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Risk Assessment and Remediation of the s
Heavy Metal Contaminated Soil

July 5, 2013 Zedsn EYessop 2
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Heavy Metals in Soil-Water-Crop Continuum
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Every American Born Will Need . ..

1.61 million Ibs.
67? Ibs Stone, Sand, & Gravel

e ‘?79
% ()
f’o/eoa;'o s
Leqy
o5
*b’f .bgime.l"o\s
% WS\ — 65 0‘(\*\?«" et o\s
bt ?’:\O““’wc WS 5 29,608 Ibs Céfngo fbs
5! : 67 ‘ . eny
W e ‘?E;i?; Ou;:bs' Iron Ore P S6s Milliop
leminu Naturay g 1.

3.6 million pounds of minerals, metals, and fuels in their lifetime

Mineral Information Institute, 2008

. b o) SE &t L
July 5, 2013 zielgistn s Ass ol gl -

=== (Heavy Metal) 9]

Higher atomic weight elements [>55.8 g/mol)

HISO0| 2f 5 g/cm3 0| &2l 3% A0 53

420N 254

ZFJIZH0|IA Cu?t Bi AH0]S] ®AE2l group

FJI&8E ™ 29| Rare earth element=ZCt $FHS #A

Toxic at low conc and non-essential to biological system
- Potentially Toxic Trace Element

As, Cd, Co, Cu, Fe, Pb, Mo, Ni, Zn etc.

> E=3&(Metalloids): S5H A, 251t HE50 S2H AE; A20A 1MoL
)| THE OFY; oHERA: HIAArsenic), A, 74 S

013 (o " ) 2 PR .
July 5, 2013 zielgistn s Ass ol gl 6
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Classification of Heavy Metals

M+ :L - M:L

M: electron-pair acceptors
(Lewis acid)

L: electron-pair donor (Lewis
bases)

ML.: ion pair, complex,
coordination complex etc

Hard Acceptor Intermediate Soft Acceptor
Mn2*, AP, Cr®*, Co®*, Fe¥", | Fe?', Co?', Ni2", Cu?', Zn>", | Cu’,Ag’, Au’,Hg,?", Hg?",
As¥ Pb? Cd
Hard Donor Intermediate Soft Donor
OH-F-, CI, 985-,3042-, co., Br, NO,, SO S SH Rs-i{g-, SCN-, CC

Hard acceptor prefers hard donor; Soft acceptor prefers soft donor

Hard acceptor: low EN, high (+)charge density, high oxidation state, low radii (Soft: opposite)

Hard donor: high electronegativity, high (-) charge density, low oxidation state (Soft: opposite)

uly 5, 2013 Zadstn EYegssiolipy
E O 9 O:I = X1 &= EH [f ]
=S 29| ate
Inorganic Pollutants Organic Pollutants
Unionized Small
molecules lons molecules Polymers
Anions Cations
Br, | Hea Pesticides,
N, S molecules Cl- NO; | PO | NH, meta‘?s, <olvent Hydrocarbons

Transport in Solution

Transport in solution and sorbed on solid particles

- : _ Immiscible
Miscible displacement displacement
Possible gas : : :
transport No gas transport Possible gas transport
Transformations | No Transformations No Transformations
Sorption
July 5, 2013 Aesin £Yszslse Al 8
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=50l A=ES|0 0lXl= 8
Yield Response 0urve

Upper Critical

4 Concentration
Lower Critical Upper Critical /
“Conce tration Concentration

H : H LH
H L2 o EJL} o
S220 5% : 5330 =& ’
Essential Micronutrients Non-Essential Micronutrients
(Cu, Zn) (Cd, Pb)
July 5, 2013 Zelostn EYstzsielelpa 9

Major Sources of Agricultural Land
Contamination: Heavy Metals

Mining Solid Wastes

134 2013 $+=37-538ts] H7]153 ¢ Seand 3
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Part Il

Heavy Metal Bioavailability & Safety

= e

L R

AR

G

n11 o " = PErOEPE o
July 5, 2013 zielgistn s Ass ol gl

Itai-Itai

® No direct evidence so far for the metal poisoning (e.g., Itai-Itai
disease) from rice consumption in Korea

® Public Concerns: Detection of harmful substances regardless of
safety criteria

® Risk communication and education are necessary

n11 o " = PErOEPE o
July 5, 2013 zielgistn s Ass ol gl
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Crop Safety Issues :
Cd in Rice (2004) & Pb in Kimchi (2005)

+Cd>0.2 pp
*Urine Cd:
4-11 ppb

Mmmg Impacts Itai Itai Diseases???’

nomical and Social Impacts

July 5, 2013 JAOsn EyEgssigiyd 15

Consumer Health Information

bba www.fda.gov/consumer

' FDA Looks for Answers
on Arsenic in Rice

he Food and Drug
TAdministration (FDA)

monitors hundreds of foods
and beverages that make up
the average American diet. The
agency looks for anything that
could be harmful to consumers,
including industrial chemicals,
heavy metals, pesticides and
radiation contamination.

Arsel
Our fir

Those dietary staples include rice
and rice products, foods that FDA
has identified as containing inorganic
arsenic, which can be toxic.

- ' A = 3
The agency has analyzed about 200 && K< * f s g3
, _ \ ‘-‘g\, o A FEy % * ! 4‘“ \

samples of rice and rice products and

e ta @ b
is collecting nearly 1,000 more. Since m{ !’42 - ‘1
oy o E Py Y

July 5, 2013 JAOsn EyEgssigiyd 16

“Worrisome
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Regulatory Standards of HMs
for Crop and Food Safety

Soil Water Korea Food KFDA Crop
Code Standard

(EQSALEY) | (FHSHETY)
Sources

Fertilizer
(H =32 ]) _ =t ] (FAO/WHO)

|

Bioavailability and Risk Assessment

2Zelsn Eosi sl ol Al

July 5, 2013
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Management Goals for HMs

Sinks
(Crops)

\_ Y,

July 5, 2013

_ Bioavailability

Em ediatior

*Prediction
*Soil Extraction

Sinks
(Foods)

\*Standards /
- *Practical Protoc
*Risk Assessmen

2A0stn EYsAgsio Al "

" Salt Effects

July 5, 2013

'Iateau Effect oiI-PIant Barrier

2Aisin EYsAssiopa o
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Soil Barrier

of stetlrS ol 2fslf X8 =

= Fe, Al, Mn-oxides, OM, phosphates, carbonates, &
sulfides 2tgtE=2 52 T =8

= =882 etE0lLr EY/5 L0 B &

= Soil barrier= CHE 22| 2% MO|& XSt X4
Fo| d==HE AMSto] aH| X0 7 TI ofE EO0=
tsd0| &2

- EatE]  EYUNEA, AE, AlH[7|s, Hedte S

July 5, 2013 JAOsn EyEgssigiyd

S5 8% REas S5 EY HI[E A0

21

Plant Barrier

- AEFF A 30 w2t =5 HO| CtHE

« Zn, Cu, Ni, Mn, Cr, As, F 52| TO0|E x|

o

K20 si2 Xajsto DAL

ir K O K.

« 3 |3 Pollution Safe Cultivar Breeding

July 5, 2013 JAOsn EyEgssigiyd
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Soil-Plant Barrier0]| ;= = === <l cf

Group I Group II Group III Group IV

Solubility Translocation

imited Limited Phytotoxic Higher Risk

A Cr S i Y,
Zr, Au

B, Cu, Mn, Mo, | Cd, Co, Mo,

As, Hg, Pb, F Ni, Zn Se

July 5, 2013 dadstn EYEdnsiolifd 23

=32 o3 o 0=: Soil Extractants

= CHQ =Z 9 Water, MgCl,, NaNO,;, CH,COOH, HCI, HCOOH,
Na,EDTA, EDTA, KNO,, Ammonium Citrate, Citric Acid, K,P,0,,
DPTA-TEA, Ammonium Acetate, CaCl,, NH,NO, &

+ Simplicity and ease of extractions
* Reasonably correlated with metals taken up by crops

= Rhizosphere-based extraction: LMWOAs (acetic, lactic, citric,
malic and formic acids)

* Aqua Regia (Total): pollution index
* Fractionation
= J|E}

July 5, 2013 JAOsn EyEgssigiyd 24
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RA as the process of estimating both the probability that an event will occur,
and the probable magnitude of its adverse effects over a specified time perioc

*Health-Based Risk Assessment
*Ecological Risk Assessment

July 5, 2013 Zasta Eyssise R 25

sk Assessment

SISAjeue ¥si Jo 31manns
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Part III-1

Qe 2ol887t: MEEL Al AL
A process that evaluates the likelihood that adverse

ecological effects may occur or are occurring as a

result of exposure to one or more stressors

July 5, 2013 ZAistn EYeHs)

iy

] 21

Problem Formulation

Characterization
of Ecological
Effects

Characterization
of Exposure

Risk Characterization

Discussion Between the
Risk Assessor and Risk Manager

JU3WSS3asse Ysil |ed160]097

Risk Management
July 5, 2013 st £y AssepA 28
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Soil Sampling Locations: soil, water, sediment and plants

*Total of 174 samples were
collected from 7 clusters within
2km from mine adit

* As, Cd, Cu & Pb analyses

* Mine name : Seok-dam Mine

* Ore: Gold, Silver, Copper, Zinc

* Adits : 3

* Abandoned year : 1988

* Mine waste : Tailings, Overburden

Acid mine drainage
July 5, 2013 HdAdiEn EYeHesto g 29
_. Pollution Index
Matrixes Equations Description

v Heavy metal concentration in soil

Tolerable level

Soil SPI = —

Number of heavy metal

5 Heavy metal concentration in surface water

Surface water ;- ~

Tolerable level

Number of heavy metal

SePl =

E(lgco )Il
Number of heavy metal

I ...~ index of geoaccumulation

Sediment C,=sample concentration
Lo =log, x (% B, = background concentration
Imiero =
- o Taioon — 1 C;= sample concentration
an g ZQ“ n= charge of heavy metals
July 5, 2013 zielnlstn Eoel 2 Blsol Al 30
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The closest region of each adit

showed the highest soil pollution
index (SPI) indicating that this regior
is highly polluted with heavy metals

| 04-05
0 os-06
0 0s-07
I o7-os
B oz-09
Bl 0910
- =1
July 5, 2013 Aosin EYysAsisiel g 31

. Summary of Pollution Index

Pollution index
Minimum Average Maximum
SPI 0.003 0.921 51.997
WPI 0.026 0.572 3.007
SePI 0.512 1.862 6.097
PPI 1.756 6.078 16.537

® Average pollution index among soil, surface water, and sediment was ordered as
Sediment > Soil > Surface water

®Released heavy metals from abandoned metal mine had the most adverse impact

on plant and remediation should be conducted in sediment prior to soil or surface water.

July 5, 2013 Zeicystn EYszeelopa 32
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'. HQc: Hazard quotient chronic criteria

Quotient approach: One of the ecological risk assessment method to estimate environment

hazards associated with contaminant exposure

HQc =

Elemental Concentration
USEPA Chronic Water-Quality Criterion

* Aquatic life criteria for fresh waters (ug L1, USEPA, 2003)

Heavy - :
Aquatic life fresh water chronic

As 150
Cd @ 0.7409(in hardness) - 4.719*1.101672 - [(in hardness) (0.041838)]
Cu e 0.8545(in hardness) —1.702
Pb e 1.273(in hardness) - 4.705
July 5, 2013 dAdstn EYEdnsioifd 33

. Calculation of HQc¢

®Confluence of watershed showed higher HQc value indicating that
high hazard is anticipated

m———“
0.088 33.157 18.751 0.000 51.996
[ 4 0598 55777 26561 0000 82937
8 0.019 6.430 10.864 4.738 22.052
10 0.007 2.763 12.271 16.711 31.751
| 12 0.230 50.096 20.900 54.952 126.177
14 0.093 33.946 14.800 50.163 99.001
16 0.050 22.931 12.709 5.968 41.659
18 0.002 9.789 12.322 19.931 42.044
July 5, 2013 Zaojstn Eyasisiol Y
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July 5, 2013

35

. Integrated Ecological Risk Assessment in Watershed _

HQc

HQs

July 5, 2013
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Part III-2

Risk Assessment of Heavy Metals

===

M ?loi- 387k FHEL At

July 5, 2013 zielgistn s Ass ol gl 18

148 2013 S=&75ets] Q7|53 3 Sedrd 3



Conceptual Site Model (CSM)

Tailing and
dumps
(Metal mine site)

Risk Assessment Modeling

Construction of a conceptual
model for the exposure pathways

Principal exposure factors Interaction

Exposure assessment — Toxicity assessment

Body weight : 60 kg

Exposure pathway Life expectancy : 76.5 year Dose-response assessment
- Soil, Groundwater, Food o e f‘;;;'g"’“ - Collection of quantitative
Estimate contaminantintake Water consumption : ;.n Liday toxicity information

Working period : 210 dayslyear
Interaction Interaction

Risk characterization

Estimation of toxic risk
Estimation of cancer risk

2013 F=HQ53 F71F3] 4 gGedaAI 149



Dose—-Response (Toxicity]l Assessment

® The process of characterizing the relationship between the extent
of exposure and the increased likelihood of adverse health effects,
i.e., dose-response relationship

+ Two principal indices of toxicity
(quantitative expressions of dose-response information)

1. Slope factor (SF) : zero-threshold effects
The gradient of the laboratory determined dose-response curve
in the low-dose region, usually assumed to be linear and
expressed as (mg/kg-day)'

2. Reference dose (RfD) : threshold effects
An estimate of a daily exposure to the human population that is
likely to be without ill effects during a lifetime

Toxicity Assessment (Toxicity information)

® Toxicity data sources

1. EPA Integrated Risk Information System (IRIS) on-line database
(http://Iwww.epa.govl/iriswebpliris/index.html)

2. EPA Health Effects Assessment Summary Tables (HEAST)

3. EPA Environmental Criteria and Assessment Office (ECAOQ)

® Reference dose and slope factor (US-EPA IRIS database)

Element RfD (mg/kg-day) SF (mgl/kg-day)™
As 3x10* 1.5
cd 1x10- (food) / 5x10 (water) n.a.
Zn 3x10" n.a.

150 2013 =835 47123 2 Sewad



Risk Characterization (Estimate of cancer risk)

® The process of combining results of toxicity assessment (slope
factors, reference doses) and exposure assessment (estimated
intake or dose of potentially exposed populations) in order to
arrive at quantitative estimates of cancer risks and hazard indices

1. Cancer Risk

Is the probability of an individual developing any type of cancer
from lifetime exposure to carcinogenic hazards

Cancerrisk = average daily dose x slope factor
(from exposure assessment) (from IRIS)

= ADD x SF

Risk Characterization (Estimate of toxic risk)

2. Toxic (Noncancer) Risk

Is expressed in terms of Hazard Quotient (HQ) for a single
substance or Hazard Index (HI) for multiple substances or
exposure pathways

intake or exposure ADD
Hazard Quotient (HQ) = i —

reference dose RID

Hazard Index (HI)

ADD,/RfD, + ADD/RfD, + - - + ADD/RID,
2. HQs

2013 $+375sls] g7]F3 ¢ gewndls] 151



Average Daily Dose (ADD]

Exposure pathway Average daily dose or intake
. ; CxIRs x ED x EF
Soil ingestion BW x AT x365
. - CxIRw x ED x EF
ADDw =
Water ingestion BW x AT %365
. . . CxIRr x ED x EF
ADD: ="
Rice grain ingestion BW x AT x365
: CxSAs x AF x ABS x ED x EF
ADD s =
Dermal contact of soil d BW x AT x 365
Dermal contact by ADD & = CxSAw x PC x ET x ED x EF
showering BW x AT x365

Exposure Factor/Parameter

Factor/Parameter Symbol Units Residential Data sources
Exposure Duration ED years 30 US EPA, 1997
Exposure Frequency EF daysl/year 350 US EPA, 1997
Averaging Time AT

Carcinogens ATc years 76.5 KNSO, 2001

Non-carcinogens ATnc years 30 US EPA, 1997
Body Weight BW kg 60 MOCIE, 1997
Ingestion rate IR

Soil kg/day US EPA, 1997

Rice (Farmer) kg/day KNSO, 2002

Drinking water L/day i US EPA, 1997
Skin surface area

Skin surface area (forearms, hands) UsS EPA, 1997

Skin surface area (whole body) US EPA, 1997
Adherence factor : US EPA, 1997
Absorption factor US EPA, 1997
Skin permeability constant US EPA, 1996
Exposure time for showering US EPA, 1997

152 2013 $+=37-538ks] A7]153 ¢ Seand] 3



¢ 36°

Heavy Metal Concentrations

in Tailings and Soils

unit : mg/kg

Mines Samples As Cd Cu Pb Zn
Okdong | Tailings 72 53.6 910 1590 | 5720
t90) Soils 14 3.5 57 44 104
Dogok | railings 220 98.2 | 2550 | 4200 | 18020

(DG) | soils 8 3.0 37 52 137
Hwacheon | Tailings 72 12.4 34 580 1300

{HE) Soils 20 3.8 19 173 255

2013 F=Q 53 V1% 4 SGHANI 153



Heavy Metal Concentrations in

Rice Grains and Waters

Rice grain | Okdong | 047 | 0.2 4.1 4.1 21.2
(mg/k@) | vacheon | 023 | 0.6 2.2 0.1 28.3
Okdong | 0.038 | 0.006 | 0.024 | 0.035 | 0.098
Drinking
Groundwater| Dogok 0.001 0.054 0.005 0.001 0.317
(mg/L)
Hwacheon | 0.007 | 0.000 | 0.016 | 0.013 | 0.047

Risk Characterization (Toxic risk)

+ Hazard index (HI) and hazard quotient (HQ) for As, Cd and Zn
Exposure Hazard Quotient (HQ)

Soil Water | 2H HI
dermal | dermal | Q
contact | contact

As | 0.026 4.049 3.387 0.002 | 0003 |75
Okdong Cd | 0.002 0.384 0.717 0.000 | 0000 (11| 9.0
Zn | 0.000 0.010 0422 0.000 | 0.000 |04

_Soil | Water |Rice grain
Mine / Met Ingestion | ingestion | ingestion

As | 0.015 0.107 NR 0.001 | 0.000 |01
Dogok Cd | 0.002 3.452 NR 0.000 | 0003 |35 | 3.6
Zn | 0.000 0.034 NR 0.000 | 0.000 |00

As | 0.037 0.746 4.582 0.003 | 0001 |54
Hwacheon | Cd | 0.002 0.000 0.956 0.000 | 0000 |10 | 7.0
Zn | 0.000 0.005 0.564 0.000 | 0.000 | 0.6

NR : No risk for rice grain ingestion due to no cultivation of rice crops

154 2013 &=8353] 47123 2 Sedad 3



Risk Characterization (Cancer risk]

¢ Cancer risk of As according to exposure pathways

Kposure Soil Water Rice grain sl eatar
ingestion | ingestion | ingestion germal dermal
Mine contact contact
Okdong 45%X10% | 7.1X10* | 6.0%X104 | 8.8X107 | 5.7%X107
Dogok 2.6X10% | 1.9%X105 NR 5.1 X107 1.6 X108
Hwacheon 6.56%<10% | 1.3%X10% | 8.1%X104 1.3%X10°% 1.1 X107

NR : No risk for rice grain ingestion due to no cultivation of rice crops around
the Dongjung and Dogok mine areas.

Summary

* Risk assessment is useful tool to predict the potential
risk to human health and to decide the priority of
remediation for metals and sites

* In this case study, Dongil and Okdong mine area had
priority to be remediated focusing on the specific
treatment options for As

* The uncertainty is inherent in every step of the risk a
ssessment process

July 5, 2013 zielgistn s Ass ol gl 52
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Part IV

Remedial Protocol for Contaminated Arable Soils

[ |
Soil-Plant BarrierE 0|83 Cd-2 ¥ = EQF B2l ALE|

july 5, 2013 Zelo)stn EoysrAssio Al 53

9 Ok QI. j | —
aoLo o =2
=5 MEDIE3H
ASBHE Bioventing Phytoremediation Enhanced Bioremediation
n- =o|o1orm Chemical Oxidation  Electrokinetic separation Fracturing
Sity - Soll flushing Soil vapor extraction Solidification/Stabilizatior
= MEsH Thermal treatment
b4 =sx Blopiles Slurry phase Bio-
Vx| SESA | andfarming Gompoxting treatment
2l | Er- =713181 N Chemical extraction Chemical Redox Dehalogenation
2 Sity Separation Soil washing Solidification/Stabilizatior
Pyrolysis Thermal desorption
as Incineration Open burn/open detonation Hot gas decontamination
AHH| Landfill Cap, Landfill cap enhancement
J|E} Excavation, Retrieval, Off-site Disposal
AL (2007) LYEY HEHYY 70| =29
July 5, 2013 ZAdistn EYEAssiol A 54

156 2013 SR8 47153 2 &L



® Superfund sitesE 8 ME7|&: T2 Q7|38 E E7|
= fIF HE, 7= 28 s HMetal
o 22|Ltet 58X HE 77 Mg ehdd nefek oot

¢ 58X EY SR TH =

- s E X
- 715(R) gt
- MAN(AS) i Gl QFHSH S AS A
- EYXtRIN FEO| BN
July 5, 2013 Zanstn Eysystsielpa 55

Soil Ameliorants y
J;'

[-Pollution safe cultivar breeding

Soil reversing technology

Fertilizers

Irrigation control etc.

Tty & 2055 yadsin EYsysfsiapy 56
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Cd in Soil-Plant Barrier

Cd has lower affinity for metal-sorbing phases

Readily translocated to shoots at high levels before
phytotoxicity is observed

Has greater potential to escape the soil-plant barrier

Transmission through the food chain in levels that
have the potential to present risk to consumers

July 5, 2013 zelnishn Eatzssiolpa 57

Part IV-1

Remedial Protocol for Contaminated Arable Soils

I — T

Paddy Soil Remediation by Metal Stabilization
Using Chemical Amendments

July 5, 2013 zelnishn Eatzssiolpa 58
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2013 e e

Soil Amendments

= phosphate fertilizers
* Fe oxide materials
« organic materials

* inorganic clay minerals
—~

Plant Characteristics

« quick and easy establishment

« excellent soil cover

* high evapotranspiration rate

= poor translocator of contaminants
= fast growth

7 £ Rain impact
, / / reduced

Bioavailability —b—
reduced Soil physically
stabilized
L] = 1
Contaminant ' Translocation
Inactivation ___ Root uptake — . 4 reduced
= precipitation reduced
= sorption

= complexation

Leaching reduced

/

Sorption on :
Unsequestered =" (g0t surfaces (ldealized example)
contaminants in Root uptake Pb precipitated
soil solution in intercellular
spaces (US EPA)

Mecha

Stabilizing Agents

Amendments

Lime-base materials, Dolomite, Steel slag, Red mud, Coal combustio

H control
P products(CCP) etc.
Zeolite, Bentonite, Vermiculite, Diatomaceous earth, Foundry sanc
Minerals Apatite, Phosphate-Magnesium fertilizer, Active carbon, ZVI, Co:
combustion products(CCP), Gypsum etc.
Organics Compost, Biosolids, Manure, Yard/Wood waste etc.

(US EPA, 2007a; Yang et al., 2004

510 Al 60

2013 B35 47153 2 8

Wy
i)
Bl
2
o



Kinetics of Cd Immobilization

0 Rate constants of the multiple 1st order
kinetics
® Humus - o
= = Lime ' 5?"*3,_”
A OM (hr)
o v zvi | T
S 2] Humus 328 0.030
o
[
= 3] Lime 4. 0.027
o.M 0.087
_4 4
ZVI 0.078
0 2 4 6 8 10 12
time (hr)
July 5, 2013 HAEdign EYEHss ol 61
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1 N | First order kinetic model
Kinetic Batch Screening pagopt:
t= Lo
t,, = -0.693/k
Cd Cd Pb Pb
(1%) (3%) (1%) (3%)
ty, efficiency t,, efficiency t,, efficiency ty, efficiency
(min) (%) (min) (%) (min) (min) (%)
(%)
Ag lime 0.01 99.30 0.01 99.01 1.58 99.60 1.48 99.37
Dolomite 9.02 56.06 10.54 66.56 2.29 99.46 1.60 99.97
Slags 27.86 79.48 9.05 92.89 2.46 99.97 1.56 99.96
Zeolite 0.02 93.47 0.01 99.20 0.01 99.90 0.01 99.91
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1.2

solutions

Changes of Cd concentrations in soil

0.9 -

Cd (mg/L)

0.3

I Before tratment
1 After treatment

T
1 |ﬁ |ﬁ |ﬁ

0.0

July 5, 2013

Control Humus Lime Compost
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ZV1

Humus (1000 mg/kg as C), lime (3%), compost (2%), and zerovalent iron (5%).
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Cd Uptake (Pot Exp)

Treatment Transfer Factor Uptake Rate
Control 3.75 100
Humus 525 76
Lime 1.31 36
Compost 2.02 58
ZV| 2.18 31
ZV| + Humus 1.4 49
ZV| + Compost 1.45 78
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Transfer Factor: Cd content in rice / Cd content in soil solution
Uptake rate: treatment (uptake index) / control * 100
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Remediation by
Solidification/Stabilization: * Fe,0,

: + FeOOH
Pot Experiments ©
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Part IV-2

Remedial Protocol for Contaminated Arable Soils

—— - m oy

Paddy Soil Remediation by Soil Layer Engineering
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Combined Remediation: Physical, Chemical
and Biological Treatments

Physical Soil Layer Engineering
Chemical Solidification/Stabilization
Phytoremediation Using Endemic Plants
» Microbiological: in situ Immobilization
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Soil Dressing

Ocm

Subsoil
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Field Trials: Seosung & Poongjung Mine

Fractionation
30
Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5
6 <
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%, |
10 =
)
- Reversing Surface - Reversing Subsurface
= Capillary break Capillary break
- Stabilizing Layer B stapilizing Layer
Amendment ayer BN Amendment ayer
Bl Amendment Mix Bl Amendment Mix
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Cd Uptake in Rice by Soil Layer
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Biological Transfer Factor

Cd concentration inrice Biological Transfer Factc

Treatments
(Hg/kg) (*1000) (BTF)T
Control (rice growth in contaminated soil) 98 83
Rice after winter cover crop 41 38
Rice after lime treatment 26 55
Rice after slag treatment 30 36
Rice after lime and winter cover crop 23 58
Rice after slag and winter cover crop 45 64

Cd concentration in rice (mg/kg)

1BTF =
Bioavailable Cd concentration in soil (mg/kg)
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Part IV-3

Remedial Protocol for Contaminated Arable Soils
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Protocols for Soil Remediation: General Discussions
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Scenarios of Paddy Soil Contamination
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Scenario I

Reversing

Depth (cm)
8

o
-
il

Reversing+Amendment Layer

Reversing+ Capillary break

Amendment Mix

Removal

0] Surface Removal

Cd concentration (mokg) Dressing

Mix surface & subsurface
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Contaminated Soil

Solidification/ | All

e it Texture Washin
Immobilization | 9
fine
Remediation ‘
Deep Plowing
Ubso Reversing or
Cover+DP
Yes »
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10 Solidification
Yes I No
Removal- Soil
Dressing Cover
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Qot

® Soil amendments and Soil Layer Management
- EYQBH 334 22 HQaH 2Eo M
» 28U 5 534 55 N
= Tes AE 85 9
= Relatively cheap and easily accessible
®9f0.2M § per ha: ZNH, 28X, 284H
® More works are definitely needed!
—Long-term monitoring
—Verification of experimental results
—Resilience

—Productivity and Income for Farmers
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Overall Discussion
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