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Several factors, such as irrigation water, atmospheric deposition, and fertilizers,
result in the accumulation of heavy metals in paddy soils. Although extensive studies on
this issue have been carried out worldwide, little to none study systematically analyzes
heavy metal fate in paddy soils in Taiwan. This project selected two remediated paddy
fields (Field-1 and Field-2) in Taoyuan and analyzed the distribution and fate of copper
in paddy fields. The main scope is determining the concentrations of copper in key
bioenvironmental factors (e.g., water, soil, plant and air deposit) of paddy field, followed
by establishing of mass balance models and estimating the year of Cu excessing relevant
regulations. This project also organized two Ad-Hoc committee meetings to propose the

strategies and action plans from the aspects of institution, regulation, technology and

finance for establishing remediation plan.

We sampled key bioenvironmental interfaces, including irrigation water
(containing the suspended solids), soils, plants, fertilizers, and atmospheric deposition,
and identified the field conditions. During the period of study from Februrary to July
2020, the overall Cu inputs in Field-1 and Field-2 were 143.0 mg/m? and 364.4 mg/m?
where the irrigation contributed (96.2% and 98.8%, respectively) the most,
corresponding to a Cu accumulation rate of 0.67-1.68 mg/kg/yr. On the other hand,
harvesting eliminated the input up to 8.2% and 4.9% in Field-1 and Field-2. Interestingly,
the soil Cu concentration adjacent to the irrigation ditch of Field-1 and Field-2 reached
193-222 mg/kg and 171-282 mg/kg, respectively, which were much higher than those
samples more distant from the irrigation ditch (47-103 mg/kg and 46-79 mg/kg).
According to the model prediction, the soil Cu concentration might exceed the regulated

concentration for dietary crop farms by the year of 2043.

The results indicated that the effect of Cu accumulation in soil was quite significant.
While managing a paddy field, plan formation and risk assessment should be performed
based on the detailed analyses of heavy metals’ inputs and outputs. Our results
emphasized the importance of inter-organizational and transdisciplinary cooperation.
The information of sediments in river channels and irrigation ditches should be
integrated to establish a prewarning threshold, criteria and regulations. The outflow and
the irrigation should be separated and monitored to avoid the pollutions from upstream.
Parallel promotion of pollution elimination in upstream and downstream is of high

importance. The Factory Management Act and the Spatial Planning Act should be of
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more attention to lower the potential risk of soil pollution. A complete model to predict
the fate of Cu needs further investigation in the soil properties (e.g. soil organic matter
and amorphous iron/aluminium) and the heterogeneous accumulation of Cu in soils.
Also, flowmeters were essential to accurately quantify the inflow and outflow of
irrigation water and heavy metals. In practice, we recommended to evaluate the
feasibility of implementing the water-saving management strategies (e.g., rice ratooning,
alternative wetting and drying management). When initiating remediation of ditch
sediments or soils, the priorities should be placed for the green technologies which
incorporate the concepts of a circular economy and green sustainability. Financially,
relevant organizations should provide compensation for those who lie fallow or apply

sustainable strategies to ameliorate the heavy metal accumulation.
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" 400 2000 | 2000
ey 60 250 | 20(5)* 20(5)* | 200
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e 0.11 0.48 11 270 1 72 200 1100
o g 20 3 250 150 0.8 100 200 500
(N 50 5 500 200 5 200 1000 600
i W 76 13 180 190 36 100 530 720
= H 43 1.8 N/A N/A 26 230 N/A N/A
150- 200-
"B | 20-40 | 0.3-0.6 50-200 | 0.3-1.0 | 40-60 80
300 300
S 17 3 290 >10* 200 N/A 160 N/A
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20 3 50 100 1 60 300 200
ES
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1 1 100 200 2 100 200 150
fo df

a ;Jp;_f’p\;l &—3— A= e |‘E‘;,’77%Pq7 ?ﬁ," fﬂ_g-lk" o

AL %k : (Canadian Ministry of
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Agency, 2014; 7 rcfatk B % %, 2011)
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BT (£ 2 ) B BB L E AR A2 A B M E I A
4 AFEdrida€ £ 8542 b ' (Raskin & Ensley, 2000) o

22~ FRIERSFL LR L
&R A & & & & 33 X &

b (As) | (Cd) | (Cr) | (Cu) | (Pb) | (Hg) | (Ni) | (Zn)
RS 1 -3
75 85 | 3000 | 4300 | 840 57 420 | 7500
(mg/kg)
E: R PEAPNE
2.0 1.9 150 75 15 0.85 21 140
(kg/ha)

41 39 3000 | 1500 | 300 17 420 | 2800

F 4L % sk © USEPA (1993)

3.1.1.1 p A KiR

PARBA GBSV LI ERFL AP DL R RS
REAE ARG R AERIEY DL LB AKRY 0 AR R
R BT BlY b g~ TR ELE T L ERY T sy o F ol
Koo ZAMEER M g FRI P DE £HE (Cr) fodh (Ni) kA #S




= F ~v§w

(Oze, Fendorf, Bird, & Coleman, 2004) - @ & Btz £ ¢ (4o @ | # ~ ik #H
EERAE) R A EHE £ (As)~ 4 (Cd)~ 4 (Cu) 4 (Pb) rét
(Zn) o

PR RPN E AR ETAR A (As) BB AR ER V{8 T
Ak (As) 2 B2EH900mgkg 2 23 @ AR AR ER V(S T
* (As) 7 £ 5 200 mg/kg 2. 3 3 (Z. Heetal., 2015; O'Neill, 1995) - 14
G (Cu) 5 0> et v B (bl 2 FE) b L end 3 & & Bdr (Cu)
4 30-160 mgkg » # % 4 F f 2 G 20-200 mgkg 0 @ R H G R E et
£ 40-60 mg/kg e @ 4 (Pb) fphit V& ficik HRh C{Send ;P Hully
10-25 mg/kg v 1440 mg/kg > @ { 4T F{rAgdfds Frerl < R i {5 end P
A% 5 0.1-8 mg/kg fv 3-10 mg/kg > TR frik Eh it P o w 3/'3 z
23 mg/kg > #) # P 5 10 mg/kg (Davies, 1995) » 4+ (Zn) P2 & § £ F £ ~
FEE PR T Eok B e Y 9B 80-120 mg/kg hE &
(Zn) » #7) 4 {rP v E R st g G E 10-30 mg/kg hE £ 4 (Zn) o
MR AT AR Y 9 E 40 mgkg v 100 mg/kg hE & FEE
(Zn) (Kabata-Pendlas, 2011) -

3.1.1.2 % & kA

FRED UK -EMAKRp A FERTEXNELERTLL RAER

2 (Bakshi et al., 2013) » B * 2 igv‘ NE EHFEA T A kp ;féml/%z s B

ot BREBCGR sl BB & g BT R BT F R s 1 E AP

Qﬁﬁﬁio§§i¢Fm4k@zw’aggﬁﬁg@»gﬁ&a@,m

B end s F RS S 5 LR B it

mﬁ“*,%ﬁ*gqp& ﬂ:&%,d%;@mgua@g%@

LG E e s P 0 i R TR e

%&?*iﬁ /Jifbmﬁ4’ﬂwﬁiﬂ$&1iW%%?Wm*%

EB2ZTOGEERBREIRE KL E R & R F] (Cachada, Pereira,
Da Silva, & Duarte, 2012) °

RHAMEERB KRBT B9 2 RERHBE SRR R P8 Bk
R EEIEE ERE (Pb) frgt (Cr) B4 21F]a Fralkitih s
%%(Hﬂfﬁzﬂk)@ﬁ’ﬁﬁﬁ%ﬁi“éﬁ@%}ﬁ&%:kﬁ’ﬁﬁ
B * T /\JJ/,] 41:3?"{?%”**&? TR EREE REOIEL 2 KL (Pb)
Jk B H Wi 4 (Lopez, Peralta-Videa, Parsons, Benitez, & Gardea-Torresdey,
2007;Noll,2003) ; ¢t ¢k » B R F 35 iv b @ % cidospd « P& 5 {oX 540

7



E J\n\:‘iig'é‘ ’?."’-E_ 1}1‘4{3_.

B kS P e i};’;v‘ e & B (Zn) odp (Cd) kB H 4 > 12
Fexiit s AdEind AEtie B A F EY 56380 FHLTLE &4 (CD)
A g4 37 (Jadia & Fulekar, 2009) -

3
MEEAF AR BEI RS 2 ¢ T A Y e (As) kR H 4

PR A B “ffﬁ?wfr&ﬁﬁﬂlfﬁiﬁ EREN o - BT VIE: e g]
LEEM (As) P54 5 ipE{ok B ek FHiad - » ]}B’ﬁuuw T P
gLk R e m,,bﬁn,%ﬂ:* A $/§,,/Edv (As) m,};‘)‘;;&\aét » TERIZR Y T PFavR
@#%%E%H*imiﬁ%ﬁ%°mpn%ﬁmﬁkﬂ’ﬁ*waﬂﬂ
(CsHaoPb )7 it W s gl o feile i b et s 8 % § % A7 & & B4s(Pb)
4 (Zn) frdg (Cd) A4 i & kih2 - > Tt EP L2 HAFEFT L
(Ning, 2002; Pierzynski, Vance, & Sims, 2005) °

Pk A ERPEERR Y ﬁ%fr%ﬁﬁ@]ﬁﬂd& AK€ T AERA A (As)-
#F (Cu) frse (Cr)> ¥A4R* Ripfl%ptd hF i nfri H2 L 2L 5F
¥ €FlEEs* a A 27 (Fanetal,2012; Wuana & Okieimen, 2011) >
P B s ¢ WAL Y B E £ B4 (Cd)~ 45 (Pb) ok (He);
B s kA R B AR R S FRoK G E éﬁ’i&é’h(Pb)‘ﬁ(Ni)‘
g (Cd)~ £ (Cr)> 4 (Cu) frék (Zn) i&» 232 77> T 237 £
&% 7 ﬁ.% (Marques, Nogueira, Fonseca, & Marques, 2007; Nogueira, deMelo,
Fonseca, Marques, & He, 2010) °

LERE 2R B A S BRI BEE A R B Tk 2 B hy
o EEB IR kY ¥ BB it~ F PR B
Aah A ESFHE LRI S B RS EER G Y 3 ek (B
FTRPAFENREEEAEHFE > P ERFFSHIELE EH5 L PP

Fﬁﬁfﬁm&fiiﬁﬁaivi A RF TR OE BT LD e 'F? 2t en
R UIHIERAIESLREBRFLIE A ELAREE >
(Relcosky, 2018) °

e‘%-‘



LR 2020122 30p F = 01:22

312 g
BE3 AEFsnmn e ML R A e - o Ra R EABA R L
B & G R & TRE VAL R R B A et HE &S

S ¥ BB REs K (Bowesetal,2014; Oenemaetal., 2011) ; gt #F » 444+ 2 48
I X AR E S E £ 5 4738 A& (Nicholson, Smith, Alloway, Carlton-Smith,
& Chambers, 2003; Shi et al., 2018) » M B jF &M ¢ WL AL & hy Fehi & %
g ﬁieﬁ‘$#ﬂ,{'n’?ﬁ”‘" A E,E]gy.y;;,\»__o@ B=7w2R~Z2FK 7L~
FREHARAITRZELEBPERLLRTo 8¢ 4 (Cd)~ 4 (Pb)~4F (Cu) fr
& (In) TLEREBRBPHE > ERF > TEAFHLREFIEIRLEETSL -

1000

100 4

(A7, wi/B) - i > o0 -0 6 54

0.1 i

F#L % iR : Shietal. (2018)
E R ERALEEI R ETOE SR P E

FRHRELER AR ORR B E L REHEEZ ¥ 5 H (Inventory ) ¢
SFEENF RSB R LR R R R ER BN T 624%
(% 137 §F> 22 ) 2 RE* e AL EHFFFHPPME S8 fcd
(Nicholson et al., 2003; T6th, Hermann, Da Silva, & Montanarella, 2016) °

3021 * F R

FHEHNFEAFEANEERFARR AR RPN R A
SRR ERR P HES c R ER A 4 o ,ﬁ%#?%#’zﬁ FiE
x4

BRI LA DR G (doiip ! @i JHEAR TR E ) A
CER WD R A R E S BN AEE EIL L CNEE L 8 ) ¥
TﬁmﬁkﬁLb“?é$%#?m%L um@¢@kgﬁ@@%,
Bl GRS e AR WY A B R i



ERN RS S XS £ 5 =2

hREHEE R T2 X > AN EAE NI EE ERTRATE
ﬁﬁ’éﬁﬁﬁ(h)éi %%f;ﬁﬁﬁﬁ%%ﬁvﬂmﬁﬁ$ﬁé2ﬂ

i fvif—“%‘w? m«wﬁtu‘ %‘—’m’ ; i»%ﬁlﬂéﬁ%&? (Zn) v i {Mf
*ﬁﬁ%%ﬂ*%iﬁ’~fﬁﬁ§%_
B nE &P s

3§ :
\’};KI%\, ]I_{]i—T”\/_";gg:

3.1.22 A-ki5 ik

T AR A REFRE LR RRL IR A EFRE R RTINS
PE &S (Zn) frdr (Cu) 3 2R E &) & (Zn) “TRLRI2 8~ 4
I380ghayr+ RAT i 52 ERRE SR 5L S5 (Cu)

*»F L 1270 ghalyr > ¥ i kiR G 1 E BB R E G MR D E o li@
m;ﬂnk&%ﬁ%ﬁmﬁﬁﬁm%W#ILﬁﬁ’ﬁﬁﬁ%kﬁkﬁm@

AR FPNAARB FoR AT £ B ERF A H 2R
12 (Heterogeneity ) » 7 #> H g 1 B & & ;{FTJ, F# S I - N
Beok? €& 2 a2 *ﬁﬁ’vﬂw FREEIFRRY R EHER
A iil,st’ff,‘?}"

et

IR

3123 #3 £

10

WA HAEY 0 50 A ERRABLDREE ST ¥ E ik
fl_"b%**f?’*iiéi“ X 4R R AR EE R K GRS dochd £ o
5)4edF (Cu) #%ﬁi/’]‘ﬁi oA » X PRI ARLEYE Y - iR
B TR B A AZGAMES Z o & (Zn) ¥ T LA e kipdl
h%%%’mﬁicﬁihﬁ**}ﬁmﬁ+@%#ﬂiﬁw}ﬁﬂ‘ » 4
lY o AR R E AR T K miz{ff\ 5}31 TR T OE 2P

Rl £ BT SE R AR BT R Y I RE
ERFR - mm it s LY »ﬂﬁw’*“ﬂﬁ%ﬁﬂmmj

ﬁﬁ%ﬂﬁi¢%%s“*ﬁm¢@:umwmﬂ’%m~£%‘fi%#
BER® £2EE (Zn) fosF (Cu) ERER (Ble ) 557 F B 3
AT L A AT LA BT  c AR RS R ARERS
A NHETP T A BERRE > T PHRET 53%5E £ B (Zn) e
67%:r4 (Cu )it » k Suspt eb 7 3 L P ind & 4 (Ni)~4:(Pb)~
£ (Cd)~ 48 (Cr)~# (As) frk (Hg) » &3+ RE2IRELERF4ER



FapER 2020127 30p = 01:22

FZF Y RET

#2282 - (Nicholson et al., 2003) -

Zn-EE#HE 185817 Cu-BFHFEA64318
o g
if‘if 12% &
° 33%
#
47%
b
55%
Cd-BFELFT 4218
E¥: 4
26%
b
13% 1% 10% 64%

7 & R : Nicholson et al. (2003)
Ble ~ 2 RPZ LAY LAL &5 TR 20005

3.1.2.4 wesfles ¢ %

B A ED R ABRB AR AR T L E 4 BE (Zn) 4 (Cu)
frée (Cd) ehi & Kz - > @ G HR* P 3 = A2 - 5% %30 R
d ol A 0 E £ (Cd) BIRH Y R AR A AT AR
SR S SR & B AR MR B R L (U R RN e

AEEF e RARM S P IR S Z R A el s S gt s B 2 BN
LN RLE A JAJZFﬁﬁm€$@,_ﬁgp;a@m} e
B# (Zn) frdy (Cu) 2 ] > Fomwl G 22ghalyrfe 1.6 ghalyr 4 &€ &
B# (Zn) fodr (Cu) 245~ 5 5 53 g/alyr {= 12 g/ha/yr -
3.125 p ¥ gEr

Pavgr s SRR 2 AR F e b 25 £ 2% (Hg) fom
(As) B BEHBANR > 74 S Eipag il bR 2R b
REY LS (In) ¥30 ) ¢l 45 KAR I EXL > A L 4
4k (Cu) RIE_F * PRI i N S ﬁgfrﬂﬂ,ﬁfuml&]ﬂf‘?ﬂ v et E E A

EROEECE CE A Y e 2] #ds (Zn) fr 8 @4y (Cu) o &
& &3 % % 5500 #dF (Cu)» 2 W& &35 @ % % 3500 #idF (Cu)>
AP RN ERALEDRY P oA E4 (Cu) B4 (Zn) B ¥%

11



3.1.2.6 igx* K

AR RPN FERE > AR A AT B
BEREY (G4 B4 EFAAE) P4 §F % BT Pod £ FUEEL
BAFEEm Bod ¥ach BiEEY Renig * Bt - AE R T557 8,200
B2 R ENELY R Y 122400 2E et B oo @ kIR GEY R
R T Lk ?E‘J%W ’Kﬁﬂé ERERAEY & (Zn)~ & (Cu)~ 4
(Ni) fr4: (Pb) mﬂi; u| % 39 g/halyr ~ 16 g/ha/yr ~ 1.6 g/ha/yr §r 0.8
g/halyr » % FLiE % me«ﬁ FARBEr KR M 27 MBS L
B RRF R BEARRARK RIS ESRLEIELEET
R A

Rpwd d (e ) & (Zn) fodf (Cu) & &30 R 5% & S0 » 7 4
4 40%k P H K Fko38-48% K p % F 5 A 8-16% % p i3 ki3 5 A 4(Cd)
973 53%%1/\ Kp*FEAE3 0%%1/\ deprrsesplid % (4B FEppL @ ow L)
o o 198~ % f £ KRS 34 7 4k (ND -~ & (Pb) fom? (As) 39
S55-TT%FHF~ K p =~ FxA> 75 596 27%i§#’i§q§ﬁf<,%9 ¢4 (Cr) e
AR KBERT S FRF A e FEAE A& (Hg) ﬁé?])‘ ¥ 4718 85% Kk p =
FEA e A FERALEIRY EARNER KR - o BARRCTA KT
”ff*i%?;ﬁfibneﬁ‘méﬁ%ﬁ/;’r&”’ﬁ% mEAREIEY AR TSP

e cBRREFIRYFE LD LREL & RIRB e
¥ i~ : (g/halyr)

Rk Zn Cu Ni Pb Cd Cr As Hg
X F 7% R 221 57 16 54 1.9 7.5 3.1 1.0
ERE AN 39 16 1.6 0.8 0.1 0.1 1.2 N/A
R 1380 | 1270 102 45 12.5 150 N/A 0.5
= 2277 602 81 94 4.0 75 29.5 0.4
g 2321 1679 50 29 1.4 24 7.5 0.1
iy 1142 175 20 18 2.6 11 1.9 0.1
¥ 2.2 1.6 0.2 0.7 0.1 0.5 0.1 <0.1
4 s 0.5 0.4 0.1 0.2 0.0 0.1 0.0 <0.1
A 53 12 25 10 1.4 29 0.0 0.0
F L kR © Nicholson et al. (2003)



FapER 2020127 30p = 01:22

FZF Y RET
3.1.3 &M

R LR AL L RE AR AN AP L ARy 1 H7 4

(Cd)~ 4 (Cu)~ 45 (Pb) frét (Zn) enT 350k & & %] 5 0.11 mg/kg ~ 0.47 mg/kg ~
4.84 mg/kg fr 447 mg/kg > @ fpir W% F 2 #E P 45 (Cd)~ 4 (Cu)~ 4 (Pb)-~
# (Zn)~# (As) fv& (Hg) ehT 33k R & % 5 0.11 mg/kg ~ 3.62 mg/kg ~ 2.30
mg/kg ~ 16.60 mg/kg ~ 0.44 mg/kg f- 0.05 mg/kg (Jo & Koh, 2004) -

pAafen 23 anE £ 548 (Cd)~4F (Cu) fréd (Zn) enT kR A~ 5] 5
446 mg/kg ~ 19.5 mg/kg - 96.4 mg/kg (Herawati, Suzuki, Hayashi, Rivai, & Koyama,
2000)c P p A2 RPEIED G RFL £ B4 (Cd)~ A (As)~ 4 (Cu) frst
(Zn) ERBB A 4Bl 977 832 F ~ 2014 &> pA2RER T £
zgmqw 104 (Cd) i3 SR REE A B 0 X3 64 i HEskTl4E (Cd)
5 40 m B4 (Cu) 27 (As) 6350 A 42 %233 T3 e & ff £ 3 6,609
oM (22 #7201 0

PRGG ARHE 2000 § A A AT E AR AL P BIL T &9 20%
*ﬂﬁﬂiﬁiﬁﬁﬁiﬁm%ﬁﬁﬁ%am@gqﬁ/1%0@% TR
1g¢ £ &4 (Cd)~ X (Hg) # (As)~4F (Cu)~ 4 (Pb)~ 48 (Cr)~ &
(Zn) frég (Ni) enL 357 £ 2 42 *EJ#: Be17.0%~1.6%~2.7%~2.1%~1.5% ~
1N6%W%ﬁ48%ONCYmg&Bm2%D AL R L LR FR
BAci®y @ 4F (Cd) A5 5 Jed » H v 8 ®nd Y » F 4 (Cd) Bk
oAzt T 4p (Cd) Al Y A F 2 B&2 FEARTI B A H - &
k¥R e % 232 2T (Hangetal., 2009) o

EEEM(As) P E2EH(C) L

Cd, ppm

I s0-150 B 100264
[ 3550 - I 0:03-1.00
[ 5035 y _AS [ 0738-0903
[ 2530 o . | 05720738
[ 2025 ' S | 0.407-0572
I 1520 o0 gt "y [ 0.242-0407
B 05 P N :‘ .; : B 01110242
B 50 Jvﬁﬂéb e B 0.0465-0.111
. o A - o I 0.0182-0.0465
¥

TOHOKU TOHOKU

FAL KR 2 15 2010)
BT ~pAE&BEM (As) frés (Cd) » i

13
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/w

) %ﬁé%ﬁ4#?ip*’%§ﬂ%%$smm&¢

_ St A (blde: V4 BT R £ Fiadifed Rt )
AR B ARER G A (Blde VLA ) U A F AL Y R
BELIHELBM (As) 4 (Cr)~ & (Hg)~ 45 (Ni) frgt (Pb) gty
N8 43-85% 0 A B A # &m«%ﬁﬂﬂ#ﬁm&ﬁimﬁﬁ% 355

(Zn)~ & (Hg)~ & (Pb)~# (As) frég (Cd) - H 1p B & k4Bl 7
B RRE SR (Zn) LY R R R Mk R
s B B 5 £ £ 45 (Pb) fo4k (Cu) (Luo, Ma, Zhang, Wei, & Zhu, 2009;
Shi et al.,2018) ;

14

S s
o~
{
'\
5
o %
\".
B3 cd M
_Pb ¥ ™™ R /.7 )"l(_‘/
¥ZZ Cu K‘EX P ¢
[ Zn &
O 17.84mg/m*yr Ve
@—sso.umg/mz/yr
939.56mg/m*/yr 0 500 1,000 km

— | ETES

Fok kiR - Shietal. (2018)

Bl P REge ~fER? EEpE £ 3
Bolki o P AP 42 HEEBDEP R A FHALEREL
S E £ (Cu)~# (As)~ & (Hg)~ 4 (Pb) fog (Cr) $i & o3
kiR (B= )0 =5 AR s ook (Yietal,2018) 3,7
My H ot F AT e £/ & R RRH Tir s LORIAS WA R AR
REFORETFAL P ER A A AR AN AR DR R



bR oo 20208122 30p 2 = 01:22

LR
@FIEY L LRI WP R ERB MG A 2

BB (Cu)SEEAET9.500 g/ha BB (AS)SEETAE437.409 g/ha BEBERH)EFEFTAELL97 g/ha

83.79% ’9099% 51.21%
' . o.ss%[/ 48.20%
12.85% l 36% 3.93% ‘

78.08%
E RREE
r/ = ER
1.11% ‘ c EWSIK
4.15% 242% .01%

ELBH(Pb)EFEEAET70.0.34 g/ha BEEBH(CNEEEAE312.190 g/ha

FHL & R ¢ Yietal. (2018)
B- ~PRP34IE?PELEEFTLRNRFL S 1TR

3.1.3.2 7% #i’f‘?ﬁ g/:%-

P oA I %gf;%ﬂ,g F e sl ag % ~ig\;aw>}:i:* S ENA ¢}§5j}'§n?ﬁ_r&,_’: @;@?J;;ia
2 RAP FAACKL  PRTRfr R EGER ST L F A RE AL
R e o P aeklanid b b R VAR E agekle KA & end
f%#?&i/ﬁl’f P RS ke fye BT arst P F g dEP n
ﬁ$%ﬁ(w}%a@ sptebd WAe S kd e Ak < Behig r e

FREFIELEBAFP ERL ML ke TR R as
e R g (As) & (Cu)~ 45 (Cd) frdk (Zn) kR H 4 o 5
3 EE LEHA 22 R H R & (Luo et al, 2009; Zarcinas, Ishak, McLaughlin,
& Cozens, 2004) - p # L %% 5 Fd 2 I ML E R/ FLE AN - Bk
oG E P Ep 2002 F ¢ £ 73 % £ 4 (Cd)~ & (Hg) fv4-(Pb)
LE%’Eﬁﬁ*ﬁ%ﬂ%ﬁgﬁﬁ(@)ﬁ%(m)i#? Peizat o &

£ M- E 6 5000 #EenE £ 4k (Cu) 4o 1200 #f4: (Zn) e % > Jor &
%%4£°ﬁ*ﬂ@ﬁéﬁ**§€¢%P*ﬁ%m’Wﬂ%ﬁ*é%%ﬁ

23 £ 2 B& (He) 4042 (Cr) ehkih2 - (Yietal,2018) > 4@ = #757

THER Y HEERE RF RO EFfo G g ivhd £ 25
4 (Cu)~ 4k (Cd) fost (Zn) sk AP AR v & & BsE kehg (bld4e:
A NH R A K ) THERF WL EY DE E R TEEEL T g

’
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TSNS EEY LY % Sy

BRI REBETPEEL LG FEPTIRFREE A HEEZ L 2 (Luoctal,
2009; Z. Wu, 2005)

3.1.3.3 jgixslok

LLWAT BAREZBEY BR (bl ¢ W) ¥ § 0 TRB ¥

/E/aﬁ?’ J\mﬁ Ak R '5\ ’ 'ﬂ”‘#’ g 51 % F.;;} J\/E/%% :y:ﬂ”“ i;%’b':’ IF;}'I’ e
REKBET WA E R R By §LREEIRICELEET
3

F Mg Fo i A P TR R AL AP BE F 2005 £ ok g i
525x100%g > B¢ 1 F ok 4 243 x 10106 > 1 E R BT Bk K R
BRI - Lo B3 BR Y BORBTDE RV A R FH e
FATE AR RO TR R 1 L4 EaOREE ER
ERINE FAHY M (As) R RERECR L EHBER LEa
@Jowm’ﬁé&Jp15&5%m,ag%aﬁaaﬂ£$@w£§§%
ﬁ%ﬁ%ﬁﬁwfw#’b‘ SEER A S B H R o HEod
R EF IR [‘]";;,mw BB 4 E Rk 0 & ”5*‘,;"3{#\‘35‘_;‘% K ESE
i@rﬂk?&ﬂ’q* BRI H AR AR SR s P B S
2 é¢%ﬁ4 Lwﬁh%,&ﬁ’ﬁﬁki%ﬁﬁﬁgﬁén%ﬁ%’
Eh g AR g T ek & (Luoetal, 2009; Patel et al., 2005) °

3.1.34 5-ki5 ik

L3 3F 5 RRE L J1* 5-kiF 7k (Mixtures of Wastewater and Sewage
Sludge ) » #-H AL s vz T2 * 3 o 137 » HEREE 2 L& £ A%
oo (TL 3B Eielg * [ Ra > TRFKFAY hE £ EERIEH

B ESEM FEFRE 22 P R SKSE O BEFIE R
ﬁﬁ%fsﬁ@%ﬁmﬂﬁﬁééi OFWWﬁﬁ%%’ﬁLﬁﬁ ¢

YTHbe o FIPRALE 0 AP FE R 2005 £ E AT K 4.6 x 100 HT0iF K3
Ko m P RNERFR AR ERYE Y9G 46><105P*F’ AR E PG

ﬁg%“’i&% 10% 2_i5-ki5 % (Luoetal., 2009) » H g » 2 &%#Bg}%‘\ i
‘5\"1@] #-3 J\ﬁ/ﬁ’f'&%’?i%/ 714*%/54”7@7& g FEat &
%ﬁ%’uﬁﬁ%ﬁ%ﬁ°i¢%%ﬁ’frw$%?ﬁ$ﬁﬁm%%i%’
EEEEBERDDEL  FRAEF R IE A RF I 80 2
T &4 (Cu) 4 (Zn)~4-(Pb)frés (Cd) 2. T3k & A 5] & 32.2mg/kg
209 mg/kg ~ 67.4 mg/kg fv 4.3 mg/kg > v ERE LG E TG R 2R E D
EoHEE 4%&5%&&+%“ﬁkﬁﬂwp&§iﬂ’%T?uﬂ%?
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i i /E/"i‘/\ﬁ B 7
BEittz2 & >

3135 #£3% & K

G Sd LR R

25 4
Te 2

eI R S L

?iﬁ%@ﬁ’ﬁgé@ﬁ%ﬁi@ﬁﬁ,@a

BELzE
Fo P AT R B e
A EERAH B d AR BT AR
G SR 4 £ B P
MESEEBF T L EERF T EEA
L BT T W ]

IS REF LT £
> (Jamali et al., 2007) o

@R
D

%3—:-—‘: N —Q};J‘*ﬁﬂl

ERAH DT AL SR

AP ehd oK BT
% dvg'ﬁjj\‘af dp oo T L g;;-)»r'g &)

Ao Z Ro B epy

Té‘yﬁsn} s e B hesg b E end £

B BEER ARG AT BB FA LR £ R BRR ¢

%xww»ﬁwm@Wmmﬁ,vﬁ*m»»&

%@4%€$ Iﬁ#"’éa\l[v

o~ B e 55% ~ 69%Fr 51% 5 b FHF R A
T2 A nF & T 95 0004meke s A REH S LY @

G\'4j¥€‘$%—54"’%/ f;]m

D H AR X e

KR E & B (Cd)~ 4 (Cu) fo#t (Zn) 2 4

@;ﬁweﬂé$%ﬁ(cw

&%+ (Z.Heetal, 2015; Luo et al., 2009) ;

SRE bt ﬁwﬁi4§€$%ﬁ4"Ql&ﬁﬁW’%%v%To
%*ir‘%i ﬁf%ﬁ—}lbj\//ﬁ
L R o o
u EERFRLRAE EEBLEPY
kM
st RLE NN 5 il L RN T N4
T s R L * | cr, ¢d, Cu, Zn, Ni, Mn fe Pb

e o7 4 %

= )—
ﬁ.%’?w’* R B A

. xf 3 oAk p{f]gfl]

Cu, Zn, Cd, Pb §r As

=
\7\44::'

oK

B E A ERRA G R

Zn, Cu, Ni, Pb, Cd, Cr, As fr Hg

AokmE | RESIE

A K

Zn, Cu, N1, Pb, Cd, Cr, As fr Hg

EREE | TR R R e Zn, Cu, Ni, Pb, Cd, Cr, As §r Hg
ST \ﬁﬁ\‘,{,ﬁ‘ )\':J);"’;:B‘ ’:'/
Cppn | FEC BRI MERT SRR Cd Pb, Cu, Zn, He 4 Cr
ﬁ,}\f.’% T @?I#E—)Igr'r,l -,;Ell'—/’éﬁv

T kR - Srivastava et al. (2017)
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314 £ 4

ARMFIEE & REE L FroakimE 22001 & 11 7 21 p & # 5222008
ESP 1pzr20l&E17 31 pgrz TIRFLEHEE 55 EP L4
BAAL FAIRE (A7) R oY B £ L RT AL L FHIRE #
CEEERAMREEN F2 R E A REARE Y BR L BET Rl
Pz 4 g o @ FREL P LER S AREHBER T P2 T

A CARRGEIREE ERFE RS

sege | M| K| B | @ 28 & o8
A9)* | (Cd) | (Cr)* | (Cw) | Hy) | (ND)* | ®b) | (Zn)

F AR
(mg/kg)
CIRIELD S
CR IR 60 5 250 | 200 5 200 | 500 | 600
(mg/kg)

TR KR ATy wEEF (2011)
e R ViR g

60 20 250 400 20 200 | 2000 | 2000

AP FER RS O AR TRFLZNMDEEFTT L0 3
(2014) *pt £ B2 7 % BT ~ 2 F BTk BEREEERMEFTT
HEET R SN2 B - APM A (p=0.024) 0 & RS E fofe
FE2 M EF (p<0.00l) - f&F 2 fEEP 2B LA FERYF - 2
77}5?5?]”} (p<0.05)> e x Ffrd FELZE2ZHMBPERN 2 F T s HL &

NREHBELRF LI EPRGD He e fibag

TF-F &Iﬁuﬁ—ﬂ,«friﬁuﬁ—%‘ﬁ VIEE: & F.r 2R A,\'#z"w—%)% Ao on
MAZIE G * B RS B2 23 (300mg/kg) § AT EE £ 2 P 200 o % g
FIp (BN ) Flt o PR B A AR eI RN 228854 2 7

E R
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b igpER 02020122 300 = 01:22

| 1]
. TEEETORE
Bl © TWERE(0-150 mghg) (104:8)
© TRIBRE(150~300 mghkg) (304)
@ TIIBRE(300~500 mg/kg) (648)
@ TRBRE(>500 mgkg) (194)

R PR TE DT BT ESTUINE DR RS PR T TR

FARKR: 2R FEFELPRER D LB F4 (2014)
BN~ 3P IEAEERALES

L F AN E S F SRR (R )~ F & RER - &2 LRl
K2 AR B RS ¥ d 4«;\ /g‘/%ﬁ\?\ﬁp}}aﬁlg‘%‘ ’ %fr# e ”fﬁ'f’r@)‘ﬁt’ﬁ =g
BT RIRT R o MY R egE AT T 0 F A PIR2LELIRS L i m B i3
% 'F'?F' P> ZEELF 22084

TALRR T F 4 (2014)

(2) A F P 2szE (ngm’) 2 () feF 240k R
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ke P 1EE 4 b%‘rﬂlgfﬁ_
32 $EFEE R R

P RFIRYDEERAFERF FIE ATy P
SR G o MR E SR AR FELF VOl HEIRE S EEBTEER A
oA L HRBARIE ke A3 R Glde i F ksl P B KR A F ot E
(Houetal.,2014); @ -kw + 325 § 7}@‘&‘ £ %ﬁiﬂ A1 T Blde 4 ’}‘rﬁ;‘] 41 ( Biomass
Exportation ) ~ #:% (Leaching) % # % iZ/¢ (Surface Runoff) % (Salman, Elnazer,
& ElNazer,2017)» 2 ¢ R itz ¥ £ 1 &8 & & @Eﬁa‘] Mgt E g 2 - o A E
ERFAF LM FEERZ TR LR ANE LB EH Y 2 H 7
FuiRE 2 E 4R B LT TP g FIA R8T A BB LA E bl4e:
SEREF T E R Y WP e 2 N4 ﬂiLi—ﬁﬂF’K*}s Y S
T BRI RE IR Ty B E %ﬁfi‘aﬁéﬁ%ﬁ%’\/ﬁ
4 47 H (Inventory ) » ¥ 4% &k /4 fieiz (Method of Source Apportionment )
553—%?] » /}ilfi’ﬁs?l NBERAEE > Tz 7J< 2 o S fﬁﬁi;‘ (Hou et al., 2014;
Nicholson et al. 2003) I Rl S ARG A FEEps
A S AR BT E - F E**ﬁﬁmiéﬁl@aﬁ@f%ﬁfa
BCE o ﬁf,_;ﬁ ¥:% (Inventory) " i & ~ P {ri- PR EIEL L HFT 2L
Z %> ;= (Von Steiger & Obrist, 1993) - 4‘5%?4«»\ 1974 & B 4o T 54k B T4 0
TRBpELFEEZREZ 25 - G EERRE FF (Misseyer & Most, 1993) » &
(835 57 3 A BT RN R o bl 2 W/AL R (Belonetal., 2012)~ 2 B (McGrath,
Chang, Page, & Witter, 1994)% ¢ & (Luo et al., 2009) % ¥ % & {7 » j& B ¥ & s
EhFE o sl E ez m et TERFLEAF L AMFAANR  F AT
2V REF IR AN F TR 2 AA ISR - g R E A
i AR & S - LRl
1245 Steiger fv Obrist B 3 PROTERRA i &257 5 > M3 Tkt L ¥ -
By ¥ e E & B2 T = n (Von Steiger & Obrist, 1993) » 2001 # {
SRR 0 o~ £ 4 B3 S > T PROTERRA-S #54] © 5875 » Shi % £ 3~
- 4
2

\m} (b'
\“

’E%U

G

#i$b BRI R o0 2018 & B v g A o R X
&2 7% (Shietal,,2018) i %% gt s B 2. B ¥4 4 k% ‘..g] &4k

bid- /gq@‘] IN ’ff’%} BT o AR B AH PROTERRA-S #7312 £ & BT frd
/ﬁﬁh])‘ ‘P\’KTV%J»M (RS ) AAE LD 23 ‘E‘Q\f‘"%ﬂ'?'?«‘l"” T2
’f']”,ﬁ«u’i:‘%“’ﬁ‘? FERUUXREERE g a2 2IE0R

ﬁ@iﬁ’i‘%ﬂﬁl/\ii B~z tb v EE{ Fa &xﬂﬁ%?ﬁ%gﬂllﬁ

sk

o m@ “‘"’ :3'53‘ \\\ﬁ:} %Hﬂl m‘f. % ‘4"
[

=
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FZF Y RET

Atmosphere deposition

Land use systems l

Soil matrix

Manure

1 I

1 I

! | Livestock ! Agricultural
1 I

: R— ' activities

S - Crop production —' H Surface runoff
1

1

1

1

1

"""" Leaching

i
i

Pbalance | ¢--ereeeme : Soil solution :> Hydrosphere
i
1

Fertilizer Crop harvest

Pesticides
Sewage sludge
Irrigation

Fok kiR - Shietal. (2018)
@4\aﬁﬁﬁgiﬁﬁyﬁw#ﬁ(ﬁmﬁy$¢ianHHmASWﬂ7
i)

FAFEZ Rt Fldp2 7 v 2 HARREE > P w @ H 2
TAEA R BN EE v;]?c SRR R E A EC 2T L Ao
PE Y OEE o 2 BT R B E4E %%ﬁﬁ~w¢ﬁﬁ£~%@~g¢ﬁﬁﬁa
ﬁ‘éﬁ%iiiﬁé%é§?°ﬁﬁﬁwﬁﬁiﬁ%%&ﬁ#%§ﬁ41P2
FE o rNEEREASITRE $“f’%%#%M WHESS </ St S T I
TR 2 %EE S EREDBEBRE S22 HmA > T BEFRRER > QAR
Eﬁiaﬁi%ﬂ&’ﬁimﬁﬁﬂﬁéoﬁJ%G“@BJFW@M’W?Q%
ﬂfr’ﬁﬂ M BENERERFL RBPENE T REST > blde Hi@Ee g ff2 v

% (Shietal., 2018) o

FhFHZRRERHEERMFRZ RS P AR AT i
BITHFy o e hadF i At SR A E 2 By ¥ BT L
§ T2 gl s BT B »7x1@aaﬂ%,vwr:&%~i
B PR A SRR SRR LT EEE B AL FF o T R
i Fm BB EEH A B FRRITZ BT ,ﬁplk L o0 B

A BEAfriTr e ey n FFEFE

M\+
j*
m
W%%ﬁaw
i

?w*#f%\W1ﬁ£&*k By £ R B P RPN EE D FHRF FRR
SRR R AR R i S }iﬁ“me’“’V'”Q?:/é/%}\‘ff’“%/zﬁ“g
B+ L& i%»’apzmnﬁﬁ% ﬂmmﬁﬁmmﬁa~ﬁﬁlmoﬂ

pod MR AT oz BRI g FlERR Y TR AFTHRE ISR
ERFTEEERRN R AT E L EM
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ke ¢ A HE A RTET GRS
33 2 REL B2 FPERE LFRER
3.3.1 4 iﬁiﬁfﬁ“ﬁ ( Criticle Load )

FEAIEFEL ER2 A T4 (Critical Load) » 1335 € & e g T 37T
mﬁﬁf~k§?¢ﬂ$($7>Eiﬁﬁiﬁ%v%?¢ﬁ§ T H TR kR
Comgkg) FEWIHE L FERZ R (Comgkg) ftt LB
i~ & (1> mg/m¥yr)- . Wﬁigal:".-‘_f (R>mg/m¥yr) % H t 2

1
W RMBA z(m) PR K2 B R TV I BT 4

1945 Feng et al. (2020) # 3 » &l m P HA ¥ 0 < RAe S F ERA FT
( Static Critical Load > # SCL) #-Al4rd i 5&ft 4o i\ ( Dynamic Critical Load -
i 4 DCL) #-3] -

1. &?nl«‘?;?-ﬁkfi\‘ (SCL>mg/m?) B E 4B md B mERan 2238
4T
SCL = pz(C, — Cy)
AEEP L SRR RS R  BRE TRRERT M

2. @BREERAFT (TDCL > mgm?®) 2 35407 !

K(1—K")

PR s A N At S RERE LN E SN 0 BRE ERL
e EBERED - EDKBE K (%) 2040787 £ &8 hf R4S > Fa
EEFFTRC  2EFRL LTS 2 gRFR - AT FHEER
¥4 ii%’i,p_ P E’?ﬁ#ﬁffb—%.&m%ﬂugﬁﬁ”ﬁ;ﬁ%i: o

3. FTH ET&?‘F?‘ (NDCL > mg/m?) 2.3+ 5% g £ %5 ﬁ‘km\jﬁfiﬁ,ﬁ%}»;;i

TDCL, = pz(C, — CoK?)

2o Ao F (flux) I8 > 28 d HE CaBXRE 2 2 maf > 23
B e
ac, U oL
P2%¢ = ot ot

H ¥ 9gU/ ot (mg/m?/yr) % OL/0t (mg/m?/yr) A | 5 {54~ #B % i3 (7% i3
R2ZEEBRAF oD NEPRIEL EBER T M FRRE T 2h

m%’ﬁaﬂﬁi%iﬁﬁkﬁaﬁﬁw,ﬁﬁﬁ#&A@@+2=quo

@ 1 (mg/m?/yr) % R (mg/m?yr) i #3Rig =2 %%iﬁ*’ﬁi%m&&
b7 (Independant) - m {838 RSV B LRz kR 5 ¢
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(I-R)(1—e™)
* pzA

FOETITRARACH 175 Lo P RE 2 B Tl A @
2 # i w4 (NDCL):

Ct = Coe_At
m
pzA(C, — Coe ™)

NDCL, = —— " +R

33.2 &HET

}g?mﬁ%‘] » ‘f‘“ﬁ%} I =Y

A U (Toxcess ) » 2 ¥ UL 2 E > L &
& |de s AP B i

TE R SRR E BT S RO 2 K I ’QP??IJ’#E_#"

EXEE

L BEREFR(SCLWABRE L B2 im4 o kR AN > 70 2 ks
(@) W 0L E g e

i \4»
u.}.t

SCL — pz(C, — Cy)
Texcess=I_R= I—R

2. BRRR (TDCL) Bt 31 6 5 3 i)™ o Fiddefhie T
nmxmw T34 T RN E & (TDCL, = 0) > Fp

1-K
K(l — KTexcess)
187 (7 pz(C) — CoKTexcess) = 0 FP Ag - P17 3+ F 4o

TDCLt =0= pz(Cl — COKTexcess)

G
Texcess = l0gxk C_O
3. FEETRA A (NDCL) W3 &l 4 527 Renlfa,™ > Faddgihe L
RadBEERERERAFPRR (G=C) FPTEPHNELER
F g

(I — R)(]_ — e_ATexcess)
pzA

Cl = Coe_ATexcess +

7 _ 11 pzAC, — I + R
excess — _ 4 anACO—I+R
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#rokn d 2 HEEBTET R
34 L2 BBRARFHIFTY

TARBIEY v B g ENE L LR LBA B LS blde /4
i i LR mﬁi%#\mﬁﬁ‘**#mﬁw‘r%?*vm*&m
%48 % (Yu, Tsai, Chen, & Ho,2001) » ¢ »* 2 3¢ & & Bex s fe A4 ¢ B EE
GG R et o FP AT IR EERAABRIHF BT RE £
it B R e 52 G BT AP nE At S A 4pS % (Nyamangara,
1998) -

higP E LA F o B RY RO RIIER
( Sequential Extraction Procedures > f§ = SEPs) > ¢+ > /% & df (¥ F S @& * — k7%
BHORBH A EEIL/HF? 2 R € £~ 4% (Guevara-Riba,
Sahuquﬂlo Rubio, & Rauret,2004) > @ fdf it b 3232 £ £ F a5 7 ARG o

& R% l“*/?iiff?}fﬁ FREREEA - BIrE: PR e BB ER
f"“@’f“é\ D BRBE/T ARG BTN AREE S § L F T
WH B ARG AR i E T HRADE F T A 8 @I R
ZEHEBADM DOBAE T 0 ARG A ES A A R E I e o

BHEEBLEE R T RES RHHS 0 b2 B (9 & (Cu)
&. (Pb)~ 4 (Zn) ©4% (Cd) 252 A~ 47 FIRIEY 45 (Pb) kR
BTG (T2 T @gim%rb&ﬁ#p B> 37 43¢ 4 (Pb) 42:8 20 mg/kg s
5?4 (Ph) kR G frm gt = (R4 - o 23° € 2 HIRRNH TR
M 45 (Cd<8mg/kg) ~ 4 (Cu<l1.8mg/kg) frét (Zn<200mg/kg) > ¥ & * I =4
FchE £ FER F A B R RIS D da b A Y Lz 4
b;ﬁe}ii&@«’rﬁf%@ AR EEF 2 E ERRER DRI I R-E 2 B
DR GARF LR - FURRFRPN a2 EIINLERFT L T KB
wgigﬂméﬁ%#?’v HOBTPRR PR A R CHFTE LR
R RE G B E 2 e B A MM ZEER RITR (Chen Su, Guo,
Tsai, & Hseu, 2007; Zhou et al., 2014) - Ngoc et al. (2009) % A = 3 % i Hydrus-1D
Bl 2T e BB A > BORE £ B ke 2 Y 2 B4 £ A BT 15
2ok A PR F IR O FREAFT AARHRERFR N DEE TRE S R
P R R Y R MR ST RS 24 (Pb) foi (Zn)
A A MYt e AES (Cu) B F RGEaAed o

3
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% O Brownrce O Husk A Straw @ Root 2
% 80 L1200 <
z o Pb 2
2 |
] 50 4 r=0590, p<0.01 - g’
£ ] E
- 8 | §
Eo 40 o a | e
5 o i i iy . 1800 £
=0.353, p > 0.05 ‘
€ E 2] f P | £
g 600 O
- 1 )
S 3 1251 !9 ' g
= =
5 g 406 - r=0668,p<001 g lio B
£ o] : ]
o 1 Q
8 osol— oo o ogy B
8 0 20 40 60 80 100 120 140

Concentrations of Pb in soil exchangeable fraction (mg kg )

® Brownrice ® Husk &

and straw (mg kg™)

2 cadecsagl

Straw D Root
o

r=0524, p<0.051
r=0662,p<0014 12

Concentrations of Cu in root (mg kg')

Concentrations of Cu in brown rice, husk

4
L IV r<0.01,p>005
3 14
A A |
2 . — ——— 0
02 04 06 08 10 12 14 186 18

Concentrations of Cu in soil exchangeable fraction (mg kg™)

T kR : Zhou et al. (2014)

E]—L_

Concentrations of Cd in brown rice, husk
and straw (mg kg™)

Concentrations of Zn in brown rice
and husk (mg kg™')

50

4.5

40

3.5 4
3.0 4
2.5 A
204
154

1.0

&G pER

22020127 30p

= 01:22

LR

® Brownrce ® Husk A Straw 0O Root

&
Concentrations of Cd in root (mg kg™')

0

Concentration of Cd in soil exchangeable fraction (mg kg™
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35 4
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® Brownrice ® Husk

A Straw O Root
500

Zn o © r=0.5095, p<um
L 1=] g
D 400 £
(1] X £~
r=0489,p<005 A =
o 1300 N &
% ° 5 E
A r=0.782, p < 0.01 2 3
Ao {200 2 8
- T o
 —8
E ]
= @  r=0626p<001 100 £
. . o
0

0
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Concentrations of Zn in soil exchangeable fraction (mg kg™')

AP A REERERE PR L ERERZ

N

2L
7

7

W

~

FokgE g ek gEe ¢ eg et fan P R kP-4 (Cu) frér (Cd)
L R L PR i

PR
At

S e DR EEER &

T ippfcd e g
HpCkint 2R E £
Y Sk

(Cd) /‘5 ‘4‘41”1— J‘ﬁt’;'/'}

150

uCd mCu
120

Cuand Cd accumulated in rice (mg/kg)

water

I e

v oRE F B
o J. Yang et al. (2016) #* 7 % 1

90

60

30
|

heavy metal

periphyton ~ metal

T KR ¢ J. Yang et al. (2016)

B+ =

4 7r4p % 5 (J. Yang, Tang, Wang, & Wu, 2016) -
iy (B e M EE) GBS (B30 TE) o4
x e R E - (EPS) A Fere
THRE LRSS
o BEZRKHE Y 4y (Cu) fodf (Cd) iz 2o 1
BFPFA P o 6 RORFEAF F T IR A doB] 2 AT
B -2 BN (S ;%"—‘/*%?iifﬂ ’

Aol gk B

’

The number of the germinated rice

SRS R ASE £

A

2N

L

L
Bl - %4
%4 (Cu) frék

£ e v £ & @Eier o

—&— water

a

-

7}; frﬁ F By &2

heavy metal

periphyton + metal

-
|
|
|
L ol
|
Lol

I
/
o z i
/ o x x
* -
2 3 4 5 6 7
Time (d)

Wit &4 (41~
A il L‘;}'ﬂd 3\
(Cd) 7% f% >
CEEA R

TR (Cu) frée
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FaEpER 20208127 30p + =

(s
|4

okn ¢ 2 E &R TR S
35 A HE & BT RIS R
Bgtn B 2E &R R RS TR & RO A

FRe R AT IR B hn PR Y 2T B ol St RS
Fw o FAeRl - = 7 0 ¢ 7 T A A4 (Gong, Zhao, & Wang, 2018) :

o PI e 3 Y 32 (Soil Replacement) ~ 33§ it ;2 (Vitrification ) ~ § # 4
% (Electrokinetic Remediation ) ~ #t &J2;# (Thermal Treatment) % -

o “H it B4 w2 (Chemical Stabilization) ~ it /4% #52 (Solidification/
Stabilizatio ) ~ 2 3 %% (Soil Washing) # -

o 4 P H 47- ;e % ( Phytoremediation ) ~ #& # 4 & ;5% ( Microbial

Remediation ) ~ fic 2 4= &if 248 4~ #5572 (Microbial Assisted Phytoremediation )

AR EE £ R B EFME I SRR Aok - T o AR
HAE L > MG RTI HY A TR i S e A b R G L § 8
b A BAEIS KR LA BB -

Remediation of soil conlamin?led with heavy metals

!

[ Physical remediation ] Chemical remediation ] I Biological remediation I

Phytovolatilization
craa (8) Phnonmcdlat g
wq():oir_'pmhtfy‘,% (3) Electrokinetic remediation I t I

Phnwnramon
| Surface ground
ans

e, oy - | o
ey + y : (5) Chemical immobilization \ ottt :
X : (6) Solidification/stabilization
" M- (9) Microbial remediation
~ Heavy metals contaminated gL S Metal Metal
plume area M M immobilization mobilization
: —
R 2+ lizati M
M Mobiizatien - |'M (10) Microbial assisted
(4) Thermal tr “f ‘ y “"_“‘ (7) Soil washing phytoremediation
(2) Vitrification Soil solution Soil particles

R kiR - (Gong et al., 2018)
g]__L: ‘”ﬁ&%%ﬂ—"q"/\‘Ling fg., 4‘ f_g,r.;}i,{h‘

o= PN e A BE > R IR T B R 4 i o
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CEE SN LAt

Lo RARE EBE R R
- PEE- B R # B

LA S LG T Lt S N R R SR EER S
S 25 Rt B SR X ARF oS BT ATL 5 A PR
2 3?\;5’“;_ %«E’.JE v 1 %l%ﬁ%iﬁﬁ}% B2 adre EHp E’J/’Jﬁ_ig,é,%/{% s é\-%ﬁ{kr‘g‘ %j_‘;& ﬁ‘_‘ , g }%}fr: . 2 1§’§+
%’ T R HP Y A iﬁ“"’%@%@ﬁ’%‘/‘i&%“ AR EES 0 & BUR S e
v ?Jﬁ—‘.i é’—%‘zﬁﬁ /gﬁ‘i%m?ﬁ;ﬁﬁ H AN b T, }\/u éﬁ”fr’-l;lag fg‘@}fﬂ_,%&’ﬁ LN j;gwlxlp_g?’rr}&gg i gL
; - B2E 4e T PR 2E 0 fp 42 1K 52 sk 3

. B AT MR et g |12 HE o B B BBE T | S ARE o WY FERA (Hg) 5322

i SRRl s r%m*%iﬁ%i<H@ W3 RASLE A 0 b EUR A MR

fL ,Lg,f:i@ﬁﬁi@m{@i%aﬁﬁ AL S EHE o S Am | &2 —ifﬂ‘t{‘f“ma‘!ﬁ B AT E g R
z T BB et F U EREA Rl s Ak R chi- @& v F 25
- %w{i’%%i%?hﬂﬁﬁ%ﬁﬂ AR FEEE 0BG L | AR P FEEDT
|54 39 >
H B o By 3 RPfE Wenpud $ 0 iR O R 4
B R PENFRIRY LR TR AAGSI R AR | YRR I RREE I S g4
4 = L) N 2 3
; L MR RS ECE S & -y

e | B RS Y _
% e 5 e v 2B g 1 SACERE 0 F §E ARG | Fiea 4 frRdLiFR T L FRRE P2
e (30} H1Z XS54 e

APl e R | iE B 3 A
# 471:—47’% l{z’ﬁ.é\ﬂpﬂ N gp{f]‘ff’jﬁ;&\ﬁﬂ}'\lﬁ-
LAY I ¥ )

7 kR - Gong et al. (2018)
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EHFLHEMTDR A E P o PR ZUH Y ER RS E DSBS
PE2 2R AR FELNERS A WY AT E R oD R VR
PR VPR L RS AE  FREAT LRI ANV A2
QL"«J{" 2 /it %‘fﬁm"’%iﬁ.‘ AR 2 RRE FRFFEL R BT E
S R K L EERd aE 25-100 £ Ao @ I S A 5 300-500
‘iﬁa’ii}zl,@ Mk A% 75210 % &~ (A USEPA,2004); ¢ » &G $5 4 2 & A
H5 50117 2~/ a1 > VEREZ AL 40-65 £~/ o ® (Martin
& Ruby,2004) » @ #pdiE & A K 5 834 £ =/ % 2 ¢ (Chang & Yen, 2006) > %
AL ERFT LIPS R o d N T o

RNEY S ¥R I RN

Koo ik Kind & £4 T
RO B IePE: ,
i e 25-100 % = /v (A. USEPA, 2004)
( Phytoremediation )
R 300-500 / A. USEPA, 2004
— i /eE . USEPA,
( Vitrification ) ¥ ( )
R U REtE s -
, ‘ 75210 % = /v (A. USEPA, 2004)
( Soil Washing )
A I ES Martin & Ruby,
A S0-117 % A/n 2 | Y
( Electrokinetic Remediation ) 2004)
R W ) (Martin & Ruby,
40-65 % ~/= F o %
( Chemical Stabilization ) 2004)
YRR LR (Chang & Yen
834 2 ~/= 3 = ” ’
( Thermal Treatment ) 2006)

351 ¥4 2

@ # 4 ;£ (Electrokinetic Remediation) % IR 2 %‘T;Tﬁjé P B L E o
WM E RS R0 B G Aok il
FRfERGVRE P D ZEZRFAOTHPREEFTEF B aEBTOT HE T
ELRPFI EP o FBERFORIBBE > REF LN F 2 (Bl
TR~ IR e ¢:}¢7}%1'” B E ) RJL AT R R 27 24 (Reddy, Xu, &
Chinthamreddy, 2001) TR AL R B REF R T R
( Electromigration ) ~ &% /% #5 (Electroosmosis ) f= & % (Electrolysis) % B 7?%
ARSI F RHE-G A B B B A RenT RS BATH

o i
i A2
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bR oo 20208122 30p 2 = 01:22

R A

ARt F 4 T 3 A F & (Virkutyte, Sillanpii, & Latostenmaa, 2002; Yao, Li,
Xie, & Yu, 2012) » H F 2 F N4

B4 HoO — 2H + 1205 +2¢ (1)

etk : 2HO+2e¢ — 20H +Ha (o (2)

TEF BB 0 BHRA

F
FEENCER L RN P S icm,@igiaéag?’&gﬁ
FEF Y S Gl AR AR F B TIAR Y 45 PR 6 ERIE pH !
2o g I R E & BT S RS bl M4 T B E
P I VB e BB S 0 4 F RS T o BEES > YR RS
frd § R+ B B4R pH BV AR EY BEFHL 0 FRALITE
g pH B %3 > 5 2 3EP —if,’ééﬁ%%@‘-;a-l_—ﬁl‘ﬁ?”(l%‘]—Lm)o
Contaminant treatment Contaminant treatment
system system
Conditioning of Conditioning of
anode solution Anode JI}Cathode cathode solution
Fluid circulation R /X | LR ” (e L ‘ i,/ Fluid circulation
system \Q‘?;;‘ N "' I ] |\ / "v, system
J

Soil Particles

\\\?{r

RiEa

% 4L Cameselle, Gouveia, Akretche, and Belhadj (2013)
Bltw ~ REFHETRILY Y 5 A58 2 e ma
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ERTEEY S XY 1 S0

Fuzig o P FAH TSR T LS 0 45 ¢ B (As)~ 4k (Cu)
frdy (Pb) g3 “ﬁ% FaulE 398% -~ 17.2%% 19.4% (Kim et al., 2012) ; & =% &
(Hg)im Zend 3P & % ZHFE L= B2 B> 7 2 fpx % 3 60%:7% (Hg)
(Rosestolato, Bagatin, & Ferro, 2015) o gt #t » 5 % & T & B 5% » ¥ 3TiEAR7 ) ”J
B R N A EH O blhe D RTR R e it fre S o BE oL
o ke o e (EDTA) ¥ ©3#% 8 € & B+ 8 # 5 (Hanay, Hasar, & Kocer,
2009) » fic & EDTA 4 & T ds fripock » fedfe 17 24 (0 - VR 2 4%
40.3%:4F (Cu) 4r 46.6%<45 (Pb) (Jeon, Jung, Kim, Ko, & Baek, 2015) %3
AT ELFTI A EF B teid £ £ B4 (Cu) 35 awxrg o @ % 4k
A Finb o W R e 3 R R et 0 £ £ gy (Cu) B hd e S
> BT i F] 68.7% ~ 93.7% ~ 75.0% ~ 88.0%% 4.7%2 3 ,ﬁ%uz% (Chung, 2009) -

Thd e PEe k(1) A b AL E i BlAR (2) 0T Kol i
BTGB S B k% ~(3) B § MR BF I FRF (4) K
RSS20 G R ¢ e (1) T 0 T kiR i
tefed 8 (2) WA FA TR AT £ 5 (3) BOTR FRRL 2 ok
SRE S (4) RRFEE S RRE ~(5) TH BRI pH e p i B
PEEG A E R .

352 i &7

it 842 752 (Chemical Stabilization ) % - f&#-4% < #; Jpied R $=r) ]
e E 3&@«?]% e AR A 0 AU IC BT B R s e e B I Bk
WAL £ Y g ﬁ%lﬂfr 4 ¥ 41* B (Porter, Scheckel, Impellitteri, & Ryan,
2004) 5 FELMTE K TR e ZARY Y BRI B - T AHR - e s
Gt F ot b R o 4o 4 7t (Gongetal ,2018) » i FHE T2 F - G AR
67 TR E P B R AR 0 250 R T AR RS B A A A fhen
VR %%“’T“E‘$}§v CFMFEREREIEAD T HTZER -
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B4 s EAERGE T B RE & B A2 LA

v 5 18 TH k&) 245 W% %3 ik

4 A 4T A | THk/E % B | Pb, Cd, Cu, Zn HBIEPHIrH R 4 ~ RERD (Zhou et al., 2014)

) , . . | Cu,Pb,Zn,Cd, Ag, ift BAEPH E " MV 4T £/ E ¥4 0 | (Liang et al,, 2014; Zotiadis, Argyraki, &
EA & = TR/ E wm H T N

As, Mn, Ba, Sb » Cufr Cd i3 &) F & w] "% i 17%{? 41% Theologou, 2012)

B | L T A/ Pb: ks o T Rk "% IR@‘%F’J\%' T HEE = 22-81%~

i’ i’ f&t Zi i Pb, Zn, Cd bR T - ° (Wang, Xie, Chen, Jiang, & Su, 2008)
e | ATAEERPRT | Zn~ Cd - B Cd 7 1-30%% Zn 3 11-75%

| pphie 9T R 3 Vi Cd R X 2 A2 Cd (Qayyum et al., 2017)

| ZSmEA T AT | UK/ Cu, Zn B AN R (T e F o /B (T A F | (Sun, Chen, Fan, Zhou, & Wang, 2018)
+

. FRVE A/ B | 1Y B vk Cu, Cd, Zn, Pb WAL AT R T I Y £ 2R (Cui et al., 2016)

W

b2

37

v BTk 2w Mo 33 pH EFASF R HEa A Ao R
4 P FH 4y ?? / Cd, Zn, Pb 4 P Téﬁ; CR (Placek, Grobelak, & Kacprzak, 2016)
?']'L /k}i’ml‘{é‘$f§;% e
4R 2R Cd, Cu, Pb a2 RoOTIBELEREA I E (Nie et al., 2018)
Lucchini, Quilliam, DeLuca, Vamerali,
R HAAmpHE | As,Cu, Zn, Cd,Ni | K+ 3EvY € & o fpean 0 3 ( Q
A o & Jones, 2014)
, oy tor ¥ 3% : L )
*’ HA4 A | €200 As,Cd, Cu,Ni, Pb, |# 2 2 3*¢ £ £ HfE e > T ivf e ] (Moreno-Jiménez, Fernandez,
R - < - % /n i3 Puschenreiter, Williams, & Plaza, 2016)
|
- %
;3

Ry

Cu, Pb, Zn

(Niu et al., 2015)
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Erokad 1E EBTE TGRS

P AR R (KRBT &) R R R S (B
A ARAE) C MBI N HATLEE KRB RF I R & B
FeBe o @ TR L Elg BELEER AL a BB E 2B EI A1
E]t):ﬁ’j.ﬁé?? Tk 0 IR B P B )a rgfﬁé THVIEFE $/§7qu I - O ]
FE R Vi - B L N ﬁa* eI A %ﬁtbiftrﬁ EAEA SR Rl )@:i\‘ & o Ap
AT R g J tv 3 F s A A 7 (nano-HAP) ¥ 3 sy #-F & B
(Cu) fo4% (Zn) Bz et 2 ¢ (Sunetal,2018) %A~ % A ‘%IJ,;’F se 1% ~ 3%Fe
5%c:nano-HAP # & £ £ dr (Cu) fods (Zn) en® F Bk R & %)% 17 67.8%
93.0%F 97.3% > 11 % 63.1% > 91.5%F 98.5% > p* B R FHF LA £ T 25 * 3T
XEEBEFA NI MY REFIMES AL A Y B EREER R

PR NEARA AL A E - Ao A SARBT & FIE A LA P
WWHT*%@’E?ﬁQ%ﬁ:iﬁ#’fL’%“%@ﬁk%ﬁwgﬁﬁﬁ’
MG e v 2 £ BB (Liu & Zhao, 2007) ©

FT e A PR L 2 AWMLY B R RIRERY A2
U BRI RS SRENES L L RS ¥ ¥ P ER
B?ﬁﬁ%iﬁi%ﬂ@ﬁﬂé%¢$’W?Q?%M4§é€$%4%4ﬁ§
2k Blep e B AL BARRIEL AR ALY RS 2R pH BoR
Frs 2 0 ®d T HEERosogin 4 a0 £ 2 B45(Cd) 4 (Zn)
frgs (Pb) i3 I F fefed» ¥ 41 * B (Placeketal., 2016) 5 pt b 5 ¥ ({ 337 g + >
FhEA CPESECBETERIRY LRI T R F LA
B R p R ETERIEY M (As) s 4 (Zn) 4 (Cu) frég (Cd) kA -

AR RAEGEHAAJEEE ST BRA TS (blhe: A4 R
AP ied b By 3 ) RBAMA L 2P R A TR DE & (GHrR
TAT ) ok RANA P ROF FRIIEH S FRF A BRI
etk ¥ (Ahmadetal,2014) p a2 o R e BiZmy ~ B* 13T EHA
=% TR *#ﬁ**ﬁﬁmﬂﬁmp A A el § g &
R FE SR ®ed 3 pH mfr' ho ”ﬁ#&—’i’jf«%‘iiﬁ“’?ﬁ?&ﬁ?iﬁ
Big (Cd) frds (Pb) & %" M7 70.9%# 79.6% > @ kfe? hE £ BER S E
Z_ Mo e A28 Ft 4 T 18.3% (Bianetal,, 2014) 5 gt hET ¢ 4 B IRLHE 4o
Sp AR ET RS LHY EERERCE o 4 2 e SR F P i g
mER O FREAREY A EF R E RSk (Cuietal., 2016; Houben, Evrard,
& Sonnet, 2013) » &2 5 fg3aiejpit > 2 b R R L E 5 3 R UL OF TR B
AR LREE S VAR SR TR S & L S LS
EAEBFAZARIE A AP RRBEIRT T § BEBE £ BRI ks o
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LR 2020122 30p F = 01:22

1I- Anlonlc ®‘

metal
attraction

N !
[}
’I

H

I

1

&,

\Q R , IV — Cationic

metal

attraction

ﬁ e .
Hi—o—Cc—{

© Physical adsorption
@ lonsinbiochar

@ Metal ions

Ms Metal attached to surface

o ? Ms -
<" II- Precipitation g
g o '® M. Exchangeable metal ions

74 kR ¢ Ahmad et al. (2014)

BT~ 25 RALE £H2

3.5.3 el xRl

M2 w3 vA] (Microbial Biosorbents) Ji&* & fifcs 4+ & 5 7 b2 2 g
iAo REMIELEFLFkAE P FAAMALEET FeRAE (5
el BH PR p{:] A *E:“] v F 32 4% ﬁffﬁﬁiﬁﬁ) A %ﬁ_mé‘_ bRt P %
(Ayangbenro & Babalola, 2017) « #7 3 # 3 2 ficd 22 A ¥ 5 s LY F g
MBE D (ldel e BE L piERRL ) BV TR E & BT o RH ST e B
BB ARAL 5 2 4 5ofc (Biosorption) # AR #¢ ¥ jz (Passive Uptake ) » &2 fic 2 4+ & ¥
RBHEEH AR o B FehE £ BB AN w h e £ & ook 4 BT R {ed b g 4
RSN R R LR R SR A S LA A AR
B F R Rfed G T (B2 ) ATF 0 AT ST B T g FE
FrBtE £ BT ok o

Cell surface

e

adsorption

Bioaccumulation

Electrostatic

Interactions Surface

"/ \complexation

SOs*
RCOO
R0S0x
~NH;
-SH

Ion exchange

- Cation

exchange

T kR ¢ (Ayangbenro & Babalola, 2017)

Precipitation

BlL 2~ et Foad R 2 E T kR 2 B4
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Erokn d 2 RE EBTET GRS

d it frimFE 2 LR A B RGO i 4 o AW A IE
L&A R 0 A 3 e it R R E £ e tai 4 5 2R 0
e G ARMAT Y AT RN i P iR T E & R i 4 eiRleEt
P dod AT SR ET N B E £ A oA T R T - R
ERFFERIGDZ WL RART ARG ANRT 2L EHF R DHE

Y TR LU IS ¥ PR

) L sz ) . Hiraiz g
et P ¥ 2 P v R & H E &R
(mg/g)
Bacillus cereus Hg 104.1
B. laterosporus Cd 159.5
o 7 o ) Cu 98.2
) Desulfovibrio desulfuricans
( Bacteria ) Ni 90.1
Enterobacter cloacae Pb 2.3
Sulphate-reducing bacteria As*/ As>* 0.07/0.11
Cu 15.6
Aspergillus niger Pb 34.4
Cr (VI) 6.6
5 Botrytis cinereal Pb 107.1
(Fungi) Pb 88.16
Phanerochaete
N ) Cu 68.73
chrysosporium
YOS Zn 39.62
Pleurotus platypus Ag 46.7
Cd 323
Ni 17.7
- Asparagopsis armata Zn 21.6
P A
Cu 21.3
(Algae)
Pb 63.7
Sargassum muticum Sb 5.5
Spirogyra sp. Pb 140

F L kR Ayangbenro and Babalola (2017)
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ArdaE ke P 2L ERTE TR MFFIR RS G RS
ne T gL GE FEZFREFFEI o At F9rE22 2 2 2 FFHEF 2
P sT i aferg AkE- HRr IRP LU EBTR L ko ? £ 4
AR MY AT R 2 M RS TR 2T B BN ERE

41 EWE R

AR RAER D WL S T o R LR NERER ke
ﬁ%ﬁ@ﬁ%ﬁmiiﬁiﬁﬁﬁ%lﬁﬁ*fﬁ‘f*%@ﬁé%ﬁﬁ?*g
3R R TR KB R R TR K & 1 TR

ko sy £ HFET R R ’#Bf’ﬁé’*%%\%#&mﬁéﬁ“% TR € R J‘—%‘-’r’
ERFE RE AR KA AR %

o #rokud JEESRFREIGENS
)
iﬁﬂﬁﬁ$ﬂi£%?§iwﬁﬁﬁﬁmm&@ﬁ
®x J\wa%%%mlmr\ﬁ& (Mm;\ﬂgr)
AR & % F P A1 5 (BATA 7 8 B )
Fj‘f‘?#ﬂfﬁ? IIL*Fi‘bL’rrﬁv‘S * (ﬁ,li?f’r {i \j\ux)

v ) v
FTRP &S PRfee Z(F)EEBAF B
o NUFHFEFEC AR Tk 5D o BT KEZHiFERIER
BOAR L 2 LB B R AR o 1 itHirbEBERE N
° ﬁlﬁiﬂ;ﬁffy};;ﬁsq A7 o X FEAZ ool & A 49

L )
v
RERF KFRAHBRE 222 41 TFRERY
o UEPEHBEE (L AHN)NEEY L/0 FR-KEY
o B AR EM, S AT A S
o THIETIMM IR ITH R/ K EEAERE S F A
—

2k b BT ET G
. ”ﬁ%“”“ﬁﬁﬁﬁww(wﬁk RLA )
o Lt fdiv F”?‘f”wﬁl'* BI(F K~ T E N E)
o fiFlIFEER ﬁa‘f

v
FRERIZEERIFLABKE 2 FF &
A CEEY Ty ST T Y
o FHipM e/ ¢ /ERAE &
o FRAKNF v Z R0 TaHR
v
- BwmEEH AT FERR B

WL~ AR RS R (BB ED)
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FidpER 2020122 30p = 01:22
e
Eroke ? 3 REERTET GRS
BTk e Ry EREELIT

ALIEREPPFETENLAMY e 24T

T

Zookfen (d A8 LTRE 1 AR R
B3R PR R ) R

o FEHEE 1HVET T HAET ALY 699-701 # 50 5 4 49350 T % 2 <
(Ap %+ 5.08 &4 # )

o EEH 2RI I HATHELR 702 X5 6 455 8310 T 2 ¢ (4
E 22 0.86 A 8 )

P B b TRiT < BRI AREL 697 B (ARl N ) BB L T RYE <
PrEw LS 2 4-8-1-060 Lt At F B R EEM PITRATZ A FIERHS 2L
FEa RPFIEFH62L 0 DEEARZAIETIEFOE 2Lk VAT H P
%$i%ﬁ%é¥ﬁ*4fﬁﬁﬁé°*ﬁﬂﬁﬁ RS ER L U IR
IO LE AP EERG P 2 F 24 (Cu) 288 > % w2 ¢F £ 4 (Cu)
2 fR s

WETRGRR “TAAEm Y
O A : D TAE T RG99 702 (muﬁsxmmﬁmasgm)

? v SR 702008

|r1HII—\+

Bt~ AP RER R 22 pn

PMRELEEKTE &R (Cu) 2 kR FTH 4B 4“7 > 19454 2019
#i 1,300 T RIS TOREE T ¢ FFIZ BB RIERIEEITRY £ £ By ok
BT o 2t 0.1mg/L o Mt F o2 T ok FEE (02mg/L) e}
R RBCER ORI RRFTRE TRFRFEE o
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>
-~

=
i

CETR ik SR

0.7

0.6

| mameckme

B 107 W 108

FH kR 1 (38 E R, 2019)
Bt 4 > ¥ F = BRI 20182019 & i -kér £ HER

3]

(‘ﬂ}

7'\;‘[‘%%?‘ /E/%J\)‘rﬁQ‘Liﬁé_é%/%&A*% s Ao+ "erﬁ’é‘\'—L"
‘ﬁé%m&amﬁ’waﬁiﬁﬂﬁﬁ%ﬁ%é’ﬁ%2M7ﬁ

i TR
YRR £ £ BV ER K5 120-150 mg/kg ;¥ - SRR E BT K

=
i g Rk RS LB (Cu) 2 ,}a;,%;m,p {% &1 (%3
RS 2 S R Fﬁgéré* P ARG (bldo: B 2 S FEAR
Bl (T ) BEPRALE RERE A WEPM S E & B4 (Cu

BBEAG ¢3RS AR IR (G )RR E A FRLR

Lo AELEARRRC T RE Lk T2 RE R A

FHIFR IBELERER /k
e #iF P RELR (mg/kg)
(em) As | Cd | Cr | Cu | Hg | Ni | Pb | Zn

D391 0-15 2017 /08 I1 | ND | 59 | 138 | ND | 49 33 | 139

D391 15-30 2017 /08 10 | ND | 39 | 133 | ND | 35 23 93

D390 0-15 2017/ 12 14 | ND | 49 | 150 | ND | 39 30 | 144

D390 | 15-30 2017/12 | 9 | ND | 44 | 122 | ND | 41 | 25 | 110
FTRAR AALER AR LT (2019)

I REE B GG RB RS 0 R (T P AL R AR TR R A
- B2 RFPARA G I éﬁ%ﬁﬁﬁ%%ﬁwrﬁf%ﬁﬂ i 0 (NIEA
M103.02C) &7 > ¥z 2 =L F % % 4 17 QA/QC #1 & - #F i i PI4p B fcdy 310

PARCC (Precision, Accuracy, Representatlveness, Completeness, and Comparability )
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bR oo 20208122 30p 2 = 01:22

ookn @ gt R BT ET RS

RAIZE R s HRIAFEZTEF AEAME e A1 FE P HREDPRTELPIRER
FieRporpsd  FHRDAREIE L - 977 o 11— PiT-kfp 4 7 5 A%
AETHT Y L EAY R RAY CRBY SR e L BT TR
BoBEZ mS BT Lo > R BR > URBESE AL

Lo AP EEERD RN - HITRREE B

# e ; , W& | LR
#iep TR o
fr #2. i A iE
T | 2020/1/28~2020/2/20 | Ak 23 =g | fevE B
§ | 2020/2/20~2020/3/7 | B A1 0-15 = SRR | 2RREA

A B [ 2020372020421 | RS 15-60 2 | Rl o | L AR
4B | 2020/421-2020/5/16 | $EA1s 60-85 % | B st | @M
4RI | 2020/5/16~2020/6/1 | #BAe(5 85100 = | REE |5 g A
2RI | 2020/6/1~2020/7/15 | FBAE1E 100-145 % | AL | gy A wl R
TR KR AL TEIFRE

A d e s - WASTE S ARk R R FIER- BB KT E R
Foo A k2 BA R FHERG (TSP 2 g & iLifaf ~ T B35 AAT -
Vil Il b N R S VPN S USRI & - SR - 5 L JPEl. O SR AR IR AR
EHRGr £ 24 (Cu) 2R -

PR W BT NN a'}
Q stEEM mlaaﬁtmzwﬁsagtmeggmootm - |

v
-
-
& 1
2 EHEAKO .
§ EEHAO ey ' 7
o - e

e 'Y &

SLP  %0m iy ‘l o BRI IB R t
) - - X

TAKR ARBE A
UERES S RS S E s N
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>

EE Y SRR )

o

TR ABRBE AR HFA G- TRAEAZE/ZFRELE A ERALEE IR
FIRFR RS 24T 2K R Rl & (Data Quality )0 £ g 2s 2o o 47 R E
i {7 05" B 7% (Model Verification ) 4p B $% .78 P & B & S 3drd L = 9757

DA FRWATE P HEE
A 73 P i Fik B it R
A

DS RSST R TR RAEFRFHF
TR A F A B RO

wky | 12 |, L ST T g s

0o 18 ICP-OES ~ {74F 7 £

4 B B A4S & 9 ] 4 [[CP-OES 24712 4 ~ ¥ #2 %
feiriaky | 18 - P
RN X Har s B

g R E | 6 |Epe g £ 3¢ [[CP-OES » 174 7 £

Fe B 1Z00 30 |Rw 3k TEF- DN I LI S IS
TR KR ABFRE

AL P IRE F AT G 2 R B RIL S 4T 2 2 I & E TR R T L

2 IE ATk P o T
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LR 2020122 30p F = 01:22

ke P dEE EBTE T GRS
4.2.1 j#;%E51-R 2 -k

AR IRFIEFLT p R RE T RIRE S HRRK A
Ey VW 3L ,EB{,}\’?’\ pH %"‘T’)ﬁ’f‘—"m_)ﬁ(
pHO.1 ~ % ¥ & 1 pumho/cm~ & 0.1 C) > 4-Bl= + - #75% °;
‘Bzﬁﬁﬁﬁﬁﬁ’i%ﬁ*$ﬁﬁﬁ°?%‘ﬁ DRI i 3
lﬁ%’iﬁﬁi¢&ﬁ’uﬂﬁﬁﬁﬁ$ﬁﬁﬁl’°

"m‘\ 1:\\‘-
& 512
= x>
ooar

)
IS (h

EHRANE BEENRE bl ET ] RABRE (V)
2016062814021 2020/03/05 13:50 D) 100% 1432687207
BBARE pH BYEEC BE 4 k4
1350 1350 1350

74 380

pmho/em

15:7 0.18

O IX/ARINRM; 0 BT, O HEWERLANER, A RARX-

FRLKR A BRI
Bl = RS RRR A E R R

iﬁﬂ%ﬁ&@ﬁﬁﬁ%wéﬁ*§4%%Pﬁﬁlﬁ§4‘f %% M
Wods KT AFED &350 &K (% ICP-OES)~ 5 H 3 (@wm)
*ﬁ\fﬁikaﬁ&\%iiﬁﬁﬁi;ﬁﬁ¢ﬂﬁ£%?¢%r«%ﬁwj
2 TRGEEM o kB T 858 022um 2 B A p Bwip o nor
FRa 4~ B & HNOs » 2 3202 ICP-OES » 17 £ £/ 5 FIRSE R i01s » 538
Mo dfes 3ok vz (NIEAS30161.B)» k& 3.2% % F 2k (BpApe =3
Lviv) 10mL i 73 i f35 @ i@jp3 022um > £ & * ICP-OES A {7 & 78
EEHER -
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£

TR YRR

42.2 %k 3

I ABTY IR R RBERES 224 NIEASI02.63B = 2 # {7 » 4
BAHERAYE 0-15 242 1530 24 4Bl L - #F od AL EE T
ZHp A RART LB TN BERAARBPLE LR L A G T
WL FRERT LI -

TEFEE RS Tl BRiEHEE

EORBEE

T hEesLEESR)
HREE «— TERBRER @
BEEE (B EIRB)
«— #BERYs- 2% i
v BE - RE
BSETAREF (80149 mm EERTHE) e & Ve "{@\
. A’/(/;"{ N

TEESIEERBE

(pH - EC - 3B - ORP - OM)
REIH
EEERD <« HIEREE (EAEEE)
BBSRE
> E2BRESZER
=R (NIEA M103.010)
EEAW
TS EFETZ
- “ (NIEAW415.548)
RN
<« AVEERASENE
v
mEpeEETaRE
«— BRIsE
«— EiE=
L3 et T PARCC SRBEEX

AANBEI/EFBEE BRISERRERRESEFEX

?ﬁ%%:iﬁwﬂﬁ
Blo Lo ~meEdoke T EREE LS ITE

A7 ARAIFE* T A R4tk (Stratified Sampling) ;> #-3 & %314 24 B |
AREFEE HBEFEMNIRAE  FIVETHECERAGESE o B2
FRAEEr LA kR %E o R SEaOAF YR 02 (NIEAS30]
61.B) 9 05gH A kR 3.2%0 2 3k (%Es:ap =3:1,v/v) 10mL 2
Lt £ BE FE R IERE 022 um- FHEICP 2 £ £ FkA -
AFPRAHRIEIFEAAT o T HHBPRE ZLEX -
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b igpER 02020122 300 = 01:22

4.2.3 kisits

RIGFP BT IR LR > Bl A R (ZHFEH2110) 4
Bl ARk TR 221 ki RE - RIER RS J"*” R S L
2 HF R E S BEFRTT R&EES 60 °C B4 52 T2 ) BF o sEE RIS R
BRI A B Rk At S ) (%g] Lz %7 ) B 05 g
Ao UBAE R E s S 0 10mL 2 R R (AR 3 =401, v/v)
¥ 1] pF (Predigestion) o0 B o~ B i o e 10 A 4B A T N 165
B 335 50 20 4~ 48 (S. Wu, Feng, & Wittmeier, 1997) » i & # 2 7 € £ 5B~ ff
5@ 5 iEkT 022 um - 561 1% ICP-OES A 45 ¢ & Bk & -

S s gz ks A AR (root) B Errs% 32 {6243 » C 4 b 30
(shoot) » D Ertafifs 2 4 P 302 E Fg o

424 Wz B ¥

FEPR I ;;iq ENRRL RN .rg s %’iﬁ’ﬁﬁé‘“ % 2 Reklz gggﬁwg; * o ;Il—%rpi'lg
SR BERSIFHTEFE EBER A RE R g T
2ZEEBER (WA RFEE R YIRS L w A ) o A TR 0 #0.500 g 5T oR
a2 10 mL 1% HNOs % f#ts - i¢ * —ié’,ﬁ.—r kAL SO mL - 323 36 3 iy
2 045um 5 > F % ICP-OES ~ 47 € £ /%
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FH kR AR
Blotw ~ A F R R % 2wl 2 g &

AFoka Bl AUKE = AFEEFHERR(TSP) BT A F R B
JoBlc LT hTT,m.zmgﬁ%ggﬁ;%,}\qayﬁﬂ; pMErrEEBER (I
PR ””lﬁ%ﬂJ“WWOﬁm%%
T 5 R s E R R A

B BRI SR LK e IL2 3R RepHSEFD B
AT R e B R4 ¢ E RERRF 22 CNS3916:2017 K9013 -

FA KR AR E
Bl=t3 ~ A3 ERE R 3R FHERREF AN G
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b igpER 02020122 300 = 01:22

ko 9 B BT ET GRS

L F ARk B8 30 A AR KSR ISP o REL
S E N AR 0 A UKD R » 2R R E AR 0 4o~ BOF R HNOs 0 3%
WO S E 1506 022 pm 2 B AL BBk 0 F 4 ICP-OES A 7€ & -
BRI TR R M e B TR IRAY iR iRl R R AN
R 32%1 b2 3ok (R AR =3 lv/v) 10mL R & 427 ¢ & T
HA5 R riERE 022 m> EBICP £ & 2 FikA -

4.2.6 & & 3T

AI P A R LS ke P E A2 A E R

BRL AW IKT A N 2R - B R AN TR RSk A B
B LA delo LA R F0 A RIMBEFRBRE BT IR E
FELEBERAY BT P 451 £ 4 (# % ICP-OES)~ /s (&7
1c»¢a~mv»;£%*§i %aaﬁ$ﬁ%?$% *womwnﬁm%
BEh B L4 x 1-2mL A B > i2§7 ICP-OES »~ 7€ &

Tk ﬁ@%ﬂﬁ

Fl= b AR ke e AT T R
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Erokn d 2 RE EBTET GRS

ﬂ\ﬁ—;{'lfzﬂi“rp ?ﬁ%%%i%&ﬁf%? avERE 30ecm PN oo - ﬂp’ft”'F
Rl SR A ) éﬁ%ﬁi“g{{»—ﬁ‘ﬁﬂ?%ﬁé i TAMEEHERBES IR
BEE (ZRE R) &97 %iﬁﬁjiﬁﬁ°g'—ﬁ?ﬂl@@*’?@%
Ko P AR A FIERE e R AL B A2 RME RN 4 £ ACs,; (mg/kg) ¥
g5 (4) “m3+8 :

MgorL, = m;, (3)
j=1,P,FER,PEST,A

(4)

ACsor, = MsorL + dsor, ~ Psorr

He 5 ACsopp a3 H-IEEEY 2 88 ’Zj:I,P,FER,PESTAm}lj (mg/mz) P
FrEamas gr"’i@?])‘%%iﬁ"‘% rdsor, (m) = 4F £ 06§ A Ah 2 2 3RIFR - pson
(kg/m®) 5 232 BB R -

[N % » % ;IH iy "I‘E/{g.—»m (mg/m ) 3+ E > ‘\‘ v TP 4oTF

4.3.1 EFE5I-k (F-k?3ERP)

AR A ke g F £ BRI AR KR - o fURNT 250 BRIk
2t & %ﬁ%”:&’i*@é’i /ﬁ«%ﬁl\‘l "HE AR (BfE) L2 TR 224

?
B
My, = Mjg, + mi, (5)
Mg = Crai X I; (6)
Mysy = Crsi X Visai = Vissi X I (7)

2P om A (mgm?) ¥ x5 ﬁ?ﬁ?%]% € > Cpoy (mg/L) Hok? 32 E &2
ER L (mm & L/im®) Bk " 25 Gy (ghg) ARG 80 itk 2 4F
R 0 Vigqy (L) &) FMp * 2 itz » Vg, (L) 23R FWPFER2 K
o0 RN A PR AR o

4.3.2 it #FHB

e LE £ B2 ¥ - ERI LIEFRNELBL LR 47 8
PSR T G I o AT %KL gi’r;ﬁ;;*;fgs,g%&ﬁgﬁgﬁﬁﬁ
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#9 om, (mgm?) 3 &=
(j=s) 2 %% (j=g) =2 HBFDRE -

. mP.‘. mp i
mP,l:<CPj,iXVPj,i+M_Jl+M_gl>+A (9)
Pj,i g

0O R - E S E e B Gy (ghkg) AR S kR
Vpji (L) & i ARpre v 2 ) it p & ’A'ZU« i aR R et B> 2 ¢ oy
(kg) #9 P2 /&S (42 05g T T Fmpl| 2 A L 107kg) > Mp;; (kg)
ALY N 11.§&ﬁ ;m;glé‘ 7B AL T2 TR BRI E L B
ek 4R b fﬁL”WW(g)ﬁM%i%??E’MQ@g)ﬁ R o

,ﬂ.A(m)i% 5

4.3.3 S5l

Ry r Ffofvmwd 2% 2
4~ % S E Mppg, »

A SRRSO B ﬁﬁ%iﬁf&ﬁ

(10)

MEpER,, = § Creri X Vrgri =~ Mppr; X Rpgg);

P o Cpgpy (mg/L) E_ R ZH S VP sk~ Z kR » Vigg, (L) 5’;/}# “B#E2

H
Jivie g o mpgg; (kg) 59 1t 2 BB AL > Rpgg; (kg/m?) 5 R Fors *
% (application rate ) °
434 B ¥
RppEr Ffrb B9 r~ 2 7 8217 7t 8 &gtk c‘ﬁig?l)»iﬁ;;u

E T Mppsr, »

Mpper, = Z Cpgsti X Rpgst,i (11)
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#e * Cpgsr,i (mg/L) # B #H&7 F~FER * Rpgsri (L/m*) &% e s R B
* % (application rate ) °

A F R EFRUEA ke R R FARR o S ERH D
B2 Fied e AR BRFENTERESGE A Fafr £l TREELE
(my,)

My, = Cuai X Vai +Sai+ Capi X Vapi + Sa (12)

B o Gy (mg/ll) Ehr~F kR Vg (L) £FEN 2 BKE > Gy (mg/l)
éﬁ’fi’]‘ﬁ v ﬁ@%gl} /ﬁ it % 2. ﬁ‘ﬁ/%«@i VAbz (L) - /}i it % m%*";fi ’ SA ‘*Jb"ﬁ\ﬁ
Gl T G (m?) o
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APTEPMAT S SERRYER EP Aokt N0T o A EFR I I R

FARBLPE (109 E 117 49 ) e L 1 ERAPMFHEHR? ~ = Tf 1 EREAP
Fitghe (#20109 & 117 2728 p+Tka1 2 g5 4 ) BHELMpH 1 F R

G LD

v R DR BRI (ke

LA 109 & & R AL -

FLEANAT I S ERHCER
EH ﬂﬁ"]/gﬁ - W< 3P P B
H tals 1 ddy field
B | Critical Review in cavy fhe i‘ ‘:’;2 paers yecltei | 202012531
agroecosystems: % o
SCI #f 7 | Environ. Sci. Tech. g Y . persp (277 )
and prospectives
Evaluation of inventories of
& Environj Sci. Tc?ch. heavy met.als on 2020/12/31
(or Environ. Sci. accumulation rates and the o
SCI # 7 . (7% )
Process. Impacts) year of excess in former Cu-
contaminated paddy fields
109 & & B ¥ 1 247 K& L 7 d B A7 K48
B RELAE AL FrRA 2020/07/31
papg |6 (1002100 e EERRAfE s |
’ 28 p By%) i
voER R I% 1428
B p £ %=1 K(Q020) |ZEx-kw @ duEd EFT 2020/07/31
it g ﬁg(1094111” ol S (2 x==)
27-28 p By%)
International ) . .
Evaluation of inventories of
Conference on Green heavy metals: accumulation
A% :accumu
& 7h Technologies for . s};n d regulations in 2021/01/15
rate u Y
it g Sustainable g . (277 )
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Development (110 & ddv rice fiold
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EE R AL EE
FIF B8R
51 &7 2R HFHE-k RRTFIN 2

AP TR Rk RS AW SR LR R
B RN TR R/ AT R RS KT T R

5.00 FEBTKT - 2T G

APFEE 2 ARSNGB EE ARB A RIEF I ER ol B A A Sl
0B E R DA RNEFTREEE M SRS D A AE BTH B 12
By 22 64455 49350 2 831.0m2e L 4 R A A® A Hidsk ko 2 % F 5k
BF o 45 DRk 2R § R o 1Rt ok P EA IR 2
A% 5 BRT> (ORP) 5-83-10mV - @& 4% 0.02%  pH 5 54>
EC % 850pS/eme A3 F ¥ AP BH Lo XEF & TR F G AARTRE
4o s Blde DR R S 20.3+1.6°C (n=1440)> b i 5 0.8+0.5m/s (n=1440) - #p
$HER 5 89.9+7.4% (n=1440) -

4 AP ERRES 2K F IR ST RA

B ey ¥ e
BAL °C 18.3+3.3
pH! - 74£0.3
Hep! uS/cm 480 + 70
A pe e g+ 2 mg/L 499+ 0.1
BTk AL 2 mg/L N.D.
AT 2 mg/L N.D.
Fripetigpd 2 mg/L 120.1+0.1
% mg/L N.D.
i mg/L N.D.
Fi v BRT mV —81to—10
g pH - 54
ET R uS/cm 850
R % 0.02
B R °C 203+1.6
X F B i# m/s 0.8+0.5
R D % 89.9+ 7.4

LBk A A T RIRPET S 2020 30 1 g Timo
2 BRSBTS 2020 3 17 p (A EY) -
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FapER 2020127 30p = 01:22

Erokn ) 2EE BT ET GRS
512 2 RFHFHEZE L7

A F IR FHEERIT2020 £ 2 7 425 2020 8 T P REET O 2 w2 it
Bt E RN 4oL 53 14 BIEFE RS 60 B X FEAEA 1 5
B2 BREE ST BE Y KA 12 B AL 30 EfEMEAZ 26
FHEAN B35 198 B A o

Boh s REREFRSREE PSSR R

5 3 HFHAP (A 17 > )
BRSOk | A FRERE OR RF ) RT k| ¥ RGN EHER IR

2020/2/10 0 0 0 0 0 36
2020/3/17 6 15 0 0 0 0
2020/4/23 6 13 Ll 6 3 4 0
2020/5/28 0 20 1 3 4 0
2020/6/23 1 4 0 3 4 0
2020/7/10 1 8 0 3 18 36

a3 14 60 1| 2 7 12 30 72

503 XERM -KFRIAT R AN

At E VB R AGK B R FTERIKA 0 #2020 & 2 7 10 P 2 2020

#7016 Pt EAp A 1T 0 B 15,000 £ o Blo 44 S RE R FRFEE R

29 10p 27" 16p2 pH- 7R 2 Lr*’m“@ﬁ”‘f"”") s 5 R ”‘

BT 0 S RHBEES R pH LR X > AT AR IFARS o B2 B

? MATEEP 4o phdk e (pH) L 7.45+0.73 0 ¥ T A 5 468+139 puS/cm -
E’ﬂ%lﬁﬁ 9.8-34.4 °C o

\4

P, ATV

WL (m)
EC (pmho/
cm)

3/243% 1% 4/231FR 4% 5/281R%t% 6/231F1% 7/101R4% —(T‘j")"’e'“‘“’e

02/10 00:00 03/01 00:00 04/01 00:00 056/01 00:00 06/01 00:00 07/01 00:00

Bl- 4 ~WE KFRFER ki ~pH~EC 2 Lg% 48% (L9 H#KE)
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Py >

I~ BEREHG

W= 5 kR E R 2020 £ 20 10 p 5 2020 & 71 16 p 2 F

BoE U GHEER R R pH  BTRZER -

@)

— pH
-2
02/1000:00  03/01 00:00 04/01 00:00 05/01 00:00 06/01 00:00 07/01 00:00

(b)

1,600
1,400
1,200
1,000
800
600 | !
400 i T | I !_ | | '
200 r 13

o]

EC (umhof

cm)
-200

02/10 00:00 03/01 00:00 04/01 00:00 05/01 00:00 06/01 00:00 07/01 00:00

)

25

20

= Temperature
(°C)

02?1000:00 03/01 00:00 04/01 00:00 05/01 00:00 06/01 00:00 07/01 00:00
Bzt RrRFTRFH (SHEKE): pH-~(b) $¥T A2 (¢) BA
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#roked IREEBFET IR
5.2 A A7ér & B¥ > A e
521 ¢ BBERG24ER

AL PR RE L LTRE R G A ER AT R 0§ R (Fok
GREAE ;F"?‘_{ L % gzg&”w‘},o

52.1.1 @k (z7k¢ RixEE)

L5

}\—

TR 2 AR T kRS A Tk @ i 2 TR
oI Lo AR BT REREAME G iiR) ZakRE o8
R
i

i
=

4
. =
% e

J

FE RS 3P pRAZHR (B BB ER 43 0.33-0.95mg/L) .’F—'EM%F”*L
ﬁ%ﬁu?l AR S fpapF R R 4 0.03-0.05 mg/L o RS E A2 F
oo Rk RUFAMEIRT 0 AT R Y R R R 42 0.02-046
mg/L> 5 RFFRAEER M3 47-1402mg/kg > B ¥ >4 2 (> ariFp] A
AREBBEEFLR RS IRFLRFFAMUEMER S 387 13mgke > B 2
B2 R E IR AR R R Arie 312 0 5 5 1402+ 15 mg/kg 0 P R F) R PR
BRIBF Y R APA A AT AR 22 Rk ¢ T E R Ok R e o

FeZ - SERRPHERPIERS

IR TR HFHRYF B 1 B2
39 17p 0.33 +0.10 0.95 +0.15
A 41 23p 0.05 +0.00 0.03 +0.01
(mg/L) 6% 23 p* 0.04 +0.01 0.04 +0.01
7% 10 p* 0.05 +0.01 0.05 +0.01

3797 17p 51 +4 47 +2

R F F A 4% 23p 387 +13 1402 +15
(mg/kg) 6% 23 p* 64 *16 64 £16
7710 p* 115 +£19 115 +19

* R AL B 2 EA R BT - AEF - B
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AE R F AR 2 %W’T%ﬁiﬁﬁﬂﬁﬁérkﬂﬁ
+%J£r§&%%3y%:4 %Z&ﬁﬂ$+£§ﬂﬂwfﬁ ~ %
TSR o BRBT A FE AN 2k R ER G 0-0.06mg/L > @
FREFM e (RS B) B4 0-0.58m/L > 4 5 82 TR ER 5



0-57 mg/kg * ** 109/5/28 # 4 # > 43
AU A F Y FRNA A R B

s
Al
N,

\

s
H#

N
J
"

9

ER Nkl y

EIERE R RS

»ﬂj'p" it Erﬂ%@,@ r@ug
N ™ Tﬁ}ﬁ_:i' BWRﬁﬁT$# i /z‘ Iﬁ ,FJ

Bfi 0oy ek =B 4o lfl= A%T’W“ﬁ“lﬂﬁkzﬁlﬁﬁﬁLéﬁ
342 BB KR FFETREL G

R S 2.1 FR L E
N 1 2 3 4 5
P | P kR
] 3/17 0.06 +£0.03]|0.01 +£0.01]0.01 £0.010.01 £0.01]|0.01 +x0.01
;;;4 4/23 0.02 +£0.01 n.d. 0.01 £0.01]0.02 +=0.01]0.01 +£0.01
—+
5/28 n.d. n.d. n.d. n.d. n.d.
mg
) 6/23 0.01 +0.01 {0.03 +£0.01 |0.02 £0.01]0.02 +0.01 n.a.
7/10 0.01 £0.01]0.02 £0.01]0.02 £0.010.02 £0.01]|0.05 £0.01
o 3/17 n.a. n.a. n.a. n.a. n.a.
= 4/23 n.a. n.a. n.a. n.a. n.a.
2K
5/28 57 £19 21 +11 29 +1 39 £3 35 £3
mg
G | 623 n.d. 14 +3 14 +7 17 +6 n.a.
7/10 n.d. 46 +2 57 +1 39 +£2 50 +4
Eoind AR A MR BE PR na it R EEEE
5213 B &g}l
APE RS AR SERETH(REWIRIHS G B
HEMELES T P R Jf\zz G LN 2 zeﬁﬁ ) o 4k B = ICP-
OESBIE % EF R AF % . RIFHERZ ¥ g (dz- L=
2L 2 VB ppEREEE Y
%% Sz 2 Cu Fdwr g (H=
el 3 3 45 5 5L (mg/kg) 50 +1.0 320 kg/~
B #&-2L5 4] (mg/L) n.d. 250 mL/%&
B 8 (mg/l) n.d. 250 mL/A
oind A MR B PR o
522 38 E%% kK §
Bt Adp-kw ok £2 328 0 BRBPFILR kfIg 2w BFERE

£ 2020 2% p s E 2 G 2es £4 Y (Tsai, Chen, & Wang, 2005) » 12 /%4 -k
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Erokn ¢ 2 E £ BTET S

SE N (4 &_ 1997) 2 BRI &3 > 71 2020 & % - AL TR F B2 L EY
12

zoa gkt (B=1- ) & /0 %2 Aa 2 % L4205 708 mm -
2 35 aE 1 B -

p & £ (mm) Pirg 29 P JEELKE v p gk £ (mm)
100 9.0
90 8.0
80 — 1 f T 70
70 6.0
60 -
50 '

4.0

40
30 3.0
20 2.0
g1 AN J\ |
0 JMLJ LA.A. v A LI LA 0.0

o ~ n (@] [e)] (o] o~ (*)] Vo] [22] o ~ < — o] < i 0 n o (2)]

SSTS 5SS STEFTFTESFTTESGS

e Fpi@gE ks =—paf

Bl=t- - paBza@FpEIks > oF RIESHEKEP

PEEAEEBE o RER L0 BT BT F R BRI

s H P A58 28 PR R F IR B a Tk r e B
HEER KR TR 40 239 3 50 28 P LRI TIORA > Rl 4
23 P REBERRAFLRRGIRE -

EFRE (mm)
200
180

160 147
138
140

120
100 87
80
60
40 32
22 0 0

Gkl g 2/107% 02/11-03/17 03/18-04/23 04/24-06/23 06/24-07/10  7/10%4

180

123

Bl=+= ~2020 % - fsEpe Bl o2 L2 o BOERKY £
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5.2.3 A ¥i4r & %iﬁj > B Rk

SEEE R A LR
— WRASZ A E O R A R BT RR RS 0 AP RS I HRS 22

b & o

¥
)‘E:_I,‘i

~4 > L1 . .
I F~EBEREHG

i - Ltgp > HY

7N

i & @,?ﬁa?] g &8 E 143.02 £36.49 mg/m? ¥ 364.40 + 51.68 mg/m? o

Fotw s pHRE 2 FAFER (NERa R S AR)

) ) £ 1 B 2
E5 2 #FHkp & (mg/md) & (mg/m)
2020/3/17 114.70 + 36.43 331.52 + 51.67
2020/4/23 12.64 + 0.90 8.12 + 0.00
3 Ay 2020/5/28 n.a. n.a.
("kizi%4n) | 2020/6/23 3.48+0.44 3.48+ 0.44
2020/7/10 0.00 % 0.00 0.00+ 0.00
p—_ &3 130.82 + 36.45 343.12 + 51.67
2020/3/17 2.45+ 0.03 4.20 + 0.03
2020/4/23 4.06 + 0.03 12.46 + 0.03
SR 2020/5/28 n.a. n.a.
REAlL 2020/6/23 0.17 + 0.01 0.17+0.01
2020/7/10 0.00 % 0.00 0.00+ 0.00
&3 6.68 + 0.05 16.83 + 0.05
2020/3/17 344+ 1.25 1.81+0.34
2020/4/23 0.95+ 0.35 1.02 + 0.40
B A 2020/5/28 n.d. n.d.
(-kizi®4n) | 2020/6/23 0.16 + 0.74 0.16 + 0.00
2020/7/10 0.16 + 0.84 0.26 + 0.45
- &3 471+ 1.71 3.26+0.70
TR
2020/3/17 n.a. n.a.
2020/4/23 n.a. n.a.
_ 2020/5/28 0.19 + 0.00 0.33+0.00
A 2020/6/23 0.02 + 0.00 0.02 + 0.00
2020/7/10 0.27 + 0.00 0.52+ 0.00
&3 0.48 + 0.00 0.88+ 0.00
R < -
£z 32+0. 32+0.
Bt 143.02 + 36.49 364.40 + 51.68

3Eoind. R YR E PR s na it & Bedpak Lo

sj‘.r




bigpER 02020122 30p F = 01

HEHAFRE A G LR E £ B RERET I - Hx(mg/m?®)
B EAT AN B PR A ek D LT o BERKT £
8 OB RS L0 9 AR~ 2 96.2-98.8% > H ¢ 0 1 & BEFRY g
fadr e (59 91.5-94.2% ) -k @ R 5 FIAE T pdi by » 018 4.6-47%° ¥ - 3 5 >

)

SO TERgr TRl F A B 1.1-3.6%22 0.1-0.2%

22T - WS RR AR~ B2 A A

%2 __ wp AR R
ki AR RiEFH Kk iR Ap 4P

1 mg/m? 130.8 6.7 0.3 4.7 0.5 143.0

! % 91.5 4.7 0.2 3.3 0.3 100.0

B2 mg/m? 343.1 16.8 0.3 33 0.9 | 3644

! % 94.2 4.6 0.1 0.9 0.2 100.0

WA EER 0 R 1R RS 224 KR A s Wi e Rl 2 2 E = S
w AT o BP o A EIER (30 1T P ) 2 8 f b~ Bt B S RS
B2 4Faps Pl kB e (630 ) d AT ZAFAZERT A
BIE o Aw 32 mm fokow FHE BT 180 mm 2 JEFEKEH » A B EEK -
B F)E A B TR 2 A A et Bt A R R R R L 1
EARE U A R

B4R T 4R AR

121
1157
E -
=
E
=107
&
K|
;*_’r 111 B A&
& . AEER
N M =
b ll#1$
R
II A
LEFT ]

0317 (4/23 328 624 UTIIU
#ik 8

=
Ji

n
Jin

CRE L2 A RS R KR
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SmpER 20204127 30p = 01:22
-
LEE R A b

28R T R R AR

o :

£

— L)

e

&

i

K| B A&

)

HE [ PR

M -
A
HES
L m i
o
3417 M/23 Lli_h-:'m:i 06/ 23 LI'J'.-:'IU
4k A i

Bzt~ B3 22 Gk Bis A kiRA R
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Erokn ¢ 3 BEERTET S

53 AiaF & BB NBEA P

N L Y

53.1 -kfoit i

AL AT i

° 1:'—:!;})% 1L

F 2 AT

%

-

BEMEE

* oy F mfg.;;vn,;gufﬁt O R LV N 4

e e & iﬂ?é"‘fﬁ A 3% 7.4-16.0 mg/m? (¢}
%ﬂ“ 11.8 £ 0.9 mg/m? ( ¢
i EBH ",‘T? ¥ 43 7.5-34.7 mg/m2 (¢
17.7+ 3.0 mg/m? ( ¢

3 - L .,

n~ —

% Hp &ﬁkﬂi%l » % 82+0.6%)

N O

1
EEWES
==

¢ I TP~ 5 4

'_f",fgu/%‘;gw o

FAERRLA N R RS 7 0 RE e
RN E AR P (TR R R
;‘#i%?°$%ﬁﬁ’%%1%%ﬁﬁ
AR~ 0 5.1-11.2%) 0 T 357
C BB 2 EFPEA T

A AR~ 6 2.1-9.5%) 0 TR E S

E R~ 9 49£08%) -

S CIEE 2o & LRI S 9 SR

1 % HB 2 Mixfg e EB§ (mg/m?2) 1 B v i~ v (%)
HFhRBE | EEZER 1 rEM | EEZ SRR 1 rEH

1 15.0 16.8 31.7 10.5 11.7 22.2

2 16.0 1.7 17.6 11.2 1.2 12.3

3 13.1 3.1 16.2 9.2 2.2 11.3

4 115 23.4 34.9 8.0 16.4 24.4

Byl 5 12.3 12.1 24.4 8.6 8.5 17.1
6 10.3 55 15.8 7.2 3.8 11.0

7 11.7 10.7 22.4 8.2 7.5 15.6

8 8.7 33.1 41.9 6.1 23.2 29.3

9 1.4 9.3 16.7 51 6.5 11.6

mean| 11.8+09 |12.8+3.4|24.6+ 3.2 8.2+0.6 90+24|17.2+2.2

1 28.9 8.0 36.9 7.9 2.2 10.1

2 13.1 55 18.6 3.6 15 51

3 34.7 20.0 54.7 9.5 55 15.0

4 14.8 20.4 35.2 4.0 5.6 9.6

By 2 5 7.6 11.8 194 2.1 3.2 5.3
6 7.5 19.8 27.3 2.1 54 7.5

7 19.0 22.5 41.5 5.2 6.2 114

8 15.1 17.6 32.7 4.1 4.8 9.0

9 19.0 20.4 394 5.2 5.6 10.8

mean| 17.7+3.0 |16.2+2.1|34.0+3.8 49+0.8 45+06| 9.3+£1.0
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$I% o BREE

AATE R TR TR G 2 kR B TR R R TP
FHRNIBFLIATHBFLHE 4 1733, I mg/m?» #3T kLB~ 2 20%:
Rkt 19 L E2 S FAMESHFAFRN BLF 1 7 419
mg/m* (5 & ﬂ\ﬁﬂﬁﬁfﬁi%] *~ 29.3%) T Bfﬂ 2 246+32mg/m? (% 17.2%z2 %,
ﬁ%”)?E%%ZFHiﬂﬂmgm”}%HU%\ﬁﬁ»),ifﬁﬂfﬂ;:Mﬂigg
mg/m? ( % 9.3%1.?:,&%] ) e B RSN % A B M2 T g u/AT; S
A E] B 4e 9.0% ’f‘-"45%if‘:‘§§q‘€$§])\ c FM o R EIEY AR TR
B BEH Mf RAEFIIM 2T 2 2 > W IR RS- H B nﬁg K AEFIRN 0 B 4o fE P
i3 42 (Phytoremediation) # #% (S. He, Wang, Wu, Yin, & Ma, 2020) -

532 Hfudk & B# ' A

REREH TR E BB F 0 WK R AL o d - A
Kﬁ,ﬁ,g;’g)\ﬁu ';75—‘ ﬁalﬁf‘ﬁ}; ig;}i@ﬂ{ﬁ%ﬁﬁi\g%\ﬁﬂ?$§jm%O*LLL’
ﬂxk’ﬂ’iuﬁ‘ﬁ“i ’ﬁ—‘ TER o fEG R EIRE w FRR 2 fﬁ?ﬁbf f/%i‘“; °

il

53.2.1 & s

BeAiZinTd BEEAR S0 WEN ATk L 2 BRR B+
PEREZL A ZIECE AT TE > ek 2 S T 0 p 109 £ 4-7 0
FFE w2450 Re S5 8T kiR 2 47 kR 7 4218 0.2 mg/Leo

Ao RRETRZFERERAS TSR

g Hip I ¥k % kR (mg/L)
1 n.d.
109/4/23 2 n.d.
3 n.d.
1 0.03+0.01
109/5/28 2 0.12+0.01
b & i 3 0.05+ 0.01
1 0.02+0.01
109/6/23 2 n.d.
3 0.20+0.10
1 n.d.
109/7/10 2 0.06+0.03
3 0.06+0.03

oind i E O IR R pET o
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E J\n\:‘iig'é‘ ?ﬁl%_ g_r%g_

53022 u Bk

wOF k] w AR kT R R R R Bk T 2 kR
FHEE RS FRE Ao B £ RRAR AT A N
R T FRR2Z4ER Y A4LE 0.1 mg/lL -

Foo N w TRk ZHEEBERSTTES
vk ik p #p # X 5 4k R (mg/L)
! 0.05+0.01
109/4/23 E ,
, B2 0.06 £ 0.01
v ,
109/5/28 Bl n.d.
109/6/23 B 2 0.10+0.01
oind N A MO R R R o
5323 ;fg_,,-%yul;:—l ,.,ta-;}gta!
ALTE R IR AZIE e B F S0 BRK S Tl E Pk el R R R
nﬁﬁ«fﬁﬁﬁ%ﬁ#ﬁ(%:¢i» EPLGW%L%%ﬂﬁﬂﬁ
18 0.22mg/kg (4p % * 4 #5 % £ 42mg/m?)« % > #-109 & 5 ¢ 18-28 p 2
l

& BRI B FEREF B A

e
i gE F&’Kﬁamﬁﬂbw‘:‘\'%&k‘/nxﬁﬁ b

L G BFAY B TALB A B R 1) 025 mgkg (¥

ﬁﬁ%i4&mm%oﬂ%g@ﬁ¢i¢ﬁ%ﬂz,ﬁgw Flak g~ 2

FREEZFIE I M AR 2L BF S P E-R2ZGBERER SR

EﬂQﬁ&%ﬁﬁﬁﬁﬁ%@ﬂi“?éiiﬁ%’%%*%ﬁﬁ%%?g
L

,};\'I%F&@/ﬁd\l‘ 2] F'&;}gg,J\ﬁ)"ny ﬁ$% .

;}zb];ﬁ,‘—k'a;;f,uf A 5 ¥ gL %ﬁ-ﬁj_grﬁ‘
Lot HERRRE BFES B
g | By g [ #K ; 4 A
_-,EFF; IFB F Tk #“J‘ ﬁl&& ﬁﬁf/ﬁ‘
(mm) (mm) | (mm)| (mg/L) | (mg/m?) | (mg/kg)
2/10-7/10 | = £tk | 766 350.4 4156 0.1 42 0.22
5/18-5/28 | % & i&iw | 313.5 73.7 239.8| 0.2 48 0.25
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CEE NN
54 2 A HHEA

AEREIRE R AL TSR A RMET D EHRA C FRBEEE 2
R A3 (9 T2 SF )RR AT EHEIHRTY  HEE LR
RS SR DY T-REE 30 R

541 2P FRGLF2LZFLR

Aol EEP I EERE LR A P RAEAR LR BB R
GokB o REEF o B 1B 22 24 JHEBAA YL 1294 + 41 kg/m® 2
1373+ 22 kg/m3 ; & 4 1 3% A& 4 w5 1500 + 25 kg/m3 7 1437 + 18 kg/m3 - B ¥
12 R 22 44 5kBAWE34+3%233+£1%: At F-kBEAYE 26+ 1%
¥ 26+ 1% o

F2 A ARETRE

I -, B 1 By 2
$EBF T lmwmA (komd) $kE BB (komd)| sokE

1 1395 32% 1366 31%
2 1454 28% 1451 29%
3 1422 21% 1336 33%
40 4 1408 30% 1392 32%
(0_“15 5 1274 39% 1511 26%
em) 6 1318 35% 1370 31%
7 1249 33% 1298 37%
8 1123 37% 1316 37%
9 1105 50% 1308 36%

I i3 1294 + 41 34 + 3% 1373+ 22 33+1%
1 1401 28% 1326 23%
2 1622 21% 1468 25%
3 1582 24% 1393 20%
& 2 4 1468 23% 1360 30%
(15:30 5 1544 23% 1440 25%
cm) 6 1476 28% 1454 26%
7 1378 32% 1435 30%
8 1481 29% 1508 26%
9 1452 30% 1440 27%

I i3 1500 £+ 25 26+ 1% 1437 + 18 26+ 1%
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Ziokw ¢ 1T ERTE TGRS

fef bk PP 4T A2 L At U (RS P
BoBEHET  IEERVH/ZEFAS P%ﬂ M o3 109 £ 2 % B A 47
PR B 12 22 R dr kR FIA S 5 43230 mg/kg & 45211 mg/kg 5 B #
22 %3 B K kR FF G 68-98 mgkg £ 71-138 mg/kg o ** 109 & 7 1 ik
AT BB 1242 B AL kR R S 47222 mg/kg &2 28-181 mg/kg 5 B &
22 %4 B AL AL R B E 5 46-282 mgkg # 19-100 mg/kg -

9

22t V109 &S - BB R JgE £ AT

I RERELS B 1 B2
¥ p 4 (mg/kg) 4 (mg/kg)
F ik s 29 10p 7% 10 p 23 10p 7% 10 p
1 130 76 89 66
2 96 58 90 46
3 105 47 98 67
4 129 103 76 79
32 5 98 51 68 67
6 43 73 94 67
7% 215 204 H 4 247
g* 195 222 68 282
9 230 193 # 4 171
T 3o 138 + 21 114+ 24 83+5 121 + 30
1 108 87 87 29
2 82 46 71 40
3 45 28 91 27
4 80 66 81 37
& 5 83 39 # 4 20
6 89 72 81 19
7 192 181 138 53
8 194 138 83 100
9* 211 132 126 40
= 121+ 21 88+ 17 95+8 41+8
Bl Be 1302017 # 8" 220478 % 5 42 138 mg/kg ~ &2 133 mg/kg (35 L
BB ARG F LD P,2019) -
B2 ARM A I ENIT2ZER R4 0§ AR -
B3t leddefe M AT EAPTERARE Y Lo 23R -
FRAIEERAFEARES Y R 2 EEE (200 mgkg)
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et > FREI

1-7~1-8 2 1-9 5t gz (el L 7

% ;;;y 22.2-7~2-8 % 29 %'iﬁéfi%i*’

+

T~

)

+
T~

+z x4
A i EE R gL
: /E/%J\Le‘* BLRG AR Y g R B ERSL 0

WkRARE FIARE
12

7

-~

22020127 30p + =

R

:;l_;;,_r 'E_;'-_ ~ ““L% I’/k?)jl’/\

o R B 1 2 1-1~ 14~
2 4R R R AL
Pk R RHE pELi-F
AL AR R

‘fiL" it ﬁiﬂ’@ 7&/}5‘(}3
%ﬁ‘%f‘; 11)\7]\‘_"1\—-%?3}}'1‘" 1—7’5LL§%1%K*§%\__1%”%}§,;ﬁf,ta)\ J\r»y
AFEER  Z2H D B EAPM I F’ﬁ#”f«&«% KadpER AT R F 2 4 5.
Flpt oo Ja et ik FE %ﬁ.)%/f“/p AR o PR SR AR O A B L ATig A o
- e il SERE ST |,
- — \
”f P - \
”/” ’:—” 1'9 ‘\
- \
" :i; 230193 S
o\ \
{ \
. \‘ \‘
A\ \
. “ 1_ ‘\
\ \
\ A
1 195 2229
- ] 194 138
oy A
-t Y96 58 1-7 v\
* 182 46 X
- I 1-4 215 204 P
X H T i
129 103 e
A 80 66 =
g i F130% "76 _="7 #AiRE (mg/kg)
£ 108 87 - 2%+ 78%+L
| RO - 2AKL 7RAEx
EBKAO
PRopL TN
—”ig '\jXT
';\.a.lx |‘\-00 \
2 BT )
6%'% 'lb:lla’,
a-lxa;%"’:v
EEKHO 1 95 e
";;3
) 3 ’L’?'
\\‘z 'LA—”
~—-ZZEeT $REE (mg/kg)
. 2BA%+/2BEx 7BEL/7THEL
Bl = Rl ERe 22 A3 BERIGERYTIELF LR (mgke)

01:22
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k]
T
.
et
[
S
ﬂl
=3
[l
]
‘ﬁ
F
5

P
542 23 kR AT EPN %

ol AT & M2 AR R A S AR R 2 M AT R o R
%wﬁ,%%@ﬁ:%_\ﬁkaﬁkﬁrﬁw 2GR R TN 43 ArER
f2f (R?=0.692) a &5 2 TEFE Reo2il 2B ERPEPREPY
miEd 23 ERERZ -

HatsRE vs, RL8ER

12 R2=0.692 !
£ R2=0.002
%9 R?=0.017

i e g (mg kg

FERE (ng'kg)

Bl= L ~fodr 2304k R 2 2 A ER 2 B %

%ii'ﬁﬁﬁﬁﬁﬁﬁﬁféﬁ. FoT AR IR Ok R W IIR 2 4k R 22
22 4p kR ESAIAPHE > S i Sl AL 048 £ 008 BEEL 27.76 &
11.31 -

2z AR RR THARRZ AR FRE S
Tz 4 am'ﬂ A W8 P-value (3 ¥ 2. R)
. A% (a) 0.48 0.08 1.89E-05 (**)
é\&E (b) 27.76 11.31 0.026 (*)

. A % (a) 0.00 0.01 0.854 (# % ¥)

=% #5E (b) 12.04 1.98 1.55E-05 (**)

e A% (a) 0.00 0.00 0.602 (# % ¥)

‘ # 5 (D) 4.62 0.57 4.49E-07 (**)
Bl b pF o 2 y=ax+bo B oy S ALAFRR x5 TR AFRR o
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L+ mpER 20208127 30p 2 = 01:22

RS N
55 Ryt 2t * £

AEFERFBRALSTEE 2Rk FERTETF AT EBRFE
FAREEVL TV RIFFTZHEBIFETLE > FRERE G L 4
RFP G2 F T E FA -

551 2+ ko ks BFE TG

FAFETERS R Ew & Bl M2 AL TR0t oD M= - 5w e E
BAT G 2 AR R TR 27 22020 # % 1 ST G
» 5 143.0mg/m’ 2 3644 mg/m’ e SR B T EBR 2P I RE EHE LR
ok S fidr (91.5%% 94.2%)0 & TR A SRRk 2 R F A4 (4.7%
2 4.6%) % F R (3.6%% 1.1%) 2 54 (0.3%% 03%) R & aipl 4 &
Bt vho BB 1 E R R 22 ﬁﬁﬂfﬂ%ﬁéﬁn'7% FREA B 5 9.4%2 1.3%-
P T A~ 9 88.8-97.8% 1 b #E. %Tf’%ﬁ*? S EEE S

1 I
: AR AT N REHML [
I 1.1-3.6 % ~0.3 % 0.5-2.7% :
: {/ L g A FHRu ||
I 1.3-94% |
! I
I I

I

iﬁ ﬁ;ﬂ Z'( FdE Bk 01.5-94.2%
B BmHEK
T 7713.2:29.4% |

96.2-98.8% B B 4.6-4.7%

EE 8 ¥
88.8-97.8%

FI= = O R RS A £ B 0 R T b

%43{%47§_ﬂ§<ﬁ:r£ﬁ AR R A Y o pd 106 £ 8 7
WRES G LEBEIAMGT U2 F,2019) B0 T35 sp kR EH FDL B
m%%l£%k2&JF3B(&ﬁ%W17%8i19)52 (H o i 2-
72 2-8) A2 HACALESH L2 2 EF A g RS (200mgkg) o A3 E T
436 B AT > £F T BEBEAERAFRAML D 0 B R A 0213 mgkg
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ok v I EE LB E T RS

FE 20 BEEAFER TR 0 B E K _10-59 mg/kg * & o

RERBT O H- WL P ET 2 PR X E R PR A

W) o KW 2 2 AR I ONA > B AP T 2 2 HEERR S
S gy At R Y E - RN Tt A E G AR ~ TR G2

—E‘z,;f'bgjﬂ:l A%J)» R EE TR A LR A BERIEET ARk £ 4
BEFET Gt v i anEy o

BE e BTt B PR PR TR A A LR AR TR

TN BB R e ﬁ%ﬁ'*s—‘ml’li (g i) 20 Bk (i )ed 300 @
ﬁ«a zngﬁﬁ%ﬁ¢@,ﬁw@ﬁJ%E’&%ﬁwﬂmwm5£ozu%kg’

FHETA G 0 RRE W LT G S MBRATEEL A F] . M BRI A
ﬁﬁ?%iﬁ,ma’ﬁ%iﬁﬁ%%@ﬁIi%mﬁ*%ii%ﬁ7ﬁ¥’ﬁ
FAGPIH AR A 2 A Fled M ma IELAPTES BT R ARIFERD
EPEIMAEA &bl i BRFERTRHAY P EETE- I
PR B> 33 I HER PR LK 195 0508 mgkgr bR K 2
f5 15-18mgkg tpp 2 LR AR > EREF 6 FRePE» 2] o
PR SEHA I8 BAIEAY G 3L 4 A fAER > 11 L3
AR K2 282 23R g R g~ (A R] 05 mgkg) e Fl
- PREET S I EGRALB T a2 D PEFLE ARG N2 ﬁ?%]
jafg 2 -

R o GEANPPRIFLE 2 IBHERT R R IO EBEFEL A
d %J)\;%J“',é E o iF— Hpend WL R OB 0.57 merke 31 1.75 mg/kg 48 i
ﬁﬂ’?ﬂ#?ﬂ'] Hadk s BenA AT gz h- Penfoirm s @irem 2 AP
LR RIS T AR LR R g o R 2
‘?%%b%g*igﬁ@’ﬁ4ﬁﬁﬁ’ﬁ’ﬁﬁﬁm#@s«,nvﬁ%ﬂ
AHEEAT - RN F P PRI R E 2R # A K e an
AL LR ﬁpw’%@r&ﬁ+w;ﬁqu § B -

v mE W R A A 70 & E R R Y R H B R AL €8
P2 A LT BERRIOMR % 0 BB ARY o BRI N E fe A 3TN
P B FRE G R B e o Be kAl R R R gTFA )
I PP e F BTG R Y 5 Z.L;Jﬁr'a‘%fr%:"’%’aa e Bn ks
2? HEEREETRDIRT SR E S 2~ & 0 ¥ TEER
BORAR SRR BV R EFIL R G RERE ,%Bﬁ‘?*‘{‘*%"n HRF A
0 R T £ £ ML R



EN = oL by 21 2
S IR

Iq

Zz2 L= V109 E - HoRgen 2 TR THFE AF A R

~ TS S
. 2 AL A gwﬂf,/' i (TL‘L“}& ERCRLITEY. P
TR (ZIRRLY REr (EEBg | EE R (ma/ka)
(mg/kg) | (mg/m?) | (mg/m?) |(mg/m?)| (mg/kg)
1 -54 140.4 150 | 1254 | 0.60 -55
2 -39 140.4 160 | 1244 | 057 -39
3 -59 140.4 131 | 127.3 | 0.60 -59
4 -26 140.4 115 | 1289 | 0.1 -26
Er 1 5 -47 140.4 123 | 128.1 | 0.67 -48
6 30 140.4 10.3 | 130.1 | 0.66 30
7 -10 140.4 117 | 128.7 | 0.69 -1
8 27 140.4 8.7 131.6 | 0.78 26
9 -37 140.4 7.4 133.0 | 0.80 -38
1 -24 360.2 289 | 3313 | 1.62 -25
2 -44 360.2 131 | 3471 | 159 -46
3 -32 360.2 347 | 3256 | 1.62 -33
4 3 360.2 148 | 3455 | 1.65 1
Er 2 5 0 360.2 7.6 352.6 | 1.56 -2
6 -27 360.2 7.5 352.7 | 172 -29
7 n.a. 360.2 19.0 | 3412 | 175 n.a.
8 213 360.2 151 | 3451 | 1.75 212
9 n.a. 360.2 19.0 341.2 1.74 n.a.

L% 100/7/10 4 A 119 2 4 AR Sk AR 2 100/2/10 4 ARl 9 2 4 v ALk B
2k 4 W A 2 2

S<OA>04 5 5 F ARIF L 4rin % 2 g

3%5]1%%*—!-@__1@’5—%3’:5\_1 250 %%ﬁ}‘i‘_,fm]\ (ﬁ;ﬁ;}l:{yy) Zom PRk (éﬁyﬁéf\lﬂ)

71




ok v I EE LB E T RS
552 ~¥isk & B AR FaARHRENR

B AT E 2 TR TR R TRR m ¢ (Static Critical Load »
MASCL) & Zér 22 AL AW g - M‘Ei_rﬂ% A RFFER (RH
NEAIARFERIFNALZ RS ) ZAFBNRFIE BT RAFRRE (AP fRER
PRI 2 IR SRR R R R AR ) E«z(lfmﬂwhz R R
Te)» B AET e o e b Ry AR Sl GRrd S 4 977 )~ 2R RH R
B (%(=21) uw;@]»-é¢ BER (k- L7 970 ) TR EEHLF 2
wﬁﬁ,gggwiiéﬁw’aﬁ»,ﬁﬁﬁ%i§%%34mo

552.1 & R A IFR 2 FEENA AT

BREEhed B0 Mg RHRRRZMEL ) FA B3 F
iﬁﬁﬁ@ﬁ%ﬁ’gln?ﬁ“% (0-15cm) 2 b P& ff 20 4 2 % A2
(0-30 cm)» %Brfas k2 2 defhErod WA RPHAFN AL 2 R
pE B AR RS DB RN AL 2 12 B R B E . g
AL r REEA O FEL R A AL BT R 2043 2B S 0T
PRS2 3 HE BRI o

5522 FIEFAREREZ

2R AETKIREZ G A Sk A RIEFZETRER T
%% JEIERARE BRI 0.2 mg/L (17 Ffr B %i B €,2003) > i (742452 U
B e B2EBT IAFBETREE | ZREEVPLI X > RARE 2 AHIT
PIBFRER BT RARE R T R 2 AR E 4 o 4w 30 £ 02 0 BT
RAFPLIBFRT G SR EY L o

5.5.2.3 ;\j\“r‘a’?&%ﬂ?g_/zy: Au\‘fﬁ'

FR =S LD A SN SE R SE R ja,‘[\éfadf}%%‘j&_ﬂ}?\lﬁrsﬁuf > H

FEN AR RPRMEDNT o R B BEE TSRS A
RS T AR 27&’ﬂb’mﬁpmpﬂfﬁzﬁéﬁ
3 %

cfEH E L o AN g2t s b E B 2 A v A HEEAR ]\ﬁ;{fl w2

P

£ i
2R T Aot 2043 BAZE S 7 BB F FIERERE (200mgkg) ;
CA A AR 0 R € 272067 EARHE F AR ERE B HET OB
R R b H R 2 gﬂz«o'éﬁ¢1%ﬁ&%iﬁ%§’&%m
32076 & FIE R o F T AIET KR RFPEFE T - B RIS LR S
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Z2ERW S ARFERT A

ERE S

/E/%}\
60 £ p 2 TiHd 3 E RAZEIEE o His ¥ a0 A

51

=

_ﬁ_ ~N

_L % l’/h? )jl,/\

BRI g 1T 0 v
LR N ki

(4o KR AR ‘frgﬂ 4 ,umxﬁﬁﬂ), RE g g*ﬁ-gﬂ Pehd &R ft-}
* 'LL?P‘% v B ERDRERRERN L EHIEP HFDAFEAHF

m%@’ﬂw’%ﬁ§w¢ﬁﬁ£%%ﬁaﬁﬂwﬁﬁo
BZ b s bR E AR
e 7 48 4 44 DY TS P e Lo 0
ﬂ\EF AL & S ~ 4P PR A - S
B 1 2 1 2 1 2 1 2
faFd ~ (mgm?) | 143 | 364 | 154 | 163 | 143 | 364 | 154 | 163
%1 dr(mgkg) | 114 | 121 | 114 | 121 | 114 | 121 | 114 | 121
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%2 | 0.04 | 0.00 | na |0.012] 0.02 | na. | 0.06
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A4 3 T3:iE 31.03| 025 | nd. | 11.21| 040 | nd. | nd.
L 1 0.01 | 0.03 | na | 0.01 | 0.01 | na. | na.
R A T3miE | 446 10290 | 1.58 [ 1248 | 0.39 | 0.19 | 15.8
HEF 1 0.01 [0.033] 0.07 | 0.02 | 0.02 | 0.19 | 0.0
A4 5 TiE | 980 (0217 nd. | 574 | 0.29 | n.d. 0.2
WEFE | 0.01 [0.019| na. | 0.02 | 0.0l | na. | 0.1
B imin 1 Tiag 147 | nd. | 042 | 0.68 | 0.24 | 0.21 | 1.01
WEFE | 0.13 | na. | 0.06 | 0.06 | 0.00 | 0.01 | 0.02
i 2 TiniE |17.428]0.224 | 19.53 [16.564| nd. | nd. | n.d.
% E 1 0.00310.023| 0.01 |0.003| na. | na. | na.
PTY Ti=iE | 6.20 | nd. |8856| 5.05 | 0.27 | 0.15 | 0.20
HEF | 0.01 | na |0.003| 0.14 | 0.01 | 0.19 | 0.08
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1 Systematic Approach to Quantifying Souce and Sink 26 Outlines
2 Apportionments for Copper Metal in Paddy Fields: 27 Abstract 1
3 Confronting Environmental Challenges 28 1.Tntrod 4
4 ¥i-Ho Tseng, Shu-Yuan Pan®, Hung Pin Huang, Chao- Y Wei, Wei-Taan Syu 29 2. Materials and Method s
30 2.1 Study area and setting 6
5 Department of Bicenvironmental Systems Engineering, National Taiwan University, No. 1, Section 31 2.2 Heavy metal invertory 6
6 4, Roosevelt Road, Taipei City, 10617 Taiwan (R 0.C.) 22 221 Input 6
7 * Corresponding author. E-mails: sypan@nm.edu.tw (SY Pan) 33 222 Qutput 7
s Absact 34 2.2.3 Soil accurnulation,
35 2.3 Heavy metal determination )
El The accumulation of heavy metals severely affects the health of consumers and plants, which is 36 2.3.1 Sample pretreatment: 3
10 anissue in both food safety and food security. To more effectively control the he avy metals, this shidy
37 2.3.2 Heavy metal measurement. 10
11 analyzed Copper (Cu) in environmental media of two paddy fields in Taoyuan, Taiwan. The mass-
12 balance model, source apporfionment and the derived year of excess data were established and 38 2.4 Dynamic Models of Copper Accumulation in Paddy Sils
13 cvaluated. The result indicates that irrigation water contributed the most of total Cu input, with the B 241 Modelling safety period
14 portion 96.2% and 98.8%. The integration of all environmental mecia derived the estimation of the a¢ 2.4.2 Scenario and uncertainty analysis
15 year of excess (TE) with critical load models (CLs). The resultindicates that the Cu might exceed the 41 3. Results and Discussis 14
16  national standard of soil pollution in 24 years in the most extreme case, hence, the experiment fields a2 3.1 Copper Source Apportionment, 14
17 cannot be nsed sustainably. For finding a possible window for eliminating Cu accumulation and . 3.1.1 Field Inigation Requirements 14
18 clongating TE, the alternative wet/dry irrigation (AWD) was incorporated in CLs. With a significant
19 reduction of water usage by about 25% and mitigation of Cu accumulaion from 17% - 48%, thus, we “* 312 Irgation, Atmospheric Deposit and Chernical Applications...
20 concluded that AWD is a remarkable management method to eliminating Cu risks and to adapt to 45 3.2 Cu removal 1
21 potential drought. Overall, with the help of mass-balance model and source apportionment, water- 46 3.21PU 1
22 saving management in paddy field systems are worthy to develop further when confronting a7 3.2.2 Estimation of Cu removal potentials of DR and RU
23 environmental challenges, such as climate change and food security. . 2.3 spatial Disribtion of 561 Cu Con centration .
24 Keywords. heavy metal, paddy field, source ear of cxeess; wat 43 3.4 Evaluation of Critical Loads of Copper .
25 climate change; food secusity. 50 3.4.1 Positive impact of AWD on TE: 24
51 3.4.2 Feasibility of current irrigation stardard ...,
52 3.4.3 TE difference dueto root removal ...
53 3.5 Uncartainty Analysis 25
54 3.5.1 Irrigation and undesired irrigation input ..
55 3.5.2 High spatial variation of Cu soil concentration..
56 3.5.3 Other influential factor 2
57 3.6 Strategies to Sustaining Soil Quality and Food Safety.
1 2
58 4. Conclusi 28 63 1. Iniroduction
59 Conflicts of interest 28
% Admowled 8 64 Paddy rice, one of the second most needed staple crops worldwide (3 He et al,,
6 Ref 28 65 2018). Especially in monsoonal Asia, where over 90% of paddy rice is produced (Dong
o 66 &Xiao, 2016). This area i also known for the high population, which makes the
67 agricultural arable lands are somestimes inseparable from industrial areas, urban areas,
68 or mines The pollutants from these areas can be transported to the paddy field and
69 therefore raise the concern of problems in food security and public health,
70 Among the pollutants in paddy fields, heavy metal is a group of potentially toxic
71 elements (include metallic and metalloi d elements) which are acoumulable (Nouri et .,
72 2009), andindecomposable (Sun et al., 2017) . Some heavy metals have cansed several
73 epidemic diseases in several regions. For instance, arsenic has resulted in damaging
74 mitochondria (Tomova et al., 2011) and exposed to more than 80 million residents in
75  the Bengal Delta (Williams et al, 2005); cadmium was reported harmful to the
76 respiration system, reproductive system, skeletal system and ki dney (Godt et al., 2006),
77 and copper (Cu) was identified ac an agent of Alzheimer’s disease (Brewer, 2015) and
78 cytotoxic element to intestinal cells of human (Henson et al., 2019). Owing to these
73 potential hazards to humans, fate studies must be undergoing. Due to the inherent
20 indegradability, heavy metal’s mass transfer is not less crucial than the chemical
81  characteristics
22 In a paddy field system, mass transfer of heavy metals is controlled by several
83 natural and anthropogenic behaviors. The inputs of heavy metal include irrigation,
24 atmospheric deposit (dust drop and precipitation), fertilization application, and
85  pesticide application; the outputs include plant uptake, drainage, event runoff's, and soil
26 percolation. The overall excess/shortage of input of specific heavy metals reflects on
87  thechange of the content accumulated in the soil. Therefore, to prevent the heavy metal-
28 caused hazard, preventing heavy metal accumulation is a game of untangling the
89 appertionment andintroducing optimal managem ent strategies For increasing the cutput
90 and diminishing the input of heavy metals. 4s reportedin some apportionment studies,
91 heavy metal input is mainly acconnted for amospheric deposits and irrigation (Feng et
92 al, 2020). Therefore, eliminating heavy metals should emphasize preventing
93 atmospheric deposits and optimizing the efficient use of irrigation
54 The water demand of the paddy field can be roughly divided into rein feed and
95 irrigation. Continuous fleoding (CF) irrigation is widely applied in southeastern Asian
96 countries (Alauddin et al, 2020; Sriphirom et al., 201%). However, becanse of the
97 increasing water demand, potentially increasing drought (Dai, 2013) and their impact
98 in rice produstion countries (Mivan, 2015), alternate dryfwet (AWD) irrigation is
3 k)
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99 developed as new water-saving technology (Alanddin et al., 2020, Ishfaq et al., 2020; 135 2, Materials and Methods
100 Sriphirom stal, 2019). Except for 25-70% water saving (Ishfaq stal , 2020), AWD also
101  benefits in reducing methane emission and global warming potentials (Sriphirom et l., 136 2.7 Study area and setting
102 2019), impeding arsenic and mercury uptake (Ishfaq et al., 2020) and cost redustion
108 without yield drop (Alauddin et al., 2020). Considering the contribution of irrigafion 137 Two adjacent paddy fields (Field A and Field B) were selected to conduct a field
104 water of heawy metal inputs, incorporating AWD in heavy metal mass transfer models 138 emperiment. Both fields ave located in Wakuatsve, Taoyuan Qity, Tawan, Field A and
105 couldiead o heany metal seducing management 133 Field B span 49350 and 8310 m? and are located at (25.0301°, 121.2227°E). The
140 fields harvest once to twice a year dspending on the irrigation supply This stidy
106 Several models have been published to predict the heavy metal accumulation, 141 focused on the first harvest (last February to early July) Identical conventional
107 establish regulatory and management strategies. A thorough approach is integrating al 142 menagement was applied in both fields. Fusthermore, the masimum Cu concentration
108 the inventory of heavy metal in the defined system and resulting in the time to reach 143 ina dictery fam is 200 raglke (Soil and Groundwater Pollution Remediation Act, 2010),
109 the given limits (Shi et al, 2019). Fusthermore, incorporating usbanization conception 144 which was used to establish a model and calculats TE
110 in the regression model can predict Futire heavy metel in a more realistic approach and
111 have the potcatial of reducing laborions monitoring work (Peng et ol 2017, A 145 The soil of Field AandField B is classified asloamy soil. These fields are confined
112 modified dynamic modsl based on a detailed mass balance model can alzo be usedto 146 by the surreunding walls and an underlying plow sole andunderlie a barely permezble
112 builda dynamicmeods] for future prodiction (Feng et ol , 2020). These models are uscful 147 plow sole, the percelation rate is usually ladin 0-1.5 cm/day (Bouman et dl., 1994),
114 to predict the concentration trend. Associated with a given upper limit of tolerance (e g 148 therefore. in this smdy, the percolation was neglected
115  ecological capacity, standard concentration for controlling), they can also be used to 149
196 caleulate the year of excess (TE). As part of the heavy metal balance modsl, source
117 appor Ly erucial for understanding and the efficacy of 150 2.2 Hoavy motal ventony
118 management This can be achieved by receptor modeling (Guan et al., 2018),
119 multivariate regression (Qu et al, 2013), and isotopic techniques (Wang et al , 2019) 151 In the mass balance model, the imigation (IR), atmospheric deposits (AD),
120 on aregional scale 152 chemical applications (CA4), and plant uptakes (PT) were included These inventories
153 were divided into inputs and outputs. Additionally, the importance of the drainage and
121 To estimate soil aceumulation, buil ding a mass balance modelin a sm aller system,
154 the runoff was also cvaluated. After all, we can summarize the source apportionm ent of
122 for instance, a single paddy field is a good choice for vindicating the cffects of
155 inventories and test several scenarios of possible metho ds to eliminate the accumulation
123 management A reason is that studying a small system can lessen the assumptions,
156 inpaddy soils
124 which means all fastors are more sontrollable and trastable, therefore, it lsads to a more
125 realistic approach to the system. This controllability also provides the flexibility to 157 221 Tnput
126 intoduce multiple scenarios differentiated by extreme climate siations and
127 management strategies. 158 2.2.1.1Imigation (TR}
128 To depict a more reasonable picture, this study aims to combine field observation 158 Determination of heavy metals in irrigation water can divide into fhe aqueous
129 results and modeling in multiple scenarios The following characteristics of heavy 160 phese (AQ) and suspended solid phase (55) iy, (ngfn?) represents the inpus of
130 metals are expected to resolute: (1) measure all phases in a paddy field system to 161 heavy metals per period, can be derived by equation (1)
131 establish the source apportionment of copper; (2) model the dynamic critical load (Feng
132 etal, 2020) of heavy metals; (3) incoporate various climate scenarios (curent climate Mg, = (Cagat @sse X vos ) X It (1)
133 vs. drought), irrigation strategies (CF ws. &WD) and harvesting strategies (shoot and
162 where Cyy (mg/L) is the measured heavy metal concentration in the agueous
134 grain removal ve whole plant rem oval) ;
163 phase, eagg; (mglkg) s the heavy metal concentration in 55, ygs; (kaiL) is the
5 13
164 concentration of SS and J; (mm) is the totel irrigation amount in the targeting time 186 PU is the ditect removal of plant tissue when harvesting. The whols plant can be
165 range 187 separatedinto three parts: root, shoot, and grain. Due to the traditional harvest method,
188 the PU can be roughly divided by different parts of plants, grain, shoot, and root
166 2212 Atmospheric deposit (AD)
183 PU of each partis expressed by (6
167 AD includes dust deposits and co-precipitation deposits as nonpoint source
168 pollution. We used the deionized water to sample AD. Therefore, the sampled AD has Moy (c,,,-i X Vg (6)
169 an aqueous phase (AL) and atmospheric sediments (AS) We assumed that it distributed
170 evenly in the field, therefore, the total amount of heavy metal input can be dstermined e
7 by @ 191 Plants samples were defined by clusters (or bunch), thatis, aclusteris one sample;
i = (Gt X Yasc) X Vet 500 @ 192 Subsamples were taken from cach sample. Subsamples were divided by parts, where
193 f=r,5g represents root, shoot, and grain, respectively During the laboratory
172 where Cyy (mg/L) is the heavy metal concentration of AL, s, (mgfke) is the 194 cxperiment, Cpyy (melL) is the O concentration of digested plant tisswes; Vo (L)
173 heavy metal concentration in AS, ys, (kg/L) and I, (L) are the selid concentration 195 is the volume of digest solvent, mpy; (kg) is the digested weight of plant For
174 and collected water in the whole bucket. S, is the area of cross-ssction of sampling 196 estimating and normalizing the Cu concentration, grain weight of cach cluster and total
175  buckets for normalization, 197  field is incorporated. Mpy; (kg) represented the total weight of each part in each
198 sample; mpy, (cg) is the grain weight of in each sample; M, (kg) is total grain
176 2213 Chemical application (CA) 193 produced of the field, 4 (m? is the corresponding field area And the total PU can be
200 expressed as (7)
177 Fertilizers (FER) and pesticides (PEST) are often applisd in conventional
178 agricultural practices. Tn this harvesting period, one kind of solid fertilizer, and two My, = — Z iae @
179 kinds of tiquid pesticides were applied
201
180 The fertilizer is solidus With a digestion process inwolved, the Fertilizer
181 componentis caleulated by (3) 202 2222 Drainage (DR) and Runoff (RT)
s = Z Crene X Vesms = Masns X Reses @) 203 Drainage and runoff are dependent on the water supply and the water capacity of
204 the target farm The runoffs represent the overflow of ponded water in the Field
182 The pesticide is liquid and is therefore calculated by (4 205 Dranage outflows from fized drainage chauncls
206 223 Soil accumulation
Mpisr= D Creses X Rogsry @
207 The overall input of heavy metals (ngoz) eventually accumulates in the soil as
183 And the total CA is (5) 208 caleulatedin (8)
Picas = M+ psers ©® son, = e @
Jj=iP RERPEST.A
154 222 Ouiout 208 Msay decides the overall input of the unit area. This stu dy assumes that all heavy
185 2221 Plant uptake (PT) 210 metals disperse evenly in the gridded field horizontally and betwoen a ertain range
7 8
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211 vertically. Thercfore the concentration change can be derived by (3) 242 Soil samples were collected by polypropylene bags twice. at the beginning and the
243 end of wultivation. Samples were firstly subsampled in 10 mL mubes and dried to
ACson = Msou + dson + Psor ©) 244 determine the bulk density. Later, the rest samples were airdricd, smashed, and finally
219 where dogpy(m) i the given range of accumulation by assumption and pauyg is the 245 sieved (0.149mm, Mo, 100 mesh). The dried samples were then subsampled 0.5 g and
213 soil bulk censity in cach grid 246 then treated by microwave digestion (NIEA S301 613B). The digested solutions were
247 diluted five times then filtered by 0.22 pm polytetrafluoroethene hydrophilic welded
314 2.3 Heav Mesal Analysis 248 syringe filter Foll owing by Cu determinafion by ICP-CES.
B — 245 2.3.2 Heavy metal measurement
e Water samples, soil saapl s, and plast samples were collscted ia Daguian Disict, 250 Characterizing the heavy metal in paddy ficlds can be achieved by extractions and.
217 Taoguan Gy, and brought to Mationsl Tatwan University within one hous Thres 251 the following quantificaions. The intended method depends on the putpose of the
218 chemical samples (one FER. and two PEST) were sampled directly from the package. 252  research. To delineate to heavy metal accumulation and establish corresponding
253 sirategies, the complete extraction by digestion is preferable (Alsaleh et al, 2018). To
213 Water samples (TR, AD, DR, and RU) were collected by polypropylene bottes TR 254 smdy the phytotoxicity and potential exposure to human, heavy metal extraction
220 samples were filtered by 4.0 um filter paper to separate AQ and S5, AD samples were 255 method, such as sequential extraction (Wenzel et al, 2001) and single extraction (Zhang
221 filtered by 4.0 wm filter paper to separate AL and 45, From March to July, 93 water 256 et al, 2010; Zhu et al,, 2012), are chosen by properties of interest. The chemical
222 samples were collected (14 IR, 60 AD, 12 RU, and 7 DE) by polypropylene bottles 257  quantification techniques, such as ultraviolet-visible spectrophotometry (UV-VIS) and
223 After transporting bothe laboratory, the water samples were filtered by Grads 40 (8 um) 258 inductively coupled plasma optical emission spectrometry (ICP-OES) are pesformed
224 filter paper produced by Whatman™ to divide aquecus and liquidous phase. For
225 liquidous part, a few drops of nitric acid was added to liquidous phase, then filtered by 253 2.4 Dynandc Models of Copper Accunmlation in Paddy Soils
226 022 um polyterrafluorocthenc hydrophilic welded syringe filter Following by Cu
277 detemmination by ICD-OES. The solid phase samples were firsily oven-dried, weighed 260 In this study, data extraction and andlysis were conducted with the K program
228 then treated by microwave digestion (MIEA $301 618 The digested solutions were 261 (version 4.0.2). The functions in package base (wersion 4.0.2), stats (version 4.0.2), and
229 diluted five fimes then filtered by 0.22 pm polytetraflucroethene hydrophilic welded 262 ggplot2 (3.3.2) were used to perform general statistics and generate plots
230 syringe filter following by Cu determination by ICP-OES 263 2,41 Modelling ety period
231 For Ch analyses, 0.500 FER was dissolvedin 10 mL 1% HINOz and then diluted 264 Thees models for modeling contaminants accumulation, ak.a. Critical Load (CL),
232 to 50 mL. The solution was mizxed well then filtered by 0.22 um pelytetraflucrocthene 265 were reviewed in Feng (2020, Statistic Critical Load (STLY, Dynamic Critical Toad
233 hydrophilic welded syringe filter following by Cu determination by ICP-OES. 266 (TDCL), and Mass balance-based Critical Load (MDCL). These loads were calculated
234 Plant samples were collected in polypropylenc bags. At the end of cultivation, 18 267 by controlling standard concentration, e.g. regulations of maximum soil concentration
235 plants were collected by polypropylene bags. After transporting to the laboratory, they 268 (C;, mgfkg), current soil concentration (Cy, mgg), total amnval inputs 1, mghy),
236 were washed to remove attached soils and rinsed by deionized water. Samples were 269 totdl annudl outputs (R, mafm¥yr), soil bulk density (p, kghny and assumed
237 dried under 60 °C for 72 br then separated to root, shoot, and grain and weighed. The 270 accumulation depth (z, m)
238 dred samples were then subsampled 0.5 g and then pred d for one hour and 271 We combined the modsls with the controlling standard concsntration to obtain the
238 microwave-digested (Wu et al, 1997) The digested solutions were diluted five times 272 inferred TE. The safety periods were regarded as an indicator for judging the exigence
280 then filtered by 0.22 m pelytetraflucroethene hydrophilic welded syringe filter P i the , method o introd wore sustmnable lnd
241 following by Cu determination by ICP-OES. 774 management srstegies
9 10
275 2411 Stafistic eritical load (SCL) 293 inthe calculation. The fluxes of all media are included, to reduce the uncertainty caused
294 by simplicities due to asswmptions. The heavy accumulaion rafe is cxpressed by
276 Statistic Critical Load (SCL, mgfm? assumes the inputs and outputs of heavy 235 equation (15)
277 metals arc indspendsnt of concentrations in soils. SCL is cxpressed by the Following
278 formula (10) aU AL -
279 e (15)
SCL =pz(C, — Cy) (10) 296 where 8U/ 8t (mgim¥yr) and BL/Bt (mg/m¥yr) represent the loss rate of heavy
297 metal due to PU and percolation, respectively. These loss rates are assumed to be
280 298 proportional tothe concentration. Therefore, this medsl introduces a constant A which
281 The cotresponding TE is calculated by introducing [and Oin squation (11) 299 expresses the ratio of OU/Gt+0L/3r and C. ( canbe expressedby A=
300 (BU/8t +BL/BE)/C,). On the other hand, I (mghn¥yr) and O (mg/m2iyr) represent
SCL ped€, — Co) 301  the rates of extemal inputs and outputs, respectively, which are independent of soil
E=r—p=""T—5 (1) 302  concentration. After sorting out and selving this differential equation, the time-
303 dependent concentration is expressed by cquation (16)
282 24.12Dynamic eritical load (TDCL)
c,fc.,e’ﬂurw (16)
283 Traditional Dynamic Critical Load (TDCL. mgfm® requires monitoring or pzh
284  estimating the annual change rate of soil concentration (K). When assuming K as a 0 When assigning Ce as €y 1is the masiraum input thatthe field can sesist, namel,
285 constant, time (1) dependent TDCL can be detived by equation (12):
305 NDCL can be expressed by cquation (17)
1K 306
TDCL, = p2(€, ~ CoK ) ey (12)
ez, = PRGZ G an
286 T the conditi ons stay constant and K > 1when the concentration in the soil reaches 1—em
287 G, TDCL reaches 0. The t under this condition indicates TE is expressed as cquafion w07 Considering the farmula (eq. 7, when G teathes Cy trepresents TE, which can
288 (19 308 be cxpressed as squation (18)
TDGL = 0 = pa{; — GoK™) e (13) 1 pzaG —I4R
K{1—-K™%) TE *Alnm (18)
283 Therefore, pz(C; — C3K7%) = 0, TE can be derived by cquation (14)
309 2.4.2 Scenario and uncertaintv andlvsis
TE = mg,(g—; (14) 310 Because different management strategies and irrigation water characteristics affect
311 the simulation of TE. Multiple scenarios were introduced to model TEs. We
290 312 incorporatedtwo scenarios in three factors, two irrigation practices, two meteorological
313 conditions, and fwo harvest strategies. Also, due to the unpredictable uncertainty of Cu
291 24.1.3 Mass balance-based critical load (MDCL) 314  concentration in imigation water, we included two potential conditions in CLs,
315 measured Cu concentration and assumed Cu concentration based on upper limit of
292 Mass balance-based critical load (MDCL. mg/m?) involves all inputs and outputs 316 irrigation standard (rigation Act, 2020)

1

A-28




W

217 The cwrrent ingation strategy in the experiment fields 15 CE Considenng the 340 3. Results and Discussion
318  potential positive impact of water-saving strategies, both imigation scenarios: (1) CF
319 and (2) AWD were included. Actual application data was obtained from the suggestion 341 3.1 Capper Source Apporéonment
320 ofan experimental study in Pingtung, Taiwan, which implies weekly pending depth of
221 40mm as the best efficacy of utilizing AWD in paddy sice (Paseusl &Wang, 2017). Tn 342 2l1Fieldlnation Requitements
222 addifion, We assigned two scenarios considering different metsorological conditions 243 In 2020, the daily precipitation and the on-farm irrigation were used to fafer fhe
223 (1) current condition and (2) extrem e drought, FIRs in various scenarios were calculated 344 imigation influx. The daily precipitation date were setrieve d from CWE Observation
324 In the cumrent condition, we substrate FIR. by effective rainfalls that were estimated by 345 Daia Inguire System (Central Weather Burcan, 2020y, and the ficld imigation
325 the recorded precipitation and the proposed converting method (Tsai et al., 2005) 346 reauirements (FRs, #5i) #RBIERE « ) were rstimated according to the
226 Dusing the first harvest period, FIR of CF and AWD were 708 mm and 532 mm, 347 imigation plan (Taoyuan Ireigation Association, 2009) The daily precipitation is
327 respeotively. On the other hand, effective ranfall in extreme drought condiions was 348 transferred to the effective rainfall according to the model and specifically verified in
328 premised to be zero. Therefore, FIR is up to 1058 mm and 795 mm in CF and AWD 349 Tasyuan (Tsai et al., 2005), and the effective rainfall was used to caleulate the on-Famm
829 management 350 imigation (BERR! RFRTUMIHSN - o). The total influx of cach (BHER! $RTFRIBR
230 The cureat management only harvest the shoot and grain of paddy rice 351 R o b) was the sum of the on-farm irrigation. Redlines marked the sampling date in
231 Considering the removal of root could lead to more removal of Cu, two harvest 352 this reseasch. The totel flus was used for later calealations of tofel Cu input
237 strategies: (1) shoot and grain removal and (2) whole plant removal were consideredin 53
233 the soenarios
334 Apart from scenarios, the Cu concentration can vary a wide range under different 45.0
335 conditions which depends on temporal upstream contributions We incorporated two 40,0 g
336 uncertainties, actually measured concentrations and maximum concentration according 350 &
337  tothenational standard. Table 1 presents eightscenanios and two wncertainties that were 300 2
238 included in the scenario and uncertainty analysis. 25.0 3
g
339 Table 1. Incorporated scenarios and uncertainties in TE simulati on 200 &
150 2
e Fleroes: dieimy 160 g
1 |Current Condition CF Grain and Shoot 50 &
2 |Current Condition CF Whole Plant 00
3 [Current Conditon) AWD Grain and Shoot 2/20 3/5 3/13 4/2 4/16 4/30 5/14 5/28 6/11 6/25 /9
4 [current Condition AWD Whole Plant ) o
T [Ewwems Drowgit = . s CIFIRofCF ESIFIR of AWD  ——Dally precipitation
6 |Extreme Drought oF Whole Plant
355 Fig. 1 Time scrics of daily precipitations and cn-farm irrig ations from February to Tuly
7 |Estreme Drought AWD Grain and Shoot 356 of 2020, The precipitation datawas retrieve d from CWE Obs ervation Data Inquire
8  |Extreme Drought AWD Whole Plant 357 System (Central Weather Bureau, 2020); on-farm irrigation was estimated according
Tiapeanion G cemecmgia 358 to imgation plan (Tacyuan Irigation Asso ciation, 2009). Redlines matked the
A ssumed based on irrigation standard 9 sanpling date ia this research
Measured during sxperiment
(Terigation Act, 2020)
13 14
373 Table 2. Time serics of Cu input in sach phase and cach ficld
180 180
Tidld A Field B
138 37 7 Phase Date
123 Cu (mg/m?) Cu (mgm?
20201317 114.70 £ 3643 331525167
91 91
7 202014123 12,64 + 0.90 8.12:£0.00
A 202015/28 na na
2 3 2020/6/23 348044 348044
- 202017/10 0.00 +0.00 0.00:+0.00
= sum. 130.82 £ 36.45 343.12£51.67
seeding Land Before 03/18- 04/24- Aftar
202013/17 245003 4.20£0.03
Preparation 03/17 | 0423  0s/23 | o6/24
260 202014123 4.06+0.03 1246 £0.03
3w oo |_2020rsiag na na
£ 252 235 202016123 017001 0.17:£0.01
250
E 212 211 200 2020/7/10 0.00 % 0.00 0.00£0.00
£ 200 180-180 1o sum. 6.68+0.05 16.83 £0.05
glgﬂ 141 2020/3/17 3.44£1.25 181034
3 2020/4/23 0.95+035 1.02£040
2100
< o |_2020r528 nd nd
E 50 |32 32 17 2020/6/23 0.16 £0.74 0.16 £0.00
o 2020/7/10 0.16+0.84 0.26£0.45
pcF | seedmg  land  Before || 02/15-  04/24- | After 0 sum. 471£171 3.26+£0.70
e DAWD Preparation 03/17 | 0423  06/23 | 0624 2020317 o T
202014123 . 2
262 Tig. 2 FIR of cach period under {a) surrent condition and (b) drought condition P PRIy i
AS
363 The overall yield of the first harvest of 2020 was 3800 kg of rice grains (3200kg 2020/6/23 0.02+0.00 0.02+0.00
264 from Field A and 600 kg from Field B with the assumption of even productivity) which 2020/7/10 0.27:+0.00 0.52:+0.00
365 wasreported by the famer managing these two fields. The yiclds were usedto estimate sum. 0.48+0.00 0.88:+0.00
266 the uptakes by the paddy rice R FER 032003 032003
) . sum. 032003 0.32+0.03
367 312Tmigation. Atmospheric Deposit and Chemical Application Tol TBoliies it Lol
o X ] . !
268 Table 2 presents the source apportionment data were derived by integrating IR, 374 n.d:not detectable, n.a: not available
363 AD, and CA data After normalizing, each set of data were presented chronically. .
2 375 After the determination of Cu in different media and normalization to mg/m?, the
270 Ovesall, the total input of Ficld Aand Field B was 143.02 % 36.49 mg/m® and 364.40 + . o ) Settond (Tt 31 The veant
1t it of t] it tivati t
371 51.68mgm? respectively. Significantly, the Cu inputwas dominant by AQin IR during source apportiontment of the entire cultivation was derived (Table 3) The result shows
377  that IR is the major factor in inputting the Cu to target fields. IR 1s in total of 96.2—
272 the first harvest

378 98.8%, as a sum of AQ (91.5-94.2%) and S5 (4.6-4.7%). On the other hand, miner
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Foka @
379 factors, AD and FER contributed 1.1-3.6% and 0.1-0.2%, respectively.
(b)
380 Table 3. Source apportionment of accumulative Cu input
338
Source R AD e
Total =
Apportionment A0 [ ss | FER AL [as 2335
mgfm® | 1308 | 67 | 03 [ na |47 [0s5] 1430 el
Field & ]
% 915 [ 47 [ 02 o [33]03] woo 2y
mg'm® | 3431 | 168 | 03 | na |33 |09 3644 3 1
FieldB Q15 Prase
% 942 [ 46 [ 01 0 Jos[oz] woo 3
N0 AL
© A
381 In different periods, the source apportionment of both fields is shown (Fig. 3). The E s ne
382 sample on Mar 17is shown to have highest portion. The AQLs as high as 6-30 time of 2, o
383 iigarion water sampled on other dates. Because the concentration before planting was 07 04123 ‘E)“;e” 06/ orno =
381 not samples, the FIR in seeding and land preparation stage also included and
385 contributed to this input., therefore the contribution of sample on Mar 17 is magnified 387
388 Fig.3 Cu source apportionment in (a) Fiel dA and (o) Field B
(a)
389 3.2 Cu removal
121
NE 118 350 321P0
<
£ 391 BU can cause removal of Cu. The analyzed and normalized data (Table 4).
5 20 392 According the applied management plan, the harwest only removes the shoot and grain
3
£ 333 pasts of the whole plant whilst the oot part is left in the field as organic amendments.
3 - 334 Therefore, these parts are listed separately. In Field A, the result shows that the Cu
E 10 M 395  removal isin the range 7.4-16.0 mg/m? (about 5.1-11.2% of total Cu input) and has an
T s 396 average 118 0.9 mafm? (8.2 + 0.6% of total Cu input). In Field B, the result shows
‘Za - 397  that the Cu removal is in the range 7.5-34 7 mgémn? (about 2.1-9 5% of total Cu input)
L 04723 05728 0623 070 = 398 and has an average 17.7 3.0 mg/m? (4.9 £0.8% of tetal Cu input)
Date
399 The result shows the that the root absorbed abundant Cu with the normalized
386 400 removal amount is 1.7-33.1 mg/m® Combining with the output camied by shoot and
401 grain, the total removal by whole plant can reach 41,9 mgfm? (about 29.3% of total Cu
402 input) andwith the average of 246 +3 2mefm? (about 17.2% of total Cuinput) in Ficld
403 A On the other hand, the total removal by whole plant can reach 54.7 mg/m? (about
404 15.0% of total Cuinput) and with the average of 34.0 3.8 mg/m? (about 9.3% of total
405 Cu input) in Fisld B. If consi dering removal of root, the removal effestiveness can be
406 increased by 9.0% and 4.5% of total Cu input in Field A and Field B, respectively.
407 Therefore, to mitigate the Cu accumulation, developing a rootremoval embedded
17 18
408 harvest strategies. It is potential to reinforce phytoremediation (5 He et al ., 20200 In 413 The Cu concentrations of DR ranged from not detectable to 0.10 mg/L; the Cu
409 this stdy, the root-emoval strarcgy was assessed in the scenario analysis of Cu 420 concentrations of RU ranged from not detectable to 0.20 me/L (RSl WA BIBIEHK
410 accumulation to test its long-term effcctivencss 421 ) Itvariedin different samples and different sampling dates. For RT samples,
422 because the sampling bottles were inseried on the ridge of Field &, it sampled not only
411 Tabled. PU amount and its ratio to total input 423 the runoffs on the ridge, but also some random ingredients, such as insects, leaves, and.
= ey T oD GRS 424 sediments. Because no evidence clearly showed the collected runoffs originated from
7 425 the overflow of ponded water from the fields, we did notinclude drainage into our mass
uptake (mgfn?) )
Sample # [Shoot & Grain| Root | Total |Shoot & Grain| Root | Total 426 balancemodel
1 15.0 16.8 317 105 117 22.2 427 Table 5. Cu concentration of runoffs and drainage
2 16.0 17 176 112 12 123
3 1 1 o2 52 22 113 Type Sampling date # Cu concentration (mg/L)
4 115 234 249 2.0 164 | 244 RU01 nd
[Field 5 123 121 244 8.6 55 17.1 20204/23 RU2 nd
Als 103 5.5 158 72 38 110 RU3 nd
7 117 107 224 8.2 7.5 15.6 RU1 0.05+0.01
3 57 =1 e 51 232 | 293 202045128 RU2 0122001
9 74 9.3 167 5.1 6.5 116 RU3 0.05+0.01
Runoff
mean| 118+00 [128+34[246+32] B2x06 [po=z4[172220 RUO1 002001
1 289 5.0 369 79 22 10.1 202046123 RU2 nd
2 131 5.5 186 36 15 51 RU3 020£010
3 347 20.0 547 9.5 55 15.0 RO1 nd
" s 04 =2 o Y P 2020¢7/10 RU2 006003
[Fictd] 5 76 113 194 2.1 32 53 RU3 006003
DR1 0054001
Bl s 75 198 273 21 54 75 202044123 - T
7 19.0 225 415 5.2 62 114 Drainage
3 151 176 327 41 48 50 20204528 DR1 ad
3 90 04 E) T2 Te 08 202046123 DR2 010£0.01
mean| 17730 [t62x21[340+38] 49+08 [45:06[a3+10 428 nd:not detected
417 322 Bstimation of Cu removal potentials of DE and BT 429 DR was estimated by the effective rainfalls and actual rainfalls. Because the
430 effective rainfalls entered the field and absorbed by soils or plants, the portion exceeded
213 Other media also have the potentials to remove Cu in the Field, such as drainage 431 the effective rainfalls in actual rainfalls were regarded as DR. Combining DR amount
214 and runoffs. Since a part of precipitation enters the fields as effective rainfalls, only 432 in the whole cultivation period (Feb 10 to Jul 10) and the maximum concentration, the
415 partial rainfall dusinglarge rainfall events can escape the systern as drainage and runoffs 433 memimum, aka the removal potential carried by DR was estimated (Table 6). The
416 Duetoits unpredictability and obscurity, this study estimated potential Cu removal rates 438 potential was around 0.22 mgfkg (or 42 mg/m?) per harvest
417 of drainage and runoffs by actual precipitation and theoretical effectiveness. This was
418 not sonsidered in the source apporfionment due fo ifs uncerlainfis 35 Only the continuous rainfall event during May 19-28 could potentially cause the
436 ovesflow. Therefore, the potential of Cu removal was calculated during the event. The
19 2
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437 evenkwise estimation could povide a more xealistic view of RIUL The Cu zeroval 452 the apcuulation was not sigrificant. The ovezall acounulation might be hindered by
438 camried by RU of the largest event was about 025 mgfkg (o1 48 rag/m®) in the laxgest 453 the intrivsic hetsroge neity of soils. The average Cu concentation in topsoil and subsoil
484 before cultvation were 132+ 21 and 121+ 21 inField A and 83+ 5and 95 + 2 inField
a1 Because of the great wnrertainties of DR, and BT, the total Cu removal was 255 B The aversge of Cu concentation in topsoil and subsoil before cultation were 114
440 deperdent on other factors such as renmant of ponded wates, soil water content, no A5E L4 anAEE 17 in Fisld b arel 121 £ 70 and 4L 15 in Fisld By
441 empivical formula was svailsble in owr field. This shudy only apyroached the celling of
447 Curemoval by assuming all extra water escaped via DR or RU. It does not show a 457 The result shows high spatial heteroge neity inboth fields (Table 7). The saraples
443 significant influence on the net ingut of Cu. Thezefure, it expleined the feashility of 458 closest o the eastemn imigation ditch (4.7, -8, &, B.7, B-2) surpassed the standard
444 excluding DR and RU in our modsl 5o far 450 Cu concentration of imigation water, while ofhers reain low. This comelates o our
460 resul that most of the Cu gguts were due 1o the imigation water, and might sssociate
bl Tahle 6. Estimation of Cu reroval potential by water outflow 261 with early de position o s dive ntatinn in fhe adjacent s of the imrigation gats
Raintar] "2 Linow| cu |curemovalpotentil 462 Tahle 7. Cuconcentmation in topsoil and stbsoil e fore axd after the cultivation
Period | Type rainfall
) [ mm) | cun) |ngrLy| (maim?y | ngikny Sodl Cu Fied & Feld B
210-7110 | desinage | 766 3504|4156 | 01 42 0.2 Date Cu (mgfkg) Cu (mg/kg)
513-528 | rnoft | 3135 737 [2305 | 02 4 0.25 L Feb 10 Jul 10 Feb 10 Jullo
1 130 7% 29 66
Rl 2 9% 58 90 46
3 105 47 92 67
4 129 103 7 7
—— Togeod 5 98 51 62 57
cA (Grain) ! 6 15 73 94 7
~03% 05-27% |1 7 215+ 204 na. 247
(shoot) |} 3 195 22+ 42 287+
4 S | 5 fEg 193 na, 171
! aversge | 13321 114+324 533 131 £30
T w 7 % ]
) N N N T
3 45 2 a1 27
Soil Accumulation ) ) 7 21 7
a47 5 83 S na 20
. sibsoll G 20 72 B 1o
248 Fig. 4 muass balance rundelbased sonxce apportionraent 5 5 T = =
249 2.3 Spatial Distribution of Soil Cit Concentration 8 194 138 &3 100
[l 1+ 132 126 40
as0 Cu congentrations (5! $R7FRIGHEDRIR « ) were dstermined before (sirupled aveage | 121=21 317 953 4143
451 on February 10) andafler cultivation {ssapled on Tuly 10). Within our saling period, * saruples exceed the Cu standard of dietary standard (200 mgikg)
1 2
ps 469 SCL, TOCL, and MDCL were used Io estimate TEs under different scenarios. The
1.1 2017 Angust, Cu consentration topsoil and subsoil of Filed & we e rsported as 470 1esult disglays TBs in different scenarios. In geusral, Because SCL does not reflsct the
138 mg/kg and 133 rag/kg, respective by (¥ TH SHAN Exvironme ntal 471 dependence of the output and the concentration, it might underestimate the outpmt of
Engineeting Ca, 2019). 472 Cu and results in shorter TEs. On the other hand, TDCL gives the longest TEs. The
2.na.: not availible 473 differences betwsen TEs in SCL and TDCL ate arownd 40% - 43%. Bacause more
ag3 474 details and fewer asswoptions weze incorporated in MDCL, the following diseussion
475 willbe rusinlybassd on the results of MDCL and affikiated with SCL and TDCL.
476 Tahle 8 Simulated TE in different scenavios
TE () in Scenarios
Wodel | Field | Thcertainty Seenanios
1] 2|3 a|s]s|7]s
R I 64| 71 | 77 | 87 [z |52 ]59 a5
oL E ElEENENEIFNEIE
L 23] 25 [27 [ 20 [uzfww 22 (o3
e E AEEEIEEEE
i 96 | 106 | 115 | 130 [72 |78 |28 |97
A E ElEA R B R
129,103 TICL
/ o B L 36| 38 [ 43 | 45 [2m[29 3435
i Cu Concentration (myhg) E 86| o7 [ 116 [ 137 [55 |80 74 (22
ol e Tepiall in  Fch , Jul i 66| 71 [ 80 | 97 [s0fs8 61 [
Diainage Channel Subsoil in  Feb  Jul A
ag4 = E 61| 70 [ 83 | 101 [40f43 ][54 [61
‘ . lerigation Gate MDCL L 24| 25 [ 28 | 30 [19[19 22 (24
| Soil total Cu d o B
E EHIELENEE REE
477
478 2 Pogitive pugactof WD on TEs
478 Aeeording 10 the sivanlated results, AWD can elongate the TE from 17-48% in
480 different scenarios. However, the effectiveness of the cwnrent condition and drought
481 condition isnot obvisus. Therefore, no matter the clirate condition, AWD can produce
482 a simikw grade of eliminating the acenmulation of Cu in soil. The conclusion povides
483 the first view of the benefits of AWD on soil guality and water saving. It is worthy to
a5s 434 ivest ore tessarch 1o adapt o AWD management AWD can rachuce water usage by
456Fig. 5 Spatial distdbution of Cu concentations in topeoils and subsoils in () Field & and 285 hout 25% and mitigate the Cu ecoumulation fram 17—42%,
257 (1) Field B
486 342 Feasihilitw of current iizstion standa rd
A58 3.4 Bvaluation of Chitical Loads of Copper
487

23

Acconding 1o the collected data, if the imigation water keeps following the
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regulation, the Cu concentration can sustain 58-70 years under the current climate
condition. However, if irrigation water is needed under extreme drought, the TE may
lower to 37-43 Under this simation, regardiess of the unnoticeable high Cu input, TE
is still not likely to be long enough to sustain the utilizing period Therefore, this
regulation should be modified according te the prophet of future climate and irrigzation

strategies

TEs show inconsistent behavior in different scenarios. In Field B, using this
standard can severely underestimate the urgency of C aceumulation. The non-
regularly high Cu inputin March caused the annual input even higher than the cxtreme
case induced by irrigation standard, also, TEs can reduce 48%-70%. Under continuous
drovght cenditions, the seil concentration limit can be reached in 20 years. The AWD

can postpone the unwilling case from three to five years

Under the current climate, TE can be 24-25 years, howewer, if the drought
continues in near future, TE might be shortened to 19 years. AWD can only extend TE.
3-5 years, which cannot solve the current issue. However, TE can reach up to 58-69
years if the irrigation water quality sustans strictly but the. The gap is caused by
unpredictable and undetectable high Cu input Therefors, the strict monitoring and
thorough understanding of pollution sources in the upstream catchment and

corresponding strategies for regulating is needed

34 3 TE difference due to rootremoval

Under the same scenarie, the roct removal has an impact on TE 5%-19% and 6%-
2P if CF and AWD arc applied, respectively. The potential is relatively small
Considering the removal results in exira agricultural waste, soil loss, and machinery

replacement, it might be a costly strategy that has a lower benefit-cost ratio.

3.5 Uncertainty Analysis

Due to the observation in the fields and experiences of farmers, some factors are
net considered or barely estimatable. These factors are somefimes unpredictable
laborious to obtain, such as undesired irrigation. The others need dense sampling
spatially and temporally, such as uneven transportation, bottom sediment on irrigation
ditch, illegal disposal of wastes and runoffs, We discussed their impacts on modeling

and possible strategies for controlling them.

351 Lmigation and undesired irngation input

The result shows the total input is highly dependent on the Cu concentration in
25
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irrigation water and its amount. The data shall be collected as delicate and frequent as
possible, For instance, the concentration is rather stable from April to July, however,
the concentration reaches 1.5to 5 times the regulated concentration. This concentration
contributed to caleulating the Cu input of seeding, land preparation, and irrigation
befors March 17, which accounted for 40%-60% of total irngation input. Therefore, the
importance of the input might be slightly exaggerated To better representativeness,
irrigation sampling should be frequent. On March 17, although the Cu concentration
was quite high, the EC did not show a significant anomaly. Hence, instead of using EC
to simulate Cu concentration, we tannct forsake the importance of measurement Cu
concentration directly. In fields of high pollution potential, continuous moenitoring of
Cu concentration is recommendedto introduce. Tt can help delicate the data quality and
identify the time of high pollution, that is, can help Form the time-dependent pollution

preventing strategies

Under current management, after the tillering stage, the irrigation gate was closed
according to the observation However, the gate was loosely closed and resulted in
uncalculatable irrigation input. In Field A, the extra irigation water was guided o the
drainage ditch before it entered the field, but in Field B, the extra irrigation water
pondedthe closest part of the field, Coincidently, this phenom enon ¢ an relate to the fact
that the topsoil Cu concentration of Field B is higher than of Field A next to the
irrigation gate We, therefors, imply that the uncontrollable input of extra irrigation
water may cause significantly higher accumulation in parts adjacent to the irrigation

gate. This is worthy to delineate the actual causal relationship in the Foll owing studies

3.5.2 High spatial variation of Cu soil

The soil analysis shows a high heterogeneity of Cu distribution. The sampling
points closest to the eastern road (A-7, A-8 A-9, B-7, B-8, B-9) have the highest
concentrations up to 200 mgfkg; these closest to the southem road (A-1, 4-4) have
relatively high concentrations of around 100 mgfkg. The Cu concentration distribution
of Field B is similar to the distribution of Cd and Chromiurm (Cr) in other paddy fields
that these elem ents have the highest concentration near the irrigation gate and decrease
by the distance from it (HSEU et al , 2010). However, because the irrigation ditch and
the road are close and parallel to cach other, their contributions are not easy to verify.
According to the source apportionment result, IR contributed the most portion of Cu
input, we can preliminaily conclude that the heterogeneity is mainly controlled by
irrigation behavior However, due to the complexities and uncertainties caused by other
anthropogenic behaviors More information and detailed monitoring are needed to

support the observation
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353 Other influential factors

Several unmentioned factors were observed, such as sediment in the irngation
ditch, illegal disposal of wastes, and runoffs. These natural and artificial factors are of
potential influence in real situations. The amount is barely measurable. Corresponding
tmonitoring and eliminating strategies are therefore needed. Otherwise, actual TE might

be further shrunk due to ctra inputs

The sediment in the irrigation ditch is an external factor that might greatly affect
the Cu input. Cu may be input to the irrigation ditch by surface runoffs, the effluent of
Cu-carrying industrial and livestock wastewater The Cu-rich solids may deposit in the
ditch. TF any unwilling natueal and anthropogenic disturbance (= g flooding, dredging)
happens, the deposits may release extra Cu to suspended solids or tonic Cu. The extra
Cu can then transport to the fields The practices of dredging could be a major and
unpredictable concern. Apart from disturbing the sediments in irrization ditches, some

farmers also tend to transport the sedim ents into the paddy fields when dredging

Furthermore, incomplete gate closure possibly introduces the continuous injection
of irrigation water, which results in unstoppable input and severe accumulation of Cu
in the nearest part of the irtigation gate. This phencmenon was espesially notable in
Field B. Even after the gate was closed, the irmigation water kept flowing into Field B
Duting the later growing stage of paddy rice, the field is dried. Extra irrigation water is
trapped in the nearest parts. The exceptionally high concentration of soil samples B-8,
B9 reflect the possibility of this hypothesis These soil samples have the highest
concentration among all samples (282, 247 mgrkg), which might be an outcome of the
continuous inflow of irrigation over years. No evidence can support the estimation of
this kind of Cu input. More observation and dataneed to be collected and analyzed for

this specific phenomenon
2.6 Strategies to Sustaining Soit Quaiity and Food Safety

AWDis shown tobe auseful strategy to eliminate C'u accumulation and save water
effectively AWD can cut water usage by about 25% and mitigats the Cu accumul ation
for 17% - 48% withouta signifi cant drop in the yields. The higher portion IR contributes
to, the more effective AWD can reduce the Cu accumulation. Considering different
scenarios of meterological simulation, FIR may increase 3.00-13.21% in the first
harvest (gricultural Engineering Research Center, 2016) Also, stable water supply is
an issue under changing climate. In 2020, Taiwan faced a severe drought, The irrigation
water supply was firstly cut among all industries (Ministry of Econornic Affairs, 2020)
Therefore, applying AWD is surely a solution to both climate change adaptation and
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risks of imrigation-borne pollution. Also, other water-saving management such as
ratocning (Firouzi et al., 2018), systems of rice intensification (SRI), modification of
water management practice (MWMP), and so forth (Agricultural Engineering Rescarch
Center, 2016) are worthy to investigate for mitigating irtigation-borne pollution

4. Conclusion

This study analyzed Copper (Cu) in two paddy fields in Taoyvan, Taiwan. The
source apportionment and mass-balance model of Cu was established. Irrigation water
contributed the most of total Cu input, with the portien 96.2% and 988% The
integration of all environmental media derived the estimation of the year of excess (TE)
with critical load models (CLs). The result indicates that the Cu might exceed the
national standard of soil pellution in 24 years in the most extreme case, hence, the
experiment fields cannot be used sustainably. Fer finding a possible window for
eliminating Cu accumulation and elongating TE, the alternative wet/dry imrigation
(AWD) was incorporated in CLs. With a significant reduction of water usage by about
25% and mitigati on of Cu accumulation from 17% - 48%, thus, we concluded that AWD
is a remarkable management method to eliminating Cu risks and to adapt te potential
drought. Overall, with the help of source apportionment and mass-balance model,
water-saving management in paddy field systems are worthy to develop further when

confronting environmental challenges, such as climate change and food security.
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85  (Livremont et al., 2009). Some heavy metals have no certain physiological function,
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50
L 2
51 1. Introduction 86  so-called “non-essential heavy metals”, but affect normal operation of non-essential
87 heavy metals including lead (Pb), cadmium (Cd), mercury (Hg), gallium (Ga), indium
52 L1 Toricity of heavy metals for crops and human 88 (In), thallium (TI), germanium (Ge), stibium (Sb), barium (Ba), bismuth (Bi), strontium
53 Soil is the foundation of terrestrial ecosystem, the pollution and the fertility 89 (Symmdsilver(Ag)
54 directly affect the health of crops, livestock and humans (Bunemann et al, 2018). Paddy
55 rice is one of the most consumed crops in the world. Among all kinds of pollutions, 90 1.2 The influence on soil microbial community
56 heavy metals are of most concem due to their intrnsic characteristics, such as 91 Microbial activity plays an important role in crop productivity in term of
57 bioaccumulation (Clemens &Ma, 2016), carcinogenicity (ref), indecomposibility (ref), 92 ecosystem services, since soil microbes have beneficial functions such as
58 etc These indecomposable heavy metals are uptook by crops or grass and transported 93 decomposition, mineralization, mobilizing nutrients and imm obilizing toxic chemicals
59 tohumansviafood chains. Heavy metals had caused several diseases, for instance, itai- 94 (Aislabie & Deslippe, 2013). The microbes function as regulator in maintaining Carbon
60 itai disease caused by cadmium (Aoshima, 2016), Minamata disease induced by 95  (C), Nitrogen () and Phosphorus (P) cycles. However, the input of heavy metals may
61  mercury (Ekino et al, 2007), Blackfoot disease caused by arsenic (Chen et ., 1994), 96 modify the microbial struchire and Functioning in seils. I heavy ristal-contaminated
62  etc. These raised concems in public health. Therefore, understanding the behaviors and 97  area, decline of several microbial indexes was reported, e.g. enzymatic activity,
63 appropriate management methods have never ended. 98 microbial diversity, microbial biomass C, etc (Zhang et al., 2013). With a more careful
64 “Potentially toxic elements” is a suggested term referring toxic elements, in 99 inspect of heavy metals, Cd, V and Ti were shown to have negative correlation to more
65  environmental researches (Pourret &Hursthouse, 2019) to replace the term -heavy 100  microbial indexes (Bai et al., 2020). In some cases, microbes are inhibited by specific
66  metals. Potentially toxic elements refer unbiasedly to harmful metal, metalloid elements 101 elements, for instance, methanogens are suppressed by MNi in paddy soils (Xueping et
67  and their toxic speciation in environmental media (ref). Yet, to avoid unnecessary 102 al,2020)
68  controversy, here we use heavy metals referring those potentially toxic metal and
69 metalloid elements in soil 103 1.3 The paddy rice and the society
10 TS evrignsan s petossl eyl 104 Tngestion is acommon path for humans to intake heavy metals. As one of the major
105 staple food, rice has second highest yearly consumption, (X tons, among all crops. It
7 The heavy metalsin soil have both lithogenic and anthropogenic origins (Alloway, 106  is the main dietary for around XXX % of total population in the world. The uptakes of
72 2013). Some heavy metals mainly present because of high contents in parent rock, for 107  heavy metal directly affect the safety and quality of rice-based dietary culture. Paddy
73 example, high levels of Cr, Ni, Mn, Co in ultramafic soils (Vithanage et ., 2019). In 108 sice;asthe mostapplied prackicesof rice oul it fiss
74 some cases, the concentration is not high but heavy metals can be enriched due to 109 impacts on public health. Large water demands make the accumulation of recalcitrant
75  natural geologic processes, such us hydrothermal activities (Missimer et al., 2018), 110 pollutions not ignorable in paddy fields.  Therefore, clear evaluating the fates of
76  Heavy metals include the elements which perform certain functions in organisms, as 111  narally and anthropogenic heavy metal is necessary to be studied. Moreover, due to
77 known as “essential heavy metals”, including iron (Fe), copper (Cu), cobalt (Co), zinc 112 the derived topics of paddy soil, for example, the productivity, greenhouse gas (GHG)
78 (Zn), vanadium (V). manganese (M), chromium (Cr), nickel (M), arsenic (As), 113 emission, circular economic, etc. The studies of paddy rice can never be outdated
79 selenium (Se), molybdenum (Mo), tin (Sn) and tungsten (W).
114 1.4 The knowledge gaps in heavy metal studies
80 As occurs naturally in rocks with the average bulk concentration ranging 9-11
81 mglkg in clastic sedimentary rocks (but only around 2.5 mgfkg in biochemical 115 Because of the difficulties of controlling variables in field condition, the heavy
82 sedimentary rocks, e.g. limestone and dolomite), 7.5 to 8.5 mg/kg in igneous rock, such 116 metal stadies in paddy soils are often limited or region-dependent. An even more vital
83 as basalt and granite (Missimer et al., 2018). Tts concentration in ground water or 117 issue is the intrinsic heterogeneity of soil as well as ofher related media, such as air,
84  surface water may be risen owing to recent or ancient hydrothermal activities 118  water and (microbial)ecosystems, etc. Mostly, previous studies are rather fragmented
119 and conservative. There are no simple ways to synthesize all the information, however,
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120 this raust be reached when considering the public health in a more populated future.
121 Cunent regulations of heavy retals in most of countries are more about managing
122 imigation water and soil separated. Without considering the mass dymamics of plant-
123 soil-water nexus, the effectiveness of the regulations is rather lirited in terras of time.
124 15 Objectives 7
125 Betterunderstanding of fluxes of each heavywetal can directlyreflect the efficacy L Moy I ] oy | Avgust | Sept
126 of mitigating heavy metals. Although the information of each heavy retal is rather ‘ Ah bbb i
127 fragmented, this also provides a direction of research. Sowe studies successfully 154 Y v .
128 constructed the inventories of heavymetals input and output (Yietal, 2018) which can L35 MigiEhase of paddyrce growh and water consumption (Natuhar:2013),
129 give a solid guidance o betir suggestions. This paper synthesized studies which 156 2.2 Sourcesand Recepiors
130 the anylisted heavymetals in order to 1. ameliorate
131 the data callecmg processes by evaluating the data quality; 2. establish the regulations 157 Heavy metals can enter the paddy field system via several pathways, 1.
132 considering the actual exposure by inventories and 3. evaluate remediating e thods 158 atwospheric deposit (includs dust de posits and co-precipitation deposits), 2. inigation
133 particularly for paddy field to optimize the control or reraediation of heavy metal 159 and 3. chemical applications. During the growing season, the heavy metals enter the
134 contarinated field. 160 plant by uptake and enter the soils in crystalized or adsorption formas due to the loss of
161 water. These processes are dynarmic and therefore the heavy raetals can exit the systera
135 2. Heavy metal accumulation: models and details 162 by 1. suface rnoffs during large precipitation events, 2. overflow of imgation water,
163 3. leaching and 4. other unpredictable pathway. Leaching is less significant in the paddy
136 2.1 Paddy field spstem 164 field systera due to the confinerent by plow sole on the bottora. These component
137 As a target syster, the paddy field is confined by the surounding walls and an 167 qonstitus thetrucial ity and oatputs it pedd y il eyslerts
138 underlying plow sole. With a low perneability of the subsoil and the plow sole, the 166 2.3 Modelling the h tald P bl de) (Table of invern
138 percolation rate is usually laid in 0-1.5 cxofday; yet, only extrere cases may reach 5 odsiute chedhecajumetal Qynamicias balincemodsl. (Tble gl mersd
140 criday (Bouman etal,, 1994). Therefore, the paddy field is able to retain water to grow 167 The exposure heavy retals is the key factor to delineate the risk of heavy metal
141 the paddyrice. For massbalance model, the syster usuallyincludes the paddysoil, soil 168 induced diseases. The concentration is the crucial aspect directly linking the present
142 water, surface water and the plants. Heavy metals usually enter the system by 169 exposure. Relatedly; und ding the dymarnis of heavy e tals allows to inspect the
143 dep imigation and of fertilizers and pesticides. These 1720 futwe trend of exposure. Therefore, the mass balance model provides a thorough view
144 heavy metal would accurulate in the soil or uptake by plants and leave the syster by 171 of mass inputs, outputs and storage in a specific target in a systera. & basic approach of
145 the removal of the plant (including the crops and residues) by the end of a period of 172 massbalance rodel is inventories of all inputs and outputs. This method inspects as
146 cultivation. 173 many inventories as possible, and provides detailed understanding of the contrbution
. o . 174 of different input path which provides insights toward management strategies in field
44 4 pady nideipoes 11152 eulnd of il pation’ i 01 Sp'uf Rach period includes 175 scale (Qian et al, 2018). Mass balance model could also apply in regional scale. With
1 falbu{s‘age_’ n“v's"ym‘ge (mche se_e‘i shec a“dge_mmhm s“ge?’vegmm P}\flﬂ 176 sufficient data of inventories, the model can help to identify dominant components
148 (seedling, tillering and ster t?lm\gahon), reproductive phase (‘boo.hng . ﬂnwen.rg 177 regarding specific heavy metal and assistin developing effective control me thods (Shi
150 stage) and ripening phase (milk, dough and raature stege). Iirigation usually applies 178 etal, 2019). An extensive model can provide a future trend in a regional scales, for
5 d?mngvegem»we and mmdwﬂw Flisses tul 1 @anagemfnt may?e varked due. 0 179 instance, Six & Sraolders, 2014 reported a European Union level of estiration of future
152 diferent pactices by egions. The water depth varis according fo differnt groving a0 Cabakins by iy spata ic deposit, P-fortil Hoslion Linirg,
153 stages (Fig. 1, Natuhara, 2013).
5 [
181  manure application and sludge input) and outputs (plant offtake and leaching) which is 215 According to the mechanisms the remediation methods basically be divided to
182 able to predict and evaluate the efficacy of introducing a new adaptation in 2003. The 216 physical, cherical and biological (Gong et al, 2018; Liuetal,, 2018).
183 inventory method is powerful in sketohing the potential scenario of heavy raetals in the
184  futare. However, the quality of models depends on enommity and cormpleteness of 217 4.1 In-situ physical remediation
185; imeniorycih;suchas, theayyy metal: inpu,oal, e perités,sand hand off he:and 218 The fist group of physical methods, utilize the intuitive and sirple concept,
186  hydrogeological data (Peng etal, 2017). The oversimplification o lacks of specific g H
. 3 3 219 separation. Surface capping and encapsulation by layers or bariers with low-
187 Pm?emes(l e..pH) ml.ghtleudoomumwarenessoﬁhe heterogeneity of heavy metals 2 p isolats the e, The riskiof heavy metal exposie ﬂuct\me
188 indifferent regions (Six &Smolders, 2014). o Smmoeio e b i Rl
189 Analterative me thod is using reg ression to delineate heavy roetal behaviors. This 222 1smeded The overall cost ranges fror $20 1? to $90 12 in the US. (Linetal , 2018).
190 rethod embeds the multivariate regression in wass balance rodel and is sble to 223 Encapsulation is analtermative of using physical se paration. Isolation of contarinated
191 identifyy the contibutions of heavy metals from various sowrce (VinxianSong et al,, 224 sites restrains the heavy metals and therefore, reducing off-site dispersion of heavy
192 2018). Moreover, when addressing the distance into a multivariate linear regression, the 225 motals(Meuser, 2013):
194 {Sacanpmvidegood pxedmhon.m ﬁerm ofipatial disirbynlion of heavymishals (Huing 226 Mext, electrokinetic reraediation is a new and effective e thod using electricity to
194 etal, 2018, the R-squares of validation dataset of excessive As, Cd, Hg, Pb are 0.394, 227 Sépamis heavy mehls from the soil systom. ‘An adsquate elechic field gradiont of
185} 704010357, 000, respectively) 228  induces reetal ions migrating towards the oppositely charged electrodes. The
T — 228 contarinant- scc\lm\}]a»ted electxud.eﬁ are applied with selected treatment, such as
230 preci precipitation, sorption with ion-exchange resins or
197 2.5 Trade off in data qualsty and completeness 231 treafing the adjacent heavy metal ennched inagueous phase. (Gong etal, 2018). Itis
232 worthy to mention that the efficacy of electrokinetic reraediation is rather high. When
198 The heterogeneous inputs of heavy retal sources results in spatial heterogeneity 233 ethylensdianinetetraacetic acid (EDTA) is incorporated, ion-exchange raerbranes
199 of heavy metals. In paddy field, the spatial distributions of sore heavy retals in soils 234 were performed to treat Pb-EDTA and Cd-EDTA co-contaminated red soil. The results
200 are sketched by inigation water due to its dorinance of input irventory of Cd 235 showed that 61% Cd and 83% Pl were removed after a 7-day beatment under
201 (Rimkens etal, 2009) and Cr (Heuetal, 2010). 236 electiolyte pH at 10 (Song et al, 2019). A modified method used the pulsed and
202 Recently; rerote sensing technigues are found to be potentialto detect heavy retals by 237 successfully consumed less than half of energy in conventional way, but achieved
203 using hyperspectal data to map heavy metals in soils (ZLiu et al, 2019) and lasex 238 62.41% reroval rate of Cu, yet Po reroval was not ideal (Usran et al., 2020).
204 filament to detect ppu-level heavy metals in water(H Lietal, 2019). However, due to 239 Therefore, improvement of efficary may be achieved by using altemative chelate or
205 the limitation of detecting, this is not widely applicable in most of the cases (Waxg et 240 absorbent or using altemative electricity managing strategies (Gong et al, 2018).
206 al, 2018). For sicha d and health-rel it issue, these Taust
207 be considered. Data with higher resolution which are facilitated by sophisticated raodel 241 4.2 In-Stu chentcal remediation
208 is necessary in the hall and changing
242 Cheraical diation methods incor hanistas such as irnobili
209 4. Insitu to heavy i soil 243 stabilization, solidification and removal of rachilized forms (Gong et al., 2018). The
244 optimal method depends on the conditions of each site. For instance, soil wash, whu:h
210 Considering the treatment location, all remediation methods of heavy metal 245 involves mobili andleaching, has high to suit the highls
211  contarainated soils can be grouped to in-situ raethods and ex-situ methods. The in-situ 246 site where irrediate treatrient required (Edouard Ifon et al., 2019). Contarily; sore
212 remediation is needless to excavate or transport soil and thus, is beneficial to lower the 247 Tnicques of adding i can only irraobilize the heavymetals and abate their
213 soil distutbance, exposure and the treatment cost (Liu et al, 2018) therefore, in-situ 248 bioavailability but not discharge them, therefore, is only effective in site of slight or
214 methods are more worthy to develop and pay attention on. 249 predictable contaraination (Gong et al, 2018). In order to constrain the preferably
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250  chemical remediation method, the inherent properties of amendments and the cost- 278 issues. As relevant regulation and remediation techniques are gradually maturated,
251 eff must be assessed hed 279 these topic are slightly cooled down. However, the heavy metals caused by the
280 excavation of mines (Li et al., 2014), Fossil fuel consumptions (Rumar et al., 2019) and
252 4.3 In-situ biological remediation 281  acidification of soil (Bolan et al, 2003) keep input in Biosphere, Pedosphere,
253 There are also reported methiods which includs across more mechanisms (ref) 282 IAimoiphere.and:Hydrosphiere, Dusiiolthe indégradibility.the dimimishing of icavy
283 metals is not expectable. Thus, the fate, element cycle and (bio)chemical path, namely
254 4.4 Innovative and sustainable heavy metal binder as soil conditioner 284  Biogeochemistry, of heavy metals is inevitable.
255 Toward a more sustainable future, the waste or waste water may be an alternative 285 7. Conclusion
256  solution to lower the heavy metal uptakes. These waste may origin from husbandry
257  (chicken, swine husbandry, dairy farm, etc.), in dustry (charcoal, pyroligneous acid, etc.) 286 References
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