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Pollution status and bioavailability of heavy metals in soils of a typical black shale area
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Resources Survey and Monitor, Yinchuan 750002, China; 3.College of Environment, Hohai University, Nanjing 210098, China)

Abstract: Black shale is rich in heavy metals, which may be liberated to the environment and cause soil pollution. In this paper, the pollu-
tion status, sources, distribution characteristics and bioavailability of heavy metal in soils derived from Cambrian black shales in Zhejiang
were investigated from an ecological geochemistry perspective. The results showed that Zn concentration, Hg, Cd, Cu and As in soils of the
study area exceeded the maxium accessible limits, by a factor of 67.81%, 7.81%, 7.18%, 4.68% and 1.87%, respectively, whereas Se con-
centration, Ni, Pb and Cr remained below the limits. By comparing the distribution characteristics of both black shale and heavy metals in
soils, good match between the two was found. The released heavy metals(Cd, Cu, Se, Ni and Zn) from the weathering of black shale parent
materials contributed considerably to their accumulation and pollution in soils. Heavy metals of different sources resulted in distinct bio-
availability in soils, following the order Cd>Zn>Se>Ni>As>Pb>Cu>Cr. The existence of Cd and other elements of high bioavailability in
soils of the study area may cause harm to the local ecological environment.

Keywords: geogenic high background; black shale; heavy metals; distribution characteristic; bioavailability
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Figure 1 Geographic location and stratigraphic distribution of the study area(Modified from Geological map
of Zhejiang Province , P.R.C.)



1334

YRIEIRCX iy F37E5TH

KRG R 3
12 BBRERSTHE

)2 - HERE i SR AR i [ M S5 O A R SIS it )
- Hb 5T R AL 2E RN FLTE (DZ/T 0295—2016) F R
BURPAT , RAEB N 4 4F - km™, 1R 3~5 5511
0~20 em )2 L HER A A8 — A S 3R . SR
A TR H R E R BT TS 1 HE
A FJm B g X, 8RS T /54t 20 HJE e
i o (AT SR AR B9 XA AR 1 2 Hh B8 BT
FE S, Ak vy T3, 00T 5 M i 9tk 200 H i .
BRI A RE S I I 7 e A b T S B 9 o e
FE 5 2 HC1-HNO,—HC10,-HF 25 5 B % J5 , % v
T A 55 B TR S AL (ICP-MS) ] %E Cd . Cu, Pb,
Zn .Cr Ni %5 H 4 J8 0 R & i ; Hg As . Se F 41 £K
TH A J5 R R 96035 1k (AFS) Wl 2 5 138 pH R
FRBR BETFIN A o 52506 % >R FH 1 50 M 40 I o 02 A
WAHEAT T W, A BR AT T B2 (AlgC) 15
HI7E 0.10~0.12 45 % B (RSD ) #2578 10%~20% , 1 H
FiK598% LA .

3 4 Jm AT RS SR A CaCl $R U | HLAR A 8
R PR 2 g 3 (3 2 mm 77 ) F 50 mL 2508 H
JIA 20 mL 0.01 mol- L™ CaCL %W , 75 20 “CEFR4 ik
R 2 h35000 remin~' B0 5 min, 0.45 pm JE A
JEAF B AR . B3R E 4R TR (Cd . Zn Se.
Ni.As Pb.Cu.Cr) % 5 K ICP-MS #4700 % o A4
FE B 3 TAT L6, I 38 I AR i SR
fymaa il
1.3 #iEabE

B A5 S 56 K5 4 34 % FH SPSS 16.0 Fll Excel 2016 3
T3 #r o AL FER FH Corel DRAW 12 F1 Surfer
11 AT B AR 3L

2 #ER5iTie

2.1 BREIUAMIKLFRHE

WE5E X BB 2R € R M2 N HE ey S 4 ) AT
FER G (fop YE 4 ) 5 4 0@ 19 [ RS- 35 % & L3R 1.
T FER G (far P 4 ) M2 B B 4R Cd L Cr.Ni. Cu,
Zn.As Hg.Se. Cd il Se 1) B i [ 435 R 6 X107~
104.48 mg-kg ' F10.11~43.49 mg-kg™' . W[ 2 FIZE R
FJZHE LB IC R AL F REGAE 13%~85% 2
], B 7€ 5% 2 M JZ v Cd L As . Hg . Se 1 BB 2 )2
He, HA G FE 9748 53 RE(CV) ¥ITE 13%~85% 2 [f] .
TE T RS (i) #)Z 5, BR Cr.Cu . Pb.Se #b,

AICE ) CV KT 100%, Mn  Ni . Zn.Cd . As . Hg [
5 S R K 241% . 124% . 167% . 236% . 110% Fil
116% , BAT 8 1) CV A, R X LT R & i 4
Ao . TR (54 M E 4 8 A= &
1) 5 (B, PR AT 8¢ 19 CV (B . >R HH Turekian
j Wedepohl 55 "G5 A SCTU 2 19 & f (B S A
TUAFIME (R 1), W58 X Af S 4169 Cd . Cr Ni. Cu,
Zn .Pb As Hg.Se 5502 -2 {H 53 A2t 5 0083
{14 2.20.1.96 .3.62.4.15.1.97 . 133.96 . 7.64 . 3.40 1%
H1190.051% .

TR MR A A A TUA 3R 2 R = W
R B YO SN S S5 RS T =l el
JE G R fraE, M F B 5E (UCC) A 5
(WAS) K- BB iA bl B g EE LR TR, L
HZ Cd 1 Se , W5 X114 75 o BH S5 o8 9K [ A 5L
by B €0 T2 DR AT DA R, B A A O 1
RE T WEEA g T IR & Foc R WG & i,
[, R €0, A A KU I 2ot A v, 7 A i R M HE K
FECY H A MR Ak, T A T A TR S AR
22 TEBEETERMBRLFESE

WF5E X 4 498 5 4 i o0 2 S At A 114 918 A F
Yo a2 3, 13 Cu.Zn .Cd  Hg Fl Se (-1 & 5
4354 33.31,113.04,0.81,0.12 mg - kg™ 1 0.68 mg -
kg™, W2 R T VLAS A At 3 o ST R
T ECEP, M Cr A NG B9 B i V-S4 (B s T e
B S (H B THIT A B S, B, AR
[+ PR B TR AR E(GB 15618—1995) H 4@ 1T 2%
PRl BF9E X - SR S Cd(67.81%) (As(7.81%) .Cu
(7.18%) .Zn (4.68%) \Hg(1.87%) % L2 & A bx o
Cd.As.Cu.Zn,Hg B9 CV % & , 43 %] 161.82% .
104.22% .74.38% . 47.81% 1 53.75% ., 5 [E 17y
SO{E FLES, Cd Fl Se (1973 7 it 43 Sl 2o vp [ 4
SR 8.35 5 F12.351% . [HL , 76 KB PEM FIFRBE A&
52 N OGRS X R Cd i TE g
23 TESEEEFRBEST

N T BRI 9 X B A A R 38 b B 4 R 1
BRALSARRIE M T HIEMA AP ESE T EHM
Pearson IR KR . AAHIIESEILE TR Pear-
son fHIE R B L FF 4(A) , F P<0.01 /KFF, Cr.Ni.
Zn.Pb.Cd.As.Hg.Se 5 Cu & W i & IEAH K, Hg. Se
5 Cr.CdZn 2 B FEAMK,Zn 5 Cd \Hg 5 Se £ )
B EIEAR G 7E P<0.05 KT ,Cr 5 Ph Ni 5 As £ I
EMKRKR, TIEPESEICE I Pearson & R %L



XTIk, 5 AR R X 4 R TS Y S5 AR A AT SR 1335
xR EAMERNEHPEEETERE(ng-kg)
Table 1 Concentrations of heavy metals in rocks and black shales(mg-kg™)
Hb )2 Cr Mn Ni Cu Zn Pb Cd As Hg Se
B 2 N=8 SSON 99.40  608.13 6220 40.20 19540 3830 0.43 24.62 0.32 0.77
e/ ME 32.80 95.76 4.40 5.00 13.60 9.50 0.06 4.40 0.01 0.09
F-HE 67.96  342.02 3555 28.31 100.51 19.45 0.20 9.24 0.10 0.33
brifE2E 2337 209.95 18.26 12.74 53.78 10.07 0.13 7.02 0.11 0.23
7 5 Z R 34 61 51 45 54 52 62 76 106 70
FERFAN=19 SSoNE 90.20  833.31 64.20 57.20 89.10 33.70 1.95 159.00 0.16 2.36
fe/ME 19.00 70.07 2.50 2.50 8.50 6.00 0.04 0.80 0.01 0.06
T 4576 31637 2073 17.68 36.00 16.46 0.24 20.83 0.04 0.77
FrifE 1736 18227  16.37 14.98 25.06 8.24 0.43 35.93 0.04 0.79
75 S F N 38 58 79 85 70 50 175 172 109 102
fF L N=14 R 592.90 3313.80 437.30  307.40 1683.00 8590  104.48  154.10 0.60 43.49
fe/ME 34.40 22.30 5.40 8.00 8.30 12.10 0.06 2.30 0.02 0.11
SEHEME S 20250 35749 9227 10124 27779 33.54 12.06 36.66 0.17 17.10
FRfEZ 16837 86145 11438 9340  462.63 2043 28.46 40.40 0.20 13.96
75 S F N 83 241 124 92 167 61 236 110 116 82
A TCE P E(WAS)H 90.00  850.00  68.00 45.00 95.00 31.00 0.30 13.00 0.18 0.60
RS E (UCC)! 92.00  542.00  47.00 28.00 67.00 17.00 0.09 4.80 0.05 0.09
EHERE(ER) 2.20 0.66 1.96 3.62 4.15 1.97 133.96 7.64 3.40 190.05
F2 HARRDEARNEATEEEETERE (g kg")
Table 2 Concentrations of heavy metals in black shales of some typical regions in China and the world (mg-kg™)
I8, Cr Mn Ni Cu Zn Ph cd As Hg Se
i Degerhamn™! 232 163 157 297 27.1 5.81 121
[ OhiO shalel02?! 109 356 117 125 240 25 2.7 63 0.13 6.1
2 [E Sunbury shalel?0-22) 100 142 288 128 1400 91 24 196 0.21 16
s ] B8 e e X129 106 71.4 94 172 47.9 3.55 12
Tt S 440 165 366 24.3 1.17 208
PR B 558 93.1 237 282 37.8 2.6 63.7
W A 89.7 195 45 63 58.3 22.1 0.31
W R 24.4 93 28.7 19.1 352 10.1 0.15
WAk 77.8 72 106 101 205 42.2 0.83
T 2™ 394 82.6 59.2 154 92 72.6 1.09

L% 4(B) ,7E P<0.01 ZK~FF ,B& Hg 55 Cr 2 2 2% 1E
AN, Heg L5 Ph A B 5 A0 ¢, Ul B 4 rh — 3
Hg F1 Ph HAT HAb KI5 053 X 3 v B8 AR i) Cd 1 Se
JLE,BR5 Heg 5 Se N2, 78 P<0.01 KT, 5 HiAth
TR 2 I AR B IE A

R T 20 H L SRR B 4R TS YRR E
XS AR AT T EWA T, RIS LR RS
) TR, SE TR ORISR, iR S(A) iR, iE
EOR AR B Y o = AT DRk T 2 84.32% 11 L
AR AR — E s T PCL 5Tk 2 32.72%,
MM Cd . Zn FINi 75 PC1 b A f s A3 55 — F i A

+ PC2 5T Hk £ 30.96% , Cr.Cu . Hg Fl Se 7£ PC2 b A7
AR 4) 5 58 = RS I F PC3 TR 29 20.64% , As il
Pb7E PC3 F A 1550 fEEI 2(A) AT LUE
TE PC1 A PC2 H A 5w A3 o I OC R r FeA— 3,
UL e AT E A R G, [ B Pearson A 3¢ 40 #rt 0] LA
X LT R AL B E A R

- ERE A (3R 5B e SRR 1 = A F 1o IR - fi
BT 29 71.24% 1y 7A8 it Hod 8 — 853 A PC1
BT 2937.09% A 38R A5 8, Cd \Zn \Ni Fll Se 7£ PC1 I
900t , Cr il As 78 PC2 A Fe i (04543, PC2 il B¢
2419.64% W& R AR & 55 = F 43 [K 1~ PC3 1 Pb Al
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Table 3 Concentrations of heavy metals in soils derived from black shales(mg-kg™,n=320)

JitH Cr Mn Ni Cu Ph cd As Hg Se pH
SEPNIER 10670 149630 1144 3981  616.60  198.50  13.03 144.08 0.49 2.76 8.52
/MY 17.90  134.30 8.7 11.1 43.60 21.60 0.07 2.09 0.04 0.27 423
FHE 5373 34771 2534 33.31 113.04 3894 0.81 13.29 0.12 0.68
PrifE2 1640  197.28 11.04 24.77 54.04 14.42 1.31 13.85 0.06 0.32

A5 K (100%) 30.53 56.74 43.55 74.38 47.81 37.04 161.82 10422 5375 46.79
WL L ser (e 52.9 24.6 17.6 70.6 23.7 0.07 9.2 0.086  0.0435
o [ e 61 26.9 22.6 74.2 26 0.097 1.2 0.065 0.29

F4 BRANMERELTEB) P ARRITER Pearson HH X R E

Table 4 Pearson correlation coefficients between different elements in the rocks(A) and surface soils(B)

WiH Cr Ni Cu Zn Pb cd As Hg Se

(AAEA Cr 1

Ni 0.289% 1

Cu 0.712%%* 0.4917 1

Zn 0.174 0.931%* 0.514%* 1

Ph 0.350% 0.258 0.556%%* 0.184 1

Cd 0.206 0.858% 0.376%* 0.9195 -0.029 1

As 0.100 0.273* 0.365%* 0.207 0.637%* -0.002 1

Hg 0.525%* 0.131 0.521%%* 0.091 0.205 0.119 0.129 1

Se 0.706%* 0.268 0.539%* 0.142 0.479% 0.180 0.265 0.730%* 1
(B) -4 Cr 1

Ni 0.646% 1

Cu 0.303%* 0.4477% 1

Zn 0.214%* 0.7617* 0.445% 1

Pb -0.104 0.070 0.186%* 0.344% 1

cd 0.161%+* 0.701%* 0.377%* 0.922%* 0.259%* 1

As 0.467%% 0.343% 0.167%% 0.097 -0.006 0.030 1

Hg -0.179% -0.085 0.060 0.089 0.220%% 0.004 -0.058 1

Se 0.378%* 0.521% 0.337%% 0.615%* 0.275%* 0.6097 0.155%* -0.043 1

TE -+ RHITE 0.05 KF- COUMAG SR ) b #5405 5 0 FRIITE 0.01 K7 ORI EG ) T B 505G

Note: * indicates a significant correlation at 0.05 level (two—sided test) ; ** indicates a significant correlation at 0.01 level (two—sided test).

He M350 fie i, M RG240 14.51% MY 88 R AR & [ FE 7
PCA 75 [0) 04 B 2(B) FALERIE T Pearson #H 543
Bro BRI, DB 0 38 A 32 B0 A DG 3 A 48 Rl
F i EmEFE TR S A g B R R

T 43 BT FIE B A OC B 2 i) B 4 A 14
HIRAERES D K E S RIS Roc R T HEE . MR
U F AR XA T Y 1338 R 4k T BE 5 A4 4R AE 1T
EHRESE, AP ESREITR &8 U E K MAAE
B2 TR TN E 4 8 T R AE R - i R Y
LR RE I WG SRR 55 o R TUE T N T iy i
KBS, EBA ST, Zn . Cd \Ni, Cu ZEVT B 72
rh 5 R B3R Ak A AT SRy FORE X BRE 19 B 2 45 3

UESEE-31-321 0 MY X A BE RS A7 Zn/Cd \Ni/Cu 1
FOAE G 22 (1 3) AT LA Y 53X X A9 A AH G R 500
51124 0.698 7 F10.305 6, % = A4 AH OC 32 Bidd B axX 22 5T
R 220 HAG A R D AAR L B b ER AL 224 TR o Zin
Cd . Ni, Cu HA A 7] (4 24 U5 FIAR LA U ER TR 221 1R
FE N A o i s S AT S AT N AL JG 2K AT R
[T ERE 2 AR IR A B A A, BRI AE 3 b i R AL
SEAT YRR T AR A A FIERE T P AR
24 TEREEETENTEALSH

s HIEhESEIOCR SRS HIERE SR
SAE(E4) , iTHTESE TR S EX RS, 4
A BT X B T ) b 2 0 A (I 1), AT DA E
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Table 5 Results of principal components analysis of heavy metals

in rocks and soils

T T (R 5 22 e SR i)

T H
1 2 3

(A)EA FHIEE 2.945 2.786 1.858
T3 %1% 32.722 30.955 20.642
Cr 0.146 0.853 0.097

Ni 0.932 0.144 0.202

Cu 0.409 0.663 0.399

Zn 0.977 0.062 0.139

Pb 0.041 0.305 0.861

Cd 0.959 0.118 -0.125

As 0.089 0.033 0.904

Hg 0.007 0.855 0.002

Se 0.068 0.869 0.233

(B) -5 FHEE 3.338 1.176 1.306
1 %1% 37.092 19.638 14.513
Cr 0.280 0.798 -0.253

Ni 0.773 0.483 -0.118

Cu 0.479 0.360 0.241

Zn 0.939 0.046 0.166

Pb 0.320 -0.108 0.665

cd 0.941 -0.053 0.047

As -0.011 0.847 0.053

Hg -0.094 -0.002 0.833

Se 0.745 0.184 0.035

- A R A A X B TS H 2 Y R
HATR BRI R UESE T X A3 EH 4R R
R F B R ATUE . BATUAZER T XN
B 3 Cd Zn , Cu AT Ni B9 3 3 0L T - HEER 8
bR SRR . e A iU ER Cd ik )
T 13.03 mg- ke, AR MERT 43 £, R ILAE R AT
FORE XARIX I Cu 7 5 5 5 (E, 0 2 5
B F AR T, Wz 5% 8 T A & sh 51
AT 4w A AT E H, Cd .Se . Zn . Cu FIINi ) 57
B XS (]34 5 E R R R A T )2 A A X
H—8E . e AFSE XN As  Hg F1 Pb (953 4
AR AR — , BB o S XIS T IR B T
MR ARG EE X, KE T BATUAANEXILFM TR
SRV, AT e EAT AR, R IR E T -5 Cd .\ Se
Zn Cu FMINi JCZERE T RATUAHZ
25 ESERAYENE

1 e 4 R A A R B T AR TR S
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Figure 2 Spatial distribution plots of heavy metals in rocks and

soils by principal components analysis
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Figure 3 Plots of heavy metal Zn vs Cd and Ni vs Cu in soils and the corresponding black shales
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Figure 4 Spatial distribution maps of heavy metals in soils
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Table 6 Bioavailable concentrations of heavy metals and their percentages in soils
B sSil| WiH As Cd Cr Cu Ni Ph Se Zn
it /mg kg™ S 0.068~0.039  1.75~0.003  0.044~0.003  0.41~0.029 1.31~0.071 0.28~0.003 0.07~0.001 11.44~0.29
SEEIE 0.054 0.22 0.011 0.073 0.3 0.069 0.009 1.91
e l/% Y el 2.55~10.12  37.20~0.33  0.079~0.006  0.44~0.084 4.06~0.22 0.93~0.006 5.16~0.38 4.69~0.197
I 0.53 15.86 0.021 0.17 1.12 0.199 1.34 1.44
NZ R S mou R i WA M ARl i £ ERJROCsE AR, 13 pH 5 CEC 1 Cd \Zn |
BRI AER NS, KT N IIEREGRAEVA  Se MNISEILRTEP<O.01KY- ERBFHIEMK, L

SR I FH 265 A SR o A R 4 i e IR A A DG R B
AR FH R AT B A 02 Cd \Zn \Se FIINi 5 -3 4>

GREX., FEPEEEMITE P Se 5SH
CaO 7£ P<0.01 ff) 7K | 52 1E A 52 5 5 Si0, 7 P<0.05
B K R A E . Cd AN 7E P<0.05 7K F- |5
CaO I MgO A, 5 Si0, R IEAH . LA H
TR ALY e Y AR R B AL AR o, B
Y A B HLAT SR RREE AT S e A 4 %

o

R A LB CEC AT - 38X Cd Al W B RN O 45 BE 7
5RO, WFoE X R A ML S AR AR AL
RICHH A o IR BT R A 2 24133, DT 5%
i - A Jm AR R . N SR RIE T E bt
8 X AWl B R0 K Cd Zn Se A Ni #45k [ T2
A HZ A A XML, CABITRRI, ARG S5 m
T 4 JE 5 Y 1 0 E 4 JE A W T R R T b

o e 1 S A VA B 4 JE O T AR Y DX AR SR VR 1)

Dl pE H 5L

R IEECREVANMEIERRNESESENEXRAY

Table 7 Correlation coefficients of bioavailable concentrations of heavy metals with soil properties and their total concentrations in soils

o I A A
R R
s Cd Cr Cu Ni Pb Se Zn
S 0.168 -0.181 0.288 0.250 -0.219 0.151 0.483%* 0.041
Na,O 0.206 0.065 0.120 0.110 -0.016 -0.216 -0.194 -0.029
MgO -0.203 -0.371%* 0.161 -0.235 -0.413* -0.196 0.069 —0.474%*
ALO -0.277 -0.012 -0.305 -0.062 -0.094 0.113 —-0.115 -0.246
Si0, 0.404* 0.390* 0.181 0.004 0.378* -0.326 -0.386* 0.508%*
K,0 0.082 -0.106 0.102 -0.006 -0.150 0.066 -0.161 -0.190
CaO -0.125 -0.438%* 0.064 0.267 -0.361%* 0.431%* 0.806%** -0.301
Cr -0.502%%* -0.189 -0.240 -0.012 -0.108 0.228 0.258 -0.096
Mn -0.353 -0.046 -0.239 0.063 0.138 0.542%* 0.195 -0.120
Fe,0, -0.666** -0.207 —0.473%%* -0.260 -0.045 0.336 0.019 -0.325
Ni -0.446* -0.205 -0.103 -0.078 -0.138 -0.033 0.011 -0.085
Cu -0.097 -0.241 -0.025 -0.004 -0.128 -0.169 0.395* -0.114
Zn -0.056 0.070 0.148 0.236 0.044 -0.334 -0.169 0.121
Pb -0.092 -0.132 0.012 0.058 -0.134 -0.499%* -0.164 -0.079
Cd 0.101 0.228 0.091 0.378* 0.236 -0.253 -0.116 0.437*
As -0.611%* -0.411%* —0.433%* -0.169 -0.212 0.165 0.129 -0.304
Hg -0.066 0.027 -0.117 -0.242 -0.127 -0.288 -0.079 -0.181
Se -0.096 0.085 0.080 0.5397%* 0.110 0.033 0.175 0.300
Org.C 0.184 -0.078 0.245 0.046 -0.144 0.004 0.308 0.072
pH -0.224 -0.836%* 0.092 -0.097 —-0.642%* 0.177 0.737%+%* -0.585%*
CEC -0.210 -0.676** 0.094 -0.171 —0.508%%* -0.002 0.556%* —0.500%*

2 RUILE 0.05 7K OBUIIAS: 55 ) b 5 25 AH G 5 % FEBAFE 0.01 KF CRUMIAS 36 | g 540 G

Note: * indicales a significant correlation at 0.05 level (two—sided test) ; ** indicates a significant correlation at 0.01 level (two—sided test).
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BB A= 0 T A FH AR AR A o T b — B4R

3 #ig

(DWF7E X EE 2, N 2R G (mfEd])
HJZ B R TUA B & 4E Cr NiLCu . Zn . Pb . Cd .
As Hg Fl Se %5 H 42 JB JU & , L 20 XF [ & B Cd Fl Se
JC R H 5 At X8 0 B 4H 23 0 e 134 45
190 f% .

(2)WF 5T X ph A0 T A X3 % 75 1 O i 1 3 vp
Cd . As.Cu.Zn Fl Hg fFTEAN [ PR BE A B AR IR 52 . MR
rh [ - SRR SR AR VE (GB15618—1995) , 3% 5 Flc
K75 YL B K/NIT R Cd (67.81%)>As(7.81%)>
Cu(7.18%)>Zn(4.68%)>Hg(1.87%) .

(3) £33 Cd . Cu . Se . Ni. Zn 25 [a) 4345 FIH I8 53
B 5 RE A8 U Y DX — 3, IRt JH ok R R
60 5 KA (B 3R As  Hg I Ph 7E BIF 5T X 70 A5 5
R — AT ReAEAE A FLAOR IR

(D)W IX -8 T 4 Ja AR A v A= P vl #U
R AR, T Cdon R A ] R R
AR FLA TR e, HL 3 R F o 158 pH Rl CEC.,
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