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Science and Technology, Nanjing 210044, China)

Abstract: [ Objective ] The combustion of fossil fuels such as coal emits a large amount of particulate matter and heavy metals
into the atmosphere, which are then significant sources of input into the agricultural environment by dry and wet deposition.
These pollutants will directly influence crop growth and heavy metal accumulation, and indirectly threaten human health through
the food chain. Atmospheric particulate matter rich in heavy metals can enter the plant through two pathways: deposition into the

soil followed by root absorption or direct foliar uptake of dry deposition on the crop leaf surface. However, the respective
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proportions and specific mechanisms of these pathways remain elusive. [ Method ] An open-side (covered with fine particulate
matter filter membranes)transparent chamber was designed for vegetable pot experiments, simulating the actual dry deposition
flux of atmospheric particulate matter in diverse coal-burning regions. This quantitative study systematically compared the effects
of fly ash from two representative coal-fired power plants in southern and northern China on lettuce (Lactuca sativa L.) growth
and the leaf accumulation of typical heavy metals through deposition into soil and leaf surface, respectively. [ Result ] The results
indicated that atmospheric deposition is a significant source of Cd, Pb, Cr, and As in crops. The heavy metal contents in lettuce
leaves increased with the fly ash deposition. The proportion of deposited Cd accumulated by the edible above-ground parts of
lettuce through the foliar uptake is 40.9%—84.2% and the proportion of Pb can be 62.3%—-85.6%. This indicates that direct foliar
uptake is the main pathway for lettuce leaf accumulation of Cd and Pb in atmospheric particulate matter, especially for metals
with high content (Pb) or bioavailability (Cd) in particulates, and if the amount of particle deposition does not exceed the foliar
uptake capacity. However, when the atmospheric deposition flux is high or the bioavailability is low, heavy metals such as As in
particulate matter are mainly accumulated by leaves through the traditional pathway of soil-root migration, absorption, and
transport. Because of the higher contents of most heavy metals and stronger bioavailability in the soil-lettuce system, the southern
fly ash induced higher accumulation of heavy metals by the leaf, and stronger toxic effects translated to lower photosynthetic
activity and less biomass. [ Conclusion ] Consequently, comprehensive pollution control measures such as source prevention and
reduction of heavy metal deposition input from the emissions of atmospheric particulate matter like coal combustion, as well as
suppression of leaf dust retention, are of great environmental and health significance for ensuring crop growth and the quality and
safety of leafy vegetables in coal burning areas.

Key words: Atmospheric particulate pollution; Fly ash; Heavy metals; Plant foliar uptake; Quality and safety of agricultural

products
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Table 1 Total contents of heavy metals in tested plant fly ash and
soil samples

FE T cd/ Pb/ Cr/ As/

Sample type (mgkg') (mgkg') (mgkg') (mgkg')

BTEHEKY  0.65 99.3 422 33.8
eI BIR®  0.61 125 28.6 243
ST A 0.1 13.2 34.8 3.95

(DSouthern fly ash, @Northern fly ash, 3Soil used.

®2 iR MERTEERENANSEERELEYE
2%

Table 2 Bioavailable contents and bioavailability of heavy metals
in tested plant fly ash

FE AR
cd/ Pb/ Cr/ As/
Sample
(mgkg') (mgkg') (mgkg') (mgkg')
type
Mk 0.068 0.19 1.77 0.21
HIK®  (105%)  (0.19%)  (420%)  (0.61%)
Lok 0.043 0.032 0.78 0.73
HIK®  (6.99%)  (0.03%)  (2.73%)  (3.00%)

TE: 5 NEE AW Aa R, RIS LIS 5 e Jm A
EBEE /. Note: The data in brackets are bioavailability,
which is the mass percentage of weak acid extraction fraction in the
total content of heavy metal. (DSouthern fly ash, @Northern fly
ash.
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Fig. 1 Scanning electron microscope morphology characterization of tested fly ash ( a. southern fly ash, b. northern fly ash )
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Fig. 2 Experimental design of open-side transparent chamber simulating atmospheric dry deposition-vegetable potting system
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Fig.3 Cd(a), Pb(b), Cr(c), As(d)accumulated in lettuce leaf by soil-foliar exposure and foliar exposure to fly ash samples from the south

and north under different deposition fluxes, respectively

http://pedologica.issas.ac.cn



796 + b1

62 4

=

IBETTRE T py i #e, JoHGEIE By R Ak B 5
VIR, BT R Ry AT S iR b R
WETE (Rl sk ) (B 3b), FZEESN
e By I P R I A A R B IS
(1, %£2) A Cr BT & (E 3c),
JEHSE R E PR R I Cr B R, (EAR TR
R IO A P A R, X ] AR AR SR
FELRE J32 R 3 B I eI, L i DR 7 i 1Y)
DR, IS BURUTRE & T i 5 %) 8 4 @ 1) Wi i
/BP0 TR MR Cr & R R R
TFACIT MBI (1, F 2), MRV
EEM CriEZ, MK As Fabidt)y
MK R (R 1, £ 2), HEikks st
A As R ETHE (K 3d), BRaEPId Lk H, K
HIRAR X RS PLRE A £ R Xl sE . KAk, 4k
S LI SRS B SR As B i A AR A, I s DTk
Rl ik 83.7%.
2.1.2 ARG IGE AR R SRR 4R R
TR AL BEZE S (8] 3a) Won, SXFHEAR
o, 7RAK. . mUIRERE T, A nt i 2L [F 2 2R
M Cd FmEa i B EINT 41.5%., 49.4%. 64.6%,
AR EE ) Cd F i T 33.4%.41.4%.58.5%;
2Pt (K 4) R, REBRYH Cd iR
ABEARRG G, K. . SRR R i
BLREWCHE A R A IR 77.0% . 75.4%
84.2%, MIZAH R MUY & HEWIALR 23.0% . 24.6% .
15.8% XTI By K, IRDTRE =2 m iy, BAE
o EULRE AT, R R Cd FE
WA B E N T 22.1% ., 36.7%, AN i 5 5% 43 )
BT 14.9%. 8.6% (I8 3a); ik, o, HUIKEET
A o I T B OS5 EE A R 58.1% . 48.9% .
40.9%, TZAH R & R 41.9%. 51.1%.
59.1% (& 4 ). BT R MR SRR IS Cd & it
A R (3% 2), LRI RIS & LS T
eI s M K Cd ARG, et
T R WAL D o Lz v T AR R, AT ILARAE R RS
WORL TR Cd A TSR e 1 3R AT £ R A
MEBES RN EERE, NHRERIR Y hE
&R YA RERSR TGO T, EX T RO A X
B H R AT 5 ), o T R A P 25 A B
28+ AR R B W R AR R s R
REEL,

XFF Pb (K 3b), FE. dbI7r kMK e Uik 2 b
BT g i AL [A] BR EE A Pb B e AR HE 43 i)
WEERNT 225%. 116%, U iZ 1 Pb & &5
FPFEINT 149%. 68.0%. KR Pb Uik
ATH-ARRG )G, 7E0K. . SURR T, Ml
K P 38 2 T W A R e
62.3%. 79.8%. 69.5%, IMiZH R MWW & LIl A
37.7%. 20.2%. 30.5%; dt KK P 2801 i
W5 He AR 70.8% ., 85.6% . 72.1%, HEARWIL
B N 29.2% ., 14.4% ., 27.9% (1K 4 ), ] L%
X R AT AR A5 i Pb BRI B 2R IR,
T IR AT R 2 A SE B R RS ORL ) P 1 %2
ARSI H Pb 28 MY H AR T Cd T
PIAEBF ST R B RS DU 2K 8538 R Pb Y 21
DAL N

X Cr, e, SUikE R4S, M. Lk
SRR 4 AR R B A Cr iy A R
(51.9%~119% ), {HAT M- [f] % % i) 32 B2 w7 fy 4
KR Cr 25 E 3N T 59.4%. 78.0%, i H
B Cr & i AR A I IR A PR M A f 25 1] 3¢ ),
RARY T Cr PTREIEA TR R G R, A
o mUlRERT, AU R EK Cr 2 W o T
YN 66.7% . 56.7%. 43.0%, HEERMLH & A
33.3%. 43.3%. 57.0%; F§ KT Cr S0t
R 2R WAL 1) 7 L 5 T AR o 11 O 2R LR 5 6 D Ry J0E
Fl (B 4). FRULFRIT, it 2 R SR ot
B Cr B A SRR R E Bk AR, (BT RV
0 R A 1 A AT RO AR AR A Sl =, At
TR IR SR PTHR IS Cr SRR (3£ 2), Wi
WA 178 25t AT ORI AT FR , 48 H 3 AR i 1
MR A N EE R

T As (K 3d, Bl 4), fEETIEREABT,
AT K g et i R B R i As i
5555 FAH Lo ) R E I T 238% . 93.8%, (U BT
2N EE R K As BEHINT
86.5%, 1M H B As & it BIK A A6 7 w4 B % it
As TREMAEE (E 3d). KPR T As
Uik LA R RS )G, A8 T SRR,
OB IR R As 2 T WG IR L 4 B R
66.5% . 80.4% . 38.2%, H R MW HY & 4350 A
33.5%. 19.6%. 61.8%; Jb¥HEK T As 2 nt 1
WY o5 H A . FR e AT O, SRR Y As K

http://pedologica.issas.ac.cn



3 34 X

JIRAE = HE SRR BRIEHE R OBy 170 o B <5 Jas ) T R

797

SUBURLYTRE X AR i As FRER S I AR 4 R
B A e O T e B N AL T R BLAIE As

[ ] ™R Foliar uptake

100

THAEHT (1, £2), EFH As BURE
TR IR T AR R,
[ ] AWK Root absorption

D ®
(=] (=]

ey
(=]

atmospheric heavy metals/%

MR IRRRTE S BRI

The average percentages of pathways accumulated in leaf from

[\
(=]

(=]

S-M|S-H |N-L |[N-M| N-H S-M|S-H

N-L |N-:

N-H S-M | S-H |N-L IN-M| N-H S-M|S-H|N-L N-H

Cd Pb

Cr As

AL JKALFE Fly ash treatment

Bl 4 RAUBORY G R LR A L3RS R eI o 2 T i . ARG AR AR R P-4 5 L

Fig. 4 The average percentages of foliar uptake and root absorption of heavy metals accumulated in lettuce leaves from atmospheric particulate

deposition, respectively

DL g SRR, At B4 JE Cd. P, Cr,
As T 38 Fifi A HIOR A 0 A 1G5 T T L R
T RAVIFET, RERY RAEFES BN FE
GO . AP B — 2R, BRT&
GUNFN B RATRL Y SRS E A L3, RIF TR 2
PR, PR RSO 2 186, ik
Wt Bt i REUK R E AR EE RS, LHENT
T RAWR Y b & (Pb) lH EYAMER S
(Cd) BIIEE, LUK 0T R i o 4 ok i e i i
At DA A 05T & B3 T B4 o <t
FEpUR Y R R R4 RS 20, e RE A 2 N
MRS IE . A TZE RS 3 BT ORIVl
EaEMIE, s (Co). Cu., #i (Mn) AJ EH4Z%
), Bichert 0% BU/NRST R Cu 4K ik
B AN, MR AR JCIL ZEE R fL. Mk
T 3 a5 AR FL AT L G S K O SR 4 v )
PI T G ) AN D & N W 7 A 7/ Rl g )
YR SR R AR S EEE A R R A
Wi B 4 1) S 4 R R N AR AR w5 AR

2 440 2 T 1) 22 W B VRO TR (F R L 25 5, BB
HEAARE b b 5 Bt e 8 R URL )
T 4 BT R AR, BRI S, RO R
I E A R AE LA RGP AR Y R R R T
TR IR
2.2 RERAE BRI K ST 4 A KR iME

R

FER IR B i DR AL B R, b 398+ 1T 2 8
ASC - TE 2 8 7 e 2 R UM AR SO G R . R
LGB EREM (F 5a, & Sb), AFRENES
JE AT FECRIEY IR, EESESFAILL
M, ST S AR A 2R I VR R i
R b B R 1 T R TR AR, 7 i TR AL 2
Ja R ERAL (A Sc). BRI LIRS UURE Bk
A AT E N IPNE P & IV€ Pl s g d S 20
FrER R P B X A BB (4 T 4R e
THER /1N 22 403 T 40 28 ) R S AR 0 17 52 i o' 5 3t
B BT R R E N E SRS T Y
B A TR AN, S ALBER AUk A 3% 2 7T

http://pedologica.issas.ac.cn



798 + b1

62 4

=

A2 RBOCE TE R — D F LR, Fl s
R 5 5 T R DL DX 4 /0N 1 S v 3 1T oK a4l
K AR e AL E AR, AR e it
il RS ASURE ) TR 2 )3 RIS (1 5d), R
SRR MR, XATRE R T HES EAYH
07 + 3Rt A ER Soil+foliar exposure a)
[ " & #% Foliar exposure

gta a a a
Tl122e W[

6l ‘} ¢ I b b

& tTooh

ML

AL

Stomatal conductivity/(mol-m=s™")

Net photosynthetic rate/(mol'-m™s™")
) IS
z a—i (=2
T }

0
CK S-L S-M S-H CK N-L N-M
YA ER Fly ash treatment

201 A 5+ 25 Soil+foliar exposure c)

CO i %47 Foliar exposure

a a

a a a = ab a a a
D I == Eab
be -y
1.0H ¢

h o
o

0.5

4% 2 7 4F Chlorophyll content/(mg-g™')

0.0

CK S-L S-M S-H CK N-L N-M N-H
AL FE Fly ash treatment

AvEE s (£ 2), LEM A EGE S LSO
PEREMR (1 5), ASA Kol i v A2 I F 4 s it T
RAFEQIPY, WL, B R E AR Sk A
SR N B AN ) AU A A B R 7 AR T 2 RO EEME 0
PERT.

0.2 3 -+ oM 588 Soil+foliar exposure b)
1 M %8 Foliar exposure

HH e

a a
a
+rh _i__; 2rh 2
a 1

JULA ]

CK S-L S-M S-H CK N-L N-M N-H
AL ER Fly ash treatment

(=]
—
o
&
i

100 [ =3 et 5% Soil+foliar exposure d)
CO [ %58 Foliar exposure
o0 80
2
=
=}
S 60f
=
g 2 ab &% abab Pab
o b b
18 40 bery bope e b
= ¢
§
& 20
0

CK S-L S-M S-H CK N-L N-M N-H
BB AL FR Fly ash treatment

K5 ARz b e i ] 2 S AU T 2R 8 TR R TR R L AE B K B A BRI 1 (a0 R, b AL,
c. MEgRRER, d BYFTH)

Fig. 5 Physiological responses of lettuce leaf by soil-foliar exposure and foliar exposure to fly ash samples from the south and north under
different deposition fluxes, respectively ( a. net photosynthetic rate; b. stomatal conductivity; c. chlorophyll content; d. fresh biomass )
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