E Cd (B eI YRS . S AG L, BRI FE b X 350 AL E 4 8 48 A5 Yt
FEIRB T BEVS Gk
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