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Speciation and bioavailability of five toxic heavy metals
in the tea garden soils of Wuyishan

YE Hongmeng'” LI Guoping'™* ZHENG Maozhong' YUAN Xuyin® CHANG Xuehua'
(1. College of Ecology and Resource Engineering, Wuyi University, Wuyishan, 354300, China;
2. College of the Environmental, Hohai University, Nanjing, 210098, China)

Abstract: Total contents, chemical speciation and bioavailability of five toxic heavy metals ( Hg,
Cd, Pb, Cr and As) in the tea garden soils of Wuyishan were measured. The bioavailability of toxic
heavy metal were evaluated by the method of risk assessment code ( RAC). The natural or
anthropogenic sources of toxic heavy metal element were determined by the ratio of secondary phase
and primary phase (RSP), and the effect of soil physical and chemical properties on heavy metal
chemical speciation were investigated by the analysis of correlation coefficient. The results showed
that the predominant specie of Cd was the ion exchangeable fraction. The predominant specie of Hg
and Pb were residual fractions. And Cr and As were mostly present in the residual state. The
contamination levels of RAC assessment decreased in the order of Cd>Pb>As>Cr>Hg. Among them,
Cd come mostly from anthropogenic sources. Hg was greatly affected by agriculture activities. Human
source has no significant influence on Pb. Cr and As mostly come from natural sources. The influence

of soil physical and chemical properties on heavy metal element speciation was dependent on the
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element attribute. The comparison of the accumulation and bioavailability of the five elements
indicated that Cd was significantly enriched in the tea garden soil as a result of intensive
anthropogenic activities. Therefore, we should pay more attention to Cd and take the corresponding
prevention measures to control the toxic heavy metal pollution in the tea garden soils of Wuyishan.

Keywords : heavy metal, toxic elements, chemical speciation, bioavailability, tea garden soil,

Wuyishan.
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e AR RPN T 4 R B AR a8, A R T AT 98 5 4 R 10 M e YA PR 4 5 e i 4

AR I SR KM AR IS OB 2 — AR R A DG4S M 4 J R 1Y) i 1 P DL AN i 28 BFF 2 I
S AT R A v A R A p i MRV, HL 3 BE A AR ISR A 2 A e B T S A B
o R = R £ 0 i 1 A o S A = 0 Gy T = e K (9 KRR 7S 1 00 P e B 3 4
& JBICER S RSB O S BT RS R AR WA et S, 3R A 25 e B
B AR S A LE AT A T 4R R R Hg . Cd  Pb Cr FIl As SR 11, [ P AR 25 bl + 3 x5 Aoe
ZAFIE S WAL A 5 HTia 50, R HXT He  As BOTE AR5 £ DL HRGE.

RF Iy A, P E e 2% 028 R YE4 A (b, WHZ A4S X 4 3 T 4 @ 1 A 2SO A
H I PG 2R 4 i i e fEOR Al A0 s AR T A 3 T 4 A IR MRS e AR B i LA IX 43 SRR TR AN
SRR, o LA AR 22 15 R R WA S5 T TG S AN S R R s O A A A A T

SCHERXT Hg (Cd P Cr As %5 5 i 48 1) 4 MBS A0 i AR LA S AR 0 3 i T e i 5
FoA, HEAF ST HOR JRRRAE LA K 33 B AR B T 25 41 0 O S i, xof + 398 7 4 S V5 e B 4 A bl A A5 0 85
P4 LA RS M it BT ARk B B2 R 3L

1 SEHGHR 47 ( Experimental section)

1.1 W58 XL

RF T TS PGICEE , M FRAR R K - Jb & 27°27/31"—28°04'49" | 4 2% 117°37'22"—118°19'44", J&
FR I P 2 X S5 A BE AR 6 96 70 km, BE ALK 72.5 km, BUETRN 2798 km? iR I 28 X2 A 1
oA S, 2R DT SRR, SRR I R R SR 2 A R R 2014 4R %R X T B A 0.92x
10* hm? , FLASFE AU 52 TR 38 50 B B 224 1 28 3% 1) J 2 SO Pl R AR SR AR
1.2 FESCREER 3BT

2015 4 5 HH, TRAI FEB7 48 XY 19 S KA E R HEAT 1 0 5t R B AR A S A 4% S
TEATE 5 A TR R IR A L MR 7EA sSAL I 0—20 em AR JZ + 18 1—2 kg KA s A0 A T DL
1 R A L= N R A Bk AR R RS | A6 % N AR T, I DO 3 vk R AT 46 A TR S i
20 HJEJeh, 25 H.

H AT, M ARA 280, o i SR |32 W2 00U 32 B0 TP Tessier 11 5 OB 3 43
S RN R AR A R4 Y =25 SR B0 ( BCR 122 ) 1024 S e I e 6] 5 30 A J) b I3 ) A R R b
W5 B ER AL P RE T R SR (DD2005-03) #E4T , ¥ SR04 9 7 Bl KVADS (B T35
B RIS FAIE A A SRA VUSRS LR 4 8 4 T A 414 I
AT TAE FR 2280048 Mo o SE B0 T 52 T S B8 I Hh 0 K 0. 90 % Cd  Pb  Cr SR TRIS Advantage %55 & &
SHEIEIL (ICP-OES) l5E , LK Hg 1 As RH XGY 1011 BUFEFHEEIERAL ( AFS ) I | 12325 kG HY BR
KGR WA R RE S T R A S R AL 27 - SRR S PR R

AWK A Cd Pb Cr Hg Fl As BUFRUERE 5L 3 51 2 28 600 °C Kbeat ioGiE 2l CdO &4k i 1 &
i 28 105 CHET 2h BYEEE K, Cr, 0, 2 TR IS 4l HgCl M 105 CHET 2 h 146 As, 04, F
FEHIFR ECRR A B R 90%—110% , 25 RS IS A NAR T 50 R &m0 80% , A5 T 105%),
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Fig.1 Distribution of tea garden soil sampling sites in Wuyishan City

1.3 iFHI5k

T 4w A T A 2 o AR RS P B0 P AR AT SO RN R I A AR IOV 1Y 22 5 s FTIE S 1Y)
VEHT 5 203 W TG 3R AR WA 0P BE D R 2 B SCrb SR IO T A8 R Tz B XU B4 2 % 45 ( RAC, Risk
assessment code ) "' TR A M5 A2 M HE(E 5 (RSP, Ratio of secondary phase and primary phase) '’ #E47
TR YA AL
1.4 Hdlasb Bt

S B ICER B IR PEGE T 40 B AR G OC 22 Rk I GE i+ 81 SPSS20.0 #E 47, il 815 FH Origin9. 0 K {4

2 R 51718 (Result and discussion)

2.1 ASWE 44 R O w Oy A RRAE
2.1.1 B SR e RS

RAEASIX 1398 pH (M FEY 4.21—5.78, 2, A WL EF R 28.69—65.10 mg kg™, J& T L5800
TR R S B ARSI AR 1|, NV R RECRE & o R R T a2 5 (10%—100% ) , i
TIEE AR S B — 2 2 6] 28 Sk Hg . Cd  Pb  Cr . As B9SER{EK R M 0.214,0.193 .76.54
67.46 .6.13 mg-kg™' Ml RARHEAS Y RMEYH 2.6 3.6.2.2 1.6 Fl 1.1 f5. 0] W Je £ Cd &/
W3 Heg A1 Ph fEE—E FREE M E 5 . Cr I As & AR BEHR 55, S RS Il - 8RB 1A AR e, As 2005
JEA WL IS5 (NY/T5199—2002) M) AR FRAF ; Ph 43055k 12 25 0 7= M R 5 0 AR 2% A4 (NY/T
853—2004) "' FIEILAE ;H He ,Cd Fl Cr JEE A AE KR Bl H A8 P b IR BE 25 4, 17 5 | ke 7 R
2.1.2  FP IS BV S 01 A R E

B2 gt TRERX 55 Mt o R MIES HE. b, He KB 840 b B i F 8 E AR
INHEFFBEAS hy BRI AS (42.51% ) STRA HLA (31.08% ) >H5H WL (23.15% ) >BRAREALAS (2.23% ) >IK %
25(0.69%) > B T A2 25 (0.31% ) SERIRER 25 (0.03% ) . 7T WL, Hg 78 3% 38 25 X LA 5% 25 FUAT LS Jy f
ER.

Cd IEA A 0 B F A0 A8 (25.43% ) > 5B (19.60% ) >8R AL (16.45%) > 55 A L&
(13.45% ) STRFRERZS (11.25% ) >3 A HLZS (9.95% ) >/KE 5 (3.87%) . H L, X Cd ILR I 732
WS AERIEES ARG WA e 3 2 Tk A 4, B8 AR KUBV L A5 X - 88 Cd USRI 25 (40.39% ) Fil
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PREREE 575 (29.62% ) AEFIBE | SREBA X 2SR
® 1 R e 5 P G R A SR (mg-kg ™)

Table 1 The total content of 5 heavy metals in Wuyishan tea garden soil (mg-kg™")

I H (Ttem) Hg cd Pb Cr As
i KAH (Max.) 0.457 0.668 236.99 172.90 11.50
/)M ( Min.) 0.105 0.058 33.57 16.34 3.14
SEY4{H ( Mean) 0.214 0.193 76.54 67.46 6.13
P25 (SD) 0.084 0.147 48.73 50.20 2.29
CV/% 39.32 76.10 63.67 74.42 37.45
ez s L gl B A [13]
LR RN . . 0.081 0.054 34.9 41.3 5.78
(Background value of Fujian soil )
R P b 2145 254 ( Environmental and techm([eltiJ 03 03 250 150 -
conditions for tea production area) (pH=6.5)
éjﬁ[,%?“:ﬂﬁ%ii*ﬁ:( Environmental wndm](f]l 0.15 0.2 50 %0 40
for organic tea production area) (pH<6.5)
100 100
80 80
£ 60 © 60
&b 3
jan}
40 “ 40
20 20
0 0
1 23 45 67 89 1011 121314151617 1819 1 23 45 67 89 1011 121314151617 1819
100 100
80 80
L 60 S 60
S =
= 40 40
20 20
0 0
1 23 45 67 89 1011 121314151617 1819 1 23 45 67 89 101112131415 1617 1819
100 Tea garden number
80 I k74 Water soluble
° I 3+ % #: Z5Exchangeable
% 60 I 75554k s Carbonate
< - Y94 HLAS Weakly bound to organie matter
40
B 35525 6 A5Fe/Mn oxide bound
20 [ R &4 75 Strongly bound to organic matter

- Wit A Residual

1 23 45 67 89 101112131415 1617 1819
Tea garden number

B2 RNk R A E G RIS A

Fig.2 The content of various chemical fractions of 5 toxic heavy metals in Wuyishan tea garden soil

Pb BB SHEF J . FRIE TS (57.93% ) >8R BALES (17.98%) > B F 3875 (9.09% ) > 554 ML
(7.55% ) >ERFRER AR (5.16% ) >TRAHLA (1.69% ) >TKIEEA (0.60% ) . 7] UL, I FAS XY Ph LIFR#E A R
PILAS (TR FT b7 S Y8 /N T B AR RUBLLL 2K X (86.40% ) 177 {HLIZE K T fie e 2% el - 398 110 % 7
BRH(12.10%) 2.

Cr TR0 1 BRI 5 (80.63% ) > LA (11.61% ) >SRA WA (4.83% ) >kt AL (1.68%)
STRIRER A (0.78% ) >TIKUEA (0.27% ) > B F 28145 (0.20% ) . 5B AR RUELIL A X 3 Cr LIRS 3
(81.27%) " By A Ml —5, H o5 B LA o 423

As BITEZS 00 0 AR 25 (70.35% ) >55A ML (22.65% ) >8k4G BALES (4.10% ) >/KIER (1.22%) >
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SRS (0.93% ) SERIRELZS (0.43% ) >TB T8 25 (0.32% ) o] WL iRFASIX 1) As JTCR AT A N T,

M2 Hg Cd.Pb.Cr fll As TER LR 25 BFE , AR ELE A RHRA SRR e R R KX, H
) 55 4 SR B AL 1 8 A3 UAE AR B AR e — o (R 22 5%, (0 BB B R/ INHE I SEAS R[] SR T, A [+ b 33
P25 X R R — 4R IR RIE S HA R 2E 5, UL A 28 el 358 h 1 4 8 i B S 2100 HUA JR i sk
FFIE.
2.2 kb 3 EE 4R AR A ST
2.2.1 KBS PEM ik

RS PEA A ik (RAC) BT & @ A7 AL T IR BE P TS B8 RAC = TR T MBS (K
BAE PRI +RIREES) T/ SIS T REZM (B C R Bat) |, H g, 0 5 4 8 %t 258 i KUK
FAR 2 2 WOR T RAC KU - B9 K143 45 0 BRAEL 5 060 I 15 Y AR, LA SRR FE X 19 25 el v - 3R
AFTEE RAC HMSFEH gt 3k 2 AT 0L iR X R R [FTTER RAC KU PP (1475 Je R BE R/
HEFF 4 : Cd>Pb>As>Cr>Hg.

Cd JCE M RAC fHE N T 30%—50% 2 [8], 5 5 4 1+ HERE Ak 3] 100%. X 5 X e &
Cd TEIZA X B E i B, IS PR S A BIE SR —2. T Cd N EHER 20 LR ZBE
Bl RE a5, LB R 2 KR B, B B i RbE % 8 3] Cd e R s Ae i/ 2k
HEFR (2R P IR B AR ) | H LA PES A RAC (kB V5 5. CA BFS 2 0 1% X 28
bel 3% Cd V5 Y= a4 IR %A XA 4T Cd 76 22 0 P8 A 1 25 5 SR U L A Bl 4 15 it

Pd 4EBIA BRI 7= MR B AR SR BRAE, HL DA SR IE S A L AIEZS IS PR 43 He A A K (i
14.85%) ,RAC RS IPANAS 0 A i B8 S DA R B G 1) - 3B A iR 31 95%. 1T UL, Pd TG R 7EAF 9T X - 158
B A A B R, AN e T L A g s ], 0 By 4% S A2 R A R bR A R 2R A 3L TR
T HEEME S A RS B ARIE I — 2D R M 2 T

ULAh , He TERIFSE X 3P — e FR T 1) & 46, BLZE /D BOR A AR 4, (H L6 M 4 40 R (3 /N
(M7 1.03%) ,RAC KB PEM 15 8 — - i AR S 05 Y B4, FLAAE i B2 BE V5 L. o0 &R Cr Fl As 1Y
RAC PPN 25 AL A0 e R B T Yo nli g J0T5 Yo T AL, T 4 8 B SRR P B A A L B MR S 4
A3, LUAS Ry A Bl 4.

&2 RIZERE L 5 M GR RAC (EHS 15 QRN

Table 2 RAC values and pollution degrees assessment of 5 toxic heavy metals in Wuyishan tea garden soil

- RAC<1% 19%—10% 10%—30% 30%—50% =50%
Ttem Ko HLp b tfil i L Hoig HLp Eis HLp
Number Rate/% Number Rate/% Number Rate/% Number Rate/% Number Rate/%

Hg 10 3 9 47 0 0 0 0 0 0

d 0 0 0 0 0 0 19 100 0 0

Pb 0 0 1 5 17 90 1 5 0 0

Cr 8 ) 11 58 0 0 0 0 0 0

As 4 21 15 79 0 0 0 0 0 0

TR % il I N3 W™

2.2.2 WAAE S EA AR S LU T

UAAH (BRFRIE S LIAMYHAIE ) 5 EA A (FRIE S ) /040 HL(E L (RSP) — AR IX 0 4 & 1Y
SRR, FEE SRR IR SRR, I FL I W F 4 8 A fh 2 1 M A A A ek B 4 IR OG & RSP =1k
AR R AEAR S R AERZ TS AT, K& T AR 40 A0 0 W s s AE AR R ok ) () L 5
PR AR DAERIE AR AT G55 T AR ORIR 0 B 4 S22 DI B T 8 A A T Rk
TSR P I UL & A T AR5 45 G A (IRRERA A LTRSS ) vh Y AR/ NG, 12
BT 267 T3 rh SR 45 8 0 B AR R EE LT RSP Bk T LA MR B 4 T 1 i AR AT B .

M 3 A1, Cd JEE N E TS YL 9RE S I 90% , 1B SR I LI R Sk 5k 3 LR A SOE R, X
5 130 RAC PP 45 R — 30 He b FE VS YA BE A It 7 42% , DRI 7R AR KRR BE 32 AW TG sh i



2076 B2 5% 1k 2 358

=2

SN, 5 2% Bl AR AR R AR 24 0 FH A A 2l 6L R TR PRI S LU (B ( RAC) AHXF AR RVS 7R 1 AR 28
MR, H Hg B REbEsR 5B | B4 e S S R0 O DASGVE. Ph 3285 BE V5 e 1A i o
26% ,HAMbARZ 155, R X T Pb 52 NI WA 835 Ph (1 228 A R I R S8 HERL,
Wl 7 AR LR A AR IR T, R 3K ) S5 2% DX R MR R 55 3 2 el A Ml Y e B G R )
(BZHERL Y Ph S0 fe 15 3 18 B P 320 m LAY 38 ], HLAR R (E AR BRI 5—20 m'®7 ) . 1=
SERERL R Cr A As B9 RSP /T 1, SO 73X PIAH G Jm 2T X L [ AR IR N 32 FEAR R 2 AR IR
AR IX 5 E3C Cr M As &SRR RS, IF LIAR I A58 ERY 0T — 2 E AL, Cr AE/D B e 2%
7= PR AR AR A B T B L 8 Cr B9 1R 35 0 (79 S MED) AR B it A vey (9, 254 Ml A 2 3¢
S Cr P S R AIA ] 154.42 mg-kg™' ) (HICHRAESA MRS  HAREEAK.

F 3 RARERE -5 5 FhE SR RSP H 515 PR E M

Table 3 RSP values and pollution degrees assessment of 5 toxic heavy metals in Wuyishan tea garden soil

9 RSP<1 1—2 2—3 =3
I
tem Kokt bl Hoht B i Bl okt 1
Number Rate/ % Number Rate/ % Number Rate/% Number Rate/%
Hg 8 42 3 16 6 32 2 10
Cd 0 0 1 5 1 5 17 90
Pb 14 74 5 26 0 0 0 0
Cr 19 100 0 0 0 0 0 0
As 19 100 0 0 0 0 0 0
oY 20 Jo B s W

2.3 IRV AR TN R I S R
CA SR |, s 3 S R IR SR i BN R R Eam B, KO A LB (TOC) Fl pH
1" N3k 4 iR,

R4 5SFEGESILES LEBILTE R A E R AL

Table 4 The correlation coefficient between the speciation of 5 toxic heavy metals and soil physical and chemical properties

BINE gy, WA

KBS e . Seh ,
WiH Ttem Wator R AR ERAS Weakly bo'und Fo/Mn Strongly ho'und 034 ;ﬁjs
<oluble Exchangeable Carbonate to organic oxide bound to organic Residual
matter matter
Hg 0.232 0.742%* -0.004 0.728 ** 0.329 0.456 " 0.819**
TOC -0.147 0.692* -0.334 0.585** 0.090 0.442 0.247
pH 0.353 -0.263 0.186 -0.22 0.148 0.338 0.259
Cd 0.500 " 0.981** 0.925** 0.960 ** 0.980** 0.839** 0.904 **
TOC 0.198 0.457* 0.487* 0.468 * 0.340 0.568 * 0.326
pH 0.205 0.351 0.339 0.334 0.441" 0.273 0.460 "
Pb 0.675** 0.587** 0.927** 0.910** 0.949 ** 0.690 ** 0.950 **
TOC -0.294 -0.136 0.012 0.110 0.064 -0.332 -0.014
pH -0.303 -0.422" 0.630* 0.517" 0.557" 0.674** 0.808 **
Cr 0.553" 0.202 0.897 ** 0.784** 0.736** 0.766** 0.977**
TOC -0.436 -0.284 -0.198 -0.209 -0.188 -0.270 -0.294
pH -0.408 * -0.387 0.543 " 0.726 0.727" 0.666 * 0.438
As -0.088 0.237 0.315 0.932** 0.461* 0.631** 0.984 **
TOC -0.574" -0.184 0.275 -0.128 -0.542* -0.133 -0.175
pH -0.018 -2.410 0.192 -0.463 * 0.117 -0.246 0.339

TE:“ # " FIRAE 0.05 KPR ARG # = 778 0.01 ZKF-(XU) | A

Note:“ * 7 Correlation is significant at the 0.05 level; “ * * ” Correlation is significant at the 0.01 level.

Hg 145 58 F3cimas 390 LI ASTE 0.01 KF B IEAHSE , SiA HLASTE 0.05 /K
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B EE A Horh B AcH S 55 A ML HUBT R R IR ARG, A R EAE 0.01 /K B4 Bk F]
0.692 F1 0.585.{H Hg M4 IE A2 pH (HE WA B3 .Cd (48 5485 03 8t W& EMA 5, T
A IRTRER A A PGS G AR HL R B 2 E A OC , B S AL 25 & S R sk i A B pH (BB T &5 i
B UL B - SRR A AR, Cd B AR A SR N s 2, pH (T A R TR R Cd o fese e
Pb &t 5 ITE AR W E IEARC, &K TB 8 SAMUTAR ST , BRKE S FE 722 i S DAMOTE S
LB pH AT T 0. A S s R W], R b S0 v 3 Ph B AR 25 1) i sg e s e Ak Cr
B e SR IEE (BRE Fac#ds) W3 sl B35 IEAH G, S IE 8 5 A MUR AR5, B & T 5 i 1
T, A KA SR S RN As 19 4 i 5 ARG R0 A 0 38 ol 8 3 IE R OG, K A L AUk
YIEs AR S5A MR E TAC, A PSS pH (HA W% TR G,

IR EIAL, JC RS TE A IEAR P 0 R 4 i (3G i i, LR T R R BIE A B Tk 3
B, As DGR DL WA 2 e D AR S S 2 WA B, miE s S 2
AR ES A HUTOR pH AEXTR R TC R AL A TE S 2 i 1 25 S8R, U JT R IE 25 52 - S B AL b o
M2 5o R R A L.

3 758 ( Conclusion)

(1) RE AL 5 pH (EVEFIN 4.21—5.78, bk, A LT EF h 28.69—65.10 mg-kg™ , & T+
HEAR S A R 2K .S AhEE 4 8 Hg, Cd.Pb, Cr, As B9 FI{EMK KN 0.214,0.193,76.54 . 67.46,
6.13 mg-kg ' He Cd A1 Cr TR 4 78BS el A 7= M IS5 2 4, i 5 | A E AR

(2)5 P 4@ LA/ A 22 5 W3, ANRCR ML 3 AR AE R AT X, MRl ST R IE A4 53 1)
Aoy AR DA —E 25 BB K/NHE P AR AR R IR A X 48 Cd DL 72840 8 0
FILA s He A1 Ph LIFRIES I HIEE ; Cr Ml As JTER DIBRIES Ny . BRI HL X (L S i 159, AN
[ 3Rk A 25 X BT R ML AIE S B R 22 5, UhPA 2% fel -3 h e R IR 84 0 B R IR ik

(3) B RBE PN, KU I i (RAC) 5 BB AR X 5 P & Jd V5 e e FE K/ NVHEIF 2 < Cd >
Pb>As>Cr>He. R A A5 JFA A 4340 LA TS (RSP) A5, Cd DLACHSRIEN 3, He 7ER KRFEE FZ R0
TSR, Ph 2 NSRS AN B3, Cr F1 As L SRSIETE R 3 | FEAS R 32 Ak S TR B2 0.

(4) A JBILAS A5 R T A AR DG PRI 58 3R I, 31 4 J 45 0 A 6 AR i o0 28 6 3t (385 Jon i
Han, Je HOR A R P I A R N Sk 35 A LSRN pH (B AN R 3 4 R AL 2 H IR S s 22 S A Kk,
UL 4 R IE A 52 3P b R A5 ) HL S H 4 R R 1 Ok

(5) AR b 445 5 R G R XS AR, Cd & B &, T LB F A BS WILRIL R, A A &L
P, LA RIER 3. 0 F Cd X ARHE—Ff o R E2 M A K R F , I %28 X6
HEREREEICE P Cd BT5 5%, N5E A IR I 2 5 W g, SR BURH R 1) 1 4988 A2 it

Brigt: LRG0 TSI I O v T G TR AR AR B SE R T I A A T .
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