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Abstract: [ Objective ] Paddy soils are extensively polluted by heavy metals (HMs) in China and present significant challenges
for safe agricultural use. Thus, this study seeks to address the heavy metal pollution in China's paddy soils, focusing on polluted
soils from the Dabaoshan mining areas in Shaoguan, Guangdong Province. [ Method ] A flooding-drainage incubation experiment
was conducted and combined with chemical extraction, diffusive gradients in thin films (DGT) technology, and correlation
analyses. Also, the impact of phosphorus (P) and humic acid (HA) addition on soil Fe speciation and the bioavailability of related
elements was evaluated. The selection of P and HA concentrations was based on common agricultural practices to ensure the
environmental relevance of this study. [ Results ] The results revealed that soil pH gradually became neutralized while redox
potential (Eh) decreased during the flooding period. The concentrations of acid-soluble Fe*', amorphous Fe, and Fe activation
degrees increased from 1.5 g-kg™' to 4.8 gkg', 6.6 gkg' to 10.1 gkg™', and 21% to 29%, respectively, with a decrease in
amorphous Fe content observed in treatments with added P and HA from 2 to 42 days of flooding. After soil drainage, both
amorphous Fe(Fe,,) and Fe activation degree rapidly decreased to 7.4 g-kg™' and 21.6%. Regarding CaCly-extractable heavy
metals, the lowest values were observed after 14 days of flooding, whereas levels of As, Cd, Cu, and Zn rapidly increased to 0.1,
0.4, 0.3, and 7.0 mg-kg ', respectively, after drainage. The addition of P and HA in the early flooding stage increased the As
content by 80% and 35% compared to the control, respectively, but decreased the contents of Cu, Zn, and Cd, with HA addition,
the reduction rates of CaCl,-extractable Cu, Zn and Cd were over 67%. During flooding, DGT-extracted P and Fe content initially
increased then decreased, while Zn content gradually reduced. The addition of P and HA significantly reduced the bioavailable Zn
content in the early stages of flooding while the bioavailable content of P and As was primarily controlled by bioavailable Fe.

[ Conclusion ] During the soil flooding-drainage incubation, significant changes occurred in soil physicochemical parameters
including pH, Eh, and speciation of Fe. The addition of P and HA could regulate the bioavailability of elements such as Fe, P, and
HMs. These findings offer valuable insights for the remediation of HMs-polluted soils, highlighting the potential for using P and
HA in improving soil quality and ensuring safe agricultural production.

Key words: Paddy soils; Fe oxides; Heavy metals; Phosphorus; Diffusive gradients in thin films(DGT); Bioavailability
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PEFITRAT M. HET, DGT $ARZ M TR DT
Ry b e AT Sk W2 110 g S e 1 3
W Fe., P FITEE 4 Jm A0 SR [ A Wi oy R e 4 4130
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W o X BB EE AT B TR A B TS ek H 3R
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TR SR AT R RROCTT (24°30'N, 113°
44'B ) KFE I X JE 75 4ok RE £ (ke ), R
PR RERE 0~20 cm A HIERES,, TS
2 mm J& Je i o A A7 £ F o A H 19 3 4 B 1 i
mFE 1 R, Hed, +HEpH K 5.0, Fe. P FIAHL
SRR 44.1, 0.97 Fl1 29.5 gkg'. 5 HHEX
W0l ( GB15618-2018) AL, FESLH A (As ).
Bl (Cu), #Y (Pb), % (Zn) 4% (Cd) ELES
HEY O, RELKRTENZESRE GT50R
B 200 R i b R 4 4 R R K R T
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o AR TH i JE AR I ek sz
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Mk IR MR A, WE NI 70 d K-
HETRFRE (B 1), B 3 M., 1)
XTI, 2) VRINBERR 440 (+P, 240 mgkg ' +
He) RN 3) WINER (HA) (+HA, 3
PLFE E il 50 gkg ' )o BRI R4 A, —
AT S BORE | I3 i b A R B A TR BR AT
5 — 4T J& DGT J Ao s a5 P 1) FREX 1.4 kg
FEEE TR 12 cm. 5 25 cm 095 BB R AT R
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Table 1 Physicochemical properties of the tested soil

SRS i 326 11«
A LR vs i) FEAE iR vA IIED Risk screening value:
Basic properties Unit Value Basic properties Unit Value pH =< 55
(GB15618-2018)
oM kg 29.5+1.47 pH — 5.0+0.01
Olsen-P mg-kg™! 35.1+0.94 Asp" mg-kg™! 189.5 + 8.23 45
TPV gkg™ 0.97 £ 0.09 Cur"’ mg-kg™! 202.6+£9.15 80
Fer' gkg! 44.1 +0.46 Pb;"”’ mgkg! 281.2 £18.62 80
Feox gkg! 8.7+0.01 Zng" mg-kg ! 337.4+7.76 200
Feg gkg! 31.6£0.12 Cd."’ mg-kg™ 2.88+0.13 0.3
St wt.% 0.0615

IE: OMARFAMLT; Olsen-P AT Foor Ml Feo 2 BRI E LSRR 5V EANCR 28, SREGHET X 5

2562 » Note: OM represents organic matter; Olsen-P represents available phosphorus; Feo and Fegy; represent amorphous Fe and free

Fe respectively; '

' represents the total amount of the corresponding element; Content of total S was determined by X-ray fluorescence.
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Fig. 1 Experimental setup of soil incubation and in-situ monitoring
of diffusive gradients in thin films (DGT) ( a, b, ¢, d, e, andf

represent the addition of HA, addition of HA-DGT, addition of P,
addition of P-DGT, control, and control-DGT, respectively )
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Fig. 2 Variation of soil pH (a) and soil redox potential ( Eh, Ag/AgCl electrode) (b ) during 42 d flooding under different treatments
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Fig. 3 Variation of acid extracted Fe*" (a ), amorphous Fe ( Fe,, ) (b) and free and crystalline Fe ( Fey; and Fe, ) ( ¢ ) and Feo/Feg ( d) of soil

at different incubation time
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Fig. 4 Variation of CaCl, extracted heavy metals during 42 d flooding and the subsequent drainage under different treatments
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Fig. 6 Schematic diagram of Fe speciation transformation during
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